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Preface

Mathematical analysis is central to mathematics curricula not only because
it is a stepping-stone to the study of advanced analysis, but also because of
its applications to other branches of mathematics, physics, and engineering at
both the undergraduate and graduate levels. Although there are many texts on
this subject under various titles such as “Analysis,” “Advanced Calculus,” and
“Real Analysis,” there seems to be a need for a text that explains fundamental
concepts with motivating examples and with a geometric flavor wherever it
is appropriate. It is hoped that this book will serve that need. This book
provides an introduction to mathematical analysis for students who have some
familiarity with the real number system. Many ideas are explained in more
than one way with accompanying figures in order to help students to think
about concepts and ideas in several ways. It is hoped that through this book,
both student and teacher will enjoy the beauty of some of the arguments that
are often used to prove key theorems—regardless of whether the proofs are
short or long.

The distinguishing features of the book are as follows. It gives a largely
self-contained and rigorous introduction to mathematical analysis that pre-
pares the student for more advanced courses by making the subject matter
interesting and meaningful. The exposition of standard material has been
done with extra care and abundant motivation. Unlike many standard texts,
the emphasis in the present book is on teaching these topics rather than
merely presenting the standard material. The book is developed through pa-
tient explanations, motivating examples, and pictorial illustrations conveying
geometric intuition in a pleasant and informal style to help the reader grasp
difficult concepts easily.

Each section ends with a carefully selected set of “Questions” and “Ex-
ercises.” The questions are intended to stimulate the reader to think, for
example, about the nature of a definition or the fate of a theorem without one
or more of its hypotheses. The exercises cover a broad spectrum of difficulty
and are intended not only for routine problem solving, but also to deepen
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VIII  Preface

understanding of concepts and techniques of proof. As a whole, the questions
and exercises provide enough material for oral discussions and written assign-
ments, and working through them should lead to a mature knowledge of the
subject presented.

Some of the exercises are routine in nature, while others are interesting,
instructive, and challenging. Hints are provided for selected questions and
exercises. Students are strongly encouraged to work on these questions and
exercises and to discuss them with fellow students and teachers. They are also
urged to prepare short synopses of various proofs that they encounter.

Content and Organization: The book consists of eleven chapters, which are
further divided into sections that have a number of subsections. Each section
includes a careful selection of special topics covered in subsections that will
serve to illustrate the scope and power of various methods in real analysis.
Proofs of even the most elementary facts are detailed with a careful presenta-
tion. Some of the subsections may be ignored based on syllabus requirements,
although keen readers may certainly browse through them to broaden their
horizons and see how this material fits in the general scheme of things. The
main thrust of the book is on convergence of sequences and series, continu-
ity, differentiability, the Riemann integral, power series, uniform convergence
of sequences and series of functions, Fourier series, and various important
applications.

Chapter 1 provides a gentle introduction to the real number system, which
should be more or less familiar to the reader. Chapter 2 begins with the con-
cept of the limit of a sequence and examines various properties of convergent
sequences. We demonstrate the bounded monotone convergence theorem and
continue the discussion with Cauchy sequences. In Chapter 3, we define the
concept of the limit of a function through sequences. We then continue to
define continuity and differentiability of functions and establish properties of
these classes of functions, and briefly explain the uniformly continuity of func-
tions. In Chapter 4, we prove Rolle’s theorem and the mean value theorem
and apply continuity and differentiability in finding maxima and minima. In
Chapter 5, we establish a number of tests for determining whether a given
series is convergent or divergent. Here we introduce the base of the natu-
ral logarithm e and prove that it is irrational. We present Riemann’s rear-
rangement theorem for conditionally convergent series. We end this chapter
with applications of Dirichlet’s test and summability of series. There are two
well-known approaches to Riemann integration, namely Riemann’s approach
through the convergence of arbitrary Riemann sums, and Darboux’s approach
via upper and lower sums. In Chapter 6, we give both of these approaches and
show their equivalence, along with a number of motivating examples. After
presenting standard properties of Riemann integrals, we use them in evaluat-
ing the limits of certain sequences. In this chapter, we meet the fundamental
theorem of calculus, which “connects the integral of a function and its an-
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tiderivative.” In Chapter 7, we discuss the convergence and the divergence
of improper integrals and give interesting examples of improper integrals,
namely, the gamma function and the beta function. Our particular applica-
tion emphasizes the integral test, the convergence of harmonic p-series, and
the Abel-Pringsheim divergence test. We deal with a number of applications
of the Riemann integral, e.g., in finding areas of regions bounded by curves
and arc lengths of plane curves.

Chapter 8 begins with the theory of power series, their convergence prop-
erties, and Abel’s theorem and its relation to the Cauchy product. Finally,
we present some methods of computing the interval of convergence of a given
power series. Chapter 9 contains a systematic discussion of pointwise and uni-
form convergence of sequence of functions. Students generally find it difficult
to understand the difference between pointwise and uniform convergence. We
illustrate this difference with numerous examples. We examine the close re-
lationship between uniform convergence and integration—on the interchange
of the order of integration and summation in the limit process—followed by
a similar relationship between uniform convergence and differentiation. In
Chapter 10, we introduce Fourier series with their convergence properties. In
addition, we present a number of examples to demonstrate the use of Fourier
series, such as how a given function can be represented in terms of a series of
sine and cosine functions. The reader is encouraged to make use of computer
packages such as Mathematica® and Maple™ where appropriate. Finally, in
Chapter 11, we introduce a special class of functions, namely functions of
bounded variation, and give a careful exposition of the Riemann—Stieltjes in-
tegral.

Numbering: The various theorems, corollaries, lemmas, propositions, remarks,
examples, questions, and exercises are numbered consecutively within a chap-
ter, without regard to label, and always carry the number of the chapter in
which they reside. The end of the proof of a theorem, corollary, lemma, or
proposition is indicated by a solid square m and the end of a worked-out ex-
ample or remark by a bullet ®.

Acknowledgments: Special thanks are due to my friend G.P. Youvaraj, who
read the entire first draft of the manuscript with care and made many valu-
able suggestions. It is a great pleasure in offering my warmest thanks to Herb
Silverman, who read the final manuscript and assisted me with numerous
helpful suggestions. My Ph.D. students, especially, S.K. Sahoo, Allu Vasude-
varao, and P. Vasundhra, helped me with the preparation of the KTEX files on
different occasions. Figures were created mainly by S.K. Sahoo. I thank them
all for their help. I am grateful to my wife, Geetha, daughter, Abirami, and
son, Ashwin, for their support and encouragement; their constant reminders
helped me in completing this project on time.
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1

The Real Number System

This chapter consists of reference material with which the reader should be
familiar. We present it here both to refresh the reader’s memory and to have
them available for reference. In Section 1.1, we begin by recalling elementary
properties of sets, in particular the set of rational numbers and their deci-
mal representations. Then we proceed to introduce the irrational numbers. In
Section 1.2, we briefly discuss the notion of supremum and infimum and state
the completeness axiom for the set of real numbers. We introduce the concept
of one-to-one, onto, and bijective mappings, as well as that of equivalent sets.

1.1 Sets and Functions

1.1.1 Review of Sets

The notion of a set is one of the most basic concepts in all of mathemat-
ics. We begin our discussion with some set-theoretic terminology and a few
facts from the algebra of sets. A set is a collection of well-defined objects
(e.g., numbers, vectors, functions) and is usually designated by a capital let-
ter A,B,C,..., XY, Z. If A is a set, we write a € A to express “a is an
element (or member) of A” or “a belongs to A.” Likewise, the expression
a ¢ A means “a is not an element of A” or “a does not belong to A.” For
instance, A = {a, b} means that A consists of a and b, while the set A = {a}
consists of a alone. We use the symbol “}” to denote the empty set, that is,
the set with no elements.

If B is also a set and every element of B is also an element of A, then we
say that B is a subset of A or that B is contained in A, and we write B C A.
We also say that A contains B and write A O B. That is,’

ADB<+= BC A<= a€c B implies that a € A.

! The symbol <= and the word “iff” both mean “if and only if.”

S. Ponnusamy, Foundations of Mathematical Analysis, 1
DOI110.1007/978-0-8176-8292-7_1,
© Springer Science+Business Media, LLC 2012



2 1 The Real Number System

Clearly, every set is a subset of itself, and therefore to distinguish subsets that
do not coincide with the set in question, we say that A is a proper subset of
B if A C B and in addition, B also contains at least one element that does
not belong to A. We express this by the symbol A C B, a proper subset A of
B. Since A C A, it follows that for any two sets A and B, we have

A=B<+—=BCA and ACB.

In this case, we say that the two sets A and B are equal. Thus, in order to
prove that the sets A and B are equal, we may show that A C B and B C A.
When A is not a subset of B, then we indicate this by the notation

A¢ B,

meaning that there is at least one element a € A such that a ¢ B. For every
A C X, the complement of A, relative to X, is the set of all x € X such that
x ¢ A. We shall use the notation

A=X\A={z: 2z € X and z ¢ A}.

The complement X¢ of X itself is the empty set (). Also, (¢ = X.
We often use the symbol := to mean that the symbol on the left is defined
by the expression on the right. For instance,

N:={1,2,...}, the set of natural numbers.

A set can be defined by listing its elements or by specifying a property that
determines the elements in the set. For instance,

A={2n:neN}

That is, A = {z : P(z)} represents the set A of all elements x such that “the
property P(z) is true.” Also, B = {x € A: Q(x)} represents the subset of A
for which the “property Q(z)” holds. For instance,

B=1{1,3) or A={z:2¢cN,22°—92%+10x — 3 =0}.

For a given set A, the power set of A, denoted by P(A), is defined to be
the set of all subsets of A:

P(A) ={B: BC A}.

If A and B are sets, then their union, denoted by A U B, is the set of all
elements that are elements of either A or B:

AUB={x:z€ Aorz e B}.

Clearly AU B = B U A. The intersection of the sets A and B, denoted by
AN B, is the set consisting of elements that belong to both A and B:

ANB={z: 2z € Aand z € B}.

Note that A\B is also used for A N B¢. Two sets are said to be disjoint if
their intersection is the empty set. The notion of intersection and union can
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be extended to larger collections of sets. For instance, if A is an indexing set
such as N, then
UAiz{a:: x € A; for some i € A}
€A
and
ﬂAi:{x: x € A; for every i € A}.
ieA
A collection of sets {A; : i € A} is said to be pairwise disjoint if
ANA;j=0 fori,jed i#j.

We do not include here basic set-theoretic properties, since these should be
familiar from high-school mathematics.
We now list Giuseppe Peano’s (1858-1932) five azioms for N:

1eN.

Each n € N has a successor, namely n + 1 (sometimes designated by n’).
1 is not the successor of any n € N.

If m and n in N have the same successor, then m = n, i.e., two distinct
elements in N cannot have the same successor.

e Suppose A C N. Then A = N if the following two conditions are satisfied:
(i) 1€ A

(ii) fne A thenn+1¢€ A.

The last axiom is the basis for the principle of mathematical induction, and
so it is called the induction axiom.
The principle of mathematical induction reads as follows.

Theorem 1.1 (Principle of mathematical induction). Suppose that P(n)
is a statement concerning n € N. If P(1) is true and if P(k+ 1) is true when-
ever P(k) is true, then P(n) is true for all n > 1.

As an illustration of this theorem, the following can easily be proved:

. 1
(a) ;k :n(nT—i—) for all n > 1.

5, nn+1)2n+1)
(b) ;1& = 5

= n%(n+1)>2
(c) ZkB =—
k=1 4
(d) (n+2)!>2" foralln > 1.
(e) 3+ V5)" + (3 —+/5)" is an even integer for n > 1 (use the identity
aktl 4 pk+l — (ak 4 bk)(a + b) _ (ak—l + bkil)ab).

We shall now begin to introduce the set Q of rational numbers and the set
R of real numbers.
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1.1.2 The Rational Numbers

A quotient of integers m/n (n # 0) is called a rational number. We assume
that readers are familiar with the properties of the following basic sets:

Z:={...,-2,-1,0,1,2,...} the set of integers,
Q:= {ﬂ tm e Z,n € N} the set of rational numbers.
n

Clearly, N C Z C Q. We remark that the representation of a rational number
as a ratio of integers is not unique; for instance,

1 2 3

2 4 6
However, in the form m/n, if we assume that m and n have no common factor
greater than 1, then the representation is unique. We frequently represent
positive rational numbers in their decimal expansions. By a (positive) decimal
fraction, we mean a number

0-aqrazasg ...,
where each ay, k > 1, is an integer with a; € {0,1,2,...,9}. Here the ten

integer values are called digits. When a decimal terminates, it means

n
ag

0-arasas...a, = ZW7
k=1

which is clearly a positive rational number. Thus, Q contains all terminating
decimals such as

123 789

m, 789 = m, cee

More generally, a decimal is an expression of the form

—0.123 = —

Co-apaq ...,

where ¢g € Z and a, € {0,1,2,...,9}, k=1,2,....
Thus, there are two types of decimals, namely terminating (finite) and
nonterminating (infinite). For instance, applying long division to 1/3 and 3/7

gives
1
3= 0.333... and ; = 0.428571428 ...,

respectively. These nonterminating decimals are repeating and so may be ab-
breviated as

0.333...=0.3 and 0.428571428...=0.428571,

respectively. Thus, we formulate the following definition (omitting some tech-
nical details).

Definition 1.2. A rational number is a number whose decimal expansion ei-
ther terminates after a finite number of places or repeats.



1.1 Sets and Functions 5

y oy
y=a2-2
; : : -
x such that
x such that r?=2
x2=2 (-2, 0)
Fig. 1.1. The unit square. Fig. 1.2. Graph of y = 22 — 2.

1.1.3 The Irrational Numbers

Although the set Q of rational numbers is a nice algebraic system, it is not
adequate for describing many quantities such as lengths, areas, and volumes
that occur in geometry. For example, what is the length of the diagonal in a
square of unit length? (See Figure 1.1.)

What is the side length of a square with area 27 37 57 7?7 In other words,
is there a rational number x such that

22=2 or 2°2=3 or 2°2=5 or 22=T77
What is the area of the closed unit disk 22 + 32 < 1?
Theorem 1.3. There is no rational number x such that x> = 2.

Proof. Suppose for a contradiction that © = m/n, where m and n have no
common factors. Then

2
(E) =2, ie., m?=2n
n
where m € Z and n € N have no common factors other than 1. This shows
that m? is even, and so is m (if m were odd, then m? would be odd). Hence,
there exists k € Z such that m = 2k. This gives

(2k)* =2n? or 2k*=n?

and therefore n is also even. The last statement contradicts our assumption
that m and n have no common factor other than 1. ]

It turns out, then, that the solution of 22 —2 = 0 is not a rational number.
We denote it by v/2 and call it an irrational number.

If we draw the graph of y = 2% — 2 (see Figure 1.2), the value of x at
which the graph crosses the y-axis is thus a “new type” of number x, which
satisfies the equation 2 — 2 = 0. It is called an irrational number (see
Questions 1.11(7)).
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1.1.4 Algebraic Numbers

A natural number is called a prime number (or a prime) if it is greater than
one and has no divisors other than 1 and itself. For example, 2,3,5,7 are
prime numbers. On the other hand, 4,6 are not prime (since 4 = 2 x 2 and
6 = 2 x 3). There are infinitely many primes, as demonstrated by Euclid
around 300 BC, and there are various methods to determine whether a given
number n is prime.

Definition 1.4. A number x is called algebraic if there exists an n € N,
ag, a1, - - -, 0n € Z such that

ap+ a1z +---+apz” =0 (an, #0).

For instance, it follows that

e Every rational is algebraic (z = m/n implies m — nz = 0).
o 71/3 31/2 21/2 3]l represent algebraic numbers, since they are the solutions
of
2 —-7=0, 22-3=0, 22-2=0,

respectively.

Our next basic result shows that a rational number has a special relationship
to polynomial equations with integer coefficients.

Theorem 1.5 (Rational zeros theorem). Suppose that a rational number
r = p/q (in lowest term) solves the polynomial equation

ap+ a1z + asx® + -+ apz” =0 (ap #0, an #0),

wheren > 1 and ay, € Z for 0 < k <n. Then

(a) p divides ag, i.e., ag =p -k for some integer k.
(b) q divides ay, i.e., an, = q-m for some integer m.

Proof. By hypothesis,

n
a0+a1<2>+...+an(£> :0
q q

Multiplying by ¢™ gives

aoq" + a1pq" "t 4+ an_1p" g+ anp™ =0,
or

anp™ = —qlaog" " + arpg" P 4 -+ an_1p" .

It follows that ¢ divides a,p™. But since p and ¢ have no common factors, ¢
cannot divide p”, and so ¢ must divide a,,. Similarly, solving the equation for
aopq™ shows that p must divide ag. [
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Example 1.6. Consider 22 —2 = 0. Then ag = —2, a1 = 0, and as = 1. Thus,
the only possible rational solutions of 22 —2 = 0 are +1, +2 (if + = p/q, then
integer values of p for which p divides 2 are £1, 42, and the natural number
q for which ¢ divides 1 is 1). Substituting these possible solutions shows that
/2 cannot be rational. (]

1.1.5 The Field of Real Numbers
We have the natural proper inclusions
NCZCQCR,

where the set R consists of rational numbers (terminating and repeating dec-
imals) and all irrational numbers (nonrepeating decimals) such as the alge-
braic number /2. The mathematical system on which we are going to base
our analysis is the set R of all real numbers (see Section 1.2).

A field is a set F' that possesses two binary operations, namely addition
(+) and multiplication (-), such that F is closed with respect to these two
operations (meaning that a,b € F implies a+b € F and a-b € F) and satisfies
the familiar rules of arithmetic:

e Addition is commutative, i.e., a +b = b+ a for each a,b € F.

e Addition is associative, i.e., (a +b) + ¢ =a+ (b+ ¢) for each a,b,c € F.

e There exists an element 0 € F' such that 0+a = a for all a € F' (0 is called
the additive identity).

e To every a € F there corresponds an additive inverse —a € F' such that
a+(—a)=0.

e Multiplication is commutative, i.e., a -b =b-a for each a,b € F.

e Multiplication is associative, i.e., (a-b)-c=a- (b-c) for each a,b,c € F.

e There exists an element 1 € F, 1 # 0, such that 1-a = a for all a € F
(1 is called the multiplicative identity).

e To every 0 # a € F there corresponds a multiplicative inverse a=' € F
such that a-a™1 = 1.

e Multiplication is distributive over addition:

a-(b+c)=a-b+a-c foreacha,beF.

We state the following elementary properties, and we leave their proofs as
simple exercises.

Theorem 1.7. In a field F', the following are consequences of the field axioms:

(a) The additive identity and the multiplicative identity are unique.

(b) The additive inverse of an element and the multiplicative inverse of a
nonzero element are unique.

(¢) a-0=0 for everya € F.

(d) a-(=b)=(—a) b= —(a-b) for every a,b € F.
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(€) —(—a) =a for every a € F.

(£) (—a)(—=b) = ab for every a,be F.

(g) a+c=b+ c implies a="b for each a,b,c € F.

(h) ab = 0 implies either a =0 or b =0 for each a,b € F.
(i) ac = be and ¢ # 0 implies a = b.

1.1.6 An Ordered Field

Definition 1.8. A field F' is said to be an ordered field if there is a nonempty
subset P of F, called positive, satisfying the following additional azioms:

(a) if a,b € P, thena+b € P and a-b € P (closed under addition and
multiplication, respectively),
(b) for every a € F, exactly one of the following holds:

a€P, —acP, a=0.

Thus, for elements a,b € F, we say that

a<b(orb>a)ifb—acP,
a<bifa<bora=b,

beP < b>0,

—a € P < a <0, i.e., ais called negative.

Property (a) in Definition 1.8 may be read as follows:
a,be P, ie,a>0andb>0 = a-+b>0andab>0.

Property (b) implies that for any pair of elements a, b € F', exactly one of the
following holds:
a<b, a=b, a>0l

The most familiar examples of fields are the set Q of rational numbers and
the set R of real numbers.

We may now write down some familiar properties concerning the ordered
relation of R.

e If a,b € R, then exactly one of the following holds:

a<b or a>b or a=bh. [Law of trichotomy]
e If a,b,c € R, then we have
(a) a <band b < cimplies a < c. [Law of transitivity]
(b) a <bimpliesa+c<b+c. [Law of compatibility w.r.t.
addition]

(c) a <band c> 0 implies ac < be.
(d) a <band c < 0 implies be < ac.
[Law of compatibility w.r.t. multiplication)]
(e) a # 0 implies a® > 0.
e If a € R, then there exists a positive integer n such that n > a.
[Archimedean property]
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The field axioms together with an ordered relation make both Q and R
what are called ordered fields. We do not include the details, since that would
defeat the purpose of this book. So, we accept the following.

Theorem 1.9. Q and R are ordered fields.

For a € R, its modulus |a| is defined by

laf = a ifa>0,
U= —a ifa<o.

We call |a| the absolute value of a. Tt is particularly useful in describing dis-
tances: we interpret |a| as the distance along the real line between 0 and a. In
the same way, for a,b € R, we let |a — b| denote the distance between a and
b, which is same as the distance along the real line from 0 to a — b. Here is a
list of basic properties of the absolute value.

Theorem 1.10. For a,b,c € R,

(a) |a|] = 0, with equality iff a = 0.

(b) —la] < a <lal.

(c) Forr >0, |a] <7 if and only —r < a <r.
(d) |ab| = |a] - [b].

(e) la+b] <laf +1b].

(f) [a =0 > |la| — [b]].

(g) la—b=b—al.

(h) la—¢| <l|a—bl+|b—|.

1.1.7 Questions and Exercises
Questions 1.11.

1. For what values of 2 does 2 € N imply = € Q?

2. For each a, b, ¢ real, does there always exist a real = such that az? + bx+
c=07?

3. If a set A has n elements, how many elements does the power set P(A)
have?

4. Why do we usually express a fraction in lowest terms (i.e., without

common factors)?

Is there a rational number x such that 23 — 2 — 7 = 0?

Is vV3+ \/5 rational or irrational?

If p > 1 is a prime number, can /p be a rational number?

If a and b are two irrational numbers, what can you say about a +b, a —b,

and ab? How about aa, where « is a rational number?

NG
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Exercises 1.12.

1. Show that if m,n € N and 2™ = n has no integer solution, then %/n is
irrational.

2. Show that neither ¥/6 nor v/2 + /2 is a rational number.

3. Show that /m is irrational for every natural number n that is not a perfect
square.

4. Show that following numbers are irrational:
(a) V12. (b) vn+1++vn—1

5. For a,b € R, using the axioms of an ordered field, show that
(a) 0<a<bdiff 1/a > 1/0.
(b) a <b = a? < b? whenever 0 < a <b and p > 0.

6. Show that for all a1, aq,...,a, € R,

a1+ az + -+ an] < Jar| + [az] + - + [an]

7. Prove by the method of induction that

n n 2 n
(a) Zk3:<zk> . (b) Zk(kﬂ):w.
k=1 k=1 k=1

1.2 Supremum and Infimum

Definition 1.13. Suppose that A is a nonempty subset of R.

(a) If there exists an M such that x < M for every x € A, then we say that
M is an upper bound for A. In this case, we say that A is bounded above
by M. Geometrically, this means that no point of A lies to the right of M
on the real line.

(b) If there exists an m such that x > m for every x € A, then m is called
a lower bound for A. In this case, we say that A is bounded below by m.
Geometrically, this means that no point of A lies to the left of m on the
real line.

(c) The set A is said to be bounded if it is bounded above and bounded below.

We remark that a set A is bounded iff there exist real numbers m and M
such that A C [m, M], or equivalently, if there exists a positive number a such
that A C [—a,a]. A set that is not bounded is said to be unbounded. Thus, a
set S is unbounded if for each R > 0 there is a point « € S such that |z| > R.
For instance, the set A1 = {1/n: n € N} is a bounded set, but Ay = (—o0, 2]
and As = {n : n € N} are unbounded.

Any finite set of real numbers obviously has a greatest element and a
smallest element, but this property does not necessarily hold for infinite sets.
For instance, (0, 1] has a greatest element, namely 1, but neither the set N nor
the interval [0, 1) has a greatest element. On the other hand, [0, 1) is bounded
above by 1, and N is not bounded above by any real number.
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We have seen that not all sets are bounded above. However, if a nonempty
set of real numbers is bounded, it has a least upper bound. What does
this mean?

1.2.1 Least Upper Bounds and Greatest Lower Bounds

Definition 1.14 (Least upper bound). Let A be a nonempty subset of R.
Then a real number M is said to be the least upper bound (lub) of A in R if:

(a) A is bounded above by M.
(b) For any € > 0, there exists a point y € A such that y > M — e. That is,
M is the smallest among all the upper bounds of A.

If A has a least upper bound M, we write M = lub A.

The condition (b) is equivalent to saying that o < M implies that « is not
an upper bound for A. Equivalently, it means that if M’ is an upper bound
for A, then M’ > M. For instance, every M’ > 2 is an upper bound for the set
A =10,2), whereas 1.99999 is not. The set N is not bounded above, because

for each M, there is a positive integer n with n > M, by the archimedean
property of R.

Lemma 1.15. If the least upper bound of a set exists, then it is unique.

Proof. Let A C R, where A is bounded above. Suppose that @ and o are
both least upper bounds for A. Then both o and o’ are upper bounds for A.
Since both « and o are least upper bounds, we must have

o <a and a<d.
Thus, a = o/, as required. [ ]

Definition 1.16 (Greatest lower bound). A real number m is said to be
the greatest lower bound (glb) of a set A C R if:

(a) A is bounded below by m.
(b) For any € > 0, there exists a point y € A such that y < m+e¢. That is, m
is the largest among all the lower bounds of A.

If A has a glb m, we write m = glb A.

The condition (b) means that if m’ > m, then m’ is not a lower bound
for A.

Lemma 1.17. If a set has a greatest lower bound, then it is unique.

Proof. The proof follows from arguments similar to those of the proof of
Lemma 1.15, and so we omit the details. [
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The completeness properties of the real numbers can be expressed in the
following forms.

Definition 1.18 (Least upper bound property). Every nonempty subset
A of real numbers that has an upper bound has a least upper bound, lub A.

Definition 1.19 (Greatest lower bound property). Fvery nonempty sub-
set A of real numbers that has a lower bound has a greatest lower bound glb A.

It is this property that distinguishes R from Q. For example, the algebraic
equation
2> —2=0

is solvable in R but not in Q. There are uncountably many numbers in R,
such as 7, that are neither rational nor algebraic.

Both these facts are intuitively obvious. These two theorems—also called
the continuum properties—are fundamental results of analysis. In conclusion,
R is an ordered field that satisfies the continuum properties.

Now we extend the notions of lub A and glb A in a convenient form as
follows. For a nonempty subset A of real numbers, we define the supremum
of A (denoted by sup A) and the infimum of A (denoted by inf A) by

g Joo if A has no upper bound,
SUP A=) lub A if A is bounded above,

and
. —oo if A has no lower bound,
inf A=

glb A if A is bounded below,

respectively. We remark that the symbols sup A and inf A always make sense
and that inf A < sup A.
For a < b, important subsets of R are intervals:

e (a,b)={xeR:a<z<b} [open interval]
e [a,b]={zeR:a<z<0b} [closed interval]
o (a,b]={zreR:a<x<b}. [half-open interval]
e [a,b)={zreR:a<x<b}. [half-open interval]

The two endpoints a and b are points in R. A set consisting of a single point
is sometimes called a degenerate interval. It is sometimes convenient to allow
the symbols a = —co and b = 400, so that

b)) ={x eR: z < b},

b ={zeR: z<b},
oo)={zeR: x>a},

a,0)={zeR: z>a},
o0) = {z: x € R} = the real line.
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More general subsets of R that we often use may be obtained by taking a finite
or infinite union of intervals or a finite or infinite intersection of intervals.
Finally, for 6 > 0 and a € R, we call

(a—d,a+d)={zeR: |z—a| <}
a d-neighborhood of a; it consists of all points = that are within distance § of a.

Example 1.20. If A = [0,1), then we see that sup A = 1. Indeed, 1 is an
upper bound for A. To show that 1 is the least upper bound, it suffices to
prove that each M’ < 1 is not an upper bound of A. In order to do this, we
must find an element € [0,1) with & > M’. But we know that for every
M’ < 1, there exists an z, say © = (M’ + 1)/2, with

M < x<1.

This inequality clearly implies that M’ cannot be an upper bound for [0, 1),
i.e., M =1 is the least upper bound. ®

Using the same procedure as in the above example, we have the following;:

(1) If A={1,2,3}, then inf A =1 and sup A = 3.

(2) TA={z: -1 <2 <3}, theninf A= —1and supA = 3.

(3) If A= {z: x > 3}, then A has no upper bound, so that sup A = co. Also,
inf A = 3.

(4) If A = {x: = < 1}, then A has no lower bound, so that inf A = —ooc.
Also, sup A = 1.

(5) The sets Z and Q are neither bounded above nor bounded below. On the
other hand, the set N is bounded below but not bounded above. In fact,
1 is a lower bound for N and so is any number less than 1. Moreover,
infN=1.

Definition 1.21. Let A C R. If the least upper bound M of A belongs to A,
then we say that A has a largest element. The smallest element of A may be
defined similarly.

If a set A has a largest element M, then we call M the mazimum element
of the set A, and we write M = max A. Similarly, if A has a smallest element
m, we call m the minimum element of A and write m = min A. In this case,
we have inf A = min A and sup A = max A.

If a,b € Q, then so is its average (a + b)/2, which lies between a and b.
Thus, between any two rational numbers there are infinitely many rational
numbers. This shows that given a rational number, we cannot talk about the
“next largest rational number.” This observation and the above discussion
imply that the rational number system has certain gaps. The real number
system fills those gaps. Moreover, a convenient way of representing rational
numbers is geometrically, as points on a number line (see Figure 1.3).
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Fig. 1.3. The number line.

This geometric representation of rational numbers shows that the set of
rational numbers has a natural order on the number line. If a lies to the left
of b, then we write

a<b or b>a,

and say that “a is less than b” or “b is greater than a.” For example,

L < 2 <1

2 "3 7
The completeness axioms help us to conclude that there are both rational and
irrational numbers between any two distinct real numbers (in fact, there are

infinitely many of each).

1.2.2 Functions

Let X and Y be two nonempty subsets of a universal set, for example, R. A
function or mapping® f from X to Y is a rule, or formula, or assignment, or
relation of association that assigns to each z € X a unique element y € Y.
We write

f: X->Y (1.1)
to denote the mapping f from X to Y. To be more precise about the rule of
association, we say that a function from X to Y is a set f of ordered pairs
in X x Y such that for each € X there exists a unique element y € Y such
that (z,y) € f; ie., if (z,y) € f and (z,y’) € f, then y = ¢/'.

The set X on which the function f is defined is called the domain of f, and
we write dom (f) for X. We call the set Y the codomain of f. When we define
a map by describing its effect on the individual elements, we use the symbol
—; thus “the mapping z — y of X into Y” means that f is a mapping of X
into Y taking each element x of X into a unique element y of Y. In practice,
we denote the unique y by f(x) and say that f(x) is the image of x under f,
or the value of f at x. Thus, when we use the notation (x,y) € f, we write
y = f(x). For instance, if X = {a,b,c,d} and Y = {1, 2,3}, then the rule

a—1, b—1 c¢c—2, d—1,

defines a function f: X — Y, because it assigns a unique element of Y to
each element of X.

2 The terms mapping, function, and transformation are frequently used synony-
mously.
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In this book we will be concerned mainly with functions for which X C R
and Y = R, i.e., f is a real-valued function of a real variable z. However, when
we discuss Fourier series, we will be dealing with complex-valued functions
defined on a real variable ¢, although we shall not pay much attention to
this. If a function is defined without its domain being indicated, then it is
understood to be the largest subset on which the function is well defined. For
example, if functions f, g, h are defined by

1 1
fla) = e g(x) = T2 and  h(z) =+V1-2?
then dom (f) = R\{0}, dom (¢g) = R, and dom (h) = [-1,1]. If f is defined
on X and S C X, we can have f: S — Y, and we call this new function the
restriction of f in (1.1) to S and denote it by f|s. Moreover,

f(S):={f(x): z €S} ={y €Y: there exists an z € S with f(z) =y}

is called the image of the set S under f. Clearly, f(S) is a subset of the
codomain Y, and f(S) may be a proper subset of Y even if X = S. The subset
f(X) is called the range of f. For instance, if X = {a,b,c}, Y = {1,2,3,4},
and f: X — Y is a function defined by the rule

a—1, b—4, c—1,

then dom(f) = X and f(X) = {1,4} is the range of f, but f(X) # Y.
Also, we remark that the notation f(p) has two possible meanings, depending
on whether p is an element of X or a subset of X. However, the standard
practice of using lowercase letters for members of X and uppercase letters for
sets makes the situation clear.

If Y7 C Y, then the inverse image of Y7 under f, denoted by f~1(Y1), is
the subset of X defined by

) ={ze X: f(z) eVi}.
Also,
flx) ey <=z c (V).

Thus, f~1(Y1) € X for Y1 C Y. If V1 = {y} C Y, then we write f~!(y)
instead of f~'({y}). The notation £~ is used for two different purposes but
is universally accepted. However, the context of the usage of f~! will always
be made clear, so there should be no confusion about it.

For two mappings f: X — Y and ¢g: Y — Z for which f(X) C Y, we can
define the composite mapping go f: X — Z by

(go f)x) = g(f(x)).

Composition is an associative operator, i.e.,

(gof)oh=go(foh).
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In general, composition is not commutative. For example, consider f,g: R —
R by
fx) =222 and g(z)=2°—-2.

Then

flg(@) = (2® = 2)* = 2(2® - 2) and g(f(z)) = («* - 22)° - 2.

Clearly, go f # f o g, and so composition is not commutative.

The mapping f: X — Y is said to map X onto Y if the codomain and the
range are equal, i.e., f(X) =Y. Therefore, in order to prove that f is onto,
one must start with an arbitrary y € Y and then show that there is at least
one z € X such that f(z) =y.

The mapping f: X — Y issaid to be 1-to-1 (one-to-one) if it maps distinct
elements into distinct elements, i.e., f(x1) # f(x2) for all x1,zo € X with
1 # xo. More formally, f is one-to-one if for x1,z9 € X,

f(z1) = f(22) = 21 = 72
A mapping that is both one-to-one and onto is called bijective.?

Example 1.22. Consider X = {-2,-1,0,1,2,3,4},Y = {0,1,4,9, 16}, and
the function f: X — Y given by f(x) = 2. Then f is onto, but is not
one-to-one because, for example, f(—1) = f(1). °

More generally, we have the following.

Example 1.23. Consider the mapping f : A — B, x + 22, where A and B
are subsets of R. Then

f(z1) = f(z2) = (21 + x2)(21 —22) =0 =21 =22 if 1 + 22 #0.

Therefore, we have the following results.

(a) Let A = R and B = R{, the set of all nonnegative real numbers. Since
there exist x1, 22 € A such that z; + o = 0, f is not one-to-one in this
case. Similarly, if A = B = Z, then f is not one-to-one, which can be
shown by similar reasoning.

(b) Let A = B = R, the set of all positive real numbers. Then for each
1,29 € A, we have x1 + x5 # 0, and therefore f is one-to-one in this case.
Similarly, we see that if A = B = N, the set of natural numbers, then f
is one-to-one.

(c) If A= B =R, then f is not onto, because the set of all real numbers is
not the image of R under our mapping. Also, if A = B = N, then f is
not onto. However, if A = R and B = R, then f is onto. In fact, when
A= B =R", fis bijective. °

3 The terms “one-to-one,” “

referred as “injective,” *

onto,”, and “one-to-one correspondence” are sometimes
surjective,” and “bijective” mappings, respectively.
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If f: X — Y is bijective, then we may define a function g = f~' by the
rule

[T @) =y = fly) ==

We call =1 the inverse of the function f. Also, we have

fofYy)=y forallycY and f~lof(r)=x forallzecX.

Example 1.24. Consider f(z) = 22 — 2z and g(x) = 2® — 2. The function f
is not one-to-one, because f(0) = f(2) = 0. On the other hand, g is bijective,
because for each y € R, y = 2® — 2 has the unique solution z = (y + 2)1/3. ®

If f: X — Y is a function, then the inverse relation f~! defined above
is not, in general, a function. More about onto functions and related inverses
will be addressed in Chapter 4.

Definition 1.25. A function f: I — R is said to be

e bounded above if there exists an M € R such that f(x) < M for allz € I,

e bounded below if there exists an m € R such that f(x) > m for all z € I,

e bounded if it is bounded both below and above, that is, if there exists an
R >0 such that |f(z)| < R for all x € I,

where I is some interval in R or some subset of R.

1.2.3 Equivalent and Countable Sets

Suppose that A and B are two sets. We say that A is equivalent to B, written
A ~ B, if there is a bijective (i.e., one-to-one and onto) mapping from A to
B. If A ~ B, then we say that A and B have a one-to-one correspondence
between them. The following theorem is easy to prove.

Theorem 1.26. Given three sets A, B, and C, we have
() A~ A,

(b)) A~ B= B~ A, and

(c) A~B,B~C = A~C.

In view of this theorem, we can now reformulate equivalents in the follow-
ing form.

Definition 1.27. Two sets A and B are said to be equivalent, written A ~ B,
if there is a bijection from A to B. The sets A and B are then said to have
the same cardinality.

Example 1.28. Define [ : [0,1] — [a,b] (a < b) by f(x) = (1 —x)a+ xb. We
see that f is bijective, and therefore [0, 1] and [a, b] are equivalent. o
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Definition 1.29. A set S is finite if either S = (0 or S is equivalent to
{1,2,...,n} for some n € N. A set that is not finite is called infinite. A set
S is said to be countable or denumerable if either it is finite or S ~ N, .e.,
if there exists a one-to-one correspondence between N and the set S. A set is
said to be uncountable or nondenumerable if it is not countable.

Example 1.30. The set N is countable, since the bijection f(x) = = does the
job. In order to prove that the set Z is countable, we just need to notice that
elements of Z can be written as a list of

0,-1,1,-2,2,-3,3,....
This amounts to defining a bijection f: N — Z by

n—1

ifn=1,3,5,...,
fn)=9 7
—5 lf’l’?,:274,67

Therefore, Z is countable. Similarly, the set of all even positive integers is
countable. o

We may now state without proof the following.

Theorem 1.31. (a) Every subset of a countable set is countable.

(b) The set Q of rationals is countable.

(c) A countable union of countable sets is countable.

(d) The Cartesian product A x B of countable sets A and B is countable.
(e) The set R is uncountable.

Since R is uncountable, the set R\Q of all irrational numbers is uncount-
able. In particular, any interval that contains more than one point is uncount-
able. Indeed, the fact that there are uncountably many real numbers in (0, 1)
follows from constructing, for example, the set of all infinite sequences of 0’s
and 1’s, which can be shown to be uncountable. Therefore, we have a natural
question to look at: Are there other familiar sets that are uncountable? We
note that according to the definition, the counting convention is via bijections,
and the set of real numbers actually has in some sense many more numbers
than the set of rational numbers. In general, given a set X, does there exist a
method of constructing another set from X that will contain more elements
than X? If X is countable (finite or infinite), then the answer is trivial, be-
cause if X is finite, then one can obtain a new set simply by adding one more
element that does not belong to X. However, if X is countably infinite, then
a new set obtained by adding a finite number of elements or even a countably
infinite number of elements to X will again be countable. Hence, we have to
think of some other method. Indeed, a method of getting bigger and bigger
sets follows from the definition of power set. Thus, the notion of cardinality
of a set X will play an important role.
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If a set S is finite, then the number of elements of X is defined to be
the cardinality of S, denoted by |S| or card S. Thus, two finite sets A and B
have the same size, i.e., card A = card B, if they contain the same number of
elements. An important question is how to carry the notion of equal size over
to infinite sets such as N and Z? We have the following definition. Given two
arbitrary sets A and B (finite or infinite), then we say that card A = card B
if there exists a bijection between them. In particular, the notion of equal size
is an equivalence relation, and we then associate a number called the cardinal
number to every class of equal-sized sets. At this point, it is important to
note that it is often difficult to find the cardinal number of a set, since the
definition requires a function that is both one-to-one and onto. We note that it
is usually easier to find one-to-one functions than onto functions. Therefore,
we may make use of the following theorem, due to Cantor and Bernstein,
which we state without proof.

Theorem 1.32 (Cantor—Bernstein). Let A and B be two sets. If there
exists a one-to-one function f : A — B and another one-to-one function
g: B— A, then card A = card B.

This theorem can be used to show, for example, that
card (R x R) = cardR.

Moreover, the fact that Q is countable can also be obtained by showing that
Q and Z x Z have the same cardinality.

1.2.4 Questions and Exercises
Questions 1.33.

1. Should a nonempty bounded set in R have a maximum? minimum?

2. Suppose that A is a nonempty set in R and —A = {—z: z € A}. What

are the relations among inf A, sup A, inf(—A), and sup(—A4)?

What will happen if we divide an inequality by a negative real number?

4. Let A and B be two nonempty subsets of R such that AN B is nonempty.
How are inf(A U B), min{inf A, inf B}, sup(A U B), max{sup 4, sup B},
inf(A N B), and sup(A N B) related?

5. Let A and B be two nonempty bounded sets of positive real numbers and

C={xy: x€ Aandy € B}. Must supC = (sup A)(sup B)? If so, what

if either A or B contains negative real numbers?

Does the completeness axiom hold for Q7

Does there exist a bijection from the interval (0,1) to R?

Does there exist a bijection from the interval (0, 1) to [0,1)?

Is the composition of one-to-one (respectively onto, bijective) mappings

one-to-one (onto, bijective)?

@

© oo
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10.

11.

12.

13.

14
15
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Suppose that f and g are functions such that g o f is onto. Must g be
onto? Should f be onto?

Suppose that f and g are functions such that g o f is one-to-one. Must f
be one-to-one? Should g be one-to-one?

If f: A= Band g: B — C are such that f(A) = B and ¢g(B) = C,
should (go f)(A) =C?

Which one of the following is not true?

() F(AUB) = [(A)UF(B).  (b) ["Y(AUB) = f}(4)Uf(B).
() f(ANB) = FA)NF(B). () fHANB) = f~1(4)n f1(B).
. Can a finite set be equivalent to a proper subset of itself?

. Must a set be infinite if it is equivalent to a proper subset of itself?

Exercises 1.34.

1.

Qo

Let A consist of all positive rational numbers = whose square is less than 2,
and let B consist of all positive rational numbers y such that y? > 2. Show
that A contains no largest number and B contains no smallest number.

. For z,y € R, show that

T+y+lr—y
2

r+y—|r—y

and min{x,y} = 5

max{x,y} =
. Let A and B be two nonempty subsets of R such that B C A is nonempty.
Prove that
inf A <inf B <supB < supA.

. Let A and B be two nonempty bounded sets of positive real numbers.
Set St = AUB, S = AnNB, S3 ={z+y:2 € Aandy € B},
Sy ={x+a:x € A} for some a > 0, and S5 = {za : © € A} for some
a > 0. Determine a relationship among

(a) sup A, sup B, and sup 5. (b) sup A, sup B, and sup Ss.
(c) sup A, sup B, and sup Ss. (d) inf A, inf B, and inf Ss.
(e) sup A and sup Sy. (f) sup A and sup Ss.

. Using the completeness properties (see Definitions 1.18 and 1.19), prove
the following version of the archimedean property of R: If a and b are pos-
itive real numbers, then there exists a positive integer n such that na >b.

. Suppose that z,y € R are such that y > z. Use the previous exercise to
prove that there exist a rational number and an irrational number strictly
between x and y.

. Determine the domain of each of the following functions:
T r—1
= 2 ). =, =
@) f@) = V@D, ®) f@ = (© @)=y

. Prove that (—m/2,7/2) and R are equivalent.
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Explain why the mapping f : N = N, n — 2n — 1, is not a one-to-one
correspondence.
Consider the function

ar +b

Determine conditions on a, b, ¢, d such that f is its own inverse.
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Sequences: Convergence and Divergence

In Section 2.1, we consider (infinite) sequences, limits of sequences, and
bounded and monotonic sequences of real numbers. In addition to certain
basic properties of convergent sequences, we also study divergent sequences
and in particular, sequences that tend to positive or negative infinity. We
present a number of methods to discuss convergent sequences together with
techniques for calculating their limits. Also, we prove the bounded monotone
convergence theorem (BMCT), which asserts that every bounded monotone
sequence is convergent. In Section 2.2, we define the limit superior and the
limit inferior. We continue the discussion with Cauchy sequences and give ex-
amples of sequences of rational numbers converging to irrational numbers. As
applications, a number of examples and exercises are presented.

2.1 Sequences and Their Limits

An infinite (real) sequence (more briefly, a sequence) is a nonterminating
collection of (real) numbers consisting of a first number, a second number,
a third number, and so on:

ai,a2,as,....

Specifically, if n is a positive integer, then a, is called the nth term of the
sequence, and the sequence is denoted by

{ai,as,...,an,...} or, more simply, {a,}.

For example, the expression {2n} denotes the sequence 2,4,6,.... Thus, a
sequence of real numbers is a special kind of function, one whose domain is
the set of all positive integers or possibly a set of the form {n : n > k} for
some fixed k € Z, and the range is a subset of R. Let us now make this point
precise.

Definition 2.1. A real sequence {a,} is a real-valued function f defined on
a set {k,k+1,k+2,...}. The functional values

S. Ponnusamy, Foundations of Mathematical Analysis, 23
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fR), fk+1), f(k+2),...

are called the terms of the sequence. It is customary to write f(n) = a, for
n >k, so that we can denote the sequence by listing its terms in order; thus
we write a sequence as

{antnzr  or A{anir—1}niy or {an}iZy or {ak arsr,.. .}

The number a,, is called the general term of the sequence {a,} (nth term,
especially for k = 1). The set {a, : n > k} is called the range of the sequence
{an}n>k. Sequences most often begin with n = 0 or n = 1, in which case
the sequence is a function whose domain is the set of nonnegative integers
(respectively positive integers). Simple examples of sequences are the se-
quences of positive integers, i.e., the sequence {a,} for which a, = n for
n>1,{1/n}, {(-1)"}, {(—=1)"+1/n}, and the constant sequences for which
an = c for all n. The Fibonacci sequence is given by

ap, a1 =1, a2 =2, ap = ap—1 +an—2 forn>3.

The terms of this Fibonacci sequence are called Fibonacci numbers, and the
first few terms are
1, 1,2 3, 5,8, 13, 21.

2.1.1 Limits of Sequences of Real Numbers

A fundamental question about a sequence {a,} concerns the behavior of its
nth term a, as n gets larger and larger. For example, consider the sequence
whose general term is

n—+1 1
a, = =1+ —.
n n

It appears that the terms of this sequence are getting closer and closer to the
number 1. In general, if the terms of a sequence can be made as close as we
please to a number a for n sufficiently large, then we say that the sequence
converges to a. Here is a precise definition that describes the behavior of a
sequence.

Definition 2.2 (Limit of a sequence). Let {a,} be a sequence of real num-
bers. We say that the sequence {a,} converges to the real number a, or tends
to a, and we write

a= lim a, orsimply a=Ilima,,
n—oo

if for every e > 0, there is an integer N such that

|an, —a| < € whenever n > N.
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In this case, we call the number a a limit of the sequence {a,}. We say that
the sequence {a,} converges (or is convergent or has limit) if it converges to
some number a. A sequence diverges (or is divergent) if it does not converge
to any number.

For instance, in our example above we would expect
. n+1
lim =

n—oo n

1.

The notions of convergence and limit of a sequence play a fundamental role
in analysis.
If a € R, other notations for the convergence of {a,} to a are

lim (a, —a) =0 and a, »a asn— oo.
n—roo

The notation a = lim a,, means that eventually the terms of the sequence {ay,}
can be made as close to a as may be desired by taking n sufficiently large.
Note also that

lap, —a|l <e forn>N<=a,€(a—¢€a+e) forn>N.

That is, a sequence {a, } converges to a if and only if every neighborhood of a
contains all but a finite number of terms of the sequence. Since N depends on
€, sometimes it is important to emphasize this and write N(¢) instead of N.
Note also that the definition requires some NN, but not necessarily the smallest
N that works. In fact, if convergence works for some NV then any N; > N also
works.

To motivate the definition, we again consider a,, = (n+1)/n. Given € > 0,
we notice that

n+1
n

1
1‘—<e whenever n > —.
n €

Thus, N should be some natural number larger than 1/e. For example, if
e = 1/99, then we may choose N to be any positive integer bigger than 99,
and we conclude that

ntl —1‘ <e:i whenever n > N = 100.
n 99
Similarly, if e = 2/999, then 1/e = 499.5, so that
1 2
n; —1‘<e:@ whenever n > N = 500.

Thus, N clearly depends on e.

The definition of limit makes it clear that changing a finite number of terms
of a given sequence affects neither the convergence nor the divergence of the
sequence. Also, we remark that the number € provides a quantitative measure
of “closeness,” and the number N a quantitative measure of “largeness.”

We now continue our discussion with a fundamental question: Is it possible
for a sequence to converge to more than one limit?
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Theorem 2.3 (Uniqueness of limits). The limit of a convergent sequence
1S unique.

Proof. Suppose that a = lima,, and ¢’ = lima,,. Let € > 0. Then there exist
two numbers N; and N5 such that

lan, —al <e forn>N; and |a, —a'| <e formn> Ns.

In particular, these two inequalities must hold for n > N = max{Ny, No}. We
conclude that

la—d'|=la—an,— (' —ay)| <l|an —al +|a, —a'| <2€ forn> N.

Since this inequality holds for every € > 0, and |a — d/| is independent of €, we
must have |a — da’| =0, i.e., a =d. u

Also, as a direct consequence of the definition we obtain the following: If
an — a, then a,4r — a for any fixed integer k. Indeed, if a,, — a as n — oo,
then for a given € > 0 there exists an N € N such that |a, — a| < € for all
n > N. That is,

lantr —al <e foraln+k>N-+k=N; or |an—a|<e form> Ny,
which is same as saying that a,, — a as m — oo.

Definition 2.4. A sequence {a,} that converges to zero is called a null
sequence.

Examples 2.5. (i) The sequence {n} diverges because no matter what a and
€ we choose, the inequality

a—e<n<a+te ie,|n—al<e,

can hold only for finitely many n. Similarly, the sequence {2"} diverges.

(ii) The sequence defined by {(-1)"} is {—1,1,—1,1,...}, and this sequence
diverges by oscillation because the nth term is always either 1 or —1. Thus
an cannot approach any one specific number a as n grows large. Also, we
note that if a is any real number, we can always choose a positive number
€ such that at least one of the inequalities

a—€e< —-1<a+e or a—e<l<a+e

is false. For example, the choice e = |1 —a|/2if a # 1, and € = |1 +a|/2 if
a # —1, will do. If a = 1 or —1, choose € to be any positive real number
less than 1. Thus the inequality |(—1)" —a| < € will be false for infinitely
many n. Hence {(—1)"} diverges.

(iii) The sequence {sin(nmr/2)},>1 diverges because the sequence is

{1,0,-1,0,1,0,...},
and hence it does not converge to any number, by the same reasoning as
above.

(iv) The sequence {(—1)"/n} converges to zero, and so it is a null
sequence. °
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Definition 2.6. A sequence {a,} is bounded if there exists an R > 0 such
that |a,| < R for all n. A sequence is unbounded if it is not bounded.

Since a convergent sequence eventually clusters about its limit, it is fairly
evident that a sequence that is not bounded cannot converge, and hence the
next theorem is not too surprising; it will be used in the proof of Theorem
2.8.

Theorem 2.7. FEvery convergent sequence is bounded. The converse is not
true.

Proof. Let {an}n>1 converge to a. Then there exists an N € N such that
la, —al] <1 =¢€for n > N. It follows that |a,| < 1+ |a|] for n > N. Define
M = max{1+ |al, |a1],|az],...|an—1|}. Then |a,| < M for every n € N.

To see that the converse is not true, it suffices to consider the sequence
{(—=1)"}n>1, which is bounded but not convergent, although the odd terms
and even terms both form convergent sequences with different limits. [

2.1.2 Operations on Convergent Sequences

The sum of sequences {a,} and {b,} is defined to be the sequence {a,, + by }.
We have the following useful consequences of the definition of convergence
that show how limits team up with the basic algebraic operations.

Theorem 2.8 (Algebra of limits for convergent sequences). Suppose
that lim,, o0 ay, = a and lim,_ ... b, = b, where a,b € R. Then

lim,, oo (ray, + sb,) = ra + sb, r, s € R. [Linearity rule for sequences]
lim,, o (anby) = ab. [Product rule for sequences]
lim,, o0 ap /by, = a/b, provided b # 0. [Quotient rule for sequences]
lim, o0 §/an = %/a, provided 3/a, is defined for all n and %/a exists.

Proof. The linearity rule for sequences is easy to prove. The quotient rule for
sequences is easy if we prove the product rule for sequences (see also Questions
2.44(33) and 2.44(34)). We provide a direct proof.
We write
anby, — ab = (an — a)by, + (by, — b)a.

Since every convergent sequence must be bounded, there exists an M > 0
such that |b,| < M (say), for all n. Let ¢ > 0 be given. Again, since b, — b
as n — 0o, there exists an Ny such that
by — b < —— for n > N:
n — ———— forn > Ns.
2(la] + 1) ?

(We remark that we could not use €/2|a| instead of €/[2(|a| 4+ 1)] because a
could be zero.)
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Also by the hypothesis that a,, — a as n — oo, there exists an N3 such
that

lan, —a| < ﬁ for n > Nj.
Finally, for n > max{Ny, N3} = N, we have

|anby, — ab| < |an — al |bn| + |bn — bl |a]
€ € € €
— M R — — — €.
<amMt sl <ataTe
The product rule clearly follows.
The proof of third part follows from Lemma 2.9. The proof of the final
part is left as a simple exercise (see Questions 2.44(16)). [

Lemma 2.9 (Reciprocal rule). If lim, ,oob, = b and b # 0, then the
reciprocal rule holds:

lim — = —.
n—00 Oy,

Proof. The proof is easy, and so we leave it as a simple exercise. [

Note that if a,, = (—1)" and b,, = (—1)""!, then {a2} and {a,, + b, } both
converge, although individual sequences {a,,} and {b,} diverge.

Example 2.10. Find the limit of each of these convergent sequences:

(a) {%} (p > 0). (b) {%} (©) {%}.

Solution. (a) As n grows arbitrarily large, 1/n (and hence 1/n?) gets smaller
and smaller for p > 0. Thus, lim, . 1/n? = 0. Also, we note that if ¢ > 0,
then |(1/nP) — 0| < € or n > 1/(¢'/P). Thus, if N is any integer greater than
1/('/P), then

|(1/n?) —0] <e foralln> N.

Thus, for each p > 0, n? — 0 as n — oo. That is, {1/nP} is a null sequence
for each p > 0.

(b) We cannot use the quotient rule of Theorem 2.8 because neither the
limit for the numerator nor that for the denominator exists. On the other
hand, we can divide the numerator and denominator by n* and then use the
linearity rule and the product rule. We then have

n?—2n+3 1 /1 2+3 0 N
—_— =+ = as n — 0o.
5n3 5\n n?2 nd

(c) Divide the numerator and denominator by n%, the highest power of n
that occurs in the expression, to obtain
n+3nt-2 o 1+5 -5

lim 5 = lim %:1.
n—oo NO 4+ 2n + 3 n—)ool—}—ﬁﬁ-m
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In fact, if we set

3 2 2 3
an:1+m—$ and bn:1+$+$,

then the linearity rule gives that a,, — 1 and b,, — 1 as n — oc. Finally, the
quotient rule gives the desired limit, namely,
am =L .
Suppose that {a,} is a sequence of real numbers such that a,, > 0 for all
but a finite number of n. Then there exists an N such that a,, > 0 for all
n > N. If the new sequence {1/a,+n }n>0 converges to zero, then we say that
{a,} diverges to co and write lima, = oo. Equivalently, if lima,, does not
exist because the numbers a,, > 0 become arbitrarily large as n — oo, we
write lim,, o, a,, = 00. We summarize the discussion as follows:

Definition 2.11 (Divergent sequence). For given sequences {a,} and
{bn}, we have

(a) limy,—, 00 @, = 00 if and only if for each R > 0 there exists an N € N such
that ay, > R for allmn > N.

(b) lim,,—y o0 by, = —00 if and only if for each R < 0 there exists an N € N
such that b, < R for alln > N.

We do not regard {a,} as a convergent sequence unless lim a,, exists as a
finite number, as required by the definition. For instance,

(v/n +5) = cc.

lim n® =00, lim (—n)= —oco, lim 3" =00, lim

n—oo n—oo n— o0 n— o0
We do not say that the sequence {n?} “converges to oo” but rather that it
“diverges to 0co” or “tends to co.” To emphasize the distinction, we say that
{a,} diverges to oo (respectively —oo) if lima,, = oo (respectively —co). We
note that lim(—1)"n is unbounded but it diverges neither to co nor to —oo.

Definition 2.12 (Oscillatory sequence). A sequence that neither con-
verges to a finite number nor diverges to either oo or —oo is said to oscillate or
diverge by oscillation. An oscillating sequence with finite amplitude is called
a finitely oscillating sequence. An oscillating sequence with infinite amplitude
1s called an infinitely oscillating sequence.

For instance,
{0 {1+E=D" {ED"A+1/n))

oscillate finitely. We remark that an unbounded sequence that does not diverge
to oo or —oo oscillates infinitely. For example, the sequences

{(=1)"n}, {(=D)"™*} {(=n)"}

are all unbounded and oscillate infinitely.
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Example 2.13. Consider a,, = (n? +2)/(n + 1). Then

(1+%)
ap =N |-
1+E

From the algebra of limits we observe that

1+ %
lim %

On other hand, lim,, ., a,, does not exist. Indeed, we can show that a,, — oo
as n — 00. According to the definition, we must show that for a given R > 0,
there exists an IV such that a,, > R for all n > N. Now we observe that

3
ap>R<—n+14+ —— > R+2,
n+1

which helps to show that a,, > R if n > R+ 2. So we can choose any positive
integer N such that N > R + 2. We then conclude that a,, — co as n — oo.
Similarly, we easily have the following:

(1) As in Example 2.10(c), we write

n’+2n3 -1 . 1+ 2% - &

nt n’

lim = lim .
6 2 1 1 3 1
n—oon®4+n®+3n+1 nooo b4 w4 S 4

['he numerator tends to 1 as n — oo, whereas the denominator approaches

0. Hence the quotient increases without bound, and the sequence must
diverge. We may rewrite in the present notation,

B n’ +2n%—1
im =00
n—oonb +n2 +3n+1

(2) {n/3 + 1/n}, {n® = n}, {02+ 1)/(n+ 1)}, and {(® +1)/(n+ 1D} al
diverge to .

(3) {(=1)"n?} diverges but neither to —oo nor to co.

(4) ap, — 00 = a2 — <.

(5) If a,, > 0 for all large values of n, then a, - 0 = 1/a, — oo. Is the
converse true? °

Finally, we let a,, = v/n? +5n — n and consider the problem of finding
lim a.,,. It would not be correct to apply the linearity property for sequences
(because neither lim v/n2 + 5n nor lim n exists as a real number). At this place
it important to remember that the linearity rule in Theorem 2.8 cannot be
applied to {ay}, since lim v/n? + 5n = oo and limn = oco. It is also not correct
to use this as a reason to say that the limit does not exist. The supporting
argument is as follows. Rewriting a,, algebraically as
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2
anz(\/M—n) = +5n+n: o = > ,
vn?2+bn+n  Vn?24+5n+n 14341

we obtain lim,,_, o (\/ n? 4+ 5n — n) =5/2.

Remark 2.14. We emphasize once again that Theorem 2.8 cannot be applied
to sequences that diverge to co or —oco. For instance, if a,, =n + 1, b, = n,
and ¢, = n? for n > 1, then it is clear that the sequences {a,}, {b,}, and
{cn} diverge to oo, showing that the limits do not exist as real numbers. Also,
it is tempting to say that

ap —b, +00—00=0 and ¢,—b, 2900—00=0 asn — oo.

Note that oo is not a real number, and so it cannot be treated like a usual
real number. In our example, we actually have a,, — b, =1 for all n > 1, and

en—bp=n(n—1) =00 asn— oo. °

2.1.3 The Squeeze/Sandwich Rule

In the following squeeze rule, the sequence {b,} is “sandwiched” between the
two sequences {a,} and {c,}.

Theorem 2.15 (Squeeze/Sandwich rule for sequences). Let{a,}, {b,},
and {c,} be three sequences such that a, < b, < ¢, for alln > N and for
some N € N. If

lim a, = lim ¢, =L,
n— o0 n— 00

then lim, o0 by, = L. If b, — o0, then ¢, — oco. Also, if ¢, — —o0, then
b,, — —oo.

Proof. Let € > 0 be given. By the definition of convergence, there exist two
numbers N; and N> such that

lap, —L| <e forn>N; and |c¢, —L|<e forn> N,
In particular, since a,, < b, < ¢, for all n > N, we have
L—-e<a,<b,<c,<L+e€ forn>N3=max{N, Ny, Ny},

showing that |b,, — L| < € for n > N3, as required.
We leave the rest as a simple exercise. [

Corollary 2.16. If {c,,} is a null sequence of nonnegative real numbers, and
|bn| < ¢ for alln > N, then {b,} is a null sequence.
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For instance, since {1/y/n} is null and 1/(1+4 v/n) < 1/y/n for all n > 1,
{1/(1 + +/n)} is also a null sequence. Similarly, comparing 1/3™ with 1/n, it
follows easily that {1/3"} is a null sequence.

Corollary 2.17. If lim,, o0 an, = 0 and |b, — L| < a, for all n > N, then
lim,,—yo0 b, = L.

Proof. By the last corollary, it follows that {b, — L} is a null sequence, and
so the desired conclusion follows. Alternatively, it suffices to observe that

b, — L| <ap<~—=L—a,<b,<L+a,
and apply the squeeze rule. [

For instance, using the squeeze rule, we easily have the following;:

(a) lim,_, cosn?/n = 0, because —(1/n) < cosn?/n < 1/n. With the same
reasoning, one has
sin(nm/2)

lim ——~% =0.
(b) lim,—oo {Vn+1—y/n} = 0 and limy0o vV(vR+1 — /n) = 1/2.

Moreover,

1 1
< .
Vn+l+yn  2yn
Note that the above inequality is useful in estimating /n. For n = 1, this

gives V2 < 1.5, and for n = 2,4, we have v/3 < 1.875 and v/5 < 2.25.
Indeed, for n = 2, we have

0 <VaTT— =

2 5v2 b5x1b5 75
ﬁ<\/§+%:T\/_< X4 = = 1875,

(c) lim, oo n/2" = 0. Indeed, using induction we easily see that 2" > n? for
n > 4, so that

n
0< =<
2n =

S|

(d) limp oo by =11if b, =1/(vVn2+1)+1/(Vn2+2)+ - +1/(v/n?+n).

We note that

n n . 1 1

<y <, e, < by < |
Vni+n vn?+1 V14+1/n V1+1/n?

(e) limpseocn =00 if e, = 1/(Vn+1)+1/(Vn+2)+ -+ 1/(V/n+n).

We note that

where b,, — 0o as n — oo.
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Using the squeeze rule, Theorem 2.8, and a few standard examples allows

one to calculate limits of important sequences.

Example 2.18. Show that

(a)

|
hm a'/" =1 for a > 0. (b) lim nt/m = 1. (c) lim &:0.
n—0oo

n—oo N

Solution. (a) We consider the cases a > 1 and a < 1, since there is nothing

(b)

(c)

to prove if a = 1. Suppose first that a > 1. Then a'/" > 1, and so
a'’/m" =1+,

for some sequence {z,} of positive real numbers. Then by the binomial
theorem,
a=1+z,)" >14+nz, foralln>1,

which is equivalent to

a —

0<a'/™—-1< for all n € N.

n
Thus, a'/™ = 1 asn — coifa > 1. For 0 < a < 1, we have (1/a)'/™ — 1
as n — oo, and therefore, by the reciprocal rule,

1/n _ 1

(l/a)l/"_> =1 asn— oo.

a

The sequence {a'/"} is referred to as the nth root sequence.

Clearly (14 1) > 14 n > n, so that n'/® —1 < 1 for n > 1. Also, for
n > 1, we observe that ni/n > 1, so that ni/m" —1 =z, with 2,, > 0. In
particular, using the binomial theorem, we deduce that

nin—1)
2

ELzlJrn(nfl)x2

n=14z,)" >1+nx, + 5 ol

which implies that

2
()S:L‘nznl/”—lg\/j forn > 1.
n

By the squeeze rule, x, — 0 as n — 0, since 1/y/n — 0. We conclude
that n'/™ — 1 as n — oo, as desired.

It follows that
n! 1
0< —<—
n" T on

The second inequality is true because

nl=nn-1)---2-1<n-n---n-1=n"""1

The squeeze rule (with a, = 0, ¢, = 1/n) gives the desired conclusion. ®
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Remark 2.19. We observe that case (a) of Example 2.18 may be obtained
as a special case of case (b). For instance, if @ > 1, then for n large enough
we have 1 < a < n. Taking roots on both sides, we obtain

1< a/m < pt/m for large n.

Again, by the squeeze rule, we see that lim, . a'/" = 1.
As a consequence of (a) and (b) of Example 2.18 and the product rule
for sequences, we can easily obtain that
lim (2n)Y/" =1 and lim (3y/n)Y/?" =1. °
n—oo

n—00

2.1.4 Bounded Monotone Sequences

Now we introduce some important terminology associated with sequences. A
sequence {a,} is said to be

bounded above if there exists an M € R such that a,, < M for all n,
bounded below if there exists an m € R such that a,, > m for all n,
bounded if it is bounded both below and above,

monotonically increasing (or simply increasing) if a, < a,41 for all n (see
Figure 2.1),

e monotonically decreasing (or simply decreasing) if a,, > an11 for all n (see
Figure 2.2),

Y y
o0 o °
. * L4
o. ..
o oo o
e o0 * L4
. L]
o X 0 X
Fig. 2.1. An increasing sequence. Fig. 2.2. A decreasing sequence.

strictly increasing if a,, < an41 for all n,

strictly decreasing if a,, > an41 for all n,

monotonic if it is either increasing or decreasing,

strictly monotonic if it is either strictly increasing or strictly decreasing,
alternating if a,, changes sign alternately. In other words, a,, is of the form
a, = (—=1)"71b, or a, = (—=1)"bu(b, > 0) for all n. That is, ana,11 < 0
for all n.
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Constant sequences are treated as both increasing and decreasing! We now
demonstrate these definitions by giving several simple examples.

(1) {1/n}n>1 is strictly decreasing and bounded.

(2) {n}n>1 is strictly increasing and unbounded; however, it is bounded below
by 1.

(3) {(—=1)""'n},>1 is neither increasing nor decreasing. Also, it is unbounded.

(4) {(—=1)"},,>1 is neither increasing nor decreasing nor convergent but is
bounded.

(56) {(—=1)"/n}n>1 is convergent but is neither increasing nor decreasing.

(6) If ap, =2 for 1 <n <5 and a, =n for n > 6, then {a,},>1 is increasing
but not strictly.

(7) {n'/"},>1 is not monotone, as can be seen by examining the first four
terms of the sequence.

(8) {n!/n"} is decreasing and bounded.

(9) {an}, an = 8"/nl, is neither increasing nor decreasing, because

any1 8 >1ifn<7
an _n—|—1 <1 ifn>"T7.

On the other hand, if we ignore the first six terms, it follows that {a, }n>7
is decreasing. In such cases, we say that {a,} is eventually decreasing.
Similarly, one can define eventually increasing sequences. Finally, we re-
mark that (3)—(5) are examples of sequences that are alternating.

2.1.5 Subsequences

We now present two simple criteria that involve the notion of a subsequence
for establishing that a sequence diverges. Let {an},>1 be a sequence and
{ni}r>1 any strictly increasing sequence of positive integers; that is,

O<mnm<no<ng<---.

Then the sequence {an, }x>1, i-e., {br}r>1, where by = ay,, is called a sub-
sequence of {a,}n>1. That is, a subsequence is obtained by choosing terms
from the original sequence, without altering the order of the terms, through
the map k +— ny, which determines the indices used to pick out the subse-
quence. For instance, {a7x+1} corresponds to the sequence of positive integers
np = 7k + 1, k = 1,2,.... Observe that every increasing sequence {ny} of
positive integers must tend to infinity, because

np,>k fork=1,2,...

The sequences

PR 3 R s AR C s M
k2 k21’ 2k @1’ 2k+1 k21’ 5k +3 k217 2k k>1
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are some subsequences of the sequence {1/k}y>1, formed by setting ny, =
k2, 2k, 2k+1, 5k +3, 2% respectively. Note that all the above subsequences
converge to the same limit, 0, which is also the limit of the original sequence
{1/k}k>1. Can we conjecture that every subsequence of a convergent sequence
must converge and converge to the same limit? We have the following:

1. Every sequence is a subsequence of itself.

2. Let ay, = 1+ (—1)*, k > 1. Then agx = 2 and agi,_1 = 0, showing that the
even sequence {ag} and the odd sequence {ag;_1} are two convergent
(constant) subsequences of {ay}. Thus, a sequence may not converge yet
have convergent subsequences with different limits.

3. Let ap = sin(kn/2). Then agy_; = (—1)*=! and agx = 0 are two sub-
sequences of a;. Does the sequence {b?}, where by, = (1 + (=1)k1)/2,
converge? Is {b;} a subsequence of {a;}?

Definition 2.20 (Subsequential limits). Let {ar} be a sequence. A subse-
quential limit is any real number or symbol oo or —oo that is the limit of some
subsequence {an, tk>1 of {ak}r>1-

For example, we have the following:

(1) 0 and 2 are subsequential limits of {1 + (—1)*}.

(2) —oo and oo are the only subsequential limits of {k(—1)*}.

(3) {—v/3/2,0,+/3/2} is the set of subsequential limits of {ax}, ax = sin(kn/3).
Here {as}, {ask+1}, and {agr12} are convergent subsequences with limits
0, —\/3/2, and \/3/2, respectively.

(4) Every real number is a subsequential limit of some subsequence of the
sequence of all rational numbers. Indeed, R U {—00, 00} is the set of sub-
sequential limits of the sequence of all rational numbers.

The following result, which shows that certain properties of sequences are
inherited by their subsequences, is almost obvious.

Theorem 2.21 (Invariance property of subsequences). If {a,} con-
verges, then every subsequence {an,} of it converges to the same limit. Also,
if an, — 00, then {an, } — o0 as well.

Proof. Suppose that {a,, } is a subsequence of {a,}. Note that n; > k. Let
L =lima, and € > 0 be given. Then there exists an N such that

lapy — L] <e for k> N.
Now k£ > N implies ny > N, which in turn implies that
lan, — L] <e forng > N.

Thus, a,, converges to L as k — oco. The proof of the second part follows
similarly. ]
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Here is an immediate consequence of Theorem 2.21.

Corollary 2.22. The sequence {a,} is divergent if it has two convergent sub-
sequences with different limits. Also, {a,} is divergent if it has a subsequence
that tends to 0o or a subsequence that tends to —oo.

In order to apply this corollary, it is necessary to identify convergent sub-
sequences with different limits or subsequences that tend to co or —oo. Now
the question is whether the converse of Theorem 2.21 also holds.

We can prove the divergence of a sequence if we are able to somehow
prove that it is unbounded. For instance (see also Questions 2.44(8)), consider
ap = EZ=1 1/k. There are several ways one can see that the sequence diverges.
Clearly, a, > 0 for all n € N, {a,} is increasing, and

1 1 1 11 1 1 1 1
agn 1+§+(§+Z>+(3+6+?+§) +--+ <W++2_”>
142
> 5
so that {an}n>1 is increasing and not bounded above. Therefore, it cannot be
convergent, and so it must diverge (see also the bounded monotone conver-
gence theorem (BMCT), which is discussed later in this section). We remark

that we may group the terms in a number of ways and obtain that {a,}n>1
is unbounded, for example,

1 1 1 1
a1gn—1 = <1+§+'”+§)+<E+"'+®>
1 1
so (L)l (4,
10 100 10m 10

We end this subsection with the following result, which is easy to prove.

Theorem 2.23. A sequence is convergent if and only if there exists a real
number L such that every subsequence of the sequence has a further subse-
quence that converges to L.

Corollary 2.24. If both odd and even subsequences of {a,} converge to the
same limit [, then so does the original sequence.

Note that {(—1)"} diverges, because it has two subsequences {(—1)*"}
and {(—1)?"~1} converging to two different limits, namely 1 and —1.
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Fig. 2.3. Description for the bounded monotone convergence theorem.

2.1.6 Bounded Monotone Convergence Theorem

Until now, we have considered some basic techniques for finding the limit of a
convergent sequence. In general, it is difficult to tell whether a given sequence
converges. It is sometimes easy to show that a sequence is convergent even
if we do not know its limit. For example, the following theorem is a starting
point for our rigorous treatment of sequences and series, especially if we know
that the given sequence is monotonic. However, we shall soon show that every
bounded sequence has a convergent subsequence (see Theorem 2.42).

Theorem 2.25 (Monotone convergence theorem). Fvery increasing se-
quence that is bounded above converges. Also, every decreasing sequence that
1s bounded below converges.

Proof. Let {a,}n>1 be an increasing sequence that is bounded above. Ac-
cording to the least upper bound property (Definition 1.18), since the range
A ={a, : n € N} is bounded above, A has a least upper bound; call it a. We
now prove that a, — a as n — .

Clearly a,, < a for all n € N, and by the definition of lub, given some € > 0
there exists an integer N such that axy > a — €. Since {a,} is monotonically
increasing,

a—e<any <a,<a<a+e forn>N.

That is, |a, — a| < € for n > N, and we conclude that {a,} converges to its
least upper bound. That is, lim, .. a, = a = sup a,.
The proof for the case of decreasing sequences is identical, using the great-
est lower bound instead of the least upper bound (see Figure 2.3).
Alternatively, it suffices to note that {b,},>1 is a decreasing sequence
that is bounded below if and only if the sequence {—b,, },,>1 is increasing and
bounded above. ]

Remark 2.26. The monotonicity condition on the sequence {a, } in the above
results need not be satisfied for all n. If this is true for all n > N, where N
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is some suitably selected positive integer, then the conclusion of the above
result is still true (see Figure 2.5). However, the tests in Theorem 2.25 tell
us nothing about the limit, but they are often useful when we suspect that a
sequence is convergent. °

For instance, we easily obtain the following simple examples:

(1) If a, = 1+ 1/n, then {a,} is clearly decreasing and bounded below (by
1, for example), and so it is convergent by Theorem 2.25. In this case, of
course, we know already that it converges to 1.

(2) If a,, = 1/4/n, then {a,} is clearly decreasing for n > 1 and bounded by
1. Consequently, the sequence {1/+/n} must converge.

(3) fap, = (2n —7)/(3n + 2), then

1 (2 4\ 2 25
n= s (B T2 ) = -
“ 3n+2<3(3”+) ’ 3) 3 3B3n+2)

so that a, < 2/3 and {a,} is increasing. By Theorem 2.25, the sequence
{an}n>1 must converge. Indeed, a,, — 2/3 as n — cc.
(4) Consider
1 1 1
n+1 Jrn—i—? Tty
Then 0 < a, < n/(n+1) for all n > 1, since each term (except the first) in

the sum is strictly less than 1/(n+1), and so {ay} is a bounded sequence.
Also, for n > 1,

Ay =

1 1 1
Gt = = T T 3 ) ol
o 1
T 2n+1 2n+1)
1

= > 0.

22n+1)(n+1)
Thus, {a,} is a bounded monotone sequence, and so it converges by
Theorem 2.25. What is the limit of the sequence {a,}?

The following equivalent form of Theorem 2.25 is the key to many impor-
tant results in analysis. We shall soon see its usefulness in our subsequent
discussion.

Theorem 2.27 (BMCT: Bounded monotone convergence theorem).
Every bounded monotonic sequence of real numbers converges. Equivalently, a
monotonic sequence converges if and only if it is bounded.

Consider the sequence {a, }n>1, where a, = Y ;_; 1/k. This is clearly an
increasing sequence. Does there exist an upper bound for this sequence? In
fact, we have already proved that {a,},>1 is unbounded (see also Questions
2.44(8)). We also remark that a bounded sequence can converge without being
monotone. For example, consider {(—1/3)"},>1.



40 2 Sequences: Convergence and Divergence

Example 2.28. Show that lim,, ., 7™ = 0 if |r| < 1 (see also Theorem 2.34
and Example 2.43). Here {r"} is called a power sequence.

Solution. Observe that —|r|® < r™ < |r|™, and so it suffices to deal with
0 < r < 1. In any case, define a,, = |r|™ for n > 1. If |r| < 1, then we have

ap41 = |T|an7 ie, 0 <apy1 < ap,

showing that {a,} is decreasing and bounded below by 0. Therefore, {a,}
converges, say to a. Allowing n — oo in the last equality, we see that

a=|rla, ie.,(1—]r])a=0,

which gives a = 0, since |r| < 1.

Alternatively, we first notice that there is nothing to prove if » = 0. Thus
for 0 < |r| = ¢ < 1, we can write |r| in the form ¢ = 1/(1 + a) for some a > 0,
so that by the binomial theorem,

. 1 1 1
0<c" = < < —,
(I+a)™» ~1+na na

and the result follows if we use the squeeze rule. ®

Because every monotone sequence converges, diverges to oo, or diverges to
—00, we have the following analogue of Theorem 2.25 for unbounded monotone
sequences.

Theorem 2.29. Every increasing sequence that is not bounded above must
diverge to oo. Also, every decreasing sequence that is not bounded below must
diverge to —oo.

Proof. Let {an}n>1 be an increasing sequence that is unbounded. Since the
set {a, : n € N} is unbounded and it is bounded below by aq, it must be
unbounded above. Thus, given R > 0 there exists an integer N such that
an > R. Since {a,} is monotonically increasing,

an, >any >R forn> N.

Since R > 0 is arbitrary, it follows that lim,,_,+ a, = co.
The proof for decreasing sequences is identical and is left as an exercise. m

We may combine Theorems 2.27 and 2.29 in an equivalent form as follows.

Theorem 2.30. Every monotone sequence converges, diverges to oo, or di-
verges to —oo. In other words, we say that lim,_,  a, is always meaningful
for monotone sequences.
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Example 2.31. Set a,, = (1-3-5---(2n—1))/(2-4-6---(2n)). Then {a,}

converges.

Solution. Note that a,, > 0 for all n > 1 and

2n+1 -
Apt1 = Gp | —— Q.
+ m + 2

Thus, {a,} is decreasing and bounded below by 0. Applying Theorem 2.25,
we see that {a,} converges. Note also that a,, < 1 for n > 1. °

Often sequences are defined by formulas. There is still another way of
specifying a sequence, by defining its terms “inductively” or “recursively.”
In such cases, we normally specify the first term (or first several terms) of
the sequence and then give a formula that specifies how to obtain all succes-
sive terms. We begin with a simple example and later present a number of
additional examples (see Examples 2.39 and 2.58 and Exercises 2.45).

Example 2.32. Starting with a; = 1, consider the sequence {a,} with
an+1 = v/2ay, for n > 1. We observe that

a1:1, agi\/§, a3:\/2\/§, CL4:~/2\/2\/§,...,

which seems to suggest that the given sequence is positive and increasing.
Hence, the sequence must converge if it is bounded and increasing. It is not
clear how to find an upper bound. However, the following observation might
be useful. “If an increasing sequence converges, then the limit must be the
least upper bound of the sequence” (see the proof of Theorem 2.25). As a
consequence, if the given sequence converges to a, then the limit ¢ must satisfy

a=+vV2a, ie.,ala—2)=0,

so that a = 2, for a = 0 is not possible. By the method of induction, it is easy
to prove that 0 < a,, <2 for all n > 1. Consequently,

Gnt1 = V2a, = an(y/2/an) > a, foralln>1,

showing that the sequence {a,} is bounded and increasing. Thus, {a,} con-
verges and in fact converges to 2. °

The BMCT is an extremely valuable theoretical tool, as we shall see by a
number of examples below.

Example 2.33 (The number e). Let a, = (14+1/n)", n > 1. The sequence
{an} is called Euler’s sequence. Note that (1 + z)™ > 1+ nz for x > 0 and
n > 1, so that for © = 1/n, this gives

1\n
(1+—> >2 forn>1.
n
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Fig. 2.4. Diagram for Fig. 2.5. a, is eventually inside the strip.

an = (14+1/n)".

If we plot the first few terms of this sequence on a sequence diagram, then it
seems that the sequence {a,} increases and converges to a limit, which is less
than 3 (see Figure 2.4).

First we show that the sequence is increasing (see Figure 2.4). This is
an immediate consequence of the well-known arithmetic—geometric mean in-

equality
k 1/k Lk
(1) i
=1 =1

if we choose k =n+1,21 =1,andz; =1+ 1/nfori=2,...,n+ 1. As an
alternative proof, we may use the binomial theorem and obtain

w1+ () ()

IN

e[ (1) (-2) - (-2 (-5
(i) (=) ()]s
() () (i)
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and so {a,} is increasing. Next, we show that the sequence is bounded. Since
Bl=1-2-3---k>1-2-2--.2=2F"1for k > 2, we have

1
—1

"1 - 1—(1/2)"
2<an<1+§ H<1+§ ok <1+
k=1 k=1

1-(1/2) =i

Thus, {a,} is an increasing bounded sequence. By BMCT, it follows that the
sequence {a, } converges to a real number that is at most 3. It is customary to
denote this limit by e, the base of the natural logarithm, a number that plays
a significant role in mathematics. The above discussion shows that 2 < e < 3.
The foregoing discussion allows us to make the following definition:

1 n
e= lim (1 + —) .
n— 00 n

Moreover, by considering the binomial expansion of (1+ x/n)", the above
discussion may be continued to make the following definition of e* for x > 0:

e’ = lim (1+£>1, x> 0.
n

n— oo

Later, we shall show that this limit actually exists also for < 0 (see Theorem
5.7). Thus, we easily have

1
1\ "2 1\3" 1\2

and
n 5n n45
1
lim <1+§) = lim (1—|—i) = lim [(1+—> ] = e,
n—oo n n—oo 5’]7, n—oo n

Can we replace 5 in each step of the last of these equalities by a positive
integer?
Moreover, by the product and the quotient rules for sequences, we have

1 n+k . 1 n+k
. Ly () Jim (14 4
lim 1+ ﬂ = lim = =6
(k) (14 22)

where k£ is a fixed positive integer. Could k be any fixed integer? Could k be
any positive real number? o

Theorem 2.34 (Convergence of a geometric sequence). Ifr is a fized
number such that |r| < 1, then lim, oo ™ = 0. Further, {r"} diverges if |r| >
1. At r =1, the sequence converges, whereas it diverges for r = —1.
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Proof. We have already proved the first part in Example 2.28 (see also
Example 2.43). If » = 1, the sequence reduces to a constant sequence and
so converges to 1. If » > 1, then ™ — 0o as n — 00, so the sequence diverges.
Indeed, if » > 1, then 1/r < 1, and so

1 1\"
— = (—) —0 asn — oo,
,
which implies that ™ — co as n — oo.

For r = —1, the sequence {(—1)"} diverges, and if r < —1, then {r"}
diverges, since |r|" — o0 as n — 0. u

Example 2.35. For p > 0, we easily have

n 0 if |r] <1,
. r .
lim — =y X ifr>1,
noree does not exist if r < —1.

Indeed, for |r| < 1, let a,, = ™ and b, = 1/n”. Then {a,} and {b,} are null
sequences, and so is their product. For r = 1, —1, there is nothing to prove.

For r > 1, we write r = 1 4+ z with = > 0. Let k be a positive integer such
that & > p. Then for n > 2k,

oy > ()or = Moo B D (12

k

since n — k 4+ 1 > n/2 for each k. Hence, since k — p > 0, it follows that

M>i k—p_> —
Y Qkk!n 00 as n — oo. PY

Example 2.36. Find lim,, o, 7" /(1 + 72") for various values of r.

Solution. Set a,, = r"/(1+7r*"). We need to find lim,, . a,, for various values

of r. For r = 1, we have a,, = 1/2, showing that lim,_, a, = 1/2. For r = —1,
we have a,, = (—=1)"/2, so that {a,} diverges. On the other hand, for |r| < 1,
let ¢, = 1+ r?". By Theorem 2.34, lim, o0 ¢, = 1 and lim, o0 7™ = 0.

Therefore, by the quotient rule,

. rh lim,, oo 7" 0 0
11m = = — = U.
n—oo 14727 lim, oo (1+727) 1

Similarly for |r| > 1, we have 1/|r| < 1, and so using the above argument, we
see that
r" 1/ 0
lm ——— = lim ———— =-=0.
nooo 14120 mooo 14 1/r2n 1

We conclude that {ay},>1 converges for all r # —1. °
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Theorem 2.37. Let {a,} and {b,} be two convergent sequences such that
an, — L and b,, — M as n — co. We have

(a) |an| — |L| as n — oo;
(b) if an, < by, for all n > Ny, then L < M.

Here (b) is often referred to as the limit inequality rule.

Proof. We prove case (b) by contradiction. Suppose that a,, — L, b, — M,
and L > M. Then with e = (L — M)/2, there exists an N such that

L—e<a,<L+e and M—e<b,<M+¢€ foralln>N.

In particular,

L+M
2
which is a contradiction to the hypothesis that a, < b, for all n > Nj.

Therefore, our assumption is wrong, and hence we must have L < M.
The proof of case (a) follows from the fact that ||an| — |L|| < |a, — L|. m

b, < M+e¢e=

=L—-e<a, foralln>N,

Corollary 2.38. Let {b,} be a convergent sequence such that b, — M as
n — 0o, and by, > 0 for all sufficiently large n. Then M > 0.

Proof. Set a, =0 for all n in Theorem 2.37. ]

Example 2.39. Consider the following sequences {a, }n>1:

(a) ap =1/n* +1/(n+ 1> +--- +1/(2n)%

(b) a1 =1, ant1 =vV2+a, forn>1;

(€) a1 =2, any1 = (1/2)(an +2/ay,) for n > 2;

(d) a1 = @ and ant+1 = (an+B/ayn)/2 for n > 1, where a > 0 is arbitrary and
[ is a fixed positive number.

In each case, determine whether the sequence converges.

Solution. (a) Clearly 0 < a, < (n + 1)/n? for all n > 1, since each term
(except the first) in the sum is strictly less than 1/n?, and so {a,} is a bounded
sequence. Also, for n > 1,

1 1 1 1 1 1 1

— - =<0,

- <= = <
2n+ 1) + (2n+2)2 n? = 4n? + 4n?  n? 2n?

Anp4+1 — Qp = (

that is, an4+1 < ay, for all n > 1. Thus, {a,} is a bounded monotone sequence
and so converges by Theorem 2.27.
Alternatively, we observe that for all n > 1,
n+1 n+1

< <
(2n)z ==

?

n2

and so by the squeeze rule, we see that lim, . a, = 0.
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(b) Clearly a,, > 0 for all n > 1. Since a; < 2, by induction we obtain
that apy1 = v2+a, < v2+2=2for all n > 1. Since

pt1 — ap =V2+a, —a, >0 (2—a,)(1+a,) >0,

and since a,, < 2, it follows that the sequence {a,,} is monotonically increasing
and bounded; hence it is convergent. We see that

a= lim apy; = lim V2 +a,=vV2+a,
n—oo n—oo

which gives (a —2)(a+1) =0, or a = 2.
(c) First we observe that if the given sequence were convergent, then we
would obtain its limit by allowing n — oo in the given recurrence relation:

1 2
a:§(a+—>, ie,a®=2ora=+2.
a

Now we show that the given sequence indeed converges to V2. We have a; =
2>1/2, a, >0, and for n > 1,

V2 = (an_\/i)z

> 0.
2an, -

ap4+1 —
(We remind the reader that it does not matter what positive value is assigned
to ap.) Thus, a,, > V2 for all n > 2, and therefore,

i1 _ 1 (1 + ) 1(1 +1)= ie., anp1 < ap forn > 2,
an 2 2
showing that {a, } is monotonically decreasing and bounded below by 0; hence
it is convergent.

(d) Since « and S are positive and a; > 0 (arbitrary), the principle of
induction shows that a,, > 0 for all n > 2. Next for n > 1, we have

5)2_ﬁ:<aiﬂ)2

>0
an 4a2 T

ai-&-l ﬁ - <an +
so that a2, > 3 for all n > 1. Also, for n > 2,

1 n p ay — 3
p —Qpi1 =ap — = | ap + — | = 2——
+ 2 Qp 2a.,

>0,

showing that {ay}n>2 is decreasing and bounded below (since all terms are
positive). By Theorem 2.25, we are assured that the sequence converges; call
the limit L. Since azﬂrl > B and a, > 0, we must have a,41 > /B forn > 1
and hence L > /B (see Theorem 2.37). Since a,, — L as n — 00, ay41 — L
as n — 0o. Thus, by the linearity rule,

L = lim an+1:nlingoé(an+£> —%(LJrﬂ), i.e.,L:\/B. Y

n—o00 Ay L
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Remark 2.40. Example 2.39(c) (also 2.39(d) with 8 = 2 and Exercise
2.68(10)) provides a proof that there is a sequence of rational numbers that
converges to the irrational number /2. Moreover, using the a,, from Example
2.39(c), we note that

) 3 (3 Ay 1T L (17, 24\ _ 577
= = — = — — — = — 1 = — _— _— = —_—
“=s @2mo, @ 27 5) 12 M MTo 127" 17) T a8

so that a7 is approximately 2.0006. Thus, the sequence {a, } defined in Exam-
ple 2.39(c) provides a practical way of computing a rational approximation
to \/§ ()

2.1.7 The Bolzano—Weierstrass Theorem

It is useful to have necessary and sufficient conditions for the convergence of
sequences. For monotone sequences, BMCT (see Theorem 2.27) shows that
boundedness is such a condition. On the other hand, for general sequences,
boundedness is necessary but not sufficient for convergence. Indeed, we have
seen examples of bounded sequences that do not converge yet have convergent
subsequences. To show that this is true in general, we need to prove a lemma.
It is convenient first to introduce a definition. We say that n € N is a peak
point of {a,} if
a, > ap for all k > n.

Lemma 2.41. Every sequence of real numbers contains a monotonic subse-
quence.

Proof. Let {an}n>1 be a sequence of real numbers. We need to construct a
monotone subsequence. Then either the sequence {a,} has infinitely many
peak points or it has only finitely many peak points.

Assume that there are infinitely many peak points n. Let ny be the first
such n with this property (i.e., the smallest peak point) and ny the second
(i.e., the smallest peak point with ny > ny), etc. Thus,

(i) an, > ag for all k € N with k& > nq;
(i) an, > ay for all k € N with k& > ng (> ny).

From (i) and (ii), it follows that
Up,y = Apy-

We now introduce ngy; inductively as the smallest peak point such that
ni+1 > ng. Consequently,
Apy, 2 Ang s

and so {an, }k>1 is a monotonically decreasing subsequence of {ay}.
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On the other hand, if there are only finitely many n such that
an > ap for all k € N with k > n,

then we can choose an integer m; greater than all peak points, so that no
terms of the sequence

{am17a’m1+1’ Ami+2; - - }

have this property. Because my itself is not a peak point, there exists an mq
with mo > my for which
Ay < Ay -

Again, my is not a peak point bigger than all peak points, and so there exists
an ms with mg > ms9 and
Gms > Gmy -

Continuing the process, we obtain a sequence {amk}kzl that is a monotoni-
cally increasing subsequence of {a,}. This completes the proof. [

We see that if a sequence is bounded, then even though it may diverge, it
cannot behave “too badly.” This fact follows from Lemma 2.41 together with
BMCT.

Theorem 2.42 (Bolzano—Weierstrass). FEvery bounded sequence of real
numbers has a convergent subsequence (a subsequence with a limit in R). That
is, if {an} is a sequence such that |a,| < M for all n > N, then there exist
a number | in the interval [—M, M| and a subsequence {ay, } such that {a,, }
converges to 1.

Proof. Let {a,} be a bounded sequence of real numbers. By Lemma 2.41, it
has a monotonic subsequence, say {a,, }. Because {a, } is bounded, so is every
subsequence of {a, }. Hence by BMCT, {a,, } converges. [

Next we remark that {sinn} is a bounded sequence. What is the behavior
of sinn as n — 007 According to Theorem 2.42, there must exist at least one
number [ in [—1, 1] such that some subsequences {sinn;} will converge to .
A discussion of this surprising fact is beyond the scope of this book. However,
we can prove that every number [ in [—1, 1] has this property.

We note that the Bolzano—Weierstrass theorem says nothing about unique-
ness, for if a,, = (—1)", then ag, — 1 and ag,—1; — —1 as n — oc.

Example 2.43. Fix r such that 0 < r < 1, and consider the sequence
{an}n>1, where a, = r". Then a, > 0 for all n > 1, and the sequence is
decreasing, because

ap — g1 = (L=1)r" > 0.
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Thus, {a,}, being a decreasing sequence that is bounded below by zero, con-
verges; call the limit a. Also, since

agn = (r")(r"),

{ag,} converges to a®. On the other hand, {as,} is a subsequence of {a,},
and hence by the uniqueness of the limit, we have a® = a, i.e., a = 0 or 1.
Clearly a # 1, since {r"} is decreasing and r < 1. Hence {r"} converges to 0
whenever 0 < r < 1 (see also Theorem 2.34).

By the squeeze rule, the inequalities

et < < el

show that lim,, ,, "™ = 0 for —1 < r < 0 also.
The same idea may be used to show that lim,,_,~ at/m"=1for0<a<1
(see also Example 2.18(a)). °

2.1.8 Questions and Exercises
Questions 2.44.

1. If ap, — a as n — oo, must the set {n: a, & (a —€,a+ €)}, where € > 0,

be finite?

Is it true that a sequence {a,} is null iff {|a,|} is null?

Is every convergent sequence null? How about the converse?

Is the sum of two null sequences always null?

Does an alternating sequence always converge? Does it always diverge?

Is every convergent sequence monotone? Is every monotone sequence con-

vergent?

Can a bounded sequence be convergent without being monotone?

Does every divergent increasing sequence diverge to oo? How about a

divergent decreasing sequence?

9. Can we say that {as, a4, a1, a2, as, a6, ar, ...} is a subsequence of {a,, }n>17

10. Does every sequence have at most a countable number of subsequences?
Does there exist a sequence with an uncountable number of subsequences?

11. Suppose that {a,} and {b,} are two sequences such that one converges to
0 while the other is bounded. Does {a,b,} converge? If so, to what limit?

12. Suppose that {a,} is bounded and « € (0,1) is fixed. Does {a"a,} con-
verge? If so, does it converge to 07

13. Suppose that {a,} is a bounded convergent sequence such that |a,| < M
and the sequence has limit a. Must |a| < M?

14. Suppose that {a,} is increasing and bounded above by M. Must we have
an, — L for some L? Must L < M?

15. Suppose that {a,} is decreasing and bounded below by m. Must we have
a, — [ for some [? Must | > m?

A e

®© =N
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16.

17.
18.
19.
20.
21.
22.
23.
24.

25.

26.

27.

28.
29.
30.
31.

32.

33.

34.

35.
36.

37.
38.
39.
40.
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Let {a,} be a sequence of nonnegative real numbers, p € N, and a €
[0,00). Is it true that {a,} converges to a if and only if {a,l/p} converges
to a'/P?

Let {a,} be a null sequence of nonnegative real numbers, and p € R. Must
{aP} be a null sequence? Is {1/nP} a null sequence?

Let {a,} be a sequence of positive real numbers. Is it true that {a,}
diverges to oo if and only if {1/a,} converges to 07

If {a,} is a sequence of real numbers such that {a,/n} converges to [ for
some [ # 0, must {a,} be unbounded?

If {ay} converges to 0, must {(—1)"a,} converge to 07

If {a,} converges to a nonzero real number a, must {(—1)"a,,} oscillate?
If {a,} diverges to co, must {(—1)"a,} oscillate?

If {|an|} converges to |a|, must {a,} be convergent either to a or to —a?
How about when a = 07 Does the sequence {(—1)"} address your concern
for this question?

If {a,} converges and {b,} diverges, must {a,b,} be divergent? Must
{a, + b, } be divergent?

If {a,} and {b,} are divergent, must {a,by,} be divergent? Must {a,, +b,}
be divergent?

Suppose that {a,} is an unbounded sequence of nonzero real numbers.
Does {a,} diverge to co or —oco? Must {|a,|} be divergent to co? Must
{1/a,} be bounded?

Suppose that {a,} is bounded. Must {1/a,} be bounded? Must {a,/n}
be convergent?

If {a,} and {a,by,} are both bounded, must {b,} be bounded?

If ay =1 and ap41 = an + (1/a,) for n > 1, must {a,} be bounded?

If {a,} and {b,} are both increasing, must {a,b,} be increasing?
Suppose that {a,} and {b,} are two sequences of real numbers such that
la, — by < 1/n for large n, and a,, — a as n — oo. Does b, — a as
n — oo?

If {a,} is a sequence such that {(a, —1)/(a, + 1)} converges to zero, does
{a,} converge?

If {a,} converges to a, must {a2} converge to a?? Does {a?} converge to
a?f if p € N?

Suppose that b, — b as n — oo and b # 0. Must there exist an R > 0 and
a positive integer N such that |b,| > R for all n > N?

If {a2} converges, must {a,} be convergent?

Suppose that {a2} converges and a,, > 0. Can {a,} be convergent? Can
{a,} be convergent?

If {a2} converges to a, must {|a,|} converge to \/a?

If {a3} converges to a®, must {a,} converge to a?

Can there exist a divergent sequence that is monotone?

Can there exist a divergent sequence {s,} such that s,y1 — s, — 0 as
n — oo?



41.

42.

43.

44.
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If {a,} is an increasing sequence of real numbers that is bounded above
and L = lim,_ ., a,, must we have a,, < L for all n?

If {an} is a decreasing sequence of real numbers that is bounded below
and L = lim,_, - a,, must we have a,, > L for all n?

If 0 < a < 1, does it follow that lim,, al/?" = 1?7 Does it follow that
lim,, o0 al/3" =17

Let a, = (1 +1/n)" and b, = (1 + 1/n)"** where k is a fixed integer.
Do we have lim,,_.oo ap, = limy,_yo0 by, = €7

Exercises 2.45.

1.

Show that
i 1 . 3n+1 3 . n3-3
Jm oo =g, im o =g, and lim —a— =0,

If ¢ = 0.001 is chosen, find IV in each case such that for n > N we have

nd—3
n4

3n+1 3
2n+1 2

n Ll 0.001
m+3 2 S

‘ < 0.001, and ‘ ‘ < 0.001.

Construct three sequences such that a, < b, < ¢, for all n > N,
lim, yo0 @, = L and lim, ¢, = M for some real numbers L, M, but
lim,,—soo b,, does not exist.
Suppose that {an}n>1 and {b,},>1 are two sequences of real numbers
such that lim,,_ o a, = oo and lim,, .. b,, = L, where 0 < L < co. Show
that lim,, o a,b, = co. Using this, show that

n3—3 3"

lim =00 and lim ———— =
n—oo 1 4 2 n—oo n2 + (-1)”

Which of the following sequences are monotone? bounded? convergent?

{W}, {2(—1)"}’ {2%}7 {log(n +1) —logn}, {3712715}'

. For p > 0 and |¢| < 1, prove that {c"}, {nPc"}, and {n”/n!} are all null

sequences.

Using BMCT, show that /™ — 0 as n — oo, where 0 < a < 1. Is it
possible to use BMCT to show that n'/™ — 1 as n — oo?

Which is larger in each of the following:

(i) 100019% or 1001997 (if) (1++ ey or 27

Define a,, recursively by a; = V2 and An+1 = /2 + /a, for all n > 1.
Show that the sequence {ap }n>1 is convergent. Find its limit.

Define a,, recursively by a; = v/2 and Gnt+1 = V2 + ay, for all n > 1. Show
that the sequence {a,},>1 converges to 2.

) 100000
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10.

11.

12.

13.

14.

15.
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For each of the following sequences, show that there is a number L such
that a,, — L. Find also the value of L.

(a) {an}, where a; =1 and apq1 =1+ /a, forn > 1.

(b) {an}, where ay =3 and a1 =3 + \/a, forn > 1.

(c) {an}, where a; = L (L > 1) and an41 = \/a, for n > 1.

(d) {an}, where ay >0, az > 0, and ap42 = \/a, + \/any1 for n > 1.

(e) {an}, where a; =1 and a,41 = +(2a, + 3) for n > 1.

(f) {an}, where a; =1 and ap41 = an/(1+ ay,) for n > 1.

(g) {an}, where a1 = a >0 and a,41 = /(aB? +a2)/(a+1) (B > a).
Suppose that a sequence {a,} of real numbers satisfies 7a,+1 = a2 + 6
forn>1.1fay = %, prove that the sequence increases and find its limit.
What happens if a; = % or a; = g?

Test each of the sequences given below for convergence. Find its limit if
it converges.

(a) a1 =1 and an+1 = 5ay,. (b) a1 =1 and apy1 = V5 ay,.

(c) a1 =1and ant1 =5+ an.

Show that if a3 > b1 > 0, ant1 = Vanby, and b,11 = (an + by)/2, then
{an} and {b,} both converge to a common limit.

Let {a,} be a sequence of positive real numbers such that a,11 < ra,, for
some r € (0,1) and for all n. Prove that {a,} converges to 0.

In the following problems, state whether the given sequence {a,} is con-
vergent or divergent. If it is convergent, then determine its limit. Here a,,
equals

nm

(a) 24 (=1)"  (b)n(2+(~1)") (c) ncos (7)

" 3n% —logn /
(d) 22008/ . (e) m (f) n+ 3\/5 - \/ﬁ

(g) n2008/n. (h) nl/(n+2008). (i) (TL—|— 1)1/(log(1+n)).

§)) T (k) (logn)~/™. 1) V/nn+1)—n.
(n!)1/™ B 1 . /nm 5n+1

(m) — (n) logn —log(n+1). (o) —sin ( 5 ) + s

() (an+7)"" (@) S (1) (n+2008)"/".

(s) Z: 2w ‘;—T (a €R). (w) n(a/" — 1).
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2.2 Limit Inferior, Limit Superior, and Cauchy
Sequences

Consider a sequence of real numbers {a, },>1. Then for each fixed k € N, let
My, = sup{ag, ags1,. ..} :=sup{a,: n >k}

if the sequence is bounded above, and M} = oo if it is not bounded above.
Clearly, My > Mj.1 for every k. Similarly, let

my, = inf{ak, agt1, ...} :=inf{a,: n >k}

if the sequence is bounded below, and my; = —oo if it is not bounded below.
Clearly, my < mpy41 for every k. Consequently,

mp <mo <o <myp Kmggr <o S Mg SMp <o < Mo < ML

Since every monotone sequence has a limit (see Theorem 2.30 if we also allow
+00), the limits

M = lim My and m = lim my
k—o00 k— o0

both exist. So m < M. We call M and m the limit superior and the limit
inferior, respectively, of {a, }. We denote these limits by

M =limsupa, and lim a,, and m =liminfa, orlim, . an,,
n—oo n—oo n—oo

respectively. Thus,

limsupa, = lim supa, and liminfa, = lim inf a,.
n—00 k—o00 n>k n—00 k—oon>k

The right-hand sides of these are always meaningful, provided it is understood
that the values of co and —oo are allowed. Note that

M =00 if {a,} is not bounded above,

m = —oo if {a,} is not bounded below,
M= —oco if lim a, = —o0,

n—oo
m=oo0 if lim a, = co.

n—o0

For instance:

(a) For the sequence {ay}n>1, where a, = 1/n, we have
my =inf{1,1/2,1/3,...} =0, me =inf{1/2,1/3,1/4,...} =0,
and my = 0 for each k > 1. Therefore, it is clear that

m = limmy =0, ie., liminfa, =0.
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(b)
(c)
(d)
(e)

(f)

(g)

(h)

2 Sequences: Convergence and Divergence
Similarly, we see that

M = sup{1,1/2,1/3,..} = 1, M —sup{1/2,1/3,1/4,...} = %
and My, = 1/k for each k > 1. Therefore,

M =lim M, =0, ie., limsupa, =0.

limsup,, ., (—1)" =1 and liminf,, ,,(—1)" = —1.
lim,, 00 n° = 00, and so limsup,,_, ., n? = liminf,,_ o N2 = co.
limsup,,_, . (—n) = —oo and limsup,,_,,, n = 0o.
oo ifr>1,
oo if |r| > 1, 1 ifr=1,
limsupr” =< 1 if|rj=1, and liminfr" =<¢ 0 if |r| < 1,
oo 0 if r| <1, e -1 ifr=-1
—oo ifr < —1.

If a, = (—1)"(1 + 1/n), then limsup,,_, . a, = 1 and liminf, , a, =
—1. Also, we note that as, — 1, as,—1 — —1 as n — 00, and the sequence
{a,} has no subsequences that can converge to a limit other than 1 or
—1. Note also that

3
sup{a, : n>1} = 3 and inf{a,: n>1}=-2.
The reader is warned not to confuse the supremum of a set with the limit
superior of a sequence, and similarly the infimum of a set with the limit

inferior of a sequence.
limsup,,_,, (=1)"/n =0 = liminf, _, (—1)"/n, because for k > 1,

1
Mk:sup{(—l)k ~(-DF (1) JE
;

if k£ is odd,

kol k+l k42 if k is even,
and
—% if k is odd,
my = 1
k41
so that My — 0 and my — 0 as k — oo.
For the sequence {(—1)"n},>1 ={...,—5,-3,-1,2,4,6,...}, we have

if k is even,

inf{(-1)"n: ne€ N} = —oco and liminf(—1)"n = —o0
and

sup{(-1)"n: n €N} =co0 and limsup(—1)"n = co.
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Lemma 2.46. Suppose that {a,} is a sequence of real numbers with

L =limsupa, and ¢=liminfa,.
n—oo n—00

Then for every e > 0 there exist integers N1 and No such that

an — L <e  foralln> Ny,
an — L > —€ for infinitely many n > Ny,

and
anp — € > —e for allm > No,
an, — € < e  forinfinitely many n > Na,

respectively.

Proof. By the definition of the limit superior, since L = limg_,oo My, there
exists an integer N7 such that

|sup{ak, ar+1,...} — L] = |M — L| < e forall k > Ny,
so that
ap < sup{ak,a;Hl, .. } < L+e¢€ forall k> N;.

That is,
ar < L +¢€ forall k> Njy.

Again, since My > My for every k > 1, we have
L < sup M. (2.1)
k>1
In particular, this gives
L < M, =sup{ay,az,as,...}.

Thus, by the definition of supremum, there exists an ny such that a,, > M;—e,
so that
Gn, > L — €.

Now taking k = n4 in (2.1), we obtain that
L < M,, =sup{an,, @ny+1,---},
and so there exists an ng such that
Opy, > My, —e>L —e.

Proceeding indefinitely, we obtain integers n; < no < --- < np < --- such
that
an, > L —¢€ forall keN,

which proves the second inequality for the case of limit superior.
Similarly, since ¢ = limy_, o, my, there exists an integer Ns such that

ap > inf{ak, ags1,...} > L —e forall k > Na. u
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Theorem 2.47. For any sequence of real numbers {a,}, we have

lim a, = L if any only if limsupa, = liminfa, = L.
n—oo n—oo n—oo
Proof. If L = +00, then the equivalence is a consequence of the definitions of
limit superior and limit inferior. Therefore, we assume that lim a,, = L, where
L is finite.
=-: Given € > 0, there exists an N € N such that

la, —L| <€, ie,L—€e<a,<L+eforaln>N,

and so
L—e< My =sup{an,ant1,...} < L+e

Thus, {My}r>n is a bounded monotone sequence and hence converges.
That is,
L—e< lim My =limsupa, <L +e.
N—o0 n—o00
Since € is arbitrary, limsup, ,. a, = L. A similar argument gives
liminf,,_ oo a, = L.

«: Conversely, suppose that L = limsup,,_,., an = liminf, . a, = £.
Since ¢ = L, by Lemma 2.46 we conclude that there exists N = max{Ny, N2}
such that

L—e<ap<L+e forall k> N.

This proves that limg ., ar = L, as desired. u

For any bounded sequence {a,}, we see that {M) — my} is increasing
and converges to M — m. Thus, using Theorem 2.47, we may formulate the
definition of convergence of a sequence as follows.

Theorem 2.48. A sequence {a,} of real numbers is convergent if and only if
it is bounded and { My, — my} converges to zero, where My, = sup{a,: n > k}
and my, = inf{a,: n > k}.

Alternatively, Theorem 2.42 can be seen (without using Lemma 2.41) as
an immediate consequence of the following result, which in particular, shows
that there are subsequences converging to m and M. Moreover, m and M
are, respectively, the smallest and the largest possible limits for convergent
subsequences.

Theorem 2.49. Let {a,} be a bounded sequence of real numbers and let
S ={x €R:ap, = x for some subsequence an, }.

If m = liminf a,, and M = limsup a,,, then {m, M} C S C [m, M].
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Proof. First we prove that M € S. For this, we need to show that there exists
a subsequence {ay, }x>1 such that for each given e > 0, there exists an integer
N such that

|an, — M| <e forall k> N.

By Lemma 2.46, there exists an integer N; such that
ap < M +¢€ forall k> N (2.2)
and ny < ng < -+ < ng < --- such that
Qp, > M — e forall keN. (2.3)
Combining (2.2) and (2.3), we infer that
M—e<an, <M+e, ie,la,, —M|<eforalng>N,

and so M is the limit of a subsequence of {a,}. The assertion about m has a
similar proof. Thus, {m, M} C S.

Next we prove that S C [m, M]. We assume that a,, — = as k — co. We
shall show that = € [m, M]. Equation (2.2) shows that

an, < M + € for sufficiently large n,

and so
an, < M + € for sufficiently large k.

The limit inequality rule gives that
< M +e,

and since ¢ > 0 is arbitrary, it follows that @ < M. The proof for m < z is
similar. ]

Corollary 2.50. A sequence {a,} of real numbers converges if and only if S
s a singleton set. That s, lim a,, exists.

In view of Theorem 2.49, we have the following equivalent definition: If
{an} is a bounded sequence of real numbers, then M and m, the limit supe-
rior and the limit inferior of {a,}, are respectively the greatest and the least
subsequential limits of {an}.

Theorem 2.51. Suppose that {an}tn>1 and {bn}n>1 are two bounded se-
quences of real numbers. Then we have the following:

(a) limsup,, , .. (an + by) < limsup,,_, . an + limsup,, ,  bn-

(b) liminf,,,~ (ay, + b,) > liminf,,_, o a, + liminf, o b,.

(¢) limsup,, , ., an < limsup,,_,.. b, and liminf, ., a, < limsup,,_, . b, if
an < by for alln > 1.
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(d) limsup,, ., (anby) < (limsupnHoo an) (limsmpnHoo bn) if an, > 0,
by > 0.
(e) liminf,, o0 (anby) > (lim inf,, o0 an) (lim inf,, o0 bn> ifap, >0, b, >0.
Proof. (a) and (b):
Method 1: As usual, for each fixed k € N, let
My, = sup{ag, ags1,...+ and Py = sup{bg, bgi1,...}.

Then
an < My and b, < P, foralln>k,

and therefore
anp + b, < My + P, foralln >k,

which shows that Mj + P is an upper bound for
{ag + b, ak+1 + brr1, .-}
Consequently,
sup{ar + bi, apt1 + bkt1, ...} < My + Py,
and thus

limsup{ak —|—bk,ak+1 +bk+1; .. } < lim (Mk + Pk) = lim My + lim Py,
k—o0 k—o0 k—o0

k—o00

which, by the definition, is equivalent to (a). The proof of (b) is similar and
so will be omitted.

Method 2: Since {a,,+by, }n>1 is a bounded sequence (by hypothesis), Lemma
2.46 shows that there exist integers N1, No, N3, and Ny such that

ap < Ly +¢€¢/2 forallk >Ny and ap > /¢, —¢/2 forallk> Ny
and

b < Lp+¢€/2 forallk> N3 and by >¥¢,—¢/2 forall k> Ny,
respectively. Here
L, =limsupa,, {,=Iliminfa,, L, =Ilimsupb,, and £, =Iliminfb,.

Thus,
arp +by < Lo+ Ly + ¢ for all k > max{N;, N3}

and
ap + b >y + 4, — e for all k > max{Na, Ny}.
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Since € > 0 is arbitrary, (a) and (b) follow.
(c¢) Since a,, < by, for all n > 1, it follows that

M <P, and my < pg,

where my, = inf{ay, ag+1,...} and py = inf{by, bgt1,...}. Taking the limit as
k — oo yields the desired conclusion. [

Observe that if a, = (—1)" and b, = (—1)""!, then we have
an+b,=0 foralln>0, limsupa, =1=Ilimsupb,.

We may also consider

(0 if n = 2k, 4 b = (CDFifn =2,
M=\ (M ifn=2k—1, M T 0 ifn=2k-1,

so that
b — (-1  if n = 2k,
I T = ()M ifn =2k — 1.

In either case, the equalities in (a) and (b) of Theorem 2.51 do not always
hold.

If
2 if n is odd,

1if n is even,

{1 if n is odd,
ap =

2 if n is even, and by = {

we see that equality in each of (d) and (e) of Theorem 2.51 does not hold.

2.2.1 Cauchy Sequences

If a sequence {a,, } of real numbers converges to a number a, then the terms a,
of the sequence are close to a for large n, and hence the terms of the sequence
themselves are close to each other “near a.” This intuition led to the concept of
Cauchy' sequence, which helps us in deducing the convergence of a sequence
without necessarily knowing its limit. Moreover, unlike theorems (such as
BMCT) that deal only with monotone sequences, we have theorems on Cauchy
sequences that deal with sequences that are not necessarily monotone.

Definition 2.52 (Cauchy sequence). A sequence {a,} C R is called a
Cauchy sequence if for each € > 0 there is a positive integer N such that
m,n > N implies |a, — an| < €. Equivalently, we say that a sequence {an} is
Cauchy if for each € > 0 there is a positive integer N such that

|antp —an| <€ foralln > N and for all p € N.

! Augustin-Louis Cauchy (1789-1857) is one of the important mathematicians who
placed analysis on a rigorous footing.
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For example, if a,, = (—1)"~!/n, then {a,} is Cauchy; for

o N e

2
lan, — am| = <Z ifm>n.
n

Our first result is algebraic.
Theorem 2.53. Every convergent sequence is a Cauchy sequence.

Proof. Suppose that a,, — a as n — 00, and let € > 0 be given. Then there
exists an N such that

\an—a\<§ for all n > N.

Therefore, for m,n > N, we must have
€

2

€
|an_am|:|(an_a)_(am_a)|§|an_a|+|am_a|<§+ =€

and hence {ay} is a Cauchy sequence. u

Theorem 2.53 gives a necessary condition for convergence. Equivalently,
if a sequence is not Cauchy, then it cannot be convergent. Thus, Theorem
2.53 can be used to show the divergence of several nontrivial sequences. For
example, we have the following:

(a) Neither {n},>1 nor {1+ (—1)"},,>1 is Cauchy.
(b) If s, = >°p_; 1/k, then {s,},~, is not Cauchy, because for any n € N

(with m = 2n),
2n n
1 1 1 1 1 1 1
82”"5"‘;_1?;_1%—n+1+n—+z+"'+%>”(ﬁ)—5-

Thus, the sequence {s,} is not convergent.
(c) Similarly, if s, = > p_;1/(2k — 1), then {s,},, is not Cauchy (and
hence is not convergent), because for any n € N,

2n n
1 1
52”_3”22%71_2%71
k=1 k=1
1 1 1

2n+1+2n+3+”'+2n+2n—1
> () > nl(5) = 5
"\ —1) " ") "1

(d) Finally, consider the sequence {z,} given by

10z,
xo =0 and xn“:w for n > 0.
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Then {x,} does not converge, because it is not Cauchy. Indeed,

6 6
z, >0 foralln>1 and xn+1—xn:xn+g>g,

showing that {z,} is not Cauchy.

We also remark that a sequence {s,} that satisfies the condition
Sn+1 —8n — 0 asn — oo
is not necessarily a Cauchy sequence (e.g., s, as above or s,, = logn).
Theorem 2.54. Cauchy sequences are bounded.

Proof. The proof is similar to that of the corresponding result for convergent
sequences (see Theorem 2.7). For the sake of completeness we include a proof
here. Consider a Cauchy sequence {ay},>1. Then by definition, there exists
a positive integer N € N such that

|am —an] <e=1 foralln>m > N.

That is, with m = N, we have |a,| < 1 + |an] for all n > N. We conclude
that {an}n>1 is bounded. n

An interesting fact which that Cauchy sequences important is that the
converse of Theorem 2.53 is also true. Our next task is to prove this result,
which is also called the general principle of convergence.

Theorem 2.55 (Completeness criterion for sequences). A sequence is
convergent if and only if it is a Cauchy sequence.

Proof. The first half of the theorem has already been proved. Thus, we have
to show that every Cauchy sequence of real numbers converges. To do this,
we begin with a Cauchy sequence {ay}. Then {a,} is bounded by Theorem
2.54. Let € > 0. Then there exists an N = N(e) such that

|an — am| < % whenever n > m > N. (2.4)

Method 1: In particular, taking m = N in (2.4), it follows that
€

lan, —an| < 5

ie., —%+aN<an<%+aN for all n > N.

This shows that ay — (¢/2) and ay + (¢/2) are, respectively, lower and upper
bounds for the set

X, ={an,any1,...} ifn>N.
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Note that X, O X,,11 2 --- and if M,, = sup X,,, then M, > M, 41 > ---.
Thus, for n > N,

€ . €
an — B < inf{an, ant1,...} <sup{an,ani1,...} <any+ 3

which gives
€
a7

€ . €
sup{an, any1,...} < an + 3 < inf{an,ant1,...} + 3 + 5

so that for n > N,
sup{an, ant1,...} < inf{an, any1,...} +e

Thus, by definition,
limsup a,, < sup{an,ant1,...} <inf{an,ant1,...} +€ <liminfa, + e
Since this holds for every e > 0, we have

limsup a,, < liminf a,,.
n—oo n—00

The reverse inequality always holds, so that

lim sup a,, = liminf a,,.
n—o0o n—oo

Hence {a,} converges by Theorem 2.47.

Method 2: Assume that {a,} is a Cauchy sequence. Then by the Bolzano—
Weierstrass theorem (Theorem 2.42), {a,} has a convergent subsequence, say
{an, }- Let a = limg_ 00 Gy, . Then there exists an Ny such that

€
lan, —al < 3 whenever k£ > Nj.

We need to show that a = lim,_.~ a,. Choose k large enough that ny > N
and k > Nj. Then because {ay,} is Cauchy, (2.4) is also satisfied with m = ny.
Thus, {a,} converges, because

€

5 =€ whenever n > N. n

€
|an_a|§|an_ank|+|ank_a|<§+

Definition 2.56 (Contractive sequence). A sequence {an}n>1 is said to
be contractive if there exists a constant A € (0,1) such that |apt1 — an| <
Man — an—1| for all n > 2.

Theorem 2.57. Every contractive sequence is Cauchy (and hence convergent
by Theorem 2.55). What happens if one allows A =17
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Proof. Assume that {a,},>1 s a contractive sequence. We find that a; # az;
otherwise, {a,} reduces to a zero sequence, which converges trivially. We see
that

|ant1 — an| < X' Hag —ayl,

and so for m > n > N, we have

‘am - an| = |(6Lm - am—l) + (am—l - am—2) + -+ (an—i-l - an)‘
— [)\m—2 +)\m—3 N +An—1”a2 _al‘
_ Anfl(l _ )\mfn)

1-A
\n—1 N—-1

—al <
Tl al =3

laz — a1

<

|a2 —a1|.

Since A € (0,1), given € > 0, we can choose N = N(¢) such that
N-1

1-A

lag — a1] < e,

showing that |a,, — a,| < € for all m > n > N. Thus {a,} is a Cauchy
sequence and hence converges.
Note that if a,, = v/n, then

1 1
a —ap =Vn+1—y/n= < =ap — Qnp_1,
mee Ml Sy vy e Sk
but {y/n} is not a Cauchy sequence. [

Example 2.58. Define a,, inductively by
an+1 = %(an +ap_1) forn>2,

where a1 and as are fixed real numbers. Does the sequence {a,} converge? If
it converges, what is its limit?

Solution. For definiteness, we may assume that a; < as. For n > 2, we have

1 1\n—1
ni1 = an = =5 (an —ap-1) = = (—5) (az — ay). (2.5)
Method 1: If n is even, then the factor on the right, namely (—1/2)""(ay —
a1), is negative, and so a,+1 — a, < 0, and if n is odd, this factor is positive,
and so the reverse inequality holds. Thus {as, } is decreasing, whereas {a2,+1}
is increasing. Observe that {a,} is not a monotone sequence but is bounded.
By BMCT, both {az,+1} and {az,} converge. In order to show that {a,}
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converges, it suffices to prove that these odd and even sequences converge to
the same limit. We now begin by observing that (2.5) gives

1 2n—1
A2n+1 = Q2pn + (— —) (a2 —a1),

2
showing that lim, . aop1 = lim, o as,. Therefore, {a,} converges to a
limit [, say. To obtain the limit, it suffices to note from the definition that
Gp—1

4 4o n 4
an, — =a, =---=ag+ —.
T 2 D)

Now allow n — oo and get that

l ay . 2a2 + ax
l+§:ag+?, 1.e., ZZT

Method 2: One could directly prove the convergence of {a,,} by showing that
it is Cauchy. Indeed, using (2.5), it follows that for m > n > 2,

|am — an| < |am — am—1] + -+ |any1 — an

1 1 1
=le-a) gttt oo

as —a 1 1
=22 [1+—+—]

on—1 2 gm—n—1

as —ai |1 47(1/2)n17n as — ap
g1 [ 1-(1/2) ]< g2

Now let € > 0 be given. Choose N large enough that

az — ax
oN-2

< €.
Thus for all m > n > N, we have

|am — an| < e,

showing that {a,} is a Cauchy sequence and therefore converges. To get the
limit value, by (2.5), we may write a,1 as

nt1 = a1+ (a2 —a1) + (a3 —a2) + - + (ang1 — an)

1 1\ n—1
a1+(a2a1){1§+--~+(—§) ]
—>a1+(a2—a1)< ! ):2a2+a1 as n — oo

1+1/2 3 ’

so that {a,} converges to (2a2 + a1)/3, as desired. o
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Lemma 2.59. Let {a,} be a sequence of positive numbers. Then we have

An+41

a
lim inf < liminf a,ll/" < « := limsup a}/" < L := limsup ntl

n—oo  Ap n—00 n—00 n—oo  Qn

Proof. We need to prove that a < L. This is obvious if L = oo, and so we
assume that 0 < L < oo. To prove a < L, it suffices to show that

a <\ forany A with L < A (2.6)

So we let L < A. Then since

L = limsup Gntl _ klim [sup {M n > k}} <A,

n — 00 n

there exists a natural number N such that

sup{%:nzN}<)\,

an

which gives
Y4l )\ foralln> N,
an

so that for n > N,

) () () <
Gy = aN(— /=) ... <A an.
" any /\ani1 An—1

Therefore,
al/™ < )xlfN/"ajl\{" forn > N,

where A and ay are fixed. Since lim, o a’/™ = 1 for a > 0 (see Example
2.18(a)), it follows that

o =limsupal/™ <\

Consequently, (2.6) holds. The proof for the first inequality in the statement
is similar, whereas the middle inequality in Lemma 2.59 is trivial. [ ]

Corollary 2.60. Let {a,} be a sequence of positive numbers. If L = lim a;“ ,
n—oo mn

then lim a}/" = L.
n— 00

Example 2.61. Consider a,, defined by

nn

n+1)(n+2) - (n+n)

Ay —
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1/n

Suppose we wish to compute limay’ " (see also Example 7.16(a)). It is easier

to apply Corollary 2.60. Now we have (by Example 2.33)
anpr . (nAD"(n+1)? (1+1/n)"(1+1/n)?

Gn, :n”(2n+1)(2n+2): (2+1/n)(2+2/n) HZ as n — oo,

and so lim ai/" = e/4. Similarly, it is easy to see that

! 1/n 1
lim (n}) =-. )
n— 00 n e

We shall provide a direct proof of Corollary 2.60 later, in Section 8.1.
However, it is natural to ask the following: if a,, > 0 for all n and lim,, . a}/ "

exists, does lim,, ;o0 an41/an exist? Clearly not. For example, set

P 3fn+(71)n.
Then a,, > 0 and al/™ = 3en/n — olen/n) log3 where

n - —-1)" -n"
C_:L():—l—f—u—)—l as n — 0o,
n n n

which shows that ay/" — e~ 1083 = 1/3. On the other hand,

o 373 if n is even.

Any1 36n+1 — gent1—Cn _ 37172(71)71 - 3 if n is Odd,
Eouih Tk -

This shows that

1 . ..a . a
— = liminf 2 <1 < lim sup ntl
2 n—=00  Ap n—oo  QAn

:3’

and lim,, o @, 11 /ay does not exist. The above construction helps to generate
many more examples. For instance, consider a,, = 2-"+(=D",

2.2.2 Summability of Sequences

Our aim here is to attach “in some sense” a limit to divergent sequences, while
realizing at the same time that any “new limit” we define must agree with
the limit in the ordinary sense when it is applied to a convergent sequence.
More precisely, if {s,} possibly diverges, we introduce “another method of
summation” by replacing lim,, .o S, by

n
. 1
lim o,, where o, =— g Sk -

Here the {0, } are called Cesaro means® (of order 1). Note that {o,} is pre-
cisely the average of the first n terms of the sequence {s,}, and hence {0}
is also called a sequence of averages.

2 Ernesto Cesaro (1859-1906) was an Italian mathematician who worked on this
problem in early stage of his career.
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Definition 2.62. If {s,},>1 s a sequence of real numbers, then we say that
{sn}n>1 is (C,1) summable to L if the new sequence {0y, }n>1 converges to L,

where
1 n
Op = — E Sk
n
k=1

In this case, we write

sn—L (C,1) or s, —L (Cesaro) or lim s,=L (C,1).
n— oo

Next, consider a sequence {s,} of real numbers such that o, — 0 as
n — oo but {s,} is not convergent.

Example 2.63. Suppose that s, = (—1)""! for n > 1. Then

0 if n is even
on =< 1 , neN,
— ifnis odd
n
and so 0, — 0 as n — oo. Thus, {(—1)""'},>1 is (C, 1) summable to 0, and

we write
lim (-1)""'=0 (C,1). ®

n—oo

All convergent sequences are (C,1) summable to their limits. More pre-
cisely, we have the following result.

Theorem 2.64. If s, — x, then s, — = (C,1).

Proof. Suppose that s,, — x as n — co. We need to prove that

n

1
Op = — S — T asn — oo.

k=1

Clearly, it suffices to prove the theorem for the case z = 0. So we assume that
sp — 0. Then given € > 0, there exists an N € N such that |s,| < ¢/2 for all

n > N. Now for n > N,
n
DWIEE AES o
k=N+1

N
1 1 € M €
- E —(n—N)-< —+—-, M= E .
n (k—1|8k|> ! n(n )2 - n ’ 2’ k:1|8k|

Note that M is independent of n and 1/n — 0 as n — oo. Consequently, given
€ > 0, there exists an N; such that

iS

k=1

o

=¢ forall n > Ny,

S|
N}Im
l\3l

and so 0, — 0 whenever s, — 0. |
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As a consequence of Theorem 2.64, we easily have
(a) lim,oo(1/n) > p_, kV/E = 1;
(b) limy oo (1/n) 3oy n/(Vn? +k) =1;
(c) limy,oo(1/n) >y 1/(2k — 1) = 0.
Theorem 2.64 can also be obtained as a consequence of the following result.

Theorem 2.65. Let {s,,} be a sequence of real numbers and {o,} its Cesaro
means of order 1. Then we have

liminf s, < liminf o, < a:=limsupo, < L :=limsup s,. (2.7)

n—oo n— oo n—oo n—oo
In particular, Theorem 2.64 holds.

Proof. We need to prove that o < L. This is obvious if L = oo, and so we
assume that I < co. In order to prove a < L, it suffices to show that

a <X forany A with L < A.

So we let L < A. By the definition of L, it follows that there exists an N such
that s,, < A for all n > N. Now for n > N,

n

1 [ M 1 N
S 4 -(n-N)\, M= :
o . l;SkJr Z Sk‘| < " +n(n ) kz::lsk

k=N+1

Fix N, and allow n — oo, and take limit superior on each side to obtain
a <\ forany A with L < \.

It follows that o < L. The proof for the first inequality in (2.7) is similar,
whereas the middle inequality in (2.7) is trivial.

In particular, if lim, .o s, exists, then so does lim,,_,~, 0,,, and they are
equal, proving the second assertion. [

Now we ask whether a sequence {s,} that diverges to co can be (C,1)
summable.

Example 2.66 (Not all divergent sequences are (C, 1) summable). For
instance, consider a, = 1 for all n > 1. Then

snziakzn and crn:%zn:sk=%2k2n;1.
k=1

k=1 k=1

Note that {s,} is a divergent sequence. Since {0}, } is not convergent, it follows
that {s,} is not (C,1) summable. °

We have seen examples of divergent series that are not (C,1) summable,
but repeating the process of following arithmetic means may lead to a con-
vergent sequence. This idea leads to (C,2) summable sequences, and further
extension leads to (C, k) summable sequences. We shall discuss this briefly in
Chapter 9.
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2.2.3 Questions and Exercises

Questions 2.67.

1.

10.

11.

12.

13.
14.
15.

16.
17.

Is every convergent sequence bounded? Is every bounded sequence con-
vergent?
Do sequences always have a convergent subsequence?
Must a scalar multiple of a Cauchy sequence be Cauchy? Must a sum of
two Cauchy sequences always be Cauchy?
If {azn—2}, {asn—1}, and {as,} converge to the same limit a, must {a,}
converge to a?
Can an unbounded sequence have a convergent subsequence? Can it have
many convergent subsequences?
Let {a,} be a Cauchy sequence that has a subsequence {ay, } converging
to a. Must we have a,, — a?
Suppose that we are given a sequence of rational numbers that converges
to an irrational number r. Is it possible to obtain many such sequences
each converging to the same limit r?
Suppose that 8 > 0 is given. Is it possible to construct a sequence of
rational numbers converging to /A7
Does there exist an example of a bounded sequence having four subse-
quences converging to different limits?
Let a,, = (—1)™. For each fixed N, do we have |a,, — an| = 0 for infinitely
many values of n? Does {a,, } satisfy the Cauchy criterion for convergence?
Let a, = v/n and p € N be fixed. Then

nsp —an =N +p—n=

p
m —0 asn— oo.
Does {a,} satisfy the Cauchy criterion for convergence?
Is every bounded monotone sequence Cauchy? Is every Cauchy sequence
monotone?
Is the sequence {an}, an =1+ 95 + 35 + -+ + =, Cauchy?
If apq1 — ap, — 0 as n — oo, must {a,} be convergent?
Does limy, o0 (1/n) Y 1_; (1/k) exist? If so, what is this limit? If not, must
it be 00?
Does lim,,—y00(1/1/1) 22:1(1/\/E) exist? If so, what is this limit?
Must a constant sequence be (C, 1) summable?

Exercises 2.68.

1.

2.

3.

Suppose that p is an integer. Show that if |r| < 1, then the sequence
{nPr"},>1 converges to zero. In particular, v — 0 as n — oo if |r| < 1.
Construct three divergent sequences each having a convergent subse-
quence.

If the subsequences {as, } and {as,+1} converge to a, prove that {a,} also
converges to a.
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10.

11.

12.

13.

14
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. Suppose that {a,} is a sequence of real numbers and lim, o a, = a,
a # 0. For any sequence {b,}, show that
(a) limsup,,_, . (an +by) = lim, 00 an, + limsup,,_, . by.
(b) liminf, o (an + by) = lim, o0 an + liminf,, oo by,.
(c) limsup,,_, o @nby = lim, o0 ay limsup,,_, o by.
(d) liminf,, o0 anby, = lim, o0 ay, liminf, o by,.
. If {agn} and {a2,41} are both Cauchy, then show that {a,} need not be
Cauchy. How about if {as,} and {az,+1} both converge to the same limit?
. Show that the following sequences are Cauchy:

N Ny~ DM
(a) an—kZ:O %l . ( )Gn—gg (C) @n—;m
. Define a, = sin(nw/2). Extract subsequences of {a,} each having the
stated property below:
(a) converging to 1. (b) converging to —1.
(c) converging to 0. (d) divergent.
. Suppose that {a,} is a sequence such that

3
|anto — ant1] < E|an+1 —ay| forn>1.

Show that {a,} is Cauchy.
Cf Jan| < 1/2 and |ant1 — anta| < (1/8)]aZ, — aZ| for all n € N, prove
that the sequence {a,} converges.
Let a1 = 1 and ap41 = 1+ 1/(1 +ay,) for all n > 1. Is {a,} a Cauchy
sequence? If so, find its limit.
Define a1 = 1 and a,4+1 = 1/(3+a,,) for n > 1. Show that {a, } converges.
Also, find the limit of the sequence.
If {x,} is a sequence of real numbers such that ,,+1 — z, — 2, show that
Tn/n — T

Show that .
(a) lim 1 [Ten+k)! "= 2 (b) lim 1 [[a+r "= L
n—oo n & 4e n—oo n iy €

=1
. Show that if {s,,} and {t,} are (C,1) summable to S and T, respectively,
then {s, +¢,} is (C,1) summable to S £ 7.
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Limits, Continuity, and Differentiability

The key underlying ideas of this chapter are the notion of continuity and the
principles of differentiability. These are two important concepts in analysis.
In Section 3.1, we include an explicit similarity between the definition of limit
of a sequence and limit of a function (see Theorem 3.4). Section 3.1 gives
some basic results relating to limits. In Section 3.2, we study properties of
continuous and uniformly continuous functions. We define continuity in terms
of sequences and then show that our definition is equivalent to the classical
e-0 definition. In addition to continuous functions, differentiable functions are
important in calculus. We discuss differentiability in Section 3.3 and deal with
the derivative of functions, and establish some of the algebraic rules of calcu-
lus, such as how to differentiate sums, products, quotients, and compositions
of functions. The limit concept enables us to study derivatives, and hence
maxima and minima, asymptotes, improper integrals, and many other math-
ematical concepts. Many applications of differentiable functions are presented
in the following chapter.

3.1 Limit of a Function

This section introduces the concepts of neighborhood and limit; neighborhoods
are important in understanding limits, and limits are in turn needed to un-
derstand continuity and differentiability.

3.1.1 Limit Point of a Set

We begin by formulating the concept of the neighborhood of a point in R.

Definition 3.1 (Neighborhood). A neighborhood of a point xy € R is an
open interval containing xo. For e > 0, an e-neighborhood of a point xq is the
interval (xg — €, o + €); it is denoted by B(xo;€). Then the set B(xo;€)\{xo}
defined by

S. Ponnusamy, Foundations of Mathematical Analysis, 71
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B(zo;e)\{zo} ={z: |z — 20| < e\{wo} :={z: 0 < |z — 20| <€}
1s called a deleted e-neighborhood of xg.

Let A C R. A point z¢ € A is called an interior point of A if there exists
a d-neighborhood B(xg;0) contained in A. A point o € R is a limit point of
A if every e-neighborhood B(xg;€) of xy contains a point of A other than xg.
The point g itself may or may not belong to the set A. For example,

(a) zo =0 is a limit point of

a= 2oL
2°3 n
but 0 = z¢ € A.

(b) Each point z such that |z| <1 is a limit point of A = {z: |z| < 1}, but
the boundary points —1 and 1 do not belong to the set A.

(c) The limit points of a closed interval I = [a,b] are precisely the points
of I.

(d) Every real number is a limit point of Q.

Note also that a finite set has no limit points.

Theorem 3.2. Let A C R. A point xg € R is a limit point of A if and only
if there exists a sequence {xp} in A with ©, # x¢ for all n € N such that
Tp — T AS N — OQ.

Proof. Choose z,, € {B(xo;1/n)\B(xo;1/(n+ 1))} NA. [

The concept of a limit of a function as * — x( also involves the idea
of closeness. In terms of the limit of sequences, we can now state a precise
definition of the limit of a function at a point.

3.1.2 Sequential Characterization of Limits

Definition 3.3. Let A C R and let ¢ € R be a limit point of A. Suppose that
f is a function defined on A except possibly at xo. Then f is said to have limit
{ as x — xo, and we write

lim f(z)=4¢ or f(z)—={¢ asz— g

T—x0

if f(zn) — £ for each sequence {x,}n>1 in A with x,, # xo for alln € N and
Ty, — To AS M — 0O.

It is straightforward to state

Tr—x0

lim f(z)={( < li_}m |f(z)—¢ =0.

Less precisely stated, this means that if x gets close to zoy but x # xg, then
f(x) gets close to £. More precisely, this geometric intuition can be stated in
the following form, which is often used as a definition of the limit of a function.
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Theorem 3.4. Let A C R and let 2y € R be a limit point of A, and f: A — R.
Then the following are equivalent:

(a) limy—, f(z) = 2.
(b) For every € > 0, there exists a 6 = d(e,z9) > 0 such that

|f(z) — ¢ <€ whenever =€ A and 0 < |z — xo| <.

Proof. (a) = (b) : Assume that lim,_,,, f(z) = ¢. We will now use a proof
by contradiction. We suppose that (b) is not true. Then there must exist some
€ > 0 such that for every é > 0 there corresponds a point = such that

0<|z—mo| <0 and |f(z)— flzo)| > e

Fix such an €. Then for each n € N there exists an x € ANB(xp;1/n), denoted
by z,, such that

1
0 < |zp —wo| <— and |f(zn) = f(z0)| 2 €

So xp, — xo but f(xz,) 4 f(xo) as n — oo. Because of the contradiction
stemming from the assumption, the assumption must be false, and so the
desired conclusion holds.

(a) <= (b) : Assume that (b) holds. Consider a sequence {z, } in A such
that x,, # x¢ and x,, — x9 as n — oo. Let € > 0 be given. Then by (b), there
exists a 6 > 0 such that

|f(z) — 4] < e whenever z € A and 0 < |z — x| < 4.
Now choose N such that
0<|ay—x0] <6 foralln>N.
It follows from (b) that
|f(zn) — f(zo)] <€ forallm >N,
from which it follows that f(x,) — f(z0), as desired. u

First, it should be noted that the function need not be defined at zg in
order to have a limit at o, and so limg_,,, f(z) = ¢ does not depend on
f(zg) even if f is defined at zp. Second, it is only a deleted neighborhood
B(zo;0)\{zo} of x¢ that is involved. So z¢ need not be in A. Third, even if
the condition xy € A holds, we may have f(xzg) # £. Also, we note that a
point © — z¢ can approach zg in the following ways:

(a) z approaches zo with x < zo (from the left).
(b) z approaches z¢ with x > x¢ (from the right).
(¢) = can approach z in an oscillating manner (from both left and right).
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If f(x) has a limit £ as * — xo, then we also say that f(z) approaches ¢ as x
approaches xg.

As x approaches zg, the values of f(x) may not get close to any particular
number. In that case, we say that lim,_,,, f(z) does not exist. For instance,
we shall see that f : R\{0} — R defined by f(x) = |z|/x illustrates a case
in which a limit does not exist as © — 0 (see Example 3.12). Moreover, if the
limit exists, then it must be unique. Suppose that

lim f(x)=4¢; and lim f(z) = {o.

Tr—rxo Tr—rTo

Then for a given € > 0, there exist §;,d2 > 0 such that

|f(z) —¢;| <e/2 whenever x € Aand 0 < |z —zo| < d; forj=1,2.
Therefore, whenever z € A and 0 < |z — 2| < § = min{dy, J2},
[er—Lo| = [(f (2)—L2) = (f(2)—0)| < [f(@)—La|+[f(2)—la] < (e/2)+(e/2) = €.

Both the left and right sides of the above inequality are independent of §.
Since € is arbitrary, the inequality holds if and only if ¢; = /5.

Theorem 3.5 (Divergence criteria). Let A C R, let zgp € R be a limit
point of A, and suppose f: A — R. Let £ € R be given. Then f(x) /4 £ as
x — g iff there exists a sequence {x,} in A with x,, # xo for all n € N such
that x, — xo as n — oo, but f(x,) A £ as n — co.

We may now formulate

Definition 3.6 (e-§ definition of limit). Let f be defined in some neigh-
borhood of xg € R, except possibly at xg. We say that lim,_, ., f(z) exists if
there exists a real number { satisfying the following condition: for every given
€ > 0 there exists 6 = §(e,z9) > 0 such that

|f(z) — ¢ <€ whenever 0 < |z —xo| <.

According to the e-§ definition of limit, in order to show that f(z) /4 ¢ as
x — xg, it suffices to find an € > 0 for which there is no § > 0 such that

|f(xz) — €] < e whenever 0 < |z — zo| < 4.

In other words, f(x) /4 € as © — ¢ if there exists an € > 0 such that for every
0 > 0, there exists an x5 € A such that 0 < |xs — zo| < but |f(xs) — | > €.

Finally, we remark that Definition 3.3 and the statement of Theorem 3.5
are equivalent because of Theorem 3.4.

Examples 3.7. Using the e-§ definition, show that:

. . . . 2 . 2 2
(a) ;ILI%) sin(1/x) does not exist. (b) 1161_>m3x =9. (c) ;grtllx =a”.
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Solution. (a) Suppose to the contrary that lim,_,osin(1/x) exists; call the
limit £. Then for each € > 0, there exists a § > 0 such that

|sin(1/z) — ¢| < e for all z satisfying 0 < |z — 0] < 0. (3.1)
Now we choose
Ty = ! nd = ! eN
—— N — .
n a Yn (n %) , N

Then for large n, we have 0 < |x,,| < § and 0 < |y,| < §. Moreover, f(z,) =0
and f(y,) = (=1)" for all n. Consequently, for each € > 0,

|f(zn) — €] <e and [f(yn)—{] <e for large n,
so that

That is, 1 < 2e, which is obviously a contradiction, because this inequality
cannot be true for every ¢ > 0. For example, ¢ = 1/4 does not satisfy the
inequality. It follows that no such ¢ and ¢ exist satisfying the inequality (3.1),
and the desired conclusion follows (see Figure 3.1).

Fig. 3.1. Graph of f(z) =sin(1/z) on [—1,1].

(b) Let € > 0 be given. We must prove that there exists a § > 0 such that
|z2 — 9| = |z —3||r + 3| < e forall x with |z — 3| < 4.
With 6 <1, |z — 3| < <1 gives z € (2,4), and so z + 3 € (5, 7). This gives
|2? — 9] < 7|z — 3].
Thus, if we choose 6 = min{1,e/7}, then for any given € > 0,
|z — 3] < implies that |2* — 9| < e.

Note that (b) is a particular case of (c). Perhaps we can imitate the method
used in (b) to prove (c).
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(c) Again with § <1, |[x—a| = |z +a—2a| < § < 1 gives |x+a| < 14+2]al,
and so
|2* — a®| = |z — a| |z + a| < (1 + 2|a])|z — al.

Thus, for a given € > 0 there exists 6 = min{1, ¢/(1 + 2|a|)} such that
|z2 — a?| < e whenever |z —a| < 4.

Note that § depends on € and a. ®

3.1.3 Properties of Limits of Functions

In order to carry out computations with limits, it will be helpful to have
some elementary rules and properties for limits. Suppose that f and g are two
functions defined on I C R. Then f + g is the function defined on I by

(f+9)(@) = flz) +g(z), zel
Similarly, we define (fg)(z) = f(x)g(z) for x € I, and when g(x) # 0 in I, we

have
<i> (x):@ z el

9 g(x)’
Theorem 3.8 (Combination rule). Let A C R and let xy € R be a limit
point of A. Suppose that f and g are defined on A with
lim f(z)=¢ and lim g(z)=1/".

T—xTo T—To
Then we have the following:

(a) T [f(2) + g(2)] = £+ 0
(b) lim, . [f (2)g ()] = €0';
(c) i,y [ () /g ()] = £/€ if € 0.

In particular, for a, b real constants, lim, ., (ax + b) = axo + b.

Proof. The result follows at once from corresponding experience with the
algebra of limits for convergent sequences and some standard arguments (see
Theorem 2.8).

Note that in (c), it follows by definition that lim,_,,, g(x) # 0 ensures
that g(z) # 0 in some deleted neighborhood of z( (see Corollary 3.9). ]

Corollary 3.9 (Sign-preserving property). Let lim,_,,, f(z) = ¢ #
Then there exists a deleted neighborhood B(xo;d)\{xo} on which f(x) #
Moreover, f(x) has the same sign as £ on B(xo; ) \{zo}.



3.1 Limit of a Function s

Proof. For € = |[{|/2, there exists a ¢ > 0 such that

f@) < e=1]

whenever 0 < |z — x| < 4,

or equivalently,

14 14
€—|—2| < f(x) <€+|—2| for all x € (xg — &, x0 + ) \{zo}- (3.2)
Suppose first that £ > 0. Then the left-hand inequality in (3.2) shows that
f(z) >0 for 0 < |z —x0| <.
Suppose next that ¢ < 0. Then the right-hand inequality in (3.2) implies
that f(z) < 0 for 0 < |z — 9| < 4. In either case, f(x) # 0. [

To prove that a specific function has a limit, we can avail ourselves of the
above results. For instance, it follows from parts (a) and (b) of Theorem 3.8
that if p(x) is a polynomial, then lim,_,,, p(x) = p(zo). The quotient of two
polynomials is called a rational function, which we may write thus:

ao+arx+ - +apa”
= b 0).
T($) b0+b1x+'~'+bm:17m (7717é )
The domain of r is the set of points where the denominator is nonzero. Thus,
if r(x) is a rational function (i.e., the quotient p/q of two polynomials p(x)
and ¢(z)), then

lim r(z) = r(z)
for all zg at which the rational function is defined.

Theorem 3.10 (Squeeze/Sandwich rule for functions). Let f, g, and
h be defined in a deleted neighborhood of xy such that

(a) g(z) < f(z) < h(zx) for all x in a neighborhood of xo, x # xo;
(b) limy ., g(z) = limy ., h(z) = £.
Then limy ., f(x) = ¢.

Proof. The theorem follows as an application of the sandwich theorem for
sequences (see Theorem 2.15). Indeed, the condition (a) implies that

g(x) =L < f(z) =€ < h(x) = ¢, (3-3)

for all 2 in a neighborhood of zg, © # x¢. The condition (b) shows that given
€ > 0, there exists a § > 0 such that

0<|z—mo| <0 implies |g(x)—¥ <e and |h(x)—{] <e.

So if we allow  — ¢ in (3.3) and use the last relation, we get that given
€ > 0, there exists a § > 0 such that

0<|z—mx <0 implies —e< f(z)—{<e,

as required. [
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An equivalent formulation of this theorem follows.
Theorem 3.11. Suppose that f, g, and h are functions defined on I C R with
g(x) < f(x) < h(z) forallxel.

If xo is a limit point of I and limy,_z, g(x) = € = limg_,, h(z), then
limg s, f(z) = L.

3.1.4 One-Sided Limits

Let f be defined on A = (xg,2z¢ + 0) for some § > 0. We say that f(x)
approaches the limit ¢ as x approaches z( from the right, and write

lim f(z)=¢,

T—xo+

if for each sequence {x,},>1 in A such that ,, — zo one has f(z,) — £. We
also write f(z) — ¢ as © — o+, and the right-hand limit ¢ is often denoted

by f(zo+).
Similarly, if f is defined on A = (z¢ — §,x0) for some 6 > 0, then we say
that f(z) approaches the limit ¢ as = approaches zo from the left, and write

lim f(z)=24¢,

r—xo—

if for each sequence {x,},>1 in A such that z,, — x¢, one has f(z,) — ¢. We
also write
fl@) =40 asx — x9—,

and the left-hand limit ¢ is often denoted by f(z¢—).

Example 3.12. Consider f(z) = |z|/x for & # 0. Suppose that {z,} is a
sequence in (0,1/2) such that x, — 0 as n — oo and {y,} is a sequence
(—=1/2,0) such that y, — 0 as n — oo. Then f(z,) =1, f(yn) = —1, so that

flzn) =1 and f(yn) > —1 asn — oo. L

The following result is easy to prove.
Theorem 3.13. Let f be defined in a deleted neighborhood of xo. Then

lim f(z)=(<= lim f(z) and lim f(z) ©both exist and are equal to L.
Tx—x0 r—xo+ T—xro—

A function f : [a,b] — R is said to have a “simple jump discontinuity” at
a point g € (a,b) if both
f(@o+) = lim f(zo +h) and f(zo—):= lim f(zo +h) = lim f(z0 — k)

h>0 h<0 k>0

exist but are unequal. Recall that the limit values f(xo+) and f(xo—) are
called the right-hand limit of f at xo and the left-hand limit of f at xg,
respectively.
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B/
B )
-9 1 E<—tan9
194 ) sin 0
-1 0] A A A
0/2

Fig. 3.2. The limit of the quotient (sin@)/6 when 6 is small and positive.

Example 3.14. Show that lim,, .., nsin(1/n) = 1 by finding an estimate for
sin # when 6 is small and positive. Conclude that

sin 6

lm fO) =1, 7(0) =
Solution. Since f(0) = f(—0), it suffices to show that limg_,o+ f(0) = 1. Let
6 be an arbitrarily small angle such that 0 < 6 < 7/2. Consider a sector of
the unit circle with angle 6 as in Figure 3.2 and B a point on the circle.

Extend the segment OB from the origin to the point B, and form a right
triangle AOAB’. Clearly, the sectorial area is larger than the area of AOA’B
and is smaller than the area of AOAB’. Since the length of the line seg-
ment A’B is sinf and that of AB’ is tan 6, we have the inequalities (see also
Example 4.24)

sin 0 - 0 - tand . o< sin 6 <1
ie. 3 —_— .
9 S ST MO 08 0

Since cos§ = OA’ /OB, which approaches 1 as § — 0+, we have

lim f(0) = 1.

0—0+

Since f(6) = f(—0) for all 6, we can conclude that

lim £(6) = lim f(~0)= lm () =1,

6—0— 6—0+t

showing that limg_,osin /0 = 1. °

3.1.5 Infinite Limits

Let A C R and let ¢y € R be a limit point of A, and suppose f: A — R.
Then it may happen that f is not bounded on B(zg;d) N A for some 6 > 0,
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and so it is possible that lim,_,,, f(x) does not exist. On the other hand, we
write limy,_, 4, f(2) = oo if for every positive R > 0 there exists a § > 0 such
that

f(x) >R forall x € (B(zo;9)\{zo}) N A.

In this case, we say that f(z) tends to co as x — zo. Note that if f(z) — oo
as x — xg, it follows that

1
— — 0 asz — x¢-

f(x)

Similarly, we say that f(z) tends to —oco as & — xq if for every R > 0
there exists a § such that

f(x) < =R forall x € (B(x0;0)\{zo}) N A.

In this case, we write lim,_,,, f(z) = —c0. An equivalent sequential version
of this definition may now be formulated.

Definition 3.15. Let A C R, and let xg € R be a limit point of A, and

suppose f: A — R. Then lim,_,,, f(x) = 0o if and only if for every sequence

{zn} in A\{xo} with x,, — x0, the sequence {f(xy)} diverges to co.
Similarly, one can define

li = li = li =—00,....
Jim f(z) =—oo, lim f(z) =00, lim f(z)=—oo,

As with sequences, we have the following theorem.

Theorem 3.16 (Reciprocal rule). Suppose that f(x) > 0 in some deleted
neighborhood of xo such that f(x) = 0 as v — xo. Then

—— > 00 as T — Xg.

f(x)
Examples 3.17. Now we can easily see the following:

(a) lim,o(1/2?) = cc.
(b) limy 04 (1/2) = 0o and lim,_o—(1/2) = —c0.
(c) lim,_, (5 /2)4 tanx = —oo and lim,_,(/2)— tanz = oo. o

3.1.6 Limits at Infinity

Let f: (a,00) — R for some a € R. We say that f approaches ¢ as z — oo if
for a given € > 0 there exists an R > a such that

|f(z) — | < e whenever x > R.

In this case we write lim,_,~ f(z) = £.
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Similarly, suppose that f : (—o00,a) — R for some a € R. We say that f
approaches ¢ as © — —oc if for a given € > 0 there exists an M < a such that

|f(z) —¢] < e whenever x < M.
In this case, we write lim,_,_ f(z) = ¢.

Example 3.18. For instance, lim,_, ., sinz does not exist. This also follows
from the fact that lim, 4 sin(1/2) does not exist (see Example 3.7). Simi-
larly, lim,_,~, cos x does not exist. ®

As before, sequential definitions for these two cases may be formulated.

Examples 3.19. (a) lim,_, = sinz does not exist, as the sequences x,, = nw
and y, = ((4n £ 1)/2)71 suggest.
(b) lim, 00 1/2 = 0. °

The proof of the following corollary (see Theorem 3.11) is easy, and so we
invite the reader to prove it.

Corollary 3.20. Let f, g, and h be defined on (a,00) for some a € R such
that

(a) g(z) < f(x) < h(x) for all z with x > R (> a);
(b) limy 00 g(x) = limy o0 h(z) = £.

Then lim, o f(z) = £.

Theorem 3.21. Suppose that f(x) > 0 for x near xo (respectively for x near
00) and limy_4, f(x) = £ (respectively lim,_,o f(x) =£). Then £ > 0.

Proof. Suppose that £ < 0. Then for all x in a deleted neighborhood of xg
(respectively for all  with > R for some R > 0),

|f(z) =€) =[] > 0.

But then f(z) /4 ¢ as x — x( (respectively x — o0), which is a contradiction.
Consequently, ¢ > 0. [

Corollary 3.22. Let h and g be defined in a deleted neighborhood of xo such
that

(i) h(z) < g(x) for all x near xg, x # xo;
(ii) limy sz, h(x) = € and limy 4, g(z) = £'.
Then £ < {'. (Similar statements can be made when f and g are defined on

(=00, a) or (b,00) for some a,b € R.)

Proof. Given f(z) = g(xz) — h(z) > 0 for x near o (r # x¢) such that
lim, 4, f(z) = ¢ — ¢, by Theorem 3.21, ¢/ — ¢ > 0, as required. [
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a b
Y% sin z=length of BA’ Y
x =length of arc BA &\\ //\{;\
B %, v
y=|sin x|
x
0 A A T —T 0 T X

Fig. 3.3. Depiction of |sinz| < |z| for z € R.

Example 3.23. We have the sine inequality |sinz| < |z| for z € R. In par-
ticular,

lim sinz = sina.

Tr—ra

Solution. There is nothing to prove if z = 0. For 0 < < 7/2, consider the
part of the unit circle in the first quadrant. From Figure 3.3, it is clear that
(see also Examples 3.14 and 4.24)

0<sinz <z for0<az<m/2

For —w/2 < x < 0, the desired inequality follows from the fact that
sin(—x) = —sina. For |z| > m/2, the inequality is trivial because

[sinz| <1<7/2 < |z

The desired first inequality follows. Finally,

sin(x;a) cos(x;_a)‘SQ sin(%)‘fb&—cﬂ7

and the second part follows. )

|sinz —sina| =2

As in the last example, we see that lim,_.g cosx = 1, because

|cosz — 1| = |2sin?(2/2)| < 2|z/2|* = 2?/2.

3.1.7 Questions and Exercises
Questions 3.24.

1. Is the intersection of a finite number of neighborhoods of a point ¢ a
neighborhood of ¢?

2. Is the intersection of an infinite number of neighborhoods of a point ¢ a
neighborhood of ¢?
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Can a finite set have a limit point? Does N have a limit point?
If A C R, is every interior point of A a limit point of A7
Suppose that f is a continuous function such that

Si={xeR: f(z) >0}, So={zeR: f(z) <0},
Sy={xeR: f(x) =0}, Sy={xeR: f(x)#0}.

Is either of these sets open in R?

Is it true that if lim,_,,, f(z) does not exist and lim, ., g(z) does not
exist, then lim,_,,,(f + g)(z) does not exist? How about the existence of
lim, 0, f(z)g(x)?

When we deal with a quotient f/g of functions, what is the domain of
flg?

Is it true that f(x) — 0 as x — x¢ if and only if |f(z)| — 0 as x — xo?
Suppose that limg_,,, f(x) exists but lim,_,,, g(z) does not exist. Can
limg 0, (f + 9)(z) exist?

If f(x) < g(x) in a deleted neighborhood of zg, do we have lim,_,,, f(z) <
lim, ., g(z)?

Suppose that f(z) is a function defined on R such that limg_,,, | f(z)]
exists for each xg € R. Must lim,_,,, f(x) exist?

Does lim, o /7 exist? Does lim, o /x exist?

If lim, _,, f(z) = £ > 0, do we have lim,_,q \/f(z) = V?

Let f be defined on (a, c0) for some a € R and ¢ € R. Must

1
. _ . Y _
i )= = g 7 (3) =
Let f be defined on (—o0,a) for some a € R and ¢ € R. Must
. . 1
lim f(z)={( < lim f (—) =7
T——00 z—0— x

Suppose that f and g are defined on (¢, 00) for some ¢ € R such that
lim, o f(x) = £ for some real ¢ and lim,_,~ g(z) = co. Does the limit
lim, 00 (f 0 g)(2) exist? If so, what is the limit?

Suppose that f and g are defined in a deleted neighborhood of a such that
lim,_,, f(z) = ¢ for some nonnegative real number ¢ > 0 and lim,_,, g(z).
Must lim,_,, f(z)g(x)) = oo if £ > 07 What can you say about the limit
lim,_,, f(z)g(x) if £ =07

Suppose that lim, o f(z) = 0 and lim,,0g(x) = o0. Does either
lim, 0 f(2)g(x) = 0 or lim,_,o f(z)g(x) = 0o hold?

Suppose that lim,_,o f(x) = oo = limz_gg(x). Must lim, ,o(f(x) —
g(x)) = oo?

For what values of o does lim,_, o (sinz/|x|%) exist? When does it not?
Does the sequence {sinn},>1 converge? Does it have a convergent subse-
quence?
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25.
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For what values of t € R does {sin(nt)} converge?

For what values of t € R does {cos(nt)} converge?

Does {cos(nm)} converge?

Does {sin(nm/2)} converge? Does {(1/n) sin(nm/2)} converge? How about
the sequences {(1/n)sin(nw/4)} and {(1/n)sin(nn/5)}?

What can be said about the convergence of the sequences {(1/n)sinn}
and {(1/n)cosn}?

What is meant by a limit point of a sequence? How does a limit point
differ from a limit of sequence?

Exercises 3.25.

1.

For each of the following sets determine the set of all limit points: N, Z,

Q, R, 0, R\Q.

. Show that lim,_,0 3*/% does not exist.
. Define f(x) = (1/x)sin(1/z) for x # 0. Determine lim,_,o f(x) if it exists.

If not, explain why the limit does not exist.

. Suppose that f is bounded and monotone on (a,b) and ¢ € (a,b). Show

that lim, .+ f(z) and limg_,.— f(x) both exist.

. Draw the graph of

|| + x
fla) = 2]
0 for x =0,

for z # 0,

for z € R. Determine lim,_,o f(z) if it exists. If not, explain why it does
not exist.

. State and prove the squeeze rule for functions f, g, and h defined on (a, co)

(respectively (—oo,a)).

. Compute the following limits if they exist:

. x+sinzx . 1 . sindz — 3z
(@) Jim —=— () lma—0m () ln—F—

. cos(|z|) —1 o1 1
(d) Jig ———— (e) lim . (£) Jlim =

. xel/m . Sin.’l; . . el/r _ e—l/z
® My W Imr O Mame

In the cases in which the limit does not exist, determine the left- and
right-hand limits if they exist.

Note: Those who are not familiar with the exponential function can wait
until we introduce exp x.

. Draw the graph of

1
@) = 1varm

and determine the following limits:

() Jim f(z). (b)) lm f()
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9. Let f be defined in a deleted neighborhood B’ of xg. Prove or disprove
the following: lim,_,,, f(x) exists if and only if given € > 0, there exists a
d > 0 such that |f(x) — f(y)| < e for every pair of points z,y in B’ such
that |z —y| < 4.

3.2 Continuity

Definition 3.26. Let I be an open interval containing xo, and let f: I — R.
Then f is said to be continuous at xo € I if limy_,., f(x) = f(x0).

In the case of the boundary points a and b of I = (a,b), we can talk only
about right and left continuity, respectively. If f is continuous at each point of
1, then f is said to be continuous on 1. The function f is said to be continuous
if it is continuous on the domain of f.

Intuitively, our definition implies that the values f(z,,) are close to f(xg)
when the values of x,, are close to xg. Then the following theorem shows that
the sequential definition is equivalent to the e-0 definition of continuity of f
given in many calculus texts.

Theorem 3.27. Let [ be a real-valued function defined on an interval I that
contains xo as an interior point of I. Then the following are equivalent:

(a) f is continuous at xg.
(b) For a given € > 0, there exists a § = §(xo,€) > 0 such that

|f(z) — f(zo)| <€ whenever x € I and |x — xo| < 6. (3.4)
(c) The following three conditions hold:
f(xg) is defined, lim f(x) exists, and lim f(z)= f(xo).

T—x0

To+ 0 x

Fig. 3.4. Depiction of the continuity of f at xzo.

Proof. The proof is clear and is simply a reformulation of Theorem 3.4 with
= f(xo) (see Figure 3.4). [
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Equivalently, if f is continuous, then the graph of f is an unbroken curve;
that is, the graph of f could be traced by a particle in motion or by a moving
pencil point without being lifted from the paper.

Examples 3.28. (a) If f(z) = c for all z € R, then f is continuous on R,
because for each zy € R,

|f(z) — f(xo)] =0 < e for|z—xo <6

holds for any given e > 0.

(b) If f(z) = x for x € R, then lim,_,,, f(x) = z¢ for each 29 € R. In
particular, f is continuous on R.

(c) The function f(z) = z* is continuous for every natural number k. This
follows from the fact that x,, — xo implies that xﬁ — 33’5 as n — oo and
since f(x) = x is continuous at each zp € R. For a direct approach, we
refer to Example 3.7.

(d) The functions sinz and cosx are continuous on R; see Example 3.23. @

Corollary 3.9 implies the following:

Corollary 3.29 (Sign-preserving property for continuous functions).
Let f be continuous at xo and f(xo) # 0. Then there exists a neighborhood
B(z0;9) of xo on which |f(x)] > |f(x0)|/2, and f(x) has the same sign as
f(@o).

This corollary says that if a continuous function f does not vanish at a
point g, then there is an interval containing xy in which f does not vanish.

3.2.1 Basic Properties of Continuous Functions

As a result of translating the properties of limits (see Theorem 3.8) into terms
of continuity, we obtain the following result, which is often useful in proving
that certain specific functions are continuous.

Theorem 3.30 (Algebra of continuous functions). Suppose that f and
g are defined on an interval I. If f, g are continuous at xg € I, then their sum
f+g, product fg, quotient f/g where g(zo) # 0, and |f| are also continuous
at xo. In particular, every polynomial ag + a1x + - + a,z™ is continuous
on R.

Composition is another basic operation that can be performed on func-
tions. If f maps I to J and g maps J to R, then the composition of f with g,
denoted by g o f, maps I to R by sending x — g(f(x)); see Figure 3.5. Thus
go f is defined by

(go f)(x) = g(f(x)), wel

It follows that composition is not commutative.
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g
/\
w0, wo—flw)  J0) wid, o) 90 @) gl +e
f Gof
Zo—0 To T g+l

Fig. 3.5. Composition of continuous functions at xo.

Theorem 3.31 (Composition rule). If lim,_,., f(x) = yo and g is a func-
tion that is continuous at the point yo, then lim,_. (g o f)(x) = g(yo).

Proof. Let € > 0 be given. Then the continuity of g at yo implies that there
exists a d, > 0 such that

l9(y) — g(yo)| < € whenever |y — yo| < dg. (3.5)

Further, since lim, ., f(x) = yo, for this 6, > 0, there exists a 6 > 0 such
that
|f(z) —yo| <y whenever x € B(zo;9)\{zo}.

Now if we let y = f(x) in (3.5), we see that for all z € B(xg;0)\{x0},
[(go f)(@) = g(yo)| = l9(f(x)) — g(yo)| <,

from which we obtain the required conclusion. [

Corollary 3.32. If f : I — J is continuous at x9 € I and if g : J — R

is continuous at yo = f(xo), then go [ defined by (g o f)(z) = g(f(x)) is
continuous at xo. That is, the composition of two continuous functions is
continuous.

Proof. The proof is a consequence of Theorem 3.31; see Figure 3.5. [ ]

Example 3.33. Suppose that f : R — R is continuous on R and satisfies
flz+y) = f(z)+ f(y) for all z,y € R. Show that f(x) = f(1)z.

Solution. Setting x =y = 0 gives f(0) = 0. Setting y = —x gives

If x =n €N, then
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Similarly, if —x = n € N, then by (3.6),

f@)=f(=1=--=1) =nf(=1) = —nf(1) = zf(1).

Thus, f(z) = zf(1) when z € Z.
Next, let 2 be a rational number p/q (in lowest terms), p € Z, ¢ € N. Then
p = qx, and thus

fp) = flgz) = fle + -+ ) =qf(2),
and from the discussion, we have
fp)=pf(1).

Combining the last two equalities, we obtain
af(e) =pf(1), e, [(p/a) =T f(1), i, f(r) = 2f(1) when z € Q.

Finally, let = a be an irrational number, and {x,, } a sequence of rational
numbers converging to a. Since f is continuous at «, f(x,) — f(«). But

lim f(mn) = nh—{go xnf(l) = f(l)Oé.

n—oQ

Consequently, f(«) = f(1)a. In conclusion, f(z) = xf(1) for all z € R. °

3.2.2 Squeeze Rule and Examples of Continuous Functions

Corollary 3.34 (Squeeze rule for continuous functions). Let f, g, and
h be defined in a neighborhood of xy such that

(1) g(x) < f(z) < h(z) for all z in a neighborhood of xy;
(ii) g and h are continuous at a and g(x¢) = f(xo) = h(xo).

Then f is continuous at x.

Proof. The proof of the corollary is a consequence of Theorem 3.10 (see
Figure 3.6). u

A function f: I — R is discontinuous (or has a discontinuity) at a point
xo if f is not continuous at xzq.

Example 3.35 (Dirichlet’s function on R). Define f: R — R by

1 for z € Q,
flz) = {0 for x € R\Q.

Then f is discontinuous at each point of R. In order to prove this, suppose
that ¢ € R and lim,_,, f(x) = ¢. Then for a given € > 0 there exist a 6 > 0
and points z,, € Q and y, € R\Q such that =, — a and y,, — a,
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YA
y=h(z)
y=f(x)
, y=g(x)
{ I ) =
0] To—€ Ty Tot+e r

Fig. 3.6. Squeeze rule for continuous functions.

|f(xn) - E‘ <

when 0 < |z,, — a| <0,

and

\f(yn)*€\<§ when 0 < |y, —a| < 0.

Hence, there exists N € N such that for n > N,
€

2

€
1:‘f(xn)_f(yn)|§|f(xn_£|+|f(yn)_€|<§+ =6

because f(zn) =1 and f(y,) = 0. This is a contradiction to our assumption
(especially when € < 1). Thus, f(x) does not approach a limit as z — a
whether a is rational or irrational. It follows that f is discontinuous at each
point of R. °

Example 3.36 (Riemann function on R). Define f : R — R by

1

Zforz="2 € Q\{0} in its lowest terms, with ¢ > 0,
fly=4¢ ¢ q

0 for x € R\Q, x = 0.

Show that f is continuous at each irrational point of R and is discontinuous
at each rational point of R.

Solution. For a rough sketch (because of we cannot accurately graph this
function) of this function on [0, 1], see Figure 3.7. It is not clear from the
rough sketch of the graph of f whether f is continuous at any point of R. Let
a = p/q be an arbitrary nonzero rational number, ¢ > 0, such that
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Fig. 3.7. The Riemann function.

Accordingly, every neighborhood of p/q (e.g., 0 < | — a|] < 1/n) contains
irrational numbers y,, such that

0= flyn) # fla) = 3

Thus, y, — a but f(y,) /4 f(a). Alternatively, since

|f(yn) — fla)] =0 —1/q| = 1/q,

for € < 1/q there cannot exist a neighborhood B(a;d) of p/q such that for
every y € B(a;9) N (R\Q),

1
f) = fla)l = <e

By either argument, f is discontinuous at a = p/q.
Next, let a be any irrational number or 0. Then f(a) = 0, and we must
show that, given € > 0, there exists a § > 0 such that

f(x) =1f(x) — f(a)] < e for all x satisfying 0 < |z — a| < 4.

Note that f(z) > 0 on R, by the definition of f.

Now given € > 0, let N be a positive number such that N > 1/e. Since
a is irrational, there exists a d; > 0 such that the interval (a — d1,a + 01)
contains no integers. Likewise, there exists a d3 > 0 such that the interval
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(a — d2,a + d2) contains no rational number of the form p/2 in lowest terms.
Continue the process, and introduce

§ =06(e) = min{dy,...,dn}.

Then 6 > 0. Then the interval (a — 6, a + ) contains no rational numbers of
the form p/q in lowest terms, 0 < ¢ < N. It follows that if |z — a| < §, then
either z is irrational, so that f(x) = 0 (< €), or else x is rational, so that
x = p/q with ¢ > N, and

1 1
=-< =<e€
fa) =1 <5<
In either case, f(x) < € and f is continuous at a. °

3.2.3 Uniform Continuity

We say that f is uniformly continuous on I if for a given € > 0, there exists
a 0 = 0(e) depending only on € such that

|f(z) — f(y)] <e whenever z,y € I and |z —y| < d.

Examples of functions that are uniformly continuous:

Every linear function f(z) = ax 4 b is uniformly continuous on R.

f(z) = sinz is uniformly continuous on R because for every z,y € R,
|sinz —siny| < |z — y| (see Example 3.23).

f(x) = 2? is uniformly continuous on [0, b], because |22 — y?| < 2b|z — y|.
f(z) = 1/2 is uniformly continuous on [b, c0) (b > 0), because

_lrmyl
ey~ 0%

1
z Yy

Uniform continuity is a property involving a function f and a set I on
which it is defined. It makes no sense to speak of f being uniformly continuous
at a point of I (except perhaps when I consists of a single point!). Clearly,
every uniformly continuous function on I is continuous on I, but the converse
is not true in general.

Examples 3.37 (Continuous functions that are not uniformly contin-
uous). Define f(z) = cos(1/z) for x > 0. Clearly, f is continuous on (0, 00).
We show that f fails to be uniformly continuous on any interval (0,b), where
b > 0 is fixed. In order to show this, we proceed as follows. We shall show
that for e = 1, there exists no § > 0 such that z and y in (0,b) such that

|x —y| <0 implies that |f(z) — f(y)| < 1.

Let § > 0 be arbitrary. We now wish to find two points z and y in (0, b)
such that |z —y| < ¢ and |f(x) — f(y)] = 2. To do this, we choose z,, and
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Yn such that z, — 0 and y,, — 0 as n — oo but |f(z,) — f(yn)| = 2 for all
n € N. For example, if x,, and y,, are such that

1 1
— =2n7r and — = (2n+ )7,
In Yn

then for all n € N,
|[f(xn) — f(yn)| = |cos2nm — cos(2n + 1)7r| = 2
and

1 !
ont (2n+ 1) 2n(2n+ D1’

Tn — Yn =

Now we can choose a natural number N to ensure that

1

— <6 | 11 N.
2n(2n + 1)7T< oraln =

This observation shows that for ¢ = 1 > 0, there exists no positive number §
(independent of z,y) such that

[f(z) = fly)l <e

whenever | —y| < . So f is not uniformly continuous on (0,b). Note that
f is bounded and oscillates, and the trouble occurs near the origin. However,
a function can be uniformly continuous on an unbounded set. For example,
f(z) = cosz is uniformly continuous on R.

Next we present another example. Define f(z) = 22 for z € R. Clearly,
f, being a power function, is continuous on R. In order to show that f is not
uniformly continuous on R, for any § > 0, we write

1 )
@)= 1) =l =1 = o+ o o =) =26 (5 ) (3)

by choosing = and y such that

T4y = 1 and z—y= 0

Y75 YTy
Solving the last two equations, we get
x—l 1+6 and 1714
—2\5 "3 Y=a\5 3)

Thus, for any positive real number §, we have found two numbers xz and y

such that
v —y| <d/3<d and |f(z)— fly)|=2>1.
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In other words, no § “works” for every pair of real numbers = and y such that
If(z) — f(y)| <e=1 whenever |z —y| <.

So f is not uniformly continuous on R. Observe that f grows too quickly.

Similarly, it can be easily seen that f: (0,1) — R defined by f(z) =1/x
is not uniformly continuous. In fact, given any § > 0, choose = such that
0 <z <min{1,0} and y = x/2. Then |x — y| = /2 < 6 but

’ 1 1 2 1 1

———|=———=-=>1,

y r x

which clearly shows that f is not uniformly continuous on (0, 1). ®

The following result is one of the most important results in analysis.

Theorem 3.38. Every continuous function f on a bounded closed interval
[a, b] is uniformly continuous therein.

Proof. Assume that f is continuous on [a, b]. Suppose on the contrary that f
is not uniformly continuous on [a, b]. Then there exists an € > 0 such that for
each ¢ > 0 there are two points z,y € [a, b] such that

If(x) = f(y)| > € and |z —y| <.

In particular, for each n € N, we can define two sequences {z,,} and {y,} in
[a, b] such that for every n > 1,

o0 = yal < and [ F@) = fon)] 2 €.

Since {z,} is bounded, by the Bolzano—Weierstrass theorem, it contains a
convergent subsequence x,,, that converges to some point ¢ € [a, b] as k — oc.
Now,

|ynk 7C| < |ym 7x’ﬂk| + |£L’nk 7C| — 0 ask— 00,

so that the sequence {y,, } converges to ¢ as k — co. Since f is continuous at
¢, we must have

f(@ny) = f(yny) = fle) = f(e) =0 ask — o0
This contradicts the fact that |f(zn,) — f(yn,)| > € for all n € N. This

contradiction shows that f must be uniformly continuous on [a, ]. u

3.2.4 Piecewise Continuous Functions

A function f : [a,b] — R is said to be piecewise continuous if it has at most a
finite number of discontinuities on [a, b] and the one-sided limits exist at each
point of discontinuity. Here we allow the possibility that the function may not
be defined at the points of discontinuity. Every point at which the one-sided
limits are not equal is called a jump point or remouvable discontinuity of f. At
points xg where f(z) is continuous, each of the one-sided limits is of course
equal to f(xp). Thus, we have the following definition.
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Definition 3.39 (Piecewise continuous function). A function f : [a,b] —
R is said to be piecewise continuous if there exists a partition P = {xo,x1,
...y Zn} of [a,b] such that

o [ is continuous on each subinterval (xp—1,2r), 1 <k <n;
o f(xp+) for 0<k<n-—1and f(xp—) for 1 <k <n exist.

In particular, every continuous function on [a,b] is piecewise continuous.
Graphs of some piecewise continuous functions are given in Figures 3.8 and 3.9.

removable

A
Y discontinuity
/\>)<
| °
f —
a O b =«

Fig. 3.8. Examples of piecewise continuous functions.

7y \

~~ asymptote

ol x
5 vertical asymptote

Fig. 3.9. Piecewise continuous functions may not have vertical asymptotes.

3.2.5 Questions and Exercises

Questions 3.40.

1. Can every continuous function be accurately graphed?
2. Suppose that f is continuous at a point a. Does this imply that

lim (f(a+ h) ~ f(a— b)) = 07

How about the converse?
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Suppose that f is a continuous function in a neighborhood B(0;4) of the
origin and f(x) = f(x?) on B(0;§). What can be said about f?

If f is continuous on R, must f(x + a) be continuous?

Suppose that f is a nonnegative continuous function in dom (f), the
domain of f. Must / f(z) be continuous on dom (f)?

Must every continuous function on a bounded interval [a, b] be bounded?
Let f be a real-valued function that is continuous at zp € R. Must |f|
defined by |f|(z) = |f(x)| be continuous at xo?

Suppose f and g are continuous at g € R. Must ¢ = max{f, g}, where
o(x) = max{f(x),g(z)}, be continuous at z¢? How about the continuity

of min{f, g}?
Suppose f is continuous on [a,o0) for some a € R, and lim f(z) = ¢ for
Tr—r00

some £ € R. Must f be bounded on [a, 00)?

Suppose that f is continuous on (—oo, a] and lim,_,_ o f(2) is finite. Must
f be bounded on (—o0,al?

Suppose that f is continuous on R such that f(x) = 1 for z € Q. What
can be said about f on R?

Is [z] piecewise continuous on [0,3]7 Is [z] one-to-one on R?

If f(z) = [z] — [x/3] on [~1,4], is f continuous at x = 37

Suppose f: I — R is a function such that |f] is continuous on I. Must f
be continuous on 17

Suppose that f and g are discontinuous on R. Can the composition g o f
be continuous on R? Can the sum f + g and product fg be continuous on
R?

Can there exist a function that is discontinuous only at 1/n, n € N, and
nowhere else?

Suppose that f: [0,1] — Q is continuous such that f(1/3) = 1/3. Must
f(z) =1/3 on [0,1]7

Does the sequence {sin(mw/n)},>1 converge to zero?

Are the sum and product of two uniformly continuous functions uniformly
continuous?

Suppose that f : [a,b] — R is uniformly continuous. Must f be bounded?
How about if [a, b] is replaced by a bounded subset of R?

Can a product of two functions that are not uniformly continuous be
uniformly continuous?

Can there exist an unbounded function that is uniformly continuous?

Exercises 3.41.

1.

Let f: R— R by

1 . 1
Fa) =2z sin (F) for = # 0,
0 for z =0.

Prove that f is not continuous at the origin.
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10.

11.

12.

13.

14.

3 Limits, Continuity, and Differentiability

Using the e-¢ definition, show that f(z) = vz + 2 is continuous at x = 2.
Give an example of a function that is continuous on [0,2) and (2, 3], but
not on any open interval containing 2.

. Prove that the following functions are continuous at the indicated points

by finding ¢ for a given € > 0:
(a) f(z)=+x atz=4. (b) f(z)=+va?-9 atz=3.

1 1
=— atz= 0. d =— atx=a>0.
(€) fle)=~- atz=a# (d) f(x) 7z #r=a
For z > 0 or —1 < x < 0, prove the Bernoulli inequality
(14+2)">1+nz forn>2.

Using this, prove that {r"} converges if and only if —1 < r <1 (see also
Theorem 2.34).
For what values of a does lim,_,,[x] exist? Determine the domain where
[x] is continuous.
If f(x) = /o —[z] on (0,2), determine lim,_,o4+ f(x) and lim,_,o— f(z).
Determine whether f is continuous at x = 1.
Define - _—
fla) = Qoo 1
(I +sin7z)? +1
Determine points where f is discontinuous.
Determine the constants a and b such that f defined by

z € R.

ax + 3 for z > 4,
flxy=<7 for x = 4,
22 +bx+3 for x < 4,

is continuous on R.
Suppose that f is uniformly continuous on a set E and {x,} is a Cauchy
sequence in E. Show that {f(z,)} is a Cauchy sequence. Using this, show
that f(z) = 1/22 is not uniformly continuous on (0, 1).
Consider f: R — R by f(x) = 3|z|. Let € > 0 be given. Find d(e¢) > 0
such that |z —y| < (e) implies |f(z) — f(y)| < € for all z,y € R.
Suppose that f is continuous on [0,00) such that lim, . f(z) = ¢ for
some ¢ € R. Prove that f is uniformly continuous.
Suppose that f is continuous on R and

lim f(z)=0= $Emoof(x)'

Tr—r00

Prove that f is uniformly continuous on R.
Define

_ Jxsin(1/z) for x # 0, _ [ sin(1/z) for z # 0,
f(x)_{o for x =0, and g(x)_{o for x = 0.

Prove or disprove the following: f is uniformly continuous on R, but g is
not.
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3.3 Differentiability

Though the concepts and results in Sections 3.1 and 3.2 help us to understand
functions somewhat, the concept of the derivative of a function is needed in
order to understand its rate of change, maxima, minima, and other important
features.

Let I be an open interval in R and a € I. Since [ is open, for all h such
that |h| is small (h # 0), the point a+ h also lies in I. Suppose that f : I — R.
We define the slope of the graph of f at (a, f(a)) to be the limit as © — a of
the slope of the chord through the points (a, f(a)) and (z, f(x)). The slope of
the chord is “the difference quotient for f at a” and is given by

f(x) = f(a)
z—a
and so the slope of the graph of f at (a, f(a)) is
L@ f@) | fath) - fa) o

z—a  r—a h—0 h ’

provided the limit exists and is finite. This limit is denoted by f’(a) and is
called the derivative of f at a. If f has a derivative at a, then the function f is
said to be differentiable at a. This is same as saying that the graph y = f(x)
has a tangent at the point (a, f(a)) with slope f’(a) (see Figure 3.10). If f is

Slope of the secant line through
points (a, f (a)) and (x, f (x))

Y _ flz)—f(a) 1y tangent line )
jlope— rT—a A \\\\ \ y=fla)+ f(a)(z—a)
z, flx
) (z, f(z))
(a, f(a))
o] &« & =@ 0 R

Secant lines tend to tangent line
when x —>a

Fig. 3.10. Depiction of differentiability of f at a.

differentiable at every point of I (i.e., f’(x) exists on I), then f is said to be
differentiable on I, and the function f’: x +— f'(x) is called the differentiable
function. The operation of obtaining f’(x) from f(z) is called differentiation.
We remark that any one of the following notations may also be used instead
of f'(x) for the derivative of y = f(z):
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D@, Loy, O
It is important to remark that the symbol dy/dx is purely a notation and
does not mean some quantity dy “divided by” another quantity dz. Clearly,
by (3.7), many results obtained for limits and continuity can be used to prove
analogous results for derivatives.
Suppose that f is defined on [a,b). Then as in the case of one-sided con-
tinuity, the right derivative of f at a is defined to be the limit

i L@ =S flath) - fla)

h=x— 0
z=at T —a h—0+ h ( z-a>0),

provided the limit exists. It is customary to denote this limit by f’ (a).
If f is defined on (a, b], then the left derivative of f at b, denoted by f’ (b),
is defined to be

P P A GOl ()N (U 1) ¥ (U]

z—b— z—b _h—>0— h (h:x—b<0),

provided the limit exists. The left and right derivatives are called one-sided
derivatives (see Figure 3.11).

Y yA

!

T @]

Fig. 3.11. Left and right derivatives.

The following result, which provides the connection between the definitions
of derivative and one-sided derivatives, is rather obvious.

Theorem 3.42. Suppose that f is defined on (a,b) and ¢ € (a,b). Then f is
differentiable at c if and only if both f! (c) and f' (c) exist and f! (c) = f’(c).

As in the case of continuous functions, we have the following definition.

Definition 3.43. We say that f : [a,b] — R is differentiable (on [a,b]) if
['(x) exists on (a,b) and both f' (a) and f’ (b) exist.
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3.3.1 Basic Properties of Differentiable Functions

The first of the following basic theorems relates differentiability and continuity.

Theorem 3.44. Let f be defined on an open interval (a,b), and x € (a,b). If
f s differentiable at x, then f is continuous at x.

Proof. For h # 0, we consider the identity

e+ h) — fla) = (M)h (h#0).

By the sum and product rules for limits,

lim (f(xz + h) — f(z)) = lim (M) h=f'(z)-0=0,

h—0 h—0
so that limp, o f(x + h) = f(z). Thus, f is continuous at x. [

The continuity of f does not necessarily imply differentiability of f, so
differentiability is stronger than continuity. Here is a simple example to
demonstrates this.

Example 3.45. Consider f(z) = |z] on (—1,1). If h # 0, then

f(h)—f(0) _ || _ {1 forh>0,
h—0  h | —1lforh<0.

Thus, f(z) = |z| is not differentiable at = 0 but is continuous at 0. Is f
differentiable at other points in R? Note that the graph of f on (—1,1) does
not have a tangent at the origin; no line through (0,0) is a tangent to the
graph of y = f(z) = |z| at x = 0.

One could also use the sequential version of the definition. Clearly,
{(=1)"/n} converges to zero. Set

q 1
Top = —  all 1= — .
2n om T2n—1 om—1

Then z,, — 0 as n — oo, and

_ f(xn) = f(0)  [1 for n even,
T(@n) = 2, —0 | =1 fornodd,
showing that {T'(z,} does not converge. It follows that |z| is not differentiable
at the origin. ®

Theorem 3.44 may be used as a test for nondifferentiability. For example,
if f(x) = [z] denotes the integer part of x, then the function is not continuous
at integer points, and hence it is not differentiable at integer points.
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The function f(z) = 22 is everywhere differentiable, because
(x+ h)? — 22 2zh + h?

_fl@t+h) = fl@) 1
T i R
More generally, if f(x) = 2", n € N, then f'(z) = na""!. In fact, for each
fixed o € R and n > 2, we have

f(@) = f(zo) = 2™ —ah = (x — xo) ("  + 2" 220 + -+ + 207 Y),

so that
hm M — hm [xn_l _|_ xn_2x0 + N + 1'67’71} — nxg’il.
rT—T0o T — J’,‘O xrT—rTo

Since x( is an arbitrary point of R, we can write this in the form

f(z)= %(m") =na""', xER,

forn=1,2,....
Example 3.46. Consider

fz) = 1422 for -1 <2z <0,
" lcosz for 0<zx<2nm.

Determine whether f is differentiable at the origin and whether f has right
and left derivatives at the endpoints —1 and 27, respectively.

Solution. At ¢ = —1, for 0 < h < 1, we easily have

f(=1+h) = f(=1)

=h—2— -2 ash— 0+,

h
showing that f} (—1) exists and equals —2. Also for —1 < h < 0, we have
—f(h) ; 1) =h—0 ash— 0—,

showing that f’ (0) = 0. Similarly, for 0 < h < 7/2,

f(h)— f(0) cosh—1  2sin®(h/2) (h
ek (b2 (5)

which approaches zero as h — 0+. That is, f/ (0) = 0. Since the left and right
derivatives at 0 are equal, it follows that f is differentiable at 0 and f'(0) = 0.
Finally, for —(7/2) < h < 0, we have (see Example 3.23)
f@2m+h)— f(2r) cosh—1
h N h 7
which approaches zero as h — 0—. Consequently, f is differentiable from the
left at 27 and f’ (27) = 0. °
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Example 3.47. Consider f(z) = sinz and arbitrary zo € R. Then, using the
addition formula sin(zg 4+ h) = sin xg cos h + cos zg sin h, we have

f(xo—khf)L—f(ﬂco) — sinzg <COSZ 1> 4 cos g (s12h) ,

so that (see Examples 3.23 and 4.24)

h) — h—1 inh
lim fl@o +h) = f(zo) = sinxg lim cosh— 2 + cosxg lim e
h—0 h h—0 h—0 h
=sinzg -0+ coszo - 1.
It follows that f is differentiable at xg, and f’(z¢) = coszg. Since xg is
arbitrary, f’(x) = cosz on R. °

By the definition of differentiability and theorems on limit and continuity,
we have the following analogous results for derivatives.

Theorem 3.48. If f and g are differentiable at xq, then their sum f + g,
difference f — g, product fg, quotient f/g (where g(xo) # 0), and the scalar
multiplication cf are also differentiable at xq, and
N _fla-1g

(f+9)=f+d, (fo))="Ffg+fd, (E =T (cf) =cf,
where ¢ is a real constant.

More generally, finite linear combinations (of the form oy fi+asfo+-- -+
anfn, oy €R, j=1,2,...,n) and finite products of functions differentiable
at xo are also differentiable at xq.

Proof. For x # x¢, consider the following:

(f+9)(@) = (f +9)(x0) _ {f(ff) —f(xo)} +{g(w) g(xo)},

r — X0 r — X T — X0

(f9)() = (fg)wo) _ {9(%‘) — 9(xo) } + gla0) {f(x) - f(wo)}7

xr — X0 xr — o xr — o

and for g(zo) # 0,

(5) - () e ot (F5=52) - s (2500)

T — X0 g(x)g(o)

The assertions then follow from the above equalities and the properties of the
limit by letting x — x¢ and noting that if f, g are differentiable at x(, they are
continuous at xg, so that f(z) — f(xo), g(z) — g(zo) as © — x(. A similar
argument takes care of the general result. [
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Corollary 3.49. Every polynomial p(x) defined by
p(x) =ap+ a1z + -+ apa”,

where ag, . .. ,a, € R, is differentiable on R, and its derivative is given by

p'(x) = a1 + 2a0x + - + napz™ ', zER.

As a consequence of Theorem 3.48, we see that every rational function
r(x) is differentiable on the domain of r(z).

Suppose that f is differentiable at zy. Then in terms of e-é notation, given
any € > 0, there exists a 6 = (e, z9) > 0 such that

f(x) = flxo)

— f(z0)| <€ whenever 0< |z — x| <.
T — X9

In view of the limit lim,_,., f(x) = f(zo), we may let

f(@) — f(=o)
n(z) = T — T
0 for x = xo,

— '(zo) for 0 < |z — zo| < 6,

and observe that lim,_,,, n(x) = 0 = n(zo). Therefore 7 is continuous at xo,
and we get an explicit expression for f(x) in the form

f(@) = fwo) + f'(wo)(x — @0) + (x — wo)n(2) (3.8)
for | — z¢| < 0. In conclusion, we have the following result.

Proposition 3.50. Suppose that f is differentiable at xo. Then there exists
a function n that is continuous at xo and satisfies (3.8) for all x in some
neighborhood B(xo;0). Equivalently, f is differentiable at xq if and only if

f(a) = fxo) + f'(xo)(x — 20) + E(), (3.9)
where E is a function defined in a neighborhood of xo such that

lim E(z)

T—To T — X

=0.

By (3.9), we obtain a linear function
L(z) = f(zo) + f'(z0)(z — o)

that approximates f(z) up to an “error” term F(z), which is small in absolute
value in comparison with |z — x| for x close to zo (see Figure 3.12).

Here is the rule for differentiating a composite function. The proof requires
substantial understanding of the abstract -9 formulation of the limit.
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ya yAy:L(x) =f($o)+f,(ff0)(x7'r0)

( ( 5 ) -
/, (AN
29=0 zg+0 T9—0 zg+9
f(x) = f(zg) for x near g f(x) =~ L(x) for x near x;
for continuous function f near x for differentiable function f near z

Fig. 3.12. Tangent approximation to f(z) at zo.

Theorem 3.51 (Chain rule). Let f : I — R and g : J — R be such
that f(I) C J, where I and J are some open intervals containing xo and
yo = f(xo), respectively. If [ is differentiable at xo and g is differentiable at
f(xo), then the composition (go f)(x) = g(f(x)) is differentiable at xo and

(g0 .f) (x0) = g'(yo) f'(x0) = (9" © f)(x0) [ (20). (3.10)

Further, if f is differentiable on I and g is differentiable on J, then go f is
differentiable on I and (3.10) holds for each xg € I.

Proof. We remind the reader that the hypothesis that f is differentiable at
xo implies that x( is a limit point of I. Similarly, yo is a limit point of J.

Let y = f(x), = € I. Since f is differentiable at x, by (3.8), there exists
a 01 > 0 such that

flx) — f(zo) = (& —xo)ns(x) for x € B(xo;d1) C 1,
where 1y (= f/(x0) +n(z) in (3.8)) is continuous in B(zo; 1) with
Jim g (z) = f'(z0)-

Further, since g is differentiable at gy, there exists a d2 > 0 such that

9() —9(wo) = (v —vo)ny(y) fory € Blyo;d2) C J,

where 74 is continuous in B(yo;d2) with limy_,,, 14(y) = ¢'(yo). Now choose
6 > 0 such that § < §; and

|z — x| < 61 implies |f(z) — f(z0)| < da.
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Then for x € B(xo;d), we have by substitution
9(f (@) — g(f(z0)) = (f(2) — f(z0))ng(f (x)) = (z — zo)nys(x) - 1y (f (2)),
so that
9(f(x)) — g(f(x0))

xr — o

=15 (x) - ng(f (),

where n¢(z) - ng(f(x)) is continuous at zo and approaches f'(zo) - ¢'(yo) as
x — xg. The assertion now follows. |

3.3.2 Smooth and Piecewise Smooth Functions

Suppose that f is differentiable on an interval I. Then we obtain a new func-
tion f’ (whose domain may be a subset of I). Even if f’(z) exists on I, the
derived function f’ need not be continuous on I (see Example 3.54).

Definition 3.52. We say that f is of class C* on I, denoted by f € CY(I),
if f is differentiable on I and f' is continuous on I. If f € CY(I), then we
often say that f is continuously differentiable on I.

In particular, we say that f is continuously differentiable on [a,b] if f is
differentiable on [a,b], f’ is continuous on (a,b), and
/ T / Y / I / e £l
fi(a)= Jim fx) = f'(at) and JL0) = lim f'(x) = /(b
Definition 3.53 (Piecewise smooth function). A function f: [a,b] - R
is said to be piecewise smooth if there exists a partition P = {xg,21,...,Zn} of

[a,b] such that f is continuously differentiable on each subinterval (xy_1,xr),
1<k <n, where xy = a and x,, = b.

In particular, every f € C'([a,b]) (i.e., every continuously differentiable
function) is piecewise smooth. We remark that functions in C*([a, b]) are called
smooth functions..

Suppose that f is differentiable on an open interval I and a € I. Then it
is natural ask whether f’ differentiable at a. If so, we denote the derivative
of f/ at a by f”(a). This is called the second derivative of f at a, and is
also denoted by f(?)(a). The higher-order derivatives f(™)(a) may be defined
similarly.

Example 3.54. Define f,g,¢: R — R by

[ sin(1/z) for x #0,
f(x)_{() for x =0,

g(z) = xf(z), and ¢(x) = 22 f(z). Then we have the following:

(a) f is not continuous on R.
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Fig. 3.13. Graph of f(z) = zsin(1/z) on [-0.2,0.2].
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Fig. 3.15. Graph of f(z) = z?sin(1/x) on [-0.04,0.04].
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(b) g is continuous on R but not differentiable at 0.
(¢) ¢ is differentiable on R but not continuously differentiable on R.

The graphs of f, g, ¢, and x* f(z) are pictured in Figures 3.1 and 3.13-3.15.

First we notice that it is a routine matter to show that each of f, g, and ¢
is differentiable on R\{0}. At the end, we shall see that ¢ is also differentiable
at the origin. In order to prove that f is not continuous at z = 0, it suffices to
observe that lim,_,qsin(1/x) does not exist (see Example 3.7). Alternatively,
consider

F(@) = F(0)] = |sin(1/z)], @ #0.
In any interval (=6, d), no matter how small 6 > 0 is, there are points at which
|sin(1/z)[ =1,

showing that f is not continuous at 0. In fact, we observe that every interval
(—4,0) contains points x of the form x = 1/nr for large n. Indeed, if
1 d 1
——————— an =—
2n+1/2)7 = n+ 32

then f(x,) =1 and f(y,) = —1, showing that f does not tend to a limit as
x — 0. To prove the continuity of g at 0, let € > 0. Then

Tpn =

lg(z) = g(0)| = lg()| < [z] for all z.
Since we want this to be less than ¢, we let 6 = €. Then
lg(xz) — g(0)] < e forall |z —0] <4,

and so according to the e-6 property, g is continuous at 0. A similar argument
with & = /e shows that ¢ is continuous at z = 0.
To check the differentiability of g at 0, we compute

. g(h) —g(0) o
R
showing that g is not differentiable at 0.

Further, since |hsin(1/h)| < |h| for all h # 0, it follows that

i @) = 6(0)
h

lim = }lllg})hsm(l/h) =0,

and therefore we have

1« f2xsin(l/z) —cos(1/z) for = #0,
¢(x)—{0 for x =0.

Thus, ¢ is differentiable for all z. For x # 0, the first term in the last expression
has limit 0 as * — 0, whereas the second term takes values between —1 and
+1 in every neighborhood of 2z = 0. Thus limy_0 ¢’'(h) does not exist, even
though ¢'(0) = 0. Hence, ¢'(z) is not continuous at z = 0. °
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3.3.3 L’Hopital’s Rule

In Theorem 3.8, we proved that

Tr—ra

+a g(z) T g(z)
provided both lim,_,, f(z) and lim,_,, g(z) exist, and lim,_,, g(z) # 0. How-
ever, in curve sketching and other applications, one encounters evaluation of
a limit of the form

where lim,_,, f(z) and lim,_,, g(x) are either both zero or both infinite. Such
limits are called 0/0 or co/oo indeterminate forms, respectively. The rule to
evaluate such limits if they exist is known as I’'Hopital’s rule. The numera-
tor and denominator may have limits, but the quotient need not. We also
meet other indeterminate forms such as oo — 0o, 1°°, o0®, 0%, and oo - 0. In
this subsection we state another important consequence of differentiability
for computing limits of the indeterminate form 0/0, and the corresponding
rule for the remaining cases may be reformulated from the result for the form
0/0. Again, we emphasize that there are several versions of the rule. However,
one can make appropriate modifications to state a more general result of the
following form for differentiable functions as in Exercise 3.59(13).

Theorem 3.55 (L’Hépital’s rule). Let f(z) and g(z) be differentiable at
zo, with f(xo) = g(xo) = 0. If g'(z0) # 0, then

flx) _ f(xo)

1m = .
ez g(x)  g'(20)

Proof. Since ¢'(xg) # 0, by Corollary 3.29, there is an open interval containing
xo such that ¢’(z) # 0 for all z in this interval. Consequently, g(x)— g(zo) # 0
for all x in an open interval containing xq. Finally, the result is a consequence
of the definition of derivative and the algebra of limits, for

L f) ) f(a) — f(wo)
f/(g;o) _ T—To T — Xg — lim T — o — im M .
gl(xO) limg_,, g(a?) — g(l’o) z—z0 g(x g( ) z—T0 x) ’
T — o T — Xo

Examples 3.56. (a) Let f(r) = 2% — 2% and g(x) = 2. Then
flz) _ f(0) _0_

wgl@) ~ g0) 1

Note that for = # 0, f(z)/g(x) equals 22 — z.
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(b) Let f(z) = 2® — 1 and g(x) = 2% — 1. Then
fl@) . 8af

7}1—>ml g(z) - 71~1—>ml% =4

(c) For f(x) = sinz, we have

f(ax) . sinax cos 0
im — =a =a,
z—0 f(x)  2—0 sinz cos0
where a is any real number.
(d) Let f(x) =1 —cosx and g(z) = sin® z. Then g(n7) = 0, f(2n7) =0,

f'(z) =sinz and ¢'(z)=2sinzcosuw,

so that f/(nm) = 0 and ¢'(nm) = 0. So Theorem 3.55 is not applicable in
the present form to compute lim, o, f(2)/g(z). Since ¢’'(2n7) = 0 for
each n € Z, Theorem 3.55 is not applicable. But using the fact that

2 2

sin®z =1 —cos”x = (1 — cosz)(1 + cosx),

we have for each n € Z,

. 1—cosx . 1 —cosx . 1 1
lim ——= lim ———= lim —=_-. @
z—2nT  sin“ x z—2nwt 1 —cos*x  z—2nm 1 4 cosT 2

3.3.4 Limit of a Sequence from a Continuous Function

The graph of a sequence consists of a succession of isolated points. For ex-
ample, the graph of y = V22 + 5z — x, x > 1, is clearly a continuous curve.
The only difference between lim,,_, o @, = @ and lim,_,, f(x) = a is that n is
required to be an integer with f(n) = a,. We already know quite a bit about
the limit of a sequence and the limit of a function. We are now confronted
with a situation that is very similar. So our knowledge of functions and the
theory of limits developed earlier carry over immediately to some sequences
and their limits.

Theorem 3.57 (Limit of a Sequence from the limit of a continuous
function). Given the sequence {ay}, let f be a continuous function such that
an, = f(n) for large n. If lim,_,o f(x) = L, where L is in the extended limits,
then lim,, oo ay, = L.

Proof. Let € > 0 and L € (—o0,00). Because lim,_, o f(z) = L, there exists a
number N > 0 such that

|f(z) — L] < e whenever z > N.
In particular, we may choose N large enough that if n > NV, then
|f(n) = L| = |an — L| <,

and so {a,} converges.
We leave the proof for the cases L = +00 as exercises. [
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We note that Theorem 3.57 does not say that if lim,, . a,, = L, then one

has lim,_,o f(2) = L. We present some simple examples.

(1)

Consider a,, = n3/(1 +e"). If we let f(z) = 23/(1+e%), then f is contin-
uous for all z, and f(n) = a, for n =1,2,.... Theorem 3.57 tells us that
lim,, o @, is the same as lim, o f(2), provided the latter limit exists.
According to I’'Hopital’s rule,

lim f(z) = lim =
z—00 z—oo | + e® z—oo e¥ x—o00 €%

Thus by Theorem 3.57, lim,, ;o0 @, = limy, o0 f(z) = 0.
Consider a,, = nsin(1/n). If we set f(z) = (1/x)sinz, then a, = f(1/n),
and we observe that (for instance by 'Hopital’s rule)

fx)—=1 asz — 0+.

Theorem 3.57 then shows that a,, — 1.

3.3.5 Questions and Exercises

Questions 3.58.

1.
2.

3.

10.

11.

Are there nonconstant functions f for which f/(z) = 0 for all z € dom (f)?
Suppose that f is differentiable on (a, ¢) and [c, b). Must f be differentiable
at ¢?

Suppose that |f| is differentiable at a point c. Must f be differentiable at
c?

Suppose f! (a) and f’ (a) both exist. Must f be continuous at a?

If f is continuous at the origin, must g(z) = x f(x) be differentiable at the
origin?

Is f(z) = |z|sinz differentiable at 07

Suppose that f(zr) = /% — 2%/ on [0,1]. Is f continuous on [0,1]? Is
f differentiable on (0,1)? Does there exist a point ¢ € (0,1) such that
f/(¢) = 07 If so, at which ¢ does this hold?

Must the derivative of an odd function be even?

Suppose that f and g are differentiable on (a,b) such that f(c) = g(c) for
some ¢ € (a,b) and f(z) > g(z) on (a,b). Must f'(c) = ¢'(¢)?

Suppose that f : R — R such that |f(z) — f(y)] < (z — y)? for all
z,y € R. What can be said about the function f? For example, can it be
differentiable on R? If so, what is its derivative?

Suppose that f : [a,b] — [a,b] is such that |f(z) — f(y)| < |x — y| for all
x,y € la,b], x # y. Must there exist a number M < 1 such that

[f(x) = f(y)| < M|z —y| forall z,y € [a,b]?
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12. If f: (a,b) — R is differentiable, must the derivative f’(c) at each ¢ €
(a,b) be given by
et~ fe=h),
h—0 2h
Does the limit exist if f(z) = |z|?
13. Suppose that f is differentiable at ¢, and «, 8 are two nonzero real
numbers. Must the limit

lim flc+ ah) — f(c+ Bh)
h—0 h

exist?

14. Suppose that f is differentiable at a such that f(a) = 0. Let g(z) = | f(x)].
Is it true that g is differentiable at a if and only if f'(a) = 07

15. If f is differentiable at © = ¢, what can be said about zf(c) — cf(z)?

16. Suppose that f is differentiable on R such that f(z +y) = f(z)f(y) for
all z and y in R. If f(a) and f'(1 — a) are given for some a € R, what is
the value of f'(0)? If f(1) =3 and f’(2) =1, do we have f/(3) =37

Exercises 3.59.

1. Show that f(z) = cosz is differentiable on R.
2. Show that f(z) = x'/3 is not differentiable at the origin.
3. If f: (a,b) = R is twice differentiable at ¢ € (a,b), then show that

If f(x) = z|z| for z € R, then show that the limit on the right exists for
¢ =0, but f”(0) does not exist.
4. If f: (a,b) — R is thrice differentiable at ¢ € (a,b), then show that

Q) et h) < fle—h) 20 (0
3 h—0 h3

Find an example of a function f for which the limit on the right exists,
but f(c) does not.

5. Define f: R — [~1,1] by f(x) = v/1 + cosz. Determine f (z) and f’ ().
Also, determine points where f fails to be differentiable.

6. Suppose that f is differentiable on (a,b) and continuous on [a, b]. Do f’, (a)
and f’ (b) exist?

7. If f(x) = |z(x—1)|, determine the left and right derivatives of f at x = 0, 1.

8. Show that f(z) = |z|z is differentiable on R, but its derived function is not
differentiable at 0. How about f(x) = |z|z"? (see Figures 3.16 and 3.17).
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Fig. 3.16. Graph of f,(z) = |z|z" when z # 0 and 0 when =0, for n =1, 2.
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Fig. 3.17. Graph of f,(z) = |z|z"™ when = # 0 and 0 when = = 0, for n = 3,4.

9. Define f(z) =z — [z] on [0,4] and g(x) = |2f(z) — 1| on [0, 4]. Draw the
graphs of f and g. Prove the following:
(a) f is piecewise continuous on [0,4].
(b) g is piecewise differentiable on [0, 4].
10. Define 2 gin(1/2) £ 0
z?sin(1/z) for z < 0,
f(x)_{ﬁ for z > 0.

Verify whether f is differentiable at the origin by computing f’, (0) and

f1(0) if they exist. Also determine f’(0+) if it exists.
11. Define f: R — R by

[ sinx for x € Q,
@)= {3: for z € R\Q.

Show that f is differentiable at the origin.
12. Suppose that f is differentiable at a such that f(a) # 0. Show that g
defined by g(x) = |f(z)| is differentiable at a. Also, determine ¢’(a).
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13. If f(=o) = g(x0) =0, f'(x0), and ¢’ (x¢) exist with ¢'(x¢) # 0, do we have
!
i 1@ o S@,

I‘)rl;:lg g(m) - I]i)Il;:lg g’(m) ’

More generally, if f, g, and their (n — 1)st derivatives are zero at xp and
g™ (z0) # 0, does it follow that

(n)
A CO N RGP
z—zo g(x) g(")(ggo)
Note: Yes. This is called a general 'Hopital’s rule.
14. Using the chain rule, determine the derivative of
(a) f(z) =+/z+/x+ 2z on |0,00).
(b) h(z) = sin?(z)sin(1/sinz) on (0,7).
15. If f and g have derivatives of all orders at a point a € R, determine the

derivative formula for h(™ (a), where h = fg.
16. Suppose that

flx) =

Show that f is differentiable at the origin. Also, determine f’(0).
17. Draw the graph of

23 for z > 0, 23 for x < 1,
)= { . g(o) = {

z forzeQ,
sinz for z € R\Q.

x2 for z <0, 3z — 2 for z > 1.

Does f/(x) exist on R? If so, is f’ differentiable at the origin? Does ¢’ (x)
exist on R? If so, is ¢’ differentiable at the origin?

18. Find the set of points where the following functions are not differentiable:
(a) sin(|z]).  (b) |z|+|z—1].  (¢) |z|+|z—1]+[z —2|.
(d) |z% -9 (e) |z —27|.

19. Consider

fz) =

For what values of a and b is f continuous at the point x = 17 Is it
differentiable at the point 2z = 17 If yes, what is f’(1)? If not, determine
the left and right derivatives at x = 1.

20. Find the following limits if they exist:

x? for x < 1,
ar +bfor x > 1.

. €3 —cos2z V24T —+V2—=x
(a) lim ———. (b) lim .
z—0 €T z—0 xT
x3 xt
lim —. d lim —m——.
() 250 sing — 2 (d) 230 1T — cos 37 — 922
r—1 2
(e) tim 2 =1 (f) lim —2*

z0xr —e® +1° zo—232 41 —2°
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21. Draw the graph of f defined by

1 for x < 0,
flx) = cosz for 0 <z <m,
—1 for x> m.

Is f continuous on R? Is f differentiable on R? If so, determine whether
f/(x) is continuous on R. If not, explain at what points f is not differen-
tiable.
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Applications of Differentiability

In Section 4.1, we introduce standard properties associated with functions and
define inverse functions. In this section, we will learn the importance of the
inversion process. In Section 4.2, we begin the discussion with local and global
extrema and then continue to derive sufficient conditions for the existence
of local extrema. In this section, we also prove two important theorems in
calculus, namely Rolle’s theorem and the mean value theorem.

4.1 Basic Concepts of Injectivity and Inverses

To begin with, let us introduce some important terminology associated with
functions. Let I be an interval and f: I — R a given function. We say that f is

e monotonically increasing (or increasing) on I if f(x) < f(y) for all x,y € T
with z < y;

e monotonically decreasing (or decreasing) on I if f(x) > f(y) forallx,y € I

with < y;

strictly increasing if f(x) < f(y) for all z,y € I with z < y;

strictly decreasing on I if f(z) > f(y) for all z,y € I with z < y;

monotone if it is either increasing or decreasing on I;

strictly monotone if it is either strictly increasing or strictly decreasing

on I.

We have already encountered functions f : R — R for which there is no
inverse function g : R — R because f is not one-to-one, that is, that some
yo € R is the image of two different numbers 1,22 € R, namely f(x1) =
f(z2) = yo, with x1 # zo. Even if f is one-to-one, if it is not also onto, that
is, if there is at least one number yy that is the image of no real number z,
then f will have no inverse function whose domain is all of R.

In such cases we may require to restrict the domain and the codomain so
that the modified function has one or more inverses. This leads to a discussion
on “local inverses”.

S. Ponnusamy, Foundations of Mathematical Analysis, 115
DOI110.1007/978-0-8176-8292-7_4,
© Springer Science+Business Media, LLC 2012
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For the definitions of one-to-one and onto functions, we refer to
Section 1.2.2.

Example 4.1. Suppose that [ and I’ are subsets of R. Then the graph of
f: I — I’ helps to determine whether f is one-to-one: a function f is one-to-
one iff every line y = ¢ intersects the graph in at most one point; see Figures
4.1 and 4.3.

For instance, consider the graph of y = f(z) = 22 for all z in some
neighborhood I of the origin, say I = (—2,2). Then we observe that for y = 1
we have 22 = 1, which has the two solutions z = 41. That is, we cannot define
f71(1) uniquely. Thus, f(z) = 22 on (—2,2) fails to have an inverse function,
because it is not one-to-one. For instance, for y = —1, we have 22 = —1,
which has no real solution. In particular, f : R — R defined by f(z) = 22 has
no inverse. However, it is a simple exercise to see that g : [0,00) — [0, 00)
defined by g(x) = 2™, n € N, is one-to-one, and hence it does have an inverse
function g=! : [0,00) — [0, 00) defined by

g Hy) =y'™ for every y € [0, 00).
In other words, if x > 0 and y > 0, then for each fixed n € N,
y=a" =z =y'/"

How about f, : R — R defined by f,(z) = 2*""1? (See Figures 4.3 and 4.4.)
[ J

Example 4.2. The graph of y = sinz shows that it is one-to-one on the
interval - -
(-5 +km g+ )

for each fixed k € Z (Figures 4.1 and 4.2). Similarly, by drawing the graph of
g(z) = cosz, it can be easily seen that g is one-to-one on each interval

(km,(k+1)m), keZ,

and hence it has an inverse function cos™!(y) defined from (—1,1) onto
(k, (k + 1)7); see Examples 4.7. °

Unfortunately, it is in general not possible to solve the equation y = f(z)
for x in terms of y. However, in order to prove that f has an inverse, the
following simple result is useful. We invite the reader to prove this result.

Proposition 4.3. Let f : (a,b) = R, a < b, be continuous. Then the following
statements are equivalent:

(a) f is one-to-one on (a,b).
(b) f(I) is an open interval whenever I is an open interval in (a,b).
(c) f is strictly monotone on (a,b).
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Fig. 4.1. Graphs of y = sinx on [—7/2,7/2] and y = sin” " z on [—1, 1].
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Fig. 4.2. Graphs of y = cosz on [0,7] and y = cos™ 'z on [~1, 1].

For instance if f(x) = 27 + 22 + 1 (z € R), then for 21 < 2, we have
27 < 2l and

$I+2x1+1<$§+2x2+1,

so that f is strictly increasing. Therefore, f is one-to-one on R.

At this point, we emphasize that by Proposition 4.3, every strictly mono-
tone continuous function f : (a,b) — R has an inverse function f~! with
domain J = f((a,b)). Moreover, f~! is also continuous and strictly mono-
tone. For example, f(z) = tanz for x € (—7/2,7/2) has a strictly increasing
continuous inverse function with domain f(—7/2,7/2) = R, denoted by tan—!
(see Figure 4.5).
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Fig. 4.3. Graphs of y = 2, y = 2° on [—1,1], and y = z'/? on [0, 1].

Y Yi
y:$3 y:aj‘l/3

|/ e

o1 % T Jo 1 =

|
|

/ ,
I/ | -
'
b

Yi Ui

8

M
b
o
e

O

Fig. 4.5. Graphs of y = tanz on (—n/2,7/2) and its inverse.

4.1.1 Basic Issues about Inverses on R

Suppose that {2 and {2’ are two subsets of R, and g : {2’ — (2 is an inverse of
f: 82 — . Then we can express this by writing

gof=1Ip, 1ie,(gof)(z)=g(f(x)) =z forall xe

and
fog=1Io, 1ie, (fog)(y)=f(g(y) =y forallye 2.
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Here I, : 2 — 2 and I : 2 — (2 are the identity mappings on {2 and (2’,
respectively; that is, for all z € £2 and y € 2, one has

Ig(z)=2a and Io(y)=wy.

Remark 4.4. (a) The inverse of f is often denoted by f~! (which should not
be confused with 1/f).

(b) Further, the notion of inverse f~! of f: £ — £’ should not be confused
with the inverse image set f~!(B) for B C (2'. The latter is a set that
exists for every function f, while the former is a function that exists only
when f is bijective; see Proposition 4.5. ®

To summarize, given a function f : 2 — (2, if there exists a function
g : 2 = Q2 such that y = f(x) < z = g(y), then the function g is called
the inverse function of f.

Clearly, g is the inverse of f iff f is the inverse of g. It is in fact an easy
exercise to prove the following result.

Proposition 4.5. Let {2 and 2 be two subsets of R. Then the function f :
2 — (2 has an inverse iff f is bijective.

Proof. (=): Suppose that f has an inverse, say g : 2 — 2. Let x1,22 € 2
be such that f(z1) = f(z2). Then by the definition of inverse,
x1 = g(f(x1)) = g(f(x2)) = 22, i.e., f is one-to-one.

To show that f is onto, choose an arbitrary point y in 2. Then g(y) € 2

because f(g(y)) = y.
(«<): Conversely, let f be bijective. Because f is onto, for each y €

there is an = € {2 such that y = f(z). We denote the element x by setting
z = g(y). Moreover, because [ is one-to-one, there will be exactly one element
of 2 that f maps to a given element y € 2. Now,

flgy) = f(=) = v
Also, for each z € {2, g(f(x)) is an element of 2 such that
Fg(f())) = f(=),

and because f is one-to-one, the last equation gives

9(f(x)) = z.
Thus, g : 2/ — 2 can be defined by ¢g(y) = = whenever f(z) = y. [ ]

4.1.2 Further Understanding of Inverse Mappings

Suppose that I is an open interval and f : I C R — R belongs to C*(I) such
that f’(a) # 0 for some point a € I. If f’(a) > 0, then from the continuity of
S’ it follows that there is an open interval I; containing a such that f’(xz) > 0
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on I;. A similar statement holds when f’(a) < 0. Thus, f is strictly monotone
on I;, and by Proposition 4.3, f is one-to-one on I; with an inverse function
g = f~! defined on some open interval .J; containing f(a). Moreover,

gly) =z with y=f(x) forzel, ye . (4.1)

Example 4.6. We illustrate Proposition 4.3 with a simple function. Define
f: R =Rt by f(z) = (z — 3)2 4 1. Then

f(R) - [1,00), f((]-v4)) - [135) and f((3a4)) - (172)3

from which one can obtain that f is not one-to-one on the whole of R. On the
other hand,
>0 for x > 3,

! — .
Fl@) =2 3){<O for x < 3,
showing that f is one-to-one on each of (—o00, 3) and (3, c0). Note that f/(3) =
0, and f is strictly decreasing on the interval (—oo, 3) and strictly increasing on
(3,00). Therefore, f cannot be one-to-one on any open interval that contains
the point 3. )

Examples 4.7. Some familiar examples of functions and their inverses are as
follows:

(a) Consider (see also Figure 4.3)

{fl(x)xQ forz € 2 ={z: x>0},
g1(y) = /y forye £2.

Note that
(910 f)(@) = g1 (fi(2)) = Va2 =z
and
(fiocg)(y) = filar(v) = L(/Y) = v.
The inverse function g;(= f; ') in this case is called the positive square

root function of fi.
(b) If fo(z) = 22 for z € 2 = {z: x <0}, then g» defined by

92<y):_\/§7 yEQIZ{J}:J}ZO},

is the inverse of fo and is called the negative square root function of fo.
However, h : R — R defined by h(z) = 22 has no inverse, since h(—z) =
h(z). That is, h is not one-to-one.

(c) Our next example of a function f and its inverse function g is given by

{f(x)e”” for z € 2 =R,
g(y) =logy fory € ' ={y: y > 0}.

Note that f is increasing and one-to-one on R. Also, f(R) = (0,00) and
f((0,a)) = (1,e%) for a > 0.
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(d) Finally, we consider (see also Figure 4.1)
f(x) =sinz, ze€=[-n/2,7/2].
Then f/(x) = cosx > 0 for z € (—7/2,7/2). So the inverse g = ! exists
with domain [—1, 1]. Further,
) 1 1 1 1 1
g (y) = 7 = = — = > = 5 .
f'(x) cosx \/1—smx \/1*f($) \/l—y

Here g is called the inverse sine function. In other words, f(z) = sinz on

[—7/2,m/2] has a strictly increasing continuous inverse function, denoted
by

f~! =sin™! := Arcsin,

with domain ' = [—1, 1] and
1

NS
Note that the function sinz is of course not one-to-one on R, since
sinnm = 0 for all n € Z (compare with Proposition 4.3). Other trigono-
metric functions can be handled in a similar fashion.

(e) If f(z) =cosz for x € [0, 7], then f/'(x) = —sinz for x € [0, 7], so that f
is one-to-one on [0, 7], and hence it has an inverse (see also Figure 4.2).
Thus, f(z) = cosz on [0, 7] has a strictly decreasing continuous inverse
function, denoted by

%(Arcsin y) =

f~1 =cos™! := Arccos,
with domain ' = [—1, 1] and
1
(f) Similarly, the function f(z) = tanz is one-to-one on (—7/2,7/2), and the
inverse tangent function, denoted by Arctany or tan 'y, is given by

d
LA -
dy( rccosy)

r = f~(y) = Arctany,

with domain R. Again f~! is a strictly increasing continuous function
on R. o

Having seen a number of examples of one-to-one and inverse functions, we
now ask the following question, which has not been considered so far.

Problem 4.8. If a differentiable function f has an inverse g, is the inverse
function necessarily differentiable? If so, is it possible to obtain g'(y) from

J'(x), where y = f(z)?
Suppose that
gly)=z with y=f(z) forzel, yeJ,
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where I and J are some open intervals. If g is differentiable, then by differen-
tiating it with respect to x, we see that

g f'(x) =1,

so that

(f_) (y):m for y € J.

Equivalently,

() (f@)f(x)=1 forzel or ¢'(y)=I[f ()",

so that the derivative of an inverse function ¢ = f~! is the reciprocal of the
derivative of the original function f. Finally, we invite the reader to show that
g is actually differentiable on J (see Exercise 4.10(11)).

4.1.3 Questions and Exercises

Questions 4.9.

1.

G W

N

10.

11.

12.

Is the composition (respectively product, sum) of two decreasing functions
monotone?

Is the product of two strictly increasing functions necessarily increasing?
Must every continuous function on [a, b] be monotone on [a, b]?

Must every monotone function on [a,b] be continuous on [a, b]?

Suppose that f and g are two positive increasing functions defined on an
interval [a, b]. Must the product fg be increasing on [a, b]?

How are one-to-one and monotone properties of a function related?
Suppose that f: R — R is continuous and one-to-one. Must f be mono-
tone?

. Suppose that f : [0,2] — [0, 1] is monotone and bijective. Must f and f~!

both be continuous?

Suppose that f is monotone on (a,b) and we have ¢ € (a,b). Must
lim, .y f(x) and lim,_,._ f(x) both exist?

Suppose that f and g are monotone on (a,b), h = f — g, and ¢ € (a,b).
Must limg .1 A(z) and lim,_,._ h(x) both exist?

Let f be increasing and bounded above on (a,c0) for some a € R. Must
lim, oo f(x) exist?

Suppose that f : (a,b) — R is continuous. Must f(a, b) be an open interval
in R? If not, when is this possible?

Exercises 4.10.

1.

Let f: (—o00,a) = (—00,0) be defined by f(z) = 1/(x — a). Prove that f
has an inverse function f~! given by f~!(y) = a + (1/y).

. Show that f: R — R defined by f(x) = x/(1 + |z|) is one-to-one but not

onto.
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10.

11.
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Give an example of a discontinuous function that is one-to-one.

Give an example of a continuous function that is neither one-to-one nor
onto.

Determine whether the following functions are one-to-one on (0, 00):

(a) f(z)=a*— (1/2%). (b) z* + 3z + 1. (c) =™ (n € Z).

Set f(z) = (1 +1/x)" for z > 0. Show that f is increasing on (0, 00). In
particular, f(n+ 1) > f(n) for all n > 1 (see Example 2.33).

Let f : I — J be one-to-one and have an inverse g : J — I. If g is
differentiable at yo = f(xp), o € I, where f is continuous at xy and
g'(yo) # 0, then show that f’(x¢) exists, and

1
!

fw0) = Gty
Show that z/sinx is increasing on (0,7/2).
Consider f : (0,00) — R by f(x) = 2(3 +sin(log 2?)). Determine whether
f is a monotone function.
Suppose that f is monotone on the open interval (a,b).
(a) If f is bounded above on (a,b), then show that lim,_,— f(x) exists.

(b) If f is bounded below on (a,b), then show that lim,_, 44 f(x) exists.

Note: This is an analogue of the bounded monotone convergence theorem
for sequences.

Suppose that f is one-to-one and continuous on (a,b) and ¢ € (a,b). If f
is differentiable at ¢ and f'(c) # 0, then show that f~! is differentiable at
f(e)and (f71)'(f(c)) = 1/f'(c). This is referred to as the inverse function
theorem.

4.2 Differentiability from the Geometric View Point

In this section, we discuss a few fundamental results from the theory of func-
tions of a single variable that are motivated by the geometric consideration of
differentiability in terms of tangents.

4.2.1 Local Extremum Theorem

Definition 4.11. Let f be defined on an interval I.

A point xg € I is called a point of local minimum of f, or equivalently, we
say that f has a local minimum f(xo) at xo, if there exists a neighborhood
B of z¢ such that

f(z) > f(xo) forallz e BNI.
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e A point xg € I is a local mazimum of f, or equivalently, f has a local
maximum f(xg) at xo, if there exists a neighborhood B of xg such that

f(z) < f(zg) forallze BNI.

We say that f has a local extremum at xg if xo is a point of local minimum
or a point of local mazximum.

e We say that [ has a minimum (or global minimum) at xo if f(z) > f(xo)
for all x € 1. The notion of global maximum is defined similarly.

e A point xq is called a critical point of f if either f is not differentiable at
xo orif it s, f'(xo) = 0.

e A critical point that is not a local extremum is called a saddle point.

Yi

Fig. 4.6. Nondifferentiable function with local extrema.

In Figure 4.6, for instance, y = f(z) has an absolute minimum at = a
and a local maximum at zj,;. Also, it has a local minimum at x,, and an
absolute maximum z¢. In Figure 4.7, we present graphs of functions that
have no extrema.

We now establish a necessary condition for the existence of local extrema
for differentiable functions (see Figure 4.8).

Theorem 4.12 (Local extremum theorem). Let f: I — R, where I is a
neighborhood of ¢, e.g., I = [a,b] with ¢ € (a,b). If f has a local extremum at
¢ and f'(c) ewxists, then f'(c) = 0.

Proof. Suppose that f has a local maximum (the proof for a local minimum
is similar). Then there exists a § > 0 such that

fl@) < f(c) forallze{z: |z —c/ <o} CI.
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Y Y

y=al/3

f'(x)>0 f'(x) <0

19 T 0 T

Fig. 4.7. No extrema.

local maximum

Fig. 4.8. Existence of local extrema.

First, considering the points to the left of ¢, we have (see Figure 4.9)

MZO forc—9d <z <cg,
xr—c
so that
= Jm =10 20

Next, considering points to the right of ¢, we have
flz) = f(e)
T —c

so that (see Figure 4.9)

<0 fore<z<c+d,

—~ 2 <
fi(c)= thgl e 0.
Since f'(c) exists, the left and the right derivatives at ¢ exist and are equal.

Consequently, f/'(c) = 0. ]



126 4 Applications of Differentiability
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Fig. 4.9. Left and right hand derivatives
Y Y
(1,2)
slope > 0 -
I
AN ! \ y=f(x)
slope< 0 | -
C
O ¢=6 ¢ c46 xz 1) '1 T

Fig. 4.10. f is not differentiable at = = c.

Fig. 4.11. Graph of f given by (4.2).

For instance, the function f(z) = x + 1/z (x # 0) has a local minimum
at 1, since

1
x+ — >2 for all x near 1.
T

For x < 0, this inequality is no longer valid. Clearly, the function f(z) =
2 4+ 1/x has no global minimum and no global maximum.

Remark 4.13. (a) The function f(z) = |z| has a local minimum at 0 al-
though f is not differentiable at the origin. This demonstrates that a
function may have a local extremum at a point without the function be-
ing differentiable at that point.

(b) The function f(z) = 23, x € [—1,1], does not have a local extremum at
the origin although f’(0) = 0. We see that Theorem 4.12 does not assert
that a point ¢ where f’'(¢) = 0 is necessarily a local extremum. That is,
the converse of Theorem 4.12 is false. °

Figure 4.10 shows that f is not differentiable at ¢, since f/ (c) and f! (c)
are not equal.
Now, we consider the function (see Figure 4.11)



4.2 Differentiability from the Geometric View Point 127

4 y=f(x) yi

=Y

fla)< f5)

Fig. 4.12. Sketch for the intermediate value theorem.

f(x):{xz—l—l for x < 1, (4.2)

2 for x > 1.

Then f is continuous on R and differentiable everywhere except at z = 1. We
see that

iy 2z forax <1,
f(x)_{O for x > 1,
whereas
b o fA+R)—f) o (I+h)2+1-2
=)= e h = h =2
. F+1) — (1)
_|_ —
! _ : p— ] —_ =
+() = hlggl+ h N hli>l(l)l+ h 0

Does it have a local extremum at 17

4.2.2 Rolle’s Theorem and the Mean Value Theorem

First we recall the intermediate value theorem (see Figure 4.12), which is one
of the most important theoretical tools used to prove a number of results in
calculus. We omit its proof, since it depends on the completeness property of
the real numbers. However, a geometric proof suggests the truth of it.

Theorem 4.14 (Darboux/Intermediate value property). Let a < b and
and let f : [a,b] = R be continuous. Suppose that yo is a point that lies in
the open interval with endpoints f(a) and f(b). Then there exists at least one
point ¢ € (a,b) such that f(c) = yo.

For example, by Theorem 4.14, for each @ > 1 the equation e* = « has
a solution (it suffices to observe that € =1 < a = yp < e® and f(z) = e%).
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Theorem 4.14 explains why the graphs of differentiable functions possess cer-
tain geometric properties.

The mean value theorem plays an important role in the differential and
integral calculus of a single variable. We state both Rolle’s theorem and the
mean value theorem.

Theorem 4.15 (Rolle’s theorem). Suppose f : [a,b] — R is continuous on
the (closed, bounded) interval [a,b] and differentiable on (a,b). If f(a) = f(b),
then there exists at least one point ¢ € (a,b) with f'(c) = 0.

Proof. The proof of this theorem is simple. Consider (see Figure 4.15)

Fz) = f(z) — f(a).

Then F is continuous on [a, b, differentiable on (a,b), and F(a) = F(b) = 0.
If F(x) =0 on (a,b), then F'(x) = f'(z) = 0 for all z € (a,b), so that the
result is trivial, and in this case, we may choose ¢ to be any point in (a,b).
Suppose F(x) # 0 for some = € (a,b). Then F, being continuous on
a closed and bounded interval [a,b], assumes its maximum and minimum,
say at x7 and o, respectively. Since F'(x) is not identically zero on [a,b],
and F(a) = F(b) = 0, at least one of x1 and x2 must belong to (a,b), say
x1 € (a,b). The local extremum theorem applied to the point z; shows that
F'(z1) = f'(x1) = 0, as desired. [

Remark 4.16. We observe the following:

e Rolle’s theorem guarantees that the point ¢ exists somewhere, although it
gives no indication of how to find such a point. Figure 4.15 makes this point
geometrically: if in the graph of f, the line segment connecting (a, f(a))
and (b, f(b)) is parallel to the horizontal line, then so is the tangent to the
graph of f at some point on the interval (a,b).

e If f(z) is a polynomial such that f(a) = f(b) = 0, then f/(z) = 0 has a
root in (a,b).

e In the statement of Rolle’s theorem, the differentiability of f on (a,b) is
essential (see Figure 4.13). For instance, if

flx)=1—|z| forxe[-1,1],

then f is continuous on [—1,1] and differentiable everywhere on (—1,1)
except at the interior point x = 0. However, there exists no point x such
that f'(x) = 0.

e In the statement of Rolle’s theorem, the continuity of f on the closed inter-
val [a, b] is essential. In particular, continuity at the endpoints is necessary
(see Figure 4.14). °

For example, if we apply Rolle’s theorem to f(x) = (x —1)e* —z on [0, 1],
it follows that the equation ze® — 1 = 0 has exactly one root in the interval
(0,1).
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JA ( no tangent line with f/(¢)=0

e fis continuous on [a, b]

e fisnot differentiable on (a,b)
® 1o cexists such that f/(¢)=0

0 a b ?

Fig. 4.13. Differentiability on (a,b) is necessary in Rolle’s theorem.

e fis differentiable on (a,b)

e fis not continuous on [a, b]

U ® 10 ¢ exists such that f/(¢)=0

0O a b g

Fig. 4.14. Continuity on [a, b] is necessary in Rolle’s theorem.

YA

f@=fO)-#F ==X -8 -

o |---=-=-1+

@)

Fig. 4.15. Sketch for Rolle’s theorem and the mean value theorem.
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8y

Fig. 4.16. Sketch for the proof of the mean value theorem.

Theorem 4.17 (Mean value theorem). If f : [a,b] = R (a < b) is differ-
entiable on (a,b) and continuous on the closed interval [a,b], then there exists
at least one point ¢ € (a,b) such that

f(b) — f(a)

20 e (43)

Proof. To apply Rolle’s theorem, we just need a linear function that maps the
line through the points (a, f(a)) and (b, f(b)) to the points (a,0) and (b,0),
respectively. The required function is given by

b) —

v=fa) +mz—a), m=T0IO

b—a
which is indeed the equation of the chord joining the points (a, f(a)) and
(b, £(b)). The number m is the slope of this chord. Now define (see Figures 4.15
and 4.16)

¢(x) = f(x) = [f(a) + m(z — a)].
Then ¢ is continuous on [a, b] and differentiable on (a, b) with ¢(a) = ¢(b) = 0.
By Rolle’s theorem, ¢'(c) = 0 for some ¢ € (a,b). This condition gives the
desired result. n

Example 4.18. Consider f(z) = |z| + |z — 1] for x € [-2,2]. Then (see
Figure 4.17) we may simplify it as

1—-2z for —2<z<0,
flxy=<1 for0<az <1,
20 — 1 for 1 <ax <2.
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Yy

-2 -1 O 1 2

Fig. 4.17. The graph of f(x) = |z|+ |z — 1| for z € [-2,2].

Clearly, f is continuous on [—2,2] but is differentiable on (—2,2) except
at 0 and 1. Note that

-2 for —2<2x<0,
f(2) f( 2)7 1 0 forO<z<l1,

— T a5 f/(CL') =
2-(-2) 2 2 forl<uz<2.
There exists no ¢ € (—2,2) satisfying (4.3). On the other hand,
f@)=f(-1)=3 and f'(x)=0 on (0,1),

showing that f/(z) = 0 for points on (—1, 2) without satisfying all the required
conditions of Rolle’s theorem for f on [—1,2]. °

Theorem 4.17 involves a single function, namely f, and is due to Lagrange
(1736-1813). There is another result (see Theorem 4.26) that involves two
functions and is due to Cauchy (1789-1857). Consider the expression (4.3).
The term on the left-hand side of (4.3), namely f’(c), is the slope of the tangent
line at (¢, f(c)), where ¢ is some point in (a,b), whereas the expression on the
right-hand side, namely the number (f(b) — f(a))/(b — a), is the slope of
the secant line that passes through the endpoints (a, f(a)) and (b, f(b)). This
equation says that the slopes are the same. That is, the secant line (chord)
between the endpoints (a, f(a)) and (b, f(b)) and the tangent line at (¢, f(c))
are parallel; see Figure 4.15. Note that we are given no indication how to find
the point c.

Remark 4.19. Consider an equation of motion

s=f(t), tel]a,b],
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so that f(t) represents the position of a moving point at time ¢. Then As =
f(b)— f(a) represents the change in s corresponding to At = b— a, the change
in time from ¢t = a to t = b, so that

As 1) (@
At b—a

which is the average velocity over the time interval [a,b]. The mean value
theorem then asserts that there is an instant ¢ = ¢ between a and b at which
the instantaneous velocity f’(¢) at ¢ equals the average velocity. For example,
by the mean value theorem, we see that if a motorist makes a trip with
average velocity 30 kilometers per hour, then at least once during the trip, his
speedometer must have registered precisely 30 kilometers per hour. ®

Also, we observe the following important points:

e There may be more than one value of ¢ satisfying the conclusion of the
mean value theorem (as in Figure 4.18).

q}\ secant line

y= f(x)

I
I -
I \ | e
O a c1 C9 b €z
Fig. 4.18. The existence of more than one ¢ in the mean value theorem.

e The conclusion may be wrong if not all the hypotheses are met. For exam-
ple, the graph of f described in Figure 4.19 is not continuous at a, and no
tangent line can be parallel to the secant line. In Figure 4.20, the graph
of f is not continuous at b, and there exists no tangent line parallel to the
secant line. In Figure 4.21, the secant line is parallel to the x-axis, whereas
there exists no horizontal tangent. So the mean value theorem fails if f is
not continuous at all points of [a, b]. In Figure 4.22, f is not differentiable
at 0, whereas the secant line is horizontal, but at no point does there exist
a horizontal tangent.

e If c € (a,b), then ¢ —a € (0,b — a), and therefore
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4.2 Differentiability from the Geometric View Point

e slope of the secant line is
(a, f(a))

b—a
line is parallel to x-axis

e there exists no cin (a, b)

)
QL+ O
P

such that f/(¢)=0

xr

Fig. 4.19. Necessity of the continuity of f at the endpoints.

Yyi
secant line e f/(x) is constant on (a, b)
» (b, f(b)) F(b) — f(a)
/ e ————— depends on
’ b—a
J/ the choice of f(b) which
/// may be at our disposal
(a, f(a))
o

Fig. 4.20. Necessity of the continuity of f at the endpoints.

Yl

ol a b T

Fig. 4.21. Continuity of f inside [a, b] is essential.

c—a=0(b—-a) or c=a+0b-—a),

133

=0, i.e. secant

where 6 is some real number in the interval (0, 1). But then the conclusion
of the mean value theorem may be written as

f(0) = f(a)

= f'(a+6(b—a)) forsomef € (0,1).

—a
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Yy
secant line

(b, f(b)) (a, f(a)) (b, £(b))

fla)t secant line

ol a i T a O

o~ -
8

Fig. 4.22. Differentiability of f on (a,b) is essential.

Example 4.20. Consider f(z) =1/x on [—1,1]\{0}. Then

f) = fla) _ fO)-Ff=D iy L
b—a 1-(-D) =1 and f(c)__c_Q'

On the other hand, there exists no ¢ in (—1,1)\{0} such that —1/¢* = 1.
Thus (4.3) has no solution. Does this contradict the mean value theorem by
chance? If not, what does this convey? °

Corollary 4.21. If f is differentiable on (a,b) such that f'(x) =0 on (a,b),
then f is constant on (a,b).

Proof. Let x1 and 2z be any two points in (a,b) such that
a<x1 <x9<b

Then f is differentiable on (z1,z2) and continuous on [z, x2], and so by the
mean value theorem,

f(@2) = f(21) = (x2 — 21) f'(c) (4.4)
for some ¢ € (21, x2). This relationship, because f'(c) = 0, gives
f(@2) = f(z1),

which is true for arbitrary points x; and x in (a,b). Thus, f is constant on
(a,b). [

Example 4.22. Suppose that f : R — R is differentiable on R and satisfies
flx+y)=f(x) + f(y) for all xz,y € R. Show that f(z) = f'(0) -z on R.
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Solution. Consider f(x +y) = f(z) + f(y). If we take x = 0 = y, we have
£(0) =2£(0), i.e., f(0) =0. Next,

flath) - f@) @)+ f(h) - f) () - f0)
e mT e O
so that f/(z) = f'(0). This gives f(z) = f/(0)x. o

From Corollary 4.21, we can conclude that if f’(z) exists for each z € [a, b]
and if f/(x) # 0 for all « € [a,b], then f is one-to-one on [a, b]. There are other
consequences of the mean value theorem.

Corollary 4.23 (First derivative test). Suppose that [ is differentiable on
(a,b). Then we have the following:

(a) If f'(x) > 0 on (a,b), then f is strictly increasing on (a,b).

(b) If f'(x) <0 on (a,b), then f is strictly decreasing on (a,b).

(c) If f'(x) > 0 on (a,b), then f is increasing on (a,b).

(d) If f'(z) <0 on (a,b), then f is decreasing on (a,b).

Proof. Apply (4.4). ]

Using this corollary, we see that sinz < x for all z > 0. We now include a
few more examples to appreciate Rolle’s theorem and the mean value theorem
geometrically.

Example 4.24. For = € (0,7/2), we have (see also Example 3.14)

sinx

cosr < — < 1.
T
In particular, by the squeeze rule,
lim 220 =1 and  lim o =1,
z—0+ X z—0—- X
Solution. Consider f(x) = sinx — x on [0,7/2]. Then f is continuous on

[0,7/2] and differentiable on (0, 7/2) with
f'(z) =cosz—1<0 on (0,7/2),
so that f is decreasing on (0,7/2). Thus,

sinx

f(z) < f(0), ie < 1on (0,7/2).

Similarly, if g(z) = tanx — x for € [0,7/2), then ¢'(x) = sec
(0,7/2), so that

)
€T

22—-1>0o0n

sinx

g(x) > ¢g(0) =0, ie. tanxz >z or > cosx on (0,7/2).

The inequality also holds on (—m/2,0) because cosz and (sinx)/z are even
functions. L]
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Example 4.25. Consider f(z) = 23 on [~1,1]. Then

_ ) = fle) _ fO)-f=D 1 — 3.2
m=—— = = (-D) =1 and f'(c) =3c".

The mean value theorem shows the existence of ¢ € (—1,1) satisfying the
condition (4.3), i.e., f’(¢) = m. This gives 3¢*> = 1, i.e., ¢ = £1/+/3. It follows
that there are two values of ¢, namely ¢; = 1/y/3 and ¢ = —1/+/3, satisfying
the condition

FO -5
Note that the tangent to the graph of f at (c1, f(c1)) and (ca, f(c2)) is parallel
to the chord joining (—1, f(—1)) and (1, f(1)); see Figure 4.23. o

Fig. 4.23. The graph of f(z) = z* on [-1,1].

Rolle’s theorem and the Langrange mean value theorem together with the
following generalization of the mean value theorem are all logically equivalent
statements:

Theorem 4.26 (Generalized mean value theorem). If f,g: [a,b] = R
(a < b) are differentiable on (a,b) and continuous at a and b, then there exists
a point ¢ € (a,b) such that
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Theorem 4.26 is also called Cauchy mean value theorem. It is worth noting
that the Lagrange mean value theorem is a special case of the Cauchy mean
value theorem for g(x) = x. In particular, if ¢’(x) # 0 for « € (a,b), then the
mean value theorem shows that g(b) — g(a) # 0, and therefore the Cauchy
mean value theorem can be written in the form

fO)—fla) _ f(o)
g(b) —g(a)  g'(c)’
since the quotients make sense in this case. Among the important and im-

mediate consequences of these theorems are the following. The reader should
have no trouble in providing a detailed proof.

e Choosing g(z) = = in Theorem 4.26 recovers the classical mean value
theorem.

o If f/(x) = ¢'(x) on an open interval, then f and g must differ by a constant
value on that interval.

At this point it would be appropriate to pose the following problems.
Problem 4.27. Are there any other applications of the mean value theorem?

Theorem 4.28. Suppose that [ is differentiable on R such that |f'(z)] < A <
1 for all x € R. Then f(x) = x has a unique solution.

Proof. Suppose that there exist x and 2’ such that f(z) = z and f(2') = 2/,
so that by the mean value theorem,

r—a' = f(e)(e—)

for some ¢ between z and . Since |f’(¢)| < 1, we must have = z’. Thus,
the solution is unique.

To prove the existence of the solution, we begin with an arbitrary g and
consider x, = f(x,_1) for n > 1. The mean value theorem then gives

Tn+l — Tn = f(xn) - f(-rn—l) = fl(cn)(xn - xn—l)a

so that
|xn+1 - 'rn| < A|J:n - xn—1|-

By Theorem 2.57, {z,} converges to z, say. The continuity of f implies that
z = f(x). [

4.2.3 L’Hopital’s Rule: Another Form

Theorem 4.29 (L’Hoépital’s rule of 0/0 form). Let f and g be differen-
tiable on (a,d] such that ¢’'(x) # 0 on (a,d], and

lim f(z) =0= lim g(z). (4.5)

r—a+ r—a+
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fhen f(@) (@)
. X . x
R gla) e ()

provided the limit on the right exists.
Proof. We assume that

lim I'(z)

= /¢ for some ¢ € R.
z—a+ g’(gj)

By (4.5), both f and g will be continuous at a if we define f(a) = 0 = g(a).
It follows from the generalized mean value theorem that there exists a point

¢ € (a,z) such that
f'le) _ fle) = fla)  f(z)

g gla)—gla)  g(2)
where x € (a,d), and ¢ of course depends on z.
Now let x — a+. Since a < ¢ < =z, it follows that ¢ — a4+ too. Conse-

)

quently,
f(@)
im —=
z—a+ g(x)
exists and has the value ¢. The theorem follows. [

It is easy to formulate another variant of I'Hopital’s rule (see
Theorem 3.55).

Theorem 4.30 (L’Hopital’s rule of 0/0 form). Let f and g be differen-
tiable on (a,b) such that ¢'(x) # 0 on (a,b), and

lim f(z)=0= lim g(x).

r—b— z—b—

fhen /() I'()
. T . X
@) T g

provided the limit on the right exists.

Remark 4.31. (a) In the hypothesis of Theorem 4.29, a may be —oo, and in
the hypothesis of Theorem 4.30, b may be oc.

(b) In the conclusion of Theorem 4.29, the limit £ = lim, 4 (f'(x)/g'(z))
need not be finite. A similar observation holds for lim, ,;,— (f'(x)/g¢'(x))
in Theorem 4.30.

(c) There are many other forms of 'Hopital’s rule. However, the forms stated
here are sufficient for most applications. °

Also, it is easy to derive the following form.
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Theorem 4.32 (L’Hopital’s rule of co/oco form). Let f and g be differ-
entiable on (a,b) such that ¢g'(x) # 0 on (a,b), and

lim f(z) =oco= lim g(z).

r—ra+ r—a+

Then
f(z)

. T i €)
lim —= = lim
i g@)  eone ()

provided the limit on the right exists.
Proof. We leave the proof as a simple exercise. [

Example 4.33. For x > 0, let f(z) = 2!/ = exp((1/x)logz). Then f is
continuous on (0, 00). By I"'Hopital’s rule, we obtain
log 1/x

lim = lim — =0,

and since the exponential function is continuous, we conclude that

- 0
.th flz)=¢e"=1.
Thus,

. T 1/n __
g S ) = Jhg nt =1 o

4.2.4 Second-Derivative Test and Concavity

The second-derivative test introduced below can be used to determine whether
a value of ¢ such that f/(c) = 0 provides a local minimum or a local maximum

for f(x).

Theorem 4.34 (Second-derivative test for relative extrema). Let [ be
a function defined in an open interval containing ¢ such that f'(c) = 0. Then
we have the following:

e If f"(c) >0, then f(c) is a local minimum for f,

o If f"(c) <0, then f(c) is a local mazimum for f,

o If f""(c) =0, then the test is inconclusive (a mazimum or a minimum or
neither may occur).

Proof. Suppose that f is defined in a neighborhood of ¢ such that
f'(e)=0 and f"(c)>0.

Because (f’)'(¢) > 0, there exists a punctured neighborhood N of ¢ (say
N = (¢—96,¢)U(c,c+9)) such that
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['@) _ f'@) - 1)

Tr —cC Tr—cC

>0 forallze N.

That is
z)<0 forc—d<z<ec,

f'(x)

f(x)=0 forz=c,

fl(x) >0 fore<z<c+d.
1

It follows that f has a local minimum at ¢ (see Figure 4.24).

Yl yl
/ fx) <0
0
RNl Fa)>0
| Je)=0 1 f/(¢) does not exist
0 : T 0 ¢ T

Fig. 4.24. A relative minimum.

A similar argument (or apply the above arguments for — f) shows that if
f'(c) =0and f"(c) <0, then f has a local maximum at ¢ (see Figure 4.25). m

Y Y
1'(¢) does not exist

f'(e)=0 \

f/(x) >0 J'(x) <0

S l-——----2-3
/

b x O a

Fig. 4.25. A relative maximum.

Definition 4.35 (Concavity and inflection point). We consider a curve
y = f(x). If the curve y = f(x) faces up on (a,b) (i.e., if all points of the
curve lie above any tangent to it on the interval), then we say that the curve
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is concave up (or equivalently convex downward). Similarly, we say that the
curve y = f(x) is concave down (or equivalently convex upward) on (a,b) if all
points of the curve lie below any tangent to it on the interval (see Figure 4.26).

A point on the graph of y = f(x) at which the concavity changes is a point
of inflection.

Y4 YA

y=f(z)
tangent line at /
L~

(20, f(70))

ol a 1z G ol a Tq b T
Fig. 4.26. Point of inflection at xo.
Example 4.36. Consider f(x) = 2z® + 32? + 1. Then
fl(x)=6x(x+1), f"(z)=0602x+1),
so that x = 0 and © = —1 are the critical values of f. Since f(0) = 1 and

f(=1)=2,(0,1) and (—1,2) are the critical points of f. Observe that
0)=6>0, f'(-1)=-6<0,

and so by the second-derivative test, (0,1) is a point of local minimum and
(—1,2) is a point of local maximum. Moreover,

f'(x) >0 for z € (—o0,—1) U (0, 00),
{f’(w) <0 for z € (—1,0).

Finally, f”(z) > 0 for z > —1/2 and f"(z) < 0 for x < —1/2, and
f"(1/2) = 0. Note that the inflection points occur where the sign of f”(x)
changes. Thus, there is a point of inflection on the curve at = —1/2, with
coordinates (—1/2, f(—1/2)) (see Figure 4.27). o

For instance, if f(z) = 2%, then f”(x) = 2 > 0 on (—o0,0), and so the
curve y = f(x) is concave up on (—o0, 00).

Theorem 4.37 (Second-derivative test for concavity). The graph of a
twice differentiable function y = f(x) is

(a) concave up on an interval I if f"(x) >0 on I;
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_ yh
(—1, 2)| ) //"(r) 5
i (0, 1)
o 1o 1 2%
flx) <0
flz)>0 e

Fig. 4.27. Local extremum behavior of f(z) = 22 4+ 32% + 1 at (—1,2) and (0, 1).

(b) convex down on an interval I if f”(x) <0 on I.

Proof. Assume that f”(z) > 0 on I = (a,b) and z¢ € (a,b) is an arbitrary
point. The equation of the tangent to the curve y = f(z) at (o, f(x0)) is
given by
yr = f(wo) + ['(zo) (2 — o),
so that
y—yr = f(2) = f(xo) — f'(w0)(z — o).

By the mean value theorem, the last equation takes the form

Yy—yr = (f/(C) - fl(l‘o))(x — xp),

where c¢ is a point between zy and x. Applying the mean value theorem for f’
on the interval with endpoints ¢ and z( yields that

y—yr = f"(c1) (¢ — o) (= — 20),
—_—

where ¢; is a point lying between ¢ and x. In either case (as shown in Fig-
ure 4.28), we see that the factor (¢ —xo)(z — x0) is positive. Consequently (see
Figure 4.26),
y—yr >0+ f"(c1) >0,
{y—yT <0<+ f"(c1) <0,

and the result follows. ™
T, C ¢ T T c e T
o< <c<x r<c<c <y

Fig. 4.28. Sign of (¢ — zo)(x — zo).
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Theorem 4.38. Suppose that the graph of a continuous function y = f(x)
is such that f"(a) = 0 or f"(a) does not exist, and the derivative f"(x)
changes sign when passing through © = a. Then the point (a, f(a)) is a point
of inflection.

Proof. Obvious from the hypothesis. [

For instance, we have the following:

(a) If f(x) = z'/3, then for = # 0,

VRN SRy iy 2 53 [>0 forxz <0,
f(a:)—gx and f(a:)——gx T 1 <0 forz >0,

so that f”(x) does not exist at = 0 and therefore y = '/ has a point
of inflection at z = 0.

(b) For the function f(z) = 2*, = 0 is not an inflection point although
f(0) = 0. We observe that f”(x) = 122% does not change sign.

4.2.5 Questions and Exercises
Questions 4.39.

1. Does every continuous function on a closed and bounded interval [a, b]
attain global extrema?

2. Assume that f,g: [a,b] — R are continuous functions such that f(a) <
g(a) and f(b) > g(b). Does there exist a point ¢ € (a,b) such that f(c) =
g9(c)?

3. Suppose that z = a is a point of discontinuity of a function f(x). Can
both f(a+) and f(a—) exist? If both limits exist, can f(a+) = f(a—) be
true?

4. Suppose that f’ does not change sign. Can a maximum or a minimum
occur?

5. If f' changes its sign from positive to negative, can there be a maximum?

6. If f/ changes its sign from negative to positive, can f have a minimum?

7. Suppose that f : (a,b) — R is continuous and has no local extrema on
(a,b). Must f be strictly monotone on (a,b)?

8. Suppose that f : [a,b] — [a,b] is continuous. Can there exist a point ¢ in
[a, b] such that f(c) = ¢?

9. Must there exist real polynomials p and g such that

p(1) —p(0) _ p(0)
a() #4(0) and AT T 00

for every ¢ € (0,1)?
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

4 Applications of Differentiability

Suppose that f and g are C* functions on (0,1) such that lim, o f(z) =
lim,_,0 g(z) = 0. Also, assume that g and ¢’ are nonvanishing on (0,1)
such that lim,_,o(f(z)/g(x)) exists. What can be said about the existence
of the limit lim,_o(f'(z)/g'(z))?

Suppose that f: R — R is continuous and periodic (i.e., f(z +w) = f(x)
for some w € R~ {0}). Does f attain both a maximum and a minimum?
In the intermediate value property (see Theorem 4.14), is the continuity
of f at each point of [a, b] essential?

Is there a number ¢ between 0 and x such that

1+2)"=1+nz(l+c)"t (neN)?
If so, does it imply

1 n—
lim w
z—0 €T

=17

Suppose that f(z) = 2"*! and g(x) = 2™ (n € N) on [a,b] in the gener-
alized mean value theorem (see Theorem 4.26). What can be said about
the quotient

n(bn+1 o an-i—l) )
(n+1)(b" —an)’
Suppose p(z) = ag + a1+ - - + apz™ (a, # 0) such that
A
=0
n+1

aj
a0+?+~'+

Does there exist a point ¢ € (0,1) such that p(c) = 0?

Let f : R — R be infinitely differentiable such that f(1) = 0, and
f®(0) =0 for k=0,1,...,n. Must f(**t1)(c) = 0 for some ¢ in (0,1)?
Suppose that f”(z) > 0 on [a,b]. Must

f(x-;y> < f0 4 10)

< for all z,y € [a,b]?

Suppose that f is differentiable on R such that f/(z) = c¢f(z) for allz € R
and for some real constant c. What can be said about f7

Suppose that f is differentiable for each > 0 and lim,_,, f'(z) = 0.
Must limg o0 (f(x + 1) — f(x)) =07

Suppose that f is twice differentiable on [a,b] such that there exists a
point ¢ € (a,b) with f(a) = f(b) = f(c¢). Can there exist a point ¢ € (a,b)
such that f”(¢) = 0?7

Suppose that f : [0,1] — R is a function such that f(")(x) exists on [0, 1]
for n = 1,2,3 and f(0) = f'(1) = f(1) = f'(1) = 0. Can f”(z) have a
zero in (a,b)?



4.2 Differentiability from the Geometric View Point 145

Exercises 4.40.

1.

2.

10.

11.

12.

13.
14.

Let f(x) = 2° — 5z, # € R. Determine the points of local maximum and
local minimum. Does the function have a global maximum or minimum?
Draw the graphs of f(z) = | + 1| and g(x) = | — 1| on [-3,3]. Also,
determine the critical values of f and g.

. Prove that among all rectangles of a given perimeter, the square has the

greatest area.

. Suppose that

1

— for 0 < |z] <1,
x

0 for x =0.

fz) =

Then f(—1) =1 and f(1) = 1. Is there a number ¢ in (—1,1) such that
f'(c) = 1/3? If so, prove it. If not, explain why it does not contradict the
intermediate value property.

. Consider the following functions:

(a) f(z)=2% -3z +1forxe[-1,1].

(b) fx)=1-=1/zfor 1 <a <9/4.

Verify in each case whether the mean value theorem is applicable. If yes,
determine ¢ in (—1,1) such that the tangent to the graph of f is parallel
to the chord joining (—1, f(—1)) and (1, f(1)).

. Suppose that g(x) = f(z) + f(1 — ) and f”(z) > 0 on [0,1]. Show that

g is decreasing on (0,1/2) and increasing on (1/2,1).

. Suppose that f(z) = (x — 1)(x — 3) on [1, 3]. Find a suitable point ¢ for

Rolle’s theorem, i.e., such that f’(c) = 0.

. Suppose that f and g are differentiable on (a, 8) such that [a,b] C (o, B),

a < b, and f(a) = f(b) = 0. Show that there exists a point ¢ € (a,b) such
that 1'(c) + f(c)g'(c) = 0.

. Consider f(x) = y/z on [100,102]. Using the mean value theorem, show

that

111 101

T < V102< o
Apply the same principle to the interval [100, 105] and compute an esti-
mate for v/105.
Suppose that f is differentiable on (—1,3) and f(0) =0, f(1) =2 = f(2).
Show that there exists a point ¢ € (0, 2) such that f’(¢) = 1, and ¢’ € (0,1)
such that f'(¢/) = 2.
Use the mean value theorem to prove that
(a) |cosx — cosy| < |z —y| for all z,y € R.
(b) |sinz —siny| < |z —y| for all z,y € R.
Suppose that f is differentiable on R such that f/(z) € [1,2] for allz € R
and f(0) = 0. Must f(z) € [z, 2z] for all x > 07
Show that sin x = 23—z has at least one solution in the interval (7 /4, 7 /2).
Using Rolle’s theorem with f(x) = (z—1)sinz on [0, 1], show that tanz+
2 —1 =0 has at least one solution = € (0,1).
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15. Prove or disprove the following:
(a) For any X € R, the equation x® — 322 + X\ = 0 has two distinct zeros
on [0, 1].
(b) For any A € R, the equation 2 + 22 + X = 0 has exactly one real root
in R.
(c) The equation 323 + sinz — 1 = 0 has a root in the interval [—1,1].
(d) The equation 2sin® z — 2z — 1 = 0 has a root in R.
(e) The equation cot z = x has a solution in the interval (0,7/2).
16. Use the mean value theorem to prove ’'Hépital’s rule (see Theorem 3.55).
17. Examine the critical values, inflection points, and local extrema of f(z) =
325 — 5x3 + 1.
18. Suppose that f is differentiable on [a,b
a real number between f’(a) and f’(b
¢ € (a,b) such that f'(c) = \?

| such that f'(a) # f'(b) and A is
. Prove that there exists a point
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Series: Convergence and Divergence

The main goal of this chapter is to examine the theory and applications of
infinite sums, which are known as infinite series. In Section 5.1, we introduce
the concept of convergent infinite series, and discuss geometric series, which
are among the simplest infinite series. We also discuss general properties of
convergent infinite series and applications of geometric series. In Section 5.2,
we examine various tests for convergence so that we can determine whether
a given series converges or diverges without evaluating the limit of its par-
tial sums. Our particular emphasis will be on divergence tests, and series of
nonnegative numbers, and harmonic p-series. In Section 5.3, we deal with se-
ries that contain both positive and negative terms and discuss the problem
of determining when such a series is convergent. In addition, we look at what
can happen if we rearrange the terms of such a convergent series. We ask,
Does the new series obtained by rearrangement still converge? A remarkable
result of Riemann on conditionally convergent series answers this question in
a more general form. Finally, we also deal with Dirichlet’s test and a number
of consequences of it.

5.1 Infinite Series of Real Numbers

We know how to add finitely many numbers. Now we are concerned with
examining the existence and meaning of the value of the sum of the terms of
an infinite sequence of real numbers, {ay },>1. The formal expression

ap+az t+az+ag+---,
denoted by

oo
E af,
k=1

is called an infinite series (or simply a series), with aj the kth term of the
series. We shall be able to “add” infinitely many numbers, not by usual ad-
dition, but rather by a method of finding a limit. Thus, we need to give a
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precise meaning to the notion of infinite sum. For instance, if a; = 1/3% for
k > 0, then it is not hard to see that the sum of the first n terms is given by
1 1 1 1—-(1/3)" 3 1
s, _ 1)t ( )

— 1o — s - —2(1- =
Tyttt T IO 2 3n

Since 1/3" — 0 as n — oo, we have S,, — 3/2 as n — oo, and it seems
reasonable and sensible to write
1+ ! + ! + -+ ! += 5
3 32 3n—l 2
We use this approach to define a convergent infinite series. Thus, to study the
properties of an infinite series, it is natural to examine the convergence of the
sequence of “partial sums” {S,},>1 defined by

Sp=> ar, n=123,...
k=1

Here the finite sum S,, is called the nth partial sum of the series Zzil ag.
Motivated by the above example, we ask, Is it possible to associate a numerical
value to the infinite sum Y - | ax ? If so, we would expect the sequence of the
partial sums {Sy},>1 to approach that value. It is customary to make this
idea precise in the following form, which defines the behavior of an infinite
series in terms of its sequence of partial sums.

Definition 5.1 (Infinite series). The series Y - ai is said to be conver-
gent, or to converge to S, if the sequence of partial sums {Sn},~,, Sn =
S or_y ak, converges to S. In this case, we say that the series converges to S,
and we write

(oo}

Zak = lim S, =S.

n—oo

k=1
Here S is referred to as the sum of the series Y ;- ai. If the sequence {S,}
does not converge, then we say that the series ZZ’;l ay diverges and has no
sum. In particular, if lim,,_, o, S, = 00 or —oco, we say that the series diverges
to oo or —oo, and write

oo oo
E ap = 00 Or E ap = —00.
k=1 k=1

A divergent series that does not diverge to +00 is said to oscillate or be oscil-
latory.

As an example of the latter case, the series Y ;- | k diverges, because

1
Sn=1+2+3+---+n=%—>00 as n — oo.
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Remark 5.2. 1. Suppose that we are given a series > -, ay with ay = 0
for k > N + 1. Then Sy, = Sy for all k£ > N, and so {S,}22, converges
to Sy = Zszl ag. In this case, the infinite series is actually a finite sum.
Thus, an infinite series can be viewed as a generalization of a finite sum.

2. We remark that the statement “Y7° | aj converges” refers to the behav-
ior of the sequence of its partial sums {S,},~; and does not directly say
anything about the sequence {ay}, - -

3. We will use the symbol Y 7° | aj regardless of whether this series converges
or diverges. However, if the sequence of partial sums {S,} converges, then
the symbol 220:1 ar plays a dual role: it represents both the series and its
sum. If the series neither converges to a finite value nor diverges to oo or
—00, then the symbol Y 77 | aj continues to represent the infinite series,
but it does not represent an (extended) real number.

4. The convergence or divergence of a series is independent of whether the
summation index begins with £ = 1 or with k& = m, for some integer m.
Thus, altering a finite number of terms of a series in any fashion whatso-
ever has no effect on the convergence of the original series, though it will
generally affect the sum if the series converges.

5.1f a series is given in the form > ;- ay, then the sequence {5}, of
partial sums is defined by

n n
S, = E Gm+k—1 Or sometimes even by S, = g ak.
k=1 k=m

We note that in the latter form, we have not used the first m — 1 terms
of the series to denote S,,. In either case, the limits of these two sequences
will be the same if the series converges.

6. We see that to each series there corresponds a sequence, whose limit, if it
exists, is the sum of the series. However, for a given sequence {5, },>1 with
S, — S we can associate a series Y, | ar with sum exactly S. For a proof,
we simply set a; = Sy and a, = S, — S,_1, so that S, = > ,_, ax. Thus,
the sequences {a,} and {S,} determine each other uniquely. °

In Chapter 2, we considered some sequences that were indeed sequences of
partial sums of important series. However, a general problem in the study of
series is to determine whether a given series is convergent and in some cases to
evaluate the sum of the series. We begin our discussion with geometric series.

5.1.1 Geometric Series

A geometric series is an infinite series in which the ratio of successive terms
in the series is constant. If this constant ratio is r, then the series has the form

(o)
Zark:a+ar+ar2+ar3+---+a7“”+~-~-
k=0
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We note that the convergence is obvious if @ = 0. So throughout the discussion
we assume that a # 0. For instance, ordinary division leads to

1 3 3 3
-=03333...= —+-—S+—+
3 10 - 102 * 103 T
which is an example of a geometric series with a = 3/10 and » = 1/10.

Geometric series occur in many applications, most interestingly in relation
to series of functions (e.g., power series, Fourier series, orthogonal series).
Geometric series also arise when one wishes to compute the total distance
vertically traveled by a ball that is dropped from a height of a feet, assuming
that each time the ball strikes the ground after falling a distance a it rebounds
a distance ar. The total up-and-down distance the ball travels is

a+ 2ar + 2ar? + 2ar® + - - -

(see Figure 5.1).

Fig. 5.1. Example of a geometric series.

In the following theorem we discuss this problem for geometric series,
which are perhaps the most important type of convergent series.

Theorem 5.3 (Geometric series). The geometric series » poar® with
a # 0 converges if |r| < 1, with sum

k‘i a
Sark -, 6.1)

and diverges if |r| > 1.
Proof. Suppose r # 1. Then the nth partial sum S, is given by
Sp=all+r4r>4- 47",

so that
rSp=alr +r*+ 13+ ")
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By subtracting r5,, from S,,, we find that

a(l —r™)

(1-7)S, =a(l—1"), ie., S, =
1—r

(r #1).

Now we take the limit as n — oo. If || < 1, Theorem 2.34 tells us that ™ — 0
as n — 0o, and so we have

lim S, = ,
n—o00 1—1r
which establishes the formula (5.1).

The divergence part can be deduced immediately from a divergence test
(see Corollary 5.19) that appears in Section 5.2. However, it is appropriate to
present an independent direct proof here.

If » = 1, the divergence of the geometric series is clear, because for r = 1,
we have S,, = an. If r = —1, we note that the nth partial sum is

g — a if nis odd,
"7 10 if nis even.

¥ must diverge.

Because the sequence {S,} has no limit, the series > a(—1)
In this case, {S,} oscillates finitely between a and 0.
Finally, if |r| > 1, then |r|™, and so {S,} has no limit. It follows that the

series diverges if |r| > 1. Moreover,

iark— oo ifa>0andr>1,
P |- ifa<0andr>1.

For r < —1, Y ar® oscillates infinitely and {S,} alternates in sign. [

Some applications of Theorem 5.3 follow:
- 1
kak, k _ . .
1. kzzo(—l) 35t = o for all r with —1/3 < r < 1/3, because the series
is exactly (5.1) but with —3r in place of r, and with a = 1. Similarly, we
see that

= 1 1
kz_of)k(r—l)k: 5T 6 5 (Ir —1] < 1/5).

. k .
2. The series Y 2, (—%) converges with sum

g O _ /25 1
S 1l—r 1-(=1/5) 30

(since a =1/25 and r = —1/5).
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|
1/24 =53
122 1/2
1/23
1
1/2
0 1 2
Fig. 5.2. Geometric proof for Y .2 QL,C = 2 via length.
1 1L
1 2 22 23
I T T T 1
0 1 3 T 159
2 4 8

Fig. 5.3. Geometric proof for Y ;> 2% = 2 via area.

3. Set a =1 and r =1/2, so that S,, =2(1 —1/2") - 2= 5 as n — co. We
conclude that the series Y7 7 converges and Y .~ 5r = 2. This fact
can be seen geometrically; see Figure 5.2.

4. The series > o, (3/2)F clearly diverges.

Geometric proof of Theorem 5.3. It suffices to prove the theorem for a = 1.
We begin with a = 1, and r = 1/2 to show geometrically that
1 1 1
1+-4+=+=+--=2.
+ 2 + 22 + 23 +

See Figures 5.2 and 5.3, which is self-explanatory. Note that in Figure 5.3,
the distance from 0 to 2 can be split into infinite sequences of lengths
1,1/2,1/22 ..., and so it is reasonable to write as above at the first instance
itself. For 0 < x < 1, we refer to Figure 5.4, and the proof is clear. We remark
that for this geometric proof one is not really required to know the sum in
advance.

5.1.2 Decimal Representation of Real Numbers

By a (positive) infinite decimal, we mean
0.a1azas3...= lim Z —

provided the limit exists, where each ay (kK > 1) is an integer such that
0 < ag < 9. Actually, we shall see in a moment that the limit always exists.
Geometric series provide another interpretation of the decimal representation
of rational numbers. For example, consider
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x2/(1-x)

0 )

x/(1-x)
Fig. 5.4. Geometric proof for > ;% 2" = 1/(1 — z).

% =0.3333---:=0.3.

Note that another way of interpreting the symbol 0.333... is by the infinite
series

3 3 3

[USTERNTIE
which is a geometric series with the first term ¢ = 3/10 and common ratio
r = 1/10. From our earlier discussion, we see that this series converges to

3/10 1

1—-1/10 3

+...’

We shall now show that every real number has at least one decimal expansion,
and conversely, every decimal represents a real number. For our discussion,
we consider the series

oo
ax
ap + Z 10F° (5.2)
k=1

where ag € Z and each a; (k > 1) is an integer with 0 < ax < 9. We need
first to show that the series converges. To do this, we introduce

Then {S,} is clearly an increasing sequence of real numbers. Further, since
"L ay, "1 =1 1/10
Zlok_9210k<9210k 9(1—1/10) ’
k=1 k=1 k=1
it follows that {S,} is bounded above by a¢ + 1. Consequently, {S,}, and

hence the series (5.2) converges to a real number = with ag < z < 1 + ao.
Thus, we have the following theorem.
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Theorem 5.4. If {a,}n>1 s a sequence of integers with 0 < a,, < 9 for all
n > 1, then ZZOZO apl0~F converges to a real number x with ag < x < ag+ 1.

The series (5.2) may be denoted by
a = ap.a1a2a3 ...,

and we call the series as a decimal expansion of the number a. Here a,, is often
called the nth digit of the decimal expansion. Note that some numbers have
more than one decimal expansion. For example 0.999. .. represents

. 9 9 9
nh_)n;OSn, where Sn—10+102—|----+10n—>1.

Consequently, 0.9999... (all 9’s) and 1.000... (all 0’s) are two different dec-
imal expansions that represent the same real number 1. Similarly, 0.5000. ..
and 0.49999. .. are two different decimal expansions of 1/2.

The converse of Theorem 5.4 also holds. Recall that for every « € R there
exists an integer a such that a < x < a + 1. Consequently, it suffices to prove
the following.

Theorem 5.5. For each x with 0 < x < 1, there is a decimal expansion
converging to x. That is, there is a sequence {a,}n>1 of integers such that
0<a, <9 for all n and 21;“;1 aipl0~F converges to x.

Proof. Suppose that z € [0, 1]. Divide [0, 1] into ten equal subintervals. Then
x lies in a subinterval

a1 a1 +1
[E’ 10 ]
for some integer a1 in {0,1,2,...,9}, and so 0 < (z — a1/10)10 =y < 1.
Again if we subdivide [0, 1] into ten subintervals, we see that

as ay az+1 . ay as a;  az+1
2 cy=(z-L)10< e, 4 2 <gp< 2
10-="Y (¢ 10) R TS TIZ R T S TIE
for some ag in {0,1,2,...,9}. Continuing the above process, we see that
a as Qn, ai a9 QA 1
a2 e L 2T
TR T e TV T A T T/
for some integers aq,as,...,a, in {0,1,2,...,9}. The last inequality is

equivalent to
n

1 Qg
<8<, Sp=d
T g ==t kz_:_llok

Thus, by the squeeze/sandwich rule, it follows that lim,,_,~ S, = «. [ ]
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Remark 5.6. 1.If x > 1 and a € Nissuch that a <2 <a+ 1, then x —a
belongs to [0,1), and so

r—a=0.a1a3...a,, O T = a.a1a2a3 ...,

where the decimal expansion of © — a is as in Theorem 5.5. We may treat
negative numbers similarly.

2. If x = Z;il 107, where the ay are given by Theorem 5.5, then it is a
simple exercise to see that a,, = 0 for all n whenever x = 0, and a,, = 9
for all n whenever z = 1. °

5.1.3 The Irrationality of e

We defined e in Example 2.33 as the limit of (1 + %) . Now we have the
following theorem.

=1
Theorem 5.7. ¢ = Z R
k=0

Proof. Set S, =371 _, % We have shown in Example 2.33 that
1\n
2<ap = (1+—) < Sp <3,
n

and {S,}, being an increasing bounded sequence, converges. Thus, we have

lim a, < lim S,, ie,e< lim S,. (5.3)

n—oo n— oo n— oo

Moreover, for n > m,

1 1 1 1 -1
P S IO (e
n m n n

Now letting n — oo, keeping m fixed, we obtain e > S,,,. Now again, allowing
m — oo in this inequality, we finally get

e> lim S,,. (5.4)

m— o0

The desired conclusion follows from (5.3) and (5.4). u
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Corollary 5.8. e is irrational.

Proof. Suppose, for a contradiction, that e is rational. Then e = p/q, where
p and q are positive integers. Choose n such that n > max{q,3}. With S, as
above, we see that nle and nlS,, are clearly integers, and so nl(e —.5,,) is again
a positive integer. Now

L
T T D (it 2) ’
so that
1 1 1
- 8= 1 ]
ni(e ) n+1 +n—|—2+(n—|—2)(n+3)+
<t [1+ LI S }
n+1 n+1 (n+1)2

1 1 1
B n—l—l[l—(l/(n—i—l))} T

and thus by the last inequality, it follows that
0<nlle—8,) <1/n,

implying the existence of an integer in the interval (0, 1), a contradiction. m

5.1.4 Telescoping Series

Geometric series (as in the above examples) are easy to deal with because we
can find a closed-form expression for the nth partial sum S, of the given series
and hence are able to find its sum. Often it is difficult or even impossible to
find a simple formula for S,,. In normal circumstances, on the other hand,
it is not hard to determine whether a given series converges. Consequently,
there is a need to develop efficient techniques for determining whether a given
series is convergent. Before we proceed to develop them, it might be good
motivation to mention another series for which we can find a formula for S,
explicitly.

A series is called a telescoping series if there is internal cancellation in the
partial sums. For instance, for a sequence of real numbers {a,, }, the series

> (akt1 — ax)

k=1

is a telescoping series. We now illustrate this concept by the following simple
examples:

1. Consider the series >~ log(1 + 1/k). The nth partial sum of the given
series can be represented as
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Sp = E": (log(k +1) —logk)

k=1
(log2 —log1) + (log 3 —log2) + - - - + (log(n + 1) — logn)
og(n +1).

Thus, the sequence of partial sums {log(n+ 1)}, is unbounded, and
hence the given series is not convergent. Note that the kth term ap =
log((k 4+ 1)/k) converges to log1 = 0 as k — occ.

. Consider the series
=1
Yo
= k2 +k

We can easily see that the series converges with sum 1. Indeed, we find

that
1 1 1 1

—_— n:l——
Eik kL MmdS

n+1
Thus, {5, } converges to 1 as n — oo, and hence the given series converges
with sum S = 1. Again, we note that the kth term of the series converges
to 0 as k — oo. Also, we have

_1_1<i<2_2(11>
k+1  k(k+1) k2 " k(k+1) ’

1
k

and so

=1
2<ZH<3 (5.5)

k=0

Indeed, for k£ > 1, we have
k _k+1-1_ 1 1
k+1)!  (k+1)! k' (k+1)
so that
n [ee]
k 1 ) k

T,L:Z(k+1)':1—m—)l as n — oo, 1e,Z(k+1)':1

k=1
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We also note that for £ > 1,

k+1 1 k 1 = k
= —_— _— :1
CES A R S ;k!>;(l€+1)'
Also,
St g ey e
k=1 k=2 k=2 k=1

and therefore, by combining the last two inequalities, we obtain (5.5). Con-
sequently, the value of the irrational number e lies between 2 and 3.
3. Finally, consider the series

o0

3 3 1 1
(k+a)(k+a+3) (k+a)k+a+3) k+a k+a+3

k=1

where a > —1 is a fixed real number. It is then a simple exercise to see
that

n

3
S, =
’;(k:+a)(k+a+3)
1 n 1 n 1 1 1 1
14a 2+4+a¢ 34a n+a+1 n+a+2 n+a+3’

which clearly shows that {S,,} converges with sum

o0

3 1 1 1
(k+a)(k+a+3) T7a 274 374

k=1

In particular, for a = 0, this gives

Zk2+3k ( +;+:13):%‘

The last three examples above fall under the following general category (see
also Exercise 5.17(2)).

Theorem 5.9 (Telescoping series). Suppose that {ay}r>1 is a convergent
sequence with limit A. Then we have

(a) Z;?;l(tlk — agt1) converges with sum a; — A.
(b) Z:i1(ak - ak+2) =ay +ag — 2A.
Proof. The proof follows from observing that

n n

E ap — Q41) = @1 — Gpq1 and E ap — Qpy2) = @1 + A2 — Gpy1 — Gpg2
k=1 k=1
and then using the definitions of convergence of series and sequence,
respectively. [
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5.1.5 Operations and Convergence Criteria in Series

Often we will be concerned with general properties of a series rather than its
sum. Therefore, whenever the starting term of a series is not important, we
may simply write Y ay, rather than Y ;- ai. Most basic statements about
series can be reinterpreted as statements about sequences, by considering se-
ries in terms of the corresponding sequences of partial sums. For example, by
the uniqueness property and the linearity rule for sequences in Theorem 2.8,
we easily obtain the basic properties of series that convergent series can be
added, subtracted, and multiplied by constants.

Theorem 5.10 (Uniqueness of sum and linearity of infinite series).
The sum of a convergent series is unique. Moreover, if > ay and > by are
two convergent series with sums A and B, respectively, then for any pair of
constants o and (3, the series > (aayr+ Bby) also converges with sum a« A+ BB;
that is,

Z(aak+ﬂbk):azakJr,BZbk:aAJrﬂB.

For example, by Theorem 5.10, we now conclude that

;[ﬁ_%}:?);k?iak_g;%: (%)‘2(%)21

Remark 5.11. Suppose that a;, = k and b, = —k. Then > ay, and Y by, both
diverge. But > (aj + by) converges to 0. )

On the other hand, Theorem 5.10 also provides a useful result about a
series of the form > (aay + Sby).

Theorem 5.12. If either > ay or Y. by diverges and the other converges, then
the series > (ax + by) must diverge.

Proof. Assume that > aj diverges and ) by converges. Suppose to the con-
trary that the series > (ax + br) converges. Then by the linearity property,

the series
D lan +be) — bl = ax

must converge, contradicting the hypothesis that > aj diverges. It follows
that the series Y (ay + by) diverges. [

For example, by Theorem 5.12, each of the series
> 1 = 1 = 1 1
;[k2+3k+(_1)k}’ ;{k%rk_(_l)k} and ;[kuk_z]

diverges, because ;- ;(—1)* and Y77 | ¢ diverge.
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We recall that a sequence is a succession of terms, whereas a series is a
sum of such terms, and so these two concepts have very different properties.
For example, a sequence of terms may converge, but the series of the same
terms may diverge:

e Both {1 —1/n} and {1+ 1/3"} converge to 1.
e Both Y77 (1 —1/k) and Y 52, (1+1/3%) diverge.

How about the converse? That is, if a series converges, must the sequence of
terms of the series converge?

The following test for convergence is an immediate consequence of Cauchy’s
convergence criterion for sequences (see Theorem 2.55).

Theorem 5.13 (Cauchy’s convergence criterion for series). A series
> he ak is convergent if and only if the sequence of partial sums is a Cauchy
sequence, i.e., given € > 0 there exists an integer N such that

m n
D k= a
k=1 k=1

|Sm — Sn| = =lant1+ - +am|<e ifm>n>N,

or equivalently,

[Sntp — Snl = |ant1 + ans2+ -+ anip| <€ if n >N and p > 0.

In particular, from Theorem 5.13, we conclude the following: if a series
> he, ai is convergent, then

Son — Sp = apt1 + apyo+ -+ az, >0 asn — oo.

In order to apply the last situation, we consider the harmonic series

o0

Zl L+ L
ko 34

which arises in connection with overtones produced by a vibrating string. The
fact that the harmonic series is divergent can be seen in a number of ways (see
also Remark 5.25), for example, by proving that the sequence of partial sums
{Sn} is either unbounded or is not Cauchy. Indeed, with S,, = >"p_,(1/k),

we have
n

1 1 1
SQn_Sn:;nJrk >n(n+n) BEX

showing that {S,} is not Cauchy (a fact that was verified in Section 2.1) and
hence is not convergent.
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5.1.6 Absolutely and Conditionally Convergent Series

Given a series Y aj, we may form a new series > |ay|. If this new series is
convergent, then we say that the original series > ay, is absolutely convergent.
If a series is convergent but not absolutely convergent, then it is said to be
conditionally convergent. Now, because

|@nt1 + Gng2 + -+ nipl < |@npi|Flantal+ - F|anip| if n >N and p >0,

the Cauchy convergence criterion (Theorem 5.13) gives the following theorem,
which explains the importance of absolutely convergent series.

Theorem 5.14 (The absolute convergence test). An absolutely conver-
gent series s convergent.

For an alternative proof of Theorem 5.14, we refer to Exercise 5.43(1).
Thus, one way to determine whether a general series converges is to determine
whether the corresponding series of absolute values is convergent. But then
the problem of whether a series converges absolutely is simply the problem of
whether a series of nonnegative terms converges. Convergence of such series
will be discussed in detail in Section 5.2.

Example 5.15. The converse of Theorem 5.14 is not true, as we see below
from the alternating harmonic series

0 -1 k—1
N

This is an example of a conditionally convergent series. First, we note that
the given series of absolute values is the harmonic series, which is divergent.

Next, we let
n
(_1)k—1
5,-3 C
k=1
the nth partial sum of the alternating harmonic series.

Method 1: We calculate the first few terms of .S,, and plot them on a sequence
diagram:

1 1 5 7 1 47
:1 = — —_ = — = —_— _ = —

Si=Ll S=gt3=5 =3+t 5

and 1 5 1 7 47 1 37
5225’54:6_125’ =507 6" 60’

Note that S3,_1 appears to be decreasing with all terms positive, and also
So,, appears to be increasing with all terms positive; see Figure 5.5. Thus, it
appears that .S, converges. To prove this fact, we write the even partial sums
{S2,} in two different ways:
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Sy, for large n Sy, for large n
™
L 1 1 IIIIIIIIIIIII 1 1 1 ]
r T T ||||||I|||||| T T T 1
1 7 37 319 47 5 _
S-3 Si=qz Sem g S 57 420 57 %0 S3= 5 Si=1
STL
1+ °
°
S:ln2' ____________________ ._____!____i____.____.'____.'___
11
3 °
t t t } } } t t t
0] 1 2 3 4 5 6 7 8 9 n

S2n=(1—%)+(%—i)+...+(2n171_%)
11 11 1 1 )
- _(5_5)_(Z_S)_"'_(Qn,Q—m)—%.

This shows that {Sa,} is increasing and bounded above by 1. Hence {Sa,} is
convergent to a limit, by BMCT. Further, because

1
S2n = S2n71 - %7
it follows that {S2,-1} is also convergent to the same limit. Consequently,
{Sp} is convergent. Later we shall use the same method to prove the alter-
nating series test (Theorem 5.44).

Method 2: We shall now use Cauchy’s convergence criterion. To apply this,
we compute

1 1 (—1)p—1
Sntp — Sn = (=1)" — e | = (=1)"T}, .
b= 5= ([ — g | = (D Ty
We shall first show that )
T, _ .
0<Thyp< e (5.6)

Indeed, if p is even, then T}, , may be written in two different ways:

= (- ) (- )+ (e )
P \n4+1l o n42 n+3 n+4 n+p—1 n+p

1 ( 1 1 ) ( 1 1 ) 1
Cn+1 n+2 n+3 n+p—2 n+p—1 n+p

Similarly, if p is odd, then we may write
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T _( 1 1 )+ +( 1 1 )+ 1
P \n4+1 n+2 n+p—2 n+p-—-1 n-+p

1 ( 1 1 ) ( 1 1 )
Cn+1 n+2 n+3 n+p—1 n+p/
Since each term in the expressions in parentheses is positive, it follows that
(5.6) holds for all arbitrary positive integers n and p. Therefore,
|S. Snl < ! foralln>1and p>1
— —— foralln an .
n+p n n+1 = p=
Since 1/(n + 1) — 0 as n — oo, the alternating harmonic series satisfies
Cauchy’s convergence criterion and hence converges.

Method 3: Using elementary arguments (as earlier) it is possible to obtain
that the sum of the alternating harmonic series is log 2. Recall that

1 T
—-1— 2 .3 _1n—1 n—1 —1)"
T Tt =t e ()T 4 (1) T
which, by integration from 0 to x, gives,
2?2 2 a2t "
log(1 = —— 4 — 4.+ (=)= 4+ R,,
og(l+a) =z~ -+ 3~ gt )Tt

where

x n x n x n+1
|R,| = (71)”/ " ar :/ ! dr</ rrdr =2 ,
o 1+ o 1+7r 0 n+1

which approaches zero as n — oo if —1 < < 1. Here we assume that the
reader is familiar with integration theory, although we discuss it in detail only
in a later chapter. Hence

log(1 + x) :Z :ck for —1<z<1.
k=1

In particular,

o (_1yk—1
log2 = Z%

k=1
The previous equation can also be written in the equivalent form
=k
—log(l—2) = — for —1<x<1.
8 Zl - <

If welet x =1—1/m (m > 1) on the right-hand side, then

11 1\*
;EZ;E(l_E) = —log(1/m) =logm for each m > 1.
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Hence, since the sequence of partial sums of the harmonic series is increasing
and unbounded above, the last inequality yields another proof for

[eS)
k=1

Method 4: It turns out that the alternating harmonic series converges by
the alternating series test (see Section 5.3). °

= Q.

| =

5.1.7 Questions and Exercises
Questions 5.16.

What are the main differences between sequences and series?

What is a geometric series? Where does the name come from?

Must the sequence of partial sums of a convergent series be bounded?

Suppose that Y ar and Y by are both divergent series. Must Y (ax + bx)

be divergent? Must Y (ax — by) be divergent?

5. Suppose that Y (axr+0by) converges. What can be said about the individual
series Y ay and Y bg?

6. Suppose that > (ay + bx) diverges. Must one of the series be convergent?
Must one of the series be divergent? Must both series be divergent?

7. If the series ZZil(an—l + agi) converges, what can be said about the
series > po; ax?

8. If >"77, ay converges, what can be said about Y- | (ask—1 + az)?

9. Suppose that the series > ay is absolutely convergent. Must every sub-
series Y an, also be absolutely convergent?

10. Suppose that ay # 0 for all k& > 1 such that {ax+1/ar}r>1 is a constant
sequence. Must Y 7~ | aj be a geometric series?

11. Suppose that aj, > 0 for all k > 1 and ) ;- | ai converges. If p > 1, must
> re, ab be convergent? Must >, ; agag41 be convergent?

12. Suppose that m > 1 is a fixed positive integer. Is ZZOZI ax convergent
(respectively divergent) if and only if Y7°  aj is convergent (respectively
divergent)?

13. Can there exist a divergent series > aj such that Y |ax| is convergent?

14. Suppose that ) |aj| diverges. Must ) ax be divergent?

15. Suppose that > ax and Y b both converge. Must > axby be convergent?

16. Is it possible that > - ja7 = > o bi =4 and Y- arbr = 57

17. Suppose that Y p-; ay converges with sum A. Must Y, (ay + axt1) be
convergent? If so, what is its sum?

18. Suppose that {a,}n>1 is defined by

Ll e

IR N S 1
=2 T nr1)2 (2n)?

Does it converge to 07
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19. Is the absolute convergence of Y ay, equivalent to saying that Y |ay| < co?
20. If 0 < a < 1, must > p2, a* be convergent?
21. Can different decimal expansions represent the same real number?

Exercises 5.17.

1. Explain the fallacy in the following arguments:
(a) Set S=14+2+4+8+16+32+---. If we multiply through by 2, we
obtain
25=24+4+4+8+16+32+---=5-1,
which we can rewrite in the form 25 = S — 1. This gives S = —1.
(b) Set

1 1 1 1 1 1 1
Si=1l4+=-4=4-+-- and Sy=-4 -4 =+4=4---
1 +3+5+7+ an 2 2+4+6+8+
Then

98 =141+l
2T o gy ’

which can be rewritten as S; + So = 2955, so that Sy = S;. How-
ever, each term of Sy is greater than the corresponding term of Sz, so
S1 > Ss.

2. Suppose that limg_ ax = A, where A is finite. Is it possible to find the
sum > p (ar — agts) in terms of ay, as, ag, and A? If so, find the sum;
if not, explain why it is impossible.

3. Using Theorem 5.9 or otherwise, evaluate the series

= 1 = 1
(2) kzzo(a+k)(a+k+1) (—a ¢ No). (b) Zlﬁ——

e} 1 1 1 2
© kzzo(“+k)( (—a ¢ No).  (d) Z {k Ik (k4 2)V ()]

a+k+2)
4. Determine whether each of the following is a geometrlc series. If so, deter-
mine whether the series converges or diverges. Find also the sum of each
convergent series.

0 -3
—0.5k
@Y s MY @Y.
5. For each of the followmg, determlne whether the given series is convergent.
@ 5t g
(b) 14+e+e?+e+---

O3+ () () ()"
@ -G+ (- ()

11
e) 2+ V2+1+ =+ -+ .
(e) V2 2
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1 1
4= —

N
() (V24+1)+1+(V2-1)+(3-2V2)+

6. In each of the given telescoping series, determine whether the series con-
verges or diverges by examining the limit of the nth partial sums. Find
also the sum of the series if the series is convergent.

—~k—1 Vk Vk log (K*'/(k + 1
@Y 5 OY Y @y sl e,

-1 3k +1
(d)Z 5k+1' ()Zk22k+1) (f)Z{ ]H'l)}

7. Find Z 3ap + 3~ ) given that Zak =1.
k=0 k=0
8. Evaluate

2 =1 1)
(a) Zsm cos oo (b) ,;) <3k + 5k> .

9. Suppose that {a, } is a sequence such that na,, — 0 as n — co. Then show
that >~ | ay, is convergent if and only if >~ | k(ay —ak+1) is convergent.
Will the two series have the same sum?

10. Let T be an equilateral triangle with sides of length 1 unit. Remove the
middle triangle formed by joining the midpoints of the sides of T (see
Figure 5.6(a)). This leaves three equal triangular regions (Figure 5.6(b)),
and the next step is to remove the middle triangle from each of these
(Figure 5.6(c)). If one continues the process indefinitely, what remains
is called the Sierpiniski triangle (Figure 5.6(d)). Show that the Sierpinski
triangle has area 0.

11. Consider a square ABCD having sides of unit length. Form a square
EFGH by connecting the midpoints of the sides of the first square, as
shown in the first diagram in Figure 5.7.

(f) 3—-V3+1-

Fig. 5.6. Sierpinski gasket.
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Assume that the pattern of shaded regions in the square is continued
indefinitely. Find the total area of the shaded regions at the nth stage
and in the infinite limit.

Fig. 5.7. Shaded regions at the nth stage, n =1, 2,3, 4.

- 20
12. Evaluate Z (5% — 4F)(5FHT — 2k t1)"
k=1

13. Interpret 0.12 as an infinite series, and find the value of 0.12 as a fraction.

5.2 Convergence and Divergence Tests for Series

In investigating the series > ay, the most important problem is to find tests
for convergence. In general, it is not possible to obtain a convenient formula
for the nth partial sum of a given infinite series. On the other hand, in a
series, the sequence {ay} of the terms of the series is generally more accessible
than the sequence of partial sums {S,}, and so it would be convenient if the
question of convergence of {S,,} could be settled by investigating the limiting
behavior of the general term ay. This is illustrated in the following test.

5.2.1 Basic Divergence Tests

Theorem 5.18. A necessary, but not a sufficient, condition for a series > ay,
to converge is that ar, — 0 as k — oo.

Proof. The proof follows if we let m =n+ 1 (or p = 1) in Theorem 5.13.
For a direct proof, let > ax be convergent. Suppose that the sequence of
partial sums {S,} converges to the limit L. Then

Sp — Sn—1=a, (n>2).
It follows that

lima,, = lim(S,, — S,-1) =lim S, —limS,,-1 =L—L=0.

Thus, for the convergent series Y ay, we must have lim ay = 0, as desired. m

For instance, for p < 0, the series Y 7o (_?: " s divergent, because the
general term does not approach zero.

An equivalent formulation of Theorem 5.18 gives a particular test that
enables us to test the divergence of a variety of series.
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Corollary 5.19 (The divergence test). Iflimay does not exist, or exists
but is not equal to zero, then the series Y ay, must diverge.

We remind the reader that this test cannot be used to show convergence
of a series. That is, the converse of Theorem 5.18 is false. There are sequences
for which ax — 0 as k — oo but > ay diverges. For instance, the harmonic
series Y, ;(1/k) is known to be divergent even though the general term 1/k
tends to 0 as k — oo.

There are a number of ways to show that the sequence {ay} does not tend
to zero. For example, if

e cither {ax} has a convergent subsequence with nonzero limit
e or {ai} has a subsequence that tends to oo or a subsequence that tends to
—00,

then 3" ay is divergent, by the divergence test.

In Example 7.27, we shall use the integral test to show that the harmonic
series diverges. Also, Y 7o, ﬁ diverges even though the general term of the
series approaches zero as k — oco. However, using the above divergence test,
we present below some simple examples:

—_

— k k 1
. the series ]; 1 diverges because hm " il o

2. the series
N ==

diverges because the general term approaches 1/ V2 as k — co.

3. the series Y ;- cos(1/k) is divergent because cos(1/k) — cos0 = 1 as
k — oo.

4. the geometric series Y~ ar® with a # 0 and |r| > 1 diverges because the
general term aj = ar® does not converge to zero as k — co. Equivalently,
we say that the geometric sequence {ar*},>1 for |r| > 1 is not summable
unless a = 0.

5. the series > o ; k'/* is not convergent because k'/¥ — 1 #£ 0 as k — oo.

. k .
6. The series Y -, % diverges, because

NCOOR

so that the general term does not approach zero.

(%) >1 forall k> 1,

5.2.2 Tests for Series of Nonnegative Terms

Series whose terms are all nonnegative numbers play a crucial role in the
general discussion of series and in applications. In a series ), -, ar with a;, > 0
for all £ > 1, we have
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Sn = On-1+ an,

and so the sequence of partial sums {S,} is increasing, and therefore the
bounded monotone convergence theorem (see Theorem 2.25) immediately al-
lows us to formulate the following convergence criterion for series with non-
negative terms.

Theorem 5.20. Suppose that a > 0 for all k > 1. Then the series > ay
either converges or diverges to oo. In particular, if the sequence of partial
sums {Sp} is bounded above, then > aj converges, and in this case Y ai =
sup{S, : n > 1}.

An immediate consequence of Theorem 5.20 is the following.

Corollary 5.21. Suppose that ar, > 0 for all k. Then the series Y ap con-
verges if and only if the sequence of partial sums is bounded.

If ar, > 0 for all k, then we write Y ar < oo if the series converges and
> ap = oo if it diverges.

Note that if a < 0 for all k, we can still apply the above results after mak-
ing a sign change. On the other hand, it is harder to determine the behavior
of a series with both positive and negative terms, because the sequence {S,}
of partial sums is not monotone. However, the above results can be used if
{ax} contains only finitely many negative terms.

Next, we note that Theorem 5.20 may fail if the aj are not nonnegative
for all k. For example, if a;, = (—1)*~!, then the sequence of partial sums
{Sn} of 3" ay is either 0 or 1. Here, even though {S,} is bounded above by
1, {S,} is not convergent.

Note also that if ax = 1+ (—1)*71, then az > 0 for all k, and the sequence
of partial sums {S,} of > a) diverges to oc.

Example 5.22. Prove that the series Y=, (k/(k + 3))z* converges for each
2 in [0,1).

Solution. Fix z € [0,1) and set ax(z) = kz*/(k + 3). Then ax(z) > 0 for all
fixed > 0, and for each fixed z, consider Y -, ar(z) as a numerical series.
Further, since k/(k+3) < 1 for all k > 1,

ap(z) < zF for x> 0.

Thus, for z € [0,1),

- - (1 — ™) x
O<Sn: < k— < ,

so the sequence of partial sums is increasing and bounded by z/(1 — z) for
each z € [0,1). By Theorem 5.20, the series converges. We shall soon see that
the series also converges for —1 < x < 0, showing that the given series is
actually convergent for z € (—1,1). °
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5.2.3 Abel-Pringsheim Divergence Test
We can strengthen Theorem 5.18 in the following way.

Theorem 5.23 (Abel-Pringsheim test). Suppose that {a;} is a decreasing
sequence of positive real numbers. Then a necessary condition for the series
> ay to converge is that kay — 0 as k — co.

Proof. Let 2;11 ar, be convergent, where a > 0 and ay > agqq for all k.
Then the sequence of partial sums {5, } is convergent, and hence it is Cauchy.
Because it is Cauchy, given € > 0 there exists an N such that

> ar=1[Sm — S <€ (m>n>N).
k=n-+1

Since {aj} is a decreasing sequence of positive real numbers, it follows that
for n > N (choose m = 2n),

nas, < pt1 + apia + -+ ag, <€ (n>N),

which implies that

lim 2nasg, = 0.
n—oo

Again, because {ay} is decreasing,
(2n + 1aznt1 < 2n+ 1)ag, < (2n+ n)as, = 3nazy,,

which implies that
nl;rglo(Qn + Dagp+1 = 0.
Thus, we must have lim kay = 0, as desired. [

In Theorem 5.23, the condition kar — 0 as k — oo is not sufficient for the
convergence of the series > ay. For example, consider ay, = 1/(klogk). Then
limy—,o0 kay = 0, but Y 72 , ai diverges (see Example 7.29(c) with p = 1).

The assumption that {ay} is decreasing is essential (see Question 5.42(3)).
That is, there are convergent positive series Y. aj such that kap 4 0 as
k — o0o. Theorem 5.23 gives another useful result for testing the divergence
of a variety of series.

Corollary 5.24 (The divergence test). If {a;} is a decreasing sequence of
positive real numbers and lim kay, does not exist or exists but is not equal to
zero, then the series Y ay must diverge.

Remark 5.25. Corollary 5.24 shows immediately that the harmonic series
> ay (ax = 1/k) diverges, since {ay} is a decreasing positive sequence and
kar = 1 does not approach zero. ®
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Example 5.26. Set a; = 1 and a,41 = 2’;;1@1 for all n > 1. Show that
> e ai diverges.

Solution. Clearly, {a,} is decreasing. Also, we see that (as a; = 1)

_2n—1 2n — 3 3 1
It = o 2n—1) 42

1 /2n—1\/2n—3 5 3

7%(271—2)(271— ) ‘19t

1
> —  for each n > 2.
2n

Therefore, (n+1)a,+1 does not converge to zero. By Corollary 5.24, the series
> ay, diverges. Also, the comparison test below gives the desired conclusion.
Alternatively, we may note that

1
Ap41 = (1 — —> Ay < Qp,
2n

showing that {a,} is decreasing. Moreover, by induction it is easy to show
that

1
Ap+1 2 n_—H for all n Z 1.

Indeed, if a; =1, ag = 1/2 and if a,, > 1/n, then

2n—1)1

Gnt1 2 ( om )

which is obviously greater than 1/(n + 1), and the claim is true. Therefore,
(n 4+ an41 > 1, so that (n 4 1)a,+1 does not approach 0 as n — oco. By
Corollary 5.24, >77 | aj diverges. °

5.2.4 Direct Comparison Test

There are many tests for series of nonnegative terms. We discuss here two
fundamental convergence criteria called the direct comparison test and the
limit comparison test. They are in fact an important consequence of Theorem
5.20. A few other tests will be given in the subsequent sections.

Theorem 5.27 (Direct comparison test). Suppose there exist numbers
N €N and M > 0 such that 0 < ap, < Mcy, for all k > N. Then we have

o if Z cx converges, then Y~ ay also converges and Y <y ar < MY o N Cr;
e if > ay diverges, then Y ¢k also diverges.
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Proof. Assume that the series Y, ¢x is convergent. Then > -\ ¢k also
converges; let the sum be S. Then S,, = Zi\;—ll ay + Ty, where

T, := iakSMickSMick:MS (say),
k=N k=N k=N

and so the sequence of partial sums {T},} of the series >, \ ai is increasing
(because ay, > 0 for all K > N) and bounded above by MS. Thus, by BMCT
(Theorem 2.25), the series Y ;- \ ax converges, and hence Y - ; aj converges.

To prove the second part, assume that the series Y ay diverges. Then,
since aj > 0, it follows that

Thus,
o0 1 oo
Doz qypd
k=N k=N
and so Y ¢ must diverge to co. ]

By Theorem 5.27, we conclude that > (k/(k? + 4)) diverges, because

2 1
> fork>2
Pia~op

and the harmonic series diverges.

Example 5.28. We have already shown by a direct method that the harmonic
p-series > oo, kip converges for p = 2 and diverges for p = 1. Using these two
facts, one can easily provide an independent proof (e.g., without using the
integral test) that the p-harmonic series converges if p > 1 and diverges if
p < 1. In order to achieve this, we observe that

1
1 ZE for p <1,
kP 1
gk—Q for p > 2.

The direct comparison test gives the conclusion except when 1 < p < 2. The
following argument works for p > 1, although in view of this observation, it
suffices to deal with the case 1 < p < 2. Now,

s 1 1 1 1 1 1 1
on_1 =1+ +3p 4p+5—p+—+7p
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There are 2" — 2"~1 = 2"~ terms in the last bracketed term of the above
expression on the right, each less than 1/2("~1P. Thus, we have
4 2n—1

S 1 2
on—1 < +2—p+4—p+"'+m

1 1 2 1 n—1
v g () e ()

Since p > 1, we have 1/2P~! < 1, and so

1
Son_1 < W = J\f7 say.

Moreover, for each fixed N > 1, there exists an n such that 2" > N. Therefore,
Sy < Son_1 < M,

so that {Sy} is an increasing sequence of partial sums bounded above by M.
Hence, by BMCT (see Theorem 2.27), {Sn}ny>1 is convergent. °

Assuming only the divergence of the harmonic series and the convergence
part of the geometric series, we now discuss some simple examples.

Example 5.29. Test each of the following series for convergence:
@Y mY A @Y @Y
k=1 Bt +1 k=2 2Vk -3 k=1 Al o VR

Solution. We apply the direct comparison test with M = 1. First we see that
1 1 2 1 1 1 1 1

g < T —=>7 5% , <
5k+1 " 5F ovk—37 VE KR T 28U VESH1 T VES

for all k > 3, and note that k! > 2F—1,

(a) The first series is convergent because it is dominated by the convergent
1
geometric series Z 7

(b) We know that Y7, 7z diverges. The direct comparison test tells us
that the given series must diverge.

(c) The given series is dominated by the convergent geometric series Y %%1
Therefore, the given series must also converge.

(d) Because of the last inequality in the above list of inequalities, the given
series converges. o

The direct comparison test (see Theorem 5.27) suggests the following.

Problem 5.30. Can we replace the existence of the constant M > 0 in The-
orem 5.27 by a bounded sequence {by} and conclude something about the be-
havior of the product sequence Y apby ?
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Theorem 5.31. Suppose that the series Y ap converges absolutely and the
sequence {by} is bounded. Then Y apby converges absolutely.

Proof. Suppose that M is bounded for the sequence {by}. Then since |axby| <
Mlay|, the conclusion follows from the comparison test. u

The conclusion of Theorem 5.31 fails in general if {b,} is not bounded.
For instance, if by, = k and ax = 1/kP*! (0 < p < 1), then 3" a) converges
absolutely, whereas > arbr = > (1/kP) diverges for 0 < p < 1.

Also, Theorem 5.31 fails in general if we replace the assumption that > ay,
converges absolutely by the assumption that > aj converges. This may be seen
by choosing

(~1)t?

b= (=D ! and aj, = P

(0<p<).

Corollary 5.32. If > ay is a convergent series of nonnegative terms and
{br} is a sequence of nonnegative real numbers with an upper bound, then the
series Y axby is convergent.

Applying Theorem 5.31 with ax = 1/kP (p > 1) and
b = (1)1 EYE (E+1/E)*, (1+1/k)%*, sinkz (z € R),

it follows that each of the following series converges:

s ol S kVE S (14 1/k)F °°1+1k; k
P R D P L S L ZSM

k=1 k=1 k=1 k=1 k=1

5.2.5 Limit Comparison Test

It is not always easy or even possible to make a suitable direct comparison
between two similar series. This is clearly a disadvantage of the comparison
test, since it demands a “known” series in order to apply the comparison
test. However, it might still be possible to guess the series’ behavior by ex-
amining the “order of magnitude” of the general term as given in the limit
comparison test below. For example, it is natural to expect that the series
> 1/(3% — 5) converges by comparing the kth term of the convergent geomet-
ric series 3 1/3F. We first note that k > 2,
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Although > 1/3F is convergent, the comparison test with M = 1 cannot be
used to determine the convergence of 3 1/(3% — 5) by directly comparing it
with 37 1/3%. On the other hand, if k > 3, we have

1 2

0< —— < =,
3k —5 = 3k

and so by a comparison with the convergent series 2> 1/3% the given series
> 1/(3% — 5) converges. So we need to pin down the underlying idea from the
direct comparison test. Here is a simple reformulation of the comparison test
that is often useful in practice.

Theorem 5.33 (Limit comparison test). Suppose ar, > 0 and by, > 0 for
all k > Ny such that

Then we have the following:

(a) If 0 < L < o0, then the two series Y ap and Y by either both converge or
both diverge.

(b) If L =0, then the series Y ay converges whenever »_ by, converges.

(c) If L = oo, then the series Y ay diverges whenever by, diverges.

Proof. Since aj and by are positive for k > Ny, we observe that L > 0 or
L = o0.

(a) Let 0 < L < oco. Then since lim(ay/bi) = L, given € = L/2 > 0 there
exists a positive integer N such that for all £ > N (> Ny) we have

ak
L— 2k

bk: <%7L <£ i £<%<%
Z_k'_L bk 2, 1.e., 5 = bk B .
k

This amounts to
L 3L
O<§bk§ak<7bk for k> N.

Now the comparison test yields the desired conclusion.
(b) Let L = 0. Then there exists an N such that

— <1, ie, 0<ap<by, forallk>N (> Np).

The direct comparison test gives the conclusion.
(c) Let L = co. Then there exists an N such that

Z—k >1, ie, ap>bg, forall k>N (> Ny).
k

Again the conclusion follows from the direct comparison test. [
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Corollary 5.34. Suppose that {ay} and {by} are two sequences of real num-

bers such that
a

bi,

exists and 0 < L < oco. Then the series Y aj converges absolutely if and only
if > by converges absolutely.

lim =1L
k— o0

Remark 5.35. When L = 0 and L = oo in Theorem 5.33, then nothing more
can be concluded. We illustrate this fact by some simple examples.

1. Set ap = 1/kP (p > 1) and by, = 1/k for k > 1. Then

. ag . 1 by . _
lim — = lim —— =0 and lim — = lim kP! = o0,
k—oo by k—oo kP k—oo aj k— o0

where > aj converges but Y by, diverges.
2. Set ap, = 1/kP and by, = 1/k%, where 0 < p < g < 1. Then

. ag . _ . by 1
lim — = lim k9P =00 and lim — = lim
k—oo Of k—o00 k—o0 af k—oo k=P

:07

where both " a; and Y by diverge.
3. Set ar, = 1/kP and by, = 1/k%, where p > ¢ > 1. Then

b
lim 2% — lim —0 and lim £ = lim kP~7 = oo,
k—o0 Op k—oo kP—4 k—o0 af k—o00
where both > ay and ) by converge. °

According to the limit comparison test, it is possible to try to determine
whether aj is comparable with the kth term of some familiar series whose
convergence (or divergence) is known.

Example 5.36. Investigate the convergence of the series 21?;1 ax, where ay
equals

1+ 5k Tk? +4 2k + 700

e ) VE(k2 - 15) ©) g0

Solution. (a) Set by = /5% /7k. We compute the limit

(a) (d) sin(1/k).

ap 1450 70 (1/5%) +1
b=l g, = s = b

So the limit comparison test tells us that the given series converges be-
cause Y, ; b converges.
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(b) Set
Tk? +4 k?
—— an
VE(E2 — 15)

and compute the limit

ap =

1, Ak 1 7k2 + 4

m — = [1im —— =

k—o0 bk k—oo k2 — 15

Since > by diverges, by the limit comparison test, we conclude that the
given series diverges.

(c) If we let
2k +700 ok
= —ek/7 — 90 and bk = W’

then we find that limg_, o ax/br = 2. In Example 7.29, we shall show that
the series > ke=*/7 converges. We see that by the limit comparison test,

the given series also converges.
(d) Set ay =sin(1/k) and by = 1/k. Then a;, > 0 and

Qg

(1K .
L= lim % = gy SUAK) sy
k—oo b, k—oo  1/k z—0 x
showing that 3" sin(1/k) is divergent, because ) b, is divergent. °

Example 5.37. We show that the p-log series defined by > p-,(logk)/k?
converges if p > 1, and diverges if p < 1.
First we suppose that p > 1. Then there exists a number ¢ such that 1 <
q < p. Indeed, ¢ = (1 + p)/2 satisfies the condition. Next, set ar = (log k)/k?
and by = 1/k9. Then, using ’'Hépital’s rule for co/oo form, we compute
logk . 1/k

lim 2 li im lim 0
im — = lim = ) R — -
k— o0 bk k—oo kP—4 k—o0 (p — q)kp7q71 k— o0 (p — q)kpfq

as p — g > 0. Because the harmonic g-series > 1/k? converges for ¢ > 1, the
given series converges by the limit comparison test for all p > 1.
Next we suppose that p < 1. Set By = 1/kP. Then ay, > By, for all kK > 3
and “
lim — = lim logk = oo.
k—o0

k—oo D
Again, because > By = k%, diverges for p < 1, it follows from the compar-
ison test that the given series diverges when p < 1. o

Example 5.38. Discuss the convergence of >, a;, when aj, equals

1 1 .
(a) log <1+E) — 7 (b) EYk 1. (c) a'/* —1 fora>0.
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Solution. (a) Set aj, = + —log(1 + 1/k) and by = 1/k?. Then

zflog(1+x):hmlfl/(lJr:z:)_hm 1 1

1i ag 1i
im — = lim —
k—oo by z—0 T z—0 2x z—0 2(1 + x) 2’

and so Y- | ai converges, since Y - | by, converges.

(b) Set ap = Yk —1 and by, = 1/k. Then ar, — 0 as k — oo. Since e® > 1+x
for > 0, it follows that 2 > log(1 4+ z) for > 0. Consequently, with
T = ay, the last inequality gives

log k
k

log k
8% _ log(kl/k) < kME 1, ie., ap >

1
>E for k> 3,

which implies that Y p- ; aj diverges.
(c) Set ax = a'/* —1 and by = 1/k. Then for a > 1, we have

T __ zloga _ zloga
lim 2£ — fim & 1 = lim 2 1 = lim (log a)e = loga.
k—oo b, 2—0 x z—0 T z—0
If 0 <a <1, then set b =1/a > 1 and observe that
. ay . bVR—1 1
lim — = lim ———— =1 — =logb=1log(l/a).
e TR T T Ty T lsh T st

Consequently, > 77 | aj diverges to oo if @ > 1 and diverges to —oco if
0<a<l o

5.2.6 Cauchy’s Condensation Test

Our next result is useful for testing the convergence of certain series painlessly.

Theorem 5.39 (Cauchy’s condensation test). Suppose {a,}n>1 s a
decreasing sequence of nonnegative terms. Then the series Y . ar and
Sy 2% aqi are either both convergent or both divergent.

Proof. Denote by S,, and T;, the nth partial sums of the series Z,iil ay and
> ne, 2Fagr, respectively. That is, S, = > _, ar and T,, = >, 2%aye. The
proof depends on the following two inequalities: for n > 4, we have

DN | =

n
ZQkagk =ag + 2a4 +4ag + -+ 2"_1a2n
k=1

<a1+a2+(a3+a4)+(a5+a6+a7+a8)+---
+(G/2n—1+1 + agn—1+2 + e + CLQn).

Also, for each fixed N, choose n such that 2 > N. Then
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ontl_q

Z ap =ay + (az +az) + (ag +as +ag +a7) +- -
k=1

+(agn + agnyq + -+ agnii_q)
S a1+2a2+22a4+-~-+2"a2n :CL1+Tn.

We have thus obtained
Tn < QSQn and Sgn+1_1 S a1 + Tn,

and both {S,} and {T,,} are increasing sequences, by hypothesis. Moreover,
{S,} is bounded if and only if {7}, } is bounded. By BMCT, Y7 | a) converges
if and only if > ;2 2¥ase converges. [

Consider {a,} as follows:

{0 ifn£2m
=\ 12 if = 2m,

for some nonnegative integer m. Then a; = 1, ay = 1/2, a3 = 0, ay = 1/22,
as = 0, showing that the sequence {a,} is not decreasing. However,

ia—l—l—l—i—i-f-
k — 2 22 ?
k=1

which is a convergent geometric series, whereas
o0 [ee] 1 oo
ko k _
PRECIES SETEI it
k=1 k=1 k=1

which is divergent. This observation shows that the hypothesis that {a,} is
decreasing cannot be dropped from Theorem 5.39.

We remark that Cauchy’s condensation test is useful because it allows us
to investigate the convergence of series just by considering small subsets of
the terms of the given series.

Example 5.40. 1. Using the Cauchy condensation test it is easy to see that
the harmonic p-series ZZO:l k=P converges if and only if p > 1 (see also
Example 5.28). Indeed, for p > 0, k¥ < (k + 1)?, and therefore {1/kP} is
a decreasing sequence of positive terms. If a = 1/kP, then

iﬁagk - i 2’“(2%) - i(?*”)’“,
k=0 k=0

which is a convergent geometric series if and only if 2!7?7 < 1, i.e., p > 1.
Recall that k=P — oo for p < 0, and k=P = 1 # 0 if p = 0. Consequently,
21;“;1 k~P converges if and only if p > 1.
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2. If ap, = 1/[k(log k)?] for k > 2, then

1 1 1
2Fage = 2F = —
2" 2k(log 2F)r  (log 2)P (kp)’

and so Y~ ai converges if and only if p > 1. °
The following general result holds.

Theorem 5.41. Suppose that {an}nzl is a decreasing sequence of monnega-
tive terms and v € N~ {1}. Then the series > po, ar and > poy m8a. are
either both convergent or both divergent.

Proof. We observe that

1<

4 Z rRa = (r—1Da, + (r—1)raye + (r—1D)ras +- -+ (r—1)r" am,
"=

and we leave the rest of the argument as a simple exercise. ]

5.2.7 Questions and Exercises
Questions 5.42.

1. For a series ) a,, with positive terms, is it true that 3 a, < oo if and
only if the corresponding sequence of partial sums {S,,} is bounded?

2. If Y72 | ay, converges, must lim,, o0 (an + ant1+ -+ angp) = 0 for every
p > 0?7 How about the converse?

3. Suppose that Z;il aj, is a convergent series of positive terms. Is it nec-
essary that na, — 0 as n — oo?

4. Suppose ar > 0 for all £k > 1 and that 22021 ar converges. Must
> re,(1/ak) be divergent?

5. Suppose that 0 < aj < 1 for all k, and that > ay converges. Must > a?
be convergent?

6. Suppose that 0 < aj < 1 for all k > 1, and that > .-, ax diverges. Can
> re ) ai be convergent?

7. 16002 af and Y o2 | b7 both are convergent, must .- ; axby be conver-
gent? If p > 1/2, what can be said about the convergence of Y~ | (ay/k?)?

8. What is a harmonic p-series? What is an alternating harmonic p-series?

9. Suppose that ap > 0 and by > 0 for all £ > 1 such that 21;“;1 ay is
convergent and {by}x>1 is bounded. Must Y -, axby be divergent?

10. Suppose that >~77 | ax is a convergent series of positive terms and Y ;- ; by,

diverges such that by — 0 as k — oco. Must 220:1 arbg be divergent? How
about the series Y p° E/kqr?



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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pl/n

We know that lim,, o n'/™ =1, 3(1/n) diverges, and lim,, =0.
Must 0%, n~171/" be divergent? Must > oo, n~271/" be convergent?
Suppose that Y ay is a convergent series of positive terms and by, — b # 0
as k — oco. Must > by and > arby converge or diverge together?
Suppose that Zzozl ay converges and 2211 by, diverges such that b, — 0
as k — oo. What can be said about the convergence of Zzil arbr?
Suppose that limag = 0 = lim b, and both " ax and > by diverge. Must
> apby be divergent? How about the series ﬁ and . ﬁ? How

about the series > apby with ap = by = 1/\/%?

Suppose that 0 < ay < A for some number A and b, > k2. Must Y (ay /b)
be convergent?

Suppose that ar — 0 as k& — oo. Can there exist an N € N such that
kap <1 for all k> N7

Suppose that {a,} is a sequence of positive terms such that the limit
limg o0 kPay, exists. Must Y ax be convergent if p > 17 How about p < 17
Must a positive-term series (i.e., a series all of whose terms are positive)
either converge or else diverge to oo?

Must a negative-term series (i.e., a series all of whose terms are negative)
either converge or else diverge to —oco?

Suppose that {a,} is a sequence of positive terms such that Y ,-  ay
converges. Does ZZOZI Varags1 converge? Does there exist a sequence
of positive terms {c,} such that ¢, — oo as n — oo, and Y o, arcy
converges?

Exercises 5.43.

Using the direct convergence test, prove Theorem 5.14.
For what values of the real number a does the series

2 VE+1-Vk
ka
k=1

converge?
Let ai, > 0 for all k > 1, and suppose - ; aj converges. If r, =377 ay,
show D‘%hat

ax .. — ap
(a) — diverges. (b) —— converges.

. Show that if a; > 0 for all k > 1 and by = ax/(1 + ax), then 3 ax

converges if and only if Y~ | b converges.

Suppose that a > 0 for all £k > 1 and « is a positive real number. Prove
or disprove that Y, aj converges if and only if > .~ (ar/(1 + aay))
converges.

Suppose that a > 0 for all k& > 1. Show that if 22021 ay, converges, then
Sre ((k+1)/k)a; converges.
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7. Suppose that {a,} and {b,} are two sequences of positive numbers such
that lim,,—, oo by, = B # 0. Show that > aj converges if and only if Y ajby
converges.

- 1
8. Show that the series Z ( converges if and only if either p > 1
k=1

— (log k)7kP
with any real g, or p =1 with ¢ > 1.
9. Examine the convergence of the following series:

(a) 1 n 3 n 5 7 n
1-2-3 2.3-4 3-4-5 4-5-6
1

1
1— _
(b) 5-32  7-42
1 1

1
(c) _1.2—# _2.3—#\/3._4+~~.

1 1
(d) 1+ W—FW—F'”

() — b et
VI+V2 V2438 '

2—1 3—-1 4 —1
() Y2l V31, Vi
33 —1 43 — 1 5 —1

+

1
322

42/3 +

10. Suppose that {a,}n>1 and {b, },>1 are two sequences of positive numbers
such that % < b’g% for all n > 1. Show that if Y77 | by converges,
then Y77 | aj converges. Also, conclude that Y -, by diverges whenever
> e, ak diverges.

11. Suppose a, > 0 and b, > 0 for all n > Ny such that

. a .o.oea
limsup — = L and liminf = = 1.
n—oo On n—=00 On

Then prove or disprove the following (see Theorem 5.33):
(a) If 0 < L < oo, then the series ) aj converges whenever Y by con-
verges.
(b) If 0 < I < oo, then the series Y aj diverges whenever Y by diverges.
12. In the following problems either use the divergence test to show that the
given series diverges or show that the divergence test does not apply.

=k > 1\—* > k
(a) — (b) 1+-) . (¢ ——

@S @ © S ﬁ (£) S sin® (x/6).
k=1 k=0 k=0

13. Examine the convergence of the series > aj, where aj equals
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1 VE? +2k+3—Vk?—2k+3
—_ . b .
kP + 2 cos(k) (»>0) (b) k

(a)

(C) k(2_3k)/k.

1
Y Y

©) Zm +’“1;;(‘°1’ng)20. () V11— k(p>0)
&) o ) B em)
() i)

() 8 W >,
(m) 577z +11c4+k6)1/4' (n) %

5.3 Alternating Series and Conditional Convergence

We next consider a special type of series called alternating series. These are
series whose successive terms alternate in sign. Such series will be of the form

Z (—1)k_1ak with ar > 0 for all k.

Consider the alternating harmonic series defined by

o0 k—1
(-1) 1 1
——=1l——=4 == 5.7
k 573 (5.7)
k=1
We have already shown that the series is convergent but is not absolutely
convergent. For an alternative proof, we observe the following:

e The sequence of partial sums is no longer monotone, in contrast to the
harmonic series.

e Although the sequence of partial sums can be shown to be bounded, it is
not possible to use BMCT (the bounded monotone convergence theorem)
to obtain convergence for a nonmonotone sequence.

o If we let . -

1 1)k
ak:E and Sn:;%,

then the sequence {ay} has the following properties:

klim ar =0, {aj} is decreasing, and aj, > 0 for all k. (5.8)
— o0
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We have already verified that Ss,, is increasing, while Ss,,_1 is decreasing. In
fact,

1
§:S2<S4<Sg< e <S5 < S3< S =1,

Now we prove that the series (5.7) converges, and later we use exactly the
same idea to show that Y7 (—1)*"'a; converges under the condition (5.8)
for a general ay, rather than ap = 1/k. To present our geometric proof of
the convergence of the alternating harmonic series (5.7), we group the partial
sums as

P 1+1 1+ N 1 1
mT ooy Ty m—1 2n
—(1+1+1+1+ T +1> 2(1+1+ +1)
o 2 3 4 on—1 2n 2 4 on
—(1+1+1+1+ +1) (1+1+ +1)
o 2 3 4 2n 2 n/’
so that
Sy = — + ! + 4 !
TN F1 T n+2 n+n’
Also, we have
1
Sop_1 = Sop + —. 5.9
2n—1 2+2n (5.9)

The linearity rule (for sequences) applied to (5.9) shows that
. . o1
lim S9,—1 = lim Ss, + lim — =log?2.
n—00 n— 00 n—oo 2N

We conclude that lim S, exists and equals log 2.
Alternatively, we may rewrite Sa,, as

1 — 1
SQn_Ekz::ll—kk/n’

which by item 5 in Remark 7.26, gives lim So,, = log 2. As will be seen in Chap-
ter 6, the sequence Sy, can be recognized as a lower Riemann sum associated
with the continuous function

f(x)

=13z ™ [0,1] (org(x)zion [1,2]>7

and therefore lim S, exists and

1
dx

li n = =log 2.

i Son = [ 55 = o

By (5.9), {S2,-1} also converges to log 2. Thus {S,,} converges to log 2.
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5.3.1 Alternating Series Test

In general, although the condition lim a; = 0 is necessary for the convergence
of the series > ay, this condition tells us very little about the convergence
of the series Y a;. However, as in the above example, it turns out that an
alternating series must converge if the absolute value of its terms decreases
monotonically toward zero. Now we extend this idea and prove the following
result, established by Leibniz in the seventeenth century. This test is some-
times called the Leibniz test.

Theorem 5.44 (Alternating series test). An alternating series

Z(_l)k_lak’

k=1

where ar, > 0 for all k > 1, converges if the following two conditions are
satisfied:

(1) lima, = 0;

(2) {an},,>; is a decreasing sequence; that is, any1 < ay, for alln > 1.

Proof. Let S, = a1 —az +az —ag + -+ (—1)""ta,. We need to prove that
{S,} converges. Our strategy is to follow the same method of proof used to
prove that the alternating harmonic series converges. First, we note that for
n>1,

Sop = (a1 — az) + (a3 — aq) + -+ - + (a2n—1 — a2n) > San—1),
because each pair of quantities in parentheses is nonnegative (since {ay} is a
decreasing). It follows that {S2,} is increasing. Moreover,

Son = a1 — (az - as) — (a2n72 - a2n71) —azp, < ay,
showing that {Sa,} is bounded above by a;. Consequently, by BMCT (see
Theorem 2.27), {S2,} converges to some number, say to .S. Further, since
Son—1 = Sop + a2, and lim a, =0,
n—oo

we see that

lim S9,—1 = lim S, + lim ag, =5 —-0=2S5.

Thus, the odd and even subsequences of {Sy, } both converge to the same limit
S, and so {S,} itself converges to S. Hence, > 7 (—1)*"la; is convergent,
with sum S. Note also that

SQnJrl = S2n + a2n+1
= a1 — (GQ - a3) - (a2n72 - a2n71) - (azn - C12n+1)
< Sop—1,

showing that {Sa,—1} is decreasing; see Figure 5.8. ]
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o ———————*

i i !
1 ' —Qy 1 |
1 1 | 1
1 T as 1 | |
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| | | —Qy i I I
. as—= !
L e o
0——S5, S S, Sy Sy S5, =
. 2 P4 6 5 3@ W 1= 05 85 S S S5
17 02 2 a3

oo
Fig. 5.8. Description for the partial sums in Z(—l)kflak.

k=1

Remark 5.45. 1. In the case ax > 0, k > N, it is often easier to check that
{ak}r>n is decreasing by verifying that {aLk}kZN is increasing.

2. Observe that in the alternating series Y-, (—1)*"'ay, where aj > 0 for
all k > 1, the partial sums {S,,} are reminiscent of a swinging (simple)
pendulum that is slowly coming to rest at a fixed position that is equiva-
lent to the sum of the series; see Figure 5.8 for the behavior of the partial
sums of an alternating convergent series.

3. Note that for each n > 1,

Sy <8y < < S0 =81 —a2n <S2p—1 <--- <85 <53 <51 =ay.

Since {Sa,} is increasing to S and {S2,_1} is decreasing to S, it follows
that
SQn S S S Sgn_l forn = 1,2,3,...,

so that the sum S lies between two consecutive partial sums. ®
We easily have the following:

1. Z;C’:l (DY sin vk converges absolutely for all p > 1, since

TP
|<‘1)’“‘1—5m\/% <.
kP kp

2. > (—1)Ft kz’ip (p > 0) is conditionally convergent. Indeed, it is not

absolutely convergent, because

’(_1)k_1 k ‘ k p

= >
E2+p| k24+p  k(p+1)
for all k& > p? and Z% diverges. Moreover, it is convergent because ay =
k/(k* + p) is positive, ar, — 0 as k — oo, and {ay} is decreasing for all

k > /p, and so the alternating series test is applicable.

30> e (=)t k-:;ﬂ (p € R) is conditionally convergent.
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Corollary 5.46 (The error estimate for an alternating series). Sup-
pose an alternating series Yo, (—1)*"Lay satisfies conditions (1) and (2) of
Theorem 5.44. If the series has the sum S, then

|S - STL| S a/’r7,+17

where Sy, is the nth partial sum of the series.

Proof. Let S,, = Ezzl(—l)kflak. Then, as in the discussion of Example 5.15,
we easily get

Sn+p - Sn = (_1)nTn,p with 0 S Tn,p S An+1,
so that
|Sn+p - Sn| < Gnt1-

Thus {S,} is Cauchy and hence converges to S (say). Finally, fixing n and
allowing p — oo gives |S — S| < ant1, and the proof is complete. [

From the last corollary, we conclude that if an alternating series satisfies
the conditions of the alternating series test, we can approximate the sum of
the series with the nth partial sum, and the error will have absolute value no
greater than the first term omitted (namely, a,41).

5.3.2 Rearrangement of Terms in a Series

The algebraic manipulation of terms in a series has to be done with more care
than in finite sums. For instance, it is meaningful to write

1424+ B+5)4+6=(1+243)+(5+6)=(1+2)+(B+5+6)=---,

so that the terms of a finite sum can be grouped by inserting parentheses
arbitrarily. On the other hand, there are obvious problems in trying to do
the same with series of real numbers. To begin with, we consider the series
Yore (—1)*71 Tt is tempting to pair the terms of this series as

1-H+1-1)4---=04+0+---=0,
and equally tempting to pair the terms of the same series as
1-1-1))-1-1)—+--=1-0-0—---=1.

We see that inserting parentheses in two different ways results in two con-
vergent series with different limits. But we know that the original series is
divergent. What is wrong? A natural question is whether a series can be
grouped by inserting parentheses arbitrarily with

(a) divergent series that are divergent to oo;
(b) divergent series that are not divergent to +oo;
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(c) absolutely convergent series;
(d) conditionally convergent series.

Definition 5.47 (Rearrangement of series). Suppose that >, ax is a
given series. Let {ny} be a sequence of positive integers such that each positive
integer occurs exactly once in the sequence. That is, there exists a bijective map
f+ N = Nwith f(k) =ng, k€N, so that each term in the series Y - | by,
(b = an, ) is also a term in Y ;- ak, but occurs in different order. The series
> ey by is called a rearrangement of > po | aj.

Suppose that >~ | by is a rearrangement of >~ | ax. Then by definition,
3 oo .
since by, = an, = ayr), we have ap = by-1(x), and thus >~ a is also a
rearrangement of » ;- | by.

Example 5.48. Consider

1 if n is odd,
an = o anl _ 1
% if n is even,

for n € N. Then as,—1 — 1 and as, — —1 as n — oo, so that lima, does
not exist, showing that 220:1 ay, diverges, and indeed is an oscillatory series.
However, if we introduce parentheses,

> ar = (a1 +a2) + (as + as) + -+
k=1

(-4 03+ (-

1 1
+?+§

the result is a convergent series. o

+...’

Next we consider the alternating harmonic series (conditionally conver-
gent) (5.7). We have already shown that the series converges to S = log2.
Suppose we rearrange this series as

(1_1)71+<171)71+(17 1)7 1Jr
2 4 3 6 8 5 10 12 )

1 1+1 1+1 1+
T2 4 6 8 1 12
—1<1—1+1—1+1—1+ )
) 2 3 4 5 6

1

zélogQ

We now have a rearranged series of the alternating harmonic series converging
to (1/2)log2.
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In general, it can be shown that if ) a; converges conditionally, there is
a rearrangement of the terms of > aj such that the sum of the series is equal
to any specified real number.

Let us now rearrange the terms of the series (5.7) so that the sum is
(3/2)log 2. For this, because (5.7) is convergent, we have

1 (=Dt 11 1 111
Slog2=y L - oS 1
908 Z; 2% 2 1t s T 2t (5.10)
Next, we introduce
0 if k£ is odd,
ar = _1)(k=2)/2
» L if k£ is even,
k
and consider the series
o0
1 1 1 1
—04+-4+0— - S0 = 11
S a 0+5+0—7+0+2+0— o, (5.11)

k=1

which is obtained by inserting 0 into (5.10) between pairs of terms. Also,
we observe that if S,, and T,, are the nth partial sums of (5.10) and (5.11),
respectively, then we have

T1 = 0, Tgn = Sn = T2n+1 for n Z 1,

showing that limT,, = (1/2)log2 = lim S,,. Thus, adding (5.7) and (5.11)
gives a new convergent series with sum (3/2)log2. That is,

> k—1

3 -1
Sz =3 (T

k=1

+ )—1+0+1 L lioelo 1y
)= 3 275 71 '

If we delete 0 from the series on the right-hand side, the resulting series
is actually a rearrangement of (5.7) that is convergent to (3/2)log2. More
generally, we have the following.

Example 5.49. Consider the alternating harmonic series Y~ (71,): " Show
that if the first p positive terms are followed by the first ¢ negative terms, the
next p positive terms followed by the next g negative terms, and so on, then
the resulting rearranged series will converge to log(2+/p/q).

Solution. Recall from Remark 7.26(4) that if v, = >_;/_, + — logn, then we
have 0 < v, < 1 and 7, — <, where « is the Euler constant. These facts
about v, can be verified directly, without the using integration theory. We
may write

=logn + v+ R, (5.12)

T =

n
Yo =7+ Ry, or Hn::Z
k=1
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where R, — 0 asn — oo and H,, is the nth partial sum of the harmonic series
Yooy % If we consider the first p positive terms in the given alternating series
and use (5.12), then we find that

2p P
1 1 1 1 1
I R - z_ —
R P
k=1 k=1
1 R
:10g2p—§10gp+%+R2p—7p. (5.13)

Similarly, if we sum the first g negative terms of the given series, we have

1 1 1 1 1 1
B (T I T IR - S| : 14
{2+4+6+ +2q] 51 = —5(logq+ 7+ Ry) (5.14)

Adding (5.13) and (5.14) yields
p q
1 1 2p R, R,
D Z2k_10g(\/p_q>+R2p 2 2

= log (2\/5) + R(p,q),

where R(p,q) — 0 as p,q — oco. The result follows. °

We have the following from the last example.

Example 5.50. (1) For p=q =1, we get

o0 _1k:71 1
Z( ) :1__+__...:10g2,
k=1 k 3

(2) For p=1, ¢ =2, we get the series

whose sum is log (2 i) =0.

(4) For p=2 and ¢ = 1, we get
1 1 1 1

1 3
L+g—g+zts -+ =log2v2) = ;log2.
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(5) For p =3, g = 2, we get a series with sum log (2\/§) = %log 6.
(6) For p =3 = ¢, we see that

1
1+-4+=-=-=—==-—= .- =log2.
+3+ 5 + + + og

For a direct proof of case (4), we may proceed as follows. Consider

1+1 1+1+1 1+
3 2 5 7 4

and let its partial sum be denoted by .S,,. Then

g _1+1 1+ N 1 N 1 1
n T T3 n—3 4dn—1 2n
—(1+1+1+ R ) (1+1+ +1)
o 35 dn—3  4n—1 2 4 omn
—(1+1+1+1+ - +1) 1(1+ + +1) H
n 2 3 4 dn—1  4n 2 2 on "
1 1
= Hy, — —Hs, — —H,,.
an gt Ty
As noticed earlier,
2n 1 2n1 n 1
Ty = —DFI 2 =N"2 2N — = H,, — H,
2 Z( ) A Zk ng 2
k=1 k=1 k=1
Consequently,
1
S?m = (H4n - HZn) + §(H2n - Hn)7
so that {
S3n = T4n + §T2n
Also,

1 1 1
S3n71—53n+% and 53n72—53n+%—4n_1.

We know that T, — log2 as n — oo, and so Ts, — log2 and Ty, — log?2
as n — 00. The last three relations for the subsequences {Ss,}, {Ss5,-1}, and
{S3n—2} show that {S,} converges to %log 2. )

The following results show that the sum of an absolutely convergent series
is independent of the order of the terms, but in the case of conditionally
convergent series, the situation can be entirely different, and the order of the
terms is crucial.
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Theorem 5.51 (Rearrangement of absolutely convergent series).
If >°72, ax converges absolutely with sum S, then every series > - by 0b-
tained by rearranging its terms also converges absolutely to the same sum S.

Proof. Let S,, and T,, denote the nth partial sums of Y aj, and > by, respec-
tively. Suppose that > |ax| = A. Then, since each term of by is a term of
> ag, we have

n oo

B, = Z b | < Z lax] = A for each n > 1,
k=1 k=1

so that A is an upper bound for the increasing sequence of partial sums {B,, }.
Therefore, by BMCT, Y by, is absolutely convergent.

Next we must show that 21:11 b = S. Since Y ay is convergent to the
sum S and is also absolutely convergent, it follows that for a given ¢ > 0 there
exists an N such that

(i) |S—Snl <e/2forn>N.
(i) A—>"7_, |ax| <e€/2 for n > N. In particular, for n = N this gives

oo

Z \ak| < %

k=N+1

Further, since each term of Y aj is a term of > by, there exists an inte-

ger Nj such that terms in {a1,as,...,an} are included among the terms
in {by,b2,...,bn,}. If n > Ny, since S, and T, both include the terms
ai,as,...,ay in their finite sum, we write

n N
Zbkzzak+E7
k=1 k=1

where F is a finite sum of terms of > ay each of which occurs after ax. Now
we observe that from (ii), |F| < €¢/2, and from (i), we have

n N
€ €
‘S—Zbk < SfZak +|E|<§+§=e for n > Nj.
k=1 k=1
Thus Y b converges to the sum S. ]

5.3.3 Riemann’s Theorem on Conditionally Convergent Series

We present an important theorem due to Georg Friedrich Bernhard Riemann
(1826-1866) that shows that every conditionally convergent series can be rear-
ranged so that the resulting series has as its sum any preassigned real number.
This remarkable result is a consequence of our next result. Also, every con-
ditionally convergent series can be made to be divergent to co or —oo, or
oscillatory (finite or infinite).
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Theorem 5.52 (Riemann’s rearrangement theorem). Assume that the
series ZZO:1 ay s conditionally convergent, with nth partial sum s,. Let a and
B be given such that —oco < a < 8 < o0o. Then there exists a rearrangement
Y opeq di of Yope ak such that

liminft, =a and limsupt, = 0, (5.15)

n— oo n—oo

where t, = > . _, di. In particular, we have the following:

(a) There is a rearranged series diverging to oo.
(b) There is a rearranged series diverging to —oo.
(c) For any given real number S, there is a rearranged series converging to

S.

Moreover, there is a rearranged series such that its partial sums oscillate
finitely or infinitely.

Proof. Without loss of generality we assume that ar # 0 for all £ > 1, since
the terms of the series that are zero do not affect its convergence or divergence.
Let b, and —¢, denote the nth positive term and the nth negative term of
> ag, respectively. Then both > by and Y c¢; become positive-term series,
and because Y ay is conditionally convergent, we have

D lakl =) bk + Y er = o0,

which implies that either > by or > ¢i diverges.

Claim: Both > by and > ¢ are divergent.

Suppose this is not the case. Then one of these two series is convergent.
Without loss of generality, we assume that Y ¢, converges to C' (C' > 0) and
> b = 0. Since > by is a divergent series of positive terms, given R > 0,
there exists an /N7 such that

N1
Y be>R+C.
k=1

Choose Ny large enough that the first No terms of {a,} contain the first N;
terms of {b,}. Then for all n > Na,

n N S)
Sn:ZakZibk_ch>R+C_C:R7
k=1 k=1 k=1

showing that the sequence {s,,} of partial sums is unbounded, and hence 3 a,
diverges, a contradiction. Thus both > b and Y ¢ must be divergent. The
claim is proved, and it follows that

Zbk:oo and ch:oo.
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Further, because Y ay is convergent, a,, — 0, and so

We

lim b, =0= lim c¢,.
n—oo n— oo

now introduce

B, = En:bk and C, = En:ck
k=1 k=1

and describe a method that tells us when to take positive terms and when to
take negative terms.

(a)

(b)

(c)

Since Y by diverges to oo, the sequence of its partial sums is therefore
unbounded. Thus, there exists an m; such that

Bm1 >14c.
Again, choose my large enough that
B, —(14¢1) >14co, 1ie., Bp, —(c1+c2) > 2.

If we continue the process in this way, we obtain a sequence {m,} of
positive integers such that

Mp p
Bmp _Cp :Zbk _ch >,
k=1 k=1

and hence we obtain a rearrangement of ) aj diverging to oco.

A very similar argument with the roles of b, and ¢, reversed allows us
to build a rearrangement for which there is a sequence of partial sums
diverging to —oo.

Now we fix a and 8 with o < 3. Note that we do not exclude the following
possibilities:

(i) a=p=o0; (i) a = = —ox; (iii) o = -0, 8 = 0.

We have already taken care of the cases in which a« = = 5, with
S = +oo. Thus, the rearranged series diverges to oo or to —oo depending
on whether o = 8 = 0o or @« = 8 = —o0, respectively. Clearly, (i) and
(ii) follow from the proof of (iii), but just for the sake of clarity and for
getting used to the idea of specifying a rearrangement by a qualitative
process, we have included the proof for (i). Finally, if « = 8 = S, a
finite real number, then our procedure shows that the rearranged series
converges to S.

Now we present our argument for the general case (5.15), and it is very much
the same. Let {x,} and {y,} be two sequences of real numbers such that

lim z, =«, lim y, =0, with x, <y, and y; > 0.
n—r oo n—roo
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Choose just enough (say m;i) positive terms so that
Ty = By, > 1.
Again, choose just enough (say nj) negative terms so that
S1=DBm, —Cn, <x1.

Next, we continue the process and choose just enough further positive terms
and negative terms so that

Ty = By, — Cpn, >y2 and Sy = B, — Cp, < z2.

If we continue the process, we obtain the following rearrangements of > ay:

b1+"'+bm,1—01—"'—0n1 +bm1+1+"'+bm2_CWL1+1_"'_Cn2+"'
—_———

and
b1+"'+bm1_Cl_"'_Cn1+bm1+1+"'+bm2_Cn1+1_"'_cn2+"'

Also, we observe that
Tk = Bm,k - an,l > Yk, and Sk = Bmk - an < Tk,

where my and nj are increasing sequences that are the least positive inte-
gers greater than my_; and ng_1, respectively. Here C,, = 0. The last two
inequalities may be combined as

Sk <z < yp < Tk.

(See Figure 5.9.)
Also note that

Ty = By, — Ch,_,
=Sk + (Cnp_y41+ -+ cny)
=Si-1+ (Bm, — Bm,_y)
= Sk—1 4 (bmy 141+ -+ by )

S, T Yy T,

Fig. 5.9. Positions of Sk, xk, yr and T}’s.
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Thus, T) and Sy are respectively the kth partial sums of the two rearranged
series of Y ay, with last terms b,,,, and —c,, . We leave the rest of the argument
as a simple exercise. ™

5.3.4 Dirichlet Test

Definition 5.53 (Bounded variation for a sequence). A sequence
{an}tn>0 of real numbers is said to be of bounded variation if the series

o0
Y oneq lar — ax—1] converges.
It is easy to see that the following statements are true:

e Every sequence of bounded variation is convergent.
Not every convergent sequence is of bounded variation.
Every bounded monotone sequence is of bounded variation, for

n
Z lak — ag—1] = |ag — an| = lag — lim a,].
k=1 n—oo

A linear combination of two sequences of bounded variation is of bounded
variation.

Theorem 5.54 (Generalized Dirichlet test). Let {a,}n>1 and {by}n>1
be sequences of real numbers such that

(i) [sn| < M forn>1, s, =D}, ak; i-e., {an} has bounded partial sums;
(ii) b, — 0 and > i bk — bet1| < oo; d.e., {by} is of bounded variation
converging to 0.

Then Y poy arby converges.

Proof. We have a1 = s1, and ay = s — si_1 for k > 2. Also we see that

n
> auh
k=1

aiby + Z(Sk — Skp—1)bk

k=2
= 5101+ > skbe — Y Skbrg1 + Snbn
k=2 k=1
n
= Z Sk(bk — bk1) + Spbn+1,

k=1

which is often called a formula for summation by parts.
Assume the hypotheses that {s,} is bounded and {b,} is of bounded
variation such that b, — 0 as n — co. Consequently:

e spbyp1 — 0asn— oco.
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e Because > p—, (br, — bg+1) is absolutely convergent and {s,} is bounded, it
follows that

D lsklbr = bra)| < MY b = bia| < MY g = bial,
k=1 k=1 k=1

and so Z;:il sk (bg — br+1) is absolutely convergent. In particular, the series
> rey sk (bk, — brt1) converges.

Thus the formula for summation by parts gives the desired conclusion. [

Corollary 5.55 (Dirichlet’s test). Suppose that {a,}n>1 is a sequence of
real numbers with bounded partial sums, and {by }n>1 is a decreasing sequence
of monnegative real numbers with limit zero. Then Y- | axby converges.

Proof. Since every bounded monotone sequence is of bounded variation, the
hypothesis implies that {b,} is of bounded variation. The result follows from
Theorem 5.54. [ ]

For instance, we have the following:

e The choice ap = (—1)*~! gives the Leibniz alternating series test (see
Theorem 5.44) as a special case. Thus, Dirichlet’s test generalizes the
Leibniz test.

e The choice ar, = (—1)*7! gives that s, is either 1 or 0, and so by =
,%p (p > 0) in Dirichlet’s test shows that the alternating harmonic p-series
k—1
orey % converges for p > 0.

Example 5.56. Decide whether the series Zk22 % converges but not ab-
solutely.

Solution. Let a,, = sinn and b,, = 1/logn for n > 2. Then {b,,} is a decreasing
sequence converging to zero and

Sn:;ak %%UZ{COS(]C—%)COS(/C+%):|

k=1
S eos (3) —eos (0 3)].

so that |S,| < 1/sin(1/2). Thus, Dirichlet’s test is applicable. To prove that
the series is conditionally convergent, it suffices to show that > |axbi| behaves
like 3 @. Since |sinz| 4 |sin(z + 1)| > 0 for x € N, there exists a number
m > 0 such that m = inf en(|sinz| + |sin(z + 1)]). Consequently,

[
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> |sink > [ |sin(2k — 1 in(2k — 2
2 |logk| =2 <|1og§2k— 1§| * |1sog((2k— 2))|)

k=2 k=2

g ;_2 1(%(2%1) (Isin(2k — 1)| + | sin(2k — 2)|)

1
B mkzzz log(2k — 1)’

and so the given series does not converge absolutely. ®

Corollary 5.57. If "7 | ay, is convergent and if {b, } is of bounded variation,
then Zzozl arby is convergent.

Proof. Set s, = >_}'_, ai. Then by hypothesis, {s,} is convergent (and there-
fore bounded). Since {b,} is of bounded variation, Y ;- [by — bx_1]| is con-
vergent, so that the series Y p-(by — brt1) is convergent. This gives that
the sequence of its partial sums is {by — by41}, which is clearly convergent.
Thus, the series > p-; sk(br — br4+1) and the sequence {b,} are convergent.
The result follows from Abel’s formula for summation by parts. [

Since every monotone bounded sequence is of bounded variation, we also
have the following corollary, which is referred to as Abel’s test (compare with
Theorem 5.31 and Corollary 5.32).

Corollary 5.58 (Abel’s test). If > ay is convergent and {b,} is monotone
and bounded, then Y axpby is convergent.

Neither of the two hypotheses in Corollary 5.57 can be dropped. For in-
stance, consider the following pairs of choices:

(@) an=(=1)""1 by = (=1)"/m;
(b) (=1)"/v/n, by = (=1)"//n;
(¢) an = (=1)" by =1+ (1/n);

(d) a, =1, b, =1/n.

5]
3
I

For each pair of choices, >_p- | arby diverges.

Corollary 5.59. Let {by}n>1 be a monotone sequence such that b, — 0 as
n — 0o. Then:

(i) Yope bisinkx converges for each x € R.
(ii) D "4, bi coskx converges for each x € R with x # 2mm, m € Z.

Proof. (i) Fix z and let a,, = sinnz for n > 1. Then (as in Example 5.56)

= 0= gy [0 (5) ~e (U3)1].

k=1
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Note that if x = 2mmn for some m € Z, then a,, = 0 for each n > 1, and
so S, = 0 for each n > 1. Consequently, for sin(z/2) # 0, it follows that

for each n > 1.

1
150l < Ttz

Thus {S,} is bounded. The result follows from Dirichlet’s test.
(ii) Let a,, = cosnx for x with x # 2mm for any m € Z. We see that

1 <
Sp(x) = Tem(@/2) ;25111(95/2) cos(kx)
= 2511121:/2) Z[bm(k +1/2)x — sin(k — 1/2)x]
k=1
=3 smza?/Q) [sin(n + 1/2)x — sin(z/2)].
Since sin(x/2) # 0, the result follows from (i). [

Again we remark that the Leibniz test is a special case Corollary 5.59
(choose z = 7).

Example 5.60. If x+ = 7 and b, =
both

\/E’ logTH Corollary 5.59 gives that

are convergent. (]

We next state the following theorem, the proof of which follows directly
from the definition and the hypothesis.

Theorem 5.61. If the sequence of partial sums of Y, ai is bounded and
{bn} is a decreasing null sequence of positive numbers, then ZkZI arbr con-
verges.

Proof. By hypothesis, there exists an M > 0 such that |s,| < M for n > 1,
where s, = >, _, ai. Since {b,} is a null sequence of positive numbers, given
any € > 0, there exists an N such that

€
bn<2M foralln > N

The formula for summation by parts (see the proof of Theorem 5.54) gives

m m

Z aiby = Z Sk(bk — bit1) + Smbm+y1 — Spbnyi,
k=n-+1 k=n+1
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so that
> arby SM[ > bk = brr1) + (bng1 + bm1)
k=n-+1 k=n-+1

< 2Mby 41 < e foralln > N.

Thus {>";_; axby} is a Cauchy sequence, and the result follows by Cauchy’s
criterion. n

5.3.5 Cauchy Product

If we formally consider the product of two power series ), ., arz® and

Y k>0 bpz® and organize the resulting series in powers of z, then we end up
with

(Zakxk)(Zbkxk) = Z e, cp = zn:akbn,k, n=0,1,2,....
k>0

k>0 n>0 k=0

A motivation for the introduction of the Cauchy product may be seen by
substituting = 1 in the above identity and making the following definition:
The Cauchy product of two convergent infinite series Y .~ Gk, Y .~q Ok is the

series
E Cn-

n>0

The result one might hope for is that > -, ¢, converges. It turns out that
this is false. We then ask, under what conditions does the series ) ., cn
converge? -

Theorem 5.62 (Mertens test). IfA=3",  ar and B=)",., bk are two
convergent series, then AB =% ., ¢, (meaning that the series converges),
provided that at least one of the series is absolutely convergent.

Proof. Let > aj be absolutely convergent. Define

n n n
A, = E ay, B”:Zb’f’ C, = E Ch anda:Z|ak|.
k=0 k=0 k=0

k>0
Then we note that

Ch=co+c1+ - +cn

= apbgy + (apb1 + a1bo) + (agbs + a1by + agbg) + - -+ + (agby, + -+ - + anbo)
agB, + a1Bp_1+ -+ +a, By
=[aoB+aiB+ -+ +a,B] —[ag(B — Bp) + -+ + an(B — By)]
=A,B—-D,,
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where
Dn = aO(B - Bn) + al(B - Bn—l) + -+ an(B - BO)

Note that
A, B — AB as n — oc. (5.16)

Since Y, |ax| is convergent, given € > 0, there exists an N; such that

Z lak| < e for n > Ny.
k>N:

As B,, — B — 0, for a given ¢ > 0, there exists an N5 such that
|B,, — B| < € for n > Na.
Therefore, for n > max{Ny, No} = N and d, = B — B,

[Dn| < (laol + -+ + |an-~]e + (lan-n41] + -~ +]an]) sup {|dn[}
neNU{0}

§<a+ sup {|dn|}>awitha:Z|an|,
}

neNU{0 n>0

which approaches 0 as n — oo, since d,, — 0, and 80 sup,,enyo3{|dnl} < 0.
Hence by (5.16), C,, — AB. This completes the proof. [ ]

Remark 5.63. In Theorem 5.62, it is essential that one of the two series be
absolutely convergent. For instance, if we consider

a b ( 1)k : k 0
= - - >
k k /—k 1 ’ =Y

then each of ), < ar and >, -, b converges (by the alternating series test)
but not absolutely. On the other hand, we see that

- 1
n| — -1)"
i ,;)\/ml\/n—kﬂ

1 1 1
T Vivarl Vava T Uarivn

n+1

- 1
> E = =
_kZO\/n+1s/n+1 n+1

Since the general term in the Cauchy product )_, ., ¢, does not approach 0,
the Cauchy product of the two chosen series does not converge. This example
demonstrates that the Cauchy product of two conditionally convergent series
may fail to be convergent.



202 5 Series: Convergence and Divergence

The same conclusion can also be drawn if we choose

(-1)*

= b = — 0.
k= Ok log(k +2)’ -
In this choice, we see that
e |>;—>oo as n — 0o
"= (log(n + 2))2 ’ b

In view of Remark 5.63, it is natural to ask whether the series Y ¢,, if

convergent, must have the sum AB. The answer is affirmative, see Theorem
9.54.

5.3.6 (C,1) Summability of Series

There are instances in which divergent series may be viewed as convergent
series. The theory of summability methods for series primarily concerns itself
with the question whether in some sense, a “sum” may be assigned to a series
> ap even when it is divergent. At the same time, any “new sum” we define
must agree with the sum in the ordinary sense, namely

o0
lim s, = E ak
n—oo
k=1
when the series is convergent.

Definition 5.64 ((C,1) summable series). If {s,},>1 is the sequence of
partial sums of the series 220:1 ar, then we say that the series 220:1 ap 18
(C,1) summable to L, or (C,1) summable with sum L, if s, = L (C,1). In
this case, we write (see Definition 2.62)

Zak =L (C,1) or Zak =L (Cesaro).
k=1 k=1

Example 5.65. Set a,, = (—1)"7! for n > 1. Then

] 0 if nis even,
=1 ifnis odd,

which gives

n
n d n h 1
Oy = -— =7 and O0op-1 = ——=, WwWhere o z—E Sk

" 2n 2 " 2n — 1’ o

and so o, — 1/2 as n — oo. Thus,
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Now we ask whether every divergent series can be (C,1) summable.

Example 5.66 (Not all divergent series are (C,1) summable). Show
that the harmonic series Y- (1/k) is not (C, 1) summable.

Solution. We have a, = 1/k and

1 1 1
Un:_(51+52+"'+8n); Sk:1+—+"'+—
n 2 k
_ ! 1T+ ( 1)1+( 2)1+ +2 ! +1
_nn " 2 " 3 n—1 n
1\1 2\ 1 n—1Y\1
=1+(1-=)=4+(1—-—=)=4+---+11- —
nj) 2 n) 3 n n
_ 1 1+2+3+ +n—1
o273, n

where
n—1

1
O<bn<£[(n—1)< )]<1 for all n > 1.

n
Since {s,,} is divergent, it follows that {c,} is a divergent sequence of positive
numbers. Consequently, the harmonic series is not (C, 1) summable. ®

If a,, = ¢ for some nonzero constant and for all n > 1, then s, = ¢n, so
that o, = ¢(n+1)/2, and so the series whose terms are some nonzero constant
is not (C,1) summable.

In our next theorem, we present a simple condition that makes (C,1)
summable series become convergent. An analogue of this theorem for Abel
summable series is given in Theorem 9.57.

Theorem 5.67. Suppose that Y - ai, is (C, 1) summable to A, and na,, — 0
as n — co. Then Y o2 g ay is convergent with sum A.

Proof. Set s, = Y 1_, an, so that no, = > ;_, s, and 0, = A as n — oo.

Further, since na,, — 0 as n — oo, Theorem 2.64 shows that

1 n
T, = — kap — 0 — 00.
n TL; ak as n (o]
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We need to show that {s,} converges to A. For this, we write

n

nT, = Zk(sk —sg—1) (s0=0)
k=1

:Z(ksk—( _]-skl Zskl
k=1 .
= NsSn — (Z Sk 5n> )

k=1

and therefore

n n
Tn = 1 n — n n — n Tn
n (n+1)s, —no, or s e +n—|—1
Since o,, -+ A and T,, — 0, it follows that s, — A as n — oo, and the proof

is complete. [

5.3.7 Questions and Exercises

Questions 5.68.

1. Does a sum of a convergent and a divergent series converge? Does
o0

1 (_l)kfl
E — + —) diverge?
pt (\/E k
2. Must an alternating series whose general term approaches zero be conver-

gent? Does Z <1 — 31/k) converge?
3. Does a sum of two alternating convergent series converge?

, s L (DM
4. Does the series Z(—l) (— + —) converge?
k=1

NG k

5. What (if anythiné) is wrong with the following computation?

() e e (ot

2 37\ 2)757\6 3
= (1+ SR )-1 Lo
B 2 3 4 2 3 4
11 11
—(1+=+= ...)_(1 S 4= ): .
(1+5+3+ +3T5 T 0

6. Suppose that Y a? is convergent. Must > ax be divergent? Must Y ay,
be convergent?

7. Suppose that Y ay is convergent. Must Y ai be divergent? Can ) a; be
convergent?



10.

11.

12.
13.

14.

15.
16.
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Does there exist a divergent alternating series > (—1)*"!a; such that

lim ay =0, but {ax} is not decreasing?
k—o0

Suppose that Y72 | a is absolutely convergent. Can

0o
Dok =
k=1

Suppose that >, ai is conditionally convergent. Must > o, ar =
220:1 agk—1 + 220:1 azr?

Must a product of two sequences of bounded variation be of bounded
variation?

Can we drop the condition b, — 0 in Theorem 5.54(2)7

If Y72, ak is absolutely convergent, must {an }n>1 be of bounded varia-
tion? How about if “absolutely convergent” is replaced by “convergent”?
If {b,} is a decreasing sequence of bounded variation, i.e., Y ;o |bx —
bi+1] < oo, must it be convergent?

Must every monotone bounded sequence be of bounded variation?

hE

o0
agk—1 + E asy?
=1

£l
I

1

oo
Is the series Z E(—1)¥! Cesaro summable?
k=1

Exercises 5.69.

1.

2.

3.

4.

Let {a,} be a decreasing sequence of nonnegative real numbers with a,, —
0. Set

1 ¢ 1 ¢ Ly
bn:EkZﬂak” Cniﬁ;agkfl and dn: 2’[’1,—1]‘;&2]971'

oo

Show that if A,, is either b,, or ¢, or d,,, then Z(—l)k_lAk is convergent.
k=1

Test the series ZZ.;1 ay, for convergence, where a; equals

\/isin(kﬂr/Q —7/4)
—

Using the alternating series test or otherwise, test > o, (—1)*"la; for
convergence, where ay, is given by

1 1 k+2F

S — b . ~re

@ smrez P iy 9 s
k 13- (2k—1) 1

(d) (e)

k+2 2-4..-.2k
At least how many terms are to be considered from the series >~ %

so that the error does not exceed 0.00017?
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5. Show that the series
1 1 1 1 1 1 1 1

converges and find its sum.
6. Does the series

1 1+1 1-1—1 1+1 1+
2 2 3 3 4 4

converge? If so, does it have a divergent rearrangement? How about the
rearrangement of the series

1 1 1
l—1+4-—=+=
g5t

Jr1 1 1 1
2 3 4

1
3Tyttt

oo —
A~ =
+

7. Using the fact that

1 1 Lol n=12
3n—2 " 3n—1 3n 3n T hSen

deduce that the series

1—1—1 1+1+1 1+
2 3 4 5 6

is divergent.
8. Show that the series

(-0 (-D(-De

is convergent. Show also that when the parentheses are removed, it oscil-

lates.
9. Show that
() T 1 i 1 n 1 n
8 1-3 5-7 9-11
1 1 1
(11) 10g2——+—+—+

10. Suppose that > a is convergent (e.g., ax = (—1)k~1/k). Using Abel’s
test (Corollary 5.58) or otherwise, test the convergence of > ayby when
br equals

1

(a) kY5 (b) i © (1+%)k. (d) k7P (p > 0).

11. Test the convergence of the series >, ; a(z) whose kth terms are given

below: % Lk .
COS KT SN KT COS KT
@ ez P e ©




12.

13.

14.

15.
16.

17.
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Consider the following series
(a) Y _sin(x/k). (b) Z Leos(m/k).
k=1

Verify whether each of these converges or diverges.

If a, = %, n > 0, determine the Cauchy product of Y 7 a; with
itself. Verify whether the Cauchy product series converges.

Give an example such that

(a) {bn} is bounded but is not of bounded variation.

(b) {bn} is convergent but is not of bounded variation.

(c) {bn} is of bounded variation but is not monotone.

Show that >"p, sin(km/2) is (C,1) summable to 1/2.

Show that a divergent series of positive numbers cannot be Cesaro
summable.

Suppose that the series Y 7o | ai is (C, 1) summable. Show that

(a) the sequence {ay,}n>1 is (C, 1) summable.

(b) the sequence {s,/n},>1 converges to 0.






6

Definite and Indefinite Integrals

In Section 6.1, we define the definite integral, called the Riemann integral,
using Riemann sums. Then we study the properties of the Riemann integral.
The fundamental result that we prove in this section states that every bounded
function on an interval [a,b] is integrable if it is either monotone on [a, b
(see Theorem 6.20) or continuous on [a,b] (see Theorem 6.21). In Section
6.1, we show that the definite integral fab f(x) dx exists if f(x) is a piecewise
continuous function defined on a bounded interval [a, b].

In Section 6.2, we meet the fundamental theorem of calculus, which con-
nects the integral of a function and its antiderivative. Later, we will move
on to the Riemann—Stieltjes integral. Basic linearity properties of definite and
indefinite integrals are presented. In Section 6.2, we present an important the-
orem in integral calculus, namely the mean value theorem for integrals, and
as a consequence, we define the average value of a function. In addition, using
the fundamental theorem of integral calculus, we introduce the logarithmic
and exponential functions and develop their principal properties.

In a later chapter (see Section 9.2), we examine a close relationship be-
tween uniform convergence and integration, and then later between uniform
convergence and differentiation.

6.1 Definition and Basic Properties of Riemann Integrals

We begin our discussion with an arbitrary bounded function f(x) defined on
a closed interval [a,b]. A partition P = {xo,x1,...,2,} of an interval [a, b] is
a finite set of points arranged in such a way that
a=20<T1 <To < < Xp_1<xp=>=.
The partition P defines n closed subintervals
[370,961], [3617302]7 S [xk—l,l‘k], S [$n—1,$n]
S. Ponnusamy, Foundations of Mathematical Analysis, 209

DOI110.1007/978-0-8176-8292-7_6,
© Springer Science+Business Media, LLC 2012
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of [a, b]. The typical closed subinterval [xy_1, 2] is called the kth subinterval
representative of the partition P. The length of the kth subinterval is

Ary =xp —xp_1, k=1,2,...,n.

The largest of the lengths of these subintervals is called the norm (sometimes
called the mesh or width) of the partition P and is denoted by || P||; that is,

Pl = Axy = — Tp_1).
IPl=, ppx | Awii=, max (@ = 2i-)

.....

.....

A standard partition or equally spaced partition is a partition all of whose
subintervals are of equal length. For an arbitrary interval [a, b], the standard
partition is given by

Fo=a) trk—012. . n
n

P ={xg,21,...,2,}, where zp =a+

The family of all partitions of [a, b] will be denoted by Pla, b] or simply by
‘P when the interval under discussion is clear. For each &k = 1,2,...,n, choose
an arbitrary point xj € [xx—1, )] (Figure 6.1). On each subinterval, we form
the product

I
To=a Ty Ty Tp-1 gf Tk Tp1 Tp=0

Fig. 6.1. Partition of [a, b].

A = f(wg) Ay

and the sum .
Sn=>_ A
k=1

This sum, which depends on the partition P and the choice of the points

xy,xh, ..., xk, is called the integral sum (also called Riemann sum) of f over
the interval [a, b] with respect to P and points z} € [xg—1,2k], k=1,2,...,n.
Also, if we let (see Figure 6.2)
mg = inf f(x)a Mk = sup f(x)a
T€[T)K—1,2kK] z€[Tp_1,7k]

then each partition determines two sums that correspond to overestimates
and underestimates of the possible area:

NE

n
S, = ZMkAmk and s, =
k=1

miAxy. (6.1)

=~
Il

1
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Yl Yl
My, y=f(z)
O T, T Oy Iy T
Fig. 6.2. Description for my and Mj.
Yy
O| To 1 T2 T3 Ty T5 Tg oo Tp1 Tp T
Fig. 6.3. Upper Riemann sum.
Y
O| To T1 T2 T3 Ty T5 Tg - Tp1 T T

Fig. 6.4. Lower Riemann sum.

Here S,, and sy, are referred to as an upper sum and a lower sum of f on [a, ],
respectively (Figures 6.3 and 6.4). We observe that as n becomes larger, the
subdivision of [a, b] corresponding to the partition P becomes finer.

For the purpose of visualizing the notion of area of the region R bounded
by the z-axis and the curve

y = f(z),

and the lines x = a, x = b,



212 6 Definite and Indefinite Integrals

it is worthwhile for the moment to consider the special case in which f is
continuous on [a,b] and f(x) > 0 on [a,b]. Then Ay defined above is the
area of the kth rectangle, and the area in question must lie between S,, and
Sn, showing that the upper sum overestimates the area, while the lower sum
underestimates it. If the number of partition points is increased such that
||P|| is sufficiently small, then the upper sum decreases, while the lower sum
increases. In other words, as ||[P|| — 0, both S,, and s, should converge to
the area under the curve. Thus, by the squeeze/sandwich rule, we express the
area under the curve y = f(x) (f(z) >0, z = a, x = b, and the z-axis) as

A= lim S,,
[ Pll—0

provided the limit exists.

6.1.1 Darboux Integral

Definition 6.1. Suppose that f: [a,b] — R is bounded and P = {xo,z1,
< Tp} is a partition and x}, € [xp—1, k] (kK =1,2,...,n) is arbitrary. Then
the quantities S,,, Sn, and Sy are called the upper sum (or upper Darboux sum
or upper integral sum,), the lower sum (or lower Darboux sum or lower integral
sum), and the Riemann sum, respectively, of the function f associated with
the partition P. These are usually denoted by

Sn:=U(P,f), sp:=L(Pf), and S,:=0(P, f z").
For a bounded function f on [a,b], we define

m= inf f(z) and M = sup f(x),
ze[a,b] ZL’E[a,b]

and so
m < my < f(zr) < M < M.

If we multiply the inequalities above by z; —xr_1 and sumover k = 1,2, ...
then we obtain

m(bfa)gs_ngsngs_nSM(b—a);
[ —

that is,

m(b—a)SL(P,f)SO’(P,f,I*)gU(P,f)SM(b*(I)

holds for every partition P and for every choice of the points z} € [xr_1, 2],
k=1,2,...,n (Figure 6.5). In other words,

{U(P, f): P€Pla,b]} and {L(P,f): P € Pla,b|}

form bounded sets. The above discussion leads to the following definition.
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Y Y Yy
AVY awn
mT mt [, mT
m(b—a) fa f(z) dx M(b—a)
Ol a b x Ol a b x Ol a b x

Fig. 6.5. Inequalities for integrals.

Definition 6.2 (Darboux integral). The upper (Darbouz) integral of f on
[a,b] is defined by

(as a finite number). A bounded function f defined on [a,b] is said to be
(Darboux) integrable on [a,b] if the upper and the lower (Darbouz) integrals
are equal, i.e., if U(f) = L(f). The common value is called the integral of f
on la,b] or the definite integral of f from a to b and is denoted by

/ab f(x)da.

In this case, we say that f is Darbouz integrable. If U(f) > L(f), then we say
that f is not Darboux integrable.

Note that if f: f(z) dz exists, then

b
LPH < [ f@)de <UQ.F)  for every P.Q € Plab),

Recall that in defining the quantities U(f) and L(f), we have assumed the
completeness property of the real numbers (see Definitions 1.18 and 1.19).
We follow the convention that whenever an interval [a,b] is employed, we
assume that a < b and therefore f: f(x)dx for a < b only. If a = b, we set
fab f(x)dx = 0.

Nonspecialists actually call the lower Darboux integral and upper Darboux
integral the lower Riemann integral and the upper Riemann integral, respec-
tively. Also, fab f(x)dx is often referred to as the Riemann integral of f on
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[a, b]. This is because Riemann’s definition of integrability is slightly different
(see Definition 6.14). However, this will be clear once we prove that these two
definitions are actually equivalent.

The function f that is being integrated is called the integrand, the inter-
val [a, b] is the interval of integration, and the endpoints a and b are called,
respectively, the lower and upper limits of integration.

Example 6.3. A partition of [0,1] is

so that 3 ) 1 )
Axy ==, Arxg=—, Axg=—-, Axy=-
Z1 7 ) €2 14 ) €3 4 ) Ty 4 )
and the norm of the partition P is
3 1 11 3
|P|| = max { } 2.
77147474 7
Note that P is not a standard partition of [a, b], because its subintervals are
not all of equal length. °

While forming the integral sum, f must be assumed to be bounded, since
every integrable function is necessarily bounded; see, for example, Remark 6.5.

Example 6.4 (Not every bounded function is integrable). Consider
the Dirichlet function f defined over the interval [0, 1]:

0 if x is irrational
flz) = { 1 if z is rational * % € [0,1].
Let P = {x0,z1,...,2,} be any partition of [0,1]. Since every interval

[xk—1, k] contains both rational and irrational points, we have (see Figure
6.6)
mr= inf  f(z)=0 and M= sup f(z)=1.

Tp—1<z<w) zp—1<z<z)

We compute the upper and lower integral sums
n
U(P, f) :Zl Tp —Tp—1) =xp —x9=1 and L(P, f)=0.
k=1
Therefore, since the above is true for any P € PJa,b], we have

Zf(x)dle and /Llf(x)dx:

and hence the Dirichlet function f is not integrable on [0, 1]. This example
shows that not every bounded function is integrable. ®
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y

1“ ............. o
[ ....... ] e
o Lh—1 Tp 1 x

Fig. 6.6. Each [zr_1, 2] contains both rational and irrational points.

Remark 6.5 (Unbounded functions). We encounter some difficulties if we
try to apply the definition for unbounded functions. For example, consider

1 1

~ £ 1 — £ 1
. or z € (0,1] and ()= { Uz or z € (0,1],
0 forxz=0 0 for x = 0.

fz) =

Then both f and g are unbounded on [0, 1] with

Jim f(z) =co= lim g(z).

Let P = {zo,x1,...,2n} be a partition. If in the sum S, = >")'_; f(«})Axy,
we have 7 = 0, then f(z}) =0, and so

Sn = o(P, fa*) =Y f(x}) Ay
k=2

But if 27 > 0, then because sup,¢( 4z f(2) = 00, no matter how small the
first subinterval length Azy = 21 — 29 = x1, we can make f(z7) as large
as possible by choosing z7 sufficiently close to zero. Thus, U(P, f) does not
exist, and this observation forces us to avoid unbounded functions on any
closed interval when considering integrability. °

We remark that the upper and lower sums depend on the choice of parti-
tions, while the upper and lower integrals are independent of the partitions.

Example 6.6 (Integrability of a constant function). We begin our
discussion with f(z) = ¢ (constant) for all z € [a,b]. Then every Riemann
sum of f over any partition P becomes

o(P, f,x* Zf Xy, Amk—cz T — Tp—1) = c(xp — x0) = (b — a),

which is a constant. In particular,
c(b—a)=L(P, f) < L(f) <U(f) <UP, f) = c(b—a),
so that L(f) = U(f), showing the integrability of f, and fab cdzr=c(b—a).®
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6.1.2 Basic Properties of Upper and Lower Sums

We wish to establish some basic properties of the Riemann integral and ob-
tain different types of classes of functions that are Riemann integrable. In
particular, we need to address the following fundamental questions:

e Is every monotone function on [a,b] Riemann integrable?

e Is every continuous function on [a,b] Riemann integrable?

e Is every bounded function that has a finite number of discontinuities in
[a,b] Riemann integrable?

e [s every bounded function that has an infinite number of discontinuities in
[a, b] Riemann integrable?

e Is every monotone function that has an infinite number of discontinuities
in [a,b] Riemann integrable?

In order to answer these questions and to build our presentation in under-
standing Riemann’s approach to integration, we need some preparations.

If P, and P, are two partitions of [a, b] such that every division point of
P, is also a division point of P», then we say that P is a refinement of P,
(or that P, refines Py or P» is finer than P;), and write P C Py or P» D P;.
Thus if

Pl - {I(),.Tl,iﬂg,-.-,xn} and P2 = {y05y17y2a"'ay’m}7

where a = xg = yg and b = x,, = Y, then P; C P> means that m > n and

{11707301,%2, ce. ,wn} - {y07ylay27 cee 7ym}

Note that if P, C P, then ||Pi]|| > ||P2]|- In other words, refinement of
a partition decreases its norm, but the converse does not necessarily hold.
Further, a partition R of [a, b] is called a common refinement of two partitions
P, and P, if P, U P, C R. Here the partition P, U P, is obtained by taking
into account of all the partition points of P; and Ps.

For instance, if

RN PPN

5
are two partitions of [0, 1], then P is a refinement of P, since P, O P.
Similarly if
111334
P:{a_a_7_7_7_7_71}7
2= 0132515

then P, is a refinement of both P; and P. However, the partition

0-{o14)
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of [0,1] is not a refinement of P, because the partition points of @ do not
include all partition points of P. Also, the common refinement R; of P and
Pl is

Note that P; is not a refinement of P.
Finally, we remark that for any bounded function f on an interval I, the
definitions of supremum and infimum give that

sup f(z) >sup f(z) and inf f(z) < inf f(x) whenever J C I.
zel zeJ zel zeJ

The following is useful in understanding lower sums and upper sums.

Lemma 6.7. Let f be a bounded function on [a,b], and let P and Q be two
partitions of [a,b]. Then we have the following:

(@) L(P, f) < L(Q, f) U@, f) SUP f) if P C Q.
(b) L(P, f) SU(Q, f) for any P and Q.
(c) L(f) <U(S).

Proof. (a) The middle inequality is obvious and has been discussed earlier.
The first inequality says that a refinement can only increase (or leave fixed)
the lower sum, and the third inequality conveys that a refinement can only
decrease (or leave fixed) the upper sum. We shall prove the first inequality.
There is nothing to prove if P = Q.

First we observe that if @ has r (r > 1) points not in P, we can start at
P and arrive at @) after r steps by adjoining extra points, say ci,ca, ..., Cp.
So we start with the partition P = {zg, z1,...,z,} of [a,b]. Let P, be a new
partition formed by adding one extra point, say ¢ = ¢; € (xx_1, k), so that

Pl = {x()axla"'):Ck—lac7xk7xk’+1)'"axn}-
—_————

Clearly, the only contribution to the lower and the upper sums that may
differ for P and Py is from the interval [xf_1, 2x]. Since f is bounded, we have
|f(2)] < K, ie., sup,eqy |f(2)] < K, for some K > 0. Also, we define

m), = inf f(z) and my = inf f(x).
TE€[TR—1,C] z€[c, ]
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Clearly, mj, > my, mj, > my, and

L(P,f)= Z mjAx; + my(c — xp_1) + mp(x — c)
=1, £k

Z mjAx; +my(c— zp—1) + my(xr — )
=1, j#k

Y

= ijAIj = L(P,f)

j=1
Similar arguments prove that
U, f) <U(P, ),

with the obvious notation M; < M;, and M;' < M. By applying this fact a
finite number of times (or by the method of induction), we obtain the desired
inequalities (a).

Also, we observe that

L(Py, f)— L(P, f) = mj(c — xk—1) + mj(zx, — ¢) —mp(z) — Tp—1)

< K(c—mp_1)+ K(z, — ) +K(xp —xp—1)

= 2K (xp — xp-1),
so that

L(Py, f) = L(P, f) < 2K]|P||. (6.2)
More generally, if P’ is obtained by adjoining r points that are not in P, an
induction argument clearly shows that

L(P', f) = L(P, f) < 2rK||P||.

Similarly, we can obtain U(P’, f) — U(P, f) > —2rK||P]|.

(b) Consider P U @, which is a partition of [a,b]. Then P C P U Q and
Q C PUQ. Note that PUQ is obtained by lumping together all of the points
of P and Q. By (a),

LPf)<L(PUQ,f)<UPUQ, ) <U@f)

for any two arbitrary partitions P and Q.
(c) Finally, we show that for any partition P € Pla,b], we have
b
a

b _
LPH LN = [ fe)de<v()= [ f@)de <UR)
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Since
m(b—a)SL(P,f)SU(P,f)gM(b—a),

the existence of L(f) and U(f) is obvious. Indeed, L(P, f) is a lower bound
for the set {U(P, f) : P € Pla,b]}, and therefore

L(P, f) <f{U(P, f) : P € Pla,bl} = U(f),

showing that U(f) serves as an upper bound for the set {L(P,f) : P €
Pla,b]}. Hence supp L(P, f) exists and

b b
U(h) = [ f@)de= L) = [ f@)do
The assertion follows. [

6.1.3 Criteria for Integrability

Our first major criterion for integrability says nothing about the value of the
integral but uses only the difference between the upper and lower sums.

Theorem 6.8 (Riemann’s criterion for integrability). If f is a bounded
function on [a,b], then f is integrable on [a,b] if and only if for each € > 0
there is a partition P of |a,b] such that (see Figure 6.7)

U(P, f) — L(P, f) < . (6.3)
4 U(P, f)—L(P, f) = area
y=f(z)
O| a b p

Fig. 6.7. U(P, f) — L(P, f) = area > 0.

Proof. (Necessity =—): Assume first that f is integrable on [a, b], i.e., U(f)
= L(f). Denote the common value of these two quantities by a. Let ¢ > 0 be
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given. Since U(f) is the infimum of all upper sums, and L(f) is the supremum
of all lower sums, there exist two partitions P; and P» of [a, b] for which

U(PLf) <UW) +5 and LB f) > L) ~ 5.
Set P = P, U P,. By Lemma 6.7(a), we obtain
L(f) = 5 < L(P, ) S L(P,f) SUP.) SU(PLf) <U() + 5,

so that

a—§<L(P,f)§U(P,f)<a+§,

and the assertion (6.3) holds (see Figure 6.8).

Fig. 6.8. Sketch for the quantity U(P, f) — L(P, f).

(Sufficiency <=): Suppose that for each € > 0, the inequality (6.3) holds
for some partitions P of [a, b]. Note that by the definitions of L(f) and U(f),

U(f)_L(f)SU(P7f)_L(P7f)<€7

and so
0<U(f)—L(f) <e foreverye>D0.

Since € > 0 is arbitrary, we must have U(f) = L(f), and so f is integrable on
[a, b], as required. [ ]

The next theorem gives another criterion for integrability.

Theorem 6.9. If f is a bounded function on [a,b], then f is integrable if and
only if for each € > O there exists a § > 0 such that

U(Paf)_L(Paf)<€ (64)
for all partitions P of [a,b] for which |P| < 4.

Proof. (Sufficiency <=): The sufficiency follows from Theorem 6.8.
(Necessity =): Let f be integrable on [a, b] and let ¢ > 0. By Theorem
6.8, there exists a partition @ = {yo,¥y1,-..,yr} of [a,b] such that

U(Q,f)iL(Qaf) <€/27
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where r is the number of subintervals in @. Since f is bounded, there exists
a constant K > 0 such that |f(x)] < K for all « € [a,b]. Set § = ¢/(8rK).
To verify (6.4), we consider a partition P = {xg,z1,...,2,} with |[|P|| < .
Define P/ = P UQ to be a common refinement of P and @, and note that
P’ has at most r points that are not in P. As in the proof of Lemma 6.7 (see

(6.2)),
L(P',f) — L(P, f) < 2rK||P| < 2rK¢ = i.

Further, since @ C P’, we also have (by Lemma 6.7(a))
€
L(Qvf) < L(Plyf) < L(Paf)—’_Z,

which implies that
L(Q7f) 7L(P7f) <

e~

Similarly,

U, f)=U(@Q, f) <

Adding the last two inequalities gives

PP

UP.D) = L(P.S) <UQD - LQ.H+5<5+5=c

and (6.4) is valid. [

Example 6.10 (Integrable functions that are not continuous). Con-
sider the functions

(1 ifeefo,1]~{1/2), _foif0<z<1/2
f(x){Oifle/Z, and g(x){1 if1/2 < <1

Note that both f and g are bounded with a single jump discontinuity on [0, 1],
and in addition, g is piecewise constant on [0, 1]. It is easy to show that f and
g are integrable on [0, 1].

Note that f is discontinuous at x = 3. If P = {q, 21, ..., 2, } is a partition
of [0,1], then 1/2 must belong to [zx_1,zx] for some k, 1 < k < n, and

therefore
m;=M; =1 for j # k,
m; =0, M; =1 for j =k,
7=12,...,n. Now

n

U(P, f) = L(P, ) = > (M; — m;) Az; = Az,

=1
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showing that f is integrable on [0, 1], by Theorem 6.9. To determine fol f(z)de,
it is enough to consider either

U(P,f)ZZMjAQ?j:Zl-AJjj:xn—xozl—O:l
j=1

j=1

or

L(P,f):ijij: ZLA:cj::EnfxofA:ck:lfok.
=1 =1, j#k

In either case, it follows that fab f(x)dx = 1, and thus f is integrable. We
leave the proof of the integrability of g as an exercise. °

Our last criterion for integrability may be phrased in terms of a sequence
of partitions.

Theorem 6.11 (Sequential version of integrability). Suppose that f is
a bounded function on [a,b]. We have the following:

(1) If f 1is integrable on [a,b], then there exists a sequence {Qn} of partitions
in [a,b] such that

b
li U(Quf) =a= lim LQuf). a= [ f)de

n—oo

(ii) If there exists a sequence {Qn} of partitions on [a,b] such that

n— oo

then f is integrable on |a,b], and the common value of these two limits
5 Q.

Proof. (i) Assume first that f is integrable on [a,b]. Then corresponding to
each integer n > 1, there exist two partitions P, and P, of [a,b] such that

U(Pa f) <UD+ and LB, f)> L) - =

Set @, = P, UP). As in the proof of Theorem 6.8, it follows that

0L < L(Qu ) U@ f) <+t
n n

The squeeze rule for sequences yields the desired conclusion.
(i) Assume the hypothesis. Then we have

lim (U(Qn; f) - L(Qn; f)) =0

n— o0
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for some sequence {Q,} of partitions on [a,b] mentioned in the hypothesis.
Then, for € > 0, there exists an N = N(e¢) such that

0<U(Qn,f)— L(Qn,f) <e foralln >N,

and the integrability of f follows from Theorem 6.8. Next, because f is inte-
grable, by definition, we have

L(Qn, f) < /b fl@)de <U(Qn, f) for all n.

The desired result follows if we allow n — oo and observe that the common
value of the two limits is fab f(z)de. [

Example 6.12. Define f on [0,1] by

) = 0 if z is irrational,
" | 1/q if z = p/q is rational expressed with no common factors.

Show that f is integrable on [0, 1] and fol f(z)dz = 0.

Solution. Let € > 0 be given. For any partition @ of [0,1], we always have
my, = 0, so that L(Q, f) = 0. Therefore, to complete the proof, it suffices to
find a partition P of [0, 1] such that U(P, f) < e. To do this, for each n > 2,
we consider the partition P, = {g € [0,1] : p < g < n}. For instance, for
n = 4, we have
11123
P4 - {0747 3a 27 3) 471}
On the other hand, with respect to the partition P,,, we have

My = sup f(x)<

Tp-1ST<T

S|

and ||P,|| — 0 as n — oo. Also,

3

S|

U(Pn7f)7L(Pnaf)<
k=1

1
) — 0= —.
(xr — TK—1) -

Thus f is integrable on [0, 1]. Note that this function is continuous at 0 and
at every irrational point in [0, 1] and discontinuous at every nonzero rational
point on [0, 1]. °

In Example 6.12 we observe that although f is nonnegative and takes
positive values at every rational point in [0, 1], we have fol f(x)dx = 0.
The following result is often useful in practice.
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Theorem 6.13. Suppose that f is integrable on [a,b] and {P,} is a sequence
of partitions of [a,b] such that || P,|| — 0 as n — oco. Then we have

Jim U(P,, f) = a = lim L(Qn, f / f(x

Proof. This is a consequence of Theorem 6.9. We need only to observe the
following fact: since || P,|| — 0 as n — oo, given § > 0, there exists an N such
that || P,|| < d for all n > N. This means that

U(f) SU(Py, f) <U(f)+e and L(f) > L(P,,f) > L(f)—e foralln> N,
and the desired conclusion follows from this if we allow n — oo. ]

The definition of Riemann integrability may now be framed as follows:

Definition 6.14 (Riemann integrability). A bounded function f defined
on [a,b] is said to be Riemann integrable on [a,b] if there exists a number I
with the following property: For every € > 0 there exists a § > 0 such that

|U(P7f7x*)7‘[| <e€

for every Riemann sum o(P, f,x}) of f associated with a partition P of [a, b]
for which | P|| < 0. In this case, we write

lim o(P, f,x I
HPH—>0( fa) =

Formally, the quantity I is the definite integral of f on [a,b].

d d

Tp—1  Xf;

S SO

T Th—1 x T

T ¥
T
&

T
—
T ¥
8
e

X Tp—1 x

Fig. 6.9. Actual area, and areas corresponding to lower, arbitrary, and upper
rectangles.

It is important to emphasize that I is independent of the particular way in
which the partitions of [a, b] and the subinterval representatives x} are chosen
(see Figure 6.9). In Theorem 6.15, we actually show that the number I is the
definite integral of f on [a,b], and so [ = ff f(z)dz

Our next result establishes the equivalence of Riemann’s and Darboux’s
definitions of integrability.
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Theorem 6.15 (Equivalence of the definitions of Riemann and
Darboux). If f is a bounded function on [a,b], then f is Riemann inte-
grable (in the sense of Definition 6.14) if and only if f is Darboux integrable
(in the sense of Definition 6.2).

Proof. (Sufficiency <=): Let f be (Darboux) integrable on [a, b] in the sense

of Definition 6.2, i.e., a := f;f(:c) dz exists and U(f) = L(f) = a. Let € > 0
be given. Then there exists a § > 0 such that

UP,f)—L(P f)<e (6.5)
for every partition P with ||P|| < 6. We need to show that
lo(P, f,z*) — af <k, (6.6)
where
o(P, f,x" Zfﬂfk Ty — Tp—1),
for every partition P with ||P|| < §. As noted at the outset, we have
L(P,f) <o(P, f,z") <U(P, ). (6.7)
Because of (6.5) and the definition of L(f), we also have
UP,f)<L(P, f)+e < L(f) +e=a+e,
so that (6.7) implies that
o(P, f,z") <U(P,f) < a+e.
Similarly, the other inequality of (6.7) gives, by (6.6),
o(P, f,a7) = L(P,f) > U(P,f) —e 2 U(f) — e = a—e.
The last two inequalities imply that
a—e<o(P f,a")<a+e for |P|| <,

and hence (6.6) holds.
(Necessity =): Conversely, suppose that f is Riemann integrable. Then

lim o(P, f,z*)=1.

lPl|—=0

We need to show that I = «a. Fix € > 0. Then by the definition of Riemann
integrability, there exists a ¢ > 0 such that if || P|| < J, then

I—e<o(P f,z")<I+e.
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Now choose a partition P of [a,b] with ||P|| < 6 and z} € [xy_1, 2], so that
flxy) <mp +e e,

Zf xp)Axy <kaAxk+€ZAxk =L(P, f)+¢b—a).
k=1 k=1 k=1

Then the Riemann sum, say L1 (P, f), associated with this choice of =} satisfies
Ly(P, f) < L(P, f) + €(b — a),
and by assumption,
|Li(P, f)—I| <€, ie, I—e<Li(Pf)<I+e.
It follows that
L(f) = L(P, f) = Li(P.f) — e(b—a) > I — ¢ — e(b — a).

Since € > 0 is arbitrary, L(f) > I. Similarly, we can show that U(f) < I. But
U(f) > L(f), and s0
I>U(f) =z L(f) = I,

showing that U(f) = L(f) = I, which means that f is Darboux integrable on
[a,b] with I = [* f(z) da. .

6.1.4 Basic Examples of Integrable Functions

Example 6.16 (General approach). Consider now the function f(z) = «
on [a,b]. Then the Riemann sum takes the form

Sy i=0o(P, f,2" Zxk Th = Th-1),

where f(z}) = «} and z}, € [xy_1, 2] is arbitrary. Note that z} is either the
midpoint of the interval [xy_1, 2] or to the left of it or to the right of it.
Consequently, we write xj conveniently as

Tp—1+ Tk

*
=— 49
T 5 =+ O,
where
— Tk P
|5k|§xk ;k 1§H2” fork=1,2,...,n
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In view of the representation of z}, we write the Riemann sum in the form

" rpg +oap =
Sp = ; T(Ik —Tp—1) + kz:;%(a?k — Tp—1)

k=1
b2 — a2
= 9 + E,,
where E,, = >} _, dx(xr — x_1). We have
|En| §Z|5k|(l‘k—l‘k_1) S@Z(xk_xk 1) @(b—a) 0

k=1

x>~
Il
—

[\

as || P|| — 0. Hence, f:xdx = (b* —a?)/
Note also that
Tk — Th—1 « Tk — Tk—1
————— and ap =Tp_) = p=——"""—,
2 2
so that these choices correspond to the upper and the lower sums, respectively.

In particular, if a > 0, then the area in question is that of a trapezoid,
agreeing with the results of elementary geometry. ®

T =x = O =

Example 6.17 (Using Theorem 6.8 or Theorem 6.9). Consider the func-
tion f(x) = 22 on [0,b]. Let € > 0 be given. Let P = {zg,21,...,7,} be any
partition of [0, b] such that || P| < €/2b%. Then we have

€
rp — 25 = (vp +zp_1) (TR — 21-1) < 20||P| < 3
Further, since f(x) is increasing and continuous on [0, b],

My, = f(zg) = ﬂci and my = f(xp—1) = 95271’
so that

n
Pf:Zx (v —xp—1) and L(P, f) = Zxk (@ —xp_1).
k=1

Therefore (with z¢g = 0, x,, = b),

U(P, f) = L(P, f) = > _(«}, — 1) (@r — x1-1)

k=1
n

(xr — TK—1)
=1

S

e

(xn - xO) =€,
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showing that f is integrable, by Theorem 6.9, although we have no information

yet as to the value of fob x? dx.
Alternatively, we can consider a convenient partition P and apply Theorem

6.8 to obtain the integrability of f as well as the value of fob 22 dz. To do this,
we choose z, = k(b/n). Then Az = b/n, and so || P|| = 0 if n — oo. Further,

b\? b\?
zi(xk —Tp_1) = <ﬁ> k% and 55271(%1@ —Tp_1) = (H) (k — 1)2,

so that

B !

and similarly
b b 1 1
n-xey =5 (-3) (o-3)
b3

and one can apply either Theorem 6.8 or Theorem 6.9 by choosing large n. It
follows that f is integrable. Further, since

This gives

b
L(P.f) < L(}) = / 2de = U(f) < U(P, f)

and
3 3

U(P,f):S_n—>b— and L(P,f):s_n—>b§ as n — 0o,

3
b 3

b

dz = —.
/omx3 *

Our next example gives us a method of evaluating the definite integral of
an integrable function as the limit of a sequence. Because of its independent
interest, we present a solution to this example that is key to solving a number
of exercises, especially when the given function is continuous on [a, b]; see, for
instance, Examples 6.24 and Exercises 6.32(10).

we conclude that

Example 6.18. Suppose that f is integrable on [a, b]. Then

[RCES D Wi =)

k=1
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In particular, if f is integrable on [0, 1], then we have

[ s S8,

or more generally, with z, € [(k — 1)/n, k/n], one has

1 1 n
Af@®7f$ﬁ;ﬂﬁ)

Solution. Suppose that f is integrable on [a, b]. Then we have L(f) = U(f) =

f; f(z)dz =: a. Choose the standard partition P = {xg,z1,...,2,} and let
h = (b—a)/n. Consider xy = a+kh, for k =0,1,2,...,n, as points of division
of [a, ] into n equal parts of length Az, = Az = h. Note that these points of
division form an arithmetic progression. By the definitions of L(P, f), U(P, f),
L(f), U(f), and o(P, f,z*), it follows that

L(P,f) <o(P, f,2") <U(P, f) and L(P,f) <a<U(P,f),
which, in particular, implies that (see Figure 6.10)

Since f is integrable, by Theorem 6.8, for a given ¢ > 0 there exists a § > 0

LS o S, URH LEH S, a UPRP

Fig. 6.10. Bounds for 5,, — a.

such that
U@, f) — L(Q, f) < e for all partitions @ of [a, b] for which ||Q]| < ¢.

Note that for our partition, for any ¢ > 0, there exists an N such that | P|| =
h=(b—a)/n < ¢ for all n > N. Consequently, given € > 0, there exists an N
such that for all n > N,

‘Sn_a|§U(Paf)_L(Pvf)<€v

showing that S,, — « as n — oc. o
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Theorems 6.8, 6.9, and 6.15 may be reformulated as follows.

Theorem 6.19. If [ is a bounded function on [a,b], then the following are
equivalent:

(a) f is integrable.
(b) For every € > 0 there is a partition P of [a,b] such that

UP,f)—L(P, f) <e¢

(c) For every € > 0 there is a 6 > 0 such that every partition P of [a,b] with
|P|| < ¢ satisfies U(P, f) — L(P, f) < e.
(d) For every e > 0 there exists a 6 > 0 such that

<e€

o(P, f,z* /f ) dx

for every Riemann sum o(P, f,x*) of f associated with a partition P for
which | P|| < 4.

6.1.5 Integrability of Monotone/Continuous Functions

Now we are in a position to attempt the remaining questions that we raised
at the beginning of this subsection. Our next two results provide us with two
different classes of integrable functions.

Theorem 6.20 (Integrability of monotone functions). Every monotone
function on [a,b] is integrable on [a,b]. The converse is false.

Proof. Tf the monotone function f is constant on [a, ], it is certainly integrable
n [a,b]. So we shall assume that f is nonconstant, and in particular, we
have f(a) # f(b). It suffices to consider the case in which f is monotonically
increasing on [a,b], so that f(a) < f(b). A similar argument works if f is
monotonically decreasing.
Since f(a) < f(x) < f(b) for all x € [a,b], f is clearly bounded on a, b].
Let € > 0 be given. In order to apply Theorem 6.19, we consider an arbitrary
partition P = {xg, z1,...,2,} of [a,b] with

€

P|l<d=———.
IPI<e= s — 7@
Since x;_1 < x) and f is increasing, we have for each k € {1,2,...,n},
M= sup f(z)=f(zr) and mr = inf  f(z)= f(ak_1).

z€[T)—1,2k] TE€[Tp—1,Tk]
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Thus, with the usual notation for lower and upper sums,

U(Pvf)_L(Paf): (Mkfmk)Axk

(f(zr) — f(zp—1)) (2 — 2p—1)

= 3 (f(b) - f(a) =«

which proves the existence of a partition P with U(P, f) — L(P, f) < e. Thus,
by Theorem 6.21, it follows that f is integrable.

We see that f(z) = cosx is integrable on [0, 27], but is not monotone on
[0, 27] (see Example 6.22(d)). [

For instance, define f on [0,1] by

1

F(0)=0 and f() = gy for 1

o k=1,2,...

<z S 2k_—17
Then f is increasing and bounded on [0,1]. Therefore, f is integrable. Is f
continuous on [0,1]? How about the function g(z) = [z] over any interval
[a,b]? Is g integrable on [a, b]?

We have constructed examples of functions that are discontinuous at a
point on [a, b] but may or may not be integrable on [a, b]. Next, to enlarge the
class of integrable functions, we deal with continuous functions as well.

Theorem 6.21 (Integrability of continuous functions). Every continu-
ous function f on [a,b] is integrable. The converse is false.

Proof. Let € > 0 be given. Since f is continuous on the closed interval [a, ], it
is uniformly continuous on [a, b]. Therefore, for € > 0 there is a § > 0 such that

[f(z) = fly)] < bf_a whenever |z —y| < and z,y € [a,b].

Consider any partition P = {x¢, 1, ..., %} of [a, b] with norm || P|| < 6. Now,
if v,y € [xx—1,xx], then

|z —y| < ap — xi—1 = Az < ||P|| <6,

and so we have |f(z) — f(y)| < €/(b — a). Since f assumes a maximum and
minimum on each subinterval [z5_1, x|, we have

0<Mp—mp= max f(z)— min f(z)<
TE[TR_1,Tk) TE[TK_1,Tk) b—a

for each k,
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and using this inequality, we get

n

U(P,f) = L(P.f) = Y (Mi = mi) Ay < > (e —ap1) = €,
k:

k=1

which shows that f is integrable, by Theorem 6.21.
For the converse, see Example 6.10. [

We remark that Theorem 6.21 does not say anything about the actual value
of the definite integral. The hypothesis clearly implies that f is bounded on
[a, b], since every continuous function f on a compact set [a, b] is bounded.

Examples 6.22 (The integral as a limit of Riemann sums). Using the
summation formula, evaluate

(a) /:xdx; (b) /abe da; (c) /abex dz; (d) /ab cosx dx.

Solution. Parts (a) and (b) have already been considered, but for the sake of
looking at the problem from a different viewpoint, we present their solutions
here.

By Theorem 6.21, the integral exists because the integrand in each case is
continuous on [a, b] (see Figure 6.11). Because the integral can be computed

Yi Y=z
Tt ~- = _ﬂ__> corresponds to upper sum U(P, f)
xf+ » corresponds to .S,

/ I n

I

I

I

Tp-14 -+ » corresponds to lower sum L(P, f)

area corresponds to f(zj)(xp—xp_1)

Fig. 6.11. Riemann sums associated with f(z) = z.

by any partition whose norm approaches 0, as in Example 6.18, we may use
the standard partition. Using the standard partition, we set

h—
z,’::xk:aJrkAx:aJrk( a), k=1,2,...,n,
n

and observe that ||P|| = (b —a)/n — 0 as n — co. We note that z} here
corresponds to the upper sum U(P, f).
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(a) A Riemann sum for f(xz) =z on [a,b] is

f:f(x;;)m - f: o+ k(b; “)} b;“
= k=1

k=1

Equivalently, we may set

Tp = Tp—1 :aJr(k—l)(b;a),

and with this choice, we obtain that

> a2 —ap-a)+ LS (12 1),
k=1

n n

which is actually the lower sum L(P, f). In either case, we have

b n PRy 2 2
/ zdz = lim Zf($Z)Ax=a(b—a)+(b a)? b —a .
@ k=1

n—o0 2 2

(b) The integral in question is equal to the area under the parabola y = 2

on [a,b]. A Riemann sum for the function f(x) = 2? on [a, b] is
S0 =3 flai)As,
k=1
which simplifies to
- k(b —a)12b—a
Sn = Z [a H— } n
k=1
b—afe= 5  2a(b—a) ¢ (b—a)? K,
T [Z “ n Zk N n? Z K }
k=1 k=1 k=1
_ b—a [a2n+ 2a(b—a)n(n+1) n (b—a)®n(n+1)(2n + 1)]
n 2 n? 6

Allowing n — oo, we conclude that

b
/dex:(bfa) a*+ab—a)+ =



234 6 Definite and Indefinite Integrals

(c) In the case of the continuous function f(z) = e®, the upper sum is

n
S, = Ze“+kAmAm

k=1
n Ax nAx
__a Az\F a € (1—6 )
=e AmZ(e ) =e’Ax 1 oAr
k=1
Az
— %] — b—a ( ) Az
e?(1—e"79) oA

Note that ||P|| = (b —a)/n = Az — 0 iff n — co. By 'Hopital’s rule, we see
that

lim S, = —e%(1 —e?™%) =eb — e

n—oo

We leave (d) as a simple exercise. °

Example 6.23. Consider f(x) = zP on [a,b], where p # —1 and 0 < a < .
Let P = {a = xo,x1,...,x, = b} be a partition of [a, b] with

zp = xp, = ah® with h = (b/a)'/™.

Then a Riemann sum S, is given by

n—1
Sp =Y _(ah®)P(ah*F! — ah¥)
k=0
n—1
— aerl(h —1) Z LR+
k=0
ot plp+1n _q
- <h_1)( AP — 1 )

= [ ] )

Note that (b/a)l/" — 1 as n — o is equivalent to h — 1. Consequently,

h—1
: — (ppt+1 _ p+1Y 15 -
nhm Sp = (b a )%1_>m1 rrE—

1
— (ppt1l p+1 li
( ) I T
ppt1 _ gptl

p+1

)
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which is equivalent to

Examples 6.24. Using the definition of the definite integral as the limit of
Riemann (integral) sums, evaluate the following:

= 1 . I 1/2
(a) nl;n;o ,},1 ok for¢>0. (b) nlgrr;o 3 kil(n + k).

) N . = n
(C) nh—>n;o 2 W for a > —1. (d) nll_)H;Q 2 m

1 2k —1 . <& cos(log(k 4 n) — log(n))
(@) Jim o3 eos(Tg) () Jim 3SR

Solution. In all these cases, we consider the standard partition

12
P:{o,—,—,...,1}
n n

of [0,1] with =} = k/n, and so Az = 1/n. So we may skip the further
details, since we just need to recognize each of the given quantities/sequences
as a Riemann sum associated with a suitable function f. We have, as n — oo,
the following;:

n

1
(a) Snzlz;%S:/ dz :llog(lJrc).
0

Ek:l 1+ c(k/n) l4+cx ¢
1 k172 ! 1
= — —_ = /2 = 3/2—
(b) S, n;:l:(un) =8 /0(1+x) dz = (2/3)[28/% — 1].
1 ke v 1
(c) Sn_ﬁ,;:l(ﬁ> —>S—/0mdx—1+a.

@ s, =ty L g /1—‘1“"” oo | =0
== = =tan x| = —.
" nk:11+(k2/n2) o 1+ a2 o 4
(e) Using the cosine summation formula, the given Riemann sum may be

written as

S () o () e () s () S (),

which clearly converges to

1 1
S:/ cosxdx+0./ sinzdx = sin 1.
0 0
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(f) Again, rewriting the given Riemann sum, we get

Z cos(log(1 + k/n)) N /1 cos(log(1 + x)) d.
0

1
n 1+k/n 1+z

n

k=1

from which we obtain S = sin(log 2). °

6.1.6 Basic Properties of Definite Integrals

Given a bounded function f on [a,b], we can consider |f| as the composition
ho f with h(x) = |x| for all z, and f? as the composition ho f with h(x) = 22
for all z. In both cases, h will be uniformly continuous on the range of f(z).
It would be interesting to know whether ho f is integrable on [a, b] whenever
f is. The following elementary properties of the integral are useful in the
computation. Since the integral is the limit of Riemann sums, each of these
properties can be obtained using the algebraic properties of sequences and
their limits. Of course, there are also other ways of proving them.

Theorem 6.25 (General properties of the definite integrals). Suppose
that f and g are integrable on [a,b]. We have the following:

(a) c1f + cag is integrable for constants ¢; and cy and

/ab[qf(x) +eag(@)]dr = e /ab f(x)dz + co /ab g(z) dz.

This is called the linearity rule for integrals.
(b) If f(x) < g(x) on [a,b], then

/a ' fe) e < / @) de.

This s called the dominance rule for integrals.
() If m < f(z) < M for x € [a,b] and h is continuous on [m, M], then ¢
defined by ¢p(x) = h(f(x)) is integrable on [a,b]. In particular,

b
m(b— a) §/ flx)de < M(b— a).

Proof. Each of these properties is easy to establish using the linearity property
of sums or limits with the definition of the definite integral.

(a) Using standard notation, we note that any Riemann sum of ¢; f + cag
can be expressed as

n

Y lenf(aq) + cog(@i)] Az = er Y f(ai)Azi +c2 )y glaf) Ay,

k=1 k=1 k=1
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and the desired linearity property follows by taking the limit on each side of
this equation as the norm of the partition tends to 0.

Alternatively, we may just consider the case of ¢; = ¢ = 1 but with a
different method of proof. For a partition P = {zg,x1,...,2,} of [a,b], we
have

il (fg)@) = il f@)+ _inf ()

TE€[TK_1,Tk] TE[TK—1,Tk] TE€[TK_1,Tk]

and
sup  (f+g)(x) < sup  f(xz)+ sup  g(x).

T€[TE_1,Tk] x€[zy 1,2k z€[Tp—1,7%]

Therefore, as usual, we easily see that
L(P,f)+ L(P,g) < L(P, f+9) SU(P, f+g) U, f) + U(P,g),
so that

which holds for any partition P of [a, b].

Now we assume that f and g are integrable on [a,b], and so the above
inequalities help to prove that f + g is integrable on [a,b]. By Theorem 6.8,
for each € > 0, there are partitions P; and P» of [a,b] such that

U(Py, f) = L(P, f) < § and U(Pa,g) — L(Po,g) < 3.

respectively. Set Q = P; U P,. Adding the last two inequalities gives

U@, f+9) —L@Q f+g)<e

showing that f + g is integrable on [a, b], by Riemann’s criterion.
Moreover, the integrability of f and g shows that there exist two partitions
Py, and P; of [a,b] such that

b

b
U(Py, f) < / f(x)dz + % and U(Pz,g) < / g(z)dz + %
@ a
Since Q = P, U P» is a refinement of both P; and P», we have

U(@Q,f) <U(P, f) and U(Q,9) <U(P,9),

and therefore, since U(Q, f +¢g) < U(Q, f)+U(Q, g), we have

U@, f+g) <UL, f)+U(P2,9) /f dx—I—/ g(z)dr +e.
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Similarly,

b b
L(Q.f+9) > L(Pv. f) + L(Po.g) > / f(z)da + / o) dz — e

Since € > 0 is arbitrary, the above inequalities yield the desired result.

(b) Since g(z) — f(x) > 0 on [a, b], every lower sum of g — f with respect
to any partition of [a,b] is nonnegative. Thus, L(g — f) > 0 and g — f is
integrable by (a). Therefore, by the linearity property,

b b b
[ o= [ saas= [ (g plajas =191 =0,

which yields the desired dominance rule.
(c) We leave the proof of the last case as a simple exercise. ]

A standard induction argument enables us to expand the linearity property
to a finite linear combination of integrable functions. It is not obvious that
the integrability of f on [a, b] implies that f is integrable on [a, ¢] and on [, b],
if ¢ € (a,b). The next result establishes this fact.

Theorem 6.26 (Subinterval property for the integral). Assume that f
is bounded on [a,b] and c € (a,b). We have the following:

(a) If f is integrable on [a,b], then f is integrable on [a,c] and on [c,b]. More-
over,

/abf(x)d‘””:/acf(x)dwr/cbf(x) da. (6.8)

(b) Conversely, if f is integrable on [a,c| and on [c,b], then f is integrable on
[a,b] and (6.8) holds.

Proof. (a) We use standard notation. Let P, be a sequence of partitions of

[a, b] such that c is a partition point of each P, with ||B,|| — 0 as n — oo.
Let @, consist of the partition points of P, that lie in [a,c] and let Q,

consist of the partition points of P, that lie in [c,b] (see Figure 6.12). Thus,

Fig. 6.12. Partition of [a, b].
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we have two partitions, @,, of [a, ] and Q) of [¢,b], such that |@,] — 0 and
|Q4] = 0 as n — oo. By the definition of Riemann sums,

U(Qnaf)fL(Qnaf) gU(Pnaf)fL(Pnaf)%O as n — 00,

showing that f is integrable on [a,c]. Here we have used the fact that
U(Qn, ) — L(Qn, f) represents the sum of those terms in the sum

n

Z(Mk — mk) Axk

k=1

that correspond to the subintervals that lie in [a, ¢]. A similar argument shows
that f is integrable on [c, b]. Using the sequential version of the integrability
theorem (see Theorem 6.11), we obtain that

L(Qn, f) —>/f dz and L( —>/f
and so letting n — oo in the obvious identity

L(Py, f) = L(@n, f) + L(@,, ),

/abf(a:)dx:/acf(x)dx—k/cbf(x)dx

(b) For the converse part, assume that f is integrable on [a,c] and on
[c,b]. Then by Theorem 6.8, given € > 0, there exist two partitions, @ of [a, ¢]
and Q' of [¢, b], such that

UQ.)~LQ.1) <5 and UQ.f)~L@Q.f) < 5.
Then P = QU Q' is a partition of [a, b], and we have the identity
L(P,f) = L(Q, f) + L(Q', f) and U(P,f)=U(Q,f)+U(Q", f).
It turns out that
U(P,f) = L(P,f) = U@, f) - L@, /) + (U(Q", f) - L(Q", ))
< % + % =€,

and so f is integrable on [a,b] by Theorem 6.8. We now complete the proof
by establishing (6.8). We have

it follows that

/a ' fa)de < UP.f) = U@, ) + U@, )
<(t@.n+3)+(L@.n+3)

g/{lcf(x)dx+/cbf(x)dx+e.
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Similarly, we see that

/abf(x)dx>/acf(x)dx+/cbf(x)dx—e.

Since € > 0 is arbitrary, the last two inequalities yield (6.8). [

Again, a standard induction argument implies that Theorem 6.26 holds
for a decomposition of the interval [a, b] into a finite union of nonoverlapping
intervals. The next result guarantees the existence of the integral for a very
large class of functions.

Corollary 6.27 (Product and modulus properties for the integral).
Let f, g be integrable on [a,b]. Then the product fg and the modulus function

| f| are integrable on [a,b]. Also,
b
< [ 1r@)da.

In particular, if in addition, |f(x)] < K on [a,b], we have

x)dx

z)dz| < K(b— a).

(This also follows from Theorem 6.25(c)).

Proof. Define h(x) = x2. Then h is continuous on R, and so

h(f +g) = (f+9)* and h(f—g)=(f-9)?

are integrable by Theorem 6.25(c). Therefore,
fo=[(f+9°=(f-9)?] /4

is also integrable on [a, b]. Finally, we note that h(z) = |z| is continuous on R.
Therefore, h(f(z)) = |f(z)| is integrable on [a, b]. Also, since

i < [f(@)| = |fl() for all z € [a,b],

it follows that

/b |f(x)|da,
)

which gives the desired inequality. [
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Theorem 6.28. Let f and g be bounded on [a, b] and suppose that f(z) = g(x)
except possibly for a finite number of points on [a,b]. Then

L(f) = L(g) and U(f)="U(g).
In particular, f is integrable on [a,b] if and only if g is integrable on [a,b).

Proof. We will prove only L(f) = L(g), since the equality for the upper inte-
gral follows analogously. By hypothesis, |f(x)] < K and |g(z)| < K for some
K >0.

Let 7 be the number of points in [a, b] at which f and g differ. Consider a
sequence of partitions P, such that ||P,|| — 0 as n — oo. Then there are at
most 2r subintervals on which

M= sup f(z)# M, = sup g(x).

TE€[TK—1,7k] r€[TK—1,2k]
On [xk_1, 2], we have | M), — M| < |M| + |M]| < 2K, and so

Now

IL(f) = L(9)| (f) = L(P; )l + [L(Pu, f) = L(Pn; 9)| + | L(g) — L(Py, 9)]

(f) = L(Pn, )] + 2r K| Po || + [L(9) — L(Pn, 9)]-

Allowing n — oo yields that L(f) = L(g), and we have completed the
proof. [

IL(f
IL(f

<
<

The following result is a simple consequence of the previous result.

Corollary 6.29. If f is a bounded function on [a,b] and is continuous on
[a,b] except for a finite number of points on |a,b], then f is integrable on
[a,b]. In particular, every piecewise continuous function is integrable.

We end the section with the following remark.

Remark 6.30. Usually, we find area by evaluating a definite integral, but if
it is possible to recognize the integral as the area of some known geometric
figure, then we can use the known formula instead of the definite integral.
For instance, to evaluate

a
I:/ Va2 —2xz2dz, a>0,
—a
we may set f(z) = va? —x? and observe that the curve y = va? — 2?2 is

a semicircle centered at the origin of radius a. Thus, the given integral can
be interpreted as the area under the semicircle on the interval [—a, a]. From
geometry, we know that the area of the semicircle is a?m/2, which is in fact
the value of the given integral. o

Throughout the exercises below, integrable means Riemann (Darboux)
integrable.
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6.1.7 Questions and Exercises
Questions 6.31.

1. In the definition of my and M}, why do we use inf and sup instead of min

and max, respectively?

2. When is a function Riemann integrable?

How is the Riemann sum .S,, connected with the Darboux integral?

4. Why is the norm of a partition so important in the theory of Riemann
integration?

5. Suppose that P and Q are two partitions of [a, b]. Must P U @ always be
a refinement of both P and Q7

6. Let P and @Q be two partitions of [a, b].

(a) If @ is a refinement of P, how are the norms ||P|| and ||Q|| related? Is
Q[ < [I1P||?
(b) If |Q]| < ||P||, must @ be a refinement of P?

7. Suppose that f is bounded on [a,b], P is a partition of [a,b], and P’ is
a refinement of P. Must the addition of just one point to P increase the
lower integral sum and decrease the upper integral sum? That is, must we
have L(P, f) < L(P’, f)? Must we have U(P’, f) < U(P, f)?

8. What is the relationship between finding an area and evaluating a definite
integral?

9. Suppose that f is bounded on [a,b] and continuous on (a,b). Must f be
integrable on [a, b]?

10. Suppose that f is bounded on [a,b] and continuous on (a,b) except at
¢ € (a,b). Must f be integrable on [a, b]?

11. Suppose that f is bounded on [a,b] and has an infinite number of points
on [a,b] at which f is discontinuous. Can f still be integrable on [a, b]?

12. Must every integrable function on [a, b] be bounded?

13. Are there integrable functions on [a,b] that are neither continuous nor
monotone on [a, b]?

14. Suppose that f is bounded on [a,b] and ¢ € R is fixed. When do we have
L(cf) = cU(f) and U(cf) = c¢L(f)? When do we have L(cf) = ¢ L(f)
and Ulcef) = cU(f)?

15. Does f{f cf (x) dz always represent the area of a region?

16. Suppose that f is a nonnegative integrable function on [a, b], and « > 0.
Must f* be integrable on [a, b]? Is it true tha

b

b b
/ f(z)dx =0 if and only if / f(x)dx =07
a a

17. Must the composition of integrable functions be integrable?
18. Can a monotone function f have an infinite number of discontinuities on
a bounded interval [a, b]? If yes, can it be integrable?



19.

20.

21.

22.
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Suppose that f(z) =« on [a,b]. Can there exist a partition P = {zg, z1,
..., Tn} such that the corresponding Riemann sum has the constant value
S, = (b? — a?)/2? Does this mean that faba:dx = (b2 —a?)/2?

Suppose that f(z) = 22 on [a,b] and P = {x¢,21,...,,} is a partition
such that z} = \/(:1%71 + zp_12 + 22)/3. Must the corresponding Rie-

mann sum have the constant value S,, = (b3 —a®)/3? Does this show that
f: 2?2dx = (b3 —a®)/3?
Suppose that f : [a,b] — R is defined by

f@) = 2 if x is rational in [a, b],
~ | 3 if z is irrational in [a, b].

Does there exist a partition P of [a, b] such that U(P, f) = L(P, f)? If not,
must 2U (P, f) = 3L(P, f) always be true?

Assume that f is continuous on R. Is it true that f is even on R if and
only if

zf@ﬁu=2 (aﬂﬂdtonR?
-z 0

Exercises 6.32.

1.

2.

3.

Let P =1{0,1/2,3/4,1} and @ = {0,1/2,3/4,7/8,1} be two partitions of
[0,1], and f(x) = 22. Find the lower and upper sums corresponding to
the partitions P and @ of [0,1]. Verify that

L(P, f) < L(Q, f) U, f) SU(P, f).
Consider
2z ifz €[0,1) \ {1/2},

fl@)y=<0 ifa=1/2 and g(z) =2r—1 on[0,1].
1 ifr=1,

Sketch the graph of f(z) on [0,1] and g(z) on [0,1]. Evaluate L(P, f),
U(P, f), L(Q,g), and U(Q, g) corresponding to the partitions
1 3 112
@ P={03. 31} ) Q={03551}
Let f,g: [a,b] = R be defined by

o ; 0 if x € [a,b] ~ {otbl
f(x){g if x is rational, and g(x){ [a, b] { 2 }

1 if z is irratioanl : _ a+b
? 1 lf xr = )

and let P be an arbitrary partition of [a, b]. Verify that
(a) U(P, f) =3L(P, f) for a > 0. (b) U(P,g) = L(P,g) =0.
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4. For n > 3, consider f(z) = 2™ on 0 < a < b. Show directly that f is
Riemann integrable on [a, b]. Also, show that

b 1 n+1
pntl _ gnt
/x"da:z—a.
o n+1

5. Suppose that f is integrable on [a,b], 0 < a < b, and h = (b/a)*/™. Then
show that

n

b
/ fx)dz = nh%n;o Sny,  Sp = Zaf(ahkfl) (h* —rF 1.

k=1

6. Let f: [a,b] — R be integrable, and let P be a partition of [a, b] given by
b—a
P={zo,21,..., 20}, xp= a—l—k;(—) for k=1,2,...,n.
n
Define the trapezoidal rule by

T.(P, f) = b;a i (f(l’k—l) +f(:rk))

2
k=1

Show that limy, e To(P, f) = [ f(2)dz.

7. Find the exact area under the graph of f(x) = 3z + 1 between 2 = 0 and
x = 2. Repeat the question with f(z) = 2% + 3.

8. Corresponding to ¢ = 0.01, find a partition P of [0, 1] such that

UP,f)—L(P, f)<e

when f(z) equals
(1) 2. (2) sinz. (3) 22+ 3.

9. Let f(z) = sinz on [0, 7/2], and let P be the standard partition of [0, 7/2]
given by

™
P={xo,z1,...,2n}, Tk :kj(%) fork=1,2,...,n.

Compute U(P, f) and prove that lim,,_,o, U(P, f) = 1.

10. Using the limit process described in Example 6.18, calculate lim,, o ay,
in each of the following cases by expressing it as a definite integral of some
continuous function and then using the fundamental theorem of calculus:

_ [(n+1)(n+2)...(n+n)}1/n.

(a) a L
1 1 1
b) a, = —— + ——— 4. .
(b) « n+1+n+2+ +n+n
(©) _1+ n? n n? T 1
= (n+1)3  (n+2)3 8n’
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(d) a, = [ﬁ (Hsz)

1 1
—— + ——+ -+ —, where p € N~ {1} is fixed.
pn

(e) a, =

1
) an = _—
; Vonk — k2

n ]{j2
(g) an:Zn3+k3~

k=1
n k 1/k
(h) an:H<1+—) .
k=1 n
n—1 n2
(1) Ap = kzz:l (nz + k.2)3/2'
. B " on+k
() an —;n2+k2.

(k) an i[1+\/nis+\/niﬁ+"'+\/%]'

) a, = %zn:sin (%”)

k=1
n—1
k
(m) a, = % Zcos (%)
k=0
1 n
(M) a, ==Y e*™ (acR).
"=
T o km
(o) an =— ZsinQp (—) ,  p € Nis fixed.
2n Pt 2n
1 & 5 [ K?
(p) an = ﬁ;k‘cos <E)
n—1 1

@ an =Yy ———.
4 kzzom

11. Identify the definite integral for which the lower Riemann sum is given by

n—1 1
Sp = _ .
; Van? —r?

Find also the upper Riemann sum S,, and then determine lim .S,.
n— oo
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12. Define f : [0,1] — R by

Fz) = x if  # 0 and 1/z is an integer,
"1 0 otherwise.

Show that f is not continuous at 1/n, n € N. Is f integrable on [0, 1]?
13. In each part below, give an example of a function satisfying the following:
(a) bounded monotone but not continuous.
(b) discontinuities at a finite number of points.
(c) infinitely many discontinuities.
14. Show that the function f : [0,1] — R defined by

Flz) = V1—2z? ifz e Qnlo,1],
@ =V122 ifzecQenoil]

is not integrable. Also, show that each of the functions f; : [0,1] = R (j =
1,2) defined by

[ a? ifzeQnlo,1], [z ifzeQnlo,1
fl(x)_{1+x2 if x € Q°NJ0,1], and fz(x)_{:c2 ifeeQen]|

Y

is not integrable.
15. Prove that

[z ifzeQn[-1,1], fa2? ifreQn(-1,1]
f(x)_{x if 2 € Q°N[-1,1], and 9(“”)_{0 ifz€Q°n[-1,1

are not integrable over [—1, 1].
16. Show that f : [0,7/4] — R defined by

_ [sinz ifx € QnN[0, /4],
f(x)_{cosx if x € Q°N[0,7/4],

is not integrable.
17. Determine for each of the following functions whether it is integrable.
Justify your answers.
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0if 2 € QN [0,1 if z € [0,1\{3},
[

] 1
(a)f(x)_{lifxé(@cﬂ 1,]. (b)f(z){?).%‘—l

1—z ifze(1/3,1/2),
14z ifze(1/2,1).

(i) f(z) =sin(l/z) on (0,1].  (j) flz) =

’ 0 if 2 =1/3.
(c) flz) = zz:i on (=1,1).  (d) f(z) = {Bin; Ei g gm [0, 1],
v ifrel-13) z ifz€Qno,1],
(e)f(x)_{l if v € [1,1]. () f(x){o ifxeQ°nNjo,1].
(g) f(z) = cos(1/z) on (0,1]. (h) f(z) = {&_—ﬂ liw‘ i(i—lL 1),
{3:,: if z €[0,1/3],

18. Is f : [0,1] — R defined by

1 1

— k—1 < —

f@) = (-1) fork+1<a:_k,k€N,
1 for z =0,

integrable on [0, 1]?
19. Suppose that f is a nonconstant bounded function on [a, b] that satisfies
one of the following:
(a) f is integrable on [c, b] for every ¢ € (a,b).
(b) f is integrable on [a, d] for every d € (a,b).
(c) f is integrable on [, d] for every [c,d] C (a
Show that f is (Riemann) integrable on [a, b].
20. Assume that f is integrable on [0, b].
(a) Show that if f is an even function, then f is integrable on [—b, b] and

/_bbf(t) dt = Q/Obf(t) dt.

(b) Show that if f is an odd function, then f is integrable on [—b,b] and

b)-

b
/ F(t)dt = 0.
—b

6.2 Fundamental Theorems

In this section, we discuss the first fundamental theorem of calculus (integral
of a derivative) and, the second fundamental theorem of calculus (differen-
tiation of an indefinite integral). These two theorems are known together as
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the fundamental theorem of calculus, although we make a distinction by call-
ing them the first and the second fundamental theorems. This result provides
a method of computing certain integrals and reveals the close relationship
between integration and differentiation.

Definition 6.33. Let f be a function defined on I. If there exists a differen-
tiable function F' such that F'(x) = f(x) on I, then F is called an antideriva-
tive or a primitive of f on I.

If F'is an antiderivative of f on I, then so is F' plus a constant.

Example 6.34. Set

2

fla) =4 3 cos(1/z%) + 2xsin(1/2?) for z € [-1,1] ~ {0},
0 for x = 0.

Clearly f is continuous except at the origin. On the other hand, f admits a

primitive F' given by

Zgin(1/2?%) for x € [-1,1] ~ {0},
F(x):{O for x = 0.

Note that f is not bounded (why?) on [—1, 1] and hence is not integrable.
This example illustrates the existence of a monintegrable function having
primatives. ®

6.2.1 The Fundamental Theorems of Calculus

The following result is also known as Newton—Leibniz formula, not in the exact
sense but because Newton and Leibniz were the first to establish a relationship
between integration and differentiation.

Theorem 6.35 (The first fundamental theorem of calculus). If f is
integrable on [a,b] and F is an antiderivative of f on [a,b], then

b
/ f(z)dz = F(b) — F(a).

Proof. Let P = {a = x9,21,22,...,2, = b} be a partition of the interval
[a, b]. Note that F' satisfies the hypotheses of the classical mean value theorem
for differentiable functions on each subinterval [zy_1,zk], & = 1,2,...,n.
Thus, the mean value theorem tells us that there is a point x} in each open
subinterval (xg_1,xy) for which

F(xy) — Fxg—1) = F'(z3) () — 2—1) = f(2)) Az, k=1,2,...,n.
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This relation gives

S Fai)Ank = S IF (k) — Flag-1)] = F(zn) — Flzo) = F(b) — Fla).
k=1 =

1

Finally, we take the limit of the left side as ||P|| — 0 as n — co. Because f is

integrable, Theorem 6.19 implies that the left-hand side becomes f; f(z)dx
in the limit, whereas the right-hand side remains F(b) — F'(a), which is a
constant. Hence we have

n b
Jim Y fe)an = [ fla)de=F(b) - Fla)
k=1 @

as required. n

In particular, the definite integral of any continuous function f on [a, b]
can be computed without calculating the Riemann sums and often without
much effort, simply by finding an antiderivative F' and evaluating it at the
limits of integration @ and b. We have then two fundamental questions. Un-
der what conditions on f does it has an antiderivative? How do we find an
antiderivative? The existence of an antiderivative is asserted by the second
fundamental theorem of calculus, which will be discussed soon.

Theorem 6.35 provides a convenient practical method of evaluating definite
integrals when the antiderivative of the integrand is easy to find. For instance,
suppose we want to evaluate a definite integral

3
/xpdx (p>-—1).
2

We note that F(z) = 2Pt /(p+ 1) is an antiderivative of f(x) = 2. Thus, by
Theorem 6.35,

3 gp+l _ op+l
/x”dx:F(3)—F(2):—
2 p+1

Note that if we choose a different antiderivative, say G(z) = F(z) + ¢, then
G(3)—G(2) = F(3)—F(2) as well. In Example 6.23, this integral was evaluated
using the definition of the Riemann sum.

Suppose [ is a continuous function on [a, b]. Then f is integrable on [a, b].
In particular, for any ¢ between a and b, f is integrable on [, ¢], and the value
of the integral fac f(t) dt varies as ¢ varies. To emphasize that the upper limit
of integration is a variable instead of a constant, we might use the letter x
and consider

) = [ s

which is clearly a function of the variable x, = € [a, b], because every value of
x gives a single value. Thus, from the notation itself it is clear that integration
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can be regarded as a process of switching from one function to another. Ob-
serve that F(a) = 0. Note that it is less confusing to write F'(x) in the above
form rather than F(z) = ff f(z) dz. Moreover, if f is a nonnegative continu-
ous function and z lies to the right of a, then f(x) is the area under the graph
of y = f(z) from a to x.

The conditions under which an antiderivative exists is provided in the next
theorem.

Theorem 6.36 (The second fundamental theorem of calculus). Let f
be integrable on [a,b] and define

G(z) = /I f@®)dt fora<az<b. (6.9)

Then we have the following:

(a) G is continuous on [a,b].

(b) If f is continuous at ¢ € [a,b], then G is differentiable at ¢ and G'(c) =
f(e). If f is continuous from the right at a, then G’ (a) = f(a). If f is
continuous from the left at b, then G'_(b) = f(b).

Proof. (a) We will first prove that G is continuous on [a,b]. Because f is
bounded on [a, b], there exists a K > 0 such that |f(z)| < K on [a,b]. If z,y €
[a,b] and < y, then it follows from the basic properties of the integral that

G)-Ga) = [ " pey - / *pyde = / " pyde+ / "= / " rwa,

so that |G(y) — G(z)| < K|y — x|, and the continuity of G follows.

(b) We will next prove that G is differentiable at ¢ and G'(¢) = f(c¢) in
the case that ¢ € (a,b). The cases ¢ = a and ¢ = b are similar, with the
appropriate one-sided derivatives being used. To discuss the derivative of G
at ¢, we choose ¢ € (a,b) and fix it. We form the difference quotient (see
Figure 6.13 when f(z) > 0 on [a, b]):

y=f(x)

O a c bx Ol a cct+h b x

Fig. 6.13. Sketch for the second fundamental theorem of calculus.
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Gleth) ~Gle) _ 1 [
e mn L B(OLT

where it is understood that h is always selected small enough that ¢ + h is
also in (a,b) and h may be positive or negative. Since f is continuous at ¢, it
is continuous on J, where J denotes the closed interval with endpoints ¢ and
¢+ h. Define

m=m(c) = It%l?f(t) and M = M(c) = Tea}(f(t)'

Clearly, we have that m < f(t) < M for ¢t € J, so that by the dominance rule
of the Riemann integral, we obtain

1 feth 1 feth 1 [eth
i < = < - Mdt = M.
m h/c mdt < h’/c f)yde < h’/c dt

But since f is continuous at ¢, we know that m = M = f(c¢) as h — 0.
Therefore,

G'(c) = lim —G(C + hf)L ~Glo) = f(e),

h—0

which proves the assertion. [
Theorem 6.36(b) may be stated in the following form.

Corollary 6.37. Suppose that f is continuous on [a,b]. Then G defined by
(6.9) is an antiderivative of f on [a,b].

We remark that for f and G satisfying the last corollary, G necessarily has
the form

G(z) = G(a) + /w f@t)dt.

Thus the primitive G for which G(a) = 0 is referred to as the indefinite integral
of f. Also, we have the following:

o If f: [a,b] — R has a primitive in [a, b], then f: f(t)dt is independent of
the choice of the primitive.

e A function that has a primitive need not be continuous; see, for instance,
Examples 6.34 and 6.38, and Exercise 6.57(1).

Example 6.38 (The indefinite integral of an integrable function is
not necessarily differentiable). Define f: [—2,2] — R by

fz) = 1 for -2 <2 <0,
T 10 for0<z <2
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Clearly f is integrable on [—2,2] (why?). If we define F': [—2,2] — R by
F@ = [ 1,
—2

then we see that F' is continuous on [—2, 2]. We can now compute F' explicitly.
For —2 <z <0,

F(@:/Zf(t)dt:/idt:xm,

and for 0 < z < 2, we have

F(x)—/Zf(t)dt:/Zf(t)dt—k/:f(t)dt:/Ozdt:Q.

Fz) = x+2 for —2 <2 <0,
V=32 for 0 <z <2,

Thus

which is clearly continuous on [—2, 2]. Note that F is differentiable everywhere
except at © = 0 (where f is not continuous). °

Example 6.39 (sign(x) is integrable). The signum function is defined by

-1 if z <0,
sign(z):=<¢ 0 ifx=0,
1 ifz>0.

The function sign(z) is monotone on R and hence integrable over any interval
[a, b]. Tt is now easy to see that, for instance, for a < 0,

x ) a— T 1fl‘§07
F(x)_/a 51gn(t)dt—{a+g; if x>0,

and so F(x) = a + |z|, which is continuous on R. °

The second fundamental theorem of calculus not only establishes the close
relationship between the integration and differentiation, but also offers a use-
ful method of evaluating integrals. Also, Theorem 6.36 implies that every
continuous function f has an antiderivative. Moreover, an antiderivative is
given by the integral f; f(t)dt, which is called the indefinite integral of f on
[a,b]. Some discontinuous functions have antiderivatives, and others do not.
For example, consider

sin(1/x) for z € [—1,1] \ {0},
f(x):{()(/)fora:_[(), N

and
1 for z € [-1,1] \ {0},

9(5”)_{0 for z = 0.
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It is easy to see that f has an antiderivative but g does not. Note that f is not
monotonic on [—1,1] but is continuous everywhere except at 0. It has been

shown that f is integrable on [—1,1].
Additional examples for Theorem 6.36 follow:

(a) % (/:(m—s—b)dt) =az+b.

2

d x
(b) To evaluate P </ (t? +1) dt) , we proceed with
7

% (/:c (t2 +1) dt) %‘f) _ ((z2)2 +x2) (2z) = 225 + 9243,

(c) Under the hypotheses of Theorem 6.36, we obtain

d a
([ rwar) = s
For instance, we have

d 5 sinu d T sinu sinz
— du | = —— du | = — .
de \J, wu de \Js u x

(d) If ¢ = ¢(x) is a differentiable function, then under the hypotheses of
Theorem 6.36, one has

#() ¢ .
= (/ f©) C“) -5 ( | s dt) W0 _ fow)e @)

For instance, in order to evaluate

2 3
d v dt d I dt
o a4 0.1 iy 4 S
D & (/ \/1—i——t2> vl W & (/ <1+t2>3>
x € [1,00),
we may just rewrite the two integrals as

2 3 2

z dt x dt * dt
- =— - + -
/_rs v1+1t2 /o V1412 /0 v1+12

and
3 2 3

/ ¥ dt _ / v dt n / * d¢
2 (123 (1+82)2 ), (1+2)3
and then proceed to use the general formula stated above.

Corollary 6.40. The first fundamental theorem of calculus for continuous
functions follows from Theorem 6.36.
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Proof. Assume that f is continuous on [a, b]. Then Theorem 6.36 shows that

0=/ s

is a differentiable function with G'(z) = f(z) on [a,b]. If F is any an-
tiderivative of f, then F'(z) = f(x), so that (G — F)’(z) = 0, and therefore
G(z) = F(x) + ¢ for some constant ¢ and for all  on the interval [a,b]. In
particular, when z = a, we have

0=G(a) = F(a)+¢, ie., c=—F(a).

Consequently, f; f(t)dt = F(x) — F(a). Finally, by letting = = b, we obtain

/ f(t)dt = F(b) — F(a),

as claimed by the first fundamental theorem of calculus. [

As a consequence of the first fundamental theorem of calculus, we have
the following.

Corollary 6.41. If f € Ct[a,b] (i.e., f'(x) not only exists on [a,b] but is also
continuous on [a,bl), then

b
/ f(2)dz = £(b) — f(a).

Using Theorems 6.35 and 6.36, we may now formulate the following useful
version.

Theorem 6.42 (Fundamental theorem of calculus—combined form).
Let G and [ be two continuous functions on [a,b] such that G(a) = 0. Then
we have

G'(z) = f(z) on[a,b] if and only if G(z / f@®)dt on [a,b].

(At the endpoints, G'(a) and G’ (b) refer to one-sided derivatives.)

We next use the fundamental theorem of calculus to prove formulas for
integration by substitution and integration by parts.

Corollary 6.43 (Change of variables for integrals). Suppose that f :
[a,b] = R is continuous and g : [c,d] — [a,b] is differentiable with continuous
derivative. Then we have

g(d) d
/ f(tydt = / F(g(s))g/(s) ds
g(c) c
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Proof. Set F(z) = [ f(t)dt. Now

g(d)
/ 0= Flgla) = Flg(e)

-/ “(Fog)(s)ds

d
= / F'(g(s))g'(s)ds (by the chain rule)
d

= [ [f(g(s))g'(s)ds,

which completes the proof. [
Corollary 6.44 (Integration by parts). Suppose that f : [a,b] — R has a

continuous derivative and g : [a,b] — R is continuous. Let G : [a,b] — R be
an indefinite integral of g, i.e., G'(x) = g(z). Then we have

b b b
/ f(z)g(x)de = f(z)G(x) . —/ ()G () da.

Proof. The proof of this result is left as an exercise. [

As an application of integration by parts, one can obtain another version
of Talyor’s formula (see Theorem 8.43) with a remainder term in the form of
an integral. We refer to Exercise 8.51(20).

6.2.2 The Mean Value Theorem for Integrals

The mean value theorem for derivatives implies that under certain conditions
on f, there is at least one number ¢ in the interval (a,b) such that

Our next result, which is in some sense analogous to the mean value theorem
for derivatives, is especially useful in obtaining estimates for certain definite
integrals rather than an exact value. It is one of the several forms of mean
value theorems for integrals.

Theorem 6.45 (Mean value theorem for integrals). If f is continuous

on the interval [a,b], then there is at least one number ¢ on this interval such
that

b
/ f(z)dx = f(c)(b—a). (6.10)
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Proof. Since f is continuous on the interval [a, b], there exist M and m such
that

m= min f(t) < f(x) < M = max f(t) when a <z <),
t€la,b] te(a,b]

and so (by the dominance rule)

m(b—a)—/abmdfc</abf(m)dx</abde—M(b—a).

Dividing by the positive number b — a does not change the inequalities, and
so we see that there is a real number p such that

1 b
m<pu<M, p= /f(a?)dx-
b—a /,
Now, f is continuous on the closed interval [a, b], and the number u lies be-
tween m and M. The intermediate value theorem for continuous functions
implies that f must assume every value between m and M. Consequently,

there exists a number ¢ between a and b for which f(¢) = u. Therefore, (6.10)
holds. ]

Example 6.46. Find a value of ¢ guaranteed by the mean value theorem for
integrals for the following functions:

(a) f(x) =sinz on [0, 7. (b) f(x) =2 on [-1,1].
(c) f(x) =22 on [-1,1].

Solution. (a) We know that (see Figure 6.14)

T
/ sinzde = —cosz|; = 2.
0

y f(z)=sin z
sy (e 1(02)
\ /
0.5t i I
| foﬂ sin x dx =2 :
O Cll C|2 T X

Fig. 6.14. Illustration for the mean value theorem for integrals with f(z) = sinz
on [0, 7].
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According to the mean value theorem, there exists a number ¢ on [0, 7]
such that

fle)(b—a) =2, ie. sinc=2/m.
We see that ¢ ~ ¢; = 0.690107 or ¢ = 2.451486. Because both ¢; and cs

lie between 0 and 7, we have found these two (approximate) values of c.

(b) For f(z) = 23, we have filx‘n’ dz = 0. The mean value theorem for

integrals asserts the existence of a point ¢ € [—1, 1] such that

0=/f(ON - (=1)] =2f(c), ie, f(c)=0.

It is obvious in this case that ¢ = 0.
(c) Finally, for f(z) = 2%, we have f_ll 2?dz = 2/3, and so there exists a
point ¢ such that
2/3=2f(c), ie. c*=1/3.
Clearly, ¢ = +1/ V3 do the job. Each of these points lies in the interval
[—1,1] and satisfies the condition of Theorem 6.45. °

Remark 6.47. 1.If f/(z) exists and is continuous on [a, b], then with f’(x)
in place of f(z), we see that the mean value theorem for derivatives follows
from the mean value theorem for integrals.

2. The mean value theorem for integrals has a geometric interpretation, es-
pecially when f(z) > 0. For example (see Figure 6.15), the theorem says
that it is possible to find at least one number ¢ on the interval (a,b) such
that the area of the rectangle with height f(c¢) and base (b—a) has exactly
the same area as the region under the curve y = f(x) on [a, b].

3. As in the case of the mean value theorem for derivatives, the mean value

theorem for integrals gives no indication how to determine c. °
Y
oA
I I I I I I
I I I I I | fle)
I I I I I I
I I I I I I -
Ol a Co 3 €4 Cs Ce b x

Fig. 6.15. Geometric interpretation of the mean value theorem for integrals.

Corollary 6.48 (Generalized mean value theorem for integrals). Sup-
pose that f and g are continuous on |a,b] and g(x) > 0 on [a,b]. Then

/ f(@)g(x) dz = £ (0 / o(x) dz (6.11)

for some ¢ in (a,b).
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Proof. Using the notation of Theorem 6.45, we have m < f(z) < M for
x € [a,b], and since g(x) > 0 on [a, b], we have

mg(x) < f(z)g(x) < Mg(z) for x € [a,b].

Equation (6.11) clearly holds for any ¢ in (a,b) if ffg(a:) dz = 0. Therefore,
we assume that ffg(x) dz # 0, and so we have f; g(x)dz > 0, since g(z) is a
nonnegative function on [a, b]. The above inequalities then give
b
d
o L@
fa g(z) dz

and the desired conclusion follows from the intermediate mean value
theorem. -

Example 6.49. Show that if f is continuous on [0, 1], then

1
. nf(x) oo
L J, Tz 7= 500

Solution. Using the generalized mean value theorem for integrals, we obtain
that for each n > 1 there exists a ¢, € (0,1//n) such that

o 1/Vn nf(x) B UV g de
I, .—/O ————dx = f(cn)/o

1+ n22? 1+ (nx)?
= f(cn) arctan(nw)):/ﬁ
= f(cn)arctan(v/n)

— f(O)g as n — 0o,

and similarly, there exists a d,, € (1/4/n,1) such that

1 1
Ty = / @) ) / I
1/ym 1+ n 1/ym 1+ nx

so that
! n
In| = |f(dn ———dx
il =) [
= |f(dy,)|(arctan(n) — arctan(y/n))
— 0 as n — oo (because f is bounded on [0, 1]).
Therefore,

1
/%dxz[n—&—.]n—)gf@) as n — oo. °
0
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What else can one learn from the mean value theorem for integrals? For
instance, suppose that f is continuous on [a, b] such that fab f(x)dx = 0. Then
according to Theorem 6.45, there exists a point ¢ in [a, b] such that f(c) = 0. In
other words, the graph of f must touch the z-axis at least once, i.e., f(z) =0
has a solution in [a, b]. Secondly we ask, Is continuity of f in the mean value
theorem for integrals important? Indeed it is. To see this, consider f defined

on [0,2] such that
_J0 forzelo0,1],
flw) = {5 for z € (1,2].

Clearly, f is discontinuous at x = 1, and

bla/abf(m)d / fla [/Olodx+/125dx}=g.

It follows that there exists no ¢ such that f(c) = 5/2.

Corollary 6.50. The second fundamental theorem of calculus follows from
the mean value theorem for integrals.

Proof. Let f(t) be continuous on [a, b] and define

0= [ s
We first fix « € (a,b). For Az such that x + Az € [a, b], we write
z+Ax
Gz + Az) — G(x) = / f()dt.

Applying the mean value theorem for integrals to the integral on the right,
we obtain that

G(z + Az) — G(x)

Gz + Az) — G(z) = (z+ Az — ) f(c), ie., A = f(c),
x
where ¢ lies between x and x + Ax. But since ¢ — = as Ax — 0, we allow
Az — 0 and obtain G'(z) = f(x) on (a,b), since x is arbitrary. [

6.2.3 Average Value of a Function

We are now interested in defining what is called an average value of a con-
tinuous function on an interval. Recall that the average value of n numbers
T1,T2,...,Ty, is defined by

1 n
E E Tk-
k=1

The question before us is this: How do we define the notion of “average” if
there are infinitely many numbers? In particular, what is the average value of
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a continuous function f(x) on [a,b]? The procedure to define this is as follows.
Divide the interval [a, b] into n equal subintervals

[t—1,2k]) = [a+ (kK — 1)Az,a + kAz] (k=1,2,...,n),

each of width Az = (b—a)/n. For k =1,2,...,n, let 2} be a number chosen
arbitrarily from the kth subinterval. Then the average value of an arbitrary
continuous function f on [a, b] is estimated by the average .S, of the n sampled
values:

5, = Lt S oot flen) L gy

n

The sum on the right is indeed a Riemann sum for f on [a,b] with norm
|P|| = (b —a)/n. Thus it is natural to define the average/mean value of a
continuous function f(z) defined on the interval [a,b] by

n . 1 b

Also, we remark that the value of f(c) in the mean value theorem for integrals
is in some sense the average, or mean, height of f(z) on [a, b].

6.2.4 The Logarithmic and Exponential Functions

In earlier chapters we have used the logarithmic and exponential functions,
which are undoubtedly familiar to the reader from precalculus mathematics.
It may seem strange at first that we introduce the logarithmic function as a
definite integral, but later we will see that our definition obeys the laws of
the logarithmic and exponential functions considered in precalculus courses.
We recall that the fundamental theorem of calculus concerns the function F'

defined by
0= [ s

under suitable conditions on f. If f(t) = ¢, then
r 1
/a tdt = P (20t —a®t) for o e R\ {-1}.

Clearly @ = —1 cannot be used. That is, we are unable to determine an
antiderivative of f(¢) = 1/t. Our next result will remedy this situation.

Note that since f(t) = 1/t is continuous on R~ {0}, f is integrable on any
interval [a, b] not containing 0. This observation helps to define a continuous
function L : (0,00) — R by
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T de

L(z) = — for z > 0. (6.12)
1 t

The expression L(x) is called the natural logarithm of x, denoted by logz,
which we shall soon clarify. Here the restriction > 0 is necessary, because
the integrand 1/t has an indefinite discontinuity when it is considered on the
interval (z,1) with z < 0, and hence [;"(1/t) dt does not exist.

For z = 1, L(1) = 0. For « > 1, this integral represents the area of the
region bounded by the curve y = 1/t from ¢t =1 to t = x. Thus, L(x) > 0 for
x>1.1f0 <z <1, then

Iy [t

('1:) - . t 9

which is the negative of the area of the region under the curve y = 1/t from

t =xtot =1 Thus, L(zx) <0 for 0 < x < 1. Consequently, (6.12) defines

a computable function of x on (0,00). Further, by the second fundamental
theorem of calculus (see Theorem 6.36),

1

L/ = —
@)=,
so that L is increasing on (0,00), and thus L is one-to-one on (0, 00). Also,

L"(z) < 0 on (0,00), so that the graph of the curve y = L(z) is concave
downward on (0,00); see Figure 6.16. We summarize the above discussion

Y Yy
3 3
2 2
| !
~_ Yy=1/t
0 Tz 2 3 7 5] 7

Fig. 6.16. The natural logarithm function.

together with a few additional properties.

Theorem 6.51 (Properties of the natural logarithm function). The
following statements hold:

(a) L(z) > 0 for z > 1.
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(b) L(x) =0 for z = 1.
(¢) L(x) <0f07“0<x<1.

L(z) <z —1 forxz>0.

(e) L(wy) L(z) + L(y) for z,y € (0, 00).

(f) L(z/y) = L(z) = L(y) for z,y € (0,00).

(g) L(1/z) = —L(x).

(h) L(z%) = aL( ) for x >0 and for every a € R.

(i) L is bijective on (0,00) with the range of L is all of R.
(J) L(z) — o0 as ¢ — oo.

(k) L(x) = —o0 as x — 0+.

Proof. (d) To prove (d) above, it suffices to observe that

8|

and so L(ab) = L(a) + L(b). Alternatively,

a ab
L(ab) = /1 % + %
= /a % + /b dTu (by the change of variable t = au)
= L(a) + L(b).
(f) We have
L(z/y) = L(z) + L(1/y) (by (e))

1/y dt
— (by definition)

= L(z)+ /
1 t
y
=L(z) — /1 d%) (by the change of variable t = 1/v)
— L(x) — L(y).

(g) Follows if we apply (f) with = 1.



6.2 Fundamental Theorems 263

(h) Case 1: If a =n € N, use (e) and the method of induction.
Case 2: If a = —n, then by (g) and Case 1, one has

L(z%) = L(z~") = L(i) — —L(z") = —nL(z) = aL(z).

xn

Case 3: If a > 0 and a € Q, then a can be written as a = m/n for some
positive integers m and n, n > 1, and so by Case 1, we get

L(a") = L(("/")™) = ZnL("/")] = TL((="/")") = aL(x).

n
Case 4: If a = —m/n, then
1

1-*(1

L(z%) = L( ) = —L(z7%) = —(—a)L(z) = aL(x).
Case 5: If a is an irrational number, then we consider a sequence {«,,} of
rational numbers converging to a and obtain that

L(z“") = ap, L(x).

Since L is continuous, we may allow n — oo, and statement (h) follows.

(i) The function L is known to be one-to-one because L'(z) = 1/xz > 0 on
(0, 00). By the intermediate value theorem, it follows that L maps (0, 00)
onto R.

(j) We observe that L(3) > 0 and that L(3™) = nL(3) (by (h)). Thus,
lim,, 00 L(3™) = o0, and since L is increasing, (j) follows.

(k) Since L(1/3) = —L(3) < 0 and L(1/3") = nL(1/3) = —nL(3), (k)
follows similarly. o

Remark 6.52. By Property (a) above, it follows that there is a unique real
number z such that L(z) = 1. Suppose we denote such an x by e. Then
L(e) = 1, and the reason for denoting it by e is justified as follows. Now, since
L'(z) = 1/x, it follows that

. . L(1+h)—L(1)
L'(1)=1 e, 1 _ =
(1) B h h—0 h

With h = 1/n, this reduces to

1 1yn 1yn
1= lim nL<1+—>= Tim L<(1+—) )zL(lim (1+—) )

so that because L is one-to-one,

: 1\"
Im (1+—] =e,
n—00 n

as defined earlier. ®
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Since L is bijective with range (—oo, 00), it follows that L has an inverse,
which we denote by E. Thus,

E(L(z)) =« forz e (0,00) and L(E(y)) =y foryeR.

The function E will be called the exponential function and will be denoted by
exp; this definition is equivalent to the earlier definition of e®.

Since L(1) = 0, we obtain E(0) = 1. Also, we see that the basic properties
of L are also reflected in its inverse.

Theorem 6.53 (Properties of the exponential function). The following
statements hold:

() 0< E(z) <1 < z<0.

(b) E(z) =1 < z=0.

(c) E(x) >1 < x>0.

(d) E(x+y) = E(z)E(y) for z,y € R.

(e) BE(—x) = E(lm for z € R.

(f) E(ax) = (Ligx))“ forz € R and a € Q.
. Y+

(g) lim ;!

@) liy S =1

(i) E'(z) = E(x) for x € R.

() E(z) = o0 as x — oc.

(k) E(z) - 0 as x — —o0.

Proof. (d) Since L(E(x)) = « for all x € R,

E(z +y) = E(L(E(z)) + L(E(y)))
= FE(L(E(z)E(y))), by Theorem 6.51(e)
= F(x)E(y), by the definition of inverse.

(e) This follows if we set y = —z in (d).
(f) Case (i): Let a € Ny. There is nothing to prove if a = 0, 1. If a = 2, then

B(2z) = E(x + z) = E(2)E(z) = (E(z))?,
and so by the induction argument, one has
E(ax) = (E(z))* fora=neN.

Case (ii) For a = —n, n € N, by (e), we get

E(—nz) = = = (E(z)™",

and so (f) holds for a = —n.
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Case (iii) If @ = m/n, where m,n € N, then by Case (i),

m

(E(;x))" - E(n%x) — E(mz) = (E(z))™,
and because E(x) > 0 for all x € R, this gives

E(TI) = (E(z))™/".

n
Similarly, if a = —m/n, then we easily have
E( - Tx) = (E(x))"™/".
n

This completes the proof for (f).
(g) From Theorem 6.51(d), we obtain that

1 <L(y+1)
y+17— y

<1l fory>-—1.

Note that since L(1) = 0, the quotient L(y + 1)/y in question is in in-
determinate form at y = 0 and lies between 1/(y + 1) and 1. If we allow
y — 0, then the squeeze rule gives the result.

(h) Set y = E(z) — 1. Then E(x) = y+ 1 or x = L(y + 1). Because E(x)
is continuous on R and E(0) = 1, we have y — 0 whenever © — 0.
Consequently, by (g),

. E@x) -1 . y
hm _— = hm —_—
z—0 T y—0 L(y + 1)

(i) Let 2 € R be arbitrary. For h # 0, (d) gives

E(x+h)—E(x) E(@E(h) —E(x) E(h) -1
h - h =E@ (T) ’

which by (h), gives the result as h — 0. Thus, E'(x) = E(z) on R. @

An expression such as a® (a > 0) for z rational can be defined by ele-
mentary means. For instance, if x = m/n, where m,n € N, then a* may be

written as
a® = (am)l/n.

On the other hand, expressions such as
2%, (V3)"

cannot be given in such an elementary way. Thus we need a suitable definition
to deal with such cases.
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Definition 6.54. If a > 0, then we define
a® = E(zL(a)) forxz eR. (6.13)
Thus, we have (because L = e~ 1)
L(a®) = xL(a) for alla >0 and z € R.
If we differentiate (6.13), we obtain by Theorem 6.53(i),
(a*) = E'(zL(a)). L(a) = E(xL(a))L(a) = a”L(a).

Similarly, we may define

z* = E(aL(z)) for a € R and x > 0,

and if we differentiate this, we obtain
ay _ 2 _ E _ pa g — a—1
(=) = E'(aL())% = E(aL(@))T == (x) az®*. (6.14)

The well-known integration formula for z* follows from (6.14) if a # —1.

Example 6.55. Prove the following:

a

(a) lim x *L(z) =0 for all a > 0. (b) lim Ea:_ = 0 for all real a.

Solution. (a) To prove (a), choose b such that 0 < b < a and = > 1. Then
since t* > 1 for t > 1, we have

T q¢ x b _ 1 b—a
x L(x) =2~ — < x*a/ ttdt=a (2 <2 ,

and the proof of (a) follows.

Since L(x) — oo as ¢ — oo, and % — 0o as x — oo (a > 0), from (a) we
observe that L(x) approaches oo “more slowly” than any positive power
of x as x — oo.

(b) Set y = L(x) for > 0. Then y — oo as & — oo, by Theorem 6.51(j).
Also, = E(y) for y € R, and so for a > 0, this observation together
with (a) gives

y L.~ _ay

x
e300 w0 ymoo (B(y))®  au-oe Blay)

)

and hence (b) follows if a > 0. If a < 0, set a = —a, and obtain a proof
for (b). There is nothing to prove if a = 0, since E(x) — 0o as  — 00.®
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6.2.5 Questions and Exercises

Questions 6.56.

1.

What is the difference between definite and indefinite integrals?

2. Suppose that f is integrable on [a,b]. Must f have a primitive on [a, b]?

10.
11.

12.
13.

14.

15.

How about if f is continuous on [a, b]?

If f is continuous and nonnegative on [a, b] such that f: f(x)dx = 0, must
f(x) =0on [a,b]?

. If f is continuous on [a, b] such that f; f(z)g(x)dz = 0 for every contin-

uous function g on [a,b], must f(z) =0 on [a,b]?

. If f and g are two continuous functions on [a,b] such that f; flx)de =

f: g(x)dz, must f(z) = g(x) have a solution in [a, b]?

Suppose that f is integrable on [a, b] such that f(z) > 0 for all = except
for a finite number of points = € [a, b], and f(c) > 0 for some ¢ € (a, b) at
which f is continuous. Must we have f: f(z)dz > 07

If f is continuous on [a,b] such that f(z) = [7 f(¢)dt, must we have
f(z) =0on [a,b]?

Suppose that f(z) = [z] on [0, 3]. Can fog f(t) dt be evaluated using the
fundamental theorem of calculus?

If one uses the first fundamental theorem of calculus, then one writes

1
[ 517

1
——3-3=—6

-1

because f(x) = 1/x2 has a primitive F(z) = —3/23 on [~1,1]. On the
other hand, the function y = 1/ 22 is always positive. What is wrong with
this “evaluation”?

Is the point ¢ in the mean value theorem for integrals unique?

Does the generalized mean value theorem for integrals (i.e., Corollary 6.48)
hold in the case g(x) < 0 on [a, b]?

Must we have sinz > x — 23/6 for all z > 0?

Suppose that f is continuous on [0,1] and n € N. Is it true that
fol 2" f(z)dx — 0 as n — 007

Let f be continuous on [—1,1]. Is it true that fo% f(sinz) coszdz = 07
Must we have fOQW f(sinz)dz = f:/Q f(sinz)dz?

Which is larger, 72 or 377

Exercises 6.57.

1.

Define f: R — R by

[ 2xsin(1/z) — cos(1/z) for x # 0,
f(z){O for x = 0.

Determine the antiderivative of f(z) and thereby evaluate fol f(x)da.
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2. Let f: R — R be a continuous function and let ' : R — R be defined by

7) = /O F(t)dt

Show that F is differentiable on R. Compute F’(z). Repeat the exercise
when e” is replaced by sinz.

3. I f(x / Vi—15dt (z > 0), find f/(3).
4. Determine dG/dx, if G(z) equals:

(a) /;(2t+3)dt. (b) /;seCQ(t)dt. (c) /icottdt.

3z 2

1 N z
(d) / O (o) / £ dt. (f) / cos(£2) dt.
log t VT T

(g) /0 xxetz dt. (h) /z i Vitsde (i) / eViat.

5. For ¢ # 0, define f(z) by f(0) =0 and
f(x) = 32% cos(c/2?) + 2csin(c/a?) for x #0.

Show that f is integrable on [—a,a] (a > 0). Compute [, f(t)dt
6. Define f : [0,3] = R by

1if0<z<l1,
fla)=42if1<z<2,
3if2<a<3.

Show that f is integrable on [0, 3] and fosf(a:) dx = 6. Does f have a
primitive on [0, 3]?
7. Define f: [0,2] — R by

Fz) = 2x ifo<z<1,
VT 2-1) if1<z <2

Show that f is integrable on [0, 2]

(a) Determine the function G(x fo t)dt on [0,2].

(b) Sketch the graph of y = G(z) on [0, 2]

(c) Where is G(z) continuous?

(d) Where is G(x) differentiable?

(e) Determine G’ at the points of differentiability, in particular, G’ (0),
G' (2), G'.(1), and G’ (1). Determine whether G’ (1) = G’ (1).
(For the definitions of left and right derivatives, we refer to Section
3.3.2).



10.

11.

12.

13.

14.
15.
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. Consider
1 for x>0,
f(x)=¢0 foraz=0,
—1 for x <0,

and set F(z) = |z| for z € R. Then F'(z) = f(z) for z # 0, and F' is not
differentiable at = 0. Show that

0 1
/_1 F(z)dz = F(0) — F(—1) and /O F(z)dz = F(1) — F(0).

Explain why neither form of the fundamental theorems can be applied
directly to prove this.

. State suitable conditions on a(x), b(z), and f(z) for being able to

determine

b(z)
% (/( | f(t)dt).

Prove that if f(x) is monotonic on [a,b], then there exists ¢ € [a, b] such
that

/ fa (@)(c —a) + f(B)(b - o).

Show that there exists a real number ¢ with 0 < ¢ < 1 such that
1 n
lim <—Zev k/"> =eVe

Show that if 0 < a < b < oo, then

b sinx
dx
.

2
<=z
a

Prove the following:

28 13, 3 1 ! dz T
— < T dr < =, b) - < —_— < = > 2).
O A N O R A == ==t TG
2 /2 22
(c) hm—/ N T ) ”-</ L e < T
=0 12 9 x/6 SILT 9

Show that liny =3 f(t + 2) a  f2)

Compute the value of
I
lim —4/ ——dt.
z—0 2% [o 1+¢2

if f is continuous on R.
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16. Suppose that f is continuous on [0, 1]. Show that

for some ¢ € [0, 1].
17. Prove that if f(z) is continuous and increasing on [a, b] and ¢ = (a+b)/2,
then

b
fla)+ £0) < 77 [ #@)da < 1)+ 1)

18. Find ¢ that satisfies the conclusion of the mean value theorem for integrals
for the functions defined below. If you cannot find such a value, explain
why the theorem does not apply. Find also the average/mean value of
these functions on the prescribed interval:

(a) f(z) =cosz on -5, Z]. (b) f(x) =tanz on [0,2].

19. Using integration by parts, evaluate the following integrals:

3 5 T
(a) / xlogx dx. (b) / 2™ da. (c) / e’ costdt.
1 0 0

20. Evaluate the following definite integrals:

2 3 1 2 .2 _1 2 3_1
(a) / T ) [ T (o) / T e
1 1 Vi 1T
1

@ [ = @ [@e-le-ihde @ [ @l

4
21. Using the integration by parts, evaluate the integral / log x dx.

1
22. Using the definition of L and F, show that e lies between 2 and 3.
23. Using Definition 6.54 and Theorem 6.51(d), can we conclude that

r—1

<L(‘T)Sx717

X

2/ 149
1/n

where L(z) = lim
n—roo



7

Improper Integrals and Applications
of Riemann Integrals

So far, our theory of integration has dealt with the definite integral

/a ' f(a)ar,

where the integrand f(z) is bounded on a closed and bounded interval [a, b].
Thus, definite integrals have finite limits of integration, and f(z) has a finite
range. However, in many interesting applications (e.g., in physics, economics,
statistics, and other applied areas), we also encounter problems that fail to
satisfy one or both of these conditions. So we need to discuss a way to integrate
functions that are unbounded or are defined on an unbounded interval. Our
investigation along such lines leads to what are called improper integrals.
There are basically two types of improper integrals; others can be developed
from them. In Section 7.1, we consider functions f defined on [a, b) with b = oo,
or (a,b] with @ = —oco or (—o0,00) or functions f that are unbounded in a
neighborhood of a finite number of points on the interval of integration [a, b]
with a and b finite. The main aim of this section is to discuss the convergence
and divergence of the corresponding improper integrals f: f(z)dz. At the
end, we consider the most important and interesting examples of improper
integrals, namely the gamma function and the beta function. These two func-
tions play important roles in analysis. Finally, we discuss certain important
integrals in connection with the convergence of series of nonnegative numbers.
Our particular emphasize will be on the integral test, the convergence of har-
monic p-series, and the Abel-Pringsheim divergence test. In Section 7.2, we
deal with a number of applications of the Riemann integral, such as in finding
areas of regions bounded by curves and the arc length of plane curves.

7.1 Improper Integrals

We consider integrals of the form f: f(x) da having one of the following forms:

S. Ponnusamy, Foundations of Mathematical Analysis, 271
DOI110.1007/978-0-8176-8292-7_7,
© Springer Science+Business Media, LLC 2012
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Yi Y
approaches infinite approaches finite
area as t — 0o area ast — 00
ol 1 t T ol 1 t T

Fig. 7.1. On the convergence of [ 1/zP dz for p =1,2.

e ¢ is finite but b = 0o, or a = —oo but b is finite, or a = —oc and b = oco.
e f is unbounded near a finite number of points on the interval of integration
[a,b], where a and b are finite.

If one of the above cases occurs, then the integral in question is called an
improper integral. Our main investigation in this section is to give meaning to
such integrals and to evaluate them.

7.1.1 Improper Integrals over an Unbounded Interval

One of the central problems in analysis has to do with the definition of “infin-
ity.” A general question is how to deal with infinite quantities. To consider one
such problem, we introduce the concept of an integral that is defined on R,
or on a half-line of the form [a,00) or (=00, a]. If f(x) >0, then [ f(z)dx
can be thought of as the area under the curve y = f(z) on the unbounded
interval [a, 00).

Before dealing with the general case, let us try to discuss the evaluation
of the integral floo(l /%) dz. To do so, we need to find a reasonable strategy
(see Figure 7.1).

Clearly, the region under the curve y = 1/2% for > 1 is unbounded. Does
this mean that the area is also infinite? A natural approach is to begin by
computing the integral from 1 to ¢, where ¢ is some “large” number and then
see what happens as t — co. We have
b

t
d 1
:K :_EJFL

1 x? x

1

and we then take the limit as ¢ — oo. This suggests that the region under
y = 1/2? for z > 1 actually has finite area approaching 1 as t gets larger and
larger. Analytically, it is reasonable to conclude that

00 t
/ %:lim d—a;:lim [%Jrl}—l.
1

1‘2 t—o0 1 X t—o0
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Fig. 7.3. Area under y = e~ " on [0, ¢) for large ¢.

Similarly, if we use the same procedure, then we see that

> d td ¢
/ 2 _ lim £ _ tim logz | = lim [logt —log1] = oo
1 1 t—o00

x€X t—00 1 T t—00

(see Figure 7.2). We also have (see Figure 7.3),

[e%s} t t
/ e “dz = lim e “dzr = lim (— e_“”) ‘ = lim (1 - e_t) =1.
0

t—o0 0 t—o0

On the other hand, fooo e’ dr = co. Now we give a definition using the idea
of these examples.

Definition 7.1 (Improper integrals—first type). Let a and b be fized real
numbers.
(a) Let f be a function having the property that faN f(x)dx exists as a

Riemann integral for every N with N > a. Then if imy_, o faN f(z)dz
exists, we define the improper integral

/aoo f(z)dz == lim /aN F(z) da. (7.1)

N —oco

As with infinite series, the improper integral is said to converge if this
limit exists and is finite. If the limit in (7.1) does not exist, or if it exists
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but is infinite, then we say that the improper integral is divergent. The im-
proper integral [ f(x) dw is said to absolutely convergent if [~ |f(x)| d
is convergent. If an improper integral converges but fails to converge ab-
solutely, it is said to converge conditionally.

(b) If the interval of integration is (—oo, b], then (7.1) must be modified in an

obvious way:
b b
/ f(x)dz := lim / f(x)de,
— 0 M——oo Jpr

provided f is a function having the property that [ Al} f(x)dx exists for all

M with M < b. The improper integral ffoc f(z)dx is said to converge if
the limit on the right exists (as a finite value).
(c) If the interval of integration is (—oo,00), then (7.1) is replaced by

/_O; fz)de = /_OO f(x) dx—i—/:o f(z)da, (7.2)

provided both the integrals exist in the sense of the above two cases. Here
we agree that oo + L = oo if L #£ —o00 and —oco + L = —o0 if L # oco. It
is easy to see that every choice of a will give the same result.

The terms convergent, divergent, absolutely convergent, conditionally conver-
gent for the last two cases may be defined in a similar manner as in the first
case.

Remark 7.2. It might happen that neither of the integrals on the right of
(7.2) exists independently, but that the symmetric limit

N
lim / f(z)dx (7.3)
N—oo J N

exists. This limit exists, for example, for any odd function whatsoever. The
limit in (7.3), if it exists, is called the Cauchy principal value of ffooo f(x)de,
and is denoted by PV [ f(z)dxz. Note that if [~ f(z)dz exists in the
sense of (7.2), then it also exists in the sense of (7.3), i.e., Cauchy’s principal
value of ffooo f(z)dz exists, and the two values are equal. However, the con-
verse is not true in general. For instance, by our first definition, the improper
integral [* 2 da diverges because [;° xdx and f?oo 2 dx diverge. But since

fiVN zdz = 0, the Cauchy principal value of [*_xdx is zero. This explains
why we do not define

oo N
[w flx)da = A}gnoo f(z)dx

-N
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as the general definition of the improper integral. The problem here is that
f_OOO rdr = —oo and fooo xdx = oo, and the expression co — oo is not defined.
Similarly, since

b
/ sinzdz =1—cosb forallb>0
0

and the value of 1 — cosb oscillates between 0 and 2 as b — oo, we see that
neither fooo sinxz dx nor fi)oo sin z dz exists. Consequently, ffooo sinx dx does
not converge. However, the limit

N

lim sin x da
N—oo _N

clearly exists and equals zero. Thus, 0 is the Cauchy principal value of
ffooo sin x dz. Note that for any odd function f, the Cauchy principal value of

ffooo f(z)dx is zero. .

We have already shown that the improper integral floo %ﬁ— converges,

whereas floo ;1—”2” diverges. Geometrically, this says that the area to the right
of x = 1 under the curve y = 1/2? is finite, whereas the corresponding area
under the curve y = 1/z is infinite (see Figure 7.1).

Evaluation of improper integrals often uses L’Hopital’s rule, change of
variable of integration, and integration by parts, as we shall see in a number
of cases below.

Example 7.3. As illustrated above, to discuss the convergence of the integral
[°(1/a?) do where a > 0, we first evaluate it from a to N and then let N go
to infinity. Indeed (see Figures 7.4 and 7.5),

N

—p+1 1 _ _ .
Nae ) 2 it p#1, — [N'P—alP] ifp# 1L,
) Pl =\l
¢ log x |iv ifp=1, log(N/a) ifp=1

Ifp>1,then N'"? - 0as N = co. If p < 1, then N'™? — 0o as N — oo.
Consequently, for a > 0, we have

1 .
/ocd_x: W 1fp>].,
a 2P ifp < 1.

Thus the improper integral diverges for p < 1, and converges for p > 1. o

Example 7.4. Determine whether each of the following integrals converges
or diverges

oo o0 2 oo 1
(a)/ re 47 dg. (b) / xe”® dz. (c) / (;gzx dz.
0 —00 1
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Yi Yi
approaches finite approaches finite
area as t— 00 area as t— 00

| =t
I I
I I
I 1 I
| = ===
I I

O 1 t x O 1 t x

Fig. 7.4. Convergence of floo 1/zP dzx for p = 3, 4.

i y=1/2°
3 =1/zPon |1, o)
forp=1, 2, 3, 4,5
b 't— 00
==>

p=2
1 p=3

p=4
O 1 2t T

Fig. 7.5. Convergence of the integral floo(l/:vp) dz, for p € [1, 00).

Solution. (a) We evaluate
0 N o4z
/ re " dz = lim xd <
0 N—oo /g —4
o B xe—4a:
o Ngnoo 4

= lim [—

)

N1
—|—/ Ze_4”da:
-l
( N+1

1
etN _6

N—o00

0

= —— lim
16 N —o00

1 ) At M
=15 N_mo <4e4N> =16 (by 'Hépital’s rule.)

(b) We see that [~ ze~®" dz = 0 because

N _N? 0 —M?
1-— -1
/ ze~® dz = —_° and / ze=® dx = e—.
o 2 Y 2




7.1 Improper Integrals 277

Inx
Y y— 1t
r=1 €z
| x=N
I I
| (N — o0
| ===
I I _
O 1 N T

Fig. 7.6. Area under y = (Inz)/z> on [1, N) for large N.
(c) We see that (see Figure 7.6)
N N N
1 1 1 1
/ ngda::/ logxd<——> - [— ng——]
1T 1 x x x

which approaches 1 as n — oo. Hence, the improper integral |’ 100 (log z/x?)
dx converges and has the value 1. °

_1 1 logN
N N N’

In many cases it suffices to determine whether certain improper integrals of
a nonnegative function converge or diverge, and to estimate their values. The
following result is of course an analogue of the comparison tests for sequences
and series (see Theorems 5.27 and 5.33).

Theorem 7.5 (Direct comparison test). If f and g are two continuous
functions on [a, 00) such that

0< f(z) < Mg(xz) foralzx>a,

for some constant M > 0, then we have the following:

° faoo f(z)dx converges if faoo g(x)dx converges. In this case, we write
[ fla) de < M [ g(a) da.

° faoo g(z) dz diverges if faoo f(z)dz diverges. In other words, faoo g(z)dz =
oo if [ f(x)de = oo.

Proof. Note that for b > a,

/abf(:v)dx < M/abg(x)dx,

and therefore the conclusions follow by letting b — oc. [ ]

Clearly, a similar statement holds for other types of improper integrals.
We omit the corresponding formulations.

Theorem 7.6. If the improper integral f;o |f(z)|dx converges where f is
bounded and integrable on [a, N] for each N > a, then faoo f(x)dx converges.
The converse is not true.
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Proof. Since 0 < |f(z)| — f(x) < 2|f(z)| and

ossN=/ <|f<w>|—f<w>>dxs2/ |f<w)|dwé2/oo|f(af)|daf

for all N > a, by the direct comparison test, it is clear that absolute integra-
bility of f implies that | f(z)| — f(x) is integrable on [a, N]. Note that because
{Sn} is an increasing sequence bounded above, the sequence {Sy} converges.
Therefore, the improper integral f;o f(x)da converges. For the converse, we
refer to Example 7.8(c). [

Example 7.7. Examine the absolute convergence of [~ f(z)da if

sinx
x .
fe) = Vie=1P3+z -1
. . 1
Solution. Since |f(z)| < N e = g(z) and [ g(z)dz is con-
z—
vergent, [ f(z)dz is convergent (absolutely). °

Example 7.8. Prove that each of the following integrals converges:

0 2 °° sinx
— . b f .
(a)/_ooe dz ( )/ 1+z2 (C)/1 > dz for p >0

Show also that floo |S‘;p:’3| dz converges for p > 1 and diverges for 0 < p < 1.
This provides an example of a conditionally convergent improper integral.

Solution. (a) Since e~ is continuous on R, fab e~ dg is integrable for all fi-

nite a and b. Therefore, it suffices to discuss the convergence of [ 100 e dz

and f:olo e da. Again the change of variable t = —z shows that

-1 2 N 2
/ e 7 dx:/ eV dt,
-N 1

and so we need to discuss only the integral floo e~ dz. Note that if z > 1,
then 22 > z, and so = < e~ %. Since
00 o7 N
/ e fdr= lim —
1 N—ooco —1 1

it follows by the direct comparison test that |’ 100 e~ da converges. Hence

1
= lim (e7! —e™)

[ —2* dz converges.
(b) We see that

N

dx N T

= tan 'z| =tan ' N —tan'0— = as N — o0
0 1 —|—$2 0 2
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and similarly,

0

d 0

/ _xz = tan_lx‘ =0—tan '(—M) — T as M — oo
-M 1+ 2

Consequently,

*  da . /O dz Y /N dz 7T+7T
= lim im — — =— 4+ —=m.
o ld+a? Moo/ 1422 Noocofy 1422 20 2

For x > 0, we have
1

= o

sinx

Y

xP

and the direct comparison test does not yield the desired result, since

flooi_:: diverges for 0 < p < 1. However, the comparison test im-

plies that floo |z~ P sin x| dz is convergent for p > 1, which means that
floo x~Psinx dx is absolutely convergent (and hence convergent) for p > 1.
On the other hand, to show that floo Si;‘p”” dx converges for 0 < p < 1, we

may use integration by parts and obtain

N ginz cosz |V N cosz
de = — —p — dz
;.  xP xP I
cos N n 1 N cosx q
= — cos1l — —dx.
NP p 1 xp—i—l

Since floo % converges for p > 0 and

Ccos T 1
pr+1 - xp+17

it follows that fooo S35t da converges (absolutely) for p > 0, and therefore,
letting N — oo, we see that

[ee] : (oo}
sin x cos T
/1 7 dm:cosl—p/1 xpﬂdm for p > 0,

and the result follows. Note that the latter approach proves the conver-
gence of [ 882 dz for all p > 0.

P

To show that floo Si;f dx does not converge absolutely for 0 < p < 1,

according to Theorem 7.5, it suffices to prove the result only for the case
p=1. Let n > 3. Then
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nwo| nw | o n=1 (k+1)7 |
I, _/ | sin x| P / | sin x| do — Z/ | sin z| da
1 T ™ T k=1 Y kT €

n—1 1 (k‘,—‘rl)ﬂ'
> m /k | sma:| dx

T

=

3

1
k:1k+1
— 00O as n — Q.

Consequently, floo |Sl;—m| dz diverges. Since Il—p > % for p < 1, by Theorem
| si

Tr;z‘ dz diverges for p < 1. °

7.5, we can now conclude that floo

sin x

- exists if 0 < p < 1 (because

|sinz| < |z| on R), and therefore [ 3% dx converges for all a > 0 and
for 0 < p < 1. Thus,

[ 1 - o0
sinx sinx sinx
dx = dr + dx
o P o P 1 2P

converges for 0 < p < 1, because the second integral on the right converges
by Example 7.8(c). °

Remark 7.9. We notice that lim,_,o+

7.1.2 Improper Integrals of Unbounded Functions

We often encounter integrals in which the integrand has a singularity some-
where in the domain of integration. So we move on to a discussion of the
second type of improper integrals (with unbounded integrands). A function f
is unbounded at c if | f(z)| has arbitrarily large values near c. Geometrically,
this occurs when the graph of f has a vertical asymptote at z = ¢. For ex-
ample, if f is continuous on (a,b] but |f(z)| — oo as x — a+, the graph of
y = f(x) approaches the vertical line z = a, as shown in Figure 7.7.

If f is unbounded at ¢ and a < ¢ < b, then the Riemann integral fab f(x)dx
is not even defined (because boundedness of f is essential for the integrability
of f). However, it may still be possible to define f; f(x)dx as an improper
integral in certain cases. For example, consider

f(z)y=1/yx for 0<z<1.

Then f is unbounded at z = 0, and so fol f(z)dx is not defined. However,

f(z) is continuous on every interval [¢,1] for ¢ > 0, as shown in Figure 7.8.
So our basic strategy is to evaluate f tl \d/—% and see what happens as ¢t — 0+.

Thus, if ¢ is a small positive real number, then we have

1 1
I(t):/ ™2 dr = 2\/5‘ =2 -2Vt
t t
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=Y

U

\J

Fig. 7.7. Two functions that are unbounded at c.

Yi Y

Ot 1 2 3 O

Fig. 7.8. Convergence of fol(l/:rl/p) dz for p=1/2,1/3.

If we let t — 0+, we see that I(t) — 2. Hence it is natural to define

L dz . Lz
— = lim —_— =
0 \/E t—0+ J, \/E
The same idea may be used if the integrand is unbounded at the right end-
point. A general case is considered in Example 7.15.
Also, we adopt a similar procedure when functions have a discontinuity
but not necessarily an infinite discontinuity. For example, consider

2.

glx) =xlogze, 0<x<1.
Then the function g(x) is not defined at x = 0, although

log(1 1
lim zlogz = — lim sz im [ = 0.
z—0+ z—0+ 1/x z—0+ —1/x2
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In this case, we define the integral of g(x) on [0, 1] by

1 1 21 1
/ zlogxdr = lim / logxd(x2/2) = lim rogr T —
0 t—=0+ Jy t—0-+ 2 4

We remark that this does not fall in the improper integral category.
Here is the formal definition of improper integrals in cases in which the
integrand tends to oo at some point in the interval of integration.

Definition 7.10 (Improper integrals—second type). Let a and b be
finite real numbers.

(a) If ft x)dx exists for all t such that a <t <b, and if [ is unbounded at
a (i.e., |f( )| = o0 as x — a+), then we define

b b
/a f(z)dx = tg%l-i-/ flz)de = El_i>%1+ f(z)da

a+e€

provided the limit exists. If the limit exists (as a finite number), we say
that the improper integral fab f(z)dx converges; otherwise, the improper
integml diverges.

(b) If [, f(z)dx exists for all t such that a <t < b and f is unbounded at b
(i.e., |f( )| = o0 as & — b—), then

b t b—e
[ rwae = tim [ gaae= im [ pe)as

provided the limit exists. If the limit exists (as a finite number), we say
that the improper integral ff f(z)dx converges; otherwise, the improper
integral diverges.

(c) If f is unbounded at an interior point ¢ (i.e., f has a vertical asymptote

at ¢), where a < ¢ < b, and if the integrals fc “f(z)dx andf x)dx
exist for0 <e<c—a and 0 <n<b—c, then

/abf(x)dx - /acf(x)dx—&—/bf(w)dx
b

= hm/ flz)dz + hrn f(z) de, (7.4)

e—0+ ctn

provided the limits exist. If both limits on the right exist (as a finite num-
ber), then we say that the improper integral fab f(z)dx converges; oth-
erwise, the improper integral diverges. That is, the integral on the left
diverges if either (or both) of the integrals on the right diverge. It is also
possible for an integral to be improper because of an infinite discontinuity
at a finite number of points in the interval [a,b]. In such cases, the same
strategy is followed.
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Fig. 7.9. Graph of y = !
T —

3 on [1,4].

The absolute and conditional convergence of improper integrals of the second
type may be defined similarly.

Remark 7.11. If f has a finite number of (infinite) discontinuities, say at
€1,C2,C3,...,Cpn (1 < ca <-+- < ¢y), then we write

[ iwar=3>" [T s ar = -ox. e =o0)
- k=0" ¢k

and say that the improper integral ffooo f(z) dx is convergent, provided that
each fcc:ﬂ f(z)dx is convergent for k = 0,1,2,...,n in the sense of Defini-
tions 7.1 and 7.10. A similar procedure is applicable for integrals of the type
f;o f(z)dz and ffoo f(z) dx when f(x) satisfies a similar condition on [a, c0)
and (—oo, b], respectively.

Remark 7.12. Sometimes we fail to notice an (infinite) discontinuity at an
interior point. Find the faults in the following analysis(see Figure 7.9):

4
d 4
/ a = log|z — 3| ‘ =logl—log2 = —1log2.
1 T 1
Similarly, it is wrong to conclude that

-3
/4 e 1 [P Lo\ _ .3
L (@=32  x-3|, \2 2
which is clearly absurd, because f(z) = (x — 3)~2 is never negative. These
examples show that mistakes such as these lead to the conclusion that the
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corresponding improper integrals converge, and so an improper integral should
never be treated simply as an ordinary integral. Also, one must be cautious in
using computer software with improper integrals, because it may not detect
that the integral is improper. ®

Remark 7.13. Consider an improper integral fab f(x)dx, where f is un-
bounded at ¢ € (a,b). It might happen that neither of the limits on the
right of (7.4) exists as € — 0+ and 1 — 0+ independently, but that

e—0+

Jim [ / @) do + ) f(gc)dx] (7.5)

exists. Note that we do not define the improper integral of this kind by (7.5).
However, when the limit in (7.5) exists, it is called the Cauchy principal value

of [ b f(z)dz, and is denoted for brevity by PV [ b f(z)dx. For example,

PV f 1/x )dz = 0, but f (1/x) dz does not exist. We note that if the
limit exmts in (7.4), then it albo exists in the sense of (7.5), i.e., the Cauchy

principal value of f; f(z) dz exists and the two limits are equal. However, the
converse is not true in general (see Example 7.14(c)). Also, for f(z) > 0 on
[a, b], the converse holds. °

Example 7.14. Evaluate each of the following improper integrals if it exists.

(a)/ 2/3 (b) /12(22_2)2 ()/ T2

Solution. (a) The function f(z) = (z — 1)~%/% is unbounded at the right
endpoint of the interval of integration (i.e., f has a vertical asymptote at
the right end of the interval) and is continuous on [0, €] for every e with
0 < e < 1. We find that (see Figure 7.10)

: Coode 131" _ o 1; 1/3 _
), s = dip B -0 =8 Jim e =3

That is, the given improper integral converges and has the value 3.

(b) Next we have (see Figure 7.10)
2—e€
1
= lim <— — 1) ,
1 e—0+ €
which is oo, and so the given integral diverges.

2 da ) = dx .

——— = lim ——— = lim
1 (2=2)2 =0+ ), (2—2)2 e0+2-—=x

(c) The given integral is improper because the integrand is unbounded at the

interior point x = 2. We write

3 dz 2 dx 3 dx . ¢ da . 3 dx
= + = lim + lim .
0o T—2 0o T—2 o T—2 e=2— [y x—2 =2+ ) x-—2
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O 1 2w
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Fig. 7.10. Graphs of y = m on [0,1), and y = @ _lx)z on [1,2).

If either of these limits fails to exist, then the original integral diverges.
However, because

€

. dz . S
62151_ T-2 62151_ log |z — 2] ‘0 = 6glrzn_ [log e — 2| — log2] = —o0,

we find that the original integral diverges. On the other hand, we note
that

2—e 3
. dz do .
Elir(r)lJr [/0 o —l—/2+€ x—2} —€£%1+ [loge —log| — 2|+ log1 —loge],

so that the Cauchy principal value of the given improper integral exists:

3
dx
P = —log2.
V /0 po— og ®
Lz
Example 7.15. For what values of p > 0 is the improper integral / —
0o T

convergent? To solve this, one can just use the change of variable t = 1/ and
apply Example 7.3. Alternatively, we simply compute

1

S
Ctar AT AL
lim — = 1€
oS & lim 1 ifp=1
Jip loga| - ifp=
lim L[1—61—P] if p#1
_Je=0+1—p ’
lim (—loge) if p=1.

e—0+
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iy Y

ot 12 3 »

]

y=1/2?on (0, 1]
for p=1/2,1/3, 1/4, 1/5

p=1/4 p=1/5

" p=1/3
p=1/2
olt 1 2 3

Fig. 7.12. Convergence of fol(l/ml/p) dz for p=1/2,1/3,1/4,1/5.
Consequently (see Figures 7.11 and 7.12),

1
Ldx , L dx — if0<p<l,
o Tt Je X 00 if p>1.

Thus, the improper integral diverges for p > 1 and converges for 0 < p < 1.
Moreover, in view of the observation

Cdy L de _s
) y_q_ox_p’ p=2—4g,

the desired conclusion follows quickly from Example 7.3.

More generally, it is straightforward to see that each of the improper in-
tegrals



7.1 Improper Integrals 287

converges if and only if p < 1. ®

Example 7.16. Prove the following limits:

(a) nh_}n;() (n')Ll/” =e. (b) nh_}rrolo {(1 + %) (1 + %) (1 + 47”)}1/” = i—i.

Solution. (a) Set S,, = (n”/n!)l/n. Then (see also Example 2.61)

1 n n n n 1 & k

Treating log S,, as a Riemann sum, we see that

1 1
lim log S, = —/ logzde := — lim log z dz,
0

n— o0 e—0+ [

which is an improper integral. Note that log 2 is unbounded on [0, 1]. Now
we evaluate

1 1
1
/ logzdx = xlogxﬁ —/ T - ;dx = —eloge— (1 —¢),
and so by I’'Hopital’s rule, we have

1
. log(1/e) . =1/
el~1>r(1)’l+ IOgIdJ? B _1 + el~>0+ 1/6 eﬁ%{k —]_/62 B

€

That is, log S, — 1 as n — oo, and hence S,, — e as n — c©.
(b) Set S, =[(1+1)(1+2)(1+2)---(1+ 47")]1/“. Then we see that

log S, — 1i10g<1+ ) [ Zlog(1+4(k>>]

and hence

1 4
lim log S, = 4/ log(1l + 4z)dz = / log(1 + y) dy.
0 0

n—oo
Integration by parts gives the desired value. L

Now we state another useful result, which may be proved easily using the
definition of continuity. However, in Section 5.2 (see Theorem 5.33), we have
presented a similar comparison test for series.
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Theorem 7.17 (Limit comparison test). Suppose that f and g are two
continuous functions on [a,b), a < b < oo, g(z) > 0, and f(x) > 0 on some
subinterval [a1,b) (a < a1), and that

fim 1®) _ 1. (7.6)

r—b— g(lL’)

Then we have the following:

(a) If 0 < L < oo, then fabf(x)dx and f;g(x) dx both converge or diverge
together.

(b) If L = oo and fjg(x) dx = oo, then fab f(x)dxr = cc.

(¢) If L =0 and ffg(:c) dz < oo, then f: f(z)dz < co. In the last two cases,
the two integrals do not necessarily converge or diverge together.

Proof. (a) From the limit condition (7.6), there exists a point as € [a1,b)

such that

L
<3 for x € [ag, b).

()
oY
This gives

gg(x) < flz) < %g(m) for x € [ag,b).

By the direct comparison test, fabQ f(x)dz and f; g(z) dz both converge or
diverge together, and in the latter case, they must diverge to oo, since the inte-
grands are nonnegative. We note that the integrals faaz f(z)dz and f;z g(z)dx
exist, since f and g are continuous on [a, as]. The conclusion follows.

(b) If L = oo, then by (7.6), there exists a point a) € [a1,b) such that

f(x) > g(z) for x € [dh,D).

Again the direct comparison test gives the desired conclusion.
(c) If L =0, then there exists a point a4 € [a1,b) such that

f(@) < gla) for = € [a},b),

and the conclusion is a consequence of the direct comparison test.
If f(z) =1/x, g(x) = 1/2 with a = 1 and b = oo, then

lim M:oo and lim M:0.
z—00 g(aj) z—00 f(x)
Note that [~ L da = oo, whereas [, % dz < oo. [

The limit comparison test as in Theorem 7.17 can be stated for improper
integrals of other types, namely, when f and g are two positive continuous
functions on (a, b], where —oco < a < b. We remark that the direct comparison
test (Theorem 7.5) is a special case of the limit comparison test (Theorem
7.17). However, because of their independent interest, we formulate some spe-
cial results that are often useful in solving our exercises.
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Corollary 7.18. Suppose that f and g are two positive continuous functions
on la, N] for all N > a such that

im L&) _ (0 < L < o).

Then faoo f(z)dx is convergent if and only if faoo g(z) dz is convergent.

Example 7.19. The improper integral ffooo(l + 338)_1/4 dz is convergent. In-
deed, with f(z) = 1/(1+2%)Y/* and g(z) = 1/(1 + 2?), we have

lim f(@) = 1+27

= =1.
e g(@) (L4 a0/

Thus, by Corollary 7.18, the integral foo 1+ 28)~ Y4 dz converges, because
both f z)dz and [, g(x) dz converge. °

In particular, Corollary 7.18 gives the following simple result.

Corollary 7.20. Suppose that f(x) is a positive continuous function on
[a,00) such that
lim 2P f(z) =L (0< L < o0).

Tr—r00
Then the improper integral fo x) dx is convergent if and only if p > 1.
For example, to examine the convergence of I = [ 100 %, it is natural

to compare f(x) = with g(z) = =L and observe that

1
zP(1+x9)

_ f(@) _ LPta ) 2
lim —* = lim ——— = lim =1
00 g(m) T—00 xp(l + a’;q) z—o0 1 4+ x4

We also know that f | g(x)dx converges if and only if p+¢ > 1. Consequently,
the integral I converges 1f and only if p4+ ¢ > 1.

Corollary 7.21. Suppose that f and g are two positive continuous functions
on (a,b] (respectively [a,b)) such that
f(x) f(x)

11_1>121+ m =L (Il_lgl_ m =1L, respectwely) , 0<L <.

Then f; f(z)dx is convergent if and only if f;g(x) dx is convergent.

For example, a comparison with g(z) = (1—x)~!/2 shows that the integral
fol(l — 23)71/2 dz is convergent. Indeed, it suffices to note that
f@ . a—m i I

A ga) e T T (v e ) 2 VB



290 7 Improper Integrals and Applications of Riemann Integrals

Example 7. 22 Let f(z) = 27P(1+x)~?. To see whether the improper inte-
gral I = fo x) dz converges, we decompose I into two improper integrals

1 00
I:/0 f(;v)dx—}—/l flx)de = I + Is.

Since )
TR G RV S
=0+ 1/xP  a—0+ (1 + )4

and fol i—x converges for p < 1 and diverges for p > 1, by Example 7.15, we

p

conclude that I; = fo x) dx converges for p < 1. Further, since

f(x) , ad

e 1/zpta e (14 x)9

and fl p+q converges for p—+q > 1 and diverges for p+¢q < 1, by Example 7.3,
it follows that Iy = fl x) da converges if and only if p+¢ > 1. Consequently,
we conclude that I converges if and only if p< 1 and p+¢q > 1. ®

Example 7.23. Investigate the following improper integrals for convergence.

/4 °°1+sin2x 13—|—Sin7mc
(a) / g (b) / —dax. (c) / —daz.
dx

(d)/ Smxz ()/\/W ()/ 1+x ew)x
(g)/ 14—((15f (b )/ E_smlhx T ()/ 1—|—x+x2_€_x>dx

Solution. For (b) and (c), we observe that for > 1,

.92 .
i<1—|—smx<1 and 3<3—|—sm7rac<i'
xP P xP xP aP

Consequently, by Theorem 7.5 and Example 7.15, the improper integral

fol ST 4y converges for p < 1 and diverges for p > 1.

By Theorem 7.5 and Example 7.3, the improper integral floo H?#dx
converges for p > 1 and diverges for p < 1.

For (a) and (d), we compare the integrands with 1/z and 1/z?, respec-
tively. We observe that

1 1/2?
lim /x =1 and lim L =
z—0+ 1/sinx z—0+ 1/(sin x?)

Since fOTr/ 2 d?x diverges and fow/ 2 j—g converges, it follows that the integral in
(a) diverges, while the integral in (d) converges.
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I M—l' 1 e —(1+x)\ _ 1
e 1/x _xgr})((l—i—m)em) ( 2 ) Tk

it is natural to set g(x) = - > 0 for 2 € (0, 1]. We see that fo x) dx diverges,

because fo x)dx dlvergeb We leave the remaining integrals as exercises. ®

(f) Since

and

Theorem 7.24. If f is continuous on [0,00) such that
lim f(z)=fo and lim f(x)= f1,
r—r00

z—0+

then for 0 < a < b < oo, we have
[T o — (o~ i) towto/o)

Proof. We have that

/fa,x /fax /fbx
NI

bN
1) 4 dy — M2~/(y=a:r;y=b%)
ae Y be Yy
be be bN
K0 gy [T 10, [ 10,
ae Yy aN Y be Yy
bEM bN f( ) y
ae alN Yy

Applying the generalized mean value theorem for integrals to the integrals on
the right-hand side, we obtain that

/GN f(az) - £02) 40 o /ab Wy )/ajVN i—y

=(fle)—f (d)) log(b/a)

for some ¢ € (ae,be) and d € (aN,bN). The desired equality follows if we let
e —0and N — oc. ]

If we choose f(z) = arctanz and f(x) = e~ %, it follows easily that

(a) / arctan(ax) — arctan(bz) do — _g log (§)§

I

(b) / d:v = log (2);
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and by integration by parts, we easily have

% cos(ax) —cos(bxr) .~ w
‘/O dx = §(b — (Z),

x2

where 0 < a < b < 0.

7.1.3 The Gamma and Beta Functions

Next we consider the integral

/ r* e dx  (a>0)
0

and show that the improper integral exists (meaning that it converges) for
a > 0. This integral is considered to be nonelementary because it cannot
be evaluated in closed form in terms of so-called elementary functions. This
integral, denoted by I'(«), arises frequently in pure and applied mathematics
and is referred to as Euler’s gamma function defined on (0, 00). Also, we note
that if a < 1, then f(z) = 2% 'e™® — oo as * — 0+. So to discuss its
convergence we need to decompose the integral as

oo C o0
/ 2 e dr = / 2 e dx + / e ®de = I + I,
0 0 c

where ¢ > 0. The given integral converges if and only if each of the integrals
on the right converges. For convenience, we may choose ¢ = 1. The integral I
is proper if a > 1, and is improper if 0 < a < 1, because the integrand has a
point of infinite discontinuity at = 0. In any case, the integral I; converges
for a > 0 because

1

1
0<az e ™ < 2! forxz >0, and / 2 lde = =,
0 a

so that by the direct comparison test, we conclude that I = fol @ le % dx
converges. Note also that since
a—1,—=x

lim* ¢ 4

z—0 o=l
(by Theorem 7.17), the convergence of I; follows from the fact that fol r* ldz
converges if and only if o > 0. The second integral likewise converges. Indeed,
for each fixed o > 0, we know that

a—1,—x
.ox% e . _
lim =——— = lim z®™e™® = 0.
T—00 1/x2 z—00
Since f:o ‘i—%” is convergent, by the comparison test, I5 converges for o« > 0.

Consequently, it follows that
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I'la) = /000 2 te™dx (o> 0)

is convergent. Although we cannot evaluate I'(«) explicitly for most values of
«, there are many interesting properties that may be stated here:

1) = /W*Idx—lggo( byt =1.

2. Integration by parts easily gives

0 0o )
I'(n+1) = / 2"e Pdr=—a"e™” +n/ 2" te " dx = 0+nl'(n),
0 0 0

for n € N, and more generally, I'(a + 1) = al'(«) holds for o > 0 (prove
this). In particular,

I'ln+1)=nl'(n)=nn—-I'n—-1)=---=nll'(1) =nl

The gamma function thus gives us a way of extending the domain of the
factorial function from the set of positive integers to the set of positive
real numbers.

3. Also, I'(1/2) = /7. Indeed, using the change of variable = 32, we obtain

Ir1/2) = / z V2 dr = 2/ eV dy,
0 0
and those who are familiar with double integrals can easily see that
I © ©
<F<—)> 4/ v du/ e " dv
2 0
/ / (W*+0%) Qo dv

/2 )
4/ / e " rdrdd (u=rcosf, v=rsinb)
0

—4 (/Om d9> (—%/OOO e " (=2r) dr>
53

Hence I'(1/2) = /7.
We are now prepared to consider another important function, the beta
function, which depends on two parameters a and b:

1
I:/ 211 —2)"Vdz, a,b>0.
0

This integral has been studied extensively. Clearly this integral is proper if
a > 1 and b > 1. However, it is improper if 0 < a < 1 or 0 < b < 1 or both.
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Indeed, the improper integral has points of infinite discontinuity at x = 0 if
a<l,andat z=1if b < 1.

To discuss the case that I is improper, we decompose I into the sum of
two integrals I =: I} + I, where

1/2
I = / P - x)b_l dz
0

and

1 1/2
I = / xafl(l — x)bil dz = / (1- y)aflybf1 dy.
1/2 0

Therefore, it suffices to discuss the integral I1. For any real b,
0<2<1/2+=1/2<1-2<1=0<(1-2)bt<M

for some constant M > 0. Using this observation, we find that

1/2 1/2

1/2)®
I = lim 22711 — )’ ldz < M lim 2t = Mu
e—=0+ /. e—0+ /. a

Thus, I; converges for a > 0. Alternatively, we see that f(z) = 24~ 1(1 —x)"~!

and g(z) = %! are two positive continuous functions on (0, 1/2] such that
a—1 1— b—1
lim f@) = lim G k) = lim (1 -z 1 =1.
z—0+ g(x) -0+ xo—l =0+

Since fol/Q g(z)dz converges if and ounly if a > 0 (by Corollary 7.21), we
obtain that I; = 01/ 2 f(z)dz also converges whenever a > 0 and for any b.
Interchanging the roles of a and b shows that Iy converges for b > 0 and for
any a.

The combination of the two situations shows that the integral I converges
for a > 0 and b > 0. The integral I is called the beta function and is usually

denoted by B(a,b). Thus,
1
Bla,b) / 21— ) e (a,b>0). (7.7)
0

The beta function has many interesting properties. For example, we have the
following:

(1) If we substitute 1 —z = ¢, it follows that B(a,b) = B(b, a).
(2) Next, if we substitute = ¢t/(1 + t), then

1 dt
l-z2=—,dr=——, and 0<2<1<=0<1t< o0,
(1+41)2

so that (7.7) has an equivalent formulation
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oo tafl
B(a,b) = — dt.
(a’7 ) [) (1 +t>a+b

The fact that B(a,b) = B(b,a) gives

o tafl _’_tbfl
2B = _—
(a,b) /0 T

Also, by splitting this integral, we see that

1 ja—1 , 4b—1 0o ja—1 | 4b—1

t* T+t t +t

2B(a,b) = ——dt ——dt
(a,0) /o 1+ t)att +/1 (1+t)etb

1 —1 b—1 1 _a—1 b—1
[ x +x
— - dt P — | t=1

/0 (Tt 6er +/0 T aere 4o =1/,

so that B(a,b) has another equivalent form,
14a—1 4 4b—1
1+t
B(a,b) = | —————dt.
@b = [ G
Since B(a,b) = B(b,a), we have

[e'¢) ta—l _ tb_l
————dt =0.
/0 (1 +t)a+b

Finally, we let 2 = sin? 6, so that 1 — 2 = cos? 6, and da = 2sin 6 cos 6 d.

Thus, (7.7) becomes

/2
B(a,b) = 2/ sin?* "' P cos?® 1 0dd  (a >0, b>0),
0

or equivalently,

1 1 m/2
B (IL i) = 2/ sinp9008q9d9 (p > _17 q > _1)
0

2 72
For example, we easily see that
w/2 /2 1 31
o \/tanﬂdﬂz/ sin1/29cos_1/20d9:§B (575)7
0

0
/2 w/2 1

° / sin”ﬁd@z/ cos?0df = =B
0 0 2

/2
e B l,l :2/ df = .
2°2 0

(4) By the method of integration by parts, one can easily see that

p+1 1
<Tv§>a p>_1u

B(a,b) fora >0, b>0.

Bla+1,b) = aib
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(5) Another important property, which is beyond the scope of this book, is

I'(a)I(b

B(a,b):m,

fora >0, b> 0.

(6) Setting b = a in case (5) gives

2 /2
(L(a)) = B(a,a) = 2/ sin?*~1 0 cos®* 1 9 df
0
) /2
= —/ sin?*~1(260) d@
0

1 T el
:—22(171/ sin?*~! ¢ do
0
2 /2 . 2a—1
= W S11 deQb
0

1 1
= mmiB(e3)
A simplification yields the Legendre duplication formula
VL (2a) =22 'I'(a)[(a+1/2), a >0,

or equivalently,

I'(a) = EI“(2>F(a—+1) for a > 0.

7.1.4 Wallis’s Formula
We begin by evaluating

/2
I, :/ sin” z dzx,
0

where n is a positive integer. In order to do this, we use a different approach,
namely integration by parts and the method of induction. If n > 2, we have

/2
I, = —/ sin” !z d(cos z)
0

w/2

/2
= —sin" 'zcosx +(n-—1) / sin" "2 z cos® x dx
0

0

/2
=(n-1) / sin"? (1 — sin® ) d,
0

and so

I,=mn-I—2— (n—-1)1,, ie, I,= I, _o.
n
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It is easy to see that Iy = w/2 and I; = 1. Hence, for n = 2m,

Lo 2m—1, . 2m-12m-3 31
I Ty, A T T dm—1 427
T 2k —1
§H 2%
k=1
and for n =2m + 1,
7 _ 2m _ 2m  2m — 2 42[
T o 1™ T 9m s 12m—1 5377

B ﬁ 2k
Pt 2k +1
We are done. The above two formulas for Is,, and I2,,+1 have some interesting

consequences, for example Wallis’s formula, which expresses 7 in terms of an
infinite product. From the last equations, we obtain

o I2m H
2" D1 2k:+1 2k—1)

so that

1
2m+1

for each m > 1. (7.8)

We shall first show that

lim —22m 1, (7.9)

m—00 Iy
In order to prove this, we recall that for 0 < x < 7/2,

2m+1 1

0 < sin z <sin®™z <sin®" g,

and therefore by integrating this inequality from 0 to 7/2, we obtain

Iom, 1
Iomir < Iom < Iopp1, or 1 < —22 =14 —.
2m+1 2m

Thus (7.9) holds, and passing to the limit in (7.8), we have Wallis’s product

formula
m

1 2k 2
T_ lim H .
2 m—00 2m—|—1k:1 2k —1

Since

1 1 2m
= — and — 1 as m — o0,
2m+1 2m \2m+1 2m+1
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this formula may be rewritten as

T 1 &/ 26 \° T 1 & 2k

Z = lim — = Z = lim ——

2 mf;2n1££<2k—1> OrVC; =300 QWLII2k—1’
or equivalently as

™ 1 [2:4:6---2(m—1)-2m
527711?00\/_{ 3-5-7---(2m—1) ]
T [?~£-~@0n—mﬁ~@mﬁ]
m—)oo\/_
_ 1 [2m.2m. (m!)?
‘mﬂnw—[ 2m)! ]

Finally, we set

22m(m')
\/7_1' o vr}l—rfloo \/_ 2m)!

7.1.5 The Integral Test

For series whose terms are nonnegative, Theorem 5.20 simplifies the problem of
investigating convergence. Further, to establish the divergence of such series,
it suffices to show that the sequence of partial sums has no upper bound.
However, this theorem is often difficult to apply, since one is required to
determine whether the sequence of partial sums has an upper bound. This
task, in general, is not easy. We shall now discuss the integral test, which avoids
this difficulty. For motivation, we begin our discussion with the harmonic series

k=1

wIH

We have already proved that the harmonic series diverges, by showing that the
sequence of partial sums {S), } is unbounded. There is another way to estimate
the partial sums. For instance, consider function f(x) = 1/z, which is clearly
decreasing, continuous, and positive on [1,00), and note that f(k) = 1/k
(Figure 7.13). Geometrically, it is evident that

1 /k+1dw
< - <
kE+1— J, x =

El e
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Fig. 7.13. Graph of f(z) = 1 on [1, c0).
x

3

=gsum of the areas of the first

k=1 . 1 1
n rectangles of sides 1 and — n+1,
n n+

<1 [ g 1
fE

BM|H

=Y

n
1
S, =3 <1+ d—§—1+1—1<2
n 1T

Fig. 7.14. Demonstration for integral test with f(z) = 1/22.

so that
- R g "1
A z/ ;:/1 Loy=s,
k=1 k=1 k=1
which simplifies to
1
Sn+n_—|—1_1 <log(n+1) <S,, ie., log(n+1) <S5, <log(n+1)+ nil'

Hence {S,} diverges roughly at the same rate as that of the logarithm
function.

The idea of the above example leads to what is called the integral test,
which demonstrates a close relationship between the convergence of certain
series and improper integrals. This test is extremely useful in determining the
convergence or divergence of certain series.

Theorem 7.25 (The integral test). Suppose that f is a nonnegative, con-
tinuous, and decreasing function of x for x > 1. Then either both
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Yt Area=1r2¢

Fig. 7.15. Sketch for the integral test with f(z) = 1/2.

f(k) and h f(z)dx
LR

converge or both diverge. Moreover, if the series converges, then
[ty f s [ s (710)
1 o1 1

or equivalently,
SNCEN RNIGERES YT}
k=2 L k=1

Proof. Set aj, = f(k) for k=1,2,... and S, = >.;'_, a. Since f is nonnega-
tive, continuous, and decreasing, the area under the curve y = f(z) between
x =k and x = k + 1 lies between the areas of the rectangles of unit width
with height f(k) = ax and f(k + 1) = ax41 respectively (see Figure 7.14 for
f(x) = 1/2?). In short,

k41
apr1 < / flz)dz < ay,
k

so that
n n k+1 n+1 n
Zakﬂ < Z/ flx)dx = / flz)dx < Zak. (7.11)
k=1 k=1"k 1 k=1
Now suppose that | 100 f(x)dx converges as an improper integral and has the

value I. Then by the left-hand side of (7.11), we have

n+1
Sy < ay +/ f@)dx < a1+ 1 for each n.
1

Since ag > 0, it follows that the sequence of partial sums {S,,} is increasing
and bounded above by a; + I, and hence {S,} converges by BMCT (see
Theorem 2.25). That is, the series Y .-, aj is convergent.
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On the other hand, if the improper integral fl x) dx diverges, then it
must tend to infinity, becaube f(x) is nonnegative. Then the right-hand side
of (7.11) shows that {S,,} has no upper bound, and so the series must diverge
to infinity.

Finally, if the series converges and has the sum S, then (7.11) gives that

n+1
Iy = / f(z)dx < S, < S.
1

Since f(x) > 0 and I,,41 > 0 for all n > 1, it follows that the sequence {I,,41}
is increasing and bounded above by S, and hence {I,,1} converges by BMCT;
that is, lim,, o0 Int1 = floo f(x) dx exists as an improper integral. Thus, the
series and the improper integral either both converge or both diverge, as
claimed. ]

Remark 7.26. 1. From the proof of the integral test, it is clear that the
sum and the integral could begin with any integer N. In other words, if
f is a positive, continuous, and decreasing function of = for x > N, then

f(k) and h f(x)dx
2 S0 i |

either both converge or both diverge. Thus, it is not necessary to begin
the series from & = 1 or the integral with the lower limit of integration
with 1.

2. It is important to note that the sum of the series is not necessarily equal
to the value of the integral. For instance, the series Y 7~ 7% is known to
be 72/6, which is definitely greater than 5/4, whereas [~ 9% =1 (see also
Figure 7.14).

3. Note that limp_,.sin(l/k) = sin0 = 0. This does not mean that
>opeysin(1/k) is convergent. On the other hand, it is easy to see that
J7 sin(1/z) da diverges (see Exercise 7.31(f)). Thus, by the integral test,
> resin(1/k) is divergent (see also Example 5.36(d)).

4. As noted before (see also (7.11) and Figure 7.13),

n+1 n+1

"1 dz
Sk [ <33

or equivalently,

n+1
1
1 <kZ:1Eflog(n+1)<l for each n > 1,

which may be rewritten as

n

1 1
E<%<1’ ’yn:ZE—logn for n > 1.
k=1
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! /"“ dw
Tkl T e =0T " x’

We see that

and by the graph of y = 1/z on [n,n + 1], it follows that v, 11 — 7, <0,
showing that {7,}22; is a decreasing bounded sequence of positive real
numbers, and hence converges, say to . Thus, we have

n

v = nll)rr;o (Z% —logn).

Even though Z;C’:l% = oo and lim, . logn = oo, the limit ~ exists
and is finite. The number -~ is called Mascheroni’s constant or Fuler’s
constant, after Leonhard Euler (1707-1783). Its value to six decimal places
is 0.577216. In contrast to other familiar constants e and 7, no other simple
representation is known for Euler’s constant. It is still unknown whether
v is rational or irrational.

. Since

it follows that

1 1 1 n+1 n+2 2n dx
e H < -
n—|—1+n+2+ +n+n_(/n +/n+1 - +/2n1) €T

1
n

which gives

1 7 dz 2n 11 <
< oo [ — e < (2 - =
Zn—l—k*/n x Og(n) ©8 <n 2n>+zn+kj’

k=1

or equivalently,

1 "1
—%HogQSZ < log2.

Thus, we obtain that

n
. 1
Jin o e

a fact that has been verified by another method (see Example 6.24(a)).
Similarly, it is easy to see that

pn
. 1
nlgréo kg_l R log(p + 1). °
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Example 7.27. There are many ways (see Examples 5.28 and 5.40(1), for
instance) to show that the harmonic p-series defined by

ii—1+i+ S
e 2r ' 3P ke

converges if p > 1 and diverges if p < 1.

We now illustrate the integral test by investigating the convergence of the
harmonic p-series. For p > 0, consider the function f(z) = 1/zP for x > 0.
Then f is positive, continuous, and decreasing for z > 0. Also, f(k) = 1/kP for
all positive integers k. So the integral test is applicable Therefore, Z,:o 1 klp
is convergent if and only if the improper integral fl 25 converges. Since the

dx

improper integral fl °% converges to 1/(p — 1) if and only if p > 1, we
conclude that Y, kip converges if p > 1 and diverges if p < 1. °

The integral test can also be used to obtain lower and upper bounds for
the partial sum of the series as well as for the series itself.

Remark 7.28. 1. We have the estimate (apply Theorem 7.25 with f(x) =
1/xP, so that ap = 1/kP)

=1 1
];k_ 7 for p > 1.

For instance, with p = 11/10, we see that

> 1
0< Z L1+1/10 <11,
k=1

whereas Y77, (1/k) diverges although 1/k'! is close to 1/k. This clearly
demonstrates that Y ;- (1/k'!) grows very slowly. Also, from Theorem
7.25, we obtain for instance

10 = 1 © dx 1 10
1101 / Y Z %Ll < / FJFGU = 111.1+110 T = 7939,

so that Y ;7 (1/k*!) lies between 10(117%!) = 7.867... and 7.939....
Moreover, by computing the value of 3712, k=11 (= 2.690...), it can be
seen that the value of

lies between 10.548 ... and 10.619.. ..
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2. Although the graph of y = 1/aP (p > 0) is decreasing for « > 0, we obtain
that the series > kip converges only for p > 1. Why is this so? If p > 1, the
curve y = 1/2P decreases fast enough to guarantee that the area under
the curve for p > 1 is finite, whereas in the case of p < 1, the area under
the curve is infinite (see Figure 7.5).

3. Under the hypothesis of Theorem 7.25 and from its proof, (7.10) may be
rewritten as

S+/f v Sk <Sn+1+/m1f(a:>dx
n+

where S, = >"}_, f(k) and {S,} converges. With f(x) = 1/x?, this gives

S| Cdr &1 &1 = dz
St FeiEs it =
Because f d—f = - +1, the last inequality can be rewritten as
1 1 1
O<kzn;r1 2 n+1 = (n+1)%
In particular, this yields that if n > 99, then one has
1
2 7 <100 " 0000 .

k=101

Example 7.29. Test each of the following series for convergence.

<k 1 100 > 1
(a) ;W (b) Z( ) (c) kzzk(logk)i"

1
@ 2 Fioglioaloa P

(p € R).

Solution. (b) The function f(z) = ze™*/7 is positive and continuous for all
x > 0. We find that
fl@)=(1—z/T)e ™",

Since e* > 0 on R, we see that f/'(z) < 0 for x > 7, so it follows that f
is decreasing for © > 7. Thus, by the integral test, the given series and
the improper integral f;o xe~ /7 dz either both converge or both diverge.
It is a simple exercise to see that the improper integral f7°° ze~*/Tdz
converges. Consequently, the given series converges.

(b) We note that Y3~ J converges, because it is a geometric series with
r =1/e < 1. Also, the harmonic series Y ;- % is known to be divergent.
Because one of the series in the difference converges and the other diverges,
the given series must diverge (see Theorem 5.12).
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(¢) According to the integral test, it suffices to discuss the convergence of

the improper integral faoo f(z)dx for sufficiently large a, where f(x) =

1
W . Then

Fla) = — (log)? + pr(log )’ (1) (loga)"~(log + p) _

[x(log x)P]? 2% (log x)?p

for x > 1. Now

1—pN
/N dz _/N L 4(loga) = (101& ifp#£1,
o zlogzy ), (logzr "7 "

log(log :z:)|iv ifp=1,

which implies that

< dr . N e 00 ~ if p<1,
———— = lim ——— = (loga)'™? .
o z(ogz)P N-oo /), xz(logz)P o1 if p>1,

for any a > 1.

(d) We leave this as an exercise. ]

7.1.6 Questions and Exercises

Questions 7.30.

W o=

10.

11.
12.

13.

What is an improper integral?

How many different types of improper integral are there?

Can we define the improper integral % f(z) dz by limy o fivN f(z)dx?
Suppose that f is continuous on [1,00) and lim,_,oc 2f(2) = co. Must
[;° f(z)dz be divergent?

Suppose that f is continuous on [1, 00) such that lim,_, x® f(z) = oo for
some a € (1,00). Must [, f(z)dz be divergent?

Suppose that f is continuous on [a,b) and that there exists an o € (0,1)
such that lim,_,,— (b — ) f(z) exists as a finite number. Must ff f(z)da
be convergent absolutely?

Suppose that f is continuous on [0, 00). Does fON f(z) da converge for each
N with N > 07 Must fooo f(z) dz be convergent?

Does [;* sina? da converge? Does [, sinz? dz converge absolutely?
Does fooo z~'sinz dx converge? Does it converge absolutely?

Does fooo sin z dz converge? Does fi)oo sin x dx converge? Does the Cauchy
principal value of [*_sinzdz exist?

Does fooo xsin z dr converge? Can fooo 2P sin z dz converge for each p > 07
Does fooo cosx dx converge?

Does fol log x dx converge?
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14. Is there something wrong in the following calculation?

/2 de. 1
,2@‘2_ x

15. Let > 0, a > 0, and let I'(«) denote the gamma function.

-2

a) Is it true that I'(a) =2 t2e—lg ¢ de?
(a)
0

(b) Does I'(«) /O 1 (log1/t)*~" dt?

(¢) Does I'(«) = aa/ t* et qt?
0

16. Suppose that f is a nonnegative, continuous, and decreasing function of
x for x > N Set ar = f(k) for k > N. Does the >~ ax converge if and

only if [ f(z)dz exists?

Exercises 7.31.

1. Formulate the direct comparison test (see Theorem 7.5) for improper in-

tegrals of the second type.

2. Which of the following integrals are convergent? Which of them are di-
vergent? In cases that the integrand is a function of p, find the range of p

for which the corresponding integral converges.

(a) / —6x—|—8 (b)/loo\/% (c) /100xcosxdx.
(d)/o e dz. (e) /oo exi%' () /Ide
@ [ C°§,””"dx. w [ Tgx. 0 [

o [ Hx T U

(m)/3 m. (n)/ x32da: . (o) /Ooo:cm'?’e_”pdx.

3. Prove the following:

o0 8 o0 4 ™
b ze ¥ dx x/ 22e™® da = .
( )/0 0 16v/2

w/2 w/2 46
c Vsin 6 d6 ></ =T.
( ) /0 0 v/sin 6

/2 /2 p-
d in? 0 d¢ inPtod) = —— -1).
( )/0 sin X/o sin S+ D) (p>-1)
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0o VIi—az" nl(:+1)
4. In the following integrals, either show that the improper integral converges
and find its value, or show that it diverges.

oo 2 2 ) d(E
52 dz. (b " e, / _dr
(a)/O setan ) [ e (o [ S
/3 sec? z da 6 rdx < dx
(d)/ 1—tanx' (e)/ x2—4' () /_OO (x —4)3
w/2

(g) / (h) / sinz dx (i) de
2/3' \3/1—2008.%‘. o Vsin20
5. Find the area of the unbounded region between the z-axis and the curve
Yy = (I_;Al)g, for x > 8.
6. Complete Example 7.15, using Example 7.3 and the change of variable
x=1/y with a = 1.
7. Discuss the following calculation: We have

/
(—2\/1 — sina:) =1 + sin x,

and so
M M
/ \/1+sinxdx:—2\/1—sinx‘0 :2[1—\/1—SinM].
0

But as M — oo, the area under the curve y = v/1 + sinx between = = 0
and x = M approaches infinity. On the other hand, the right-hand side
of the last expression is never greater than 2. What is wrong, if anything,
with this discussion?

8. Find f:/2 secx dz if it exists. If it does not, explain why the improver

integral diverges.
9. Let a # 0. Find the value « such that

/°° 1 _a e
0 (1+a222)/2 z+1

is convergent. Then evaluate that integral.
10. Show that the improper integral

/°° e 1N o
o \1+z?2 1+2

is convergent if and only if o = 1/2.
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a—1
dx conver-

oo
11. For what values of a > 0 is the improper integral / g
0 :I/‘

gent?

12. Formulate a statement of the limit comparison test with a proof when the
functions involved satisfy the following conditions: Suppose that f and g
are two positive continuous functions on (a,b], g(z) > 0, and f(z) > 0 on
some subinterval (a,b;] (by < b), and such that

im Lx):l/ (0 < L <),
z—a+ g(x)
where —oo < a < b.

13. Evaluate fol 2P(1 —z9)"dx (p > —1, ¢ > 0, n > —1). More generally,
evaluate ”

/ 2?(m? — 2" da.
0
14. Evaluate/ a"e " dy (o> 0).

0
15. Give an example of a continuous nonmonotonic function f(x) on [1,0)

such that ;7 f(k) converges but [~ f(z)dz does not.
16. Using the integral test, examine whether each of the following series con-
verges or diverges.

00 1 0o 1 o o
(a) ;m (b) ;m () ;(5—1—%) 3/2,

(tan—?! 2k)3 - 1 — 1
. _ f —_.
()Z 1+ 4k2 (e);kz(k+1 k+2) ()Zk2+k
17. Usmg the integral test, show that fl = " dz converges if and only if

a<l1.

7.2 Applications of the Riemann Integral

We know that the area of a circle of radius r is 2m(r?/2). Since the whole
circle involves an angle of 27 at the center, the area of a circular sector of
central angle ¢ in radian measure is %r%ﬁ (see Figure 7.16). In this section,
we wish to find the area of a region bounded by arbitrary general curves that
have path coordinates (7, 6).

7.2.1 Area in Polar Coordinates
Let a curve be given in polar coordinates by

r=f(0),

where f(0) is a positive continuous function defined on [, 8], 0 < a < § < 27.
Sometimes it is convenient to fix e and § such that —7 < o < § < 7, as we



7.2 Applications of the Riemann Integral 309

1 =06,
Ak: 3 (T’Z)QAek//

@ g—o;
T 0=0, 4

re=f(0F)

Fig. 7.16. Area of a circular sector.

0=p5

1

tl Q

O 7 x

Fig. 7.17. Determining arc length of a polar curve.

shall see in a number of examples in this section. Consider the area A of the
region (see POQ in Figure 7.16) bounded by the rays 6 = «, 6 = 3, and the
curve r = f(6), « <0 < 3. Our experience with the Riemann integral suggests
that we should divide the region into small sectors using radial lines, and a
first guess is to approximate the sectorial area by the area of a circular arc.
One of the general procedures is to consider a partition P = {6y,61,...,60,}

of [a, iven b
o Bl givenby g by <. <6, =5,

That is, we divide the ZPOQ into n parts. We draw the rays
0=0; for k=0,1,2,...,n.

These rays divide the area into n subregions Ay, (k=1,2,...,n), as shown in
Figure 7.16. Thus, the area Ay of the kth subregion will be bounded by the
rays

0 =01, 0=0,

and the portion of the curve r = f(6) for which 8 € [0_1,60k]. We first
approximate the area Ay of the typical sector Qr_10Q (see Figures 7.16
and 7.17).
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Pick an arbitrary ray 6 = 05, 0x—1 < 0} < 6. Denote by r; = f(6}),
the length of the radius vector corresponding to the angle ;. Then the area
of the circular sector with radius rj and central angle of radian measure
A@k = 9k — Hk,1 is

1 * 1 *
5 (0200 = 5 ((60)° Ay,
which is an approximation to the area Ay. If we sum these areas, we get

k=1

M| =

which is the total area of the steplike circular sectors, and so the sum is a
good approximation to A, the total area bounded by the given polar curve:
r = f(0), a <60 < . Since f is a continuous function of § for 6 € [«, ],
the above sum is clearly a Riemann sum of f on [«, 8], and so we expect the
approximation to improve for || P|| = max Af, — 0asn — oco. Consequently,

by the definition of the definite integral,

n

. 1 s B
||z£1ur3025<f(0k)) A, _/

k=1 o

B B B
%(f(@))Qdaz/a %ﬁdez/a dA4,

which is the required area A. Here

1 1

dA = =r*df = =(f())*do
2 2

is called the differential element of area. The above discussion gives the fol-

lowing result.

Theorem 7.32 (Area in polar coordinates). Suppose that a polar curve
is given by

T’:f(o),

where f(6) is a positive continuous function defined on [a, 8] (0 < < § < 27
or —m < a < B < 7). If A is the area of the region bounded by the curve
r = f(0) and the rays 6 = « and 0 = (3, then the area A is given by

A1 A1
A:/a 5r%w:/a 5(‘/»’(0))2010.

More generally, suppose we wish to find the area A of the region that
lies between two polar curves 1o = f2(0), r1 = f1(0) from 0 = «a to 6 = 3,
where f2(0) > f1(0) > 0 for o < § < . For example, for the region shown in
Figure 7.18, because

Area of (ABDCA) = Area of (OBAO) — Area of (ODCO),



7.2 Applications of the Riemann Integral 311

A outer curve
/
0=
C
B \r=/20)

- D r=f(6)

lnner curve

O x

Fig. 7.18. Area between two polar curves.

we have the formula
B B
A= [ 5@y [ 562w,

Sometimes, we may have to find the area A between two polar curves that
have different intervals of integration (as in Figure 7.18 and Example 7.36(a)):

re = f2(0) (a <O <B) and 71 = fi(0) (o' <O <f),
where f2(0) > f1(0) > 0. In that case, the corresponding formula for the area
Ais
81 ) A1 )
A= [ 5n@F - [ e e

Just to indicate the outer and the inner curves in a convenient way to remem-
ber the formula, we may rewrite the above formula as

51 5’1
A:/ 57”20(:10—/’ ir%de,

where ro = f2(0) and r; = f1(0) represent the outer and inner curves, re-
spectively.

In a given problem, the most difficult part of the problem is frequently
to decide on the limits of integration. However, a decent sketch of the region
should help in such problems.

Example 7.33. Find the area of the region bounded by following curves:

(a) r = a(1 4 cos?), (b) r=a(1 — cosh),

(c) r =a(1 —sinb), (d) r=a(l +sinb),

where a > 0. Each of these curves is called a cardioid, since it resembles a
heart.
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Yl Y

Fig. 7.19. Area enclosed by the curves r = a(1 + cos @) and r = a(1 — cos0).

Solution. (a) In this case we need to find the area of the entire region inside
the curve, so we must let 6 go from 0 to 27 (see Figure 7.19). According to
the formula, the desired area A is given by

1 27
A —/ a®(1 + cosh)?do
2.Jo

2 27
1 20
:a_/ <1+2C089+i>d9
2 Jy 2

a? . 21 sin 26 |27
—3{2ﬂ+281n00+§[2w+ 5 OH
3
= Za’7.
2

From Figures 7.19 and 7.20, it is clear that the areas of the regions bounded
by the curves given by (b)—(d) remain the same. °

Example 7.34. Find the area of the region that lies outside the cardioid
r = 2a(1 4 cos ) and inside the circle r = 6a cos @, a > 0.

Solution. Recall that » = 6a cos implies that
r? = 6a(rcosf), ie., z?+y?’=6ax or (z—3a)’+7° = (3a)?

which is a circle centered at (3a,0) with radius 3a. Note that the full circle is
described when 6 runs from —7/2 to 7/2. The points of intersection between
the two curves are given by equating the two functions that represent these
curves:

1
2a(1 + cosf) = 6acos® or 008925, ie., 9:i§.

Therefore, (3a,7/3) and (3a, —7/3) are the intersection points of the given
curves. The required area A corresponds to the region inside the circle and
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Yi Yk

D ¢

Fig. 7.20. Area enclosed by the curves r = a(1 — sin#) and r = a(1 + sin6).

2a

Y

outside the cardioid, provided 0 lies between —n/3 and 7/3. Thus (see
Figure 7.21)

/3
/ [(ro(6))? — (r1(6))*} a6

—n/3

N~ N

w/
/ ’ {(6acos6)® — (2a(1 + cos0))*} df
—n/3

/3
:az/ {3200s29—80050—4}d9
0

/3
:a2/ {16(1 4 cos20) — 8cosf — 4} do
0
/3
]

which by a simplification, gives A = 4ma?. o

9 T . w/3 .
=aq 12<§—O>—|— 8811129‘ — 8sinf
0

= a? [47 + 8sin (27/3) — 8sin (7/3)],

Remark 7.35. We note that in Example 7.34, we miss the origin among
the points of intersection. Indeed, if we superimpose the two curves as in
Figure 7.21, we find that these two curves also intersect at the origin, because
(0,7) and (0, 7/2) satisfy the cardioid and the circle, respectively. Such points
will be missed in general when we solve the given pair of equations. o

Example 7.36. In each case find the area inside the first curve and outside
the second one (a > 0):

(a) r =a(l 4 cos®), r = 2acosb. (b) r=3acosh, r = a(l+ cosb).
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inside of circle but
outside of cardioid

inside of cardioid but
outside of circle

inner curve
r=2a(1+4 cos )

®
@

(3a. 0)(4a, 0) (Ga, 0)

£ outer curve

Nl r=6a cos 0
\
\

Fig. 7.21. Area outside r = 2a(1 + cos#) and inside r = 6a cos 6.

outer curve
r=2a(14 cos )

(¢) r=asinb, r = a(l — cos ). (d) r=a,r=a(l —cos¥).
(e) r=acosl, r =a(l —coséb).

Solution. (a) Recall that r = 2a cosf is the equation of a circle centered at
(a,0) and of radius a. The point of intersection of the two curves is given by

2a.cos0 = a(l +cosf), ie., cosf=1 or 6=0.
We note that the origin is also a point of intersection, because although the
coordinates (0,7) and (0,7/2) are different, both represent the origin, and

the curves pass through the origin. The required area outside the circle and
inside the cardioid is (see Figure 7.22)

T q /2 1

™ 1 7\'/2 1
=2 / —(a(l+cos€))2d9—/ —(2a cos0)* do
0 2 0o 2

T /2
a? l/ (1+cos€)2d9—4/ C0829d9‘| .
0 0

A computation shows that A = 7a?/2.

A=2

(b) This has been done in Example 7.34 except with the factor 2.
(c) The equation r = asinf gives

r? =a(rsinf), ie., 2°+y*—ay=0, or 2°+ (y—a/2)? = (a/2)?
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Y inner curve
K r=2a cos 0
inside of cardioid but y /
outside of circle /' A -
v \
& \
(a,0) /(2a, 0) x
: outer curve
r=a(1l+cos )

inner curve
r=a(l —cos 0)

outer curve
r=asin 0

Fig. 7.23. Area outside of r = a(1 — cos ) and inside of r = asin 6.

which is a circle. In polar coordinates, this is centered at (a/2,7/2) and has
radius a/2. The points of intersection are given by

asinf = a(l —cosf), ie. sinf+cosh =1,

which gives § = 0,7/2. From the sketch (see Figure 7.23), the required

7\'/21 7T/21
A:/ —r20d9—/ —r%dg
0 2 0 2

1 71'/2
= 5/ [a® sin? @ — a?(1 — cos 0)*] do.
0

area is

A computation gives A = a?(4 — ) /4.



316 7 Improper Integrals and Applications of Riemann Integrals

7

7

S ._____\JL(a, w/2)
” /outer curve
r=a

inner curve
r=a(l —cos 0)

Fig. 7.24. Area inside of the circle r = a and outside of the cardioid r = a(1—cos#).
(d) From the sketch (see Figure 7.24), the desired area is
71'/2 1 7T‘/2 1
/ —r2 df —/ —r2d6
0 2 0 2
7\'/2 1 1
=2 / <—a2— —a2(1—c050)2> dé|,
0 2 2

and a computation shows that A = a?(2 — 7/4).
(e) The curve r = a cos @ describes the circle centered at (a/2,0) of radius
a/2. The points of intersection of r = a cos@ and r = a(1 — cos @) are given by

A=2

1
acost = a(l —cosh), ie, cosf=—= or G:ig,

and so the origin (0,0) and (a, £7/3) are the points of intersection of the two
curves. From the sketch (see Figure 7.25), the desired area is

71'/3 1 9 7\'/3 1 9
/0 57’Od07/0 ErldQ
71'/3 1 7T/3 1
=2 / —a?cos? 0df — / —a*(1 — cosf)?]df
o 2 o 2

w/3
=a2/ (2cosf —1)d6,
0

A=2

and a computation gives that A = a?(v/3 — 7/3). °

7.2.2 Arc Length of a Plane Curve

Physically speaking, the length of a curve (arc length) is quite a simple con-
cept, although mathematically it is nontrivial. Suppose that we are given an
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Yl O=m/3

nner curve
r=a(l — cos )

\
0=—m/3
Fig. 7.25. Area outside of » = a(1 — cos ) and inside of r = acos 6.

Y Py (@, flagy))

: Ds= P3P
Py, f(zy)) B=P
-~/ "

O| zy=a wz,_,4 Ty, rz,=b @

Fig. 7.26. Arc length in Cartesian coordinates.

arc of a curve y = f(z) from A to B. The question is how to define the length
of the arc AB as a limit of Riemann sums, and hence as a definite integral.
The aim of this subsection is to present a solid mathematical definition for
arc length. Consider the equation

y:f(x)a I’E[a,b],

which describes the curve from A to B, denoted by ZE, as shown in
Figure 7.26. To find the length of the curve AB, we first try to approximate
the length by computing the length of suitable polygonal paths that lie close
to the curve. To do this, we consider a partition P = {x¢, z1,...,2,} of [a, b].

For k =1,2,...,n, let P, = Py(xy, f(z1)) denote points on the curve AB, so
that

Bo(xo, f(wo)) = Po(a, f(a)) = Ala, f(a)) and Pp(zn, f(zn)) = B(b, f(D)).

By joining points Py, Pi,..., P,, we obtain polygonal paths (i.e., chords)
whose lengths we shall denote by Asy, Ass,...,As,. The length of the kth
chord is
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_ ——— | Ay \?
Asy = |Pk_1Pk| = Al‘i + Ayz =4/1+ (ﬂ) Axy,
Awk

or equivalently,

Asy = \/1 + (M)zmk. (7.12)

Tk — Tk—1

The length of the polygonal path connecting the points Py, P, ..., P, on the
graph of f is the sum

n n 2
=3 As =Y 1+<M) Azy,
k=1 k=1

LTk — Tk—1

which is an approximation to the length of the arc AB. When the number
of division points is increased infinitely while ||P| = maxj<p<, Azyp — 0,
we obtain the length s of the curve y = f(x) between z = a and = = b,
defined as

n—roo n—oo

n 2
s= lim s, = lim » 4/1+ (M> Azy, (7.13)
k=1

provided the limit exists. First we note that the sum on the right-hand side of
(7.13) is not in standard form, but it can be put into such a form as follows:

Assume that f is continuously differentiable on [a, b]. Then the mean value
theorem is applicable to f on each subinterval [xf_1,x]. This means that
there exists a point « in (xx_1,xy) such that

flan) = flap—r) = f/(@}) @k — zh-1).
In view of this, the length of the kth chord (see (7.12)) is

Asp = \/1+ (f/(x1))* Azy,

so that the arc length of the graph of y = f(z) on [a, b] may be approximated

by the Riemann sum
sn= > /14 (f'(2})) Ay
k=1

Since f’(x) is continuous on [a,b], 1/1 + (f’(x))? is also continuous on |[a, b],
and so lim| p|_,q s, exists, which is in fact the definite integral

b
s:/ V14 (f(x))?de.

We have thus demonstrated the following theorem.
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Theorem 7.37 (Arc length in Cartesian coordinates). Let f(x) be
smooth (i.e., continuously differentiable) on [a,b]. Then the length s of the
curve of y = f(x) between x = a and y = b is given by

s:/ab 1+(f'(z))2dz_[ab,/1+(%>2dx.

This formula is valid even if f is not a positive function. Interchanging the
roles of = and y, we can easily arrive at the following analogous result, which
will sometimes be useful.

Theorem 7.38. If g(y) is smooth on [c,d], then the length of the curve x =
g(y) between y = c and y = d is given by

5—/ \/7dy—/ycd1/1+<3§> dy. (7.14)

Proof. In the above discussion, we simply transform As;, = \/Axz? + Ay? into

Axy
ASk = 1+ <Ayk> Aykv

which gives the formula

T HP\HOZ V1+ (0w Au _/ v

The remaining details are easy to fill in, and so we omit them. [

The arc-length formula in Theorem 7.37 is often written with differentials
instead of derivatives. If we use % for f'(z), then we may formally write

VIt (F(2)2ds = 1+<§y> do = /(d2)? + (dy)? = ds,

so that we end up with

5= /ﬁ V (dx)? + (dy)2. (7.15)

Is this not reminiscent of the Pythagorean theorem? If we think of dx and dy
as two sides of a small right triangle, then

ds = /(dx)? + (dy)?

represents the “hypotenuse” which is referred to as a differential of the arc

length, while
5= / ds

is the differential formula for arc length.
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Example 7.39. From basic calculus, we know that the circumference of the
circle 22 + y? = a? is 2ma. Let us verify this using our definition. The circum-
ference s of this circle is

8:4/0a V14 (f(z))? de,

where y = f(z) = va? — 22, x € [0, a], is the quarter-circle of radius a lying
in the first quadrant. Note that

T = 1 () = e

so that we end up with an improper integral for s:

a
= 4qg arcsinl = 2wa. ®

/T
= 4aarcsin | —
a’/lo

/a dz
s=4a —_—
o Va2 —z2

The value of s in this example may also be obtained using the parametric
equation z = acost and y = asint for 0 < ¢ < 27. This formula is described
later, in (7.16).

x

Example 7.40. Find the length of the curve
e’ —1

(a) y = f(x) =log (el’ n 1) for x € [1, 2],
(b) y = f(z) = 2%/ for z € [-1,8].

Solution. (a) Clearly f(z) is continuously differentiable on [1,2] with

oy € et 2 2
f(aj)_e“”—l e?4+1 e2®_1 er_e’
so that 5
4 e +e "
1 ! 2 = 1 = .
HIOP =14 e = (5
Thus

2

)
1

2 2 x -z
s:/ V14 (f'(x))? dx:/ il T P log(e® —e™™)
1 1

et — o~

which gives

2 -2
s =log (%) = log(e + 1/e).

e—e

(b) Let f(z) = 2%?, x € [-1, 8] (see Figure 7.27). Note that there is a vertical
tangent at = 0, because

2 1
f'(m):gm%oo as r— 0+ and f'(x) = —c0 as z—0—,
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(8, 4)

Fig. 7.27. The graph of y = z%/3 on [-1, 8].

and so the integrand in the arc-length formula in (7.13) approaches infinity
as ¢ — 0. In this case, we may write

0 8
5= / VI F@ e+ / VIt @),

where both integrals on the right are improper. Thus,

[ 4 . 4
8262%1_/_1\/1+de+”%/” VT e

and this can be computed. Alternatively, we may use the formula (7.14) to
find the length of the curve. We need to find dz/dy, where

y=f(z)=2*% on [-1,8 <=2 =+y>2=g(y) on [0,4].
Note that for [—1, 0], we have
z=—y*% ye0,1],
and for = € [0, 8], we have
x=y3% yelo,4].

This observation leads to

5 = / N / L )2 .

In either case, we have

V1 1+ y,
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s—/ \/1+4ydy+/ \/1+4ydy

+9y/4 3/2 1 +9y/4 3/2
32 |, 3/2

0‘|
1
::é?fmv@3+8OV10—1@;a1aa

Note that the sum of the lengths of the two inscribed chords is

V2464116 = V2 + 45 ~ 10.4. °

and so

9

7.2.3 Arc Length for Parameterized Curves
Suppose that a smooth curve y = f(z), z € [a, ], is given parametrically by
v=x(0), y=y) (a<0<p),

where z(0) and y(0) are continuously differentiable functions of 6, 0 € [a, ],
with 3/(8) # 0 on [a, 8], and the curve y = f(x) does not intersect itself,
except possibly for § = a and § = . Here the points that corresponds to «
and /3 are the endpoints of the curve. So we set a = z(«) and b = y(8), and
thus b = f(a). Then

y=f(z) = y(0) = f(z(0)); and y'(0) = f'(x(0))2'(9),
so that

’ 2
ds =1+ (f/(@)2dz = (/1 + (i%) 2'(0) 6 = /7' (0)2 + y/(0)2 df.

Then the Cartesian form of the arc length s takes the form

b B
s:/ 1+(f’(:r))2da::/ (0 + ¢ (0)do,

and so the length s of the curve C (as described in (7.13)) becomes

s = hmz Asy = hmz \/ (07)2 4 (v (057))2 A6y,
which is the definite integral
8 3 2 2
5= / Va'(0)2 +y'(0)2do = / \/(3—3) + <%) de. (7.16)

Now we shall consider examples for finding the arc length when the limits of
integration are given.
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Fig. 7.28. The astroid 223 4+ y2/3 =a?/3.

Example 7.41. Find the length of the curve parameterized by:

() v = acos®0, y = asin®@ for 0 < 6 < 2x. This curve is known as an
astroid.

(b) z=acos®0, y = bsin® 6 for 0 < 6 < 2.

(c) x =e’sind, y = e’ cosd for 0 < 0 < 7.

(d) z = acosf, y = bsin@ for 0 < O < 27. The curve is the general equation
of an ellipse.

Solution. (a) Note that the Cartesian form of the given astroid is (Figure 7.28)

2/3 —|—y2/3 _ a2/3, or (E)z/s N (Q)WB .
a a

From the symmetry of the astroid, it is apparent that the arc length of
the curve in polar form is

/2
s :4/ V' (0)2 +y'(0)2 do,
0

where 2(0) = acos® 0 and y(#) = asin® 0. Since
2 (0)*+y'(0)* = [3a cos® O(— sin §)]2+[3a sin® O(cos 0))*> = 9a* cos? fsin? 0,

we have

/2
= 6a.

w/2 s 2
5:4/ 3acosfsinfdl = 12a (51112 0)
0

(b) Proceeding exactly as in (a), we see that (see Figure 7.29)

0
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oy Y

b
gO a;>bax a T

Fig. 7.29. The astroids (z/a)%? + (y/b)?/® =1 for a > b and a < b respectively.

/2
s = 6/ \/a2 + (b2 — a?) sin® 0 d(sin” 0)
0

2 2 2y 2 g13/27 /2
6([a —I—(b3 2a)s;n 0] ) b2
_ i(b —Qa ) 0
w/2
Ga/ d(sin? 0) if b=a,
0
which may be simplified to obtain
4(b® — a?) .
s = W if b 7é a,
6a if b=a.

(c) For the given curve, we easily see that (see Figure 7.30)
2 (0)% + 1/ (0)% = (e?(cos 0 + sinH)?) + (e?(cos § — sin 6))? = 227,

and so the desired arc length is

s = / V2e? dh = \/569’;7 =2(e" —1).
0
(d) Without loss of generality, we assume that a > b > 0. In this case,
b2
'(0)? + ' (0)? = (asinf)? + (—bsinh)? = a® {1 — (1 — §> cos? 9} ,
so that

/2 Ja2 _ 2
5:4/ av'1—k2%cos26db, k:a—b.
0 a/

We remind the reader that it is not possible to express this result in a sim-
ple form using elementary functions, although estimates for this integral
are known. ®
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Y i

=200 -1

Fig. 7.30. The curve z = e’sin 6, y = €’ cos 6 for 0 < 0 < 2.

7.2.4 Arc Length of Polar Curves

Now we turn our attention to finding the length of a curve C' with polar
equation

r=f0) (a<0<p),

where r, 6, and f(0) are respectively the radial vector, the polar angle, and a
continuously differentiable function defined on [«, 8] with f(6) > 0 on [«, f].
We have the following parametric representation of C":

x=rcosf = f(f)cosf and y =rsind = f(#)sind.

We may regard these equations as the parametric equations of the curve.
Again, by (7.14), the formula for computing the arc length of the polar curve
r= f(f) from 0 =« toh=pIis

B B
s= [ as= [ V@O o

Using the trigonometric identity sin® 6 + cos? 6 = 1, we see that

(2 (9)) + (5/(9)) = (f'(6) cos0 — f(6) sin6)® + ('(6) sind + f(6) cos )

= (JO) + (O =+ (%) ,
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/] r= f(0)
Q(r+Ar, 0+ A6) Q(r+ Ar, 0+ Af)
/// ChOI'd PQ // |m|
///AQ 0=a ,’/
N )
19) Ty

Fig. 7.31. Length of a polar curve.

and so we have the following formula for arc length s when the curve is
specified in terms of polar coordinates:

s/j VIO + FO2d, e s/j,/ru (%)2&).

‘We now formulate the above discussion into a theorem.

Theorem 7.42 (Length of an arc of a polar curve). Suppose that r =
f(0) is continuously differentiable for « < 0 < 3, 0 < 8 —a < 27. Then the
length of the arc r = f(0), « <0 <, is

B
s :/ ds, ds=+/r2+ (')2dé. (7.17)

Alternative proof of Theorem 7.42. Let P(r,0) be an arbitrary point on the
polar curve
r=f(0), a<0<p.

Consider a neighboring point () on the polar curve such that the angle between
the radial lines OP and OQ is Af. Let |PQ| denote the length of the chord
PQ (see Figure 7.31). By the law of cosines in trigonometry, it follows that

PQ)? =7 + (r+ Ar)? — 2r(r + Ar) cos A9
= (2r% + 2rAr)(1 — cos A) + Ar?
1 — cos Af <Ar> 2

2 —
(2r° + 2rAr) N N

(A9)%,

so that the length of the chord PQ is

2
|PQ| = \/(27"2 + QTAT)—l —cos A + (AT) Af.

INE AG
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Since f(#) is continuously differentiable, allowing Af — 0, we see that
Ar=f(0+ A0)— f(#) =0 as A — 0,

and so the term in parentheses approaches

e dr\?
dg ) -
The remainder of the argument is left as an exercise. [

Example 7.43. Find the length of each of the following curves:

(a) r = a(l + cosb). (b) 72 =a’cos26 .

(c) r =acosb. (d) r=e 0<6 <00, a>0.

Show also that the upper half of the cardioid given by (a) is bisected by the
line 6 = /3.

Solution. (a) Set r = f(0), where f() = a(1 + cos0). Using the arc-length
formula (7.17) and the symmetry of the cardioid about the polar axis, we
have (see Figure 7.32)

8:2/ 2+ (r)2de
0

= 2/ Va2(1+ cos6)? + (—asin0)2 df
0
= 2a/ 2(1 4 cos ) do
0
= Qa/ 2cos(0/2)do
0
B sin(0/2)\|™
- (M52)
To show that the upper half of the cardioid is bisected by the line § = /3,

we need to show that the length of the arc s; of the cardioid between 0
and 6 = w/3 is 2a. To see this, we compute

. /Ow/s ST — 2 (Sm1(/02/2))

(b) Note that the Cartesian form of the given lemniscate is (see Figure 7.33)

= &a.
0

/3

0

(2> +9%)% = a®(2® — ¢?).

Set r = f(0), where f(0) = Vacos260. The lemniscate is symmetric about
both lines 8 = 0 and 6 = 7/2. Hence, the total length of the lemniscate
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Y

2a] x /_\/\
N A

Fig. 7.32. r = a(1 4 cos#) for a = 2. Fig. 7.33. Graph of 7% = a? cos 20.

is four times the arc length of the part that lies in the first quadrant
between the rays § = 0 and 6§ = 7/4. That is,

/4
324/ V2 + (r')2de.
0

Now on [0,7/4), we have

f;((g)) = —tan20, ie., 1’ = f'(#) = —rtan20,

which gives 72 + (/)2 = r? + r? tan?(20) = r? sec?(26) = a?sec 20. Thus

5—4/ a?sec(26) do

_4a/ cos 2(29) dé

0

/2
= Za/o cos™? (¢)do

I'(a)I(b)

=aB(1/2,1/4), where B(a,b) = T(ath

(c) Clearly, the given curve is a circle centered at a/2 with radius a/2. Since
the length of the circle is not going to be altered by a change of center
(since it depends only on the radius), the required length is 7/a. In order
to apply our formula, we set r = f(#), where f(0) = acosé, 0] < 7/2.
Using the formula and the symmetry of the circle about the polar axis,
we have

/2 w/2
s:2/ \/r2+(r’)2d9:2/ Va2 cos? 0 + a?sin® 0 df = ra.
0 0
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(d) Set r = f(0), where f(#) = e~ . Then 7' = —ae~?’. We observe that as
f increases, the spiral winds around the pole O in the counterclockwise
direction. The total length of the curve is given by the improper integral

oo 0 V1 2
5:/ \/rz—l—(r’)QdH:\/l—&—aQ/ e_aedﬁzi,
0 0 a

. o0 —
since [ e at 4g = % °

7.2.5 Questions and Exercises

Questions 7.44.
1. Let C be a smooth curve with parametric equations
z=u(0), y=y(0), a<0<p,
EII];E%IE‘% 2/(0) and y'(0) are bounded on [a, 5]. Must the length of C be
2. Are tilere continuous curves defined on a bounded interval [a, b] that have
finite length?

Exercises 7.45.

1. Find the area of the region common to the circles » = acosf and r =
asinf.
2. Find the area of the common region included between the cardioids
r=a(l+cosf) and r=a(l— cosb).
3. Find the area of the common region included between the circle r = a
and the cardioid r = a(1 — cosf).
4. Find the area of the region common to the parabola 2a = r(1+ cosf) and
the cardioid r = 2a(1 + cos#6).
5. Find the area of the region within r = a(1 — 2sin6).
6. Find the area of the region bounded by one petal of r = acosnf for
n=2,3,4,5.
7. Find the area of the region inside the circle r = acosf but outside r =
asin 26.
8. Find the area of the region common to the circle r = acosf and the
cardioid r = a(1 — cos@).
9. Find the area of the region outside the circle r = a but inside the lemnis-
cate 12 = 2a? cos 26.
10. Find the area inside the lemniscate r2 = 2a? cos 26.
11. Compute the area enclosed by the loop of the folium of Descartes given
by 23 + y3 = 3axy.
12. Find the length of the arc of the cardioid r = a(1 + cos#) between the
points whose vectorial angles are o and f.
13. Find the length of the cardioid r = a(1 — cos #) between the points whose
vectorial angles are a and 3. Show that the arc of the upper half of the
curve 7 = a(1 — cosf) is bisected by 0 = 27/3.
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Power Series

In this chapter, we turn our attention to functional series of the form Y fi(x)
whose terms are functions of x rather than real numbers. In Section 8.1, we
present two fundamental tests: the ratio and root tests for the convergence
of numerical series. In Section 8.2, we shall begin our discussion with an
important particular case in which fi(z) = ar(z — a)¥, and we shall be es-
pecially interested in deriving important properties of such series, which may
be thought of as polynomials of infinite degree, although some of their prop-
erties are quite different from those of polynomials. In this section, we also
discuss convergence of power series as well as term-by-term differentiation and
integration of power series. The uniqueness of power series may be used in a
number of ways. So whatever trick we use to find a convergent power series
representing a function, it must be the Taylor series. In particular, we present
some practical methods of computing the interval of convergence of a given
power series.

8.1 The Ratio Test and the Root Test

The ratio and the root tests for series whose terms are real numbers are easy
and useful consequences of the direct comparison test. Later, we shall obtain
their analogues when the terms of the series are functions of x.

8.1.1 The Ratio Test

Theorem 8.1 (Ratio test). Consider the series > ax, where ar > 0 for all
k Z No. Let

L = limsup Gt opd £ = liminf 254

k—oo Ok k—oo  ay

Then the series Y ai converges if L < 1, and diverges if ¢ > 1. This test
offers mo conclusion concerning the convergence of the series if £ <1 < L.

S. Ponnusamy, Foundations of Mathematical Analysis, 331
DOI110.1007/978-0-8176-8292-7_8,
© Springer Science+Business Media, LLC 2012
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Proof. First we present a direct proof. The second proof is a simple conse-
quence of the root test and Lemma 2.59.

Let L < 1. Choose any r such that 0 < L < r < 1,eg., r = (1+L)/2.
Then by the definition of limit superior, there exists an N > 0 such that

a
MLor forallk>N (> No).
ar
Thus,
aN+1 < aNT, aN+2 < aN4+1T < aNTQ, ey N4k < anr® for k> 1.

Then by the comparison test, the series > aj converges. Indeed, since 0 <

r<l,
oo oo
E E k _
aN+k < an rT=
k=0 k=0

which means that the series >, aj is dominated by a convergent series

N-1 N—
ap +any(l+7r+7r>+-
k=0 k=0

—

and so converges.

If ¢ > 1, then we choose R, e.g., R = (¢ + 1)/2, such that { > R >
Then there exists an N (> Ny) > 0 such that ayy > ayRF for all k 2
But R > 1, and so for & > 1,

antr > anRF > ay,

and hence the general term cannot tend to zero. Thus by the divergence test,
the series Y ay is divergent.

To prove that the ratio test is inconclusive if £ < 1 < L, we consider the
harmonic p-series Y.~ | 1/kP (with p = 1,2), for which { = L = 1. [

Alternatively, one can quickly obtain a proof of the ratio test as a conse-
quence of the root test (as demonstrated later in Section 8.1.2). However, since
an absolutely convergent series is convergent, the ratio test is often stated in
the following equivalent form.

Theorem 8.2 (Ratio test). Given a series > ai of nonzero terms, let

. Ak+1 L Ak+1
L = limsup + ‘ and ¢ =liminf | —* ‘
k—o0 a k—oo | ap

Then the series Y ay, converges absolutely if L < 1 and diverges if £ > 1. If
{ <1< L, then the series may or may not converge.
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We recall that if limy oo |ag+1/ak| exists, then it is equal to both ¢ and L,
and hence the ratio test gives information unless, of course, limy_, o |ag+1/ax]
equals 1. Thus, in this case the ratio test takes the following simple form,
which is the familiar ratio test in calculus, especially when a; > 0 for all k.

Corollary 8.3 (Simple form of the ratio test). Given the series Y ay,
of nonzero terms, let
L= lim | %L,
k—oo | ap

Then the series Y ay, converges (absolutely) if L < 1 and diverges if L > 1.
If L =1, then the series may or may not converge.

Proof. Again, we present a direct proof because of its independent interest. If
L < 1, choose 7 such that 0 < L < r < 1. Then for e = r — L > 0, there exists
an N such that

Ak41
Qg

k41
ag

—L<

L’<e for all K > N.

In particular, |agt+1] < (L + €)|ax| = |ag|r. Consequently,
lanyk| < lan|r®  for all k > 1,

and thus by the comparison test, the series > aj converges absolutely.
The proof of the second part is similar. Indeed, we choose R such that
L > R > 1. Then for e = L — R > 0, there exists an N such that

Q41

ag

Q41
ag

L— <

—L’<L—R forall k > N,

which implies that |ayix| > |an|R* for all k > 1, and so certainly {a,}
does not converge to zero. The test gives no information, since L = 1 for the
divergent series >_(1/k) and the convergent series > (1/k?). [

Here are some examples to illustrate the ratio test, namely Corollary 8.3.
Moreover, the ratio test is most useful with series involving factorials or ex-
ponentials.

Example 8.4. Test the series 21?;1 ay, for convergence, where a; equals:
5k Kk 1 k! 2k E! 3kE!
Solution. (a) Let aj = 5%/k!. Then we note that

. Qg1 . Lany .
L = lim = lim —————— = lim —— =
k—oo Qg k—o0 (k‘ + 1)'5k k—oo k + 1

Thus L < 1, and the ratio test tells us that the given series converges.
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(b) Let ar = k*/k!. Then the series 3" ay diverges, because

. Gkl . kN (k+ 1R . ( 1)k
L=1 —lim — T — lim (1++) —e> L
e ag e kb (k4 1)! e U k ¢

Also note that a /4 0 as k — oo.
(c) Let ar = 1/(2k — 3). Then a;, > 0 for all k > 2, and we find that

. Gy . 2k-3
L - 1 = =
R

The ratio test is inconclusive. We can use the comparison test to determine
convergence. Indeed, for k > 2,

|
2% —3° 2%

o0
ap = ¢ and g ¢, diverges.

k=2

Consequently, we conclude that the given series is divergent.
(d) From (b) we see that the corresponding limit value L in this case is
L =1/e < 1, and so the series converges.

(e) Since
2 2
L= lim Ght1 _ =<1,
—oo A limy, o (1 4 %) e
the series Y- | aj converges.
(f) In this case, we see that L = (3/e) > 1, and so > ay, diverges. °

8.1.2 The Root Test

On the one hand, it is easier to test the convergence of series such as
e (kD2 /(2K!) by the ratio test. On the other hand, direct computation
using the root test might lead to an unpleasant situation, although the struc-
ture of the test is quite similar to that of the ratio test. However, whenever
the root test is applicable, it provides almost complete information, as demon-
strated in a number of examples, The root test is particularly useful with a
series involving a kth power in the kth term.

Theorem 8.5 (kth root test). Suppose that {ar} is a sequence of nonneg-
atiwe real numbers, and let

L = limsup ay.
k—o00
Then the series Y ap converges if L < 1, and diverges if L > 1. If L = 1,
the root test is inconclusive. That is, if L = 1, the series may or may not
converge.
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Proof. Suppose that L < 1 and a; > 0 for all k. To show that the series
converges, it suffices to show that the sequence of partial sums is bounded
above. Note that L > 0. Choose r such that 0 < L < r < 1. Then by the
definition of limit superior, for ¢ = r — L > 0, there exists an N such that

0< {ar <L+e=r, i_e_,()gak<rkforallk:2N.

Since Yooy % =1V /(1 =), the direct comparison test shows that the series
Z,;“; ~ ar converges. Consequently, the series ) aj also converges.

Suppose that L > 1. Then a,lc/ ¥ > 1 for infinitely many values of k. But
this implies that a; > 1 for infinitely many k and thus {aj} does not converge
to zero as k — oo. Therefore, the series diverges.

For the divergent series Y r- ;(1/k) and the convergent series Y- (1/k?),

L turns out to equal 1, because

1 1/k 1 1 1/k 1
<E) :W*}]‘ and (F) :mg)l as k — oo.

Thus, the test is inconclusive if L = 1. [

Example 8.6. Consider the series

1 1 1 1 1 1

§+Z+§+4—2+3—3+4—3+---.
We may write the general term explicitly:
1 if k is odd
a = 4 3FFDP ’
4,}/2 if k is even.
Then
3\ (k+1)/2
(—> if k is odd,
LSTRD I
ar 1 4 k/2
3 (§> if k is even,
so that a a
lim sup M1 — 50 and  liminf = = 0.
k—o00 Qg k—oo

The ratio test gives no information. On the other hand,

1 1
— | == ) if kis odd,
RV VE (31/2")
G =
1
- if k£ is even,
2

so that limsup,,_, a,lc/k =1/+/3 < 1. Hence the series > aj, converges. o
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Finally, if ap = k, then

. . k41
lim a,lc/kzlz lim —F+L

k—o00 k—oo Qaf ’

and so both tests fail. However, > k is divergent.
Since an absolutely convergent series is convergent, the root test is often
stated in the following equivalent form.

Theorem 8.7 (Root test). Suppose that {ay} is a sequence of real numbers,
and let L = limsupy,_,, {/|ak|. Then the series Y aj converges (absolutely)
if L <1, and diverges if L > 1. If L =1 the series may or may not converge.

If limg_yoo V/|ak| exists, then the root test gives information unless, of

course, limg_,o0 {/]ar| = 1. Because of its independent interest, we include
here a direct proof of it which is also referred to as a root test.

Corollary 8.8 (Simple form of the root test). Suppose that {axr} is a
sequence of real numbers, and let

L= lim ¥/|agl.
k— o0

Then the series > ay converges (absolutely) if L < 1, and diverges if L > 1.
If L =1, the series may or may not converge.

Proof. Suppose that L < 1. Then we note that L > 0. Choose any r such that
0< L <r<1. Then for e =r — L > 0, there exists an NN such that

Vlak| = L <

<°/|ak|—L’<e for all k > N.
This gives
V]ax| < L+e=r or 0§|ak.|<7“k for all k > N,

which means that the series _ |ag| is dominated by the convergent geomet-
ric series Y. r*. Consequently, the series Y aj converges absolutely by the
comparison test.

Suppose that L > 1. Choose R such that L > R > 1. Then for e = L —
R > 0, there exists an /N such that

L — \k/ |ak| S

which gives {/|ax| > R, or |ax| > RF for all k > N where R > 1. Thus, the
general term cannot tend to zero as k — co. Therefore, the series diverges.
As remarked in the proof of Theorem 8.5, for the series > 7, (1/k) and
> ne,(1/k?), L turns out to be equal to 1, and therefore the test is inconclusive
it L=1. ]

/Jag] —L‘ <e forall k>N,
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Remark 8.9. In the ratio and the root tests, the case L > 1 includes the case
L = 0. ()

Finally we outline the proof of the ratio test as a consequence of the root
test.

Proof of Theorem 8.1. Let o = limsup,,_, a},,/n, where L and ¢ are defined
in Theorem 8.1. From Lemma 2.59, we obtain that / < o < L. If L < 1, then
the right-hand inequality give a@ < 1, and so the series Y ax converges by the
root test. Similarly, if £ > 1, then « > 1, and so the series Y aj diverges. The
condition o = 1 is equivalent to £ < 1 < L, and so the test is inconclusive. m

Example 8.10. Test the series > -, ai for convergence, where ay equals

1 k!
(a)w 1-4-7---(3k+1)

(e>0), (b)) A+1/E)*,  (c)

Solution. Because ay, involves a power for cases (a) and (b), it is appropriate
to use the root test for those series.
(a) Let ar = 1/(logk)*, ¢ > 0. Then aj, > 0 for all k > 2, and so
L= lim ar = lim ;—O
T koo B k—oo (log k) N

Because L < 1, the root test tells us that the given series converges.

(b) We note that
1/k
1 2k . 1 2k ,
1+E :khm 1+E =e“ > 1.
— 00

Since L > 1, the series diverges.
(c) Because the corresponding ay involves k!, we may try the ratio test. Now

L = lim

k—o0

agr  [1-4-7---Bk+1)]-(k+1)!  k+1 1
= = — - k — oo.
ax K [L-4-7-- (3k +4)] 3krd 3 ST
Thus L = 1/3, and by the ratio test, the series converges. o

8.1.3 Questions and Exercises
Questions 8.11.

1. Which of the ratio and root tests is more appropriate on which occasions?
2. Which of the ratio and root tests implies the other? When do they produce
the same conclusion? When do they not?

3. Does Y22, (3"'/(4 - (—1)k)k) converge?
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Exercises 8.12.
1. For what values of a € R can we use the ratio test to prove that
> e (a®k!/KF) is a convergent series?
2. Test the convergence of >~ ai, where

1 1
o G2k-1= o (b) as, = 3%, a1 =37"

3. Discuss the convergence of the series Y ax by either the ratio test or the
root test, whichever is applicable.

(a) ap = 3(71)kik. (b) a2k = 27]{, a2k—1 = 37k,
. Sum the series Y ;7 k37F and Y7, (k% 4+ k)5~F. Justify your method.

5. Which of the following series converge?
3/2
x5 = 1\7* > (3k+1\"
(@) > . (b)Z(1+—) : (c)Z( > .
s k=1 vk k=1 k+7
6. Sum the series > 7~ ax, where ay equals

k k2 k3 k2
(a) pr= (b) T (c) 31 (d) TaE T

(a) az =

=~

BN

. Suppose that {a,} is a sequence of nonnegative real numbers, and

Ap+1

L, = limsup and Lo = limsup /a,.

n—oo  On n— 00

Prove the following:
(a) Ifeither 0< Ly <1lor0< Ly <1, then a, — 0 asn — oo.
(b) If either Ly > 1 or Ly > 1, then a,, — o0 as n — oo.

8.2 Basic Issues around the Ratio and Root Tests

In analogy to numerical series whose terms are real numbers, we now consider
functional series, which are series of functions of the form

Z fk(x)v
k=0

where fi(x)’s (k € Ng) are functions defined on a subset of R. Since the
sequence {Sy(z)} of partial sums given by

Sul@) = 3 ful)
k=0

is a function of x, we need to determine for what values of x the sequence
{S,.(x)} converges. The most interesting case is fi(z) = ax(x — a)¥, where a
is a real constant. In this case, the functional series takes the form

(oo}

Zak(m—a)k =ag+a(z—a)+a(z—a)’+--,

k=0
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which we call a power series with center at x = a or a power series about
a, or a Taylor series about * = a. The numbers ag, a1, as, ... are called the
coefficients of the power series. If a = 0, then the series has the form

oo
E akmk :a0+a1x+a2x2 +a3m3—|—---
k=0

and is called a Maclaurin series. Clearly, a Maclaurin series is a Taylor series
with a = 0. Moreover, these power series have a meaning only for those values
of x for which the series converges. We also note that although each term of
the power series is defined for all real x, it is not expected that the series will
converge for all real x. The set of all values of x for which a given functional
series Y fr () (e.g., fx(x) = ar(z — a)¥) converges is called the convergence
set or the region of convergence for > fi(z).

As a motivation, we shall begin our discussion with a number of examples
by treating functional series as numerical series by fixing = and then applying
the ratio test or root test to determine whether the series converges for that
particular x. In addition, interesting conclusions will be drawn just by looking
at ay, the coefficients of the power series. We shall discuss this issue in detail
later.

Example 8.13. Find all real values of z for which the series > 7~/ k°z* con-

verges.

Solution. Clearly, the series converges for x = 0. Keeping x fixed (that is, as
a constant) nonzero real number, we apply the ratio test:

~ lim (P 5|a;|—|gs|
7k—><>o k a '

Thus, according to the ratio test, the series converges if |z| < 1 and diverges
if |x| > 1. The test fails if |x| = 1, i.e., if # = 1 or —1. When o = 1, the
series becomes > k°, which diverges by the divergence test. When z = —1,
the series becomes > (—1)*k°, which diverges, because the general term does
not tend to zero. Similarly, it is easy to see that the power series Y -, kak
converges for |z| < 1 and diverges for |z| > 1. °

L = lim

k—o0

(k + 1)5xk+1
kb ak

Example 8.14. Test the series Y ;- (3 — coskm)z* for convergence.

Solution. Set ax(x) = (3 — coskm)x®. Then ay(z) # 0 for all K > 1 and for
each fixed = # 0. In order to apply the root test, we need to compute

|z[(2'/%) if k is even,

1k _ (9 _ k|| =
Jak ()] = (3 — cos km)'/* || {x(22/k) if & is odd.

Since 21/% = exp((1/k)log2) — ¢” = 1 (also 22/F = (21/¥)2 — 1) as k — oo,
we have
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lag(z)|V*F — |z| as k — oo,

and the root test (see Theorem 8.7 and Corollary 8.8) tell us that the series
> ag(x) converges absolutely for all z with || < 1, and diverges for |z| >
1. For || = 1, the series clearly diverges, since the general term does not
approach zero.

Notice that the ratio test as in Corollary 8.3 is not applicable, because

apy1(z) 2|z|  if k is even,
ap(r) | (1/2)|z| if kis odd,

showing that

lz]
R

ap+1(7) _
a(x)

ap+1(7)

ak(x)

However, the ratio test as in Theorem 8.2 is applicable. According to this,
> ak(x) converges absolutely for all  with || < 1/2 and diverges for all x
with |z] > 2. Note that this test does not give information when 1/2 < |z| < 2.
However, the root test gives full information for |z| < 1 and for |z| > 1. ®

lim sup
k—o0

=2|z| and liminf
k— o0

Example 8.15. Test the series >, (3 +sin(k7/2))(z — 1)* for convergence.
Solution. Set ar = (3 + sin(kn/2)). Then

3+ (—1)F=D/2 if | is odd,

ar = 3+ sin(kw/2) = {3 if k is even

so that {ax}r>0 is
(3,4,3,2,3,4,3,2,...).

Therefore, if ay(z) = ar(z — 1)*, then ax(x) # 0 for all k > 0 and for each
fixed x # 1, so that the quotient ag41(z)/axr(x) assumes the values

4 3 2 3
{Fe-0 Je-n -1 fe-n)

infinitely often. Fixing x # 1, we see that

2
=Zlz—1
3|£L' |’

ap+1(z)

a(x)

showing that (by Theorem 8.2) the series > ax(x) converges absolutely for all
x with |z — 1| < 2/3 and diverges for all x with |« — 1| > 3/2. However, this
test does not give information when 2/3 < |z — 1| < 3/2.

On the other hand, |a(z)|'/* assumes the values

{31/’f|x — 1, 4¥k|p — 1], 2Vk|p — 1|}

ap+1()

lim su
P a(x)

k—o00

:g|x—1| and liminf

k— o0
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infinitely often. Thus, we have

lim |ay(x)|* = |z —1],
k— o0

and the root test (see Theorem 8.7 and Corollary 8.8) imply that the series
> ak(x) converges absolutely for all x with |« — 1| < 1, and diverges for
|z — 1| > 1. The root test does not tell us what happens when |z — 1| = 1,
but we by a direct verification that the series diverges (at « = 0, 2), since the
general term does not approach zero. ®

8.2.1 Convergence of Power Series

Power series of the form Y ay(z — a)k occur as representations for certain
functions, such as

1 o0
—— =Yk (el <),
k=0

and in solutions of a large class of differential equations. Now we wish to
continue our discussion on the convergence of power series. More precisely, we
ask, for what values of x does a given power series converge? Theorem 8.17
answers this question for the case a = 0, and a corresponding theorem for a
power series about a is a consequence of this result (see Theorem 8.22). We
begin with a lemma.

Lemma 8.16. For a power series

S asat, (8.1)
k=0

we have the following:

(1) If the series converges at x = xo (xg # 0), then it converges absolutely for
|z] < |zo].
(2) If the series diverges at x1, then it diverges for |z| > |x1].

Proof. Suppose that the series (8.1) converges at @ = zg (g # 0). Then
Zakxlg converges, and so akx’g — 0 as k — oo. In particular, since a conver-
gent sequence is bounded, |axzf| < M for all k > 0. We claim that the series
(8.1) converges absolutely for || < |zg|. For each z with |z| < |zo|, we can
write

k
k| = < Mr® forallk>0 (r=|z/zo| <1),

|agx |akx’5|

T
Lo

showing that the series 3~ |azz¥| is dominated by the convergent geometric
series M Y_ 7%, So the given series (8.1) is absolutely convergent for |z| < |zo,
and hence must converge for |z| < |zo| (see Figure 8.1).
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converges at x converges at xg |
| " " |
| A 'Y
—Zo 0 Lo o 0 |x0|
|converges on |x| < |x0|| |converges on |m| < |x0||

Fig. 8.1. Sketch for the convergence of Zakack at xo.

diverges at x; | diverges at x; |

| ) |
I A i I
-1 0 1 Ty 0 Ty

C diverges on |z | > |1’_—| C diverges on |z | > |37_—|

1| 1|

A

Fig. 8.2. Sketch for the divergence of Zaka:k at x1.

Next suppose that the series Y arz¥ diverges. If z is such that |z| > |z1]

and Y axx® converges, then by (1), 3" axz¥ converges absolutely, contrary to
the assumption. Hence Y arz* diverges for |x| > |z1| (see Figure 8.2). u

Theorem 8.17 (Convergence of Maclaurin series). For a power series
defined by (8.1), exactly one of the following is true:

(1) The series converges only for x = 0.

(2) The series converges for all x.

(3) Neither (1) nor (2) holds, and there exists an R > 0 such that the series
converges absolutely for |x| < R and diverges for |z| > R.

Proof. The case (1) is self-explanatory, for the series (8.1) always converges
when x = 0. If it diverges for all other values of x, then we set R = 0 by
convention.

We can now suppose that the series > axz® converges at x = xg (zg # 0).
By Lemma 8.16, the series Y apa® must converge absolutely for all z with
|z] < |zo].

Thus, if the series Y axaz® diverges for all x with |x| > |zg|, then |zo| is
the value of R mentioned in the statement of the theorem. Otherwise, there
exists a number x) with |z)| > |zo| such that the series " arz® converges
(absolutely) for all = with |z| < |z{|. Now let

I= {r >0: Z larz®| converges for |z| < r}.

If I has no upper bound, then the series Y axz* converges for all 2. That is,
it converges for |z|] < R, R = cc.
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If I is bounded, then we let R = sup I. We cannot say what happens at
the endpoints z = R, —R. [

Examples 8.18. (a) By the alternating series test, the series >, (2" /k)
converges for x = —1, and so it must converge for all |z| < 1. Also, the
series for x = 1 is actually the harmonic series, which is divergent. Hence
the series must diverge for |z| > 1.

(b) The series Y=, (z* /k?) converges absolutely for |z| < 1, because |z|* /k? <
1/k? and > (1/k?) converges.

(c) The series "=, ((—1)k"1/k)a* converges at z = 1 and diverges at = =
—1. Therefore, it must converge for |z| < 1 and diverge for |z| > 1. °

Note: When Case (3) in Theorem 8.17 occurs, then the series (8.1) could
converge absolutely, converge conditionally, or diverge for |z| = R, that is, at
the endpoints © = R and —R.

In the case of a finite radius of convergence (defined below), Examples
8.18 illustrate why Theorem 8.17 makes no assertion about the behavior of a
power series at the endpoints of the interval of convergence.

8.2.2 Radius of Convergence of Power Series

According to Theorem 8.17, the set of points at which the series ZZO:O apx®
converges is an interval about the origin. We call this interval the interval
of convergence of the series; this interval is either {0}, the set of all real
numbers, or an interval of positive finite length centered at z = 0 that may
contain both, neither, or one of its endpoints; that is, the interval may be
open, half-open, or closed. If this interval has length 2R, then R is called the
radius of convergence of 21?;0 apz®, as shown in Figure 8.3. We follow the
convention that if the series about the origin converges only for x = 0, then
we say that the series has radius of convergence R = 0, and if it converges for
all z, we say that R = oo, so that R is treated as an interval of infinite radius.
Theorem 8.17 (with the above understanding in the extreme cases R = 0, 00)
may now be rephrased as follows:

Theorem 8.19. For each power series about the origin, there is an R in
[0,00) U {00}, the radius of convergence of the series, such that the series
converges for |x| < R and diverges for |x| > R.

Note: If the radius of convergence R is a finite positive number, then as
demonstrated in a number of examples (see also examples below), the behavior
at the endpoints is unpredictable, and so the interval of convergence for the
series Y7~ apz® is one of the four intervals

(7R7R)7 [7R3R)7 (7R,R]a [7R7R}

The following examples show that each of the three possibilities stated in
Theorem 8.17 occurs.
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Example 8.20. Find the interval of convergence of the power series > ;-
arx®, where aj, equals

k k 2k?
@ O @ @5 @ o ()

Solution. For convenience, we let aj(r) = apx®. If z = 0, then the series
trivially converges.

(a) For x # 0, let ax(x) = 2 /k!. Then ay(x) # 0 for x # 0, and we use the
ratio test to obtain
ags1(x) LRy !

L= lim
ar(r)

k—o00

= lim 0.

koo | (& + 1)lak

= 1. —_— =
o] Jim =

Because L = 0 and thus L < 1, the series converges (absolutely) for all
x. Thus R = oo, and the interval of convergence is the entire real line.
(b) Let ax(z) = klaz*. Then for z # 0, we use the ratio test to obtain

(k + 1)lakt1
klak

ak+1()

L= lim
ar ()

k—o0

= |z| lim (k +1).
k— o0

k— o0

:Hm‘

For any x other than 0, we have L = co. Hence, the power series converges
only when x = 0. Thus the power series Y klz* has radius of convergence
0.

(c) For each fixed 2 # 0, let ay(z) = 2¥/v/k. Then using the ratio test, we

find that
. |agta(x) : k
L= lim |——~2| = |z| lim ——— = |z].
dm =y | T e =

The power series converges absolutely if |z| < 1, and diverges if || > 1.
We must also check the convergence of the series at the endpoints of the
interval |z| < 1, namely at = —1 and 1:

e Atz =—-1:

o~ (—DF
Z converges by the alternating series test

o vk

e Atz =1:
> 1
—  diverges (p-series with p = 1 < 1).
2 ur e Y

Thus, the power series Y (z*/vk) converges for —1 < z < 1 and di-
verges otherwise. The interval of convergence is [—1,1), and the radius
of convergence is R = 1.
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(d) For x #0, let ax(x) = 5*2% /k. Then we apply the ratio test to obtain

ax41(7) — lim
ag(x) k—oo k+ 1

Thus, the series converges absolutely for 5 |z| < 1; that is, for |z| < 1
The radius of convergence is R = % At the endpoints, we have:

L = lim

) 2l = 51a].
— 00

e At x = %,
(o] 5 oo
Z o <_> = Z which is divergent.
k=1
o Atz = —%,
oo k 1 k o] -1 k
kz:‘: % <3> = ; ( k:) , which is convergent.

The interval of convergence is —% <z < %

(e) Set ay(x) = 5F2*/k!, for x # 0. Applying the ratio test, we find that
L = 0. Thus, the power series converges absolutely for all =, and so the
radius of convergence is infinite, and interval of convergence is the entire
real line.

(f) Using the root test, we find that

1y 2k
L= lim |ag(z)|** = lim (1—|——) lz| = e? || .
k— o0 k—o0 k

Thus, the power series converges absolutely for e? |z| < 1, that is, for
|#| < e™2. Tt follows that the radius of convergence is R = e~2. How
about at the endpoints? °

Example 8.21. The series Y .-, 2" converges absolutely to 1/(1 — x) for
|z| < 1. Tt follows from Theorem 5.62 that the Cauchy product

(gxkf -3 (Z o ”k> RN

n=0 n=0
also converges absolutely and has sum 1/(1 — x)? for |z| < 1. o

In some applications, we will encounter series about x = a. The procedure
for determining the interval of convergence of such power series is exactly
the same, and for the sake of completeness, it is illustrated in the following
theorem and subsequent examples.

Theorem 8.22 (Convergence of a general Taylor series). For a power

series
Zak(xfa)k, (8.2)
k=0
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a R a—R a a+R

a—R c'z a+ R a—R c'z a+ R a—R c'z a+R

Fig. 8.3. Interval of convergence for a Taylor series.

no conclusion

convergeson |z —a| <R

!

f_‘_/%

|
a—R I a+ R A
a
divergeson |z —a| >R li

Fig. 8.4. Finite radius R of convergence of >, -, ax(z — a)*.

exactly one of the following is true:

(1) The series converges only for x = a, i.e., R =0.

(2) The series converges for all x, i.e., R = oo.

(3) The series converges absolutely for |z — a| < R, i.e., for all x in the open
interval (a — R,a + R), and diverges for |x —a| > R, i.e., for all x in
(—00,a—R)U(a+ R,00). It may converge absolutely, converge condition-
ally, or diverge at each of the endpoints of the interval, x = a + R and
x=a— R. Here R is called the radius of convergence of (8.2).

Proof. Use the transformation X = x — a and apply the proof of Theorem
8.17 to the power series in the new variable X. [

Figure 8.3 illustrates the various types of interval of convergence of the
series (8.2). Figure 8.4 demonstrates the fact that no conclusion can be drawn
about the convergence of the series the endpoints of the interval of conver-
gence. A power series that converges for all x is called an everywhere con-
vergent power series. A power series that converges only at x = a is often
referred to as a nowhere convergent power series.

Example 8.23. Consider the power series
o~ (2 D
>
k=0

With the introduction of a new variable X = (2 + 1)/3, the given series
becomes the geometric series > X*, which converges for | X| < 1 and diverges
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for | X'| > 1. Consequently, the given series converges absolutely for |z + 1] < 3
and diverges for |z + 1| > 3. Therefore, the interval of convergence of the given
series is (—4,2). °

8.2.3 Methods for Finding the Radius of Convergence

Applying the root test (Theorem 8.7), we have the following theorem.

Theorem 8.23 (Cauchy—Hadamard). The power series > o, arz® has
radius of convergence R, where

— = limsup |a,,,|1/".

R n—oo

Here we observe the conventions 1/0 = oo and 1/co0 = 0.
Proof. For a fixed x # 0, we have

1
L, = limsup |apz = || limsup |a,|"/™ = = |z|.
n—oo n— oo R

n|1/n
Since L, < 1 if and only if |z] < R, according to Theorem 8.7, the series
> peo axx® converges absolutely when |z| < R, and diverges when |z| > R.
In view of Theorem 8.19, the radius of convergence is R.

When R = oo, the series converges everywhere; and when R = 0, the series
converges only at z = 0. [ ]

The following result generally suffices to explain the convergence of a
Maclaurin or Taylor series.

Corollary 8.24. The radius of convergence R of the power series ZZOZO apxh
is determined by

I n
(a) 5 = lim lan Y™, (b) g On+1

)

n~>oo ‘

pmm’ded these limits exist. Agam, we follow the conventions 1/0 = oo and
1/00 =0.

From Corollary 2.60 we recall that if lim, . |an+1/an| exists (with the
same limit), then lim,_, |an|1/ " exists, but the converse is not true. This
observation gives the following corollary.

Corollary 8.25. Suppose that limy, o0 |an+t1/an| exists. Then radius of con-
vergence R of the power series Y, o apx® is determined by

An+1
— = hm |, V" = lim |—F ‘
R n— n—oo | Ap
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Example 8.28. Consider the power series

i 7R ok,

k=0

Note that in this power series the quotient a,41/a, is undefined if n # 5k,
k € Np. Hence Corollary 8.24(b) is not applicable. However, we can either
apply directly the ratio test for numerical series (by fixing = and ignoring the
vanishing terms) or else introduce a change of variable. Thus, by the introduc-
tion of a new variable X = 2°/7, the given series becomes a geometric series
S>> X* which converges for |X| < 1 and diverges for |X| > 1. Consequently,
the given series converges absolutely for |x| < ¥/7 and diverges for |z| > V/7.
Therefore, the radius of convergence of the given series is R = ¥/7. o

Example 8.29. Discuss the convergence of > 7 (z°"/n2").

Solution. For z # 0, let a,, = x°"/2"n. Then

P (N P
= — —— asn — oo
2 n—+1 2 ’

x5(n+1) oMy
2+ (n 4+ 1) 2o

an+1
an

so that by the ratio test, the series converges for |x|% < 2 (including the trivial
case = 0) and diverges for |z|> > 2. Let « = 2'/5. Then a,, = 1/n, and the
series is > o (1/n), which is divergent. If 2 = —2'/5_ then a,, = (—1)"/n,
which gives the convergent series >~ ; ((—1)"/n). We conclude that the given
series converges for —2'/% < x < 21/5 and diverges for all other values of z.
For each —21/5 < x < 2/5_ we readily obtain that (see, for instance, Examples

5.46) N )
$ % (%5) — _log(1 — 2°/2). .

n=1

We wish to know whether a convergent power series f(z) = > o agpz®
is differentiable. If term-by-term differentiation is allowed, then we get a new
series g(z) = > po; kapa®~1, which we call a derived series. It is natural to
ask whether these two series have the same radius of convergence. Also, we
ask whether f is differentiable, and if so, whether g(x) = f'(z). We answer
these questions below. Later, as an alternative proof, we also obtain our result
as a special case of a more general result (see Corollary 9.44).

Lemma 8.30. Suppose that {an}n>1 is a bounded sequence of real numbers.
Then we have

(a) {n''"a,} is bounded;

(b) limsup,,_, ., a, = limsup,,_,.. n'/"a,.

Proof. (a) In Example 2.18, we have shown that n'/"
easily.

— 1, and so (a) follows
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(b) Let a = limsupay,, b = limsupn'/"a,, and let {a,,} be a subsequence
of {an} converging to a. Using the properties of the limit superior, we
easily have

1/nk
ny “an, —a and a <0

1/my

Now we suppose that (see Theorem 2.49) {m,”""*ay,, } converges to b.

This implies that {a,} converges to b, because m,lc/m’“ —1as k — oo.
Consequently,

b < limsupa,, i.e., b<a.
We obtain a = b, as desired. [

Lemma 8.31. The two power series Y o, apx® and > p | kagx® have the
same radius of convergence.

Proof. By Lemma 8.30, we have

lim sup |na, /™ = lim n Y1 lim sup |a, |/™ = hmsup|an|1/”
n— o0 n— 00
The result now follows from Theorem 8.23. |

It might be of interest to have a direct proof of Lemma 8.31 without using
the definition of limit superior, which is needed in order to utilize Theorem
8.23 as well as the fact that limn'/™ = 1. Let R and R’ be the radii of con-
vergence of ZZ’;O apz® and Yooy kapx®~1, respectively. Fix an arbitrary z
with 0 < |z < R Choose z¢ such that |z| < |zg| < R. Now, Y jo,arxh
and 322, axxk ! both converge absolutely. Thus, {a,zf '} is bounded. This
means that there exists an M such that |azzf~ 1| < M for all k£ > 1. Conse-
quently,

k—1

|kakxk 1| =k |akxo ’ < MkEkr*' fork>1 (r = |x/xo)).

Since 0 < r < 1, the ratio test shows that ZZOZI krF=1 converges. But then by
the comparison test, Y - kayz"~! converges absolutely for |z| < |z¢|. Since
x( is arbitrary, we conclude that the derived series converges absolutely for
all |z| < R. Thus, R < R’.

To obtain the reverse inequality, we fix x with |z| < R’ and observe that

lapz* 1| < |kapa®t for all k> 1,

so that if 3 |kagz"®| converges at x # 0 (|z| < R'), then Y |axz*~!|, and hence
> |arz®| converges at x. This shows that R > R’. Consequently, R = R’, and
proof is complete.

Caution: Lemma 8.31 does not say that >, axz® and Y7, kagz*~1 have
the same interval of convergence (see Questions 8.50(8)), although they have
the same radius of convergence.

We can repeat the differentiation process and obtain the following theorem.
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Theorem 8.32. A power series Ekzo apz® and the n-fold derived series de-

fined by 3", k(k—=1) -+ (k—n+1)apz*"" have the same radius of conver-
gence.

Next we present the following result.

Theorem 8.33 (Term-by-term differentiation in power series). If
> wso @k’ has radius of convergence R > 0, then f(z) = Yo, axx® is
differentiable in |z| < R and B

f(x) = Z karpz* 1 (Jz| < R). (8.3)

k>1

Moreover, ™ (z) exists for every n > 1 and every x with |z| < R, and
F @) = k(k—1)--(k—n+1)apz*™" (Jz| <R). (8.4)
k=n

The coefficients a,, are uniquely determined, and a, = f™(0)/n.

Proof. Let f(z) =Y, axz” have radius of convergence R. We have to prove
the existence of f/(z) in |z| < R and that f’ is of the stated form. By Theorem
8.32 with k = 1, the derived series Y, kayz"~! converges for |z| < R and
defines a function, say g(z), in |z| < R. We show that

) =t L)~ T@)

lim Y =g(x) forall z € (—R,R).

Let x € (—R, R) be fixed. Then choose a positive r (< R) such that |z| < r,
e.g.,r=(R+ |z])/2. Also, let h € R with 0 < |h| < (R — |z|)/2. We have

R—lz| |z|+R
= =T

h| < h| < )
o4+ B < Jal + [B] <[] + = .

and for all nonzero h such that 0 < |h| < (R — |z[)/2, we consider

X — X €T k—a?k
f( +h})L f( )_9(1'):Zak<( +h})l _kxk—l), (85)

k>2

where x and x + h are now such that max{|z|,|z + h|} < r < R. As an
application of Taylor’s theorem (which we prove for convenience at a later
stage) on the interval with endpoints x and x + h, we get

E(k—1)

(x+h)* =2" + k2" h + 5

k—272
¢ “h®,

where ¢ is some number between z and = + h. (This may also be verified
directly.) Note also that |cx| < r, and so



8.2 Basic Issues around the Ratio and Root Tests 351

(x+ h)F — 2F

-1
z < |h| —k(k )rk_Q.

—k k—1
o= 2

So we must show that as h — 0,

kE_ .k
~ Y (W"“M) Lo

E>2

‘f(x_‘_h}i_f(x) _g(m)

Since the derived series >, <, k(k—1)agz*=2 of D k1 kapx*~1 is also conver-
gent for [z < R, we conclude that it is absolutely convergent for |z| < r (< R).
Using this and the triangle inequality, we see that as h — 0,

(z 4+ h)k —a* k—1 Al k—2
> ax <Tkx g72|ak\k(k_1)r —0.

k>2 k>2

Consequently, by (8.5), it follows that f/(z) exists and equals g(z). Since x is
arbitrary, this holds at any interior point in |z| < R.

A repeated application of this argument shows that all the derivatives
L7 o, f)) L exist in |z] < R, and (8.3) holds. The substitution z = 0
in (8.4) yields that £ (0) = nla,, as required. [ ]

The theorem just proved shows that inside the interval of convergence
(not necessarily at the endpoints * = R, —R), every power series can be
differentiated term by term, and the resulting derived series will converge to
the derivative of the limit function of the original series.

For example, the geometric series (1 —z)~t =3, ., 2, which converges
for |z| < 1, after n-fold differentiation yields

1 k k—n (m + n)' m
k>n m>0
In particular,
kak 1 and Zk —1Da"?% for |z] < 1.
1 —x)? o1 1 — )3

Consequently, expressions such as the one above may be used to evaluate sums
such as

= k =k = k(k—1)(=1)F

Finally, we remark that the following corollary shows that there is one and
only one Taylor series for a function f, meaning that whatever method one
uses, one obtains the same Taylor coefficients.
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Corollary 8.34 (Uniqueness of the coefficients). Let R > 0 be the radius
of convergence of f(x) =Y p,arz® and let g(x) = 3" po bea” be such that

o0 o0
Zakxk = Zbkxk for |x| < R.
k=0 k=0

Then ay, = by, for each k > 0.
Proof. The proof follows easily from Theorem 8.33. ]

The conclusion of Corollary 8.34 can be deduced from a weaker hypothesis
(see Theorem 8.37), but a proof requires some preparation.

8.2.4 Uniqueness Theorem for Power Series

Suppose that f(z) = > 7, axz”® converges for |z| < R and that there exists
a sequence {x, },>1 of distinct points converging to zero and at each of these
points

flzy) = Zaszl =0 foreachn > 1.
0

k
Then by the continuity of f(z) at the origin, ap = f(0) = 0. Thus f takes the
form f(x) = zg(x), where

(oo}
g(x) = Z apxt,
k=1

which is also a convergent series in |z| < R. Because f(z,) =0 for all n > 1,
it follows that g(x,) = 0. Continuity of g at the origin implies that a; = 0.
Continuing this process, we obtain the following.

Lemma 8.35. Suppose that the power series f(x) = > po, araz® converges for
|z| < R. If there exists a sequence {xy}n>1 of distinct points converging to
zero such that f(x,) =0 for alln > 1, then a =0 for all k > 0 and

fz) = Zakxk =0 n|z|<R.
k=0

In particular, this lemma implies that if there exists a neighborhood Dy
of zero in |z| < R for which

o0
f(z) = Zakxk =0 in Dy,
k=0
then ar = 0 for all & > 0. It is natural to look for a similar result if the
sequence {x,} converges to a point other than the center (origin). In order to
solve this problem, we need to prove the following result.
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Lemma 8.36. Suppose that the series f(z) =Y ro, axz”® converges for |z| <
R and a is a point such that |a| < R. Then the Taylor series expansion of f
about x = a is given by

> 4(k) (g
=3 g -,

which converges at least for |x —al < R — |al.

Proof. We write

so that

oo
E akxk =
k=0

This implies that

®  f(m) (g
=3 LW gy, (5.6)

m=0
as desired. We need justifications for two steps. The interchange of the order
of summation is justified, since

e} k k 00
> laxl Y- (m)lal’“‘mlx—aw =" Jarl(al + | - al)*,
k=0 m=0 k=0

and by hypothesis Yy, axz® converges absolutely for |z| < R, so

> laxl(e —al + a])*
k=0
converges at least for |x — a| < R — |a|. Also, by Theorem 8.33,

(m) ©
[() = Z (Z)akxk_m in |z| < R.

In particular,

which proves (8.6). u
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Theorem 8.37 (Uniqueness/identity theorem for power series). Sup-
pose that the series f(x) = >," arx® converges for |x| < R. Suppose that S,
the set of all = for which f(x) =0, has a limit point in |x| < R. Then a =0
for all k > 0.

Proof. Let I ={z: |z|] < R} and S = {z € I : f(x) = 0}. We spilt I into
two sets:

A={zel: xisalimit point of S} and B={zel:z¢g A} =1\A

Then I = AU B and AN B = (). Clearly, B is open. Next we show that A is
open. Since a € A by hypothesis, A is nonempty. Since |a| < R, by Lemma
8.36, f(x) can be expanded in a power series about a:

f(z) = ch(x —a)*  for |z —al < R—|al.
k=0

We claim that ¢, = 0 for all £ > 0. Since a is a limit point of S, there exists a
sequence of points z,, in S, z,, # a, x, — a, with f(z,) = 0 for all n so that

0= @) = Jim flen) =0

(by the continuity of f). Thus, it suffices to prove that ¢ = 0 for all k& > 0.

Suppose not. Then there would be a smallest positive integer m such that
¢m # 0. Thus, f(x) has the form

fz)=(r—a)"g(x), glx)= Z cp(z —a)*™ for |z —al < R — |al.
k=m
The continuity of ¢ at a and g(a) = ¢, # 0 imply the existence of a § > 0
such that
gx) #0 for0<|r—al<d (<R—]lal).

We conclude that f(x) # 0in 0 < |z — a| < ¢. This contradicts the fact that
a is a limit point of S. Consequently, ¢, = 0 for all £ > 0, so that f(z) =0 in
a neighborhood of a. Hence, A is open.

Since AU B = [ is connected and nonempty, it cannot be written as a
union of two nonempty disjoint open sets. Hence we must have either A = ()
or B = (). But by the hypothesis, a € A, and therefore B = (). Thus A = I,
which gives that a = 0 for all k£ > 0 and f(z) = > ;o axz” = 0 for all
|z] < R, as desired. [

Corollary 8.38 (Identity/uniqueness theorem). Suppose that f(z) =
Sro anz® and g(z) = S5, bra® converge for |z| < R. Set

S={z: |z| < R with f(z) = g(x)}.
If S has a limit point in |x| < R, then a, = by, for alln > 0; i.e., f(x) = g(x)
for all |z| < R.
Proof. Apply Theorem 8.37 to h(z) = f(z) — g(z) = > peg(ar — by)z"® in
|z| < R. [
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8.2.5 Real Analytic Functions

Functions that are expressible as a convergent power series are of particular
interest. For instance, consider f(z) = 1/(1 —z) on R~ {1}. For each a # 1,
f(x) has a power series about a:

1 1 = (z—a)
f(x):1a<1(xa)/(1a)>zzﬁ for |z —al < |1 —a.

k=0
This suggests the following definition of a real analytic function:

Definition 8.39. Let I C R be open, and f: I — R and a € I. We say that
[ is real analytic at a if f can be represented as a Taylor series about a valid
in a neighborhood of a. We say that f is real analytic on I if it is real analytic
at each a € I. That is, for every a € I, there exist a number §, > 0 and a
sequence {ay} of real numbers such that

f(z) = Zak(x —a)*  for every x € T with |z — a| < §,.
k=0

In view of Theorem 8.33, aj, in the above Taylor representation of f must
be f*) (a)/K!. Thus, for f to be real analytic at © = a, it is necessary that
f%)(a) exist for each k. However, the converse is not necessarily true. In
Example 8.48, we present an example of an infinitely differentiable function f
on R such that f*)(0) exists for k > 0, but the resulting Taylor series about
x = 0 does not converge to f in any neighborhood of the origin. Thus, the
function f in Example 8.48 is not real analytic.

Examples 8.40. 1. Every polynomial in z with real coefficients is real ana-

lytic in R.

2. The exponential function e* and the trigonometric functions sinz and
cosx are all real analytic on R.

3. The function 1/(1 + 2?) is real analytic on R, whereas 1/(1 — ) is real
analytic only on R ~\ {1}.

4.1f f(x) = Y peparz® has radius of convergence R > 0, then f is real
analytic on |z| < R (by Lemma 8.36 and Theorem 8.33).

5. The function |z| is not real analytic at z = 0 because f/(0) does not exist.

6. The function |z|? is not real analytic at @ = 0 because, although f/(0)
and f”(0) exist, f”(0) and other higher-order derivatives at the origin do
not exist. °

By Theorem 8.33, we have the following:

Theorem 8.41. Real analytic functions are infinitely differentiable.



356 8 Power Series
8.2.6 The Exponential Function

In Example 2.33, we defined

e’ = lim Ty(z), Ty(x)= (1 * %)" - kzi:

n—00
0

(g) (5)". a0

In Example 8.20, we showed that the series >, (2" /k!) converges for all
x € R. We now show that

e? = Z T for all z, (8.7)
k=0

using the former definition of e*. This can be easily done using the method of
proof of Theorem 5.7.

Theorem 8.42. For x € R,
e = gk o 142 n
== m (D)

Proof. Let us first supply a proof for > 0. Let S, (z) = Y_;_,(z*/k!) and
T,.(z) be as above. The proof relies on the following simple observation:

e e (e (R R (R

which gives

Thus, we have

nh_}rrgo (1+E> < lim S,(x), ie.,e” < lim S,(z). (8.8)

n— o0 n—00

Moreover, for n > m,

Tn(:c)21+n(§)+%<%>2+m+n<n—1)~-~$—(m_1))<g>m
=1+x+<1—%)z—j+...+<1_%)...(1_m;1>%.

Allow n — oo, keeping m fixed, and obtain

lim T, (x) > Sp(x).

n— oo

Because {S,,(x)} is an increasing sequence for each fixed z > 0, allowing
m — oo in this inequality, we finally get
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lim T, (x) > lim S, (x). (8.9)

n—oQ m—00

Equations (8.8) and (8.9) show that the theorem holds for > 0. To present
a proof for the case r < 0, we first claim that

(Eo)(552) -

By the Cauchy product rule for series, we can write the left-hand side of the
last expression as ZZ’;O Cn, Where ¢ = 1 and

n

Cnizk' (n—k)! n'zk'n— (_x)n—k:%:()

for each n > 1. The claim follows. Thus, for < 0 (so that —z > 0), we have

1 1
Z = VE =T =—= e”.
= k! Zk 0 ! limy, oo Tn(—2) e

The proof of the theorem is complete. [

Let us now write down some basic properties of the exponential function.

(a) Because the series (8.7) that represents the exponential function e” con-
verges absolutely for all x, Theorem 5.62 on the Cauchy product is ap-
plicable with ay = 2*/k! and by, = y*/k!. This gives

cn—Zakbnk Zk' - ._n'2(>knk (:BJ;L_'y)"

and so we obtain the fundamental property of the exponential function—
called the addition formula:

e*TY = e%Y for all z,y.

(b) By Theorem 8.33, a power series can be differentiated term by term, and

so we have
d T

—e
dx
In particular, the addition formula gives

x

=¢e” for all z.

e%e T = oT7T — eO _ 1’

and so e* # 0 for all x.
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YA i

Fig. 8.5. Graphs of the exponential and logarithmic functions.

(c) By (8.7), e > 0 for x > 0, and the last relation in (b) shows that e* > 0
for all real z. Also, (8.7) gives e > 1+ x for x > 0, so that

e’ w00 asx — oo and e_“':—x%() as T — 00.
e

Again, (8.7) gives
O<z<y=e'<e’ (<= e ¥<e™),

or we may use the fact that (e*) = e* > 0 for all x € R. Thus e” is
a strictly increasing continuous function on the whole real axis, and the
image of R under e” is (0, 00):

exp(R) = (0, 00).

Thus, e is a bijection of R onto (0, c0).

These facts help us to obtain the graph of e*, x € R (see Figure 8.5).

8.2.7 Taylor’s Theorem

We state and prove the single-variable version of Taylor’s theorem for real-
valued functions. We see that this is a generalization of the first mean value
theorem. The several-variable version of Taylor’s theorem will be proved in
the author’s book [7].

Theorem 8.43 (Taylor’s theorem). Suppose that f : (o,5) CR — R is
such that

@ £ ™ are all continuous on [a,b] C («, B),
(i) f Y eists on (a,b).
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Then there exists a point ¢ in (a,b) such that

") (g (nt1) .
:;]f ! )(b—a)k+—]zn+l()!)(b—a) +,

Proof. We want to show that

n (n+1) (¢
Z b—a —&-f(nTl()!)(b—a)"“] — f(b) =0.

k=1

Fix the interval [a,b] and introduce a new function ¢ by

) (g
+kz::1 f kl( )(b—x)k+ (n]_\fl)!(b_x)n+1] _FB), (8.10)

where M has been chosen in such a way that ¢(a) = 0. Now

e ¢ is continuous on [a,b], by (i);
e ¢ is differentiable on (a,b), by (i) and (ii);
o ¢(a) =0=¢(b).

By Rolle’s theorem, it follows that there exists a number ¢ € (a,b) such that
¢'(c) = 0. Since

(k+1) (k) T
¢ + Z (f o ﬂf)k _ é_(l))' (b* x)kl) _ %(b*(ﬂ)n
_ f(”“)(w)

n!

M-y,

(b—a)" -

#'(c) = 0 implies that M = f+1(c). When this value is substituted into
(8.10), the condition ¢(a) = 0 yields the desired formula. [
In particular, a small change in notation gives the following:

Theorem 8.44. If f is (n + 1)-times differentiable on an open interval con-
taining [a, x], then there exists some ¢ between a and x such that

f(z) = Su(z) + Ru(),
where

(v — a)" !

_ . (m_a’)k _ n+1

We recall the convention that f©(z) = f(x).
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Here the polynomial S, (z) is called the nth-degree Taylor polynomial (or
approximation) for f at a, while the remainder term R, (z) is usually called
the Lagrange form of the remainder, or sometimes the error term. There are
several other forms of the remainder term, which have some advantages in
some situations, but the Lagrange form is the simplest. The integral form of
the remainder term is stated in Exercise 8.51(20).

We remark that if n = 1, then Taylor’s expansion is just the one-
dimensional mean value theorem. Note that S, (z) — f(x) if and only if
R, (z) — 0. Moreover, Theorem 8.44 gives the following.

Corollary 8.45 (Taylor series). If f has derivatives of all orders on an
open interval containing points a and x, and if Ry(x) — 0 as n — oo, then

we have
> k) (g
)y =3 @ gy
k=0 :

k

Unfortunately, it is not always the case that R,(x) — 0 as n — oo even
though f has derivatives of all orders (see Example 8.48). We call f the
sum function of the corresponding power series, namely, the Taylor series. As
remarked earlier, the series for the case a = 0 is often called a Maclaurin series.
In a later section, we shall prove the converse of this corollary, namely that
every convergent power series represents an infinitely differentiable function.

Examples 8.46. Using familiar differential properties, we can illustrate
Taylor’s theorem with some standard examples. Here is a list of a few well-
known Maclaurin series expansions:

1. Consider f(z) =sinz for z € R. Then f/(x) = cosz = sin(r/2 + z),
" (x) = cos(r/2+x) =sin(r+x), [ (x)=-cos(r+z)=-sin(3r/2+x).
More generally, f(™)(z) = sin(nr/2 + z), and so

() (A — o 0 if n is even,
F7(0) = sin(nr/2) = { (—1)*1 if n is odd with n = 2k — 1.

Taylor’s theorem applied for |z| < r gives
|x|n+1 Tn+1

sin((n + 1)7T/2+C)$n+1 <
T4+ T (n+1

[Bnla)] = | =

)' =:0an+1

for each n and for every r > 0 with |z| < r. Note that

Q. 1 T
ol —0 asn — oo,
Ay, n—+1

and so a, — 0 as n — oco. Thus, R,(x) — 0 as n — oo, and for each x
with |z| < r. This gives
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YA v
y=51(z) y=>S3(x
N y=sin x‘ \\ y=sinzx
N @ \\ T

Fig. 8.6. The graphs of y =sinz, y = Si(z); y = sinz, y = S3(z) near z = 0.
Yi Y
y=955() y=S:(z) y=sinz

{zsinx ( ‘

Fig. 8.7. The graphs of y =sinz, y = S5(x); y = sinz, y = S7(z) near z = 0.

) e A $2k+1
sinxr = Z(—l) m for all e R.
k=0

Differentiating with respect to x, or directly, we see that
cosx = -1 for all x € R.
2V g

Finally, we remark that the Taylor polynomials for f(z) = sinz at 0 are

x3 3 P
Si(x) = Sao(x) = x, Sz(x) = Sy(x) = T3 S5(z) = S() = TR
and . . .
2 2 oz
S7($)=Sg(x):x—§+§—ﬁ.

The graphs in Figures 8.6 and 8.7 illustrate how the approximation of
f(z) =sinz by S, (z) gets better as n increases.

. Consider f(z) = ¢” for z € R. This function has the nice property that
f(x) = e® for all n € Ny, so that f™(0) =1 for all n € Ny. Then for
each z, || < r, there exists ¢, between 0 and z such that

kz_: Z— n—|—1 x"“ for all |z| <.

Since f is increasing on R, e~1*l < e < el*l for all ¢ between 0 and z.
Thus, as in the previous case, it follows that for |z| < r,
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Yi
y="Ts()
¥
y=Tu(x) 7, v=")
y="To(v)

Fig. 8.8. The approximation of e”.

errnJrl
~ (n+1)!

and since x was arbitrary, we obtain

eCn n+1
CE

|Ry(z)| = —0 asn— oo,

= gk
kz_:k— for all x € R.

If one wishes to use Taylor’s formula to approximate ¢®'! by a quadratic
polynomial with an error estimate, we need to consider

2 olel
<1+w+ 2,)‘ < —|ac|3 (le| <0.1),

so that for z = 0.1, this inequality gives

0 1 1
%! — (1.1 4+ 0.005)| < ? (1—03> , e, €% —1.105] < 0.000184,

which gives a fairly decent approximation of e”'!. For large values of z, a
good approximation for e* requires a Taylor polynomial of degree n, where
n is a large number. The graphs in Figure 8.8 illustrate how the approx-
imation of f(x) = e (for x near the origin) by the Taylor polynomials
T, (x) gets better as n increases.

The last series expansion for e* also gives

:Z( k') ¥ for all z € R,
k=0 ’
so that
T _ T 3 5 7
Sinhxzi—x+x—+x—+x—+ forallz e R

2 3! 7!
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and

e’ +e " 2zt S
coshsz +§+_+E+ for all z € R.

3. Consider f(x) = —log(l —z) for 1 —x > 0. Then f(0) =

fa)=——, P = for k> 1.

—1)!
(1—x)*
In particular, f(*)(0) = (k — 1)!. Thus, f has derivatives of all orders

for < 1. In particular, by Taylor’s theorem applied to (—R, 1), for any
R >0,

" (k) "L gk
-y f k'(())xk +Ru(2) =Y — + Ba(2),

k=0 : k=1
where
n n n+1
Rn(l’) = —f( +1) (C) x’fb"rl = 1 z i e 1 x
(n+1)! n+l1(1—-c)" n+1\l-c

and ¢ is a number in (—R, 1) for any R > 0. We observe that R, (z) — 0
only when |z| < 1. Consequently,

2?2 a3 2t

—log(l—m):x+7+?+z+-~- for all |z] < 1.

Finally, by considering log(1 + =) — log(1 — z), we see that
1 1+ 2 g2kl
=1 = if 1.
20g<1—x> kz::lzk—l ife] < o

Example 8.47. If we apply Taylor’s theorem with

f(z) =sinz for x € [-3, 3],

then we have (for ¢ € (—3,3))

. x3 . zt 34
sine —x + 37| = s1n(c)z < for |x| < 3.
Similarly, we see that
2?2 ad Lot 3%e?
<1+JI+—+3'> _GZ <T fOI‘|JL‘|<3. ®
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—4 ) 0]

=Y

Fig. 8.9. The graph of f(x) = exp(—1/z?), f(0) = 0.

Example 8.48 (Not all infinitely differentiable functions are ana-
lytic). Cousider (see Figure 8.9)

. e~/ if g #0,
f@)_{o if 2 = 0.

Note that this function is clearly continuous for all z € R. In fact,

lim e=/*" = lim — =0.

x—0 u—+oo e
At this place, it might be important to remark that if g(z) = e=%/*, z # 0,
then it would not have worked in this way, since as © — 0—, one would then
get

lim e /% = et = .
r—0—

Thus, in this case, one could perhaps modify g to ¢ in the following form:

e~ if x>0,
M@_{o if 2 < 0.

However, we proceed to show that f € C*(R), i.e., f is differentiable infinitely
often in (—o0, 00). Before we look at the properties of f(x), we observe that
for z # 0, f'(x) exists by the chain rule, so that

f(z) = 20 31" for x # 0.

Now,
oy 1) 1O 1
z—0 T z—0 el/®
so that, by I’Hopital’s rule,
1/x u . 1

im —— = lim — = lim 3
0+ el/® u—-+oo el u——+oo 2uet
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and 1
A G = i e = i G =0

Therefore, f/(0) exists and equals zero. Next, we show that f/(x) is continuous

on R. Obviously, f’ is continuous for z # 0, and so we need to check the

continuity only at 0. For this, we find that (again by 'Hopital’s rule)

1
lim f/(z) =2 lim - =
2y L) =2
Note that because of the square term in the denominator, we need to consider
u — +o0o and u — —oo separately, and in both cases the limit value is seen
to be 0. Thus, f € C'(R). Our next aim is to show that f € C°°(R). For this,
we observe that forn =0,1,2,.. .,

2
) efl/z ) n
lim = lim —5,
z—0 " u—+oo et

(8.11)

which is seen to be 0, by I'Hopital’s rule. The case n = 0 shows that f
is continuous at 0, whereas the case n = 1 implies that f is continuously
differentiable on R. We have discussed these two cases above, and so we now
consider the case n > 2. Note that the function f(z) has the form e=9(),
where g(x) = 1/22. Clearly, for z # 0, the higher derivatives f(™ (z) are given
by
)y _ Pn(1/2)

f (1‘) - el/mQ )

where p,, is a polynomial of the form

pn(2) = ana™ + ap_12" "+ F a1z + ao.

This fact can easily be proved by induction and the chain rule. By (8.11), we

now have

lim f™ (z) = lim p"(?) =0 forn>2,

z—0 u—oo e

since e¥’ goes to infinity faster than any polynomial (one can use 'Hopital’s
rule). We have already shown that f/(0) = 0, and thus by induction it can be
shown that £(™(0) = 0 for all n. In fact, if f*)(0) =0 for all k =1,2,...,n,
then

x—0 x
_ o (1/z)pe(1/2)
o ili% el/%’2

. pn+1(1/x)
}li% 61/332

= lim f"*Y(z) =0,

z—0
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and hence f("*1)(0) exists and is zero. Thus, f has derivatives of all orders at
0, and hence f € C*°(R). Therefore, Taylor’s series certainly converges, but
not to f(x). °

Remark 8.49. From Example 8.48, we note that if f(z) = e /" had a
Taylor series expansion about the origin, then we would have f(z) =0 in a
neighborhood of the origin, since f (k)(O) = 0 for all k. Since the exponential
function never vanishes, f(z) = e~/ a? certainly cannot be identically zero
and so does not admit a Taylor series expansion about the origin.

Is it correct to say that f(™)(0) = 0 for all n implies f(x) = 0 for all z in
a neighborhood of 0? (Compare with Example 8.48.) What is your answer in
the case of a complex-valued function? Is it something to do with the unique-
ness theorem for complex-valued analytic functions in some domain?' This is
beyond the scope of this book, but an interested reader can compare it. @

8.2.8 Questions and Exercises

Questions 8.50.

1. Suppose that the series Y apx"* converges at all positive integer values of
. Must the series be convergent at all real values of 27 What can be said
about the radius of convergence of the power series?

2. Can a power series of the form Y 7~ aj(z — 2)¥ be convergent at z = 0
and divergent at z = 37

3. What can be said about the radius of convergence of the power series
> reoax(z — 2)F if it is convergent at = 1 and divergent at x = 57

4. Suppose that Y7, ar(z—2)" converges at « = 5 but diverges at x = —1.
What can be said about the radius of converges of the given series?

5. Suppose that f(z) = Y ;2 arz” on (—R, R) (R > 0) such that f is odd
on (—R, R). What can be said about f?

6. What can be said about the radius of convergence of the power series
> nearz® if there exists a real sequence {xy} converging to 0 and the
series is divergent at each z?

7. If {b,} is a decreasing sequence converging to zero, must the functional
series Y p- ; by cos kx be convergent on [0, 27]?

8. Let I, I, and I3 denote the intervals of convergence of Z}iio arxh,
Yooy kaga®t and >0p2, k(k — 1)aga® 2, respectively. Must we have
Ii = I;? Must we have I; C I;? Must we have Is C I;?7 Is there a
simple relationship between the sets I, Is, and I37

9. Suppose that f(x) = Y arx* and g(z) = > bra* have positive radii of
convergence R; and Rs, respectively.

(a) Does the Cauchy product of the two power series converge for x # 07?
If so, does it converge to f(x)g(z) in || < min{R;, Ra}?

! Suppose that f is analytic in a domain D. If S, the set of zeros of f in D, has a
limit point z* in D, then f(z) =0 in D.
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(b) If |ak| < |bg| for all large values k, must there be a relationship between

Ry and Ry?
Are the sum and difference of two real analytic functions real analytic?
Is the product of two real analytic functions real analytic?
Is the reciprocal of a nowhere-vanishing real analytic function real ana-
lytic?
Are there infinitely differentiable functions that are not real analytic?
Suppose that f is real analytic on an open interval (a,b). Must f be
infinitely differentiable on (a,b)?
Suppose that g is real analytic on an open set I and J is an open set such
that g(I) C J and f is analytic on J. Must the composition f o g be real
analytic on I7?
Suppose that f is such that f(0) =0 and f(z) = e~/*" for z # 0. Must
f be real analytic on R \ {0}7 Can f be real analytic on R?
We have mentioned that f(z) = 1/(1 + z)? is real analytic on R but the
power series expansion of f(x) about z = 0 converges only for |z| < 1.
Why does the power series not converge at all values of R?
Suppose that f is continuous on R and that both f? and f3 are real
analytic. Must f be real analytic?

Exercises 8.51.

1.

Let f(z) be as in Example 8.48, where we have shown that £ (0) = 0 for
all n > 1. Conclude that the remainder term in Taylor’s theorem (with
a = 0) does not converge to zero as n — oo for x # 0.

. Show that the power series > ;o ((—1)*=1/(2k — 1))2?*~1 converges for

|z] < 1.

. If R is the radius of convergence of Y 7~ apz®, determine the radius of

convergence of the following series:

(a) Zakxpk, (b) Zapkxk, (c) Zaix’“,

where p is a positive integer.

. Give an example of a power series that has:

(a) radius of convergence zero.

(b) radius of convergence co.

(c) finite radius of convergence.

(d) conditional convergence at both endpoints of the interval of conver-
gence.

(e) conditional convergence only at one of the endpoints.

(f) absolute convergence at both endpoints of the interval of convergence.

. Give an example of a power series > -, apaz® (if it exists) that:

(a) converges at © = —1 but diverges at « = 2.
(b) converges at = 1 but diverges at x = —1.
(c) converges at x = 2 but diverges at x = —1, 1.

(d) converges at x = —1,1 but diverges at = 2.
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6. Determine the radius of convergence of each of the following power series
Yone agx® when ay, equals:

(3k)!
(k1?2 e

k k
RSNt @)%.<mr (1 < 1).

k
(c) kR H a—f—m—m) (a,b,c > 0).

(a) Kok (b) PRt

7. Determine the radius and the interval of convergence of each of the fol-
lowing power series:

= K241 Sy R
(a) Y Klahts, (b) o (©) > 755
k=2 k=0

ixks. @S il (f) i (1 + 2>k (x — 3)F.
k=1 k=1 (k')k k=1 k
>

o0
rkd(x—|—2 Z

k=1 k=1

??'|[\3T

o0
k(k—1)

B+l g k
@+ DM ) Sy o)t
k=1

8. Consider the power series > p-  axz”, where

...
R if k£ is odd, k € No.
3% if k is even,

(a) Show that neither limy_ oo {/|ag| nor limy_s oo |ak41/ak| exists.
(b) Determine the radius of convergence of

o0 1 o
E SaRil 22 and E 32k 2k,
k=0 k=0

(c) What is the radius of convergence of the original power series? Can
this be obtained from (b)?

(d) What is the interval of convergence of the original power series?
9. For each a € R, show that

o0
-1) —k+1
(14 2)° Z (a ( + )xk for |x| < 1.
k=1
10. Show that
> 1+zx
(k+1)%2F = ———  for |z| < 1.
2 =P

11. Suppose that 1960 < |a,| < 2008 for all n > 0. Discuss the radius of
convergence of the series EZOZO ar(r —2009)%, and justify your answer.
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13.

14.

15.

16.
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19.
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Find the set of values of z for which the power series
D (14 (=3)F
k=1
converges.
For what values of 2 € R does the functional series > - ((z — 1)/(z +
2))*x* converge absolutely.

Find all the values of z € R for which the functional series > p- (1 —z?)"
is absolutely convergent.
Suppose that

1 if k = 3m,
C™ ke 3™ if k= 2m,
= &= om ) d b, = —1)m™
“’“ N e [ G LT
— ifk=3m+2,
m

for m > 0. Find the interval of convergence of > azz® and 3 bya*, re-
spectively.

Using the Cauchy product rule and the power series expansion of e and
1/(1 — x), determine ay, for k =0,1,2,3 in

T o0
¢ = E aka:k
1—=z '
k=0

Find the real solution greater than 1 of the equation

o0

-

n=1

Suppose the series f(z) = Y, arz® and g(z) = >, bra® converge for
|z] <1 and f(z) = g(z) for x =1/(n+1), n € N. Show that a; = by, for
all k > 0.

Let f be infinitely differentiable on (—1,1). Prove that f is real analytic
in some neighborhood of the origin if and only if there exist two positive
real numbers r and K such that

‘ F™()

n!

<K forallz e (—1,1) with |z] <.

Let I be an open interval containing [a,b] and f € C™(I,R). Show that
the Taylor formula can be put into the following form:

=3 L0 ik Re= L e ar

k! ol
k=0 @

where R,, is called the integral form of the remainder term.






9

Uniform Convergence of Sequences
of Functions

In this chapter we consider sequences and series of real-valued functions and
develop uniform convergence tests, which provide ways of determining quickly
whether certain sequences and infinite series have limit functions. Our partic-
ular emphasis in Section 9.1 is to present the definitions and simple examples
of pointwise and uniform convergence of sequences. In addition, we present
characterizations for interchanging limit and integration signs in sequences
of functions. In Section 9.2, we discuss a characterization for interchanging
limit and integration signs, and interchange of limit and differentiation signs
for uniform convergence of sequences and series of functions. At the end of
the section, we also include some foundations for the study of summability of
series, which is an attempt to attach a value to a series that may not converge,
thereby generalizing the concept of the sum of a convergent series. Finally,
we also discuss the Abel summability of series. At the end of Section 9.2, we
state and prove an important result due to Weierstrass, which in a simple form
states that “any continuous function on [a, b] can be uniformly approximated
by polynomials.”

9.1 Pointwise and Uniform Convergence of Sequences

In Chapter 2, we considered numerical sequences and numerical series, whereas
in Section 8.2 we discussed the convergence of power series. In this section,
we consider sequences and series of real-valued functions. Of course, we did
discuss some examples of this type in the earlier chapter. The theoretical im-
portance of uniform convergence and its use will be discussed using a number
of motivating examples.

S. Ponnusamy, Foundations of Mathematical Analysis, 371
DOI110.1007/978-0-8176-8292-7_9,
© Springer Science+Business Media, LLC 2012



372 9 Uniform Convergence of Sequences of Functions
9.1.1 Definitions and Examples

Let {fn} be sequence of real-valued functions defined on a set E C R. To each
xog € E, {fn} gives rise to the sequence {f,(x0)} of real numbers. Thus, we
have the notion of pointwise and uniform convergence on E.

Definition 9.1 (Pointwise convergence). We say that {f,} converges at
x € E if the sequence { fr(x)} of real numbers is convergent. We say that { f }
converges pointwise on E if for each x € E the sequence {f,(x)} converges.
If the sequence {fn} converges pointwise on a set E, then we can define f :
E—Rby
f(z) = lim f,(x) for eachx € E.
n—oo

It is a common practice to call f the (pointwise) limit of the sequence { f,, }.
We write f,, — f pointwise on F or lim f,, = f pointwise on E. Throughout
we simply use f, — f on E or lim f,, = f on E to indicate the pointwise
convergence on F.

Thus, in terms of e-N notation, { f,} converges to f on E iff for each x € E
and for an arbitrary € > 0, there exists an integer N = N (¢, z) such that

[fn(z) — f(x)] <€ whenever n > N.

The integer N in the definition of pointwise convergence may, in general,
depend on both € > 0 and = € E. If, however, one integer can be found that
works for all points in F, then the convergence is said to be uniform. That is,
a sequence of functions {f,} converges uniformly to f on a set E if for each
€ > 0, there exists an integer N = N (e) such that

|frn(x) — f(z)| < e whenever n > N(e) and for all x € E.
That is,
f(x) —e< fu(z) < f(z)+€ forallz € E and n > N(e).

Often, we say that f is the uniform limit of the sequence {f,,} on F and write
fn — f uniformly on E or lim f,, = f uniformly on E. Geometrically, this
means that given e > 0, there exists an integer N = N (¢) such that forn > N,
the graph of y = f,,(z) on F must lie between the graphs of y = f(z) — € and
y = f(z) + € on E. In Figure 9.1, the graphs of all functions y = f,(z) with
n > N would fit inside this band. This can happen if and only if

sup |fn(x) — f(z)| <e forn > N.
rek

We emphasize that uniform convergence on a set implies (pointwise) con-
vergence on that set. But the converse is not true, as we shall soon see in a
number of examples. Thus, uniform convergence is a stronger form of conver-
gence. Moreover, a formulation of the negation of uniform convergence will
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2€

Fig. 9.1. Graphs of a neighborhood of f and an f,.

be helpful for producing examples that show the converse to be false. Let
fn — f on aset E. Then the convergence of {f,} to f on E is not uniform if
there exists an € > 0 such that to each integer N there corresponds an integer
n > N and a point x,, € E for which

|fn(35n) - f(zn)‘ E

Finally, we remark that it is apparent that if a sequence of functions converges
uniformly on a set E, then it converges on every compact subset of F.

We are now interested in knowing whether important properties of func-
tions in the sequence will be “transferred” to the limit as well. In particular,
the general theme of this section is to consider the following questions:

e Suppose that f, — f pointwise on E, where {f,} is a sequence of con-
tinuous functions on E. Can f be continuous on E? If not, under what
conditions can we assert that f is continuous on E?

e Suppose that f, — f pointwise on E, where {f,} is a sequence of inte-
grable functions on E. Can f be Riemann integrable on every interval of
finite length in E7 In case f is Riemann integrable on [a,b] C E, is it true
that

b b
/ f@)ydt = lim [ fo(t)dt,
a

n— oo a

or in other words, are we allowed to interchange the limit and the integral
sign? The answer is in general negative. Then under what conditions can
we make the interchange?

e Suppose that f, € C1(E), i.e., continuously differentiable on E, and f,, —
f pointwise on E. Can f be differentiable on E? If so, do we have f/ — f’
pointwise on E? If not, under what conditions can we assert that f), — f
pointwise on E?

We shall soon see that it will be more profitable to consider these questions
with uniform convergence instead of pointwise convergence. For instance, we
will show later that we may interchange the limit and the integral over [a, D]
if {f.} converges uniformly to some f on [a,b].

We now recall the distinction between continuity and uniform continuity.
A continuous function is uniformly continuous on a set if a single 6 = d(¢) can
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Yy y
0.5 fs ! /> fi
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Fig. 9.2. f,(z) = 1/(n + z) on [0, 00). Fig. 9.3. fn(z) = z/(x +n) on [0, c0).

Y

Fig. 9.4. Graph of fn(x) = 1/nx on [-1,1] \ {0}.

be found that works for all points in the set. Earlier, the function f(z) = 1/z
was shown to be continuous, but not uniformly, on the set 0 < |z < 1. The
following example is an analogue for convergence.

Example 9.2. For n > 1, consider f,(z) = 1/(z+n) on [0,00) (see Fig-
ure 9.2). For € > 0 we have

1 1 1
—0l = < = Z
| fn(x) — 0| n—|—x*n<€ forn>67
showing that f,, — 0 uniformly on [0, c0) (see also Figure 9.3). °

Example 9.3 (Pointwise but not uniform convergence to a continu-
ous function). Consider f,(z) = 1/(nx) on the set 0 < |z| < 1; see Fig-
ure 9.4. Then we observe that for a given € > 0,

1 1
fo(z) — 0] = ‘—] Cee=n>—.
n €|
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So the corresponding N = N(z;¢) is an integer greater than 1/(¢|z|). Note
that as |z| decreases, the corresponding N increases without bound. Thus,
the sequence {f, ()} converges pointwise, but not uniformly, to the function
f(z) =0 on the set 0 < |z| < 1.

Alternatively, we may argue as follow. If this convergence were uniform,
then there would exist an integer N for which the inequality |1/(Nx)| < € =
0.1 would be valid for all z, 0 < |z| < 1. But the inequality does not hold for
x=1/N. PY

Note that in the above example, we have shown that the convergence is

not uniform because
1 1
fn (—) —f <—>‘ =1 for all n.
n n

This observation suggests the following result, which is a precise formulation
of nonuniform convergence.

Theorem 9.4 (Sufficiency for nonuniform convergence). Suppose that
fn and f are functions defined on a set E. If there exists a sequence {x,} in
E and a number ¢ # 0 such that

fo(zn) — f(x) = ¢ as n— oo,
then the sequence { fn} cannot converge uniformly to the function f on E.

Proof. If the convergence of { f,,} were uniform, then for e = |¢|/2 there would
exist an integer N = N (e) such that

|fn(z) — f(z)] <|c|/2 forallz e E andn > N.
In particular, this would yield
|[fn(xn) — flxn)| <|c|/2 foralln > N,
which is clearly a contradiction to lim,, oo | fn(zn) — f(2zn)] = |¢|. [

By Theorem 9.4, we can easily conclude that (by taking x,, = 7/n) {fn},
fn(x) = arctan(nz), does not converge uniformly on any interval containing
the origin (see Figure 9.5). However, { f,} does converge pointwise to f, where

0 if =0,
flx)y=< m/2 ifx>0,
—r/2 if z <0.

Example 9.5 (Pointwise convergence to a discontinuous function).
For n > 1, consider f,(z) = 1/(1 + nz?) on R; see Figure 9.6 and 9.7. Then
the sequence {f,} converges (pointwise) everywhere to the function
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Fig. 9.5. Graph of f,(x) = arctan(nz) on [—4,4] for n = 1,2, 6, 20.
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Fig. 9.6. f.(z) = 1/(1 +nz?) on

[~5,—1] U L, 5].

2 5

If |z| > ¢ (¢ > 0), then

Therefore, |f,(z)| < € whenever n > 1/(ec?), which proves uniform conver-
gence for |z| > ¢ for ¢ > 0. Consequently, the sequence {f,} converges uni-
formly for |z| > ¢, but does not converge uniformly on any interval containing

the origin.

Alternatively, we can apply Theorem 9.4 and obtain the nonuniform con-
vergence of the sequence. For instance, if the convergence were uniform
for |z| < 1, then there would exist an integer N for which the inequality

@)l = 77—

X

f160
f12

h
o

Y

Ja 02 4

0.5 1 x

-1 -0.5
(z) =

1 - 1

nx? ~ nc

|fn(z) = f(z)| < 5 would be valid for all z with |z| < 1. But

m ()~ ()l

14+n-(1/n)

— 0| ==

for every n > 1.
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A reformulation of uniform convergence is the following;:

Theorem 9.6 (Characterization of uniform convergence). A sequence
of functions {f,} defined on a set E C R converges uniformly to a function
f on E if and only if

dp =sup|fn(z) — f(x)] >0 asn— oo.
z€E

Proof. The proof is straightforward, and so we leave it as an exercise. [

Since

() = F@)] < sup |7 ) ~ F(o)],

we see that if {f,,} converges uniformly on F to f, then {f,} converges point-
wise on E to f. The converse is not true, as shown, for instance, in Example
9.3. Thus, pointwise convergence is a necessary condition for uniform conver-
gence, but it is not a sufficient condition. In order to test the uniform conver-
gence of a sequence, our first step is to check whether it converges pointwise
by trying to determine the pointwise limit. If it converges pointwise, then our
second step is to check whether it also converges uniformly to the pointwise
limit. Later, in Theorem 9.12, we show that if the pointwise limit of continuous
functions is not continuous, then the convergence cannot be uniform.

Example 9.7. Consider f,(z) = (1 — x) on [0, 1]; see Figure 9.8. Then
fn(0) =0 = f,(1) for each n > 1, and it is clear that f,(z) — 0 for |z| < 1.
In particular, f,, — 0 pointwise on [0, 1]. Next we compute, for n > 1,

n
ZO fOfOSISn—H,

! _ .n—1 o
fale) =" n = (n+1)a] {Som;%gng

Since f,, assumes the value 0 at both endpoints of the interval [0, 1], it follows
that f, has a maximum at @ = n/(n + 1). Consequently,

n n \"* 1 1
On = zlél[%ﬁ]m(x) 0f = f"(n+1) N (n+ 1) n+1 < n+41 —0
as n — 00. By Theorem 9.6, f,, — 0 uniformly on [0, 1]. Do we have f] (z) —
f'(x) =0o0n[0,1]?
One can consider f,(z) = n?z"(1 — ) on [0, 1] and obtain that this time,
{fn} converges (but not uniformly) to a continuous function f(z) = 0 on [0, 1]
(see Figure 9.9). °

Example 9.8. Consider f,(x) = z™. Then from our earlier experience with
sequences, it follows that f,(z) does not converge at x = —1, nor does it
converge at any point  for which |z| > 1. Clearly if we consider f,, on (—1,1],

then we have
0 forz € (—1,1),
1 for z =1.

fuli) = 50 = {
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Fig. 9.8. fu(xz) =2"(1 —2) on [0, 1]. Fig. 9.9. f.(z) = n’z"(1 — ) on [0, 1].
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Fig. 9.10. f,(z) =z" on [0, 1].

Thus, the limit function f(z) is not continuous at = 1 although each f,
is continuous everywhere on R. Also, the limit function does not exist on
R\(—1,1]. Thus, {f.} converges pointwise to f on (—1,1] and continuity is
not preserved under convergence. The graphs of

1= fi(z) =2, y2 = fa(x) :xz’”.’ Yn = fu(z) = 2"

do not approach the graph of y = f(x); see Figure 9.10. Pointwise convergence
may be proved directly. Let € > 0 be given. Then for 0 < |z] < 1,

1 log(1
|z"] < e <= n> oge _ log(l/¢) = N(e, ).

log |z — log(1/]z])
Now for each fixed 0 < € < 1, as |z| — 1—, N(¢, ) is increased without
bound because N(e,xz) — oco. It follows that the convergence is not uniform
for |x| < 1, although there is pointwise convergence on (—1,1].
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However, if » < 1 and |z| < r, then log(1/|x|) > log(1/r), and therefore
since ™ — 0 as n — 0o, an integer N = N(¢) can be found for which ™ < ¢
(n > N > (loge)/logr). But then

[z <" <e (x| <7, n> N(e)).

Hence {f,(z)} converges uniformly to zero in every closed interval |z| < r,
r < 1. Recall that the choice of N with N > (loge)/logr is possible for an
arbitrary € > 0 and 0 < r < 1. In particular, {f,} converges uniformly on
[0,2/3] to f(z) = 0. In this case, the choice of N is such that

log(1/e)
N> os3/2)

Method 2: To see that f,,(z) does not converge uniformly to f(z) on (—1,1),
we may also proceed as follows (or we can apply Theorem 9.4 straightaway). If
the convergence of {z™} were uniform on the set (—1,1), then for sufficiently
large n we would have

|z" < e forallx e (—1,1).
Choosing x,, = (1 — 1/n)*/", we must then have
1
|[fr(xn) — flan)| =2k =0 =1— = < e for large n.
n

This is not possible for large n if we have chosen ¢ < 1 and hence the conver-
gence cannot be uniform on |z| < 1.

We could instead choose ¢, with ¢, = 271/" so that for large n,
o 1
ulen) = flen)] = i = 5,

which is not possible if we have chosen € < 1/2. Does Theorem 9.6 apply here?
Method 3: We also see that

sup |fn(x) — f(z)] > sup [2"| =1,
z€[0,1] z€[0,1]

and by Theorem 9.6, {f,,} does not converge uniformly on [0, 1]. °

We see that the sequence {gy ()}, where

gn(x) = on [—1,1],

3|

converges uniformly to g(x) =0 on [—1,1].

By the Cauchy convergence criterion, we know that a sequence of real
numbers {a, } converges if and only if it is a Cauchy sequence. We can now
formulate a similar criterion for uniform convergence of sequences of functions.
Since the proof is easy, we leave it as an exercise to the reader.
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Theorem 9.9 (Cauchy criterion for wuniform convergence of a
sequence). A sequence of real-valued functions {fi}r>1 defined on a set
E converges uniformly on E if and only if it is uniformly Cauchy on E; i.e.,
for an arbitrary € > 0 there is a number N = N (€) such that

|[fm(x) — fu(x)] <€ whenever m >n > N(e), and for all x € E,
or equivalently,
sup | fm(2) = fu(2)] <e
z€E
In Example 9.8, we showed that 2™ — 0 uniformly on [—r,r] C (—1,1),

0 < r < 1. This can be proved using the Cauchy criterion. For m > n,

sup |a™ — 2" < 27"
z€[—r,r]

Since ™ — 0 (r < 1), an integer N = N(¢) can be found for which
2r" < e for all m > N(e).

Actually, any integer N greater than (log(e/2))/(logr) will satisfy our require-
ment. Thus, for all m >n > N and all x € [—r, 7],

|z™ — 2" < 21" < e.

We conclude that ™ — 0 uniformly on any interval [—r,r], 0 < r < 1. Here
we do not gain any computational advantage over the argument in Example
9.8. However, when we do not know the limit function, the Cauchy criterion
is more useful than the definition. Now many more examples follow.

Example 9.10. The sequence {nz"(1 — ™)} does not converge uniformly on
[0, 1].

Solution. Set fn(x) = nz™(1 — z™). Then f,(1) = 0 and observe that

ifk(m) = ikxk - ikx%,
k=1 k=1 k=1

which converges for || < 1, and so the general term f,,(z) approaches zero
as n — oo. In particular, this shows that f(z) =0, x € [0, 1], is the pointwise
limit of {f,(x)} on [0, 1].

Next we compute, for n > 1,

CoN 2 iy ooy [ =0 for0<a<1/3/2,

falz) =n7a™ (1 2z){<0 forl/{/i<x§1.

Since f,, assumes the value 0 at both endpoints of the interval [0, 1], and
xo=1/ {/2 is the only critical point in the interior,
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fi
0.6
0.2 f20
O| 0.2 0.6 1z
Fig. 9.11. fn(z) =1 —nx for 0 < Fig.

x<1/nand 0 for 1/n <z <1

1 1 1 n
6n:xrél[%§]|fn(w)_0|:fn (%> =ng (1—5) = 0 asn—yoo.
Thus, by Theorem 9.4, {f,(z)} does not converge uniformly to f(z) = 0 on
[07 1] [

Examples 9.11. 1. For n > 1, define f,, : [0,1] — R by (see Figure 9.11)

fl—nz if0<x<1/n,
f“@{o if 1/n <z <1

Clearly, each f,(x) is continuous on [0, 1] and f, — f on [0, 1], where

1 ifae=0,
ﬂ@_{0ﬁo<ng

which is not continuous on [0, 1].

2. Consider {f,(z)}n>1, where f,(z) = nxz/(1 + n?2?) for z € R. Clearly,
fn(0) = 0, as f,(0) =0 for all n > 1. Let « # 0. For a given ¢ > 0, we see
that

nx 1
—— | < — < ¢ whenever n > —.
1+ n22?| ~ nlz| €|z|

) =0 =)

Note that sup,cpr 1/(e|z]) = oo. Thus, given € > 0, there exists an N
(with N > 1/(e|x|)) such that |f,(x) — 0] < € for all n > N. Therefore,
{fn(z)} converges everywhere to the function f(xz) =0 (see Figures 9.12—
9.14). Observe that N depends on both z and e. To test for uniform
convergence, it is sufficient to note that for x,, = 1/n, we have

so that by Theorem 9.4, the sequence {f,} does not converge uniformly
on [0, 1]. Does it converge uniformly on |z| > ¢, ¢ > 0?7 Why?
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04 f% 0.4 fo

f2 J20 Ja

Fig. 9.13. f.(z) = nz/(1 +n’z?) Fig. 9.14. f.(x) = nz/(1 +n?2?) on (—1,1).
on [—5,—1] U1, 5].

3. Similarly, {z/n},>1 converges to f(z) = 0 on R but does not converge
uniformly on R. Does it converge on any finite closed interval in R? Does
it converge uniformly on every bounded subset of R? Does it converge
uniformly on [1, 00)?

4. Consider f,(z) = 1/(1+ nz) on [0, 1]. We see that

1 for z =0,
fn(x)—)f(l'){o for0<$§1a

because for 0 < z < 1,

1—c¢
< € whenever n >

n(z) =0 = .

[fn(@) = 0] = -

That is, given € > 0, there exists an N (with NV > (1 — €)/(ex)) such that
|fr(x)] < e for all n > N. Again, we note that N depends on both x and
€. Also, for 0 < e < 1,

1—e¢
sup
z€(0,1] €T

= 00,

which shows that it is not possible to choose N independent of = € (0, 1];
see Figure 9.15. Note also that for x, = 1/n, we have

so that by Theorem 9.4, the sequence {1/(1 4+ nx)} does not converge
uniformly on [0, 1]. The conclusion can also be drawn from Theorem 9.12
(see also Remark 9.13). How about uniform convergence on = > ¢, ¢ > 07
(See Figure 9.16.) °

9.1.2 Uniform Convergence and Continuity

Suppose that {f,} is a sequence of continuous functions on a set E such that
fn— fon E. Must f be continuous on E?7 Continuity of f at a € E demands
that
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Fig. 9.15. f.(z) =1/(1 + nz) on [0,1]. Fig. 9.16. f,(xz) =1/(1 + nzx) on [1, c0).

lim f(z) = f(a),

that is,
lim ( lim fn(m)) = ILm fn(a) = lim (lim fn(x)>

r—a (’I’L*}OO n— oo r—a

Thus, to verify the continuity of f at a, we need to be assured that the order
of passing to the limit is immaterial. Here the continuity at the endpoint refers
to the right or the left limit, whichever is the case.

As observed in a number of examples, pointwise convergence does not allow
the interchange of limit operations. For instance, for f,(z) = 2™ on (—1,1],
we had

lim ( lim x") % lim ( lim :E”)
x—1— \n—o0 n—oo \r—1—
(see also Examples 9.11(1) and 9.5).

On the other hand, an important consequence of uniform convergence is

that continuity is inherited by the limit function (Figure 9.17).

Theorem 9.12 (Necessary condition for the uniform convergence of
a sequence). The limit of a uniformly convergent sequence of continuous
functions on E is continuous on E. That is, for each a € F,

lim (lim fn(x)> = lim (hm fn(a:)> .

r—a n—oo n— 00 T—ra

Proof. Let each f,, be continuous on E and suppose that f, — f uniformly
on E. Let € > 0 be given. The uniform convergence of { f,,} implies that there
exists an integer N independent of x such that

f(2) — fn(z)] < g (z € E).
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Fig. 9.17. fo(z) =2"/n on [—1,1]. Fig. 9.18. f,(z) =z"/n on [0,1].

Y Yi

f7 0.0002 fio

Choose a point a € E, and fix it. By the continuity of fy at a, there exists a
6 > 0 such that

lfn(z) = fn(a)] < % for all |t —a| < d, z € E.

Further, for all « such that |z —a| < § and & € E, the triangle inequality gives

[f(@) = fla)l < [f(x) = ()] + [fn(z) = fa(a)l + | fn(a) = fla)] <e
Thus, f is continuous at a. Since a is arbitrary, the claim now follows. [

Remark 9.13. The sequence {z"/n} on [0,1] is a sequence of continuous
functions converging uniformly to a continuous function (see Figure 9.18).
Next, consider

[ —1/nif-1<z <0,
f”(x)_{l/n if0<a <1,

Then none of the functions f,,(x) is continuous at the origin, but the limit
function is f(x) = 0 on [—1, 1], which is continuous on [—1, 1]. Thus, Theorem
9.12 gives a necessary, but not sufficient, condition for uniform convergence
of a sequence of continuous functions.

Finally, from Example 9.8, we see that the sequence of continuous functions
{z"} on (—1,1) converges to f(x) = 0 on (—1,1) but not uniformly on (-1, 1).
In the same example, {z™} on (—1, 1] converges to a discontinuous function
on (—1,1]. The discontinuity of the limit function at = 1 rules out uniform
convergence for the sequence {z"} on (—1,1] (see Figure 9.19). °

Examples 9.14. (a) For n > 1, consider f,(z)

= (1 —a*)" for z € (—1,1).
Then (see Figure 9.20) f,, — f pointwise on (—1,

1), where

1 ifx=0,
f(x){o if € (—1,1) ~ {0}
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Fig. 9.19. f,(z) =z" ' on (-1,1). Fig. 9.20. f.(z) = (1 — z*)" on [-1,1].

In view of Theorem 9.12, {f,} does not converge uniformly on (—1,1)
because the pointwise limit function f is not continuous on (—1,1). This
fact can be also seen with the help of Theorem 9.4. If the sequence were
uniformly convergent on (—1,1), then, for example for ¢ = 1/4, there
would exist an N such that

1
|fn(z) — fz)| < 1 for all x € (—1,1) and n > N.
But for 2% =1 — 3~1/N this would give
1 1
[fv(an) = flan)l= 5> 3
a contradiction. It follows that the sequence {f,} does not converge uni-

formly on (—1,1).
(b) For n > 1, define f,, : [0,7/2] — R by
4 cos™
fole) = —— e [0,7/2].

3+ cos”x’

Then each f, is continuous. For z € (0,7/2], cos™ z — 0 as n — oo, and
so the sequence {f,} converges pointwise on [0,7/2] to

1 for z =0,
fx) = {O for x € (0,7/2],

which is not continuous on [0, 7/2]. By Theorem 9.12, the sequence {f,}
cannot converge uniformly to f(x) on [0, 7/2]. How about if the number
3 in the definition of f,(x) is replaced by 3n? °

9.1.3 Interchange of Limit and Integration

We now examine some relationships between uniform convergence and inte-
gration. We begin with an example. For n > 1, define g,, : [0,1] — R by
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Fig. 9.21. Graph of g2(x). Fig. 9.22. Graph of gs(z). Fig. 9.23. Graph of g4(z).

0 ifz=0,
gn(x) =q¢n if0 <z <1/n,
0 ifl/n<z<l.

Then {g,(x)} converges pointwise to g(x) = 0 on [0, 1]. For instance, if z =
1/N (N € N), then
1\ [N ifn<N,
%<N){o ifn > N.

The sequence {g,(z)} cannot converge uniformly to g(z) = 0 on [0, 1], al-
though the limit function is continuous on [0, 1]. Each g,, is Riemann integrable
on [0, 1]. For all n € N, we have

sup |gn(x) —g(x)| =n>1,
z€[0,1]

showing that {g,} does not converge uniformly on [0, 1] to g. Further,

1 1/n 1 1
/ gn(x)dz = </ ndx—|—/ Odm) =1 and / g(z)dz =0.
0 0 1/n 0

The last fact is easy to verify pictorially (see Figures 9.21-9.23). Thus,

1 1
lim gn(x)de # lim g, (z)dz,

so that the limit of a sequence of integrals of Riemann integrable functions on
a set is not necessarily equal to the integral of the limit. As another example,
consider f,(z) = naze="*" on [0,1], which is continuous on [0,1] for each
n > 1 (see Figures 9.24 and 9.25). We see that {f,(z)} converges pointwise
to f(z) = 0 on [0,1]. As n increases, the hump moves closer to x = 0 and
becomes higher. So the convergence cannot be uniform, although the limit
function is continuous on [0, 1] (see Exercise 9.20(12)). We see that

1 1
/Ofn(:c)dx:%(lfe_")%% asn — oo and /Of(x)dx:().
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L1 example for n=3

O] 02 04 06 08 1

Fig. 9.24. Graphs of f,, = nae"" for Fig. 9.25. Graph of f, = nae "
n = 1,4,10, 15, 50.

This observation, according to Theorem 9.15, helps to establish that {f,}
does not converge uniformly on [0, 1].

Moreover, the functions in Exercises 9.20(6) and 9.20(7) show that the
integral of the limit of continuous functions is not necessarily equal to the
limit of the integrals of those functions.

Theorem 9.15 (Interchange of limit and integration). Suppose that
{fn(z)} is a sequence of continuous functions on the interval [a,b] and that
{fn(z)} converges uniformly to f(z) on [a,b]. Then

b b b
nlgr;o fn(z )dx:/a Jim f(z) dw:/a f(x)dx
Also, for each t € [a, b],

lim fn )da = / f(z

n—oo
and the convergence is um'form on [a,b].

Proof. Note that by Theorem 9.12, f is continuous on [a, b], so that ff f(z)dz
exists. Let € > 0 be given. Then since f,, — f uniformly on [a, ], there is an
integer N = N (¢) such that

|frn(z) — f(2)] < ﬁ for all n > N and all « on [a, b].

Again, since f, — f is continuous on [a, b], it follows, for n > N, that

/fn dx—/f ) dx

/ (Fule) — f(2)) da

a

b

Since € is arbitrary, the proof is complete. [



388 9 Uniform Convergence of Sequences of Functions

fifs o fa Ao
2

3

1 95 0.5 1
~

flO ‘Z\fz

Fig. 9.26. f,(z) =n(n+ Da" (1 —2) on (—1,1].

The hypothesis of Theorem 9.15 will be sufficient for our purposes, but
a stronger theorem holds (see Theorem 9.36). Theorem 9.15 may be used to
show the nonuniform convergence of the sequence { f,,(x)} on [a, b]. Also, it is
important to point out that a direct analogue of Theorem 9.15 for derivatives
is not true, but we do have a result for derivatives (see Theorem 9.40).

Example 9.16. We remark that the uniform convergence {f,(z)} is a suffi-
cient condition, but not a necessary one, for the conclusion of Theorem 9.15.
For example, we may recall that on the interval [0, 1],

fw)=a" > g0 ={ s <PV

and so we obtain

1

1 1
) fn(x)dx:n—ﬂ—wz ; f(x)dz

Similarly, although {f,}, fn(z) = 1/(1 + nz) on [0,1], does not converge
uniformly on [0,1] to f(x), we see that

log( +1) ! [0 forz e (0,1],
/ fnl@ n 0_/0 Odz, f(z) = 1 for x =0.
These two examples show that the conclusion of Theorem 9.15 holds without
{fn} being convergent uniformly on [0, 1]. °

Next, we consider f,,(z) = n(n + 1)2""}(1 — z) for z € (—1,1] (see Fig-
ure 9.26). Clearly, f,(z) =0 at 2 =0, 1. For 0 < |z| < 1, we have

fn-i—l(x)
fn(x)

(1+ )|x|%|x| as n — 0o,
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Fig. 9.27. f,(z) = sin(z/n) for Fig. 9.28. f,(z) = n(1 — cos(z/n)) on [0, 11].
z € R.

showing that Y f,(z) converges (whenever |z| < 1), and so f,(z) = f(x) =
pointwise for —1 < & < 1. Also, we see that

/Olfn<a:)dm=174>/01f(m>dx=

Thus, by Theorem 9.15, the sequence {f,} cannot converge uniformly on
(717 1}
Thus, we conclude that pointwise convergence does not preserve integrals.

Example 9.17. Consider f,,(z) = sin (z/n) for x € R (see Figure 9.27). Then
each f, is continuous on R, and since |sint| < || on R, it follows that f, — 0
pointwise on R, and f,, — 0 uniformly on any finite interval [a,b] C R. For
instance, by Theorem 9.15, on [0, ],

t t
/ sin(;v/n)dx:n—ncos(t/n)%/ 0-dx =0,
0 0

and so the sequence {n(1 — cos(z/n))} converges uniformly to 0 on [0, ] (see
Figure 9.28).
If we continue the process, it follows that

/0 n(l — cos (xz/n))dx = n(t —nsin (t/n))

converges uniformly to zero on any finite interval. ®

We remark that in Theorem 9.15, it is important to use the definite integral
rather than the antiderivative, for an antiderivative of f,(x) = sin (z/n) is
—ncos (z/n), but {ncos(xz/n)} does not converge for any x.
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Example 9.18. Does {fl‘3 e~"*" dz} converge on [1,3]? The convergence is
easy to see, since

3 3
2
O</e_m da:ge_”/ de =2¢ ™" =0 asn— oo.
1 1

Alternatively, set f,(x) = e~ on [1,3]. Then for n > 1, we have

0< fulz) <e™™,

from which we conclude that f,, — 0 uniformly on [1,3]. By Theorem 9.15,

we obtain
3 ) 3
lim e " dx:/ 0-dz=0. °
9.1.4 Questions and Exercises

Questions 9.19.

1.

10.

11.

What is the difference between the pointwise and the uniform convergence
of a sequence of functions?

. Suppose that a sequence {f,} does not converge pointwise on [a, b]. Can

it converge uniformly to some f on [a, b]?

Suppose that {f,} converges uniformly on a set E. Does it converge uni-
formly on any subset of E7

If {f,,} is pointwise convergent on R, must it be uniformly convergent on
every finite interval [a, b]?

. Suppose that f,, — f (pointwise) on E. Is it possible that f, — ¢ uni-

formly on F with f(z) # g(x) on E?

Suppose that f, — f uniformly on F; as well as on Fy. Must f, — f
uniformly on E; U Es? Must f,, — f uniformly on E; N E5?

Suppose that f, — f uniformly on each set of the infinite sequence
Ei1,Es,.... Must we have the convergence f,, — f uniformly on E =
UiozlEk? on = ﬂzozlEk?

Suppose that F is a finite set of numbers, say E = {x1,22,..., 2, }. Is it
true that f,, — f uniformly on F if and only if f, — f pointwise on E?
Let f: R — R be continuous, and for each n > 1, define f,, : R — R by

fn(z)_f<x+%>, r eR.

Must {f,} converge uniformly on R?

Suppose that g, — 0 uniformly on F such that |f,(z)| < gn(x) forn > 1
and for € E. Must we have f,, — 0 uniformly on E?

Suppose that f,, — f uniformly on E, and g is uniformly continuous on
D, where D contains the range of f, and f. Show that go f, = go f
uniformly on E. Is the uniform continuity of g necessary?



12.

13.

14.

15.

16.

17.

18.
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Suppose that {f,} and {g,} converge uniformly to f and g, respectively,
on a set £ C R. Let « be a real constant. Must {f, + ¢g»} be uniformly
convergent to f + g on E? Must {af,} be uniformly convergent to a.f on
E? Must f,g9, — fg be uniformly convergent on F if f and ¢ are bounded
functions on E? Must { f,gn} be uniformly convergent to fg on E?
Does there exist a pointwise convergent sequence of continuous (respec-
tively differentiable, Riemann integrable) functions whose limit function
is not continuous (respectively differentiable, Riemann integrable)?

Does there exist a pointwise convergent sequence of differentiable func-
tions whose limit is differentiable but the sequence of derivatives does not
converge?

Does there exist a pointwise convergent sequence of Riemann integrable
functions whose limit is Riemann integrable but

nh_}rrolo fo(x)dx # /nli_fgo () da?

Let {f,} be a sequence of continuous functions on [0, 1] converging point-
wise to a continuous function f on [0,1]. If f,(z) < fp41(z) for all
x € ]0,1], must {f,} be uniformly convergent to f?

Suppose that {f,} is a sequence of continuous functions on F and that
there exists a continuous function f on E such that f, — f on E. If
fn(xn) = f(x) for every sequence {z,} in E with z,, — z, € E, must
fn — [ uniformly on E?

Can the limit of a sequence of functions, each discontinuous at every point
in [0, 1], be uniformly convergent on [0, 1]?

Exercises 9.20.

1.

Show by your own example that the limit of a sequence of continuous
functions need not be continuous unless the convergence is uniform.

. Does {z/n} converge uniformly on R? How about on |z| < ¢, ¢ > 07 How

about on |z| > d, d > 07

Does {nz™} converge pointwise to f(z) = 0 on [0,1)? Does it converge
uniformly on [0,1)?

Does the sequence { f,,}, fn(z) = nz/(n—+x), converge uniformly on [0, 1]?

. Does {arctan(nz)} converge uniformly on [0,b]? Does it converge uni-

formly to f(x) = 7/2 on [a,b], a > 0?7 Does it converge uniformly on
[¢,0]7 Does it converge uniformly to f(x) = —7/2 on [¢,a], a < 07

. Is each f,,(x) = |=|'TY/™ differentiable on [—1,1]? Does {f.(z)} converge

uniformly to f(z) = |z| on [—1,1]? (See Figure A.12.)

For n > 1, let f,(z) = na/(1 + nPa?) for x € R, where p > 1. Show that
{fn} converges pointwise on R. Show also that {f,} converges uniformly
on R if and only if p > 2.

Show that {fn(x)}, fn(x) = 1/(x~"+2™), converges pointwise to f(x) =0
on (0,1), but not uniformly on (0, 1).
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9.
10.

11.

12.

13.

14.

15.
16.

17.

18.

19.
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Show that {z™(1 — 2™)},>1 does not converge uniformly on [0, 1].

Show that {fn(x)}, fu(x) = 2™/(1+ ™), is not uniformly convergent on
[0, 3].

Does {nwe~"*"} converge pointwise on R? Must {nze~"*"} be uniformly
convergent on [0, 1]? Does it converge uniformly on {x : |z| > r}, r > 07
Let fo(x) = nze " for 0 <z <1 (see Figure 9.25). Show that f, — 0
on [0, 1] but not uniformly. Show also that

1 1
lim fn x)dx # / lim f,(x)dz
n— oo 0 n—roo

Suppose that g is continuous on [0, 1]. Show that {g(z)a"} converges uni-
formly on [0, 1] if and only if g(1) = 0.

Define f,, as below on the stated interval I:

> 0 <z<e — 2 .
(a)x+n,x_0, and 0 <z <c¢ (b)(lz 1/171)71,nx6[0,1]
(c) (1/n)arctan(nx), =€ R. (d) %, € [0,1]

T
(e) sin"z, z€[0,7]. (f) nsin(z/n), zeR.
1
(g)e ™, z>0and c<x < o0, ¢>0. (h) ,0<z<c
1+no;jb
sin” x T . cos” x
@) 3n +sin" z” {_5’5} &) 2n — cos x’ z € [0
(k) ze " x € (—00,00) (1) 1- i z € 10,1]
n ’ ’ . n7 s 4.

Does the sequence { f,,(x)} converge pointwise on I? If so, find the (point-
wise) limit function f(z) on I. Does it converge uniformly on I7 Justify
your answer.

Show that {(1/n)sinnz},>1 converges pointwise to f(z) =0 on R.
Show that {zFe "}, - (k € N is fixed) converges pointwise to f(z) = 0
on [0, 00).

Show that {e*(»+1)/7} -, converges uniformly to e® on [0,b], whereas
{e7"*},>1 does not converge uniformly on [0,b], b > 0.

If f,(z) = nx/(1+ n%x?) on [0,1], show that

lim fn )dz = / fz

n—oo

Can we conclude that {f,} converges uniformly on [0, 1]? (Compare with
Theorem 9.15.)

For each of the sequences {f,}n>1 given by the functions f, : [0,1] - R
below, find the pointwise limit of {f,} and determine whether the se-
quence converges uniformly on [0,1] to its pointwise limit.

(@) Zsin(2). (b) (c) (1+%)”. (d)

1+x2" 1+x"
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Fig. 9.31. Graph of f,(z) on [0, 1/n] for some n, for Exercise 9.20(21).

For case (a), assume that the function has the value 1 at z = 0. Verify
whether

nl;ngo 01 folz)de = /01 (nlirr;o fn(x)> dz.

Find the convergence set of each of the following sequences {f,(x)} of
functions on [0,1]. Also find sets on which these converge uniformly (see
Figures 9.9, 9.29, and 9.30 for (a), (b), and (c), respectively).
n
(a) n22"(1—x). (b) (1 n f) (c) na(l — ).
n
For n > 1, define {f,(x)} on [0,1] (see Figure 9.31) by
4n’x for 0 <z <1/(2n),

—4n?(x —1/n) for 1/(2n) <z < 1/n,
0 for 1/n <2 <1.

fn(z) =

Show that f,, — 0 pointwise on [0, 1] and fol fo(z)dz = 1.
Note: See also Examples 9.11.
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22. Determine

on( 2 1 N[ AT
@ tim [ ) G 0ca<n () Gim [ PR

dz.
n—oo J, 1’3+Tl n—oo Jq 4n+:c4

9.2 Uniform Convergence of Series

Definition 9.1 suggests that we continue our discussion from sequences of real-
valued functions to series of real-valued functions. Consider a sequence of
functions {f,(z)} defined on a set E. Recall that the formal sum > -, fx is
called a series of functions. Form a new sequence of partial sums of functions
{S,(z)} defined by

Sp(x) = Z fr(x), xz€E. (9.1)
k=1

If the sequence {S,(x)} converges at a point x € E, then we say that the
series of functions Y~ fi converges at z, and we write

nlingo Sp(x) = Z fr(x).
k=1

If the sequence {S,,(z)} converges at all points of E, then we say that Y, | fx
converges (pointwise) on E and write the sum function as

f) = lim S,(z) = fil(x).
k=1

n—oo

Definition 9.21. The series Y, fx(z) is said to be uniformly convergent
to f(z) on E if {Sn(x)} converges uniformly to f(x) on E. That is, the series
converges uniformly to f(z) on E if to each € > 0, there corresponds an integer
N = N(e) such that

n

> ful@) = f(x)

k=1

< e whenever n > N(e) for all x € E.

In order to appreciate the importance of questions about convergence, we
continue our investigation with a familiar sequence. Consider

1—2a"

1—x

Sn,(x):1+x+x2+-~-+x"71: for z # 1.

We see that {5, }5°; converges pointwise on (—1,1) to 1/(1 — x). Next, we
show that {S,} converges uniformly on any closed subinterval of (—1,1).
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To see this, we consider a subinterval [—1 + r,1 — r|, where » < 1 is an
arbitrary positive number. In this interval |z| < 1 — 7, we have |1 — x| > 7.
Consequently,

1 n 17 n
S"(x)_l—x ‘156_1; ( rr) <e foralln>N,
because
(1—r)" <er, ie,nlog(l—r)<log(er) or n>M
» 1€, miog & log(1—1r)’

and so N may be chosen as any positive integer greater than log(er)/log(1l — ).
As for the entire interval (—1, 1), it contains points close to x = 1, and so

n

lim =
z—=1— |1 — o

We may also note that sup,.¢ g q)log(er)/log(l —r) = oo (with € = 2, for
example) showing that {S,} does not converge uniformly on (—1,1). How
about the convergence of {S,} on |z| > 17

We may now rewrite Theorem 9.12 about sequences to get a necessary, but
not sufficient, condition for the uniform convergence of series of functions.

Corollary 9.22 (Necessary condition for uniform convergence of se-
ries). If f,, is continuous on E for eachn > 1 and if Y, fr(x) is uniformly
convergent to f(z) on E, then f must be continuous on E.

A series Y2, fr(z) is said to be absolutely convergent at x (respectively on
E) if Y72, |fr(z)| converges at x (respectively on E). Moreover, a necessary
condition for Y77, fr(z) to converge on E is that f,(x) — 0 for each z € E.
This fact is evident if we write

fn:Sn_ n—1

and allow n — oo. Also, rewording the Cauchy criterion, we have the following
result, which may be used to test a series for uniform convergence without
guessing what the limit function might be.

Theorem 9.23 (Cauchy criterion for functional series). A series
Sorey fr(x) converges uniformly on a set E if and only if the sequence of
partial sums is uniformly Cauchy on E, i.e., to each € > 0, there corresponds
an integer N = N(e) such that

> fula)

k=n-+1

[Sin(x) = Sp ()] = < e whenever m >n > N(e) for all x € E,

where {Sy,} is the sequence of partial sums defined by (9.1).
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Proof. Apply Theorem 9.9. ]

For instance, if S, (z) =1+ 2 + 2% + -+ + 2", then for m > n and all
lz] <r, 0<r<1,

1—a™ 1—2a" ™ — " 2|x™| 2r"
Sm _Sn = - = < )
[Sin () @)l -z l1-—=z l-—=z ‘_1—|x|_1—r
so that
2r"
Wp|2) — Sulo)] < o
—r

zE€[—r,r]

Since 2r™/(1 —r) — 0 (r < 1), an integer N = N(e) can be found for which
2r"/(1 —r) < € for all n > N(e). But then for all m > n > N and all
x € [—r7],

2rn

[Sm () = Sn(2)] <

< €,
showing that the series > ;- 2" converges uniformly on any interval [—r, ],
0 < r < 1. Note that here we do not bother about the limit function.

9.2.1 Two Tests for Uniform Convergence of Series

Theorem 9.23 enables us to establish an analogue of the comparison test,
namely, a sufficient condition for the uniform convergence of a series.

Definition 9.24. Let {M,},>1 be a sequence of nonnegative real numbers,
and {fn} a sequence of functions defined on a set E such that |fn(z)] < M,
for all x € E and each n € N. Then the series Y, fr(z) is said to be a
dominated series on E if ;- | M}, converges.

Indeed, the following result is a simple and direct test for the uniform
convergence of series.

Theorem 9.25 (Weierstrass M-test/dominated convergence test). If
>oney fu(z) is a dominated series on E, then it converges uniformly and
absolutely on the set E.

Proof. Suppose that Y7 | fr(x) is dominated by a convergent series >~ | M.
That the series >, | fx(z)| converges on E follows immediately from the
comparison test for real series. To verify the uniform convergence of > p- | fi ()
on E, we invoke the Cauchy criterion for the series Y ,-; Mj. Thus, given
€ > 0, there exists an integer N = N (e) such that for m > n > N, we have

zm: My < e.

k=n-+1
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But for all m > n > N, we also have

Sm(@) = Su(@)| = | D ful@)| < Y @) < Y Mp<e
k=n-+1 k=n+1 k=n-+1

Therefore, by the Cauchy criterion (see Theorem 9.23), the series > o fx(%)
converges uniformly and absolutely on E. [

As an illustration, consider the series > p (2% /k!). For |z| <r (r > 0),

k k

r
S E =: Mk.

x
k!

But the ratio test immediately implies that Y .-, M) converges. Conse-
quently, by the Weierstrass M-test, the series > ;- (z*/k!) converges uni-
formly for |z| < r. We remark that the series does not converge uniformly on
R, but since it converges uniformly on every bounded interval, we conclude
that the limit is continuous on R (by Corollary 9.22). We may now formulate
the following remarkable result, which is basic for many applications of power
series in analysis.

Theorem 9.26. Let R > 0 be the radius of convergence of the power series
o arx® and let r be a positive number such that v < R. Then Y~ apz®
converges uniformly for |z| <.

Proof. Assume that Y~ a,z® converges for |z| < R. As usual, choose ¢ such
that » <t < R. Then there exists an M > 0 such that

laxt®| < M for all k > 0.

Also, for |z| < r (<t < R), we have
k k k(T "
lara®| < arlr* = |axt '(Z) SM(Z) — M, forall k> 0.

We recall that .~ , M}, converges. Therefore, by the Weierstrass M-test, the
series Y7~ apz® converges uniformly for |z| < r, for each r < R. [

For instance, each of the series Y ;o z* and >°;2 (2" /k) converges uni-
formly on every compact subset of (—1,1), because the radius of convergence
of both series is 1.

Remark 9.27. Note that the Weierstrass M-test has a slight drawback, since
it applies only to series that are also absolutely convergent. Thus, one needs
to use a different method for testing the uniform convergence of nonabsolutely
convergent series. Below, we present a uniformly convergent series that is not
absolutely convergent. o
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Examples 9.28. We begin by illustrating the Weierstrass M-test by a num-
ber of examples.

e For the functional series > ;7 (1/(2? + k2)) and Y ;- ((sinkz)/k?), we

have {

where Y72 | (1/k?) converges. Thus, both series converge uniformly on R.
By Corollary 9.22, each of the series represents a continuous function on R.
e For the functional series Y, sin(z/kP) (p > 1), for any = with |z| <r,

1
x2 + k2|’

sin kx
L2

1
}gﬁ forallz € R and k& > 1,

x
i (3] < 3] < = 0
np np

where Y M}, converges for p > 1. Thus, the series converges uniformly (and
absolutely) on every closed and bounded interval [—r, r].
e As a consequence of the substitution y = x/(1 + z), the functional series

ooy (x/(1+ 2))¥ may be treated as a geometric series with the new vari-
able y, and hence it converges pointwise for

lz/(1+2)| <1, ie.,forz>-1/2,
and converges uniformly for

lz/(1+ ) <r(<1), ie.,forze|[=

14+7r’ 1— r] T‘<1

Thus, the series converges on any compact subset of (—1/2,00).

e The functional series Y~ ((cos® )/k!) converges uniformly on R, because
for any real x,

cos™ x

n!

and Y M}, converges.
e The functional series > p- | (¥ /(1 + z¥)) converges uniformly for |z| < 1/2,
because for |z| < 1/2,

I+z " >2"—1>2""1 e,

= on—1 - Mna

and Y M}, converges.
e The functional series Y 5o, [(1 — &k cos(kz))/(k*~(*2))] (a > 3) converges
uniformly on [0, 27], because for real x € [0, 27],

1+n< 2n _ 2 ~ M,

1 — ncos(nz)
— po—1 — pa-1 no—2

no—sin(n)

and Y M}, converges.
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e Consider Y7, (=1)*"! (z/(k + 2?)). Then for each fixed z > 0, we have

x x
>
n+x2 " n+1+22

an(x) = = ant1(z)

and a,(z) — 0 as n — oo, and so by the alternating series test, the series
converges pointwise on (0, 00) (as well as (=00, 0)) and hence on R. Let the
limit function be f(z). Using the error estimate for alternating series (see
Corollary 5.46), we see that the sequence of partial sums {5, (z)} satisfies

|| || 1
— < = < =
[Sn(@) = f(2)] < |anta(@)] l+n+a2 = 2n'/2z| 2n1/2’

showing that it converges uniformly on R. In particular, the given series
represents a continuous function on R. Is the Weierstrass M-test applicable
in this example? This result cannot be obtained from the Weierstrass M-test
because >~ (|z|/(k + 2?)) diverges for all z # 0.

e As in the last item, we conclude that the series Y, (—1)*=1(1/(k + z))
converges uniformly on [0, 00). °

Theorem 9.29 (Dirichlet’s test for uniform convergence). Suppose
that {b,} is a sequence of (nonnegative) functions on a set E such that by, (x) >
bny1(x) and b, — 0 uniformly on E. If {a,} is a sequence of functions such
that |s,(z)] < M if n > 1 and © € E, where s,(z) = >.}_, ap(z), then
Sy ak(z)by(z) converges uniformly on E.

Proof. 1t follows from Dirichlet’s test (Corollary 5.55) that > po | ax(z)bg(z)
converges on E. Let S,(z) = >.7_, ax(x)bi(z). Then (see the proof of
Theorem 5.54) from Abel’s summation by parts, we have

m m
Z arbr = Smbmi1 — Snbp1 + Z 5k(be — bg1)-
k=n+1 k=n+1

Since {b,(x)} is decreasing and {s, ()} is bounded, it follows that for m > n,

Z arpbr| < Mbyy1 + Mby1 + M Z (b — brt1)
k=n+1 k=n+1
= Mbm+1 + Mbn+1 + M(bn+l - bm+l)

- 2Mbn+1,
and so we conclude that if m > n, then
|Sm (z) — Sn(z)| < 2Mbptq(z) forallx € E.

This fact together with that fact that b, (z) — 0 uniformly on E implies that
{Sn(z)} converges uniformly on E. [
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9.2.2 Interchange of Summation and Integration

Theorem 9.15 applied to a sequence of partial sums leads to the following
result for series.

Corollary 9.30 (Interchange of summation and integration). Sup-
pose that {fn(x)} is a sequence of continuous functions on [a,b] and that
Yoo [r(x) converges uniformly to a function f(x) on [a,b]. Then

g(/abfk(m)dw> - [

Also, for each t € [a, ],
Jr(2) dx) = f(:c) dz
S ([ ioras) = |

Example 9.31. We know that Y7 (1/kP)coskz converges uniformly to
some f(z) on R for p > 1 (by Weierstrass’s M-test). In particular, the se-
ries is integrable on any closed interval in R, and so

cos kx 1 (2 2. sin(km/2)
/ flx d:cf/ Z xkz_lk—p/o coskxdzzzw,

k=1

which gives
e 1)k71
1.
/ f@ Zl Qk—1pri0 P2

Similarly, 3.2, (1/kP) sin kz converges uniformly to some g(z) on R for p > 1,
and therefore we easily see that

oo

g 2

k=1

Again, consider the series >~ (1/kP)coskz, where 0 < p < 1. Set
ag(z) = coskx and by, = 1/kP. Note that {bs} is convergent to 0. To evaluate
sn(z) =Y p_y ar(z), we may rewrite the partial sum (see Corollary 5.59(ii))

sn(x) = [sin(n + 1/2)x — sin(x/2)]

1
2sin(x/2)
for « # 2mm (m € Z), and so

1

|sn(z)] < sin(z/2)
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for any n and on any interval of the form [, 27 — 8], where § > 0. Thus,
{sn(2)} is uniformly bounded on [0, 27 — §]. So Dirichlet’s test applies, and
the series >~ (1/kP) coskz (0 < p < 1) converges uniformly on [4, 27 — d].
In particular, Y 72 | (1/kP) cos ka converges for 0 < 2 < 27 (and hence for all
x with z # 2mm, m € Z) and 0 < p < 1.

Similarly, it can be shown that the series Y-, (1/kP)sin kz is uniformly
convergent on [§, 2 — 4] for 0 < p < 1. °

Example 9.32. From the proof of Theorem 5.3 (or even directly), we see that

1 2 4 6 n—1,.2(n—1 n 2"
r Lttt (1) r2=D 4 (—1) T

which by integration from 0 to 1 gives,

1

3 5 7 2n—1
1 r r r r
t —1 — _ o -1 n—1 R
g (T A S R 2711)0+ "
so that L1 1
T
e H —1)nt R,,
1 + +- 4 (=1) 2n71+
where

1 ,r2n 1 ,,,271 1 ) 1
Ril=-)" | T —arl= [ T —ar< | rar= ,
| TL| ‘( ) /(; ]_+T'2 T’ /O 1_’_7-2 r /(;T r 2TL+1

which approaches zero as n — oco. Therefore, we have the Madhava-Leibniz-
Gregory series (see also Examples 9.52 and 10.16)*

7r 1 1 1 1
SR e H by g AU
4 3+5 7+ (=1 2n —1

This example shows that if a series can be recognized as a variant of the
geometric series (5.1), then it becomes easier to evaluate its limit. However,
this formula is of limited value, because the rate of convergence is so slow in
the representation of . )

Example 9.33. From our earlier knowledge, we know that

o0

1
k, 2k _ 1 _
kg_o(—l) =’ = nh_}rrgo Sy (z) = 5.2 for |z| < 1,
where S, (z) = Z;S(—l)kxzk, and the convergence is uniform on [—r, 7], for

each r < 1. By Corollary 9.30, for z € [—r,r] (r < 1),

’ S CDF o, [Tt
Sp(t)dt = x — / = arctanz,
/0 kzzo 2% + 1 o 1122

! This formula was first deduced by the Indian Mathematician Madhava of
Sangramagrama (1350-1425) as a special case of the more general infinite series
for arctan x discovered by him. The latter was rediscovered by Gregory during
1638-1675.
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and the convergence is uniform on [—r,7]. Thus, we have a series expansion
for arctan z:

arctanx = Z (=1) 22 for x € [—r, 7] (r < 1).

[\
o
—+
[t

Observe that the radius of convergence of this series is 1. We remark that by
the alternating series test, the above series representation of arctan x converges
at both endpoints z = +1, although we would not be able to conclude this
from Corollary 9.30. o

Remark 9.34. As an application to the last equation, we set x = 1/2 and
x = 1/3 and add the resulting equations to obtain

1 1 S (-1)F /1 1
arctan§ + arctan§ = Z M1 (2%+1 + 32k+1).
k=0

The left-hand side is known to be /4, because

1 1 5+3 s
arctan — + arctan — = arctan (ﬁ> =arctanl = —.
2 3 1— 53 4
This gives
=4 t L + t L
m =4 |arc an2 arc an3 ,
so that
o0
(71)’“ 1 1 5 35
=4 =4({=-=——=—4+---], 9.2
m ;0 o+ 1 \ 2211 T 3k 6 648 " 92)

which is a series representation of .
To get another expansion of m, we set x = 1/5 and arctan(1/5) = A, i.e.,
tan A = 1/5. From the formula

2tan A

tan(24) = ——
an(24) 1—tan? A’
it follows that tan(24) = 5/12. Again, using this formula once again, we get

2tan(2A4) ~ 120

tan(44) = 1—tan?(24) 119’

Using this value of tan(4A4), choose B such that

B _ tan(4A) —tan B (120/119) —tan B
L=tan(A = B) = 5 A tan B~ 1+ (120/119) tan B
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A computation gives tan B = 1/239 and 44 — B = w/4. That is,

T=4 14 zaurctan1 — arctan L
5 239

and therefore, in series form,

o= (-DE 4 1
”_4;_() 2k+1<52k+1 2392k+1>' (9-3)

In order to compare the two expansions (9.2) and (9.3) of 7, we consider the
partial sums of these two series:

"L (—1)F 4 " (-1)* /16 4
kZ:O 2k +1 (22k+1 +32k+1) and B = kZ:O 2k+1 (5%“ . 239%1)'

A computation shows that the formula (9.3) can be used to approximate 7
up to 100 decimal places, whereas in the formula (9.2), the convergence is

somewhat slow. For a comparison, we refer to Table 9.1. o

n An Bn

0 3.33333333 3.18326360
1 3.11728395 3.14059703
2 3.14557613 3.14162103
3 3.14085056 3.14159177
4 3.14174120 3.14159268
5 3.14156159 3.14159265

Table 9.1. Iterated values of 7.

Here is one more example. We have learned that the geometric series
> nez® converges to 1/(1 — x) on (—1,1) and converges uniformly on any
closed interval [a,b] contained in (—1,1) (see Example 9.28). Since each
fn(x) = 2™ is continuous on [a, b], by Corollary 9.30, term-by-term integration
is permissible. Thus, we have for —1 <t < 1,

o) t [e’e) k41 t
t dz
k3. _
E /Ox dx—g k+1_> j 1_x——log(1—t) on [a, b].
k=0 k=0
That is,




404 9 Uniform Convergence of Sequences of Functions

and the convergence is uniform on any closed subinterval of (—1,1). It turns
out that the new series also converges (by the alternating series test) at one
of the endpoints, t = —1.

The following result is almost obvious and is in fact a straightforward
application of Corollary 9.30.

Theorem 9.35 (Term-by-term integration in power series). Suppose
that f(z) = Y po,arx® converges for |x| < R. Then for any closed interval
[c, z] contained in (—R, R), the integral f: f(t)dt exists and can be obtained
by integrating the power series term by term. In particular, we have

f(t)dt = Z kﬁf 1:ck+1 + constant for |z| < R,
k=0

and the convergence is uniform on any closed subinterval of (—R, R).

Theorem 9.35 tells us that inside the interval of convergence (not neces-
sarily at the endpoints), a power series can be integrated term by term. Next,
we see that term-by-term differentiation is also possible.

In Theorem 9.15, we needed for each f,, to be continuous on [a,b]. Is it
possible to weaken the hypothesis to permit integrable functions rather than
Just continuous functions? Recall that if f and g are two Riemann integrable

functions on [a, b], then
b b
[ @ [ g

whenever f(z) > g(z) on [a,b)].

Theorem 9.36 (Integration of sequences of integrable functions).
Suppose that {fn} is a sequence of Riemann integrable functions defined on
an interval [a,b]. If fn, — [ uniformly on [a,b], then f is Riemann integrable
on la,b], and

Also, for each t € [a,b],

t t
/ fn(z)dx —>/ f(z)dx  uniformly on [a,b].

Proof. Because of the argument in Theorem 9.15, we need only show that the
limit function f is integrable on [a,b]. We see that the following statements
hold:

e f, is bounded, because each f,, is integrable on [a, b].



9.2 Uniform Convergence of Series 405

e f is bounded, because

[f(@)] < |fu(2) = F@)] + | fu(@)] < 0n + [ fn(2)],

where 6, = sup ¢4 [fn(z) — f(z)| = 0 (by Theorem 9.6).
e Because f, — f uniformly on [a,b], given € > 0, there exists an N such
that

€

|fn(x) — f(2)] < 30-a) for all x € [a,b] and all n > N. (9.4)

e Since fy is integrable, there exists a partition P of [a,b] such that

€

U(Pva)fL(PafN) < g

For each z € [a,b], (9.4) with n = N implies that

< fz) < fn(x) +

3(b—a)’
and therefore
L(P,fx) = 5 < L(P,f) SUP.) <U(P.fn) + 5

Consequently,

2¢ € 2e
showing that f is integrable on [a, b].
Finally, for n > N and for each ¢ € [a,b], (9.4) implies that

/fn dx—/f ) dx /|fn — f(z)| d=

tfa)< elb—a) €

3(b—a) = 3(b—a) 3
and the proof is complete. [

The limit of a uniformly convergent series of integrable functions is inte-
grable, and so term-by-term integration is permissible for such a series. More
precisely, we have the following result concerning integration of a series of
integrable functions.

Corollary 9.37 (Interchange of summation and integration). Suppose
that {fn} is a sequence of integrable functions on |a,b]. If > fr converges
uniformly to f on [a,b], then f is integrable on [a,b], and

Z/abfk(x)dx—/ab (ka(x)) dx—/abf(x)dx



406 9 Uniform Convergence of Sequences of Functions

Y Yi
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Fig. 9.32. Sy (z) = z(1 — e ") Fig. 9.33. f.(x) = /(1 + nz?) on R.

on [0,1] and S(z) =

For instance, if f,(z) = z/(n(1 +nz?)) on [a,b] C R, Weierstrass’s M-test
shows that Y72 | fi converges uniformly on [a, b]. Consequently, term-by-term
integration is permissible in this series.

Example 9.38. Evaluate >~ , fol z(e® — 1)e~k dz.

Solution. To evaluate this integral, we set S, (z) = > ;_, z(e® — 1)e . We
observe that S, (0) = 0 and for x > 0,

Sn(-f) = J}(e"’c — 1)% — J}(l _ e—nm).

—nx

Thus, since xe attains its maximum at x = 1/n, we have

1

= — =0 asn— oo,
en

Op, = sup | Sy (x) — x| = sup |xe
x>0 x>0

so that {S,(x)} converges uniformly to f(z) = = for x > 0 (see Theorem
9.6 and Figure 9.32). Thus, Corollary 9.37 is applicable with fx(z) = x(e® —
1)e=* and we conclude that

g/olfk(w)dxz/Olf(iﬂ)dJC:/olwdx:%. .

Remark 9.39. Note that T}, (z) = >__, ze~*® does not converge uniformly
to a continuous function on [0, 1]. o

9.2.3 Interchange of Limit and Differentiation

Consider f,(z) = z/(1 4+ nz?) on R. Then
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|z] !

< —
NN

showing that f,,(z) — f(z) = 0 uniformly on R. Now we compute

x
1+ na?

o)l =

1— 2
£ (2) = nx _){O for x # 0,

(14 nz?)? 1 for z =0,

and we see that f;,(0) = 1. But f/(x) = 0 on R. Thus, we have a sequence of
differentiable functions {f,} on E such that (see Figure 9.33):

e f, — f uniformly on E;
e f is differentiable on F;
o there exists x € E with f/(z) # lim,_, f/, (), because f/ (0) — 1 # f'(0).

(See also Questions 9.19(5) and Exercises 9.20(6), in which the limit function
is not differentiable although the convergence is uniform.) Thus, even if the
limit of a uniformly convergent sequence (respectively series) of differentiable
functions on E is differentiable on F, it may happen that the derivative of the
limit is not the limit of the sequence (respectively sequence of partial sums)
of derivatives of the differentiable functions.

Theorems 9.15 and 9.36 concern integration of sequences. In view of the
fundamental theorem of calculus, it seems reasonable to expect a result about
differentiation of sequences.

Theorem 9.40 (Differentiation of a sequence of functions). Suppose
that {fn} is a sequence of functions such that:

(a) fn € Cta,bl;
(b) there exists a point xo € [a,b] such that {fn(x0)} converges;
(c) fl. — g uniformly on [a,b].

Then {fn} converges uniformly to some f on [a,b] such that f'(x) = g(z) on
[a, b].

Proof. By (c), {f},} is uniformly convergent to g on any closed interval con-
tained in [a, b], say in an interval with endpoints zp and z, « € [a,b]. Thus,
for all € [a, b], we have

x

/‘ g(t)dt = lim fr(t)dt by Theorem 9.15,
z Zo

n—o0
xo

(fn(x) — fn(xo)) by the fundamental theorem of calculus,

lim
n— oo

and the convergence is uniform on [a, b]. Since lim,, o frn(xo) exists by (b),
we can add this term to both sides and obtain

lim f,(x) = /xg(t) dt + nh_}nolo fn(xo) on [a,b],

n—oo
0
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and the convergence is uniform on [a,b]. We may now set f(z) = lim, o
fn(x), and the last equation then becomes

f(m):/zg(t)dt+T}Lngofn(xo).

[¢]

Now, g, being the limit of a uniformly convergent sequence of continuous
functions on [a, ], is continuous on [a, b], and so by the second fundamental
theorem of calculus (Theorem 6.36), G(x) = f:o g(t) dt is differentiable and

G'(z) = g(x) on [a,b]. Therefore, the last inequality implies that
F(e) = gle), e f@)= lm fi(z) on [a,b] 2
n— 00

We may now state a condition under which term-by-term differentiation
of an infinite series is permissible.

Corollary 9.41 (Interchange of summation and differentiation). Sup-
pose that

(a) fn € Ca,b);
(b) there exists a point xo € [a,b] such that >, fr(zo) converges;
(c) X filx) converges uniformly on [a,b].

Then Y fr converges uniformly on [a,b] to a differentiable function F,

Fla) = (Y ) = 0 (ula)) o (ah),

and at the endpoints, we express the above equality as

Fi(a) =) (fi)(a) and F.(b) =) (fu)_(b).

Let us consider an easy example. Consider the series

i % cos (%) , (9.5)

k=1
which from the alternating series test converges at o = 0. Clearly, by Weier-
strass’s M-test, the derived functional series

i (_klf sin (%) (9.6)

k=1

converges uniformly on R. By Corollary 9.41, the given series (9.5) converges
uniformly on every finite interval, and so the series (9.5) represents a differ-
entiable function F(z) on R, and F'(z) is the derived series given by (9.6).
Because (9.5) converges uniformly on every finite interval, it follows easily

that
= x
z:(fl)k_1 sin (—)
k=1 k
converges uniformly on any finite interval.
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Remark 9.42. The second condition in Corollary 9.41, namely the conver-
gence of the given series at some point, is not superfluous. For instance, con-

sider .
T
,;:1 cos (E) . (9.7

Then the derived functional series
S (2
= k>
is known to be uniformly convergent on [—r,r] for every r > 0, since

1. <x><|x|<r2 for |z] <

—sin ( — — < = for|z| <.
k kK|~ k2 Tk -
However, we cannot conclude that the given series (9.7) converges uniformly
on [—r,r]. Indeed, it can be shown that (9.7) diverges for every x. °

Example 9.43. The series

o0

Z klx—i—k

k=1

converges on R, by the alternating series test. The derived functional series
converges uniformly on each [—r,r], r > 0. By Corollary 9.41, the given series
converges uniformly on every finite closed interval [a, b], and it represents a
differentiable function on [a,b]. Clearly, since

(_l)k_1$2+k' :x2+k>£:l,
k2 2 K2k
the given series does not converge absolutely. °

As a special case of Corollary 9.41, we have the following result, part of
which has been proved in Theorem 8.32.

Corollary 9.44 (Term-by-term differentiation of power series). Let
R > 0 be the radius of convergence of f(x) = peyarx®. Then f is differen-
tiable on |x| < R,

oo
= Zkakxk_l for |z| < R,
k=1

and the convergence is uniform on any closed subinterval of (—R, R).
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Proof. We have already shown that Y ;7 arz® and > 77 kapz®~! have
the same radius of convergence. Weierstrass’s M-test (see Example 9.28)
guarantees that the derived series Y .-, kapz*~1 converges uniformly on
[—r,r] (r < R). Theorem 9.26 implies that > ;- j axz” converges uniformly to
f, where f is differentiable and

f’(x) = Z kapz®~1 forall z € [—r,7]. .
k=1

For instance, consider the geometric series

1 o0

T = Zxk for |z| < 1. (9.8)
k=0

By Corollary 9.44, since the convergence in (9.8) is uniform on |z| < r, 0 <

r < 1 (see also Example 9.28), we may differentiate term by term and obtain

1 STE
m = Zkl’k 1 for |CK| < 1.
k=1

Theorem 9.40 (and hence Corollary 9.41) continues to hold under a weaker
hypothesis, namely by weakening the first assumption in Theorem 9.40. How-
ever, we cannot replace the third condition, namely, the uniform conver-
gence of the sequence {f}}, with pointwise convergence, as the example
fn(z) = 2™/n demonstrates. Now we state an improved version of Theorem
9.40 and leave its proof as an exercise (see Exercise 9.20(12)).

Theorem 9.45. Suppose that {f,(x)} is a sequence of functions such that

(a) each f, is differentiable on |a,b];
(b) there exists a point xo € [a,b] such that {fn(x0)} converges;
(c) fl, — g uniformly on [a,b).

Then {fn} converges uniformly to some f on [a,b] such that f'(z) = g(x) on
[a, b].

Example 9.46. Consider f,(z) = (1/n)log(1 + n2?), = € [~a,a] (a > 0).
Then {f,} converges uniformly to f(z) = 0 on [—a,a]. Then (see Examples
9.11(2))

2nx

fi(z) = Toms g(z) =0 pointwise on [—a,a]

(see Figures 9.34 and 9.35). Observe that f'(z) = g(x) on [—a,a]. °
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i fio S ’ fi M
s
0.5 fi 0.6
0.2 f50 02
O] o2 0.6 1T O| o2 0.6 1 x

Fig. 9.34. f.(2) = (1/n)log(1 + Fig. 9.35. f,(z) = 2nz/(1 +n*z?) on [-1,1].
n?z?) on [—1,1].

9.2.4 The Weierstrass Approximation Theorem

The proof of the Weierstrass approximation theorem is due to the Russian
mathematician S.N. Bernstein, who in 1912 constructed for every continuous
function f on [0, 1], an explicit formula for a sequence of polynomials B, (f)
converging to f. These are called the Bernstein polynomials.

Definition 9.47. Let f be a function defined on the closed interval [0,1]. The
polynomial (B, (f))(z) defined by

(Ba1)) (&) = Ba(a) = kif (£) (})sa-ar+ scpu

0

is called the Bernstein polynomial (associated to f) of degree at most n. Here
(Z) denotes the usual binomial coefficient, defined by

(1) = momr

By (f +9) = Bu(f) + Bu(g) and B,(\f) = AB.(f) (A €R).

It is easy to see that

Moreover, B, (f) > 0 whenever f > 0, and therefore the map f — B, (f) is
linear and positive.

We are now ready to state and prove the Weierstrass approximation the-
orem in the following form.

Theorem 9.48 (Weierstrass approximation theorem, 1885). Suppose
that f : [0,1] = R is continuous. Then there exists a sequence of polynomials,
the Bernstein polynomials By, (f), such that {B,(f)} converges to f uniformly
on [0,1].
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Before we present the proof of Theorem 9.48, it is essential to offer a
few remarks and illustrations. A direct extension of Theorem 9.48 is can be
stated thus: Every continuous function on a nonempty compact subset D of
the complex plane can be approximated by complex polynomials in z and Z.
Moreover, various other extensions of Theorem 9.48 can be found in advanced
texts on this topic.

For a proof of the Weierstrass approximation theorem, we need to show
that for each continuous function f on [0, 1] there exists a sequence of poly-
nomials p,, such that lim, [supie[m] |f(z) — pn(x)]] = 0. Also, we re-
mark that the underlying interval [0, 1] in Theorem 9.48 is of no consequence
here. The intervals [0, 1] and [—1,1] are popular choices, but it hardly mat-
ters which interval we choose. In fact, given a continuous function F on [a, b]
(—00 < a < b < 00), the function f defined by

ft)=F((b—a)t+a), tel0,1],
is continuous on [0, 1]. By Theorem 9.48, given € > 0 there exists a polynomial

p in [0, 1] such that

sup |£(t) = p(t)] < e,
te[0,1]

which is equivalent to

tgﬁlpb] |F(t) — P(t)| <e where P(t) =p((t —a)/(b—a)).

Note that the space P[a, b] of all real polynomials
P)=as+ait+ - +ant", n=0,1,2,...,

on [a, b] is invariant under translation and is an infinite-dimensional subspace
of the space of continuous function F' on [a,b]. Thus, by Theorem 9.48, we
can approximate a real-valued continuous function on [a, b] arbitrarily closely
in modulus by a real-valued polynomial in [a, b].

Next, we prove a lemma.

Lemma 9.49. For each z € R and n € N, we have

n

3 <Z> 2Pl —z)" k=1 (9.9)

k=0

and

k=0
Proof. Let us start with the well-known binomial formula

(x+y)" = Zn: (Z) ahyn k.



9.2 Uniform Convergence of Series 413
Define fo =1, fi = x, fo = x?. We first show that

Bufo=lo, Buh=fi Bafo—fo=T"8 7020 gy

n

The binomial formula for y = 1 — = gives (9.9), so that B,, fo = fo. Differen-
tiating the binomial formula partially with respect to x and then multiplying
the resulting equation by = gives

Zk(k) why" Tt = na(e+y)" Y,

k=0

and a similar operation on this equation yields
Z k( )t = wlln = Do+ 0" 4 o+ )"

Substitution of ¥y = 1 —  in the last two identities and division by n and n?,
respectively, gives

n oo -
k
Z - <n>xk(1 —z)"* =z e, B.fi = fi, (9.12)
n| \k
k=0 L'
and )
" Tk 1 1
= (”) aF(1—z)" k= (1 —~ —) 2+ —x, (9.13)
n k n n
k=0 L7
so that

By fo = <1 — —) fo+ fl, ie, Bpfa— fa = %(fl — fa).

Thus, (9.11) follows. Finally, by (9.9), (9.12), and (9.13), it follows that
n 2
1 1 1-—
Z {ﬁ - x} (n>xk(1 —z)"k = (1 - —> 22+ —x—22% 2% = u
n k n n n
k=0
Since z(1 — ) has the maximum value 1/4 in [0, 1], this gives (9.10). [
Now we are in a position to prove Theorem 9.48.
Proof. Let f be continuous on [0,1] and M = supc(o 17 [f(t)]. Suppose that

e > 0 is given. Since f is uniformly continuous on [0, 1], there exists a § > 0
such that

|f(y) — f(x)] <€ whenever y,z € [0,1] and |y — z| < 4.
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Further, because of (9.9), we have

Bu(f) — f()] = ,; [f (§> - f(zﬂ (Z) 2+ (1 — )k
< k:O r(5) - 1| (})era-or
Next, we observe that
—e- 2R 2§f<§)—f(w)_e+25—]\f ol o

holds for all z,k/n € [0,1]. Indeed, if |(k/n) — 2| < §, then (9.14) trivially
follows from

oy (S) @) <e

On the other hand, if |(k/n) — x| > d, then (9.14) follows from the inequalities

k 2
——z

n

2
s (B) s o<

Thus, for a given € > 0 and given x, we can split the sum into two parts:

(i) those k’s in the set K ={0,1,2,...,n} for which
|(k/n) — 2| <6

we shall call the subset of K that satisfies the last inequality Kj.
(ii) those k’s in K for which

|(k/n) — x| = 6;
we shall call this subset K.
Now K = K; U K5, and we obtain

Bu(f)(@) ~ f(@)] < Z F(E) -] ()t =
<e Z ( k(1 — g)nk
€K1
% 2 [ (o
<e- 1+25—]\24 <%) by (9.9) and (9.10)

= < > M
= e+ s = 2¢ whenever n > 252"
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Thus, sup,ecjo,q)|Bnf(t) — f(t)| < 2¢ must hold for all sufficiently large n.
Hence,

lim Buf(t) = 1)

uniformly in [0, 1], and the proof is complete. [ ]

There are several other proofs and extensions (in various forms) of this
theorem in the literature. We end the section with an example that illustrates
Theorem 9.48.

Example 9.50. Consider the function f : [0,1] — R defined by
f@)=lr—c¢, cel0,1].

We provide a direct method of getting a polynomial approximation for f on
[0,1]. First we let ¢ € (0,1/2] and write

2= ={ [~ @ - }* = el =)' withy =1 ((z ~c)/e)’
so that the resulting series expansion for |z — ¢| is given by the series
o)
—-1/2 k:
M
=0

Here (a,0) = 1 for a # 0, and (a, k) is the ascending factorial notation defined
by
(a,k)=ala+1) - (a+k—1).

Therefore, we can rewrite the series expansion as
o0
c|l— E Ckyk )
k=1

where ¢; = 1/2, and for k > 2,

Note that ¢, > 0 for all £ > 1 and ¢ = ax_1 — ax, where ag = 1 and

1-3:5---(2k—1)
2-4-6---(2k)

ap =

so that

n
ch:aofanzlfan<1.
k=1
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Thus, Y po; ¢k < oo, and therefore the series

[ee]
1=t
k=1
converges absolutely and uniformly for |y| < 1. Equivalently, we say that the

c [1 - ch (1—((z - c)/c)Q)k]

k=1

converges uniformly to |« — ¢| whenever

z—c\’

c
and hence for |z — ¢| < ¢, or equivalently, = € [0,2¢|. Thus, the sequence
of polynomials of partial sums converges uniformly to |« — ¢| on the interval

[0,2¢], and a fortiori on [0, 1].
The conclusion for ¢ € (1/2,1) is similar if we replace ¢ by 1 — ¢?. °

<1

= 4

9.2.5 Abel’s Limit Theorem

Suppose that R is the finite positive radius of convergence of the series f(z) =
Z:O:O apz®, and r is any positive number such that » < R. Then we know
that the series converges uniformly on [—r,r], and hence by Corollary 9.22,
the function f(z) is continuous on [—r,r|. Also, we have seen from examples
that the series may or may not converge at the endpoints +R. Suppose that
the series converges at R. Does it follow that the limit function f(x) is (left)
continuous at R?

Concerning the behavior of the power series at the endpoints of the interval
of convergence, we have the following result, which answers the above question.

Theorem 9.51 (Abel’s continuity/limit theorem). Suppose that R is
the finite positive radius of convergence of the series f(z) = Y. ;o apz®. If
the series converges at xo = R, then f is (left) continuous at xo = R (Also, if
it converges at xo = —R, then f is (right) continuous at xo = —R.) Moreover,
the series converges uniformly on the closed interval with endpoints 0 and xg.

Proof. By the transformation x — xz¢t, the point xg = R is transformed
tot =1, and |z| < R is transformed to [t| < 1. Therefore without loss of
generality, we may assume that zo = 1 and R = 1 from the beginning. In
addition, we may assume that f(1) = 0; otherwise, replace ag by ag — f(1).
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Thus we assume that f(z) = Y =, arz® converges for —1 < 2 < 1 and
f(1) = 0. Now for convenience, we let

n
sp(x) = Za;@’ﬂ $n(1) = Sp.
k=0

Since f(1) =0, s, — 0 as n — oo. We have sg = ag and s — sp_1 = ay, for
k > 1. To prove that f is continuous at x = 1, we need to show that for any
€ > 0, there exists a § > 0 such that

[fx)=f)]=|f(z)<e ifl-d<ax<]1

(we remark that we do not consider z > 1 because the domain of f(x) is a
subset of [—1,1]). Now for 0 < z < 1,

n
sn(x) = ap + Z(Sk — Sp_1)zk
k=1
n—1 n—1
= Z sk — Z SRzt + s,
k=0 k=0
n—1
= spa” + Z(l — x)spa”.
k=0

Since lim,, o Spx"™ = (limnﬁoO sn) (limnHoo x") =0for 0 <z <1, and

lim, o0 sn(z) = f(z), we can allow n — oo in the last equation, and we
obtain

flz)=(1-2) iskmk for0 <z < 1. (9.15)
k=0

We now look at this identity more closely. Since s,, — 0 as n — oo, given

€ > 0, there exists an N such that |s,| < ¢/2 for all n > N. Set M =

maxo<p<n—1|Sk| and Fy(z) = MZsz_Ol(l — z)z*. From (9.15) we obtain

2

[f@)] < D sl (1 —a)a® + ) fsil(1 - 2)*
k=0 k=N

> €
k=N
gFN(x)—&—% for0<z < 1.

Since Fiy(z) is continuous and Fx (1) = 0, there exists a ¢ > 0 such that

Fy(z) < % whenever 1 — ¢ <z < 1.
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Thus, for 1 —§ <z < 1, we have

€

|f($)|g +_:€7

DN ™
[N}

showing that f is (left) continuous at =z = 1. [

Example 9.52. We know that

o~ (DM
log(1+x) = Z T lz| <1,
k=1

and the series converges at © = 1. Therefore, by Abel’s limit theorem,

> (_1)k71 ]
Z ———— = lim log(1l+ z) = log?2.
=1 k r—1—

A similar conclusion may be obtained for the series (see Example 9.33)

o~ (D"

_ — 2k+1

arctanx—22k+1x for |z| < 1.
k=0

Because the series converges at © = +1 by the alternating series test, Theorem

9.51 shows that the series converges uniformly for |z| < 1. Thus, allowing

r— 1— or x — —14, we have

Tl 11
4 375 7 ’

which is again a series representation of m, and the series here is referred to
as Madhava-Leibniz-Gregory’s series (see also Examples 9.32 and 10.16). ®

The most important case of Abel’s limit theorem occurs when R = 1.

Corollary 9.53. Suppose that the series Y, ay is convergent with sum A.
Then A =lim, 1 Y po  apz®.

Proof. By assumption, the series Y -, axz” converges for || < 1.If the limit
function is f(x), then by Theorem 9.51, f is continuous at z = 1 and

A= lim f(x). ]

r—1—

Abel’s limit theorem has another interesting application.

Theorem 9.54 (Abel). If > 7 a, and Y 7o by are convergent with sum
A and B, respectively, and if the Cauchy product of these series is convergent,
then its sum must be AB.
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Proof. Because the power series > - apz® and Y oreo bpz® converge at = 1,
it follows from Lemma 8.16 that they converge absolutely for |z| < 1. We know
that if Y 7° ¢ is the Cauchy product of >°7 jar and .- by, then

ickxk = (i akxk> (i bkxk> for |z| < 1.
k=0 k=0 k=0

Thus, if Z;O:O ¢, converges, then by Abel’s limit theorem we obtain the desired
conclusion. ]

9.2.6 Abel’s Summability of Series and Tauber’s First Theorem

Definition 9.55. A series Y -, aj is said to be Abel summable to A if the
associated series Y oo apx® converges for |x| < 1 to a function f(z) and

oo
: . k _
Jim fle) = Jim ) aua” =4
k=0
In this case, A is called the Abel sum of the series thio ax, and we write

i ar = A (Abel)

k=1

Corollary 9.53 shows that ordinary convergence of a series implies Abel
convergence. That is,

Zak = A implies Z ar = A (Abel).
k=1 k=1

Example 9.56 (There are divergent series that are Abel summable).
(a) Consider > 7 (—1)*. Then the associated series is

(71)]61'167
k=0

which is convergent for |z| < 1 to the function f given by

- 1
14z

f(x)

Since lim,_,1— f(x) = 1/2, we conclude that 3", ,(—1)" is Abel summable
to 1/2, but is not a convergent series. This example demonstrates that the
converse of Abel’s limit theorem is false in general.
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(b) Consider the divergent series Y = (—1)*k. Its associated series

i(—l)kkxk

k=1

is convergent for |z| < 1 to the function f given by

-z
@ =ap

Since lim, ,i_ f(z) = —1/4, we conclude that Y ., (—1)*k is Abel

summable to —1/4. o

It is natural to ask under what conditions on a,, one can be certain of the
convergence of the series >, a. There are several results that deal with
this question. In the next theorem, we place certain conditions on a,, to obtain
a converse to Abel’s limit theorem. There are many results of this type, and
they are referred to as Tauberian theorems.

Theorem 9.57 (Tauber’s first theorem). Suppose that Y ,- ,ak is Abel
summable to A, and na,, — 0 as n — oco. Then Zzozo ar 18 convergent with
sum A.

Proof. Assume the hypotheses. Let € > 0 be given. Then there exists a func-
tion f(z) such that

o > 2 apxh = f(z) for |z < 1,

o lim, ,1_ f(x) = A;ie., |f(1—1/n)— Al <¢/3 for large n,

e na, — 0 as n — 0; i.e., nla,| < ¢/3 for large n, and so by Theorem 2.64,
it follows that

1 n
— Z Elax| < < for large n.
n = 3

We need to show that S, — A, S, = >°)'_, ar. We write

Sn—Aziak—A—i—f(x)—iakxk
k=0

k=0

:f(x)—A—l—iak(l—mk)— i akxk.
k=1

k=n+1

Since 1 —aF = (1 —2)(1 + x4+ 2% +-- -+ 2F71)
n <k for all k > n + 1, it follows that for = € (

<k(l—=z)for0<a<1, and
0,1),

n 1 oo
1S, — A| < |f(2) —A|+Zk|ak|(1—x)+ﬁ > klaglak. (9.16)
k=1 k=14+n
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The assumptions imply that for a given € > 0, there exists an N such that

’f(l——) A’ 3’ n|an|<£,

3 and Z:lk|ak<% for alln > N.

Thus for n > N and z = 1 — 1/n, (9.16) becomes
1S = Al< £+ ("ﬂ () }: 2
k=1+n

(where in the last step, we have used the fact that >~ ., 2" <1/(1—z) =
n). The conclusion follows. u

A counterpart of Theorem 9.57 for Cesaro summable series has already

been discussed in Theorem 5.67.

9.2.7 (C, @) Summable Sequences

For a > 1, we have
A(a) n
e Z

where
o ala+1)--(a+n—2)

" (n—1)!
which for &« = m € N, takes the form

4= mme (i)

forn >1,

In particular, we have

1
AV =1, AP =y AB = %, and so on.
Now we consider the identity
1 x x

1—z (1—z) (1—z)otl’

which may be rewritten in terms of power series (use the definition of Cauchy

product) as
3 PIRETEED ST

n=1 n=1
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Comparing the coefficients of 2™ on both sides, we get

I @
AletD) > A =1
n k=1

This basic property suggests that for a given sequence of real numbers
{8n}n>1, we can consider the mean

o 1 @
ole) = WZAnil_ksk.
n k=1

For &« = m € N, this formula takes the form

1 " n+m-—1—k
(m) - =
Tn (nerl)Z( n—k )Sk'

k=1
n—1

The cases m = 1, 2 lead to

1 n n
(1) . B Z d (2) — Z _
o, =on s and o, (n+1—k)sg,
(et n(n + 1 k:l

respectively. The above discussion helps to introduce the following.

Definition 9.58. If {s,}n>1 s a sequence of real numbers, then we say that

{sn}n>1 1s (C, ) summable to L if the new sequence {aﬁf‘)}nzl converges to
L. In this case, we write

sp, =L (Cia) or lim s, =L (C,a).

n— oo

We have shown that all convergent sequences are (C, 1) summable. Now we
show that all (C,1) summable sequences are (C,2) summable. More precisely,
we have the following.

Theorem 9.59. If s, — x (C,1), then s, — z (C,2).
Proof. First we observe that no, = 22:1 Sk, so that

s = ko — (k—1)og—1 (00 =0). (9.17)
Next, we note that

n(n+1)

5 o =nsi+(n—1)s2+ (n—2)s3+ -+ sy

=51+ (s1+52)+(s1+8s2+s83)+-+(s1+52+ - +8,)

= zn: k‘Uk
k=1
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and

1 n
n(n;') @) Z o — ).

The last relation clearly implies that it suffices to prove the theorem for the
case x = 0. So we let s,, — 0 (C, 1). Then o,, — 0 as n — oo. Therefore, given
€ > 0, there exists an N € N such that |o,| < €¢/2 for all n > N. Now for
n >N,

2 n
@) |~ k
N
S +1 Zk|0k|+ Z k|0k|‘|
k=N+1
N
T PO S TR
k=N+1
2 MN(N+1) ¢
n(n+1) 2 2

Note that M and N are independent of n, and 1/n — 0 as n — oo. Conse-
quently, given € > 0, there exists an Ny (> N) such that

|0_7(LQ)‘<§_~_§:€ for all n > Ny,

(2

and so oy, ) 0 whenever o,, — 0. |

Equation (9.17) gives the following simple result.

Corollary 9.60. If {s,}n>1 is a (C,1) summable sequence of real numbers,
then {sn} converges to 0.

Using this corollary, it follows that 1,—1,2,—2,3,-3,... is not (C,1)
summable, because
n+1

if n is odd,

n . .
—— if n is even.

9.2.8 Questions and Exercises

Questions 9.61.

1. Must the (pointwise) limit of a convergent sequence of integrable functions
on FE be integrable?
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Fig. 9.36. Graph of fu.(z) = Fig. 9.37. Graph of f,(z) = (sinnz)/n.
(sinnz)/\/n.
2. Must the limit of a uniformly convergent sequence of integrable functions

10.

11.

12.

on [a,b] be integrable?

Can the limit of a sequence of continuous functions on a set E be un-
bounded on E7?

Must the (pointwise) limit of a convergent sequence of differentiable func-
tions be continuous?

Does {z"/n} converge uniformly to f(z) = 0 on —1 < z < 17 Does
{z"71} converge to f/(z) = 0 on —1 < x < 1?7 Does {2" "1} converge
uniformly to f'(z) =0on —1 <z < 1?7

If fo(x) = (1/4/n)sin(nz), do we have f, — 0 uniformly on R? What
is the limit of the sequence {f/(0)} if it exists? What is the limit of the
sequence {f/ (m)} if it exists? What does this convey (see Figure 9.36)?
If f.(z) = (1/n)sin(nz), do we have f,, — 0 uniformly on R? What is the
limit of the sequence {f/,(0)}? What is the limit of the sequence {f/ (7)}
(see Figure 9.37)7

Can a sequence of Riemann integrable functions converge pointwise to
a function that is not Riemann integrable? How about if the pointwise
convergence is replaced by uniform convergence?

If 3702, fr(z) converges uniformly on a set E, must the sequence { fi} be
convergent on E7 Must the sequence { f} be uniformly convergent on E?
Suppose that >~ fr(z) converges to a function f(z) on an interval I
such that sup,c; | Y p_; fr(z) — f(z)| does not approach to 0 as n — co.
Must the series be uniformly convergent on 17

If Y72, ay converges absolutely, must Y ;- ; aj coskz and >, ag sin kx
be convergent on R?

Let {fr} be a sequence of constant functions. What does it mean in this
case to say that the sequence {f;} converges uniformly on [a,b]? What
does it mean in this case to say that the series > fi converges uniformly
on [a,b]?
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13. Suppose that {f,} is a sequence of bounded functions converging
uniformly to f on E. Must f be bounded on E?

14. If >°77, | fx| converges uniformly on E, must Y ;- f be uniformly con-
vergent on £7 How about its converse?

15. If ZZOZO ay, is absolutely convergent, must we ahve

1 o0 e}
: _ ay
/0 (I;:Oakxk> dx = E k:—i—l?

k=0

16. Consider the series Y o=, (=1)*"1((x + k)/k?). Does it converge on R? If
not, does it converge pointwise on [0, 00)? Does it converge uniformly on
[0, R], R > 0?7 Does it converge absolutely for some = € R?

17. Why can’t we apply Abel’s theorem (Theorem 9.51) for > ;2 jzF at 2 = 1
or x = —17

Exercises 9.62.

1. Let f be continuous on [0, 1] and g, (z) = f(z™) for n > 1. Verify whether
{fo gn(x)dx},>1 converges to f(0).

2. Does the sequence {f.}, fn(z) = nz/(1 4+ n*z?), converge uniformly on
every interval I containing 07 If f is the pointwise limit of {f,} on I, is f
differentiable on I? If so, does f] (z) — f/(x) on E? Justify your answer.

3. For x € [0,1], consider Y 7- | fr(x), where

@) =51 "
(a) Does the sequence {S,(z)} of partial sums converge pointwise on
[0,1]7 If so, find its limit.
(b) Does the series converge uniformly on [0, 1]7 Justify your answer.
4. Show that Y 7~ (¥ /k) does not converge uniformly on (0, 1).
5. Investigate the pointwise and uniform convergence of 7~ | fi(z) on [0, 1]
if fr.(x) equals

J}'k — X
@ "0 )

oF(1—x) log(k + ) — logk
_— (c) - :
6. Repeat Exercise 9.62(5) but for all real x when fi(x) equals

@) oz ® k+k2x2
7. Show that the series

Z )(1 + k)

k:l

converges uniformly on [r, R], for every finite 7 > 0 and R > r, but does
not converge uniformly on [0, R]. Does it converge pointwise on [0, 00)?
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8. If fr(z) = 1/(K*(1 + kx?)) on [0,1], justify with a proof that

%(Z fu(z)

k>1

= Zfé(x) = —31‘2 Z m on [0, 1]
k>1

k>1

9. Examine the uniform convergence of the following series:

10.

11.

12.
13.

14.

15.

S 1 ) oo 1
(v) Z— c<z<oo, c>1. (vi) ZH—I)Z,xEO.
D

e8]
. 1
,ZL‘GR. (11) Zm,ajzo
no_ol )
O<e<ax<oo. (iV) Zm,l'zo.

—oco<z<0.

) , 1<z < oo (x) Z(xlogw)",0<x§1.

Find the interval of convergence of the following power series:

() e+++2 4
3 5 7

(ii) (er 1) T4(x +11) +9(z+1)3 +

2

(iii) —5

22

3

.’174

328

L= (—1D)m3n
(iv) Zm

n 1

n(z+5)"
) Z (2n 113

(Vl) Z SIH (E

n

Show that the series Y-, (1/k?) sin(kz) is uniformly convergent on R. If
f(z) is the sum of the series, then determine the value of [ f(z)dz.
Prove Theorem 9.45.

Integrate suitable series to evaluate the sum

(a) kzz:lk(k+1)(k+2)' (b) ,;31;“'

1

leferentlate sultable serles to evaluate the sum

()Zk+2

(b)z k—i—l k+2). (C)Zk(k+1]€)!(k+2).

Evaluate the 1ntegrals

()/10g

dx.

(b) /0 log(1l — z) dz.



16.

17.

18.
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If the power series >, axz® converges to f(z) for |z| < 1, then show

that
g <§ ak>x":& for |z| < 1.
1—2
k=0

Deduce that

log(1+xz) 1
1—2 er(

Show that

(log(1 4+ Z ksk L% for lz] <1,

where s, = >, (1/k).
Show that a divergent series of positive numbers cannot be Abel summable.
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Fourier Series and Applications

In a general course on functional analysis, one discusses a very general method
of “Fourier analysis” in Hilbert space settings. Originally, the methods origi-
nated with the classical setting of real- or complex-valued periodic functions
defined on the whole of R. In this chapter we focus our attention mainly on
describing the elementary theory of classical Fourier series (with the help of
specific kernels) which have become indispensable tools in the study of peri-
odic phenomena in physics and engineering. These kernels are mainly used to
prove the convergence of Fourier series, and the study of Fourier series has
led to many important problems and theories in the mathematical sciences.
As a result of the introduction of Fourier series, much of the development
of modern mathematics has been influenced by the theory of trigonometric
series. We ask a number of questions concerning the nature of Fourier series
and provide answers to these questions.

In Section 10.1 we shall discuss what a Fourier series is and present a
number of examples to demonstrate the use of Fourier series, such as how
a given function can be represented in terms of a series of sine and cosine
functions. In Section 10.2, we discuss half-range series, which, as the name
suggests, are defined over half of the normal range. Finally, we address the
basic questions concerning the convergence of Fourier series.

10.1 A Basic Issue in Fourier Series

One of the fundamental methods of solving many problems in engineering
fields such as mechanics, electronics, acoustics, and in most of the areas of
applied mathematics such as ordinary and partial differential equations is
to represent the behavior of a system by a combination of simple behaviors.
Mathematically, this is related to representing a function f(z) in the form of
a functional series

fl@) =" crdn().
k=1

S. Ponnusamy, Foundations of Mathematical Analysis, 429
DOI110.1007/978-0-8176-8292-7_10,
© Springer Science+Business Media, LLC 2012
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Here the ¢y (x) are suitable elementary functions, also called the base set
of functions, and the ¢ are called the coefficients of the expansion. For in-
stance, suppose one wants to write a program for a pocket calculator that
has limited memory. Then, for example, for the function f(z) = cosz, the
calculator may just store n coefficients c1,co,...,c,, and in this situation,
one also needs to specify the best-suited ¢x(x) for the purpose, for example
the Chebyshev polynomials. Other special functions such as Bessel functions,
Legendre polynomials, and Hermite polynomials correspond to different coef-
ficients c¢1, ¢, ..., c,. as another example, consider the familiar Taylor series
expansion of f(z) (e.g., €7, sinz, cosz, 1/(1 — z)) of the form

flx) = chxk, |z| < R.
k=0

Here the set {1,z,...,2", ...} is considered a base set (or set of building
blocks) for the Taylor series about the origin. If such an expansion is possible,
then f must be infinitely differentiable on |z| < R, and the coefficients ¢, are
given by f(*)(0)/k!, which shows that the Taylor series expansion can be used
in the representation of only a rather small class of functions. Our main inter-
est in this chapter is to discuss another type of expansion, the Fourier series
expansion. The Fourier series is named after Jean Baptiste Joseph Fourier
(1768-1830). Roughly speaking, a Fourier series expansion of a function is a
representation of the function as a linear combination of sines and cosines,
that is, the base set of the representation is {1, cosnz,sinnz},>1 instead of
{1,2,...,2™,...}. An important difference between Fourier series and Taylor
series is that Fourier series can be used to represent and approximate non-
continuous functions as well as continuous ones, whereas Taylor series are
applicable only to infinitely differentiable functions.

Further, Fourier series are widely used to represent functions including
solutions of partial differential equations, and also to approximate functions
defined on an arbitrary (but finite) interval [a, b]. Usually, but not exclusively,
we use Fourier series to represent periodic functions. We begin with some
preliminary results about periodic functions.

10.1.1 Periodic Functions

A function f: 2 CR — R is said to be periodic if there exists a nonzero real
number w such that

f(z) = f(x +w) forall ze (2 (10.1)

The simplest examples of periodic functions from R into R include the well-
known sine and cosine functions, since for each k € Z\{0},

cosx = cos(x + 2km) and sinz =sin(x + 2kw) for every x € R.

Moreover, for each integer n, the functions cos nx and sinnz are also periodic.
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The complex-valued function f : R — C defined by f(x) = e!® is a periodic
function, since

f(z) = f(x +2kw) for each k € Z\{0} and for every = € R.

In these examples, w = 2k for some k € Z\{0}, and in all these cases, w is a
real quantity satisfying (10.1). However, if f : C — C is defined by f(z) = €7,
then from a basic result in complex analysis it follows that

f(z) = f(z + 2kmi) for each k € Z\{0} and for every = € R,

showing that w = 2kmi for some k € Z\{0}, which is a complex number. In
such cases, one often says that the function has a complex period.
Observe that if w = w1 and w = ws satisty (10.1), then so does wy+ws, since

flz+ (wiLw)) = f((r+wi) Lwe) = f(x+wi) = f(x) forevery z € R.

In most cases of interest, there is a smallest positive value w of a periodic
function f called the primitive period (or the basic period or the fundamental
period) of f(x). The reciprocal of the primitive period is called the frequency
of the periodic function. Henceforth, in speaking about the period of a func-
tion, we mean the primitive period, and we consider only functions that have
a real period. A periodic function f of period w will be called an w-periodic
function. For example, sinz and cosx are 2w-periodic functions. The graphs
of sinz and cosx are illustrated in Figure 10.1. The graphs of some nontrivial

] 1
T o 3 s
MU/ 7 - A2

Fig. 10.1. Graphs of the periodic functions sinx and cos z.

=27 —7

IR

periodic functions are illustrated in Figures 10.2 and 10.3. We remark that

Yy y==secx Y Y= CSCT

sl
e

Fig. 10.2. Graphs of periodic functions y = secx and y = cscx.
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Fig. 10.3. Graphs of periodic functions y = tanx and y = cot z.

if f(x) is a constant, then every w > 0 satisfies (10.1) but has no smallest w
satisfying (10.1). Thus, constant functions do not have a primitive period.
The following simple lemmas and remarks will be useful in the sequel.

Lemma 10.1. If f : R — R is a periodic function with period w, then the
period of f(cx) is w/c. If f(x) and g(x) are periodic with the same period w,
then h(xz) = af(x) 4+ bg(x) is also is periodic with period w. Here w is not
necessarily a primitive period.

Proof. Let ¢(x) = f(cz). Then
o(x) = f(cx) = flcx +w) = fle(x +w/e)) = ¢p(x +w/c) for every z € R.

This shows that w/c is a period. For the proof of the second part, we simply
note that

hz 4+ w) =af(z +w) +bg(z + w) = af(z) + bg(x) = h(z),

and thus h(z) also has the period w. [

For instance,

e sin(cx) and cos(cx) are periodic functions with period 27/c.

o > 72 (ak cos kx+bysin kz) is a periodic function with period 2, although
individual functions, e.g., cos x, cos 2z, cos 3z, .. ., have period 27, 7, 27/3,
..., respectively.

Lemma 10.2. If f(x) is a periodic function with period w, then

/ ™ ey de = | 1w

whenever f is integrable on [0, w].
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Proof. Geometrically, the proof is obvious (see Figure 10.4). Using the property

c+uw b+w

Fig. 10.4. Areas over one period are equal.

of the definite integral we obtain

/:Wf(x)dx /cof(x)dx+/wa(x)dx+/:+wf(x)dx

—/ch(x)dx+/0wf(93)d$+/ch(5)d3 (z=s+w),

/ " ) s,

showing that the integral of a periodic function with period w taken over an
arbitrary interval of length w always has the same value. [

Definition 10.3 (Periodic extension). Suppose that f is a function de-
fined on |a,a+ w). Then the periodic extension of f over the infinite interval
(—00,00) is defined by the formula

f(x):{f(w) fora<z<a+w,

flx —nw) fora+nw <z <a+ (n+ 1w,
where n is an integer.

Note that n in this definition is chosen such that x —nw lies in the interval
[a,a+w). Examples of periodic extensions are shown in Figures 10.5 and 10.6.

o f(m) = f(-m)

| |

| | . .

| i e f is continuous on [—, 7]
I I

| |

—71'&/7‘1’\/371‘\/571’;

Fig. 10.5. Periodic extension of f from [—m, 7] with f(7) = f(—m7) to R.
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Fig. 10.6. Periodic extension of f(z) =z on (—m, ).

10.1.2 Trigonometric Polynomials

By a real trigonometric polynomial, we mean a (periodic) function of the form

+
k

ak cos kx + by sin ka?) for every x € R, (10.2)
1

n
S =

%0
2

where aj and by are some real constants. (There is a famous theorem due to
Stone and Weierstrass stating that the trigonometric polynomials are dense
in Cla, b] for any closed interval [a, b], provided that b — a < 27.)

If the sequence {s,} given by (10.2) converges on a set E, then we may
define a function f: E — R by

(oo}
. O .
flz) = lim s,(z) = 3 E_ Gy COSNT + by, smmc) (10.3)

n—00

for all x € E. The series on the right is called a trigonometric series. The
constants ag, ag, by, (k € N) are called coefficients of the trigonometric series.
We have taken the constant term in (10.3) as ag/2 rather than ag so that we
can make ag/2 fit in a general formula later. We observe that if the series on
the right in (10.3) converges for all real ¢ € [0, 27], then the sum f must satisfy

f(z) = f(x+2m) forallxz eR.

We ask a number of questions concerning the nature of f. For example, we
ask the converse of the sequence {s,(x)} (see Problem 10.6).

10.1.3 The Space &€

Our main concern is to consider the space £ of all F-valued piecewise continu-
ous functions f on the interval [—m, 7], where I is either R or C (see Definition
3.39). For F = C, every f : [-m,7m] = C in £ can be written as f = u + iv,
where u and v are real-valued piecewise continuous functions on [—, 7]. The
restriction to this interval will be lifted later, but periodicity will always be
assumed in our later discussion.
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We assume that the reader is familiar with the notion of linear spaces and
inner product spaces (see [6]). We now state a basic result that enables every
function in £ to be expressed as a Fourier series.

Lemma 10.4. The space £ is a linear space over F. Moreover, £ is an inner
product space with respect to the inner product

(f,9) = 1 _ﬂ f(x)g(z)dx.

™

The set of functions (called a trigonometric system)

d = {%,cos(nm),sin(nm) tn e N} (10.4)
is an infinite orthonormal system in £ with respect to the inner product defined
in Lemma 10.4. What is the analogous orthonormal system when the functions
involved are considered in the interval [—L,L]? The fact that £ is linear is
easy to verify, and so we leave it as an exercise, but the proof of the second
part of Lemma 10.4 may be indicated quickly. We remark that it is possible
to have (f, f) = 0 without f being identically zero. For instance, if

_J 0 forz #0,
f(t){l for x =0,

then

D f@yde=0= [ P()dr,

—T —T

but f is not identically zero. It turns out that this is not a great difficulty. We
merely regard two functions in £ as being equivalent if they are equal at all
but a finite number of points.

We shall consider only trigonometric systems in this chapter. There are
many other orthogonal systems that are widely used, such as Legendre poly-
nomials, Bessel functions, Hermite polynomials, and Jacobi polynomials.

Definition 10.5. Let & = {¢1, ¢2, ...} be an orthonormal basis of an infinite-
dimensional inner product space X, and let f € X. Then the infinite series

D (R on(x) == crdn(x)
- k=1

k=1

is called the Fourier series of f (relative to @), and the coefficients ¢ =
(f, or) are called the kth Fourier coefficients of f (relative to the orthonormal
system P ).
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We could state a simpler form of Lemma 10.4 and Definition 10.5 (i.e.
for the space over the real field R). We retain the present form in order to
have a better understanding of how it works in a general setting, and the
modification to this effect is natural and easy. We introduce

1912 =40 = = [ 5@P as,

—T

and if f is real-valued, then | f(x)|? in this definition will be replaced by (f(z))?.

10.1.4 Basic Results on Fourier Series

Suppose that we are given a trigonometric series of the form (10.3). Clearly,
since each term of the series has period 2w, if it converges to a function
f(x), then f(x) must be a periodic function with period 2. Thus, only 27-
periodic functions are expected to have trigonometric series of the form (10.3).
Although this condition is essential, the existence of such an expression is a
very useful concept with a long history that has produced a rich theory for a
variety of classes of functions.

Problem 10.6. Suppose that f is a 2w-periodic function. Under what con-
ditions does the function have a representation of the form (10.3)¢ When it
does, what should be ay, b, ?

To answer these basic questions, it is convenient to assume for the moment
that the series in (10.3) converges uniformly on R and that its sum is f(¢) (for
example, this is the case if

| oo
T Z|an|+|b|

converges, so that the series (10.3) is dominated by a convergent series in
R. Then the series converges uniformly on R (in particular on the interval
[—7, 7)), and so term-by-term integration is permissible (see Corollary 9.30).
Then we can find a formula for the coefficients ag, a,,b,, n € N. First, we
determine ag:

|
&,j
—
K
N~—
o
=

Il

N |~

T (oo}
a .
[W {?0 + ;(ancosnx + bnsmmc) } dx
ag (1 [T — [an [T b [7
_— {_/ dz} +Z [—n/ cos nx dr+-—= sinnmdx]
2 L —— n—1 T J_x T Jex

™ v
= ay since/ cosnxdx:O:/ sinnx dz.

—T —1T
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Since f was assumed to be integrable on [—m, 7], the same is true for
f(x) coskx and f(x)sin kz. Also, it is a simple exercise to see that for n, k € N,

1 ™ 1 ™ ™
—/ cosnxcoskxdxz&nk:—/ sinnxsinkxdrm/ cosnx sin kx dx =0.
T

—T —T —T

For a proof of these identities, one may require the following well-known
identities:
cos Acos B = L[cos(A + B) + cos(4 — B)],
sin Asin B = £[cos(A — B) — cos(A + B)],
1
2

sin Acos B = 5[sin(A + B) + sin(A — B)].

Thus, if we multiply (10.3) by cos kt, then

oo

a
f(z)coska = ?0 coskx + Z(an cosnz cos kz + by, sinnz coskz ),
n=1
and so since the series for f(x) cos kx can be integrated term by term for each
fixed k, we can determine a; and by. Indeed,

1" Cag [T > 1
- 7wf(x)coskxdx— 5 /Wcoskxdx—i—nz:lan{ﬂ/

us

cos kx cosnx dx
s -

1 s
+b,, { — / cos kx sinnx dx}
Tr — T

and similarly, by repeating the argument for f(z)sinkz, we get the formula

1 ™
— f(z)sinkzrde =0b; for k € N.

™

=ap forkeN,

-7

Since the integrability of f does not depend on the value of the function
f at a finite number of points in the interval of integration, f need not be
defined at * = 47 nor at a finite number of discontinuities on (—m, 7). We
shall now give a definition of Fourier series and present some examples.

Definition 10.7. For any integrable function f on [—m,m), the numbers ay
and by defined by

ap = — f(x)coskxdx  for k>0,
7 (10.5)
by = — f(z)sinkzdx  fork >1,
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are called the Fourier coefficients of f. The corresponding trigonometric series

o0
ao .
3 + kg_l(ak cos kx + by, sin kac) (10.6)

1s called the Fourier series of f. We express this association by writing
f(z) ~ % +Z(ak cos kx + by sinkz), (10.7)
k=1

to indicate that the Fourier series on the right may or may not converge to f
at some point t € [—m,7].

We note that in the definition we use ~ (or the symbol 2 by some authors)
and not =, to indicate thereby an association independent of any question of
convergence of the Fourier series of f on the right. In fact, the reason for
this notation will be clear soon. Also, we shall see that most functions are
actually represented by their Fourier series. We remind the reader that if
ffﬁ f(x) dz exists, then ag, ax, and by, exist for all k£ > 1. Moreover, from the
above discussion, we have the following result that justifies some of Fourier’s
original intuitions.

Theorem 10.8. If the trigonometric series of the form (10.6) converges uni-
formly on [—m, 7], then it is the Fourier series of its sum. More precisely, if
the trigonometric series (10.6) converges uniformly to f on [—m, ], then the
ay, and by, are given by (10.5).

Of course, we have no idea what happens if the series (10.6) does not
converge uniformly. However, since

|ak cos kx + by sin kx| < |ag| + |bg|,

Weierstrass’s M-test (see Theorem 9.25) shows that the trigonometric series
(10.6) converges absolutely and uniformly on every closed interval [a, b] when-
ever > (lag|+ |bx|) is convergent. Similar comments also apply to complex
Fourier series, which will not be discussed in this book.

The complex Fourier series is much more convenient for theoretical pur-
poses. In any case, once we prove convergence, we will be able to derive a large
number of applications. To do this, we begin with a Fourier series of a given
function f even if we do not have any idea whether it will converge uniformly
to f or diverge.

There are special circumstances in which the calculation of the Fourier
coefficients becomes a bit simpler than usual. For example, in the case of
even and odd functions, certain coefficients are zero. The graph of an even
function is symmetric about the y-axis, whereas the graph of an odd function
is symmetric about the origin. Certain well-known even functions are |z|, 22,
cos z, and well-known odd functions are z, sin z, tan . Even and odd functions
possess certain simple but useful properties:
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The product of two even (or odd) functions is an even function.

The sum of two even (or odd) functions is an even (or odd) function.
The product of an even and an odd function is an odd function.

For a Riemann integrable function f defined on [—c¢, ] (¢ > 0), from the
inspection of related figures with this assumption, it is evident that

¢ Fz)do = / f(x)dx if f is even,
—c if fis odd.

For instance,
(&
/ sinkxdx =0 for each k.
Suppose that f(x) is a periodic function of period 27. Let us further assume
that f is even on (—m,7), i.e., f(z) = f(—xz) for all x € (—m, 7). Then the
product function f(x)sinkz is odd, which means that by = 0 for all k& > 1,
and hence we have the Fourier cosine series

ag S 27
f(x) ~ 5 +;akcoskx, ak—w/o f(z) cos kx dx.

If fis odd on (—m,7), ie., f(x) = —f(—=z) for all x € (—m,7), then the
product function f(x)coskz is odd, which means that a; = 0 for all k£ > 0,
and hence we have the Fourier sine series

o0 2 s
x) ~ Z bisinkx, by = ;/o f(z)sin kx da.
k=1

Example 10.9. Consider f(x) = |z| on [, n|. Then f is even and continu-
ous on [—,w|. Also, f/(z) exists on (—m,7) \ {0}. Obviously, b, = 0 for all
n > 1. Now because f is even and so is f(x) cosnx, we have

2 T

ay, = —/ x cosnx dr.
T Jo

The graph of f together with its periodic extension is shown in Figure 10.7.

The extended function is continuous and piecewise smooth. Indeed, the Fourier

series converges to f(z) = |z| on [—m,7]. Clearly, ap = 7. For n > 1, integra-

tion by parts yields

2 [T sin nx A 2 scosnz\|"
a, = — g;d( > = —— sinnrdr = —— ( ) )
T Jo n nw Jo nmw -n /|,
so that
21— (1)) [t okt k>0,
ap = ———F7— >+ = m(2k + 1)2 -

2 . .
nem 0 if n is even.
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YA

—3m -7 O ™ 3 St x

Fig. 10.7. Periodic (even) extension of the periodic function f(z) = |z| on [—7,].

We have, for z € [—m, 7],

oo

T 4 co 2k+1
|m|N__7rkz_:0 (2k + 1)2

Note that the Fourier series here converges uniformly to || on [—7, 7] but not
on the whole interval (—oo,00), and so outside the interval (—m,7), f(z) is
determined by the periodicity condition f(z) = f(x + 27). By Theorem 10.8,
in the above expression, the symbol ~ indicates equality. Thus, we can make
use of this series to find the values of some numerical series. For instance,
x = 0 yields

w2 = 1

8 Z (2k + 1) (10.8)

k=1

as a special case. The function to which the Fourier cosine series for f(x) = |z,

Y
/7'['__
-7 0) Tz
4 = 2 1
Fig. 10.8. Approximation of |z| with partial sums of ——=> M

Tz (2k+1)2

converges is illustrated in Figure 10.8. °
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10.1.5 Questions and Exercises

Questions 10.10.

1.

10.

11.

When we say p-periodic, are we referring to a function’s fundamental
period p?

What is the major advantage of Fourier series over Taylor series?

If f1, fo, ..., fa are periodic functions of period p, must the sum >, _; ax fx
be a periodic function of period p?

Is cos x + cos mx periodic? If so, what is its period?

If f and g are periodic with period p, must the periods of fg and f/g
(9 # 0) be p? What is the period of sin 2t = 2sint cost?

If f and g are w-periodic, must f + g be w-periodic?

Suppose that f is w-periodic. Must f' be w-periodic? Must fo t)dt be
w-periodic if and only if fo t)dt =07

Does the integrability of f . f ) dz suffice for the existence of the Fourier
series of f7

Suppose that the sequence of trigonometric polynomials {s, (x)}n>0 con-
verges uniformly to f on [—m,7]. Must the sequences {s,(x)coskz}n>0
and {s,(z) sin kz },,>0 be uniformly convergent to the functions f(x) cos kx
and f(z)sin kx, respectively, for each k > 1, on [—m,7]? If so, does that
imply that term-by-term integration of the Fourier series of f is permis-
sible on [—m, 7]?

Suppose that the Fourier series of f converges uniformly on [—, 7]. Must
it be the Fourier series of exactly one continuous function?

Suppose that f is continuous on [—m, 7] such that f(—m) # f(m). Must
the periodic extension of f to R have discontinuities at @ = (2k — 1),
keZ?

Exercises 10.11.

1.

Define
(@) f(z) =2 on [~ (b) g(z) =2* on [0,2n).
Draw the graphs of f and g together with their periodic extensions.

. Determine the Fourier series of a sawtooth function f defined by

[ (r—=x)/2 for 0 <z <2,
flz) = {f(x + 2m) otherwise.

Expand f(z) = 2% on [—m, 7] in a Fourier series. Show that the Fourier

series of f converges absolutely and uniformly to the periodic function
extension of f. Also, deduce that

=1
Zn—
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4. Plot the graph of each of the following functions for L = 1,2, 7, 27:
™
— i <zx<
(@) f(z)= cos (Lx> if0<xz<L/2
0 ifL/2<a<L.
0 if0<ax<L/2
(b) f(z) = sin (%x) if L/2 <z <L.
T if0<axz<L/2,
@)ﬂ@_{L—mﬁLﬂgmgL
Also graph each function’s periodic extension onto the interval [—L, 0]

together with its period extension (with period 2L) onto R.
5. Find the Fourier series corresponding to the following function:

fz) =

6. Consider g(z) = 1 — (Jz|/7) on [—m, 7] and extend it as a 2mw-periodic
function defined on R. Show that the Fourier series of g is given by

cos(2k + 1)z
_+ﬂ2§: (2k 4+ 1)2

7. Show that the Fourier series of the function f(z) = 22 on (0, 27) is given by

sinz if —7m <z <0,
cosr if0<x<m.

_+ —

6

4 2 (oo} .
T 4 (cosna  msinnz
n2 n ’

n=1
Show that it converges uniformly on every closed interval [a, b] in (0, 27),
and hence converges on (0, 27).
8. Sketch the periodic function f(x) = 1—22, z € [~7, 7], and determine its
Fourier sine and cosine coefficients. Do the same for the function f(z) =
m —x on [0,7]. Apply a convergence test to see whether the Fourier series
corresponding to these two functions converge uniformly for —7 < z < 7.
9. Verify whether each of the following is true:

k
(a) x2f—+4z * cos x, x € [-m, 7.

() == Z%, v € (0,7).

(c) z= 22 smk:c, x € (—m,m).

(d)ngwf2§:smkx, € (0,2n).

Does the 1dent1ty (b) hold at the end points = 0 or 77 Give a valid rea-
son to support your answer. How about the equality case at the endpoints
in (c) and (d)?
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10.2 Convergence of Fourier Series

A Fourier series is simply a trigonometric series considered formally with no
claim of convergence, although the series is associated with a function f in
the sense that coefficients have been obtained from f. Some natural questions
arise:

(a) For what values of & does the Fourier series of f converge? Does it con-
verge for all z in [—m, «]? If it converges on [—m, 7] but not to f, what
will be its sum?

(b) If the Fourier series of f converges at x, does it converge to f?

(c) If the Fourier series of f converges to f on [—m, 7|, does it converge
uniformly to f on [—m,7]?

Compare these questions with the analogous questions about the Taylor series
of a function.

The history of Fourier series is long and glorious and has been one of the
most fruitful concepts in mathematics since its inception. However, continuity
of f is not sufficient to guarantee convergence of the Fourier series of f on
[—7, 7]. In 1876, Paul du Bois-Reymond constructed a continuous function
f:[=m, 7] = R whose Fourier series failed to converge to f at each point in a
dense subset of [—m, 7].! Indeed, the following are true statements:

e There exists a continuous function whose Fourier series diverges at a point.

e There exists a continuous function whose Fourier series converges every-
where on [—m, 7], but not uniformly.

e There exists a continuous function whose Fourier series diverges for points
in some set S and converges on (—m,m)\S.

For proofs of these statements, see standard texts such as Z. Zygmond.?

10.2.1 Statement of Dirichlet’s Theorem

It is important to establish simple criteria for determining when a Fourier
series converges. Define

{ree oy derimtin

h—0— h

exists for each x € [—7, )

exists for x € (—, 77]}

Recall that f : [a,b] — R is smooth if f and f’ are continuous on [a,b].
For the definition of left- and right-hand limits, we refer to Section 3.1.4 and

LA subset A C X is dense in X if A = X; for example, Q = R.
2 7. Zygmond, Trigonometric Series, 3rd Edition, Vols. I and II, Cambridge
University Press, 2002.
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the discussion following Theorem 3.13. For one-sided derivatives, we refer to
Section 3.3.

Now we state two versions of the Dirichlet theorem, although the two
relatively easy versions given in Theorems 10.33 and 10.35 are sufficient for
our purposes.

Theorem 10.12 (Dirichlet’s theorem). Let f € &'. Then for each x €
(—m,7), the Fourier series of f(x) converges to the value

fla=) + f(z+)
5 .
At the endpoints x = +m, the series converges to

Jr=) + [(=m)+)
2

Remark 10.13. (i) If f € & is continuous at z, then f(z—) = f(a+) =
f(z), and so at such points,

Ho) 1) _ gy

Thus, the Fourier series of f converges to f(z) at the point x where it is
continuous.

(ii) At the point of discontinuity x, the Fourier series of f assumes the mean
of the one-sided limits of f. ®

Corollary 10.14. If f : [-m, 7] — R is continuous, and if f(—m) = f(m),
1/ (z) exists and is piecewise continuous on [—m, |, then the Fourier series of
f converges to f(x) at every point x € [—m,m|.

Theorem 10.15 (Dirichlet’s theorem). Suppose that f : [—m, 7] — R is
piecewise continuous on [—m,m| and piecewise monotone, i.e., there erists a
partition P = {xo,1,..., 2} of [=m, 7| such that the restriction fl|iz, | 2.,
k=1,2...,n, is either increasing or decreasing. Let f(x) be defined for other
values of x by the periodicity condition f(x) = f(x + 2w). Then the Fourier
series of f on [—m, | converges to

(a) f(x) if f is continuous at x € (—m,T);
(®) (f(z—) + f(x+))/2 if [ is discontinuous at x;
(c) (f(m=)+ f((—=m)+))/2 at the endpoints x = *.

The conditions imposed on f(z) in Theorems 10.12 and 10.15 are called
Dirichlet’s conditions (see Figure 10.9).

Example 10.16. If f(z) = « on [—7,7) and f(7) = —m, graph the 27-
periodic extension of f to R. Also, find the Fourier sine series of f.



10.2 Convergence of Fourier Series 445

ey

-7 Ols =z« ¢ ™ X

S S S
30 —W_W“ 7/ 37 B &

Fig. 10.10. Graphs of f(z) = f(z + 27), f(z) = z on [—m, 7) with f(7) = —7.

Solution. Note that f is odd on (—m,m) and f(—m) = f(7) (Figure 10.10).
The periodic extension of f to R may be given by

flx+2nm) = f(z) forxzeR.

Note that f((—m)+) = —7 = —f(7+) and the 27-periodic extension of f is
not continuous. We see that a,, = 0 for n > 0 and

1 (7 2 [T 2(—1)n 1
bn:—/ xsinnmdx:—/ xsinnxdx:(—).
0

o T n

Consequently (see Figure 10.11),

oo (_l)kfl )
T~ 2ZTsmlm.
k=1

Note that the Fourier series does not necessarily agree with f(z) = = at
every point in [—m, 7. In the present example, the Fourier series vanishes
at both endpoints x = +m, whereas the function does not vanish at either
endpoint. However, by Theorem 10.12, the series converges at every interior
point of (—m, 7). For example, at © = 7/2 the symbol ~ can be replaced by
an equal sign (why?), and so

1
5
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Yi

s40(f) //

57(f) ]

‘\‘\ s1(f)
~ s5(f)

Fig. 10.11. The graphs of the nth partial sums of 233>, ((—1)*"!/k) sin(kx).

which gives the remarkable Madhava-Leibniz-Gregory formula (see also

Example 9.32)

Tyl
47 35 7"

Finally, we remark that at the endpoints x = £, the series converges to
[ )+ f((=m+) 7+ (=7)

2 == =0 ¢

In the above example, we could also consider f as follows: f(z) = x
on (—m,m) and f(—m) = f(m) = 0. The periodic extension is pictured in
Figure 10.12.

Fig. 10.12. Graphs of f(z) = f(x + 27), f(z) = z on (—=,w) with f(7) =0 =
f(=m).

Example 10.17. If f(z) = ¢* on [—7,7) and f(z + 27) = f(z) for € R,
determine the Fourier series of f.

Solution. It is convenient and simpler to use the following standard notation:

1 a

— = —1 and €% =cosz +isinx
a+ib  a?+ b2 a? + b? ’
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so that for n > 0, we have e"™ = (—1)" and

/eimdx:/cosnxdx+i/sinnxdx.

According to this, the Fourier coefficients are easy to derive quickly by writing

T
/ e """ dx
— T

e(l—in)w 4

a, — 1b,, =

1—in |_,

e(lfin)ﬂ' _ ef(lfin)ﬂ'
1—in

= —DM(e —eT) since e
n(l—in)
2(—1)"sinh 7 )
= ]_
(1 + n?) (I +in),

A= A= 3

—~

finm _ (_l)n

Y

and therefore, equating real and imaginary parts gives

2(—1)"sinh 2(—1)""'nsinh
(=1)"sinh 7 and b, — (=) tnsinhrw
(1 + n?) (1 +n?)

Ay =

Thus, we have

inhm  2sinh7 o (—1)" 2sinh 7 o= (=1)""'n
estmﬂﬂ—i— in ﬂZ£+) cosn + sin FZ 13_”2 I

n=1

(10.9)

for € (—m,m). In particular, at the point of continuity x = 0, it follows that

sinh 28inh 1 = (—1)"
inhw Wz )

s 14+ n2’
n=1

1=

which reduces to
n

7TCSC7T—1 i( 1)
1+n

n=1

According to Dirichlet’s theorem, at the endpoint = 7, the relation (10.9)
yields

em +e " sinhm  2sinh 7 1
>

: — 1
= 5, Le 7rcoth7r:1+2Z—2,
2 us 1+n n:11+n

n=1

which reduces to

WCOthW—l_i 1
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10.2.2 Fourier Series of Functions with an Arbitrary Period

Having discussed periodic functions defined on [—m, 7] of period 2w, we are
now ready for a discussion of a more general case, namely the development of
a function in a Fourier series valid on an arbitrary interval. In this process,
by letting the length of the interval increase indefinitely, we may obtain an
expression valid for all z.

Suppose that f is a 2L-periodic and Riemann integrable function. Then
by Lemma 10.1, the function f(at) has period 2L/a. In particular, f((L/x)t)
is 2m-periodic, and so the Fourier series expansion has the following in terms
of the variable t:

I ao [eS) [eS) .
f (;t) ~ 5 + kz;lak cos kt + ];bk sinkt, te[—m, 7], (10.10)

where
1 (™ (L 1 [F k
ak = ;/777]0 (;t) cosktdt = ZKLf(x)cos (%x)df&

and similarly,
I k
by, = 7 [L f(z)sin <fﬂ-x>dx

By Lemma 10.2, we remark that the interval of integration in the last two
formulas for the Fourier coefficients can be replaced with an arbitrary interval
[c,c + 2L], of length 2L. Changing the variable ¢, by setting ¢t = (n/L)x, we
can reformulate (10.10), and the above discussion as follows.

Theorem 10.18. Let [ be a periodic function with period 2L. Then the
Fourier expansion of f is given by

f(x) ~ % + ;ak cos (k%x) + };bk sin (k%x> , wxz€[-L,L], (10.11)

where

L L
ap = %/_L f(x)cos (k%rx) dz and by = %/_L f(z)sin (kfﬂ“)dx

The interval of integration in the last formulas for the Fourier coefficients
can be replaced with the interval [c, ¢ 4+ 2L], where ¢ is any real number; we
usually let ¢ = — L. Most of the physically realizable periodic functions satisfy
this theorem. Note that

km km . [ km . [ km
Ccos (T(m + 2L)) = cos (Tx> and sin (T(a: + 2L)) = sin <fx> .
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Thus, the Fourier series in (10.11) has period 2L, and therefore the sum should
have period 2L. That is, the sum cannot represent an arbitrary function on
R, but can represent a periodic function only. But a natural extension to R
may be obtained by letting L — oco. This process actually leads to what is
called the Fourier transform, which is outside the scope of this book.

As an illustration of Theorem 10.18, we consider

Fz) = 0 for —2<x <0,
V=1 for0<z<?2.

Then with L = 2, we apply Theorem 10.18 and obtain

1 1+ (=1t
a==, a,=0 forn>1, and bn:L

fi > 1.
2 nm orn =

Corollary 10.19. If f is a periodic function with period 2L, then

o)~ 3 decos (o).

where the coefficients dy, and the phases ¢, may be calculated from the coeffi-
cients ay, and by defined in Theorem 10.18.

Theorem 10.18 gives the following result, which is widely used in appli-
cations because many interesting functions that turn out to be even or odd
periodic functions.

Corollary 10.20. The Fourier series of an even function f with period 2L is
a Fourier cosine series

> k 1 pet2r k
f(x) ~ % + ’;ak cos (%x) with  ap = Z/C f(x)cos (%x) dez,

and the Fourier series of an odd function f with period 2L is a Fourier sine
series

= . (kT . 1 [etil o (km
f(x) ~ kz::lbk sin <7x> with by = Z/c f(x)sin <f:c> dz,
where ¢ is any real number. In particular, a, and by may be given with ¢ = 0.

10.2.3 Change of Interval and Half-Range Series

Note that a given function is not necessarily even or odd (e.g., e® and x%e®).
Suppose that we wish to find the Fourier series of a function f defined only
in [0, 7] instead of [—m, 7]. We may define

_ Jglx) for —m <z <0
F(x){f(x) for 0 <z <m,
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where g is an arbitrary function on [—,0). Since we are interested in f only
on [0, 7], properties of the convergence of the series on [—,0) are irrelevant
(Figure 10.13). This means that we may set on [—,0),

g(@) = f(—a) or g(x) = —f(~z) or g(x)=0.

Assume that I satisfies the Dirichlet conditions.

AN % N - -
/ N / AN N PN
\ 3 \ e \ / N
/ \. / \ /
\ / . \

- O‘ T 2r 7 21 —x_ /O m™_/ 21 3r%

Fig. 10.13. Illustration for even and odd extensions.

Case (i) In the first case, we obtain an even function F' on [—7, 7] (with
g(0) = 0), so that Fourier series of F'(x) on [—m, 7] contains only cosine terms,
and F(z) = f(x) on [0, 7]. Consequently, the cosine series of the even function
F(z) := feven(x) = f(Jz|) on [—m, 7] gives the cosine series of f(z) on [0,n].
Thus, the Fourier cosine series of f on [0, ] is given by

o0 2 T
f(@N%O‘FZGkCOS]WC, ak:—/ f(z) cos kx da.
T Jo
k=1

This is called the half-range cosine series for f defined on [0, x]. Thus, ac-
cording to Theorem 10.15,

- fx) for z € (0, ),
%wLZakcosk‘x: £(0) for z =0,
2 = fem + 5 = f(m) forz =m,

2
where in the last step we have used the fact that f(7) = f(—m). We remark
that if f is defined only on [0, ), then we can define

feven(_ﬂ-) = ml_lgrl_ f(J?),

provided the later limit exists.

Case (ii) In the second case, we consider g(z) = —f(—x), and so F takes the
form

f(z) for 0 <z <,
F(z) := foada(x) = ¢ —f(—x) for —m <2 <0,
0 forx =0, z =+,
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where in the last step we have set f(m—) = —f((—n)+) (provided lim,_,._ f(z)
exists), so that

fr=)+ f((=m)+)
2

=0,

and F' = foqq is an odd function defined on [—m, 7] (Figure 10.14). Hence
the Fourier series of F' contains only sine terms, and F(z) = f(z) on [0, 7.
Consequently,

o0 2 T
f@) ~ Zbk sinkxz, by = —/ f(z)sin kx d,
T Jo
k=1

which is referred to as the half-range sine series for f on [0, 7).

Y Y

Fig. 10.14. Odd and even extensions of f(z) = cosx on (0, 7).

Odd and even extensions of f defined on (0, L) may be defined similarly;
see Figures 10.15 and 10.16.

Yi Yi

. o 2+ o

: 7/ 7/

: s s
I VA 7 : 4 -
O 2 x Vi —4 =2 2 7 4 e

/ : L
o 2l ¥

Fig. 10.15. Odd extension of f(z) = x for 0 < z < 2, period 4.

A change in scale can be made for the cosine and sine series, and we obtain
the following;:

Definition 10.21. For an integrable function f : [0,L] — R, the Fourier
cosine expansion of f is given by

0 L
f(x)w%—&—;akcos(lm%), ak:%/o f(m)cos(%)dx.
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sy

—éo| > 4

Fig. 10.16. Even extension of f(z) =z for 0 < x < 2, period 4.

The Fourier sine expansion of f on [0, L] is given by

f(x)wibksin<kz$> /f sm( )dx

Thus, given a function f defined on [0, L], it is possible to obtain both
cosine and sine series of f on [0, L].

Example 10.22. Consider f(z) = |sinz| (see also Example 10.24). The func-
tion is defined for all 2. We remark that | sin z| is m-periodic and | sin z| = sinx

n [0, 7] (see Figures 10.17 and 10.18). Clearly, f represents a continuous,
piecewise smooth, even function of period mw, and therefore it is everywhere
equal to its Fourier series, consisting of cosine terms only. Now, for k£ > 0,
Corollary 10.20 with ¢ = 0 and L = 7/2 yields that

ar = / f(x) cos(2kz) dx:

—/ sinx cos 2kx dz, since |sinz| = sinz on [0, 7,
T Jo

= l/ [sin(1 4 2k)z — sin(2k — 1)z] da
™ Jo

1 ( cos(2k + 1)z cos(2k — 1)z> T

™

2k +1 2k —1 0
- 1 (_1)2k+1 -1 (_1)2k—1 -1
o7 2k +1 2k — 1 ’
Y Y
y=sinz y = [sinz|
O ™ or 3r T 0] d 2m 3m x

Fig. 10.17. Graph of y = sin x. Fig. 10.18. Graph of y = |sinz|.
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which, after a simplification, shows that
4
=———7, k2>0.
Tz 1) T

In particular, ag = 4/m. Thus, the Fourier series expansion of the given func-
tion is (see Figure 10.19)

|sinz| 2 4 S cos 2kx el l

sinz| = — — — —, T E€|-7, 7.

moom AR =1 ’

Note that we have an equal sign rather than ~, because the Fourier series
converges absolutely and uniformly on [—, 7], and hence on R. o

s1(f)
l

Fig. 10.19. The nth partial sums of | sin x| ~ %f% 21 a)}:é_Zkaz))

T

forn =1,2,4,30.

Example 10.23. (a) Expand f(z) = cosz as a half-range sine series on [0, 7].

(b) Does the series converge for each point in [—, 7|7

(c) Define g(z) = > p-; bi sin kz and sketch the graph of g on [—m, 7], where
the by are the Fourier coefficients of f.

(d) Determine when f(z) = g(z) on [—, 7).

Solution. We have

(oo} 2 T
cosx ~ g b sin kz, bk:—/ cosx sin kx dx.
™ Jo
k=1

Clearly, by = (1/7) [ sin(2z) dz = 0. For k > 1,

2 / coszsinkxdr = / (sin(k + 1)z + sin(k — 1)z) dx
0

cos(k + 1)z cos(k'—l)x T
B k+1 k—1 0
k-‘rl (_l)k—l_l
[ k+1 k—1 ]
2k
= —1)*
0 ifk=2n—-1,n>1,

:{4 fnl ifk=2n,n>1.
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Thus (see Figure 10.20),

Yl (

» »
=t
(=Rl
—~

—
~— ~—

==

Q
NI
3

8

o0

Fig. 10.20. cosz ~ 8 >

n .
D Ny ) sin(2nx) on (0, ).

00
n

8
cosT ~ — ; 1 sin(2nz) on (0, 7). °

Example 10.24. Find the Fourier cosine series of f(x) = sinx on [0, 7).

Solution. Note that the even extension F'(x) of f(x) = sinx is given by F(z) =
|sinz| on (—m,7), and hence F' may be treated as a m-periodic function as in
Example 10.22. We could also use the above extension process of half-range
cosine series. According to this,

o s
. ao 2 .
sinx ~ 5 + E aicoskxr, ap=— sin z cos kx dx.
™ Jo
k=1

We see that ag = 4/7 and a3 = 0. For k > 1, we have

2/ sin x cos kx dx = / [sin(k + 1)z — sin(k — 1)a] dz
0 0

1 2
= [(=1)F " = 1]m~

Thus on (0, 7),

2 2 (—1)F -1 2 4 X cos(2nx)
ine~=- 4+ = L coskr=-——— i St
sinx 7T+7T1;2 21 coskzx - W;4n2—1
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Since the sum of the series on the right is even, it converges to |sin x| rather
than sinz when —7 < z < 0. This implies, by periodicity, that the Fourier
series indeed converges to |sin x| for all real z. Thus (see also Example 10.22)

|sing|=———» ———=* forallzeR. 'Y

Example 10.25. Consider f(x) = z|z| for —7 < 2 < 7. Then f is an odd
function with L = w. Therefore, a,, = 0 for n > 0. The periodic extension is
given by

f@) = flx+2n), f(x)=—-7°= f(-n).

Also, we observe that f(x)sinnz is even, and so for all n > 1, we have

1 /7 2 (7
. . o 2 .
by, = — z|z|sinnedr = — x* sin nx dx,
7r 7 Jo

—T

so that
2 2 o2 T
b, = — _rcosng —|——/ xcosna:dx}
T | n o nJo
2 w2(—1)" inna | &
e — (=1 z{msmnaz —l/ sinnazdx}}
T | n n no |y nJo
2 [wA(=Dtt 2 cosna|”
o n n? n |,
2 [x*(=)" " 2((=1)" 1]
= — + 3
T | n n
2 [(=1)"tw?n? 4 2[(—1)" — 1]
o n3
and a simplification gives
2(m%n? — 4
" =9 it s 0dd,
by, = ™
27 e
- if nis even, mn > 1.
n
The Fourier series of f(z) = z|z| for —7 < x < 7 follows. o

10.2.4 Issues Concerning Convergence

The following lemma, which is of central importance, tells us why Fourier
coefficients are so important. Of course for our presentation, it suffices to
consider @ as in (10.4) (so that ¢’s, cx’s and d’s are all real).
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Lemma 10.26 (Best approximation). Let & = {¢1,...,¢,} be an or-
thonormal set of functions in the inner product space &, and let c be the
Fourier coefficients of f relative to ¢y,:

™

a=1 [ f@aE = (.00

If To(x) is an arbitrary Fourier polynomial relative to ¢, that is, Tp(x) =
S h_y digr(z) for some constants di,. .., dy,, then we have

2
< |If = Tall?,

Hf > ()
k=1

with equality if and only if ¢, = dy, for each k =1,...,n. Moreover,

™

Ylaf<s [ 1@l (10.12)
k=1

—T

Proof. Set Sp(z) =2} _, ckdr(z). Then we have

I -TaP =2 / F(2) = Tu(a)|? da

—T

L wre—re Y wl [ jwnme
k=1 -

+l/ |Tn(x)|2 dx

ﬂ- —T

B 1 s 5 n o n )
_ ;[ F@Pdr—2Re S e+ 3 il

i k=1 k=1
— 1 " 2 - 2 - 2
=2 [ @R = 3P+ 3 o - d

i k=1 k=1
= 1f = Sull>+ D lex — dil?, (10.13)

k=1

and therefore

1f = Tull® > I1f = Sull?,

with equality if and only if ¢, = dj for each k = 1,...,n. Note that f and ¢
are fixed, while the dj are allowed to vary. In particular, setting di = ¢ in
(10.13) shows that the minimum value of || f — T, ||? is given by

T n

. 1 -
inllf =Tl = [ P e =3l = 1P = 3l
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which has to be nonnegative. This gives

T

n
1
S el < —/ f(2)[2dz  for all n. .
™ —T
k=1

Upon letting n — oo, because the sequence {ZZ:1 |ck|2} of partial sums
of the series > 7~ |cx|? is bounded above by || f||%, we obtain the following
result as a consequence of the monotone convergence theorem.

Corollary 10.27. Suppose that {¢r(x)}r>1 is an orthonormal set in € and
> e ckdr() is the Fourier series of f € € relative to {¢y}tr>1. Then

(a) 202 [enl® < (1/m) [T, |f (@)]? da, where ¢ = (1/7) [7 f(2) i (x) da;

(b) ¢x — 0 as k — oo.

The inequality (a) is called Bessel’s inequality. Part (b) of this corollary
follows easily from the fact that the general term of a convergent series must
approach zero.

Because the trigonometric system @ defined by (10.4) forms an orthonor-
mal basis with {ag/ \/5, ak, b} as the corresponding Fourier coefficients asso-
ciated with @, it follows that

o0

2 1 u
LY@+ <= [ P, (10.14)

k=1

which is the form of Bessel’s inequality used for the basic trigonometric system
&. Here the aj and by, are defined by (10.5). Note that the series on the left-
hand side of this inequality is convergent whenever f is a square-integrable
function. Equality holds in the inequality (10.14), although the inequality is
sufficient for the convergence discussion. We may state (10.14) as the following
theorem.

Theorem 10.28. The sum of the squares of the Fourier coefficients of any
square-integrable function always converges.

Also, it is important to point out that there exists a function that is
integrable (but not square-integrable) whose Fourier series diverges, but we
shall not prove this fact in this book.

In particular, Bessel’s inequality (10.14) gives that a3 — 0 and b2 — 0 as
k — oo and therefore,

lim ap =0 = lim bg.
k— o0 k—o00

By the formula (10.5), it follows that

T s

lim f(t)cosktdt =0 = klim f(t)sinkt dt. (10.15)
T — 0

k—oo | _ -

Indeed, the following general result holds for an arbitrary interval [a,b], al-
though we do not include its proof here.
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Lemma 10.29 (Riemann—Lebesgue lemma). If f is piecewise continu-
ous on [a,b] and absolutely integrable on [a,b], then

b b
lim / f(t)cosatdt =0= lim f(t)sinat dt,

a—too a—Foo a

where a € R.

10.2.5 Dirichlet’s Kernel and Its Properties

In order to establish sufficient condition for the convergence of a Fourier series
at a particular point, we pay some attention to representing the partial sums.
To do this, we need a simple formula for calculating the sum of the “simplest”
trigonometric polynomial

n

1
Dy(t) =5 + > coskt. (10.16)
k=1

We see that the formula for D,,(t) is useful in examining the behavior of the
partial sums of the Fourier series of a periodic function. First, we find that

: 1
St 2)t ey om g 7,

Dn(t) =14 | Zsingt (10.17)

3 +n ift/2m € Z.

The function D, (t) is called Dirichlet’s kernel, and it changes sign more

rapidly as n increases. Indeed, if ¢ = 2m for some m € Z, then from (10.16),

it follows that D, (2mm) equals % + n. If sin %t # 0, then multiplying both

sides of the equality (10.16) by 2sin 1 ¢, we have

N D D 1
2Dn(t)sm§t251n§t+;2c08ktsm§t

= sin%t—&—é {sin (k:—i— %)t—sin (k‘— %)t}

. 1 ;
= sin (n + 5) s
and (10.17) follows.
We shall now formulate some preliminary properties of Dirichlet’s kernel
(see Figure 10.21 for the graph of D, (t)). We observe that D,, is even. Recall
that if we substitute ¢ = 2mm in both sides of D,,(¢) in (10.16), we see that

D,(2mm)=n+1i, meZ
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From the first expression on the right of D, (¢) in (10.17), it follows that the
points t = 2mm (m = 0,41, ...) where both the numerator and denominator
vanish are removable discontinuities:
n+1)cos(n—+ )t n+H=1nm 1
lim D,(t)= lim ( 2)1 ( 2) = ( )Y :n—&-E.

1
t—2mm t—2mmr 2 5cos 5t (=1)m

Thus, D, (t) is continuous on R. Moreover, since D,,(t) is even,

1 [ 2 [T 2101 (7 DT
= Dn(t)dt:—/ D,(t)dt = = -/ dt + / cosktdt| =1,
m T Jo T2/ ; 0

—T

for any n whatsoever. By the triangle inequality, for all ¢ € R and each n € N,
we have

J— 1
IDa(®)] < 5 + ) |coskt| = 3 +n
k=1

Finally, in view of the well-known Jensen’s inequality, namely sinf > 20/7
for 6 € [0, 7/2], we have

1

i
<™ ot
sem2) S 2 erte0m),

and therefore
T
|

D, ()] <
D] <
Thus the basic properties of D,,(t) may be summarized as follows.

for 0 < [t| < m.

Yi

Fig. 10.21. The graph of D, (t) = & + >"1_, cos(kt) for certain values of n.

-2
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Proposition 10.30. The Dirichlet kernel D, (t) defined by (10.16) is even,
and |Dy(t)| < 1 +n for each t € R and each n € N. Moreover,
1 (" 2 (7
= D, (t)dt = —/ D,(t)dt =1 for each n. (10.18)
T Jo

™

In addition, for 0 < |t| < m, [tD,(t)] < .

Next, we consider the partial sum s,(f) of the Fourier series of the 27-
periodic function f on (—m, ) defined by

ap n .
sn(f)(t) = 5+ kzﬂ(ak cos kt + by, sin kt),
where aj, and by, are the Fourier coefficients of f defined by (10.5). Note that
for each n € N,

e s,(f)(t) is continuous;

o 5, (f)(t) is 2m-periodic, and s, (f)(7) = sn(f)(—m).
Now we recall an important consequence of the uniform convergence theorem
(see Theorem 9.12): if the Fourier series of f converges uniformly to f on
[—7, 7], then f must be continuous on [—m, 7] with f(7) = f(—m).

The Dirichlet kernel plays a key role in our next calculation, since it pro-
vides a convenient way of representing the nth partial sums s, (f)(¢) in a more
manageable form as an “integral transform” of f.

Proposition 10.31. Let f : R — R be a 2w-periodic function that is inte-
grable on [—m,ww|. Then we have

sn(f)(z) = 1 /Oﬂ(f(x + 1)+ f(x —1))D,(t) dt. (10.19)

™

Proof. From the expression for the Fourier coefficients ay, and by, in (10.5), we
can rewrite our formula for s, (f) as follows: for each x € R,

sn(f)(x) = a2—0 + Z(ak cos kx + by sin kx)
k=1

T
0
- " H@®) Dult—z)dt, by (10.16)/(10.17),

_ l/”_x f@+u)Do(u)du (¢ — 2 = u)

1 n
3 + Z cos kt cos kx + sin kt sin kx] dt
k=1
n

1
3 + ;cos k(t — x)] dt

I
|
~
—
8
+
~
SN—
-
3
SN~—
o
~
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Here both f(t) and D, (t) are periodic functions of period 27, and therefore
the last equality is a consequence (see Lemma 10.1) of the fact that for every
2m-periodic function g and for each real a, we have

/1 g(u)du = /7; g(u) du.

Since D, (t) is even, we have

" e tDa®dt = [ f@—t)Do(t) dt,

—T
and therefore the last representation for s, (f)(z) can be rewritten as

W@ =+ [ faropuma=1[" e -np.ma (1020

—T —T

or equivalently

sn(f)(x) L /ﬂ (flx+1t)+ f(x —1))Dy(t) dt. (10.21)

:ﬂ .

Since the integrand in the integral in (10.21) is even (in t), the desired repre-
sentation (10.19) follows. [

Multiplying both sides of (10.18) by f(z) gives

fla) =2 /O " F@)Da(dt = j F(2)Da(t) dt. (10.22)

™

Subtracting this from (10.19) gives a fundamental relation

sn(f)(z) = f(z) = 2/077 (f(x+t)-;f(x_t)

™

- f(m)) Dy (t) dt.

Thus, we have the following result.

Proposition 10.32. Assume the hypotheses of Proposition 10.31. Then the
sequence s, (f)(x) converges to f(x) if and only if

Jim 3/; (f(“t”f(x_t) —f(:c))Dn(t)dt:O.

(Note that the integrand is even in t.)
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10.2.6 Two Versions of Dirichlet’s Theorem

First we show that the Fourier series of a piecewise continuous function con-
verges to the function at points where the function is differentiable.

Theorem 10.33. Let f € £ (i.e., piecewise continuous on [—m,7]) and 27-
periodic on R. Suppose that f is differentiable at xo. Then

lim s, (f)(z0) = f(x0).

n—oo

Proof. Let x be a point at which f is differentiable. We have to prove that

lim s,(f)(z) = f(x), ie., Ry(z)= f(z)— sn(f)(z) = 0asn — occ.

n—oo

By (10.20) and (10.22), this is equivalent to proving that R,(x) — 0 as
n — oo, where

Role) == [ (@)~ fle =)D, (0t
1 (" — —t) . 1
= ;/W%sm (n+§) tdt
— %/:p(t) cos %tsinnt dt + % T; w cosnt dt,
with
_Jl@) = flz—t)
p(t) = QSin%t '

By the Riemann-Lebesgue lemma (see (10.15)), the second integral in the last
relation approaches zero as n — oo. Therefore, it suffices to prove that the
first integral in the last integral relation approaches zero as n — oo. Since
f € € and sin(¢/2) is continuous, the function p(t) is piecewise continuous in
t except possibly at t = 0. But since f is differentiable at z, it follows that

10 i=0 t sin 3t N

and therefore p(t)cos %t belongs to £. Again, by the Riemann-Lebesgue
lemma (see (10.15)), it follows that

n—00 T

1 /7 1
lim —/ p(t) cos §tsinnt dt = 0.

—T

Thus, R,(z) — 0 as n — oo, i.e., sp(f)(x) = f(r) as n — oc. [



10.2 Convergence of Fourier Series 463

Corollary 10.34. If f is differentiable on [—m, | and 2m-periodic on R, then
the Fourier series of f converges pointwise to f(x) at every point x € [—7, ).

Next we shall present a sufficient condition for the convergence of a Fourier
series of a function at a point of discontinuity.

Theorem 10.35. Let f and f' be piecewise continuous on [—m, x|, and 2m-
periodic on R. Then

lim s(f)(z) = L8 H @)

n—o00 2

Proof. We need to prove that

sn(f)(z) — w as n — 0o.

By (10.19) and (10.22), this is equivalent to proving that

Rn(l‘) = Sn(f)(x) — M

— 0 asn — oo,

2
where
Ry =2 [ (Lt Jen) e
0
Using the expression for D, (t), we can rewrite R, (x) as
R, (x) = 1 /W p(t) sin (n + %) tdt + 1 /W q(t) sin <n + %) tde, (10.23)
T Jo T Jo
where
_ f@+t) — flat) _fa—t)— fl=-)
p(t) = 2sin %t and - q(t) = 2sin %t '

We now show that the two integrals in (10.23) approach 0 as n — oo. We shall
first deal with the first integral. Since f is a piecewise continuous function of ¢,

flx+t)— flz+) t/2

t sin ¢

p(t) =

is piecewise continuous on the half-open interval (0, 7], and

fi () = iy 1€ D T8)

Since f’ is piecewise continuous, the limit on the right (right-hand derivative)
exists. Thus, p(t) is piecewise continuous on [0, 7|. Similarly, ¢(t) is piecewise
continuous on [0, 7].
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Next, expanding sin (n + 1)¢, the first integral in (10.23) becomes

1 [ 1 1 [ 1
;/0 p(t) sin (TH- §>tdt;/o p(t)cos?sinntdt

Jrl fl+t) = flas) cosntdt,
T Jo 2

with each integral on the right approaching zero (by the Riemann—Lebesgue
lemma) as n — oco. Thus,

1

T 1
—/ p(t) sin (n+—>tdt—>0 as n — 00.
™ Jo 2

Similarly, the second integral in (10.23) approaches zero. Therefore, we con-
clude that R, (z) — 0 as n — oo, and the proof is complete. [ ]

Corollary 10.36. Let f and f' be piecewise continuous on [—m, 7| and 27-
periodic on R. If f is continuous at xq, then the Fourier series of f converges

to f(xo).

10.2.7 Questions and Exercises
Questions 10.37.

1. If f is even (respectively odd) and integrable on [a,b], must F(x) =
Jo f(t)dt be odd (respectively even) on [a, b]?

2. If f is even (respectively odd) and differentiable on [a,b], must F(x) =

f/(z) be odd (respectively even) on [a, b]?

Suppose that f and g are either both even or both odd. Must fg be even?

If f is odd, must we have f(0) = 07?

5. Suppose that f and g are even and odd, respectively. Must both the
compositions f o g and g o f be even?

6. Suppose that f is a real-valued function defined on [—c¢,¢]. Can f be
expressed as the sum of even and odd functions?

7. Does there exist a function f on [—m, 7] such that its Fourier series is

=W

sinx +sin2x +sin3x + - -- +sinnz + - - -7

8. Suppose that f(z) = f(7—z) and that f is periodic with period 27. What
can be said about the Fourier coefficients of f7
9. Suppose that f(z) = ax? + bz + ¢ (—7 < < 7) for some real constants.
What will be the graph of f(z)? Is the periodic extension of f a continuous
function? What are its discontinuities?
10. Does there exist a periodic function that is not Riemann integrable?
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Exercises 10.38.

1. Determine which of the following functions are even, which are odd, and
which are neither.

(@) asina. (b) acosne. () o' (@) af(e?). (@) tou (10).

2. Suppose f € C'([a,b]) and f(a) = f(b) = 0. Using the Fourier series
expansion of f, show that

[reras (22 [rere

3. Assume that f(z) = 2?. Let

o0 A o0
% + ;(an cosnz + by sinnz) and 70 + ;(An cosnz + B, sinnx)

be the Fourier series of f on [—, 7] and of f on [0, 27], respectively. Define

ap — Ao

h(z) = 5

+ Z[(an — A,) cosnx + (b, — By) sinnz].
n=1

Calculate h and give a careful sketch of the graph of h on [—, 27].

4. Assume that g(z) = 22 for x € [—m,7]\{7/2} and g(w/2) = 0. How do
the Fourier coefficients of g compare with those in Exercise 10.38(3) for
f(x)? What can we conclude from these two problems?

5. Let f: R — R be a piecewise continuous function that is m-periodic. Let
U Z[a cos 2nx + by, sin 2nx]  and Ao + Z(A cosnx + B, sinn)

n=1

be the Fourier series of f on [0,7] and of f on [—m,7]. Express A4, and
B,, in terms of a,, and b,,.
6. Define

| Asin (2nLz) for 0 <z < L/2,
f(f”)_{o ( )for(L/2)§x<L.

Compute the Fourier series of f on the interval [0, L].
7. Define f(x) = (7 — ) for x € [0, 7].
(a) Find the sine and the cosine series of f.
(b) Using the corresponding Fourier series, prove the following:

=1 b =1
i —_— = — d _— = —,
(@) nz::l n6 945 M ; nt T 90
o0 o0
B (71)7171 B 7.(.3 (71)n71 B 7.(.2
(i) Z Gn-1F 32 and Z —r =1
—1 n=1

n—odd
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8. Find the Fourier series representation for
-1 ifre(-m-%), -1 ifze(-m-3),

(a) fle)=4q1 ifzxe (=%, %) (b) fl(x)=4q0 ifzxe (=%
-1 ifx e (§,m). 1 ifxe(§,m).

How do the Fourier coefficients of f in (a) compare with those in (b)?
What can we conclude from these two problems?

9. To obtain more practice with Fourier series, calculate the Fourier series
for the five functions given by |x|, sign (z), x, 22, and |sinz|. Discuss the
relationships among the Fourier series of these five functions.

10. Define f(x) =1 —x/2 for © € (—m,m). Graph the 27-periodic extension
of f. Find the Fourier series expansion of f.
11. Define

Flz) = 1+2 for -1 <2<0,
=121 for0<az <.

Compute the first five terms in the Fourier expansion of f. Plot f and
sn(f) on [-3/2,3/2] on the same graph.

12. Does there exist a continuous function on [—m, 7] that generates the
Fourier series

n
sinnx?

>

If not, justify your answer. If yes, can we use Parseval’s formula to
prove that

13. Determine the Fourier series of
f@)=3z+4+2 on|-mmn), f(r)=-=-3r+2; f(z)=[f(zx+2m).
14. Show that
sin(ra)  2asin(ra) o _, cos(kx)
) + > (=pkt

cos(ax) =
( et T po k2 — a2

for x € [—m, 7],

—

where a € Z. Deduce that

QI»—*

™ cot 7ra

k=1
15. Expand the function f(x) defined by

Flz) = T for 0 <z <L/2,
V=V —a2 for L)2<2 <L,

in a sine series.



16.

17.

18.
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Define

Nk for 0 <z < 7/2,
f(x)_{() for z € (—m, 0] U [r/2, 7).

Find the Fourier series, Fourier cosine series, and Fourier sine series of f.
In each case, sketch the graph of the sum of the series for z in the interval
[—47, 4.

Let f be a periodic function defined by

f(z)= {;ﬂ ﬁg; O_ii a<:7<r’0, and f(z) = f(z + 2m).

Draw the graph of f(z) and determine the Fourier series of f.
Define f : [-m, 7] = R by

F@) = {1 for |z| < 7/2,

0 elsewhere.

(a) Draw the graph of f(z) and extend to R as a 2m-periodic function.

(b) Show that f is piecewise continuous, and determine the points of
discontinuity of the periodic extension of f.

(c) Show that f’ is piecewise continuous.

(d) Verify whether Theorem 10.35 is applicable.

(e) Determine the Fourier series of f.
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Functions of Bounded Variation
and Riemann—Stieltjes Integrals

In Section 11.1, we introduce a special class of functions, namely, functions
of bounded variation. In Section 11.1, we shall also discuss several nice prop-
erties of functions in the class BV ([a,b]) of functions of bounded variation
on [a, b]. Monotone functions on [a, b] have nice properties. For example, they
are integrable on [a,b] and have only a countable number of jump disconti-
nuities. In this section, we shall also show that every monotone function is
a function of bounded variation, and hence the class BV ([a, b]) contains the
class of monotone functions on [a, b]. We shall show that increasing functions
are in some sense the only functions of bounded variation. More precisely (see
Theorem 11.19), every function of bounded variation is the difference of two
increasing functions. As an application of functions of bounded variation, in
Section 11.2 we shall consider important generalizations of the Darboux and
Riemann integrals called the Darboux—Stieltjes and Riemann—Stieltjes inte-
grals. The theory of Stieltjes integrals is almost identical to that of Riemann
integrals, except that the notion of length of an integral is replaced by a
more general concept of a-length. Stieltjes integrals are particularly useful in
probability theory.

11.1 Functions of Bounded Variation

Let f: [a,b] = R and let P = {x¢,21,...,%,} be a partition of [a, b]. Intro-
duce V(P, f) by

V(P f) =Y |Afkl,  Afy = flar) = fzr)- (11.1)
k=1

Note that V(P, f) > 0. We say that f is a function of bounded variation on
[a,b], or simply a BV function on [a,b], if there exists a constant M such

S. Ponnusamy, Foundations of Mathematical Analysis, 469
DOI110.1007/978-0-8176-8292-7_11,
© Springer Science+Business Media, LLC 2012
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that V(P, f) < M for each partition P of [a,b]. We shall say simply that f
is of bounded variation on [a, b]. The collection of all BV functions on [a, b] is
denoted by BV ([a,b]). If

Vila,b] :=sup{V (P, f) : P € Pla,bl},

then Vyla,b] is called the total variation of f on [a,b]. In general, V¢|a,b]
could be infinite. It follows that Vy[a,b] = 0 if and only if f is a constant on
[a,b]. Also, it is clear that f is a function of bounded variation if and only if
Vila,b] < .

Examples 11.1. (i) If f(z) = x on [a, b], then by (11.1), it follows that

n

V(P )= |k —apa| =D (@p —2p1) =20 w0 =b—a,
f=1

k=1

and so Vy[a,b] = b—a.
(ii) Recall that |sinz| < |z| for z € R and

2 cos <x+y) sin <¥)‘ <2

Alternatively, applying the mean value theorem on the interval [z,y], it
follows that

sinx —siny| =
Y

zy‘lzyl-
2

|sinx —siny| = |cosc||ly —z| < |z —y| for some ¢ € (x,y).

Thus if f(x) = sinz on [a,b], then by (11.1), we have
n n
V(P f)= Z |sinzy — sinag_1| < Z |z — zk—1] =b—a,
k=1 k=1
and so Vy[a,b] < b—a. °

11.1.1 Sufficient Conditions for Functions of Bounded Variation

There are several different classes of functions that are of bounded variation.
For instance, we have these.

Theorem 11.2. Suppose that f : [a,b] — R satisfies any one of the following:

(a) f is monotone on [a,b];
(b) f is Lipschitz on [a,b], i.e., there exists an M > 0 such that

|f(x) = f(y)| < M|z —y| for each x,y € [a,b];

(c) f is differentiable on [a,b] such that f'(x) is bounded on [a,b].
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Then f is of bounded variation on |a,b).
Proof. Suppose that P = {xg,x1,...,2,} is a partition of [a, ].
(a) Suppose that f is increasing on [a, b]. Then

n n

V(P f) =Y 1f(@r) = flaw-)| = D (f(ax) = flae-1)) = f(b) = f(a),

k=1 k=1

and if f is decreasing on [a, b], then we see that
V(P f) = fla) = f(b).

Thus, if f is monotone on [a, b], then Vi[a,b] = |f(a) — f(b)].
(b) If f is Lipschitz on [a,b], then

V(P f) = Z |f(zk) — flae-1)] < MZ(Ik —xp-1) = M(b—a).
k=1 k=1

(c) In this case, the hypotheses imply (by the mean value theorem) that
there exists a number ¢ in (z,y) such that

f@) = fly) =)y —=) for [x,y] C [a,b],
and so because [’ is bounded, there exists an M such that
|f(z) = f(y)] < M|z —y|, ie., fis Lipschitz on [a,b].
As in (b), it follows that V(P, f) < M (b — a).
The conclusion of each case follows. ]

Example 11.3 (A continuous function need not be of bounded vari-
ation). Consider f : [0,1] — R defined by

rsin (&) for0 <z <1,
f(:E) _ (230) B
0 for x = 0.

Clearly, f is continuous on [0, 1] and is bounded by 1. Since sinz = (—1)™ if
and only if © = (m + (1/2))7 with m € Z, we consider the partition

Fig. 11.1. Partition of [0, 1].
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1 11 1
P=<0,—....,—, -1 =0 =— (1<k<
{ ’271—1, 75,3a }7 1.€. To , Tk 2(TL—I€)+1( =~ _TL)

(see Figure 11.1), and find that

T _1\n—k
Thus,
V(P f) = f(z1) = fFO)| + [f(x2) — fl@)] + -+ |f(1) = f(zn1)]
_ 1 1 1 1 1 1+1
T 1 m—3 m—1 =5 am—3 " 3

——

n
1
>;2k71—>oo as n — 00,

and therefore {V(P, f) : P € P[0,1]} is not bounded above. Consequently, f
is not a function of bounded variation on [0, 1]. This is also an example of a
uniformly continuous function that is not a function of bounded variation on
[0, 1]. °

Example 11.4. For « € R, consider f, : [0,1] — R defined by

22 sin (%) for0<ax <1,
falz) = _
0 for z = 0.

Then condition (c) of Theorem 11.2 is satisfied, and therefore f, is a function
of bounded variation on [0, 1]. o

Examples 11.5. Consider f(z) = \/z on [0, 1]. Here f is increasing on [0, 1],
and therefore f is a function of bounded variation on [0, 1]. However, f is not
Lipschitz, nor has it a bounded derivative on [0, 1].

Also, the function f(z) = x'/3 is monotone on [—1,1], but f’ is not
bounded on [—1,1]. Thus, a function of bounded variation on [a,b] need not
have bounded derivative on (a,b). Note that f is not even differentiable at the
origin. ®

Example 11.6. Consider f(z) = 2® on [~1,1]. Then f is monotone, and

hence it is a function of bounded variation. Also, for x,y € [—1, 1],

(@) = f)l = 1a® = y°| = |(z — y)(&® + 2y + y*)| < 3Jz —y],

and hence f is also Lipschitz. ®
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W=
N[ =

-1

Fig. 11.2. The graph of y = sin(7/z) on (0, 1].

Examples 11.7 (A bounded function need not be of bounded varia-
tion).

(a) Define f on [0,1] by

_ [ sin(w/z) for 0 <z <1,
f(x)_{o for x = 0.

Then f is not continuous at 0. We now show that f ¢ BV([0,1]).
We observe that sin(w/z) =0 for z = 1/n, n € Z \ {0}, and

sin(r/x) = (=1)" forx =2/2n+1), n € Z;

see Figure 11.2 for the graph of y = sin(w/x). This suggests that we
choose a partition P = {0,2/(2n+1),...,2/5,2/3,1} of [0,1]. We find
that f ¢ BV([0,1]), because

n

V(P f)= Z |f(xr) — f(xp—1)] =2n — o0 as n — oo.
k=1

(b) Define f: [0,1] - R by f(x) = 0 except at © = n/(n + 1), where

f( n ):(—1)”, neN.

n+1

For the partition P = {0,1/2,2/3,...,n/(n+1),1} of [0,1], it follows
that

V(P f) = [f(zr) = flax-1)| =2(n—1) = 00 asn— oo,
k=1

and hence f is not of bounded variation on [0, 1]. Note that f is bounded
on [0, 1]. °
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11.1.2 Basic Properties of Functions of Bounded Variation

We see that f is of bounded variation on [a, b] if f does not oscillate too wildly,
and in particular, f must be bounded.

Theorem 11.8. Let f : [a,b] — R be a function of bounded variation on
[a,b]. Then we have the following:

(a) f is bounded on [a,b], but the converse is not necessarily true.

(b) |f| is a function of bounded variation on [a,b], but the converse is not
always true.

(c) 1/f is a function of bounded variation on [a,b] if f(x) > m for some
m >0 and for all x € [a,b]. In particular, Vi,; < (1/m?)Vy.

(d) ¢f (c €R) is a function of bounded variation on [a,b].

Proof. Let f be a function of bounded variation on [a, b].

(a) Let x € [a,b] be arbitrary. Consider the partition P = {a,z,b} of [a,b].
For this partition P, there exists an M > 0 such that

V(P ) = |f(z) = f(@)| + [f(b) = f(z)] < M,

which gives

M b
()] < +|f(a2)|+|f( )
and so f is bounded on [a, b].
(b) For any partition P = {xzg,z1,22,...,2n} of [a,b], we have
VP =Y 1)l = |f x|
k=1
< 1f ) = flaw-1)| = V(P ),

=~
Il

1

and so |f] is a function of bounded variation on [a, b].
(c) Similarly, for any partition P = {xg,z1, 2, ...,z } of [a,b], we have

f(@r—1) — f(or)
far) f(@h—1)

n

V(P 1/f)=)

k=1

n

S @) — fan)l = V(P

S_
m k=1

Since this is true for every partition P and (1/m?)V} is an upper bound
for every V(P,1/f), P € Pla,b], this cannot be smaller than the least
upper bound. Therefore, it follows that

1
Vigp = 5V
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(d) This case is trivial. [

Theorem 11.9. Let f and g be functions of bounded variation on [a,b]. Then
so are their sum, difference, and product. In particular,

Vitg <Vi+V, and Vi, < AVg + BV,

where

A= sup |f(z)] and B = sup |g(z)]
z€[a,b] z€la,b]

(note that by Theorem 11.8(a), f and g must be bounded).
Proof. Set F(z) = f(x) + g(z) and G(x) = f(x)g(z). Then for any partition
P ={xzo,21,...,2,} of [a,b], we have
|F(x) — F(ar-1)| = |(f(zr) = f(@r-1)) + (9(z) — g(zr-1))|
< |f(@k) = fle-1)| + |g(er) — g(ze-1)l,
and so
V(P f+g) <V(P.f)+V(Pyg),

and therefore f 4 ¢ is of bounded variation on [a,b]. The case for f — g is
similar. Similarly,

G(zk) — Gap-1)| = | f(zr)g(zr) — f(zr-—1)9(2k)
+f(@p-1)g(zr) — fl@r-1)9(@e-1)]
< g(@i)l 1 (@r) = flar—0)| + [f (@e-1)] l9(zr) — g(@p-1)]
< B f(xr) = f(@e-1)| + Alg(zr) — g(zre-1)l,
and so
V(P.fg) < BV(P, f) + AV(P.g),
and therefore fg is of bounded variation on [a, b]. It follows that Vy, < AV, +
BV, where A and B are as in the statement. [

Theorems 11.2(a) and 11.9 give the following corollary.

Corollary 11.10. Every piecewise monotone function on [a,b] is of bounded
variation on [a, b].

If f and g are increasing on [a,b], then so is their sum f + g, but the
difference f — g need not be. But the next corollary shows that f — g is in the
wider class of functions BV ([a, b]).

Corollary 11.11. Let f and g be increasing on [a,b]. Then f—g is of bounded
variation on [a,b].

Proof. This follows from Corollary 11.10 and Theorem 11.9. ]
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This corollary has a converse that characterizes all functions in BV ([a, b]).
More precisely, we shall prove that every f € BV ([a,b]) can be expressed as
the difference of two increasing functions on [a, b]. To accomplish this, we need
some preparation.

Lemma 11.12. Let f be a function of bounded variation on [a,b], and let P
and @Q be two partitions of [a,b]. Then

V(P f)<V(Q,f) if PCQ,ie ifQ is a refinement of P.

Proof. Let P = {xo,x1,22,...,2,} be a partition of [a,b] and P; a new
partition formed by adjoining one extra point, say ¢ € (zx_1, ), so that

P1 = {xo,xl,xg,...,xk_l,c,xk,...,xn}.

Then since |f(xg) — f(axr—1)| < |f(xk) — | + |¢c — f(zr—1)]|, it follows easily
that
V(P, f) < V(P f).

Since @ is obtained by adjoining r (r > 1) points not in P, after repeating
the above argument a finite number of times, we have

V(P f) <V(Q, ) "

Theorem 11.13 (Additivity property of total variation). A function f
is of bounded variation on [a,b] if and only if f is of bounded variation on
[a,c] and on [c,b], ¢ € (a,b). In this case, we also have

Vila, b = Vla, c] + Vi[e, b].

Proof. Assume that f € BV([a,b]) and ¢ € (a,b). Let P, = {zg,z1,...,2p}
and Py = {xp, Zpi1,..., 2, } be partitions of [a, ¢] and [c, b], respectively. Then

P=PUP,={x0,21,...,%p = C,Tpt1,---,Tn}

is a partition of [a, b], and

n

(@) = Flar-)+ Y |f (@) = fla-)]

1 k=p+1
(P, f) < Vila,b].

NE

V(Plaf)+V(P27f) =

=T

In particular,
V(P f) < Vyla,b] and V(P f) < Vila,b],

and so f is of bounded variation on [a,c] and on [c¢,b]. Moreover, from the
basic properties of the supremum,



11.1 Functions of Bounded Variation 477

Vila, ]+ Vi[e,b] = sup V(P f)+ sup V(P f)
P €Pla,c] Py€Plc,b]

= sup V(P f)
P=P,UP,
< V¢la,b] as P1UDP, € Pla,b].
Next we prove the reverse inequality:

Vrla, b < Vyla, ) + Vyle, b].

To do this, let P = {xg,1,...,2,} be a partition of [a,b] and Py = P U {c}.
Then ¢ € [z—1,x)] for some k, say k = p, and so P, is a refinement of P if
¢ ¢ P and Py = P if ¢ € P. Therefore, because

|f(zk) = fop-1)] < |f(z) = )+ [f(e) = flzr-1)l,

we have
V(Paf) < V(POaf)

Next, we set
P, = PyNla,c] ={xo,...,zp-1,¢} and P»=PyNec,b] ={c,xpt1,...,Tn}.
Then P, and P; are partitions of [a, ¢] and [c, b], respectively. Also,

V(P f) V(R ) =V(Pr, f) + V(P2 f) < Vila, o] + Vile, b,

which holds for all partitions P of [a,b]. This means that Vy[a, c] + Ve, b] is
an upper bound for every V(P, f), P € Pla,b]. Thus,

Vila, b < Vila, ] + Vile, b],

and we have completed the proof.
We leave the converse as a simple exercise. [

For instance, to compute the total variation of f(z) = |z| on [-3,4], it
suffices to observe that it is decreasing on [—3,0] and increasing on [0, 4].
Therefore, by Theorem 11.13,

Vi[=3,4] = Vy[=3,01 + V[0, 4] = |£(=3) = F(O)| + [f(4) = F(O)] = 7.
Example 11.14. Consider f(z) =z + [z] on [—1,2]. Then
r—1if -1<z<0,
T ifo<z<l,

F@) =94 41 if1<z<2,
4 if v =2,
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Y

4T °
3T /
21

1__

—9l

Fig. 11.3. The graph of f(z) =z + [z] on [—1,2].

and we refer to Figure 11.3 for the graph of f(x) on [—1,2]. Note that f is
piecewise monotone and bounded on [—1,2], and therefore f € BV (|—1,2]).
Now,

Vi[=1,0] = B g Vi[=1,2) +[f(0) = f(2)]]

= sup [—f(=1)+ f(z)+[f(0) = f(=)]]

z€[—1,0)

= sup [z+1+z—1]]=2.
z€[—1,0)

Similarly, V[0,1] = 1 and V{[1,2] = 4. °

Theorem 11.15. If f € BV ([a,b]) and g is bounded on [a, b] such that f(z) #
g(z) only at a finite number of points on [a,b], then g € BV ([a,b]).

Proof. Let f be of bounded variation on [a,b]. Clearly, it suffices to prove
the theorem when f(x) = g(x) except at one point, say ¢ € [a,b]. Thus, if
f(z) # g(z) at ¢ € [a,b], then we have

fle)=gle) +k
for some nonzero real constant k.
Case 1: If ¢ = a, then we have (since f(z1) = g(21))
lg(z1) — g(a)| = |f(z1) — (f(a) = k)| < |f(21) — f(a)| + |K|.

Consequently, for any partition P = {x¢,x1,...,2,} of [a,b] for which ¢ = a,
we have
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V(P,g) < V(P f) + |k < Vyla,b] + K],
and so g is of bounded variation on [a,b]. The proof is similar if ¢ = b.

Case 2: If ¢ € (a,b), then (because f is of bounded variation on [a,b]) f is of
bounded variation on [a, ¢] and [¢, b]. Thus, f and g differ on [a, ¢] (respectively,
on [c,b]) only at one endpoint, namely at c¢. Therefore, by Case 1, g is of
bounded variation on [a, c] and on [c, b]. Hence g is of bounded variation on
[a, b]. [

11.1.3 Characterization of Functions of Bounded Variation

Let f € BV([a,b]). For x € [a,b], the total variation of f on [a,x] defined
by V¢la,z] is a function of x. Then, Theorem 11.13 helps us to introduce a
function V; on [a, b] as follows:

Vela,z] if z € (a,b)],
Vf(””):{of[ e

We call V, or simply V, the variation function of f on [a,b].

Example 11.16. Consider f(z) = 22° —32% — 12z +6 on [0, 3]. Then £, being
a sum of monotone functions f1(x) = 223, fa(x) = —322, f3(x) = —12z, and
fa(x) = 6, is of bounded variation on [0, 3]. To determine the behavior of f(x),
we compute its derivative:

fl(z) =6(z*—2—2)=6(x—2)(x+1).

Since f'(z) > 0 on (2,3] and f/(x) < 0on [0,2), f is increasing on [2, 3] and
decreasing on [0, 2]. Therefore,
Vr[0,3] = V¢[0,2] + V§#[2,3] by Theorem 11.13,
= (f(0) = f(2)) + (f(3) = f(2)) by Theorem 11.2(a),
=(6+14)+(-3+14),
so that V[0, 3] = 31. °

Example 11.17. Let f(x) = 322 — 2% on [-2,3]. On [-2,3) compute the
following function (see Exercise 11.28(14)):

(a) total variation.
(b) positive variation.
(c) negative variation.

Solution. Clearly, f € BV ([—2,3]). To determine its behavior, we compute

J'(@) = 32(2 - ),
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and observe that f/'(z) = 0 at = 0,2. Further, f(z) <0 on [-2,0] U [2, 3]
and f’(x) > 0 on [0,2]. In particular, Theorem 11.2(a) gives

Vi[0,2] = f(z) — f(0) for0<az<2
Vil=2,2] = f(-2) = f(z) for -2<2 <0, and
Vr[2, z] (2) — f(z) for2<uz<3.

~J
=f
A computation gives
Vil—2,2] = 22 =322 +20 for —2<x<0.

In particular, Vy[—2,0] = 20. Next, for 0 < z < 2,

Vi[=2, 2] = V§[-2,0] + V4]0, 2] = 20 + (f(x) — f(0)) = —2® + 32% + 20.
In particular, Vy[—2, 2] = 24. Finally, for 2 < 2 < 3,

Vi[=2,2]) = Vi[=2,2] + V§[2,2] = 24+ £(2) — f(x) = 2 — 322 + 28.

Consequently, the total variation function V' on [—2, 3] is defined to be

23 —322+20 for —2<z<0,
V(z) =< —23+322+20 for 0 <z <2,
23— 322428 for2<uz<3.

The positive and negative variations can be obtained using the formulas in
Exercise 11.28(14). °

A restatement of the identity in Theorem 11.13 is given in the following
lemma.

Lemma 11.18. If z,y € [a,b] such that a <z <y < b, then we have
Vile,yl =V(y) = Vi(z) 2 |f(y) — f(2)] = 0.
In particular, the function V is increasing on [a,b] and
Viy) = V() + Vi[z,yl.
Proof. We see that with V}[a,a] = 0, Theorem 11.13 gives
V(y) = V() = Vila,y] = Vila, z] = Vile,y] = |f(y) = fz)| =0,
and so V(y) > V(z), i.e., V is increasing on [a, b]. [

Theorem 11.19 (Jordan decomposition of functions of bounded vari-
ation). FEvery f € BV ([a,b]) can be written as f =V — D, where V and
D are increasing functions on [a,b]. Conversely, if f can be expressed as the
difference between two increasing functions on [a,b], then f € BV ([a,b]).
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Proof. Let z,y € [a,b] such that a < x < y < b and D(z) = V(z) — f(z).
Then

D(y) = D(z) = (V(y) = V() = (f(y) = f(2)) = Vi[z,y] = (F(y) = f(2)) =0,
and thus D is increasing on [a, b]. The converse is trivial. ]

For instance, f(z) = [z] — 2% € BV([0,3]), because both f(z) = [z] and
fa(x) = 2% are increasing on [0, 3].
The decomposition of f € BV ([a, b]) given in Theorem 11.19 is not unique.

Corollary 11.20. A function of bounded variation f on [a,b] has at most a
countable number of points of discontinuity on [a, b].

Proof. By Theorem 11.19, f = f; — f2, where f; and f, are increasing on
[a, b]. Since monotone functions have at most a countable number of points of
discontinuity, the corollary follows. [

Theorem 11.21. Suppose that f is of bounded variation on [a,b]. Then every
point of continuity of f is also a point of continuity of the variation function
V. The converse is also true.

Proof. We begin the proof when ¢ € (a,b).

sk
g

c=xy x; ¢+ 1z,

e

b a c T

S

Fig. 11.4. The partition P;.

=-: Let f be continuous at ¢. Then for a given € > 0, there exists a § > 0
such that .
lf(z) = f(o)] < B whenever 0 < |z — ¢| < 0.
For the same € there exists a partition Py = {¢, z1,x2,...,b} of [¢, b] such that
€

V(P17f) > Vf[C,b]

Since V(Py, f) increases on adjoining more points to the partition P;, we can
assume that 0 < 1 — ¢ < ¢ (see Figure 11.4). That is,

|f(z1) — fo)| < % whenever 0 < ;1 — ¢ < 4.
Thus, we have

Vile.t] < 5+ V(P )

2
€

2

= S f@) — £+ Y I @) — flane)]
k=2

< =+ % + Vilx1, bl
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so that
Vile,b] — Vylx1,b] < e whenever 0 < x1 — ¢ < 4.

Note that (see Lemma 11.18)
0 < V(x1) = V(e) = Vie, 1] = Vile, b] — Vi[x1,b],
and so the last inequality becomes
0<V(x1)—V(c) <e whenever 0 < 21 —c <4,

showing that V is right continuous at c¢. A similar argument gives that V is
left continuous at c. Proof of the continuity of V' at the endpoints follows from
a trivial modification of the proof.

<: Let V be continuous at ¢ € (a,b). Since V is monotone, the right-
hand and the left-hand limits V(c+) and V(c—) exist for each ¢ € (a,b). By
Theorem 11.19, the same is true for f(c+) and f(c—). If a < ¢ < 2 < b, then
Lemma 11.18 gives

0<[f(x) = flo) <V(z) = V(e).
Letting  — ¢+, we find that
0 < |f(et) = f(O) < V(et) = V(o)
and similarly,
0<|[f(e) = flem) < V(e) = Vem).

These two inequalities show that f is continuous at ¢ whenever V' is continuous
at c. |

As a consequence of Theorems 11.19 and 11.21, we have the following
corollary.

Corollary 11.22. Let f be continuous on [a,b]. Then f € BV ([a,b]) if and
only if f can be expressed as the difference of two increasing continuous func-
tions on [a,b).

Theorem 11.23. If f € C'([a,b]), then f is of bounded variation and

b
Vila, 0] = [ [f'(#)]dt.

Proof. The first part is a consequence of Theorem 11.2(c). For the proof of the
second part, we apply the mean value theorem to f on each interval [xg_1, 2]
of the partition P = {xg,1,...,2,} of [a,b]. According to this, there exists
a ¢ € (xp—1,x) for each k =1,2,...,n such that

V(P ) =Y If (o) = flae-)| = D 1f (er)l(@r — zx-).
k=1 k=1
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Thus, by the definition of the Riemann integral, because f’(z) is continuous
on [a, b], given € > 0, there exists a § > 0 such that

b
waﬁ—/mem

€
= 11.2
<3 (11.2)

for every partition P of [a,b] with ||P|| < d. Moreover, by the definition of
bounded variation, it follows that for this € > 0 there exists a partition P; of
[a, b] such that

Vila,b] > V(Pr, f) > Vila,b] — €/2.

Set @ = P U Py, the common refinement of P and P of [a,b]. Then ||Q] < 4,
and so
Vila,b] 2 V(Q, f) =2 V(P1, f) > Via,b] — €/2.

Again, because ||Q|| < J, (11.2) implies that

b
€
v@.n- [ Irold <.
The last inequality gives
b
Vilat ~ [ 170 de] <
Since € > 0 is arbitrary, the conclusion follows. [

11.1.4 Bounded Variation and Absolute Continuity

Definition 11.24. A real-valued function f defined on [a,b] is said to be ab-
solutely continuous on [a, b] if for every e > 0 there exists a 6 > 0 such that

SO F(be) — flan)] < e
k=1

for every n disjoint open subintervals (ax,by) of [a,b], k = 1,2,...,n, with
ZZ:l(bk — ak) <.

Clearly, we have the following:

e Every Lipschitz function is absolutely continuous.

e By choosing n = 1, we see that every absolutely continuous function is
uniformly continuous (but the converse is not true), and hence continuous.
Thus,

Lipschitz = absolutely continuous = uniformly continuous = continuous.
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e There are continuous functions that are not Lipschitz.

e There are absolutely continuous functions that are not Lipschitz.

e Every function that has bounded derivative on [a, b] is absolutely continuous
on [a,b].

Theorem 11.25. Every absolutely continuous function on [a,b] is of bounded
variation.

Proof. Let f be an absolutely continuous function on [a,b]. Then for e = 1,
there exists a § > 0 such that

> 1F(be) = flar) < 1
k=1

for every collection of n finite disjoint open subintervals (ax, bx) of [a, b] sat-
isfying the condition Y ,_, (by — ax) < 4.

Let N be a positive integer such that § > (b — a)/N and let P, =
{y1,Y2,...,yn} be the partition of [a, b] with

k(b—a
yk:a—l—%, k:O,l,Q,...,N.
Then y — ye—1 = (b —a)/N < § for each £k = 1,2,...,N. Let P, =
{zo,x1,...,2n} be arefinement of P;. Then for each k, [yr_1,yx] contains one

or more subintervals [z;_1, z;] of P, the sum of whose lengths is yx —yr—1 < 9.
That is, if Q is a partition of [yx—_1,yk], then by the definition of absolute
continuity,

Z |[Af| <1 for each k.

Qr
For any partition P of [a,b], let P’ be the refinement of P obtained by ad-
joining the points of P;. Then P’ = U,Icvlek, and therefore

N
DIAFISY IAfI=) | D _lAfl) <N
P P’ k=1 \ Qk
This proves that f is of bounded variation. [

The converse of Theorem 11.25 is not true. Indeed, every continuous func-
tion that is not of bounded variation (for instance, see Example 11.3 and
Exercise 11.28(3)) will serve as an example of a continuous function that is
not absolutely continuous.

In view of Theorems 11.19 and 11.25, it follows that every absolutely con-
tinuous function can be written as the difference of two increasing functions:

f(z) =V(z) = (V(2) = f(2)),

where V' is the variation function defined by V(z) = Vy[a, z]. We now show
that V is also absolutely continuous, and hence Corollary 11.22 continues to
hold if continuity is replaced by absolute continuity.
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Theorem 11.26. Let f € BV ([a,b]). Then f is absolutely continuous on
[a,b] if and only if the total variation function V, gien by V(x) = Vyla, z],
is absolutely continuous on [a,b)].

Proof. Let f be absolutely continuous on [a,b]. Then corresponding to any
given € > 0 there exists a § > 0 such that > ;_, |f(bx) — f(ax)| < € for every
finite system

S ={(ag,br): 1 <k<n}

of nonoverlapping subintervals (ax,bg) of [a,b] with >-}'_, (by — aj) < é. For
each k, let P, = {ar, = ay,ak,,-..,ax, = b} be a partition of [ax, bi]. Then

mip

n myg n
szkﬁakj,l Z K ak)
k=1 j=1 e k=1

and therefore
n  mg
S35 o, ) <
k=1 j=1

Fixing the collection S and taking the supremum over all partitions P of
[ak,bg] for kK =1,2,...,n, we obtain

va a, b = Z( (bk) = V(ar)) <,

k=1

which shows that V' is absolutely continuous. Since

|f(wr) — flzre—1)| < V(vr) = V(vg—1)

for a < xp_1 < xp < b, the converse is clear. ]

11.1.5 Questions and Exercises
Questions 11.27.

Is every bounded function of bounded variation?

Must a function of bounded variation be monotone?

Must a function of bounded variation be continuous?

Must a function of bounded variation be integrable?

Can there exist a nondifferentiable function that is of bounded variation?

If f is a function of bounded variation, must the reciprocal 1/f be of

bounded variation?

7. Suppose that f € BV([a,b]) and g € BV ([c,d]), where f([a,b]) C [c,d],
so that g o f is defined on [a, b]. Must g o f € BV ([a,b])?

8. Suppose that f is continuous and has a finite number of extrema on [a, ).

Must f be of bounded variation on [a, b]?

SOt N
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9. Must every polynomial function in z over a bounded interval [a, b] be of
bounded variation on [a, b]?

10. TIs it true that sinz € BV ([a,b])? Is it true that cosaz € BV ([a, b])?

11. If f € BV([a,b]), must we have —f € BV([a,b])? Must V¢[a,b] =
V_¢la, b]?

12. If f € BV ([a,b]), must we have f € BV ([c,d]) when [c,d] C [a, b]?

13. Suppose that the interval [a,b] can be divided into a finite number of
subintervals on each of which f(z) is monotone. Must f be of bounded
variation on [a, b]?

14. Suppose that f is of bounded variation on [a,b] and V is the variation
function of f on [a,b]. Must V £ f be increasing on [a, b]?

15. Must the representation of a function of bounded variation as a difference
of two increasing functions be unique?

16. In the Jordan decomposition theorem, can we replace “increasing” by
“strictly increasing”?

17. Does the set of absolutely continuous functions on [a,b] form a vector
space over R?

Exercises 11.28.
1. Define f: [0,1] — R by

o) = 0 for z rational in [0, 1],
)=\ 1 for z irrational in [0,1].

Choosing a partition P = {xg,x1,...,x2,} where zg, € Q° N [0,1] and
Zop+1 € QN [0,1] (k > 0), show that f & BV ([a,b]).
2. Define f: [0,1] - R by

F@) = —1 for z rational in [—1,1]
Y= 1 for z irrational in [—1,1].

Show that f is not a function of bounded variation. How about | f(z)| on
[-1,1]?
3. Define f: [0,1] = R by
_ Jazcos(n/2z) for 0 <z <1,
f(x>_{0 for x = 0.
By considering the partition P = {0,1/2n,1/(2n —1),...,1/3,1/2,1} of
[0,1], show that f is not a function of bounded variation on [0, 1].
4. Show that f(x) = z*(cosz + z) on [0,7/2] is of bounded variation on
[0,7/2].
5. Show that BV ([a,b]) is a vector space over R.

(a) BV([a,b]) is closed with respect to addition and scalar multiplication.
(b) 0 € BV(a,b)), —f € BV ((a,t]) if f € BV([a,b]).



8.

10.
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Note: If || f|| = |[f(a)| + V¢]a,b], f € BV ([a,b]), then BV ([a,b]) becomes
a normed space.
Let f(x) =sinz on [0, 27].
(a) Find the total variation of f on [0, 27].
(b) Find a Jordan decomposition of f on [0, 27].
Suppose that
_ Jacos(n/z) for x € (0,1],

f(z)_{O for z = 0.
If P={0,1/n,...,1/3,1/2,1} is a partition of [0, 1], determine V (P, f).
Conclude that f ¢ BV([0,1]).
Define (see Figure 11.5)

Y
14

N =

O =

Q|

1:E

U=

1+ L
65 3 2

Fig. 11.5. Graph of f(z) on [0, 1].

1 i 1
- ifr=—
2n T o
. 1
fl)y=<0 1fx=m, ncN.
0 if x =0,

linear otherwise,

Show that f is continuous but not of bounded variation on [0, 1].
If f is integrable on [a,b] and F(x) = f: f(t)dt, then show that F is of
bounded variation on [a, b].
Determine all possible values of o and 8 for which the function f defined
on [0,1] by

2% sin(5) for x € (0,1],

f(x):{O for x =0,
is in BV ([0, 1]).
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11. Given f(z) = z"e™* on [0,a], a > n > 0, find V[0, al.

12. Define f(z) = 223 — 922 + 122 on [0,4], and g(x) = x — [2] on [1,3].
Compute V[0, 4] and V,[1, 3].

13. Suppose that f is continuous on [a,b], f € BV([a,b]), and {P,} is a
sequence of partitions of [a, b] such that ||P,|| — 0 as n — co. Show that

Vila,b) = lim V(P,, f).

n—oo

14. For f € BV ([a,b]) and a partition P = {zg,21,...,2,} of [a,b], define
A(P) =A{k: f(zr)—f(ze—1) > 0} and N(P) = {k : f(xx)—f(zp-1) <O}

Define the positive variation psla, b] and negative variation n¢fa,b] of f
as follows:

prlab]=supq > (f(ar) = flar-1)) : P € Pla,b]

kEA(P)

and

nyla,b] = inf Z (f(xg—1) — f(z)) : P € Pla,b]

kEN(P)

For each z € [a, b], let
p(x) = psla, 2], n(x) = ngla,z],  V(z) = Vila, 2]

and p(a) = n(a) = V(a) = 0. Show that

(a) 2p(x) = V(2) = f(2) = f(a) and 2n(z) = V(2) = f(a) = f(2).
(b) p(x) —n(z) = f(z) = f(a).

(e) V(z) = plx) + n(x).

(d) p and n are increasing on [a, b].

(e) 0<p(r) <V(x)and 0 <n(z) <V(x).

(f) If f is continuous at x = a, then so are p and n at z = a.

11.2 Stieltjes Integrals

We have already shown that the Darboux and Riemann integrals are the same,
and so we call them just the Riemann integral without distinguishing which
approach we use to examine the integrability and possibly to compute the
integral. In this section, we discuss Darboux—Stieltjes and Riemann—Stieltjes
integrals, which are important generalizations of the Darboux and Riemann
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integrals. Also, we state and prove theorems to indicate when these two inte-
grals are the same and when they are not. Since many results of this section
are straightforward generalizations of results in Chapter 6, the development
of these integrals requires only minor modifications to a more general setup,
and therefore it is appropriate to omit certain parts or the entirety of proofs
of some of the statements in this section.

As in the discussion of the Darboux integral in Section 6.1, we need to
begin the discussion with standard notation: Let P = {zg,21,...,2,} be a
partition of [a,b] and z} € [zx—1,2k] (1 < k < n) arbitrary. To motivate
the definition of the Stieltjes integral, we consider the problem of finding the
moment with respect to the y-axis of a distribution of mass over [a, z]. If m(z)
is the amount of mass over [a, x], then the moment with respect to the y-axis
is approximated by the sum

n
E i Amy,
k=1

where Amy, = m(zy) — m(xk_1) is interpreted as the mass between x;_; and
zk. In the same way, it is possible to approximate the moment of inertia of
the mass distribution by the sum

n

> (@) Amy.

k=1

Now we continue the discussion with a more general situation. For a real-
valued function f defined and bounded on [a,b] and for each k, 1 < k < n,
we use the following standard notation. Let

My= sup f(z), mp= _ inf f(z)

TE[TK—1,Tk] z€[zp—1,75]

and similarly

M = sup f(z) and m= inf f(x),
z€a,b] z€[a,b]

so that
m < my < f(ay) < My < M.

For an increasing function a defined on [a, b], and for any partition P of [a, b],
define Aay, = axy) — a(xg—1) and the corresponding sums as follows:

UP f,«a ZMkAOtk, L(P, f,« kaﬁak,

and

n
U(P7f70[7.’1} mek: Aak
k=1
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Wecall U(P, f, o), L(P, f,a), and o (P, f, o, ™) the upper (Darboux—Stieltjes),
the lower (Darboux—Stieltjes) and the Riemann (Stieltjes) sums of f with re-
spect to a on [a, b], respectively.

Since my < f(z}) < My and Acqy is nonnegative, we easily obtain many
key properties of these sums. For instance, for each partition P of [a, b],

L(P, f,a) <o(P, f,a,z*) < U(P, f,a), (11.3)

i.e., the lower sum is always less than or equal to the Riemann—Stieltjes sum,
which is in turn less than or equal to the upper sum. Moreover, two parts of
Lemma 6.7 take the following form.

Lemma 11.29. Let f be a bounded function on [a,b], and let P and Q be two
partitions of [a,b]. Then we have the following:

(a) L(P, f.0) < L(Q, f,a) S U(Q. f.0) < U(P, f,a) if P € Q.
(5) m(o(6) ~ @) < LIP. f.0) < U(@,f,0) < Mla) = o(e) for any P

Proof. The proof of this lemma follows if we imitate the proof of Lemma 6.7
by replacing Az by Aay. ]

As with the Darboux integral, the case (a) of this lemma shows that the
upper sum is decreasing with respect to a refinement of the partition, while
the lower sum is increasing with respect to a refinement of the partition. In
particular, for any partitions P and @ of [a, b], we have

L(P, f,a) S L(PUQ, f,a) SUPUQ, f,a) <U(Q, f, ).

11.2.1 The Darboux—Stieltjes Integral
We now define the Darboux—Stieltjes integral.

Definition 11.30 (Darboux—Stieltjes integral). Let f be a bounded func-
tion defined on the closed interval [a,b] and let o be an increasing function on
[a,b]. The upper (Darbouz—Stieltjes) integral of f with respect to v over [a, b]
1s defined by

/ f(x)da(x /fda—mf{U(P f,a): P € Pla,bl},

and the lower (Darbouz—Stieltjes) integral of f with respect to o over [a,b] is
defined by

/f )da(x /fda—sup{L(P f,a): P €Pla,bl}.
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We say that f is Darboux—Stieltjes integrable with respect to o on [a,b], or
Stieltjes integrable with respect to o on [a,b] in the sense of Darbouz, if the
upper and lower Darbouz—Stieltjes integrals agree, i.e., if Uy (f) = Lo(f). In
this case, we denote their common value by

b b
(DS)/ f(z)da(z) or by (DS)/ fda.

We call this integral the Darboux—Stieltjes integral of f with respect to a over
[a,b]. Here the function f is called the integrand, and the function « is called
the integrator. We let Dy [a, b] denote the set of all Darbouz—Stieltjes integrable
functions with respect to « on the interval [a,b]. If Us(f) # La(f), then we
say that f is not Darboux—Stieltjes integrable.

Throughout the section, unless otherwise stated, “f is Darboux—Stieltjes
integrable” means that f is Darboux—Stieltjes integrable with respect to some
aon [a,b]. A similar convention will be followed when we define what it means
for a function to be Riemann—Stieltjes integrable with respect to some « on
[a, b].

Later, we simply denote the Darboux—Stieltjes integral by

/abfda

for cases in which the Darboux—Stieltjes and Riemann—Stieltjes integrals are
the same.

As with the Darboux integrals, the upper and lower (Darboux—Stieltjes)
sums depend on the particular choice of the partition, while the upper and
lower (Darboux—Stieltjes) integrals are independent of the partitions. Hence,
a natural question is the following: when do the two quantities, namely the
upper and lower (Darbouz—Stieltjes) integrals, coincide?

If a(x) = =, then the Darboux—Stieltjes integral reduces to the Dar-
boux/Riemann integral of f over [a,b]. In this case, the upper and lower
Darboux—Stieltjes sums are called the upper and lower (Riemann) sums, re-
spectively.

Because many of the proofs of standard results are essentially the same as
those for the Riemann upper and lower integrals, we shall not include their
proofs. For example, the following corollary is a simple consequence of Lemma
11.29 and the definition of supremum and infimum.

Corollary 11.31. We have

b b
m(a(t) - a(e)) < La(f) = [ fda < Ua(1) = [ Jda < Ma®) - afa).

Furthermore, if [ is Darbouz—Stieltjes integrable on [a,b], then

b
m(a(d) — a(a)) < / fda < M(a(b) — a(a)).
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Proof. The proof of the corollary follows along the lines of the proof of Lemma
6.7(c). [

Examples 11.32. (a) Let a(z) = k for all x € [a,b]. Then for any bounded
function f on [a, b], the corresponding upper and lower sums of f are zero.
Thus,

b b b
/fda:/fda:O, i.e.,/fdazO,

and so f € Dyla,b].
(b) Set f(x) = k on [a, b]. Then for any increasing function « on [a,b] and for
each partition P of [a, b],

U(Pa f7 Oé) = k(a(b) - a(a)) = L(Pa fa Oé),
and so .
feDafal] and / Fda = k(a(b) — aa)).

(c) Let f(z) =z on [0,1] and « be such that a(z) =0 on [0,1) and a(l) = 2.
Then for any partition P of [a, b],

UP, f,a)=2 and L(P,f ,a)=2xk_1,

which shows that fol rda(z) = 2.
(d) In the definition of Darboux—Stieltjes integral, a need not even be contin-
uous. As a demonstration, let f(x) =k on [a,b] and

<
a(z) = {O forasz<c, for some ¢ € (a,b).

1 fore<axz<b,

Then for a partition P = {zg,x1,...,2,} of [a,b],
U(P, f,a) = L(P, f, —kz ) — a(zr-1)),
and the situations described in Figure 11.6 occur for P. We see that the

sum on the right is zero except for the subinterval that contains ¢, in
which the sum is 1. Consequently, f is Darboux—Stieltjes integrable with

*——k—0 *—o ——eo— 0 *— ——0—0
Top=a C Z‘an Ty Tp—q C Ty Ty Ty T C=Tp Ty Ty

Fig. 11.6. The position of ¢ in the partition P.

b
DS/ fda =k

A similar situation is discussed in Example 11.36. ®
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As with the Riemann integral (i.e., a(z) = z), we seek a condition on f
for which the difference U (P, f, o) — L(P, f,«) can be made arbitrarily small.

Theorem 11.33 (Criterion for Darboux—Stieltjes integrability). Sup-
pose that f is a function that is bounded on [a,b] and « is an increasing func-

tion on [a,b]. Then (DS) f; fda exists if and only if for each € > 0 there is
a partition P of [a,b] such that

U(P, f,a) — L(P, f,«a) < e. (11.4)
Proof. This follows by imitating the proof of Theorem 6.8. ]

Theorem 11.33 provides a condition for Darboux—Stieltjes integrability,
but it does not give any simple means for computing the integral. Recall that
we encountered the same situation in our discussion on sequences and series.

Example 11.34. Consider

f@) = 5 for0<ax <1, nd a(z) = 0 for 0 <z <1,
= 7 forl <z <2, and a\x) = 2 forl<ax<2.

Let P = {xg, x1,...,xy} be any partition of [0, 2] that includes the number 1
(say x; = 1). Then

U(P, f,0) = Mys1(aazar) — ale;) = 7x 2 = 14

and
L(P, f,a) =mj1(a(zjp) —alz;)) =7x 2 =14,

showing that U(P, f,«) — L(P, f,a) =0, i.e., f € D4|a,b]. Moreover,

2
(DS)/0 fda = 14.

On the other hand, if P’ = {xg,x1,...,2,} is a partition of [0, 2] that does
not include 1 as a partition point, then z;_; <1 < x; for some j. Then

o(P', [ 2%) = f(z)(alz;) — alwj-1)) = 2f(z]),
which in particular gives
o(P', fya,zj—1) =10 and o(P', f, a,z;) = 14.

Consequently the behavior of the upper and lower sums depends on the points
in the partition rather than the norm of the partition. This difficulty is due
to the fact that f and « have a common point of discontinuity. °

There are some important classes of functions that one might expect to
be Darboux—Stieltjes integrable. For example, the following theorem, which
gives us a nice class of Darboux—Stieltjes integrable functions is important.
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Theorem 11.35 (Darboux—Stieltjes integrability of continuous func-
tions). Let f be a function that is continuous on [a,b]. Then f is Darbouz—
Stieltjes integrable on [a,b].

Proof. Let a be an increasing function on [a,b] and let f be continuous on
[a,b]. There is nothing to prove if « is a constant on [a,b] (see Example
11.32(a)), so we assume that a(a) < a(b) and apply Theorem 11.33. Suppose
that € > 0 is given. Since f is uniformly continuous on [a, b, there is a § > 0
such that

[f(z) = f(y)l <

a(b) — a(a)

If we imitate the proof of Theorem 6.21, we see that

whenever |z —y| < 6 and z,y € [a,]].

n

U(P7f7a> _L(P7f704) :Z(Mk—mk)AOtk < MZAO{]C = €.
k=1 k=1

Since € > 0 was arbitrary, by the Darboux—Stieltjes integrability criterion
(Theorem 11.33), f is Darboux—Stieltjes integrable (with respect to any in-
creasing function « on [a, b]). That is, f € D,la, b]. [

For instance, let f(z) = z and a(z) = 2% on [0,1]. Then by Theorem
11.35, f € D,[0,1]. How do we find the value of (DS) fol fda?

Example 11.36. Let f be a function that is bounded on [a, b] and continuous
at ¢ € (a,b). Define « on [a, b] by

Y
2+ —e
[ ]
1+ -~
: o : [ E | i
0 a c b T a x, ¢ Ty b

Fig. 11.7. Graph of a(z) on [a,b] and a partition of [a, b].

1 fora<z<e,
afzr) =4 1.5 fora <z <cg,
2 fore<ax<hbh.

The graph of a(x) is drawn in Figure 11.7. Then f € D,[a,b] and therefore,
we obtain DS ff fda = f(c). °
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Solution. Note that a(c) € [1,2] is immaterial. Since f is continuous at ¢,
given € > 0, there is a § > 0 such that

|[f(z) — flo)] < % whenever |z — ¢| < 0 and x € [a,b].

In particular, there exist xy and x5 such that

—%—l—f(c) < f(z) < f(e) —|—§ for © € [x1,22] C [a,b],

and therefore

—5 + F(e) Smy < fla) < Mo < f(e) + 5.
For the partition P = {a, z1,x2, b}, we see that
U(P, f,a) = Ma(a(z2) — afx1)) = M2(2 = 1) = Mo,

and similarly, L(P, f,«) = ma. We thereby obtain
U(P,f,a)—L(P,f,a) :MZ_m2 Sf(c)_kgf (f(c)f_) =€

and so by Theorem 11.33, f € D,[a,b]. Also,
€ b €
S5 A SLP L)< [ flaSUP L) <)+ 5,
a

Since € is arbitrary, it follows that f: fda= f(e). o

Our next result provides us with a new class of Darboux—Stieltjes inte-
grable functions.

Theorem 11.37 (Darboux—Stieltjes integrability of monotone func-
tions). Let f be a function that is monotone on [a,b] and let « be increasing
and continuous on [a,b]. Then f € Dyla,bl.

Proof. Tf f is constant on [a,b], then it is certainly Darboux—Stieltjes inte-
grable on [a, b] (see Examples 11.32(b)). So we shall assume that f is noncon-
stant, i.e., that f(a) # f(b) in particular. Next, we assume that f is increasing
on [a,b] with f(a) < f(b), since the proof for f decreasing is similar.

Let € > 0 be given. Then there exists a K > 0 such that

K(f(b) = f(a)) <e

Since the function « is uniformly continuous on [a, b], we consider a partition
P ={xg,21,...,2,} of [a,b] with

Aay = a(zy) —a(zg_1) < K for each k € {1,2,...,n}.
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Also, since xp_1 < x and f is increasing, we have for each k € {1,2,...,n}
that
M= sup f(z)=f(zx) and myu= _ inf f(z)= f(zk-1).
TE€[TR—1,2k] r€[Tp_1,%k]

As in Theorem 6.20, it follows easily that

U(P,f) = L(P, f) = Y (f(zx) = f(zx-1)) Aag < K(f(b) - f(a) <e.
k=

1
The integrability criterion (see Theorem 11.33) shows that f € Dyfa,b]. =

Corollary 11.38. Suppose that f is bounded on [a,b] and has only finitely
many points of discontinuity on [a,b]. Let o be increasing and continuous at
each point of discontinuity of f. Then f € Dyla,b].

Proof. We leave the proof as a simple exercise. [

Theorem 11.39 (General properties of Darboux—Stieltjes integrals).
Suppose that f,g € Dyla,b]. Then we have the following:

(a) c1f + cag € Dyla, b] for constants ¢y and co. Also,

b b b
/ [C1f+029]da201/ fda+02/ gda.
a a a

This is called the linearity rule for Darboux—Stieltjes integrals.
(b) If f(x) < g(x) on [a,b], then

b b
/fdag/gda.

This is called the dominance rule for Darboux—Stieltjes integrals.
() If m < f(x) < M for z € [a,b] and h is continuous on [m, M], then
ho f € D,la,b]. In particular,

b
mla(h) - afa)) < [ fda < M(a®) - a(a)),

(d) If c € (a,b), then f € Dyla,c] and | € Dylc,b]. Moreover,

/abfda:/:fda—&—/cbfda.

(e) fg € Dala,b].



11.2 Stieltjes Integrals 497

/abfda </abf|da-

In particular, if in addition we have |f(x)| < K on [a,b], then

/:fda

(g) If in addition to f € Dyla,b], B is increasing on [a,b] and f € Dgala,b],
then f € Daygla,b] and f € Deola,b] for ¢ > 0. Also,

Lbfd(a+5)=/abfda+/abgd6 and /abfd(ca):c/abfda,

There are cases in which one can interpret a Darboux—Stieltjes integral as
a Riemann integral. In the following we show that if « is smooth, then the
Darboux—Stieltjes integral of f with respect to a can be calculated using the
ordinary Riemann integral. This result is useful for the computation of many
Darboux—Stieltjes integrals.

(f) |f] € Dula,b] and

< K(a(b) — ala)).

Theorem 11.40. Suppose f is Riemann integrable on [a,b] and « is an in-
creasing function that is differentiable on [a,b]. Then f € Dyla,b], and fo' is
Riemann integrable on |a,b]. Moreover,

/abfda - /ab F2)o (z) da (11.5)

(the integral on the left is a Darbouz—Stieltjes integral, whereas the integral on
the right is a Riemann integral).

Proof. Let € > 0. By assumption, f and o’ are Riemann integrable. Thus we
have the following:

e fa' is Riemann integrable on [a, b].
e o is bounded on [a,b] so that o/(z) < K for some K > 0 and for all
x € [a,b].
e There exists a partition P = {zg, z1,..., 2y} of [a,b] such that
U(Paf)7L<P7f) <€/K'

e By the mean value theorem, there exists a ¢x € (a,b) such that

Aayg = afzy) — a(zr—1) = o (cg) (T — xK—1) = & (c) Az, < KAzy.
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Using these observations, we deduce that
U(Pafa ) Pf7 ZMk_mkAak
k=1

< KZ(Mk — mk)Aack
k=1

= K(U(P, f) - L(P,f)) < e

showing that f € D,[a,b], by Theorem 11.33.

Next we prove the equality in (11.5), since the integrals on the left and
the right exist. Call the integral on the right-hand side in (11.5) I.

Let € > 0 be given. Then by the Riemann integrability theorem, there
exists a partition P = {xg, z1,...,2,} of [a,b] such that

n
I—e<o(P fd z") Z "N(&k) Az < T+ ¢
k=1
for any choice of & € [xk—1,xk]. Now

n

UP, f.o) = > My Aoy

k=1

I
NE

Mo (c) Azg

>
Il

1

fler)d/ (ex) Azy (0. a/(x) > 0)

NE

k=1
> 1 —¢,
so that o
b
/ fda:/fdazl. (11.6)
Similarly,
L(P, f,« Z "(eg) Az < I+,
k=1
so that
b b
/ fdoz:/fdozgl. (11.7)
a Ja_

By (11.6) and (11.7), it follows that

b
/ fda=1,

and the theorem follows. u
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Our next result is a generalization of the customary integration by parts
formula. This formula is useful especially in the computation of many Darboux—
Stieltjes integrals (and hence Riemann—Stieltjes integrals; see Theorem 11.44).

Theorem 11.41 (Integration by parts). Suppose that f and « are increas-
ing on [a,b]. If f € Dyla,b], then a € Dyla,b] and

b b
/ fda = f(b)a() - fa)ala) - / adf.

Proof. Let P = {wg,x1,...,2,} be a partition of [a,b]. Then because f is
increasing, we have My (f) = f(xx), and therefore

U(P’f’a) :Zf(xk)Aak

k=1
=Y fla)alze) =Y flen)alzi-)
k=1 k=1
= flan)a(@n) = f(zo)a(zo) = > alar—1)(f(xx) = flx—1)),
k=1
so that
U(P7 1 a) = f(b)a(b) - f(a’)a(a) - L(P7a7 f)v (118)

because my(a) = a(xg—_1), since « is increasing. Similarly, interchanging the
roles of o and f yields

U(P, e, f) = f(b)a(b) — fla)ala) — L(P, f,a). (11.9)
Hence, subtracting (11.9) from (11.8) gives
UP, f,a) — L(P, f,a) =U(P,«, f) — L(P, v, f).

By Theorem 11.33, a € Dyla, b] iff f € Dqla,b).
Now let € > 0 be given and f € D,[a, b]. Then by the integrability criterion,
there exists a partition P of [a, b] such that

b b

U(P,f,a)</ fda+e€¢ and L(P7f7a)>/fda—e.

a a

Thus,
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b
fb)a(b) = fla)ala) — / fda—e < f(b)a(b) — f(a)a(a) = U(P, f,a)
= L(P,a,f), Dby (11.8),

_/adf /adf /adf

<U(Pa, f)
= [(b)a(d) = fla)a(a) = L(P, f,a)
(by (11.9))

b
<ﬂwwwf@mw—/fm+e

Since € > 0 is arbitrary, it follows that

b b
L/&M=f@d®—ﬂ@ﬂ®—/fmn

and the theorem follows. u

1 1 9
/ xd(a:Q)zlf/ 2?de = =,
0 0 3

11.2.2 The Riemann—Stieltjes Integral

For instance

In the following, we take a more liberal point of view and introduce the defini-
tion of the Riemann—Stieltjes integral even though there is an alternative (but
not equivalent) definition of the Riemann-Stieltjes integral. In the following
we assume that « is not necessarily increasing.

Definition 11.42 (The Riemann—Stieltjes integral). Let f be bounded
on [a,b]. We say that f is Riemann—Stielljes integrable with respect to « on
[a, b], or Stieltjes integrable with respect to o on [a, b] in the sense of Riemann,
and write f € Ryla,b], if there exists a number I with the following property:
For every € > 0, there corresponds a partition P of [a,b] such that for every
partition P finer than P. we have

|O'(P,f,0[,.’£*)—.[| <e€

for every Riemann—Stieltjes sum o(P, f,c,x*) of f associated with the func-
tion o and the partition P. The value I is called the Riemann—Stieltjes inte-
gral of f with respect to « on [a,b], and, in order to distinguish it from the
Darboux—Stieltjes integral, it is temporarily denoted by

b b
(RS)/ f(z)da(z), orby (RS)/ fda.
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Definition 11.43 (Riemann’s condition). A bounded function f defined
on [a,b] is said to satisfy Riemann’s condition with respect to o on [a,b] if for
every € > 0, there exists a partition P, of [a,b] such that

U(P, f,a) — L(P, f,a) < € whenever partition P is finer than P..

The equivalence of Definitions 11.30 and 11.42 is well known when « is
assumed to be increasing on [a, b], in which case the Darboux—Stieltjes integral
and the Riemann—Stieltjes integral of f are equal. Thus,

(DS) /abfda— (RS) Lbfda,

and so we may write simply f: fda.

Theorem 11.44. Suppose that f is a function that is bounded on [a,b] and
« 1s an increasing function on [a,b]. Then the following are equivalent:

(@) f € Dala,b];
(b) f € Rala,b];
(c) f satisfies Riemann’s condition.

Proof. (a) = (b): Suppose that f € D,la,b], i.e., Us(f) = Lo(f), and g =
(DS) ff f da, their common value. By Theorem 11.33, for each € > 0 there is
a partition P of [a, b] such that

U(P, f,a) = L(P, f,a) <,
and by definition,
L(P, f,a) S L(Q, f,a) <o (Q, f,0,2") SU(Q, f, ) SU(P, f, o) <L(P, f, ) +e
for all P C Q. Because f € Dqla,b], it follows that
L@, f,a) < B<U(Q, f,a),
and so the last inequality implies that
0(Q, f,0,2%) = B <,

showing that f € R,[a,b] with 3 as the Riemann—Stieltjes integral of f with
respect to « on [a, b].

(b) = (a): Suppose that f € Ry[a,b] in the sense of Definition 11.42.
First we need to show that f € D,la, b]. If a(b) = a(a), then a(x) is constant
on [a,b], and for every partition,

U(P, f,a) = L(P, f,a) = o(P, f,a,z*) = 0,
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and so there is nothing to prove. So we may assume that a(b) — a(a) > 0. By
assumption, for each ¢ > 0, there exists a partition P. such that if P. C @,
then

lo(Q, f,a,z*) —I| < e

for some I € R. Then for € > 0, there exists a partition P = {zg,21,...,2,}
such that
|0'(P,f,04,$*) _I| < 6/47

regardless of the choice of z} € [xk_1,zx]. By the definition of M} and my,
we have

< f(zy) for some x} € [xr—1, Tk,

> f(yp) for some yi € [rg—1, 2],

so that

My =i < (@) = FWR) + 50 ey

Since Yy _; Aay, = a(b) — a(a), it follows that

n

U(Pvaa) _L(Pvaa) = Z(Mk _mk)Aak

k=1

- * - * €
<> f@)Aak =Y flyi)Aak + 3

k=1 k=1
= (o(P.f.o.a®) = 1) = (o(P. frony™) = 1) 4 3
< € n € + € o

I

Thus f € Dyla,b], by Theorem 11.33.

It remains to show that I equals 5 = (DS) fffda. Again, for a given
€ > 0, there exists a partition P of [a, b] such that for every partition @ finer
than P, we have

|0'(Q,f,0¢,1'*) 7I| < 6/3
Since f € Dy[a, b], there is a partition P of [a,b] such that

U(P27f7a) _L(P27f7a) < 6/3
Now we let Q = Py U P,. Then

|I_6| S |I_U(Q7f7a7x*)| + ‘O'(Q,f,()(,l‘*) _L(Q7f7a)|+ |L(Q,f,0¢) _/8|
< (e/3)+(¢/3) + (¢/3) = ¢,
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because

LQ, f,a) <o(Q, fra,27) SU(Q, f, o) < L(Q, f ) +¢/3

and

L(Q, f,a) < B <U(Q, fa) < L(Q, f,a) +€/3.

Since € > 0 is arbitrary, it follows that I = 3.
We leave the implications (b) <= (c) as an exercise. u

2
Example 11.45. Compute the value of the integral / xdlzx].
0

Solution. Set f(x) = x and a(z) = [z]. By Theorem 11.44, f is both Darboux—
Stieltjes and Riemann—Stieltjes integrable on [0, 2]. Also, we note that

0 for0<i<k-—1,

1 fori =k,

0 fork+1<i<n-—1,
1 fori=n.

0 for0<x<1,
azr)=<1 for1<z <2 and Aq; =
2 for xz =2,

Observe that f is continuous at 1,2, while « is discontinuous at 1,2. Let
P ={xg,x1,...,2,} be any partition of [0, 2] with x; = 1 for some k so that
1 € P. With x} € [xg—1, x| for k =1,...,n, the Riemann—Stieltjes sum of f
with respect to « takes the form

n

o(P, fe,a) = f(a])Aa; = f(a}) + f(a) = @}, + =},

i=1

Now given € > 0, choose a partition P, such that z; — zx_1 < ¢/2 for k =
1,...,n. Then for any refinement Q of P.,

0(Q, fre, %) = 3| < farf = 1 + |, = 2] < (¢/2) + (¢/2) = ¢,

/Ozxd[x]:fi. R

Since every function of bounded variation is the difference of two increasing
functions (see Theorem 11.19), by Theorem 11.44, it follows that the Darboux—
Stieltjes integral (and hence the Riemann—Stieltjes integral) exists when f is
continuous and « is of bounded variation.

and therefore

Corollary 11.46. Suppose that f is continuous on [a,b] and « is of bounded
variation on [a,b]. Then f € Ryla,b], i.e., [ is Riemann—Stieltjes integrable
on [a,b].



504

11 Functions of Bounded Variation and Riemann—Stieltjes Integrals

11.2.3 Questions and Exercises

Questions 11.47.

1.
2.

e~

10.

11.

12.

Why are the upper and lower integrals finite?

Suppose that f is bounded and continuous on [1,n] and a(x) = [z]. What
is the value of fln f da? What happens when f(z) =1/z?

Suppose that f + g € D,la,b]. Are f,g € D,la,b]?

Suppose that f4+g € Dy [a,b] and g € Dy la, b]. Must we have f € D,la, b]?

. Is every Riemann-Stieltjes integrable function Darboux—Stieltjes inte-

grable?

Suppose that f is Darboux—Stieltjes integrable with respect to a continu-

ous function «a. Is f Riemann—Stieltjes integrable with respect to a?

Suppose that f is bounded on [a,b] and « is discontinuous at a point
€ (a,b). Is f always Riemann—Stieltjes integrable with respect to a?

. Suppose that « is bounded and increasing on [a,b]. Does there always

exist a nonconstant function that is integrable with respect to a?

. Suppose that f and « are increasing on [a, b]. Must ff f da always exist?

How about if f(z) = a(x) = [z] on [0,2]?

If f is integrable with respect to itself (in the sense of Darboux) on [a, b],
then what is the value of ff f da? How about the value of the integral if
f is integrable with respect to itself (in the sense of Riemann)?

In the definition of the Riemann—Stieltjes integral of f, why do we assume
the boundedness of f? What will happen if we drop the boundedness
condition on f?

If « is of bounded variation on [a, b], what is the value of fab da?

Exercises 11.48.

Ll e

Complete the proof of Theorem 11.33.
Complete the proof of Corollary 11.31.
Complete the proof of Corollary 11.38.
Consider

flz) = 0 for0<x<1, and  afz) = 0 for0 <z <1,
11 forl1<a <2, T2 forl <z <2

Show that (DS) [ fda = 0.

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

p fora <z <c,
a(z) =< q forz=c,
r forc<axz <b.

Show that (DS) [ fda = f(¢)(r — p).
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For a < ¢ < d < b, we define

0 for z <e¢,
a(z) =< 2 forc <z <d,
2 for x > d.

Compute (DS) f: 22 da.
Let f(x) = 2% and

(2) = 3z for 0 < <1/2,
W=\ 82245 for 1/2< 2 < 1.

Determine whether f is Darboux—Stieltjes integrable. If it is, determine
1
(DS) [, fda.

Let f be continuous on [0, 3] and

x? for z € [0,3]\(1,2),
ofz) = {1 for z € (1,2).

Compute (DS) f03 fda if fis Darboux—Stieltjes integrable.
If f is continuous and « is of bounded variation on [a, b], then show that
f is Darboux—Stieltjes integrable with respect to «.

ompute each of the following integrals:

(a) / xd[x (b)/0 x d[z]. (c)/0 xd[z]. (d) /Oﬂxd(sinx).
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Index of Notation

Symbol Meaning
1] empty set
a€sS a is an element of the set S
a ¢S a is not an element of S
{z:...} the set of all elements with the property ...
XUy the set of all elements in X or Y
i.e., the union of the sets X and Y
xXny the set of all elements simultaneously in both X and Y;
i.e., the intersection of the sets X and Y
XcyY the set X is contained in the set Y
i.e., X is a subset of Y’
XCYy XCYand X #Y;
i.e., the set X is a proper subset of Y
XxY the Cartesian product of the sets X and Y, {(z,y) :
reX, yeY}
X\YorX-Y the set of all elements in X but not in Y
A¢ {r € X: x ¢ A}, the complement of A C X
— implies
— if and only if, or “iff”
— or — converges to (approaches)
4= or /A does not converge
+= does not imply
N the set of all natural numbers, {1,2,...}
Ny Nu{0} ={0,1,2,...}
S. Ponnusamy, Foundations of Mathematical Analysis, 509
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Z the set of all integers (positive, negative, and zero)
Q the set of all rational numbers, {p/q : p, g € Z, q # 0}
R the set of all real numbers, the real line
R R U {—o00, 0}, the extended real line
C the set of all complex numbers, the complex plane
lim sup z,, the upper limit of the real sequence {xz,}
lim inf 2,, the lower limit of the real sequence {z,,}
lim z,, the limit of the real sequence {x,}
sup S the least upper bound, or supremum, of the set S C Ry,
inf S the greatest lower bound, or infimum, of the set S C Ry,
inf,es f(x) the infimum of f in S
max S the the maximum of the set S C R;
the largest element in S
min S the minimum of the set S C R;
the smallest element in S
f:A—>B f is a function from A into B
f|A the restriction of f to A, A C domain (f)
[t the inverse function of f
fx) the value of the function at x

or the function of the variable =

f(A) the direct image of a set A under f, i.e., set of all
values f(z) with x € A;ie,y€ f(A) <= Jaxec A

such that f(x) =y

f~YB) {z: f(x) € B}, the inverse image of B under f
() the preimage/inverse image of one element {xz}
fog the composition mapping of f and g
dist (x, A) the distance from the point = to the set A

ie, inf{lx —a|: a € A}
dist (A4, B) the distance between two sets A and B

ie., inf{la—b|: a € A be B}
[1, x2] the closed line segment connecting x1 and xs;

{r=0—-t)x1 +tza: 0<t <1}

(x1,x9) the open line segment connecting x; and xs;
{z=01—-t)x1+taa: 0<t <1}



e” or exp(x)

f'(a)

f"(a),. f(") (a)

f(z)

asx—)a

[z

asx—)a

lim z, =,
n—roo

or T, — x, or
d(xp, x)

)
)
}

Index of Notation

. T\"™ . A z"
i (14 20)" =t (1-0) =X
n>0
the exponential function
the derivative of f evaluated at a

second, ..., nth derivative of f at a

there exists a constant K such that |f(z)| < K|g(x)]

for all values of x near a

lim@:()

g(x

the sequence {z,} converges to z with a metric d
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Appendix A: Hints for Selected Questions
and Exercises

Chapter 1: Questions 1.11

3

5. Since x° —x — 7 = 0 is equivalent to

r(z—1)(x+1)=7,

this equation cannot be satisfied by any integer z, since the left-hand side
is an even integer, whereas the right-hand side is not. Again, the equation
cannot be satisfied by any rational number & = m/n, because for such an
x the last equation would imply that

3
m
— =mn?+ ™2,
n

a contradiction.
6. f z =+v3+ \/5, then we see that

=622 +7=0.

By Theorem 1.5, the only rational numbers that could possibly be solu-
tions of this polynomial equation are +1,4+7. Substituting them into the

equation shows that they are not solutions. Thus, /3 4+ /2 is irrational.
7. No. Suppose to the contrary that

a
VD= 7 ie., pb® = a?,

where a and b have no common factor greater than 1. Since the number a?
is a multiple of a prime, it follows from the unique factorization theorem
that a is a multiple of p. Thus, a has the form a = pk, and therefore

p?k% = pb?, ie., b = pk?,
which shows that b is multiple of p, a contradiction.
S. Ponnusamy, Foundations of Mathematical Analysis, 513

DOI110.1007/978-0-8176-8292-7,
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In the case of p = 3, our computation is easy to understand, and so we give
the details here. Suppose to the contrary that there is a rational number
x = m/n such that 2 = 3. Then

2
m .
(—) =3, ie., m? = 3n2,
n

where m € Z and n € N have no common factors other than 1. We observe
that if m is divided by 3, then the remainder r will be either 0 or 1 or 2,
and so we can write m = 3k + r, where r € {0,1,2}. Thus,

9k? if r =0,
m? =3(3k* +2kr) +r* = 33K2+2k)+1  ifr =1,
3(3k2 + 4k + 1)+ 1ifr =2,

showing that m is a multiple of 3 iff m? is a multiple of 3. Thus, since
m? = 3n?, it follows that m is a multiple of 3, so that m = 3a for some
integer a. Substituting this in m? = 3n? implies that n is also a multiple
of 3, which is a contradiction. Therefore, v/3 is irrational.

Exercises 1.12:

4. (b) Let n > 1 and

2 2py/ 1
\/n—i—l—l—\/n—l:]—g, i.e.,nflz%—i—n—i—l—&.
q q

q

Then a simplification gives

2pv/n + 1 P p® +4q°
— =24, e, n=——5—,
q g Ap2¢?
which is not an integer. This is a contradiction.
Questions 1.33:
1. No. Consider A ={-1/n: n > 1}.
Exercises 1.34:

1. We need to show that for every x € A, there is an a € A with x < a. To
do this, let z > 0 and 2% < 2. Since 0 < h = 2 — 22 < 2, we can associate
a number a:

a:x—i—g.

This gives
9 2zh  h?

4 2 4 1
2 2 2 2
= =2
a r° + 5 +25<x +5h+25h<x +5h—|—5h x4+ h ,
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and so a € A. A similar argument can be made for B. In fact, if « is such
that 22 > 2 and 0 < 2 < 2, then since 0 < h = 22 — 2 < 2, we can
associate a number b:

h
bzx—z, i.e x:b—&—z.
This gives
h  h?
b2: 2—%+1—6>$2—h:27

showing that for each x € B there exists a b € B such that = > b. The
conclusion follows.
Consider f(z) = tanz.

Chapter 2: Questions 2.44

18.

33.

34.

39.

40.

We recall that lima,, = oo if and only if given ¢ = 1/R > 0, there exists
an N such that n > N implies that a,, > R = 1/¢, which is equivalent to
saying that given € > 0, we have

1
—0' < € whenever n > N .
an,

The proof follows from Theorem 2.8. Here is a direct proof. Let a,, — a as
n — oo. Then, since every convergent sequence is bounded, there exists
an M > 0 such that |a, + a| < M + |a| for all n. Again, for € > 0 there
exists a positive integer N such that

€
ap —al < ———  foralln > N.
| | M + |al -
It follows that a? — a?, because
la2 — a?| = |an +al|a, —a| <e foralln > N.

We remark that this proof also yields the product rule in Theorem 2.8 if
we use the identity

anby = (1/4)[(an + bn)2 — (an — bn)z}

and the linearity rule.
Let € = |b|/2. By the definition, there exists an N such that

[b] — |bn] < |bn —b] < |b]/2 for n > N.
Consider a,, = n. As another example, let s,, = >, 7. Note that s, ;1 >
S, and we have already shown that {s,},>1 is unbounded. It is also easy
to show by induction that sgn > 1+ (n/2).
Consider s, = Y_;_, 1/k or s,, = logn.
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43. Set a, = a'/?". Then ap4 = (a1/2)1/2" < a'’?" = a,, showing that {an}
is a bounded decreasing sequence and hence converges, say to L. Thus,
we see that

L? = lim (/%" a'/?") = lim at/?" = L.
n—oo n—oo
This gives either L =0or L = 1. But L # 0, and so L = 1.

44. Write b, = (1+1/n)*(1+1/n)" and apply Example 2.33 and the conver-
gence property of the product of sequences.

Exercises 2.45:

3. Rewrite (n® —3)/(n+2) as (n? —3/n)/(1+2/n), and use the same trick
for the other case.
6. Set a,, = a'/™ for n > 1,and 0 < a < 1. Clearly, 0 < a, <1foralln>1
and ) )
Opt+1 — Qp = @7 FT {1 — am} >0,

so that {a,} is increasing and bounded, and hence {a, } converges, say to
L. Thus, )
agn = a? — LY2.

But {a2,}, being a subsequence of {a, }, must converge to the same limit
L, and so
L=1LY% or L(L-1)=0.

Since a >0 and 0 < a; < as---, we have L # 0, and therefore L = 1.
7. Use the fact that

1\" 1\" 1
n-1<ap= (14— <[1+-— 1+—].
n n n
8. First we observe that a; < 2 and as = /2 + \/51 > V2 = a;. Next,
we show by induction that a,, < 2 and a,4+1 > a, for all n > 1. By the

monotone convergence theorem, the sequence {a, } converges to L, L > 1.
It follows that

L=\/24+VL, ie, (L?-22?=0L or (L—1)(L®+ L?*+3L—4) =0.

Since L > 1, the limit must be a root of 2% + 22 + 3z — 4 = 0. Clearly,
there is a unique root in (1, 2).

9. First we observe that a1 < 2 and as = V24+ V2 > V2 = a;. Next, we
show by induction that a,, < 2 and a,4+1 > a, for all n > 1.

10. (a) Use mathematical induction to show that 0 < a, < 3 and a,4+1 >
an for each n. The monotone convergence theorem tells us that {a,}
converges, say to L. Then L > 1 and L = 1 + /L, which yields that L is
a solution of L? — 3L +1 = 0. Thus, L = (3 +/5)/2.
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(c) By induction, show that 1 < a, < L and apy1 = an/v/an < ap.
Hence, {a,} converges.
(g) If lim,, o a,, = L, then we must have

af? + L?
[P=—"—"—" e, L=
a + 1 b 1.e ) ﬂ’
because L = —f is not possible. Also,

o+ a? /B2
e

so that 0 < a, < B implies that 0 < a,41 < B. In view of this, since
a1 = a < f, by induction we obtain 0 < a,, < 8 for all n > 1. Moreover,

2 2 _ a(ﬂ2 - a%)
R

>0,
showing that {a,} is a bounded increasing sequence. Consequently, it
converges to .
14. Clearly, {a,} is bounded and decreasing. By BMCT, it is convergent.
15. (e) We have

3 — (logn)/n?

novoo 1+ 3(1/nt/2) =0

logn
=3, because lim
n—oo N2

(t) There exists an N such that

1
M<— forn > N,
n 2

so that for n > N,

lal* _lal™ (_lal _lal  lal <lalN(1)"—N
n! N! \N+1N+2 n N! \2 ’

which tends to 0 as n — oco.

(o) We have
. IR A 7y . 5+1/n\ 5
o= Jim o () + i (g7 ) =0+ 3

Questions 2.67:

5. an = n(—l)n.
8. See Example 2.39(d).
9. ap, =1+1/n,24+1/n3+2/n34—1/n%
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13. Tt is easy to see that {a,} is convergent. By Theorem 2.55, it is Cauchy.
We next provide a direct proof. For n > m, we have

1 E 1 E 1 1
an—aml= >, < D GomET X {ﬁ—g]
k=m-+1 k=m+1 k=m+1
11
_m n
1

. 1
< —<e it m>-.
m €
Thus, for any positive integer N greater than 1/¢, we have |a, — a;,| < €
for n >m > N. That is, {a,} is Cauchy and hence {a,} is convergent.
Exercises 2.68:

1. Use the fact that if lim,, o0 |Ant1/An| < 1, then A,, — 0. Alternatively,
we may use the ratio/root test (which will be proved later) and show that
S one, kPrk converges for |r| < 1. Indeed, for A, = nPr",

A, 1\? P
et (D sl a7 = (0) 1
n

An,
showing that the series converges, and hence the general term of the series
approaches zero.
2. For example,

1 ifn=3k—1,
an =1 1/n if n =3k,

u _{1 if n is odd,
1/n? if n=3k+1,

1/n? if n is even,

and
n if n is even,
ap = ¢ (—1)(n+1)/2
e if n is odd.
n
5. Consider a,, = (—1)".
6. (a) Since k! > 28~ for k > 2, we have for n > m > 2,
< n—1 1 n—1 9
am - = k! = 2m 1°

7. We remark that {a4,—3} and {a2,} are two subsequences converging to 1
and 0 respectively. Note that {a2,—1} is a divergent subsequence.
9. Apply Theorem 2.57, by noting that (since |a,| < 1/2)

‘anJrl — an+2| < (1/8)|an+1 - an| ‘aﬂr‘rl + an|
< (1/8)|an+1 — an| (|ant1| + |an|)
< (1/8)|anss — anl.
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Note that the given sequence is

1
C 1+ — e

1
2 2+

1
1, 14+=, 1+
2 2+

243
Clearly, 1 < a,, <2 for all n. For n > 2,

1 1 ‘an - an—ll

- = <= n —dn—1]|-
T Tra |~ G a0 s e < 21

|an+1 _an‘ -

By Theorem 2.57, {a,} is Cauchy and hence converges, say to a. Then a
must be given by

1
):1+ Cie,a=12

o= Jim o = Jim (1+ -

1+a,

Again, we have a sequence of rational numbers converging to the irrational
number /2 (see Remark 2.40).

Use the idea of Theorem 2.57, for example.

Set a, = py1 — . Then a, — x and ZZ=1 ap = Tpy1 — x1 for each n.
So by Theorem 2.64, we have

Tn+1 Ty
= —
n+l n+1 n+1< Za’“) -

Apply the method of Example 2.61.

Chapter 3: Questions 3.24

9.
11.
22.
23.

No. Apply the algebra of limits for difference functions.
No.

t=km, ke Z.

t =2km, k €Z.

Exercises 3.25:

2.

Set x, = 1/n and y,, = —1/n. Then z,, — 0 and y,, — 0, whereas
f(zn)=3" =00 and f(y,)=3""—0 asn — oo.

By Theorem 3.4, the conclusion follows.
Apply the idea of Example 3.7(a) to show that f has no limit as z — 0;
see Figure A.1.
(a) If g(z) < f(x) < h(x) holds on (a,00) and
25, 9t@) = £= Jin k),
then lim, o f(x) = £.
(b) If f(z) > g(z) on (a,00) and g(x) — oo as x € oo, then f(z) — oo as
T — 0.
The squeeze rule for functions defined on (—o0, a) may be stated similarly.
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. /1
y=—sin | —
X X

AN

Y

Fig. A.1. Graph of %sin (%) near the origin.

Use the Cauchy convergence criterion for sequences.

Questions 3.40:

7.

11.
17.
18.

Observe that
|1 (@) = | f(zo)l| < [f(x) — flzo)l.
Observe that

max{f(z),g(z)} = [(f(z) + g(x)) + |f (z) — g(2)|]/2

and

min{f(z), g(x)} = —max{—f(z), —g(z)} = [(f (2)+9(z))—|f (x)—g()[]/2.

Yes, because sinz is continuous and 7/n — 0.

Exercises 3.41:

1.

2.

Choose z,, such that x,, = 1/4/(2n + 1/2)x for n > 1. Then f(x,) — oo,
whereas z,, — 0.

Observe that f is well defined for all x > —2. We must prove that given
€ > 0, there exists a § > 0 such that

|z — 2| < § implies that |f(z) — f(2)| <e.

Now consider

CWVrF2-2)(Va+2+42)|  [x—2 |z — 2|
(=) = F(2)] = N R Ve T

The conclusion follows if we choose § = 2e.
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We have (1 +2)? =1+ 22 + 22 > 1+ 2z, and so the inequality holds for
n = 2. Assume that the inequality is true for n = k. Then by the method
of induction (see also Example 2.18),

142 =1 +2)*1 +2)
>(1+kx)1+x)=1+(k+ 1Dz +ka*>1+ (k+ 1),

which shows that the inequality holds for all n. Now we let a,, = ™ and
0 < |r| < 1. We may set |r| = 1/(1 + h), where h > 0. Then for every

n>1,
PUPUI SR B N SE GA
" (1+h)m™ T 14+nh " nh || n’

and so using the definition of convergence (or by the squeeze rule for
sequences), it follows that a,, — 0 as n — oo.

Next, for r > 1, we may let » = 1 + h with h > 0. Then r"™ > 1 + nh for
every n > 1. Again, by the squeeze rule, lim,,_, o, 7" = co0. For r = —1, we
obtain the sequence {(—1)"}, which is bounded but oscillates between —1
and 1, and hence diverges. Finally, for r < —1, let r = —¢, so that ¢t > 1,
and we have the oscillating sequence {(—1)"t"}, which has both large
positive and negative terms. It follows that the sequence is unbounded,
and hence {r"} diverges for r < —1.

Consider the three cases (a) x € Z, (b) 2k <z <2k+ 1, k € Z, ()
2k -1 <z <2k, keZ.

Because f is uniformly continuous on F, it follows that for a given € > 0,
there exists a § > 0 such that

|f(x) — f(y)] < e whenever |z —y| < 0.
Since {x,} is Cauchy, for this § > 0 there exists an N such that
|zn — x| <6 for all m,n > N.
In particular, this observation gives that
|f(zn) — f(zm)| < € whenever n,m > N,
as desired. Set f(x) = 1/z% on (0,1). Now, {1/n} is a Cauchy sequence in
(0, 1), whereas {f(1/n)} = {n?} is not Cauchy. Thus, f(x) = 1/2? cannot

be uniformly continuous on (0, 1).
Let € > 0 be given. Then there exists an R > 0 such that

1f (@) = f(W)l < [f(@) =L +[f(y) = £ <€ forall z,y > R.
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The restriction of f to [0, R] is uniformly continuous. Thus, there exists a
0 > 0 such that

|f(z) — f(y)| < e whenever z,y € [0, R] and |z — y| < .

Finally, if x > R and y < R with |z — y| < J, we have

[f (@) = f)l < [f(x) = F(R)| + [f(y) = F(R)] <e

Thus, if z,y > 0 satisfy |z — y| < 4, then we have |f(z) — f(y)| <€, as
desired.

Questions 3.58:
10. We wish to show that f’(z) = 0 for each x € R. Now for h # 0,

fl@+h) = fz)

< |h|.
. < |

The squeeze rule shows that f/(z) exists for each z € R and f'(x) =0 on
R. Thus, f is a constant function.

11. No. Consider f(t) =sint on [0,1]. Then the mean value theorem applied
to f(t) on [z,y] C[0,1] gives

[f (@) = f(y)] <[z —y| whenz #y.
If there exists an M < 1 such that
[f (@) = f(y)] < M|z —y| forall z,y € [0,1],
then with z = 0 we have
[f(x) = f(y)l = |f(y) = 0] < My — 0] fory # 0.

Allowing y — 0, we see that |f/(0)| < M (< 1), which is a contradiction.
14. We see that

@ —al) _ @] @) f@) - @)
z—a r—a T—a T — a z—a f(x Tr—a ’

Exercises 3.59:

11. For z # 0,

f@) = f0) _ f(@) {Sizx for €0,
1 for z € R\Q,

and so by Example 4.24,
f(z)

cosx < ——= <1 forall z with 0 <2z <m/2,
x

showing that f’(0) = 1.
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12. Without loss of generality, we may assume f(a) > 0. Then f(z) > 0in a
neighborhood B(a;d) of a. Therefore, for x € B(a; ),

g(x) —g(a) f(z) = f(a)

lim = lim 22 =Y #(a) i f(a) > 0.
r—ra xr— Qa Tr—a xr—a
Similarly, ¢'(a) = —f(a) if f(a) < 0.
14. (b) Set
2 .
o) = {5 DT E nd gto) = sin

Then both ¢ and g are differentiable on R. In particular, h = ¢ o g is
differentiable at points x where sinx # 0. Note that sinz = 0 iff z = n,
n € Z, and on (0, ),
W(z) = ¢'(9(x))g' ().
Chapter 4: Questions 4.9

4. No. Here is an example. On [0, 1], consider

1 12 _faz forxze]0,1),
f@) = 4 (a:—§) and g(z) = {3 for z = 1.
5. No. Consider f(z) =z and g(z) =z — 1 on [0, 1].
Exercises 4.10:

3. Consider f: R — R defined by

= for z > 0,
f(x)_{x—l for x <0.

We see that f is one-to-one but not onto. Also, it is not continuous at the
origin.
6. By the logarithmic differentiation, we have

(@) = f(x) [1og (1 + é) + ﬁ (%)}

= f(z) (log(Hy)%) yzi

>0 on (0,00),
because ¢(y) = log(1l+y) —y/(1+y) is strictly increasing on (0, 00), and
s0 ¢(y) > ¢(0) = 0.
7. Continuity of f at zy gives

flzo+h) = f(zo) + n(h) = yo +n(h), where n(h) — 0as h — 0,
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and because f is one-to-one on I, n(h) # 0 for h # 0. Since
g(y) ==z, y=f(z) forz el andy € J,
we see that
9(yo +n(h)) = g'(yo) = g(f (w0 + h)) = g'(%0) = (xo + h) — z0 = h,
and so by the algebra of limits,

flzo+h) — f(l"o) - n(h) 1 as
h oo T a) —gm) g =0

and the conclusion follows.

Questions 4.39:

2.

oo

10.
16.

17.

18.

19.

Consider F(x) = f(x) — g(x). Then F is continuous on [a,b] and F'(a) <
0 < F(b). Apply the intermediate value property.

No.

No.

No.

There is nothing to prove if f(a) = a or f(b) = b. So we assume that
f(a) # a and f(b) #b. Define g : [a,b] = R by

g(x) = f(:L’) -, TE [avb]'

Then g is continuous on [a,b], g(b) < 0 < g(a), since f(a) € (a,b] and
f(b) € [a,b). By the intermediate value theorem, it follows that there
exists a point ¢ € (0,1) such that g(c) =0, i.e., f(c)=¢

Consider f(z) = z%sin(1/z) and g(z) = x.

Rolle’s theorem applied to f on [0, 1] shows that f’(c;) = 0 for some
c1 € (0,1). Again, apply Rolle’s theorem to f’ on [0, ¢1] and conclude that
f"(e2) = 0 for some ¢y € (0,c1). Repeating the arguments implies that
f*D(e) = 0 for some ¢ € (0,1).

Set ¢’ = (z + y)/2. Apply the mean value theorem on [z,2'] and [2/,y],
x <y

Apply Corollary 4.21 to F(z) = f(x)e“*. Then F’(z) = 0, and obtain
f(x) = f(0)e™e".

Given € > 0, there exists an R > 0 such that |f’(z)| < € whenever z > R.
Apply the mean value theorem for f on [z, x+ 1], where > R. This gives

fx+1)— f(x) = f'(c) for some ¢ € (z,z + 1).

Because ¢ > R, this gives that for any given € > 0, there exists an R > 0
such that |f(z+ 1) — f(x)| < € whenever x > R.
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Exercises 4.40:
5. (a) Here

JO) - f(-1) _
1 (-1

so that f’(c) = —2, which gives 3¢®> = 1, i.e., ¢ = +1//3.

(b) Here
f9/4) - 1) _ 4 oy 1
/-1 —g wfl=7
so that f'(c) = 4/9, which gives 3¢ =1, i.e., c = £3/2.
8. Consider h(z) = f(z)exp(g(z)) and apply Rolle’s theorem.
13. Set f(z) =sinx — 2% + x on [r/4,7/2] and observe that

f(m/4) > 0> f(r/2).

—2 and f'(c) = 3¢* - 3,

The desired conclusion follows from the intermediate value theorem.
Chapter 5: Questions 5.16

15. No. Choose a; = (—1)¥/vk = by.
16. What is > p(ar — bg)??

525

17. Observe that 15, = Y 7_ (ak + ap1) = 2> p_, ax — a1 + ay41, showing

that the sequence of partial sums {7} converges to 24 — a;.

18. See Example 2.39(a). We have shown that > -, (1/k?) converges. If S,, =

>, (1/k?), then a, = Sa,, — S,,—1 converges to 0.

Exercises 5.17:

1. One is allowed to perform arithmetic operations only with convergent

series.
2. Use the idea of the proof of Theorem 5.9.
6. (a) Write k — 1 =2k — (k + 1), so that

k-1 ko k+1

Uk = 5k3T T ok oktL”

(b) Note that

A = ——F— ——

E+1-— vk
VEVE+1
so that

— 1 asn — oo.

1
Zak—l— —1

(c) Use the properties of logarithms: log(xy) = log(x) + log(y), =,y > 0.



526 Hints for Selected Questions and Exercises

8. (a) Using the identity 2sinx cosy = sin(x + y) + sin(x — y), we have

n

.1 2 1 1 1 1
oL o2 1 L
,;_1 sin 27 cos =0 = 3 nh_}n;@ kg_l (sm o1 Sin 3k) 5 Sin

9. If s, =Y p_,ar and S, = >__ k(ay — ags1), then

n

Sy = Z(kak — (k+ Dag41) + Z k41 = Snt+1 — (M + Dap41.
k=1 k=1

10. What is the sum of the areas of the regions removed?
12. It suffices to note that
5k % 4k 4k 4k+1
(5F — 4k)(5F+1 — 4k+1) ~ Bk — 4k BRI _ gRFL

13. Note: 0.12 = 0.12121212.. . ..
Questions 5.42:

1. Set S, = >_p_, ai. Then the hypothesis implies that {S,} is Cauchy.
2. The converse fails, as the harmonic series shows. Note that if ap = 1/k,
then 11 1 +1
0<—+ ot <P
n n+1 n+p n

3. No. For example, set

1

— ifneS=1{1,223242..1,
an = ”1
— otherwise.
n

Then (see Theorem 5.23),

o0 o0 1
2 =2
nes nes
which is convergent. Also,
o0 o0

Sa-y

ngsS n¢gS n=1

Swl —_
IA
NE

3M| —_

so that ZZOQ g Gp 1s convergent.
5. One may use the comparison test, because a? < ai. Note that Y (1/k?)
converges although > (1/k) does not.
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11.
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Since 22y < 22 + 92,
2|ax| |be| < ai + b}, for all k,

showing that >, aiby converges absolutely.

Note that b
M=|bk|—>0 as k — oo,

ay

and so by the limit comparison test, it follows that Y~ ; axby converges

absolutely.

Use the limit comparison test with b, = 1/n and b, = 1/n?.

Choose aj, = 1/logk for k > 1 and note that ay > 1/k for all & > 1.

Exercises 5.43:

1.

Assume that Y |ai| converges, and recall that
0 < ag + |ag| < 2|ag| for all k, and ax = (ax + |ax|) — |ax|-

Because the series > |ax| converges and both > (ar + |ak|) and > |ay|
are series of nonnegative terms, by the direct comparison test, we obtain
that > (ar +|ak|) also converges. By the linearity rule, the second relation
above implies that > ay also converges, and the proof of Theorem 5.14 is
complete.

Since

Vn+1—+n 1
R W e BV

compare with 1/n%*! and apply the limit comparison test.

. = Since by, < ag, the convergence of >~ | ay implies that >~ by con-

verges.

<: Suppose that 2;0:1 by converges. Note that 0 < by < 1 and a; =
bi/(1 — by). Convergence of >, by implies that by — 0 as k — ooc.
Thus, there exists an N such that

0<bp<e=1/2, ie,1—by>1/2, forallk> N,

and so ag < 2b. Thus, Z;’;l ay, converges by the comparison test.

. Set S =372, a; and observe that

n

Su =Y ((k+1)/k)a} zn: ap <2 (iak> <282,
k=1

k=1 k=1

Thus, {S,} is an increasing sequence of nonnegative real numbers that is
bounded, and so it converges.
Use the convergence of {b,,} and the limit comparison test.
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10. Since the given condition implies that the sequence {a, /b, } is decreasing
and bounded above by a1 /b1, we have

a, < (ﬂ> b, foralln>1,
by

and the desired conclusion follows from the comparison test.
Questions 5.68:

12. Consider a,, = (—=1)" and b, =1+ (1/n).
13. For the first part, it suffices to observe that

n n
Z lak+1 —ax| < Z | g1 |+ [ar]).
k=1 k=1

For the second part, just consider a,, = (—1)""!(1/n) and observe that
{an} is not of bounded variation but >_ ay is convergent.

14. Yes. Consider s,, = > 7 _ (b, —bg+1) = 1 —by41, and so {s,,} is convergent
iff {b,} is convergent.

15. Yes. Since |by — bpt1]| = b — b1 or b1 — b, Dy |be — bry1| is either
b1 — bn+1 or bn+1 — bl. Now apply BMCT.

16. Set ay = k(—1)*~! and note that

1 0 if n is even,
On nZS" _<n+ ) if n is odd,
k=1 2 n

showing that {o,,} does not converge, and so the given series is not (C, 1)
summable.

Exercises 5.69:
2. The given series is
1 1 1 1 1 1 1 1 1
41 11 1,111 1YY (S T B
t5 37175 s T s T Y G tanae) T

which is clearly not an alternating series. However, pairing the terms
suitably leads to an alternating series

3 7 11 15 .
Z_ (41
2 12t st

4k +3 N
(2k +1)(2k + 2) ’

which satisfies the conditions of the alternating series test, and so the
rearranged series converges. Consequently, the given series converges
(since the general term of the original series tends to zero as k — o).

4. Let n be the required number. From our observation in Corollary 5.46,
we must have [S — S,| < apy1. If we let 5 +1 = apy1 < 0.0001, then
n > 100%¢ = 4999.5. Consequently, if we take the first 5000 terms or
more, the error will be less than 0.0001.



8.

9(ii).

11.
13.

14.

Hints for Selected Questions and Exercises 529

When the parentheses are removed, compute the even sequence {Sa, }
and the odd sequence {Ss,-1}, and obtain that they converge to a
different limit. Note that

Sont1 = Son + 1.

Recall that

1 x® 2P
tan lor = — — 4+ ... <1
an " r=2x 3 + 5 |$| s
so that
R
4
Group the terms as
(-3)+G-3)+
3 5 7
to obtain the series
2 2 2

The conclusion follows from Riemann’s rearrangement theorem.
The second part follows similarly.

Apply Corollary 5.59.

A computation gives

> mans = 2 s ey
Cp = Aplp—) = =:2(— -
TR T gy et 1

Since (by Theorem 2.64)

n

2 1 n+1 1 1
d, = =2 —-2-0=0
n—|—2k§=:0k+1 (n+2> <n—|—1kzk+1>

=0

as n — oo and

G| 1 1 2
o1 — dp =2 -
i g%k+1{n+3 n+2}+(n+3ﬂn+w

n

2 1
__OHQXn+®;:k+1<Q

=1

the alternating series test shows that Y " ¢, = > 0" (—1)"d, is con-
vergent.
@ b= (-1 ()= {

1 if n is even, (=t
nLH if n is odd. (€) bn = n2
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16. Suppose that > -, ai diverges, where aj > 0. Then the sequence {s, }
of the partial sums must be unbounded above. Thus, given any M > 0,
there exists an N such that

sp > M foralln > N.

Now for n > N, we have

1Y 1 &
an:&zsk)wk “

S ) ear (1)

k=1

Il
7N
S|

so that for any M > 0, we see that limsup,,_, ., oy, > M.
17. Compare with Theorem 5.18 concerning a necessary condition for con-
vergent series. See also Corollary 9.60.

Chapter 6: Questions 6.31

6. (a) Yes, the partition norm decreases under refinement. Indeed, since
@ has additional points beyond points in P, the maximal length of any
subinterval determined from () is less than or equal to the maximal length
of any subinterval determined from P. Thus, || P| > ||Q|.

14. The first half holds for ¢ < 0, while the second half holds for ¢ > 0, because
o L(Pcf)=cU(P,f) and U(P,cf) = ¢ L(P, f) whenever ¢ < 0;
o L(Pcf)=cL(P, f)and U(P,cf) = cU(P, f) whenever ¢ > 0.

17. No. Let f be as in Example 6.12 and

() = 1 for z =0,
I =0 for z € (0,1].
Then g o f defined by

[ 1 forzeQ°NJ0,1],
g(f(x))—{o for x € QN [0, 1],

is not integrable.

19. Choose the partition P = {x¢, 1, ..., 2z, } such that z} = (zx_1 + z1)/2.
Then the corresponding Riemann sum has the constant value S,, = (b —
a?)/2. The conclusion follows from Theorem 6.21 (see also Example 6.6).

20. Note that 5 5
L = Tp_1

fap) Az = (23)?Axy = 3
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22. <=: Assume that the identity holds. The left-hand-side integral can be
written as

x 0 T T x
= [ f(t)dt+/0 f(t)dt:/o f(—t)dtJr/O f(b)dt,

which equals the right-hand side if and only if
/ fit)ydt = / f(=t)dt. (A1)
0 0

If we let G(x) = [ f(t)dt, then G is continuous on R and G'(z) = f(x)
on R. Because of (A.1), we also have G'(x) = f(—x) on R. That is,
f(z) = f(—=x) on R. The converse is trivial (see Figures A.2 and A.3),
because if f is even on R, then we have

y y
y=f(x) y=f(x)
—x

f('/ O> f(ﬂco) L‘ 1
LN fe)f-—-A
| ! ! | —a —Zg Lo
! E E : L Ty @ X
! . AT A (a)

—a —X N a T |
Fig. A.2. Graph of an even function. Fig. A.3. Graph of an odd function.

x 0 x x x
[ rwar= [ f(t)dt+/0 f(t)dt:/o f(—t)dt—i—/o () dt,

and the result follows.
Exercises 6.32:
4. Use Example 6.17 with ||PH < m
5. Set x, = a1, = ah*=' for k > 0. Then Axy = a(h — 1)h*~!, and proceed

exactly as in Example 6.18. As a demonstration, we refer to Example 6.23.
6. Note that mg < (f(zr—1) + f(zr)) /2 < My, and so
L(P, f) <Tu(P, f) S U(P, ).

10. (a) Taking the logarithm, we have

1« k !
loga, = EZlog (1—!—5) — / log(14+xz)dz = logd—1 as n — oo,
k=1 0
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because

1 1 1 d
/0 log(1 + z)dz = zlog(1l + x) }0 _/o 13:_’_:;

1
= log2 — (x — log(1 + x)) ‘ =2log2— 1.
0

Thus lim,, . a, = €247t = 4/e.

(b) The convergence of this has been discussed in Section 2.1 (see
also Remark 7.26(5)). But using the Riemann idea, we have (see
Figure A.4)

DN [—=
1
t

]y

b ode

Fig. A.4. Riemann sum for .
o 1+

k=1
(c) We may rewrite
1 1 nd 11 1
a”‘ﬁ*ﬁ;(mkﬁ E+ﬁ;(1+k/n)3’

so that
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(d) Taking the logarithm, we have

1 & k2 !
1ogan:E210g(1+m> —>/ log(1 4+ 2%)dz as n — oo,
0

k=1

which, by integration by parts, gives lim, o loga, =log2—2+ /2.
Thus, lim,, o an = 2e(m/2)=2,
(e) See also Remark 7.26(5). Indeed,

1 (p—1)n

1
T ,; (k/(p=1))+n/(p—1)
1 (p—1)n 1
T a1 ,; (k/(n(p = 1)) + 1/(p— 1)

:NZ (&/N) +1/ —qp V=

%/ _de
o ztl/(p—1) &P

(f) We have a,, =

as n — oo.

Zm/m

1<~ (k/n)? b2
h = - —eeee S .
(g) We have a, nkE:11+(k/n)3 —>/0 1+x3dx as n — oo

"1 k 1n k " og(1 + )
h) logar=> —log[1+ =) ==5 Zlog(1+ 2 el ICIEL7 Y
(h) logax ;k og(—i—n) n;k0g<+n>_>/o . x
For further details, we refer to Example 6.24(e).
13. (a) f(z) = [z], the greatest integer function, on z € [0, §]
2for -1 <z <0,
(b) flx) = 3 for0<z <1
16. Consider the partition P = {xg,z1,...,2,}, where x, = kn/(4n), k =
0,1,2,...,n. Then Azy = 7/(4n). Further, f is bounded, and for x €
[a,b] C [0,7/4], sinx is increasing on [a, b]. Consequently,

inf f(x) =sina, sup f(z)=cosa,

Ie[a’b] Ie[a,b]
and so -
my = inf f(z) =sin(k —1)—
TE[TR—1,Tk) n
and -
My= sup f(xz)=cos(k—1)—
wefrr_1,a] 4n

Finally, it is easy to see that lim) p_o U(P, f) # limp| -0 L(P, f).
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17. (d) Consider [2/7,1] € (0,1] and P a partition on [2/m,1]. For = €

[2/m, 1], (1/z) € [1,7/2], and so sin(1/x) > sin1 on [2/m, 1]. Consequently,
My, > sinl and my = 0 for all k. This gives

U(P, f)> (sinl)(1 —2/m) and L(P, f)=0.
Consequently, U(f) > (sinl)(1 — 2/7) and L(f) = 0. Thus, f is not

integrable.
)
1+ ce o——e
— } }
O 11 1 1z
43 2
—1+ o—e

Fig. A.5. Graph of f(z) on [0,1].

18. Note that (see Figure A.5)

1/k | et (1 1
/1/(k+1)f<w> = (-1) (E—k—ﬂ)

k k k+1
and so
1 n 1/k n (_1)k—1 (_1)71
flz)dx = / flx)dz =2 —-1-
/1/(n+1) ; 1/(k+1) ; k n+1

— 2log2 -1 asn — .

Since —1 < f(z) <1 on [0,1] and since for f on [0,1/(n + 1)],

1
a1 SO =V s

on [0,1/(n+ 1)],




19.
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it follows that fol/(nﬂ) f(z)dx — 0 as n — oo. Consequently,

1
/ f(z)dx =2log2 — 1.
0

(a) Set M = sup,c(ay) f(2), m = inf,c(qp) and ¢ € (a,b). Let {c,} be a
sequence of points in (a,b) such that ¢, — ¢. Then for every ¢ > 0, there
exists an N such that

€

s _ > N.
ST —m) 6 foralln>N

len — ] <

By assumption 1, f is integrable on [c,,b] for all n > 1. Consequently,
there exists a partition P of [cy,b] such that

U(P’f)_L(Paf)<

[NC e

Set P’ = {a} U P. Then since P C P’, for all n > N,

UP', )= L(P', f) < (M =m)(b=ca) + U(P.f) = L(P.f) < 5 +5 =€,
which implies that f is integrable on [a, b], since ¢ € (a,b) is arbitrary.
(b). Follows similarly.

(c). Apply (a) and (b) to [c, (a + b)/2] and [(a 4+ b)/2, d], respectively.

Questions 6.56:

2.

For instance, f : [0,1] — R defined by

—1 for z €10,1/2),
f(z) = {1 for z € [1/2,1],

is integrable but does not have a primitive on [0, 1].

If f(¢) > 0 for some point ¢ in (a, b), then by the continuity of f at ¢ (with
e = f(c)/2) we obtain f(z) > 0 for all z in some closed neighborhood of ¢,
namely [¢c—d, c+0] C [a, b]. Thus, f; f(z)dz > 0, which is a contradiction.
Alternatively, we observe that for each z € [a, 1],

0 < Fla) :=/:f(w)d:c§/abf(x)dx=0,

showing that F(z) = 0 and F'(z) = f(z) = 0, and the proof is complete.
Observe that G(z) = [(f(t) — g(t)) dt satisfies the hypothesis of Rolle’s

theorem. It follows that there exists a point ¢ € (a,b) such that f(c) =
g(c)-
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6. Continuity of f at ¢ implies that there exists a closed interval I =
[a1,b1] (a1 < by) such that ¢ € T and I C [a,b] with f(x) > m on I
for some m > 0. But then

b al b1 b
/ f(z)da = / f(z)dz + f(z)dx + f(z)dx
a a b1

ai

b1
>0+ fl@)dz 4+ 0> m(by —a1) > 0.

ay

7. Yes. By hypothesis, |f(z)| < M on [a,b] for some M > 0. In particular,

[f(2)] =

/I (@) dt‘ < M(x —a) forall z € [a,b].

The process may be continued to obtain

M(z —a)”

n!

[f ()] <

for all € [a,b] and each n > 1.

Allow n — oo to get the result.
10. No; for instance, if f(z) =1 on [a, ], then

1
b—a

b
| ta@ae=1=100)

for all ¢ € [a, b]. We have already demonstrated the nonuniqueness of ¢ in
Example 6.46.

12. Set f(x) = sinz — x + 23/6. Then f”(x) = 1 —cosz > 0 for > 0, and
since

ﬂ@z%f@M,ﬂwiéfw&,ﬂmzémem

it follows that f(z) > 0 for all = > 0.

13. Set g(x) = z™ and apply the generalized mean value theorem (see Corol-
lary 6.48).

14. Use the change of variable t = m — x for the first part.

15. Consider f(z) = 2337% for > 0. Then

f'(x) = 2®37%[3 —xlog3] <0 for x > %,

so that f is decreasing on [3/log3,00). In particular, since # > 3 >
3/log3, we have f(3) > f(r), which is equivalent to 1 > 73377, i.e.,
3™ > 73,
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Exercises 6.57:

1.

10.

11.

12.

Clearly, f is continuous on R except at = 0. On the other hand, f(z)
admits an antiderivative F'(z) given by

[ 2?sin(1/z) for x #0,
F(x)_{o for x = 0.

Thus, [, f(x)dz = F(1) — F(0) = sin .

Since f is continuous on [—a,a] except at the origin and is bounded on
[—a,al], f is integrable on [—a,a] for each a > 0. Clearly, f admits an
antiderivative F' given by

[ a3 cos(c/z?) for x # 0,
F(”“")_{o for z = 0.

Thus [ f(t)dt = F(a) — F(—a) = 2a®cos(c/a?).
As in Example 6.38, we compute

Glz) = 22 ifo<z<1,
=V a2 —20+2 if 1<z <2,

which is continuous on [0, 2].
Note that f is integrable on [a, b]. Define

9(z) = f(a)(z —a) + f(b)(b - ).

Clearly, g is continuous, g(a) = f(b)(b — a), and g(b) = f(a)(b — a).
Because f is monotonic on [a, b], the number p = f; f(z) dz lies between
g(a) and g(b). Moreover, because g is continuous, there exists a ¢ such
that g(c) = p, which gives the desired conclusion.

First we note that the bracketed term in the limit can be recognized as
a Riemann sum associated with the function f(z) = eV*. Thus, the limit
is fol eV dz. Now apply the mean value theorem for integrals to get the
desired result.

We see that

cosa—cosb 1 [V, b sinx 1/ cosa — cosb
——— = — [ sinzdzx< dr<—- [ singder=———,
b b/, e al, a

which gives

-2 -2
< < < B
a — b b -

b .
cosa — cosb sin x cosa — cosb 2
< da Z

e T a a

which proves the inequality.
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13. (a) Since 1 + 2 < e® < 1/(1 — z) for x > 0, it follows that

1/3 1/3 13 4
/ (1+x2)dx</ exzdx</ _1:2’
0 0 o 1-=

and observe that on the interval [0, 1/3],

1< L <9
1—22 8

(e L)« [ etar 1 (2)

= — r<=-|=) ==

3 27 . 3\8) 8

(b) Set g(x) = V4 — 22 + x*. Then for x € (0,1), we have
Vi —a? <glz) <Vi=2, ie,

This gives

1
< —<

1
g(x) ~ VA—a2?

DN |

The result follows as in the previous case.
(c) Set G(z) = [ eV1*”dt. Then G'(z) = 2zeV!**". By 'Hopital's

rule,
Gla) . G o

lim = lim = lime =e.
x—0 !E2 z—0 2x x—0

(d) Since sinz is strictly increasing on (0,7/2),

T T
—=sgin— <sinzr<sin— =1, ie, 1< —
2 6 2 ’ ’ sinx

w/2 w/2 T w/2
/ xd;v</ - dm<2/ rdx,
/6 x/6 ST /6

and a simplification gives the desired inequalities.
14. Apply I'Hopital’s rule and the second fundamental theorem of calculus to
obtain

T
2 f (— —),
< or x € 6’2

so that

N0 L 4 (— 7w+ 2 dt)

1m
=20 [ f(t+ 2>dt =0 L (f5r fe+2)ar)

2f(—2z) + f(2z)
250 3f(3z +2)

f(0)

@)

16. Apply the generalized mean value theorem (Corollary 6.48) with g(z) =
on [0,1].

Ju—
=
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17. Decompose

22.

/abf(:c)dm:/:f(:c)d;v—i—/cbf(x)dx.

By the mean value theorem for integrals, there exists a A € [a, ¢] such that

1

c—a

AV@mwﬂM

Also, since f is monotonically increasing, f(a) < f(A) < f(c), so that

1

c—a

f(a) < /UQMwsﬂd

Similarly, applying the mean value theorem for the second integral yields

b
10 5= [ Fa)de < 100

Adding the last two inequalities yields the desired result.
It suffices to show that L(2) < 1 = L(0) and L(3) > L(e) = 1.

Chapter 7: Questions 7.30

8.

10.

11.

12.

By the change of variable ¢t = 22, we have

N N?
/ sinz? de = / t~1/2sin ¢t dt,
0 0

which converges conditionally, by Example 7.8.
The function f(x) = sinx is integrable an [0, N), and

=1-— lim cosN.

lim sinzdz = lim [— cosz]
0 N—o0

N N
N—oo J N —o00 ‘

Since cosnm = (—1)", cos N oscillates between —1 and 1 in a neighbor-

hood of oo, and therefore the limit on the right does not exist. We might

even say that the integral fooc sinxz dx “diverges by oscillation.”

We have

N
/ xd(—cosz) = (—xcosx+sinx)|év = —NcosN +sin N,
0

and Nlim (=N cos N + sin N) does not exist, since it oscillates between
—00

—o0 and oo.

Indeed, fON cosxdr = sin N, and limy_,+ sin IV does not exist. Note that
if ,, = nw and y,, = 2nw + 7/2, then sinz, = 0 and siny,, = 1 for all
n € 7.
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13. Clearly
1 1
/logacd:n::nlog:cﬁf/ dz = —eloge — (1 —¢),
so that
1
. B . log(1/e) ) —1/e\
Ay [ terdr=—tr g e = \De ) =

Exercises 7.31:

2. (f) Note that lim,_,o4 sin(1/z) does not exist. However, using the substi-
tution y = 1/¢, we obtain

1 . 1/c _-
sin(1/x) sint

showing that (see Example 7.8(c)) lim.— o4 I(c) exists for p < 2, and so
01 ﬂlzlp@ dz converges for p < 2.
7. At © = 2nm + ©/2, the function f(xr) = —24/1 —sinz doesn’t have a

derivative.
8. Because secz is unbounded at the left endpoint 7 of the interval of inte-
gration and is continuous on [t, 7] for any ¢ with § < ¢ <7, we find that

the integral diverges, because

77 T
/ secrdr = lim 10g|secx—|—tanx|‘ = —00.
/2 t—(m/2)+ t

9. Consider

1 o

Ny = /ON <a(a2 T2zt 1> a
- E log (m + (a2 + x2)1/2> — alog(z + 1)}

[N + (a2 +N2)1/2}1/a 1 1
REE “as(3)

N

0

= log

We note that

. [N + (a*Q + N2)1/2]1/a _ N1/a)—o (1 +( 2%\/2 + 1)1/2)
lim = lim a
N—vo0 (N + 1)~ N=ro0 (1+1/N)e

1/a

i

which exists and is zero if % —a < 0, whereas the limit is 2'/¢ if o = 1/a.
The limit fails to exist if % —a>0.

11. Use Example 7.22 with ¢ = 1 and p = 1 — a. Then, according to Example
7.22, the given improper integral converges if and only if 0 < a < 1.
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13. Set x9 = t. Then gz~ 'dz = dt, so that dz = %t%dt, and

1
1 1 1
/xp(l—xq)"dx:—/ tﬁl*l(l_t) dt==-B (p_: n+ )
0

q Jo q

Next, we may rewrite the given integral as
[ = stpas =t [ (2 (1 (2 a(2)
0 0o \m m m

gn+p+1 1
_m B(p+ ,n+1>.
q q

14. Set o?2? = t. Then 20%2xdx = dt, doz =

o \[,bO that for a > 0,

>~ n —a’z? _ 1 o n_ 1 _4 . 1 TL+].
A xTre dx—m/o t27 2e dtQQT‘HF<T)

16. (b) We observe that

1

_ ™ _
=sec «x — — —sec 12 as N — .

N T N
/2 x\/xg— ’
17. Set f(z) = 4

n [1,00), and

> 103

which is convergent for 1 — a > 0.
Questions 7.44:

1. By hypothesis, |2/(6)| < M; and |y'(6)] < M; for some constants M; and
My, and so

B B
5= / V@O T W O)2d0 < /M2 1 M3 / a6 < M( - a).

2. Define f: [-7/2,7/2] = R by

o) = {gon BT e )

Exercises 7.45:

1. The points of intersection of the given circles are the origin (i.e., at
(0,7/2), (0,0)) and (a/v/2,7/4) (i.e., on the radial line § = m/4); see
Figure A.6. The required area is

/2

1
A= / —(asin®) d9—|—/ —(acos 6) db,
/4 2

and a computation gives A = a?(7 — 2)/8.



542 Hints for Selected Questions and Exercises

Yy
r=asinf //,:9:”/4
0 a xz
r=aqacosf

Fig. A.6. Area of the region common to r = acosf and r = asin6.

2a

r=a(l+ cos?)

Fig. A.7. Area of the region common to r = a(1 + cosf) and r = a(1 — cos0).

2. The points of intersection are given by
a(l+ cosf) = a(l — cosb), ie. cosd=0,ie., 0= j:g.

In view of the symmetry (see Figure A.7),

7'('/2 1
/ —a*(1 —cosf)*de|,
0 2

which gives A = (a?/2)(37 — 8).
3. The points of intersection are given by a = a(l — cos@), i.e., § = +7/2.
In view of the symmetry, the required area is

7r/21 ™ q _
/0 §a2(1c0s0)2d9+/7r/2§a2d91 =a? <57T4 8).

4. Note that 2a = r(1 + cos #) in Cartesian form is

A=14

A=2

20 = /22 +y2+2x, or y®=4a(a—2z).



11.

12.
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Yy
4
5
=
X g
s
L
A, i
. P =
—4 LA 2 1
N T
X b
E \\\\
.
\\
i N
R
=

Fig. A.8. Loop of the folium of Descartes z* 4 y* = 3azy.

The intersection points of these two curves are § = +x/2, and both the
curves are symmetric about x = 0. The desired area is

71'/21 2, 2 v q
2 \1+cosh =(2a(1 20| .
/0 2 <1+COSQ> d9+/7r/2 2( a(l+ cosd))= do

A computation gives A = a?(97 — 16)/3.
The required area A is given by

0,2 w/6
—/ (2cos26 —1)dé| ,
2 Jo

which gives A = a?(3v/3 — 7)/3.

Here it is not possible to express y in terms of x explicitly, and the curve
has a loop at the origin. In order to evaluate the area within the loop, we
use polar coordinates. The polar form (see Figure A.8) of the given curve
is obtained by substituting = r cos and y = rsin6:

A=2

A=4

3acosfsinf
r=——-——=f(6).

sin® 6 + cos3 B

The required area is

RN AP
2 Jo 2 Jo  (sin® 6+ cos® 6)?

(Y

a? (use the substitution ¢ = tan #).
,if r = f(0), f(0) = a(l 4 cos@), then the

A computation gives A =
Following Example 7.43(a
required length is given by

—N

B
5= / V2 T ()20 = dasin(6/2) Z — da(sin(8/2) — sin(a/2)).
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13. See Exercise 7.45(12) and Example 7.43(a). Indeed, rotate the graph of
r = a(l + cos ) through an angle 7 to get the resulting answer.

Chapter 8: Questions 8.11

3. Let ai be the general term. Then we have

1 if k is even , . 1 if k£ is even ,
ar =<4 38 and ai/ =493 .. .
— if k is odd, — if k is odd,
5k 5
so that limsup;_, ai/ ¥ = 1. So the root test is not applicable. Recall

that ap = 1 for all k even, and so {a} does not converge to zero. Thus
the series diverges by the divergence test.

Exercises 8.12:

1. We have shown that for a = 2, the series converges, and for a = 3, the
series diverges.

3. (a) Since ap < 3%+ =1 for all k, it is appropriate to apply the comparison
test. Alternatively, compute

31/k
if k is even, —— if kis even,

3k 1/k 3
3-1 and ak/ =9 30

3k

ap =
if k£ is odd,

if k£ is odd,

and 1

Ak41 _ o if k is even,
Ak 3 if k is odd.

It follows that

1
—3>1>liminf 2L — —
k—oco

ik _ 1 ak+1
k (075 27

lim a — and limsup
k—o00 3 k—00 ag

Thus the series converges by the root test, whereas the ratio test gives no
conclusion.

Questions 8.50:

2. No. If it converge at = 0, then it should converge for |z —2| < |0—2| = 2,
ie, for 0 < z < 4. But = = 3 lies inside the interval (0,4), so the series
would converge there.

4. R=3.

7. Yes, on (0,27). But at the points 0 and 27, the functional series reduces

to the numerical series Y-, by, and so the convergence depends on the
choice of the by’s, e.g., by = 1/k, 1/k%

) ak P &
8. Consider Z 72 Z s Zm .



16.

Hints for Selected Questions and Exercises 545

See Example 8.48.

18. Yes.

Exercises 8.51:

2.

10.
17.

Set ay(z) = (—1)*~1x?=1/(2k — 1) for x # 0. Then, using the ratio test,
we find that

2k —
2k+1

ap+1(z)

a(x)

so that the power series converges absolutely if |z| < 1, and diverges if
|z] > 1. At the endpoints:

= |z|*

‘—>|a:| as k — oo,

o0 k—1
-1
e Atz =1: Z % converges by the alternating series test.
k=1
1)k 1
e At x =—1: —Z o1 converges by the alternating series test.
k=1
We have
1
lim sup |a, ™ |V/™ = |z[P lim sup |a, |/ = §|x|p
n— oo n—oo
and

P 1
lim sup |a,,z"[*/™ = || lim sup (|a,m\1/p") = —|z,
n—o0 n—o0 Rp

so that the series in (a) and (b) have radii of convergence ¥/R and R?,
respectively.

Apply Theorem 8.33 suitably to geometric series.

The series on the right converges for |z| > 1. Since

= x
Zx”“ =—— for|z| <1,
1-2z

n=0

we have

o0 1
x 2z
zz:n+1 z(l—x) :(1—32)3 for |x| < 1,

so that

for |z| > 1.

~(n+1)n  2(1/z) 222
2:: A=l (@-1)3

Thus the given equation is equivalent (with |z| > 1) to

22° 3 3 2
r=———or (z—1°=2x or z° —3z°+x—1=0.

(z —1)°
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19. Assume that f is real analytic on (—d,0). Choose r such that 2r < 4, i.e.,
(=2r,2r) C (—46,0). By assumption,

®) (0
Z f ack for |x| < 0,

and so it converges when x = 2r. In particular,

F®(0)
Rl

(2r)fF -0 as k — oo,

and so there exists an N € N such that

VW@) 1

(2r)*

for all £k > N.

‘<
k! -

Moreover,

x):n']§]<kn) 2 for |x| < 4,

and thus for |z| < r, we get

= k 1
(n) < n! k—n
M| < n; <k—n) o o
nl - k 1
~(2r)n ];L (k: — n) 2k—n

<@ [ =) < (7).

The result follows. We leave the converse as an exercise.
20. By integration by parts, we get

ro= 1 [o-0ra(so)

b
=.(@wfwoa+nlw—w”VWWMQ

b
ﬁ / (b— )"~ L™ (¢) dt.

The desired formula follows if we continue the integration by parts in this
way.

= (b a)" [ a) +
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Alternatively, one could also prove the desired form using the fundamental
theorem of calculus, which gives
b
a) + / () dt
a

According to this, one has
/bf/(t)dt _ /baf/(b—u)du (t=b—u)
a 0
b—a
= uf'(b—u)y " +/ wf" (b —u) du
b—Oa
—p-af@+ [ fe-udad
0

b—a
=0-ar@+ S @y [ -
R b
—6-af@+ CF @ g [
More generally, we have
Loy

/ f(t)dt = (b—a) f'(a)+ f‘”)(a)+% /b<b—t>”f<"“>(t)dt7

n!

and the desired formula follows.
Chapter 9: Questions 9.19

7. No.
11. Define fn(z) =z + 1, g(z) = % and hy(z) = g(fn(x)) for € R. Then
fn — x uniformly on R, and g is not uniformly continuous on R. Now

f(z) =z and g(f(z)) = 22,
9(fn(x)) = (Jc + %)2 — x? asn — oo on R.

Therefore,
9Unle)) — 9 @) = — + 2,

n2
so that at x =n € N, we have

9n(e)) — 9T @)] 2 25 +2>2,

showing that g o f,, does not converge uniformly to go f on R.
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12. Yes, for the first two cases (use the definition). The third case can be
proved easily. The final case is false, and so uniform convergence does
not carry over to product functions. Our argument below works for any
unbounded function f(z) on E instead of f(z) = 1/xz on E = (0,1).
Consider

fal) =2+~ and gua) = fula) on B=(0,1)

Then f,(x) = f(x) = 1/z uniformly on (0,1). Now

1 1\2 1 1 21
P@)-f@=(c+=) - 5=+

x n 2

which for 2o = 1/n or 1/n? in (0, 1) shows that
f2(z0) — f2(z0) > 2 forallm > 1.

Hence {f2} does not converge uniformly on (0, 1).
The reader may also try with different pairs of sequences. For instance
(see Figure 9.8),
(a) fo(z) =2 and g,(x) = 1/n for z € R.
(b) fu(z) =2"(1 —2) and g,(x) =1/(1 — ) for x € (0, 1).
17. No. Consider f,(z) = z/(z + n) for x € (0, c0).
18. Yes. For n > 1 define

[ 1/n if z is rational,
fn(z) = {0 if x is irrational.

Exercises 9.20:

1. How about f,(z) =sin" x on [0, 7]? (See Figure A.9.)
2. Note that {z/n} converges pointwise to f(z) = 0 on R. On the other
hand, for x # 0,

Y
Y
| 1 g
fl flO
f
06 f5 06 f3
10 fi Iz
0.2 f1s 0.2 Is
f50
O 1 2 3 = O 02 06 1w
Fig. A.9. fn(z) =sin" z on [0, 7]. Fig. A.10. f.(z) = on [0, 1].

n—+ax



Hints for Selected Questions and Exercises 549

x x €
’——0‘ = ‘—‘ < e if and only if n > —,

and sup €/|z] = 0o. So the convergence is not uniform on R.
z€eR{0}

. For z € (0,1), |[na™ — 0] < € if and only if " < €/n (< €), which gives
n > llggj = 1125((11;;)) Thus {nz™} converges to 0 pointwise on [0,1). If
it were convergent uniformly on [0, 1), then there would exist an N such
that

[na™ — 0] = na" < 1/2=¢ forall z € [0,1) and n > N.

In particular, NzV < 1/2 for all # € [0,1). But then, for = (1/N)"/V,
this fails to satisfy. Thus, the convergence is not uniform. Note: Pointwise
convergence of {nz"} is easy to obtain, because it is the general term of
a convergent power series y  na" for |z| < 1.

. Clearly, {f,} converges pointwise to f(z) = z on [0, 1], see Figure A.10.
Now,

x? 1

— — <

and so the convergence is uniform on [0, 1].
. See Figures A.11 and A.12.

—0 as n — oo,

flOO

1 f 5 f2 f5

0.5 fi
flO
O] 02 0.6 1z
Fig. A.11. f,(z) = arctan(nz) on Fig. A.12. fo(z) = |a:\1+% on [—1,1].
[0, 1].

7. We note that f,,(0) = 0, and for = # 0,

T nl=Py
fulz) = = —0 as n—
Lpmp-1g2  noP+4a?
n

whenever p — 1 > 0. Thus, {f,} converges pointwise to f(z) = 0 on R.
Further,

|| ] 1

n -0 = < = )
|f (.’ﬂ) | %_’_np_lxg = 2(1/\/ﬁ)n(p71)/2|$| on(p/2)—1
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and so the convergence is uniform if p > 2. On the other hand, if 1 < p < 2,

we have L 1 L
1 —0| = > =
a1/ =0l = s > = 2,

which means that the convergence is not uniform whenever 1 < p < 2.
8. For z € (0,1), we have

z" 1
mSI(JOI,)l) | fr(x) — 0] m:l(loli)l) T2~ 3 for all x € (0,1).
Using the definition of uniform convergence with € = }I for x near 1, we
conclude that the convergence is not uniform (see Figure A.13).
9. Use Theorem 9.15 (and see also Example 9.16 and Figure A.14).
10. Note that
for0<z<1,
for z =1,
for 1 <z <3.

fo(z) =

— o= O

11. We see that f, — 0 on R. Also

fn(%)—o‘zg%ooasn%oo.

y flOO y
0.3 f50 flO

f20 .fl

0.6 flo 0.2

—_

f2

ho, 0.1 i
0.2 / 6

O] 02 0.6 1 x O] 02 0.6 1 z
Pig. Ad3. fu() = oo on  Fig Add fu() =a"(1-a") on 1]

(0,1).
12. One may use 'Hopital’s rule to show that f, — 0 on (0,1]. Also,

i (0) = ) = max £u(0) = fo (=) =[5 -+

z€[0,1] z€[0,1] 2e

and so the convergence is not uniform. We may also use Theorem 9.4 by
choosing z,, = 1/4/n. Finally, we see that

1 _
1—e™ 1
/ fo(z)de = N as n — 0o,
) 2 2

and hence by Theorem 9.15, the convergence cannot be uniform on [0, 1].
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13. Set fn(x) = g(x)z™. If f, — f uniformly on [0, 1], then f must be contin-
]

14.

15.

uous on [0, 1]. Since

. 0 for0 <z <1,
fl@) = nh—{go fnl@) = {g(l) forx =1,

and f(1) = limy_1— f(x) = 0, by the continuity of f, f(1) = g(1) = 0.
Conversely, let g(1) = 0. Since g is continuous on [0, 1], ¢ is bounded on
[0, 1]. Indeed, given € > 0, there exists a § > 0 such that

lg(z) — g(1)] = |g(z)| < ¢ whenever 1 —§ <z <1
and |g(x)] < M on [0, 1]. Consequently,

f(z) = lim fu(x) = lim g(x)z" =0 on [0,1],

n—r 00 n— 00
and so

B " M —=6)" forO<z<1-49,
o)l = lawya”] < { ] pri=eslzo

Therefore, f,, — 0 uniformly on [0, 1], since (1 — §)” — 0 as n — 0.
(a) First, fp, — 1 for z > 0. Next, for > 0,

x z(1—¢)
n —1=— >—7
[fn(@) 1= —— <e = nz—

where for 0 < e <1, sup,¢pg,o0) x(le_e) = 00. Thus, the convergence is not

uniform for z > 0. However, for 0 < x < ¢,

x c c
< < -
n-+x n—+x n

<e forn>¢=N(e),

and so the convergence is uniform on [0, c|.
(i) Pointwise convergence to f(z) =0 on [—m/2,7/2] is obvious, because

sin” x
— 0 asn — oo.

<
n+sin"z| ~ 3n-—1

Uniform convergence follows from Theorem 9.6 and

0< — 0 asn — oo.

sin™ z 1
xe[,w/lg)ﬂr/g] 3n +sin" x ’ C3n-1
(j) Uniformly convergent to f(x) =0 on [0, 7].
(k) Uniformly convergent to f(z) = 0 on [—o0, o0].
Observe that )

sin nx

1
<.
n n
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16. For x > 0, we have e"* > nkack/lc!7 and so

k!
0<ale ™™ < —
n
17. We observe that
sup [e®(FV/m _e?| = sup [e"(e®/" —1)] = (/" —1) = 0 as n — oo
z€[0,0] z€[0,b]
and
e [V ifa =0,
© 0 if 2 € (0,b].

20. (a) As in Example 9.7, if f,, () = n?2"(1 — x), then f,, — 0 pointwise on
[0,1]. On the other hand, as in Example 9.7, we have

On = Joax nl@) = 0] = f”(ni 1> :n<nil)n+1 - g

so that d,, does not approach 0 as n — oo. Thus, {f,} cannot converge
uniformly on [0, 1]. Also,

7’L2

Again, by Theorem 9.15, {f,,} cannot converge uniformly to f(z) =0 on
[0, 1].

22. (a) Denote the integrand by f,(x). Then each f, is continuous on [a, b],
and so the integral exists. Moreover,

|[fn(2)] <

— 0 asn — oco.

ad+n

Also, since

lim sup |fn(x)] < lim

n—=00 ycla,b] n—oo a3 +n ’

it follows that { f,,} converges uniformly to f(z) = 0 on [a, b], by Theorem
9.6. The desired limit is zero, by Theorem 9.15.
(b) Note that for = € [0, 1],

n+4cos™(e®) 1+ Zcos™(e®) 1
fu(z) = Ant 2t 4+%$4 —>Z as n — 0o,
so that
1 cos™(e?) — z* 2 1
0< B < =
< | fal@) 4’ 4n + x4 T dn+at T 20’

which implies that f,(z) — %

orem 9.15,

uniformly on [0, 1]. Consequently, by The-

li W(r)de = [ —de=—.
dm [ p@ar= [ par= g
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Questions 9.61:
3. Yes. For n > 1 define (see Figure A.15)

n%x for 0 <z < 1/n,
falz) = { 1/z for 1/n <z <1.

Then, we see that f,, — f pointwise on [0, 1], where

_J1/z for0 <z <1,
f(x)_{() for x =0,

which is unbounded. Note also that each f,, is continuous on [0, 1] and so
integrable on [0, 1]. But f is not integrable on [0, 1]. Also, for n > 1,

1 1/n 1 1
/ fn(x)de = fn(z)dz+ fu(z)de = §+logn — 00 as n — 0o,
0 0 1/n

showing that the sequence of integrals { fol fn(x) dx} is an unbounded
sequence.

107

y=1/z

T

11
0 20 12

1
2

=

Fig. A.15. fo(z) = n?zfor 0 <z < %, and % for % <z<l.

5. Set fn(x) = 2™ /n. Then the uniform convergence on [—1,1] is clear (use
the method of Example 9.8), and

0 for -1 <x<1,
flx)=a""1—=<1 for z =1,
doesn’t exist for z = —1.

Observe that even if f,(x) is differentiable on E for all n and f, — f
uniformly on E, then {f}} need not converge to f’ on E. It is true that
fl(x) is continuous on [—1,1] for all n > 1. Note that f/ (1) = 1 and
f'(1) =0, and so at z =1,

f'(z) # lim f(x).

n— o0
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11.
13.

14.

15.
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We see that f, — 0 uniformly on R, but f/ (x) = cos(nz) converges only
at integer multiples of 27.
Define f, () = lim, o0 (cos(m!mz))*", for m € N. Clearly

1 if mlz is an integer,
fm(z) = {0 otherwise.

If z is irrational, then f,,(x) = 0 for every m € N. For rational z, say
x = p/q, where p and ¢ are integers, we see that mlz is an integer if
m > q. Hence

0 if z irrational,

m—00 1 if x rational,

J@) = lim f(r) = {

which is everywhere discontinuous and not Riemann integrable.
Apply Weierstrass’s M-test.
The definition of uniform convergence implies that there is an N such that

|fn(z) — f(z)|<e=1 forallz € E and alln > N.

Since {f,} is a bounded sequence, there is an M > 0 such that | f,(z)| <
M for all n and for all x € E. In particular,

|f(x)] < |f(x) = fn(x)] + |fn(x)] <1+ M.

For the sequence of partial sums {S,(x)}, we have for all m > n > N,

Sml@) = Su@)| = | 3 fu@|< S 1h@),
k=n-+1 k=n-+1

showing that the series ;- fi(z) converges uniformly on E whenever
> req |f| converges uniformly on E. The converse is not true in general.
Yes.

Exercises 9.62:

2.

Note that f,(x) — 0 pointwise on R (see Example 9.11(2)). Clearly,
fn(0) =0, but f,(1/n) = 1/2 for all n. On the other hand, it converges
uniformly on {z : |z| > k}, k > 0, because
n|x| 1 1 1
—O=—F5<—< — fi —.

[ () =0 1+ n2x? < nlz| = nk s o>
Because f,,(1/n) = 1/2, the sequence {f,(x)} cannot converge uniformly
to f(z) = 0 on any interval containing zero.
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3. For z = 1, our previous experience with series implies that > fx(1) con-
verges with sum log 2. Also, for 0 < z < 1,

1 1+x 1 1
Sp(x) — ilog (m) + ilog(l—x) = §log(1+x).

Consequently,

Llog(1+2) ifo<a<1
— 2 — 9
S"(””)_’f(“’“)_{logQ ite =1,

pointwise on [0, 1]. By Corollary 9.22, the series does not converge uni-
formly on [0, 1]. Note: We observe that f is integrable on [0, 1]. Does this
imply that the uniform convergence of the series Y f,, to f on [a,b] in
Corollary 9.30 is sufficient but not necessary for the integrability of the
limit function f?

4. We present a direct proof. If this were true, then for ¢ > 0 there would
exist an N such that

[Sm(z) = Sn(z)| = Z - <¢ for all x € (0,1) and m >n > N,
k=n-+1

which in particular, holds for n = N. But then, for x close to 1, we have
2% > 1 for some k > N, so that

ixk>1{1+l++1% as m —»
— > - | —F —— - — 00 m — 00.
k:NJrlk 2| N+1 N+2 m

Therefore, the convergence cannot be uniform on (0, 1).
7. To prove the pointwise convergence on [0, 00), we may write the general

term of the series as

1 1

1+ (k—-1)x 1+ka’

fr(z) =
so that
n 1 ifr =
k=1

On the interval [r, R],

1 1
sup_|sp(x) — s(z)| = sup

= — 0 asn — oo,
z€[r,R] N e 1+ nr

so that s, (z) — 1 uniformly on [r, R], but not on [0, R], because

Sn(l) — s<l) -1 for each n > 1.
n n 2

Observe that lim,, s fOR Sp(z)de = fOR lim,, o0 8p(7) dz although {s,}
does not converge uniformly on [0, R].



556 Hints for Selected Questions and Exercises

8. Apply Corollary 9.41 and the Weierstrass M-test.
9. Assume that S,, denotes the nth partial sum of the given series of func-

tions.
x .
(a) (T na?) < i (since 1+ na? > 2y/nz).
1 1
(b) E§I7FEE <Zﬁ§fbrx€ER.
1 1
D T | S fre ek

1 1
() — < —fore>1.

n® 1 ne 1
f) — < — f > 0.
(f) (n+x)? — n? ore =
. 1 n
(g) S < (—) for x € R.
emn e
ne 1 n
(h) 65—n < (5) for z < 0.
log x
i < 1.
) [

() lzloga| < 2.

10. (a) -1 < x < 1. (b) -2 <z < 0. (c)z < -1, z > 1.
(d) z < -3, z>3. (e) —6<ax<—4. (f) —§ <z < 5.

11. The series converges uniformly by Weierstrass’s M-test. By Corollary 9.22,

f is continuous on [0, 7] and
o0

g = [Tsin(kz) o= 1 ] B 2
/0 f(x)dx—;/o 12 —Zﬁ(l—c%kw)—zm.

=1 k=1

12. (See Theorem 9.40). By conditions (b) and (c) for Theorem 9.45, there
exists an IV such that for all m,n > N, we have

LM%%%MM<§amlﬁwﬁmm<ﬁ£B-meGMM
Because h = f,, — f,, is differentiable on [a, b] (for each pair of integers m
and n), the mean value theorem implies that for u,v € [a,b], u # v,

h(u) — h(v) = h'(0)(u —v), ie., |h(u)—h(v)| < §|u —vl,

for some 6 lying in the open interval with end points u and v. In particular,
for any = € [a, b], x # x0, on the interval IUJI = [z, z| (or on the interval
[, x0] if © < x0), and for m,n > N,

[h()] < [h(z) = h(zo)| + | (o)

elr—xzo| € € €
= to<i4-=e

< = U
2 b—a 272 2
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Since N depends only on €, the assertion is true for all € [a, b]. Conse-
quently, by Cauchy’s convergence criterion, {f,} converges uniformly to
a continuous function f(x) on [a,b]. So we define f and F on [a, b], since

flz) — fy)
f(z) = lim f,(x) and F(y)= r—y Y for y € [a, 0] \ {z},
n—00 g(x) for y — .

Now for a fixed x, define F,, : [a,b] — R by

fn(2) = fn(y)
Fn(y) _ T for Yy e [(1, b] AN {.T},
f1(@) for y = 2.

For each n, the differentiability of f,, implies that F;, is continuous at z.
Moreover, for all m,n > N,

[ £a(®) ~ fa) ~ @) — ()

r—y
I ele—yl

<

STy 2 for all y € [a,b] \ {z},

and for y =z,
IFu(y) = Fu(9)] = |£1(@) = fra(a@)] < 5.

Consequently, {F),} converges uniformly on [a,b], and clearly, {F,} con-
verges to F.
We know that

o 1yk—1
o(x) = log(1 + ) = Z %xkfl for -1< 2 <1,

where ¢(0) = 1. The series on the right converges at = 1, whereas it
diverges at x = —1. By Abel’s limit theorem,

lim ¢(z) = log 2,

x—1—

and the series on the right is uniformly convergent on [0,1]. Thus term-
by-term integration is permissible on [0, 1]. This gives

/ log(l +x) YRt
0 k=1
The same idea may be used to show that

1 [e’s)
/O( log(1 — ) Zkk+1

=1
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16. What is the Cauchy product of > ;2 apz® and Y~ 2*? For the second
part, choose

o x = (—1)F
flay = 18T 5m D

= k+1
Chapter 10: Questions 10.10
11. Yes. See Figure 10.6.
Exercises 10.11:
3. We have b, =0 for n > 1,
ap = ?, and a, = 4(;21)n

6. Example 10.9 and Exercise 10.11(6) may be obtained each from the other
using the linearity property, for if f(z) = |z|, then

||

1— = =mlz|+c
m

with c=1, m = —1/m.
Questions 10.37:
2. fiseven on (—¢,c) if and only if 2f(z) = f(z) + f(—x).
6. On |z| < ¢, define

g9(x) = (f(z) + f(=))/2 and  h(z) = (f(z) - f(-2))/2.

Then g and h are even and odd, respectively.
8. We see that ar = 0 for odd values of k, and b, = 0 for even values of k.
Also, for k > 0,

9 /2 9 /2
asj = —/ f(x)cos2kxdr and bopq1 = —/ f(z)sin(2k+1)z dz.
a —m/2 Q —m/2

9. Continuity of the periodic extension will depend on the choices of a, b, c.
10. No. For example, the periodic extension of the characteristic function of
the set of all rational numbers between 0 and 1 is not Riemann integrable.

Exercises 10.38:
3. We have

n

o™ (2]
x :?4_4; 2 cosn, LEE[—W>7"],

and in particular, for z = 0, we have

7T2 > (71)77,71
12 Z nz

n=1



13.

14.
15.

17.

Hints for Selected Questions and Exercises

Also,

. +4i cosnr i sinnx € (0,27)
Tt = — —— — 47 x T
3 n? n B
n=1 n=1
and at o = 0, 27, the series converges to the value 272,
It suffices to consider f(z) = x, so that by Example 10.15,

e (_1)k—l ]
3z+2~2+GZTsmkx, x € [—m, 7.
k=1

Use the method of Example 10.17.

559

Consider the odd extension of f to [—L, 0], and then the periodic extension

(for the period 2L) onto R; see Figure A.16.

See Figure A.17. It is a simple exercise to see that ag = —7/2,
1" -1 1—=2(-1)"
n
Yi
Ll
2 AN
4 \
— L™ , ;. L~ s2L 3L
\\ 7L Y N //
=1 2 \
2

Y
.l
I I
-2 —7Ti @) : 2'7r T
| —7/2 |
1 1

Fig. A.17. Graph of the given function.
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By Dirichlet’s theorem, equality in (10.7) holds at all points of continuity,
since f has been defined to be periodic. At z = 0 and z = 7, the Fourier
series with the above Fourier coefficients converge to

JOH)+f(0-) (D) +fr—)  —mtw

2 =y o 2 ==z Y

respectively. In either case, we can obtain (10.8) as a special case.
Chapter 11: Questions 11.27

No.

No; for instance, f(z) = sinz on [0,7] and f(x) = 22 on [—1,1].

No; for instance, consider f(x) = [z] on [0, 2].

By Theorem 11.8, it is bounded.

No. Consider f(z) = 2 on [0, 1]. Indeed if f is a function such that f(z) —
0 as * — xo for some z¢ € (a,b), then 1/f cannot be bounded on any
interval containing xo, and hence 1/f cannot be a function of bounded
variation on such an interval.

9. Yes.

13. Yes. Apply Theorem 11.13.

14. Yes. Set G =V £ f.Fora <z <y <b,

Gi(y) = Gs(z) = (V(y) = V() = (f(y) — f(z))
= Vilz,y] £ (f(y) — f(x)), by Lemma 11.18,
> |f

(y) = f(=)].
Thus, both V + f and V — f are increasing on [a, b]. Note that

f=V+H-V=V-(V-f)=V+g) -(V-Ff+g)

for an arbitrary increasing function g on [a, b].
15. No. Suppose that f = f; — fo, where f1 and fo are increasing. Then for
any arbitrary increasing function g, we could write

f=(fi+g9) —(fotg)=F — I,

where I} and F» are again increasing.
16. Yes. In the above hint choose g to be strictly increasing. Then Theorem
11.19 continues to hold if “increasing” is replaced by “strictly increasing.”
17. If f and g are absolutely continuous on [a, b], then

I(f +9)(0x) = (f + 9)(ar)| < |f(br) = flar)] +19(bx) — g(ar)l;

and for a € R,

[(af)(br) — (af)(ar)| = |al [f(br) — f(ar)l,

showing that f 4+ ¢ and «f are absolutely continuous on [a, b].

S W=

>0, since Vy[z,y]
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Exercises 11.28:

1. We see that V(P, f)=1+2(n—1)=2n—1.
V(P f) = ZZ:l %
4. Both cosz and z are in BV ([0, 7/2]), and so is their sum. Finally, apply
the product rule, since z* is also in BV ([0, 7/2]).
5. Follows Theorem 11.9.
7. Note that g =0, f(0) =0, 2 =1/(n+1—k) for kK > 1 and cos(w/xy) =
(=1)"*1=k_ Thus, we find that

V(P f) = |f(z) = }(0)| + Z |fx) = f(@r))|

1 < 1
_H+Z<n+1— n—|—2—k>

k=2

n

1
=1+2 ZE) — 00 as n — o0.

k=2

8. Consider the partition P = {0,
wise monotone and

, %, %, 1}. We observe that f is piece-

,n,...

Z|f(xk)—f(ka_1)|>1+%+%+...+ﬁ_

9. For a partition P = {zg,x1,2,...,2,} of [a,b], we have

F(xp) — Fzp—1) = /Ik f@) dt+/a f)dt= /Ik f(t)de,

k—1

and |f ()| is also integrable on [a, b]. Thus,

/ f(t dt<2/xkl t)|dt = /|f )| dt < oco.

10. We show that f € BV([0,1]) if and only if a > . The given function f
is clearly differentiable on (0, 1], and for a > 0, 8 > 0,

F(@)] < aaot + Ban L,

For the partition P = {zo,x1,...,Zn} of [¢, 1], we have

@)~ fal = | " pad < / (0] dt,
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and so

|f(xr) — f(x |< (t)|dt = If )| dt,

andf |f'(t)| dt exists for all € > 0 and for & > 0 and a > § > 0 and

! / T ! , . 1 I5; o«
[ irenae =i [irwiae=a (L) 42 - 0

Thus, f € BV([0,1]) if « > 8 > 0.

For a = 0, it is easy to see that f & BV([0, 1]).

For 0 < a < f, by choosing a suitable partition, it can be shown that
f & BV(]0,1]). Because of the appearance of sin(1/x?), we may choose
the partition points from those x for which

1 (@2m—-1)r7
x—ﬁ—T7 m € 7,

so that sin(1/2”) = (=1)™. Thus for 8 > 0, we consider the partition P
of [0,1] as

1/ 1 1 1
P= {0’ (ﬁ) E (ﬁ) " (%) " (%) /ﬁvl}’

and obtain
V(P, f) = oo asn — oo.
11. Use Theorem 11.23.
13. Let € > 0 be given. Then for any partition P of [a, b], we have
V(P,f) > Vyla,b] - 5.
Since f is continuous, there exists a ¢ > 0 such that

|f(x) = fly)] < i whenever z,y € [a,b], |z — y| < 4.

It can be easily shown that for every partition @ of [a,b] with ||Q| < 9,
we have

VQ.D>V(P.J) -3

This gives
Vila,b) > V(Q, ) > Vi[a,b] — ¢,

and the result follows.
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14. Let P be a partition of [a, z]. Then

VP f)= Y (flar) = flae)— D (flzr) = fwe-))

kEA(P) keEN(P)
= ST (P)+ S~ (P), say.

Then ST (P)—S~(P) = f(z)— f(a). Adding and subtracting the last two
equations gives

25(P) =V(P, [)+ f(z) = f(a) and 287 (P)=V(P.f) = (f(z) - f(a)),

respectively. Taking the supremum as P varies over Pla,z] gives (a).
Adding and subtracting the two equations in (a) gives (b) and (c). The
proofs for (d) and (e) follow as a consequence of (c) and the fact that
p(z) > 0 and n(xz) > 0. Finally, for a <z <y <b, (a) gives

2[p(y) —p(x)] = (V(y) = V(2)) + (f(y) — f(x))
= Vilz,yl + (f(y) — f(x)) >0,

and similarly,

2[n(y) — n(x)] = Vilz,y] = (f(y) — f(z)) 2 0.
Thus, (f) follows.
Questions 11.47:
10. By Theorem 11.41, the value of the integral is (f2(b) — f%(a))/2.
Exercises 11.48:

4. Let P = {x0,21,...,2,} be any partition of [0, 2] with z; = 1. It follows
easily that
U(P, f,a) =0 and L(P, f,a) =0.

The conclusion follows from Theorem 11.33. On the other hand, if P’ =
{zo, z1,...,z,} is a partition of [0, 2] that does not include 1 as a partition
point, then z;_; <1 < z;, and therefore we see that

UP',f,a)=1 and L(P', f,a)=0,

no matter how small the norm of the partition.
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A~ B, 17

BV (la,b]), 470

PV, 284

V(P, f), 469

Vila, b], 470

C, 431

N, 2, 16

Q,3,4,8

R, 3,8

RT, 16

R}, 16

Z,4

d-neighborhood, 13
kth root test, 334
nth root sequence, 33
p-log series, 177
p-harmonic series, 172, 303
Dala,b], 491

Rala, b, 500
(Darboux) integrable, 213
BYV function, 469

Abel sum, 419

Abel summable, 419

Abel theorem, 418

Abel’s continuity theorem, 416
Abel’s limit theorem, 416
Abel’s test, 198

Abel-Pringsheim test, 170
absolute convergence test, 161
absolute value, 9

absolutely continuous, 483
absolutely convergent, 274
absolutely convergent series, 161
additive identity, 7

additive inverse, 7

algebraic number, 6
alternating sequence, 34
alternating series, 183
antiderivative, 248

average value, 259, 260

basic period, 431

Bernstein polynomial, 411
Bessel’s inequality, 457

beta function, 271, 294

bijective, 16

BMCT, 23, 41, 43, 47, 48, 173
Bolzano—Weierstrass theorem, 48
bounded sequence, 17, 27, 34
bounded set, 10

bounded variation, 196, 469

cardinal number, 19

cardinality, 17, 19

Cauchy principal value, 274, 284
Cauchy product, 200

Cauchy sequence, 59

Cauchy’s condensation test, 178
Cauchy’s convergence criterion, 160
Cauchy—-Hadamard formula, 347
Cesaro means, 66
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chain rule, 103

codomain, 14

common refinement, 216
complement, 2

completeness criterion, 61
complex period, 431

concave down, 141

concave up, 141
conditionally convergent, 274

conditionally convergent series, 161

continuous

absolutely, 483

piecewise, 93, 94
continuous function

average value, 259
continuously differentiable, 104
continuum property, 12
contractive sequence, 62
convergence

geometric sequence, 43

pointwise, 372, 394

uniform, 372, 394
convergence set, 339
convergent sequence, 25
convergent series, 148
convex downward, 141
convex upward, 141
cosine series, 439
countable, 18
critical point, 124

Darboux integrable, 213

Darboux—Stieltjes integrable, 491

Darboux—Stieltjes integral, 491
dominance rule, 496
linearity rule, 496

decimal expansion, 154

decreasing function, 115

decreasing sequence, 34

definite integral, 213, 224

deleted neighborhood, 73

denumerable, 18

derived, 97

derived series, 350

differentiable, 97

differentiation
n-fold, 351

differentiation of series, 349

digits, 4

direct comparison test, 171
Dirichlet’s kernel, 458
Dirichlet’s test, 197

disjoint, 2

divergence test, 168, 170
divergent sequence, 25
divergent series, 148

domain, 14

dominated convergence test, 396
dominated series, 396

equivalent sets, 17
Euler’s constant, 302
Euler’s sequence, 41
exponential function, 264

Fibonacci numbers, 24
Fibonacci sequence, 24
field, 7
ordered, 8
finitely oscillating sequence, 29
formula
Cauchy-Hadamard, 347
Newton—Leibniz, 248
Fourier coefficients, 438
Fourier series, 438
function, 14
ct, 104
C*([a,b]), 104
bounded, 17
bounded above, 17
bounded below, 17
bounded variation, 469
continuous, 85
continuously differentiable, 104
derived, 97
differentiable, 97
discontinuous, 88
exponential, 264
increasing, 115
inverse, 17, 119
monotone, 115
monotonically decreasing, 115
monotonically increasing, 115
one-to-one, 16
onto, 16
periodic, 430
piecewise continuous, 94
piecewise smooth, 104
real analytic, 355



real analytic at a, 355

signum, 252

smooth, 104

strictly decreasing, 115

strictly increasing, 115

strictly monotone, 115
function(s)

composite, 15

polynomial, 86
functional series, 338, 339
fundamental period, 431

gamma function, 271, 292
generalized Dirichlet test, 196
geometric sequence, 43
geometric series, 149

global maximum, 124

global minimum, 124

greatest lower bound (glb), 11

greatest lower bound property, 12

Gregory’s series, 418

harmonic p-series, 303
harmonic series, 160

identity theorem, 354
image of a set, 15
improper integral, 271, 272
increasing function, 115
increasing sequence, 34
indefinite integral, 251, 252
induction axiom, 3
inf, 12
infimum, 12
infinite series, 147
infinitely oscillating sequence, 29
inflection point, 141
injective, 16
integrability
Darboux—Stieltjes, 493
Darboux/Riemann, 219
integrable
Darboux, 213
Darboux—Stieltjes, 491
Riemann, 224
Riemann—Stieltjes, 500
integral
definite, 213, 224
dominance rule, 236
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indefinite, 252

linearity rule, 236
integral sum, 210
integral test, 299
integrand, 491
integrator, 491
interior point, 72
intersection of sets, 2
inverse function, 119
inverse function theorem, 123
irrationality of e, 156

jump discontinuity, 78
jump point, 93
simple, 78

L’Hopital’s rule, 107, 112

least upper bound, 11

least upper bound property, 12

left and right derivatives, 98

limit, 25, 72

limit comparison test, 175

limit point, 72

local extremum, 124

local inverses, 115

local maximum, 124

local minimum, 123

lower (Darboux) integrable, 213

lower (Darboux—Stieltjes) integrable,
490

lower bound, 10

lower Darboux sum, 212

lower integral sum, 212

lower sum, 211

lub, 11

Maclaurin series, 339, 360
mapping, 14

bijective, 16

injective, 16

one-to-one, 16

onto, 16

surjective, 16
Mascheroni’s constant, 302
mean value, 260
mean value theorem, 130

for integrals, 255
Mertens test, 200
modulus, 9
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monotone function, 115
monotonic sequence, 34
monotonically decreasing, 34, 115
monotonically increasing, 34, 115
multiplicative identity, 7
multiplicative inverse, 7

natural logarithm, 261
negative variation, 488
Newton—Leibniz formula, 248
nondenumerable, 18

null sequence, 26

one-sided derivatives, 98
one-to-one, 16

onto, 16

ordered field, 8
oscillatory sequence, 29
oscillatory series, 148

partition, 209
common refinement, 216
equally spaced, 210
finer, 216
mesh, 210
norm, 210
refinement, 216
standard, 210
width, 210
peak point, 47
periodic, 430
piecewise continuous, 93, 94
piecewise smooth, 104
point of inflection, 141
pointwise convergent, 372
pointwise convergent series, 394
positive variation, 488
power sequence, 40
power series, 339
power set, 2, 18
prime number, 6
primitive, 248
primitive period, 431
principle of convergence, 61
proper subset, 2

range, 15
ratio test, 331-333
rational, 4

real analytic, 355

real analytic at a, 355
rearrangement series, 188
Riemann (Stieltjes) sum, 490
Riemann integrable, 224
Riemann integral, 209
Riemann sum, 210, 212
Riemann’s condition, 501
Riemann—Lebesgue lemma, 458
Riemann—Stieltjes integrable, 500
Rolle’s theorem, 128

root test, 334, 336

saddle point, 124
sandwich rule, 31, 77
second fundamental theorem, 259
seqgeunce
uniformly convergent, 372
sequence, 23
nth root, 33
alternating, 34
bounded, 27, 34
bounded above, 34
bounded below, 34
bounded variation, 196
completeness criterion, 61
contractive, 62
converges, 24
diverges, 25
Euler’s, 41
Fibonacci, 24
monotonic, 34
monotonically decreasing, 34
monotonically increasing, 34
null, 26
oscillating finitely, 29
oscillating infinitely, 29
oscillatory, 29
pointwise convergent, 372
power, 40
sandwich rule, 31
squeeze rule, 31
strictly decreasing, 34
strictly increasing, 34
strictly monotone, 34
unbounded, 27
series, 147
(C,1) summable, 202
p-log, 177



absolutely convergent, 161
alternating harmonic, 161
alternationg series test, 185

Cauchy’s convergence criterion, 160

conditionally convergent, 161

convergent, 148

derived, 350

diverges, 148

functional, 338, 339

geometric, 149

Gregory’s series, 418

harmonic, 160

harmonic p-, 172

linearity rule, 159

Maclaurin, 360

necessity for convergence, 167,

170

oscillating, 148

pointwise convergent, 394

rearrangement, 188, 192

summable, 419

Taylor, 360

telescoping, 156

uniformly convergent, 394
set

bounded, 10

cardinality, 17

complement, 2

countable, 18

denumerable, 18

disjoint, 2

equivalent, 17

intersection, 2

nondenumerable, 18

pairwise disjoint, 3

power, 2

unbounded, 10

uncountable, 18

union, 2
sine series, 439
squeeze rule, 31, 77
standard partition, 210
Stieltjes integrals, 488
strictly decreasing, 34, 115
strictly increasing, 34, 115
strictly monotone function, 115
strictly monotonic sequence, 34
subsequence, 35
subsequential limits, 36

Index

summable
(C,1), 67
(C, ), 422
sup, 12
supremum, 12
surjective, 16

Tauber’s theorem, 420
Taylor polynomial, 360
Taylor series, 360
Taylor’s theorem, 358
telescoping series, 156, 158
test
absolute convergence, 161
alternating series, 185
Cauchy’s condensation, 178
direct comparison, 171
limit comparison, 175
Theorem
uniqueness, 354
Abel, 418
Abel’s test, 198
Abel-Pringsheim, 170
alternating series test, 185
Bessel’s inequality, 457
BMCT, 39
Bolzano—Weierstrass, 48
Cantor—Bernstein, 19
Cauchy criterion, 380, 395
Cauchy mean value, 137
Cauchy’s condensation test, 178
Cauchy-Hadamard, 347
direct comparison test, 171
Dirichlet’s, 444
Dirichlet’s test, 197, 399
divergence test, 168, 170
generalized Dirichlet test, 196
geometric series, 150
identity, 354
integral test, 299
inverse function, 123
Jordan decomposition, 480
limit comparison test, 175
mean value, 130
ratio test, 331-333
rearrangement of series, 192
Riemann’s rearrangement, 193
Rolle’s, 128
root test, 334, 336
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Theorem (cont.)
Tauber’s, 420
Taylor’s, 358
telescoping series, 158
uniqueness, 354, 366
Weierstrass, 411
Weierstrass M-test, 396

total variation, 470

trigonometric series, 434

unbounded sequence, 27

unbounded set, 10

uncountable, 18

uniform convergence, 372
Cauchy criterion, 380, 395
characterization, 377
Dirichlet’s test, 399

uniformly Cauchy, 380, 395

uniformly continuous, 91

uniformly convergent series, 394

union of sets, 2

uniqueness theorem, 354, 366

upper (Darboux) integral, 213

upper (Darboux—Stieltjes) integral, 490
upper (Darboux—Stieltjes) sum, 490
upper bound, 10

upper Darboux sum, 212

upper integral sum, 212

upper sum, 211

variation
negative, 488
positive, 488
total, 470

variation function, 479

Weierstrass M-test, 396
Weierstrass theorem, 411
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