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Preface

Calculus is one of the triumphs of the human mind. It emerged from inves-
tigations into such basic questions as finding areas, lengths and volumes. In
the third century B.C., Archimedes determined the area under the arc of a
parabola. In the early seventeenth century, Fermat and Descartes studied the
problem of finding tangents to curves. But the subject really came to life in
the hands of Newton and Leibniz in the late seventeenth century. In partic-
ular; they showed that the geometric problems of finding the areas of planar
regions and of finding the tangents to plane curves are intimately related to
one another. In subsequent decades, the subject developed further through
the work of several mathematicians, most notably Euler, Cauchy, Riemann,
and Weierstrass.

Today, calculus occupies a central place in mathematics and is an essential
component of undergraduate education. It has an immense number of appli-
cations both within and outside mathematics. Judged by the sheer variety of
the concepts and results it has generated, calculus can be rightly viewed as a
fountainhead of ideas and disciplines in mathematics.

Real analysis, often called mathematical analysis or simply analysis, may
be regarded as a formidable counterpart of calculus. It is a subject where one
revisits notions encountered in calculus, but with greater rigor and sometimes
with greater generality. Nonetheless, the basic objects of study remain the
same, namely, real-valued functions of one or several real variables.

This book attempts to give a self-contained and rigorous introduction to
calculus of functions of one variable. The presentation and sequencing of topics
emphasizes the structural development of calculus. At the same time, due im-
portance is given to computational techniques and applications. In the course
of our exposition, we highlight the fact that calculus provides a firm foun-
dation to several concepts and results that are generally encountered in high
school and accepted on faith. For instance, this book can help students get a
clear understanding of (i) the definitions of the logarithmic, exponential and
trigonometric functions and a proof of the fact that these are not algebraic
functions, (ii) the definition of an angle and (iii) the result that the ratio of
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the circumference of a circle to its diameter is the same for all circles. It is our
experience that a majority of students are unable to absorb these concepts
and results without getting into vicious circles. This may partly be due to the
division of calculus and real analysis in compartmentalized courses. Calculus
is often taught as a service course and as such there is little time to dwell on
subtleties and gain perspective. On the other hand, real analysis courses may
start at once with metric spaces and devote more time to pathological exam-
ples than to consolidating students’ knowledge of calculus. A host of topics
such as L’Hopital’s rule, points of inflection, convergence criteria for Newton’s
method, solids of revolution, and quadrature rules, which may have been in-
adequately covered in calculus courses, become passé when one studies real
analysis. Trigonometric, exponential, and logarithmic functions are defined, if
at all, in terms of infinite series, thereby missing out on purely algebraic moti-
vations for introducing these functions. The ubiquitous role of 7 as a ratio of
various geometric quantities and as a constant that can be defined indepen-
dently using calculus is often not well understood. A possible remedy would
be to avoid the separation of calculus and real analysis into seemingly disjoint
courses and textbooks. Attempts along these lines have been made in the past
as in the excellent books of Hardy and of Courant and John. Ours is another
attempt to give a unified exposition of calculus and real analysis and address
the concerns expressed above. While this book deals with functions of one
variable, we intend to treat functions of several variables in another book.

The genesis of this book lies in the notes we prepared for an undergraduate
course at the Indian Institute of Technology Bombay in 1997. Encouraged by
the feedback from students and colleagues, the notes and problem sets were
put together in March 1998 into a booklet that has been in private circulation.
Initially, it seemed that it would be relatively easy to convert that booklet into
a book. Seven years have passed since then and we now know a little better!
While that booklet was certainly helpful, this book has evolved to acquire a
form and philosophy of its own and is quite distinct from the original notes.

A glance at the table of contents should give the reader an idea of the
topics covered. For the most part, these are standard topics and novelty, if
any, lies in how we approach them. Throughout this text we have sought
to make a distinction between the intrinsic definition of a geometric notion
and the analytic characterizations or criteria that are normally employed in
studying it. In many cases we have used articles such as those in A Century of
Calculus to simplify the treatment. Usually each important result is followed
by two kinds of examples: one to illustrate the result and the other to show
that a hypothesis cannot be dropped.

When a concept is defined it appears in boldface. Definitions are not num-
bered but can be located using the index. Everything else (propositions, ex-
amples, remarks, etc.) is numbered serially in each chapter. The end of a proof
is marked by the symbol O, while the symbol & marks the end of an example
or a remark. Bibliographic details about the books and articles mentioned in
the text and in this preface can be found in the list of references. Citations
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within the text appear in square brackets. A list of symbols and abbreviations
used in the text appears after the list of references.

The Notes and Comments that appear at the end of each chapter are an
important part of the book. Distinctive features of the exposition are men-
tioned here and often pointers to some relevant literature and further devel-
opments are provided. We hope that these may inspire many fruitful visits
to the library—mot when a quiz or the final is around the corner, but per-
haps after it is over. The Notes and Comments are followed by a fairly large
collection of exercises. These are divided into two parts. Exercises in Part A
are relatively routine and should be attempted by all students. Part B con-
tains problems that are of a theoretical nature or are particularly challenging.
These may be done at leisure. Besides the two sets of exercises in every chap-
ter, there is a separate collection of problems, called Revision Exercises which
appear at the end of Chapter 7. It is in Chapter 7 that the logarithmic, ex-
ponential, and trigonometric functions are formally introduced. Their use is
strictly avoided in the preceding chapters. This meant that standard examples
and counterexamples such as xsin(1/z) could not be discussed earlier. The
Revision Exercises provide an opportunity to revisit the material covered in
Chapters 1-7 and to work out problems that involve the use of elementary
transcendental functions.

The formal prerequisites for this course do not go beyond what is normally
covered in high school. No knowledge of trigonometry is assumed and expo-
sure to linear algebra is not taken for granted. However, we do expect some
mathematical maturity and an ability to understand and appreciate proofs.
This book can be used as a textbook for a serious undergraduate course in
calculus. Parts of the book could be useful for advanced undergraduate and
graduate courses in real analysis. Further, this book can also be used for self-
study by students who wish to consolidate their knowledge of calculus and
real analysis. For teachers and researchers this may be a useful reference for
topics that are usually not covered in standard texts.

Apart from the first paragraph of this preface, we have not discussed the
history of the subject or placed each result in historical context. However,
we do not doubt that a knowledge of the historical development of concepts
and results is important as well as interesting. Indeed, it can greatly enrich
one’s understanding and appreciation of the subject. For those interested, we
encourage looking on the Internet, where a wealth of information about the
history of mathematics and mathematicians can be readily found. Among the
various sources available, we particularly recommend the MacTutor History
of Mathematics archive http://www-groups.dcs.st-and.ac.uk/history/
at the University of St. Andrews. The books of Boyer, Edwards, and Stillwell
are also excellent sources for the history of mathematics, especially calculus.

In preparing this book we have received generous assistance from vari-
ous organizations and individuals. First, we thank our parent institution IIT
Bombay and in particular its Department of Mathematics for providing ex-
cellent infrastructure and granting a sabbatical leave for each of us to work
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on this book. Financial assistance for the preparation of this book was re-
ceived from the Curriculum Development Cell at IIT Bombay, for which we
are thankful. Several colleagues and students have read parts of this book
and have pointed out errors in earlier versions and made a number of useful
suggestions. We are indebted to all of them and we mention, in particular,
Rafikul Alam, Swanand Khare, Rekha P. Kulkarni, Narayanan Namboodri,
S. H. Patil, Tony J. Puthenpurakal, P. Shunmugaraj, and Gopal K. Srinivasan.
The figures in the book have been drawn using PSTricks, and this is the work
of Habeeb Basha and to a greater extent of Arunkumar Patil. We appreciate
their efforts, and are grateful to them. Thanks are also due to C. L. Anthony,
who typed a substantial part of the manuscript. The editorial and TeXnical
staff at Springer, New York, have always been helpful and we thank all of
them, especially Ina Lindemann and Mark Spencer for believing in us and for
their patience and cooperation. We are also grateful to David Kramer, who
did an excellent job of copyediting and provided sound counsel on linguistic
and stylistic matters. We owe more than gratitude to Sharmila Ghorpade and
Nirmala Limaye for their support.

We would appreciate receiving comments, suggestions, and corrections.
These can be sent by e-mail to acicara@gmail.com or by writing to either
of us. Corrections, modifications, and relevant information will be posted at
http://www.math.iitb.ac.in/~srg/acicara and we encourage interested
readers to visit this website to learn about updates concerning the book.

Mumbai, India Sudhir Ghorpade
July 2005 Balmohan Limaye
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1

Numbers and Functions

Let us begin at the beginning. When we learn the script of a language, such
as the English language, we begin with the letters of the alphabet A, B, C,
..; when we learn the sounds of music, such as those of western classical
music, we begin with the notes Do, Re, Mi,... . Likewise, in mathematics,
one begins with 1,2,3,...; these are the positive integers or the natural
numbers. We shall denote the set of positive integers by N. Thus,

N=1{1,2,3,..}.

These numbers have been known since antiquity. Over the years, the number 0
was conceived! and subsequently, the negative integers. Together, these form
the set Z of integers.? Thus,

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

Quotients of integers are called rational numbers. We shall denote the set
of all rational numbers by Q. Thus,

Q:{ngm,neZ, nyéO}

Geometrically, the integers can be represented by points on a line by fixing a
base point (signifying the number 0) and a unit distance. Such a line is called
the number line and it may be drawn as in Figure 1.1. By suitably subdi-
viding the segment between 0 and 1, we can also represent rational numbers
such as 1/n, where n € N, and this can, in turn, be used to represent any

! The invention of ‘zero’, which also paves the way for the place value system of
enumeration, is widely credited to the Indians. Great psychological barriers had
to be overcome when ‘zero’ was being given the status of a legitimate number.
For more on this, see the books of Kaplan [39] and Kline [41].

2 The notation Z for the set of integers is inspired by the German word Zahlen for
numbers.
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4 -3 -2 -1 o0 1 2 3 4
Fig. 1.1. The number line

rational number by a unique point on the number line. It is seen that the
rational numbers spread themselves rather densely on this line. Nevertheless,
several gaps do remain. For example, the ‘number’ v/2 can be represented by
a unique point between 1 and 2 on the number line using simple geometric
constructions, but as we shall see later, this is not a rational number. We are,
therefore, forced to reckon with the so-called irrational numbers, which are
precisely the ‘numbers’ needed to fill the gaps left on the number line after
marking all the rational numbers. The rational numbers and the irrational
numbers together constitute the set R, called the set of real numbers. The
geometric representation of the real numbers as points on the number line
naturally implies that there is an order among the real numbers. In particu-
lar, those real numbers that are greater than 0, that is, which correspond to
points to the right of 0, are called positive.

1.1 Properties of Real Numbers

To be sure, we haven’t precisely defined what real numbers are and what
it means for them to be positive. For that matter, we haven’t even defined
the positive integers 1,2, 3,... or the rational numbers.® But at least we are
familiar with the latter. We are also familiar with the addition and the mul-
tiplication of rational numbers. As for the real numbers, which are not easy
to define, it is better to at least specify the properties that we shall take for
granted. We shall take adequate care that in the subsequent development,
we use only these properties or the consequences derived from them. In this
way, we don’t end up taking too many things on faith. So let us specify our
assumptions.

We assume that there is a set R (whose elements are called real num-
bers), which contains the set Q of all rational numbers (and, in particular,
the numbers 0 and 1) such that the following three types of properties are
satisfied.

3 To a purist, this may appear unsatisfactory. A conscientious beginner in calculus
may also become uncomfortable at some point of time that the basic notion of
a (real) number is undefined. Such persons are first recommended to read the
‘Notes and Comments’ at the end of this chapter and then look up some of the
references mentioned therein.
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Algebraic Properties

We have the operations of addition (denoted by +) and multiplication (de-
noted by - or by juxtaposition) on R, which extend the usual addition and
multiplication of rational numbers and satisfy the following properties:

Al a+ (b+¢) = (a+b)+ c and a(bc) = (ab)c for all a,b,c € R.

A2 a+b=b+a and ab = ba for all a,b € R.

A3 a+0=aanda-1=a for all a € R.

A4 Given any a € R, there is a’ € R such that a + o' = 0. Further, if a # 0,
then there is a* € R such that aa™ = 1.

A5 a(b+c) =ab+ ac for all a,b,c € R.

It is interesting to note that several simple properties of real numbers that
one is tempted to take for granted can be derived as consequences of the above
properties. For example, let us prove that a-0 = 0 for all @ € R. First, by A3,
we have 0+0 = 0. So, by A5, a-0=a(0+0) =a-0+a-0. Now, by A4, there
is a b’ € R such that a -0+ b = 0. Thus,

0=a-0+b=(a-04+a-0)+0=a-0+(a-0+b)=a-0+0=0a-0,

where the third equality follows from A1l and the last equality follows from
A3. This completes the proof! A number of similar properties are listed in
the exercises and we invite the reader to supply the proofs. These show, in
particular, that given any a € R, an element o’ € R such that a +a’ = 0 is
unique; this element will be called the negative or the additive inverse of
a and denoted by —a. Likewise, if a € R and a # 0, then an element a* € R
such that aa* = 1 is unique; this element is called the reciprocal or the
multiplicative inverse of a and is denoted by a~! or by 1/a. Once all these
formalities are understood, we will be free to replace expressions such as

a(1/b), a+a, aa, (a+0b)+c, (ab)e, a+ (=b),
by the corresponding simpler expressions, namely,
a/b, 2a, a®, a+b+ec, abe, a—b.

Here, for instance, it is meaningful and unambiguous to write a+ b+ ¢, thanks
to Al. More generally, given finitely many real numbers a1, ..., a,, the sum
a1 + -+ + a, has an unambiguous meaning. To represent such sums, the
“sigma notation” can be quite useful. Thus, a; + - - - + a,, is often denoted by
Z?’Zl a; or sometimes simply by > a; or ) a;. Likewise, the product a; - - - a,
of the real numbers ay,...,a, has an unambiguous meaning and it is often
denoted by [];, a; or sometimes simply by [], a; or [] a;. We remark that as
a convention, the empty sum is defined to be zero, whereas an empty product
is defined to be one. Thus, if n = 0, then Y " | a; := 0, whereas [[}_; a; := 1.
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Order Properties

The set R contains a subset RT, called the set of all positive real numbers,
satisfying the following properties:

O1 Given any a € R, ezxactly one of the following statements is true:
acRT: a = 0; —a €RT.
02 Ifa,b € RT, then a+b e R' and ab € RT.

Given the existence of R™, we can define an order relation on R as follows.
For a,b € R, define a to be less than b, and write a < b, if b — a € RT.
Sometimes, we write b > a in place of a < b and say that b is greater than
a. With this notation, it follows from the algebraic properties that Rt =
{z € R: 2z > 0}. Moreover, the following properties are easy consequences of
A1-A5 and 01-02:

(i) Given any a,b € R, exactly one of the following statements is true.
a < b; a=1b b < a.

(ii) If a,b,c € R with a < b and b < ¢, then a < c.
(iii) If a,b,c € R, with @ < b, then a+¢ < b+ c. Further, if ¢ > 0, then ac < be,
whereas if ¢ < 0, then ac > bc.

Note that it is also a consequence of the properties above that 1 > 0. Indeed,
by (i), we have either 1 > 0 or 1 < 0. If we had 1 < 0, then we must have
—1 > 0 and hence by (ili), 1 = (=1)(=1) > 0, which is a contradiction.
Therefore, 1 > 0. A similar argument shows that a? > 0 for any a € R, a # 0.

The notation a < b is often used to mean that either ¢ < b or @ = b.
Likewise, a > b means that a > b or a = b.

Let S be a subset of R. We say that S is bounded above if there exists
a € R such that < « for all x € S. Any such « is called an upper bound
of S. We say that S is bounded below if there exists § € R such that z > 3
for all z € S. Any such  is called a lower bound of S. The set S is said to
be bounded if it is bounded above as well as bounded below; otherwise, S
is said to be unbounded. Note that if S = 0, that is, if S is the empty set,
then every real number is an upper bound as well as a lower bound of S.

Examples 1.1. (i) The set N of positive integers is bounded below, and any
real number § < 1 is a lower bound of N. However, as we shall see later
in Proposition 1.3, the set N is not bounded above.

(ii) The set S of reciprocals of positive integers, that is,

11
s fil)

is bounded. Any real number o > 1 is an upper bound of S, whereas any
real number 8 < 0 is a lower bound of S.
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(iii) The set S := {z € Q : 22 < 2} is bounded. Here, for example, 2 is an
upper bound, while —2 is a lower bound. <&

Let S be a subset of R. An element M € R is called a supremum or a
least upper bound of the set § if

(i) M is an upper bound of S, that is, x < M for all z € S, and
(i) M < « for any upper bound « of S.

It is easy to see from the definition that if S has a supremum, then it must
be unique; we denote it by sup S. Note that # does not have a supremum.

An element m € R is called an infimum or a greatest lower bound of
the set S if

(i) m is a lower bound of S, that is, m < z for all z € S, and
(ii) B < m for any lower bound 3 of S.

Again, it is easy to see from the definition that if S has an infimum, then it
must be unique; we denote it by inf S. Note that () does not have an infimum.

For example, if S = {x € R: 0 <z <1}, then inf S =0 and supS = 1. In
this example, inf S is not an element of S, but sup S is an element of S.

If the supremum of a set S is an element of S, then it is called the maxi-
mum of S, and denoted by max S; likewise, if the infimum of S is in S, then
it is called the minimum of S, and denoted by min S.

The last, and perhaps the most important, property of R that we shall
assume is the following.

Completeness Property

Every nonempty subset of R that is bounded above has a supremum.

The significance of the Completeness Property (which is also known as the
Least Upper Bound Property) will become clearer from the results proved in
this as well as the subsequent chapters.

Proposition 1.2. Let S be a nonempty subset of R that is bounded below.
Then S has an infimum.

Proof. Let T={f € R: 3 < a for all a € S}. Since S is bounded below, T
is nonempty, and since S is nonempty, 7" is bounded above. Hence T" has a
supremum. It is easily seen that sup 7T is the infimum of S. a

Proposition 1.3. Given any © € R, there is some n € N such that n > .
Consequently, there is also an m € N such that —m < x.

Proof. Assume the contrary. Then x is an upper bound of N. Therefore, N has
a supremum. Let M = supN. Then M — 1 < M and hence M — 1 is not an
upper bound of N. So, there is n € N such that M —1 < n. But thenn+1 € N
and M < n + 1, which is a contradiction since M is an upper bound of N.
The second assertion about the existence of m € N with —m < x follows by
applying the first assertion to —zx. a
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The first assertion in the proposition above is sometimes referred to as the
Archimedean property of R. Observe that for any positive real number e,
by applying the Proposition 1.3 to z = 1/e, we see that there exists n € N
such that (1/n) < e. Note also that thanks to Proposition 1.3, for any « € R,
there are m,n € N such that —m < 2 < n. The largest among the finitely
many integers k satisfying —m < k < n and also k < x is called the integer
part of x and is denoted by [z]. Note that the integer part of x is characterized
by the following properties:

[] €Z and [z] <z <[z]+ 1.

Sometimes, the integer part of = is called the floor of x and is denoted by
|z]. In the same vein, the smallest integer > x is called the ceiling of x and
is denoted by [z]. For example, |3 | = [1] =1, whereas [3] = [2] = 2.

Given any a € R and n € N, we define the nth power a™ of a to be
the product a---a of a with itself taken n times. Further, we define a® = 1
and a=" = (1/a)™ provided a # 0. In this way integral powers of all nonzero
real numbers are defined. The following elementary properties are immediate
consequences of the algebraic properties and the order properties of R.

(i) (araz)™ = ayal for all n € Z and ay,a2 € R (with ajas # 0 if n <0).
(i) (a™)" = a™™ and a™*" = a™a" for all m,n € Z and a € R (with a # 0
if m<0orn<0).
(iii) If n € N and by,by € R with 0 < by < ba, then b} < bY.

The first two properties above are sometimes called the laws of exponents
or the laws of indices (for integral powers).

Proposition 1.4. Given any n € N and a € R with a > 0, there exists a
unique b € R such that b >0 and b"™ = a.

Proof. Uniqueness is clear since by,by € R with 0 < by < by implies that
b} < by. To prove the existence of b € R with b > 0 and b™ = a, note that the
case of a = 0 is trivial, and moreover, the case of 0 < a < 1 follows from the
case of a > 1 by taking reciprocals. Thus we will assume that a > 1. Let

Se={xeR:z" <a}.

Then S, is a subset of R, which is nonempty (since 1 € S,) and bounded
above (by a, for example). Define b = sup S,. Note that since 1 € S,, we have
b>1> 0. We will show that b" = a by showing that each of the inequalities
b™ < a and b™ > a leads to a contradiction.

Note that by Binomial Theorem, for any § € R, we have

(b+8)" = b" + (’f) 15+ (Z) b7 4 67
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Now, suppose b" < a. Let us define

n

=a—0", M :=
€:=a—-b", max { (k;

)b"k:kzl,...,n} and 5::min{1,n§w}.

Then M >1 and 0 < ¥ < 6§ for k=1,2,...,n. Therefore,
(b+8)" <"+ M+ M&* + -+ M&" <b" +nMJ§ < b" + € = a.

Hence, b+ 6§ € S,. But this is a contradiction since b is an upper bound of S, .
Next, suppose b > a. This time, take € = b — a and define M and ¢ as
before. Similar arguments will show that

(b—0)">0b0"—nM§>b"—e=a.

But b — § < b, and hence b — § cannot be an upper bound of S,. This means
that there is some = € S, such that b — § < x. Therefore, (b —6)" < 2™ < a,
which is a contradiction. Thus b" = a. O

Thanks to Proposition 1.4, we define, for any n € N and a € R with a > 0,
the nth root of a to be the unique real number b such that b > 0 and b" = q;
we denote this real number by {/a or by a/™. In case n = 2, we simply
write y/a instead of &a. From the uniqueness of the nth root, the analogues
of the properties (i), (ii), and (iii) stated just before Proposition 1.4 can be
easily proved for nth roots instead of the nth powers. More generally, given any
r € Q, we write r = m/n, where m,n € Z with n > 0, and define a” = (am)l/"
for any a € R with a > 0. Note that if also r = p/q, for some p,q € Z with
g > 0, then for any a € R with a > 0, we have (am)l/n = (ap)l/q. This
can be seen, for example, by raising both sides to the ngth power, using laws
of exponents for integral powers and the uniqueness of roots. Thus, rational
powers of positive real numbers are unambiguously defined. In general, for
negative real numbers, nonintegral rational powers are not defined in R. For
example, (—1)1/ 2 cannot equal any b € R since b > 0. However, in a special
case, rational powers of negative real numbers can be defined. More precisely,
if n € Nis odd and a € R is positive, then we define

(_a)l/n — _(al/n).

It is easily seen that this is well defined, and as a result, for any =z € R,
x # 0, the rth power 2" is defined whenever r € Q has an odd denominator,
that is, when r = m/n for some m € Z and n € N with n odd. Finally, if
r is any positive rational number, then we set 0" = 0. For rational powers,
wherever they are defined, analogues of the properties (i), (ii), and (iii) stated
just before Proposition 1.4 are valid. These analogues can be easily proved
by raising both sides of the desired equality or inequality to sufficiently high
integral powers so as to reduce to the corresponding properties of integral
powers, and using the uniqueness of roots.
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Real numbers that are not rational numbers are called irrational num-
bers. The possibility of taking nth roots provides a useful method to con-
struct several examples of irrational numbers. For instance, we prove below a
classical result that v/2 is an irrational number. The proof here is such that
it can easily be adapted to prove that several such numbers, for example,
V/3,V/15, /2, v/16, are not rational. [See Exercises 10 and 44.] We recall first
the familiar notion of divisibility in the set Z of integers. Given m,n € Z,
we say that m divides n or that m is a factor of n (and write m | n) if
n = ¢m for some ¢ € Z. Sometimes, we write m { n if m does not divide n.
Two integers m and n are said to be relatively prime if the only integers
that divide both m and n are 1 and —1. It can be shown that if m,n,n’ € Z
are such that m,n are relatively prime and m | nn/, then m | n/. It can also
be shown that any rational number r can be written as

r= p’ where p,q € Z, q¢ > 0, and p, g are relatively prime.
q

The above representation of r is called the reduced form of . The numerator
(namely, p) and the denominator (namely, ¢) in the case of a reduced form
representation are uniquely determined by 7.

Proposition 1.5. No rational number has a square equal to 2. In other words,
V2 is an irrational number.

Proof. Suppose v/2 is rational. Write /2 in the reduced form as p/q, where
p,q € Z, ¢ > 0, and p, q are relatively prime. Then p? = 2¢%. Hence ¢ divides
p?. This implies that ¢ divides p, and so p/q is an integer. But there is no
integer whose square is 2 because (+1)? = 1 and the square of any integer
other than 1 or —1 is > 4. Hence /2 is not rational. O

The following result shows that the rational numbers as well as the irra-
tional numbers spread themselves rather densely on the number line.

Proposition 1.6. Given any a,b € R with a < b, there exists a rational
number as well as an irrational number between a and b.

Proof. By Proposition 1.3, we can find n € N such that n > 1/(b — a). Let
m = [na] + 1. Then m — 1 < na < m, and hence

1 1
a<m£na+ =a+ <a+((b—a)=0.
n n n
Thus we have found a rational number (namely, m/n) between a and b. Now,
a+ V2 < b+ +/2, and if r is a rational number between a + v/2 and b + \/2,

then r — /2 is an irrational number between a and b. O

We shall now introduce some basic terminology that is useful in dealing
with real numbers. Given any a,b € R, we define the open interval from «
to b to be the set
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(a,0):={x eR:a <z <b}

and the closed interval from a to b to be the set
[a,0] :={x e R:a <z <b}.
The semiopen or the semiclosed intervals from a to b are defined by
(a,b):={z€eR:a<z<b} and [a,b):={x€eR:a<xz<b}

In other words, (a, b] := [a,b]\ {a} and [a,b) := [a,b] \ {b}. Note that if a > b,
then each of these intervals is empty, whereas if a = b, then [a,b] = {a} while
the other intervals from a to b are empty. If I is a subset of R of the form
[a,b], (a,b), [a,b) or (a,b], where a,b € R with a < b, then a is called the left
(hand) endpoint of I while b is called the right (hand) endpoint of I.
Collectively, a and b are called the endpoints of I.

It is often useful to consider the symbols co (called infinity) and —oo
(called minus infinity), which may be thought as the fictional (right and
left) endpoints of the number line. Thus

—oc0o<a<oo forallaelR.

The set R together with the additional symbols co and —oo is sometimes
called the set of extended real numbers. We use the symbols co and —oo
to define, for any a € R, the following semi-infinite intervals:

(—o0,a):={zeR:zx<a}, (—o0,al:={zecR:z<a}

and
(a,00) :={zeR:z>a}, [a,00):={zcR:z>a}.

The set R can also be thought of as the doubly infinite interval (—oo,c0),
and as such we may sometimes use this interval notation for the set of all real
numbers.
It may be noted that each of the above types of intervals has a basic
property in common. We state this in the form of the following definition.
Let I C R, that is, let I be a subset of R. We say that [ is an interval if

a,bel anda <b=[a,b] CI.

In other words, the line segment connecting any two points of I is in I. This
is sometimes expressed by saying that an interval is a ‘connected set’.

Proposition 1.7. If I C R is an interval, then I is either an open interval
or a closed interval or a semiopen interval or a semi-infinite interval or the
doubly infinite interval.
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Proof. Tf I = (), then I = (a,a) for any a € R. Suppose I # (). Define

sup I if I is bounded above,
00 otherwise.

inf I if T is bounded below,
—oo otherwise,

and b := {

Note that by the Completeness Property and Proposition 1.2, both a and b
are well defined and a < b. Since [ is an interval, it follows that

(i) I = (a,b), or (ii) I =Ja,b], or (ii)I=[a,b), or (iv)I= (a,b],

according as (i) a ¢ T and b ¢ I, or (ii)a € T and b e [, or (iii)a € T and b & I,
or (iv) a € I and b € 1. This proves the proposition. 0

In the proof of the above proposition, we have considered intervals that can
reduce to the empty set or to a set containing only one point. However, to avoid
trivialities, we shall usually refrain from doing so in the sequel. Henceforth,
when we write [a, ], (a,b), [a,b) or (a,b], it will be tacitly assumed that a and
b are real numbers and a < b.

Given any real number a, the absolute value or the modulus of a is
denoted by |a| and is defined by

Note that |a| > 0, |a| = | — a|, and |ab| = |a]||b| for any a,b € R. The notion
of absolute value can sometimes be useful in describing certain intervals that
are symmetric about a point. For example, if ¢ € R and € is a positive real
number, then

(a—e,ate)={zeR: |z —a|<e}

1.2 Inequalities

In this section, we describe and prove some inequalities that will be useful to
us in the sequel.

Proposition 1.8 (Basic Inequalities for Absolute Values). Given any
a,b € R, we have

(i) |a + 6] < [a] +[0],
(ii) [ faf = [0 | < fa = b].
Proof. Tt is clear that a < |a| and b < |b|. Thus, a + b < |a| + |b]. Likewise,

—(a +b) < la|] + |b|. This implies (i). To prove (ii), note that by (i), we have
la—b] > |(a—0b)+b|—|b| = |a| — |b| and also |a —b| = |b—a] > |b| —|a|]. O
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The first inequality in the proposition above is sometimes referred to as the
triangle inequality. An immediate consequence of this is that if ay,...,ay
are any real numbers, then

a1 + a2 + -+ + an| < a1] + |az| + - + [an].

Proposition 1.9 (Basic Inequalities for Powers and Roots). Given
any a,b € R and n € N, we have

(i) |a™ — b"| < nM"™ Y a — b|, where M = max{|al, |b|},

(i) [a*/™ — b < |a — b]*", provided a > 0 and b > 0.

Proof. (i) Consider the identity
a” = b =(a—b)(a" b+ a" 2+ - %" 4 ab™ Y.

Take the absolute value of both sides and use Proposition 1.8. The absolute
value of the second factor on the right is bounded above by nM"™~!. This
implies the inequality in (i).

(ii) We may assume, without loss of generality, that a > b. Let ¢ = a
and d = b'/". Then ¢ — d > 0 and by the Binomial Theorem,

Cn:[(c_d)+d}n:(c—d)n++dn2(c_d)n+dn

1/n

Therefore,
a—b=c"—d" > (c—d)" = [a*/™ — b/,

This implies the inequality in (ii). O

We remark that the basic inequality for powers in part (i) of Proposition
1.9 is valid, more generally, for rational powers. [See Exercise 54 (i).] As for
part (ii), a slightly weaker inequality holds if instead of nth roots, we consider
rational roots. [See Exercise 54 (ii).]

Proposition 1.10 (Binomial Inequalities). Given any a € R such that
1+a >0, we have

(I+a)">1+4+na forallneN.

More generally, given any n € N and aq,...,a, € R such that 1 + a; > 0 for
i=1,...,n and ay,...,a, all have the same sign, we have

(I+a)l4a2) - (1+an) =1+ (a1 +- -+ an).

Proof. Clearly, the first inequality follows from the second by substituting
a; = -+ = a, = a. To prove the second inequality, we use induction on n.
The case of n =1 is obvious. If n > 1 and the result holds for n — 1, then

I+a)(I4az)--(I+an) > (14+b,)(1 +an),
where b, = a; + -+ + ap—1. Now, b, and a,, have the same sign, and hence
(I+b,)14an) =14by+an +bpan, > 1+ by, + ay.
This proves that (1 +a1)(14+a2)---(1+an) > 1+ (a1 + - -+ ayn). O
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Note that the first inequality in the proposition above is an immediate
consequence of the Binomial Theorem when a > 0, although we have proved
it in the more general case of a > —1. We shall refer to the first inequality
in Proposition 1.10 as the binomial inequality. On the other hand, we
shall refer to the second inequality in Proposition 1.10 as the generalized
binomial inequality. We remark that the binomial inequality is valid, more
generally, for rational powers. [See Exercise 54 (iii).]

Proposition 1.11 (A.M.-G.M. Inequality). Letn € N and let aq,...,a,
be nonnegative real numbers. Then the arithmetic mean of ay, ..., ay is greater
than or equal to their geometric mean, that is,

a1+...+an

" Z{Val...an.

Moreover, equality holds if and only if a; = -+ = ay,.

Proof. If some a; = 0, then the result is obvious. Hence we shall assume
that a; > 0 for i = 1,...,n. Let g = (a1-~-an)1/" and b; = a;/g for i =
1,...,n. Then by,...,b, are positive and by ---b, = 1. We shall now show,
using induction on n, that by + --- 4+ b, > n. This is clear if n = 1 or if
each of by,...,b, equals 1. Suppose n > 1 and not every b; equals 1. Then
by ---b, = 1 implies that among by, ...,b, there is a number < 1 as well as
a number > 1. Relabeling by, ..., b, if necessary, we may assume that b; < 1
and b, > 1. Let ¢; = b1b,,. Then ¢1bs---b,—1 = 1, and hence by the induction
hypothesis ¢y + by +--- 4+ b,—1 > n — 1. Now observe that

bi+- - +by=(c1+ba+ - +bp1)+bi+b,—1
> (n—1)+by + by — bib,
=n+(1—>5b1)(b, —1)
>n,

where the last inequality follows since b; < 1 and b,, > 1. This proves that

b1+ -+b, > n, and moreover the inequality is strict unless by = --- = b,, = 1.
Substituting b; = a;/g, we obtain the desired result. O
Proposition 1.12 (Cauchy—Schwarz Inequality). Let n € N and let
a1,--.,0y and by, ..., b, be any real numbers. Then

n n 12 , 2 1/2

San< (Sa) ()"

i=1 i=1 i=1
Moreover, equality holds if and only if ai1,...,a, and by,...,b, are propor-
tional to each other, that is, if a;b; = a;b; for alli,j=1,...,n.

Proof. Observe that
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(zn:aibi)2 = zn:zn:aibiajbj = zn:a?bf + 2 Z (azb])(a]bz)
i=1 i=1

i=1 j=1 1<i<j<n

Now for any o, 8 € R, we have 2a3 < a? + 32 and equality holds if and only
if & = 3. (This follows by considering (o — 3)2.) If we apply this to each of
the terms in the second summation above, then we obtain

(San) <Saws ¥ anra = (L a)(08)
i=1 i=1 1 J=1

1<i<j<n i=

and moreover, equality holds if and only if a;b; = a;b; for all 4,5 = 1,...,n.
This proves the desired result. a

Remark 1.13. Analyzing the argument in the above proof of the Cauchy—
Schwarz inequality, we obtain, in fact, the following identity, which is easy to
verify directly:

n

(Ya) (Jg:b;) SOOI ORI

i=1 1<i<j<n

This is known as Lagrange’s Identity and it may be viewed as a one-line
proof of Proposition 1.12. See also Exercise 16 for yet another proof. &

1.3 Functions and Their Geometric Properties

The concept of a function is of basic importance in calculus and real analysis.
In this section, we begin with an informal description of this concept followed
by a precise definition. Next, we outline some basic terminology associated
with functions. Later, we give basic examples of functions, including polyno-
mial functions, rational functions, and algebraic functions. Finally, we discuss
a number of geometric properties of functions and state some results concern-
ing them. These results are proved here without invoking any of the notions
of calculus that are encountered in the subsequent chapters.

Typically, a function is described with the help of an expression in a single
parameter (say x), which varies over a stipulated set; this set is called the
domain of that function. For example, each of the expressions

(i) f(z):=22+1, x € R, (i) f(z):=2% 2 €R,
(iii) f(z) =1/z, z € R, 2 #0, (iv) f(z):=
defines a function f. In (i), (ii), and (iv), the domain is the set R of all real

numbers whereas in (iii), the domain is the set R\ {0} of all nonzero real
numbers. Note that each of the functions in (i)—(iv) takes its ‘values’ in the
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set R; to indicate this, we say that R is the codomain of these functions or
that these are real-valued functions.

Given a real-valued function f having a subset D of R as its domain, it
is often useful to consider the graph of f, which is defined as the subset
{(x, f(z)) : x € D} of the plane R2. In other words, this is the set of points on
the curve given by y = f(z), « € D, in the zy-plane. For example, the graphs
of the functions in (i) and (ii) are shown in Figure 1.2, while the graphs of
the functions in (iii) and (iv) above are shown in Figure 1.3.

Y Y
4
34
y=2r+1
2
: T x
1 2 3

Fig. 1.2. Graphs of f(z) =22+ 1 and f(z) = 2?

In general, we can talk about a function from any set D to any set F, and
this associates to each point of D a unique element of E. A formal definition
of a function is given below. It may be seen that this, in essence, identifies a
function with its graph!

Definitions and Terminology

Let D and E be any sets. We denote by D x E the set of all ordered pairs
(z,y) where x varies over elements of D and y varies over elements of F. A
function from D to F is a subset f of Dx FE with the property that for each
x € D, there is a unique y € E such that (x,y) € f. The set D is called the
domain or the source of f and E the codomain or the target of f.

Usually, we write f : D — FE to indicate that f is a function from D to
E. Also, instead of (z,y) € f, we usually write y = f(z), and call f(z) the
value of f at x. This may also be indicated by writing x +— f(z), and saying
that f maps z to f(z). Functions f: D — F and g : D — FE are said to be
equal and we write f = g if f(z) = g(x) for all x € D.

If f: D — FE is a function, then the subset f(D) := {f(z) :z € D} of E
is called the range of f. We say that f is onto or surjective if f(D) = E.
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On the other hand, if f maps distinct points to distinct points, that is, if
z1,22 € D, f(z1) = f(z2) = 21 =22

then f is said to be one-one or injective. If f is both one-one and onto, then
it is said to be bijective or a one-to-one correspondence.

The notion of a bijective function can be used to define a basic terminology
concerning sets as follows. Given any nonnegative integer n, consider the set
{1,...,n} of the first n positive integers. Note that if n = 0, then {1,...,n}
is the empty set. A set D is said to be finite if there is a bijective map from
{1,...,n} onto D, for some nonnegative integer n. In this case the nonnegative
integer n is unique (Exercise 18) and it is called the cardinality of D or the
number of elements in D. A set that is not finite is said to be infinite.

—4 -3 -2 -1

Fig. 1.3. Graphs of f(z) = 1/z and f(z) = 2®

The simplest examples of functions defined on arbitrary sets are an identity
function and a constant function. Given any set D, the identity function
on D is the function idp : D — D defined by idp(z) = « for all x € D.
Given any sets D and F, a function f : D — E defined by f(z) = ¢ for all
x € D, where c is a fixed element of F| is called a constant function. Note
that idp is always bijective, whereas a constant function is neither one-one
(unless D is a singleton set!) nor onto (unless E is a singleton set!). To look
at more specific examples, note that f : R — R defined by (i) or by (iv) above
is bijective, while f : R — [0, 00) defined by (ii) is onto but not one-one, and
f R\ {0} — R defined by (iii) is one-one but not onto.

Ift f: D — Eandg: D — E' are functions with f(D) C D', then
the function h : D — E’ defined by h(z) = ¢g(f(z)), x € D, is called the
composite of g with f, and is denoted by g o f [read as g composed with f,
or as f followed by g].

Note that any function f : D — FE can be made an onto function by
replacing the codomain F with its range f(D); more formally, this may be
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done by looking at the function f : D — f(D) defined by f(x) = f(z), z € D.
In particular, if f : D — FE is one-one, then for every y € f(D), there exists
a unique # € D such that f(x) = y. In this case, we write z = f~!(y).
We thus obtain a function f=! : f(D) — D such that f~'o f = idp and
foft=idgp). We call f~! the inverse function of f.

For example, the inverse of f : R — R defined by (i) above is the function
f~' R — R given by f~1(y) = (y — 1)/2 for y € R, whereas the inverse of
f:R\ {0} — R defined by (iii) above is the function f~1:R\ {0} — R\ {0}
given by f~1(y) = 1/y for y € R\ {0}.

In general, if a function f : D — FE is not one-one, then we cannot talk
about its inverse. However, sometimes it is possible to restrict the domain of
a function to a smaller set and then a ‘restriction’ of f may become injective.
For any subset C' of D, the restriction of f to C' is the function fjc : C' — E,
defined by fic(z) = f(z) for x € C. For example, if f : R — R is the function
defined by (ii), then f is not one-one but its restriction f|o ) is one-one and

its inverse g = (f‘ [OVOO))fl is given by g(y) = \/y for y € [0, 00).

Suppose D C R is symmetric about the origin, that is, we have —x € D
whenever x € D. For example, D can be the whole real line R or an interval
of the form [—a,a] or the punctured real line R\ {0}. A function f: D — R
is said to be an even function if f(—x) = f(z) for all € D, whereas f is
said to be an odd function if f(—z) = —f(z) for all x € D. For example,
f:R — R defined by f(x) = 22 is an even function, whereas f : R\ {0} — R
defined by f(r) = 1/2 and f : R — R defined by f(z) = 2* are both odd
functions. On the other hand, f : R — R defined by f(z) = 2z + 1 is neither
even nor odd.

Geometrically speaking, given D C R and f: D — R, the fact that f is a
function corresponds to the property that for every xg € D, the vertical line
r = xo in the zy-plane meets the graph of f in exactly one point. Further, the
property that f is one-one corresponds to requiring, in addition, that for any
Yo € R, the horizontal line y = yo meet the graph of f in at most one point.
On the other hand, the property that a point yg € R is in the range f(D) of f
corresponds to requiring, in addition, that the horizontal line y = 39 meet the
graph of f in at least one point. In case the inverse function f~!: f(D) — R
exists, then its graph is obtained from that of f by reflecting along the diagonal
line y = z. Assuming that D is symmetric, to say that f is an even function
corresponds to saying that the graph of f is symmetric with respect to the
y-axis, whereas to say that f is an odd function corresponds to saying that
the graph of f is symmetric with respect to the origin. Notice that if f is odd
and one-one, then its range f(D) is also symmetric, and f~! : f(D) — R is
an odd function.

Given any real-valued functions f, g : D — R, we can associate new
functions f4+¢: D — R and fg: D — R, called respectively the sum and
the product of f and g, which are defined componentwise, that is, by

(f+9)(x) = f(x) +g(x) and (fg)(z) = f(x)g(x) forzeD.
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In case f is the constant function given by f(x) = ¢ for all € D, then fg is
often denoted by cg and called the multiple of g (by ¢). We often write f — g
in place of f 4 (—1)g. In case g(z) # 0 for all x € D, the quotient f/g is
defined and this is a function from D to R given by (f/g) () = f(z)/g(x) for
x € D. Sometimes, we write f < g to mean that f(z) < g(x) for all x € D.

Basic Examples of Functions

Among the most basic functions are those that are obtained from polynomials.
Let us first review some relevant algebraic facts about polynomials.

A polynomial (in one variable x) with real coefficients is an expression
of the form

4

y -1
cnx” + 12"+ -+ e+ ¢,

where n is a nonnegative integer and cg, ¢y, . .., ¢, are real numbers. We call
co,C1, .- -, Cn the coefficients of the above polynomial and more specifically,
¢; as the coefficient of z% for i = 0,1,...,n. In case ¢, # 0, the polynomial
is said to have degree n, and ¢, is said to be its leading coefficient. A
polynomial (in z) whose leading coefficient is 1 is said to be monic (in z).
Two polynomials are said to be equal if the corresponding coefficients are
equal. In particular, ¢,z" + -+ 4+ c1x + ¢¢ is the zero polynomial if and
only if ¢cg = ¢4 = -+ = ¢, = 0. The degree of the zero polynomial is not
defined. If p(x) is a nonzero polynomial, then its degree is denoted by deg p(x).
Polynomials of degrees 1, 2, and 3 are often referred to as linear, quadratic,
and cubic polynomials, respectively. Polynomials of degree zero as well as the
zero polynomial are called constant polynomials. The set of all polynomials
in z with real coefficients is denoted by R[z]. Addition and multiplication of
polynomials is defined in a natural manner. For example,

(2% +22+3) + (23 + 222 +5) =23 + 322 + 22 + 8
and

(2% + 22 + 3)(2® + 202 + 5) = 2® + 42 + 72% + 112 + 102 + 15.

4 For those who consider ‘expression’ a vague term and wonder what x really is, a
formal and pedantic definition of a polynomial (in one variable) can be given as
follows. A polynomial with real coefficients is a function from the set {0, 1,2,...}
of nonnegative integers into R such that all except finitely many nonnegative
integers are mapped to zero. Thus, the expression ¢,z" +- - -+c1x+co corresponds
to the function which sends 0 to ¢o, 1 to ¢1, ..., n to ¢, and m to 0 for all m € N
with m > n. In this set up, one can define x to be the unique function that maps 1
to 1, and all other nonnegative integers to 0. More generally, we may define 2" to
be the function that maps n to 1, and all other integer to 0. We may also identify
a real number a with the function that maps 0 to a and all the positive integers
to 0. Now, with componentwise addition of functions, c,x"™ + -+ - + cixz + ¢o has
a formal meaning, which is in accord with our intuition!
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In general, for any p(x),q(x) € R[z], the sum p(z) + ¢(x) and the product
p(z)q(x) are polynomials in R[z]. Moreover, if p(z) and ¢(z) are nonzero, then
so is p(z)q(z) and deg (p(z)q(z)) = degp(x) + degq(z), whereas p(z) + q(x)
is either the zero polynomial or deg (p(x) + ¢(x)) < max{degp(x),degq(x)}.
We say that ¢(z) divides p(x) and write ¢(z) | p(z) if p(z) = q(x)r(x) for
some r(z) € R[z]. We may write ¢(z) { p(z) if ¢(x) does not divide p(z).

If p() = cpa™ + -+ + a1z 4+ co € Rlz] and « € R, then we denote by
p(a) the real number ¢,a™ + -+ 4+ cia + ¢ and call it the evaluation of
p(x) at a. In case p(a) = 0, we say that « is a (real) root of p(x). There do
exist polynomials with no real roots. For example, the quadratic polynomial
22 + 1 has no real root since a? 41 > 1 > 0 for all @ € R. More generally, if
q(r) = ax?+bx + c is any quadratic polynomial (so that a # 0), then we have

4aq(z) = (2azx + b)* — (b* — 4ac).

Consequently, ¢(z) has a real root if and only if b> — 4ac > 0; indeed, if
b?—4ac > 0, then (—b + Vb2 — 4ac) /2a are the roots of ¢(z). We call b*>—4ac
the discriminant of the quadratic polynomial ¢(x) = az? + bz + c.

Quotients of polynomials, that is, expressions of the form p(x)/q(z), where
p(x) is a polynomial and ¢(z) is a nonzero polynomial, are called rational
functions. Two rational functions p1(z)/q1(z) and pa(x)/g2(x) are regarded
as equal if upon cross-multiplying, the corresponding polynomials are equal,
that is, if p1(z)g2(z) = p2(z)qi(x). Sums and products of rational functions
are defined in a natural manner. Basic facts about polynomials and rational
functions are as follows:

(i) If a nonzero polynomial has degree n, then it has at most n roots. Conse-
quently, if p(z) is a polynomial with real coefficients such that p(a) = 0
for all v in an infinite subset D of R, then p(z) is the zero polynomial.

(ii) [Real Fundamental Theorem of Algebra] Every nonzero polynomial
with real coeflicients can be factored as a finite product of linear polyno-
mials and quadratic polynomials with negative discriminants.

(iii) [Partial Fraction Decomposition] Every rational function can be de-
composed as the sum of a polynomial and finitely many rational functions

of the form
A Bx+C

. or -
(=) " @2+ frp
where A, B,C and «, 3,~ are real numbers and 7, j are positive integers.

The factorization in (ii) is, in fact, unique up to a rearrangement of terms.
In (iii), we can choose (¥ — )® and (22 + Bz + )7 to be among the factors
of the denominator of the given rational function and in that case the partial
fraction decomposition is also unique up to a rearrangement of terms. See
Exercises 60 and 67 (and some of the preceding exercises) for a proof of (i)
and (iii) above. See also Exercise 69 for more on (ii) above. A simple and
useful example of partial fraction decomposition is obtained by taking any
distinct real numbers «, 8 and noting that
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1 A Ay 1 1
(m—a)(m—ﬁ)_m‘—a+m—ﬁ’WhereAl_a—ﬁ Goa’

More generally, if p(z),q(z) are polynomials with degp(z) < degq(x) and
q(x) = (x — a1) -+ (x — ax) where aq, ..., q are distinct real numbers, then

p() = A + -+ Ar where A; = ple)
q(x) - T — oy [T (i — )
JFi

and A; =

fori=1,...,r

This, then, is the partial fraction decomposition of p(z)/q(x). In general, the
partial fraction decomposition of a rational function can be more complicated.
A typical example is the following:

% —4at + 823 — 1322 + 32— 7 2 3 2z +1
4 34 22 = (z=1)+ - 2t 0 :
xt =33 + 2% +4 (x—2) (z—2)2 (22+2z+1)
Now let us revert to functions. Evaluating polynomials at real numbers,
we obtain functions known as polynomial functions. Thus, if D C R, then a
polynomial function on D is a function f: D — R given by

-1

fl@)=cpa" +ep1a™  + -+ +c forzeD,

where n is a nonnegative integer and cg, c1, ..., ¢, are real numbers. Alterna-
tively, we can view the polynomial functions on D as the class of functions
obtained from the identity function on D and the constant functions from D
to R by the construction of forming sums and products of functions. If D is
an infinite set, then it follows from (i) above that a polynomial function on
D and the corresponding polynomial determine each other uniquely. In this
case, it is possible to identify them with each other, and permit polynomial
functions to inherit some of the terminology applicable to polynomials. For
example, a polynomial function is said to have degree n if the corresponding
polynomial has degree n.

Rational functions give rise to real-valued functions on subsets D of R
provided their denominators do not vanish at any point of D. Thus, a rational
function on D is a function f : D — R such that f(x) = p(z)/q(x) for x € D,
where p and ¢ are polynomial functions on D with ¢(z) # 0 for all € D.

Polynomial functions and rational functions (on D C R) are special cases of
algebraic functions (on D), which are defined as follows. A function f: D — R
is said to be an algebraic function if y = f(z) satisfies an equation whose
coeflicients are polynomials, that is,

P ()Y + pr1 (@)Y + -+ pr(z)y + po(z) =0 for z € D,

where n € N and po(z),p1(2),...,pn(x) are polynomials such that p,(x) is
a nonzero polynomial. For example, the function f : [0,00) — R defined
by f(z) := ¥/x is an algebraic function since y = f(x) satisfies the equation
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y" —x = 0 for x € [0,00). It can be shown® that sums, products, and quotients
of algebraic functions are algebraic. Here is a simple example that illustrates
why such a property is true. Consider the sum y = v/z + /x + 1 of functions
that are clearly algebraic. To show that this sum is algebraic, write y — /z =
Vv + 1, square both sides, and simplify to get y?> — 1 = 2y/z; now squaring
once again we obtain the equation y* — 2(1 + 22)y? + 1 = 0, which is of the
desired type. Algebraic functions also have the property that their radicals
are algebraic. More precisely, if f : D — R is algebraic and f(z) > 0 for all
x € D, then any root of f is algebraic, that is, for any d € N the function
g : D — R defined by g(z) := f(z)"/¢ is algebraic. This follows simply by
changing y to y¢ in the algebraic equation satisfied by y = f(z), and noting
that the resulting equation is satisfied by y = g(x). It is seen, therefore, that
algebraic functions constitute a fairly large class of functions, which is closed
under the basic operations of algebra. This class may be viewed as a basic
stockpile of functions from which various examples can be drawn. A real-
valued function that is not algebraic is called a transcendental function.
The transcendental functions are also important in calculus and we will discuss
them in greater detail in Chapter 7.

x4+ 2 if x <1,

Fig. 1.4. Graphs of f(z) := |z| and f(z) := {(xg —0)/8 ifx>1

Apart from algebra, a fruitful way to construct new functions is by piecing
together known functions. For example, consider f : R — R defined by either
of the following.

z if x>0, T+ 2 if x <1,

(i) f(@) = |2| = { rifr<o W) f):= { (@2 —9)/8 if z > 1.

The graphs of these functions may be drawn as in Figure 1.4. Taking the
integer part or the floor of a real number gives rise to a function f : R — R

5 A general proof of this requires some ideas from algebra. The interested reader is
referred to [16] or [30].
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defined by f(x) := [z], which we refer to as the integer part function or
the floor function. Likewise, g : R — R given by g(x) := [z] is called
the ceiling function. These two functions may also be viewed as examples
of functions obtained by piecing together known functions, and their graphs
are shown in Figure 1.5. As seen in Figures 1.4 and 1.5, it is often the case
that the graphs of functions defined by piecing together different functions
look broken or have beak-like edges. Also, in general, such functions are not
algebraic. Nevertheless, such functions can be quite useful in constructing
examples of certain ‘wild behavior’.

Y
4 o—o 4 o—e
3 -~ o 3 o—e
2 —o y =[] 2 o—e
1 ——o L y =[]
-5 -4 -3 =2 -1 0 1 2 3 4 5 ! -5 -4 -3 -2 -1 0 1 2 3 4 5 !
—0—1 o—e -1
o -2 o—e -2
«—o -3 o—e -3
*—o —4 o—e —4

Fig. 1.5. Graphs of the integer part function [z] and the ceiling function [z]

Remark 1.14. Polynomials (in one variable) are analogous to integers. Like-
wise, rational functions are analogous to rational numbers. Algebraic functions
and transcendental functions also have analogues in arithmetic, which are de-
fined as follows. A real number « is called an algebraic number if it satisfies
a nonzero polynomial with integer coefficients. Numbers that are not algebraic
are called transcendental numbers. For example, it can be easily seen that
\/2, \/3, \5/7, V243 are algebraic numbers. Also, every rational number is an
algebraic number. On the other hand, it is not easy to give concrete examples
of transcendental numbers. Those interested are referred to the book of Baker
[7] for the proof of transcendence of several well-known numbers. &

We shall now discuss a number of geometric properties of real-valued func-
tions defined on certain subsets of R.

Bounded Functions

The notion of a bounded set has an analogue in the case of functions. In effect,
we use for functions the terminology that is applicable to their range. More
precisely, we make the following definitions.
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Let D C R and f: D — R be a function.

1. fis said to be bounded above on D if there is @ € R such that f(z) < «
for all x € D. Any such « is called an upper bound for f.

2. f is said to be bounded below on D if there is 8 € R such that f(z) >
for all x € D. Any such (3 is called a lower bound for f.

3. f is said to be bounded on D if it is bounded above on D and also
bounded below on D.

Notice that f is bounded on D if and only if there is v € R such that
|f(z)| <~ forall z € D. Any such + is called a bound for the absolute value
of f. Geometrically speaking, f is bounded above means that the graph of
f lies below some horizontal line, while f is bounded below means that its
graph lies above some horizontal line.

For example, f : R — R defined by f(z) := —z? is bounded above on R,
while f : R — R defined by f(z) := 2? is bounded below on R. However,
neither of these functions is bounded on R. On the other hand, f : R — R
defined by f(z) := 2?/(2?+1) gives an example of a function that is bounded
on R. For this function, we see readily that 0 < f(x) < 1 for all x € R. The
bounds 0 and 1 are, in fact, optimal in the sense that

inf{f(z):z€R} =0 and sup{f(z):zeR} =1

Of these, the first equality is obvious since f(x) > 0 for allz € R and f(0) = 0.
To see the second equality, let o be an upper bound such that o < 1. Then
1 —a > 0 and so we can find n € N such that

1 —1 1

<1—a and hence f(\/n—l):n =1-  >aq,

n n n
which is a contradiction. This shows that sup{f(x) : x € R} = 1. Thus there
is a qualitative difference between the infimum of (the range of) f, which is
attained, and the supremum, which is not attained. This suggests the following
general definition.

Let D CR and f: D — R be a function. We say that
1. f attains its upper bound on D if there is ¢ € D such that

sup{f(z) : # € D} = f(c),

2. f attains its lower bound on D if there is d € D such that

inf{f(x) : 2 € D} = f(d),

3. f attains its bounds on D if it attains its upper bound on D and also
attains its lower bound on D.

In case f attains its upper bound, we may write max{f(z) : z € D} in
place of sup{f(z) : € D}. Likewise, if f attains its lower bound, then “inf”
may be replaced by “min”.
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Monotonicity, Convexity, and Concavity

Monotonicity is a geometric property of a real-valued function defined on a
subset of R that corresponds to its graph being increasing or decreasing. For
example, consider Figure 1.6, where the graph on the left is increasing while
that on the right is decreasing.

Y Y

Fig. 1.6. Typical graphs of increasing and decreasing functions on I = [a, b]

A formal definition is as follows. Let D C R be such that D contains an
interval I and f: D — R be a function. We say that

1. f is (monotonically) increasing on I if

r1,29 €1, 1 < 20 = f(271) < f(22),
2. f is (monotonically) decreasing on T if

x1,x0 €1, 11 < 23 = f(x1) > f(x2),

3. f is monotonic on [ if f is monotonically increasing on I or f is mono-
tonically decreasing on I.

Next, we discuss more subtle properties of a function, known as convexity
and concavity. Geometrically, these notions are easily described. A function is
convex if the line segment joining any two points on its graph lies on or above
the graph. A function is concave if any such line segment lies on or below
the graph. An illustration is given in Figure 1.7. To formulate a more precise
definition, one should first note that convexity or concavity can be defined
relative to an interval I contained in the domain of a function f, and also
that given any z1,x9 € I with 21 < x4, the equation of the line joining the
corresponding points (z1, f(z1)) and (z2, f(z2)) on the graph of f is given by

y— f(xz1) =m(z —x1), where m= f () _f(xl).
Xro — I

So, once again let D C R be such that D contains an interval I and

f D — R be a function. We say that
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1. f is convex on [ or concave upward on [ if

f(z2) = f(z1)

Ty — 71 ('T - $1)a

T, @0, €1, 1 < <y = f(x) — f(11) <
2. f is concave on [ or concave downward on I if

x17x271.€-[7 $1<1'<1'2:>f(x)_f(1'1)2 (x—x1)

Fig. 1.7. Typical graphs of convex and concave functions on I = [a, b]

An alternative way to formulate the definitions of convexity and concavity
is as follows. First, note that for any x1,x2 € R with x7 < x2, the points x
between z1 and xo are of the form (1 — t)x; + tao for some ¢ € (0,1); in fact,
t and x determine each other uniquely since
r=(1—-t)z +tag <= t= o
T2 — T1
Substituting this in the definition above, we see that f is convex on [ if
(and only if) for any zy,z9 € I with x; < 29 and any ¢ € (0,1) we have
F(1=t)xy +tag) < (1 —1t)f(x1) +tf(z2). Of course, the roles of t and 1 —¢
can be readily reversed, and with this in view, one need not assume that
21 < x2. Thus, f is convex on I if (and only if)

flxy+ (1 —t)xe) <tf(x1) + (1 —t)f(z2) forallzy,zo €l andte (0,1).
Similarly, f is concave on [ if (and only if)
flxy+ (1 —t)x2) > tf(x1) + (1 —t)f(z2) forallzy,zo €I and t € (0,1).

Examples 1.15. (i) The function f : R — R defined by f(z) := 22 is in-
creasing on [0, 00) and decreasing on (—oo, 0]. Indeed, if x1, 25 € R with
71 < X9, then (23 — 2%) = (w2 — x1) (22 + 21) is positive if 21, x5 € [0, 0)
and negative if x1, x5 € (—00,0]. Further, f is convex on R. To see this,
note that if x1, 2,2 € R with x; < & < 29, then (x —21) > 0 and

2=t =(rtx)(r—x1) < (22 +a2)(x—21) =
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(ii) The function f : R — R defined by f(z) := 2? is increasing on (—o0, 00).
Indeed, if 21,22 € R with 21 < 0 < x2, then clearly xi’ <0< x%, whereas
if 71,29 € [0,00) or 21, 79 € (—00,0] with 71 < x, then (25 —23) = (22—
x1)(23+ 2221 +27) is positive. Further, f is concave on (—oo, 0] and convex
on [0, 00). To see this, first note that if ;7 < x < 22 <0, then (z—x1) > 0,
22 > 23 and 217 > 2172, and so 2® — 23 = (22 + 212+ 23) (2 —11) satisfies

3 3 2 2 (23 — 2f)
x° —axy > (25 +xxe + 7)) (v —21) = (x — 1)
(w2 —x1)

Also, if 0 < o1 < o < z9, then (z — x1) > 0, 22 < 23, and 117 < 2179,
and so in this case 2® — 23 = (22 + 112 + 23)(x — x1) satisfies

3 3

2 — ¥ < (23 + ywo + @) (@ — 1) = (x —x1).

(w2 — x1)
(iii) The function f: R — R defined by f(x) := |z| is decreasing on (—o0, 0],
increasing on [0, 00), and convex on R = (—o00,00). Indeed, the first two
assertions about the monotonicity of f are obvious. The convexity of f is
easily verified from the definition by considering separately various cases
depending on the signs of x1, x, and . &

Remark 1.16. In each of the examples above, we have in fact obtained a
stronger conclusion than was needed to satisfy the definitions of increasing/de-
creasing and convex/concave functions. Namely, instead of the inequalities
“<” and “>”, we obtained the corresponding strict inequalities “<” and
“>”_If one wants to emphasize this, the terminology of strictly increasing,
strictly decreasing, strictly convex, or strictly concave, is employed.
The definitions of these concepts are obtained by changing the inequality “<”
or “>” appearing on the right in 1, 2, 4, and 5 above by the corresponding
strict inequality “<” or “>”, respectively. Also, we say that a function is
strictly monotonic if it is strictly increasing or strictly decreasing. <&

Local Extrema and Points of Inflection

Points where the graph of a function has peaks or dips, or where the convexity
changes to concavity (or vice versa), are of great interest in calculus and
its applications. We shall now formally introduce the terminology used in
describing this type of behavior.

Let D C R and ¢ € D be such that D contains an interval (¢ —r, ¢+ r) for
some r > 0. Given f : D — R, we say that

1. f has a local maximum at c if there is § > 0 with 6 < r such that
f(z) < f(c) for all x € (¢ — 0,¢+ ),

2. f has a local minimum at c¢ if there is § > 0 with § < r such that
f(z) > f(c) for all x € (¢ — 0,¢+ 9).
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3. f has a local extremum at ¢ if f has a local maximum at ¢ or a local
minimum at c,

4. ¢ is a point of inflection for f if there is § > 0 with § < r such that f
is convex in (¢ — §,¢), while f is concave in (¢, ¢+ §), or vice versa, that
is, f is concave in (¢ — 4, ¢), while f is convex in (¢, ¢+ 9).

It may be noted that the terms local maxima, local minima, and local
extrema are often used as plural forms of local maximum, local mini-
mum, and local extremum, respectively.

Examples 1.17. (i) The function f : R — R defined by f(z) := —22 has a
local maximum at the origin, that is, at O.

(ii) The function f : R — R defined by f(z) := |2| has a local minimum at
the origin, that is, at 0. [See Figure 1.4.]

(iii) For the function f : R — R defined by f(x) := 2®, the origin, that is, 0,
is a point of inflection. [See Figure 1.3.] &

It is easy to see that if D C R contains an open interval of the form
(¢c—r,c+r) for some r > 0 and f : D — R is a function such that f is
decreasing on (¢ — 4, ¢] and increasing on [c, ¢ + d), for some 0 < § < r, then
f must have a local minimum at ¢. But as the following example shows, the
converse of this need not be true.

Example 1.18. Consider the function f : [-1,1] — R, which is obtained by
piecing together infinitely many zigzags as follows. On [1/(n + 1),1/n], we
define f to be such that its graph is formed by the line segments PM and
M@, where P, are the points on the line y = x whose z-coordinates are
1/n+ 1 and 1/n, respectively, while M is the point on the line y = 2z whose
z-coordinate is the midpoint of the xz-coordinates of P and ). More precisely,
for n € N, we define

2 1 1 2 1
dn+e— T <p< ML
n+1 n+1 2n(n +1)
fa) = 2 1 2 1 1
—2nx + nt if n <zx<

n 2n(n +1) n’

Further, let f(0) := 0 and f(z) := f(—=«) for x € [-1,0). The graph of this
piecewise linear function can be drawn as in Figure 1.8. It is clear that f has
a local minimum at 0. However, there is no § > 0 such that f is decreasing
on (—4,0] and f is increasing on [0, ).

A similar comment holds for the notion of local maximum. <&

Remark 1.19. As before, in each of the examples above, the given function
satisfies the property mentioned in a strong sense. For example, for f: R — R
defined by (i), we not only have f(x) < f(0) in an interval around 0 but in fact,
f(x) < f(0) for each point x, except 0, in an interval around 0. To indicate
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Fig. 1.8. Graph of the piecewise linear zigzag function in Example 1.18

this, the terminology strict local maximum, strict local minimum, strict
local extremum, and strict point of inflection can be employed. The first
two of these notions are defined by changing in 1 and 2 above the inequalities
“<” and “>” by the corresponding strict inequalities “<” and “>”, and the
condition “z € (¢ — d,c¢+ J)” by the condition “z € (¢ —d,c+9), z # . To
say that f has a strict local extremum at ¢ just means it has a strict local
maximum or a strict local minimum at ¢. Finally, the notion of a strict point
of inflection is defined by adding “strictly” before the words “convex” and
“concave” in the above definition of a point of inflection. &

In Examples 1.15 and 1.17, which illustrate the geometric phenomena of
increasing/decreasing functions, convexity/concavity, local maxima/minima,
and points of inflection, the verification of the corresponding property has
been fairly easy. In fact, we have looked at what are possibly the simplest
functions that are prototypes of the above phenomena. But even here, the
proofs of convexity or concavity in the case of functions given by z? and 23 did
require some effort. As one considers functions that are more complicated, the
verification of all these geometric properties can become increasingly difficult.
Later in this book, we shall describe some results from calculus that can
make such verification significantly simpler for a large class of functions. It is,
nevertheless, useful to remember that the definition as well as the intuitive
idea behind these properties is geometric, and as such, it is independent of
the notions from calculus that we shall encounter in the subsequent chapters.



28 1 Numbers and Functions

Intermediate Value Property

We now consider a geometric property of a function that corresponds, intu-
itively, to the idea that the graph of a function has no “breaks” or “discon-
nections”. For example, if f : R — R is defined by f(z) := 2x + 1 or by
f(x) := 22 or by f(x) := |z|, then the graph of f has apparently no “breaks”.
[See Figures 1.2 and 1.4.] But if f : R — R is defined by

T+ 2 if x <1,
f@y:{uﬁ—%ﬁifx>L

then the graph of f does seem to have a “break”. [See Figure 1.4.] This
intuitive condition on the graph of a real-valued function f can be formulated
by stating that every intermediate value of f is attained by f. More precisely,
we make the following definition.

Let I be an interval and f : I — R be a function. We say that f has the
Intermediate Value Property, or in short, f has the IVP, on [ if for any
a,bel witha<bandreR,

r lies between f(a) and f(b) = r = f(x) for some z € [a,b].

Note that if f: I — R has the IVP on I, and J is a subinterval of I, then f
has the IVP on J.

Proposition 1.20. Let I be an interval and f : I — R be any function. Then
f has the IVP on I = f(I) is an interval.

Proof. Let ¢,d € f(I) with ¢ < d. Then ¢ = f(a) and d = f(b) for some
a,be I.If r € (¢,d), then by the IVP for f on I, there is z € I between a and
b such that f(x) =r. Hence r € f(I). It follows that f(I) is an interval. O

Remark 1.21. The converse of the above result is true for monotonic func-
tions. To see this, suppose [ is an interval and f : I — R is a monotonic
function such that f(I) is an interval. Let 1,22 € I be such that z1 < xo and
r be a real number between f(z1) and f(x2). Since f(I) is an interval, there
is « € I such that r = f(z). Now, if f is monotonically increasing on I, then
we must have f(z1) < f(x2); thus, f(z1) < f(z) < f(z2), and consequently,
r1 < x < xo. Likewise, if f is monotonically decreasing on I, then we have
f(x1) > f(x) > f(x2), and consequently, z1 < 2 < x9. This shows that f has
the IVP on I.

However, in general, the converse of the result in Proposition 1.20 is not
true. For example, if I = [0,2] and f: I — R is defined by

T ifo<z <1,
ﬂ@_{3—xﬁ1<x<z

then f(I) = I is an interval but f does not have the IVP on I. The latter
follows, for example, since Z lies between 1 = f(1) and ;’ = f(g), but i # f(z)
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for any x € [1, g’] It may be noted in this example that f is one-one but is
not monotonic on 7. Also, f([;, ‘3]) = [%, 1] U B,Q] is not an interval. <

Proposition 1.22. Let I be an interval and f : I — R be any function. Then
f has the IVP on I < f(J) is an interval for every subinterval J of I.

Proof. The implication = follows from applying Proposition 1.20 to restric-
tions of f to subintervals of I. Conversely, suppose f(J) is an interval for
every subinterval J of I. Let a,b € I with a < b and r € R lie between f(a)
and f(b). Consider J = [a,b]. Then .J is a subinterval of I and hence f(.J)
is an interval containing f(a) and f(b). Therefore, r = f(x) for some x € J.
Thus, f has the IVP on I. O

The relation between (strict) monotonicity and the IVP is made clearer
by the following result.

Proposition 1.23. Let I be an interval and f : I — R be a function. Then
f is one-one and has the IVP on I if and only if f is strictly monotonic and
f(I) is an interval. In this case, f~1 : f(I) — R is strictly monotonic and
has the IVP on f(I).

Proof. Assume that f is one-one and has the IVP on I. By Proposition 1.20,
f(I) is an interval. Suppose f is not strictly monotonic on I. Then there are
r1,x9 € I and y1,y2 € I such that

x1 < x but f(x1) > f(zz) and y1 <y2 but f(y1) < f(y2).

Let a := min{x1,y1} and b := max{xs,y2}. Note that a < b. Now, suppose
f(a) < f(b). Then we must have f(z1) < f(b) because otherwise, f(z1) >
f(b) > f(a) and hence by the IVP of f on I, there is z1 € [a,21] such that
f(z1) = f(b). But since z; < x1 < xg < b, this contradicts the assumption
that f is one-one. Thus, we have f(z2) < f(x1) < f(b). Again, by the IVP of
fon I, there is wy € [x2,b] such that f(wy) = f(z1). But since 21 < 22 < wy,
this contradicts the assumption that f is one-one. Next, suppose f(b) < f(a).
Here, we must have f(y2) < f(a) because otherwise, f(y2) > f(a) > f(b) and
hence by the IVP of f on I, there is z3 € [y2, ] such that f(z2) = f(a). But
since a < y; < ys < 29, this contradicts the assumption that f is one-one.
Thus, we have f(y1) < f(y2) < f(a). Again, by the IVP of f on I, there is
wy € [a,y1] such that f(ws) = f(y2). But since wy < y; < yo, this contradicts
the assumption that f is one-one. It follows that f is strictly monotonic on I.

To prove the converse, assume that f is strictly monotonic on I and f(I)
is an interval. Then we have seen in Remark 1.21 above that f has the IVP
on I. Also, strict monotonicity obviously implies that f is one-one.

Finally, suppose f is one-one and has the IVP on I. Then as seen above, f
is strictly monotonic on I. This implies readily that f~! is strictly monotonic
on f(I). Also, f(I) is an interval and so is I = f~1(f(I)). Hence by the
equivalence proved above, f~! has the IVP on f(I). O
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Notes and Comments

It is often said, and believed, that mathematics is an exact science, and all the
terms one uses in mathematics are always precisely defined. This is of course
true to a large extent. But one should realize that it is impossible to precisely
define everything. Indeed, to define one term, we would have to use another, to
define which we would have to use yet another, and so on. Since our vocabulary
is finite (check!), we would soon land in a vicious circle! Mathematicians find
a way out of this dilemma by agreeing to regard certain terms as undefined
or primitive. Further, one also stipulates certain arioms or postulates that
describe some ‘natural’ properties that the primitive terms possess. Once this
1s done, every other term is defined using the primitive terms or the ones
defined earlier. Also, a result is not accepted unless it is precisely proved using
the axioms or the results proved before.

The terms that are usually considered primitive or undefined in mathe-
matics are “set” and “is an element of” (a set). One has a small number of
axioms that postulate certain basic and seemingly obvious ‘facts’ about sets.
Taking these for granted, we can define just about everything else that one
encounters in mathematics. The formal definition of a function given in this
chapter is a good illustration of this phenomenon.

Good references for the mitty-gritty about sets, or rather, the subject of
aziomatic set theory, are the books by Enderton [24] and Halmos [29]. To
define the real numbers, one begins with the set Q of rational numbers and
constructs a set that satisfies the properties we postulated for R. There are two
standard approaches for the construction of R from Q, one due to Dedekind
and the other due to Cantor. An old-fashioned but thorough discussion of both
the approaches can be found in the book of Hobson [37]. A sleek presentation
of Dedekind’s approach can be found in the appendiz to Chapter 1 of Rudin
[58]. For a precise account of Cantor’s construction, see Section 5 of the book
of Hewitt and Stromberg [36]. A classic reference for the construction of real
numbers and more generally the foundation of calculus is the charming book
of Landau [44].

The topic of inequalities, which we briefly discussed in Section 1.2 is now
a subject in itself, and to get a glimpse of it, one can see the book of Hardy,
Littlewood, and Polya [33] or of Beckenbach and Bellman [9]. There are also
specialized books like that of Bullen, Mitrinoviv, and Vasic [15], which has, for
example, more than 50 proofs of the A.M.-G.M. inequality! A more elementary
and accessible introduction is the little booklet [43] of Korovkin.

The notion of a function is of basic importance not only in calculus and
analysis, but in all of mathematics. Not surprisingly, it has evolved over the
years and the formal definition is a distilled form of various ideas one has
about this notion. Classically, the notion of a function was supple enough to
admit y as an (implicit) function of x if the two are related by an equation
F(z,y) =0, even though for a given value of z, there could be multiple values
of y satisfying F(x,y) = 0. But in modern parlance, there is no such thing
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as a multivalued function! Nonetheless, the so-called “multivalued functions”
have played an important role in the development of calculus and other parts
of mathematics. With this in view, we have included a discussion of algebraic
functions, remaining within the confines of modern definitions and the sub-
ject of calculus. For a glimpse of the classical viewpoint, see the two-volume
textbook of Chrystal [16], which is also an excellent reference for algebra in
general. A relatively modern and accessible book on algebra, which includes
a discussion of partial fraction decomposition, is the survey of Birkhoff and
Mac Lane [11]. A variety of proofs of the Fundamental Theorem of Algbra,
which implies the Real Fundamental Theorem of Algebra stated in this chap-
ter, can be found in the book of Fine and Rosenberger [25].

For real-valued functions defined on intervals, we have discussed a number
of geometric properties such as monotonicity, convexity, local extrema, and
the Intermediate Value Property. Typically, these appear in calculus books in
conjunction with the notions of differentiability and continuity. The reason to
include these in the first chapter is to stress the fact that these are geometric
notions and should not be confused with various criteria one has, involving
differentiability or continuity, to check them.

Exercises

Part A

1. Using only the algebraic properties A1-A5 on page 3, prove the following.
(i) 0 is the unique real number such that a4+ 0 = a for all a € R. In other
words, if some z € R is such that a + z = a for all a € R, then z = 0.

(ii) 1 is the unique real number such that a - 1 = a for all a € R.

(i) Given any a € R, an element o’ € R such that a + o’ = 0 is unique.
[As noted before, this unique real number o’ is denoted by —a.]

(iv) Given any a € R with a # 0, an element a* € R such that a - a* =1
is unique. [As noted before, this unique real number a* is denoted by
a~!or by 1/a.]

(v) Given any a € R, we have —(—a) = a. Further if a # 0, then
(a™h) o

(vi) Given any a,b € R, we have a(—b) = —(ab) and (—a)(—b) = ab.

2. Given any a € R and k € Z, the binomial coefficient associated with a
and k is defined by

<a>_{a(a—1)~-~(a—k+1) HE>0.
= k!
k 0 if k<0,

where for k € N, k! (read as k factorial) denotes the product of the first
k positive integers. Note that 0! = 1 and (g) =1 for any a € R.
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3.
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(i) Show that if a,k € Z with 0 < k < a, then

(Z) - k!(aai B (—k)

(ii) If a € R and k € Z, then show that

()= (%))

[Note: This identity is sometimes called the Pascal triangle identity.
If we compute the values of the binomial coefficients (Z) forn € N
and 0 < k£ < n, and write them in a triangular array such that the nth
row consists of the numbers (7)), (7),..., (1), then this array is called
the Pascal triangle. It may be instructive to write the first few rows
of the Pascal triangle and see what the identity means pictorially.]

(iii) Use the identity in (ii) and induction to prove the Binomial Theorem
(for positive integral exponents). In other words, prove that for any
n € Nand z,y € R, we have

(x+y)" = zn: <k>xky" k.

k=0

[Note: Proving a statement defined for n € N such as the above identity
by induction means that we should prove it for the initial value
n = 1, and further prove it for an arbitrary value of n € N, n > 1, by
assuming either that it holds for n — 1 or that it holds for values of
n smaller than the given one. The technique of induction also works
when N is replaced by any subset S of Z that is bounded below; the
only difference would be that the initial value 1 would have to be
changed to the least element of S']
Use induction to prove the following statements for each n € N:

(0 ZZ _ n(n2+ 1)’

1)(2 1
IIZZ— n—!— (n+)

2
(n+1
(iii) Zz— +) —(ZZ)
i=1
Use the algebralc properties and the order properties of R to prove that

(i) a® > 0 for any a € R, a # 0.
(ii) Given a,b € R with 0 < a < b, we have 0 < (1/b) < (1/a).

. Let S be a nonempty subset of R. If S is bounded above, then show

that the set Us = {a € R : v is an upper bound of S} is bounded below,
min Ug exists, and sup S = min Ug. Likewise, if S is bounded below, then
show that the set Lg = {# € R : § is a lower bound of S} is bounded
above, max Lg exists, and inf S = max Lg.
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6.

10.

11.

12.

13.

14.

Let S be a nonempty subset of R. If S is bounded above and M € R, then
show that M = sup S if and only if M is an upper bound of S and for
every € > 0, there exists x € S such that M — e < x < M. Likewise, if S
is bounded below and m € R, then show that m = inf S if and only if m
is a lower bound of S and for every € > 0, there exists x € S such that
m<x<m-+e.

Let S be a nonempty subset of R and ¢ € R. Define the additive translate
¢+ S and the multiplicative translate ¢S of S as follows:

c+S={c+z:2eS} and cS={cx:z€ S}

If S is bounded, then show that ¢ + S and ¢S are bounded. Also show
that
sup(c+S) =c+supS and inf(c+ S5)=c+inf 5,

whereas

. _JesupS if ¢ >0, . _JeinfS if ¢ >0,
bllp(cs)_{cinfS if ¢<0, and lnf(CS)_{csupS if ¢<0.

. Given any z,y € R with y > 0, show that there exists n € N such that

ny > .
[Note: The above property is equivalent to the Archimedean property,
which was stated in Proposition 1.3.]

. Given any z,y € R with = # y, show that there exists § > 0 such that the

intervals (z — 0,2 + ) and (y — d,y + d) have no point in common.
[Note: The above property is sometimes called the Hausdorff property.|
Prove that the following numbers are irrational:

(1) V3, (i) V15, (i) ¥/2, (iv) V11, (v) V16, (vi) V2 + V3.

If a,b € R with a < b, then show that there exist infinitely many rational
numbers as well as infinitely many irrational numbers between a and b.
Show that n! < 27" (n+1)" for every n € N, and that equality holds if
and only if n = 1.

Let n € N and ay,...,a, be positive real numbers. Prove that
n 1 1
May - an > where r:= 4.4
r ai G
and that equality holds if and only if a1 = -+ = a,.
[Note: The above result is sometimes called the G.M.-H.M. inequality
and n/r is called the harmonic mean of a4, ..., a,.]
Let aq,...,ay,,b1,...,b, be real numbers such that a; > --- > a,, > 0.

(i) Let m = min{By,...,B,} and M = max{By,...,B,}, where B; =
bi+---+b;fori=1,...,n. Show that ma; < a1b1+---+apb, < Ma;.
[Note: The above inequality is sometimes called Abel’s inequality.]
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15.

16.

17.

18.

19.
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ii) Show that the alternating sum a; — ag + -+ + (=1)"la,, is always
g
between 0 and a;.

Let n,m € N be such that m > n.

(i) Let a1,...,an,-..,a;, be real numbers, and let A,, denote the arith-
metic mean of aq,...,a,, and A,, denote the arithmetic mean of
A1y ..., Q. Show that

AnSAm if alS"'Sam and AnzAm if alZ"'Zam-

Further, show that if m > n, then equality holds if and only if a; =
“++ = ay,. (Hint: Induct on m.)
(ii) Use (i) to show that for any x € R with x > 0, we have

and further, if m > n, then equality holds if and only if x = 1.

[Note: Exercise 52 gives an alternative approach to this inequality.]
(iii) Use (ii) to show that for any @ € R and r € Q with 1 4+ a > 0 and

r > 1, we have (1 + a)” > 1 + ra. Further, show that if » > 1, then

equality holds if and only if a = 0.

[Note: Exercise 54 (iii) gives an alternative approach to this inequality.]
Let n € N and let aq,...,a, and by,...,b, be any real numbers. Assume
that not all aq,...,a, are zero. Consider the quadratic polynomial

n

q(z) = (za; +b;).

i=1

Show that the discriminant A of ¢(x) is nonnegative, and A = 0 if and
only if there is ¢ € R such that b; = ca; for all i = 1,...,n. Use this to
give an alternative proof of Proposition 1.12.

Show that if n € N and a1, ...,a, are nonnegative real numbers, then

(a1+--+ay)? <n(a+---+a?). (Hint: Write (a1 -+ - -+ap)? asty+- - +tp,

where t, := ajar + asag+1 + -+ @p—p+1an + Gp_gyoa1 + -+ anak,l.)

[Note: Exercise 35 gives an alternative approach to this inequality.]

Let n and m be nonnegative integers. Show that there is an injective map

from {1,...,n} to {1,...,m} if and only if n < m. Also show that there

is a surjective map from {1,...,n} to {1,...,m} if and only if n > m.

Deduce that there is a bijective map from {1,...,n} to {1,...,m} if and

only if n = m. (Hint: Use induction.)

Given any function f: R — R, prove the following:

(i) If f(zy) = f(z) + f(y) for all z,y € R, then f(x) =0 for all x € R.
[Note: It is, however, possible that there are nonzero functions defined
on subsets of R, such as (0, 00) that satisfy f(zy) = f(x)+ f(y) for all
2,1y in the domain of f. A prominent example of this is the logarithmic
function, which will be discussed in Section 7.1.]
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20.

21.

22.

23.

24.

25.

26.

27.

(ii) If f(zy) = f(z)f(y) for all z,y € R, then either f(z) =0 for all z € R,
or f(x) =1 for all z € R, or f(0) = 0 and f(1) = 1. Further, f is
either an even function or an odd function.

Give examples of even as well as odd functions f : R — R satisfying

flay) = F(@)f(y) for all .y € .

Prove that the absolute value function, that is, f : R — R defined by

f(x) = |z|, is not a rational function.

Prove that the function f : [0,00) — R defined by the following is an

algebraic function:

(i) fx) =14 Y. (i) flz) = Vo +V2a, (i) f(z) = Vo + Y.
Let f: R — R be the function defined by the following:

() fx) =2, (i) flz) =2, (i) f(2) = |z, () f(2) = V]2l

Sketch the graph of f and determine the points at which f has local
extrema as well as the points of inflection of f, if any, in each case.
Let f:(0,00) — R be the function defined by the following:

L )@=,

|| x

() flo) = Ve, (i) flz) =22, (i) f(z) =

Sketch the graph of f and determine the points at which f has local
extrema as well as the points of inflection of f, if any, in each case.
Given any f: D — R and ¢ € R, define functions g., h., k¢, and £, from
R to R as follows:

ge(x) = f(x) + ¢, he(x) = cf(x), ke(z) = flz+c), Le(x) = f(cx).

If f is given by f(z) = 2™ for all z € R, then sketch the graph of g., h.,
ke, and £, when n =1,2or 3 and ¢ =0, 1, 2, —1, —2, % or —%.
Consider D C R and f : D — R defined by the following. Determine
whether f is bounded above on D. If yes, find an upper bound for f on
D. Also, determine whether f is bounded below on D. If yes, find a lower
bound for f on D. Also, determine whether f attains its upper bound or
lower bound.

(i) D= (-1,1) and f(x) =2*—1, (ii) D= (-1,1) and f(z) =2 — 1,

1
1422’
Let D be a bounded subset of R and f : D — R be a polynomial function.
Prove that f is bounded on D.

Let I be an interval and f : I — R be a monotonically increasing function.
Given any r € R, show that rf : I — R is a monotonically increasing
function if > 0 and a monotonically decreasing function if r < 0.

(iii) D = (1,1 and f(x) = 2% —22 -3, (iv) D =R and f(x)
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Let I be an interval and f : I — R be a convex function. Given any r € R,

show that rf : I — R is a convex function if r > 0 and a concave function

if r <0.

Let I be an interval and f,g : I — R be convex functions. Show that

f+g:1— Ris also convex.

Give an example of f: (0,1) — R such that f is

(i) strictly increasing and convex,  (ii) strictly increasing and concave,

(iii) strictly decreasing and convex, (iv) strictly decreasing and concave.

Give an example of a nonconstant function f : (—1,1) — R such that f

has a local extremum at 0, and 0 is a point of inflection for f.

Let I be an interval and f : I — R be any function.

(i) If f is monotonically increasing as well as monotonically decreasing
on I, then show that f is constant on I.

(ii) If f is convex as well as concave on I, then show that f is given by a
linear polynomial (that is, there are a,b € R such that f(z) = ax +b
for all x € T).

Let I be an interval and f : I — R be any function. Show that f is

convex on [ if and only if the slope of the chord joining (z1, f(x1)) and

(z, f(z)) is less than or equal to the slope of the chord joining (z, f(x))

and (xo, f(x2)) for all 1 < & < x5 in I.

Let I be an interval and f : I — R be any function. If f is convex on I,

then show that for any x4, ...,z, € I and any nonnegative real numbers

t1,...,t, with t; +---+ ¢, = 1, we have

f(t1$1 4+ 4 tnl‘n) < t1f($1) —+ . +tnf($n)

[Note: The above inequality is sometimes called Jensen’s inequality.]
Use Jensen’s inequality in Exercise 34 to show that if n € Nand aq,...,a,
are nonnegative real numbers, then (a; + -+ a,)? < n(a? + - +a?).
For f,g: R — R, which of the following statements are true? Why7
(i) If f and g have a local maximum at = = ¢, then so does f + g.
(ii) If f and g have a local maximum at z = ¢, then so does fg. What if
f(x) >0 and g(x) > 0 for all x € R?
(iii) If ¢ is a point of inflection for f as well as for g, then it is a point of
inflection for f + g.
(iv) If ¢ is a point of inflection for f as well as for g, then it is a point of
inflection for fg.

Part B

Given any ¢, m € 7Z with £ # 0, prove that there are unique integers g and
r such that m = fq+r and 0 <r < |¢|. (Hint: Consider the least element
of the subset {m — ¢n : n € Z with m — ¢n > 0} of Z.)

Given any integers m and n, not both zero, a positive integer d satisfying

(i)d|mandd|n and (ii)e€Z,e|mande|n=c¢l|d
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45.

is called a greatest common divisor, or simply a GCD, of m and n. If
m =n = 0, we set the GCD of m and n to be 0. Given any m,n € Z, show
that a GCD of m and n exists and is unique; it is denoted by GCD(m, n).
Also show that GCD(m,n) = wm + vn for some u, v € Z. (Hint: Consider
the least element of {um + vn : u,v € Z with um + vn > 0}.)

Let m,n € Z. Show that m and n are relatively prime if and only if
GCD(m,n) = 1. Also show that m and n are relatively prime if and only
if wum + vn =1 for some u,v € Z. Is it true that if a positive integer d
satisfies um + vn = d for some u,v € Z, then d = GCD(m,n)?

Let m,n € Z be relatively prime integers different from +1. Show by an
example that the integers u, v satisfying um + vn = 1 need not be unique.
Show, however, that there are unique u, v € Z such that um+wvn = 1 and
0 < w < |n|. In this case show that |v| < |m|. (Hint: Exercise 37.)

Given any integers m and n, both nonzero, a positive integer ¢ satisfying

(i)m|landn|¢ and () keN m|kandn|k=(|k

is called a least common multiple, or simply an LCM, of m and n. If
m = 0 or n =0, we set the LCM of m and n to be 0. Given any m,n € Z,
show that an LCM of m and n exists and is unique; it is denoted by
LCM(m,n). Also show that if m and n are nonnegative integers and we
let d = GCD(m,n) and £ = LCM(m, n), then d¢ = mn.

If m,n,n’ € Z are such that m and n are relatively prime and m | nn’,
then show that m | n’. Deduce that if p is a prime (which means that p
is an integer > 1 and the only positive integers that divide p are 1 and
p) and if p divides a product of two integers, then it divides one of them.
(Hint: Exercise 38.)

Prove that every rational number r can be written as

r= p, where p,q € Z, q > 0 and p, q are relatively prime,
q

and moreover the integers p and ¢ are uniquely determined by 7.

Show that if a rational number « satisfies a monic polynomial with integer
coefficients, that is, if & € Q and o™ + ¢_10™ ' + -+ c1a + ¢ = 0 for
some n € N and cg, ¢1,...,¢p—1 € Z, then a must be an integer. Use this
to solve Exercise 10 above.

Consider the set {(x,y) : € R and y € R} of ordered pairs of real
numbers. Define the operations of addition and multiplication on this set
as follows:

(x1,y1) + (z2,92) = (T1 + T2, Y1 + y2)

and
(w1,91)(22,92) = (T122 — Y1Y2, T1Y2 + Y172).

Show that with respect to these operations, all the algebraic properties
on page 3 are satisfied with R replaced by the above set of ordered pairs.
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[Note: It is customary to write ¢ = (0, 1) and identify a real number = with
the pair (x,0), so that a pair (z,y) in the above set may be written as
x+1iy. The elements x+iy considered above are called complex numbers.
The set of all complex numbers is denoted by C. By identifying = with
x +1i0 = (2,0), we may regard R as a subset of C.]

46. Show that C does not satisfy the order properties. In other words, it is
impossible to find a subset CT of C that satisfies properties similar to
those stated for R™ on page 4. (Hint: —1 is a square in C.)

47. A set D is said to be countable if it is finite or if there is a bijective map
from N to D. A set that is not countable is said to be uncountable.

(i) Show that the set {0,1,2,...} of all nonnegative integers is countable.
(ii) Show that the set {1,3,5,...} of all odd positive integers is countable.
Also, the set {2,4,6,...} of all even positive integers is countable.
(iii) Show that the set Z of all integers is countable.
48. Prove that every subset of a countable set is countable.
49. (i) If A and B are any countable sets, then show that the set A x B :=
{(a,b) : a € A and b € B} is also countable. (Hint: Write A = {a,, :
m € N} and B = {b,, : n € N}. List the elements (a,,b,) of A x B as
a two-dimensional array and move diagonally. Alternatively, consider
the map 2™3™ +— (am,, by) from an appropriate subset of N onto Ax B.)
(ii) Let {A, : n € N} denote a family of sets indexed by N. If A4,, is count-
able for each n € N, then show that the union J, .y A, is countable.
(iii) Show that the set Q of all rational numbers is countable.

50. Let {0,1}" denote the set of all maps from N to the two—element set
{0,1}. Prove that {0, 1}" is uncountable. (Hint: Write elements of {0, 1}
as (s1,s2,...), where s, € {0,1} for n € N. Given any f : N — {0, 1},
consider (t1,ts,...) defined by ¢, = 1 if the nth entry of f(n) is 0, and
t, = 0 if the nth entry of f(n)is 1.)

51. Let I,, = [an,bn], n € N, be closed intervals in R such that I,, 2 I, 41 for
each n € N. If # = sup{a,, : n € N} and y = inf{a,, : n € N}, then show
that © € I, and y € I,, for every n € N.

52. Let m,n € N and let x € R be such that z > 0 and x # 1. Show that

zm -1 2" -1 zm -1 2" -1
>

if m>n and < if m<n.
m n m n

(Hint: It suffices to assume that m > n. Write n(z™ — 1) — m(z™ — 1)
as (x — Do + 2"+ -+ 2™ H —(m—n)1+z+ -+ 2" ).
Compare the m —n elements 2™, 2”1, ..., 2™~ as well as the n elements
1,2,...,2" ! with 2", when < 1 and > 1.)

53. Let r € Q and a,b € R be such that a > 0, b > 0, and a # b. Prove that
ra” Ya—-b)<a —b" <rb""Ya-0b) ifr>1, and
o' Ha—b)<a" —b" <ra""Ya—-0b) fO0O<r<l.

(Hint: Write r = m/n, where m,n € N and use Exercise 52 with z =
(a/b)t/™ and with x = (b/a)'/™.)
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54. Use Exercise 53 to deduce the following;:

(i) [Basic Inequality for Rational Powers| Given any a,b € R and r €
Q such that @ > 0, b > 0 and 7 > 1, we have |a” —b"| < rM"~t|a —b|,
where M = max{|al, |b|}.

(ii) [Inequality for Rational Roots| Given any a,b € R and r € Q such
that ¢ > 0,0 > 0and 0 < r < 1, we have |a" —b"| < 2|a—>b|". (Hint: It
suffices to assume that 0 < b < a. Now, if b < a/2, then " —b" < a" <
2"(a—b)", whereas if b > a/2, then a” —b" < rb""(a—b) < r(a—b)".
Note that max{r,2"} < 2.)

(ii) [Binomial Inequality for Rational Powers| Given any a € R and
r € Q such that 1 +a > 0 and » > 1, we have (1 + a)" > 1+ ra.
Further, if > 1, then (1 +a)” > 1+ ra.

55. Give an alternative proof of the A.M.-G.M. inequality as follows.

(i) First prove the inequality for n numbers ay,...,a, when n = 2™ by
using induction on m.

(ii) In the general case, choose m € N such that 2™ > n, and apply (i)
to the 2™ numbers a1,...,an,9,...,g, with g repeated 2™ — n times,
where g = /a1az---ap.

56. Use the Cauchy—Schwarz inequality to prove the A.M.-H.M. inequality,
namely, if n € N and ay, ..., a, are positive real numbers, then prove that
ay+---+ay n 1 1

> .,  where r:= +oe
n r ax (n

57. Given any n € N and positive real numbers aq, ..., a, let

P 1/p

Mp:<a1+-7~]-+aﬁ> for p € Q with p # 0.
Prove that if p € Q is positive, then M, < M>, and equality holds if and
only if a1 = -+ = a,. (Hint: Cauchy—Schwarz inequality.)
[Note: M, is called the pth power mean of aq,...,a,. In fact, M; is the
arithmetic mean and M _q is the harmonic mean, while M5 is called the
root mean square of ay, ..., a,. A general power mean inequality, which
includes as a special case the above inequality M, < Ma,, the A.M.-G.M.
inequality, and the G.M.-H.M. inequality, is described in Exercise 27 in
the list of Revision Exercises at the end of Chapter 7.]

58. Given any (x),p(x) € Rlz] with ¢(z) # 0, use induction on deg{(z) to
prove that there are unique polynomials ¢(x) and r(z) in R[z] such that

p(x) = g(x)l(x) + r(x), and either r(x) = 0 or degr(x) < deg(z).

59. Given any p(z) € R[z] and o € R, show that there is a unique polynomial
q(z) € R[z] such that p(z) = (x — @)q(x) + p(a). Deduce that « is a root
of p(z) if and only if the polynomial (x — «) divides p(x).

60. Show that a nonzero polynomial in R[z] of degree n has at most n roots
in R. (Hint: Exercise 59.)
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61.

62.

63.

64.

65.

1 Numbers and Functions

Given any p(z),q(z) € R[z], not both zero, a polynomial d(z) in R|x]
satisfying

(i) d(z) | plx) and d(z) | q(z), and

(i) e(x) € Rlz], e(x) [ p(z) and e(z) | g(x) = e(z) | d(z)

is called a greatest common divisor, or simply a GCD, of p(z) and
q(z). In case p(z) = q(z) = 0, we set the GCD of p(z) and ¢(z) to be 0.
Prove that for any p(z),¢(z) € R[z], a GCD of p(x) and ¢(z) exists, and
is unique up to multiplication by a nonzero constant, that is, if dq(z) as
well as da(z) is a GCD of p(x) and g(x), then do(x) = edi(x) for some
¢ € R with ¢ # 0. Further, show that any GCD of p(z) and ¢(z) can
be expressed as u(z)p(z) + v(z)g(x) for some u(x),v(x) € Rlz]. (Hint:
Consider a polynomial of least degree in the set {u(x)p(z) + v(z)q(x) :
u(z),v(z) € Rlz] with u(z)p(z) +v(z)g(z) £ O},

Let p(z), ¢(x) € R[z]. Show that p(z) and ¢(z) are relatively prime if and
only if u(z)p(x) + v(z)q(z) = 1 for some u(z),v(z) € R[z]. Is it true that
if a nonzero polynomial d(z) € R[] satisfies u(z)p(x) + v(x)q(x) = d(x)
for some u(z),v(x) € R[z], then d(z) is a GCD of p(z) and ¢(z)?

Let p(x),q(x) € R[z] be relatively prime polynomials of positive degree.
Show by an example that the polynomials u(z),v(z) € R[z]| such that
u(x)p(z) + v(x)g(x) = 1 need not be unique. Show, however, that there
are unique u(x), v(x) € R[z] such that u(x)p(z) + v(z)g(xz) = 1 and either
u(z) = 0 or degu(x) < deggq(x). In this case show that either v(x) =0 or
degv(z) < degp(z). (Hint: Exercise 58.)

Let p(x), ¢1(x) and g2(z) be nonzero polynomials in R[z] of degrees m, dj,
and dag, respectively. Assume that ¢; (z) and g2 (z) are relatively prime and
that dy and dy are positive. If m < di +ds, then show that there are unique
polynomials uj (), ua(z) € R[z] such that p(z) = ui(x)ge(x) +ua(z)q1 ()
and for ¢ = 1,2, either u;(x) = 0 or degu;(z) < degg;(x). Deduce that if
q(x) := q1(x)gz2(x), then

p(x) _ ui(z) | uz()
qz)  qz)  q)

Let g(x) € R[x] be a nonzero polynomial of degree n. Use the Real Fun-
damental Theorem of Algebra to write g(z) = g1(x)° - - - g (x)%*, where
ei1,...,e are positive integers and ¢i(x),...,qx(x) are distinct polyno-
mials in R[z] that are either linear of the form =z — o with @ € R or
quadratic of the form x? + Bz + v with 3,7 € R such that 5% — 4y < 0.
Show that the polynomials ¢;(x)% and g¢;(x)% are relatively prime for
1,7 = 1,...,k with ¢ # j. Use Exercise 64 and induction to show that
given any nonzero polynomial p(z) € R[z] with deg p(z) < deg q(z), there
are unique polynomials u;(x), ..., ug(x) € R[x] such that either u;(x) = 0
or degu;(x) < e;degg;(x) fori =1,...,k and

) _ wl@) | )
a@) " @) ar ()
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66.

67.

68.

69.

70.

Let p(z), q(z) € R[z] be nonzero polynomials of degrees m and n respec-
tively. Let e € N be such that m < en. Show that there are polynomials
Aq(z),..., Ac(x) in Rlz] such that either A;(z) = 0 or deg A;(x) < n
fori =1,...,e and p(x) = A1(x)q(x)°! + Aa(x)q(x)¢72% + -+ + Ae(x).

Deduce that

p(@) _ Aile) | Aso(x) | Ae(a)

q(z)  qlx)  qz)? q(z)e
(Hint: Let Ro(z) := p(z). Use Exercise 58 to find A;(x),..., Ac(z) and
Ri(z),..., Re(x) successively in such a way that R, _1(z) = A;(x)q(z)* "+
Ri(x) fori=1,...,e.)
Use Exercises 58, 64, 65, and 66 to show that every rational function has
a partial fraction decomposition as stated in this chapter.
Let C[z] denote the set of all polynomials in one variable x with coefficients
in C. Elements of C[x] look like ¢, 2™ + ¢, 12"~ + -+ + c17 + ¢y, where
n is a nonnegative integer and cg,c1,...,¢, € C. In particular, the set
R[] of all polynomials in x with coefficients in R is a subset of C[z]. For
polynomials in C[z], the notions of equality, coefficients, degree, addition,
multiplication, evaluation, and division are defined in a similar way as in
the case of R[z]. Given any p(z) € C[z] (in particular, any p(x) € R[z])
and a € C, we say that « is a (complex) root of p(z) if p(a) = 0. Show
that the results in Exercises 58, 59, 61, and 63 are valid if R is replaced
throughout by C.
The Fundamental Theorem of Algebra states that if p(z) is a poly-
nomial in Clz] of positive degree, then p(x) has at least one root in C.
(i) Assuming the Fundamental Theorem of Algebra, show that if p(x) is

a polynomial in C[z] of positive degree n € N, then we can write

p(r) = clr — ) (z - an),

where c is the leading coefficient of p(x) and aq, ..., a,, are (not nec-
essarily distinct) complex numbers.

(ii) Show that if p(x) € Rlz] and if a complex number o = a + b is a root
of p(x), then its conjugate & := a — ib is also a root of p(x).

(iii) Show that the Fundamental Theorem of Algebra, as stated above, and
the Real Fundamental Theorem of Algebra, as stated in this chapter,
are equivalent to each other, that is, assuming one of them, we can
deduce the other.

Let Clx,y] denote the set of all polynomials in two variables = and y
with coefficients in C. Elements of C[z,y] look like P(z,y) = > ¢; jz'y7,
where ¢ and j vary over finite sets of nonnegative integers, and ¢; ; € C. If
P(x,y) is not the zero polynomial, that is, if some ¢; ; is nonzero, then the
(total) degree of P(z,y) is defined be max{i+j : ¢; ; # 0}. We say that
P(z,y) is homogeneous of degree m if each term has degree m, that is,
i+j = m whenever ¢; ; # 0. As in the case of polynomials in one variable,
we can substitute real or complex numbers for the variables = and y. A
pair (a, 3), where o, 8 € C, is called a root of P(z,y) if P(«,3) = 0.
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71.

72.

73.
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(i) Show that there are nonzero polynomials in Clz,y] with infinitely
many roots. Show, however, that there is no nonzero polynomial
P(z,y) € Clx,y] such that P(o,8) = 0 for all @« € D and 3 € E,
where both D and E are infinite subsets of C.

(ii) Show that if P(x,y) is a homogeneous polynomial of positive degree
m, then P(x,y) factors as a product of homogeneous polynomials of
degree 1, that is,

P(x,y) = H(aia: + Bwy) for some «;, 3, € C, 1 <i<m.
i=1

Deduce that the pair (8;, —«;) is a root of P(xz,y) for i = 1,...,m,
and up to proportionality, these are the only roots of P(z,y), that
is, if (e, B) is a root of P(z,y), then (o, ) = (ABi, —Aq;) for some
A€ Candie{l,...,m}. (Hint: Consider P(x,1) or P(y,1), and use
Exercise 69.)

Let f : [a,b] — R be a function and ¢ be any point of (a,b).

(i) If f is monotonically (resp. strictly) increasing on [a, ¢] and on [c, b],
then show that f is monotonically (resp. strictly) increasing on [a, b].

(ii) If f is convex (resp. strictly convex) on [a,c] and on [e, ], then is it
true that f is convex (resp. strictly convex) on [a, b]?

Let I be an interval containing more than one point and f : I — R be

any function. Given any x1,xs € I with x; # x2, define

(w1, ) = fla1) = faz)
1 — T2
Show that f is convex on [ if and only if ¢ is a monotonically increasing
function of z1, that is, ¢(z1,2) < ¢(xe,x) for all x1,xe € I with 1 < a9
and z € T\ {x1, 22}
Let I be an interval containing more than one point and f : I — R be
any function. Given any distinct points x1, 2, x3 € I, define

(x3 — x2) f(z1) + (71 — 23) f(22) + (22 — 1) f(73)

¥(w1,22,23) = (z1 — z2)(22 — a3) (23 — 21)

(i) Show that ¥ is a symmetric function of x1,xs,xs, that is, show
that V(z1,72,73) = ¥(22,21,73) = ¥ (23, 72,71) = ¥(21,73,72) =
W(m2,m3,m1) = W(l’37$17$2).

(ii) If ¢ is as in Exercise 72 above, then show that

(w1, 23) — P02, 23)

Ty — T2

U(xy,20,23) = for distinct x1, 22, 23 € I.

(iii) Show that f is convex on [ if and only if ¥(x1,22,23) > 0 for all
distinct points z1,x9,x3 € I.
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Sequences

The word sequence is almost self-explanatory. It refers to a succession of cer-
tain objects. For us, these objects will be real numbers. A sequence of real
numbers looks like an infinite succession such as

ai,az,as,a4,as, . ..

where the a,’s are real numbers. For example,

1 1111
7273747577

is a sequence of real numbers. If we see a sequence, it is natural to ask where
it leads. For example, the above sequence 1, %, ;}, ... seems to approach 0. We
shall make this idea precise by defining the notion of convergence of sequences.

In Section 2.1 below, we begin with the formal definition of a sequence and
go on to discuss a number of basic concepts and results. Along the way, we
will look at numerous examples of sequences and see whether they approach
a fixed number. Next, in Section 2.2, we consider the notion of a subsequence
of a given sequence, and also a special class of sequences known as Cauchy
sequences. We show that any sequence in R that satisfies a mild condition of
being ‘bounded’ has a convergent subsequence. Also, we show that a sequence
in R is convergent if and only if it is a Cauchy sequence.

2.1 Convergence of Sequences

A sequence (in R) is a real-valued function whose domain is the set N of
all natural numbers. Usually, we shall denote sequences by (a,), (by), and so
on, or sometimes by (A,), (By), and so on. The value of a sequence (a,) at
n € N is given by a,, and this is called the nth term of that sequence. Here
are some simple examples: For n € N, consider
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(i) ap :=1, (ii) a, = (=)™, (iii) ay, := le’ (iv) ap :=n, (V) an = (=1)"n.

We shall use the terms ‘bounded’, ‘unbounded’, ‘bounded above’, ‘bounded
below’ for a sequence just as we use them for any function. Thus the sequences
defined in (i), (ii), and (iii) are bounded, but those defined in (iv) and (v) are
not bounded. The sequence defined in (iv) is bounded below (by 1), but it
is not bounded above, while the sequence defined in (v) is neither bounded
above nor bounded below.

We say that a sequence (a,,) is convergent if there is a € R that satisfies
the following condition: For every ¢ > 0, there is ng € N such that

la, —a] <€ forall n>ng.

In this case, we say that (a,) converges to a or that a is a limit of (a,),
and write a,, — a (as n — 00). A sequence that is not convergent is said to
be divergent.

Examples 2.1. (i) If a,, := 1 for n € N, then obviously a,, — 1.

(i) If a,, := (—=1)" for n € N, then (a,) is divergent. This can be seen
as follows. Let a € R. If |a| # 1, let € := min{|a — 1|,]|a 4+ 1|}. Then ¢ > 0.
Observe that |a, —a| > € for all n. If |a| = 1, then let € := 2, and observe that
|an, — 1] > € for all odd n and |a,, — (—=1)|] > € for all even n.

(iii) If ay, := 1/n for n € N, then a,, — 0. Indeed, given € > 0, we can take
no := [1/€] + 1, and then |a,, — 0| < € for all n > ny.

(iv) If a,, := n for n € N, then (a,,) is divergent. Indeed, given a € R, we
have |a, —a| > 1 for all n > [|a|] + 1. Similarly, if a,, := (=1)"n for n € N,
then (a,) is divergent.

Before we begin our discussion of convergent sequences, we make two ob-
servations.

First, the convergence of a sequence (a,,) is not altered if a finite number
of a,’s are replaced by some other b,’s. Thus if we replace an,,...,a,, by
bny, ..., by, respectively, then the altered sequence converges if and only if
the original sequence converges. With this in view, we may sometimes regard
(1/ay,) as a sequence if we know that all except finitely many a,,’s are nonzero.

Next, if a,, — a, then the inequality

llan| = la|| < |an —al, neN,

shows that |a,| — |a|. The converse is not true as can be seen by considering
a, = (—1)" for n € N. However, if |a,,| — 0, then clearly a,, — 0.

Proposition 2.2. (i) A convergent sequence has a unique limit.
(ii) A convergent sequence is bounded.
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Proof. (i) Suppose a, — a as well as a, — b. If b # a, let € := |a — b
Since a,, — a, there is ny € N such that |a,, — a|] < €/2 for all n > nqy, and
since a,, — b, there is ny € N such that |a, — 0| < ¢/2 for all n > no. Let
no = max{ni,na}. Then

€ €
@ = bl < [a — any| +lan, —b| < o + 5 = lo— 1],

This contradiction shows that b = a.
(ii) Let a,, — a. Then there is ng € N such that |a, —a| < 1 for all n > nyg.

If o := max{|a1], ..., |an,|, |a| + 1}, then |a,| < « for all n € N. Hence (a,,) is
bounded. O

Let a,, — a. In view of part (i) of Proposition 2.2, we say that a is the
limit of (a,) and write

lim a, = a.
n—oo

Example 2.1 (ii) shows that the converse of part (ii) of the above proposition
does not hold.

We now prove some results that are useful in proving convergence or di-
vergence of a variety of sequences.

First we consider how the algebraic operations on R are related to the
concept of the convergence of a sequence of real numbers. The following result
is known as the Limit Theorem for Sequences.

Proposition 2.3. Let a,, — a and b,, — b. Then

(i) an + by — a+b,
(ii) ra, — ra for any r € R,
(iii) anb, — ab,
(iv) if a # 0, then there is m € N such that a, # 0 for all n > m, and

1 —
an @
Proof. Let € > 0 be given. There are ny,ns € N such that
lap, —a|l <eforalln>mn; and |b, —b| <eforall n>no.
(i) Let ng := max{ny,na}. Then for all n > ng,
lan, + by, — (a+0)| < |an —a|l+ |by, — b < e+ € =2e.
(ii) Let ng := ny. Then for all n > ny,
lran, —ral = |r| |lan — al < |r|e.

(iii) By part (ii) of Proposition 2.2, there is & € R such that |a,| < « for
all n € N. Let ng := max{ni,na}. Then for all n > ny,
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|anby, — ab| = |an (b, — b) + (an, — a)b
S ‘an‘ |bn - b| + |a'n - a" |b‘
< e+ €e)b| = (a+ |b])e.
(iv) Since |a| > 0, there is m € N such that |a,, — a| < |a|/2 for all n > m.

But then |a,| > |a| — |a — an| > |a|/2 for all n > m. Let ng := max{ny, m}.
Then for all n > ng, we have a,, # 0 and

1 1] Ja—an] 2¢
an al " Janllal < a2
Since € > 0 is arbitrary, the desired conclusions follow. O

With notation and hypotheses as in the above proposition, a combined
application of parts (i) and (ii) of Proposition 2.3 shows that a,, — b, — a — 0.
Likewise, a combined application of parts (iii) and (iv) of Proposition 2.3
shows that if b # 0, then a,, /b, — a/b. Further, given any m € Z, successive
applications of part (iii) or part (iv) of Proposition 2.3 show that a]' — a™,
provided a # 0 in case m < 0.

Next, we show how the order relation on R and the operation of taking
the kth root are preserved under convergence.

Proposition 2.4. Let (a,) and (b,) be sequences and a,b be real numbers
such that a,, — a and b,, — b.

(i) If there is ng € N such that a,, < b, for alln > ng, then a < b. Conversely,
if a < b, then there is mg € N such that a,, < b, for all n > my.
(ii) If ap, > 0 for allm € N, then a > 0 and ax/* — al/k for any k € N.

Proof. (i) Suppose b < a. Let € := (a—b)/2. Since b,, — b, there is n; € N such
that ny > ng and b, < b+eforallm > ny. But since b+¢ = (a+b)/2=a—c¢,
we have a, < b, < a — € for all n > ny. This is a contradiction to a,, — a.
Hence a < b.

Conversely, suppose a < b. Let € := (b — a)/2. There is m; € N such that
a, < a+ € for all n > m; and there is my € N such that b,, > b — ¢ for all
n > msq. Let mg := max{my, ma}. Since b — ¢ = (a + b)/2 = a + €, we have
an < (a+0b)/2 < by, for all n > my.

(ii) Part (i) implies that a > 0. Let k € N and € > 0 be given. Since €* > 0,
there is ny € N such that |a, — a| < €* for all n > ny. Hence by the basic
inequality for roots (part (ii) of Proposition 1.9), we obtain

\a}/k — al/k| <lan —a\l/k < e forall n > no.

It follows that a}/k — aql/k, O
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We note that it is possible to have a, — a, b, — b, a, < b, for alln € N
and yet a = b. For example, let a, := 0 and b, := 1/n for all n € N and
observe that a =0 = b.

With notation and hypotheses as in the above proposition, a combined
application of part (iii) of Proposition 2.3 and part (ii) of Proposition 2.4
shows that if a, > 0 for all n € N, then a], — a”, where r is any positive
rational number, since we can write r = m/k, where m, k € N. This, together
with part (iv) of Proposition 2.3, shows that if a > 0, then a], — a”, where r
is any negative rational number.

Proposition 2.5 (Sandwich Theorem). Let (ay,), (b,), (¢,) be sequences
and ¢ € R be such that a, < ¢, < b, for alln € N and a,, — ¢ as well as
b,, — c¢. Then ¢,, — c.

Proof. Let € > 0 be given. Since a,, — ¢, there is n; € N such that a,, —¢ > —¢
for all n > ny, and since b,, — ¢, there is ny € N such that b, — ¢ < € for all
n > ng. Let ng := max{ni,na}. Then

—e<ap—c<c,—c<b,—c<e forall n>ng.
It follows that ¢,, — c. a

We now use the above result to show that the supremum and the infimum
of a subset of R are limits of sequences in that subset.

Corollary 2.6. Let E be a nonempty subset of R.

(i) If E is bounded above and a := sup E, then there is a sequence (a,) such
that a, € E for alln € N and a,, — a.

(ii) If E is bounded below and b := inf E, then there is a sequence (by,) such
that by, € E for allmn € N and b, — b.

Proof. To prove (i), suppose E is bounded above. Let a := sup E. Then for
every n € N, there is a, € F such that a,, > a — (1/n). Since a,, < a, we

see that 0 < a — a,, < (1/n) for all n € N. Thus, by the Sandwich Theorem,

an — a.

The proof of (ii) is similar. O
Examples 2.7. (i) Let a € R with |a| < 1. Then

lim a"™ = 0.
n—oo

If @ = 0, this is obvious. Suppose a # 0. Write 1/|a|] =1+ h. Then h > 0
and so by the binomial inequality given in Proposition 1.10, we have

=(1+4+h)">1+nh>nh foralneN

ja
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Hence 0 < |a|™ < 1/nh. By part (ii) of Proposition 2.3 and Example 2.1
(iii), 1/nh — 0. Therefore, by the Sandwich Theorem, |a|™ — 0, and thus
a™ — 0. As a consequence, we can find the limit of the sequence (A,),
where A, :==1+a+---+a" for n € N. Since 4,, = (1 —a"")/(1 — a)
for n € N, it follows that

lim (14+a+---4+ad") =

n—oo 1—a’

(ii) Let @ € R. Then

.a
lim =0.
n—oo n!

Choose m € N such that |a| < m. Then for n > m, we have

ol ol _lel (o) (el
m! j m! \m m! \m /) ’

j=m+1

an

0<

n!

Since m is a constant and (Ja|/m)"” — 0 by (i) above, the Sandwich
Theorem shows that |a”/n!| — 0, that is, a™/n! — 0.
(iii) Let @ € R and a > 0. Then

lim o*/" = 1.

n—oo
This is obvious if @ = 1. Suppose a > 1 and §,, := a'/™ — 1 for n € N. By
the Binomial Theorem,

a=1+6)"=14nb,+ -+ 0, > ndp,

so that 0 < 0, < a/n for all n € N. Since a/n — 0, it follows from the
Sandwich Theorem that 8, — 0, that is, ¢’/ — 1. If 0 < a < 1, let
b:=1/a, so that 1/a'/™ = b*/™ — 1 because b > 1. Hence by part (iv) of
Proposition 2.3, '/ — 1/1 = 1.

(iv) For n € N, let

- o+ s
T n241 n242 n2+4+n

n -

Then C,, — 1. To see this, let

An::Z ro_ " and Bn:zz " " for n € N.

n24+n n24n n2+1:n2+1

k=1 k=1
Then A, < C, < B, for all n € N, and by Proposition 2.3,

1 1
A, = — 1 B, = — 1.
= 1 (1) and 14 (1/n2)

Hence by the Sandwich Theorem, C,, — 1. <&
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We have seen in part (ii) of Proposition 2.2 that every convergent sequence
is bounded. On the other hand, not every bounded sequence is convergent, as
is shown by the example a,, = (—1)" for n € N. We shall now consider a class
of sequences for which convergence is equivalent to boundedness.

A sequence (a,) is called (monotonically) increasing if the correspond-
ing function n + a,, is (monotonically) increasing, that is, if a,, < a,4+1 for all
n € N. Likewise, it is called (monotonically) decreasing if the correspond-
ing function is (monotonically) decreasing, that is, if a,, > a, 41 for all n € N.
A sequence is said to be monotonic if it is either monotonically increasing
or monotonically decreasing.

Proposition 2.8. (i) A monotonically increasing sequence is convergent if
and only if it is bounded above. Moreover, if a sequence (ay) is monoton-
ically increasing and bounded above, then

lim a,, =sup{a, : n € N}.
n—oo

(ii) A monotonically decreasing sequence is convergent if and only if it is
bounded below. Moreover, if a sequence (ay) is monotonically increasing
and bounded above, then

lim a,, = inf{a, : n € N}.
n—oo

Proof. (i) Let (a,) be a monotonically increasing sequence. Suppose it is

bounded above. Then the set {a,, : n € N} has a supremum. Let a := sup{a,, :

n € N}. Given € > 0, there is ng € N such that a — € < a,,. But since (a,,) is

monotonically increasing, we have a,, < a,, for all n > ng. Hence

a—€e<a, <a<a-+e forall n>ng.

Thus a,, — a. Conversely, if (a,,) is convergent, then it is bounded above by
part (ii) of Proposition 2.2.

(ii) A proof similar to the one above can be given. Alternatively, one may
observe that if (a,,) is monotonically decreasing, and if we let b,, :== —a,,, then
(b,,) monotonically increasing. Also, (a,) is bounded below if and only if (b,,)
is bounded above, and in this case, inf{a, : n € N} = —sup{b, : n € N}.
Also, by part (ii) of Proposition 2.3, a,, — « if and only if —a,, — —a. Thus
the desired results follow from (i) above. O

Corollary 2.9. A monotonic sequence is convergent if and only if it is
bounded.

Proof. Follows from parts (i) and (ii) of Proposition 2.8. O
Examples 2.10. (i) Consider the sequence (A,,) defined by

"1 1 1 1
A”::;k!:1+1!+2!+m+n! for n € N.
=0
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Clearly, (A,,) is a monotonically increasing sequence. Also, for any n € N,

11 1 1
A, <1+1 —142(1- <3.
STHl+  + oty =1+ ( 2n)

Hence (A,,) is bounded above. So by part (i) of Proposition 2.8, (A4,,) is
convergent.
(ii) Consider the sequence (B,,) defined by

1 n
B,, = <1+n> for n € N.

We show that (B,,) is convergent and its limit is equal to the limit of the
sequence (A,,) considered in (i) above. By the Binomial Theorem, we have

n

anzn(n—l)"]-f!(n—k-i-l)nlk :i1<1_i>...<1_k;1> ]i!.

k=0 k=0

This implies that B, < A,, for all n € N.
To find a lower bound for B, in terms of A,, we use the generalized
binomial inequality given in Proposition 1.10, and obtain for k = 1,...,n,

(1—0)<1—i>-~-(1—k;1>21—<o+i+...+k;1>.

Now, since 0+ 142+ .-+ (k — 1) = (k — 1)k/2, we see that

(k—1)k <n(n—1)~~(n—k+1)

1
on nk

for k=0,1,...,n.

Dividing by k! and summing from k& = 0 to k = n, we have

n

11 1
’;k!_an;(k—m!gB”'

k=

Moreover, from (i) above,

- 1
Z < A, <3 and hence An—23n<Bn§An for all n € N.

Therefore, by the Sandwich Theorem, (B,,) is convergent and its limit is
equal to the limit of (4,,) .

Alternatively, we may argue as follows. Let A,, — A and € > 0 be given.
Then there is ng € N such that A—(¢/2) < ay, for all n > ng. In particular,

€
A—2 < Ap,.
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For n € N, define

0 1 E—1\ 1
Cn._;1<1—n>--~<1— , )k!.

Then C,, < B, for all n > ny. By parts (i) and (iii) of Proposition 2.3,
Cp — > 32, (1/k!) = A, as n — oo. Hence there is ny € N such that

Apy — ; < (C, foralln>n;.
Now for all n > max{ng, n1}, we have
A—e<AnO—; <Co<B,<A,<A<A+e
This proves that B, — A. We remark that yet another proof of the
convergence of the sequence (B,,) is indicated in Exercise 8. The common
limit of the sequences (A,,) and (B,,) is an important real number. This
real number, denoted by e, will be introduced in Chapter 7. See Section

7.1 and, in particular, Corollary 7.6.
(iii) Consider the sequence (A;) defined by

1 1 1
A, =1+ + _+---+ for n € N.
2 3 n

Clearly, (A,,) is a monotonically increasing sequence. Also, for n € N, we

have
A L (L R Lopq!
S 34 on—1 4 1 on
S14+t4 24 +2n_1
2" 4 on
n
— 14 .
ty

Hence there is no o € R such that 4, < « for all n € N, that is, (4,)
is not bounded above. Hence (A4,,) is not convergent. Let us modify the

sequence (A,) by changing the signs of alternate summands of its terms
and define

1
Bn1:1—2+ _..._;_(_1)”*1” for n € N.

We shall show that (B,,) is convergent. First note that % < B,, < 1. Let
C, := By,_1 and D,, := By, for n € N. Then for every n € N, we have

1 1

_ — _ >
Cnir=Ch m+1 2n+2°~

<0 and Dy41—D, 0.

:2n—|—1_2n
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Hence (C,) is a monotonically decreasing sequence that is bounded below
by %, and (D,,) is a monotonically increasing sequence that is bounded
above by 1. By Proposition 2.8, both (C),) and (D,,) are convergent. Let
C,, — C and D,, — D. Now since D,, — C,, = zln — 0, we must have
D = C. Tt follows that (B,,) is convergent and B,, — C.

(iv) Consider the sequence (A,,) defined by

1 1 1
An::1+22+32+~-~+n2 for n € N.
Clearly, (A,) is a monotonically increasing sequence. Also, for n € N,
1 1 1
A, <1+

12 23T T s

Hence (A,,) is bounded above. So by part (i) of Proposition 2.8, (A4,,) is

convergent.
(v) Let p be a rational number and consider the sequence (A,,) defined by
A, =1 ! ! f N
n ‘= —|—2p+~-~+np orn € N.

Clearly, (A,,) is a monotonically increasing sequence. We have seen in (iii)
and (iv) above that if p = 1, then the sequence (4,,) is divergent, whereas
if p =2, then it is convergent. This implies that (A4,,) is divergent if p < 1,
and it is convergent if p > 2, because for each n € N,

1 1 1 1
0< < if p<1, while 0< <
n npP np

2 if p>2.

We now give an alternative argument that shows that (4,,) is convergent
if p > 1. Suppose p > 1. For n € N, we have

Mppr=1+ (e by Py (b b
et o " 4p (2n)P 3 " 5P (2n + 1)P
crvo(ty by
2 " 4p (2n)?
2 1 1
=1+2774,

<14+2V7PA5, .

Since 2'7P < 1, we see that As, 1 < 1/(1 —2P71) for n € N. Also, since
Agy < Agpyq for all n € N, it follows that (A,,) is bounded above. So by
part (i) of Proposition 2.8, we see that (A4, ) is convergent.
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(vi) Consider a sequence defined by a linear recurrence relation, that is, let
a, 3,7 € R and (a,,) be defined by

a1:=a and apyq:=Pa,+7vy forneN.

Assume that «, 8, are nonnegative and 3 < 1. Then each a,, is nonneg-
ative, and
az—a1 = far +v—a1=v—(1-PBa,

whereas for n > 1,

Apt1 — Qp = Ban +7 — (ﬁan—l + 'Y) = ﬁ(an - an—1)~

As a consequence, for n > 1,
Ang1 — an = " az —a1) = "y — (1 - B)al.

Thus, if v < (1 — B)a, it follows that (a,) is a monotonically decreasing
sequence which is bounded below by 0. Now, assume that v > (1 — §)a.
Then (ay,) is a monotonically increasing sequence. Further, a; = a <
v/(1 =) and for n > 1,

o By o
anél_ﬁ 1—ﬁ+7_1—ﬁ'

Hence, in this case, (ay) is bounded above by «/(1 — ). Thus, in any
case, Proposition 2.8 shows that (a,) is convergent. Let a,, — a. Then
Gn+1 — a and since a,41 = Ba, +v — Pa+-y, we obtain that a = fa+7,
that is, a = /(1 — /). &

= Unp+1 :ﬂan""yé

Remark 2.11. We introduce some notation for comparing the orders of mag-
nitude of two sequences (a,) and (by,).

If there are K > 0 and ng € N such that |a,| < K|b,| for all n > ng, then
we write a,, = O(by,) [read as (ay,) is big-oh of (b,,)]. In particular, if b,, = 1 for
all large n, then a,, = O(1), and this means that the sequence (ay,) is bounded.
Broadly speaking, a,, = O(b,,) if the order of magnitude of (a,,) is at most the
order of magnitude of (b,,). In case (a, ) and (b, ) are monotonically increasing
sequences and a,, = O(by,), then we also say that the growth rate of (ay) is
at most the growth rate of (b,,). For example,

. J10 100 1
(=1)"10n+ 100 = O(n) and (—1) " +n\/n —O<n>.

Given ¢ > 0, if there is ng € N such that |a,| < €]b,| for all n > ny,
then we write a, = o(by,) [read as (a,) is little-oh of (b,)]. If b, # 0 for all
large n, then a, = o(b,) means that lim, . (a,/b,) exists and is zero. In
particular, if b, = 1 for all large n, then a, = o(1), and this means that
an — 0. Broadly speaking, a,, = o(by,) if the order of magnitude of (a,,) is less
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than the order of magnitude of (b,,). In case (a,) and (b,,) are monotonically
increasing sequences and a,, = o(b,,), then we also say that the growth rate
of (a) is less than the growth rate of (b,,). For example,

10n + 100 = o(ny/n) and (—1)" 10 + 100 0 ( ! ) .

Suppose there is nonzero ¢ € R that satisfies the following condition: Given
e > 0, there is ng € N such that |a,, — ¢b,| < € for all n > ng. In this case,
we write a,, ~ b, [read as (a,) is asymptotically equivalent to (b,)]. Broadly
speaking, a,, ~ by, if (a,,) is of the same order of magnitude as (b,,). It can be
easily seen that ~ is an equivalence relation on the set of all sequences of real
numbers. If b, # 0 for all large n, then a,, ~ b,, means that lim,,_, o (a,/by)
exists and is nonzero. If (a,,) and (b,,) are monotonically increasing sequences
and a,, ~ by,, then we also say that (a,,) and (b, ) have the same growth rate.
For example,

10 100 1000 1
+ L+ ~

2 2
10n* +100n + 1000 ~ n* and 2 3 i w2

The notation introduced above is useful in understanding relative asymptotic
behavior of two sequences. <&

Remark 2.12. Before concluding this section, we describe how in some cases
00 or —oo can be regarded as a ‘limit’ of a sequence (a,). We say that (a,)
tends to oo or diverges to oo if for every o € R, there is ng € N such that
an > « for all n > ng, and then we write a,, — co. We write a,, 4 oo if (a,)
does not tend to co. Similarly, we say that (a,) tends to —oo or diverges to
oo if for every 8 € R, there is ng € N such that a,, < g for all n > ng, and
then we write a,, — —oo. We write a,, ~ — oo if (a,) does not tend to —oo.

If a,, — occ and b,, — £, where £ € R, then it is easy to see that a,,+b, — oo,
an by, — o0 provided ¢ > 0, and a, b, — —oo provided ¢ < 0, whereas if £ = 0,
then nothing can be said about the convergence of (a,b,), as the examples
(i) ap := n and b, := 0, (ii) a, := n and b, := 1/n, (iii) a, := n and
by :=1/v/n, (iv) a, := n and b, :== —1/y/n, (v) a,, := n and b, := (=1)"/n
show. Further, if a,, — oo and b,, — oo, then a, + b, — o and a,b, — .
Similar conclusions hold if a,, — —oo and b, — —oc. On the other hand, if
a, — oo and b, — —oo, then nothing can be said about the convergence of
ap, + by, as the examples (i) a, 1= n, b, := —n, (ii) ay, :=n, b, = —n+1, (iii)
ap =1, by = —/n, (iv) a, :=n, b, := —n2, (V) ay :=n, b, == —n + (—=1)"
show. Some of these ‘indeterminate’ cases can be tested using the method
indicated in Remark 4.44.

If a, > 0 for all n € N, then it is clear that a, — oo if and only if
1/a, — 0. Also, if (a,,) is monotonically increasing, then it is easy to see that
a, — oo if and only if (a,) is not bounded above. Similarly, if a,, < 0 for all
n € N, then a,, — —o0 if and only if 1/a,, — 0. Also, if (a,,) is monotonically
decreasing, then a,, — —oo if and only if (a,,) is not bounded below. <
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Examples 2.13. (i) Let p be a positive rational number and a,, := nP for n €
N. Then a,, — oo. Indeed, given any a € R, we have a,, > o if n > [\a\l/p].

(ii) Let a, := > p_,(1/k). Then a,, — oo, since (a,) is monotonically
increasing and, as shown in Example 2.10 (iii), (a,) is not bounded above.

(iii) Let @ € R be such that |a] > 1 and let a,, ;== a" forn € N. If a > 1,
then 1/a, = (1/a)™ — 0 (Example 2.7 (i)) and so a, — oo. If a < —1, then
consider by, := ag,_1, ¢, := ag, for n € N, and note that b,, = (a?)"/a — —oo,
¢n = (a?)" — oo, and so a,, /£ 00, a, / —o.

2.2 Subsequences and Cauchy Sequences

Let (a,) be a sequence. If ny, no, ... are positive integers such that ny < ngi1
for each k € N, then the sequence (a, ), whose terms are

Apyy Qpgy ooy

is called a subsequence of (a,). Note that ny < ng < --- implies that
nE — 00 as k — oo.

It is easy to see that a sequence (a,) converges to a if and only if every
subsequence of (a,) converges to a. This follows by observing that (a,) is
itself a subsequence of (a,) (if we take ny = k for k € N), and on the other
hand, if (a,,) is a subsequence of (ay), then for any ng € N, there is kg € N
such that ng > ng for all k& > ky.

Similarly, it can be seen that a sequence (a,) tends to oo if and only if
every subsequence of (a,,) tends to oo, and that (a,,) tends to —oo if and only
if every subsequence of (a,,) tends to —oo.

We now prove a remarkable fact about monotonic subsequences.

Proposition 2.14. Every sequence in R has a monotonic subsequence.

Proof. Let (ay,) be a sequence in R. Consider the ‘peaks’ in (a,,), that is, those
terms that are greater than all the succeeding terms. Let E be the set of all
positive integers n for which a,, is a ‘peak’; that is, let

E={neN:a, > ay for all m > n}.

First, assume that F is a finite set. Then there is ny € N such that n; > n for
every n € E. Since ny € E, there is ng € N such that ny > n; and a,, < ap,.
Again, since ny ¢ E, there is ng € N such that ng > ng and a,, < ap,.
Having chosen ny for & € N in this manner, we note that ny ¢ E and hence
there is ngq1 € N such that ngi1 > ng and an, < ap,,,. Thus we obtain a
monotonically increasing subsequence (ay, ) of (ay).

Next, assume that E is an infinite set. If we enumerate E as ni,no,...,
where n1 < ng < ---, then since n, € E for each k € N, we have a,, > an,
for all m > ny. In particular, taking m = ngy1, we get an, > an, ., for each
k € N. Thus we obtain a monotonically decreasing subsequence (ay,,) of (ay,).

In any case, we have proved that (a,) has a monotonic subsequence. 0O
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We shall use the above result to prove two important results in analysis,
known as the Bolzano—Weierstrass Theorem and the Cauchy Criterion. To
put the former result in perspective, note that every convergent sequence in
R is bounded (part (ii) of Proposition 2.2), but a bounded sequence need not
be convergent.

Proposition 2.15 (Bolzano—Weierstrass Theorem). Every bounded se-
quence in R has a convergent subsequence.

Proof. Let (a,) be a bounded sequence in R. By Proposition 2.14, (a,,) has
a monotonic subsequence (an, ). Since (a,) is bounded, so is its subsequence
(an,, ). Hence by Corollary 2.9, (an, ) is convergent. O

The following result may be viewed as a more elaborate version of the
Bolzano—Weierstrass Theorem.

Corollary 2.16. Let (a,,) be a sequence in R. If either (ay,) is bounded above
and a,+ — o0, or if (ay) is bounded below and a, -+ oo, then (a,) has a
convergent subsequence.

Proof. First assume that (a,,) is bounded above and a,, ++ —oo. The statement
an 7+ — oo means there is § € R such that for every ng € N, there is n € N
with n > ng and a, > (. Hence there are n; < ng < --- in N such that
an, > 0 for each k € N. The subsequence (a,,) in R is thus bounded above
as well as bounded below. So by the Bolzano—Weierstrass Theorem, (ay,, ) has
a convergent subsequence. Finally, we note that a subsequence of (a,, ) is a
subsequence of (a,,) itself.

If (ay,) is bounded below and a,, ++ 0o, the proof is similar. ]

As a consequence of the Bolzano—Weierstrass Theorem, we obtain a useful
characterization of convergent sequences as follows.

Proposition 2.17. A sequence in R is convergent if and only if it is bounded
and all of its convergent subsequences have the same limit.

Proof. If a sequence (a,) converges to a, then it is bounded by part (ii) of
Proposition 2.2 and clearly, every subsequence (and not just every convergent
subsequence) of (a,,) converges to a.

Conversely, assume that (a,) is a bounded sequence and there is a € R
such that every convergent subsequence of (a,) converges to a. We claim that
an, — a. For otherwise, there are ¢ > 0 and positive integers n1 < no < ---
such that |a,, —a| > € for all k € N. By the Bolzano-Weierstrass Theorem, the
bounded sequence (a,, ) has a convergent subsequence, which cannot possibly
converge to a. This is a contradiction. a

In general, proving the convergence of a sequence (a,,) is difficult since we
must correctly guess the limit of (a,) beforehand. There is a way of avoiding
this guesswork, which we now describe.
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A sequence (a,) in R is called a Cauchy sequence if for every € > 0,
there is ng € N such that

|an, — am| < e for all n, m > nyg.

It is clear that if (a,) is a Cauchy sequence in R, then (an4+1 —an) — 0 as
n — oo. The converse, however, does not hold. For example, if a,, := y/n for
n € N, then

! 0
= —
Vn+1+/n '

but (a,) is not a Cauchy sequence, because given any ng € N, we have

an+1_an:\/n+1_\/n

Aang — Ang = V4Ang — \/ng = /ng > 1.

The following result gives a useful sufficient condition for a sequence to be
Cauchy. A more general sufficient condition is given in Exercise 25.

Proposition 2.18. Let (a,) be a sequence of real numbers and a be a real
number such that a <1 and

lan+1 — an| < alay, — an—1| for all n € N with n > 2.
Then (ay,) is a Cauchy sequence.
Proof. For n € N, we have
lant1 — an| < alan, — an—1| < a2\an_1 —ap_zo| < < a"ay — a1
Hence for all m, n € N with m > n, we have

‘am - an| S ‘am - am—l‘ + ‘am—l - am—2| +-- 4+ ‘an—&-l — Qnp
<lag —ar] (@™ 2+ a™ P 4 4o
(I—am™™m)
(1-a)
1
1—a’

= lag — ay]a™?
< lag — a|a™?

If ay = ay, then it is clear that a,, = a; for all n € N, and (a,,) is a Cauchy
sequence. Suppose a2 # a1 and let € > 0 be given. Since a < 1, by Example
2.7 (i), we see that o™ — 0. Consequently, there is n¢ € N such that

e(l—a)

"l < | | for all n € N with n > nyg.
a2 — a1

Tt follows that |a,, — an| < € for all m, n € N with m,n > ng. Thus (a,) is a
Cauchy sequence. O
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It may be noted that the condition
lant1 — an| < ala, — an—1] for some o < 1

in the above proposition cannot be weakened to |a,4+1 — an| < |an — an-1]-
For example, if a,, := y/n for n € N, then

|an+1_an‘:\/n+1_\/n<\/n_\/n_1:‘an_anfl‘a

but, as we have just seen, the sequence (a,) is not Cauchy.

We are now ready to state and prove the Cauchy Criterion, which was
alluded to earlier. Briefly, it says that in R, the notions of convergent sequences
and Cauchy sequences are equivalent.

Proposition 2.19 (Cauchy Criterion). A sequence (ay) in R is convergent
if and only if it is a Cauchy sequence.

Proof. Let (a,) be a convergent sequence and a,, — a. Given any € > 0, there
is ng € N such that |a, —a| < €/2 for all n > ny. Consequently,

\an—am\§\an—a\+\a—am\<;+;:e for all n,m > ny.

Hence (ay,) is a Cauchy sequence.
Conversely, let (ay) be a Cauchy sequence. First, we show that (a,) is a
bounded sequence. Since (a,) is Cauchy, there is n; € N such that

lan, —am| <1 for all n,m > ny.

Hence
lan| < lan — any| + |an, | <1+ |an,| for all n > ny.

If we let o := max{|a1|,...,|an,~1], 1+ |an, |}, then we have |a,| < « for all
n € N. Hence (a,,) is a bounded sequence. Next, by the Bolzano—Weierstrass
Theorem, (a,) has a convergent subsequence (ay, ). Let a,, — a. We show
that in fact a,, — a. Let ¢ > 0 be given. Since (a,,) is Cauchy, there is ng € N
such that
€
lan — am| < 9 for all n,m > ng.

Also, since ay,, — a, there is kg € N such that
lan, —al < ; for all k > k.

Further, since n; < ng < ---, there is j € N such that j > kg and n; > ng.
Now,

\an—a|§|an—anj|+|anj—a\<;—i—;:e for all n > nyg.

Hence the sequence (a,,) is convergent. O
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The following example shows how the Cauchy Criterion can be used to
prove the convergence of a sequence.

Example 2.20. Consider the sequence (a,) defined by

1
a;:=1 and aps1:=1+ for n € N.
an
First we show that (ay) is a Cauchy sequence. It is clear that a, > 1 for all
n € N and hence

Aplp_1 = <1+ )an_l =ap_1+1>2 forallneN withn > 2.

(np—1

Since

1 1 1 1 Ap—1 — G
an+1_an:<1+ >_<1+ >: - = nt nv
Qn, (n—1 an, (n—1 AnAn—1
we see that

1
lant1 — an| < 2\an —ap—1| foralln € N withn > 2.

Hence by Proposition 2.18, (a,,) is a Cauchy sequence and by Proposition 2.19,
it is convergent. Let a,, — a. Then a,11 — a, and since a,+1 = 1+ (1/ay,),
we have a = 1+ (1/a). Also, a,, > 1 for all n € N implies that a > 1. Hence
a=(1++5)/2.

It may be noted that (a,) is not a monotonic sequence. In fact, for any
n € N with n > 2, we have a,, < a,41 if and only if a,,_1 > a,. So we cannot
appeal to Proposition 2.19 to deduce the convergence of (ay,). <&

We remark that the Completeness Property of R is crucially used (via
Corollary 2.9 and the Bolzano—Weierstrass Theorem) in the proof that every
Cauchy sequence in R is convergent. Conversely, assuming that every Cauchy
sequence in R is convergent, it is possible to establish the Completeness Prop-
erty of R. (See Exercise 42.) In view of this, the result in Proposition 2.19 is
sometimes referred to as the Cauchy completeness of R.

Notes and Comments

The concept of the convergence of a sequence is extremely crucial in calcu-
lus and analysis. It is the point of departure from ‘discrete mathematics’ to
‘continuous mathematics’. It makes precise the idea of serially numbered real
numbers coming arbitrarily close to a fized real number. In the next chapter,
this concept will be further extended to state what is meant by the ‘limit’ of a
function defined on a subset of R.
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The arguments used to prove the convergence of sequences in some of our
examples are not so standard. The convergence of the sequence (a,), where
an = 14+(1/2P)4- - -+(1/nP) forn € N andp > 1, is proved following an article
of Cohen and Knight [18]. Also, the proof (using the generalized binomial
inequality) of the convergence of the sequence (by,), where b, = (1 4+ (1/n))"
for n € N, is based on the article of Lyon and Ward [{6]. Several examples
of sequences that we have discussed in this chapter are, in fact, examples of
‘infinite series’ in disquise. A systematic study of infinite series will be taken
up in Chapter 9.

The Bolzano—Weierstrass Theorem given in the second half of this chapter
1s the cornerstone of much of mathematical analysis. Many of the properties
of a nice class of functions (the ‘continuous’ functions, which we shall intro-
duce in the next chapter) are based on this result. Classically, the Bolzano—-
Weierstrass Theorem is proved by considering a bounded interval that contains
mfinitely many terms of the sequence, dividing it in equal halves, and picking
a half that contains infinitely many terms of the sequence. This process can be
continued and it leads to a nested sequence of intervals in which a limit of a
subsequence is trapped. (See Exercises 33 and 34.) Another standard approach
to prove the Bolzano—Weierstrass Theorem as well as the Cauchy Criterion is
to use the notions of ‘cluster point’, limsup and liminf. (See Exercise 16 and
Ezercises 35 through 41.) We have bypassed either of these methods and in-
stead used a neat result that every sequence in R has a monotonic subsequence.
This result is easy to prove and can be of interest in itself. It appears, for ex-
ample, in the books of Spivak [57] (Lemma on page 378 of the first edition or
page 451 of the third edition), Newman [49] (Problem 6 and its solution), and
Ross [51] (Theorem 11.3).

Exercises

Part A

1. Which of the following sequences are bounded? Which of them are con-
vergent? In case of convergence, find the limit.
n

(i) ap := 7112, (ii) ap := /n, (i) a, = (=1)",  (iv) a, = —
(V) an = /n(Vn+1—1/n), (i) ap :=n®?(Vn3 +1—/n3).
2. Let (ay) and (b,) be sequences in R. Under which of the following condi-
tions is the sequence (anb,) convergent? Justify.
(i) (an) is convergent.
(ii) (ay) is convergent and (b,,) is bounded.
(iii) (an) converges to 0 and (by,) is bounded.
(iv) (an) and (b,) are convergent.
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3. Let a,b € R and (a,) be a sequence in R such that a,, — a. and a,, > b
for all n € N. Show that a > b. Give an example in which a,, > a for all
n € N, but a, — a.

4. Let a and x be real numbers. If (b,) and (¢,) are sequences in R such that

lim b,=0= lim ¢, and a-b,<zx<a+¢, forneN,
then show that x = a.
5. If (a,) is a sequence in R such that a, # 0 for all n, lim, oo |ant1/an]
exists and it is less than 1, then show that a,, — 0.
6. If k € N and = € R with |2| < 1, then show that

lim nFz™ = 0.
n—oo
7. For n € N, let a,, := n'/". Show that a1 < as < a3 and a,, > ap41 for all
n > 3. Further, show that

V2

1<a, <1+ for all n > 2
vn—1
and deduce that a,, — 1 as n — oo.
8. Show that the sequence (B,,) defined by

1 n
Bn::<1+n> forne N

is monotonically increasing. Deduce that the sequence (B,,) is convergent.
(Hint: Given n € N, use the A.M.-G.M. inequality for a; = --- = a, =
1/(n+1) and an41 := 1. Also, note that B,, <3 for all n € N.)
9. Show that the sequence (a,,) is convergent and find its limit if (a,,) is given
by the following.
(i) a1 :=1 and apy1 = (3an, +2)/6 for n € N.
) a1 :=1and apy1 :=an/(2a, + 1) for n € N.
) a1 :=1 and an+1 := 2a,/(4a, + 1) for n € N.
iv) a; :==2 and ap41 := /1 +a, for n € N.
) a1 :=1and apq1 =2+ a, forn € N.
) a1 :=2and anq1 = (1/2) + \/a, for n € N.
(vii) a1 :=1 and ap41 := (1/2) + y/ay, for n € N.

a'—1+1+ +1 andb'—l—l-l-i- + !
"2 4 2n 103 2n—1°
Show that a,, — oo and b,, — oo. (Hint: Example 2.10 (iii).)
11. Show that (n!)*/" — co.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

2 Sequences

Suppose « and [ are real numbers such that 0 < g < a. Let

apn + by,
2

Show that (a,,) is a monotonically decreasing sequence that is bounded be-

low by 3, and (b,,) is a monotonically increasing sequence that is bounded

above by a. Further, show that 0 < o — 8 < (a — 3)/2"" ! for n € N.

Deduce that (a,) and (b,) are convergent and have the same limit.

[Note: The common limit of the sequences (a,) and (b,) is called the

arithmetic-geometric mean of the nonnegative real numbers o and .

It was introduced and studied by Gauss. For further details, see [20].]

If a monotonic sequence (a,,) has a subsequence (a,, ) such that a,, — a,

where a € R or a = co or a = —oo, then show that a,, — a.

Prove that a sequence (a,) in R has no convergent subsequence if and

only if |a,| — oo.

Let (a,) be a sequence of real numbers and let @ € R. Show that a,, — a

if and only if every subsequence of (a,) has a subsequence converging to

a. (Hint: Proposition 2.17.)

A real number a is called a cluster point of a sequence (a,,) in R if there

is a subsequence (a,,, ) of (a,) such that a,, — a.

(i) Show that if a,, — a, then a is the only cluster point of (ay,).

(i1) Show that the converse of (i) is not true. In other words, show that
there is a divergent sequence that has a unique cluster point. (Hint:
asp 1= 21k and agg11 := 2k + 1 for k € N.)

a1 :=a, by:=p0 and apqq:= , bpyr = \/anbn for n € N.

(iii) Show that if a, — oo or if a,, — —o0, then (a,) has no cluster point.
(iv) Show that the converse of (iii) is not true. In other words, show that

there is a sequence without a cluster point that neither tends to co
nor tends to —oo. (Hint: a,, := (—1)"n for n € N.)
Let A, :=1+(1/2)+---+ (1/n) for n € N. Show that (A,+1 — A,) — 0
as n — 00, but (4,,) is not a Cauchy sequence.
Let A, :=1+ (1/2%) +--- + (1/n?) for n € N. Show that there is no real
number « < 1 such that |A,11 — A,| < a]4,, — A,,—1] for all n € N with
n > 2, but (4,) is a Cauchy sequence.

Part B
Let 2 € R and 2 > 0. Define
2 n n
An::1+x—|—x —|—~-—|—x and Bn::(l—i—x) for n € N.
2! n! n

Show that (A4, ) and (B,,) are convergent and have the same limit.

Show that the number e := lim, oo >_,_,(1/k!) is irrational. (Hint: For

everyn € N, 0 <e— Y ,_,(1/k!) < (1/n!n). Multiply by n!.)

(i) If (an) is a sequence and a,, — a, then show that (a1 +---+a,)/n — a.
Here a € R or a = 0o or a = —co. Give an example to show that the
converse is not true.
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e g o L2 5 n®+1
(ii) Find lim <5+11+”.+2n2+3>'

n—oo N
22. Suppose «, 3, and v are positive real numbers. Let

2%

Ap41 '= Bay + for n € N.

a1 :=« and
Show that (a,) is convergent. Further, if a := lim,,— o @, then show that
a=0ify >1and a = (1 —v)/8 otherwise. (Hint: Consider the cases
af+~y>1land af+v<1.)
23. Suppose « and [ are nonnegative real numbers. Let

a1 =« and anH::\/ﬁ—i—an for n € N.

Show that (a,) is convergent. Further, if a := lim,,_. @, then show that
a=0ifa=0=0,and a = (1 4+ /1 +43)/2 otherwise. (Hint: Consider
the cases /a + 3 < a and a+ 3 > a.)

24. Suppose « and [ are nonnegative real numbers. Let

a1 :=a and apq1:=0+a, fornelN

Show that (a,) is convergent. Further, if a := lim,, . @, then show that
a=0ifa=0=p4,and a = (1 + 26+ /1+403)/2 otherwise. (Hint:
Consider the cases /a+ < a and y/a+ 8 > «.)

25. Let (ay,) and (by) be sequences such that |ap+1 — an| < b, for all n € N.
Define

B, = Zbk for n € N.
k=1

If (B,,) is convergent, then show that (a,) is a Cauchy sequence and hence
it is convergent.

26. Let y be any real number with 0 < y < 1. Define sequences (b,,) and (y,,)
iteratively as follows. Let y; := 10y and by := [y1], and for each n € N,

Ynt1 :=10(yn — bp) and  bpi1 = [Ynt1)-
Show that for each n € N we have
0<y,<10 and b, €Z with0<b, <9,

and moreover,

o b1 ba bn Yn+1
V=10 102 T T aon Taontr
Deduce that .
0< 1y0nn:_11 < lon for each n € N

and consequently,
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27.

28.

29.

30.

31.

2 Sequences
. by bo bn
= 1 e ) .
V=R <1o T2 T T e
[Note: It is customary to call the nonnegative integers by, bs, . . ., the digits
of y and write the above expression for y as y = 0.b1b5 .. ., and call it the

decimal expansion of y.]

Given any m € N, show that there is a unique nonnegative integer k such
that 10¥ < m < 10*T!. Use Exercise 37 of Chapter 1 repeatedly to show
that there are unique integers ag, a1, ..., ar between 0 and 9 such that

m = ag + a1(10) + a2(102) + -t ag (10k) .

Given any = € R, show that there is a nonnegative integer k£ and integers
Aky Al—1, .- - ,01,00, b1, b2, ... between 0 and 9 such that

b b b
_ : k k—1 1 2 n
m—inlingo<ak10 + ar—110 +~-~+a0+10—|—102—|—-~-—|—10n>.

(Hint: If |2| < 1, set k = 0 = a¢ and apply Exercise 26 to y := |z|, whereas
if |z| > 1, apply Exercise 27 to n := [|z|] and Exercise 26 to y := |z| — n.)
[Note: Tt is customary to call ay, ag—1,...,ag, b1, ba, ... the digits of z and
write the above expression for x as * = tagag_1 ...a.b1bs ..., and call it
the decimal expansion of z.]

Given any y € [0,1), let (y,,) and (by,) be the sequences associated to y as
in Exercise 26. We say that the decimal expansion of y is finite if y,, = 0
for some n € N and recurring if it not finite but y; = y; for some 7,5 € N
with ¢ < j. Show that if y € [0,1) is a rational number, then its decimal
expansion is either finite or recurring. (Hint: Write y in reduced form as
y = p/q. Let ro := p. Use Exercise 37 of Chapter 1 successively to find
integers q1,71, 92,72, ... such that 10r;,_1 = q¢; + r; and 0 < r; < ¢ for
i > 1. Now y; = 10r;_1/q and the r;’s take only finitely many values.)
[Note: The converse also holds. see Remark 9.2.]

Show that the results of Exercises 26, 27, 28, and 29 are valid with the
number 10 replaced by any integer d > 1 and the number 9 by d — 1.
[Note: The corresponding limiting expression of a real number « is called
the d-ary expansion of x. When d = 2, it is called the binary expan-
sion and when d = 3, it is called the ternary expansion.]

Define

A
a;:=1 and anp41:= <1+ ( 2n) )an for n € N.
(i) For every n € N, show that

1 1 1 n+1\"
w1l < (1 1 1 < 3.
ol (1 5,) (145 ) (1) < (") <

(Hint: Use the A.M.-G.M. inequality.)
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32.

33.

34.

35.

36.

(ii) Use (i) above to show that

|an+1 — an| < 2?; for all n € N.
Deduce, using Exercise 25, that (a,,) is a Cauchy sequence.

(iii) Conclude that (a,) is convergent. Is (a,) monotonic?

Assuming only the algebraic and the order properties of R, and assuming
that every monotonically decreasing sequence that is bounded below is
convergent in R, establish the Completeness Property of R. (Hint: Con-
sider S C R, ap € S, and an upper bound «q of S. If (ag + agp)/2 is an
upper bound of S, let a1 := ap and ay := (ap + ap)/2; otherwise, there is
a1 € S such that (ap + a)/2 < a1 and in this case, let ay := ap. Con-
tinuing in this manner, obtain a monotonically decreasing sequence (c,)
that is bounded below.) [Compare part (ii) of Proposition 2.8.]

(Nested Interval Theorem) Let I, := [ay,by], n € N, be closed inter-
vals such that I,, O I,,+1 for all n € N and |b,, — a,,| — 0. Show that there
is a unique = € R such that © € I, for all n € N. (Hint: Use Exercise 51
of Chapter 1.)

Use the Nested Interval Theorem in Exercise 33 to prove the Bolzano—
Weierstrass Theorem.

Let (a,) be a sequence in R.

(i) Assume that (a,) is bounded above and a,, /+ —0co. Define

M,, .= sup{an,ant1,...} for neN and M :=inf{M;, M>,...}.

Show that the sequence (M,,) converges to M and M is the largest
cluster point of (ay,).
(ii) Assume that (ay) is bounded below and a,, +# oo. Define

my = inf{an, any1,...} for neN and m:=sup{mi,ma,...}.

Show that the sequence (m,,) converges to m and m is the smallest
cluster point of (ay,).
[See Exercise 16 for the definition of a cluster point.]
Let (ay) be a sequence in R. Define the limit superior (or the upper
limit) of (a,,) by

lim M,, if (a,)is bounded above and a,, /4 —o0,

n—oo
limsup a, := { oo if (ay,) is not bounded above,
n—oo .
—00 if a,, —» —o0,

where the sequence (M,,) is as defined in Exercise 35. Similarly, define the
limit inferior (or the lower limit) of (a,) by

lim m,, if (a,) is bounded below and a,, /4 oo,
liminfa, := ¢ —oo if (ay,) is not bounded below,
0 if a, — o0,
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where the sequence (m,,) is as defined in Exercise 35. If (a,,) is bounded,
then show that the set C of all cluster points of (a,,) is nonempty, and

moreover,
limsup a, = lim sup{an,ant1,...} = maxC
n—00 n— oo
and
liminf a, = lim inf{a,,an41,...} = minC.
n—oo n—oo

37. Determine limsup,,_, . @, and liminf, . a, if (a,) is as defined below.
(i) an:=(-1)"(1+ ) forn €N,
(i1) ap = (=1)"n for n € N,
(iii) a1 := 0 and for k € N, agx := asx—1/2 and asg+1 := (1/2)+az. (Hint:
as, = (1/2) — (1/2%) for all k € N.)

38. Let (r,,) be a sequence such that Q = {r,, : n € N}. [Note that by Exercise
49 (iii) of Chapter 1, such a sequence exists.] Determine the set of all
cluster points of (r,,), and also lim inf,, o r, as well as limsup,, . 7.

39. Let (ay,) be a sequence in R. Prove the following:

(i) liminf, o a, < limsup,,_, . an.
(ii) (ay) is bounded if and only if both liminf,, o a,, and limsup,,_, . a,
are real numbers.
(iii) (ap) is convergent if and only if both lim inf,,_. - a,, and lim sup,,_, . an
are real numbers and are equal to each other. In this case,

liminfa, = lim a, = limsup a,.
n— 00 n— o0 n—oo

(iv) an — oo if and only if liminf, . a, = oo = limsup,,_, . an.
(v) an — —o0 if and only if liminf,, . a, = —o0 = limsup,,_, ., an.

40. Let (ay) be a sequence in R. Prove Corollary 2.16 (which is a more elabo-
rate version of the Bolzano—Weierstrass Theorem) by showing that if (ay,)
is bounded above and a,, /4 —o0, then (a,) has a subsequence that con-
verges to limsup,,_, . a,, while if (a,) is bounded below and a, /4 oo,
then (a,) has a subsequence that converges to liminf,,_ . a,.

41. Let (a,) be a Cauchy sequence in R. Prove that (a,) is convergent by
showing that it is bounded and limsup,,_, . a, = liminf, . ay.

42. Assuming only the algebraic and the order properties of R, and assuming
that every Cauchy sequence in R is convergent, establish the Completeness
Property of R. (Hint: Consider S C R and a,, «, as in the Hint for
Exercise 32. Then o, — a, < (ag — ag)/2" for all n € N.)
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Continuity and Limits

In the previous chapter we studied real sequences, that is, real-valued functions
defined on the subset N of R. In this chapter we shall consider real-valued
functions whose domains are arbitrary subsets of R. The basic question we
address is the following: Let D C R, ¢ € R, and let f : D — R be a function.
If a real number x in D is near ¢, then must there exist a real number [ such
that f(x) is near [? In order to answer this and related questions, we develop
the concepts of the continuity of a function and of the limit of a function.

In Section 3.1 below, we introduce the notion of continuity and derive a
number of elementary results. Next, in Section 3.2, we examine this notion in
relation to various properties of functions introduced in Section 1.3. Some im-
portant properties of real-valued continuous functions defined on a closed and
bounded subset of R or on an interval will turn out to be of basic importance
in our subsequent development of calculus and analysis. The fundamental no-
tion of limit of a function is discussed in Section 3.3. All through these, our
treatment will be based on the notion of convergence of sequences and the
results proved in Chapter 2.

3.1 Continuity of Functions

Let D C R. Consider a function f : D — R and a point ¢ € D. We say that
f is continuous at c if

(zn) any sequence in D and z, — ¢ = f(z,) — f(c).

If f is not continuous at ¢, we say that f is discontinuous at c. In case f is
continuous at every ¢ € D, we say that f is continuous on D.

Examples 3.1. (i) Let a and b be real numbers and f : R — R be defined
by f(z) = ax + b for € R. Then f is continuous on R. To see this, let
¢ € R and (z,,) be any sequence in R such that z,, — ¢. By parts (i) and
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(ii) of Proposition 2.3, ax,, + b — ac+ b, that is, f(z,) — f(c). Thus f is
continuous on R.

(ii) Let f(z) = |z| for & € R. [See Figure 1.4.] Again, f is continuous on
R. This follows by noting that whenever ¢ € R and z,, — ¢, we have
|zn| — |c|, because | |zy| — |c| | < |y — ¢| for all n € N by part (ii) of
Proposition 1.8.

(iii) Let f(x) = [x] for z € R. [See Figure 1.8.] If ¢ € N, then f is not continuous
at ¢, since f(c) = ¢, c—(1/n) — ¢, and f(c—(1/n)) = c—1foralln € N, so
f(e=(1/n))+ f(c). On the other hand, if ¢ € R\ N, then f is continuous
at ¢. To see this, let € := min{c — [¢], [c] + 1 — ¢}. Then € > 0 and since
Zn — ¢, there is ng € N such that |z, —c| <€, that is,c—e <z, <c+e€
and so [c] < z, < [¢] + 1 for all n > ng. Thus f(z,) = [z,] = [c] for all
n > ng. Therefore f(z,) — f(c).

(iv) Let f : R — R be defined by

Fla) = { 1 if x is rational,
0 if x is irrational.

Then f is discontinuous at every ¢ € R. To see this, we note that if ¢ is
rational and x,, := ¢+ (v/2/n) for n € N, then each =, is irrational and
hence f(xz,) =0 for all n € N, while f(¢) = 1. On the other hand, if ¢ is
irrational and z,, := ([nc] +1)/n for n € N, then ¢ < x,, < ¢+ (1/n), cach
xy, is rational, and hence f(z,) =1 for all n € N, while f(¢) = 0. Thus
in both cases, x,, — ¢, but f(z,)+ f(c). This function is known as the
Dirichlet function. <

We first prove a useful result regarding the sign of the values of a function
that is continuous at a point.

Lemma 3.2. Let D C R, c € D, and let f : D — R be a function that is
continuous at c. If f(c) > 0, then there is & > 0 such that f(x) > 0 whenever
x € D and |x — ¢| < §. Likewise, if f(c) < 0, then there is § > 0 such that
f(z) <0 whenever x € D and |z — ¢| < J.

Proof. Let f(c) > 0. Suppose that for every 6 > 0, there is € D such that
|z —c| < § and f(x) < 0. Taking the values 1, ;, :15, ... for 4, we obtain ¢,, € D
such that |¢, — ¢| < 1/n and f(¢,) < 0 for each n € N. Since ¢, — ¢ and f is
continuous at ¢, we have f(c,) — f(c). By part (i) of Proposition 2.4 we have
f(e) < 0. But this contradicts our assumption that f(c) > 0. Hence there is
0 > 0 such that f(x) > 0 whenever x € D and |z — ¢| < 0.

The proof of the case f(c) < 0 is similar. O

Proposition 3.3. Let D CR, c€ D, and let f,g: D — R be functions that
are continuous at c. Then

(i) f + g is continuous at c,
(ii) rf is continuous at ¢ for any r € R,
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(iii) fg is continuous at c,

(iv) if f(c) # 0, then there is § > 0 such that f(x) # 0 whenever x € D and
|z —c| < &; moreover the function 1/f : DN(c—4§,c+6) — R is continuous
at c,

(v) if there is 6 > 0 such that f(x) > 0 whenever x € D and |z — ¢| < 6, then
for any k € N, the function f* : DN (c —6,¢+ ) — R is continuous
at c.

Proof. Let (x,) be any sequence in D such that x,, — ¢. Then f(z,) — f(c)

and g(x,) — g(c).
By parts (i), (ii), and (iii) of Proposition 2.3, it follows that

(f +9)(n) = f(2n) + g(xn) = () +9(c) = (f + g)(),
(rf)(en)  =rf(zn) = rf(c) = (rf)(c) for any r € R,
(f9)(zn) = f(za)g(zn) — fc)g(c) = fg(c).

This proves (i), (i) and (iii).

Next, assume that f(c) # 0. Then either f(c¢) > 0 or f(¢) < 0. By Lemma
3.2, there is § > 0 such that f(z) # 0 whenever z € D and |z — ¢| < J. Now
since x, — ¢, there is ng € N such that |z, — ¢| < ¢ for all n > ng, and so
f(x,) # 0. By part (iv) of Proposition 2.3, it follows that

(7)== 0= (1)@
This proves (iv).

Finally, if f(z) > 0 whenever z € D and |z — ¢| < J, then by part (ii) of
Proposition 2.4, it follows that for any k£ € N, we have

(fl/k) (xn) _ (f(l'n))l/k — (f(c))l/k = fl/k(C)
This proves (v). -

With notation and hypotheses as in the proposition above, a combined
application of its parts (i) and (ii) shows that the difference f— g is continuous
at c¢. Likewise, a combined application of parts (iii) and (iv) shows that if
g(c) # 0, then the quotient f/g is continuous at ¢. Further, since every positive
rational number r is equal to n/k, where n, k € N, a combined application of
parts (v) and (iii) shows that if there is 6 > 0 such that f(z) > 0 whenever
x € D and |z—c| < §, then the function f is continuous at ¢ for every positive
rational number r. Similarly, a combined application of parts (v), (iv), and
(iii) shows that if f(c) > 0, then the function f” is continuous at ¢ for every
negative rational number r.

We now show that the composition of continuous functions is continuous.

Proposition 3.4. Let D, E CR, and let f : D — R and g : E — R be func-
tions such that f(D) C E. Let ¢ € D be given. Assume that [ is continuous
at ¢ and g is continuous at f(c). Then go f : D — R is continuous at c.
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Proof. Let (z,) be any sequence in D such that x,, — ¢. Then f(z,) — f(c)
since f is continuous at ¢. Now (f(z,)) is a sequence in E and ¢ is continuous
at f(c). Hence

(g0 f)(zn) = g(f(xn)) — g(f(c) = (g © f)(c).

It follows that g o f is continuous at c. O

One can piece together continuous functions to construct a continuous
function, as the following result shows.

Proposition 3.5. Let D C R and ¢ € D. Suppose
Dy:={zxeD:x<c¢} and Dy:={xe€D:c<ux}.

Let f1: D1 — R and fo : Dy — R be functions such that f1(c) = fa(c). Then
the function f: D — R defined by

| filz) ifx € Dy,
f(g:)_{f;(x) ifxeD;,

1s continuous on D if f1 is continuous on D1 and fo is continuous on Ds.

Proof. If ¢; € D and ¢; < ¢, then the continuity of f; at ¢; implies the
continuity of f at ¢q. Similarly if ¢ € D and ¢ < co, then the continuity
of fo at ¢y implies the continuity of f at cy. Hence we only need to show
that f is continuous at ¢. Let (z,,) be any sequence in D such that z,, — c.
If there is n1 € N such that z, < ¢ for all n > ny, then f(z,) = fi(zn)
for all n > ny and the continuity of f; at ¢ implies that fi(x,) — fi(c) =
f(c). Similarly, if there is no € N such that ¢ < z, for all n > no, then
flxn) = fa(zy) for all n > no and the continuity of fo at ¢ implies that
f(xn) — fa(e) = f(c). In the remaining case, there are positive integers
l; <y <---and m; < mg < ---such that xy, <c <z, for all k € N, and
N={l,:k=1,2,...} U{my : k=1,2,...}. Clearly x4y, — c and 2, — c as
k — oco. Moreover, f(z¢,) = fi(xe,) and f(xm,) = f2(zm,) for all & € N. By
the continuity of f1 at ¢, we have f(xp,) — fi1(c) = f(c) and by the continuity
of fy at ¢, we have f(z,,) — f2(c) = f(c). It follows that f(x,,) — f(c). Thus
f is continuous at ¢. We therefore conclude that f is continuous on D. O

Examples 3.6. (i) Consider a polynomial function p: R — R given by
p(z) =ap+ a1z + -+ apz” for zeR.

Applying Proposition 3.3 repeatedly, we find that p is continuous on R.
Again, if ¢ : R — R is another polynomial function, then the rational
function p/q is continuous at a point ¢ € R if ¢(¢) # 0. For example, if
D =R\ {1} and
4
3r+2
flx) = v m1+ for z e D,
T —

then f is continuous on D.
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(ii) Let f : R — R be defined by
f(x) = |zt — 32% + 20 — 11/4 for z€eR,

By Propositions 3.3 and 3.4, we see that f is continuous on R.

(iii) Consider a rational number r. Let D := [0,00) if » > 0 and D := (0, c0)
if r < 0. For € D, define g(x) := z". Since the function f : R — R
given by f(z) = z is continuous on R and g(z) = f"(z) for z € D, it
follows from Proposition 3.3 and the remark following its proof that ¢ is

continuous on D.
(iv) Let f : R — R be defined by

f(z) = {332 if <0,

z ifxz>0.

Then by Proposition 3.5, f is continuous on R.

(v) Let f:[—1,1] — R denote the zig-zag function given in Example 1.18. If
¢ € [-1,1] and ¢ # 0, then Proposition 3.5 implies that f is continuous
at ¢. To show that f is continuous at 0 as well, let (z,,) be a sequence in
[—1,1] such that x,, — 0. It can easily be seen that |f(z,)| < |x,| for all
n € N, and so f(x,) — 0. Thus f is continuous at 0. &

We conclude this section by giving a criterion for the continuity of a func-
tion at a point that does not involve convergence of sequences.

Fig. 3.1. Illustration of the e-¢ condition for continuity

Proposition 3.7. Let D C R, ¢ € D, and let f : D — R be a function.
Then f is continuous at c if and only if f satisfies the following €-6 condition:
For every e > 0, there is 6 > 0 such that

xe€D and |x —c| <6 = |f(x) — fo)| <e.
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Proof. Let f be continuous at ¢. Suppose for a moment that the e-d condition
does not hold. This means that there is € > 0 such that for every § > 0, there
is € D satisfying

|z —c| <0, but |f(x)— f(e)|>e

Then there is a sequence (z,,) in D such that |z, —c¢| < 1/n, but |f(z,) —
f(e)] > € for all n € N. But then x,, — ¢ and f(x,)+ f(c). This contradicts
the continuity of f at c.

Conversely, assume the e-d condition. Let (x,,) be any sequence in D such
that x,, — c. Let € > 0 be given. Then there is § > 0 such that

ze€Dand [z —c <d=|f(z) — f(c)] <e.

Since z, — ¢, there is ng € N such that |z, — ¢| < ¢ for all n > ng. Hence
|f(zn) — f(c)| < € for all n > ng. Thus f(z,) — f(c). This shows that f is
continuous at c. O

The e-9 condition in the above result is illustrated in Figure 3.1.

3.2 Basic Properties of Continuous Functions

In this section we examine relations between the continuity of a function and
various geometric properties of a function considered earlier in Section 1.3.
Also, we shall introduce the notion of a uniformly continuous function and
discuss its relation with continuity.

Continuity and Boundedness

A bounded function need not be continuous. For instance, we cite the Dirichlet
function given in Example 3.1 (iv). Also, a continuous function need not be
bounded. For example, let Dy := [0,00) and fi(z) := x for € Dy, or Dy :=
(0,1] and fo(x) := 1/x for & € Dy. An obvious reason why the continuous
function f; is unbounded is that its domain D; is unbounded. To identify the
reason why the continuous function f5 is unbounded on its domain D5, we
introduce the following concept.
Let D C R. We say that D is a closed set if

() any sequence in D and z, — x =z € D.

Notice that the interval (0, 1] is not a closed set, since (1/n) € (0, 1] for each
n € Nand (1/n) — 0, but 0 ¢ (0, 1]. Similarly, it can be seen that the following
intervals are not closed sets:

(a,b], la,b), (a,b), (a,00), (—o00,b), wherea,beR.
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On the other hand, the following intervals are closed sets:
[a,b], [a,00), (—o00,b], (—o0,00), where a,beR.

To show that the interval [a,b] is a closed set, consider any sequence (z,,) in
[a, b] such that z, — x. Since a < x,, < b and x,, — =, part (i) of Proposition
2.4 shows that @ < x < b, that is, € [a,b]. Similar proofs can be given to
show that [a, 00) and (—oo, b] are closed sets. It is obvious that R = (—o0, 00)
is a closed set.

‘We now show that if a function defined on a closed and bounded set is
continuous, then it is necessarily bounded. In fact, we shall show that such a
function attains its bounds on its domain.

Proposition 3.8. Let D be a closed and bounded subset of R, and f: D — R
be a continuous function. Then

(i) f is a bounded function, and
(i) f attains its bounds on D, that is, there are r and s in D such that

f(r)y=inf{f(x):x € D} and f(s)=sup{f(z):z € D}.

Proof. (i) Suppose f is not bounded on D. Then for every n € N, there
is &, € D such that |f(z,)| > n. Since D is a bounded set, the sequence
(z,) is bounded. By the Bolzano—Weierstrass Theorem, (x,,) has a convergent
subsequence (z, ). If 2, — x, then 2 € D since D is a closed set. Also, since
f is continuous at z, we have f(x,,) — f(x). Being convergent, the sequence
(f(xn,)) is bounded by part (ii) of Proposition 2.2. But |f(zy,)| > ni for
every k € N and n; — oo as k — oo. This contradiction shows that f is a
bounded function on D.

(ii) Since the function f is bounded on D, we have m, M € R such that
m:=inf{f(z) : 2 € D} and M :=sup{f(z):z € D}.

By Corollary 2.6, there are sequences (r,) and (s,,) in D such that f(r,) — m
and f(s,) — M. Since D is a bounded set, the sequences (r,) and (s;)
are bounded. By the Bolzano—Weierstrass Theorem, (r,) has a convergent
subsequence, say (ry, ), and (s,) has a convergent subsequence, say, (sm;). If
Tn, — 7 and 8,,; — s, then r and s belong to D, since D is a closed set. Also,
since f is continuous at r and s, we have f(r,,) — f(r) and f(sm,;) — f(s).
Hence

£r) = Jim f(ra) = lim () =m

k—oo

and
Fs) = lm fls,) = lm f(s,) = M.

Jj—o0

Thus f attains its bounds on D. a
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Examples 3.9. (i) Let a and b be real numbers such that a < b. Since the
interval [a,b] is a closed and bounded subset of R, it follows from the
preceding result that every continuous function defined on [a, b] is bounded
and attains its bounds on [a, b]. For example, if f(z) := x for z € [-1,2],
then f attains its lower bound at —1 and it attains its upper bound at
2. Also, if f(z) := 22 for € [~1,2], then f attains its lower bound at 0
and its upper bound at 2. In general, it is not easy to determine the lower
and the upper bounds of a continuous function on [a, b] and to locate the
points in [a, b] at which they are attained. We shall return to this question
when we consider applications of ‘differentiation’ in Section 5.1.

(ii) If a subset D of R is not closed, then a continuous function on D may not
be bounded on D, and even if it is bounded, it may not attain its bounds
on D. For example, let D := (a,b]. If f(z) :=1/(z — a) for x € D, then
f is continuous on D, but it is not bounded on D. Also, if f(z) := x, for
x € D, then f is continuous and bounded on D, but it does not attain its
lower bound on D since inf{f(x):z € D} =a and a € D.

(iii) If a subset D of R is not bounded, then a continuous function on D
may not be bounded on D and even if it is bounded on D, it may not
attain its lower or upper bounds on D. For example, let D = [a,00). If
f(x) :=a for x € D, then f is continuous on D, but it is not bounded on
D. Also, if f(z) :== (x —a)/(x —a+ 1) for x € D, then f is continuous
and bounded on D, but it does not attain its upper bound on D, because
sup{f(z):xz € D} =1 and f(z) # 1 for any z € D. &

Continuity and Monotonicity

It is easy to see that a function that is monotonic on an interval need not be
continuous. For example, if f(x) := [z] for € R, then f is monotonic on R,
but it is discontinuous at every ¢ € Z. (See Example 3.1 (iii).) Similarly, a
continuous function defined on an interval need not be monotonic there, as
the example f(z) := |z| for € R shows. However, we now prove a peculiar
result that says that if a function is strictly monotonic on an interval, then
its inverse function (defined on the range of the given function) is continuous,
irrespective of the continuity of the given function. Note also that the range
of the given function, that is, the domain of the inverse function need not be
an interval. This phenomenon is illustrated by Figure 3.2.

Proposition 3.10. Let I be an interval and f : I — R be a function that is
strictly monotonic on I. Then f=1: f(I) — R is continuous.

Proof. Since f is strictly monotonic on I, we see that f is one-one and its
inverse f=! : f(I) — R is well defined. Consider d € f(I). Then there is
unique ¢ € I such that f(c) =d.

Assume first that f is strictly increasing on I. Let € > 0 be given. Suppose
that ¢ is neither the left (hand) endpoint nor the right (hand) endpoint of the
interval I. Then there are ¢y, cy € I such that
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c—e<cp<c<ca<cHe

Let dy := f(c1) and dy := f(c2). Since f is strictly increasing on I, we have
di < d < dg, and since f~! is also strictly increasing on f(I), we obtain

yefI), di<y<do=c1=f"di)<f '(y) < f ' (da) = e,

sothat f=1(d)—e < f~(y) < f~1(d)+e. Thus if we let § := min{d—d;, dz—d},
we see that § > 0 and

yef), ly—d<éd=I[f"'y) -] <e

Hence f~1 is continuous at d. [See Figure 3.2.] If ¢ = f~1(d) is the left (hand)
endpoint of the interval I, then since f and f~' are strictly increasing on I
and f(I) respectively, we have

yefl)=d<y and f'(d)<f (),

and so the earlier argument works if we let § := dy — d. If ¢ = f~1(d) is the
right (hand) endpoint of the interval I, then similarly we have

yef(I)=y<d and fly) < f'(d),

and so the earlier argument works if we let § :=d — d;.

Y . . ct+er
1 1
| | e e e kbl
1 1 1
] I oo :
d i i ¢ i
1 1 1
d : i a d 7T
L =7 Tt i i
1 1 1 1
1 1 1 1
1 1 1 1
y=1@ ] | | o L
1 1 1 1
1 1 1 1
1 1 1 1
1 1
F—a3———= sy
0 c—¢€ c ¢ co c+e 0 did d ds

Fig. 3.2. A discontinuous strictly increasing function with continuous inverse

Thus in all the cases, Proposition 3.7 shows that f~' is continuous at
d. Since d is an arbitrary point of f(I), we see that f=!' : f(I) — R is a
continuous function. It may be noted that f(I) need not be an interval, as
Figure 3.2 shows.

If f is strictly decreasing on I, then —f is strictly increasing on I, and
by what we have proved above, (—f)~! : (—f)(I) — R is continuous. Since
f~Yy) = (= f)"Y(—y) for every y € f(I), it follows from Proposition 3.4 that
£~ is a continuous function. O
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Example 3.11. Consider the function f : R — R given by f(z) := z + [z]. If
r1,72 € R and 1 < x4, then

f(x1) = z1 + [v1] < 22 + [11] < 29 + [12] = f(22).
Hence f is strictly increasing on R. If m € Z, then we have
f@y=xz+m for x€[mm+1).

Thus f(R) is the union of the semiopen intervals [2m,2m + 1), m € Z, that
is, f(R) = {y € R: [y] is even}, and if m € Z, then we have

f'y)=y—m for yée[2m,2m+1).
In other words,

f’l(y)=y—[y] for ye f(R).

2
Observe that f~! is continuous at each point of f(R) even though f is not
continuous at any m € Z. [See Figure 3.3.] &

4 -3 -2 —1
T Yy
3 210 1 2 3 /01234
/‘71 i -

y=2z+|[a]

o -3 -3
/ —4

Fig. 3.3. Graphs of f(z) = = + [z] and its inverse f~'(y) = y — [y]/2

Corollary 3.12. Let I be an interval and f :— R be a strictly monotonic
function such that f(I) is an interval. Then f is one-one and continuous.

Proof. Since f is strictly increasing on I, it is clear that it is one-one and its
inverse f~!: f(I) — R is well defined. Let .J := f(I) and g := f~!. Then g is
strictly increasing on the interval .J, and by Proposition 3.10, g71 : g(J) — R
is continuous, that is, f : I — R is continuous. a

We shall prove in Proposition 3.14 that the converse of the above corollary
holds. We shall later prove a stronger version of the above corollary (where
strict monotonicity is replaced by monotonicity) in Proposition 3.36.



3.2 Basic Properties of Continuous Functions 7
Continuity and Convexity

It is easy to see that a continuous function defined on an interval need not
be either convex on that interval or concave on that interval. For example,
if f(x) := 23 for x € R, then f is continuous on R, but it is neither convex
nor concave on R. (Example 1.15 (ii).) On the other hand, if a function is
convex on an interval or if it is concave on an interval, then it is continuous at
all points of that interval other than its endpoints. (See Exercise 47.) At an
endpoint of an interval, a convex (or a concave) function may be discontinuous.

For example, let T := [—1,1] and let f: I — R be given by
_ Sl it 2] <1,
f) = {2 if 2 =—1or 1.

It can be easily seen that f is convex on I, but f is discontinuous at 1 as well
as at —1.

Continuity and Intermediate Value Property

The following important result shows that a continuous function on an interval
always has the Intermediate Value Property (IVP).

Proposition 3.13 (Intermediate Value Theorem). Let I be an interval
and f : I — R be a continuous function. Then f has the IVP on I. In
particular, f(I) is an interval.

Proof. Let a, b in I with a < b. Then [a,b] C I. Let r be an intermediate
value between a and b, that is, r € (f(a), f(b)) or r € (f(D), f(a)).
Assume first that f(a) < f(b), so that r € (f(a), f(b)). Define

S:={z€lab]: flzx) <7}

Now a € S, since f(a) < r. Hence S # 0. Also, the set S is bounded above
by b. If ¢ ;== sup S, then by part (i) of Corollary 2.6, there is a sequence (c;,)
in S such that ¢, — ¢ Since ¢ € [a,b] C I, f is continuous at c. Hence
flen) — f(e). Also, f(cn) < r, since ¢, € S. By part (i) of Proposition 2.4,
we conclude that f(c) < r. We note that ¢ # b, because r < f(b). Let
b—c
by :=c+ n € [a,b] for each n € N.

Clearly, b, — ¢. The continuity of f at ¢ implies that f(b,) — f(c). But since
by, > ¢ and ¢ = sup S, we have b, € S, that is, f(b,) > r for all n € N. As
before, part (i) of Proposition 2.4 shows that f(c¢) > r. In particular, ¢ # a.
Thus ¢ € (a,b) and f(c) =r.

The case r € (f(b), f(a)) can be proved similarly. O
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The above result (together with Propositions 1.23 and 3.10) has the fol-
lowing striking consequence.

Proposition 3.14 (Continuous Inverse Theorem). Let I be an interval
and f : I — R be a one-one continuous function. Then the inverse function
f~t: f(I) — R is continuous. In fact, f is strictly monotonic on I and f(I)
is an interval.

Proof. By the Intermediate Value Theorem (Proposition 3.13), the one-one
function f has the IVP. Hence by Proposition 1.23, f is strictly monotonic
and f(I) is an interval. Thus, by Proposition 3.10, f~! is continuous. O

The above result shows that the converse of Corollary 3.12 holds. However,
the converse of the Intermediate Value Theorem does not hold in general, that
is, a discontinuous function may have the IVP on an interval I. We illustrate
this by the following example.

Example 3.15. Let D := [0, 1] and consider a ‘criss-cross’ function defined
on D whose graph is obtained by the line segments joining (1, 1) to (%, —1),
(5,—1) to (3,1), (3,1) to (},—1), and so on. [See Figure 3.4.] More precisely,

let f: D — R be defined as follows: f(0) := 0 and for = € (0, 1],

1 1
— — i <zx<
2k(k+ D)z — 2k — 1 1fk+17x7k,k€N,kodd,
f(z) =

1
~2k(k+ Do +2k+1 if

1
<z< ., keN, keven.
+1 k

We note that |f(z)] < 1 for all € [0,1]. Also, for every k € N, the function
f assumes every value between —1 and 1 on the interval [1/(k +1),1/k]. Let
I, == [1/(k+1),1/k] and for © € Ij, for k = 1,2,..., define fi(x) := f(x).
Then f is continuous on I and fi(1/(k + 1)) = fry1(1/(k + 1)) for each
k € N. Since (0,1] = Ur—; Ix, by Proposition 3.5 we see that f is continuous
on (0,1].

On the other hand, f is not continuous at 0. To see this, let =, := 1/(2n—1)
and y, := 1/(2n) for n € N. Then =, — 0 and y,, — 0, but f(x,) = 1,
while f(y,) = —1 for all n € N, so that f(z,)+ f(0) and f(yn)+ f(0). This
argument in fact shows that f cannot be made continuous at 0 by redefining
its value at 0.

Next, we show that f has the IVP on the interval [0, 1]. Let [a, b] be any
subinterval of [0,1]. If a > 0, then f is continuous on [a,b] and hence f as-
sumes every value between f(a) and f(b) by the Intermediate Value Theorem
(Proposition 3.13). Also, if @ = 0 and b > 0, then there is a positive integer k
such that (1/k) <b. Now a < 1/(k+1) <1/k <band f assumes every value
between —1 and 1 on the interval [1/(k + 1),1/k]. This shows that f has the
IVP on [0, 1] although it is not continuous on [0, 1]. <&
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Y

x

0 /1 \ 1 1

Fig. 3.4. Graph of the criss-cross function in Example 3.15

Remark 3.16. The following partial converse of the Intermediate Value The-
orem holds. If a one-one function defined on an interval has the IVP, then it
is continuous. This can be seen by noting that such a function is strictly
monotonic and its range is an interval (Proposition 1.23), and then appealing
to Corollary 3.12. Further, Proposition 3.36 will show that any monotonic
function having the IVP on an interval is continuous. &

Uniform Continuity

We introduce a concept that in general is stronger than the concept of conti-
nuity of a function. It will be useful in Chapter 6 when we consider ‘integrable’
functions.

Let D C R and let f: D — R be a function. We say that f is uniformly
continuous on D if

(zn), (yn) any sequences in D and x,, — y,, — 0 = f(zn) — f(yn) — 0.

The following result establishes a relation between the continuity and the
uniform continuity of a function.

Proposition 3.17. Let D C R. Every uniformly continuous function on D
18 continuous on D. Moreover, if D is a closed and bounded set, then every
continuous function on D is uniformly continuous on D.

Proof. Let f: D — R be given. First assume that f is uniformly continuous on
D.If c € D and (z,,) is any sequence in D such that z,, — ¢, then let y,, := ¢
for all n € N. Since z,, — y, — 0, we have f(z,) — f(c) = f(xn) — f(yn) — 0,
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that is, f(z,) — f(c). Thus f is continuous at c. Since this holds for every
c € D, fis continuous on D.

Now assume that D is a closed and bounded set, and f is continuous on
D. Suppose f is not uniformly continuous on D. Then there are sequences
(zp,) and (y,) in D such that =, — vy, — 0, but f(x,) — f(yn) 0. Con-
sequently, there exist € > 0 and positive integers n; < ng < --- such that
|f(zn,) — f(yn,)| > € for all k € N. Since D is a bounded set, the sequence
(Zn, ) is bounded. By the Bolzano—Weierstrass Theorem, it has a convergent
subsequence, say, (a:nkj). Let us denote the sequences (mnk]) and (ynk]) by
(#;) and (g;) for simplicity. Let #; — ¢. Then ¢ € D since D is a closed set.
Because x,, — y, — 0, we have £; — ; — 0 and hence §; — ¢ as well. Since f
is continuous at ¢, we obtain f(Z;) — f(c) and f(y;) — f(c). Thus

f(&5) = F(g;) = f(e) = fle) = 0.

But this is a contradiction, since |f(Z;) — f(y;)| > € for all j € N. Hence f is
uniformly continuous on D. a

We remark that the continuity of a function on a set D is a local concept,
that is, a function is defined to be continuous on D if it is continuous at every
¢ € D. On the other hand, the uniform continuity of a function on a set D
takes into account the behavior of the function on the entire set D. In this
sense, uniform continuity is a global concept.

Examples 3.18. (i) Since the interval [a,b] is a closed and bounded set,
it follows from the preceding proposition that every continuous function
on [a,b] is uniformly continuous on [a,b]. This result will be of crucial
importance in our discussion of Riemann integration in Chapter 6.

(ii) If a subset D of R is not closed, then a continuous function on D may
not be uniformly continuous on D. For example, consider D := (a, b] and
f D — R defined by f(z) :=1/(x — a). Clearly f is continuous on D.
But f is not uniformly continuous on D. To see this, let

b—a b—a

Ty = a+ and  y,:=a+ , forneN.
n n+1

Then x, — yp, = (b—a)/n(n+1) — 0, but

fn) 1w =" "V = T franen,
and hence f(x,) — f(yn) 0.

(iii) If a subset D of R is not bounded, then a continuous function on D
may not be uniformly continuous on D. For example, let D = [a, 00) and
f(x) = 2% for x € D. Then f is continuous on D. But f is not uniformly
continuous on D. To see this, let

1
Tp:=a+n and y,:=a+n— , nelN.
n
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Then z,, — y, = 1/n — 0, but

f(xn>—f<yn>:<a+n>2—(a+n—i)2=2+ e

for all n € N, and so f(x,,) — f(yn)# 0. <&

Finally, we give a criterion for the uniform continuity of a function that
does not involve convergence of sequences. The following result may be com-
pared with the e-0 condition for continuity given in Proposition 3.7.

Proposition 3.19. Let D C R and f : D — R be a function. Then f is
uniformly continuous on D if and only if f satisfies the following -6 condition:
For every e > 0, there is 6 > 0 such that

r,ye D and |z —y| < 0= |f(x) — f(y)] <e

Proof. Let f be uniformly continuous on D. Suppose that there is € > 0 such
that for any given 6 > 0, there are z and y in D such that | — y| < 4, but
|f(z) — f(y)| > e. Considering 6 := 1/n for n € N, we obtain sequences (x,)
and (y,) in D such that |z, —y,| < 1/n but |f(x,) — f(yn)| > € for all n € N.
Then x, —yn, — 0, but f(z,) — f(yn)+ 0. This contradicts the assumption
that f is uniformly continuous on D.

Conversely, assume that the e-d condition holds. Let (z,,) and (y,) be any
sequences in D such that z,, —y, — 0. Let € > 0 be given. Then there is
d > 0 such that |f(z) — f(y)| < €, whenever 2,y € D and |z — y| < J. Since
Zp, — Yn — 0, we can find ng € N such that |z, — y,| < § for all n > ng. But
then |f(zn) — f(yn)| < € for all n > ng. Thus f(x,) — f(yn) — 0. Hence f is
uniformly continuous on D. a

3.3 Limits of Functions of a Real Variable

In Chapter 2 we have seen what is meant by the limit of a sequence. As
we know, a sequence is a function whose domain is the set N of all natural
numbers. We shall now define the concept of a limit of a function at a point in
R provided the domain of the function satisfies certain conditions. For defining
this concept as well as for proving several basic properties, we shall utilize the
notion of sequences and their properties.

Let D C R and ¢ € R be such that D contains (¢ —r,¢) and (¢, ¢+ r) for
some r > 0, that is, D contains an open interval about ¢ except possibly the
point ¢ itself. Consider a function f: D — R. We say that a limit of f as x
tends to c¢ exists if there is a real number ¢ such that

(x) any sequence in D\ {c¢} and x,, — ¢ = f(x,) — ¢.
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We then write

fl@) =€ as x —¢ or lim f(x) ="
r—cC
Note that there does exist a sequence in D \ {c} that converges to c. For

example,
r

_n+1

belongs to D\ {c} for all n € N and z,, — ¢. In particular, it follows from
part (i) of Proposition 2.2 that lim,_. f(x) is unique whenever it exists.

T, = C

Examples 3.20. (i) Consider the function whose graph is as in Figure 3.5.
More precisely, let D :=R, ¢:=0, and let f : D — R be defined by

1 if z <0,
flz):=<2 if v =0,
r+1 ifx>0.

Then lim,_.o f(z) = 1. To see this, let (z,,) be a sequence in D\ {0} such
that z, — 0. If x,, < 0 for any n € N, then f(z,) —1=1-1=0, and
if 2,, > 0 for any n € N, then f(z,) — 1= (2, +1) — 1 = z,,. It follows
that f(zn) — 1. Thus ¢ = 1 is the limit of f as = tends to 0. Note that

£(0) = 2.

5 -4 -3 -2-10 1 2 3 4 5

1 ifx <0,
Fig. 3.5. Graph of f(z) := 2 ifz=0,
x+1 ifz>0

(ii) Let D :=R\ {0}, ¢c:=0 and let f: D — R be defined by

—1 ifx <0,
f(x)':{ 1 ifz > 0.
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If ,, := (—=1)"/n for n € N, then (z,) is a sequence in D and z, — 0, but

since f(zn) = (—1)" for n € N, the sequence (f(zy)) is divergent, as we

have noted in Example 2.1(ii). Hence a limit of f as = tends to 0 does not

exist. This can also be seen by letting y,, := 1/n, 2z, := —1/nforn € N

and observing that y, — 0, z, — 0, whereas f(y,) — 1, f(z,) — —1.
(iii) Let f : R — R be defined by

Fz) = 1 if x is rational,
1 0 if z is irrational.

Then for any ¢ € R, a limit of f(x) as x tends to ¢ does not exist. To see
this, let ¢ € R and consider
1 2
Ty 1= [ne] + and vy, = [ne] ++/ .
n n

Then for each n € N, ¢ < z,, < ¢+ (1/n) and ¢ < y, < ¢+ (v/2/n). So
Zn — ¢ and y, — c¢. Since each x,, is rational, f(x,) = 1 and since each
Yn 1s irrational, f(y,) = 0. Hence f(x,) — 1, whereas f(y,) — 0. Thus a
limit of f(x) as = tends to ¢ does not exist. <&

We now relate the concepts of continuity and limit.

Proposition 3.21. Let D C R and ¢ € R be such that (¢ —r,c+1) C D for
some r > 0. Consider a function f: D — R. Then f is continuous at c if and
only if lim,_.. f(x) exists and is equal to f(c).

Proof. Assume that f is continuous at c¢. Let (x,,) be any sequence in D
such that z,, — ¢. By the continuity of f at ¢, we have f(x,) — f(c). Thus
lim,_.. f(z) exists and equals f(c).

Conversely, assume that lim,_,. f(x) exists and is equal to f(c). Let (z,)
be any sequence in D such that x,, — c. If there is ng € N such that x,, = ¢ for
all n > ng, then clearly f(x,) — f(c). Otherwise, there are positive integers
ny,na,... such that ny < ny < ---and {n € N: x,, #c} = {n; : k €
N}. Now, (z,,) is a sequence in D \ {c} that converges to ¢, and therefore,
f(zn,) — f(c). Since f(x,) = f(c) for all N\ {ny : k € N}, it follows that
f(xy,) — f(c). Hence f is continuous at c. O

Example 3.22. The function f : R — R given in Example 3.20(i) is not
continuous at 0 since lim,_o f(z) = 1 and f(0) = 2. On the other hand, if we

define g : R — R by
(@) = 1 if x <0,
g\ = r+1 ifx >0,

then, as before, we have lim,_og(z) = 1 and also ¢g(0) = 1. Hence g is
continuous at 0. <&
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We now prove some results that are useful in calculating the limits of
several functions. First we consider how the algebraic operations on R are
related to limits of functions of a real variable. The following result is known
as the Limit Theorem for Functions.

Proposition 3.23. Let D C R and ¢ € R be such that D contains (¢ —1,¢)
and (¢,c+ 1) for somer >0, and f,g: D — R be functions such that

lim f(z) =¢ and lim g(z) =m.

Tr—cC r—c

)
(iii) lim (fg)(x) = fm,
(iv) if £ # 0, then there is & > 0 such that 6 < r and f(z) # 0 for all x
satisfying 0 < |z — ¢| < §; moreover, for the function 1/f : {x e R:0 <

|z —c| <0} — R, we have
tm(g)e=

Proof. Consider any sequence (z,,) in D \ {c} such that x,, — ¢. Then
f(zn) — € and g(x,) — m.
By parts (i), (ii), and (iii) of Proposition 2.3, we have

(f + 9)(@n) = f(an) + glan) — L+ m,
(rf)(x,) =rf(x,) — rl for any r € R,

This proves (i), (ii), and (iii).
To prove (iv), suppose ¢ # 0. If there is no § > 0 such that § < r and

f(z) # 0 for all z satisfying 0 < |z — ¢| < J, then we can find a sequence (cy,)
in D\ {c} such that

\cn—c\<:; and f(c,) =0 for every n € N.

Since ¢, — ¢, we have f(c,) — ¢. But this is not possible since f(c,) = 0
for every n € N, whereas ¢ # 0. Hence there is 6 > 0 such that f(x) # 0
for all x satisfying 0 < |z — ¢| < §, and the function 1/f is defined at all
such z. Moreover, if (z,,) is any sequence in {z € R : 0 < |z — ¢| < 0} such
that x,, — ¢, then f(z,) — ¢ and hence by part (iv) of Proposition 2.3,
1/ f(zn) — 1/L. |
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With notation and hypotheses as in the proposition above, a combined
application of its parts (i) and (i) shows that lim, ..(f — ¢g)(z) = £ — m.
Likewise, a combined application of parts (iii) and (iv) shows that if m # 0,
then lim,_..(f/g)(x) = ¢/m.

Next, we show how the order relation on R and the operation of taking
the kth root are preserved under limits.

Proposition 3.24. Let D, ¢, f, g, £, and m be as in Proposition 3.23.
(i) If there is § > 0 such that

f(x) < g(z) for all x € R satisfying 0 < |z — ¢| < 6,
then £ < m. Conversely, if { < m, then there is § > 0 such that
f(z) < g(z) for all x € R satisfying 0 < |z — ¢| < 0.

In particular, if there is 6 > 0 such that g(x) > 0 for all x € R satisfying
0 < |x—c| <9, then limg,_.. g(x) > 0, and conversely, if lim,_.. g(x) > 0,
then there is 0 > 0 such that g(x) > 0 for all x € R satisfying 0 < |z —c| <
d.

(ii) If f(x) > 0 for all x € D, then £ > 0 and for any k € N, we have

lim f1/F(z) = 0V/F,

r—cC

Proof. Consider a sequence (x,,) in D\ {¢} such that z,, — c.

(i) Suppose there is d > 0 such that f(z) < g(x) for all x € R satisfying
0 < |z —¢| < d. Then there is ng € N such that |z, —¢| < 0 for all n > ny,
and hence f(x,) < g(x,) for all n > ng. Since f(z,) — ¢ and g(z,) — m,
part (i) of Proposition 2.4 shows that ¢ < m.

Conversely, suppose ¢ < m. If there is no § > 0 such that f(x) < g(x)
for all z € R satisfying 0 < |z — ¢| < §, then we can find a sequence (¢,,) in
D\ {c} such that

1
len —¢f < " and  f(cn) > g(c,) forallm e N.

Then ¢,, — ¢ and so

(= lim f(ey,) > lim g(c,) = m,
n—oo n—oo

again by part (i) of Proposition 2.4. This contradicts ¢ < m. Hence there is
0 > 0 such that f(z) < g(x) for all x € R satistying 0 < |z — ¢| < 0.

The particular case follows by letting f = 0.

(ii) Part (i) implies that ¢ > 0. Let k € N. By part (ii) of Proposition
2.4, it follows that (f(w,))"/* — ¢Y/*. Since (z,,) is an arbitrary sequence in
D\ {c} such that x,, — ¢, we have lim, .. f'/*(x) = ¢/, a
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With notation and hypotheses as in the above proposition, a combined
application of part (iii) above and part (iii) of Proposition 3.23 shows that
if r is any positive rational number and f(z) > 0 for all x € D, then
lim,_. f"(x) = £, since r = m/k, where m, k € N. This, together with
part (iv) of Proposition 3.23, shows that if £ > 0, then lim,_.. f"(z) = £" for
any negative rational number r.

Proposition 3.25 (Sandwich Theorem). Let D C R and ¢ € R be such
that (¢ —r,¢) and (¢,c+ 1) are contained in D for some r > 0. Assume that
f,g,h: D — R are such that

f(z) <h(x) <g(x) forall x€ D and lim f(z)=/{= lim g(z).
Then
lim h(x) = ¢.
Proof. Let (z,,) be any sequence in D\ {c} such that x,, — ¢. Then f(x,) — ¢,
g(xn) — £, and f(z,) < h(zy) < g(zp) for all n € N. Hence h(x,) — £ by the
Sandwich Theorem for sequences. This proves that lim,_. h(x) = £. a

Example 3.26. Consider the ‘criss-cross’ function f : [0,1] — R given in
Example 3.15. Let D := [—1,1] and define

2oy [ fx) ifxzel0,1],
f@) = {f(—x) if z € [~1,0).

Then —1 < f(z) <1forallz € D.Let h: D — R be defined by h(z) = z.f(x)
and g : D — R be defined by g(z) = |z|. Since —g(x) < h(z) < g(x) for all
x € D and limg,_o g(z) = 0 = lim,_o(—g)(z), the Sandwich Theorem shows
that lim,_o h(z) = 0. &

Let us now give a criterion for the existence of a limit of a function of a
real variable that does not involve convergence of sequences. The following
result may be compared with Proposition 3.7.

Proposition 3.27. Let D C R and ¢ € R be such that (c —r,c) and (c,c+7)
are contained in D for some r > 0, and let consider f : D — R. Then
lim,_. f(x) exists if and only if there is £ € R satisfying the following €-6
condition: For every € > 0, there is 6 > 0 such that

x€Dand0< |z —c| <d = |f(z) —{] <e.

Proof. Assume that lim,_.. f(x) exists and is equal to ¢. Suppose the e-§
condition does not hold. This means that there is ¢ > 0 such that for every
0 > 0, there is « € D satisfying
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0<|z—c|l<d, but |f(x)—{| > e

Taking § = 1/n for n € N, we see that there is a sequence (z,,) in D \ {c}
such that |2, — ¢| < 1/n, but |f(z,) — ¢| > € for all n € N. Now z,, — ¢ and
f(x,)+ €. This contradicts the assumption that lim,_.. f(z) = ¢.

Conversely, assume the e-0 condition. Let (x,,) be any sequence in D\ {c}
such that x,, — c¢. Let € > 0 be given. Then there is 6 > 0 such that

ze€Dand 0< |z —c| <d = |f(z) —{| <e.

Since x,, — ¢, there is ng € N such that |z, — ¢| < ¢ for all n > ngy. Hence
|f(xn) — ] < € for all n > ng. Thus f(x,) — £. It follows that lim,_. f(x)
exists and is equal to /. a

Next, we consider an analogue of the Cauchy Criterion for the convergence
of a sequence (Proposition 2.19).

Proposition 3.28 (Cauchy Criterion for Limits of Functions). Let
D CR and ¢ € R be such that (c —r,c) and (¢,c+ r) are contained in D for
some r > 0, and consider f: D — R. Then lim,_.. f(x) exists if and only if
for every e > 0, there is § > 0 such that

2, y€D, 0<|z—¢|<dand0<|y—c|<d=|f(z) — f(y)| <e.

Proof. Assume that lim,_,. f(z) exists and is equal to ¢. Let ¢ > 0 be given.
By Proposition 3.27, there is § > 0 such that

xGDand0<\x—c\<5:>\f(x)—£|<;.
Hence for z,y € D satisfying 0 < |z —¢| < § and 0 < |y — ¢| < 4, we have

f(z) = F@)] < |f(x) = €]+ €~ fy)| < ; + ; —e

Conversely, assume that the condition given in the statement of the propo-
sition holds. Let € > 0 be given. Then there is 6 > 0 such that

r,yeD, 0<|zr—c¢/<dand 0< |y —c| <d = |f(z) — f(y)] <e.

Consider a sequence (x,,) in D \ {c} such that x,, — ¢. Then there is ng € N
such that |z, — ¢| < ¢ for all n > ng. Consequently,

[f(zn) — f(zm)]| < e forall n,m > ng.

Thus (f(z,)) is a Cauchy sequence in R. By the Cauchy Criterion for se-
quences (Proposition 2.19), there is ¢ € R such that f(z,) — ¢. Hence there
is n1 € N such that ny > ng and |f(z,,) — £] < €. Since 0 < |z, — | < 4, it
follows that

ze€Dand 0< |z —c| <0 = |f(x) =L <|f(x)— fzn)|+|f(xn,) — L] < 2e.

Since € > 0 is arbitrary, Proposition 3.27 shows that lim,_. f(x) exists and
is equal to /. O
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We now consider one-sided limits. Let D be a subset of R and f: D — R
be a function. Suppose that ¢ € R is such that (¢ —r,¢) C D for some r > 0.
We say that a left (hand) limit of f as x tends to ¢ (from the left) exists if
there is a real number ¢ such that

(zn,) any sequence in D, z, < ¢, and z,, — ¢ = f(x,) — L.
We then write

fl) =0 asx—c” or lim f(x)="~(.
r—c—
Tt is easy to see that if lim,_, .- f(x) exists, then it is unique.

Similarly, if ¢ € R is such that (¢,c+7) C D for some r > 0, then we define
the right (hand) limit of f(x) as  tends ¢ (from the right) upon replacing
the requirement ‘z,, < ¢’ by the requirement ‘x,, > ¢’ in the definition above.
We then write

+

fl@) =l asaz —c or lim f(z)=~¢(.

r—ct
Results similar to Propositions 3.23, 3.24, 3.25, 3.27, and 3.28 hold for left
limits and for right limits. We also have the following result.

Proposition 3.29. Let D C R and ¢ € R be such that (c —r,c) and (c,c+71)
are contained in D for some r > 0, and consider f : D — R. Then

lim f(z) =0 <= lim f(zx)=¢= lim f(2).

T—cC T—c— r—ct

If in addition ¢ € D, then

[ is continuous at ¢ < lim f(x) = f(c) = lim+ f(z).

Proof. If lim,_.. f(z) = ¢, then clearly lim,_,.- f(z) = ¢ = lim,_, .+ f(x).

Conversely, assume that lim, .- f(z) = ¢ = lim,_ .+ f(z). Let (x,) be
any sequence in D\ {c}. Then z,, < ¢ or x, > ¢ for any n € N. If there is
ny € N such that z,, < ¢ for all n > ny, then since lim,_, .- f(z) = ¢, we see
that f(x,) — £. Also, if there is no € N such that z,, > ¢ for all n > no,
then since lim,_, .+ f(z) = ¢, we see that again f(x,) — ¢. In the remaining
case, there are positive integers j; < jo < --- and m; < mg < --- such that
Tj, <C< T, forallkeNand N={j,:k=1,2,...}U{mp: k=1,2,...}.
Since lim, .- f(z) = ¢, we have f(z;,) — (. Also, since lim, ..+ f(z) = ¢, we
have f(xy,, ) — £. Since every n € N is equal to ji or to my, for some k € N,
it follows that f(x,) — ¢. We therefore conclude that lim,_.. f(x) = .

The last statement of the proposition follows from the equivalence proved
above and Proposition 3.21. O
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Next, suppose that D C R and D contains a semi-infinite interval (a, c0),
where a € R. Consider a function f: D — R. We say that a limit of f as x
tends to infinity exists if there is a real number ¢ such that

(z,,) any sequence in D and x,, — oo = f(x,) — /.
We then write

flx) = lasxz—oc0 or lim f(x)="~.
Tr— 00
Since there does exist a sequence (zy,) in D such that z, — oo, we see that
lim,; . f(2) is unique. If D C R contains a semi-infinite interval (—oo,a)
where a € R, then we define lim,_,_ f(x) analogously, and write
fl) > lasxz— —c0 or lim f(z) ="
Tr— —0Q
Results similar to 3.23, 3.24, and 3.25 hold for limits as x — oo or as
r — —o0. We now give an analogue of Proposition 3.27 for such limits.

Proposition 3.30. Let D C R be such that (a,00) is contained in D for some
a€R andlet f: D — R be a function. Then lim,_. f(x) exists if and only
if there is £ € R satisfying the following e-a condition: For every € > 0, there
is a € R such that

€D andz>a= |f(x) —{| <e.

Proof. Let lim,_, o f(z) exist and equal £. Suppose for a moment that the e-«
condition does not hold. This means that there is € > 0 such that for every
a € R, there is « € D satisfying

x> a, but [f(z) =] >e.

By choosing a = n for each n € N, we may find a sequence (x,,) in D such
that @, > n, but |f(x,) — €| > € for all n € N. Now x,, — oo and f(x,)+¢.
This contradicts lim, .~ f(x) = ¢.

Conversely, assume the e-« condition. Let (x,,) be any sequence in D such
that x,, — co. Let € > 0 be given. Then there is a € R such that

re€Dandzx >a= |f(z) -/l <e

Since x,, — oo, there is ng € N such that z,, > « for all n > ng. Hence
|f(zn) — ) < € for all n > ng. Thus f(x,) — £. So lim,_. f(z) exists and
equals /. O

Remark 3.31. Let D C R be such that (a,o00) is contained in D for some
a € R, and let f, g : D — R be functions. We may compare the orders of
magnitude of f and g as x — oo just as we compared the orders of magnitude
of sequences (ay,) and (b,) in Remark 2.11.
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If there are K > 0 and « € R such that |f(z)| < K|g(z)| for all x > «,
then we write f(z) = O(g(z)) as * — oo [read f(x) is big-oh of g(z) as z
tends to infinity]. In particular, if g(z) = 1 for all large x, then f(x) = O(1)
as x — 00, and this means that the function f is bounded. Broadly speaking,
f(x) =0(g(x)) as © — oo if the order of magnitude of f is at most the order
of magnitude of g as * — oo. In case f and g are monotonically increasing
functions and f(z) = O(g(x)) as © — oo, then we also say that the growth
rate of f is at most the growth rate of g as © — oco. For example,

10 100 1
10 [z] + 100 = O(z) and 2] + oz @) (x) .

Given € > 0, if there is a € R such that |f(x)| < €|g(x)] for all > «,
then we write f(z) = o(g(x)) as x — oo [read f(z) is little-oh of g(x) as x
tends to infinity]. If g(a) # 0 for all large # € R, then f(x) = o(g(x)) as
x — oo means that lim,_ .o (f(z)/g(z)) exists and is zero. In particular, if
g(z) = 1 for all large x, then f(x) = o(1) as x — oo, and this means that
f(x) — 0 as x — oo. Broadly speaking, f(z) = o(g(x)) as ¥ — oo if the order
of magnitude of f is less than the order of magnitude of g as * — oo. In case
f and g are monotonically increasing functions and f(x) = o(g(z)) as * — oo,
then we also say that the growth rate of f is less than the growth rate of g
as x — oo. For example,

10 100 1
102 + 100 = o(zv/2) and 2] + oz 0 (\/m> .
Suppose there is nonzero £ € R that satisfies the following condition: Given
€ > 0, there is a € R such that | f(x) —£g(z)| < € for all z > «. In this case, we
write f(z) ~ g(z) as  — oo [read f(z) is asymptotically equivalent to g(z) as
x tends to oo]. Broadly speaking, f(z) ~ g(x) as © — oo if f(x) is of the same
order of magnitude as g(z) as * — oco. It can be easily seen that ~ is an equiv-
alence relation on the set of all real-valued functions defined on D. If g(x) # 0
for all large x, then f(x) ~ g(z) as © — oo means that lim, . (f(z)/g(x))
exists and is nonzero. If f and g are monotonically increasing functions and
f(x) ~ g(z) as © — oo, then we also say that f and g have the same growth
rate as x — oo. For example,
10~ 100 = 1000 1
+ L+ ~

2 4 2"

1022 + 100 2 + 1000 ~ 22 and

x 3 T T

More interesting examples will be given in Section 7.1.

If (=00, a) is contained in D for some a € R, then we may compare the
orders of magnitude of f and g as x — —o0, or if ¢ € R is such that (¢ —r,c+
r) C D for some r > 0, then we may compare the orders of magnitude of f
and g as * — ¢ in a similar manner. <&

As we have described for sequences, we now describe how in some cases 0o
or —oo can be regarded as a ‘limit’ of a function of a real variable. Let D C R
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and ¢ € R be such that (¢ —r,¢) and (c,c + r) are contained in D for some
r > 0. We say that f(x) tends to oo as x tends to ¢ if

(zn) any sequence in D and z, — ¢ = f(x,) — o0.

We then write
flx) - 00 asz —c.

We give an analogue of Proposition 3.27 for a function that tends to in-
finity.

Proposition 3.32. Let D C R, ¢ € R be such that (¢ —r,¢) and (¢,c+71) are
contained in D for some r > 0, and let f : D — R be a function. Then f(x)
tends to oo as x tends to c if and only if the following a-d condition holds:
For every a € R, there is § > 0 such that

re€D and 0 <|z—c <J= f(x)> a.

Proof. Let f(x) tend to co as x tends to c¢. Suppose for a moment that the
-6 condition does not hold. This means that there is @ € R such that for
every 6 > 0, there is x € D satisfying

0<l|z—c|<d, but f(z) <a.

Then there is a sequence (z,,) in D\ {c} such that |z, —c| < 1/n, but f(x,) < «
for all n € N. Now z,, — ¢ and f(z,) > oco. This contradicts the assumption
that f(x) — oo as x — c.

Conversely, assume the a-0 condition. Let (z,,) be any sequence in D\ {c}
such that x,, — c. Let @ € R be given. Then there is § > 0 such that

re€Dand 0< |z —¢| <d= f(z) > a.
Since x,, — ¢, there is ng € N such that |z, — ¢| < ¢ for all n > ngy. Hence

f(xy) > a for all n > ng. Thus f(x,) — oo0. So f(z) — oo as x — c. O

In a similar manner, we may define ‘f(z) — —oo as x — ¢’ and an equiv-
alent ‘8- condition’ can be formulated. Also, one-sided limits (as x — ¢~ or
as ¥ — ¢T) are similarly treated. Further, we may define

flx) 20 asz — oo and f(x) — —oc0 as z — oo
as well as
fl@) 5 0asz — —oco and f(z) > —oc0asx — —o0

analogously.

If f(x) — oo and g(x) — ¢, where £ € R or / = 0o or £ = —o0, then
results regarding the existence of the ‘limits’ of f(z) 4+ g(x) and f(z)g(z) can
be stated on the lines of the results stated in Remark 2.12.
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Examples 3.33. (i) We have

lim =0= lim
T—00 T r——00 I
while 1
— o0 as ¢ — 0T and — —00 as x — 0.
T T
242 3
(ii) We have wlirrgo 422—:_ 5&;—:_ 6= 4 since
14243
242 3
4x2+ ;16: 353 a? for all z € R, x # 0.
xe 4+ ox 4+$+m2

(iii) We have 2° — o0 as # — oo and 23 — —o00 as ¥ — —o0.

The concept of a limit involving co or —oo is useful in considering ‘asymp-
totes of curves’. Roughly speaking, a straight line is considered to be an
asymptote of a curve if it comes arbitrarily close to that curve. A classi-
fication of the asymptotes, depending on their slopes, is given below.

Let D C R and f: D — R be a function. We tacitly assume that D
satisfies an appropriate condition needed for defining the relevant limit.

1. A straight line given by y = b, where b € R, is called a horizontal
asymptote of the curve y = f(x) if
lim (f(z) —b)=0 or lim (f(z)—0b)=0.
T—00 T——00
2. A straight line given by y = ax + b, where a,b € R and a # 0, is called an
oblique asymptote of the curve y = f(z) if
lim (f(z) —ax—b)=0 or lim (f(z) —ax—0)=0.
xr—00 r——00

3. A straight line given by = = ¢, where ¢ € R, is called a vertical asymp-
tote of the curve y = f(x) if one or more of the following holds:

fl@) Dcasz —c", f(zr)—> —ccasz—c,
fl@) mocasx —ct, f(x)— —oc0asz— ct.

Examples 3.34. (i) Let D := (—00,0) U (1,00) and define f : D — R as
follows: ) .
v if > 1,
rz—1
fz) =
322 + 4z +1

if ¢ <0.
T
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For x > 1, we have f(z) = 2+ [1/(z — 1)], and so lim,_(f(z) —2) = 0.
Hence the straight line given by y = 2 is a horizontal asymptote of the curve
y = f(z). Also, f(x) — co as & — 17. Hence the straight line given by x = 1
is a vertical asymptote of the curve y = f(z).

For 2 < 0, we have f(x) = 3z+4+4(1/x), and so lim, . _ o (f(2) —32—4) =
0. Hence the straight line given by y = 3x + 4 is an oblique asymptote of the
curve y = f(z). Also, f(x) — —o0 as © — 0. Hence the straight line given
by « = 0 is a vertical asymptote of the curve y = f(z).

We can use this information to draw a graph of f as in Figure 3.6.

Fig. 3.6. Graph of f(z) = {(2“”_1)/(””_1) i > 1, Gith its horizontal,

(32% +4x +1)/z if 2 <0,
oblique, and vertical asymptotes

(ii) Let P and @ be nonzero polynomial functions that do not have a
common real root. Consider D := R\ E, where E is the set of all real roots
of the polynomial function Q. Define f(z) = P(z)/Q(z) for z € D.

If the degree of P is equal to the degree of @, then

R(z)

T =0 G

forx € D,
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where b € R and R is a polynomial function whose degree is less than the
degree of Q. Since R(z)/Q(x) — 0 as x — oo and also as © — —o0, we see
that the straight line given by y = b is a horizontal asymptote of the curve

y=[f(z).
If the degree of P is greater than the degree of @ by 1, then
R(x)
f(x) =ax+b+ for x € D,
) Q)

where a,b € R, a # 0 and R is a polynomial function whose degree is less than
the degree of Q. Again, since R(x)/Q(x) — 0 as  — oo and also as © — —o0,
we see that the straight line given by y = ax + b is an oblique asymptote of
the curve y = f(x).

Let now ¢ € E, that is, ¢ € R and Q(c) = 0. Then it is easy to see that
f(x) = oo or f(x) — —oo (depending on the signs of the leading coefficients
of the polynomial functions P and Q) as  — ¢~ and also & — ¢T. Hence the
straight line given by 2 = ¢ is a vertical asymptote of the curve y = f(x).

We now consider limits of monotonic functions. The results given below
may be compared with the corresponding results for limits of monotonic se-
quences (Proposition 2.8 and Remark 2.12).

Proposition 3.35. Let f : (a,b) — R be a monotonically increasing function.
Then

(i) img - f(x) exists if and only if f is bounded above; in this case, we have
lim_f(z) = sup{f(2) : 2 € (a.)}.

If f is not bounded above, then f(x) — oo as x — b~ .
(ii) limg, o+ f(x) exists if and only if [ is bounded below; in this case, we have

lim+ flz) =inf{f(z) : z € (a,b)}.

r—a

If f is not bounded below, then f(x) — —oo as x — a™.

Herea € R ora=—o0, and b € R or b = co.

Proof. Consider a sequence (by,) in (a,b) such that b, — b.

(i) Assume that f is bounded above and let M := sup{f(z) : « € (a,b)}.
Given € > 0, there is ¢ € (a,b) such that M — e < f(c¢). Now since f is
monotonically increasing, we have M — e < f(z) for all z € (¢,b). Also, since
b, — b and ¢ < b, there is ng € N such that ¢ < b,, for all n > ng. Hence
M — e < f(by) for all n > ngy. On the other hand, f(b,) < M for all n € N.
Hence f(b,) — M as b, — b. Since (by,) is an arbitrary sequence such that
b, — b, we obtain f(x) — M as z — b.

Assume now that f is not bounded above. Let o € R. Then there is
¢ € (a,b) such that o < f(c). Again, since f is monotonically increasing,
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a < f(z) for all x € (¢,b). Since b, — b and ¢ < b, there is ny € N such
that ¢ < b, for all n > ng. Hence a < f(by,) for all n > ng. This shows that
f(b,) — oo as b, — b. Since (b,,) is an arbitrary sequence such that b,, — b,
we obtain f(x) — oo as © — b.

(ii) The proof of this part is similar to the proof of part (i) above. O

A result similar to the one above holds for a monotonically decreasing
function. (See Exercise 32.)

We shall now use Proposition 3.35 to prove the converse of the Intermediate
Value Theorem (Proposition 3.13) for monotonic functions.

Proposition 3.36. Let I be an interval and f : I — R be a function that is
monotonic on I. If f has the IVP on I, then [ is continuous on I.

Proof. Assume first that f is monotonically increasing on I and f has the
IVP on I. Consider ¢ € I.

Suppose that ¢ is neither the left (hand) endpoint nor the right (hand)
endpoint of the interval I. Then there are c¢y,co € I such that ¢; < ¢ < ¢o.
Now the function f is bounded above on the interval (¢1,¢) and it is bounded
below on the interval (¢, c2) by f(¢). Hence by Proposition 3.35, f(x) — ¢1 as
x — ¢~ and f(x) — fy as x— — ¢t where

bi=sup{f(z) a1 <z <c} and Lo:=inf{f(z):c<z<ca}.

Clearly, {1 < f(c¢) < ¢5. In fact, since f has the IVP on I, we have {1 = f(c) =
{5. Thus by Proposition 3.29, f is continuous at c.

If ¢ is the left (hand) endpoint of the interval I, then the above argument
shows that f(z) — f3 as ¢ — ¢T and f3 = f(c), while if ¢ is the right (hand)
endpoint of the interval I, then we have f(z) — ¢; as ¢ — ¢~ and {1 = f(c).

Thus in all cases, f is continuous at c. Since ¢ is an arbitrary point of I,
we see that f is continuous on I.

If f is monotonically decreasing on I and f has the IVP on I, then —f is
monotonically increasing on I and — f has the IVP on I. Hence by what we
have proved above, — f is continuous on I, that is, f is continuous on I. O

We conclude this section by stating that Proposition 3.29 about left limits
and right limits can be used to prove that if a function is convex or concave
on an interval, then it is continuous at every point of that interval other than
its endpoints. (See Exercise 47.)

Notes and Comments

Most books on calculus and analysis treat limits of functions of a real variable
first and then discuss the continuity of such a function. We follow, however,
the reverse order. Qur definition of continuity of a function relies on the
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concept of limit of a sequence, which is introduced in Chapter 2; the domain
of such a function can be an arbitrary subset of R. Such an approach is unusual
but not new. See, for example, the book by Goffman [27]. Our definition of
the limit of a function at a point ¢ € R also uses the concept of a limit of a
sequence; the assumption that an open interval about c, except possibly c itself,
18 contained in the domain of the function ensures the uniqueness of the limit,
whenever it exists. OQur discussion of the relationship between continuity and
various geometric properties of a function is based on a remarkable result,
which states that the inverse of a strictly monotonic function defined on an
interval is always continuous.

Our approach of utilizing the limits of sequences to introduce continuity
and limits of functions of a real variable seems to be simple-minded and easier
to understand than the standard approach, which uses the e-6 condition. We
have shown the equivalence of these two approaches toward the end of our
discussion of continuity and of limits.

It is possible to define the limit of a function at a point ¢ under a less-
restrictive assumption on the domain D of the function than what we have
imposed. In fact, it is sufficient to assume that for every r > 0, there is x € D
such that 0 < |z — ¢| < r. See Ezercises 43-45. The assumption imposed by
us in the text is merely for the sake of simplicity.

Exercises
Part A

1. State whether there is a function f : [0,3] — R that is continuous at 2
and satisfies
(i) f(z) = (2% — 32— 2)/(z — 2) for z # 2,

) x  ifxell,2),
(i) f(z)= {x/Q if € Ez?j

2. State whether there is a continuous function f : [0,1] — R such that for
every n € N,

(i) £((2n—1)/n) = (1), (i) F(2n+ 1)/n) = 21/n.

3. Let k be an odd positive integer and f(x) = {/z for z € R. Show that f
is continuous on R.

4. Let f: R — R satisfy f(x +y) = f(x) + f(y) for all z, y € R. If f is
continuous at 0, then show that (i) f is continuous at every ¢ € R and (ii)
f(sz) = sf(x) for all s, z € R. Deduce that there exists r € R such that
f(z) =rx for all z € R.

5. Let f : R — R satisfy f(x +y) = f(x)f(y) for all z, y € R. If f is
continuous at 0, then show that f is continuous at every ¢ € R.

[Note: An important example of such a function, known as the exponential
function, will be given in Section 7.1.]
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6.

10.

11.

12.

13.

14.

15.

Let f: R — Rsatisty f(ay) = f(z)f(y) for all z, y € R. If f is continuous
at 1, then show that f is continuous at every ¢ € R, except possibly at
¢ = 0. Give an example of such a function that is continuous at 1 as well
as at 0. Also, give an example of such a function that is continuous at 1,
but not at 0. (Compare Exercise 19 of Chapter 1.)

. Let f:(0,00) — R satisfy f(zy) = f(x) + f(y) for all z, y € (0,00). If f

is continuous at 1, then show that f is continuous at every ¢ € (0, 00).
[Note: An important example of such a function, known as the logarithmic
function, will be given in Section 7.1.]

. Let f: R — R be given by

ar if x <0,

f(x):{\/x if £ >0,

where a € R. Show that f is continuous on R.

. Let f: R — R be given by

Flz) = x if x is rational,
"1 1—2 if x is irrational.

Show that f is continuous only at %

Let D:={1/n:n €N} U{0} and f: D — R be any function. Show that
f is continuous at 1/n for every n € N, and f is continuous at 0 if and
only if f(1/n) — f(0).

Let f:]0,2] — R be given by

T ifo<a <1,
f(x)_{3—x if1<a<2.

Show that f assumes every value between 0 and 2 exactly once on [0, 2],
but f is not continuous on [0, 2].
Let f:[0,1] — R be given by

[ 3x)2 ifo<az<j,
f(x)_{(?)x—l)/Q ifl<z<l.

Show that f([0,1]) = [0, 1]. Is f continuous on [0, 1]? Does f have the IVP
on [0,1]?

Show that the cubic 2% — 6z + 3 has exactly three real roots. (Hint: Find
f(=3), f(0), f(1), and f(2), and use the IVP.)

Let D CR,ce D, and f: D — R be such that f is continuous at ¢. Show
that |f|: D — R is continuous at c. Is the converse true?

Let DCR,ce D,and f, g: D — R be such that f and g are continuous
at ¢. Show that the functions max(f, g), min(f,g) : [a,b] — R given by

max(f, g)(z) = max{f(z),g(x)} ~and  min(f,g)(z) = min{f(z), g(z)}

for = € [a,b] are continuous at c¢. (Hint: max(f,g) = (f+g+1|f —g])/2
and min(f,g) = (f +9—1|f —gl)/2.)
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16. Let f : [a,b] — R be continuous. Use the IVP to show that for any
C1y...,Cn € [a,b], there is ¢ € [a,b] such that

flen)+ -+ flen)

n

fle) =

17. If a function f satisfies one of the following conditions, then can it be
continuous? Why?
(i) f:[1,10] = R, f(1) =0, f(10) =11, range of f C [-1,0]U[1,11].
(ii) f:[0,1] — R and range of f = (—1,1).
(i) f:[-1,1] — R and range of f = [0, 00).
18. Let f: R — R be given by

_Jx/A+z) ifz>0,
f(x)_{m/(l—m) if x < 0.

Show that f is continuous and bounded on R. Also, prove that
inf{f(z):zeR}=-1 and sup{f(z):zeR}=1,

but there are no r, s in R such that f(r) = —1 and f(s) = 1.

19. Let D and FE be subsets of R such that D is closed and bounded. If
f : D — E is bijective and continuous, then show that f~' : E — D
is continuous. (Hint: Proposition 2.17.) In particular, this result holds if
D = [a,b]. (Compare Proposition 3.14.)

20. Analyze the following functions for uniform continuity:

(i) f(z) ==, z€eR, (i) f(z) =1/z, z € (0,1],
(iii) f(z) = 2%, 2 € (0,1), (iv) f(z) = V1 —22, z € [-1,1].

21. Let D and E be subsets of R, and let f : D — R and g : F — R be
functions such that the range of f is contained in E. If f is uniformly
continuous on D and g is uniformly continuous on F, then show that go f
is uniformly continuous on D.

22. Let f: R — R be given by

_Jax ifx#0,
f($)_{1 if 2 = 0.

Then lim,_,o f(x) = 0, but there is a sequence (z,,) such that x,, — 0 and
f(zy) # 0. Explain.

23. Show that lim,_.. f(z) does not exist if f: R — R is given by
0) f@) =l -z =1, @) f@=""1 =01

24. Consider f, g : R — R and ¢ € R. Under which of the following conditions
does lim, . f(z)g(z) exist? Justify.
(i) limg_. f(z) exists.
(i) limy_. f(z) exists and g is bounded on {z € R : 0 < |z — ¢| < §} for

some 6 > 0.
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25.

26.

27.

28.

29.

30.

(iii) limgy—. f(xz) =0 and g is bounded on {z € R : 0 < |z — ¢| < 4} for
some ¢ > 0.

(iv) limg—. f(z) and lim,_,. g(x) exist.

Prove that the following limits exist.

- o V-1 o Tr—1 o ztiuw

() Jmpatel, @ Jum =y Wi e s (M) ey
—1|+1

ot V0t O 0t 2 )

5—0t /T4 /x+5
Show that f(z) — oo as x — oo, if f: [0,00) — R is given by
B 322+ 1

() f@) =" T (@) f@) = el

Let f and g be polynomial functions given by
fl@)=ana" + - +a1x+ a9 and g(x) =bpz™ + - + bix + by,
where ay, ...,ag, by, ...,by are in R, a,, # 0 and b, # 0. Show that

f(x)_{O if m > n,

fim G Jbry, if M= n.

z—o0 g(z)

In case m < n, show that

f(x)—>ooasx—>ooif tn >0, and f(x)—>—ooasx—>ooif thn < 0.
g(z) bm g(z) bm

Let f: R — R and ¢ € R. If lim,_,. f(z) exists, then show that

i [f(c 4 h) — f(c— )] =0

Is the converse true? Justify your answer.
(Limit of Composition) Let D C R, sp € R be such that (sop — 7, so)
and (8o, so + ) are contained in D for some r > 0, and let u : D — R be
a function such that lim,_ s, u(s) exists. Let tg := lims_, 4, u(s). Suppose
E C R is such that u(D \ {so}) C F and consider a function v : £ — R.
Assume either that (to — d,%0) U (fo,%0 + J) is contained in E for some
0 > 0, limy_, v(t) exists, and u(s) # to for every s € D\ {so}, or that
to € E and v is continuous at tg. Then prove that lims_,s, vou(s) = v(tg).
Show also that the condition ‘u(s) # to for every s € D\ {so}” or the
requirement of continuity of the function v at ty cannot be dropped from
this result.
Given € > 0, find § > 0 such that |f(z) — ¢| < € whenever 0 < |z —¢| < 6,
if 1 1
G) flx) =22 +1,c=1,¢0=2, (ii) f(z) = X c#0, 0= o

2
(i) f(z) = 3x° + To + 2

— 2 (=_5/2.
2w +4 : 5/
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31.

32.

33.

34.

35.

36.

3 Continuity and Limits

Find the asymptotes of the following curves:
2

(i)y:$i12,x75—1, (ii)zy:mfl,x;él, (iii)gz/:gcf_l,x;éj:l,
. x 44+ 1 . ¥4+ -2
(hy= " @w=" e oy =" T

Let f : (a,b) — R be a monotonically decreasing function. Prove the

following results. (Compare Proposition 3.35.)

(i) lim,_;- f(x) exists if and only if f is bounded below; in this case, we
have

Tllrg_ flx) =inf{f(z) : z € (a,b)}.

If f is not bounded below, then f(z) — —co asxz — b
(ii) lim, .+ f(x) exists if and only if f is bounded above; in this case, we
have

lim+ f(z) =sup{f(z) : z € (a,b)}.

r—a

If f is not bounded above, then f(z) — 0o as x — a™.

Part B

Let k € Nand f(z) = 2'/* for x € [0,00). If ¢ € R is such that 0 < e < 1,
define ¢ := min{(1 +¢)” — 1,1 — (1 — €)"}. Show that 6 > 0 and

z €]0,00) and |[x — 1| < d = |f(z) — 1| <e.

Also, show that ¢ is the greatest real number for which this holds.
Let f :[0,00) — R be given by

1 ifx=0,
flx)=<¢ 1/q if x = p/q where p, ¢ € N and p, ¢ have no common factor,
0 if x is irrational.

Show that f is discontinuous at each rational in [0, 00) and it is continuous
at each irrational in [0, c0).

[Note: This function is known as Thomae’s function.]

Let f : [a,b] — R be a continuous function satisfying f(a) = f(b). Show
that there are ¢, d € [a,b] such that d — ¢ = (b — a)/2 and f(c) = f(d).
Deduce that for every e > 0, there are x, y € [a,b] such that 0 < y —a < €
and f(z) = f(y).

Prove that a function f : (a,b) — R is convex if and only if it is continuous
on (a,b) and satisfies

f<$1 +1U2> - f(ffl);f(fz)

5 for all x1,z2 € (a,b).

(Hint: To prove convexity, first show that
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f<m1+-7~]-+wn> < f@l)*'r'l'*f(g”") for all z1,..., 2 € (a,b)

by observing that it holds if n = 2%, where k € N, and it holds for any

n € N whenever it holds for n + 1; then show that f(Az + (1 — \)y) <

AM(x)+ (1 =N f(y) for all z,y € (a,b) and A € Q with 0 < XA < 1, and

finally use the continuity of f to complete the argument.)

37. Let D CR and f: D — R. Prove the following.

(i) If D is bounded and f is uniformly continuous on D, then f is bounded
on D. Is this true if f is merely continuous on D?

(ii) Let (z,) be a Cauchy sequence in D. If f is uniformly continuous on
D, then (f(x,)) is also a Cauchy sequence. Is this true if f is merely
continuous on D?

38. Let f: (a,b) — R be a continuous function. Show that f can be extended
to a continuous function on [a,b] if and only if f is uniformly continuous

n (a,b). (Hint: Exercise 37 (ii) and Proposition 3.17.)

39. Suppose f: D — Rsatisfies | f(z) — f(y)| < ajz—y|" for all 2, y in D and
some constants a € R, r € Q, r > 0. Show that f is uniformly continuous
on D.

40. Let r € Q and r > 0. If f : [0,00) — R is defined by f(z) = 2", show
that f is uniformly continuous if and only if » < 1. (Hint: If » < 1, then
|27 —y"| < 2]z —y|” for all 2,y € [0,00) by Exercise 54 (ii) of Chapter 1.
If 7 > 1, then consider x,, :=n, y, :==n+ (1/n""1) for n € N.)

41. Let f, g : D — R be uniformly continuous on D. Are the functions
f+g, fg, 1/f (provided f(z) # 0 for all x € D) uniformly continuous
on D7 What if D is a bounded subset of R? What if D is a closed subset
of R? What if D = [a,b]? Justify your answers.

42. Let D C R and ¢ € R be such that D contains (¢ — r,¢) and (¢, ¢+ r) for
some r > 0. Given any f : D — R, show that lim,_. f(z) exists if and
only if the following conditions hold:

(i) For any sequence (x,) in D \ {c} such that x,, — ¢, the sequence
(f(zy)) is bounded.

(ii) For any sequences (z,) and (y,) in D\ {c} such that x,, — ¢, y, — ¢,
and moreover, both (f(z,)) and (f(y,)) are convergent, we have
limp oo f(2n) = limp—oo f(Yn).

(Hint: Proposition 2.17.)

43. Let D C R and ¢ € R. If for every » > 0, there is x € D such that
0 < |z —¢| < r, then ¢ is called a limit point (or an accumulation
point) of D.

(i) Show that ¢ is a limit point of D if and only if there is a sequence
(z5,) in D\ {c} such that z, — c.

(ii) If ¢ is a limit point of D, then show that for every r > 0, the set
{r € D:0< |z —c| <r} is infinite.

(iii) If D is a finite subset of R, show that D has no limit point.



102 3 Continuity and Limits

(iv) Find all limit points of D if D := N, or D := {1/n : n € N}, or
D :=Q, or D := (a,b).

(v) Let (an) be a sequence in R and let D := {a,, : n € N}. If ¢ is limit
point of D, then show that ¢ is a cluster point of (a,). On the other
hand, if a,, := (=1)" for all n € N, then 1 and —1 are cluster points
of (an), but the set D := {a, : n € N} = {1, -1} has no limit point.
(See Exercise 16 of Chapter 2 for the definition of a cluster point of a
sequence. )

44. Let D C R, c€ R, and let f: D — R be a function.

(i) If ¢ is a limit point of D, then we say that a limit of f as x tends to

c exists if there is a real number ¢ such that

(zn,) any sequence in D\ {c} and z,, —» ¢ = f(z,) — L.

Show that if a limit of f as = tends to ¢ exists, then it is unique.
(ii) If ¢ is not a limit point of D, then show that for any ¢ € R, the
condition

(xy,) any sequence in D \ {c} and z,, —» ¢ = f(x,) — ¢

holds vacuously.
45. Let D C R and ¢ € R be a limit point of D. Prove analogues of Proposi-
tions 3.21, 3.23, 3.24, 3.25, and 3.27.
46. Let f : (a,b) — R be a monotonically increasing function. Show that for
every ¢ € (a,b), both lim,_, .+ f(z) and lim,_,.- f(x) exist, and

wﬁg{]ﬁx)==aiggcf($)f§f(® < nf f(z)= lim f(z).

Also, if d € (a,b) and ¢ < d, then show that
lim f(x)= lim f(x).

r—ct T—d—
Further, show that similar results hold for a monotonically decreasing
function.

47. Let I be an interval and f : I — R be a function that is convex on I,
or concave on I. Show that f is continuous at every point of I except
possibly the endpoints of I. (Hint: Let ¢ be an interior point of I and
c1,co € I be such that ¢; < ¢ < ¢o. If f is convex on I, then

f(C) - f(cl) (.T o Cl) < f(.T) < f(C) + f(CQ) - f(C)

cC—C Co — C

fle) + (z —¢)

for all x € (¢, ¢2) and

T P L B 1) A AC PP

Cy — C CcC—C1

for all x € (¢1,¢).)



4

Differentiation

Differentiation is a process that associates to a real-valued function f another
function f’, called the derivative of f. This process is local in the sense that
the value of f’ at a point ¢ depends only on the values of f in a small in-
terval around c. The concept of differentiation originated from two classical
problems:

1. The geometric problem of determining a tangent at a point to a curve in
the plane.

2. The physical problem of determining the speed or the velocity of an object,
such as a particle or a vehicle or a planet.

The notion of a derivative, which we shall study in this chapter, and the
fact that it can often be computed effectively, turns out to be a key to solving
the above two problems. Furthermore, the notion of a derivative has an enor-
mous number of applications both within and outside mathematics. Some of
these applications will be considered in Chapter 5.

In the first section below, we begin by describing in greater detail the
second problem above. This leads to the definition of differentiability. The
concept of differentiability of a function is intimately related to the continuity
of an associated function, and this connection is made explicit by a lemma of
Carathéodory. We first prove Carathéodory’s Lemma and then use it to the
fullest extent possible to derive a number of basic properties of differentiation.
Next, in Section 4.2, we present results known as the Mean Value Theorem
and Taylor’s Theorem, which are extremely useful in calculus and analysis.
In Section 4.3, we show that for differentiable functions, geometric properties
of functions such as monotonicity, convexity, and concavity can be effectively
determined by looking at their derivatives. Finally, in Section 4.4, we describe
L’Hopital’s Rules, which show how differentiation can be used to compute
certain limits.
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4.1 The Derivative and Its Basic Properties

Suppose we are traveling in a car from one place to another. If at an instant ¢;
we have covered a distance s; = s(¢1) from the starting point and at another
instant to we have covered a distance so = s(t2), then it is clear that the
average speed for the journey between these two instants, is

distance  s(t2) — s(t1)
time to —t1 '

Now, what if we want to know the precise speed at a particular instant tq? If
the procedure above is followed blindly, then the answer would come out as
zero, and that does not makes sense. So, a natural thing to do is to consider
the average speed

s(to +h) —s(to) _ s(to+h)—s(to)

(t0+h)—t0 h

)

where h is rather small (but can be positive or negative), so that tg + h varies
over points close to tg. It is conceivable that as h approaches 0, the quotient
above approaches what the speed at ty should be. Also it is clear that the
notion of limit, which was discussed in the previous chapter, would readily
make the last statement precise. Thus, we simply set!

s(to +h) — s(to)

the instantaneous speed at ty) = }llin%) L .

The idea here can easily be extended from a ‘distance function’ s to an arbi-
trary real-valued function f. It is, however, desirable that to form quotients
such as those above, near a point x = ¢, the function should at least be defined
at points around c¢. We thus make the following definition.

Let D be a subset of R. An element ¢ € D is said to be an interior point
of D if there is r > 0 such that (¢ —r,¢+7) C D. A function f: D — R is
said to be differentiable at an interior point ¢ of D if the limit

L Fe+h) = £

h—0 h

exists. In this case, the value of the limit is denoted by f’(c) and is called the
derivative of f at c.

If D C R is such that every point of D is an interior point of D, then a
function f : D — R is said to be differentiable on D if f is differentiable at

! In this example, the distance function s is evidently increasing and thus the limit
here would be nonnegative. For an arbitrary linear motion, the function s may
not be increasing and thus the limit could also be negative. It is then customary
to call it the instantaneous velocity rather than the instantaneous speed. In
general, speed is given by the absolute value of the velocity.
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every point of D. In case f is differentiable on D, we obtain a new function
from D to R whose value at ¢ € D is f’(¢). Quite naturally, this function is
denoted by f’ and is called the derivative (function) of f.

Some alternative notations for the derivative f” are

d d
f , or also Y when one writes y = f(x).
dz x

Likewise, f'(c) is sometimes denoted by

df
dx

dy

or
’ dx

Tr=c

r=c
At times, physicists use the notation f instead of f’.

Examples 4.1. (i) If f : R — R is a constant function, then clearly f'(c) =0
for every ¢ € R. Thus, the derivative of a constant function is the zero
function.

(ii) If f: R — R is the identity function given by f(z) = z, then

fle+h)—=f(c) (c+h)—c
h N h
It follows that f is differentiable on R and f'(z) = 1.
(iii) If f : R — R is the absolute value function given by f(x) = |z|, then

fO+h) = f(0) _ |n]

h h’

=1 forany c e R.

and from part (ii) of Example 3.20, we see that the limit of this quotient
as h — 0 does not exist. So f is not differentiable at ¢ = 0. On the other
hand, f is differentiable at each ¢ € R, ¢ # 0, and f/(¢) is 1 if ¢ > 0 and
—life<O0.

(iv) If f: (—1,1) — R is defined by f(x) = Va2 + 23 = |z|v/z + 1, then

fO+h)—F(0) |hVh+1
h o h

and thus, as in the previous example, the limit of this quotient as h — 0
does not exist. So f is not differentiable at ¢ = 0.
(v) If f : R — R is defined by f(z) = V22 = 2*/3, then

FO+h) —f0) _ 1

h Vh
and the limit of this quotient as h — 0 clearly does not exist. So f is not
differentiable at ¢ = 0. <&
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Fig. 4.1. Graphs of (iv) y = Va2 4+ 2 and (v) y = Va2

Now let us turn to a geometric interpretation of the notion of derivative and
in particular, a ‘solution’ to the first problem stated at the beginning of this
chapter. So let D C R be such that every point of D is an interior point of
D and let f: D — R be a function. Given any ¢ € D and h # 0 such that
c+ h € D, the quotient

fle+h) = fle)

h

gives the slope of the chord joining the points (¢, f(c¢)) and (¢ + h, f(c+ h))
on the curve y = f(z), x € D. As h — 0, these chords seem to approach a
‘tangent’ to the curve y = f(x) at the point (¢, f(c)). It is therefore, reasonable
to define the tangent to the curve y = f(x) at the point (¢, f(¢)) to be the
line given by the equation

L fleth) = £(0)

y— flc) =m(x —c), where m= f'(c) = lim 5 ,

provided the limit above exists, that is, provided f is differentiable at c¢. Notice
that the form of the equation for the tangent is such that a vertical line (such
as the one given by = constant) can never be a tangent to a curve of the form
y = f(x). Further, the (geometric) condition that there is a unique nonvertical
tangent to the curve y = f(z) at a point (¢, f(c)) is equivalent to the (analytic)
condition that f is differentiable at ¢. Thus, intuitively speaking, to say that f
is differentiable at ¢ means that the graph of f is ‘smooth’ at (¢, f(c)), that is
to say, the graph has a unique nonvertical tangent at c. In this case the graph
of f has no breaks or sharp edges or cusps at c¢. This is similar to the intuitive
meaning of the continuity of f at ¢, namely, that the graph of f is unbroken
at c. For an illustration of these remarks, take another look at Examples 4.1
(iii), (iv), and (v) as well as Figure 1.4 of Chapter 1 and Figure 4.1 above.

We shall now describe a number of basic properties of derivatives and
to prove these, the following characterization of differentiability will be very
useful.
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Proposition 4.2 (Carathéodory’s Lemma). Let D C R and let ¢ be an
interior point of D. Then a function f : D — R is differentiable at ¢ if and
only if there exists a function fi : D — R such that f(z)— f(c) = (x—c) f1(x)
for all x € D, and f1 is continuous at c. Moreover, if these conditions hold,

then f'(c) = fi(c).
Proof. If f is differentiable at ¢, then we can define f; : D — R by
f(x) = f(o)

fl(x) = xr—cC
1 (c) if x =c.

ifxeD, x#c,

It is clear that f; satisfies the required properties. Conversely, if there exists
a function f; : D — R with the given properties, then

c+h)— f(c

i [+ =1

Jim = lim fule+h) = (o)

where the first equality follows by putting 2z = ¢ + h in the relation f(z) —
f(e) = (x—c) f1(c) and the second equality follows from Proposition 3.21 since
/1 1s continuous at ¢. This proves that f is differentiable at ¢ and f’(c) = f1(c).

]

Let D C R and ¢ be an interior point of D. Given a function f: D — R,
a function f; : D — R satisfying

(i) f(x) = fle) = (x —¢)fi(x) for all x € D, and (ii) fi is continuous at ¢

is called an increment function associated with f and c. It is clear that
such an increment function, if it exists, is uniquely determined by f and c.
Carathéodory’s Lemma can be paraphrased by saying that differentiability of
a function f at a point ¢ is equivalent to the existence of an increment function
associated with f and ¢, and in this case the derivative of f at c is the value
of the increment function at c.

An immediate corollary of Carathéodory’s Lemma is the following.

Proposition 4.3. Let D C R and ¢ be an interior point of D. If a function
f D — R is differentiable at c, then f is continuous at c.

Proof. Let f1 be the increment function associated with f and c. Continuity
of f1 at ¢ implies the continuity of f at ¢ since f(x) = f(c) + (z — ¢) f1(c) for
all z € D. a

Notice that the converse of the above Proposition is not true. In other
words, continuity need not imply differentiability. For example, the absolute
value function is continuous at 0, but it is not differentiable at 0.
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Remark 4.4. Since differentiability implies continuity, all the properties of
continuous functions such as those discussed in Section 3.2 are inherited by
differentiable functions. On the other hand, it may be worthwhile to examine
whether the conditions that imply continuity also imply differentiability. Of-
ten, this is not the case. For example, we have shown in Corollary 3.12 that
if I is an interval and f : I — R is a strictly monotonic function such that
f(I) is an interval, then f is continuous. However, such a function need not
be differentiable. To see this, consider I := [0,2] and f : I — R defined by

Flz) = T ifo<z <1,
@) =13z _2if1<x<2

Then f is strictly increasing and f(I) = [0,4] is an interval but f is not
differentiable at 1 [since f’ (1) =1 # 3 = f/ (1)]. The same example shows
that the hypothesis of Proposition 3.36, namely that [ is an interval and f :
I — R is monotonic and has the IVP on I, does not imply the differentiability
of f on I. As another example, we have indicated in Exercise 47 of Chapter 3
that if I is an interval and f : I — R is convex on I, or concave on I, then f is
continuous at every interior point of I. However, convexity or concavity does
not imply differentiability. To see this, consider the absolute value function
f:[-1,1] — R defined by f(z) = |z|. As seen earlier, f is convex on [—1, 1] but
fails to be differentiable at an interior point of [—1, 1], namely, at 0. Similarly,
—f is concave on [—1, 1] but fails to be differentiable at 0. <&

Proposition 4.5. Let D C R, ¢ be an interior point of D, and f,g: D — R
be functions that are differentiable at c¢. Then

(i) f + g is differentiable at ¢ and (f + g)'(c) = f'(c) + ¢'(¢),

(ii) rf s differentiable at ¢ and (rf) (c) =rf'(c) for any r € R,

(iil) fg is differentiable at ¢ and (fg)'(c) = f'(c)g(c) + f(c)g'(c),

(iv) if f(c) #0, then there is § > 0 such that (¢ — d,¢+6) C D and f(xz) #0
for all x € (¢— 4§, c+0); moreover, the function 1/f : (c—d,c¢+3d) — R is

differentiable at ¢, and
RN A C)
() @=-fen

(v)if f(c) >0, then there is 6 > 0 such that (¢ —d,c¢+ ) C D and f(x) >0
for all x € (¢ — 6,¢ + 6); moreover, for any k € N, the function f'/* :
(c—0,c+0) — R is differentiable at ¢ and

(#79) () = @D 7o),

Proof. Let f1 and g1 denote, respectively, the increment functions associated
with f and g and the point ¢. Using part (i) of Proposition 3.3, we easily see
that f1 + g1 is the increment function associated with f 4 ¢ and c. Likewise,
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using part (ii) of Proposition 3.3, we see that rf; is the increment function
associated with rf and ¢ for any r» € R. This proves (i) and (ii).
Next, for any x € D, the difference f(z)g(z) — f(c)g(c) can be written as

[f(x) = F(e))g(x) + f(e)lg(x) — 9(c)] = (z — ¢) [r(x)g(x) + f(c)gr(2)] -

Moreover, by Proposition 4.3, g is continuous at ¢ and thus by parts (i), (ii),
and (iii) of Proposition 3.3, the function f1g+ f(c)g1 is continuous at ¢. This
implies (iii).

Since ¢ is an interior point of D, by Proposition 4.3 and part (iv) of
Proposition 3.3, we see that if f(c) # 0, then there is 6 > 0 such that
(¢c—=96,¢+0) C D and f(zx) # 0 for all x € (¢ — J,c+ ¢), and moreover,
the function 1/f : (¢ — §,¢+ 0) — R is continuous at ¢. Thus, if f(c) # 0, we
have

11 :—[f(l‘)—f(C)}:(gc_c){—ﬁ(x)

fl@)  fle) f(@)f(e) f(@)f(e)

This yields (iv) since the function —f1/f(c)f is continuous at c.

Finally, suppose k € N and f(c) > 0. Since ¢ is an interior point of D, it
follows from Lemma 3.2 that there is § > 0 such that (¢ — d,¢+ ) C D and
f(z) > 0forall z € (¢c— 6, ¢+ ). For simplicity, write F(z) := f(z)'/* for z €
(¢—0,¢+9). Then part (v) of Proposition 3.3 shows that F': (¢—d,¢+0) — R
is continuous at ¢, and for any x € (¢ — d,c+ ), we have

] for x € (¢ = d,c+9).

f@) = f(e) = [F(z) = F(o)] [F(2)* ' + F(c)F(2)" 2 + -+ F(c)* '] .
Now since F(x) > 0 for any 2 € (¢ — §,c + 0), we obtain

fi(z)

Fla) = Fe) == | payt 4 P F@)—2 4 + F(op1

This implies (v) since the function fi/ (F*~! + F(c)F* 2 4+ -+ F(c)* 1) is
continuous at c. a

Remark 4.6. With notation and hypothesis as in the above proposition, a
combined application of its parts (i) and (ii) shows that the difference f — ¢
is differentiable at ¢ and (f — g)'(c) = f'(¢) — ¢'(c). Likewise, a combined
application of parts (iii) and (iv) shows that if g(c¢) # 0, then the quotient
f/g is differentiable at ¢ and its derivative is given by the following quotient

rule: ,
<f> (c) = f(e)g(c) = fle)g'(c)
g 9(¢)? '
Further, given any n € N, successive applications of part (iii) of above propo-
sition [or, if you prefer, induction on n] shows that the nth power f" is differ-
entiable at ¢ and (f*)’ (¢) = nf(c)"~'f’(c). Moreover, if f(c) # 0, then using
the previous formula and part (iv), we see that
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I nf(e)" 1 f'(c) “ne1
(ju) @=-"100 ) = —ns0r10,
Since the derivative of a constant function is zero, it follows that for any
m € Z, f™ is differentiable at ¢ and

(f™) () =mf(c)™ ' f'(c), provided f(c) # 0 in case m < 0.

Furthermore, given any r € Q, we can write r = m/k, wherem € Z and k € N,
and then the last formula together with part (v) of the above proposition shows

that if f(c) > 0, then the rth power f" = (fm)l/k is differentiable at ¢ and

m

(™) ey = 0= (7Y (@) = 77 ey /O=em ),

In other words, for any r € Q, we have

(f") () =rfle) ' f(e),

provided f(c) # 0 if r is a negative integer and f(c¢) > 0 if r is not an integer.
<&

Example 4.7. As a particular case of the results in Remark 4.6 and Examples
4.1 (i), (ii), we see that the nth power function is differentiable on R for each
nonnegative integer n, and

Moreover, the above result is valid for negative integral powers, provided x #
0, and for rational nonintegral powers, provided = > 0. In particular,

(") =ra""" for every r € Q and x € (0, 00).

dx
&

Example 4.8. Using Proposition 4.5 and Example 4.7, it follows that every
polynomial function is differentiable on R and every rational function is dif-
ferentiable at each point of R where it is defined. Moreover, the derivatives of
such functions can also be readily computed. For instance, if f: R\ {1} — R
is given by f(x) = (z* + 3z + 2)/(x — 1), then we have

) — (423 +3)(x — 1) — (a* +32+2) 3z*—423 -5
J) = (x —1)2 o (z—1)2
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To compute the derivative of a composite function u = g(y) where y, in
turn, is a function of z, say y = f(x), the Chain Rule or Substitution Rule
described below is quite useful. Roughly speaking, the Chain Rule can be

stated as follows:
du du dy

de  dy dx’
It may be tempting to prove this by just canceling out dy. But that wouldn’t
be correct because we haven’t defined the quantities dy and dx by themselves
even though we have defined 33 We give below a precise statement of the
Chain Rule and a proof using Carathéodory’s Lemma.

Proposition 4.9 (Chain Rule). Let D,ECR and f : D - R, g: E — R
be functions such that f(D) C E. Suppose ¢ is an interior point of D such that
f(c) is an interior point of E. If f is differentiable at ¢ and g differentiable
at f(c), then gof is differentiable at ¢ and

(g0 f)(c) = g'(f(e)f ().

Proof. Let f1 : D — R be the increment functions associated with f and c.
Then
f@) = flc)=(x—c¢)fi(x) forall z e D.

Also, let g1 : E — R be the increment functions associated with g and f(c).
Then

g(y) —g(f(c) = (y — flc)gi(y) forallye€ E.

Since f(D) C E, we can use the above two equations to obtain

9(f(x)) —g(f(c)) = [f (@) = F())g1(f(2)) = (z = )gr(f () fr(x) for z € D.

Now, using Propositions 3.3 and 3.4, we see that the function (g10f)-f1: D —
R is continuous at ¢. Hence by Carathéodory’s Lemma, g o f is differentiable

at cand (go f)'(c) = g1(f(c)) fi(c) = g'(f(c)) f'(¢). a

Example 4.10. Consider F' : R — R defined by F(x) = (42 + 3)7 + 2.
We can of course compute F'(z) by expanding the seventh power and using
Proposition 4.5 together with the formula for the derivative of the nth power
function. But it is simpler to view F' as the composite go f, where u = g(y) =
y"+2and y = f(z) = 42 + 2, and apply the Chain Rule. This gives

F'(z) = ¢'(f()f'(x) = [7(42® +2)°] (122°) = 842° (42® 4 2)°
for z € R. o

We shall now prove a general result about the derivatives of inverse func-
tions. Roughly speaking, this result can be stated as follows.

d d
= is the reciprocal of 4 when 4 is nonzero.

d
dy dx dx

A precise statement and a proof using Carathéodory’s Lemma appears below.
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Proposition 4.11 (Differentiable Inverse Theorem). Let I be an inter-
val and ¢ be an interior point of I. Suppose f : I — R is a one-one and
continuous function. Let f=1: f(I) — I be the inverse function. Then f(c) is
an interior point of f(I). Moreover, if [ is differentiable at ¢ and f'(¢) # 0,
then f~1 is differentiable at f(c) and

Proof. Let J := f(I). By Proposition 3.14, f is strictly monotonic and J is
an interval. Hence f(c¢) is an interior point of J. Suppose f is differentiable at
cand f'(c) # 0. Let f; : I — R be the increment function associated with f
and c¢. Then f; is continuous at ¢ with fi(c) = f/(¢) and we have

flz) = f(c)=(zr —c)fi(z) forall zel.

Since f is one-one, for any z € I with x # ¢, we have f(z) # f(c¢), and
therefore, fi(x) # 0. Also, fi1(c) = f'(¢) # 0. Thus f; is never zero on I, and
so 1/ f1 is defined on I. Further, since f; is continuous at ¢, so is 1/ f1. Hence
the equation displayed above can be written as (z —¢) = [f(z) — f(¢)]/f1(2)
for all « € I. This implies that

) - ) = - @),

H(F=Hy))

Moreover, by Propositions 3.5 and 3.14, we see that fi o f~! is continuous at
f(c). Hence by part (iv) of Proposition 3.3, the reciprocal of f; o f~! is also
continuous at f(c). Thus, by Carathéodory’s Lemma, it follows that f~! is

differentiable at f(c) and (f_l)/ (f(e)=1/f1 (7 (f(c) =1/f(c). 0

Differentiation applied successively leads to the notion of higher deriva-
tives. More formally, suppose D C R and f : D — R is a function that is
differentiable at every point of an interval (¢— 9, c¢+¢6) C D. Then we have the
derivative function f’ defined on (¢ —6,c¢+ ). In case f’ is differentiable at ¢,
then we say that f is twice differentiable at ¢ and denote the derivative of
f"at ¢ by f”(c). The quantity f”(c) is called the second derivative (or the
second-order derivative) of f at c¢. Further, if f’ is differentiable at every
point of an interval about ¢, then the second derivative function f” is defined
on this interval. In case f” is also differentiable at ¢, then we say that f is
thrice differentiable at ¢ and denote the derivative of f” at ¢ by f”(¢). Sim-
ilarly, one defines n-times differentiability of f and the nth derivative f)(c)
for any n € N. The notations

A f
dx?

for all y € J.

& f
T da3

Tr=c

arf
d
, an daen

Tr=c Tr=c

are sometimes used instead of f”(c), f’(c), and f(™)(c), respectively. In case
f is n times differentiable at ¢ for every n € N, then f is said to be infinitely
differentiable at c.



4.1 The Derivative and Its Basic Properties 113

To compute higher derivatives, the following formula, known as Leibniz’s
Rule for derivatives, can be quite useful:

n - n n— n n— n— n
()™ =3 <k>f<k>g< B f00g 4 fOmD g g gD )
k=0

Here f, g are real-valued functions, both of which are assumed to be n times
differentiable at ¢ and (Z) denotes the binomial coefficient as defined in Ex-
ercise 2 of Chapter 1. Also, f(© and ¢(® denote, by convention, f and g
respectively. Leibniz’s Rule for derivatives can be easily proved by induction
on n, using Proposition 4.5 and the Pascal triangle identity:

<Z>+<kﬁl> - (n;cH)

Example 4.12. If r is any rational number and f : (0,00) — (0,00) is given
by f(z) = 2", then f is infinitely differentiable at every ¢ € (0,00), and
e =r(r—=1)---(r—n+1)c " &

Let us now consider the case of a real-valued function defined on a closed
interval. While we can talk about the differentiability of such a function at
any interior point, the definition we have given of differentiability does not
apply to the endpoints. To take care of this omission, we introduce the notions
of left derivative and right derivative as follows.

Let D C R and ¢ € D be such that (¢ —r,¢] C D for some r > 0. The left

(hand) limit
i 1) = 1)
r—c— r —cC
if it exists, is called the left (hand) derivative of f at ¢ and is denoted by
f'(¢). In the case [¢,c+71) C D for some r > 0, the right (hand) derivative
of f at c is defined similarly and is denoted by f’ (c).

If ¢ happens to be an interior point, then it follows from Proposition 3.29
that f is differentiable at c if and only if both f’ (c) and f/ (c) exist and are
equal.

For example, if f : R — R is the absolute value function, then f’ (0) = —1,
whereas f/.(0) = 1. On the other hand, if f : R — R is defined by f(z) = 22/3,
then neither f/ (0) nor f! (0) exists. In each of these examples, we find that
the function f is not differentiable at 0.

We say that a real-valued function f defined on a closed interval [a,b] is
differentiable if f is differentiable at every point of (a,b), and moreover if
f%(a) and f’ (b) exist. In this case, the function f’: [a,b] — R defined by

fi(a) ifzx=a,
fll@) =1 f'(o) ifze(ab),

fL) ifx=b,
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is called the derivative of f on [a,b]. If f’ is differentiable on [a, b], then f is
said to be twice differentiable on [a,b], and we let f” be the derivative of
f" on [a,b]. More generally, the nth derivative f(™) of f on [a,b] is defined for
any n € N in a similar way.

It should be noted that Carathéodory’s Lemma continues to be valid for
derivatives at the endpoints of a function f : [a,b] — R. The proof is identical
to that of Proposition 4.2, provided we take limits as h — 0T in case ¢ = a
and as h — 07 in case ¢ = b. As a consequence, results similar to Propositions
4.3 and 4.5 as well as those in Remark 4.6 are valid for functions f: D — R
when D = [a,b] and ¢ = a or ¢ = b. Moreover, the Chain Rule (Proposition
4.9) is also valid if D is an interval and ¢ is an endpoint of D such that f(c) is
an endpoint or an interior point of an interval contained in E. Likewise, the
Differentiable Inverse Theorem (Proposition 4.11) is valid if ¢ is an endpoint
of I, provided in the conclusion we write “f(c) is an endpoint of J” instead
of “f(c) is an interior point of J”. The proof is essentially the same as before.

Tangents and Normals to Curves

We have discussed earlier the notion of tangent to plane curves of the form
y = f(x). We shall now see how it can be extended to plane curves of more
general type. Also, we will discuss the related notion of normal in the context
of more general curves.

Plane curves of the form y = f(x) admit generalizations to two distinct,
yet overlapping, classes of plane curves. These are as follows.

1. Parametrically Defined Curves: These are the plane curves C' given by
(x(t), y(t)), where z,y are real-valued functions® defined on some subset
D of R, and the parameter ¢ varies over the points of D. Usually, we
express this by simply saying that C' is the (parametrically defined) curve
(z(t), y(t)), t € D. For example, the rectangular hyperbola is the curve
(¢, 1/t), t € R\ {0}.

2. Implicitly Defined Curves: These are the plane curves C given by
an equation of the form F(z,y) = 0, where F' is a real-valued function
defined on some subset E of the plane R?, and (x,y) vary over the points
of E. Usually, we express this by simply saying that C' is the (implicitly
defined) curve F(z,y) = 0, (z,y) € E. The reference to the domain E of
F is skipped if E = R2. For example, the circle centered at the origin with
unit radius is the curve 22 + y? — 1 = 0.

Notice that if D C R and f : D — R is any function, then the curve y = f(z)
can be viewed as a parametrically defined curve (z(t),y(t)), ¢ € D, where
xz(t) == t and y(t) := f(t). Also, it can be viewed as an implicitly defined

2 Generally, one requires that the set D be an interval and the two functions
z,y : D — R be continuous. In most applications, this will be so but we do not
make it a part of the definition.
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curve F(z,y) =0, (z,y) € F, where E = D xR and F : E — R is given by
F(z,y) =y — f(z).

If C' is a parametrically defined curve (z(t),y(t)), t € D, and %o is an inte-
rior point of D such that both x and y are differentiable at tg and 2/ (o), 3’ (to)
are not both zero, then we define the tangent to C' at the point (z(to), y(to))
to be the line

ly — y(to)]a’ (to) — [z — z(to)]y'(to) = 0.

The line passing through (z(to),y(to)) and perpendicular to the tangent at
this point, namely, the line given by

[z — a(to)]2"(to) + [y — y(to)ly' (to) = 0,

is called the normal to the curve C' at the point (z(to), y(to)). In case 2/ (to)
or y'(tp) does not exist or (z'(to),y'(to)) = (0,0), we say that the tangent to
C' (as well as the normal to C) at (z(to),y(to)) is not defined. It may be noted
that the definition of tangent to parametrically defined curves is consistent
with the previous definition for tangent to curves of the form y = f(z). More
generally, if z’(ty) # 0 and y can be considered a function of z in an open
interval about xg := z(tp), then by the Chain Rule,

-1
[ dy dx ~Y(to)
r=0 dt t=to dt t=to $l(t0).

The Chain Rule also helps us to formulate the notion of tangents to im-
plicitly defined curves. For example, if F'(z,y) = 22 +3%—25, then F(x,y) = 0
defines the circle of radius 5 centered at the origin. To find the tangent at a
point, say (3,4), we differentiate F'(x,y) with respect to x, treating y as a
function of x. Thus, using Chain Rule, we obtain

dy
dx

d d
2x + 2y di =0 and hence dz *

=4

(3,4) Yy

(3,4)

This suggests that the tangent to this circle at the point (3,4) is given by
the line y — 4 = —i(x — 3), that is, 3z + 4y — 25 = 0. In general, given any
equation F'(z,y) = 0, we can try to differentiate with respect to z, treating y
as a function of x. This process is known as implicit differentiation, and it

leads to an equation of the type

dy

dxzo.

P(z,y) + Q(z,y)
At a point (zo,y0) € R? on the curve F(z,y) = 0 (that is, (20,y0) € R?
satisfying F'(zo,y0) = 0) with the additional property that P(z¢,yo) and
Q(x0,yo0) are defined and Q(xo,yo) # 0, we define the tangent to F(z,y) =0
at (zo,yo) to be the line
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P(3307y0)

(20,Y0) Q(manO) .

It may be checked that this definition is consistent with our previous definition
in the case F(x,y) = y — f(z) for some function f which is differentiable at
o; note that in this case

dy
dx

_dy
T dx

(z0,90) T=To

Sometimes, when dealing with curves defined by F(x,y) = 0, it is useful
to reverse the roles of x and y. Thus, we may also try to differentiate with
respect to y, treating x as a function of y. This leads to an equation of the
type

dx
R(x, S(x, =0.
(z,y) + S(z,y) dy
Now suppose (z9,%0) € R? is a point on the curve F(z,y) = 0 such that
Z_;Z is not defined at (xo,yo). [Roughly speaking, this corresponds to the case
Q(z0,yo0) = 0.] If, however, R(xo, yo) and S(xq, yo) are defined and S(xq, yo) #
0, then we define the tangent to F(x,y) = 0 at (x0,y0) to be the line

= ~_ du _ R(wo,0)
x—x9=m(y —yo) where m_d =g )
Y (z0,Y0) (33an0)

It may be noted that if both gg and ill; are defined and are nonzero at a point

(z0,yo) on the curve F'(z,y) = 0, then it follows from the Differentiable Inverse
Theorem (Proposition 4.11) that m = 1/m, and hence the lines obtained by
either of the two approaches are identical. If, however, both gg and gz are not
defined, or if both of them are zero at (xg, o), then we say that the tangent
to the curve F(z,y) = 0 at the point (z9,yo) is not defined.?

As before, at a point (zg,y0) on a plane curve F(x,y) = 0 where the
tangent is defined, we define the normal to be the unique line passing through
(z0,y0) and perpendicular to the tangent to this curve at (xo,yo)-

For example, for the circle 2% + y? — 25 = 0, the tangent at the point (5, 0)
can be determined by the latter method of differentiating with respect to y,
treating = as a function of y. Indeed, we see that the tangent is given by the
vertical line  — 5 = 0. On the other hand, for the curve y? — 22 — 2% = 0,

neither gz nor Z; are defined at the origin, and hence the tangent at the origin
is not defined.
3 For algebraic plane curves F(z,y) = 0, where F(z,y) is a polynomial in two

variables, there is an alternative, purely algebraic, method to determine tangents
at a point. In fact, this algebraic approach could be used to define tangents at
every point on the curve including those points at which the tangent is not defined
as far as calculus is concerned. We stick to the method of calculus in this book
but briefly outline the algebraic approach in Exercise 43, and refer to the book
of Abhyankar [1] for more details.
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4.2 The Mean Value and Taylor Theorems

The Mean Value Theorem or, for short, the MVT, is a result that in geometric
terms may be described as follows. For any nice curve of the form y = f(x),
x € [a,b], there exists a point (¢, f(c)) on the curve, where ¢ € (a,b), at which
the tangent is parallel to the line joining the endpoints (a, f(a)) and (b, f(b)) of
the curve. [See Figure 4.2.] Here, by ‘nice’ we mean that the curve is unbroken,
that is, f is continuous, and that tangents can be drawn everywhere except
perhaps at the endpoints, that is, f is differentiable on (a,b).

8

Fig. 4.2. Illustration of the MVT: Tangents at some intermediate points are parallel
to the line joining the endpoints (a, f(a)) and (b, f(b))

As we shall see in the sequel, the MVT is a very useful result in calculus. In
particular, an extension of the MVT, known as Taylor’s Theorem, will allow
us to approximate a large class of functions by polynomial functions.

A special case of the MVT is that in which the end points of the curve
y = f(z), x € [a,b], lie on a horizontal line, that is, f(a) = f(b). In this
case, the MVT amounts to asserting the existence of a point (¢, f(c)) on the
curve, where ¢ € (a,b), at which the tangent is parallel to the z-axis, that is,
f'(¢) = 0. We will, in fact, prove this special case first, and deduce the MVT
as a consequence. This special case, known as Rolle’s Theorem, will, in turn,
be deduced from the following simple but useful fact about points of local
extrema.?

Lemma 4.13. Let D C R and ¢ be an interior point of D. If f : D — R is
differentiable at ¢ and has a local extremum at ¢, then f'(c) = 0.

Proof. Suppose f is differentiable at c¢. By Carathéodory’s Lemma, there is
f1: D — R such that f; is continuous at ¢ and

4 It may be a good idea to recall the definitions of points of local extrema, that is,
points of local maximum or local minimum, of a function. See Section 1.3.
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flx) = f(c)=(z —c¢)fi(z) forall z e D.

Now, if f has a local maximum at ¢, then there is § > 0 such that (¢—d, c+0) C
D and f(x) — f(c¢) <0 for all x € (¢ — d,¢+ ). So, in this case,

fi(x) >0 forallz € (¢c—0,¢) and fi(z) <0 forall z € (¢,c+9).

Similarly, if f has a local minimum at ¢, then there is § > 0 such that (¢ —
d,c+0) C D and f(x) — f(c) >0 for all z € (¢ — J,c+ 0). So, in this case,

fi(x) <0 forall z € (c—0d,¢) and fi(x) >0 forall z € (c,c+9).

In any case, by the continuity of f; at ¢, it follows that fi(¢) = 0, that is,
f'(e) =0. O

We pause to give an interesting application of the above lemma before
moving on to Rolle’s Theorem and the MVT. This is a result that is sometimes
ascribed to Darboux and called the IVP for derivatives. To put this result
in perspective, let us first note that if I is an interval and a function f : I — R
is continuously differentiable, that is, if f’ exists and is continuous, then
by Proposition 3.13, f’ has the IVP on I. But in general, f’ need not be
continuous.® Yet, as the following result shows, f’ has the IVP.

Proposition 4.14. Let I be an interval and f : I — R be a differentiable
function. Then the derivative function [’ has the IVP on I.

Proof. Let a,b € I with a < b and r € R be such that f'(a) < r < f'(b).
Consider the function g : [a,b] — R defined by

g(x) = f(x) —rz for x € [a,b].
Then g is differentiable and
o)~ gla)

r—at r—a

= g/(a) = f'(a) ~r < 0.

Therefore, in view of part (i) of Proposition 3.24, it follows that there is 6 > 0
such that for all x € (a,a + 0), we have

g(r) — g(a)

h .
g < 0 and hence g(x) < g(a)

Thus, g cannot attain its minimum at a. In a similar way, since ¢'(b) =
f'(b) = r > 0, we see that there is § > 0 such that g(z) < g¢(b) for all
xz € (b—6,b). Thus, g cannot attain its minimum at b as well. But g is
a continuous function on the closed and bounded set [a,b], and hence by
Proposition 3.8, ¢g attains its minimum at some ¢ € [a, b]. Moreover, ¢ is an

interior point of [a, b], since ¢ cannot equal a or b. Hence it follows from Lemma
4.13 that ¢’(c¢) = 0, that is, f’(¢) = r. Thus, f’ has the IVP on I. |

5 Simple examples to show that the derivative of a differentiable function may not
be continuous can be constructed using trigonometric functions. See, for instance,
Example 7.19 of Chapter 7.
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The above result is sometimes useful for showing that a given function
cannot be the derivative of any other function. For example, if f : [-1,1] = R
is the integral part function given by f(x) = [z], then it is clear that f
attains the values —1, 0, and 1 but none in between. Hence, f # F’ for any
differentiable function F : [-1,1] — R.

Proposition 4.15 (Rolle’s Theorem). If f : [a,b] — R is continuous on
[a,b] and differentiable on (a,b) and if f(a) = f(b), then there is ¢ € (a,b)
such that f'(c) = 0.

Proof. Since f is a continuous function on the closed and bounded set [a, b],
it follows from Proposition 3.8 that f is bounded and attains its bounds on
[a,b]. Thus, there are c¢1,ca € [a, b] such that

fler) =max{f(z) :x € [a,b]} and f(c2) = min{f(z):z € [a,b]}.

Now if ¢1 or ¢y is an interior point of [a,b], then by Lemma 4.13, we have
f'(c1) =0 or f'(cz) = 0, and the result is proved. Otherwise, both ¢; and ¢
are endpoints of [a, b], and since f(a) = f(b), we have f(c1) = f(c2). Thus, the
maximum and the minimum values of f on [a, b] coincide. Hence f is constant
on [a, b], and therefore, f’(¢) = 0 for every ¢ € (a, b). |

Rolle’s Theorem can be used together with the IVP of continuous functions
to check the uniqueness and the existence of roots in certain intervals, espe-
cially for polynomials with real coefficients. This is illustrated by the following
examples.

Examples 4.16. (i) If f(x) = 2° + px + ¢ for z € R, where p,q € R and
p > 0, then f has a unique real root. To see this, note that if f had
more than one real root, then there would be a,b € R with a < b and
f(a) = f(b) = 0. Hence by Rolle’s Theorem, there would be ¢ € (a, b) such
that f/(c) = 0. But f'(x) = 322 + p is not zero for any = € R since p > 0.
On the other hand, f(z) - —oo0 as @ — —oo and f(z) — o0 as © — o0,
and thus f takes negative as well as positive values. Hence, f(c¢) = 0 for
some ¢ € R, since f has the IVP on R. Thus f has a unique real root.

(i) If f(z) = 2*+223 -2 for z € R, then f has a unique root in [0, c0). Indeed,
f'(z) = 42 + 622 is positive for all z € (0, 00), while f(0) = =2 < 0 and
f(1) =1 > 0. Thus Rolle’s Theorem implies that f has at most one root
in [0, 00), while the IVP implies that f has at least one root in [0,1]. <

Note that in the above examples, the functions were clearly continuous
and differentiable. The following negative examples show that the conclusion
of Rolle’s Theorem may not be true if any one of the three conditions on f is
dropped.

Examples 4.17. (i) Consider f : [0,1] — R defined by f(z) = x for z € [0, 1)
and f(1) = 0. Then f is differentiable on (0,1) and f(0) = f(1) = 0 but
f'(¢) = 1 #£ 0 for every ¢ € (0,1). Rolle’s Theorem does not apply here
since f is not continuous on [0, 1]. [In fact, continuity fails only at = = 1.]
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(ii) Consider f : [-1,1] — R defined by f(z) = |z| for z € [-1,1]. Then f
is continuous on [—1,1] and f(—1) = f(1) = 0. But f'(¢) =1 or —1 for
¢ # 0. Rolle’s Theorem does not apply here since f is not differentiable

n (—1,1). [In fact, differentiability fails only at x = 0.]

(iii) Comsider f : [0,1] — R defined by f(x) = z for € [0,1]. Then f is
continuous on [0, 1] and differentiable on (0,1) but f’(c) =1 # 0 for every

€ (0,1). Rolle’s Theorem does not apply here since f(0) # f(1). &

We are now ready to state and prove the Mean Value Theorem. It may be
remarked that there are, in fact, several versions of the Mean Value Theorem.
The one we state below is among the most commonly used. It is usually
ascribed to Lagrange and sometimes referred to as Lagrange’s Mean Value
Theorem.

Proposition 4.18 (Mean Value Theorem). If a function f : [a,b] — R is
continuous on [a,b] and differentiable on (a,b), then there is ¢ € (a,b) such

that
f®) = fla) = f'(c)(b - a).
Proof. Consider F : [a,b] — R defined by

1) = fla)

F(z) = f(z) — f(a) —s(x —a), where s= b

Then F(a) = 0 and our choice of the constant s is such that F'(b) = 0. So
Rolle’s Theorem applies to F, and as a result, there is ¢ € (a,b) such that
F'(c) = 0. This implies that f’(c) = s, as desired. |

Remark 4.19. If we write b = a + h, then the conclusion of the MVT may
be stated as follows:

fla+h)= f(a)+ hf'(a+60h) for some § € (0,1).
The equivalence with the MVT is easily verified. <&

Corollary 4.20 (Mean Value Inequality). If a function f : [a,b] — R is
continuous on [a,b] and differentiable on (a,b), and if m, M € R are such that
m < f'(x) <M for all x € (a,b), then

m(b—a) < f(b) = f(a) < M(b—a).
Proof. The desired inequality is an immediate consequence of the MVT. 0O

The corollary below is perhaps the most important consequence of the
MVT in calculus.

Corollary 4.21. Let I be an interval containing more than one point, and
f I — R be any function. Then f is a constant function on I if and only if
f exists and is identically zero on I.
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Proof. If f is a constant function on I, then it is obvious that f’ exists on I
and f'(z) = 0 for all x € I. Conversely, if f’ exists and vanishes identically
on I, then for any z1,x2 € I with 21 < x9, we have |21, 23] C I and applying
the MVT to the restriction of f to [x1, 23], we obtain

f(xa) = f(z1) = f'(c)(xa —x1) for some ¢ € (z1,22).

Since f’(¢) = 0, we have f(x1) = f(x2). This proves that f is a constant
function on 1. O

Remark 4.22. If D C R is not an interval, then there can be nonconstant
differentiable functions on D whose derivative is identically zero. For example,
if D =(0,1)U(1,2) is a disjoint union of two open intervals and f : D — R
is defined by f(z) = 1if =z € (0,1) and f(x) = 2 if z € (1,2), then f is
differentiable and f’ is identically zero on D but f is not a constant function.
Thus, the hypothesis that I is an interval is essential in Corollary 4.21. &

The MVT or the mean value inequality may also be used to approximate a
differentiable function around a point. For example, if m € N and f(x) = \/z
for z € [m, m + 1], then

1— = 1) — = f'(c) =
VL= vm= fm 1)~ fom) = F0) =,
for some ¢ € R such that m < ¢ < m + 1. Hence

1
2vm +1

1

<\/m+1—\/m<2\/m

For example, by putting m = 1, we obtain

1 1 4
1—1-2\/2<\/2<1—i-2 and hence 3<\/2<2.

Similarly, putting m = 2, 3, and 4, we can obtain estimates for /3 and /5.
(See Exercise 28 (i).)

If we want a better approximation, a natural candidate for an approximat-
ing function is a polynomial function. Suppose we want to approximate f by
a polynomial P around a. Naturally, we require f(a) = P(a). Then the sim-
plest approximation is the constant polynomial given by P(z) = f(a), and the
MVT can be used to estimate the error f(z) — P(z) = f(x)— f(a). Next, if we
require f(a) = P(a) and further, f'(a) = P’(a), then we may consider a linear
polynomial instead of the constant polynomial f(a). To be able to evaluate
easily a linear polynomial P at a, let us write P(x) = ¢o + ¢1(x — a). Then
the conditions f(a) = P(a) and f'(a) = P’(a) are equivalent to ¢y = f(a)
and ¢; = f/(a). In general, if f has derivatives up to the nth order, then an
nth-degree polynomial given by

P(x)=co+ci(z—a)+cz—a)+ - +cp(z—a)"
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will satisfy the conditions

fla) = P(a), f'(a) = P'(a), f"(a) =P"(a), ..., f™(a) = P"(a)
if we take

@ _ M)

co = fla), c1 = f'(a), c2 NRRIREEE

Note that these values are simply obtained by successively differentiating
P(x), substituting « = a, and then comparing with the corresponding deriva-
tive of f at a. This time, the error in the nth-degree approximation P(z) can
be estimated by the following generalization of the MVT.

Proposition 4.23 (Taylor’s Theorem). Let n € Z, n >0, and f : [a,b] —
R be such that f', f",..., f") exist on [a,b] and further, f is continuous
on [a,b] and differentiable on (a,b). Then there is ¢ € (a,b) such that

() (g (n+1) (¢

10 = @+ Fa—a) 4 T oo LT e,
Proof. For x € [a,b], let

"(a (n) a
P(z) = f(a)+ f'(a)(z —a) + f2(! )(:r—a)2+~-~+ ! n'( )(:r—a)”.
Consider F': [a,b] — R defined by
_ nt1 _ f(b) = P(b)
F(z) = f(z) — P(z) — s(x —a)"™, where s= (b= a)ntl

Then F(a) = 0 and our choice of s is such that F(b) = 0. So Rolle’s Theorem
applies to F', and as a result, there is ¢; € (a,b) such that F'(¢;) = 0. Next,
f'(a) = P'(a) and so F'(a) = 0 as well. Now, Rolle’s Theorem applies to the
restriction of F’ to [a,c1], and so there is ¢ € (a,c¢1) such that F”(cz) = 0.
Further, if n > 1, then F”(a) = 0, and so there is ¢3 € (a,c2) such that
F""(c3) = 0. Continuing in this way, we see that there is ¢ := ¢,41 € (a,¢n)
such that F("*t1(¢) = 0. Now, P("*1) is identically zero, since P is a polyno-
mial of degree n. In particular, P"*)(¢) = 0. Hence f"+1(c) = s(n + 1)!,
which, in turn, yields the desired result. a

Remarks 4.24. (i) Note that the MVT corresponds to the case n = 0 of
Taylor’s Theorem. The case n = 1 is sometimes called the Extended Mean
Value Theorem.

(ii) In our statement of Taylor’s Theorem, the point a was the left endpoint
of the interval on which the function f was defined. There is an analogous
version for the right (hand) endpoint. Namely, if f : [a,b] — R is as in the
statement of Taylor’s Theorem, then there is ¢ € (a,b) such that
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_ / Fm() o, FO() n+1
fla) = fO) + f'(b)(a—b)+---+ (a—0)"+ (n+ 1)1 (a—b)"Ft

This can be proved in a similar manner or alternatively deduced from our
version of Taylor’s Theorem by applying it to the function g : [a,b] — R
defined by g(z) = f(a +b —z) for = € [a,b], and noting that g¥)(z) =
(—=1)kf®)(a 4+ b — z) for k € N. It follows that if I is any interval, a is any
point of I, and f : I — R is such that f’, f”,..., f(™ exist on I and f»+1
exists at every interior point of I, then for any x € I, x # a, there is ¢ between
a and z such that

o, FOTI()

(r—a)" + (n+1) (x —a)

" (a)

n+1
n! ’

f(x)Zf(a)+f/(a)(m—a)+..._|_

The last expression is sometimes referred to as the Taylor formula for f
around a. The polynomial given by

F"(a)

Po(z) = f(a) + fi(a)(z —a) -+,

(z —a)"

is called the nth Taylor polynomial of f around a. The difference R,, =
f — P, is called the remainder of order n. Note that the Taylor formula for
f around a shows that the remainder R,, is given by

7o)

(n+1)! )n+1

R, (x) = (r—a for some ¢ between a and z.

The above expression for R, (z) is sometimes called the Lagrange form of
remainder in Taylor formula. This is to distinguish it from some alternative
expressions for the remainder in the Taylor formula that appear in Exercise
49 of this chapter and Exercise 46 of Chapter 6. <&

The following corollary of the Taylor formula generalizes Corollary 4.21
and gives a characterization of polynomial functions on intervals.

Corollary 4.25. Let I be an interval containing more than one point, and
f I — R be any function. Let n be a nonnegative integer. Then f is a
polynomial function of degree < n on I if and only if f"tV) exists and is
identically zero on 1.

Proof. If f is a polynomial function on I of degree < n, that is, if there are
ag,ai, . ..,a, € R such that

f(z) =anz" +---+a1x+ay foralazel,

then it is obvious that f("+1)(x) = 0 for all z € I. To prove the converse, it
suffices to fix some a € I and apply Taylor’s formula for f around a. O
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Example 4.26. Let r € Q and f : [—1,1] — R be defined by f(z) := (1+x)".
Given any nonnegative integer k and ¢ € (—1, 1), we clearly have

B =r(r=1)---(r—k+1)1+z)*

Hence, the nth Taylor polynomial of f around 0 is given by

"L B0 r(r—1)---(r—k+1 "/
Pn(ff):’;)fk!( )xkzz( ) kf + )xk:Z<k>xk

n
k=0 k=0

Notice that if 7 equals a nonnegative integer n, then f("*1 is identically zero,
and so the remainder of order n is zero. Thus in this case, by Taylor Theorem,
we recover the binomial expansion for (1 + z)™. &

Usually, the nth Taylor polynomial of f around a provides a progressively
better approximation to f around a as n increases. We will study this aspect
in greater detail in Section 5.3. For the moment, let us revisit the estimates
for /2 that were obtained from the MVT and see what happens when we
use Taylor’s Theorem. Thus, let m € N and f : [m,m + 1] — R be given by
f(x) :== /x. Applying the Taylor formula for f around m, with n = 1, we
have

f"(e)

o1 (x—m)? for some ¢ between m and z.

fl@) = f(m)+ f'(m)(z —m) +

In particular, for x = m + 1, we get
1 1
2y/m  8cy/c

For example, by putting m = 1, we obtain

Vm+1=m+ for some ¢ € (m,m + 1).

11 1 1 11 1 1 35

1 — 2<1 — dh 2<1 — =
+2 8<\/ < +2 16v/2 and hence 3 <V2< —|—2 16(3/2) ~ 24’
where in the last inequality we have used the estimate v2 < g, which is

obvious from

1
V2 <1+ 27 16y
The resulting bounds 181 = 1.375 and 3451 ~ 1.4583 are, in fact, better than
the bounds g ~ 1.33 and g = 1.5 obtained using the MVT. Needless to say,
the higher order Taylor polynomials would give even better bounds. In this
way, if you are stranded on an island without your calculator and a demon
demands to know a reasonably correct value of v/2, then Taylor’s Theorem
can save the day for you!
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4.3 Monotonicity, Convexity, and Concavity

Let I be an interval in R and f : I — R be any function. Recall from Chapter
1 that f is said to be (monotonically) increasing on I if 1,22 € I, 21 < 2
implies f(x1) < f(x2). Also, f is said to be (monotonically) decreasing on
Tifxy,29 € I, 1 < x9 implies f(xz1) > f(x2). One says that f is monotonic
on [ if it is monotonically increasing on I or monotonically decreasing on I.
The function f is said to be strictly increasing [resp. strictly decreasing]
on I if 1,29 € I, 11 < o, implies f(x1) < f(x2) [resp. f(x1) > f(x2)]. Also,
one says that f is strictly monotonic on [ if it is strictly increasing on I or
strictly decreasing on I.

As has been pointed out and illustrated in Chapter 1, the notions of mono-
tonicity and strict monotonicity are purely geometric, and a priori they have
no relation with derivatives. However, in the case of differentiable functions,
there is an intimate relationship between derivatives and the notions of mono-
tonicity and strict monotonicity. The key idea can be easily grasped by looking
at the graph of a function. The tangents to the graph of an increasing func-
tion have positive slopes, whereas the tangents to the graph of a decreasing
function have negative slopes. [See, for example, the graph of y = 22 in Fig-
ure 1.2 of Chapter 1.] A more precise analytic formulation of this is given in
the proposition below. In practice, this greatly simplifies checking whether a
differentiable function is increasing or decreasing.

Proposition 4.27. Let I be an interval containing more than one point, and
f: I — R be a differentiable function. Then we have the following:

(i) f' is nonnegative throughout I <= f is monotonically increasing on I.
(ii) f’ is nonpositive throughout I <= f is monotonically decreasing on I.
(iil) f’ is positive throughout I = [ is strictly increasing on I.
(iv) f’ is negative throughout I = f is strictly decreasing on I.

Proof. Suppose x1,x9 € I with z7 < x5. Then [z, 23] C I and we can apply
the MVT to the restriction of f to [z1,x2] to obtain

f(x2) = f(21) = f'(c)(w2 —21) for some ¢ € (z1,22).

Thus, if f/ is nonnegative throughout I, then f(x1) < f(z2), whereas if f’
is nonpositive throughout I, then f(z1) > f(z2). This proves the implication
“—"in (i) and (ii). Moreover, we also see from the MVT that if f’ is positive
throughout I, then f(z1) < f(x2), whereas if f’ is negative throughout I, then
f(z1) > f(x2). This proves (iii) and (iv).

Now, given any xg € I and 0 # h € R such that xg + h € I, the quotient

f(wo +h) = f(zo)
h

is always nonnegative if f is monotonically increasing and always nonpositive
if f is monotonically decreasing. Therefore, f'(z¢) > 0 if f is monotonically
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increasing on I, whereas f’(xg) < 0 if f is monotonically decreasing on I.
This proves the implication “<=" in (i) and (ii). O

The following corollary is essentially obtained by combining the first two
and the last two parts of the above proposition.

Corollary 4.28. Let I be an interval containing more than one point, and
f: I — R be a differentiable function. Then we have the following.

(i) f" does not change sign throughout I <= f is monotonic on I.
(i) f’ is nonzero throughout I = f is strictly monotonic on I.

Proof. Using parts (i) and (ii) of Proposition 4.27, we obtain (i), while using
the IVP for f’ (Proposition 4.14) together with parts (iii) and (iv) of Propo-
sition 4.27, we obtain (ii). O

Examples 4.29. (i) Consider the polynomial function f : R — R defined by
f(z) = a* — 82 + 222 — 24z + 7.
Then f is differentiable and one can easily check that
f(x) = 4% — 2427 + 440 — 24 = 4(x — 1)(z — 2)(z — 3).

Therefore, f/(x) > 0if x >3 or 1 < < 2, whereas f/(z) <0ifz <1
or 2 <z < 3. Thus, f is monotonically increasing on [1,2] and on [3, c0),
whereas f is monotonically decreasing on [2,3] and on (—oo, 1]. In fact,
since f’ vanishes only at « = 1, 2, and 3, we see that f is strictly increasing
on (1,2) and on (3,00), whereas f is strictly decreasing on (2,3) and on
(—o0,1). Notice that in an example such as this, it would be extremely
difficult to arrive at the above conclusions directly from the definition.
(ii) Let n € N and consider the nth power function f : R — R defined by
f(xz) = 2. Then f'(x) = na"~! for x € R. First, assume that n is odd.
Then f’(x) > 0 for all z € R. Thus, f is monotonically increasing on R. In
fact, since f’ vanishes only at x = 0, we see that f is strictly increasing on
(—00,0) as well as on (0, 00). Next, assume that n is even. Then f’(z) > 0
for x > 0 and f’(x) <0 for x < 0. Thus, f is monotonically increasing on
[0, 00) and monotonically decreasing on (—o0, 0]. In fact, since f’ vanishes
only at © = 0, we see that f is strictly increasing on (0, 00) and strictly
decreasing on (—o00,0). Notice that in this example, we can reach these
conclusions directly from the definition. In fact, we can do a little better.
Namely, we can easily see that if n is odd, then f is strictly increasing on
R, whereas if n is even, then f is strictly increasing on [0, 00) and strictly
decreasing on (—o0,0]. <&

As the last example shows, the converse of the implication in part (iii) of
Proposition 4.27 is not true. In fact, it suffices to note that f : R — R defined
by f(z) = a3 is strictly increasing but f/(0) = 0. Similarly, the function
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g : R — R defined by g(z) = —2? is strictly decreasing but ¢’(0) = 0, which
shows that the converse of the implication in part (iv) of Proposition 4.27
is not true as well. As a consequence, the converse of part (ii) of Corollary
4.28 is not true. In other words, these parts give only sufficient conditions
for a differentiable function to be strictly increasing or strictly decreasing or
strictly monotonic. However, with a little more effort, it is possible to give a
necessary and sufficient condition, as shown by the proposition below.

Proposition 4.30. Let I be an interval containing more than one point, and
f: I — R be a differentiable function. Then

(i) f is strictly increasing on I if and only if f' is nonnegative throughout I
and f' does not vanish identically on any subinterval of I containing more
than one point.

(ii) f s strictly decreasing on I if and only if f' is nonpositive throughout I
and f' does not vanish identically on any subinterval of I containing more
than one point.

Proof. Let f be strictly increasing on I. Then by part (i) of Proposition 4.27,
f’ is nonnegative throughout I. Moreover, if f’ were to vanish identically on
any subinterval J of I containing more than one point, then by Corollary 4.21,
f would be constant on .J, and this is a contradiction because f is strictly
increasing. For the converse, first note that by part (i) of Proposition 4.27, f
is monotonically increasing on I. Further, if for some x1, x5 € I with 27 < 29
we have f(z1) = f(x2), then f is constant throughout [z1, 23] and hence f
vanishes identically on [z, 23], which is a contradiction. This proves (i).

The assertion (ii) is proved similarly. |

We now turn to the notions of convexity and concavity. Let us recall that
if I is an interval in R, then f : I — R is said to be convex on [ if the graph of
f lies below the line joining any two points on it, whereas f : I — R is said to
be concave on [ if the graph of f lies above the line joining any two points on
it. In other words, f is convex on [ if for any xy,x2,x € I with z1 < = < x2,
we have f(z) < L(x), whereas f is concave on I if for any 1, zs,2 € I with
1 < & < T, we have f(x) > L(z), where

f(z2) = f(21)

T2 — X1

L(z) :== f(x1) + (x — ) forzel.
Recall also that f is strictly convex (resp. strictly concave) on I if for
any x1,xe,x € I with 21 < x < 9, we have f(z) < L(x) (resp. f(z) > L(x)).
Equivalently, f is convex or strictly convex or concave or strictly concave on I
according as f(tz1+ (1 —t)z2) is < or < or > or > than tf(x1)+ (1 —1t) f(z2)
for all x1,22 € I and ¢ € (0,1).

As noted before, convexity and concavity are purely geometric notions
and a priori they have no relation with derivatives. However, in the case of
differentiable functions, there is an intimate relation between derivatives and
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the notions of convexity and concavity. The key idea can once again be gleaned
by looking at the graphs. Namely, if we draw tangents at each point, then we
see that as we move from left to right, the slopes increase if the function
is convex, whereas the slopes decrease if the function is concave. [See, for
example, the graph of y = 2 in Figure 1.3 of Chapter 1.] A more precise
analytic formulation of this is given in the proposition below. In practice,
this greatly simplifies checking whether a differentiable function is convex or
concave.

Proposition 4.31. Let I be an interval containing more than one point, and
f: I — R be a differentiable function. Then we have the following:

(i) f" is monotonically increasing on I <= f is convex on I.
(ii) f’ is monotonically decreasing on I <= [ is concave on I.
(iil) f7 is strictly increasing on I <= f is strictly convez on I.
(iv) f' is strictly decreasing on I < f is strictly concave on I.

Proof. First, assume that f’ is monotonically increasing on I. Let x1,z2,x € T
be such that x; < x < 5. By the MVT, there are ¢; € (x1,2) and ¢g € (x, 23)
satisfying

f@) = f(z1) = fler)(@ —z1)  and  fla2) — f(z) = f'(c2) (2 — ).
Now, ¢; < ¢z and f’ is monotonically increasing on I and so
f($:z.:£('r1) :f/(cl) Sf/(c2): f(.TQ):f(.T)
1 X2 x
Collecting only the terms involving f(z) on the left (hand) side, we obtain
f(x)( 1 n 1 ><f(ff1)+f($2).
Xr — T Xro — X Xr — T Xrog — X

Multiplying throughout by (z — x1)(x2 — x)/(z2 — 1), we see that

@< () - o)+ fa) - a) = fa)s! T

r—T1).
Xro — I To — I ( 1)

Thus, f is convex on I.
Conversely, assume that f is convex on I. Let x1,x2,x € I be such that
z1 < x < x9. Then

L Jl2) - f(ffl)(x a1) = flaa) — fla2) = f(21)

T2 —T1 T2 —T1

flx) < flan) (w2 — ),

where the last equality follows by writing @ — 1 = (z2 —21) — (z2 — ). As a
consequence,

f(z) = f(z1) - f(z2) = f(z1) - f(fz)—f(x).

€r— I - To — I - XTo — X
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Taking limits as # — 2] and 2 — x5, we obtain

f(z2) — f(z1)

T2 — T1

f(z) < < f'(z2).
Thus, f’ is monotonically increasing on I. This proves (i). Moreover, the
arguments in the preceding paragraph, with < replaced by <, also prove that if
/! is strictly increasing on I, then f is strictly convex on I. Conversely, assume
that f is strictly convex on I. Then by part (i) above, f’ is monotonically
increasing on I. Further, if for some 21, 29 € I with x; < 3, we have f'(x1) =
f'(z2), then f’ is constant throughout [z1, 23], and so f” is identically zero
on [z1, z3]. Hence by Corollary 4.25, there are constants ag,a; € R such that
f(z) = a1x + ag for all x € [x1,x2]. But this contradicts the strict convexity
of f. Thus, (iii) is proved.

The corresponding results (ii) and (iv) about concave and strictly concave
functions are proved similarly. Alternatively, (ii) and (iv) follow from applying
(i) and (iii) to —f. O

For twice differentiable functions, testing convexity or concavity can some-
times be simpler using the following result.

Proposition 4.32. Let I be an interval containing more than one point, and
f: I — R be a twice differentiable function. Then we have the following:

(i) f" is nonnegative throughout I <= [ is convexr on I.

(ii) f" is nonpositive throughout I <= f is concave on I.
(iil) f" is positive throughout I = [ is strictly convex on I.
(iv) f” is negative throughout I = f is strictly concave on I.

Proof. Apply Proposition 4.31 to f and Proposition 4.27 to f. O

The following corollary is obtained by combining the first two and the last
two parts of the above proposition.

Corollary 4.33. Let I be an interval containing more than one point, and
f: I — R be a twice differentiable function. Then we have the following:

(i) f” does not change sign throughout I <= f is convex on I or f is concave
on I.

(ii) f" is nonzero throughout I = f is strictly convex on I or f is strictly
concave on I.

Proof. Apply Proposition 4.31 to f and Corollary 4.28 to f’. O
Examples 4.34. (i) Consider the polynomial function f : R — R defined by
f(x) :=2* +22% — 362% + 622 + 5.

Then f is twice differentiable with f/(z) = 42® + 622 — 72z + 62 and
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f(x) = 1222 + 122 — 72 = 12(x + 3)(z — 2).

Therefore, f”(x) > 0ifz > 2 or x < —3, whereas " (z) <0if -3 <z < 2.
Thus, f is convex on [2,00) and on (—oo, —3|, whereas f is concave on
[—3,2]. In fact, since f” vanishes only at x = —3 and 2, we see that f is
strictly convex on (2,00) and on (—oo, —3), whereas f is strictly concave
on (—3,2). Notice that in an example such as this, it would be extremely
difficult to arrive at the above conclusions directly from the definition.
(ii) Let n € N and consider the nth-power function f : R — R defined by
f(z) :== 2™ Then f’(z) = n(n—1)z""2 for x € R. Thus if n is even, then
f is convex on R, whereas if n is odd and n > 1, then f is convex on [0, 00)
and concave on (—o0,0]. In case n =1, f is convex as well as concave on
R. In case n > 1, f” vanishes only at x = 0 and hence if n is even, then f
is strictly convex on (0, 00) as well as on (—o0,0), whereas if n is odd and
n > 1, then f is strictly convex on (0, c0) and strictly concave on (—o0, 0).
Notice that in this example as well, it is not very easy to arrive at the
above conclusions directly from the definition when n is large. [Compare
Examples 1.15 (i), (ii) and Exercise 32 of Chapter 1.] However, we can
directly appeal to Proposition 4.31 instead of Proposition 4.32 to get a
stronger conclusion. Namely, if n is even, then f’(z) = na""1! is strictly
increasing on R and hence f is strictly convex on R, whereas if n is odd
and n > 1, then f/(x) = na"~! is strictly increasing on [0,00) and on
(—00,0], and hence f is strictly convex on [0, 00) and strictly concave on
(—00,0]. O

The converse of the implication in part (ii) of Corollary 4.33 is not true.
For example, f : R — R defined by f(x) = z* is strictly convex on R but
f"(0) = 0. Similarly, g : R — R defined by g(x) = —a? is strictly concave
on R but ¢”(0) = 0. Thus, part (ii) of Corollary 4.33 gives only a sufficient
condition for a twice differentiable function to be strictly convex or strictly
concave. However, with a little more effort, it is possible to give a necessary
and sufficient condition, as shown by the proposition below.

Proposition 4.35. Let I be an interval containing more than one point, and
f: I — R be a twice differentiable function. Then

(i) f is strictly convex on I if and only if f" is nonnegative throughout I and
f" does not vanish identically on any subinterval of I containing more
than one point.

(ii) f s strictly concave on I if and only if f" is nonpositive throughout I and
/" does not vanish identically on any subinterval of I containing more
than one point.

Proof. Applying Proposition 4.30 to f’ and using parts (iii) and (iv) of Propo-
sition 4.31, we get the desired results. O
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4.4 L’Hopital’s Rule

In this section, we shall describe a useful method for finding limits that is
known as L’'Hépital’s Rule.® Actually, there are several versions of L'Hopital’s
Rule and the formal statements of these will appear in the form of propositions
or as a part of some remarks.

In its simplest form, L.’Hopital’s Rule says the following. Suppose f, g are
real-valued differentiable functions in an interval (¢ — r, ¢ + r) about a point
¢ and suppose f(¢) = g(¢) = 0. If it so happens that the quotient f'(x)/g’(x)
of the derivatives is defined in an open interval around ¢ (so that ¢’(z) # 0 in
this interval), and moreover,

f'(x) _ f'(e)

lim = ,
a—e g'(z)  g'(c)

then the quotient f(z)/g(z) has a limit as x — ¢ and it is, in fact, the same
limit as that of the quotient of the derivatives, that is,

Since g(¢) = 0, it follows from the MVT that the quotient f(z)/g(x) is defined
(that is, g(x) # 0) for all x # ¢ in the interval about ¢ where ¢'(z) # 0.
For example, let us take ¢ =0 and f,g: (—1,1) — R given by

fx) = V1+a2—/1-22 and g(z) =z forx e (—1,1).
Then f, g are differentiable on (—1,1) and f(0) = ¢(0) = 0, while ¢’(z) =1 is

nonzero for every x € (—1,1). Moreover,
[+ 2 (=) ] 0 ()

!/
r—cC g/(m) z—0 1 1 g/(O)

Hence from L’Hopital’s Rule, we can conclude that

V1422 —V1-a?
lim

z—0 X

=0.

In this example, we could have avoided L’Hopital’s Rule and instead ra-
tionalized the quotient f(z)/g(x) (that is, multiplied the numerator and
denominator by 1+ 22 + v/1 —22) to compute the limit. However, alge-
braic tricks such as rationalization become increasingly unwieldy if instead
of V1422 — V1 -2 f(z) were given by (1 + x2)%/2 — (1 — 22)%/2 or
(14 x2)%/2 — (1 —22)7/2. But L’Hépital’s Rule can still be applied to compute
the limit just as easily.

S 1’Hopital, sometimes written L’Hospital, is pronounced Lowpeetal.
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The reason why L’Hoépital’s Rule works is quite simple. One just has to
observe that
L T@ = 1)
W S@ e BT @) - S @)
im ° =" 1= = lim = lim
woeg'(@)  g'(e) . 9@) —gle)  ameglz) —gle)  amegle

r—cC Tr—C

)

where the last step follows since f(c¢) = g(c¢) = 0.

It turns out that we can get rid of some of the assumptions in the simple
formulation of L’Hopital’s Rule given above. Indeed, in the true spirit of deal-
ing with limits as x — ¢, we need not require that the concerned functions be
defined at the point ¢. Thus the condition f(¢) = g(¢) = 0 may be replaced
by the conditions

lim f(z) =0 and limg(z) =0,

r—cC Tr—cC

while the condition about the quotient of derivatives may be replaced by the
condition

—{ aszx —ec,

assuming, of course, that the above quotient is defined in an open interval
about ¢ except possibly at ¢. Now for the proof we will have to contend with
some problems. First, a minor problem is that f(c¢) and g(c) are no longer
defined. This is easily handled by simply defining f(c) = g(¢) = 0. A more se-
rious problem is that f/(c) and ¢’(¢) don’t make sense anymore. To handle this,
one has to deal directly with the quotients such as [f(x) — f(¢)]/[g(z) — g(c)].
What we need, in fact, is the following generalization of the MVT.

Proposition 4.36 (Cauchy’s Mean Value Theorem). If f,g: [a,b] — R
are continuous on [a,b] and differentiable on (a,b), then there is ¢ € (a,b)
such that

g @Lf(b) = fla)] = f'(c)[9(b) — g(a)].
Proof. If g(b) = g(a), the result follows by applying Rolle’s Theorem to g.
Otherwise, we consider F : [a,b] — R defined by

f) = f(a)

F(e) = f(z) = f(a) = slg(e) —ga)), where 5=, = .

Then F(a) = 0 and our choice of the constant s is such that F'(b) =
Rolle’s Theorem applies to F', and as a result, there is ¢ € (a,b) such that
F’(¢) = 0. This implies that sg’(c) = f'(¢), as deblred O

We are now ready to prove the first version of L’Hopital’s Rule. This one
is called L’Hopital’s Rule for 8 indeterminate forms since it applies to limits
of quotients when both the numerator and the denominator tend to 0. For
convenience, we state and prove below the version for left (hand) limits and
remark later how other versions of L’Ho6pital’s Rule for indeterminate forms
can be derived.
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Proposition 4.37 (L’Hoépital’s Rule for 8 Indeterminate Forms). Let

ceR and f,g: (c—r,c) — R be differentiable functions such that

lim f(z) =0 and lim g(x)=0.

r—c— Tr—c—

Suppose g'(x) # 0 for all x € (c —r,c), and
—lasx —c .

Then
f(x)
g9(z)
Here ¢ can be a real number or oo or —oo.

—fasx —c .

Proof. Extend f,g to (¢ — r,¢c] by putting f(c) = g(¢) = 0. Let (z,,) be a
sequence in (¢ — r, ¢) such that x, — c¢. Since ¢'(z) # 0 for all z € (¢ — 1, ¢),
by Cauchy’s Mean Value Theorem we see that for each n € N,

f(xn) f(xn) - f(C) f/(cn)

= = for some ¢,, between z,, and c.
g(zn)  glzn) —glc)  g'(cn)

Now z,, — ¢ implies that ¢, — ¢, and hence the quotient above tends to £ as
n — oo. Thus f(x,)/g(xz,) — £. O

Remarks 4.38. (i) L'Hopital’s Rule for J indeterminate forms is also valid
for right (hand) limits. The statement and the proof is identical to the above,
except we replace the interval (¢ — r,¢) by (¢, ¢+ r) and the symbols z — ¢~
by  — ¢T. Combining the versions for left limits and right limits, we obtain
L’Hopital’s Rule for (two-sided) limits of ) indeterminate forms, which may
be stated as follows.

Let ce R and D = (¢ —r,¢c) U (¢c,c+r) for somer >0. Let f,g: D — R
be differentiable functions such that limy_.. f(z) =0 and limg,_.g(x) = 0.
Suppose ¢'(x) # 0 for all x € D, and f'(x)/g'(x) — £ as x — c. Then
f(x)/g(x) = £ as x — c. Here { can be a real number or co or —oo.

(ii) Analogues of L’Hopital’s Rule for 8 indeterminate forms are also valid
if instead of considering limits as © — ¢, where ¢ is a real number, we consider
limits as © — oo or as © — —oo. For example, a statement for limits as
x — —oo would be as follows.

Let a € R and f,g : (—00,a) — R be differentiable functions such that
f(x) = 0 and g(x) — 0 as x — —o0. Suppose g'(x) # 0 for all x € (—00,a),
and f'(z)/g'(x) — £ as x — —oc. Then f(x)/g(x) — € as x — —oo. Here {
can be a real number or oo or —oo.

As for the proof, it suffices to assume that a < 0 and apply L’Hopital’s
Rule for left (hand) limits to the functions F,G : (1/a,0) — R defined by
F(z) = f(1/z) and G(x) = g(1/x), considering limits as © — 0. &
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The following examples illustrate how limits of certain functions that are
in 8 indeterminate form, or that can be converted to 8 indeterminate form,
can be computed by making one or more applications of L’Hopital’s Rule. The
verification that L’Hopital’s Rule is indeed applicable (that is, the hypotheses

of Proposition 4.37 are satisfied) in each case is left as an exercise.

. Va2 45-3 . x/Va?+5  2/3 1
Examples 4.39. (i) QI:L»InQ 224 —:Lchnlz o =4 ¢
¥ =32 +3x—-1 . 32 —-6x+3 . 6x—6

i - - —0.
z—1 3 + 22 —bx +3 er1113$2+2$_5 :clgllﬁx—FQ
(iil) We have

1+ay+ 132 +48) 7% -1
lim (2% +422 + 132+ 1)° —2 = lim (L4 4y + 139" +47) .

T— 00 y—0+ Y

Using L’Hopital’s Rule we see that the above limit exists and is equal to

lim 1(1+4y+13y2+y3)_2/3 (4+26y+3y2):4. &
y—0+ 3 3

Now we describe another version of L’Hopital’s Rule, which is useful in
computing limits of 77 indeterminate forms, that is, of quotients of functions
where both the numerator and the denominator tend to infinity. It turns out
here that the formulation as well as the proof of this rule is valid even when the
numerator does not tend to infinity. But we may still refer to it as L’Hopital’s
Rule for 3 indeterminate forms. As before, we state and prove below the
version for left (hand) limits. This time the statement and the proof are such
that they are applicable to left (hand) limits as  approaches a real number
and also (left hand!) limits as  — oo.

Proposition 4.40 (L’Hépital’s Rule for 0 Indeterminate Forms). Let
I be the interval [a,c) where a € R, and either ¢ € R with a < ¢ or ¢ = co.
Let f,g: I — R be differentiable functions such that |g(z)] — oo as ¢ — ¢~
Suppose ¢'(x) # 0 for all x € I and

—fasx —c .

Then
f(x)
9(z)

Here ¢ can be a real number or oo or —oo.

—fasx —c .

Proof. Since ¢'(x) # 0 for all € I, by part (ii) of Corollary 4.27, either ¢
is strictly increasing on [ or g is strictly decreasing on I. Replacing g and f
by —g and — f if necessary, we assume that g is strictly increasing on I. Now,
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since ¢ is strictly increasing on I and g, being continuous, has IVP on I, it
follows that there is a; € I such that g(x) > 0 for all © € (ay,¢).
To begin with, let us consider the case that ¢ is a real number. Let € > 0
be given. Since f'(x)/g¢'(x) — £ as x — ¢, there is ay € (a1, ¢) such that
!

9'(x)
Let he, hoe : I — R be defined by

<l+e forall z € (ag,c).

he:=f—({—¢€g and ho :=f— (£ —2¢)g.

Then hb (x) > hl(x) > 0 for all z € (agz, c). Therefore, by part (iii) of Proposi-
tion 4.27, the functions h. and hg. are strictly increasing on (ag, ¢). We claim
that there is some a3 € (ag, ¢) such that hoe(x) > 0 for all x € (as, ¢). To see
this, assume the contrary. Then we can find an increasing sequence (z,,) in
(az, ¢) such that x,, — ¢ and ha(z,) < 0 for all n € N. Now, since g(x) — oo
as © — ¢, we have g(x,) — oo. On the other hand, since h. is (strictly)
increasing on (ag, ¢), we have he(z1) < he(zy,) for all n € N, and hence

€g(xn) = hac(xn) — he(2n) <0 — he(x1), that is, g(x,) < _hl(ml)

for all n € N. This contradicts the condition that g(z,) — co. So, our claim
is proved. Thus, there is ag € (az, ¢) such that

f(x)

hoe(x) = f(z) — (€ — 2€)g(x) > 0, that is, £ — 2e < o)

for all x € (as, ¢).

In a similar way, we see that there is a4 € (a2, ¢) such that

f(z)
g()

Thus, if we let a5 := max{as, as}, then we have

f(x)
g(x)
Since € > 0 is arbitrary, this proves that f(x)/g(x) — £ as x — ¢~

Next, suppose ¢ = oo. In this case we can proceed as above and the
arguments are, in fact, simpler. Let o € R be given. Then there is a2 € (a1, ¢)
such that f'(z)/g¢’'(x) > « for all z € (ag,c). Let hqy, ho—1: I — R be defined
by he := f —ag and ho—1 := f — (o —1)g. Then hl,_;(x) > hl,(z) > 0 for all
x € (ag,c). Therefore, by part (iii) of Proposition 4.27, the functions h, and
he—1 are strictly increasing on (az, ¢). We claim that there is some az € (az,¢)
such that ho—1(x) > 0 for all x € (as,c). To see this, assume the contrary.
Then we can find an increasing sequence (z,,) in (ag,c) such that =, — ¢

<l+2¢ forall z € (as,c).

-2 < <l+2¢ forall z € (as,c).
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and hq—1(x,) < 0 for all n € N. Now, since g(z) — oo as  — ¢~, we have
g(x,) — o00. On the other hand, since h, is (strictly) increasing on (az, ¢), we
have hq (1) < ho(zy) for all n € N, and hence

9(xn) = ha—1(xn) — ha(rn) <0 —ho(x;) foralln e N.

This contradicts the condition that g(z,) — oco. So our claim is proved. Thus,
there is as € (ag, ¢) such that

f(x)
9(x)

Since a € R is arbitrary, this proves that f(z)/g(x) — oo as z — ¢~.
The case ¢ = —o0 is proved similarly. O

ha—1(z) = f(x) — (o —1)g(z) > 0, that is, >a—1 forall z € (as,c).

Remark 4.41. L’Hopital’s Rule for 72 indeterminate forms is valid for right
(hand) limits as 2 approaches a real number, and also (right hand!) limits as
x — —o0. The statement is analogous to Proposition 4.40, and is also proved
similarly. Combining the versions for left (hand) limits and right (hand) limits,
we obtain L’Hépital’s Rule for (two-sided) limits of °° indeterminate forms,
which may be stated as follows:

Letce R and D = (c—r,c) U (c,e+ 1) for somer > 0. Let f,g: D — R
be differentiable functions such that |g(x)| — oo as x — c. Suppose ¢'(x) # 0
for all x € D, and f'(z)/g'(x) — £ as © — ¢. Then f(x)/g(x) — € as © — c.
Here £ can be a real number or oo or —oo. <&

2 422+ 3 20 +2 2
E les 4.42. (i) 1 = li = i ~
xamples 4.42. () lim ') 15 = im0 = o=

. 3 a3 . 223 . 622 . 3
R e T R T I
While L’Hépital’s Rule is extremely useful in computing limits, it is not
a panacea! There are situations in which it is not applicable. Quite often,
this happens for the simple reason that L’Hopital’s Rule is applied even when
one of the conditions for it to hold fails. This is illustrated by the following
examples.

Examples 4.43. (i) If f,g : R — R are defined by f(x) := x and g(z) :=
V1+ 22, then f(z) — oo and g(z) — oo as  — oo. If we try to apply
L’Hopital’s Rule, we get a loop:

T
lim = lim
z—0o \/1 422 w00 21/2/1 + 22
V1422
= lim
xr—00 xr
. 22/2V/1+ 22
= lim
Z—00 1
= lim v

w00 (/14 22
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However, the desired limit exists and can be found directly as follows:
lim . = lim L = 1 =
e=oo (/1422 @m0 /(1/22)+1  VO+1
(ii) If we were to apply L’Hopital’s Rule indiscriminately to calculate limits
of quotients such as (x 4+ 1)/x as x — 0, we obtain
r+1 1

lim = lim . =1.
z—0 z—0 1

1.

But in fact, the limit does not exist; indeed,

r+1 r+1

1
=14+ —oocasxz— 0" and — —ococasx — 0.
x x
In this case L’Hopital’s Rule was not applicable since the given quotient

is neither in 8 form nor in 77 form as z — 0. <&
Remarks 4.44. (i) Evaluating limits of seemingly different indeterminate
forms such as 0 - co and co — oo is also possible using L’Hopital’s Rule, since
such forms can be reduced to © indeterminate forms. More precisely, if ¢ € R

0
and f,g: (c—r,c) — R are differentiable functions such that

f(z) -0 and g(z) >oc0or —oc0 asx —c,

then there is § > 0 such that § < r and g(z) # 0 for all x € (¢ — 6, ¢). Now,
1/g(z) = 0 as x — ¢~ and

flalgte) = 0

and thus a 0- oo indeterminate form is converted to a 8 indeterminate form to
which L’Hépital’s Rule can be applied. Likewise, if f(x) — oo and g(z) — oo,
then there is § > 0 such that § < r and f(x) > 0 as well as g(x) > 0 for all
z € (¢ —6,¢). Now we can write

1/g(z)) — (1/f(x
Fo)— gy — (o) = 1/ £@)
(1/f(z)g(x))
and thus a oo — oo indeterminate form is converted to a 8 indeterminate form
to which L’Hopital’s Rule can be applied.

for z € (¢ — 6, ¢),

for z € (¢ — 6, ¢),

(ii) The power of L'Hépital’s Rule will be especially evident when we add
to our repertoire of functions the logarithmic, exponential, and trigonometric
functions and try to compute limits involving these functions. This will also
enable us to deal with other indeterminate forms such as 0%, oo, and 1°°.
These variants of L’Hopital’s Rule are explained in Remark 7.12. Examples
of limits involving the logarithmic, exponential, and trigonometric functions
appear in Example 7.4 (ii), and Exercises 18 and 19 in the list of Revision
Exercises at the end of Chapter 7, and in all these, L’Hopital’s Rule is partic-
ularly useful. In Examples 7.18 and 7.19, it will be shown that the converse
of L’Hopital’s Rule, for 5 and for 8 indeterminate forms, does not hold in
general. &
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Notes and Comments

In this chapter, we have derived all the basic properties of differentiation by
appealing to a characterization of differentiability in terms of continuity and
the relevant properties of continuous functions. With this approach, the proofs
seem to become simpler. Another advantage is that we obtain formulas for the
sum, product, quotient, composite, and the inverse of functions in the course of
proving their differentiability and it is not necessary to know them beforehand.
The said characterization of differentiability appears, for example, in the book
of Bartle and Sherbert [8], where it is ascribed to Carathéodory, and used to
derive the Chain Rule and the Differentiable Inverse Theorem. Here, we have
used it more extensively.

The Mean Value Theorem (MVT) and, more generally, Taylor’s Theorem
are among the most useful results in calculus. The importance of the MVT
i calculus mainly stems from the fact that it is crucial in characterizing
constant functions, monotonic functions, and convex/concave functions. Such
characterizations can be proved using only the mean value inequality, which
is obtained here as a corollary of the MVT. On the other hand, it is possible
to give an alternative proof of the mean value inequality using properties of
Riemann integration and without recourse to the MVT. This has prompted
several articles with rather colorful titles. See, for example, the papers by Bers
[10], Boas [14], Cohen [17], and Smith [56].

The study of convex functions, which was initiated in Chapter 1 and fur-
ther continued in this chapter, is now a subject in itself. A quick and elegant
introduction can be found in the first chapter of the little classic on gamma
functions by Artin [2]. For more on the subject of convex analysis, see the
introductory text of van Tiel [65].

Most books on calculus discuss L’Hopital’s Rule for 8 and % indeterminate
forms but prove only the former. On the other hand, some relatively advanced
books such as Rudin [53] give a sleek proof applicable to both versions at once.
A unified proof such as that in Rudin [53] appears to have been inspired by the
article of Taylor [61], where it is given as an improved version of a proof by
Wazewski. For pedagogical reasons, we have chosen to avoid the sleek unified
proof and given instead separate proofs for the two versions. The proof in the
8 case is quite standard and follows quickly from Cauchy’s MVT, thanks to
our sequential approach to limits. The proof in the 7. case uses the Interme-
diate Value Property of derivatives and is essentially based on an argument of
Lettenmeyer, which is also outlined in the article of Taylor [61].

Exercises
Part A

1. Use the definition of a derivative to find f’(x) if
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10.

11.

12.

(i) f(z)=2% 2 €R, (i) f(x) =1/2,0# 2 € R,
(iii) f(z) = \/x2 +1L,zeR, (iv) f(z)=1/V2z+ 3,z € (—3/2,00).
Let f: (a,b) — R be a function such that

|[f(x+h)— f(x)] <Clh|" for all z,z + h € (a,b),

where C'is a constant and r € Q with r > 1. Show that f is differentiable
on (a,b) and compute f'(x) for z € (a,b).

I f i (a,b) — R is differentiable at ¢ € (a,b), then show that

o et b fle—h)
h—0*t 2h

exists and equals f'(c¢). Is the converse true?

. Let f:(0,00) — R satisfy f(zy) = f(x) + f(y) for all z, y € (0,00). If

f is differentiable at 1, show that f is differentiable at every ¢ € (0, 00)
and f'(c) = f/(1)/c. In fact, show that f is infinitely differentiable. If

f'(1) =2, find f(3).

. Let f: R — R satisfy f(x +y) = f(z)f(y) for all z,y € R.If f is

differentiable at 0, then show that f is differentiable at every ¢ € R and
f'(e) = f'(0) f(c). In fact, show that f is infinitely differentiable. If f/(0) =
2, find (™) (1) for n € N, in terms of f(1).

. Let f,g: R — R satisfy f(z +y) = f(z)g(y) + g(z)f(y) and g(z +y) =

g(x)g(y) — f(x)f(y) for all z, y € R. If f and ¢ are differentiable at 0,
then show that f and g are differentiable at every ¢ € R, and we have
f'(e) = g'(0)f(c) + f'(0)g(c) and ¢'(c) = g'(0)g(c) — f'(0)f(c). In fact,
show that f and g are infinitely differentiable.

Suppose f,g : R — R satisfy f(z —y) = f(2)g(y) — g(2)f(y) and
gz —y) = g(x)g(y) + f(z)f(y) for all z,y € R. If f(0) exists, then
show that f and g are differentiable at every ¢ € R, and f'(¢) = f'(0)g(c)
and ¢'(¢) = —f'(0)f(c). In fact, show that f and g are infinitely differ-
entiable. If 1 (0) = 2, find (1) and ¢ (1) in terms of f(1) and g(1).
(Hint: Prove that f is an odd function, g is an even function, f and g are
differentiable at 0 and ¢’(0) = 0. Use Exercise 6.)

. Find the points on the curve 2% + xy + y? = 7 at which (i) the tangent is

parallel to the z-axis, (ii) the tangent is parallel to the y-axis.

. Find the equation of the tangent at (1,4) to the parametrically defined

curve z(t) = t2, y(t) = Vt2 + 12 for t € (0.1, 1).

Find values of the constants a, b, and ¢ for which the graphs of the two
functions f(x) = 22 + ax + b and g(z) = 23 — ¢, x € R, intersect at the
point (1, 2) and have the same tangent there.

Find the tangents to the implicitly defined curve z2y + zy? = 6 at points
for which x = 1. Also, compute fjig at these points.

Given n € N, let f,, : R — R be defined by f,(x) := 2™ if x > 0 and
fn(x) == —a™ if < 0. Show that f, is (n — 1)-times differentiable on R,

"1 is continuous on R, but £ (0) does not exist.
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13. Let D C R be symmetric about the origin, that is, —x € D whenever
xe€D. Ifce Dand f: D — Ris either an even or an odd function, then
show that the left (hand) derivative f’ (¢) at ¢ exists if and only if the
right (hand) derivative f! (—c) at —c exists. Further, if either (and hence
both) of these derivatives exists, then show that f’ (¢) = —f\ (—c) if f is
even, and f’ (¢) = f(—c) if f is odd. Deduce that if f is differentiable,
then f’ is an odd (resp. even) function according as f is an even (resp.
odd) function.

14. Let I be an interval, ¢ € I, and f : I — R be any function. Let, as usual,
|f] : I — R be the function defined by |f|(z) = |f(z)| for z € I.

(i) Suppose (¢,c+7) C I for some r > 0 and f/ (c) exists. Then show
that |f|’ (c) exists.

(ii) Suppose If (¢ —r,¢) C I for some r > 0 and f’ (¢) exists. Then show
that | f]"(c) exists.

(iii) Suppose (¢ —r, ¢+ 1) C I for some r > 0 and f’(c) exists. Then show

that |f]'(c) exists if and only if either there is § > 0 such that 6 < r

and f(z) has the same sign for all z € (¢—§, c¢+9), or f(c) = f'(c) = 0.

15. Let P; = (z1,y1) and P» = (z2,y2) be two points on the curve y =
ar?® +bx +c. If Py = (w3,93) lies on the arc Py P> and the tangent to the
curve at Ps is parallel to the chord Py P, show that x3 = (21 + x2)/2.

16. Show that the z-axis is a normal to the curve y? = z at (0,0). If three
normals can be drawn to this curve from a point (a,0), show that a must
be greater than % Find the value of a such that the two normals, other
than the x-axis, are perpendicular to each other.

17. Let f : [a,b] — R be continuous on [a,b] and differentiable on (a,b). If
f(a) and f(b) are of different signs and f’(x) # 0 for all x € (a,b), then
show that there is a unique xg € (a, b) such that f(xz) = 0.

18. Show that the cubic 223 + 322 + 62 + 10 has exactly one real root.

19. Let n € N and f : [a,b] — R be such that f("~1) is continuous on [a, b]
and f(" exists in (a, b). If f vanishes at n+ 1 distinct points in [a, b], then
show that f(™) vanishes at least once in (a, b).

20. Let f:[—3, 5] — R be given by

f(m):{\/m—:ﬁ if 0<

Show that f(3) = f(—3) but f'(z) # 0 for all z with 0 < |z| < }. Does
this contradict Rolle’s Theorem? Justify your answer.

21. Let f : [a,b] — R be continuous on [a,b] and differentiable on (a,b). If
f(a) < f(b), then show that f’(¢) > 0 for some ¢ € (a,b).

22. Let a > 0 and f : [—a,a] — R be continuous. Suppose f'(x) exists and
f(x) <1lforallz € (—a,a).If f(a) =aand f(—a) = —a, then show that
f(x) = x for every x € (—a,a).

23. In each of the following cases, find a function f that satisfies all the given
conditions, or else show that no such function exists.
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(i) f"(xz)>0forallz e R, f/(0)=1, f(1)=1
(ii) f"(z) >0forallz e R, f/(0) =1, f'(1) =2,
(iii) f"’(z) >0 for all z € R, f/(0) =1, f(x) <100 for all > 0,
(iv) f"(x)>0forallz € R, f/(0) =1, f(z) <1 forall z <0.
[

24. Let f : [a,b] — R be continuous on [a,b] and differentiable on (a,b).
Suppose f(a) = a and f(b) = b. Show that there is ¢ € (a,b) such that
f'(c¢) = 1. Further, show that there are distinct c¢1,c2 € (a,b) such that
f'(c1) + f'(c2) = 2. More generally, show that for every n € N, there are
n distinct points ¢y, ..., ¢, € (a,b) such that f'(c1) + -+ f'(¢cn) =n.

25. Let a function f : [a,b] — R be continuous and its second derivative f”
exist everywhere on the open interval (a,b). Suppose the line segment
joining (a, f(a)) and (b, f(b)) intersects the graph of f at a third point
(¢, f(¢)), where a < ¢ < b. Prove that f”(¢t) = 0 for some ¢ € (a,b).

26. Use the MVT to prove that for all n € N and a,b € R such that 0 < a < b,
we have na” (b —a) < b —a™ < nb" (b — a).

27. Use the MVT to prove that

1

S(m 4+ 1)2/3 for all m € N.

1
< (m+ 1)1/3 _m1/3 < 3m2/3

28. Use the MVT to prove the following inequalities.

27 7 20 9

i, it Ve 4z:mil79 v <2§ 1298 25

" 1/3 1/3 1/3

(11)16<2/<3,9<7/<12and625 <93 < e

29. Use the MVT to show that 10.049 < v/101 < 10.05 and 10.24 < v/105 <
10.25. Also, find better estimates using Taylor’s Theorem with n = 1, that
is, using the Extended MV'T.

30. Let f : (a,b) — R and ¢ € (a,b) be such that f is continuous at ¢ and
f'(x) exist for every x € (a,c) U (¢,b). If lim,_,. f/(x) exists, then show
that f’(c) exists and is equal to this limit.

31. (i) Let f,g: [a,b] — R be continuous on [a, b] and differentiable on (a, b).

If f(a) < g(a) and f'(z) < ¢'(z) for all z € (a,b), then show that
f(0) < g(b).
(ii) Use (i) to show that 1522 < 82 + 12 < 1822 for all z € [1.25,1.5].
Deduce that the range of the function h : [1.25,1.5] — R given by
h(z) = (223 + 3)/32? is contained in [1.25,1.5].
32. Find the nth Taylor polynomial of f around a, that is,

f"(a)

n!

P(z) = f(a) + f'(a)(x — a) + - - +

(x —a)" for xz eR,

when a = 0 and f(x) equals:

@ _ gy @ G,
33. Let I be an interval containing more than one point and f : I — R be
any function.
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34.

35.

36.

37.

38.

4 Differentiation

(i) Assume that f is differentiable. If f’ is nonnegative on I and f’ van-
ishes at only a finite number of points on any bounded subinterval of
I, then show that f is strictly increasing on I.

(ii) Assume that f is twice differentiable. If f is nonnegative on I and f”
vanishes at only a finite number of points on any bounded subinterval
of I, then show that f is strictly convex on I.

(iii) Conmsider f: R — R given by f(z) = (z — 2n)® + 2n, where n € Z is
such that © € [2n—1,2n+1). Show that f is differentiable on R and f”
exists on (2n—1,2n41), but fY(2n+1) = 6, whereas f”(2n+1) = —6
for each n € N. Also show that f is strictly increasing on R although
f'(2n) = 0 for each n € N. (Compare (i) above and Exercise 12 in the
list of Revision Exercises at the end of Chapter 7.)

(iv) Consider g : R — R given by g(x) = (x — 2n)* + 8nx, where n € Z is
such that z € [2n — 1,2n + 1). Show that g is twice differentiable on
R and ¢"" exists on (2n — 1,2n + 1), but ¢/'(2n + 1) = 24, whereas
9" (2n 4+ 1) = —24 for each n € N. Also show that g is strictly convex
on R although ¢”(2n) = 0 for each n € N. (Compare (ii) above and
Exercise 13 in the list of Revision Exercises at the end of Chapter 7.)

Let I be an interval in R and ¢ € I be an interior point. If f : I — R
is monotonically increasing and if the left and right derivatives of f at ¢,
namely f’ (c) and f’ (c), exist, then show that f’ (c) > 0 and f! (c) > 0.
Further, give examples of monotonically increasing functions f : I — R
for which f’ (¢) < f! (c) or for which f’ (c) > f! (c).

Let f : [a,b] — R be such that f’ is continuous on [a,b] and f” exists on
(a,b). Show that there is ¢ € (a, b) such that

)l ®) = f(a)] = f'(©)[f' () = f'(a)].

Let f,g,h: [a,b] — R be continuous on [a,b] and differentiable on (a,b).
Show that there is ¢ € (a, b) such that the 3 x 3 determinant

fla) f(b) f'(c)
9(a) 9(b) g'(c)
h(a) h(b) ' (c)

is zero, that is, /(@)lg(b)(c) — h(B)g'(c)] — FO)lg(@'(c) — hla)g'(e)] +
f'(e)g(a)h(b) — h(a)g(b)] = 0. Deduce that if h(z) = 1 for all x € [a,b],
we obtain the conclusion of Cauchy’s Mean Value Theorem (Proposition
4.36). What does the result say if g(x) = 2 and h(z) =1 for all x € [a,b]?
Let f,g : [a,b] — R be continuous on [a,b] and differentiable on (a,b).
If there is o € R such that |f/(x)| < al¢’(z)| for all z € (a,b) and if
g'(x) # 0 for all z € (a,b), then show that |f(b) — f(a)|] < alg(b) — g(a)].
Is the conclusion valid if the condition “¢’(x) # 0 for all = € (a,b)” is
omitted?

Evaluate the following limits:

(22 — xt)V/2 — g1/3 5% — 3z

(i) Jim 1— x3/4 ’ (i) lim - 41
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(111) zh—>nc}o (.T \/.T T )’ (IV)TILH;O \/.’E + 1
39. Show that if f,¢g: R — R are functions defined by
_Jz+2 ifx#0, _Jz+1 ifx#0,
f(f”)_{o ifz =0, 9(5”)_{0 if 2 =0,
then ,
lim f/(m) =1 but lim f(@) =2.
2 g/(a) b g(a)

Does this contradict L’Hopital’s Rule?

40. Consider the following application of L’Hopital’s Rule:
2 _ _ _
i 20 T g T2 g O
r—1 {E2 — X r—1 2{E — ]_ r—1 2

41.

42.

Is it correct? Justify.
Consider f: R\ {1} = R and ¢ : R — R defined by

1
flz):= 1 forx#1 and g(x):=z forzeR.
x

Show that
/
f/(;v) — —ocoasx — 17, but f(@) —ooasx — 1T,
g'(x) g9(x)

Does this contradict L’Hopital’s Rule? Justify.

Part B

Let f: (a,b) — R and ¢ € (a,b). Show that the following are equivalent:

(i) f is differentiable at c.

(ii) There exist o € R, § > 0 and a function €; : (—4,6) — R such that

flc+h) = f(c) + ah + hey(h) for all h € (—6,6) and Air% er(h) = 0.

(iii) There exists a € R such that

i (et h) = fle) —ah| _

0.
h—0 ‘h|

If the above conditions hold, then show that f'(c) = a.

43. Let C be an algebraic plane curve, that is, let C' be implicitly defined
by F(z,y) = 0, where F(x,y) is a nonzero polynomial in two variables x
and y with coefficients in R. Let the (total) degree of F(z,y) be n. Let
P = (z0, o) be a point on C, so that F(x,yo) = 0.
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44.

45.

46.

4 Differentiation

(i) If we let X := 2 —cand Y := y — d and define ¢(X,Y) := f(z,v),
then show that ¢(X,Y") is a polynomial in X and Y with ¢(0,0) = 0.
Deduce that there is a unique m € N such that m < n and

where ¢;(X,Y) is either the zero polynomial or a nonzero homoge-
neous polynomial of degree i, for m < i < n, and ¢,,(X,Y) # 0. We
denote the integer m by multp(C), and call it the multiplicity of C'
at the point P.

(ii) Show that a tangent to the curve C' at the point P is defined (as
far as calculus is concerned) if and only if multp(C') = 1. Moreover,
if multp(C) = 1, then there are oy, € R such that ¢1(X,Y) =
a1 X + (1Y, and then the line oy (z —¢) + 51 (y — d) = 0 is the tangent
to C' at P.

(iii) Show that if F(x,y) = y — f(x) for some polynomial f(x) in one
variable xz, then for the corresponding curve C' given by F(x,y) = 0,
we have multp(C') = 1 for every P on C.

(iv) Determine the integer m = multp(C) and a factorization of g, (X,Y")
when P = (0,0) and C is the curve implicitly defined by F(z,y) :=
y? —a? — 23 =0, or by F(a,y) :=y> — 2% = 0.

[Note: In view of Exercise 70 of Chapter 1, the initial form g,,(X,Y)

factors as a product of homogeneous linear polynomials, that is,

gm(X,Y) = H(aiX +3;Y) for some a;,0; € C, 1 <i<m.
i=1

In the algebraic approach to tangents, the m (complex) lines given by
ai(x —¢)+ Bily—d) =0 for i =1,...,m, are called the tangent lines to
the curve C at the point P.]

Let I be an interval and f : I — R be continuous on I and differentiable
at every interior point of I. If there is a constant « such that |f'(z)| < «
for all interior points x of I, then show that f is uniformly continuous
on I. Is the converse true? In other words, is it true that if f: I — R is
uniformly continuous on I and differentiable at every interior point of 7,
then there is a constant « such that |f/(z)| < « for all interior points x
of 1?7

Let f : [a,b] — R be such that f’ is continuous on [a,b] and f” exists on
(a,b). Given any & € [a,b], show that there is ¢ € (a,b) such that

1@~ sy =70~ T e 0y 1 T ey .
Let f(z) be a polynomial. A real number ¢ is called a root of f(x) of
multiplicity m if f(z) = (x — ¢)™g(z) for some polynomial g(z) such
that g(c) # 0.
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47.

48.

49.

(i) Let f(x) have r roots (counting multiplicities) in an open interval
(@, b). Show that the polynomial f(x) has at least » — 1 roots in (a, b).
Also, give an example where f'(z) has more than r — 1 roots in (a, b).
More generally, for k € N, show that the polynomial f*)(z) has at
least r — k roots in (a, b).

(ii) If f*)(z) has s roots in (a, b), what can you conclude about the num-
ber of roots of f(x) in (a,b)?

Let f(z) be a polynomial of degree n. Given any a € R, show that

f(a)

f@)=fla)+ f'(a)(z —a)+ -+ al (x —a)", forxeR.
Deduce that a is a root of f(z) of multiplicity m if and only if f(a) =
f'(a) =---= fm=Y(a) =0 and f(™ (a) # 0. Further, show that if a is a

root of f of multiplicity m, then
_ (m)
L flath)~ (@) _ [ (a)

h—0 h™ m!

Give an alternative proof of Taylor’s Theorem with a single application of
Rolle’s Theorem by proceeding as follows. Let the notation and hypothesis
be as in the statement of Taylor Theorem (Proposition 4.23). Also, as in
the proof of Taylor’s Theorem, for = € [a, b], let

L@

o1 (x—a)*+--+ (x —a)™.

P(x) = f(a) + f'(a)(z — a)

Define g : [a,b] — R by

PO ey rs(omay

o(@) = F@)+f @)+ D o)t

where s = [f(b) — P(b)]/(b— a)"*!. Show that g(a) = g(b) = f(b). Apply
Rolle’s Theorem to g to deduce Taylor’s Theorem.

Let the notation and hypothesis be as in the statement of Taylor’s Theo-
rem (Proposition 4.23). Given any p € N with p < n + 1, show that there
is ¢ € (a,b) such that

7o)

AR |
nlp

l (b—a)P(b—c)" P,

fb) = fla)+f'(a)(b—a)+ - (b—a)"+
[Hint: Proceed as in the previous exercise except to change the (n + 1)th
power to the pth power in the definitions of g(x) and s.] Show that Taylor’s
Theorem is a special case of this result with p = n+ 1. Further, show that
if I is any interval containing more than one point, a is any point of I,
and f: I — R is such that f/, f”,..., f) exist on I and f(" 1 exists at
every interior point of I, then for any x € I, there is ¢ between a and =z
such that
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50.

o1.

52.

53.

4 Differentiation

1) = Po@)Rape), where Rap@) = emapaeporn,

and where P, (x) is the nth Taylor polynomial of f around a.

[Note: The remainder term in the above result, namely R, ,(z), is called

the Schlémilch form of remainder. It reduces to the Lagrange form

of remainder when p = n + 1, whereas it is called the Cauchy form of

remainder when p = 1.]

Let I be an interval containing more than one point and f : I — R be a

convex function.

(i) Show that for every interior point ¢ of I, both f’ (c) and f/ (c) exist
and f! (¢) < fi(c). (Hint: Use Exercise 72 of Chapter 1.)

(i) Show that for any x1,x2 € I with x; < 22, we have f/ (x1) < f/ (x2).

Let m € N and f,g : [a,b] — R be such that f, f/,..., f(™ D as well

as g,9',...,9" Y are continuous on [a,b] and f™) ¢(™) exist on (a,b).

Suppose f'(a) = f"(a) = --- = f""(a) = 0 and ¢'(a) = ¢"(a) = --- =

g™ Y (a) = 0, but g™ (z) # 0 for all = € (a,b). Prove that there exist

Cly- .., Cm € (a,b) such that

FO) = fla) _ fle) _ f'e2) _ [ (em)
g(b) —g(a)  g'(c1)  g"(ca) 9™ (em)’

[Note: This generalizes Cauchy’s Mean Value Theorem.]
Let ce R, r > 0, and f : (¢ —r,c+r) — R be such that f"(c) exists.

Show that
L Flet b+ fe— B) = 27(0)
h—0+ h2

exists and is equal to f”(c). Give an example of a function that is differ-
entiable on (¢ — r,¢ + r), for which this limit exists, but f”(¢) does not
exist. (Hint: L’'Hopital’s Rule.)
Let ceR, 7 >0, f:(c—r,c+r) — R, and n € N be such that f)(c)
exists. Show that

Fle+ ) = £(0) = hf(e) -~ L [FD () (n — 1)1] _ F0(0)

lim =
h—0 h" n!

(Hint: L’Hopital’s Rule.)
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Applications of Differentiation

The notion of differentiation is remarkably effective in studying the geometric
properties of functions. We have seen already how derivatives are useful in
determining monotonicity, convexity, or concavity for differentiable functions
defined on an interval. We shall study similar applications in this chapter.

First, in Section 5.1 we will see how one can determine the absolute (or
global) minimum or maximum of a large class of functions. Next, in Section
5.2 we shall describe a number of useful tests to determine the local minima
or maxima of a function and to detect the points of inflection. In this way, we
shall be able to locate the ups and downs, the peaks and dips, and the twists
and turns in the graph of a real-valued function. This information is extremely
useful in curve sketching, that is, in drawing graphs of real-valued functions
and identifying their key features. In Section 5.3, we revisit the idea of ap-
proximating functions by simpler functions, which we discussed in Chapter 4
in connection with the MVT and Taylor’s Theorem. We shall discuss here in
greater detail the most widely used methods of approximation, namely, linear
and quadratic approximations. Finally, in Section 5.4, we discuss a method
of Picard for finding fixed points of functions, and a method of Newton for
finding zeros of functions.

5.1 Absolute Minimum and Maximum

We have seen in Proposition 3.8 that a continuous real-valued function defined
on a closed and bounded subset of R is bounded and attains its bounds. In
other words, if D C R is closed and bounded, and f : D — R is continuous,
then the absolute minimum and the absolute maximum of f on D,
namely,

m:=min{f(z):z € D} and M :=max{f(z):x € D},

exist, and moreover, there are r, s € D such that m = f(r) and M = f(s). A
question that arises naturally is the following: Knowing the function f, how
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does one find the absolute extrema m and M, and the points r and s where
they are attained? It turns out that we can considerably narrow down the
search for the points where the absolute extrema are attained if we look at
the derivative of f. To make this precise, let us first formulate a couple of
definitions.

Given D C R and f: D — R, a point ¢ € D is called a critical point of
f if ¢ is an interior point of D such that either f is not differentiable at ¢, or
f is differentiable at ¢ and f'(c) = 0.

Given D C R, by a boundary point of D we shall mean a real number
¢ such that for every r > 0, the interval (¢ — 7, ¢+ r) contains a point of D
as well as a point not belonging to D. For example, if D = [a,b], then the
endpoints a and b are the boundary points of D, whereas the points of (a,b)
are the interior points of D.

Proposition 5.1. Let D be a closed and bounded subset of R, and f: D — R
be a continuous function. Then the absolute minimum as well as the absolute

mazximum of [ is attained either at a critical point of f or at a boundary point
of D.

Proof. By Proposition 3.8, f attains its absolute minimum as well as its ab-
solute maximum on D. Let ¢ € D be a point at which the absolute minimum
of f is attained. Suppose c is an interior point of D. Then clearly, f has a
local minimum at c¢. Hence if f is differentiable at ¢, then by Lemma 4.13,
f'(e) = 0. Tt follows that ¢ must be a critical point of D. Thus, ¢ is either a
critical point of f or a boundary point of D.

A similar argument applies to a point at which the absolute maximum of
f is attained. O

In practice, the critical points of a function and the boundary points of its
domain are few in number. Thus, in view of the above proposition, we have a
simple recipe to determine the absolute extrema and the points where they are
attained. Namely, determine the critical points of a function and the boundary
points of its domain; then calculate the values at these points, and compare
these values. The greatest value among them is the absolute maximum, while
the least value is the absolute minimum. This recipe is illustrated by the
following examples.

Examples 5.2. (i) Consider f : [—1,2] — R defined by

f N if —1<x<0,
() = 203 — 422 + 22 if 0 < x < 2.

Let us try to find the absolute extrema of f. First, note that by Proposition
3.5, f is continuous on [0, 2]. Next, f is not differentiable at 0 since f (0) =
—1 and f (0) = 2. On the other hand,

fay={ if —1<z<0,
T\ 622 —8r+2=2Bz—1)(x—1)if 0<z <2
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So, f(x) = 0 only at x = :1,’ and z = 1. It follows that x = 0, x = :15

and x = 1 are the only critical points of f. The boundary points of our
domain [—1,2] are —1 and 2. Thus we make the following table.

1
1 0 1 2
v 3
8
1 0 0 4
1(@) ”

From this we conclude that the absolute minimum of f is 0, which is
attained at x = 0 as well as at * = 1, whereas the absolute maximum
of f is 4, which is attained at x = 2. Note that although f has a local
maximum at x = :1,’, it is not the absolute maximum of f.

Fig. 5.1. Rectangle inscribed in a circle of radius r

(ii) Let us show that among all rectangles that can be inscribed in a given
circle, the square has the greatest area. Let r be the radius of the given
circle. If z is the length and y the breadth of an inscribed rectangle [see
Figure 5.1], then 0 < z,y < 2r and 22 + y? = (2r)? = 4r%. Now, the
area of the rectangle could be viewed as a function A : [0,2r] — R given
by A(z) := zy = 2472 — 22. To compute A’(x) we may use implicit
differentiation. For example, the equation 22 + y? = 4r2 implies that

d
2x+2ydi —0,

and hence at points where y # 0, that is, x # 2r, we obtain

dA dy 22 y? -2 4r? — 222
= y —|— x = y —_ = = .
dx dx

) Y )
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For 0 < z < 2r, we have

dA

=0 <= z=2r
dx

Thus = /27 is the only critical point of 4, and so we make the following
table:
T 0 Vor 2r

A(x) 0 272 0

From this we conclude that the area A(z) of the rectangle is maximal
when z = /27 = y, that is, when the rectangle is, in fact, a square. <

5.2 Local Extrema and Points of Inflection

Heuristically speaking, a local maximum of a function corresponds to a peak
or a pinnacle in its graph, while a local minimum is something like a dip or
a depression. Let us also recall the formal definition from Chapter 1. Namely,
if D C R and ¢ is an interior point in D, then f : D — R is said to have a
local minimum at c if there is § > 0 such that

(c—=06,¢+0)C D and f(x)> f(c) for all z € (¢ — §,c+9).

On the other hand, f is said to have a local maximum at ¢ if there is § > 0
such that

(c—=06,¢c+0)C D and f(x) < f(c) forall z € (¢ —d,c+ ).

Also, recall that f is said to have a strict local minimum [resp. strict local
maximum]| at ¢ if there is 6 > 0 such that (¢ —d,¢+d) C D and f(x) > f(c)
[resp. f(z) < f(c)] for all z € (¢ —d,c+ ), x # c.

For example, consider a function whose graph looks as in Figure 5.2. In
fact, this is the graph of the function f : R — R defined by

8 if v < -2,
f(x) =< 2t —22% if x € (-2,2),
100—2 ifx>2.

We see that at £ = —1 and x = 1, the function has a strict local minimum,
whereas at © = 0 and & = 2, it has a strict local maximum. At x = -2, it
has a local maximum that is not strict. In fact, there is a (nonstrict) local
minimum as well as a local maximum at every point in (—oo, —2) where the
function is constant, that is, its graph has a plateau.
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Y

Fig. 5.2. Illustration of local extrema as peaks and dips

To get an idea of the relation between derivatives and the notions of local
minimum /maximum, we may look at the behavior of the above graph around
its peaks or dips (or even a plateau). We see that as we approach a dip (local
minimum) from the left, the graph is decreasing and the tangents have nega-
tive slopes, whereas as we approach it from the right, the graph is increasing
and the tangents have positive slopes. Similarly, as we approach a peak (local
maximum) from the left, the graph is increasing and the tangents have posi-
tive slopes, whereas as we approach it from the right, the graph is decreasing
and the tangents have negative slopes. In case the tangent is defined at a peak
or a dip, then it is necessarily horizontal, that is, it has slope zero. We have
already seen the analytic formulation of the latter property in the form of
Lemma 4.13. This lemma says that if f : D — R is differentiable at an inte-
rior point ¢ of D C R, then the vanishing of f/(¢) is a necessary condition
for f to have a local extremum at c. We have seen examples [f(x) := 23 for
x € R; ¢ = 0] that show that this condition is not sufficient to guarantee a
local extremum. However, the above observations about the behavior of the
graph lead to some sufficient conditions for a local extremum. We first
state the result for a local minimum.

Proposition 5.3. Let D C R, ¢ be an interior point of D, and f: D — R be
any function. Then we have the following:

(i) [First Derivative Test for Local Minimum] If f is continuous at c,
and also,
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(a) f is differentiable on (¢ —r,c)U (¢,c+r) for some r >0, and
(b) there is 6 > 0 with 6 < r such that f'(x) <0 for all x € (¢ —0d,¢), and
f'(x) >0 for all x € (¢,c+9),
then f has a local minimum at c.
(ii) [Second Derivative Test for Local Minimum)] If f is twice differ-
entiable at ¢ and satisfies f'(c) = 0 and f"(c) > 0, then f has a local
minimum at c.

Proof. (i) If the conditions in (i) are satisfied and ¢ > 0 is as in subpart (b) of
(i), then by parts (i) and (ii) of Proposition 4.27, we see that f is decreasing
on (¢ —4d,c) and increasing on (¢, c+ ¢). Now, the continuity of f at ¢ implies
that f(x) — f(c¢) as @ — ¢ (Proposition 3.21), and hence it follows that
f(x) > f(c) for all z € (¢ — d,¢+ ). Thus, f has a local minimum at c.

(ii) If f(c) exists, then it is tacitly assumed that f’ exists on (¢ —r,c+7)
for some r > 0 with (¢ — r,¢+r) € D. Now, if f'(¢) =0 and f”(c) > 0, then

o F@) @) = 71

r—cl — C Tr—c xTr — C

= f"(c) > 0.
Thus, by part (i) of Proposition 3.24, there is § > 0 such that § < r and

f'(x)

Tr—cC

>0 forallze (c—4d,¢)U(c,c+9).

In view of this, we see that f satisfies the conditions in (i) above. Hence f has
a local minimum at c. O

The corresponding result for a local maximum is similar, and is stated
below for ease of reference.

Proposition 5.4. Let D C R, ¢ be an interior point of D, and f: D — R be
any function. Then we have the following:

(i) [First Derivative Test for Local Maximum] If f is continuous at c,
and also,
(a) f is differentiable on (¢ —r,c)U (¢,c+r) for some r >0, and
(b) there is 6 > 0 with 6 < r such that f'(x) >0 for all x € (¢ —0d,¢), and

f'(x) <0 for all x € (¢,c+9),

then f has a local mazimum at c.

(ii) [Second Derivative Test for Local Maximum]| If f is twice differ-
entiable at ¢ and satisfies f'(c) = 0 and f"(c) < 0, then f has a local
mazimum at c.

Proof. Similar to the proof of Proposition 5.3. a

Remarks 5.5. (i) An informal, but easy, way to remember the First Deriva-
tive Test (for local minimum as well as local maximum) is as follows:
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f' changes from — to + at ¢ = f has a local minimum at c;
f' changes from + to — at ¢ = f has a local maximum at c;

Note, however, that apart from differentiability in an open interval about c,
except possibly at ¢, the continuity at the point ¢ is essential. For example,
we can use this test to ascertain that the absolute value function has a local
minimum at 0. Likewise, it can be used to ascertain that f : R — R defined
by f(z) := —|z| has a local maximum at 0. However, it can not be applied to
check whether the integer part function has a local extremum at, say, z = 0.
[See Figure 1.5.]

(ii) The Second Derivative Test (for local minimum as well as local max-
imum) is valid under a restrictive hypothesis, namely, twice differentiability,
and usually needs more checking (values of both the derivatives). But it has
the advantage of being short and easy to remember.

(iil) While the First Derivative Test and the Second Derivative Test provide
sufficient conditions for a local extremum, neither of them is necessary, that
is, a function can have a local extremum at a point but may not satisfy the
hypothesis of either of these tests. We have, in fact, seen in Chapter 1 an
example of a function [the piecewise linear zigzag function in Example 1.18]
that has a local minimum at 0 but is not decreasing on (—4, 0] and increasing
on [0, ) for any § > 0. It can easily be seen that this function does not satisfy
the hypothesis of the First Derivative Test as well as of the Second Derivative
Test, even though it has a local minimum at 0. Easier counterexamples appear
in Examples 5.6 (ii) and (iii) below. Notice that the negative of these functions
provide examples of functions that have a local maximum but do not satisfy
the hypothesis of any of the tests.

(iv) If in subpart (b) of the First Derivative Test for local minimum, we
change the inequalities ‘f'(z) < 0’ and ‘f’(x) > 0’ to the corresponding strict
inequalities ‘f/(z) < 0" and ‘f'(z) > 0’, then we can conclude that f has a
strict local minimum at the corresponding point. Similarly in the case of a
local maximum. More generally, we can reach the conclusion about f having
a strict local extremum if in addition to the hypothesis of the First Derivative
Test, we require that f’ not vanish identically on any subinterval of (¢ — 4, ¢)
or of (¢,c+ d) containing more than one point. Thus, f’ is allowed to vanish
at a few stray points but not on a continuous segment with ¢ as one of its
endpoints. On the other hand, if the hypothesis of the Second Derivative Test
is satisfied, then we have, in fact, a strict local extremum. These assertions
are easily proved by gleaning through the proofs of Propositions 5.3 and 5.4

and using Propositions 4.27 and 4.30. <&
Examples 5.6. (i) Consider f : R — R defined by
1
)= xt =222 + 7

Note that since 2% —222+7 = (22 —1)2+6 > 0 for all x € R, the function
f is well defined and differentiable on R. Moreover,
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, — (423 — 4x) —dx(x—1)(z+1)
= = f R.
/@) (xt — 222 47)2 (x* — 222 4 7)2 oree
Thus, f’ vanishes only at = —1,0, 1. Now we can make a table as follows.

Interval ~ (—o0,—1) (—=1,0) (0,1) (1,00)

Sign of f’ + - + —

In view of this, from the First Derivative Test, we can conclude that f
has a local minimum at x = 0 and local maxima at x = —1 and x = 1.
Notice that in this example, it would be quite complicated to compute f”
and use the Second Derivative Test.

(ii) Consider f: (—=1,1) — R defined by

22 if0< x| <1,

f(x)::{q if 2 =0,

Then it is clear that f(0) < f(z) for all nonzero « € (—1,1), and thus f
has a strict local minimum at = 0. However, the conditions of the First
Derivative Test are not satisfied. Indeed, f is differentiable on (—1,0) as
well as on (0,1) and f’ changes sign from — to + at 2 = 0 but f is not
continuous at 0.

(iii) Consider f : R — R defined by f(z) := z*. Then f(0) = 0 < f(z) for all
nonzero x € R, and thus f has a strict local minimum at z = 0. However,
the conditions of the Second Derivative Test are not satisfied. Indeed, f
is twice differentiable and f’(0) = 0, but f”(0) is not positive. &

Points of Inflection

We shall now move on to a more subtle attribute of (the graph of) a real-
valued function, namely, the geometric notion of a point of inflection, which
was defined in Chapter 1. Briefly, this is a point at which convexity changes
to concavity or vice versa. More precisely, given any D C R and f: D — R,
an interior point ¢ € D is said to be a point of inflection for f if there is
0 > 0 with (¢ — d,¢+ d) C D such that f is convex on (¢ — 4§, ¢) and concave
on (¢,c+ d), or vice versa. Also, recall that ¢ is said to be a strict point of
inflection of f if there is § > 0 with (¢ — d,¢+ ) C R such that f is strictly
convex on (¢ — 4, ¢) and strictly concave on (¢, ¢+ J), or vice versa.

A typical example is f : R — R given by f(z) := 2 [see Figure 1.3 (iv)],
for which 0 is a point of inflection; in fact, 0 is a strict point of inflection for
this function.

Characterizations of convexity and concavity in terms of derivatives dis-
cussed in Chapter 4 lead to the following result about points of inflection.
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Proposition 5.7 (Necessary and Sufficient Conditions for a Point of
Inflection). Let D C R, ¢ be an interior point of D. Let f : D — R be any
function. Then we have the following:

(i) Suppose f is differentiable on (c—r,c)U(¢c,c+7) for some r > 0. Then c is
a point of inflection for f if and only if there is 6 > 0 with § < r such that
1! is monotonically increasing on (¢ — 8, c), whereas ' is monotonically
decreasing on (¢,c+ 0), or vice versa.

(i) Suppose f is twice differentiable on (¢ —r,c) U (¢,c+ r) for some r > 0.
Then c is a point of inflection for f if and only if there is 6 > 0 with § <r
such that " is nonnegative throughout (¢—4, ), whereas f" is nonpositive
throughout (¢, c+ ), or vice versa.

Proof. Part (i) follows from parts (i) and (ii) of Proposition 4.31, while part
(ii) follows from parts (i) and (ii) of Proposition 4.32. O

The above results can be used to obtain weaker but concise conditions that
are necessary or sufficient for an interior point in the domain of a function to
be a point of inflection.

Proposition 5.8. Let D C R, ¢ be an interior point of D, and f: D — R be
any function. Then we have the following:

(i) [Necessary Condition for a Point of Inflection] Let f be twice dif-
ferentiable at c. If ¢ is a point of inflection for f, then f"(c) = 0.

(ii) [Sufficient Conditions for a Point of Inflection| Let f be thrice dif-
ferentiable at c. If f"(c) =0 and f"'(c) # 0, then c is a point of inflection

for f.

Proof. (1) If f”(c) exists, then it is tacitly assumed that f’ exists on (c—r, c+r)
for some r > 0 with (¢ —r,¢+7) C D. If ¢ is a point of inflection for f, then
by part (i) of Proposition 5.7, there is ¢ > 0 with § < r such that

f’ is increasing on (¢ — 4§, ¢) and decreasing on (¢, ¢+ d), or vice versa.
Now f’, being differentiable at ¢, is continuous at ¢, and therefore we have
f'(x) < fl(c) forall z € (¢ —6,¢) and f'(c) > f'(z) for all z € (c,c+ ),
or vice versa (that is, the inequalities < and > above are interchanged). Hence

!/ !/ !/ !/
o< m PO PO _ o @10
T—c— xr—cC z—ct xr—cC
or vice versa (that is, the inequalities < above change to >). In any case, we
readily see that f”(c) = 0.
(ii) If f""(c) exists, then it is tacitly assumed that f” exists on (c—r,c+7)
for some r > 0 with (¢ — r,¢ +r) C D. Suppose now that f”(¢) = 0 and
1" (¢) # 0. We may first assume that f"/(¢) < 0. Then



156 5 Applications of Differentiation

S ) )

r—c T — C r—cC xr —cC

= f"(c) < 0.

Hence by part (i) of Proposition 3.24, there is 6 > 0 with § < r such that
f"(x)/(x —c) <0 forall @ € (c—d,¢)U(c,c+ ). Consequently,

f'(x) >0forallz € (¢c—d,¢) and f"(x) <0 for all z € (¢,c+9).

Thus, by part (ii) of Proposition 5.7, ¢ is a point of inflection for f. A similar
argument holds if f”(c) =0 and f"’(c) > 0. ]

Remarks 5.9. (i) The condition in part (i) of the above proposition is not
sufficient. Consider, for example, f : R — R defined by f(x) := z*. Then 0 is
not a point of inflection for f, but f”(0) = 0.

(ii) The condition in part (ii) is not necessary. Consider, for example,
f : R — R defined by f(x) := z°. Then 0 is a point of inflection for f, but
f///(o) —0.

(iii) If in part (i) of Proposition 5.7 we change the words ‘monotonically
increasing’ and ‘monotonically decreasing’ to ‘strictly increasing’ and ‘strictly
decreasing’, respectively, then we obtain a necessary and sufficient condition
that ¢ is a strict point of inflection for f. Likewise, in part (ii) of Proposition
5.7, if in addition to the condition about the sign of f”, we require that f”
not vanish identically on any subinterval of (¢ — 9, ¢) or of (¢, c+ J) containing
more than one point, then we obtain a necessary and sufficient condition for
¢ to be a strict point of inflection for f. On the other hand, if the sufficient
condition in part (ii) of Proposition 5.8 is satisfied, then c¢ is, in fact, a strict
point of inflection for f. These assertions are easily proved by gleaning through
the proofs of Propositions 5.7 and 5.8 and appealing to parts (iii) and (iv) of
Proposition 4.31 as well as parts (i) and (ii) of Proposition 4.35. &

As an illustration of the various tests obtained in this section and also in
Section 4.3, let us work out an example in which we first use these tests to
identify several features of the function or its graph. We shall also see how,
equipped with this knowledge, one can make a rough sketch of the graph.

Example 5.10. Consider f : R — R defined by f(z) := 2% — 622 + 92 + 1.
Then

fl(x) =32 120 4+9=3(x—1)(x—3) and f’(z) =6z —12=6(x—2).

Thus, f/(x) =0 only at x = 1 and 3, while f”(x) = 0 only at © = 2. Moreover,
we can make tables as follows:

Interval  (—o0,1) (1,3) (3,00) Interval (—0,2) (2,00)

Sign of f’ + — + Sign of f” — +

In view of this [together with Propositions 4.27, 5.3, 5.4, 4.31, 5.7, and 5.8],
we obtain the following:
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e fis (strictly) increasing on (—oo, 1) as well as on (3, 00), and f is (strictly)
decreasing on (1, 3).

e f has a (strict) local maximum at = 1 and a (strict) local minimum at
T =3.

e [ is (strictly) concave on (—o0,2) and (strictly) convex on (2,00).

e 2isa (strict) point of inflection for f.

Now we can make a rough sketch of the curve y = f(x) by plotting a few
points [for example, f(0) = 1, f(1) =5, f(2) =3, f(3) =1, and f(4) = 5]
and using the above facts. It will look like the graph in Figure 5.3. <&

Fig. 5.3. Graph of y = 2® — 622 + 9z + 1

5.3 Linear and Quadratic Approximations

By way of motivating Taylor’s Theorem, we have discussed in Chapter 4 how
the MVT and its generalizations are helpful in evaluating functions approxi-
mately. In this section, we shall formalize these aspects and give some basic
features of the simplest of such approximations that are used in practice,
namely, the linear and quadratic approximations.

Let D C R and ¢ be an interior point of D. If f : D — R is differentiable
at ¢, then the function L : R — R defined by

L(z):= f(c)+ f'(c)(w—¢c) forzeR

is called the linear approximation to f around c. Note that L(z) is the first
Taylor polynomial of f around c¢. Geometrically speaking, y = L(x) represents
a line, which is precisely the tangent to the curve y = f(x) at the point
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Fig. 5.4. Linear approximation or tangent line approximation around a point

(¢, f(c)). For this reason, L is also called the tangent line approximation
to f around c.

The difference
e1(x) := f(x) — L(z) forx € D

is called the error at = in the linear approximation to f around c.

Proposition 5.11. Let D C R and ¢ be an interior point of D. If f : D — R
18 differentiable at c, then the linear approzimation L to f around c is indeed
an approximation to f around c, that is,

lim L(x) = f(c) or equivalently, lim e;(z) = 0.

Tr—cC r—c

In fact, e1(x) rapidly approaches zero as x — c in the sense that

lim e1(2)

r—c I — C

=0.

Moreover, given any b € D with b # ¢, if I, denotes the open interval with ¢
and b as its endpoints and if [’ exists and is continuous on I, as well as its
endpoints ¢ and b, f" exists on I, and |f"(x)] < Ma(b) for all x € I, then
we have the following error bound:

lex (b)] <

M;(b) b —cf?.

Proof. 1t is obvious from the definition of L that
lim L(x) = f(¢) or equivalently, lim e;(z) = 0.
Tr—cC r—cC

The assertion about rapid vanishing of e;(x) follows by noting that



5.3 Linear and Quadratic Approximations 159

i 1@ _ ) J@) = 10 = F O <)

r—c I — C Tr—c €r —C

= £(c) = f(c) = 0.

Finally, if b € D and b # ¢, then applying Taylor’s Formula (Remark 4.24),
with I = I, and n = 1, we see that there is £ between ¢ and b such that

a) = F0) 1)~ fp - =T Voo
This implies the desired error bound for |e; (b)]. O

Example 5.12. Let D := {z € R: z # 1} and consider f : D — R defined
by f(z) := 1/(1 — x). Then f’(z) = 1/(1 — z)? for z € D and in particular,
7'(0) = 1. Thus, the linear approximation to f around 0 is given by

L(z) = f(0)+ f'(0)(z —0) =1+ forzeR.

The error bound e; for f — L in this case can be worked out as follows.
Given b € (—1,1), b # 0, let us consider two cases. First, suppose b > 0 and
Iy = (0,b). Then

2 2
"(z)] = < f I.
‘f (.’E)‘ (1_$)3 = (1_b)3 or x € Iy
Thus, in this case we may take Ma(b) = 2/(1 — b)® and by Proposition 5.11
conclude that |e1(b)| < b?/(1 — b)3. For instance, if 0 < b < 0.1, then we have
le1(b)] < (0.1)2/(0.9)? < 0.014. Next, suppose b < 0 and I, = (b,0). Then

2

@l=

3 <2 for x € Iy.

Thus, in this case we may take M2 (b) = 2 and by Proposition 5.11 conclude
that |e1(b)| < b2. For instance, if —0.1 < b < 0, then we have |e1(b)| < (0.1)? =
0.01. &

As the above example shows, linear approximation gives a reasonable ap-
proximation to the values of a function around a point where it is differ-
entiable. However, if one wants to do better, then one may take recourse
to quadratic approximation, which is available provided the relevant second
derivative exists.

Let, as before, D C R and ¢ be an interior point of D. If f : D — R is
twice differentiable at ¢, then the function @ : R — R defined by

(2 — c)?

5 f'(c) forzeR

Qz) = f(e) + (z = c)f'(c) +
is called the quadratic approximation to f around c¢. Note that Q(x) is
the second Taylor polynomial of f around c. Geometrically speaking, y =
Q(x) represents a parabola passing through the point (¢, f(c)) such that this
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parabola and the curve y = f(x) have a common tangent at (¢, f(¢)). The
difference

ez(z) == f(x) —Q(z) forxze D

is called the error at = in the quadratic approximation to f around c.

Proposition 5.13. Let D C R and ¢ be an interior point of D. If f: D — R
1s twice differentiable at c, then the quadratic approximation @ to f around c
1s indeed an approximation to f around c, that is,

lim Q(x) = f(¢) or equivalently, lim es(x) = 0.

Tr—cC

In fact, ea(x) approaches zero as x — ¢ doubly rapidly in the sense that

lim e2(2)

=0.
a—c (x — ¢)?

Moreover, given any b € D with b # ¢, if I, denotes the open interval with ¢
and b as its endpoints and if " exists and is continuous on I, as well as at
its endpoints ¢ and b, f"" exists on Iy, and |f"(x)] < Ms(b) for all x € I,
then we have the following error bound:

M3(b)
3!

Proof. 1t is obvious from the definition of @) that

le2(b)| < b —cl®.

lim Q(x) = f(c) or equivalently, lim ez(z) = 0.
Tr—c

r—c

The assertion about doubly rapid vanishing of es(x) follows by noting that by
L’Hopital’s Rule for 8 indeterminate forms, we have

im0 gy F@ = FO =@ =) Ty Z o,

a—c (x—c)2 a3 2(x —¢) 2
Finally, if b € D and b # ¢, then applying Taylor’s Formula (Remark 4.24),
with I = I, and n = 2, we see that there is € [, such that

ex(6) = £0) ~ 10) — )~ Vo op =T oy

This implies the desired inequality for |ea(b)]. O

Now let us revisit Example 5.12 and see what the quadratic approximation
and the corresponding error bound look like.

Example 5.14. Consider f : (—1,1) — R defined by f(z) := 1/(1 — x) and
c:=0. Then f'(x) = 1/(1 — )% and f"(z) = 2/(1 — )3 for z € (—1,1). In
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particular, f/(0) =1 and f”(0) = 2. Thus, the quadratic approximation to f
around 0 is given by

Q(z) = f(0) + f'(0)(z — 0) (z—02=1+z+2>

f7(0)
* 2
The error bound ey for f — @ in this case can be worked out as follows.
Given b € (—1,1), b # 0, let us consider two cases. First, suppose b > 0 and
I, = (0,b). Then

6 6
" = < fi Iy.
| ()] (12 = (1—pp orz €1
Thus, in this case we may take Mz(b) = 6/(1 — b)* and by Proposition 5.13
conclude that |ez(b)| < [b]3/(1 —b). For instance, if 0 < b < 0.1, then we have
lea(b)| < (0.1)3/(0.9)* < 0.0016. Next, suppose b < 0 and I, = (b,0). Then

6

@l=

4 <6 forzelp.

Thus, in this case we may take Ms(b) = 6 and by Proposition 5.13 conclude
that |e2(b)| < |b]3. For instance, if —0.1 < b < 0, then we have |ez(b)| <
(0.1)3 = 0.001. &

It may be noted that in the above example, the estimates have become
sharper than those in Example 5.12. In a similar way, if we were to consider
cubic approximations, quartic approximations, and so on, the estimates would
become more and more sharp. These higher-degree approximations and the
corresponding error bounds can be obtained in an analogous manner. See
Exercise 21.

5.4 The Picard and Newton Methods

The title of this section refers to methods that can be used to obtain approx-
imate solutions to the following two interrelated problems:

1. The problem of finding a fixed point of a function, namely, if D C R and
f: D — D, then the problem is to find € D such that f(z) = x.

2. The problem of finding a solution of an equation, namely, if D C R and
f D — R, then the problem is to find « € D such that f(x) = 0.

To see that these problems are interrelated, it suffices to note that if f : D — D
and if we set F(z) = f(x) — , then finding a fixed point of f is equivalent
to finding a solution to F(xz) = 0. On the other hand, if f : D — R and if
we set F(z) = x + h(x)f(x) where h : D — R is so chosen that h(z) # 0
and © + h(x)f(x) € D for all € D, then finding a solution of f(z) = 0 is
equivalent to finding a fixed point of F': D — D.
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Finding a Fixed Point

Let us first take up the problem of finding fixed points. For simplicity, we shall
restrict ourselves to the case of functions from a closed and bounded interval
of R into itself. In this case, the existence of a fixed point is guaranteed if the
function satisfies a mild condition such as continuity.

Proposition 5.15. If f : [a,b] — [a,b] is continuous, then f has a fized point.

Proof. Let F : [a,b] — R be defined by F(x) = f(x) — x. Since a < f(z) <b
for all « € [a,b], we have,

F(a)=f(a) —a <0 and F(b)=f(b)—b>0.

Also, since f is continuous, so is F'. Hence by Proposition 3.13, I has the IVP
on [a, b]. So, there is ¢ € [a,b] such that F(c) = 0, that is, f(c) = c. |

Examples 5.16. (i) While a fixed point in [a, b] exists for a continuous func-
tion f : [a,b] — [a,b], it need not be unique. Consider, for example,
f:10,1] — [0, 1] defined by f(z) := x, where every point of [0, 1] is a fixed
point of f.

(ii) The condition that f be defined on a closed subset of R is essential for
the existence of a fixed point. For example, if f : [0,1) — R is defined by
f(z) :== (14 x)/2, then f maps [0, 1) into itself, and f is continuous. But
f has no fixed point in [0, 1). Indeed, (1 + x)/2 = x only when x = 1.

(iii) The condition that f be defined on a bounded subset of R is essential for
the existence of a fixed point. For example, if f : [1,00) — R is defined
by f(z) :=x + (1/x), then f maps [1,00) into itself, and f is continuous.
But clearly, f has no fixed point in [1, c0).

(iv) The condition that f be defined on an interval in R is essential for the

existence of a fixed point. For example, if D = [-2,—1] U [1,2] and f :
D — R is defined by f(z) := —z, then f maps D into itself, and f is
continuous. But f has no fixed point in D. O

Suppose we know that a function f : [a,b] — [a, b] has a fixed point. Then
a natural question is whether we can find it. It is not easy, in general, to find it
exactly. A simple and effective method given by Picard seeks to achieve what
may be the next best alternative to finding a fixed point exactly, namely, to
find it approximately. In geometric terms, the basic idea of the Picard method
can be described as follows.

First, pick any point Py = (xo, f(x0)) on the curve y = f(x). Project Py
horizontally to a point Q¢ on the diagonal line y = x, and then, project the
point Qg vertically onto the curve y = f(x) to obtain a point P; = (z1, f(z1)).
Again, project P; horizontally to Q1 on y = z and then, project Q1 vertically
onto y = f(x) to obtain P» = (x2, f(x2)). This process can be be repeated
a number of times. Often, it will weave a cobweb in which the fixed point of
f, that is, the point of intersection of the curve y = f(z) and the diagonal
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line y = x, gets trapped. [See Figure 5.5 (i).] In fact, we shall see that such
trapping occurs if the slopes of tangents to the curve y = f(z) are smaller
(in absolute value) than the slope of the diagonal line y = z. When the slope
condition is not met, then the points Py, Pi, P>, ... may move away from a
fixed point. [See Figure 5.5 (ii).]

Y
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Fig. 5.5. Picard sequence that is (i) converging to a fixed point, and (ii) diverging
away from a fixed point

In analytic terms, the Picard method can be described as follows. Given
any xg € [a,b], we recursively define a sequence (x,,) by

ZTp = f(xp—1) forn e N,

Such a sequence (x,,) is called a Picard sequence for the function f (with its
initial point zg). It is clear that if a Picard sequence (z,,) for f is convergent
and f is continuous, then the limit « of (x,,) is a fixed point of f. Indeed,

fley=7f ( lim xn) =7 ( lim xn,l) = lim f(zp-1)= lim z, ==z
n—oo n—oo n—oo n—oo

A sufficient condition for the convergence of a Picard sequence, which is a

formal analogue of the geometric condition on slopes mentioned above, is

given by the following result. It is to be noted here that the same condition

guarantees the uniqueness of a fixed point.

Proposition 5.17 (Picard Convergence Theorem). If f : [a,b] — [a, D]
is continuous on [a,b] and differentiable on (a,b) with |f'(z)| < 1 for all
x € (a,b), then f has a unique fized point. Furthermore, any Picard sequence
for [ is convergent and converges to the unique fixed point of f.
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Proof. By Proposition 5.15, f has a fixed point in [a, b]. If there are two fixed
points ¢y, ¢2 € [a, b], then by the MVT, there is ¢ € (a,b) such that

lc1 = ca| = [f(er) = flea)| = | f'(e)]|er — ca| <er —cal,

which is a contradiction. Thus, f has a unique fixed point.

Let ¢* denote the unique fixed point of f. Consider any z¢ € [a,b], and
let (x,,) be the Picard sequence for f with its initial point x¢. Now, given any
n € N, by the MVT, there is ¢,—1 between x,_1 and ¢* such that

Tn — ¢ = fan-1) = f(¢7) = f(en-1) (@n-1 — 7).

As a consequence, |z, — c*| < |z,—1 — ¢*| for all n € N. We shall now show
that z, — ¢*. First, note that since x,, € [a,b] for n > 0, the sequence (x,) is
bounded. Thus, by Proposition 2.17, it suffices to show that every convergent
subsequence of (z,,) has ¢* as its limit. Let € R and (x,, ) be a subsequence
of (z,) such that z,, — x. Then

|xnk+1 - C*’ < ‘xnk+1 - C*‘ < |xnk - C*| .

But both the sequences (|z,, — c¢*|) and (|2, ., — ¢*|) converge to |z — c*|.
So, by the Sandwich Theorem, |z,, 11 —c¢*| — |z — ¢*| as k — oo. On the
other hand,

i [, 1 — | = lim [ f(on,) = F()] = £(2) = ()]

It follows that |f(x) — f(c¢*)| = |z — ¢*|. Now, if x # ¢*, then by the MVT,
there is ¢ € (a, b) such that

|z — | = [f(x) = f(e)] = |||z — | < |z~ ¢,
which is a contradiction. This proves that z,, — c¢*. O

Remark 5.18. The proof of Picard’s Convergence Theorem becomes simpler
if instead of assuming |f'(z)| < 1 for all z € (a,b), we make the stronger
assumption that there is v < 1 such that |f'(z)| < « for all € (a,b). In
this case we can also obtain the ‘rate of convergence’ for the Picard sequence.
[See Exercise 32.] An alternative set of conditions for the convergence of the
Picard sequence is given in Exercise 28. The Picard Convergence Theorem
itself admits several generalizations and extensions. Some of these are outlined
in Exercise 29. <&

Examples 5.19. (i) Consider f : [0,2] — R defined by f(z) := (1 + 2)/5.
Then 0 < f(x) < 35 < 2 for all z € [0,2]. Thus, f maps the interval
[0, 2] into itself. Moreover, f is continuous on [0, 2], differentiable on (0, 2),

and
1 - 1 -
5(1+x)45 = 5

|f' ()| = 1 forxze]0,2].
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Thus, by the Picard convergence theorem, f has a unique fixed point,
and successively better approximations to this fixed point are given by
the successive terms of a Picard sequence for f. For example, if we take
xg = 0, then the first few terms of the corresponding Picard sequence for
f are roughly given by z1 = 1, o = 1.148698, z3 = 1.1652928, and =4 =
1.1670872. It may be noted that finding a fixed point of f is equivalent to
finding the root of the quintic polynomial 2° —z — 1 in the interval [0, 2].

(ii) Consider f : [0,1] — R defined by f(x) := 22/2. Then f maps [0,1]
into itself. Moreover, f is continuous on [0, 1], differentiable on (0,1) and
|f'(z)] = |z| < 1 for all & € (0,1). Thus, by the Picard convergence
theorem, f has a unique fixed point and any Picard sequence for f will
converge to this fixed point. Indeed, it is easily verified that 0 is the only
fixed point of f in [0, 1]. Note that in this case there is no o < 1 such that
|f(z)] < a for all z € (0,1).

(iii) The condition |f'(x)| < 1 for all z € (a,b) is essential for the uniqueness
of a fixed point. For example, if f : [a,b] — R is defined by f(z) := z,
then f maps [a, b] into itself, and every point of [a, b] is a fixed point of f.
Here, f/'(xz) =1 for all = € (a,b).

(iv) When the condition |f/(z)| < 1 for all z € (a, b) is not satisfied, a function
can still have a unique fixed point ¢* but the Picard sequence (x,,) with its
initial point zo # ¢ may not converge to ¢*. For example, if f : [-1,1] = R
is defined by f(z) := —z, then f maps [—1, 1] into itself, f is differentiable
and |f'(z)] = 1 for all x € [—1,1]. Clearly, ¢* = 0 is the unique fixed point
of f, but if zg # 0, then the corresponding Picard sequence looks like

—xg, g, —To, Lo, - . -; in other words, it oscillates between xy and —zg and
never reaches the fixed point. In geometric terms, the cobweb that we
hope to weave just traces out a square over and over again. <&

Remark 5.20. When the hypothesis of the Picard Convergence Theorem is
satisfied, a Picard sequence for f : [a,b] — [a,b] with arbitrary zo € [a,b] as
its initial point will converge to a fixed point. It is natural to expect that if
x¢ is closer to the fixed point, then the convergence will be rapid. But since
we do not know the fixed point to begin with, it may not be clear how one
picks a ‘good’ initial point xy. To this end, observe that a fixed point of f
is necessarily in its range. The range is usually smaller than [a,b]. Thus, it
is better that zo be picked from f([a,b]). For example, if f : [0,1] — [0,1] is
given by f(z) := (z+1)/4, then the range of f equals [}L, %], and so we should
choose xg to be this smaller subinterval. In fact, this simple observation can
be extended further. A fixed point of f lies not only in the range of f but
also in the ranges of the composites fo f, fo fo f, and so on. Thus, if R,
is the range of the n-fold composite f o---o f, then a fixed point is in each
R, as n varies over N. If only a single point belongs to each R, (n € N),
then we have found our fixed point! In fact, the Picard method amounts to
starting with any xo € [a, b] and considering the image of xy under the n-fold
composite fo---o f of f. For example, if, as before, f : [0,1] — [0,1] is given
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by f(z) = (x4 1)/4, then it is easy to see that the n-fold composite of f, say
fn, and its range are given by

o) =" o= (- 1) (14 2]

It is clear, therefore, that ;’ is the only point in each R,, (n € N), and this is
the unique fixed point of f (as can also be verified directly from the definition
of f). Of course, in general, it is not practical to determine the ranges of the
n-fold composites of f for all n € N. So it is simpler to use the Picard method.
But the Picard method will be more effective if the above observations are
used to some extent in choosing the initial point. &

Finding a Solution of an Equation

We now turn to the second problem mentioned earlier, namely, the problem
of finding a solution of f(x) = 0, where f is a real-valued function defined on
a subset of R. For simplicity, we shall restrict ourselves to the case in which
f is defined on a closed and bounded interval of R. In this case, the existence
of a solution is guaranteed if the IVP is available.

Proposition 5.21. If f : [a,b] — R is continuous and if f(a) and f(b) have
opposite signs, then f(x) =0 has a solution in [a,b].

Proof. The result is an immediate consequence of the fact that a continuous
function on [a, b] has the IVP. O

Suppose we know that f : [a,b] — R is such that the equation f(z) =0
has a solution. Then a natural question is whether we can find it. It is not
easy, in general, to find an exact solution.® A method given by Newton seeks
to achieve what may be the next best alternative to finding an exact solution,
namely, to find an approximate solution. In geometric terms, the basic idea
of the Newton method can be described as follows.

First, pick any point Py = (zo, f(z0)) on the curve y = f(z). Draw a
tangent to this curve at Py and if it intersects the z-axis at (x1,0), then

! In fact, this is a very difficult problem even for the nicest of functions, namely
polynomial functions. In the special case of linear and quadratic equations, there
are simple and well-known formulas for their solutions. For the solutions of cubic
and quartic equations, there are more intricate formulas, ascribed to Cardan and
Ferrari, which express the solutions in terms of the coefficients of the polynomial
using the basic operations of algebra, namely, addition, subtraction, multiplica-
tion, division, and extraction of roots. After several unsuccessful attempts to find
a similar formula for a general polynomial equation of degree 5 or more, it was
proved by Abel that no such formula exists. In other words, a general equation
of degree 5 or more is not solvable by radicals. An elegant proof of Abel’s result
was given by Galois, who also gave a criterion for an equation to be solvable by
radicals. For more on these topics, we refer to the book of Tignol [64].
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consider the corresponding point P; = (z1, f(z1)). Again, draw the tangent
to y = f(x) at P, and if it intersects the z-axis at (x2,0), then consider the
corresponding point P» = (z2, f(x2)). This process can be repeated a number
of times. Often, it will rapidly bring us near to the point of intersection of
the curve y = f(x) and the x-axis, that is, to the solution of f(x) = 0. In
effect, each time we replace the curve by the tangent line approximation and
utilize the fact that linear equations can be solved. It is clear, however, that
the procedure will fail if at some point, the tangent is parallel to the x-axis.

P -

<
8
3]
8
—
8
<)

Fig. 5.6. Newton sequence approaching a solution of an equation

In analytic terms, the Newton method (sometimes also called the
Newton—Raphson method) can be described as follows. Choose any zg €
[a, b] such that f/(x) exists and f'(z¢) # 0. Given any n € N and x,,—;1 € [a, b
such that f/'(z,—1) # 0, we let x,, be the root of the linear approximation

L(z) = f(xn-1) + f'(@n-1)(x — Tpn-1)
to f around x,_1. In other words,

f (xn—l)
f/ (xnfl)
Such a sequence (z;,) is called a Newton sequence for the function f (with

its initial point xg). It is clear that if a Newton sequence (z,,) for f is conver-
gent and f’ is bounded, then the limit z of (z,,) satisfies f(z) = 0. Indeed,

Tp = Tp—1 —
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f(m):f(hm Ty 1) = lim f(xp_1)= hm f (1) (Tn_1 —x5) =0.

n—oo n—oo

A sufficient condition for the convergence of a Newton sequence can be derived
from the Picard Convergence Theorem as follows.

Proposition 5.22 (Convergence of Newton Sequences). Let f : [a,b] —
R be differentiable with f'(x) # 0 for all x € [a,b], and

f(z)
T — € la,b] for all x € |a,b].
[ eladl 1 . ]
Assume that f' is continuous on [a,b], differentiable on (a,b), and

‘f SN ’<1 for all x € (a,b).

Then there is a unique x* € [a,b] such that f(z*) = 0. Furthermore, the
Newton sequence for f with any initial point xg € [a,b] converges to x*.

Proof. Define F : [a,b] — R by
=z — for z € [a,b].

Then F' is continuous on [a, b], differentiable on (a, b), and F' maps the interval
[a,b] into itself. Notice that = € [a,b] is a fixed point of F' if and only if
f(z) = 0. Moreover, for any z € [a, b], we have

() = 1 — [f' (@) = f@)f"(2)| _ ’f(a:)f”(az)

[f" ()] [f"(@)]?

Therefore, by the Picard Convergence Theorem, F' has a unique fixed point x*
in [a, b], which is then the unique root of f in [a, b]. Furthermore, if z¢ € [a, ]
is any initial point, then the Newton sequence for f is, in fact, the Picard

<1

sequence for F', and hence it converges to z*. a
Examples 5.23. (i) Consider f : [Z, 3] — R defined by f(z) := 2% — 3.
Then f is continuous on [i, g] and
5 125 . 3 27
f(4) = o —3<0, while f(2) =y —3>0.

5

Hence, by Proposition 5.21, f has a root in [4, 5
formula for the Newton sequence is given by

] In this case, the iterative

-3 2 N
Ty
3ap_y I R Ty

Ty = Tp1 — provided x,,—1 # 0.

Thus, if we take x¢ = i, then we obtain
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x1 = 1.473333 ..., xo = 1.442900..., x5 = 1.442249... .
On the other hand, if we take zy = g, then we obtain
xy = 1.444444 ... xo = 1.442252. .., x5 = 1.442249... .

This indicates that both the Newton sequences converge to the same limit,
which is approximately 1.442249--.. In fact, this is quite in accordance
with the theory because

flz) 223+3 5 3 53
- = for all
T (@) 342 c 19 or all x € 49|

since 1522 < 82 +12 and 42° + 6 < 922. (See Exercise 31 (ii) of Chapter
4.) Moreover, for = € (i, 3) , we have
f(@) f"(z) (2% = 3)6x
[f'(2)]? 9t

_20af -3 _ 2

1.
3 g3 —3°<

Thus, the hypothesis of Proposition 5.22 is satisfied. Hence the equation
f(z) = 0 has a unique solution in [i, g] and any Newton sequence con-
verges to it.

(ii) To illustrate how the Newton sequence behaves where there is more than
one solution, consider f : [-2,4] — R defined by f(z) := 2% — 22 — 3 =
(x + 1)(x — 3). [See Figure 5.7 (i).] Clearly f(x) = 0 has two solutions
x = —1and x = 3. Now, f'(z) = 2(z — 1), and thus the Newton sequence
for f with any initial point zy # 1 is given by

2 . —2T,-1—3 a:%_ 3 .

n—21(xn71 " 1) — Q(xnillt 1)’ pr0V1ded Tpn—1 7é 1

It is not difficult to show that if o < 1, then (z,) converges to the root
—1 of f, whereas if 2y > 1, then (z,) converges to the root 3 of f. [See
Exercise 23.]

(iii) Consider f : [—10,10] — R defined by

Nz —-1 ifx>1,
@) '_{—\/1—1; if 7 < 1.

In this case, we have

oy f1/@Ve—1) ifz>1,
f(”)_{1/(2\/1—x) if z < 1.

The Newton sequence for f with any initial point x¢ # 1 is given by
Ty =Tp-1 — 2(Tp—1—1) = —xp_1+ 2.

Since z, — 1 = —(x,—1 — 1), we have z,, = 1 + (=1)"(xo — 1). Thus, the
Newton sequence oscillates between xo and 2 — xg. [See Figure 5.7 (ii).] ©
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Vo —1 ifz>1,

Fig. 5.7. Craphs of (i) y = 2% — 2z — 3 and (ii) y = {_\/1 itz <l

As the above examples show, a Newton sequence may not always converge
to the desired root, but when it does converge, the rate of convergence is
quite rapid and just a few iterations give us values that are fairly close to the
desired root. The conditions for convergence given in Proposition 5.22, which
is a consequence of the Picard Convergence Theorem, are rather unwieldy and
difficult to check in practice. However, there are alternative sets of sufficient
conditions such as those given by the following result.

Proposition 5.24. Let f : [a,b] — R be such that f(r) =0 for somer € [a,b].
If ' is monzero throughout [a,b] and f' is monotonic on [a,b], then r is the
unique solution of f(x) =0 in [a,b] and the Newton sequence for f with any
initial point xq € [a,b] converges to r.

Proof. Since f(r) = 0 and f’ is nonzero throughout [a,bd], it follows from
Rolle’s Theorem that r is the unique solution of f(z) = 0 in [a, b]. Moreover,
since f” has the IVP on [a, b] (Proposition 4.14), we see that either f’ is positive
throughout [a, b] or negative throughout [a, b]. Also, since f’ is monotonic on
[a, b], there are four possible cases according as f’ is positive or f’ is negative,
and f’ is monotonically increasing or f’ is monotonically decreasing.

To begin with, suppose f” is positive and monotonically increasing on [a, b].
Choose an arbitrary initial point zg € [a,b]. Let (z,) denote the Newton
sequence for f with its initial point xg. If g = r, then clearly, x,, = r for all
n € N and so z,, — r. Now assume that xy > r. Then by the MVT, there is
¢ € (r,zg) such that

f(zo) _ flwo)— £(r)

o —T Tog—T

= f'(0).

Moreover, since f’ is positive and monotonically increasing on [a, b], we have
0 < f'(¢) < f'(x0). Hence f(xo) > 0 and (f(z0)/f'(x0)) < xo — . Thus,

f(zo)
f'(o)

r=xz9— (xg—71) <z — < xp.
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Since x1 = xo — (f(z0)/ [ (x0)), we see that r < z1 < x. [See Figure 5.8
(i).] Now, if @1 # r, then x1 > r and we can proceed as before to obtain
r < x9 < x1. Continuing in this way, we see that the Newton sequence (z,,)
has the property that either x,, = r for some n € N (in which case x,, = r
for all m > n) or (x,) is strictly decreasing and bounded below by r. In the
latter event, by part (ii) of Proposition 2.8, x,, — s for some s € [a,b] with
r < s. But then, f(s) =0 and hence s = r. Thus, in any event, z, — r.

Fig. 5.8. Newton iterates for f with its initial point xo when f’ is positive and
monotonically increasing and (i) z¢ > r, (ii) xo < r, where r € R with f(r) =0

Next, assume that xg < r. [See Figure 5.8 (ii).] Using the MVT as before,
we see this time that there is d € (zg,r) such that

flzo) _ flao)— £(r)

o —T Tog—T

= /'(d).

Again, since f’ is positive and monotonically increasing on [a,b], we have
0 < f'(zg) < f'(d). Hence (f(x0)/f'(x0)) < a9 — r. Thus,

f(zo)
f'(o)

This means that we are in one of the previous cases, where the initial value
is > r. Consequently, 2, — r. This proves the proposition when f’ is positive
and monotonically increasing on [a, b].

If f" is negative and monotonically decreasing on [a, b], then it suffices to
consider — f and note that the Newton sequences for —f and f are identical,
provided both have the same initial point.

T =9 — >
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au+b—xz1 a+b—ux

Fig. 5.9. Newton iterates for f : [a,b] — R when f’ is negative and monotonically
increasing, and for its ‘reflection’ ¢ : [a,b] — R defined by g(z) := f(a + b — )

If f/ is negative and monotonically increasing, then it suffices to consider
its ‘reflection’ along the vertical line x = (b — a)/2, that is, the function
g @ [a,b] — R defined by g(z) := f(a+ b — ) for = € [a,b], and note the
following. First, g is differentiable and s := a + b — r is a solution of g(x) = 0
in [a, b]. Next, ¢’ is positive and monotonically increasing on [a, b]. Further, if
(z,) is the Newton sequence for f with its initial point zg, then (a + b — x,,)
is the Newton sequence for g with its initial point a + b — zg. Finally, if
a+b—x, — s, then x, — r. [See Figure 5.9.]

If f/ is positive and monotonically decreasing, then it suffices to consider
— f and use the result of the previous paragraph. O

Corollary 5.25. Suppose f : [a,b] — R is twice differentiable and f(r) = 0
for some r € [a,b]. If ' is nonzero throughout [a,b] and f"” does not change
sign throughout [a,b], then r is the unique solution of f(x) = 0 in [a,b] and
the Newton sequence for f with any initial point xo € [a,b] converges to r.

Proof. Applying part (i) of Corollary 4.28 to f’, we see that f’ is monotonic
on [a,b]. Now use Proposition 5.24. |

To end this section, we remark that if f(z) is a polynomial of degree
> 2, then f’(x) and f”(x) are nonzero polynomials of smaller degree, and, in
particular, they have finitely many roots. Thus, the real line can be divided
into finitely many intervals in each of which f’ and f” are nonzero and do not
change signs. In particular, for any root r of f, we can find a,b € R such that
the restriction of f to [a,b] satisfies the hypothesis of Corollary 5.25. In this
way, we may say that the Newton method is always applicable to polynomials,
provided we keep away from points at which the derivative vanishes.
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Notes and Comments

The applications of differentiation to various tests for local extrema and points
of inflection are bread-and-butter topics in calculus courses, so much so that
many students think of these tests as definitions of the concepts such as local
minimum, local mazimum, and point of inflection. However, these concepts are
basically of a geometric nature. In fact, this was the reason why we introduced
these concepts in Chapter 1 before discussing the notion of derivative. In a
similar way, many students try to use the Second Derivative Test when asked
to find the absolute extrema of a real-valued function (on, say, a closed and
bounded interval). The fact of the matter is that for finding absolute extrema,
this test is neither necessary nor sufficient! To emphasize this point, we have
arranged the discussion of absolute minima and mazxima before the discussion
of the Second Derivative Test, which is useful in finding local mazima and
minima.

The method of Picard that we have discussed in the last section of this
chapter is perhaps a starting point of an area of mathematics, known as fized
point theory, that has grown considerably over the years. Fized point theorems
such as the Picard Convergence Theorem and its generalizations are extremely
useful in proving the existence and uniqueness of solutions of certain differen-
tial equations with prescribed initial conditions. For an introduction, we refer
to the delightful book of Simmons [55]. The method of Newton for finding
approzimate solutions can be found toward the beginning of any book on nu-
merical analysis. The fact that it converges very rapidly is almost folklore.
But precise results about conditions that ensure the convergence of Newton
sequences seem a bit difficult to locate. Results similar to the last proposition
in this chapter can be found, for example, in the little booklet of Vilenkin [65]
and the substantive book on calculus by Klambauer [40].

Exercises
Part A

1. In each of the following, find the greatest and the least value of f : D — R
where D C R and f are given by the following:
(i) D:=[0,2] and f(x) := 42® — 822 + 5,
(ii) D:=Rand f(z) = (x +2)*/(2®> + = + 1),
(iii) D :=[-2,5] and f(x) =1+ 12|z| — 322
2. Given any constants a,b € R with a > b, find the value of = at which the
difference (x/ Va2 + a2) — (;v/ Va2 + b2) has the maximum value.
3. If n € N is odd and the polynomial 1 + x + (1/21)2? + - -- 4+ (1/n!)2z™ has
only one real root x = ¢, then show that
2 n

T T anrl CnJrl

1 > for all R.
+$+2!—|— +n!+(n+1)!_(n+1)! or all x €
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4.

10.

11.

12.

13.

5 Applications of Differentiation

A window is to be made in the form of a rectangle surmounted by a
semicircular portion with diameter equal to the base of the rectangle. The
rectangular portion is to be of clear glass and the semicircular portion is
to be of colored glass admitting only half as much light per square foot
as the clear glass. If the total perimeter of the window frame is to be p
feet, find the dimensions of the window which will admit the maximum
amount of light.

. The stiffness of a rectangular beam is proportional to the product of its

breadth and the cube of its thickness but is not related to its length. Find
the proportions of the stiffest beam that can be cut from a cylindrical log
of diameter d inches.

. A post office will accept a box for shipment only if the sum of its length

and its girth (that is, distance around) does not exceed 84 inches. Find
the dimensions of the largest acceptable box with a square end.

A wire of length ¢ inches is cut into two pieces, one being bent to form a
square and the other to form an equilateral triangle. How should the wire
be cut (i) if the sum of the two areas is minimum? (ii) if the sum of the
two areas is maximum?

. Let D C R and ¢ be an interior point of D. If f : D — R is twice

differentiable at ¢ and f”(c) # 0, then prove that f has a local extremum
at ¢ if and only if f'(c) = 0.

. Let D C R, ¢ be an interior point of D and f : D — R be differentiable

at c. If ¢ is a point of inflection for f, then is it necessarily true that
f'(¢) = 07 On the other hand, if f/(¢) = 0, then is it necessarily true
that either f has a local extremum at ¢ or ¢ is a point of inflection for f?
(Compare Example 7.19.)
Find the local maxima and the local minima of f : [0,1] — R defined by
f(x) =a2™(1 — 2)" for x € [0,1], where m and n are positive integers.
For which constants a,b,c,d € R does the function f(z) = ax3 + ba? +
cr +d, © € R, have (i) a local maximum at —1, (ii) 1 as its point of
inflection, and (iii) f(—1) = 10 and f(1) = —6?
Sketch the following curves after locating intervals of increase/decrease, in-
tervals of convexity /concavity, points of local maxima/minima, and points
of inflection. How many times and approximately where does the curve
cross the z-axis?
()y=223+222-2x -1 (ii)y=2%—622+92+1,
(iii) y = 2?/(a? +1), (iv) y =1/(1+2?),
WMy=z/(zx—-1),z#1 K)y=z/(z+1), z# -1,
(vii) y = 22/(2® — 1), x # 1, (viii) y = (2% +1)/z, = # 0,
(ix)y =1+12|z| -32% 2 € [-2,5], (x)y= (2>+z2—-2)/(x—2), z #2.
Sketch a continuous curve y = f(x) having the following properties:
F(=2) =8, f(0) =4, f(2) = 0; f'(2) = f/(=2) =0;
f'(z) >0 for |z| > 2, f'(z) <0 for |z| < 2;
f(z) <0forz<0and f (x) >0 for z > 0.
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14.

15.

16.

17.

18.

19.

20.

21.

Consider f: R — R given by f(x) = (z — 2n)3 + 2n, where n € Z is such
that « € [2n — 1,2n + 1). Show that 2n is a point of inflection for f, for
each n € N. (Compare Exercise 33 of Chapter 4.)

Use linear approximation to find an approximate value of

(i) (8.01)*3 4 (8.01)2 — (8.01)~'/3, (i) (9.1)%/2 + (9.1)" /2.

(i) Find an approximate value of v/3 using the linear approximation to
f(z) = /x for x around 4.

(ii) Let f(x) = /x + vz + 1 — 4. Show that there is a unique zy € (3,4)
such that f(xo) = 0. Using the linear approximation to f around 3,
find an approximation x; of zg. Find zy exactly and determine the
error |z — x|

Consider the following functions:

() f(x):=V1+z, >-1, (i) f(z):=1/V1—-2, =<1

For each of them, find:

(a) The linear approximation L(z) around 0.

(b) An estimate for the error ej(x) when x > 0 and when z < 0. Also,
find an upper bound for |e;(x)| that is valid for all € (0,0.1), and
an upper bound for |e;(x)| that is valid for all z € (—0.1,0).

(¢) The quadratic approximation Q(z) around 0.

(d) An estimate for the error es(z) when x > 0 and when 2 < 0. Also, an
upper bound for |ez(z)| that is valid for all z € (0,0.1), and an upper
bound for |ez(x)| that is valid for all € (—0.1,0).

Let D C R and ¢ be an interior point of D. Suppose F': D — R is the

polynomial function defined by F(x) = ag + ai(z — ¢) + az(z — ¢)? for

x € D. If a function f: D — R is differentiable at ¢, then show that F' is

the linear approximation to f around c if and only if

fle)=F(c) =ag, f'(c)=F'(c)=ai;, and ay=0,

whereas if f is twice differentiable at ¢, then show that F' is the quadratic
approximation to f around c if and only if

fle)=F(c)=ao, [f(c)=F'(c)=a1, and f"(c)="F"(c)=as.

Let f(z):=+z+ (1/yz) for z > 0. Write down the linear and the
quadratic approximations L(z) and Q(z) to f(x) around 4. Find the errors
F(4.41) — L(4.41) and f(4.41) — Q(4.41).

Let D C R and ¢ be an interior point of D. If f : D — R is continuous
at ¢ and we let eg(x) = f(x) — f(c) for x € D, then show that eq(z) — 0
as x — c. Moreover, given any b € D with b # ¢, if I, denotes the
open interval with ¢ and b as its endpoints, and if f’ exists on I, and
|f/(x)] < Mi(b) for all © € I, then show that |eg(b)| < M7 (b)|b — ¢].

Let D C R and ¢ be an interior point of D. If f : D — R is n times
differentiable at ¢ and P, (x) denotes the nth Taylor polynomial of f
around ¢ and if e,(z) := f(x) — P,(z) for € D, then show that the
limit of e,(x)/z — ¢)™ as & — ¢ is zero. Moreover, given any b € D
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with b # ¢, if I, denotes the open interval with ¢ and b as its endpoints,
f',..., f™ are continuous on the closed interval between ¢ and b, f(*+1)
exists on I, and if | (z)| < M,,41(b) for all z € I,, then show that

len(b)] < ]24”111(;) b — "+,
n !

(Hint: L’Hopital’s Rule for 8 indeterminate forms and Taylor’s formula.)

22. Consider f : [0,1] — R defined by f(z) = 1/(1 + 2?). Use the Picard
Convergence Theorem to show that f has a unique fixed point in [0, 1]
and any Picard sequence with its initial point 2o € [0, 1] will converge to
this fixed point. Compute the first few values of the Picard sequence for
f when z¢ = 0.

23. Consider f : R — R defined by f(z) = 22 — 22 — 3. If 29 # 1, then
show that the Newton sequence with its initial point xy converges to —1
if o < 1, and to 3 if xg > 1,

24. Consider f: R — R defined by f(z) = 2% — 2% — 75. Show that there is a
unique 71 € [3,4] such that f(r1) = 0 and there is a unique r9 € [—3, —2]
such that f(r2) = 0. Use the Newton method with initial point

(l) o = 3, (11) o = —3,
to find approximate values of the solutions 1 and rg of f(z) = 0.

25. Consider f : R — R defined by f(z) = (z — 1)'/3. Show that the Newton

sequence for f with its initial point z¢y # 1 is unbounded.

Part B

26. Let f : R — R be such that
f(x) =6(x —1)(z —2)*(x — 3)%(x —4)* for all 2 € R.

Find all the points (in R) at which f has a local extremum. Also, find all
the points of inflection for f.
27. Let I be an interval in R, f: I — R, and ¢ be an interior point of I.

(i) Suppose there is n € N such that f(*™) exists at ¢, and f'(c) = f(c) =
co= fO=D(e) = 0. If f")(¢) < 0, then show that f has a strict
local maximum at ¢, whereas if f(**)(¢) > 0, then show that f has a
strict local minimum at c. (Hint: Taylor’s formula.)

(ii) Suppose there is n € N such that "1 exists at ¢, and f"(c) =
() = - = f@(c) = 0. If fC**t(¢) # 0, then show that ¢ is a
strict point of inflection for f. (Hint: Taylor’s formula.)

(iii) Suppose that f is infinitely differentiable at ¢ and f’(¢) = 0, but
f®(c) # 0 for some k € N. Show that either f has a strict local
extremum at ¢, or ¢ is a strict point of inflection for f.

28. Let f : [a,b] — [a, b] be continuous and monotonic. Then show that for any
xo € [a, b], the Picard sequence for f with its initial point z¢ converges to

a fixed point of f. (Hint: Show that the Picard sequence (z;,) is monotonic

by considering separately the cases zo < x1 and xg > x1.)
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29.

30.

31.

32.

Let D C R and f: D — R be such that f(D) C D. Prove the following

generalizations and extensions of the Picard Convergence Theorem.

(i) If D is closed and f is a contraction (that is, there is « € R with
0 < a < 1 such that |f(z) — f(y)| < alz —y]| for all z,y € D), then
f has a unique fixed point, and any Picard sequence will converge to
this fixed point. Give an example to show that if f is a contraction
but D is not closed, then f need not have a fixed point. (Hint: See
Example 5.16 (ii).)

(ii) If D is closed and bounded, and f is contractive (that is, |f(z) —
f)| < |z —y| for all z,y € D, x # y), then f has a unique fixed
point, and any Picard sequence will converge to this fixed point. Give
an example to show that if f is a contractive but D is not closed and
bounded, then f need not have a fixed point. (Hint: See the proof of
Proposition 5.17 and Example 5.16 (iii).)

(iii) If D is a closed and bounded interval, and f is nonexpansive (that
is, |f(z) — f(y)] < |z —y| for all z,y € D), then f has a fixed point
in D but it may not be unique. Give an example to show that if f
is nonexpansive but D is not a closed and bounded interval, then f
need not have a fixed point. (Hint: See the proof of Proposition 5.15
and Example 5.16 (iv).)

Let f : (a,b) — R be a differentiable function such that f’ is bounded on

(a,b), and f has a root r € (a,b). For z € (a,b), = # r, let J, denote

the open interval between r and x. Assume that if f(x) > 0, then f is

convex on J;, while and if f(x) < 0, then f is concave on J,. Show that
the Newton sequence with any initial point x¢ € (a,b) converges to a root

of fin (a,b).

Let a,b € R with a < b and f : (a,b) — R be any function.

(i) Suppose f is differentiable and there is ¢ € (a, b) such that f(c) = c. If
f' is continuous at ¢ and |f'(c)| < 1, then show that there is a closed
subinterval I of (a,b) with ¢ € I such that f maps I into itself, ¢ is
the only fixed point of f in I, and the Picard sequence with any initial
point xg € I converges to c.

(ii) Suppose f is twice differentiable, f'(z) # 0 for all x € (a, b), and there
is r € (a,b) such that f(r) = 0. If f” is continuous at ¢, then show
that there is a closed subinterval I of (a,b) with r € I such that r is
the only solution of f(x) =0 in I, and the Newton sequence with any
initial point xg € I converges to 7.

(Linear convergence of the Picard method) Let f : [a,b] — [a,D]

be a continuous function such that f’ exists and is bounded on (a,b).

If f has a fixed point ¢* € [a,b], then show that there is a constant

a € R such that given any Picard sequence (x,) for f with its initial

point g € [a,b], we have |z, — ¢*| < a|x,—1 — ¢*| for all n € N. Deduce

that |z, — ¢*| < a™|xg — ¢*| for all n € N.

[Note: In case o < 1, the former inequality shows that the terms of the

Picard sequence give a successively better approximation of the fixed point



178

33.

34.
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c¢* of f. This inequality can also be interpreted to say that the Picard

sequence converges linearly. On the other hand, the latter inequality

gives an error bound for the (nth term of the) Picard sequence.]

(Quadratic convergence of the Newton method) Let f : [a,b] — R

be a differentiable function such that f’ is continuous on [a, b], f'(z) # 0

for all x € [a,b], f exists and is bounded on (a,b). If f(r) = 0 for some

r € [a,b], then show that r is the unique solution of f(z) = 0 in [a,b]

and there is a constant o € R such that given any Newton sequence

(xy,) for f with its initial point zo € [a,b], we have |z, — | < a|zp_1 —

r|?, provided x,,_1, 2, € [a,b]. Deduce that |z, —r| < azn_l\mo — T\Qn,

provided x1,...,z, € [a,b].

[Note: In case o < 1, the former inequality shows that the terms of the

Newton sequence give a successively better approximation of the solu-

tion r of f(x) = 0. This inequality can also be interpreted to say that

the Newton sequence converges quadratically. On the other hand, the
latter inequality gives an error bound for the (nth term of the) Newton
sequence.]

Let (x,) be a sequence in R and ¢ € R such that x,, — ¢. Assume that

there is ng € N such that x,, # ¢ for all n > ng. If there is a real number

p such that

NRT |2 —

o= lim

n—oo ‘mn—l — C‘P

exists and is nonzero, then p is called the order of convergence of (x,,)

to ¢ and « is called the corresponding asymptotic error constant.

(i) Let f: (a,b) — (a,b) and x¢ € (a,b) be such that the Picard sequence
(z,) for f with its initial point xg converges to some z* € (a,b). If f
is continuous at x*, then show that x* is a fixed point of f. Further, if
f is p times differentiable at 2* and f'(2*) = --- = fP=D(z*) = 0 but
f®(x*) # 0, then show that the order of convergence of (x,) to *
is p and the corresponding asymptotic error constant is | f®) (z*)|/p!.
(Hint: Note that x,, — 2* = f(zp—1) — f(z*) — f/(a*)(xp_1 — z*) —
v = fOmD (@) (2 y — )P /(p — 1)), and use L'Hopital’s Rule.)

(ii) Let f: (a,b) — R and z¢ € (a,b) be such that f is differentiable and
f'(x) # 0 for all z € (a,b). Assume that the Newton sequence (z,,) for
f with its initial point xo converges to some r € (a, b). If f/ is bounded
on (a,b), then show that r is a solution of f(z) = 0. Further, if f is
twice differentiable at r and f”(r) # 0, then show that the order
of convergence of (z,) to r is 2, and the corresponding asymptotic
error constant is |f”(r)|/2|f(r)|. (Hint: Note that f(2,—1)(x, — 1) =
[ (@n-1) — (f(@n-1) — F()) /(@n-1 — P)](@n-r —7) for n € N.)
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Integration

In this chapter, we embark upon a project that is of a very different kind
as compared to our development of calculus and analysis so far, namely the
project of finding the ‘area’ of a planar region of a certain kind. This leads us
to the theory of integration propounded by Riemann. Although this theory
would seem unrelated to continuity and differentiability of functions, it has
deep underlying connections. These connections manifest themselves mainly in
the form of a central result known as the Fundamental Theorem of Calculus. In
Section 6.1 below, we motivate and formulate a definition of Riemann integral.
Later in this section we prove a useful characterization of the integrability of
functions, and also a key property of the Riemann integral known as domain
additivity. Next, in Section 6.2, we establish a number of basic properties of
integrable functions. The Fundamental Theorem of Calculus and several of
its consequences are proved in Section 6.3. In Section 6.4, we show that the
Riemann integral of a function can be approximated by certain sums involving
its values at more or less randomly chosen points. This approach yields an
alternative definition of the Riemann integral via a result of Darboux.

6.1 The Riemann Integral

Consider a nonnegative bounded function defined on an interval [a, b]. Let us
investigate whether we can assign a meaning to what can be called the ‘area’
of the region that lies under the graph of such a function, between the lines
r = a, x = b and above the z-axis. The only thing that we shall assume is
that the area of a rectangle [z1, 23] X [y1,y2] is equal to (z2 — x1)(y2 — y1)-
Following Archimedes, our problem can be approached by subdividing the
interval [a,b] into a finite number of subintervals and then finding the sum
of the areas of rectangles inscribed within the region and also the sum of the
areas of rectangles that circumscribe the region. [See Figure 6.1.]

While the sum of the areas of the inscribed rectangles ought to be less than
the expected ‘area’ of the region, the sum of the areas of the circumscribing
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a Ti—1 X b a Ti—1 X b

Fig. 6.1. Approximating the ‘area’ under a curve by means of inscribed or circum-
scribing rectangles

rectangles ought to be larger than it. Further, if the given function is ‘well
behaved’, both these sums should come close to the expected ‘area’ of the
region if the subdivision of the interval is made finer and finer.

To proceed formally, we introduce the following concept. By a partition
of an interval [a,b] (where a,b € R and a < b) we mean a finite ordered set
{zo,21,...,2,} of points in [a,b] such that

a=x9g<x1 < -<xTp_1<xTy=n>

The simplest partition of [a,b] is given by Py := {a,b}. More generally, for
n € N, the partition P, := {xo,21,...,2,}, where

mi:a—l—z(b_a) fori =0,1,...,n,
n

subdivides the interval [a, b] into n subintervals, each of length (b — a)/n. We
may refer to P, as the partition of [a,b] into n equal parts. It is clear that
as n becomes larger, the subdivision of [a,b] corresponding to P, becomes
uniformly finer.

Let f : [a,8] — R be a bounded function. Let us define
m(f) :=inf{f(x):z € [a,b]} and M(f):=sup{f(z):x € [a,b]}.
Given a partition P = {20, 21, ..., 20} of [a,0], let
mi(f) == inf{f(z):x € [zi1,2;]} and M;(f) =sup{f(2z): x € [zi_1,x]}
fori=1,...,n. Clearly,
m(f) <mi(f) < Mi(f) < M(f) foralli=1,....n.

We define the lower sum and the upper sum for the function f with respect
to the partition P as follows:
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n

L(P,f) =Y mi(f)(zi —zi1) and U(P,f):= Y M(f)(z;i — zi_1).
i=1

i=1

We note that if f is nonnegative, then the lower sum is the sum of the areas
of the inscribed rectangles and the upper sum is the sum of the areas of the
circumscribing rectangles mentioned earlier.

Proposition 6.1. Let f : [a,b] — R be a bounded function. Then for any
partition P of [a,b], we have

m(f)(b—a) < L(P, f) <U(P, f) < M(f)(b— a).

Proof. Let P = {xg,x1,...,2,} be a partition of [a, b]. Since m(f) < m;(f) <
M;(f) < M(f) foreachi=1,...,nand > (z; —x;—1) = b— a, the desired
inequalities follow. O

Our goal is to look for partitions of [a,b] with respect to which the lower
sums are as large as possible and the upper sums are as small as possible, so
that the expected ‘area’ will get tightly caught between the lower sums and
the upper sums. With this mind, we define

L(f) :=sup{L(P, f) : P is a partition of [a,b]}

and
U(f):=inf{U(P, f) : P is a partition of [a,b]}.

It is natural to expect that L(f) < U(f). To prove this, we need the following
concepts. Given a partition P of [a, b], we say that a partition P* of [a, ] is
a refinement of P if every point of P is also a point of P*. Given partitions
Py and P; of [a, b], the partition P* consisting entirely of the points of P, and
the points of P, is called the common refinement of P; and Ps.

Lemma 6.2. Let f : [a,b] — R be a bounded function.
(i) If P is partition of [a,b], and P* is a refinement of P, then

L(P, f) < L(P*,f) and U(P", f) <U(P,f),
and consequently,
UP*, f) = L(P", f) <U(P, f) = L(P, ).

(ii) If P1 and Py are partitions of [a,b], then L(Py, f) < U(Pa, f).
(iii) L(f) < U(f).

Proof. (i) Let P = {xg,21,...,x,} be a partition of [a, b]. First let us assume
that a refinement P* of P contains just one additional point z*. Then x;—; <
x* < x; for some i € {1,...,n}. Using the abbreviations ‘¢’ and ‘r’ for ‘left’

and ‘right’ respectively, define



182 6 Integration
M} =sup{f(z):a € [z;—1,2%]} and M) :=sup{f(x):z € [z*, x]}.

Clearly, M; and M) are both less than or equal to M;(f). Also, we have
x; —xi—1 = (x; — 2*) + (" — 2;,_1) and therefore,

UP, f) =UP*, f) = Mi(f) (i — zi1) — M (2" — 21) — M (z; — 27)
= (M;(f) = M7)(z" — @im1) + (Mi(f) — M) (2 — 27)
>040=0.

If a refinement P* of P contains several additional points, we repeat the above
argument several times and again obtain U(P*, f) < U(P, f). The proof of
L(P, f) < L(P*, f) is similar. Subtracting, we obtain U(P*, f) — L(P*, f) <
U(P’f) _L(Pvf)'

(ii) Let P* denote the common refinement of partitions P; and P». Then
in view of (i) above,

(iii) Let us fix a partition Py of [a,b]. By (ii) above, we have L(Pp, f) <
U(P, f) for any partition P of [a,b]. Hence L(Pp, f) is a lower bound of
the set {U(P, f) : P is a partition of [a,b]}. Since U(f) is the greatest lower
bound of this set, we have L(FPy, f) < U(f). Now, since Py is an arbi-
trary partition of [a,b], we see that U(f) is an upper bound of the set
{L(Py, f) : Py is a partition of [a,b]}. Again, since L(f) is the least upper
bound of this set, we have L(f) < U(f). O

If a bounded function f : [a,b] — R is nonnegative, and if we wish to define
the ‘area’ of the region lying under the graph of f, between the lines x = a,
x = b, and above the z-axis with the help of inscribed and circumscribing
rectangles, then the ‘area’ must be at least L(f) and it can be at most U(f).
Thus, if L(f) = U(f), then it would be appropriate to define the area to be
this common value. This motivates the following definition.

Let f : [a,b] — R be a bounded function. Then f is said to be integrable
(on [a,b]) if L(f) = U(f). In this case, the common value L(f) = U(f) is
called the Riemann integral of f (on [a,b]) and it is denoted by

b b
/f(x)dx or simply by /f

The notation f; f(z)dx emphasizes that f is ‘integrated’ as a function of
the ‘variable’ z. While the Riemann integral of f does not depend on the
name of the variable, this notation is useful when several variables are being
considered. The number U(f) is known as the upper Riemann integral
of f and the number L(f) as the lower Riemann integral of f. Thus, a
bounded function on [a, b] is integrable if its upper Riemann integral is equal
to its lower Riemann integral.
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If, in addition, f is nonnegative, then the area of the region under the
curve given by y = f(z), x € [a,b], is defined to be the Riemann integral of f:

b
Area(Ry) := / f(z)dz, where Ry := {(z,y) €ER*:a <2 <b,0<y< f(z)}.

We shall show later that in general, if f : [a,b] — R is any integrable func-
tion, then its Riemann integral is equal to Area(Ry+) — Area(Ry-), where f7
and f~ are the positive and the negative parts of f. (See Remark 6.19.) In
this sense, the Riemann integral of f represents, in general, the ‘signed area’
delineated by the curve y = f(z), x € [a,b].

Admittedly, the definition of a Riemann integral of a bounded function
f ¢ a,b] — Risrather involved. This is because we need to consider lower sums
for the function f with respect to all possible partitions of [a, b] and calculate
their supremum on the one hand, and also consider the corresponding upper
sums and calculate their infimum on the other. We shall presently give several
examples to illustrate what it takes to decide whether a bounded function on
[a,b] is integrable. When the definition of a Riemann integral has been well
understood, it will be relatively easy to deduce its interesting properties and
use them to obtain important results.

Now we give an elementary but useful estimate for the absolute value of a
Riemann integral.

Proposition 6.3 (Basic Inequality for Riemann Integrals). Suppose

fla,b) = R is an integrable function and there are o, € R such that
B< f<a. Then

b
Blb—a) < / F(@)dz < a(b— a).

In particular, if |f| < «, then

/ab flx)dx

Proof. Since 8 < f(x) < afor all z € R, we see that 5 < m(f) and M(f) < a.
Let P :={a,b} denote the trivial partition of [a,b]. Then we have

< a(b—a).

Blb—a) <m(f)(b—a)=L(P,f) and U(P f)=M(f)(b-a)<alb-a)

Hence it follows that
b
86— ) < L(H) = [ fa)dz =U() < alb—a).

If |f| < a, then letting § := —c«, we obtain the desired conclusion. O
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We work out a few examples to show how the integrability of a function
can be investigated from first principles.

Examples 6.4. (i) Consider the constant function on [a, b] defined by f(x) :=
1 for all z € [a,b]. Then for every partition P = {xg,x1,...,2,} of [a,b],
we have m;(f) =1= M;(f) for all i = 1,...,n and so

L(Paf): Zl —-7311 —b—a.

Hence L(f) =b—a = U(f). Thus f is integrable and its Riemann integral
is equal to b — a.

The above reasoning shows that if » € R and f(x) := r for all x € [a, b],
then f is integrable on [a, b] and

/abrdx:r(b—a).

(ii) Consider the Dirichlet function on [a,b] defined by

F@) = 1 if z € [a,b] and x is a rational number,
" 10 if z € [a,b] and x is an irrational number.

Let P = {x0,21,...,2,} be a partition of [a,b]. Since each [z;_1,x;]
contains a rational number as well as an irrational number, we see that

m;(f)=0and M;(f)=1foralli=1,...,n, and so

n

ZO —xi—1) =0, but U(Pf)= Zl'($i—.7ji_1) =b—a.

i=1

Hence L(f) = 0 and U(f) = b — a. Since a < b, we have L(f) # U(f),
that is, f is not integrable.

(iii) Consider the identity function on [a,b] defined by f(z) := z for all z €
[a,b]. Let P = {xp,21,...,2,} be a partition of [a,b]. Since M;(f) = x;
and m;(f) = x;—1 for i = 1,...,n, we have

sz x; —wxi—1) and L(P, f)= le 1(x; —mi_q).
Hence
U(P’f)_L(Pvf):Z(-Ti_$i—1)2

and

UP, f)+L(P, f) = Z(m? -z ) =0 —a’
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It follows that

UP, f) = v +1Z(1‘i—$i—1)2

T2 2 4
i=1
and
v —a? 1< 5
LPf=", -, ;@c — i)’
Now given € > 0, there is a partition P = {zo,1,...,2,} of [a,b] such

that >0 | (z; — x;_1)? < e. For example, let P := P,, be the partition of
[a,b] into n equal parts, where n € N is so chosen that (b — a)?/n < e.
Then

Hence we have

2 _ 2 2 _ 2
U(f)Sb 4 and L(f)zb “@ for every € > 0.
2 2 2 2
It follows that U(f) < (b®*—a?)/2and L(f) > (b>—a?)/2. But L(f) < U(f)
by part (iii) of Lemma 6.2. This shows that L(f) = (b* — a?)/2 = U(f),
that is, f is integrable and

b
/a f(x)dx = v’ gaz.

This result will be generalized in Example 6.24 (i). &

The foregoing examples indicate that it is not easy to determine whether
a bounded function on [a,b] is integrable, and when the function is in fact
integrable, it may be even more difficult to evaluate its Riemann integral. We
shall first take up the question of determining whether a bounded function
on [a,b] is integrable. We give a simple criterion for this purpose and use it
extensively in Section 6.2, not only to find large classes of integrable functions,
but also to obtain many important properties of the Riemann integral. The
more involved question concerning the evaluation of the Riemann integral will
be discussed in Sections 6.3, 6.4, and later in Section 8.6.

Proposition 6.5 (Riemann Condition). Let f : [a,b] — R be a bounded
function. Then f is integrable if and only if for every e > 0, there is a partition
P. of [a,b] such that

U(Pevf) _L(Pevf) <€

Proof. Suppose that the stated condition is satisfied. Then for every € > 0,
we have

OSU(f)_L(f)SU(Peaf)_L(Peaf)<€
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Hence L(f) = U(f), that is, f is integrable.
Conversely, assume that f is integrable. Let € > 0 be given. By the defini-
tions of U(f) and L(f), there are partitions Q. and Q. of [a,b] such that

UQef) <U(f) +, and L(Qef) > L(f) — |

Let P. denote the common refinement of Q. and Q.. Then by part (i) of
Lemma 6.2, we have

L) = < L@er f) S L(P f) SUPL F) SUQe ) < UM + .

Since L(f) = U(f), it follows that
U(Pevf)_L(Pevf) < €,
as desired O

We give below a nontrivial example to illustrate the relative ease gained
by the use of the Riemann condition, as compared to the difficulty we faced
earlier in showing the integrability of the identity function (Example 6.4 (iii)),
which is a particular case of the function considered in this nontrivial example.

Example 6.6. Let a,b € R with 0 < a < b, m € N, and f(x) := 2™ for all
x € [a,b]. Consider a partition P = {xq, 21, ...,z } of [a,b]. Then M;(f) = ="
and m;(f) =a*, fori=1,...,n, and so

n

U(P, f) = L(P, f) = Y (a]" — afy)(2; — xim).

i=1
Also, we have for i =1,...,n,
m m _ m—1 m—2 m—2 m—1
(zf" — 2" q) = (2] + @] i A e ) (2 — @)

and 0 < 2" 'l | <p™ ' for j=0,1,...,m — 1. Hence we obtain
U(P,f) = L(P, f) <mb™ 'Y (s — zi-1).
i=1

Now given € > 0, there is a partition P = {zg,x1,...,2,} of [a,b] such that
S (i — x;_1)? < e. For example, we may take P := P,, to be the partition
of [a, b] into n equal parts, where n € N is so chosen that (b—a)?/n < €. Then
it follows that
" b—a\’ (b—a)?
U(P, f)— L(P, f) < mb™~1 =mbm! < mbm e
T S G
Since € > 0 is arbitrary, the Riemann condition is satisfied, and hence f
is integrable. It may be noted that this procedure gives no clue about the

evaluation of the Riemann integral of f. The evaluation will be accomplished
in Example 6.24 (i). For a direct approach, see Exercise 40. <&
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Next, we prove an important and useful result that says that if [a,b] is
divided into two subintervals, then the Riemann integral of f : [a, b] — R is the
sum of the Riemann integrals of the restrictions of f to the two subintervals.
This corresponds to the geometric notion that if a region R splits into two
nonoverlapping regions Ry and Ra, then the area of R is equal to the sum of
the areas of Ry and Rs.

Proposition 6.7 (Domain Additivity of Riemann Integrals). Let
f:la,b] = R be a bounded function and let ¢ € (a,b). Then f is integrable
on la,b] if and only if f is integrable on [a,c] and on [c,b]. In this case,

/abf(x)dx - /acf(x)dx—i—/cbf(x)dx.

Proof. Assume that f is integrable on [a, b]. Let € > 0 be given. Then there is a
partition P, of [a,b] such that U(P., f) — L(P., f) < €, thanks to the Riemann
condition. Adjoining ¢ to the points of P., if ¢ is not already a point of P,
we obtain a refinement P* = {zg,21,...,Zk, ..., Zn} of P., where ¢ = xy, for
some k € {1,...,n — 1}. Part (i) of Lemma 6.2 shows that

OSU(Pe*f)_L(P:?f)SU(P€7f)_L(P€7f)<E

Now QF := {xg,21,..., 2} is a partition of [a, ] and if g denotes the restric-
tion of f to [a, c], then we have

U@z, 9) — L(QZ, 9) [Mi(g) — mi(g)](xi — xi—1)

|
‘M”

s
Il
—

[(M;(f) —mi()l(zi — xi-1)

|
‘M”

s
Il
—

[M;(f) —mi()l(zi — xi-1)

P:,f)—L(P:,f),

which is less than e. Hence the Riemann condition shows that g is integrable,
that is, f is integrable on [a, ¢|. Similarly, it can be seen that f is integrable
on [e,b].

Conversely, assume that f is integrable on [a,c] and on [c,b]. Let g and
h denote the restrictions of f to [a,c] and to [c, b] respectively. Let € > 0 be
given. By the Riemann condition, there are partitions Q. of [a,c] and R, of
[c, b] such that

IN
i-

I
p=

UQe9) ~L(Qeg) < nd U(Re.h) = L(Re,h) < .

Let P. denote the partition of [a,b] obtained from the points of Q. followed
by the points of R.. Then P. contains the point ¢. Therefore,
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U(Pe, f) =U(Qe, 9) + U(Re, ) and - L(F, f) = L(Qc, 9) + L(Re, h),

and so U(P., f) — L(P., f) < €¢/2+¢/2 = e. Thus, by the Riemann condition,
f is integrable on |[a, b].
Let o :=U(P,, f) and 8 := L(P,, f). Evidently,

b
8 < / fl@)dz < a.

Also, since « = U(Q¢,g) + U(Re, h) and 8 = L(Q., g) + L(Re, h), we have

B < /acf(a:)dx+/cbf(x)dx <a.

Since a — (8 < ¢, it follows that

L%mm+[%mm—L%mm

Since € > 0 is arbitrary, we see that

L%@M:LU@M+AZ@M

as desired. 0O

< €.

We shall see in the next two sections that the domain additivity plays a
crucial role in several proofs.

Remark 6.8. According to our convention stated in Chapter 1, we have as-
sumed a < b while defining the Riemann integral of f : [a,b] — R. In order
to obtain uniformity of presentation and simplicity of notation, we adopt the
following definitions: If a = b, then every f : [a,b] — R is integrable and

/waz

whereas if @ > b and f : [b,a] — R is integrable, then

/f ~- [ 1@

We emphasize that the Riemann integral of f : [a,b] — R is defined over the
subset {x : a < x < b} of R and that we have not associated any direction
or orientation with this subset. What we have mentioned above are mere
conventions; they are not results that follow from our definition. In view of
the domain additivity (Proposition 6.7), these conventions imply that

/cdf(as)dar = /adf(m)dm - /acf(x)dx

for any points ¢ and d in [a, ]. &
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6.2 Integrable Functions

In this section we shall use the Riemann condition to prove the integrability
of a wide variety of functions. We shall also consider algebraic and order
properties of the Riemann integral. Readers who wish to directly look at the
fundamental connection between differentiation and Riemann integration may
pass on to the next section, assuming only that every continuous function on
[a, b] is integrable. This is proved in part (ii) of the following proposition.

Proposition 6.9. Let f : [a,b] — R be a function.

(i) If f is monotonic, then it is integrable.
(ii) If f is continuous, then it is integrable.

Proof. (1) Assume that f : [a,b] — R is monotonically increasing. Then f is
bounded since f(a) < f(z) < f(b) for all € [a,b]. If P = {xo,21,..., 2} is
any partition of [a, b], then we have M;(f) = f(x;) and m;(f) = f(a;—1) for
i=1,...,n, and so

n

U(P,f) = L(P, f) = > [f(x:) = fwi1)(; — zi1).

i=1

If f(b) = f(a), then f(x) = f(a) for all x € [a,b], and we see that U(P, f) =
f(a)(b—a) = L(P, f) for every partition P of [a,b]. If f(b) > f(a), we proceed

as follows. Let € > 0 be given. Consider a partition P, = {xg,z1,...,2,} of
[a,b] such that z; — x,—1 < €¢/[f(b) — f(a)] for i = 1,...,n. Then we have

) o e _f®)- f@e _
U(Peaf) L(Psaf) <;[f($7) f(ml—l)]f(b)_f(a) f(b)—f(a) €.

Hence by the Riemann condition, f is integrable.
A similar proof holds if f is monotonically decreasing.

(ii) Assume that f : [a,b] — R is continuous. Then f is bounded by part
(i) of Proposition 3.8. Also, by Proposition 3.17, f is uniformly continuous.
Let € > 0 be given. By Proposition 3.19, there is § > 0 such that

€
vyl o -yl <6 =17~ fwl <, .

Let P. = {xg,21,...,2,} be a partition of [a,d] such that z; — 2,1 < ¢ for

i=1,...,n. Now for each i = 1,...,n, and z,y € [x;_1,x;], we have

Taking the supremum for x € [z;_1, ;] and the infimum for y € [x;_1, z;], we
obtain M;(f) —m;(f) <e€/(b— a). Hence
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n

U(Pe, f)=L(P., f) = >_[Mi(f)=mi(f))(wi—zi-1) < ‘ D (@wi—wi) =«
i=1

i=1 b-a
Hence by the Riemann condition, f is integrable. O

The above proposition shows that monotonicity or continuity of a function
is a sufficient condition for its integrability. Since a monotonic function need
not be continuous (for example, f(z):=0ifa <z < (a+b)/2 and f(z):=1
if (a +b)/2 < < b) and a continuous function need not be monotonic
(for example, f(z) := |z — (a +)/2] if z € [a,]]), it follows that neither
monotonicity nor continuity is a necessary condition for integrability. In fact,
Corollary 6.11 shows that if f is monotonic or continuous on a finite number of
‘pieces’ constituting the interval [a, b], then it is integrable on [a, b]. To obtain
this result, we first show that a ‘piecewise’ integrable function is integrable.

Proposition 6.10. Let f : [a,b] — R be a bounded function. Suppose there

are ¢; < -+ < ¢y in [a,b] such that the function f is integrable on each
of the subintervals |a,a1], [b1,as],...,[bn-1,an], [bn,b], whenever ay,..., an,
bi,...,by in [a,b] are such that

a<ci1<b<ar<ca<b < - <a,<cy<by,

where the equality a1 = ¢1 holds only if ¢ = a and the equality ¢, = b, holds
only if ¢, =b. Then f is integrable on [a,b] and

/abf(x)dx _ /acl f(:lc)dac—i—/‘:lC2 f(x)dx+...+/ci F(a)dz.

Proof. First we assume that there is only one point ¢; € [a, b] such that ¢; # a,
¢1 # b, and f is integrable on the subintervals [a,a;] and [b1,b] whenever
a1,by € [a,b] are such that a; < ¢1 < by.

If f is constant on [a, b], then it is integrable on [a, b], as we saw in Example
6.4 (i). Assume now that f is not constant on [a, b], and so M (f) # m(f). Let
€ > 0 be given. Choose a1 and by in [a,b] such that

M (f) —m(H)]

Let g1 denote the restriction of f to [a,a1] and hy denote the restriction of f
to [b1,b]. Then g; and hy are given to be integrable on [a,a;] and on [by, b
respectively. By the Riemann condition, there are partitions P; of [a, a;] and
Q1 of [b1,b] such that

a1 <1 < by and by —a; <

U(Pl,gl)—L(Pl,gl) < ; and U(Ql,hl)—L(Ql,h1)< ;

Let P. denote the partition of [a,b] obtained from the points of P; followed
by the points of @)1. Thus P. contains the points a; and b;. Now,
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U(Pe, f) =U(P1,01) + My (b1 — a1) + U(Q1, h1)

and
L(P., f) = L(P1,91) + mi(b1 — a1) + L(Q1, h1),

where
M7} =sup{f(x): 2 €a1,b1]} and m]=inf{f(z):z € [a1,b]}.

Since My —mj < M(f) —m(f), it follows that

€ € €

UPE?f _LP€7f < +Mf_mf . + = €.
By the Riemann condition, we see that f is integrable on [a, b]. Hence, by the
domain additivity (Proposition 6.7), we have

/abf(x)dx - / f(:r)dx—i—/:f(x)dx.

If ¢; = a, then we let a; := a, and if ¢; = b, then we let by := b in the above
argument and complete the proof.

In the general case involving n points ¢y, ..., ¢, in [a,b], the integrability
of f follows by arguing as above repeatedly. O

Corollary 6.11. Let f : [a,b] — R be a bounded function. Assume that there
are points ¢c1 < ca < -+ < ¢, in [a,b] such that on each of the subintervals
[a,c1), (e1,¢2)y -y (Cnet1,¢n), (cn,b], the function f is either monotonic or
continuous. Then [ is integrable on [a,b].

Proof. Consider points ay, by, ..., an, b, € [a,b] such that
ap <ci<b<ary<cy<by < --<ay<cy<by,

where the equality a; = ¢ holds only if ¢; = a and the equality ¢, = b,
holds only if ¢,, = b. Proposition 6.9 shows that f is integrable on each of the
subintervals [a,a1], [b1,az], ..., [bn—1,axs], and [b,,b]. Hence by Proposition
6.10, f is integrable on [a, b]. O

We shall now use Proposition 6.10 to prove an interesting property of the
Riemann integral. Roughly speaking, it says that if the values of an integrable
function are arbitrarily changed at a finite number of points, then the modified
function is also integrable and its Riemann integral is equal to the Riemann
integral of the given function.

Proposition 6.12. Let f : [a,b] — R be integrable, and g : [a,b] — R be such
that {x € [a,b] : g(x) # f(x)} = {c1,...,cn}. Then g is integrable and

/abg(m)dx - /abf(a:)dx.
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Proof. Since f is bounded, and g differs from f at only a finite number of
points, there is o > 0 such that |f(x)] < o and |g(x)| < « for all = € [a, b].

To show that g is integrable, consider points ay, by, ..., an, by, € [a,b] such
that a1 < < by <ag <ca <by < -+ < ay < cp < by, where the equality
a1 = c¢1 holds only if ¢; = a and the equality ¢, = b,, holds only if ¢,, = b. Now
g(x) = f(z) for all z in each of the subintervals [a, a1], [b1, az], ..., [bn-1, an],
[br, b], except if ¢; = a and/or ¢,, = b. If ¢; = a, then a; = a and g is clearly
integrable on [a, a1], while if ¢,, = b, then b, = b and g is clearly integrable on
[by, b]. Otherwise, since f is integrable on [a,b], Proposition 6.7 shows that f
is integrable on each of the subintervals [a, a1], [b1,az], ..., [bn—1, an], [bn,d].
In other words, g is integrable on each of these subintervals. Since the points
a,by, ..., an,b, (satisfying the above inequalities) are arbitrary, it follows
from Proposition 6.10 that g is integrable on [a, b].

To show that the Riemann integral of g is equal to the Riemann integral
of f, let € > 0 be given. Choose points ay, by, ..., an, b, € [a,b] satisfying the
above-mentioned inequalities and also satisfying (b; — a;) < €/2na for each
j=1,...,n. By the domain additivity (Proposition 6.7), we see that

/ab f(z)dr — /abg(x)dx = i /b fla)dz — i /b g(z)dx.

By the basic inequality for Riemann integrals (Proposition 6.3), we have

/l:j flx)dx /ab] g(z)dx

J
Hence

/ab fla)dx — /abg(;v)dx

Since € > 0 is arbitrary, we conclude that the Riemann integral of f is equal
to the Riemann integral of g. O

< a(bj—aj;) and <a(bj—a;) forj=1,...,n

n n €
< b: —a; b —a;) =2na- =e.
= a;( j aj)"‘a;( i — aj) no Inar €

Examples 6.13. (i) Let f(x) := [z], the integral part of x, for all = € [a, b].
Since f is (monotonically) increasing, it is integrable. This conclusion
also follows by noting that f is bounded, and if mq, ..., m,, are the inte-
gers belonging to [a,b], then f is continuous on each of the subintervals
[a,m1], (M1, m2), ..., (Mp_1,Mmyp), (Mp,D].

(ii) Let f(z) := |x|, the absolute value of z, for all € [a,b]. Since f is
continuous, it is integrable.

(iii) Let f : [a,b] — R be a polynomial function, or more generally, a rational
function whose denominator does not vanish at any point in [a, b]. Then
f is continuous on [a, b], and hence it is integrable.



6.2 Integrable Functions 193

(iv) Let f:[0,1] — R be the ‘infinite-steps function’ given by

Sy [0 =0,
T\ 1/n if1/(n+1) <z <1/n for some n € N.

[See Figure 6.2.] Since f is (monotonically) increasing on [0, 1], it is inte-
grable. Note that f is discontinuous at infinitely many points in [0, 1].

Y
1 —————————o 1L ,,,,,
1/2 o—e
1/4 —e
x x
0 11 1 1 0 11 1 1 1
4 3 2 54 3 2

Fig. 6.2. Graphs of an ‘infinite-steps function’ and a ‘broken-line function’

(v) Let f:[-1,1] — R be the zigzag function defined in Example 1.17 (iv).
Since f is continuous (as shown in Example 3.6 (v)), it is integrable.
Note that f is alternately increasing and decreasing on infinitely many
subintervals of [—1, 1] and thus, f is ‘piecewise monotonic’ on [—1,1].

(vi) Let f:[0,1] — R be the ‘broken-line function’ given by

Fz) = 0 ifx=0o0rz=1/nfor somen e N,
)7\ 1 otherwise.

[See Figure 6.2.] Here Proposition 6.10 is not directly applicable to f.
Nevertheless, we can use it to show that f is integrable as follows. Let
e > 0 be given, and choose ng € N such that 1/ng < €/2. Let a1 := 1/no,
and g denote the restriction of f to [aj, 1]. Since g is bounded, and it is
not continuous only at 1/ng,1/(ng —1),...,1/2,1, Corollary 6.11 shows
that ¢ is integrable. By the Riemann condition, there is a partition ), of
[a1,1] such that U(Q.,g) — L(Q., g) < €. Let P. denote the partition of
[0,1] obtained by adding the point 0 to the partition Q. of [aj, 1]. Since

sup{f(z):0<z<a}=1 and inf{f(z):0<z<a}=0,

we have
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UP.,f)=1-(a1—0)4+U(Qc,9) and L(P., f)=0-(a1—0)+L(Q 9g).

Thus
€ €
U(PEaf) _L(Pevf) = (a’l _0) +U(Q6ag) _L(stg) < 2 + ) = €.
Hence by the Riemann condition, f is integrable. <&

Remark 6.14. The integrability of a bounded function f : [a,b] — R is
intimately related to the nature of the set of points in [a,b] at which f is
discontinuous. This connection is briefly explained in the Notes and Comments
at the end of this chapter. For more details, one can consult the references
cited there. See also Exercise 54 in this regard. <&

Algebraic and Order Properties

First we consider how Riemann integration behaves with respect to the alge-
braic operations on functions.

Proposition 6.15. Let f,g: [a,b] — R be integrable functions. Then

(1)f—|—gzsmtegmbleandf (f +g)(x)dx ff dm—!—fbg

(i) 7f 1is integrable for any r € R and f x)dr = Tf flz

(iii) fg is integrable,

(iv) if there is 6 > 0 such that |f(x)] > ¢ and all x € [a,b], then 1/f is
integrable,

(v) if f(z) > 0 for all x € [a,b], then for any k € N, the function f'/* is
integrable.

Proof. Let € > 0 be given. By the Riemann condition, there are partitions )
and R of [a,b] such that

U@, f) =L@ f) <e and U(R,g) - L(R,g) <e€

Let P, denote the common refinement of @ and R. Then by part (i) of Lemma
6.2, we have

UPe, [) = L(Pe, [) U@, f) = L(Q, f) <e

and
U(Pevg) - L(Peag) < U(Rvg) - L(Rvg) < €.

(i) Let P. ={zo,x1,...,2,}. For any i = 1,...,n, we have

M;i(f +g) < Mi(f) + Mi(g) and  m;(f +g) > mi(f) +mi(g).

Multiplying both sides of these inequalities by z; — x;—1; and summing from
i =1 to i = n, we obtain
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U(Pe, f+9) U(P, f)+U(Pe,g9) and  L(F, f+g) = L(F, f) + L(P, 9)-
Hence

U(Pe, f+9)—L(P, f+9) < U(Pe, f)=L(Fe, f)+U(Pe, 9)=L(Pe, g) < e = 2e.

Since € > 0 is arbitrary, the Riemann condition shows that the function f+ g
is integrable. Further, if we let o := U(P,, f) + U(P.,g) and 8 := L(P., ) +
L(P.,g), then we have

b
B<L(P,f+g) < L(f+g) = / (f+g)(x)de =U(f+g) <U(P., f+g) < a.

a

Also, we have

b b
B<L(f)+ Lig) = / f(@)dz + / g(@)dz = U(f) + Ulg) <

Thus, we see that

/ab f(x)dx + /abg(m)dx — /ab(f + g)(2)dx

<a—[f<2e.

Since this is true for every € > 0, we obtain

/ab(f +g)(x)dr = /ab f(z)dx + /abg(x)dx.

(ii) Let » € R. If » = 0, then rf(z) = 0 for all z € [a,b] and (ii) follows
easily. Now assume that r > 0. Then for any partition P of [a, b], we see that

L(P,rf)=rL(P, f) and U(Prf)=rU(P,f).

Hence
L(rf) =rL(f) =rU(f) =U(rf).
On the other hand, if r < 0, then for any partition P of [a, b], we see that

L(P,rf)=rU(P, f) and U(P,rf)=rL(Pf),

and so
L(rf) =rU(f) = rL(f) = U(r f).

In both the cases, we see that rf is integrable and

/ab(rf)(x)dx = r/ab f(z)dx.

(iii) For any i = 1,...,n, and z,y € [x;_1,z;], we have
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(f9)(@) = (f9)(y) = f(z)[g(x) — g(y)] + [f(x) — f(W)]g(y)
< [f(@)] lg(x) =g + 9] [f(z) = f(y)]
< M(|f)[Mi(g) — mi(g)] + M (|g)[Mi(f) — mi(f)]-

Taking the supremum for z in [z;_1, ;] and the infimum for y in [z;_1, 2],
we obtain

Mi(fg) —mi(fg) < M(|f))[Mi(g) — mi(g)] + M(lg)[Mi(f) —mi(f))].

Multiplying both sides of this inequality by x; —z;_1 and summing from i = 1
to i = n, we obtain

U(Pevfg) - L(Peafg)
< M(|fDIU(Pe, g) — L(Pe, 9)] + M(|g))[U(Pe, f) — L(Fe, )]
< [M(If]) + M(|g])]e.

Since € > 0 arbitrary, the Riemann condition shows that the function fg is
integrable.

(iv) Let 6 > 0 be such that |f(z)| > 0 for all z € [a,b]. Forany i =1,....,n
and z,y € [z;-1, 2;], we have

L ) - f@) @ @) L
@t T @) S @) S e M) il

Taking the supremum for x in [z;_1, ;] and the infimum for y in [z;_1, 2],

we obtain MZ<J1£>—W<J1:> S(;lg[Mi(f)_mi(m

and consequently

1 1 1 €
v(r ) -1 (P }) < D - L <

Again, since € > 0 is arbitrary while § > 0 is fixed, the Riemann condition
shows that the function 1/f is integrable.

(v) Let k € N and write ' = f1/* for simplicity. First we assume that
there is ¢ > 0 such that f(x) > ¢ for all x € [a, b]. For any =,y in [a, b], we see
that f(x) — f(y) = F(x)* — F(y)* can be written as

[F(x) = FW)I[F (@) + F(2)"?F(y) + -+ F(2)F(y)* 7 + F(y)*'].
Now
Fla)" I Fyy =" > s6-D/Rs0-D/k — 56-D/k 50 forj—=1,... k.

and so
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B f@) = f(y)
FE=EW = playt 4 P25 () + -+ F@)F@)=2 + Py
_ @) - 1)
= kok=1)/k °
If P={xo,21,...,2,} is any partition of [a,b] and x,y € [x;_1, ;] for some
i=1,...,n, then
f —f M;(f) —mq(f
F(z) - F(y) < | 12221@71)/(13:” < 15;5216*17)7’@( )

Taking the supremum for x in [z;_1, ;] and the infimum for y in [z;_1, 2],
we obtain

M;(f) —mi(f)

M;(F) —m(F) < k5 (k—1)/k

fori=1,...,n.

Multiplying both sides of this inequality by z; —x;—1 and summing from ¢ = 1
to ¢ = n, we obtain

1

Since f is integrable, the Riemann condition shows that F' is also integrable.

Next, we consider the general case of any nonnegative integrable function f
on [a,b]. Let § > 0 and define g : [a,b] — R by g(z) := f(x)+6 and G := g'/*.
Then g is integrable by part (i) above, and g(x) > ¢ for all x € [a, b]. It follows
from what we have proved above that G is integrable. Moreover, since f is
nonnegative, we have

G—51/k :(f+5)1/k_51/k Sfl/k =F< (f+5)1/k :(;v7

and therefore,
L(G = 6"") < L(F) <U(F) < U(G).

But
L(G—3YF) = L(G)—6'*(b—a) = / b G(z)dz—6Y* (b—a) = U(G)—6'*(b—a).

This shows that
0<U(F) - L(F) <U(G) — L(G — §/F) = /(b — a).
Since §'/% — 0 as § — 0, we see that F' = f1/¥ is integrable. O

We remark that there is no simple way to express the Riemann integral
of fg in terms of the Riemann integrals of f and ¢. In Proposition 6.25, we
shall give a method of evaluating the Riemann integral of fg under additional
assumptions.
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With notation and hypotheses as in the above proposition, a combined
application of its parts (i) and (ii) shows that the difference f — g is integrable
and

/ (- a)(a)de = / ' fla)de - / (@)

Further, given any n € N, successive applications of part (iii) of the above
proposition show that the nth power f™ is integrable. Likewise, a combined
application of parts (iii) and (iv) shows that if there is § > 0 such that
lg(z)| > 6 for all © € [a,b], then the quotient f/g is integrable. Also, a
combined application of parts (iii) and (v) shows that if f(x) > 0 for all
x € [a, b], then given any positive r € Q, the rth power f” is integrable since
r =n/k, where n, k € N.

The results obtained in Proposition 6.15 are in line with analogous results
for continuity and differentiability of functions (Propositions 3.3 and 4.5). On
the other hand, a composition of integrable functions need not be integrable, in
contrast to the facts that a composition of continuous functions is continuous
and a composition of differentiable functions is differentiable (Propositions 3.4
and 4.9).

Example 6.16. Let f : [0,1] — R be given by

0 ifz =0,
f@%_{1ﬁ0<m§L

Since f is continuous on (0, 1], it follows from Corollary 6.11 that f is inte-
grable. Consider Thomae’s function g : [0,1] — R defined by

1 ifz=0€]0,1],

1/q if 2 € QN J0,1] and x = p/q, where p,q € N
are relatively prime,

0 otherwise.

g(x) =

We show that g is also integrable. Let € > 0 be given. First note that the set
{z €10,1] : g(z) > €/2} is finite, say {c1,...,c¢}. This follows by observing
that if we choose ng € N such that 1/ng < €/2, then there are only finitely
many rational numbers in [0, 1] having denominators less than ng. Let P, =
{zo,21,...,2,} be a partition of [0,1] such that (x; — z;-1) < €/4¢ for i =

1,...,n. Since there is an irrational number in [x;_1, 2;], we have m;(g) = 0
for i = 1,...,n, and so L(P.,g) = 0. Also, we note the following: g(x) < 1
for all « € [0,1], the points ¢y, ..., ¢, belong to at most 2¢ subintervals of P.,

and if = € [0, 1] belongs to any of the remaining subintervals, then g(x) < €/2.
Hence we have

n n

U(Ps,g) = ZM7(Q)(J?7 — .Z‘Z‘_1) <1- 468 - 20 + ; Z($7 — .Z‘Z‘_1) = €.

i=1 i=1
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Thus U(P.,g) — L(P.,g) < ¢ — 0 = e. The Riemann condition implies that g
is integrable. In fact,

1
/ g(x)dx = inf{U(P, g) : P is a partition of [a,b]} = 0.
0

Now the composite functions g o f and f o g are both defined on [0, 1], and

gof(x)=1 forallze0,1], whereas fog(x):{(l) ii;g’
Thus from Examples 6.4 (i) and (ii), we see that g o f is integrable, whereas
f o g is not integrable. &

Remark 6.17. In Example 6.16, the function ¢ is not continuous. (In fact,
the set of discontinuities of g is QN [0, 1]. See Exercise 34 of Chapter 3.) It is
possible to construct an integrable function f : [0,1] — R and a continuous
function g : [0,1] — [0, 1] such that f o g is not integrable. [See Problem 28 of
Chapter 3 in [52], or the article [45].] On the other hand, if f : [a,b] — R is
integrable, ¢ : [a, §] — [a,b] is differentiable, ¢’ is integrable, and |¢'| > § for
some ¢ > 0, then f o ¢ is integrable. (See part (ii) of Proposition 6.26.) Also,
if f: [a,b] — R is integrable and ¢ : [m(f), M(f)] — R is continuous, then
¢ o f is integrable. (See Exercise 42.) <&

Next, we consider how Riemann integration behaves with respect to the
order relation on functions.

Proposition 6.18. Let f,g: [a,b] — R be integrable.

() If f < g. then [} f(x)dz < [} g(x)dz

(i) The function |f| is integrable and ‘f: f(m)dx’ < f; |f|(z)dz

Proof. (1) Assume that f(x) < g(x) for all x € [a,b]. Then for any partition
P of [a,b], we have U(P, f) < U(P,g), and so

b b
L/ﬂ@m=WﬁSU@=/gwm.

(ii) Let € > 0 be given. By the Riemann condition, there is a partition P.
[a,b] such that U(P., f) — L(P., f) < e. Let P. = {xg, 21,...,z,}. For any
=1,...,nand x,y € [1,-1,x;], we have

[f1(@) = 1f1(y) < |f(2) = fF)] < Mi(f) —ma(f).

Taking the supremum for z in [z;_1, ;] and the infimum for y in [z;_1, 2],
we obtain

M;(|f]) = mi(|f]) < Mi(f) —mi(f) fori=1,...,n.
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Multiplying both sides of this inequality by x; — z;_1 and summing from ¢ = 1
to ¢ = n, we obtain

U(Pe, | f[) = L(Pe, |f) S U(Fe, f) = L(Pe, f) <e.

Now the Riemann condition shows that |f| is integrable. Further, since
—|fl(z) < f(x) < |f|(x) for all « € [a,b], by part (i) above we see that

/ i) < / ' flayar < / ().

But fj —|fl(z)dr = — ff |f|(x)dx by part (ii) of Proposition 6.15. Hence

/ab flx)dx

as desired. O

< / ' |l

Remark 6.19. If f : [a,b] — R is any function, then

|fl+f _ =1
) = .

f=f"—f", where f¥= 5

and fT
Note that both f* and f~ are nonnegative functions defined on [a, b], and
fT(z) =max{f(x),0} and f~(2)=—min{f(x),0} for all z € [a,b].

The functions fT and f~ are known as the positive part and the negative
part of f, respectively. By part (ii) of the above proposition, and parts (i)
and (ii) of Proposition 6.15, we see that f is integrable if and only if f* and
[~ are integrable, and then

/abf(as)dx = / " ()~ /abf‘(x)da: = Avea(Ry+) — Area(Ry-),

where R+ = {(z,y) € R? :a < 2 < band0 < y < f(2)} and Ry~ :=
{(z,y) eR?:a <z <band f(x) <y <0}

As remarked earlier, this suggests that the Riemann integral of f on [a, ]
can be interpreted as the ‘signed area’ of the corresponding region. <&

6.3 The Fundamental Theorem of Calculus

Differentiation and integration are the two most important processes in cal-
culus and analysis. As we have remarked in the introduction of Chapter 4,
differentiation is a local process, that is, the value of the derivative at a point
depends only on the values of the function in a small interval about that
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point. On the other hand, integration is a global process in the sense that
the integral of a function depends on the values of the function on the en-
tire interval. Further, these processes are defined in entirely different manners
without any apparent connection between them. Indeed, from a geometric
point of view, differentiation corresponds to finding (slopes of) tangents to
curves, while integration corresponds to finding areas under curves. At first
glance, there seems to be no reason for these two geometric processes to be
intimately related.

In this section, we shall obtain a wonderful result, known as the Fun-
damental Theorem of Calculus or, for short, the FTC, which says that the
processes of differentiating a function and integrating it are inverse to each
other. Roughly speaking, if one differentiates a function over an interval and
then integrates it, one gets back the original function. Also, if one first inte-
grates a function and then differentiates it, again one gets back the original
function. We remark that the proof of the FTC depends only on the Riemann
condition and the domain additivity proved in Section 6.1.

Let us recall that if f : [a,b] — R is differentiable, then we obtain a new
function f’ : [a,b] — R, called the derivative of f. Likewise, if f : [a,b] — R is
integrable, then we obtain a new function F' : [a,b] — R defined by

F(x) = /t f@®)dt for x € [a,b].

Indeed, in view of Proposition 6.7, f is integrable on [a, z] for every = € [a, b],
and F(a) = 0 in accord with our convention. Hence the function F' is well
defined on [a, b]. To begin with, we shall study an important property of this
function.

Proposition 6.20. Let f : [a,b] — R be integrable and F : [a,b] — R be
defined by

F(z) := /T f(t)dt.

Then F' is continuous on [a,b].
In fact, F satisfies a Lipschitz condition on [a,b]: there is a > 0 such
that
F(z) - Fy)| < alz—y| for dlz,y€ [a,8]

Proof. Since f is integrable on [a, b], it is bounded on [a, ], that is, there is
a > 0 such that |f(¢)| < « for all ¢ € [a,b].

Let ¢ € [a,b]. Then for x € [a,b], by the domain additivity (Proposition
6.7), we have

F(az)—F(c):/jf(t)dt—/:f(t)dt:/;f(t)dt.

Hence by the basic inequality for Riemann integrals (Proposition 6.3),
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F(a) - F(e)| =

/m f(t)dt’ <alr—c¢|.

This implies that F' is continuous at c.
Since x and ¢ are arbitrary points in [a, b], and a does not depend on them,
we see that f satisfies a Lipschitz condition on [a, b]. a

The above proposition says that although an integrable function f may
be discontinuous on [a, b], the function F : [a,b] — R obtained by integrat-
ing f from a to x € [a,b] is continuous on [a,b]. We shall see below in the
second part of the FTC that if f happens to be continuous on [a, ], then F'
is differentiable on [a, b]. Thus, integration is a smoothing process, unlike the
process of differentiation (since the derivative of a differentiable function may
not turn out to be differentiable).

In order to state the main result of this section in a concise form, we
introduce the following concept. Let I be an interval containing more than one
point and f : I — R be any function. We say that f has an antiderivative
on [ if there is a differentiable function F' : I — R such that f = F’. Such
a function F' is called an antiderivative or a primitive of f. It follows
from Corollary 4.21 that if an antiderivative of f exists, then it is unique up
to addition of a constant. Just before stating Rolle’s Theorem (Proposition
4.15), we showed that the integral part function is not the derivative of any
function. Thus there exist functions that have no antiderivative.

Proposition 6.21 (Fundamental Theorem of Calculus). Let f : [a,b] —
R be integrable.

(i) If f has an antiderivative F, then

/I ft)dt = F(z) — F(a) for all z € [a,b].

(ii) Let F : [a,b] — R be defined by

Flz) = / Ft)dt.
If f is continuous at ¢ € [a,b], then F is differentiable at ¢ and

F'(c) = f(c).

In particular, if f is continuous on [a,b], then F is an antiderivative of f
on [a,b].

Proof. (i) Let f : [a,b] — R be integrable and have an antiderivative F. If
r = a, then in view of our convention,

/I F(t)dt = / F()dt =0 = F(z) — F(a).
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Now assume that z € (a,b] and let g denote the restriction of f to [a,x].
Then in view of Proposition 6.7, g is integrable. Let € > 0 be given. By the

Riemann condition, there is a partition P. = {zo,1,...,2,} of [a,z] such
that U(P.,g) — L(P.,g) < €. By the MVT (Proposition 4.18) applied to F,
for each i = 1,...,n, there is s; € (x;_1, ;) such that

F(z;) = F(zio1) = F'(si)(xi — xim1) = f(s:) (i — xio1) = g(s0) (v — i-1).

Hence

and so

Since we also have

it follows that
\F(w) P - [ g(t)dt‘ <U(Pg) — L(Prg) < c.

Because this inequality holds for every € > 0, we see that

/ " f(t)dt = / " g(t)dt = F(x) — F(a),

as desired.

(ii) Let f be continuous at ¢ € [a,b]. Then by Proposition 3.7, for any
given € > 0, there is d > 0 such that

te€lfa,b)and |t —c| <0 = |f(t) — f(c)| <e
Now if = € [a,b] and = # ¢, then we have

FOEO - rwa= b ([ s + s

since [ f(c)dz = f(c)(z —c) (as in Example 6.4 (i)). Next, if 0 < |z —c| < 6,
then |f(t) — f(¢)| < e for all ¢ in the closed interval between ¢ and z, and
hence, in view of the basic inequality for Riemann integrals (Proposition 6.3),

1
< “elr—c =e.
|z —cl
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If ¢ € (a,b), then it follows that F' is differentiable at ¢ and

F'(c) = lim F(z) = Fle)

r—cC Tr — C

= f().

If ¢ = a, then it also follows that the right (hand) derivative F| (c) of F at ¢
exists and equals f(c), whereas if ¢ = b, then the left (hand) derivative F” ()
of F at ¢ exists and equals f(c). This proves (ii). |

Remarks 6.22. (i) In view of part (i) of the FTC, if an integrable function
f :]a,b] — R has an antiderivative F', then F is called an indefinite integral
of f, and it is denoted by [ f(z)dx. Note, however, that this notation is
somewhat ambiguous since an indefinite integral of f is unique only up to an
additive constant. For this reason, one writes

/f(x)dx =F(z)+C,

where C' denotes an arbitrary constant. Notice that in this case,

b
[ f@ids = F) - Fla)

where the right (hand) side is independent of the choice of an indefinite inte-
gral. The right (hand) side of the above equality is sometimes denoted by

With this in mind, the Riemann integral of f : [a,b] — R is sometimes
referred to as the definite integral of f over [a,b].

(ii) The following stronger version of part (ii) of the FTC can be proved
by slightly modifying its proof.

If ¢ € [a,b) and lim, _,.+ f(x) exists, then the right (hand) derivative F (c)
of F at ¢ exists and equals this limit. Likewise, if ¢ € (a,b] and lim, .- f(x)
exists, then the left (hand) derivative F” (¢) of F at ¢ exists and equals this
limit.

In proving this version, one appeals to analogues of Proposition 3.27 for
right (hand) and left (hand) limits, and also to Proposition 6.12 because here
the value f(c) of f at ¢ can be arbitrary.

Simple examples show that the converse of part (ii) of the FTC does
not hold, that is, F' may be differentiable without f being continuous. (See
Exercise 14.) In fact, the converse of its stronger version also does not hold,
that is, F| (¢) may exist and equal f(c), even if lim,_, .+ f(z) does not exist.
(See Proposition 7.17.)

(iii) We have seen in Part (ii) of the FTC that every continuous function
on [a,b] has an antiderivative. However, an integrable function may not have
an antiderivative. This follows by noting that there are integrable functions
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that do not have the IVP, a property possessed by all derivative functions
(Proposition 4.14). On the other hand, a function on [a, b] may have a deriva-
tive (i) that is not bounded (Exercise 47 of Chapter 7), or (ii) that is bounded,
but not integrable (Volterra’s example given on pages 56-57 of [35]), or (iii)
that is integrable but not continuous (Example 7.19). <&

The two parts of the FTC can be combined to obtain a necessary and
sufficient condition for a function to have a continuous derivative on [a, b].
The following result is known as the Fundamental Theorem of Riemann
Integration.

Proposition 6.23. Let F : [a,b] — R be a function. Then F is differentiable
and F' is continuous on [a,b] if and only if there is a continuous function
f:la,b] = R such that

F(z) = F(a) + /z f(t)dt  for all x € [a,b].

In this case, we have F'(x) = f(x) for all x € [a,b].

Proof. Assume that F' is differentiable and F’ is continuous on [a,b]. Then
F' is integrable and F is its antiderivative on [a, b]. Hence by part (i) of the
FTC, we have

/z F'(t)dt = F(z) — F(a) for all z € [a,b].

Letting f := F’, we obtain the desired representation of F'.
Conversely, assume that there is a continuous function f : [a,b] — R such
that

F(z) = F(a) + /z f(t)dt for all x € [a,b].

Then by part (ii) of the FTC, F' is differentiable and F'(z) = 0+ f(z) = f(2)
for all = € [a,b], as desired. a

As mentioned in the beginning of this section, the FTC shows that the
processes of differentiation and integration are inverse to each other. The FTC
is the major link between the so called ‘differentiable calculus’ and ‘integral
calculus’. Also, part (i) of the FTC provides the most widely used method of
evaluating Riemann integrals. Of course, in order to employ it, one must be
able to conjure up a function whose derivative is the given function f. It is not
always easy to do so, but some corollaries of the FTC (Propositions 6.25 and
6.26) are useful in this regard. On the other hand, part (ii) of the FTC can be
used to construct a differentiable function whose derivative is equal to a given
continuous function on an interval. We shall illustrate this powerful technique
in Chapter 7 while introducing the logarithmic and arctangent functions.
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Examples 6.24. (i) Let r be a rational number and r # —1. Consider a > 0
and [ : [a,b] — R defined by f(z) = 2". Then f is continuous on [a, b], as
we have seen in Example 3.6 (iii). Hence f is integrable. Also, it follows
from Example 4.7 that if F(x) := 2"t /(r +1) for € [a,b], then F' = f.
Hence part (i) of the FTC shows that

b pr+l _ grtl
"dx = F(b) — F(a) =
[ arde=ro) P ="

(In Corollary 7.10, this result will be generalized to the case that r is a
real number.) It is easy to see that if r is a positive integer, then the above
result holds even when a < 0, and if r is a negative integer # —1, then
the above result also holds when a < 0 and b < 0.

(i) Let a,b € R with a < 0 < b, and define f : [a,b] — R by f(x) = 22 if
a<z<0and f(z) =2 if 0 <2 <b. Then f is continuous on [a, b], as we
have seen in Example 3.6 (iv). Hence f is integrable. Let Fy(z) = 23/3
for x € [a,0] and Fy(x) = 22 /2 for x € [0,b]. Then

a® b2 b2 ad

/abf(x)darz/aof(m)da:Jr/Obf(m)dx:O— ARSI g

by the domain additivity and by (i) above. &

Now we consider two important consequences of the FTC that yield the
two most powerful methods of evaluating integrals. The first result is about
the Riemann integral of the product of two functions.

Proposition 6.25 (Integration by Parts). Let f : [a,b] — R be a differ-
entiable function such that f’ is integrable. Assume that g : [a,b] — R is
integrable and has an antiderivative G on [a,b]. Then

b b
/ f(@)g(@)dz = FB)GO) — f(a)Gla) — / F(2)G(x)de.

Proof. Let H := fG. Then H = fG' + f'G = fg+ f'G, by part (iii) of
Proposition 4.5. Since f and G are differentiable, they are continuous and
hence integrable. Also, since f’ and g are assumed to be integrable, it follows
from parts (i) and (iii) of Proposition 6.15 that the function fg + f'G is
integrable. Hence by part (i) of the FTC,

b
/ [f(@)g(z) + f'(2)G(2)ldz = H(b) — H(a) = f(b)G(b) — f(a)G(a).
This together with part (i) of Proposition 6.15 proves the proposition. O

In the notation of Remark 6.22 (i), the conclusion of the above proposition
can be stated as follows:
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/ fg(eyie = |16a) [ g(m)d{ -/ b (7@ [ atwyic) a

with the understanding that on the right (hand) side, [ g(z)dx denotes the
same indefinite integral of g at both places. (Recall that two indefinite integrals
of g differ by an additive constant.)

Next, we consider the method of substitution for evaluating a Riemann
integral. The following result has two parts; while the proofs of both are
based on the FTC, each is applicable in a different situation.

Proposition 6.26 (Integration by Substitution). Let ¢ : [, 5] — R be a
differentiable function such that ¢’ is integrable on [a, 3], and let o ([o, B]) =
[a, b].

(i) If f : [a,b] — R is continuous, then the function (f o ¢)¢' : [a, 5] — R is

integrable and
¢(/3)
/ da:—/ flo

(ii) If f : [a,b] — R is integrable and ¢'(t) # 0 for every t € («, 3), then the
function (f o @)|¢’| : [, B] — R is integrable and

/f dx—/f (t)|dt.

Proof. (i) Let f : [a,b] — R be continuous and for = € [a,b], define F(x) :=
[ f(u)du. Part (ii) of the FTC shows that the function F : [a,b] — R is
differentiable and F’ = f. Now consider the function H : [a, 5] — R defined
by H := F o ¢. Then by the Chain Rule (Proposition 4.9), we have

H'(t) = F'(¢(t))¢ (t) = f(o(t))¢'(t) for all t € [a,b].

Since the function f o ¢ is continuous and the function ¢’ is integrable, the
function (f o ¢)¢’ is integrable by part (iii) of Proposition 6.15. Hence part
(i) of the FTC shows that

B »(B) ()
| s @i =r0) - He) = [ f@d- [ f@d

Thus, if ¢(«) < ¢(5), then the domain additivity (Proposition 6.7) shows that

B o(B)
/ 606 (H)dt = / f(@)dz,
e ()

and if ¢(5) < ¢(«), then we obtain the same result since in accord with our

convention, ff((f)) f(x)dx = — (f((ﬁa)) f(x)dx. This proves the desired result.



208 6 Integration

(ii) Let f : [a,b] — R be integrable and ¢'(t) # 0 for all ¢ € (o, 3) and
= (fo¢)|¢|. We first show that L(f) < L(v).

By the IVP of ¢’ (Proposition 4.14), either ¢'(¢) > 0 for all ¢t € (a, 3),
or ¢'(t) < 0 for all t € («,3). Suppose ¢'(t) > 0 for all t € (o, 3). Then,
by part (iii) of Proposition 4.27, ¢ is strictly increasing on [a, 5], ¢(a) = a
and ¢(8) = b. Consider a partition P := {xg,x1,...,2,} of [a,b] and let
ti = ¢ 1(x;) fori =0,1,...,n. Then a =ty < t; < --- < t, = 3 and by part
(i) of the FTC, we have

/ S Oldt= | St = d(ts) — (tir) = 7 — 2y fori=1,.. . .m.
ti—1

ti—1
Also, since f([zi—1,%:]) = (f o ¢)([ti=1,t:]) for i = 1,...,n, we see that

tq

=S mf)a - w) =3 [ mulf o 9l ()]de
i=1 i=17ti-1

For i = 1,...,n, let ¢; and 1; denote the restrictions of ¢ and ¢ to [t;—1, ]
respectively. Then |¢}| is integrable on [t;—1,¢;] and m;(f o ¢)|¢}| < v, for
i =1,...,n. Hence we obtain

n

L(P, f) <ZLm, o ¢)|¢h]) < Z
i=1 i=1
Let € > 0 be given. For each i = 1,...,n, there is a partition Q; of [t;_1, ]
such that .
L) ~ £ < L(Quvo)
If @ denotes the partition of [a, 8] obtained from the points of Q1,...,Qx,
then

SOLW) < 3 Qi) + e = L@ ) +¢ < L) + ¢
i=1 i=1

It follows that L(P, f) < L(v) + € for every ¢ > 0, and so L(P, f) < L(v).

Taking the supremum over all partitions P of [a,b], we have L(f) < L(1).
Next, let us assume that ¢/(t) < 0 for all ¢ € (o, 3). Then by part (i )

Proposition 4.27, ¢ is strictly decreasing on [«, 3], ¢(a) = b, and ¢(5) =

For i = 0,1,...,n, if we define t; := ¢~ '(z,_;), then the argument given

above for proving L(f) < L() works equally well because

[ o= [ o= =60 ~ otts-1)] = a-sir s

ti—

and f([zn—i, Tn—i+1]) = (f 0 #)([ti-1,ti]), so that

n

=Y s (Danin — ) = Y [ milf o 9l Oldr
=1

i=17ti-1
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Hence L(f) < L(v). Similarly, we can show that U(f) > U(%). Since f is
integrable, that is, since L(f) = U(f), we see that L(y)) = U(v), that is, ¢ is

integrable and
b B B
[ t@de= [ vt = [ (roolo0lar

as desired. O

While the proof of part (ii) of the above proposition is rather involved, it
may be noted that the result is proved without assuming the continuity of the
function f. If we let f(x) := 1 for all € [a,b] in this result, then we obtain

B
b—a:/ & (1)t

This shows that the absolute value of the derivative of the function ¢ acts as
the change of scale factor in the method of substitution. For example, if p is
a nonzero real number, ¢ € R, and ¢(t) := pt + ¢ for all t € [a, 5], then the
change of scale factor is the constant |p|.

Examples 6.27. (i) To evaluate f01 21 —xdr, let f(r) = z and g(x) =
V1—2z for € [0,1]. Then f'(z) = 1 for € [0,1]. Also, if we let
G(x) := —(2/3)(1—x)%?2, then G'(x) = g(z) for z € [0, 1], that is, G’ = g.
Integrating by Parts (Proposition 6.25), we obtain

1 1 9 9 1
[ ovi-sar=o0-0- [ (-3} a-oa =] [ 1-0)

If we let F(z) := —(2/5)(1 — z)°/2 for € [0, 1], then F'(x) = (1 — z)3/?
for x € [0,1] and hence

/le\/l —zdr = ;[F(l)—F(O)] = :2)) {0— (—i)} = 145.

(ii) To evaluate f01 tV/1 —t2dt, let ¢(t) :=1—1t for t € [0,1] and f(z) := /x
for x € [0,1]. Since ¢(0) =1, ¢(1) = 0, and ¢'(t) = —2¢ for all ¢ € [0,1].
Integration by Substitution (part (ii) of Proposition 6.26) yields

/Olt\/l—tht:;/Olf(gb(t (t)|dt = / fla ;/01\/xdx.

Now if we let F(z) := (2/3)x%/? for € [0, 1], then

;/Oledx:;[F(l)—F(O)]:;<§—0> ::13.

Thus [, tv/1 - 2dt = L. o
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We shall now prove an interesting application of the method of integration
by substitution. If the degree of a polynomial function defined on an interval
is at most one, then we give a formula for its Riemann integral in terms of the
values of the function at the two endpoints of the interval, and if the degree is
at most two, then we give such a formula in terms of the values of the function
at the two endpoints and the midpoint of the interval. These formulas will be
useful when we attempt to find approximations of the Riemann integral of an
arbitrary integrable function in Section 8.6.

Proposition 6.28. Let f : [a,b] — R be a polynomial function of degree m.
(i) If m < 1, then

b —a
[ s = Oy + s
(ii) If m <2, then

/a ' flayr = o [f(a) var(“7h) +f<b>] .

Proof. Consider the function ¢ : [0, 1] — R given by ¢(t) := (b—a)t+ a. Then
#(0) = a and ¢(1) = b. Define g := f o ¢. By Proposition 6.26, we have

b 1 1
/a f(x)dz = / FO) ()t = (b - a) / o(t)dt.

It is clear that ¢ is also a polynomial function of degree m.

(i) Let m < 1. Then there are ¢1,¢p € R such that g(t) := ¢1t + ¢p for all
t € 0,1], and hence

1
/ gt)dt = _ +co.
0 2

But since ¢(0) = ¢y and g(1) = ¢1 + ¢o, we see that

0 L1901 + 9(0)]

Further, since ¢(0) = f(a) and g(1) = f(b), we conclude that
b J—
[ swae =03 @+ 501
as desired.

(ii) Let m < 2. Then there are ca, c1,co € R such that g(t) := cat?+cit+co
for all ¢ € [0,1], and hence
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But since g(0) = co, g(1) = ca+c¢1 +cp, and g (%) = 7+ 9 +co, we see that

1

1

/ g(t)dt = 6(2cz + 3c1 + 6¢o)
0

o) -0
- é [g(o)+4g(;) +9(1)} :

Further, since g(0) = f(a), g(3) = f (“3?), and g(1) = f(b), we conclude that

a+b)

[ =0 [ravar (U5 450

as desired. O

6.4 Riemann Sums

Let f : [a,b] — R be a bounded function. In view of the Riemann condition,
f is integrable if and only if there is a sequence (P,) of partitions of [a, b]
such that U(P,, f) — L(P,, f) — 0. Although we have made good use of the
Riemann condition to prove several interesting results in the previous section,
there are a number of difficulties in employing it to test the integrability of an
arbitrary bounded function and, if such a function is found to be integrable,
then to compute its Riemann integral. First, the calculation of U(P, f) and
L(P, f), for a given partition P, involves finding the absolute maxima and
minima of f over several subintervals of [a, b]. This task is rarely easy. Second,
it is not clear how to go about choosing a partition P,, n € N, so as to obtain
U(P,, f)— L(P,, f) — 0. Finally, when f is known to be integrable, how does
one actually find at least an approximate value of its integral? In this section,
we shall address these questions.

To overcome the first difficulty mentioned above, namely, of having to
calculate several maxima and minima of f, we give an alternative approach.
While calculating maxima and minima of f over several subintervals of [a, b]
may be difficult, evaluating f at several points of [a, b] is relatively easy. With
this in mind, we introduce the following concept. Let P = {xg, 21,...,z,} be
a partition of [a,b], and let s; be a point in the ith subinterval [z;_1,z;] for
t=1,...,n. Then

S(P, )= fsa) (@i —wi1)
i=1
is called a Riemann sum for f corresponding to P. Note that the upper

sum U(P, f) and the lower sum L(P, f) are determined by P and f, whereas a
Riemann sum S(P, f) depends on P and f, and also on the choice of the points
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8; € [wi—1,24] for i =1,...,n. Now we give a criterion for the integrability of
f in terms of Riemann sums.

Proposition 6.29 (Cauchy Condition). Let f : [a,b] — R be a bounded
function. Then f is integrable on [a,b] if and only if for every e > 0, there is
a partition P. of [a,b] such that

‘S(Psaf) _T(Psaf)| <e€
for any Riemann sums S(P., f) and T(P., f) for f corresponding to P..

Proof. Suppose f is integrable. Let ¢ > 0 be given. Then by the Riemann
condition, there is a partition P, of [a, b] such that U(P., f) — L(P., f) < e. If
S(P., f) and T(P,, f) are any Riemann sums for f corresponding to P., then

L(Pe, f) < S(Pe, f) SU(Pe, f) and  L(F, f) < T(Fe, f) < (Pe, f).
It follows that
|S(P€,f)—T(P€,f)‘SU(PE,f)—L(PE,f)<E~

Conversely, assume that the condition stated in the proposition holds.
Given € > 0, let P = {zg,x1,...,o,} be a partition of [a,b] such that the
difference between any two Riemann sums for f corresponding to P is less
than €/3. Now for ¢ = 1,...,n, there is s; € [x;_1, ;] such that

€

M;i(f) < f(si) +

3(b—a)
Let .
S(P,f) =" fsi)(wi — xi1).
i=1
From our choice of s;,7=1,...,n, it follows that
U(P.f) <S(P.S)+ .
Similarly, for i = 1,...,n, there is ¢; € [z;_1, ;] such that
€
i > f(t:) — .
mi)> £ =, <
Let .
T(P,f):=> fti) (@i — zi1).
i=1
From our choice of t; ,i = 1,...,n, it follows that

L(P,f) > T(P,f) — ;
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Further, since S(P, f) — T(P, f) < €/3, we have
UP.H) = L(P,f) < S(P.f)+ { ~T(P.f)+ ; <e.

Hence by the Riemann condition, f is integrable. a

Let us now take up the second question regarding the choice of a partition
P so as to make U(P, f) — L(P, f) small. The discussion at the beginning of
this chapter suggests that we may start with any partition of [a, b] and refine
it successively. An important point to note here is the following: Mere addition
of new points would not make the difference between the corresponding upper
and lower sums tend to zero; the new points need to be so chosen that the
length of the largest subinterval of the refined partition is smaller than the
length of the largest subinterval of the given partition. This consideration
leads us to the following notion.

For a partition P of [a, b], we define the mesh of P to be the length of the
largest subinterval of P. Thus, if P = {xg,21,...,2,}, then

w(P) :=max{x;, —x;—1:i=1,...,n}.

Now we shall prove an important result, which, roughly speaking, says
that upper sums U (P, f) approximate the upper integral U(f) and lower sums
approximate the lower integral L(f) if the mesh u(P) of P is made small.

Lemma 6.30. Let f : [a,b] — R be a bounded function. Given any ¢ > 0,
there is § > 0 such that for every partition P of [a,b] with u(P) < §, we have

0<U(Pf)=U(f) <e and 0<L(f)—L(P f) <e,
and consequently
L(f) —e<S(Pf) <U(f) +e
where S(P, f) is any Riemann sum for f corresponding to P.
Proof. Let € > 0 be given. Since U(f) is the infimum of the set of all upper
sums for f and L(f) is the supremum of the set of all lower sums for f,
there are partitions P; and P of [a,b] such that U(Py, f) < U(f) + €/2 and

L(Pa, f) > L(f) — €/2. Let Py denote the common refinement of P, and Ps.
Then by part (i) of Lemma 6.2, we have

U(R.f) <U()+, and L(Po.f) > L(f) -,

Let o > 0 be such that |f(x)| < « for all z € [a, b]. If the partition Py contains
no points, define § := e¢/4ang. Consider any partition P = {zg,x1,..., 2} of
[a, b] such that u(P) < 4. Let P* denote the common refinement of P and P.
Again, by part (i) of Lemma 6.2, we have
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We observe that positive contributions to the difference U (P, f) — U(P*, f)
can arise only when a point z* of the partition P lies in an open interval
(zj—1,2;) induced by the partition P. Further, any such contribution is at
most 2au(P). This follows by noting that if 2* € (x;_1,2;), and if

M; =sup{f(z):x € [zi_1,2"]} and M} =sup{f(z):z € [x", z;]},

then the contribution to U(P, f) — U(P*, f) arising from the point z* is

=0
—~
—~

f) Xr; — 1'2;1) — M;(SL'* — xi,l) — M:(xz — LU*)
(Mi(f) = Mp)(x* = 2ia) + (Mi(f) — M) (@i — %)
20(z" = zi—1) + (2 — x7)]
204($i — .Z‘Z‘_1)
2a(P).

Since the total number of points in the partition Py is ng, we immediately
see that

IA I IA

U(Paf) —U(P*,f) SHOQOZN(P) < 2&%0(5 = ;
Thus for every partition P of [a,b] with u(P) < §, we have

U(P,f)<U(P*,f)+; SU(PO,f)+; <U(f)+;+;=U(f)+e.

In a similar manner, we can show that for every partition P of [a,b] with
w(P) < 8, we have

L(P,f) > L(f) —e.
Finally, if S(P, f) is any Riemann sum for f corresponding to a partition P
with u(P) < d, then
L(f)—e<L(P,f) < S(P.f) SU(P ) <U(f) +e

as desired. O

Proposition 6.31 (Theorem of Darboux). Let f : [a,b] — R be a bounded
function. If f is integrable, then given any € > 0, there is § > 0 such that for
every partition P of [a,b] with u(P) < 6, we have

b
S(P.f) - / f(@)de

< €,

where S(P, f) is any Riemann sum for f corresponding to P.
Conversely, assume that there is r € R satisfying the following condition.:
Given € > 0, there is a partition P of [a,b] such that

IS(P, f) —r| <&

where S(P, f) is any Riemann sum for [ corresponding to P. Then [ is inte-
grable and its Riemann integral is equal to r.
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Proof. Suppose f is integrable. Let ¢ > 0 be given. It follows from Lemma
6.30 that there is 6 > 0 such that for every partition P of [a, b] with u(P) < ¢
and any Riemann sum S(P, f) for f corresponding to P, we have

b b
/f(a:)dx—e:L(f)—e<S(P,f)<U(f)—|—6:/f(m)dx—ke,

as desired.

Conversely, let r € R satisfy the stated condition. Let € > 0 be given and
P :={xg,21,...,2,} denote a partition of [a,b] such that |[S(P, f) —r| < e,
where S(P, f) is any Riemann sum for f corresponding to P. If S(P, f) and
T(P, f) are Riemann sums for f corresponding to P, then

ISP f) =T(P NI <SP f) —r[+r =T(P, f)] < e+e=2e

Since € > 0 is arbitrary, the Cauchy condition (Proposition 6.29) shows that
f is integrable. To show that the Riemann integral of f is equal to r, we
note, as in the proof of (Proposition 6.29), that there are s;,t; € [z;-1, ;] for
i=1,...,n such that if we let

n n

S(P.f) = flsi)@i —xima) and TP, f) =) f(t:)(wi — i),

i=1 i=1

then
UP f)<S(P f)+e¢ and T(P,f)—e<L(P,f).

Since L(P, f) < fj f(x)dx <U(P, f), we see that

b
7"—26<T(P,f)—6</ flx)dx < S(P, f)+e<r+2e.

Since this holds for every € > 0, the Riemann integral of f is equal tor. O

Remark 6.32. As an immediate consequence of the above result, we note
that if f : [a,b] — R is integrable and if (P,) is a sequence of partitions of
[a, b] such that u(P,) — 0, then

b b
umﬁe/ﬂwadmmwa/fwm

and moreover, if S(P,, f) is any Riemann sum for f corresponding to P,,, then

b
S(Po, f) — / F)da.

It may be emphasized that the only requirement here is that u(P,) — O0;
the actual partition points and the points in the subintervals at which f is
evaluated can be chosen with sole regard to the convenience of summation.
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This enables us to find approximations of the Riemann integral of f when
we are not able to evaluate it exactly. For example, if f does not have an
antiderivative, or if we are simply not able to think of an antiderivative of f,
or if the evaluation of an antiderivative of f at ¢ and b is impossible, then part
(i) of the FTC (Proposition 6.21) becomes inoperative as far as the evaluation
of the Riemann integral of f is concerned, and we may resort to calculating
it approximately. On the other hand, if the Riemann integral of f can be
evaluated by employing part (i) of the FTC, then limits of Riemann sums for
f can be found. &

Examples 6.33. (i) Let f(x) := 1/x for x € [a,b], where either a > 0 or
b < 0. Then f is integrable, because it is continuous on [a,b]. Since we
have not introduced any function F' such that F’ = f, it is not possible at
this stage to evaluate the Riemann integral of f. For simplicity, consider
a=1and b =2 Let n € Nand P, := {1,1+ (1/n),...,1 + (n/n)}
be the partition of [1,2] into n equal parts. Consider the left endpoints
Spi=14+(—1)/nfori=1,...,n. Then u(P,)=1/n— 0 and

n n

1 i 1—1 1
S(Pn’f):;1+(i—l)/n (n_ n >:;n—l—i—1‘

Hence by Proposition 6.31,

1 1 1 1 21
n+n+1+'”+2n_;n+i—1 —>/1 xdar as n — 00.

(i) Let f(x) := 1/(1 + 2?) for = € [a,b]. Again, f is integrable, because it is
continuous on [a,b]. As in the previous example, we have not introduced
any function F' such that I’ = f so far. This time, for simplicity, consider
a=0andb=1.Let n € Nand P, :={0,1/n,...,n/n} be the partition
of [0,1] into n equal parts and consider the right endpoints s,, ; := i/n for
i=1,...,n. Then u(P,) =1/n — 0 and

- ioi—1 ~ nr 1 & n
S(P,., - = L= .
nf) = ;14— <n n > ;n2+z2 n ;n2+z2

Hence by Proposition 6.31,

" + " +oo 4t " = zn: v /1 ! dr asn — o0
n2+12 n2 422 n2—|—n2_i:1n2—|—i2 o 1+ 22 '
(iil) Consider

1 1 1
— — + +...+
; Vn2+in  Vn24n Vn2+42n Vn? + n?2

for n € N.
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Then

Z /n)_z\/1+ i/n) <Z ’;1> for all n € N.

We observe that if we consider f : [0,1] — R defined by f(x) :=1/V1+z
and let P, :={0,1/n,...,n/n} and s, ; :=i/nforn € Nandi=1,...,n,
then a,, = S(P,, f). In this case, f clearly has an antiderivative, namely
F :[0,1] — R given by F(x) = 2y/1 + 2. Since u(P,) = 1/n — 0, we have
by Proposition 6.31 and part (i) of the FTC (Proposition 6.21),

E 1 o
— de =F(1) = F(0) =2(v/2—-1) asn — oo.
>t ein |l e =FO - PO =2(v2-1)
(iv) Let r be a nonnegative rational number and consider

i: ir _1r_|_2r_|__|_nr

Ay = a1 = b1 for n € N.
i=1
Then
I s (i =i\ (i i-1
an = Z() :Z<> ( ~ ) for all n € N.
n\n —~\n n n
As in the previous example, it follows that
i ! 1
—>/J;rdar: as n — 0o. &
nrtl 0 r+1

Notes and Comments

Given a bounded function f : [a,b] — R, we have produced two candidates,
namely U(f) and L(f), for being designated the integral of f; when they coin-
cide, we say that f is integrable and the common value is called its Riemann
integral. While this approach demands patience and careful attention on the
part of the reader to begin with, it is a natural way to formulate a plausible
definition of ‘area’. Hence we have preferred it to an alternative approach of
defining integrability in terms of the existence of a ‘limit’ of Riemann sums.
Actually, such an alternative approach goes beyond the concept of a limit of
a sequence or of a function of a real variable introduced earlier. Indeed, it
inwvolves the limit of a ‘net’ of real numbers.

We have deduced all the essential features of the set of integrable functions
from a single criterion called the Riemann condition. It is simple to state and
easy to use. It does not involve the concept of a mesh of a partition. While
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we have given a number of sufficient conditions for a bounded function f on
[a,b] to be integrable, we have not discussed a characterization of integrability
in terms of the nature of the set of points of [a,b] at which f is discontinuous.
This characterization involves the notion of (Lebesgue) measure, or at least
the notion of a subset of R having (Lebesgue) measure zero. It can be stated
as follows: A bounded function f : [a,b] — R is integrable if and only if the
set of discontinuities of f has (Lebesque) measure zero. We refer the reader
to Theorem 11.33 of Rudin [53] or to Theorem 7.3/ of Goldberg [28] for this
result. It can be used to derive some of the main properties of the Riemann
integral rather neatly. (See, for example, Section 7.3 of Goldberg [28].) A
weaker condition involving the notion of a subset of R having content zero is
discussed in Ezxercises 53-57.

The Fundamental Theorem of Calculus (FTC) has two parts. The first
says in essence that the integral of the derivative of a function gives back the
function and the second says that the derivative of the integral of a function
again gives back the function. These two parts are variously known as the First
Fundamental Theorem of Calculus and the Second Fundamental Theorem of
Calculus. We have given proofs of these two parts that are independent of
each other. When the given function is continuous, the first part can be easily
deduced from the second. (See Exercise 16.) The methods of Integration by
Parts and Integration by Substitution are derived from the FTC under minimal
hypotheses.

In the section on Riemann sums, we have introduced the concept of the
mesh of a partition and used it to obtain approzimations of a Riemann integral
on the one hand, and also to calculate limits of certain sequences, each term
of which is a Riemann sum. Again, we have carefully avoided any mention of
‘limits’ as the mesh of a partition approaches zero since that would involve a
more general notion of ‘limit’, which we do not wish to discuss in this book.
The reader may consult the description of the ‘Riemann net’ given on page
230 of the book of Joshi [38].

Exercises
Part A
1. Let ¢ € [a,b] and f : [a,b] — R be given by

0 ifa<z<eg,
f(x)':{l ife<az<hb.

Show from first principles that f is integrable on [a, b]. Also, prove that
this follows from Proposition 6.10.
2. Let c € (a,b) and f : [a,b] — R be given by
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—¢o)f(a—c) fa<z<ec,

yAC
f(z) ’_{(aj—c)/(b—c) ifc<ax<bh.

Show from first principles that f is integrable on [a, b]. Also, prove that
this follows from Proposition 6.10. (Hint: For n € N, consider the partition
P, :={a,a+(c—a)/n,..,a+(c—a)n—1)/n,¢c,c+ (b—2c)/n, ...
c+ (b—¢)(n—1)/n,b}.)

3. Let f:[0,1] — R be given by

Flz) = 1+ 2z if x is rational,
=0 if z is irrational.

Is f integrable?

4. Let f : [a,b] — R be integrable. Show that the Riemann integral of f
is the unique real number r satisfying the following condition: For every
€ > 0, there is a partition P, of [a, b] such that

r—e< L(P,f)<r<U(P.,f)<r+e
5. Let f:]0,3] — R be defined by

0it0<z<I1,
f(z) = 2 ifl<a<2,
-1 if2<x<3.

Show that f is neither monotonic nor continuous on [0,3], but f is inte-
grable on [0, 3]. Find the Riemann integral of f.
6. Let f,g: [a,b] — R be bounded functions. Show that

L(f)+L(g) < L(f +g) and U(f+g) <U(f)+Ul(g)

Hence conclude that if f and g are integrable, then so is f + g, and the
Riemann integral of f 4+ ¢ is equal to the sum of the Riemann integrals of
fand g.

7. Let f,g : [a,b] — R be integrable. Show that the functions max(f,g) :
[a,b] — R and min(f, g) : [a,b] — R given by

max(f, g)(z) = max{f(z),g(x)} ~and  min(f,g)(z) = min{f(z), g(x)}

are integrable. (Hint: max(f,g) = (f + g+ |f — g])/2 and min(f,g) =
(f+9—1f —a)/2)

8. Give examples of bounded functions f,g : [a,b] — R that are not inte-
grable, but |f], f + g, and fg are all integrable.

9. Let f : [a,b] — R be a function. Show that f is integrable if (i) rf is
integrable for some nonzero r € R, or (ii) if f is bounded, f(z) # 0 for all
x € |a,b], and 1/f is integrable.
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10. Let f : [a,b] — R be any function. Suppose there is € R and for each
n € N, there are integrable functions gy, hy, : [a,b] — R with g, < f < h,
suchthatf gn(x dx—w“andf hp(z)dx — 7 as n — oco. Show that f is
integrable and the Riemann 1ntegral of f is equal to 7.

11. Let f : [a,b] — R be integrable and f(x) > 0 for all « € [a,b]. Show that
fab f(z)dx > 0. If, in addition, f is continuous and f; f(x)dz = 0, then
show that f(z) = 0 for all z € [a,b]. Give an example of an integrable
function on [a, b] such that f(x) > 0 for all z € [a,b] and f; f(z)dx =0,
but f(z) # 0 for some z € [a, b].

12. Evaluate the following limits.

ath du 1 [% ¢3dt
hm , (i) lim ,
h—>0h u+\/u2—|-1 w~>01’3 0 t4+].

(iii) lim /z et ,  (iv) lim * /z f)dte,
0

z—0 26 t6+1 =0 T — T
(v) lim 5 / f(t)dt, provided f is continuous at zg.
T—T0 T
d2
13. If;v::/ , find Z
0 \/1 + t2 dx
14. Let a,b,c € R with a < ¢ < b and for j = 1,2, 3, consider f; : [a,b] — R
given by

() fule) = {‘f““’
0
1

if ¢ < x,
(i) folz) =40 HTFC

if x =c,

r—c)/(a—c) ifx<eg,

(iii) fs(z) := {Ex—c%% —c)) if c < 2.

For j = 1,2,3, let Fj(z) := [ fi(t)dt,x € [a,b]. Find Fj for j = 1,2,3.
Verify that f7 is dlscontmuous at ¢, F is continuous but not differentiable
at ¢, fo is discontinuous at ¢, Fy is differentiable at ¢ but Fy(c) # fa(c),
f3 is continuous at ¢ but not differentiable at ¢, F3 is differentiable at ¢
and Fj(c) = f3(c).

[Note: There is an integrable function f : [a,b] — R such that f is discon-
tinuous at ¢, but the corresponding function F : [a, b] — R is differentiable
at ¢ and F’(c) = f(c). See Proposition 7.17.]

15. Let n € N. Find a function f : [~1,1] — R for which £ (0) exists, but
F+1(0) does not. (Hint: Begin with the absolute value function and use
part (ii) of Proposition 6.20 repeatedly.)

16. If f : [a,b] — R is continuous, then prove part (i) of the FTC using
part (ii) of the FTC. (Hint: Two antiderivatives of f differ by an additive

constant.)
17. Let f : [a, b] — R be continuous and consider the function F : [a,b] — R
given by F f f(@®)dt for x € [a,b]. If f(x) >0 for all z € [a, b], then

show that F is monotonlcally increasing on [a, b], and if f monotonically
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18.

19.

20.

21.

22.

23.

24.

25.

26.

increasing on [a, b], then F' is convex on [a, b]. (Hint: Part (i) of Proposition
4.27 and Part (i) of Proposition 4.31.)

Let f : [a,00) — R be a bounded function such that f is integrable on
[a,z] for every @ > a. Let F(z) := [ f(t)dt for x > a. Show that F is
uniformly continuous on [a, 00).

Let f : [0,00) — R be continuous and f(z) > 0 for all x € [0, 00). If for
each b > 0, the area bounded by the z-axis, the lines z = 0,2 = b, and
the curve y = f(z) is given by v/b2 + 1 — 1, determine the function f.
Let p be a real number and let f : R — R be a continuous function
such that f(z +p) = f(z) for all z € R. (Such a function is said to
be periodic.) Show that the integral f;ﬂ) f(t)dt has the same value for
every real number a. (Hint: Part (ii) of Proposition 6.21.)

Let f : [a,b] — R be continuous. Show that for every = € [a, b],

/; {/auf(t)dt} du = /:(f—u)f(u)du,

Let f : [a,b] — R be integrable. Define G : [a,b] — R by

b
G(z) = / F(t)dt.

Show that G is continuous on [a, b]. Further, show that if f is continuous
at ¢ € [a,b], then G is differentiable at ¢ and G'(¢) = —f(c). (Hint:
Propositions 6.7, 6.20, and 6.21.)

Let g : [¢,d] — R be such that g([c,d]) C [a,b], and let f : [a,b] — R be
integrable. Define G : [¢,d] — R by

9(y)
Gly) = / f(b)dt.

If ¢ is differentiable at yy € [¢,d] and f is continuous at g(yo), then show
that G is differentiable at yo and G’ (yo) = f(9(v0))9' (vo)-

(Leibniz’s Rule for Integrals) Let f be a continuous function on [a, b]
and u, v be differentiable functions on [c, d]. If the ranges of u and v are
contained in [a, b], prove that

di L(:) f)dt = {f(v(m))jz - f(U(ac))Zﬂ .

2

2x T
1
For x € R, let F(x) := / ,dt and G(z) := / dt. Find

1
L+t
F’" and G'.
Let f :[0,00) — R be continuous. Find f(2) if for all z > 0,
(i) / ft)ydt = 2*(1 + x), (ii)/ t2dt = 2*(1 + ),
0 0

z? z2(14-x)
= g2 x iv T = .
(i) / Fdt = 221+ ), (iv) / f(t)d
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1 n 1 n
27. Let n,m € N. Find lim ¥ gz and lim T e
m—oo Jo (1+z)™ n—oo Jo (1+x)™
1 n—1
28. Find lim " g (Hint: Proposition 6.25.)
n—oo o 1+

29. Let f : [a,b] — R be a differentiable function. If F' is an antiderivative of
f on [a,b], then show that

f2(z)dx = F(b)F'(b) — F(a)F'(a) — / F(x)F" (z)dz.

a a

8
x
30. Evaluate (i dx, (i / a3 (23— 1)V 2.

) A N

(Hint: Proposition 6.26.)

31. Let f : [a,b] — R be a differentiable function such that f’ is continuous
on [a,b] and f'(z) # 0 for all x € [a,b]. If f([a,b]) = [c,d], then show that
f~1:e,d] — R is integrable and

F7H(d)
[ 5w = @i [ s
F=1(e)

(Hint: Propositions 6.25 and 6.26.)

32. Let f : [a,b] — R be a bounded function and define g : [-b,—a] — R by
g(t) == f(—t). Show that L(g) = L(f) and U(g) = U(f). Deduce that
g is integrable on [—b, —a] if and only if f is integrable on [a,b] and in
that case the Riemann integral of ¢ is equal to the Riemann integral of f.
(Compare the proof of part (ii) of Proposition 6.26.)

33. Let f : [a,b] — R be integrable and for n € N, let P, be a partition of
[a,b] such that U(P,, f)— L(P,, f) — 0. Show that U(P,, ) — f f(z

L(P,, f) — f f(z)dx, and also S(P,, f) — f f(x)dx, where S(Pn,f) is
a Riemann sum for f corresponding to P,. (Compare Proposition 6.5 and
Lemma 6.30.)

34. Let f : [a,b] — R be an integrable function. If (P,) is a sequence of parti-
tions of [a, b] such that pu(P,) — 0, then show that U(P,, f) — L(P,, f) —
0. Is the converse true?

35. Let f : [a,b] — R be a bounded function. Without using Lemma 6.30,
show that f is Riemann integrable if and only if there is r € R satisfying
the following condition: Given € > 0, there is a partition P. of [a,b] such
that |S(P, f) — r| < e, where P is any refinement of P. and S(P, f) is any
Riemann sum for f corresponding to P.

36. Assuming that f is integrable on [0, 1], show that

i M () er (2) s ()= [ s
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37.

38.

39.

40.

41.

42.

43.

Consider the sequence whose nth term is given by the following. In each
case, determine the limit of the sequence by expressing the nth term as a
Rlemann sum for a Sultable function.

1 1
(i) 17 Zz 6 (i) 5/2 Zz (iil) Z Jin

. i{i<i>+,i <;>”+2;1<"> |

Do nli_)rrg(}Z \/z . and nILH;O n18 ;z exist? If yes, find them.
Find an approxnnate value of 1Y/3 +21/3 ... 410002

Part B

Let a,b € R with 0 < a <band m € N, and let f : [a,b] — R be defined
by f(x) := 2™. Show from the first principles that

b
bm+1 _ am+1
dr = .
[ paye ="

(Hint: If P = {xo,x1,...,2,} is a partition of [a,b], then for each j =
0,1,...,m, we have L(P £ <SS ) (wi—wi1) <U(P, f). Also,

ZJ 0 |:Zz 125 xT;_ 1(1.2 — Ti— 1):| = bm+1 _am—i-l.)

Let f : [a,b] — R be a bounded function. For ¢ € (a,b), let f1 and fo
denote the restrictions of f to the subintervals [a, ¢] and [c, b] respectively.
Prove the following:

() L(f) = L(f) + L(fa), (i) U(P) = U(f2) + U(fa).

[Note: The results in (i) and (ii) are refined versions of Proposition 6.7,
and may be referred to as Domain Additivity of Lower Riemann
Integrals and Domain Additivity of Upper Riemann Integrals,
respectively.]

Let f : [a,b] — R be integrable and ¢ : [m(f), M(f)] — R be continuous.
Show that ¢ o f : [a,b] — R is integrable. (Hint: Given € > 0, find § > 0
using the uniform continuity of ¢. There is a partition P of [a,b] such
that U(P, f) — L(P, f) < 6% Divide the sum in U(P, f) — L(P, f) into
two classes depending on whether M;(f)—m;(f) is less than ¢, or greater
than or equal to d. Use the Riemann condition for ¢ o f.)

Let fi,..., fm : [a,b] — R be integrable functions and let r; := f; fi(z)dx
for j =1,...,m. Show that the function \/f12 + .-+ f2 is integrable and

Jrir2, </ VP @) o+ fa) da

b m
(Hint: Note that 27", 72 = 37" 1rjf fi(@)dae = [] (ijl rjfj(:r)) dx
and use Proposition 1.12.)
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44. Let m,n € Z with m,n > 0. Show that

1 In!
/ 21 —z)"dx = e

(Hint: If n € N and I, ,, denotes the given integral, then using Integration
by Parts, L., = [n/(m + D)]Lnt1n-1, and Ipino = 1/(m+n+1).)
45. Let a € R and n € Z with n > 0. Show that

¢ 2 2\n g _ (2"n!)? o 2n+1
/O(a x®) dx—(2n+1)! a .

Deduce that

() ) () e S () =

(Hint: If n € N and I,, denotes the given integral, then I,, = a’l,_1 —
Jy wlz(a® — 2*)""!]dz, and using Integration by Parts, I,, = a?[2n/(2n +
D]l—1, and Iy = a.)

46. (Taylor’s Theorem with Integral Remainder) Let n be a nonnega-
tive integer and let f : [a,b] — R be such that f/, . ..., f(**1) exist and
f 1) is continuous on [a, b]. Show that

(n)
0w

b
f(b) = fla)+f'(a)(b—a)+- (b-ay+ / (b—t)" O (1)t

Further, show that the remainder is equal to

(b _ a)nJrl
n!

/1(1 — )" f" ) (a4 s(b — a))ds.
0

(Hint: Induction on n and Integration by Parts.)
[Note: The integral remainder does not involve an undetermined number
c € (a,b).]

47. (Taylor’s Theorem for Integrals) Let n € Nand f : [a,b] — R be such
that f/, f”,..., f=1 exist on [a,b], and further, f(*=1 is continuous on
[a,b] and differentiable on (a,b). Show that there is ¢ € (a,b) such that

(n=1) (g () (p

b
/a f(@)dz = f(a)(b—a)+ -+ (n+1)

(Hint: For z € [a,b], define F((z) := [ f(t)dt and apply Proposition 4.23.)

48. (Theorem of Bliss) Let f, g : [a,b] — R be integrable. For each n € N,
consider a partition P, = {®n.0,Tn1,.--,Tnk,} of [a,b], and for i =
1ok, let spi, tni € [@ni—1, Tni), and let

kn

S, f9) = F(5n.0)9(tn.i)(@ni — Tniz1).

i=1
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49.

50.

o1.

52.

If w(P,) — 0 as n — oo and if ¢ is continuous on [a, b], then show that
S(P,, fg) — f f(x)g(x)dx as n — oo. (Hint Note that S(P,, fg) :=

Zi:l f(sm)g(sn,l)(ar;mz Tii1) f f(@)g(x)dz and use the uniform
continuity of g.)

Let f : [a,b] — R be a monotonic function. If G : [a,b] — R is differen-
tiable and G’ is continuous, then show that there is ¢ € [a,b] such that

b
/ f@)G (x)dz = f(0)G(b) - f(a)G(a) = G(c)[f(b) — f(a)].

(Hint: Given any partition P = {xo,21,...,2,} of [a,b], consider the
sum > f(x;)[G(xi) — G(zi—1)]. Write it as f(b)G(b) — f(a)G(a) —
S Gl ) () — f(i1)] and also as S0, £(24)G (50) @i — 21-1)
for some s; € [z;—1,2;]. Use the Theorem of Bliss (Exercise 48) and
the inequalities m(g)[/(6) — £(a)] < S, Glos1)[f(@) — flwi1)] <
M(g)f(b) — f(a)])

(First Mean Value Theorem for Integrals) Let f : [a,0] — R be
a continuous function and g : [a,b] — R be a nonnegative integrable
function. Use the IVP of f to show that there is ¢ € [a, b] such that

/ ' fl)g(e)dz = £(0 / " @)

Give examples to show that neither the continuity of f nor the nonnega-
tivity of g can be omitted.

[Note: For another version of this result, see Exercise 72.]

(Second Mean Value Theorem for Integrals) Let f :[a,b] — R be
a monotonic function and g : [a,b] — R be either a nonnegative integrable
function or a continuous function. Show that there is ¢ € [a, b] such that

/abf(m)g(x)dx = f(a) /acg(a:)dx + f(b) /Cbg(m)dx.

Give an example to show that the monotonicity of f cannot be omitted.
(Hint: Without loss of generality, suppose f is (monotonically) increasing.
Let G(z f g t)dt for x € [a b]. If g is a nonnegative integrable func-

tion, then f( ) < f f(@)g(x)dx < f(b)G(D). If g is continuous, use
Exercise 49.)

Let D be a bounded subset of R and f : D — R be a bounded function.
Suppose D C [a,b] for a,b € R and f* : [a,b] — R is defined by

v~ | flx) ifxeD,
fr@) = {0 otherwise.

The function f is said to be integrable (on D) if the function f* is
integrable (on [a,b]). In this case, we define the Riemann integral of f
(on D) by
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/D fla)dx := /ab 1 (z)dz.

(i) Show that the above definition is independent of the interval [a, b]
containing D.

(ii) Show that analogues of Propositions 6.15 and 6.18 hold for integrable
functions on D.

53. A bounded subset E of R is said to be of (one-dimensional) content
zero if the following condition holds: For every ¢ > 0, there is a finite
number of closed intervals whose union contains £ and the sum of whose
lengths is less than e. Prove the following statements:

(i) A subset of a set of content zero is of content zero.
(ii) A finite union of sets of content zero is of content zero.
(iii) If E is of content zero and JF denotes the boundary of E, then EUOE
is of content zero.
(iv) A set E is of content zero if and only if the interior of F is empty and
OF is of content zero.
(v) Every finite subset of R is of content zero.
(vi) The infinite set {1/n : n € N} is of content zero.
(vii) The infinite set QN [0, 1] is not of content zero.

54. Let D be a bounded subset of R and f : D — R be a bounded function. If
the boundary 0D of D is of content zero and if the set of discontinuities
of f is also of content zero, then show that f is integrable. In particular,
if D is of content zero, then show that f is integrable and its Riemann
integral is equal to zero. (Compare Remark 6.8.)

55. Let f : [a,b] — R be a bounded function. If the set of discontinuities of f
is of content zero, show that f is integrable. Is the converse true? (Hint:
Exercise 34 of Chapter 3 and Example 6.16.)

56. Let D be a bounded subset of R. Let 1p : D — R be defined by 1p(z) := 1
for all x € D. Prove the following statements:

(i) 1p is integrable if and only if 0D is of content zero.
[Note: If 1 is integrable, then [, 1p(x)dx is called the length of the
set D.]
(ii) The length of D is zero if and only if D is of content zero.
(iii) If f : D — R is a bounded function and Dy C D is such that 0D is of
content zero, then f is integrable on Dj.

57. Let f :[a,b] — R be integrable, and ¢ : [a,b] — R be a bounded function

such that the set {« € [a,b] : g(z) # f(x)} is of content zero. Show that

g is integrable and
b b
/ g(z)dx = / f(x)dx.

(Compare Proposition 6.12.)
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Elementary Transcendental Functions

In this chapter we shall use the theory of Riemann integration developed in
Chapter 6 to introduce some classical functions, known as the logarithmic,
exponential, and trigonometric functions. Collectively, these are called the
elementary transcendental functions. In Sections 7.1 and 7.2 below we
give formal definitions of these functions and derive several of their interesting
properties. In this process, the important real numbers e and 7 will also be
formally defined.

In the earlier chapters, we have scrupulously avoided any mention of the
logarithmic, exponential, and trigonometric functions since their very defi-
nitions had to be postponed. As a result, several interesting examples and
counterexamples could not be given earlier. Many of these arise from the
function obtained by taking the sine of the reciprocal of the identity function.
These are discussed in Section 7.3.

The trigonometric functions enable us to introduce polar coordinates of
a point in the plane other than the origin. This is done in Section 7.4 and
in this context, we also give a formal definition of the angle between two
line segments emanating from a point as well as of the angle between two
intersecting curves.

In the final section of this chapter, we show that the elementary tran-
scendental functions are indeed transcendental, that is, they are not algebraic
functions.

In the section on exercises, we have given problems of theoretical im-
portance as well as of problems of practical use. The latter include several
trigonometric results that are listed for ready reference. In addition to this
section of exercises, we include a section devoted to revision exercises in which
the reader will revisit many concepts considered earlier in this book in relation
to the new supply of functions that is made available in this chapter.



228 7 Elementary Transcendental Functions

7.1 Logarithmic and Exponential Functions

We have seen in Example 4.7 that if r € Q and ¢ : (0,00) — R is the rth-
power function defined by g(z) := 2", then ¢'(z) = ra"~! for all z € (0, c0).
This implies that for every rational number s, except s = —1, the sth-power
function can be integrated in terms of a similar function. In fact,

d s+1
d <$+ 1) =z° provided s # —1.
T \ s

To deal with the exceptional case s = —1, a new function has to be introduced,
and we shall do so in this section. This will in fact enable us to define and
study real powers of positive real numbers.

The function f : (0,00) — R defined by f(¢) = 1/t is continuous. Hence it
is Riemann integrable on every closed and bounded subinterval of (0, o). For
z € (0,00), we define the natural logarithm of = by

1
Inx ::/ dt.
1 t

The function In : (0,00) — R is known as the logarithmic function. We
write Inx, rather than In(z), for the value of the logarithmic function at
x € (0, 00).

Clearly, In1 = 0. Moreover, since 1/t > 0 for all ¢ € (0,00), we have
Inz>0ifz>1, whilelnz <0if0 <z <1.

Proposition 7.1 (Properties of the Logarithmic Function).

(i) In is a differentiable function on (0,00) and
, 1
(In)'z = . for every x € (0, 00).

(ii) In s strictly increasing as well as strictly concave on (0, 00).

(iii) Inx — oo as x — oo, whereas Inx — —oo as x — 0F.

(iv) For every y € R, there is a unique x € (0,00) such that Inx = y. In other
words, In : (0,00) — R is a bijective function.

Proof. (i) Since the function g : (0,00) — R given by g(t) = 1/t is contin-
uous, the Fundamental Theorem of Calculus (Proposition 6.21) shows that
the function In is differentiable on (0,00) and (In)'z = g(z) = 1/x at every
x € (0, 00).

(ii) Since the derivative of In is positive on (0, 00), it follows from part (iii)
of Proposition 4.27 that In is strictly increasing on (0, c0). Further, since

(In)’'z=— " <0 for every z € (0,00),

22
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it follows from part (iv) of Proposition 4.32 that In is strictly concave on
(0, 00).
(iii) Given any positive integer n > 2, we have

lnn—/nldt—f:/’c 1dt > zn:/k 1dt—§n:1
1t i k-1t = 1k k:2k

since (1/t) > (1/k) for all 0 < ¢t < k, whereas

1 1 n 1/(k=1) 4
wh=— [ Ja=-Y [ dt
n int =1k t

n

n 1/ 1
—Z/ (h=Ddt ==

k=27 1/k k=2

IA

since —(1/t) < —(k—1) for all 0 < ¢ < 1/(k — 1). Because Y ,_,(1/k) —
oo as m — oo by part (ii) of Example 2.13, we see that the function In is
neither bounded above nor bounded below on (0, 00). Also, since In is (strictly)
increasing on (0, 00), it follows from Proposition 3.35 that Inz — oo as © — oo
and Inz — —oco as x — 07.

(iv) The function In is one-one since it is strictly increasing. Now, let y € R.
Since Inx — —oo0 as x — 0T, there is some xy > 0 such that Inzg < y and
since Inz — oo as © — o0, there is some 7 > 0 such that y < Inz;. But
by part (i) above, the function In is continuous on the interval [xg,z1]. So,
the IVP (Proposition 3.13) shows that there is some x € (zg,21) such that
Inz = y. Thus the function In : (0,00) — R is bijective. O

An immediate consequence of part (iv) of Proposition 7.1 is that there is
a unique positive real number e such that Ine = 1. This number e plays a
significant role in analysis.

An elementary estimate for the number e can be obtained by noting that

24 2
1n2:/ dt < / 1dt=1
1t 1
and

4 2 4 2 4

1 1 1 1 1 1 1
In4 = dt = dt dt > dt dt = =1.
“/m /1t+/2t*/12+/24 27

Since In : (0,00) — R is increasing, it follows that
2<e<4.

Better lower and upper bounds for the number e can be obtained. (See, for
example, Exercise 7.) The first few digits in the decimal expansion of e are
given by
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e=2.71828182... .

In fact, e is an irrational number (Exercise 20 of Chapter 2), and furthermore,
e is a transcendental number, that is, it is not a root of any nonzero polynomial
with rational coefficients. (See [7] for a proof.)

The geometric properties of the logarithmic function proved in Proposition
7.1 can be used to draw its graph as in Figure 7.1.

Y
Y
y=Inzx y=expr
1—“7/ L
| _/
— x + X
0 1 2 e3 -2 -1 0 1 2

Fig. 7.1. Graphs of the logarithmic and the exponential functions

It follows from part (i) of Proposition 7.1 that the function In is infinitely
differentiable on (0,00) and for k =1,2,..., we have

(n)® g = (=1)* Tk -1)z7* 2 € (0,00).

Hence the nth Taylor polynomial for In about 1 is given by

n 1 (k)l n -1 k—1
Pn(l‘):lnl—kz(nl)d (z—1)k = ( ]Z (x—1)* zeR.
k=1 ’ =

k=1

In particular, the linear and the quadratic approximations of In around 1
are given by

(x—1)

Li)=Pi(e)=o—1 and Q)=Pz)=(z-1)- " ,

, zeR

Let us now turn to the inverse of the logarithmic function. The inverse of
the bijective function In : (0,00) — R is known as the exponential function
and is denoted by exp : R — (0,00). We write exp x, rather than exp(z), for
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the value of the exponential function at # € R. Thus for any = € R and any
y € (0,00), we have
expr =y <= lny = x.

Note that by definition, expz > 0 for all x € R. Moreover, since In1 = 0 and
Ine =1, we have expO =1 and exp 1 = e.

Proposition 7.2 (Properties of the Exponential Function).

(i) exp is a differentiable function on R and
(exp)x =expx  for every x € R.

(ii) exp s strictly increasing as well as strictly conver on R.
(iii) expx — o0 as x — oo, whereas expxr — 0 as x — —0o0.

Proof. (i) Let € R and ¢ € (0,00) be such that Inc = z. Since the function
In : (0,00) — R is differentiable at ¢ and (In)'c = 1/¢ # 0, Proposition 4.11
shows that the inverse function exp : R — (0, 00) is differentiable at = Inc
and

/ o / _ 1 I
(exp)’(z) = exp’(Inc) = (nye ~ ¢ =expu.

(ii) Since the derivative of exp is positive on R, it follows from part (iii) of
Proposition 4.27 that exp is strictly increasing on R.
Further, since

(exp)’x = (exp)z =expxr >0 forallz € R,

it follows from part (iii) of Proposition 4.32 that exp is strictly convex on R.

(iii) Since the range of the function exp is the domain of the function
In, namely, the interval (0,00), we see that exp is not bounded above on R,
whereas inf{expz : x € R} = 0. Also, since exp is (strictly) increasing on R, it
follows from Proposition 3.35 that expz — oo as © — oo, whereas expz — 0
as x — —00. O

The geometric properties of the exponential function proved in Proposition
7.2 can be used to draw its graph as in Figure 7.1.

It follows from part (i) of Proposition 7.2 that the function exp is infinitely
differentiable on R and for £ =1,2,..., we have

(exp) Pz =expa  for all z € R.

Hence the nth Taylor polynomial for exp about 0 is given by

_ — (exp)¥)(0) b N~
Pn(x)—exp0+kz o (@=0) _1+kzk!, zeR.
=1 =1
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In particular, the linear and the quadratic approximations of exp around 0
are given by

L(x)=Pi(x)=1+2x and Q($):P2(.T):1+$+m22, x €R.

The logarithmic and the exponential functions have interesting behavior
with respect to the multiplication and addition of real numbers. This is made
precise in the following result.

Proposition 7.3. (i) For any positive real numbers x1 and x2, we have
Inzixs =Inx + Inas.
(ii) For any real numbers x1 and x2, we have
exp(x1 + x2) = (expx1)(exp x2).

Proof. (i) Fix a2 € (0,00) and consider the function f : (0,00) — R given by
f(z) =Ilnzze — Inz. Then

f(z) = X9 — L_ 0 forall z € (0,00).
TTo x
Hence f(z) = f(1) = Inxzs —In1 = Inxy for all x € (0,00). In particular,
f(x1) =Inz129 — Inzy = Inxy. This proves (i).

(ii) Let 1 and x2 be real numbers. Define y; := exp a1 and ya = exp zs.
Then y; and yo are positive real numbers and by (i) above, we see that
Inyiye = Inys + Inys = 21 + z2. Consequently, exp(z1 + z2) = y1y2 =
(expz1)(expx2). 0

In the examples below, we consider some important limits involving the
functions In and exp.

Examples 7.4. 1.
(i) By the definition of derivative and the earlier observations that In1 = 0,
(In)'1 =1, exp0 =1, and (exp)’0 = 1, we obtain

lim In(1 +h) =1 and lim exph =1 =1
h—0 h h—0 h
(ii) Since (In)'z = 1/x for z € (0,00) and Inz — oo as * — oo, while

(exp)'z = = for x € R and expr — oo as © — oo, L’Hopital’s Rule

for °° indeterminate forms (Proposition 4.40) shows that

1
lim nr_ 0 and lim R 0.
T—00 I T—00 €XP I
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Fig. 7.2. Ilustration of the growth rate: Graphs of f(z) = Inz, f(z) = =,
fx) ==z, f(z)=2% and f(z)=e" (for > 0)

In a similar manner, it can be easily seen that for any k € N, we have

Inx xk

lim =0 and lim =0

T—00 I /k T—00 eXP T
These limits show that the growth rate of Inx is less than that of any
root of x, while the growth rate of exp = is more than that of any positive
integral power of  as = tends to co (Remark 3.31). This can be illustrated
by the graphs of the curves y = Inx, y = /2,y =z, y = 22 and y = °
(for z > 0) drawn in Figure 7.2. &

Real Powers of Positive Numbers

The logarithmic and exponential functions enable us to define the bth power
of a, where a is any positive real number and b is any real number. Recall
that if 7 is any rational number, then we have defined in Chapter 1 the rth
power a” of any a € (0,00). We observe that

Ina" =rlna for all a € (0,00) and r € Q.
To see this, consider the function f : (0,00) — R given by
f(z)=Inz" —rlna.

Then by part (i) of Proposition 7.1 and the Chain Rule (Proposition 4.9), we
have
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1 1
fl@)y= " ra" ' = ro= 0 forall x € (0,00),

and so f(z) = f(1) =In1"—rln1=0-0= 0 for all z € (0, 00). In particular,
the equation f(a) =0 gives Ina” = rIna. Thus we have

a" =exp(rina) for all a € (0,00) and r € Q.

Since the number exp(rIna) is well defined for any real (and not just rational)
number r, we are naturally led to the following definition. Let a be a positive
number and b be a real number. The bth power of a is defined by

a’ ;= exp(blna).
Here a is called the base and b is called the exponent. If b is a rational
number, this definition of a® coincides with our earlier definition as we have
just seen. Clearly, the equality a® := exp(bIna) is equivalent to the equality
Ina® = blna for @ > 0 and b € R. We note that a® > 0 for all a € (0,00) and
beR.

Let us consider the special case a = e, that is, when the base is the unique
positive real number satisfying Ine = 1. Then we have

e’ =exp(zlne) =expax forall z € R.

We have thus found a short notation for exp x, namely e®, where x € R. From
now on, we may employ this notation.
The following result gives an alternative way of determining e* for = € R.

Proposition 7.5. For any x € R, we have

lim (1 + zh)/" = e®.

h—0

In particular, we have
e= Airr})(l + h)t/h,

Proof. The first assertion is obvious if = 0. Suppose z € R and = # 0. Now,

lim In(1 + zh) — lim In(1+ h) .y
h—0 zh h—0 h
as we have noted before. Consequently,
In(1 h In(1 h
tim In(1+ oh) !/ = Jim () =x{hm nis )} _
h—0 h—0 h—0 zh

Now since the exponential function is continuous at x, we obtain
’llirr})(l—i—xh)l/h = }llirr}) exp (ln(l + xh)l/h) = exp <}llirr}) In(1+ xh)l/h> =expz.

This proves the first assertion. The particular case is obtained by considering
r =1 g



7.1 Logarithmic and Exponential Functions 235

In Examples 2.10 (i) and (ii), we have stated that the sequences (a,,) and
(by,) defined by

an::kz:%k! and bn::<1—|—n> forne N

are convergent and have the same limit. Now we shall show that this common
limit is equal to e.

Corollary 7.6. For any x € R, we have

lim (1 + JU) = e’
n

n— 00

. \"
e = lim (1 + ) .
n—oo n

Proof. Consider the sequence (hy) defined by h, = 1/n for n € N. Then
h,, — 0. Hence the desired results follow from Proposition 7.5. a

In particular, we have

Returning to the general power a® with base a € (0,00) and exponent
b € R, let us consider the following two functions. For a fixed a € (0, c0), the
power function f, : R — R with base a, and for a fixed b € R, the power
function g : (0,00) — R with exponent b, are defined by

fa(z) :=a® and gy(x) := 2°.
Note that f,(z) > 0 for all z € R and g,(x) > 0 for all x € (0,00). We study
the basic properties of these functions in Propositions 7.7 and 7.9.

Proposition 7.7 (Properties of Power Function with Fixed Base).
Let a be a positive real number and f, : R — (0,00) be the power function
with base a given by f,(x) := a®. Then we have the following:

(i) fa is a differentiable function on R and
fi(z) = (Ina)a® = (Ina)fu(z)  for every z € R.

(ii) If a > 1, then f, is strictly increasing as well as strictly conver on R.
If a < 1, then f, is strictly decreasing as well as strictly convex on R.
If a =1, then fo(z) =1 for all z € R.

(iii) If a # 1, then f, is not bounded above on R. More precisely, if a > 1, then
fa(z) — 00 as © — oo, whereas fo(xr) — 0 as x — —o0, and if a < 1,
then f.(x) — o0 as x — —oo, whereas f,(x) — 0 as x — oo.

(iv) If a # 1, then the function f, : R — (0,00) is bijective and its inverse
f1:(0,00) — R is given by

fil(x) = . Z for x € (0, 00).
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(v) For any x1 and x2 in R, we have
fa(zy +22) = fal21) falxs), that is, a™* %2 = a*'a”2.
(vi) For any x1 and x2 in R, we have
@)™ = falmrza) = [fale)],  thatis, (@)™ = 0?12 = ()"

Proof. (i) Since f,(z) = exp(zlna) for x € R and (exp)’ = exp, the Chain
Rule (Proposition 4.9) shows that

fi(x) = (Ina) exp(zrlna) = (Ina)a” = (Ina) f, ().

(ii) Let @ > 1. Then Ina > 0 and hence the derivative f. of f, is positive
on R. This shows that f, is strictly increasing on R. Further, since

f(x) = (Ina)f(x) = (Ina)*fo(xr) >0 forall z € R,

a

it follows that f, is strictly convex on R. Similar arguments yield the desired
results for f, if a < 1. If a = 1, then fi(z) = 17 = e*I"! = €0 = 1 for all
z eR.

(iii) If @ > 1, then Ina > 0 and so fu(z) = e™9)* — o0 as z — oo,
whereas f,(z) — 0 as x — —oo. Similarly, if a < 1, then Ina < 0 and so
fa(z) = eM9)? — o0 as & — —o0, whereas f,(x) — 0 as & — oo. This shows
that if a # 1, then f, is not bounded above on R.

(iv) Let @ # 1. The bijectivity of f, : R — (0, c0) follows from the bijectiv-
ity of the function exp : R — (0, 00) and the fact that Ina # 0. For z € (0, 00),
we have

fa(lnz/Ina) = a™*/ "% = exp ([Inz/Ina]lna) = exp(lnz) = 2.

Hence f; !(z) =Inz/Ina for z € (0, 00).

(v) For any 7 and x2 in R, we have
exp ((z1 + z2)Ina) = exp(z1Ina + zoIna) = exp(z1 Ina) exp(xz Ina),

and thus, f,(z1 + 22) = fo(21) fa(z2), as desired.

(vi) For any 1 and x9 in R, we have
[fa(z1)]"? = (a™)*? = exp(z2Ina™) = exp(zaxy Ina) = a*™ = f,(zam1).
Interchanging 1 and x5, we have

[fa(z2)" = fa(z122).

Since xor1 = T1x2, we obtain the desired result. O
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Y y
y=2"
+ + + + X + + + + xr
-2 -1 0 1 2 -2 -1 0 1 2

Fig. 7.3. Graphs of the power function f, with base (i) a = 2, and (ii) a = 1/2

The geometric properties of the function f, proved in Proposition 7.7 can

be used to draw its graph as in Figure 7.3, when a =2 and a = %

Remark 7.8. Let a > 0 and f,(z) := a” for z € R. If a # 1, then the inverse
£l :(0,00) — R of the function f, : R — (0, 00) exists and it is denoted by
log,,; this is known as the logarithmic function with base a. Thus we have

Inx

log, z = x € (0,00).

Ina’

Clearly, if a = e, then log, = log, = In. For this reason, the number e is often
referred to as the base of the natural logarithm. Another commonly used
base is @ = 10. The function log,, is often written simply as log. Thus

logx = x € (0, 00).

In10’

The first few digits in the decimal expansion of In 10 are given by
In10 = 2.30258509.. . .

This enables us to compute the value of logx if we know Inz, and vice versa
for x € (0, ). <&

Proposition 7.9 (Properties of the Power Function with Fixed Ex-
ponent). Let b be a real number and g, : (0,00) — (0,00) be the power
function with exponent b given by gy(x) := . Then we have the following:

(i) gv is a differentiable function on (0,00) and

gh(x) = bx"" = bgy_1(x)  for every x € (0,00).
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(ii) If b > 0, then gy is strictly increasing, and if b < 0, then gy is strictly
decreasing on (0,00). Further, if b > 1 or b < 0, then gy is strictly conver,
and if 0 < b < 1, then gy is strictly concave on (0,00). If b = 0, then
a(x) =1, and if b =1, then gp(x) = = for all x € (0,00).

(iii) If b # 0, then gy is not bounded above on (0,00). More precisely, if b > 0,
then gp(x) — 00 as © — oo, whereas gy(x) — 0 as x — 0, and if b < 0,
then gp(x) — 00 as © — 0, whereas gy(z) — 0 as x — 0.

(iv) If b # 0, then the function gy : (0,00) — (0,00) is bijective and the
function g, 3, : (0,00) — (0,00) is the inverse of gy.

(v) For any x1 and x2 in (0,00), we have

gp(x122) = gp(x1)gp(22), that is, ($1.’E2)b = xl{xg

Proof. (i) Since gp(z) = exp(blnz) for x € (0,00), the Chain Rule (Proposi-
tion 4.9) shows that

b
gr(z) = exp(blnz) = bx’"! = bgy_, (x).
T

(ii) We note that for each b € R, the function g, is positive on (0, 00). Hence
by (i) above, the derivative g; of g, is positive on (0, c0) or negative on (0, co)
according as b > 0 or b < 0. This shows that g is strictly increasing on (0, c0)
or strictly decreasing on (0, 00) according as b > 0 or b < 0. Further,

g () = bgy_1(x) =b(b—1)gp(x) for all z € (0,00).
Hence it follows that g is strictly convex on (0,00) or strictly concave on

(0, 00) according as b € (—o0,0) U (1,00) or b € (0,1). If b = 0, then go(x) =
e — 0 =1 and if b = 1, then g (x) = e® = for all € (0, c0).

(iii) If b > 0, then by the properties of the function In, gy(x) = e®'* — 0o
as ¢ — 00, whereas gp(x) — 0 as x — 0. Similarly, we obtain the desired
results for g, if b < 0. This shows that if b # 0, then g, is not bounded above
on (0, 00).

(iv) Let b # 0. The bijectivity of g, : (0,00) — (0,00) follows from the
bijectivity of the functions In : (0,00) — R and exp : R — (0, 00). Also,

91/6(9(2)) = g15(2") = exp[(In2”)/b] = exp(lnz) =z for all z € (0, 00).

Similarly, gy(g1/s(z)) = @ for all € (0,00). Thus gy is the inverse of gp.

(v) For any x1, x2 € (0,00), we have
exp(blnzizs) = expb(Inzy + Inxze) = exp(blnz) exp(blnxs),
and thus, gy(z122) = gs(x1)gs(x2), as desired. O

The geometric properties of the function g, proved in Proposition 7.9 can
be used to draw its graph when b = V2 and b= 1/\/2 as in Figure 7.4.

The following result is a generalization of Example 6.24 (i).
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Y

V2 Y= Z1/V2

Fig. 7.4. Graphs of the power function g, with exponent: (i) b = /2, and (ii)

b=1/v2

Corollary 7.10. Let r be a real number such that r # —1. Let a and b be real
numbers such that 0 < a < b, and f : [a,b] — R be given by f(z) :=a". Then

f is integrable and
b pr+l _ grtl
dr = .
/a J(@)de r+1

Proof. Since f is continuous on [a, b], it is integrable. Define F : [a,b] — R by
F(z) := 2" /(r + 1). By part (i) of Proposition 7.9, F is differentiable and
F'(x) = 2" for all € [a,b]. Hence part (i) of the FTC (Proposition 6.21)

shows that
br+1 o ar+1

b
/a f@de = F®) - F@) ="

as desired. O

)

Remark 7.11. Parts (v) and (vi) of Proposition 7.7 and and part (v) of
Proposition 7.9 are known as the ‘laws of exponents’ or the ‘laws of in-
dices’. We list them below:

(i) a"t* =a"a" for all a € (0,00) and r, s € R,
(i) (a")® = a"* for all @ € (0,00) and 7, s € R,
(iii) (a1a2)” = (a1)"(az)" for all ai, as € (0,00) and r € R.

For integral powers, we have stated these earlier in Section 1.1. <&

Remark 7.12. Let D CR and f,g: D — R be functions such that f(x) > 0
for all x € D. Consider the function h : D — R defined by

h(z) == f(x)9®).
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Properties of the function h can be studied by considering the function % :
D — R defined by
k(z) :==Inh(z) = g(z)In f(z).

For example, let D := (0,00), and f, g : D — R be defined by f(z) := x and
g(x) = 1/x. As we have seen in Example 7.4 (ii), k(z) := (Inx)/z — 0 as
r — 00, and hence

lim 2'/* =1.

xr—00
We note that the indeterminate forms 0%, co”, and 1°° involving the functions
f and g can be reduced to the indeterminate form 0 - oo (treated in Remark
4.44) involving the functions In f and g, since

(i) f(x) = 0 and g(x) - 0 = In f(x) — —o0 and g(x) — 0,
(ii) f(z) — o0 and g(x) — 0 = In f(z) — o0 and g(z) — 0,
(iii) f(z) — 1 and g(z) — co = In f(x) — 0 and g(x) — oc.
Revision Exercise 22 given at the end of this chapter can be worked out using
these considerations. <

7.2 Trigonometric Functions

Using the logarithmic function defined in Section 7.1, the reciprocal of any
linear polynomial can be integrated. Indeed, up to a constant multiple, such
a function is given by 1/(x — «), where a € R, and we have

1
(ln(a:—a))zx_a forz e R, z > a.

dx

The next question that naturally arises is whether we can integrate the re-
ciprocal of a quadratic polynomial, say 22 + ax + b, where a,b € R. If this
quadratic happens to be the square of a linear polynomial, say (z — «)?, then
the answer is easy because

d<_1>: ! for x € R, z # «.

dx \r — « (x — «a)?
Further, if the quadratic factors into distinct linear factors, that is, if
2> +ar+b=(x—a)(z—p) forsomea, BER, a>f,

then we have

1 1 1 B 1 1 d lnx—a for 1>
2+ar+b a—-flz—a x—-8| a-pFdx x— '

If, however, the quadratic 24 ax+ b has no real root, then we face a difficulty.
The simplest example of this kind is the quadratic 22 + 1. To be able to
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integrate the reciprocal of this polynomial, a new function has to be introduced
and we shall do it in this section. In the ‘Notes and Comments’ at the end of
this chapter, we shall indicate how every rational function can be integrated
using only this new function, the logarithmic function, and, of course, the
rational functions themselves.

The function f : R — R defined by f(t) := 1/(1+#?) is continuous. Hence
it is Riemann integrable on every closed and bounded interval. For x € R, we
define the arctangent of x by

o1
arctanz := dt.
o 1+1¢2

The function arctan : R — R is known as the arctangent function. The
reason for this terminology will be explained in Section 8.4 when we discuss
the ‘length’ of an arc of a circle. We write arctan z, rather than arctan(z), for
the value of the arctangent function at = € R.

Clearly, arctan0 = 0, and since 1/(1 + t2) > 0 for all t € R, we have
arctanx > 0 if x > 0, while arctanz < 0 if z < 0.

Proposition 7.13 (Properties of the Arctangent Function and Defi-
nition of 7).

(i) arctan is a differentiable function on R and

;1

(arctan)'z = 14 22 for every xz € R.
x

(ii) arctan is strictly increasing on R. Also, it is strictly convex on (—o0,0)
and strictly concave on (0,00).
(iil) arctan is an odd function. Also, it is bounded on R. We define

7= 2sup{arctanz : x € (0,00)}.

Then arctanx — 7/2 as © — o0, whereas arctanz — —m/2 as x — —oc.
(iv) For everyy € (—m/2,m/2), there is a unique x € R such that arctanz = y.
In other words, arctan : R — (—m/2,7/2) is a bijective function.

Proof. (i) Since the function f : R — R given by f(t) = 1/(1 + ¢?) is con-
tinuous, the Fundamental Theorem of Calculus (Proposition 6.21) shows that
the function arctan is differentiable at every x € R and (arctan)'z = f(x) =
1/(1 + 2?) for every z € R.

(ii) Since the derivative of arctan is positive on R, it follows from part (iii)
of Proposition 4.27 that arctan is strictly increasing on R. Further, since

2x

tan) e — —
(arctan)”x L4 a2

which is positive for all € (—o0,0) and negative for all x € (0, 00), it follows
from parts (iii) and (iv) of Proposition 4.32 that arctan is strictly convex on
(—00,0) and strictly concave on (0, co).
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(iii) For z € R, we have
1 |
arctan(—zx) = dt = — ds = —arctanz,
0 1+t2 0 1+s?

by employing the substitution s = —t. Hence arctan is an odd function.
Next, we show that arctan is a bounded function. By the Mean Value
Theorem (Proposition 4.18), we have

1
arctan 1 — arctan 0 = (arctan)’c = for some ¢ € (0,1).
1+¢2

Since 1/(1 + ¢?) < 1 for every ¢ € R and arctan0 = 0, we have
arctanl < 1.

Now let = € (1, 00). By Cauchy’s Mean Value Theorem (Proposition 4.36)
for the function arctan restricted to the interval [1,z] and the function g :
[1,2] — R given by g(t) = —1/t, we obtain

arctanx — arctan1  (arctan)’c c?

g@)—g(1)  ge) T 1+e

This shows that

for some ¢ € (1, z).

2 1 1
©<l4l- —2-
C X

1
arctanz = arctanl + (— + 1) .
T 1+ T

Hence 0 < arctanz < 2 for every x € (0,00). Since arctan is an odd func-
tion, we see that 0 > arctanx > —2 for every x € (—00,0). Thus arctan
is bounded above and bounded below on R. Consequently, there is a well-
defined real number 7 such that 7 = 2sup{arctanz : @ € (0,00)}, that is,
m/2 = sup{arctanz : & € (0,00)}. Now since arctan is (strictly) increasing,
it follows from Proposition 3.35 that arctanz — 7/2 as & — oo. Again, since
arctan is an odd function, arctanz — —7/2 as x — —o0.

(iv) The function arctan is one-one since it is strictly increasing. Let y €
(—m/2,7/2). Since arctanz — —oo as x — —7/2, there is some zy € R
such that arctanzy < y and since arctanz — oo as © — 7/2, there is some
21 € R such that y < arctanx;. But by part (i) above, the function arctan
is continuous on the interval [zg,z1]. So, the IVP (Proposition 3.13) shows
that there is some x € (xg,x1) such that arctanz = y. Thus the function
arctan : R — (—7/2,7/2) is bijective. O

The geometric properties of arctan obtained in the above proposition can
be used to draw its graph as follows.

Let us estimate the number 7 = 2sup{arctanx : = € (0,00)}. We have
seen in the proof of part (iii) of the above proposition that arctanz < 2 for
every x € (0,00). Hence 7 < 4. Further, this proof shows that
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Fig. 7.5. Graph of the arctangent function

1
arctanl = _ for some ¢ € (0, 1)

and so arctan1 > ; Also, we have shown that for z € (1, 00),

c2

1
arctanz = arctanl + ( 1 —
) 1+c?

for some ¢ € (1,x).
Since ¢?/(1 4 ¢*) > } for any c € (1,00), we see that

a. ta > 1 - 1 (1 ()O)
T n + — — c .
¢ * 2 X 2 21'7 * ’

Hence 2arctanz > 2 — (1/z) for each x € (0, 00), showing that 7 > 2. Thus
2 <7 <4.

The number 7 is traditionally ‘defined’ as the area of a circular disk of radius 1
or as half the perimeter of a circle of radius 1. But these definitions presuppose
the notions of ‘area’ or ‘length’. In Chapter 8, we shall reconcile our definition
of m with the traditional definitions after giving precise definitions of ‘area’
and ‘length’.

Better lower and upper bounds for the number 7 can be obtained. (See,
for example, Exercise 16.) The first few digits in the decimal expansion of 7
are given by

m = 3.14159265 ... .

In fact, 7 is an irrational number (Exercise 57), and furthermore, 7 is tran-
scendental, that is, it is not a root of any nonzero polynomial with rational
coefficients. (See [7] for a proof.)

Let us now turn to the inverse of the arctangent function. The inverse of
the bijective function arctan : R — (—7/2,7/2) is known as the tangent
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function and is denoted by tan : (-7 /2,7/2) — R. We write tanz, rather
than tan(z), for the value of the tangent function at = € (—n/2,7/2). The
function tan is characterized by the following:

x € (—m/2,m/2) and tanzx =y <=y € R and arctany = x.

Note that tanx > 0 for z € (0,7/2), while tanz < 0 for x € (—n/2,0).
Moreover, since arctan 0 = 0, we have tan0 = 0.

—7/2

5

Fig. 7.6. Graph of the tangent function on (—m/2, 7/2)

Proposition 7.14 (Properties of the Tangent Function).

(i) tan is a differentiable function on (—w/2,7/2) and

(tan)’z = 1 +tan’x  for every x € (—;T, 72r) .
(ii) tan is strictly increasing on (—7/2,mw/2). Also, it is strictly concave on
(—7/2,0) and strictly convez on (0,7/2).
(iii) tan is an odd function on (—mw/2,7/2). Also, tanx — o0 as x — /2,
whereas tanz — —oco as x — —7/2.

Proof. (i) Let « € (—n/2,7/2) and ¢ € R be such that arctanc = .
Since the function arctan : R — (—n/2,7/2) is differentiable at ¢ and
(arctan)’c = 1/(1 + ¢?) # 0, Proposition 4.11 shows that the inverse func-
tion tan : (—m/2,7/2) — R is differentiable at = arctanc and



7.2 Trigonometric Functions 245

1

=1+c*=1+tan’ 2.
(arctan)’c +

(tan)'z =

(ii) Since the derivative of tan is positive on (—7n/2,7/2), it follows from

part (iii) of Proposition 4.27 that tan is strictly increasing on (—7n/2,7/2).
Further, since

d
(tan)’z = dx (1+tan’z) = 2tanz (1 +tan’z) for z € (—;r, ;T) ,
and since tanz > 0 for x € (0,7/2), while tanz < 0 for z € (—7/2,0),
it follows from parts (iii) and (iv) of Proposition 4.32 that tan is strictly
concave on (—m/2,0) and it is strictly convex on (0,7/2).

(iii) Let @ € (—7/2,7/2) and y = tanz. Then
tan(—z) = tan(— arctany) = tan(arctan(—y)) = —y = — tanz.

Thus tan is an odd function on (—m/2,7/2).

Since the range of the function tan is the domain of the function arctan,
namely R, we see that tan is neither bounded above nor bounded below on
(—=m/2,7/2). Also, since tan is (strictly) increasing on (—7/2,7/2), it follows
from Proposition 3.35 that tanx — oo as * — 7/2 and tanz — —o0 as
x— —m/2. |

The geometric properties of tan obtained in the above proposition can be
used to draw its graph as in Figure 7.6.

Sine and Cosine Functions

To begin with, we define the sine function and the cosine function on the
interval (—7/2,7/2) by
tanx 1

i d f e( N 7r)
sinz := an cosx = orze(—_, ).
V1 +tan?z V1 +tan?z 2°2

It is clear from the definition that

sinx T T
tanx = forxe(— , )
cosx 2°2
Further, the properties of the tangent function (Proposition 7.14) yield the
following:

1. sin0 =0 and cos0 = 1.

2. sin(—z) = —sinz and cos(—x) = cosz for all z € (—7/2,7/2).

3. 0<sine < 1forallze (0,7/2) and —1 <sinz < 0 for all x € (—7/2,0),
while 0 < cosz < 1 for all z € (—7/2,7/2).

4. sinz — lasz — (7/2)” and sinz — —lasz — (—7/2)", while cosz — 0
asx — (m/2)” oras x — (—m/2)7.
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5. Both sin and cos are differentiable on (—n/2,7/2) and satisfy
. / / . ™
(sin)'z =cosz and (cos)xz = —sinx forall z € (— o’ ) .

It follows that sin is strictly increasing on (—m/2,7/2), while cos is strictly
increasing on (—n/2,0) and strictly decreasing on (0, 7/2). Also, since

T
(sin)’z = (cos)'w = —sinz and (cos)’x = (—sin)'z = —cosx for z € (— o 2) )
we see that sin is strictly convex on (—m/2,0) and strictly concave on (0, 7/2),
while cos is strictly concave on (—m/2,7/2).
The geometric properties of sin and cos obtained above can be used to
draw their graphs as in Figure 7.7.

—7r/:2 f 7r/:2 —-n/2 0 /2

Fig. 7.7. Graphs of the sine function and the cosine function on (—7/2, 7/2)

By the definition of derivative and the earlier observations that sin0 = 0,
(sin)’0 = 1, cos0 = 1, and (cos)’0 = 0, we obtain the following important
limits:

inh h—1
lim > =1 and lim < =0.
h—0 h h—0 h
We now define sin and cos at 7/2 as follows:
sin” =1 and cos =0
Next, we extend sin and cos to R by requiring
sin(x + ) ;== —sinz  and  cos(z + ) := —cosz for x € R.

It follows that

1. sin(z 4 27) = sinz and cos(x + 27) = cosx for all x € R.

2. sin(—xz) = sinz and cos(—xz) = cosz for all € R, that is, sin is an odd
function and cos is an even function on R.

3. sinz = 0 if and only if x = k7 for some k € Z, and cosz = 0 if and only
if x = (2k + 1)7/2 for some k € Z.
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Recalling that tanz = sinz/cosx for x € (—n/2,7/2), we extend the
function tan to R\ {(2k + 1)7/2 : k € Z} as follows:

sinx
t = fi cR 2k + D) /2 : k € Z}.
an cos or T \ {2k + 1)/ }
Then we have

sin(z +7) —sinz
t = = =t fi € R\{(2k+1)7/2: k € Z}.
an(z+m) cos(z +7) — —cosz anz for x \{(2k+1)m/ }

Hence for each k € Z,

2k + 1)~ 2% + )"
(k; ) and tanm—>—ooasa;—>(k; )ﬂ-.

tanx — oo as r —

In view of the above remarks, the graphs of the (extended) sine, cosine, and
tangent functions can be drawn as in Figures 7.8, 7.9, and 7.10, respectively.

|

—3m\=57/2_Aor —31/2 —1 \—7/2 }[0 w2 TNG3r/2 o sw/2 3r
1

Fig. 7.8. Graph of the sine function on R

1

—5m/2 =2 —37/2\_ -7 Cm/2 0*} /2 e 3n/2 2m 5w/2 3

-1
Fig. 7.9. Graph of the cosine function on R

We shall now consider the differentiability of the functions sin, cos, and tan.

Proposition 7.15. The functions sin and cos are differentiable on R and
satisfy

(sin)z = cosz and (cos)z = —sinz for all z € R.
Also, the function tan is differentiable on R\ {(2k + 1)w/2 : k € Z} and

(tan)’z = 1 +tan®z  for all R\ {(2k +1)7/2 : k € Z}.
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Proof. We have mentioned before that both sin and cos are differentiable on
(=m/2,m/2) and their derivatives satisfy the relations stated in the proposi-
tion. Also, from our extension of sin and cos to R, it is clear that this holds
at every € R, x # (2k 4+ 1)7/2 for any k € Z.

Let us now prove that sin is differentiable at /2 and its derivative at 7 /2
is 0. First, note that sinz — 1 and cosz — 0 as ¢ — (7/2)”, and sin7/2 = 1.
Hence by L’Hopital’s Rule for 8 indeterminate forms 4.37, we have

S 9
i, S0Z sin(m/2) — Lm YT _g
z—(r/2)~  x—(7/2) z—(r/2)~ 1
Next, let w = x — m. Then as z — (7/2)%, we have u — (—7n/2)" and
sinz = sin(u+m) = —sinw. Also, sinu — —1 and cosu — 0 as u — (—7/2)7.
Hence again by L’Hopital’s Rule, we have
o 9 Csinu— 1 B
gy ST sin(m/2) _ ) sinu ) cosu

1
a—(r/2)t . —(7/2) u_>(£[rl/2)+ u+(7/2)

= lim
u—(—7/2)+ 1

=0.

This proves (sin)’(7/2) = 0. Similarly, it can be shown that for each k € Z,

(sin)’((2k+1)g): 0= cos((2k+1)g),

(cos)’ ((4k n 1)2) — 1= —sin ((4k + 1)7;),

(cos)’ ((41: - 1)727) - 1=—sin ((4k - 1)7;).

Thus sin and cos are are differentiable on R and their derivatives satisfy the
relations stated in the proposition.

The differentiability of the function tan and the formula for its derivative
follow from parts (iii) and (iv) of Proposition 4.5. O

The above proposition implies that sin and cos are infinitely differentiable
on R, and for k£ € N, their kth derivatives are given by

—1)k/2 ¢ if ki
k) (=1)*/“sinz if k£ is even,
(sin)™™ { (—1)F=D/2cos g if k is odd,

and 1
Nk ) (=1 cos T if k is even,
(cos) ™ { (—=1)*+D/2gin g if k is odd.

Hence the nth Taylor polynomial for sin about 0 is given by

3 5

oz z"
_ (=12 if n i
T + 5l +(-1) ol if n is odd,
Pn =
(z) e - (2 &
x—3!+5!—-~-+(—1) (n—1) if n is even.
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3m 3m

Fig. 7.10. Graph of the tangent function on R

In particular, the linear as well as the quadratic approximation of sin around
0 is given by
L(z)=Qx) =z, xR

Similarly, the nth Taylor polynomial for cos about 0 is given by

x? 2t z"
_ (=12 if n i
1 o T +(=1) l if n is even,
Pul) = 2 4 n-1
¥ x
_ g (=1 (mmD)/2 ifni
1 o1 + Al +(-1) (n—1) if n is odd.

In particular, the linear and the quadratic approximations of cos around 0 are
given by
72

L(z)=1 and Qz)=1- 5

, zeR
We now prove an important identity and the addition formulas for the
functions sin and cos.

Proposition 7.16.

(i) For all x € R, we have the identity
sin? 2 4 cos’z = 1.

(ii) For all x1 and x5 in R, we have the addition formulas
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sin(zq + x2) = sinx cos g + cos xy sin o

and
cos(r1 + x3) = coswy cosxe — sinxy sin xa.
Proof. (i) Consider the function f: R — R given by

f(z) :=sin’z +cos’x forz € R.

We have f/(x) = 2sinzcosz + 2cosz(—sinz) = 0 for all € R and hence
f(z) = f(0) =sin®0+cos?0 =0+ 1 =1 for all x € R. This proves (i).
(ii) To derive the addition formulas, fix zo € R and define g,h : R — R by

g(z) := cosxsin(x + x2) — sinx cos(x + x3) for x € R
and
h(z) := sinzsin(x + x2) + cosx cos(x + x3) for x € R.
Then it can be easily checked that ¢’(z) = 0= h/(x) for all x € R and hence
g(z) = g(—x2) =sinxe  and  h(z) = h(—x2) = cosxs.
Putting x = 21 in these equations, we obtain
cos x1 sin(xy + x2) — sinx cos(xy + x2) = sinwg
and
sin @y sin(xy + x2) + coszq cos(x1 + x2) = cos xa.
Solving these two linear equations for sin(z1 +x2) and cos(z1 +x2), we obtain
sin(zy + x2) = sin 1 cos g + cos xy sin 9
and
cos(x1 + T3) = cos 1 cos xo — sinxy sin xa,

as desired. O

We now consider the reciprocals of the functions sin, cos, and tan. The
cosecant function and the secant function are defined by

1
cscx = if v € R, x # km for any k € Z,
sin x
and

1
secx 1= ifmeR,x;é(Qk—l—l)ﬂ- for any k € Z.
cos 2

The cotangent function is defined by
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cos T
cotx = | ifx € R, x # kr for any k € Z.
sinx

Thus cot x is the reciprocal of tanz if « # kn/2 for any k € Z.

The functions sin, cos, tan, csc, sec, and cot are known as the trigono-
metric functions. Several elementary results concerning these functions are
given in Exercises 27-33. They follow from their definitions and from Propo-
sition 7.16.

Let us now consider the inverse trigonometric functions. The function
f:(—=7m/2,7/2) — R defined by f(z) = tanz is bijective. Its inverse is the
function arctan : R — (—7/2,7/2) with which we started our discussion in
this section. This function is also denoted by tan~!. Thus

tan"' R — (—7/2,7/2)
is the function characterized by the following:
y€Rand tan'y =z <= 2 € (—7/2,7/2) and tanz = y.

Also, as we have seen in part (i) of Proposition 7.13,

1

—1\7,,
(tan )y_1+y2

for all y € R.

The function g : [-7/2,7/2] — [—1,1] defined by g(z) := sin z is bijective.
Its inverse is denoted by sin™! or by arcsin. Thus

sin™!: [<1,1] — [-7/2,7/2]
is the function characterized by the following:
y€[-1,1]and sin"'y =2 <=z € [-7/2,7/2] and sinz = y.

By the Continuous Inverse Theorem (Proposition 3.14), the function sin™*
is continuous on [—1,1]. Also, the derivative formula for the inverse func-
tion (Proposition 4.11) shows that for y € (—1,1) and y = sinz with
x € (—7/2,m/2), we have
1 1 1 1
(sin™!)y = = = = .
f'(x) CoOS T \/1—sin2x \/1—y2

Thus sin~! is differentiable on (—1,1).
Similarly, the function h : [0,7] — [—1,1] defined by h(x) := cosz is
bijective. Its inverse is denoted by cos™' or by arccos. Thus

cos™': [~1,1] — [0, 7]

is the function characterized by the following;:
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y€[-1,1] and cos 'y =2 <= x € [0,7] and cosz = y.
By Proposition 3.14, the function cos™! is continuous on [—1,1]. Also, as
before, for y € (—1,1) and y = cosx with x € (0, 7), we have
1 I |
g (x) —sinz  /1—cos?x \/1—3/2.

Thus cos™! is differentiable on (—1,1).

The graphs of the inverse trigonometric functions sin™! : [-1,1] —
[-7/2,7/2] and cos™! : [~1,1] — [0, 7] are shown in Figure 7.11.
Y
Y 71'
tn/2

y=sin""x
/2

Yy = cos™lx

1 —n/2 1 0 1

Fig. 7.11. Graphs of sin™' : [~1,1] — [~7/2,7/2] and cos™* : [~1,1] — [0, 7]
The function f; : (0,7) — R defined by fi(x) := cotx is bijective. Its
inverse is denoted by cot™!. Thus
cot ™R — (0,7)
is the function characterized by the following;:
y€Rand cot ™'y =2 <+= 2 (0,7) and cotx =y.

The function g1 : [0,7/2) U (7/2,7] — (—o0,—1] U [1,00) defined by
g1(z) := cscx is bijective. Its inverse is denoted by csc™!. Thus

esc™t (o0, —1] U [1,00) — [0,7/2) U (n/2, 7]
is the function characterized by the following:

yER, |y >1and cscly=a+=2cR, 0< |z|<7/2and cscx =y.
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The function hy : [0,7/2) U (7/2,7] — (—o00,—1] U [1,00) defined by
hi(x) := secx is bijective. Its inverse is denoted by sec™!. Thus

sec™! 1 (=00, —1]U[1,00) — [0,7/2) U (7/2, 7]
is the function characterized by the following:

yeR, |yl >1and sec”ly =2 <=z € [0,n], #n/2and secx = y.
The formulas for the derivatives of the functions cot™!, csc™!, and sec™!
are given in Exercise 40. For various relations involving the inverse trigono-
metric functions, see Exercises 34—39.

7.3 Sine of the Reciprocal

In this section we study the composition of the reciprocal function  — 1/x
and the sine function. We also study some related functions. To begin with,
consider the function f: R\ {0} — R defined by

flz) = sini, x #0.

The reason for paying special attention to this function is that it has many
interesting properties and it provides, along with other associated functions,
several examples and counterexamples for various statements in calculus and
analysis. We have deferred these examples till now since the trigonometric
functions were introduced only in Section 7.2.

Properties of the sine function developed earlier yield the following:

1. f is an odd function.

. f is a bounded function. In fact, —1 < f(z) <1 for all z € R\ {0}.

3. f(x) = 0if and only if 2 = 1/kn for some nonzero k € Z, while f(z) =1
if and only if © = 2/(4k + 1)7 for some k € Z, and f(x) = —1 if and only
if x =2/(4k — 1)7 for some k € Z.

The graph of the function f drawn in Figure 7.12 shows that it oscillates
between 1 and —1 more and more rapidly as we approach 0 from the left
or from the right.

4. f is continuous on R\ {0} since the reciprocal function = — 1/x is con-
tinuous on R\ {0} and the sine function is continuous on R (Proposition
3.4).

5. f is not uniformly continuous on (0,6) for any § > 0. This follows by
noting that if z,, = 1/nm and vy, = 2/(4n + 1) for n € N, then for all
large n, we have x,, y, € (0,9) and x,, — y, — 0, but since f(x,) = 0,
flyn) = 1, we see that f(z,) — f(yn)+ 0. Similarly, f is not uniformly
continuous on (—4,0) for any § > 0.

[\
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y = sin
T

-1
Fig. 7.12. Graph of f: R\ {0} — R given by f(x) = sin i

However, if D C R and there is 6 > 0 such that D C (—o0, —d] U [d, o0),
then f is uniformly continuous on D. This can be seen as follows. Let (x,,)
and (y,) be any sequences in D such that z,, — y, — 0. Then

o1 1 1 ( 1 1 ) 1 ( 1 1 )
sin — sin = 2cos + sin —
Tn Yn 2 \zp Yn 2 \z, Yn
= —2cos (xn +yn> sin (xn B yn) for all n € N.
220 Yn 200 Yn

(See Exercise 28.) Since |x,| > ¢ and |y,| > § for all n € N, we see that
(Tn, — Yn)/2xnyn — 0 and hence
1 1

sin — sin
Tn Yn

<2

[f(@n) = f(yn)| =

sin —0 as n — oo.
2%nYn

6. f is infinitely differentiable at every nonzero x € R, thanks to the Chain
Rule (Proposition 4.9). In particular, we have

f(x) = —;2 cosi and f"(z) = ;3 cosalc — ;4 Sil’li for z € R\ {0}.
It is clear that for any 6 > 0, f" and f” are not bounded on (0, §) as well
as on (—4,0).

7. For any § > 0, f is not monotonic on (0,0) as well as on (—4,0). To see
this, let oy := 1/km for nonzero k € Z; note that f'(zj) = (—1)*1k27?
and apply part (i) of 4.28.
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8. For any 6 > 0, f is neither convex nor concave on (0,d) as well as on
(—4,0). To see this, let z) := 1/kn for nonzero k € Z; note that f”(xy) =
(—1)*E37% and apply part (i) of Corollary 4.33.

We remark that similar properties are possessed by the real-valued function
g : R\ {0} — R defined by

1
g(x) = cos_, & £ 0.

(See Exercise 43.)
Let ro € R, and consider the function fy : R — R defined by

o) = {10 K220

70 if z =0.

It follows from Corollary 6.11 that for any a, b € R with a < b, fj is Riemann
integrable on [a,b]. Consider now the function Fj: R — R defined by

Fo(x) = /OI fo(t)dt.

Observe that this function does not depend on the choice of 7o € R, thanks
to Proposition 6.12. Let ¢ € R, ¢ # 0. Since fy is continuous at ¢, part (ii)
of the Fundamental Theorem of Calculus (Proposition 6.21) shows that the
function Fj is differentiable at ¢ and F{(c) = fo(c) = f(c). However, it is not
clear how the functions fy and Fj behave near 0. We now analyze this case
separately. This analysis will show that the converse of a stronger version of
part (ii) of the FTC stated in Remark 6.22 (ii) does not hold.

Proposition 7.17. Let fy and Fy be as defined above.

(i) fo is not continuous at 0. In fact, neither lim,_,o+ fo(x) norlim,_o- fo(z)
exists.
(i) Fo s differentiable at 0 and F((0) = 0, that is,
1 [ 1
lim sin dt =0.
z—0 T 0 t
Proof. (i) Let @, = 1/nm and y, = 2/(4n + 1)7 for n € N. Then (z,) and
(yn) are sequences of positive real numbers such that =, — 0 and y,, — 0, but
f(xn) =0and f(y,) =1 for alln € N, and so f(z,) — 0, whereas f(y,) — 1.
Thus it follows that lim,_,¢+ f(2) does not exist. Since f is an odd function,
lim,_o- f(x) does not exist. Finally, since fo(z) = f(z) for all nonzero z € R,
(i) is proved.
(ii) Let z € R, > 0. By Proposition 6.20, we have

T

v 1 1
Fy(z) — Fo(0) = /0 sin tdt = lim sin tdt.

r—0t J,.
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Fix r € R such that 0 < r < z. Substituting ¢ = 1/u and then integrating by
parts (that is, using Propositions 6.26 and 6.25), we obtain

r 1 L/r 1 1 1 1/r
/ sin dt = / (sinu) *, du = z?cos  —ricos — 2/ COS?)U dui.
r t 1)z u T r e U
Since
1/r 1/r 1 1
o< < [ =6,
1/z 1 2
we see that

VER
S| .
sin  dt| < lim
0 t

r—0t

Cosu ‘
u3

r 1
/ sin tdt‘ < lim+(1-2 _|_'r'2 _|_;U2 _ 7'2) = 222,
r

r—0
Thus for every z € (0,00), we have
1 /% 1 EF — K 1 /% 1
/ sin dt| <2x andso lim o(2) 0(0) = lim / sin dt = 0.
z Jo t z—0+ z—0 z—0t T Jo t

Replacing x by —z and noting that sin is an odd function, we also obtain

lim Fo(w) = Fo(0) = lim 1/l/sin1dt20.
0

z—0— x—0 z—0— T

Hence the desired result follows by Proposition 3.29. g

We remark that a similar result holds for the cosine of the reciprocal. (See
Exercise 44.)

We shall now study some functions associated with the function fy. They
are obtained by multiplying fo by the identity function and by the square of
the identity function.

Example 7.18. Consider the function f; : R — R defined by

{0 223

Properties of the function f developed earlier yield the following:

1. f1 is an even function.

2. f1 is a bounded function. In fact, —1 < f1(z) < 1 for all x € R. To see
this, note that fi(x) = sin(1/x)/(1/z) if  # 0, and —y < siny < y for all
nonzero y € R (as can be seen by a simple application of the MVT). Since
limp_gsinh/h = 1, it follows that fi(z) — 1 as © — oo or as x — —o0.

3. The oscillations of the function f;, inherited from the function f, are
‘damped’ near 0, because |fi(z)| < |z| for all z € R. This behavior of f;
is shown in Figure 7.13.
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14

i
v L "

Fig. 7.13. Illustration of damped oscillations: Graph of fi : R — R given by
f1(0) =0 and fi(z) =zsin | for z #0

4. f1 is continuous on R. To see this, we note that f; is a product of two
functions each of which is continuous on R \ {0}, and moreover, fi is
continuous at 0, because if (z,) is any sequence such that x, — 0, then
we have | f(z,)| < |2n|, and so f(z,) — 0.

5. f1 is infinitely differentiable at every nonzero x € R, thanks to part (iv)
of Proposition 4.5. In particular, we have

fi(z) = sini - i cosi and f]'(z) = —;3 sini for x € R\ {0}.
It is clear that for any § > 0, f{ and f]" are not bounded on (0, ) as well
as on (—4,0).

6. For any § > 0, f1 is not monotonic on (0, ) as well as on (—¢,0). To see
this, let xy, := 1/kn for nonzero k € Z; note that f](zx) = (—1)*1kr and
apply part (i) of Corollary 4.28.

7. For any § > 0, fi is neither convex nor concave on (0,0) as well as on
(—0,0). To see this, let y := 2/(2k + 1) for nonzero k € Z; note that

"(yr) = (—1)**1(k + (1/2))373 and apply part (i) of Corollary 4.33.

8. The right (hand) and the left (hand) derivatives of f; at 0 do not exist,

that is, the limits
fi(@) = f1(0) fi(@) = f1(0)

. . 1 . . o1
lim = lim sin and lim = lim sin
rz—0t r—0 r—0t x r—0— r—0 r—0— xT

do not exist, as we have seen in part (i) of Proposition 7.17.

The function |f1]| has an absolute minimum (although it is not a strict
minimum) at 0. However, there is no 6 > 0 such that f is decreasing on
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(—94,0] and f is increasing on [0,9), because |f1|(1/kw) = 0 for all nonzero
k € Z, while | f1](2/(2k + 1)7) = 2/|2k + 1|x for all k € Z. This phenomenon
was earlier illustrated in Example 1.18 of infinitely many zigzags.

The function f; can be used to conclude that the converse of L’Hopital’s

rule for 2 indeterminate forms is not true. For this purpose, consider functions
hi,g1 : (0,00) — R defined by

1+ fi(z) 1
h = d =
1(z) . and  g1(z) .
Then g1(z) — o0 as & — 0T, ¢/(z) = —1/22 # 0 for all z € (0,00), and
. h1(1‘) .
zg(I)l+ a1 (x zg(r)lJ +h(@)] + ’
but
W, —1 — cos(1 2
lim ) )~ lim [ cos(1/z)]/x = lim [1+ cos(1/z)]
z—0t g1 (.T z—0t —1/.1‘2 z—0t
does not exist because lim,_,y+ cos(1/z) does not exist. &

Example 7.19. Consider the function fs : R — R defined by

b= {5000 5220

Properties of the functions f and f; developed earlier yield the following.

1. f5 is an odd function.

2. For any a € R, f5 is not bounded above on (a, 0c0). This follows by noting
that sin(1/z)/(1/x) — 1 as & — oo, so that

fa(z) = xbl?l(/li)gj) — 00 as T — o0.

Being an odd function, fs is not bounded below on (—o0, b) for any b € R.

3. The oscillations of the function fo, inherited from the function f, are
doubly damped near 0, because | f2(x)| < |z|? for all z € R. This behavior
of f5 is shown in Figure 7.14.

4. fo is continuous on R, since fo(x) = 2 fi(x) for all # € R and the function
f1 is continuous on R.

5. fo is infinitely differentiable at every nonzero z € R. In particular, for any
x € R\ {0}, we have

1 1 2
! = 2 si — 3 d " = 2si _ S _ 3
fa(x) = 2xsin p o8 an fa(x) sin_ — cos sin

It is clear that f5 is bounded on x € R\ {0}, but for any ¢ > 0, f§ is not
bounded on (0, d) as well as on (—0,0).
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Fig. 7.14. Illustration of doubly damped oscillations: Graph of f : R — R given
by f2(0) =0 and fa(z) = 2®sin | for z # 0

6. For any § > 0, fo is not monotonic on (0, ) as well as on (—4d,0). To see
this, let oy := 1/k7 for nonzero k € Z; note that fj(x;) = (—1)**! and
apply part (i) of Corollary 4.28.

7. For any § > 0, fo is neither convex nor concave on (0,0) as well as on
(—0,0). To see this, let yj := 1/kn for nonzero k € Z; note that f5(yx) =
(—1)**12k7m and apply part (i) of Corollary 4.33.

8. fo is differentiable at 0. In fact,

0 = iy BT — pmin =0
But f4 is not continuous at 0, because lim,_.o f5(x) does not exist. This
follows because lim,_,g cos(1/x) does not exist.

9. Although f5(0) = 0, neither does f; have a local extremum at 0 nor is 0
a point of inflection for f because of the oscillatory nature of fo and f}
around 0.

The function fo can be used to conclude that the converse of L’Hopital’s
rule for 8 indeterminate forms is not true. For this purpose, let go(z) := sinx
for € R. Then lim,_.¢ fo(z) = 0 = lim,_,0 g2(z) and

lim fa(@) = (il{% siix) (hm 2 sin i) = (1)(0) =0,

x—0 gz({b) x—0
but / 2 sin(1 1
lim f/z(a:) — lim xsin(l/z) — cos(1/x)
=0 gh(x)  2—0 cosx

does not exist, because lim, g cos(1/x) does not exist, but on the other hand,
lim, 0 2zsin(1/z) = 0 and lim,_ocosz = 1. &

For further examples, see Exercises 45, 48, and 60.
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7.4 Polar Coordinates

Having defined the trigonometric functions and the number 7, we are in a
position to describe an alternative and useful way of representing points in the
plane R? by their polar coordinates. Roughly speaking, the polar coordinates
of a point P = (x,y) € R? are the numbers  and @ satisfying the equations

r=rcosf and y=rsinb.

Geometrically speaking, the number r represents the distance from P to the
origin O = (0, 0), whereas 6 can be interpreted as the ‘angle’ from the positive
z-axis to the line segment OP. However, there is a certain ambiguity if we
define r and 6 simply by the above equations. Indeed, if (r,6) satisfy these
equations, then so do (r,0 + 27), (r,0 — 27), (—r,0 + 7), etc.; the special case
P = O is even worse because we can take » = 0 and 6 to be any real number.
To avoid such ambiguities and to enable us to give a precise definition of polar
coordinates, we first prove the following proposition. In the sequel, we shall
also give a formal definition of the notion of angle, and clarify the geometric
interpretation of polar coordinates.

Proposition 7.20. If z,y € R are such that (z,y) # (0,0), then r and 6
defined by

cos ™! (f) ify >0,
ri= /22 + 32 and 0 :=
—cos™! (;v) ify <0,
r

satisfy the following properties:
rn0eR, r>0, 6¢&(—mma], x=rcosf, and y=rsind.

Conversely, if r,0 € R are such that r > 0 and 0 € (—7, |, then x := rcosf
and y = rsin@ are real numbers such that (z,y) # (0,0), 7 = /22 + y2 and
0 equals cos~*(z/r) or —cos™Y(x/r) according as y > 0 or y < 0.

Proof. Let z,y € R with (z,y) # (0,0) be given. Define r and 6 by the
formulas displayed above. Then (x,y) # (0,0) implies that r > 0. Also, since
|#/r| <1 and since cos™! is a map from [—1,1] to [0, 7], we see that 6 is well
defined and 6 € [—m, «r]. Further, if y < 0, then |x/r| < 1, and so cos™!(z/r) #
7. Thus 0 € (—m, 7). Moreover, since cos(—6) = cos#, it follows that cosf =
x/r, that is, * = rcos@. Consequently, y> = r%(1 — cos®#), and hence y =
+rsind. But from the definition of 6, it is clear that y > 0 if and only if
0 <0 <. So we must have y = rsinf. This proves that r and 0 satisfy the
desired properties.

Conversely, let r,0 € R be given such that » > 0 and 0 € (—m, 7]. Define
x = rcosf and y := rsinf. Since r > 0 and cos?6 +sin?6 = 1, it is clear
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that r = /22 4+ »2, and, in particular, (z,y) # (0,0). Also, since § € (—,7]
and x/r = cos®, it follows that if & € [0, 7], then § = cos™!(z/r), whereas if
0 € (—m,0), then —0 € (0,7) and cos(—0) = cosf = x/r, and consequently,
—0 = cos~!(z/r). Moreover, y = rsin > 0 if and only if 6 € [0, 7], and thus
we see that x and y satisfy the desired properties. O

In view of the above proposition, we define the polar coordinates of a
point P = (x,y) in R2, different from the origin, to be the pair (r,0) de-
fined by the formulas displayed above. Equivalently, » and 6 are real numbers
determined by the conditions r > 0, 6 € (—7, 7|, * = rcosf, and y = rsin6.

For example, the polar coordinates of the points (1,0), (3,4), (0,1), (—1,0),
(0,—1), and (3, —4) are (1,0), (5,cos~1(3/5)), (1,7/2), (1,7), (1, —7/2), and
(5, —cos~1(3/5)), respectively. The polar coordinates of the origin (0,0) are
not defined.

For a point P = (z,y) € R?, we sometimes call the pair (z,y) the Carte-
sian coordinates or the rectangular coordinates of P.

Remarks 7.21. (i) In the definition of polar coordinates, we have required
that 6 should lie in the interval (—, 7]. This is actually a matter of convention.
Alternative conditions are possible and can sometimes be found in books
on calculus. For example, a commonly used alternative is to require that 6
should lie in the interval [0,27). In this case, we have to change — cos™!(x/7)
to 2m — cos~!(x/r) in the formula for § in Proposition 7.20. Yet another
alternative is to let r take positive as well as negative values but restrict
0 to the interval [0,7). In this case, we have to set r equal to \/J;2 + 12
or —/x2 + 2, according as y > 0 or y < 0, and set 0 equal to cos~!(z/r)
(regardless of the sign of y) in Proposition 7.20. In any case, the key equations
remain x = rcosf and y = rsin 6. In fact, some books disregard the questions
of uniqueness and define the polar coordinates of the point (x,y) to be any
pair (r,0) of real numbers satisfying x = rcosf and y = rsinf. We shall,
however, prefer that a change of coordinates be determined unambiguously
and adhere to the definition above.

(ii) It is more common to describe the ‘inverse formula’ for § € (—, 7] sat-
isfying x = rcosf and y = rsin @ in terms of the arctangent function, namely,
0 = tan~!(y/z). However, this is correct only when z > 0. For a comprehen-
sive ‘inverse formula’, one has to consider four other cases separately. Indeed,
0 =tan"(y/z) +mifz < O0and y > 0; = tan"*(y/x) — 7 if z < 0 and
y<0;0=mn/2if x =0and y > 0; finally, § = —7/2 if x = 0 and y < 0. To
avoid this, we have used cos™! in Proposition 7.20, and as a result, it suffices
to consider only two cases.

(iil) In classical geometry, the polar coordinates are described as follows.
In the plane choose a point O, called the pole, and a ray emanating from O,
called the polar axis. Now, the polar coordinates of a point P are (r,6), where
r is the distance of P from the pole O, and 6 is (any) angle from the polar
axis to the line joining O and P. In our approach, the plane comes equipped
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with a (Cartesian) coordinate system, and we have fixed the pole O to be the
origin and the polar axis to be the positive x-axis. <&

We have seen earlier that an equation in z and y determines a curve in
the plane. Similarly, an equation in r and 6 determines a curve in the plane,
namely, the curve consisting of points in the plane whose polar coordinates
satisfy this equation. In case the equation is satisfied when r = 0, we regard
the origin as a point on the curve. Frequently, the equations we come across are
of the form r = p(0), where p is a real-valued function defined on some subset
of (—m,x]. If no domain for p is specified, then this may be assumed to be
(—r, w]. For ease of reference, we may use the terms Cartesian equation and
polar equation to mean an equation (of a curve in the plane) in Cartesian
coordinates and in polar coordinates, respectively.

Fig. 7.15. Spiral of Archimedes r = 6, and the cardioid r = 2(1 + cosf)

Often, a curve can be described by a Cartesian equation as well as by a
polar equation. Sometimes, the latter can be simpler. For example, a circle
of radius 2 centered at the origin can be described by the Cartesian equation
2% + 42 = 4, whereas its polar equation is simply = 2. On the other hand,
to see how the curve given by the polar equation r = 2sin might look like,
it may be easier to first convert it to a Cartesian equation. To do so, note
that the polar equation is equivalent to r? = 2rsin #, and hence the Cartesian
equation is given by x? + y? = 2y, that is, 22 + (y — 1)2 = 1. Thus, the curve
with the polar equation » = 2sinf is a circle of radius 1 centered at the point
(0,1) on the y-axis.

We describe below a few classical examples of curves that admit a nice
description in polar coordinates.

Examples 7.22. 1. [Spiral] The graph of an equation of the type r = af
looks like a curve that winds around the origin, and is known as a spiral

(of Archimedes). The graph of r = 6 is shown in Figure 7.15.
2. [Cardioid] A polar equation of the type r = a(1 + cosf) gives rise to a
heart-shaped curve, known as a cardioid. This curve can also be described
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as the locus of a point on the circumference of a circle rolling round the
circumference of another circle of equal radius. A sketch of r = 2(1+cos#)
is shown in Figure 7.15.

<

Fig. 7.16. Limacon r = 1 + 2 cos 6, and the lemniscate 7? = 2 cos 26

3. [Limagon] A polar equation of the form r = b 4 a cosf, which is more
general than that of a cardioid, traces a curve known as a limagon!® (of
Pascal). It looks similar to a cardioid except that instead of a cusp, it has
an inner loop (provided b < a). A picture of the limacon r = 1+ 2cos# is
shown in Figure 7.16.

4. [Lemniscate] A polar equation of the form 72 = 2a? cos 20 gives rise to
a curve shaped like a figure 8 or a bow tied in a ribbon, which is called a
lemniscate? (of Bernoulli). A graph of a lemniscate with a = 1 is shown
in Figure 7.16, and it may be observed that it displays a great deal of
symmetry.

5. [Rose] Polar equations of the type r = acosnf or r = asinnf give rise
to floral-shaped curves, known as rhodonea curves, or simply roses.
Typically, if n is an odd integer, then it has n petals, whereas if n is an
even integer, then it has 2n petals. Graphs of roses with ¢ = 1 and with
n = 4, 5 are shown in Figure 7.17. The configurations for which n is not
an integer are also interesting, albeit more complicated. For example, if n
is irrational, then there are infinitely many petals. Varying the values of
a, we can obtain different petal lengths. &

! The name limacon comes from the Latin word limax, which means a snail.
2 The name lemniscate comes from the Latin word lemniscus, meaning a ribbon.
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Y Y

Fig. 7.17. Roses r = cosnf for n = 4 (with 2n petals) and n = 5 (with n petals)

Notion of an Angle

In this subsection, we define the basic notion of an angle in various contexts,
and also relate it to polar coordinates discussed above. The formal definition
will use the inverse trigonometric functions that are defined in Section 7.2.
To begin with, we consider line segments OP; and OP, emanating from
a common point O = (zg,yo). If Py = (x1,y1) and P> = (x2,ys2) are different
from O, then we define the angle between O P, and O P» to be the real number

-1

(21— 20) (w2 — 20) + (31— 90) (v — 90) )

((\/(961 —20)% + (Y1 — 3/0)2) (\/(1‘2 —70)* + (y2 — 3/0)2)

This angle is denoted by Z(OP;,OPF,) or by £ PiOP,. Note that by the
Cauchy—Schwarz inequality (Proposition 1.12),

(71 — z0) (w2 — o) + (41 — ¥0) (Y2 — %o)
(V@1 = 20)? + = 90)?) (Vw2 = 20)? + (92— 90)?)

Thus, Z(OP;,0P,) is a well defined real number and it lies between 0
and m. We shall say that the angle between OP; and OP; is: (i) acute
if 0 < Z(OP,0P,) < 7/2, (ii) obtuse if 7/2 < Z(OP;,0P;) < m, and
(iii) a right angle if Z(OP;,0OP,) = w/2. Note that the angle between
OP; and OP; is acute, obtuse, or a right angle according as the number
(1 — o) (z2 — o) + (Y1 — Y0)(y2 — yo) is positive, negative, or zero, respec-
tively.

<1

Remark 7.23. In classical geometry, the notion of angle is regarded as self-
evident and synonymous with the configuration formed by two line segments
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emanating from a point. One assigns the degree measure to angles in such a
way that the degree measure of the angle between the line segments OP; and
OP; is 180° [read 180 degrees] if O, Py, and P; are collinear and O lies between
P, and P,. With this approach, it is far from obvious that every ‘angle’ is
capable of a precise measurement (by real numbers). Such an assumption
is also implicit when one ‘defines’ the trigonometric functions by drawing
right-angled triangles and looking at ratios of sides. We have bypassed these
difficulties by opting to define the trigonometric functions and the notion
of angle by analytic means. In our set up, the degree measure is also easy to
define. One simply identifies 180° with 7, so that 1° becomes equivalent to the
real number 7/180. Thus, the degree measure of the angle between the line
segments OP; and OP;, denoted £ PyOPs, is (180a/7)° if « = Z(OPy, OP;).
To make a distinction, one sometimes says that o is the radian® measure
of Z PLOP;. For example, 7/2, n/3, w/4, and 7/6 correspond, in the degree
measure, to 90°, 60°, 45°, and 30°, respectively. &

To relate the notion of angle with polar coordinates, let us consider the
special case in which O is the origin (0,0), P; is the point A := (1,0) on the
z-axis, and P is an arbitrary point P = (z,y) other than the origin. Let (r, 0)
be the polar coordinates of P. We have seen that r = \/ 22 + 92 represents
the distance from P to the origin O. On the other hand, the angle between
OA and OP is given by

1 x-1 -0 /(T
Z(OA,OP) = cos ((\/ﬂ +y2;(y\/12 +02)> = cos (r) .

It follows that 6 can be interpreted, in analogy with ‘signed area’ defined in
Remark 6.19, as the ‘signed angle’ from OA to OP, namely,

o Z(OA,OP) if P is in the upper half-plane or the z-axis (y > 0),
| —4(0OA,0P) if P is in the lower half-plane (y < 0).

The notion of ‘signed angle’ is illustrated in Figure 7.18. It may be noted
that the sign depends on the ‘orientation’, that is, it is positive if we move
from A to P in the counterclockwise direction (when P is above the z-axis) or
negative if we move from A to P in the clockwise direction (when P is below
the z-axis).

Now, we shall consider a variant of the notion of angle, which enables
us to talk about the angle between two lines rather than two line segments
emanating from a common point. Intuitively, it is clear that two intersecting
lines give rise to two distinct angles, which are complementary in the sense

3 The word radian, derived from radius, has the following dictionary meaning: an
angle subtended at the center of a circle by an arc whose length is equal to the
radius. We can reconcile our current usage of the word with this meaning when
the notion of length of an arc is formally defined in Chapter 8.
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P(z,y)

P(z,y)

Fig. 7.18. Illustration of the ‘signed angle’ § from OA to OP

that their sum is w. As a convention, we shall give preference to the acute
angle among these two angles. Formally, we proceed as follows.

Let Ly and Ly be any lines in the plane R2. If Ly || Lo, that is, if Ly
and Lo are parallel (in particular, if L; = Ls), then we define the (acute)
angle between L; and Lo, denoted by «(Li,Ls), to be 0. If Ly }} Lo, that
is, if L1 and Lo are not parallel, then they intersect in a unique point, say
O = (w0, y0)- Now, pick up any point P; = (z1,y1) on Ly such that Py # O
and any point Py = (x2,y2) on Lo such that Py # O. Define

L(Ly, Ly) = cos~! ( [(z1 — o) (2 — x0) + (Y1 — o) (Y2 — ¥o)| >
o <\/($1 - -730)2 + (yl - yo)2) (\/(.Z‘z — $0)2 + (y2 — 3/0)2)

From the Cauchy-Schwarz inequality (and the conditions when equality
holds), it follows that the fraction in the above expression is < 1, and in
view of the absolute value in the numerator of this fraction, we see that
0 < £(L1, L2) < /2. In general, that is, regardless of whether or not L; || Lo,
we have £(L1, La) € [0,7/2]; also, since cos(m — ) = —cosa for all a € R,
we have

(L1, Ly) = Z(OP,0P) if Z(OPy,0P,) is acute,
1, L2) = 7T—4(OP1,0P2) if 4(0P17OP2) is obtuse.

However, it remains to be seen that when L; }f Lo, then the above definition
of £(L1, L) does not depend on the choice of the points Py, P, other than
O, on L1, Lo, respectively. To this end, let us first note that L; is either the
vertical line x = z¢, or else, it has a well-defined slope, say m;, for i = 1, 2.
Now, if neither L1 nor Ly is vertical, then z; # x9 and m; = (y; —yo)/(xi —x0)
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for i = 1,2. So, in this case, dividing the numerator and the denominator of
the fraction in the definition of (L1, L) by [(x1 — xo)(z2 — x0)|, we obtain

£(Ly,Ly) = cos™" ( 14 mums| >

(\/1 + m%) <\/1 + mg)

In case m; is not defined, that is, if z1 = g, then y; # yo (since P; # O)
and x2 # o (since Ly }f Lz), and hence |y1 — yo| # 0 and my is defined; thus,
dividing the numerator and the denominator of the fraction in the definition
of £(Ly, La) by |ze — x¢|, we obtain

|ma|
(\/1 + m%)

Similarly, if mo is not defined, that is, if xo = xg, then ys # yo and x1 # xg,
and hence |y2 — yo| # 0 and my is defined; thus, in this case

- ma|
A(Ly,Ly) = cos™* <(\/1 _:m%)>

This proves that our definition of £(L1, Ly) is independent of the choice of
Py, Py, different from O, on Lj, Lo, respectively. In the process, we also ob-
tained alternative expressions for £(Li, Lo). These show in particular that

AL(Ly, Ly) = cos™*

L(L1,Ly) =7/2 <= (21 — x0) (22 — 20) + (y1 — y0)(y2 —y0) =0
<= (i) my and my are both defined and mymq = —1, or

(ii) mq is not defined and mz = 0, or vice versa.

If any of these equivalent conditions hold, then we shall say that L; and Lo
are perpendicular lines and write Ly | Ly. As usual, we may write Ly [ Lo
to indicate that the lines L; and Lo are not perpendicular.

In a special case, we can obtain another expression for £(Lj, Ls) as de-
scribed below.

Proposition 7.24. Suppose Ly and Lo are nonvertical lines in the plane with
slopes my and ma, respectively. Assume that L1 [ Lo (so that myme # —1).

Then
K(Ll, Lg) = tan" " LEE

1+ mimsg

Proof. If Ly || La, then £(L1, L2) = 0 and my = ms. So, the desired equality
is clearly true in this case. Now assume that L }f Lo. Then Ly and Lo intersect
in a unique point, say O = (¢, yo0), and we may choose points P; = (z;,y;)
on L; such that P; # O, for i = 1,2. Let o = £(L1, Ls2). Then
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[(z1 — o) (x2 — x0) + (11 — Y0)(y2 — Yo)|

(V@ =20) + (1 = 10)?) (V@2 = 20)* + (42 = 0)*)

Now, an easy computation shows that

CoOsx =

a=1-cos’a= [(21 = 20)(y2 = yo) — (22 — o) (y1 — 0)]”

(21 = 20)% + (y1 = ¥0)?] (w2 — 20)* + (y2 — w0)?]

sin?

Since a € (0,7/2], it follows that sin« > 0, and thus

|(z1 — 20)(y2 — yo) — (T2 — T0)(y1 — Yo)|

(V@ =20)? + (1 —90)?) (V@2 = 20)* + (42 = 0)*)

Since Ly [ Lo, we see that « # 7/2, and so cosa # 0. Thus,

sino =

sina [(z1 —20)(y2 — vo) — (2 — z0)(y1 — vo)|
cosa  |(x1 —z0) (w2 — x0) + (y1 — o) (y2 — vo)|

In other words,

(x1 —20)(y2 — yo) — (2 — 20)(y1 — o)

— = tan~"! '
a=4A(L1,Ls) =1 (21 — 20) (2 — 20) + (y1 — v0) (Y2 — Yo)

Since both Ly and Ly are nonvertical, we can divide the numerator and the
denominator in the last fraction by (x1 — z¢)(x2 — xo) to obtain the desired
equality. a

The notion of angle between lines can be extended to curves as follows.
Suppose Cy and Cy are curves in the plane that intersect at a point P. Assume
that the tangent, say L;, to C; at P is defined for each ¢ = 1, 2. Then the angle
at P between the curves Cy and Cs, denoted by £(Cy,Ca; P), is defined to
be £(L1,Ls). In case £(C1,Cy; P) = 7/2, the curves C; and Cs are said to
intersect orthogonally at the point P.

Examples 7.25. (i) Consider the curves C; and Cs defined by the equations
y = 2% and y = 2—23. These intersect at the point P = (1,1). Considering
the derivatives at = 1, we see that the slopes of tangents to C; and
Cs at P are given by m; = 2 and my = —3, respectively. Hence using
Proposition 7.24, we obtain

2-(=3)

. _ -1
A(Cl,Cg,P)—tan 1+2(_3)

’:tan1|—1:tanll:;r

Thus the angle between the two curves at P is /4.

(ii) Consider the curves Cy and Cy defined by the equations y = e* and
y?—2y-+1—2 = 0, respectively. These intersect at the point P = (0,1). The
tangent L1 to Cy at P is given by the line y — 1 = x, whereas the tangent
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Ly to Cy at P is given by the vertical line z = 0. Note that to determine
the latter, it is more convenient to look at the derivatives with respect
to y than with respect to x. Thus, the slope m; of Ly equals 1, whereas
the slope mso of Lg is not defined. Hence the formula in Proposition 7.24
cannot be used. But we can directly use the definition of £(L;, Ls) or

the formula cos™! (\m1| //1+ m%) applicable when mg is not defined, to
conclude that £(Cy,Cy; P) = cos™! (1/\/2) = /4. &

7.5 Transcendence

The functions discussed in this chapter, namely, logarithmic, exponential, and
trigonometric functions, are often called elementary transcendental func-
tions. As we have seen in Chapter 1, the term transcendental function has
a definite meaning attached to it. It is therefore natural that we should justify
this terminology and show that the logarithmic, exponential, and trigonomet-
ric functions are indeed transcendental. To do so is the aim of this section.

Let us begin by recalling that given a subset D of R, a function f: D — R
is said to be a transcendental function if it is not an algebraic function,
that is, if there is no polynomial

P(z,y) = pu(@)y" + pn_1()y" " + -+ pr(2)y + po(),

where n € N and po(z),p1(z),...,pn(z) are polynomials in x with real coef-
ficients, such that p,(x) is a nonzero polynomial, and

P(c, f(c)) =0 forallce D.

In this case, we refer to P(x,y) as a polynomial satisfied by y = f(z) and
the positive integer n as the y-degree of P(z,y).

Our first goal is to show that the logarithmic function is transcendental.
We shall achieve this in two steps. First, we prove a simpler result that the
logarithmic function is not a rational function. Next, we will use this to prove
that the logarithmic function is not an algebraic function.

Lemma 7.26. The logarithmic function In : (0,00) — R is not a rational
function. More precisely, there do not exist polynomials p(x),q(xz) and an
open interval I C (0,00) such that

q(x) #0 forallz el and Inz= pg$§ forallx € 1.
q(x
Proof. Suppose to the contrary that there are polynomials p(x), ¢(x) and an
open interval I C (0, 00) such that ¢(x) # 0 for all € T and Inz = p(x)/q(x)
for all z € I. Canceling common factors, if any, we may assume that the
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polynomials p(z) and ¢(x) are not divisible by any nonconstant polynomial in
x. Since ¢(x) # 0 for all z € I, taking derivatives on both sides of the equation

Inx =

we obtain for all z € I,

= PO T i, e)? = ol () — pla)d ).

Both sides of the last equation are polynomials, and the equation is satisfied
at infinitely many points; hence it is an identity of polynomials. Consequently,
the polynomial = divides the polynomial ¢(z). Now let us write ¢(z) = 2¥q; (z),
where k € N and ¢; () is a polynomial in x that is not divisible by z, that is,
q1(0) # 0. Then, ¢'(x) = ka*~1q;(z) + 2*¢, (), and therefore,

2 qi(x)? = 2 ()qn (2) — kaPp(2) g () — 2" p(2)gy (x).
Dividing throughout by z* and rearranging terms, we obtain the identity
kp(2)ai(x) = zlp (2)a1(2) — p(2)gy(2) — 2" o (2)’)].
This implies that the polynomial x divides the polynomial p(z), which is
a contradiction since p(x) and ¢(z) were assumed to have no nonconstant

common factor. This completes the proof. O

Proposition 7.27. The logarithmic function In : (0,00) — R is a transcen-
dental function.

Proof. Assume the contrary, that is, suppose In is an algebraic function. Let
P(z,y) = pu(@)y" + pa—1(2)y" ™" + -+ pi(a)y + po(x)

be a polynomial of y-degree n satisfied by y = In « such that n € N is the least
among the y-degrees of all polynomials satisfied by y = Inx. Let us write

n—1
gj(x) := 11:](($)) forj=0,1,...,n—1 and Q(z,y) :=y" + g g;(x)y’.
n 7=0

Further, let D := {c € (0,00) : p,(c) # 0}. It is clear that D contains all except
finitely many points of (0,00), each ¢;(z) is defined on D, and Q(c,Inc) =0
for all ¢ € D. Also, note that every point of D is its interior point. Moreover,
each g;() is differentiable on D and its derivative ¢j(z) is a rational function
defined on D. Thus, using the Chain Rule (Proposition 4.9), we see that the
derivative of Q(xz,Inx) is equal to



7.5 Transcendence 271

n(lnz)"! (i) +§ [q;(x)(lnx)j +jgj(z)(Inz)y (1)]

=0 .
= (dhor@+ ") )" + ) (q;@c) T 1qj+1<x>) (nz)’.
§=0

Since ¢j(x) = [p}(x)pn(x) — pj(x)p;,(x)]/pn(x)?, taking common denomina-
tors, we see that the derivative of Q(z,Inz) is equal to P(z,Inz)/zp,(z)2,
where ]B(x,y) is a polynomial in y whose coeflicients are polynomials in x.
Since Q(¢,Inc) = 0 for all ¢ € D, we have P(c,In¢) = 0 for all ¢ € D. More-
over, since P(z,Inz) is defined at every z € (0,00) and gives a continuous
function from (0, 00) to R, which vanishes on D, it follows that P(c,In¢) = 0
for all ¢ € (0,00). Also, the leading coefficient of ]B(x, y), that is, the coefficient
of y» lin ]B(x, y), is a nonzero polynomial (in ). For if this leading coefficient
were zero, then ¢/,_;(t) = —n/t for all t € D. Now, since D misses only finitely
many points of (0, 00), in view of Proposition 6.12 and the FTC, we may inte-
grate both sides from ¢ = 1 to ¢ = = and obtain g,—1(z) — gn—1(1) = —nlnzx
for all z € D, and consequently, Inz is a rational function (on D), which is
impossible by Lemma 7.26. Thus }B(x, y) would be a polynomial satisfied by
y = Inx and its y-degree is n — 1. This contradicts the minimality of n. Hence
In: (0,00) — R is a transcendental function. O

Corollary 7.28. The exponential function exp : R — R is a transcendental
Sfunction.

Proof. Assume the contrary, that is, suppose exp is an algebraic function. Let

P(z,y) = pn(2)y" + pn-1()y" " + - + p1(z)y + po(z)

be a polynomial satisfied by y = exp x, where n € N and p,(z) is a nonzero
polynomial. Let us write P(x,y) as a polynomial in 2 whose coefficients are
polynomials in y:

P(z,y) = Pm(y)2™ + Pra—1 ()™ " + -+ P1(y)z + Po(y),

where m is a nonnegative integer so chosen that p,, (y) is a nonzero polynomial.
Note that m is, in fact, positive because otherwise P(x,y) = po(y) would be
a nonzero polynomial in one variable with infinitely many roots, namely, y =
exp ¢ for every ¢ € R. Now, let P(x,y) := P(y,x). Then P(x,y) is a polynomial
in two variables with positive y-degree. Moreover, since P(c,expc) = 0 for all
¢ € R, and also since exp : R — (0, 00) is bijective with its inverse given by
In : (0,00) — R, it follows that P(Ind,d) = 0 for all d € (0,00). In other
words, P(d,Ind) = 0 for all d € (0,00). Thus, In : (0,00) — R would be an
algebraic function, which contradicts Proposition 7.27. O
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Now let us turn to trigonometric functions. As we shall see below, it is
easier to prove that these are transcendental. The key property used in the
proof is that trigonometric functions have infinitely many zeros.

Proposition 7.29. The trigonometric functions sin : R — R, cos : R — R,
and tan : R\ {(2m + 1)7/2 : m € Z} — R are transcendental functions.

Proof. Assume the contrary, that is, suppose any one of them, say, sin : R —
R, is an algebraic function. Then there is a polynomial

P(z,y) = pn(2)y" + pn-1()y" " + - + p1(z)y + po(z)

that is satisfied by y = sinz, and we may assume that n € N is the least
possible y-degree of such a polynomial. Now, we claim that po(z) = P(z,0) is
necessarily a nonzero polynomial in z. To see this, suppose po(z) is the zero
polynomial. Then we must have n > 1. Indeed, were n = 1, then p;(z) # 0,
and since po(x) = 0, we have P(x,y) = p1(z)y, and hence p;(c)sinec = 0 for
all ¢ € R. Consequently, pi(c) = 0 for all ¢ € R for which sinc¢ # 0, that is,
for all ¢ € R\ {mm : m € Z}. Hence p1(x) is the zero polynomial, which is a
contradiction. Thus, n > 1 and so if we let

Pi(z,y) = pn(@)y" " 4 pp-1(@)y" 2+ -+ pa(2)y + p1(2),

then the polynomial P (x,y) has positive y-degree. Also, P(x,y) = yPi(z,y),
and hence (sinc)P(¢,sinc) = 0 for all ¢ € R. Consequently, P;(¢,sinc) = 0
for all for all ¢ € R\ {mn : m € Z}. But the function from R to R defined
by Pi(z,sinz) is continuous. So, it follows that P (¢,sinc) = 0 for all ¢ € R.
Thus, y = sin z satisfies the polynomial P (z,y) of y-degree n — 1 € N, which
contradicts the minimality of n. Thus, po(x) is a nonzero polynomial in z,
and consequently it has only finitely many roots. But po(mn) = P(mm,0) =
P(mm,sinmm) = 0 for all m € Z, and so we obtain a contradiction. This
proves that sin : R — R is transcendental.

The proof in the case of cosine and tangent functions is similar, since each
of them has infinitely many zeros (namely, (2m + 1)7/2 for m € Z and mn
for m € Z, respectively). O

Remark 7.30. Having justified the term transcendental in ‘elementary tran-
scendental function’, one may wonder whether the term elementary should
also be justified in the same way. To this effect, we remark that no intrinsic
definition of the term elementary function appears to be known. In fact, an
elementary function is usually ‘defined’ as a function built up from alge-
braic, exponential, logarithmic, and trigonometric functions and their inverses
by a finite combination of the operations of addition, multiplication, division,
and root extraction (which are called the elementary operations), and the
operation of repeated compositions. &
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Notes and Comments

The idea of integration, which can be traced back to the work of Archimedes
around 225 BC, is one of the oldest and the most fundamental in calculus. The
quest for evaluating integrals of known functions is a fruitful way of inventing
new functions. When a known function is Riemann integrable (for example,
if it is continuous), we can abstractly define its antiderivative. If this cannot
be determined in terms of known functions, we obtain, nevertheless, a nice
new function waiting to be understood better! As explained in Sections 7.1
and 7.2, 1/z and 1/(1 + z2) are the simplest of rational functions whose
integrals pose such a problem. This leads to the introduction of the logarithmic
function In and the arctangent function arctan. With these at our disposal, we
can integrate every rational function! This follows from the method of partial
fractions, using which any rational function can be decomposed as a sum of
simpler rational functions of the form A/(ax+b)™ or (Bx+C)/(az?+bx+c)™,
and these can be integrated in terms of rational functions and the functions
In and arctan.

Inverses of logarithmic and arctangent functions lead to even nicer func-
tions, namely, the exponential function, and the tangent function. The other
classical trigonometric functions can be easily defined using the tangent func-
tion.

The approach outlined above gives not only a precise definition of the loga-
rithmic, exponential and the trigonometric functions, but also a genuine mo-
tivation for introducing the same. In most texts on calculus, the trigonomet-
ric functions are ‘defined’ by drawing triangles and mentioning that angles
are ‘measured’ in radians. The main problem with this approach is succinctly
described by Hardy [31, §163], who writes: “The whole difficulty lies in the
question, what is the x which occurs in cosx and sinx.” Hardy also describes
different methods to develop an analytic theory (cf. [31, §22/]) and the ap-
proach we have chosen is one of them.

The logarithmic and exponential functions also help us to give a ‘natural’
definition of the important number e. Likewise, the trigonometric functions
help us give a precise definition of the important number w. The numbers e
and w, and to a lesser extent, Euler’s constant y (defined in Exercise 2 below),
have fascinated mathematicians and amateurs alike for centuries. For more
on these, see the books of Maor [47], Arndt and Haenel [6], and Havil [34],
which are devoted to e, w, and 7y, respectively.

Failure to be able to integrate a function has often led to interesting de-
velopments in mathematics. For example, a rich and fascinating theory of the
so-called elliptic integrals and elliptic functions arises in this way. We will
comment more on this in the next chapter, where the notion of arc length will
be defined. As another example, we cite the theory of differential equations.
Indeed, seeking an antiderivative of a function f may be viewed as the problem
of finding a solution y = F(x) of the equation y' = f. A differential equation
is, more generally, an equation such asy’ = f with y' replaced by a combina-
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tion of v, v/, y", ...,y Attempts to ‘solve’ differential equations have led to
newer classes of functions. To wit, functions known as the Legendre function,
Bessel function, and Gauss hypergeometric function arise in this way. These
functions enrich the realm of functions beyond algebraic and elementary tran-
scendental functions, and they are sometimes called special functions or higher
transcendental functions. For an introduction to these topics, see the books of
Simmons [55] and Forsyth [26].

Exercises
Part A

1. For every z € R with « > 1, show that

[z]
1 [a] e
— <1 <

;k x_nm_zk+x’

where [2] denotes the integral part of [z]. In particular, show that

13 11 17
< 2< < 6 < .
2271n22710 and 1711136710

2. Consider the sequence (¢,,) defined by

Ccp =1+ ! 4+ 4 ! —Inn forneN.
2 n
Show that (¢,) is convergent. (Hint: (¢,) is monotonically decreasing and
¢n >0 for all n € N.)
[Note: The limit of the sequence (c,,) is known as Euler’s constant. It is
usually denoted by 7. Approximately, v = 0.5772156649 . . ., but it is not
known whether v is rational or irrational.]

3. Let a > 0 and r € Q. Show that Inaz” = Ina + rlnx for all x € (0, 00),
assuming only that (In)'z = 1/z for all x € (0, c0).

4. Show that for all > 0,

x? 2?2 28
x 2<1n(1—i—:r)<ac 2+3.

5. Let @« € R and f : (0,00) — R be a differentiable function such that
f'(z) = a/x for all x € (0,00) and f(1) = 0. Show that f(z) = alnz for
all z € (0,00). (Compare Exercise 4 of Chapter 4.)

6. Let f:(0,00) — R be continuous and satisfy

/ f(t dt—y/f dt—i—x/f )dt  for all 7,y € (0,00).

Show that f(x) = f(1) (141Inz) for all z € (0,00). (Hint: Consider F(x) :=
([} f()dt) /a for x € (0,00) and use Exercise 5.)
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7.

8.

10.

11.

12.

13.

14.

15.

Show that 2.5 < e < 3. (Hint: Divide [1,2.5] and [1, 3] into subintervals of
length }.)

Showbthat

(i) / Inzde =b(lnb—1) —a(lna — 1) for all a,b € (0, c0),

b
(ii) / expx dr = expb—expa for all a,b € R.

. Let aae R and f: R — R be a differentiable function such that f' = af

and f(0) = 1. Show that f(z) = e** for all x € R. (Compare Exercise 5
of Chapter 4.)
The hyperbolic sine and hyperbolic cosine functions from R to R are
defined by
sinha := © _26 and coshz = ° +26 for x € R.
Show that for any ¢t € R, the point (cosht,sinht) is on the hyperbola
22 —y? = 1. Also, show that
(i) sinh0 = 0, cosh0 = 1 and cosh® — sinh® = 1 for all z € R.
(ii) (sinh)'z = coshz and (cosh) z = sinh  for all 2 € R.
(iii) sinh(x + y) = sinhx coshy + cosh z sinh y and
cosh(x + y) = cosh z coshy + sinh zsinh y for all z,y € R.
Sketch the graphs of the functions sinh and cosh.
Let a,b € (0, 00).
(i) Consider the functions f, g : (0,00) — R defined by f(z) := log, =
and g(z) := log, . Show that f and g have the same rate as z — oc.
(ii) Cousider the functions f, g : R — R defined by f(z) := «* and
g(z) := b*. Show that the growth rate of f is less than that of ¢ as
x — oo if and only if a < b.
For b € R, consider the function g : (0,00) — (0, 00) defined by gy(z) =
2%, Show that gy, © gb, = Gb,b, = Gb, © gb, for all by, by € R.
Let f: (0,00) — R satisfy f(zy) = f(z)f(y) for all x,y € (0,00). If f
is continuous at 1, show that either f(z) = 0 for all z € (0,00), or there
is 7 € R such that f(x) = 2" for all z € (0,00). (Hint: If f(1) # 0, then
f(x) >0 forall z € (0,00), and so we can consider g = Inofoexp: R — R
and use Exercise 4 of Chapter 3.) (Compare Exercise 19 (ii) of Chapter 1
and Exercise 6 of Chapter 3.)
Let r € R be positive and consider the function f : (0,00) — R defined by
f(x) = 2". Show that the growth rate of Inx is less than that of f, while
the growth rate of exp x is more than that of f as z — oc.
Show that

14 22 <arctanz <z for all z € (0,1]
x

and 1 1
1— _ <arctanz < 2— for all z € (1, 0).
2z x
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16.

17.

18.

19.

20.

21.

22.

23.
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Prove that
T

x 1 1
li dt = dt =
oo fy 1+ £2 A 1+£27 7 4
that is, lim,_,~ arctanz = arctan 1 = 7/4. Deduce that 2.88 < 7 < 3.39.
(Hint: Substitute ¢ = 1/s and use Proposition 6.20. Divide [0, 1] into
subintervals of length }.)
Let D and E be the unions of open intervals defined as follows.

Py ((4k;—1)7r (4l<;+1)7r> ey ((4l<;—3)7r (4k—1)7r>_

2 ’ 2 2 ’ 2
kez keZ
Show that
1
tanT e D, if v € D,
V1+tan?z V1 + tan? z
sinx = cosx =
t 1
— T ifaeR, - ifrel
V1+tan?z V1 + tan? z

Show from first principles that the function cos is differentiable at /2
and its derivative at m/2 is —1.

Show that 0 < zcosz < sinz for all z € (0,7/2) and sinx < xcosx < 0
for all z € (—n/2,0). Hence or otherwise prove that x < tanz for all
x € (0,7/2) and tanz < z for all x € (—7/2,0).

Show that for « € (0,7/2),

2 2

x<sinx<min{1,x} and 1- " <cosx<min{1, W—x},

T s 2
whereas for x € (—7/2,0),

2 2
max{—1,z} < sinz < ¥ and 1+ v <cosx<min{1, ;r—i-x}
T T

Prove that |sinz — siny| < |z — y| and |cosz — cosy| < |z — y| for all
z,y € R.
Show that

b b
/ sinz dxr = cosa—cosb and / coszdr =sinb—sina for all a,b € R.
a a

Let 5 € R. Suppose f,g: R — R are differentiable functions such that

f'=Bg. g'=-Bf [f(0)=0, and g(0)=1.

Show that f(z) = sin Bz and g(x) = cos Sz for all z € R. (Hint: Consider
h:R — R given by h(z) := (f(z) — sin 32)? + (g(z) — cos fz)?. Find h'.)
(Compare Exercise 7 of Chapter 4.)
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24. Let a,, 8 € R. Suppose f,g: R — R are differentiable functions such that

ff=af+pBg, ¢ =ag—pBf, [f(0O)=0, and g(0)=1.

Show that f(z) = e**sin 8z and g(v) = e*® cos fz for all z € R. (Hint:
Consider h : R — R given by h(z) := (f(z) — e*®sinBx)? + (g(x) —
e®® cos fz)?. Find 1'.) (Compare Exercise 6 of Chapter 4.)

25. Let a, 8 € R. Suppose f,g: R — R are differentiable functions such that

f'=af+pg. g =ag+pf f(0)=0, and g(0)=1.

Show that f(z) = e** sinh Sx and g(x) = e** cosh Sz for all € R.
26. Show that lim,_o(sinx)/|z| does not exist.
27. Prove the following for all z € R.
sin(m —z) =sinz, sin((r/2) —x) = cosz, sin((n/2) 4+ z) = cosx,
cos(m —x) = —cosx, cos((m/2)—x)=sinz, cos((7/2)+z)= —sinz.
28. Prove the following for all z1,zs € R:
(i) sinmzy + sinag = 2sin((x; + 22)/2) cos((x1 — 22)/2),
(i) sinzy — sinxe = 2cos((x1 + 2)/2) sin((z1 — x2)/2),
(iii) coszy + cosxa = 2cos((x1 + x2)/2) cos((x1 — x2)/2),
(iv) cosxy — cosxa = 2sin((x1 + x2)/2) sin((z2 — 1)/2).
29. Prove the following for all z € R:
(i) sin2z = 2sinz cosz,
(ii) cos2x = cos®>x —sin®x = 2cos’>x — 1 = 1 — 2sin’ x,
(iil) sin3z = 3sinz — 4sin® z,
(iv) cos3x = 4cos®z — 3cosz.
Deduce that

s .o V3

7 T .
sin | = = cos cos | = _ =sin
’ 3 2

4’ 3 2 6

T 1 _
4 V2o
30. Prove the following for all z1,z2 € R:
(i) sinzy = sinzy <= x9 = mw + (—1)™x1, where m € Z.
(ii) coszy = coswg <= 9 = 2mm + x1, where m € Z.
(iii) sinz; = sinxs and cosxy = cosxe < w2 = 2mm + x1, where m € Z.
(Hint: Exercise 28 and solutions of the equations sinxz = 0, cosz = 0.)

31. If z € R with = # (2k + 1)7/2 for any k € Z, then show that

sin cos

1 +tan?z =sec’z, (tan)z =sec’z, and (sec)'z = secxtanu.

32. If x € R with x # kn for any k € Z, then show that

1+cot?z =csc?z, (cot)x = —csc?x, and (csc)x = —cscacota.

33. If z1,z9 € R are such that none of z1, 2, and x1 + z2 equals (2k + 1)7/2
for any k € 7Z, then show that

tanxy + tan g
t + = .
an(z1 + 22) 1 — tan(zq + z2)
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34. Prove the following for all y1,y2 € R:

. + .
(i) tan~'y; +tan~!yo = tan~! <1y1 yij ) if yry2 <1,
— Y192
.. _ _ ™ .
(i) tan=!|yi| + tan=! |yo| = ) if yys = 1,
(iii) tan=!|y1| + tan=! |yo| = tan~? <|y1 * |y2> if yyo > 1.
11—y

35. Prove the following:
(i) sin (sin™'y) =y for all y € [~1,1] and

1 = ifxe|—n/2,7/2],
sin”"(sin z) = {w —z ifx e (n/2,37/2.
(ii) cos (cos™'y) =y for all y € [~1,1] and cos™*(cosz) = |z| for all
x € [—m, 7.
36. If y € (—1,1), then show that

in~1 /y Vo and T /y Lo
S11n = an COS = — .
v 0o V1—1t2 Y=o 0o V1—1t2

Deduce that
. Y 1 T
lim dt = _.
y—1-Jo /1 — 2 2
37. If y € (1,00), then show that
v 1 v 1
sec ly = lim dt and cscTly= T lim / dt
a—1t J, t\/t2 —1 2 a—1+ a t\/t2— 1
38. Prove the following:
(i) cot™ly = ;T —tan"ly for all y € R,
1
(ii) csc™ly =sin"!' ~ for all y € R with |y| > 1,
Y

1
(iii) sec ™ty = cos™! ; for all y € R with |y| > 1.
(Hint: tan~! |y| + tan=! [1/y| = 7/2 for all y € R with y # 0.)
39. For all y € [—1, 1], show that

sin™ty+sin~!(—y) =0, cosT ' y+cos H(—y) =7, sin"tytcosT (y) = 72r

and for all y € R with |y| > 1, show that

—1 -1, _ T
csc Ty +sec y—2.

40. Prove the following:
1
: —1y/,, _
(i) (cot ™!y = Ty for all y € R,
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(i) (csc™)'y = for all y € R with |y| > 1,

1
\yl\l/y2—1

(iii) (sec™1)y = WA for all y € R with |y| > 1.
y2 —

41. Let rg € R, and consider the function fy : R — R defined by
sin(1/x) if x # 0,
o) { (1/2) itz #

70 if x =0.

(i) Show that fj is not continuous at 0. Conclude that the function x +—
sin(1/z) for x € R\ {0} cannot be extended to R as a continuous
function.

(ii) (ii) If I is an interval and I C R\ {0}, then show that f, has the IVP
on [. If I an interval such that 0 € I, then show that fy has the IVP
on I if and only if |rg] < 1.

42. Consider the function h : R — R defined by

| |z| + |zsin(1/x)| if z #0,
W) '_{0 if 2 = 0.

Show that h has a strict absolute minimum at 0, but for any 6 > 0, h is
neither decreasing on (—4,0) nor increasing on (0, J).
43. Consider the function g : R\ {0} — R defined by g(z) := cos(1/z). Prove
the following:
(i) ¢ is an even function.
(ii) limg—o g(x) does not exist, but lim, g+ [g(z) — g(—z)] exists. Also, g
cannot be extended to R as a continuous function.
(iii) For any § > 0, g is not uniformly continuous on (0,d) as well as on
(—0,0), but it is uniformly continuous on (oo, —d] U [d, 00).
(iv) For any 6 > 0, g is not monotonic, not convex, and not concave on
(0,9) as well as on (—4,0).
44. Let o € R and consider the function g : R\ {0} — R defined by

cos(1/x) if x # 0,
) if z =0.

(o) = {

Show that g is not continuous at 0. Define Gy : R — R by Go(x) :=
Jy cos(1/t)dt. Show that Gy is differentiable at 0 and G{,(0) = 0, that is,

1 1
lim cos dt=0.
r—0 T 0 t

45. Consider the functions g1, g2 : R — R defined by

rcos(l/x) if x #£ 0, 2cos(1/z) if x #0,
91(3”)::{0 e ifxio and g () ::{o e ifa;io.

Establish properties of g1 and gs similar to those of the functions f; and
f2 given in Example 7.18 and Example 7.19, respectively.
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46. Consider the function f : R\ {0} — R defined by f(z) = (sin(1/z))/x.
Show that the amplitude of the oscillation of the function f increases
without any bound as x tends to 0.

47. Consider the function f: R — R defined by

Zsin(1/2%) if x # 0,

f@)'_{o if 2 = 0.
Show that f is differentiable on R, but for any § > 0, f’ is not bounded
on [—4,4]. Thus f' has an antiderivative on the interval [—1, 1], but it is
not Riemann integrable on [—1,1].

48. Let n € N and consider the function f,, : R — R defined by

~ fa"sin(1l/z) if x #0,
Inl2) "{0 if 2 = 0.

Prove the following: (i) If n is odd and k := (n — 1)/2, then fy(,,k) exists
and is continuous on R, but fy(LkH) does not exist at 0. (ii) If n is even and
k :=n/2, then fék) exists on R, but it is not continuous at 0. (Compare
Exercise 12 of Chapter 4.)

49. Find the polar coordinates of the points in R? whose Cartesian coordinates
are as follows:

(i) (1,1), (i) (0,3), (i) (2,2v3), (iv) (2V/3,2).

50. If z,y € R are not both zero and (r, ) are the polar coordinates of (z,y),
then determine the polar coordinates of (i) (y,z), and (ii) (tz,ty), where
t is any positive real number.

51. Let r be a positive real number and 6 € (—m, 7] and o € R be such that
0+« € (—m,7]. If P and P, denote the points with polar coordinates
(r,0) and (r,0 + «), respectively, then find the Cartesian coordinates of
P, in terms of the Cartesian coordinates of P.

[Note: The transformation P — P, corresponds to a rotation of the plane
by the angle a.]

52. Find the angle(s) between the curves 2 + y? = 16 and y? = 6z at their
point(s) of intersection.

53. Determine whether the following functions are algebraic or transcendental:
(i) f(z) =nz't + 722° + 9 for x € R,

ex? +m
ii = f R
(ii) f(x) xa? 4o O € R,
(iii) f(x) =Inypx for = > 0,
(iv) f(x) =a™ for z > 0.
54. Is it possible that

1/17
e = <€/ex2+(w—2e)x+e—w+\/mc2+(\/2—27f)x+7f—\/2>

for all x > 07 Justify your answer.
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55.

56.

Part B

Let p, ¢ € (1,00) be such that (1/p) + (1/q) = 1.

(i) If f : [0,00) — R is defined by f(x) := (1/q) + (1/p)a — /P, then
show that f(x) > f(1) for all z € [0, 00).

(ii) Show that ab < (a?/p) + (b?/q) for all a,b € [0,00). (Hint: If b # 0,
let z :=a?/b% in (i).)

(iii) (Holder Inequality for Sums) Given any a1, ...,a, and by, ..., b,
in R, prove that

n n 1/p n 1/q
> Jaibi| < (Zam) (ZW) :
=1 =1 =1

Deduce the Cauchy—-Schwarz inequality as a special case.
(iv) (Holder Inequality for Integrals) Given any continuous functions
fyg:[a,b] — R, prove that

b b 1/p b
/ f(m)g(m)dx§< / If(x)l”dw> ( / |g<x>qu>

(v) (Minkowski Inequality for Sums) Given any ay,...,a, and
bi,...,b, in R, prove that

n 1/p n 1/p n 1/p
(ZW +b,;P> < (Zmﬁ) - <Z|bﬁ’> :
=1 =1 =1

(Hint: The pth power of the expression on the left can be written as
Sy laal (las + bal)" ™ + 327 [bal (Jai + bil )™ mow use (ii).)

(vi) (Minkowski Inequality for Integrals) Given any continuous func-
tions f, g : [a,b] — R, prove that

b 1/p b 1/p b 1/p
( / If(x)+g(x)pdx> << / f(x)pdx> +< / |g<x>ﬂdx> ‘

Let n € N. By applymg L’Hopital’s rule n times, prove the following:

1/q

expx — Z zF /K
(i) lim P = :
20 ntl (n + 1)'
ne— 35 (~1)( — 1)4/k
(i) lim kel =
P (x _ 1)71+1 ( + 1)7
[(n=2)/2] n/2
sing — Y. (=1)Fz?H/(2k 4 1)! (=)™ if n is even,
(ii) lim k=0 —{ (1)
2—0 anrl

0 if n is odd,
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[n/2] _1)(n+1)/2
CosT — kX_:O (—1)ka2k /(2k)! ( (1)+ " if n is odd,
(iv) Jim e -
0 if n is even.

57. Let p, ¢ € N. For n € N, consider the function f, : [0,p/q] — R defined
by fn(z) := z™(p — gz)™/n!. Prove the following results:
(i) fu(0) = 0 = fu(p/q). Also, f7(0) = — £ (p/q) € Z for each k € N;
in fact, fy(Lk)(O) =0= f7(,,k) (p/q) if k <nork>2n.
(i) max{f(2) : = € [0, p/a]} = fu(p/20), and fu(p/2q) — 0 as n — oo,
(iii) Let, if possible, 7 = p/q, and consider a,, := foﬂ fn(z)sinz dz. Then
a, € 7 for each n € N (by repeated use of Integration by Parts),
whereas 0 < a,, < 1 for all large n € N.
(iv) = is irrational.

w/2 n—1 /2
58. (i) Show that for any n € N, / sin" xdr = / sin" "2 z d.
0 nJo
(ii) Show that for any k € N,

"2 (2k=1)(2k=3)--3-1 7 _ (k) =
2k _ L= .
/0 sin®” x dx = (2k)(2k —2)---4-2 2 [2RKN2 2

and

/“”sm%ﬂxdx_ 2k(2k—2)---4-2  [2F))?
0 2k+1)(2k—1)---3-1  (2k+ 1)

(iii) For k € N, let
foﬂ/z sin®* z dx
Mk = .
foﬂ/z sin?**! ¢ dx

Show that 1 < up < (2k+1)/2k for each k € N and consequently that
wr — 1 as k — oo. Deduce that

L (k!)222k
V= fim k) VE

Thus, 7 ~ (k!)*2%/[(2k)!]? k. (Hint: sin®* ™!z < sin®* 2z < sin?* "1z
for all z € [0,7/2].)
[Note: This result is known as the Wallis formula.|

59. (i) Show that for any n € N,

1 lge 1 /1 1
L < < + :
n+ 5 " x 2\n n+1

(ii) Let (a,) be the sequence defined by a, := nle"/n"\/n for n € N.
Show that
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and hence

an
1< < —
- _exp<4 n n+1l

1 |:1 1
Ap+1

}) for all n € N.
Deduce that (a,) is a monotonically decreasing sequence of positive

real numbers and it is convergent. Let o := lim,,— o G-
(i) Use the inequalities in (ii) to show that

1< ™ SeXp<

1 |: 1 1
An+k

- for all )
il n—i—k]) orall n,k € N

Taking the limit as k& — oo, deduce that a > 0 and furthermore,
1 < (an/a) <exp(l/4n) for all n € N.

(iv) Show that the Wallis formula given in Exercise 58 can be written as
Vor = nli_)ngo ai/agn. Deduce that a = v/27.

(v) Use (iii) and (iv) to show that for all n € N,
(V2m)n™t2e™™ < nl < (vV2m)n"t et (1/4n)

and conclude that

I 5 1
im =1.
n—co (\/27rn)nne=—n

Thus, n! ~ (v/27n)n"e™™.
[Note: This result is known as Stirling’s Formula.]
60. Let 7, s € R and consider the function F : [0,1] — R defined by

riy = {7 000 20

Prove the following:
(i) F is continuous <= r > 0.
(ii) F is differentiable <= r > 1.
(iii) F’ is bounded <= r > 1+ s.
(iv) F’ is continuous <= r > 1 + s.
(v) F is twice differentiable <= r > 2 + s.
(vi) F” is bounded <= r > 2+ 2s.
(vil) F” is continuous < r > 2 + 2s.
61. Prove that the secant function, the cosecant function, and the cotangent
function are transcendental.
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Revision Exercises

1. Consider the functions f, g : R — R defined by f(z) := xsinz and
g(z) := x + sinx. State whether f and g are bounded.

2. Consider the sequence whose nth term is given below. Examine whether
it is convergent. In case it is convergent, find its limit.

. nl N n \" .. Inn
0 e @ (1) @
3. Show that ; 0
1 ifxe
. . . | n — )
i lim |(cosmimz) {0 ifz¢Q.

4. Suppose (a,) is a sequence of positive real numbers such that a,, — a.
Show that (a; ---a,)"/™ — a. Here a € R or a = co. Give an example to
show that the converse does not hold. (Hint: Exercise 21 of Chapter 2.)

5. Consider the function f : (—7/2,7/2) — R defined by f(x) = tanx. Show
that f is not uniformly continuous on [0,7/2), but for any 6 > 0, f is
uniformly continuous on [—(7/2) + 4§, (7/2) — d].

6. For x € R, let f(z) := x(sinz + 2) and g(z) := z(sinz + 1). Show that
f(x) — o0, but g(z) 4 oo as x — oo.

7. Find f/(x) if (i) f(z) :=2® for x > 0, (i) f(x):= («®)* for x > 0,

(iit) f(z) := 2@ for x>0, (iv) f(z):= (Inz)®/z™* for z > 1.

. Let a > 0. Show that —2%Inx < 1/ae for all z € (0,1),2 # e~ /2.

9. Let r,s,t € R and @ € (0,00). If » > 1, then show that (1 +z)" > 1+ 2.
Deduce that if 0 < s < t, then (14 2%)* > (1 + zt)*.
10. Let f :[0,7/2] — R be a continuous function.
(i) If f satisfies f/(x) = 1/(1 4 cosz) for all z € (0,7/2) and if f(0) = 3,
then find an estimate for f(r/2).
(ii) If f satisfies f'(z) = 1/(1+xsinz) for all x € (0,7/2) and if f(0) = 1,
then find an estimate for f(m/2).

11. Prove that (7/15) < tan(w/4) — tan(w/5) < (7/10). Hence conclude that

]

3

10—71'<tan - 15 —7n
10 5 15

12. Consider the function f : R — R defined by f(x) := x+sinx. Show that f
is strictly increasing on R although f’ vanishes at infinitely many points.
Find intervals of convexity /concavity, and points of inflection for f.

13. Consider the function g : R — R defined by g(z) := 22 —2 cos 2. Show that
g is strictly convex on R although ¢” vanishes at infinitely many points.
Find intervals of increase/decrease and local extrema of g. Does g have
an absolute minimum?

14. Locate intervals of increase/decrease, intervals of convexity/concavity, lo-
cal maxima/minima, and the points of inflection forf : (0, 00) — R defined
by f(z) := (Inx)/x. Sketch the curve y = f(x).
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15.

16.

17.

18.

19.

20.

21.

22.

23.

Locate intervals of increase/decrease of the following functions:

() f(z) :=2'* z € (0,00), (ii) f(z):= <1 + i) , x € (0,00).

Determine which of the two numbers e™ and 7€ is greater. (Hint: Find the
absolute minimum of the function defined by f(z) := z'/* for x € (0, 0)
and put x = 7; alternatively, find the absolute minimum of the function
f:R — R defined by f(x) :=e®” —1—z and put z := (7/e) — 1.)
Consider the functions f, g : R\ {0} — R defined by f(z) := sin(1/x)
and g(z) := cos(1/x). Locate intervals of increase/decrease, intervals of
convexity/concavity, local maxima/minima, and the points of inflection
for f and g.

Evaluate the following limits:

- T .\ ;. In(lnzx)
(1) mlg&_xln x, (11)9111% R (iii) Ih_)rrolo(:r — Inz), (iv) 7:11_{{)10 g
P . T T
) 2 o () 0 ey g (I
Evaluate the following limits:
-1
— g —t
(i) lim * _51? $, (ii) lim (secx —tanwx), (iii) lim énas’
z—0 sin” x z—m/2 z—0xr —SsIinx
.. xcotx—1 . tan3z N
(iv) 11:15% 2 , (V) wEI;l/z tan g’ (vi) alCLml (1 — z) tan(mz/2),
sz — 1+ (22/2 t
(vii) lim sin™! zcotz, (viii) lim cos e :—(az / ), (ix) lim an$7
x—0 z—0 T z—0 secT
) 1 1 .. sin2z . .. Sinz—w
bo) iy (x a sinx>’ (ci) g, g2 +a’ (eif) iy
vy .. SiDZ —2 . . sinz—=x
(xiii) alclir}) 2 (xiv) alclir}) I

Discuss whether lim,_,. f(z)/g(x) and lim,_. f'(x)/g’(z) exist if

(i) c:=0, f(z):=2%sin(l/z), g(x):=sinz forx € R, x £ 0,

(ii) ¢:=0, f(x):=axsin(l/x), g(z) :=sinx forx e R, z#0,

(iii) ¢c:= o0, f(z):==z(2+sinz), g(x):=22+1 forz R,

(iv) c:= 00, f(z) =22 +sinz), ga):=xz+1 forxzecR.

Let @ > 0 and f : [a,00) — R be a differentiable function. Assume that
f(@)+ f'(z) = £ as x — oo, where £ € R or £ = oo or £ = —oo. Show that
f(x) — € as ¢ — oo, In the case ¢ € R, show that f'(z) — 0 as x — oo.
(Hint: Use Proposition 4.40 for the functions g, h : [a,00) — R defined by
g(z) :== f(x)e* and h(z) :=e*.)
Evaluate the following limits: bty

. . - tan z .. . T . -

(i) mll%h(bm x)ene (i) 7:h_{IQO(J; ) ,  (iil) z_)l(lﬂn/lmi(bln x)
For z € R, let f(z) := 2z +sin2z and g(x) := f(z)/(2 + sinx). Do

o T o 7@
Sgl@) M g

tan x

exist? Explain in view of L’Hopital’s Rules.



286 7 Elementary Transcendental Functions
24. For z € (0,00), let f(z) :=Inz and g(z) := . Show that
f(z) f(@)

mlinol+ g(x) = oo and mlinol+ g'(x) -
Explain in view of L’Hopital’s Rules.
25. Arrange the following functions in descending order of their growth rates
as xr — 0o:

2% ¢% 2% (Inx)*, e”/?, 2'/? log, z,In(Inz), (Inz)?, 2°, 22, Inz, (22)*, 2.

26. Let n € N and ay,...,a, be positive real numbers. Prove that
T4 gqz\ Ve
lim <a1 * +a"> = (ar---an)"/™
xr—0 n

(Hint: Apply the logarithm and use L’Hopital’s Rule.)
27. Let n € N and ay,...,a, be positive real numbers. For any p € R such

that p # 0, define
()
" .

In view of Exercise 26 above, define My = (a; - -~an)1/". Prove that if
p,q € R are such that p < ¢, then M, < M,, and the equality holds if and
only if a1 = -+ = a,. (Hint: Use part (ii) of Proposition 7.9 and Jensen’s
inequality stated in Exercise 34 (ii) of Chapter 1.)
[Note: As mentioned in Exercise 57 of Chapter 1, the above inequality
is called the power mean inequality and it includes the A.M.-G.M.
inequality and the G.M.-H.M. inequality as special cases. This inequality
is also valid for p = —oo0 and ¢ = oo if we set M_ := min{ay,...,an}
and My := max{ay,...,an}.]

28. Let D C R and ¢ be an interior point of D. Let f: D — R be a function
that is differentiable at c. If f”/(c) exists, then show that there is a function
f2 : D — R such that f5 is continuous at ¢ and

fx)=f)+ (@ —c)f'(c)+ (x —c)?fo(z) forallz e D,

and then fa(c) = f(c)/2. Give an example to show that the converse is
not true. (Hint: Use L’Hopital’s Rule and the function f,, : R — R with
n = 3 given in Exercise 48 of Chapter 7.) (Compare Proposition 4.2.)

29. Consider the function f : R — R defined by f(z) := e~ V7" if £ # 0 and
f(0) = 0. Show that for each n € N, the nth Taylor polynomial around
0 for f is the zero polynomial. (Hint: By mathematical induction, prove
that for every n € N, f(")(z) = f(z)pn(z)/2" for every z € R\ {0},
where p,, is a polynomial and k,, € N, and then use L’Hopital’s Rule.)

30. Find the absolute maximum of the function f : R — R defined by f(x) :=
(sina — cosx)?.
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31.

32.

33.

34.

35.

36.

Prove the following estimates for the errors ej(x) := Inz — P;(z) and
ez(z) :=Inz — Py(x), x € (0,2), in the linear and the quadratic approxi-
mations of the function In around 1:

—1 2 —1 3
ler(z)] < (= ) )  lea(z)] < (@ 3 P i1<az< 2,
and
2 3
1/1 1/1
< -1 < -1 if 1.
ler(@)] <, (x ) s lea(@) < g (x ) if0<a<

Prove the following estimates for the errors e;(z) := expx — Py(x) and

ea(x) :=expx — Pa(x), x € (—1,1), in the linear and the quadratic ap-
proximations of the function exp around O:

2 3
le1(z)] < 6;” and  |ea(z)| < eg if0<az<l,
and 2 .3
ler(z)] < 5 and |ea(x)| < — 6 if —1<az<0.

Show that each of the following functions maps the given interval I into
itself and has a unique fixed point in that interval. Also, show that if xg
belongs to this interval, then the Picard sequence with initial point x¢
converges to the unique fixed point of the function.

(i) g(x) := Vsina, I=[r/4,7/2], (i) g(x):=1+ (sinz)/2, I=]0,2].
(i) Show that 0 is the only fixed point of the function sin : R — R.

(ii) Show that the function cos : R — R has a unique fixed point c¢*.
Assuming m > 3, show that the function cos maps the interval [7/8,1]
into itself. Deduce that 0.375 < ¢* < 0.925.

[Note: When a calculator is in the radian mode, if we key in any number
and press the ‘sin’ key repeatedly, then eventually we reach 0, and if
we press the ‘cos’ key repeatedly, then eventually we reach 0.7390851. A
similar phenomenon occurs when a calculator is in the degree mode.]

For each of the following functions, show that the equation f(z) = 0 has
a unique solution in the given interval /. Use Newton’s method with the
given initial point x( to find an approximate value of this root.

(i) f(z):=ax —cosz, I=/]cosl, 1], zp=1,

(ii) f(z) :==2 —1—(sinxz)/2, I =10,2], xo = 1.5. (Compare these
iterates with those of the Picard method obtained in Exercise 33 (ii).)
Forallh e Rand n=1,2,..., show that

h h 1
2sin 5 [sin A +sin2h + - - - 4 sinnh] = cos o €08 <n+ Q)h.

Hence find foﬂ/Q sin x dx without using the FTC.
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37. Let n € N and ag,ay,...,a,, b1,...,b, be real numbers and consider the
function f : R — R defined by

flx):=ap+ Z ay, cos kx + by, sin kz.
k=1

1 27
ao:2ﬂ/0 f(z)dx

1 2 1 21
ap = (z) coskxdx, by = / f(x)sin kx dx.
T Jo T Jo

Show that

and for k=1,...,n,

38. Let f : [0,7] — R be defined by

[sin(2n + 1)a/2] i
Fz) = sin(z/2) fz#0,

2n+1 if . =0.

Show that [ f(2)dz = 7. (Hint: The integrand equals 142", cos kz.)
39. Let f : [a,b] — R be differentiable and assume that f’ is Riemann inte-
grable on [a,b]. If f(x) > 0 for all z € [a, b], then show that

Pfi) B
/a ) dr =1n f(b) —In f(a).

(Hint: Apply part (i) of the FTC to In f.)
40. Prove the following:

b
1 b—
(1)/ dr =1In a’ provided a,b > «,

T— a—«

b 2
.. 2r+ o b>+ab+ , )
(11)/(1 m2+ax+ﬁdx:1na2+aa+ﬁ’promdeda < 4p0.

41. Prove the following:
b
(1)/ tanx dz = Insecb, provided b € (—(7/2), (7/2)),
0

b
(ii)/O secx dx = In(sec b + tanb), provided b € (—(7/2), (7/2)),

w/2
(iii)/ cotzdx = Incsch, provided b € (0, ),
b

w/2
(iv)/ cscx dx = In(csc b + cot b), provided b € (0, 7).

b
In particular, show that

w/4 /4
/ tanz dz = In /2, / secz dr = In(1+V/2),
0 0
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42.

43.

44.

45.

46.

47.
48.

/2 /2
/ cotxdr = InV/2, / escxdr =1n(1 + V/2).
/4 /4

Let o, 8 € R be such that —7 < o < f < 7 and P(z,y), Q(z,y) be
polynomials such that Q(sin @, cos) # 0 for any 6 € [a, §]. Show that

P(sin@ cos@) B /t‘m(ﬁ/m P(2t/(141t%),(1—)(1+t%)) 2 ’
o Q(sinb, c059) N tan(ay2) Q@ (2t/(1+12), (1 —12)(1 +12)) 1 +¢2

Evalua;ce the following integrals;

L[ L [FTP cot N

(1) /0 5 +cos€d9’ (11)/Tr/2 1+cos€d9’ (111)/0 sec 6 db.

(Hint: Integrate by substituting ¢t = tan(6/2).)

[Note: The substitution ¢ = tan(6/2) converts the integral of any rational
function in trigonometric functions (in the parameter 6) to an integral
of a rational function (in the variable t). The latter can, in general, be
evaluated using the method of partial fractions. Therefore, the integral of
any rational function in trigonometric functions can be evaluated.]

Let f: R — R be continuous and A € R, X\ # 0. For z € R, let

1 /7 .
= )\/0 f(t)sin A(x — t)dt.

Show that ¢”(x) + \g(x) = f(z) for all x € R and g(0) = 0 = ¢'(0).
Find the linear and quadratic approximations of f : [0,00) — R defined

by
T 10
i) ':1+/1 1+\/tdt

for z around 1.
Prove the following.

(1) Fora:eR,/0;\/11_’_t2dt:1n(a:+\/1+x2)’
(ii)For:re]R,/ \/1+t2dt:1(x\/1+x2+1n(x+\/1+x2)),
(iii) For z € [—1,1] / V1—t2dt = Q(x\/l—xz-l—sin_lx).

o iy LR
Find (1)[1 o — dx, (11)/1 \/33(334—1) dx, (111)/1 JU\/4$2_1dx.

Evaluate the following limits:

. I O L L
(i) nh_)ngo N Zcos 0 (ii) nh_)rrgoz 242 (iil) nh_)rréo sin.__ ; 242

=1 =1
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Applications and Approximations of
Riemann Integrals

In this chapter we shall consider some geometric applications of Riemann
integrals. They deal with defining and finding the areas of certain planar
regions, volumes of certain solid bodies including solid bodies generated by
revolving planar regions about a line, lengths of ‘piecewise smooth’ curves,
and areas of surfaces generated by revolving such planar curves about a line.
Subsequently, we show how to find the ‘centroids’ of the geometric objects
considered earlier. The coordinates of a centroid are in some sense the averages
of the coordinate functions. In the last section of this chapter, we give a
number of methods for evaluating Riemann integrals approximately. We also
establish error estimates for these approximations. This procedure would be
useful, in particular, if we needed to find approximations of arc lengths, areas,
and volumes of various geometric objects whenever exact evaluation of the
Riemann integrals involved therein is either difficult or impossible.

8.1 Area of a Region Between Curves

In this section we shall show how ‘areas’ of certain planar regions that lie
between two curves can be found using Riemann integrals. It may be remarked
that the general concept of the area of a planar region is usually defined
using double integrals, which are studied in a course in multivariate calculus.
The definitions of areas of special planar regions given in this section can be
reconciled with the general definition.

Recall that in Section 6.1, we began our discussion of a Riemann integral
by assuming that the area of a rectangle [z1, x2] X [y1, y2] is (X2 — 1) (y2 —y1).
Let [a,b] be an interval in R and f : [a,b] — R be a bounded nonnegative
function. The concept of a Riemann integral was motivated by an attempt to
give a meaning to the ‘area’ of the region lying under the graph of f. We have
defined the area of the region R := {(z,y) € R? :a <z <band 0 <y < f(x)}
to be
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b
Area (R) ::/ f(z)de.

This naturally leads us to the following definition. Let fi, f2 : [a,b] — R be
integrable functions such that f; < f5. Then the area of the region between
the curves given by y = fi(x), y = fa(x) and between the (vertical) lines
given by © = a, x = b, that is, of the region

R:={(z,y) eR?*:a<x<band fi(z) <y < fa(z)},

is defined to be

b

Avea (R) = / [fa(z) — f1(2)da.

a

Fig. 8.1. Region between the curves y = fi(z), y = f2(x) and the linesz =a, x = b
when the curves do not cross each other, and when they cross each other

If a planar region R can be divided into a finite number of nonoverlapping
subregions of the types considered above, then the area of R is defined to
be the sum of the areas of these subregions. For example, if curves given by
y = fi(z), y = fa(x), where fi, f2 : [a,b] — R are continuous functions, cross
each other at a finite number of points, then the area of the region bounded
by these curves and the lines given by x = a, x = b turns out to be equal to

b
/ fa(@) — fa(o)de.

Similarly, if g1, g2 : [¢,d] — R are integrable functions such that g; < go,
then the area of the region between the curves given by = = ¢1(y), = g2(y)
and between the (horizontal) lines given by y = ¢, y = d, that is, of the region

R:={(z,y) eR?:c<y<dand g1(y) <z < g2(y)},
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Fig. 8.2. Region between the curves x = g1(y), * = g2(y) and the lines y = ¢,
y = d, when the curves do not cross each other, and when they cross each other

is defined to be J
Area (R) = / 92(y) — 91 (9)]dy.

Also, if curves given by = = ¢1(y), * = g2(y), where g1,g2 : [¢,d] — R are
continuous functions, cross each other at a finite number of points, then the
area of the region bounded by these curves and the lines given by y = ¢, y = d
turns out to be equal to

d
/ l92(y) — g1(y)|dy.

Examples 8.1. (i) Let 0 < a < b and consider the triangular region enclosed
by the lines given by y = hx/a, y = h(x—0b)/(a—b), and the z-axis. These
lines form a triangle with base b and height h. We show that the area of
this region is equal to bh/2. The perpendicular from the vertex (a,h) to
the z-axis divides the triangular region into two triangular subregions
having bases a and b — a, and both having height h. The area of the
given triangular region is then equal to the sum of the areas of these
subregions. [See Figure 8.3.] The first subregion is the region between the
curves y = hx/a, y = 0 and between the lines given by z = 0, 2 = a.
Hence its area is equal to

a 2
/ (hx—O)dx:h-a :ha.
0o \a a 2 2
Likewise, the area of the second subregion is equal to h(b — a)/2. Hence
the required area is (ha/2) + (h(b — a)/2) = hb/2.
(ii) The region enclosed by the loop of the curve given by y? = z(1 — z)? is
the region between the curves given by y = Vz(1 —z), y = —y/z(1 — z)
and between the lines given by x = 0, z = 1. Hence its area is equal to
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Y

Q¢-----
8

Fig. 8.3. Triangular region in Example 8.1 (i) with its two triangular subregions

1 1
/ [Vz(l—z)— (—Vz(l —2))] dz = 2/ [2'/2 — 23/2)dx = 8 .
0 0 15
(iii) The area of the region bounded by the curves z = y3, x = y° and the
lines given by y = —1, y = 1 is equal to

1 0 1

1

/ ly° —y’|dy = / (v —y*)dy +/ (v —y°)dy =

-1 -1 0 6

(iv) To determine the area of the region bounded by the parabolas z = —2y>
and z = 1 — 3y?, we first find their points of intersection. Now —2y? =
1 — 3y? implies y = +1 and 1 — 3y* > —2y? for all y € [~1, 1]. Hence

1 1
[ 10307 = 2y = [ =gy =

is the required area. &

We shall now calculate the area enclosed by an ellipse. As a special case,
this will give us the area enclosed by a circle and lead us to an important
classical formula for 7.

Proposition 8.2. Let a,b be positive real numbers.
(i) The area of the region enclosed by an ellipse given by (x2/a®)+(y*/b?) =1
is equal to wab.

(i) The area of a circular disk enclosed by a circle given by x% + y? = a? is
equal to ma®. In other words, if D denotes this disk, then

Area of D
T = .
(Radius of D)?
(iii) For ¢ € [0, 7], the area of the sector of a disk of radius a which subtends

an angle ¢ at the center, that is, the area of the planar region given by
{(z,y) e R? : 2% + y? < a? and 0 < O(z,y) < ¢} is equal to a>p/2.
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Proof. (i) The area enclosed by the given ellipse is four times the area between
the curves given by y = bv/a? — 22 /a, y = 0 and between the lines given by
x =0, x = a. Hence it is equal to

a 4 71'/2 71'/21 ‘2
4b/ Va2 — z2dy = b-az/ cos29d9=4ab/ +eos 9d9:7rab.
aJo a 0 0 2

(ii) Letting b = a in (i) above, we see that the area of a disk of radius a is
equal to ma?. The desired formula for 7 is then immediate.

Yy
\!\wos @, asiny)
R
S
//NB T = /a2 — 2
$
x
0 a

Fig. 8.4. Sector marked by the points (0, 0), (a,0), and (acos ¢, asin ¢)

(iii) If ¢ = 0, then the sector reduces to a line segment, and its area is
clearly equal to 0. Now let ¢ € (0, 7/2]. The sector marked by the points (0, 0),
(a,0), and (acosp,asiny) is the region between the curves z = (cot )y,
T = \/a2 — 92 and between the lines given by y = 0, y = asing. Hence its
area is equal to

2 2

asin ¢ @ : 2
/ [\/&2 — 92 — (cot gp)y} dy = <a2/ cosztdt> —cot<pa 51211 ¥ _ a290.
0 0

By symmetry, the formula holds for ¢ € (7/2,7] as well. This can be seen
as follows. Let ¢ := m — ¢. Then ¢ € [0,7/2), and by what we have already
proved, the area of the desired sector is equal to

ma®  a*p  wa®  aP(m—¢)  dPp

2 2 2 2 27

as before. O

The formulas given in the above proposition are of fundamental impor-
tance. In part (iii) of Proposition 7.13, we have defined 7 as two times the
supremum of the set {arctanz : z € (0,00)}. Now the same real number turns
out to be the area of a circular disk divided by the square of the radius of
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the disk. This formula for m makes it plain that the ratio of the area of a
(circular) disk to the square of its radius is independent of the radius. We
have thus proved a fact that is usually taken for granted when 7 is introduced
in high-school geometry.

Curves Given by Polar Equations

The formula for the area of a sector of a disk given in part (iii) of Proposition
8.2 enables us to define areas of planar regions between curves given by certain
polar equations.

Let us consider a curve given by a polar equation of the form r = p(0). Let
a, € R be such that either —7 < o < < 7 or a = —m, = w. Consider a
nonnegative integrable function p : [, 3] — R and assume that p(7) = p(—)
ifa=—m, 8=m. Let

R:={(rcosf,rsinf) cR>:a <0 <Band 0<r <p(0)}
denote the region bounded by the curve given by r = p(f) and the rays

given by 6 = «, 6 = 8. Let (r(x,y),0(x,y)) denote the polar coordinates of
(x,y) € R%2\ {(0,0)}. By Proposition 7.20, it follows that

R\{(0,0)} = {(m,y) cR?\ {(0,0)} : a < O(z,y) < B and r(x,y) < p(ﬁ(a:,y))} .

If {09,061, ...,0,} is a partition of [, 3], then the planar region R gets divided
into n subregions

{(0,0}U{(z,y) € R\ {(0,0)} : ;-1 < O(z,y) < 0; and r(z,y) < p(0(z,y))},

where i = 1,...,n. [See Figure 8.5.] For each i, let us choose v; € [0;_1,6;]
and replace the ith subregion by the sector

{(0,0)} U {(z,y) e R*: 0,1 < 0(x,y) < 0; and r(z,y) < p(v:)}

of the disk of radius p(v;) with center at (0,0). By part (iii) of Proposition
8.2, the area of this sector is equal to

p(:)2(0; — 0;-1)/2, i=1,...,n.
With this in view, the area of the region R is defined to be

1 B
Area (R) := 9 / p(0)2d6.

Further, if p1, p2 : [, 3] — R are integrable functions such that 0 < p; < p
and p;(m) = pi(—m), i = 1,2, in case a = —m, 3 = 7, then the area of the
region R between the curves given by r = p1(0), r = p2(0) and between the
rays given by 6 = «, 8 = 3 is defined to be

1

B
Area (R) := 5 / [p2(9)2 _p1(9)2] db.
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Fig. 8.5. Region bounded by the polar equation r = p(f) and rays 0 = «, 0 = 3,
and its ‘ith subregion’

Examples 8.3. (i) Let a,«, 8 € R be such that a >0 and —7 < a < 8 < 7.
Consider p1, ps : [a, ] — R given by p1(0) := 0 and pz(#) := a. Then the
area of the sector

{(z,y) eR* 1 a < O(z,y) < B, 0 < r(x,y) < a}

of the disk of radius a is equal to

e 2 17, a*(8 - a)
2Ap(0)d9—2Lad9— 5 ,

as it should be in view of part (iii) of Proposition 8.2.
(ii) Let @ € R with @ > 0. The area of the region enclosed by the cardioid
r = a(l 4+ cosd) is equal to

1 /" 2 7 1 59 2
a(l 4+ cos = 1+ 2cosf + = .
) oo =, 2 cos 0 J”;Ob %) a0 3“2”

—T —T

(iii) The area of the region between the circle given by r = 2 and the spiral
given by r = 6 that lies between the rays given by § = 0, = 7/2 is equal

to /2 5
1 [" T

22 _0%df =7 — .

2 /0 [ a6 =m = 4g

Note that 6 < 2 for all € [0,7/2]. &

Area between curves given by polar equations of the form 6 = «(r) is
treated in Exercises 16 and 17.

We conclude this section by mentioning again that the definitions of areas
of various kinds of regions discussed here can be unified with the help of double
integrals. This would also show that the area of a region calculated using two
different definitions given in this section must turn out to be the same!
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8.2 Volume of a Solid

In this section we shall show how volumes of certain solid bodies can be found
using Riemann integrals. It may be remarked that the general concept of
the volume of a solid body is usually introduced in a course in multivariate
calculus with the help of triple integrals. The definitions of volumes of special
solid bodies given in this section can be reconciled with the general definitions.

Let us consider volumes of solid bodies that can be thought to be made
up of cross-sections taken in one of the following ways:

1. Cross-sections by planes perpendicular to a fixed line,
2. Cross-section by right circular cylinders having a fixed axis.

Slicing by Planes Perpendicular to a Fixed Line

Let D be a bounded subset of R? := {(z,y,2) : x,y,2 € R} lying between
two parallel planes and let L denote a line perpendicular to these planes. A
cross-section of D by a plane is called a slice of D. Let us assume that we are
able to determine the ‘area’ of a slice of D by any plane perpendicular to L.

For the sake of concreteness, let the line L be the z-axis and assume that
D lies between the planes given by x = a and x = b, where a,b € R with
a < b. Further, for s € [a,b], let A(s) denote the area of the slice {(z,y,z) €
D : z = s} obtained by intersecting D with the plane given by z = s. If
{zo,21,..., 2} is a partition of [a,d], then the solid D gets divided into n
subsolids

Fig. 8.6. Slicing a solid by planes perpendicular to a fixed line
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{(z,y,2) €Dz <z <u;}, i=1,...,n.

Let us choose s; € [z;-1, ;] and replace the ith subsolid by a rectangular slab
having volume equal to A(s;)(z; — x;—1) for i = 1,...,n. Then it is natural
to consider

Z A(SZ)(ZL'Z — 1'2;1)
i=1

as an approximation of the desired volume of D. We therefore define the
volume of D to be

Vol (D) := /b A(z)dz,

provided the ‘area function’ A : [a,b] — R is integrable.

Similarly, if there are ¢,d € R with ¢ < d such that D C {(z,y,2) € R? :
¢ <y <d}, and for t € [c,d], A(t) denotes the area of the slice {(z,y,z) €
D : y =t} obtained by intersecting D with the plane given by y = t, then we
define the volume of D to be

d
Vol (D) == / Aly)dy,

provided the ‘area function’ A : [¢, d] — R is integrable.

Likewise, if there are p,q € R with p < ¢ such that D C {(z,y,z2) €
R? : p < z < ¢}, and for u € [p,q], A(u) denotes the area of the slice
{(z,y,2) € D : z = u} obtained by intersecting D with the plane given by
z = u, then we define the volume of D to be

Vol (D) := /q A(z)dz,

provided the ‘area function’ A : [p, ¢] — R is integrable.
Examples 8.4. (i) Let a,b,¢,d,p,q € R and
D:={(z,y,2) ER*:a<a<bc<y<d p<z<q}

be a cuboid. Then for each fixed s € [a, b], the area of the slice {(z,y, z) €
D :x = s}of Dis A(s) := (d — ¢)(q — p) and hence the volume of D is
equal to

b
/ A(x)dz = (d - ¢)(g — p)(b— a).

Alternatively, for each fixed t € [¢,d], we may consider the area A(t) :=
(b — a)(q — p) of the slice {(z,y,z) € D : y =t} of D, or for each fixed
u € [p,q], we may consider the area A(u) := (b — a)(d — ¢) of the slice
{(z,y,2) € D: z=u} of D for finding the volume of D. At any rate, this
simple example shows that our definition of the volume of a solid as the
integral of an ‘area function’ is consistent with our assumption regarding
the volume of a cuboid.
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T Y

—Va?—s?

Va2 — s?

Fig. 8.7. Solid enclosed by two cylinders and a slice resulting in a square region

(ii) Let @ € R with a@ > 0. Let us find the volume of the solid D enclosed by
the cylinders z? + y? = a? and 2 + 22 = a”. [See Figure 8.7.] The solid
D lies between the planes x = —a and « = a, and for a fixed s € [—a,a],
the slice {(z,y,2) € D : x = s} is given by

{(s,y,z) eR3: |yl < Va2 — 52 and |z| < Va2 —52}.
This slice is a square region of side 2v/a2 — s2, and its area is equal to

A(s) = (2V/a2 — $2)? = 4(a® — 5°).

Hence
a a a 3 1 3
A(z)dx = 4/ (a® —2?)dx = 8/ (a® —2?)dr = 8<a3 — (; ) = 63(1
—a —a 0
is the required volume. &

We shall now calculate the volume enclosed by an ellipsoid, and as a special
case, the volume enclosed by a sphere. It will lead us to another important
classical formula for 7.

Proposition 8.5. (i) The volume of a solid enclosed by an ellipsoid given by
(22/a?) + (y?/b?) + (22 /c?) = 1, where a,b,c > 0, is equal to 4rabc/3.

(ii) The volume of a spherical ball enclosed by the sphere given by 2% +
y? + 2% = a® is equal to 4mwa®/3. In other words, if B denotes a spherical ball,

then
3 Volume of B

Ty (Radius of B)3’
(iii) Let a > 0. For ¢ € [0, 7], the volume of the (solid) spherical cone
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{(m,y,z) eR?: 2?2 +y? + 22 <a? and 0 < cos™? (a:/\/a:2 +y2 + z2) < gp}

is equal to 2ma3(1 — cos p)/3.

Proof. (i) The given ellipsoid lies between the planes given by x = —a and
x = a. Also, for s € (—a,a), the area A(s) of its slice

2 2 2
3. Y z S
{(s,y,z)eR L2 T Sl—az}

by the plane given by = = s is the area enclosed by the ellipse

y2 2,2

=1
20— (s2/a2)] - (2/a2)] T
and hence by part (i) of Proposition 8.2, we have

2

A(s)=m (b\/l - (32/a2)) (c\/l - (32/a2)) = ﬂbc(l - 22).

Thus the volume enclosed by the ellipsoid is equal to

@ @ x? 2a* 4
9 A(z)dz = wbe [a (1 ~ 2 )dm = 7rbc<2a - 3a2) = 37rabc.
(ii) Letting b = a and ¢ = a in (i) above, we see that the volume of the
spherical ball of radius a is equal to 47a®/3. The desired formula for 7 is then
immediate.

(iii) If ¢ = 0, then the (solid) spherical cone reduces to the line segment
{(2,0,0) € R® : 0 < 2 < a}, and its volume is clearly equal to 0. Also, if
» = /2, then the (solid) spherical cone is the half spherical ball {(z,y, z) €
R3 : 2% + y? + 22 < a® and # > 0} and by (ii) above, its volume is equal
to 2ma3/3. Now let » € (0,7/2). For s € [0,acos ], the slice of the (solid)
spherical cone by the plane given by x = s is a disk of radius stan ¢ and so
its area A(s) is equal to ms? tan? p, whereas for t € (a cos ¢, a], the slice of the
(solid) spherical cone by the plane given by = = t is a disk of radius Va2 — 2
and so its area A(t) is equal to 7(t? — a?). [See Figure 8.8.] Hence the volume
of the (solid) spherical cone is equal to

acos ¢ a
/ ma’ tan? o dr + / n(a® — x?)dx
0 a

cos ¢
3 a3 3 3 anad
:7rtan2<pa o8 <p—|—7r(a3— “ —a3cosg0—|-a o8 <,0)
3 3 3
3 2 3
= ﬂ-g (sinzgocos<p—|—2—3cosg0—|—cos3g0) = 7;@ (1 —cosp).

By symmetry, the formula holds for ¢ € (7/2,7] as well. This can be seen
as follows. Let ¢ := m — ¢. Then ¢ € [0,7/2), and by what we have already
proved, the volume of the desired spherical cone is equal to
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dma®  2ma® 2ra®  2ma’ 27a®
ﬂ; - ﬂ; (1 —cos?y) = 7;@ + ﬂ; cos(m — ) = 7;@ (1 —cosgp),
as before. O
y (acos p, asin p)
¥
Va2 — 2
N - a
z T

Fig. 8.8. A solid spherical cone inside a sphere and its slices by planes © = s, x = ¢

The formula for 7 given in part (ii) of the above proposition makes it
plain that the ratio of the volume of a spherical ball to the cube of its radius
is independent of the radius.

Slivering by Coaxial Right Circular Cylinders

Suppose that a bounded solid D lies between two cylinders having a given
line L as their common axis. A cross-section of D by a cylinder is called a
sliver of D. Let us assume that we are able to determine the ‘surface area’ of
a sliver of D by any cylinder having L as its axis.

For the sake of concreteness, let the given line L be the z-axis, let p,q € R
with 0 < p < ¢, and assume that D lies between the cylinders given by
22 +y? = p? and 22 + y? = ¢°, and for r € [p,q], let A(r) denote the surface
area of the sliver

{(z,y,2) € D: 2 +y* =1?}

of D obtained by intersecting it with the cylinder given by z? + y? = r2. If
{ro,71,...,rn} is a partition of [p,q], then the solid D gets divided into n
subsolids

{(%yaz)GDiTiqﬁ\/$2+y2§7"i}, %:1,711

Let us choose s; € [r;—1,7;] and replace the ith subsolid by a cylindrical solid
having volume equal to A(s;)(r; —r;—1) for i = 1,...,n. Then it is natural to
consider
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z
> 22 + 9% = ¢?
L’2 + 1 12 _ 7”2
1.2 + yZ _ p2
V% /////llll\\\\‘ \
" tl!.||n||m||||m|u|.'ln TR
,'|4|M|n||n||||||||n|||u|m ||“g\‘ L. D
. o IIHIIII"I:II:II‘IIIIII|“ﬁl;‘
— N\ % m'mi{i.ll!ll""'l'ﬂllll \||il=|"”' S~
\ 1V,
z -...'lll IIHIIIIIIIII“,I.. Y

Fig. 8.9. Slivering a solid lying between the cylinders 22 + 32 = p? and z? +9? = ¢°
by right coaxial cylinders z* + y? = 72 for r € [p, ¢

ZAS’L Ty —Ti— 1)

as an approximation of the des1red volume of D. We therefore define the

volume of D to be
Vol ( / A(r

provided the ‘surface area function’ A : [p, q] — R is integrable.

We now address the question of finding the surface area A(r) of the sliver
{(z,y,2) € D : 2* +y* =r?}
of D for a fixed r € [p, q]. Let
E,.:={(0,z) € [-m, 7] x R: (rcosf,rsinb, z) € D}.

denote the parameter domain for the sliver. Then the surface area A(r)
of this sliver is defined to be r times the area B(r) of the planar region E,.
Thus the volume of D is equal to

Vol (D) = /'I rB(r)dr,

where B(r) is the planar area of the parameter domain F, given above for
each r € [p, ql.

Similar considerations hold if the given line L is the y-axis and there are
a,b € R with 0 < a < b such that D lies between the cylinders given by
22+ 22 = a? and 2% 4 2% = b?, or if the given line L is the x-axis and there
are ¢,d € R with 0 < ¢ < d such that D lies between the cylinders given by
y?2 + 22 =c? and y? + 2% = d°.
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the cylindrical shell
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Examples 8.6. (i) Let p,q,h € R with 0 < p < g and h > 0, and consider

D = {(z,y,2) eER?:p< \/Ji2+y2 <gand 0 <z <h}.
For a fixed r € [p, ¢], the sliver
{(x,y,2) eR*:2? +y? =7? and 0 < z < h}

of D, obtained by intersecting D with the cylinder given by 2 + 32 =r
has the parameter domain

2
ET::{(9,2)€R2:—7T§9§7rand0§z§h}.

Since the area B(r) of the rectangular region F, is equal to

[ — (=m)] - [h — 0] = 27h
for each 7 € [p, q], we see that the volume of D is equal to

LéquOﬁw“:Léqr@ﬂhﬁh::ﬂhQQ—;F)

)
av2 F-—-__
\\\\
~
T - ~
s\\\ AN
a

sin~!(a/r)

\
N

éos’l(a/r) a

Fig. 8.10. Projections on the xzy-plane of slivers of a cube by right coaxial cylinders

(ii) Let a € R with @ > 0, and consider the cube

D:={(z,y,2) ER*: 0< z,y,2 < a}

of side a. It lies inside the cylinder 22 + y? = (av/2)? = 2a>. For a fixed
0 < r < av/2, consider the sliver
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{(x’y’z)eRS:OS%y,ZSaand x2+y2:r2}

of D obtained by intersecting it with the cylinder given by z2? + y2 = 2.

The projections of these slivers on the zy-plane are depicted in Figure
8.10. It is clear that if 0 < r < a, then the sliver is given by

{(x,y,z)eR?’:xZO,yzo, 22 4% =0 andogzga},
and its parameter domain
E.:={(0,2) €R?*:0 € [0,7/2] and 0 < z < a}

has area B(r) = (7/2)a = am/2. On the other hand, if a < 7 < av/2, then
the sliver is given by

. ia L _a
{(Tcosﬁ,rsmG,z)eR?’:cos T <9 <sin? andOSzga},
r r
and its parameter domain
2 -1 a -1 @
Er:{(ﬁ,z)eR:cos < 6 <sin andOﬁzSa}
r r

has area B(r) = [Sinfl(a/r) —cos™!(a/r)] a. Thus the volume of D is
equal to

av/2 a av/2
/ rB(r)dr = / r T dr +/ T (sin_1 ¢ cos7l a) adr.
0 o 2 o T r

Substituting » = a csc 6, and then integrating by parts, we obtain

av/2 a w/2
/ rsin”! . dr = a2/ 6 csc? 6 cot 0dO

/4
2 /2 /2 2
— " bcot?0 —/ cot?0do | = ¢ ,
2 ﬂ'/4 71./4 2

while substituting » = asec, and then integrating by parts, we obtain

(1\/2 a 7'r/4
/ reos ! dr = a2/ 6 sec? 6 tan Odo
a 0

r
a? 5 |7/4 /4 9 a®
=, <9tan 9‘0 —/0 tan® 0d0 | = 9 (2 —1).

Hence we can conclude that the volume of D is equal to

m a2+ a? a? <7r 1) 3
a_ - a- . —a- —1)=a
2 2 2 2 \2 ’

as expected. <&
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Solids of Revolution

A subset of R? that can be generated by revolving a planar region about
an axis is known as a solid of revolution. For example, the spherical ball
{(x,y,2) + 2% + y? + 22 < a?} of radius a can be generated by revolving
the semidisk {(z,y) € R? : 22 + y? < a? and y > 0} about the z-axis, or by
revolving the semidisk {(z,y) € R? : 224+y? < a? and z > 0} about the y-axis.
Likewise, the cylindrical solid {(z,y,2) € R® : 4> + 22 < a? and 0 < = < h}
can be generated by revolving the rectangle [0, h] x [0, a] about the z-axis.

If the planar region being revolved is bounded and the axis of revolution
is one of the coordinate axes, then the volume of the corresponding solid of
revolution can be found using one of the definitions of volume given earlier
in this section. It may be remarked that the case in which a general plane
domain is revolved about an arbitrary line in its plane can be treated in a
course on multivariate calculus with the help of triple integrals.

First let us consider slices of a solid of revolution by planes perpendicular
to the axis of revolution. In general, each such slice is a circular ‘washer’. If
the region touches the axis of revolution at the point of slicing, then the slice
is simply a disk. [See Figure 8.11.] For this reason, this method of finding the
volume of a solid of revolution is known as the Washer Method or the Disk
Method.

z

Fig. 8.11. Illustration of the Washer Method or the Disk Method

For the sake of concreteness, let fi, f2 : [a,b] — R be integrable functions
such that 0 < f; < fo, and suppose that the region between the curves given
by y = fi(z), y = f2(x) and between the lines given by « = a, x = b is revolved
about the x-axis. Let D denote the corresponding solid of revolution. Then
for s € [a,b], the area A(s) of the annular slice of D by the plane given by
r = s is equal to

Tf2(8)? — wfi(s)? =7 [f2(s)® — f1(s)?].
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Hence the volume of D is equal to

b
Vol (D) = 71'/ [fa(2)? — fi(2)?] da.

Similarly, if g1, g2 : [¢,d] — R are integrable functions such that 0 < g3 <
g2, and the region between the curves given by = = ¢1(y), * = g¢2(y) and
between the lines given by y = ¢, y = d is revolved about the y-axis, then the
volume of the solid D of revolution is equal to

d
Vol (D) = / [92(0)? — g1()?] dy.

Next, let us consider slivers of a solid of revolution by right circular cylin-
ders whose axis is the same as the axis of revolution. In general, each such
sliver is a cylindrical shell. For this reason, this method of finding the volume
of a solid of revolution is known as the shell method. Note that if the radius
of a cylindrical shell is 7 and its height is h, then the corresponding parameter
domain is [—, 7] X [0, h]. The latter has area 27h, and hence the surface area
of the sliver is r - 2nh = 27rh.

Fig. 8.12. Illustration of the Shell Method

For the sake of concreteness, let fi, fo : [a,b] — R be integrable functions
such that f; < fy and assume that a > 0. Suppose the region between the
curves given by y = f1(z), y = f2(z) and between the lines given by =z = «,
x = b is revolved about the y-axis to generate a solid D. Consider s € [a, b
and the sliver {(z,y,2) € D : 22 + 2% = s} of D by the cylinder given by
2% + 22 = 2. Its parameter domain is E := [, 7] x [f1(s), f2(s)]. Since the
area of Fy is equal to B(s) := 27[fa(s) — f1(s)], we see that the area of the
sliver is equal to

sB(s) :=2ms[fa(s) — f1(9)].
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Hence the volume of D is equal to

b
Vol (D) = 277/ z[fa(z) — f1(z)]dz.

Similarly, if g1, g2 : [¢,d] — R are integrable functions such that g1 < go
with ¢ > 0, and if the region between the curves given by = ¢1(y), ¢ = g2(y)
and between the lines given by y = ¢, y = d is revolved about the z-axis, then
the volume of the solid D of revolution is equal to

d
Vol (D) = 2r / ylga(y) — 1 (4)]dy.

) T Z

h h

Fig. 8.13. Rectangular and triangular regions in Example 8.7 (i) and (ii)

Examples 8.7. (i) Let a and h be positive real numbers. A right circular
cylindrical solid D of radius a and height & is obtained by revolving the
rectangular region bounded by the lines given by fo(x) = a, fi(x) = 0,
x =0, and # = h about the x-axis. [See Figure 8.13.] By the disk method,
the volume of D is equal to

h
a’dx = wa®h,

Vol (D) = 77/

0

whereas by the shell method, we also have
Vol (D) = 27 / yhdy = wa’h.
0
(ii) Let a and h be positive real numbers. A right circular conical solid D

of radius a and height h is obtained by revolving the triangular region
bounded by the lines given by =0, y =0, and (x/a) + (y/h) = 1 about
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the y-axis. [See Figure 8.13.] By the disk method, the volume of D is equal
to

h y 2 1 1
Vol (D) = 7r/ a2(1 - ) dy = 7ra2/ hu*du = _ma’h,
0 h 0 3
whereas by the shell method, we also have
2

Vol (D) = 27r/0axh<1 - z)dx :27rh(“2 - if) - émfh.

Fig. 8.14. The disk in Example 8.7 (iii) being revolved about the y-axis

(iii) Let a,b € R with 0 < b < a. If the disk {(z,y) € R?: (z — a)?* + y* < b?}
is revolved about the y-axis, we obtain a solid torus D. [See Figure 8.14.]
By the Washer Method, the volume of D is equal to

b 2 9
Vol (D):ﬂ'/ [(a+\/b2—y2> —<a—\/b2—y2) :|dy
—b
b 1
= 7r/ 4ar/b? — y2dy = 87rab2/ V1 - w2du
- 0
L1
= 8rap®™" ! = 272ab?.

(See Revision Exercise 46 (iii) given at the end of Chapter 7.)

(iv) Let R denote the region in the first quadrant between the parabolas given
by y = 22 and y = 2 — 22. [See Figure 8.15.] Consider the solid D;
generated by revolving the region R about the z-axis. By the washer
method, the volume of D; is equal to
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Vol (Dy) = 77/01 [(2—27)* = (2°)%] do = 77/01 (4 —42%) = 47r(1—§) = 8;,

whereas by the shell method, we also have

1 2
Vol (Dq) = 27?/ y\/ydy+27r/ y\/Q —ydy
0 1

2 ! 2 4 2y 8
_27r5+27r/0(2—u)\/udU—27r(5—|—3—5) 5

Consider next the solid Dy generated by revolving the region R about the
y-axis. By the disk method, the volume of D5 is equal to

Vol (D3) :7r/01(\/y)zdy—i—w/l2 (V?—y)zdy:ﬂ(; + ;) =,

whereas by the shell method, we also have

Vol (Ds) = 27?/01:2 [(2—2°) — 2% da :47/01 (z —2?) dz :4w<;—i> =.

Fig. 8.15. Region in the first quadrant bounded by the parabolas y = z?, y = 2—z2

It may be observed that, depending on the shape of a region relative to
the axis of revolution, we may decide whether the washer method or the
shell method turns out to be easier than the other. In any case, since both
methods must give the same answer, one of them can be used as a check
on the calculations for the other. <&

We conclude this section by mentioning again that the definitions of vol-
umes of various kinds of solids discussed here can all be unified in a course in
multivariate calculus with the help of triple integrals. This would show that
the volume of a solid calculated by using two different definitions given in this
section must turn out to be the same!
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8.3 Arc Length of a Curve

In this section, we shall discuss how to measure the distance covered while go-
ing along a curve, that is, how to calculate the ‘length’ of a curve. We shall base
our discussion only on the assumption that the (Euclidean) distance between
two points (z1,y1) and (z2,y2) in R? is equal to \/(z2 — 21)2 + (y2 — y1)2,
which is in accordance with the Pythagorean Theorem of elementary geom-
etry. Since our treatment here is in the form of an application of Riemann
integration, we shall consider only those curves whose ‘length’ can be de-
termined using Riemann integrals. The more general notion of a ‘rectifiable
curve’ is treated in Exercise 70.

Let us first consider a special situation. Suppose x°,y°, a1, as are real num-
bers, and a curve is given by (é1(t), ¢2(t)), t € [, 8], where

d1(t) ;= 2% + a1t and  ¢a(t) :=y° + agt fort € [, O]

The image of this curve is the line segment from the point (2°+aj«, y°+aza)
to the point (z° + a18, y° + a28) and its length is equal to

\/[(xo +a18) — (z° + ala)]z + [(y° + azB) — (y° + a2a)]2 = \/‘ﬁ + a3 (B—a).

Note that a; = ¢} (¢t) and agy = ¢4(¢) for all t € [, §]. This observation is
crucial in developing the notion of the length of a curve, because any ‘nice’
curve can be approximated locally by a line segment. To explain this, let ¢
be an interior point of an interval [a, §] and consider a curve C' given by
(x(t),y(t)), t € [a, ], where the functions x and y are differentiable at to. Let

¢1(t) = x(to)+a'(to)(t—to) and ¢2(t) == y(to)+y (to)(t—to) fort € [a, f].

Then by Proposition 5.11, we see that
x(t) —¢1(t) = 0 and y(t) — Pa(t) — 0 ast — to.

Thus the line segment given by (¢1(t), 92(t)), t € [, 3] approximates the
curve C' around tg. It is therefore reasonable to expect that if [«, 5] is a
small interval about the point ¢y, then the ‘length’ of the curve C should be
approximately equal to the length of this line segment, which is equal to

V94 (t0)? + 4(to)? =V (t0)2 +y/(t0)? (5 — ).

We observe that this line segment is tangent to the curve C at (z(to), y(to))-
Keeping the above motivation in mind, we proceed as follows. A paramet-
rically defined curve C' in R? given by (z(t),y(t)), t € [, (], is said to be
smooth if the functions = and y are differentiable and their derivatives are
continuous on [«, §]. In this case, the arc length of C is defined to be
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Fig. 8.16. Finding the arc length by considering the tangents to a curve

B8
°C) = / V2 (6)2 4y (1)2 dt.

Note that the arc length of C' is well defined because by parts (i), (iii), and
(v) of Proposition 3.3, the function \/(2/)2 + (y)? is continuous, and hence
by part (ii) of Proposition 6.9, it is integrable.

We emphasize that the arc length of a curve C' is defined in terms of its
given specific parametrization. The curve C' should not be confused with its
image {(z(t),y(t)) € R? : t € [a,]}. For example, the curve C; given by
(cost,sint), t € [—m, 7], and the curve Cy given by (cos 2t,sin2t), ¢t € [—m, 7],
have the same domain [—7, 7] and the same image {(z,y) € R? : 2% +y? = 1},
but they are obviously different curves, since Cy winds around the origin (0, 0)
once, while Cy winds around the origin (0,0) twice! We now show that the
arc length of a curve does not change under certain ‘reparametrizations’.

Proposition 8.8. Let C' be a smooth curve given by (z(t),y(t)), t € [, J].
Suppose ¢ : [y,0] — R is a differentiable function such that ¢ is integrable,
o([7,6)) = [, A], and ¢ (u) # O for every u € [y,6]. Let C denote the para-
metrically defined curve given by (Z(u),y(u)), u € [vy,0], where the functions
Z,9 : [v,9] — R are given by & :=xo0¢, §:=yo¢p. Then C is a smooth curve
and

0C) = 6(C).

Proof. Consider the function ¢ — +/2/(t)2 +y/()? from [a, 3] to R. Since
2’ and gy’ are continuous on [«, 3], it follows from parts (i), (iii), and (v) of
Proposition 3.3 that this function is continuous (and hence integrable) on
[e, B]. Now part (ii) of Proposition 6.26 shows that

16
(0) = [V +y 2
)
- / V() + o ($())? ¢ (w)|du

8
— [ Vi
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since &' (u) = 2/(d(w))¢’ (u) and ' (u) = y'(P(u))¢’ (u) for all u € [ry,d] by the
Chain Rule (Proposition 4.9). Thus £(C) = ¢(C). O

Let us consider some important special cases of parametrically defined
curves, namely curves defined by a Cartesian equation of the form y = f(z)
or of the form x = ¢(y), and curves defined by a polar equation of the form
r = p(#) or of the form 6 = a(r).

1. Let a,b € R with a < b, f : [a,b] — R, and a smooth curve C be given
by y = f(z), « € [a,b]. Then the arc length of C' is equal to

_ /b V14 f(2)? de.

This follows by considering the Cartesian coordinate x as a parameter with
[a,b] as the parameter interval. Thus in this case 2’ = 1 and y'(x) = f'(z) for
x € [a,b].

Similarly, if ¢,d € R with ¢ < d, ¢ : [¢,d] — R and a smooth curve C is
given by x = g(y), y € [c,d], then the arc length of C is equal to

/ V1+g'(y)? dy.

2. Let o, € R, p: [, 8] — [0,00) and a smooth curve C' be given by
r =p(0), 0 € [a, B]. Then the arc length of C' is equal to

/ Vp(6) 0)2 do.

This follows by considering the polar coordinate 6 as a parameter with [a, ]
as the parameter interval, so that C' is given by the parametric equations

z(0) = p(f)cosf and y(0) = p(h)sinb,
which show that for all 6 € [«, 3],

2'(0)2 + ' (0)* = [p'(0) cos O — p(0) sin 0] + [p'(A) sin O + p(6) cos 0]
=p(60)* +p'(9)*.

Arc length of a curve given by a polar equations of the form 6 = «(r) is
treated in Exercises 30 and 31.

Proposition 8.9. (i) For ¢ € [0, 7|, the length of the arc of a circle given by
x:=acost, y:=asint, 0 <t < ¢ (which subtends an angle ¢ at the center),
1s equal to agp.
(ii) The perimeter of the circle given by x2 + y? = a? is equal to 2mwa. In
other words, if C' denotes a circle, then
1 Perimeter of C

T Radius of C'
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Proof. (i) The circular arc is given by the polar equation r = p(6), where
p(0) :=a for all § € [0, ¢]. Hence the length of the arc is equal to

©
/ Va2 +02do = agp.
0

(ii) The perimeter of a circle is twice the arc length of its semicircle. Letting
¢ = m in (i) above, we see that the perimeter of the circle is equal to 2wa.
The desired formula for 7 is then immediate. O

The formula for 7 given in part (ii) of the above proposition makes it
plain that the ratio of the perimeter of a circle to its diameter is independent
of the radius. This fact is usually taken for granted when 7 is introduced in
high-school geometry.

Part (i) of the above proposition says that the length of an arc of a semi-
circle is equal to the radius of the circle times the angle between 0 and w
(in radian measure) that the arc subtends at the center. This explains the
dictionary meaning of the word ‘radian’, namely an angle subtended at the
center by an arc whose length is equal to the radius. Thus if the radius of
a circle is 1, then the length of an arc of its semicircle is equal to the angle
the arc subtends at the center. This also explains the use of the name ‘arc-
tangent’ of the function whose inverse is the function tan : (—7/2,7/2) — R.
Indeed, for x € (0,00), we have y = arctanz if y is the length of an arc of the
unit circle subtending an angle at the center whose tangent is x. For example,
7/3 = arctan v/3 means that an arc of length 7/3 of the unit circle subtends
an angle 0 at the center such that tané = /3.

Before considering some illustrative examples, we remark that the notion of
the length of a smooth curve can be extended to slightly more general curves as
follows. A parametrically defined curve C in R? given by (z(t),y(t)), t € [, 3],
is said to be piecewise smooth if the functions x and y are continuous on
[, B] and if there is a finite number of points 79 < 71 < -+ < 7, in [o, 3],
where 79 = « and ~,, = 3, such that for each ¢ = 1,...,n, the curve given by
(x(t),y(t)), t € [vi—1,7vi], is smooth. If the curve C is piecewise smooth, then
the length of C' is defined to be

(C) = Z/W V! ()2 + ' ()2 dt.
i=177%

In view of Propositions 6.7 and 6.12, we may write
B
0C) = / V! (t)2 44/ (t)2dt  if C is piecewise smooth.

For example, if z(t) := ¢ and y(¢) := |¢| for ¢t € [—1, 1], then the curve given
by (z(t),y(t)), t € [-1,1], is piecewise smooth.

For a parametrically defined curve C' in R? given by (x(t),y(t), 2(t)), t €
[, 8], we may define the concepts of ‘smoothness’ and ‘piecewise smoothness’
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analogously, and if C' is a piecewise smooth curve, the arc length of C is
defined to be

B
0C) = / Vo ()2 4y (8)? + (D)2 dt.

Examples 8.10. (i) Let m,c¢ € R and consider the line segment given by
y = mz + ¢, x € [0,1], from the point (0,¢) to the point (1,m + ¢). Its

length is equal to
1
/ \/1+m2dm= \/1—|—m2,
0

which is equal to the distance between the points (0, ¢) and (1, m + ¢).
(ii) Let a € R and consider the parabolic curve given by y = az?, = € [0, 1].
Its arc length is equal to

1 2a
1
/ V1+ (2a2)? dx V14 u2du
0 2a Jo

1 1

\/1+4a2—|— ln<2a—|—\/1—|—4a2>.
2 4a
(See Revision Exercise 46 (ii) given at the end of Chapter 7.)

(iii) Consider the curve given by y = (22° + 1)/822, = € [1,2]. Its arc length
is equal to

/12\/1+<$3—4i3)2d$=/12 <x3+4i3)dm: 13223.

(iv) Let a € R with a > 0, and consider the upper half of the cardioid given
by r = a(1 4 cosf), 6 € [0, 7]. Its arc length is equal to

/ Va2(1 + cos0)? + a?(—sin0)2 df = / V/2a2(1 + cos ) db
0 0
= 2a/ cos(6/2)df = 4a.
0
(v) Consider a helix in R? given by the parametric equations
z(t) =acost, y(t)=asint, and z(t)=bt+c¢, teR,
where a,b,c € R with ¢ > 0 and b # 0. It lies on the cylinder given by

22 +y? = a®. [See Figure 8.17.] For a, 3 € R with a < 3, let C denote a
part of the helix given by (z(t),y(t), 2(t)), t € [, §]. Then

() = /ﬁ V(—asint)? + (acost)? + b2 dt = (8 — a)v/a? + b2.

Consider points Py := (x1,y1,21) and Py := (x2,ya, 22) on the cylinder
given by 22 + y? = a%. Then 2% + y? = a? = 23 + y2. Let us first assume
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r = acost
Yy =asint
z="bt

z Y

Fig. 8.17. A helix lying on the cylinder 22 4+ y? = a?

that (z1,y1) # (22,y2), that is, P; does not lie vertically above or below
Py, and also that z; # zo, that is, P; and P, do not lie in a plane parallel to
the zy-plane. If (a,01) and (a,02) denote the polar coordinates of (x1,y1)
and (z2,y2) respectively, then 61 # 0 since (z1,y1) # (z2,y2), and the
helix given by the equations

Z2 — 2

- - R
92_91(t 01)+ 21, teR,

x(t) = acost, y(t) = asint, z(t)
lies on the cylinder and passes through the points P; and P,. We may
assume that 61 < 0, without loss of generality. Letting o = 6, and 3 = 6,
it follows from what we have seen above that the arc length of the part of
this helix from P; to Ps is equal to

2
(92 — 91) a? + (22 B Zl) = \/02(92 — 91)2 + (2’2 — 21)2.
(03 — 6071)2
If we slit the cylinder vertically along a straight line parallel to the z-axis
and open it up, then the points on the cylinder may be represented by S :=
{(s,2) € R? : —ar < s < ar}. In fact, a point P = (x,y, 2) on the cylinder
corresponds to the point @ := (a#,z) in S, where (a,0) are the polar
coordinates of (z,y). Let points Py = (21,91, 21) and Py = (22, ¥y2, 22) on
the cylinder correspond to points Q1 := (ab1,21) and Q2 := (abs, 22) in
S respectively. Then the part of the above-mentioned helix from P; to P
corresponds to the line segment from Q1 to Q5 in S. We note that the
(Euclidean) distance between @1 and Qs is the same as the arc length of
the part of this helix from P, to P,. This is expressed by saying that if
points P; and P, on a cylinder are neither one above the other nor at the
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same height, then the geodesic, that is, the shortest path, on the cylinder
from P; to P is a helix.

z
| |
[} I
: T = acost | Q,
[} . 1
P y=asint . L
1 Y — bt i Q.l/
1
I
: 5
xr Yy —am : aTm

Fig. 8.18. Helix as a geodesic on the cylinder and the corresponding line segment
when the cylinder is slit vertically and opened up

It is clear that if P, = (x1,y1,21) and Py = (22, y2, 22) lie one above the
other, that is, if (z1,y1) = (z2, y2), then the geodesic on the cylinder from
Py to P is the line segment given by z(t) = x1, y(t) = y1, 2(t) = (22 —
21)t+21,t € [0,1]. Also, it can be argued that if P; and P, are at the same
height, that is, if z; = 29, then the geodesic on the cylinder from P; to P; is
the circular arc given by z(t) = acost, y(t) = asint, z(t) = z1, t € [01,02].
Likewise, if P, and P, are points on a sphere, then the geodesic on the
sphere from P; to P, is an arc of the great circle passing through them.
(A great circle is the intersection of the sphere with a plane passing
through the center of the sphere.) To see this, one may rotate the sphere,
if necessary, and assume that the great circle passing through P, and P;
is in fact the equator of the sphere. &

Remark 8.11. Let us recall how we found the area of a circular disk of radius
a in Section 8.1. We first found the area enclosed by the ellipse given by the
equation (z%/a?) + (y?/b?) = 1, and then considered the special case b = a,
which corresponds to a circle of radius a. Let us try to adopt a similar proce-
dure and find the arc length of an ellipse. Consider an ellipse C' parametrically
given by x(t) = acost, y(t) = bsint, t € [—m, w|. Then we have

LUC) = V(—asint)? + (beost)? dt = 2/ Va2 sin? t + b2 cos? ¢ dt.
-7 0

If b = a, then we easily get £(C) = 2am, which gives the perimeter of a circle
of radius a. On the other hand, if b # a, then the above integral cannot be
evaluated in terms of known functions.

A similar situation occurs if we attempt to calculate the arc length of a

lemniscate C' given by the Cartesian equation (22 + y?)? = 2% — 32, or by



318 8 Applications and Approximations of Riemann Integrals

the polar equation 72 = cos 26. Considering its parametric equations z(t) :=

(costv/1+cos?t) /V2, y(t) := (costsint)/V/2, t € [-m, 7], we obtain

g 1
{(C)=2 dt := 2w, say.
©) /0 V1 4+ cos2t S

A special case of a formula of Gauss says that 7/w is equal to the arithmetic-
geometric mean of v/2 and 1. (See Exercise 12 of Chapter 2 for the definition.
A simple proof of Gauss’s formula is given in [50].) In the study of lemniscates,
the number w plays a role very similar to the role played by the number 7
in the study of circles. Notice, for example, that just as the length of a circle
given by 22 + y? = 1 is 2, the length of the lemniscate C' is 2. <

8.4 Area of a Surface of Revolution

A surface of revolution is generated when a curve is revolved about a line.
In this section, we shall define the area of such a surface and calculate it in
several special cases. It may be remarked that the concept of the area of a
general surface is usually developed in a course on multivariate calculus with
the help of double integrals. It can be shown that the surfaces of revolution
form a special case of the general development.

Let C be a parametrically defined curve in R? given by (z(t),y(t)), t €
[, B], and let L be a line in R? given by the equation ax + by + ¢ = 0, where
a,b,c € R and not both a and b are equal to zero. Let us begin by considering
the curve C' to be a line segment P; P, with endpoints P; := (z1,y1) and
Py := (x2,y2). Thus C is parametrically given by z(t) := (ro — x1)t + 21,
y(t) == (y2 —y1)t + y1, t € [0,1]. Let us assume that the line segment P P,
does not cross the line L. Further, let d; and ds denote the distances of Py
and P from L, and let A denote the length of the line segment P; P,. We show
that the ‘area’ of the surface generated by revolving P, P, about L is equal to

’7T(d1 + dg))\

To this end, first note that if Py P, L L, then A\ = |d; — dz| and the surface of
revolution is a circular washer with radii d; and ds. [See the picture on the
left in Figure 8.19.] Thus its area is equal to

\nd} — wd3| = 7(dy + da)|d1 — da| = 7(d1 + d2) .

Next, if Py P, || L, then di = do = d say, and the surface of revolution is
a right circular cylinder with radius d and length A. [See the picture on the
right in Figure 8.19.] If we slit open this cylinder along a straight line parallel
to its axis, we obtain a rectangle of sides 27wd and A. Hence its area is equal
to
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A

Fig. 8.19. Revolving the line segment PP, about L when PP, 1 L and when
PP || L

2md\ = 7T(d1 + d2))\.

Assume now that PyP, [ L and PP, }f L. Then the surface of revolution is
a frustum (that is, a piece) of a right circular cone with base radii d; and da,
and slant height \. In order to find the area of this frustum, let us first find
the area of a right circular cone with base radius a and slant height /.

If we slit open the cone along a straight line from its vertex to a point
in its base, we obtain a sector of a circle of radius ¢ such that the length of
its arc is equal to 27ma. [See the picture on the left in Figure 8.20.] Note that
2wa = {0, where = 2wa/l. By part (iii) of Proposition 8.2, the area of this
sector is equal to

2629 = nla,

which is therefore the surface area of a right circular cone with base radius a
and slant height £.

g = 2ma

Fig. 8.20. Sector of a circle and the frustum of a right circular cone

To find the surface area of the frustum of the right circular cone with base
radii d; and ds, and slant height A, we may assume without loss of generality
that d; < dz. Then this frustum is obtained by removing from a cone of radius
ds and slant height /5 a smaller cone of radius d; and slant height ¢;, where
01,0y € R satisfy f5 > ¢ > 0 and ¢35 — 1 = \. [See the picture on the right
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in Figure 8.20.] Using similarity of triangles, we have dyfs = dof;. Hence the
area of the surface of the frustum is equal to

wdolo—7d1l; = 7T(d2€2—d2£1 +d1£2—d1€1) = 7T'(d1 —|—d2)(£2—f1) = 7T'(d1 +d2))\,

as desired.

Consider now the general case in which C' is a parametrically defined curve
given by (x(t),y(t)), t € [, 0], and let {to,%1,...,t,} be a partition of [«, J].
Let us replace the piece (z(t),y(t)), t € [ti—1, ] of the curve C by the line
segment P;_1 P; fori = 0,1,...,n, where P; := (x(¢;),y(t;)). [See Figure 8.21.]
Then the sum of the areas of the frustums of the cones generated by these
line segments is equal to

Fig. 8.21. A surface of revolution approximated by frustums of right circular cones

n

> w(dioy +di) s,

i=1
where d; is the distance of P; from the line L for i = 0,1,...,n and )\; is the
length of the line segment P;_1 P; for i = 1,...,n. This sum can be considered

as an approximation of the conceived area of the surface obtained by revolving

the curve C about the line L. Now for each i, we have

|az(t:) + by(t:) + |
Va? + b2

If the functions x and y are continuous on [t;_1,t;] and differentiable on
(ti—1,t;), then by the MVT, there are s;,u; € (t;—1,t;) such that

d; = and ;= /[z(t;) — x(ti1)]? + [y(t:) — y(ti-1))2.

A —\/.T 24+ uz) (ti_ti—l), i=1,...,n,

and hence the sums > ; d;_1A; and Y, d;\; may be considered as approx-
imations of the integral

/ﬂ lax(t) + by(t) + c| \/x’(t)2 + o/ (£)2 dt.
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These considerations lead to the following definition of the area of a surface
of revolution.

Let C be a piecewise smooth curve given by (z(t), y(t)), t € [, 3]. Consider
a line L given by az + by + ¢ = 0, where not both a and b are equal to zero.
Assume that the line L does not cross the curve C. For ¢t € [«, 3], let p(t)
denote the distance of the point (z(t),y(t)) on C from the line L, that is,

_ax(t) + by(t) + ¢
p(t) - \/Cl2 + b2 .

Then the area of the surface S of revolution obtained by revolving the curve
C about the line L is defined to be

B
Area (S) := 27 / p(t)\/2! (6)2 + v/ ()2 dt.

We note that since the line L does not cross the curve C, we have either
ax(t)+by(t)+c > 0for all t € [, 8], or az(t) +by(t) +¢ < 0 for all ¢ € [a, F].
We consider some important special cases.

1. If a piecewise smooth curve C' given by y = f(z), € [a,b], where
f(x) >0 for all z € [a,b] or f(z) <0 for all € [a,b], is revolved about the
z-axis, then the area of the surface S of revolution so generated is equal to

b
Area (S) = QW/ F(@)/1+ f(z)? da.

Similarly, if a piecewise smooth curve C' given by = = g(y), y € [¢, d], where
g(y) > 0 for all y € [¢,d] or g(y) <0 for all y € [¢,d], is revolved about the
y-axis, then the area of the surface S of revolution so generated is equal to

d
vea (5) =21 [ 190)IV1+ 9 0)2 dy.

2. Let a piecewise smooth curve C' be given by r = p(0), 6 € [«, 5], where
p(6) > 0 for all € [, 8]. If L denotes a line through the origin containing a
ray given by 6 = v, and not crossing the curve C, then the area of the surface
S obtained by revolving the curve C' about the line L is equal to

B
Area (5) = 2’7T/ p(0)]sin(6 — v)[/p(8)2 + p'(0)2 db .
(6%

This follows by considering the polar coordinate 6 as a parameter and noting,
as in Section 8.3, that 2/(0)? + v/(0)* = p(0)% + p'(0)?, 0 € |, B], and also
that the distance of the point (p(f)cos,p(0)sinf) from the line L is equal
to p(0)|sin(d — )| for all 0 € [«, §]. [See Figure 8.22.]

Area of a surface generated by revolving a curve given by a polar equations
of the form 0 = «a(r) is treated in Exercises 40 and 41.
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Fig. 8.22. Revolving a polar curve C about the line making an angle v with the
positive x-axis

Proposition 8.12. (i) Let ¢ € [0, 7] and C denote the arc of a circle given by
x:=acost, y:=asint, 0 <t < (which subtends an angle ¢ at the center).
Then the surface area of the spherical cap generated by revolving C' about the
x-azis is equal to 2ma’(1 — cos ).

(ii) The surface area of a sphere given by x> +y? + 22 = a
4ma?. In other words, if S denotes this sphere, then

_ 1 Surface Area of S
4 (Radius of S)2

2 s equal to

Proof. (i) The arc C' is given by the polar equation r = p(), where p(f) := a
for 0 € [0, ¢]. If it is revolved about the z-axis, then the area of the spherical
cap so generated is equal to

¢ ¢
27r/ al sin9|\/a2 + 02 df = 27a? / sin@df = 2mwa’(1 — cos ).
0 0
(ii) A sphere of radius a is obtained by revolving a semicircle of radius a
about the line containing its diameter. Letting ¢ = 7 in the formula obtained

in (i) above, we see that the surface area of a sphere of radius a is equal to
21a?(1 — (—1)) = 4ma®. O

The formula for 7 given in part (ii) of the above proposition makes it
plain that the ratio of the surface area of a sphere to the square of its radius
is independent of the radius.

Remark 8.13. Let S be a surface lying on a sphere of radius a. Then S is said
to subtend a solid angle © at the center of the sphere, where O is equal to the
‘surface area’ of S divided by a?. For example, let ¢ € [0, 7] and consider the
arc of the circle of radius a given by x := acost, y := asint, 0 <t < ¢, which
subtends an angle ¢ at the center of the circle. Then by part (i) of the above
proposition, the spherical cap generated by revolving this arc about the z-axis
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subtends a solid angle ©, = 27(1 — cos ¢) at the center of the sphere. By part
(iii) of Proposition 8.5, the volume of the corresponding (solid) spherical cone
is equal to 2ma®(1 — cos ) /3 = a0, /3.

In particular, letting ¢ = 7/2 and ¢ = 7 in part (i) of the above proposi-
tion, we see that a hemisphere subtends a solid angle 27 at the center and the
entire sphere subtends a solid angle 47 at the center. (Note that the volume
of the solid enclosed by the entire sphere of radius a, that is, of the the ball of
radius a, is equal to (a3 x 47)/3, in conformity with part (ii) of Proposition
8.5.) The standard unit of a solid angle is known as steradian. The largest
solid angle, therefore, is of 47 steradians, that is, of approximately 12.566
steradians. &

Examples 8.14. (i) Consider the line segment given by (z/a) + (y/h) = 1,
x € [0, a], where a,h > 0. The surface area of the cone S of radius a and
height i generated by revolving this line segment about the y-axis is equal
to

h 2 Va2 + h2 h
. Y a . a® + B
Area (5) —277/0 a(l h)\/l—i- (h) dy = 2ma b (h 2)
= rav/a2 + h2,

as expected.

(ii) Consider the spheroid S generated by revolving the ellipse (22/a?) +
(y?/b*) = 1, where a,b > 0, a # b, about the z-axis. It is given by the
Cartesian equation (22 /a?)+(y?/b?)+(22/b?) = 1. To find its surface area,
it suffices to consider the curve C given by y = (b/a)Va2? — 22, = € [~a,al.
We obtain

‘b b2z?
A =2 2221
rea (5) v 9 a\/a x \/ + a2(a? — 22) dz

9 a 2 _ 42) 2
= ﬂ-b/ \/@2 + (b g )@ dz.
a J_, a

First consider the case a < b. If ¢ := v/b2 — a2 /a, then we have ¢ > 0 and

27Tb_2a/a\/1+(Cx)2dx:47mb/c\/1+t2dt
a 0 a c 0
:27rab |:C\/1+C2+IH(C+\/1+C2)j|.

¢

(See Revision Exercise 46 (ii) given at the end of Chapter 7.) Next, con-
sider the case a > b. If ¢ :== v/a2 — b2 /a, then we have 0 < ¢ < 1 and

a 2 (&)
Area (S) = 27Tb-2a/ \/1_(c:r) d:v:47mb/ V1—t2dt
a 0 a C 0

2mab
e <C\/1 — 2 +sin”! c) .
c

Area (5)
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(See Revision Exercise 46 (iii) given at the end of Chapter 7.) In both
cases, if b — a, then L’Hopital’s Rule for 8 indeterminate forms (Proposi-
tion 4.37) shows that the surface area tends to 4wa?, which is the surface
area of a sphere of radius a, as seen in part (ii) of Proposition 8.12.

We remark that the surface of the ellipsoid given by (22/a?) + (y*/b?) +
(22/c?) = 1, where a, b, ¢ are distinct positive numbers, is not a surface of
revolution. In fact, the calculation of the surface area of such an ellipsoid
involves the so-called elliptic integrals.

(iii) Consider the torus S obtained by revolving the circle given by (z —a)? +
y? = b2, where 0 < b < a, about the y-axis. To find its area, we use the
parametric equations x(t) := a + bcost, y(t) := bsint, ¢t € [—m, 7]. Hence

s

Area (5) = 27r/ (a+bcost)\/(—bsint)2 + (beost)? dt

—T

= 27Tb/ (a + bcost)dt = 4n*ab

—Tr

is the required area. &

8.5 Centroids

Before introducing the concept of a centroid of a geometrical object, let us
consider the notion of the average of a function. For this purpose, we recall
that given n € N and a function f : {1,...,n} — R, the average of the values
of f at the points 1,...,n, that is, the average of f, is given by
n

In general, there can be repetition among the values f(1),..., f(n) of f. If
Y1, ..., Yk are the distinct values of f, and if for each j = 1,..., k, the function
f assumes the value y; at a total number of n; points, that is, the set {i €
N:1<i¢<mnand f(i) = y;} has n; elements, then ny +--- + ni = n and we

can also write . n
nyr + - T NEYk
Av(f) = .
ny+---+ng

Simple examples show that Av(f) need not be any of the values of f.
Next, consider a function f : N — R. How can we define the average of f7
One possibility is
D+ --
Av(f) = lim ORS f(n)7
n— o0 n
if the limit exists. Part (i) of Exercise 21 of Chapter 2 shows that if the se-
quence (f(n)) is convergent, then this limit exists and is equal to lim,,_,~, f(n),
but Av(f) may exist even if the sequence (f(n)) is divergent.
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Let us now consider a closed interval [a,b] in R and a function f : [a,b] —
R. How should we define the average of f? Suppose P = {xg,21,...,2,} is a
partition of [a,b] and we choose s; € (z;—1,;) for i = 1,...,n. If f were to
assume the value f(s;) at every point of the subinterval (x;_1,;), then we
may define

f(s1)(w1 —x0) + -+ f(80)(Tn — Tn1

Av(f) = (1 —x0) 4+ + (Tn — Tp_1)

Fo LS i)
=1

in analogy with the discrete case considered earlier.
Now assume that f is integrable on [a, b]. In view of the result of Darboux
about Riemann sums (Proposition 6.31), we define the average of f by

b
Av(f):= bia/ f(z)dx.

As in the case of a function defined on {1,...,n}, the average of f need not
be any of the values of f. For example, consider f : [-1,1] — R defined by
fx):=1ifx>0and f(z):= —1if 2 < 0. Then

Av(f) = 1 _1_1) /11f(x)dx = ; (/Olf(ac)dac—i-/o1 f(:r)dx)
1

= 2( 1+1)=0,
but f does not assume the value 0 at any point. If, however, f is continuous,
then Av(f) is always one of the values of f. (See Exercise 72 of this chapter
as well as Exercise 50 of Chapter 6.)

‘Weighted’ averages arise when we wish to give either more or less impor-
tance to some of the values of a function. Givenn € Nand f: {1,...,n} — R,
let w(1),...,w(n) be nonnegative numbers such that w(1) + --- + w(n) # 0.
If we decide to assign weights w(1),...,w(n) to the values f(1),..., f(n) re-
spectively, then the weighted average of f with respect to these weights is

given by

w()f(1) + - +wn)f(n)
w(l) +---Fw(n)
With this mind, we make the following definitions. An integrable function
w : [a,b] — R is called a weight function if w is nonnegative and W :=
f; w(x)dx # 0. Let f : [a,b] — R be an integrable function and w : [a,b] — R

be a weight function. Then the weighted average of f with respect to w is
defined by

Av(f;w) =

b
Av(f;w) = I;// f(@)w(x)dx.

Note that the product fw of the functions f and w is integrable by part
(iii) of Proposition 6.15. Observe that if w(x) = 1 for all z € [a,b], then

Av(f;w) = Av(f).
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Roughly speaking, the centroid of a set is a point whose coordinates
are the averages (or the weighted averages) of the corresponding coordinate
functions defined on the set. Thus the z-coordinate (or the first coordinate) of
the centroid of a subset D of R? is the average value of the function f : D — R
given by f(x,y,z) = x. Similar comments hold for the other coordinates. The
difficulty in defining a centroid at this stage lies in the fact that so far we
have only defined the average of a function defined on an interval [a,b]. To
be able to deal with centroids of more general sets, we would have to extend
the notion of an average to functions defined on them. This is usually done
in a course on multivariate calculus. At present, we shall see how centroids of
a limited variety of sets can still be defined using Riemann integrals. These
definitions turn out to be special cases of the general treatment given in a
course on multivariate calculus.

Curves and Surfaces

To begin with, let us consider a line segment PP, in R? with endpoints
Py := (z1,y1) and Py := (22,y2). Let «,y : [0,1] — R be the functions defined
by

z(t) == (r2 —x1)t+21  and  y(t) == (y2 —y1)t + 1.
As t runs over the parameter interval [0, 1], we obtain all the points (z(t), y(t))
on the line segment P; P». The centroid of P, P is defined to be the point
(z,y) given by

1 ! r1 + 22 1 ! Y1+ Y2
= t)dt = d y= t)dt = .
. 1—0/096() 9 MY 1—0/096() 2

Thus the centroid of P P is its midpoint.

More generally, consider a piecewise smooth curve C' given by (z(t), y(t)),
t € [a, f]. While defining the centroid of C, we shall use weighted averages
with the weight function w : [a, 3] — R given by w(t) := /a/(
This is reasonable since the length of the curve C is glven by

-/ T e ep a2 .

If ¢(C) # 0, the centroid (x,y) of C is defined by

1
x:Z(C’)/ (t)\/' () t)2 dt

y:K(lc / \/x t)2 dt.

Note that z = Av(z;w) and y = Av(y; w).

and
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Let us now consider a surface S generated by revolving the above-
mentioned curve C' about a line L given by ax + by 4 ¢ = 0 that does not cross
C. As in the previous section, let p(t) := |az(t) + by(t) + c|/va% + b2 denote
the distance of the point (z(t),y(t)), t € [, 8], on the curve C from this line.
Assume that

Area (9) := 27r/ )/ (t) t)2dt

is not equal to zero. If the line L is the z-axis, then we define the centroid
(z,y,2) of S by y:=0, z:=0 (because of symmetry), and

27 A
— )2
~ Area (S)/a 0)v/'() dt.

On the other hand, if the line L is the y-axis, then we define the centroid
(z,y,2) of S by z:=0, z := 0 (because of symmetry), and

2m A
— )2
~ Area (S)/a OV'(1) dt.

Note that 2 = Av(z;w), y = Av(y; ), and z = Av(z w) Where the weight
function w : [, 5] — R is given by w(t (t)\/2'(t)

We remark that the centroid of a burface of revolutlon about an arbitrary
line L, and more generally the centroid of a surface in R?, can be defined with
the help of double integrals. This is usually done in a course on multivariate
calculus and it can be shown that the above formulas are particular cases of
the general definition.

Examples 8.15. (i) Let a € R with a > 0. Consider a semicircle C' of radius
a given by x(t) := acost, y(t) := asint, t € [0, 7]. Then

C)= /07r V/(—asint)? + (acost)? dt = ar.

Hence
1 T 1 T
T = / acost-adt=0 and y= / asint -adt =
aT 0 aT 0

We note that the centroid (0,2a/m) of the semicircle C' does not lie on C'.
Also, we could have directly obtained the x-coordinate x of the centroid
to be equal to 0 by the symmetry of the semicircle about the y-axis.
(ii) Consider a cycloid C given by x(t) := t — sint and y(t) := 1 — cost,
t € [0,27]. Then
27

27
LC) = V(1 = cost)? + (sint)? dt = V2 — 2costdt
0 0

27 t
= / 2sin _ dt = 8.
O 2
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Hence
I t I t 4
x = 8/0 (t—sint)-?sin2 dt =7 and y = 8/0 (1—cost)-251n2 dt = 3

Thus the centroid of C' is at (77, g)

(iii) Let a € R with a > 0. Consider the surface S generated by revolving an
arc of the circle given by z(t) := acost, y(t) := asint, ¢t € [0,7/2], about
the line y = —a. Since the distance of (z(¢),y(t)) from this line is equal
to a + asint for ¢ € [0, 7], the area of S is equal to

/2
27r/ a(1 4 sint)\/(—asint)? + (acost)? dt = a’z (7 + 2).
0

It can be seen that y = —a and z = 0 by symmetry, whereas
1 /2 3ma’ 3a
= -2 t)a(l int)adt = = .
. a?m(m + 2) 7T/0 (acost)a(l +sint)a a’m(mr+2) w42

Thus the centroid of S is at (3a/(7 +2), —a, 0).

(iv) Let @ and h be positive real numbers. The surface S of a right circular cone
of base radius a and height h is generated by revolving the line segment
given by (x/a) + (y/h) = 1, = € [0,a], about the y-axis. As we have seen
in Example 8.14 (i), A(S) = mav/a? + h2. Then 2 = 0 = z and

2 h Y \/ a? h
= 1-— 1 dy =
Y wava? + h2 /0 ya( h) + h? 4 3’

as one may expect. &

Planar Regions and Solid Bodies

Let us first consider the centroids of certain planar regions that we dealt with
in Section 8.1. Let f1, f2 : [a,b] — R be integrable functions such that f; < fa,
and consider the region

R:={(z,y) cER?>:a<z<band filz) <y < fol)}.

Recall that the area of R is defined to be
b

Area (R) ::/ [fo(z) = f1(x)]dx.

Let us assume that Area (R) # 0. In view of our comments in the introduction
of this section, we define the x-coordinate of the centroid of R by

1

7 Area (R)

b
/ o[ fa(x) — fi(z)]dz.
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In order to define the y-coordinate of the centroid of R, we observe that for
x € [a,b], the vertical slice of the region R at x has length f2(z) — f1(z) and
its centroid is its midpoint (x, [f1(z) + f2(2)]/2). Since [fa(x) — f1(z)] - [f1(x)+
f2(2)]/2 = [f2(2)? — f1(x)?]/2 for all x € [a,b], it is reasonable to define the
y-coordinate of the centroid of R by

V= e ([ U S0

Note that x = Av(f;w) and y = Av(g;
[a,b] — R are given by f(z) :=z, g(x) :=
fi(@)].

Similarly, if g1, g2 : [¢,d] — R are integrable functions such that ¢g; < go,
then the centroid (x,y) of the region

w), where the functions f,g,w

@) + Fa@)/2, w(e) — () -

R .= {(x’y) cR?:¢ <y <dand gl(y) <z < 92(y)}
is defined by

d
e 2Are§1 (R) /c l92(1)* — 91(y)*]dy

and )
B Are; (R) /C ylg2(y) — 91(y)dy,

provided the area

Area (R) := /dc[gz(y) —g1(y)ldy

of R is not zero.

Finally, we shall consider the centroids of certain solid bodies that we dealt
with in Section 8.2. First suppose that a bounded solid D lies between the
planes given by # = a and = = b, where a,b € R with a < b, and for = € [a, b],
let A(z) denote the area of the slice of D at z by a plane perpendicular to the
r-axis. Assume that

Vol ( / Az

is not equal to zero. For each x € [a,b], the a-coordinate of the centroid of
the slice of D at x is x itself. In view of this, we define the z-coordinate of
the centroid of D by

1 b
= Vol (D)/a zA(z)dx

Further, if for each x € [a,b], the y-coordinate and the z-coordinate of the
centroid of the slice of D at x are given by g(x) and Z(x), then we define the
y-coordinate and the z-coordinate of the centroid of D by
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b b
V= ey L H@A@E wd s @A)

Note that x = Av(f; A), y = Av(g; A) and z = Av(h; A), where the functions
fyg,h:[a,b] — R are given by f(x) := z, g(z) := g(x), h(z) = Z(x).
In particular, let the solid D be generated by revolving the region

{(z,9) eER?:a<z<band filz) <y < fa(z)}

about the z-axis, where f1, f2 : [a,b] — R are integrable functions such that
0 < f1 < fa. Recall that by the Washer Method, A(x) = 7[f2(7)? — fi(x)?]
for all z € [a,b] and

Vol (D) = [ [1:0)? = (e
Then we have
Vs

b
— 2 _ 2
"= ol (o) [ @)~ AP,
whereas y = 0 = z, since g(x) = 0 = Z(x) for all x € [a,b] by symmetry.

Similar considerations hold for a solid whose volume is given by

/CdA(y)dy or /pq A(z)dz,

as described in Section 8.2.

Next, suppose that a bounded solid D lies between the cylinders given by
22 +y? = p? and 22 + y? = ¢?, where p,q € R with 0 < p < q. For r € [p, q],
consider the sliver {(z,y,z) € D : 22 + y?> = r?} of D by the cylinder given
by 22 + y? = 1% let E, = {(0,2) € [-m, 7] x R : (rcosf,rsinf,z) € D}
denote the parameter domain for this sliver and let B(r) denote the area of
the planar region F,.. Assume that

Vol (D) := /q rB(r)dr

is not equal to zero. For each r € [p,q], if B(r) # 0 and (&(r),g(r), 2(r))
denotes the centroid of the sliver of D at r for r € [p, ¢, then the centroid
(z,y, z) of the solid D is defined by

/q Z(r)rB(r)dr /q g(r)yrB(r)dr /q Z(r)yrB(r)dr
= v YT vay M EE T )

Note that 2 = Av(f; A), y = Av(g; A), and z = Av(h; A), where the functions
A, f,g,h ¢ [p,q] — R are given by A(r) := rB(r), f(r) = &(r), g(r) =
g(r), h(r) := 2(r).
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Similar considerations hold for a solid whose volume is given by

/ab zB(z)dx or /cd yB(y)dy,

as described in Section 8.2.

In particular, let the solid D be generated by revolving the region
R:={(z,y) €eR?*:a<x<band fi(z) <y < faz)}

about the y-axis, where 0 < a < b and fi, f2 : [a,b] — R are integrable
functions such that f; < fo. Recall that by the Shell Method, the volume of
D is given by

b
Vol (D) = 2r / (@) — f(2)]da.

As observed before, for each x € [a, b], the centroid of the vertical cut of the
region R at x € [a,b] is at (x, [fi(x) + f2(x)]/2), and hence the y-coordinate
of the centroid of the sliver of D at x is given by [f1(z) + f2(z)]/2. Thus we
have

yim 2 [ R,

b
_ ™ 2 2
whereas © = 0 = z by symmetry.

Examples 8.16. (i) Let b and h be positive real numbers. Consider the pla-
nar region enclosed by the right-angled triangle whose vertices are at (0, 0),
(b,0), and (0, h). The area of this triangular region is equal to bh/2. Hence
the coordinates of its centroid are given by

2 [ th 2 [* ) 2 (0% b b
x_bh/o x{b(b—x)—O}dx—lﬂ/O(bx—x)dx—b2(2 - 3)—3

and

1 2 [Pr/h 2 ho? ) h b h
y_Q'bh/O Kb(b_x)) _O]dx_b?»/o(b_:”) =15 5 =5

(ii) Let b and h be positive real numbers. Consider the planar region enclosed
by the rectangle whose vertices are at (0,0), (b,0), (0,h) and (b, h). The
area of this rectangular region is equal to bh. Hence the coordinates of its
centroid are given by

1/ b 1o, h
x—bh/oxhdx—Q and y—2~bh/0(h —0)dx—2.

Thus the centroid of the rectangular region is at (b/2,h/2).
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(iii) Let a € R with a > 0. Consider the semicircular region
{(z,y) € R? : y > 0 and 2° + ¢ < a*}.

Its area is equal to ma?/2 as we have seen in part (iii) of Proposition 8.2.
Then z = 0 by symmetry and

2 1 2 _4a
y—ﬂ_a2‘2/_a{(\/a2—x2) —O]d:ﬂ_3ﬂ_.

Thus the centroid of the semicircular region is at (0, 4a/37).

(iv) Consider the region bounded by the curves given by x = 2y — y? and
x = 0. Since 2y — y?> = z = 0 implies that y = 0 or ¥y = 2, and since
2y —y? > 0 for all y € [0, 2], the region is given by

{(:r,y)€R2:0§y§2and0§x§2y—y2}.

The area of this region is equal to f02(2y —y?)dy = 4/3. The curve given
by = 2y — y? is in fact the parabola given by (y — 1)? = 1 — 2. Thus
y = 1 by symmetry and

1 2 1 16 2
7 943) /0 [(2y —47)* ~ 0% dy = 2(4/3)15 5

Thus the centroid of the region is at (7, 1).

(v) Let b and h be positive real numbers. A right circular conical solid of
base radius a and height & is generated by revolving the triangular region
bounded by the lines given by # = 0, y = 0, and (x/a) + (y/h) = 1 about
the y-axis. The volume of this solid cone is equal to ma?h/3 as we have
seen in Example 8.7 (ii). Hence

g 2 2n* h
™ 9 Y T a
= 1— = =
Y m2h/3/0 e ( h) W= ra2n/3) 12~ 4

and x = 0 = z by symmetry. Thus the centroid of the conical solid is at
(0,h/4,0).

(vi) Let R denote the planar region in the first quadrant between the parabolas
given by y = 2% and y = 2 — 22. Consider the solid D; obtained by
revolving the region R about the x-axis. Its volume is equal to 87/3 as we
have seen in Example 8.7 (iv). Hence

T 1 2 2 i
$:8w/3/0 x[(2_$2) - (@) }d“j: (8w/3)'1:§

and y = 0 = z by symmetry. Thus the centroid of the solid F; is at
(2, 0, O). Next, consider the solid Dy obtained by revolving the region R
about the y-axis. Its volume is equal to 7 as we have seen in Example 8.7
(iv). Hence
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or [t a4 (2 — a2 o7 1
y = 7T/ac[ac + m)}(2—ax2—az2)da¢ !
T Jo 2 m 2

and x = 0 = z by symmetry. Thus the centroid of the solid Dy is at
(0,1,0). We could also have obtained this by symmetry. O

Theorems of Pappus

The following result relates the centroid of a curve with the area of the surface
of revolution generated by it.

Proposition 8.17 (Theorem of Pappus for Surfaces of Revolution).
Let C be a piecewise smooth curve in R? and L be a line in R? that does not
cross C. If C is revolved about L, then the area of the surface so generated
1s equal to the product of the arc length of C and the distance traveled by the
centroid of C'. Symbolically, we have

Area of Surface of Revolution = Arc length x Distance Traveled by Centroid.

Proof. Let the curve C be given by (x(t),y(t)), t € [, 8], and the line L be
given by ax + by + ¢ = 0, where a? + b? # 0. Recall that the arc length of C
is equal to

-/ e eR a2 .

Also, the area of the surface S generated by revolving C' about L is equal to

A(S) := 27 / (/2 (t) t)2 dt,

where p(t) is the distance of the point (x(t),y(t)), t € [a, 5], from the line L.
On the other hand, the centroid (z,y) of C is given by

/ )z (t) t)2 dt / )z (t) t)2 dt
i (C ’

T = C) and y:= )

Further, the distance d traveled by (z,y) about the line L is equal to 27 times
its distance from the line L, which is equal to
lax + by +¢| 27

7 2
Va2 + b2 _Z(C)\/a2+b2/[ #(0) +by(t) + e /2 (1) at

= Z?g)/ (t)\/' () t)? dt,

because ax(t) + by(t) + ¢ > 0 for all t € [a, 5] or ax(t) + by(t) + ¢ < 0 for all
t € o, B]. Thus

2w

Area (5) =/4(C) x d.
This proves the theorem. a
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The next result relates the centroid of a planar region lying between two
curves with the volume of the solid obtained by revolving the region about
the z-axis or the y-axis.

Proposition 8.18 (Theorem of Pappus for Solids of Revolution). Let
R be a planar region given by

{(z,y) eR*:a <z <b, fi(zr) <y < fax)},

where f1, fa : [a,b] — R are integrable functions such that f1 < fo. If either
f1(z) > 0 and the region R is revolved about the x-azis, or a > 0 and the region
R is revolved about the y-azis, then the volume of the solid so generated is equal
to the product of the area of R and the distance traveled by the centroid of R.
Symbolically, we have

Volume of Solid of Revolution = Area x Distance Traveled by Centroid.

Proof. We note that the area of the region R is equal to

b

Avea (R) = / [fa(z) — f1(2))da.

Let (z,y) denote the centroid of R.

First assume that fi(z) > 0 for all « € [a, b] and the region R is revolved
about the z-axis. Then by the Washer Method, the volume of the solid D so
generated is equal to

b
Vol (D) = 7r/ [a(2)? — fi(2)2]da.
On the other hand, we have
_ 1 " 1fi(2) + fa(x)]
Y= Area (R) /a 2
b
= 2Are11 (R) / [f2($)2 - fl(l')z]d.’b

Further, the distance d traveled by (z,y) about the z-axis is equal to 27 times
its distance from the x-axis, that is,

[fo(x) — fi(x)]dx

d = 2my.

Thus we have
Vol (D) = Area (R) x d.

This proves the desired result in the case that the planar region R is revolved
about the z-axis.
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Next, assume that a > 0 and the region R is revolved about the y-axis.
Then by the Shell Method, the volume of the solid so generated is equal to

b
Vol (D) = 27r/ z[fa(x) — f1(2)]dz.
On the other hand, we have

1 b
x:Area (R)/z .’E[fQ(l’)—fl(.’E)}dCL'

Further, the distance d traveled by (z,y) about the y-axis is equal to 27 times
its distance from the z-axis, that is,

d=2rx.

Thus, again, we have

Vol (D) = Area (R) x d.
This proves the desired result in the case that the planar region R is revolved
about the y-axis. O

If we know any two of the three quantities (i) length of a planar curve,
(ii) the distance of its centroid from a line in its plane, and (iii) the area of
the surface obtained by revolving the curve about the line, then the result of
Pappus allows us to find the remaining quantity easily. In case the curve is
symmetric in some way, we can in fact determine its centroid. This also holds
for the area of a planar region, the distance of its centroid from a line in its
plane, and the volume of the solid obtained by revolving the region about the
line. The following examples illustrate these comments.

Examples 8.19. We verify the conclusions of the Theorems of Pappus in
several special cases. We present them in a tabular form for easy verification
of the results of Pappus.

(i) Let £(C') denote the length of a piecewise smooth curve C. If (x, y) denotes
the centroid of C, then its distance from the y-axis is equal to z. Let S
denote the surface obtained by revolving C' about the y-axis. Then by
Proposition 8.17, we have Area (S5) = ¢(C) x 2mz.

Curve C Surface S ¢(C) x  Area (S5)

a

1. Line segment Cone Va2 + h? wava? + h2

(#/a) + (y/h) =1, 2 >0,y >0

2. Line segment z = a, 0 <y < h Cylinder h a 2mah
.. 2 2 2 2a 2
3. Semicircle z° + y* =a®, © >0 Sphere Ta dma
0

4. Circle (x — a)* + y*> = b%, 0 < b < a Torus 27h a 4r%ab
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(ii) Let R be a planar region. If (z,y) denotes the centroid of R, then its
distance from the y-axis is equal to x. Let D denote the surface ob-
tained by revolving R about the y-axis. Then by Proposition 8.18, we
have Vol (D) = Area (R) X 27x.

Region R Solid D Area (R) = Vol (D)
h 2h
1. Triangle enclosed by the lines Cone a2 g m;
r=0,y=0,(z/a) + (y/h) =1
2. Rectangle enclosed by the lines Cylinder ah ;L wa’h
r=0,y=0,xz=a,y=h
2 4 4 3
3. Semidisk 22 + y2 < a?, >0 Ball e @ ara
3 3
4.Disk (z —a)* +y*=0%,0<b<a Torus  mb? a 2m2ab?

In various examples given in this chapter, we have independently calcu-
lated all the quantities mentioned in the above tables. <&

8.6 Quadrature Rules

In Chapter 6, we have given various criteria for deciding the integrability of
a bounded function f : [a,b] — R. The actual evaluation of the Riemann
integral, however, can pose serious difficulties. If f is integrable and has an
antiderivative F, then the Fundamental Theorem of Calculus tells us that
f; f(x)dz = F(b) — F(a). But an integrable function f need not have an an-

tiderivative, and even if it has one, it may not be useful in evaluating fj flx)dx
in terms of known functions. For example, if f(z) := 1/z for z € [1,2], then
the function f has an antiderivative, namely, F(z) := ff(l/t)dt, x € [1,2].
But it is hardly useful in evaluating f12 f(z)dx. A similar comment holds for
the function given by f(z) := 1/(1+ 2?) for x € [0, 1]. Sometimes integration
by parts and integration by substitution are helpful in evaluating Riemann
integrals, but the scope of such techniques is very limited. In fact, it is not
possible to evaluate Riemann integrals of many of the functions that occur in
practice. As we have mentioned in Section 6.4, the Riemann sums can then
be employed to find approximate values of a Riemann integral. In the present
section, we shall describe a number of efficient procedures for evaluating a
Riemann integral approximately. These are known as quadrature rules. A
quadrature rule for [a, b] associates to an integrable function f : [a,b] — R a
real number
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Q) =D _wif(s:),
=1

where n € N, w; € R, and s; € [a,b] for i = 1,...,n. The real numbers
w1, ..., w, are known as the weights and the points s1,..., s, are known as
the nodes of the quadrature rule Q. For example, if P = {xg,21,...,z,} is
a partition of [a,b] and s; € [x;_1,2;] for i = 1,...,n, then the Riemann sum

S(P.) = 3 f(s0) (@ — 1)

is an example of a quadrature rule whose nodes are si,...,s, and whose
weights are 1 —xo, ..., T, —x,—1. We shall now construct some simple quadra-
ture rules by replacing the function f by a polynomial function of degree 0,
1, or 2, and by considering the ‘signed area’ under the curve given by the
polynomial function.

1. Let us fix s € [a,b], and replace the function f by the polynomial
function pg of degree 0 that is equal to the value f(s) of f at s. The ‘signed
area’ under the curve given by y = po(z), whose graph is a horizontal line
segment, is equal to the ‘area’ of the rectangle with base [a,b] and ‘height’
f(s). This gives the Rectangular Rule, which associates to f the number

R(f):=(b—a)f(s).

In particular, if s is the midpoint (a + b)/2 of [a, b], then we obtain the Mid-
point Rule, which associates to f the number

a+b).

M(f) = (b—a)f ("]

2. Let us replace the function f by a polynomial function p; of degree 1
whose values at a and b are equal to f(a) and f(b). The ‘signed area’ under the
curve given by y = p1 (), whose graph is an inclined line segment, is equal to
the ‘area’ of the trapezoid with base [a, b] and the ‘lengths’ of the two parallel
sides equal to f(a) and f(b) respectively. This gives the Trapezoidal Rule,
which associates to f the number

~ i)+ 10)

(=",

(See part (i) of Proposition 6.28.)

3. Let us replace the function f by a polynomial function ps of degree 2
whose values at a, (a + b)/2, and b are equal to f(a), f((a +b)/2), and f(b)
respectively. The ‘signed area’ under the curve given by y = pa(x), whose
graph is, in general, a parabola, gives Simpson’s Rule, which associates to
f the number
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a+b

@ ar(“F") 4 ).

s(=""

(See part (ii) of Proposition 6.28.)

The simple quadrature rules given above can be expected to yield only
rough approximations of a Riemann integral of a function on [a, b]. To obtain
more precise approximations, we may partition the interval [a, b] into smaller
intervals and apply the above quadrature rules to the function f restricted to
each subinterval and then sum up the ‘signed areas’ so obtained. It is often
convenient and also efficient to consider partitions of [a, b] into equal parts.

Forn € N, let Pn := {zon,Z1,n,- - -, Tnn} denote the partition of [a, b] into
n equal parts. For the sake of simplicity of notation, we denote x;, by x; for
1=0,1,...,n. Let

h—
hy = a and y; = f(z;) fori=0,1,...,n.
n

Note that x; — x;_1 = h, fori=1,...,n.

1. For i = 1,...,n, let s; be a point in the ith subinterval [z;_1, ;] of P,
and let us replace the curve given by y = f(x) on the ith subinterval [x;_1, 2;]
by a horizontal line segment passing through the point (s;, f(s;)). Since the
‘signed area’ of the rectangle with base x; —x;—1 and ‘height’ f(s;) is h, f(s;),
we obtain the Compound Rectangular Rule, which associates to f the

number
n

i=1
Since R, (f) is a Riemann sum for f corresponding to P, and u(P,) = h,, — 0
as n — 0o, it follows that R, (f) — f; f(z)dr as n — oo. (See Remark 6.32.)

Y

- — o oo oo xXr
a=xy X1 Ty X3 Ty Ty xg=>

Fig. 8.23. Illustration of the Compound Midpoint Rule
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In particular, if s; is the midpoint x; := (x;-1 + x;)/2 of the ith subinter-
val, we obtain the Compound Midpoint Rule, which associates to f the

number
n

M(f) = ha ) f(x2)-

i=1
[See Figure 8.23.]

2. For i = 1,...,n, let us replace the curve given by y = f(z) on the
ith subinterval [z;_1, 2;] by a line segment joining the points (x;_1,y;—1) and
(24, ys)- Since the ‘signed area’ of the trapezoid with base x; —2;_1 and parallel
sides of ‘lengths’ y;_1 and y; is equal to

" i) = " ) + )

we obtain the Compound Trapezoidal Rule which associates to f, the
number

n

hy, b,
T(f) =, > Wi +ui) = o (W0 +2y1+ -+ 2001+ yn)
i=1
h n—1
=5 [fa 23 @)+ f@)]
[See Figure 8.24.] We observe that

Tuf) = , [RA() + B (D)

where

n n

RL(f) =Y flwio)(wi —xim1) and  Rp(f):

i=1 i=1

[
=
3
=

&
3
L
S~—"

Since R:(f) — fj f(x)dx and Rl (f) — ff f(z)dzx as n — oo, we have

T~ ( /  flayar + / bf(x)dx> -/ ' fla)a

3. Assume that n is even. For i = 1,3,...,n — 1, let us replace the curve
given by y = f(z) on the subinterval [z;_1,2;41] by a parabola passing
through the points (x;-1,yi—1), (i, ¥i), and (z;i+1,yi+1). Since the ‘signed
area’ under this quadratic curve is equal to

B i+ b i) = o i) + 47 + S

we obtain Compound Simpson’s Rule, which associates to f the number
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Yy
a=xy X1 Ty T3 Ty Ty xg=>
Fig. 8.24. Illustration of the Compound Trapezoidal Rule
h n—1
Sulf) =" D (wim1 4y +yie1)
i=1,io0dd

h
Plyo A+ ys o+ yn1) F 22 Fya + o+ Yn—z) + Yn

3
n/2 (n/2)—1

= B o) +4Y S 2 Y Slan) + )|

i=1

[See Figure 8.25.] We note that if k := n/2, then hj = 2h,, and

T

a=xy X1 To T3 Ty Ty Tg=2>b

Fig. 8.25. Illustration of Compound Simpson’s Rule
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k
Sn(f) = Z [f(w2j—2) +4f(w25-1) + f(225)] -

Observe that each of the three sums hy 25:1 flzoj—2), hk 25:1 flz2-1),

k . . . -
and hi 3 7 f(z2;) is a Riemann sum for f corresponding to the partition
Qx := {xo,z2,..., 2252, 22, }. Hence, as n — oo, we have

Sn(f) — (15 (/abf(x)dx+4/ab f(x)dx—l—/ab f(x)dx) = /abf(x)dx.

If the function f : [a,b] — R is sufficiently smooth, it is possible to obtain
error estimates for the approximations Ry, (f), My (f), Tn(f), and S, (f) of
f; f(z)dx. We shall show that such an error is O(1/n) for R, (f) in general,
while it is O(1/n?) for M,,(f) and T,,(f), and O(1/n?) for S, (f).

We first consider the Compound Rectangular Rule and the Compound
Midpoint Rule. In the following result, we shall estimate the difference between
the ‘signed area’ under the curve given by y = f(x), a < x < b, and the
‘signed area’ obtained by replacing the function f by a constant function
on the entire interval [a,b]. The key idea is to use Taylor’s Theorem for the

functions F, G : [a,b] — R given by F(z) = [ f(t)dt and G(z) = f: f(t)dt.
Lemma 8.20. Consider a function f : [a,b] — R.

(i) Let f be continuous on [a,b] and f' exist on (a,b). Given any c € [a,b],
there are &, n € (a,b) such that

b
[ $@de = - a5+ 5 [6-PF(€) - (a2 ).

(i) Let f' exist and be continuous on [a,b], and f" exist on (a,b). Then there
is ¢ € (a,b) such that

a —a3
+b)+(b )f”(<)~

b
/a fyde = b-a)f ("] o

Proof. (i) Consider the functions F, G : [a,b] — R defined by
T b
F(z) = / f@)dt and G(z) = / f(t)dt.
Then by domain additivity (Proposition 6.7),

F(z)+ G(z) = /b f(t)dt and hence F'(z)=—G'(z) forall z € [a,b].
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Thus by part (ii) of the FTC (Proposition 6.21), we have
F'(z) = f(z) = —G'(z) for all z € [a,].

Further, F”" and G” exist on (a,b) and
F'"(z) = f'(z) = =G"(x) for all z € (a,b).

Let ¢ € [a, b] be given. By Taylor’s Theorem (Proposition 4.23) for the function
F on the interval [c, b] and n = 1, there is £ € (a, ) such that

(b—

)

F(b)=F(c)+ (b—c)F'(c) +

that is,

b c —c 2
[ rwa= [ swa+o-ora+ "7 1.

Also, by the version of Taylor’s Theorem for right (hand) endpoint (Remark
4.24), there is n € (a, ¢) such that

Gla) = G(0) + (-G @+ ) @),

that is, , ,
[ = [ swar+c-as -7 ro,

Adding the two equations for fj f(t)dt given above, we obtain by domain
additivity,

b b
2 [Cswi= [ s+ 0-are+ 7 o= ro,

that is,

b
[ 0= -ap@+ 5 [6- 7€) - (- a2 ).

as desired.

(ii) Let F', G, and c be as in part (i) above. Since f” exists on (a,b), we
have
F"(z) = f"(z) = —G"(x) for all x € (a,b).

By Taylor’s Theorem for n = 2, there are £ € (¢,b) and 7 € (a, ¢) such that
(b—
2

Gla) = G(e) + (a— G () + _20)2 G"(e) + ¢

h—

6

a—c
6

C 2 C 3
Fb) = F(O)+ - F () + 0D mrey+ O~ g,

)3 GH/(U)7
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that is,

b c —c 2
[ rwa= [ gwaso-ore+ O e+ O e,

b b
[ twde= [ swars c-are - re+ Y ),

Adding the above two equations and letting ¢ = (a + b)/2, we obtain

b b a —a)?
2 [ae= [ soa+o-as(73 ")+ O L @+ s

By the Intermediate Value Property of f” (Proposition 4.14), we see that
there is ¢ between ¢ and n such that [f”(£) + f"(n)]/2 = f”(¢). Hence we
have . 5
B a+b (b—a)’ ,,

| rwa=w-ar("37)+ L0 .

as desired. O

The above proof shows how the factor (b — a)® (in place of the factor
(b — a)?) arises in the remainder term when c is the midpoint (a + b)/2 of
the interval [a,b] and the given function f is twice differentiable. This is not
possible for any other point ¢ in [a, ].

To obtain error estimates for R, (f) and M,(f), we apply the results of
the above lemma with the interval [a, b] replaced by the subintervals arising
out of the partition P, := {xo,z1,...,2,} of [a,b] into n equal parts, and then
sum up.

Proposition 8.21. Consider a function f :[a,b] — R and n € N.

(i) If f is continuous on [a,b], f' exists on (a,b), and there is & € R such
that |f'(2)| < « for all x € (a,b), then

b
/ f(@)dz — Ro(f)

(ii) If f' emists and is continuous on [a,b], f" exists on (a,b), and there is
B € R such that |f"(x)| < B for all x € (a,b), then

b 3
(b—a)’p
[ raa i) < 0507
Proof. Let P, := {xg,1,...,2,} denote the partition of [a,b] into n equal
parts, so that ; — ;1 = (b—a)/nfori=1,...,n.

(i) Let s; € [wj—1, 2] for i =1,...,n and
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n

Ru(f) =Y fsi)(wi — mia).

i=1

By the domain additivity (Proposition 6.7), we have
[ f@de =R =3[ [ f@)dn = (i - ma)p(s0)].
@ i=1 vTi-1

By Lemma 8.20 applied to the function f on the interval [z;_1,z;] and with
¢ = s;, we see that the ith summand on the right (hand) side of the above
equation is equal to

; (i = 8)2 (&) — (i1 — 50)° f'(n)]
for some &;, n; € (x;—1, ;). Since

_a)?
(25— 50)% + (@im1 — 80)% < [(wi = 8i) + (50 —i1)]? = (w5 —21)° = ® 2 )

and since | f/ (&), [f ()| < afor i =1,...,n, we obtain

b —a)a —a)’«w

n2 on

as desired.

(ii) Again by domain additivity we have

/b f(x)dx — M, (f) = zn: [/‘” Fa)de — (51 asi—l)f(xFI;_ xz)}
“ im1 Jwica

By part (ii) of Lemma 8.20 applied to the function f on the interval
[€i—1,2;] for i = 1,...,n, we see that the ith summand on the right (hand)
side of the above equation is equal to

(@i —2i1)°

NS
for some ¢; in (z;-1, ;). Since z; — ;-1 = (b —a)/n and |f"()] < 3 for
i1 =1,...,n, we obtain

_ -8 (-

b
[ t@de =m0 < )0 ot

as desired. O
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We proceed to derive error estimates for the Compound Trapezoidal Rule
and Compound Simpson’s Rule. As before we shall estimate the difference
between the ‘signed area’ under the curve given by y = f(z), a < = < b,
and the ‘signed area’ obtained by replacing the function f by a polynomial
function of degree at most one (for the Trapezoidal Rule) as well as by a
polynomial function of degree at most two (for Simpson’s Rule) on the entire
interval [a,b]. Then we apply the results with the interval [a,b] replaced by
the subintervals arising out of the partition P,, := {zg,21,...,z,} of [a,b]
into n equal parts, and sum up.

Lemma 8.22. Consider a function f : [a,b] — R.

(i) Let f' exist and be continuous on [a,b], and f" exist on (a,b). Then there
is & € (a,b) such that

b —a _ o)’
[ 1wae= "3 @+ o - o,

(ii) Let f', f", f" exist and be continuous on [a,b], and f®) exist on (a,b).
Then there is n € (a,b) such that

[ r@a=C0 (@ as(" ) o) -l o

Proof. (i) Consider the function F : [a,b] — defined by

F(z) = /zf(t)dt 7t ; “1f(a) + f(z)] for z € [a,b].

Then F'(a) =0 and

b —a
) = [ soi-"", " 1@ + 0.

In order to express F(b) as —(b—a)3f"(£€)/12 for some & € (a,b), we consider
the function G : [a,b] — R defined by

(z—a)’

G(z) = F(x) — (b— a)?

F(b).

Then G(a) = 0 = G(b), and by part (ii) of the FTC (Proposition 6.21), we
have

G'ta) = f(a) = ylf(a) + f@] = 1) = T F)
f@) = fla) _w—a . 3—a)

= ) -, f(x) — (b — a)? F(b) for x € [a,b].
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Hence G'(a) = 0 and also

&' (z) = @) _ fle) _x—a 6(z —a)

9 - 9 - 9 f”(l’) - (b _ Cl)3 F(b)
_ _”’;“ () + " i)gF(b) for z € (a,b).

By Taylor’s Theorem (Proposition 4.23) for G and n = 1, there is £ € (a,b)

such that
(b —a)?

G(b) =Gla)+ G (a)b-a)+G"€) " , 7,
that is, G (§) = 0. Since £ # a, it follows that

(b—a)’

F(b) == 12 f/l(g)v

as desired.
(ii) Consider the function F : [a,b] — R defined by

o= [ o= o) () (5]

+(b—x)/2

Then F(a) =0 and

Fo) = [ =" @ as (")) + ).

In order to express F(b) as —(b—a)®f® (1) /2880 for some 7 € (a,b), consider
the function G : [a,b] — R defined by

Then G(a) = 0 = G(b), and by part (ii) of the FTC as well as the Chain Rule
(Proposition 4.9), we see that for all z € (a,b),

=5 o)

o) () o (7))

St e e ()] e
Hence G'(a) = 0. It can be easily verified that G”(a) = 0 and for = € (a,b),

= ) e ]
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By Taylor’s Theorem for G and n = 2, there is £ € (a,b) such that

(b—a)*

! " (b_a)2 "
G(b) = G(a) + G'(a)(b—a) + G"(a) +G"(€) 6

2
that is, G"’(£) = 0. Since £ # a, it follows that

" b +§ " b— 5 _ 2880(5 - a)
f ( 2 )_f (a+ 2 )__ (b—ay T

Now by the MVT (Proposition 4.18) for the function f”/ on the interval

[0+ (b= €)/2, b+ €)/2), there is 1 € (a+ (b— £)/2, (b+€)/2) C (a,b) such

that

O T e B R

Again, since £ # a, it follows that

(b—a)’

Fb) = =" 5eg0

FDm),
as desired. O

Proposition 8.23. Consider a function f :[a,b] — R and n € N.

(i) If f' exists and is continuous on [a,b], f” exists on (a,b), and there is
B € R such that |f"(x)| < B for all € (a,b), then

(b a)s

<
- 12n?

b
/ f(@)dz — To(f)

(i) If £/, f", f"" exist and are continuous on [a,b], f*) exists on (a,b), and
there is v € R such that |f™*) (x)| < v for all z € (a,b), and if n € N is

even, then
[ s suip) < O
u " —  180n*
Proof. Let P, := {x0,1,...,2,} denote the partition of [a,b] into n equal
parts, so that ; — ;1 = (b—a)/nfori=1,...,n.

(i) By the domain additivity, we have

n

[ it =32 [ [* s~ O ) + sl]

By part (i) of Lemma 8.22 applied to the function f on the interval [x;_1, 2]
for i = 1,...,n, we see that the ith summand on the right side of the above
equation is equal to
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(@i —2i1)°
e e
for some &; in (z;—1,;). Since z; — x;—1 = (b —a)/n and |f"(&)] < 3 for

i=1,...,n, we obtain

_(b—aps | (b-a)p

b
[ raa=miin) < C o

as desired.

(ii) Consider the partition @, := {zo,x2,...,Zn_2,2,} of [a,b]. Then

b
/ F@)dz — Su(f)

is equal to the sum of the terms

/I«:UHIA f(g;)d.r - (-Ti+1 gl‘i—l) |:f(-731—1) + 4f($i—1 ‘;-Ti+1) + f(-Tz+1):|

fori=1,3,...,n—1. By part (ii) of Lemma 8.22 applied to the function f on
the interval [x;_1,z;41] for i = 1,3,...,n — 1, we see that the ith term given
above is equal to

(-731‘+1 - 337:—1)5

_ 4) (.
2880 f ("77,)

for some n; € (z;-1,®i+1). Since ;41 — x;—1 = 2(b — a)/n and \f(4) )] <~
fori=1,3,...,n— 1, we obtain

25(b—a)’y n _ (b—a)y

2880n° 2 180nt

b
/ f(w)dw—Sn(f)’ <

as desired. O

If we wish to approximate f; f(x)dx by R, (f), M. (f), Tn(f), or S,(f)
with an error less than or equal to a given small positive number (like 1073,
1074, etc.), then Propositions 8.21 and 8.23 can be used to find how large n
must be taken, provided we know an upper bound for |f'|, |f”|, or |f¥]| as
the case may be.

The important point to be noted here is that the approximations R,,(f),
M, (f), Tn(f), and S,,(f) are available for use if we know the values of the
function f only at certain n equally spaced points in [a, b].

Example 8.24. Consider the function f : [1,2] — R defined by f(z) := 1/z.
We know from Chapter 7 that f12 f(x)dz =In2, and to estimate this value, we
may apply the quadrature rules discussed earlier in this section. For n € N, let
Pn := {zo,21,...,2,} denote the partition of the interval [1,2] into n equal
parts. Then
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i .
=14+ , +=0,...,n,
n

and so h, = 1/n. If we use right (hand) endpoints of the subintervals for
calculating R, (f), then

1 1 1 1 1
Rn(f)_n;xz_ngl—l— z/n)_gn—l—z’
1« 1 1« 2 = 1
Mn = = =2 )
(f) nZ(wkl—i—xz)/Q n;Q—i-[(Zi—l)/n] ;Q(n—i-i)—l
111 1 1 1
T, =
D= g [ 2 (s * 10 7 2 ) +2)
T R,
C4dn n+1 n+2 2n — 1’
and if n is even, then
1|1 1 1 1
Sn(f) = 4
)=, {1+ <1+(1/n)+1+(3/n)+ +2—(1/n)>
+2< PN )+1]
1+ (2/n) 1+ (4/n) 2—(2/n) 2
A T
“2n 3\n+1 n+3 2n — 1
I O
3\n+2 n+4 2n—2)°
For all z € (1,2), we have
@l =<, 1f@) = <2 and |fP@)] =} <2
@=Ll <t 1@l=| 3] <2 and [f0@)] =% <4

Hence Proposition 8.21 shows that for each n € N,

/21d M, ()< !
1.Tx " 712712’

while Proposition 8.23 shows that for each n € N,

/21d R(f)<1 d
1mx " —2n an

2 2
/1 $dm—Sn(f)‘ <

2
1 1
/1 xdx_Tn(f)’<6n2 and if n is even, then S ppd

To approximate the Riemann integral || 12(1 /x)dx with an error less than 1073,
we must choose

1
(i) n > 501 if we use R,,(f), so as to have oy < 1073,
n

1
<1073,
n2

(ii) m > 10 if we use M, (f), so as to have 19
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1
(iii) n > 13 if we use T,,(f), so as to have 62 <1073, and

2
(iv) n > 4 if we use S, (f), so as to have 154 <1073 &
n

Notes and Comments

We have given in this chapter a systematic development of the notion of an
area of a region between two curves given by Cartesian equations of the form
y = f(x) or x = g(y), or by polar equations of the form r = p(0) or 6 = «(r).
Two methods of finding the volume of a solid body are described in this chapter:
(i) by considering the slices of the solid body by planes perpendicular to a given
line and (ii) by considering the slivers of the solid body by cylinders having
a common axis. For solids obtained by revolving planar regions about a line,
these two methods specialize to the Washer Method and the Shell method.

We have motivated the definition of the length of a smooth curve by consid-
ering the tangent line approximations of such a curve. The following alterna-
tive motivation is often given. If a curve C is given by (z(t),y(t)), t € (o, O],
consider a partition {to,t1,...,tn} of the interval o, 5]. The sum

Z Vi) = 2(tio1)]? + [y(t:) — y(tio1))?
i1

of the lengths of the line segments joining the points (z(t;—1),y(ti—1)) and
(z(t;),y(t;)) fori = 1,...,n can be considered as an approximation of the
‘length’ of the curve C. If the functions x and y are continuous on [a, 5] and
are differentiable on («, 3), then by the MVT this sum can be written as

Z\/x 24y (ui)? (b —tio),

where s, u; € (ti—1,t;) for i = 1,...,n. We are then naturally led to the
definition of the length of C given in the text. We have opted for a motivation
based on tangent lines because this consideration extends analogously to a
motiation for the definition of the ‘area of a smooth surface’ given in a course
on multivariate calculus. On the contrary, the analogue of the limit of the sums
of the lengths of chords, namely, the limit of the areas of inscribed polyhedra
formed of triangles, may not exist even for a simple-looking surface such as
a cylinder. See, for example, Appendiz A.4 of Chapter J in Volume II of the
book by Courant and John [19].

We have extended the notion of length to a piecewise smooth curve using
domain additivity. In fact, the length of any ‘rectifiable’ curve can be defined.
However, we have relegated this to an exercise since the present chapter deals
with applications of integration, and rectifiability is defined without any refer-
ence to integration.
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The basic idea behind the definition of the area of a surface generated by
revolving a curve about a line is to approxzimate the curve by a piecewise linear
curve and to consider the areas of the frustums of cones generated by revolving
the line segments that approzimate the curve.

For ¢ € [0, 7], the sector {(x,y) € R? : 22 + y*> < a® and 0 < O(z,y) < ¢}
of a disk of radius a subtends an angle ¢ at the center. We have shown that
the area of this sector is a®p/2, and if this sector is revolved about the x-axis,
then it generates a (solid) spherical cone whose volume is 2a®(1 — cos¢)/3,
while the surface area of the spherical cap so generated is 2ma?(1 — cos ).
Letting ¢ = m, we may obtain the area of a disk of radius a, the volume of a
ball of radius a, and the surface area of a sphere of radius a.

We have calculated the area enclosed by an ellipse and the volume enclosed
by an ellipsoid. However, it is not possible to calculate the arc length of an
ellipse or the surface area of an ellipsoid in terms of algebraic functions and
elementary transcendental functions. The same holds for the arc length of
a lemniscate. To find these, one is led to the so-called ‘elliptic integrals’ or
‘lemmiscate integrals’. Inverting functions defined by elliptic integrals gives rise
to a new class of functions known as ‘elliptic functions’, just as inverting the
function arctan defined by

xr
arctanx = / ! dt  forx € R

o 1+
led us to the tangent function in Section 7.2. The study of elliptic functions,
initiated by Abel, Jacobi, and Gauss, is a rich and fascinating topic, which
connects many branches of mathematics. For a relatively accessible introduc-
tion, see the book of Silverman and Tate [54].

The results given in this chapter show that the real number m introduced

in Section 7.2 is equal to each of the following:

Area(D) 3 Volume(B) 1 Perimeter(C') 1 Surface Area(S)
Radius(D)?’ 4 Radius(B)®’ 2 Radius(C) = 4  Radius(S)?

where D, B, C, and S denote a disk, a ball, a circle, and a sphere respectively.
These formulas are often used in high-school geometry without any proofs.

The results of Pappus regarding the centroids of surfaces of revolution and
of solids of revolution are truly remarkable, especially since they were conceived
as early as the fourth century A.D. They reduce the calculations of areas of
surfaces of revolution and volumes of solids of revolution to the calculations
of arc lengths and planar areas respectively.

As we have remarked in this chapter, one needs the notions of multiple
integrals to introduce the general concepts of area and volume. This is usually
done in a course on multivariate calculus and one can show that the definitions
of area and volume given in this chapter are indeed special cases of the general
treatment. Then one would be sure, for example, that the volume of a solid
body calculated by the Washer Method and by the Shell Method must come out
to be the same!
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In the section on quadrature rules, our proofs of error estimates do not use

divided differences; they are based only on the Fundamental Theorem of Calcu-
lus and Taylor’s Theorem. These proofs are inspired by the treatment on pages
328-330 of Hardy’s book [31]. Admittedly, these proof are quite involved. But
they display the power of Taylor’s Theorem. If f is an infinitely differentiable
function and the ‘Taylor series’ of f converges, then these error estimates can
be obtained more easily, as indicated in Fzxercise 61 of Chapter 9.

Exercises

9

10.

Part A

. Find the average of the function f : [1,2] — R defined by f(z) :=1/x.
. Given a circle of radius a and a diameter AB of the circle, chords are

drawn perpendicular to AB intercepting equal segments at each point of
AB. Find the average length of these chords.

. Given a circle of radius a and a diameter AB of the circle, for each n € N,

n chords are drawn perpendicular to AB so as to intercept equal arcs
along the circumference of the circle. Find the limit of the average length
of these n chords as n — co.

. Let f : [a,b] — R be differentiable such that f’ is integrable on [a, b]. Show

that the average of f’ is equal to the average rate of change of f on [a, b],

namely [f(b) — f(a)]/(b—a).

. Let a, b be positive real numbers. If f(z) := (b/a)va? — 22 and w(z) := x

for 0 <z < a, find the average of
(i) f? with respect to w, (ii) f with respect to w?.

. If f,g: [a,b] — R are integrable functions, then show that Av(f + g) =

Av(f)+ Av(g), but Av(fg) may not be equal to Av(f)Av(g).

Let f:[0,1] — R be defined by f(x) := z. Find Av(f,w) and Av(w, f) if
w :[0,1] — R is defined by

() w(z) ==z, (i) w(z) =22, (i) wx) =1—-z, (iv)w(z):=2z(1—2).

. Find the area of the region bounded by the given curves in each of the

following cases:

(i) y=0,y=22+3,x=0andx=1, (i)y=4—2?andy=0,
(iii) vz +y=1,z=0and y =0, (iv) y=2* —22? and y = 227,
(v) y=32°—a3, z=-lando =1, (vi)z=1y>andx=1y?,
(vii) y=2—(z—2)? and y =z, (viii)) 2 =3y —y? and = +y = 3.

. Find the area of the region bounded on the right by the line given by

x + 1y = 2, on the left by the parabola given by y = 22, and below by the
T-axis.

Let a € R. Define f(z) :=  — 22 and g(z) := ax for x € R. Determine a
so that the region above the graph of g and below the graph of f has area
equal to g.
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11. Show that the area of the elliptical region given by ax? + 2bxy + cy? < 1,
where a,b,c € R, ¢ > 0, and ac — b > 0, is equal to 7/vac — b2.

12. Let a, § € R. Show that the areas Ag, A1, As, ... of the regions bounded
by the z-axis and the half-waves of the curve y = e** sin Bz, x > 0, form
a geometric progression with the common ratio e®™/8.

13. Let a € R with a > 0. Find the area enclosed by the lemniscate given by
the polar equation 7% = 2a? cos 26.

14. Let a € R with a > 0. Find the area of the region inside the circle given
by r = 6a cos and outside the cardioid given by r = 2a(1 + cos0).

15. Let a € R with a > 0. Find the area of the region enclosed by the loop of
the folium of Descartes given by z* + ¢ = 3azy.

16. Let p,q € R satisfy 0 < p < ¢ and let oy, s : [p,q] — R be integrable
functions such that —m < oy < as < 7. Let R := {(rcosf,rsinf) € R? :
p<r<gqgand ai;(r) <0 < as(r)} denote the region between the curves
given by 6 = «a1(r), § = as(r) and between the circles given by r = p,
r = q. Define

<
0

Area (R) := /q rlag(r) — aq(r)]dr.

Give a motivation for the above definition along the lines of the motivation
given in the text for the definition of the area of the region between curves
given by polar equations of the form r = p(0).

17. (i) Let p,q € R be such that 0 < p < ¢q and ¢ € [0,7]|. Using the
formula given in Exercise 16, show that the area of the circular strip
{(rcosf,rsinf) e R? :p<r <gand 0<0 < ¢}is (¢ —p?)g/2.

(ii) Let a : [1,2] — R be given by a(r) := 4nw(r — 1)(2 — r), and let
R :={(rcosf,rsinf) e R?: 1 <r <2and 0 <6 < a(r)} Show that
the area of R is equal to 7.

(iii) Let R := {(rcosf,rsinf) e R?: 1 <r <2andr <0 < ry/r}. Find
Area (R).

18. Let a € R with a > 0. The base of a certain solid body is the disk given
by 22 +y? < a?. Each of its slices by a plane perpendicular to the x-axis is
an isosceles right-angled triangular region with one of the two equal sides
in the base of the solid body. Find the volume of the solid body.

19. A solid body lies between the planes given by y = —2 and y = 2. Each of
its slices by a plane perpendicular to the y-axis is a disk with a diameter
extending between the curves given by z = 2 and = 8 — 2. Find the
volume of the solid body.

20. A twisted solid is generated as follows. A fixed line L in 3-space and a
square of side s in a plane perpendicular to L are given. One vertex of the
square is on L. As this vertex moves a distance h along L, the square turns
through a full revolution with L as the axis. Find the volume of the solid
generated by this motion. What would the volume be if the square had
turned through two full revolutions in moving the same distance along the
line L7
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21. Let a,b € R with 0 < a < b. Suppose that a planar region R lies between
the lines given by = a and x = b, and for each s € [a, b], the line given
by x = s intersects R in a finite number of line segments whose total
length is £(s). If the function ¢ : [a,b] — R is integrable, then show that
the volume of the solid body obtained by revolving the region R about
the y-axis is equal to

b
2 / zl(x)dx.

22. Find the volume of the solid of revolution obtained by revolving the region
bounded by the curves given by y = 3 — 22 and y = —1 about the line
given by y = —1 by both the Washer Method and the Shell Method.

23. The disk given by 22 + (y — b)? < a?, where 0 < a < b, is revolved about
the z-axis to generate a solid torus. Find the volume of this solid torus by
both the Washer Method and the Shell Method.

24. A round hole of radius v/3 cm. is bored through the center of a solid ball
of radius 2 cm. Find the volume cut out.

25. Find the volume of the solid generated by revolving the region in the first
quadrant bounded by the curves given by y = 2% and y = 4z about the
z-axis by both the Washer Method and the Shell Method.

26. Let f : [0,00) — [0,00) be a continuous function. If for each a > 0,
the volume of the solid obtained by revolving the region under the curve
y = f(x), 0 <z < a, about the z-axis is equal to a® + a, determine f.

27. Find the volume of the solid generated by revolving the region bounded
by the curves given by y = \/x, y = 2, and x = 0 about the x-axis by both
the Washer Method and the Shell Method. If the region is revolved about
the line given by x = 4, what is the volume of the solid so generated?

28. If the region bounded by the curves given by y = tanz, y = 0, and z = 7/3
is revolved about the z-axis, find the volume of the solid so generated.

29. Find the arc length of each of the curves mentioned below.

(i) the cuspidal cubic given by y? = x® between the points (0,0) and
(4,8),
(ii) the cycloid given by = ¢ —sint, y = 1 — cost, —7 <t <,
(iii) the curve given by (y +1)? =423, 0 <z <1,

€T

(iv) the curve given by y = / Vieos2t dt, 0 <z < /4.

0
30. Let p,g € R with 0 < p < ¢ and « : [p,q] — R. Suppose a piecewise
smooth curve C' is given by 6 = a(r), r € [p, ¢]. Show that the arc length
of C' is equal to

LC) = /q V14 r2a/(r)2 dr.

(Hint: If z(r) := rcosa(r) and y(r) := rsina(r) for r € [p,q|, then
2+ () = 1+ 1%/ ()2.)

31. Show that the arc length of the spiral given by 6 = r, r € [0, 7], is equal
to
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32.

33.

34.

35.

36.

37.

38.

39.

40.

1 1
27r\/1—|—7r2—|—21n<7r—|—\/1—|—7r2).

(Hint: Revision Exercise 46 (ii) given at the end of Chapter 7.)

For each of the following curves, find the arc length as well as the area of
the surface generated by revolving the curve about the z-axis.

(i) the asteroid given by z = acos® 6, y = asin®6, —7 <6 <,

(ii) the loop of the curve given by 922 = y(3 —y)?, 0 <y < 3.

For each of the following curves, find the arc length as well as the area
of the surface generated by revolving the curve about the line given by

y=—1.
3

1

(Wy=" + o Lsess, (ii)x=§y5/3—iy”3, 1<y<s.
x

Find the arc length of the curve given by

Y= gx?’/z — ;xl/z, 1<z <4,
and find the area of the surface generated by revolving the curve about
the y-axis.
Show that the surface area of the torus obtained by revolving the circle
given by 22 + (y — b)? = a?, where 0 < a < b, about the z-axis is equal to
472ab. (Compare Example 8.14 (iii).)
For each of the following curves, find the area of the surface generated by
revolving the curve about the y-axis.
(i) y=(2>+1)/2, 0< 2z <1,
(i) z=t+1, y=#*/2)+t, 0<t<1.
Let a € R with @ > 0. An arc of the catenary given by y = acosh(z/a)
whose endpoints have abscissas 0 and a is revolved about the z-axis. Show
that the surface area A and the volume V' of the solid thus generated are
related by the formula A = 2V/a.
How accurately should we measure the radius of a ball in order to calculate
its surface area within 3 percent of its exact value?
Given a right circular cone of base radius a and height &, find the radius
and the height of the right circular cylinder having the largest lateral
surface area that can be inscribed in the cone.
Let p,q € Rwith0 < p < gand a : [p,q] — R. Suppose a piecewise smooth
curve given by 6 = a(r), r € [p,q], is revolved about a line through the
origin containing a ray given by # = -, and not crossing the curve. If S
denotes the surface so generated, then show that

Area (5) = 2m /q rlsin(a(r) — ) |\/1 + 72/ (r)2 dr-.

(Hint: Compare Exercise 30 and note that for r € [p, ¢], the distance of the
point (r cos a(r),rsina(r)) from the line L is equal to r|sin(a(r) —v)|.)
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41. Let £,¢ € R with ¢ > 0. Consider the line segment given by 6 = «(r),
where a(r) := ¢ for r € [0,£]. If this line segment is revolved about the
r-axis, show that the area of the cone S so generated is equal to ¢?| sin ¢|.
[Note: Since the right circular cone S has slant height ¢ and base radius
| sin |, the result matches with the earlier calculation of the surface area
of a right circular cone done by splitting it open.]

42. Tf a piecewise smooth curve C is given by y = f(z), x € [a, ], and £(C) =

fab \/1 + f'(z)? dx # 0, then show that the centroid (z,y) of C' is given by

1 ’ / 2 — 1 ’ / 2
ng(c)/a /14 f/(x)2de  and y_Z(C)/a F@)\/1+ f(x)? de.

43. If a piecewise smooth curve C'is given by r = p(0), 0 € [a, 5], and £(C) =
ff V/p(0)% + p'(0)2 df # 0, then show that the centroid (z,y) of C'is given
by

1

B
T = E(C)/ p(0) cos 0/ p(0)2 + p'(0)2 db

and

B8
= e [ 0)sin0v/n(0)2 416 db.

44. Let a > 0 and ¢ € [0, 7]. Find the centroid of the arc of the circle given
by the polar equation  =a, 0 <6 < .

45. By choosing a suitable coordinate system, find the centroids of (i) a hemi-
sphere of radius a and (ii) a cylinder of radius a and height h.

46. Let a € R with @ > 0. Find the centroid of the region bounded by the

curves given by y = —a, © = a, * = —a, and y = Va2 — 22.
47. Find the centroid of the region enclosed by the curves given by y? = 8z
and y = 22.

48. Find the centroid of the region in the first quadrant bounded by the curves
given by 4y = 2%, =0, and y = 4.

49. Find the centroid of the region in the first quadrant bounded by the curves
given by 422 + 9y? = 36 and 22 + y? = 9.

50. Let a € R with a > 0. Show that the centroid of the ball {(z,y,2) € R3 :
2?2 +y? + 22 <a?} is (0,0,0).

51. Let a € R with a > 0. Find the centroid of the hemispherical solid body
generated by revolving the region under the curve given by y = Va2 — 22,
0<z<a.

52. Find the centroid of the region bounded by the curves given by = = y? —y
and x = y. If this region is revolved about the x-axis, find the centroid of
the solid body so generated.

53. The region bounded by the curves given by y = 0, x = 3, and y = 22 is
revolved about the z-axis. Find the centroid of the solid body so generated.

54. Let a > 0. Use a result of Pappus to find the centroid of the region bounded
by the curves given by y = Va2 — 22, y = 0, and = = 0. (Hint: Revolve
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95.

56.

57.

58.

59.

60.

61.

the given region about the z-axis or the y-axis to generate a hemispherical
solid.)

Let a > 0. Use a result of Pappus to find the centroid of the semicircular
region bounded by the curves given by y = v/a2 — x2 and y = 0. If this
region is revolved about the line given y = —a, find the volume of the
solid so generated.

Let a > 0. Use a result of Pappus to find the centroid of the semicircular
arc y = va? — z2. If this arc is revolved about the line given by y = a,
find the surface area so generated.

Let a and b be positive real numbers such that a < b. Find the y-coordinate
of the centroid of the region bounded by curves given by y = Va2 — 22,
y=+b2—22, and y = 0.

Use a result of Pappus to find (i) the volume of a cylinder with height A
and radius a (ii) the volume of a cone with height h and base radius a.
Use a result of Pappus to show that the lateral surface area of a cone of
base radius a and slant height ¢ is 7la.

Let f : [a,b] — R be a function, n € N, and P, := {zo,x1,...,2,} be any
partition of [a, b]. Define

Pnyf Zf Tj— 1 i — Tj— 1)
Lj— 1+x2
M(Py, f): Zf( )( i = Ti-1),

Pnaf Z -Tz 1 +f -Tz)]( $i—1)a

and

S(Py, f) = é Z {f(mi_ﬂ + 4f(””i—12+ ””) + f(mi)} (z; — zi_1).

i=1

If f is a polynomial function of degree at most 1, then show that

b
M&JPWM%ﬁ=ﬂ&w=/fwm

and if f is a polynomial function of degree at most 2, then show that

b
amwz/f@w

If f:[a,b] — R is a polynomial function of degree at most 3, then show
that for every n € N,
/f

(Compare part (ii) of Proposition 8.23.)
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62. If f : [a,b] — R is a convex function, then show that for every n € N, the
error

b
/ f(@)dz — To(f)

in using T,,(f) as an approximation of f; f(x)dx is nonpositive, and if f
is a concave function, then it is nonnegative.

63. Let f : [a,b] — R be any function. Let n € N be even and P, :=
{xo,x1,...,2n} be the partition of [a,b] into n equal parts. If k := n/2
and Qx := {0, 2, ..., Tak_2, Tak }, show that

Su(f) = 3 [T4(F) + 2Ma(f)]

where Sy, (f) is defined with respect to P, and Ty (f), My (f) are defined
with respect to Q. Deduce that if f is integrable, then

b
Sn(f)e/f(m)dm as  n — oo.

64. If f is continuous on [a, b], f’ exists on (a,b), and there is & € R such that
|f'(x)] < « for all « € (a,b), then show that

(b—a)’a

<
- 4n

b
/ f(@)dz — My (f)

(Compare parts (i) and (ii) of Proposition 8.21.)

65. Consider the function f : [0,1] — R defined by f(z) := 1/(1 + 2?). Find
R.(f), M, (f), and T,(f) for n € N, and S, (f) for even n € N. Prove
that

1

[ 1w —ran| < L | e ann| < L

while

1
| fays —Tn(f)‘ <., aa

(n even).

/ ' fa)de - sn<f>]

<
— 1504

Find how large n must be taken if we wish to approximate f01 f(x)dx with
an error less than 1074 using R, (f), M, (f), Tn(f), or Sn(f).

66. Let f:[0,1] — R be defined by f(z) := (1 —22)%2. Find R, (f), M.(f),
T.(f), and S, (f) for n = 4 and n = 6. Also, find the corresponding error
estimates.

67. Consider the error function erf: R — R defined by

erf (z) = \/277/0 e~ dt.

Use Compound Simpson’s Rule with n = 4 to find an approximation « to
erf(1) in terms of m and e. Show that |erf (1) — a| < 19/5760.
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68.

69.

70.

Consider the function f : [0,1] — R defined by f(z) = ze~*". Find
T, (f) and S,(f) with n = 2 and n = 4. Obtain the corresponding error
estimates, and compare them with the actual errors

1 1
/ F@)ds — To(f)  and / F(@)dz — Su(f).
0 0

Part B

Let h > 0. For each x € [0, h], the area of the slice at z of a solid body
by a plane perpendicular to the z-axis is given by A(z) := az? + bx + c.
If By := A(0) = ¢, M := A(h/2) = (ah? + 2bh +4c) /4, and By := A(h) =
ah? + bh + ¢, then show that the volume of the solid body is equal to
(B1 +4M + Bs) /6.

[Note: This formula is known as the Prismoidal Formula.]

Let a curve C' in R? be given by (z(t),y(t)), t € [a, 3]. For a partition
{to,t1,...,tn} of [a, 3], let

4O, P) = 3 Vlalts) — alts ) + [ylt:) — ylti-1)]2.
=1

If the set {¢(C, P) : P is a partition of [a, 5]} is bounded above, then the
curve C' is said to be rectifiable, and the length of C is defined to be

£(C) :=sup{¢(C, P) : P is a partition of [a, 5]}.

[Analogous definitions hold for a curve in R3]

(i) If v € (e, B), and the curves C; and Cy are given by (z(t),y(t)),
t € [a, 7] and by (z(t),y(t)), t € [y, 5] respectively, then show that C
is rectifiable if and only if C; and Cs are rectifiable.

(ii) Suppose that the functions z and y are differentiable on [a, (], and
one of the derivatives 2’ and y' is continuous on [«, 3], while the other
is integrable on [o, #]. Show that the curve C is rectifiable and

8
é(C):/ V! (6)2 4 o/ ()2 dt.

(Hint: Propositions 4.18, 6.31, and 3.17 and Exercise 43 of Chapter
6.) (Compare Exercise 48 of Chapter 6.)

(iii) Show that the conclusion in (ii) above holds if the functions = and
y are continuous on [a, 8] and if there are a finite number of points
Yo <1 < - - <, in [a,[], where 79 = « and ,, = 3, such that the
assumptions made in (ii) above about the functions x and y hold on
each of the subintervals [y;,_1,7;] for i =1,...,n.
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71.

72.

73.

8 Applications and Approximations of Riemann Integrals

[Note: The result in (iii) above shows that the definition of the length

of a piecewise smooth curve given in Section 8.3 is consistent with the

definition of the length of a rectifiable curve given above.]

Let f : [0,1] — R be defined by f(0) = 0 and f(z) = 2?sin(n/2?) for
€ (0,1]. Given any n € N, consider the partition

—1/2
P, = {o,nW, (n - ;) (n— 1)1/2,...,(3/2)1/2,1}

of [0,1] and write P, := {xo,x1,...,Z2,—2}. Show that

2n—2

> Vi sl ) — ) = (4 g4y ).

Deduce that the curve y = f(x), 0 <z < 1, is not rectifiable even though
the function f is differentiable. (Hint: Exercise 10 of Chapter 2.)

Let f : [a,b] — R be a bounded function that is continuous on (a,b),
and w : [a,b] — R be a weight function that is continuous and positive on
(a,b). Show that there is ¢ € (a,b) such that Av(f;w) = f(c¢). (Hint: Apply
Cauchy’s Mean Value Theorem (Proposition 4.36) to the functions F, G :
[a,b] — R defined by F(z) := [ f(t)w(t)dt and G(z) := [ w(t)dt.)

Let f : [a,b] — R be a bounded function that is continuous on (a,b).
If the range of f is contained in (a, ) and ¢ : [o, 3] — R is a convex
function that is continuous at « and [, then show that Av(f) € (¢, (),
the function ¢ o f : [a,b] — R is integrable, and ¢(Av(f)) < Av(¢ o f).
(Hint: Considering partitions of [a,b] into equal parts, use Exercise 72
of this chapter, Exercise 42 of Chapter 6, Exercise 47 of Chapter 3, and
Proposition 6.31.)
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Infinite Series and Improper Integrals

If ay,...,a, are any real numbers, then we can add them together and form
their sum aq + - -+ + a,,. In this chapter, we shall investigate whether we can
‘add’ infinitely many real numbers. In other words, if (a) is a sequence of
real numbers, then we ask whether we can give a meaning to a symbol such
as ‘a; +ag +--- or ‘Zzozl ay’. This leads us to consider what is known as an
infinite series, or simply a series, of real numbers. The study of infinite series
is taken up in the first three sections of this chapter, and this may be viewed
as a sequel to the theory of sequences developed in Chapter 2. In Section 9.1
below, we define the notion of convergence of a series and thus give a precise
meaning to the idea of forming the sum of infinitely many real numbers. A
number of useful tests for the convergence of series are given in Section 9.2.
In Section 9.3, we study a special kind of series, known as power series. We
also discuss here the Taylor series, which is a natural analogue of the notion
studied in Chapter 4 of the Taylor polynomial of a function.

In the last three sections of this chapter, we develop the theory of improper
integrals, which are a continuous analogue of infinite series and which extend
the theory of integration developed in Chapter 6. The notion of convergence
of improper integrals and some basic properties are discussed in Section 9.4.
A number of useful tests for the convergence of improper integrals are given
in Section 9.5. In Section 9.6, we discuss some ‘integrals’ that are related to
improper integrals of the kind studied in the previous sections. We also discuss
here the beta function and the gamma function, which are quite important
and useful in analysis.

9.1 Convergence of Series

An infinite series, or, for short, a series of real numbers is an ordered pair
((ar), (Ay)) of sequences of real numbers such that

A,=ay+ -+a, forallneN.
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Equivalently, it is an ordered pair ((ak), (An)) of sequences such that
ap = A — Ag_1 forallk € N,  where Ap:=0, by convention.

The first sequence (ay) is called the sequence of terms and the second se-
quence (A,,) is called the sequence of partial sums of the (infinite) series
((ax), (Ayn)). For simplicity and brevity, we shall use an informal but sug-
gestive notation >~ | aj, for the infinite series ((ax), (A,)). In this notation,
prominence is given to the first sequence (ay), but the second sequence (A,,)
is just as important. At any rate, the two sequences (ay) and (A, ) determine
each other uniquely.

In some cases, it is convenient to consider the sequence (ay) of terms in-
dexed as ag, a1, as, ..., or more generally, as @, Gm+1, - .- for some m € Z. In
such cases, the sequence (A,,) of partial sums will be indexed as Ag, Ay, A, . ..
or more generally, as A, A1, ... for some m € Z. Accordingly, the conven-
tion Ag := 0 is replaced by A_; := 0 or more generally, A,,—1 := 0. In general,
the indexing of (aj) will be clear from the context, and we may simply use
the notation ), aj in place of the more elaborate 220:1 ay, or ZZO:O ay, or
Zzozm Qg .

We say that a series > -, ai, is convergent if

n
lim A, = lim E ak
n—oo n—oo 1

exists, that is, if the sequence (A,,) of its partial sums is convergent. If (A,,)
converges to A, then by part (i) of Proposition 2.2, the real number A is
unique, and it is called the sum of the series ZZOZI ar. If a series ZZOZI ar,
is convergent, we may denote its sum by the same symbol Y.~ a; used to
denote the series. Thus, when we write

o0
> ar=4
k=1

we mean that A is a real number, the series ZZOZI ay, is convergent, and its
sum is equal to A. In this case we may also say that Y .-, ay converges
to A. An infinite series that is not convergent is said to be divergent. In
particular, we say that the series diverges to oo or to —oco according as its
sequence of partial sums tends to oo or to —oo. It is useful to keep in mind
that the convergence of a series is not affected by changing a finite number of
its terms, although its sum may change by doing so. (See Exercise 2.)

In Chapter 2 we have considered many sequences that are in fact sequences
of partial sums of some important series. We list them here for convenience.

Examples 9.1. (i) (Geometric Series) Let a € R. Define ay := 0 and
ap :=a® for k € N. If a # 1, then for n = 0,1,2, ..., we have
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1—agntt
Ay i=ao+ar+--+a,=1+a+- - +a" = L u
Suppose |a| < 1. We have seen in Example 2.7 (i) that A, — 1/(1 — a).
Thus Y -, ak is convergent and its sum is equal to 1/(1 — a), that is,

oo
1
1—|—Zak: . for a € R with |a] < 1.
k=1

This is perhaps the most important example of a convergent series. Its
special feature is that we are able to give a simple closed-form formula for
each of its partial sums as well as its sum. On the other hand, if |a| > 1,
then Y 77 ai is divergent and this can be seen as follows. If a > 1, then
A, >n+1forn =0,1,2,..., and so A, — oo. Thus, in this case
Z;OZO ay, diverges to co. Next, if a = —1, then As, = 1 and A, 11 = 0 for
alln =0,1,2,..., and so Z;ozo ay, is divergent. Finally, if a < —1, then
Ag,, — 00, whereas As, 1 — —00, and hence Z;O:o ay is divergent.

(ii) (Exponential Series) For k = 0,1,2,..., define aj := 1/k!. Then for

n=0,1,2,..., we have
1 1
Ay =a+a+-+a, =1+ +---+ .
1! n!

We have seen in Example 2.10 (i) that (A,) is convergent. Moreover,
Example 2.10 (ii) and Corollary 7.6 show that A, — e. Thus Y 7~ ay is
convergent and its sum is equal to e. More generally, given any = € R, if
we define ag := 0 and ay, := 2% /k! for k € N, then we shall see in Example
9.31 that ZZO:O ay is convergent and its sum is equal to e”, that is

o©  k
€z €T
1+Zk!:e for z € R.
k=1
(iii) (Harmonic Series and its variants) As seen in Example 2.10 (iii),
i ! diverges to oo, but ioz(—l)k_1 ! converges.
il 7 k=1 &

The divergent series Y -, (1/k) is called the harmonic series. Replacing
k by its powers, we obtain important and useful variants of this series. Let
p be a rational number. Example 2.10 (v) shows that

o0

1
Z . diverges to oo if p < 1, but converges if p > 1.
k=1

Further, we shall see in Examples 9.7 (i) and 9.23 (i) that

= 1
2:(—1)’“71 v diverges if p < 0, but converges if p > 0. <&
k=1
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Since the convergence of a series is defined in terms of the convergence of
a particular sequence, namely the sequence of its partial sums, many results
about the convergence of series follow from the corresponding results given in
Chapter 2 for the convergence of sequences. We mention them below without
giving detailed proofs.

1. The sequence of partial sums of a convergent series is bounded. (Compare
part (ii) of Proposition 2.2.)
2. Let >, ar = Aand ), by = B. Then

Z(ak +by)=A+B and Z(rak) =rA for any r € R.
% %

Further, if ay, < by, for all k, then A < B. (Compare parts (i) and (ii) of
Proposition 2.3 and part (i) of Proposition 2.4.) For products, see Exer-
cises 1 and 51.

3. (Sandwich Theorem) If (ay), (by), and (¢i) are sequences of real num-
bers such that ap < ¢ < by for each k, and further, Zk ar = A and
> x bk = A, then Y, ¢, = A. (Compare Proposition 2.5.)

4. (Cauchy Criterion) A series ), a; is convergent if and only if for every
€ > 0, there is ng € N such that

m

’ Z ak‘<6 for all m > n > nyg.
k=n-+1

This follows from Proposition 2.19 by noting that the sequence (A,,) of
partial sums satisfies A4, — A, = ZZL:”H ay for all m > n.
Remark 9.2. As a simple application of the geometric series and the second
property above, we can strengthen Exercise 29 of Chapter 2. Indeed, if the
decimal expansion of y € [0, 1) is finite or recurring and by, bo, . .. denote the
digits of y, then there are 7,j € N with i < j such that

2 bk b, b b
_ i i+1 j—1
v kZ:O 100 " (10i g T 10]‘—1) A4,

where - .
1 10V~

a=y b2 T

pors 10G—9k 106G-9 — 1

Consequently, y is a rational number. Thus, we can conclude that y € [0, 1)
is a rational number if and only if its decimal expansion is finite or recurring.
A similar result holds for any real number. &
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Telescoping Series and Series with Nonnegative Terms

If (by,) is a sequence of real numbers, the series Y r- | (by —bg1) is known as a
telescoping series. We have the following result regarding its convergence.

Proposition 9.3. A telescoping series > p— (br, — bpt1) is convergent if and
only if the sequence (by) is convergent, and in this case

Z b — brt1) = b1 — hm by.
k=1

Proof. For every n € N, we have

n

> (b = bryr) = by — b1

k=1
This yields the desired result. a

It may be noted that every series >~ | ax can be written as a telescoping
series. In fact, if A, is the nth partial sum of the series Y - ; aj, then letting
by :=0 and by := —Ap_1 for kK > 2, we obtain ap = by, — by for all k € N.
But then determining whether the sequence (by) is convergent is the same as
determining the convergence of the given series Y ;- | ai. In some special cases,
however, it is possible write ay = by — bi41 for all £ € N without considering
the partial sums A,,. In these cases, we can determine the convergence of the
series and find its sum using Proposition 9.3. For example, consider the series
e 1/k(k +1). We have

1 11
_ _ — by — by forall k€N
R O A T

where b, := 1/k for k € N. Since b, — 0, we see that > ;- 1/k(k + 1) is
convergent and

o0

ZkkH = (bk = br1) =by— lim by =1-0=1.
k=1 k=1

Our next result is a characterization of the convergence of a series with non-
negative terms. An interesting application of this result, known as Cauchy’s
Condensation Test, is given in Exercise 7.

Proposition 9.4. Let (ay) be a sequence such that ai, > 0 for all k € N. Then
> ai is convergent if and only if the sequence (Ay,) of its partial sums is
bounded above, and in this case

Zak =sup{A, : n € N}.

If (Ay,) is not bounded above, then > p- | ai diverges to co.
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Proof. Since a; > 0 for all £k € N, we see that A,11 = A, + ant1 > A,
for all n € N, that is, the sequence (A4,) of the partial sums of >~ ax
is monotonically increasing. By part (ii) of Proposition 2.2 and part (i) of
Proposition 2.8, we see that the sequence (A,,) is convergent if and only if it
is bounded above, and in this case

e 9)

Zak = lim A, =sup{A4, :n €N}

1 n—0o0
Also, as we have seen in Remark 2.12, if (A,) is not bounded above, then
A, — oo, that is, Y 7o | ay diverges to oo. O

As an easy application of Proposition 9.4, we can extend the result in
Example 9.1 (iii) from rational powers to real powers (See Exercise 5.) A
result similar to Proposition 9.4 holds if a;, < 0 for all & € N. (See Exercise 6.)
More generally, if a; has the same sign for all large k, that is, if there is
ko € N such that aj, has the same sign for all & > ko, then >, ay is convergent
if and only if (4,) is bounded. However, if there is no kg € N such that ay,
is of the same sign for all & > ko, then the series ), ar may diverge even
though its sequence of partial sums is bounded. This is illustrated by the
series Yo7 (—1)*~1, for which the sequence (A,) of partial sums is given by
Agp_1:=1and As, :=0 for all n € N.

If each term a; of a series Zk ay is either equal to 0 or has the same sign,
then clearly, the series ), aj is convergent if and only if the series ), |ax|
is convergent. This may not hold if the terms a; are of mixed signs. Thus
we are led to the following concept. A series >, aj is said to be absolutely
convergent if the series ), |ay| is convergent. We now give an important
result about absolutely convergent series of real numbers.

Proposition 9.5. An absolutely convergent series is convergent.

Proof. Let ), ar be an absolutely convergent series. For each k, define

lak| + ak — _ ak] —ax
ay = 9 and ap = 9
Let (Ay), (A1), (A7), and (B,) denote the sequences of partial sums of

the series Y., ag, >, ai, Y, a;, and >, |ax|, respectively. Since Y-, |ay| is
convergent, the sequence (B,,) is bounded. Also, since

OSAZan and 0< A, <B, foralln,

we see that the sequences (A4;) and (4,,) are bounded. Further, since a;” > 0
and a, > 0 for all &, it follows from Proposition 9.4 that the series ), aZ‘
and Y, a;, are convergent. But aj, = a}f —a;, for all k. Hence we can conclude
that the series ), a is convergent. O

The converse of the above result does not hold, as can be seen by con-
sidering the series Y p-,(—1)*~1/k, which is convergent but not absolutely
convergent. A convergent series that is not absolutely convergent is said to be
conditionally convergent.
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9.2 Convergence Tests for Series

In this section we shall consider several practical tests that enable us to test
the convergence or the divergence of a wide variety of series. We begin with
a simple result on which most of the tests for the divergence of a series are
based.

Proposition 9.6 (kth Term Test). If Y, a is convergent, then ar, — 0 as
k — oo. In other words, if ai # 0, then >, aj is divergent.

Proof. Let ), aj be a convergent series. If (A,,) is its sequence of partial sums
and A is its sum, then we have a = Ay — A1 — A— A=0. a

Examples 9.7. (i) If p € R with p < 0, then |[(—1)*"'k~P| > 1 for all k € N.
Hence by the kth Term Test (Proposition 9.6),

- 1
z:(—l)k_1 i is divergent if p < 0.
k=1

(ii) The converse of the kth Term Test (Proposition 9.6) does not hold, as can
be seen by considering the harmonic series Y~ 1/k. &

Remark 9.8. A variant of the kth Term Test (Proposition 9.6), known as
Abel’s kth Term Test, is given in Exercise 8. This variant can also be
useful in establishing the divergence of a series. &

Tests for Absolute Convergence

We shall now give a variety of tests to determine the absolute convergence
(and hence, the convergence) of a series.

Proposition 9.9 (Comparison Test). Let ay, by, € R be such that |ay| < by
for all k € N. If 3", by is convergent, then Y, aj is absolutely convergent and

‘Zak‘ SZbk
k k

Proof. Let (A,,), (Bn), and (Cy,) denote the sequences of partial sums of the
series Y, ak, >, br, and ), |ay| respectively. Suppose ), by is convergent.
Then (B,,) is a bounded sequence. Since |ag| < by for all k, we see that 0 <
Cp < By, and hence (C),) is also a bounded sequence. Further, since |ag| > 0
for all k, it follows from Proposition 9.4 that ), |ax| is convergent, that
is, Y, ar is absolutely convergent. By Proposition 9.5, >, ai is convergent.
Further, since —b, < ap < by for all k, we have —B,, < A, < B, for all
n. Taking the limit as n — oo, we get —>", b < >, ar < Y, bk, that is,

|Zkak|§2kbk O
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It follows from the above result that if ar = O(by) and by, > 0 for all k,
then the convergence of ), by, implies the absolute convergence of ) ", aj. The
above result can also be stated as follows. If |ai| < by for all k and >, |ax|
diverges to oo, then Zk by, also diverges to oc.

As seen below, the geometric series and the series Y ;- | 1/k?, where p € R,
are often useful in employing the comparison tests.

Examples 9.10. (i) For £ =0,1,2,..., let aj := (28 + k)/(3¥ + k). If we let
by := (2/3)*, then Y"77 by is convergent and
2k | 2k 42k 2
gl =5 TP < T 2 (

k
— > .
sk S 3k 3) 2b, forallk >0

Hence by the Comparison Test, Z;O:o ay, is convergent.
(ii) Let ay, := 1/(1+k>+k*)'/3 for k € N. If we let by, := 1/k*/3, then o>, bk
is convergent and

1 1

14 k2 4 k4)1/3 S s =b, forallkeN.

|ak| =

Hence by the Comparison Test, Y ;- ai is convergent. <&

Given a series ), ay, it may be difficult to look for a convergent series
> i br such that |ap| < by for each k. It is often easier to find a convergent
series y & br of nonzero terms such that the ratio ay /bi, approaches a limit as
k — oo. In these cases, the following result is useful.

Proposition 9.11. Let (ay) and (bi) be sequences such that by, # 0 for all
large k. Assume that ay /b, — ¢ as k — oo, where L € R or { = 00 or{ = —oc0.

(i) If by > 0 for all large k, 3, by is convergent, and £ € R, then ), ay is
absolutely convergent.

(ii) If ar, > 0 for all large k, Y, ai is convergent, and ¢ # 0, then ), by is
absolutely convergent.

Proof. (i) Suppose by > 0 for all large k, and ¢ € R. Since ar/by — £ as
k — oo, there is ky € N such that

1< Z’“ ~ <1, thatis, (£—1)bg<ay< ((+1)be forall k> k.
k
If @ := max{|¢+ 1|, |¢ — 1|}, then |ax| < aby for all k > ky. So by Proposition
9.9, the convergence of ), by implies the absolute convergence of >, as.
(ii) Suppose ar > 0 for all large k and ¢ # 0. If £ € R, then we have
limg o0 (b /ar) = 1/¢, and if £ = 0o or £ = —oo, then limy_, o (b /ar) = 0. So
the desired result follows from (i) above by interchanging aj, and by. a

In practice, the following simpler version of the above proposition turns
out to be particularly useful.
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Corollary 9.12 (Limit Comparison Test). Let (ax) and (by) be sequences
such that ai, > 0 and by, > 0 for all large k. Assume that
. 95 .
lim =/, where (&R with{#D0.
k—oo by
Then
Zak 18 convergent <= Zbk 18 convergent.
k k

Proof. The implication ‘=" follows from part (ii) of Proposition 9.11, while
‘<=’ follows from part (i) of Proposition 9.11. O

A version of the Comparison Test known as the Ratio Comparison Test
is given in Exercise 10.

Examples 9.13. (i) Let a; := (2% + k)/(3* — k) for k € N. If we let by :=
(2/3)*, then aj, > 0 and by > 0 for all k € N. Moreover,

ag 1+ (k/Qk)
= 1 as k )

b 1 (k/3k) T
Since ZZO:() by, is convergent, by the Limit Comparison Test, we see that
ZZO:O ay is convergent.

(ii) Let ay := sin(1/k) for all & € N. If we let by, := 1/k, then a; > 0 and
b > 0 for all kK € N. Moreover,

arp  sin(1/k)

= — 1 as k — oo.

by, (1/k)

Since Y 77, by is divergent, by the Limit Comparison Test, we see that
> ore ay is divergent. &

Sometimes, it is better to apply the stronger version of the Limit Com-
parison Test given in Proposition 9.11.

Examples 9.14. (i) Let p € R and ay := (Ink)/kP for k € N. First assume
that p > 1 and let ¢ := (p+1)/2. Then 1 < ¢ < p. If we let b := 1/k? for
k € N, then b, > 0 for all k € N and by L’Ho6pital’s Rule,

Ink)/kP Ink
ak:(n )/ - — 0 as k — oo.

b 1/ke ~ kp—a

Since Y ;- , bi is convergent, by part (i) of Proposition 9.11, we see that
> re, ay is convergent. On the other hand, if p <1 and we let by, := 1/kP
for k € N, then b > 0 for all £ € N and

p
e _ (Ink)/k =Ink — o0 as k — oo.
by 1/kp
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Since ay > 0 for k > 2 and >~ by, is divergent, by part (ii) of Proposition
9.11, we see that Y ,- | aj is divergent. Thus we can conclude that

— Ink
Z Zp converges if p > 1 and diverges if p < 1.
k=1

(ii) Let p > 0 and ap := 1/(Ink)? for k € N with & > 2. If we let b, := 1/k
for k =2,3,..., then by > 0 for k£ > 2 and by L’Hoépital’s Rule,
afg 1/(111 k)p k
= = s k .
by 1/k (Inkyp 00 * P
Since ay, > 0 for k > 2 and 22022 by, is divergent, by part (ii) of Proposition
9.11, we see that 22022 ay is divergent. &

The following result, known as Cauchy’s Root Test, or simply the Root
Test, is one of the most basic tests to determine the convergence of a series.

Proposition 9.15 (Root Test). Let (ai) be a sequence of real numbers.

(i) If there is o € R with o < 1 such that |agx|'/* < « for all large k, then
Y peq ag is absolutely convergent.
(ii) If |ag|"* > 1 for infinitely many k € N, then e, ak is divergent.

In particular, if
lag|V* — € as k— oo, wherel € R or{ = oo,

then
o0
Z ay, 1s absolutely convergent when € < 1, and it is divergent when £ > 1.
k=1

Proof. (i) Suppose a < 1 and ko € N is such that |az|'/* < « for all k > ko.
If we let by, := oF for k € N, then |as| < b, for all k& > ko. Moreover, since
> pe, by is convergent, the Comparison Test (Proposition 9.9) shows that
> pe ai is absolutely convergent.

(ii) If |ag|"/* > 1 for infinitely many k € N, then |ax| > 1 for infinitely
many k € N and therefore ar+0 as k — oo. Hence the kth Term Test
(Proposition 9.6) shows that Y ;- | ay is divergent.

Now assume that |ay|'/* — ¢ as k — co. Suppose ¢ € R with £ < 1. If
o := (140)/2, then £ < o < 1 and there is ko € N such that |ax|'/* < a for all
k > ko. Hence by (i) above, >~ aj is absolutely convergent. Next, suppose
¢ =00 or £ € R with £ > 1. Then there is k; € N such that |az|'/* > 1 for all
k > k1. Hence by (ii) above, > ,-, aj is divergent. O

The following consequence of the Root Test, known as D’Alembert’s
Ratio Test, or simply the Ratio Test, is one of the most widely employed
tests to determine the convergence of a series.
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Proposition 9.16 (Ratio Test). Let (ai) be a sequence of real numbers.

(i) If there is a« € R with o < 1 such that |ag+1| < alag| for all large k, then
S orey ag is absolutely convergent.
(i) If |ags+1| > lak| > O for all large k, then > -, ay is divergent.

In particular, if ai, # 0 for all large k and

|art1]

x| —{ as k— o0, wherel €R orl =0,
afg

then

(o ]
Zak is absolutely convergent if £ < 1, and it is divergent if £ > 1.
k=1

Proof. (1) Suppose o < 1 and ko € N is such that |ag+1| < aag| for all k > ko.
Clearly, a > 0. If @ = 0, there is nothing to prove. If « > 0, then

lak| < alag—1] < aPlag—o| < --- <P TFolag,| = (lag,|a)ak  for all k > ko.
Also, since 0 < o < 1, the series Y 7- o is convergent, and thus, the Com-
parison Test (Proposition 9.9) shows that >, | aj is absolutely convergent.

(ii) Let k1 € N be such that |agt1| > |ag| > 0 for all & > ky. Since
lak| > |ag—1] > -+ > |ag,| > 0 for all k& > ky, it follows that ar 4 0 as
k — oo. Hence by the kth Term Test (Proposition 9.6), >";2 | a is divergent.

Next, assume that ap # 0 for all large k and |agy1|/|ax] — € as & — oc.
Suppose £ € Rwith ¢ < 1. If o := (1+¥)/2, then ¢ < a < 1 and there is kg € N
such that (Jag41|/|ak]) < «, that is, |ags1| < aai| for all & > ko. Hence by (i)
above, > o, aj is absolutely convergent. On the other hand, suppose ¢ € R
with £ > 1 or £ = co. Then there is k; € N such that |ag4+1]/|ar| > 1, that is,
|akt1| > |ag| for all k& > kq. Hence by (ii) above, 220:1 ay is divergent. m]

Remarks 9.17. (i) Both the Root Test and the Ratio Test deduce absolute
convergence of a series by comparing it with the geometric series. The Ratio
Test is often simpler to use than the Root Test because it is easier to calcu-
late ratios than roots. But the Root Test has a wider applicability than the
Ratio Test in the following sense. Whenever the Ratio Test gives (absolute)
convergence of a series, so does the Root Test (Exercise 55), and moreover,
the Root Test can yield (absolute) convergence of a series for which the Ratio
Test is inconclusive (Example 9.18 (iv)).

(ii) Both the Root Test and the Ratio Test deduce divergence of a series by
appealing to the kth Term Test (Proposition 9.6). It may be observed that for
deducing the divergence of a series >~ | ai, the Root Test requires |ax| > 1
for infinitely many k& € N, while the Ratio Test requires |agy1| > |ax| for all
k > ki, where k1 € N and a, # 0. The series Zk ar may not diverge if we
only have |agy1| > |ag| for infinitely many & € N. For example, consider
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1
ay =1, agg:= and  agpy1 =

fi 11 £eN.
(k—|—1)2 or a €

k2
Then |agkt1| > |agy| for all k € N, but >"77 | a is convergent because it has
positive terms and for k € N,

k k+1

1 1
a3+a5+~'~+a2k+1zzj2 and a1+a2+a4+~-~—|—a2k:zj2.
j=1 j=1

Hence the sequence of partial sums of the series Y.~ aj is bounded.

(iil) If a, # 0 for all large k and |ak+1/ax| — 1 as k — oo, then the Ratio
Test is inconclusive in deducing the convergence or divergence of >, a. In
this case, we have |a|'/* — 1 as well (Exercise 56). Hence the Root Test is
also inconclusive. In this event, Y -, a; may be divergent or convergent, as
the examples Y 72 (1/k) and Y-, (1/k?) show.

Using the Ratio Comparison Test (Exercise 10) in conjunction with the
series >, 1/kP, where p > 0, one can obtain a result known as Raabe’s
Test, which is useful when |ag11|/|ar| — 1. See Exercises 13, 14, 15.

Another test for the convergence for a series of nonnegative terms, known
as the Integral Test and based on ‘improper integrals’, will be given in Propo-
sition 9.39. Examples 9.40 (i) and (ii) illustrate the use of this test. &

Examples 9.18. (i) Let aj := k?/2* for k € N. Then for each k € N, we

have
lags1]  (K+1)22% 1 Lol ?
jap] 2kl k2_2< +k> ‘
Hence |ag+1]/|ax] — 1/2 as k — oo. So by the Ratio Test, > po aj is
(absolutely) convergent. Alternatively, we may the Root Test. We have
lax|'/* = (k1/*)2/2 for all k € N. Since

k k
4 1 k k(k—1) 1 k-1
— (1 > —k >k forallk>1
(3) <+3> “ 3T oy <3+ 18 ) orallk =13,

we see that k1/F < § and hence |ak\1/k < S for all k > 13. Hence Y~ | ay
is (absolutely) convergent. (In fact, Exercise 7 of Chapter 2 shows that
lag|/F — 1 as k — o00.)

(ii) Let ax := k!/2* for k € N. Then for each k € N, we have

lagsr]  (k+1)128 k41
ar] T oM g T 2

Hence |ag11]/|ak| — oo as k — oco. So by the Ratio Test, > -, aj is di-
vergent. Alternatively, we may the Root Test. We have |ag|'/* = (k!)'/* /2
for all k € N. Since k! > 2F for all k > 4, we see that |az|'/* > 1 for all
k > 4. Hence Y -, ai is divergent. (In fact, Exercise 11 of Chapter 2
shows that |ag|'/* — 0o as k — c0.)



9.2 Convergence Tests for Series 373

(iii) Let ay, := k!/k* for k € N. Then for each k € N, we have

lags1]  (k+1)! KB k+1 k k_ 1
la] — (k+ D1 R E+1\k+1)  (1+1/k)F

Hence |ak+1]/|ax| — 1/e by Corollary 7.6. So by the Ratio Test, > po; ak
is (absolutely) convergent.
(iv) For k € N, let agy_1 := 1/4* and agy, := 1/9*. Since

|a2k\ 4 k 4 \a2k+1| 1 9 k
- < d - >1 forallk>1
lasea|  \9) =9 ™ lase] 4 \4) =5 TEE=S

the Ratio Test is inconclusive. On the other hand,

|1/(2k=1) _ 1

|a2k—1 9

1\ /@k=1) 1
<2> and |a2k|1/2k =3 for all k > 1,

and hence \ak|1/ k< ; for all k& > 1. Consequently, by the Root Test,
> e ak is (absolutely) convergent. &

Tests for Conditional Convergence

The tests considered so far give either the absolute convergence or the diver-
gence of a series. We now consider some tests which give conditional conver-
gence. They are based on the following simple result, which may be compared
with Exercise 14 of Chapter 1.

Proposition 9.19 (Partial Summation Formula). If ax,b; € R for k € N
and By, ==Y p_, by for n € N, then

n n—1
Zakbk = Z(ak —agy1)Br +anBn  foralln > 2.
k=1 k=1

Proof. Given any n € N with n > 2, we have

Zakbk =a1B1+ax(Bs— B1)+ -+ an(By — Bp_1)
k=1

= (al - GQ)BI + (a2 - GS)BQ + -+ (an—l - an)Bn—l + anBy,.
This yields the desired formula. a

Proposition 9.20 (Dirichlet’s Test). Let (ay) and (by) be sequences such
that (ay) is monotonic, ar, — 0 as k — oo, and the sequence (B,,) defined by
B, = ZZ’ZI b for n € N is bounded. Then the series ZZOZI arby is conver-
gent.
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Proof. Since (B,,) is bounded, there is 5 € R such that |B,,| < § for alln € N.
Also, since (ay) is monotonic, we have for all n > 2,

n—1

n—1 n—1
S lfak = o) Bl £ 83 lan = axal = 8] D (ax = ars1)| = Blar — anl.
k=1 k=1

k=1

Now, the sequence (a,,) is convergent and hence bounded. Consequently, the
series Z;O:l(ak —ag—1)By, is absolutely convergent, and so it is convergent by
Proposition 9.5. Let C' denote its sum. Using the Partial Summation Formula
and the fact that a,, — 0, we obtain

n n—1
Zakbk = Z(ak —agy1)By +anB, - C+0=C as n — oc.
k=1 k=1
Thus 220:1 arby is convergent. ]

A similar result, known as Abel’s Test, is given in Exercise 19. Gener-
alizations, due to Dedekind, of the tests of Dirichlet and Abel are given in
Exercise 17.

Corollary 9.21 (Leibniz Test). Let (ax) be a monotonic sequence such that
ar, — 0. Then >_72  (—1)*"tay, is convergent.

Proof. Define by, := (—1)*~! for k € N and B,, := >_,_, by for n € N. Then
B, = lifnisodd and B,, = 0 if n is even. Thus the sequence (B,,) is bounded.
Hence Dirichlet’s Test shows that >, (—1)*"tay, is convergent. O

Corollary 9.22 (Convergence Test for Trigonometric Series). Let (ay)
be a monotonic sequence such that ap, — 0. Then

(1) Yope, agsinkf is convergent for each 6 € R.
(ii) >-pe; ak cos kO is convergent for each 6 € R with 6 # 2mm for any m € Z.

Proof. (i) Let 6 € R. Define by, := sink6 for k € N and B,, := >_;_, by for
n € N. Now, 2sinkfsin(6/2) = cos[kf — (0/2)] — cos[kf + (0/2)] for each
k € N, and hence

A (2k —1)0 (2k+1)0] 0 (2n+1)6
2B, sin _ = Z {cos 5 — o8 ) = cos , — cos ) .
k=1
If sin(6/2) = 0, that is, if 6 = 2mn for some m € Z, then by = 0 for each

k € N and so B,, = 0 for each n € N. If sin(0/2) # 0, then for each n € N,

1
2B, si 2)| <2 h B, < . .
| sin (6/2)] < and hence |B,| (sin(0/2)

Thus the sequence (B,,) is bounded in all cases. Hence the desired result
follows from Dirichlet’s Test (Proposition 9.20).
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(ii) Let 6 € R with 0 # 2mm for any m € Z. Define by, := coskf for k € N
and B,, := > ,_, by for n € N. Now 2coskfsin(0/2) = sin[kf + (6/2)] —
sin [k6 — (0/2)] for each k € N, and hence

0 [ (k+1)0 . (2k—1)0] . (2n+1)0
2B, sin _ = Z {sm ) — sin 5 =sin ) —sin .
k=1
Since sin(6/2) # 0, the desired result follows as in (i) above. |

It may be observed that Corollary 9.21 is a special case of part (ii) of
Corollary 9.22 with 6§ = 7.

Examples 9.23. (i) Let p > 0 and aj := 1/kP for k € N. Then (ay) is
monotonic and aj — 0. Hence by the Leibniz Test, the series

k=1 kv
is convergent. If p > 1, then it is absolutely convergent and if p < 1, then
it is conditionally convergent (Example 9.1 (iii)).
(ii) Let p > 0 and ap = 1/(Ink)? for k € N with k& > 2. Then (a) is
monotonic and aj — 0. Hence by the Leibniz Test, the series
= (In k)P
is convergent. In fact, it is conditionally convergent (Example 9.14(ii)).
(iii) Even if the signs of the terms of a sequence (ay) alternate and ay, — 0, the
series 2?21 ax may not converge, that is, the monotonicity assumption in

the Leibniz Test (Corollary 9.21) cannot be omitted. For example, consider
the series

1 1 1 1 1 1 1 1

2 3T 4T 5T g
Since the sequence of partial sums of the series >, 1/2F is bounded
and the sequence of partial sums of the series Y ;- , 1/k is unbounded, it
follows that the sequence of partial sums of the series displayed above is
unbounded. Hence it is divergent, although the signs of its terms alternate
and the kth term tends to zero as k — oo.

(iv) Let p > 0 and 6 € R. Then the series >, (sink6)/kP is convergent.
This follows by letting ay, := 1/kP for k € N in the Convergence Test for
trigonometric series (part (i) of Corollary 9.22). Similarly, if 6 # 2mmr for
any m € Z, then the series Y ;- | (coskf)/kP is convergent. On the other
hand, if = 2mmx for some m € Z, then the series

oo

k(2 = 1
Z cos k(;pmw) _ ; s

k=1

is divergent if p < 1 and convergent if p > 1. <&
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9.3 Power Series

For k =0,1,2,..., let ¢ € R. The series
o0 o0
chxk = o + chxk, where x € R,
k=0 k=1

is called a power series and the numbers cg, ¢1, cs, ... are called its coeffi-
cients. It is clear that if = 0, then for any choice of ¢, 1, ca, . .., the power
series Y po cxx® is convergent and its sum is equal to cg. On the other hand, if
there is kg € N such that ¢, = 0 for all & > kg, then for every x € R, the power
series ZZO:O ek is convergent and its sum is equal to co +cr1z+ -+ ¢k, ako
More generally, if a € R, then the series >~ cx(z — a)®, where z € R, is
called a power series around a. The treatment of such a series can be re-
duced to a power series around 0 by letting & := x — a. Here are some simple
but nontrivial examples of power series.

Examples 9.24. (i) Let co := 0 and ¢, := k¥ for k € N. Given any z € R
with = # 0, we have |cy2"| > 1, for all k € N satisfying & > 1/|x|. Hence
cpr® /£ 0 as k — oco. So by the kth Term Test, Yoo cpx® is divergent
for every nonzero x € R.

(ii) For k£ =0,1,2,..., let ¢ := 1/k!. Given any x € R, we have

|ckt1x

S N EY
= —
|cr 2| k+1

0 as k — oo.

So by the Ratio Test, Z;O:o cxx® is absolutely convergent for every x € R.

(iif) For all k = 0,1,2,..., let ¢ := 1. Then Y ;- cka” is the geometric series
1+ax+2%+---, and we have seen in Example 9.1 (i) that it is convergent
if |#| < 1 and its sum is 1/(1 — x), while it is divergent if |z| > 1. &

The above examples are typical as far as the convergence of a power series
Yoo cpa® for various values of z is concerned. The general phenomenon is
described by the following basic result.

Lemma 9.25 (Abel’s Lemma). Let xg and co, c1, ¢, . .. be real numbers. If
the set {crxk : k € N} is bounded, then the power series >reo cpx® is abso-
lutely convergent for every x € R with |z| < |xo|. In particular, if Y 4o Rl
18 convergent, then the power series Z;ozo cpx® is absolutely convergent for
every x € R with |x| < |xg|.

Proof. If xg = 0, then there is nothing to prove. Suppose zg # 0. Let a € R
be such that |cxzf| < a for all k € N. Given any = € R with |z| < |z¢], let
B = |x|/|wo|. Then |cra®| = |cxaf|B* < ap* for all k € N. Since |3] < 1, the
geometric series ), (% is convergent. So by the Comparison Test, it follows
that > p-, cxa® is absolutely convergent. In case Y o cpaf is convergent,
then by the kth Term Test, ¢,k — 0, and hence the sequence (ckaj’g) is
bounded, that is, the set {cxx§ : k € N} is bounded. |
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Proposition 9.26. A power series Z;OZO cxx® is either absolutely convergent
for all x € R, or there is a unique nonnegative real number r such that the
series is absolutely convergent for all x € R with |x| < r and is divergent for
all x € R with |x| > r.

Proof. Let E := {|z| : x € R and }_;° cxx" is convergent} . Then 0 € E. If
FE is not bounded above, then given = € R, we may find xy € FE such that
|z| < |@o|, and then 3"p2 ) cxx® is absolutely convergent by Lemma 9.25. Next,
suppose E is bounded above and let 7 :=sup E. If z € R and |z| < r, then by
the definition of a supremum, we may find xo € E such that |z| < |zo|, and
so by Lemma 9.25, we see that Y ;- crx® is absolutely convergent. If 2 € R
and |z| > 7, then by the definition of the set E, the power series Y= cpz®
is divergent. This proves the existence of the nonnegative real number r with
the desired properties. The uniqueness of r is obvious. a

We say that the radius of convergence of a power series is oo if the
power series is absolutely convergent for all € R; otherwise, it is defined
to be the unique nonnegative real number r such that the power series is
absolutely convergent for all x € R with |z| < r and divergent for all x € R
with |z| > r. If r is the radius of convergence of a power series, then the
open interval {x € R : |z| < 7} is called the interval of convergence of that
power series; note that the interval of convergence is the empty set if » = 0
and is R if r = co. Given a power series Y ,- crx®, the set

(o]
S = {x cR: cha;k is convergent}

k=0
may be distinct from the interval of convergence. In fact, S is always nonempty
and it can equal {0} or R or an interval of the form (—r,r), [—r, 7], [-7,7),

(—r,7] for some r > 0. In following table we illustrate various possibilities for
the set S.

Power series  Radius of convergence S
(1) ol khat 0 {0}
(ii) T2y 2*/k! 00 (=00, 00)
(iil) dopey a” 1 (-1,1)
(iv) dope o2 /K2 1 [—1,1]
(v) Xioa"/k 1 [—1,1)
(vi) 2po(=1)* 2" /k 1 (—=11]

The entries in (i), (ii), and (iii) above follow from Examples 9.24 (i), (ii),
and (iii) respectively. For the power series in (iv) above, we note that
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‘xk+1‘ k2 ( k

2
= 5 k .
(h+1)2 |o*] k—i—l) |z] — |z| as k — oo

So by the Ratio Test, the series is absolutely convergent if |z| < 1 and it
is divergent if |x| > 1. Letting p = 2 in Example 9.1 (iii), we see that it
is convergent if x = 1. Further, its convergence for x = —1 follows from
Proposition 9.5. Similarly, the entries in (v) and (vi) above follow from the
Ratio Test and Example 9.1 (iii) with p = 1.

The following result characterizes the radius of convergence of a power
series Y p cx@¥ in terms of the sequence (|cy|'/%).

Proposition 9.27. Let Z;O:o ckx® be a power series and r be its radius of
convergence.

() If (|cx|*/*) is unbounded, then r = 0.
(ii) If (Jcx|'*) is bounded, and we let

My, :=sup{l¢;|'7 :j €N and j >k}  fork €N,

then the sequence (My) is convergent. Further, if £ := limy_ o, My, then

r=o00 when { =0 and 7":1 when { % 0.

14
Proof. (i) Suppose (|cx|*/*) is unbounded. Consider z € R with z # 0. There
are infinitely many & € N such that |cgx|"/* > 1/|z|, that is, |cx2*| > 1. Hence
by the kth Term Test, Z;O:O cpx® is divergent. This shows that r = 0.

(ii) Suppose (|cx|'/*) is bounded. For each k € N, consider the set Dy, :=
{le;|"7 : j € Nand j > k}. Then Dy, is bounded, Dyy1 C Dy, and hence
M1 < My, for all k € N. Thus (My,) is a monotonically decreasing sequence
that is bounded below by 0. By part (ii) of Proposition 2.8, limy_, ., M}, exists
and is equal to ¢ := inf{M}, : k € N}.

Consider z € R such that  # 0 and ¢ < 1/|z|. Choose s € R such that
¢ < s < (1/]z|) and define « := s|z|. Since M}, — ¢ and £ < s, there is kg € N
such that My, < s = a/|z|. By the definition of My, we have ||/ < a/|z],
that is, |cra®| < o for all k > kq. Since 0 < a < 1, by the Comparison Test,
we see that the series Y ;2 cpx® is absolutely convergent. Since this holds
for all nonzero x € R with ¢ < 1/|z|, it follows that r = oo when ¢ = 0 and
r>1/¢ when ¢ > 0.

Finally, suppose ¢ > 0 and consider = € R such that |z| > 1/¢, that is,
1/]z| < €. Since £ := inf{M}, : k € N}, it follows that for every k € N, we have
(1/]x]) < M}, and by the definition of My, there is ji > k with

1
||

So by the kth Term Test, > 7o cpx® is divergent. Since this holds for all z € R
with |z| > 1/¢, we obtain r < 1/£. Thus r = 1/¢ when ¢ # 0. O

< lege 7%, that is, 1< [ej, a7,
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We note that the real number ¢ defined in part (ii) of the above proposition
is in fact equal to limsupy_, . |cx|'/* as defined in Exercise 36 of Chapter 2.
A result similar to Proposition 9.27 involving the ratios |cx+1|/|ck|, ¥ € N, in
place of the roots |cx|"/*, k € N, is given in Exercise 59.

The following result is useful in calculating the radius of convergence of a
power series.

Proposition 9.28. Let >, cxx® be a power series and r be its radius of
convergence.

() If |k V% — ¢, then
0 ifl =0,
r=< o0 ifl=0,
1/ if 0 < € < 0.

(ii) If ex, # 0 for all large k and |cky1|/|ck| — £, then the conclusion of (1)
above holds.

Proof. (i) Suppose |ci|'/* — £. The desired result can be deduced from Propo-
sition 9.27. However, we give an independent proof. Let x € R and let us define
ao(x) := co and ay(z) := cpa® for k € N. Then |ay(2)|"/* = |ex|V/*|x| — 1|z
as k — 00. So by the Root Test, the series > - ax(z) is convergent if [|z| < 1,
and it is divergent if [|a| > 1. Hence the desired result follows from the very
definition of the radius of convergence of a power series.

(i) Suppose ¢ # 0 for all large k and |cxy1]|/|ck| — €. A proof similar to
the one above holds if we use the Ratio Test in place of the Root Test. a
Examples 9.29. (i) For k=1,2,..., let

1

1
Cok—1 — and Col = 9k

4k
Then |cj|1/j for j =1,2,... are given by
11 1 1 1 1 1
4737 42/37 37 43/57 37 4477 7T
and M, = sup{|¢;|'/7 : j € Nand j > k} = 5 for all k € N. Hence the
radius of convergence of the power series Y, ¢z is 2.
(ii) For k =0,1,2,..., let ¢} := k3/3*. Since

ck+1_<k+1>33k_1<1+;

3
1
= = — _as k— oo,
ek 3+ k33 3

the radius of convergence of >, cpa® is 3.
(iii) For k = 0,1,2, ..., let ¢ := 2¥/k!. Since

[Cie+1] 2K 2 0 as n— o0
= = — —
ek (k+1)12F k41 ’

the radius of convergence of Y p, cxz® is oo. &
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Taylor Series

If r is the radius of convergence of a power series Y ;o cx2® and zg € R is
such that |zo| < 7, then the series Y p ckx§ is convergent, but it may not
be easy to find the sum of this series. Essentially the only power series whose
sum we have found so far is the geometric series:

- 1

E ok = for x € (—1,1).
1—-=x

k=0

If we consider the function f : (—=1,1) — R given by f(z) = 1/(1 — z), then
we observe that f(0) = 1, f is infinitely differentiable and f*)(0) = k! for
each k € N. Hence for each n € N, the nth Taylor polynomial of f around 0 is
given by 1 +x + - -+ a™. This is also the nth partial sum of the power series
o x*. These considerations lead us to a special kind of series.

Let a € R, I be an interval containing a, and f : I — R be an infinitely
differentiable function. For n = 0,1, ..., let P,(x) denote the nth Taylor poly-
nomial of f around a, that is,

— f®)(a)
Po(z) =) P a)”.
k=0
The power series around the point a given by
— f*(a)
> po @
k=0

is called the Taylor series of f around a. Let R, (z) := f(x) — P,(x) for
xz € I.If Ry(z) — 0 as n — oo for some z € I, then the nth partial sum
P, (x) of the Taylor series of f around a converges to f(x), that is, f(x) is the
sum of this series. In the special case a = 0, the Taylor series of f around a is
sometimes called the Maclaurin series of f.

For all n = 0,1, ..., we have P,(a) = f(a), that is, R,(a) = 0. In partic-
ular, the Taylor series of f around a converges to f(a) at x = a. However,
at some other point x € I, this series may be divergent, or even when it is
convergent, it may not converge to f(z). For example, consider f : R — R
defined by f(z) := |z|. Then the Taylor series of f around 1 is easily seen to
be 1+ (z —1). But this is not equal to f(x) when z < 0. As an extreme case,
consider f: R — R defined by

. e~V if # 0,
f@f_{o if 2 = 0.

Using Revision Exercise 29 given at the end of Chapter 7, we see that f is
infinitely differentiable on R with f(*)(0) = 0 for all k = 0,1,2,... . Thus the
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Taylor series of f around 0 is identically zero and it does not converge to f(x)
at any x # 0.
Taylor’s Theorem says that for € I and each n € N,

f(n+1)(cz n)

(n+1)! )n+1

R,(x) = (r—a for some ¢, , between a and .

As we have mentioned in Chapter 4, the above expression for R, (x) is known
as the Lagrange form of remainder in Taylor formula. Other forms of remain-
der are given in Exercise 49 of Chapter 4 and Exercise 46 of Chapter 6. The
following simple result is useful in dealing with the sum of a Taylor series of

a function.

Proposition 9.30. Let a € R, I be an interval containing a and f: 1 — R
be an infinitely differentiable function. If there is o > 0 such that

‘f(n)(l‘)‘ﬁa" foralln e N and x € I,

then the Taylor series of f converges to f(x) for each x € I.

Proof. Using the Lagrange form of remainder in the Taylor formula, we obtain

Ru(@)| < 0@l

< (n+1)! for each x € I.
n !

Consequently, by Example 2.7 (ii) of Chapter 2, we see that for each z € I,
R, (x) — 0 as n — oo. O

We shall use the above result tacitly in the examples below, in which we
determine the Taylor series of some classical functions.

Examples 9.31. (i) Let a :=0, [ := R, and f : I — R be the sine function
given by f(z) :=sinxz. Then |f(™(z)| <1 for all n € N and « € I. Using
the Taylor polynomials of f around 0 found in Section 7.2, we see that
the Taylor series of f is convergent for x € I and

3 s > 1.2k71

5 - —_ x —_— e . - —_ kil
sinx = + 51 = ’;( 1) (2% — 1), for x € R.

For the Taylor series of the cosine function, see Exercise 24.

(ii) Let a := 0, 8 > 0, I := (=3, ), and f : I — R be the exponential function
given by f(x) := e®. Then |f(")(z)] = e* < ef foralln € N and = € I.
Using the Taylor polynomials for f found in Section 7.1, we see that the
Taylor series of f is convergent for x € I and

22 - a*
6I:1+1'+2|+:k§:k| forxG(—5,5)~
=0
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Since # > 0 is arbitrary, we see that
T _
e—zk! for all x € R.
k=0

(iii) Let @ := 0, I := (—1,1), and f : I — R be given by f(x) := In(1 + z).
) =0 and for each k € N, we have

Then f(0
) () = (~1)k-1 ((f;;)); for @ € (~1,1).

In particular, f(*)(0) = (—1)*=1(k — 1)! for each k € N. Hence the Taylor
series of f around 0 is given by

o

k
E:pqy“lz, zeR.

k=1

Since it is not easy to show that R, (x) — 0asn — oo for z € (—1,1) using
Lagrange’s Form of Remainder, we proceed as follows. By the definition
of the logarithmic function, we have

1+x T
ﬂ@:[+“=é 9 o pe(-1,1).

t 1+s
Now for each s € R with s # —1 and each n € N, we note that
1 1 s™
_ —1— 2 -1 n—1_n-1 1) )
1+s 1—(—s) s H 4 ()T (L) 1+s

Given any = € (—1,1), we integrate both sides from 0 to z and obtain

n n

k T
T) = 1)kt ® 1" 5 ds.
f@) =30 e [

— 1+s

If x = 0, this gives f(0) = 1. Suppose z € (0,1). Then

T n x n+1
/ 5 ds S/ s”ds:m ,
o 1+s 0 n+1

which tends to 0 as n — oo. Next, suppose € (—1,0). Substituting

u = —s, we obtain
/ 5 ds / (-1) v du| < / u du = (=) ,

1—u
which tends to 0 as n — oo. Hence we see that the Taylor series of f is
convergent for x € (—1,1) and

[ee)

k
In(l1+2)= E:(—l)k*la;€ for x € (—1,1).
k=0
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(iv) Let a := 0,1 = (—1,1),7 € R,and f : I — R be given by f(x) := (1+2)".
Then f(0) = 1 and f®0) =r(r —1)---(r—k+1)fork € N. If r is a
nonnegative integer, then f(*)(0) = 0 for all k > r + 1. Hence

x):l—i—Z(Z)xk for z € I.
k=1

(Note that we obtain the same result by the Binomial Theorem.) Suppose
now that r is not a nonnegative integer. Then f*)(0) # 0 for each k > 0.
Thus for each n € N, the nth Taylor polynomial of f around 0 is given by

Py () ::1+Zn:r(r—1)~-~(r—k+1)mk.

!
Pt k!

Using Cauchy’s Form of Remainder (Exercise 49 of Chapter 4), it can be
shown that f(x)— P, (x) — 0asn — oo for each x € (—1,1). (See Exercise
60.) Hence we see that the Taylor series of f is convergent for z € I and

—k+1
(1+2z)" —1+Z (r + )xk for x € (—1,1).
This series is known as the binomial series. In particular, if r = —1, we
have
= i (_k)xk = ié(—l)k:r’C for x € (—1,1).
1+ Pt ’

k=0
Replacing by —z, we thus recover the geometric series

—Zm for x € (—1,1),

with which we started our dlscusswn of Taylor series. <&

Remark 9.32. Let I be an open interval in R and f : I — R be infinitely
differentiable at every point of I. If for every a € I, there is r > 0 such that

— [*)(a) k :
flx) = Z (x —a)® for every x € I with |x —al| <,
k!

k=0
then f is said to be a real analytic function. In other words, f is real
analytic on I if the Taylor series of f around each point of I converges to f(x)
for every x € I. Clearly, polynomial functions are real analytic functions on
R. Also, as seen above, the exponential function as well as the sine function
are real analytic functions on R. It is easy to see that sums of real analytic
functions are real analytic. Also, it can be shown that products of real analytic
functions and reciprocals of nowhere-vanishing real analytic functions are real
analytic. On the other hand, there do exist infinitely differentiable functions
on R that are not real analytic. Indeed, as noted earlier, it suffices to consider

f R — R defined by f(0) := 0 and f(z) := e~ for z #0. &
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9.4 Convergence of Improper Integrals

In Chapter 6, we considered the Riemann integral of a bounded function
defined on a closed and bounded interval. In this and the next two sections,
we shall extend the process of integration to functions defined on a semi-
infinite interval or a doubly infinite interval, and also to unbounded functions
defined on bounded or unbounded intervals.

We begin by considering bounded functions defined on a semi-infinite in-
terval of the form [a, c0), where a € R. Our treatment will run parallel to that
of infinite series given in Sections 9.1 and 9.2. In analogy with an infinite series,
we shall first give a formal (and pedantic) definition of an improper integral
and then adopt suitable conventions in order to simplify our treatment.

Let a € R. An improper integral on [a,c0) is an ordered pair (f, F') of
real-valued functions f and F defined on [a, 00) such that f is integrable on
[a, z] for every & > a and

F(x) = /z f(®)dt for all x € [a, ).

Note that in view of the Fundamental Theorem of Calculus (Proposition 6.21),
we have the following. If (f, F') is an improper integral on [a,c0), then F
is continuous with F'(a) = 0, and moreover, if f is continuous, then F is
differentiable with f = F’. Conversely, if f,F : [a,00) — R are such that f
is continuous and F is differentiable with F(a) = 0 and f = F’, then (f, F)
is an improper integral on [a, o). For simplicity and brevity, we shall use the
informal but suggestive notation faoo f(t)dt for the improper integral (f, F')
on [a, 00). In this notation, prominence is given to the first function f, but the
second function F' is just as important. At any rate, F' is uniquely determined
by f, and if f is continuous, then f is uniquely determined by F'.
We say that an improper integral faoo f(t)dt is convergent if the limit

xr
lim F(z) = lim ft)de
r—00 r—00
exists. It is clear that if this limit exists, then it is unique, and we may denote it
by the same symbol faoo f(t)dt used to denote the improper integral. Usually,
when we write

/ =1,

we mean that [ is a real number and the improper integral faoo f)de is
convergent with I as its limiting value. In this case we may also say that
faoo f(t)dt converges to I. An improper integral that is not convergent is
said to be divergent. In particular, if [ f(t)dt — oo or [ f(t)dt — —oo as
r — 00, then we say that the improper integral diverges to co or to —oo, as
the case may be.
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It is useful to keep in mind that the convergence of an improper integral
faoo f(t)dt is not affected by changing the initial point a of the interval [a, c0),
although the limiting value lim,_,~, F'(x) may change by doing so. Indeed, if
a’ > a, then

/ f(t)dt is convergent <> / f(t)dt is convergent,

and if this holds, then the limiting values are related by the equation

/a Tttt = / " rodi 1 / Oo F(t)dt.

Examples 9.33. (i) Let a > 0 and consider the improper integral floo atdt.
Given any z € [1,00), we have

/zatdt: {(az—a)/lna ifa#1,
1

r—1 ifa=1.

Thus, in view of part (iii) of Proposition 7.7, it follows that if a < 1, then
[F atdt = —(a/Ina), while if a > 1, then [ f(t)dt diverges to cc.
ii) The improper integral [~ te=t" dt converges to 1, since
0 2

2
z 1 [* 1 1
/ te=t dt = / e °ds = (1 — e*‘”z) — as r — 0o.
0 2 Jo 2 2

(iii) Let p € R and consider the improper integral [°(1/tP)dt. Given any
x € [1,00), we have

/zl {(wl"’—l)/(l—p) if p# 1,
dt = .
Lt Inz if p=1.
It follows that if p > 1, then [ (1/tP)dt converges to 1/(p — 1), while if
p < 1, then it diverges to oo.
(iv) The improper integral fooo (1/(14t2)) dt converges to /2, since

/z d 0
= arctanx — as r — 00,
o 1+t 2

(v) The improper integral fooo costdt is divergent, since foz costdt = sinx for
all x € R and lim,_, ., sin z does not exist. &

It may be observed that there is a remarkable analogy between the def-
inition of an infinite series > ;- ar and the definition of an infinite in-
tegral [ f(t)dt. The sequence of terms (aj) corresponds to the function
[ :la,00) = R, and a partial sum A, := >, _, aj, where n € N, corresponds
to a ‘partial integral’ F(x) = [ f(t)dt, where & € [a, 00). The convention that
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Ap, being the empty sum, is 0 corresponds to the initial condition F'(a) = 0.
Further, the difference quotient

Ap — Ag—1
=Ap — Ap_1 = h
ay k k-1 ke (k—1) where k € N,
corresponds to the derivative
— f(t
f)=F'(t) = lin% f(Si B {( ), where t € [a, o).

This analogy will become more and more apparent as we develop the theory of
improper integrals. At the same time, we will point out an instance in which
the analogy breaks down.

The following results follow from the corresponding results for limits of
functions of a real variable as the variable tends to infinity, just as similar
results in the case of infinite series followed from the corresponding results
for limits of sequences. In what follows, we have let a € R and f, g, h denote
real-valued functions on [a, c0).

1. If [ f(t)dt is convergent, then the set { [ f(t)dt : x € [a,00)} of ‘partial
integrals’ is bounded. (To see this, let F(z) := [ f(t)dt for z € [a,c0)
and note that since faoo f(t)dt is convergent, there is zy > a such that
|F(x)| < 1+|[° f(t)dt| for all 2 > x0, and moreover, since F is continuous

on the closed and bounded interval [a, 2], it is bounded on [a, x¢].)
2. Let [° f(t)dt = I and [.° g(t)dt = J. Then

/oo(f(t) Lot =T+J and /Oo(rf)(t)dt — I foranyr€R.

Further, if f(¢) < g(t) for all ¢ € [a,00), then I < J.

3. (Sandwich Theorem) If for each ¢ € [a, 00), we have f(t) < h(t) < g(t),
and [ f(t)dt =1 = [ g(t)dt, then [ h(t)dt = I.

4. (Cauchy Criterion) An improper integral faoo f(t)dt is convergent if and
only if for every € > 0, there is z € [a,c0) such that

y
/f(t)dt‘<e for all y > x > x.

(To see this, let F' denote the partial integral, so that F(y) — F(x) =
f;" f()dt for all y > x > x(, and use the analogue of Proposition 3.28 for
the case x — 00.)

Integrals of Derivatives and of Nonnegative Functions

We now consider two results about improper integrals of functions of a special
kind. The following result is an analogue of the result about the convergence
of a telescoping series (Proposition 9.3).
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Proposition 9.34. Let g : [a,00) — R be a differentiable function such that
its derivative g’ is integrable on [a,x] for every x > a. Then [ ¢'(t)dt is
convergent if and only if lim,_,o g(x) exists, and in this case,

xr—00

/OO g (t)dt = lim g(z) — g(a).

Proof. By part (i) of the FTC (Proposition 6.21), we have

/-’ﬂ g (t)dt = g(z) — g(a) for all z € [a, ).

This implies the desired result. a

It may be noted that if a function f : [a,00) — R is continuous and if we
define g : [a,00) — R by

o) = [ " foyt,

that is, if g is the ‘partial integral’ of [’ f(¢)dt, then by part (i) of the
FTC, the improper integral [ f(t)dt can be written as [~ ¢/(t)dt. But then
determining whether lim, . g(x) exists is the same as determining whether
the given improper integral f:o f()dt is convergent. In some special cases,
however, it is possible to find an antiderivative g of the function f without
considering any ‘partial integral’ of f. In these cases, we can determine the
convergence of the improper integral faoo f(t)dt using Proposition 9.34. In fact,
Examples 9.33 (i)—(v) illustrate this technique.

Our next result is regarding the convergence of an improper integral of a
nonnegative function. It is an analogue of the result about the convergence of
a series of nonnegative terms (Proposition 9.4).

Proposition 9.35. Let [ : [a,00) — R be a nonnegative function. Then
faoo f(t)dt is convergent if and only if the function F : [a,00) — R defined
by F(z) = [7 f(t)dt is bounded above, and in this case,

/OO f@)dt = sup{F(x) : x € [a,0)}.

If the function F' is not bounded above, then f:o ft)dt diverges to oc.
Proof. Since f(t) > 0 for all t € [a,00), using the domain additivity of Rie-
mann integrals (Proposition 6.7) we see that

Flz) = /J F(t)dt+ /zf(t)dt > /J F()dt = F(y) forall 2>y > a,

Hence the function F' is monotonically increasing. By part (i) of Proposition
3.35 with b = oo, we see that lim, ., F'(x) exists if and only if F' is bounded
above, and in this case
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/ f@)dt = lim F(x)=sup{F(z):z € [a,00)}.
a Tr— 00

Also, by part (i) of Proposition 3.35 with b = oo, if F' is not bounded above,
then F(z) — oo as & — oo, that is, [ f(¢)dt diverges to co. O

A result similar to the one above holds if f(¢) < 0 for all ¢ € [a, 00). (See
Exercise 27.) More generally, if f(¢) has the same sign for all large ¢, that
is, if there is tg € [a,00) such that f(¢) has the same sign for all ¢ > to,
then faoo f(t)dt is convergent if and only if F' is bounded. However, if there
is no tp € [a,00) such that f(¢) is of the same sign for all ¢ > ¢¢, then the
improper integral f > f(t)dt may diverge even though F' is bounded. This

is illustrated by the improper integral f1 t)dt, where f : [1,00) — R is
defined by f(z) := (=1)l¥l. Here, the partial mtegral F :[1,00) — R is given
by F(z) = =1+ x — [z] if [z] is even and F(z) = —z + [z] if [z] is odd.

Clearly, F' is bounded on [1,0), but since F(2n — 1) = 0 and F(2n) = —1
for all n € N, the limit of F(z) as # — oo does not exist, that is, [~ f(¢)dt is
divergent.

Example 9.36. Consider f : [0,00) — R defined by f(t) := (1+sint)/(1+¢2).
Then f(t) > 0 for all t € [0, 00) and

1 int o2
F(x):/ +sin dtﬁ/ dt = 2arctanxz < m for all z € [0, c0).
o 1+t o 1412

Hence fooo f(t)dt is convergent. On the other hand, consider g : [0,00) — R
defined by g(t) := (2 + cost)/t. We have g(t) > 0 for all ¢ € [1,00) and

©2 st ‘1
G(x) :/ +tCOb dt > / tdt =Inz forall x € [1,00).
1 1

Since Inx — oo as  — o0, it follows that floo g(t)dt diverges to co. O

An improper integral f > f t)dt is said to be absolutely convergent if
the improper integral f (t)|dt is convergent. The following result is an
analogue of Proposition 9. 5

Proposition 9.37. An absolutely convergent improper integral is convergent.

Proof. Let a € R and faoo f(t)dt be an absolutely convergent improper integral
on [a, ). Consider the positive part f* : [a,00) — R and the negative part
f~ i]a,00) = R of f defined by

f+(t) = |f(t)‘2—’_f(t) and fi(t): ‘f(t)|2_ f(t) for t € [G,OO).
For z € [a,00), let F(x), FT(x), F~ (x), and G(z) denote the ‘partial integrals
of the improper integralb f f@dt, [ @)t [ f(t)dt, and [ f(¢)|dt

respectively. Since f f(t)|dt is convergent, the function G is bounded Also,
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0<FT(z)<G(z) and 0<F (z) <G(x) forallx e [a,o00).

So by Proposition 9.35, both [ f*(t)dt and [° f~(t)dt are convergent. But
f@)=fT@t)—f(t) forall t € [a,oo). Hence [ f(t)dt is convergent. O

Example 9.38 below shows that the converse of the above result does not
hold. A convergent improper integral that is not absolutely convergent is said
to be conditionally convergent. Another example of a conditionally con-
vergent improper integral (which is modeled on the conditionally convergent
infinite series Y ;- (—1)*~1/k) is given in Exercise 42.

Example 9.38. Consider the improper integral floo(cos t/t)dt. Integrating by
parts, we have

/ o8 dt = blnaj—sinl—|—/ sint dt for all x > 1.
1t T . 2

Further, (sinz)/x — 0 as  — oo and also

|

Hence by Proposition 9.35, the improper integral [ |(sint)/t?|dt is conver-
gent, that is, the improper integral floo(sin t)/t3dt is absolutely convergent,
and so by Proposition 9.37, it is convergent. Consequently,

o0 t (o] : t
/ COSt 1 — _sin1 + / sint
1 3 1 12

On the other hand, for each n € N with n > 2, we have

[ EED o7 N STED o) AT wht

Since the series Y r- , 1/k diverges to oo, it follows from Proposition 9.35 that
the improper integral
o0
J

diverges to co. Thus [~ (cost/t)dt is conditionally convergent. &

sint
t2

1 1
dt < 2dtzl— — 1 asz — oo.
1t T

cost

cost
t

dt

Let us now discuss whether the convergence of an improper integral
[° f(t)dt is related to the convergence of the infinite series Y.~ | f(k). Con-
blderf [1,00) — R given by f(t):=1if ¢t € Nand f(¢t) :==0if t ¢ N. Then
it is easy to see that foo f(t)dt is convergent but >~ | f(k) is divergent On
the other hand, if we let g := f — 1, then it is easily seen that fl t)dt is
dlvergent but Zk 1 9(k) is convergent. Thus, in general, the convergence of
J° f(t)dt is independent of the convergence of >~ f(k). In view of this,
the follovvlng result is noteworthy.
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Proposition 9.39 (Integral Test). Let f : [1,00) — R be a nonnegative
monotonically decreasing function. Then the improper integral floo f)dt is
convergent if and only if the infinite series > p-, f(k) is convergent, and in
this case we have

oo

s/l f(t)dtskgf(k)

or, equivalently,

/f f_oj<f /f

Also, the improper integral f1 t)dt diverges to oo if and only if the infinite
series Y poy [ (k) diverges to co.

Proof. First, note that since f is monotonic, by part (i) of Proposition 6.9,
f is integrable on [a,z] for every xz € [1,00). Define F : [1,00) — R by

) == [ f(t)dt. Since the function f is nonnegative, the function F is
monotonically increasing. Hence Proposition 9.35 implies that floo fdt is
convergent if and only if the set {F(n) : n € N} is bounded above, and in
this case

n—oo

/100 ft)dt = sup{F(n) :n € N} = lim F(n).

Also, using Proposition 9.35 and the fact that f is monotonically increasing,
we see that

oo
/ f(t)dt diverges to co <= F(n) — 0o as n — oo.
1
Define

k41 n
ay = / ft)dt for ke N and A, := Z ap forn e N.
k k=1

Then A, = F(n + 1) for all n € N. Further, since a; > 0 for all £ € N,
it follows from Proposition 9.4 that the series > -, aj is convergent if and
only if the sequence (F'(n)) is bounded above, that is, the improper integral
fl t)dt is convergent. Also, fl t)dt dlvergeb to oo if and only if Y77 | ax
dlverges to oo.

Now since f is monotonically decreasing, we have

f(E+1)<ap < f(k) forall keN.

The Comparison Test for series (Proposition 9.9) shows that Y ;- | aj is con-
vergent if and only if Y7 | f(k) is convergent, and Y ;- | ax diverges to oo if
and only if Y7 | f(k) diverges to co. Finally, since
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n+1

Zf Z ki-l-l)SAnSi:f(k) for all n € N,

we see that

whenever [ f(t)dt is convergent. O

The above result can be extremely useful in deducing the convergence or
the divergence of infinite series. Further, it can be used to obtain lower bounds
and upper bounds for the partial sums of a series. These yield, in case the
series converges, a lower bound and an upper bound for the sum of the series.
These remarks are illustrated by Examples 9.40 below.

If in the Integral Test, the hypothesis that f : [1,00) — R is a nonnegative
monotonically decreasing function is not satisfied, but f is a differentiable
function such that f! is integrable on [1,z] for every x > 1, then the conver-
gence of fl t)dt and Y - | f(k) can be related by what is known as Euler’s
Summation Formula We refer the interested reader to pages 74-75 of [59].

Examples 9.40. (i) Let p > 0 and f(t) := 1/t? for t € [1,00). Then f is a
nonnegative monotonically decreasing function. We have seen in Example
9.1 (iv) that fl t)dt is convergent if p > 1 and it diverges to co if p < 1.
Hence by PrOpOblthH 9.39 we see that Y - | (1/kP) is convergent if p > 1
and it diverges to oo if p < 1. We thus obtain an alternative proof the
result given in Example 9.1 (iii). Further, if p > 1, we can estimate the
sum using Proposition 9.39 as follows:

1 o q =1 o q
=/ at <> §1+/ dt= P .
p—l 1 tp k:lkp 1 tP p—l

(i) Let p > 0 and consider the infinite series

[oe) e 9]
Zklnk kZ::lk-i-l lnk—l-l))

=2
If f:[1,00) — R is defined by

1

FO= 1) e+ 1))

for t € [1, 00),

then f is a nonnegative function and since

(In(t + 1))” 4+ p (In(t + 1))P

fit) == (t+1)2 (In(t + 1))

<0 foralltell,o0),

we see that f is monotonically decreasing. Now for z € [1,00), we have
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(In(z +1))""7 — (In2)!-»

z In(z+1) 1 lfp # 1,
/ f(t)dt:/ ds = I=p
1 In2 P
In(In(z + 1)) —In(In 2) if p=1.

Letting x — oo, we see that
oo 1 oo
ft)dt = ifp>1 and / f(t)dt is divergent if p < 1.
J 0% e T

This shows that the infinite series Y-, 1/[k(Ink)?] is convergent if p > 1
and it diverges to oo if p < 1. Further, if p > 1, we have

= 1 1 1
< .
(p— 1n2 _Z:: lnk 1n2)1’ 1 {21n2+p—1}
The upper and lower bounds on the sums of the series in (i) and (ii) above
are noteworthy. <&

9.5 Convergence Tests for Improper Integrals

In this section we shall consider several tests that enable us to conclude the
convergence or divergence of improper integrals. We begin by pointing out
that even if an improper integral faoo f(t)dt is convergent, f(¢) may not tend
to 0 as t — oo. In other words, the kth Term Test for series (Proposition 9.6)
does not have an analogue for improper integrals.

0 1 2 3 4
Fig. 9.1. Graph of the piecewise linear function in Example 9.41
Example 9.41. Let f : [1,00) — R be the piecewise linear function whose

graph is as in Figure 9.1. Formally, f is defined as follows. Given any k € N
with k& > 2, let
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Bt —k3+1 ifk—kl2 <t<k,
f@t) = 1
KR LR <i<k+

Moreover, let f(t):=0if 1 <t <2 — (1/2)? and also

f@)y:=0 if k;—l— , <t<(k+1)-— for any k € N with k& > 2.

1
(k+1)?
Note that the function f is continuous. Let F(z) := [ f(t)dt for = € [1,00).

Since the area of a triangle having height 1 and base 2//c2 is equal to 1/k2,
we see that for each n € N with n > 2,

—~ 1 1 1
e 1 < - .
x) E:2k2 1fn—|—n27;v<(n+1) (n+1)2

Also, since the series Y p-, 1/k? is Convergent it follows that the function F'
is bounded. So by Proposition 9.35, f1 t)dt is convergent. However, since
f(k) =1 for each k € N with k > 2, Weseethat f(t) A 0ast— occ. &

By modifying the function in the above example, one can obtain a contin-
uous function g : [1,00) — oo such that [, g(t)dt is convergent, but (g(k)) is
in fact an unbounded sequence. (See Exercise 26.) For more examples of this
type, see Exercise 28. On the other hand, suppose f : [a,00) — R is differen-
tiable. If faoo f(t)dt and f f'(t)dt are convergent, then it can be shown that
f(t) — 0 ast — oo. (See Exercme 29.)

Tests for Absolute Convergence of Improper Integrals

We shall now consider, wherever possible, analogues of the tests for absolute
convergence of infinite series in the case of improper integrals.

Proposition 9.42 (Comparison Test for Improper Integrals). Suppose
a€R and f,g: [a,00) — R are such that both f and g are integrable on [a, x]
for every x > a and |f| < g. If f g(t)dt is convergent, then f f)de is

absolutely convergent and
[ s < [~ gwar
Proof. For x € [1,00), let
) :/zf(t)dt, Glz) = /mg(t)dt, and  H(z / F(0)|dt.

Assume that f g(t)dt is convergent. Then the function G is bounded above.
Since |f| < g, we see that H < G, and hence the function H is bounded
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above. Also, since |f| > 0, it follows from Proposition 9.35 that [ | f(t)|dt is
convergent, that is, fa f(t)dt is absolutely convergent. Further, since —f <
|| <gand f <|f|] <g, wehave —F(z) < H(z) < G(x) and F(m) < H(z) <
G(zx) for all z > a. Letting 2 — oo, we obtain

- [Cswar< [Toar wa [ pwies [T g

that is, | [ f(t)dt| < [ g(t)dt, as desired. 0

Examples 9.43. The assertions in (i) and (ii) below follow from the Com-
parison Test for improper integrals (Proposition 9.42) in exactly the same
manner as the assertions in Examples 9.13 followed from Proposition 9.9.

VAR
(1) / 5t It dt is convergent.
0
> 1
(ii) / (1412 4 4)1/3 dt is convergent. &
1

Proposition 9.44. Let a € R and f,g : [a,00) — R be such that both f and
g are integrable on [a,x] for every x > a and g(t) # 0 for all large t. Assume
that f(t)/g(t) — € as t — oo, where £ € R or £ = o0 or { = —c0.

(i) If g(t) > 0 for all large t, f g(t)dt is convergent, and ¢ € R, then
faoo ft)dt is absolutely convergent.

(ii) If f() > 0 for all large t, foof (t)dt is convergent, and ¢ # 0, then
f g(t)dt is absolutely convergent.

Proof. The desired results can be deduced from Proposition 9.42 in a similar
way as the results in Proposition 9.11 were deduced from Proposition 9.9. O

Corollary 9.45 (Limit Comparison Test for Improper Integrals). Let
a€R and f,g:[a,00) — R be such that both f and g are integrable on [a,x]
for every x > a with f(t) > 0 and g(t) > 0 for all large t. Assume that

t
lim F#) =/, where (&R with{+#0.
Then -
f@)dt is convergent < / t)dt is convergent.

Proof. The implication ‘=" follows from part (ii) of Proposition 9.44, while
‘<=’ follows from part (i) of Proposition 9.44. O

Examples 9.46. The assertions in (i) and (ii) below follow from Corollary
9.45 in the same manner as the assertions in Example 9.13 followed from
Corollary 9.12.
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2ttt
i dt is convergent.
o[ 20 g
> 1
(ii) / sin ; dt is divergent. &
1

Sometimes, it is better to apply the stronger version of the Limit Com-
parison Test for improper integrals given in Proposition 9.44.

Examples 9.47. The assertions in (i) and (ii) below follow from Proposition
9.44 in the same manner as the assertions in Example 9.14 followed from
Proposition 9.11. In (iii) below we give an additional example.

> Int
(1) / i dt is convergent if p > 1 and it is divergent if p < 1.
1

<1
(ii) /2 (nt)p dt is divergent if p > 0.

(iii) Let ¢ € R and f : [1,00) — R be given by f(t) := e~‘t%. Then [ f(t)dt
is convergent. To see this, choose k € N such that & > ¢ + 1, and define
g:[1,00) = R by g(t) :=t77%. Then g(t) # 0 for all t € [1,00) and

t) tk
1) = , —0 as t— oo.
gt) e
Since k — q > 1, we see that [ g(t)dt is convergent. Hence [ f(t)dt is
convergent by part (i) of Corollary 9.44. <&

The following result is an analogue of (Cauchy’s) Root Test for infinite
series (Proposition 9.15).

Proposition 9.48 (Root Test for Improper Integrals). Let a € R and
f i la,00) — R be a function that is integrable on [a, x| for every x > a.

(i) If there is a € R with o < 1 such that |f(t)|*/* < a for all large t, then
faoo ft)dt is absolutely convergent.

(ii) If there is 6 € R with § > 0 such that f(t) > ¢ for all large t, then
[ f(t)dt diverges to co.

In particular, if
FOY =€ as t — 00, where { € R or £ = oo,

then faoo f(t)dt is absolutely convergent when £ < 1, and it diverges to oo when
f is nonnegative and ¢ > 1.

Proof. The first part follows by letting g(t) := o' for t € [a,00) and using
the Comparison Test (Proposition 9.42). For the second part, let § > 0 and
t1 € [a,00) be such that f(t) > ¢ for all t > ¢;. Then

/z f@)dt > /t1 f@®)dt+6(x —t1) for all z € [t1,00).
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Hence [7 f(t)dt — oo as & — oo.
The last assertion can be proved using (i) and (ii) above and arguing as
in the proof of the Root Test for infinite series (Proposition 9.15). O

Examples 9.49. (i) Let f(t) := t?/2! for t € [1,00). Then |f(t)|'/* =
(t1/%)2/2 — 1/2 as t — oo. Hence [, f(t)dt is (absolutely) convergent.
On the other hand, if g(t) := 2!/t? for t € [1,00), then g is nonnegative
and |g(t)["/* — 2 as t — oo, and so [, g(t)dt diverges to cc.

(ii) If £ : [a,00) — R and [f(t)|"/* — 1 as t — oo, then [ ° f(t)dt may
be convergent or divergent. For example, if f(t) := 1/t and g(t) := 1/t
for t € [1,00), then as we have seen in Remark 7.12, |f(t)|*/* — 1 and
lg(t)|M/t = (\f( )|1/t)2 — 1 as t — oo. However, [ f(t)dt is divergent,
whereas f g(t)dt is convergent. <&

Remark 9.50. The Ratio Test for infinite series does not have a meaningful
analogue for improper integrals. <&

Tests for Conditional Convergence of Improper Integrals

We shall now consider some tests that give conditional convergence of an
improper integral. They are based on the following formula for Integration
by Parts (Proposition 6.25), which can be considered as an analogue of the
Partial Summation Formula (Proposition 9.19).

Let f,g:[a,b] = R be such that f is differentiable and ¢ is continuous. If
f! is integrable and G(z) := [ g(t)dt for x € [a,b], then

b b
/ F(Dg(t)dt = FD)CEB) / (Gt

Proposition 9.51 (Dirichlet’s Test for Improper Integrals). Leta € R
and f,qg: [a,00) — R be such that f is monotonic, f(x) — 0 as © — oo, [ is
differentiable, f' is integrable on [a,z] for every T > a, g is continuous, and
the function G : [a,00) — R defined by G(z) := f g(t)dt is bounded. Then

the improper integral fa f)g(t)dt is convergent

Proof. Since G is bounded, there is 8 > 0 such that |G(z)| < 8 for all © > a.
Also, since f(x) — 0 as x — 00, we obtain f(z)G(z) — 0 as © — oco. Further,
since f is monotonic, for each z > a we have

[ 1rwcwia < 1= [ 5o =l - )

Now since f is monotonic and f(z) — 0 as ¢ — oo, we see that f is bounded.
Hence faoo f'(£)G(t)dt is absolutely convergent, and so it is convergent by
Proposition 9.37. Using the formula for Integration by Parts quoted above,
we obtain
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/w F(t)g(t)dt = f(x)G(x)—/zf’(t)G(t)dt - /Oo FOGHE as 7 — oo

Thus [ f(t)g(t)dt is convergent. |

A similar result, known as Abel’s Test for Improper Integrals, is
given in Exercise 34. Dedekind’s generalizations of the tests of Dirichlet and
Abel are given in Exercise 36. While the Leibniz Test (Corollary 9.21) has no
straightforward analogue for improper integrals, Dirichlet’s Test for trigono-
metric series (Corollary 9.22) admits the following analogue for what could
be called Fourier sine integrals and Fourier cosine integrals.

Corollary 9.52 (Convergence Test for Fourier Integrals). Leta € R
and f : [a,00) — R be a monotonic and differentiable function such that
f(x) =0 as x — oo and [’ is integrable on [a, x| for every x > a. Then

(i) 7 f(t)sintdt is convergent for each 6 € R.
(ii) [° f(t) cos Bt dt is convergent for each 6 € R with 6 # 0.

Proof. (i) Let 6 € R. Define g : [a,00) — R by g¢(t) := sinft. Then ¢ is a
continuous function. For z € [a,00), let G(z) = [ g(t)dt. If & = 0, then
g =0and so G =0. If § # 0, then by part (i) of the FTC (Proposition 6.21),

we have
| cosfa — cos 0| 2

Thus, in any event, the function G is bounded. Hence the desired result follows
from Proposition 9.51.

(ii) Let 0 € R with 6 # 0. By part (i) of the FTC (Proposition 6.21), we

have . g g 5
/ cosé)tdt’ = | sin x‘e_‘ sin fa| < ) for all x > a.

Hence the desired result follows as in (i) above. O

for all x > a.

Example 9.53. Let p € (0,1] and § € R. Then the improper integral

> sin Ot
/ sin dt
1 28

is convergent. This follows by applying Corollary 9.52 to f : [1,00) — R
defined by f(t) := 1/tP. Similarly, if 6 € R and 6 # 0, then the improper

integral
° cos Ot
/ cos gt
1 2

is convergent. On the other hand, if # = 0, then the improper integral

o0 o] 1
/ cos0 g — / gt
1t 1t

is divergent. <&



398 9 Infinite Series and Improper Integrals

9.6 Related Integrals

In the previous two sections we have considered convergence of an improper
integral f:o f(t)dt, where a € R and f : [a,00) — R is integrable on [a, x] for
all x > a. We shall now show that this treatment can be used to discuss the
convergence of other types of ‘improper integrals’.

Suppose b € R and f : (—oo,b] — R is integrable on [z, b] for every = < b.
Define f : [—b,00) — R by f(u) := f(—u). Then for every z < b, that is, for
every —x > —b, we have

b —x
/ f(t)dt = 3 f(u)du.

We say that ffoo f(t)dt is convergent if the improper integral ffob f(u)du
is convergent, that is, if the limit

b
lim yf(u)du: lim f)de

= 452
y—oo |y z——o0 [

exists. In this case, this limit will be denoted by ffoo f(t)dt itself. Otherwise,

we say that ffoo f(t)dt is divergent.
Next, let f : R — R be a function that is integrable on [a, b] for all a,b € R
with a < b. We say that [~ f(t)dt is convergent if both [ f(t)dt and

fi)oo f(t)dt are convergent, that is, if the limits

T 0
lim f(t)dt and  lim f)de

Tr—
x o0 0 T

both exist. In this case, the sum of these two limits is denoted by ffooo f)dt

itself. If any one of these limits does not exist, we say that ffooo fl)de is
divergent.
If the limit

x

lim [ f(t)dt

exists, then this limit is called the Cauchy principal value of the integral
of f on R. If ffooo f(t)dt is convergent, then since

T 0

foydt = | f(t)dt+/0w f(t)ydt for all z >0,

—X
the Cauchy principal value of the integral of f on R exists and is equal to

ffooo f(t)dt. But the Cauchy principal value of the integral of f on R may

exist even when ffooo f(t)dt is divergent. For example, consider f : R — R
defined by f(t) := sint. For every x > 0, we have
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x 0 x
/ sintdtzl—cosx:—/ sintdt and so / sintdt = 0.
0

Hence limy—.o [*, f(t)dt = 0, but neither of the two limits limg oo [; f()dt

and limg f_OT f(t)dt exists.

However, if f: R — R is a nonnegative function and the Cauchy principal
value of the integral of f on R exists, then f > f t)dt is convergent This can
be seen as follows. For o > 0, let Fy(z) := fo t)dt, Fr(z) = f f()
and ¢ = lim, .o f,wf t)dt. Then Fy and Fy are monotonlcally increasing
functions with Fi(x) < ¢ and Fy(z) < ¢ for all x > 0. Hence by part (i) of
Proposition 3.35 with b = oo, both lim, .o F1(x) and lim, .. F(x) exist,
that is, [0 f(t)dt is convergent.

Integrals of the type [ f(t)dt, ffoo f(t)dt, and [7_ f(t)dt are sometimes
known as improper integrals of the first kind, in contrast to those of the
second kind, which we now describe.

Improper Integrals of the Second Kind

Let a,b € R with a < b. An improper integral of the second kind on
(a,b] is an ordered pair (f, F) of functions f : (a,b] — R and F : (a,b] — R
such that f is unbounded on (a,b] but integrable on [z,b] for each = € (a, b
and

:/bf(t)dt for z € (a,b].

For simplicity and brevity, we use the buggebtive notation f b f(t)dt for the

improper integral (f, F') on (a,b]. We say that f t)dt is convergent if the
right (hand) limit

lim F(x :hm/f

r—at rz—at

exists. In this case, the right (hand) limit is denoted by the same symbol

f;+ ft)dt. If f t)dt is not convergent, then it is said to be divergent.

The study of i 1mproper integrals of the second kind can be reduced to the
theory discussed in Sections 9.4 and 9.5 as follows. Given an improper integral
of the second kind f(; f(t)dt, define ¢ € R and f : [¢,00) — R by

1

c::bia and f(u)::u2f<a+i> for u € [c, 00).

Then for every = € (a,b], we have

b v
/z ftdt = /C f(u)du, where v:= . i o
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Moreover, z — a™ if and only if v — co. Consequently,
b oo
/ f(t)dt is convergent <= / f(u)du is convergent,
a+t c

and in this case f;+ f)dt = [ f(u)du.
A variant of the above is an improper integral f;f f(t)dt of an unbounded
function f : [a,b) — R that is integrable on [a,y] for every y € [a,b). The

convergence of such integrals is defined analogously. Moreover, if we define
ceRand f:[c,00) = R by

c::bia and f(u)::u12f<b—i> for u € [¢, ),

then for every y € [a,b), we have

1

Yy v
/a f(t)dt = /c fw)du, where wv:= by

Moreover, y — b~ if and only if v — co. Consequently,
b~ oo
/ f(t)dt is convergent <= / f(u)du is convergent,
a (&

and in this case f;_ f)dt = [ flu)du.

Finally, consider an unbounded function f : (a,b) — R that is integrable
on [z,y] for all z,y € (a,b) with x < y. Let ¢ := (a + b)/2. We say that
f;+ f(t)dt is convergent if both [, f(t)dt and fcb f(t) are convergent, that
is, if

lim / f)dt and h%}— f)de

z—at J, c

both exist. In this case, the sum of these two limits is denoted by fj; f)de

itself. If any one of these limits does not exist, we say that f;; f)dt is
divergent.
If the right (hand) limit

b—e
lim f)de

=0+ a+e

exists, then it is called the Cauchy principal value of the integral of f on

(a,b). It fj; f(t) is convergent, then for any € > 0 with a +e¢ < ¢ <b—¢, we

have
b—e

/C f(t)dt + bief(t)dt: f(t)dt.
a-+te c

a-+te
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Hence the Cauchy principal value of the integral of f on (a,b) is equal to
f;; f(t)dt. But the Cauchy principal value of f on (a,b) may exist even when
f;: f(t)dt is divergent. For example, let f(t) := t/(t> — 1) for t € (—1,1).
Then

1] 1 1
ft) =, [1+t— 1_t] for t € (—1,1).

For each € € R satisfying 0 < € < 1, we have

1—e

0
; ft)dt = ;[ln(Q —€)+1ne] and /—1—‘,—5 f)dt = — ; lne+In(2 —¢€)].

Thus we see that lim,_,q+ f_ll_j_e f@)dt = 0, but neither of the two limits
lim,_ g+ 01_5 ft)dt and lim,_ o+ fi)l—i—s f(t)dt exists. However, it can be shown
that if f : (a,b) — R is a nonnegative function and the Cauchy principal value
of the integral of f on (a,b) exists, then f:: f(t)dt is convergent. The proof is
similar to the proof given earlier for the Cauchy principal value of the integral
of a nonnegative function on R.

Definitions of absolute and conditional convergence as well as tests for
the convergence of ffoo f(t)dt, f:+ f(t)dt, and f:_ f(#)dt can be obtained
by reducing these to improper integrals considered in Section 9.4 and 9.5.
Alternatively, such tests can be developed independently along similar lines.
To illustrate these two procedures, let us consider the comparison test for

J2 f(t)dt.

Proposition 9.54 (Comparison Test for Improper Integrals of the
Second Kind). Leta,b € R with a < b and f,g : (a,b] — R be such that

both f and g are integrable on [x,b] for every x > a and |f| < g. If f;+ g(t) is

convergent, then fjJr f(t)dt is convergent and

/i Ftydt| < /i g(t)dt.

Proof. Let ¢ :=1/(b— a). Define f : [¢,00) — R and § : [¢,00) — R by

Flu) == ulz f <a+ i) and  §(u) = u12 g <a—|— i) .

Now, |f\ < §. Also, for every y > ¢, f is integrable on [c,y]. Assume that

ff+ g(t) is convergent, that is, the improper integral fcoo g(u)du is convergent.
Then by Proposition 9.42, it follows that fcoo f(w)du is convergent, that is,

f;+ f(t)dt is convergent. Further,
b oo o] b
/+ f)de / flu)du| < / g(u)du = /+ g(t)dt,
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as desired.
Alternatively, we can give a proof from first principles as follows. Consider
ft, f~ :(a,b] — R defined by

IF O]+ £(t)
2

Define F'*, F~,G : (a,b] — R by

b b b
o) = / Frdt,  F(2) = / F(dt, and Gla) = / g()dt.

Since the functions f*, f~, and ¢ are nonnegative, the functions F+, F~,

[F(@)] = f(#)

) = 5

and f7(¢) := for t € (a,b).

and G are monotonically decreasing. Assume that fj+ g(t)dt is convergent,
that is, lim,_ .+ G(x) exists. Then the function G is bounded above. Since
fT<|fl £gand f~ <|f] <g, we see that the functions F*© and F~ are
bounded above, and hence both the limits lim,_ .+ F'*(z) and lim,_ .+ F~ ()
exist. (Compare Exercise 32 (ii) of Chapter 3.) Since f = fT — f~, we have
1Y f(t)dt = F*(z) — F~(2) for all @ € (a,b]. Hence lim, o+ [ f(t)dt exists,

that is, f(; f(t)dt is convergent. Further, since

b b
—/ f)dt < G(x) and / f(t)dt < G(z) forall z € (a,b],

upon letting  — a™, we obtain

- / b far < | ig(t)dt wd b foae < [ ig(t)du

that is, < f . g(t)dt, as desired. ]

From the above result we can deduce the following analogue of Proposition
9.44 for improper integrals of the second kind.

Proposition 9.55. Let a,b € R with a < b and f,g : (a,b] — R be such that

both f and g are integrable on [x,b] for every x > a. Assume that there is

ap € (a,b] such that g(t) # 0 for all t € (a,a0] and that f(t)/g(t) — € as

t—at, where LER or { = o0 or { = —o0.

(i) If g(t) > O for all t € (a,ao], f;+ g(t)dt is convergent, and ¢ € R, then
fab+ ft)dt is absolutely convergent

(i) If f(t) > 0 for all t € (a,ao], f ft)dt is convergent, and £ € R, then
fab+ g(t)dt is absolutely convergent.

Proof. Both (i) and (ii) follow from Proposition 9.54 in a similar manner as
the proof of Proposition 9.44 using Proposition 9.42. o
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In turn, Proposition 9.55 can be used to deduce a Limit Comparison Test
for improper integrals of the second kind, analogous to Corollary 9.45. This
time, we leave the formulation of the statement and a proof to the reader.

Examples 9.56. (i) Let f : (—o0,0] — R be given by f(t) := e’. Since
0
/ fydt=1—-¢e"—1 as . — —o0,

we see that fi)oo f(t)dt is convergent.
(ii) Let f : (—o00,00) — R be given by f(t) := e~ For 2 > 1, we have

x 1 x 1 x
og/ f(t)dt:/ e_tZdt+/ e_tzdtg/ e_tzdt+/ e~tdt
0 0 1 0 1

1 1
= / e*tht +el_e < / e*t{zdt +e L
0 0

Hence fooo f(t)dt is convergent. Also, if f : [0,00) — R is defined by
f(u) := f(—u), then the improper integral

/000 f(u)du = /000 e du

is convergent, that is, f?oo f(t)dt is convergent. Thus [ f(t)dt is con-
vergent.

(i) Let p € R, b € (0,00), and f(t) := 1/t for t € (0,b]. If ¢ € R and
f:[c,00) = R is defined by

C::i and f(u)=12f<i>7

/COQ f(u)du = /:O u21_pdu.

As we have seen in Example 9.33 (iii), fcoo uP~2du is convergent if and
only if 2 — p > 1, that is, p < 1. Hence

then

b
1
/ pdt is convergent if and only if p < 1.
0+

If p < 0, then the function f is bounded on (0, b], and if we define f(0) := 0,
then f :[0,b] — R is in fact continuous, and therefore integrable, on [0, b].
Alternatively, for z € (0, b], we have

/1 1dt:{(1—1‘1"’)/(1—p) if p#1,

P —Inz if p=1.

This shows that f01+(1 /tP)dt if convergent if and only if p < 1 and when
p < 1, it converges to 1/(1 — p).
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(iv) Let f(t) :=Int for t € (0,1]. For z € (0, 1], we have

1

/ fydt=(tlnt—1t))] =z—1—2xlnz.

T

Since xlnz — 0 as © — 0", we see that f01+ Intdt is convergent and
is equal to —1. Alternatively, define g(t) := 1/v/t for t € (0,1]. Then
(e 9)

by (iii) above, fo 1 g(t)dt is convergent and by L’Hoépital’s Rule for °°
indeterminate forms (Prop051t10n 4.40), we have

. f®) . Int ) 1/t )
v q(t) ari et 1/\/t e —1/2t3/2 P v

By part (i) of Proposition 9.55, we see that f01+ Intdt is convergent. <

We can also consider a combination of improper integrals of the first kind
and the second kind, that is, integrals of unbounded functions on unbounded
intervals. The notion of convergence can be readily defined as follows using
the theory we have developed earlier. Let a € R and f : (a,00) — R be an
unbounded function that is integrable (and in particular bounded) on [z, y] for
all z,y € R such that a < z < y. We say that faof f(t)dt is convergent if both

fajl f()dt and fa f(t)dt are convergent. In this case, the sum fajl F(&)dt+

fa+1 ft)dt is denoted by the same symbol [ f(t)dt. Similarly, if b € R
and f : (—00,b) — R is an unbounded function such that f is integrable

on [z,y] for all z,y € R with x < y < b, then we say that fb__oo (t)dt is
convergent if both f b71 t)dt and fb 1 f(t)dt are convergent. In this case,

the sum ff;} f(t)dt + fb | f(t)dt is denoted by the same symbol f f(@t)
It is clear that the study of such integrals easily reduces to that of improper
integrals of the first kind and of the second kind.

Examples 9.57. (i) Let f(t) := 1/vt(t + 1) for t € (0,00). Define g(t) :=
1/+/t for t € (0,1] and h(t) := 1/ty/t for t € [1,00). Since

A . 1
lim = lim =1
t—0t g(t) t—o+t+1

and f0+g t)dt is convergent, part (i) of Proposition 9.55 shows that

f0+ t)dt is convergent. Also, since

lim 1(®) = lim t =1

t—oo h(t) t—oot+1
and fl t)dt is convergent the Limit Comparison Test (Corollary 9.45)
shows that fl t)dt is convergent. It follows that fo T f(t)dt is conver-

gent.
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(i) Let fi(t) := 1/t% and fa(t) = 1/+/t for t € (0,00). Since f0+ fi(t)dt and
J1° f2(t)dt are divergent, it follows that both [7 fi(t)dt and [} fa(t)
are divergent.

The Beta and Gamma Functions

We shall now consider two general examples of improper integrals, which lead
to certain important functions in analysis.

To begin with, let p,¢ be any real numbers and f : (0,1) — R be the
function defined by f(t) := #*=1(1 — t)971. Let us consider the improper
integrals

1/2

f)dt and - f)de

o+ 1/2

If p > 1, then f is bounded on (0, j] and if we define f(0) := 0, then it
is continuous and, therefore, integrable on ( ,2] Suppose p < 1 and let
g(t) :=1/t7 for t € (0,}]. Then

t
lim 1o _ lim (1 —#)77! = 1.
t—0t g t) t—0+t
By Example 9.56 ( f t)dt is convergent if and only if 1 —p < 1, that

1/2 dt

is, p > 0. So by part (i ( ) of Pr0p051t10n 9.55, the improper integral f
is convergent if and only if p > 0.

Next, suppose ¢ > 1. Then f is bounded on [é, 1) and if we define
f(1):=0, then f is continuous and therefore, integrable on B, 1]. On the
other hand, suppose ¢ < 1. For x € [é, 1), ifwelet y:=1—ux, theny € (07 é]
and we have

z 1/2
F(t)dt = / W= (1 = u)Pdu.
1/2 y
Hence using the result in the previous paragraph, we see that the improper
integral f1 /2 t)dt is convergent if and only if ¢ > 0.

Thus, if p 2 1 and ¢ > 1 and if we set f(0) := 0 and f(1) = 0, then f is
integrable on [0, 1], and in all other cases, the improper integral

F(t)dt

0+

is convergent if and only if p > 0 and ¢ > 0. With this in view, we obtain a
well-defined function 3 : (0,00) x (0,00) — R given by

-
B(p,q) = / tpfl(l — t)qfldt for p > 0 and ¢ > 0.
0

+
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This is known as the beta function.

We shall now proceed to define another important function, which is a
neat generalization of the factorial function in the sense that it extends the
real-valued function on N given by n — (n—1)! to the set (0, 00) of all positive
real numbers. To motivate its definition, let us consider the improper integral

o0
I, ::/ e 't"1dt, wheren € N.
0
First we show that I, = (n — 1)! for all n € N. For n = 1, we have
€T
/ etdt=1—e"—1 asz— oo.
0

Thus I; = 1. Now assuming that I,, = (n—1)! for n > 1, we deduce I,,4+1 = n!l.
Let = > 0. Integration by Parts gives us

xr xT
/ e tdt = —e %2 + n/ et Ldt.
0 0

We have seen in Example 7.4 (ii) that e *2™ — 0 as x — oo, and by our

assumption
x

lim ettt =1, = (n — 1)L

T—00 0

Hence
xT

lim e "dt =04+n-(n—1) =n!,
that is, 1,41 = n!, as desired.
Thus we see that I;y = 1 and I,,41 = nl, for all n € N. In an attempt to
generalize this relation, let us fix s € R and consider f : (0,00) — R given by
f(t) ==e 57t Let

1 e8]
Jl = f(t)dt and J2 = / f(t)dt
0+ 1

If s > 1, then f is a bounded function on (0,1] and if we define f(0) := 1,
then it is continuous, and therefore integrable, on [0, 1]. Now suppose s < 1.
Define g : (0,1] — R by g(¢) := 1/t'7%. Then

lim () = lim et =1.
t—0t g t) t—0+

By Example 9.56 (iii), f01+ g(t)dt is convergent if and only if 1 —s < 1, that
is, s > 0. Hence by Proposition 9.55, J; is convergent if and only if s > 0.

To consider the convergence of Jo, choose n € N such that n > s and
define g : [1,00) — R by g(¢) := 1/t1=5+". Then
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lim £(t) = lim e %" = 0.
t—o00 g(t) t—o00

Since 1—s+n > 1, Example 9.33 (iii) shows that [~ g(t)dt is convergent. By
part (i) of Proposition 9.44, it follows that Jy is convergent for every s € R.

Thus foof f(t)dt is convergent if and only if s > 0. With this in view, we
obtain a well-defined function I" : (0,00) — R given by

I'(s) ::/ e 57 dt  for s > 0.
o+

This is known as the gamma function.

Proposition 9.58 (Properties of Gamma Function).

(i) I'(s) > 0 for all s >0 and I'(s) — oo as s — 0.
(ii) I'(s +1) = s I'(s) for all s > 0.
(iii) I'(n) = (n — 1)! for all n € N.

Proof. (i) For s > 0, we have

1 1 e
I'(s) z/ e 't ldt > e*l/ 5 tdt =
0 0

+ + S

-1

This shows that I'(s) > 0 for all s > 0 and I'(s) — oo as s — 0.
(i) Fix any s > 0. For € > 0 and = > €, we have

T € xT
/ e todt = —e | + s/ et dt
€ €

€
xT
=(e € —e "2+ s/ e~ ts .
€

Now, e7¢ — 1 as ¢ — 07, and by part (iii) of Proposition 7.9, ¢¢ — 0 as
€ — 0. Thus e “€* — 0 as € — 0F. Also, if we choose n € N such that n > s,
then for all x > 1, we have 0 < e™*2® < e~ *2™. From Example 7.4 (ii) we
know that e~ %2 — 0 as x — oo. Thus e *2* — 0 as x — oco. Consequently,

1 1 1
/ e "t°dt = lim ettsdt:(O—el)—&-s(lim / ett“dt)
0 €

+ e—01 /¢ e—0t
and
oo xT xT
/ e~tsdt = lim e~ tsdt = (e_l — O) + s ( lim / e_tts_ldt> .

Combining these, we obtain I'(s + 1) = s I'(s), as desired.

(iii) We have already shown that I'(n) = (n — 1)!. Alternatively, it follows
from (ii) above using induction on n and the identity I'(1) = [;" e 'dt = 1,
which has also been verified earlier. O
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Remark 9.59. While I'(s) is easy to calculate when s is a positive integer,
determining the value at other positive real numbers s is not obvious. For ex-
ample, it can be shown that F =2 fo e~ du. (See Exercise 49.) Further,

using double integrals it can be shown that fo e~V du = V7/2. Assuming
these facts, we can use part (ii) of Proposition 9.58 to deduce that

1\ 1-3---(2n—3)2n—1
F<n+2>: 3 (n2n3)(n )\/77 for all n € N.

Another crucial property of the gamma function is that it is a log-convex
function, that is, the function Iy : (0,00) — R defined by Iy(s) :=InI'(s) is
convex on (0,00). A proof of this result is outlined in Exercise 64.

There is an interesting relationship between the beta function and the
gamma function, namely,

I'(p)I'(q)
I'(p+4q)

We refer the reader to (2.12) of [2] for a proof of this result. Using I'(1/2) =
/7, the above identity implies that 3 (%, é) = 7. In general, if p, ¢ are positive
nonintegral rational numbers, then by a theorem of Schneider, 5(p,q) is a
transcendental number. For a proof, we refer to Section 6.2 of [7]. &

B(p,q) = for all p > 0 and g > 0.

Notes and Comments

Logically, the theory of infinite series is a particular case of the theory of
sequences. In fact, the two are equivalent. However, from a pedagogical and
historical point of view, it seems preferable to treat infinite series separately
and at a stage when tools from the theory of integration are at our disposal.
Also, it appears natural to treat improper integrals alongside infinite series.

We have followed Apostol [3] to define an infinite series as a pair of se-
quences, the first comprising of the terms of the series and the second formed
by the partial sums of the series. This might seem pedantic but it avoids ‘defin-
ing’ an infinite series as an expression or a symbol. Similar considerations
apply to improper integrals. However, we quickly adopt the usual conventions
for denoting infinite series and improper integrals.

The treatments of the infinite series in Sections 9.1 and 9.2, and of the im-
proper integrals in Sections 9.3 and 9.5, run parallel. Our development brings
home the fact that they are the discrete and the continuous representations of
the same thing. For example, the partial sum A, := Z: 1 ar of an infinite
series Y poy a is analogous to the ‘partial’ integral F(x f ft)dt of the
improper integral fa f)dt. Further, just as Ag = 0 and a, = A, — A,_1
for all n > 1, we have F(a) = 0 and f(x) = F'(x), whenever x > a and f
1s continuous at x. Tests of convergence for the two are based on the same
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principles. However, there are a few exceptions. The ‘kth Term Test’ and
the ‘Ratio Test’ for infinite series fail to have an analogue in the setting of
improper integrals.

While the convergence of an infinite series can usually be determined using
one of the several tests, finding the sum is often far more difficult. The only
cases in which we have actually found the sum of an infinite series are those
muvolving a geometric series, or in which a series can be written as a genuine
telescopic series or the ‘tail’ of a Taylor series can be shown to tend to zero. In
fact, essentially the only series whose partial sums have a ‘closed form expres-
sion’ is the geometric series. The situation for actually evaluating improper
integrals is similar. But if a function f : [a,00) — R is integrable on [a, x] for
all © > a and equals the derivative of a known function g, then the ‘partial
integral’ F' of the improper integral f;o f)dt is given by F(z) = g(x) — g(a)
for x > a. As a result, to evaluate the improper integral f;o f()dt, one only
needs to find lim,_ o g(x) (Proposition 9.34). Needless to say, this procedure
can be carried through in only a limited number of cases.

The fact that an absolutely convergent infinite series of real numbers is con-
vergent is intimately related to the Completeness Property of the real numbers
via the Cauchy Criterion. In fact, the Cauchy Criterion for real numbers can
be proved using only the fact that an absolutely convergent infinite series of
real numbers is convergent (Exercise 54).

While we have given a number of tests for convergence of infinite series in
the text and also in the exercises, the list is not meant to be comprehensive. A
wealth of material, including a plethora of convergence tests, can be found in
old classics on infinite series such as the books of Bromwich [12] and Knopp
[42]. See also the more specialized books of Dienes [22] and Hardy [32].

Power series are an important class of infinite series whose terms depend
on a parameter. Their peculiar convergence behavior is brought out in Lemma
9.25. This result allows us to introduce the concept of the radius of conver-
gence of a power series without any reference to the terms of the series. Of
course, the calculation of the radius of convergence of a given power series
will be based on the Root Test or the Ratio Test, for which either the roots of
the absolute values of the terms of the series or the ratios of the successive
terms of the series are needed. Taylor series form a special class of power se-
ries. Their convergence can be proved by showing that the remainder after the
nth term tends to zero. This process does not use the Root Test or the Ratio
Test and, when successful, yields also the sum of the series. Many classical
functions admit a Taylor series, which can be effectively used to understand
and study these functions. Conversely, new functions can be introduced by
means of convergent power series, just as we introduced the logarithmic and
the arctangent function by means of integrals of rational functions. It may be
interesting to note that any power series is the Taylor series of some func-
tion. See the article of Meyerson [48] for a proof. Apart from power series
and Taylor series, another important class of infinite series whose terms de-
pend on a parameter is that of Fourier series. These are series of the form
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ao + > pey (agcoska + by sinkx). The study of Fourier series is a rich and
fascinating topic in mathematics, and for more on this, we suggest the recent
book of Stein and Shakarchi [60].

In order to retain the parallelism between infinite series and improper in-
tegrals, we have restricted the definition of an improper integral to cover only
the ‘integrals’ of the type faoo f@)dt, where a € R and f : [a,00) — R is a
function that is integrable on [a,x] for each x > a. In doing so, there is no
real loss of generality since the treatment of improper integrals of other kinds
can be reduced to improper integrals of the above type. As an application of
improper integrals of the second kind, we have defined the beta function and
the gamma function. We have restricted ourselves to discussing only the most
rudimentary properties of these functions. The article of Davis [21] gives a
very readable introduction to the gamma function. A lucid development of the
gamma function and the beta function can be found in the book of Artin [2].

Exercises

Part A

1. Give examples to show that if Zk ar and Zk by, are convergent series of
real numbers, then the series ), arb, may not be convergent. Also show
that if Y, ap = A and ), by = B, then ), a;b; may be convergent, but
its sum may not be equal to AB.

2. Consider a series Zk ay and for eachn =0,1,2, ..., let b,  := apy. Show
that the series ), ay is convergent if and only if for some n = 0,2,.. ., the
series ), by i is convergent. In this case, prove that the series >, by, 1, is
convergent for everyn =0,1,2,...,and ), by x = >, ax — Ay, where 4,
is the nth partial sum of the series ), aj.

3. Show that the series Y -, 2/(k+ 1)(2k + 1) is convergent and its sum is
less than or equal to 1. (Hint: Compare the given series with the series
S 1/k(k +1).)

4. Let a € R with a > 1. Show that the series > ;- (1/a*') is convergent.

5. Let p € R. Use Example 9.1 (iii) together with Proposition 9.4 to show
that >~ (1/kP) is convergent if p > 1 and divergent if p < 1.

6. Let a € R with ai <0 for all £ € N. Show that 220:1 ay, is convergent if
and only if the sequence (A,,) of its partial sums is bounded below, and
in this case Y po, ay = inf{A4, : n € N}. If (A4,,) is not bounded below,
then show that Y .-, aj diverges to —co.

7. (Cauchy’s Condensation Test) Let (ai) be a monotonically decreas-
ing sequence of nonnegative real numbers. Show that the series > po | ay
is convergent if and only if the series >, 2¥ay is convergent. (Hint:
Proposition 9.4.) Deduce the convergence and divergence of the series
Sorey 1/kP and Y, , 1/k(Ink)P, where p € R. (Compare Example 9.40.)
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8.

9.

10.

11.

12.

13.

(Abel’s kth Term Test) Suppose (aj) is a monotonically decreasing
sequence of nonnegative real numbers. If the series )", aj is convergent,
then show that kap — 0 as k — oo. (Hint: Exercise 7.) Also, show that
the converse of this result does not hold.

A sequence (ay,) is said to be of bounded variation if > ;- | |y — ap+1]

is convergent. Prove the following:

(i) A sequence of bounded variation is convergent.

(ii) Let (ar)and (bg) be of bounded variation and let € R. Then (ax+bx),
(ray), and (agby) are of bounded variation. If ax # 0 for all k£ € N, is
(1/ay) of bounded variation?

(iii) Every bounded monotonically increasing sequence is of bounded vari-
ation. Further, if (by) and (ci) are bounded monotonically increasing
sequences and we define a := by — ¢ for £ € N, then the sequence
(ag) is of bounded variation.

(iv) If (ax) is of bounded variation, then there are bounded monotonically
increasing sequences (by) and (c¢) such that ax = by — ¢ for k € N.
(Hint: Let ap := 0 and vy := |a1| + |a1 — ag| + -+ + |ag—1 — ag| for
k € N. Define by, := (vi + ax)/2 and ¢ :== (v, — ay)/2 for k € N.)

(Ratio Comparison Test) Let (ay) and (by) be sequences and suppose

by > 0 for all k. Prove the following:

(i) If |ag1|br < |ag|bgy1 for all large k and > -, by is convergent, then
> pe, ag is absolutely convergent.

(ii) If |ags+1|be > |ag|bpsr for all large k and Y p- , by is divergent, then
> e, ag is not absolutely convergent.

Let a,b € R be such that 0 < a < b. For k € N, define

aok—1 = a" 11 and asgp = alfpF—1.

Consider the series ZZOZI ar =1+ a+ab+ a?b+ a?b* + a®b% + - - -.

(i) Use the Ratio Test to show that >",-, ax is convergent if b < 1, and
it is divergent if a > 1.

(ii) Use the Root Test to show that >~ ax is convergent if ab < 1, and
it is divergent if ab > 1.

For k € N, let ag_1 = 4¥71/9%~1 and a9, := 4¥71/9%. Show that

lask /ask—1] = é and |agk+1/ask| = 4 for all k € N and so the Ratio Test

for the convergence of 220:1 a is inconclusive. Prove that \ak|1/k — g as

k — oo and use the Root Test to conclude that Y .-, aj is convergent.

(Raabe’s Test) Let (ax) be a sequence of real numbers. If there is p > 1

such that

lak+1] < (1 - ‘Z) lai|  for all large k,

then show that Y .- ; aj is absolutely convergent. On the other hand, if

1
lak+1] > <1 - k;) lag|  for all large k,
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then show that Y ;- | aj is divergent. (Hint: If p > 1 and = € [0, 1], then
1 —pz < (1 —x)P. Use Exercise 10.)
14. (i) If a1 := 1 and ag41 := (k — Dag/(k + 1) for k > 2, then show that
220:1 ay is convergent.
(ii) If a1 := 1 and ag4+1 := (2k — 1)ay/2k for k € N, then show that
> ope, ay diverges to oo.
(Hint: Exercise 13.)
15. (Hypergeometric Series) Let a, (3, v be positive real numbers. If ag := 1
and
ala+1)---(a+k-—1pB+1)---(B+k—1)

= for k € N,
ak Yy +1) - (y+k—1)E! o

then show that >, ,aj is convergent if and only if v > o + 3. (Hint:
Exercise 13.)
16. Suppose the partial sums of a series > .-, by are bounded. If p > 0 and
€ (0,1), then show that the series

Z’;, Z a b; and Zbkm

k=1 k=1

are convergent. (Hint: Proposition 9.20.)

17. (Abel’s Test) If (aj) is a bounded monotonic sequence and Y .-, by is
a convergent series, then show that the series Y ;- | apby is convergent.
(Hint: Partial Summation Formula.)

18. Let Y ;- | b, be a convergent series. Show that the series

;kl/ b, and Z(1+k) by

k=1

are also convergent. (Hint: Exercise 17 and Exercises 7, 8 of Chapter 2.)
19. (Dedekind’s Tests) Let (ax) and (by) be sequences of real numbers.

(i) If the series Y -, |ar — art1| is convergent, ap — 0 as k — oo, and
the sequence of partial sums of Y ;- | by is bounded, then show that
the series ZZOZI arby is convergent.

(ii) If the series > _p- ;| |ag — ap+1| and > ,- | by, are convergent, then show
that the series Ziozl axby is convergent.

(Hint: Partial Summation Formula. Alternatively, use Exercise 9 (iv),

Proposition 9.20, and Exercise 17.)

20. Let p € R with p > 1. Show that

- p—1+2In2
(p— 1n2 2:: lnk 2(p—1)(In2)P"

(Hint: Proposition 9.39 and Example 9.40 (ii).)
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21.

22.

23.

24.

25.

26.

27.

28.

Test the series Y r- | ay for absolute/conditional convergence if for k € N,
ay is given as follows. In (vii)—(x) below, ¢, r, p, and 6 are real numbers.
6 0%, o ) ) ket )
k k
_1)k-1 N (—1)k1 -
e AN (O

Tk COS
vit) | e (9 (_1)k1sm<klp>, (x) wfe'

Find the radius of convergence of the power series Z;OZO cxx® whose co-
efficients are defined by car_1 := 37% and cap, := 2¥57F for k € N.

Find the radius of convergence of the power series >~ cpa if for k € N,
the coefficient ¢y, is given as follows:

k 2
. .o 2 eee . _k- k-
(1) k!,k (ii) &k, k(lll) B2 41 (iv) ke™™, (v) ¢, where ¢ € R,
Ak oy 2 o [ K+m
(vi) T (vii) 32 (viii) ( 3 >, where m € N.
Let f(x) := cosx for € R. Show that the Taylor series of f is convergent
for x € R. Deduce that

.T2 4 2k

- x R e T
c05$—1—2!+4! —-~-—kZ:;)(—1) (2)! for x € R.

Let @ € R and I be an open interval containing a. Show that if
> neoax(z — a)k is the Taylor series of some f : I — R around a, then
there are infinitely many functions ¢g : I — R that have the same Taylor
series around a.

Modify the function given in Example 9.41 to obtain a piecewise linear
continuous function g : [1,00) — R such that g(1) = 0 and for k& > 2,

g(k) =Vk and g(k;—k;/k> =O=g<k+k21/k).

Show that floo g(t)dt is convergent, but g is not bounded.

Let a € R and f : [a,00) — R be such that f(t) <0 for allt > a and f is
integrable on [a, ] for each z > a. Show that faoo f(t) is convergent if and
only if its partial integral F : [a,00) — R defined by F(z) := [ f(t)dt is
bounded below, and in this case [ f(t) = inf{F(t) : t € [a,00)}. If F is
not bounded below, then show that [ f(t) diverges to —oc.

Let f,g: [2,00) — R be defined by

F(t) = 1 if k<t <k+ (1/k?) for some k € N,
"1 0 otherwise,

and
() = k if k <t <k+ (1/k?) for some k € N,
I =90 otherwise.
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Show that [,° f(t)dt and [;* g(t)dt are convergent, f(k) = 1 for each
kGNwmthQ andg(k)—>ooask—>oo.
29. Let a € R and f : [a,00) — R be such that f is integrable on [a, z] for all
a: 2 a. Prove the following:
) It foof t)dt is convergent and f(x) — £ as © — oo, then ¢ = 0.
(11) If fis dlfferentlable and f f'(t)dt is convergent, then there is £ € R
such that f(z) — fasz — oo. (Hmt. Use part (i) of Proposmon 6.21.)
(iii) If f is differentiable and both [ f(t)dt and [’ f'(t)dt are conver-
gent, then f(z) — 0 as x — oo.
30. Use Exercise 29 to conclude that the improper integral foootsin t2dt is
divergent.
31. Show that [ (cost/tP)dt and [, (sint/tP)dt are absolutely convergent if
p > 1 and that they are conditionally convergent if 0 < p < 1.
32. Let f : [1,00) — R be such that f is integrable on [1,z] for every x > 1.
Prove the following using Proposition 9.42:
(i) If there are p > 1 and ¢ € R such that t?f(t) — ¢ as t — oo, then
f1 t)dt is absolutely convergent.
(ii) SuppObe f(t) > 0 for all t € [1,00). If there are p < 1 and ¢ # 0 such
that 1P f(t) — £ as t — oo, then [~ f(t)dt is divergent.
33. Let g : [1,00) — R be a continuous real Valued function such that the
function G : [a,00) — R defined by G f g(t)dt is bounded. If
p € R with p > 0 and z € (0, 1), then show that the improper integrals

/1OO gt(]f) dt, /1OO (lgn(gp dt, and /1OO zlg(t)dt

are convergent. (Hint: Proposition 9.51.)

34. (Abel’s Test for Improper Integrals) Let a € Rand f,g: [a,00) — R
be such that f is bounded, monotonic, and differentiable, f’ is integrable
on [a,z] for every > a, g is continuous, and f:o g(t)dt is convergent.
Show that [ f(t)g(t)dt is convergent. (Hint: Use Integration by Parts.)
[Note: Compare with Proposition 9.51.]

35. Let f1 t)dt be a convergent 1mpr0per integral. Show that the improper

integrals fl titg(t)dt and [;° (1+ 1) g(t)dt are also convergent. (Hint:
Exercise 34, and Revision Exercise 15 given at the end of Chapter 7.)
36. (Dedekind’s Tests for Improper Integrals) Let a € R and let f,g
[a,00) — R be any functions.
(i) If f is differentiable, [ |f’(t)|dt is convergent, f(z) — 0 as x — oo,
g is continuous, and the function G : [a 00) — R defined by G(z) :=
[ g(t)dt is bounded, then show that [ f(t)g(t)dt is convergent.
(ii) If f is differentiable, [°°|f’(t)|dt is convergent, g is continuous, and
[% g(t)dt is convergent, then show that [ f(t)g(t)dt is convergent.
(Hint: Use Integratlon by Parts.)
37. Show that the improper integrals floo sin t2 dt and floo cost? dt are conver-
gent. (Hint: Substitute s = > and use Corollary 9.52.)
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38.

39.

40.

41.

42.

43.

44.

45.

46.

Let p € R with p > 0. Show that the improper integrals

oo
/ sint d and / cost
9 (Int)r (Int)P
are conditionally convergent. (Hint: Corollary 9.52 and Exercise 31.)

Let f :[0,00) — R be such that fo t)dt is absolutely convergent. Show
that the improper integrals

L(f)(u) = /OO f(t)e "dt, where u € R and u > 0,
0
Fs(f)(u) := 2 /OO f)sinutdt, whereu € R,
0
Fe(f)(u) := 2 /OO f(t)cosutdt, whereu € R,
0

are absolutely convergent.

[Note: L(f), Fs(f), and F.(f) are called the Laplace Transform, the
Fourier Sine Transform, and the Fourier Cosine Transform of f.]
Let f: R — R be defined by f(t) := (1+t)/(1+t?) for t € R. Show that
ffooo f(t)dt is divergent, but the Cauchy principal value of the integral of
f on R exists and is equal to .

Let a,b € R besuch that a < band f : [a,b] — Rbe an integrable function.

If g denotes the restriction of f to (a,b), then show that f + g(t)dt exists
and is equal to fa f()

Let f:[1,00) — R be deﬁned as follows. If t € [1,00) and k <t < k+1
with k € N, let f(t) := (—=1)*7!/k. Show that [ * f(t)dt is conditionally
convergent. (Hint: > 7 (—1)¥=1/k is conditionally convergent.)

Show that the improper integral fooo et dt is divergent, but the improper
integral [;* e~t*dt is convergent. (Hint: Comparison with J,° etdt and

I e~tdt)

L?et p(t) and q(t) be polynomials of degrees m and n respectively. Suppose

q(t) # 0forallt > aandlet f : [a,00) — R be defined by f(t) := p(t)/q(t).

Show that [ f(t)dt is absolutely convergent if n > m+2 and [~ f(t)dt

is divergent if n < m + 2.

Let f : (a,b] — R be a nonnegative function that is integrable on [z, b] for

every z € (a,b]. Prove the following:

(i) If there is p € (0,1) such that (t —a)?f(t) — ¢ for some ¢ € R, then
f(; f(t)dt is convergent.

(ii) If there is p > 1 such that (¢ — a)?f(t) — £ for some ¢ # 0, then
fjJr f(t)dt is divergent.

(Hint: Corollary 9.44 with ¢(t) := 1/(¢t — a)? for ¢ € (a,b].)

Show that f12+(\/t/ Int)dt is divergent. (Hint: Exercise 45.)
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47. Let p,q € R with p > 0 and ¢ > 0. Show that

(m/2)~
B(p,q) = 2/ (sinw)?~*(cosu)?* du,
0+

and in particular, (2, 2) 7. (Hint: Substitute ¢ := sin”u.)
48. Let p, ¢ > 0. Show that

0o p-1 Loyp=1 4 a1
ﬁ(pvq) A+ (1+u)p+q U A+ (1—|—1})p+q U
(Hint: Substitute t:=u/(1 + u) and then v := 1/u.)

49. Show that I'(s) = 2 fo e~ u2~1dy for all s > 0 and in particular, that

r)=2J"e e~ du. (Hint: Substitute ¢ := u2.)
50. Test the followmg for absolute/ conditional convergence:

o 4 ]
ii dt, wh R, (iii dt
/ \/1 N t3 t, (ii) /1 140 % where ¢ € R, (iii) /2 1 @
1 1—
1
(iv) / sin ( ) dt, (v) / e/t9 dt, where g € R, (vi) / dt.
o+ t o+ o+ t lnt

Part B

51. (Cauchy Product) Suppose one of the series Y ;- jap and Yo by is
absolutely convergent and the other is convergent. Let A and B denote
their respective sums. For each k =0,1,..., let ¢ := Z?:o ajby—;. Show
that the series Z;ozo cr, is convergent and its sum is equal to AB. Give an
example to show that the result may not hold if both the series Y 7o ax
and ZZO:O by, are conditionally convergent.

52. (Grouping of Terms) Let mo := 0 and m; < mg < --- be natural
numbers. Given a series 220:1 ar, define by := am,_,+1 + -+ + am, for
k € N. If the series Y .-, ay is convergent, then show that the series
Y pey bi is convergent and has the same sum. Give an example to show
that .-, by may be convergent although Y 72 | aj, is divergent.

53. (Rearrangement of Terms) Let k — j(k) be a bijection from N to N.
Given a series Y. | ag, consider the series Y .~ b, where by := a;j()-
Then the series >, by is called a rearrangement of the series > - | a.
Show that a series Y .-, aj is absolutely convergent if and only if every
rearrangement of it is convergent. In this case, the sum of a rearrangement
is unchanged.

54. Use the triangle inequality and the Cauchy Criterion (Propositions 1.8
and 2.19) to conclude that if a series of real numbers is absolutely con-
vergent, then it is convergent. Conversely, assuming that every absolutely
convergent series of real numbers is convergent, deduce the Cauchy Cri-
terion. (Hint: Given a Cauchy sequence (A,,) of real numbers, inductively
construct a subsequence (4,,) such that |A Ay, | < 1/K? for all
k € N and consider ay := A —Ap,.)

Ng+1

N1
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55. For k € N, let a; € R with ax > 0. Show that

.. Q41 L 1/k . 1/k . Ak+1
liminf " < liminf ak/ and limsup ak/ < lim sup o
k—oo ap k—oo 7 k—oo k—oo Ok

56. For k € N, let ar, € R with ay # 0. If |ap41|/|ax| — ¢ as k — oo, then
show that |a|'/* — ¢ as k — oc.

57. For k € N, let aj, € R and define a := limsup_, . |ax|"/*. Show that if
a < 1, then Y2 ay is absolutely convergent and if & > 1, then Y ,o | ay
is divergent.

58. For k € N, let a; € R with a # 0. Define o := limsup,_, . |ax+1|/|ax]
and ( := liminf,_. |agy1]/|ak|. Show that if o < 1, then Y ;- ay is
absolutely convergent and if 3 > 1, then Y ;- ay, is divergent.

59. Let ZZO:O crx® be a power series with ¢y, = 0 for all £ € N and let r denote
its radius of convergence Prove the following:

(i) Suppose |ck+1|/|ck] — 00 as k — oo. Then r = 0.

(ii) Suppose the sequence (|ci+1]/|ck|) is bounded. For k € N, define
My, = sup{|cj+1l/l¢cj] : j € Nand j > k}. Then (Mj) is a mono-
tonically decreasing sequence of nonnegative real numbers. Let L =
limg oo M. If L =0, then r = co and if L > 0, then » > 1/L.

(iii) Suppose |cp+1|/|ck| # o0 as k — oo. For k € N, define my, =
inf{|c;41]/|¢;| : 7 € Nand j > k}. Then (my) is a monotonically
increasing sequence that is bounded above. Let £ := limy_, o, my. If
€0, then r <1/¢.

[Note: L = limsupy,_, o |ck+1l|/|ck] and € = liminfy . |ck+1]/|ckl]

60. (Binomial Series) Let » € R be such that r» ¢ {0,1,2,...}, and define
f:(=1,1) = R by f(z) = (1 +2)". Show that

Zor(r—=1)-(r—k+1) ,

flx)=1+ il x® for x € (—1,1).
k=1 ’

(Hint: If 2 € (=1,1), n € N, and R,(z) denotes the Cauchy form of
remainder as given in Exercise 49 of Chapter 4, then

Raa)| < [rtr =1 (5 = 1) (0 = 1)+ el

for some ¢ between 0 and x.)
61. Let f : [a,b] — R be an infinitely differentiable function. Assume that the
Taylor series of f around a converges to f(z) at every x € [a, ], that is,

©  4(n)(g
fo)=f@+ T e ar wefa

Also, assume that the series obtained by integrating the above series term
by term converges to fj f(x), that is,
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62.

63.

64.

9 Infinite Series and Improper Integrals

[ e = s - +Zf(n) .

If M(f), T(f), and S(f) denote the Midpoint Rule, the Trapezoidal Rule,
and Simpson’s Rule for f, show that there are a,, 3, 7 in R such that the

series >y ap(b—a)", > 07, Bu(b—a)™, and Y7 o vn (b —a)™ converge
and

b 1 a (oo}
0 [ ses =) =T 0= 0 + Y-y
n=4

24
(i) / flx ):—f/;(;)(b—a)3+2ﬁn(b—a)"
™
(i) / f@yz - s(5) =1, Zﬁn ~ay

(Compare Lemmas 8.20 and 8.22, and the subsequent error estimates.)
Let f : [1, oo) — R be a nonnegative monotonically decreasing function
such that [ f(t)dt is convergent. For n € N, let B, :=>_}'_, f(k) denote
the nth partlal sum of the convergent series >~ f(k). Show that

B, + /n+1 PO <3750 < Bt /n+1 F(t)dt + f(n+1).

Use this result to show that

"1 1 =1 "1 "1 1 1
E + < < E < E + + .
2 2 2 2 2
—k* n+l17 =k =k =k n+1 (n+1)
Further, show that if n > 31, then
Z - 1
) .
Vo k n-+1 1000

Let f:[1,00) — R be a nonnegative monotonically decreasing function.
For n € N, define ¢, := > ,_, f(k fl t)dt. Show that lim, .o ¢,
exists and

0< f(1 /f dt<hmcn<f()

Use this result to show that if

1 1
Cpni=14+ _+---4+ —lnn,
2 n

then ¢, — =, where v satisfies 1 —In2 < v < 1.

(Log-Convexity of the Gamma Function) Let I : (0,00) — R be
defined by Iy(s) =1InI'(s). Show that I'; is a convex function. (Hint: Use
Exercise 55 (iv) of Chapter 7 to show that if p, ¢ € (1, 00) with [1) + (11 =
then I'((s/p) + (u/q)) < I'(s)"PI'(u)'/9 for all s,u € (0,00).)
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x is an element of D
the set of all positive integers
the set of all integers
the set of all rational numbers
the set of all real numbers
sum
product
B A is defined to be equal to B
the set of all positive real numbers

) the empty set
supS  the supremum of a subset S of R
inf S the infimum of a subset S of R
max.S  the maximum of a subset S of R
min S  the minimum of a subset S of R

IS
ImMEoe Nz
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+

[x] the integer part of a real number x

|z| the integer part or the floor of a real number z
[2] the ceiling of a real number x

Va the nth root of a nonnegative real number a
Va the square root of a nonnegative real number a

m|n  m divides n
mitn  m does not divide n
+ plus or minus
CCD C(isasubset of D
== implies
D\ C  the complement of C' in D, namely, {x € D : 2z ¢ C}
(a,b)  the open interval {x € R:a < x < b}
[a,b]  the closed interval {x € R:a <z < b}
[a,b)  the semiopen interval {z € R:a <z < b}
(a,b]  the semiopen interval {z € R:a < z < b}
00 the symbol oo or the fictional right endpoint of R
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Definition/Description Page
—0 the symbol —oco or the fictional left endpoint of R 9
(a,0) the semi-infinite interval {x € R: x > a} 9
[a, 00) the semi-infinite interval {z € R: 2 > a} 9
(—=o00,a)  the semi-infinite interval {x € R : z < a} 9
(—o0,d] the semi-infinite interval {z € R: 2z < a} 9
& D x is not an element of D 10
lal the absolute value of a real number a 10
A.M. Arithmetic Mean 12
G.M. Geometric Mean 12
DxE the set {(z,y) :x € D and y € E} 14
idp the identity function on the set D 15
fie the restriction of f: D — E to a subset C of D 16
gof the composite of g with f 15
ft the inverse of an injective function f 16
Rlx] the set of all polynomials in « with coefficients in R 17
deg p(x) the degree of a nonzero polynomial p(x) 17
— if and only if 24
IVP Intermediate Value Property 28
k! the product of the first k positive integers 31
H.M. Harmonic Mean 33
GCD Greatest Common Divisor 37
LCM Least Common Multiple 37
T+ iy the complex number (z,y) 38
C the set of all complex numbers 38
Clx] the set of all polynomials in « with coefficients in C 41
(an) the sequence whose nth term is a,, 43
an — a the sequence (a,,) tends to a real number a 44
nlLII;O an, the limit of the sequence (a,) 45
an = O(by,) (ay) is big-oh of (b,) 53
an = o(b,) (ay) is little-oh of (by,) 53
an ~ by, (an) is asymptotically equivalent to (by,) 54
ap, — oo the sequence (a,) tends to oo 54
a, — —oo  the sequence (a,) tends to —oo 54
+ does not tend to 55
limsupa,  the limit superior of (ay) 65
hnniio%f ap  the limit inferior of (a,) 65
}«me f(z)  the limit of the function f as x tends to ¢ 82
lim f(z) the left (hand) limit of f as x tends to ¢ 88
lim+ f(z)  the right (hand) limit of f as z tends to ¢ 88
f(z) =O(g(x)) f(z) is big-oh of g(x) as x — o0 90
f(x) =0(g(x)) f(x) is little-oh of g(x) as © — oo 90
() ~g(x) f(z)is asymptotically equivalent to g(x) 90
1'(e), ;ZJ; the derivative of f at the point ¢ 104
1, df the derivative (function) of f 105
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f/// (C)

f(n) (c),

exp

T da2?

a3 f
T dx3
d"f
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f

arctan

™
tan
sin
Ccos
csc
sec
cot,
sin
cos™
cot™
csc
sec

-1

1
1
1
1

x

=cC

r=c

Tr=c

the second derivative of f at ¢

the third derivative of f at ¢

the nth derivative of f at ¢

the left (hand) derivative of f at the point ¢
the right (hand) derivative of f at the point ¢

Mean Value Theorem

approximately equal

L’Hopital’s Rule

the partition of [a, b] into n equal parts
the infimum of {f(z) : z € [a, b]}

the supremum of {f(x) : x € [a,b]}
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the lower sum for f with respect to P
the upper sum for f with respect to P
the lower Riemann integral of f

the upper Riemann integral of f

the (Riemann) integral of f on [a, b]
the positive part of f

the negative part of f

Fundamental Theorem of Calculus

an indefinite integral of f

the difference F(b) — F(a)

a Riemann sum for f corresponding to P
the mesh of a partition P

the (natural) logarithmic function

the unique real number such that Ine =1
the exponential function

the arctangent function

the real number 2 sup{arctanz : x € (0,00)}

the tangent function

the sine function

the cosine function

the cosecant function

the secant function

the cotangent function

the inverse sine function

the inverse cosine function
the inverse cotangent function
the inverse cosecant function
the inverse secant function
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113
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133, 134
180
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180
180
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181
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200
200
202
204
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Ly || Lo
Ly} Lo
£(L1, L»)
L1 1 Ly
Ly [ Ly
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Area (R)
Vol (D)
()
Area (S)
Av(f)
Av(fiw)
(z,y)
(z,9y,2)
Q(f)
R(f)
M(f)

the lines I; and Ly are parallel

the lines Ly and Lo are not parallel

the (acute) angle between L; and Loy

the lines L1 and Ly are perpendicular
the lines Ly and Lo are not perpendicular
the angle at P between C7 and Cs

the area of a region R

the volume of a solid body D

the length of a curve C

the area of a surface S

the average of a function f

the weighted average of f with respect to w
the centroid of a curve or a planar region
the centroid of a surface or a solid body
a Quadrature Rule for f

Rectangular Rule for f

Midpoint Rule for f

Trapezoidal Rule for f

Simpson’s Rule for f

Compound Rectangular Rule for f
Compound Midpoint Rule for f
Compound Trapezoidal Rule for f
Compound Simpson’s Rule for f

the series whose sequence of terms is (ay)

the improper integral of f on [a, c0)

the improper integral of f on (—oo, b

the improper integral of f on (—o0, )

the improper integral of f on (a,b]

the improper integral of f on [a,b)

the improper integral of f on (a,b)

the beta function for p > 0 and ¢ > 0
the gamma function for s > 0

Page

264
266
266
266
267
267
268
292
299, 303
311
321
325
325
326, 329
327, 330
336
337
337
337
337
338
339
339
339

362

384

398

398

399

400

400

405
407



Index

a-0 condition, 91

(-6 condition, 91

e-a condition, 89

e-0 condition, 71, 81, 86
v, 274

7, 241

d-ary expansion, 64

e, 229

kth Term Test, 367

A.M.-G.M. inequality, 12
A.M.-H.M. inequality, 39
Abel’s kth Term Test, 367, 411
Abel’s inequality, 33

Abel’s Lemma, 376

Abel’s Test, 412

Abel’s Test for improper integrals, 414
absolute extremum, 148
absolute maximum, 147
absolute minimum, 147
absolute value, 10

absolutely convergent, 366, 388
accumulation point, 101

acute angle, 264

algebraic function, 19
algebraic number, 21

angle, 264

angle between two curves, 268
angle between two lines, 266
antiderivative, 202

arc length, 311, 315
Archimedean property, 6
arctangent, 241

area, 183, 292

arithmetic-geometric mean, 62
asymptote, 92

asymptotic error constant, 178
attains its bounds, 22

attains its lower bound, 22
attains its upper bound, 22
average, 324, 325

base, 234

base of the natural logarithm, 237

basic inequalities for absolute values, 10

basic inequalities for powers and roots,
11

basic inequality for rational powers, 39

basic inequality for Riemann integrals,
183

beta function, 406

bijective, 15

binary expansion, 64

binomial coefficient, 31

binomial inequality, 12

binomial inequality for rational powers,
39

binomial series, 383, 417

Bolzano—Weierstrass Theorem, 56

boundary point, 148

bounded, 4, 22

bounded above, 4, 22

bounded below, 4, 22

bounded variation, 411

Carathéodory’s Lemma, 107
cardinality, 15
cardioid, 262
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Cartesian coordinates, 261

Cartesian equation, 262

Cauchy completeness, 59

Cauchy condition, 212

Cauchy Criterion, 58, 364, 386

Cauchy Criterion for limits of functions,
87

Cauchy form of remainder, 146

Cauchy principal value, 398, 400

Cauchy product, 416

Cauchy sequence, 57

Cauchy’s Condensation Test, 410

Cauchy’s Mean Value Theorem, 132

Cauchy’s Root Test, 370

Cauchy—Schwarz inequality, 12

ceiling, 6

ceiling function, 21

centroid, 326

centroid of a curve, 326

centroid of a planar region, 329

centroid of a solid body, 329

centroid of a surface, 327

Chain Rule, 111

closed interval, 9

closed set, 72

cluster point, 62

codomain, 14

coefficient, 17

coefficient of a power series, 376

common refinement, 181

Comparison Test, 367

Comparison Test for improper integrals,
393

Comparison Test for improper integrals
of the second kind, 401

complex numbers, 38

composite, 15

Compound Midpoint Rule, 339

Compound Rectangular Rule, 338

Compound Simpson’s Rule, 339

Compound Trapezoidal Rule, 339

concave, 24

concave downward, 24

concave upward, 24

conditionally convergent, 366, 389

constant function, 15

constant polynomial, 17

content zero, 226

continuous, 67

Index

Continuous Inverse Theorem, 78

continuously differentiable, 118

contraction, 177

contractive, 177

Convergence of Newton Sequences, 168

Convergence Test for Fourier integrals,
397

Convergence Test for trigonometric
series, 374

convergent, 44, 362, 384, 398-400, 404

converges, 44, 362, 384

convex, 24

cosecant function, 250

cosine function, 245

cotangent function, 250

countable, 38

critical point, 148

cubic polynomial, 17

D’Alembert’s Ratio Test, 370

decimal expansion, 64

decreasing, 23, 49

Dedekind’s Tests, 412

Dedekind’s Tests for improper integrals,
414

definite integral, 204

definition of 7, 241

definition of e, 229

degree, 17, 19, 41

degree measure, 265

derivative, 104

differentiable, 104

Differentiable Inverse Theorem, 112

digit, 64

Dirichlet function, 68, 184

Dirichlet’s Test, 373

Dirichlet’s Test for improper integrals,
396

discontinuous, 67

discriminant, 18

disk method, 306

divergent, 44, 362, 384, 398-400

diverges, 54, 362, 384

divides, 8

domain, 14

domain additivity of lower Riemann
integrals, 223

domain additivity of Riemann integrals,
187
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domain additivity of upper Riemann
integrals, 223
doubly infinite interval, 9

elementary function, 272

elementary transcendental functions,
227, 269

endpoints, 9

error function, 358

error in linear approximation, 158

error in quadratic approximation, 160

Euler’s constant, 274

Euler’s Summation Formula, 391

evaluation, 18

even function, 16

exponent, 234

exponential function, 230

exponential series, 363

Extended Mean Value Theorem, 122

extended real numbers, 9

factor, 8

factorial, 31

finite set, 15

First Derivative Test for local maximum,
152

First Derivative Test for local minimum,
151

First Mean Value Theorem for integrals,
225

fixed point, 161

floor, 6

floor function, 21

folium of Descartes, 353

for all large k, 366

for all large ¢, 388

Fourier cosine transform, 415

Fourier sine transform, 415

function, 14

Fundamental Theorem of Algebra, 41

Fundamental Theorem of Calculus, 202

Fundamental Theorem of Riemann
Integration, 205

G.M.-H.M. inequality, 33

gamma function, 407

GCD, 37, 40

generalized binomial inequality, 12
geodesic, 317
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geometric series, 362

graph, 14

great circle, 317

greatest common divisor, 37, 40
greatest lower bound, 5
grouping of terms, 416

growth rate, 53

Holder inequality for integrals, 281
Holder inequality for sums, 281
harmonic mean, 33

harmonic series, 363

Hausdorff property, 33

helix, 315

homogeneous polynomial, 41
horizontal asymptote, 92
hyperbolic cosine, 275
hyperbolic sine, 275
hypergeometric series, 412

identity function, 15

implicit differentiation, 115

implicitly defined curve, 114

improper integral, 384

improper integral of the second kind,
399

improper integrals of the first kind, 399

increasing, 23, 49

increment function, 107

indefinite integral, 204

induction, 32

inequality for rational roots, 39

infimum, 5

infinite series, 361

infinite set, 15

infinitely differentiable, 112

infinity, 9

injective, 15

instantaneous speed, 104

instantaneous velocity, 104

integer part, 6

integer part function, 21

integrable, 182, 225

Integral Test, 390

Integration by Parts, 206

Integration by Substitution, 207

interior point, 104

Intermediate Value Property, 28

Intermediate Value Theorem, 77
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interval, 9

interval of convergence, 377
inverse function, 16

inverse trigonometric function, 251
irrational number, 8

IVP, 28

IVP for derivatives, 118

L’Hépital’s Rule for ¢ indeterminate

0
forms, 133

L’Hépital’s Rule for 72 indeterminate
forms, 134

Lagrange form of remainder, 123

Lagrange’s identity, 13

Laplace transform, 415

laws of exponents, 6, 239

laws of indices, 6, 239

LCM, 37

leading coefficient, 17

least common multiple, 37

least upper bound, 5

left (hand) derivative, 113

left (hand) endpoint, 9

left (hand) limit, 88

Leibniz Test, 374

Leibniz’s rule for derivatives, 113

Leibniz’s rule for integrals, 221

lemniscate, 263

length, 226, 314, 359

limagon, 263

limit, 44, 81, 89, 102

Limit Comparison Test, 369

Limit Comparison Test for improper
integrals, 394

limit inferior, 65

limit of composition, 99

limit point, 101

limit superior, 65

Limit Theorem for functions, 84

Limit Theorem for sequences, 45

linear approximation, 157

linear convergence, 177

linear polynomial, 17

Lipschitz condition, 201

local extremum, 26

local maximum, 25

local minimum, 25

log-convex, 408

Index

log-convexity of the gamma function,
418

logarithmic function, 228

logarithmic function with base a, 237

lower bound, 4

lower limit, 65

lower Riemann integral, 182

lower sum, 180

Maclaurin series, 380

maximum, 5

mean value inequality, 120

Mean Value Theorem, 120

mesh, 213

Midpoint Rule, 337

minimum, 5

Minkowski inequality for integrals, 281
Minkowski inequality for sums, 281
modulus, 10

monic, 17

monotonic, 23, 49

monotonically decreasing, 23, 49
monotonically increasing, 23, 49
multiplicity, 144

MVT, 117

natural logarithm, 228

natural numbers, 1

necessary and sufficient conditions for a
point of inflection, 155

necessary condition for a local
extremum, 151

necessary condition for a point of
inflection, 155

negative, 3

negative part, 200

Nested Interval Theorem, 65

Newton method, 167

Newton sequence, 167

Newton—Raphson method, 167

nodes, 337

nonexpansive, 177

normal, 115, 116

number line, 1

number of elements in a finite set, 15

oblique asymptote, 92

obtuse angle, 264

odd function, 16

one dimensional content zero, 226
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one-one, 15

one-to-one correspondence, 15

onto, 14

open interval, 8

order of convergence, 178

orthogonal intersection of curves, 268

parameter domain, 303

parametrically defined curve, 114

partial fraction decomposition, 18

Partial Summation Formula, 373

partition, 180

Pascal triangle, 32

Pascal triangle identity, 32

periodic, 221

perpendicular lines, 267

Picard Convergence Theorem, 163

Picard method, 163

Picard sequence, 163

piecewise smooth, 314

point of inflection, 26

polar coordinates, 261

polar equation, 262

polynomial, 17

polynomial function, 19

positive part, 200

power, 6, 7, 234

power function, 235

power mean, 39

power mean inequality, 286

power series, 376

prime number, 37

primitive, 202

prismoidal formula, 359

properties of gamma function, 407

properties of power function with fixed
base, 235

properties of the arctangent function,
241

properties of the exponential function,
231

properties of the logarithmic function,
228

properties of the power function with
fixed exponent, 237

properties of the tangent function, 244

quadratic approximation, 159
quadratic convergence, 178
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quadratic polynomial, 17
quadrature rule, 336
quotient, 17

quotient rule, 109

Raabe’s Test, 372, 411

radian measure, 265

radius of convergence, 377
range, 14

Ratio Comparison Test, 369, 411
Ratio Test, 370

rational function, 18, 19
rational number, 1

real analytic function, 383

Real Fundamental Theorem of Algebra,

18
rearrangement, 416
rearrangement of terms, 416
reciprocal, 3
rectangular coordinates, 261
Rectangular Rule, 337
rectifiable, 359
recurring, 64
reduced form, 8
refinement, 181
relatively prime, 8
remainder, 123
restriction, 16
rhodonea curves, 263
Riemann condition, 185
Riemann integral, 182, 225
Riemann sum, 211
right (hand) derivative, 113
right (hand) endpoint, 9
right (hand) limit, 88
right angle, 264
Rolle’s Theorem, 119
root, 7, 18, 41, 144
root mean square, 39
Root Test, 370
Root Test for improper integrals, 395
rose, 263

Sandwich Theorem, 47, 86, 364, 386

Schlémilch form of remainder, 146

secant function, 250

second derivative, 112

Second Derivative Test for local
maximum, 152
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Second Derivative Test for local
minimum, 152

Second Mean Value Theorem for
integrals, 225

semi-infinite interval, 9

semiclosed interval, 9

semiopen interval, 9

sequence, 43

sequence of partial sums, 362

sequence of terms, 362

series, 361

shell method, 307

signed angle, 265

Simpson’s Rule, 337

sine function, 245

slice, 298

sliver, 302

smooth, 311

solid angle, 322

solid of revolution, 306

source, 14

spiral, 262

steradian, 323

Stirling’s formula, 283

strict local extremum, 27

strict local maximum, 27

strict local minimum, 27

strict point of inflection, 27

strictly concave, 25

strictly convex, 25

strictly decreasing, 25

strictly increasing, 25

strictly monotonic, 25

subsequence, 55

sufficient conditions for a local
extremum, 151

sufficient conditions for a point of
inflection, 155

sum, 362

supremum, 5

surface area, 303

surjective, 14

symmetric, 16

tangent, 115
tangent function, 244

Index

tangent line approximation, 158

target, 14

Taylor formula, 123

Taylor polynomial, 123

Taylor series, 380

Taylor’s Theorem, 122

Taylor’s Theorem for integrals, 224

Taylor’s Theorem with integral
remainder, 224

telescoping series, 365

tends, 54

term, 43

ternary expansion, 64

Theorem of Bliss, 224

Theorem of Darboux, 214

Theorem of Pappus for solids of
revolution, 334

Theorem of Pappus for surfaces of
revolution, 333

Thomae’s function, 100, 198

thrice differentiable, 112

total degree, 41

transcendental function, 20, 269

transcendental number, 21

Trapezoidal Rule, 337

triangle inequality, 11

trigonometric function, 251

twice differentiable, 112

unbounded, 4

uncountable, 38

uniformly continuous, 79
upper bound, 4

upper limit, 65

upper Riemann integral, 182
upper sum, 180

vertical asymptote, 92

Wallis formula, 282
washer method, 306
weight function, 325
weighted average, 325
weights, 337

zero polynomial, 17
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Irving: Integers, Polynomials, and Rings: A
Course in Algebra.

Isaac: The Pleasures of Probability.
Readings in Mathematics.

James: Topological and Uniform Spaces.

Janich: Linear Algebra.

Janich: Topology.

Janich: Vector Analysis.

Kemeny/Snell: Finite Markov Chains.

Kinsey: Topology of Surfaces.

Klambauer: Aspects of Calculus.

Lang: A First Course in Calculus. Fifth edition.

Lang: Calculus of Several Variables. Third
edition.

Lang: Introduction to Linear Algebra.
Second edition.

Lang: Linear Algebra. Third edition.

Lang: Short Calculus: The Original Edition
of “A First Course in Calculus.”

Lang: Undergraduate Algebra. Third edition.

Lang: Undergraduate Analysis.

Laubenbacher/Pengelley: Mathematical
Expeditions.

Lax/Burstein/Lax: Calculus with
Applications and Computing. Volume 1.

LeCuyer: College Mathematics with APL.

Lidl/Pilz: Applied Abstract Algebra. Second
edition.

Logan: Applied Partial Differential
Equations, Second edition.

Logan: A First Course in Differential Equations.

Lovasz/Pelikan/Vesztergombi: Discrete
Mathematics.

Macki-Strauss: Introduction to Optimal
Control Theory.

Malitz: Introduction to Mathematical Logic.

Marsden/Weinstein: Calculus I, 11, II1.
Second edition.

Martin: Counting: The Art of Enumerative
Combinatorics.

Martin: The Foundations of Geometry and
the Non-Euclidean Plane.

Martin: Geometric Constructions.

Martin: Transformation Geometry: An
Introduction to Symmetry.

Millman/Parker: Geometry: A Metric
Approach with Models. Second edition.

Moschovakis: Notes on Set Theory. Second
edition.

Owen: A First Course in the Mathematical
Foundations of Thermodynamics.

Palka: An Introduction to Complex
Function Theory.

Pedrick: A First Course in Analysis.

Peressini/Sullivan/Uhl: The Mathematics of
Nonlinear Programming.

Prenowitz/Jantosciak: Join Geometries.

Priestley: Calculus: A Liberal Art. Second
edition.

Protter/Morrey: A First Course in Real
Analysis. Second edition.

Protter/Morrey: Intermediate Calculus.
Second edition.

Pugh: Real Mathematical Analysis.

Roman: An Introduction to Coding and
Information Theory.

Roman: Introduction to the Mathematics of
Finance: From Risk management to
options Pricing.

Ross: Differential Equations: An
Introduction with Mathematica®. Second
Edition.

Ross: Elementary Analysis: The Theory of
Calculus.

Samuel: Projective Geometry.

Readings in Mathematics.

Saxe: Beginning Functional Analysis

Scharlau/Opolka: From Fermat to
Minkowski.

Schiff: The Laplace Transform: Theory and
Applications.

Sethuraman: Rings, Fields, and Vector
Spaces: An Approach to Geometric
Constructability.

Sigler: Algebra.

Silverman/Tate: Rational Points on Elliptic
Curves.

Simmonds: A Brief on Tensor Analysis.
Second edition.

Singer: Geometry: Plane and Fancy.

Singer: Linearity, Symmetry, and Prediction
in the Hydrogen Atom.

Singer/Thorpe: Lecture Notes on Elementary
Topology and Geometry.

Smith: Linear Algebra. Third edition.

Smith: Primer of Modern Analysis. Second
edition.

Stanton/White: Constructive Combinatorics.

Stillwell: Elements of Algebra: Geometry,
Numbers, Equations.

Stillwell: Elements of Number Theory.

Stillwell: The Four Pillars of Geometry.

Stillwell: Mathematics and Its History.
Second edition.

Stillwell: Numbers and Geometry.

Readings in Mathematics.

Strayer: Linear Programming and Its
Applications.

Toth: Glimpses of Algebra and Geometry.
Second Edition.

Readings in Mathematics.

Troutman: Variational Calculus and Optimal
Control. Second
edition.

Valenza: Linear Algebra: An Introduction to
Abstract Mathematics.

Whyburn/Duda: Dynamic Topology.

Wilson: Much Ado About Calculus.
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