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Preface

Some time ago Charles B. Morrey and I wrote A First Course in Real Analy-
sis, a book that provides material sufficient for a comprehensive one-year
course in analysis for those students who have completed a standard ele-
mentary course in calculus. The book has been through two editions, the
second of which appeared in 1991; small changes and corrections of mis-
prints have been made in the fifth printing of the second edition, which
appeared recently.

However, for many students of mathematics and for those students
who intend to study any of the physical sciences and computer science,
the need is for a short one-semester course in real analysis rather than
a lengthy, detailed, comprehensive treatment. To fill this need the book
Basic Elements of Real Analysis provides, in a brief and elementary way,
the most important topics in the subject.

The first chapter, which deals with the real number system, gives the
reader the opportunity to develop facility in proving elementary theo-
rems. Since most students who take this course have spent their efforts in
developing manipulative skills, such an introduction presents a welcome
change. The last section of this chapter, which establishes the technique
of mathematical induction, is especially helpful for those who have not
previously been exposed to this important topic.

Chapters 2 through 5 cover the theory of elementary calculus, includ-
ing differentiation and integration. Many of the theorems that are “stated
without proof” in elementary calculus are proved here.

It is important to note that both the Darboux integral and the Riemann
integral are described thoroughly in Chapter 5 of this volume. Here we

vii



viii Preface

establish the equivalence of these integrals, thus giving the reader insight
into what integration is all about.

For topics beyond calculus, the concept of a metric space is crucial.
Chapter 6 describes topology in metric spaces as well as the notion of
compactness, especially with regard to the Heine-Borel theorem.

The subject of metric spaces leads in a natural way to the calculus
of functions in N-dimensional spaces with N > 2. Here derivatives of
functions of N variables are developed, and the Darboux and Riemann
integrals, as described in Chapter 5, are extended in Chapter 7 to N-
dimensional space.

Infinite series is the subject of Chapter 8. After a review of the usual
tests for convergence and divergence of series, the emphasis shifts to
uniform convergence. The reader must master this concept in order to
understand the underlying ideas of both power series and Fourier se-
ries. Although Fourier series are not included in this text, the reader
should find it fairly easy reading once he or she masters uniform con-
vergence. For those interested in studying computer science, not only
Fourier series but also the application of Fourier series to wavelet theory is
recommended. (See, e.g., Ten Lectures on Wavelets by Ingrid Daubechies.)

There are many important functions that are defined by integrals, the
integration taken over a finite interval, a half-infinite integral, or one
from —oco to +00. An example is the well-known Gamma function. In
Chapter 9 we develop the necessary techniques for differentiation under
the integral sign of such functions (the Leibniz rule). Although desirable,
this chapter is optional, since the results are not used later in the text.

Chapter 10 treats the Riemann-Stieltjes integral. After an introduction
to functions of bounded variation, we define the R-S integral and show
how the usual integration-by-parts formula is a special case of this inte-
gral. The generality of the Riemann-Stieltjes integral is further illustrated
by the fact that an infinite series can always be considered as a special
case of a Riemann-Stieltjes integral.

A subject that is heavily used in both pure and applied mathematics
is the Lagrange multiplier rule. In most cases this rule is stated without
proof but with applications discussed. However, we establish the rule
in Chapter 11 (Theorem 11.4) after developing the facts on the implicit
function theorem needed for the proof.

In the twelfth, and last, chapter we discuss vector functions in RY. We
prove the theorems of Green and Stokes and the divergence theorem,
not in full generality but of sufficient scope for most applications. The
ambitious reader can get a more general insight either by referring to the
book A First Course in Real Analysis or the text Principles of Mathematical
Analysis by Walter Rudin.

MURRAY H. PROTTER
Berkeley, CA
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The Real Number
~ System

CHAPTER

1.1 Axioms for a Field

In this and the next four chapters we give a reasonably rigorous founda-
tion to the processes of calculus of functions of one variable, a subject
usually studied in a first course in calculus. Calculus depends on the
properties of the real number system. To give a complete foundation for
calculus we would have to develop the real number system from the be-
ginning. Since such a development is lengthy and would divert us from
our goal of presenting a course in analysis, we suppose that the reader is
familiar with the usual properties of real numbers.

In this section we present a set of axioms that form a logical basis for
those processes of elementary algebra upon which calculus is based. Any
collection of objects satisfying the axioms given below is called a field.
In particular, the system of real numbers satisfies these axioms, and we
indicate how the customary laws of elementary algebra concerning addi-
tion, subtraction, multiplication, and division are direct consequences of
the axioms for a field.

Throughout the book we use the word equals or its symbol = to stand
for the words “is the same as.” The reader should compare this with other
uses for the symbol = such as that in plane geometry when, for example,
two line segments are said to be equal if they have the same length.
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Axioms of Addition

A-1. Closure property
If a and b are numbers, there is one and only one number, denoted a + b,
called their sum.

A-2. Commutative law
For any two numbers a and b, the equality

b+a=a+Db
holds.

A-3. Associative law
For all numbers a, b, and c, the equality

(@a+b)+c=a+{D+c)
holds.

A-4. Existence of a zero
There is one and only one number 0, called zero, such that a + 0 = a for any
number a.

A-5. Existence of a negative
If a is any number, there is one and only one number x such that a + x = 0.
This number is called the negative of a and is denoted by —a.

Theorem 1.1
If a and b are any numbers, then there is one and only one number x such
that a + x = b. This number x is given by x = b + ( — a).

Proof

We must establish two results: (i) that b 4+ (—a) satisfies the equation
a + x = b and (ii) that no other number satisfies this equation. To prove
(i), suppose that x = b + (—a). Then, using Axioms A-2 through A-4, we
see that

at+x=a+b+(-a)=a+[(-a)+b=[a+(—a)]+b=0+b=D.

Therefore, (i) holds. To prove (ii), suppose that x is some number such
that a + x = b. Adding (—a) to both sides of this equation, we find that

(a+x)+ (—a) = b+ (—a).

Now

(@a++(-a=a+tx+(-a)]=a+[(-a)+x]
=la+(—a)]+x=0+x=x
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We conclude that x = b + (—a), and the uniqueness of the solution is
established.
Notation. The number b + (—a) is denoted by b — a. u

The next theorem establishes familiar properties of negative numbers.

Theorem 1.2

(1) If a is a number, then —( — a) = a.
(i) If a and b are numbers, then

—(a+b)=(-a+ (=D
Proof
(i) From the definition of negative, we have
(—a)+[-(—a)] =0, (—a)+a=a+ (—a)=0.

Axiom A-5 states that the negative of (—a) is unique. Therefore, a =
—(—a). To establish (ii), we know from the definition of negative that

(a+Db)+[-(a+Db)]=0.
Furthermore, using the axioms, we have
(a+b)+[(—a)+(-D=[a+(—a)]+[b+(-b)]=0+0=0.

The result follows from the “only one” part of Axiom A-5. ]
Axioms of Multiplication

M-1. Closure property
If a and b are numbers, there is one and only one number, denoted by ab (or
a x bora - b), called their product.

M-2. Commutative law
For every two numbers a and b, the equality
ba = ab

holds.

M-3. Associative law

For all numbers a, b, and c, the equality
(ab)c = a(bc)

holds.
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M-4. Existence of a unit

There is one and only one number u, different from zero, such that au = a
for every number a. This number u is called the unit and (as is customary)
is denoted by 1.

M-5. Existence of a reciprocal

For each number a different from zevo there is one and only one number x
such that ax = 1. This number x is called the reciprocal of a (or the inverse
of a) and is denoted by a™' (or 1/a).

Axioms M-1 through M-4 are the parallels of Axioms A-1 through A-4
with addition replaced by multiplication. However, M-5 is not the exact
analogue of A-5, since the additional condition a # 0 is required. The
reason for this is given below in Theorem 1.3, where it is shown that the
result of multiplication of any number by zero is zero. We are familiar
with the fact that says that division by zero is excluded.

Special Axiom on distributivity

D. Distributive law
For all numbers a, b, and c, the equality

a(b+c) =ab+ ac
holds.

In every logical system there are certain terms that are undefined. For
example, in the system of axioms for plane Euclidean geometry, the terms
point and line are undefined. Of course, we have an intuitive idea of the
meaning of these two undefined terms, but in the framework of Euclidean
geometry it is not possible to define them. In the axioms for algebra given
above, the term number is undefined. We shall interpret number to mean
real number (positive, negative, or zero) in the usual sense that we give
to it in elementary courses. Actually, the above axioms for a field hold
for many systems, of which the collection of real numbers is only one.
For example, all the axioms stated so far hold for the system consisting
of all complex numbers. Also, there are many systems, each consisting of
a finite number of elements (finite fields), that satisfy all the axioms we
have stated until now.

Additional axioms are needed if we insist that the real number system
be the only collection satisfying all the given axioms. The additional axiom
required for this purpose is discussed in Section 1.3.

Theorem 1.3
If a is any number, then a - 0 = 0.
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Proof
Let b be any number. Then b 4 0 = b, and therefore a(b + 0) = ab. From
the distributive law (Axiom D), we find that

(ab) + (a - 0) = (ab),
so that a - 0 = 0 by Axiom A-4. ]

Theorem 1.4
If a and b are numbers and a # 0, then there is one and only one number x

such that a - x = b. The number x is given by x = ba™".

The proof of Theorem 1.4 is just like the proof of Theorem 1.1 with
addition replaced by multiplication, 0 by 1, and —a by a~!. The details
are left to the reader.

Notation. The expression “if and only if,” a technical one used fre-
quently in mathematics, requires some explanation. Suppose A and B
stand for propositions that may be true or false. To say that A is true if B
is true means that the truth of B implies the truth of A. The statement A is
true only if B is true means that the truth of A implies the truth of B. Thus
the shorthand statement “A is true if and only if B is true” is equivalent
to the double implication that the truth of A implies and is implied by the
truth of B. As a further shorthand we use the symbol < to represent “if
and only if,” and we write

A& B

for the two implications stated above. The term necessary and sufficient is
used as a synonym for “if and only if.”

We now establish the familiar principle that is the basis for the solution
of quadratic and other algebraic equations by factoring.

Theorem 1.5

(i) We have ab = 0 if and only ifa = 0 or b = 0 or both.
(i) We have a # 0 and b # 0 if and only if ab # 0.

Proof

We must prove two statements in each of parts (i) and (ii). To prove (i),
observe that if a = 0 or b = 0 or both, then it follows from Theorem 1.3
that ab = 0. Going the other way in (i), suppose that ab = 0. Then there
are two cases: eithera = 0 ora # 0. If a = 0, the result follows. If a # 0,
then we see that

b=1-b=@'ap=a'(a)=a'-0=0.

Hence b = 0 and (i) is established. To prove (ii), first suppose a # 0 and
b # 0. Then ab # 0, because a # 0 and b # 0 is the negation of the
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statement “a = 0 or b = 0 or both.” Thus (i) applies. For the second part
of (ii), suppose ab # 0. Then a # 0 and b # 0, for if one of them were
zero, Theorem 1.3 would apply to give ab = 0. |

Theorem 1.6

(i) Ifa #0,thena™ # 0and [(a )" = a
(i) Ifa # 0and b # 0, then (a - b)™' = (a™ ) - (b7H).

The proof of this theorem is like the proof of Theorem 1.2 with addition
replaced by multiplication, 0 replaced by 1, and (—a), (—b) replaced by
a~', b~'. We leave the details to the reader. Note thatifa # 0, thena™' # 0
because aa™' = 1 and 1 # 0. Then Theorem 1.5(ii) may be used with
b=al

Using Theorem 1.3 and the distributive law, we easily prove the laws
of signs stated as Theorem 1.7 below. We emphasize that the numbers a
and b may be positive, negative, or zero.

Theorem 1.7
If a and b are any numbers, then

() a-(=b)=—(a-b)
) (—a)-b=—(a-b).
(iii)) (—a)-(—=b)=a-b.

Proof
(i) Since b + (=b) = 0, it follows from the distributive law that

alb+ (=b)=a-b+a-(=b) =0.

Also, the negative of a - b has the property thata-b+[—(a-b)] = 0. Hence
we see from Axiom A-5 thata - (—b) = —(a - b). Part (ii) follows from part
(i) by interchanging a and b. The proof of (iii) is left to the reader. ]

We now show that the laws of fractions, as given in elementary algebra,
follow from the axioms and theorems above.
Notation. We introduce the following standard symbols for a - b~!:

a-b‘lzgza/b:a+b.

These symbols, representing an indicated division, are called fractions.
The numerator and denominator of a fraction are defined as usual. A
fraction with denominator zero has no meaning.

Theorem 1.8

(1) For every number a, the equality a/1 = a holds.
(i) Ifa # 0, then a/a = 1.
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Proof
()Wehavea/l1 = (a-1")=(a-1"H)-1=a(1'-1)=a-1=a. (i)If
a#0,thena/a =a-a~!' = 1, by definition. |
Problems

1. Show that in Axiom A-5 it is not necessary to assume that there is

10.
11.

12.
13.

14.

only one number x such thata + x = 0.
If a, b, and ¢ are any numbers, show that

a+b+c=a+c+b=b+a+c=b+c+a=c+a+b=c+b+a.
Prove, on the basis of Axioms A-1 through A-5, that
(a+co)+b+d)=(@+d+ (b+c).

Prove Theorem 1.4.
If a, b, and ¢ are any numbers, show that

abc = acb = bac = cab = cba.
If a, b, and ¢ are any numbers, show that

(ac) - (bd) = (ab) - (cd).
If a, b, and ¢ are any numberts, show that there is one and only one
number x such that x + a = b.
Prove Theorem 1.6.
Show that the distributive law may be replaced by the following
statement: For all numbers a, b and ¢, the equality (b+c)a = ba+ca
holds.
Complete the proof of Theorem 1.7.
If a, b, and ¢ are any numbers, show thata — (b+¢) = (a —b) — ¢
and that a — (b — ¢) = (a — b) + c. Give reasons for each step of the
proof.
Show that a(b + c+d) = ab + ac + ad, giving reasons for each step.
Assuming that a + b 4+ ¢ + d means (a + b + ¢) + d, prove that
a+b+c+d=((@a+b)+ (c+4ad).
Assuming the result of Problem 9, prove that

(a+D)-(c+d) = ac+ bc+ ad + bd.

1.2 Natural Numbers and Sequences

Traditionally we build the real number system by a sequence of enlarge-
ments. We start with the positive integers and extend that system to
include the positive rational numbers (quotients, or ratios, of integers).
The system of rational numbers is then enlarged to include all positive
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real numbers; finally we adjoin the negative numbers and zero to obtain
the collection of all real numbers.

The system of axioms in Section 1.1 does not distinguish (or even
mention) positive numbers. To establish the relationship between these
axioms and the real number system, we begin with a discussion of
natural numbers. As we know, these are the same as the positive
integers.

We can obtain the totality of natural numbers by starting with the num-
ber 1 and then forming 1 +1, 1+ 1)+1,[(1+ 1)+ 1]+ 1, and so on. We
call 1 4+ 1 the number 2; then (1 + 1) + 1 is called the number 3; in this
way the collection of natural numbers is generated. Actually it is possible
to give an abstract definition of natural number, one that yields the same
collection and is logically more satisfactory. This is done in Section 1.4,
where the principle of mathematical induction is established and illus-
trated. Meanwhile, we shall suppose that the reader is familiar with all
the usual properties of natural numbers.

The axioms for a field given in Section 1.1 determine addition and
multiplication for any two numbers. On the basis of these axioms we were
able to define the sum and product of three numbers. Before describing
the process of defining sums and products for more than three elements,
we now recall several definitions and give some notations that will be
used throughout the book.

Definitions

The set (or collection) of all real numbers is denoted by R'. The set of
ordered pairs of real numbers is denoted by R?, the set of ordered triples
by R3, and so on. A relation from R! to R! is a set of ordered pairs of real
numbers; that is, a relation from R! to R! is a set in R?. The domain of this
relation is the set in R! consisting of all the first elements in the ordered
pairs. The range of the relation is the set of all the second elements in
the ordered pairs. Observe that the range is also a set in R!.

A function f from R! into R! is a relation in which no two ordered
pairs have the same first element. We use the notation f : R! — R! for
such a function. The word mapping is a synonym for function.

If D is the domain of f and S is its range, we shall also use the notation
f : D — S. A function is a relation (set in R?) such that for each element
x in the domain there is precisely one element y in the range such that
the pair (¥, y) is one of the ordered pairs that constitute the function.
Occasionally a function will be indicated by writing f : x — y. Also, for
a given function f, the unique number in the range corresponding to an
element x in the domain in written f{x). The symbol x — f(x) is used for
this relationship. We assume that the reader is familiar with functional
notation.

A sequence is a function that has as its domain some or all of the
natural numbers. If the domain consists of a finite number of positive
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integers, we say that the sequence is finite. Otherwise, the sequence is
called infinite. In general, the elements in the domain of a function do
not have any particular order. In a sequence, however, there is a natural
ordering of the domain induced by the usual order in terms of size that
we give to the positive integers. For example, if the domain of a sequence
consists of the numbers 1, 2, ..., n, then the elements of the range, that
is, the terms of the sequence, are usually written in the same order as
the natural numbers. If the sequence (function) is denoted by a, then
the terms of the sequence are denoted by ay, ay, .. ., a, or, sometimes
by a(1), a(2), ..., a(n). The element a; or a(i) is called the ith term of the
sequence. If the domain of a sequence a is the set of all natural numbers
(so that the sequence is infinite), we denote the sequence by

ar,az,...,an, ... or {a,}.

Definitions
For all integers n > 1, the sum and product of the numbers a;, ay, . . ., a,
are defined respectively by b, and c;,:
o +a+...+a,=Dhb, and ap - ax---ay, = Cyp.
We use the notation
n n
Zai:a1+ag+...+an and Hai:al'a2~~-an.
i=1 i=1

The symbol [] is in general use as a compact notation for product analo-
gous to the use of ) for sum. We read [, as “the product as i goes from
1ton.”

On the basis of these definitions it is not difficult to establish the next
result.

Proposition 1.1
If ay,ay, . . . ,an,an41 18 any sequence, then

n+1

n n+1 n
> ai= (Y ai|+am  and  [Ja=([]a] ann.
i=1 i=1 =1 i=1

The following proposition may be proved by using mathematical
induction, which is established in Section 1.4.

Proposition 1.2
Ifay,ay, ... ,0m,0ms1, . . . ,Gman 1S any sequence, then

m+n m—+n

Z a; = Zai + Z a
i1 =1

i=m+1
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and

m+n m m—+n
(= (IT2) | T
i=1 i=1

i=m+1

The symbol x", for n a natural number, is defined in the customary
way as x - x - - - x with x appearing n times in the product. We assume that
the reader is familiar with the laws of exponents and the customary rules
for adding, subtracting, and multiplying polynomials. These rules are a
simple consequence of the axioms and propositions above.

The decimal system of writing numbers (or the system with any base)
depends on a representation theorem that we now state. If n is any natural
number, then there is one and only one representation for n of the form

n = do(10)" 4+ dy (10" + - - - + di_1(10) + dy

in which k is a natural number or zero, each d; is one of the numbers
0,1,2,...,9, and dy # 0. The numbers 0,1, 2, ..., 9 are called digits of
the decimal system. On the basis of such a representation, the rules of
arithmetic follow from the corresponding rules for polynomials in x with
x = 10.

For completeness, we define the terms integer, rational number, and
irrational number.

Definitions

A real number is an integer if and only if it is either zero, a natural
number, or the negative of a natural number. A real number r is said to
be rational if and only if there are integers p and g, with g # 0, such that
r = p/q. A real number that is not rational is called irrational.

It is clear that the sum and product of a finite sequence of integers
is again an integer, and that the sum, product, or quotient of a finite
sequernce of rational numbers is a rational number.

The rule for multiplication of fractions is given by an extension of
Theorem 1.7 that may be derived by mathematical induction.

We emphasize that the axioms for a field given in Section 1.1 imply
only theorems concerned with the operations of addition, subtraction,
multiplication, and division. The exact nature of the elements in the field
is not described. For example, the axioms do not imply the existence of a
number whose square is 2. In fact, if we interpret number to be “rational
number” and consider no others, then all the axioms for a field are sat-
isfied. The rational number system forms a field. An additional axiom is
needed if we wish the field to contain irrational numbers such as +/2.
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Inequalities 1

Problems

1.

10.

Suppose T : R' — R! is a relation composed of ordered pairs
(%, y). We define the inverse relation of T as the set of ordered pairs
(%, y) where (y, x) belongs to T. Let a function a be given as a fi-
nite sequence ay, az, . . ., a,. Under what conditions will the inverse
relation of a be a function?

Prove Propositions 1.1 and 1.2 for sequences with 5 terms.

Show that if a;, ay, . . ., as is a sequence of 5 terms, then ]_[f=1 a; =0
if and only if at least one term of the sequence is zero.

Ifay, ay, ..., a,, a4 is any sequence, show that 21”:11 ai =y, ai+
an41-

Establish the formula

4
4! .
(a + b)4 = T — a4_lbl.
; (4 — 1)
Consider the system with the two elements 0 and 1 and the following
rules of addition and multiplication:

0+40=0 0+1=1,
140=1, 14+1=0,
0-0=0 1-0=0,
0-1=0, 1-1=1

Show that all the axioms of Section 1.1 are valid; hence this system
forms a field.

. Show that the system consisting of all elements of the form a + b+/5,

where a and b are any rational numbers, satisfies all the axioms for
a field if the usual rules for addition and multiplication are used.

. Is it possible to make addition and multiplication tables so that the

four elements 0, 1, 2, 3 form the elements of a field? Prove your
statement. [Hint: In the multiplication table each row, other than
the one consisting of zeros, must contain the symbols 0, 1, 2, 3 in
some order.]

Consider all numbers of the form a + b+/6 where a and b are rational.
Does this collection satisfy the axioms for a field?

Show that the system of complex numbers a + bi with a, b real
numbers and i = /—1 satisfies all the axioms for a field.

1.3 Inequalities

The axioms for a field describe many number systems. If we wish to
describe the real number system to the exclusion of other systems, ad-
ditional axioms are needed. One of these, an axiom that distinguishes
positive from negative numbers, is the Axiom of inequality.
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Axiom I

(Axiom of inequality) Among all the numbers of the system, there is a set
called the positive numbers that satisfies the two conditions: (1) for any number
a exactly one of the following three alternatives holds: a is positive or a = 0 or
—a is positive; (i) any finite sum or product of positive numbers is positive.

When we add Axiom I to those of Section 1.1, the resulting system of
axioms is applicable only to those number systems that have a linear or-
der. For example, the system of complex numbers does not satisfy Axiom
I but does satisfy all the axioms for a field. Similarly, it is easy to see that
the system described in Problem 6 of Section 1.2 does not satisfy Axiom I.
However, both the real number system and the rational number system
satisfy all the axioms given thus far.

Definition

A number a is negative whenever —a is positive. If a and b are any
numbers, we say that a > b (read: a is greater than b) whenever a — b is
positive.

It is convenient to adopt a geometric point of view and to associate
a horizontal axis with the totality of real numbers. We select any conve-
nient point for the origin and call points to the right of the origin positive
numbers and points to the left negative numbers (Figure 1.1). For every
real number there will correspond a point on the line, and conversely,
every point will represent a real number. Then the inequality a < b may
be read: a is to the left of b. This geometric way of looking at inequalities
is frequently of help in solving problems.

—_—

}
1 f
0

t

Figure 1.1

It is helpful to introduce the notion of an interval of numbers or points.
If a and b are numbers (as shown in Figure 1.2), then the open interval
from a to b is the collection of all numbers that are both larger than a and
smaller than b. That is, an open interval consists of all numbers between
a and b. A number x is between a and b if both inequalities a < x and
X < b are true. A compact way of writing these two inequalities is

a < x < b.

The closed interval from a to b consists of all the points between a and
b and in addition the numbers (or points) a and b (Figure 1.3).
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h

Figure 1.2

s
>

Figure 1.3

Suppose a number x is either equal to a or larger than a, but we don'’t
know which. We write this conveniently as x > a, which is read: x is
greater than or equal to a. Similarly, x < b is read: x is less than or equal
to b, and means that x may be either smaller than b or may be b itself. A
compact way of designating all points x in the closed interval from a to b
is

a<x<h.

An interval that contains the endpoint b but not a is said to be half-open
on the left. Such an interval consists of all points x that satisfy the double
inequality

a < x <bh.

Similarly, an interval containing a but not b is called half-open on the
right, and we write

a<x < b.

Parentheses and brackets are used as symbols for intervals in the
following way:

(a,b) for the open interval a < x < b,

[a,b] for the closed interval a < x < b,

(a,b] for the interval half-open on the left a < x < b,
[a,b) for the interval half-open on the right a < x < b.

We extend the idea of interval to include the unbounded cases. For exam-
ple, consider the set of all numbers larger than 7. This set may be thought
of as an interval beginning at 7 and extending to infinity to the right (see
Figure 1.4). Of course, infinity is not a number, but we use the symbol
(7, 00) to represent all numbers larger than 7. We also use the double
inequality

7 < Xx<

to represent this set. Similarly, the symbol (—oo, 12) stands for all num-
bers less than 12. We also use the inequalities —co < x < 12 to represent
this set.
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[’
.
5
Figure 1.4

Definition

The solution of an equation or inequality in one unknown, say x, is the
collection of all numbers that make the equation or inequality a true
statement. Sometimes this set of numbers is called the solution set. For
example, the inequality

3x—7< 8

has as its solution set all numbers less than 5. To demonstrate this we
argue in the following way. If x is a number that satisfies the above in-
equality, we can add 7 to both sides and obtain a true statement. That is,
the inequality

3x—7+7<8+7, or 3x <15

holds. Now, dividing both sides by 3, we obtain x < 5; therefore, if x is
a solution, then it is less than 5. Strictly speaking, however, we have not
proved that every number that is less than 5 is a solution. In an actual
proof, we begin by supposing that x is any number less than 5; that is,
x < 5. We multiply both sides of this inequality by 3 and then subtract 7
from both sides to get

3x—7 < 8,

the original inequality. Since the hypothesis that x is less than 5 implies
the original inequality, we have proved the result. The important thing
to notice is that the proof consisted in reversing the steps of the original
argument that led to the solution x < 5 in the first place. So long as each
step taken is reversible, the above procedure is completely satisfactory
for obtaining solutions of inequalities.

By means of the symbol <, we can give a solution to this example in
compact form. We write

3x—-7<8&3x< 15 (adding 7 to both sides)
and
3x <15 x<5 (dividing both sides by 3).

The solution set is the interval (—o0, 5).

Notation. It is convenient to introduce some terminology and symbols
concerning sets. In general, a set is a collection of objects. The objects
may have any character (number, points, lines, etc.) so long as we know
which objects are in a given set and which are not. If S is a set and P is
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an object in it, we write P € S and say that P is an element of S or that
P belongs to S. If §; and S, are two sets, their union, denoted by 8; U S;,
consists of all objects each of which is in at least one of the two sets. The
intersection of §; and S;, denoted by S; N S;, consists of all objects each
of which is in both sets.

= FFN

=

—

s, — JL LMJJ Y s,
Figure 1.5

Schematically, if S; is the horizontally shaded set of points in Figure
1.5 and §; is the vertically shaded set, then S; U S, consists of the entire
shaded area, and S; N S, consists of the doubly shaded area. Similarly, we
may form the union and intersection of any number of sets. When we
write 8 U S, U ... U S, for the union S of the n sets Sy, S,, ..., S,, then
S consists of all elements each of which is in at least one of the n sets.
We also use the notation S = (Ji_, Si as shorthand for the union of n sets.
The intersection of n sets §1,S,, ..., S, is written $§ NS, N ... N S, or,
briefly, (i, Si. It may happen that two sets S; and S, have no elements
in common. In such a case their intersection is empty, and we use the
term empty set for the set that is devoid of members.

Most often we will deal with sets each of which is specified by some
property or properties of its elements. For example, we may speak of the
set of all even integers or the set of all rational numbers between 0 and
1. We employ the special notation

{x : x = 2n and n is an integer}

to represent the set of all even integers. In this notation the letter x
stands for a generic element of the set, and the properties that determine
membership in the set are listed to the right of the colon. The notation

{x : x € (0,1) and x is rational}

represents the set of rational numbers in the open interval (0, 1). If a set
has only a few elements, it may be specified by listing its members be-
tween braces. Thus the notation {—2, 0, 1} denotes the set whose elements
are the numbers -2, 0, and 1.

The words and and or have precise meanings when used in connection
with sets and their properties. The set consisting of elements that have
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property A or property B is the union of the set having property A and
the set having property B. Symbolically, we write

{x : x has property A or property B}
= {x : x has property A} U {x : x has property B}.
The set consisting of elements that have both property A and property B

is the intersection of the set having property A with the set having property
B. In set notation, we write

{x : x has property A and property B}
= {x : x has property A} N {x : x has property B}.

If A and B are two sets and if every element of A is also an element of
B, we say that A is a subset of B, and we write A C B. The two statements
A C Band B C A imply that A = B.

We give two examples that illustrate how set notation is used.

EXAMPLE 1
Solve for x:

3
;<5 (x # 0).

Solution. Since we don't know in advance whether x is positive or nega-
tive, we cannot multiply by x unless we impose additional conditions. We
therefore separate the problem into two cases: (i) x is positive, and (ii) »
is negative. The desired solution set can be written as the union of the
sets $; and S, defined by

<5andx>0},

XR|IW XRIW

<5andx<0}.

Now,

and x > 0

gl w ol W
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Similarly,

xe€S &3 >5xand x <0
3

<:>x<g and x < 0
< x < 0.

Thus the solution set is (see Figure 1.6)

3
$1US = (5, 00) U (00, 0).

SZ S|
LLLLLLLLLLSIA 31
7 IIL _I
0 3
5
Figure 1.6
EXAMPLE 2
Solve for x:
2x — 3 1 £ 2
< — x £ =2).
x4+ 2 3 ( )

Solution. As in Example 1, the solution set is the union §; U S;, where

2x — 3 1
S = 1x: < — and x+2 > 0¢ ,
x4+ 2 3

2x — 3 1
Sy = 1{x: < — and x+2 < 0} .
X+ 2 3

For numbers in §;, we may multiply the inequality by x 4+ 2, and since
X + 2 is positive, the direction of the inequality is preserved. Hence

xe$§ ©32x—3)<x+2and x+2 >0
& 5x <11 and x+2 >0

11
¢>X<€ and x > —2

11
S re(=2 7).
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For numbers in §;, multiplication of the inequality by the negative
quantity x + 2 reverses the direction. Therefore,

xeS & 32x—3)>x+2and x+2<0
& 5¢ > 11 and x+2 <0

11
S x> 5 and x < —2.

Since there are no numbers x satisfying both conditions x > % and x <

—2, the set S, is empty. The solution set (Figure 1.7) consists of §; =
(-2, 3). u

llJ /‘r\
szl

Figure 1.7

We assume that the reader is familiar with the notion of absolute value
and elementary manipulations with equations and inequalities involving
the absolute value of numbers.

Problems

1. Consider the field consisting of all numbers of the form a + b7
where a and b are rational. Does this field satisfy Axiom I? Justify
your answer.

2. Consider the set of all numbers of the form ai/7 where a is a real
number and i = +/—1. Show that it is possible to give this set an
ordering in such a way that it satisfies Axiom I. Does this set form a
field?

3. Show that the set of all complex numbers a+ bi, with a and b rational,
satisfies all the axioms for a field.

In Problems 4 through 7 find in each case the solution set as an interval,
and plot.

4. 2x — 2 < 27 + 4x.

5(x —1)) > 12 — (17 — 3x).

(2x +1)/8 < (3x — 4)/3.

(x +10)/6 +1 — (x/4) > ((4 — 5%x)/6) — 1.

No o

In Problems 8 through 10, find the solution set of each pair of simultane-
ous inequalities. Verify in each case that the solution set is the intersection
of the solution sets of the separate inequalities.

8. 2x —3 < 3x—2 and 4x—1 < 2x + 3.
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9. 3x+5 >x+1 and 49x—3 < x + 6.
100 4 —2x < 1+5x and 3x+2 < x — 7.

In Problems 11 through 14, express each given combination of intervals
as an interval. Plot a graph in each case.

1. [-1,00)N (=00 —2). 12. (—00,2)N (=00, 4).
13. (=1,1)U (0, 5). 14. (—00,2) U (=00, 4).

In Problems 15 through 19 find the solution set of the given inequality

15. 3x < 2/5. 16. (x —2)/x < 3.
17. x+2)/(x—1) < 4. 18. x/(2—x) < 2.
19. (x+2)/(x—3) < —2.

1.4 Mathematical Induction

The principle of mathematical induction with which most readers are
familiar can be derived as a consequence of the axioms in Section 1.1.
Since the definition of natural number is at the basis of the principle of
mathematical induction, we shall develop both concepts together.

Definition
A set S of numbers is said to be inductive if

(@) 1€8 and
(b) (x +1) € S whenever x € S.

Examples of inductive sets are easily found. The set of all real numbers
is inductive, as is the set of all rationals. The set of all integers, positive,
zero, and negative, is inductive. The collection of real numbers between
0 and 10 is not inductive, since it satisfies (a) but not (b). No finite set of
real numbers can be inductive since (b) will be violated at some stage.

Definition

A real number » is said to be a natural number if it belongs to every
inductive set of real numbers. The set of all natural numbers will be
denoted by the symbol N.

We observe that N contains the number 1, since by the definition of
inductive set, 1 must always be a member of every inductive set. As we
know, the set of natural numbers N is identical with the set of positive integers.

Theorem 1.9
The set N of all natural numbers is an inductive set.
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Proof

We must show that N has properties (a) and (b) in the definition of in-
ductive set. As we remarked above, (a) holds. Now suppose that k is an
element of N. Then k belongs to every inductive set S. For each inductive
set, if k is an element, so is k + 1. Thus k + 1 belongs to every induc-
tive set. Therefore k 4+ 1 belongs to N. Hence N has Property (b), and is
inductive. ]

The principle of mathematical induction is contained in the next theo-
rem, which asserts that any inductive set of natural numbers must consist
of the entire collection N.

Theorem 1.10 (Principle of mathematical induction)
If S is an inductive set of natural numbers, then S = N.

Proof

Since S is an inductive set, we know from the definition of natural number
that N is contained in S. On the other hand, since S consists of natural
numbers, it follows that S is contained in N. Therefore S = N. |

We now illustrate how the principle of mathematical induction is ap-
plied in practice. The reader may not recognize Theorem 1.10 as the
statement of the familiar principle of mathematical induction. So we shall
prove a formula using Theorem 1.10.

EXAMPLE 1
Show that

nn+1
1.1) 1+2+...+n=%

for every natural number n.

Solution. Let S be the set of natural numbers n for which the formula (1.1)
holds. We shall show that S is an inductive set.

(a) Clearly 1 € S, since formula (1.1) holds for n = 1.
(b) Suppose k € S. Then formula (1.1) holds with n = k. Adding (k+1)
to both sides, we see that

k(k 41 k+ D)k + 2
T4+ . 4k+(k+1)= (T) F+1) = %
which is formula (1.1) forn = k+ 1. Thus (k + 1) is in S whenever

k is.

Combining (a) and (b), we conclude that S is an inductive set of natural
numbers and so consists of all natural numbers. Therefore formula (1.1)
holds for all natural numbers. u
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Now mathematical induction can be used to establish Proposition 1.2
of Section 1.2. We state the result in the next theorem.

Theorem 1.11

Ifay,az, ... ,G;, . . . ,G;man 1S any finite sequence, then
m+n m m—+n
E a; = E ai + E a
i=1 i=1 i=m+1
and

m+n m m+n
[Ta=(Te) [ T «
i=1 i=1

i=m+1

Since the set of natural numbers N is identical with the set of positive
integers, the fact that a natural number is positive follows from the axiom
of inequality and the definition of N.

Theorem 1.12 (The well-ordering principle)
Any nonempty set T of natural numbers contains a smallest element.

Proof
Let k be a member of T. We define a set S of natural numbers by the
relation

S={p:peTandp < k}.

The set S contains a portion (not necessarily all) of the set consisting of
the natural numbers {1, 2, 3,...,k — 1, k}. Thus since S is finite, it has
a smallest element, which we denote by s. We now show that s is the
smallest element of T. First, since s € Sand S C T, then s € T. Suppose
t is any element of T different from s. If t > k, then the inequality k > s
implies that t > s. On the other hand, if t < k, then t € S. Since s is the
smallest element of S and s # t, we have s < t. Thus s is smaller than
any other element of T, and the proof is complete. |

Problems
In each of Problems 1 through 6 use the Principle of mathematical
induction to establish the given formula.

Yot =nn+1)(2n + 1)/6.

Yo i =nf(n+ 1)¥/4.

Y (2t —1) =n’

Yoi(i4+ 1) =nn+ D(n+ 2)/3.
Yo i(i 4 2) = n(n + 1)(2n + 7)/6.
YL /i + 1) =n/(n+1).

I
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7. Suppose p, g, and r are natural numbers such thatp + g < p + 7.
Show thatg < r.

8. Suppose p, g, and r are natural numbers such thatp-q < p-r. Show
thatg < 7.

9. (a) Show that the set of positive rational numbers is inductive.
(b) Is the set a + b+/5, a and b natural numbers, an inductive set?
(c) Is the set of all complex numbers an inductive set?

In each of Problems 10 through 15 use the Principle of mathematical
induction to establish the given assertion.
10. Y1 [a+ (i—1)d] = n[2a+ (n — 1)d]/2, where a and d are any real
numbers.
1. YU, ar'™' = a(™ — 1)/(r — 1), where a and r are real numbers,
andr # 1.
12. Y0 i+ 1)+ 2) = n(n + 1)(n + 2)(n + 3)/4.
13. (1 4+ a)* =1+ na fora > 0 and n a natural number.
14, YU 3% =3(9" — 1)/8.
15. Prove by induction that

(1 + x4 ..+ x)

k
= lez + 2(xxp + X1X3 + -+ XX+ XoXg + XXy - -
=1

+ XXk + X3X4 + X3X5 + -0+ X1 Xk).



Continuity and
-~ Limits

CHAPTER

2.1 Continuity

Most of the functions we study in elementary calculus are described by
formulas. These functions almost always possess derivatives. In fact, a
portion of any first course in calculus is devoted to the development of
routine methods for computing derivatives. However, not all functions
possess derivatives everywhere. For example, the functions (1 + x%)/x,
cot x, and sin(1/x) do not possess derivatives at x = 0 no matter how
they are defined at x = 0.

As we progress in the study of analysis, it is important to enlarge
substantially the class of functions we examine. Functions that possess
derivatives everywhere form a rather restricted class; extending this
class to functions that are differentiable except at a few isolated points
does not enlarge it greatly. We wish to investigate significantly larger
classes of functions, and to do so we introduce the notion of a continuous
function.

Definitions

Suppose that f is a function from a domain D in R! to R!. The function f
is continuous at a if (i) the point a is in an open interval I contained in
D, and (ii) for each positive number ¢ there is a positive number § such
that

If(x) — fla)l < ¢ whenever |x—al| < é.

23
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If f is continuous at each point of a set S, we say that f is continuous on
S. A function f is called continuous if it is continuous at every point of
its domain.

The geometric significance of continuity at a point a is indicated in
Figure 2.1. We recall that the inequality |[f{x) — f{a)| < ¢ is equivalent to
the double inequality

—& < fl) = fla) < ¢,

y=fla)te¢ — — — — — — — — — — — -———— 4

yEfl) e — — e — — —

y=fla)—€e¢p- — — — — — — — —

—
|
|

+ ¢ — —

I
L

\

!

‘

<

0 a—8 a a

Figure 2.1 The graph of f is in the rectangle fora — § < x < a + 6.

or
flay — e < fx) < fia) +e.
Similarly, the inequality |x — a| < § is equivalent to the two inequalities
a—8 < x<a+é.

We construct the four linesx = a —§, x =a+34, y = fla)— ¢, and
y = fla) + ¢, as shown in Figure 2.1. The rectangle determined by these
four lines has its center at the point with coordinates (a, f{a)). The geo-
metric interpretation of continuity at a point may be given in terms of
this rectangle. A function f is continuous at a if for each ¢ > 0 there is a
number § > 0 such that the graph of f remains within the rectangle for
all x in the interval (a — §, a + §).

It is usually very difficult to verify continuity directly from the defini-
tion. Such verification requires that for every positive number ¢ we exhibit
anumber § and show that the graph of f lies in the appropriate rectangle.
However, if the function f is given by a sufficiently simple expression, it
is sometimes possible to obtain an explicit value for the quantity § corre-
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sponding to a given number ¢. We describe the method by means of two
examples.

EXAMPLE 1
Given the function
1
X = — x #£= —1,
f x4+ 1 7

anda = 1, ¢ = 0.1, find a number § such that |f(x) — f(1)| < 0.1 for
lx — 1] < 8.

§+OA| l],l/'Z)

_——_—— — —

y=1x+1

ol
|
o

|

(=]
[
o 4+

w

Figure 2.2

Solution. We sketch the graph of f and observe that f is decreasing for
x > —1 (see Figure 2.2). The equations f{x)—f(1) = 0.1, f(x)—f{1) = —0.1
can be solved for x. We find

! —120.1¢>X=%
x+1 2 3

and
1 1 3
m—§=—0.1¢>X=§.

Since f is decreasing in the interval % < x < % , it is clear that the graph
of f lies in the rectangle formed by the linesx = 2, x = 3,y =1 —0.1,
andy = % + 0.1. Since the distance fromx = 1 to x = % is smaller than
the distance fromx = 1 tox = 3, weselect§ = 1 — 2 = 1. We make
the important general observation that when a value of § is obtained for a
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given quantity e, then any smaller (positive) value for § may also be used for

the same number &. [ |
1
4, 4)

el y=Vx+2
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EXAMPLE 2

Consider the function

il >0, x#4
) X =0 x ,
f:x—) ﬁ—z

4 x = 4.

’

If ¢ = 0.01, find a § such that |[f(x) — f(4)] < 0.01 for all x such that
|x — 4| < 6.

Solution. If x # 4, then factoring x — 4, we get

WE=WE+D) o

fo = =5
The graph of f is shown in Figure 2.3, and we observe that f is an
increasing function. We solve the equations f(x) — f{4) = 0.01 and

flx) — f(4) = —0.01 and obtain
VX4+2—-4=001 & J/x=201 & x
VX+2—-—4=-001 & J/x =199 & x = 3.9601 .

4.0401,

Since f is increasing, it follows that [f(x) — f(4)| < 0.01 for 3.9601 < x <
4.0401. Selecting § = 0.0399, we find that |f(x) — f[4)| < ¢ for [x — 4| <
8. |
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Definition

Suppose that a and L are real numbers and f is a function from a domain
D in R! to R!. The number a may or may not be in the domain of f. The
function f tends to L as a limit as x tends to a if (i) there is an open
interval I containing a that, except possibly for the point a, is contained
in D, and (ii) for each positive number ¢ there is a positive number é such
that

If(x) —L| < ¢ whenever 0 < |[x —a| < é.
If f tends to L as x tends to a, we write
f(xX) =L as x—a

and denote the number L by
lim f(x).

X—>a

(i) We see that a function f is continuous at a if and only if a is in the
domain of f and f(x) — fla) asx — a.

(ii) The condition 0 < |¥ — a| < § (excluding the possibility x = a) is
used rather than the condition [x—a| < §asinthe definition of continuity,
since f may not be defined at a itself.

Problems

In Problems 1 through 8 the functions are continuous at the value a given.
In each case find a value § corresponding to the given value of € such that
the definition of continuity is satisfied. Draw a graph.

flx)=2x+5 a=1, ¢ =0.0l1.
f(x)=1-3x, a=2, ¢ =0.01.
flx) =% a=2, &=0.0lL.
fx)=¥x, a=1, e =0.1.
fx)=1+4+%* a=2, ¢ =0.01.
fX)=x—4, a=1, e =0.5.
flx)y=x>+3x, a= -1, e =0.5.
8. flx)y=+2x+1, a=4, ¢ =0.1.

In Problems 9 through 17 the functions are defined in an interval about the
given value of a but not at a. Determine a value § such that for the given
values of L and ¢, the statement |f(x) — L| < ¢ whenever0 < |[x —a| < §
is valid. Sketch the graph of the given function.

No s W=

9. flxy=** —9)/(x+3), a= -3, L =—6, ¢ =0.005.
10. flx)= (W2x—2)/(x—2), a=2, L= 3, =00l
1. flx)=* —4)/(x—2), a=2, L=4, ¢ =0.0l.

12. flX)=x—9)/(v/x—3), a=9, L=6,¢=0.1.
13. )= —-8)/(x—2), a=2, L=12 ¢=0.5.
14. )y =& +1)/(x+1), a=-1, L =3,¢=0.1.

=
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*15. fl)=x—D@Fx—1), a=1,L=23 ¢=0.1.
16. flx) = xsin(1/x), a=0, L =0, ¢ = 0.01.
*17. f(x) = (sinx)/x, a =0, L=1, ¢ =0.1.

18. Show that lim,_,¢(sin(1/x)) does not exist.

*19. Show that lim,_,¢x log |x| = 0.

2.2 Limits

The basic theorems of calculus depend for their proofs on certain standard
theorems on limits. These theorems are usually stated without proofin a
first course in calculus. In this section we fill the gap by providing proofs
of the customary theorems on limits. These theorems are the basis for the
formulas for the derivative of the sum, product, and quotient of functions
as well as for the Chain rule.

Theorem 2.1 (Limit of a constant)
If ¢ is a number and f(x) = ¢ for all x on R, then for every real number a

lim f(x) = c.
X—a
Proof
In the definition of limit, we may choose § = 1 for every positive &. Then

If(x) —cl=lc—c|=0<¢ for |x—al <1 -

Theorem 2.2 (Obvious limit)
If f(x) = x for all x on R! and a is any real number, then

lim fx) = a.

Proof
In the definition of limit, we may choose § = €. Then, since f(x) — f(a) =
x — a, we clearly have

If(x) — fla)l = |x —al < ¢ whenever 0 < |x —a| < e. -

Theorem 2.3 (Limit of a sum)
Suppose that
limfi(x) =L and limfy(x) = L,.
X—a X—>a
Define g(x) = fi(x) + f2(x). Then
}}_I)Y; g(x) = Ly + Ly.
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Proof
Let ¢ > 0 be given. Then, using the quantity /2, there are positive
numbers §; and §, such that

i(x) — L] < % for all x satisfying 0 < |x — a| < §;
and
Ifa(x) — La| < % for all x satisfying 0 < |x — a| < §;.
Define § as the smaller of §; and §,. Then
lg(¥) = (L1 + L)l = fi(%) — L1 + fa(x) — Lol
< lAi(®) — L1l + If2(¥) — La],
and for 0 < |x — a| < 4, it follows that
e &
lg(x) — (L1 +Ly)l < = + = ==
2 2
The result is established. |
Corollary

Suppose that limy_., fi(x) = Li, i = 1,2,...,n Define g(x) = Y., fi(x).
Then

lim g(x) = ; L;.

The corollary may be established by induction.
Theorem 2.4 (Limit of a product)
Suppose that
limfi(x) =Ly and limf;(x) = L.
X—>a X—>a
Define g(x) = fi(x) - fa(x). Then
lim g(x) = LiL,.
X—a
Proof

Suppose that ¢ > 0 is given. We wish to show that there is a § > 0 such
that

lg(x¥) — Li1L;| < ¢ whenever 0 < |x —al| < 4.

If e; and e, are positive numbers (their exact selection will be made later),
there are positive numbers §; and §, such that

(2.1) lfi(x) — L1] < &1 whenever 0 < |x —al < &



30 2. Continuity and Limits

and
(2.2) Ifa(x) — Lz| < &2 whenever 0 < |x —al < §.

We first show that |f;(¥)] < |Li1] + & for 0 < |x —a| < ;. To see this, we
write

) =hH() = L1 + Ly
hence
A < 1A(x) — Ll + 1Li]| < &1+ |[Lal.
Define M = |L1| + &;. To establish the result of the theorem, we use the
identity
g8(x¥) = LiLy = Ly(fi(x) — L1) + L()(f2(x) — La).

Now we employ the triangle inequality for absolute values as well as
inequalities (2.1) and (2.2) to get

lg(®) — L1Lz| < |Lz| - [A(X) — Lnl + 1A®)] - If2(x) — Lol
< |Ly| - &1 + M- &

Select &1 = (¢/2)L; and &; = (¢/2)M. The quantities §; and §; are those
that correspond to the values of ¢; and ¢, respectively. Then with § as the
smaller of §; and §,, it follows that*

lg(*) — L1Ly] < ¢ whenever 0 < |x —a| < 4. -

Corollary
Suppose that fi(x) — Liasx — a fori = 1,2,...,n, and suppose that
g(®) = fi(%) - fa(x). Then limy_,, g(x) = L1 Ly - - - Ly.

Theorem 2.5 (Limit of a composite function)
Suppose that f and g are functions on R! to R!. Define the composite function
h(x) = flg(x)]. If f is continuous at L and if g(x) — L as x — a, then

}(irréll h(x) = f(L).

Proof
Since f is continuous at L, we know that for every ¢ > 0 thereisad; > 0
such that

If(t) = AAL)| < ¢ whenever |t —L| < &;.

From the fact that g(x) — L as x — g, it follows that for every ¢ > 0,
there is a § > 0 such that

lg(x) — L| < ¢ whenever 0 < |x—a| < 4.

*This proof assumes that L, # 0. A slight modification of the proof establishes the
result if L, = 0.



2.2. Limits 31

In particular, we may select ¢’ = §;. Then f[g(x)] is defined, and

Ifle(x)] — flL)l < € whenever 0 < |x —a| < 4.

Theorem 2.6 (Limit of a quotient)
Suppose that

}cgma fl(x) =L and }gral g(x) = M.
Define h(x) = f(x)/g(x). If M # 0, then
lim h(x) = L/M.

The proof of Theorem 2.6 is a direct consequence of Theorems 2.4 and
2.5. We leave the details to the reader.

Theorem 2.7 (Limit of inequalities)
Suppose that
}cgma fl(x) =L and }gral g(x) = M.

If f(x) < g(x) for all x in some interval about a (possibly excluding a itself),
then

L < M.
Proof
We assume that L > M and reach a contradiction. Let us define ¢ =

(L — M)/2; then from the definition of limit there are positive numbers
81 and 8, such that

If(x) — L| < ¢ forall xsatisfying 0 < |x —a| < &
and
lg(x) — M| < ¢ forall x satistying 0 < |x —a| < &s.

We choose a positive number § that is smaller than §; and 8, and further-
more so small that f(x¥) < g(x) for 0 < [x — a| < 4. In this interval, we
have

M—-eg<gx)y <M+e and L—¢ < f(¥) < L+e
Since M + ¢ = L — ¢, it follows that
gx) < M+e=L—-¢ < flx)

then f{x) > g(x), a contradiction. u
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Theorem 2.8 (Sandwiching theorem)
Suppose that f, g, and h are functions defined on the interval 0 < |x —al < k
for some positive number k. If f(x) < g(x) < h(x) on this interval and if

lim f{x) = L, lim h(x) = L,
x—a x—a
then lim,_, g(x) = L.

Proof
Given any ¢ > 0, there are positive numbers §; and §, (which we take
smaller than k) such that

If(x) —L| < ¢ whenever 0 < [x—a| < &
and
|h(x) — L] < ¢ whenever 0 < |x —al| < é,.

In other words, L — ¢ < f{X) < L+eandL —¢ < h(x) < L+ ¢eforallx
such that 0 < |x — a| < §, where § is the smaller of §; and §,. Therefore,

L-—e< flx)<gx)<h(x)<L+e

in this interval. We conclude that |g(x) — L| < efor 0 < |x —a| < §, and
the result is established. |

Problems

1. Suppose lim,_,, f(x) = L and lim,_, f(x) = M. Show that L = M.
Hint: Assume L # M and reach a contradiction.

2. Use the Sandwiching theorem to show that lim,_ o x" = 0 for every
positive integer n > 3 by selecting f(x) = 0, g(x) = x", h(x) = x?,
-1 <x< 1

3. Suppose f and h are continuous at a and f(x¥) < g(x) < h(x) for
|x —al| < k.If fla) = h(a), show that g is continuous at a.

4. Suppose that lim,., fi(x) = L;, lim,,g(x) = M;, i =1,2,..., n
Leta;, b;,i =1,2,...,n, be any numbers. Under what conditions is
it true that

afi(x)+ ...+ anfu(®)  ali+...+ anly
x—a blgl(X) + ...+ bngn(x) b]M] + ...+ bnMn

5. Establish the corollary to Theorem 2.3.
Prove the corollary to Theorem 2.4.
7. Let f and g be continuous functions from R! to R!. Define

F(x) = max[f(x), g(¥)]

for each x € R!. Show that F is continuous.

&
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2.3 One-Sided Limits

The function f : x — 4/x is continuous for all x > 0, and since +/0 = 0,
it is clear that f(x) — f(0) as x tends to 0 through positive values. Since f
is not defined for negative values of x, the definition of continuity given
in Section 2.1 is not fulfilled at x = 0. We now extend the definition of
continuous function so that a function such as +/x will have the natural
property of continuity at the endpoint of its domain. For this purpose we
need the concept of a one-sided limit.

Definition

Suppose that f is a function from a domain D in R! to R!. The function f
tends to L as x tends to a from the right if (i) there is an open interval I
in D that has a as its left endpoint and (ii) for each ¢ > 0 thereisad > 0
such that

If(x) — L] < & whenever 0 < x—a < é.
If f tends to L as x tends to a from the right, we write
flx) > L as x— at,
and we denote the number L by
Y 1),
A similar definition is employed for limits from the left. In this case the
condition 0 < x — a < § is replaced by
0<a—x<3,

and the notation f(x) - L as x - a_,
lim f(x) = L,
X—>a~

is used.

The condition 0 < |x — a| < § is equivalent to the two conditions
0<x—a<éand 0 < a — x < §. All the theorems on limits that were
stated and proved in Section 2.2 used the inequality 0 < |x — a| < 4.
As a result, all the theorems on limits imply corresponding theorems for
limits from the left and limits from the right.

The definition of one-sided limit leads to the definition of one-sided
continuity.

Definitions

A function f is continuous on the right at a if a is in the domain of f
and f(x) — fla) asx — a™. The function f is continuous on the left at
a if a is in the domain of f and f(x) — f(a)asx — a.
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If the domain of a function f is a finite interval, say a < x < b, then
limits and continuity at the endpoints are of the one-sided variety. For
example, the functionf : x — x?>—3x+5defined onthe interval 2 < x < 4
is continuous on the right at x = 2 and continuous on the left at x = 4.
The following is the general definition of continuity for functions from a
setin R! to R!.

Definitions

Let f be a function from a domain in R! to R!. The function f is contin-
uous at a with respect to D if (i) a is in D, and (ii) for each ¢ > 0 there
isa$ > 0 such that

(2.3) If(x) — fla)l < ¢ whenever x € D and |x —a| < é.

A function f is continuous on D if it is continuous with respect to D
at every point of D.

The phrase “with respect to D” is usually omitted in the definition of
continuity since the context will always make the situation clear.

If a is a point of an open interval I contained in D, then the above
definition of continuity coincides with that given in Section 2.1.

Definition
A point a is an isolated point of a set D in R! if there is an open interval
I such that the set I N D consists of the single point {a}.

A function f from a domain D in R! to R! is continuous at every isolated
point of D. To see this, let a be an isolated point of D and suppose I is such
that {a} = I N D. We choose § > 0 so small that the condition [x —a| < §
implies that x is in I. Then condition (ii) in the definition of continuity is
always satisfied, since (ii) holds when x = a, the only point in question.

The theorems of Section 2.2 carry over almost without change to the
case of one-sided limits. As an illustration we state a one-sided version of
Theorem 2.5, the limit of a composite function.

Theorem 2.9
Suppose that f and g are functions on R! to R'. If f is continuous at L and if
g(x) > L as x — a*, then

lim f[g(v)] = AL).
A similar statement holds if g(x) — L as x — a”.

The proofof Theorem 2.9 follows precisely the line of proof of Theorem
2.5. Although we always require x > a when g(x) — L, it is not true that
g(x) remains always larger than or always smaller than L. Hence it is
necessary to assume that f is continuous at L and not merely continuous
on one side.
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With the aid of the general definition of continuity it is possible to show
that the functiong : x — /x, where n is a positive integer, is a continuous
function on its domain.

Theorem 2.10
For n an even positive integer, the function g:x — Yx is continuous for x on
[0,00). For n an odd positive integer, g is continuous for x on ( — 00,00).

Proof
For x > 0 and any ¢ > 0, it follows that

/x — 0] < ¢ whenever |x—0| < &".

Therefore g is continuous on the right at 0 for every n. If n is odd, then
J—x = ={/x, and g is also continuous on the left at 0. |

It is sometimes easier to determine one-sided limits than two-sided
limits. The next theorem and corollary show that one-sided limits can be
used as a tool for finding ordinary limits.

Theorem 2.11 (On one- and two-sided limits)
Suppose that f is a function on R to R!. Then

lim f(x) = L if and only if lim f(x) = L and lim f(x) = L.

Proof
(a) Suppose f(x) — L as x — a. Then for every ¢ > 0 thereisad > 0
such that f(x) is defined for 0 < |x — a| < é and

(2.49) If(x) —L| < ¢ whenever 0 < |[x —a| < é.
For this value of § we have
If(x) —L| < & whenever 0 < x—a < 4.

This last statement implies that f{x) — L as x — a™. Similarly, since the
condition 0 < |x — a| < 4 is implied by the inequality 0 < x —a < §, it
follows from inequality (2.4) that |f(x) — L| < ¢ whenever0 < a —x < 4.
Hence flx) > Lasx — a~.

(b) Now assume that both one-sided limits exist. Given any ¢ > 0, there
are numbers §; > 0andd, > 0suchthatf(x)isdefinedfor0 < x—a < &
and 0 < a — x < §,; moreover, the inequalities

If(x) —L| < ¢ whenever 0 < x—a < §,

If(x) —L| < ¢ whenever 0 <a—x < §
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hold. If § is the smaller of §; and §,, then

If(x) — L| < ¢ whenever 0 < |x —al < é.

Corollary
Suppose f is a function on R! to R!. Then f is continuous at a if and only if
it is continuous on the left at a and continuous on the right at a.

Problems

In Problems 1 through 12, in each case determine whether or not the
function f is continuous at the given value of a. If it is not continuous,
decide whether or not the function is continuous on the left or on the
right. State reasons for each step in the argument.

x — 4, -1 < x<2
1. f(x) = ) a=2.
*) x2—6, 2 < x<5
¥ -1
—_— 1 <x< 2
2. flxy=4 x* -1 a=2.
x2+3x—2, 2<x<5
3. f:x— x/|x], a=0.
4. fix—>|x =1, a =1.
1
5 f:x— x(1+ (1/x%))2, a=0.
6. flxX) = (x> = 27)/(* +2x + 1)), a = 3.
1
2x+ 57
l<x<?2
7. flx) = <3x—2>' "oa=2.
2x — 1, 2 <x < 4
1
X2 —4 ’
- " ) 1<x<2
8. f(x) = x2 —3x+2 a=2.
x%/2, 2<x<5,
X —8 42
x
9. lx) = x2—4’ "a=2
4 X =2,
x2—9%
, 3 <x <4
10. fix) = X +1 a=3.
xt—9, 2<x<3
. 1
sm(), x#0
11. flx) = x a=0.
0 x =0,
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1
12. flx) = Cos<x>’ *#0

0 x =0,
13. Given f(x) = tanx, —n/2 < x < n/2, g(x) = (w/2) — x, what
conclusion can we draw about

Tim flg()]

when a = n/4? Do the same problem when a = n/2 and when
a=0.

14. Suppose f(x) = % with domain Dthe set{1, 2,3, ..., n,...}. For what
values of x is f continuous?

2.4 Limits at Infinity; Infinite Limits

Consider the function

x
fix— el x # —1,

whose graph is shown in Figure 2.4. Intuitively, it is clear that f{x) tends

to 1 as x tends to infinity; this statement holds when x goes to infinity

through increasing positive values (i.e., ¥ tends to infinity to the right)

or when x goes to infinity through decreasing negative values (x tends to

infinity to the left). More precisely, the symbol

X — 0

means that x increases without bound through positive values and x de-
creases without bound through negative values. If x tends to infinity only
through increasing positive values, we write

X — +00,

while if x tends to infinity only through decreasing negative values, we
write

X — —0OQ.

The above conventions are used to define a limit at infinity.

Definitions
We say that f(x) — Lasx — ooifforeache > 0thereisanumberA > 0
such that |f{x) — L| < ¢ for all x satisfying x| > A.

We say that f(x) - Lasx — +ooifforeache > 0thereisan A > 0
such that |f{x) — L| < ¢ for all x satisfying x > A.

We say that f(x) - Lasx — —ooifforeache > 0thereisan A > 0
such that |f{x) — L| < ¢ for all x satisfying x < —A.
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H
+
-

Figure 2.4 y = x/(x + 1).

Theorem 2.12 (Obvious limit)
Iff(x) = 1/x for all x # 0, then
lim f(x) = 0, 1ir+n f(x) =0, lim f(x) = 0.

X—> 00

The next theorem extends Theorem 2.5 on composite functions.

Theorem 2.13 (Limit of a composite function)
Suppose that f and g are functions on R! to RY. If f is continuous at L and
g(x) - Lasx — +o00, then

lim fg(0] = fL).

The proofs of Theorems 2.12 and 2.13 follow the pattern of the proofs
of Theorems 2.2 and 2.5, respectively.

Referring to Figure 2.4 and the function f : x — x/(x + 1), x # —1,
we see that f increases without bound as x tends to -1 from the left. Also,
f decreases without bound as x tends to -1 from the right. We say that f
has an infinite limit as x tends to -1; a more precise statement is given in
the next definition.

Definitions

A function f becomes infinite as x — a if for each number A > 0 there
isanumberd > 0such that |f(x)| > A for all x satisfying 0 < |[x —a| < 6.
We write f{(x) — oo as x — a for this limit. We also use the notation

lim f{x) = oo,
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although we must remember that infinity is not a number and the usual
rules of algebra do not apply.

>
~
v

\ /
\ /
\

Figure 2.5 y = (1/x) cos(1/%).

If f is defined only on one side of a number a rather than in a deleted
interval containing a, we may define a one-sided infinite limit. A function
f becomes infinite as x — a™' if for each number A > 0 there is a
number § > 0 such that |f{x)| > A for all x satisfying 0 < x —a < §. An
infinite limit from the left is defined similarly. Various other possibilities
may occur. For example, the function f : x — 1/(x — 1)? has the property
that f — 400 as x — 1. In such a case f has a positive infinite limit as
x — 1. Similarly, a function may have a negative infinite limit, and it may
have both positive and negative one-sided infinite limits.

EXAMPLE 1
Given the function

1 1
f:x—> —cos—,
P P

decide whether or not f tends to a limit as x tends to 0.

Solution. For the values x, = 1/(2nm), n = 1, 2, ..., we have f(x,) = 2nmx,
while forx;, = 1/((n/2)+2nm), we have f{x))) = 0. Hence there are certain
values, x,, tending to zero as n — oo at which f grows without bound,
while on other values, x;, also tending to zero, the function f always has
the value zero. Therefore, f has no limit as x — 0. See Figure 2.5. ]
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EXAMPLE 2
Given the function

VX2 4+ 2x + 4

X
f 2x + 3 '

evaluate lim,_, ;o0 f{¥) and lim,_, _ f{(x). Give a reason for each step.

Solution. For x > 0, division of numerator and denominator by x yields

VA 2+ 4 \/1+2(%)+4(%)
243 2+3(3) '

f:x—

We now employ the theorems on limit of a constant, obvious limit, and
the limits of a sum and product to obtain

. 1 1
lim [1+2- N +4(XZ)]

x——+00
. . . 1 . } 1
= lim 1+ lim 2- lim = + lim 4. lim (—)
X—>=+00 xX—>—+00 x—>+00 X xX—>—+00 X—>+00 X
=142-04+4-0

also,

lim (2 + 3(%)) =2.

X—> 400

Now, using the theorem on the limit of composite functions, we find

lim 1+2(1)+4(1)=ﬁ:1.

X400 x X2
Therefore, limy_, o f{x) = % by the theorem on the limit of a quotient.

For x < 0, care must be exercised in rewriting the algebraic expression
for f. Division by x in the numerator and denominator yields

[1
Vx4 2x + 4 TV AXE+2x+ 4

o) = 2x + 3 - 1 2x+3
Jr+2(d) +4(%)
T 2w3(h)

Now, proceeding as in the case for positive values of x, we obtain

lim f(x) = —% .

X—>—00 .
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The theorems on the limits of sums, products, and quotients of func-
tions require special treatment when one or more of the functions has an
infinite limit or when the limit of a function appearing in a denominator
is zero.

In the case of the limit of the sum of two functions, the appropriate
theorem states that if

lim f(x) = L, lim g(x) = oo,
X—a

X—>a

then
Hm[f{x) + g(x)] = oo,

Ifboth f and g tend to infinity as x tends to a, no conclusion can be drawn
without a more detailed examination of the functions f and g. We must
bear in mind that oo cannot be treated as a number. However, we do have
the “rules”

+00 + (+00) = +00 and — oo+ (—00) = —o0.

In the case of the limit of a product, if f{x) — L, L # 0, and g(x) — oo,
asx — a, then f(x)g(x) — oo asx — a. However, if L = 0, no conclusion
can be drawn without a closer investigation of the functions f and g.

Problems
In each of Problems 1 through 10 evaluate the limit or conclude that the
function tends to 0o, +00, or —00.

1. }Lrglo(xz —2x+3)/(X* +4). 2 }L@O(ZXZ + 3x + 4)/(x* — 2x + 3).
3. lm@' =2 +6)/( +7). 4 lim (x - V= a?),

5. lim (x - V= a?). 6. lim (x — 1)/v/x* — 1.

7. lim V1—2/(1 = x). 8. lim (¢ + 1)/x7 .

9. lim V4 —x2/y/6 — 5x + x2. 10. X%(m — X).

11. Suppose f(x) = 400 and g(x) - —oo as ¥ — +o00. Find examples of
functions f and g with these properties and such that
(@) limys +oo[f(%) + g(¥)] = +00.
(0) limy [ f() + ()] = —o0.
(©) limy 1oo[f(¥) + g(*)] = A, A an arbitrary real number.
12. Find the values of p, if any, for which the following limits exist.
(a) limy_ o+ ¥ sin(1/x).
(b) limy—s 400 ¥ sin(1/x).
(€) limy, _o |¥|P sin(1/%).
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2.5 Limits of Sequences

An infinite sequence may or may not tend to a limit. When an infinite
sequence does tend to a limit, the rules of operation are similar to those
given in Section 2.2 for limits of functions.

Definition

Given the infinite sequence of numbers x1, xz, ..., x,, ..., we say that
{x,} tends to L as n tends to infinity if and only if for each ¢ > 0 there
is a natural number N such that |x, — L| < ¢ foralln > N. We also write
x, — L asn — oo, and we say that the sequence {x,} has L as a limit.*
The notation

lim x, = L
n—-oo

will be used. If the sequence {x,} increases without bound as n tends to
infinity, the symbol x,, — 400 as n — oo is used; similarly if it decreases
without bound, we write x, - —o0 as n — oo.

The theorems on limit of a constant, limit of equal functions, limit of
a product, limit of a quotient, limit of inequalities, and the Sandwiching
theorem have corresponding statements for sequences.

A variation of the theorem on composite functions, Theorem 2.5, leads
to the next result, which we state without proof.

Theorem 2.13

Suppose that f is continuous at a and that x, — a as n — oo. Then there is
an integer N such that f(xy) is defined for all integers n > N; furthermore,
f(xn) = f(a)asn — oo.

EXAMPLE
Given the function

1
— sin — x # 0,
f:x—>{ x
0, x=0
and the sequences
1
Xn = —, nzlrzr ’
nmw
! 1,2
= -7, h=14 ’
Yn (2n+ )
1
In = —T 3 _1r21' ’
Toen+

*Strictly speaking, we should write n — +o0 instead of n — oco. However, for the
natural numbers it is a long-established custom to write oo instead of +o00; we shall continue
to observe this custom.
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find the limits of f(x,), flyx), and f(z,) as n — oo.

Solution. Since sin nwr = 0, n = 1,2,..., we have f{x,) - 0asn — oo.
Also,

1 1 1
flyn) = 2n + E)n sin(2n + E)n =(2n+ E)n — 400 as n — oo,
and
3 . 3 3
flzn) = 2n + E)n sin(2n + E)n = —(2n+ E)71 — —00 as n — Q.

Observing that x,, y,, and z, all tend to 0 as n — 00, we note that f{x)
cannot tend to a limit as x — 0. |

The next axiom, when added to those of Chapter 1, serves to describe
the real number system uniquely.

Axiom C (Axiom of continuity)

Suppose that an infinite sequence x1,xz, . . . ,Xp, - . . 18 Such that x,.1 > x,, for
all n, and there is a number M such that x,, < M for all n. Then there is a
number L < M such that x, — Lasn — oo and x, < L for all n.

The situation is shown in Figure 2.6. If we plot the numbers x,, on a
horizontal line, the corresponding points move steadily to the right as n
increases. It is geometrically evident that they must cluster at some value
such as L that cannot exceed the number M.

Figure 2.6 x, tends to L as n — oo.
By means of Axiom C we establish the following simple result.

Theorem 2.14

(a) There is no real number M that exceeds all positive integers.
(b) If x, > n for every positive integer n, then x, — +00 asn — oo.
(0) limy— (1/n) = 0.

Proof

(a) Let x, = n and suppose there is a number M such that M > x, for
every n. By Axiom C there is a number L such thatx, — Lasn — oo
and x, < L for all n. Choose ¢ = 1 in the definition of limit. Then for
a sufficiently large integer N, it follows that L — 1 < x, < L+ 1 for
alln > N.Butxyyys = N+ 1,andsoL —1 < N+ 1 < L+ 1. Hence
N + 2 = xy42 > L, contrary to the statement x,, < L for all n.
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(b) Let M be any positive number. From part (a) there is an integer N
such that N > M; hence x,, > M foralln > N.

(c) Let ¢ > 0 be given. There is an integer N such that N > 1/e. Then if
n > N, clearly 1/n < &. The result follows. ]

Problems

1.

N0

Given the function f : x — xcosx
(a) Find a sequence of numbers {x,} such that x, — 400 and

f(x,) — 0.

(b) Find a sequence of numbers {y,} such that y, — o0 and
flyn) — +o0.
(c) Find a sequence of numbers {z,} such that z, — +oo0 and
f(zn) — —oo.
Prove that ifx, - aandy, - basn — oo, thenx, +y, > a+b
asn — oo.
If a is any number greater than 1 and n is a positive integer greater
than 1, show thata™ > 1 4+ n(a — 1).
Ifa > 1, show that a” — +oo asn — 0.
Prove Theorem 2.13.
If -1 < a < 1, show that a® — 0 asn — oo.
Suppose that —1 < a < 1. Define

sp=b(1+a+a*+.. . +a™h.
Show that lim,_ 8, = b/(1 — a).

In Problems 8 through 12 evaluate each of the limits or conclude that the
given expression tends to 0o, +00, or —o0.

8.
9.
10.
11.
12.

13

lim,_, (n? + 2n — 1)/(n* — 3n + 2).

lim,_, o(n® + 4n — 1)/(2n* + n + 5).

lim,_, (1 + (1/1))/(2n* — 3n).

iMoo /73 + 2n — 1//M2% + 4n — 2.

limy,—, oo[3 + sin(n)n.

Suppose that x,, < y,, < z, for each n and suppose that x, — L and
z, > Lasn — oo. Theny, — Lasn — oo.
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CHAPTER

3.1 The Intermediate-Value Theorem

The proofs of many theorems of calculus require a knowledge of the
basic properties of continuous functions. In this section we establish the
Intermediate-value theorem, an essential tool used in the proofs of the
Fundamental theorem of calculus and the Mean-value theorem.

Theorem 3.1 (Nested intervals theorem)
Suppose that

I ={x:a, <x < by}, n=12...,

is a sequence of closed intervals such that I,.1 C I, for eachn. If lim,_, (b, —
ay) = 0, then there is one and only one number x, that is in every I,.

Proof

By hypothesis, we have a, < a,y; and b, < b,4;. Since a, < b, for
every n, the sequence {a,} is nondecreasing and bounded from above
by by (see Figure 3.1). Similarly, the sequence b, is nonincreasing and
bounded from below by a;. Using Axiom C, we conclude that there are
numbers xy and x; such that a, — xo, a, < xp, and b, — x;, b, > x;, as
n — oo. Using the fact that b, — a, — 0, n — oo, we find that xy = x|,

and
an =< Xy < bn
for every n. Thus %, is in every I,. [ |

45
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It Il I | } Il
T T T L T T T { %

a) a; as ag .. Xq e b4 b3 b2 by
Figure 3.1 Nested intervals.

The hypothesis that each I,, is closed is essential. The sequence of half-
open intervals

1
L,={x:0<x=< —}
n

has the property that I,,;; C I, for every n. Since no I, contains 0, any
number x, in all the I,, must be positive. But then by choosing N > 1/x,
we see that xy cannot belong to Iy = {x¥ : 0 < x < 1/N}. Although the
intervals I,, are nested, they have no point in common.

Before proving the main theorem, we prove the following result, which
we shall use often in this chapter.

Theorem 3.2
Suppose f is continuous on [a,b], x, € [a,b] for each n, and x, — xy. Then
%o € [a,b] and f(xq) — f(xo).

Proof

Since x,, > a for each n, it follows from the theorem on the limit of
inequalities for sequences that x, > a. Similarly, X, < b so xy € [a, b].
Ifa < x < b, then f{x,) — f{xp) on account of the composite function
theorem (Theorem 2.5). The same conclusion holds if X, = a or b. A
detailed proof of the last sentence is left to the reader. |

We now establish the main theorem of this section.

Theorem 3.3 (Intermediate-value theorem)
Suppose f is continuous on [a,b], ¢ € R!, f(a) < ¢, and f(b) > c. Then there
is at least one number x, on [a,b] such that f(xy) = c.

Note that there may be more than one such ¥, as indicated in Figure
3.2.

Proof
Define a; = a and by = b. Then observe that f{(a; + b;)/2) is either equal
to ¢, greater than c, or less than c. If it equals ¢, choose xy = (a; + b1)/2
and the result is proved. If f{(a; + b;)/2) > ¢, then define a, = a; and
by = (a1 + b1)/2. If f((a1 + D1)/2) < ¢, then define a; = ((a1 + b1)/2)
and bz = bl.

In each of the last two cases we have f(a;) < ¢ and f(b;) > c. Again
compute f((az + by)/2). If this value equals ¢, the result is proved. If
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fl(az + b3)/2) > csetas = az and by = (az + by)/2. If f((az + b2)/2) < ¢,
set az = (az + b2)/2 and bz = b,.

y

S

(a, f(a))

|
|
|
|
|
X

a Xy b

Figure 3.2 Ilustrating the Intermediate-value theorem.

Continuing in this way, either we find a solution in a finite number of
steps or we find a sequence {[a,, b,]} of closed intervals each of which is
one of the two halves of the preceding one, and for which we have

by — an = (by — a;)/2"7 1,

3.1
flan) < ¢, fbn) > ¢ for each n.

From the Nested intervals theorem it follows that there is a unique point
Xo in all these intervals and that

lim a, = x; and lim b, = xq.
n—oo n—o0

From Theorem 3.2, we conclude that

flan) = flxo) ~ and  f(bn) — f(x0).

From inequalities (3.1) and the limit of inequalities it follows that f{xy) < ¢
and f(xp) > ¢, so that f(xo) = c. u

Problems

1. Given the function

1 if x is rational,
fix—
0 if x is irrational.
(a) Show that f is not continuous at any x,.
(b) Let g be a function with domain all of R'. If g(x) = 1 if x is
rational and if g is continuous for all x, show that g(x) = 1 for
x € R
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2. Letf : x = apx™ + ap1x™ ' + ... 4+ ax + ay be a polynomial
function of odd degree.

(a) Use the Intermediate-value theorem to show that the equa-
tion f{x) = 0 has at least one root.
(b) Show that the range of f is R!.

3. Letf : X = amX™+am X"+ . 4+ax+aybe a polynomial function
of even degree. If a,ap < 0, show that the equation f(x) = 0 has at
least two real roots.

4. Prove the last sentence of Theorem 3.2.

5. A function f defined on an interval I = {x : a < x < b} is called in-
creasing if f(x1) > f(x,) whenever x; > x, where x;, x, € I. Suppose
that f has the intermediate-value property, that is, for each number ¢
between f(a) and f(b) there is an x; € I such that f{x;) = c. Show
that a function f that is increasing and has the intermediate-value
property must be continuous.

6. Give an example of a function that is continuous on [0, 1] except at
x = % and for which the intermediate-value theorem does not hold.

7. Give an example of a nonconstant continuous function for which
Theorem 3.3 holds and such that there are infinitely many values

xp where f(xp) = c.

3.2 Least Upper Bound; Greatest Lower
Bound

In this section we prove an important principle about real numbers that
is often used as an axiom in place of Axiom C.

Definitions

A set S of real numbers has the upper bound M if x < M for every
number x in S; we also say that the set S is bounded above by M. The set
S has the lower bound m if x > m for every number x in S; we also
say that S is bounded below by m. A set S is bounded if S has an upper
and a lower bound. Suppose that f is a function on R! whose domain D
contains the set S. We denote by f|s the restriction of f to the set S;
that is, f|s has domain 8 and f|s(x) = f(x) for all x in S. A function f is
bounded above, bounded below, or bounded if the set R consisting of the
range of f satisfies the corresponding condition.

Suppose we define

1

fl) = { 2«
1, x = 0.

0<x<1,

)
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Then f is not bounded on S = {x : 0 < x < 1}. See Figure 3.3.

4
-+
!
|
i
”

Figure 3.3

We now prove the fundamental principle on upper and lower bounds
(see Figure 3.4).

Figure 3.4 U is the least upper bound for S.

Theorem 3.4

If a nonempty set S C R has an upper bound M, then it has a least upper
bound U; that is, there is a unique number U that is an upper bound for S
but is such that no number U' < U is an upper bound for S. If a nonempty
set has a lower bound m, it has a greatest lower bound L.

Proof

The second statement follows by applying the first to the set 8’ = {x :
—x € §}. We prove the first statement using the Nested intervals theorem.
If M € §, then we may take U = M, since in this case every x in S is less
than or equal to U, and if U’ < U, then U’ is not an upper bound, since
UeSandU > U'.If M isnotin S, let b, = M and choose a; as any point
of S. Now, either (a; + by)/2 is greater than every x in §, or there is some
x in § greater than or equal to (a1 + b1)/2. In the first case, if we define
a; = ay and b, = (a1 + b1)/2, then a; € S and b, is greater than every
x in 8. In the second case, choose for a, one of the numbers in S that is
greater than or equal to (a1 + b1)/2 and set b; = by; then we again have
a; € Sand b, greater than every x in S. Continuing in this way, we define
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an infinite sequence {[ay,, b,]} of closed intervals such that

(32)  [Gns1, bupa] Clan, bn]  and  (bup1 — dng1) < 5 (bn — an)
for each n, and so for each n,

(3.3) bpy—ay < (by—ay)/2" 1, an € S, b, > every number in S.

From the Nested intervals theorem, it follows that there is a unique
number U in all these intervals and

lim b, = U, lim a, = U.

n—o00 n—o0

Let xbe any number in S. Then ¥ < b, for each n, so thatx < U by the

limit of inequalities. Thus U is an upper bound for S. But now let U’ < U
and let ¢ = U — U’. Then, since a, — U, it follows that there is an N
suchthat U = U —¢ < a, < U foralln > N. But since all the a,, € S, it
is clear that U’ is not an upper bound. Therefore, U is unique. |

Definitions
The number U in Theorem 3.4, the least upper bound, is also called
the supremum of S and is denoted by

Lub. 8 or sup S.

The number L of Theorem 3.4, the greatest lower bound, is also called
the infimum of S and is denoted by

glb. 8 or inf' S.

Corollary

If xq is the largest number in S, that is, if Xy € S and x, is larger than every
other number in S, then xy = sup S. If S is not empty and U = sup S, with U
not in S, then there is a sequence {x,} such that each x, is in S and x, — U.
Also, if e > 01is given, there is an x in S such that x > U — &. Corresponding
results hold for inf S.

These results follow from the definitions and from the proof of
Theorem 3.4.

With the help of this corollary it is possible to show that the Axiom of
Continuity is a consequence of Theorem 3.4.

Definitions

Let f have an interval I of R! as its domain and a set in R! as its range.
We say that f is increasing on I if f{x;) > f(x;) whenever x, > x;. The
function f is nondecreasing on I if f{x;) > f(x;) whenever x, > x;. The
function f is decreasing on I if f{x;) < f(x;) whenever x, > x;. The
function f is nonincreasing on I if f{x;) < f{x;) whenever x; > x;. A
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function that has any one of these four properties is called monotone
on].

Monotone functions are not necessarily continuous, as the following
step function exhibits:

f:x—n n—1<x<n, n=12....

See Figure 3.5. Also, monotone functions may not be bounded. The func-
tion f : x - 1/(1 — x) is monotone on the interval I = {x : 0 < x < 1}
but is not bounded there.

s+ —_—
4+ —_—
3+ ——
a4 —_—
| 4——

+ } } 1 t x
0 1 2 3 4 S

Figure 3.5 A step function.

If a function f defined on an interval I is continuous on I, then an
extension of the Intermediate-value theorem shows that the range of
f is an interval. In order to establish this result, we use the following
characterization of an interval on R!.

Theorem 3.5
A set S in Rlis an interval < (i) S contains more than one point and (ii) for
every x1,x; € S the number x is in S whenever x € (x1,x2).

Proof
If S is an interval, then clearly the two properties hold. Therefore, we
suppose that (i) and (ii) hold and show that S is an interval. We consider
two cases.

Case 1: S is bounded. Define a = inf S and b = supS. Let x be an
element of the open interval (a, b). We shall show that x € S.
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Since a = inf S, we use the corollary to Theorem 3.4 to assert that
there is an x; € S with x; < x. Also, since b = sup §, there is an x; in 8
withx, > x. Hence x € (¥, x3), which by (ii) of the hypothesis shows that
x € S. We conclude that every element of (a, b) is in 8. Thus § is either
a closed interval, an open interval, or a half-open interval; its endpoints
are a, b.

Case 2: S is unbounded in one direction. Assume that S is unbounded
above and bounded below, the case of S bounded above and unbounded
below being similar. Let a = inf §. Then § C [a, 00). Let x be any number
such that x > a. We shall show that x € S. As in Case 1, there is a number
x1 € Ssuch that x; < x. Since S has no upper bound there is an x;, € 8
such that x; > x. Using (ii) of the hypothesis, we conclude that x € S.
Therefore, S = [a, 00) or § = (a, 00). ]

We now establish a stronger form of the Intermediate-value theorem.

Theorem 3.6
Suppose that the domain of f is an interval I and f is continuous on I. Assume
that f is not constant on I. Then the range of f, denoted by J, is an interval.

Proof

We shall show that ] has properties (i) and (ii) of Theorem 3.5 and there-
fore is an interval. Since f is not constant, its range must have more than
one point, and property (i) is established. Now let y1, y» € J. Then there
are numbers x;, x; € I such that f{x;) = y; and f{x;) = y,. We may as-
sume that x; < x,. The function f is continuous on [x;, ;], and so we
may apply the Intermediate-value theorem. If ¢ is any number between
Y1 and y», there is an xy € [x1, x2] such that f{xy) = c. Thus ¢ € J, and we
have established property (ii). The set J is an interval. |

If f is continuous on I = {x : a < x < b}, it is not necessarily the case
that J is determined by f{a) and f(b). Figure 3.6 shows that ] may exceed
the interval [f(a), f(D)]. In fact, I may be bounded and J unbounded, as
is illustrated by the function f : x — 1/x with I = {x : 0 < x < 1}.
The range is ] = {y : 1 < y < oo}. The function f : x — 1/(1 + x%)
withl ={x:0 < x < oojand] ={y: 0 < y < 1} is an example of a
continuous function with an unbounded domain and a bounded range.

Consider the restriction to [0, o0) of the functionf : x — x" wherenisa
positive integer. By Theorem 3.6, the range of f is an interval, which must
be [0, 00), since f{0) = 0, f is increasing, and f{x) — 400 as x — +oo.
Hence, for each x > 0, there is at least one number y > 0 such that
Yy'=x. Uy > y then(y)" > y" = x. Also,if0 <y < y, then (¥)" < x.
Thus the solution y is unique. We denote it by x/*. Every positive number
has an nth root for every positive integer n. The function x — x'/" x > 0,
can be shown to be continuous on [0, 0c0) by the methods of Chapter 2.
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¥
(b, /(b))
} -t X
0 4 i b
Figure 3.6
Problems

In Problems 1 through 8 find l.u.b. S and g.1.b. S. State whether or not
these numbers are in S.

© PN W

10.

11.

12.

13.

S={x:0< x < 3}.

S={x:x*-3 < 0}.

S={x:x*—-2x—-3 < 0}.

S={y:y=x/(x+1), x > 0}.

S={sp:sy =2 ,(1/2), n=1,2,...}.

S={sp:sy =142 ,((-D/ih), n=1,2,...}.

S={x:0< x <5, cosx = 0}.

S={x:-10 < x < 10, sinx = 1}.

Giventhat S ={s,:s8, =1+ . ,(1/i!), n=1,2,...}, show that§
has 3 as an upper bound.

Suppose that By = L.ub. &, B, =1lub. S;, by =glb. &, b, =
glb S, . If S C 8y, show that B; < B, and b, < b;.

Suppose that Sy, Sy, . . ., S, are setsin R! and that S = §;US,U. . .US,,.
Define B = sup S;and b; =inf §;, i1 =1,2,...,n.
(a) Show that sup § = max(B;,B;,...,By) and inf § =

min(bl, bz, ey bn)
(b) If S is the union of an infinite collection of {S;}, find the
relation between inf S, sup S, and the {b;} and {B;}.
Suppose that Sy, Sy, . . ., S, are setsin R! and that S = §;,NS,N. . .NS,,.
If § # ¢, find a formula relating sup S and inf S in terms of the
{b;}, {B;} as defined in Problem 11.
Use the corollary to Theorem 3.4 to show that Axiom C is a conse-
quence of Theorem 3.4. [Hint: Let B be the least upper bound of the
set of numbers {x,}, which as a sequence are increasing. Then show
that x, — B.]
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14. Let Sy, S;besetsinR!. Define S = {x : x = x1 +x5, x1 € 81, %3 € Sy).
FindLu.b. S, glb.Sintermsofl.ub.S;, glb.S;, =1, 2. In particular,
if =8 = {x : —x € &}, show that L.u.b. (—8) = g.lb. &.

3.3 The Bolzano-Weierstrass Theorem

Suppose that
(3.4) X1, X2, o0 Xn,y e e

is a sequence of numbers. Then the sequences xi,x3,xs,... and
X3, X5, Xg, X11, . . . are examples of subsequences of (3.4). More generally,
suppose that ki, kg, k3, ..., ky, ... is an increasing sequence of positive
integers. Then we say that

Xieyy Xgy + o oy Xy - - -

is a subsequence of (3.4). The choice ky = 1,k; =3, ks =5 ks =7,...
is an example of a subsequence of (3.4) above. To avoid double sub-
scripts, which are cumbersome, we will frequently write y; = xi,, Y2 =
Xkyy - - -y Yn = Xk, - - ., in which case

i, Yz, -, Yn, - - -

is a subsequence of (3.4).

We easily prove by induction thatifky, ks, k3, . . ., ky, . . . isan increasing
sequence of positive integers, then k,, > n for all n.

The sequence

(3.5) =0 =31 m=—2% . %=FD'0-1),...
has the subsequences

2 4 6
Or_gr_gt_§r"'t

1 3 5 7

2041678

which are obtained from (3.5) by taking the odd-numbered terms and
the even-numbered terms, respectively. Each of these subsequences is
convergent, but the original sequence (3.5) is not. The notion of a con-
vergent subsequence of a given sequence occurs frequently in problems
in analysis. The Bolzano-Weierstrass theorem 1is basic in that it estab-
lishes the existence of such convergent subsequences under very simple
hypotheses on the given sequence.

Theorem 3.7 (Bolzano-Weierstrass Theorem)
Any bounded infinite sequence of real numbers contains a convergent
subsequence.
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Proof

We shall use the Nested intervals theorem (Theorem 3.1). Let {x,} be a
given bounded sequence. Then it is contained in some closed interval
I = {x: a < x < b}. Divide I into two equal subintervals by the midpoint
(a+ b)/2. Then either the left subinterval contains an infinite number of
the {x,} or the right subinterval does (or both). Denote by I, = {x : a; <
x < by} the closed subinterval of I that contains infinitely many {x,}. (If
both subintervals do, choose either one.) Next, divide I; into two equal
parts by its midpoint. Either the right subinterval or the left subinterval
of I contains infinitely many {x,}. Denote by I, the closed subinterval
that does. Continue this process, obtaining the sequence

In={x:a, <x < by}, n=172 ...,

with the property that each I,, contains ¥, for infinitely many values of
p. Since b, — a, = (b — a)/2" — 0 as n — 0o, we may apply the Nested
intervals theorem to obtain a unique number x, contained in every I,.

We now construct a subsequence of {x,} converging to x,. Choose xz,
to be any member of {x,} in I; and denote x, by y;. Next choose x;, to
be any member of {x,} such that x, is in I, and such that k, > k;. We
can do this because I, has infinitely many of the {x,}. Set xx, = y,. Next,
choose ¥, as any member of {x,} in I; and such that k3 > k,. We can
do this because I3 also has infinitely may of the {x,}. Set xx, = y3. We
continue, and by induction obtain the subsequence yy, Y2, ..., Yn, . ... By
the method of selection we have

an < Yn < by, n=12....

Since a, — Xy, b, — Xy, as n — 00, we can apply the Sandwiching
theorem (Theorem 2.8) to conclude that y, — x; as n — oo. ]

Problems

In Problems 1 through 7 decide whether or not the given sequence con-
verges to a limit. If it does not, find, in each case, at least one convergent
subsequence. We suppose n =1, 2,3, ...

1. x = (=11 — (1/n). 2. % =1+ ((=1D)"/n).
3. x = (=D)"2 -2, 4. x, =) ((1)/2Y.
i=1
5 x,= Z(l/j!). 6. x, = sin(nn/2) + cos nx.
j=1

7. xn = (sin(na/3))(1 — (1/n)).
8. The sequence

1 1 1 1 1 1 1 1
11,2133 11 21 31 11 21 31

N

has subsequences that converge to the numbers 1, 2, and 3.
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(a) Write a sequence that has subsequences that converge to N
different numbers where N is any positive integer.

(b) Write a sequence that has subsequences that converge to
infinitely many different numbers.

3.4 The Boundedness and
Extreme-Value Theorems

In this section we establish additional basic properties of continuous
functions from R! to R!. The Boundedness and Extreme-value theorems
proved below are essential in the proofs of the basic theorems in differ-
ential calculus. The Boundedness theorem shows that a function that is
continuous on a closed interval must have abounded range. The Extreme-
value theorem adds additional precise information about such functions.
It states that the supremum and the infimum of the values in the range
are also in the range.

Theorem 3.8 (Boundedness Theorem)
Suppose that the domain of f is the closed interval I = {x:a < x < b}, and f
is continuous on I. Then the range of f is bounded.

Proof

We shall assume that the range is unbounded and reach a contradiction.
Suppose that for each positive integer n, there is an x, € I such that
If(x,)] > n.Thesequence {x,} isbounded, and by the Bolzano-Weierstrass
theorem, there is a convergent subsequence yi, Yz, ..., Yn, ..., Where
Yn = Xx,, that converges to an element x, € I. Since f is continuous
on I, we have f{yn) — flxp) as n — oo. Choosing ¢ = 1, we know that
there is an N; such that for n > N;, we have

If(yn) — flxo)l < 1 whenever n > Nj.
For these n it follows that
)l < Iftx)l +1  forall n > Ni.
On the other hand,
Ifty)l = Iftx )l > kn = forall n.
Combining these results, we obtain
n < |flxo)] +1 forall n > Nj.

Clearly, we may choose n larger than |f(x)| + 1, which is a contradic-
tion. ]
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In Theorem 3.8, it is essential that the domain of f is closed. The
function f : x — 1/(1 — x) is continuous on the half-open interval I =
{x : 0 < x < 1}, but is not bounded there.

Theorem 3.9 (Extreme-value theorem)

Suppose that f has for its domain the closed interval I = {x:a < x < b},
and that f is continuous on I. Then there are numbers xy and x; on I such
that f(x0) < f(%) < f(x1) for all x € 1. That is, f takes on its maximum and
minimum values on I.

Proof
Theorem 3.8 states that the range of f is a bounded set. Define

M = supf(x) for x €], m = inf f(x) for x € I.

We shall show that there are numbers xy, x; € I such that f{x)) = m,
flx1) = M. We prove the existence of x;, the proof for x; being similar.
Suppose that M is not in the range of f; we shall reach a contradiction.
The function F with domain I defined by

1
M — ()
is continuous on I and therefore (by Theorem 3.8) has a bounded range.
Define M = sup F(x) forx € I. Then M > 0 and

F:x—

_ 1

—— <M or f(X) <M—- = for xe L

M — fx) M

This last inequality contradicts the statement that M = sup f{x) forx € I,
and hence M must be in the range of f. There is an x; € I such that
fx1) = M. [

The conclusion of Theorem 3.9 is false if the interval I is not closed.
The function f : x — x? is continuous on the halfopen interval I = {x :
0 < x < 1} but does not achieve a maximum value there. Note that f
is also continuous on the closed interval ; = {x : 0 < x < 1}, and its
maximum on this interval occurs at x = 1; Theorem 3.9 applies in this
situation.

3.5 Uniform Continuity

In the definition of continuity of a function f at a point xy, it is necessary to
obtain a number § for each positive number ¢ prescribed in advance (see
Section 2.1). The number §, which naturally depends on ¢, also depends
on the particular value xy. Under certain circumstances it may happen
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that the same value § may be chosen for all points x in the domain. Then
we say that f is uniformly continuous.

Definition
A function f with domain § is said to be uniformly continuous on § if
for every ¢ > 0 there isa d > 0 such that

If(x1) — f(x2)] < ¢ whenever |1 —x3] < 6

and x;, x, are in S. The important condition of uniform continuity states
that the same value of § holds for all x;, x, in S.

Among the properties of continuous functions used in proving the basic
theorems of integral calculus, that of uniform continuity plays a central
role. The principal result of this section (Theorem 3.10 below) shows
that under rather simple hypotheses continuous functions are uniformly
continuous.

A “steep” function requires a small &
e — — — for a given .
f

Figure 3.7

A function may be continuous on a set S without being uniformly
continuous. As Figure 3.7 shows, once an ¢ is given, the value of § required
in the definition of ordinary continuity varies according to the location of
x1 and x;; the “steeper” the function, the smaller the value of § required.

As an example of a continuous function that is not uniformly
continuous, consider

1
fix—> —
X

defined on the set S = {x : 0 < x < 1}. It is clear that f is continuous for
each x in S. However, with ¢ any positive number, say 1, we shall show
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there is no number § such that

If(x1) — flx)] < 1 whenever X1 — x| < §
for all x1,x; in S. To see this we choose x; = 1/nand x; = 1/(n + 1)
for a positive integer n. Then |f(x1) — flxz)l = [n — (n + 1)|] = 1; also,
we have |x; — x| = 1/(n(n + 1)). If n is very large, then x; and x; are

close together. Therefore, if a § is given, simply choose n so large that x;
and x, are closer together than §. The condition of uniform continuity is
violated, since f{x;) and f{x;) may not be “close.”

An example of a uniformly continuous function on a set S is given by

(3.6) frx— ¥

on the domain § = {x : 0 < x < 1}. To see this, suppose ¢ > 0 is given.
We must find a § > 0 such that

|x} —x3| <&  whenever X1 — x2] < &

for all x;, x, in S. To accomplish this, choose § = &/2. Then, because
0<x <1landO0 < x, <1, we have

2 2 1
%] — x| =11 + 22| - |x1 —x| < 2- ;e=c¢.

This inequality holds for all x;, x, on [0, 1] such that |x; — x| < 6.

The same function (3.6) above defined on the domain § = {x : 0 <
x < oo} is not uniformly continuous there. To see this, suppose ¢ > 0
is given. Then for any § > 0, choose x1, x, such that x; — x, = §/2 and
X1 + x; = 4¢/8. Then we have

X2 — X5 = |0 + x| - X1 — x| = 2 l8: 2¢.
5 2

The condition of uniform continuity is violated for this xq, x;.

An important criterion for determining when a function is uniformly
continuous is established in the next result.

Theorem 3.10 (Uniform continuity Theorem)
If f is continuous on the closed interval [ = {x:a < x < b}, then f is uniformly
continuous on I.

Proof

We shall suppose that f is not uniformly continuous on I and reach a
contradiction. If f is not uniformly continuous, there is an ¢g > 0 for
which there is no § > 0 with the property that |[f(x;) — f(x2)| < & for all
pairs x;, x, € I and such that |x; — x;| < 8. Then for each positive integer
n, there is a pair ¥, ¥/ on I such that

n'mn

/ /! 1 / a4
(3.7) lx, — x| < = and (%) — )] = .
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From the Bolzano-Weierstrass theorem, it follows that there is a subse-
quence of {x,}, which we denote {x;%}, convergent to some number x; in
I. Then, since |x, — ¥/ | < 1/n, we see that x{ — % as n — oo. Using
the fact that f is continuous on I, we have

f,) = flxo),  fixg,) =~ fxo)
That is, there are positive integers N; and N, such that
fix,) = fxo)l < 3e0  forall n >N
and
() = flxo)l < 3  forall n > N,.
Hence for all n larger than both N; and N, we find
Ifx,) — A | < Ifxg,) — flxo)l + Iftxo) — flG )l < &0 + 380 = o

n

This last inequality contradicts (3.7), and the result is established. u

As the example of the function f : x — 1/x shows, the requirement
that I be a closed interval is essential. Also, the illustration of the function
f:x — x*onthesetS; = {x: 0 < x < oo} shows that Theorem 3.10 does
not apply if the interval is unbounded. It may happen that continuous
functions are uniformly continuous on unbounded sets. But these must
be decided on a case-by-case basis. See Problems 3 and 4 at the end of the
section.

Problems

1. Suppose that f is a continuous, increasing function on a closed in-
terval I = {x : a < x < b}. Show that the range of f is the interval
@), D))

2. Suppose that f is uniformly continuous on the closed intervals I
and I,. Show that f is uniformly continuous on § = I; U I,.

3. Show that the function f : x — 1/x is uniformly continuous on
S={x:1<x < oo}

4. Show that the function f : x — sin x is uniformly continuous on § =
{x : —00 < x < 00}. [Hint: sin A —sin B = 2 sin((A + B)/2) cos((A +
B)/2).]

5. Suppose that f is continuouson I = {x : a < x < b}. If lim,_, 4+ (%)
and lim,_,;- f(x) exist, show that by defining fy(a) = lim,_4+ f(%),
fo(b) = lim,—,- fx), and fo (%) = flx) forx € I, the function f; defined
onl; = {x : a < x < b} is uniformly continuous.

6. Consider the function f : x — sin(1/x) definedonl = {x: 0 < x <
1}. Decide whether or not f is uniformly continuous on I.

7. Show directly from the definition that the function f : x — 4/x is
uniformly continuouson; = {x : 0 < x < 1}.
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8. Suppose that f is uniformly continuous on the half-open interval
I ={x:0 < x < 1}. Is it true that f is bounded on I?
9. Given the general polynomial

f(X) = anxn + anflxn_l + ...+ ax + aop,

show that f is uniformly continuous on 0 < x < 1.
10. Show that the function

x sin(1/x), 0<x<1,

x =0,

)

is uniformly continuouson I = {x : 0 < x < 1}.

3.6 The Cauchy Criterion

We recall the definition of a convergent sequence xi, Xz, ..., X, .... A
sequence converges to a limit L if for every ¢ > 0 there is a positive
integer N such that

(3.8) |x, —L| < ¢ whenever n > N.

Suppose we are given a sequence and wish to examine the possibility of
convergence. Usually the number L is not given, so that condition (3.8)
above cannot be verified directly. For this reason it is important to have a
technique for deciding convergence that doesn’t employ the limit L of the
sequence. Such a criterion, presented below, was given first by Cauchy.

Definition
An infinite sequence {x,} is called a Cauchy sequence if and only if for
each ¢ > 0, there is a positive integer N such that

X, — xn| < & forall m > N andall n > N.

Theorem 3.11 (Cauchy criterion for convergence)
A necessary and sufficient condition for convergence of a sequence {x,,} is that
it be a Cauchy sequence.

Proof

We first show that if {x,} is convergent, then it is a Cauchy sequence.
Suppose L is the limit of {x,}, and let ¢ > 0 be given. Then from the
definition of convergence there is an N such that

|t —L| < te forall n > N.

Let x,,, be any element of {x,,} with m > N. We have

X — Xm| = 1% =L+ L —Xu| < |%, — LI+ |L— x| < J64+ 1e=c¢.
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Thus {x,,} is a Cauchy sequence.

Now assume that {x,} is a Cauchy sequence; we wish to show that it
is convergent. We first prove that {x,} is a bounded sequence. From the
definition of Cauchy sequence with ¢ = 1, there is an integer Ny such
that

X, —xn| <1 forall n > Ny and m > Nj.
Choosing m = Ny + 1, we find that |x, — xy,+1| < 1 if n > Nj. Also,
[Xe| = X0 — xng+1 + Xvp+1] = 130 — X1 ] + Xl < 1+ Jxag4al.

Keep Ny fixed and observe that all |x,| beyond xy, are bounded by 1 +
|¥ny+11, @ fixed number. Now examine the finite sequence of numbers

[x1l, |x2], ..., [ |, 21| + 1

and denote by M the largest of these. Therefore, |x,| < M for all positive
integers n, and so {x,,} is a bounded sequence.

We now apply the Bolzano-Weierstrass theorem (Theorem 3.7) and
conclude that there is a subsequence {xx,} of {x,} that converges to some
limit L. We shall show that the sequence {x,} itself converges to L. Let
e > 0be given. Since {x,,} is a Cauchy sequence, there is an N; such that

¢ forall n > N; and m > Nj.

1
|2, — x| < 2

Also, since {x;, } converges to L, there is an N; such that

lx, — Ll < te forall n > N,.
Let N be the larger of N; and N;, and consider any integer n larger than
N. We recall from the definition of subsequence of a sequence thatk,, > n

for every n. Therefore,
1 1
| — L| = |% — Xk, + %k, — L] < [¥n — 2k, | + |x, — L] < 56+ 56 =¢.

Since this inequality holds for all n > N, the sequence {x,} converges to
L. |

As an example, we show that the sequence x, = (cosnn)/n, n =
1,2, ..., is a Cauchy sequence. Let ¢ > 0 be given. Choose N to be any
integer larger than 2/¢. Then we have

cos nw cosmm | _ m|cosnw| +nfcosmn|  m+n

|, — x| = - =
n m mn mn

If m > n, we may write

m+n 2m 2
|, — x| < <

mn mn n’

However, because n > N, we have n > 2/¢, and so |x, — x,,] < ¢, and
the sequence is a Cauchy sequence.
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3.7 The Heine-Borel Theorem

In this section we establish a theorem that is useful in the further de-
velopment of differentiation and integration. The Heine-Borel theorem
shows that “covering” a set with a collection of special sets is particularly
helpful in verifying uniform continuity.

Consider, for example, the collection of intervals

1
(3.9 Inz{x:<x<1}, n=2234,....
n

Any collection of intervals such as (3.9) is called a family of intervals.
The symbol F is usually used to denote the totality of intervals in the
family. Each interval is called a member (or element) of the family. Care
must be exercised to distinguish the points of a particular interval from
the interval itself. In the above example, the interval ] = {x : 1 < x < %

is not a member of F'. However, every point of ] is in every interval I, for
n > 2. The points 0 < x < 1 are not themselves members of F although

each point of 0 < ¥ < 1 isin at least one I,,.

Definitions
A family F of intervals is said to cover the set S in R! if each point of S
is in at least one of the intervals of F'. A family F; is a subfamily of F if
each member of F; is a member of F.

For example, the intervals

1
3.10 I =1x: — <x<1 n=12...
(310) = I 2

form a subfamily of family (3.9). Family (3.9) coversthe set § = {x : 0 <
x < 1}, since every number x such that 0 < x < 1isin [, for all n larger
than 1/x. Thus every x is in at least one I,. Family (3.10) also covers S.
More generally, we may consider a collection of sets A;, Ay ... A,, ...,
which we call a family of sets. We use the same symbol F to denote
such a family. A family F' covers a set S if and only if every point of § is
a point in at least one member of F.
The family F,

Jn={&x:n<x < n+ 2} n=0+£1,%2, ...,

covers all of R!. It is simple to verify that if any interval is removed from
F, the resulting family fails to cover R!. For example, if J; is removed,
then no member of the remaining intervals of F contains the number 2.

We shall be interested in families of open intervals that contain in-
finitely many members and that cover a set S. We shall examine those
sets S that have the property that they are covered by a finite subfamily,
i.e., a subfamily with only a finite number of members. For example, the
family F of intervals K, = {x : 1/(n+2) < x < 1/n}, n=1,2,...,
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covers the set S = {x : 0 < x < %}, as is easily verified. It may also
be verified that no finite subfamily of F' = {K,} covers S. However, if we
consider the set §; = {x : ¢ < x < %} for any ¢ > 0, it is clear that
S is covered by the finite subfamily {K;, Ky, . . ., K,} for any n such that
n+2 > 1/e.

We may define families of intervals indirectly. For example, suppose
that f : x - 1/x with domain D = {x : 0 < x < 1} is given. We obtain a
family F' of intervals by considering all solution sets of the inequality

311 I )| 1 1 1 1 1
. N—fla) < - —— < - — - < =
(3.11) ) —fll < 5 o5 < - <o
for every a € D. For each value a, the interval

312 L 3a 3a

. ={x: < x<
( ) ! 3+a 3—a

is the solution of Inequality (3.11). This family F = {L,} covers the set
D = {x: 0 < x < 1}, but no finite subfamily covers D.

Theorem 3.12 (Heine-Borel theorem)
Suppose that a family F of open intervals covers the closed interval I = {x:a <
x < b}. Then a finite subfamily of F' covers I.

Proof

We shall suppose that an infinite number of members of F' are required
to cover I and reach a contradiction. Divide I into two equal parts at
the midpoint. Then an infinite number of members of F' are required to
cover either the left subinterval or the right subinterval of I. Denote by
I, = {x : a; < x < by} the particular subinterval needing this infinity of
members of F. We proceed by dividing I; into two equal parts, and denote
by I, = {x : a < x < by} that half of I; that requires an infinite number
of members of F. Repeating the argument, we obtain a sequence of closed
intervals I, = {x : a, < x < by}, n =1, 2, ..., each of which requires an
infinite number of intervals of F in order to be covered. Since b,, — a,, =
(b —a)/2" — 0 asn — oo, the Nested intervals theorem (Theorem 3.1)
states that there is a unique number x, € I that is in every I,. However,
since F' covers I, there is a member of F, say ] = {x : « < x < B}, such
that xy € J. By choosing N sufficiently large, we can find an Iy contained
in J. But this contradicts the fact that infinitely many intervals of F are
required to cover Iy, since we found that the one interval | covers Iy. [ |

In the Heine-Borel theorem, the hypothesis that I = {x : a < x < b}
is a closed interval is crucial. The open interval ; = {x : 0 < x < 1} is
covered by the family F of intervals (3.9), but no finite subfamily of F
COVers J;.
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Problems

In each of Problems 1 through 6 decide whether or not the infinite se-
quence is a Cauchy sequence. If it is not a Cauchy sequence, find at least
one subsequence that is a Cauchy sequence. In each casen =1, 2, .. ..

10.

11.

12.

13.

14.

Loxe= Y (-DVA/2). 2. %=y (/.
j=1 j=1

3. Xy = Xn:((—l)j/j!). 4 %=1+ (D"+(1/n).
5. X, = ;izrll(i’lﬂ/?)) + (/M. 6. x =1+ (=DIn+1/n).

. Suppose that s, = Y u; and S, = > |y, n =1,2,....1If

j j=
S, — Sasn — oo, show that s, tends to a limit as n — oc.

Show that Theorem 3.1, the Nested intervals theorem, may be
proved as a direct consequence of the Cauchy criterion for con-
vergence (Theorem 3.11). [Hint: Suppose I, = {x : a, < x < by}
is a nested sequence. Then show that {a,} and {b,} are Cauchy se-
quences. Hence they tend to a limit. Since b, — a, — 0, the limits
must be the same. Finally, the Sandwiching theorem shows that the
limit is in every I,.]

. Suppose that f has a domain that contains I = {x : a < x < b},

and suppose that f{(x) — L asx — b~. Prove the following: For each
¢ > Othereisaé > 0 such that
(3.13)

Ifx) — f(y)l < ¢ forall x,y with b—8§ <x<b, b—8 <y < Db

Prove the converse of the result in Problem 9. That is, suppose that
foreverye > Othereisad > 0such that condition (3.13)is satisfied.
Prove that there is a number L such that f(x) - Lasx — b™.

Show that the result of Problem 9 holds if I is replaced by J = {a <
x < 00} and limits are considered as x — +o00. Show that the result
in Problem 10 does not hold.

Show that if f is uniformly continuous on I = {x : a < x < b},
then f{x) tends to a limit as x — b~ and as x — a™. Hence, show
that if fy(a) and fy(b) are these limits and fy(x) = f{x) on I, then the
extended function fj is uniformly continuouson] = {x : a < x < b}.
Use the result of Problem 10.

(a) Show that the family F of all intervals of the form I,, = {x :
1/(n+2) < x < 1/n} covers the interval ] = {x : 0 < x <
1
1y,
2
(b) Show that no finite subfamily of F covers J.
Let G be the family of intervals obtained by adjoining the interval

{x : ¥ < x < 1} to the family F of Problem 13. Exhibit a finite

subfamily of G that covers K = {x : 0 < x < %}.
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15.

16.

17.
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Let F; be the family of all intervals I, = {x : 1/2" < x < 2},
n =1,2,.... Show that F; covers the interval ] = {x : 0 < x < 1}.
Does any finite subfamily of F} cover J? Prove your answer.

For f{x) = 1/x defined on D = {x : 0 < x < 1}, consider the
inequality |f(x) — fla)| < % for a € D. Show that the solution set
of this inequality, denoted by L,, is given by equation (3.12). Show
that the family F = {L,} covers D. Does any finite subfamily of F
cover D? Prove your answer.

Consider f : x > 1/xdefinedon E = {x : 1 < x < 00}. Let I, be the
interval of values of x for which |f(x) — f{a)| < % Find I, for each
a € E. Show that the family FF = {I,}, a € E, covers E. Is there a
finite subfamily of F that covers E? Prove your answer.



Elementary
~ Theory of
...nux Differentiation

4.1 The Derivative in R!

In a first course in calculus we learn a number of theorems on differenti-
ation, but usually the proofs are not provided. In this section we review
those elementary theorems and provide the missing proofs for the basic
results.

Definition
Let f be a function on R! to R'. The derivative f’ is defined by the formula

o f ) = )
(4.1) f(0) = lim ==

That is, f is the function whose domain consists of all x in R! for which
the limit on the right side of equation (4.1) exists. Of course the range of
f"is in R!.

The following seven elementary theorems on the derivative are simple
consequences of the theorems on limits in Chapter 2.

Theorem 4.1
If f is a constant, then f'(x) = 0 for all x.

67
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Theorem 4.2

Suppose that f is defined on an open interval I, that c is a real number, and
that g is defined by the equation g(x) = cf (x). If f'(x) exists, then g'(x) does,
and g'(x) = cf'(x).

Theorem 4.3

Suppose that f and g are defined on an open interval I and that F is defined
by the equation F(x) = f(x) + g(x). If f'(x) and g'(x) exist, then F'(x) does,
and F'(x) = f'(x) + &'(%).

Theorem 4.4
If f'(a) exists for some number a, then f is continuous at a.

Proof
We write

fla + h) — fla) = (W) - h.

The term in parentheses on the right approaches f’(a), a finite number, as

h — 0. The second part, namely h, tends to zero. Therefore fla 4+ h) — f(a)
tends to zero as h — 0. That is, f is continuous at a. |

Theorem 4.5

Suppose that u and v are defined on an open interval I and that f is defined
by the equation f(x) = u(x) - v(x). If u'(x) and V' (x) exist, then f'(x) does, and
£ = u@w' (@) + 1 (uE).

Proof

We define Af = f(x+h)—f(%), Au = u(x+h) —u(x), Av = v(x+h) —v(x).
Then a computation yields

Af = uAv + vAu + Au - Av.

Divide by h:
Af _Bv o Aw Ay
= u v U -
Ash — 0, we find % — u/'(x), % — V/(¥) and Au — 0. Hence
f1(%) = u(x)v'(x) + v’ (%) n
Theorem 4.6

Suppose that u and v are defined on an open interval I, that v(x) # 0 for all
x € I, and that f is defined by the equation f(x) = u(x)/v(x). If u'(x) and
V'(x) exist, then f'(x) does, and

V(U (x) — V' (¥)

Fey= WeoP
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Proof
We have

ux+h  u®)

vx+h)  u(x)

With Au = u(x + h) — u(x), Av = v(x + h) — v(x), we find

u+ Au u  v(u+ Au)—u(v+ Av)  vAu —ulAv
v+ Av v v(v + Av) v(v + Av)

Af = fx+ 1) — ) =

Then
_u'(x) —w'(x)
v? ' m
We leave the proof of the following theorem to the reader.
Theorem 4.7
Given f:x — X" and n is an integer, then
f'(%) = nx"" L
(We assume that x # 0 forn < 0.)
We now establish the Chain rule (Theorem 4.9 below) which, together
with Theorems 4.1 through 4.7, forms the basis for calculating the deriva-
tives of most elementary functions. The Chain rule is a consequence of

the following lemma, which states that every differentiable function is
approximated by a linear function whose slope is the derivative.

Theorem 4.8 (Fundamental lemma of differentiation)
Suppose that f has a derivative at xy. Then there is a function n defined in an
interval about 0 such that

(4.2) fxo + R) = fixo) = [f'(%0) + n(M)] - .

Also, n is continuous at 0 with n(0) = 0.

Proof
We define n by the formula

[f(XO + h) - f(XO)] - f/(Xo), h 7é 0;
h =0.

1
n(h)y =14 h
0

)

Since f has a derivative at x;, we see that n(h) — 0 as h — 0. Hence
n is continuous at 0. Formula (4.2) is a restatement of the definition of
n. |
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Theorem 4.9 (Chain rule)

Suppose that g and u are functions on R! and f(x) = g[u(x)]. Suppose that u
has a derivative at xy and that g has a derivative at u(xy). Then f'(xq) exists
and

f'(x0) = g'u(x0)] - t'(x0)-

Proof
We use the notation Af = f{xg + h) — f(x0), Au = u(xo + h) — u(xp), and
we obtain

(4.3) Af = glu(xo + h)] — g[u(xo)] = g(u + Au) — g(w).
We apply Theorem 4.8 to the right side of equation (4.3), getting
Af = [g'(w) + n(Aw)]Au.

Dividing by h and letting h tend to zero, we obtain (since Au — 0 as
h — 0)

A A
lim Tf = (%) = }li_)rré[g’(u) + n(Au)] - }}_r)r(l) % = g'[u(xo)] - ' (x0).

h—0

The Extreme-value theorem (Theorem 3.9) shows that a function
which is continuous on a closed interval I takes on its maximum and
minimum values there. If the maximum value occurs at an interior point
of I, and if the function possesses a derivative at that point, the following
result gives a method for locating maximum (and minimum) values of
such functions.

Theorem 4.10
Suppose that f is continuous on an interval I and that f takes on its maximum
value at xy, an interior point of I. If f'(xo) exists, then

(%) = 0.

The proof follows immediately from the definition of derivative. A
similar result holds for functions that take on their minimum value at an
interior point. See Figure 4.1.

The next two theorems, Rolle’s theorem and the Mean-value theo-
rem, form the groundwork for further developments in the theory of
differentiation.

Theorem 4.11 (Rolle’s theorem)

Suppose that f is continuous on the closed interval I = {x:a < x < b}, and that
f has a derivative at each point of I, = {x:a < x < b}. If f(a) = f(b) = 0,
then there is a number x, € I such that f'(xy) = 0.
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—~4
=

X0
= 0 at a maximum and a minimum point

T> 7

/ ~—

Figure 4.1

Proof

Unless f(x) = 0, in which case the result is trivial, f must be positive
or negative somewhere. Suppose it is positive. Then according to the
Extreme-value theorem, f achieves its maximum at some interior point,
say xp. Now we apply Theorem 4.10 to conclude that f'(xy) = 0. If f is
negative on I;, we apply the same theorems to the minimum point. W

Theorem 4.12 (Mean-value theorem)

Suppose that f is continuous on the closed interval I = {x:a < x < b} and
that f has a derivative at each point of [ = {x:a < x < b}. Then there exists
a number & € I, such that

fo="219
Proof
We construct the function
Fo = fo0 - D oy fray,
We have
F = oy - 01D,

By substitution, we see that F(a) = F(b) = 0. Thus F satisfies the hypothe-
ses of Rolle’s theorem, and there is a number & € I; such that F/(§) = 0.
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Hence

f(b) fl (a)

—a

0=F'(&)=f(&—

and the result is established. See Figure 4.2. ]

The next theorem, a direct consequence of the Mean-value theorem,
is useful in the construction of graphs of functions. The proof is left to
the reader; see Problem 10 at the end of this section.

Theorem 4.13

Suppose that f is continuous on the closed interval I and has a derivative at
each point of I, the interior of I.

(a). If f’ is positive on I, then f is increasing on I.
(b). If f' is negative on I, then f is decreasing on I.

. y=Jx)

slope = f7(§)

1)

|

|

I

1

|

|
1 ;
b

!
|
|
|

!

w |
l
£

Figure 4.2 Ilustrating the Mean-value theorem.

See Figure 4.1.
LHopital’s rule, so useful in the evaluation of indeterminate forms, has
its theoretical basis in the following three theorems.

Theorem 4.14 (Generalized Mean-value theorem)

Suppose that f and F are continuous functions definedon I = {x:a < x < b}.
Suppose that f" and F' exist on I = {x:a < x < b}, the interior of I, and that
F'(x) # 0 for x € I. Then

(i) F(b) — F(a) # 0, and
(i) there is a number & € I, such that



The Derivative in R! 73

i) —flay _ f'®

(44 Fb) - Fl@) . F'(&)

Proof
According to the Mean-value theorem applied to F, there is a number
n € I such that F(b) — F(a) = F'(n)(b — a). Since F'(n) # 0, we conclude
that F(b) — F(a) # 0, and (i) is proved. To prove (ii), define the function
¢ on I by the formula
fb) - fla)
= — — ————[F(x) — F(a)].

B0 = 00 = @) = e ) = F(@)]
A simple calculation shows that ¢(a) = ¢(b) = 0; thus Rolle’s theorem
can be applied to ¢. The number & € I; such that ¢'(§) = 0 yields

b) — fla) _,
GRS IONY

(b) - F(a)
which is equation (4.4). u

0=¢'(5) =f"(® -

Theorem 4.15 (LHopital’s rule for 0/0)
Suppose that f and F are continuous functions on I = {x:a < x < b} and
that f" and F’ exist on I with F' £ 0 on I. If

lim f(x) = lim F(x) = 0 and lim Q) =1L,
x—at x—at x—at F/(X)
then
lim @ =1L
x—at F(X)
Proof

We extend the definitions of f and F to the half-open interval I; = {a <
x < b} by setting f{a) = 0, F(a) = 0. Since F'(x) # 0 on I and F(a) = 0,
we see from Theorem 4.12 that F(x) # 0 on I. Let € > 0 be given. Then
there is a 8 > 0 such that

NG — L| < eforall xsuch thata < x < a + 4.
F(x)
Now we write
fe | [ feo—fa)
Fx) Fx) — F(a) '
and apply the Generalized Mean-value theorem to obtain
DGO R e PG < €
) F'(8)
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where £ is such thata < § < x < a + §. Since ¢ is arbitrary, the result
follows. |

Corollary 1

L'Hépital’s rule holds for limits from the left as well as limits from the right. If
the two-sided limits are assumed to exist in the hypotheses of Theorem 4.15,
then we may conclude the existence of the two-sided limit of f/F.

Corollary 2
A theorem similar to Theorem 4.15 holds for limits as x — +00, —00, or 0.

Proof of Corollary 2.
Assume that

lim flx) = Xlirpoo F(x) =0, lim '

_ /
x—+00 x—+oo F'(X) =L F(9#0onl

We let z = 1/x and define the functions g and G by the formulas

1 1
g(z):f<z>, G(z):F<Z>.
/ 1 ! 1 U 1 / 1
g(z):—;f (z)' G@=-,F <z)’

so that g'(2)/G'(2) — L, g(z) — 0, and G(z) — 0 as z — 0. Hence we
apply Theorem 4.15 to g/G, and the result is established. The argument
when x — —oo or oo is similar. ]

Then

Theorem 4.16 (LHopital’s rule for oo/oo)
Suppose that " and F" exist on I = {x:a < x < b}. If

/
lim f(x) = lim F(x) = oo, and lim f® =1,
x—at x—at x—at F’(X)

and if F'(x) # 0 on I, then

im @ =1L
x—at F(X)

Theorem 4.16 holds for limits from the left as well as limits from the
right. The proof is more complicated than the proof of Theorem 4.15
although the same in principle. We omit the details.

Indeterminate forms such as 0 - 0o, 1°°, and oo — oo may frequently be
reduced by algebraic manipulation and by use of the logarithm function
to 0/0 or co/o00. Then we may apply Theorem 4.15 or 4.16. Sometimes
f'(%)/F'(x) as well as f{x)/F(x) is indeterminate. In such cases, we can
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apply Theorem 4.15 or 4.16 to f'/F’ and see whether or not f”/F” tends
to a limit. This process may be applied any number of times.

EXAMPLE

Evaluate
.o 1l4+x—c
lim ———.
x—0 2x2

Solution. Setf : x - 1 +x —¢*and F : x — 2x%. Then lim,_,o(f(x)/F(x))
yields the indeterminate form 0/0. We try to apply Theorem 4.15 and find
that lim,_, o(f'(x)/F’(x)) also gives 0/0. A second attempt at application of
the theorem shows that

lim G = lim ¢ —1.
x—0 F”(x) =0 4 4
Hence lim,_o(f'(x)/F'(x)) = — 1, so that lim,_o(f(x)/F(x)) = — 5 . u

Problems

1. Use Theorem 2.3 on the limit of a sum to write out a proof of
Theorem 4.3 on the derivative of the sum of two functions.
2. Use the identity

u(x + hv(x + h) — u(@)v(x)
= u(x + hv(x + h) — u(x + Hv) + u(x + Hv(x) — u(x)v)
and Theorems 2.3 and 2.4 to prove the formula for the derivative of

a product (Theorem 4.5).
3. The Leibniz rule for the nth derivative of a product is given by

ar n o ,
5 (g) = FU0e6) + 30008 )
nmn-—1)

2!
where the coefficients are the same as the coefficients in the
binomial expansion

+ FOP@gP(x) + ..+ fg™(@),

n nn-—1
(A +B)VL =An+ fAnle_F %AVHZBZ
nm—-—1mn-2
L =1 - 2)
3!
Use mathematical induction to establish the Leibniz rule.
4. State hypotheses that assure the validity of the formula (the extended
Chain rule)

A"3B 4+ .+ BN

F'(x0) = f'{u[v(xo)]}u' [v(x0) ]V (%0)
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10.
11.

12.

13.

4. Elementary Theory of Differentiation

where F(x) = f{u[v(x)]}. Prove the result.

We define the one-sided derivative from the right and the left
by the formulas (respectively)

fxo + 1) — f(xo)

Do) =

h
D flae) = Jim 0T ZIC0),

Show that a function f has a derivative at x, if and only if D f{xo)
and D~ f{(xy) exist and are equal.

. Prove Theorem 4.7 for n a positive integer. Then use Theorem 4.6

to establish the result for n a negative integer.
(a) Suppose f : x — x* and xy = 2 in the Fundamental lemma of
differentiation. Show that n(h) = 6h + h?.
(b) Find the explicit value of n(h) if f : x — x73 x = 1.
(Partial converse of the Chain rule.) Suppose that f, g, and u are
related such that f(x) = g[u(x)], u is continuous at x, f'(xo) exists, and
g'[u(xo)] exists and is not zero. Then prove that u'(xy) is defined and
f'(%0) = g'[u(x0)]u' (o). [Hint: Proceed as in the proof of the Chain
rule (Theorem 4.9) to obtain the formula
Au Af/h
h [8'(w) + n(Aw)]
Since (by hypothesis) u is continuous at xp, it follows that
limy,_o Au = 0. Hence n(Au) — 0 as h — 0. Complete the proof.]
Suppose that f is continuous on an open interval I containing xo,
suppose that f’ is defined on I except possibly at xy, and suppose
that f'(x) — L as x — xp. Prove that f'(xy) = L.
Prove Theorem 4.13. [Hint: Use the Mean-value theorem.]
Discuss the differentiability at x = 0 of the function

1
f xsin —, x #0,
X = X

0

Discuss the differentiability at x = 0 of the function

x = 0.

)

1
¢ X'sin —, x #0,
X — x

0, x =0,
where n is an integer larger than 1. For what values of k, does the
kth derivative exist at x = 0? (See Problem 11.)
If f is differentiable at x;, prove that
i [0+ o) — flxo — B

1
hl—> 0 h

= (o + B)f'(x0).
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14. Prove Corollary 1 to Theorem 4.15.

15. Evaluate the following limit:
. tanx —x
lim ———.
x—0 X3

16. Evaluate the following limit:

17. Evaluate

1 X
lim <1+ > .
X— 400 X

[Hint: Take logarithms.]
18. If the second derivative f” exists at a value x;, show that
im ftxo + 1) — 2f(x0) + flxo — )

1
h1—>0 h?

= f"(x0).

4.2 Inverse Functions in R!

We have seen in Section 1.2 that a relation from R! to R! is a set of
ordered pairs of real numbers; that is, a relation is a set in R?. A function
from R! to R! is a particular case of a relation, one in which no two ordered
pairs have the same first element.

Definition
Suppose that S is a relation from R! to R!. We define the inverse relation
of § as the set of pairs (, y) such that (y, x) is in S.

If S is the solution set in R? of an equation such as f(x,y) = 0, the
inverse of S is the solution set in R? of the equation f{y, x) = 0. Suppose
that f is a function, and we consider the ordered pairs in R? that form
the graph of the equation y = f(x). Then the inverse of f is the graph
of the equation x = f{y). The simplest examples of functions show that
the inverse of a function is a relation, but not necessarily a function. For
example, the function f : x — x%, with graph y = x2, has for its inverse
the relation whose graph is given by y> = x. This inverse relation is not
a function.

Theorem 4.17 (Inverse function theorem)
Suppose that f is a continuous, increasing function that has an interval I for
domain and has range J. (See Figure 4.3.) Then,

(a) ] is an interval.
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(b) The inverse relation g of f is a function with domain J, and g is
continuous and increasing on J.
(c) We have

(4.5) glf(x)] =xforx e I and flg(x)] = x forx € .

A similar result holds if f is decreasing on I.

Proof

From the Intermediate-value theorem (Theorem 3.3) we know at once
that J is an interval. We next establish the formulas in part (c). Let x, be
any point of J. Then there is a number y, in I such that x; = f(yo). Since
f is increasing, yo is unique. Hence g is a function with domain J, and
the formulas in part (c¢) hold. To show that g is increasing, suppose that
X1 < x; with x;, x; in J. Then it follows that g(x;) < g(x,), for otherwise
we would have f[g(x1)] = f[g(x2)] or x1 > ;.

We now show that g is continuous. Let x5 be an interior point of J and
suppose Yo = g(xo) or, equivalently, xo, = flyo). Let ¥} and x}, be points of
J such that ¥} < x; < x}. Then the points y; = g(x}) and y, = g(x;) of
I are such that y} < yo < y,. Hence y, is an interior point of I. Now let
€ > 0 be given and chosen so small that yy — € and yy + € are points of
I. We define x; = f(yo — €) and x, = f(yo + €). See Figure 4.3. Since g is
increasing,

Yo — € = g(x) < g(x) < g(x2) = Yo + € for all x such that x; < x < x,.

Vo)

\
|
|
|
’
l
|
b

i / -

Figure 4.3 f and g are inverse functions.

Because yp = g(xo), the above inequalities may be written
8(x0) —€ = g(¥) < g(xo) +eforx <x <x,.
Choosing § as the minimum of the distances x, — xy and xy — x1, we obtain

lg(%) — g(x0)| < € whenever |x — xy| < 8.
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That is, g is continuous at xp, an arbitrary interior point of J. A slight
modification of the above argument shows that if the range J contains its
endpoints, then g is continuous on the right at ¢ and continuous on the
left at d. ]

The proof of Theorem 4.17 for functions that are decreasing is com-
pletely analogous. In this case the inverse function g is also decreasing. If
the function f in the Inverse function theorem has a derivative, then the
following result on the differentiability of the inverse function g holds.

Theorem 4.18 (Inverse differentiation theorem)

Suppose that f satisfies the hypotheses of Theorem 4.17. Assume that xq is a
point of ] such that f'[g(x0)] is defined and is different from zero. Then g'(xo)
exists and

1
4.6 gx)= ———.
) 0= Flata
Proof
From Theorem 4.17 we have formula (4.5),
flg@®)] = x.

Using the Chain rule, we conclude that g'(x) exists and

fl8(x0)1g' (%) = 1.
Since f’ # 0 by hypothesis, the result follows. |

It is most often the case that a function f is not always increasing or
always decreasing. In such situations the inverse relation of f may be
analyzed as follows: First find the intervals Iy, I, ... on each of which
f is always increasing or always decreasing. Denote by f; the function
f restricted to the interval I;, i = 1,2, .... Then the inverse of each f;
is a function which we denote by g;. These inverses may be analyzed
separately and differentiation applied to the formulas fi[gi(¥)] = x, i =
1,2,....

For example, suppose f : x — x?isdefinedonl = {x : —00 < x < oo}.
Then f is increasing on the interval I; = {x : 0 < x < oo} and decreasing
onl; = {x : —oo < x < 0}. The restriction of f to I, denoted by fi,
has the inverse g; : x — /x with domain]J; = {x : 0 < x < oo}. The
restriction of f to I, denoted by f;, has the inverse g, : x - —./x, also
with domain J;. Equations (4.5) become in these two cases

(WX =x forxe];, Va2=x forxel,
(VX =x forxe], —vVal=ux forxel,.

The inverse relation of f is g; U g5.
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Problems

In each of Problems 1 through 10 a function f is given. Find the intervals
I, I, ... on which f is either increasing or decreasing, and find the cor-
responding intervals Ji, J2, . .. on which the inverses are defined. Plot a
graph of f and the inverse functions g1, g3, . . . corresponding to Ji, Jz, . . ..
Find expressions for each g; when possible.

11.

1. f:ix— x*+2x+2. 2. f:ix— (X*/2)+3x — 4.

3. f:x— dx— X4 4. fix—2—x— (¥*/2).

5. f:x— 2x/(x+ 2). 6. f:x— (1+x/(1—x).

7. fix— (4x)/(x*+1). 8 f:ix— (x—1)>.

9. f:x— x4 3x 10. f:x— (2x°/3) +x* —4x + 1.
Suppose that f and g are increasing on an interval I and that f(x) >

g(x) for all x € I. Denote the inverses of f and g by F and G and their
domains by J; and J;, respectively. Prove that F(x) < G(x) for each
x€J1NJa.

In each of Problems 12 through 16 a function f is given that is increasing
or decreasing on I. Hence there is an inverse function g. Compute f’ and
g’ and verify formula (4.6) of the Inverse differentiation theorem.

12.
13.
14.
15.
16.
17.

frox—4x/(x*+1),I={x:3 <x< oo}
fix—>@x—1P3T={x:1<x< oo}
fix—>x3+3xI={x:—00 < x < o0}
fix—>sinx, I ={x:7n/2 < x < m}.

fix—eXI={x:—o00 < x < oo}

In the Inverse function theorem show that if the range J contains its

endpoints, then g is continuous on the right at ¢ and continuous on
the left at d.
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5.1 The Darboux Integral for Functions
on RY

The reader is undoubtedly familiar with the idea of the integral and with
methods of performing integrations. In this section we define the integral
precisely and prove the basic theorems for the processes of integration.

Let f be a bounded function whose domain is a closed interval I = {x :
a < x < b}. We subdivide I by introducing points 1, t, . . ., t,—1 that are
interior to I. Setting a = to and b = t,, and ordering the points so thatt, <
f < t) < ... < ty,wedenoteby 1, I, ..., I, theintervals [; = {x : t;_; <
x < t;}. Two successive intervals have exactly one point in common.
(See Figure 5.1.) We call such a decomposition of I into subintervals a
subdivision of I, and we use the symbol A to indicate such a subdivision.

Since f is bounded on I, it has a least upper bound (lL.u.b.), denoted by
M. The greatest lower bound (g.1.b.) of f on I is denoted by m. Similarly,
M; and m; denote the 1.u.b. and g.1.b., respectively, of f on I;. The length
of the interval I; is t; — t;_;; it is denoted by I(I;).

Definitions
The upper Darboux sum of f with respect to the subdivision A,
denoted S*(f, A), is defined by

(5.1) ST(f,A) = XW:MJ(L).
i=1

81
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Similarly, the lower Darboux sum, denoted S_(f, A), is defined by

n
(5.2) S_(f,A) =Y mil(L).
i=1
o 51 ool oo tn— 'n
‘ bt — b
p ! —

Figure 5.1 A subdivision of I.

Suppose A is a subdivisiona = tg < t; < ... < tp1 < t, = b,
with the corresponding intervals denoted by I, I, ..., I,. We obtain a
new subdivision by introducing additional subdivision points between
the various {t;}. This new subdivision will have subintervals I}, I}, . . ., I,
each of which is a part (or all) of one of the subintervals of A. We denote
this new subdivision by A" and call it a refinement of A.

Suppose that A, with subintervals I, I, . . ., I, and that A, with subin-
tervals J1, Jo, . . ., Jm are two subdivisions of an interval I. We get a new
subdivision of I by taking all the endpoints of the subintervals of both
A, and A;, arranging them in order of increasing size, and then label-
ing each subinterval having as its endpoints two successive subdivision
points. Such a subdivision is called the common refinement of A; and
A;, and each subinterval of this new subdivision is of the form I, N J,
i=1,2,...,n,k=1,2,...,m Each I; N Ji is either empty or entirely
contained in a unique subinterval (I;) of A; and a unique subinterval (Ji)
of A,. An illustration of such a common refinement is exhibited in Figure
5.2.

Theorem 5.1

Suppose that f is a bounded function with domain I = {x:a < x < b}. Let
A be a subdivision of I and suppose that M and m are the least upper bound
and greatest lower bound of f on I, respectively. Then

(a) m(b —a) < S_(f, A) < ST(f, A) < M(b — a).
(b) If A" is a refinement of A, then

S_(f, &) < S_(f, A') < S*(f, A) < §*(f, A).
(©) If Ay and A, are any two subdivisions of I, then

S_(f, A1) < ST(f, Ay).
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Figure 5.2 A common refinement.
Proof

(a) From the definition of least upper bound and greatest lower bound,
we have

m<m<M<M, i=1,2 n.

) Ly ey

Also,b—a = Y| I(I,). Thus the inequalities in part (a) are an immediate
consequence of the definition of St and S_ as given in equations (5.1) and
(5.2):

m(b —a) = zn:ml(li) < i: mil(L) = S_(f, A)
i1 =1

<S*(f,A) = Xn:MiZ(L) < M(b — a).
i=1

(b) To prove part (b), let A; be the subdivision of I; that consists of all
those intervals of A’ that lie in I;. Since each interval of A’ is in a unique
A; we have, applying part (a) to each A;,

S_(f,A) = Z ml(L) < Z S_(f. A) = S_(f, A)
=1 i=1

n

< ST A) =) ST A < iMiZ(L) = S*(f, A).
i=1

i=1

(c) To prove part (¢), let A be the common refinement of A; and A,.
Then, using the result in part (b), we obtain

S_(f, A1) < S_(f, &) < S*(f, &) < S*(f, Ay).
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Definitions
Iff is a function on R! that is defined andboundedonl = {x : a < x < b},
we define its upper and lower Darboux integrals by

b
/ flx)dx = inf ST(f, A) for all subdivisions A of I,

b
/ flx)dx = sup S_(f, A) for all subdivisions A of I.
If

/ab oo = [ oo,

we say that f is Darboux integrable, or just integrable, on I, and we
designate the common value by

/ab f(x)dx.

The following results are all direct consequences of the above
definitions.

Theorem 5.2
Ifm < f(x) <M forallx € I = {x:a < x < b}, then

., _
m(b — a) < / fx)dx < f ' fydx < M(b — a).

Proof
Let Ay and A, be subdivisions of I. Then from parts (a) and (¢) of Theorem
5.1, it follows that

mb — a) < S_(f, Ay) < ST(f, Ay) < M(b — ).

We keep A; fixed and let A, vary over all possible subdivisions. Thus
S*(f, Ay) is always larger than or equal to S_(f, A;), and so its greatest
lower bound is always larger than or equal to S_(f, A;). We conclude that

b
m(b —a) < S_(f, A1) < / f(x)dx < M(b — a).

Now letting A; vary over all possible subdivisions, we see that the least

upper bound of S_(f; A;) cannot exceed Zb f(x)dx. The conclusion of the
theorem follows. u

The next theorem states simple facts about upper and lower Darboux
integrals. The results all follow from the definitions of inf, sup, and upper
Darboux and lower Darboux integrals.
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Theorem 5.3

Assuming that all functions below are bounded, we have the following
formulas:

(@) Ifg(x) = kf(x) forallx € I = {x:a < x < b} and k is a positive number,
then

@) [ g@dx = k [ f(x) and [ gydx = k [ f(x)dx.
Ifk < 0, then
(i) [ g(o)dx = k [ f(xydx and [” g(x)dx = k [ f(x)dx.
() Ifh(x) = fi(X) + fo(x) for all x € I, then
@) [ heodr = [7 indx + [7 fa(odx.
(i) [* hdx < [P Adx+ [0 Hdx.
(©) Iffi(x) < fa(x) for all x € I, then
() " fdx < [ f(x)dx and
(i) [ fimdx < [7 fr(x)dx.
(@) Ifa < b < c, then
() [ feodx = [ fodx + [° fx)dx.

(i) [ feodx = [ feode + [ fodx.
Corollary
If the functions considered in Theovem 5.3 are Darboux integrable, the

following formulas hold:
(a) If g(x) = kf (x) and k is any constant, then

b b
f gX)dx = k / fx)dx.
) IFh(x) = fi(*) + fo(x), then
b b b
/ h(x)dx = / fi(x)dx + / Fr(x)dx.
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©) Iffi(x) < folx) for all x € I, then

/ " o < / " o

(d) Suppose f is Darboux integrable on I, = {x:a < x < b} andon I, =
{x:b < x < c}. Then it is Darboux integrable on I = {x:a < x < c}, and

(5.3) /a ' flx)dx = /a ' fx)dx + /h C f(x)dx.

It is useful to define

/(;a flx)dx = 0 and /ba f()dx = — ‘/abf(x)dx.

Then formula (5.3) above is valid whether or not b is between a and ¢ so
long as all the integrals exist.

It is important to be able to decide when a particular function is inte-
grable. The next theorem gives a necessary and sufficient condition for
integrability.

Theorem 5.4
Suppose that f is bounded on an interval I = {x:a < x < b}. Then f is
integrable < for every € > 0 there is a subdivision A of I such that

(5.4) ST, A)—S_(fA) < e.

Proof
Suppose that condition (5.4) holds. Then from the definitions of upper
and lower Darboux integrals, we have

b b
| oo~ [ oo < 5768 - 5. 8) < e

Since this inequality holds for every ¢ > 0 and the left side of the
inequality is independent of ¢, it follows that

/: foods ~ | ' foodx = 0.

Hence f is integrable.
Now assume that f is integrable; we wish to establish inequality (5.4).
For any € > 0 there are subdivisions A; and A; such that

“rb b
(5.5)  S*(f,Ay) < f fx)dx + %e and S_(f, Ay) > / fx)dx — %

We choose A as the common refinement of A; and A;. Then (from
Theorem 5.1)

ST A) = S-(f, A) = S7(f, A1) = S-(f, Az).
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Substituting inequalities (5.5) into the above expression and using the
fact that [”fx)dx = ﬁbf(x)dx, we obtain ST(f, A) — S_(f, A) < ¢ as
required. |

Corollary
Iff is continuous on the closed interval I = {x:a < x < b}, then f isintegrable.

Proof
The function f is uniformly continuous, and hence for any € > 0 there
is a § such that

%) = fiy)l <

€ whenever |x — y| < §.

b—a

Choose a subdivision A of I such that no subinterval of A has length
larger than 6. This allows us to establish formula (5.4), and the result
follows from Theorem 5.4. ]

Theorem 5.5
(Mean-value theorem for integrals). Suppose that f is continuous on
I = {x:a < x < b}. Then there is a number & in I such that

b
fJUWX=K@@—a)

Proof
According to Theorem 5.2, we have

b
(5.6) m(b — a) < / fx)dx < M(b — a),

where m and M are the minimum and maximum of f on I, respectively.
From the Extreme-value theorem (Theorem 3.12) there are numbers x
and x; € I such that f{xg) = m and f(x;) = M. From inequalities (5.6) it
follows that

b
| oo = 4 - o,

where A is a number such that f{xy) < A < f{x;). Then the intermediate-
value theorem (Theorem 3.3) shows that there is a number & € I such
that f(§) = A. u

We now present two forms of the Fundamental theorem of calcu-
lus, a result that shows that differentiation and integration are inverse
processes.



88 5. Elementary Theory of Integration

Theorem 5.6
(Fundamental theorem of calculus—first form). Suppose that f is
continuous on I = {x:a < x < b}, and that F is defined by

F(x) = / f(Hydt.
Then F is continuouson I, and F'(x) = f(x) foreachx € I = {x:a < x < b}.

Proof
Since f is integrable on every subinterval of I, we have

[ ™ e = [ roar+ | ™ o,

or

x+h
F(x 4+ h) = F(x) + / f(Hdt.

We apply the Mean-value theorem for integrals (Theorem 5.5) to the last
term on the right, getting

Flx+h) — F(x)
e = f®),

where & is some number between x and x + h. Now, let € > 0 be given.
There is a § > 0 such that |f(y) — fix)| < € for all y on I, (taking & = y)
with |y — x| < é. Thus, if 0 < |h| < §, we find that
F(x + h) — F(%)
h

since |§ — x| < |h] < §é. Since this is true for each ¢ > 0, the result
follows. |

—f] = I8 — V) < €,

Theorem 5.7

(Fundamental theorem of calculus—second form). Suppose that f and
F are continuous on I = {x:a < x < b} and that F'(x) = f(x) for each
x el ={x:a < x < b}. Then

b
(5.7) / f(x)dx = F(b) — F(a).

Proof
We consider a subdivision A of I. We write

F(b) — F(a) = Y _{F(x:) — F(xi_1)}.
i=1

We apply the Mean-Value theorem to each term in the sum. Then as the
mesh size tends to zero we get (5.7). ]
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Problems

1. Compute S*(f, A) and S_(f, A) for the function f : x — x* defined

onl = {x : 0 < x < 1} where A is the subdivision of I into 5
subintervals of equal size.
2. (a) Given the functionf : x — x*definedonl = {x : 0 < x < 1},

suppose A is a subdivision and A’ is a refinement of A that
adds one more point. Show that

ST(f, A" < ST(f, A)and S_(f, A) > S_(f, A).
(b) Give an example of a function f defined on I such that
S*(f, A) = S7(f, A) and 5_(f, A) = S_(f, A)

for the two subdivisions in part (a).
(c) Iff isastrictly increasing continuous function on I, show that
ST(f, A" < S*(f, A), where A’ is any refinement of A.
3. Ifg(x) = kf(x) for allx e I = {x : a < x < b}, show that

b b
/ g(x)dx = k/ flx)dx if k < 0.

4. (@ IHhx =AFE+f(x)forx e I = {x:a < x < b}, show that

/ " hode > / o+ / o,

[{b h(x)dx < /abﬁ(x)dx + /ab fr(x)dx.

(b) If fi and f, are Darboux integrable, show that
b b b
[ heoax = [ evas+ [ e
5. Iffi(x) < fo(x) forx'el = x:a % x < b}, show that
b b “rb “rb
[ fieods = [ peodvand [ fieody < [ peod
If fi and f; are Darboux integrable, conclude that
b b
[ sieod < [ o
6. Show that
c b c
[ oax = [ feode+ [ oo

whether or not b is between a and ¢ so long as all three integrals
exist.
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10.

11.

12.

13.

14.
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If f is increasing on the interval I = {x : a < x < b}, show that f is
integrable. [Hint: Use the formula

n

ST(f, A) = S_(f, A) = Y [flx) — f )L

i=1

Replace each I(I;) by the length of the longest subinterval, thereby
obtaining an inequality, and then note that the terms “telescope”

. Suppose that f is a bounded function on I = {x : a < x < b}. Let

M = sup f(¥) and m = inf f{x) for x € I. Also, define M* = sup |f(¥)|
and m* = inf |f(x)| forx € I.
(a) Show that M* — m* < M — m.
(b) If f and g are nonnegative bounded functions on I, and N =
sup g(x), n = inf g(x) for x € I, show that

sup f{x)g(x) — inf f(x)g(x) < MN — mn.
(a) Suppose that f is bounded and integrableon = {x : a < x <
b}. Prove that |f] is integrable on I. [Hint: See Problem 8a.]

(b) Show that | [7 fx)dx| < [ If(x)l dx.
Suppose that f and g are nonnegative, bounded, and integrable on
I = {x : a < x < b}. Prove that fg is integrable on I. [Hint: See
Problem 8b.]
Suppose that f is defined on I = {x : 0 < x < 1} by the formula

1 .
— ifx = Ea where j is an odd integer
2 AL

flx) =

and0 <j<2"'n=1,2 ...
0 otherwise.

Determine whether or not f is integrable and prove your result.
Given the function f defined on I = {x : 0 < x < 1} by the formula

1 if x is rational,
) = o
0 if x is irrational.
Prove that [ flx)dx = 0 and [ flx)dx = 1.
Suppose that f and g are positive and continuous on I = {x : a <
x < b}. Prove that there is a number & € I such that

b b
/ foog)dx = f§) f gy

[Hint: Use the Intermediate-value theorem and see Problem 5.]

Suppose that f is continuouson I = {x¥ : a < x < b} except at an
interior point c. If f is also bounded on I, prove that f is integrable on
I. Show that the value of f at ¢ does not affect the value of fab f(x)dx.
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Conclude that the value of f at any finite number of points cannot
affect the value of the integral of f.

15. Suppose that f is continuous, nonnegative, and not identically zero
onl = {x:a < x < b}. Prove that ff flx)dx > 0.Is the result true if
f is not continuous but only integrable on I?

16. Suppose that f is continuous on I = {x : a < x < b} and that
fab flx)g(x)dx = 0 for every function g continuous on I. Prove that
flxy=0onlI.

17. Suppose that f is continuous on I = {x : a x b} and that

< x <
fab flx)dx = 0. If f is nonnegative on I show that f = 0.

5.2 The Riemann Integral

In addition to the development of the integral by the method of Darboux,
there is a technique due to Riemann that starts with a direct approxima-
tion of the integral by a sum. The main result of this section shows that
the two definitions of integral are equivalent.

Definitions

Suppose that A is a subdivision of I = {x : a < x < b} with subintervals
I, I, ..., I,. We call the mesh of the subdivision A the length of the
largest subinterval among I(I;), [(I2), . . ., [(I,). The mesh is denoted by

IA|l. Suppose that f is defined on I and that A is a subdivision. In each
subinterval of A we choose a point x; € I;. The quantity

> Sl
=1

is called a Riemann sum.

For nonnegative functions it is intuitively clear that a Riemann sum
with very small mesh gives a good approximation to the area under the
curve. (See Figure 5.3.)

Definitions

Suppose that f is defined on I = {x : a < x < b}. Then f is Riemann
integrable on I if there is a number A with the following property: For
every € > 0thereisad > 0 such that for every subdivision A with mesh
smaller than §, the inequality

(5.8) Xn: flI) — A| < €
=1

holds for every possible choice of x; in I;. The quantity A is called the
Riemann integral of f.
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Figure 5.3 A Riemann sum.
Theorem 5.8

If f is Riemann integrable on I = {x:a < x < b}, then f is bounded on I.

Proof
In the definition of Riemann integral, choose ¢ = 1 and let A be a
subdivision such that inequality (5.8) holds. We have

D folI) — Al < 1and Y fxDUE) — A| < 1,
i=1 i=1
where x;, X3, ..., x, and ¥}, x,, ..., x, are any points of I such that x; and
¥} are in I;. Therefore,
DSl = Y fel)| < 2.
i=1 i=1
Now select x; = x| fori = 2, 3, ..., n. Then the above inequality becomes
/ / 2
fix1) = f)I(h) < 2 < Iftx) — fix)l < a8

Using the general inequality || — |8] < |a — B|, we obtain
2

fx)l < 1)

+ X)L

Fix x; and observe that the above inequality is valid for every x; € I;.
Hence f is bounded on I;. Now the same argument can be made for
Ip, I3, . .., I,. Therefore, f is bounded on I. |
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Theorem 5.9
Iff is Riemann integrable on I = {x:a < x < b}, then f is Darboux integrable
on I. Letting A denote the Riemann integral, we have

A= /abf(x)dx.

Proof
In Formula (5.8), we may replace € by ¢/4 for a subdivision A with
sufficiently small mesh:

€
(5.9) <5

Y fl) — A
i=1

Let M; and m; denote the least upper bound and greatest lower bound,
respectively, of f in I;. Then there are points x; and x/ such that

and flx) < m; + S

, €
fli) > Mi = 4(b — a) Ab—a)

These inequalities result just from the definition of L.u.b. and g.1.b. Then
we have

n n €
ST(f, A) = MI(T; ! — | I
(ha)=2 ()<;[f(xl)+4(b_a)]()
n , 1
= D S + e
i=1 4
Hence, using inequality (5.9), we obtain

(5.10) s+(f,A)<A+Z+Z=A+

DN ™

Similarly,

S.(fA) =y mih) > Y [f(x:f) - 4@_@} (1)
i=1

i=1
- 1
= 2 _feI - e
i=1
and
(5.11) S_(f,A) > A — %

Subtraction of inequality (5.11) from inequality (5.10) yields
ST, A)—S_(f,A) < ¢
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thus f is Darboux integrable. Furthermore, these inequalities show that

b
A :/a f(x)dx. .

We omit the proof of the theorem that shows that every Darboux
integrable function is Riemann integrable. Thus we state the following
result:

Theorem 5.10
A function f is Riemann integrable on [a,b] if and only if it is Darboux
integrable on [a,D].

In light of Theorem 5.10 we shall now drop the terms Darboux and
Riemann, and just refer to functions as integrable.

One of the most useful methods for performing integrations when the
integrand is not in standard form is the method known as substitution. For
example, we may sometimes be able to show that a complicated integral
has the form

b
| st
Then, if we set u = u(x), du = u'(x)dx, the above integral becomes
u(b)
fndu,

u(a)

and this integral may be one we recognize as a standard integration. In
an elementary course in calculus these substitutions are usually made
without concern for their validity. The theoretical foundation for such
processes is based on the next result.

Theorem 5.11

Suppose that f is continuous on an open interval I. Let u and u’ be continuous
on an open interval ], and assume that the range of u is contained in I. If
a,b €], then

b u(b)
(5.12) /f[u(x)]u’(x)dx: “ fluw)du.

Proof
Let ¢ € I and define

(5.13) F(u) = / ’ ft)dt.
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From the Fundamental theorem of calculus (Theorem 5.6) we have
F(u) = flu).
Defining G(x) = F[u(x)], we employ the Chain rule to obtain
G'(%) = Flu(ohd (x) = flu(ol ().
Since all functions under consideration are continuous, it follows that
b b
f FluEo (x)dx = f G'(x)dx = G(b) — G(a) = F[u(b)] — Flu(a)].

From equation (5.13) above, we see that

u(b) u(a) u(b)

Flu(b)] — Flu(a)] = ftydt — flhat = fvat,
c c u(a)
and the theorem is proved. |
Problems
1. (a) Suppose that F is continuous on I = {x : a < x < b}. Show

that all upper and lower Darboux sums are Riemann sums.
(b) Suppose that f is increasing on I = {x : a < x < b}. Show
that all upper and lower Darboux sums are Riemann sums.
(c) Give an example of abounded function f defined onI in which
a Darboux sum is not a Riemann sum.
2. Suppose that u, v’, v, and v’ are continuouson I = {x : a < x < b}.
Establish the formula for integration by parts:

b b
/ u(x)V' (X)dx = wb)v(b) — u(a)v(a) — / v U (X)dx.

3. Suppose u, v, w, ', v, and w’ are continuouson I = {x : a < x < b}.
Establish the extended integration by parts formula:

b
/ u(v(xw' (x)dx = u(byv(h)w(b) — u(a)w(a)w(a)

b b
- / u(X)V' (Xwx)dx — / U ()v(X)w(x)dx.

a a

4. Give an example of a function f definedonl = {x : 0 < x < 1} such

that |f] is integrable but f is not.

5. Show, from the definition, that the Riemann integral is unique. [Hint:

Assume that there are two different numbers A and A’ satisfying
inequality (5.8), and then reach a contradiction.]



96 5. Elementary Theory of Integration

6. State conditions on u, v, and f such that the following formula is
valid:

b u[v(b)]
[ sueenmew @ar = [
a ufv(a)]
7. Givenfonl ={x:a < x < b}, if f: f3(x)dx exists, does it follow
that fah flx)dx exists?

5.3 The Logarithm and Exponential
Functions

The reader is undoubtedly familiar with the logarithm function and the
exponential function. In this section, we define these functions precisely
and develop their principal properties.

Definitions
The natural logarithm function, denoted by log, is defined by the
formula

1
logx:/ —dt, x > 0.
Lt

Theorem 5.12
Let f:x — logx be defined for x > 0 and suppose a and b are positive
numbers. The following statements hold:

(i) log (ab) = loga + logb.
(ii) log1 = 0.
(i) log (a") = rlog a for every rational number r.
(iv) f'(x) = 1/x.
(v) logx — +o0 asx — +o0.
(vi) The range of f is all of R.

Proof
To prove (i), we write

ab 1 a 1 ab 1
log(ab) = / —dt = / —dt + / — dt.
1t 1t a t

Changing variables in the last integral on the right by letting u = t/a, we

see that
ab b
1 1
/ —dt = / —du.
a t 1 u
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Hence log(ab) = log a + log b.

(b)

Figure 5.4 The logarithm and its inverse.

To verify (ii) simply set b = 1 in the above formula.

To establish (iii) we proceed step by step. If r is a positive integer, we get
the result from (i) with a = b and mathematical induction. For negative
integers, write a™" = 1/a". Finally, if r = p/q where p and q are integers,
set u = a4, and thus u? = a. Hence g logu = log a. Since

a =a’l =u
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we have

log(a") = log(u”) = plogu = b loga = rloga.
q

Statement (iv) is simply a statement of the Fundamental theorem of
calculus.
To prove (v), note that if x > 2", n a positive integer, then

1
logx > log(2") = nlog2 > o

the last inequality being obvious from Figure 5.4(a). That the range of f
is all of R! (vi) follows from the Intermediate-value theorem. u

Since the logarithm function is strictly increasing, its inverse is a
function; therefore, the following definition makes sense.

Definition
The inverse of the logarithm function is called the exponential function
and is denoted by exp.

Theorem 5.13
If f:x — exp x is the exponential function, the following statements hold:

(i) f is continuous and increasing for all x € RY; the range of f is I =
{x:0 < x < +o0}.

(i) f'(x) = expx for all x.

(iii) exp (x +y) = (expa) - (expy).

(iv) exp (rx) = (expx)’, for r rational.

V) f(x) = +o0asx — +oo.

(vi) f(x) > 0asx — —oo.

(vii) log (expx) = x for all x € R' and exp (logx) = x for all x > 0.
(viil) Ifa > 0 and v is rational, then exp (v loga) = a’.

Proof
Items (i) and (vii) are immediate consequences of the Inverse function
theorem.

To establish (ii), first set y = exp x. By the Chain rule applied to logy =
x, it follows that

1 / /
-y =1lory =y =expx.
Y
To prove (iii), set y3 = expx; and y» = expxy. Then x; = logy,,
x; = logy,, and

X1 + x; = logy; + logy, = log(y1y2).

Hence

exp(x1 + x2) = Y1y2 = (exp x1)(exp x2).
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The formula in (iv) is obtained by induction (as in the proof of part (iii)
of Theorem 5.12). The proofs of (v) and (vi) follow from the corresponding
results for the logarithm function. See Figure 5.4, in which we note that
since the exponential function is the inverse of the logarithm, it is the
reflection of the logarithm function with respect to the line y = x.

Item (viii) is simply proved: exp(r log a) = exp(log(a")) = a’. ]

Expressions of the form

a*, a > 0,

for x rational have been defined by elementary means. If x = p/q, then
we merely take the pth power of a and then take the gth root of the result.
However, the definition of quantities such as

32, (V7Y

cannot be given in such an elementary way. For this purpose, we use the
following technique.

Definition
Fora > 0, and x € R!, we define

a* = exp(xlog a).

Observe that when x is rational this formula coincides with (viii) of
Theorem 5.13, so that the definition is consistent with the basic idea of
“raising to a power”

Definitions
Ifb > 0and b # 1, the function log, (called logarithm to the base D) is
defined as the inverse of the function f : x — b*. When b = 10 we call
the function the common logarithm.

The number e is defined as exp 1. In the graph of Figure 5.4(b) we can
estimate the value of ¢ as a number slightly larger than 2.7. The following
statements about e are mostly self-evident:

(i) log,x =logx forall x > 0.
(ii) expx = e* for all x.
(iii) Given f : ¥ — x" for an arbitrary real number n, then f'(x) =
natL
(iv) limo+(1 + )" = e.

Problems

1. Given f : x — a*, show that f'(x¥) = a*loga. (Theorem 5.13, Part
(ii).)

2. Given f : x — x" with n any real number; show that f'(x) = nx""!.

3. Show that 2 < ¢ < 4.
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Prove that lim,_o+(1 + x)"/* = e.
If x > —1, show that log(1 + x) < x.
Prove that ¢ > 1 + x for all x.

Show that F' : x — [1 + (1/%)]* is an increasing function.

Given f : x — log x, from the definition of derivative, we know that
jm A =100 _ 1

h—0 X ’

Use this fact to deduce that limy,_o(1 + h)"/" = e.
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~ Theory of Metric
CHAPTER SpaCGS

6.1 The Schwarz and Triangle
Inequalities; Metric Spaces

In Chapters 2 through 5 we developed many properties of functions from
R! into R! with the purpose of proving the basic theorems in differen-
tial and integral calculus of one variable. The next step in analysis is the
establishment of the basic facts needed in proving the theorems of cal-
culus in two and more variables. One way would be to prove extensions
of the theorems of Chapters 2-5 for functions from R? into R!, then for
functions from R?® into R!, and so forth. However, all these results can
be encompassed in one general theory obtained by introducing the con-
cept of a metric space and by considering functions with domain in one
metric space and with range in a second metric space. In this chapter we
introduce the fundamentals of this theory, and in the following chapters
we apply the results to differentiation and integration in Euclidean space
in any number of dimensions.

We establish a simple version of the Schwarz inequality, one of the
most useful inequalities in analysis.

Theorem 6.1 (Schwarz inequality)
Let x = (x1,%2, .. .,xn) and 'y = (Y1,Yz, - - - ,Yn) be elements of RY . Then

N N I /N 3
Z XiYi| < (Z X?) (Z %2)
i=1 i=1 i=1

(6.1)

101
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The equality sign holds if and only if either all the x; are zevo or there is a
number A such that y; = Ax; fori = 1,2,...,N.

Proof
If every x; is zero, then the equality sign in expression (6.1) holds. Assume
that there is at least one x; not zero. We form the function

N
f) =y — ),
i=1

which is nonnegative for all values of 1. We set

N N N
A=), B=) xy, C=) u
i=1 i=1 i=1
Then clearly,
fi\) = AA® — 2BL+C > 0, A > 0.

From elementary calculus it follows that the nonnegative minimum value
of the quadratic function f(}) is

AC — B?
I .
The statement AC — B > 0 is equivalent to expression (6.1). The equality

sign in expression (6.1) holds if f{A) = 0 for some value of A, say A;; in
this case y; — A1x; = 0 for every i. [ ]

We recall that in the Euclidean plane the length of any side of a triangle
is less than the sum of the lengths of the other two sides. A generalization
of this fact is known as the Triangle inequality. It is proved by means of a
simple application of the Schwarz inequality.

Theorem 6.2 (Triangle inequality)
Let x = (x1,%2, .. .,xn) and y = (Y1,Yz, - - - ,Yn) be elements of RN . Then

N N N
(6.2) Dy | Y X+ | Dy
i=1 =1 i=1

The equality sign in expression (6.2) holds if and only if either all the x; are
zero or there is a nonnegative number A such thaty; = Ax; fori = 1,2,...,N.

Proof
We have

N N N N N
YNty = 2y +y) = A2 xyi+ Yyl
i=1 i=1 i=1 i=1 i=1
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We apply the Schwarz inequality to the middle term on the right, obtaining

N N N N N
Z(Xi-l-yi)zfzxf-i-z lez Zylz-i-zyf,
i=1 i=1 i=1 i=1 i=1

thus

N

N N
Z(Xi +u) < Z X7+ Z v
i=1 i=1

i=1

Since the left side of this inequality is nonnegative, we may take the
square root to obtain expression (6.2).

If all x; are zero, then equality in expression (6.2) holds. Otherwise,
equality holds if and only if it holds in the application of Theorem
6.1. The nonnegativity of A is required to ensure that 2 ZlN: 1 %y; has all
nonnegative terms when we set y; = Ax;. [ |

Corollary

Let x = (x1,%,...,%8), Y = (Y1,Y2,--..Yn), and z = (21,22, . .. ,Zn) be
elements of RN. Then

N N N
(6.3) Y-z | D -y | D -z
=1 i=1 =1

The equality sign in expression (6.3) holds if and only if there is a number r
with0 <r < 1lsuchthaty; =rx;+ (1 —71)z for i=12,...,N.

Proof

Settinga; = x;, —y;and b; = y;—z; fori = 1,2, ..., N, we see that inequal-
ity (6.3) reduces to inequality (6.2) for the elementsa = (a,, ..., ay) and
b = (b1, by, ..., by). The number r is A; /(1 + A;) in Theorem 6.1. |
Remark

The corollary to Theorem 6.2 is the familiar assertion that the sum of the
lengths of any two sides of a triangle exceeds the length of the third side in
Euclidean N-dimensional space.

In this chapter we shall be concerned with sets or collections of ele-
ments, which may be chosen in any manner whatsoever. A set will be
considered fully described whenever we can determine whether or not
any given element is a member of the set.

Definition
Let S and T be sets. The Cartesian product of S and T, denoted by
S x T, is the set of all ordered pairs (p, q) in whichp € Sand g € T. The
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Cartesian product of any finite number of sets S;, Sy, . . ., Sy is the set of
ordered N-tuples (p1,pz, ..., pn) in whichp; € S;fori =1,2,..., N. We
write §; X §; X - -+ x Sy.

EXAMPLES

(1) The space RY is the Cartesian product R! x R! x - -- x R! (N factors).
(2) The Cartesian productof; = {x :a < x < b}landl, ={x:c < x < d}
is the rectangle T = {(x,y) : a < x < b, ¢ < x < d}. That is,

T:hXIz.

Definition

Let S be a set and suppose d is a function with domain consisting of all
pairs of points of S and with range in R!. That is, d is a function from S x S
into R!. We say that S and the function d form a metric space when the
function d satisfies the following conditions

(1) d(x,y) = 0forall (x,y) € Sx S;and d(x, y) = 0ifand only ifx = y.
(i) d(y, x) = d(x, y) for all (x,y) € S x 8.
(i) d(x, z) < d(x, y) + d(y, z) for all (x,y, z) € S. (Triangle inequality.)
The function d satisfying conditions (i), (ii), and (iii) is called the met-

ric, or distance, function in S. Hence a metric space consists of the pair
(S, d).

EXAMPLES OF METRIC SPACES
(1) In the space RY, choose

N

Z(Xi - yi)zr

i=1

ax, y) =

where x = (x1,x2,...,%y) and y = (y1,Y2, ..., yn). The function d is
a metric. Conditions (i) and (ii) are obvious, while (iii) is precisely the
content of the corollary to Theorem 6.2. The pair (RY, d) is a metric
space. This metric, known as the Euclidean metric, is the familiar one
employed in two- and three-dimensional Euclidean geometry.

(2) In the space RY, choose

di(x y) = max % — yil,

where x = (x1,x2,...,xny)andy = (v1,Y2, - - -, Yn). The reader can verify
that d; is a metric. Therefore, (RY, d;) is a metric space. We observe that
this metric space is different from the space (RY, d) exhibited in the first
example.

(3) Let C be the collection of all continuous functions that have I = {x :
0 < x < 1} for domain and have range in R!. For any two elements f, g in
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C, define
d(f, &) = max |f(x) — g)|.

It is not difficult to verify that d is a metric. Hence (C, d) is a metric
space.

Examples 1 and 2 above show that a given set may become a metric
space in a variety of ways. Let Sbe a given set and suppose that (S, d;) and
(S, d7) are metric spaces. We define the metrics d; and d; as equivalent
if there are positive constants ¢ and C such that

cdi (%, y) < da(x,y) < Cdi(x, )
for all x, y in 8. It is not difficult to show that the metrics in Examples 1
and 2 are equivalent.
Problems
1. Show that (RY, d,) is a metric space where
di(xy) = max |x — yil,
X=(x1,%,...,%v), Y= (Y1,Y2,-- -, Yn).

2. Suppose that (S, d) is a metric space. Show that (S, d") is a metric
space, where

: d(x y)
dxy) = ——— .
*9) 1+dx, y)
[Hint: Show first that d(x, z) = A[d(x, y) + d(y, 2)] for some A with

0<i<1]
3. Given the metric spaces (RY, d) and (RY, 4",

N
> — yo)?
=1

and d’ is defined as in Problem 2. Decide whether or not d and d’
are equivalent.

4. Show that the metrics d and d; in Examples (1) and (2) above of
metric spaces are equivalent.

5. Show that (RY, d,) is a metric space, where

ax, y) =

N
dZ(Xf y) = Z |Xi - yi';
i=1

x = (x,%,...,x8), Y = (Y1,Y2,---,Yn)- Is d; equivalent to the
metric d; given in Problem 1?
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Let (x1, x2), (¥}, ;) be points of R?. Show that (R?, d3) is a metric
space, where

o] + 1%| + 1 — ] if % # X,
dg((X], XZ)! (X,lr X,z)) = { , R ,

|2 — x5 ifx = x].
Forx,y € R!, define dy(x, y) = |x — 3y|. Is (R, d4) a metric space?
Let C be the collection of continuous functions that have I = {x :
0 < x < 1} for domain and have range in R!. Show that (C, d)yisa
metric space, where

af,g) = max [f(x) — ()l

forf,g € C.
Let C be the same collection described in Problem 8. Define

_ 1
aif, g) = /0 [f(x) — g(x)] dx

for f, g € C. Show that (C, o_l) is a metric space.
Asequence xj, Xy, . .., Xy, . . . is bounded if there is a number m such
that |x;| < m for all i. Let M denote the collection of all bounded
sequences, and define

d(x,y) = sup |x — yil.

1<i<co

Show that (M, d) is a metric space.
Let C be the subset of R? consisting of pairs (cos 6, sin §) for 0 < 6 <
2m. Define

d*(p]rpz) = |0] - 02|r

where p; = (cos 6y, sin 61), p2 = (cos 6, sin 6;). Show that (C, d*) is
a metric space. Is d* equivalent to the metric d; of Problem 1 applied
to the subset C of R??
Let Sbe a set and d a function from S x S into R! with the properties:
() d(x,y) = 0ifand only if x = y.
(i) d(x,z) < d(x,y) + d(z,y) for all x,y, z € S.
(iii) Show that d is a metric and that (S, d) is a metric space.

6.2 Topology in Metric Spaces

We now develop some of the basic properties of metric spaces. From an
intuitive viewpoint we frequently think of a metric space as Euclidean
space of one, two, or three dimensions. However, the definitions and
theorems apply to all metric spaces, many of which are far removed from
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ordinary Euclidean space. For this reason we designate the properties as
the topology of the space.

For convenience we will use the letter S to denote a metric space with
the understanding that a metric d is attached to S.

Definitions
Let p1,p2, - - -, Pn, - - - denote a sequence of elements of a metric space S.
We use the symbol {p,} to denote such a sequence. Suppose py, € S. We
say that p, tends to py as n tends to infinity if d(p,, po) - 0asn — oco.
The notations p, — po and lim,,_, o p, = po Will be used.

Let po be an element of S, a metric space, and suppose r is a positive
number. The open ball with center at p, and radius r is the set B(py, 7)
given by

B(po, ") =1{p € S : d(p, po) < 71}.

The closed ball with center at p, and radius r is the set B(py, 1) given
by

B(po, ") =1{p € S:d(p, po) <r}.

B(O, 1)

metric: | d -—-\/(x, -y1)2 + (x3 vyz)z

Figure 6.1 Ball with center at (0, 0) and radius 1. The circle forming the
boundary of B(0, 1) is not part of the open ball.

Figure 6.1 shows an open ball with center at (0, 0) and radius 1 in the
space R? with metric d(x,y) = (Y.—,(% — y:)?)? . Figure 6.2 shows an
open ball with center at (0, 0) and radius 1 in the space R? with metric
d(x,y) = (maxi=1 [x; — yil).
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B, 1)

metric: | d =max ({x; —y; |,ix2—y21)

Figure 6.2 An open ball with center at (0, 0) and radius 1. The four sides
of the square forming the boundary of B(0, 1) are not part of the open
ball.

Definition

Let A be a set in a metric space S and suppose p, is an element of A. We
say that pg is an isolated point of A if for some positive number r there
is an open ball B(py, r) such that

B(po, 1) N A = {po},

where {po} is the set consisting of the single element py.

For example, in R! with the Euclidean metric the set A = {x : 1 < x <
2, x=23, 4} has the elements 3 and 4 as isolated points of A. None of the
points in the interval 1 < x < 2 is an isolated point of A.

Definition

A point py is a limit point of a set A if every open ball B(py, r) contains
a point p of A that is distinct from p,. Note that py may or may not be an
element of A.

For example, in R! with the usual Euclidean metric defined by
d(x1,x) = |x1 — x|, theset C = {x : 1 < x < 3} hasx = 3 asa
limit point. In fact, every member of C is a limit point of C.

A set A in a metric space is closed if A contains all of its limit points.

A set A in a metric space S is open if each point py in A is the center
of an open ball B(py, 7) that is contained in A. That is, B(po, v) C A. It is
important to notice that the radius » may change from point to point in
A.

Theorem 6.3
A point py is a limit point of a set A if and only if there is a sequence {p,} with
Pn € A and p, # po for every n and such that p,, — pg as n — oo.
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Proof

(a) If a sequence {p,} of the theorem exists, then clearly every open ball
with py as center will have points of the sequence (all # py). Thus py is a
limit point.

(b) Suppose py is a limit point of A. We construct a sequence {p,} with the
desired properties. According to the definition of limit point, the open ball
B(po, %) has a point of A. Let p; be such a point. Define 1, = d(po, p1)/2
and construct the ball B(py, 2). There are points of A in this ball (different
from py), and we denote one of them by p,. Next, define 3 = d(po, p2)/2
and choose p3 € A in the ball B(py, 73). Continuing this process, we sece
thatr, < 1/2" — 0asn — oo. Since d(po, pn) < Tn, it follows that {p,}
is a sequence tending to py, and the proof is complete. |

Theorem 6.4
(a) An open ball is an open set.
(b) A closed ball is a closed set.

Proof

(a) Let B(po, ¥) be an open ball. Suppose g € B(py, r). We must show
that there is an open ball with center at g that is entirely in B(py, 7). Let
11 = d(po, q). We consider a ball of radius r = (v — r,)/2 with center at
q. See Figure 6.3. Let ¢’ be a typical point of B(g, 7). We shall show that
q" € B(po, 7). We can accomplish this by showing that d(po, g") < r. We
have

dpo,q) < d(po, @) +d(g,q) < n+F=n+30-n)=;0+n) <

Figure 6.3 An open ball is an open set.

(b) To show that B(py, 7) is a closed set we must show that every limit
point of B(py, 7) belongs to B(py, 7). If g is such a limit point, there is a
sequence pi, pz, - - -, Pn, - - - in B(po, ) such that d(p,, q) — 0. However,
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for each n, we have
d(pnrpo) S r.
Therefore

d(q, po) < d(q, pn) + d(pn, Po) < d(q, pn) + 1.

Letting n — oo, the theorem on the limit of inequalities shows that
d(q, po) < r. Thatis, g € B(po, 7). |

Let S be a space of elements, by which we mean that S is the totality of
points (or elements) under consideration. A set of points is a collection
of elements in S. We shall often deal with a set of sets, that is, a set whose
elements are sets in S. We speak of such a set as a family of sets and
denote it by a script letter such as F. If the number of sets in the family is
finite, we use the term finite family of sets and use subscripts to identify
the members. For example, {A;, A,, ..., A, }, where each A; is a setin S,
is a finite family of sets.

Definitions

Let F be a family of sets, a typical member of F being denoted by the
letter A. That is, A is a set of points in a space S. We define the union of
the sets in F, denoted by (J,.» A, by the formula

U A ={p:p € Sand pis in at least one set of F}.
AeF

We define the intersection of the sets in F, denoted by (,.r A, by the
formula

ﬂA:{p:peSandpisineverysetof]—'}.

AeF

If A and B are sets in S, we define their difference B — A by the formula
B— A ={p:pisinBandpisnotin A}.

If A is any set in S, we define the complement of A, denoted by C(A),
asthe set § — A.

Theorem 6.5

(a) The union of any family F of open sets in a metric space is open.

(b) Let Ay,A,, ... A, be a finite family of open sets. Then the intersection
M, A; is open.

Proof

(a) Suppose that p € | J,.» A. Then p is in at least one set A in F. Since
A is open, there is an open ball with center at p and radius r, denoted
by B(p, r), that is entirely in A. Hence B(p, 1) C U, A. We have just
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shown that any point of | J,.» A is the center of an open ball that is also
in |J,cr A. Thus the union of any family of open sets is open.

(b) Suppose that p € (L, A;. Then for each i there is an open ball B(p, 1;)
that is entirely in A;. Define ¥ = min(ry, 13, . . ., 7). The open ball B(p, 1)
is in every A; and hence is in (L, A;. Thus the set ()_; A; isopen. M

Remark

The result of Part (b) of Theorem 6.5 is false if the word finite is dropped from
the hypothesis. To see this, consider R? with the Euclidean metric and define
the infinite family of open sets Ax, k = 1,2, ..., by the formula

1
Ar={xy) :0<x¥*+y* < %}.

Each Ay is an open ball (and therefore an open set), but the intersection
Mie; Ax of this family consists of the single point (0,0), clearly not an open
set.

Theorem 6.6

(a) Let A be any set in a metric space S. Then A is closed < C(A) is open.
(b) The space S is both open and closed.

() The null set is both open and closed.

Proof
We first assume that A is closed and prove that C(A) is open. Letp € C(A)
and suppose that there is no open ball about p lying entirely in C(A). We
shall reach a contradiction. If there is no such ball, then every ball about
p contains points of A (necessarily different from p, since p € C(A)). This
fact asserts that p is a limit point of A. But since A is assumed closed, we
conclude that p is in A, which contradicts the fact that p € C(A). Thus
there is an open ball about p in C(A), and so C(A) is open.

The proof that A is closed if C(A) is open is similar.

Part (b) is a direct consequence of the definitions of open and closed
sets. Part (c) follows immediately from parts (a) and (b), since the null
set is the complement of S. |

Theorem 6.7

(a) The intersection of any family F of closed sets is closed.

(b) Let Ay,A, ..., A be a finite family of closed sets. Then the union |\, A;
is closed.

The proof of Theorem 6.7 is an immediate consequence of the
definition of a closed set and the definition of the intersection of sets.

It is important to observe that Part (b) of Theorem 6.7 is false if the
word finite is dropped from the hypothesis. It is not difficult to construct
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an infinite family of closed sets such that the union of the family is not a
closed set.

Definition

Let {p,} be an infinite sequence of points. An infinite sequence of points
{gn} is called a subsequence of {p,} if there is an increasing sequence of
positive integers ky, k, . . ., ky, . .. such that for every n,

dn = Pk, -

To illustrate subsequences, observe that the sequence

pl)p2;~--,pn,...

has subsequences such as
b1, P3,P5, - -+,
Ds, P, P15, - - -,

b1, P4, P7y - -

It is clear that the subscripts {k,} of a subsequence have the property that
k, = n for every n. This fact may be proved by induction.

Theorem 6.8
Suppose that {p,} is an infinite sequence in a metric space S, and that {q,} is
a subsequence. If p, — py as n — oo, then q,, — po as n — oo.

(Every subsequence of a convergent sequence converges to the same limit.)

Proof

Lete > 0Dbe given. From the definition of convergence, there is a positive
integer N such that d(py, po) < € for alln > N. However, for each n, we
have g, = px, with k, > n. Thus

d(qn, po) = d(px,, po) < ¢ forall n > N.

Therefore g, — po as n — oo. ]

Definitions

A point P is an interior point of a set A in a metric space if there is an
r > 0such that B(p, r) is contained in A. The interior of a set A, denoted
AW is the set of all interior points of A. For any set A, the derived set
of A, denoted A’ is the collection of limit points of A. The closure of A,
denoted A, is defined by A = A U A’. The boundary of a set A, denoted
0A, is defined by 9A = A — A©),

EXAMPLE
Let A be the open ball in R? (with the Euclidean metric) given by A =
{(x,y) : 0 < x* + y* < 1}. Then every point of A is an interior point, so
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that A = A, More generally, the property that characterizes any open
set is the fact that every point is an interior point. The boundary of A is
the circle dA = {(»,y) : ¥* + y* = 1}. The closure of A is the closed ball
A={xy):0<x+y> < 1}. We also see that A’, the derived set of A,
is identical with A.

Problems

1. Suppose thatp, — poand g, — qo in a metric space S. If d(p,, ¢,) <
a for all n, show that d(po, q0) < a.

2. If pp, = po, pn = qo in a metric space S, show that py = qo.

3. Given R? with the metric d(x, y) = ly1 — 11| + |y2 — x|, x=(x1, x2),
Y= (Y1, y2). Describe (and sketch) the ball with center at (0, 0) and
radius 1.

4. Given R! with the metric d(x, y) = |x — y|, find an example of a set
that is neither open nor closed.

5. Given R! with the metric d(x, y) = |x — y|, show that a finite set
consists only of isolated points. Is it true that a set consisting only
of isolated points must be finite?

6. Give an example of a set in R! with exactly four limit points.

7. In R!' with the Euclidean metric, define A = {x : 0 < x < 1 and x is
a rational number}. Describe the set A.

8. Given R? with the Euclidean metric, show that the set S = {(¥, y) :
0 < x> +y? < 1} is open. Describe the sets S, &', 3S, S, C(S).

9. If S is any space and F is a family of sets, show that

C [ﬂ A] = | c.
AeF AeF
10. Let A, B, and C be arbitrary sets in a space S. Show that
(a) C(A — B) = BU C(A).
(b) A—(A—B)=ANB.
() AN(B—C)=(ANB)—(ANCQ).
(d) AU(B—A)=AUB.
() (A—C)U(B—C)=(AUB)—C.
11. In R? with the Euclidean metric, find an infinite collection of open
sets {A,} such that [),, A, is the closed ball B(0, 1).
12. In a metric space S, show that a set A is closed if C(A) is open.
13. Show thatin a metric space the intersection of any family F of closed
sets is closed.
14. Let A, Ay, ..., A, be a finite family of closed sets in a metric space.
Show that the union is a closed set.
15. Let Ay, Ay, ..., Ay, ... be sets in a metric space. Define B = [ A;.

Show that B O |J A; and give an example to show that B may not
equal | A;.
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16. In R! with the Euclidean metric, give an example of a sequence {p,}
with two subsequences converging to different limits. Give an exam-
ple of a sequence that has infinitely many subsequences converging
to different limits.

17. Using only the definition of closed set prove that the intersection of
any family of closed sets is closed.

18. Suppose that f is continuous on an interval I =
with flx) > 0OonI. LetS = {(x,y) e R? :a < x <
(Euclidean metric).

(a) Show that S is closed.

(b) Find &' and S.

(¢) Find 8© and prove the result.
(d) Find as.

19. If A is a set in a metric space, show that A’ and A are closed sets.

20. If A is a set in a metric space, show that A is closed and A is open.

21. If A and B are sets in a metric space, show that if A C B and B is
closed, then A C B.

22. If A and B are sets in a metric space, show that if B C A and B is
open, then B ¢ A%,

23. If A is a set in a metric space, show that

{x :a
b

A isopen < C(A) is closed.

6.3 Countable and Uncountable Sets

If A and B are sets with a finite number of elements, we can easily com-
pare their sizes by pairing the elements of A with those of B. If after we
complete the pairing process there remain unpaired members of one of
the sets, say of A, then A is said to be larger than B. The same situation
holds for sets with infinitely many elements. While many pairs of infinite
sets can be matched in a one-to-one way, it is a remarkable fact that there
are infinite sets that cannot be paired with each other. The problem of
the relative sizes of sets with infinitely many members has been studied
extensively, and in this section we shall describe only the basic proper-
ties of the sizes of finite and infinite sets. These properties and the more
sophisticated developments of the theory of infinite sets turn out to be
useful tools in the development of analysis. The theorems we consider
below pertain to sets in RY.

Definitions

A set S is denumerable if S can be put into one-to-one correspondence
with the positive integers. A set S is countable if S is either finite or
denumerable.
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Theorem 6.9
(a) Any nonempty subset of the natural numbers is countable.
(b) Any subset of a countable set is countable.

Proof

To establish Part (a), let S be the given nonempty subset. Since S is a subset
of the positive integers, it must have a smallest element. We denote it by
ki. If S = {k;}, then S has exactly one element. If the set S — {k;} is not
empty, it has a smallest element, which we denote by k,. We continue the

process. If for some integer n, the set S — {ky, ky, . . ., ky} is empty, then
S is finite and we are done. Otherwise, the sequence ki, ky, ..., ky, ...
is infinite. We shall show that S = {ky, ky, ..., ks, ...}. Suppose, on the

contrary, that there is an element of S not among the k,. Then there is
a smallest such element, which we denote by p. Now, k; is the smallest
element of S, and so k; < p. Let T be those elements of ky, ky, ..., ky, . ..
with the property that k; < p. Then T is a finite set, and there is an
integer i such that k; < p < ki1 for some i. Since p is not equal to any
of the kj, it follows that k; < p < ky1. By construction, the element
kiy1 is the smallest element of S that is larger than ky, ks, . . ., k;. Since p
is in S, we have a contradiction of the inequality k; < p < kjz1. Thus
S={ky, kg, ..., kn ...}

Part (b) is a direct consequence of part (a). u

Theorem 6.10
The union of a countable family of countable sets is countable.

Proof

Let 81,82, ..., Sm, ... be a countable family of countable sets. For each
fixed m, the set S,, can be put into one-to-one correspondence with some
or all of the pairs (m, 1), (m, 2), ..., (m, n), . . .. Hence the union S can be
put into one-to-one correspondence with a subset of the totality of ordered
pairs (m, n) with m,n = 1, 2, .... However, the totality of ordered pairs
can be arranged in a single sequence. We first write the ordered pairs as
shown in Figure 6.4.

LD (1,2 (1,3) 1,4
21 (22 23) (24
G (32 (33) (3,4
41 (42) (43 (49

Then we write the terms in diagonal order as follows:

(1,1),(2,1),(1,2),(3,1),(2,2),(1,3),(41),....
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This sequence is in one-to-one correspondence with the positive integers.
The reader may verify that the ordered pair (p, q) in the above ordering
corresponds to the natural number r given by

,ora-D+aq-2) +aq

2 [ |
(L (L2 (L3 (rn4f
o @y @23 2
SR N N g Y
To@y 42y (43) (4.9

Figure 6.4

Theorem 6.10 shows that the set of all integers (positive, negative, and
zero) is denumerable. Since the rational numbers can be put into one-to-
one correspondence with a subset of ordered pairs (p, q) of integers (p is
the numerator, g the denominator), we see that the rational numbers are
denumerable.

The next theorem shows that the set of all real numbers is essentially
larger than the set of all rational numbers. Any attempt to establish a
one-to-one correspondence between these two sets must fail.

Theorem 6.11
R! is not countable.

Proof

It is sufficient to show that the interval I = {x : 0 < x < 1} is not
countable. Suppose I is countable. Then we may arrange the members of
I in a sequence x1, X3, . .., Xy, . . .. We shall show there is a number x € I
not in this sequence, thus contradicting the fact that I is countable. Each
x; has a unique proper decimal development, as shown in Figure 6.5. Each
dy is a digit between 0 and 9.

x,=0d,,d,,d,5...
X, =0d,,d,,d,5...
x3=0d;,d;5,d;5...

Figure 6.5 Decimal expansions of x1, x5, ..., X, . . ..
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We now define a number x in I by the following decimal development:
(6.4) x=0.aayas. ...

Each digit a; is given by

4 ifdy # 4,
a; =
5 ifdy = 4.

Then expression (6.4) is a proper decimal expansion of the number x, and
it differs from x, in the nth place. Hence x # x,, for every n, and I is not
countable. |

Definitions
An open cell is RY Is a set of the form

{(x1, %2, ..., %) s a; < % < b, 1=1,2,...,N}.

We suppose that a; < b; for every i. Note that an open cell is a straight-
forward generalization of an open interval in R!. Similarly, a closed cell
is a set of the form

{(XerZr"'txn):ai Exi Ebiy l:l,z,,N}

Again, we assume that a; < b; for every i.

Theorem 6.12
An open set in R! is the union of a countable family of disjoint open intervals.

Proof

Let G be the given open set and suppose x, € G. Since G is open, there
is an open interval J that contains xy and such that ] C G. Define I(x,) as
the union of all such open intervals J. Then I(x) is open and contained
in G. Furthermore, since the union of a set of open intervals having a
common point is an open interval, I(xy) is an open interval. Let x; and x;
be distinct points of G. We shall show that I(x;) and I(x;) are disjoint or that
I(x1) = I(x2). Suppose that I(x; ) NI(x;) is not empty. Then I(x)UI(x,) is an
interval in G that contains both x; and x,. Hence I(x;) U I(x;) is contained
in both I(x;) and I(x,). Therefore, I(x;) = I(x;). Thus G is composed of the
union of disjoint open intervals of the type I(x,), and by Theorem 6.10
the union is countable. n

Problems

1. Show that the totality of rational points in R? (that is, points both
of whose coordinates are rational numbers) is denumerable.

2. Show that the totality of rational points in RY is denumerable.

3. Define the set S as follows: The element x is in S if x is an infinite
sequence of the form (71,73, ...,7,,0,0,...,0,...). That is, from
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some n on, the sequence consists entirely of zeros and the nonzero
entries are rational numbers. Show that S is denumerable.

4. Show that any family of pairwise disjoint open intervals in R! is
countable. [Hint: Set up a one-to-one correspondence between the
disjoint intervals and a subset of the rational numbers.]

5. Show that any family of disjoint open sets in R is countable.

Show that every infinite set contains a denumerable subset.

7. Let G be an open set in R'. Show that G can be represented as the
union of open intervals with rational endpoints.

S

6.4 Compact Sets and the Heine-Borel
Theorem

In Theorem 3.7 we established the Bolzano-Weierstrass theorem, which
states that any bounded infinite sequence in R contains a convergent sub-
sequence. In this section we investigate the possibility of extending this
theorem to metric spaces. We shall give an example below which shows
that the theorem does not hold if the bounded sequence in R! is replaced
by a bounded sequence in a metric space S. However, the important no-
tion of compactness, which we now define, leads to a modified extension
of the Bolzano-Weierstrass theorem.

Definition

A set A in a metric space S is compact if each sequence of points {p,} in

A contains a subsequence, say {g,}, that converges to a point py in A.
We see immediately from the definition of compactness and from the

Bolzano-Weierstrass theorem that every closed, bounded set in R! is com-

pact. Also, it is important to notice that the subsequence {g,} not only

converges to py but that pg is in A.

Definition
A set A in a metric space S is bounded if A is contained in some ball
B(p, v) withr > 0.

Theorem 6.13
A compact set A in a metric space S is bounded and closed.

Proof

Assume that A is compact and not bounded. We shall reach a contradic-
tion. Define the sequence {p,} as follows: Choose p; € A. Since A is not
bounded, there is an element p; in A such that d(p:, p2) > 1. Continuing,
for each n, there is an element p,, in A with d(p1, pn) > n — 1. Since A is
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compact, we can find a subsequence {g,} of {p,} such that g, converges
to an element py € A. From the definition of convergence, there is an
integer N such that d(gy, po) < 1 for alln > N. But

(6.5) A(qn, p1) < d(gn, po) + d(po, p1) < 1+ d(po, p1).

Since g, is actually at least the n th member of the sequence {p,}, it follows
that d(gn, p1) > n — 1. For n sufficiently large, this inequality contradicts
inequality (6.5). Hence A is bounded.

Now assume that A is not closed. Then there is a limit point pg of
A that is not in A. According to Theorem 6.4, there is a sequence {p,}
of elements in A such that p, — py as n — oo. But any subsequence
of a convergent sequence converges to the same element. Hence the
definition of compactness is contradicted unless py € A. ]

It is natural to ask whether or not the converse of Theorem 6.13 holds.
It is not difficult to give an example of a sequence of bounded elements
in a metric space that has no convergent subsequence. Thus any set
containing such a sequence, even if it is bounded and closed, cannot
be compact.

For some metric spaces the property of being bounded and closed is
equivalent to compactness. The next theorem establishes this equiva-
lence for the spaces RY with a Euclidean or equivalent metric.

Theorem 6.14
A bounded, closed set in RY is compact.

Proof
Let A be bounded and closed. Then A lies in a cell

C={x,%2,...,%v) s <x <b;, 1=1,2,...,N}L

Let {p,} be any sequence in A. Writing px = (p;, p7, ..., Pr), we have
a < p. < b, i =12,...,N, k =1,2,...,n,.... Starting with
i = 1, it is clear that {p;} is a bounded sequence of real numbers. By
the Bolzano-Weierstrass theorem, {p;} has a convergent subsequence.
Denote this convergent subsequence by {p;,}. Next let i = 2 and consider
the subsequence {p;} of {p;}. Since {p;.} is bounded, it has a convergent
subsequence, which we denote by {p;,}. Observe that {p;,} being a subse-
quence of the convergent sequence {pj.} is also convergent. Proceeding
toi = 3, we choose a subsequence of {p3,} that converges, and so on until
i = N. We finally obtain a subsequence of {px}, which we denote by {gx},
such that every component of g consists of a convergent subsequence of
real numbers. Since A is closed, gx converges to an element ¢ of RY with
cin A. The set A is compact. |
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Definition

A sequence {p,} in a metric space S is a Cauchy sequence if for every
¢ > 0 there is a positive integer N such that d(p,, pm) < € whenever
n,m > N.

We know that a Cauchy sequence in R! converges to a limit (Section
3.6). It is easy to see that a Cauchy sequence {p,,} in RY also converges to a
limit. Writing p, = (p},, p2, . .., pY), we observe that {p}}, k = 1,2, ... isa
Cauchy sequence of real numbers for eachi = 1,2,..., N. Hence p;, —
¢, i=1,2,...,N, and the element ¢ = (¢!, ¢?, ...,c") is the limit of
the sequence {px}. However, we cannot conclude that in a general metric
space a Cauchy sequence always converges to an element in the space.
In fact, the statement is false. To see this, consider the metric space (S, d)
consisting of all rational numbers with the metric d(a, b) = |a — b|. Since
a Cauchy sequence of rational numbers may converge to an irrational
number, it follows that a Cauchy sequence in S may not converge to a
limit in S.

Let H be a set in a space S and suppose that F is a family of sets in
8. The family F covers H if every point of H is a point in at least one
member of F. Coverings of compact sets by a finite number of open balls
have a natural extension to coverings by any family of open sets. The
next theorem, an important and useful one in analysis, gives one form of
this result. It is a direct extension of Theorem 3.12.

Theorem 6.15 (Heine-Borel theorem)
Let A be a compact set in a metric space S. Suppose that F = {G,} is a family
of open sets that covers A. Then a finite subfamily of F covers A.

Proof

Suppose no such subfamily exists. We shall reach a contradiction. Since
A is compact, there is a finite number of balls, say of radius %, that
cover A. Suppose the centers of these balls are the points pu, p1z2, - - -, Pk,
in A, and the balls are denoted by B(pii, %), i =1,2,..., k. We have

Uf;l B(pui, 3) D A. Then one of the sets

1
),

1 1
AﬂB(pu,E), AﬁB(p]Z,E), AﬂB(plkl,Z

is such that an infinite number of open sets of F are required to cover it.

(Otherwise, the theorem would be proved.) Call this set A N B(p1, 3) and
observe that it is a compact subset of A. Now we can find a finite number
ofballs B(px, 1),i=1,2,..., k;, such that

K,
S 1
ANBp, 3) B, )

i=1
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One of the balls B(py, 1), ..., B(ax,, ) is such that an infinite number
of open sets of F are required to cover the portion of A contained in that
ball. Denote that ball by B(p., %). Continuing in this way we obtain a
sequence of closed balls

Bcpl; %);B(pZ: %)r"'rB(‘pn; %)f

such that p, € A N B(pn_1, 1/2"Y), and an infinite number of open sets
of F are required to cover A N B(py, 1/2™). Since d(p,—1, pn) < 1/2"7! for
each n, the sequence {p,} is a Cauchy sequence and hence converges to
some element py. Now, since A is compact, we have p, € A. Therefore,
po lies in some open set Gy of F. Since p, — py, there is a sufficiently
large value of n such that B(p,, 1/2") C G,. However, this contradicts
the fact that an infinite number of members of F are required to cover
B(pn, 1/27) N A. u

Remarks

The compactness of A is essential in establishing the Heine-Borel theo-
rem. It is not enough to assume, for example, that A is bounded. A simple
example is given by the set in R! defined by A = {x : 0 < x < 1}.
We cover A with the family F of open intervals defined by I, = {x :
a/2 < x < 1} for each a € A. It is not difficult to verify that no finite
subcollection of {I,} can cover A.

Problems

—_

. Show that the union of a compact set and a finite set is compact.

(a) Show that the intersection of any number of compact sets is

compact.

(b) Show that the union of any finite number of compact sets is

compact.

(c) Show that the union of an infinite number of compact sets

may not be compact.

3. Consider the space R? with the Euclidean metric. We define A =
{(xy):0<x <1, 0 <y <1}, and we define B = A — {p(1, 1)}.
Show that B can be covered by an infinite family F of open rectangles
in such a way that no finite subfamily of F covers B.

4. Suppose that F is a family of open sets in R? that covers the rectangle
R ={(xy):a <x <b, ¢ <y < d} Show that R can be divided
into a finite number of rectangles by lines parallel to the sides of R
such that no two rectangles have common interior points and such
that each closed rectangle is contained in one open set of F.

5. Let A be the space of sequences x = {x;,x3,...,%,, ...} in which

only a finite number of the x; are different from zero. In A define

N
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d(x,y) by the formula
d(x,y) = max |x — yil.

(a) Show that A is a metric space.
(b) Find a closed, bounded set in A that is not compact.
6. Suppose that F is a family of open sets in R? that covers the circle
C = {(x,y) : ¥* + y* = 1}. Show that there is a p > 0 such that F
covers the set

A={xy):(1-p?<x¥+y* <0+

7. Show that in a metric space a closed subset of a compact set is
compact.
8. Give an example of a collection of points in R! that form a compact
set and whose limit points form a countable set.
9. Show that in a metric space a convergent sequence is a Cauchy
sequence.
10. Let {p,} be a Cauchy sequence in a compact set A in a metric space.
Show that there is a point py € A such that p,, — py asn — oo.
11. Let Sy, ..., Sy, ... be a sequence of closed sets in the compact set A
such that S, D Syy1, n = 1,2, .... Show that ()2, S, is not empty.
12. In R3 with the Euclidean metric consider all points on the surface
X2 + x5 — x% = 1. Is this set compact?

6.5 Functions on Compact Sets

In Chapter 3, we discussed the elementary properties of functions de-
fined on R! with range in R'. We were also concerned with functions
whose domain consisted of a part of R!, usually an interval. In this sec-
tion we develop properties of functions with domain all or part of an
arbitrary metric space S and with range in R!. That is, we consider real-
valued functions. We first take up the fundamental notions of limits and
continuity.

Definition

Suppose that f is a function with domain A, a subset of a metric space S,
and with range in R'; we write f : A — R!. We say that f(p) tends to [
as p tends to py through points of A if (i) py is a limit point of A, and
(ii) for each ¢ > 0 there isa § > 0 such that

Iflp) =1 < e forallpin A
with the property that 0 < d(p, po) < 8. We write

fly) > 1 asp = py, p € A.
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We shall also use the notation

li =
lim flp) = L
PEA
Observe that the above definition does not require f{p,) to be defined,
nor does py have to belong to the set A. However, when both of these

conditions hold, we are able to define continuity for real-valued functions.

Definitions

Let A be a subset of a metric space S, and suppose f : A — R! is given.
Let po € A. We say that f is continuous with respect to A at p, if (i)
f(po) is defined, and (ii) either py is an isolated point of A or py is a limit
point of A and

fly) = flpo) asp — po, p € A.

We say that f is continuous on A if f is continuous with respect to A at
every point of A.

If the domain of f is the entire metric space S, then we say that f is
continuous at py, omitting the phrase “with respect to A" The definitions
of limit and continuity for functions with domain in one metric space $;
and range in another metric space S, are extensions of those given above.

The basic properties of functions defined on R! discussed in Chapter
3 do not always have direct analogues for functions defined on a subset
of a metric space. For example, the Intermediate-value theorem (Theo-
rem 3.3) for functions defined on an interval of R' does not carry over to
real-valued functions defined on all or part of a metric space. However,
when the domain of a real-valued function is a compact subset of a met-
ric space, many of the theorems of Chapter 3 have natural extensions.
For example, the following theorem is the analogue of the boundedness
theorem (Theorem 3.8).

Theorem 6.16
Let A be a compact subset of a metric space S. Suppose that f:A — R! is
continuous on A. Then the range of f is bounded.

Proof

We assume that the range is unbounded and reach a contradiction.
Suppose that for each positive integer n, there is a p,, € A such that
Ifln)l > n. Since A is compact, the sequence {p,} C A must have a
convergent subsequence, say {g,}, and g, — p with p € A. Since f is
continuous on A, we have f(q,) — f(p) as n — oo. Choosing ¢ = 1 in the
definition of continuity on A and observing that d(g,, p) = 0 asn — oo,
we can state that there is an Ny such that for n > Nj, we have

Ifitan) — fib)l < 1 whenever n > Nj.
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We choose N; so large that |f(p)| < N;. Now for n > N; we may write
Iftan)l = Iflan) — f0) + fiD)| = Iflan) — f2)I + D) < 1+ IfiD)

Since gy, is at least the nth member of the sequence {p,}, it follows that
If(gn)| > n for each n. Therefore,

n < fig)l < 1+ 1fip)l < 14Ny,

a contradiction for n sufficiently large. Hence the range of f is
bounded. ]

Note the similarity of the above proof to that of Theorem 3.8. Also,
observe the essential manner in which the compactness of A is employed.
The result clearly does not hold if A is not compact.

Problems
In the following problems a set A in a metric space S is given. All functions
are real-valued (range in R') and have domain A.

1. If ¢ is a number and f(p) = c for all p € A, then show that for any
limit point py of A, we have
lim =c
e flp)
(theorem on limit of a constant).

2. Suppose f and g are such that f{p) = g(p) for allp € A — {po}, where
po is a limit point of A, and suppose that f{p) — lasp — po, p € A.
Show that g(p) — [asp — po, p € A (limit of equal functions).

3. Suppose thatfi(p) = lhasp — po,p € A, and fa(p) — Iz asp — po,
p € A.Show that fi(p) + fa(p) > Lh + L asp — po, p € A.

4. Under the hypotheses of Problem 3, show that fi(p) - fa(p) = 1 - I
asp — po, p € A.

5. Assume that the hypotheses of Problem 3 hold and that I, # 0. Show
that fi(p)/f2(p) > L/l asp — po, p € A.

6. Suppose that f(p) < g(p) for all p € A, that f(p) - Lasp — po,
p € A, and that g(p) - M asp — po, p € A. Show that L < M.
Show that the same result holds if we assume f(p) < g(p) in some
open ball containing py.



Ditferentiation

and Integration
in RY

CHAPTER

7.1 Partial Derivatives and the Chain
Rule

There are two principal extensions to RY of the theory of differentiation
of real-valued functions on R!. In this section, we develop the natural
generalization of ordinary differentiation discussed in Chapter 4 to partial
differentation of functions from RY to R!. In Section 7.3, we extend the
ordinary derivative to the total derivative.

We shall use letters ¥, y, z, etc. to denote elements in RY. The compo-
nents of an element x are designated by (x1, x2, . . ., Ax), and as usual, the
Euclidean distance, given by the formula

N
dxy) = | > (% =y
i=1

will be used. We also write d(x, y) = |x — y| and d(x, 0) = |x|.

Definition
Let f be a function with domain an open set in RY and range in R!. We
define the N functions f; withi =1, 2, ..., N by the formulas

o SfCa, xR xn) — (e X AN)
i =1
filx1, %2, .., An) Hm N
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whenever the limit exists. The functions f, f, .. ., fiv are called the first
partial derivatives of f.

We assume that the reader is familiar with the elementary processes
of differentiation. The partial derivative with respect to the ith variable
is computed by holding all other variables constant and calculating the
ordinary derivative with respect to x;. That is, to compute f; at the value
a = (a1, az, ...,ay), form the function ¢ (from R! to R!) by setting

(7.1) (%) = flan, az, . .., aic1, X, Aiga, - . ., AN),

and observe that

(7.2) fi(@) = ¢'(a).

There are many notations for partial differentiation. In addition to the

one above, the most common ones are
ler % ’ f?q .
8Xi

Good notation is important in studying partial derivatives, since the many
letters and subscripts that occur can lead to confusion. The two “best”
symbols, especially in discussing partial derivatives of higher order, are
fi and D;f, and we shall employ these most of the time.

We recall that the equations of a line segment in RN connecting the
pointsa = (ay,...,an)and a + h = (a1 + hy, ..., ay + hy) are given
parametrically by the formulas (the parameter is t)

x1:a1+th1, X2:a2+th2, e, XN:aN+thN, 0<t<l.

The next theorem is the extension to functions from RY to R! of the
Mean-value theorem (Theorem 4.12).

Theorem 7.1 (Extended Mean-value theorem)

Let 7; be the line segment in RY connecting the points (a1,az, . . . ,di, . . . ,an)
and (a1,az, . . . ,ai + hi, ... ,an). Suppose f is a function from RY into R! with
domain containing t;, and suppose that the domain of f; contains t;. Then
there is a real number & on the closed interval in R! with endpoints a; and
a; + h; such that

(7.3)

flaa, ..., ai+hi,...,an)—flas, ..., a4, ...,an) = hifi(ar, ..., &, ..., an).

Proof
If h; = 0, then equation (7.3) holds. If h; # 0, we use the notation of
expression (7.1) to write the left side of equation (7.3) in the form

p(ai + hi) — p(ai).
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For this function on R!, we apply the Mean-value theorem (Theorem
4.12) to conclude that

p(ai + hi) — p(a) = hig'(&).

This formula is a restatement of equation (7.3). u

Theorem 4.8, the Fundamental lemma of differentiation, has the fol-
lowing generalization for functions from RY into R'. We state the theorem
in the general case and prove it for N = 2.

Theorem 7.2 (Fundamental lemma of differentiation)
Suppose that the functions f and f1,f>, . .. fn all have a domain in RN that
contains an open ball about the point a = (ay,az, . . . ,an). Suppose all the f;
i=1,2,... N, are continuous at a. Then

(a) f is continuous at a;

(b) there are functions €,(x), €2(%), . . . en(X), continuous at x = 0, such
that €,(0) = €,(0) = ... = ex(0) = 0 and

N

(7.4) fla+h) = fla)y = [fi(a) + (M)

=1

for h = (hy,hy, ... ,hy) in some ball B(0,r) in RN of radius r and center at
h=0.

Proof
For N = 2. We employ the identity
(7.5)
flar + hi, a2 + ha) — flar, az) = [flar + 1, az) — flan, az)]

+ [flar + i, az + hy) — flar + , a2)].

Since f, f1, and f, are defined in an open ball about a = (a;, a), this
identity is valid for hy, h; in a sufficiently small ball (of radius, say, r)
about h; = hy = 0. Applying Theorem 7.1 to the right side of equation
(7.5), we find that there are numbers &, (hy, hy), &2(h1, hy) on the closed
intervals from a; to a; + h; and from a; to a; + h;, respectively, such that
(7.6) flar + hy, a2 + hy) — flan, a2) = f1(&1, ax)hy + f2(ar + hy, E2)ho.

Equation (7.6) is valid for hy, h; in the ball of radius r about h; = h; = 0.
Now define

El(hl. hz) = f,l(&, az) — f,l(al. az),
€(h1, hy) = fa(ar + i, &) — fa2(an, a2).

We wish to show that €, and €, are continuous at (0, 0). Lete > 0be given.
Since f; and f; are continuous at (a;, az), there is a § > 0 such that

(7.8) If1(x1, x2) — fi(ar, ax)l < € and |f2(x1, x2) — fa2(an, a2)l < €,

(7.7)
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for (x1, x,) in a ball of radius § with center at (a;, a;). Comparing expres-
sions (7.7) and (7.8), we see that if h; and h; are sufficiently small (so
that (&, &) is close to (ay, az)), then

|61(7’11, h2)| < eand |62(h1, hz)l < €.

Moreover, €,(0,0) = 0 and €,(0,0) = 0. Substituting the values of ¢
and ¢, from equations (7.7) into equation (7.6) we obtain part (b) of the
theorem. The continuity of f at (a;, a,) follows directly from Equation
(7.4).

The proof for N > 2 is similar. |

The chain rule for ordinary differentiation (Theorem 4.9) can be
extended to provide a rule for taking partial derivatives of composite
functions. We establish the result for a function f : RN — R! when

it is composed with N functions g', g2, ..., g" each of which is a map-
ping from RM into R!. The integer M may be different from N. If
¥y = (,Y2,--.,Yn) and x = (x1,xz,...,xy) are elements of RY and

RM respectively, then in customary terms, we wish to calculate the
derivative of H(x) (a function from RM into R') with respect to x;, where

f=fw y2 .., yn) and
(7.9) H() = flg' (%), g*®), ..., " (®)].

Theorem 7.3 (Chain rule)
Suppose that each of the functions g',g2, . . . ,g" is a mapping from RM into R!.

For a fixed integer j between 1 and M, assume that g},%, . .. g% are defined
at some point b = (by,by, . .. ,by). Suppose that f and its partial derivatives
f]err s rfN

are continuous at the point a = (g'(b),g*(b), . .. ,.g"(b)). Form the function
H as in equation (7.9). Then the partial derivative of H with respect to x; is
given by

N
Hyb) =Y _filg'(h), &*(D), . .., g~ (D)} ().
i=1

Proof
Define the following functions from R! into R!.

gO(Xj) = H(bl, ey b)',l, X]', bj+1, ey bM),
V') =g, ..., bj—1,%,bit1,...,by), i=1,2,...,N.
Then, according to equation (7.9), we have

o) = f¥' (), ¥’ (%), - -, ¥ (¥))-
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With h denoting a real number, define
Ag = ¢(bj + 1) — @(by),
AY =¥ (b +h) —y¥'(by), i=12..., N
Since each ¥/ is continuous at by, it follows that Ay — 0as h — 0. We

apply equation (7.4) from Theorem 7.2 to the function ¢ and use Ay’
instead of h; in that equation. We obtain

N
(7.10) Ap =Y (LY D), ..., vV (D)) + €lAy’.
i=1
In this formula, we have €; = €;(AY!, ..., AyY)and ¢ — 0as Ay* — 0,
k=1,2...,N.
Now write equation (7.10) in the form

A al Ay
790 = Z{fi[g](b), . ,gN(b)] + €} T‘/”
i=1

valid for |h| sufficiently small. Letting h tend to 0, we get the statement
of the Chain rule. |

Problems

1. Let D be aball in RY and suppose f : D — R! has the property that
fi=f2=---=fy=0forall x € D. Show that f = constant in D.

2. Let f : RY — R! be given and suppose that g!, g2, ..., g" are N
functions from RM into R'. Let k!, h?, ..., h™ be M functions from
R? into R'. Give a formula for the Chain rule for H ;(x), where

Hx) = flg'[h' (%), ..., i@, gh' ), ..., iM@), .. )

3. Write a proof of Theorem 7.2 for N = 3.

4. Use the Chain rule to compute H ,(x), where H is given by (7.9) and
flx) = x2 + x5 — 3x3, g'(x) = sin2x + xx3, g2(X) = tanx, + 3x3,
g3(%) = xx%3.

5. Use the Chain rule to compute H 3(x), where H is given by (7.9) and
f) = 2ax + 2 — 2, g'(0) = log(n + 1) — 4, g2(%) = 4 + &,
g3(%) = Xx3 + x4, g4 (%) = cos(x + x3) — 2x4.

6. Consider the function f : R? — R! defined by

X1X
2 2
flx,x) =4 ¥ tx% ’

0, X1:X2:0.

(X], XZ) 7é (Ov O)r

(a) Show that f is not continuous at x; = x; = 0.
(b) Show that f; and f, exist at x; = x; = 0. Why does this fact
not contradict Theorem 7.2?
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7. Consider the function f : R* — R! such that f; and f exist and are
bounded in a region about x; = x; = 0. Show that f is continuous at
(0, 0).

8. Given the function f : R> — R! defined by

(Xlr XZ) 75 (07 O)r

flxr, %) = 1 x + x5

0, X1:X2:0,

show that f; and f, are bounded near (0, 0) and therefore (Problem 6)
that f is continuous at (0, 0).

7.2 Taylor’s Theorem; Maxima and
Minima

Definitions

Let f be a function from RY into R!. We define the second partial deriva-
tive f;; as the first partial derivative of f; with respect to x;. We define the
third partial derivative f;; as the first partial derivative of f;;. Fourth,
fifth, and higher derivatives are defined similarly.

In computing second partial derivatives it is natural to ask whether
the order of computation affects the result. That is, is it always true that
fij = fji fori # j? There are simple examples that show that the order of
computation may lead to different results. (See Problem 3 at the end of
this section.) The next theorem, stated without proof, gives a sufficient
condition that validates the interchange of order of partial differentiation.

Theorem 7.4
Let f:RN — R! be given and suppose that f, i, f1;, and f; ; are all continuous
at a point a. Then

fij(@) = fji(a).

Definitions

A multi-index « is an element (a;, ay, ..., ay) in RY where each «; is
a nonnegative integer. The order of a multi-index, denoted by |/, is the
nonnegative integer o1 + a3 + . . . + . We extend the factorial symbol to
multi-indices by defining a! = ;! - ap! - - - an!. If B is another multi-index
(B1, B2, - - -, Bn), we define

a+:3:(a1+,317a2+ﬂ2f"'faN+ﬂN)-
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Letx = (x1, X2, . . ., xy) be any element of RY. Then the monomial x* is
defined by the formula
X =AY A X

Clearly, the degree of x* is |a|. Any polynomial in RY is a function f of
the form

(7.11) fo)y =Y car”

lo|<n
in which « is a multi-index, the ¢, are constants, and the sum is taken
over all multi-indices with order less than or equal to n, the degree of the
polynomial.

Lemma 7.1 (Binomial theorem)
Suppose that x, y € R and n is a positive integer. Then

n

n n! nej i
*x+Yy) _;J%!(”—D!X Y.

The proof is easily established by induction on n, and we leave the
details to the reader.

The Multinomial theorem, an extension to several variables of the bino-
mial theorem, is essential for the development of the Taylor expansion for
functions of several variables. We state the result without proof, although
the formula is not difficult to establish by induction. (Fix the integer n
and use induction on N.)

Lemma 7.2 (Multinomial theorem)
Suppose that x = (x1,X, . . . ,xn) is an element of RN and that n is any positive
integer. Then

n n! n! o o
o N
(x1 +x+...+x)" = — X E — 'xll---xN\.
la|=n o aj+...tay=n LIRS

Let G be an open set in RY and let f : G — R! be a function with
continuous second derivatives in G. We know that in the computation
of second derivatives the order of differentiation may be interchanged.
That is, f;; = fj; for all i and j. We may also write f;; = D;[D;f]. With any
polynomial in RY of the form

(7.12) P&, &, .. EN) = ) Cab”

loe|<n

we associate the operator

(7.13) P(Dy, Dy, ..., Dy) = Y caD".

le|<n
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If o is the multi-index (o, @2, . . ., an), then D* is the operator given by
DY = D{"D3* - - - DYY'. That is, D*f means that f is first differentiated with
respect to xy exactly ay times; then it is differentiated ay_; times with
respect to xy_1, and so on until all differentiations of f are completed.
The order of the operator (7.13) is the degree of the polynomial (7.12).

By induction it is easy to see that every operator consisting of a linear
combination of maps is of the form (7.13). The differentiations may be
performed in any order. The polynomial P(§, &, . . ., &y)in (7.12)is called
the auxiliary polynomial of the operator (7.13).

Definitions

Let f : RY — R! be a given function, and suppose that a € RY and
b € RY with |b| = 1. The directional derivative of f in the direction
b at the point a, denoted by dpf(a), is the number defined by

(7.14) dpf(a) = lim ’w.

Note that the difference quotient in the definition is taken by subtract-
ing f(a) from the value of f taken on the line segment in RY joining a and
a + b. The second directional derivative of f in the direction b at
the point a is simply d,[d,f](a), and it is denoted by (dy)*f(a). The nth
directional derivative, (dp)"f(a), is defined similarly.

Lemma 7.3
Suppose that f:RN — R! and all its partial derivatives up to and including
order n ave continuous in a ball B(a,r). Then

(7.15) (dp)'fla) = > Z—:b“D“f(a).

||=n

Symbolically, the nth directional derivative is written

n!
@) =Y S
laj=n &
Proof
For n = 1, we set ¢(t) = f(a + tb). Then dyf(a) = ¢'(0). We use the Chain
rule to compute ¢’, and denoting b = (by, by, . . ., by), we find

dpfla) = biDif(a) + ... + bnDyf(a).
That is, d, = byD; + ... + byDy. By induction, we obtain
(dDf = (iDy + ...+ byDy)'f.

Using the Multinomial theorem (Lemma 7.2), we getequation (7.15). W
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Theorem 7.4 (Taylor’s theorem for functions from R! to R')
Suppose that f:R! to R! and all derivatives of f up to and including order n+ 1
are continuous on an interval I = {x:|x — a| < r}. Then for each x on I, there
is a number & in the open interval between a and x such that

- 1 N 1 n n
(716) @ =2 S U@ - @ + G SO - o

The proof of Theorem 7.4 makes use of Rolle’s theorem (Theorem 4.11)
and is deferred until Chapter 8. See Theorem 8.24. Observe that forn = 0,
formula (7.16) is the Mean-value theorem. (See Problem 6 at the end of
this section and the hint given there.) The last term in (7.16) is called the
remainder.

We now use Theorem 7.4 to establish Taylor's theorem for functions
from a domain in RY to R.

Theorem 7.5 (Taylor’s theorem with remainder)

Suppose that f: RN — R! and all its partial derivatives up to and including
order n + 1 are continuous on a ball B(a,r). Then for each x in B(a,r), there
is a point & on the straight line segment from a to x such that

1 1
717 fw =) DM@k - et Y D - @,

lal<n 7 la|=n+1
Proof
If x = a, the result is obvious. If x # a, define b = (b1, by, ..., by) by
Xi — a;
T = .
|x — al

We note that |b| = 1 and define ¢(t) = f(a + tb). We observe that ¢(0) =
fla) and ¢(Ix — al) = fla + |x — a| - b) = f{x). By induction, it follows
that ¢ has continuous derivatives up to and including order n + 1, since
f does. Now we apply Taylor's theorem (Theorem 7.4) to ¢, a function of
one variable. Then

n

_ l 0] j 1 (n+1) n+1
(7.18) o) = ; ].!¢ (0) + it A )

where 7 is between 0 and t. From Lemma 7.3, the formula for (dyY, it
follows that

. i1
(7.19) ¢V (t) = (dp)fla + th) = Z ﬁb“D"‘f(a + th).
lal=j
We set t = |x — al in equation (7.18), getting

n

1 j 1 n n
¢(lx —al) = fix) = }; j7¢0>(0>|x —al + mw Dl — al™.
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Inserting equation (7.19) into this expression, we find

oo =35 | 2 Lo - ap

j=0 77 | lal=j

1 (n+ 1)

4+ -
(n+1)! it o!

baDa(SNX _ alﬂ+1

By definition we have x; — a; = bi|x — a|, and so (x — a)* = b*|x — a|l*.
Employing this fact in the above expression for f{x), we obtain equation
(7.17). |

The last terms in formula (7.17) are known as the remainder.

For functions from R! into R! the second derivative test is one of the
most useful for identifying the maximum and minimum points on the
graph of the function. We recall that a function f with two derivatives and
with f'(a) = 0 has a relative maximum at a if its second derivative at a
is negative. It has a relative minimum at a if f”(a) > 0. If f"(a) = 0, the
test fails. With the aid of Taylor's theorem for functions from RY into R!
we can establish the corresponding result for functions of N variables.

Definitions

Let f : RN — R! be given. The function f has a local maximum at the
value a if there is a ball B(a, r) such that f{x) — f{a) < 0 for x € B(a, ).
The function f has a strict local maximum at a if f(x) — f(a) < 0 for
X € B(a,r) except for x = a. The corresponding definitions for local
minimum and strict local minimum reverse the inequality sign. If f
has partial derivatives at a, we say that f has a critical point at the value
aif Difla)y=0,i=1,2,...,N.

Theorem 7.6 (Second derivative test)

Suppose that f:RY — R! and its partial derivatives up to and including order
2 arve continuous in a ball B(a,r). Suppose that f has a critical point at a. For
h = (hy,hy, ... ,hN), define Af(a,h) = f(a + h) — f(a); also define

1 1 &
(7.20) Qh =) L Dflant = - > DiDif(ayhih.

le|=2 7 Cij=1

(@) IfQ(h) > 0 for h # 0, then f has a strict local minimum at a.

M) IfQ(h) < 0for h # 0, then f has a strict local maximum at a.

(©) If Q (h) has a positive maximum and a negative minimum, then Af (a,h)
changes sign in any ball B(a,p) such that p < 7.
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Proof
We establish part (a), the proofs of parts (b) and (c¢) being similar. Taylor’s
theorem with remainder (Theorem 7.5) forn = landx = a + h is

(7.21)  fla+h) = fla) + Z D*fla)h® + Z —D"f(s)h“
ee|= la|=

where & is on the straight line segment connecting a with a + h. Since f
has a critical point at a, the first sum in Equation (7.21) is zero, and the
second sum may be written

(7.22)  Afta,h) = Z —D“f(a)h“ + Z [Df(&) — D*flaye
la|= ee|=
Setting |h|?> = h? + h3 + ... + h% and
1 o o
e(h) = .o,.Z=z [ - D fal g e
we find from equation (7.22) that
(7.23) Af(a, i) = Q(h) + |h|*e(h).

Because the second partial derivatives of f are continuous near a, it
follows that €(h) — 0 as h — 0. Also,

Q(h) = Ihl’ ZDDJf(a) = [h*Qi(h).

ij=1

Ihl

The expression Q; (h) is continuous for i on the unit sphere in RN, Accord-
ing to the hypothesis in part (a), Q;, a continuous function, must have a
positive minimum on the unit sphere, which is a closed set. Denote this
minimum by m. Hence,

Q(h) = |h|*m for all h.

Now choose |h| so small that |e(h)| < m/2. Inserting the inequalities for
Q(h) and |e(h)| into equation (7.23), we find

1
Afla, h) > §|h|2m

for |h| sufficiently small and h # 0. We conclude that f has a strict local
minimum at a. n

Problems

1. Given f : R®* — R! defined by

fxn, 22, 23) = (2 + 22+ 4277, (x1, %, %) # (0,0,0).
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Show that f satisfies the equation
fi1+f22+f33=0.

Givenf : R? — R! defined by f(x1, %2) = ¥} — 2x3x, — x1x, and given
Ll(D) = 2D1 — 3D2, Lz(D) = DlDz, show that (Lle)U) = (Lle)(f).

. Given f : R? — R! defined by

K2 32
1 2 2 2
XX 5, X, +x; >0,
flx1, x2) = X7+ x5
0, X1 = Xy = 0,

show that f1 ,(0,0) = —1 and f,:1(0, 0) = 1.

Prove the Binomial theorem (Lemma 7.1).

Establish the Taylor expansion for functions from R! into R!
(Theorem 7.4). [Hint: Make use of the function

/ _ (n) _ AN
o) =l - fiy - LOE=0 0@
(X _ t)n—H
_ Rn(a, X) m )

where R, (a, ) is the remainder in the Taylor expansion of f{x). Note
that ¢(a) = ¢(x) = 0.]

. Find the relative maxima and minima of the function f : R? — R!

given by
flx1, %) = &} + 3x1%; — 3x] — 3%, + 4.

Write out explicitly all the terms of the Taylor expansion for a
function f : R — R! for the case n = 2.

. Find the critical points of the function f : R* — R! given by

flx1, %2, X3, X4) = X + X5 + x5 — X% — 2x1%) + 4x1x3 + 3x1%4
— 2X2X4 + 4x; — 5xy + 7.

In each of Problems 9 through 11, determine whether Q : R® — R!
is positive definite, negative definite, or neither.

- Qx1, X, x3) = X3 4+ 5x5 + 3%5 — 4x1xp + 2x1x3 — 2x23.
10.
11.

Q(x1, X2, X3) = X§ + 3%5 + x5 — 4dx1xp + 2x1%3 — 6xx3.
Q(x1, X2, X3) = —X% — 2X5 — 4x5 — 2x1% — 2x1%3.

7.3 The Derivative in RY

Each partial derivative of a function f : RN — R! is a mapping from RY
into R!. This generalization of the ordinary derivative, useful for many
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purposes, singles out a particular direction in which the differentiation is
performed. We now take up another extension of the ordinary derivative,
one in which the difference quotient tends to a limit as x — a regardless
of the direction of approach.

Let A be an open subset of RN, and suppose that f and g are functions
from A into R'. We denote by d(x, y) the Euclidean distance between two
points x, y in RV,

Definition
The continuous functions f and g are tangent at a pointa € A if

o V0 — el _
iy a(x, a)

We note that if two functions are tangent at a point a, then necessarily
fla) = g(a). Also, if f, g, and h are functions with f and g tangent at a and
with g and h tangent at a, then we verify simply that f and h are tangent
at a. To see this, observe that

f) =l _ If0) = 8(¥)] n lg(x) — h(®)|
dix,a) —  dx a) dx,a)

As x — a, the right side tends to 0, and so must the left side.
Let L : RN — R! be a linear function; that is, L is of the form

N
L(x) = by + Z bixx,
k=1

where by, by, . . ., by are real numbers. It may happen that a function f
is tangent to a linear function at a point a. If so, this linear function is
unique, as we now show.

Theorem 7.7
Suppose that Ly and L, are linear functions tangent to a function f at a point
a. Then Ly = Ly.

Proof
It is convenient to write the linear functions L; and L, in the form

N N
Li(x) = ¢ + Z ce(xk — ax), La(X¥) = ¢y + Z c(Xx — ax).
k=1 k=1

From the discussion above, it follows that L,(a) = Ly(a) = f(a). Hence,
co = ¢y. Also, for every € > 0, we have

(7.24) L1 () — Ly(x)| < ed(x, a)
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for all x sufficiently close to a. For z € RN, we use the notation |z|| =
d(z, 0). Now, with § a real number, choose

8z
llzll -

Then, for sufficiently small |§|, we find from inequality (7.24) that

Z(Ck Il

eldl o = eldl.
Izl

Therefore,

)

N
pCE
s || ||

and since this inequality holds for all positive €, we must have c¢x = ¢},
k=1,2,...,N. ]

Definitions

Suppose thatf : A — R!is given, where A is an open setin R containing
the point a. The function f is differentiable at a if there is a linear
function L(x) = f(a)+ Zzljzl cr(x — ax) that is tangent to f at a. A function
f is differentiable on a set A in RY if it is differentiable at each point of
A. The function L is called the derivative, or total derivative, of f at a.
We use the symbol f’(a) for the derivative of f at the point a in RY.

Theorem 7.8
If f is differentiable at a point a, then f is continuous at a.

The proof is left to the reader. (Problem 5 at the end of this section.)

As we saw in Section 7.1, a function f may have partial derivatives
without being continuous. An example of such a function is given in
Problem 6 at the end of Section 7.1. Theorem 7.8 suggests that differen-
tiability is a stronger condition than the existence of partial derivatives.
The next theorem verifies this point.

Theorem 7.9
If f is diffeventiable at a point a, then all first partial derivatives of f exist at

a.

Proof
Let L be the total derivative of f at a. We write

N
L(x) = fla) + Y _ cx(x — ax).
k=1
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From the definition of derivative, it follows that

fix) = fla) — Y5y er(xe — ax)
(7.25) lim =0

23 da(x, a)

For x we choose the element a + h, where h = (0,0,...,0, h;, 0,...,0).
Then equation (7.25) becomes

fla+ 1) — fla) = cihil _

li 0;
G ]
hi#0
we may therefore write
h) —
(7.26) M —¢| = G(hi),

h;
where €(h;) - 0as h; — 0.

We recognize the left side of equation (7.26) as the expression used in
the definition of f;(a). In fact, we conclude that

¢ =fi(a), i=1,2,...,N. -

A partial converse of Theorem 7.9 is also true.

Theorem 7.10
Suppose that f;, i = 1,2,...,N, are continuous at a point a. Then f is
differentiable at a.

This result is most easily established by means of the Taylor expansion
with remainder (Theorem 7.5) with n = 0. We leave the details for the
reader.

Definitions
Suppose that f possesses all first partial derivatives at a point a in RY.
The gradient of f is the element in RN whose components are

(f1(a), fa(@), - .., fin(a)).
We denote the gradient of f by Vf or grad f.

Suppose that A is a subset of RY and f : A — R! is differentiable
on A. Let h = (hy, hy, ..., hy) be an element of RY. We define the total
differential df as that function from A x RY — R! given by the formula

N

(7.27) afix, h) = > Fr(hs.

k=1

Using the inner or dot product notation for elements in RY, we may also
write

dftx, 1) = Vf{x) - .
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Equation (7.27) shows that the total differential (also called the dif-
ferential) of a function f is linear in h. The differential vanishes when
x = a and h = 0. The Chain rule (Theorem 7.3) takes a natural form for
differentiable functions, as the following theorem shows.

Theorem 7.11 (Chain rule)

Suppose that each of the functions g',g?, ... g~ is a mapping from RM into
R! and that each g' is differentiable at a point b = (b1,ba, . . . ,by). Suppose
that f:RN — R! is differentiable at the point a = (g'(b),g*(b), . .. g~ (b)).
Form the function

H(x) = f[g' (%), &*(%), - .-, 8" (¥)].
Then H is differentiable at b and

N
dH(b, h) = > _ fi[g(b)}dg'(b, h).

i=1
The proof is similar to the proof of Theorem 7.3.

Problems

1. Let f and g be functions from RY into R!. Show that if f and g are
differentiable at a point a, then f + g is differentiable at a. Also, af
is differentiable at a for every real number «.

2. Letf : R® — R! be given by

fl, %2, x3) = X1x3€"™ + Xox3€™7 + X1 %060

Find Vf and df(x, h).
3. Let f and g be functions from RY into R!. Show that if f and g are
differentiable, and « and 8 are numbers, then

V(af + Bg) = aVf + BVg,
V(fg) = fVg + gVf.

4. Letf : RY — R!' andg : R! — R! be given. Assume that the range
of f is contained in the domain of g. Show that in such a case,

VigH] = g'Vf.

5. Show that if f is differentiable at a point a, then it is continuous at
a. (Theorem 7.8.)

6. Suppose that all first partial derivatives of a function f : RY —
R! are continuous at a point a. Show that f is differentiable at a.
(Theorem 7.10.)

7. Given f : RN — R! and an element b € RN with |b|| = 1, the
directional derivative of f in the direction b at the point «a,
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denoted by df, is the function from RY into R! defined by
th) —
dbletil’rol fla + t) f(a).

=
Suppose that all first partial derivatives of f are continuous at a point
a. Show that the directional derivative of f in every direction exists
at a and that

(duf)(@) = Vf(a) - b.

8. Suppose that A is an open set in RY. Let f : RY — R! be differen-
tiable at each point of A. Assume that the derivative of f, a mapping
from A into R!, is also differentiable at each point of A. Then show
that all second partial derivatives of f exist at each point of A and
that

DiDif = DiDyf

foralli,j=1,2,...,N.
9. Prove Theorem 7.11.
10. Suppose f and g are functions from RY into R™. We denote by dy
and dy Euclidean distance in RY and RM, respectively. We say that
f and g are tangent at a pointa € RV if

lim 0, 83) _
x—a dN(x’ a)

Show that if f is tangent to a linear function L : RY — RM at a point
a, then there can be only one such. [Hint: Write L as a system of
linear equations and follow the proof of Theorem 7.7.]
11.  (a) Letf : RY — RM be given. Using the result of Problem 10,
define the derivative of f at a point a.
(b) Let the components of f be denoted by f1,f? ..., fM. If
f is differentiable at a, show that all partial derivatives of
1 £2, ..., fM exist at the point a.
12. Let L : RY — RM be a linear function. Show that L =
(L, Lo, ..., Ly), where Lj = ¢) + 30, G, i = 1,2,..., M.

7.4 The Darboux Integral in R

The development of the theory of integration in RY for N > 2 parallels
the one-dimensional case given in Section 5.1. For functions defined on
an interval I in R!, we formed upper and lower sums by dividing I into a
number of subintervals. In RN we begin with a domain F, i.e., a bounded
region that has volume, and in order to form upper and lower sums,
we divide F into a number of subdomains. These subdomains are the
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generalizations of the subintervals in R!, and the limits of the upper and
lower sums as the number of subdomains tends to infinity yield upper
and lower integrals. The subdomains can be thought of as hypercubes in
RN with the volume of each hypercube just N times the length of a side.

Definition
Let F be a bounded set in RN that is a domain. A subdivision of F' is a
finite collection of domains {F;, F>, . . ., F;} no two of which have common

interior points and the union of which is F. That is,
F=FUFRU...UF,  Int(F)N Int(F) = @ fori # j.

We denote such a subdivision by the single letter A.
Let D be a set in RY containing F and suppose that f : D — R! is a
bounded function on F'. Let A be a subdivision of F' and set

M; = supf on F;, m; = inf f on Fj.

Definitions
The upper sum of f with respect to the subdivision A is defined by the
formula

ST, A) = Xn:MiV(Fi),
i=1

where V(F) is the volume in RY of the domain F;. Similarly, the lower
sum of f is defined by

S_(f,A) =) mV(F).
i=1

Let A be a subdivision of a domain F. Then A’, another subdivision of
F, is called a refinement of A if every domain of A’ is entirely contained
in one of the domains of A. Suppose that Ay = {F}, F,, ..., F,} and A, =
{G1, Gy, ..., Gy} are two subdivisions of F. We say that A’, the subdivision
consisting of all nonempty domains of the form F; N G;, i =1,2,...,n,
j=1,2,...,m, is the common refinement of A; and A,. Note that A’
is a refinement of both A; and A,.

Theorem 7.12
Let F be a domain in RN and suppose that f:F — R! is bounded on F.
(@) Ifm < f(x) < M forall x € F and if A is any subdivision of F, then

mV(F) < 5_(f, &) < 8*(f, A) < MV(F).
(b) If A’ is a refinement of A, then
S_(f,A) < S_(f, Ay and ST(f, A") < S*(f, A).
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(c) If Ay and A; are any two subdivisions of F', then
S_(f, A1) = ST(f, Aa).

Proof
(a) The proof of part (a) is identical to the proof of part (a) in Theorem
5.1, the same theorem for functions from R! into R!.

(b) Let A" = {Fy, ..., F),} be a refinement of A = {[, F, ..., F,}. We
denote by Fy, F5, ..., Fj the domains of A" contained in F;. Then, using
the symbols

my = inf f in F; and m} = inf f in F}, i=1,2...,k

we have immediately m; < m}, i = 1,2, ..., k, since each F/ is a subset
of F1 .
Because V(F}) = V(F}) + ...+ V(F}), we have

(7.28) mV(F1) < my(F)) + ...+ mV(F}).

The same type of inequality as (7.28) holds for Fy, F3, ..., F,. Summing
these inequalities, we get S_(F, A) < S_(f, A"). The proof that ST(f, A") <
S*(f, A) is similar.

(c) If Ay and A, are two subdivisions, let A’ denote the common
refinement. Then, from parts (a) and (b), it follows that

S_(f, A1) < S_(f, A" < ST(f, A) < ST(f, Ay). -

Definitions
Let F be a domain in RY and suppose that f : F — R! is bounded on F.
The upper integral of f is defined by

/f dv = glb. ST(f, A),
F

where the greatest lower bound is taken over all subdivisions A of F. The
lower integral of f is

/fMEﬂub&@A)

where the least upper bound is taken over all possible subdivisions A of

F.If
/Fdeszde,

then we say that f is Darboux integrable, or just integrable, on F, and
we designate the common value by

ﬁfdv
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When we wish to emphasize that the integral is N-dimensional, we write

/Ff Avy.

The following elementary results for integrals in RN are the direct
analogues of the corresponding theorems given in Chapter 5 for func-
tions from R! into R!. The proofs are the same except for the necessary
alterations from intervals in R! to domains in R".

Theorem 7.13
Let F be a domain in RY. Let f fi,f> be functions from F into R! that are
bounded.

(@) Ifm < f(x) <M forx € F, then

mV(F)s/deg/degMV(F).
JF F
(b) The following inequalities hold:

[+ gav = [ siav+ [ pavs

d d av.
ﬁm+MV5Lﬁv+ﬁﬁv
©) Iffi(x) < fo(x) forall x € F, then

/FﬁdV < /Ffde, /FﬁdV < /Ffde.

Theorem 7.14
Let F be a domain in RN and suppose that f:F — R! is bounded.

(a) f is Darboux integrable on F if and only if for each ¢ > 0 there is a
subdivision A of F' such that

SY(f,A) —S_(f,A) < e.

(b) If f is uniformly continuous on F, then F is Darboux integrable on F.

(c) If f is Darboux integrable on F, then |f| is also.

(d) If f1,f2 are each Darboux integrable on F, then fi - f; is also.

(e) If f is Darboux integrable on F, and H is a domain contained in F, then
f is Darboux integrable on H.

The proof of Theorem 7.14 follows the lines of the analogous theorem
in R

For positive functions from an interval I in R! to R!, the Darboux
integral gives a formula for finding the area under a curve. If F is a domain
inRY, N > 2 and if f : F — R! is a nonnegative function, then the
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Darboux integral of f gives the (N + 1)-dimensional volume “under the
hypersurface f”

Problems

1. Let F be a domain in RY. Give an example ofafunctionf : F — RY
such that f is bounded on F and [.f dV # [ f dV.

2. Let F be a domain in RY and suppose that f : F — R! is continuous
on F. Let A be a subdivision of F. Suppose that S_(f, A) = S_(f, A)
for every refinement A’ of A. What can be concluded about the
function f?

3. Suppose that F is a domain in RY and that f is integrable over F.

Show that
‘ / foav| < / fldv.
F F

4. Let F be a domain in RY and suppose that f : F — R! is uniformly
continuous on F. Show that f is Darboux integrable on F' (Theorem
7.14, part (b)).

5. Let F be a domain in RN with V(F) > 0 and suppose that f : I —
R! is continuous on F. Suppose that for every continuous function
g:F — R'wehave [, fg dV = 0. Prove that f = 0 on F.

7.5 The Riemann Integral in RY

The method of extending the Riemann integral from R! to RY is similar
to the extension of the Darboux integral described in Section 7.4.

Definitions
Let A be a set in a metric space S with metric d. We define the diameter
of A as the sup d(x, y), where the supremum is taken over all x,y in A.
The notation diam A is used for the diameter of A.

Suppose that F is a domain in RN and that A = {F}, F,,...,F,} is a
subdivision of F. The mesh of A, denoted by || A|, is the maximum of the
diameters of Fy, Fy, ..., Fy.

Definition

Let f be a function from F, a domain in RY into R!. Then f is Riemann
integrable on F if there is a number L with the following property: For
each ¢ > 0 there is a § > 0 such that if A is any subdivision of F' with
|Al < 8, andx' € F;,i=1,2,...,n, then

< €.

D fEHVE) — L
i=1
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This inequality must hold no matter how the x' are chosen in the F;. The
number L is called the Riemann integral of f over F, and we use the

notation
/ fav
F
for this value.

We recall that in R! the Darboux and Riemann integrals are the same.
The next two theorems state that the same result holds for integrals in
RY,

Theorem 7.15
Let F be a domain in RY and suppose that f:F — R! is Riemann integrable
on F. Then f is Darboux integrable on F, and the two integrals are equal.

The converse of Theorem 7.15 is contained in the following result.

Theorem 7.16
Let F be a domain in RN and suppose that f:F — R! is bounded on F. Then
(a) for each ¢ > 0 thereis an e > 0 such that

(7.29) S+(f,A)</de+aandS‘(ﬁA)>/de—a
F JE

for every subdivision of mesh ||A|| < §;
(b) if f is Darboux integrable on F, then it is Riemann integrable on F, and
the integrals are equal.

Proof
Observe that (b) is an immediate consequence of (a), since each Riemann

sumisbetween S_(f, A)and S*(f, A). Hence, if . fdV = [ f dV, this value

is also the value of the Riemann integral.

We shall prove only the first inequality in (7.29), because the proof of
the second is similar.

Since f is bounded, there is a number M such that |f(x)| < M for all
x € F. Lete > 0 be given. According to the definition of upper Darboux
integral, there is a subdivision Ay = {Fy, F3, . . ., Fj,} such that

(7.30) St(f, Ao) < /f av + g
F

Define Fi(o) to be the set of interior points of F;. It may happen that Fi(o)
is empty for some values of i. For each Fi(o) that is not empty, we select a
closed domain G; contained in Fi(o) such that

V(Fi — Gl) <

4Mm'’
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It is not difficult to verify that such closed domains Gy, Gy, ..., G, can
always be found. For example, each G; may be chosen as the union of
closed hypercubes interior to F; for a sufficiently small grid size.

Since each set G; is closed and is contained in Fi(o), there is a positive
number § such that every ball B(x, §) with x in some G; has the property
that B(x, ) is contained in the corresponding set Fi(o). Let A be any sub-
division with mesh less than §. We shall show that the first inequality in
(7.29) holds for this subdivision.

We separate the domains of A into two classes: J1, J2, . . ., J, are those
domains A; of A containing points of some G;; K, Ky, ..., K, are the
remaining domains of A, denoted by Ay.

Denote by A’ the common refinement of A; and Ag. Because of the
manner in which we chose A, each J; is contained entirely in some FIEO).

Therefore, J1, ]2, ..., Jn are domains in the refinement A’. The remain-
ing domains of A’ are composed of the sets K; N Fj;, i = 1,2,...,q;
j=1,2,..., m. We have the inequality
1 i & &
V(Ky) < VIFi—-G)y<m: — = —.
;(kj ;(l 2 AMm  4M

We introduce the notation

M; = sup f(x), M; = sup f(x), My = sup flx).
xej; xeK; X€K;NFj

Using the definitions of $*(f, A) and S*(f, A"), we obtain

n q
SYHA)Y =) MV + Y MV(K),
=1 i=1

n q m
SHHAY = D MVI) + Y D MyV(K: N F).
i=1

i=1 j=1

Now it is clear that V(K;) = Y-, V(K; N F;). Therefore, by subtraction, it
follows that

q m
ST, &) = ST(fAY =D (M — My)V(K; N F)

i=1 j=1

(7.31) <2M Xq: i V(K N Fj)

i=1 j=1
§2M2q:V(Ki) <o 2=
- 4aM 2
According to part (b) of Theorem 7.12, we have
ST(f, A" < ST(f, Ao).
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Combining this fact with inequalities (7.30) and (7.31), we conclude that

ST(f, A) < /fdv+s.
F
which is the first inequality in part (a) of the theorem. |

Theorem 7.16 leads to the following result (stated without proof) on
interchanging the order of integration in multiple integrals.

Theorem 7.17

Suppose that F is a domain in RM and that G, is a domain in RY for each
x € F. Define B = {(x,y):x € F, y € Gy for each such x}. Let f:B — R! be
integrable over B and suppose that f is integrable over G, for each x € F.
Then the function

o) = fG flx, )V

is integrable over F, and

/f(x, YAViin 2/ |: flx, y)dVNj| AV.
B r Gy

Figure 7.1 B={(x,y) : a <x < Db, y € Gy}.
Figure 7.1 shows a simple illustration of the theorem for functions on

R*> LetB={(x,y):a<x<Dh gx)<y<hx)} ThenF ={x:a <x<
b} and Gy, = {y : g(x) <y < h(x) for each x}. The theorem states that

b h(x)
f flx, y)dA = / [ flx, y)dy} dx.
B a 8(%)
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Problems

1. Prove that the Riemann integral of a function in RY is unique.

2. Suppose that F is a domain in RN for N > 2 and thatf : F — R! is
Riemann integrable on F. Show that f need not be bounded on F.

3. Let F be a domain in RY. Show that if f : F — R! is Riemann
integrable, then it is Darboux integrable (Theorem 7.15).

4. Suppose f is defined in the square S = {(x,y) : 0 <x <1, 0 <y <
1} by the formula

1 if x is irrational,

fx,y) = {

4y®  if x is rational.

(a) Show that f, (f; f(x, y)dy)dx exists and has the value 1.
(b) Show that [ f(x, y)dV does not exist.



Infinite Series

CHAPTER

8.1 Tests for Convergence and
Divergence

It is customary to use expressions such as
o0
(8.1) AU+t and Y uy
n=1

to represent infinite series. The u; are called the terms of the series, and
the quantities

Sy =up Uy + -+ Uy, n=172 ...,

are called the partial sums of the series. The symbols in (8.1) not only
define an infinite series but also are used as an expression for the sum
of the series when it converges. To avoid this ambiguity we define an
infinite series in terms of ordered pairs.

Definitions

An infinite series is an ordered pair ({u,}, {sx}) of infinite sequences in
which s, = u; + uy + ... + u, for each n. The u, are called the terms
of the series and the s, are called the partial sums. If there is a number
s such that s, — s asn — oo, we say that the series is convergent and
that the sum of the series is s. If the s,, do not tend to a limit, we say that
the series is divergent.

150
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It is clear that an infinite series is uniquely determined by the se-
quence {u,} of its terms. There is almost never any confusion in using
the symbols in (8.1) for an infinite series. While the definition in terms
of ordered pairs is satisfactory from the logical point of view, it does re-
quire a cumbersome notation. Rather than have unwieldy proofs that
may obscure their essential features, we shall use the standard notation
U +uy+---+u,+---and ZZO:I u, to denote infinite series. The context
will always show whether the expression represents the series itself or
the sum of the terms.

Theorem 8.1
If the series Ziozl u, converges, then u, — 0asn — oo.

Proof

For alln > 1, we have u,, = s, — s,_1. If s denotes the sum of the series,

thens, — sand s,-.; — sasn — oo. Hence u, — s—s = 0 as

n — oo. |
Let

upFty + o U

be a given series. Then a new series may be obtained by deleting a finite
number of terms. It is clear that the new series will be convergent if and only
if the original series is.

Theorem 8.2
Let Y 021 Un, D neyq Un be given series and let ¢ # 0 be a constant.

@) If D0y Un, Yovey Uy are convergent, then Y oo (Un + Up), D pey (Un —
V), and Y02, cuy, are convergent series. Also,

]

oo o¢] o [0¢]
Z(un v, = Zun :I:Zvn, Zcun = cZun.
n=1 n=1

n=1 n=1 n=1

() If Y07, uy diverges, then > oo, cu, diverges.

Proof
For each positive integer n, we have

n n n n n
Z(uk T w) = Z U Z Uk, Z(cuk) =c Z Uy.
k=1 k=1 k=1 k=1 k=1

Then part (a) follows from the theorems on limits. (See Section 2.5.) To
prove part (b), we have only to observe that if ) ;_; cu, converges, then

so does Y _ (1/¢)(Cuy) = Y n_; Un. [ |
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A series of the form
atar+ar*+.. . +a’" +---

is called a geometric series. The number 7 is the common ratio.

Theorem 8.3
A geometric series with a # 0 converges if |r| < 1 and diverges if |r| > 1. In
the convergent case, we have

o0

_ a
E ar™! = )
— 1—7r
n=1

Proof
We easily verify that for each positive integer n,
o1 a ar”

Sn=a+ar+arz+...+ar = — .
1—7r 1—7r

If|r| < 1,then+" — 0asn — oo. Hence s, — a/(1 — 7). If |[r| > 1, then
u, does not tend to zero. According to Theorem 8.1, the series cannot
converge. |

Theorem 8.4 (Comparison test)
Suppose that u,, > 0 for all n.

(@) Ifu, < ay forall n and Y o | a, converges, then Y oo | u, converges
and ZZO:I Up = Zf:l an.

(b) Let a, = 0 for all n. If ZZ’;I a, diverges and u,, > ay for all n, then
307 | up diverges.

The proofisleft to the reader. (See Problem 11 at the end of this section.)
Let f be continuous on [a, +00). We define

+00 b
(8.2) f(x)dx = lim / f(x)dx
a b—+o0 J,
when the limit on the right exists. The term improper integral is used
when the range of integration is infinite. We say that the improper integral
converges when the limit in (8.2) exists; otherwise the integral diverges.

Theorem 8.5 (Integral test)
Suppose that f is continuous, nonnegative, and nonincreasing on [1, + o00).
(o]

Suppose that Y~ | uy is a series with u, = f(n), n = 1,2,.... Then
(@) Yoo, up converges if [ f(x)dx converges; and

(0) Yoo uy diverges if [ f(x)dx diverges.
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Proof
Since f is positive and nonincreasing, we have for n > 2,

n n n—1

Zujff f(x)dfouj.

j=2 1 j=1
We define

X
F = [ s

If this integral converges, then F(X) is a nondecreasing function that tends
to alimit, and so F(n) is a bounded nondecreasing sequence. Thus setting
Sy = Z;;z uj, we see that s, < F(n), and s, tends to a limit. Part (a) is
now established. If the integral diverges, then F(X) — +o00 as X — oo.
Therefore, F(n) — 4o0. Since F(n) < Y'-' u;, we conclude that the

j
series diverges. |

Corollary to Theorem 8.5

The series

>
n=1 nr

known as the p-series, converges if p > 1 and diverges if p < 1.

The proof of the corollary is an immediate consequence of the integral
test with f{x) = 1/x”. For 0 < p < 1, the terms of the p-series tend to zero
asn — oo although the series diverges. This fact shows that the converse
of Theorem 8.1 is false. The hypothesis that u,, - 0 as n — oo does not
imply the convergence of > | u,.

EXAMPLE
Test the series

> 1
; (n + 2)log(n + 2)

for convergence or divergence.

Solution. We define f{x) = 1/[(x + 2)log(n + 2)] and observe that f is
positive and nonincreasing with f{n) = 1/[(n + 2)log(n + 2)]. We have

[a dx _ /a+2 du
L (x+2)logx+2) Sy ulogu

= log[log(a + 2)] — loglog 3.

_ /‘”2 d(log u)
A log u
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Since log[log(a + 2)] — 400 asa — 400, the integral diverges. Therefore
the series diverges. |

Problems
In each of Problems 1 through 10 test for convergence or divergence.

11.

12.
13.
14.
15.
16.

17.

18.

3
Il
—

w
2
3
ey
_"_ f—
' >
M2
=
— ) =
3

n=1 n=1
oo n+1 %)
5 6.
2 2 e
2 2n+3 2, logn
DD 8. )

3
Il
o
3

<o)
2
=

—

(e)
e =

p > 0 constant

3
Il
—
3
|
—

Prove Theorem 8.4(a). [Hint: Use the fact that a bounded, nonde-
creasing sequence tends to a limit (Axiom of continuity).]
Prove Theorem 8.4(D).
For what values of p does the series Y - | log n/n” converge?
For what values of p does the series Y - ,(log n)’/n converge?
Prove the corollary to Theorem 8.5.
Prove the Limit comparison theorem:
Suppose thata, > 0,b, > 0,n =1, 2, ..., and that

a
Iim % =L > 0.

n—-oo n

Then either Y °2, a, and ) -, b, both converge or both diverge.
[Hint: For sufficiently large n, we have $ L < a,/b, < 3 L. Now use
the comparison test (Theorem 8.4) and the fact that the early terms
of a series do not affect convergence.]

Use the result of Problem 16 to test for convergence:

X 2P +n+2
S

—~ 5n%+3n
Take
2n? +n+2 1
ay, = ——, b, = —.
5n3 + 3n n

Use the result of Problem 16 to test for convergence:

> 1
; Jn2+5°
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Take
1 1

an = - ) .
3 ) x5 712/3

8.2 Series of Positive and Negative
Terms; Power Series

When all the terms of a series are nonnegative, the Comparison test (The-
orem 8.4) is a useful tool for testing the convergence or divergence of an
infinite series. (See also the Limit comparison test in Problem 16 at the
end of Section 8.1.) Now we show that the same test may be used when
a series has both positive and negative terms.

Definition

A series Y 7, u, that is such that ) ,°, |u,| converges is said to be

absolutely convergent. However, if Y | u, converges and Y - |uy]

diverges, then the series ) - | uy, is said to be conditionally convergent.
The next theorem shows that if a series is absolutely convergent, then

the series itself converges.

Theorem 8.6
If Y07 |un| converges, then Y oo, uy, converges and

o0 (o]
D | = fual-
n=1 n=1

Proof
Forn=1,2,... we define
[tn| + up [tn] — un

n — 2 ) n — 2
Then we have

Up = Un — Wy, |Mn| = Up + Wy
and

0 < v, < |uyl, 0 < wy < |uyl.

Both Y 2 v, and Y .-, w, converge by the Comparison test (Theorem

8.4). Therefore, Y o7 (Vn — W) = > ooy Uy converges. Also,

o0 o0 o0 o0
D tn| = D —wi)| < Y (W wa) =) Juta]
n=1 n=1 n=1 n=1 .
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A series may be conditionally convergent and not absolutely con-
vergent. The next theorem shows that ) -, (—1)"(1/n) is convergent.
However, the series Y .-, 1/n, a p-series with p = 1, is divergent; hence
Y o (—1)"(1/n) is a conditionally convergent series.

Theorem 8.7 (Alternating series theorem)
Suppose that the numbers u,, n = 1,2, . . ., satisfy the following conditions:

(1) The u, are alternately positive and negative.
(i) |unps1l < lunl for every n.
(i) lim,_ o up = 0.

Then Y o7 | uy is convergent. Furthermore, if the sum is denoted by s, then
s lies between the partial sums s,, and 8,4+, for each n.

Proof

Assume that u; is positive. If not, consider the series beginning with u,,
since discarding one term does not affect convergence. With u; > 0, we
have, clearly,

Ugp—1 > 0and uy, < O for all n.
We now write
Son = (U1 +uz) + (uz +ug) + ... + (Uzn—1 + Uzn).

Since by (ii) above |ugx| < ugr—1 for each k, each term in parentheses is
positive, and so sy, increases with n. Also,

Sop = Uy + (Uz + uz) + (us +us) + ... + (Uzp—2 + Uzn—1) + Uzp.

The terms in parentheses are negative, and uy, < 0. Therefore, s, <
u; for all n. Hence s;, is a bounded, increasing sequence and therefore
convergent to a number, say s; also, sy, < s for each n. By observing that
Soan—1 = San — Ugp, We have 8p,_1 > Sy, for all n. In particular, s, > s =
u; + uy, and so sy,_1 is bounded from below. Also,

Sont1 = Son—1 + (Uon + Uzng1) < S2p—1.

Therefore, s3,,+1 is a decreasing sequence that tends to a limit. Since uy, —
0 asn — oo, we see that s, and sy,11 tend to the same limit s. Because
San—1 is decreasing, it follows that sy,—1 > s for every n. Thus s < s, for
odd p and s > s, for even p. |

The least upper bound and greatest lower bound of a set were discussed
in Chapter 3. Now we introduce a related concept, one that is useful in the
study of infinite series. Let a1, a, as, .. ., an, . .. be a bounded sequence
of real numbers. A number M is called the limit superior of the sequence
{a,} and denoted by lim sup,,_, o, a, if the following two conditions hold:

(a). There is a subsequence of {a,} that converges to M.
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(b). For every ¢ > 0 there are at most a finite number of a, such that
a, > M + ¢.

The limit inferior of {a,}, denoted by liminf,_ a,, is equal to a
number m if the following conditions are satisfied:

(a") There is a subsequence of {a,} that converges to m.
(b") For every ¢ > 0 there are at most a finite number of terms of the
sequence such that a, < m — ¢.

We use the notations

M =limsupa,, or M = limay;
n—oo n—00

m = liminf a,, or m = lim a,.
n—-oo n— 00

EXAMPLES

(D Leta, =1+ (_i)n ,n=1,2, ... Itisclear thata, — 1asn — oo, and

so M = m = 1. On the other hand, we note that the least upper bound of
{a,} is % and the greatest lower bound is 0.
(2) The sequence a, = (—1)", n =1,2,..., hasthe valuesM =1, m =

—1. The L.u.b. is 1 and the g.1.b. is —1.

In the above development we assumed that M and m are real numbers.
It is a minor modification to add the cases where M or m are either +oo
or —oo; we leave the details to the reader.

The next test is one of the most useful for deciding absolute
convergence of series.

Theorem 8.8 (Ratio test)
Suppose that u, # 0, n = 1,2, ..., and that

ETo un+l un+l
lim =por |—— | > 400 asn — 0.
n—o00 Un Un
Then
() if p < 1, the series Y - | u, converges absolutely;
() if p > 1 or |ups1/un| — +00 asn — oo, the series diverges;

(iil) if p = 1, the test gives no information.

Proof
(i) Suppose that p < 1. Choose any p’ such that p < p’ < 1. Then there
exists an integer N such that |u,,1/u,| < p’ for all n > N. That is,

[unt1l < p'lun| forn > N.
By induction, we have

[t < (o) Nuy| for alln > N.
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The series Y - |un| converges by the Comparison test, using the geo-
metric series Y - (p)". The original series converges absolutely, since
the addition of the finite sum Y"~_' |u,| does not affect convergence.
@) If p > 1 or |upp1/unl — oo, then there is an integer N such that
|tpe1/uy| > 1 forall n > N. Then |u,| > |uy| for all n > N. Hence u,
does not approach zero as n — o0o. By Theorem 8.1 the series cannot
converge.

(iii) The p-series for all values of p yields the limit p = 1. Since the p-
series converges for p > 1 and diverges for p < 1, the ratio test can yield
no information on convergence when p = 1. |

The next theorem provides a useful test for many series.

Theorem 8.9 (Root test)
Let > 02| uy be a series with either

1/n

Dl/n = +00.

lim (u, = por lim (lux)
n—oo n—oo

Then

() ifp < 1, the series Y .| u, converges absolutely;
(i) if p > 1 oriflim,oo|ttn|™ — 400, the series diverges;
(iii) if p = 1, the test gives no information.

Proof

(1) Suppose p < 1.Choose ¢ > 0sosmall that p+¢ < 1aswell. It follows
that |u,|'" < p 4 & for all n > N if N is sufficiently large. Therefore,
lun] < (p + €)" for all n > N. We observe that

Z(IO + 8)71
n=1

is a convergent geometric series, since p + ¢ < 1. The Comparison test
(Theorem 8.4) shows that > -, |u,| converges. Hence (i) is established.

(i) Suppose p > 1 or |uy|’" — +o0o. Choose ¢ > 0 so small that
(p — &) > 1. Therefore, in case (ii), p — & < |u,|"/" for all sufficiently
large n. We conclude that

lim fu,| # 0;
n—oo
and hence both ) > | |u,| and ) .-, u, are divergent series. [ ]

A power series is a series of the form
cotax—a)+ax—ai+.. . +ex—a)y +---,

in which a and ¢;, i = 0,1, 2, ..., are constants. If a particular value is
given to x, then the above expression is an infinite series of numbers that
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can be examined for convergence or divergence. For those values of x in
R! that yield a convergent power series, a function is defined whose range
is the actual sum of the series. Denoting this function by f, we write

fix— ico(x —a)".
n=0

It will be established that most of the elementary functions such as the
trigonometric, logarithmic, and exponential functions have power series
expansions. In fact, power series may be used for the definition of many
of the functions studied thus far. For example, the function log x may be
defined by a power series rather than by an integral as in Section 5.3. If a
power series definition is used, the various properties of functions, such
as those given in Theorems 5.12 and 5.13 are usually more difficult to
establish.

We first state a lemma and then prove two theorems that establish the
basic properties of power series.

Lemma 8.1
If the series y -, un converges, then there is a number M such that |u,| < M
for all n.

The proofis left to the reader. (See Problem 24 at the end of the section
and the hint given there.)

Theorem 8.10

If the series Y -, cn(x — a)" converges for x = x; where x; # a, then the
series converges absolutely for all x such that |x — a| < |x; — a|. Furthermore,
there is a number M such that

n

XxX—a
|||) for |x — a| < |x; — a| and for all n.
a

(8.3) len(x —a)'| <M (

X —

Proof

By Lemma 8.1 there is a number M such that
lcn(x1 — a)'| < M for all n.

Then (8.3) follows, since

x—a"

(1 —ay

x — al
|Cn(x - a)n| = |Cn(xl - a)n| ’ | |

X1 —al*”

We deduce the convergence of the series at |[x — a| by comparison with the
geometric series the terms of which are the right side of the inequality
in (8.3). n
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Theorem 8.11
Let Y 02, cn(x — a)" be a given power series. Then

(1) the series converges only for x = a; or
(ii) the series converges for all values of x; or
(iii) thereis a number R such that the series converges for |[x —a| < R and
diverges for |x — a| > R.

Proof

There are simple examples of series that show that (i) and (ii) may hap-
pen. To prove (iii), suppose there is a number x; # a for which the series
converges and a number x, # a for which it diverges. By Theorem 8.10
we must have |x; — a| < |xy — al, for if |x;, — a| < |x; — al, the series
would converge for x = x;. Define the set S of real numbers

S = {p : the series converges for [x — a| < p},

and define R = sup S. Now suppose |¥' — a| < R. Then thereisap € S
such that [¥' — a|] < p < R. By Theorem 8.10, the series converges for
x = ¥'. Hence the series converges for all x such that |x — a| < R. Now
suppose that [x" —a| = p’ > R. Ifthe series converges for ¥/, then p’ € S,
and we contradict the fact that R = sup S. Therefore, the series diverges
for |x — a] > R, completing the proof. ]

EXAMPLE 3
Find the values of x for which the series

D=1y
Z

Znnz

converges.

Solution. We apply the ratio test:

Untr | _ }|X T n’
Un 2 (n+1)2
and
—u 1
lim [ = S x—1].
n—o0 | Uy 2

Therefore, the series converges for % [x —1] < 1orfor—1 < x < 3. By
noting that for x = —1 and x = 3 the series is a p-series with p = 2, we
conclude that the series converges for all x in the interval —1 < x < 3
and diverges for all other values of x. |
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Problems

In each of Problems 1 through 16, test the series for convergence or di-
vergence. If the series is convergent, determine whether it is absolutely
or conditionally convergent.

n=1

x| (—1)"1(10)" o (=D
1. ; T 2. HZ:; W .
S DT — 1) (D
5 nX:; nz+1 & ; nn—1/2)"
2\ (—1)1(4/3)" N (=) n!
> ZT 6.2 3.5..2n—1)

3
Il
—

1-
- i(—n (n—l—l). (-D)"-2-4-6...2n

Mg

— N —~ 1-4-7...3n-2)
o~ (—1)"(2n* —3n 4 2 = —1)"*!
o o EEE=mED -y D .
= n ~ (n+1)logn+1)
1 i (=) log(n + 1) 12 i (—1)"logn
n=1 n+1 n=1 nZ
oo [o¢]
(=2)" n!
13. : 14. —.
VZZ; Vl3 n=1 e"
o0 n n
15. 1)"37™. 16. :
I > (551)

In each of Problems 17 through 22, find all the values of x for which the
given power series converges.

00 o (X _ Z)n
17. (n + x". 18. —_.
(3/2)"x" n(x + 2)"
19. : 20.
HX(:) n+1 Z
o1 i nl(x — 3)" . Z (Zn +2n+ ;)x”
<1-3...(2n—-1) — 2(n+1)

23. Find the interval of convergence of the binomial series

X mm—1)---m—n+1
1+Z ( ) ( + )X”, m a constant.

|
n=1 n.

24. Prove Lemma 8.1. [Hint: Use Theorem 8.1 and the fact that a finite
number of terms has (at least) one that is largest in absolute value.]
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8.3 Uniform Convergence

Let {f,} be a sequence of functions with each function having a domain
containing an interval I of R! and with range in R!. The convergence of
such a sequence may be examined at each value x in I. The concept of
uniform convergence, one that determines the nature of the convergence
of'the sequence for all x in I, has many applications in analysis. Of special
interest is Theorem 8.12, which states that if all the f,, are continuous, then
the limit function must be also.

Definition

We say the sequence {f,,} converges uniformly on the interval I to the
function f if for each ¢ > 0 there is a number N independent of x such
that

(8.4) Ifn(¥) = f(x)| < eforallx e Tandalln > N.

Uniform convergence differs from ordinary pointwise convergence in
that the integer N does not depend on x, although naturally it depends on
e.

The geometric meaning of uniform convergence is illustrated in Figure
8.1. Condition (8.4) states that if ¢ is any positive number, then forn > N
the graph of y = f,,(x) lies entirely below the graph of f{x) + ¢ and entirely
above the graph of f{x) — e.

/\/ v=f(x)+e

y=f(x)

/-\/ y=f(x)—¢€

1

y :fn(x) 1

Figure 8.1 Ilustrating uniform convergence.

It can happen that a sequence {f,(x)} converges to f(x) for each x on an
interval I but that the convergence is not uniform. For example, consider
the functions

2nx

m, I:{XO§X§1}

o x —>
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The graphs of f,, for n = 1, 2, 3, 4 are shown in Figure 8.2. If x # 0, we
write
2x/n

fa(®) = 21 (/)

and observe that f,(x) — 0 for each ¥ > 0. Moreover, f,(0) = 0 for all n.
Hence, setting f{x) = 0 on I, we conclude that f,(x) — f(x) for all x on I.

|
|
|
|
U — - X
1

Figure 8.2 Illustrating nonuniform convergence to f{(x) = 0.

Taking the derivative of f,,, we find

2n(1 — n?x%)

fux) = RET o

Therefore, f, has a maximum at x = 1/n with f,(1/n) = 1. Thusife > 1,
there is no number N such that |f,(x¥) — f(x)| < eforalln > N and all x
on I; in particular, |f,(1/n) — f{1/n)| = 1 for all n.

The definition of uniform convergence is seldom a practical method
for deciding whether or not a specific sequence converges uniformly. The
importance of uniform convergence with regard to continuous functions
is illustrated in the next theorem.

Theorem 8.12

Suppose that f,, n = 1,2, ..., is a sequence of continuous functions on an
interval I and that {f,} converges uniformly to f on I. Then f is continuous
onl.
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Proof
Suppose ¢ > 0 is given. Then there is an N such that
€
(8.5) Ifn(®) — flx)l < 3 forallxonIandalln > N.

Let xy be any point in I. Since fy+1 is continuous on I, there isa § > 0
such that

(8.6) Ifn+1(X) — fvr1(R0)| < g for all ¥ € I such that [x — xg| < 6.
Also, by means of (8.5) and (8.6), we obtain
(%) = flxo)|l = %) = v (D] + Ifn+1(%) = fvs1(xo)l + Ifv+1(x0) — flxo)l

& & &
<-4+ -+<-=¢

3 3 3
which is valid for all x on I such that |[x — xy| < 8. Thus f is continuous
at xo, an arbitrary point of I. |

The next result shows that a uniformly convergent sequence of
continuous functions may be integrated term by term.

Theorem 8.13 (Integration of uniformly convergent sequences)
Suppose that each f,, n = 1,2, ..., is continuous on the bounded interval 1
and that {f,} converges uniformly to f on I. Let ¢ € I and define

Fo(x) = / Fu(t)dt.

Then f is continuous on I, and F,, converges uniformly to the function
X
F(x) = / f(tydt.
Cc

Proof

That f is continuous on I follows from Theorem 8.12. Let L be the length
of I. For any ¢ > 0 it follows from the uniform convergence of {f,} that
there is an N such that

Ifn(®) — (B < % forallm > Nandallton L.
We conclude that

[Fn(x) — F(x)| = < < —lx—c|<e

/ [fu(®) = fO)dt / Ifa(6) = D)4t

e
L
foralln > N and all x € I. Hence {F,} converges uniformly on I. ]

The next theorem illustrates when we can draw conclusions about the
term-by-term differentiation of convergent sequences.
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Theorem 8.14

Suppose that {f,,} is a sequence of functions each having one continuous deriva-
tive on an open interval I. Suppose that f,(x) converges to f(x) for each x on I
and that the sequence f, converges uniformly to g on I. Then g is continuous
onI;and f'(x) = g(x) forall x on I.

Proof
That g is continuous on I follows from Theorem 8.12. Let ¢ be any point
on I. For each n and each x on I, we have

/ F(Od = fu(30) — ful©).

Since {f,} converges uniformly to g and f,(x) converges to f(x) for each x
on I, we may apply Theorem 8.13 to get

X
(87) | et =0 - o)
9
The result follows by differentiating (8.7). u
Many of the results on uniform convergence of sequences of functions

from R! to R! generalize directly to functions defined on a set A in a
metric space S and with range in R!.

Definition
Let A be a set in a metric space S and suppose that f, : S — R!
n = 1,2, ..., is a sequence of functions. The sequence {f,,} converges

uniformly on A to a function f : A — R! if for every ¢ > 0 there is a
number N such that

Ifn(*) — flx)] < eforallx € Aandalln > N.

The next theorem is an extension of Theorem 8.12.

Theorem 8.15
Suppose that each f, is continuous on a set A in a metric space S where
fu:S — R If{f,) converges uniformly to f on A, then f is continuous on A.

The proof is similar to the proof of Theorem 8.12.
Theorem 8.13 has a generalization to functions defined in N-
dimensional Euclidean space.

Theorem 8.16

Let F be a closed region in RY and suppose that f:F — R, n =1,2,... is
a sequence of continuous functions that converges uniformly to f on F. Then
f is continuous on F', and

/ fdvy = lim | fudVa.
F n—oo F
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The proof is similar to the proof of Theorem 8.13.

Let {f,} be a sequence defined on a bounded open set G in RY with
range in R'. Writing f,(x1, %2, . . ., xn) for the value of f;, at (x1, x2, . . ., Xn),
we recall that

0
fox and — fu(x1, x2, ..., XN)
3Xk

are symbols for the partial derivative of f;, with respect to x.

Theorem 8.17

Let k be an integer such that 1 < k < N. Suppose that for each n, the
functions f;:G — R and f,, . are continuous on G, a bounded open set in R,
Suppose that {f,(x)} converges to f(x) for each x € G and that {f, x} converges
uniformly to a function g on G. Then g is continuous on G, and

fr(*) = g(x) forall x € G.

The proof is almost identical to the proof of Theorem 8.14.
If a sequence of continuous functions {f,} converges at every point to
a continuous function f, it is not necessarily true that

/fndV—> /deasn—> 0.

Simple convergence at every point is not sufficient, as the following
example shows. We form the sequence (forn = 2,3,4,...)

3 1
nex, 0<x=< —,
n
2 2 1 2
forx = —nx" + 2n, - <x< -,
n n
2
0, — <x<1.
n

It is easy to see from Figure 8.3 that f,(x) — flx) = 0foreachx € I =
{x : 0 < x < 1}. Also since the area of each triangle under the curve f,(x)
is exactly 1, we have

1 1
1= [ fiwar - [ s =o
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(S

Figure 8.3 f, converges to f, but fol f» does not converge to fol f

Problems

In each of Problems 1 through 10 show that the sequence {f,,(x)} converges
to f(¥) for each ¥ € I and determine whether or not the convergence is

uniform.

fn :
fn :
fn :
fn :
fn :
fn :
fn :
fn :
fn :
DX
. Show that the sequence f, : x — X" converges foreachx € [ = {x :

N S0 kWD

._.
e

fo

—_
—_

XN X X R R R R XX

iiiiiiiii

¥

142—?:1x’f(X)EO,I:{X:O§x§1},
&\/;er(x)foyfz{x:0§x§1}.

i J0) = 0,1 = (x:0 = x < 1),

1+n“xz'f(x)_01—{x a<X<OO&l>O}
]+nx)f(x)_XI_{X 0<X<1}
f—i-fcos(l/nx) flX)y=1/Vx, I ={x:0 < x < 2}.
sin nx f(X)—OI_{x 0 < x < o0},

2nx !

x”(l—x)ff(x)—o I={x:0<x<1}
r=frim) <xs ),
nx _”",f(x)_OI—{x 0<x <1}

0 < x < 1} but that the convergence is not uniform.

—
N

. Given that f,(x) = (n + 2)(n + 1)x"(1 — x) and that flx) = 0 for x

onI = {x : 0 < x < 1}, show that f,(x) - f{x) asn — oo for
each x € I. Determine whether or not fol fu(x)dx — fol f(x)dx as
n — oo.
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13. Give an example of a sequence of functions {f,} defined on the set
A={xy) :0<x <10 <y < 1} such that f,, converges to a
function f at each point (x, y) € Abut [, fu(x, AV —~ [, flx,y)av.

14. Suppose that {f;,} converges uniformly to f and {g,} converges uni-
formly to g on a set A in a metric space S. Show that {f, + g}
converges uniformly to f + g.

15.  (a) Suppose {f,} and {g,} are bounded sequences each of which

converges uniformly on a set A in a metric space S to functions
f and g, respectively. Show that the sequence {f,g,} converges
uniformly to fg on A.

(b) Give an example of sequences {f,} and {g,} that con-
verge uniformly but are such that {f,g,} does not converge
uniformly.

8.4 Uniform Convergence of Series;
Power Series

Let ux(x), k = 1, 2, ..., be functions defined on a set A in a metric space
S with range in R!.

Definition

The infinite series Y ;- ux(x) has the partial sums s,(x) = > ;_; ur(%).

The series is said to converge uniformly on a set A to a function s if

the sequence of partial sums {s,} converges uniformly to s on the set A.
The above definition shows that theorems on uniform convergence

of infinite series may be reduced to corresponding results for uniform

convergence of sequences.

Theorem 8.18 (Analogue of Theorem 8.12)

Suppose that u,, n = 1,2, ..., are continuous on a set A in a metric space S
and that Y 07 | uy(x) converges uniformly on A to a function s(x). Then s is
continuous on A.

The proof of Theorem 8.18 as well as the proofs of the next two
theorems reduce to the proofs of the corresponding results for sequences.

Theorem 8.19 (Term-by-term integration of infinite series)

Let uy(x), n = 1,2, ..., be functions whose domain is a bounded interval
I in R! with range in R'. Suppose that each u, is integrable on I and that
Y o2 un(X) converges uniformly on I to s(x). Then s is integrable on I. If ¢ is
in I, and Uy, S are defined by

Un(x) = / w0, S = / st
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then Yy 2| Un(x) converges uniformly to S(x) on I.

Theorem 8.20 (Term-by-term differentiation of infinite series)
Let k be aninteger with1 < k < N. Suppose that u, andu,x,n = 1,2, ..., are
continuous functions defined on an open set G in RY (range in R). Suppose
that the series Y -, un(x) converges for each x € G to s(x) and that the series
> o2 unk(x) converges uniformly on G to t(x). Then

sx(x) = t(x) for all x in G.

The following theorem gives a useful indirect test for uniform conver-
gence. It is important to observe that the test can be applied without any
knowledge of the sum of the series.

Theorem 8.21 (Weierstrass M-test)

Let upy(x), n = 1,2, ..., be defined on a set A in a metric space S with range
in RY. Suppose that |u,(x)| < My, for all n and for all x € A. Suppose that the
series of constants Y .- | M, converges. Then Y o2, un(x) and Y oo |un(x)]
converge uniformly on A.

Proof
By the Comparison test (Theorem 8.4) we know that Y o7 |un(¥)|
converges for each x. Set

th(%) = Z lux(x)| and t(x) = Z lur(X)].
k=1 k=1

From Theorem 8.6 it follows that ) °2 | u,(x) converges. Set

sa(®) = Y _wk(®),  s(0) =Y ux(¥).
k=1 k=1

Then

o0

I50(2) — S| = | D wk(®)

k=n+1

D @) = 1) — (@)

k=n+1

oo
< ZMk'

k=n+1

IA

We define § = Y2, My, Su = Y ;_; M. Then Y 77\ My = S — Sy;
since S — S, — 0 as n — oo independently of x, we conclude that the
convergence of {s,} and {t,,} are uniform. |
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The next theorem on the uniform convergence of power series is a
direct consequence of the Weierstrass M-test.

Theorem 8.22

Suppose that the series Y o co(x — a)" converges for x = x; with x; # a.
Then the series converges uniformly on I = {x:a — h < x < a + h} for each
h < |x — al. Also, there is a number M such that

h n
8.8 cn(x—a)'| <M. | —
(88) len( = a)'| (m_al)
for
[x —al <h < |x —al.

Proof
Inequality (8.8) is the inequality stated in Theorem 8.10. The series

Z )
|X1 - al

=0

is a geometric series of constants that converges. Therefore, the uniform
convergence of Y o, c,(x — a)" follows from the Weierstrass M-test. W

EXAMPLE 1

Given the series
oo

(8.9) > (n+ D,
n=0

find all values of h such that the series converges uniformly on I = {x :
|x| < h}.

Solution. For |x| < h, we have |(n + 1)x"| < (n + 1)h". By the ratio test,
the series ) - (n + 1)h" converges when h < 1. Therefore, the series
(8.9) converges uniformly on I = {x : |x| < h} if h < 1. The series (8.9)
does not converge for x = 1, and hence there is uniform convergence
ifand only ifh < 1. |

EXAMPLE 2
Given the series

(8.10) i

find all values of h such that the series converges uniformly on I = {x :
x| < h}.

n

S‘N

Solution. For |x| < h, we have |x"/n?*| < h"/n*. The p-series y .. 1/n*
converges, and by the Comparison test, the series ) -, h"/n* converges
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if h < 1. By the Ratio test, the series (8.10) diverges if x > 1. We conclude
that the series (8.10) converges uniformly on I = {x : |x| < 1}. |

Theorem 8.23
Suppose that the series

(8.11) flx) = Z (X — a)'

n=0
converges for [x — al < R with R > 0. Then f and f' are continuous on
|x —al < R, and

(8.12) fl(x) = chn(x — )" for |x —a| < R.

Proof

Choose x; such that |x; — a|] < R and then choose h such that 0 < h <
|x1 — al. Then the series (8.11) converges uniformlyonI = {x : [x —a| <
h}, and there is a number M such that

h

n
) for [x — a| < h.
|x1 — al

len(x — a)'| < M (

According to Theorem 8.18, the function f is continuous on I. Also, we
obtain

nM h "
nea(x —a)" ) < nle < — | ——— | = un.
InenCe = @' < mlenl™t = 5= ,
From the ratio test, the series ) .- | u, converges, so that the series (8.12)
converges uniformly on I. Hence the function f” is continuous on I. Since
h may be chosen as any positive number less than R, we conclude that f
and f’ are continuous for |[x — a| < R. |

With the aid of Theorem 8.23, we obtain the following theorem on
term-by-term differentiation and integration of power series.

Theorem 8.24
Let f be given by

o0
(8.13) fix) =Y cn(x — a)" for |x —al < RwithR > 0.
n=0
(1) Then f possesses derivatives of all ovders. For each positive integer m,
the derivative fU(x) is given for |x — a|l < R by the term-by-term
differentiation of (8.13) m times.
(ii) If F is defined for |x — a| < R by

Fm=/HMa
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then F is given by the series obtained by term-by-term integration of
the series (8.13).
(iii) The constants ¢, are given by

F0(a
(8.14) Cp = TE) :

Proof

The proof of (i) is obtained by induction. We obtain (ii) by application of
Theorem 8.19. To establish (iii), differentiate the series (8.13) n times and
set x = a in the resulting expression for f((x). [

Combining expressions (8.13) and (8.14), we see that any function f
defined by a power series with R > 0 has the form
o0
f"(a)
(8.15) foo =3 — =
= !

0

(x —a)".

A function that has continuous derivatives of all orders in a neighbor-
hood of some point is said to be infinitely differentiable. It may happen
that a function f is infinitely differentiable at some point a but is not rep-
resentable by a power series such as (8.15). An example of such an f is
given by

fAX_){e_l/"z ifx #0,
0 ifx = 0.

By differentiation, we find that for x # 0
f’(x) _ ZX_SG_I/XZ,

f”(X) _ X76(4 _ 6x2)671/x2’

f‘(}’l) (X) — X—?ﬂ’lpn (X)e—l/?(z ,

where P, is a polynomial. By ’'Hoépital’s rule, it is not hard to verify that
fW(x) - 0asx — Oforn =1, 2,.... Therefore, we know that f("(0) = 0
for every n, and so f has continuous derivatives of all orders in a neigh-
borhood of 0. The series (8.15) for f is identically zero, but the function
f is not; therefore the power series with a = 0 does not represent the
function.

One of the tools for establishing the validity of power series expan-
sions for infinite series is the next result, known as Taylor’s theorem with
remainder.
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Theorem 8.25 (Taylor’s theorem with remainder)

Suppose that f and its first n derivatives are continuous on an interval con-
taining I = {x:a < x < b}. Suppose that f"*V(x) exists for each x between a
and b. Then there is a & with a < & < b such that

L)} )
oy =y S0 w-ay+x,
=0

where
(8.16) R, = frIE® - a!

' " n+1)! '
Proof

We define R,, by the equation
nofD(eq .
finy=">y" 7@ (b —aY + Ry;
=
that is,

= f(b) — a)j.

j=0

fO(a)
i1

We wish to find the form R, takes. For this purpose define ¢ for x on I by
the formula

A0 b — )l
o0 = = Y- =0 00— -, T
=0

Ji a)n-H ’

Then ¢ is continuous on I, and ¢'(x) exists for each x between a and b. A
simple calculation shows that ¢(a) = ¢(b) = 0. By Rolle’s theorem there
is a number § with a < & < b such that ¢'(§) = 0. We compute

g+
#(x) = f(x)+2f” o =Y D gy

T &
( _ x)n
+ (1’1 + 1)Rn m .

Replacing j by j — 1 in the second sum above, we find

_ o) .
¢ = —f (x)+f(x)+2 00 g, gy oy S S (g —
—1i -1y
") n (b —x"
. (b — %) +(7’l+1)an

__ (D" | RO -a
(b —ayH (n+ 1) S
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The formula for R, given in (8.16) is obtained by using the fact that ¢'(§) =
0 and setting x = & in the above expression. ]

Using Theorem 8.25 we can now establish the validity of the Taylor
expansion for many of the functions studied in elementary calculus.

Theorem 8.26
For any values of a and x, the expansion

o0
(x —a)
8.17 Y=t R
(8.17) ¢ = ; -
is valid.
Proof

We apply Taylor’s theorem to f(x) = ¢*. We have f(W(x) = ¢* for n =
1,2,..., and, setting b = x in (8.16), we find

n j n+1
(x —ay e(x — a)
e =¢" ——= 4+ Ry(aq, x), Ry= ———,
JZZO: 5! n(@ %) ; (n+ 1)
where £ is between a and x. If x > a,thena < £ < x, and so ¢ < ¢ if
x < a thenx < &€ < aand & < ¢*. Hence

X

Ix — a|"t! € ifx > a,

(8:18) Ru(a, ) = €@, ¥) ~o =7

a

where C(a, x) =
e ifx < a.

Note that C(a, x) is independent of n. By the Ratio test, the series in (8.17)
converges for all x. The form of R, in (8.18) shows thatR,, — 0asn — oo.
Therefore, the series (8.17) converges to ¢* for each x and a. u

Theorem 8.27
For all a and x the following expansions are valid:

2, si /2

inx = 30 SEHTD)
n=0 n
>, cos(a + nm/2

cosx = Z (;n)(x —a)".

|
=0 n:

The proof is left to the reader.
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Theorem 8.28
The following expansions are valid for |x| < 1:

)n+1 n

log(1 +9 = 3 CUTX

n=1

( 1)1’1 1 Zn 1
arctan x = E 5 1
n —

The proof is left to the reader.

In many applications of Taylor’s theorem with remainder, it is impor-
tant to obtain specific bounds on the remainder term. The theorem which
follows gives the remainder R, in an integral form and is often useful in
obtaining precise estimates.

Theorem 8.29 (Taylor’s theorem with integral form of the remain-
der)

Suppose that f and its derivatives of order up to n + 1 are continuous on an
interval I containing a. Then for each x € 1,

(8.19) flx) = zn: W + Rn(a, %),
where B

(8.20) Ru(a,x) = /a ’ (x;ilt)” FOFD ).
Proof

For each x € I, by integrating a derivative we have

o = fiay+ [ f o
We integrate by parts in the above integral by setting
u=f(t) du = f"(0)dt,
v=—(x —1t), dv = dt.

We obtain

ﬂm=ﬂ@—KX—m%mxy/w—oﬂmw

=fla) + f'(@(x — a) + / (x = Of (Dt
We repeat the integration by parts in the integral above by setting
u=f"(), du = f"(t)dt,

— )2
v:—(xz), av = (x — Hdt.
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The result is

0 = flay + @) S i f frin
We repeat the process and apply mathematical induction in the general
case to obtain Formulas (8.19) and (8.20). u

The “binomial formula” usually stated without proof in elementary
courses is a direct corollary to Taylor’s theorem.

Theorem 8.30 (Binomial series theorem)
For each m € R, the following formula holds:

8.21) (1+X)m:1+§:m(m—1)...(m n+1) W for ] < 1.

|
=1 n!

Proof
We apply Theorem 8.29 with a = 0 and f(x) = (1 4+ x)™. The result is

mm-—1)---(m—-—n+1) o
n!

k
Q+0" =1+

n=1

+ Ri(0, %),

where

X _ Ak
Ry (0, %) = /(; (x - t) mm—1)---(m — k(1 + t)m_k_ldt,

We wish to show that Ry — 0 as k — oo if |[x|] < 1. For this purpose we
define

(1+x)"! ifm>1x>0o0orm<1x<0,
Cn(x) =

ifm<1l,x>0,orm=>1,x<0.

We notice at once that (1 + )" ! <

Cm(x) for all t between 0 and x.

Therefore,
[m m — k)| X —t
IRk(0, ¥)| < Ciu(x) (o ) ! ) / 14¢

We define

ur(¥) = Cu(x) mom = 1)]("!. = |X|k+1,

and set t = xs in the above integral. Hence
sy

IRk(0, )| < uk(x)/ 0T xs)k ds.

This last integral is bounded by 1 for each x such that —1 < x < 1; hence
|Rx(0, )| < ux(x). By the Ratio test it is not difficult to verify that the
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series Y-, ux(x) converges for x| < 1. Therefore, ux(x) — 0 ask — oo,
and so Rx(0, x) — 0 for |x| < 1 and all m. u

Problems
In each of Problems 1 through 10, determine the values of h for which
the given series converges uniformly on the interval I.

N
— O

—
N

13.

© ® N Uk D=

S S I ={x: x| <hl
Yoo, if—ﬁ,I:{x: |x| < hJ.
Yoo n(x— 1" I ={x:|x—1] <h}

Yoo O T =x: |x| < h).

n=0 nl

00 (_])HZV{XH . )
ZVI:O 3)7(n+1) rI - {X M |X| S h}
D2x=1)"
Zio%,lz{x: lx — 1| < h}.
o0 n
anlm,I:{lexlﬁh}.

Yoo, UsmZ p — x: (x| < h).

n=1 3mm/n

Yo X1 —x), I ={x:|x| <h}.

¥ _ .
st Ty I =1 Xl < R}

. Given that ) 7, |a,| converges, show that Y > | a, cos nx converges

uniformly for all x.

. Given that Y °7 | n|b,| converges, let [x) = Y o-, b, sin nx. Show

that f'(x) = Y -7, nb, cos nx and thatboth series converge uniformly
for all x.

Show that if >/ ¢.(x — a)" converges uniformly for |x — a| < h,
then it converges uniformly for |x — a| < h.

In each of Problems 14 through 21 find the Taylor expansion about a = 0
and prove its validity.

14.
15.
16.
17.
18.
19.
20.
21.

: X — arcsinx
cx—> (1412
: x — arctan(x?)
cx—> (1—x)73
cx—> (1—x)72
cx—> (1—x%H)73
c(1—aH)

. x — arcsin(x*)

S s s s



The Derivative of
~ an Integral

CHAPTER

9.1 The Derivative of a Function
Defined by an Integral. The Leibniz
Rule

In this chapter we develop rules for deciding when it is possible to inter-
change the processes of differentiation and integration. We establish the
required theorems for bounded functions defined over a finite interval
in this section and treat integrals over an infinite range in Sections 9.2
and 9.3.

Let f be a function with domain arectangle R = {(x,t) : a < x < b, ¢ <
t < d} in R? and with range in R'. Let I be the interval {x : a < x < b}
and form the function ¢ : I — R! by the formula

da
(9.1) $(x) = / flx, 0yt .
Cc
We now seek conditions under which we can obtain the derivative ¢’ by

differentiation of the integrand in (9.1). The basic formula is given in the
following result.

178
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Theorem 9.1 (Leibniz’s rule)
Suppose that f and f, are continuous on the rectangle R and that ¢ is defined
by (9.1). Then

d
(9.2) &' (%) :/ fi(x, tdt , a<x<bh

Proof
Form the difference quotient

_ a
DI = 5 [0 — s o

h h
Observing that
x+h
f(X + hr t) - f(X, t) = / f:l (Zv t)dZ,
we have
_ d px+h
(9.3) w = % / / f1(z, t)dz dt.

Since f; is continuous on the closed, bounded set R, it is uniformly
continuous there. Hence, if ¢ > 0 is given, there isa § > 0 such that

120 = 1000l < o—

for all t such that ¢ < t < d and all z such that |z — x| < §. We now use
the artifice

d d x+h
(9.4) / fix, H)dt = % / fi(x, H)dz dt,

which is valid because z is absent in the integrand on the right. Subtracting
(9.4) from (9.3), we obtain

_ d
'¢(x+h£ o) / v 0t

da 1 x+h
/; { 7 /; [f1(z, Hf1(x, t)]dz} dt

Now, if |h| is so small that |z — x| < § in the integrand on the right side
of (9.5), it follows that

d(x + h) — P(x)

A —/cdfl(x,t)dt
- [

1 x+h e
- d
h_/x d—c

(9.5) =

dt:idic -(d—-c)=ce.
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Since ¢ is arbitrary, the left side of the above inequality tends to 0 as
h — 0. Formula (9.2) is the result. u

If the function f in (9.1) can be integrated explicitly with respect to t,
then finding the derivative of ¢ is a straightforward computation. How-
ever, there are situations in which f cannot be integrated, but f; can. We
give an example illustrating this point.

EXAMPLE 1
Define f : R? — R! by

(sinxt)/t fort # 0,
P fort = 0.

flx, t) — {
/2

Find ¢, where ¢(x) = [, " flx, t)dt.

Solution. We have

sin xt . sin(xt)
im = xlim =x-1=x%,
t—0 t t—0 (Xt)
and so f is continuous on A = {(x,t) : —00 < x < 00, 0 <t < 7/2}.

Also,
_ ) (cosat)/t fort # 0,
) =
fa(% 9 { 1 fort = 0.

Hence f is continuous on A. We apply Leibniz’s rule and obtain

/2 . 2
d(x):/ cosxtdt:sm(ZJ, X #0,
0

and so ¢'(0) = m/2. Observe that the expression for ¢(x) cannot be
integrated. u

We now take up an important extension of Leibniz's rule. Suppose that
f is defined as before and, settingI = {x : a < x <bland] = {t : ¢ <
t < dj}, let hy and h; be two given functions with domain on I and range
on J. Suppose that ¢ : I — R! is defined by

hy (%)
o0 = [ DL

We now develop a formula for ¢'. To do so we consider a function F :
R3 — R! defined by

(9.6) F(x,y,2) = / ) f(x, ydt.
Y
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Theorem 9.2
Suppose that f and f; are continuous on R = {(x,t):a < x < b, ¢ <t < d}
and that F is defined by (9.6) with x on I and y,z on J. Then

(97) EI(X; Y, Z) = / f](X, t)dtr F,Z = —f(x, y)r F,3 = f(X, Z)'
y

Proof
The first formula in (9.7) is Theorem 9.1. The second and third formulas
hold because of the Fundamental theorem of calculus. |

Theorem 9.3 (General Leibniz rule)

Suppose that f and f are continuous on R = {(x,t):a < x < b, ¢ <t < d}
and that hg and hy both have a continuous first derivative on I with range on
J. If ¢:I — R! is defined by

hi (%)
(%) = / flx, tydt,
ho (%)

then
h (%)

(9.8) ¢ (%) = flx, ()] (%) — f[x, ho(X)]ho(x) + / fa(x, tdt.

ho(x)

Proof
Referring to F defined in (9.6), we see that ¢(x) = F(x, ho(x), h1(x)). We
apply the chain rule for finding ¢’ and obtain

@' (%) = F1 + Faho(¥) + F3hy(%).

Now, inserting the values of F; and F; and F 3 from (9.7) into the above
formula with y = hy(x) and z = h;(x), we get the General Leibniz rule
(9.8). [

EXAMPLE 2 ,
Given ¢ : x — [ arctan (é) dt, ind ¢'.

0 " t 2tx
— (| arctan | — = ——.
ox X2 2 4 x4

Using the General Leibniz rule (9.8), we obtain

Solution. We have

2tx
12 4 x4

¢'(x) = (arctan 1)(2x) — / '
0

Setting t = x?u in the integral on the right, we get

¢/X_nx x/] 2u du O E
()_2 o 1+uz T\ 2 52): -
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Problems
In each of Problems 1 through 10, find ¢'.

1 sin xt
1. ¢:X—>/ dt.
o 1+t

2t
e
2. ¢:x—>/ dt.
1 14+ xt
3.

1
¢ x— / f(x, H)dt where
0

(t* —1)/logt fort #0,1,
f:(x,) =30 fort =0,

X fort = 1.

4. ¢ x — f cos(t?)dt.
1
5 ¢:x —> f sin(xt)dt.

6. ¢:x—> tan(xt)dt.

XZ

1+x% et
7. ¢:x —> / dt.
COS x ]' + Xt
T cos xt
8. ¢:x— dt.
/2 t
* sin xt
9. ¢:x > dt.
et
10, ¢ Mot
. CX = .
xm X + t

In each of Problems 11 through 13, compute the indicated partial
derivative.

2

X
1
1. ¢:(xy) — / ?e’“ dt; compute ¢ ;.
y

X2 1 . )
12. ¢ : (%, 2) > / flx, t)dt where f : (x,t) — { 7 sin®(xt), t#0,
z : t =0.
Compute ¢ ;.
-y
13. ¢ : (%, y) — (t* + 2x* — yH)dt; compute ¢ ,.
X2 4y?
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14. Show that if m and n are positive integers, then

m!

1
t"logH™ dt = (—-1)" ———— .
| o a =

Hint: Differentiate ! x"dx with respect to n and use induction.
0 P
15. Given

hi(xy)

F:(xy — flx, y, Hydt,
ho(%,y)

find formulas for F;, F .

9.2 Convergence and Divergence of
Improper Integrals

Suppose that a real-valued function f is defined on the half-open interval
I = {x:a < x < b} and that for each ¢ € I, the integral

[t

exists. We are interested in functions f that are unbounded in a neigh-
borhood of b. For example, the function f : x — (1 — x)~! with domain
J ={x:0 < x < 1} is unbounded and has the integral

/C(l —x)ldx = —log(1 —¢) for c €.
0

As c tends to 1, the value of the integral tends to +00. On the other hand,
for the unbounded function g : x — (1 — x)~ 2 defined on J, we obtain

/(1 —x)V2dx =2—-2/1—c¢ for ce].
0

Observe that this integral has the finite limiting value 2 as ¢ — 1. With
these examples in mind we define an improper integral.

Definitions
Suppose that f is integrable for each number ¢ in the half-open interval
I ={x:a < x < b}. The integral

b

fydx

is convergent if

c—>b~

lim / ' f(x)dx
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exists. If the limit does not exist, the integral is divergent. If f is bounded
onaninterval ] = {x : a < x < b} except in a neighborhood of an interior

point d € J, then ff f(x)dx is convergent if both limits

C1 b
lim / f(x)dx and lim f f(x)dx
ca—d- Jg cp—dt ¢

exist. Otherwise, the integral is divergent.

EXAMPLE 1

Show that the integrals f: (b—x)"Pdx and ff (x —a) Pdx converge forp < 1
and diverge for p > 1.

Solution. Fora < ¢ < b and p # 1 we have

c b — 1-p ¢ bh— 1-p b — 1-p
/(b—x)’pdx: =X _ - (-9 '
a 1-p " 1-p 1-p
Forp < 1,the expression on the right tendsto (b—a)!?/(1—p)asc — b~.
Forp > 1, there is no limit. The case p = 1 yields log(b — a) — log(b — ¢),
which has no limitas ¢ — b™. |

When the integral of an unbounded function is convergent, we say that
the improper integral exists.

In analogy with the convergence of infinite series, it is important to
establish criteria that determine when improper integrals exist. The fol-
lowing result, the Comparison test, is a basic tool in determining when
integrals converge and diverge.

Theorem 9.4 (Comparison Test)
Suppose that f is continuous on the half-open interval I = {x:a < x < b} and

that 0 < |f(x)| < g(x) forall x € I. Iff;J g(x) dx converges, then ff f(x) dx
converges and

< /abg(x) dx.

/ oy

Proof
First suppose that f(x) > 0 on I and define

F:xe/xf(t)dt, G:x—>/xg(t)dt.

Then F and G are nondecreasing on I, and by hypothesis, G(x) tends to
a limit, say M, as x — b~. Since F(x) < G(x) < M on I, we find from the
Axiom of continuity that F(x) tends to a limit as x — b~.
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If f is not always nonnegative, define

Il + f%) Il = f%)
5 :

fitw = A= T
Then f; and f; are continuous on I and nonnegative there. Moreover,
A + L0 =)l =g(®), AW = (0 = f0).

From the proof for nonnegative functions, the integrals fab fix)dx,
f: f2(x)dx exist; using the theorem on the limit of a sum, we see that
fab If(x)|dx and fab f(x)dx exist. Finally,

/ hf(X)dX‘ -

=< /abﬁ(x)dx + /ahfz(x)dx < /abg(x) dx.

fabf](x)dx - /abfz(x)dx'

EXAMPLE 2
Test for convergence or divergence:

1
— dx, > 0.

/o V1 — X2 P

Solution. We shall compare f : x — x///1 —x2 withg : x — 1/J/1 — x.

We have
xP xP xP
Vi—2  JA-00+x J1+x
Since ¥ < /1 + xfor 0 < x < 1, it follows that If(x)| < g(x). By Example

1 we know that fol 1/4/1 — xdx is convergent, and so the original integral
converges. |

8(x).

We now take up the convergence of integrals in which the integrand
is bounded but where the interval of integration is unbounded.

Definitions
Let f be definedon I = {x : a < x < +o00} and suppose that f; flx)dx
exists for each ¢ € I. Define

/ o = lim / o

whenever the limit on the right exists. In such cases, we say that the in-
tegral converges; when the limit does not exist, we say that the integral
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diverges. If f is defined on ] = {x : —00 < x < 400}, we may consider
expressions of the form
+00

fx) dx,

which are determined in terms of two limits, one tending to +o0 and the
other to —oo. Let d be any point in J. Define

+00 d C2
(9.9) flx)ydx = lim / f(x)dx + lim / f(x)dx
o0 a—>—oo Jo c—>+00 J4

whenever both limits on the right exist. It is a simple matter to see that if
f is integrable for every finite interval of J, then the values of the limits
in (9.9) do not depend on the choice of the point d.

To illustrate the convergence and divergence properties of integrals
when the path of integration is infinite, we show that

+0o0
/ xPdx, a > 0,
a

converges for p > 1 and diverges for p < 1. To see this, observe that

r#D

Cc

1

/ xPdx = [¢'? —a'™P].
a 1 - p

For p > 1, the right side tends to (1/(p — 1))a'™? as ¢ — +o0, while for

p < 1 there is no limit. By the same argument, the case p = 1 yields

divergence. Similarly, the integral

b
/ |x|"Pdx, b <0,

oo
converges for p > 1 and diverges for p < 1. In analogy with the Com-
parison test for integrals over a finite path of integration, we state the
following result.

Corollary
For continuous functions f and g defined on the interval T = {x:a < x < 400},
Theorem 9.4 is valid with respect to integrals [ f(x)dx and [ g(x)dx .

EXAMPLE 3
Test for convergence:

+00
1 1+X3/2

Solution. For x > 1, observe that

E SR

14232 = 2x32 7 2%’
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However, f1+°°(1 /(2x))dx diverges, and so the integral is divergent. ]

The convergence of integrals with unbounded integrands and over
an infinite interval may be treated by combining Theorem 9.4 and the
corollary. The next example illustrates the method.

EXAMPLE 4

Test for convergence:
+00 e

—dx.
o WX

Solution. Because the integrand is unbounded near x = 0 we decompose
the problem into two parts:

VX VA

In the first integral we have e™*//x < 1/4/x, and the integral converges

by the Comparison test. In the second integral we have e™*//x < e¢7*,

and once again the Comparison test yields the result, since ffoo e *dx is
convergent. Hence, the original integral converges. ]

We consider the integral

+0o0
/ e tdr,
0

which we shall show is convergent for x > 0. Since the integrand is
unbounded near zero when x is between 0 and 1, the integral may be
split into two parts:

+o00 1 400
/ *letdr = / *letadt +/ *le7tdt = I + L.
0 0 1

In the first integral on the right, we use the inequality
Flet <! for x >0 and 0 < t < 1.

The integral /01 t*~1dt converges for x > 0, and so I; does also. As for I,
an estimate for the integrand is obtained first by writing

rlp=t el =ty =2
and then estimating the function

fot— tte ™,
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We find f'(t) = t*e”'(x + 1 — 1), and f has a maximum when t = x + 1.
This maximum value is f(x + 1) = (x + 1)**1e”**D_ Therefore,

+o0 +o0
I = / tleTtdt = / (et dt
1 1

+00 1
< (x4 1) e (D / 7 dt
1

= (% + 1) e D),

Hence I, is convergent for each fixed x > —1.

Definition
For x > 0 the Gamma function, denoted by I'(¥), is defined by the
formula

+00
I(x) = / tleldr.
0
The recursion formula

(9.10) T(x + 1) = x['(%),

one of the most important properties of the Gamma function, is derived
by means of an integration by parts. To see this, we write

4

/ te~tdr = [t(—e D]I§ + / tleTldt.
0 0

Now, letting ¢ — +o00, we obtain (9.10).

Itis easy to verify that I'(1) = 1, and consequently that I'(n+1) = n! for
positive integers n. Note that the Gamma function is a smooth extension
to the positive real numbers of the factorial function, which is defined
only for the natural numbers.

Problems
In each of Problems 1 through 12 test for convergence or divergence.

/+oo dx ) /l dx
NGRS CJo VT A

400 dx 400 x dx

3. _ 4. _—
/1 1+ X3 0 , V1 + x4

1 dX /2
N

1 A1 — %2 0 sin x
7. / TV e 8. / " (arcany®

1 logx 0 1+ %)

10/]dx
S Jo Mx =

+00 T
sin x

11. / e " sin x dx. 12. / dx.
0 0 Xﬁ
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13. Show that f;oo x~(log x)"Pdx converges for p > 1 and diverges for
p =<1l
14. Define B(x,y) = [, t""'(1 —¥"'dt, 0 < x < 00, 0 < y < oo
(a) Show that B(x, y) = B(y, ¥).
(b) Find B(2, 2) and B(4, 3).



- The Riemann-
 Stieltjes
cnrvrow  INEEGTAl

10.1 Functions of Bounded Variation

In this section we introduce the notion of the variation of a function. This
quantity is useful for problems in physics, engineering, probability the-
ory, Fourier series, and many other subjects. However, our main purpose
here is to show how this concept can enlarge enormously the class of
functions that are integrable.

Definitions
Let] = {x : a < x < b} be an interval and f : I — R! a given function.
The variation of f over I, denoted by V’f, is the quantity

VIf =sup Y Iftx) — fluo)l,
i=1

where the supremum is taken over all possible subdivisions a = xy <

X < ... < x, = bof I If the number Vf is finite, we say that f is

of bounded variation on I. If f is not of bounded variation, we write
bp _

Vif = +oo.

We first establish several of the fundamental properties of the variation
of a function. If the function f is kept fixed, then V’f depends only on
the interval I = {x : a < x < b}. The following theorem shows that the
variation is additive on intervals.

190
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Theorem 10.1
Let f:I — R! be given and suppose that ¢ € I. Then

(10.1) VYf = VS + VIF

Proof

(a) We first show that V2f < V¢f + VPf. We may suppose that both terms
on the right are finite. Let A : a = xy < ¥ < ... < X, = b be any

subdivision. We form the subdivision A’ by introducing the additional
point ¢, which falls between xx_; and xi, say. Then

k—1
D If) = fo)l + Ife) — foa-)l < Ve,
i=1

Y &) = fx-0l + i) — flo)l < VIf.

i=k+1

From the inequality [f(xx) — flx—1)| < [fixe) — flo)l + If(c) — flxe-1)l, it
follows that

> Ift) = fran)l < VEF + VL
=1

Since the subdivision A is arbitrary, we obtain Vf < Vif + VPf.

(b) We now show that V2f > V¢f + VI If VIf = 400, then the inequality
clearly holds. Hence we may assume that all three quantities are finite.
Now let ¢ > 0 be given. From the definition of supremum, there is a
subdivision

AM:a=x) < x1 < ...<x=¢C
such that
k 1
D) = foanl > Vif — e
i=1
Similarly, there is a subdivision A, : ¢ = Xk < X(4+1... < X, = b such
that
n
b 1
> ) = feanl > Vef = Se
i=k+1
Therefore,

Vof = ) Iftx) = fxi-0l > Vef + VIf —e.
i=1

Since ¢ is arbitrary, the result follows. |
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EXAMPLE 1
Suppose that f is a nondecreasing functionon I = {x : a < x < b}. Show
that Vf = f{x) — fla) forx € I.

Solution. Let x be in I and let A be a subdivisiona = x; < % < ... <
Xn_1 < X, = x. We have

n n

Do) = fx-ol = Y Iftx) = flx-)] = ) = fla,

i=1 i=1
the first equality holding because f is nondecreasing, and the second
because all the terms except the first and last cancel. Since the above
equalities hold for every subdivision, they hold also for the supremum.
Hence Vif = f(x) — f(a). u

By the same argument it is clear that if f is nonincreasing on I, then

Vaf = fla) - o)

Theorem 10.2
Suppose that f is continuous on I = {x:a < x < b} and f’ is bounded on I.
Then f is of bounded variation.

Proof

If |f'| < M on I, we may apply the Mean-value theorem to obtain |f{xx) —
fxr=1)| < M|x — xx_1| for any two points xx_;, xx of I. Therefore, for any
subdivision A,

Z fx) = ftxe-1)l = M Z X — xk—1] = M(D — a).
k=1 k=1
Hence V2f < M(b — a). [ ]

The theorem above gives us an easy sufficient condition for deter-
mining when a function is of bounded variation. Since functions may
be of bounded variation without being continuous, the set of functions
with finite variation is much larger than the set having a bounded first
derivative.

The next theorem exhibits an important relationship between mono-
tone functions and functions of bounded variation. It shows that every
function of bounded variation is the difference of two nondecreasing
functions.

Theorem 10.3
Suppose that f is of bounded variation on I = {x:a < x < b}. Then there are
nondecreasing functions g and h on I such that

(10.2) flx) = g(%) — h(x) for xel
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and Vf = g(x)+h(x) —f(a) for x € I. Moreover, if f is continuous on the left
at any point ¢ € I, then g and h are also. Similarly, g and h are continuous
on the right wherever f is.

Proof
Choose

8(x) = %[f(a) +Vif Hf, h(x) = %[f(a) + Vof = f0]. ((10.3))

To show that g is nondecreasing, observe that 2g(x,) — 2g(x1) = V3*f +
flxa) — f(x1). Since we have V2f > [f(xy) — f(x1)], it follows that g(x,) >
g(x1). The proof for h is similar.

Suppose that f is continuous on the left or right at ¢. Then so is ¢,
where ¢(x) = V7f. The continuity result follows directly from Theorem
10.2 and the explicit formulas for g and h. |

The decomposition of f given by (10.2) and (10.3) is not unique. If ¢
is any nondecreasing function on I, we also have the decomposition f =
(g+v¥)—(h+v¥). Infact, if  is strictly increasing, then this decomposition
of f is the difference of two strictly increasing functions.

The next result gives a sufficient condition for determining when a
function is of bounded variation, and also a method for computing its
variation.

Theorem 10.4

Suppose that f and f" are continuous on an interval I = {x:a < x < b}. Then
f is of bounded variation on I, and

b
vir = [ i e

Proof
The first part of the theorem was established in Theorem 10.2. Let A :
a==xy < x < ...< x,=bbeany subdivision. Then by the Mean-value

theorem, there are numbers §; such that x;_; < & < x; with
DI = foenl = Y IFE -l — il
i=1 i=1

Let ¢ > 0 be given. From the definition of integral, there isa § > 0 such
that

1
< —¢
2

n b
S G — wil = [ 1oy
i=1 a

for every subdivision with mesh less than §. Now we use the definition
of bounded variation to assert that for the above ¢, there is a subdivision
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Ag:a=2zy < 2z < ...< zZy = bsuch that
m 1
Vif > Z|f(Zi) —flzim) > Vi — &
i=1

Let Ay :a =x; < ¥ < ... < x, = bbe the common refinement of A
and Ag. Then A; has mesh less than §. Hence

P m
V= 3K — Sl = Y ) — el > V- e
i=1 i=1

and

1
< —e&.
2

p b
> 1) — fidi)l - / (o) ld
i=1 a

Combining these inequalities, we obtain

< €.

b
vir = [ ireoias

Since ¢ is arbitrary, the result follows. |

A function f may be of bounded variation without having a bounded
derivative. For example, the function f : x — x*3onl = {x : 0 < x <
1} is continuous and increasing on I. Hence it is of bounded variation.
However, f’ is unbounded at the origin.

Problems

1. Suppose that f is of bounded variationon I = {x : a < x < b}. Show
that f is bounded on I. In fact, show that |f(x)| < |f(a)| + V2f.

2. Suppose that f and g are of bounded variationon! = {x : a < x < b}.
Show that f — g and fg are functions of bounded variation.

3. Given f(x) = sinxforx € I = {x : 0 < x < 7}, find VIf.

4. Givenflx) =x* —3x+4forx e I = {x : 0 < x < 2}, find V{f.
5. Given
1 for0 <x < 1,
) =1 3 forl <x < 2,
2 for2 < x < 3,
find V3f.
6. Let; ={x:i—-1<x<i},i=12 ... nLetf(x) =c forx e

and f(n) = c¢,, where each ¢; is a constant. Find V['f.
7. Show that the function

fix— x sin(1/x) forx # 0,
' 0 forx =0
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is not of bounded variation on I = {x : 0 < x < 1}. However, prove
that

VN x*sin(1/x)  forx # 0,
& 0 forx = 0,

is of bounded variation on I.

Let A :a=x < x < ... < X, = bbe asubdivision of I = {x :
a < x < b} and suppose f is defined on I. Then Y " [(% — xi—1)* +
(ftx) — f(xi_l)z]% is the length of the inscribed polygonal arc of f.
We define the length of f on I, denoted by L:f, by the formula

Lhf = sup 3 [(% — 1) + (flr) — flre)]
i=1

where the supremum is taken over all possible subdivisions.
(a) Show that for any function f, the inequalities

VIf 4+ (b —a) = LEf = [(VEP? + (b — a)]?

hold. Hence conclude that a function is of bounded variation
if and only if it has finite length.
(b) Show thatifa < ¢ < b, then

Lof = Lgf + Lef.

. Show that if f is continuous and has a finite number of maxima and

minimaonaninterval I = {x : a < x < b}, then f is of bounded vari-
ation on I. Conclude that every polynomial function is of bounded
variation on every finite interval.

Suppose that f is of bounded variation on I = {x : a < x < b}.
If [f{lx)] = ¢ > 0 for all x € I, where c is a constant, show that
g(x) = 1/f(x) is of bounded variation on I.

10.2 The Riemann-Stieltjes Integral

We introduce a generalization of the Riemann integral, one in which a
function f is integrated with respect to a second function g. If g(¥) = x,
then the generalized integral reduces to the Riemann integral. This new
integral, called the Riemann-Stieltjes integral, has many applications not
only in various branches of mathematics, but in physics and engineering
as well. By choosing the function g appropriately we shall see that the
Riemann-Stieltjes integral allows us to represent discrete as well as con-
tinuous processes in terms of integrals. This possibility yields applications
to probability theory and statistics.
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Definitions
Let f and g be functions from I = {x : a < x < b} into R!. Suppose that
there is a number A such that for each ¢ > 0 there isa é§ > 0 for which

(10.4) <e

Y flg@) — gi-)] — A
=1

for every subdivision A of mesh size less than § and for every sequence
{¢;} with v, 1 < & < x,1 = 1,2,...,n Then we say that f is inte-
grable with respect to g on I. We also say that the integral exists in the
Riemann-Stieltjes sense. The number A is called the R-S integral of f
with respect to g, and we write

A:AG@:A%”M”

As in the case of a Riemann integral, it is a simple matter to show that
when the number A exists, it is unique. Furthermore, when g(x) = %,
the sum in (10.4) is a Riemann sum, and the R-S integral reduces to the
Riemann integral.

It is important to observe that the R-S integral may exist when g is not
continuous. For example, withI = {x : 0 < x < 1}letfl[x) =1onl,

1
0 for0 < x < X
8 =
1 forz <x <1.

The quantity >, f(&:)[g(x) — g(xi-1)] reduces to 31, [g(x:) — g(xi-1)].
However, all these terms are zero except for the subinterval that contains
X = % . In any case, the terms of the sum “telescope,” so that its value is
g(1) — g(0) = 1. Therefore, for every subdivision, the Riemann-Stieltjes
sum has the value 1, and this is the value of the R-S integral.

The R-S integral may not exist if f has a single point of discontinuity,
provided that the function g is also discontinuous at the same point. For
example, with I = {x : 0 < x < 1} define

1 1
1 for0 <x < X 0 for0 < x < 2
f%) = ) ) =
2 forzfxfl, 1 forifxfl.

The quantity Y -, f(¢)[g(%) — g(xi—1)] reduces to the single term that
corresponds to the subinterval containing x = % That is, we have one
term of the form

flel8(x) — 8(xk-1)],

where x._; < % < x¢ and X1 < & < xx. Then g(xx) — g(xx—1) = 1, but
the value of f{¢x) will be 1 or 2, depending on whether ¢ is chosen less



10.2. The Riemann-Stieltjes Integral 197

than % or greater than or equal to % Since these two choices may be
made regardless of the mesh of the subdivision, the R-S integral does not
exist.

The R-S integral has properties of additivity and homogeneity similar

to those of the Riemann integral. These are stated in the next theorem.

Theorem 10.5
(a) Suppose that fah f dgy and fab f dgy both exist. Define g = g1 + g3. Then
f is integrable with respect to g, and

/abfdg=/abfdg1+/abfdgz.

(b) Suppose that [ : fi dg and |, f f> dg both exist. Define f = fi + f;. Then f
is integrable with respect to g, and

/abfdng;fldg+/:fzdg.

The next theorem shows that if g is smooth, then the R-S integral is
reducible to an ordinary Riemann integral. This reduction is useful for
the calculation of Riemann-Stieltjes integrals. We show later that the R-S
integral exists for much larger classes of functions.

Theorem 10.6
Suppose that f, g, and g’ are continuous on the interval I = {x:a < x < b}.
Then fab f dg exists, and

b b
(10.5) [ rae= [ fmgeman

Proof
Let ¢ > 0 be given. We wish to show that

(10.6) <

n b
> fenlg) — g(xi-)] — f f20g ()
i=1 a

provided that the mesh of the subdivision is sufficiently small. We apply
the Mean-value theorem to the Riemann-Stieltjes sum in (10.6), getting

10.7) Y f@)le) — g = Y AL ()(x — %),
i=1 i=1

where x;_1 < n; < x;. The sum on the right would be a Riemann sum if
n: were equal to ¢;. We show that for subdivisions with sufficiently small
mesh this sum is close to a Riemann sum. Let M denote the maximum of
If(%)| on I. Since g’ is continuous on I, it is uniformly continuous there.
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Hence there is a § > 0 such that for |§; — n;| < § it follows that

ey o &
(10.8) lg'(6) — g (ml < M —a)

From the definition of Riemann integral there is a subdivision with mesh
so small (and less than §) that

N b 1
(10.9) D @@ — %) — | fgdx| < e
i=1 a
By means of (10.8), we have
(10 10)
1
lz;f(;“z g'(m) — &' — xi-1)| < Z ZM(b ~a (6 —xi)| = e

From (10.9) and (10.10), for any ¢;, n; such that x;_; < § < x; and %, <
n; < x;, we get the inequality

< €.

N b

> ACE e — ) = [ S (o
i=1 a

Now taking (10.6) and (10.7) into account, we get the desired result. W

The next theorem shows how to change variables in R-S integrals, a
result that is useful when actually performing integrations.

Theorem 10.7
Suppose that f is integrable with vespect to g on I = {x:a
x = x(u) be a continuous, increasing function on | = {u:c
x(c) = a and x(d) = b. Define

Fu) = fx(w)] and G(u) = g[x(w)].

Then F is integrable with vespect to G on J, and

INIA

d b
(10.11) / Fuw)dG(u) = / fx)dg(x).

Proof
Let ¢ > 0 be given. From the definition of the R-S integral, there is a
8 > 0 such that

n b
Zf(é'i)[g(xi) — 8(xi—1)] —/ f)dg(x)| < €
i=1 a
for all subdivisions A : a = xy < ¥ < ... < X, = bwithmeshlessthané

and any {¢;} inwhichx;_; < & < «;. Since x is (uniformly) continuouson/,
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there is a é; such that |x(u") —x(u”)| < §whenever |u'—u”| < §;. Consider
the subdivision Ay : ¢ = ug < u; < ... < u, = d of ] with mesh less
than §;. Let n; be such that u;_; < < u; fori =1,2,...,n. Since x(u)
is increasing on J, set x(u;) = x; and x(n;) = ¢. Then the subdivision
A of I has mesh less than §, and x,_; < ¢ < x fori = 1,2,...,n.
Therefore

Y FmI[G) = Gui-)] = ) fe)[gx) — g(x-1)]
i=1 i=1

Taking into account the definition of the R-S integral, (10.4), we see that
the integrals in (10.11) are equal. ]

The next result is a generalization of the customary integration by parts
formula. Formula (10.12) below is most useful for the actual computation

of R-S integrals. It also shows that if either of the integrals fab f dg or
fab g df exists, then the other one does.

Theorem 10.8 (Integration by parts)
Iffff dg exists, then so does ffg df and

b b
(10.12) / g df = g()fib) — g(a)f(a) —/ fag.

Proof
Let ¢ > 0 be given. From the definition of R-S integral, there isa § > 0
such that

m b
(1013) > AENe) — e - [ £ g < e

i=1 a
for any subdivision A’ : a = x; < x; < ... < x, = b of mesh less than
8 and any ¢ with x|_; < ¢} < x/. Let 8 = 1§ and choose a subdivision
A:a=2x < x < ... < x; = b of mesh less than § and points ¢;
such that x; 1 < & < x,1 = 1,2,...,n. We further select {;, = a and
Cni1 = b. Then we observe thata = ¢y < < ... <, < ly1 =Dbisa

subdivision with mesh size less than §', and furthermore, ¢;_; < x;_1 < &;,
i=1,2...,n4+1.
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Therefore,

Y 8@Ifx) — fluen] = Y @) — Y 8(efxi-1)
i=1 i=1 i=1

n+1

=Y g(t-Dftxi1) + g(@fia) — g(@)fia)
=2

— Y 8(@)ftxir) — g(DIb) + g(b)fib)
=1

n+l
= Z g(&i—))f(xim1) — g(a)fia)
i=1
n+1
or

(10.14)
n+1

Zg@i)[f(xi) — flxi-1)] = gDf(b) — g(w)f(a) — Zf(xi—l)[g(é'i) = 8(&i-1)]-
i1 ‘

i=1

The sum on the right is a R-S sum that satisfies (10.13). Hence the right
side of (10.14) differs from the right side of (10.12) by less than ¢. But the
left side of (10.14) is the R-S sum for the left side of (10.12). Since ¢ is
arbitrary, the result follows. |

We shall show that if f is continuous and g of bounded variation on an
interval I = {x¥ : a < x < b}, then fabf dg exists. Theorem (10.8) shows
that if the hypotheses on f and g are reversed, the R-S integral will still
exist.

We recall that any function of bounded variation may be represented
as the difference of two monotone functions. Therefore, if the existence
of the R-S integral ff f dg when f is continuous and g is nondecreasing
is established, it follows that the R-S integral exists when f is continuous
and g is of bounded variation. To establish the existence of the R-S integral
for as large a class as possible, we shall employ the method of Darboux
described in Chapter 5. We begin by defining upper and lower Darboux-
Stieltjes sums and integrals.

Definitions
Suppose that f and g are defined on I = {x : a < x < b} and g is
nondecreasingonl.LetA : a = xy < x; < ... < x, = bbe asubdivision

of I. Define A,g = g(x) — g(xi—1), i = 1,2, ..., n. Note that A;g > 0 for
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all i; also set

M; = sup f(x), m; = inf  flx).

Xi—1 X=X Xi—1 X=X

Define the upper and lower Darboux-Stieltjes sums
n n
SH(fg, ) =) MAg, S_(fig,A) =) mAg
=1 =1

Since g is nondecreasing, observe that the numbers I; = A;g = g(x;) —
g(xi—1) are nonnegative and that > -, A;g = g(b) — g(a). Thus the set {I;}
is a subdivision A of the interval g(b) — g(a), and if A’ is a refinement of
A, then there is induced a corresponding refinement A’ of A.

The next result is completely analogous to the corresponding theorem
on Darboux sums.

Theorem 10.9
Suppose that f and g are definedon I = {x:a < x < b} and g is nondecreasing
onl.

@) Ifm < f(x) < MonlI and A is any subdivision, then

mlg(b) — g(@)] = S-(f;g A) = §7(f, g A) = M[g(D) — g(a)].
(b) If A’ is a refinement of A, then
S_(fg, AY=S_(f,g,A) and  ST(fg A) < S*(f g A).
(©) If Ay and A; are any subdivisions of I, then
S_(f g A1) < 8%(f, g Ad).

Definitions
The upper and lower Darboux-Stieltjes integrals are given by

b
/ f dg = inf S*(f, g, A) for all subdivisions A of I.
a

b
/ f dg = supS_(f, g, A) for all subdivisions A of I.
Ja

These integrals are defined for all functions f on I and all functions g that
are nondecreasing on I. If

(10.15) /abf dg =/abf dg

we say that f is integrable with respect to g on I. The integral is the
common value (10.15).

The following elementary properties of upper and lower Darboux-
Stieltjes integrals are similar to the corresponding ones for upper and
lower Darboux integrals given in Chapter 5.
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Theorem 10.10
Suppose that f, fi, and f, are bounded on the interval I = {x:a < x < b} and
that g is nondecreasing on I.

@ Ifm<f(x) < Monl, then

b b
mig(h) — g(@)] < [ fdg < / f dg < Mig(h) — g(@)].

ls—

) Iffi(x) < fo(x) for x € I, then
b b —p —
flng/ fz dg and / flng/ f dg.

(c) Suppose that a < ¢ < b. Then

/acfngr/chfdg:/ahfdg, /:fdg+/ffdg=/:fdg.

The proof of Theorem 10.10 is similar to the proof of the corresponding
results for Riemann integrals.

Theorem 10.11
Suppose that f is continuouson I = {x:a < x < b}and that g is nondecreasing
on I. Then the Riemann-Stieltjes integral fab f dg exists.

Proof
Since f is uniformly continuous on I, for every ¢ > 0 thereisad > 0
such that

£
If(x) = fly)l <
) =) 2[1 + g(b) — g(a)]
whenever |[x —y| < 8. Let A : a = x < x < ... < X, = bbea

subdivision of I with mesh less than §. Define I; = {x : x;_1 < x < x;}.
Since f is continuous on each I;, there are numbers n; and ¢; on I; such
that m; = f(n;) and M; = f(¢;). Then we have

n

S*(f g, 8) = S-(f,8, &) = D _Ifi&) — flm)]Ag

i=1

n

e 1
=2 T em) —e@i M < 2°

=1

Since ¢ is arbitrary it follows that the Darboux-Stieltjes integral, denoted
by (D-S) [ f f dg, exists. Now let & be any point in I;. From the fact that
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the Darboux-Stieltjes integral is between ST and S_, we obtain

b
0-5) [ fde—e <55 a)
=Y fag < Y fE)ne
i=1 i=1
<Y ferig = S(fg A)
i=1

b
< (D—S)f fdg +e.

Since Y I, fl&)Ag tends to (D-S) ff f dg as ¢ — 0, the (R-S) integral
exists and, in fact, is equal to the (D-S) integral. ]

Corollary
Suppose that f is continuous on I = {x:a < x < b} and that g is of bounded

variation on I. Then the Riemann-Stieltjes integral fab f dg exists.

Problems

1.

(@) Leta < ¢ < ¢ < ... < ¢y < bbe any points of I = {x :
a < x < b}. Suppose that

1 forx # ¢, 1
8 = {di forx =¢;,i=

where d; is a constant for each 1.
Suppose that f is continuous on I. Find an expression for
b
[, f dg.
(b) Work part (a)ifa =c¢; < ¢, < ... < ¢, = b. [Hint: First do
part (a) witha =¢; < ¢; = b.]

2. Let g(x) = sinx for 0 < x < &. Find the value of fon xdg.

. Let g(x) = el for —1 < x < 1. Find the value of f_ll x dg.

Letg(x) = kfork—1 < x <k, k =1,2,3,.... Find the value of
[ xdg.

Show that with g as in Problem 4, fls g dg does not exist.

Show that if f and g have a common point of discontinuity on an
interval I = {x : a < x < b}, then f;f dg cannot exist.

Suppose that f = con I = {x : a < x < b} where c is any constant.
If g is of bounded variation on I, use integration by parts (Theorem
10.8) to show that [ f dg = c[g(b) — g(a)]-

Let f be continuous and g of bounded variation on I = {x : a <
x < oo}. Define [7f dg = lim,.o [, f dg when the limit exists.
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Show that if f is bounded on I and g(x) = 1/k* fork — 1 < x < k,
k=1,2, ... then

o o 1 1
/1 fdg:_;f(k+1)[(k+1)z - (k+2)2]

. Use the function g(x) = by fork —1 < x <k, k =1,2,..., b con-

stant, and the definition of integral over a half-infinite interval, as in
Problem 8, to show that any infinite series y_r, ar may be represented
as a Riemann-Stieltjes integral.
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11.1 The Implicit Function Theorem

Suppose we are given a relation in R? of the form
(11.1) F(x, y) = 0.

Then to each value of x there may correspond one or more values of y
that satisfy (11.1)—or there may be no values of y that do so. If I = {x :
Xo—h < x < xp+h}isaninterval such that for each x € I there is exactly
one value of y satistying (11.1), then we say that F(x, y) = 0 defines y as
a function of x implicitly on I. Denoting this function by f, we have
Flx, f(x)]=0forxonI.

An implicit function theorem determines conditions under which a
relation such as (11.1) defines y as a function of x or x as a function of y.
The solution is a local one in the sense that the size of the interval I may
be much smaller than the domain of the relation F. Figure 11.1 shows the
graph of a relation such as (11.1). We see that F defines y as a function
of x in a region about P, but not beyond the point Q. Furthermore, the
relation does not yield y as a function of x in any region containing the
point Q in its interior.

The simplest example of an implicit function theorem states that if F
is smooth and if P is a point at which F', (that is, dF/dy) does not vanish,
then it is possible to express y as a function of x in a region containing
this point. More precisely, we have the following result.

205
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Theorem 11.1
Suppose that F, F 1, and F 5 are continuous on an open set A in R? containing
the point P(xo,Yo), and suppose that

F(xo, yo) = 0, F(x0, yo) # 0.

Fix,y}=0

Figure 11.1

(a) Then there are positive numbers h and k that determine a rectangle R
contained in A given by

R = {(va):lx _Xol < h;ly _y0| < k}r

such that for each x in I = {x:|x — xo| < h} there is a unique number
yin] = {y:ly — yol < k} that satisfies the equation F(x,y) = 0. The
totality of the points (x,y) forms a function f whose domain contains I
and whose range is in J.

(b) The function f and its derivative f" are continuous on I.

Proof

(a) We assume F5(xg, Yo) > 0; if not we replace F by —F and repeat the
argument. Since F, is continuous, there is a (sufficiently small) square
S={(xy) : Ix — x| < k |y — Yol < k} that is contained in A and on
which F, is positive. For each fixed value of x such that |[x — xy| < k we
see that F(x, y), considered as a function of y, is an increasing function.
Since F(xo, yo) = 0, it is clear that

F(xo,yo +k) >0 and F(x,yo — k) < 0.

Because F' is continuous on S, there is a (sufficiently small) number h
such that F(x,yo + k) > 0onI = {x: |x — x| < h}and F(x,yo — k) < 0
on I. We fix a value of x in I and examine solutions of F(x, y) = 0 in the
rectangle R. Since F(¥, yo — k) is negative and F(x, yo + k) is positive, there
is a value y in R such that F(x,y) = 0. Also, because F, > 0, there is
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precisely one such value. The correspondence x — j is the function we
seek, and we denote it by f.

(b) To show that f is continuous at x let ¢ > 0 be given and suppose
that ¢ is smaller than k. Then we may construct a square S, with side 2¢
and center at (xp, Yyo) as in the proof of part (a). There is a value h’ < h
such that f is a function on I’ = {x : |x — x| < h'}. Therefore,

If(x) — flxo)l < & whenever lx — xo| < I,

and f is continuous at xy. At any point x; € I, we construct a square $;
with center at (x1, f(x1)) and repeat the above argument.

To show that f” exists and is continuous we use the Fundamental lemma
on differentiation (Theorem 7.2). Let x € I and choose a number p such
that x + p € I. Then

Fx+p,f(x+p)=0 and  F fx)) =0.
Writing f{x + p) = f + Af and using Theorem 7.2, we obtain
(11.2) [F1(%, ) + &1, AP + [Fa(x, f) + ea(p, ANIAf = 0,

where & and ¢, tend to zero as p, Af — 0. From the continuity of f,
which we have established, it follows that Af — 0as p — 0. From (11.2)
it is clear that

Af _fx4p)—f0) _ Fa N+ el AP

o P Fa(x,f) + e2(p, Af)
Since the right side tends to a limit as p — 0, we see that
F](X, f)
11.3 fl(x) = —= .
(11.3) (%) Fa(% f)

By hypothesis the right side of (11.3) is continuous, and so f" is also. =~ W

The implicit function theorem has a number of generalizations and
applications. If F is a function from R¥*! to R!, we may consider whether
or not the relation F(x;, x,, . . ., xy, y) = 0 defines y as a function from RY
into R!. That is, we state conditions that show that y = f(x1, x2, . .., xn).
The proof of the following theorem is a straightforward extension of the
proof of Theorem 11.1.

Theorem 11.2

Supposethat F\F 1 ,F, ... ,F i1 are continuous on an open set A in RN*! con-
taining the point P(x?,xg, XYY, We use the notation x = (x1,x2, . . . ,XN),
=N, ... 2% and suppose that

Fx°, 4" =0, Fni(X°, Y% # 0.
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(a) Then there are positive numbers h and k that determine a cell R
contained in A given by

R = {(xy):lx — A?| < h, i=12...N, ly—y° <k},
such that for each x in the N-dimensional hypercube
In = {x|x; — )| < h, i=12 ... N}
there is a unique number y in the interval
J={yly -9’ <k

that satisfies the equation F(x,y) = 0. That is, y is a function of x that
may be written y = f(x). The domain of f contains Iy and its range
isin].

(b) The function f and its partial derivatives f1,f, . . . ,f.n are continuous
on Iy.

A special case of Theorem 11.1 is the Inverse function theorem that
was established in Chapter 4 (Theorems 4.17 and 4.18). If f is a function
from R! to R!, written y = f(x), we wish to decide when it is true that x
may be expressed as a function of y. Set

Fx,y) =y = flx) =0,

and in order for Theorem 11.1 to apply, f* must be continuous and F; =
—f’"(x) # 0. We state the result in the following corollary to Theorem 11.1.

Corollary (Inverse function theorem)

Suppose that f is defined on an open set A in R! with values in R'. Also,
assume that ' is continuous on A and that f (xo) = Yo, f'(x0) # 0. Then there
is an interval I containing yo such that the inverse function of f, denoted f=1,
exists on I and has a continuous derivative theve. Furthermore, the derivative
(f 1Y is given by the formula

1

-1 r_ -
(11.4) @)= P’

where y = f(x).

Since f~!(f(x)) = x, we can use the Chain rule to obtain (11.4). How-
ever, (11.4) is also a consequence of formula (11.3), with F(x, y) = y —f(x),
and we obtain

F, 1
') =—-——=+ =- :
e P
Observe thatin Theorems 4.17 and 4.18 the inverse mapping is one-to-one
over the entire interval in which " does not vanish.
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EXAMPLE
Given the relation

(11.5) Fx,y) =y + 2x%y — x* + 2x + 4y = 0,

show that this relation defines y as a function of x for all values of x in
R!.

Solution. We have
F, = 3y* +2x* + 4,

and so F', > 0 for all x, y. Hence for each fixed x, the function F is an
increasing function of y. Furthermore, from (11.5) it follows that F(x, y) —
—ooasy — —oo, and F(x,y) — +oo asy — +o00. Since F is continuous,
for each fixed x there is exactly one value of y such that F(x,y) = 0.
Applying Theorem 11.1, we conclude that there is a function f on R! that
is continuous and differentiable such that F[x, f{(x)] = 0 for all x. u

Problems

In each of Problems 1 through 4 show that the relation F(x, y) = 0 yields
y as a function of x in an interval I about x, where F(xo, yo) = 0. Denote
the function by f and compute f”.

Fx,y) =y’ +y —x* = 0; (%, 0) = (0, 0).

Fx,y) = x5 +y5 —4=0; (x0,50) = (1,3v3).
Fry=xy+2Inx+3Iny—1=0; (x,y) = (1,1).

F(x,y) = sinx + 2cosy — 5 = 0; (%0, Yo) = (/6, 31/2).

Give an example of a relation F(x, y) = 0 such that F(xy, yo) = 0 and
F (%0, Yo) = 0 at a point O = (X, Yo), and yet y is expressible as a
function of x in an interval about x,.

Gk L=

In each of Problems 6 through 9 show that the relation F(x;, x;,y) = 0
yields y as a function of (x;, ;) in a neighborhood of the given point
P(XY, %9, y°). Denoting this function by f, compute f; and f; at P.

6. F(x1,%,Y) =x +x +y° —3nxy —4 =0, P}, %, y°) =(1,1,2).
7. F(x, %, y) =€’ —y*> —x2 — x5 = 0; P}, %5, y°) = (1, 0,0).
8. F(x1,x,Y) =x +x —y — cos(xxy) = 0; P(XY, x5, y*) = (0, 0, —1).
9. F(xy, %, y) = x1 + 2 +y — €7 = 0; P(¥), 29, y*) = (0, 3, ).

10. Prove Theorem 11.2.

11. Suppose that F(x,y,z) = 0 is such that the functions z = f(x, y),
x = g(y, 2), and y = h(z, x) all exist by the Implicit function theorem.
Show that

f,l 81 hyl = —1.
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This formula is frequently written

0z ox 9y

i'@'az_

11.2 Lagrange Multipliers

Let D be a region in R™ and suppose that f : D — R! is a C' function.
At any local maximum or minimum of f(x) = flx, x2, ..., xn) we know
that f; = 0,1 = 1,2, ..., m. Solving these m equations in m unknowns
yields the critical points of f. Then there are second derivative tests to
determine which among these points are maxima, minima, or points of
inflection. In many applications, especially in physics and engineering,
we seek not the pure maxima and minima of f, but the maximum or
minimum values of f when additional conditions are imposed. These are
usually called constraints. That is, the constraints are given by a set of
equations such as

(11.6)

O (%1, X2, . X)) =0, 0% (X1, X0y o X)) =0, ..., 0 (X, X, LX) = 0.

Equations (11.6) are called side conditions. There cannot be too many side
conditions. For example, if k were larger than m, then (11.6) may not have
any solutions at all. Therefore, we suppose generally that k is less than m,
and it is easy to see that the imposition of conditions (11.6) will change
the location of the critical points of f.

The method of Lagrange multipliers employs a simple technique for
determining the maxima and minima of f when equations (11.6) hold.
The method is especially useful when it is difficult or not possible to find
solutions of the system (11.6).

The Lagrange multiplier rule is frequently explained but seldom
proved. In Theorem 11.4 below we establish the validity of this rule, which
we now describe. We introduce k new variables (or parameters), denoted
by A = (A1, Az, ..., Ax), and we form the function of m + k variables

k
F(,A) = F(X1, .. X, 1, -, M) = ) + Y L@ (%),
j=1

For this function F we compute the critical points when x is in D and A in
R* without constraints. That is, we find solutions to the m + k equations
formed by all the first derivatives of F(x, 1):

Fi=0 i=12...,m
(11.7) {FJ:O, i=12... Kk

We shall show that the critical points of the desired solution are among
the solutions of the system given by (11.7).
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Suppose that f takes on its minimum at x°, a point in the set Dy con-
sisting of all points x in D where the side conditions (11.6) hold. Suppose

there is a function g = (g', g%, ...,g™) from I = {t : —ty < t < to} into
R™ that is of class C! and has the properties
(11.8)

20)=2" and ¢gt)] =0 for j=1,2,... k tel
Then the function ® : I — R™ defined by
(11.9) o(t) = flg(V)]

takes on its minimum at t = 0. Differentiating (11.8) and (11.9) with
respect to t and setting t = 0, we get

dg'(0 dg
(11.10) Zd( EE —0 ana Zf(o) © _
Now let h = (hi, hy, ..., hy) be any vector in the m-dimensional vector
space V,, that is orthogonal to the k vectors (¢/;(x°), #/,(x°), . . ., Pm(x")),

j=1,2,..., k. Thatis, suppose that
m .
290 =0,
i=1

or, in vector notation,

V¢/(x)-h =0, i=1,2...k

From the Implicit function theorem, it follows that we may solve (11.6)

for x, ..., xx in terms of xx41, . . ., X, getting
Xo= W (X1, - X)), i=1,2 ...k
Ifwe set % = (2?, ..., %) and define
g = {uoi(x;gﬂ 4 thigt, .., &2+ thy), i=12..k
x; + th, i=k+1,...,m,

theng = (g'(t), . . ., g™ (1)) satisfies conditions (11.8) and (11.10). We have
thereby proved the following result.

Theorem 11.3

Suppose that f,¢*,¢?, . . . ,¢* are C' functions on an open set D in R™ contain-
ing a point X°, that the vectors Vo' (x°), . . ., V" (x°) are linearly independent,
and that f takes on its minimum among all points of Dy at x°, where Dy is the
subset of D on which the side conditions (11.6) hold. If h is any vector in V,,
orthogonal to V¢' (x°), . ..\ VoF(x0), then

VAX") -h = 0.

The next result, concerning a simple fact about vectors in V,,, is needed
in the proof of the Lagrange multiplier rule.
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Lemma 11.1

Let b',b?, ... b" be linearly independent vectors in the vector space V,,. Sup-
pose that a is a vector in V,, with the property that a is orthogonal to any
vector h that is orthogonal to all the b'. Then there are numbers Aj Ay, . . . Ak
such that

k
a = Z )\,il’)i.
i=1

That is, a is in the subspace spanned by b' b?, ... b~

Proof

Let B be the subspace of V,, spanned by b',b?, ..., b*. Then there are
vectors c*t1 ¢k2 .. ¢™ such that the set b!, ... b~ ¢!, ... ¢ forma
linearly independentbasis of vectors in V,,,. Let h be any vector orthogonal
to all the b'; then h will have components hy, . . ., h,, in terms of the above
basis with hy = hy, = ... = hx = 0. The vector a with components
(a1, ..., an) and with the property a - h = 0 for all such h must have
Aiv1 = Aiyp = ... = ay = 0. Therefore, a = Zle a;b'. We set a; = A; to
obtain the result. |

Theorem 11.4 (Lagrange multiplier rule)
Suppose that f,¢*,¢?, ... ,¢* and x° satisfy the hypotheses of Theorem 11.3.
Define

k
F(x, 2) = flx) = Y i (%)
=1

Then there are numbers AJ,A9, ... A such that

F.(x", 2% =0, i=1,2...,m,
and
(11.11) Fiu(x°, 2% =0, i=12...k
Proof

Equations (11.11) are
k
Vi) =Y MV and g =0, j=1,2... k
=1

We seta = Vf(x") and I = V¢/(x°). Then Theorem 11.3 and Lemma 11.1
combine to yield the result. |

This theorem shows that the minimum (or maximum) of f subject to
the side conditions ¢' = ¢?> = ... = ¢* = 0 is among the minima (or
maxima) of the function F without any constraints.
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EXAMPLE

Find the maximum of the function x; 4+ 3x; — 2x3 on the sphere x? + x5 +
2

x5 = 14.

Solution. Let F(x1, x, x3, 1) = %1 + 3x2 — 2x3 + A(x% + x5 + x5 — 14). Then
F1 =142\, Fy =342\, F3 = =2+ 2\x3, Fy = X3 + x5 + x5 — 14.

Setting F; = 0,i =1, ..., 4, we obtain
1 3 1 14
Xlz—a, xzz—ﬁ, x3=X, 14:m.
The solutions are (X1, X2, x3,A) = (1, 3, =2, —%

) or (—=1,-3,2, ). The
first solution gives the maximum value of 14. |

Problems
In each of Problems 1 through 10 find the solution by the Lagrange
multiplier rule.

1. Find the minimum value of ¥ + 3x5 + 2x3 subject to the condition
2X1 + 3X2 +4X3 —15=0.

2. Find the minimum value of 2x? + x5 + 2% subject to the condition
2X1 + 3X2 — ZX?, — 13 =0.

3. Find the minimum value of ¥} + x5 + x} subject to the conditions
2% + 2% +x3+9 =0and 2x; — xy — 2x3 — 18 = 0.

4. Find the minimum value of 4x% + 2x3 + 3x3 subject to the conditions
X1+ 2%y +3x3 — 9 = 0and 4x; — 2x3 + x3 + 19 = 0.

5. Find the minimum value of x7 + x3 + x3 + x5 subject to the condition
2X1 +X2—X3—2X4—5:0.

6. Find the minimum value of i + x5 + x7 + x5 subject to the conditions
X1 —X +x3+x;—4=0andx; +x —x3+x;, +6 =0.

7. Find the points on the curve 4x% + 4x1x) + x% = 25 that are nearest
to the origin.

8. Find the points on the curve 7Xf + 6x1xy + 2x§ = 25 that are nearest
to the origin.

9. Find the points on the curve x{* + y{‘ + 3xy; = 2 that are farthest
from the origin.

10. Let by, by, .. ., bx be positive numbers. Find the maximum value of

>F | b, subject to the side condition YF | x% = 1
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12.1 Vector Functions on RY

In this section we develop the basic properties of differential and integral
calculus for functions whose domain is a subset of RM and whose range
is in a vector space Vy. We shall emphasize the coordinate-free character
of the definitions and results, but we will introduce coordinate systems
and use them in proofs and computations whenever convenient.

Definition

A vector function from a domain D in R™ into Vy is a mapping f :
D — Vy. If the image is V; (which we identify with R! in the natural
way), then f is called a scalar function. Vector or scalar functions are
often called vector or scalar fields. The term field is used because we
frequently visualize a vector function as superimposed on RM. At each
point of the domain D of RM a representative directed line segment of £
is drawn with base at that point. We obtain a field of vectors.

Let f : D — Vy be a vector function where D is a domain in RM. An
orthonormal basis for V) is a set of N unit vectors e, €5, . .., €y such
thate;-e; = 0fori #j,i,j =1,2,...,N. Then for each point P € D, we
may represent f by the formula

N
(12.1) £(P) =) fi(Pe,
i=1

214
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where f; : D — R',i =1,2,..., N, are scalar functions from D into R!.
We can consider vector fields with domain in any space such as Vy; or Ey,
(Euclidean space). Equation (12.1) illustrates what is meant in that case.
We shall ordinarily assume that D is in R™. The function f is continuous
at Pifeachf;,i=1,2,..., N, is continuous at P. We recall that the basic
properties of functions from R™ into R! were developed in Chapters 6
and 7. Properties developed there that involve linear processes are easily
transferred to functions f from R into Vy.

For simplicity we shall usually consider functions f from RY into Vy,
although many of the results developed below are valid with only modest
changes if the dimension of the domain of f is different from that of its
range.

The definite integral of a vector function, defined below, is similar to
the integral of a scalar function on RY as given in Chapter 7.

Definition

Let D be a domain in RY and suppose that u : D — Vy is a vector
function. Let F be a subdomain in D. The function u is integrable over
F ifthere is a vector L in Vy with the following property: For every e > 0,

there is a § > 0 such that if A = {F}, F;, ..., F,,} is any subdivision of F
with mesh less than §, and p1, p», . . ., pn is any finite set of points with p;
in F;, then

n

Z u(p)V(F;) — L

i=1

< g

where V(F;) is the volume of F;. We call L the integral of u over F and

we write
L= / udv.
F

If, for example, u is given in the form (12.1), so that

N

(12.2) u(P) = Y w(Pe;,

i=1
then itis clear that u is integrable over F' if and only if each scalar function

u; is integrable over F. Therefore, if L exists, it must be unique. In fact, if
u is integrable and given by (12.2), we have

(12.3) fFu av = i </1; uidV> €;.
i=1

Each coefficient on the right in (12.3) is an integral of a function from RY
into R! as defined in Chapter 7.

Let v be a vector in Vy and denote by pop a directed line segment in
RN that represents v. We use the notation v(pep) for this vector.
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Definitions
Let po be a point in RY and let a be a unit vector in Vy. Suppose that
w : D — Vy is a vector function with domain D in RN. We define the di-
rectional derivative of w in the direction a at p,, denoted by D,w(py),
by the formula

() — w(po)

w
Daw(po) = Jim n

where the point p € D is chosen such that v(pop) = ha. The vector func-
tion w is continuously differentiable in D if w and D, w are continuous
on D for every unit vector a in Vy. We write w € C'(D).

In order to derive formulas for computing directional derivatives,
we require a coordinate system in RY. When we write w(p), p € RY,
we indicate the coordinate-free character of the function. If a Carte-
sian coordinate system (xj,x3,...,xy) is introduced, then we write
w(x1, Xz, ..., Xxn) Or W(x). If €1, e, ..., ey is an orthonormal basis in Vy,
we use coordinates to write

N
w(x) = Z wi(x)e;,
i=1

where each of the scalar functions w;(x) is now expressed in terms of a
coordinate system.

The following theorem establishes a formula for obtaining the
directional derivative of scalar and vector fields.

Theorem 12.1

(i) Let a be a unit vector in V. Suppose that w:D — R! is a contin-
uously differentiable scalar field with domain D C RN, If a has the
representation a = a,;e; + aze; + ... + ayey, then

N
ow

(12.4) D,w = E —a;.
i=1 i

(i) If w:D — Vy is a vector field and w = Zfi 1 wie;, then

N N
(125) Dy,w = ZDawiei = Z Wi ;ja;€;.
i=1 ij=1

Proof

(1) If a is a unit vector in one of the coordinate directions, say x;, then
(12.4) holds, since D,w is the partial derivative with respect to x;. In the
general case, we fix a point x° = (&), ..., *%) and define

o(t) = wX + art, ..., X% + ant).
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Then D,w(x") is obtained by computing ¢'(0) according to the Chain rule,
Theorem 7.3. The proof of (ii) is an immediate consequence of formula
(12.4) and the representation of w in the form ) w;e;. ]

The next theorem shows that the directional derivative of a scalar func-
tion may be expressed in terms of the scalar product of the given direction
a with a uniquely determined vector field. Observe that the result is inde-
pendent of the coordinate system, although coordinates are used in the
proof.

Theorem 12.2

Let f:D — R! be a continuously differentiable scalar field with domain D in
RY. Then there is a unique vector field w:D — Vy such that for each unit
vector a € Vy and for each p € D, the directional derivative of f is given by
the scalar product of a and w:

(12.6) Daf(p) = a - w(p).

Ife;,e,, ... ey is an orthonormal set of unit vectors in Vy, then w(x) may be
computed by the formula

(12.7) w(x) = Y _ fi(x)ej for each x € D.
j=1

Proof
From Formula (12.4), we obtain

N
(12.8) Daf(x) = Y _ fi(®)ay.
j=1

We now define w(x) by (12.7), and therefore the scalar product of w and
a yields (12.8). To show uniqueness, assume that w’ is another vector
field satisfying (12.6). Then (w — w') - @ = 0 for all unit vectors a. If
w — w’ # 0, choose a to be the unit vector in the direction of w — w’, in
which case (w — w') - a = |[w — w'| # 0, a contradiction. |

Definition
The vector w defined by (12.6) in Theorem 12.2 is called the gradient of
f and is denoted by grad f or Vf.

If f is a scalar field from RY into R!, then in general f{p) = constant
represents a hypersurface in RY. At any point p, a vector a tangent to
this hypersurface at p has the property that Zfi 1fi(p) - ai = 0, where
a= Zfi , aie;. We conclude that Vf is orthogonal to the hypersurface f (p) =
constant at each point p on the hypersurface.
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ExAmPLE 1
Let €1, €y, €3 be an orthonormal set of vectors in V3(R?). Given the scalar
and vector functions

f(x1, x2, x3) = xf + xg’ + xg — 3x1x,X3,
u(xy, X, X3) = (xf — X2 +x3)€; + (2x2 — 3x3)€z + (¥ + x3)€3
and the vector a = Ae; + pe, + ves, A2 + u? +v? =1, find Vf and D,u
in terms of x1, X3, X3, €1, €, €3.
Solution. According to (12.7), we have
Vf = 3(x} — xx3)€1 + 3(x5 — x1x3)€s + 3(X5 — x1%2)€3.
Employing (12.5), we obtain

Daw = 214 — u +v)e; + (2u — 3v)e; + (A + v)es. n

Theorem 12.3
Suppose that f, g, and u are C' scalar flelds with domain D C RY. Let
h:R!' — R! be a C' function with the range of u in the domain of h. Then

V(f+g =Vf+Vg V(fg) = fVg +gVf,

V()= Sevr-rvare o Vo = v

Proof
We prove the second formula, the remaining proofs being similar. Let
€1, €y, ..., ey be an orthonormal set in Vy. Then from the formula for

V(f2) given by (12.7) it follows that
N
V(fg) = Y_(fe),e-
j=1
Performing the differentiations, we obtain

N
V() = > _(fg; + fig)e; = fVg + gVf.
j=1 ]

The operator V carries a continuously differentiable scalar field from
RN to R! into a continuous vector field from RY to Vy. In a Cartesian
coordinate system, we may write V symbolically according to the formula

AR
V = €.
j=1
However, the operator V has a significance independent of the coordinate
system. Suppose that w is a vector field from RY into Vy that in coordi-
nates may be written w = Z]Zi 1 wiej. We define the operator V - w by the
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formula
N

and we shall show that this operator, called the divergence operator, is
independent of the coordinate system (Theorem 12.4 below).

m‘g

Definitions

The support of a scalar function f with domain D is the closure of the set
of points p in D where f(p) # 0. If the support of a function is a compact
subset of D, we say that f has compact support in D. If f is a C" function
for some nonnegative integer n with compact support, we use the symbol
f € C{(D) to indicate this fact.

Lemma 12.1
Let D be an open domain in RN and suppose that f € C}(D). Then

/f,j(x)dVZO, j=1,2,...,N.
D

Proof

Let S be the set of compact support of f. Then f = 0 and Vf = 0 on
D — 8. Let R be any hypercube that contains D in its interior. We extend
the definition of f to be zero on R — D. Then integrating with respect
to x; first and the remaining N — 1 variables next, we obtain (in obvious
notation)

/D £i(x)dVy = /R fi(x)dvy = /R , [ L ]b] fj(x)dxj} AV

= [0, - s, s =0
: ]

The next lemma, useful in many branches of analysis, shows that a
continuous function f must vanish identically if the integral of the product
of f and all arbitrary smooth functions with compact support is always
Zero.

Lemma 12.2
Let D be an open domain in RN and suppose that the scalar function f is
continuous on D. If

(12.9) /fngN = 0forallg € C\(D),
D

then f = 0 on D.
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Proof

We prove the result by contradiction. Suppose there is an X’ € D such
that f(x") # 0. We may assume f(x°) > 0; otherwise, we consider —f.
Since f is continuous and D is open, there is a ball in D of radius 3ry and
center x° on which f > 0. Denoting distance from x° by r, we define the
function

1 for0 <7 <,
1

g(x) =1 3 @r—r)(r— 2rp)? forrg < v < 2ry,
"o
0 forr > 2ry.

It is easily verified that g(x) € C}(D) with g(x) > 0. We have

/fngN =/ fedv > / fedv > 0,
D B(x°,379) B(x%,10)

which contradicts (12.9). Hence f = 0 on D. u

We now show that the divergence operator is independent of the
coordinate system.

Theorem 12.4

Let D be an open domain in RN and suppose that w € C'(D) is a vector
field. Then there is a unique scalar field v, continuous on D, such that for all
u € C}(D), we have

(12.10) /(uv + Vu - w)dV = 0.
D

Furthermore, if €1,€,, . .. ,ey is an orthonormal basis and if for each point
x € D, w is given by

N
wx) =Y wive;,
j=1

then
N9
12.11 v(x) = — wj(X).
(12.11) €0 ; )
Proof
Suppose that w is given and that ey, ..., ey is an orthonormal basis in

some coordinate system. We define v by (12.11). Let u be any function in
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the class C}(D). Then, according to Lemma 12.1,
N
a ou
uv~|—Vu-de:/ u—w;+ —w; | dv
K ) D;(%) MJ)

N
3
= Z/ — (uw)dVv = 0.
j:l D aX]

To show that v is unique, suppose that v/ is another scalar field that
satisfies (12.10). By subtraction we get

/ (v —V)udV = 0 for all u € Cy(D).
D
Thus v' = v according to Lemma 12.2. ]

Definition

The scalar field v determined by (12.10) in Theorem 12.4 and defined in
any coordinate system by (12.11) is called the divergence of w. We use
the notation v = divw or v = V - w. We note that v is determined in
(12.10) without reference to a coordinate system, although (12.11) is used
for actual computations.

Theorem 12.5

Let D be a domain in RN and suppose that w,w1,w», ... Wy, are C' vector
fields on D. Let f be a C' scalar field on D and suppose that ci,c;, . . . ,Cn ave
real numbers. Then

(a) div (XL, gwy) = X1, ¢ div w;.
(b) div (fw) = fdivw + Vf - w.

The result is obtained by a straightforward computation using the rules
of calculus.

The vector, or cross, product of two vectors in a three-dimensional
vector space allows us to introduce a new differential operator acting on
smooth vector fields. We shall define the operator without reference to
a coordinate system; however coordinates are used in all the custom-
ary computations. If ej, e;, €3 is any orthonormal basis for V3, we may
construct the formal operator

(12.12)
€1 €) €3
d a a
Vxu=|_— — —
oxq 0x,  0x3
1751 Uy us

_cw Wa oy (B B (B B
“\axy 0x3 ! 0x3 X, 2 0x, a, |
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We note that if the symbol V is replaced by a vector v with components
U1, U2, V3 and if the partial derivatives in (12.12) are replaced by these
components, then we obtain the usual formula for the vector product of
two vectors.

Theorem 12.6
Let D be any set in R® and let u € C'(D) be a vector field into V3. Then there
is a unique continuous vector field w from D into V3 such that

(12.13) divilu xa)=w -a

for every constant vector a. If e1,e;,e3 is any orthonormal basis, then the
vector w 18 given by (12.12).

Proof
With the orthonormal basis ey, e;, €3 given, we write a = a;e; + aze; +
asez, u = uje; + uze; + uzez. The formula for the vector product yields

u x a = (uxaz — uzaz)e; + (Uzar — u1az)e; + (Uaz — uzdr)es.
Using (12.11) for the divergence formula, we obtain

di ( ) 8M2 8u3 T 3M3 8M1 i 8u1 auz

iviuxa)=a3— —ay— +a1— —az3— +a— —a; —.
3 8x1 2 aX] ! sz 3 aXZ 2 8X3 ! 3X3

If we denote by w;, w;, ws the coefficients in the right side of (12.12),

then

div(u x a) = wia; + waa; + wsas.

Thatis, div(u x a) = w-a where w = w;e; +w,e; +wsesz. The vector w is
unique since if w’ were another such vector we would have w-a = w'-a
for all unit vectors a. This fact implies that w = w’. |

Definition
The vector w in Theorem 12.6 is called the curl of u and is denoted by
curluand V x u.

The elementary properties of the curl operator are given in the next
theorem.

Theorem 12.7

Let D be a domain in R3 and suppose that u,v,uy, . . . u, are C' vector fields
from D into V5. Let f be a C! scalar field on D and ¢, . . . ¢, real numbers.
Then

(@) curl (Y1, gw) = YL, 6 curl wy),
(b) curl (fu) = fcurlu 4+ Vf x u.

(c) div(u x v) =v-curlu—u-curlv.
(d) curl Vf = 0 provided that Vf € C'(D).
(e) div curl v = 0 provided that v € C*(D).
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Proof
We shall establish Part (b), the remaining proofs being similar. Let
€1, €;, €3 be an orthonormal basis and set u = u;e; + uze; + uzes. Then

Wfuz)  (fur)
+ (aXl - 8}(2> €3.
Therefore,

curl(fu) = f curlu + <u3 %‘ — Uy 8f> €

+lu o u o e+ |u o u o €
! 8X3 3 8x1 2 2 8X1 ! sz 3
Recalling that Vf = (9f/dx;)e; + (9f/9xz)e, + (9f/dx3)e; and using the

formula for the vector product as given by (12.12), we see that (12.14) is
precisely

(12.14)

curl(fu) = f curlu + Vf x u.
|

Part (d) in Theorem 12.7 states that if a vector u is the gradient of a
scalar function f, that is, if u = Vf, then curl u = 0. It is appropriate to
ask whether or not the condition curl u = 0 implies that u is the gradient
of a scalar function f. Under certain conditions this statement is valid. In
any Cartesian coordinate system, the condition u = Vf becomes

of of of
m = —_—, U = —, us = -
3X1 aXZ 3X3
or
(1215) df = uldxl + Mdez + Mg&b(g.

Then the statement curl u = 0 asserts that the right side of (12.15) is an
exact differential.

EXAMPLE 2
Let the vector field u be given (in coordinates) by

u = 2x;xx3€; + (xfx3 + x2)e; + (xfxz + 3X§)e3.

Verify that curl u = 0 and find the function f such that Vf = u.
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Solution. Computing V x u by formula (12.12), we get

€ €) €3

ad ad 0
curlu =| — — —
8X1 sz 8X3

2X1X2X3 X%Xg + x; xfxz + 3x§

= (xf — xf)el + (2x1%2 — 2x1x%3)€x + (2x1x3 — 2x1x3)ez = 0.
We seek the function f such that
of of of

2 2 2
— = 2X1XpX3, — = X{X3 + X2, — = X{x2 + 3x3.
8x1 sz 8X3

Integrating the first equation, we obtain
flx1, %2, X3) = x2xo%3 + C(x2, X3).

Differentiating this expression with respect to x, and x3, we obtain

;TJ; = Xx3+ g—xcz = Xx3+x; and ;—; = X+ 272 = x2x; +3x3.
Thus it follows that

dC aC , 1,

a—xz = X, 873 = 3Xx3, or C = EXZ + K(x3),

where K'(x3) = 3x§. Therefore, C(x;, x3) = %xﬁ + xg + K; with Kj a
constant. Hence

f(xl; XZ;X?;) = XfX2X3 + EX% + X; + K;.

Problems

1. Suppose that u : R* — V, is given by u(x, x) = (¥¥ — x))e; +
2x1%2€,. Find [, udv, where F = {(x1, %) : f 4+ x} < 1}.
In each of Problems 2 through 5 express Vf{x) in terms of (x;, x3, x3) and
(e1, €1, e3) and compute D,f(X), where a is the given unit vector and ¥ is
the given point.
2. flx) =23 + x5 —xmxs — a3, a= 1 (2e; — 2e; —e3), ¥ = (1, —1,2).
3. f(x) =x} + xivy — %} + X%, a = L (3e; + 2e; — 6ey), X = (2,1, —1).
4. flx) = €“ cosxy, + €2 cosxz, a = %(el —ey+e3),x=(1,m—-1/2).
5. flx) = xtlog(1 + %) —x3,a = ﬁ(sel +e3), ¥ = (1,0, —2).
In each of Problems 6 and 7 express D,w(x) in terms of (x1, x2, x3) and
(e1, e, €3). Find the value at ¥ as given.

6. W(X) = xpx3€1 +Xx1x3€2+X1X0€3, & = %(614-262—263),?_6 =(1,2,-1).
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7. w(x) = (%1 — 2x)€; + Xx3€; — (x5 —x2)e3, a = \/% (3e; + 2e; — €3),
X = (2 -1,3).
8. Prove Theorem 12.5.

In each of Problems 9 through 13 find the value of div v(x) at the given
point X.

9. v(x) = xxe;, + xje; — xje;, x = (1,0,1).
10. v(x) = (¥ — xx3)€1 + (%5 — x1%3)€2 + (%5 — x1x)€3, x = (2,—1,1).
1. v(x) = Vu, u(X) =3xx5 — x5 +x3, x=(-1,1,2).
12. v(x) =r7"r, T=x1€ +xe;+x3e3, v=1r], x=(2,1,-2).
13. v=axr 1t = xe + xe, + x3e3, a = constant vector, x =
(*, %3, 23).

In each of Problems 14 through 16, find curl v in terms of (3, x2, x3) and
(e1, ez, e3). If curl v = 0, find the function f such that Vf = v.

14, v(x) = (¥ + x5 + 27 (ver + xe; + x3€3).
15. v(x) = (¥ + xx3)er + (X5 + xx3)ex + (X3 + xxo)es.
16. v(x) = €' (sin x, cos x3€; + sin x; sin x3€; + cos x,€3).

12.2 Line Integrals in RY

LetI = {t : a <t < b} be an interval and f a vector function with
domain I and range D, a subset of Vy. We consider in RY the directed
line segments having base at the origin 0 that represent the vectors f
in D. The heads of these directed line segments trace out a curve in RY,
which we denote by C. If f is continuous and the curve C has finite length,
then we say that C is a rectifiable path.

Let g be a continuous vector function from C into Vy. If f, as defined
above, is rectifiable, then we can determine the Riemann-Stieltjes integral
of g with respect to f. To do so we introduce a coordinate system with
an orthonormal basis €1, €3, . . ., ey in Vy, although the formula we shall
obtain will be independent of the coordinate system. We write

g(¥) = s(xer + ... +gn(¥)en,

ft) = filver + ... + fn(Hen, xeC, tel
If f is rectifiable, then the functions £ : I — R!' i = 1,2,..., N,
are continuous and of bounded variation. Also, if g is continuous, then
the functions g : C — RN, i = 1,2,..., N, are continuous. Using

the notation gi[f(f)] for gi[fi(}), . .., fn(t)], we observe that the following
Riemann-Stieltjes integrals exist:

(12.16)

b
(12.17) / glf(OMEf®,  i=1,2,..., N
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We now establish the basic theorem for the existence of a Riemann-
Stieltjes integral of a vector function g with respect to a vector function
f.

Theorem 12.8
Suppose that £:1 — Vi is a vector function and that the range C in RY as

defined above by the vector r(t) = v(a)j) is a rectifiable path. Let g be a
continuous vector field from C into Vy. Then there is a number L with the
following property: For every ¢ > 0, there is a § > 0 such that for any
subdivision A:a =ty < t1 < ... < t, = b with mesh less than § and any
choices of & with ti_y < & < t;, it follows that

n
(12.18) > glf(&)] - [r(t) — r(ti-)] — L| < &.
i=1
The number L is unique.
Proof
We introduce an orthonormal set e, €, ..., ey in Vy and write g and f

in the form (12.16). Then we set

N b
L= [ aitomro,
i=1 va

and each of the integrals exists. Replacing each integral by its Riemann
sum, we obtain inequality (12.18). |

Definition
We write L = fab g[f(t)] - df(t) and we call this number the Riemann-
Stieltjes integral of g with respect to f.

EXAMPLE 1
Given f and g defined by

f(t) = tPe; + 2te, — tes, g(X) = (¥ + x)e; + xxe; + xxz€3,
find [ g - df.

Solution. We have
1 1
[ g[f(0)] - df (1) = / [ = Der + E2(—0es + 2(20es]
0 0

-[d(t*er + 2te; — tes)]

= /l[(f4 — ). 2t + t3(=1t) - 2 4+ 228)(=1D)]dt = — 4
0 3 .
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Definitions
—_
Letf : I — Vy define an arc C in RY by means of the vector r(t) = v(OP),

where OP is a representation of f. It is intuitively clear that f may traverse
the arc C in one direction or its opposite direction. When we associate one
of the two possible directions to the arc C, we say that we have a directed

arc and denote it by C ;. The arc directed in the opposite direction, say
— . . = —
C ,, satisfies the relation C, = — C ;.

The Riemann-Stieltjes integral along a directed arc T with radius
vector r is defined by the formula

b
(12.19) /? g(r) - dr = / g[f(0)] - df(0),

where f is a parametric representation of C . It is not difficult to see that
the integral along a directed arc as in (12.19) depends only on g and C

and not on the particular parametric representation of C . Also, it follows
at once that

/—8 g(r) - dr = _/E) g(r) - dr.

N
A directed arc C may be decomposed into the union of directed
subarcs. For example, if

C=C,+Cy+...+Cn

%
then each subarc C x would be determined by a function fi. The following
result is an immediate consequence of the basic properties of Riemann-
Stieltjes integrals.

Theorem 12.9

(a) Suppose that Tisa rectifiable arc and that T = E)l + < 2+ .+
?n. If g is continuous on 3, then

(12.20) /E) gr) - dr=>)" f? g(r) - dr.
k=1 K

(b) Suppose that T hasa piecewise smooth representation £ and that g is

. —>
continuous on | C |. Then

b
(12.21) /8 g(r) - dr = / g[f()] - £'(t)dt.
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Remark
If £ is piecewise smooth, then the integral on the right in (12.21) may be

evaluated by first decomposing T into subarcs, each of which has a smooth
representation, and then using (12.20) to add up the integrals evaluated by a
smooth £ on the individual subarcs. We give an illustration.

EXAMPLE 2
—
In V3, let g = 2x€; — 3x€; + x3e3 and define the arc C as the union

?1 + E)Z, where 61 is the directed line segment from (1, 0, 1) to (2, 0, 1),

and C , is the directed line segment from (2, 0, 1) to (2, 0, 4) (see Figure
12.1). Find the value of ‘[E) g(f) - dr.

. — —
Solution. C1 = {r : r = xje; +e3, 1 <x <2}and C, ={r : r =

—
2e; + x3e3, 1 < x3 < 4}. On C 1, we have

dr = (Xm)el
and on E)z,
dr = (ng)eg.
Therefore,
2 4 15
N g~dr=[ 2x1dx; = 3 and /_> g~dr=/ X3dxy = — .
C 1 1 C 2 1 2

We conclude that

21
g -dr = —.
/6 2 m

/ﬁl) )
(2.0. 1) - V2

Figure 12.1
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If a function g is continuous on a domain D in RY, then |- el g - dr will

depend on the path C chosen in D. However, there are certain situations

in which the value of the integral will be the same for all paths T inD
that have the same endpoints. Under such circumstances we say that the
integral is independent of the path. The next result illustrates this
fact.

Theorem 12.10
Suppose that u is a continuously differentiable scalar field on a domain D in

RY and that p,q are points of D. Let T be any smooth path with representation
f such that £(t) € D forallt on I = {t:a <t < b}, the domain of £. Suppose
that f(a) = p, £(b) = q. Then

/E) Vu - dr = u(q) — u(p).
Proof
Let ey, ey, ..., ey be an orthonormal basis. Define
G(t) = u[f(t)] for t € I,
with () = fi(H)e: + ... + fv(t)ey. Using the Chain rule we obtain

N
G'(1) = Y ulfO)f (1) = Vulf(n)] - £(0).

=1

Hence
b b
/E) Vu - -dr = /a. Vu[f(t)] . f’(t)dt = /; G’(t)dt = G(b) — G(a)
= u(q) — u(p).

Next we establish a converse of Theorem 12.10.

Theorem 12.11
Let v be a continuous vector field with domain D in RY and range in Vy.

Suppose that for every smooth arc < lying entirely in D, the value of

/_)V-dr
C

is independent of the path. Then there is a continuously differentiable scalar
field u on D such that Vu(p) = v(p) for all p € D.
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Proof

Let po be a fixed point of D and suppose that T is any smooth path in D
from py to a point p. Define

u(p) = /? v - dr,

which, because of the hypothesis on v, does not depend on T . Let p1 be
. —= — .

any point of D, and C ( an arc from p, to p;. Extend C g at p; by adding a

straight line segment L that begins at p; in such a way that the extended

arc Co+ L is smooth. Denote by a the unit vector in the direction L .
We introduce a coordinate system in RY and designate the coordinates of

p1 by x°. Then any point g on T will have coordinates x° + ta for t € R!.
Thus, if h > 0, we obtain

1 0 0 1 *%+ha
7 [u(x" + ha) — u(x")] = | v(t) - adt.
Therefore,

hli)l%l+ %[u(xo + ha) —u(x")] = v(x") - a

m %[u(xo — ka) — u(x")]

1
hlrg{ " [u(x" + ha) — u(x")] = kl 1

= v - (-a) = v(x") - a.

This procedure can be carried out for any arc 30 passing through p;
with a a unit vector in any direction. From Theorem 12.2 it follows that
Vu = v at x°, any point of D. [ |

Suppose that u is a smooth scalar field in R®. We saw earlier that if
v = Vu, then it follows that curl v = 0. On the other hand, if v is a given
vector field such that curl v = 0 in a domain D, it is not necessarily true
that v is the gradient of a scalar field in D. In fact, the following example
shows that the integral of v may not be path-independent, in which case
v cannot be the gradient of a scalar field. To see this, we set

v = +x) 7 (—xe +xe+0-es)

with D = {(x1,%2,%3) : 3 <x +x < 3, =1 < x3 < 1}. We choose for
T the path r(t) = (cost)e; + (sint)- e, +0-e3, 0 <t < 27w. Then

2
/_>U'd1‘:/ at = 2m.
C 0

However, if the integral were independent of the path, its value should

be zero, since the initial and terminal points of C are the same. The
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difficulty arises because the path C encloses a singularity of v on the
line x; = x; = 0, whereas the cylindrical domain D does not contain this
line.

If a smooth vector field v is defined in a domain that is not merely
connected but also simply connected, then it follows that if curl v = 0,
then v is the gradient of a scalar field u. We say (informally) that a domain
D is simply connected if any two paths situated in D that have the
same starting and ending points can be deformed continuously one into
the other without leaving D. More precisely, we state without proof the
following result.

Theorem 12.12

Suppose that v is a continuously differentiable vector field on a simply con-
nected domain D in R® and that curl v = 0 on D. Then there is a continuously
differentiable scalar field u on D such that v = Vu.

Theorem 12.12 can be extended to functions v from a domain D in RY
to V. If curl v = 0 is replaced by the condition

Vij — vji =0, Lj=12...,N

)

where v = v1€; + ... 4+ vyey, then v is the gradient of a scalar field u
provided that the domain D is simply connected.

Problems

In each of Problems 1 through 8 assume that g is a continuous vector field
from a domain D in RY into Vy for the appropriate value of N. The vectors
ey, ..., ey form an orthonormal basis for a coordinate system. Compute

f?g-dr.

1. g = xyx3€; —xy€3+ X €3; ? is the directed line segment from (0, 0, 0)
to (1,1, 1).

2. g = xx3€; — X€; + X1€3; C is the directed arc given by f(t) =
te; + t’e; +t3e3, 0 <t <1, from 0 to 1.

3. g = —xie; + xe; — xze3; C is the helix given by f(t) = (cost)e; +
(sint)e; + (t/m)es, 0 < t < 2m, from 0 to 2.

4. g = —x1€; +xy€; —x3€3; ? is the directed line segment from (1, 0, 0)
to (1,0, 2).

5. g = xle; + xx€; + 0 - €3; T = {(x1,%2,%3) : % = X%, %3 = 0,0 <
x; <1, from (0,0, 0) to (1, 1, 0)}.

Z 2 ﬁ . . .

6. g = 2xx3€; + (x5 — x5)es; C is the shorter circular arc given by
x =0, x5+ x% = 4, from (0, 2, 0) to (0, 0, 2).

7. 8 = x1x€1 + xpe; — xpx4€3 + xzey; C is the directed straight line
segment from (0, 0, 0, 0) to (a;, az, as, as).
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8. g = Zil x’e;; C is the directed line segment given by f(t) =
Zil aite;, 0 <t <1 from 0 to 1; {;} are constants.

9. Given the scalar function u(x) = ¥} + 2x3 — x5 + x, in R*, verify that
f? Vu - dr is independent of the path by computing the value of

the integral along E)l, the straight line segment from (0, 0, 0, 0) to

(1,1,1, 1), and then along 6)2, the straight segment from (0, 0, 0, 0)
to (1,0,0,0) followed by the straight segment from (1,0, 0, 0) to
(1,1,1, 1). Show that the two values are the same.

10. Given the scalar function u(x) = YN % in RV, let C 1 be the line

segment from (0,0,...,0)to (1,1,...,1) and 32 the path f(t) =
t?e; + Zf\]:z te;, 0 < t < 1. Verify that f? Vu - dr is independent of

the path by computing this integral along < 1 and < » and showing
that the values are the same.

12.3 Green’s Theorem in the Plane

Green’s theorem is an extension to the plane of the Fundamental theorem
of calculus. We recall that this Fundamental theorem states that if I is an
interval in R! and f : I — R! is a continuously differentiable function
then for any points a and b in I we have the formula

b
(12.22) / f'(dx = f{b) — fla).

In the extension of this theorem to the plane we suppose that F is a
domain in R? and C is its boundary. Then Green’s theorem is a formula
that connects the line integral of a vector function over C with the double
integral of the derivative of the function taken over the domain F.

Let D be a region in R? with a boundary that is a simple closed curve.
We denote the unoriented boundary by dD and the boundary oriented

in a counterclockwise direction by aD. The symbol _3D is used for the
clockwise orientation.

We shall first establish Green’s theorem for regions in R? that have a
special simple shape. Then we shall show how the result for these special
regions can be used to yield the same formula for general regions in the
plane.

Definitions

Suppose D is a region in R? and v : D — V, a vector function. We intro-
duce a coordinate system in V, with orthonormal basis e; and e,. There
are two possible orientations for such a basis: e, is obtained from e; by a
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90° rotation in the counterclockwise direction, or e, is obtained from e;
by a 90° rotation in the clockwise direction. We call the plane R? oriented

when one of these systems is introduced in V,(R?), and we use the nota-
2 2

— —
tion R and — R for the orientations. Generally, we shall consider the
2
—
oriented plane R . In coordinates, we write v.= P(x1, x3)e; + Q(x1, x2)ez,
where P and Q are functions from D into R'. The scalar curl of v is the

function Q,; —P,,; we write
curlv =Q, — P;.

We recall that in V3 the curl of a vector function, is a vector function
whereas the above curl is a scalar function. To justify the above termi-
nology, observe that if v is a vector function from R3 to V3 in the special
form

v =Pe; + Qe; + 0 - €3,
and P = P(x;, x2), Q = Q(x1, x2), then
curlv = (Q,; —Py)es.
Lemma 12.3
Let f" be a continuously differentiable function with domain I = {x;:a < x; <

b} and range in RY. Let ¢ be a constant with f(x1) > ¢ for x; € I. Define
= {(x1,x2):a < xl < b,c < x; < f(x1)}. (See Figure 12.2.) Suppose that G

is any region in R with D C G and let v:G — V3(R?) be a continuously
differentiable vector function. Then

(12.23) / curl vdA = f_> v - dr,
D oD
where 0D is oriented in the counterclockwise sense.

Proof

Writing v(x;, x3) = P(x1, x2)e; + Q(x1, x2)e;, we see that it is sufficient
to prove (12.23) for the functions P(x;, x;)e; and Q(x;, x;)e, separately.
Letting v; = Pe;, we have

b
/ curl vidA = / Py(x1, x2)dA = —/ {P(x1, f(x1)) — P(x1, ¢)}dx;.
D D a

We write 0D = C1;+ C, + C3+ C4 asshown in Figure 12.2. Then

/curlvldA = /_> PdX] +/_) PdX].
D C3 C]
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Since x; is constant along E)z and 84, it follows that /8 Pdx; =
f? Pdx; = 0. Therefore,

(12.24) / curl vidA :/ _, Pdx; = /_> Pdx.
D Z?:l Cl oD

Next, let v, = Qe, and define

U(xy, x2) = f Q(x1, n)dn.

Xy =flx)

X)) = (p———— _—

X

[
|
|
1
|
1
!
Y, =a Xy =h
D=C 4G+t
Figure 12.2
Then
X2
Ui(x1, x2) = / Q,1 (%1, n)dn, Upa(x1, x2) = Q(x1, x2),
C
and
Uip=Uz1 =Q,.
Since U is smooth in G, it follows that
(12.25) /_>(U,1dX1 + Updxy) = 0 = /—> Uadx, + /—> Qdx;,
oD oD D

and using formula (12.24) with U, in place of P, we obtain

/ curlvsz = / U,l,ZdA = —/_) Urldxl.
D D aD

Taking (12.25) into account we conclude that

(12.26) /curlvsz = /_) Qdx,.
D oD
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Adding (12.24) and (12.26), we get the result. ]

Definitions
Let C; and C; be two smooth arcs that have as their only point in common
an endpoint of each of them. This point, denoted by P, is called a corner
of C; and C; if each of the arcs has a (one-sided) tangent line at P and if
the two tangent lines make a positive angle (see Figure 12.3). A piecewise
smooth simple closed curve is a simple closed curve that is made up
of a finite number of smooth arcs that are joined at corners.

In Lemma 12.3 we may assume that f is a piecewise continuously
differentiable (i.e., piecewise smooth) function on I consisting of a finite
number of smooth arcs joined at corners. The proof is the same.

a corner not a corner (cusp)
Figure 12.3

Definition
A region D in R? is said to be regular if (i) D is bounded, (ii) 3D consists
of a finite number of piecewise smooth simple closed curves, and (iii) at
each point P of dD a Cartesian coordinate system can be constructed with
P as origin with the following properties: For sufficiently small a and b,
a rectangle

R =A{(x1,%): —a <x <a,—b < x, <Db}

can be found such that the part of dD in R has the form x, = f{(x;) for x
onl = {x : —a <x; <a}landwithrangeon] = {x; : —b < x; < b},
where f is a piecewise smooth function (see Figure 12.4).

Of course, the values of a, b, and the function f will change with the
point P. If a rectangle R is determined for a point P, then it is clear that
any rectangle with the same value for b and a smaller value for a is also
adequate. See Figure 12.5 for exe;mples of regions that are not regular.

—
If D is a regular region in R , a tangent vector can be drawn at any
point of dD that is not a corner. Let T be the tangent vector at a point

N
P € 9D and construct a coordinate system in R such that e; is parallel

to T . Then aD may be oriented at P in two ways: The vector e, may
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point into D, or the vector e; may point outward from D. In the first case
we say that aD is oriented at P so that D is to the left; in the second case,
we say that D is to the right. It can be shown that the oriented piecewise

smooth simple closed curve 3D has the property that D is always on the
left or always on the right for all points at which a tangent vector can be
drawn.

X

X, = flx)for —a<x, €4

Figure 12.4

If D is a regular region in R?, then it can be shown that D can be
decomposed into a finite number of regions of the type shown in Figure
12.2. Of course, the regions will be facing various directions, but when
the integrations are performed, all those that occur twice along a straight
line segment will cancel each other. As a result, we have the following
theorem.

Theorem 12.13 (Green’s theorem in the plane)
If P and Q are smooth in a regular region D in R?, then

Q. oP
12.27 — — — |dA = Pd d,
(22 2 Janf o

8x1 8x2

where the line integral is taken in a counterclockwise direction.
We provide two examples.

ExAMPLE 1
Given the disk K = {(x1,x) : ¥ + x4 < 1}, use Green's theorem to
evaluate

/3? (@01 — )b + (6 + 3]
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Solution. Setting P = 2x; — x5, Q = &} + 3x3, we see from (12.27) that

2 1 3
% (Pdx; 4+ Qdxy) = f 3(x% 4 x3)dA = 3/ / vt rdrdd = ~ 7.
K K o Jo 2 ]

D

Infinite number of holes Infinite spiral

Regions which are not regular

Figure 12.5

EXAMPLE 2

Let K = {(x1,%2) : ¥} + x5 < 1} be the unit disk and let D be the region
outside K that is bounded on the left by the parabola x5 = 2(x; 4+ 2) and
on the right by the line x; = 2 (see Figure 12.6). Use Green's theorem to

evaluate
X2 X1
— dx + ax- ,
/€1< B XAl Z)

where ?})1 is the outer boundary of D.

X2
x2=2(x, +2)

D
AR
EENT ol == (2.0 o
RN

e e’
¢y

Figure 12.6
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Solution. We write P = —x,/(x% + x5), Q = x1/(x} + x3) and note that
ﬁ

Q,1 —P, = 01in D. Hence with dK oriented in the counterclockwise sense,

Green’s theorem implies that

0= /a_é(PdX] + Qd?Q) = /E)I(del + Qng) — /a_[)<(PXm + QdXz)

Using the representation x; = cos 6, x, = sin6, —r < 6 < 7, for the last
integral on the right, we obtain

/8 (Pdx; + Qdx;) = [ (sin” @ + cos® 6)d9 = 2n.
1 -7 .

A precise statement of Green's theorem without reference to a
particular coordinate system is provided in the next statement.

Theorem 12.14 2
Let D be a regular regwn n R . Suppose that G is a region in R withD C G,

and let v:G — Vz( R ) be a continuously differentiable vector functlon on
G. Assume that 3D is oriented so that D is on the left and that D =7C 1+
?z + ...+ ?k, where each 81- is a smooth arc. Then

k
12.28 curl vdA = / v .dr = / v - dr.
a2z 2 Je 5

ExAMPLE 3
Let D be a regular region with area A. Let v = — > (xzel — x1€3). Show

that
aD

Solution. We apply Green's theorem as in (12.28) and find that

1 1
/_>V-dr=fcurlvdA=/<—i—)dA:A.
oD D b\ 2 2 ]

Example 3 shows that the area of any regular region may be expressed
as an integral over the boundary of that region.

Problems
In each of Problems 1 through 8 verify Green’s theorem.

1. P(x1,x2) = —x2, Q(x1, %) = x; D = {(%1,%) : 0 <x <1,0<x <

1.
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2. P(Xl,Xz) = X1X7, Q(Xl,Xz) = —2X1X2; D = {(XI,XZ 1l < x < 2, 0 <
X, < 3}.

3. P(Xl, Xz) = 2Xx1 — 3xy, Q(Xl,Xz) =3x +2x,, D = {(Xl,Xz) 0<x <
2,0 <x, <1}

4. P(x1, x3) = 2x1 — X3, Q(x1, X2) = x1 + 2x; D is the region outside the
unit disk, above the curve x, = x} — 2, and below the line x, = 2.

5. P = x? —x5, Q = 2x1x; D is the triangle with vertices at (0, 0), (2, 0),
and (1, 1).

6. P = —x;, Q = 0; D is the region inside the circle ¥? + x2 = 4 and

outside the circles 7 + (x, — 1)> = 1/4 and x{ + (x; + 1) = 1.

v =0 +x)"(—xe +xe); D={(x,%):1 < x +x < 4}.

8. P = 4x; — 2x;, Q = 2x1 + 6xy; D is the interior of the ellipse x; =
2cosb, x; =sinf, —wr <6 < m.

N

In Problems 9 through 12 compute fa_> v - dr by means of Green's
D

theorem.

9. v(x1, %) = (4x1€% +3x2x; +x3)€ + (2x3€ — cos xy)€; D = {(x1, x2) :
X2+ x2 < 4}

10. v(x1, x;) = arctan(xy/x)e; + 3 log(x} + x3)ex; D = {(x1,x2) : 1 <
X <3,-2<x <2}

11. v(x1, %) = —x€; + x1€3; D = {(x1, %) : (1 — 1)> + x5 < 1}.

12, v(x, %) = —3xix€1 + 3x1x3€2; D = {(x1,%) : —a < x < a,0 <

Xy < a? — X3}

12.4 Area of a Surface in R3

Let a surface S in R® be given by
(12.29) S = {(x1, x2, x3) : X3 = f(x1, X2), (%1, x2) € DU 0D},

where D is a bounded region in R?. We know that if f has continuous
first derivatives, the area of the surface, A(S), may be computed by the
formula developed in calculus:

of \? af \2
o= [ e () (i) o
Definitions

Let G be an open set in R® and let f : G — R3 be a C! function. That is, f
has components f!, f2, f3, and f' : G — R! are C' functions fori = 1, 2, 3.
The Jacobian of f is the 3 x 3 matrix having the first partial derivative f]l
as the entry in the ith row and jth column, i,j = 1, 2, 3. We also use the
terms Jacobian matrix and gradient, and we denote this matrix by Vf.
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Definitions
Let D be a region in R%. A smooth surface element is the graph of a
system of equations of the form
(12.30)
X = x(s, 1), Xy = X3(8, 1), X3 = x3(8, 1), (s,t) e DUID

inwhich x;, x,, x3 are C! functions with domain a region G in R? containing
DU aD. We suppose that D is a region whose boundary consists of a finite
number of piecewise smooth simple closed curves. In vector notation,
equations (12.30) may be written

v(0Q) =1(s,t),  (s,)e DUID, O given.

Let o be a smooth surface element given by

(12.31) o:v(0Q) =1(s, ), (st €DUID,

with r and D satisfying the conditions stated in the definition of a smooth
surface element. If ¢ is held constant, say equal to ty, then the graph of
(12.31) is a smooth curve on o. Therefore, 15(s, ty), the partial derivative
of r with respect to s, is a vector tangent to this curve on the surface.
Similarly, the vector r.(sp, t) is tangent to the curve on o obtained when
we set s = sg. The vectors ry(Sp, to) and r¢(so, to) lie in the plane tangent
to the surface element o at the point Py = 1(8o, to)-

Definition
Let o be a smooth surface element given by (12.31). We subdivide D into
a number of subregions Dy, D5, ..., D, and define the mesh size ||A| as

the maximum diameter of all the D;. The area of the surface element
o, denoted by A(0), is defined by the formula

n

A(0) = lim Y AD)Iry(s, ti) x o(si, )],

A
1A1-0

where A(D;) is the area of D;, and (s;, t;) is any point of D;, and where
the limit exists in the same manner as that determined in the definition
of a definite integral. From this definition of area we obtain at once the
formula

(12.32) A(o) = //D [15(s, £) X 1:(s, t)|dA.

If the representation of o is of the form x; = f{(x;, x2) discussed at the
beginning of the section, we may set x; = s, x; = t, x3 = f{s, t) and find

that
]<X2,X3>:_fs7 J(XS'X]>=—ft, ](lexz>:1.
s t st st
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Then (12.32) becomes the familiar formula

(12.33) A(0) = // 1+ 2+ fPdA.

When a surface o is described by a single equation such as x3 = f{x1, x2),
we say that o is given in nonparametric form.

Unfortunately, most surfaces cannot be described in nonparametric
form; thus (12.33) cannot be used in general for the computation of sur-
face area. In fact, it can be shown that a simple surface such as a sphere
cannot be part of a single smooth surface element.

If S is a piecewise continuous surface, we can define area by decom-
position. First, if o is a smooth surface element, a set F is a domain in
o if and only if F' is the image under (12.31) of a domain E in the plane
region D U dD. The area of F is defined by formula (12.32).

Definitions

Let S be a piecewise continuous surface. A set F contained in § is a do-
main if and only if F = F; U F, U ... U Fy, where each F; is a domain
contained in a single smooth surface element o; of S, and no two F; have
common interior points. The area of F is defined by the formula

A(F) = A(F1) + ... + A(Fp).

We now discuss integration of a function f defined on a surface F.
Suppose that F is a closed domain on a piecewise smooth surface. We
write F = F; UF, U . ..U Fy, where each F; is a domain contained in one
smooth surface element. Then each F; is the image of a domain E; in R?,
i=1,2,...,k under the map

(12.34) v(0Q) = 1i(s, t) for (s, £) € D; U aD;

with E; € (D; U dDy). Let f : F — R! be a continuous scalar field. We
define

(12.35) //Ffds = Xk:/F fds,

where each term on the right side of (12.35) is defined by the formula

(12.36) //F fdas = //E flxi(s, O)] - Iris x 13|dA.

The result is independent of the particular subdivision {F;} and the
particular parametric representation (12.34).

If a surface element o has a nonparametric representation x3 =
@(x1, x2), then (12.36) becomes

3o \? 30 \?
a2y [[ =[] f[xl,XZ,w(xl,m]/l (2) ()
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The evaluation of the integral in (12.37) follows the usual rule for eval-
uation of ordinary double and iterated integrals. We show the technique
and give an example.

EXAMPLE

Find the value of [[;, x3dS, where F is the part of the lateral surface of the
cylinder x + x5 = 4 between the planes x3 = 0 and x3 = x; + 3 (see
Figure 12.7).

Figure 12.7

Solution. When we transform to the cylindrical coordinate system x; =
rsinf, x, = v cos 0, x3 = z, then F lies on the surface r = 2. We choose 6
and z as parametric coordinates on F' and set

G={02):—nm1<6=<m0=<2z=<3+ 2cosb},
F={(x1,x2,%3) :x =2sin6,x; = 2cosb,x3 = z, (0, 2) € G}.

The element of surface area dS is given by dS = |ry X 1,|dAy, (see Figure
12.8), and since

X2, X: X3, X X1, X;
rexrz=]< ;;)elJr]( ;Zl>ez+l( g;)es

= —(2sin6)e; — (2cosb)e; + 0 - €3,

we have

as = 2dAe;.
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Therefore,

T 3+2cos O
2// 22dAg, = 2[ / z%dzdo
G - J0

T

2
3 | (8+2cos 0)*df = 60m.
-7

// x2ds
F

(12.38)

The surface F is not a single smooth surface element, since the trans-
formation from G to F shows that the points (-, z) and (7, z) of G are
carried into the same points of F'. The condition that the transformation
be one-to-one, necessary for a smooth surface element, is therefore vio-
lated. However, if we divide G into G; and G; as shown in Figure 12.8, the
image of each is a smooth surface element. The evaluation of the integral
(12.38) is unchanged. u

(0. 5)

G =06, UG,

=34+ 2c0s 0

Figure 12.8

Problems
In each of Problems 1 through 9, find the value of

//Sj f(x1, X2, x3)dS.

1. f(Xl,Xz,Xg) = Xl,S = {(Xl,Xz,X3) LX) =+ X2 =+ X3 = 1,X1 > 0, Xy =
0, x3 > 0}

2. flxr, X2, %3) = &3, S = {(x1, %2, %3) : X3 = X1, %5 + x5 < 1},

3. flxa, %2, %3) = 22,8 = {(x1, %2, %3) 1 X2 =22 + x%,1 < x3 < 2}.

4. flx1, X2, x3) = 3, S is the part of the cylinder x3 = x7/2 cut out by
the planes x; = 0,x = 2, and x; = x,.

5. flxr, X2, %2) = x1x3, S = {(x1, %2, %3) : X3 + x5 = 1,0 < x3 < x + 2}.

6. flx1, X2, ¥3) = x1, S is the part of the cylinder ¥ — 2x; + x5 = 0
between the two nappes of the cone x7 + x5 = x3.

7. f(x1, %2, x3) = 1; using polar coordinates (7, 8) in the (¥, x3)-plane,
S is the part of the vertical cylinder erected on the spiral r = 6,
0 < 6 < 7/2, bounded below by the (x;, x;)-plane and above by the
cone x7 + x5 = x3.
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8. flxr, %2, x3) = X2 + x5 — 2x3, 8 = {(x1, %2, X3) : %] + x5 + x5 = a?}.
9. flx1, %2, %3) = x2, 8 = OR, where R = {(x1, %3, x3) : %2 > 22 + %%, 1 <
x3 < 2} (see Problem 3).

The electrostatic potential E(Q) at a point Q due to a distribution of
electric charge (with charge density p) on a surface S is given by

s [ 10

where dpq is the distance from a point Q in R® — S to a point P € S.
In Problems 10 through 13 find E(Q) at the point given, assuming that
p is constant.

10. S = {(x, %2, %) : ¥ +x2=1,0<2x < 1};Q = (0,0,0).

11. S = {(x1, %2, %3) : X3 +x5+x5 = a*};Q = (0,0,¢).Case l:¢ > a > 0;
Case 2:a >c¢c > 0.

12. S = {(x1, %2, %) : ¥+ x5 +x =a’, x3 > 0,Q = (0,0,¢);0 < ¢ < a.

13. S is the surface of Problem 3; Q = (0, 0, 0).

12.5 The Stokes Theorem

Suppose that S is a smooth surface element represented parametrically
by

(12.39) v(OP) = 1(s, t) with (s, ) € D U aD,

where D is a region in the (s, t) plane with a piecewise smooth boundary
aD. From the definition of a smooth surface element, we know that r; x
1; # 0 for (s, t) in a region G containing D U aD.

Definition
For a smooth surface element S, the unit normal function to Sis defined
by the formula

Ts X 1y

n=_————, (s, t) € D.
|15 X 1]
Whenever S is a smooth surface element, the vector n is a continu-

ous function of s and t. Using Jacobian notation, n may be written in
coordinates:

Xy, X X3, X X1, X
(12.40) n = |1y x 1, [}( 2 3>e1+]< > 1)ez+]( L Z)eg}.
st st st

It is a fact that the unit normal function is unique up to a change in
sign. That is, if n’ is another unit normal function for the same smooth
surface element, then eithern’ = norn’ = —n.
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Definitions

A smooth surface § is orientable if there exists a continuous unit normal
function defined over all of 8. Such a unit normal function is called an
orientation of S.

Since the unit normal function to § at a point P is either n(P) or —n(P),
each orientable surface possesses exactly two orientations, each of which
is the negative of the other. An oriented surface is the pair (S, n), where
nis one of the two orientations of S. We denote such an oriented surface by

— , . —
S . Suppose that F is a smooth surface element of the oriented surface S .
The function n when restricted to F provides an orientation for F, so that

(F,n) = F is an oriented surface element. We say that the orientation
of F agrees with the orientation of § if the parametric representations of
F and S yield unit normal functions on F that are identical.

If S is a smooth surface element represented parametrically by

v(0P) =1(s, ),  (s,t) € DUAD,

then the boundary 9S is the image of aD. Since R? is oriented, we say that
aD is positively directed if it is oriented so that D is on the left as aD is

— —
traversed. We write dD for this orientation and —aD when the boundary
is oppositely directed.

Let S be a smooth oriented surface in R? with boundary 38 and sup-
pose that r is a vector function defined on S and aS. Stokes’s theorem is
a generalization to surfaces of Green’s theorem. We recall that Green’s
theorem establishes a relation between the integral of the derivative of
a function in a domain D in R? and the integral of the same function
over dD (Theorem 12.13). The theorem of Stokes establishes an equality

%
between the integral of curl v - n over a surface S and the integral of v

over the boundary of S . The principal result is given in Theorem 12.15.
Let S be represented parametrically by

r(sf t) =1 (Sr t)el + XZ(Sr t)ez + X3(Sr t)63 for (Sf t) € D;

where D is a bounded region in the (s, t)-plane. Then the positive unit
normal function is

n(s, ) = rs x 1" [](XZ,X3>61 +](X3,X1>ez+]<xl.m)eg].
st st st

Suppose that v is a continuous vector field defined on S and given in
coordinates by

Vv(x1, X2, X3) = V1(X1, X2, X3)€1 + V2(X1, X2, X3)€2 + V3(X1, X2, X3)€3.
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Since S is a smooth surface, the scalar product v - n is continuous on §,
and a direct computation yields

X, X X3, X X1, X
ven=|r, x| |v) 273 + vyJ SR + v3J L2 .
s, t st s, t
Therefore, it is possible to define the surface integral

(12.41) //Sv - nds.

The surface element dS can be computed in terms of the parameters (s, t)
by the formula

dS = |rs x 11|dAg,

where dAg is the element of area in the plane region D. Hence

(12.42)
) UZ](Xg,Xl ) v3] <X1,X2>:| .
st st

Jlmas= J L (53

If S is piecewise smooth rather than smooth, it can be represented as
the union of a finite number of smooth surface elements S;, Sy, ..., Sp.
Then it is natural to define

//v-ndS:Z//v~nidSi,
S i=1 Y8

where each integral on the right may be evaluated according to (12.42).

ﬁ
In a similar way we can define the line integral over the boundary 98
of a piecewise smooth oriented surface S . If dS is made up of a finite
number of smooth positively directed arcs C,, C,,..., C,, and if v is

%
a continuous vector field defined in a region of R® that contains a5, we

define
vV.-dr = / iV - dr.

The following lemma is used in the proof of the Stokes theorem.

Lemma 12.4

Suppose that S is a smooth oriented surface element in R3 with a parametric
representation

r(s, t) = x1(s, H)er + x2(s, H)ez + x3(s, t)es for (s, 1) € D U aD.
Let v be a continuous vector field defined on an open set G containing a3 given
by

V(x1, X2, X3) = V1(X1, X2, X3)€1 + V2(X1, X2, X3)€2 + V3(X1, X2, X3)€3
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for (x1,%2,x3) € G. Then
(12.43)

/_) vV - dr
8?(1 sz 8X3 8x1 sz 8X3
= e . —]d — — — |at|.
/8—D>|:<U1 % + v2 s + v3 % ) s + (Ul py + vy o + v3 o ) :|

Proof
%
We establish the result when dD consists of a single piecewise smooth

simple closed curve. The extension to several such curves is clear. Let D
be given parametrically by the equations

s = §(7), t = t(7), a<t<h.
Then the equations
X1 = x[s(7), {(7)], Xy = x[8(7), t(7)],
x3 = x3[s(7), t(1)], a<7t<bh,
give a parametric representation of % Using the Chain rule we obtain

dar = (dx1)61 + (dijez + (ng)Gg

oxp ds ox; dt ox, ds oxy dt
—[asdﬁ o de }d“ [8sdr+ o dr ]d
8X3 ds 8x3 dt
+[asdf o de }d

Therefore,

b

X X dxs \ ds

cdr = o o2 Rt Wind
3—S>V t /a|:<v18s +U288+338>dl’

8x1 aXZ 8X3 dt
— — — )= |4
+ (vl o TV Ty ) dr] i
and (12.43) follows at once. u
Let v be a smooth vector field defined in a region G of R? given in

coordinates by

(1244) V(Xl, X2, X3) = U (Xl, X2, x3)61 + UZ(Xl, X2, X3)62 + Ug(Xl, X2, X3)33.

31)2 81}1
— — — | €3.
8X1 8X2

We recall that curl v is a vector field on G given by

(12.45)
0 0 0 0
curlv:(vS—UZ e + % e +
8X3 8X1

8X2 8X3
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Theorem 12.15 (The Stokes theorem)
Suppose that S isa bounded, closed, oriented, piecewise smooth surface and

that v is a smooth vector field on a region in R® containing S U 3S. Then

(12.46) /_>(curl V) -ndS = / v - dr.
S as

Proof

- . .
We first suppose that S is a smooth oriented surface element and that
the components of r have continuous second derivatives. From equation
(12.43) in Lemma 12.4, it follows that

0. 0 )
L, v.dr = _>[<lel+vzxz+vgx3>ds
aS oD S S N

8?{1 8 8X3
el 95 ar |
+<U18t+ o +v33t> }

We apply Green’s theorem to the integral on the right and use the Chain
rule to obtain

0 0x 00Xy 0x:
Jsvae= L4 [ 50 o+ 0]

d 0X1 Bx 0X3
- — — — |t dA
|:U1 % +v 275 + 3 9 i“ st

_ // 31)1 8X1 i 81)1 8x2 n 81}1 3X3 8X1
I o as dx, 0s dx3 08 ot
( 81)2 8x1 aUZ 8X2 sz 8X3 ) aXZ

o0 05 | om 0s o 0s ) o

S
vz 0x vz Ox ovz 0x
0 WL e G
0x; 08 0xy; 08 dx3 08

_(MM+M%+M%ﬁM
t
‘)

8X1 ot sz ot 3X3 0

(O R T O
ox; ot dx, ot dx3 0

CEx e

==y 0B =L aa,.
ot + ax, ot + dxs o } s
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All the terms containing 0%x,/8sdt, 0°x,/0sdt, d*x3/3sdt in the above
expression cancel. Collecting the terms on the right, we obtain

81)3 81)2 X2, X3 8v1 8U3 X3, X1
dr — s 2 o7
/_>v r= //{(E)xz 8x3>]<s,t>+<8x3 3x1>]<s,t)
sz 87.)1 X1, X2
— - — dAg.
" <3X1 3X2)]< st >} ;

This expression is equivalent to (12.46). ]

Corollary

Suppose that S is a bounded, closed, oriented, piecewise smooth surface without
boundary and that v is a smooth vector field defined on an open set containing
S. Then

(12.47) f_>(curl v) - ndS = 0.
S
In the following example we show how an integral over a surface in

R3 may be calculated by reducing it to an ordinary double integral in the
plane.

X3

x4 xi=1

———

CR=§,0S5uUS,
AN

Figure 12.9

ExAmPLE 1

Let R be the region in R?® defined by R = {(x1,x2,%3) : ¥% + x5 < 1,
0 < x3 < x; + 2}. Let S be the boundary of R. Define v(x;, xz, x3) =
2x1€1 — 3xe, + x3e3. Find the value of

(12.48) //Sv - nds,

where n is the unit normal directed outward from S (see Figure 12.9).
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Solution. S is a piecewise smooth surface, and we divide it into three
smooth surface elements as shown in Figure 12.9. The normal to S; is
—e3, and therefore v - n = —x3 on S;. Since x3 = 0 on S;, the value of
(12.48) over §; is 0. Since x3 = X1 + 2 on 83, it follows that
1
n= 72 (—61 + 63)

7

on S3. Hence on §3,

1 1
vVv-n= —(—2x +x3) = —(—x1 + 2),
ﬁ( 1+ X3) ﬁ( 1+ 2)
das = /2dAg,

where dAg is the element of area in the disk D = {(s,t) : s + % < 1}.
Using the parameters x; = s, x;, = t, we obtain

//s V- nds = //D(_S + 2)dAs = 27

To evaluate (12.48) over S, choose cylindrical coordinates:
X] = COS S, X, = sin s, X3 =t, (s, t) € Dy,

where D; = {(s,t) : —7 < s <7, 0 <t < 2+ coss}. The outward normal
on S, ism = (coss)e; + (sins)e; and v-n = 2 cos? s — 3 sin’ s. Therefore,

// v-ndS = / (2 cos® s — 3 sin® s)dA
S Dy

b4 2+coss )
= / / (2 — 5sin® s)dtds = —2m.
-7 JO

//v~nd8=// v-ndS =0+ 27 — 27 = 0.
s $,US,US; m

EXAMPLE 2
Verify Stokes’s theorem given that

Finally,

V = Xxy€; + x3€; + Xx1€3

and §; is the lateral surface in Example 1 with n pointing outward.

Solution. The boundary of —S) , consists of the circle
Cr = {(x1,%,%) : X1 + % = 1,x3 = 0}
and the ellipse

Cy = {(x1, %2, x3) : xf —i—x% =1,x3 =x + 2}.
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—- =
The curves C i, C, are oriented as shown in Figure 12.10. We select
cylindrical coordinates to describe § ;:

- .
S ={(x1,x2,%3) : x; =coss, x; =sins, x3=t}, (st)e€D,

where D; = {(s,t) : —7 < s < 7,0 <t < 2+ coss}. We decompose

— . :

§ ; into two smooth surface elements, one part corresponding to x, >
0 and the other to x, < 0. Then D; is divided into two parts E; and
E, corresponding to s > 0 and s < 0 as shown in Figure 12.11. This

subdivision is required because the representation of S by D, is not one-

—
to-one (s = m and s = —x correspond to the same curve on § ;). A
computation yields

Xy, X: X3, X ) X1, X
J > ) = cos s, ] S ) = sin s, Ji ! =0,
st st st

Figure 12.11

and n = (coss)e; + (sins)e,. Also, curlv = —e; — e, — €3, dS = dAy.
Therefore,

bug 2+cos 6
(12.49) //_> (curlv) - ndS = / / (— cos O — sin O)dtds = —m.
S - J0

The boundary integrals are

fﬁv‘dr:/ﬁ V-dr—/_> v - dr.
88 Cl _CZ



252 12. Vector Functions on RY ; The Theorems of Green and Stokes

Using cylindrical coordinates on C; and C,, we obtain
. . =
v = (sin s)e; + (cos s)es, dr = [(—sin s)e; + (coss)ey]ds on C q;

and on ?2,
v = (sins)e; + (2 + cos s)e; + (cos s)es,
dr = [(— sins)e; + (cos s)e, + (— sin s)ez]ds.

Taking scalar products, we obtain

(12.50) /8 v.-dr = | (—sin*s)ds = —,

T
(12.51) /_> v.dr = f (—sin® 6 + 2 cos 6 + cos” & — sin 0 cos 6)dH
C 2 -7

= 0.
Stokes's theorem is verified by comparing (12.49) with (12.50) and
(12.51). ]
Problems

In each of Problems 1 through 6 compute

//; v - nds.
N

1. v.=(x +1)e; — (2x, + 1)e; + x3e3; S is the triangular region with
vertices at (1, 0, 0), (0, 1, 0), (0, 0, 1), and n is pointing away from the
origin.

g 2 2 2

2. v=x1€1 +x6 +x3€3; S = {(x1,%,%3) : Xy + x5 = 2x3, (xq — 1) +
x5 < 1}, oriented so thatn - €3 > 0.

—

3. v=xie; +x5ey +x3ey; S = {(x,x,%) X+ A =x51 < <

2}, n-e3 > 0.

IA

—
2 .3
4. v = xyx0€ + xx3€p + xx3€3;, S = {(x1, X2, %3) 1 X5 = 2 — xq; X3
1
X < x4}

—
5. v = xje; +xe; —x€3 S = {(x1,x2,%) 1% =1—2x,0 < x3
x1;% >0}, n-e; > 0.

IA

—
6. v = 2x1€] — %€y + 3x3€3; S = {(x1,x2,%3) 1 X3 = a3 x5 < 1 —
X1;% >0}, n-e; > 0.

In each of Problems 7 through 12, verify Stokes’s theorem.
< 2 2
7. v==x3€1 +x1€ +xe3 S = {(x1,x,x3): x3 =1—x7 — x5, x3 > 0},
n-e; > 0.

2 < 2 02 2
8. v =x5e1 +xx€; — 2x1x3€3;, S = {(¥1, X2, %3) t X7 x5 +x; =1,x3 >
0}, n-e3 > 0.
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10.

11.

12.
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v = —mxses; S = {( + 22+ 22 = 4% + ¢ > 1}, n pointing
outward from the sphere.

V = —Xx3€; + xz€3; ? is the surface of the cylinder given in cylindri-
cal coordinates by r = 6, 0 < 6 < n/2, which is bounded below by
the plane x; = 0 and above by the surface of the cone x} + x5 = x3;
n-e > 0ford > 0.

V = xy€] + x3€y + xj€3; T = (01, %2, %3) = %5 = 4 —x1, % > X3},
n-e > 0.

V = X3€] — X1€3; S is the surface of the cylinder given in cylindrical
coordinates by ¥ = 2 + cos 6 above the plane x3 = 0 and exterior
to the cone x5 = &} + x3; n is pointing outward from the cylindrical
surface.

In each of Problems 13 through 15 use Stokes’s theorem to compute fﬁ) v

ar.

13.

14.

15.

16.

17.

v = r3rwherer = x1€; +x€; +x3e3 and v = |1; ? is the surface
_S>2 of Example 2.

v = (€Y sinxy)e; + (e cosxy — x3)ey + xz€3; ? is the surface in
Problem 3.

V= (2 +me + (4 e + (o + e S = ((x, 1, 1)
X4+ a2+ a2 = 1% > (¥ + x¥):}; n points outward from the
spherical surface.

Show that if_S> is given by x3 = f{x1, x2) for (x1, x2) € D = {(x1, x2) :
X2 +x5 < 1}, iff issmooth, and if v = (1 —xf —x3)w(xy, x2, x3) where
w is any smooth vector field defined on an open set containing S,

then
//_S) (curlv) - ndS = 0.

Suppose thatv = r~3(x,€; +x3€,+x€3), where r = x;€; +x,€;+x3€3

andr = |r|, and S is the sphere {(x1, 2, x3) : ¥} + x5 + x5 = 1} with
n pointing outward. Show that

//S(curl v) - ndS = 0.

12.6 The Divergence Theorem

Green’s theorem establishes a relation between the line integral of a
function over the boundary of a plane region and the double integral
of the derivative of the same function over the region itself. Stokes’s the-
orem extends this result to two-dimensional surfaces in three-space. In
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this section we establish another kind of generalization of the Funda-
mental theorem of calculus known as the Divergence theorem. This
theorem determines the relationship between an integral of the deriva-
tive of a function over a three-dimensional region in R? and the integral
of the function itself over the boundary of that region. All three theorems
(Green, Stokes, Divergence) are special cases of a general formula that
connects an integral over a set of points in RY with another integral over
the boundary of that set of points. The integrand in the first integral is a
certain derivative of the integrand in the boundary integral.

Let v = v1(x1, X2, X3)€1 + v2(x1, X2, X3)€2 + v3(¥1, X2, X3)€3 be a vector
field defined for (x;, x, ¥3) in a region E in R3. We recall that div v is a
scalar field given in coordinates by the formula

. 8v1 81)2 81)3
divv = — — —.
Bxl aXZ 3X3

The Divergence theorem consists in proving the formula

(12.52) // divvdV = // v - nds,
E OE

where 0E is oriented by choosing n as the exterior normal to dE. We first
establish (12.52) in several special cases and then show that the formula
holds generally, provided that the boundary of E is not too irregular and
that v is smooth.

Lemma 12.5
Let D be a domain in the (x1,x,)-plane with smooth boundavy. Let f:DU 0D —
R! be a piecewise smooth function and define

E = {(x1, x2,%3) : (x1,%2) € D,c < x3 < f{x1, x2)}

for some constant c. Suppose that v = u(x1,xz,x3)€s is such that u and du/dx3
are continuous on an open set in R3 containing E U 9E. Then

//divvdV:// v - nds,
E OB

where n is the outward unit normal of OE.

Proof
Since div v = du/dxz, it follows that

P fax) g
// divvdV = /// ldv = // / ldXSdA)qu
E E O3 D Je 3

Performing the integration with respect to x3, we obtain

(12.53) //E divvdv = //D{u[xl, X2, flx1, X2)] — u(x1, X2, €)}dA x, .-
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Let 0E = 8; U S; U S3, where §; is the domain in the plane x3 = ¢ that
is congruent to D, S, is the lateral cylindrical surface of 9E, and S; is the
part of 9E corresponding to x3 = f(x1, x2). We wish to show that (12.53) is

equal to
/ / v - ndS.
81US,US;3

Along 8, the unit normal n is parallel to the (x;, x;)-plane, and son-e; =
0. Therefore, v-n = 0 on §; and

(12.54) //S v -nds = 0.

The outer normal along S; is clearly —ej3, and therefore

(12.55) f/ v-ndS = — /f u(xy, X, C)dAy, », -
8 D

As for 83, the unit normal function is given by

of _

Wy

[ () +(2)]

e; + e3

Also, for (x1, x2, x3) € Sz,

) N o]
o= [ (Y4 (2)7 anen

Therefore, since v = ues, we have

(12.56) //5 v-ndS = //D Ufx1, x2, flx1, X2)|AAxx, -

The result follows when (12.53) is compared with (12.54), (12.55), and
(12.56). [

Lemma 12.6
Suppose that the hypotheses of Lemma 12.5 hold, except that v has the form

V = u(x1, X2, X3)€1 + Uz(X1, X2, X3)€2

with uy,uy smooth functions on an open set containing E U 0E. Then

J[[[aivvav = [[ v-mas

where n is the outward unit normal of JE.
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Proof
Let Uy (x1, x2, X3), Ua(x1, X2, x3) be defined by

X3 X3
Ui(x1, %2, X3) = —/ uy (X1, X2, H)dt, Uz(x1, X2, X3) = / Uy (X1, X2, H)dt.
(4 c

In addition, we define
Lo, o

w = Uze; + Uiey, Us = )
8x1 3?(2

u = —Uses;.

Then w is a smooth vector field and Uj, dU;/dx3 are continuous, and
hence

U, oU, U, U,
curlw = ———e; + — €, — — — ]e3=v+u,
8X3 8X3 3x1 aXZ
(12.57) ) ) )
u U U.
divv= 2% + 2 = "2 _ _diva.
Bxl aXZ 8X3

Since 0E is a piecewise smooth surface without boundary, the corollary
to Stokes’s theorem is applicable. Hence

/ (curlw) -ndS =0 = / (v+u) - nds.
3E 3E

Therefore, using Lemma 12.5 for the function u = —Uzes, we obtain
(12.58) //V~nd8=—// u~ndS=—// divudv.

E aE E
The result of the lemma follows by inserting (12.57) into (12.58). ]

The Divergence theorem will now be established for a wide class of
regions that are called “regular” Intuitively, a region in R? is regular if its
boundary can be subdivided into small pieces in such a way that each
piece has a smooth representation of the form x; = f(x;, x,) if a suitable
Cartesian coordinate system is introduced.

Definition
A region E in R3 is regular if:

(i) OE consists of a finite number of smooth surfaces, each without
boundary;

(ii) at each point P of 9E a Cartesian coordinate system is introduced
with P as origin. There is a cylindrical domain I' = {(x1, x2, x3) :
(x1,%2) € D, —o0 < x3 < oo}, with D a region in the plane x3 = 0
containing the origin, that has the property that I' N 9E is a surface
that can be represented in the form x3 = f{x;, x3) for (x1, x3) €
D U dD. Furthermore, f is smooth;

(iii) the set

I ={(x1, %2, %) : (x1,%) € D, —c < x3 < flx1, %)}
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for some positive constant ¢ (depending on P) is contained entirely
in E.

If E is a regular region, then each point P of 9E is interior to a smooth
surface element except for those points on a finite number of arcs on 9E
that have zero surface area. If a line in the direction of the unit normal to
dE is drawn through a point P interior to a smooth surface element on 9E,
then a segment of the line on one side of P will be in E, while a segment
on the other side will be exterior to E. Finally, we observe that n varies
continuously when P is in a smooth surface element of 9E.

Theorem 12.16 (The Divergence theorem)
Suppose that E is a closed, bounded, regular region in R and that v is a
continuously differentiable vector field on an open set G containing E U OE.

Then
/f divvdV:/f v - nds,
E OB

where n is the unit normal function pointing outward from E.

Proof

With each point P € 9E associate a coordinate system and a cylindrical
domain I as in the definition of a regular region. Let I'p be the bounded
portion of I" such that —¢c < x3 < c¢ (where c¢ is the constant in the
definition of regular region; ¢ depends on P). With each interior point
P of E, introduce a Cartesian coordinate system and a cube I'p with P
as origin, with the sides of I'p parallel to the axes and with T'p entirely

in E. Since E U 9E is compact, a finite number I'y, ', ..., [, cover E U
0E. As described in the proof of Green'’s theorem, the function v can be
decomposed into a finite number of functions v;, i = 1,2, ..., n, such

that each v; is continuously differentiable on G and vanishes on G — F;.
Also, v .= Y| v;. Therefore, it is sufficient to establish the result for
each v;. Suppose first that P; is an interior point of E. Then I'; C E, and
v; vanishes on aI';. Hence

// div v;dV = // divv;dV =0
E I

because of Lemma 12.6. Also, because v; = 0 on 0E, we have

// Vi-IldSZO.
0E

Thus the result is established for all such I';. Suppose now that P; € 9E.
Define E; = I'i N E. Then v; = 0 on the three sets (i) E — E;; (ii) 0E — y;,
where y; = 0E N I'y; (iii) 9E; — ;. Now, since E; is a region of the type
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described in Lemmas 12.5 and 12.6, we obtain

// divvidV:// divvidVZ// vi - nds
E E; OE;
://vi-ndS:/f v; - nds.
: 3E

The result is established for all v; and hence for v. [ |

ExamPLE 1
Let E be the region given by

E={(x,x2,x3): 1 < x5+ +x; <9}
Let r = x€; + x0€; + x3¢3 and v = r~3r, where r = |r|. Verify the

Divergence theorem.

Solution. Let S, = {(¥1, %2, X3) = %7 + x5 + x5 = 1} and S, = {(x1, %2, %3) :
x? + x2 + x2 = 9} be the boundary spheres of E with n pointing outward
from the origin 0. Then

v~ndS:// v-ndS—// v - nds.

A computation shows that divv = 0 and so [JJ, divvdV = 0. On both

S and S ; the normal n is in the radial direction and hence n = r~!'r.
Therefore,

//_&v - nds — //—s’ v - ndS = éA(SZ) — A(S)) = 0.

EXAMPLE 2
Let E = {(x,x2,%) : ¥ + x5 < 1,0 < x3 < x + 2} and define v =
L (X +x9)e + 1 (W +x3xd)ex+ 1 (x5 +xixz)e;. Use the Divergence theorem

to evaluate
/ / v - nds.
IE

Solution. A computation shows that divv = x; + x; + x3. We denote the
unit disk by F and obtain

//v-ndS:// (%1 + x2 + x3)dV
oE E
1 X142
= // |:(X1 + Xz)Xg + Xgil dAXIXZ
F 2 0
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/ / [2%2(%1 + 2) + 2x7 + 4x; + (%] + 4% + 4)]dAx
F

/ / (3x% + 4)dA sz,
F

1 2 19
/ (3r% cos® 0 + 4))rdrd = 5
0 0

N|—= N= N~

Problems
In each of Problems 1 through 10 verify the Divergence theorem by
computing ([, divvdV and [[,. v - ndS separately.

1. v = xjxe; + xx3€; + x3xie3; E is the tetrahedron with vertices at

(0,0, 0), (1,0,0), (0,1,0), (0,0, 1).

v =xle; —xie; +x3es; E = {(n, X, %3) 1 X2 + x5 < 4,0 < x3 < 2}

vV = 2x€ + 3xv€; — 4dxses; E = {(x1, X2, x3) 1 X7 + X5 + x5 < 4).

v =xle) +xie; +xjes; E = {(x1,x2,%3) 1 X5 < 2—x,0 < x3 < x1}.

VvV = xje; + xe; + x3€3; E = E; N E; where E; = {(x1, x2, x3) :

X+ x2 > 1), By = {(x1, %2, %3) : X2 + X3 + x5 < 4}

6. v = xj€; — 2xe; + 3xze3; E = E; N E,, where E; = {(x1, X2, X3)
x5 < xm}, Ey = {(x, %, %3) 1 X5 < 4 —x}.

7.V = V’3(X361 + xi€e; + x€e3), v = (X% + X% + X%)% i E = A{(x, X2, %3)
1 <X +x+x < 4}

8. v = xje; + xye; + x3e3; E = E; N E; where E; = {(x1, x2, x3) :
XX < 4}, By = {(0, %2, x3) 1 x5+ X5 — X% > 1)

9. v = 2x1e; + xpe; + x3e3; E = E; N Ey; where E; = {(x1, X2, X3) : x3 <
X2 4+ X3}, By = {(x1, X2, X3) 1 231 < X3}

10. v = 3x;€; — 2x,€e; + x3e3; E = E; N E, N Ez where By = {(x1, x2, X3) :
Xy > 0}, By = {(1, %2, %3) : 5 + X5 < 4}, E3 = {(1, X2, %3) 1 x1 + %2 +
X3 < 3}

AR

In each of Problems 11 through 13, use the Divergence theorem to
evaluate [[,, v - ndS.

11. v = xe%e; + (¥ — 2x3¢")e; + (e — x3)es; E = {(x1, xg, x3) -
[(GF +23)2 =2 + 45 < 1},

12. v =xje; + x5€; + x3e3; E = {(x1, X2, %3) : X2 + x5 + x5 < 1}.

13. v = xje; + x5€; + x3€3; E = {(x1,%,%3) : 2 + 4 < 1,0 < x3 <
X1 + 2}.



 Answers to
- Odd-Numbered
~ Problems

Section 1.2

1. The inverse of T is a function if the a; are all distinct.
9. No.

Section 1.3

1. Yes. Each member a + b+/7, with a, b rational, corresponds to a
unique point on the line.

5. (0, 00)

7. (—4, 00)

9. (-2,3)

11. [-1,2)

13. (1,5
15. (—
17. (-

19. (43

Section 1.4
9. (b) Yes. (c) Yes.

Section 2.1

1. § = 0.005
3. 8§ =0.02

261
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5. § = 0.002
7. 6 =0.06
9. § = 0.005
11. 6 = 0.01
13. § = 0.07
15. § = 0.09
17. § = 0.7

Section 2.3

Yes

No. Neither

. Neither
No. On the right
No. Neither

11. No. Neither

©NOw =
Z
o

Section 2.4

0
. 400
0
. 400
2

© N o

Section 2.5

L@x=0n+3)7r by,=2nt (¢)z,=2n+ )m

3. Hint: Write a” = (1 4+ (a — 1))" and use the binomial theorem.
9. ©

11. +oo

Section 3.1

3. Ifap < 0, then f{x) - 400 asx — +oo; ifay > 0, then f{x) - —oo0
as x — Zoo.
7. f(x) = xsin(1/x), ¢ = 0.

Section 3.2

3, Yes; 0, No

3, No; —1, No

1, No; 3, Yes

31/2 Yes; n/2 Yes

11. (b) inf § = inf(b;), provided that the right-hand expression exists.

Similarly, sup S = sup{B;}.

N L=
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Section 3.3

No; {XZH}
No; {XZH}
Yes

No; {x3n}

N L=

Section 3.7

1. Yes
3. Yes
5. Noj; {x3,}

13. (b) A finite subfamily has a smallest interval Iy. The point x =
1/(N + 3) is not covered.

15. No.

17. Finite subfamilies that cover E are I+ and I's .

Section 4.1
7(b). n(h) = 3 — HHHE
15. 1

3
17. e

Section 4.2

1. [ = (—o0, —1], I, =[-1,+00), i =[1, +20), &1(¥) = —vx — 1,
) =+x—-1-1

3.5 = (—00,2], I; = [2,4+00), i = (—00,4], 2 = (—00,4], g1(x) =
2= N4 =X 2 =2+V4—-x

5. 5 =(—00,=2), I = (—2,+00), i = (2,+00), ]2 = (—00, 2), &1(») =
2x/(2 — x), 82(%) = 2x/(2 — x)

7.5 = (=00, —1], I, = [-1,+1], I3 = [1,+00), i = [-2,0), , =
[—2,2],]3 =(0,2], @1(®) = (2+~4 — x2)/x, @2(x) = (2— 4 — x?)/x,
g3(x) = (24+ V4 — x2)/x

9. I = (00, +00), 1 = (—00, +00)

13. f'(%) = 3(x — 1%, g'(x) = a5
15. f'(x) = cosx, g'(x) = 1/+/1 — ¥?

Section 5.1
LSHfa)= 3,8 (fa) = 5

7. Note that Y. [f(x) — flxi—1)] — f(xn) — flxe) = f(b) — fla).
17. Use the result in Problem 16.

Section 5.2
1. (¢) Choose f(x) =x,a <x < b, f{b) =b — 1.
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7. No. Letf(x) = 1/x,a =1, b = 4o00.

Section 6.1

3. Not equivalent
5. Equivalent
7. No

Section 6.2

3. The square with vertices at (1, 0), (0, 1), (—1, 0), (0, —1).
5. No. The set {1/n}, n = 1, 2, .. ., is an infinite set of isolated points.
7.A={x:0<x<1}
11. Thesets A, = {(},y) : 0 <x* +y* < 1/n},n=1,2,....
15. Define (inR'), A; = {x : 1/i < x < 1}. ThenUA; = {x : 0 < x < 1};
B={x:0<x<1}#UA; ={x:0< x <1}

Section 6.3

1. Arrange the rational points as in Figure 6.4.

Section 6.4

5. (b) Choose ¥ = (X}, %y, ...,%;,...) such that ¥ = 1ifk = n, and
¥ = 0 otherwise.

Section 7.1

5. Ha(x) = —4x3(x7 +x5) + 2x3(x]x3 + x4) + 2[cOs(x1 +x3) — 2x4] sin(xy +
Xg).

Section 7.2

1. fiq = %,f is symmetric in xq, X3, X3.

7. f(x) = fla) + Difla)(x1 — ar) + Daof(a)(x2 — az) + Dsfla)(xs — as) +
iDifla(m — a)? + DiDsfla)(vi — an)(x2 — a2) + DiDsfla)(x1 —
a3 — az) + 3 Difla)(x2 — az)* + DDsfla)(xx — az)(xs — as) +
3 Difla)(xs — az)* + § DIf(&) (v — ar)® + S DIDf(E)(%1 — ar)*(x2 —
a2) + 3 D2Dsf(§)(v1 — a1)* (%3 — az) + 3 D1Df(E)(x1 — a)(x2 — a2)* +
D1 D;D5f(§)(x1 — an)(x2 — az)(x3 — az) + D1D3f(&)(x1 — ar)(x3 — az)* +
§ Do) (%2 — a2)’ + 3 DIDsf(E)(%2 — a2)* (%3 — a3) + 3 D2D3f(§)(%2 —
a)(xs — a3)* + § Dif(§)(xs — as)’

9. Positive definite.

11. Negative definite.
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Section 7.3

11. (a) Definition: The derivative of f at a is the linear function L :
RN — RM such that

lim MU, L®) _
x—a dN(x, a)

Section 8.1

Convergent
Convergent
Convergent
Convergent
Convergent
p>1
Divergent

NWwoeNowe

1
1
Section 8.2

1. Absolutely convergent

3. Conditionally convergent
5. Divergent

7. Divergent

9. Conditionally convergent
11. Conditionally convergent
13. Divergent

15. Convergent

17. -1 <x <1

19. -2 <x < 2

21.1 < x< 5

23. =1 < x < +1

Section 8.3

Uniform
Uniform
Uniform
Not uniform
Uniform

© N L =

Section 8.4

h
h
h
h
h

© N0 L=
AANANNANA
W
~
N}
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15.

17.

Answers to Odd-Numbered Problems

1y 3

14+, (—1)”(—3)(—431.‘..(—3—11+1)x“’ X < 1

1
~ 1
3t )in, x| < 1

19. 1+ 220:1 (_l)n(_3)(_4%'(_3_%])7{2”' I < 1
(D" 3)=3)(= 3
21. X° + Zfzozl ’ n!(Zf’H—l) ’

Section 9.1

—n+1
n+ )X6n+3’ |X| <1

1. sirllx — /5 ot dt
3. m, X # -1
. 2y 3
5. 2sin(x?) — 3xsin(x®) + SOy 2 0, ¢/(0) = 0.
zxe—l—xz sin xe— €0s¥ 6—1—,\'2 o COS X 1+ 1+X2 —t
7. THx+x3 + T+xcosx  x2(14x+x3) + x2(1€+xcosx) - 7X fcosx lixt dt, x # 0.
9 2 sin(x?)—3 sin(x%)
. f .
11 38)(376""1/
TR
13. —4x*y — 4y° — 8x%y + 8y°.
15.

El = f[xr Y, hl(xr y)]hlyl(xr y)

h(xy)
v
ho(x,y)

F,Z = f[X, Y hl(Xr y)]hlyz(x’ y)

h(xy)

v
ho(x,Y)

fl (Xr Y, t)dt;

fZ (Xr y) t)dt

Section 9.2

Convergent
Convergent
Convergent
Divergent

Convergent
. Convergent

©NOw =

Section 10.1

3. 4
5.2

Section 10.2
1 () [lfdg =0 () [ fdg = (dy—1

- f[X, Y, hO(Xr y)]h()’](x, y)

— 1%y, ho(x, YTho2(%, y)

(D) + (1 = d)fia).
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3.

2

Section 11.1

© N U W o=

fl=2x/(3y* + 1).
f/ _ xPH2y
— Xy+3x

. Example: F(x,y) = y> — %, (%0, Yo) = (0, 0).
. f1(1,0) = 2, f5(1,0) = 0.
fl('z)_ 4'f2( 7)__1'

Section 11.2

© N L =

15
45

5/2

(2,1); (=2, —1)

(V2, =V2); (—v2,V2)

Section 12.1

N Oowe

9.
11.
13.
15.

[udvV = 0.

267

(ZX] + Xz)el + (Xl — ZXz)ez + 2X363 Daf()_é) = 27/7.

Daw(%) = ﬁ(—m +

2%, log(1 + x3)e; + iﬁ;‘j €, — 2x3€3; Daf(¥) = \%
Daw(¥) = — =€ + e, + ey

76‘2 — 26‘3).

divv(x) = 0.

divv(x) = —

divv(¥) = —a curl r(x).

curl v = 0; f(x) = xixxs + 5 (35 + X5 + x3).

Section 12.2

o L =

© N

.fﬁg-dr:%.

fﬁg-drz—z.

fﬁg-dr:%.
Jggrdr=+ g - ogm o
ngu dI':

Section 12.3

9.
11.

—24m
27
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Section 12.4

V3

6

1521

4

21
*/192
(17 4+ 15/2)/4
11. Case 1: 4na®p/c; Case 2: 4map.
13. 2mp.

© N0 =

Section 12.5

\*N‘r“ <

U,
3

DL
—
o

— =
iy ©

Section 12.6

(N:O:)\'—‘

1
3. &

5. 124/37
7.0

9. 2@

13. 51



Index

P is an element of S, 15

f, -S the restriction of f to the set
8§48

f and g are tangent at a point, 141

f becomes infinite as x — a, 38

f becomes infinite as x — a*, 39

f is decreasing on I, 50

f is increasing on I, 50

f is integrable with respect to g on
1,196

f is nondecreasing on I, 50

f is nonincreasing on I, 50

f tends to L as x tends to a from
the right, 33

f tends to L as a limit as x tends to
a, 27

flx) = Lasx — +o0, 37

f(x) - Lasx - —oo, 37

nth directional derivative, 132

p tends to py through points of A,
122

a region is regular, 256

A set A in a metric space S is
closed, 108

A set A in a metric space S is
open, 108

a surface o is given in
nonparametric form, 241

absolutely convergent, 155

Alternating series theorem, 156

area of surface element, 240

associative law, 2, 3

axiom of continuity, 43

axiom of inequality, 12

Axiom on distributivity, 4

axioms of multiplication, 3

Binomial series theorem, 176
Binomial theorem, 131
Bolzano-Weierstrass Theorem, 54
boundary of a set, 112

bounded variation on I, 190
Boundedness Theorem, 56

Cartesian product, 103

269
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Cauchy criterion for convergence,
61

Cauchy sequence, 61, 120

Chain rule, 70, 128, 140

closed cell, 117

closed interval, 12

closure, 112

closure property, 2, 3

common logarithm, 99

common ratio, 152

common refinement, 142

common refinement of A; and
Ay, 82

commutative law, 2, 3

compact, 118

Comparison test, 152, 184

complement, 110

complex numbers, 12

conditionally convergent, 155

continuous at a, 23

continuous at a with respect to D,
34

continuous on D, 34

continuous on the left at a, 33

continuous on the right at a, 33

continuous with respect to A, 123

continuously differentiable, 216

converge uniformly on a set A,
168

convergence of improper integral
184

convergent, 150

)

converges uniformly on A, 165

converges uniformly on the
interval I, 162

converse of the Chain rule, 76

corner, 235

countable, 114

critical point, 134

critical points of f, 210

Index

Darboux integrable, 84, 143

Darboux Integral, 81, 141

denumerable, 114

derivative 7, 67

diameter, 145

differentiable at a, 138

differentiable on a set A in RY,
138

differential, 140

directional derivative, 132, 140,
216

distributive law, 4

divergence operator, 219

Divergence Theorem, 253

divergent, 150

domain of relation, 8

electrostatic potential, 244

empty set, 15

existence of a negative, 2

existence of a reciprocal, 4

existence of a unit, 4

existence of a zero, 2

exponential function, 98

Extended Mean-value theorem,
126

Extreme-value Theorem, 57

family F' covers a set S, 63

family of intervals, 63

family of sets, 63, 110

field, 10

finite sequence, 9

finite subfamily, 63

first partial derivatives of f,
126

function, 8

Fundamental lemma of
differentiation, 69, 127

Fundamental theorem of
calculus—first form, 88



Index

Fundamental theorem of
calculus—second form, 88

Gamma function, 188

Generalized Mean-value theorem,
72

geometric series, 152

gradient, 139, 217

graph, 77

greatest lower bound, 50

Green's Theorem, 232

Green’s Theorem in the Plane,
236

half-open on the left, 13
half-open on the right, 13
Heine-Borel Theorem, 63, 64, 120

if and only if, 5

Implicit Function Theorem, 205

improper integral, 152, 183

inductive set, 19

infimum, 50

infinite sequence, 9, 42

infinite series, 150

infinitely differentiable, 172

integer, 10

integrable, 143

integrable over F, 215

integral converges, 185

integral is divergent, 184

integral is independent of the
path, 229

Integral test, 152

Integration by parts, 95, 199

Integration of uniformly
convergent sequences, 164

interior point, 112

intermediate-value theorem, 46

intersection, 15

271

Inverse differentiation theorem,
79

Inverse function theorem, 77,
208

inverse relation, 77

irrational number, 10

isolated point, 34, 108

Jacobian, 239

LHopital's rule, 73

L'Hopital’s rule for co/o0, 74

Lagrange multiplier rule, 212

Lagrange Multipliers, 210

laws of fractions, 6

least upper bound, 50

Leibniz rule, 75, 179, 181

length of f on I, 195

Limit comparison theorem, 154

limit of a composite function, 30,
38

limit of a constant, 28, 42

limit of a product, 29, 42

limit of a quotient, 31, 42

limit of a sequence, 42

limit of a sum, 28

limit of equal functions, 42

limit of inequalities, 31, 42

limit point of a set A, 108

limits at infinity, 96

limits from the left, 33

local maximum, 134

local minimum, 134

logarithm to the base b, 99

logarithm function, 96

lower bound m, 48

lower Darboux integrals, 84

lower Darboux sum, 82

lower Darboux-Stieltjes integrals,
201

lower integral, 143
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lower sum, 142

mapping, 8

mathematical Induction, 19

Mean-value theorem, 71

Mean-value theorem for integrals,
87

mesh, 91, 145

metric space S is bounded, 118

monomial, 131

monotone on I, 51

multi-index, 130

Multinomial theorem, 131

natural logarithm function, 96
natural numbers, 8, 19
necessary and sufficient, 5
negative number, 12

nested intervals theorem, 45

obvious limit, 28, 38

one- and two-sided limits, 35
one-sided derivative, 76

open ball, 107

open cell, 117

open interval, 12

order of a multi-index, 130
ordered pairs of real numbers, 8
ordered triples, 8

orientable surface, 245

partial sums, 150

piecewise smooth simple closed
curve, 235

positive numbers, 12

principle of mathematical
induction, 20

R-S integral of f, 196
range, 8
Ratio test, 157

Index

rational number, 10, 12
rational points in R?, 118
rectifiable path, 225
refinement, 142

refinement of A, 82

relation, 8

remainder, 134

Riemann integrable, 91, 145
Riemann sum, 91
Riemann-Stieltjes integral, 225
Riemann-Stieltjes sense, 196
Rolle’s theorem, 70

Root test, 158

Sandwiching theorem, 32, 42
scalar curl, 233

scalar fields, 214

scalar function, 214

Schwarz inequality, 101
Second derivative test, 134
second directional derivative, 132
second partial derivative, 130
sequence, 8

sequence is bounded, 106

set of all real numbers, 8
simply connected, 231
smooth surface element, 240
solution of an equation, 14
solution set, 14

step function, 51

strict local maximum, 134
strict local minimum, 134
subdivision of F, 142
subdivision of I, 81
subfamily, 63

subsequence, 112

subset, 16

sum and product of numbers, 9
sum of the series, 150
surface is orientable, 245



Index

tangent at a point, 137

Taylor’s theorem, 133

Taylor's theorem with integral
form of the remainder, 175

Taylor's theorem with remainder,
133,172

tends to L as n tends to infinity, 42

Term-by-term differentiation of
infinite series, 169

Term-by-term integration of
infinite series, 168

The Divergence theorem, 257

The Stokes Theorem, 244

third partial derivative, 130

topology, 106

total derivative, 138

Triangle inequality, 102, 104

Uniform continuity Theorem, 59

273

uniform convergence, 162

uniformly continuous, 58

union, 15

union of sets, 110

unit normal, 244

upper and lower
Darboux-Stieltjes sums, 201

upper bound M, 48

upper Darboux integrals, 84

upper Darboux sum, 81

upper Darboux-Stieltjes integrals,
201

upper integral, 143

upper sum, 142

variation of f over I, 190

Weierstrass M-test, 169
well-ordering principle, 21
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