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PREFACE TO THE FIRST EDITION

Every aspect of this book was influenced by the desire to present calculus not
merely as a prelude to but as the first real encounter with mathematics. Since
the foundations of analysis provided the arena in which modern modes of math-
ematical thinking developed, calculus ought to be the place in which to expect,
rather than avoid, the strengthening of insight with logic. In addition to devel-
oping the students’ intuition about the beautiful concepts of analysis, it is surely
equally important to persuade them that precision and rigor are neither deterrents
to intuition, nor ends in themselves, but the natural medium in which to formulate
and think about mathematical questions.

This goal implies a view of mathematics which, in a sense, the entire book
attemnpts to defend. No matter how well particular topics may be developed, the
goals of this book will be realized only if it succeeds as a whole. For this reason, it
would be of little value merely to list the topics covered, or to mention pedagogical
practices and other innovations. Even the cursory glance customarily bestowed on
new calculus texts will probably tell more than any such extended advertisement,
and teachers with strong feelings about particular aspects of calculus will know just
where to look to see if this book fulfills their requirements.

A few features do require explicit comment, however. Of the twenty-nine chap-
ters in the book, two (starred) chapters are optional, and the three chapters com-
prising Part V have been included only for the benefit of those students who might
want to examine on their own a construction of the real numbers. Moreover, the
appendices to Chapters 3 and 11 also contain optional material.

The order of the remaining chapters is intentionally quite inflexible, since the
purpose of the book is to present calculus as the evolution of one idea, not as a
collection of “topics.” Since the most exciting concepts of calculus do not appear
until Part III, it should be pointed out that Parts I and II will probably require
less time than their length suggests—although the entire book covers a one-year
course, the chapters are not meant to be covered at any uniform rate. A rather
natural dividing point does occur between Parts IT and III, so it is possible to
reach differentiation and integration even more quickly by treating Part II very
briefly, perhaps returning later for a more detailed treatment. This arrangement
corresponds to the traditional organization of most calculus courses, but I feel
that it will only diminish the value of the book for students who have seen a
small amount of calculus previously, and for bright students with a reasonable
background.

The problems have been designed with this particular audience in mind. They
range from straightforward, but not overly simple, exercises which develop basic
techniques and test understanding of concepts, to problems of considerable diffi-
culty and, I hope, of comparable interest. There are about 625 problems in all.
Those which emphasize manipulations usually contain many example, numbered
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with small Roman numerals, while small letters are used to label interrelated parts
in other problems, Some indication of relative dithculty is provided by a system of
starring and double starring, but there are so many criteria for judging difficulty,
and so many hints have been provided, especially for harder problems, that this
guide 1s not completely reliable. Many problems are so difficult, especially if the
hints are not consulted, that the best of students will probably have to attempt only
those which especially interest them; from the less difficult problems it should be
easy to select a portion which will keep a good class busy, but not frustrated. The
answer section contains solutions to about half the examples from an assortment
of problems that should provided a good test of technical competence. A separate
answer book contains the solutions of the other parts of these problems, and of all
the other problems as well. Finally, there is a Suggested Reading list, to which the
problems often refer, and a glossary of symbols.

I am grateful for the opportunity to mention the many people to whom I owe my
thanks. Jane Bjorkgren performed prodigious feats of typing that compensated for
my fitful production of the manuscript. Richard Serkey helped collect the material
which provides historical sidelights in the problems, and Richard Weiss supplied
the answers appearing in the back of the book. I am especially grateful to my
friends Michael Freeman, Jay Goldman, Anthony Phillips, and Robert Wells for
the care with which they read, and the relentlessness with which they criticized, a
preliminary version of the book. Needles to say, they are not responsible for the
deficiencies which remain, especially since I sometimes rejected suggestions which
would have made the book appear suitable for a larger group of students. I must
express my admiration for the editors and staff of W. A. Benjamin, Inc., who were
always eager to increase the appeal of the book, while recognizing the audience
for which it was intended.

The inadequacies which preliminary editions always involve were gallantly en-
dured by a rugged group of freshmen in the honors mathematics course at Brandeis
University during the academic year 1965-1966. About half of this course was
devoted to algebra and topology, while the other half covered calculus, with the
preliminary edition as the text. It is almost obligatory in such circurnstances to
report that the preliminary version was a gratifying success. This is always safe—
after all, the class is unlikely to rise up in a body and protest publicly—but the
students themselves, it seems to me, deserve the right to assign credit for the thor-
oughness with which they absorbed an impressive amount of mathematics. I am
content to hope that some other students will be able to use the book to such good
purpose, and with such enthusiasm.

Waitham, Massachusetts MICHAEL SPIVAK
February 1967



PREFACE TO THE SECOND EDITION

I have often been told that the title of this book should really be something like “An
Introduction to Analysis,” because the book is usually used in courses where the
students have already learned the mechanical aspects of calculus—such courses are
standard in Europe, and they are becoming more common in the United States.
After thirteen years it seems too late to change the title, but other changes, in
addition to the correction of numerous misprints and mistakes, seemed called for.
There are now separate Appendices for many topics that were previously slighted:
polar coordinates, uniform continuity, parameterized curves, Riemann sums, and
the use of integrals for evaluating lengths, volumes and surface areas. A few topics,
like manipulations with power series, have been discussed more thoroughly in the
text, and there are also more problems on these topics, while other topics, like
Newton’s method and the trapezoid rule and Simpson’s rule, have been developed
in the problems. There are in all about 160 new problems, many of which are
intermediate in difficulty between the few routine problems at the beginning of
each chapter and the more difficult ones that occur later.

Most of the new problems are the work of Ted Shifrin. Frederick Gordon
pointed out several serious mistakes in the original problems, and supplied some
non-trivial corrections, as well as the neat proof of Theorem 12-2, which took
two Lemmas and two pages in the first edition. Joseph Lipman also told me
of this proof, together with the similar trick for the proof of the last theorem in
the Appendix to Chapter 11, which went unproved in the first edition. Roy O.
Davies told me the trick for Problem 11-66, which previously was proved only in
Problem 20-8 [21-8 in the third edition], and Marina Ratner suggested several
interesting problems, especially ones on uniform continuity and infinite series. To
all these people go my thanks, and the hope that in the process of fashioning the
new edition their contributions weren’t too badly botched.

MICHAEL SPIVAK



PREFACE TO THE THIRD EDITION

The most significant change in this third edition is the inclusion of a new (starred)
Chapter 17 on planetary motion, in which calculus is employed for a substantial
physics problem.

In preparation for this, the old Appendix to Chapter 4 has been replaced by
three Appendices: the first two cover vectors and conic sections, while polar coor-
dinates are now deferred until the third Appendix, which also discusses the polar
coordinate equations of the conic sections. Moreover, the Appendix to Chapter 12
has been extended to treat vector operations on vector-valued curves.

Another large change is merely a rearrangement of old material: “The Cos-
mopolitan Integral,” previously a second Appendix to Chapter 13, is now an
Appendix to the chapter on “Integration in Elementary Terms” (previously Chap-
ter 18, now Chapter 19); moreover, those problems from that chapter which used
the material from that Appendix now appear as problems in the newly placed
Appendix.

A few other changes and renumbering of Problems result from corrections, and
elimination of incorrect problems.

I was both startled and somewhat dismayed when I realized that after allow-
ing 13 years to elapse between the first and second editions of the book, I have
allowed another 14 years to elapse before this third edition. During this time I
seem to have accumulated a not-so-short list of corrections, but no longer have
the original communications, and therefore cannot properly thank the various in-
dividuals involved (who by now have probably lost interest anyway). I have had
time to make only a few changes to the Suggested Reading, which after all these
years probably requires a complete revision; this will have to wait until the next
edition, which I hope to make in a more timely fashion.

MICHAEL SPIVAK
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To be conscious that
you are ignorant is a great stef
to knowledge.

BENJAMIN DISRAELI



CHAPTER

BASIC PROPERTIES OF NUMBERS

The title of this chapter expresses in a few words the mathematical knowledge
required to read this book. In fact, this short chapter is simply an explanation of
what is meant by the “basic properties of numbers,” all of which—addition and
multiplication, subtraction and division, solutions of equations and inequalities,
factoring and other algebraic manipulations—are already familiar to us. Never-
theless, this chapter is not a review. Despite the familiarity of the subject, the
survey we are about to undertake will probably seem quite novel; it does not aim
to present an extended review of old material, but to condense this knowledge
into a few simple and obvious properties of numbers. Some may even seem too
obvious to mention, but a surprising number of diverse and important facts turn
out to be consequences of the ones we shall emphasize.

Of the twelve properties which we shall study in this chapter, the first nine are
concerned with the fundamental operations of addition and multiplication. For
the moment we consider only addition: this operation is performed on a pair
of numbers—the sum a + b exists for any two given numbers a and & (which
may possibly be the same number, of course). It might seem reasonable to regard
addition as an operation which can be performed on several numbers at once, and
consider the sum ay 4« -+ + a, of n numbers ay, ..., a, as a basic concept. It is
more convenient, however, to consider addition of pairs of numbers only, and to
define other sums in terms of sums of this type. For the sum of three numbers
a, b, and c, this may be done in two different ways. One can first add & and c,
obtaining b + ¢, and then add a to this number, obtaining a + (b + ¢}; or one can
first add a and b, and then add the sum a + b to ¢, obtaining (@ + b} + ¢. Of
course, the two compound sums obtained are equal, and this fact is the very first
property we shall list:

(P1) If a, b, and ¢ are any numbers, then

at+b+c)=(@+b)+ec.

The statement of this property clearly renders a separate concept of the sum of
three numbers superfluous; we simply agree that a + b + ¢ denotes the number
a+(b+c) = (a+b)+c. Addition of four numbers requires similar, though slightly
more involved, considerations. The symbol a + b + ¢ + d is defined to mean

(1) ((@a+b)+c)+d,
or (2) (@+@®+c)+d,
or (3) a+((b+c)+4d),
or @ a+®+(c+d),

or (5) (@+b)+ (c+d).
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This definition is unambiguous since these numbers are all equal. Fortunately, this
fact need not be listed separately, since it follows from the property P1 already
listed. For example, we know from P1 that

(a+b)+c=a+ b+e),

and it follows immediately that (1) and {2) are equal. The equality of (2) and (3)
is a direct consequence of P1, although this may not be apparent at first sight
(one must let b + ¢ play the role of b in P1, and d the role of ¢). The equalities
(3) = (4) = (5) are also simple to prove.

It is probably obvious that an appeal to P1 will also suffice to prove the equality
of the 14 possible ways of summing five numbers, but it may not be so clear how we
can reasonably arrange a proof that this is so without actually listing these 14 sums.
Such a procedure is feasible, but would soon cease to be if we considered collections
of six, seven, or more numbers; it would be totally inadequate to prove the equality
of all possible sums of an arbitrary finite collection of numbers ay, ...,a,. This
fact may be taken for granted, but for those who would like to worry about the
proof (and it is worth worrying about once) a reasonable approach is outlined in
Problem 24. Henceforth, we shall usually make a tacit appeal to the results of this
problem and write sums a) + - -+ + @, with a blithe disregard for the arrangement
of parentheses.

The number 0 has one property so important that we list it next:

(P2) If a is any number, then
a+0=04a=a.

An important role is also played by 0 in the third property of our list:
(P3) For every number g, there is a number —a such that

a+(—a)=(-a)+a=0.

Property P2 ought to represent a distinguishing characteristic of the number 0,
and it is comforting to note that we are already in a position to prove this. Indeed,
if a number x satisfies

atx=a

for any one number a, then x = 0 (and consequently this equation also holds for all
numbers a). The proof of this assertion involves nothing more than subtracting a
from both sides of the equation, in other words, adding —a to both sides; as the
following detailed proof shows, all three properties P1-P3 must be used to justify
this operation.

If a+x=a,
then (—a)+@+x)=(-a)+a=0;
hence ((—a)+a)+x=0;
hence 0+x=0
hence x=0.
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As we have just hinted, it is convenient to regard subtraction as an operation
derived from addition: we consider a — b to be an abbreviation for a + (—b). It
is then possible to find the solution of certain simple equations by a series of steps
(each justified by P1, P2, or P3) similar to the ones just presented for the equation
a + x = a. For example:

If x+3=5,
then (x+3)+(-3)=54(-3);
hence x+@B+(-3)=5-3=2;
hence x4+0=2;
hence x=2.

Naturally, such elaborate solutions are of interest only until you become convinced
that they can always be supplied. In practice, it is usually just a waste of time to
solve an equation by indicating so explicitly the reliance on properties P1, P2, and
P3 (or any of the further properties we shall list).

Only one other property of addition remains to be listed. When considering the
sums of three numbers a, b, and ¢, only two sums were mentioned: (@ + b) +¢
and a + (b + ¢). Actually, several other arrangements are obtained if the order of
a, b, and c is changed. That these sums are all equal depends on

(P4) If a and b are any numbers, then
a+b=b+a.

The statement of P4 is meant to emphasize that although the operation of ad-
dition of pairs of numbers might conceivably depend on the order of the two
numbers, in fact it does not. It is helpful to remember that not all operations are
so well behaved. For example, subtraction does not have this property: usually
a — b # b — a. In passing we might ask just when @ — b does equal b — a, and it
is amusing to discover how powerless we are if we rely only on properties P1-P4
to justify our manipulations. Algebra of the most elementary variety shows that
a —b = b ~ a only when a = b. Nevertheless, it is impossible to derive this fact
from properties P1-P4; it is instructive to examine the elementary algebra care-
fully and determine which step(s) cannot be justified by P1-P4, We will indeed
be able to justify all steps in detail when a few more properties are listed. Oddly
enough, however, the crucial property involves multiplication.

The basic properties of multiplication are fortunately so similar to those for ad-
dition that little comment will be needed; both the meaning and the consequences
should be clear. (As in elementary algebra, the product of a and b will be denoted
by a - b, or simply ab.)

(P5) 1If a, b, and ¢ are any numbers, then

a-(b-c)=(-b)- c.

(P6) If ais any number, then

a-1l=1.-a=a.
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Moreover, 1 # 0.

(The assertion that 1 # 0 may seem a strange fact to list, but we have to
list it, because there is no way it could possibly be proved on the basis of the
other properties listed —these properties would all hold if there were only one
number, namely, 0.)

(P7} For every number a # 0, there is a number a~! such that

a-al=al.ga=1.

(P8) If a and b are any numbers, then

a-b=>b-a.

One detail which deserves emphasis is the appearance of the condition a # 0
m P7. 'This condition is quite necessary; since 0-b = 0 for all numbers b, there is no
number 071 satisfying 0-0~! = 1, This restriction has an important consequence
for division. Just as subtraction was defined in terms of addition, so division is
defined in terms of multiplication: The symbol a/b means a - b=, Since 0~ is
meaningless, 4/0 is also meaningless—division by 0 is always undefined.

Property P7 has two important consequences. If @ - b = a - ¢, it does not
necessarily follow that b = ¢; for if @ = 0, then both a-b and a - ¢ are 0, no matter
what b and ¢ are, However, if a # 0, then b = ¢; this can be deduced from P7 as
follows:

If a-b=a-canda #0,
then a'-@-B)=a'l-(@-o);
hence (a! -a)-b= (a"1 -a)-c;
hence l1-b=1-c;

hence b=c.

It is also a consequence of P7 that if a-b = 0, then either a = 0 or & = 0. In fact,

if a-b=0anda #0,
then a 'l (@-b)=0;
hence (a_1 ca)-b=0O;
hence 1.5=0;
hence b=0.

(It may happen that a = 0 and b = 0 are both true; this possibility is not excluded
when we say “either a = 0 or » = (”; in mathematics “or” is always used in the
sense of “one or the other, or both.”)

This latter consequence of P7 is constantly used in the solution of equations.
Suppose, for example, that a number x is known to satisfy

x—1Dx-2)=0.

Then it follows that either x — 1 =0 orx —2=0; hencex =1 orx = 2.
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On the basis of the eight properties listed so far it is still possible to prove very
little. Listing the next property, which combines the operations of addition and
multiplication, will alter this situation drastically.

(P9) If a, b, and c are any numbers, then
a-(b+cy=a-b+a-c.
{Notice that the equation (b +c¢) -a = b-a +c-a is also true, by P8.)

As an example of the usefulness of P9 we will now determine just when @ — b =
b—a:

If a-b=>b—a,

then @a-by+b=@F—a)+b=0+(b—a),
hence a=b+b-a

hence ata=Fkb+b—a)t+a=b+b.
Consequently a-(1+1)=b-(1+1),

and therefore a=abh.

A second use of P9 is the justification of the assertion a - 0 = 0 which we have
already made, and even used in a proof on page 6 (can you find where?). This
fact was not listed as one of the basic properties, even though no proof was offered
when it was first mentioned. With P1-P8 alone a proof was not possible, since the
number () appears only in P2 and P3, which concern addition, while the assertion
in question involves multiplication. With P9 the proof is simple, though perhaps
not obvious: We have

a-0+a-0=a-@©+0)

=a-0

as we have already noted, this immediately implies (by adding —(a - 0) to both
sides) that @ - 0 = 0.

A series of further consequences of P9 may help explain the somewhat myste-
rious rule that the product of two negative numbers is positive. To begin with,
we will establish the more easily acceptable assertion that (—a) -b = —(a - b). To
prove this, note that

(—a) -b+a-b=|[(—a)+a]-b
=0-b
={.

It follows immediately (by adding —(a - &) to both sides) that (—a) - b = —(a - b).
Now note that

(—a)-(-b)y+[-(@-b)]=(-a) - (=b)+(—a)-b
=(—a)- [(—b) + b]
=(—a)-0
=0.



8 Prologue

Consequently, adding (a - #) to both sides, we obtain
(—a)-(=b)=a-b.

The fact that the product of two negative numbers is positive is thus a consequence
of P1-P9. In other words, if we want PI to P9 to be true, the rule for the product of two
negative numbers is_forced upon us.

The various consequences of P9 examined so far, although interesting and im-
portant, do not really indicate the significance of P9; after all, we could have listed
each of these properties separately. Actually, P9 is the justification for almost all
algebraic manipulations. For example, although we have shown how to solve the
equation

(x—-1Dx-2=0,

we can hardly expect to be presented with an equation in this form. We are more
likely to be confronted with the equation

¥ -3x+2=0.
The “factorization” x2 —3x +2=(x— D(x —2) is really a triple use of P9:

x—-D-x-D=x-(x-2D+(-D-(x—-2)
=x-x+x-(-2)+ D -x+(-1)-(-2)
=22+ x[(=2) + (D] +2
=x2-3x+2.

A final illustration of the importance of P9 is the fact that this property is actually
used every time one multiplies arabic numerals. For example, the calculation

13
%24

52
26
312

is a concise arrangement for the following equations:

13-24=13-2-10+4)
=13-2.10+13-4
=26-10452.

{(Note that moving 26 to the left in the above calculation is the same as writing
26- 10.) The multiplication 13 - 4 = 52 uses P9 also:

13.4=(1-10+3)-4
=1-10-4+3-4
=4.10+12
=4-10+1-10+2
=@4+1)-1042
=5.1042
=52.
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The properties P1-P9 have descriptive names which are not essential to remem-
ber, but which are often convenient for reference. We will take this opportunity to
list properties P1-P9 together and indicate the names by which they are commonly
designated.

(P1) (Associative law for addition) at+d+c)y=(a+b)+ec.

(P2) (Existence of an additive a+0=0+a=a.
identity} _

(P3) (Existence of additive inverses) a+(—a)y=(—a)+a=0.

(P4) (Commutative law for addition) a+b=>b+a.

(PS) (Associative law for multiplica- a-b-c)=( b)-c.
tion)

(P6) (Existence of a multiplicative a-1l=1.a=a; 1#0.
identity)

(P7) (Existence of multiplicative a-al=al.a=1, fora #£0.
inverses)

(P8) (Comrmutative law for multi- a-b=b-a,
plication)

5]

(P9) (Distributive law) (b+e)=a-b+a-c.

The three basic properties of numbers which remain to be listed are concerned
with inequalities. Although inequalities occur rarely in elementary mathematics,
they play a prominent role in calculus. The two notions of inequality, a < &
{a is less than b) and a > b (g is greater than b), are intimately related: a < &
means the same as b > a {thus 1 < 3 and 3 > 1 are merely two ways of writing
the same assertion). The numbers a satisfying @ > 0 are called positive, while
those numbers a satisfying a < 0 are called negative. While positivity can thus
be defined in terms of <, it is possible to reverse the procedure: @ < b can be
defined to mean that b — a is positive. In fact, it is convenient to consider the
collection of all positive numbers, denoted by P, as the basic concept, and state
all properties in terms of P:

(P10) (Trichotomy law) For every number a, one and only one of the
following holds:
i a=0,
(i}  a is in the collection P,
(iii) —a is in the collection P.

(P11) (Closure under addition) If @ and b are in P, thena + b isin P,

(P12) (Closure under multiplication) If @ and b are in P, thena - b is
in P,
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These three properties should be complemented with the following definitions:

a>bh if a—bisin P;
a<bh if b>a;

a=b if a>bora=b;
a<b ifl a<bora=>b*

Note, in particular, that ¢ > 0 if and only if @ is in P.

All the familiar facts about inequalities, however elementary they may seem, are
consequences of P10-P12. For example, if @ and b are any two numbers, then
precisely one of the following holds:

i) a—-b=0,
(i) a — b is in the collection P,
(i) —(a — b) = b — a is in the collection P.

Using the definitions just made, it follows that precisely one of the following holds:

@ a=b,
(i) a=>b,
(iii) b > a.

A slightly more interesting fact results from the following manipulations. If
a < b,sothat b—-aisin P, then surely (b+c¢) — (a+c¢) is in P; thus, if a < b,
then @ + ¢ < b + ¢. Similarly, suppose @ < b and b < ¢. Then

b—agisin P,
and c¢—bisin P,
so c—a=f{c—bh+EF—a)isin P.

This shows that if 2 < b and b < ¢, then a < ¢. (The two inequalities @ < b and
b < ¢ are usually written in the abbreviated form @ < & < ¢, which has the third
inequality a < ¢ almost built in.)

The following assertion is somewhat less obvious: If @ < 0 and b < 0, then
ab > 0. The only difficulty presented by the proof is the unraveling of definitions.
The symbol a < 0 means, by definition, 0 > a, which means 0 —a = —a isin P.
Similarly —b is in P, and consequently, by P12, (—a)(—b) = ab is in P. Thus
ab > 0.

The fact that ab > 0if @ > 0, » > 0 and also if a < 0, b < 0 has one
special consequence: @2 > 0 if @ # 0. Thus squares of nonzero numbers are
always positive, and in particular we have proved a result which might have seemed
sufficiently elementary to be included in our list of properties: 1 > 0 (since 1 = 12).

*'There is one slightly perplexing feature of the symbols > and <. The statements

1+1=3
1+1=2

are both true, even though we know that < could be replaced by < in the first, and by = in the
second. This sort of thing is bound to occur when < is used with specific numbers; the usefulness
of the symbol is revealed by a statement like Theorem 1—here equality holds for some values of a
and b, while inequality holds for other values.
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The fact that —a > 0 if @ < 0 is the basis of a concept which will play an
extremely important role in this book. For any number a, we define the absolute
value |a] of a as follows:

la| = a, a>0
| —a, a=<0O.

Note that |a| is always positive, except when a = 0. For example, we have | —3| =
3,17=7,11+v2-v3=1++v2—+3, and |1 +v2 = V10| = V10— +2 1.
In general, the most straightforward approach to any problem involving absolute
values requires treating several cases separately, since absolute values are defined
by cases to begin with, This approach may be used to prove the following very
important fact about absolute values.

THEOREM 1  For all numbers a and b, we have

la + b| < |a| + |b].

PROOF  We will consider 4 cases:

1) a>0, b>0;
2) az0, b<0
3) a<0, b>=0;
4 a=<0, bx0.

In case (1) we also have a + b > 0, and the theorem is obvious; in fact,
la + & =a+b=|a] + |bl,

so that in this case equality holds.
In case (4) we have a + b < 0, and again equality holds:

@ +b| = —(a + b) = —a + (—b) = |a| + |b].

In case (2), when @ > 0 and & < 0, we must prove that

la+b| <a-—b.
This case may therefore be divided into two subcases. If a + & > 0, then we must
prove that
atb=<a->,
iec., b < —b,

which is certainly true since b < 0 and hence —b > 0. On the other hand, if
a + b < 0, we must prove that

—a—b<a-»b,
ie., —a<a,
which is certainly true since @ = 0 and hence —a < 0.

Finally, note that case (3) may be disposed of with no additional work, by apply-
ing case (2) with a and b interchanged. ||
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Although this method of treating absolute values (separate consideration of var-
ious cases) is sometimes the only approach available, there are ofien simpler meth-
ods which may be used. In fact, it is possible to give a much shorter proof of
Theorem 1; this proof is motivated by the observation that

la] = Va2.

(Here, and throughout the book, +/x denotes the posttive square root of x; this
symbol is defined only when x > 0.) We may now observe that

(la+ b =@+b)?=a+2ab+5
< a® +2\a| - |b| + b?
= laf® +2la| - |b] + |b]?
= (la| + |b])2.

From this we can conclude that |a + b| < |a| + |b| because x? < y2 implies x < y,
provided that x and y are both nonnegative; a proof of this fact is left to the reader
(Problem 5).

Once final observation may be made about the theorem we have just proved: a
close examination of either proof offered shows that

la + bl = |a| + |b|

if @ and b have the same sign (i.e., are both positive or both negative), or if one of
the two is 0, while
la + b < la| + |b]

if @ and b are of opposite signs.

We will conclude this chapter with a subtle point, neglected until now, whose
inclusion is required in a conscientious survey of the properties of numbers. After
stating property P9, we proved that a — b = b — a implies a = b. The proof began
by establishing that

a-1+D)=5b-(0+1),

from which we concluded that a = b. This result is obtained from the equation
a-(14+1)=5-(1+1) by dividing both sides by 1 + 1. Division by 0 should
be avoided scrupulously, and it must therefore be admitted that the validity of the
argument depends on knowing that 1+1 # 0. Problem 235 is designed to convince
you that this fact cannot possibly be proved from properties P1-P9 alone! Once
P10, P11, and P12 are available, however, the proof is very simple: We have
already seen that 1 > 0; it follows that 141 > 0, and in particular 1+ 1 # 0.
This last demonstration has perhaps only strengthened your feeling that it is
absurd to bother proving such obvious facts, but an honest assessment of our
present situation will help justify serious consideration of such details. In this
chapter we have assumed that numbers are familiar objects, and that P1-P12 are
merely explicit statements of obvious, well-known properties of nurnbers. It would
be difficult, however, to justify this assumption. Although one learns how to “work
with” numbers in school, just what numbers are, remains rather vague. A great
deal of this book is devoted to elucidating the concept of numbers, and by the end
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of the book we will have become quite well acquainted with them, But it will be
necessary to work with numbers throughout the book. It is therefore reasonable
to admit frankly that we do not yet thoroughly understand numbers; we may still
say that, in whatever way numbers are finally defined, they should certainly have
properties P1-P12.

Most of this chapter has been an attempt to present convincing evidence that
P1-P12 are indeed basic properties which we should assume in order to deduce
other familiar properties of numbers. Some of the problems (which indicate the
derivation of other facts about numbers from P1-P12) are offered as further evi-
dence. It is still a crucial question whether P1-P12 actually account for a/l prop-
erties of numbers. As a matter of fact, we shall soon see that they do not. In the
next chapter the deficiencies of properties P1-P12 will become quite clear, but
the proper means for correcting these deficiencies is not so easily discovered. The
crucial additional basic property of numbers which we are seeking is profound and
subtle, quite unlike P1-P12. The discovery of this crucial property will require all
the work of Part II of this book. In the remainder of Part I we will begin to see
why some additional property is required; in order to investigate this we will have
to consider a little more carefully what we mean by “numbers.”

PROBLEMS
1. Prove the following:

If ax = a for some number a # 0, then x = 1.

2=y =@ -»Nx+.

If x2=y% thenx=yorx = —y.

2=y = (x = ) +xy + 57

X" — yn — (JC _ y)(xn—l o+ xn—Zy +oaas _+_xyn—2 4 ynil).

>+ y® = (x + y)(x* — xy + y?). (There is a particularly easy way to
do this, using (iv), and it will show you how to find a factorization for
x" 4 y" whenever n is odd.)

P
SEFEREES
[t RNl

2. What is wrong with the following “proof”? Let x = y. Then

x? =xy,

x2—yt =xy —y?,
x+y)x—y)=ykx~-y)

x+y=y,
2y =y,
2=1.
3. Prove the following:
a ac
(1) E—E—-,lfb,c;éO
w a ¢ ad+bc
(11) E+E bd ,lfb,d;éo
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(i) (ab)! = @ 'b7!, if a,b # 0. (To do this you must remember the
defining property of (ab)™L.)

., a ¢ ac ,
(IV) };E=£,lfb,d?é0
v) 5/5=ﬂ,ifb,c,d;eo.
b/ d bc
(viy If b,d #0, then % = 3 if and only if ad = bc. Also determine when
a b
b a

Find all numbers x for which
i) 4-x<3-2x.
(i) 5-x%<8.
(i) 5—x%<-2.
(iv) (x — 1)(x —3) > 0. (When is a product of two numbers positive?)
v x2-2x+2>0.
W) x24+x+1>2
(vii) x2 —x+10 > 16.
(viil) x2+x +1 > 0.
ix) (x—m)(x+5(x-3) >0
X) - ¥2)x-+2)>0.
(xi) 2* <8.
(xii) x +3* < 4.
1 1

Prove the following:

i) Ifa<bandc<d,thena+c<b+d.
If @ < b, then —b < —a.

B

(

i) fa<bandc>d,thena—~c<b—d.
iv) If a < band ¢ > 0, then ac < be.

(v If a <bandc <0, then ac > bc.

(vi) If a > 1, then a? > a.

(vii) If 0 <@ < 1, then a? < a.

(vii) If 0 <@ < b and 0 < ¢ < d, then ac < bd.
(ix) If 0 <a < b, then a® < b2. (Use (viii).)
(x) If a,b>0and a® < b?, then a < b. (Use (ix), backwards.)

=
=

(a) Provethatif 0 <x <y, thenx” <y, n=1,23,....

{b) Prove that if x < y and = is odd, then x* < y".

(c) Prove thatif x” = y" and n is odd, then x = y.

{(d) Prove that if x® = y" and n 1s even, then x = y or x = —y.
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Prove that if 0 < a < b, then

a < ab<2—j2_—b<b.

Notice that the inequality vab < (a + b)/2 holds for all a, b > 0. A gener-
alization of this fact occurs in Problem 2-22.

Although the basic properties of inequalities were stated in terms of the col-
lection P of all positive numbers, and < was defined in terms of P, this
procedure can be reversed. Suppose that P10-P12 are replaced by

(P’10) For any numbers a and b one, and only one, of the

following holds:
i) a=hb,
m a<b,
(i) b <a.

(P’'11) For any numbers @, b, and ¢, if @ < b and b < ¢, then

a<ec.

(P’12) For any numbers a, b, and ¢, if a < b, then
a+c<b+e.

(P’13) For any numbers @, b, and c, if a < b and 0 < ¢, then
ac < be.

Show that P10-P12 can then be deduced as theorems.

Express each of the following with at least one less pair of absolute value
signs.

0 W2++3-V5+7).
(i@ [(a+b| — lal — 1bD.

(i) [(la+ bl +lc|l —la+b+cl).
(iv) [x2—2xy+ 2

) 1(0v2 43 = V5 = VDI

Express each of the following without absolute value signs, treating various
cases separately when necessary.

@ la+bl bl
() (x| = DI.
(i) lxl = ¥,

(iv) a-|(a—lal}.
Find all numbers x for which

iy |x-—31=8.
i) |x—3 <8
i) |x+4 <2
vy x—=1+x-2]>1.
V) x=1+x+1 <2

~=s
—
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12.

13.

14.

*15.

*16.

@) Ix=1l+x+1<1.
(vii) [x—1]-]x+1]=0.
(vill) |x — 1] - |x +2] = 3.

Prove the following:

O ixyl=Ix]- Iyl
1 1

(i) |—|= R if x # 0. (The best way to do this is to remember what
x
x|~ is.)

b

i) — =|—|[,if ¥y #0.

() Iyt ly

(iv) |x —y| < |x|+ |y|. (Give a very short proof)

v) x|~ |¥! = |x—y|. (A very short proof is possible, if you write things in
the right way,)

(vi) (x| — I¥)] = |x — y|. (Why does this follow immediately from (+)?)

(vi) |x +y +z| < |x| + |¥] + |z|. Indicate when equality holds, and prove
your statement.

The maximum of two numbers ¥ and y is denoted by max(x, y). Thus
max(—1,3) = max(3, 3} = 3 and max(-1, -4} = max(—4, -1) = —1.
The minimum of x and y is denoted by min(x, y}. Prove that

x+y+ly—=x
max(x,y)z_yzb'__l,
. x+y—|y—x|
nnn(x,y):——z——.

Derive a formula for max(x, y, z) and min(x, y, z), using, for example

max(x, y, z) = max(x, max{y, z)).

(a) Prove that |a| = |—al. (The trick is not to become confused by too many
cases. First prove the statement for a > 0. Why is it then obvious for
a <0

(b) Prove that —b < a < b if and only if |a| < 5. In particular, it follows
that —|a| < a < |a|.
(c) Use this fact to give a new proof that |a + b| < [a| + |b].

Prove that if x and y are not both 0, then
22+xy+y2>0,
A+ 2y +x5 +xyP + 4> 0.
Hint: Use Problem 1.
{a) Show that

(x+y)P=x2+y? only whenx =0or y =0,
(x+y'=x*4+y onlywhenx=0ory=0o0rx=~y.
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(b) Using the fact that
2+2xy+y2=(x+y?%>0,

show that 4x2 + 6xy +4y2 > 0 unless x and y are both 0.

() Use part (b) to find out when (x + y)* = x* + y*.

(d) Find out when (x+ y)® = x> +y°. Hint: From the assumption (x +y) =
x> 4y° you should be able to derive the equation x3+2x2y+2xy? +y° =
0, if xy # 0. This implies that (x + y)® = x2y + xy% = xy(x + y).

You should now be able to make a good guess as to when (x + y)* = x" +y*;
the proof is contained in Problem 11-57.

{a) Find the smallest possible value of 2x2 — 3x + 4. Hint: “Complete the
square,” 1.e., write 22 —3x +4=2(x - 3/4)% +?

(b) Find the smallest possible value of x2 — 3x 4 2y% 4+ 4y + 2.

{c) Find the smallest possible value of x? 4 4xy +5y% —4x — 6y + 7.

(a) Suppose that 4> — 4¢ > 0. Show that the numbers

—b+v/b2 — 4c —b— /b2 —4c
2 1

2

both satisfy the equation x2 + bx + ¢ = 0.

(b) Suppose that b2 — 4¢ < 0. Show that there are no numbers x satisfying
x2 +bx+4c= 0; in fact, x2 4+ bx + ¢ > O for all x. Hint: Complete the
square.

(c) Use this fact to give another proof that if x and y are not both 0, then
2 4+xy+y2>0.

(d) For which numbers @ is it true that xZ + axy + y2 > 0 whenever x and
v are not both 0?

(e) Find the smallest possible value of x% + bx + ¢ and of ax? + bx + ¢, for
a>0.

The fact that a> > 0 for all numbers a, elementary as it may seem, is
nevertheless the fundamental idea upon which most important inequali-
ties are ultimately based. The great-granddaddy of all inequalities is the
Schwarz, inequality:

xv1+xy < \/x12 +Jr22 \/y12 + yzz.

(A more general form occurs in Problem 2-21.) The three proofs of the
Schwarz inequality outlined below have only one thing in common—their
reliance on the fact that a2 > 0 for all a.

(a) Prove that if x1 = Ay; and x2 = Ay for some number A, then equality
holds in the Schwarz inequality. Prove the same thing if y; = y; = 0.
Now suppose that y; and y2 are not both 0, and that there is no number
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A such that x; = Ay; and x2 = Ayz2. Then

0 < (y1 — x1)? + (2 — 12)°
= 22(y12 + y22) — 28(x1y1 + x2y2) + (012 + 222).

Using Problem 18, complete the proof of the Schwarz inequality.
(b) Prove the Schwarz inequality by using 2xy < x2+y? (how is this derived?)
with 4 ”

X = —m—, e ————
Vx12+x? Vyi? + 32

first for i = 1 and then for i = 2.
(c} Prove the Schwarz inequality by first proving that

1?2 + 001 ? + 325 = (ay + 02y + Gy — o)

(d) Deduce, from each of these three proofs, that equality holds only when
¥1 = y2 = 0 or when there is a number A such that x; = Ay; and

X2 = Ay,

In our later work, three facts about inequalities will be crucial. Although proofs
will be supplied at the appropriate point in the text, a personal assault on these
problems is infinitely more enlightening than a perusal of a completely worked-out
proof. The statements of these propositions involve some weird numbers, but their
basic message is very simple: if x is close enough to xq, and y is close enough to yo,
then x 4y will be close to xo -+ yo, and xy will be close to xgyp, and 1/y will be close
to 1/yo. The symbol “e” which appears in these propositions is the fifth letter of the
Greek alphabet (“epsilon™), and could just as well be replaced by a less intimidating
Roman letter; however, tradition has made the use of ¢ almost sacrosanct in the
contexts to which these theorems apply.

20. Prove that if

£ £
Ix —xo|l <7 and |y— <3,

2 2
then

[(x + y) — (x0 + yo)i <&,
[(x —y) — (x0 — yo)| < &.

*¥21. Prove that if

) and [y —yol < T

€
|[x — xg| < min ( L ——
Ixol + 1)

£ 1
2(lyol + 1)’
then |xy — xgyo| < &.

(The notation “min” was defined in Problem 13, but the formula provided by
that problem is irrelevant at the moment; the first inequality in the hypothesis
Just means that

|x — xol and |x —xg| < 1;

e
= 20030l + 1)
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at one point in the argument you will need the first inequality, and at an-
other point you will need the second. One more word of advice: since the
hypotheses only provide information about x — xg and y — yp, it is almost a
foregone conclusion that the proof will depend upon writing xy — xpyp in a
way that involves x — xg and y — yo.)

Prove that if yg # 0 and

2
-t < min 2, 228
then y # 0 and

< E.

’11
y

Replace the question marks in the following statement by expressions involv-
ing &, xg, and yp so that the conclusion will be true:

If yp # 0 and
ly—yl<? and |xr—x|<?
then y # 0 and
X xp
———|<e.
Yy Y

This problem is trivial in the sense that its solution follows from Problems 21
and 22 with almost no work at all {notice that x/y = x - 1/y). The crucial
point is not to become confused; decide which of the two problems should
be used first, and don’t panic if your answer looks unlikely.

This problem shows that the actual placement of parentheses in a sum is
irrelevant. The proofs involve “mathematical induction”; if you are not fa-
miliar with such proofs, but still want to tackle this problem, it can be saved
until after Chapter 2, where proofs by induction are explained.

Let us agree, for definiteness, that aj + - - - + a, will denote

ar+ @+ @+ + @2+ (@1 +a,))---).

Thus a1 + a3 + a3 denotes a1 + (a3 + a3), and a1 + ay + a3 + a4 denotes
ay + (a2 + (a3 + aq)), etc.

(a) Prove that
(@14 Fa) + a1 =ar+- - +ag

Hint: Use induction on k.

(b) Prove that if # > k, then
@+ -+a)+ @+ +a)=a1+---+a.

Hint: Use part (a) to give a proof by induction on .
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(c) Let s(ai,...,a) be some sum formed from ay, ..., a;. Show that
slar,....aqe)=a1+--- +ay.
Hint: There must be two sums s’'(@1, ..., a;) and s”(aj41, ..., a) such
that
sta,....m) =5, ....,a) +s5" (a1, - .., ar).

25. Suppose that we interpret “number” to mean either 0 or 1, and + and - to
be the operations defined by the following two tables.

+ 0 1 . 0 1
0 0 1 0 0 0
1 1 0 1 0 |

Check that properties P1-P9 all hold, even though 141 =0.



CHAPTER 2 NUMBERS OF VARIOUS SORTS

In Chapter 1 we used the word “number” very loosely, despite our concern with
the basic properties of numbers. It will now be necessary to distinguish carefully
various kinds of numbers.

The simplest numbers are the “counting numbers”

1,2,3,....

The fundamental significance of this collection of numbers is emphasized by its
symbol N (for natural numbers). A brief glance at P1-P12 will show that our
basic properties of “numbers” do not apply to N—for example, P2 and P3 do not
make sense for N. From this point of view the system N has many deficiencies.
Nevertheless, N is sufficiently important to deserve several comments before we
consider larger collections of numbers.

The most basic property of N is the principle of “mathematical induction.”
Suppose P(x) means that the property P holds for the number x. Then the prin-
ciple of mathematical induction states that P(x) is true for all natural numbers x
provided that

(1) P(1) is true.
(2) Whenever P(k) is true, P(k + 1) is true.

Note that condition (2) merely asserts the truth of P(k+1) under the assumption
that P(k) is true; this suffices to ensure the truth of P(x) for all x, if condition
(1) also holds. In fact, if P(1) is true, then it follows that P(2) is true {(by using
(2) in the special case & = 1). Now, since P(2) is true it follows that P(3) is true
(using (2) in the special case k = 2). It is clear that each number will eventually be
reached by a series of steps of this sort, so that P(k) is true for all numbers k.

A favorite illustration of the reasoning behind mathematical induction envisions
an infinite line of people,

person number 1, person number 2, person number 3, ... .

If each person has been instructed to tell any secret he hears to the person behind
him (the one with the next largest number) and a secret is told to person number 1,
then clearly every person will eventually learn the secret. If P(x) is the assertion
that person number x will learn the secret, then the instructions given (to tell all
secrets learned to the next person) assures that condition (2) is true, and telling
the secret to person number 1 makes (1) true. The following example is a less
facetious use of mathematical induction. There is a useful and striking formula
which expresses the sum of the first # numbers in a simple way:

21
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nn+1)
5

14+.---4+n=

To prove this formula, note first that it is clearly true for n = 1. Now assume that
for some natural number k we have

ktk+1)
7

14 +k=

Then

1+---+k+(k+1)=k(k+l)+k+1
k(k + 1) + 2k + 2
- 2
KB +3k+2
- 2
_ k+ Dk +2)
—

so the formula is also true for £ + 1. By the principle of induction this proves
the formula for all natural numbers n. This particular example illustrates a phe-
nomenon that frequently occurs, especially in connection with formulas like the
one just proved. Although the proof by induction is often quite straightforward,
the method by which the formula was discovered remains a mystery. Problems 5
and 6 indicate how some formulas of this type may be derived.

The principle of mathematical induction may be formulated in an equivalent
way without speaking of “properties” of a number, a term which 1s sufficiently
vague to be eschewed in a mathematical discussion. A more precise formulation
states that if A is any collection (or “set”—a synonymous mathematical term) of
natural numbers and

(I) lisin A,
(2) k+1isin A whenever k i3 in A,

then A is the set of all natural numbers. It should be clear that this formulation
adequately replaces the less formal one given previously—we just consider the
set A of natural numbers x which satisfy P(x). For example, suppose A is the set
of natural numbers n for which it is true that

nrin+1)

1+-.- =
+---+n 2

Our previous proof of this formula showed that A contains 1, and that k£ + 1 is
in A, if k is. It follows that A is the set of all natural numbers, i.e., that the formula
holds for all natural numbers n.

There is yet another rigorous formulation of the principle of mathematical in-
duction, which looks quite different. If A is any collection of natural numbers, it
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is tempting to say that A must have a smallest member. Actually, this statement
can fail to be true in a rather subtle way. A particularly important set of natural
numbers is the collection A that contains no natural numbers at all, the “empty
collection” or “null set,”* denoted by @. The null set @ is a collection of natural
numbers that has no smallest member—in fact, it has no members at all. This
is the only possible exception, however; if A is a nonnull set of natural numbers,
then A has a least member. This “intuitively obvious” statement, known as the
“well-ordering principle,” can be proved from the principle of induction as follows.
Suppose that the set A has no least member. Let B be the set of natural numbers
nsuchthat 1,...,n are all not in A, Clearly 1 is in B (because if 1 were in A, then
A would have 1 as smallest member). Moreover, if 1,..., k& are not in A, surely
k+1 15 not in A (otherwise k 4+ 1 would be the smallest member of A),so 1, ...,
k + 1 are all not in A. This shows that if k is in B, then k + 1 is in B. It follows
that every number # is in B, i.c., the numbers 1, ... , # are nof in A for any natural
number n. Thus A = @, which completes the proof.

It is also possible to prove the principle of induction from the well-ordering
principle (Problem 10). Either principle may be considered as a basic assumption
about the natural numbers.

There is still another form of induction which should be mentioned. It some-
times happens that in order to prove P (k + 1) we must assume not only P(k), but
also P(l) for all natural numbers / < k. In this case we rely on the “principle of
complete induction”: If A is a set of natural numbers and

r.J

(1) lisin A,
2) k+1lisinAif1,...,karein A,

then A is the set of all natural numbers.

Although the principle of complete induction may appear much stronger than
the ordinary principle of induction, it is actually a consequence of that principle.
The proof of this fact is left to the reader, with a hint (Problem 11). Applications
will be found in Problems 7, 17, 20 and 22.

Closely related to proofs by induction are “recursive definitions.” For example,
the number n! (read “n factorial”) is defined as the product of all the natural
numbers less than or equal to n:

nl=1.2-...-(n—=1)-n.
This can be expressed more precisely as follows:
(y 1t=1
2) nl=n-(n—-1).

This form of the definition exhibits the relationship between n! and (7 — 1)! in an

* Although it may not strike you as a collection, in the ordinary sense of the word, the null set arises
quite naturally in many contexts. We frequently consider the set A, consisting of all x satisfying some
property P; often we have no guarantee that P is satisfied by any number, so that A might be §—in
fact often one proves that P is always false by showing that A = @.
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explicit way that is ideally suited for proofs by induction. Problem 23 reviews a
definition already familiar to you, which may be expressed more succinctly as a re-
cursive definition; as this problem shows, the recursive definition is really necessary
for a rigorous proof of some of the basic properties of the definition.

One definition which may not be familiar involves some convenient notation
which we will constantly be using. Instead of writing

a1+".+an7

we will usually employ the Greek letter X (capital sigma, for “sum™) and write
Z a;.
i=1

In other words, Za,- denotes the sum of the numbers obtained by letting
i=1
i=1,2,....,n Thus

an+1)

i=1

n
Notice that the letter i really has nothing to do with the number denoted by Z i
i=1
and can be replaced by any convenient symbol (except n, of course!):

ZJ‘ — ﬂ(n; 1)’

=1

i . 1(1+l)
EJ=

J

Z" J(J+1)
n=1

n
To define Z:a,- precisely really requires a recursive definition:

i=l

i
Zai =ai,
i=]1

n n—1

Za,- = Ea,- + ay,.

i=1 i=1

But only purveyors of mathematical austerity would insist too strongly on such
precision. In practice, all sorts of modifications of this symbolism are used, and
no one ever considers it necessary to add any words of explanation. The symbol
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;ai,

for example, is an obvious way of writing
a1taz+astas+ag+---+an,

or more precisely,
3 n
E a; + Z a;.
i=1 i=5

The deficiencies of the natural numbers which we discovered at the beginning
of this chapter may be partially remedied by extending this system to the set of
integers

L—2,-1,0,1,2,....

This set is denoted by Z (from German “Zahl,” number}. Of properties P1-P12,
only P7 fails for Z.

A still larger system of numbers is obtained by taking quotients m/n of integers
(with n 7# 0). These numbers are called rational numbers, and the set of all
rational numbers is denoted by Q (for “quotients”). In this system of numbers all
of P1-P12 are true. It is tempting to conclude that the “properties of numbers,”
which we studied in some detail in Chapter 1, refer to just one set of numbers,
namely, Q. There is, however, a still larger collection of numbers to which proper-
ties P1-P12 apply—the set of all real numbers, denoted by R. The real numbers
include not only the rational numbers, but other numbers as well (the irrational
numbers) which can be represented by infinite decimals; 7 and +/2 are both
examples of irrational numbers. The proof that r is irrational is not easy—we
shall devote all of Chapter 16 of Part III to a proof of this fact. The irrationality
of 4/2, on the other hand, is quite simple, and was known to the Greeks. (Since the
Pythagorean theorem shows that an isosceles right triangle, with sides of length 1,
has a hypotenuse of length +/2, it is not surprising that the Greeks should have
investigated this question.) The proof depends on a few observations about the
natural numbers. Every natural number n can be written either in the form 2k
for some integer &, or else in the form 2k + 1 for some integer k (this “obvious”
fact has a simple proof by induction (Problem 8)). Those natural numbers of the
form 2k are called even; those of the form 2k + 1 are called odd. Note that even
numbers have even squares, and odd numbers have odd squares:

(k)2 = 4k = 2. 2kD),
k+ 12 =4k +4k+1=2- 2k +2k) + 1.

In particular it follows that the converse must also hold: if n? is even, then n is even;
if n2 is odd, then n is odd. The proof that +/2 is irrational is now quite simple.
Suppose that +/2 were rational; that is, suppose there were natural numbers p
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and ¢ such that

(6) -

We can assume that p and ¢ have no common divisor (since all common divisors
could be divided out to begin with). Now we have

P2 — 2q2'

This shows that p? is even, and consequently p must be even; that is, p = 2k for
some natural number k. Then

pZ — 4k2 — 2q2,

S0
2% = qz.

This shows that g2 is even, and consequently that g is even. Thus both p and g
are even, contradicting the fact that p and ¢ have no common divisor. This
contradiction completes the proof.

It is important to understand precisely what this proof shows. We have demon-
strated that there is no rational number x such that x2 = 2. This assertion is often
expressed more briefly by saying that ~/2 is irrational. Note, however, that the
use of the symbol +/2 implies the existence of some number (necessarily irrational)
whose square is 2. We have not proved that such a number exists and we can as-
sert confidently that, at present, a proof is impossible for us. Any proof at this stage
would have to be based on P1-P12 (the only properties of R we have mentioned);
since P1-P12 are also true for Q the exact same argument would show that there
is a rational number whose square is 2, and this we know is false. (Note that the
reverse argument will not work—our proof that there is no rational number whose
square is 2 cannot be used to show that there is no real number whose square is 2,
because our proof used not only P1-P12 but also a special property of Q, the fact
that every number in Q can be written p/q for integers p and ¢.)

This particular deficiency in our list of properties of the real numbers could,
of course, be corrected by adding a new property which asserts the existence of
square roots of positive numbers. Resorting to such a measure is, however, neither
aesthetically pleasing nor mathematically satisfactory; we would still not know that
every number has an nth root if n is odd, and that every positive number has an
nth root if n i1s even. Even if we assumed this, we could not prove the existence of
a number x satisfying x> 4+ x + 1 = 0 (even though there does happen to be one),
since we do not know how to write the solution of the equation in termgof nth
roots (in fact, it is known that the solution cannot be written in this form). And,
of course, we certainly do not wish to assume that all equations have solutions,
since this is false (no real number x satisfies x2 + 1 = 0, for example). In fact,
this direction of investigation is not a fruitful one. The most useful hints about the
property distinguishing R from Q, the most compelling evidence for the necessity
of elucidating this property, do not come from the study of numbers alone. In
order to study the properties of the real numbers in a more profound way, we
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must study more than the real numbers. At this point we must begin with the
foundations of calculus, in particular the fundamental concept on which calculus
is based—functions.

PROBLEMS

1.

Prove the following formulas by induction.
nen+ 1324+ 1)

@ 124...+n2= e
) PP+ 4+n¥=+---+nd

Find a formula for

@ Y. @-D=1+3+5+--+@n—1).

i=1
n

i Y @i-1P=12+4324+52+...+@n-1>

i=1
Hint: What do these expressions have to dowith 1 +2 4+ 3+ --- 4+ 2n and
12422432 4... 4 @2n)??

If O < k < n, the “binomial coefficient” (Z) is defined by

if k #0,n

n)_ n! _nmr=1)---(n—k+1)
Q T k(n—k) k! ’

(g) = (:) = 1. (This becomes a special case of the first formula if we
define 0! = 1.)

(%) =020+ 6)

(The proof does not require an induction argument.)

(@) Prove that

This relation gives rise to the following configuration, known as “Pas-
cal’s triangle” —a number not on one of the sides is the sum of the two

numbers above it; the binomial coefficient (:) is the (X + 1)st number

in the (n 4 1)st row.
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4.

(b) Notice that all the numbers in Pascal’s triangle are natural numbers. Use
part (a) to prove by induction that (;:) is always a natural number. (Your

entire proof by induction will, in a sense, be summed up in a glance by
Pascal’s triangle.)

(¢) Give another proof that (:) is a natural number by showing that

(:) is the number of sets of exactly k integers each chosen from 1,

(d) Prove the “binomial theorem™: If @ and b are any numbers and » is a
natural number, then

(a+b)n=an+ R an—1b+ n an—2b2+”.+ n abn—l+bn
1 2 n—1

= 3 (n,)a"_jbj.
—0 J

J=

(e} Prove that

0 E0-()()rer
(a) Prove that

Z;(D(:Tk) B (ntm)‘

Hint: Apply the binomial theorem to (1 4+ x)"(1 + x)™.

(b) Prove that
n /n\2 n
g(k) =(2n)
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(a) Prove by induction on # that
1= i..I':+l
1—r
if r # 1 (f r = 1, evaluating the sum certainly presents no problem).
{b) Derive this result by setting § = 1+4r+---+r", multiplying this equation
by r, and solving the two equations for S.

l+r+r24- 4" =

The formula for 12 + - - - + n2 may be derived as follows. We begin with the
formula

k+1)P -k =32 +3k+ 1.

Writing this formula for k = 1, ... , n and adding, we obtain

2 _1P=3.124+3.1+1
33 _23-.3.2243.241

m+1P-n=3-22+3.n+1
m+1P =1 =3[12+---+n?]+3[1 4+ +n] +n.

Thus we can find Ekz if we already know Z k (which could have been

k=1 k=1
found in a similar way). Use this method to find

G 134...4n3
G) 14+...4n%

1 1
W ettt taery

i 3 + - 2n+1
M getrEp n2n+ 12

Use the method of Problem 6 to show that Ek” can always be written in
i=l
the form
pptl 1 )
T AP+ BrPT 4 CnP

p+
(The first 10 such expressions are



30 Prologue

10.

11.

12.

A
Zk = %nz + 30
i=l

Zkz = %na + %nz + %n

kjl

Zk3 = %n“ + %ns + %nz

k:l

Zk“ = %n5 + %n“ + %n3 - 3%11

k.:l

st = %nﬁ + %ns + -[szn“ - TIE"Z

kjl

Zkﬁ = %n-‘r + %nﬁ + %ns — %ns + én

k:I

Dk =4n® 107 + Gn— Fnt 4+ in?

kj]

Y lB=n® +in® 437 —fnd+ 3 — g
k?]

Zk9=1%n10+%n9 +%n8 —%n6+%n4 -%nz
ﬁ:]

Z:klo = -llTn“ + %n10+ %ng 127 +12° — %n3 + %n.

k=1

Notice that the coefficients in the second column are always 3, and that after
the third column the powers of n with nonzero coefficients decrease by 2 until
n? or n is reached. The coefficients in all but the first two columns seem to
be rather haphazard, but there actually 1s some sort of pattern; finding it may
be regarded as a super-perspicacity test. See Problem 27-17 for the complete

story.)
Prove that every natural number is either even or odd.

Prove that if a set A of natural numbers contains ng and contains k£ + 1
whenever It contains k, then A contains all natural numbers > ng.

Prove the principle of mathematical induction from the well-ordering prin-
ciple,

Prove the principle of complete induction from the ordinary principle of
induction. Hint: If A contains 1 and A contains n + 1 whenever it contains
1,...,n, consider the set B of all k such that 1,...,k are all in A.

(a) If a is rational and b is irrational, is @ + b necessarily irrational? What
if @ and b are both irrational?

(b} If a is rational and b is irrational, is ab necessarily irrational? (Careful!)

(¢} Is there a number a such that a? is irrational, but a* is rational?
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16.
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(d) Are there two irrational numbers whose sum and product are both ra-
tional?

(a) Prove that V3, \/g, and +/6 are irrational. Hint; To treat /3, for exam-
ple, use the fact that every integer is of the form 3n or 3n + 1 or 3n + 2.
Why doesn’t this proof work for v4?

(b) Prove that +/2 and ¥/3 are irrational.

Prove that

(a) V2 + +/6 is irrational.
(b) V2 + /3 is irrational.

(a) Prove that if x = p+./g where p and g are rational, and m is a natural
number, then x™ = a + b,/g for some rational a and b.

(b) Prove also that (p — /)" =a —b./g.

{a) Prove that if m and r are natural numbers and m?/n? < 2, then
(m + 2n)Y2/(m + n)? > 2; show, moreover, that
2 2
m+2n° 5, _,_m
(m + n)? n?
Prove the same results with all inequality signs reversed.
(b) quality sign
{c) Prove that if m/n < ~/2, then there is another rational number m'/n’
with m/n < m'/n' < /2.

It scems likely that /7 is irrational whenever the natural number n is not
the square of another natural number. Although the method of Problem 13
may actually be used to treat any particular case, it is not clear in advance
that it will always work, and a proof for the general case requires some extra
information. A natural number p is called a prime number if it is impos-
sible to write p = ab for natural numbers a and b unless one of these is p,
and the other 1; for convenience we also agree that 1 is net a prime number.
The first few prime numbers are 2, 3,5, 7,11, 13,17, 19. If n > 1 isnot a
prime, then n = ab, with a and b both < n; if either a or b is not a prime it
can be factored similarly; continuing in this way proves that we can write n
as a product of primes. For example, 28 =4 .7 =2.27.

{a) Turn this argument into a rigorous proof by complete induction. (To
be sure, any reasonable mathematician would accept the informal argu-
ment, but this is partly because it would be obvious to her how to state
it rigorously,)

A fundamental theorem about integers, which we will not prove here, states
that this factorization is unique, except for the order of the factors. Thus,
for example, 28 can never be written as a product of primes one of which
is 3, nor can it be written in a way that involves 2 only once (now you should
appreciate why 1 is not allowed as a prime).
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*18.

19.

20.

21.

(b) Using this fact, prove that /7 is irrational unless n = m? for some natural
number m.

(c) Prove more generally that 4/n is irrational unless n = m*.

(d) No discussion of prime numbers should fail to allude to Euclid’s beautiful
proof that there are infinitely many of them. Prove that there cannot be
only finitely many prime numbers pi, p2, p3, ..., p. by considering

pr-p2...-patl
(a) Prove that if x satisfies
" +a, 1x" ' +---+ag=0,

for some integers a,_1, ... , ap, then x is irrational unless x is an integer.
(Why is this a generalization of Problem 177?)
(b) Prove that v/6 — +/2 — +/3 is irrational.

(c) Prove that v2 + ¥/2 is irrational. Hint: Start by working out the first 6
powers of this number.

Prove Bernoulli’s inequality: If & > —1, then
(1+m)">1+nh.
Why is this trivial if A > 0?

The Fibonacci sequence aj, a2, a3, ... is defined as follows:
a =1,
az=1,
Gy = Qp_1 + Apn_2 forn = 3.

This sequence, which begins 1, 1, 2, 3, 5, 8, ... , was discovered by Fibonacci
(circa 1175-1250), in connection with a problem about rabbits. Fibonacci
assumed that an initial pair of rabbits gave birth to one new pair of rabbits
per month, and that after two months each new pair behaved similarly. The
number a, of pairs born in the ath month is a,_1 + a,_2, because a pair of
rabbits is born for each pair born the previous month, and moreover each
pair born two months ago now gives birth to another pair. The number of
interesting results about this sequence is truly amazing—there is even a Fi-
bonacci Association which publishes a journal, 74e Fibonace: Quarterly. Prove

that
1++5\" [1-+35\"
2 B 2
7 )

One way of deriving this astonishing formula is presented in Problem 24-15.

Uy =

The Schwarz inequality (Problem 1-19) actually has a more general form:

ignl:xi}’i = J z":xiz\] g)’iz-

i=1
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Give three proofs of this, analogous to the three proofs in Problem 1-19.

The result in Problem 1-7 has an important generalization: If a1, ...,a, > 0,
then the “arithmetic mean™
An: al+...+a"
n

and “geometric mean”
satisfy

(a) Suppose that a; < A,. Then some a; satisfies a; > A,; for convenience,
say a2 > Ax. Let a1 = A, and let a2 = a1 + a2 — a). Show that
aias > aja.

Why do- s repeating this process enough times eventually prove that G, <
A,? (This is another place where it is a good exercise to provide a formal
proof by induction, as well as an informal reason.) When does equality
hold in the formula G, < A,?

The reasoning in this proof is related to another interesting proof.

(b) Using the fact that G, < A, when n = 2, prove, by induction on &, that
G, < A, for n = 2%,
(c) For a general n, let 2™ > n. Apply part (b) to the 2™ numbers
A1y .nvslny Ay, ..., Ay
N e
27 _n times

to prove that G, < a,.

The following is a recursive definition of a":
1

a =a,
at' =a".a.
Prove, by induction, that
an+m — au . am1

(an)m =a™,

(Don’t try to be fancy: use either induction on # or induction on m, not both
at once.)

Suppose we know properties P1 and P4 for the natural numbers, but that
multiplication has never been mentioned. Then the following can be used
as a recursive definition of multiplication:

1.b=20b,
(@a+1)-b=a-b+b.
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25.

oD

FIGURE 1

26.

*27.

Prove the following (in the order suggested!):

a-(b+c)=a-b+a-c(useinduction on a),
a-1=a,
a -b = b a (you just finished proving the case b = 1).

In this chapter we began with the natural numbers and gradually built up to
the real numbers. A completely rigorous discussion of this process requires
a little book in itself (see Part V). No one has ever figured out how to get to
the real numbers without going through this process, but if we do accept the
real numbers as given, then the natural numbers can be defined as the real
numbers of the form 1, 1+1, 14+ 1+1, etc. The whole point of this problem
is to show that there is a rigorous mathematical way of saying “ectc.”

(a) A set A of real numbers is called inductive if

(I) 1lisin A,
(2) k4 1isin A whenever k is in A.

Prove that

(i) R is inductive.
(i) The set of positive real numbers is inductive.
(i) The set of positive real numbers unequal to % is inductive.
{ivy The set of positive real numbers unequal to 3 is not inductive.
(v) If A and B are inductive, then the set C of real numbers which
are in both A and B is also inductive.
{(b) A real number r will be called a natural number if n is in every inductive
set.

(i)  Prove that 1 is a natural number.
(ii} Prove that k + 1 is a natural number if & is a natural number.

There is a puzzle consisting of three spindles, with r concentric rings of
decreasing diameter stacked on the first (Figure 1). A ring at the top of a
stack may be moved from one spindle to another spindle, provided that it
is not placed on top of a smaller ring. For example, if the smallest ring is
moved to spindle 2 and the next-smallest ring is moved to spindle 3, then
the smallest ring may be moved to spindle 3 also, on top of the next-smallest.
Prove that the entire stack of » rings can be moved onto spindle 3 in 2" — 1
moves, and that this cannot be done in fewer than 2" — 1 moves.

University B. once boasted 17 tenured professors of mathematics. Tradi-
tion prescribed that at their weekly luncheon meeting, faithfully attended by
all 17, any members who had discovered an error in their published work
should make an announcement of this fact, and promptly resign. Such an an-
nouncement had never actually been made, because no professor was aware
of any errors in her or his work. This is not to say that no errors existed,
however. In fact, over the years, in the work of every member of the de-
partment at least one error had been found, by some other member of the
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department. This error had been mentioned to all other members of the
department, but the actual author of the error had been kept ignorant of the
fact, to forestall any resignations.

One fateful year, the department was augmented by a visitor from another
university, one Prof. X, who had come with hopes of being offered a perma-
nent position at the end of the academic year. Naturally, he was apprised, by
various members of the department, of the published errors which had been
discovered. When the hoped-for appointment failed to materialize, Prof. X
obtained his revenge at the last luncheon of the year. “I have enjoyed my visit
here very much,” he said, “but I feel that there is one thing that I have to tell
you. At least one of you has published an incorrect result, which has been
discovered by others in the department.” What happened the next year?

After figuring out, or looking up, the answer to Problem 27, consider the fol-
lowing: Each member of the department already knew what Prof. X asserted,
s0 how could his saying it change anything?
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The statement is so frequently made
that the differential calculus deals with
continuous magnitude, and yet

an explanation of this continuily is
nowhere given;

even the most rigorous exposilions

of the differential calculus do not base
their proofs upon continuity but,

with more or less consciousness of the fact,
they either appeal to geomelric nolions

or those suggested by geometry,

or depend upon thearems which are never
established in a purely arithmetic manner.
Among these, for example,

belongs the above-mentioned theorem,
and a more careful investigation
convinced me fhat this theorem, or

any one equivalent to 1f, can be regarded
in some way as a sufficient basis

for infinitesimal analysis.

It then only remained to discover ils true
origin in the elements of arithmetic

and thus at the same time

to secure a real definition of

the essence of continuily,

I succeeded Nov. 24, 1858, and

a few days afterward I communicated
the results

of my meditations to my dear friend
Durége with whom I had a long

and hvely diseussion,

RICHARD DEDEKIND



CHAPTER

PROVISIONAL DEFINITION

FUNCTIONS

Undoubtedly the most important concept in all of mathematics is that of a
function—in almost every branch of modern mathematics functions turn out to
be the central objects of investigation. It will therefore probably not surprise you
to learn that the concept of a function is one of great generality. Perhaps it will
be a relief to learn that, for the present, we will be able to restrict our attention to
functions of a very special kind; even this small class of functions will exhibit suffi-
cient variety to engage our attention for quite some time. We will not even begin
with a proper definition. For the moment a provisional definition will enable us to
discuss functions at length, and will illustrate the intuitive notion of functions, as
understood by mathematicians. Later, we will consider and discuss the advantages
of the modern mathematical definition. Let us therefore begin with the following:

A function is a rule which assigns, to each of certain real numbers, some other real
number.

The following examples of functions are meant to illustrate and amplify this defi-
nition, which, admittedly, requires some such clarification.

Example I The rule which assigns to each number the square of that number.
Example 2 The rule which assigns to each number y the number

y¥+3y+5
y+1

Example 3 'The rule which assigns to each number ¢ # 1, —1 the number

A +3c+5
e
Example 4 The rule which assigns to each number x satisfying —17 < x < 7/3
the number x2.
Example 5 'The rule which assigns to each number a the number 0 if a is
irrational, and the number 1 if g is rational.

Example 6 'The rule which assigns

to 2 the number 35,

to 17 the number 3—6—,
T

39
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2

i1
to 7 the number 28,

to 1—6 the number 28,

and to any y # 2, 17, 72/17, or 36/, the number 16 if y is of the form a + bv/2
fora,bin Q.

Example 7 The rule which assigns to each number ¢ the number £3 4 x. (This
rule depends, of course, on what the number x is, so we are really describing
infinitely many different functions, one for each number x.)

Example 8 The rule which assigns to each number z the number of 7’s in the
decimal expansion of z, if this number is finite, and —x if there are infinitely many
7’s in the decimal expansion of z.

One thing should be abundantly clear from these examples—a function is any
rule that assigns numbers to certain other numbers, not just a rule which can
be expressed by an algebraic formula, or even by one uniform condition which
applies to every number; nor 1s it necessarily a rule which you, or anybody else,
can actually apply in practice {no one knows, for example, what rule 8 associates
to 7). Moreover, the rule may neglect some numbers and it may not even be clear
to which numbers the function applies {(try to determine, for example, whether the
function in Example 6 applies to 7). The set of numbers to which a function does
apply is called the domain of the function.

Before saying anything else about functions we badly need some notation. Since
throughout this book we shall frequently be talking about functions (indeed we shall
hardly ever talk about anything else) we need a convenient way of naming func-
tions, and of referring to functions in general. The standard practice is to denote
a function by a letter. For obvious reasons the letter “f” is a favorite, thereby
making “g” and “h” other obvious candidates, but any letter {(or any reasonable
symbol, for that matter) will do, not excluding “x™ and “y”, although these letters
are usually reserved for indicating numbers. If f is a function, then the number
which f associates to a number x is denoted by f(x)—this symbol is read “f of
x” and is often called the value of f at x. Naturally, if we denote a function by x,
some other letter must be chosen to denote the number (a perfectly legitimate,
though perverse, choice would be “ f,” leading to the symbol x(f)). Note that the
symbol f(x) makes sense only for x in the domain of f; for other x the symbol
f(x) is not defined.

If the functions defined in Examples 1-8 are denoted by f, g, &, r, 5, 6, ax,
and y, then we can rewrite their definitions as follows:

(1) f(x)=x% forallzx.

3
_ ¥y +3y+35
2) g0 = A for all y.
3
B he)="CF5 a1, -1,

cZ—1
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@ rix)= x% for all x such that —17 < x < /3.

0, x irrational
G) sx)= { 1, x rational.
[ 53, x=2
3—6—, x=17
b4
2
4
28, x= &
T
2
16, x#2,17, %,or?,andx:a—}—b«/ﬁfbra,binQ.

(M) ay(t) = t3+x for all numbers ¢.

3 | n exactly n 7’s appear in the decimal expansion of x
®) »@= —m, infinitely many 7’s appear in the decimal expansion of x.

These definitions illustrate the common procedure adopted for defining a func-
tion f—indicating what f(x) is for every number x in the domain of f. (Notice
that this is exactly the same as indicating f(a) for every number a, or f(b) for ev-
ery number b, etc.) In practice, certain abbreviations are tolerated. Definition (1)
could be written simple

(1) fxy=x2

the qualifying phrase “for all x” being understood. Of course, for definition (4)
the only possible abbreviation is

@ r)=x% —17 <x <=n/3.

It is usually understood that a definition such as

1
k(x)=1+—, x#0,1
x x-—1

can be shortened to

1 1
kx)= -+ —;
x x-—1

in other words, unless the domain s explicitly restricted further, it is understood to comsist of
all numbers for which the definition makes any sense at all.

You should have little difficulty checking the following assertions about the func-
tions defined above:

F+D=f)+2x+1L;
g(x) = h(x) if x> +3x +5=0;
r(x+1)=r(x)+2x+lif—175x5%_1;
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sfx + ) = s(x) if y is rational;

n? 36
o (x) =x-[f(x)+1];

(£) o)

If the expression f(s(a)) looks unreasonable to you, then you are forgetting that
s(a) 1s a number like any other number, so that f(s(a)) makes sense. As a matter
of fact, f(s(a)) = s(a) for all a. Why? Even more complicated expressions than
f(s(a)) are, after a first exposure, no more difficult to unravel. The expression

J;(r(S(G(as(y(%)))))),

formidable as it appears, may be evaluated quite easily with a little patience:

Flr@sy3HOMmN
= f(r(s(@(a3:(®)))
= fr(s(@(3N)N
= f(r(s(16)))
= f(r())
= f(1)
=1.

The first few problems at the end of this chapter give further practice manipulating
this symbolism.

The function defined in (1) is a rather special example of an extremely impor-
tant class of functions, the polynomial functions. A function f is a polynomial
function if there are real numbers ag, ... , @, such that

f(x) = anx" + @p1x" 1 4 - + a2x? + a1x + ap, for all x

(when f(x) is written in this form it is usually tacitly assumed that a, # (). The
highest power of x with a nonzero coefficient is called the degree of f; for
example, the polynomial function f defined by f(x) = 5x% 4+ 137x* — & has
degree 6.

The functions defined in (2) and (3) belong to a somewhat larger class of func-
tions, the rational functions; these are the functions of the form p/q where p
and ¢ are polynomial functions (and g is not the function which is always 0). The
rational functions are themselves quite special examples of an even larger class of
functions, very thoroughly studied in calculus, which are simpler than many of the
functions first mentioned in this chapter. The following are examples of this kind
of function: )

x+x2+xsin“x
O =
O 1@ x sin x + x sin® x
(10) f@) = sin(x2).
(11)  f(x) = sin(sin(x?)).
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(12) f(x) = sin’(sin(sin®(x sin® x))) - sin (w)
X +sinx

By what criterion, you may feel impelled to ask, can such functions, especially a
monstrosity like (12), be considered simple? The answer is that they can be built
up from a few simple functions using a few simple means of combining functions.
In order to construct the functions (9)<(12) we need to start with the “identity
function” I, for which I(x) = x, and the “sine function” sin, whose value sin(x) at
x is often written simple sin x. The following are some of the important ways in
which functions may be combined to produce new functions.

If f and g are any two functions, we can define a new function f + g, called
the sum of f and g, by the equation

(f +8)x)= f(x) + g(x).

Note that according to the conventions we have adopted, the domain of f + g
consists of all x for which “f(x} + g(x)” makes sense, i.e., the set of all x in both
domain f and domain g. If A and B are any two sets, then A N B (read “A
intersect B> or “the intersection of A and B”) denotes the set of x in both A
and B; this notation allows us to write domain(f + g) = domain f N domain g.

In a similar vein, we define the product f - g and the quotient ! (or f/g) of
4

f and g by
(f- &)= f(x) - g(x)

APIIpLS)
(g)(x)_ g

Moreover, if g is a function and c is a number, we define a new function ¢ - g by

and

(c-g)(x) =c-g(x).

This becomes a special case of the notation f - g if we agree that the symbol ¢
should also represent the function f defined by f(x) = c¢; such a function, which
has the same value for all numbers x, is called a constant function.

The domain of f-g is domain f N domain g, and the domain of ¢ - g is simply
the domain of g. On the other hand, the domain of f/g is rather complicated—it
may be written domain f N domain g N {x : g(x) # 0}, the symbol {x : g(x) # 0}
denoting the set of numbers x such that g(x) # 0. In general, {x : ...} denotes
the set of all x such that “ ... ” is true. Thus {x : x3 + 3 < 11} denotes the set of
all numbers x such that x* < 8, and consequently {x : x3 +3 < 11) = {x : x < 2}.
Either of these symbols could just as well have been written using y everywhere
instead of x. Variations of this notation are common, but hardly require any
discussion. Any one can guess that {x > 0: x3 < 8} denotes the set of positive
nambers whose cube is less than 8; it could be expressed more formally as {x :
x > 0 and x* < 8}. Incidentally, this set is equal to the set {x : 0 < x < 2}. One
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variation is slightly less transparent, but very standard. The set {1, 3,2, 4}, for
example, contains just the four numbers 1, 2, 3, and 4; it can also be denoted by
[x:x=1lorx=30rx=2o0rx =4}

Certain facts about the sum, product, and quotient of functions are obvious con-
sequences of facts about sums, products, and quotients of numbers. For example,
it is very easy to prove that

(f+g)+h=f+(g+h).

The proof is characteristic of almost every proof which demonstrates that two
functions are equal—the two functions must be shown to have the same domain,
and the same value at any number in the domain. For example, to prove that
(f +8) +h = f+ (g +h), note that unraveling the definition of the two sides gives

[((f +8)+h](x) = (f + )(x) + h(x)
= [f(x) + g(x)] + h(x)

and

[f + (g +B](x) = f(x)+ (g + h)(x)
= f(x) + [g(x) + h(x)],

and the equality of [ f(x) 4+ g(x)] + h(x) and f(x) + [g(x) + k(x)] is a fact about
numbers. In this proof the equality of the two domains was not explicitly men-
tioned because this is obvious, as soon as we begin to write down these equations;
the domain of (f 4+ g) + & and of f + (g + h) is clearly domain f N domain g N
domain A. We naturally write f + g + A for (f + g) +h = f + (g + h), precisely
as we did for numbers.

It is just as easy to prove that (f-g)-h = f - (g- k), and this function is denoted
by f - g-h. The equations f +g =g+ f and f-g = g f should also present
no difficulty.

Using the operations +, -, / we can now express the function f defined in (9)
by
I+1I-I+1-sin-sin

I-sin+7-sin-sin

f=

It should be clear, however, that we cannot express function (10) this way. We re-
quire yet another way of combining functions. This combination, the composition
of two functions, is by far the most important.

If f and g are any two functions, we define a new function f o g, the compo-
sition of f and g, by

(f 0 8)(x) = f(g(x));

the domain of fogis {x : x is in domain g and g(x) is in domain f}. The symbol
“fog” is often read “f circle g.” Compared to the phrase “the composition of f
and g7 this has the advantage of brevity, of course, but there is another advantage
of far greater import: there is much less chance of confusing f o g with go f, and
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these must not be confused, since they are not usually equal; in fact, almost any f
and g chosen at random will illustrate this point (try f = I - I and g = sin, for
example). Lest you become too apprehensive about the operation of composition,
let us hasten to point out that composition s associative:

(fog)oh=fo(goh)
(and the proof is a triviality); this function is denoted by f o g o h., We can now
write the functions (10), (11), (12) as
(10y f=sino (1 1),
(11) f=sinosgino(J 1),
(12) f = (sin-sin) osino (sin-sin) o (J - [(sin-sin) o (I - N)]) -

) (I+sino(1-sin))
sin o : .
I+ sm

One fact has probably already become clear. Although this method of writing
functions reveals their “structure” very clearly, it is hardly short or convenient. The
shortest name for the function f such that f(x) = sin(x?) for all x unfortunately
seems to be “the function f such that f(x) = sin(x?) for all x.” The need for
abbreviating this clumsy description has been clear for two hundred years, but no
reasonable abbreviation has received universal acclaim. At present the strongest
contender for this honor is something like

X —> sin(xz)

(read “x goes to sin(x2)” or Just “x arrow sin(xz)”), but it 1s hardly popular among
writers of calculus textbooks. In this book we will tolerate a certain amount of
ellipsis, and speak of “the function f(x) = sin(x%).” Even more popular is the
quite drastic abbreviation: “the function sin(x?),” For the sake of precision we
will never use this description, which, strictly speaking, confuses a number and
a function, but it is so convenient that you will probably end up adopting it for
personal use. As with any convention, utility is the motivating factor, and this
criterion is reasonable so long as the slight logical deficiencies cause no confusion.
On occasion, confusion will arise unless a more precise description is used. For
example, “the function x + £3 is an ambiguous phrase; it could mean either

x — x + 83, ie., the function f such that f(x) = x + ¢ for all x

or
t — x + 12, i.e., the function f such that f(t) = x +¢> for all 1.

As we shall sce, however, for many important concepts associated with functions,
calculus has a notation which contains the “x —” built in.

By now we have made a sufficiently extensive investigation of functions to war-
rant reconsidering our definition. We have defined a function as a “rule,” but it is
hardly clear what this means. If we ask “What happens if you break this rule?” it

is not easy to say whether this question is merely facetious or actually profound.
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A more substantial objection to the use of the word “rule” is that

fx) =x?
and

fE)=x2+3x+3-3+1D

are certainly different rules, if by a rule we mean the actual instructions given for
determining f(x); nevertheless, we want

fx) =52
and

fx) = x2‘+ 3x+3—cx+1)

to define the same function. For this reason, a function is sometimes defined as an
“association” between numbers; unfortunately the word “association™ escapes the
objections raised against “rule” only because it is even more vague.

There is, of course, a satisfactory way of defining functions, or we should never
have gone to the trouble of criticizing our original definition. But a satisfactory
definition can never be constructed by finding synonyms for English words which
are troublesome. The definition which mathematicians have finally accepted for
“function” is a beautiful example of the means by which intuitive ideas have been
incorporated into rigorous mathematics. The correct question to ask about a
function 1s not “What is a rule? or “What is an association? but “What does
one have to know about a function in order to know all about it?” The answer to
the last question is easy—for each number x one needs to know the number f(x);
we can imagine a table which would display all the information one could desire
about the function f(x) = x2:

x fx)

1 1

-1 1

2 4
-2 4
V2 2
—2 2
i 71'2
— Tl’z

It is not even necessary to arrange the numbers in a table (which would actually
be impossible if we wanted to list all of them). Instead of a two column array we
can consider various pairs of numbers

(LD, (1,1, 2,4, (2,4, ¢, 70, V2.2),...
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simply collected together into a set.* To find f(1) we simply take the second
number of the pair whose first member is 1; to find f(w) we take the second
number of the pair whose first member is 7. We seem to be saying that a function
might as well be defined as a collection of pairs of numbers. For example, if we
were given the following collection {(which contains just 5 pairs):

f={1,D, G.7, 5,3), 4.8), 8.4},
then f(1)=7, f3) =7, f(5)=3, f@ =8, fB8) =4and 1, 3,4, 5, 8 arc the
only numbers in the domain of f. If we consider the collection

fF=14.D, 3.7 2.5, (1,8), B4}

then £(3) =7, £(2) =5, f£(8) = 4; but it is impossible to decide whether f(1) =7
or f(1) = 8. In other words, a function cannot be defined to be any old collection
of pairs of numbers; we must rule out the possibility which arose in this case. We
are therefore led to the following definition.

A function is a collection of pairs of numbers with the following property: if
(a.b) and (a, c) are both in the collection, then b = c; in other words, the
collection must not contain two different pairs with the same first element.

Thus 1s our first full-fledged definition, and illustrates the format we shall always
use to define significant new concepts. These definitions are so important {at
least as important as theorems) that it is essential to know when one is actually
at hand, and to distinguish them from comments, motivating remarks, and casual
explanations. They will be preceded by the word DEFINITION, contain the term
being defined in boldface letters, and constitute a paragraph unto themselves.

'There is one more definition (actually defining two things at once) which can
now be made rigorously:

If £ is a function, the domain of f is the set of all a for which there is some b
such that (a, b) isin f. If a is in the domain of f, it follows from the definition
of a function that there is, in fact, a unigue number b such that (a, ) is in f.
This unique b is denoted by f(a).

With this definition we have reached our goal: the important thing about a
function f is that a number f(x) is determined for each number x in its domain.
You may feel that we have also reached the point where an intuitive definition has
been replaced by an abstraction with which the mind can hardly grapple. Two
consolations may be offered. First, although a function has been defined as a

*The pairs occurring here are often called “ordered pairs,” to emphasize that, for example, (2, 4) is
not the same pair as (4, 2). It is only fair to warn that we are going to define functions in terms of
ordered pairs, another undefined term. Ordered pairs can be defined, however, and an appendix to
this chapter has been provided for skeptics.
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collection of pairs, there is nothing to stop you from thinking of a function as a
rule. Second, neither the intuitive nor the formal definition indicates the best way
of thinking about functions. The best way is to draw pictures; but this requires a

chapter all by itself.
PROBLEMS
1. Let f(x)=1/(1 4+x). What is

(1)  f(f(x)) (for which x does this make sense?).

.. 1

@ f (;)

(i) f(ex).

) fx+y).

v fE®+ o).

(vij For which numbers c is there a number x such that f(cx) = f(x).

Hint: There are a lot more than you might think at first glance.
(vii) For which numbers ¢ is it true that f(ex) = f(x) for two different
numbers x?

Let g(x) = x2, and let

0, =x rational
h(r) = { 1, x irrational.

(i) For which y is A(y) < y?

@y For which y is 2(y) < g(y)?
(i) What is g(h(z)) — h(z)?

{iv) For which w is g(w) < w?

(v) Tor which ¢ is g(g(8)) = g(&)?

Find the domain of the functions defined by the following formulas.
Q) fx)y=+v1-x2

i) fxy=y1l-v1-x2
1 1
(1) f(x)—m+x_2
iv) fx)=v1-x2++vx2-1.

© fE=V1i-x+vVx-2.

Let S(x) = x2, let P(x) = 2%, and let s(x) = sinx. Find each of the following:
In each case you answer should be a number.

M (5o P)y).

) (Sos)().

(ii) (So P os)(t)+ (5o P)(2).

i) s@?).

Express each of the following functions in terms of §, P, s, using only
+, +, and o (for example, the answer to (i) is P o 5). In each case your
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answer should be a _finction.

@

(i)
(iti)
()
™)

(vi)
(vid)

fx)= Jsinx_
f(x) =sin 2%,
F(x) = sin x2,

fl) = sin? x (remember that sin? x is an abbreviation for (sin x)3).
f@) =2%. (Note: a” always means a®”; this convention is adopted
because (a®)° can be written more simply as a?¢.)

flu) =sin@* +24).

fn= sin(sin(sin(Zzzmy))).

(Vill) f(a) = 25in2a + sin(az) + 25in(a2+5ina)_

Polynomial functions, because they are simple, yet flexible, occupy a favored
role in most investigations of functions. The following two problems illustrate their
flexibility, and guide you through a derivation of their most important elementary
properties.

(2)

()

If x1, ..., x, are distinct numbers, find a polynomial function f; of
degree n — 1 which is 1 at x; and 0 at x; for j # i. Hint: the product of
all (x —x;) for j #1i,is O at x; if j # i. (This product is usually denoted

by

JBIERED]

=1

J#i
the symbol IT (capital pi) playing the same role for products that T plays
for sums.) -
Now find a polynomial function f of degree n — 1 such that f(x;) = a;,
where ai, ..., a, are given numbers. (You should use the functions
fi from part (a). The formula you will obtain is called the “Lagrange
interpolation formula.”)

Prove that for any polynomial function f, and any number a, there is a
polynomial function g, and a number b, such that f(x) = (x—a)g(x)+b&
for all x. (The idea is simply to divide (x —a) into f(x) by long division,
until a constant remainder is left. For example, the calculation

22 +x =2
x—1)% —3x+1
x3 —x?
x2 —3x
x%  —x
—2x 41
—2x+2
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10.

11.

shows that x3 —3x+1 = (x - D2 +x—2) — 1. A formal proof is
possible by induction on the degree of f.)

(b} Prove that if f(a) = 0, then f(x) = (x —a)g(x) for some polynomial
function g. (The converse is obvious.)

(c) Prove thatif f is a polynomial function of degree n, then f has at most
n roots, i.e., there are at most n numbers @ with f(a) = 0.

{d} Show that for each n there i1s a polynomial function of degree n with
n roots. If n is even find a polynomial function of degree n with no
roots, and if » is odd find one with only one root.

For which numbers a, b, ¢, and d will the function

satisfy f(f(x)) = x for all x?
(a) If A is any set of real numbers, define a function C4 as follows:

1, xin A
0, xnotin A.

Calx) = {

Find expressions for Canpg and C4yp and Cr—4, in terms of Cy4 and Cp.
(The symbol A N B was defined in this chapter, but the other two may
be new to you., They can be defined as follows:

AUB={x:xisin A or x isin B},
R—A={x:xisin R but x is not in A}.)

(b) Suppose f is a function such that f(x) =0 or 1 for each x. Prove that
there is a set A such that f = C,.
(c) Show that f = f? if and only if f = C, for some set A.

(a) For which functions £ is there a function g such that f = g2? Hint: You
can certainly answer this question if “function” is replaced by “number.”
{b) For which functions f is there a function g such that f = 1/g?
*(c) For which functions b and ¢ can we find a function x such that

x@) +b@Dx(t) +e(t) =0

for all numbers ¢?
*(d) What conditions must the functions a and b satisfy if there is to be a
function x such that

a(t)x(t) +b(t) =0
for all numbers ¢? How many such functions x will there be?

{(a) Suppose that H is a function and y is a number such that H(H(y)) = y.
What is
LH(H(H('“(H()’)-“)J?

—

BO times
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(b) Same question if 80 is replaced by 81.
(¢} Same question if H(H(y)) = H(y).
¥(d) Find a function H such that H(H(x)) = H(x) for all numbers x, and
such that (1) =36, H2) = /3, H(13) =47, H(36) = 36, H(n/3) =
n/3, H@4T) = 47. (Don’t try to “solve” for H(x); there are many func-
tions H with H(H (x)} = H(x). The extra conditions on H are supposed
to suggest a way of finding a suitable H.)
*(e) Find a function H such that H(H(x)) = H(x) for all x, and such that
HN)=17 H(17) =18.

A function f is even if f(x) = f(—x) and odd if f(x) = —f(~x). For
example, f is even if f(x) = x2 or f(x) = |x| or f(x) = cosx, while f is
odd if f(x) =x or f(x) =sinx.

(a) Determine whether f + g is even, odd, or not necessarily either, in the
four cases obtained by choosing f even or odd, and g even or odd. (Your
answers can most conveniently be displayed in a 2 x 2 table.)

{b) Do the same for f - g.

{c) Do the same for fog.

(d) Prove that every even function f can be written f(x) = g(|x]), for in-
finitely many functions g.

{a) Prove that any function f with domain R can be written f = E + O,
where E is even and O is odd.

{b) Prove that this way of writing f is unique. (If you try to do part (b) first,
by “solving” for E and O you will probably find the solution to part {a).)

If f is any function, define a new function |f| by |f|(x) = |[f)I. I f
and g are functions, define two new functions, max(f, g) and min(f, g), by

max(f, g)(x) = max(f(x), g(x)),
min(f, g)(x) = min(f(x}, g(x)).

Find an expression for max(f, g) and min{f, g) in terms of | |.

(a) Show that f = max(f, 0) + min(f, 0). This particular way of writing
[ is fairly useful; the functions max(f, ) and min(f, 0) are called the
positive and negative parts of f.

(b} A function f is called nonnegative if f(x) > O for all x. Prove that any
function f can be written f = g — h, where g and % are nonnegative,
in infinitely many ways. (The “standard way” is g = max(f,0) and h =
—min(f, 0).) Hint: Any number can certainly be written as the difference
of two nonnegative rumbers in infinitely many ways.

Suppose f satisfies f(x +y) = f(x) + f(y) for all x and y.

(a) Prove that f(x1+---+x) = f(x1) + -+ + f(xn).

(b) Prove that there is some number ¢ such that f(x) = ex for all rational
numbers x (at this point we’re not trying to say anything about f(x) for
irrational x). Hint: First figure out what ¢ must be. Now prove that
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*17.

*18.

*19.

*20.

21.

22,

f(x) = ex, first when x 1s a natural number, then when x is an integer,
then when x is the reciprocal of an integer and, finally, for all rational x.

If f(x) =0forall x, then f satisfies f(x+y) = f(x)+ f(y) forall x and y,
and also f(x-y) = f(x)- f(y) for all x and y. Now suppose that f satisfies
these two properties, but that f(x) is not always 0. Prove that f(x) = x for
all x, as follows:

(a) Prove that f(1) = 1.

{b) Prove that f(x) = x if x is rational.

{c) Prove that f(x) > 0 if x > 0. (This part 1s tricky, but if you have
been paying attention to the philosophical remarks accompanying the
problems in the last two chapters, you will know what to do.)

(d) Prove that f(x) > f(y)if x > y.

(e) Prove that f(x) = x for all x. Hint: Use the fact that between any two
numbers there is a rational number.

Precisely what conditions must f, g, k, and & satisfy in order that f(x)g(y) =
h(x)k(y) for all x and y?

(a) Prove that there do not exist functions f and g with either of the following
properties:

A fx)+g(y)=xyforalxandy.
(i) f(x) g(y)=x+yforallxandy.

Hint: Try to get some information about f or g by choosing particular
values of x and y.
(b) Find functions f and g such that f(x 4+ y) = g(xy) for all x and y.

{(a) Find a function f, other than a constant function, such that |f(y) —
F@) = |y —xl.

{b) Suppose that f(y) — f(x) < (y — x)? for all x and y. (Why does this
imply that | f(y)— f(x)] < (¥ —x)2?) Prove that £ is a constant function.

Hint: Divide the interval from x to y into n equal pieces.

Prove or give a counterexample for each of the following assertions:

(a) fo(g+h)=Ffog+foh
b) g+h)of=gof+hof.

© fl 1

= — 0
T
=fol -1

0 75=7°(5)

(@) Suppose g =ho f. Prove that if f(x) = f(y), then g(x) = g(y).

{b) Conversely, suppose that f and g are two functions such that g(x) = g(y)
whenever f(x) = f(¥). Prove that g = ho f for some function 4. Hint:
Just try to define k(z) when z is of the form z = f(x) (these are the only z
that matter) and use the hypotheses to show that your definition will not
run into trouble,
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Suppose that f o g = I, where I(x) = x. Prove that

(a)
(b)

(a)
(b)

if x # y, then g(x) # g(»);

every number b can be written b = f(a) for some number a.

Suppose g is a function with the property that g(x) # g(y) if x # y.
Prove that there is a function f such that fog = 1.

Suppose that f is a function such that every number b can be written
b = f(a) for some number a. Prove that there is a function g such that

fog=1L

Find a function f such that g o f = I for some g, but such that there is no
function A with foh =1.

Suppose fog=1and ho f = I. Prove that g = k. Hint: Use the fact that

composition is associative.

Suppose f(x) = x+1. Are there any functions g such that fog = go f?
Suppose f is a constant function. For which functions g does fog =
go f?

Suppose that fog = go f for all functions g. Show that f is the identity
function, f(x) =x.

Let F be the set of all functions whose domain 1s R. Prove that, using +
and - as defined in this chapter, all of properties P1-P9 except P7 hold
for F, provided 0 and 1 are interpreted as constant functions.

Show that P7 does not hold.

Show that P10-P12 cannot hold. In other words, show that there is
no collection P of functions in F, such that P10-P12 hold for P. (It s
sufficient, and will simplify things, to consider only functions which are 0
except at two points xg and x;.)

Suppose we define f < g to mean that f(x) < g(x) for all x. Which of
P’10-P’13 (in Problem 1-8) now hold?

If f<g,ishof <hog?lIs foh<goh?
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DEFINITION

THEOREM 1

PROOF

APPENDIX. ORDERED PAIRS

Not only in the definition of a function, but in other parts of the book as well,
it is necessary to use the notion of an ordered pair of objects. A definition has
not yet been given, and we have never even stated explicitly what properties an
ordered pair is supposed to have. The one property which we will require states
formally that the ordered pair (a, b) should be determined by a and b, and the
order in which they are given:

if (a,b) = (c,d),thena=cand b=4d.

Ordered pairs may be treated most conveniently by simply introducing (a, &)
as an undefined term and adopting the basic property as an axiom—since this
property is the only significant fact about ordered pairs, there is not much point
worrying about what an ordered pair “really” is. Those who find this treatment
satisfactory need read no further.

The rest of this short appendix is for the benefit of those readers who will feel
uncomfortable unless ordered pairs are somehow defined so that this basic property
becomes a theorem. There is no point in restricting our attention to ordered pairs
of numbers; it is just as reasonable, and just as important, to have available the
notion of an ordered pair of any two mathematical objects. This means that our
definition ought to involve only concepts common to all branches of mathematics.
The one common concept which pervades all areas of mathematics is that of a
set, and ordered pairs (like everything else in mathematics) can be defined in this
context; an ordered pair will turn out to be a set of a rather special sort.

The set {a, b}, containing the two elements @ and b, is an obvious first choice,
but will not do as a definition for (a, b), because there is no way of determining
from {a, b} which of a or b is meant to be the first element. A more promising
candidate is the rather startling set:

{{a}. {a. b}}.

This set has two members, both of which are themselves sets; one member is the set
{a), containing the single member a, the other is the set {a, b}. Shocking as it may
seem, we are going to define (a, b) to be this set. The justification for this choice 1s
given by the theorem immediately following the definition—the definition works,
and there really isn’t anything else worth saying,

(e, b) = {{a}, {a, b}}.

If (a,b) = (c,d), thena =c and b =4d.

The hypothesis means that
{{a}, {a,b}}={{c}, [c,d}}.

Now {{a), {a, b)) contains just two members, {e} and {a, b}; and a is the only
common element of these two members of {{a}, {a, b}}. Similarly, ¢ is the umque
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common member of both members of {{c}, {c,d}}. Therefore a = ¢. We there-
fore have

{{a}, la,b}}={{a}, {a.d}},
and only the proof that b = d remains. It is convenient to distinguish 2 cases,

Case 1. b = a. In this case, {a, b} = {a}, so the set { {a}, {a, b}} really has only one
member, namely, {a}. The same must be true of {{a}, {a,d}}, so {a,d} = (a}],
which implies that d =a = b.

Case 2. b # a. In this case, b is in one member of {{a}, {a, b}} but not in the
other. It must therefore be true that b is in one member of {{a}, {a,d}} but not
in the other. This can happen only if b is in {a, d}, but b is notin {a}; thus b =a
orb=d,butb#a;sob=d.|



CHAPTER GRAPHS

Mention the real numbers to a mathematician and the image of a straight line will
probably form in her mind, quite involuntarily. And most likely she will neither
banish nor too eagerly embrace this mental picture of the real numbers. “Geomet-
ric intuition” will allow her to interpret statements about numbers in terms of this
picture, and may even suggest methods of proving them. Although the properties
of the real numbers which were studied in Part I are not greatly illuminated by a

geometric picture, such an interpretation will be a great aid in Part IL
You are probably already familiar with the conventional method of considering
. L , . the straight line as a picture of the real numbers, i.e., of associating to each real
-1 I 2 3 number a point on a line. To do this (Figure 1) we pick, arbitrarily, a point which
FIGURE 1 we label 0, and a point to the right, which we label 1. The point twice as far to
the right is labeled 2, the point the same distance from 0 to 1, but to the left of 0,
is labeled —1, etc. With this arrangement, if @ < b, then the point corresponding
to a lies to the left of the point corresponding to b. We can also draw rational
numbers, such as %, in the obvious way. It is usually taken for granted that the
irrational numbers also somehow fit into this scheme, so that every real number
can be drawn as a point on the line. We will not make too much fuss about
justifying this assumption, since this method of “drawing” numbers is intended
solely as a method of picturing certain abstract ideas, and our proofs will never
rely on these pictures (although we will frequently use a picture to suggest or help
explain a proof). Because this geometric picture plays such a prominent, albeit
inessential role, geometric terminology is frequently employed when speaking of
numbers—thus a number 1s sometimes called a poinf, and R is often called the

real line.

The number |a—b| has a simple interpretation in terms of this geometric picture:
it is the distance between a and b, the length of the line segment which has a as one
end point and b as the other. This means, to choose an example whose frequent
occurrence justifies special consideration, that the set of numbers x which satisfy
|x —a| < € may be pictured as the collection of points whose distance from a is
less than e. This set of points is the “interval” from a — ¢ to a 4 &, which may also
be described as the points corresponding to numbers x witha —e < x <a+¢

B — (Figure 2).
fe ’ ot Sets of numbers which correspond to intervals arise so frequently that it is desir-
able to have special names for them. The set {x : @ < x < b} is denoted by (a, b)
and called the open interval from a to b. This notation naturally creates some
ambiguity, since (a, b) is also used to denote a pair of numbers, but in context it is
always clear (or can easily be made clear) whether one is talking about a pair or
an interval. Note that if a > b, then (g, b) = 0, the set with no elements; in prac-

FIGURE 2
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tice, however, it is almost always assumed (explicitly if one has been careful, and
implicitly otherwise), that whenever an interval (a, ) is mentioned, the number a
is less than b.

The set {x : a < x < b} is denoted by [a, b] and is called the closed interval
from a to b. This symbol is usually reserved for the case a < b, but it is sometimes
used for a = b, also. The usual pictures for the intervals (a, ») and [a, b] are shown
in Figure 3; since no reasonably accurate picture could ever indicate the difference
between the two intervals, various conventions have been adopted. Figure 3 also
shows certain “infinite” intervals, The set {x : x > a} is denoted by (a, 00),
while the set {x : x > a} is denoted by [a, o0); the sets (—oo, @) and (—o0, a] are
defined similarly. At this point a standard warning must be issued: the symbols co
and —oo, though usually read “infinity” and “minus infinity,” are purely suggestive;
there is no number “o0” which satisfies 00 > a for all numbers a. While the
symbols co and —oo will appear in many contexts, it is always necessary to define
these uses in ways that refer only to numbers. The set R of all real numbers is
also considered to be an “interval,” and is sometimes denoted by (—o0, oc).

Of even greater interest to us than the method of drawing numbers is 2 method
of drawing pairs of numbers. This procedure, probably also familiar to you, re-
quires a “coordinate system,” two straight lines intersecting at right angles. To
distinguish these straight lines, we call one the horizontal axis, and one the verfical
axis. (More prosaic terminology, such as the “first” and “second” axes, is probably
preferable from a logical point of view, but most people hold their books, or at
least their blackboards, in the same way, so that “horizontal” and “vertical” are
more descriptive.) Each of the two axes could be labeled with real numbers, but
we can also label points on the horizontal axis with pairs (a, 0) and points on the
vertical axis with pairs (0, b}, so that the intersection of the two axes, the “origin”
of the coordinate systern, is labeled (0, 0). Any pair (g, ) can now be drawn as
in Figure 4, lying at the vertex of the rectangle whose other three vertices are la-
beled (0, 0), (a, 0), and (0, b). The numbers a and b are called the firsé and second
coordinales, respectively, of the point determined in this way.

Our real concern, let us recall, is a method of drawing functions. Since a func-
tion is just a collection of pairs of numbers, we can draw a function by drawing
each of the pairs in the function. The drawing obtained in this way is called the
graph of the function. In other words, the graph of f contains all the points cor-
responding to pairs (x, f(x)). Since most functions contain infinitely many pairs,
drawing the graph promises to be a laborious undertaking, but, in fact, many
functions have graphs which are quite easy to draw.

Not surprisingly, the simplest functions of all, the constant functions f(x) = c,
have the simplest graphs. It is easy to see that the graph of the function f(x) =¢
is a straight line parallel to the horizontal axis, at distance ¢ from it (Figure 5).

The functions f(x) = cx also have particularly simple graphs—straight lines
through (0,0), as in Figure 6. A proof of this fact is indicated in Figure 7:
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FIGURE 7
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FIGURE 9

Let x be some number not equal to 0, and let L be the straight line which passes
through the origin O, corresponding to (0, 0), and through the point A, corre-
sponding to (x, cx). A point A’, with first coordinate y, will lie on L when the
triangle A’B’'Q is similar to the triangle ABQ, thus when

this is precisely the condition that A’ corresponds to the pair (y, cy), i.e., that A’
lies on the graph of f. The argument has implicitly assumed that ¢ > 0, but the
other cases are treated easily enough. The number ¢, which measures the ratio of
the sides of the triangles appearing in the proof, is called the slgpe of the straight
line, and a line parallel to this line is also said to have slope c.

This demonstration has neither been labeled nor treated as a formal proof.
Indeed, a rigorous demonstration would necessitate a digression which we are
not at all prepared to follow. The rigorous proof of any statement connecting
geometric and algebraic concepts would first require a real proof (or a precisely
stated assumption) that the points on a straight line correspond in an exact way
to the real numbers. Aside from this, it would be necessary to develop plane
geometry as precisely as we intend to develop the properties of real numbers.
Now the detailed development of plane geometry is a beautiful subject, but it is by
no means a prerequisite for the study of calculus. We shall use geometric pictures
only as an aid to intuition; for our purposes {and for most of mathematics) it is
perfectly satisfactory to dgfine the plane to be the set of all pairs of real numbers,
and to define straight lines as certain collections of pairs, including, among others,
the collections {(x, cx) : x a real number}. To provide this artificially constructed
geometry with all the structure of geometry studied in high school, one more
definition is required. If (a, b) and (¢, d) are two points in the plane, i.e., pairs of
real numbers, we dgfine the distance between (g, b) and (c, d) to be

Va—-o?+ b -d2.

If the motivation for this definition is not clear, Figure 8 should serve as adequate
explanation—with this definition the Pythagorean theorem has been built into our
geometry¥

Reverting once more to our informal geometric picture, it is not hard to see
(Figure 9) that the graph of the function f(x) = cx + d is a straight line
with slope ¢, passing through the point (0,d). For this reason, the functions
f(x) = cx + d are called linear functions. Simple as they are, linear func-
tions occur frequently, and you should feel comfortable working with them. The
following is a typical problem whose solution should not cause any trouble. Given
two distinct points {a, b) and (c, d), find the linear function f whose graph goes
through (a, b) and (c, d). This amounts to saying that f(@) = b and f(c) =4. If

*The fastidious reader might object to this definition on the grounds that nonnegative numbers
are not yet known to have square roots. This objection is really unanswerable at the moment—the
definition will just have to be accepted with reservations, until this little point is settled.
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f is to be of the form f(x) = ax + 8, then we must have

aa+ B =b,
ac+ B =d,;
therefore 0 = (d — b)/(c —a) and B =b — [(d — b)/(c — a)]a, so
f(x) = d_bx+b—d_ba=d_b(x—a)+b,
c—a c—a c—a

a formula most easily remembered by using the “point-slope form” (see Problem 6).

Of course, this solution is possible only if a # ¢; the graphs of linear functions
account only for the straight lines which are not parallel to the vertical axis. The
vertical straight lines are not the graph of any function at all; in fact, the graph of a
function can never contain even two distinct points on the same vertical line. This
conclusion is immediate from the definition of a function—two points on the same
vertical line correspond to pairs of the form (a, b} and (a, ¢) and, by definition, a
function cannot contain (a, b) and (a, c) if b # c. Conversely, if a set of points in
the plane has the property that no two points lie on the same vertical line, then
it is surely the graph of a function. Thus, the first two sets in Figure 10 are not
graphs of functions and the last two are; notice that the fourth is the graph of a
function whose domain is not all of R, since some vertical lines have no points on
them at all.

After the linear functions the simplest is perhaps the function f(x) = x2. If we
draw some of the pairs in f, i.e., some of the pairs of the form (x, x%), we obtain
a picture like Figure 11,

(2, 4)

o4, b

(-1, 1)e o1, 1)

(—';'s '1'). .(i’r *)
('_'é'! *’)! . '(’A’! i‘)
{0, 0

FIGURE 11
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fx) = &

FIGURE 12

(b)

(c)

FIGURE 13

It is not hard to convince yourself that all the pairs (x, x2) lie along a curve like
the one shown in Figure 12; this curve is known as a parabola.

Since a graph is just a drawing on paper, made (in this case) with printer’s ink,
the question “Is this what the graph really looks like?” is hard to phrase in any
sensible manner. No drawing is ever really correct since the line has thickness.
Nevertheless, there are some questions which one can ask: for example, how can
you be sure that the graph does not look like one of the drawings in Figure 13?
It is easy to see, and even to prove, that the graph cannot look like (a); for if
0 < x <y, then x2 < y2, so the graph should be higher at y than at x, which is
not the case in (a) . It is also easy to see, simply by drawing a very accurate graph,
first plotting many pairs (x, x2), that the graph cannot have a large “jump” as in (b)
or a “corner” as in (c). In order to prove these assertions, however, we first need
to say, in a mathematical way, what it means for a function not to have a “jump”
or “corner”; these ideas already involve some of the fundamental concepts of
calculus. Eventually we will be able to define them rigorously, but meanwhile you
may amuse yourself by attempting to define these concepts, and then examining
your definitions critically. Later these definitions may be compared with the ones
mathematicians have agreed upon. If they compare favorably, you are certainly
to be congratulated!

The functions f(x) = x", for various natural numbers r, are sometimes called
power functions. Their graphs are most easily compared as in Figure 14, by
drawing several at once.

The power functions are only special cases of polynomial functions, introduced
in the previous chapter. Two particular polynomial functions are graphed in

FIGURE 14
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Figure 15, while Figure 16 is meant to give a general idea of the graph of the
polynomial function

F(x) = anx" +ap_ 12" + -+ ap,

in the case a, > 0.

In general, the graph of f will have at most # — 1 “peaks” or “valleys” (a “peak”
is a point like (x, f(x)) in Figure 16, while a “valley” is a point like (y, f(»)). The
number of peaks and valleys may actually be much smaller (the power functions,
for example, have at most one valley). Although these assertions are easy to make,
we will not even contemplate giving proofs until Part ITI {once the powerful meth-
ods of Part III are available, the proofs will be very easy).

Tigure 17 illustrates the graphs of several rational functions. The rational func-
tions exhibit even greater variety than the polynomial functions, but their behavior
will also be easy to analyze once we can use the derivative, the basic tool of Part I11.

Many interesting graphs can be constructed by “piecing together” the graphs of
functions already studied. The graph in Figure 18 is made up entirely of straight
lines. The function f with this graph satisfies

f (1) = (D™,
n

f (_—1) = (=11,
n

S =1, lxl =1,

and is a linear function on each interval [1/(n +1), 1/n] and [—1/n, =1/(n+1)].
{The number 0 is not in the domain of f.) Of course, one can write out an explicit
formula for f(x), when x is in [1/(n + 1), 1/n]; this is a good exercise in the use
of linear functions, and will also convince you that a picture is worth a thousand
words.

n even rn odd
() (b)
FIGURE 16
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/‘\ 1T flx) = sin x /‘\
/- 360 \/360 \_/720
+-1

FIGURE 19

It is actually possible to define, in a much simpler way, a function which exhibits
this same property of oscillating infinitely often near 0, by using the sine function.
In Chapter 15 we will discuss this function in detail, and radian measure in par-
ticular; for the time being it will be easiest to use degree measurements for angles.
The graph of the sine function is shown in Figure 19 (the scale on the horizontal
axis has been altered so that the graph will be clearer; radian measure has, besides
important mathematical properties, the additional advantage that such changes
are unnecessary).

Now consider the function f(x) = sin1/x. The graph of f is shown in Fig-
ure 20. To draw this graph it helps to first observe that

P U U

fx)= Or X = 180" 360° 540"
11 1

f=1 forx=g55 567360 0051720 "
1 1 1

flx)y=-1 for x =

270° 270 +360° 270 + 720" """

Notice that when x is large, so that 1/x is small, f(x) is also small; when x is

£(x) = sin %

FIGURE 20
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FIGURE 21

“large negative,” that is, when |x| is large for negative x, again f(x) is close to 0,
although f(x) < 0.

An interesting modification of this function is f(x) = xsin1/x. The graph of
this function is sketched in Figure 21. Since sin 1/x oscillates infinitely often near 0
between 1 and —1, the function f(x) = x sin 1/x oscillates infinitely often between
x and —x. The behavior of the graph for x large or large negative is harder to

t
f(x) = 1tan .

FIGURE 22
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analyze. Since sin 1/x is getting close to 0, while x is getting larger and larger, there
scems to be no telling what the product will do. It # possible to decide, but this is
another question that is best deferred to Part III, The graph of f(x) = x2sin 1/x
has also been illustrated (Figure 22).

For these infinitely oscillating functions, it is clear that the graph cannot hope to
be really “accurate.” The best we can do is to show part of it, and leave out the
part near 0 (which is the interesting part). Actually, it is easy to find much simpler
functions whose graphs cannot be “accurately” drawn. The graphs of

2 2
xc, x<1 xs, x=x1
— s d - ¥ —=
f) [2, =1 4 8@ {2, x>1
can only be distinguished by some convention similar to that used for open and
closed intervals (Figure 23).
Out last example is a function whose graph is spectacularly nondrawable:

0, x irrational
fexy = { 1, x rational.

.ocuooo-ooocoooof(x)={1’xrational

0, x irrational
—— 2T P T A - ————

FIGURE 24

The graph of f must contain infinitely many points on the horizontal axis and
also infinitely many points on a line parallel to the horizontal axis, but it must not
contain either of these lines entirely. Figure 24 shows the usual textbook picture
of the graph. To distinguish the two parts of the graph, the dots are placed closer
together on the line corresponding to irrational x. (There is actually a mathemat-
ical reason behind this convention, but it depends on some sophisticated ideas,
introduced in Problems 21-5 and 21-6.)

'The peculiarities exhibited by some functions are so engrossing that it is easy
to forget some of the simplest, and most important, subsets of the plane, which
are not the graphs of functions. The most important example of all is the circle.
A circle with center {a, #) and radius r > 0 contains, by definition, all the points
(x, y) whose distance from (a, b) is equal to r. The circle thus consists (Figure 25)
of all points (x, y) with

Ve—al+G@-bl=r

or
(x—a)+(y-b?=rk
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The circle with center (0,0) and radius 1, often regarded as a sort of standard copy,
is called the unit circle.

A close relative of the circle is the ellipse. This is defined as the set of points,
the sum of whose distances from two “focus” points is a constant. (When the two
foci are the same, we obtain a circle.) If, for convenience, the focus points are
taken to be (—c, 0) and (c, ), and the sum of the distances is taken to be 2a (the
factor 2 simplifies some algebra), then (x, y) is on the ellipse if and only if

V= (—c))? +y? VG -¢? +y*=2a

or
Va+e)l+y =2a— V(-2 +y?
or
242cx+r+y =40 —4avx — o> + y* +x* = 2ex + ¢ + y?

or

d(cx —a®) = —dav(x —c)* + y2
or

x? — 2exa® + at = a2(.1c2 —2cx + G + y2)

or

(@ — ad)x? — ay? = a%(c* — a?)
or

This is usually written simply

where b = +a? —c¢? (since we must clearly choose a > c, it follows that
a? — ¢2 > 0). A picture of an ellipse is shown in Figure 26. The ellipse inter-
sects the horizontal axis when y = 0, so that

x2

— =1, X = +a,
al

(0, &) l(x,y):§+‘%;=‘ll

(—a, 0) (a, 0)

(0: - b)

FIGURE 26



(—a, 0)

(x: J?): :_: -

FIGURE 27

(a, 0)

4. Graphs 67

and it intersects the vertical axis when x = 0, so that

y2

b2

The hyperbola is defined analogously, except that we require the difference of

the two distances to be constant. Choosing the points (—c,0) and (¢, 0) once

again, and the constant difference as 2a, we obtain, as the condition that (x, y)
be on the hyperbola,

\/(x +c)? +y2 -:\/(x —¢)? +y? = +2a,
which may be simplified to

=1, y = b,

In this case, however, we must clearly choose ¢ > 4, so that a?-c2 <0 If

b = v/c? — a2, then (x, y) is on the hyperbola if and only if

x2 y2 _1

a2 B2
The picture is shown in Figure 27. It contains two pieces, because the difference
between the distances of (x, y) from (—¢, 0) and (c, 0) may be taken in two dif-
ferent orders. The hyperbola intersects the horizontal axis when y = 0, so that
x = %a, but it never intersects the vertical axis.

It is interesting to compare (Figure 28) the hyperbola with a = b = ~2 and
the graph of the function f(x) = 1/x. The drawings look quite similar, and
the two sets are actually identical, except for a rotation through an angle of 45°
(Problem 23).

Clearly no rotation of the plane will change circles or ellipses into the graphs of
functions. Nevertheless, the study of these important geometric figures can ofien
be reduced to the study of functions. Ellipses, for example, are made up of the

(b)

FIGURE 28
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graphs of two functions,

fx) =bvV1 - (x*/a%, —a<x<a

and
gx)=-bvV1—(x*/a®), -a<zx<a.

Of course, there are many other pairs of functions with this same property. For
example, we can take

f(x)_lb\/l—(x2/a2), O<x=<a
bVl - (leaz), —a<x=<0

20x) = I —b\/l—(xz/az), O<x=<a
bVl — (xz/az, —a<x=<0.

and

We could also choose

£ bv1l-— (xz/az), xrational, —a<x<a
x) =
-bv1-— (leaz), X irrational, —a <x <a

—bvV1—(x2/a?), xrational, —a<x<a
glx) =

bv1l— (x%/a®), xirrational, —a < x <a.

But all these other pairs necessarily involve unreasonable functions which jump
around. A proof, or even a precise statement of this fact, is too difficult at present.
Although you have probably already begun to make a distinction between those
functions with reasonable graphs, and those with unreasonable graphs, you may
find it very difficult to state a reasonable definition of reasonable functions. A
mathematical definition of this concept is by no means easy, and a great deal of this
book may be viewed as successive attempts to impose more and more conditions
that a “reasonable” function must satisfy; As we define some of these conditions,
we will take time out to ask if we have really succeeded in isolating the functions
which deserve to be called reasonable. The answer, unfortunately, will always be
“no,” or at best, a qualified “yes.”

PROBLEMS

1. Indicate on a straight line the set of all x satisfying the following conditions.
Also name each set, using the notation for intervals (in some cases you will
also need the U sign).

i lx-3i<l1.
@ x-—3=<l.
(i) |x —al <e.
i) 1x2—1] < 3.

—r
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1 1
™) 1+2°F
1 . o .
(vi) T2 < a (give an answer in terms of a, distinguishing various cases).
x

ii) x2+122.
(viil) (x 4+ D(x —1D(x —2) > 0.

There is a very useful way of describing the points of the closed interval [a, b]
(where we assume, as usual, that a < b).

(a) First consider the interval [0, b], for & > 0. Prove that if x is in [0, 5],
then x = ¢b for some ¢ with 0 < ¢t < 1. What is the significance of the
number f? What is the mid-point of the interval [0, 5]?

(b} Now prove that if x is in [a, b], then x = (1 — f)a + tb for some ¢ with

0 <t < 1. Hint: This expression can also be written as a + #(b — a).

What is the midpoint of the interval [a, 5]? What is the point 1/3 of the

way from a to b?

Prove, conversely, that if 0 < ¢ < 1, then (1 —t)a +tb isin [a, b].

(d) The points of the open interval (a, b) are those of the form (1 — f)a +tb
for0 <t <1.

o
g

Draw the set of all points (x, y) satisfying the following conditions. (In most
cases your picture will be a sizable portion of a plane, not just a line or curve.)

® x>y

@) x+a>y-+b
(i) y <>

vy y<x%

v k—-yl<lL

v) k+yl <l

(vii) x + y is an integer.

(vitd) —

(ix) (x—1)2+(y 22 <1.
® x2<y<xt

=}

E

S

is an integer.

Draw the set of all points (x, y) satisfying the following conditions:

0 kl+lyl=1
() Ixl -yl =1.
Gi) |x—1)=ly—1l.
@) [1—xl=ly-1].
v x4+3y?=0.
(vi) xy=0.

(i) x%—2x +y2=4.
(viti) x% = y2.
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(1, m)

(1, n)

FIGURE 29

Draw the set of all points (x, y) satisfying the following conditions:

()

x = y2.

v x

a2 b
x = |yl
x =siny.

2
=1.

Hint: You already know the answers when x and y are interchanged.

(a)

Show that the straight line through (a, b) with slope m is the graph of the
function f(x) = m(x — a) + b. This formula, known as the “point-slope
form” is far more convenient than the equivalent expression f(x) =
mx + (b —ma); it is immediately clear from the point-slope form that the
slope is m, and that the value of f at a is b.

For a # ¢, show that the straight line through (a, ) and (c, d) is the
graph of the function

d—b

c—a

f@x) = (x —a) +b.

When are the graphs of f(x) = mx + b and g(x) = m’x + b’ parallel
straight lines?

For any numbers A, B, and C, with A and B not both 0, show that the
set of all (x, y) satisfying Ax + By + C = 0 is a straight line (possibly a
vertical one). Hint: First decide when a vertical straight line is described.
Show conversely that every straight line, including vertical ones, can be
described as the set of all (x, y) satisfying Ax + By + C =D.

Prove that the graphs of the functions

fx)=mx +b,
gx)=nx+c,

are perpendicular if mn = —1, by computing the squares of the lengths
of the sides of the triangle in Figure 29. (Why is this special case, where
the lines intersect at the origin, as good as the general case?)
Prove that the two straight lines consisting of all (x, y) satisfying the con-
ditions
Ax+By+C=0,
Ax+By+C' =0,

are perpendicular if and only if AA’+ BB'=0.

Prove, using Problem 1-19, that

\/(xl +y1)2 + (2 + ) < ‘/X12 +x2 + \/y12 + y22.
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(b} Prove that

Vs —x02+ - y)? <V —x)2 + O0n — n)?
+ \/(xa —x)’ + (s -y

Interpret this inequality geometrically (it is called the “triangle inequal-
ity”). When does strict inequality hold?

Sketch the graphs of the following functions, plotting enough points to get
a good idea of the general appearance. (Part of the problem is to make
a reasonable decision how many is “enough™; the queries posed below are
meant to show that a little thought will often be more valuable than hundreds
of individual points.)

1
i fx=x+ pr (What happens for x near 0, and for large x? Where

does the graph lie in relation to the graph of the identify function? Why
does it suffice to consider only positive x at first?)

- 1
i) fx)=x- e

1
i) fx)=x2+ =

1
) f)=x*- ol

Describe the general features of the graph of f if

)  fiseven.

i) fis odd.

(1) f 1s nonnegative.

(iv) f(x)= f(x+a) for all x (a function with this property is called peri-
odic, with period a.

Graph the functions f(x) = %/x for m = 1, 2, 3, 4. (There is an easy way to
do this, using Figure 14. Be sure to remember, however, that /x means the
positive mth root of x when m is even; you should also note that there will be
an important difference between the graphs when m is even and when m is
odd.)

(a) Graph f(x) =|x| and f(x) = x2.

(b) Graph f(x) =|sinx| and f(x) = sin® x. (There is an important differ-
ence between the graphs, which we cannot yet even describe rigorously.
See if you can discover what it is; part (a) is meant to be a clue.)

Describe the graph of g in terms of the graph of f if
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15.

16.

17.

18.

gx)=f(x) +ec.
g(x) = f(x +c). (It is easy to make a mistake here.)

s
HNCHE =Y

8:3 gg; j ij;g)) (Distinguish the casesc =0,¢ > 0,¢c < 0.)
v) e@) = f(/x).

(vi) g(x) = fF(x)).

(vi) g(x) =1f().

(vill) g(x) = max(f,0).

(%) g(x)=min(f,0).

g(x) = max(f, 1).

Draw the graph of f(x) = ax? + bx + c. Hint: Use the methods of Prob-
lem 1-18.

)

Suppose that A and C are not both 0. Show that the set of all (x, y) satisfying
Ax*+ Bx+Cy*+Dy+E=0

is either a parabola, an ellipse, or an hyperbola (or possibly @), Hint: The
case C = 0 is essentially Problem 15, and the case A = 0 is just a minor
variant. Now consider separately the cases where A and B are both positive
or negative, and where one is positive while the other is negative.

The symbol [x] denotes the largest integer which is < x. Thus, [2.1] = [2] =
2 and [-0.9] = [-1] = —1. Draw the graph of the following functions
{they are all quite interesting, and several will reappear frequently in other
problems).

@ f&x)=[x]

i) f@x)=x-[x].

(i) f&)=+x—[x].

() f@x)=[x]+vx—[x].

o =]
) f(x)=[—§.

Graph the following functions.

(i)  f(x) = {x), where {x} is defined to be the distance from x to the nearest
integer.

(i) fOx)={2x}.

(i) £ ={x)+ 5{2x).

i) f(x)={4x}.

(v)  FO) = {x}+ 3{2x} + 3{4x).
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Many functions may be described in terms of the decimal expansion of a num-
ber. Although we will not be in a position to describe infinite decimals rigorously
until Chapter 23, your intuitive notion of infinite decimals should suffice to carry
you through the following problem, and others which occur before Chapter 23.
There is one ambiguity about infinite decimals which must be eliminated: Every
decimal ending in a string of 9's is equal to another ending in a string of 0's (e.g;,
1.23999... = 1.24000...). We will always use the one ending in 9’.

*19. Describe as best you can the graphs of the following functions (a complete
picture is usually out of the question).

(i)  f(x) = the Ist number in the decimal expansion of x.

(i) f(x) = the 2nd number in the decimal expansion of x.

(iii) f(x) = the number of 7’s in the decimal expansion of x if this number
is finite, and O otherwise.

(iv) f(x)} = 0 if the number of 7’s in the decimal expansion of x is finite,
and 1 otherwise.

(v} f(x) = the number obtained by replacing all digits in the decimal
expansion of x which come after the first 7 (if any) by 0.

(vi) f(x) =0 if 1 never appears in the decimal expansion of x, and n if 1
first appears in the nth place.

0, x irratonal
fy=491

*20. Let

, X = 4 rational in lowest terms.
q

(A number p/q is in lowest terms if p and g are integers with no common
factor, and ¢ > 0). Draw the graph of f as well as you can (don’t sprinkle
points randomly on the paper; consider first the rational numbers with g = 2,
then those with g = 3, etc.).

21. (a) The points on the graph of f(x) = x2 are the ones of the form (x, x2).
Prove that each such point is equidistant from the point (0, %) and the
graph of g(x) = —1. (See Figure 30.)
(b) Given a point P = (e, £) and a horizontal line L, the graph of g(x) =y,
show that the set of all points (x, y) equidistant from P and L is the graph
of a function of the form f(x) = ax? + bx +c.

*22. (a) Show that the square of the distance from (c, ) to (x, mx) 1s
x2m? + 1) + x(=2md — 2¢) +d* + 2.

Using Problem 1-18 to find the minimum of these numbers, show that
the distance from (c, d) to the graph of f(x) = mx is

lem —d|/vm? + 1.

{(b) Find the distance from (c, d) to the graph of f(x) = mx + b. (Reduce
this case to part (a).)
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¥23. (a) Using Problem 22, show that the numbers ¥’ and y’ indicated in Fig-
ure 31 are given by

X =—x+ .
BTRT
1 1
f____x+__
YETARTTA?

(b) Show that the set of all (x, y) with (x'/+/2)? = (y'/+/2)? = 1 is the same
FIGURE 31 as the set of all (x, y) with xy = 1.
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(vz+w2) —v2
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APPENDIX 1. VECTORS
Suppose that » is a point in the plane; in other words, v is a pair of numbers
v=(v1, v2).

For convenience, we will use this convention that subscripts indicate the first and
second pairs of a point that has been described by a single letter. Thus, if we
mention the points w and z, it will be understood that w is the pair (w, wy),
while z is the pair (z1, 22).

Instead of the actual pair of numbers (v, vz), we often picture v as an arrow
from the origin O to this point (Figure 1), and we refer to these arrows as vectors
in the plane. Of course, we’ve haven’t really said anything new yet, we've simply
introduced an alternate term for a point of the plane, and another mental picture.
The real point of the new terminology is to emphasize that we are going to do
some new things with points in the plane.

For example, suppose that we have two vectors (i.e., points) in the plane,

v=(v,v2), w={(wy,w).
Then we can define a new vector (a new point of the plane) v+ w by the equation
(1) v+w = (v1 + wy, v2 +w).

Notice that all the letters on the right side of this equation are numbers, and the
+ sign is just our usual addition of numbers. On the other hand, the + sign on
the left side is new: previously, the sum of two points in the plane wasn’t defined,
and we’ve simply used equation (1) as a definstion.

A very fussy mathematician might want to use some new symbol for this newly
defined operation, like

v w, or perhaps v w,

but there’s really no need to insist on this; since v + w hasn’t been defined before,
there’s no possibility of confusion, so we might as well keep the notation simple.
Of course, any one can make new notation; for example, since it’s our definition,
we could just as well have defined v 4+ w as (vy + wy - w2, v2 + w12), or by some
other equally weird formula. The real question is, does our new construction have
any particular significance?
Figure 2 shows two vectors v and w, as well as the point

(v1 + w1, v2 + w2),

which, for the moment, we have simply indicated in the usual way, without drawing
an arrow. Note that it is easy to compute the slope of the line L between v and
our new point: as indicated in Figure 2, this slope is just

(atu2)—v2 _ wy
(mi+w)—v  w'

and this, of course, is the slope of our vector w, from the origin O to (wy, wp). In
other words, the line L is parallel to w.
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FIGURE 3
v+ w
“w”
v
FIGURE 4
“z”
v+w+z
“w”
w
F4

FIGURE 5

Similarly, the slope of the line M between (w1, w2) and our new point is
(2tw)—wr _wn
W +w)—v2 v’
which is the slope of the vector v; so M is parallel to v. In short, the new point
v + w lies on the parallelogram having v and w as sides. When we draw v + w as
an arrow (Figure 3), it points along the diagonal of this parallelogram. In physics,
vectors are used to symbolize forces, and the sum of two vectors represents the
resultant force when two different forces are applied simultaneously to the same
object.

Figure 4 shows another way of visualizing the sum v+w. If we use “w” to denote
an arrow parallel to w, and having the same length, but starting at v instead of at
the origin, then v + w is the vector from O to the final endpoint; thus we get to
v + w by first following v, and then following w.

Many of the properties of + for ordinary numbers also hold for this new + for
vectors. For example, the “commutative law”

v+w=w-+uv,

is obvious from the geometric picture, since the parallelogram spanned by v and
w is the same as the parallelogram spanned by w and v. It is also easily checked
analytically, since it states that

(v1 + w1, v2 + w2) = (w1 + v, w2 +v2),
and thus simply depends on the commutative law for numbers:

vi +w =w + v,
v2 4+ wr = wa2+ va.

Similarly, unraveling definitions, we find the “associative law”
[v+wl+z=v+[w+z]

Figure 5 indicates a method of finding v + w + z.
The origin O = (0, 0) is an “additive identity,”

O+v=v+0=1,

and if we define
—v = (v, —12},

then we also have
v+ (~v)=—-v+v=0.

Naturally we can also define
w—v=w+(—v),
exactly as with numbers; equivalently,

w—v=(w — v, w2—v2).
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v
(a)
w *w — v
FIGURE 6
2v
v
1
- =p
2
FIGURE 7
Ry(v)
p
’
"\6 av
Fi -
l’r
FIGURE 8

4, Appendix 1. Vectors 77

Just as with numbers, our definition of w — v simply means that it satisfies
v+ {(w—v)=w.

Figure 6(a) shows v and an arrow “w — v” that is parallel to w — v but that starts
at the endpoint of v. As we established with Figure 4, the vector from the origin
to the endpoint of this arrow is just v+ (w — v) = w (Figure 6(b)). In other words,
we can picture w — v geometrically as the arrow that goes from v to w (except that
it must then be moved back to the origin).

There is also a way of multiplying a number by a vector: For a number a and
a vector v = (v1, v2), we define

a-v={av,awn)

(We sometimes simply write av instead of a - v; of course, it is then especially
important to remember that v denotes a vector, rather than a number) The
vector @ - v points in the same direction as v when a > 0 and in the opposite
direction when a < 0 (Figure 7).

You can easily check the following formulas:

a-b-v)=(@ab)-v,

l.v=uv,
0.v=0,
—1-v=—v,

Notice that we have only defined a product of a number and a vector, we have
not defined a way of ‘multiplying’ two vectors to get another vector.* However,
there are various ways of ‘multiplying’ vectors to get numbers, which are explored
in the following problems.

PROBLEMS

1. Given a point v of the plane, let Rg(v) be the result of rotating v around the
origin through an angle of & (Figure 8). The aim of this problem is to obtain
a formula for Ry, with minimal calculation.

(a) Show that

Ry(1,0) = (cos8, sin @),
Re(0, 1) = (—sin8, cos ).

{b) Explain why we have

Ry(v + w) = Ry (v) + Re(w),
Ry(a - w)=a - Rg(w).

{c) Now show that for any point (x, y) we have
Ry(x,y) = (x cos® — ysin@, xsinf + y cos 8).
*If you jump to Chapter 25, you'll find that there is an important way of defining a product, but

this is something very special for the plane—it doesn’t work for vectors in 3-space, for example, even
though the other constructions do.
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{(d) Use this result to give another solution to Problem 4-23.

Given v and w, we define the number
Ve = VW] + i

this is often called the “dot product’ or ‘scalar product’ of v and w (‘scalar’
being a rather old-fashioned word for a number, as opposed to a vector).

(a) Given v, find a vector w such that v+w = 0. Now describe the set of all
such vectors w.
(b) Show that

Vel) =WV
ve(wHz)=vew+veg

and that
a-(vew)=(a-v).-w=vela w).

Notice that the last of these equations involves three products: the dot
product « of two vectors; the product - of a number and a vector; and
the ordinary product - of two numbers.

() Show that vev > 0, and that v+v = 0 only when v = 0. Hence we can
define the rorm ||v|| as

vl = Vs,

which will be 0 only for v = 0. What is the geometric interpretation of
the norm?
(d) Prove that
lv+wl < llvll + wl,

and that equality holds ifand only if v =0 or w =0 orw =a - v for
some number a > (.
(¢) Show that

oo et wl® — v —w)?
7 .
(a) Let Ry be rotation by an angle of ¢ (Problem 1). Show that

Ry(v) s Ry(w) = vew.

(b) Let e = (1, 0) be the vector of length 1 pointing along the first axis, and
let w = (cos @, sin #); this is a vector of length 1 that makes an angle of 6
with the first axis (compare Problem 1}. Calculate that

€+w =cosf.
Conclude that in general
vew = |v] - [lw] - cosé,

where 6 is the angle between v and w.
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FIGURE 9

[l - siné

FIGURE 10
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Given two vectors v and w, we’d expect to have a simple formula, involving
the coordinates v, v2, wy, wy, for the area of the parallelogram they span.
Figure 9 indicates a strategy for finding such a formula: since the triangle
with vertices w, A, v + w is congruent to the triangle O Bv, we can reduce
the problem to an easier one where one side of the parallelogram lies along
the horizontal axis:
(a) The line L passes through v and is parallel to w, so has slope w/w;.

Conclude that the point B has coordinate

v —
wy ’
and that the parallelogram therefore has area

det(v, w) = viw; — wiva.
This formula, which defines the determinant det, certainly seems to be simple

enough, but it can’t really be true that det(v, w) always gives the area. After
all, we clearly have

det(w, v) = — det(v, w),

so sometimes det will be negative! Indeed, it is easy to see that our “deriva-
tion” made all sorts of assumptions (that w was positive, that B had a positive
coordinate, etc.) Nevertheless, it seems likely that det(v, w) is & the area; the
next problem gives an independent proof.

(@) If v points along the positive horizontal axis, show that det(v, w) is the
area of the parallelogram spanned by v and w for w above the horizontal
axis (wy > 0), and the negative of the area for w below this axis.

{(b) If Ry is rotation by an angle of # (Problem 1), show that

det(Rgv, Rgw) = det(v, w).

Conclude that det(v, w) is the area of the parallelogram spanned by
v and w when the rotation from v to w is counterclockwise, and the
negative of the area when it is clockwise.

Show that

det{v, w + z) = det(v, w) + det(v, 2)
det(v + w, 7) = det(v, 2) + det(w, 2)

and that
a det(v, w) = det(a - v, w) = det{v, a - w).

Using the method of Problem 3, show that
det(v, w) = ||v] - |wll - sinb,

which is also obvious from the geometric interpretation (Figure 10).
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APPENDIX 2. THE CONIC SECTIONS

Although we will be concerned almost exclusively with figures in the plane,
defined formally as the set of all pairs of real numbers, in this Appendix we want
to consider three-dimensional space, which we can describe in terms of triples of
real numbers, using a “three-dimensional coordinate system,” consisting of three
straight lines intersecting at right angles (Figure 1). Our horizontal and vertical axes

01,0 now mutate to two axes in a horizontal plane, with the third axis perpendicular to

. both.

(1,0,0) One of the simplest subsets of this three-dimensional space is the (infinite) cone
illustrated in Figure 2; this cone may be produced by rotating a “generating line,”

FIGURE 1 of slope C say, around the third axis.

0,0,1)¢

slope C

x, 52

o(x,y,0)

FIGURE 2

For any given first two coordinates x and y, the point (x, y, 0) in the horizontal
plane has distance vx? + y? from the origin, and thus

(1) (x, y, 2) is in the cone if and only if z = £CVx% + y2.

We can descend from these three-dimensional vistas to the more familiar two-
dimensional one by asking what happens when we intersect this cone with some
plane P (Figure 3).

FIGURE 3
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If the plane is parallel to the horizontal plane, there’s certainly no mystery—the
intersection is just a circle. Otherwise, the plane P intersects the horizontal plane
in a straight line. We can make things a lot simpler for ourselves if we rotate
everything so that this intersection line points straight out from the plane of the
paper, while the first axis is in the usual position that we are familiar with. The
plane P is thus viewed “straight on,” so that all we see (Figure 4) is its intersection L
with the plane of the first and third axes; from this view-point the cone itself simply
appears as two straight lines.

In the plane of the first and third axes, the line L can be described as the
collection of all points of the form

(x,Mx + B),
where M is the slope of L. For an arbitrary point (x, y, z) it follows that
(2) (x.y,2) is in the plane P if and only if z = Mx + B.

Combining (1) and (2), we see that (x, y, ) is in the intersection of the cone and

the plane if and only if
(*) Mx+B=£CvVx?+y2

Now we have to choose coordinate axes in the plane P. We can choose L as the
first axis, measuring distances from the intersection Q with the horizontal plane
(Figure 5); for the second axis we just choose the line through @ parallel to our
original second axis. If the first coordinate of a point in P with respect to these
axes is x, then the first coordinate of this point with respect to the original axes
can be written in the form

ax +
for some & and B. On the other hand, if the second coordinate of the point with
respect to these axes is y, then y is also the second coordinate with respect to the
original axes.

Consequently, () says that the point lies on the intersection of the plane and the
cone if and only if

M(ax + B)+ B = £CV (ax + B)? + y.
Although this looks fairly complicated, after squaring we can write this as
a2Cry? +a* (M2 — ADX 4+ Ex+ F=0

for some E and F that we won’t bother writing out. Dividing by «? simplifies this
to
C 2+ (C?—MHx2+Gx + H =0.

Now Problem 4-16 indicates that this is either a parabola, an ellipse, or an
hyperbola. In fact, looking a little more closely at the solution (and interchanging
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/

FIGURE 7

the roles of x and y), we see that the values of G and H are irrelevant:

(1) If M = £C we obtain a parabola;,
(2) If €2 > M? we obtain an ellipse;
(3) If €% < M? we obtain an hyperbola.

These analytic conditions are easy to interpret geometrically (Figure 6):

(1) If our plane is parallel to one of the generating lines of the cone we obtain
a parabola;

(2) If our plane slopes less than the generating line of the cone (so that our
intersection omits one half of the cone) we obtain an ellipse;

(3) If our plane slopes more than the generating line of the cone we obtain an

hyperbola.
VAV
‘v‘
<>

In fact, the very names of these “conic sections” are related to this description.
The word parabsla comes from a Greek root meaning ‘alongside,” the same root
that appears in parable, not to mention paradigm, paradox, paragon, paragraph,
paralegal, parallax, parallel, even parachute. Ellpse comes from a Greek root
meaning ‘defect,’” or omission, as in ellipsis (an omission, ... or the dots that in-
dicate it). And hyperbola comes from a Greek root meaning ‘throwing beyond,’ or
excess. With the currency of words like hyperactive, hypersensitive, and hyperven-
tilate, not to mention hype, one can probably say, without risk of hyperbole, that
this root is familiar to almost everyone.*

PROBLEMS

1. Consider a cylinder with a generator perpendicular to the horizontal plane
(Figure 7); the only requirement for a point (x, y, z) to lie on this cylinder is

* Although the correspondence between these roots and the geometric picture correspond so beau-
tifully, for the sake of dull accuracy it has to be reported that the Greeks originally applied the words
to describe features of certain equations invelving the conic sections.
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that (x, y) lies on a circle:
x2+ y2 =C2

Show that the intersection of a plane with this cylinder can be described by
an equation of the form

(ax + B2 +y2 =2
What possibilities are there?

In Figure 8, the sphere §; has the same diameter as the cylinder, so that its
equator C| lies along the cylinder; it is also tangent to the plane P at Fj.
Similarly, the equator C; of $; lies along the cylinder, and S, is tangent to P
at F.

(a) Let z be any point on the intersection of P and the cylinder. Explain
why the length of the line from z to Fiis equal to the length of the vertical
Iine L from z to Cy.

{(b) By proving a similar fact for the length of the line from z to F, show that
the distance from z to F; plus the distance from z to F; is a constant, so
that the intersection is an ellipse, with foci F; and F>.

Similarly, use Figure 9 to prove geometrically that the intersection of a plane
and a cone is an ellipse.

FIGURE 9
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T length r

FIGURE 1

APPENDIX 3. POLAR COORDINATES

In this chapter we've been acting all along as if there’s only one way to label
points in the plane with pairs of numbers. Actually, there are many different
ways, each giving rise to a different “coordinate system.” The usual coordinates
of a point are called its cartesian coordinates, after the French mathematician
and philosopher René Descartes (1596-1650), who first introduced the idea of
coordinate systems. In many situations it is more convenient to introduce polar
coordinates, which are illustrated in Figure 1. To the point P we assign the polar
coordinates (r, 8), where r is the distance from the origin O to P, and 8 is the
angle between the horizontal axis and the line from O to P. This angle can be
measured either in degrees or in radians (Chapter 15}, but in cither case 8 is not
determined unambiguously. For example, with degree measurement, points on
the right side of the horizontal axis could have either 8 = 0 or # = 360; moreover,
6 is completely ambiguous at the origin O. So it is necessary to exclude some ray
through the origin if we want to assign a unique pair (r, ) to each point under
consideration.

On the other hand, there is no problem associating a unique point to any pair
(r,8). In fact, we can even associate a point to (r, @) when r < 0, according to
the scheme indicated in Figure 2. Thus, it always makes sense to talk about “the
point with polar coordinates (r, 8),” even though there is some ambiguity when
we talk about “the polar coordinates” of a given point.

e

ngth r

P is the point with polar coordinates (r, 8,)
and also the point with polar coordinates
( -, 00) .

FIGURE 2

It is clear from Figure 1 (and Figure 2) that the point with polar coordinates
(r, @) has cartesian coordinates (x, y) given by

x=rcos0, y=rsiné.
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Conversely, if a point has cartesian coordinates (x, y), then (any of) its polar co-
ordinates (r, 8) satisfy

r=:f:\/3|:2+y2

tanG“——% ifx #0.

Now suppose that f is a function. Then by the graph of f in polar co-
ordinates we mean the collection of all points P with polar coordinates (r, )
satisfying r = f(@). In other words, the graph of f in polar coordinates is the
collection of all points with polar coordinates (f(#),#8). No special significance
should be attached to the fact that we are considering pairs (f(8), 8), with £(8)
first, as opposed to pairs (x, f(x)) in the usual graph of f; it is purely a matter of
convention that 7 is considered the first polar coordinate and 6 is considered the
second.

The graph of f in polar coordinates is often described as “the graph of the
equation r = f(8).” For example, suppose that f is a constant function, f(6) =a
for all 8. The graph of the equation r = a is simply a circle with center O and
radius a (Figure 3). This example illustrates, in a rather blatant way, that polar
coordinates are likely to make things simpler in situations that involve symmetry
with respect to the origin O.

The graph of the equation r = 8 is shown in Figure 4. The solid line corresponds
to all values of 6 > 0, while the dashed line corresponds to values of ¢ < 0.

FIGURE 4 Spiral of Archimedes

As another example involving both positive and negative r, consider the graph of
the equation r = cosf. Figure 5(a) shows the part that corresponds to 0 < 6 < 90
[with 8 in degrees]. Figure 5(b) shows the part corresponding to 90 < # < 180;
here r < 0. You can check that no new points are added for # > 180 or 8 < 0.
It is easy to describe this same graph in terms of the cartesian coordinates of its
points. Since the polar coordinates of any point on the graph satisfy

r =cosé8,



86

Foundations

and hence

r=r cosé,

its cartesian coordinates satisfy the equation
2y =x

which describes a circle (Problem 3-16). [Conversely; it is clear that if the cartesian
coordinates of a point satisfy x2 + y2 = x, then it lies on the graph of the equation
r = cosf.]

Although we’ve now gotten a circle in two different ways, we might well be
hesitant about trying to find the equation of an ellipse in polar coordinates. But
it turns out that we can get a very nice equation if we choose one of the foci as
the origin. Figure 6 shows an ellipse with one focus at O, with the sum of the
distances of all points from O and the other focus f being 2a. We’ve chosen f to
the left of O, with coordinates written as

{(—2¢&a, 0).

(We have 0 < ¢ < 1, since we must have 2a > distance from f to O).

(=,

~
L

FIGURE 6

The distance r from (x, y) to O is given by
(1) rt=x% +y2
By assumption, the distance from (x, y) to f is 2a — r, hence
2a —r)? = (x — [-2ea])? + ¥,
or
2) 4a® — dar + r? = x* + deax + 4e%a® + y2.
Subtracting (1) from (2}, and dividing by 4a, we get

a—r=sx+£2a,
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or

r=a—sx—£2a

= - &2)a —ex,
which we can write as
3) r=A —ex, for A = (1 — £%a.
Substituting r cos @ for x, we have

r=A—e¢ercosé,
r{l +ecosh) = A,

and thus
A
4 =
@ =1 +&cosé
In Chapter 4 we found that
x2 y2

is the equation in cartesian coordinates for an ellipse with 2a as the sum of the
distances to the foci, but with the foci at (—c¢, 0} and (¢, 0), where

b=+va?-c2.

Since the distance between the foci 1s 2¢, this corresponds to the ellipse (4) when
we take ¢ = ea or £ = c/a (with equation (3) determining A). Conversely, given
the ellipse described by (4), for the corresponding equation (5) the value of a is
determined by (3),

A

a=-—-,
1-¢2

and again using ¢ = &a, we get

b=\/a2—c2=\/a2—£2a2=a\/1—£2=‘/i_z.
1—¢

Thus, we can obtain a and b, the lengths of the major and minor axes, immediately
from £ and A.

The number

e & val—-p: 1 (b)2
Ta a - a’
the eccentricity of the ellipse, determines the “shape” of the ellipse (the ratio of the
major and minor axes), while the number A determines its “size,” as shown by (4).
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(x ,.y)

FIGURE 7

PROBLEMS

1.

If two points have polar coordinates (r1, 1) and (r2, 82), show that the dis-
tance d between them is given by

d* = ."12 + r22 — 2r1ra cos(éy — 62).
What does this say geometrically?

Describe the general features of the graph of f in polar coordinates if

) fiseven.
(i) f is odd.
(iii) f(@) = f(6 + 180) [when € is measured in degrees].

Sketch the graphs of the following equations.

(i) r=asinb.

i) r =asech. Hint: Itis a very simple graph!
(i) r = cos26. Good luck on this one!

(iv) r =cos36.

(v) r=/lcos26|.

(vij r =|cos36|.

Find equations for the cartesian coordinates of points on the graphs (i), {ii)
and (i) in Problem 3.

Consider a hyperbola, where the difference of the distance between the two
foci is the constant 2a, and choose one focus at O and the other at (—2ea, 0).
(In this case, we must have £ > 1). Show that we obtain the exact same
equation in polar coordinates

__ A
" 1+&cos6

as we obtained for an ellipse,

Consider the set of points (x, y) such that the distance (x, y) to O is equal to
the distance from (x, y) to the line y = a (Figure 7). Show that the distance
to the line is @ — r cos @, and conclude that the equation can be written

a=r(l+cosB).
Notice that this equation for a parabola is again of the same from as (4).

Now, for any A and ¢, consider the graph in polar coordinates of the equa-
tion (4), which implies (3). Show that the points satisfying this equation satisfy

(1—ebx2+ y2 = A% — 2Aex.

Using Problem 4-16, show that this is an ellipse for & < 1, a parabola for
e = 1, and a hyperbola for ¢ > 1.
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8. (a) Sketch the graph of the cardioid r = 1 — sin#6.
{b) Show that it is also the graph of r = —1 —siné.
{c) Show that it can be described by the equation

B+ =Vl -y,
and conclude that it can be described by the equation
(x2+y2+y)2=x2+y2
9. Sketch the graphs of the following equations.
@ r=1-1sin6.

d W) r—=1—2sine.

(
(i) r =2+ cosd.

d,
/ 4 10. (a) Sketch the graph of the lemniscate
r? = 24% cos 26.

(—a, 0) {a, O}

(b) Find an equation for its cartesian coordinates.

(c) Show that it is the collection of all points P in Figure 8 satisfying
did> = a.

(d) Make a guess about the shape of the curves formed by the set of all P

FIGURE 8 satisfying did2 = b, when b > a? and when b < 2.




CHAPTER

PROVISIONAL DEFINITION

LIMITS

The concept of a limit is surely the most important, and probably the most difficult
one in all of calculus. The goal of this chapter is the definition of limits, but we
are, once more, going to begin with a provisional definition; what we shall define
is not the word “limit” but the notion of a function approaching a limit.

The function f approaches the imit  near a, if we can make f(x) as close as we
like to { by requiring that x be sufficiently close to, but unequal to, a.

Of the six functions graphed in Figure 1, only the first three approach ! at a.
Notice that although g(a) is not defined, and k(a) is defined “the wrong way,” it
is still true that g and & approach / near a. This is because we explicitly ruled
out, in our definition, the necessity of ever considering the value of the function
at @—it is only necessary that f(x) should be close to ! for x close to a, but unequal
to a. We are simply not interested in the value of f(a), or even in the question of
whether f(a} is defined.

pd P
i+ ( i+ 1+
! T V4 +
i+ / i+ J”“U\/ H-———
/ // //5/
= : 7 : / :

One convenient way of picturing the assertion that f approaches / near a 1s
provided by a method of drawing functions that was not mentioned in Chapter 4.
In this method, we draw two straight lines, each representing R, and arrows from
a point x in one, to f(x) in the other. Figure 2 illustrates such a picture for two
different functions.

90
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FIGURE 2

FIGURE 3

FIGURE 4
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Now consider a function f whose drawing looks like Figure 3. Suppose we ask
that f(x) be close to I, say within the open interval B which has been drawn
in Figure 3. This can be guaranteed if we consider only the numbers x in the
interval A of Figure 3. (In this diagram we have chosen the largest interval which
will work; any smaller interval containing a could have been chosen instead.) If we
choose a smaller interval B’ (Figure 4) we will, usually, have to choose a smaller A’,
but no matter how small we choose the open interval B, there is always supposed
to be some open interval A which works.

A similar pictorial interpretation is possible in terms of the graph of f, but in
this case the interval B must be drawn on the vertical axis, and the set A on the
horizontal axis. The fact that f(x) isin B when x is in A means that the part of the
graph lying over A is contained in the region which is bounded by the horizontal
lines through the end points of B; compare Figure 5(a), where a valid interval A
has been chosen, with Figure 5(b), where A is too large.

In order to apply our definition to a particular function, let us consider f(x) =
x sin 1/x (Figure 6). Despite the erratic behavior of this function near 0 it is clear,
at least intuitively, that f approaches 0 near 0, and it is certainly to be hoped
that our definition will allow us to reach the same conclusion. In the case we are
considering, both a and ! of the definition are 0, so we must ask if we can get
f(x) = xsin 1/x as close to 0 as desired if we require that x be sufficiently close
to 0, but # 0. To be specific, suppose we wish to get x sin 1/x within Tlﬁ of 0. This
means we want

. 1
—— < XSin— <

10 x 10
or, more succinctly, |x sin 1/x| < %. Now this is easy. Since
1
sin; <1, for all x # 0,

(a) (b)

FIGURE 5



92 Foundations

~

I

f(x) =xsin—
x

U

/’

FIGURE 6

FIGURE 8

N

iy

we have

.1
xsm;lslxl, for all x # 0.

This means that if |x| < % and x # 0, then |xsinl/x| < 1_16; in other words,
xsin 1 /x is within 11—0 of 0 provided that x is within Rli of 0, but # 0. There is
nothing special about the number %; it 1s just as easy to guarantee that | f(x)—0| <
ﬁ —simply require that |x| < ﬁ, but x # 0. In fact, if we take any positive
number & we can make |f(x) — 0| < & simply by requiring that [x| < &, and
x #0.

For the function f(x) = x?sinl/x (Figure 7) it seems even clearer that f ap-
proaches 0 near 0. If, for example, we want
2

x°sin —
x

-

El
then we certainly need only require that |x| < Tlﬁ and x # 0, since this implies

that |x?| < T[ll_O and consequently

100 " 10°

!
x%sin =
x

!
]

l
\
!
A / £(x) = sin +
\ / x
\
N Ll
U,‘ml W
i \

/
’
4 \

FIGURE 7

(We could do even better, and allow [x| < 1/4/10 and x # 0, but there is no
particular virtue in being as economical as possible.) In general, if ¢ > 0, to
ensure that

2

x“sin —
x

< &,

we need only require that

x| <& and x #0,
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—— ——— —— 1

FIGURE 9

provided that ¢ < 1. If we are given an & which is greater than 1 (it might be, even
thought it is “small” &’s which are of interest), then it does not suffice to require
that |x| < &, but it certainly suffices to require that |x] < 1 and x # 0.

As a third example, consider the function f(x) = /Ix|sin1/x (Figure 8). In
order to make |\/m sin 1/x| < & we can require that

x| <& and x#0

(the algebra is left to you).

Finally, let us consider the function f(x) = sin 1/x (Figure 9). For this function
it is false that f approaches 0 near 0. This amounts to saying that it is not true
for every number ¢ > 0 that we can get | f(x) — 0| < & by choosing x sufficiently
small, and # 0. To show this we simply have to find on¢ ¢ > 0 for which the
condition | f(x} — 0] < € cannot be guaranteed, no matter how small we require
|x] to be. In fact, & = % will do: it is impossible to ensure that |f(x)| < % no
matter how small we require |x| to be; for if A is any interval containing 0, there
is some number x = 1/(90+4360r) which is in this interval, and for this x we have

This same argument can be used (Figure 10) to show that f does not approach
any number near 0. To show this we must again find, for any particular number /,
some number & > 0 so that |f(x) —I| < ¢ is not true, no matter how small x is
required to be. The choice ¢ = % works for any number I; that is, no matter how
small we require |x| to be, we cannot ensure that |f(x) — !| < % The reason
is, that for any interval A containing 0 there is some x; = 1/(90 + 360#) in this
interval, so that

fx) =1,
and also some x3 = 1/(270 + 360m) in this interval, so that

fl2y=-1L
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- ¢ _ | %, » rational
Lt S =

0, x irrational
L]

FIGURE 11

__________ ""_i‘_e..____f(,,) =fm—————

FIGURE 12

1 et fx)=1,x>0

o
"

fy=-1,x<0

FIGURE 13

But the interval from I — % tol+ % cannot contain both —1 and 1, since its total
length is only 1; so we cannot have

111 < % and also |-1-1| < %,

no matter what [ is.
The phenomenon exhibited by f(x) = sin 1/x near 0 can occur in many ways.
If we consider the function

0, x irrational
f&y= { 1, x rational,

then, no matter what a is, f does not approach any number / near a. In fact, we
cannot make | f(x) —!| < % no matter how close we bring x to a, because in any
interval around a there are numbers x with f(x) = 0, and also numbers x with
f(x) =1, so that we would need [0 — 1| < % and also |1 — | < ;II

An amusing variation on this behavior is presented by the functicn shown in
Figure 11:
X, x rational

f&= { 0, =x irradonal.

The behavior of this function is “opposite” to that of g(x) = sin1/x; it ap-
proaches 0 at 0, but does not approach any number at a, if a # 0. By now you
should have no difficulty convincing yourself that this is true.

As a contrast to the functions considered so far, which have been quite patho-
logical, we will now examine some of the simplest functions.

If f(x) =c, then f approaches ¢ near a, for every number a. In fact, to ensure
that | f(x) — ¢| < ¢ one does not need to restrict x to be near a at all; the condition
is automatically satisfied (Figure 12).

As a slight variation, let f be the function shown in Figure 13:

-1, x<0
f(x)=[1, x> 0.

If a > 0, then f approaches 1 near a: indeed, to ensure that |f(x) — 1| < g it
certainly suffices to require that |x — a| < g, since this implies

—a<x-—a
or 0<x

so that f(x) = 1. Similarly, if b < 0, then f approaches ~1 near b: to ensure
that | f(x) — (—1)| < & it suffices to require that |x — b| < —b. Finally, as you may
easily check, f does not approach any number near 0.

The function f(x) = x is easily dealt with. Clearly f approaches a near a: to
ensure that | f(x) — a| < £ we just have to require that |x — a| < ¢.

The function f(x) = x? requires a little more work. To show that f approaches

a® near a, we must decide how to ensure that

|Jt2 — a2| < &



5. Limits 95

Factoring looks like the most promising procedure: we want
lx—al |Ix+ai <s&.

Obviously the factor |x + a| is the one that will cause trouble. On the other
hand, there is no need to make |x + a| particularly small; as long as we know
some bound on the values of Jx + a| we will be in good shape. For example, if
|x +a| < 1,000,000, then we will just need to require that |x — a| < £/1,000,000.
Therefore, to begin with, let us require that [x —al < 1 (any positive number other
than 1 would do just as well); presumably this will ensure that x is not too large,
and consequently that |x + al is not too large. As a matter of fact, Problem 1-12
shows that
x| —laj < lx—a] <1,

50
x| < 1+|al,

and consequently
|x +a| < (x| +|a| < 2|a] + 1.

Now we need only the additional requirement that |x —a| < &/(2|a|-+1). In other
words,

if [x — a|] < min (1, Elﬁ—k_l) , then ]ch2 —a2| < .

Naturally, min(1, &/(2|a| + 1)) will just be £/(2ja| + 1) for small &,
Precisely the same sort of trick will show that if f(x) = x3, then f approaches

3 near a. In fact,

a
1 £

" (1 +1a? + |al(1 + [al) + |af?
The proof of this assertion will show where the weird denominator comes from:
If [x —a| < 1, then |x| < |a] + 1, and consequently

if|x—a|<min( ) then |x* —a’| < &.

Ix2 + ax +a%| < |x|* + |a] - |x] + |a]?
< (1 + [a? + || + a]) + |al?.

Therefore
|x3 _a3| =|x-al- |x2+ax+a2[
£
< {1+ |a|)2+ le](1 + la|) + |a|2 : [(1 + |ﬂ|)2 +lal(1 + la]) + IalZ]

=E&.

The time has now come to point out that of the many demonstrations about
limits which we have given, not one has been a real proof. The fault lies not
with our reasoning, but with our definition. If our provisional definition of a
function was open to criticism, our provisional definition of approaching a limit
is even more vulnerable. This definition is simply not sufficiently precise to be
used in proofs. It is hardly clear how one “makes” f(x) close to ! (whatever
“close” means) by “requiring” x to be sufficiently close to a (however close “suffi-
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DEFINITION

ciently” close is supposed to be). Despite the criticisms of our definition you may
feel (I certainly hope you do} that our arguments were nevertheless quite convinc-
ing. In order to present any sort of argument at all, we have been practically forced
to invent the real definition. It is possible to arrive at this definition in several steps,
each one clarifying some obscure phrase which still remains. Let us begin, once
again, with the provisional definition:

The function f approaches the limit / near a, if we can make f(x) as close
as we like to I by requiring that x be sufficiently close to, but unequal to, a.

The very first change which we made in this definition was to note that making
f(x) close to I meant making | f(x) — I| small, and similarly for x and a:

The function f approaches the limit ! near a, if we can make |f(x) —I| as
small as we like by requiring that {x — a| be sufficiently small, and x # a.

The second, more crucial, change was to note that making | f(x) — /| “as small as
we like” means making | f(x) — | < & for any ¢ > 0 that happens to be given us:

The function f approaches the limit ! near a, if for every number ¢ > 0 we
can make |f(x) —I| < & by requiring that |x — a| be sufficiently small, and
x #£a.

There is a common pattern to all the demonstrations about limits which we have
given. For each number £ > 0 we found some other positive number, & say, with
the property that if x # a and jx — a| < 8, then | f(x} —I| < &. For the function
f(x) = xsinl/x (with @ = 0, { = 0), the number § was just the number &;
for f(x) = \/I_x—lsin 1/x, it was £%; for f(x) = x? it was the minimum of 1 and
e/(2lal + 1). In general, it may not be at all clear how to find the number §,
given &, but it is the condition |x —a| < & which expresses how small “sufficiently”
small must be:

The function f approaches the limit ! near g, if for every ¢ > 0 there is some
8 > 0 such that, for all x, if |[x —a| < § and x # a, then |f(x) — | < &.

This is practically the definition we will adopt. We will make only one trivial
change, noting that “|x — a| < 8§ and x # a” can just as well be expressed “0 <
|x —a] < 8.

The function f approaches the limit I near a means: for every e > 0 there
is some & > 0 such that, for all x, if 0 < [x —a| <, then |f(x} — | < &.
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This definition is so important (everything we do from now on depends on it) that
proceeding any further without knowing it is hopeless. If necessary memorize it,
like a poem! That, at least, is better than stating it incorrectly; if you do this you
are doomed to give incorrect proofs. A good exercise in giving correct proofs is to
review every fact already demonstrated about functions approaching limits, giving
real proofs of each. This requires writing down the correct definition of what you
are proving, but not much more-—all the algebraic work has been done already.
When proving that f does not approach ! at a, be sure to negate the definition
correctly:

If it is not true that

for every £ > 0 there is some § > 0 such that, for all x, if 0 < |x —a] < &,
then | f(x) — | < &,

then

there is some ¢ > 0 such that for every § > 0 there is some x which satisfies
O<|x—al<ébutnot |[f(x)—1I] <e&.

Thus, to show that the function f(x) = sin 1/x does not approach 0 near 0, we
consider & = % and note that for every § > 0 there is some x with 0 < |x —0| < §
but not [sinl/x — 0| < %—namely, an x of the form 1/(90 + 360n), where »n is
so large that 1/(90 + 360n) < 4.

As an illustration of the use of the definition of a function approaching a limit,
we have reserved the function shown in Figure 14, a standard example, but one
of the most complicated:

) = 0, x irrational, 0 < x < 1
fx) = 1/q, x = p/q inlowest terms, 0 < x < 1.

(Recall that p/g is in lowest terms if p and ¢ are integers with no common factor
and g > 0.)

i" L ]

0, x irrational
f(x)=[l,x==£inlowcsttcrms

g q

S ° ¢

i . °

rei ® ° . b

i ) ¢

i ™ ] . ™ ° ™

YTV R A S N

FIGURE 14
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THEOREM 1

PROOF

For any number a, with 0 < a < 1, the function f approaches 0 at a. To prove
this, consider any number ¢ > (. Let n be a natural number so large that 1/n < €.
Notice that the only numbers x for which | f(x) — 0| < & could be false are:

1 12131234 1 n—1

PIFEETTIT e
(If a is rational, then a might be one of these numbers.) However many of these
numbers there may be, there are, at any rate, only finitely many. Therefore, of all
these numbers, one is closest to a; that is, |p/g — a| is smallest for one p/g among
these numbers. (If 2 happens to be one of these numbers, then consider only the
values |p/q — al for p/q # a.) This closest distance may be chosen as the 3. For
if 0 < |x —a| <8, then x is not one of

1 n—1
277 p

and therefore |f(x) — 0| < & s true. This completes the proof. Note that our
description of the § which works for a given ¢ is completely adequate—there is no
reason why we must give a formula for § in terms of &.

Armed with our definition, we are now prepared to prove our first theorem; you
have probably assumed the result all along, which is a very reasonable thing to do.
This theorem is really a test case for our definition: if the theorem could not be
proved, our definition would be useless.

A function cannot approach two different limits near a. In other words, if f
approaches I near a, and f approaches m near a, then I = m.

Since this is our first theorem about limits it will certainly be necessary to translate
the hypotheses according to the definition.

Since f approaches I near a, we know that for any ¢ > 0 there is some number
&1 > 0 such that, for all x,

if 0 < |x —a| < &, then | f(x) —I]| < &.

We also know, since f approaches m near a, that there is some §2 > @ such that,
for all x,

if 0 < |x —al < &, then | f(x) —m| < e&.

We have had to use two numbers, 8; and 82, since there is no guarantee that the 3
which works in one definition will work in the other. But, in fact, it is now easy to
conclude that for any & > 0 there is some § > 0 such that, for all x,

if0<|x—a| <8, then |f(x)—1| <egand |f(x} —m| < &

we simply choose é = min(8), 82).
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To complete the proof we just have to pick a particular ¢ > 0 for which the two
conditions

|f(x)—Il<¢&e and [fx)—m|<e

cannot both hold, if { # m. The proper choice is suggested by Figure 15. If
I # m, so that [l —m| > 0, we can choose || —m|/2 as our &. It follows that there
is a § > 0 such that, for all x,

if0 < |x —al <8, then | f(x) — 1] < ”_2'"’
|l —m]|
7l ] and |f(x) —m| < 5
length —2-' lL‘I'lglh —"2——
FIGURE 15 This implies that for 0 < |x — a| < § we have
[ —m|=|l—f@x)+ f&x)—m| <[l - fG)+|f(x) —m]|
[{{—m| |l —m]|
2 2
=l -m|,

a contradiction. JJ

The number  which f approaches near a is denoted by lim f(x) (read: the limit

of f(x) as x approaches a). This definition is possible only because of Theorem 1,
which ensures that lim f(x) never has to stand for two different numbers. The

equation

lim f(x) =1

X—ra
has exactly the same meaning as the phrase
f approaches I near a.
The possibility still remains that f does not approach / near a, for any /, so that
liﬁan f(x) =1 is false for every number /. This is usually expressed by saying that

“lim f(x) does not exist.”
xX—=>a

Notice that our new notation introduces an extra, utterly irrelevant letter x,
which could be replaced by ¢, y, or any other letter which does not already
appear—the symbols

lim (), lmf@.  lmfO),

all denote precisely the same number, which depends on f and &, and has nothing
to do with x, z, or y (these letters, in fact, do not denote anything at all). A more
logical symbol would be something like lim f, but this notation, despite its brevity,

is so infuriatingly rigid that almost no one has seriously tried to use it. The notation
lim f(x) is much more useful because a function f often has no simple name, even
X—>a
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though it might be possible to express f(x) by a simple formula involving x. Thus,
the short symbol

liirtll(x2 + sin x)
could be paraphrased only by the awkward expression
lillxn £, where f(x) =x%+sinx.
Another advantage of the standard symbolism is illustrated by the expressions
lim x + 3,
X—>a
lim x 4 £,

The first means the number which f approaches near a when
fx)=x +13, forall x;
the second means the number which f approaches near a when
f@O)=x+¢, foralls.
You should have little difficulty (especially if you consult Theorem 2} proving that
limx + £ =a+£,
x—=>d
limx+13 =x+4d°
i—+a

These examples illustrate the main advantage of our notation, which is its flex-
ibility. In fact, the notation li_r}n f(x) is so flexible that there is some danger of

forgetting what it really means. Here is a simple exercise in the use of this no-
tation, which will be important later: first interpret precisely, and then prove the
equality of the expressions

chlirz f(x) and }llm}) fla+h).

An important part of this chapter is the proof of a theorem which will make it
easy to find many limits. The proof depends upon certain properties of inequalities
and absolute values, hardly surprising when one considers the definition of limit.
Although these facts have already been stated in Problems 1-20, 1-21, and 1-22,
because of their importance they will be presented once again, in the form of a
lemma (a lemma is an auxiliary theorem, a result that justifies its existence only
by virtue of its prominent role in the proof of another theorem). The lemma says,
roughly, that if x is close to xg, and y 1s close to yg, then x + y will be close to
xo + yo, and xy will be close to xoyo, and 1/y will be close to 1/yp. This intuitive
statement is much easier to remember than the precise estimates of the lemma,
and it is not unreasonable to read the proof of Theorem 2 first, in order to see just
how these estimates are used.



LEMMA

PROOF

5. Limits

(1) If
Ix —x0l < = and |y — yol < =,

2 2
then
Hx +¥) — (xp + yo)l <&
(2) If
|x x|<min(1 £ ) and | | £
- H) - A - < —-'__!
0 2030l + 1) YIS %l + 1)
then
lxy — xoyol < &.
(3) If yo # 0 and
. { Iyl elyol*
ly yo|<m1n( R )
then y # 0 and
’ 1 1
———|<e
Yy Yo
(1) I(x + ) — (x0 + yo)| = [(x — x0) + (¥ — yo)i
e €
< _ _ - — =g,
= lx—xol+ |y y0|<2+2 £
(2) Since |x — xp| < 1 we have
|x| — |xol < |x —xo| < 1,
so that
x| < 14+ |xg]|.
Thus
lxy — xo¥o0l = |x(y — yo) + yo(x — x0)|
< lxl- |y = yol + Iyol - Ix — xol
e £
1+ —_— } ¢ —
<t boD S+ b TP 25T D
E + E =£
< Sty =¢&
(3) We have

Yo
lvol = Iyl £ |y — yol < 5

so |y| > |y0l/2. In particular, y # 0, and
1 2

<< .
¥l Iyol

Thus ) : )
_ o=yl €yl —el

Tyl lyel Il Il 2

5
y X
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THEOREM 2

PROOF

If im f(x) =1 and lim g(x) = m, then
xX—a x—=a

(1) Lm(f+g)(x)=1+m;
2) chi_r)ftlj(f -gYx)=1-m.
Moreover, if m # 0, then

(3) lim (1) (x) = 1

rra\g m

The hypothesis means that for every ¢ > 0 there are 81,82 > 0 such that, for
all x,
if 0 < |x —a| <&, then |f(x) —1] <&,
and if 0 < |x —a| < 87, then |g(x) —m| < &.

This means (since, after all, £/2 is also a positive number) that there are 81,82 > 0
such that, for all x,

if0<|x—a <81,then|f(x)—l|<§,

and if 0 < |x —a| < &, then |g(x) —m| < %

Now let § = min(8;,d). If 0 < |x —a] < §, then 0 < |[x —a| < & and
0 < |x — a| < &2 are both true, so both

& &
If@) —ll<3 and |gx)—m| <3

are true. But by part (1) of the lemma this implies that |(f 4+ g)(x) — ( +m)| < &.
This proves (1).

To prove (2) we proceed similarly, after consulting part (2) of the lemma. If
g > 0 there are 81, §2 > 0 such that, for all x,

- ] —E
if 0 < |x —a| < 81, then | f(x) — /] < min (1, 2(ml + 1))’

and if 0 < |x —a| < 82, then |g(x) — m] < m

Again let 8§ = min(3;, 82). If 0 < |x — a} < &, then

1],
* 2(lm| + 1)

So, by the lemma, |(f - g)(x) — - m| < &, and this proves (2).
Finally, if £ > O there is a 8 > 0 such that, for all x,

|f(x)—l|<min( ) and |g(x)—m]| <

__£
200+ 1)

2
if0 < |x —a| < §, then |g(x) — m| < min (lmTl el%l)
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But according to part (3) of the lemma this means, first, that g(x) # 0, so (1/g)(x)
makes sense, and second that
1 1
)=
g m

< &.

This proves (3). |}

Using Theorem 2 we can prove, trivially, such facts as

X3+ B+
lim =
—+a x241 az+1

*

without going through the laborious process of finding a 3, given an &. We must
begin with

im7 =7,
X—>a
liml=1,
X—a
limx =a,
X—>a

but these are easy to prove directly. If we want to find the 5, however, the proof of
Theorem 2 amounts to a prescription for doing this. Suppose, to take a simpler
example, that we want to find a § such that, for all x,

if 0 < |x —al <8, then |x% +x — (% +a)| <.

Consulting the proof of Theorem 2(1), we see that we must first find 8, and §; > 0
such that, for all x,

. &
if 0 < |x —a] < 8, then |x? — d?| < 3

. £
and if 0 < |x —a| < 8, then |x —a| < =.

2
Since we have already given proofs that l1_r,r’11 x? = q% and chl_n)l x = a, we know how
to do this:
i
= mi 2
= I:m (1’ 2lal + 1)’

82=§.

Thus we can take

e
— 3 = i i -2“-
8 = min(d;, §2) = min (mln (1’ 2la| + 1)’

)
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(a)

1

T

a

(b)

FIGURE 16

FIGURE 17

If a # 0, the same method can be used to find a 8 > 0 such that, for all x,

1 1

if 0 <|x —al| <4, then 5 — 5 | <&
X a

The proof of Theorem 2(3) shows that the second condition will follow if we find
a 8 > (} such that, for all x,

2 4
if 0 < |x —a} < §, then |x? — a%| < min (%, %)

N
27 2
2|a] +1

Naturally, these complicated expressions for 8 can be simplified considerably, after
they have been derived.

One technical detail in the proof of Theorem 2 deserves some discussion. In
order for ll_rHZ f(x) to be defined it 1s, as we know, not necessary for f to be defined
at a, nor is it necessary for f to be defined at all points x # a. However, there
must be some é > 0 such that f(x) is defined for x satisfying 0 < |x —a| < §;
otherwise the clause

“If 0 < |x—a|<é, then |f(x)—1I| <¢&”

Thus we can take

d=min |1,

would make no sense at all, since the symbol f(x) would make no sense for
some x’s. If f and g are two functions for which the definition makes sense,
it is easy to see that the same is true for f + g and f - g. But this is not so
clear for 1/g, since 1/g is undefined for x with g(x) = 0. However, this fact gets
established in the proof of Theorem 2(3).

There are times when we would like to speak of the limit which f approaches
at a, even though there is no & > 0 such that f(x) is defined for x satisfying
0 < |x —a| < 4. For example, we want to distinguish the behavior of the two
functions shown in Figure 16, even though they are not defined for numbers less
than a. For the function of Figure 16{(a) we write

lim f(x)=1 or li{nf(x)=l.
x—at xla
(The symbols on the left are read: the limit of f(x) as x approaches a from above.)

These “limits from above” are obviously closely related to ordinary limits, and the
definition is very similar: lim f(x) = ! means that for every & > O thereisa § > 0

such that, for all x,
if0<x—a<d,then |f(x)—I| <e.

(The condition “0 < x —a < §” is equivalent to “0 < |x —a| < é and x > a.”)

“Limits from below” (Figure 17) are defined similarly: lim f(x) = [ (or
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lm f(x) = [) means that for every ¢ > 0 there is a § > 0 such that, for

xta

all x,
if 0<a—x <38, then |f(x)—1| <e&.

It is quite possible to consider limits from above and below even if f is defined
for numbers both greater and less than a. Thus, for the function f of Figure 13,
we have

Jlr1_i+n(}+j"(x)=l and xlirg_f(x):—l.

It is an easy exercise (Problem 29) to show that lim f(x) exists if and only if
X—ra
ll'm+ f(x) and lim f(x) both exist and are equal.
Like the definitions of limits from above and below, which have been smuggled
into the text informally, there are other modifications of the limit concept which
will be found useful. In Chapter 4 it was claimed that if x is large, then sin 1 /x is

close to 0. This assertion 1s usually written

bim sin1/x =0.
X—>00

FIGURE 18

The symbol lim f(x) is read “the limit of f(x) as x approaches 00,” or “as
x becomes ina‘;:e,” and a limit of the form lim f(x) is often called a limit at
infinity, Figure 18 illustrates a general situati;; xhcre }_11*{.10 f(x) = 1. Formally,
xlil{{.lo J(x) =l means that for every & > 0 there is a number N such that, for all x,

if x > N, then |f(x) - 1| < &.

The analogy with the definition of ordinary limits should be clear: whereas the
condition “0 < |x — a| < 8” expresses the fact that x is close to a, the condition
“x > N” expresses the fact that x is large.

We have spent so little time on limits from above and below, and at infinity,
because the general philosophy behind the definitions should be clear if you un-
derstand the definition of ordinary limits (which are by far the most important).
Many exercises on these definitions are provided in the Problems, which also con-
tain several other types of limits which are occasionally useful.
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PROBLEMS

1.

*5.

Find the following limits. {These limits all follow, after some algebraic ma-
nipulations, from the various parts of Theorem 2; be sure you know which
ones are used in each case, but don’t bother listing them.)

2
. xt—1
(1) x—rﬂ x+1°
3
. x’—8
@ i
3
x> -8
@
. xn_yn
1 .
(iv) J‘:1_111}’ Ty
) lm—2
yX X =y
w .. Ya+h—4a
V) lim —

Find the following limits.

S V£
® ll—rﬂ 1—-x "

i . I—y1—x2
i) lim .
r—0 X
v 1. L=y 1—x2
(iii) lim —_—

x—0 X

In each of the following cases, find a & such that |f(x) — I} < & for all x
satisfying 0 < |x — a| < 8.

@ fe)=x41=a*
6 fo)=—sa=1,0=1
X

(i) f@)y=x*+ %; a=1,1=2.

. X

1 xX)= ———5;
W) T® = s
® f&)=vxla=0,1=0.

V) f@=vra=L1l=1

For each of the functions in Problem 4-17, decide for which numbers a the
himit ,!1—1’3 f(x) exists.

a=0,1=0.

(a) Do the same for each of the functions in Problem 4-19.
(b) Same problem, if we use infinite decimals ending mn a string of (s
instead of those ending in a string of 9’s.
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10.

11.

12
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Suppose the functions f and g have the following property: for all ¢ > 0
and all x,

2

9
fl<|x—-2| < sz, then |g{x) — 4| < &.

For each ¢ > 0 find a & > 0 such that, for all x,

i if0<|x—2|<3,then |f(x)+g(x)—6| <e&.

(i) 0 <|x—2| <34, then |f(x)g(x) — 8| < &.

if0<|x—21<s'm2( )+£,then If(x)—2| <e,

- 1
@) if 0 < |x—2| <34, then g—(x)_ﬁ_l'<€
Sy fx) ll
iv) if 0 <|x~2]<é,then [—— — =
(iv) lx —2| sl

Give an example of a function f for which the following assertion is false:
If |f(x}) —1] < e whenO < |[x —a| < 4, then |f(x) — ] < £/2 when
0<|x—al <éd/2

(@) If lim f(x) and lim g(x) do not exist, can lim[f(x) + g(x)] or
3%1_15 Fx)g(x) exist?

b) If Jlf]_r:; f(x) exists and 11_1‘)1“11 [f(x) + g(x)] exists, must chl—l;[}a g(x) exist?

{c) If lim f(x) exists and lim g(x) does not exist, can lim [ f (x)+g(x)] exist?

X—ra X—r X3

d If }1_1‘5‘11 F(x) exists and }1_121 Fx)g(x) exists, does it follow that }1_1;!‘1] g(x)
exists?

Prove that lim f(x) = }lir% f(a + k). (This is mainly an exercise in under-

standing what the terms mean.)

(a) Prove that lim f(x) =1 if and only if im[f(x) — ] = 0. (First see why
the assertion is obvious; then provide a rigorous proof. In this chapter
most problems which ask for proofs should be treated in the same way.)

(b) Prove that lim f(x) = lim f(x — a).

x—0 x—+a

(©) Prove that lin% fx)= 1‘m6 fix3).

x—> x>

(d) Give an example where lirr(1) f (x2) exists, but lin% fx) does not.

Suppose there is a § > 0 such that f(x) = g(x) when 0 < |x —a| < §. Prove

that lim f(x) = lim g(x). In other words, lim f(x) depends only on the

x—a x—a x—q

values of f(x) for x near a—this fact is often expressed by saying that limits

are a “local property” (It will clearly help to use &', or some other letter,

instead of 8, in the definition of limits.)

(a) Suppose that f(x) < g(x) for all x. Prove that ll_t}flz flx) < }1_1,1,], g(x),
provided that these limits exist.
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13.

*14,

15.

16.

(b) How can the hypotheses by weakened?
() If f(x) < g(x) for all x, does it necessarily follow that lim f(x) <
X—ra

lim g(x)?

Suppose that f(x) < g(x) < h(x) and that 11_13 fx) = J%1_r)131 h(x). Prove that
li_r):}i g(x) exists, and that }1_1’13 g(x) = lim f(x) = li_r)n h(x). (Draw a picture!)

{(a) Prove that if lil‘l’(l) f(x)/x =1and b # 0, then lin}) F(bx)/x = bl. Hint:

Write f(bx)/x = b[ f(bx}/bx].
(b) What happens if b = 0?
(c) Part (a) enables us to find lirr(1, (sin2x})/x in terms of lirr(1) (sinx)/x. Find

this imit in another way.

Evaluate the following limits in terms of the number a = lirrtl)(sin x)/x.
x—

sin 2x

O M

sinax

11 — .
x—0 sin bx

sin® 2x

Sl
@) lim =
sin 2x
w) lim .
(iv) lim —
1 —cosx
lim ———
(V) x—0 x2
) . tan®x 4+ 2x
(vij lim —
x—0 xX+x
xsinx

i) lim ——.
(vit) xl—IR) 1 —cosx
v 1. SiN(x +A) —sinx
hm .
(Vl]l) h—>0 h
sin(x? — 1)
x—1 X — 1 ’
x2(3 + sin x)

-0 (x 4+ sinx)

1 \3
PRTSRP ST B
(xi) P_rfll(x 1)” sin (x— 1) .

(a) Prove that if PH}; f(x} =1, then Jlrl_r)r‘li [ FiCx) = [1].
{b) Prove that if li_r)n f(x) =1 and lim g(x) = m, then lim max(f, g){(x) =

max(l, m} and similarly for min.
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18.

19.

*20.

21.

22,

*23.

*24.
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(a) Prove that lirr(ll 1/x does not exist, i.e., show that liH‘I) 1/x =1 is false for
X—> X

every number .
(b} Prove that lini 1/(x — 1) does not exist.
x—>

Prove that if lim f(x) = [, then there is a number 8 > 0 and a number M
x—>a

such that |f(x)] < M if 0 < |x —a| < &. (What does this mean pictorially?)

Hint: Why does it suffice to prove that -1 < f(x) < I+1for0 < |x—a| < §?

Prove that if f(x) = O for irrational x and f(x) = 1 for rational x,
then P_rﬂ, f(x) does not exist for any a.

Prove that if f(x) = x for rational x, and f(x) = —x for irrational x, then
lim f(x) does not exist if @ # 0. )
x—a
(a) Prove that if lin}) g(x) =0, then lirr(1) g(x)sinl/x =0.
X— x—r
(b) Generalize this fact as follows: If lin(1) g(x) =0 and |r(x)| < M for all x,
then lirrb g(x)h(x) = 0. (Naturally it is unnecessary to do part (a) if you
succeed in doing part (b); actually the statement of part (b) may make it
easier than (a)—that’s one of the values of generalization.)
Consider a function f with the following property: if g is any function for
which lir% g(x) does not exist, then lirrb [f(x) + g(x)] also does not exist,
X—¥ x—»
Prove that this happens if and only if lm}) f{x) does exist. Hint: This is
x—r
actually very easy: the assumption that l'm%) f(x) does not exist leads to an
x—
immediate contradiction if you consider the right g.
This problem is the analogue of Problem 22 when f + g is replaced by f - g.
In this case the situation is considerably more complex, and the analysis
requires several steps (those in search of an especially challenging problem
can attempt an independent solution).
(a) Suppose that 1in(1} f(x) exists and is # 0. Prove that if lirrag(x) does not
x— X
exist, then 111’1’{1) f(x)g(x) also does not exist.
x>
{(b) Prove the same result if liII(I] | f(x)] = co. (The precise definition of this
X—»

sort of limit is given in Problem 37.)
(c) Prove that if neither of these two conditions holds, then there is a function
£ such that linrtl) g(x) does not exist, but ljn}) f(x)g(x) does exist.
X— X—»!

Hint: Consider separately the following two cases: (1) for some ¢ > 0
we have | f(x)| > & for all sufficiently small x. (2) For every & > 0, there
are arbitrarily small x with |f(x)| < &. In the second case, begin by
choosing points x, with |x,| < 1/r and | f(x,)| < 1/n.

Suppose that A, is, for each natural number n, some finite set of numbers in
[0, 1], and that A, and A,, have no members in common if m # n. Define
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25.

*26.

27.

*28.

29,

30.

*31.

f as follows:

_ 1/n, xin A,
fxy = { 0, x not in A, for any n.

Prove that "]:iLI}lf(x) =0forallamn [0,1].

Explain why the following definitions of }13‘11 f(x) =1 are all correct:
For every 8 > 0 there is an € > 0 such that, for all x,

@) if0<|x—al<e then|f(x)—1I| <8é.
(i) f0<|x—al|<eg, then [f(x)—-I] <4.
(i) if 0 < |x —al| < &, then |f(x) — | < 58.

iv) if 0 <jx—a|l <e&/10, then |f(x) —I| < 3.

——~

Give examples to show that the following definitions of liin fx) =1 are not
correct.

(a) For all & > O there is an £ > 0 such that if 0 < |x — a| < §, then

[f(x) =1 <e.
(b) For all ¢ > O there is a 8 > 0 such that if |f(x) —!| < ¢, then 0 <

Ix —al < 4.

For each of the functions in Problem 4-17 indicate for which numbers a the
one-sided limits lim+ f(x)and lim f(x} exist.

(a) Do the same for each of the functions in Problem 4-19,
(b) Also consider what happens if decimals ending in O’s are used instead of
decimals ending in 9’s.

Prove that 11_12 F(x) exists if’ lim+ flx) = lim f(x).

Prove that

0 Jim, 7= lig 72

i) L = lim .

@ lim fQx) = lm fG)

(i) lim f(*) = lim f(x).

(These equations, and others like them, are open to several interpretations.
They might mean only that the two limits are equal if they both exist; or that
if a certain one of the limits exists, the other also exists and is equal to it; or

that if either limit exists, then the other exists and is equal to it. Decide for
yourself which interpretations are suitable.)

Suppose that lim f(x) < lim+ f(x). (Draw a picture to illustrate this as-
X—a- X—>a

sertion.) Prove that there is some § > 0 such that f(x) < f(y) whenever
x<a<yand|x —al <éand |y — a] < 3. Is the converse true?



*32.

33.

34.

35.

36'

3.

38.

39.
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Prove that J‘]inc’le(a,,.rc" +---+ao)/(bpx™ +- -+ bp) exists if and only if m > n.

What is the limit when m = r? When m > n? Hint: the one easy limit is

lim 1/x* = 0; do some algebra so that this is the only information you need.
X—+00

Find the following limits.
. 3
X+4sin x
i lim ————.
(1) x-Hilo 5»+6

(i) lim 80X
) X— 00 x2 -|-5‘

@) lim vx2+x —x.

(i)

x2(1 + sin? x)

m ————-,

x=00 (X + sinx)2

Prove that lim F(1/x} = lim f(x).
=0+ X 00

Find the following limits in terms of the number & = lin}) (sinx)/x.
-

@  lim —=,
x50 X

1
o L il
(ii) Jim x sin -

Define “ ler fxy=1"

(@) Find lim (@,x"+---+ a®)/(bux™ + -+ - + by).
(b) Prove that xliglo fx) = xEerf(—x)'
{(c) Prove that lil'{]l_ flix) = xLilZloo Fe.

We define lim f(x) = oo to mean that for ail N there is a § > 0 such that,
for all x, if 0 < |x —a| < §, then f(x) > N. (Draw an appropriate picture!)
(a) Show that lim 1/(x - 3)? = oo

(b) Prove that if f(x) > & > 0 for all x, and lim g(x) = 0, then

lim £(x)/1g()| = oo.

(a) Define ]im+ fx) =00, lim f(x) =00, and lir13 f(x) = 00. (Or at least
X—+d x—a X—>
convince yourself that you could write down the definitions if you had

the energy. How many other such symbols can you define?)
(b) Prove that li.l’{)l+ 1/x = oo,

(c) Prove that Jcl_i)lf{)1+ f(x) =ocifand only if lim f(1/x) =oc.
Find the following limits, when they exist.

2 +4x =7
x—00 Tx2 —x +1

)
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i) =2

40.

4]1.

FIGURE 19

@ lim x(1+ sin? x).

(i) lm xsin’x.

x>0
1
(iv} lim x%sin—.
=00 X
(v}  lim vx2+2x —x.

(v lim x(vx+2—+/x).
Vixl

i) i

{a) Find the perimeter of a regular n-gon inscribed in a circle of radius r;
use radian measure for any trigonometric functions involved. [Answer:
2rnsin(r/n).]

(b) What value does this perimeter approach as » becomes very large?

After sending the manuscript for the first edition of this book off to the printer,

I thought of a much simpler way to prove that li_[;n x? = 4% and P_’P %3 =

a’, without going through all the factoring tricks on page 95. Suppose, for
example, that we want to prove that lim x> = a2, where a > 0. Given
X—a

¢ > 0, we simply let § be the minimum of Va2 +e —a anda —va?2—¢

(see Figure 19); then |x — a| < § implies that Va2 —e < x < Va2 +¢, so
a’> —¢ < x? < a? +¢, or |x? — a?| < e. It is fortunate that these pages had
already been set, so that I couldn’t make these changes, because this “proof™
is completely fallacious. Wherein lies the fallacy?



FIGURE 1

FIGURE 3

CHAPTER

DEFINITION

CONTINUOUS FUNCTIONS

If f is an arbitrary function, it is not necessarily true that
lim £(x) = f(a).

In fact, there are many ways this can fail to be true. For example, f might not
even be defined at a, in which case the equation makes no sense (Figure 1).
Again, lim f(x) might not exist (Figure 2). Finally, as illustrated in Figure 3,
X—=a
even if f is defined at @ and ll_r)ré f(x) exists, the limit might not equal f(a).

< LS W
LA L A
(a) {b) (c)
FIGURE 2

We would like to regard all behavior of this type as abnormal and honor, with
some complimentary designation, functions which do not exhibit such peculiarities.
The term which has been adopted is “continuous.” Intuitively, a function f is
continuous if the graph contains no breaks, jumps, or wild oscillations. Although
this description will usually enable you to decide whether a function is continuous
simply by looking at its graph (a skill well worth cultivating) it is easy to be fooled,
and the precise definition is zery important.

The function f is continuous at a if

lim f(x) = f(a).

We will have no difficulty finding many examples of functions which are, or are
not, continuous at some number a—every example involving limits provides an
example about continuity, and Chapter 5 certainly provides enough of these.

The function f(x) = sin 1/x is not continuous at 0, because it is not even defined
at 0, and the same is true of the function g(x) = x sin 1/x. On the other hand, if
we are willing to extend the second of these functions, that is, if we wish to define

113
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a new function G by

| xsinl/x, x#0
G(x) = { a, x=0,
¢ then the choice of a = G(0) can be made in such a way that G will be continuous
at 0—to do this we can (if fact, we must) define G(0) = O (Figure 4). This sort of
extension 1s not possible for f; if we define
_ | sinl/x, x#0
F(x) = { ’ x =0,
@) then F will not be continuous at 0, no matter what a is, because lir% f(x) does
x>
not exist.
The function
x, x rational
fx) = { 0, x irrational
G is not continuocus at a, if @ # 0, since lim f(x) does not exist. However, lln}) flx) =
xX—a X—>
0 = f(0), so f is continuous at precisely one point, 0.
The functions f(x) = ¢, g(x) = x, and h(x) = x? are continuous at all num-
bers a, since
lim f(x) = lim ¢ = ¢ = f(a),
X=a X—a
(b) lim g(x) = lim x = a = g(a),
x—a x—>a

FIGURE 4 . .2 2
Hm A(x) = h_r)rix = a“ = h(a).

x—ra
Finally, consider the function

Flxy = 0, x irrational
| 1/q, x = p/q in lowest terms,

In Chapter 5 we showed that lim f(x) = 0 for all a. Since 0 = f(a) only when
x—a

a is irrational, this function is continuous at a if a is irrational, but not if a is
rational.
It is even easier to give examples of continuity if we prove two simple theorems,

THEOREM 1 If f and g are continuous at 4, then

(1) f + g is continuous at a,
(2) f-g is continuous at a.

Moreover, if g(a) # 0, then

(3) 1/g is continuous at a.
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Since f and g are continuous at &,

lim f(x) = f(@) and limg(x) = g(a).
By Theorem 2(1) of Chapter 5 this implies that

lim(f +g)(x) = f(@) +g(a) = (f + g)(a),

which is just the assertion that f -+ g is continuous at a. The proofs of parts (2)
and (3) are left to you. I

Starting with the functions f(x) = ¢ and f(x) = x, which are continuous at a,
for every a, we can use Theorem 1 to conclude that a function

bpx" + by 1"+ + by
CmX™ + Cpo1x™ 1 ... 4 ¢
is continuous at every point in its domain. But it is harder to get much further

than that. When we discuss the sine function in detail it will be easy to prove that
sin 1s continuous at @ for all a; let us assume this fact meanwhile. A function like

fx)=

sin® x +x2 4 x4sinx
fx)=—7=

sin?? x + 4x2sin® x

can now be proved continuous at every point in its domain. But we are still
unable to prove the continuity of a function like f(x) = sin(x2); we obviously
need a theorem about the composition of continuous functions. Before stating this
theorem, the following point about the definition of continuity is worth noting, If
we translate the equation J11_1)1‘1J f(x) = f(a) according to the definition of limnits,

we obtain

for every £ > 0 there is 8 > 0 such that, for all x,
if 0 < |x —a| <8, then | f(x) — f(a)| <E&.

But in this case, where the limit is f(a), the phrase
OQ<|lx—a|l<é
may be changed to the simpler condition
|x —a| <8,
since if x = a it is certainly true that | f(x) — f(a)| < &.

If g is continuous at a, and f is continuous at g(a), then f o g is continuous at a.
(Notice that f is required to be continuous at g(a), not at a.)

Let &€ > 0. We wish to find a § > 0 such that for all x,

if jx —a| < 3§, then |(f o g)(x) — (f 0 8)(a)| <&,
ie, |fg(x)— f(g@)l <e.
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We first use continuity of f to estimate how close g(x) must be to g(a) in order
for this inequality to hold. Since f is continuous at g(a), there is a § > 0 such
that for all y,

() if ly—gl@)| <&, then |f(3) - f(g@)| <.
In particular, this means that

(2 if |g(x) — g(@)| < &', then | f(g(x)) — f(g@))] <e&.

We now use continuity of g to estimate how close x must be to g in order for the
inequality |g(x) — g(a)| < & to hold. The number &' is a positive number just like
any other positive number; we can therefore take 8" as the £ () in the definition of
continuity of g at . We conclude that there is a § > 0 such that, for all x,

3) if |x —a| < 8, then |g(x) — g(a)] < §&'.
Combining (2) and (3) we see that for all x,
if |x —al < 8, then | f(g(x)) — fgla)| <e.

We can now reconsider the function

_Jxsinl/x, x#0
f(")‘{o, % = 0.

We have already noted that f is continuous at 0. A few applications of Theorems 1
and 2, together with the continuity of sin, show that f is also continuous at a, for
a # 0. Functions like f(x) = sin(x? + sin(x + sinz(xS))) should be equally easy
for you to analyze.

The few theorems of this chapter have all been related to continuity of functions
at a single point, but the concept of continuity doesn’t begin to be really interesting
until we focus our attention on functions which are continuous at all points of some
interval. If f is continuous at x for all x in (a, b), then f is called continuous
on (a,b). Continuity on a closed interval must be defined a little differently; a
function f is called continuous on [q, b] if

(1) f is continuous at x for all x in (a, b),

2) lim f(x) = f(@) and lim f(x) = f().

Functions which are continuous on an interval are usually regarded as especially
well behaved; indeed continuity might be specified as the first condition which a
“reasonable” function ought to satisfy,. A continuous function is sometimes de-
scribed, intuitively, as one whose graph can be drawn without lifting your pencil
from the paper. Consideration of the function

_ ] xsinl/x, x#0
ro={3 *70

shows that this description is a little too optimistic, but it is nevertheless true that
there are many important results involving functions which are continuous on an
interval. There theorems are generally much harder than the ones in this chapter,
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but there is a simple theorem which forms a bridge between the two kinds of results.
The hypothesis of this theorem requires continuity at only a single point, but the
conclusion describes the behavior of the function on some interval containing the
point. Although this theorem is really a lemma for later arguments, it is included
here as a preview of things to come.,

Suppose f is continuous at a, and f(a) > 0. Then there is a number é > 0 such
that f(x) > O for all x satisfying |x — a| < 8. Similarly, if f(a) < 0, then there is
a number & > O such that f(x) < 0 for all x satisfying [x — a| < §.

Consider the case f(a) > 0. Since f is continuous at a, if £ > O thereisa § > 0
such that, for all x,
if [x —al| <4, then | f(x) — f(a)| < &.
Since f(a) > 0 we can take f(a) as the £&. Thus there is § > 0 so that for all x,
if |x —a| < 8, then [f(x) — fla)| < f(a),

and this last inequality implies f(x) > 0.
A similar proof can be given in the case f(a) < 0; take ¢ = — f(a). Or one can
apply the first case to the function —f. |

PROBLEMS

1. For which of the following functions f is there a continuous function F with
domain R such that F(x) = f(x) for all x in the domain of f?

2 _
0 o=
5 oo ¥
fnmy flx)= b

(i) f(x) =0, x irrational.
(iv) f(x)=1/g, x = p/q rational in lowest terms.

2. At which points are the functions of Problems 4-17 and 4-19 continuous?

3. (a) Suppose that f is a function satisfying | f(x)| < |x| for all x. Show that
f is continuous at 0. (Notice that f(0) must equal 0.)
(b} Give an example of such a function f which is not continuous at any
a#0.
(c) Suppose that g is continuous at 0 and g(0) = 0, and | f(x)| < |g(x)|.
Prove that f is continuous at 0.

4. Give an example of a function f such that f is continuous nowhere, but | f|
is continuous everywhere.

5. For each number a, find a function which is continuous at a, but not at any
other points.
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10.

11,

*12,

13.

14,

(a) Find a function f which is discontinuous at 1, %, %, %, ... but continuous
at all other points.
(b} Find a function f which is discontinuous at 1, %, %, ;1{, ...,and at 0, but

continuous at all other points.

Suppose that f satisfies f(x + y) = f(x) + f(¥), and that f is continuous
at 0. Prove that f is continuous at a for all g.

Suppose that f is continuous at @ and f(a) = 0. Prove that if @ # 0, then
f + « is nonzero in some open interval containing a.

(a) Suppose f is not continuous at a. Prove that for some number £ > 0 there
are numbers x arbitrarily close to @ with | f(x) — f(a)| > &. Ilustrate
graphically.

(b) Conclude that for some number £ > 0 either there are numbers x arbi-
trarily close to a with f(x) < f(a) —¢ or there are numbers x arbitrarily
close to @ with f(x) > f(a)+e.

(a) Prove thatif f is continuous at a, then so is | f|.

(b) Prove that every continuous f can be written f = E + O, where E is
even and continuous and @ is odd and continuous.

(¢) Prove that if f and g are continuous, then so are max(f, g) and
min(f, g).

(d) Prove that every continuous f can be written f = g —h, where g and &
are nonnegative and continuous.

Prove Theorem 1(3) by using Theorem 2 and continuity of the function
fx)y=1/x.

{(a) Prove that if f is continuous at ! and lim g(x) = [, then }1_1;[; flg(x)) =

X—ra

f ). (You can go right back to the definitions, but it is easier to consider
the function G with G(x) = g(x) for x # a, and G(a) =1.)

(b) Show that if continuity of f at [ is not assumed, then it is not generally
true that P_r,'}. flg(x)y = f(}i_r)l’;ll g(x)). Hint: Try f(x) =0for x # !, and

FO=1.

{a) Prove that if f is continuous on [a, b], then there is a function g which
1s continuous on R, and which satisfies g(x) = f(x) for all x in [a, b].
Hint: Since you obviously have a great deal of choice, try making g
constant on (—oo, @] and {b, 00).

(b) Give an example to show that this assertion is false if [a, &] is replaced
by (a, b).

(a) Suppose that g and & are continuous at @, and that g{a) = h(a). Define
f(x) tobe gx) if x = a and A(x) if x < a. Prove that f is continuous
at a.

(b) Suppose g is continuous on [a, b] and h is continuous on [b, ¢] and
g(b) = h(b). Let f(x) be g(x) for x in [a, b] and k(x) for x in [b, cl.
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Show that f is continuous on [a, ¢]. (Thus, continuous functions can be
“pasted together”.)

Prove the following version of Theorem 3 for “right-hand continuity”:
Suppose that lim f(x) = f(a), and f(a) > 0. Then there is a number
x—at

8 > 0 such that f(x) > O for all x satisfying 0 < x —a < 4. Similarly,
if f(a) < 0, then there is 2 number § > 0 such that f(x) < 0 for all x
satisfying 0 < x —a < 4.

Prove a version of Theorem 3 when JEl_ig)]_ fx) = fb).

If lim f(x) exists, but is # f(a), then f is said to have a removable dis-
x4

continuity at a.

(a)
®)

If f(x) =sinl/x for x # 0 and f(0) = 1, does f have a removable
discontinuity at 0?7 What if f(x) =xsinl/x for x #0, and f(0) = 1?

Suppose f has a removable discontinuity at a. Let g(x) = f(x) for
X #a, and let g{a) = _,1;1_11:,11 Jf(x). Prove that g is continuous at a. (Don’t

work very hard; this is quite easy)
Let f(x) = 0 if x is irrational, and let f(p/q) = 1/q if p/g is in lowest
terms. What is the function g defined by g(x) = ;,1_13 Fon?

Let f be a function with the property that every point of discontinuity
is a removable discontinuity. This means that hn}r f () exists for all x,
y—

but f may be discontinuous at some {even infinitely many) numbers x.
Define g(x) = lim f(y). Prove that g is continuous. (This is not quite
y=>x

s0 easy as part (b).)
Is there a function f which is discontinuous at every point, and which has

only removable discontinuities? (It is worth thinking about this problem
now, but mainly as a test of intuition; even if you suspect the correct
answer, you will almost certainly be unable to prove it at the present
time. See Problem 22-33.)
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THREE HARD THEOREMS

This chapter is devoted to three theorems about continuous functions, and some
of their consequences. The proofs of the three theorems themselves will not be
given until the next chapter, for reasons which are explained at the end of this
chapter.

If f is continuous on [a, b] and f(a) < 0 < f(b), then there is some x in [a, b]
such that f(x) =0.

{Geometrically, this means that the graph of a continuous function which starts
below the horizontal axis and ends above it must cross this axis at some point, as
in Figure 1.)

If f is continuous on [a, b], then f is bounded above on [a, b], that is, there is
some number N such that f(x) < N for all x in [a, b].

(Geometrically, this theorem means that the graph of f lies below some line par-
allel to the horizontal axis, as in Figure 2.)

If f is continuous on {a, b], then there is some number y in [a, b] such that
f) = f(x) for all x in [a, b] (Figure 3).

These three theorems differ markedly from the theorems of Chapter 6. The
hypotheses of those theorems always involved continuity at a single point, while

o~
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the hypotheses of the present theorems require continuity on a whole interval
[a, b]—if continuity fails to hold at a single point, the conclusions may fail. For
example, let f be the function shown in Figure 4,

-1, 0_<_x_<~/§

fx)=
1, V2=x=x2.

Then f is continuous at every point of [0, 2] except V2, and £(0) <0 < £(2),

but there is no point x in [0, 2] such that f(x) = 0; the discontinuity at the single

point /2 is sufficient to destroy the conclusion of Theorem 1.

Similarly, suppose that f is the function shown in Figure 5,

f(x):{(l)/x’ ;ig

Then f is continuous at every point of [0, 1] except 0, but f is not bounded above
on [0, 1]. In fact, for any number N > 0 we have f(1/2N)=2N > N.

This example also shows that the closed interval [a, b] in Theorem 2 cannot be
replaced by the open interval (a, b), for the function f is continuous on (0, 1), but
is not bounded there.

Finally, consider the function shown in Figure 6,

f(x)=lx2, x<l1

0, x=1.
On the interval [0, 1] the function f is bounded above, so f does satisfy the
conclusion of Theorem 2, even though f is not continuous on [0,1]. But f
does not satisfy the conclusion of Theorem 3—there is no y in [0, 1] such that
f(¥) = f(x) for all x in [0, 1]; in fact, it is certainly not true that f(1) > f(x) for
all x in [0, 1] so we cannot choose y = 1, nor can we choose 0 < y < 1 because
F) < f(x) if x is any number with y < x < 1,

This example shows that Theorem 3 is considerably stronger than Theorem 2.
Theorem 3 is often paraphrased by saying that a continuous function on a closed
interval “takes on its maximum value” on that interval.

As a compensation for the stringency of the hypotheses of our three theorems,
the conclusions are of a totally different order than those of previous theorems.
They describe the behavior of a function, not just near a point, but on a whole in-
terval; such “global” properties of a function are always significantly more difficult
to prove than “local” properties, and are correspondingly of much greater power.
To illustrate the usefulness of Theorems 1, 2, and 3, we will soon deduce some im-
portant consequences, but it will help to first mention some simple generalizations
of these theorems.

If f is continuous on [a, b] and f{@) < ¢ < f(b), then there is some x in [a, b]
such that f(x) =c.
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Let g = f —c¢. Then g is continuous, and g(a) < 0 < g(b). By Theorem 1, there
is some x in [a, b] such that g(x) = 0. But this means that f(x) =c. i

If f is continuous on [a, b] and f(a) > ¢ > f(b), then there is some x in [a, b]
such that f(x) =c.

The function —f is continuous on [a, b] and ~ f(a) < —¢ < —f(b). By The-
orem 4 there is some x in [a, b] such that —f(x}) = —c, which means that

f=cl

Theorems 4 and 5 together show that f takes on any value between f(a)
and f(b). We can do even better than this: if ¢ and d are in [a, b], then f
takes on any value between f(c) and f(d). The proof is simple: if, for example,
¢ < d, then just apply Theorems 4 and 5 to the interval [c¢, d]. Summarizing, if a
continuous function on an interval takes on two values, it takes on every value in
between; this shght generalization of Theorem 1 1s often called the Intermediate
Value Theorem.

If f is continuous on [a, b}, then f iz bounded below on |[a, b], that is, there is
some number N such that f(x) > N for all x in {a, b].

The function — f is continuous on [a, b], so by Theorem 2 there is a number M
such that — f(x) < M for all x in [a, b]. But this means that f(x) > —M forall x
in [a,b],sowe canlet N = —M. ||

Theorems 2 and 6 together show that a continuous function f on [a,b] is
bounded on [a, b], that is, there is a number N such that |f(x)| < N for all x in
[a, b]. In fact, since Theorem 2 ensures the existence of a number N; such that
f(x) < N for all x in {a, b], and Theorem 6 ensures the existence of a number
N3 such that f(x) = N for all x in [a, b], we can take N = max(|Ny|, |Nz|).

If £ is continuous on [a, b], then there is some y in [a, b} such that f(y) < f(x)
for all x in [a, b].

(A continuous function on a closed interval takes on its minimum value on that
interval.)

The function — f is continuous on [a, b]; by Theorem 3 there is some y in [a, b]
such that —f(y) = — f(x) for all x in [a, b], which means that f(y) < f(x) for
all x in [a, b]. |

Now that we have derived the trivial consequences of Theorems 1, 2, and 3, we
can begin proving a few interesting things.

Every positive number has a square root. In other words, if a > 0, then there is
some number x such that 22 = .
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Consider the function f(x) = x2, which is certainly continuous. Notice that the
statement of the theorem can be expressed in terms of f: “the number « has a
square root” means that f takes on the value . The proof of this fact about f
will be an easy consequence of Theorem 4.

There is obviously a number b > 0 such that f(b) > « (as illustrated in Figure 7);
in fact, if @ > 1 we can take b ='¢, while if ¢ < 1 we can take b = 1. Since
f@) < a < f(b), Theorem 4 applied to [0, b] implies that for some x (in [0, b]),
we have f(x) = a, ie, x? =a. §

Precisely the same argument can be used to prove that a positive number has
an nth root, for any natural number n. If n happens to be odd, one can do
better: every number has an nth root. To prove this we just note that if the positive
number a has the nth root x, i.e., if x* = a, then (—x)* = —« (since # is odd), so
—a has the nth root —x. The assertion, that for odd n any number « has an nth
root, is equivalent to the statement that the equation

"—a=1(

has a root if # is odd. Expressed in this way the result is susceptible of great
generalization.

If n is odd, then any equation
"+ ap1x" 1+ dap=0

has a root.

We obviously want to consider the function
fE) =x"+a, 15"+ +ap;

we would like to prove that f is sometimes positive and sometimes negative. The
intuitive idea is that for large |x|, the function is very much like g(x} = x" and,
since n is odd, this function is positive for large positive x and negative for large
negative x. A little algebra is all we need to make this intuitive idea work.

The proper analysis of the function f depends on writing

Gy a
f@) =x"+ay_1x"! +---+ao=x"(1+ n-l +---+x—g).
Note that | | ol
ap—1 ap-2 aQ n—1 20
P + 2 + +x" = + +|x"|
Consequently, if we choose x satisfying
(%) |x| > 1, 2nla,-1l, ..., 2nlaol,
then |x*| > |x| and
@il |@akl  lanil _ 1

|x*| lx| " 2nlapl 20"
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n-1 dp_2 ao 1 1 _ 1
x +x2+ +x"_2n+-'+2n_2
#n terms
In other words,
1 < Gl ey a _ l
27 x xr 2
which implies that
1 An-1 ao
5 = 1+ +-+ -l
Therefore, if we choose an x1 > 0 which satisfies (), then
n — a
G < Gy (1 Th-= IV °,,) = f(x),
X (x1)
so that f(x;) > 0. On the other hand, if x; < 0 satisfies (%), then (x3)" < 0 and
(x2) > (x2)" (1 2l B ) = f(x3),
x2 (x2)"

so that f(x3) < 0.
Now applying Theorem 1 to the interval [x3, x{] we conclude that there is an x
in [x3, x1] such that f(x) =0. i

Theorem 9 disposes of the problem of odd degree equations so happily that it
would be frustrating to leave the problem of even degree equations completely
undiscussed. At first sight, however, the problem seems insuperable. Some equa-
tions, like x2 — 1 = 0, have a solution, and some, like x2 + 1 = 0, do not—what
more is there to say? If we are willing to consider a more general question, how-
ever, something interesting can be said. Instead of trying to solve the equation

4 a x4 4 ag =0,
let us ask about the possibility of solving the equations
x"+a,.,_1x’“l +.-4ag=c

for all possible numbers ¢. This amount to allowing the constant term ag to vary.
The information which can be given concerning the solution of these equations
depends on a fact which is illustrated in Figure 8.

The graph of the function f(x) = x" +an_1x" 1 4 - -+ag, with » even, contains,
at least the way we have drawn it, a lowest point. In other words, there is a
number y such that f(y) < f(x) for all numbers x—the function f takes on a
minimum value, not just on each closed interval, but on the whole line. (Notice
that this is false if n is odd.) The proof depends on Theorem 7, but a tricky
application will be required. We can apply Theorem 7 to any interval [a, b], and
obtain a point yg such that f(y) is the minimum value of f on [a, b]; but if [a, b]
happens to be the interval shown in Figure 8, for example, then the point yp will
not be the place where f has its minimum value for the whole line. In the next
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theorem the entire point of the proof is to choose an interval [a, b] in such a way
that this cannot happen.

If n is even and f(x) = x" + an_1x"~1 + .-+ + aq, then there is a number y such
that f(y) < f(x) for all x.

As in the proof of Theorem 9, if
M = max(l, 2nja,—1), ..., 2nlag)),

then for all x with |x] > M, we have

1 n_1 ao
ESI-I-

Since n is even, x" > 0 for alt x, so

y_1

§5x1ﬁ+ +~~+%)=ﬂn,

X

provided that |x| > M. Now consider the number f(0). Let & > O be a number
such that " > 2 f(0) and also b > M. Then, if x > b, we have (Figure 9)

fMZgz%zﬂm
Similarly, if x < —b, then
fx) > "7 > (_;)" = % > f(0)

Surmnmarizing:

if x >borx < —b,then f(x) > f(0).

Now apply Theorem 7 to the function f on the interval [—b, b]. We conclude
that there is a number y such that

(1 if —b<x <b,then f(y) < f(x).
In particular, f(y) < f(0). Thus
(2) if x<-—borx>b,then f(x}> f(0) > f(y).
Combining (1) and (2) we see that f(y) < f(x) for all x. |}

Theorem 10 now allows us to prove the following result.

Consider the equation

®) x"tapx" 4 tap=c,
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and suppose n is even. Then there is a number m such that () has a soluton for
¢ > m and has no solution for ¢ < m,

Let f(x) =x"+ay_1x" ' +--- +ap (Figure 10).

According to Theorem 10 there is a number y such that f(y) < f(x) for all x.
Let m = f(y). If ¢ < m, then the equation (*) obviously has no solution, since
the left side always has a value > m. If ¢ = m, then (%) has y as a solution.
Finally, suppose ¢ > m. Let b be a number such that b > y and f(b) > c. Then
f() =m < ¢ < f(b). Consequently, by Theorem 4, there is some number x in
[¥. b] such that f(x) = c, so x is a solution of (*). ||

These consequences of Theorems 1, 2, and 3 are the only ones we will derive
now (these theorems will play a fundamental role in everything we do later, how-
ever). Only one task remains—to prove Theorems 1, 2, and 3. Unfortunately,
we cannot hope to do this—on the basis of our present knowledge about the real
numbers (namely, P1--P12) a proof is impossible. There are several ways of con-
vincing ourselves that this gloomy conclusion is actually the case. For example,
the proof of Theorem 8 relies only on the proof of Theorem 1; if we could prove
Theorem 1, then the proof of Theorem 8 would be complete, and we would have
a proof that every positive number has a square root. As pointed out in Part I, it
is impossible to prove this on the basis of P1-P12. Again, suppose we consider the
function

f@=——
If there were no number x with x2 = 2, then f would be continuous, since the
denominator would never = 0. But f is not bounded on [0, 2]. So Theorem 2
depends essentially on the existence of numbers other than rational numbers, and
therefore on some property of the real numbers other than P1-P12.

Despite our inability to prove Theorems 1, 2, and 3, they are certainly results
which we want to be true. If the pictures we have been drawing have any con-
nection with the mathematics we are doing, if our notion of continuous function
corresponds to any degree with our intuitive notion, Theorems 1, 2, and 3 have
got to be true. Since a proof of any of these theorems must require some new
property of R which has so far been overlooked, our present difficulties suggest a
way to discover that property: let us try to construct a proof of Theorem 1, for
example, and see what goes wrong.

One idea which seems promising is to locate the first point where f(x) = 0, that
is, the smallest x in [a, b] such that f(x) = 0. To find this point, first consider
the set A which contains all numbers x in [a, b] such that f is negative on [a, x].
In Figure 11, x is such a point, while x” is not. The set A itself is indicated by a
heavy line. Since f is negative at a, and positive at b, the set A contains some
points greater than a, while all points sufficiently close to b are not in A. (We are
here using the continuity of f on [a, b], as well as Problem 6-15.)
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Now suppose e is the smallest number which is greater than all members of A;
clearly a < @ < b. We claim that f(a) = 0, and to prove this we only have to
eliminate the possibilities f(a) < 0 and f(a) > 0.

Suppose first that f (@) < 0. Then, by Theorem 6-3, f(x) would be less than 0
for all x in a small interval containing @, in particular for some numbers bigger
than & (Figure 12); but this contradicts the fact that « is bigger than every member
of A, since the larger numbers would also be in A. Consequently, f(@) < 0 is
false.

On the other hand, suppose f(e) > 0. Again applying Theorem 6-3, we see that
f(x) would be positive for all x in a small interval containing e, in particular for
some numbers smaller than & (Figure 13). This means that these smaller numbers
are all not in A. Consequently, one could have chosen an even smaller o which
would be greater than all members of A. Once again we have a contradiction;
f(a) > 0 is also false. Hence f(e) = 0 and, we are tempted to say, Q.E.D.

We know, however, that something must be wrong, since no new properties of R
were ever used, and it does not require much scrutiny to find the dubious point.
It is clear that we can choose a number a which is greater than all members of A
(for example, we can choose & = b), but it is not so clear that we can choose a
smallest one. In fact, suppose A consists of all numbers x > 0 such that x* < 2.
If the number +/2 did not exist, there would not be a least number greater than
all the members of A; for any y > V2 we chose, we could always choose a still
smaller one.

Now that we have discovered the fallacy, it is almost obvious what additional
property of the real numbers we need. All we must do is say it properly and use it.
That is the business of the next chapter.

PROBLEMS

1. For each of the following functions, decide which are bounded above or below
on the indicated interval, and which take on their maximum or minimum
value. (Notice that f might have these properties even if f is not continuous,
and even if the interval is not a closed interval.)

@ fx)=x%on (=1,1).
(i) f(x)=x3on(-1,1).
(i) f(x)=x?>onR.

(iv) f(x)=x2%on [0, ).

2
W) f(x):{;-;2 ifz on (—a — 1,a + 1). (It will be necessary to

consider several possibilities for a.)

2
(vi) f(x)={z_;_2 i:z on[—a—1,a+1].

0,  x irrational
1/g x = p/q in lowest terms

(vi) f(x) = { on [0, 1].
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1,  x irrational
(viil) fx) = { 1/g x = p/q in lowest terms on [0, 1].
) 1, x irrational
() flo)= { —1/q x = p/q in lowest terms on [0, 1].

X, X rational on [0, d).

& fx)= { 0 x irrational

(d) f(x) =sin’(cosx + va +a?) on [0, 2%,
(xii) f(x) = [x] on [0, 4d].

For each of the following polynomial functions f, find an integer n such that
f(x) =0 for some x between n and n + 1.

@ fx)=x>—x+3.

G fOE)=x"+5x*+2x+1
(i) fx)=x"+x+1.

(v) fx)=4x>~4dx+1.

Prove that there is some number x such that

@ x4+ —163—2- = 119.
1+ x2+sin“x
(i) sinx=x-—1.

This problem is a continuation of Problem 3-7.

(@) If » —k is even, and > 0, find a polynomial function of degree n with
exactly k roots.

(b) A root a of the polynomial function f is said to have multiplicity m
if f(x) = (x —a)"g(x), where g is a polynomial function that does not
have a as a root. Let f be a polynomual function of degree n. Suppose
that f has k roots, counting multiplicities, i.¢., suppose that k is the sum
of the multiplicities of all the roots. Show that n — k is even.

Suppose that f is continuous on [a, b] and that f(x) is always rational. What
can be said about f?

Suppose that f is a continuous function on [—1, 1] such that x2+(f (x))? = 1
for all x. (This means that (x, f(x)) always lies on the unit circle.) Show that

either f(x) =+ 1 —x2 for all x, or else f(x) = —v' 1 - x2 for all x.

How many continuous functions f are there which satisfy (f x)? = x2 for
all x?

Suppose that f and g are continuous, that 2 = g2, and that f(x) # O for
all x. Prove that either f(x) = g(x) for all x, or else f(x) = —g(x) for all x,

(a) Suppose that f is continuous, that f(x) = 0 only for x = a, and that
f(x) > 0 for some x > a as well as for some x < a. What can be said
about f(x) for all x # a?
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(b) Again assume that f is continuous and that f(x) = 0 only for x = a,
but suppose, instead, that f(x) > 0 for some x > a and f(x) < 0 for
some x < a. Now what can be said about f({x) for x # a?

*(c) Discuss the sign of x> + x%y 4 xy% + y> when x and y are not both 0.

Suppose f and g are continuous on [a, b] and that f(@) < g(a), but f(b) >
g(b). Prove that f(x) = g(x) for some x in {a, b]. (If your proof isn’t very
short, 1t’s not the right one.)

Suppose that f is a continuous function on [0, 1] and that f(x) is in [0, 1]
for each x (draw a picture). Prove that f(x) = x for some number x.

(a) Problem 11 shows that f intersects the diagonal of the square in Fig-
ure 14 (solid line). Show that f must also intersect the other (dashed)
diagonal.

(b) Prove the following more general fact: If g is continuous on [0, 1] and
g0 =0,g(1)=10r g0) =1, g(1) =0, then f(x) = g(x) for some x.

(a) Let f(x) =sinl/x for x # 0 and let f(0) = 0. Is f continuous on
[—1, 1]? Show that f satisfies the conclusion of the Intermediate Value
Theorem on [—1, 1]; in other words, if f takes on two values somewhere
on [—1, 1], it also takes on every value in between.

*(b) Suppose that f satisfies the conclusion of the Intermediate Value Theo-
rem, and that f takes on each value only once. Prove that f is continuous.

*c} Generalize to the case where f takes on each value only finitely many
times.

If f is a continuous function on [0, 1], let || f|| be the maximum value of |f|
on [0, 1].

(a) Prove that for any number ¢ we have |cf{ = [e| - || f]I.
*b) Prove that |f + gll < [ fll + llgll. Give an example where || f + g| #
AN+ gl

(c) Prove that }r— fll < |h—gli+ g — fII.

Suppose that ¢ is continuous and lirrcl1D p(x)/x* =0= limmqb(x)/x".
x—> Plargi

{a) Prove thatif n is odd, then there is a number x such that x* +¢(x) = 0.
(b) Prove that if n is even, then there is a number y such that y* + ¢(y) <
x" + ¢(x) for all x.

Hint: Of which proofs does this problem test your understanding?

Let f be any polynomial function. Prove that there is some number y such
that | f(y)| < |f(x)| for all x.

Suppose that f is a continuous function with f(x} > 0 for all x, and
lim f(x}) =0 = lim f(x). (Draw a picture.) Prove that there is some
X—00 X—=—00

number y such that f(y) > f(x) for all x.
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Suppose that f is continuous on [a, b], and let x by any number. Prove
that there is a point on the graph of f which is closest to (x,0); in
other words there is some y in [a, b] such that the distance from (x, 0)
to (¥, f(¥)) is < distance from (x, 0) to (z, f(2)) for all z in [a, b]. (See
Figure 15.)

Show that this same assertion 1s not necessarily true if [a, b] is replaced
by (a, b) throughout.

Show that the assertion s true if [a, ] is replaced by R throughout.

In cases (a} and (c), let g(x) be the minimum distance from (x,0) to a
point on the graph of f. Prove that g(y) < g(x) + |x — y|, and conclude
that g is continuous.

Prove that there are numbers xp and x in [a, b] such that the distance
from (xp, 0) to (x1, f(x1)) is < the distance from (xg’, 0) to (x1’, f{x1"))
for any x¢/, x1" in [a, b].

Suppose that f is continuous on [0, 1] and f(0) = f(1). Let n be any
natural number. Prove that there is some number x such that f(x) =
f(x+1/n), as shown in Figure 16 for n = 4. Hint: Consider the function
g(x) = f(x) — f(x + 1/n); what would be true if g(x) # 0 for all x?

Suppose 0 < a@ < 1, but that a is not equal to 1/n for any natural
number 7. Find a function f which is continuous on [0, 1] and which
satisfies f(0) = f(1), but which does not satisfy f(x) = f{x + a) for

any x.

Prove that there does not exist a continuous function f defined on R
which takes on every value exactly twice. Hint: If f(a) = f() for
a < b, then either f(x) > f(a) for all x in (a,b) or f(x) < f(a) for
all x in (a, b). Why? In the first case all values close to f(a), but slightly
larger than f(a), are taken on somewhere in (g, b); this implies that
f(x) < f(a) for x <aand x > b.

Refine part (a) by proving that there is no continuous function f which
takes on each value either O times or 2 times, i.e., which takes on exactly
twice each value that it does take on. Hint: The previous hint implies
that f has either a maximum or a minimum value (which must be taken
on twice). What can be said about values close to the maximum value?
Find a continuous function f which takes on every value exactly 3 times.
More generally, find one which takes on every value exactly n times, if
n is odd.

Prove that if n is even, then there is no continuous f which takes on
every value exactly n times. Hint: To treat the case n = 4, for example,
let f(x1) = f(x2) = f{x3) = f(x4). Then either f(x) > 0 for all x in
two of the three intervals (xy, x2), (x3, x3), (x3, x4), or else f(x) < 0 for
all x in two of these three intervals.
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LEAST UPPER BOUNDS

This chapter reveals the most important property of the real numbers. Never-
theless, it is merely a sequel to Chapter 7; the path which must be followed has
alrecady been indicated, and further discussion would be useless delay:

A set A of real numbers is bounded above if there is a number x such that
x >a foreveryain A,

Such a number x is called an upper bound for A.

Obviously A is bounded above if and only if there is a number x which is an
upper bound for A (and in this case there will be lots of upper bounds for A); we
often say, as a concession to idiomatic English, that “A has an upper bound” when
we mean that there is a number which is an upper bound for A.

Notice that the term “bounded above” has now been used in two ways—first, in
Chapter 7, in reference to functions, and now in reference to sets. This dual usage
should cause no confusion, since it will always be clear whether we are talking
about a set of numbers or a function. Moreover, the two definitions are closely
connected: if A is the set {f(x) : a < x < b}, then the function f is bounded
above on [a, b] if and only if the set A is bounded above.

The entire collection R of real numbers, and the natural numbers N, are both
examples of sets which are nof bounded above. An example of a set which
bounded above is

A=[x:0=<x <1}

To show that A is bounded above we need only name some upper bound for A,
which is easy enough; for example, 138 is an upper bound for A, and so are 2,
1%, 1%, and 1. Clearly, 1 is the least upper bound of A; although the phrase
just introduced is self-explanatory, in order to avoid any possible confusion (in
particular, to ensure that we all know what the superlative of “less” means), we
define this explicitly.

A number x is a least upper bound of A if

(1) x is an upper bound of A,
and (2) 1if y is an upper bound of A, then x < y.

131
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The use of the indefinite article “a” in this definition was merely a concession
to temporary ignorance. Now that we have made a precise definition, it is easily
seen that if x and y are both least upper bounds of A, then x = y. Indeed, in this
case

x <y, since y is an upper bound, and x 1s a least upper bound,

and y < x, since x is an upper bound, and y is a least upper bound,;

it follows that x = y. For this reason we speak of the least upper bound of A.
The term supremum of A is synonymous and has one advantage. It abbreviates
quite nicely to

sup A (pronounced “soup A”)

and saves us from the abbreviation
lub A

(which is nevertheless used by some authors).

There is a series of important definitions, analogous to those just given, which
can now be treated more briefly. A set A of real numbers is bounded below if
there is a number x such that

Xx<a for every a in A,

Such a number x is called a lower bound for A. A number x is the greatest
lower bound of A if

(1) x is a lower bound of A,
and (2) if yisa lower bound of A, thenx > y.

The greatest lower bound of A is also called the infimum of A, abbreviated
inf A;

some authors use the abbreviation
glb A,

One detail has been omitted from our discussion so far—the question of which
sets have at least one, and hence exactly one, least upper bound or greatest lower
bound. We will consider only least upper bounds, since the question for greatest
lower bounds can then be answered easily (Problem 2).

If A is not bounded above, then A has no upper bound at all, so A certainly
cannot be expected to have a least upper bound. It is tempting to say that A does
have a least upper bound if it has some upper bound, but, like the principle of
mathematical induction, this assertion can fail to be true in a rather special way.
If A =@, then A is bounded above. Indeed, any number x is an upper bound
for @

x>y foreveryyin®

simply because there is no y in @. Since every number is an upper bound for @,
there is surely no least upper bound for #. With this trivial exception however,
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our assertion is true—and very important, definitely important enough to warrant
consideration of details. We are finally ready to state the last property of the real
numbers which we need.

(P13)  (The least upper bound property) If A is a set of real numbers,
A # @, and A is bounded above, then A has a least upper bound.

Property P13 may strike you as anticlimactic, but that is actually one of its
virtues. To complete our list of basic properties for the real numbers we require no
particularly abstruse proposition, but only a property so simple that we might feel
foolish for having overlooked it. Of course, the least upper bound property is not
really so innocent as all that; after all, it does not hold for the rational numbers Q.
For example, if A is the set of all rational numbers x satisfying x> < 2, then there
is no rational number y which is an upper bound for A and which is less than or
equal to every other rational number which is an upper bond for A. It will become
clear only gradually how significant P13 is, but we are already in a position to
demonstrate its power, by supplying the proofs which were omitted in Chapter 7.

If f is continuous on [a, b] and f(a) < 0 < f(b), then there is some number x
in [a, b] such that f(x) = 0.

Our proof is merely a rigorous version of the outline developed at the end of
Chapter 7—we will locate the smallest number x in [a, b] with f(x) = 0.
Define the set A, shown in Figure 1, as follows:

A={x:a<x <b, and f is negative on the interval [a, x]}.

Clearly A # , since a is in A; in fact, there is some & > 0 such that A contains
all points x satisfying @ < x < a + 8; this follows from Problem 6-15, since f is
continuous on [a, b] and f(a) < 0. Similarly, b is an upper bound for A and, in
fact, there is a § > 0 such that all points x satisfying b — 8 < x < b are upper
bounds for A; this also follows from Problem 6-15, since f(b) > 0.

From these remarks it follows that A has a least upper bound « and that
a < a < b. We now wish to show that f(a) = 0, by eliminating the possibil-
ities f(e) < 0 and f(@) > 0.

Suppose first that f(e) < 0. By Theorem 6-3, there is 2 § > 0 such that
fx) <0fore— 68 < x < a + 8 (Figure 2). Now there is some number xo in A
which satisfies @ — § < xp < « (because otherwise & would not be the least upper
bound of A). This means that f is negative on the whole interval [a, xo]. But if
x1 is a number between o and « + &, then f is also negative on the whole interval
[x0, x1]. Therefore f is negative on the interval [a, x1], so x1 is in A. But this
contradicts the fact that « is an upper bound for A; our original assumption that
f(a) < 0 must be false.

Suppose, on the other hand, that f(e) > 0. Then there is a number § > 0 such
that f(x) > 0 for ¢ — 8§ < x < a + 8 (Figure 3). Once again we know that there is
an xq in A satisfying @ — § < xp < ¢; but this means that f is negative on [a, xg],
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which is impossible, since f(xp) > 0. Thus the assumption f(a) > 0 also leads to
a contradiction, leaving f(a) = 0 as the only possible alternative. |}

The proofs of Theorems 2 and 3 of Chapter 7 require a simple preliminary
result, which will play much the same role as Theorem 6-3 played in the previous
proof.

If f is continuous at a, then there is a number § > 0 such that f is bounded
above on the interval (a — 8, a + 3) (see Figure 4).

Since Pm f(x) = f(a), there is, for every ¢ > 0, a 8 > 0 such that, for all x,
if |x —a} <8, then | f(x) — f(a)| < &.

It 15 only necessary to apply this statement to some particular £ (any one will do),
for example, £ = 1. We conclude that there is a § > 0 such that, for all x,

if |x —a| <8, then | f(x) — f(a)] < 1.

It follows, in particular, that if |x —a| < 8, then f(x) — f(a) < 1. This completes
the proof: on the interval (a — 8, a + 8) the function f is bounded above by

f@+1.1

It should hardly be necessary to add that we can now also prove that f is
bounded below on some interval (@ — 8, @ + §), and, finally, that f is bounded on
some open interval containing a.

A more significant point is the observation that if x].i_.l’1;1+ f(x} = f(a), then there

=

| P e e m =

&

FIGURE 4
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is a & > 0 such that f is bounded on the set {x : a < x < a + 8}, and a similar
observation holds if lir? fx) = f(b). Having made these observations (and
x—b-

assuming that you will supply the proofs), we tackle our second major theorem.
If f is continuous on [a, b], then f is bounded above on [a, b].

Let
A={x:a<x <band f is bounded above on [a, x]}.

Clearly A # @ (since a is in A), and A is bounded above (by ), so A has a least
upper bound &. Notice that we are here applying the term “bounded above” both
to the set A, which can be visualized as lying on the horizontal axis, and to f, i.e.,
to the sets { f(¥) : @ < y < x}, which can be visualized as lying on the vertical axis
(Figure 5).

Our first step is to prove that we actually have o = b. Suppose, instead, that
a < b. By Theorem 1 there is § > 0 such that f is bounded on (@—8, a+4§). Since
« is the least upper bound of A there is some xg in A satisfying «—8 < xp < a. This
means that f is bounded on [a, xp]. But if xj is any number with @ < x; < @ +38,
then f is also bounded on [xg, x1]. Therefore f is bounded on [a, x1], so x; is
in A, contradicting the fact that « is an upper bound for A. This contradiction
shows that @ = b. One detail should be mentioned: this demonstration implicitly
assumed that a < a [so that f would be defined on some interval (& — 8, o + 3)];
the possibility @ = @ can be ruled out sirmilarly, using the existence of a § > 0 such
that fisboundedon{x:a <x <a+ 8},

The proof is not quite complete—we only know that f is bounded on [a, x] for
every x < b, not necessarily that f is bounded on [a, b]. However, only one small
argument needs to be added.

There is a § > 0 such that f isbounded on {x : # — 3§ < x < k). Thereis xg
in A such that b — 38 < xp < b. Thus f is bounded on [a, xg] and also on [xg, b],
so f is bounded on [a, b]. |

To prove the third important theorem we resort to a trick.

If f is continuous on [a, b], then there is a number y in [a, b] such that f(y) >
f(x) for all x in [a, b].

We already know that f is bounded on [a, b], which means that the set
{f(x) :xin [a,b]}

is bounded. This set is obviously not @, so it has a least upper bound «. Since
a > f(x) for x in [a, b] it suffices to show that & = f(y) for some y in [a, b].
Suppose instead that & # f(y) for all y in [a, b]. Then the function g defined

by

g{x) = x in [a, b]

_
«—f@)'
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is continuous on [a, b], since the denominator of the right side is never 0. On the
other hand, « is the least upper bound of { f(x):x1n [a,b] ]; this means that

for every € > 0 there is x in [a, b] with @ — f(x) < €.
This, in turn, means that
for every & > 0 there is x in [a, b] with g(x) > 1/e.

But this means that g is not bounded on [a, b], contradicting the previous theo-
rem. |

At the beginning of this chapter the set of natural numbers N was given as an
example of an unbounded set. We are now going to grove that N is unbounded.
After the difficult theorems proved in this chapter you may be startled to find
such an “obvious” theorem winding up our proceedings. If so, you are, perhaps,
allowing the geometrical picture of R to influence you too strongly. “Look,” you
may say, “the real numbers look like

T

— n — —+—
0 1 2 3 n x n+l

so every number x is between two integers n, n 4 1 (unless x is itself an integer).”
Basing the argument on a geometric picture is not a proof, however, and even the
geometric picture contains an assumption: that if you place unit segments end-to-
end you will eventually get a segment larger than any given segment, This axiom,
often omitted from a first introduction to geometry, is usually attributed (not quite
justly) to Archimedes, and the corresponding property for numbers, that N is not
bounded, is called the Archimedian property of the real numbers. This property is not
a consequence of P1-P12 (see reference [17] of the Suggested Reading), although
it does hold for Q, of course. Once we have P13 however, there are no longer
any problems.

N is not bounded above.

Suppose N were bounded above. Since N # @, there would be a least upper
bound @ for N. Then
a>n for all # in N.

Consequently,
a>n+1 forallninN,

since n + 1 is in N if # 15 in N, But this means that
a—1>n forallninN,

and his means that o — 1 is also an upper bound for N, contradicting the fact that
o is the least upper bound. |
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There is a consequence of Theorem 2 (actually an equivalent formulation) which
we have very often assumed implicitly.

For any € > O there is a natural number » with 1/n < ¢,

Suppose not; then 1/n > ¢ for all n in N. Thus n < 1/¢ for all # in N. But this
means that 1/¢ is an upper bound for N, contradicting Theorem 2. |I

A brief glance through Chapter 6 will show you that the result of Theorem 3
was used in the discussion of many examples. Of course, Theorem 3 was not
available at the time, but the examples were so important that in order to give
them some cheating was tolerated. As partial justification for this dishonesty we
can claim that this result was never used in the proof of a thesrem, but if your faith
has been shaken, a review of all the proofs given so far is in order. Fortunately,
such deception will not be necessary again. We have now stated every property of
the real numbers that we will ever need. Henceforth, no more lies.

PROBLEMS
1. Find the least upper bound and the greatest lower bound (if they exist) of

the following sets. Also decide which sets have greatest and least elements
(i.e., decide when the least upper bound and greatest lower bound happens
to belong to the set).

(i {—l-:ninN}.

n

1

(i) {%:ninZandn;éO.].

( :x =0o0r x = 1/n for some n in N}.
0<x< V2 and x is rational}.

v x24+x+12>0)

(vi [x:x24+x-1<0}

(vii} {x:x<Oandx2+x—1<0).

(viil) {n-l— +(-1)":nin N}.

]
=
o~

-

G

2
—
=

PR
k)
ey
=

2. (a) Suppose A # 9 is bounded below. Let —A denote the set of all —x
for x in A. Prove that —A # @, that —A is bounded above, and that
—sup(—A) is the greatest lower bound of A.

(b) If A # @ is bounded below; let B be the set of all lower bounds of A.
Show that B # @, that B is bounded above, and that sup B is the greatest
lower bound of A.

3. Let f be a continuous function on [a, b] with f(a) <0 < f(b).

(a) The proof of Theorem 1 showed that there is a smallest x in [a, b)
with f(x) = 0. Is there necessarily a second smallest x in [a, b] with
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f(x) = 0? Show that there is a largest x in [a, #] with f(x) = 0. (Try
to give an easy proof by considering a new function closely related to f.)

(b) The proof of Theorem 1 depended upon consideration of A = {x:a <
x < b and f is negative on [a, x]}. Give another proof of Theorem 1,
which depends upon consideration of B = {x :a <x <band f(x) <
0}. Which point x in [a, 5] with f(x) = 0 will this proof locate? Give
an example where the sets A and B are not the same.

(a) Suppose that f is continuous on [a, b] and that f(a) = f(b) = 0.
Suppose also that f(xp) > 0 for some xp in [a, b]. Prove that there are
numbers ¢ and d with a < ¢ < x9g < d < b such that f(c) = f(d) =0,
but f(x) > 0 for all x in (¢, 4). Hint: The previous problem can be used
to good advantage.

(b) Suppose that f is continuous on [a, b] and that f(a) < f(b). Prove that
there are numbers ¢ and d with a < ¢ < d < b such that f(c) = f(a)
and f(d) = f(b) and f(a) < f(x) < f(d) for all x in (c, d).

(a) Suppose that y — x > 1. Prove that there is an integer & such that
x < k < y. Hint: Let ! by the largest integer satisfying { < x, and
consider / + 1.

(b) Suppose x < y. Prove that there is a rational number r such that x <
r <y. Hint: If 1/n < y—x, then ny —nx > 1. (Query: Why have parts
(a) and (b) been postponed until this problem set?)

(¢} Suppose that r < s are rational numbers. Prove that there is an irrational
number between r and s. Hint: As a start, you know that there is an
irrational number between 0 and 1.

(d) Suppose that x < y. Prove that there is an irrational number between x
and y. Hint: It is unnecessary to do any more work; this follows from

(b) and (c).
A set A of real numbers is said to be dense if every open interval contains a

point of A. For example, Problem 5 shows that the set of rational numbers
and the set of irrational numbers are each dense.

(a) Prove that if f is continuous and f(x) = 0 for all numbers x in a dense
set A, then f(x) = 0 for all x.

(b) Prove thatif f and g are continuocus and f(x) = g(x) for all x in a dense
set A, then f(x) = g(x) for all x.

(c) If we assume instead that f(x) = g(x) for all x in A, show that f(x) >
g(x) for all x. Can > be replaced by > throughout?

Prove that if f is continuous and f(x + y) = f(x) + f(y) for all x and y,
then there is a number ¢ such that f(x) = cx for all x. (This conclusion
can be demonstrated simply by combining the results of two previous prob-
lems.) Point of information: There do exist noncontinuous functions f satisfying
fx+y) = f(x) + f(y) for all x and y, but we cannot prove this now; in
fact, this simple question involves ideas that are usually never mentioned in
any undergraduate course. The Suggested Reading contains references.
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Suppose that f is a function such that f(a) < f(b) whenever a < b (Fig-
ure 6).

(a) Prove that lim f(x) and ]jm+ S (x) both exist. Hint: Why is this prob-
Xx—a- x—a

lem in this chapter?

(b) Prove that f never has a removable discontinuity {this terminology comes
from Problem 6-16).

(c) Prove that if f satisfies the conclusions of the Intermediate Value The-
orem, then f is continuous.

If f is a bounded function on [0, 1], let || £l = sup{|f()| : x in [0, 1]}.
Prove analogues of the properties of || || in Problem 7-14.

Suppose a > 0. Prove that every number x can be written uniquely in the
form x = ka + x', where k is an integer, and 0 < x’ < .

(a) Suppose that ai,az.as3,... is a sequence of positive numbers with
Gni1 < Gn/2. Prove that for any & > 0 there is some n with g, < e.

(b) Suppose P is a regular polygon inscribed inside a circle. If P’ is the
inscribed regular polygon with twice as many sides, show that the differ-
ence between the area of the circle and the area of P is less than half the
difference between the area of the circle and the area of P (use Figure 7).

(c) Prove that there is a regular polygon P inscribed in a circle with area
as close as desired to the area of the circle. In order to do part (c) you
will need part (a). This was clear to the Greeks, who used part (a) as the
basis for their entire treatment of proportion and area. By calculating
the areas of polygons, this method (“the method of exhaustion™) allows
computations of 7 to any desired accuracy; Archimedes used it to show

that % <m < -272 But it has far greater theoretical importance:

*d) Using the fact that the areas of two regular polygons with the same num-

ber of sides have the same ratio as the square of their sides, prove that the
areas of two circles have the same ratios as the square of their radii. Hint:
Deduce a contradiction from the assumption that the ratio of the areas
is greater, or less, than the ratio of the square of the radii by inscribing

appropriate polygons.

Suppose that A and B are two nonempty sets of numbers such that x < y
for all x in A and all y in B.

(a) Prove that supA <y for all y in B.
(b) Prove that sup A < inf B.

Let A and B be two nonempty sets of numbers which are bounded above, and
let A+ B denote the set of all numbers x+y with x in A and y in B. Prove that
sup(A+B) = sup A+sup B. Hint: The inequality sup(A+B) < sup A+sup B
is easy. Why? To prove that sup A + sup B < sup(A + B) it suffices to prove
that sup A + sup B < sup(A + B) +¢ for all £ > 0; begin by choosing x in A



140 Foundations

14.

and yin B withsupA —x <&/2 and supB — y < &/2.

FIGURE B f f 4 t } |
a5 ap as by b b

{a) Consider a sequence of closed intervals I1 = [a1, b1], ]2 = [a2,b2]. .. ..
Suppose that a, < a,4+1 and b,y < b, for all n (Figure 8). Prove that
there is a point x which is in every I,.

(b) Show that this conclusion is false if we consider open intervals instead of
closed intervals.

The simple result of Problem 14(a) is called the “Nested Interval Theorem.” It

may be used to give alternative proofs of Theorems 1 and 2. The appropriate
reasoning, outlined in the next two problems, illustrates a general method, called
a “bisection argument.”

*¥15.

*16.

17.

*18.

Suppose f is continuous on {a,b] and f(a) < 0 < f(b). Then either
fla+b)/2) =0, or f has different signs at the end points of the interval
[a, (a + b)/2], or f has different signs at the end points of [(a + b)/2, b].
Why? If f((a+ b)/2) # 0, let I) be one of the two intervals on which f
changes sign. Now bisect 7;. Either f is 0 at the midpoint, or f changes
sign on one of the two intervals. Let I be such an interval. Continue in this
way, to define I, for each n (unless f is O at some midpoint). Use the Nested
Interval Theorem to find a point x where f(x) =0.

Suppose f were continuous on [a, b], but not bounded on [a, b]. Then f
would be unbounded on cither [a, (a +b)/2] or [(@a+&)/2, b]. Why? Let I
be one of these intervals on which f is unbounded. Proceed as in Problem 15
to obtain a contradiction.

(a) Let A= {x:x < a}. Prove the following (they are all easy):

(i) Ifxisin A and y < x, then y is in A.
i)y A#0.
(i) A#R,

(iv) If x isin A, then there is some number x” in A such that x < x'.

(b) Suppose, conversely, that A satisfies (i) (iv). Prove that A = {x : x <
sup A}.

A number x is called an almost upper bound for A if there are only
finitely many numbers y in A with y > x. An almost lower bound is
defined similarly.

{a) Find all almost upper bounds and almost lower bounds of the sets in
Problem 1.

(b) Suppose that A is a bounded infinite set. Prove that the set B of all
almost upper bounds of A is nonempty, and bounded below.
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(c) It follows from part (b) that inf B exists; this number is called the limit
superior of A, and denoted by lim A or limsup A. Find lim A for each
set A in Problem 1.

(d) Define lim A, and find it for all A in Problem 1.

*19. If A is a bounded infinite set prove
(a) limA < lim A.
(b) limA < sup A.

(c) If lim A < sup A, then A contains a largest element.
(d) The analogues of parts (b) and (c) for lim.

x
\Z:hadow poims/

FIGURE 9

*20. Let f be a continuous function on R. A point x is called a shadow point
of f if there is a number y > x with f(») > f(x). The rationale for this
terminology is indicated in Figure 9; the parallel lines are the rays of the sun
rising in the east (you are facing north). Suppose that all points of (a, b) are
shadow points, but that a and b are not shadow points.

(a) For x in (a, b), prove that f(x) < f(b). Hint: Let A={y:x <y <b
and f(x) < f(y»}. If supA were less than b, then sup A would be a
shadow point. Use this fact to obtain a contradiction to the fact that b
is not a shadow point.

(b) Now prove that f(a) < f(b). (This is a simple consequence of continu-
ity)

(c) Finally, using the fact that a is not a shadow point, prove that f(a) =

f(b).

This result 1s known as the Rising Sun Lemma. Aside from serving as
a good illustration of the use of least upper bounds, it is instrumental in
proving several beautiful theorems that do not appear in this book; see
page 443.
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DEFINITION

APPENDIX, UNIFORM CONTINUITY

Now that we've come to the end of the “foundations,” it might be appropriate
to slip in one further fundamental concept. 'This notion is not used crucially in
the rest of the book, but it can help clarify many points later on.

We know that the function f(x) = x? is continuous at @ for all a. In other
words,

if a is any number, then for every £ > 0 there is some § > 0
such that, for all x, if [x —a| < &, then |x% — a?| < &.

Of course, § depends on &. But & also depends on a—the 8 that works at a might
not work at b (Figure 1). Indeed, it’s clear that given & > 0 there is no one § > 0
that works for all a, or even for all positive a. In fact, the number a + §/2 will
certainly satisfy |[x — a] < §, but if @ > 0, then

2
(a+%) —d?

and this won’t be < £ once a > &/3. (This is just an admittedly confusing compu-
tational way of saying that f is growing faster and faster)

On the other hand, for any ¢ > 0 there will be one 8 > (} that works for all a
in any interval [—N, N]. In fact, the § which works at N or —N will also work
everywhere else in the interval.

As a final example, consider the function f(x) = sin 1/x, or the function whose
graph appears in Figure 18 on page 62. It is easy to see that, so long as ¢ < 1,
there will not be one § > 0 that works for these functions at all points @ in the
open interval (0, 1).

These examples illustrate important distinctions between the behavior of various
continuous functions on certain intervals, and there is a special term to signal this
distinction.

52
ad + —
4

> aéd,

The function f is uniformly continuous on an interval A if for every ¢ > 0
there is some & > 0 such that, for all x and y in A,

if |x —y| <8, then | f(x) - f(¥)| <e&.

We've seen that a function can be continuous on the whole line, or on an open
interval, without being uniformly continuous there. On the other hand, the func-
tion f(x) = x? did turn out to be uniformly continuous on any closed interval.
This shouldn’t be too surprising—it’s the same sort of thing that occurs when we
ask whether a function is bounded on an interval—and we would be led to suspect
that any continuous function on a closed interval is also uniformly continuous on
that mterval. In order to prove this, we’ll need to deal first with one subtle point.

Suppose that we have two intervals [a, b] and [b, ¢] with the common end-
point b, and a function f that is continuous on [a, c]. Let £ > 0 and suppose that
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the following two statements hold:

(i) if x and y are in [a, b] and |x — y| < 81, then | f(x) — f(¥)| < &,
(i) if x and y are in [b, ¢] and |x — y| < 33, then | f(x) — f(¥)| < &.

We'd like to know if there is some § > 0 such that | f(x) — f(¥)| < & whenever
x and y are points in [a, ¢] with [x — y| < &, Our first inclination might be to
choose & as the minimum of 8; and é;. But it is easy to see what goes wrong
(Figure 2): we might have x in [a, b] and y in [b, ¢], and then neither (i) nor (i)
tells us anything about | f(x) — f(y)|. So we have to be a little more cagey, and
also use continuity of f at b.

Let a < b < ¢ and let f be continuous on the interval [a,c]. Let ¢ > 0, and
suppose that statements (1) and (ii) hold. Then there is a § > 0 such that,

if x and y are in [a,c] and |x — y| < 8, then |f(x) — f(¥)| < &.

Since f is continuous at b, there is a 8§35 > 0 such that,
if |x — B| < 83, then | f(x) — £(b)] < %
It follows that
(it) if |x —b| < &3 and |y — b| < 83, then [f(x) — f(y) <e.

Choose 8 to be the minimum of 81, 82, and 83. We claim that this § works. In
fact, suppose that x and y are any two points in [a, ¢] with [x —y| < §. If x and y
are both in [a, b], then |f(x) — f(»)| < € by (i); and if x and y are both in [b, ¢],
then | f(x) — f(y)| < & by (ii). The only other possibility is that

x<b<y or y<b<zx.
In either case, since [x — y| < &, we also have |[x —b] < 8 and |y — b| < 4. So
|fx) — f(¥)] < & by (iii). I

If f is continuous on [a, b}, then f is uniformly continuous on [a, b].

It’s the usual trick, but we'’ve got to be a little bit careful about the mechanism of
the proof. For & > 0 let’s say that f is £-good on [a, b} if there is some § > 0 such
that, for all y and z in [a, b],

if [y —z| <8, then | f(y) — (2] <e.
Then we’re trying to prove that f is £-good on [a, b] for all £ > 0.
Consider any particular & > 0. Let
A={x:a<x<band f 1s e-good on [a, x]}.

Then A # @ (since a is in A), and A is bounded above (by &), so A has a least
upper bound a. We really should write a;, since A and & might depend on £. But
we won’t since we intend to prove that @ = b, no matter what ¢ is.
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Suppose that we had @ < b. Since f is continuous at a, there is some &y > 0
such that, if |y —a| < 8o, then | f(y) — f(@)| < /2. Consequently, if |y —a| < 8
and |z — | < 8, then |f(y) — f(z)| < &. So f is surely £-good on the interval
[@ — 8o, & + 8p]. On the other hand, since « is the least upper bound of A, it
is also clear that f is &-good on [a, @ — §g]. Then the Lemma implies that f is
g-good on [a, a + &), so a + & is in A, contradicting the fact that « is an upper
bound.

To complete the proof we just have to show that ¢ = b is actually in A. The
argument for this is practically the same: Since f is continuous at b, there is some
80 > 0 such that, if |b — y| < 8p, then | f(y) — f(B)| < &/2. So f is e-good on
[b — 80, b]. But f is also e-good on [a, b — dp], so the Lemma implies that f is
g-good on [a, b]. |

PROBLEMS

1. (a) For which of the following values of & is the function f(x) = x* uni-
formly continuous on [0, 00): « =1/3,1/2, 2, 3?
(b) Find a function f that is continuous and bounded on (0, 1], but not
uniformly continuous on (0, 1].
(c) Find a function f that is continuous and bounded on [0, oc) but which
is not uniformly continuous on [0, co).

2, (a) Prove that if f and g are uniformly continuous on A, then sois f + g.
(b) Prove thatif f and g are uniformly continuous and bounded on A, then
fg is uniformly continuous on A.
(c) Show that this conclusion does not hold if one of them isn’t bounded.
(d) Suppose that f 1s uniformly continuous on A, that g is uniformly con-
tinuous on B, and that f(x) isin B for all x in A. Prove that go f is
uniformly continuous on A.

3. Use a “bisection argument” (page 140) to give another proof of Theorem 1.

4, Derive Theorem 7-2 as a consequence of Theorem 1.
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In 1604, at the height of

his scientific carcer, Galileo arpued
that for a rectilinear motion

in which speed increases proportionally
to distance covered,

the law of motion should be

Just that (x = ci*)

which he had discovered

in the investigation of falling bodies,
Between 1695 and 7700

not a single one of the monthly issues
of Lespzig’ s Acta Eruditorum was published
wiithoul articles of Leibniz,

the Bernoulli brothers

or the Marquis de I Hépital treating,
with notation only slightly different from
that which we use today,

the most varied problems of
differenttal calculus, integral caleulus
and the calculus of variations.

Thus in the space of almost precisely
one cenliry

infinitesimal calculus or,

as we now call it in English,

The Calculus,

the calculating tool par excellence,

had been forged,

and nearly three centuries of

constant use have not completely dulled
this incomparable instrument.

NICHOLAS BOURBAKI
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DERIVATIVES

The derivative of a function is the first of the two major concepts of this section.
Together with the integral, it constitutes the source from which calculus derives
its particular flavor. While it is true that the concept of a function is fundamental,
that you cannot do anything without limits or continuity, and that least upper
bounds are essential, everything we have done until now has been preparation—if
adequate, this section will be easier than the preceding ones—for the really exciting
ideas to come, the powerful concepts that are truly characteristic of calculus.

Perhaps (some would say “certainly”) the interest of the ideas to be introduced
in this section stems from the intimate connection between the mathematical con-
cepts and certain physical ideas. Many definitions, and even some theorems, may
be described in terms of physical problems, often in a revealing way. In fact, the
demands of physics were the original inspiration for these fundamental ideas of
calculus, and we shall frequently mention the physical interpretations. But we
shall always first define the ideas in precise mathematical form, and discuss their
significance in terms of mathematical problems.

The collection of all functions exhibits such diversity that there is almost no
hope of discovering any interesting general properties pertaining to all. Because
continuous functions form such a restricted class, we might expect to find some
nontrivial theorems pertaining to them, and the sudden abundance of theorems
after Chapter 6 shows that this expectation is justified. But the most interesting
and most powerful results about functions will be obtained only when we restrict
our attention even further, to functions which have even greater claim to be called
“reasonable,” which are even better behaved than most continuous functions.

f) =|d,x20
fR=x4x<0

flx) = ||
f(x) = V|

FIGURE 1 (a) (= ) {c)

Figure 1 illustrates certain types of musbehavior which continuous functions can
display. The graphs of these functions are “bent” at (0, 0), unlike the graph of
Figure 2, where it is possible to draw a “tangent line” at each point. The quotation
marks have been used to avoid the suggestion that we have defined “bent” or

147
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FIGURE 3
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FIGURE 4

“tangent line,” although we are suggesting that the graph might be “bent” at a
point where a “tangent line” cannot be drawn. You have probably already noticed
that a tangent line cannot be defined as a line which intersects the graph only
once—such a definition would be both too restrictive and too permissive. With
such a definition, the straight line shown in Figure 3 would not be a tangent line
to the graph in that picture, while the parabola would have two tangent lines at
each point (Figure 4), and the three functions in Figure 5 would have more than
one tangent line at the points where they are “bent.”

_‘\\\V///”

(2) (b) (c)

FIGURE 5

A more promising approach to the definition of a tangent line might start with
“secant lines,” and use the notion of limits. If & # 0, then the two distinct points
(a, f(a)) and (@ + h, f(a + h)) determine, as in Figure 6, a straight line whose
slope is

fla+h) - f(a)
h .

fla + k) — fla)

FIGURE 6

As Figure 7 illustrates, the “tangent line” at (a, f(a)) seems to be the limit, in
some sense, of these “secant lines,” as h approaches 0. We have never before
talked about a “limit” of lines, but we ¢an talk about the limit of their slopes: the
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slope of the tangent line through (a, f(a)) should be

i @+~ f@)
h—0 h

We are ready for a definition, and some comments.

The function f is differentiable at a if
o f@Eh - f@
h—0 h

In this case the limit is denoted by f”(a) and is called the derivative of f at a.

(We also say that f is differentiable if f is differentiable at a for every g in
the domain of f.)

exists.

The first comment on our definition is really an addendum; we define the
tangent line to the graph of f at (a, f(a)) to be the line through (a, f(a))
with slope f’(a). This means that the tangent line at (a, f(a)) is defined only if
f is differentiable at a.

The second comment refers to notation. The symbol f'(a) is certainly rem-
iniscent of functional notation. In fact, for any function f, we denote by f'the
function whose domain is the set of all numbers a such that f is differentable
at a, and whose value at such a number a is

].il'n f(a+h)_f(a).
k-0 h

(To be very precise: f' is the collection of all pairs
( . f(a—f-h)-—f(a))
g=

h
for which ’];ur(l) [f(a+h)— f(a)]/h exists.) The function f’is called the derivative

of f.

Our third comment, somewhat longer than the previous two, refers to the phys-
ical interpretation of the derivative. Consider a particle which is moving along a
straight line (Figure 8(a)} on which we have chosen an “origin” point O, and a
direction in which distances from O shall be written as positive numbers, the dis-
tance from O of points in the other direction being written as negative numbers.
Let s(t) denote the distance of the particle from O, at time #. The suggestive no-
tation s(¢) has been chosen purposely; since a distance s(t) is determined for each

. . t=20 t=1
motion of the particle —e—eg —
t=>5 t=4 1=3 =2
—e A
* f t - -
0 line along which particle is moving

FIGURE 8(a)
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“distance’

FIGURE 8(b)

number ¢, the physical situation automatically supplies us with a certain function s.
The graph of s indicates the distance of the particle from O, on the vertical axis,
in terms of the time, indicated on the horizontal axis (Figure 8(h)).
The quotient
s(a+h) —s(a)
h

has a natural physical interpretation. It is the “average velocity” of the particle
during the time interval from a to @ + k. For any particular a, this average speed
depends on i, of course. On the other hand, the limit

i S+ 1) = 5@
h—0 h

depends only on a (as well as the particular function s) and there are important
physical reasons for considering this limit. We would like to speak of the “velocity
of the particle at time a,” but the usual definition of velocity is really a definition
of average velocity; the only reasonable definition of “velocity at time a” (so-called
“instantaneous velocity™) is the limit

. s(a+h)—s(@)
11m _—
h—0 h

Thus we dgfine the (instantaneous) velocity of the particle at a to be s'(a).
Notice that s’(a) could easily be negative; the absolute value |s'(a}| is sometimes
called the (instantaneous) speed.

It is important to realize that instantaneous velocity is a theoretical concept,
an abstraction which does not correspond precisely to any observable quantity:.
While it would not be fair to say that instantaneous velocity has nothing to do
with average velocity, remember that s'(z) is not

s(t + k) —s(t)
h
for any particular %, but merely the limit of these average velocities as k ap-
proaches 0. Thus, when velocities are measured in physics, what a physicist really
measures is an average velocity over some (very small) time interval; such a pro-
cedure cannot be expected to give an exact answer, but this is really no defect,
because physical measurements can never be exact anyway.

The velocity of a particle is often called the “rate of change of its position.” This
notion of the derivative, as a rate of change, applies to any other physical situation
in which some quantity varies with time. For example, the “rate of change of
mass” of a growing object means the derivative of the function m, where m(t) is
the mass at time ¢.

In order to become familiar with the basic definitions of this chapter, we will
spend quite some time examining the derivatives of particular functions. Before
proving the important theoretical results of Chapter 11, we want to have a good
idea of what the derivative of a function looks like. The next chapter is devoted
exclusively to one aspect of this problem —calculating the derivative of compli-
cated functions. In this chapter we will emphasize the concepts, rather than the
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calculations, by considering a few simple examples. Simplest of all is a constant
function, f(x)} = c. In this case

1]._mf(a+h)—f(a)__]jmg

= =0.
h—0 h =0 h

Thus f is differentiable at a for every number a, and f/(a) = 0. This means that
the tangent line to the graph of f always has slope 0, so the tangent line always
coincides with the graph.

Constant functions are not the only ones whose graphs coincide with their tan-
gent lines—this happens for any linear function f(x) = cx +d. Indeed

f@a+h)— fla)

flta) = ;EI—IR)

h
o cla+h)+d—[ca+d]
T k0 h
ch
=]_i —_—
0 B

the slope of the tangent line is ¢, the same as the slope of the graph of f.
A refreshing difference occurs for f(x) = x2. Here

fla+h) - f@)

r =i
@ Lim A
— lim (a + h)2 —a?
h—=0 h
a® +2ah + h? — a2
= lim
h—0 h
=lim2a+h
h—0
=2a.

Some of the tangent lines to the graph of f are shown in Figure 9. In this picture
each tangent line appears to intersect the graph only once, and this fact can be
checked fairly easily: Since the tangent line through (a, 22) has slope 2a, it is the
graph of the function

g(x)=2a(x —a)+a°

= dax — a’.

Now, if the graphs of f and g intersect at a point (x, f(x)) = (x, g(x)), then

x2 = 2ax — a®

or x%—2ax+a%=0;
s0 (x—a)X=0
or x=a.

In other words, (a, a?) is the only point of intersection.
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fx) = =

slope 3a°

(a, a*)

FIGURE 10

W

The function f(x) = x? happens to be quite special in this regard; usually a
tangent line will intersect the graph more than once. Consider, for example, the
function f(x) = x3. In this case

h)y —
@ = i L0~ 1@

—0 h
. (a+m3-4°
= lim ————
h—0 h
a4+ 3a?h+3aht + 03 - a3
= lim
=0 h
. 3a%h +3ak: + 43
= lim
h—0 h
= }llir%Saz + 3ah + k?
= 3q2,

Thus the tangent line to the graph of £ at (a, @*) has slope 3a2. This means that
the tangent line is the graph of

g(x) = 3a*(x —a) + a°
= 3a’x — 24°.

The graphs of f and g intersect at the point (x, f(x)) = (x, g(x)) when

%3 =3a%x — 24°
or x3—3a’x+2a%=0.

This equation is easily solved if we remember that one solution of the equation
has got to be x = a, so that (x — a) is a factor of the left side; the other factor can
then be found by dividing. We obtain

(x — &)(x® + ax — 24%) = 0.
It so happens that x2 + ax — 2a? also has x — a as a factor; we obtain finally
(x —a)(x — a)(x +2a) = 0.

Thus, as illustrated in Figure 10, the tangent line through (a, 2%) also intersects
the graph at the point (—2a, —8a®). These two points are always distinct, except
when a = 0.

We have already found the derivative of sufficiently many functions to illustrate
the classical, and still very popular, notation for derivatives. For a given function f,
the derivative f' is often denoted by

df(x)
dx

.

For example, the symbol

dx?

dx
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denotes the derivative of the function f(x) = x2. Needless to say, the separate
parts of the expression
df (x)
dx

are not supposed to have any sort of independent existence—the d’s are not num-
bers, they cannot be canceled, and the entire expression is not the quotient of two
other numbers “df(x)” and “dx.” This notation is due to Leibniz (generally
considered an independent co-discoverer of calculus, along with Newton), and is
affectionately referred to as Leibnizian notation.* Although the notation df (x)/dx
seems very complicated, in concrete cases it may be shorter; after all, the symbol
dx?/dx is actually more concise than the phrase “the derivative of the function
fxy=x2"

The following formulas state in standard Leibnizian notation all the information
that we have found so far:

dc
— =0,
dx
d(ax +b) 0
dx -
dx?
—_ 2 .
dx *
d_x3 = 32
dx

Although the meaning of these formulas is clear enough, attempts at literal
interpretation are hindered by the reasonable stricture that an equation should
not contain a function on one side and a number on the other. For example, if
the third equation is to be true, then either df (x)/dx must denote f'(x), rather
than f’, or else 2x must denote, not a number, but the function whose value at x
is 2x. It is really impossible to assert that one or the other of these alternatives is
intended; in practice df (x)/dx sometimes means f’ and sometimes means f'(x),
while 2x may denote cither a number or a function. Because of this ambiguity,
most authors are reluctant to denote f'(a) by

df(x)
dx

(a);
instead f'(a) is usually denoted by the barbaric, but unambiguous, symbol

df (x)
dx

x=4

*Leibniz was led to this symbol by his intuitive notion of the derivative, which he considered to be,
not the limit of quotients [ f (x +#k) — f(x)]/ &, but the “value” of this quotient when & is an “infinitely
small” number. This “infinitely small” quantity was denoted by dx and the corresponding “infinitely
small” difference f(x+dx)— f(x) by df (x). Although this point of view is impossible to reconcile with
properties (P1){P13) of the real numbers, some people find this notion of the derivative congenial.



154 Derwvatives and Integrals

In addition to these difficulties, Leibnizian notation is associated with one more
ambiguity. Although the notation dx?/dx is absolutely standard, the notation
df (x)/dx is often replaced by df/dx. This, of course, is in conformity with the
practice of confusing a function with its value at x. So strong is this tendency that
functions are often indicated by a phrase like the following: “consider the function
y = x2” We will sometimes follow classical practice to the extent of using y
as the name of a function, but we will nevertheless carefully distinguish between
the function and its values—thus we will always say something like “consider the

function (defined by) y(x) = x2.”

Despite the many ambiguities of Leibnizian notation, it is used almost exclu-
sively in older mathematical writing, and is still used very frequently today. The
staunchest opponents of Leibnizian notation admit that it will be around for quite
some time, while its most ardent admirers would say that it will be around for-
ever, and a good thing too! In any case, Leibnizian notation cannot be ignored
completely.

The policy adopted in this book is to disallow Leibnizian notation within the
text, but to include it in the Problems; several chapters contain a few (immediately
recognizable) problems which are expressly designed to illustrate the vagaries of
Leibnizian notation., Trusting that these problems will provide ample practice in
this notation, we return to our basic task of examining some simple examples of
derivatives.

The few functions examined so far have all been differentiable. To fully ap-
preciate the significance of the derivative it is equally important to know some
examples of functions which are zot differentiable. The obvious candidates are the
three functions first discussed in this chapter, and illustrated in Figure 1; if they
turn out to be differentiable at 0 something has clearly gone wrong.

Consider first f(x) = |x|. In this case

FO+h) - O _ Al

h k-

Now |h|/h =1 for h > 0, and |k|/h = —1 for h < 0. This shows that

lim M does not exist.
h—>0 h
In fact,
p FO—FO _ |
h—0+ h
and  lim S - 1O _ —1.
h—0- h

(These two limits are sometimes called the right-hand derivative and the left-
hand derivative, respectively, of f at 0.)
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If a # 0, then f'(a) does exist. In fact,

Flix)=1 ifx >0,
flix)y=-1 ifx <0.

The proof of this fact is left to you (it is easy if you remember the derivative of a
linear function). The graphs of f and of f” are shown in Figure 11.

—— For the function

flx) = { *%

]
vV 1A
ee

a similar difficulty arises in connection with f’(0). We have

h2
FIGURE 11 F() — £(0) _ W =h, h<0

h
%zl, h>0.

)/ Therefore,

lim fh) — £(0) _0,
b0 h

i JW—FO _

but
h—0+ h

Thus f/(0) does not exist; f is not differentiable at 0. Once again, however, f(x)
exists for x # 0—it is easy to see that

2x, x<0

f(x)=[1, x>0

The graphs of f and f’ are shown in Figure 12.
7 Even worse things happen for f(x) = /|x|. For this function

vh_ 1
h oV

FIGURE 12 £y - £O) _ h>0
K JE

1
=— , h<0.
h ~—=h

In this case the right-hand limit

p W= f@ _ L1

0+ h =

does not exist; instead 1/+/2 becomes arbitrarily large as k approaches 0. And,
what’s more, —1/+/—h becomes arbitrarily large in absolute value, but negative
FIGURE 13 (Figure 13).
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—_— fx) = ¥z
f&) = =V TG
N
\'\
-n.----...___'___.-
FIGURE 14
THEOREM 1
PROOF

The function f(x) = ¥/x, although not differentiable at 0, is at least a little
better behaved than this. The quotient

fW-f@ ¥ _wP_ 11
h T h T h _h2/3_(3/,-,)2

simply becomes arbitrarily large as & goes to 0. Sometimes one says that f has
an “infinite” derivative at 0. Geometrically this means that the graph of f hasa
“tangent line” which is parallel to the vertical axis (Figure 14). Of course, f(x) =
— ¥/x has the same geometric property, but one would say that f has a derivative
of “negative infinity” at 0.

Remember that differentiability is supposed to be an improvement over mere
continuity. This idea is supported by the many examples of functions which are
continuous, but not differentiable; however, one important point remains to be
noted:

If f is differentiable at a, then f is continuous at a.

fla+h) — fa)

lim f(a + k) - f(a) = lim - h
— lim fla+h)— fla) T
h—0 h h—0
= f'(@)-0
=0.

As we pointed out in Chapter 5, the equation }]l.ln’(l) f@+h)— f(a) = 0is equivalent
—_

to ]j_IB‘ f(x) = f(a); thus f is continuous at a. |

It is very important to remember Theorem 1, and just as important to remember
that the converse is not true. A differentiable function is continuous, but a con-
tinuous function need not be differentiable (keep in mind the function f(x) = (x|,
and you will never forget which statement is true and which false).

The continuous functions examined so far have been differentiable at all points
with at most one exception, but it is easy to give examples of continuous functions
which are not differentiable at several points, even an infinite number (Figure 15).
Actually, one can do much worse than this. There is a function which is continuous

FIGURE 135
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(a) (b)

FIGURE 17

c) (d)

FIGURE 16

everywhere and differentiable nowhere! Unfortunately, the definition of this function will
be inaccessible to us until Chapter 24, and I have been unable to persuade the
artist to draw it (consider carefully what the graph should look like and you will
sympathize with her point of view). It is possible to draw some rough approxima-
tions to the graph, however; several successively better approximations are shown
in Figure 16.

Although such spectacular examples of nondifferentiability must be postponed,
we can, with a little ingenuity, find a continuous function which is not differentiable
at infinitely many points, all of which are in [0, 1]. One such function is illustrated in
Figure 17. The reader is given the problem of defining it precisely; it is a straight
line version of the function

flx) = [ xsin%, x#0
0, x=0.

This particular function f is itself quite sensitive to the question of differentiability.
Indeed, for & # 0 we have
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I |
Flhy - f(O) sing =0
= = SIn —.

h h h
Long ago we proved that ;l.in(l) sin 1/ & does not exist, so f is not differentiable at 0.

Geometrically, one can see that a tangent line cannot exist, by noting that the
secant line through (0, 0) and (k, f(h)) in Figure 18 can have any slope between
—1 and 1, no matter how small we require % to be.

FIGURE 18

This finding represents something of a triumph,; although continuous, the func-
tion f seems somehow quite unreasonable, and we can now enunciate one math-
ematically undesirable feature of this function—it is not differentiable at 0. Nev-
ertheless, one should not become too enthusiastic about the criterion of differen-
tiability. For example, the function

1
2. 1
2(x) = X smx, x#0
0, x=0
ts differendable at 0; in fact g'(0) = O:
1
200
. gy —g) . Hsng
lim =——" = lim ———=*
k0 h >0 h

. 1
:}11111'6}:51113
=0.

The tangent line to the graph of g at (0, 0) is therefore the horizontal axis (Fig-
ure 19).

This example suggests that we should seek even more restrictive conditions on a
function than mere differentiability. We can actually use the derivative to formulate
such conditions if we introduce another set of definitions, the last of this chapter.
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FIGURE 19

For any function f, we obtain, by taking the derivative, a new function f’ (whose
domain may be considerably smaller than that of f). The notion of differentia-
bility can be applied to the function f”, of course, yielding another function ('Y,
whose domain consists of all points a such that f’ is differentiable at a. The func-
tion (f') is usually written simply f” and is called the second derivative of f.
If f”(a) exists, then f is said to be 2-times differentiable at a, and the number
f"(a) is called the second derivative of f at a.

In physics the second derivative is particularly important. If s(f) is the posi-
tion at time ¢ of a particle moving along a straight line, then s”(¢) is called the
acceleration at time £. Acceleration plays a special role in physics, because, as
stated in Newton’s laws of motion, the force on a particle is the product of its mass
and its acceleration. Consequently you can feel the second derivative when you
sit in an accelerating car.

There is no reason to stop at the second derivative—we can define f* = (f"Y,

" = (f"Y, etc. This notation rapidly becomes unwieldy, so the following abbre-
viation is usually adopted (it is really a recursive definition):

fO=f
f(k+l) — (f(k))r.
Thus
fO=r
fO=f"=(Y,
f(3) - fm' — (f.rr)r,
f(4) — ffm — (fm)f,

etc.

The various functions f®, for & > 2, are sometimes called higher-order
derivatives of f.

Usually, we resort to the notation f*® only for k > 4, but it is convenient to
have f*} defined for smaller k also. In fact, a reasonable definition can be made
for f@, namely,

fO=r.
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f(x) =«

(a)

P(x) = 2x

(b)

f'x) = 2

(c)

[P =0, k>3

(d

FIGURE 20

Leibnizian notation for higher-order derivatives should also be mentioned. The
natural Leibnizian symbol for f”(x), namely,

df ()
"( dx )

dx ’

is abbreviated to

d? f (x) d>f(x)

@’ or more frequently to )

Similar notation is used for f®(x).

The following example illustrates the notation f®, and also shows, in one very
simple case, how various higher-order derivatives are related to the original func-
tion. Let f(x) = x2. Then, as we have already checked,

flx) =2x,
f(x) =2,
1) =0,

fOx) =0, ifk>3.

Figure 20 shows the function f, together with its various derivatives.
A rather more illuminating example is presented by the following function,
whose graph is shown in Figure 21(a):
2 x>0

f(x)“:{x’z

—-x%, x=0.
It is easy to see that

ffl@= 2a ifa>0,
flla)=-2a ifa<O.

Moreover,
s v fB) = £(0)
o = i L0
)
= Th
Now
. fty B
h]irf)l+ h _hllf& h =0
. fy . -k
and hljv%l-T_hl—lg]l— h =0,
SO

. f(h)
4 = l] — = .
O h—r:}) h 0
This information can all be summarized as follows:

f(x) =2|x|.



x>
fx) = __ﬁ:: ; gg

(a)

P (x) = 2]

(b)

fxy=2,x>0
e

)= —2,x<0

{c)

FIGURE 21
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It follows that f”(0) does not exist! Existence of the second derivative is thus a
rather strong criterion for a function to satisfy. Even a *smooth looking” function
like f reveals some irregularity when examined with the second derivative. This
suggests that the irregular behavior of the function

2(x) = [ xzsin%, x#0
0, x=0
might also be revealed by the second derivative. At the moment we know that
g'(0) = 0, but we do not know g'(a) for any a # 0, so it is hopeless to begin
computing g”(0). We will return to this question at the end of the next chapter,
after we have perfected the technique of finding derivatives.

PROBLEMS

1. (a) Prove, working directly from the definition, that if f(x) = l/x, then
f'(@) = —1/a?, for a # 0.
{b) Prove that the tangent line to the graph of f at (a, 1/a) does not intersect
the graph of f, except at (a, 1/a).
2. (a) Prove that if f(x) = 1/x2, then f'(a) = —2/a3 for a # 0.
(b) Prove that the tangent line to f at (a, 1 /a?) intersects f at one other
point, which lies on the opposite side of the vertical axis.

3. Prove that if f(x) = /x, then f'(a) = 1/(2/a), for a > 0. (The expression
you obtain for [ f(a + k) — f(a)]/h will require some algebraic face lifting,
but the answer should suggest the right trick.)

4. TFor each natural number n, let S;(x) = x". Remembering that S1'(x) = 1,
Sy’'(x) = 2x, and S3'(x) = 3x2, conjecture a formula for §,’(x). Prove your
conjecture. (The expression (x + k)" may be expanded by the binomial
theorem.)

Find f' if f(x) = [x].
Prove, starting from the definition (and drawing a picture to illustrate):
(@) if g(x) = f®) +¢, then g'(x) = f'(x);
(b) if g(x) = cf (x). then g'(x) = cf'(x).
7. Suppose that f(x) = x°.
(a) Whatis £9), F'25), f'(36)?
(b) Whatis £'(3%), f'(5%), f'(6*)?
(©) Whatis f'(a?), f'(x%)?
If you do not find this problem silly, you are missing a very important point:
f'(x%) means the derivative of f at the number which we happen to be
calling x2; it is not the derivative at x of the function g(x) = f(x%). Just to
drive the point home:
(d) For f(x) = x>, compare f'(x%) and g'(x) where g(x) = f(x?).
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10.

11.

12‘

(a) Suppose g(x) = f(x+c). Prove (starting from the definition) that g'(x) =
S'(x +c¢). Draw a picture to illustrate this. To do this problem you must
write out the definitions of g'(x) and f'(x + ¢) correctly. The purpose
of Problem 7 was to convince you that although this problem is easy; it is
not an utter triviality, and there is something to prove: you cannot simply
put prime marks into the equation g(x) = f(x + ¢). To emphasize this
point:

(b) Prove that if g(x) = f(cx), then g’(x) = ¢ f'(cx). Try to see pictorially
why this should be true, also.

(c} Suppose that f is differentiable and periodic, with period a (ie.,
f(x +a) = f(x) for all x). Prove that f’ is also periodic.

Find f'(x) and also f’(x + 3) in the following cases. Be very methodical,
or you will surely slip up somewhere. Consult the answers (after you do the
problem, naturally).

G  fx)=(x+3)°.
(i) flx+3)=x
() fx+3H=@+9".

Find f'(x) if f(x) = g(t + x), and if f(t) = g(t + x). The answers will not
be the same,

(a) Prove that Galileo was wrong: if a body falls a distance s(¢) in ¢ seconds,
and s’ is proportional to s, then s cannot be a function of the form
s(t) = ct?.

(b) Prove that the following facts are true about s if s(f) = (a /22 (the first
fact will show why we switched from ¢ to a/2):

(i) s"(¢) = a (the acceleration is constant).
() [s'(]? = 2as ().

(c) If s is measured in feet, the value of a is 32, How many seconds do you
have to get out of the way of a chandelier which falls from a 400-foot
ceiling? If you don’t make it, how fast will the chandelier be going when
it hits you? Where was the chandelier when it was moving with half that
speed?

Imagine a road on which the speed limit is specified at every single point. In
other words, there is a certain function L such that the speed limit x miles
from the beginning of the road is L(x). Two cars, A and B, are driving along
this road; car A’s position at time ¢ is a(t), and car B’s is b{¢).

(a) What equation expresses the fact that car A always travels at the speed
limit? (The answer is not a’(t) = L(z).)

(b) Suppose that A always goes at the speed limit, and that B’s position at
time ¢ i3 A’s position at time ¢ — 1. Show that B is also going at the speed
limit at all times,

(c) Suppose B always stays a constant distance behind A. Under what con-
ditions will B still always travel at the speed limit?
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Suppose that f(a) = g(a) and that the left-hand derivative of f at a equals
the right-hand derivative of g at a. Define h(x) = f(x) for x < a, and
h(x) = g(x) for x > a. Prove that h is differentiable at a.

Let f(x) = x2 if x is rational, and f(x) = O if x is irrational. Prove that
f is differentiable at 0. (Don’t be scared by this function, Just write out the
definition of f'(0).)

(a) Let f be a function such at |f(x)| < x2 for all x. Prove that f is
differentiable at 0. {If you have done Problem 14 you should be able to
do this.)

(b) This result can be generalized if x2 is replaced by Jg(x)[, where g has
what property?

Let @ > 1. If f satisfies | f(x}| < |x|%, prove that f is differentiable at 0.

Let 0 < 8 < 1. Prove that if f satisfies | f(x)| > |x|® and f(0) =0, then f
is not differentiable at (.

Let f{x) = O for irrational x, and 1/g for x = p/q in lowest terms. Prove
that f is not differentiable at @ for any a. Hint: It obviously suffices to prove
this for irrational a. Why? If @ = m.ajazas3... is the decimal expansion
of a, consider [ f(a + h) — f(a)]/h for h rational, and also for

h=-0.00.. .Oa,,+1a,,+2 e

(a) Suppose that f(a) = g(a) = h(a), that f(x) < g(x) < h(x) for all x,
and that f'(a) = A’(a). Prove that g is differentiable at @, and that
f'(a) = g'(a) = h'(a). (Begin with the definition of g'(a).)

(b) Show that the conclusion does not follow if we omit the hypothesis
f(a} = g(a) = h(a).

Let f be any polynomial function; we will sece in the next chapter that f
is differentiable. The tangent line to f at (a, f(a)) is the graph of g(x) =
fl(@)(x — a) + f(a). Thus f(x) — g(x) is the polynomial function d(x) =
f@&x) — fl(@)(x — a) — f(a). We have already seen that if f(x) = xZ, then
d(x) = (x — a)?, and if f{x) = x3, then d(x) = (x — a)*(x + 2a).

(a) Find d(x) when f(x) = x*, and show that it is divisible by (x — a)2.

(b) There certainly seems to be some evidence that d(x) is always divisible by
(x —a)?. Figure 22 provides an intuitive argument: usually, lines parallel
to the tangent line will intersect the graph at two points; the tangent line
intersects the graph only once near the point, so the intersection should
be a “double intersection.” To give a rigorous proof, first note that

dx) _ f® - f@

X —4a X —a

- f'@).

Now answer the following questions. Why is f(x) — f(a) divisible
by (x — a)? Why is there a polynomial function # such that A(x) =
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21.

*22.

*23.

*24,
25.

26.

27.

*28.

*29.

d(x)/(x — a) for x # a? Why is lim k(x) = 0? Why is k(a) = 0? Why
does this solve the problem?

{a) Show that f'(a) = Jli_rz"lz[f(x) — f(a)]/(x — a). (Nothing deep here.}

(b) Show that derivatives are a “local property”: if f(x) = g(x) for all x in
some open interval containing a, then f'(a) = g'(a). (This means that
in computing f’(a), you can ignore f(x) for any particular x # a. Of
course you can’t ignore f(x) for all such x at once!)

(a) Suppose that f is differentiable at x, Prove that

ooy _ . JxHR) — flx—h)
e

Hint: Remember an old algebraic trick—a number is not changed if the
same quantity is added to and then subtracted from it.

*¥b) Prove, more generally, that

fx+h) - flx—kK)

! — ]im
f (X) k=0t h+k
Prove that if f is even, then f'(x) = —f'(—x). (In order to minimize con-

fusion, let g(x) = f(—x); find g'(x) and then remember what other thing g
is.) Draw a picture!

Prove that if f is odd, then f'(x) = f'(—x). Once again, draw a picture.

Problems 23 and 24 say that f is even if f is odd, and odd if f is even.
What can therefore be said about f%®?

Find £"(x) if

0  fe) =
i) f@&x)= x3.
(i) f'(x) = x*.
iv) f&x+3)=x.

If Sy(x) =x",and 0 < k < n, prove that

(a) Find f'(x) if f(x)= |x[?. Find f”(x). Does F"(x) exist for all x?
(b) Analyze f similarly if f(x) = x* for x > 0 and F(x) = —x* for x <0,

Let f(x) = x" for x > 0 and let f(x) =0 for x < 0. Prove that £f®~1) exists
(and find a formula for it), but that £®(0) does not exist.
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Interpret the following specimens of Leibnizian notation; each is a restate-

ment of some fact occurring in a previous problem.

@
(i)

dx" _ nx"_l
dx
dz 1 . 1
P =—=3 = -
y y y
dLf ) +el _ df @)
dx dx
dlef )] _ dfex)
dx  dx
dz dy |,
E = E if =Yy +c.
3
di = 3q*.
dx ea?
dfx+a)| _ df(x)
dx x=b ~ dx x=b+a.
dfex)|  _ . df®
dx x=b dx x=f:b-
dfex) _ _ dfo)
dx dy y=cx

dkxn n
—=k! nk
dx* (k)x



CHAFPTER

THEOREM 1

PROOF

THEOREM 2

PROOF

I O DIFFERENTIATION

The process of finding the derivative of a function is called differentiation. From the
previous chapter you may have the impression that this process is usually laborious,
requires recourse to the definition of the derivative, and depends upon successfully
recognizing some limit. It is true that such a procedure is often the only possible
approach—if you forget the definition of the derivative you are likely to be lost.
Nevertheless, in this chapter we will learn to differentiate a large number of func-
tions, without the necessity of even recalling the definition. A few theorems will
provide a mechanical process for differentiating a large class of functions, which
are formed from a few simple functions by the process of addition, multiplication,
division, and composition. This description should suggest what theorems will be
proved. We will first find the derivative of a few simple functions, and then prove
theorems about the sum, products, quotients, and compositions of differentiable
functions, The first theorem is merely a formal recognition of a computation
carried out in the previous chapter.

If f is a constant function, f(x) = ¢, then

f(@) =0 for all numbers a.

fa+h-f@ _ .
h _h—>0 h

c—c

—0.1

f(a)=,]‘1_13(1)

The second theorem is also a special case of a computation in the last chapter.

If f is the identity function, f(x) = x, then
f'ta) =1 for all numbers a.

flat+h) - fla)

oy
fi@ = lm h
_lima+h—a
T b0 h
. h
= jimy =11

The derivative of the sum of two functions is just what one would hope—the
sum of the derivatives.
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PROOF

THEOREM 5

PROOF
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If f and g are differentiable at a, then f 4 g is also differentiable at a, and
(f+8)@=f@+g .
(f +8)a+h)—(f +8)a)

(f+e@ = lim

h
iy J@+ M +g@+h) - [fa) +3@)]
- hl—% h
— lim [f(a +h) - f(a) 4 gla+h) — g(a)]
h—0 k 1]
— im fla+h)— f(a) + lim gla+hy—gla)
h—0 h h—0 h

=fla+¢@.1

The formula for the derivative of a product is not as simple as one might wish,
but it is nevertheless pleasantly symmetric, and the proof requires only a simple
algebraic trick, which we have found useful before—a number 1s not changed if
the same quantity is added to and subtracted from it.

If f and g are differentiable at a, then
(f-8)(a)= f'(a) - gla}+ f(a) - £'(a).

. h _ .
(f'g)'(a)=;]'j_%(f ga+h)—(f-g)a)

h
— lim fla+h)gla +hh) — fla)g(a)
~ lim [f(a +h)[g(t;1+ h)—g@]  [flath) ; f(a)]g(a)]
gla+h) —gla) + lim flath)— fla)

= lim f(a + &) - lim
h—0 h—0
= f(a) - g'(@) + f'(a) - gla).
(Notice that we have used Theorem 9-1 to conclude that fltur}) fla+n) = f@.) ]

h Pale) A fim g(a)

In one special case Theorem 4 simplifies considerably:

If g(x) =cf(x) and f is differentiable at a, then g is differentiable at a, and
g'a)=c- f(a).

If h(x) =c, so that g = & - f, then by Theorem 4,

gay= - f)a)
=h(a)- f'(a@) +h'(a) - f(a)
=c- f'(a)+0- f(a)
=c- f'ta). |l
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THEOREM 6

PROOF

Notice, in particular, that (— f) (@) = — f'(a), and consequently (f — g)'(a) =
(f +[—gD'(a) = f'(@ — g'(a).

To demonstrate what we have already achieved, we will compute the derivative
of some more special functions.

If f(x) = x" for some natural number n, then

@) =na""! for all a.

The proof will be by induction on n. For n = 1 this is simply Theorem 2. Now
assume that the theorem is true for n, so that if f(x) = x", then

f'(a) = na""! for all a.
Let g(x) = x"*1. If I(x) = x, the equation x"*! = x" . x can be written
gx) = f(x)-I(x)  forallx;
thus g = f - I. It follows from Theorem 4 that
g'@) = (f-1)(a) = fa)-I(a) + f(@) - I'a)

=na"' a+a -1
=na"+a"
= (n+ 1a", for all a.

This is precisely the case n + 1 which we wished to prove. |

Putting together the theorems proved so far we can now find f’ for f of the
form
f(x) = apx" + ap_1x" N+ +apx? + a1x + ag.

We obtain
fx)y= napx" L (n— Dag_1x" 2+ 4+ 2a3x + ay.
We can also find f”:
ffxy=n(n-— Danx" 2+ (=D —Dag_1x" >+ +2a;.

This process can be continued easily. Each differentiation reduces the highest
power of x by 1, and eliminates one more a;. It is a good idea to work out the
derivatives f”, f, and perhaps f©, until the pattern becomes quite clear. The
last interesting derivative is

F®(x) = nlag;

for k > n we have

F®(x) =0.

Clearly, the next step in our program is to find the derivative of a quotient f/g.
It is quite a bit simpler, and, because of Theorem 4, obviocusly sufficient to find

the derivative of 1/g.
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If g is differentiable at a, and g(a) # 0, then 1/g is differentiable at a, and

1Y - —g)
(g) @= La@r

Before we even write

()ern-()e
g £

h

we must be sure that this expression makes sense—it is necessary to check that
(1/g)(a+h) is defined for sufficiently small 2. This requires only two observations.
Since g is, by hypothesis, differentiable at a, it follows from Theorem 9-1 that g is
continuous at a. Since g(a) # 0, it follows from Theorem 6-3 that there is some
8 > 0 such that g(a + h) # O for |k| < 8. Therefore (1/g)(a + h) does make sense
for small enough A, and we can write

O TRy —
tim 8 8 — i 8@t e@
=0 h h—0 h

gla) —gla+h)

= 10 h[g(@) - ga + )]

o —[e@+h) - g@)] 1

= him h "Z@g@+h

T h0 ] a0 gla)-gla+h)
, 1

=@ Lar

(Notice that we have used continuity of g at a once again.) ||

The general formula for the derivative of a quotient is now easy to derive.
Though not particularly appealing, it is important, and must simply be memo-
rized (I always use the incantation: “bottom times derivative of top, minus top
times derivative of bottom, over bottom squared.”)

If f and g are differentiable at @ and g(a) # 0, then f/g is differentiable at a,
and

(f) @@ @ f@ g@

g [¢@)]?
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PROOF  Since f/g = f - (1/g) we have
(f—) (a) = (f : l) (a)
8 4

= f'(a)- (1) (a)+ f(a) (l) (a)
g 8
_ fl(a) n f@)(—g'(a))

) [g(@)]?
@ 8@~ f@-g@ o
[g(a)]? '

We can now differentiate a few more functions. For example,

: x2 -1 . (x2 4+ 1(2x) — (x — 1)(2x) 4x
) =z then fi0) = @2+ 1)2 TN
(x2+1)—x(2x) 1—x?

. X ’ .
L@ =g e fO="—0"w ~wE+p

1 1

if fx)=—, then f'(x) = - = = (-Dx 72
X X

Notice that the last example can be generalized: if

1
fix)=x""=—, for some natural number n,
x.ﬂ

then 1
fo=""5— = Cma

thus Theorem 6 actually holds both for positive and negative integers. If we inter-
pret f(x) = x9 to mean f(x) =1, and f'(x) = 0-x~! to mean f'(x) = 0, then
Theorem 6 is true for n = 0 also. (The word “interpret” is necessary because it is
not clear how 0° should be defined and, in any case, 0- 0! is meaningless.)
Further progress in differentiation requires the knowledge of the derivatives of
certain special functions to be studied later. One of these is the sine function. For
the moment we shall divulge, and use, the following information, without proof:

sin’(a) = cosa for all a,
cos'(a) = —sina for all a,

This information allows us to differentiate many other functions. For example, if
f(x) =xsinx,
then

f'(x) = x cosx +sinx,
f'(x) = —xsinx + cosx + cosx
= —xsinx + 2 cosx;
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if
glx) = sin?x = sinx - sinx,
then
g'(x) =sinx cosx + cosx sinx
= 2sinx cosx,
g"(x) = 2[(sinx)(—sinx) + cos x cos x]
= 2[cos® x — sin” x];
if
hx) = cos?x = cosx - X,
then
K (x) = (cosx)}(—sinx) + (—sinx) cosx
= —2sinx cos x,
B"(x) = —2[cos® x — sin’ x].
Notice that

g'x)+hx) =0,

hardly surprising, since (g + k)(x) = sin? x + cos? x = 1. As we would expect, we
also have g"(x) + h"(x) = 0.

The examples above involved only products of two functions. A function involv-
ing triple products can be handled by Theorem 4 also; in fact it can be handled
in two ways. Remember that f - g - k is an abbreviation for

(f-8)-h or f-(g-h).
Choosing the first of these, for example, we have

(f-g-h)'(x)=(f-8)Yx)-h(x)+ (f - g)(x)H'(x)
= [f'(x)g(x) + f(x)g' (X)]h(x) + f(x)g(x)h (x)
= f'(x)g(x)h(x) + f(x)g'(x)h(x) + f(x)g(x)R (x).

The choice of f - (g - k) would, of course, have given the same result, with a
different intermediate step. The final answer is completely symmetric and easily
remembered:

(f - g -h) is the sum of the three terms obtained by differentiating each of f,
g, and A and multiplying by the other two.

For example, if
F(x) = x*sinx cosx,
then
flix)= 3x2sinx cosx + x> cos x cos x + x> (sin x) (— sin x).

Products of more than 3 functions can be handled similarly. For example, you
should have little difficulty deriving the formula

(f-8-h-B)(x) = f()g)h()k(x) + fx)g (x)h(x)k(x)
+ f(X)g (DR ()k(x) + f(x)g(x)h(x)K'(x).
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You might even try to prove (by induction) the general formula:
oo V@ =Y A@) oo fra@F @ fa1@) - fal@).
i=1

Differentiating the most interesting functions obviously requires a formula for
(f o g)(x) in terms of f" and g’. To ensure that f o g be differentiable at a, one
reasonable hypothesis would seem to be that g be differentiable at a. Since the
behavior of f o g near a depends on the behavior of f near g(a) (not near a), it
also seems reasonable to assume that f is differentiable at g(a). Indeed we shall
prove that if g is differentiable at @ and f is differentiable at g(a), then f o g is
differentiable at @, and

(fogY(a)= f'(ga)) - g'(a).

This extremely important formula is called the Chain Rule, presumable because
a composition of functions might be called a “chain” of functions. Notice that
(f o g) is practically the product of f’ and g’, but not quite: f’ must be evaluated
at g(a) and g’ at a. Before attempting to prove this theorem we will try a few

applications. Suppose

fx)= sin x2,

Let us, temporarily, use § to denote the (“squaring”) function S(x) = x2. Then
f=sinoS.
Therefore we have

f'x) =sin'(5(x)) - §'(x)

= cosx? - 2x.
Quite a different result is obtained if
fxy= sin x.

In this case
f =Sosin,

S0

f(x) = §'(sinx) - sin’ (x)
= 2sinx - cosx.

Notice that this agrees (as it should) with the result obtained by writing f = sin - sin
and using the product formula.

Although we have invented a special symbol, S, to name the “squaring” function,
it does not take much practice to do problems like this without bothering to write
down special symbols for functions, and without even bothering to write down the
particular composition which f is—one soon becomes accustomed to taking f
apart in one’s head. The following differentiations may be used as practice for
such mental gymnastics—if you find it necessary to work a few out on paper, by
all means do so, but try to develop the knack of writing f’ immediately after secing
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the definition of f; problems of this sort are so simple that, if you just remember
the Chain Rule, there is no thought necessary.

if f(x) =sinx> then f'(x) = cosx? - 3x2
fx) = sin’ x f(x) = 3sin®x - cosx
j'(x):sin1 ff(x)=0051' (——21)
x x \x
f(x) = sin(sin x) f'(x) = cos(sinx) - cos x
F(x) = sin(x® 4 3x?) F'(x) = cos(x® + 3x%) - (3x2 + 6x)
f(x) = (x? +3x%H)3 I(x) = 530> +3x2)%2 . (3x2 + 6x).
A function like

fx) =sin’x? = [sinx?]?,

which is the composition of three functions,
f=S8csinoS,

can also be differentiated by the Chain Rule. It is only necessary to remember
that a triple composition f o g o h means (f og)oh or f o(goh). Thus if

f(x) =sin®x?
we can write

f=(Sosin)o§,
f=SosinoS).

The derivative of either expression can be found by applying the Chain Rule
twice; the only doubtful point is whether the two expressions lead to equally simple
calculations. As a matter of fact, as any experienced differentiator knows, it is much
better to use the second:

f =8o(sinoS).

We can now write down f’(x) in one fell swoop. To begin with, note that the first
function to be differentiated is S, so the formula for f'(x) begins

feo=20 ) BEE

Inside the parentheses we must put sin x2, the value at x of the second function,
sin o §. Thus we begin by writing -

f(x) =2sinx?.]

(the parentheses weren’t really necessary, after all). We must now multiply this
much of the answer by the derivative of sino § at x; this part is easy—it involves a
composition of two functions, which we already know how to handle. We obtain,
for the final answer,

f'(x) = 2sinx? - cosx? - 2x.
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The following example is handled similarly. Suppose

f (x) = sin(sin x2).

Without even bothering to write down f as a composition gohok of three functions,
we can see that the left-most one will be sin, so our expression for f'(x) begins

fey=cos( -1

Inside the parentheses we must put the value of 4 o k(x); this is simply sin x? (what
you get from sin(sin x) by deleting the first sin). So our expression for f’(x) begins

f'(x) = cos(sinx?) - ¥

B

We can now forget about the first sin in sin(sin x2); we have to multiply what we
have so far by the derivative of the function whose value at x is sin x>—which is
again a problem we already know how to solve:

f/(x) = cos(sin x2) - cosx? - 2x.

Finally, here are the derivatives of some other functions which are the composition
of sin and §, as well as some other triple compositions. You can probably just
“see” that the answers are correct—if not, try writing out f as a composition:

iff f(x) =sin((sinx)?)  then f'(x) = cos((sinx)?) - 2sinx - cos x

f(x) = [sin(sin .74:)]2 F/(x) = 2sin(sin x) - cos(sin x) - cosx
f(x) = sin(sin(sin x)) f'(x) = cos(sin(sin x)) - cos(sin x) - cos x
fx)y= sinz(x sin x) f'(x) = 2sin(x sin x) - cos(x sinx)

- [sinx + x cos x]
f(x)= sin(sin(x? sin x)) flix) = cos(sin(x? sin x)) - cos(x2 sin x)
-[2xsinx + x% cos x].

The rule for treating compositions of four (or even more) functions is easy—
always (mentally) put in parentheses starting from the right,

fo(go(hok)),

and start reducing the calculation to the derivative of a composition of a smaller
number of functions:

f(ghk())) -
For example, if

fx)= sinz(sinz(x)) [f=ScsinoSosin
= So (sino (S osin))]

then
ffx)y=2 sin(sin2 x) - cos(sin® x) - 2sin x - cosx;
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if
f(x) =sin((sinx?)?)  [f=sinoSosinoS
=sino (5o (sino §))]
then
F'(x) = cos((sinx?)?) - 2sinx? - cosx? - 2x;
if
fx)= sin?(sin(sin x)) [fill in yourself, if necessary]
then

f/(x) = 2 sin(sin(sin x)) - cos(sin(sin x)) - cos(sin x) - cos x.

With these examples as reference, you require only one thing to become a master
differentiator—practice. You can be safely turned loose on the exercises at the end
of the chapter, and it is now high time that we proved the Chain Rule.

The following argument, while not a proof, indicates some of the tricks one
might try, as well as some of the difficulties encountered. We begin, of course,
with the definition—

. o hy—(fo
(fog)’(a)=m(f g)(a+; (fog)a)

= L@@ ) — f(z@)
= lim .

h—0 h

Somewhere in here we would like the expression for g'(a). One approach is to
put it in by fiat:
im flgla+h) — f(ga) — lim flgla+h)) — f(g@) gla+h)—ga)

1
k1—>0 h =0 gla+h)—gla h

This does not look bad, and it looks even better if we write

. (fog)a+h)—(fog)a)
11
h—0 h

_ lim J8@ *[glath) —g@)) ~ f(gl@) . glath) —g@)
20 gla+h)—gla) 0 h

The second limit is the factor g'(a) which we want. If we let gla + k) —g(a) =4
(to be precise we should write k(k)), then the first limit is

ii f(gla)+ k) — f(gla))
1mm B
hr—0 k

It looks as if this limit should be f'(g(a)), since continuity of g at a implies that k
goes to 0 as 2 does. In fact, one can, and we soon will, make this sort of reasoning
precise. There is already a problem, however, which you will have noticed if you
are the kind of person who does not divide blindly. Even for & # 0 we might have
gla + k) — g(a) = 0, making the division and muitiplication by g(a + k) — g(a)
meaningless. True, we only care about small &, but g(a@ + k) — g(a) could be 0
for arbitrarily small £. The easiest way this can happen is for g to be a constant
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THEOREM 9 (THE CHAIN RULE)

PROOF

function, g{x)} = ¢. Then g(a + k) — g(a) = 0 for all A. In this case, f o g is also
a constant function, (f o g}{x) = f{c), so the Chain Rule does indeed hold:

(fogY(a)=0= f'(g@) g'(a).

However, there are also nonconstant functions g for which gla + #) — g(a) = 0
for arbitrarily small k. For example, if a = 0, the function g might be

2(x) = I xzsin%, x#0

0, x=0.
In this case, g’(0) = 0, as we showed in Chapter 9. If the Chain Rule is correct, we
must have (f o g)'(0) = 0 for any differentiable f, and this is not exactly obvious.
A proof of the Chain Rule can be found by considering such recalcitrant functions _
separately, but it is easier simply to abandon this approach, and use a trick.

If g is differentiable at a, and f is differentiable at g(a), then f o g is differentiable
at @, and

(fog)(@) = f'(g(a) - g'@).

Define a function ¢ as follows:

fgla+h) — fgla) .
ow=1" sa+rm—ga - 'E@TH-s@F0
f(gla)), ifgla+h)—g@y=0.
It should be intuitively clear that ¢ is continuous at 0: When & is small,
gla + h) — g(a) is also small, so if g{a + #) — g(a) is not zero, then $(h) will
be close to f'(g(a)); and if it is zero, then ¢ (k) actually equals f'(g(a)), which
is even better. Since the continuity of ¢ is the crux of the whole proof we will
provide a careful translation of this intuitive argument.
We know that f is differentiable at g(a). This means that

} a)+k)— ,

lim f(ga) +k)— f(g(a)) = f(g(@)).
k=0 k

Thus, if € > 0 there is some number 8" > 0 such that, for all k,

fgla) + k) — f(gla))
k

Now g is differentiable at a, hence continuous at a, so there is a § > 0 such that,
for all A,

(1) if0 < |k| <&, then — flg@)| < e.

(2) if|hl <4, then |gla+h) —g(a)| < ¥
Consider now any k with |k| < 8. If k = g(a + k) — g(a) # 0, then

g(ﬂ + h) — g(a) k ,

it follows from (2) that |k| < &’, and hence from (1) that
[¢h) — f'(g@)| < e.
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On the other hand, if g(a + ) — g(a) =0, then ¢(h) = f'(g(a)), so it is surely
true that
lph) — f(g@)] <.

We have therefore proved that
lim ¢ (k) = '(2(@)),

so ¢ is continuous at 0. The rest of the proof is easy. If & # 0, then we have

- h) —
f(a;'(a+ih:l f(g(a)) =¢(h)_8(a+ ; g(a)

even if g(a + h) — g(a) = 0 (because in that case both sides are 0). Therefore

ren o Jgla+h) — flgl@) . . gla+h)—gla)
(fog) (a)“ll_’,% . —-’l’l_I:fll)(ﬁ(h)-}E];l’brb -

= f'(g@)) - £'@). §

Now that we can differentiate so many functions so easily we can take another

2 . 1 O

0, x=0.

In Chapter 9 we showed that f'(0) = 0, working straight from the definition (the
only possible way). For x # 0 we can use the methods of this chapter. We have

flx) = 2:«:9,inl +x26081 . (— lz)
x x x
Thus
sesin! a0
fx) = smx cos;, X ¥#
0, x=0.

As this formula reveals, the first derivative f’ is indeed badly behaved at 0—it is
not even continuous there. If we consider instead

|
f(x)=[xssm;' x#0

0, x=0,

| 1
2.0 ol
Flx) = 3x smx xcosx, x#0
0, x=0.
In this case f’ is continuous at 0, but f”(0) does not exist (because the expres-

sion 3x%sin 1/x defines a function which is differentiable at 0 but the expression
—x cos 1/x does not).
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As you may suspect, increasing the power of x yet again produces another
improvement. If

Fx) = [ x4sin%, x#0
0, x=0,

then
1 1
3gin — — x2 i
Fx) = dx smx x cosx, x#0
0, x=0.

It is easy to compute, right from the definition, that (f')'(0) = 0, and f"(x) is
easy to find for x # O:

1 1 1 1

24 = — - _ - —gin —
Fx) = 12x smx 4xcosx 2xcosx smx, x#0
0, x=0.

In this case, the second derivative f” is not continuous at 0. By now you may have
guessed the pattern, which two of the problems ask you to establish: if

Flxy = x2n sin;l-, x#0
0, x =0,

then £'(0), ..., f™(0) exist, but £ is not continuous at 0; if

Flx) = 22+ gin %, x#0
0, x=0,

then f/(0),..., f™(0) exist, and f* is continuous at 0, but £ is not differ-
entiable at 0. These examples may suggest that “reasonable” functions can be
characterized by the possession of higher-order derivatives—no matter how hard
we try to mask the infinite oscillation of f(x) = sin 1/x, a derivative of sufhciently
high order seems able to reveal the underlying irregularity. Unfortunately, we will
see later that much worse things can happen.

After all these involved calculations, we will bring this chapter to a close with
a minor remark. It is often tempting, and seems more elegant, to write some of
the theorems in this chapter as equations about functions, rather than about their

- values. Thus Theorem 3 might be written

(f+ey=r+¢,
Theorem 4 might be written as
(f-8=r-&+fs
and Theorem 9 often appears in the form

(Fog)Y=(flog)-g.
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Strictly speaking, these equations may be false, because the functions on the left-
hand side might have a larger domain than those on the right. Nevertheless, this
is hardly worth worrying about. If f and g are differentiable everywhere in their
domains, then these equations, and others like them, are true, and this is the only
case any one cares about.

PROBLEMS

1. Asa warm up exercise, find f/(x) for each of the following f. (Don’t worry
about the domain of f or f'; just get a formula for f'(x) that gives the right
answer when it makes sense.)

@)

f(x) = sin(x + x2).

@ f(x) =sinx+sinxZ.
(i) f(x) = sin(cos x).
{iv) f(x) = sin(sinx).

. /COSX
\y] f(x)=sm( — )
o) fly = 2D
{(vi)) f(x) = sin(x + sinx).

{vill) f(x) = sin{cos(sin x)).

2. Find f'(x) for each of the following functions f. (It took the author 20 min-
utes to compute the dertvatives for the answer section, and it should not take
you much longer. Although rapid calculation is not the goal of mathematics,
if you hope to treat theoretical applications of the Chain Rule with aplomb,
these concrete applications should be child’s play—mathematicians like to
pretend that they can’t even add, but most of them can when they have to.)

(1)
(i)
(i)

()
v)

(V)
(vid)

F(x) = sin((x + 1)2(x + 2)).
f(x) =sin’(x? + sin x).
£ ) = sin?((x + sinx)?).

. x3
f(x) =sin (cosx3)'

fix) = sin(x sinx) + sin(sin x2).
f(x) = (cos x)32,
flx)= sin x sinx

2.2

25in% x2.

(viii) f(x) = sin®(sin(sin x)).

(ix) f(x) = (x +sin’ x)5.

(x) f(x) = sin(sin(sin(sin(sin x)))).
i) f(x) =sin(Gsin’ x7 4 1)7).

i) f(x) = (% +x)* +x)* +x)°.
(xii) f(x)= sin(x2 + sin(x2 + sinx2)).
(xiv) f(x) = sin(6 cos(6sin(6 cos 6x))).
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sin x2 sin x
() fx)= 1 4sinx
o) ) = ——
X — .
x +sinx
_x
(xvil) f(x) =sin | | ( x3 )
sl ——
sinx

x
(xviii) f (x) = sin (x _ sin( x ))
x —sinx

Find the derivatives of the functions tan, cotan, sec, cosec. (You don’t have
to memorize these formulas, although they will be needed once in a while; if
you express your answers in the right way, they will be simple and somewhat
symmetrical.)

For each of the following functions f, find f'(f(x)) (rot (f o ) (x)).

1
j f=—

( 1+x
() f(x)=sinx,
(i) f(x) =x2

ivy fx)=17.
For each of the following functions f, find f{f’'(x)).

. 1
) flx)= t

(

@ feo)=x2
(i) f&x)=17.
(iv) f(x)=17x.

Find f’ in terms of g’ if
) flx)=g(x+gla)).

(

(i) flx)=glx-g@)).
(i) f(x) =glx+gx)).
(iv) fx)=gx)(x—a).
v} fx)y=gla)(x —a).
&) fOr+3)=gkx?).

(a) A circular object is increasing in size in some unspecified manner, but it
is known that when the radius is 6, the rate of change of the radius is 4.
Find the rate of change of the area when the radius is 6. (If »(¢) and A(¢)
represent the radius and the area at time ¢, then the functions » and A
satisfy A = 7r?; a straightforward use of the Chain Rule is called for.)
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(b} Suppose that we are now informed that the circular object we have been
watching is really the cross section of a spherical object. Find the rate
of change of the volume when the radius is 6. (You will clearly need to
know a formula for the volume of a sphere; in case you have forgotten,
the volume is %:r times the cube of the radius.)

(c) Now suppose that the rate of change of the area of the circular cross
section is 5 when the radius is 3. Find the rate of change of the volume
when the radius is 3. You should be able to do this problem in two
ways: first, by using the formulas for the area and volume in terms of
the radius; and then by expressing the volume in terms of the area (to
use this method you will need Problem 9-3).

The area between two varying concentric circles is at all times 97 in®. The
rate of change of the area of the larger circle is 107 in?/sec. How fast is the
circumference of the smaller circle changing when it has area 16 in??

Particle A moves along the positive horizontal axis, and particle B along the
graph of f(x) = —v/3x, x < 0. At a certain time, A is at the point (5,0
and moving with speed 3 units/sec; and B is at a distance of 3 units from
the origin and moving with speed 4 units/sec. At what rate is the distance
between A and B changing?

Let f(x) = x%sin 1/x for x # 0, and let £(0) = 0. Suppose also that  and
are two functions such that

H(x)=sin’Gin(x + 1)) K@) = f@x+1)
hi0)=3 k() =0.
Find
@ (foh)().
iy ko fY(0).
(1) a’(xz), where a(x) = h(x?). Exercise great care.
Find f/(0) if
1
F) = g(x)sin s x#0
0, x=0,
and
g(0)=¢'0)=0.
Using the derivative of f(x) = 1/x, as found in Problem 9-1, find (1/g)(x)
by the Chain Rule.
(a) Using Problem 9-3, find f'(x) for -1 <x < 1, if f(x)=v1—x2
(b) Prove that the tangent line to the graph of f at (a, v'1 — a?) intersects

the graph only at that point (and thus show that the elementary geometry
definition of the tangent line coincides with ours).
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Prove similarly that the tangent lines to an ellipse or hyperbola intersect these
sets only once.

If f + g is differentiable at a, are f and g necessarily differentiable at a?
If f.gand f are differentiable at a, what conditions on f imply that g is
differentiable at a?

(a) Prove that if f is differentiable at a, then | f| is also differentiable at a,
provided that f(a) # 0.

(b} Give a counterexample if f(a) = 0.

(c) Prove that if f and g are differentiable at a, then the functions
max(f, g) and min(f, g) are differentiable at a, provided that f(a) #
g(a).

{d) Give a counterexample if f(a) = g(a).

If f is three times differentiable and f/(x) # 0, the Schwarzian derivative of f
at x is defined to be

Li/s 14 2
Qbf(x)=f (X)_E(f (x)) _

i 2\ f®
{a) Show that
B(fog)=[Df og] -8 +Dsg.

ax +z, Wlth ad _— bC # 0, then Qbf = 0. Conse_

(b) Show that if f(x) = pery
quently, B(f o g) = Dg.
Suppose that £® (a) and g™ (a) exist. Prove Leibniz’s formula:

. )™ (g) = (") ® (g . " k().
(f 9”@ ;kf @ g" (@)
Prove that if f®(g(a)) and g™ (a) both exist, then (f o g)®(a) exists. A
little experimentation should convince you that it is unwise to seek a formula
for (f 0 g)®(a). In order to prove that (f o g)®™(a) exists you will therefore
have to devise a reasonable assertion about { f o g)*"(a) which can be proved
by induction. Try something like: “(f o g)™ (a) exists and is a sum of terms
each of which is a product of terms of the form ... .”

(@) I f(x) = anx®+a,_1x"' +-- - +ap, find a function g such that g’ = f.
Find another.

(b) If
b b,
f@=2 4B 4 m
x?x x
find a function g with g’ = f.
(¢} Is there a function
b bm
fE) =aux" +- - Fag+ =+t —
x x

such that f'(x) = 1/x?
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Show that there is a polynomial function f of degree n such that

(a) f'(x) =0 for precisely n — 1 numbers x.
(b) f'(x) =0forno x, if nis odd.
c) f'(x) =0 for exactly one x, if n is even.

(
(d) f'(x) =0 for exactly k numbers x, if n — k is odd.
(

a) The number a is called a double root of the polynomial function f if
f(x) = (x — a)?g(x) for some polynomial function g. Prove that a is a
double root of f if and only if & is a root of both f and f’.

(b) When does f(x) = ax2 + bx + ¢ (a # 0) have a double root? What does
the condition say geometrically?

If f is differentiable at a, let d(x) = f(x) — f'(a)(x —a) — f(a). Find d'(a).
In connection with Problem 22, this gives another solution for Problem 9-20.

'This problem is a companion to Problem 3-6. Let ay,...,a, and by, ..., b,
be given numbers.

(a) If x1, ..., x, are distinct numbers, prove that there is a polynomial func-
tion f of degree 2r — 1, such that f(x;) = f'(x;) = O for j # i, and
f(x;) =a; and f'(x;) = b;. Hint: Remember Problem 22.

(b) Prove that there is a polynomial function f of degree 2n—1 with f(x;) =
a; and f'(x;) = b; for all i.

Suppose that a and b are two consecutive roots of a polynomial function f,
but that @ and & are not double roots, so that we can write f(x) =

(x —a)(x — b)g(x) where g(a) # 0 and g(b) # 0.
(a) Prove that g(a) and g(b) have the same sign. (Remember that @ and &

are consecutive roots.)

(b) Prove that there is some number x with a < x < b and f'(x) = 0. (Also
draw a picture to illustrate this fact.) Hint: Compare the sign of f'(a)
and f'(b).

{c) Now prove the same fact, even if a and b are multiple roots. Hint: If

fx) = (x—a)"(x — b)"g(x) where g(a) # 0 and g(b) # 0, consider the
polynomial function k(x) = f'(x)/(x — ay"1(x — by*~1.

This theorem was proved by the French mathematician Rolle, in connection
with the problem of approximating roots of polynomials, but the result was
not originally stated in terms of derivatives. In fact, Rolle was one of the
mathematicians who never accepted the new notions of calculus. This was
not such a pigheaded attitude, in view of the fact that for one hundred years
no one could define limits in terms that did not verge on the mystic, but on
the whole history has been particularly kind to Rolle; his name has become
attached to a much more general result, to appear in the next chapter, which
forms the basis for the most important theoretical results of calculus.

Suppose that f(x) = xg(x) for some function g which is continuous at 0.
Prove that f is differentiable at 0, and find f'(0) in terms of g.
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Suppose f is differentiable at 0, and that f(0) = 0. Prove that f(x) = xg(x)
for some function g which is continuous at 0. Hint: What happens if you try
to write g(x) = f(x)/x?
If f(x) =x7" for n in N, prove that
nt+k— 1)!x_"_k
(n—1)!
n+k—1

= (—1)*k!

(—1) ( 1

Prove that it is impossible to write x = f(x)g(x) where f and g are differ-
entiable and f(0) = g(0) = 0. Hint: Differentiate.

What is £ (x) if
@ flx)=1/&x—a)?
*b) flx)=1/(>—1)?

Let f(x) = x®sinl/x if x # 0, and let £(0) = 0. Prove that f(0),...,
F™(0) exist, and that f® is not continuous at 0. (You will encounter the
same basic difficulty as that in Problem 19.)

Let f(x) = 22 sin1/x if x #£ 0, and let £(0) = 0. Prove that f'(0),...,
F™(0) exist, that f® is continuous at 0, and that f™ is not differentiable
at 0,

fO@) =1

)x'"_k, for x £ 0.

In Leibnizian notation the Chain Rule ought to read:

df(g(x)) _df(y) dg(x)
dx = dy dx

y=g(x)
Instead, one usually finds the following statement: “Let y = g(x) and
z= f(y¥). Then

dz _dz dy”

dx dy dx’
Notice that the z in dz/dx denotes the composite function f o g, while the z
in dz/dy denotes the function f; it is also understood that dz/dy will be “an
expression involving y,” and that in the final answer g(x) must be substituted
for y. In each of the following cases, find dz/dx by using this formula; then
compare with Problem 1.

i) z=siny, y=x+x2

(iiy z=siny, y=cosx.

(i) z=cosu, u=sinx,

(iv) z=sinv, v=cosu, u=sinx.



CHAPTER I I SIGNIFICANCE OF THE DERIVATIVE

DEFINITION

FIGURE 1

THEOREM 1

PROCF

One aim in this chapter is to justify the time we have spent learning to find the
derivative of a function. As we shall see, knowing just a little about f’ tells us a
lot about f. Extracting information about f from information about f’ requires
some difficult work, however, and we shall begin with the one theorem which is
really easy.

This theorem is concerned with the maximum value of a function on an interval.
Although we have used this term informally in Chapter 7, it 1s worthwhile to be
precise, and also more general.

Let f be a function and A a set of numbers contained in the domain of f.
A point x in A is a maximum point for f on A if

f(x) = f(y) forevery yin A.
The number f(x) itself is called the maximum value of f on A (and we also

say that f “has its maximum value on A at x”).

Notice that the maximum value of f on A could be f(x) for several different x
(Figure 1); in other words, a function f can have several different maximum points
on A, although it can have at most one maximum value. Usually we shall be
interested in the case where A is a closed interval [a, b]; if f is continuous, then
Theorem 7-3 guarantees that f does indeed have a maximum value on [a, b].

The definition of a minimum of f on A will be left to you. (One possible
definition is the following: f has a minimum on 4 at x, if —f has a maximum
on A at x.)

We are now ready for a theorem which does not even depend upon the existence
of least upper bounds.

Let f be any function defined on (a, b). If x is a2 maximum (or a minimum) point
for f on (a, b), and f is differentiable at x, then f'(x) =0.

{Notice that we do not assume differentiability, or even continuity, of f at other
points.)

Consider the case where f has a maximum at x. Figure 2 illustrates the simple idea
behind the whole argument—secants drawn through points to the left of (x, f(x))
have slopes > 0, and secants drawn through points to the right of (x, f(x)) have
slopes < 0. Analytically, this argument proceeds as follows.

185
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PROOF

If & is any number such that x + 2 is in (a, b), then
fx)= f(x+h),
since f has a maximum on (g, ») at x. This means that
fx+h)— f(x)<0.

Thus, if £ > 0 we have
CERS (G

and consequently

T fx+h)— fx) <o.
h—0* h

On the other hand, if & < 0, we have

fE+h) = f@)
2= >0,

50

lim fx+h - fx) > 0.
h—0- h
By hypothesis, f is differentiable at x, so these two limits must be equal, in fact
equal to f'(x). This means that

ffx)<0 and f'(x)=0,

from which it follows that f'(x) = 0.
The case where f has a minimum at x is left to you (give a one-line proof). ||

Notice {Figure 3) that we cannot replace (a, &) by [a, &] in the statement of the -
theorem (unless we add to the hypothesis the condition that x is in (a, ).)

Since f’(x) depends only on the values of f near x, it is almost obvious how to
get a stronger version of Theorem 1. We begin with a definition which is illustrated
in Figure 4.

Let f be a function, and A a set of numbers contained in the domain of f.
A point x in A is a local maximum [minimum] point for f on A if
there is some & > 0 such that x is a maximum [minimum] point for f on
AN(x—38,x+38).

If f is defined on (a, b) and has a local maximum {(or minimum) at x, and f is

differentiable at x, then f/'(x) =0.

You should see why this is an easy application of Theorem 1. i
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The converse of Theorem 2 is definitely not true—it is possible for f'(x) to be 0
even if x is not a local maximum or minimum point for f. The simplest example
is provided by the function f(x) = x3; in this case f7(0) = 0, but f has no local
maximum or minimum anywhere.

Probably the most widespread misconceptions about calculus are concerned
with the behavior of a function f near x when f'(x) = 0. The point made in
the previous paragraph is so quickly forgotten by those who want the world to be
simpler than it is, that we will repeat it: the converse of Theorem 2 is not true—the
condition f'(x) = 0 does not imply that x 1s a local maximum or minimum point
of f. Precisely for this reason, special terminology has been adopted to describe
numbers x which satisfy the condition f’(x) = 0.

A critical point of a function f is a number x such that
fix)y=0.
The number f(x) itself is called a critical value of f.

The critical values of f, together with a few other numbers, turn out to be the
ones which must be considered in order to find the maximum and minimum of a
given function f. To the uninitiated, finding the maximum and minimum value
of a function represents one of the most intriguing aspects of calculus, and there
is no denying that problems of this sort are fun (until you have done your first
hundred or so).

Let us consider first the problem of finding the maximum or minimum of f
on a closed interval [a, b]. (Then, if f is continuous, we can at least be sure
that a maximum and minimum value exist.) In order to locate the maximum and
minimum of f three kinds of points must be considered:

(1) The critical points of f in [a, b].
(2) The end points @ and b.
(3) Points x in [a, b] such that f is not differentiable at x.

If x is a maximum point or a minimum point for f on [a, b], then x must be in one
of the three classes listed above: for if x is not in the second or third group, then
x is in (a, b) and f is differentiable at x; consequently f'(x) =0, by Theorem 1,
and this means that x is in the first group.

If there are many points in these three categories, finding the maximum and
minimum of f may still be a hopeless proposition, but when there are only a few
critical points, and only a few points where f is not differentiable, the procedure is
fairly straightforward: one simply finds f(x) for each x satisfying f'(x) = 0, and
f(x) for each x such that f is not differentiable at x and, finally, f(a) and f(b).
The biggest of these will be the maximum value of f, and the smallest will be the
minimum. A simple example follows.
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Suppose we wish to find the maximum and minimum value of the function

f@) =x*—x
on the interval [—1, 2]. To begin with, we have
flx)y=3x%-1,

so f'(x) = 0 when 3x2 — 1 =0, that is, when

x=1/3 or —1/3.

The numbers +/1/3 and —/1/3 both lie in [—1, 2], so the first group of candidates

for the location of the maximum and the minimum is

My V173, —/173.

The second group contains the end points of the interval,
2 -1, 2

The third group is empty, since f is differentiable everywhere. The final step is to
compute

F&173) = (1739 = /1/3 = }/1/3 - /1/3 = -3/1/3,
FV173) = (=1/3Y — (-/1/3) = -1/1/3 + V1/3 = 3/1/3,
f=1)=0,
f(2) =6.

Clearly the minimum value is —%m, occurring at V173, and the maximum
value is 6, occurring at 2.

This sort of procedure, if feasible, will always locate the maximum and minimum
value of a continuous function on a closed interval. If the function we are dealing
with is not continuous, however, or if we are seeking the maximum or minimum
on an open interval or the whole line, then we cannot even be sure beforchand
-0 that the maximum and minimum values exist, so all the information obtained by
this procedure may say nothing. Nevertheless, a little ingenuity will often reveal
the nature of things. In Chapter 7 we solved just such a problem when we showed
that if’ # is even, then the function

-
B -
o=
———

FIGURE § n n-1
f@)=x"+ax""" +--+ao

has a minimum value on the whole line. This proves that the minimum value must
occur at some number x satisfying

O=fxy=m""+ (- Dap_1x" 2 +-- +a.

If we can solve this equation, and compare the values of f(x) for such x, we can
actually find the minimum of f. One more example may be helpful. Suppose we
wish to find the maximum and minimum, if they exist, of the function

1
e
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on the open mterval (—1, 1). We have

2x

s0 f'(x) = 0 only for x = 0. We can see immediately that for x close to 1 or —1 the
values of f(x) become arbitrarily large, so f certainly does not have a maximum.
This observation also makes it easy to show that f has a minimum at 0. We just
note (Figure 5) that there will be numbers a and b, with

—1l<a<0 and 0<b<l,
such that f(x) > f(0) for
—l<x<a and b<x<]l.

This means that the minimum of f on [a, b] is the minimum of f on all of
{(—1,1). Now on [a, b} the minimum occurs either at O (the only place where
f'=0), or at a or b, and a and b have already been ruled out, so the minimum
value is F(O) = 1.

In solving these problems we purposely did not draw the graphs of f(x) = x*—x
and f(x) = 1/(1 — x?), but it is not cheating to draw the graph (Figure 6) as long
as you do not rely solely on your picture to prove anything. As a matter of fact, we
are now going to discuss a method of sketching the graph of a function that really

fix) = 2 — x gives enough information to be used in discussing maxima and minima—in fact
J{ we will be able to locate even local maxima and minima. This method involves
-1 3 consideration of the sign of f'(x), and relies on some deep theorems,

_ Ji 1 The theorems about derivatives which have been proved so far, always yield
3 information about f’ in terms of information about f. This is true even of Theo-
rem 1, although this theorem can sometimes be used to determine certain informa-
tion about f, namely, the location of maxima and minima. When the derivative
was first introduced, we emphasized that f'(x) is not [ f (x ++ k) — f(x)]/h for any
particular £, but only a limit of these numbers as 2 approaches 0; this fact becomes
painfully relevant when one tries to extract information about f from information
about f’. The simplest and most frustrating illustration of the difficulties encoun-
(x) = 1___1_;, tered is afforded by the following question: If f/(x) = O for all x, must f be a
constant function? It is impossible to imagine how f could be anything else, and
this conviction is strengthened by considering the physical interpretation—if the
velocity of a particle is always 0, surely the particle must be standing still' Never-
theless it is difficult even to begin a proof that only the constant functions satisfy
f(x) =0 for all x. The hypothesis f'(x) =0 only means that

i fE B — ) _
h—0 h

_-t——————g =

0,

FIGURE 6 and it is not at all obvious how one can use the information about the limit to
derive information about the function.
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The fact that f is a constant function if f’(x) = 0 for all x, and many other facts
of the same sort, can all be derived from a fundamental theorem, called the Mean
Value Theorem, which states much stronger results. Figure 7 makes it plausible
that if f is differentiable on [a, b], then there is some x in (a, b} such that

f) — f(a)
b—a

Geometrically this means that some tangent line is parallel to the line between
(a, f(@)) and (b, f(b)). The Mean Value Theorem asserts that this is true—there
is some x in (g, b) such that f'(x), the instantaneous rate of change of f at x, is
FIGURE 7 exactly equal to the average or “mean” change of f on [a, b], this average change
being [f(&) — f(a)}/[P — a]. (For example, if you travel 60 miles in one hour,
then at some time you must have been traveling exactly 60 miles per hour} This
theorem is one of the most important theoretical tools of calculus—probably the
/\ deepest result about derivatives. From this statement you might conclude that the

proof is difficult, but there you would be wrong—the hard theorems in this book
t t have occurred long ago, in Chapter 7. It is true that if you try to prove the Mean
Value Theorem yourself you will probably fail, but this is neither evidence that the
FIGURE 8 theorem is hard, nor something to be ashamed of. The first proof of the theorem
was an achievement, but today we can supply a proof which is quite simple. It
helps to begin with a very special case.

fixy=

THEOREM 3 (ROLLE'S THEOREM} If f is continuous on [a, #] and differentiable on (a, b), and f{a) = f(b), then
there is a number x in (a, b) such that f/(x) =0.

PROOF  Iffollows from the continuity of f on [a, &] that f has a maximum and a minimum
value on [a, b].
Suppose first that the maximum value occurs at a point x in (a,b). Then
f'(x) = 0 by Theorem 1, and we are done (Figure 8).
v Suppose next that the minimum value of f occurs at some point x in (g, b).
Then, again, f'(x) = 0 by Theorem 1 (Figure 9).
’ ; Finally, suppose the maximum and minimum values both occur at the end
points. Since f(a} = f(b), the maximum and minimum values of f are equal,
FIGURE 9 so f is a constant function (Figure 10), and for a constant function we can choose
any x in {(a, b). ||

Notice that we really needed the hypothesis that f is differentiable everywhere
on (a, b) in order to apply Theorem 1. Without this assumption the theorem is

. . false (Figure 11).
You may wonder why a special name should be attached to a theorem as easily
; proved as Rolle’s Theorem. The reason is, that although Rolle’s Theorem is a
special case of the Mean Value Theorem, it also yields a simple proof of the Mean
FIGURE 10 Value Theorem. In order to prove the Mean Value Theorem we will apply Rolle’s
Theorem to the function which gives the length of the vertical segment shown in

e
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Figure 12; this is the difference between f(x), and the height at x of the line L
between (a, f(a)) and (b, f(b)). Since L is the graph of

_[fB)=f@] _
g = | T | G-+ f@.
we want to look at
- EB) — -
O A e R )

As it turns out, the constant f(a) is irrelevant.

If f is continuous on [a, #] and differentiable on (a, b}, then there is a number x
in (a, b) such that

£(x) = f(b; — f(a)_
—a
Let
b —
h(x) = f(x) — [w] (x —a).
—a
Clearly, & is continuous on [a, b] and differentiable on (a, b), and
h{a) = f(a),
h®) = f(b) - [M] (x—a)
—a
= f(a).

Consequently, we may apply Rolle’s Theorem to h and conclude that there is
some x in (a, b) such that

0=h@) = f(x)- M
—
so that
b —_
f’(x) = w I
—a

Notice that the Mean Value Theorem still fits into the pattern exhibited by
previous theorems—information about f yields information about f’. This infor-
mation is so strong, however, that we can now go in the other direction.

If f is defined on an interval and f'(x) = 0 for all x in the interval, then f is
constant on the interval.

Let a and b be any two points in the interval with @ # . Then there is some x in
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(a, b) such that
fx)y=
But f'(x) =0 for all x in the interval, so

_ f(b) — fla)
- b—a '

and consequently f(a) = f(b). Thus the value of f at any two points in the
interval is the same, i.e., f is constant on the interval. |

f(b) — f(a)
b—a

0

Naturally, Corollary 1 does not hold for functions defined on two or more in-
tervals (Figure 13).

If f and g are defined on the same interval, and f'(x) = g'(x) for all x in the
interval, then there is some number ¢ such that f = g +c.

For all x in the interval we have (f —g)' (x) = f'(x)—g'(x) = 0 s0, by Corollary 1,
there is a number ¢ such that f — g =c. ||

The statement of the next corollary requires some terminology, which is illus-
trated in Figure 14.

A function is increasing on an interval if f(a) < f(b) whenever a and b are
two numbers in the interval with @ < b. The function f is decreasing on
an interval if f(a) > f(b) for all @ and b in the interval with a < b. (We
often say simply that f is increasing or decreasing, in which case the interval is
understood to be the domain of f.)

If f'(x) > O for all x in an interval, then f is increasing on the interval; if f'(x) <0
for all x in the interval, then f is decreasing on the interval.

Consider the case where f/(x) > 0. Let a and b be two points in the interval with
a < b. Then there is some x in (a, b) with

b) —
flx) = %@.
—a
But f'(x) > Ofor all x in (a, b), so
f&-f@
b—a

Since b — a > 0 it follows that f(b) > f(a).
The proof when f'(x) < 0 for all x is left to you. ||



(a) an increasing function

(b) a decreasing function

FIGURE 14
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Notice that although the converses of Corollary 1 and Corollary 2 are true (and
obvious), the converse of Corollary 3 is not true. If f is increasing, it is easy to
see that f'(x) > 0 for all x, but the equality sign might hold for some x (consider
Fx) =13,

Corollary 3 provides enough information to get a good idea of the graph of
a function with a minimal amount of point plotting. Consider, once more, the
function f(x) = x> —x. We have

flxy=3z2-1.

We have already noted that f'(x) =0 for x = y/1/3 and x = —/1/3, and it is
also possible to determine the sign of f'(x) for all other x. Note that 3x2-1>0
precisely when

3x2 > 1
2 1
X >§',
x>1/3 or x<—1/3;

thus 3x2 — 1 < 0 precisely when

—1/3 <x </1/3.

Thus f is increasing for x < —¢/1/3, decreasing between —/1/3 and /1/3,
and once again increasing for x > 4/1/3. Combining this information with the
following facts

D) £(—V173) = 3J1/3,
fW173)=-%/1/3,
2) fx)=0forx=-1,0,1,
(3) f(x) gets large as x gets large, and large negative as x gets large negative,

it is possible to sketch a pretty respectable approximation to the graph (Figure 15).

By the way, notice that the intervals on which f increases and decreases could
have been found without even bothering to examine the sign of f’. For example,
since f' is continuous, and vanishes only at —/1/3 and ﬁ/—3, we know that f’
always has the same sign on the interval (—\/m, m ). Since f (—\/m ) >
f (m ), it follows that f decreases on this interval. Similarly, f' always has the
sarne sign on (\/m, oo) and f(x) is large for large x, so f must be increasing on
(v/1/3, 00). Another point worth noting: If f’ is continuous, then the sign of f”
on the interval between two adjacent critical points can be determined simply by
finding the sign of f’(x) for any one x in this interval.

Our sketch of the graph of f(x) = x> — x contains sufficient information
to allow us to say with confidence that —/1/3 is a local maximum point, and
V173 a local minimum point. In fact, we can give a general scheme for decid-
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ing whether a critical point is a local maximum point, a local minimum peint, or
neither (Figure 16):

(1) if f > 0 in some interval to the left of x and f’ < 0 in some interval to
the right of x, then x is a local maximum point.

(2) if f' < 0 in some interval to the left of x and f’' > 0 in some interval to
the right of x, then x is a local minimum point.

(3) if £’ has the same sign in some interval to the left of x as it has in some
interval to the right, then x is neither a local maximum nor a local minimum
point.

(There is no point in memorizing these rules—you can always draw the pictures
yourself.)

The polynomial functions can all be analyzed in this way, and it is even possible
to describe the general form of the graph of such functions. To begin, we need a

Il | Il 1
T T

X X X X
et e o o3 ool X ol P g L e o
>0 fF<o0 ff<o f>o0 >0 ff>0 F <o f<o0
(a) (b) (c) (d)

FIGURE 16
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result already mentioned in Problem 3-7: If

fx) =anx" +ap1x" 1 4. 4 ay,

then f has at most n “roots,” i.e., there are at most n numbers x such that
fx) = 0. Although this is really an algebraic theorem, calculus can be used
to give an easy proofl. Notice that if x; and x; are roots of f (Figure 17), so that
f(x1) = f(x2) = 0, then by Rolle’s Theorem there is a number x between x;
and x3 such that f’(x) = 0. This means that if f has k different roots x; < x3 <

.« < x;, then f’ has at least £ — 1 different roots: one between x; and x3, one
between x2 and x3, etc. It is now easy to prove by induction that a polynomial
function

fG@x) =anx" +apx" "+ +ap

has at most # roots: The statement is surely true for n = 1, and if we assume that
it is true for n, then the polynomial

8(x) = bpy1x" ! + bpx" + -+ bo

could not have more than n -+ 1 roots, since if it did, g’ would have more than n
roots,
With this information it is not hard to describe the graph of

Fx)=ax" + a,.,_1Jc"_l + .- +ap.

The derivative, being a polynomial function of degree n — 1, has at most

n — 1 roots. Therefore f has at most n — 1 critical points. Of course, a criti-

cal point is not necessarily a local maximum or minimum point, but at any rate,

if @ and b are adjacent critical points of f, then f’ will remain either positive or

negative on (a, b), since f’ is continuous; consequently, f will be either increasing

or decreasing on (a, b). Thus f has at most # regions of decrease or increase.
As a specific example, consider the function

fx) =x*—2x2,
Since
Flx)=4x —4x =4x(x - D(x + 1),

the critical points of f are —1, 0, and 1, and

f(=1)=-1,
fO) =0,
) = —1.

The behavior of f on the intervals between the critical points can be determined
by one of the methods mentioned before. In particular, we could determine the
sign of f' on these intervals simply be examining the formula for f'(x). On the
other hand, from the three critical values alone we can see (Figure 18) that f
increases on (—1,0) and decreases on (0, 1). To determine the sign of f’ on
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(—o0, —1) and (1, o0) we can compute

F=2)=4-(=2-4.(-2) = -24,
fl(2y=4.2-4.2=24,

and conclude that f is decreasing on (—oo, —1) and increasing on (1, 00). These
conclusions also follow from the fact that f(x) is large for large x and for large
negative x.

We can already produce a good sketch of the graph; two other pieces of infor-
mation provide the finishing touches (Figure 19). First, it is easy to determine that
f&x)y=0frx =0, :t\/i; second, it is clear that f is even, f(x) = f(~x), so the
graph is symmetric with respect to the vertical axis. The function f(x) = x3 —x,
already sketched in Figure 15, is odd, f(x) = —f(—x), and is consequently sym-
metric with respect to the origin. Half the work of graph sketching may be saved
by noticing these things in the beginning.

Several problems in this and succeeding chapters ask you to sketch the graphs
of functions. In each case you should determine

(1) the critical points of f,

(2) the value of f at the critical points,

(3) the sign of f' in the regions between critical points (if this is not already
clear),

(4) the numbers x such that f(x} = 0 (if possible),

(5) the behavior of f(x) as x becomes large or large negative (if possible).

Finally, bear in mind that a quick check, to see whether the function is odd or
even, may save a lot of work.

This sort of analysis, if performed with care, will usually reveal the basic shape
of the graph, but sometimes there are special features which require a little more
thought. It is impossible to anticipate all of these, but one piece of information is
often very important. If f is not defined at certain points (for example, if fisa
rational function whose denominator vanishes at some points), then the behavior
of f near these points should be determined.

For example, consider the function

x2-2x42

) = 50 — 2

(—+/2, 0) ()]

(V2,0

("'1) _1) , _1)

FIGURE 1%
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which is not defined at 1. We have
x—D2x-2)—(x2-2x+2)

)= —_
_x(x— 2)
T —1F
Thus
(1) the critical points of f are 0, 2.
Moreover,
2) f(0) =-2,
@) =2.

Because f is not defined on the whole interval (0, 2), the sign of f’ must be
determined separately on the intervals (0, 1) and (1, 2), as well as on the intervals
(—00, 0) and (2, ). We can do this by picking particular points in each of these
intervals, or simply by staring hard at the formula for f’. Either way we find that

3 ffx)y>0 f x<0,
fx)y<0 if 0<x<l,
ffx)<0 if 1<x<?2,
ffxy>0 if 2<ux.

Finally, we must determine the behavior of f(x) as x becomes large or large
negative, as well as when x approaches 1 (this information will also give us another
way to determine the regions on which f increases and decreases). To examine
the behavior as x becomes large we write

clearly f(x) is close to x — 1 (and shightly larger) when x is large, and f(x) is close
to x — 1 (but slightly smaller) when x is large negative. The behavior of f near 1
is also easy to determine; since

lin}(x2—2x+2)= 140,

the fraction
x2—2x+2

x—1

becomes large as x approaches 1 from above and large negative as x approaches 1
from below.

All this information may seem a bit overwhelming, but there is only one way
that it can be pieced together (Figure 20); be sure that you can account for each
feature of the graph.

When this sketch has been completed, we might note that it looks like the graph
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of an odd function shoved over 1 unit, and the expression

-2 +2 (x-D12+1
x—1 = x-1

shows that this is indeed the case. However, this is one of those special features
which should be investigated only after you have used the other information to get
a good idea of the appearance of the graph.

Although the location of local maxima and minima of a function is always re-
vealed by a detailed sketch of its graph, it is usually unnecessary to do so much
work. There is a popular test for local maxima and minima which depends on the
behavior of the function only at its critical points.

Suppose f'(a) =0. If f"(a) > 0, then f has a local minimum at a; if f"(a) <0,

then f has a local maximum at a.

By definition,

f'la+h) - fa)

f'(@) = lim

h
Since f'(a) = 0, this can be written
. flla+h)
i _
1@ =i =



(a)

f(x) = x

(b)

() =

(c)

FIGURE 21
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Suppose now that f“(a) > 0. Then f'(a + h)/hk must be positive for sufficiently
small A, Therefore:

f'(a + k) must be positive for sufficiently small 4 > 0
and f'(a + h) must be negative for sufficiently small A < 0.

This means (Corollary 3) that f is increasing in some interval to the right of a
and f is decreasing in some interval to the left of a. Consequently, f has a local
minimum at a.

The proof for the case f”(a) < 0 is similar. ||

Theorem 5 may be applied to the function f(x) = x3 — x, which has already
been considered. We have

flx)y=3x2-1
f’(x) = 6x.

At the critical points, —+/1/3 and /1/3, we have

F(—/1/3) = —6/1/3 < 0,
F'/1/3)=6/1/3 > 0.

Consequently, —\/m is a local maximum point and \/1/_3 is a local minimum
point.

Although Theorem 5 will be found quite useful for polynomial functions, for
many functions the second derivative is so complicated that it is easier to consider
the sign of the first derivative. Moreover, if a is a critical point of f it may happen
that f”(a) = 0. In this case, Theorem 5 provides no information: it is possible
that ¢ is a local maximum point, a local minimum point, or neither, as shown
(Figure 21) by the functions

f@=-x* fw=x* f=x;

in each case f'(0) = f"(0) = 0, but 0 is a local maximum point for the first, a
local minimum point for the second, and neither a local maximum nor minimum
point for the third. This point will be pursued further in Part I'V,

It is interesting to note that Theorem 5 automatically proves a partial converse
of itself.

Suppose f”(a) exists. If f has a local minimum at a, then f"(a) > 0; if f hasa
local maximum at a, then f“(a) < 0.

Suppose f has local minimum at a. If f"(a) < 0, then f would also have a

local maximum at a, by Theorem 5. Thus f would be constant in some interval

containing a, so that f”(a) = 0, a contradiction. Thus we must have f"(a) > 0.
The case of a local maximum is handled similarly. |
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FIGURE 22
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(This partial converse to Theorem 5 is the best we can hope for: the > and <
signs cannot be replaced by > and <, as shown by the functions f(x) = x* and
fx) =—x*)

The remainder of this chapter deals, not with graph sketching, or maxima and
minima, but with three consequences of the Mean Value Theorem. The first is a
simple, but very beautiful, theorem which plays an important role in Chapter 15,
and which also sheds light on many examples which have occurred in previous
chapters.

Suppose that f is continuous at a, and that f/(x) exists for all x in some interval
containing a, except perhaps for x = a. Suppose, moreover, that lim f'(x) exists.
xX—=a

Then f’(a) also exists, and
f'(a) = lim f'(x).

By definition,
fla+h)— f(a)
b .

For sufficiently small # > O the function f will be continuous on [a, @ + k] and
differentiable on (a, @ + k) (a similar assertion holds for sufficiently small 2 < 0).
By the Mean Value Theorem there is a number o in (a, a + k) such that

fla+h)— f(a)
h

Now a; approaches a as h approaches 0, because o is in (a,a + h); since
lim f'(x) exists, it follows that
X—>a

h) —
f'(a)=;l,ji%f(a+;: f@

f'(@) = lim

= f'(ow).

= lim f'(@:) = lim f'(x).

(It is a good idea to supply a rigorous &-6 argument for this final step, which we
have treated somewhat informally) i

Even if f is an everywhere differentiable function, it is still possible for f’ to be
discontinuous. This happens, for example, if
2 1
x“sin—, x3#0
x
0, x=0.

According to Theorem 7, however, the graph of f’ can never exhibit a disconti-
nuity of the type shown in Figure 22. Problem 55 outlines the proof of another
beautiful theorem which gives further information about the function f’, and Prob-
lem 56 uses this result to strengthen Theorem 7.

The next theorem, a generalization of the Mean Value Theorem, is of interest
mainly because of its applications.

flxy=
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If f and g are continuous on [a, b} and differentiable on (a, b), then there is a
number x in (a, b) such that

[f (&) — f(@)]g'(x) = [g() — g@)] f'(x).
(If g(b) # g(a), and g’'(x) # 0, this equation can be written
f®) - f@ _ f&)
gb) —gla) k)
Notice that if g(x) = x for all x, then g'(x) = 1, and we obtain the Mean Value

Theorem. On the other hand, applying the Mean Value Theorem to f and g
separately, we find that there are x and y in (g, b) with

B - f@) _ F').

gb)—g@ g’
but there is no guarantee that the x and y found in this way will be equal. These
remarks may suggest that the Cauchy Mean Value Theorem will be quite difficult
to prove, but actually the simplest of tricks suffices.)

Let
h(x) = f(x)[gb) — g@)] — gx)[f(b) ~ f(a)].

Then k is continuous on [a, b], differentiable on (a, b), and
h(a) = f(a)g(b) — g(a) f (b) = h(b).

It follows from Rolle’s Theorem that #'(x) = O for some x in (@, b), which means
that
0= f(x)g® —gla) —gX[f® - f@] 1

The Cauchy Mean Value Theorem is the basic tool needed to prove a theorem
which facilitates evaluation of Jimits of the form

)
x—=+a g(x) ’

when
lm f(x) =0 and limg(x)=0.
X—a X—>a

In this case, Theorem 5-2 is of no use. Every derivative is a limit of this form, and
computing derivatives frequently requires a great deal of work. If some derivatives
are known, however, many limits of this form can now be evaluated easily.

Suppose that
lim f(x) =0 and limg(x)=0,
X—=>a X=—>a

and suppose also that lim f’(x)/g'(x) exists. Then }m:; F(x)/g(x) exists, and
x—a —

o £&) o F)

x—a g(x) T x=a g’(x) :

{(Notice that Theorem 7 is a special case.)
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The hypothesis that lim f/(x)/g’(x) exists contains two implicit assumptions:
X—>a

(1) there is an interval (@ — 3, a + 8) such that f(x) and g’'(x) exist for all x in
(a — 8, a + 8) except, perhaps, for x =a,

(2) in this interval g'(x) # 0 with, once again, the possible exception
of x =a.

On the other hand, f and g are not even assumed to be defined at a. If we define
f(a) = g(a) = 0 (changing the previous values of f(a) and g(a), if necessary),
then f and g are continuous at @. If @ < x < a + 8, then the Mean Value
Theorem and the Cauchy Mean Value Theorem apply to f and g on the interval
[a, x] (and a similar statement holds for a — & < x < a). First applying the Mean
Value Theorem to g, we see that g(x) # 0, for if g{x) = 0 there would be some x;
in (a, x) with g’(x1) = 0, contradicting (2). Now applying the Cauchy Mean Value
Theorem to f and g, we see that there is a number a, in (2, x) such that

[f(x) — 0]8"(ctx) = [8(x) — O] f'(etx)

or
f) _ f "(ax)
glx)  g'lax)
Now o, approaches a as x approaches a, because o, is in (g,x); since
;i_r'g ' (¥)/g'(¥) exists, it follows that

fim £® _ o @ SO)
x—a g(x) x—a g'(oy) y=a g'(y)

(Once again, the reader is invited to supply the details of this part of the argu-
ment.) |

PROBLEMS

1. For each of the following functions, find the maximum and minimum values
on the indicated intervals, by finding the points in the interval where the
derivative 1s 0, and comparing the values at these points with the values at
the end points.

@ fxy=x-x2-8x+1 on[-2,2].

(i fE=x>+x+1 on [—1,1].

(i) f(x) =3x*—8x3+6x2 on[-3, 3]

- I 1

(iv) f(x)_x5+x+1 on [—3,1].
+1

V) fl)= x2+1 on [—1,%].

) FO) = on [0,5].
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4,
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Now sketch the graph of each of the functions in Problem 1, and find all
local maximum and minimum points.

Sketch the graphs of the following functions.
. 1

M fE=x+ e

i) )=+

(i) =x+_3

2

i) Fe)= 5.

™ 1) =5

(@) If a1 < .+« < ay,, find the minimum value of f(x) = Z(x - a,-)2

*(b) Now find the minimum value of f(x) = Z |x — a;|. This is a problem
i=1
where calculus won’t help at all: on the intervals between the a;’s the

function f is linear, so that the minimum clearly occurs at one of the a;,
and these are precisely the points where f is not differentiable. However,
the answer is easy to find if you consider how f(x) changes as you pass
from one such interval to another.

*c) Leta > 0. Show that the maximum value of

1 n 1
1+1x] 14|x—al

is 2 +a)/(1 + a). (The derivative can be found on each of the intervals
(—o0,0), (0, a), and (a, o) separately)

flx) =

For each of the following functions, find all local maximum and minimum
points.

x, x#3,579
5, x=3
M fx)=4 -3, x=5
9, x=7
7, x=9.

x irrational
x = p/q in lowest terms.

@ rw={0,

, X rational

W) fex) = { 0, x irrational.

. 1, x=1/nforsomeninN
&) fO)= { 0, otherwise.

if the decimal expansion of x contains a 5
otherwise.

On—l

v f® —{
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Surface area is the
sum of these areas
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10.

11.

12.

14.
15.

(a) Let (xo, yo) be a point of the plane, and let L be the graph of the function
f(x) = mx 4+ b. Find the point x such that the distance from (xp, yp) to
(x, f(x)) is smallest. [Notice that minimizing this distance is the same as
minimizing its square. This may simplify the computations somewhat.]

(b) Also find ¥ by noting that the line from (xp, yo) to (%, f (%)) is perpen-
dicular to L.

{¢) Find the distance from (xg, yo) to L, i.e., the distance from (xg, yp) to
(x, £(x)). [It will make the computations easier if you first assume that
b = 0; then apply the result to the graph of f(x) = mx and the point
(x0, Yo — b).] Compare with Problem 4-22,

(d) Consider a straight line described by the equation Ax + By + C =
0 (Problem 4-7). Show that the distance from (xg, yo) to this line is

(Axo+ Byg +C)/V A2 + B2,

The previous Problem suggests the following question: What is the relation-
ship between the critical points of f and those of f2?

A straight line is drawn from the point (0, a)} to the horizontal axis, and
then back to (1, b), as in Figure 23. Prove that the total length 1s shortest
when the angles « and B8 are equal. (Naturally you must bring a function
into the picture: express the length in terms of x, where (x, 0) is the point
on the horizontal axis. The dashed line in Figure 23 suggests an alternative
geometric proof; in either case the problem can be solved without actually
finding the point (x, 0).)

Prove that of all rectangles with given perimeter, the square has the greatest
area.

Find, among all right circular cylinders of fixed volume V, the one with
smallest surface area (counting the areas of the faces at top and bottom, as

in Figure 24).

A right triangle with hypotenuse of length a is rotated about one of its legs
to generate a right circular cone. Find the greatest possible volume of such
a cone.

Two hallways, of widths @ and b, meet at right angles (Figure 25), What
is the greatest possible length of a ladder which can be carried horizontally
around the corner?

A garden is to be designed in the shape of a circular sector (Figure 26), with
radius R and central angle §. The garden is to have a fixed area A. For
what value of R and @ (in radians) will the length of the fencing around the

perimeter be minimized?
Show that the sum of a positive number and its reciprocal is at least 2.

Find the trapezoid of largest area that can be inscribed in a semicircle of
radius a, with one base lying along the diameter.
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A right angle is moved along the diameter of a circle of radius a, as shown
in Figure 27. What is the greatest possible length (A + B) intercepted on it
by the circle?

Ecological Ed must cross a circular lake of radius 1 mile. He can row across
at 2 mph or walk around at 4 mph, or he can row part way and walk the
rest (Figure 28). What route should he take so as to

(i} see as much scenery as possible?
(if) cross as quickly as possible?

The lower night-hand corner of a page is folded over so that it just touches
the left edge of the paper, as in Figure 29, If the width of the paper is & and
the page is very long, show that the minimum length of the crease is 3+/3a/4.

Figure 30 shows the graph of the deriwative of f. Find all local maximum and
minimum points of f.

AN

N

FIGURE 30

Suppose that f is a polynomial function, f(x) = x" + a,_1x" 1 4.+ ag,
with critical points —1, 1, 2, 3, 4, and corresponding critical values 6, 1, 2,
4, 3. Sketch the graph of f, distinguishing the cases n even and » odd.

(a) Suppose that the critical points of the polynomial function f(x) = x" +
Gp1x" 1 4...4agare —1,1,2,3,and f"(—1) =0, f(1) > 0, f'(2) <
0, f"(3) = 0. Sketch the graph of f as accurately as possible on the
basis of this information.

(b) Does there exist a polynomial function with the above properties, except
that 3 is not a critical point?

Describe the graph of a rational function (in very general terms, similar to
the text’s description of the graph of a polynomial function).

(a) Prove that two polynomial functions of degree m and n, respectively,
intersect in at most max(m, n) points.

(b) For each m and r exhibit two polynomial functions of degree m and n
which intersect max(m, n) times.

(a) Suppose that the polynomial function f(x) = x" + ap1x" 1+ Fap
has exactly k critical points and f”(x) # O for all critical points x. Show
that n — k is odd.
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27.
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29.

(b) For each n, show that there is a polynomial function f of degree n with
k critical points if n —k 1s odd.
(¢} Suppose that the polynomial function f(x)} = x* +a,—1x"" ! 4+ .- +ag
has &; local maximum points and k3 local minimum points, Show that
ka=ki+11if niseven, and k» = k; if n is odd.
(d) Let n, k1, k2 be three integers with k3 = k1 +1 if n is even, and ka2 = k1 if
n is odd, and k1 + k2 < n. Show that there is a polynomial function f of
degree n, with &y local maximum points and &3 local minimum points.
ky+kz

Hint: Picka) <az < - < @y 4, and try f'(x) = I_[ (x—a;)-(1 +x2)’
i=1

for an appropriate number {.

(a) Prove thatif f'(x) > M for all x in [a, b], then f(b) = f(a)+M(b—a).

(b) Prove thatif f'(x) < M for all x in [a, b], then f(b) < f(a)+M(b—a).

(¢) Formulate a similar theorem when | f'(x)| < M for all x in [a, b].

Suppose that f'(x) > M > O for all x in [0, 1]. Show that there is an interval
of length 1 on which | f| > M/4.

(a) Suppose that f'(x) > g'(x) for all x, and that f(a) = g(a). Show that
f(x) > g(x) for x > a and f(x) < g(x) for x < a.

(b) Show by an example that these conclusions do not follow without the
hypothesis f(a) = g(a).

Find all functions f such that

{a) f'(x) =sinx.
(b) frl(x) — I3.
(C) f-m(x) =x4+ x2.

Although it is true that a weight dropped from rest will fall s(t) = 16¢2
feet after £ seconds, this experimental fact does not mention the behavior of
weights which are thrown upwards or downwards. On the other hand, the
law s”(t) = 32 is always true and has just enough ambiguity to account for
the behavior of a weight released from any height, with any initial velocity.
For simplicity let us agree to measure heights upwards from ground level;
in this case velocities are positive for rising bodies and negative for falling
bodies, and all bodies fall according to the law s”(t) = —32.

(a) Show that s is of the form s(¢) = —16¢2 + at + B.

(b} By setting # = 0 in the formula for s, and then in the formula for s/,
show that s(t) = —16¢2 + vyt + sp, where sq is the height from which the
body is released at time 0, and wp is the velocity with which it is released.

(c) A weight is thrown upwards with velocity v feet per second, at ground
level. How high will it go? (“How high” means “what is the maximum
height for all times”.) What is its velocity at the moment it achieves its
greatest height? What is its acceleration at that moment? When will it
hit the ground again? What will its velocity be when it hits the ground
again?
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A cannon ball is shot from the ground with velocity v at an angle « (Fig-
ure 31) so that it has a vertical component of velocity vsine and a hori-
zontal component v cosc. Its distance s(f) above the ground obeys the law
s(t) = —16t% + (vsina)t, while its horizontal velocity remains constantly
vcosa.

(a) Show that the path of the cannon ball is a parabola (find the position at
each time ¢, and show that these points lie on a parabola).

(b) Find the angle « which will maximize the horizontal distance traveled
by the cannon ball before striking the ground.

(a) Give an example of a function f for which IILIICL f(x) exists, but
xl;l]ilc',lo f'(x) does not exist.

(b) Prove that if xlin(}o F(x)yand xlil:& F/(x) both exist, then J£1;11>101r., fiix)y=0.

(c) Prove that if xlEIgo f(x) exists and ,li’,‘E,‘o F"(x) exists, then xl;]{]folo Fx)=0.

(See also Problem 20-15.)

Suppose that f and g are two differentiable functions which satisfy
fg' — f'g = 0. Prove that if a and b are adjacent zeros of f, and g(a)
and g(b) are not both 0, then g(x) = 0 for some x between a and b. (Natu-
rally the same result holds with f and g interchanged; thus, the zeros of f
and g separate each other.) Hint: Derive a contradiction from the assump-
tion that g(x) # 0 for all x between a and b: if a number is not 0, there is a
natural thing to do with it.

Suppose that | f(x) — f(¥)| < |x — y|" for n > 1. Prove that f is constant by
considering f’. Compare with Problem 3-20.

A function f is Lipschitz of order o at x if there is a constant C such that

) 1fE—fON=Clx -yl

for all y in an interval around x. The function f is Lipschitz of order « on an
interval if (x) holds for all x and y in the interval.

(a) If f is Lipschitz of order « > 0 at x, then f is continuous at x.

(b) If f is Lipschitz of order @ > 0 on an interval, then f is uniformly
continuous on this interval (see Chapter 8, Appendix).

(c) If f is differentiable at x, then f is Lipschitz of order 1 at x. Is the
converse true?

(d) If f is differentiable on [a, b], is f Lipschitz of order 1 on [a, b]?

(e) If f is Lipschitz of order @ > 1 on [a, b], then f is constant on [a, b].
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Prove that if

a a a
_0+_1_|.....+ 2_ =0,

1 2 n+1

then
agt+ax+---+ax"=0

for some x in [0, 1].

Prove that the polynomial function f,(x) = x*> — 3x 4+ m never has two roots
in [0, 1], no matter what m may be. (This is an easy consequence of Rolle’s
Theorem., It is instructive, after giving an analytic proof, to graph fp and f2,
and consider where the graph of f, lies in relation to them.)

Suppose that f is continuous and differentiable on [0, 1], that f(z) 1s in
[0, 1] for each x, and that f'(x) # 1 for all x in [0, 1]. Show that there is
exactly one number x in [0, 1] such that f(x) = x. (Half of this problem
has been done already, in Problem 7-11.)

(a) Prove that the function f(x) = x% — cosx satisfies f(x) = 0 for precisely
two numbers x.

(b) Prove the same for the function f(x) = 2x2 — xsinx — cos?x. (Some
preliminary estimates will be useful to restrict the possible location of the
zeros of f.)

2

(a) Prove that if f is a twice differentiable function with f(0) = 0 and
f()y=1and f'(0) = f'(1) =0, then | f"(x)| > 4 for some x in [0, 1].
In more picturesque terms: A particle which travels a unit distance in
a unit time, and starts and ends with velocity 0, has at some time an
acceleration > 4. Hint: Prove that either f”(x) > 4 for some x in
[0, 1], or else f(x) < —4 for some x in [, 1].

(b) Show that in fact we must have | f”(x)| > 4 for some x in [0, 1].

Suppose that f is a function such that f'(x) =1/x forall x > 0 and f(1) =
0. Prove that f(xy) = f(x)+ f(y) for all x, y > 0. Hint: Find g’(x) when
g(x) = f(xy).

Suppose that f satisfies
F'@) + flx)gx) = f(x) =0

for some function g. Prove that if f is O at two points, then f is O on the
interval between them. Hint: Use Theorem 6.

Suppose that f is n-times differentiable and that f(x) =0 for n 4 1 differ-
ent x. Prove that f® (x) = 0 for some x.
Let ai, ..., @41 be arbitrary points in [a, b], and let

a+l

o) =[] -
i=1
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Suppose that f is (n + 1)-times differentiable and that P is a polynomial
function of degree < n such that P(x;) = f(x;))fori = 1,....n + 1 (see
page 49). Show that for each x in [a, b] there is a number ¢ in (a, b) such
that
_ f("+1)((.‘)
fx) - P(x) = Q) FEETR
Hint: Consider the function

F(@) = Q@)[f@®) — P(O)] - 2O)[f(x) — P(x)].
Show that F is zero at n + 2 different points in |a, b], and use Problem 42.

Prove that

% <66 -8 < %
(without computing v/66 to 2 decimal places!).
Prove the following slight generalization of the Mean Value Theorem: If f
is continuous and differentiable on (e, b) and lim+ f() and linbl F () exist,
y—a y=o-
then there 1s some x in (g, b) such that

yﬁrg_ fly) - yl_ip‘g f»
fi(x)= Py

(Your proof should begin: “This is a trivial consequence of the Mean Value
Theorem because ... .)

Prove that the conclusion of the Cauchy Mean Value Theorem can be written
in the form

f®) - f@) _ f')

gb)—gl@ g’

under the additional assumptions that g(b) # g(a) and that f/(x) and g'(x)
are never simultaneously 0 on (a, b).

Prove that if f and g are continuous on [a, b] and differentiable on (a, b),
and g'(x) # 0 for x in (a, b), then there is some x in (a, b) with

f(x) — f(x)— fla)

gx)  gh)—gx)’

Hint: Multiply out first, to see what this really says.

What is wrong with the following use of ’'Hopital’s Rule:

fn B4x-2 im3x2+1 __Hm6_x_3
x—>1x2—3x+2—x—>l 2x -3 __x—bl 2 -

(The limit is actually —4.)
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49,

50.

51.

52,

Find the following limits:
. . X
0 ll—rftl) tanx’
2
o . COs“x —1
(]1) x—0 x2
Find f'(0) if
gx)
f@={ 5 **O
0, x=0,
and g(0) = g’(0) = 0 and g"(0) = 17.
Prove the following forms of ’'Hépital’s Rule (none requiring any essentially

new reasoning).

(a) If lim+ fx) = 1im+g(x) = 0, and lim+ f'(x)/g'(x) = 1, then
xliﬁfgl:’fa (x)/g(x)= ??;nd similarly for limit:_i:r‘:)m below).

(b) If lim f(x) = lmeg(x) = 0, and lim f'(x)/g'(x) = oo, then
1in:r f(x)/g(x) = oo (and similarly for —oo, or if x — a is replaced
Jl;;:‘i\: —atorx—a")

(¢ If J‘1;11’{.1of(x) = leIgog(x) = 0, and J‘Fllrlc}ﬂf"(x)/g’(.wc) = [, then
xlir& fx)/g(x) = 1 {and similarly for —oc). Hint: Consider
lim_f(1/x)/g(1/x).

(d) If xlilglof(x) = xlir{.log(x) = 0, and Jrli)r{.lof’(:t:)/,g’(x) = o0, then
lim f(x)/g(x) = oo.

There is another form of 'Hopital’s Rule which requires more than algebraic

manipulations: If xliﬂlo fx) = J;flj_{glog,'(z«:) = oo, and xlirglo ffx/ex =1,

then leIJO f(x)/g(x) = 1. Prove this as follows.

(a) For every ¢ > () there is a number a such that
f(x)
g'(x)

Apply the Cauchy Mean Value Theorem to f and g on [a, x] to show
that

—1l|l<¢e forx=>a.

f&x) = f@

l| <g forx>a.
g(x) — g(a)

(Why can we assume g(x) — g(a) # 0?)
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(b) Now write
foO) _f—fla  f) g(x) —gla)
g(x) g(x}—gla) f@x)- f) g(x)

(why can we assume that f(x) — f(a) # 0 for large x?} and conclude
that

f(x)

—— — 1| <2¢ for sufficiently large x.
50) ‘ e

To complete the orgy of variations on I’'Hépital’s Rule, use Problem 52 to
prove a few more cases of the following general statement (there are so many
possibilities that you should select just a few, if any, that interest you):

f(x)/g(x) =( ). Here [] can be a or a* or a~ or oo or —oo, and { }
can be 0 or & or —o0, and ( ) can be ! or 0o or —oc.

(a) Suppose that f is differentiable on [a, b]. Prove that if the minimum
of f on [a,b] is at a, then f'(a) > 0, and if it is at b, then f'(b) < 0.
(One half of the proof of Theorem 1 will go through.)

(b) Suppose that f'(a) < 0 and f'(b) > 0. Show that f'(x) = 0 for some x
in (a, b). Hint: Consider the minimum of f on [a, b]; why must it be
somewhere in (g, b)?

{(c) Provethatif f'(a) < c < f'(b), then f'(x) = cforsome x in (a, b). (This
result is known as Darboux’s Theorem.) Hint: Cook up an appropriate
function to which part (b) may be applied.

Suppose that f is differentiable in some interval containing a, but that f’ is
discontinuous at a.

(a) The one-sided limits lim f'(x) and lim f’(x) cannot both exist. {This
x—at x—a—
is just a minor variation on Theorem 7.)

(b) Neither of these one-sided limits can exist even in the sense of being +oc
or —oo. Hint: Use Darboux’s Theorem (Problem 54).

It is easy to find a function f such that |f] is differentiable but f is not.
For example, we can choose f(x)} = 1 for x rational and f(x) = —1 for
x irrational. In this example f is not even continuous, nor is this a mere
coincidence: Prove that if | f| is differentiable at a, and f is continuous at a,
then f is also differentiable at a. Hint: It suffices to consider only a with
f(a) =0. Why? In this case, what must | f|'(a) be?

(a) Let y # 0 and let n be even. Prove that x" + y" = (x + y)" only
when x = 0. Hint: If x¢" + y" = (xp + »)", apply Rolle’s Theorem to
Jx)=x"+y" — (x + y)" on [0, xp].
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(b) Prove thatif y # 0 and » is odd, then x" + y*" = (x + y)" only if x =0
orx = —y.

Use the method of Problem 57 to prove that if » is even and f(x) = x", then
every tangent line to f intersects f only once.

Prove even more generally that if f’ is increasing, then every tangent line
intersects f only once.

Suppose that f(0) = 0 and f' is increasing. Prove that the function g(x) =
f(x)/x is increasing on (0, 0). Hint: Obviously you should look at g'(x).
Prove that it is positive by applying the Mean Value Theorem to f on the
right interval (it will help to remember that the hypothesis f({0) = 0 is essen-
tial, as shown by the function f(x) =1+ x2).

Use derivatives to prove that if # > 1, then
A4+x)">14+nx for-1<x<0and0<x

(notice that equality holds for x = 0).
Let f(x) = x*sin® 1/x for x #0, and let £(0) = O (Figure 32).

(a) Prove that 0 is a local minimum point for f.
(b) Prove that f/(0) = f”(0) =0.

This function thus provides another example to show that Theorem 6 cannot
be improved. It also illustrates a subtlety about maxima and minima that
often goes unnoticed: a function may not be increasing in any interval to the
right of a local minimum point, nor decreasing in any interval to the left.

FIGURE 32

(a) Prove thatif f'(a) > 0 and f’ is continuous at a, then f is increasing in
some interval containing a.

The next two parts of this problem show that continuity of f’ is essential.

{(b) If g(x) = x?sin 1/x, show that there are numbers x arbitrarily close to 0
with g’(x) = 1 and also with g'(x) = —1.
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{c) Suppose 0 < & < 1. Let f(x) = ax + x2sin1/x for x # 0, and let
f(0) = 0 (see Figure 33). Show that f is not increasing in any open
interval containing 0, by showing that in any interval there are points x
with f'(x) > 0 and also points x with f'(x) < 0.

FIGURE 33

The behavior of f for @ > 1, which is much more difficult to analyze, is
discussed in the next problem.

Let f(x) = ax + x2sin1/x for x # 0, and let £(0) = 0. In order to find
the sign of f/(x) when & > 1 it is necessary to decide if 2xsin1/x —cos1/x
is < =1 for any numbers x close to 0. It is a little more convenient to
consider the function g(y) = 2(sin y)/y — cos ¥ for y # 0; we want to know
if g(3) < —1 for large y. This question is quite delicate; the most significant
part of g(y) is — cos y, which does reach the value —1, but this happens only
when gsiny = 0, and it is not at all clear whether g itself can have values
< —1. The obvious approach to this problem is to find the local minimum
values of g. Unfortunately, it is impossible to solve the equation g'(y) = 0
explicitly, so more ingenuity is required.

{a) Show that if g’(y) =0, then

cosy = (sin y) (2 — y2)
= % )

and conclude that

) 2+ y2
g(y)=(s1ny)( ;yy )
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Now show that if g’(y) =0, then
4 2
.o 4y
sm-y = 4+y4)
and conclude that
2 +y?

el = .
Va+yt

Using the fact that (2 + y2)/V4 + y* > 1, show that if o = 1, then f is

not increasing in any interval around 0.
Using the fact that lim (2 + y?)/v4 + y* = 1, show that if @ > 1, then
y—o0

f is increasing in some interval around 0.

A function f is increasing at a if there is some number § > 0 such that

and

fx)> fla) f a<x<a+é

fxX)< f@a) if a—é6<x<a.

Notice that this does nof mean that f is increasing in the mterval (a — 4,
a + 8); for example, the function shown in Figure 33 is increasing at 0, but
is not an increasing function in any open interval containing (.

(@)

Suppose that f is continuous on [0, 1] and that f is increasing at a for
every a in [0, 1]. Prove that f is increasing on [0, 1]. (First convince
yourself that there is something to be proved.) Hint: For 0 < b < 1,
prove that the minimum of f on [b, 1] must be at b.

Prove part (a) without the assumption that f is continuous, by consider-
ing for each b in [0, 1] the set S, = {x : f(y} = f(b) for all y in [b, x]}.
(This part of the problem is not necessary for the other parts.} Hint:
Prove that S, = {x : b < x < 1} by considering sup S;.

If f is increasing at g and f is differentiable at a, prove that f'(a) > 0
(this is easy).

If f'(a) > 0, prove that f is increasing at a (go right back to the definition
of f'(a)).

Use parts (a) and (d) to show, without using the Mean Value Theorem,
that if f is continuous on [0, 1] and f’(a) > O for all g in [0, 1], then f
is increasing on [0, 1].

Suppose that f is continuous on [0, 1] and f'(a) =0 for all @ in (0, 1).
Apply part (e) to the function g(x} = f(x) + ex to show that f(1) —
f(0) > —e. Similarly, show that f(1) — f(0) < & by considering h(x) =
ex — f(x). Conclude that £(0) = f(1).
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This particular proof that a function with zero derivative must be constant has
many points in common with a proof of H. A. Schwarz, which may be the
first rigorous proof ever given. Its discoverer, at least, seemed to think it was.
See his exuberant letter in reference [40] of the Suggested Reading,

(a)

(a)

(b)

If f is a constant function, then every point is a local maximum point
for f. It is quite possible for this to happen even if f is not a constant
function: for example, if f(x) = 0forx < 0and f(x}) =1 for x >
0. But prove, using Problem 8-4, that if f is continuous on [a, b] and
every point of [a, b] is a local maximum point, then f is a constant
function. The same result holds, of course, if every point of [a, b] is a
local minimum point.

Suppose now that every point is either a local maximum or a local min-
imum point for f (but we don’t preclude the possibility that some points
are local maxima while others are local minima). Prove that f is con-
stant, as follows. Suppose that f(a@p) < f(bp). We can assume that
flag) < f(x) < f(bo) for ap < x < bp. (Why?) Using Theorem 1
of the Appendix to Chapter 8, partition [ay, bg] into intervals on which
sup f —inf f < (f(bo)— f(a0))/2; also choose the lengths of these inter-
vals to be less than (bg — ap)/2. Then there is one such interval [ay, b1]
with ap < a1 < by < bg and f(a1) < f(b1). (Why?) Continue in-
ductively and use the Nested Interval Theorem (Problem 8-14) to find a
point x that cannot be a local maximum or minimum.

A point x is called a strict maximum point for f on Aif f(x) > f(y)
for all y in A with y # x (compare with the definition of an ordinary
maximum point). A local strict maximum point is defined in the
obvious way. Find all local strict maximum points of the function

0, x irrational

={1 .
76 - X= L4 in lowest terms.
q q

It seems quite unlikely that a function can have a local strict maximum
at every point (although the above example might give one pause for
thought). Prove this as follows.

Suppose that every point is a local strict maximum point for f. Let
x1 be any number and choose a1 < x1 < by with b1 — a1 < 1 such
that f(x1) > f(x) for all x in [a1,b1]. Let x2 # x1 be any point in
(a1, b1) and choose a1 < ap < x3 < by < by with bz —ap < % such that
f(x2) > fix) for all x in [ay, by]. Continue in this way, and use the
Nested Interval Theorem (Problem 8-14) to obtain a contradiction.
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DEFINITION 1

FIGURE 1

o=

DEFINITION 2

APPENDIX. CONVEXITY AND CONCAVITY

Although the graph of a function can be sketched quite accurately on the basis
of the information provided by the derivative, some subtle aspects of the graph are
revealed only by examining the second derivative. These details were purposely
omitted previously because graph sketching is complicated enough without wor-
rying about them, and the additional information obtained is often not worth the
effort. Also, correct proofs of the relevant facts are sufficiently difficult to be placed
in an appendix. Despite these discouraging remarks, the information presented
here is well worth assimilating, because the notions of convexity and concavity are
far more important than as mere aids to graph sketching. Moreover, the proofs
have a pleasantly geometric flavor not often found mn calculus theorems. Indeed,
the basic definition is geometric in nature (see Figure 1).

A function f is convex on an interval, if for all 2 and b in the interval, the line
segment joining (a, f(a)) and (b, f(b)) lies above the graph of f.

The geometric condition appearing in this definition can be expressed in an
analytic way that 1s sometimes more useful in proofs, The straight line between
(a, f(a)) and (b, f(b)) is the graph of the function g defined by

_IO-J@
b—ua

g(x) —a)+ f(a).

This line lies above the graph of f at x if g(x) > f(x), that is, if

ﬂ%lf—(ﬂ(x —a)+ fa) > f(x)
—a
or
b —
L‘;—i(-—“l(x —a) > f(x)— f(a)
—a
or

f)—f@ fx)—fla

b—a x—a

We therefore have an equivalent definition of convexity.

A function f is convex on an interval if for a, x, and b in the interval with

a < x < b we have
fx) - fla) < fb) — f(a)
x—a b—-a
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If the word “over” in Definition 1 is replaced by “under” or, equivalently, if the
inequality in Definition 2 is replaced by

f&) —fl@ B - fla)

xX—a b—a

we obtain the definition of a concave function (Figure 2). It is not hard to see that
the concave functions are precisely the ones of the form — f, where f is convex.
For this reason, the next three theorems about convex functions have immediate
corollaries about concave functions, so simple that we will not even bother to
state them.

Figure 3 shows some tangent lines of a convex function. Two things seem to be
true:

(1) The graph of f lies above the tangent line at (a, f(a)) except at the point
(a, f(a)) itself (this point is called the point of contact of the tangent line).

(2) If a < b, then the slope of the tangent line at (a, f(a)) is less than the slope
of the tangent line at (b, f(b)); that is, f’ is increasing.

As a matter of fact these observations are true, and the proofs are not difficult.

FIGURE 3

Let f be convex. If f is differentiable at a, then the graph of f lies above
the tangent line through (a, f(a)), except at (a, f(a)) itself. If @ < b and f is
differentiable at a and b, then f'(a) < f’(b).

If 0 < h; < hy, then as Figure 4 indicates,
fla+h)—f@ flat+h)— fla)
(1) < .
hy ha
A nonpictorial proof can be derived immediately from Definition 2 applied to
a < a-+h| < a+ ha. Inequality (1) shows that the values of

fla+h)— f(a)
h
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-

FIGURE 4

decrease as i — 0%, Consequently,

B —
_f’(a)‘( f(a+ ’: f(a)
(in fact f'(a) is the greatest lower bound of all these numbers). But this means that
for h > O the secant line through (a, f(a)) and (a + &, f(a + h)) has larger slope
than the tangent line, which implies that (a + &, f(a + h)) lies above the tangent
line (an analytic translation of this argument is easily supplied).
For negative k there is a similar sitvation (Figure 5): if A2 < ) <0, then
fla+h) - fla) - fla+hy)— fla)
h %) .

This shows that the slope of the tangent line is greater than

fla+h)— f(a)
h

(in fact f’(a) is the least upper bound of all these numbers), so that f(a + k) lies
above the tangent line if £ < (. This proves the first part of the theorem.

forh>0

forh <0

&

FIGURE 5
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\
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-

FIGURE 6

Now suppose that @ < b. Then, as we have already seen (Figure 6),
fla+®—a))— fla)

sinceb—a >0

f(a) <

b—a

_ f) — f(a)

b—a
and
b —b)Y) — f(b
f'®) > /( +(aa—t)r) f® sincea—b <0
_f@—fb) fd)— fla)
- a—b - b—a
i . :ﬂ g Combining these inequalities, we obtain f'(a) < f'(b). |}
FIGURE 7 Theorem 1 has two converses. Here the proofs will be a little more difficult.

We begin with a lemma that plays the same role in the next theorem that Rolle’s
Theorem plays in the proof of the Mean Value Theorem. It states that if f’
1§ increasing, then the graph of f lies below any secant line which happens to be
horizontal.

LEMMA  Suppose f is differentiable and f’ 1s increasing. If a < b and f(a) = f(b), then
Fx) < fa)= fb) fora < x < b,

PROOF  Suppose first that f(x) > f(a) = f(b) for some x in (e, b). Then the maximum
of f on [a, b] occurs at some point xg in (g, &) with f(x¢) > f(a) and, of course,
f'(xo) = 0 (Figure 7). On the other hand, applying the Mean Value Theorem to
the interval [a, xg], we find that there is x| with a < x) < xp and

foo - f@ _

Xp—a

fl) =
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FIGURE 8
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-
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-
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FIGURE 9

THEOREM 3

PROOF

contradicting the fact that f’ is increasing. This proves that f(x) < f(a) = f()
for a < x < b, and it only remains to prove that f(x) = f(a) is also impossible
for x in (a, b).

Suppose f(x) = f(a) for some x in (a, b). We know that f is not constant on
[a, x] (if it were, f' would not be increasing on [a, x]) so there is (Figure 8) some
x; with a < x1 < x and f(x1) < f(a). Applying the Mean Value Theorem to
[x1, x] we conclude that there is x3 with x; < x2 < x and

f@—fe)

X —x1

fli(x) = 0.

Or the other hand, f'(x) = 0, since a local maximum occurs at x. Again this
contradicts the hypothesis that f” is increasing. ||

We now attack the general case by the same sort of algebraic machinations that
we used in the proof of the Mean Value Theorem.

If 1 is differentiable and f' is increasing, then f is convex.

Let a < b. Define g by

f(b) — f(a) .
b—a

It is easy to see that g’ is also increasing; moreover, g(a) = g(b) = f(a). Applying
the lemma to g we conclude that

gx) < f@ if a<x<b.

gx) = flx)— - a).

In other words, if @ < x < b, then

RECEF O

fO) ==

—a) < f(a)
or

f(x)— fa) < f(b)—f(a)_

x—a b—a

Hence f is convex. ||

If f is differentiable and the graph of f lies above each tangent line except at the
point of contact, then f is convex.

Let a < b. It is clear from Figure 9 that if (b, f (b)) lies above the tangent line at
(a, f(a)), and (a, f(a)) lies above the tangent line at (b, f (b)), then the slope of
the tangent line at (b, f (b)) must be larger than the slope of the tangent line at
{a, f(a)). The following argument just says this with equations.

Since the tangent line at (@, f(a)) is the graph of the function

g(x) = f'@)(x —a) + fa),
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and since (b, f (b)) lies above the tangent line, we have
(1) f®) > f@)b—a)+ fla).
Similarly, since the tangent line at (b, f(b)) is the graph of
h(x) = f'(b)(x — b) + f(b),
and (a, f(a)) lies above the tangent line at (b, f(b)), we have
2 fl@) > f(B)a—b)+ fB).
It follows from (1) and (2) that f'(a) < f'(b).

It now follows from Theorem 2 that f is convex. |

If a function f has a reasonable second derivative, the information given in these
theorems can be used to discover the regions in which f is convex or concave.
Consider, for example, the function

1
f@ =7 +x2°
For this function,
, —2x
F& =T

Thus f'(x) =0 only for x =0, and f(0) = 1, while

ffx)=0 if x<0,
ffx)<0 if x>0

Moreover,
f(x) >0 forallx,
f(x)—>0 asx — ocor —o0,
f is even.
[0 = r¥7
FIGURE 10

The graph of f therefore looks something like Figure 10. We now compute
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(1 4+ x2)2(=2) + 2x - [2(1 + x2) - 2x]
(1 +x2)*

f”(x) —
_23x2-1)
T +x23
It is not hard to determine the sign of f”(x). Note first that f”(x) = 0 only when
x =+/1/3 or —/1/3. Since f” is clearly continuous, it must keep the same sign

on each of the sets
(_w’ Y 1/3 ),
(_V 1/3! v 1/3)5
(+/1/3, ).

Since we easily compute, for example, that
ff-H= >0,
fFfO)=-2<0,
ffy= 1>0,
we conclude that
f" > 0o0n (—00, —/1/3) and (/1/3, 00),
" <0on (—/1/3,/1/3).
Since f” > 0 means f’ is increasing, it follows from Theorem 2 that f is convex on

(—00, —/1/3) and (y/1/3, c0), while on (—/1/3, v/1/3) f is concave (Figure 11).

fis convex f is concave

— V173 Vv1/3

[ is convex

FIGURE 11

Notice that at (v/1/3, %) the tangent line lies below the part of the graph to the
right, since f is convex on (\/m , 00), and above the part of the graph to the left,
since f is concave on (—‘/m, \/1/_3 ); thus the tangent line crosses the graph. In
general, a number a is called an inflection point of f if the tangent line to the
graph of f at (a, f(a)) crosses the graph; thus \/m and —\/m are inflection
points of f(x)} = 1/(1 + x?). Note that the condition f”{(a) = 0 does zot ensure
that a is an inflection point of f; for example, if f(x) = x*, then £”(0) =0, but
f is convex, so the tangent line at (0, 0) certainly doesn’t cross the graph of f. In
order for a to be an inflection point of a function f, it is necessary that f” should
have different signs to the left and right of a.
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1 1 1
n L) E
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FIGURE 12
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FIGURE 13
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This example illustrates the procedure which may be used to analyze any func-
tion f. After the graph has been sketched, using the information provided by f,
the zeros of f” are computed and the sign of f* is determined on the intervals
between consecutive zeros. On intervals where f” >  the function is convex;
on intervals where f” < 0 the function is concave. Knowledge of the regions of
convexity and concavity of f can often prevent absurd misinterpretation of other
data about f. Several functions, which can be analyzed in this way, are given in
the problems, which also contain some theoretical questions.

To round out our discussion of convexity and concavity, we will prove one further
result that you may already have begun to suspect. We have seen that convex and
concave functions have the property that every tangent line intersects the graph
just once; a few drawings will probably convince you that no other functions have
this property. The proof of this assertion is rather tricky; it is closely related to the
proof of Theorem 2 of the next chapter, and is probably best deferred until after
that proof has been read.

If f is differentiable on an interval and intersects each of its tangent lines just
once, then f is either convex or concave on that interval.

There are two parts to the proof.

(1) First we claim that no straight line can intersect the graph of f in three different
points. Suppose, on the contrary, that some straight line did intersect the graph
of f at (a, f(a)), (b, f(b)) and (¢, f(c)), with a < b < ¢ (Figure 12), Then we

would have
() f®) - fla) _fl)-f@
b—a c—a
Consider the function
glx} = M for x in [b, c].
x—a

Equation {1) says that g(b) = g(c). So by Rolle’s Theorem, there is some number x
in (b, ¢} where 0 = g’(x), and thus

0= —a)f'(x) - [f&x) — f(a)]
or

fx) =

But this says (Figure 13) that the tangent line at (x, f(x)) passes through (a, f(a)),
contradicting the hypotheses.

f(x)— f(@)
—

—a

(2) Suppose that ap < by < cg and a; < b < ¢ are points in the interval. Let

x = (1 — ag + tay
»=~0-0bo+th
=0 =0t +1c1

0<t<l.
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Then xo = ap and x1 = a; and (Problem 4-2) the points x, all lie between ag
and aj, with analogous statements for y; and z;. Moreover,

Xy <Y < Iy for <<l

Now consider the function
fr) — fxp) fz) — fx)
8(t) = -
Yi— X I — X
By step (1), g(t) # O for all ¢ in [0, 1]. So either g(f} > O for all ¢ in [0, 1] or

g(#) < Ofor all r in [0, 1]. Thus, either f is convex or f is concave (compare
pages 231-232). |

for0<r<1.

PROBLEMS

1. Sketch, indicating regions of convexity and concavity and points of inflection,
the functions in Problem 11-1 {consider (iv) as double starred).

2. Figure 30 in Chapter 11 shows the graph of f’. Sketch the graph of f.

3. Find two convex functions f and g such that f(x) = g(x} if and only if x is
an integer.

4. Show that f is convex on an interval if and only if for all x and y in the
interval we have

fax+ Q- <tfx)+(1-0Ff@), for0<t<l.

(This is just a restatement of the definition, but a useful one.)

5. (a} Provethatif fand g are convex and f is increasing, then fog is convex.
(It will be easiest to use Problem 4.)
(b) Give an example where g o f is not convex.
(c) Suppose that f and g are twice differentiable. Give another proof of the
result of part (a) by considering second derivatives.

6. (a) Suppose that f is differentiable and convex on an interval. Show that
either f is increasing, or else f is decreasing, or else there is a number ¢
such that f is decreasing to the left of ¢ and increasing to the right of c.

(b) Use this fact to give another proof of the result in Problem 5(a) when f
and g are (one-time) differentiable. (You will have to be a little careful
when comparing f'(g(x)) and f’'(g(y)) for x < y.)

(c) Prove the result in part (a) without assuming f differentiable. You will
have to keep track of several different cases, but no particularly clever
ideas are needed. Begin by showing that if 2 < b and f(a) < f(b), then
f 1s increasing to the right of b; and if f(a) > f(b), then f is decreasing
to the left of a.

*¥7. Let f be a twice-differentiable function with the following properties:
f(x) > 0for x > 0, and f is decreasing, and f'(0) = 0. Prove that
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f"(x) = 0 for some x > 0 (so that in reasonable cases f will have an inflec-
tion point at x—an example is given by f(x) = 1/(1+x?)). Every hypothesis
in this theorem is essential, as shown by f(x) = 1 — x?, which is not positive
for all x; by f(x) = x2, which is not decreasing; and by f(x) = 1/(x + 1),
which does not satisfy f/(0) = 0. Hint: Choose xg > 0 with f'(xg) < 0. We
cannot have f'(y} < f'(xo) for all y > xp. Why not? So f'(x|) > f'(xg) for
some x1 > xp. Consider f’ on [0, x{].

(a) Prove that if f is convex, then f([x + y]/2) < [f(x) + f(»}]/2.

(b) Suppose that f satisfies this condition. Show that f(kx + (1 — k)y) <
kf(x) + (1 — k) f(y) whenever k is a rational number, between 0 and 1,
of the form m/2". Hint: Part (a) is the special case n = 1. Use induction,
employing part (a} at each step.

(c) Supposc that f satisfies the condition in part (a) and f is continuous.
Show that f is convex.

Let p1, ..., pu by positive numbers with Ep,- =1

i=l1

n
(a) For any numbers x1, ..., x, show that Z pixi lies between the smallest
i=]
and the largest x;.

n—1 n—1

(b) Show the same for (1/¢) E pix;, where ¢ = Z Di-

i=1 =1

(c) Prove jensen’s inequality: If f is convex, then f (Z: p,—x,-) =< Z pif(xi).
i=l1 i=1
Hint: Use Problem 4, noting that p, = 1 —¢. (Part (b) is needed to show
n—1
that (1/¢) Zp;x,- is in the domain of f if x1,..., x, are.)

i=1
(a) For any function f, the right-hand derivative, hlil})l+ [fla+h)— f(a)]/h,

is denoted by f}’(a), and the lefi-hand derivative is denoted by f_'(a).
The proof of Theorem 1 actually shows that f," and f_’ always exist if
f is convex. Check this assertion, and also show that f;’ and f_’ are
increasing, and that f_'(a) < fi'(a).

**b) Show that if f is convex, then f,'(a) = f_'(a) if and only if’ f,’ is con-

tinuous at a. (Thus f is differentiable precisely when £’ is continucus.)
Hint: [f(b) — f(a)]/(b — a) is close to f_'(a) for b < a close to a, and
f+'(b) is less than this quotient.

{a) Prove that a convex function on R, or on any open interval, must be
continuous.

(b) Give an example of a convex function on a closed interval that is not
continuous, and explain exactly what kinds of discontinuities are possible.
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&

(a) a convex subser of the plane

.

J

th) a nonconvex subsct of the plane

FIGURE 14

12,

13.

Call a function f weakly convex on an interval if for a < b < ¢ in this interval

we have
fx)— fla) < f(b)—f(a).

xX—a - b—a

(@) Show that a weakly convex function is convex if and only if its graph
contains no straight line segments. (Sometimes a weakly convex function
1s stmply called “convex,” while convex functions in our sense are called
“strictly convex”.)

(b) Reformulate the theorems of this section for weakly convex functions.

A set A of points in the plane is called convex if A contains the line segment
Joining any two points in it (Figure 14). For a function f, let As be the set
of points (x, y) with y > f(x), so that Ay is the set of points on or above
the graph of f. Show that A is convex if and only if f is weakly convex,
in the terminology of the previous problem. Further information on convex
sets will be found in reference [19] of the Suggested Reading,
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DEFINITION

We now have at our disposal quite powerful methods for investigating functions;
what we lack is an adequate supply of functions to which these methods may
be applied. We have studied various ways of forming new functions from old—
addition, multiplication, division, and composition—but using these alone, we can
produce only the rational functions (even the sine function, although frequently
used for examples, has never been defined). In the next few chapters we will
begin to construct new functions in quite sophisticated ways, but there is one
important method which will practically double the usefulness of any other method
we discover.

If we recall that a function is a collection of pairs of numbers, we might hit upon
the bright idea of simply reversing all the pairs. Thus from the function

fF=11,2,3,4, 65,9, 13,8},

we obtain

£=1{2.1.4,3),09.5.38.13)}.

While (1) =2 and f(3) =4, we have g(2) =1 and g(4) = 3.
Unfortunately, this bright idea does not always work. If

fF={(1,2),3,4,5,9,13.9},

then the collection
{2,1),#.3).0,5,4,13)}

is not a function at all, since it contains both (4, 3) and (4, 13). It is clear where
the trouble lies: f(3) = f(13), even though 3 # 13. This is the only sort of thing
that can go wrong, and it is worthwhile giving a name to the functions for which
this does not happen.

A function f 13 one-one (read “one-to-one”) if f(a) # f(b) whenever a # b.

The identity function I is obviously one-one, and so is the following modifica-

tion:
x, x#3,5
gx)=43, x=5

5, x=3.
The function f(x) = x2 is not one-one, since f(—1) = f(1), but if we define
gx) = x2, x>0

227



228 Derivatives and Integrals

DEFINITION

THEOREM 1

PROOF

(and leave g undefined for x < 0), then g is one-one, because g is increasing (since
g'(x) = 2x > 0, for x > 0). This observation is easily generalized: If » is a natural
number and

fx)y=x",  xz0,

then f is one-one. If n is odd, one can do better: the function
fxy=x" for all x

is one-one (since f'(x) = nx""! > 0, for all x # 0).

It is particularly easy to decide from the graph of f whether f is one-one: the
condition f(a) # f(b) for a # b means that no horizontal line intersects the graph
of f twice (Figure 1).

At

a one-one function a function which is not one-one

(@) {b)

FIGURE 1

If we reverse all the pairs in (a not necessarily one-one function) f we obtain, in
any case, some collection of pairs. It is popular to abstain from this procedure un-
less f is one-one, but there is no particular reason to do so—instead of a definition
with restrictive conditions we obtain a definition and a theorem.

For any function f, the inverse of f, denoted by £~1, is the set of all pairs
(a, b) for which the pair (b,a) isin f.

f~1is a function if and only if f is one-one.

Suppose first that f is one-one. Let (a, b) and (@, ¢) be two pairs in f =1, Then
(b,a) and (c,a) are in f, so a = f(b) and a = f(c); since f is one-one this
implies that b = c¢. Thus f~! is a function.

Conversely, suppose that f -1 js a function. If f(b) = f(c), then f contains
the pairs (b, f(b)) and (¢, f(¢)) = (¢, £(B)), so (f(b),b) and (f(b). c) are in f~1,
Since £~1 is a function this implies that & = ¢. Thus f is one-one. [
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The graphs of f and f~! are so closely related that it is possible to use the
graph of f to visualize the graph of f~!. Since the graph of f 1 consists of all
pairs (a, b) with (b, a) in the graph of f, one obtains the graph of f~! from the
graph of f by interchanging the horizontal and vertical axes. If f has the graph
shown in Figure 2(a),
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This procedure is awkward with books and impossible with blackboards, so it is
fortunate that there is another way of constructing the graph of f~!. The points
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(a, b) and (b, a) are reflections of each other through the graph of I(x) = x,
which is called the diagonal (Figure 4). To obtain the graph of f~! we merely
reflect the graph of f through this line (Figure 5).

(@ by

Ve
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c, d) /'éiagonal
® e
Ve
s
//
7 %9
e

.(bs a)

FIGURE 4 FIGURE §

Reflecting through the diagonal twice will clearly leave us right back where we
started; this means that (f~1)~1 = £, which is also clear from the definition. In
conjunction with Theorem 1, this equation has a significant consequence: if f
is a one-one function, then the function f~! is also one-one (since (f~ h-lisa
function).

There are a few other simple mampulatlons with inverse funcnons of which you
should be aware. Since (a, b) is in f precisely when (b, a) is in f~1, it follows that

b= f(a) means the same as a= f'l(b).

Thus f1(b) is the (umque) number a such that f (a) = b; for example, if f(x) =
3 then f~1(b) is the unique number a such that a® = b, and this number is, by
defimtlon, /b.
The fact that f~1(x) is the number y such that f(y) = x can be restated in a
much more compact form:

FUI@) =x, for all x in the domain of f~!.

Moreover,
F U f@) =x, for all x in the domain of f;

this follows from the previous equation upon replacing f by f =1, These two
important equations can be written

fofT=1
f_lof=f

(except that the right side will have a bigger domain if the domain of f or f
not all of R).

-lis
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Since many standard functions will be defined as the inverses of other functions,
it is quite important that we be able to tell which functions are one-one. We have
already hinted which class of functions are most easily dealt with—increasing and
decreasing functions are obviously one-one. Moreover, if f is increasing, then f~!
is also increasing, and if f is decreasing, then f~! is decreasing (the proof is left
to you). In addition, f is increasing if and only if — f is decreasing, a very useful
fact to remember.

It is certainly not true that every one-one function is either increasing or decreas-
ing. One example has already been mentioned, and is now graphed in Figure 6:

x, x#3,5
gx)=413, x=5
5, x=3.

Figure 7 shows that there are even continuous one-one functions which are neither
increasing nor decreasing. But if you try drawing a few pictures you will soon agree
that every one-one continuous function defined on an interval is either increasing
or decreasing, It’s possible to give a straightforward, but cumbersome, proof of this
fact that involves keeping track of a lot of cases (very much like Problem 6(c) in
the previous Appendix). The following proof dispenses with all these unpleasant
details, although it is rather tricky.

If f is continuous and one-one of an interval, then f is either increasing or de-
creasing on that interval.

Let ap < by be two numbers in the interval. Since f is one-one, we know that

either (i) f(bo) — flag) >0
or (i)  fbo) — flag) <O0.

We will assume that (i) is true, and show that the same inequality holds for any
a) < b1 in the interval, so that f in increasing. (A similar argument shows that if
(ii) is true, then f is decreasing.)
Let
x = (1 —1t)ap + tay
o= (1 —=0bo+1h
Then xp = ap and x1 = @) and the points x; all lie between ag and a; (Problem 4-2).

An analogous statement holds for y,. So x; and y; are all in the domain of f.
Moreover, since ag < by and a; < b;, we also have

forO0<tr<l.

X < ¥y forO<r<1.
Now consider the function
g = fy) — fxp) forO<r<l.

Using Theorem 6-2, it is easy to see that g is continuous on [0, 1]. Moreover, g(z)
is never 0, since x; < y; and f is one-one. Consequently, g(¢) is either positive for
all ¢ in [0, 1] or negative for all ¢ in [0, 1] (otherwise, by the Intermediate Value
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Theorem it would also by 0 somewhere in [0, 1]). But g(0} > 0 by (i). So also
g(1) > 0, which means that (i) also holds for aj, b;. |

Henceforth we shall be concerned almost exclusively with continuous increasing
or decreasing functions which are defined on an interval, If f is such a function,
it is possible to say quite precisely what the domain of £~! will be like.

Suppose first that f is a continuous increasing function on the closed interval
[a, b]. Then, by the Intermediate Value Theorem, f takes on every value between
f(a) and f(b). Therefore, the domain of f~! is the closed interval [ f(a), f(®)]-
Similarly, if f is continuous and decreasing on [a, b], then the domain of f~! is
[f®), f(a)].

If f is a continuous increasing function on an gpen interval (a, b) the analysis
becomes a bit more difficult. To begin with, let us choose some point ¢ in (a, b).
We will first decide which values > f(c) are taken on by f. One possibility is that
f takes on arbitrarily large values (Figure 8). In this case f takes on afl values
> f{c), by the Intermediate Value Theorem. If, on the other hand, f does not
take on arbitrarily large values, then A = { f(x) : ¢ < x < b} is bounded above,
so A has a least upper bound « (Figure 9). Now suppose y is any number with
f©) < y < a. Then f takes on some value f(x) > y (because & is the least
upper bound of A). By the Intermediate Value Theorem, f actually takes on
the value y. Notice that f cannot take on the value « itself; for if o = f(x) for
a < x < b and we choose t with x < f < b, then f(¢) > a, which is impossible.

Precisely the same arguments work for values less than f(c): either f takes on
all values less than f(c) or there 18 a number 8 < f(c) such that f takes on all
values between g and f(c), but not 8 itself.

This entire argument can be repeated if f is decreasing, and if the domain of f
is R or (@, o0) or (—00,a). Summarizing: if f is a continuous increasing, or
decreasing, function whose domain is an interval having one of the forms

(a, b), (—oc, b), (a,00), or R,

then the domain of f~! is also an interval which has one of these four forms.

Now that we have completed this preliminary analysis of continuous one-one
functions, it is possible to begin asking which important properties of a one-one
function are inherited by its inverse. For continuity there is no problem.

If f is continuous and one-one on an interval, then f~! is also continuous.

We know by Theorem 2 that f is either increasing or decreasing. We might as
well assume that f is increasing, since we can then take care of the other case by
applying the usual trick of considering —f.

We must show that
lim 1) = £7'(®)
X
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for each b in the domain of f~!. Such a number b is of the form f(a) for some a
in the domain of f. For any £ > 0, we want to find a § > 0 such that, for all x,

if fla)—8<x < f(a)+8, thena—¢ < f_](x)<a+s.

Figure 10 suggests the way of finding § (remember that by looking sideways you
see the graph of f~!): since

a—e€<a<a-++e,

it follows that
fla—e) < fla) < fla+e);

we let 8 be the smaller of f(a+¢)— f(a) and f(a)— f(a—e). Figure 10 contains
the entire proof that this § works, and what follows is simply a verbal account of
the information contained in this picture.

Our choice of & ensures that

fla—e) < fla) —dand f(a) +8 =< fla+e).

Consequently, if
fl@) =38 <x < fla) +3,

then
fla—¢) <x < fla+e).
Since f is increasing, f~! is also increasing, and we obtain
fif@—e) < '@ < 1 (fa+e,

i.e.,
a—¢e< f_l(x) <a-+e,

which is precisely what we want. I

Having successfully investigated continuity of f~!, it is only reasonable to tackle
differentiability. Again, a picture indicates just what result ought to be true. Fig-
ure 11 shows the graph of a one-one function f with a tangent line L through
(a, f(a)). If this entire picture is reflected through the diagonal, it shows the graph
of f~! and the tangent line L’ through (f(a), @). The slope of L’ is the reciprocal
of the slope of L. In other words, it appears that

(@) =

1
fia’
This formula can equally well be written in a way which expresses (f ~1y(b) di-
rectly, for each b in the domain of f~!:

1
W)= ——
ve F(1d))

Unlike the argument for continuity, this pictorial “proof” becomes somewhat
involved when formulated analytically. There is another approach which might
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be tried. Since we know that
fFUey =x,
it 1s tempting to prove the desired formula by applying the Chain Rule:

FETE - Y w =1,

50
1

FIF ey

Unfortunately, this is not a proof that f~! is differentiable, since the Chain Rule
cannot be applied unless f~! is already known to be differentiable. But this argu-
ment does show what (f 1) (x) will have to be if f~! is differentiable, and it can
also be used to obtain some important preliminary information.

FHw =

If f is a continuous one-one function defined on an interval and f/(f~1(a)) =0,
then f~! is not differentiable at a.

We have
fU ) =x.

If =1 were differentiable at a, the Chain Rule would imply that
F @y - Y@ =1,
hence
0-(F@=1,
which is absurd. |J

A simple example to which Theorem 4 applies is the function f(x) = x3. Since
£'(0) =0 and 0 = f~1(0), the function f~! is not differentiable at 0 (Figure 12).

Having decided where an inverse function cannot be differentiable, we are now
ready for the rigorous proof that in all other cases the derivative is given by the
formula which we have already “derived” in two different ways. Notice that the
following argument uses continuity of f~!, which we have already proved.

Let f be a continuous one-one function defined on an interval, and suppose that
f is differentiable at £~1(b), with derivative f'(f~1(b)) # 0. Then f~! is differ-
entiable at b, and

1
_I,b=——.
YO = 75 Ton

Let b = f(a). Then

-1 -1
lim f7b+h— ()
h—0 h

. fle+h)—a
= 11m _—
h—0 h
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Now every number b + A in the domain of f~! can be written in the form
b+h=fla+k)

for a unique k (we should really write k(h), but we will stick with & for simplicity).
Then

. fle+h)—a
hm _—
=0 h

-1 _
o I @+B) —a

-0  fla+k)—b
k

= feTh—r@

We are clearly on the right track! It is not hard to get an explicit expression for k;
since

b+h=flat+k)

we have
flo+hy=a+k

or
k= f1b+n - 1.

Now by Theorem 3, the function f~! is continuous at b. This means that k
approaches 0 as k approaches 0. Since

i L@+ 56— f@)
m

k—0 k

= f'@a) = f'(F1d) #0,

this implies that

fFY® = 1

F1ey

The work we have done on inverse functions will be amply repaid later, but here
is an immediate dividend. For n odd, let

falx) =x" for all x;

for n even, let

fulx) =x", x=>0.
Then f, is a continuous one-one function, whose inverse function is

ga(x) = ¥x =x'/",
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By Theorem 5 we have, for x # 0,
1
Fo' (fa1(x))
_ 1
n(fa=1(x))*1
1
n{x l/n)nfl
1 1
T n xi=(m)
1 (1/m-1
=—-x .
n
Thus, if f(x) = x°, and a is an integer or the reciprocal of a natural number, then
f(x) = ax*"1, Tt is now easy to check that this formula is true if a is any rational
number: Let @ = m/n, where m i1s an integer, and n is a natural number; if

fx) = xmin — (xljn)m,

g (x) =

then, by the Chain Rule,

-1 1 _ 1
f'(x) = m(x!/*)" ';l--x(”") 1
= lmm—Q )+ /m)—1]
n
= mim-1
n

Although we now have a formula for f'(x) when f(x) = x* and a is rational,
the treatment of the function f(x) = x? for irrational a will have to be saved
for later—at the moment we do not even know the meaning of a symbol like xV2,
Actually, inverse functions will be involved crucially in the definition of x* for
irrational a. Indeed, in the next few chapters several important functions will be

defined in terms of their inverse functions.

PROBLEMS
1. Find f~! for each of the following f.

@ f@=x3+1
i fO)=0G-1°%

X, x rational

() fe) = { —x, Xx irrational.

. | - x>0

) f=)= { 1-x%, x<0.
X, x;éal,...,a,,

) f(x)={ﬂf+1 x=aq, i=1,...,n-1
a;, x=a,.

M) fx)=x+4[x].



10.
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(vil) f(O.a1a2a3...) =0.aza1a3.... (Decimal representation is being used.)

(vill) f(x) = 1—xxz’_1 <x <l

Describe the graph of f~! when

()  f is increasing and always positive.

(i) f is increasing and always negative.
(i) f is decreasing and always positive.
(iv} f is decreasing and always negative.

Prove that if f is increasing, then so is f~!, and similarly for decreasing
functions.

If f and g are increasing, is f +8? Or f-g? Or fog?

(a) Prove that if f and g are one-one, then f o g is also one-one. Find
(f 0 g)7 ' in terms of f~! and g~!. Hint: The answer is not f~1o0 gL,
{b) Find g lin terms of f~1if g(x) =1+ f(x).

ax+b

Show that f(x) = p——
X

£~ in this case.

is one-one if and only if ad — bc # 0, and find

On which intervals [a, b] will the following functions be one-one?

@ f)==x3-3x%

i

@) fE)=x+x

(i) fE)=1+xH"L
; x+1

(iv) fGx)y= il

Suppose that f is differentiable with derivative f'(x) = (1 + x3)~1/2, Show
that g = f~! satisfies g”(x) = %g(x)z.

Suppose that f is a one-one function and that =1 has a derivative which is
nowhere 0. Prove that f is differentiable. Hint: There is a one-step proof.

The Schwarzian derivative @ f was defined in Problem 10-17.

(a) Prove that if @ f(x) exists for all x, then B f ~l(x) also exists for all x in
the domain of f~1.
(b) Find a formula for @ f~1(x).

{a) Prove that there is a differentiable function £ such that [ f(x)]° + f(x)+
x = 0 for all x. Hint: Show that f can be expressed as an inverse
function. The easiest way to do this is to find f~!. And the easiest way
to do #his is to set x = f~L(y).

(b) Find f' in terms of f, using an appropriate theorem of this chapter.

(c) Find f’in another way, by simply differentiating the equation defining f.
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The function in Problem 11 is often said to be defined implicitly by the
equation y*>+y+x = 0. The situation for this equation is quite special, however. As
the next problem shows, an equation does not usually define a function implicitly
on the whole line, and in some regions more than one function may be defined
implicidy.

12. (a) What are the two differentiable functions f which are defined implicitly
on (—1, 1) by the equation x2+y? = 1, i.e., which satisfy x>+ [ f(x)]2 = 1
for all x in (—1, 1)? Notice that there are no solutions defined outside
[—1,1]. .

(b) Which functions f satisfy x2 + [ £(x)]? = —1?
*(c) Which differentiable functions f satisfy [f(x)]° — 3f(x) = x? Hint: It
will help to first draw the graph of the function g(x) = x* — 3x.

In general, determining on what intervals a differentiable function is defined im-
plicitly by a particular equation may be a delicate affair, and is best discussed in the
context of advanced calculus. If we assume that f is such a differentiable solution,
however, then a formula for f/(x) can be derived, exactly as in Problem 11(c), by
differentiating both sides of the equation defining f (a process known as “implicit
differentiation™):

13. (a) Apply this method to the equation [f(x)]?> + x? = 1. Notice that your
answer will involve f(x); this is only to be expected, since there is more
than one function defined implicitly by the equation y? +x2 = 1.
(b) But check that your answer works for both of the functions f found in
Problem 12(a).
(c) Apply this same method to [ f(x)]? — 3f(x) = x.

14. (a) Use implicit differentiation to find f/'(x) and f”(x) for the functions f
defined implicitly by the equation x3 + y3 = 7.
(b) One of these functions f satisfies f(—1) = 2. Find f'(—1) and f"(-1)
for this f.

15. ‘The collection of all points (x, y) such that 3x3 + 4x?y — xy? + 2y’ = 4
forms a certain curve in the plane. Find the equation of the tangent line to
this curve at the point (—1, 1).

16. Leibnizian notation is particularly convenient for implicit differentiation. Be-
cause y is so consistently used as an abbreviation for f(x), the equation in x
and y which defines f implicitly will automatically stand for the equation
which f is supposed to satisfy. How would the following computation be
written in our notation?

Yy +ay=1,

dy dy dy
3dy 24y ay _
4y dx+3y a.x+y+ I 0,

dy _ =y

dx  4y3+3y?+x’



17.

18.

19,

20.
*21.
22,

*23.

*24,
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As long as Leibnizian notation has entered the picture, the Leibnizian no-
tation for derivatives of inverse functions should be mentioned. If dy/dx
denotes the derivative of f, then the derivative of f~! is denoted by dx /dy.
Write out Theorem 5 in this notation, The resulting equation will show you
another reason why Leibnizian notation has such a large following. It will
also explain at which point (f~!) is to be calculated when using the dx/dy
notation. What is the significance of the following computation?

x=y",

y =xljn,
dxl/»  dy 1 1
dx ”a=ﬁ_ny"‘l

Suppose that f is a differentiable one-one function with a nowhere zero
derivative and that f = F’. Let G(x) = xf~1(x) — F(f~!(x)). Prove that
G’(x) = f1(x). (Disregarding details, this problem tells us a very interesting
fact: if we know a function whose derivative is f, then we also know one
whose derivative is £~!. But how could anyone ever guess the function G?
Two different ways are outlined in Problems 14-17 and 19-15.)

Suppose A is a function such that A'(x) = sin?(sin(x + 1)) and #(0) = 3.
Find

0 &Y.
@ (B71Y(3), where B(x) = h(x + 1).

Find a formula for (f~1)"(x).
Prove that if f®(f~1(x)) exists, and is nonzero, then (f~1)®(x) exists.

(a) Prove that an increasing and a decreasing function intersect at most once.

(b) Find two continuous increasing functions f and g such that f(x) = g(x)
precisely when x is an integer.

(c) Find a continuous increasing function f and a continuous decreasing
function g, defined on R, which do not intersect at all.

(a) If f is a continuous function on R and f = f~!, prove that there is at
least one x such that f(x) = x. (What does the condition f = f~! mean
geometrically?)

{b) Give several examples of continuous f such that f = f “land f(x)=x
for exactly one x. Hint: Try decreasing f, and remember the geometric
interpretation. One possibility is f(x) = —x.

(¢) Prove that if f is an increasing function such that f = f~!, then
f(x) = x for all x. Hint: Although the geometric interpretation will
be immediately convincing, the simplest proof (about 2 lines) is to rule
out the possibilities f(x) < x and f(x) > x.

Which functions have the property that the graph is still the graph of a func-
tion when reflected through the graph of —I (the “antidiagonal”)?
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25. A function f is nondecreasing if f(x) < f(y) whenever x < y. (To be
more precise we should stipulate that the domain of f be an interval.) A
nonincreasing function is defined similarly. Caution: Some writers use
“increasing” instead of “nondecreasing,” and “strictly increasing” for our
“Increasing.”

(a) Prove that if f is nondecreasing, but not increasing, then f is constant
on some interval. (Beware of unintentional puns: “not increasing” is not
the same as “nonincreasing.”)

{b) Prove that if f is differentiable and nondecreasing, then f(x) > 0 for
all x.

(¢} Prove that if f'(x) = 0 for all x, then f is nondecreasing.

*26. (a) Suppose that f(x) > 0 for all x, and that f is decreasing. Prove that
there is a continuous decreasing function g such that 0 < g(x) < f(x) for
all x. )

(b} Show that we can even arrange that g will satisfy xl_n;go g(x)/fx)=0.
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APPENDIX. FPARAMETRIC REPRESENTATION OF CURVES

The material in this chapter serves to emphasize something that we noticed a
long time ago—a perfectly nice looking curve need not be the graph of a function
(Figure 1). In other words, we may not be able to describe it as the set of all points
(x, f(x)). Of course, we might be able to describe the curve as the set of all points
(f (x), x); for example, the curve in Figure 1 is the set of all points (x2, x). But
even this trick doesn’t work in most cases. It won’t allow us to describe the circle,
consisting of all points (x, y) with x2 + y? = 1, or an ellipse, and it can’t be used
to describe a curve like the one in Figure 2.

The simplest way of describing curves in the plane in general harks back to the
physical conception of a curve as the path of a particle moving in the plane. At
each time ¢, the particle is at a certain point, which has two coordinates; to indicate
the dependence of these coordinates on the time ¢, we can call them u(f) and v(¢).
Thus, we end up with & functions, Conversely, given two functions 4 and v, we
can consider the curve consisting of all points (u(¢), v(t)). This curve is said to
be represented parametrically by u and v, and the pair of functions «, v is called a
parametric representation of the curve. The curve represented parametrically by
u and v thus consists of all pairs (x, y) with x = u(f) and y = v(t). It is often
described briefly as “the curve x = u(r), y = v(£).” Notice that the graph of a
function f can always be described parametrically, as the curve x =1, y = f(¢).

Instead of considering a curve in the plane as defined by two functions, we
can obtain a conceptually simpler picture if we broaden our original definition of
function somewhat. Instead of considering a rule which associates a number with
another number, we can consider a “function ¢ from real numbers to the plane,”
i.e., a rule ¢ that associates, to each number ¢, a point in the plane, which we can
denote by c(f). With this notion, a curve is just a function from some interval of
real numbers to the plane.

Of course, these two different descriptions of a curve are essentially the same:
A pair of (ordinary) functions # and v determines a single function ¢ from the real
numbers to the plane by the rule

c(t) = (u(), v(e),

and, conversely, given a function ¢ from the real numbers to the plane, each c(r)
is a point in the plane, so it is a pair of numbers, which we can call u(f) and v(z),
so that we have unique functions # and v satisfying this equation.

In Appendix 1 to Chapter 4, we used the term “vector” to describe a point in
the plane. In conformity with this usage, a curve in the plane may also be called
a “vector-valued function.” The conventions of that Appendix would lead us to
write ¢(f) = (c1(¢), c2(2)), but in this Appendix we’ll continue to use notation like
c(t) = (u(t), v(t)) to minimize the use of subscripts.

A simple example of a vector-valued function that is quite useful is

e(t) = (cost, sin¢),

which goes round and round the unit circle (Figure 3).
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FIGURE 4

For two (ordinary) functions f and g, we defined new functions f +g and f-g
by the rules

ey (f +8)(x) = f(x) + g(x),
2 (f-8)x) = f(x) g(x).

Since we have defined a way of adding vectors, we can imitate the first of these def-
initions for vector-valued functions ¢ and d: we define the vector-valued function
c+dby

(c+d)(t) =c(t) +4d(z),

where the + on the right-hand side is now the sum of vectors. This simply amounts
to saying that if

c(®) = (u(), v(®),
d(t) = (w(), z(#)),

then
(c + &)(®) = (#(@®), v(O)) + (w®). 20)) = (u(®) + w(®), v() + 2(1)).

Recall that we have also defined a - v for a number a and a vector v. To
extend this to vector-valued functions, we want to consider an ordinary function
and a vector-valued function ¢, so that for each t we have a number a(t) and a
vector c(t). Then we can define a new vector-valued function « - ¢ by

(a-c)(t) = a(r) - c@),

where the - on the right-hand side is the product of a number and a vector. This
simply amounts to saying that

(@ - )(t) = a(®) - (), v(@©)) = (a(@) - u(t), € @) - v(r)).
Notice that the curve « - e,
(- e)(t) = (x(t) cost, alt)sint),

is already quite general (Figure 4). In the notation of Appendix 3 to Chapter 4,
the point (@ - €)(¢) has polar coordinates a(¢) and ¢, so that (« - e)(¢) is the “graph
of e in polar coordinates.”

Even more generally, given any vector-valued function ¢, we can define new
functions r and 6 by

c(t) = r() - e(®@)),

where r(¢) is just the distance from the origin to ¢(¢), and 8(r) is some choice of
the angle of ¢(r) (as usual, the function 6 isn’t defined unambiguously, so one has
to be careful when using this way of writing an arbitrary curve c).

We aren’t in a position to extend (2) to vector-valued functions in general, since
we haven’t defined the product of two vectors. However, Problems 2 and 4 of
Appendix 1 to Chapter 4 define two real-valued products v+ w and det(v, w). It
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should be clear, given vector-valued functions ¢ and d, how we would define two
ordinary (real-valued) functions

ced and det(c, d).
Beyond imitating simple arithmetic operations on functions, we can consider
more interesting problems, like limits. For c(t) = (u(¢), v(t)), we can define
*) lim c(r) = lim@(), v() tobe (limu(), limv()).
Rules like
lime¢+d =lime + limd,

—>a t—a t1—=a

Ime-c=lima()-limc
1—a —a t—ra

follow immediately. Problem 10 shows how to give an equivalent definition that
imitates the basic definition of limits directly.
Limits lead us of course to derivatives. For

e(t) = (u(@), v()
we can define ¢’ by the straightforward definition
c(a) = (u'(a), v’(a)).
We could also try to imitate the basic definition:
cla+h) —c(a)
—
where the fraction on the right-hand side is understood to mean

@ =i

% - [c(a + k) — c(a)].

As a matter of fact, these two definitions are equivalent, because

. cla+hy—cl@ . (u(a+h)—u(a) v(a +h) —v(a))
lim ———————— = lim .
0 h h—0 h h
_ (hm u(a+h) — u(a)’ lim via+h) — v(a))
0 h h—0 h

by our definition () of limits
= (u'(a), v'(a)).

Figure 5 shows c(a + &) and c(a), as well as the arrow from c(a) to c(a + h);
as we showed in Appendix 1 to Chapter 4, this arrow is c(a + h) — c(a), except
moved over so that it starts at c(a). As A — 0, this arrow would appear to move
closer and closer to the tangent of our curve, so it seems reasonable to dgfine the
tangent line of ¢ at ¢(a) to be the straight line along ¢'(a), when ¢(a) is moved
over so that it starts at c(a). In other words, we define the tangent line of ¢ at c(a)
as the set of all points

c(@) +s - c'(a);
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for s = 0 we get the point c(a) itself, for s = 1 we get c(a) + ¢/(a), etc. (Note,
however, that this definition does not make sense when ¢'(a) = 0.) Problem 1
shows that this definition agrees with the old one when our curve ¢ is defined by

c(t) = (¢, f(ED,

so that we simply have the graph of f.
Once again, various old formulas have analogues. For example,

(c+d)Y(a)=c'(a) +d'(a),
(@-c)(a) =o'(a) - c(a) + a(a) - c'(a),
or, as equations involving functions,
(c+dy =c +d,
w-¢c))=a c+a-c.
These formulas can be derived immediately from the definition in terms of the
component functions. They can also be derived from the definition as a limit,
by imitating previous proofs; for the second, we would of course use the standard
trick of writing
ala + h)e(a + h) — a(a)e(a) =
a(a+h) - [cla +h) —c(a)] + [ala + k) — a(a}] - c(a).

We can also consider the function

d(@t) =c(p(t)) = (co p)(1),

where p is now an ordinary function, from numbers to numbers. The new curve d
passes through the same points as ¢, except at different times; thus p corresponds
to a “reparameterization” of c. For

c={u,v),
d=(@op,vop),

we obtain
d'(a) = ((u o pY(a). (vo pY(a))
= (p'(@)'(p(a)), '@V (p(a)))
= p'(a)- (W'(p(@)), v'(p(a)))
= p'(a) - ¢ (p(a)),
or simply

d =p'-(cop).

Notice that if p(a) = a, so that d and ¢ actually pass through the same point at
time a, then d’(a) = p'(a) - ¢/(a), so that the tangent vector d’(a) is just a multiple
of ¢’(a). This means that the tangent f&ne to ¢ at ¢(a) is the same as the tangent
line to the reparameterized curve d at d(a) = c(a). The one exception occurs
when p'(a) = 0, since the tangent line for d is then undefined, even though the
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tangent line for ¢ may be defined. For example, d(¢) = c(#*) won’t have a tangent
line defined at ¢+ = 0, even though it’s merely a reparameterization of .
Finally, since we can define real-valued functions

(ced)(t) =c(t) «d(s),
det(c, d)(f) = det(c(t), d(t)),

we ought to have formulas for the derivatives of these new functions. As you might
guess, the proper formulas are

(cod) (@) = c(a) +d'(a) +c'(a) « d(a),
[det(c, d)]'(a) = det(c, d)(a) + det(c, d')(a).

These can be derived by straightforward calculations from the definitions in terms
of the component functions. But it is more elegant to imitate the proof of the or-
dinary product rule, using the simple formulas in Problems 2 and 4 of Appendix 1
to Chapter 4, and, of course, the “standard trick” referred to above.

PROBLEMS

1. (a) For a function f, the “point-slope form” (Problem 4-6) of the tangent
line at (a, f(a)) can be written as y — f(a) = (x — a) f'(a), so that the
tangent line consists of all points of the form

(x. f@ +(x —a)f'(@).

Conclude that the tangent line consists of all points of the form
(a +s, fla) + sf’(a)).

(b} If c is the curve c(t) = (¢, f(#)}, conclude that the tangent line of ¢ at
(a, f(a)) [using our new definition] is the same as the tangent line of f

at (a, f(a)).

2. Let c(t) = (f(t), t2), where f is the function shown in Figure 21 of Chap-
ter 9. Show that ¢ lies along the graph of the non-differentiable function
h(x) = |x|, but that ¢/(0) = 0. In other words, a reparameterization can
“hide” a corner. For this reason, we are usually only interested in curves ¢
with ¢’ never 0.

3. Suppose that x = u(r), y = v(t) is a parametric representation of a curve,
and that 4’ # 0 on some interval.

(a) Show that on this interval the curve lies along the graph of f =vou™l.
(b) Show that at the point x = u(t) we have

(0!
f(X)—u,(t)-
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FIGURE 6

(©)

In Leibnizian notation this is often written suggestively as

dy
dy  dr
dx ~ dx

dr

We also have

W) = v'(@)u"(r)

e W @)

Consider a function f defined implicitly by the equation x%3 + y2?3 = 1.
Compute f'(x) in two ways:

M
(i)

By implicit differentiation.
By considering the parametric representation x = cos 3

3¢, y=sin’t,

Let x = u(t), y = v(f) be the parametric representation of a curve, with
u and v differentiable, and let P = (xg, yo) be a point in the plane. Prove
that if the point @ = (4(7), v(¥)) on the curve is closest to (xg, yo), and u'(f)
and v'(f) are not both 0, then the line from P to Q is perpendicular to the
tangent line of the curve at @ (Figure 6). The same result holds if @ is
furthest from (xg, yo).

We've seen that the “graph of f in polar coordinates” is the curve

(f -&)(t) = (f(¢) cost, f(#)sin?);

in other words, the graph of f in polar coordinates is the curve with the para-
metric representation

6.

(@)

(b)

{©

x = f(#)cosd, y = f(8)sinb.

Show that for the graph of f in polar coordinates the slope of the tangent
line at the point with polar coordinates (f(9), 8) is

f(®)cosb + f(F)snb
~f(8)siné + f'(8) cosf’

Show that if f(#) =0 and f is differentiable at 0, then the line through
the origin making an angle of # with the positive horizontal axis is a
tangent line of the graph of f in polar coordinates. Use this result to
add some details to the graph of the Archimedian spiral in Appendix 3
of Chapter 4, and to the graphs in Problems 3 and 10 of that Appendix
as well.

Suppose that the point with polar coordinates (f(8), 8) is further from
the origin O than any other point on the graph of f. What can you
say about the tangent line to the graph at this point? Compare with
Problem 5.
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(d) Suppose that the tangent line to the graph of f at the point with po-
lar coordinates (f(@), #) makes an angle of a with the horizontal axis
(Figure 7), so that @ — @ is the angle between the tangent line and the
ray from O to the point. Show that

f®)

1)

7. (a) In Problem 5 of Appendix 1 to Chapter 4 we found that the cardioid
r = 1 —sin# is also described by the equation (x2 + y2 + y)? = x% + y2.
Find the slope of the tangent line at a point on the cardioid in two ways:

tan{a — ) =

() By implicit differentiation.
(i) By using the previous problem.
(b) Check that at the origin the tangent lines are vertical, as they appear to
. be in Figure 8.

FIGURE 8

The next problem uses the material from Chapter 15, in particular, radian
measure, and the inverse trigonometric functions and their properties.

8. A gycloid is defined as the path traced out by a point on the rim of a rolling
wheel of radius a. You can see a beautiful cycloid by pasting a reflector on
the edge of a bicycle wheel and having a friend ride slowly in front of the
headlights of your car at night. Lacking a car, bicycle, or trusting friend, you
can settle instead for Figure 9.

FIGURE %
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(a) Let u(f) and v(#) be the coordinates of the point on the rim after the
wheel has rotated through an angle of ¢ (radians). This means that the
arc of the wheel rim from P to Q in Figure 10 has length at. Since the
wheel is rolling, at is also the distance from O to Q. Show that we have
the parametric representation of the cycloid

u(t) = alt —sini)

T v(?) = a(l — cost).
)
Figure 11 shows the curves we obtain if the distance from the point to the
length at center of the wheel is (a) less than the radius or (b) greater than the radius.
FIGURE 10 In the latter case, the curve is not the graph of a function; at certain times

the point is moving backwards, even though the wheel is moving forwards!

U >~

(2)

\TI \Y
(b)

FIGURE 11

In Figure 9 we drew the cycloid as the graph of a function, but we really
need to check that this is the case:

(b) Compute «’(¢t) and conclude that u is increasing, Problem 3 then shows
that the cycloid is the graph of f = vo«~!, and allows us to compute

f@).

It isn’t possible to get an explicit formula for f, but we can come close.
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10.
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(c) Show that

u(t) = a arccos a — v{t) *+/[2a — v(®)]v().

a

Hinu: first solve for £ in terms of v(z).
(d) The first half of the first arch of the cycloid is the graph of g~!, where

—X _ J@a—yy.

Let u and v be continuous on {a, b] and differentiable on (a, b); then «
and v give a parametric representation of a curve from P = (u(a), u(b))
to Q0 = (v{a), v(b)). Geometrically, it seems clear (Figure 12) that at some
point on the curve the tangent line is parallel to the line segment from P
to Q. Prove this analytically Hint: This problem will give a geometric
interpretation for one of the theorems in Chapter 11.

a
g(y) = a arccos

The following definition of a limit for a vector-valued function is the direct
analogue of the definition for ordinary functions:

P_r}r‘} c(t) = ! means that for every ¢ > 0 there is some § > 0 such that, for
all £, if 0 < |t — a| < 8, then |c(t) — || <e&.

Here || | is the norm, defined in Problem 2 of Appendix 1 to Chapter 4. If
! = (1,17), then

lie@) = 11 = lu(e) = L |? + [v(@) = L/

(a) Conclude that
la(e) — | < llet) — Il and lv(e) — Ia| = ller) =1,

and show that if }i_xgc(t) = | according to the above definition, then we
also have

bmu(t) =1 and !.in;v(t) =1,

—a
so that lim ¢(#) = I according to our definition (%) in terms of component
1—a

functions, on page 243.
(b) Conversely, show that if }Eﬂ ¢(t) = I according to the definition in terms

of component functions, then also }1_1)n ¢(t) = I according to the above
a
definition.
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I 3 INTEGRALS

The derivative does not display its full strength until allied with the “integral,” the
second main concept of Part IIL. At first this topic may seem to be a complete
digression—in this chapter derivatives do not appear even once! The study of
integrals does require a long preparation, but once this preliminary work has been
completed, integrals will be an invaluable tool for creating new functions, and the
derivative will reappear in Chapter 14, more powerful than ever.

Although ultimately to be defined in a quite complicated way, the integral for-
malizes a simple, intuitive concept—that of area. By now it should come as
no surprise to learn that the definition of an intuitive concept can present great
difficulties—“area” is certainly no exception.

In elementary geometry, formulas are derived for the areas of many plane fig-
ures, but a little reflection shows that an acceptable definition of area is seldom
given. The area of a region is sometimes defined as the number of squares, with
sides of length 1, which fit in the region. But this definition is hopelessly inadequate
for any but the simplest regions. For example, a circle of radius 1 supposedly has
as area the irrational number 7, but it is not at all clear what “r squares” means.
Even if we consider a circle of radius 17/, which supposedly has area 1, it is hard
to say in what way a unit square fits in this circle, since it does not seem possible
to divide the unit square into pieces which can be arranged to form a circle.

In this chapter we will only try to define the area of some very special regions
(Figure 1}—those which are bounded by the horizontal axis, the vertical lines
through (a,0) and (&,0), and the graph of a function f such that f(x) > 0
for all x in [a, b]. It is convenient to indicate this region by R(f, a, b). Notice that
these regions include rectangles and triangles, as well as many other important
geometric figures.

The number which we will eventually assign as the area of R(f,a,b) will be
called the integral of f on [a,b]. Actually, the integral will be defined even for
functions f which do not satisfy the condition f(x) > 0 for all x in [a, b]. If f is
the function graphed in Figure 2, the integral will represent the difference of the
area of the lightly shaded region and the area of the heavily shaded region (the
“algebraic area” of R(f,a,b)).

The idea behind the prospective definition is indicated in Figure 3. The interval
[a, b] has been divided into four subintervals

(to,t1] [t1.12] [r2.13] [#3,14]
by means of numbers 1o, 11, 2, t3, t4 with
a=tgp<fi<bh<ti<thh=bh

(the numbering of the subscripts begins with 0 so that the largest subscript will
equal the number of subintervals).

250
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On the first interval [fg, #;] the function f has the minimum value m; and the
maximum value M; similarly, on the ith interval [#_1, ] let the minimum value
of f be m; and let the maximum value be M;. The sum

s=mi(t1 —fo) Fma(tz — 1) +ms(tz — 12) + ma(ts — 13)

represents the total area of rectangles lying inside the region R(f, a, b), while the
sulr

§ = M(t1 — 10) + Ma(ta — t1) + M3(t3 — t2) + Ma(t4 — 13)

represents the total arca of rectangles containing the region R(f, a, b). The guid-
ing principle of our attempt to define the area A of R(f, a, b) is the observation
that A should satisfy

s<A and A<S,

and that this should be true, no maiter how the interval {a, b] is subdivided. It 15 to be
hoped that these requirements will determine A. The following definitions begin
to formalize, and eliminate some of the implicit assumptions in, this discussion.

Let a < b. A partition of the interval [a, b] is a finite collection of points in
[a, b], one of which is a, and one of which is b.

The points in a partition can be numbered t, ..., #, so that
a=Ilp<t] <. <ly | <lp=b;

we shall always assume that such a numbering has been assigned.

Suppose f is bounded on [a, b] and P = {ty, ..., t;} is a partition of [a, b]. Let

m; =inf{f(x): iy <x <4},
M; =sup{f(x): 1 <x <}

The lower sum of f for P, denoted by L(f, P), is defined as
L(f, PY=_ mi(ti — ti1).
i=1
The upper sum of f for P, denoted by U(f, P), is defined as

U(f PY=) Myt —t-1).
i=1

The lower and upper sums correspond to the sums s and § in the previous
example; they are supposed to represent the total areas of rectangles lying below
and above the graph of f. Notice, however, that despite the geometric motivation,
these sums have been defined precisely without any appeal to a concept of “area.”
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FIGURE 4

4

3

tx—1 u Iy

FIGURE 5

LEMMA

PROOF

Two details of the definition deserve comment. The requirement that f be
bounded on [a, b] is essential in order that all the m; and M; be defined. Note,
also, that it was necessary to define the numbers m; and M; as inf’s and sup’s,
rather than as minima and maxima, since f was not assumed continuous,

One thing is clear about lower and upper sums: If P is any partition, then

L(f, Py = U(f, P),

because

L(f, P)=) mi(t —ti1),
i=1

U(f, P)=)_ Mt — 1),

i=1
and for each i we have
m;(t; —ti_1) < Mi(t; — ti-1).

On the other hand, something less obvious eught to be true: If P and P, are
any two partitions of [a, b], then it should be the case that

L(fv Py < U(fa P),

because L(f, P1) should be < area R(f, a, b), and U(f, P;) should be > area
R(f, a, b). This remark proves nothing (since the “area of R(f, a, b)” has not even
been defined yet), but it does indicate that if there is to be any hope of defining the
area of R(f,a, b), a proof that L(f, P1) < U(f, P2) should come first. The proof
which we are about to give depends upon a lemma which concerns the behavior of
lower and upper sums when more points are included in a partition. In Figure 4
the partition P contains the points in black, and @ contains both the points in
black and the points in grey. The picture indicates that the rectangles drawn for
the partition Q are a better approximation to the region R(f, a, b) than those for
the original partition P. To be precise:

If Q contains P (i.e., if' all points of P are also in (), then

L(f, P) = L(f, Q).
Uulf,pz=2Uf Q.

Clonsider first the special case (Figure 5) in which Q contains just one more point
than P:

P={n,...,.ta}.
Q={t0,.... -1, U, Ik, ..., In},

where
a=fh<lh < - <lh |<U<l < +<lh=b
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Let

m' =inf{f(x): 1 <x <u},
m’ =inf{f(x):u <x <}

Then

L(f, P)=) m(t —ti1),

i=1

k-1 n
Lf,Q)=) mtG—ti_)+m'u—t_1)+m'( —u) + Z m;(t; — ti_1).
i=1 i=k+1

To prove that L(f, P) < L(f, Q) it therefore suffices to show that
Mt — te1) < m'(u— te_1) +m" (4 — u).

Now the set {f(x) : t—1 < x < f;} contains all the numbers in {f(x) : _1 <
x =< u}, and possibly some smaller ones, so the greatest lower bound of the first set
is less than or equal to the greatest lower bound of the second; thus

my<m.

Similarly,

Therefore,
myte — te—1) = mg(u — te_1) +me(te — ) <m'(u— 1) + m"(t — u).

This proves, in this special case, that L(f, P) < L(f, Q). The proofthat U(f, P} >
U(f, Q) is similar, and is left to you as an easy, but valuable, exercise.

The general case can now be deduced quite easily. The partition Q can be
obtained from P by adding one point at a time; in other words, there is a sequence
of partitions

P=P,P,....P,=0

such that P;;; contains just one more point than P;. Then
L(fa P) =L(f9 Pl) 5 L(f! PZ) S e S L(fr Pa.') = L(f! Q)a

and
UL,PY=U{f,PDZUf,P)=---2U(f, F) =U(f, Q).

The theorem we wish to prove is a simple consequence of this lemma.

Let P; and P, be partitions of [a, b], and let f be a function which is bounded
on [a, b]. Then
L(f, P1) < U({, Pa).
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fx) = ¢

a=tle ;) £

FIGURE 6

but Ta=b

PROOF

There is a partition P which contains both Py and P; (let P consist of all points
in both Py and P,). According to the lemma,

LULP)SL,PYSUL P2 U, P ]I

It follows from Theorem 1 that any upper sum U(f, P’) is an upper bound for
the set of all lower sums L(f, P). Consequently, any upper sum U(f, P’) is greater
than or equal to the least upper bound of all lower sums:

sup{L(f, P): P a partition of [a,b]} < U(f, P’),

for every P’. This, in turn, means that sup{L(f, P)} is a lower bound for the set
of all upper sums of f. Consequently,

sup{L(f, P)) < inf{U(f, P)}.

It is clear that both of these numbers are between the lower sum and upper sum
of f for all partitions:

L(f, P') = sup{L(f, P}} S U(f, P),
L(f, Py =mf{U(f, P) U, P),

for all partitions P’.
It may well happen that

sup{L(f, P)} = inf{U(f, P}

in this case, this is the only number between the lower sum and upper sum of f
for all partitions, and this number is consequently an ideal candidate for the area
of R(f,a,b). On the other hand, if

sup{L(f, P)} <inf{U(f, P)},
then every number x between sup{L(f, P)} and inf (U (f, P)} will satisfy
L(f,PY<x<U(f, P)

for all partitions P’.

It is not at all clear just when such an embarrassment of riches will occur. The
following two examples, although not as interesting as many which will soon ap-
pear, show that both phenomena are possible.

Suppose first that f(x) = ¢ for all x in [a, b] (Figure 6). If P = {ty,..., 8} is
any partition of [a, b}, then

m=M;=c,

SO
Lf,P)=) clt —ti1) =cb—a),
i=1
U(f,P)=) clti—t1)=cb—a).

i=1
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In this case, all lower sums and upper sums are equal, and
sup{L(f, P)} = mf{U(f, P)} = c(b —a).
Now consider (Figure 7) the function f defined by

{), x irrational
Fe) = { 1, x rational.

If P={t,..., ]} is any partition, then

m; = 0, since there is an irrational number in [1_;, 4],
and

M; = 1, since there is a rational number in [£;_1, ].

.

Therefore,

L(f,Py=3 0-(t—41) =0,
i=1

U(f,P)=) 1-t—t1)=b-a.
i=1

Thus, in this case it is certainly not true that sup{L(f, P)} = inf {U(f, P)}. The
principle upon which the definition of area was to be based provides insufficient
information to determine a specific area for R(f, @, b)—any number between 0
and b — a seems equally good. On the other hand, the region R(f,a,b) is so
weird that we might with justice refuse to assign it any area at all. In fact, we can
maintain, more generally, that whenever

sup{L(f, P)} # inf{U(f, P)},

the region R(f, a, b) is too unreasonable to deserve having an area. As our ap-

gt g p
peal to the word “unreasonable” suggests, we are about to cloak our ignorance in
terminology.

A function f which is bounded on [a, b] is integrable on [a, b] if
sup{L(f, P) : P a partition of [a, b]} = inf(U(f, P) : P a partition of [a, b]}.
In this case, this common number is called the integral of f on [a, b] and is

denoted by
b
[

(The symbol [ is called an integral sign and was originally an elongated s, for
“sum;” the numbers g and b are called the lower and upper limits of integration.)
The integral f: f is also called the area of R(f,a,b) when f(x) > 0 for all x
in [a, b).
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THEOREM 2

PROOF

If f is integrable, then according to this definition,
b
L(f,P) < f f <U(f, P) forall partitions P of [a, b].

Moreover, f: f is the unigue number with this property:.

This definition merely pinpoints, and does not solve, the problem discussed
before: we do not know which functions are integrable (nor do we know how to
find the mtegral of f on [a, b] when f 5 integrable). At present we know only
two examples:

b
(1) if f(x) =c, then f is integrable on [a, b] and f f=c-(b—a).
(Notice that this integral assigns the expected area to a rectangle.)

(1)’ x irrational then f is not integrable on [a, b].

, X rational,

@) if fix)= {

Several more examples will be given before discussing these problems further.
Even for these examples, however, it helps to have the following simple criterion
for integrability stated explicitly.

If f is bounded on [a, b], then f is integrable on [a, b] if and only if for every
€ > 0 there is a partition P of [a, b] such that

U(f,P)-L(f,P) <e.

Suppose first that for every & > 0 there is a partition P with
Uf, P)—L(f, P) <e.
Since

inf{U(f, P} < U(f, P),
sup{L(f, P")} > L(f, P),

it follows that
inf{U(f, PH} -~ sup{L(f, P')} < E.

Since this is true for all € > 0, it follows that
sup{L(f, P')} = inf{U(f, P}

by definition, then, f is integrable. The proof of the converse assertion is similar:
If f is integrable, then

sup{L(f, P)} = inf {U(f, P)}.
This means that for each ¢ > 0 there are partitions P/, P” with

U(f, P") - L(f, P)) < &.
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Let P be a partition which contains both P’ and P”. Then, according to the
lemma,

U(f, P) = U(f, P"),
L(f, P) = L(f, P');

consequently,

UL, PY-L(f, P U(f, P") - L(f. P) <.

Although the mechanics of the proof take up a little space, it should be clear
that Theorem 2 amounts to nothing more than a restatement of the definition
of integrability. Nevertheless, it is a very convenient restatement because there is
no mention of sup’s and inf’s, which are often difficult to work with. The next
example illustrates this point, and also serves as a good introduction to the type
of reasoning which the complicated definition of the integral necessitates, even in

very simple situations.
Let f be defined on [0, 2] by

_J0, x#£1
f(x)_{l, x=1.

Suppose P = {fg, ..., tx} is a partition of [0, 2] with
i1 < 1 < L

(see Figure 8). Then
m,-=M,-=O if 17‘5_],

but
m; = 0 and Mj = 1
Since
j=1 n
LU, PY =) mil — i) +mill — 1)+ 3 mi(t — i),
i=1 l'=]'+1
J=1 n
U({f.Py= ZM:'(!;' - +MG; -5+ Z M;(t; — ;1)
i=1 i=j+1
we have

U(f,P)—L(f,P)=1t; — ;1.
This certainly shows that f is integrable: to obtain a partition P with
U(f, P) - L(f, P) <e,
it is only necessary to choose a partition with
tioir<l<t; and t -t <e.
Moreover, it is clear that

L(f,P) <0< U(f, P) forall partitions P.
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Axy=x
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FIGURE 9

Since f is integrable, there is only ene number between all lower and upper sums,
namely, the integral of f, so
2
f F=0.
]

Although the discontinuity of f was responsible for the difficulties in this exam-
ple, even worse problems arise for very simple continuous functions. For example,
let f(x) = x, and for simplicity consider an interval [0, b], where b > 0. If
P ={t,..., 1} is a partition of [0, b], then (Figure 9)

m; =1 and M, =
and therefore

L(f,P)= Zti-l(ti — 1)

i=l

=tolt1 —to) + 12 —t1) + - + ta_1{tn — ta—1),

UG, PY=_t(t —ti1)

i=1
=n( —t)+nt—Hn)+- -+t — ta1).

Neither of these formulas is particularly appealing, but both simplify considerably
for partitions P, = {to, ..., %} into n equal subintervals. In this case, the length
t; — t;—1 of each subinterval is b/n, so

=0,
b
t]. =,
n
2b
ty = —, etc;
n
in general
ib
= —.
n
Then

L(f, P) =) tio1(t — ti1)
i=1

B[N
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Remembering the formula

1+"'+k=k(k+1)9

2

this can be written

(n—NDn) »
py=2"2W 5
L. P 2 2

_nmt

T on 2°

Similarly,

Uf, P = it —ti1)
i=1

If n is very large, both L(f, P,) and U(f, P.) are close to b%/2, and this remark
makes it easy to show that f is integrable. Notice first that

2 b2

U(f, By) — L(f, P)) = ek

This shows that there are partitions P, with U(f, P,)—L(f, P,) as small as desired.
By Theorem 2 the function f is integrable. Moreover, _/;;’ f may now be found
with only a little work. It is clear, first of all, that

2
L(f, P) < % <U(f, P,) foralln.

This inequality shows only that 52/2 lies between certain special upper and lower
sums, but we have just seen that U(f, P,) — L(f, P,) can be made as small as
desired, so there is onfy one number with this property. Since the integral certainly
has this property, we can conclude that

j;bf=%2- N

Notice that this equation assigns area b2/2 to a right triangle with base and alti-
tude & (Figure 10). Using more involved calculations, or appealing to Theorem 4,

it can be shown that
b b2 a2
fa F=5-7
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FIGURE 11

The function f(x) = x? presents even greater difficulties. In this case (Fig-
ure 11), if P = {19, ..., tz} is a partition of [0, 5], then

m; = f(tic)) = (ti-1)> and M; = f(&) =12
Choosing, once again, a partition P, = {fo, ..., &} into n equal parts, so that
i-b

L=
n

the lower and upper sums become
L(f, P) =) (t-1)? - (t ~ tim1)
i=l
R 2
=) (- 1)2”—2 b
i=1 n n
b3 n—1

j=0

Recalling the formula
P4+ = L+ DRk + D

from Problem 2-1, these sums can be written as

» 1

L{f P,) = 3 E(" - D(n)2n - 1),
o1

U(S, Py) = =5 6(n +D2r+1).

It is not too hard to show that

b3
L(f’ Pl'l) = '_3_ = U(f! Pn)s

and that U(f, P} — L(f, P,) can be made as small as desired, by choosing n
sufficiently large. The same sort of reasoning as before then shows that

L%

This calculation already represents a nontrivial result—the area of the region
bounded by a parabola is not usually derived in elementary geometry. Never-
theless, the result was known to Archimedes, who derived it in essentially the same
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way. The only superiority we can claim is that in the next chapter we will discover
a much simpler way to arrive at this result.
Some of our investigations can be summarized as follows:

b
ff:c-(b—a) ift f(x)=c forallx,

b b2 a2
f=7—7 if f(x)==x forall x,
a
b 3 3
=%_%-ifﬂﬂ=ﬁﬁmh.

This list already reveals that the notation j;b f suffers from the lack of a convenient
notation for naming functions defined by formulas. For this reason an alternative
notation,* analogous to the notation lim f(x), is also useful:

X—a

b b
f f(x)dx means precisely the same as f r
a a

Thus

Notice that, as in the notation lim f(x), the symbol x can be replaced by any
x—ra
other letter (except f, a, or b, of course):

b b b b b
f Forydx = f fydt = f f@)da = f F)dy = f f@)de.

The symbol dx has no meaning in isolation, any more than the symbol x —
has any meaning, except in the context lim f(x). In the equation
X—r

b b3 a3
2
drx=2 -2
fax x 3 3

*The notation fab Sfi(x)dx is actually the older, and was for many years the only, symbol for the

integral. Leibniz used this symbol because he considered the integral to be the sum (denoted by f)
of infinitely many rectangles with height f(x) and “infinitely small” width dx. Later writers used
xg, ..., xn to denote the points of a partition, and abbreviated x; — x;_| by Ax;. The integral was

n
defined as the limit as Ax; approaches 0 of the sums E f(x;) Ax; (analogous to lower and upper
i=1
sums). The fact that the limit is obtained by changing Z to f, f(x;) to f(x), and Ax; to dx, delights
many people.
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the entire symbol x2 dx may be regarded as an abbreviation for:
the function f such that f(x) = x? for all x.

This notation for the integral is as flexible as the notation li_rg f(x). Several ex-

amples may aid in the interpretation of various types of formulas which frequently
appear; we have made use of Theorems 5 and 6.*

b b b b2 .‘.'12
4} f(x+y)dx=f xdx+f ydx=?—5+y(b—a).

X X X x2 a2
(2) f(y+t)dy=f ydy+f tdy=?——2—+t(x—-a).

b x b
3 f ([ (1+t)dz)dx =f A+ —a)dx

b
=(1+t)f (x —a)dx

2 2
=(1+t)|:%—%—a(b—a)].

b s pd 4 a2 ¢?
4 f(f (x+y)dy)dx=[ [x(d—C)+?—5:|dx
d2 (.'2 b
=(—2——E)(b—a)+(d-c)[a xdx

d2 2 b a?
=(?—-2—)(b-—a)+(d—-c)(—2—-—?)

The computations of [ : xdx and f: x2 dx may suggest that evaluating integrals
is generally difficult or impossible. As a matter of fact, the integrals of most func-
tions are impossible to determine exactly (although they may be computed to any degree
of accuracy desired by calculating lower and upper sums). Nevertheless, as we shall see in
the next chapter, the integral of many functions can be computed very easily.

Even though most integrals cannot be computed exactly, it is important at least
to know when a function f is integrable on [a, b]. Although it is possible to say
precisely which functions are integrable, the criterion for integrability is a little too
difficult to be stated here, and we will have to settle for partial results. The next
Theorem gives the most useful result, but the proof given here uses material from
the Appendix to Chapter 8. If you prefer, you can wait until the end of the next
chapter, when a totally different proof will be given.

* Lest chaos overtake the reader when consulting other books, equation {1) requires an important
qualification. This equation interprets f: ¥ dx to mean the integral of the function f such that each

value f(x) is the number y. But classical notation often uses y for y(x), so f, : ydx might mean the
integral of some arbitrary function y.



THEOREM 3

PROOF

13. Integrals 263

If f is continuous on [a, b], then f is integrable on [a, b].

Notice, first, that f is bounded on [a, b], because it is continuous on [a, b]. To
prove that f is integrable on [a, b], we want to use Theorem 2, and show that for
every £ > () there is a partition P of [a, b] such that

U(f,PYy—L(f,P) <&

Now we know, by Theorem 1 of the Appendix to Chapter 8, that f is uniformly
continuous on [a, b). So there is some & > 0 such that for all x and y in [a, b),

if v =yl <8, then £ () ~ ) < 55—
The trick is simply to choose a partition P = {tg, ..., t,} such that each |t, —t;_1| <
§. Then for each i we have
£ .
&) - fO <555 forallxyin[t,4],

and it foliows easily that
£ £

mi = 2(b—a) = b—a

Since this is true for all i, we then have

M; —

U(f, P) — L{f, P) =D _(M; — m;)(t; — £;_1)
ja=l

£ n
< L —_1
b—aE' !

&
b—a
=3,

-b—a

which is what we wanted. ||

Although this theorem will provide all the information necessary for the use of
integrals in this book, it is more satisfying to have a somewhat larger supply of
integrable functions. Several problems treat this question in detail. It will help to
know the following three theorems, which show that f is integrable on [a, b], if it
is integrable on [a, c] and [c, b]; that f + g is integrable if f and g are; and that
c- f is integrable if f is integrable and ¢ is any number.

As a simple application of these theorems, recall that if f is 0 except at one
point, where its value is 1, then f is integrable. Multiplying this function by ¢, it
follows that the same is true if the value of f at the exceptional point is c. Adding
such a function to an integrable function, we see that the value of an integrable
function may be changed arbitrarily at one point without destroying integrability.
By breaking up the interval into many subintervals, we see that the value can be
changed at finitely many points.

The proofs of these theorems usually use the alternative criterion for integrability
in Theorem 2; as some of our previous demonstrations illustrate, the details of the
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THEOREM 4

PROOF

FIGURE 12

argument often conspire to obscure the point of the proof. It is a good idea to
attempt proofs of your own, consulting those given here as a last resort, or as a
check. This will probably clarify the proofs, and will certainly give good practice
in the techniques used in some of the problems,

Leta < c < b. If f is integrable on [a, b}, then f is integrable on [a, c¢] and on
[¢, b]. Conversely, if f is integrable on [a, ¢] and on [c, §], then f is integrable
on [a, b]. Finally, if f is integrable on [a, b], then

[r=[1+[7

Suppose f is integrable on [a, b]. If £ > 0, there is a partition P = {f, ..., #} of
[, b] such that
U(f, P)—L(f, P)<e.

We might as well assume that ¢ = ¢ for some j. (Otherwise, let Q be the partition
which contains #,...,1, and ¢; then @ contains P, so U(f, Q) — L(f, @) =<
U(f, P) — L(f, P) < &)

Now P’ = {19, ..., 4} is a partition of [a,c] and P” = {, ..., ,} is a partition
of [c, b] (Figure 12). Since

L(f, P) = L(f, P') + L(f, P"),
U(f, P)=U(f, P)+ U(f, P,

we have
U, PY—L(f, PO+ [U(f, PY—L(f, P)) =U(f, P)— L(f, P) < &.

Since each of the terms in brackets is nonnegative, each is less than e. This shows
that f is integrable on [a, c] and [c, b]. Note also that

L(f, P)) < f F<U, P,

b
L(f, P") < f f <U(, PY),

so that Y
L(f,P)sf f+f £ <UL, P).

Since this is true for any P, this proves that

c b b
[oefs=[
a c a
Now suppose that f is integrable on [a,¢] and on [¢,b]. If £ > 0, there is a

partition P’ of [a, c] and a partition P” of [c, b] such that

U(.fi P’) _L(fv P’) < 8/2,
U(f, PY—L(f, P") < &/2.
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If P is the partition of [a, b] containing all the points of P/ and P”, then

L(f, P) =L(fa P,) +L(f’ P”)»
Uf, PYy=U(f, PY+ U(f, P");

consequently,

U, P)—-L(f,P)=[U(f, PY—L(f, PO+ [U(f, PY=L(f, P)] <e. ]

Theorem 4 15 the basis for some minor notational conventions. The integral

f: f was defined only for @ < b. We now add the definitions

/;f:O and [abf=-—j:f ifa > b.

With these definitions, the equation [ f + f: f= f: f holds for all g, ¢, b even
if @ < ¢ < b is not true {the proof of this assertion is a rather tedious case-by-case
check).

If f and g are integrable on [a, b], then f + g is integrable on [a, b] and

f:(f+g)=f:f+[’g-

Let P ={1,..., .} be any partition of [a,b]. Let

m; = inf{(f + g)(x}: i1 <x < 4},
m =inf{f(x):_1 <x <},
m;" =inf{g(x): 1 < x =1},

and define M;, M;’, M;” similarly, It is not necessarily true that
m; =m;' +m;",
but it is true (Problem 10) that

m; > m;' +m".

Similarly,
M; < M+ M.
Therefore,
L(f.P)+ L(g, P) < L(f +g. P)
and
U(f+g. PY<U(f, P)+U(g P).
Thus,

L(f,P)+L(g, P)SL(f+g P)Y<U(f+g PY=U(f,P)+U(g, P).
Since f and g are integrable, there are partitions P, P” with

UWS, P~ L(f, P)) <¢/2,
U(g, P"y — L(g, P") < /2.
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If P contains both P’ and P”, then
U(f,P)+U(g, P)— [L(f, P) + L(g, P)] <¢,
and consequently
U(f+g P)—L(f+g P)<e.
This proves that f + g is integrable on [a, b]. Moreover,
M Lf,P)+ L P)<L(f+g.P)

b
s[ (f+8
sU(f+eg. PY<U(f,P)+U(g, P)
and also

b b
@) L(f,P)+L(g,P)S[ f+f g=U({f, P)+Ulg P).

Since U(f, P) — L(f, P) and U(g, p) — L(g, P) can both be made as small as
desired, it follows that

can also be made as small as desired; it therefore follows from (1) and (2) that

[(f+g)=f:f+f:g.l

If f is integrable on [a, b], then for any number ¢, the function ¢f is integrable

on [a, b] and
j‘;bcf:c-j;bf.

The proof (which is much easier than that of Theorem 5) is left to you. It is a good
idea to treat separately the cases ¢ > 0 and ¢ < 0. Why? ||

(Theorem 6 is just a special case of the more general theorem that f - g is
integrable on [a, b], if f and g are, but this result is quite hard to prove (see
Problem 38).)

In this chapter we have acquired only one complicated definition, a few simply
theorems with intricate proofs, and one theorem which required material from the
Appendix to Chapter 8. This is not because integrals constitute a more difficult
topic than derivatives, but because powerful tools developed in previous chapters
have been allowed to remain dormant. The most significant discovery of calculus
is the fact that the integral and the derivative are intimately related—once we
learn the connection, the integral will become as useful as the derivative, and as
easy to use. The connection between derivatives and integrals deserves a separate
chapter, but the preparations which we will make in this chapter may serve as a
hint. We first state a simple inequality concerning integrals, which plays a role in
many important theorems.
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Suppose f is integrable on [a, b] and that
m< f(x) <M forallxin [a,b].
Then .
m(b — a) 5/a f <M —a)

It is clear that
mb—a) <L(f,P) and U(f,P)<M(b—a)

for every partition P. Since f: f = sup{L(f, P)} = mf{U(f, P)}, the desired
inequality follows immediately. |
Suppose now that f is integrable on [a, b]. We can define a new function f on

[a. b] by
Fu»=£ff=£fﬂnm.

(This depends on Theorem 4.) We have seen that f may be integrable even if it
is not continuous, and the Problems give examples of integrable functions which
are quite pathological. The behavior of F is therefore a very pleasant surprise.

If f is integrable on [a, b] and F is defined on [a, b] by
x
F(x) =f £
a
then F is continuous on [a, b].

Suppose ¢ is in [a, b]. Since f is integrable on [a, &] it is, by definition, bounded
on [a, b]; let M be a number such that
|f(x) <M forall x in [a, b].

If A > 0, then (Figure 13)

ct+h c c+h
F(c+h)—F(C)=f f—_[f=f I

-M < f(x) <M forall x,

Since

it follows from Theorem 7 that
ct+h
—M-h < f f = Mh;
[

in other words,
(1) —M-h<Flc+h —F()<M-h.
If h < 0, a similar inequality can be derived: Note that

c+h <
F@+M—Hd=[ f=—{ ¢
c c+h



268 Derivatives and Integrals

Applying Theorem 7 to the interval [¢ + A, ¢], of length —h, we obtain
Mh < f=—Mhk;
c+h

multiplying by —1, which reverses all the inequalities, we have
(2) Mh < F(c+h)— F(c) < —Mh.
Inequalities (1) and (2) can be combined:
|Flc+h)— F(c)l = M -1{h|.

Therefore, if ¢ > 0, we have

[Fle+h)—F(o)l <&,
provided that |k] < £/M. This proves that

’liiir%)F(c+h) = F(c);

in other words F is continuous at c.

Figure 14 compares f and F(x) = f: f for various functions f; it appears
that F is always better behaved than f. In the next chapter we will see how true
this is.

FIGURE 14
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PROBLEMS

1.

*3.

*4,

Prove that fj Px3dx = b%/4, by considering partitions into n equal subin-

tervals, using the formula for 213 which was found in Problem 2-6. This

=1
problem requires only a stralghtforward imitation of calculations in the text,

but you should write it up as a formal proof to make certain that all the fine
points of the argument are clear.

Prove, similarly, that [ x*dx = b%/5.

(a) Using Problem 2-7, show that the sum E k? /nP*! can be made as close
k=1
to 1/(p + 1) as desired, by choosing n large enough.

() Prove that fJ xPdx = b+l /(p +1).

This problem outlines a clever way to find f xPdx for 0 <a < b. (The

result for @ = 0 will then follow by continuity.) The trick is to use pamtlons
P = {1y, ..., t,} for which all rattos r = 1;/t;_) are equal, instead of using
partitions for which all differences #; — #_; are equal.

(a) Show that for such a partition P we have

L =a-c’" forc= -
a

(b) If f(x) = x?, show, using the formula in Problem 2-5, that

U(f, P) = ap"'l(l —c~lm i(c(pﬂ)/")i
i=1 L m
1 — cletl)/n
1
14+cl/n 4. pcpin
and find a similar formula for L(f, P).
(c) Conclude that

ptl _ gptly (p+1)/n
= (a b e

— (bp+1 _ ap+1)cp/n ]

b bp+1__ p+l
[ xPdx = —a——.
a p+1

Evaluate without doing any computations:

1
(i) f V1 - x2dx.
-1
1
f (x> +3)v1 - x2dx.
-1
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6. Prove that

T .
/‘ Smtdt>0
o t+1

for all x > 0.

7. Decide which of the following functions are integrable on [0, 2], and calculate
the integral when you can.

X, O<x<l1
f(x)_{x—Z, l<x<2.

X, 0<xx1
f(x)_{x—Z, 1l <x <2,
fix) =x4[x].

| x+[x], =x rational
fo) = { 0, x irrational.
) = { 1, x of the form a + b+/2 for rational a and b

0, x not of this form.

-—}—, D<x=<l
fx)= [;]

0, x=0orx>1.

{(vit) f is the function shown in Figure 15,

FIGURE 15

Find the areas of the regions bounded by

2

the graphs of f(x) =x? and g(x) = % +2.

the graphs of f(x) = x? and g(x) = —x? and the vertical lines through
(—1,0) and (1, 0.

the graphs of f(x) = x2 and g(x) =1 —x2.

the graphs of f(x) = x2 and g(x) = 1 —x2 and h(x) = 2.

the graphs of f(x) = x2 and g(x) = x% — 2x +4 and the vertical axis.



10.

11,

12,

13.

14.
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(vi) the graph of f(x) = 4/x, the horizontal axis, and the vertical line

2
through (2,0). (Don’t try to find / v/x dx; you should see a way of

0
guessing the answer, using only integrals that you already know how to
evaluate. The questions that this example should suggest are considered
in Problem 21.)

f: (fcd fx)g() dy) dx

in terms of fab fand [ cd g. (This problem is an exercise in notation, with a
vengeance; it is crucial that you recognize a constant when it appears.)

Find

Prove, using the notation of Theorem 5, that
mi’ +m;" =inf{f(x)) + g(x2) : i1 < x1,x2 <4} < m;.

(a) Which functions have the property that every lower sum equals every
upper sum?

(b) Which functions have the property that some upper sum equals some
(other) lower sum?

{c) Which continuous functions have the property that all lower sums are
equal?

*(d) Which integrable functions have the property that all lower sums are
equal? (Bear in mind that one such function is f(x) = 0 for x irrational,
fx) = 1/q for x = p/q in lowest terms.) Hint: You will need the
notion of a dense set, introduced in Problem 8-6, as well as the results of
Problem 30.

If a < b < ¢ <dand f is integrable on [a, d], prove that f is integrable on
[, c]. (Don’t work hard.)

(a) Prove that if f is integrable on [a, 5] and f(x) > O for all x in [a, &],
then f ’ f=0

{b) Prove :hat if f and g are integrable on [a, b] and f(x} > g(x) for all x
in [a, b], then f ’ f= ’ g. (By now it should be unnecessary to warn
that if you work hard onapart (b) you are wasting time.)

Prove that
& bte
f fx)dx = JFlx —c)dx.
a a+c
(The geometric interpretation should make this very plausible.) Hint: Every
partition P = {tp, ..., ;} of [a, b] gives rise to a partition P’ = {f + ¢,
<., tn+c} of [a+c, b+ c], and conversely.
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*15.

*16.

17.

18.

19.

20.

Prove that

a [ ab
/ ldt-i-f —l—dt=f la’t.
1 ¢ 1 ¢ 1 ¢

[ ab
Hint: This can be written j l/tdt = 1/tdt. Every partition P =
1 b
{to, ..., t,} of [1,a] gives rise to a partition P’ = {bty, ..., btn} of [b,ab],
and conversely.

Prove that , ,
f fyde = cf fler)ds.

(Notice that Problem 15 is a special case.)

Given that the area enclosed by the unit circle, described by the equation
x2 4+ y2 = 1, is 7, use Problem 16 to show that thc area enclosed by the
ellipse described by the equation x2/a* + y*/b* = 1 is wab.
b
This problem outlines yet another way to compute f x" dx; it was used by
Cavalieri, one of the mathematicians working just before the invention of
calculus,
1 a

(@) Letc, = f x" dx. Use Problem 16 to show that f x"dx = c,a™.
] ¢
(b) Problem 14 shows that

2a a
f xtdx = (x+a)dx.
0

—a

Use this formula to prove that

2"+lc,,a"+l = 2g7+! Z (z)ck‘

k even

(c) Now use Problem 2-3 to prove that ¢, = 1/(n + 1).

Suppose that f is bounded on [a, b] and that f is continuous at each point
in [a, b] with the exception of x¢ in (a,b). Prove that f is integrable on
[a, b]. Hint: Imitate one of the examples in the text.

Suppose that f is nondecreasing on [a, b]. Notice that f is automatically
bounded on [a, #], because f(a) < f(x) < f(b) for x in [a, b).

(@) If P={ny,..., 1) is a partition of [a, b], what is L(f, P) and U(f, P)?

{(b) Suppose that #; — t;.1 = § for each i. Prove that U(f, P) — L(f, P) =
5L/ (b) — f@).

(c} Prove that f is integrable.

(d) Give an example of a nondecreasing function on [0, 1] which is discon-
tinuous at infinitely many points.
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It might be of interest to compare this problem with the following extract
from Newton’s Principia.*

LEMMA I1

& in any figure Aack, terminated by the right lines Aa, AE, and the curve acE,
there be inscribed any mumber of parallelograms Ab, Be, Cd, &, comprehended
under equal bases AB, BC, CD, &e., and the sides, Bb, Cc, Dd, &e., parallel
o o one sule Aa of the figure; and the parallelograms aKbl, bLcm, cMdn, &e., are

completed: then if the breadth of those parallelograms be supposed to be diminished,
and their number fo be augmented in infinitum, I say, that the ultimate ratios
which the inscribed figure AKbLeMdD, the circumscribed Sigure AalbmendoE,

*21.

22.

®  and curvilinear figure AabcdE, will have to one another; are ratios of equality.

For the difference of the inscribed and circumscribed figures is the
sum of the parallelograms Kl, Lm, Mn, Do, that is (from the equality
of all their bases), the rectangle under one of their bases Kb and the
sum of their altitudes Aa, that is, the rectangle ABla. But this rectangle,
because its breadth AB is supposed diminished in infinitum, becomes less
than any given space. And therefore (by Lem. 1) the figures inscribed
and circumscribed become ultimately equal one to the other; and much
more will the intermediate curvilinear figure be ultimately equal to either.
QE.D.

Suppose that f is increasing, Figure 16 suggests that
Il

fa = b)) - [

£~ Ya)

@ If P = {tg,...,1,} is a partition of [a,b], let P’ = {fl(z),...,
1t} Prove that, as suggested in Figure 17,

L(f ™\ PY+U(f, P) = bf ' (b) - af ().
{b) Now prove the formula stated above.
b
(c) Findf YxdxforO<a <b.

Suppose that f is a continuous increasing function with £(0) = 0. Prove
that for a, b > 0 we have Young’s inequality,

a b
abs] f(x)d.r—i—f f_l(x)dx,
0 0

and that equality holds if and only if b = f(a). Hint: Draw a picture like
Figure 16!

*Newton's Principia, A Revision of Mott's Translation, by Florian Cajori. University of California
Press, Berkeley, California, 1946.
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()

e
a=tly iy L2 ts !n=b

FIGURE 17
(]
r
FIGURE 18 24,
f
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*25.

FIGURE 19

23.

(a) Prove that if f is ntegrable on [a,b] and m < f(x) < M for all x in
[a, b], then

b
f fx)dx = b —a)u

for some number p withm < u < M.

(b) Prove that if f is continuous on [a, b], then

b
f fx)dx = (b —a)f(€)

for some & in [a, b]; and show by an example that continuity is essential.

(c) More generally, suppose that f is continuous on [a, b] and that g is
integrable and nonnegative on [a, b]. Prove that

b b
f F®e® dx = fE) f g(x)dx

for some £ in [a, b]. This result is called the Mean Value Theorem for
Integrals.

(d) Deduce the same result if’ g is integrable and nonpositive on [a, b].

(e) Show that one of these two hypotheses for g is essential.

In this problem we consider the graph of a function in polar coordinates
(Chapter 4, Appendix 3). Figure 18 shows a sector of a circle, with central
angle 8. When 6 is measured in radians (Chapter 15), the area of this sector

isr?. 5 Now consider the region A shown in Figure 19, where the curve is

the graph in polar coordinates of the continuous function f. Show that

1 &
area A=~ | f(0)%d6.
2 Jg

Let f be a continuous function on [a, b]. If P = {1, ..., t,} is a partition of
[a, b], define

e, P =Y Vi — 10 + Lf ) — )P
i=l
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The number £(f, P) represents the length of a polygonal curve inscribed in
the graph of f (see Figure 20). We define the length of f on [a, #] to be
the least upper bound of all £(f, P) for all partitions P (provided that the set
of all such £(f, P} is bounded above).

(a) If f is a linear function on [a, b], prove that the length of f is the
distance from (a, f(a)} to (b, f(b)).

(b) If f is not linear, prove that there is a partition P = {a,r, b} of [a, b]
such that £(f, P) is greater than the distance from (a, f(a)) to (b, f(b)).
(You will need Problem 4-9.)

(c) Conclude that of all functions f on [a, b] with f(a) = c and f(b) =d,
the length of the linear function is less than the length of any other. (Or,
in conventional but hopelessly muddled terminology: “A straight line is
the shortest distance between two points”.)

(d) Suppose that f’ is bounded on [a, b]. If P is any partition of [a, b]
show that

L(V1+ ()% P) s &(f, P) <UL+ () P).
Hint: Use the Mean Value Theorem.

(e) Whyis sup{L(v 1+ (2 P)} < sup{£(f, P)}? (This is easy)

(f) Now show that sup(£(f, P)} < inf{U(\/ 1+ (f)?, P)}, thereby proving
that the length of f on [a, b] is [ b\/1 + ()% i V14 (F)2 is inte-
grable on [a, b]. Hint: It suffices to show that if P’ and P” are any two
partitions, then £(f, P") < U(V1+ (f)%, P”). If P contains the points
of both P’ and P”, how does £(f, P’) compare to £(f, P)?

(g) Let £(x) be the length of the graph of f on [a, x], and let d(x) be the
length of the straight line segment from (a, f(a)) to (x, f(x)). Show that

L(x)

d(x)

Hint: It will help to use a couple of Mean Value Theorems.

L.

lim
X—>a

A function 5 defined on [a, b] is called a step function if there is a partition
P ={tg,..., 1} of [a, b] such that s is a constant on each (#_1, #) (the values
of s at ; may be arbitrary).

{a) Prove thatif f is integrable on [a, b], then for any & > O there is a step

b b
function 51 < f with f f- f 51 < &, and also a step function 57 > f
a a

b b
withf 52 — f<e.

(b} Suppogc that for all & > 0 there are step functions sy < f and 52 > f
b b
such that f 52— f 51 < &. Prove that f is integrable.
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*27.

28.

29.

*30.

*31.

(¢} Find a function f which is not a step function, but which satisfies f f=
L(f, P) for some partition P of [a, b]. ‘
Prove that if f is integrable on [a, &], then for any & > 0 there are continuous

functions g < f < h with [ f g < e. Hint: First get step functions

with this property, and then continuous ones. A picture will help immensely.

(a) Show that if 51 and s; are step functions on [a, b], then s1 + 52 is also.
b

b
(b} Prove, without using Theorem 35, that f (51 +52) = f 51+
(¢) Use part (b} (and Problem 26) to give an alternative pro%f of Theorem 5.

Suppose that f is integrable on [a, b]. Prove that there is a number x in
b

[a, b] such that f f= f f- Show by example that it is not always possible
to choose x to beain (a, b)x.

The purpose of this problem is to show that if f is integrable on [a, b], then
f must be continuous at many points m [a, b].

{a) Let P = {tp, ..., t;} be a partition of [a, b] with U(f, P) — L(f, P) <
b — a. Prove that for some i we have M; —m; < 1.

(b) Prove that there are numbers a; and b with @ < a1 < b1 < b and
sup{f(x):a1 <x <} —-inf{f(x) : @ <x < b} < 1. (You can choose
[a1, b1] = [ti-1, t;] from part (a) unless i = 1 or n; and in these two cases
a very simple device solves the problem.})

(¢} Prove that there are numbers a; and by with @) < a3 < by < by and
sup{f(x) 1 a2 < x < by} ~inf{f(x) 1 @2 < x < by} < 3.

(d) Continue in this way to find a sequence of intervals I, = [an, b,] such
that sup{f(x) : x in I,} — inf{f(x) : x in I,} < 1/n. Apply the Nested
Intervals Theorem (Problem 8-14) to find a point x at which f is con-
tinuous.

(e) Prove that f is continuous at infinitely many points in [a, b].

b
Recall, from Problem 13, that f f=0if f(x)=O0forall x in [a, b].

(a) Give an example where f(x) > 0 for all x, and f(x) > O for some x in
[a, b], and f f=0.

(b) Suppose f (xa) > 0 for all x in [a, b] and f is continuous at xp in [a, b]
and f(xo) > 0. Prove that ’ f > 0. Hint: It suffices to find one lower

sum L(f, P) which is positiv?a.
(c) Suppose f is integrable on [a, b] and f(x} > 0 for all x in [a, b]. Prove
b

that f f > 0. Hint: You will need Problem 30; indeed that was one

reason for mcluding Problem 30.
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33.

*34.

*35.

*36.

37.

*38.
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b
(a) Suppose that f is continuous on [a,b] and | fg = 0 for all continuous

functions g on [a, b]. Prove that f = 0. (T hi?; is easy; there is an obvious

g to choose.)
b

{b) Suppose f is continuous on [a, b] and that f fg = 0 for those con-

tinuous functions g on [a, b] which satisfy the extra conditions gla) =
g(b) = 0. Prove that f = 0. (This innocent looking fact is an important
lemma in the calculus of variations; see the Suggested Reading for refer-
ences.) Hint: Derive a contradiction from the assumption f(xg) > 0 or
f(xo) < 0; the g you pick will depend on the behavior of f near xp.

Let f(x) = x for x rational and f(x) = 0 for x irrational.

{a) Compute L(f, P) for all partitions P of [0,1].
(b) Find inf{U(f, P) : P a partition of [0, 1}}.

Let f(x) = 0 for irrational x, and 1/q if x = p/q in lowest terms. Show
1
that f is integrable on [0, 1] and that f f = 0. (Every lower sum is clearly
0
0; you must figure out how to make upper sums small.)

Find two functions f and g which are integrable, but whose composition
g o f is not. Hint: Problem 34 is relevant.

Let f be a bounded function on [a, b] and let P be a partition of [a, b].
Let M; and m; have their usual meanings, and let M;" and m;" have the
corresponding meanings for the function | f|.

_——

a) Prove that M;" —m;’ < M; — m;.

) Prove that if f is integrable on [a, b], then so is | f|.

(c) Prove thatif f and g are integrable on [a, b], then so are max(f, g) and
min(f, g).

(d) Prove that f is integrable on [a,b] if and only if its “positive part”

max( f, 0) and its “negative part” min(f, 0) are integrable on [a, b].

=

Prove that if f is integrable on [a, b], then

b b
f fdl < f FOldr.

Hint: This follows easily from a certain string of inequalities; Problem 1-14
is relevant.

Suppose f and g are integrable on [a, b] and f(x), g(x) = O for all x in
[a. b]. Let P be a partition of [a, b]. Let M;’ and m;’ denote the appropriate
sup’s and inf’s for f, define M;” and m;” similarly for g, and define M; and m;
similarly for fg.

(a) Prove that M; < M;’M;” and m; > m;'m,".
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39.

*40,

{(b) Show that

U(fg, P) = L(fg, P) < ) _[M/M;" — m/m;"](5; — 1;-1).
i=1
(¢) Using the fact that f and g are bounded, so that | f(x)|, |g(x)| < M for
x in [a, b], show that

U(fg, P)— L(fg, P)

n n

=M [E[Mi' —m 1 — b)) + Y[ M — (- ti—l)] -
i=1 i=1

(d) Prove that fg is integrable.

{(e) Now eliminate the restriction that f(x), g(x) > 0 for x in [a, b].

Suppose that f and g are integrable on [a, b]. 'The Cauchy-Schwarz inequality

states that )

() =([ (%)

(a) Show that the Schwarz inequality is a special case of the Cauchy-Schwarz
inequality:

(b) Give three proofs of the Cauchy-Schwarz inequality by imitating the
proofs of the Schwarz inequality in Problem 2-21. (The last one will
take some imagination.)

{¢} If equality holds, is it necessarily true that f = Ag for some A? What if
f and g are continuous?

2
1 1
(d) Prove that ( f f) < ( f fz). Is this result true if O and 1 are
0 0
replaced by a and b?

Suppose that f is continuous and xlin;o f(x) = a. Prove that

1 X
lim —f f)ydt =a.
x—oo X Jo
Hint: The condition lim f(x) = a implies that f(#) is close to a for
X—00
N+M
t > some N, This means that f f()dt is close to Ma. If M is large in

N
comparison to N, then Ma/(N + M) is close to a.
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APPENDIX. RIEMANN SUMS

Suppose that P = {1, ..., ,} is a partition of [a, b], and that for each i we
choose some point x; in [#;_1, #;]. Then we clearly have

n

L(f,P) <) fGx)& —tiy) < UL, P).

i=1

n

Any sum Z F ()& — t;—1) 1s called a Riemann sum of f for P. Figure 1 shows
i=]

the geometric interpretation of a Riemann sum; it is the total area of n rectangles

that lie partly below the graph of f and partly above it. Because of the arbitrary
way in which the heights of the rectangles have been picked, we can’t say for

sure whether a particular Riemann sum is less than or greater than the integral
b

f(x)dx. But it does seem that the overlaps shouldn’t matter too much; if the

a
bases of all the rectangles are narrow enough, then the Riemann sum ought to be
close to the integral. The following theorem states this precisely.

Suppose that f is integrable on [a, b]. Then for every & > 0 there is some § > 0
such that, if P = {1, ..., t,} is any partition of [a, b] with all lengths t; — ;1 < §,
then

< g,

n b
Yo FeE -t - f fx)dx

i=1

for any Riemann sum formed by choosing x; in [f;—1, #].

First we will prove the theorem when f is continuous. As in the proof that a
continuous function is integrable (Theorem 13-3), we will use Theorem 1 from
the Appendix to Chapter 8, so you might want to skip it. But if you've already
read the proof of Theorem 13-3, this part of the proof will be a snap—in fact, it’s
practically the same.
Given ¢ > 0, choose § > 0 so that for all x and y in [a, b]
ifx — yl <4, then |£() ~ ) < 55—
Now consider any partition P = {ty, ..., f,} with each t; — ;| < §, and any x; in
[t:=1, #:]. Then, as we saw in the proof of Theorem 13-3, we have

) U(f, P)— L(f, P) <e.

But we also have

v) L(f.P) <) fx)t — 1) <U(S, P)

i=1

b
3 L(f, P) < f F(x)dx < UGS, P).
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The desired inequality, for our continuous function f, follows immediately from
(1), 2) and (3).

The argument in the general case is simple (though perhaps a bit messy), using
Problem 13-27, which says that there are continuous functions g < f < h satisfying

@ [e<[r<[n
with
j;bh—'[;bg < &.

Zg(xi)(ti —4i-1) = Zf(xi)(fi —41) < Zh(xi)(ti — 1),
i=1 i=1 i=1

‘We have

and since the theorem holds for continuous functions, we know that for t;,—_; < 8,
the lefi- and right-hand sides of this inequality are close to the left- and right-hand
sides of (4). This implies that the two middle terms,

b n
f fooand ) FG)E— i),
a i=1

must be close to j;b h—f : f, which is small. Detailed inequalities are left to the
skeptical reader. ||

The moral of this tale is that anything which looks like a good approximation
to an integral really is, provided that all the lengths # — #;,_; of the intervals in the
partition are small enough. Some of the following problems should bring home
this message with even greater force.

PROBLEMS

1. Suppose that f and g are continucus functions on [a, b]. For a partition
P ={ty,...,t:} of [a, b] choose a set of points x; in [#_1, #;] and another set
of points u; in [#_1, #]. Gonsider the sum

Y Fag ) -
i=1

Notice that this is #of a Riemann sum of fg for P. Nevertheless, show that
b

all such sums will be within £ of f fg provided that the partition P has all

a
lengths # — £;_1 small enough. Hint: Estimate the difference between such a
sum and a Riemann sum; you will need to use uniform continuity.
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This problem is similar to, but somewhat harder than, the previous one.
Suppose that f and g are continuous nonnegative functions on [a, b]. For a
partition P, consider sums

D VFC) + gl) (6 — 1)
i=1

B
Show that these sums will be within ¢ of f Vf+egifallt;, —t_; are small

a
enough. Hint: Use the fact that the square-root function is uniformly con-
tinuous on a closed interval [0, M].

Finally, we’re ready to tackle something big! (Compare Problem 13-25.)
Consider a curve ¢ given parametrically by two functions # and v on [a, b].
For a partition P = {fg, ..., #;} of [a, b] we define

te. Py = 3 [u(t) — uti_n? + [v@) — vlt-]%
i=1

this represents the length of an inscribed polygonal curve (Figure 2). We
define the length of ¢ to be the least upper bound of all £(f, P), if it exists.
Prove that if &’ and v’ are continuous on [a, b], then the length of c is

b
f !/ur2 + v'2,
a

Let f’ be continuous on the interval [, 61]. Show that the graph of f in
polar coordinates on this interval has the length

;)
1‘/f2+f»'2-
&

Using Theorem 1, show that the Cauchy-Schwarz inequality (Problem 13-39)
1s a consequence of the Schwarz inequality.
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THEOREM 1 (THE FIRST
FUNDAMENTAL THEOREM
OF CALCULUS)

PROOF

From the hints given in the previous chapter you may have already guessed the
first theorem of this chapter. We know that if f is integrable, then F(x) = j: fis
continuous; it is only fitting that we ask what happens when the original function f
is continuous. It turns out that F is differentiable (and its derivative is especially
simple).

Let f be integrable on [a, b], and define F on [a, b] by

Fix) = [ f.

If f is continuous at ¢ in [a, ], then F is differentiable at ¢, and
F'(c) = f(o).
(If ¢ = a or b, then F’(c) is understood to mean the right- or left-hand derivative

of F.)

We will assume that ¢ is in (a, b); the easy modifications for ¢ = a or b may be
supplied by the reader. By definition,

F() =’]!j_% F(c+h;— F(c)-

Suppose first that # > 0. Then

c+h
F(c+h)—F(c)=f f

Define m; and M, as follows (Figure 1):

my =inf{f(x):c <x <c+h},
My =sup[f(x):c<x <c+h}

It follows from Theorem 13-7 that
c+h
mf.'hff f<M-h

Therefore P A P
< FEENFO

If A < 0, only a few details of the argument have to be changed. Let

M.

my=mf{f(x):c+h<x<c},
My =sup{f(x):c+h <x <c}

282
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-

FIGURE 1
Then .
ma - (—h) s[ f < My- (—h).
c+h
Since
c+h c
F(C+h)“F(C)=f f=—f f
¢ c+h

this yields

my-h>Fc+h)—F(c) =M -h.

Since k < 0, dividing by h reverses the inequality again, yielding the same result
as before:
"y < F(C+h}:— F(c) <

This inequality is true for any integrable function, continuous or not. Since f is
continuous at ¢, however,

M.

j}l_rf})mh =§1_r3)Mh = f{¢),

and this proves that

F(c+h) — F(c)
h

= f(©).1

P =iy

Although Theorem 1 deals only with the function obtained by varying the upper
limit of integration, a simple trick shows what happens when the lower limit is
varied. If G is defined by

b
6= 7.
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COROLLARY

PROOF

then ) i
cwr=[r-[1
Consequently, if f is continuous at ¢, then
G'(ey=—f(o).

The minus sign appearing here is very fortunate, and allows us to extend Theo-
rem 1 to the situation where the function

F(x) = f f
is defined even for x < a. In this case we can write
a
Flx) = — f f,

so if ¢ < a we have

F'(e)=—(=f(c) = f(o),

exactly as before.

Notice that in either case, differentiability of F at ¢ is ensured by continuity of f
at ¢ alone. Nevertheless, Theorem 1 is most interesting when f is continuous at
all points in [a, b]. In this case F is differentiable at all points in [, b] and

F' = f

In general, it is extremely difficult to decide whether a given function f is the
derivative of some other function; for this reason Theorem 11-7 and
Problems 11-54 and 11-55 are particularly interesting, since they reveal certain
properties which f must have. If f is continuous, however, there is no problem
at all—according to Theorem 1, f is the derivative of some function, namely the

function N
F(x) = f f

Theorem 1 has a simple corollary which frequently reduces computations of
integrals to a triviality.

If f is continuous on [a, b] and f = g’ for some function g, then

b
f F =g - g(@.

Fx) = f f

Then F' = f = g’ on [a, b]. Consequently, there is a number ¢ such that

Let

F=g+c.



14. The Fundamental Theorem of Calculus 285

The number ¢ can be evaluated casily: note that
0=F(a)=gla) +e,

s0 ¢ = —g(a); thus
F(x) = g(x) — g(a).

This is true, in particular, for x = b. Thus

b
_[ f=F®)=g®b)—g@).l

The proof of this corollary tends, at first sight, to make the corollary seem useless:
after all, what good is it to know that

b
f f=g®)—b@

if g is, for example, g(x) = j: f? The point, of course, is that one might happen
to know a quite different function g with this property. For example, if
.x3 2
gx) =7 and flx)=x

then g’(x) = f(x) so we obtain, without ever computing lower and upper sums:
b b3 ﬂ3
2
dx = — — —.
j; x“dx 3 3

One can treat other powers similarly; if n is a natural number and g(x) =
x"Hf(n + 1), then g'(x) = x", so

b bn+1 n+1
a
f x"dx =
a

n+l n+l

For any natural number n, the function f(x) = x™" is not bounded on any interval
containing 0, but if @ and b are both positive or both negative, then

b bl —n+l
f X "dx = _ 2 ]
A —n+1 -—-n+1

Naturally this formula is only true for n # —1. We do not know a simple expression_for

b1
f—dx.
a X

The problem of computing this integral is discussed later, but it provides a good
opportunity to warn against a serious error. The conclusion of Corollary 1 is often
confused with the definition of integrals—many students think that fab f is defined
as: “g(b) — g(a), where g is a function whose derivative is f.” This “definition” is
not only wrong—it is useless. One reason is that a function f may be integrable
without being the derivative of another function. For example, if f(x) = 0 for
x # 1 and f(1) = 1, then f is integrable, but f cannot be a derivative (why not?).
There is also another reason that is much more important: If f is continuous,
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THEOREM 2 (THE SECOND FUNDA-
MENTAL THEOREM OF CALCULUS)

PROCF

then we know that f = g’ for some function g; but we know this only because of
Theorem 1. The function f(x) = 1/x provides an excellent illustration: if x > 0,

then f(x) = g'(x), where i
glx) = f I dt,
1 ¢t

and we know of no simpler function g with this property.

The corollary to Theorem 1 is so useful that it is frequently called the Second
Fundamental Theorem of Calculus. In this book, that name is reserved for a
somewhat stronger result (which in practice, however, is not much more useful).
As we have just mentioned, a function f might be of the form g’ even if f is not
continuous. If f is integrable, then it is still true that

b
f f=gb)—gla).

The proof, however, must be entirely different—we cannot use Theorem 1, so we
must return to the definition of integrals.

If f is integrable on [a, b] and f = g’ for some function g, then

b
f f = g®) - g(@).

Let P = {t, ..., t} be any partition of [a, b]. By the Mean Value Theorem there
is a point x; in [-1, %] such that

g(t) —g(tio1) = &' )t — ti-1)
= f(x) (4 — 1).

It
m; =inf{f(x) 11 <x <4},
M; =sup{f(x):ti.1 = x <4},
then clearly
mi(t; — i) < fx)(t — 1) < M (4 —51),
that is,

mi(t; —ti-1) < gt) —g(ti—1) < Mi(t; — ti-1)-
Adding these equations for i = 1, ..., n we obtain
Zmi(l‘i — 1) <gb)—gla) < EM;'(H —ti_1)
i=1 i=1

so0 that
L(f, P)<gb)—gla) <= U(f, P)

for every partition P. But this means that

b
e(b) — g(a) = f A1
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We have already used the corollary to Theorem 1 (or, equivalently, Theorem 2)
to find the integrals of a few elementary functions:

fb "y = b+l a™t! 41 (@ and b both positive or
A R " both negative if n > 0).

As we pointed out in Chapter 13, this integral does not always represent the area
bounded by the graph of the function, the horizontal axis, and the vertical lines
through (a, 0) and (b, 0). For example, if a < 0 < b, then

b
f x> dx
a

does not represent the area of the region shown in Figure 2, which is given
mstead by

Similar care must be exercised in finding the areas of regions which are bounded
by the graphs of more than one function—a problem which may frequently involve
considerable ingenuity in any case. Suppose, to take a simple example first, that
we wish to find the area of the region, shown in Figure 3, between the graphs of
the functions

f(x)=x2 and g(x):x3

on the interval [0, 1]. If 0 < x < 1, then 0 < x3 < x2, 5o that the graph of g lies
below that of f. The area of the region of interest to us is therefore

area R(f,0,1)— area R(g,0, 1),

which is

1 1
2 3 1 1 1
xdx—fxdx:———= .
fo A 31T D

This area could have been expressed as

fa " —o.

If g(x) < f(x) for all x in [a, b], then this integral always gives the area bounded
by f and g, even if f and g are sometimes negative. The easiest way to see this is shown
in Figure 4. If ¢ is a number such that f + ¢ and g + ¢ are nonnegative on [a, b],
then the region R;, bounded by f and g, has the same area as the region R;,
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f
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a bR b
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a b
(h)
FIGURE 4

bounded by f + ¢ and g + c. Consequently,

b b
areaR1=areaR2=f (f+c)—[ (g+c)

b
=f [(f+o)—(g+0)]

b
=f(f—g).

This observation is useful in the following problem: Find the area of the region
bounded by the graphs of

fx)= ¥ —x and g(x) = x%.
The first necessity is to determine this region more precisely. The graphs of f
and g intersect when
x?—x=x2,

or x3—x*—x =0,

or x(x*—x-1)=0,
1++5 1-+5

2 2

On the interval ([1 — +/5]/2,0) we have x*> — x > x? and on the interval
(0, [1 + +/5]/2) we have x2 > x3 — x. These assertions are apparent from the
graphs (Figure 5), but they can also be checked casily, as follows. Since f(x) = g(x)
only if x = 0, [1++/5]/2, or [1—+/5]/2, the function f — g does not change sign
on the intervals ([1— NG 1/2,0) and (0, [1+ NG 1/2); it is therefore only necessary
to observe, for example, that

- - -’=3>0,
P-1-12=-1<0,

or x=0,

to conclude that
f—2g>0 on([1-+5]/2,0),
f—8<0 on(@[1++5]/2).
The area of the region in question is thus

0 1+4/3
.[1_‘3@ (x3—x—x2)dx+./(; [12—(x3—x)]dx_

As this example reveals, one of the major problems involved in finding the areas
of a region may be the exact determination of the region. There are, however,
more substantial problems of a logical nature—we have thus far defined the areas
of some very special regions only, which do not even include some of the regions
whose areas have just been computed! We have simply assumed that area made
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FIGURE 5

sense for these regions, and that certain reasonable properties of “area” do hold.
These remarks are not meant to suggest that you should regard exercising ingenuity
to compute areas as beneath you, but are meant to indicate that a better approach
to the definition of area is available, although its proper place is somewhere in
advanced calculus. The desire to define area was the motivation, both in this
book and historically, for the definition of the integral, but the integral does not
really provide the best method of defining areas, although it is frequently the proper
tool for computing them.

It may be discouraging to learn that integrals are not suitable for the very pur-
pose for which they were invented, but we will soon see how essential they are for
other purposes. The most important use of integrals has already been emphasized:
if f is continuous, the integral provides a function ¥ such that

Y (x) = f(x).

This equation is the simplest example of a “differential equation” (an equation
for a function y which involves derivatives of y). The Fundamental Theorem
of Calculus says that this differential equation has a solution, if f is continuous.
In succeeding chapters, and in various problems, we will solve more complicated
equations, but the solution almost always depends somehow on the integral; in
order to solve a differential equation it is necessary to construct a new function,
and the integral is one of the best ways of doing this.

Since the differentiable functions provided by the Fundamental Theorem of
Calculus will play such a prominent role in later work, it is very important to
realize that these functions may be combined, like less esoteric functions, to yield
still more functions, whose derivatives can be found by the Chain Rule.

Suppose, for example, that

3

f(x):[x —l-——dt.

1 +sin?¢
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Although the notation tends to disguise the fact somewhat, f is the composition
of the functions

X
Cx)=x> and F(x) =f %d:.
a 1+sin“¢

In fact, f(x) = F(C(x)); in other words, f = F ¢ C. Therefore, by the Chain

Rule,
f'(x) = FI(C(x)) - C'(x)
= F'(x3) - 3x2
1
- .3x2,
1 +sin? x3
If f is defined, instead, as
a 1
x) = —_—dt,
) fxs 1 +sin’¢
then
1 2
"xy=— ———— .3x*.
£ 1 + sin® x3

If f is defined as the reverse composition,

x 1 3
={| —ar},
ro=([ )

then
Fl(x) = C'(F(x)) - F'(x)
x 2
([ )
a 1438in“¢ 1 +sin“x
Similarly, if
f(x)—fsinx 1 5t
“Ja l4sin®r
a 1
(x) =f —_—dt,
8 dnz 1+ sin ¢
* 1
h(x) = s f ——m—dt) ,
w=sin(f o
then
'
(x)=—x—— -cosux,
! 1+ sin2(sin x)
-1
gx) = - COsX,

1 + sin®(sin x)

* 1 1
h'(x) = cos (f dt) . .
s 1+4sin?s 1 +sinx
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The formidable appearing function

fx) = f (i) 1 dt

1 +sin®¢
is also a composition; in fact, f = F o F. Therefore

f'(x) = F'(F(x)) - F'(x)
1 1

X 1 ) , 2"
l+sin2 (f — dl‘) 1 +sin“x
a 1 4sin“¢

As these examples reveal, the expression occurring above (or below) the integral
sign indicates the function which will appear on the right when f is written as a
composition. As a final example, consider the triple compositions

. [(f: —s,,:r)}
f(x)=f(f" mm);dt, g(x)=f faﬁ?‘h 1 5

1 4 sin?z

L}

1 +sin?¢
which can be written

f=FoFoC and g=FoFoF.

Omitting the intermediate steps (which you may supply, if you still feel insecure),
we obtain

1 1
' 2
(x)= . - 3x4,
1) .2 x? 1 1 + sin®x3
1+sin f — dt
a 1| +sin“t
1 1
gx) = : B
.2 (-f: l+si1n2: dlll‘) 1 1 =+ Sinz (/ "—1—2— dt)
1+smn —"—E—dt a 1-4sin“¢
a 1 +sin“t
. 1+ sinx

Like the simpler differentiations of Chapter 10, these manipulations should be-
come much easier after the practice provided by some of the problems, and, like
the problems of Chapter 10, these differentiations are simply a test of your under-
standing of the Chain Rule, in the somewhat unfamiliar context provided by the
Fundamental Theorem of Calculus.

The powerful uses to which the integral will be put in the following chapters
all depend on the Fundamental Theorem of Calculus, yet the proof of that the-
orem was quite easy—it seems that all the real work went into the definition of
the integral. Actually, this is not quite true. In order to apply Theorem 1 to a
continuous function we need to know that if f is continuous on [a, b], then f is
integrable on [a, #]. Although we’ve already offered one proof of this result, there
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THEOREM 13-3

PROOT

is a more elementary argument that you might prefer. Like most “elementary”
arguments, it’s quite tricky, but it has the virtue that it will force a review of the
proof of Theorem 1.

If f is any bounded function on [a, b], then

sup{L(f, P)} and inf{U(f, P)}

will both exist, even if f is not integrable. These numbers are called the lower
integral of f on {a, b] and the upper integral of f on [a, b], respectively, and

will be denoted by
b b
L f f and U f I

The lower and upper integrals both have several properties which the integrat
possesses. In particular, if @ < ¢ < b, then

L[abf=Lfacf+Lf:f and U[abf=Uj;cf+U£bf,

and if m < f(x) < M for all x in [a, b], then

b b
m(b—a)st fsUf f < M(b—a).

The proofs of these facts are left as an exercise, since they are quite similar to the
corresponding proofs for integrals. The results for integrals are actually a corollary
of the results for upper and lower integrals, because f is integrable precisely when

Lfabfzuj;bf.

We will prove that a continuous function f is integrable by showing that this
equality always holds for continuous functions. It is actually easier to show that

Lj:f=Uf:f

for all x in [g, b]; the trick is to note that most of the proof of Theorem 1 didn’t
even depend on the fact that f was integrable!

If f is continuous on [a, b], then f is integrable on [a, b].

Define functions L and U on [a, b] by

L(x):Lff and U(x)=Uf f
Let x bein (e, b). If A > 0 and

my=mf{f@):x <t <x+h},
My =sup{f(t):x <t <x+h},
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then
x+h x+h
mh-hst fsUf F<My-h,
X X
S0
mp-h<Lx+h)—Lx)sUxx+h)—-Ux)<M;-h
or L Bn-L U h-U
my < (x+h)— (Jc)S (x+h)— (x)SMh-
h h
If A <0 and

my =inf{f(t):x+h<t<x}
My =sup{f(t):x+h =<t <x},

one obtains the same inequality, precisely as in the proof of Theorem 1.
Since f is continuous at x, we have

| lim m, = lim My = £(x),
and this proves that
L'(x)=U'(x) = f(x) forxin (a,b).
This means that there is a number ¢ such that
U(x)=L(x)+c forall x in [a,b].

Since
U@ = L{a) =0,

the number ¢ must equal 0, so
U(x)=L(x) forallxin fa,b].
In particular,

b b
Uf f=U(b)=L(b)=Lf f

and this means that f is integrable on [a, 5]. I

PROBLEMS

1. Find the derivatives of each of the following functions.

3

@ F@)= f " sin®rdr,
f(ﬁxﬁnstdt) 1

3 1 +sin®r +£2

x ¥ 1
i) F(x) = — 4t dy.
(i) Fx) fls([s 1+ ¢2 +sin®¢ ) Y
1

b
1 F(x) = r——— |
) Fx) ./x. 1+ 22 +sin?t

i) F&)= dt
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2.

b x
v F(x)=f —_—— — 1.
N 2 1+¢2+4sin’t

(Vi) F(x)=sin ([ox sin (foy sin’ tdt) dy).

1
. =1 =
(viiy F~', where F(x) = -/1. P dt. (Find (F~1)'(x) in terms of

1 F~l(x))

{vin) F~! where F(x) = [
0

FIGURE 6

For each of the following f, if F(x) = [ f, at which points x is F/(x) =
f(x)? (Caution: it might happen that F'(x) = f(x), even if f is not contin-
uous at x.)

i fx)=0ifx<l, fx)=1ifx>1.

i) fx)=0ifx<]1, fx)=1if x> 1.

i) fR)=0ifx#1, fx)=1ifx=1.

(iv) f(x)=0if x isirrational, f(x) = 1/g if x = p/q in lowest terms.
( fx)=0if x <0, f(xy=xif x> 0.

(viy fx)=0ifx<Oorx>1, f(x)=1/{1/x]if 0 <x<1.

(vii) f is the function shown in Figure 6.

(viii) f(x) =11if x = 1/n for some n in N, f(x) = 0 otherwise.

s

Let f be integrable on {a, b], let ¢ be in (a, b), and let

X
F(x)=f fi a<x=<bh
For each of the following statements, give either a proof or a counterexample.,

(a} If f is differentiable at c, then F is differentiable at c.
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(b) If f is differentiable at ¢, then F’ is continuous at c.
() If fis continuous at ¢, then F’ is continuous at c.

Show that the values of the following expressions do not depend on x:

x 1 1/x 1

@ fo 1+t2dt+[0 ot
. sin x 1

(11) —cosx 4/ ] — 12

Find (f~1y(0) if

dt, xe[0,x/2).

o fx)= f 1 + sin(sin ¢) dt.
0

i) fx)= f cos(cost) dt.
1

(Don’t try to evaluate f explicitly.)

Find a function g such that
X
(i) f tg(t)dt = x + x>
0
(i) f tg(t)dt = x +x2.
0

(Notice that g is not assumed continuous at ().)

Find all continuous functions f satisfying

[ r=uwr+c.

for some constant C.

Suppose that f is a differentiable function with f(0) =0and 0 < f' < 1.

Prove that for all x > 0 we have
X X 2
[r=<(fs)
0 0

1
f(x)____l cos;, x#0
0, x=10.

Is the function F(x) = f; f differentiable at 0? Hint: Stare at page 177.

Use Problem 13-23 to prove that
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11.

12.

*13.

14.

*15.

16.

Ca

*17.

G 18.

FIGURE 7

19.

*20.

Find F'(x) if F(x) = f; xf(@)dt. (The answer is not xf(x); you should
perform an obvious manipulation on the integral before trying to find F'.)

Prove that if f is continuous, then

ff(u)(x —uydu = [ (f f(t)dt) du.
0 0 y]

Hint: Differentiate both sides, making use of Problem 11.
Use Problem 12 to prove that

fox F)x —uydu= 2[(: (foz (fol f(t)dt) dul) duy.

Find a function f such that f”(x) =1 / vV1+ sin?x. (This problem is
supposed to be easy; don’t misinterpret the word “find.”}

A function f is periodic, with period a, if f(x +a) = f(x) for all x.
(a) If f is periodic with period @ and integrable on [0, a], show that

b
(b) Find a function f such that f is not periodic, but f’ is. Hint: Choose
a periodic g for which it can be guaranteed that f(x) = f; g is not
periodic.
(c) Suppose that f’ is periodic with period a. Prove that f is periodic if and
only if f(a) = f(0).
Find f; %/x dx, by simply guessing a function f with f/(x) = +/x, and using
the Second Fundamental Theorem of Calculus. Then check with Prob-
lem 13-21.

Use the Fundamental Theorem of Calculus and Problem 13-21 to derive the
result stated in Problem 12-18.

a bta
f f= f forallb.
0

Let Cy, C and C; be curves passing through the origin, as shown in Figure 7.
Each point on C can be joined to a point of C; with a vertical line segment
and to a point of C; with a horizontal line segment. We will say that C busects
C) and C; if the regions A and B have equal areas for every point on C.

(a) If Cisthe graph of f(x) = x2 x > 0 and C is the graphof f(x) = 2x2,
x > 0, find C3 so that C bisects C; and C».

(b) More generally, find Cs if C; is the graph of f(x) = x™, and C is the
graph of f(x) = cx™ for some ¢ > 1.

(2) Find the derivatives of F(x) = fF1/¢dt and Gx) = [ 1/t dt.
(b) Now give a new proof for Problem 13-15.

Use the Fundamental Theorem of Calculus and Darboux’s Theorem (Prob-
lem 11-54) to give another proof of the Intermediate Value Theorem.
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Prove that if & is continuous, f and g are differentiable, and

glx)
F(x) = f h(t)dr,
Fix)

then F'(x) = h(g(x)) - g'(x) — h(f(x)) - f'(x). Hint: Try to reduce this to
the two cases you can already handle, with a constant either as the lower or
the upper limit of integration.

Suppose that f’ is integrable on [0, 1] and f(0) = 0. Prove that for all x in

[0, 1] we have
1
12
uuNSJLIfL

Show also that the hypothesis f(0) = 0 is needed. Hint: Problem 13-39.

(a) Suppose G’ = g and F' = f. Prove that if the function y satisfies the
differential equation

(%) g(y(x)) - ¥'(x) = f(x) for all x in some interval,
then there is a number ¢ such that
(#:%) G(y(x)) = F(x)+c¢ for all x in this interval.

(b) Show, conversely, that if y satisfies (#%), then y is a solution of (%).
(¢} Find what condition y must satisfy if

1+ 2

1+ y(x)
(In this case g(f) =1+t and f(t) =1+ t2.) Then “solve” the resulting
equations to find all possible solutions y (no solution will have R as its
domain).

(d) Find what condition y must satisfy if

-1
1+ 5[y
(An appeal to Problem 12-11 will show that there are functions satisfying

the resulting equation.)
(e) Find all functions y satisfying

yix) =

y(x)=

Y)Y (x) = —x.
Find the solution y satisfying y(0) = —1.
In Problem 10-17 we found that the Schwarzian derivative
fwn_g(ﬂuqz
fixy 2\ f'(x)
was 0 for f(x) = (ax + b)/(cx + d). Now suppose that f is any function
whose Schwarzian derivative is (.
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*25.

26.

¥27.

¥28.

@) f7%/f'3 is a constant function.
(b) f is the form f(x) = (ax + b)/(cx + d). Hint: Consider u = f’ and
apply the previous problem.

The limit 1}1_{1.‘:1,c> faN £, if 1t exists, is denoted by LM flor [ :o f(x)dx), and

called an “improper integral.”

(a) Determine f1°° x"dx,if r < —1.

(b) Use Problem 13-15 to show that f1°° 1/x dx does not exist. Hint: What
can you say about || 12 ’ 1/xdx?

(c) Suppose that f(x) > O for x > 0 and that fj f exists. Prove that if
0 < gx) £ f(x) for all x > 0, and g is integrable on each interval
[0, N], then fom g also exists.

(d) Explain why f;° 1/(1 + x%) dx exists. Hint: Split this integral up at 1.

Decide whether or not the following improper integrals exist.

@ [ o1l &
0 V1+x3

.. ® X

(ll) .[0 m dx.

0o 1
il dx.
() fo xv1+x

The improper integral [°_ f is defined in the obvious way, as N]im Iy f-
——00

But another kind of improper integral [ f is defined in a nonobvious way:
itis f5° f + ffw f, provided these improper integrals both exist.

(a) Explain why [ 1/(1 +x%)dx exists.
(b) Explain why f°_x dx does not exist. {But notice that hllm [, x dx does
—+00
exist.)

(c) Prove that if [ f exists, then Nllllgo ﬂVN f exists and equals ffow f.
Show moreover, that Nli_1£° ff’; ! f and Ag_ugo fiVNz f both exist and equal
S22, f. Can you state a reasonable gencralization of these facts? (If you
can’t, you will have a miserable time trying to do these special cases!)

There is another kind of “improper integral” in which the interval is
bounded, but the function is unbounded:

(a) If a > 0, find li1}.')1+ JZ1//xdx. This limit is denoted by f5 1/+/xdx,
£

even though the function f(x) = 1/+/x is not bounded on [0, 4], no
matter how we define f(0).

(b) Findf;x’dxif—l <r <0

(c) Use Problem 13-15 to show that fj x~! dx does not make sense, even as
a limit,
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(d) Invent a reasonable definition of j;o |x|” dx for a < 0 and compute it for
—-1<r<0.

(¢) Invent a reasonable definition of f_ll(l — x%)~12 dx, as a sum of two
limits, and show that the limits exist. Hint: Why does /°, (1 +x)~/2dx
exist? How does (1 +x)~1/2 compare with (1 —x2)"172 for -1 < x < 0?

1

(a) If f 1s continuous on [0, 1], compute lir}')1+x
X— x

1 f
If f is integrable on [0, 1] and lim £ (x) exists, compute lim x -—(t) dt.
(-b) f g 0 1 p o+ t2
X—r x—= x

It is possible, finally, to combine the two possible extensions of the notion of
the integral.

@ If f(x) = I//xfor 0 < x < 1 and f(x) = 1/x2 for x > 1, find
o
f(x)dx (after deciding what this should mean).

o0
(b) Show that x" dx never makes sense. (Distinguish the cases —1 <

0
r < 0 and r < —1. In one case things go wrong at (), in the other case
at oo; for r = —1 things go wrong at both places.)



FIGURE 3

CHAPTER I 5 THE TRIGONOMETRIC FUNCTIONS

The definitions of the functions sin and cos are considerably more subtle than
one might suspect. For this reason, this chapter begins with some informal and
intuitive definitions, which should not be scrutinized too carefully, as they shall
soon be replaced by the formal definitions which we really intend to use.

In elementary geometry an angle 1s simply the union of two half-lines with a
common initial point (Figure 1),

"—‘_"_’{’ -

FIGURE 1

More useful for trigonometry are “directed angles,” which may be regarded as
pairs (1, [} of half-lines with the same initial point, visualized as in Figure 2.

[

FIGURE 2

If for Iy we always choose the positive half of the horizontal axis, a directed angle
is described completely by the second half-line (Figure 3).

Since each half-line intersects the unit circle precisely once, a directed angle is
described, even more simply, by a point on the unit circle (Figure 4), that is, by a
point (x, y) with x2 4+ y2 = 1.

300
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The sine and cosine of a directed angle can now be defined as follows (Figure 5):
a directed angle is determined by a point (x, y) with x2 4 y2 = 1; the sine of the
angle is defined as y, and the cosine as x.

Despite the aura of precision surrounding the previous paragraph, we are not
yet finished with the definitions of sin and cos. Indeed, we have barely begun.
What we have defined is the sine and cosine of a directed angle; what we want
to define is sinx and cosx for each number x. The usual procedure for doing
this depends on associating an angle to every number. The oldest method is to
“measure angles in degrees.” An angle “all the way around” is associated to 360,
an angle “half-way around” is associated to 180, an angle “a quarter way around”
to 90, etc. (Figure 6). The angle associated, in this manner, to the number x, is
called “the angle of x degrees.” The angle of ( degrees is the same as the angle
of 360 degrees, and this ambiguity is purposely extended further, so that an angle
of 90 degrees is also an angle of 360 + 90 degrees, etc. One can now define a
function, which we will denote by sin®, as follows:

sin”(x) = sine of the angle of x degrees.

There are two difficulties with this approach. Although it may be clear what we
mean by an angle of 90 or 45 degrees, it is not quite clear what an angle of +/2
degrees is, for example. Even if this difficulty could be circumvented, it is unlikely
that this system, depending as it does on the arbitrary choice of 360, will lead
to elegant results—it would be sheer luck if the function sin® had mathematically
pleasing properties.

“Radian measure” appears to offer a remedy for both these defects. Given any
number x, choose a point P on the unit circle such that x is the length of the
arc of the circle beginning at (1, 0) and running counterclockwise to P (Figure 7).
The directed angle determined by P is called “the angle of x radians.” Since the
length of the whole circle is 2, the angle of x radians and the angle of 27 + x
radians are identical. A function sin” can now be defined as follows:

sin”(x) = sine of the angle of x radians.

This same method can easily be adopted to define sin®; since we want to have
sin® 360 = sin” 27, we can define

in® in" 27X sin'
§in® x = sin" —— = —
360 180
We shall soon drop the superscript r in sin”, since sin” (and not sin®) is the only
function which will interest us; before we do, a few words of warning are advisable.

The expressions sin’ x and sin” x are sometimes written
P
sin x°
sin x radians,

but this notation is quite misleading; a number x is simply a number—it does not
carry a banner indicating that it is “in degrees” or “in radians.” If the meaning
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length x

K‘ 1,0

FIGURE 7

FIGURE 8

DEFINITION

FIGURE 9

of the notation “sinx™ is in doubt one usually asks:
“Is x in degrees or radians?”
but what one means is:
“Do you mean ‘sin°’ or ‘sin’ ?”

Even for mathematicians, addicted to precision, these remarks might be dispens-
able, were it not for the fact that failure to take them into account will lead to
incorrect answers to certain problems (an example is given in Problem 19).
Although the function sin” is the function which we wish to denote simply by sin
(and use exclusively henceforth), there is a difficulty involved even in the definition
of sin”. Our proposed definition depends on the concept of the length of a curve.
Although the length of a curve has been defined in several problems, it is also easy
to reformulate the definition in terms of areas. (A treatment in terms of length is

outlined in Problem 28.)

Suppose that x is the length of the arc of the unit circle from (1, 0) to P; this arc
thus contains x/27 of the total length 2 of the circumference of the unit circle.
Let § denote the “sector” shown in Figure 8; § is bounded by the unit circle, the
horizontal axis, and the half-line through (0, 0) and P. The area of S should be
x /27 times the area inside the unit circle, which we expect to be m; thus § should
have area

x x

‘2"';'?" T = —2'.
We can therefore define cosx and sinx as the coordinates of the point P which
determines a sector of area x /2.

With these remarks as background, the rigorous definition of the functions sin
and cos now begins. The first definition identifies 7 as the area of the unit circle—

more precisely, as twice the arca of a semicircle (Figure 9).

1
1':=2-f V1 —x2dx.
-1

(This definition is not offered simply as an embellishment; to define the trig-
onometric functions it will be necessary to first define sinx and cosx only for
O<x<m)

The second definition is meant to describe, for —1 < x < 1, the area A(x) of
the sector bounded by the unit circle, the horizontal axis, and the half-line through
(x,v/1—x2). If 0 < x < 1, this area can be expressed (Figure 10) as the sum of
the area of a triangle and the area of a region under the unit circle:

V1 —x2 1
f-l—z—x—+f V1 —1t2ds.
X
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This same formula happens to work for —1 < x < 0 also. In this case (Figure 11),

the term
xv1—x2
2
is negative, and represents the area of the triangle which must be subtracted from

the term .
f V1 —f2de.

If -1 <x<1,then

1 — x2 1
A(x):x—g—x+f V1—12de.

Notice that if —1 < x < 1, then A is differentiable at x and (using the Funda-
mental Theorem of Calculus),

1 —2x
4 — _ —x2| = -
A(x)—zl:x 2‘/m+\/1 x] v1-x2

2 2
=1[_,f,_J;L2x_>}_,/—l_x2
LY} — X

Notice also (Figure 12) that on the interval [—1, 1] the function A decreases

from 1 P
A(=1) =0+f V1—1t2dt = )
-1

to A(1) = 0. This follows directly from the definition of A, and also from the fact
that its derivative is negative on (—1, 1).

For 0 < x < 7 we wish to define cosx and sinx as the coordinates of a point
P = (cos x, sinx) on the unit circle which determines a sector whose area is x/2
(Figure 13). In other words:

If 0 < x < 7, then cos x is the unique number in [—1, 1] such that

x
A(cosx) = 5
and

sin & = /1 — (cosx)2.
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THEOREM 1

:P = (cos x, sin x)

X
area =

2

FIGURE 13

This definition actually requires a few words of justification. In order to know
that there is a number y satisfying A(y) = x/2, we use the fact that A is continuous,
and that A takes on the values 0 and 7/2. This tacit appeal to the Intermediate
Value Theorem is crucial, if we want to make our preliminary definition precise.
Having made, and justified, our definition, we can now proceed quite rapidly.

If 0 < x <, then
cos'(x) = —sinx,
sin'(x) = cos x.
If B = 2A, then the definition A(cosx) = x/2 can be written
B(cosx) = x;

in other words, cos is just the inverse of B. We have already computed that
1

241 —x2

Alx)=—

from which we conclude that
1

B'(x)=-
1—x2

Consequently,

cos'(x) = (B71)'(x)
1
~ BB 1(x)
_ 1
- _ 1
V1 - [B1(x)?
= —+/1— (cosx)?

= —sinx.

Since
sinx = +/1 — (cosx)?,
we also obtain
1 —2cosx-cos’(x)

2 Vv 1 —(cosx)?

cosxsinx

sin’(x) =

sinx
=cosx. ||

The information contained in Theorem 1 can be used to sketch the graphs of
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sin and cos on the interval [0, ]. Since
cos'(x)=—sinx <0, O0<x<m,

the function cos decreases from cos 0 = 1to cosm = —1 (Figure 14). Consequently,
cosy = 0 for a unique y in [0, 7r]. To find y, we note that the definition of cos,

A(cosx) = f,

2
means that

AO =7,

S0

1
y=2/ V1-124.
0

It is easy to see that
0 1
f\ll—t2dt=f v1—12d:
-1 0

so we can also write

1
yzf s/l—ﬂdt:%.
-1

Now we have
>0, O<x<m/2

s 7 _
sin'(x) = cosx{ <0, nf2<x<n
s0 sin increases on [0, w/2] from sin0 = 0 to sinz/2 = 1, and then decreases on
[7/2, x] to sinw = O (Figure 15).

The values of sinx and cosx for x not in [0, 7] are most easily defined by a
two-step piecing together process:

(1} If m <x <2m,then

sinx = —sin(2x — x),
cosx = cos(2mw — x).

Figure 16 shows the graphs of sin and cos on [0, 27].

(2) If x = 2wk + x’ for some integer k, and some x’ in [0, 27], then

sinx = sinx’,
cosx = cosx’.

Figure 17 shows the graphs of sin and cos, now defined on all of R.

Having extended the functions sin and cos to R, we must now check that the
basic properties of these functions continue to hold. In most cases this is easy. For
example, it is clear that the equation

2

sin2x + cos?x = 1
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(b)
FIGURE 17

holds for all x. It is also not hard to prove that

sin’(x) = cosx,
cos’'(x) = —sinx,

if x is not a multiple of . For example, if # < x < 27, then
sinx = —sin(2x — x),
S0
sin'(x) = —sin'Rx —x) - (=1)

= cos(2x — x)
= COSX.

If x is a multiple of 7 we resort to a trick; it is only necessary to apply Theo-
rem 11-7 to conclude that the same formulas are true in this case also.

| | | |
| esc | I cot
| o [ | [
I | 1 |

ral
=——

FIGURE 18
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The other standard trigonometric functions present no difficulty at all. We
define

1)
secx =
COSX Y x £kw +n/2,
sin x
tanx =
cos x |
1
cscx = ——
SMx 3 x #£ k.
cosx
cotx = —
sinx

The graphs are sketched in Figure 18. It is a good idea to convince yourself that
the general features of these graphs can be predicted from the derivatives of these
functions, which are listed in the next theorem (there is no need to memorize the
statement of the theorem, since the results can be rederived whenever needed.)

If x # kr + /2, then

sec’(x) = secxtanx,

tan’(x) = sec? x.

K x # k=, then

cse’(x) = —cscxcotx,

cot’ (x) = — csc? x.

Left to you (a straightforward computation). |

The inverses of the trigonometric functions are also easily differentiated. The
trigonometric functions are not one-one, so it is first necessary to restrict them
to suitable intervals; the largest possible length obtainable is 7, and the intervals
usually chosen are (Figure 19)

[-7/2,7/2]) for sin,
[0, 7] for cos,
(—=/2,7/2) for tan.

(The inverses of the other trigonometric functions are so rarely used that they will
not even be discussed here.)
The inverse of the function

f(x) =sinx, —nf2<x=<m/2

is denoted by arcsin (Figure 20); the domain of arcsin is [—1, 1]. The notation
sin~! has been avoided because arcsin is not the inverse of sin (which is not one-
one), but of the restricted function f; sometimes this function f is denoted by Sin,
and arcsin by Sin~.
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The inverse of the function
2(x) = cosx, O0<x=<nm

is denoted by arccos (Figure 21); the domain of arccos is [—1, 1]. Sometimes g
is denoted by Cos, and arccos by Cos™!.
The inverse of the function

! arccos h(x) = tanx, ~nf2<x <mwf2

is denoted by arctan (Figure 22); arctan is one of the simplest examples of a

Sometimes the function & is denoted by Tan, and arctan by Tan™_.

The derivatives of the inverse trigonometric functions are surprisingly simple,

\i —1 1 differentiable function which is bounded even though it is one-one on all of R.
-1
and do not involve trigonometric functions at all. Finding the derivatives is a simple

FIGURE 21
matter, but to express them in a suitable form we will have to simplify expressions
like

cos(arcsin x), sec(arctan x).
R —— T —
5 ——
arctan
= ————— ] S — —
2
FIGURE 22

A little picture is the best way to remember the correct simplifications. For exam-
ple, Figure 23 shows a directed angle whose sine is x—the angle shown is thus an
angle of (arcsinx) radians; consequently cos(arcsinx) is the length of the other

1 ) - *
x side, namely, v1 — x2. However, in the proof of the next theorem we will not
resort to such pictures.

FIGURE 23 THEOREM 3 If —1 < x <1, then

1
arcsin’(x) = ——,
V1 -x2
arccos’(x) = ———.
v1—x2

Moreover, for all x we have

arctan’(x) =
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arcsin’(x) = (f 1) (x)
1

AT ARNtY)

o
"~ sin’(arcsin x)

1

cos(arcsinx)
Now

[sin(a.rcsinx)]2 + [cos(arcsin Jc)]2 =1,

that is,
x2 4+ [c:os(a,rcsin:c)]2 =1;

therefore,
cos(arcsinx) = v/ 1 — x2.

(The positive square root 1s to be taken because arcsinx 15 in (—n/2, 7/2), so
cos(arcsinx) > 0.) This proves the first formula.

The second formula has already been established (in the proof of Theorem 1).
It is also possible to imitate the proof for the first formula, a valuable exercise if
that proof presented any difficulties. The third formula is proved as follows.

arctan’(x) = (A~ (x)

1
T KRG (x)
_ 1
~ tan'{arctan x)
_ 1
"~ sec? (arctan x)
Dividing both sides of the identity
sin?a 4+ costa =1
by cos? a yields
tana + 1 =sec?a.
It follows that
[tan(arctan x)]2 + 1 = sec?(arctan x),
or

x2 + 1 = sec?(arctan x),

which proves the third formula. |

The traditional proof of the formula sin'(x) = cos x (quite different from the one
given here) is outlined in Problem 27. This proof depends upon first establishing
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LEMMA

PROOF

THEOREM 4

the limit

and the “addition formula”

sin(x + y} =sinx cosy + cosx sin y.

Both of these formulas can be derived easily now that the derivative of sin and cos
are known. The first is just the special case sin'(0) = cos0. The second depends
on a beautiful characterization of the functions sin and cos. In order to derive this
result we need a lemma whose proof involves a clever trick; a more straightforward

proof will be supplied in Part IV.

Suppose f has a second derivative everywhere and that

f”+f =0’
FQ@) =0,
f©®=0.

Then f =0.

Multiplying both sides of the first equation by f* yields
fffﬁ + fff = 0-
Thus
[ + Y =2(F £ + ) =0,

N

so (f "+ f 2 is a constant function. From f(0)=0and f'(0) = 0 it follows that

the constant is 0; thus
[FeN?+ [f()]* =0 forall x.

This implies that
fx)=0 forallx. ||

If f has a second derivative everywhere and

f”+f =0,
f0) =a,
f'(0) =b,

then

f=b-sin+a-cos.

(In particular, if £(0) = 0and f'(0) = 1, then f =sin; if f(0) = 1and f/(0) =0,

then f = cos.)
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PROOF  Let
g(x) = f(x) — bsinx —acosx.

Then
gx)= f'(xX) —bcosx +asinzx,
g"(x) = f'(x) +bsinx +acosx.
Consequently,
g +g=0,
g(0) =0,
g0)=0,

which shows that
0= gi(x)= f(x) — bsinx —acosx, for all x. J

THEOREM 5 If x and y are any two numbers, then
sin(x + y) = sinxcos y + cosxsin y,
cos(x + y) = cosxcosy —sinx sin y.
PROOF  For any particular number y we can define a function f by

f(x) =sin(x + y).

Then
f'(x) = cos(x + y)
F(x) = —sin(x + y).
Consequently,
fﬂ' + f — 0’
f(0) =siny,
f(0) = cos y.

It follows from Theorem 4 that
f = (cos y) - sin +(sin y) - cos;

that is,
sin{x + y) = cos ysinx 4 sin y cos x, for all x.

Since any number y could have been chosen to begin with, this proves the first
formula for all x and y.
The second formula is proved similarly. ||

As a conclusion to this chapter, and as a prelude to Chapter 18, we will mention
an alternative approach to the definition of the function sin. Since

for =1 <x <1,

arcsin’(x) =

1
V1 —x2
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it folows from the Second Fundamental Theorem of Calculus that
1

V1-£2

This equation could have been taken as the dgfimition of arcsin. It would follow
immediately that

dt.

X
arcsin x = arcsinx — arcsin0 = f
0

1
V1—x2

the function sin could then be defined as (arcsin)~! and the formula for the deriva-
tive of an inverse function would show that

sin’(x) = V1 —sin’ x,

which could be defined as cos x. Eventually, one could show that A(cosx) = x/2,
recovering at the very end of the development the definition with which we started.
While much of this presentation would proceed more rapidly, the definition would
be utterly unmotivated; the reasonableness of the definitions would be known to
the author, but not to the student, for whom it was intended! Nevertheless, as
we shall see in Chapter 18, an approach of this sort is sometimes very reasonable
indeed.

arcsin’(x) =

PROBLEMS
1. Differentiate each of the following functions.

(i}  f(x) = arctan(arctan(arctan x)).
(i} f(x) = arcsin(arctan(arccos x)).
(i) f(x) = arctan(tan x arctan x).

(iv) f(x)=arcsin (\/1:—_}#) .

2. Find the following limits by I'H6pital’s Rule.

sinx —x 4+ x2/6

@ lim

x—0 x3

. sinx—x+x3/6

W

i) lim cosx — 1+ x2/2
x—0 x2 ’

. . cosx—1+x%/2
lim .

(]V) x—=0 x4

&) i arctanx — x + x3/3
x—0 x3 )
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*5.
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Lt fm)={ & * *7°
1, x=0.

(a) Find f'(0).

(b} Find f"(0).

At this point, you will almost certainly have to use 'Hépital’s Rule, but in
Chapter 24 we will be able to find f®(0) for all &, with almost no work
at all.

Graph the following functions.

(a)
(b)

(c)

)

fix) =sin2x.

F(x) = sin(x?). (A pretty respectable sketch of this graph can be ob-
tained using only a picture of the graph of sin. Indeed, pure thought
is your only hope in this problem, because determining the sign of the
derivative f'(x) = cos(x2)-2x is no easier than determining the behavior
of f directly. The formula for f'(x) does indicate one important fact,
however— f'(0) = 0, which must be true since f is even, and which
should be clear in your graph.)

f(x) = sinx + sin2x. (It will probably be instructive to first draw the
graphs of g(x) = sinx and h(x) = sin2x carefully on the same set of
axes, from 0 to 27, and guess what the sum will look like. You can
easily find out how many critical points f has on [0, 2] by considering
the derivative of f. You can then determine the nature of these critical
points by finding out the sign of f at each point; your sketch will probably
suggest the answer.)

f(x) = tanx — x. (First determine the behavior of f in (~n/2, 7/2}); in
the intervals (kzw — 7 /2, kn + n/2) the graph of f will look exactly the
same, except moved up a certain amount. Why?)

fx) =sinx — x. (The material in the Appendix to Chapter 11 will be
particularly helpful for this function.)

sin x
fo) = [ > *#0

1, x=0.
(Part (d) should enable you to determine approximately where the zeros
of f/ are located, Notice that f is even and continuous at 0; also consider
the size of f for large x.)
f(x) =xsinx.

The hyperbolic spiral is the graph of the function f(8) = a/8 in polar coordi-
nates (Chapter 4, Appendix 3). Sketch this curve, paying particular attention
to its behavior for ¢ close to 0.

Prove the addition formula for cos.
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7.

10.

11.

(a)
(b}

From the addition formula for sin and cos derive formulas for sin2x,
cos 2x, sin 3x, and cos 3x.

Use these formulas to find the following values of the trigonometric func-
tions (usually deduced by geometric arguments in elementary trigonom-

etry):

st:cosZ— 2
T
tanz=1,
.r 1
smg=5,
T ~3
COSE—T.

Show that Asin(x 4+ B) can be written as a sin x + b cos x for suitable a
and b. (One of the theorems in this chapter provides a one-line proof.
You should also be able to figure out what a and b are.)

(b) Conversely, given a and b, find numbers A and B such that asinx +

bcosx = Asin(x + B) for all x.
Use part (b) to graph f(x) = +/3sinx + cosx.

Prove that
tanx +tan y

tan(x +y) = 1 —tanxtany

provided that x, y, and x + y are not of the form kx + m/2. (Use the
addition formulas for sin and cos.)

{(b) Prove that

xX+y
arctan x 4 arctan y = arctan ,
1—xy

indicating any necessary restrictions on x and y. Hint: Replace x by
arctan x and y by arctan y in part (a).

Prove that

arcsina + arcsin § = arcsin(m/l -p*+ ﬁ\/l - az),

indicating any restrictions on & and B.

Prove that if m and # are any numbers, then

sinmxsinnx = %[cos(m — n)x — cos{m + n)x],
SIN MX COS RX = %[sin(m “+ n)x + sin(m — n)x],

COS MX COSAX = %[cos(m + n)x + cos(m — n)x].
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12, Prove that if m and 7 are natural numbers, then

T . 0, m#£n
sinmxsinnxdx =

- ., m=n,

x 0, m#n
cosmx cosnxdx =

- r, m=mn,

Fig
f sinmx cosnx dx = 0.
b 4

These relations are particularly important in the theory of Fourier series. Al-
though this topic will receive serious attention only in the Suggested Reading,
the next problem provides a hint as to their importance.

13. (a) If f is integrable on [—m, ], show that the minimum value of

x( f(x) —acosnx)?dx

-

occurs when
i1

1
a=— F(x)cosnxdx,
T Jx

and the minimum value of
(f{x) —asin nx)?dx
—n
when -
=— f(x)sinnx dx.
T -

(In each case, bring a outside the integral sign, obtaining a quadratic
expression in a.)
(b) Define
1 r
n = — f(x)cosnxdx, n=0,1,2,...,

-

b,,:% f(x)sinnxdx, n=1,2,3,....

Show that if ¢; and d; are any numbers, then
.4 N 2
./:n (f(x) - [CEO +§c,,cosnx +dy sinnx]) dx
= _:[f(x)]zﬂfx—2 (—~—+Zancn+bd)+n(—g—+;c,,2+d )
= [Z[f(x)]zdx - (%H—Zan +b, 2)
( —=— +Z(c,. 8. + (dn —b)z)
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14.

15.

16.

17,

18.

19.

20.

21.

22,

thus showing that the first integral is smallest when a; = ¢; and b; = d;.
In other words, among all “linear combinations™ of the functions s, (x) =
sinnx and cp(x) = cosrx for 1 < n < N, the particular function

ag N
gx) = > + nga,, cosnx + b, sinnx

has the “closest fit” to f on [—n, 7].

(a} Find a formula for sinx +sin y. (Notice that this also gives a formula for
sinx —siny.) Hint: First find a formula for sin{a + b) +sin(e — ). What
good does that do?

(b) Also find a formula for cos x + cos y and cosx — cosy.

(a) Starting from the formula for cos 2, derive formulas for sin” x and cos? x
in terms of cos 2x.

(b) Prove that

c x _ 1+ cosx and infu 1 —cosx
P27V 2 M2V 2

forO<x=<n/2
{¢) Use part (a) to find _[;b sin® x dx and j;b cos? x dx.
(d) Graph f(x) = sin®x.

Find sin(arctanx) and cos(arctanx) as expressions not involving trigono-
metric functions. Hint: y = arctan x means that x =tany = siny/cosy =

siny/V1 —sin’y.

If x = tanu/2, express sinu and cosu in terms of x. (Use Problem 16; the
answers should be very simple expressions.)

(a) Prove that sin(x + 7/2) = cosx. (All along we have been drawing the
graphs of sin and cos as if this were the case.)
(b) What is arcsin{cos x) and arccos(sin x)?

L |
(a) Find f —— dt. Hint: The answer is not 45.
o 1+1¢ 2

1
1+
|

(b) Find fom

2 dt.

Find lim xsin—.
00 x

(a) Define functions sin® and cos® by sin®(x) = sin(rx/180) and cos®(x) =
cos(rx/180). Find (sin°)’ and (cos®) in terms of these same functions.

o 1
(b) Find lim ——> and lim xsin® ~.
-0 X =00 X

Prove that every point on the unit circle is of the form (cos#, sin8) for at
least one (and hence for infinitely many) numbers 6.
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B=1(1,0)

23.

24,

25.

*26.

27.
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(@) Prove that m is the maximum possible length of an interval on
which sin is one-one, and that such an interval must be of the form
[2kn — /2, 2kr + /2] or [2kn + /2, 2(k + Dr — n/2].

(b) Suppose we let g(x) = sinx for x in (2kmwr — /2, 2k + m/2). What is
(g ly?

Let f(x) = secx for 0 < x < 7. Find the domain of f~! and sketch its

graph.

Prove that |sinx —siny| < |x — y| for all numbers x # y. Hint: The same

statement, with < replaced by <, is a very straightforward consequence of a

well-known theorem; simple supplementary considerations then allow < to
be improved to <.

It is an excellent test of intuition to predict the value of

b
lim F(x)sinAx dx.

A—roo a

Continuous functions should be most accessible to intuition, but once you
get the right idea for a proof the limit can easily be established for any inte-

grable f.
(a) Show that Alim fcd sin Ax dx = 0, by computing the integral explicitly.
— 00
(b) Show that if s is a step function on [a, b] (terminology from Prob-
lem 13-26), then llim fab s(x)sinAxdx = 0.
—00
(c) Finally, use Problem 13-26 to show that JLllm f: f(x)sinAxdx = 0 for
— 00

any function f which is integrable on [a, b]. This result, like Problem 12,
plays an important role in the theory of Fourier series; it is known as the
Riemann-Lebesgue Lemma.

This problem outlines the classical approach to the trigonometric functions.
The shaded sector in Figure 24 has area x/2.

(a) By considering the triangles OAB and OCB prove that if 0 < x < /4,
then

sin x < x sin x
2 2 = 2cosx
(b) Conclude that
sin x
cosx <« — < 1,
x
and prove that
. sinx
Iim =1.
-0 x
(c) Use this limit to find
. 1 —cosx
lim ———

=0 X
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*28.

*29.

*30.

(d) Using parts (b) and (c), and the addition formula for sin, find sin’(x),
starting from the definition of the derivative.

This problem gives a treatment of the trigonometric functions in terms of

length, and uses Problem 13-25. Let f(x) = v1—-x2for -1 < x < L
Define £(x) to be the length of f on [x, 1].

(a) Show that
dt.

L1
2(x) = ./x. m
(This is actually an improper integral, as defined in Problem 14-28.)
{b) Show that
1
N
(¢) Define m as £(—1). For 0 < x < &, define cosx by £(cosx) = x, and

define sinx = v'1 — cos?2 x. Prove that cos’(x) = —sinx and sin’(x) =
cosx for 0 < x < .

for -1 <x < 1.

Fx)=-

Yet another development of the trigonometric functions was briefly men-
tioned in the text—starting with inverse functions defined by integrals. It
is convenient to begin with arctan, since this function is defined for all x.
To do this problem, pretend that you have never heard of the trigonometric
functions.

(a) Leta(x)= f; (1 4+12)~1 dt. Prove that o is odd and increasing, and that

lim a(x) and lim a(x) both exist, and are negatives of each other. If
X300 X—=>—00

we define 7 = 2 lim a(x), then ™! is defined on (—=/2, 7/2).

X—+00

(b) Show that @y =1+ [e 1))

(c) For x = kxr + x" with ¥’ % =/2 or —n/2, define tanx = o~ Y(x"). Then
define cos x = 1/v/1 + tan? x, for x not of the form kn +n /2 or kn —x /2,
and cos(kn £/2) = 0. Prove first that cos’(x) = — tan x cos x, and then
that cos”(x} = —cosx for all x.

If we are willing to assume that certain differential equations have solutions,
another approach to the trigonometric functions is possible. Suppose, in
particular, that there is some function yp which is not always 0 and which
satisfies yp” + yop = 0.

(a) Prove that yo? + (y')? is constant, and conclude that either yg(0) # 0
or yo'(0) # 0.

(b} Prove that there is a function s satisfying s” + s = 0 and s(0) = 0 and
s'(0) = 1. Hint: Try s of the form ayg + byy’.

If we define sin = s and cos = s/, then almost all facts about trigono-
metric functions become trivial. There is one point which requires work,
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however—producing the number . This is most easily done using an
exercise from the Appendix to Chapter 11:

Use Problem 7 of the Appendix to Chapter 11 to prove that cos x cannot
be positive for all x > 0. It follows that there is a smallest xp > 0 with
cosxg = 0, and we can define & = 2xp.

Prove that sinz/2 = 1. (Since sin® + cos? = 1, we have sinw/2 = +1;
the problem is to decide why sin /2 is positive.)

Find cosm, sin, cos 27, and sin 27z, (Naturally you may use any addi-
tion formulas, since these can be derived once we know that sin’ = cos
and cos’ = — sin.)

Prove that cos and sin are periodic with period 2.

After all the work involved in the definition of sin, it would be discon-
certing to find that sin is actually a rational function. Prove that it isn’t.
(There is a simple property of sin which a rational function cannot pos-
sibly have.)

Prove that sin isn’t even defined implicitly by an algebraic equation; that
is, there do not exist rational functions fp, ..., fa—1 such that

(sinx)" + f,,_l(x)(sinx)"_1 4.+ fo(x)=0 forall x.

Hint: Prove that fo = 0, so that sin x can be factored out. The remaining
factor is 0 except perhaps at multiples of 2. But this implies that it is 0
for all x. (Why?) You are now set up for a proof by induction.

Suppose that ¢ and ¢, satisfy

& + 8101 =0,
" + g2 =0,

and that g2 > g1.

(a)

(b)

Show that
$1"¢2 — "1 — (g2 — g1)$12 = 0.
Show that if ¢1(x) > 0 and ¢2(x) > O for all x in (a, b), then

b
[ 16762 - 6701 >0,
a
and conclude that

[¢1'(B)g2(b) — ¢1"@)¢2(a)] + [$1(B)62'(B) — $1(a)é2'(a)] > 0.

Show that in this case we cannot have ¢1(a) = ¢1(#) = 0. Hint: Con-
sider the sign of ¢:'(a) and ¢1'(b).

Show that the equations ¢y (a) = ¢1(b) = 0 are also impossible if ¢ > 0,
¢ <0org) <0,¢2>0,0r¢ <0, ¢2 <0 on (a,b). (You should be
able to do this with almost no extra work.)
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33.

The net result of this problem may be stated as follows: if 2 and & are
consecutive zeros of ¢1, then ¢» must have a zero somewhere between
a and b. This result, in a slightly more general form, is known as the
Sturm Comparison Theorem. As a particular example, any solution of
the differential equation
Y+&+Dhy=0

must have zeros on the positive horizontal axis which are within 7 of
each other.

Using the formula for sinx — sin y derived in Problem 14, show that

sin(k + %)x —sin{k — %)x = 2sin d coskx.

2
Conclude that
i 1
% +cosx +cos2x + -« +cosnx = e +;)x_-
2 sin 5

Like two other results in this problem set, this equation is very important
in the study of Fourier series, and we also make use of it in Problems 19-42
and 23-19.

Similarly, derive the formula

sin (n ; lx) sin (gx)
sin = .

2

(A more natural derivation of these formulas will be given in Prob-
lem 27-14.)

b b
Use parts (b} and (c) to find f sinx dx and f cosx dx directly from
0 0
the definition of the integral.

sinx +sin2x 4 .- +sinnx =



*CHAPTER I6 JT IS IRRATIONAL

This short chapter, diverging from the main stream of the book, is included to
demonstrate that we are already in a position to do some sophisticated mathemat-
ics. This entire chapter is devoted to an elementary proof that r is irrational. Like
many “elementary” proofs of deep theorems, the motivation for many steps in our
proof cannot be supplied; nevertheless, it is still quite possible to follow the proof
step-by-step.

Two observations must be made before the proof. The first concerns the func-
tion
(1 —x)"

fn(x) = 1
n.

which clearly satisfies

1
0<f,,(x)<—T for<x < 1.
n!

An important property of the function f, is revealed by considering the expression
obtained by actually multiplying out x*(1 —x)". The lowest power of x appearing
will be n and the highest power will be 2n. Thus f, can be written in the form

1 2n .
falx) = Zcfx :
i=n
where the numbers ¢; are integers. It is clear from this expression that
£®0)=0 ifk<nork>2n.
Moreover,
P = l[n'c + terms involving x]
" TR g

1 . .
7Py = <[+ Dlcas1 + terms involving x]

1
ﬁmm=mmwm1
321
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This means that

£:®(0) = cy,
L0 = (n 4 Dy

£®0)=C2n)2r—1)-...-(n + Do,
where the numbers on the right are all integers. Thus
F£:®(0) is an integer for all k.

The relation
Ja(x) = fa(l —x)
implies that
HO@) = D AP -
therefore,
£:® (1) is also an integer for all k.
The proof that 7 is irrational requires one further observation: if @ is any
number, and & > 0, then for sufficiently large n we will have
aﬂ
— <e.
n!
To prove this, notice that if n > 2a, then
s a a 1 a
= C— T —
n+1D! n+l nl 2 n

Now let ng be any natural number with ng > 2a. Then, whatever value

a"o
(mo}!
may have, the succeeding values satisfy
a™otl) 1 am
o+ D) ~ 2 (np)!
awot+2) 1 gWoth 1 1 g
mo+2! ~2 mo+ D! “2°2 o)
grot+i) 1 g"
o+ 00! 2 (no)!’
a™o
. k
If k is so large that oTE < 2%, then
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a‘no+k)
o+ R~

which is the desired result. Having made these observations, we are ready for the
one theorem in this chapter.

g,

The number 7 is irrational; in fact, 72 is irrational. (Notice that the irrationality
of w2 implies the irrationality of 7, for if & were rational, then 72 certainly would
be.)

2

Suppose 7r“ were rational, so that

s a
nt=—
b
for some positive integers a and b. Let

(1) G(x) = b"[nﬁlfn(x) _ HZn—anﬂ(x) + n,2n—4fn(4)(x)
— e+ ) AP @)

Notice that each of the factors

prgln2 — bn(r.2)u—k — B (%)"_k = ghkpk
is an integer. Since f,**(0) and £, (1) are integers, this shows that

G(0) and G(1) are integers.

Differentiating G twice yields
@ @=L @ -2 L0+ ) RSP ).
The last term, (—1)" £, @+ (x), is zero. Thus, adding (1) and (2) gives
3) G"(x) + 712G (x) = b2 £, (x) = n2a" £, (x).

Now let
H(x) = G'(x)sinwx — 7 G(x) cos mx.

Then

H'(x) =76 (x) cosmx + G"(x)sinwx — wG'(x) cos wx + n2G(x) sinwx
= [G"(x) + m2G(x)] sinwx
= 724" f,(x) sinwx, by (3).
By the Second Fundamental Theorem of Calculus,

1
x2f a" f, (x)sinrx dx = H(1) — H(Q)
(1}

=G ()sina —xG(l)cosm — G'(0)sin0 4+ 7 G(0) cos0
= n[G(1) + G(0)].

Thus :
J'tf a" fu(x)sinwxdx is an infeger.
0



324 Dervatiwes and Integrals

On the other hand, 0 < f,(x) < 1/nlfor0 <x < 1,50

n

0 <ma" f,(x)sinwx < forO0<x <.

n!
Consequently,
n

1
0 <Jrf a" fp(x)sinrxdx < :ra' .
0 ni

This reasoning was completely independent of the value of n. Now if n is large
enough, then

< 1.

1
0< J'I'f a” fy(x)sinwxdx < Ta
0 n!

But this is absurd, because the integral is an integer, and there is no integer between
0 and 1, Thus our original assumption must have been incorrect: 72 is irrational. i

This proof is admittedly mysterious; perhaps most mysterious of all is the way
that w enters the proof—it almost looks as if we have proved = irrational without
ever mentioning a definition of 7. A close reexamination of the proof will show
that precisely one property of x is essential—

sin(r) = 0.

The proof really depends on the properties of the function sin, and proves the
irrationality of the smallest positive number x with sinx = 0. In fact, very few
properties of sin are required, namely,

sin’ = cos,

cos’ = —sin,
Sln(O) = 0,
cos(0) = 1.

Even this list could be shortened; as far as the proof is concerned, cos might just
as well be defined as sin’. The properties of sin required in the proof may then be
written

sin” +sin = 0,
sin(0) =0,
sin'(0) = 1.

Of course, this is not really very surprising at all, since, as we have seen in the
previous chapter, these properties characterize the function sin completely.

PROBLEMS

1. (a) Prove that the areas of triangles OAB and OAC in Figure 1 are related
by the equation



(x9) =4

FIGURE 1

(x, 0y =B J(1, 0} =C

()
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lf— v 1 — 16(area O AB)?
2 2 )

area QAC =

Hint: Solve the equations xy = 2(area OAB), x2 + y? = 1, for y.
Let P, be the regular polygon of m sides inscribed in the unit circle. If
A, is the area of P,, show that

Agm = %\/2 —2V1 — QAn/m).

This result allows one to obtain (more and more complicated} expressions
for Az, starting with As = 2, and thus to compute 7 as accurately
as desired (according to Problem 8-11). Although better methods will
appear in Chapter 20, a slight variant of this approach yields a very
mteresting expression for x:

Using the fact that

arca(OAB)

 — 0B,
area(0QAC) 0

show that if a,, is the distance from O to one side of P, then

An _,
Am -
Show that
2
X; R N » 5T 25
Using the fact that
4
®m = COS —,
m
1 +cosx
and the formula cosx/2 = — (Problem 15-15), prove that
1
=5
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Together with part (b), this shows that 2/x can be written as an “infinite
product”

2_ |1 ll‘/I lll+lﬁ :
x N2 \2T2avz 2z taya Ty

to be precise, this equation means that the product of the first n factors
can be made as close to 2/ as desired, by choosing n sufficiently large.
This product was discovered by Frangois Viéte in 1579, and is only one of
many fascinating expressions for 7, some of which are mentioned later.




FIGURE 1

*CHAPTER I ; PLANETARY MOTION

Nature and Nature’s Laws lay hid in night
God said “Let Newton be,” and all was light.

Alexander Pope

Unlike Chapter 16, a short chapter diverging from the main stream of the book,
this long chapter diverges from the main stream of the book to demonstrate that
we are already in a position to do some real physics.

In 1609 Kepler published his first two laws of planetary motion. The first law
describes the shape of planetary orbits:

The planets move in ellipses, with the sun at one focus.

The second law involves the area swept out by the segment from the sun to the
planet (the ‘radius vector from the sun to the planet’) in various time intervals

(Figure 1):

Equal areas are swept out by the radius vector in equal times. (Equivalently, the area
swept out in time t is proportional o t.)

Kepler’s third law, published in 1619, relates the motions of different planets. If a
is the major axis of a planet’s elliptical orbit and T is its period, the time it takes
the planet to return to a given position, then:

The mtio a®/T? is the same_for all planets.

Newton’s great accomplishment was to show (using his general law that the
force on a body is its mass times its acceleration) that Kepler’s laws follow from the
assumption that the planets are attracted to the sun by a force (the gravitational
force of the sun) always directed toward the sun, proportional to the mass of the
planet, and satisfying an inverse square law; that is, by a force directed toward
the sun whose magnitude varies inversely with the square of the distance from the
sun to the planet and directly with the mass of the planet. Since force is mass
times acceleration, this is equivalent simply to saying that the magnitude of the
acceleration is a constant divided by the square of the distance from the sun.

Newton’s analysis actually established three results that correlate with Kepler’s
individual laws. The first of Newton’s results concerns Kepler’s second law (which
was actually discovered first, nicely preserving the symmetry of the situation):

327
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FIGURE 2

Kepler’s second law is true precisely for central forces’, i.e., if and only the force betwween
the sun and the planet always lies along the line between the sun and the plangt.

Although Newton is revered as the discoverer of calculus, and indeed invented
calculus precisely in order to treat such problems, his derivation hardly seems to
use calculus at all. Instead of considering a force that varies continuously as the
planet moves, Newton first considers short equal time intervals and assumes that
a momentary force is exerted at the ends of each of these intervals.

To be specific, let us imagine that during the first time interval the planet moves
along the line Py P;, with uniform velocity (Figure 2a). If, during the next equal
time interval, the planet continued to move along this line, it would end up at
P3, where the length of Py P, equals the length of P, P3. This would imply that
the triangle S P P> has the same are as the triangle S P> P3 (since they have equal
bases, and the same height)—this just says that Kepler’s law holds in the special
case where the force is 0.

Now suppose (Figure 2b) that at the moment the planet arrives at P; it experi-
ences a force exerted along the line from S to P2, which by itself would cause the planet
to move to the point Q. Combined with the motion that the planet already has,
this causes the planet to move to R, the vertex opposite P, in the parallelogram
whose sides are P,P3 and P> Q.

Thus, the area swept out in the second time interval is actually the triangle
SPyR. But the area of triangle SP2R is equal to the area of triangle S P3P, since
they have the same base SP;, and the same heights (since R P; is parallel to SP).
Hence, finally, the area of triangle SP2R is the same as the area of the original
triangle SPy P,! Conversely, if the triangle SR P, has the same area as SPy P, and
hence the same area as S P3 P, then R P3 must be parallel to S P,, and this implies
that Q must lie along SP.

Of course, this isn’t quite the sort of argument one would expect to find in a
modern book, but in its own charming way it shows physically just why the result
should be true.

To analyze planetary motion we will be using the material in the Appendix to
Chapter 12, and the “determinant” det defined in Problem 4 of Appendix 1 to
Chapter 4. We describe the motion of the planet by the parameterized curve

c(t) =r(t)(cosB(r), sinB(z)),

so that r always gives the length of the line from the sun to the planet, while 6
gives the angle. It will be convenient to write this also as

(D) c(®) =r() - eB@),

where
e(f) = (cost, sint)

is just the parameterized curve that runs along the unit circle. Note that

e'(t) = (—sint, cost)
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is also a vector of unit length, but perpendicular to e(t), and that we also have
2) det(e(r), €'(1)) = 1.

Differentiating (1), using the formulas on page 244, we obtain
3) )y =r'(t) - @) +r(1)6'(s) - €' (6 (1)),

and combining with (1), together with the formulas in Problem 6 of Appendix 1
to Chapter 4, we get

det(c(r), ¢'(1)) = r(0)r'(t) det(e(@(r)), e (1)) + r ()26’ (¢) det(e(0(2)), €'(0(r)))
= r(1)%0'(t) det(e(6(1)), €'(6(r))),
since det(v, v) is always 0. Using (2) we then get
@) det(c, ¢') = r%6'.
As we will see, r28’ turns out to have another important interpretation.

Suppose that A(r) is the area swept out from time 0 to ¢ (Figure 3). We want
to get a formula for A'(¢), and, in the spirit of Newton, we’ll begin by making
an educated guess. Figure 4 shows A(t + h) — A(t), together with a straight line
segment between c(¢) and c(t + k). It is easy to write down a formula for the area
of the triangle A(h) with vertices O, c¢(t), and c(f + k): according to Problems 4
and 5 of Appendix 1 to Chapter 4, the area is

area(A(h) = % det(c(t), c(t+h) — c(t)).

Since the triangle A(h) has practically the same area as the region A(t +hk) — A(1),
this shows (or practically shows) that

At +h)— AW

40 = i

h
. arca A(h)
= lim ——
h—0 h
1 . ct+h)—c@)
= 5 det (c(t), '1!1_1)15 —

= Jdet(c(t), ¢ (®)).

A rigorous derivation, establishing more in the process, can be made using Prob-
lem 13-24, which gives a formula for the area of a region determined by the graph
of a function in polar coordinates. According to this Problem, we can write

1 B(r) 2
() A = 5 j; @) dip

if our parameterized curve e(t) = r(t) - e(6(¢)) is the graph of the function p in
polar coordinates (here we've used ¢ for the angular polar coordinate, to avoid
confusion with the function & used to describe the curve c).
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Now the function p is just
p=rodl

[for any particular angle ¢, 6~ 1(g) is the time at which the curve ¢ has angular
polar coordinate ¢, so r(8-1(#)) is the radius coordinate corresponding to ¢).
Although the presence of the inverse function might look a bit forbidding, it’s
actually quite innocent: Applying the First Fundamental Theorem of Calculus
and the Chain Rule to (¥) we immediately get

A(t) = $p(8(1))*-6'(t)
= %r(t)ze'(t), since p=ro0f7L,

Briefly,
A=1r.

Combining with (4), we thus have

(3) A= % det(c,c’) = %rzﬂ’.

Now we’re ready to consider Kepler’s second law. Notice that Kepler’s second law
is equivalent to saying that A’ is constant, and thus it is equivalent to A” = 0. But

A" = [det(c, ] = L det(c’, ) + §detle, ") (see page 245)
= %det(c, ).

So

Kepler’s second law 1s equivalent to det(c, ¢”) = 0.

Putting this all together we have:

Kepler’s second law is true if and only if the force is central, and in this case each
planetary path c(¢) = r(t) - e(6(z)) satisfies the equation

(K2) r?0’' = det(c, ¢’) = constant.

Saying that the force is central just means that it always points along c(¢). Since
¢”(t) is in the direction of the force, that is equivalent to saying that ¢”(#) always
points along c(¢). And this is equivalent to saying that we always have

det(c, c”) = 0.

We've just seen that this is equivalent to Kepler’s second law.
Moreover, this equation implies that [det(c, ¢’ )]' = 0, which by (5) gives (K2). [l
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Newton next showed that if the gravitational force of the sun is a central force
and also satisfies an inverse square law, then the path of any object in it will be a
conic section having the sun at one focus. Planets, of course, correspond to the
case where the conic section is an ellipse, and this is also true for comets that visit
the sun periodically; parabolas and hyperbolas represent objects that come from
outside the solar system, and eventually continue on their merry way back outside
the system.

If the gravitational force of the sun is a central force that satisfies an inverse square
law, then the path of any body in it will be a conic section having the sun at one
focus.

Notice that out conclusion specifies the shape of the path, not a particular param-
eterization. But this parameterization is essentially determined by Theorem 1: the
hypothesis of a central force implies that the area A(r) (Figure 5) is proportional
to f, so determining c(t) is essentially equivalent to determining A for arbitrary
points on the ellipse. Unfortunately, the areas of such segments cannot be deter-
mined explicitly! This means that we have to determine the shape of the path
¢ = r(t) - e(f(r)) without finding its parameterization! Since it is the function
r 0 87! which actually describes the shape of the path in polar coordinates, we
shouldn’t be surprised to find 8~ entering into the proof.
By Theorem 1, the hypothesis of a central force implies that

(K2) r20’ =det(c,c) = M
for some constant M. The hypothesis of an inverse square law can be written
N H
(%) c()=— Y] e(8(1))
for some constant H. Using (K2), this can be written
(1) H
= — —e(f(1)).
) 27 SO

Notice that the left-hand side of this equation is
[¢ o871 (@@)).

So if we let
D=cof!

(this is the main trick—"we consider ¢’ as a function of 6”), then the equation can
be written as

H H
D'@@) =— i e(@(t)) = — ﬁ(cosﬂ(t), sin 9(r)),

I More precisely, we can’t write down a solution in terms of familiar “standard functions,” like sin,
arcsin, etc.
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and we can write this simply as

H H H
D'(u) = — E(cos u,sinu) = (-— i cosu, — v sin u)
[for all ¥ of the form 6(¢) for some ¢, which happens to be all ], completely
ehminating 6.

The equation that we have just obtained is simply a pair of equations, for the
components of D, each of which we can easily solve individually; we thus find that
H-sinu H-cosu )

" +B

A,
-M + M

D) = (

for two constants A and B. Letting # = #(¢) again we thus have an explicit formula
for ¢ H - sing u o
, - sin - Co8
= A, ——+8B).
/= (P e T n)

[Here sin @ really stands for sino8, etc., abbreviations that we will use throughout.]
Although we can’t get an explicit formula for c itself, if we substitute this equa-
tion, together with ¢ = r(cos 8, sin @), into the equation

det(c,cy =M {equation (K3)),
we get

H H
r[Hc0529+Bcosﬂ+Hsinze—AsinH] =M,

which simplifies to
r [% + %cosﬂ - —%Sinﬂ] =1.

Problem 15-8 shows that this can be written in the form
H
r(t) [F + Ccos(8() + D)] =1,

for some constants C and D. We can let D = (), since this simply amounts to
rotating our polar coordinate system (choosing which ray corresponds to 6§ = 0),
s0 we can write, finally,

2
r[1+ecosf] = % =

But this is the formula for a conic section derived in Appendix 3 of Chapter 4. I

In terms of the constant M in the equation
re' =M
and the constant A in the equation of the orbit

r[l+ecosf]l=A
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the last equation in our proof shows that we can rewrite (¥} as

, M? 1
(%) W) == — 6.

Recall (page 87) that the major axis a of the ellipse is given by

(a) a=

while the minor axis b is given by

®) b=\/1—32.

Consequently,
(c) — =a.
Remember that equation (5) gives
AW =1ir’0 = iM,
and thus
A(t) = Mt

We can therefore interpret M in terms of the period T of the orbit. This period T
is, by definition, the value of ¢ for which we have () = 27, so that we obtain the
complete ellipse. Hence

area of the ellipse = A(T) = ;MT,

or
M= 2(area of the ellipse) _ 2rab by Problem 13-17.

T T
Hence the constant M2/A in (%) is

M? _ 4n2a%p?

AT T2A

4na’ )
=—7 using (c).

This completes the final step of Newton’s analysis:

THEOREM 3  Kepler’s third law is true if and only if the acceleration ¢”(¢) of any planet, moving
on an ellipse, satisfies

1
c¢"(t) = =G - — e(8(1))
r

for a constant G that does not depend on the planet.
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It should be mentioned that the converse of Theorem 2 15 also true. To prove
this, we first want to establish one further consequence of Kepler’s second law.
Recall that for

e{t) = (cost, sin )
we have
e'(t) = (—sint, cost).
Consequently,
e"(t) = (—cost, —sinf) = —e(?).
Now differentiating (3) gives

" =r"@t)-e(@) +r'1)0'¢) - @)
+r(O8'¢) - @) +r(1)0"(1) - €'@1) + r ()8’ (1) (1) - " (B(1)).
Using e"(t) = —e(t) we get
c"(t) = [r"(6) — r@©8'(1)*] - e(B(1)) + [2r' ()8’ (1) + r(1)8" ()] - € (B (1)).
Since Kepler’s second law implies central forces, hence that ¢”(t) is always a mul-
tiple of c(t), and thus always a multiple of e(8(t)), the coeflicient of €'(9(¢))

must be 0 [as a matter of fact, we can see this directly by taking the derivative of
formula (K3)]. Thus Kepler’s second law implies that

©6) 'ty = [r"(®) ~r(1)8'()*] - e(@@)).

If the path of a planet moving under a central gravitational force is an ellipse with
the sun as focus, then the force must satisfies an inverse square law.

As in Theorem 2, notice that the hypothesis on the shape of the path, together
with the hypothesis of a central force, which 1s equivalent to Kepler’s second law,
essentially determines the parameterization. But we can’t write down an explicit
solution, so we have to obtain information about the acceleration without actually
knowing what it is.

Once again, the hypothesis of a central force implies that
(K2) r’6’ = M,
for some constant M, and the hypothesis that the path is an ellipse with the sun
as focus implies that it satisfies the equation
(A) r[1+ecosf] = A,

for some & and A. For our (not especially illuminating) proof, we will keep differ-
entiating and substituting from these two equations.
First we differentiate (A) to obtain

r'[1+&cosf] —erf sing = 0.
Multiplying by r this becomes
rr'[1 + £ cosB] — r26'sin 6 = 0.
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Using both (A) and (K>»), this becomes
Ar'—eMsing =0.
Differentiating again, we get
Ar” —eM6' cos8 = 0.
Using (K3) we get

2

eM
Ar' — —5—cosf = 0,
r

and then using (A) we get

r2 r

2
Ar"—£[£—1]=0.

Substituting from (K37) yet again, we get

M2
A" —r(@)] + — = 0,

or

Comparing with (6), we obtain

ey = _ M
c'(t) = A2 e(0()),

which is precisely what we wanted to show: the force is inversely proportional to
the square of the distance from the sun to the planet. i



I 8 THE LOGARITHM AND
CHAPTER EXPONENTIAL FUNCTIONS

In Chapter 15 the integral provided a rigorous formulation for a preliminary def-
mition of the functions sin and cos. In this chapter the integral plays a more
essential role. For certain functions even a preliminary definition presents difficul-
ties. For example, consider the function

fxy=10%
This function is assumed to be defined for all x and to have an inverse function,
defined for positive x, which 1is the “logarithm to the base 10,”
flxy= log o x.

In algebra, 10 is usually defined only for raional x, while the definition for ir-
rational x is quietly ignored. A brief review of the definition for rational x will
not only explain this omission, but also recall an important principle behind the
definition of 10*.

The symbol 10" is first defined for natural numbers n. This notation turns out
to be extremely convenient, especially for multiplying very large numbers, because

107 . 10™ = 10™™.

The extension of the definition of 10* to rational x is motivated by the desire
to preserve this equation; this requirement actually forces upon us the customary
definition. Since we want the equation

10°- 10" = 10%" = 10"
to be true, we must define 10% = 1; since we want the equation
1077-10"=10°=1
to be true, we must define 107" = 1/10"; since we want the equation

10V/#..... 10" = 1o /»++1n — 10! < 10

-

v

n times n times
to be true, we must define 10/ = 4/10; and since we want the equation

1017 ... 10V = 19 V/nt=+l/n — qm/n
] " -—

"

m times m times

to be true, we must define 10"/ = (¥/10)™.

Unfortunately, at this point the program comes to a dead halt. We have been
guided by the principle that 10* should be defined so as to ensure that 107 =
10107; but this principle does not suggest any simple algebraic way of defining

336
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10* for irrational x. For this reason we will try some more sophisticated ways of
finding a function f such that

) fG4+y)=f@)-f() forallxandy.

Of course, we are interested in a function which is not always zero, so we might
add the condition f(1) # 0. If we add the more specific condition f(1) = 10,
then () will imply that f(x) = 10* for rational x, and 10* could be dgfined as f(x)
for other x; in general f(x) will equal [ £(1)]* for rational x.

One way to find such a function is suggested if we try to solve an apparently
more difficult problem: find a differentiable function f such that

fx+y)=fx)- f(y) forallxandy,
F() = 10.

Assuming that such a function exists, we can try to find f'—knowing the derivative
of f might provide a clue to the definition of f itself. Now

f(x+h) - fx)

f(x)=’1'1_r)r(1) ;

— lim F&x) - fh) = fx)
T 0 h

_ . fmy-—1

= /) Jim

The answer thus depends on

lJ . f(h)_ 1
FO =l =

for the moment assume this limit exists, and denote it by @. Then
fFf&x)=a- f(x) forallx.

Even if a could be computed, this approach seems self-defeating. The derivative
of f has been expressed in terms of f again.
If we examine the inverse function f~! = log,,, the whole situation appears in
a new light:
1

%800 = Ty
1
T f(FIE) T ax

The derivative of =1 is about as simple as one could ask! And, what is even

b
more interesting, of all the integrals f x" dx examined previously, the integral

b
f x~ " dx is the only one which we cannot evaluate. Since log;, 1 = 0 we should

have

1

X
-'f ldt = 10g|0x - lOglO 1= 10glox.
a f1 ¢
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x

This suggests that we define log,,x as (1/a) f ¢! dt. The difficulty is that « is
1

unknown. One way of evading this difficulty is to define

logx:[ ldt,
1 ¢

and hope that this integral will be the logarithm to seme base, which might be
determined later. In any case, the function defined in this way is surely more
reasonable, from a mathematical point of view, than log,,. The usefulness of
log,, depends on the important role of the number 10 in arabic notation (and thus
ultimately on the fact that we have ten fingers), while the function log provides a
notation for an extremely simple integral which cannot be evaluated in terms of
any functions already known to us.

DEFINITION If x > 0, then
X
log x = f 1 dt.
1t

The graph of log is shown in Figure 1. Notice that if x > 1, then logx > 0,
and iIf 0 < x < 1, then logx < 0, since, by our conventions,

x |
f —dt:—f —dt <Q.
1 ! x

For x < 0, a number log x cannot be defined in this way, because f(z) = 1/t is
not bounded on [x, 1].

=1

area = log x

1 .. /

@ ®

log

FIGURE 1

The justification for the notation “log” comes from the following theorem.

THEOREM 1 If x,y > 0, then

log(xy) = log x + log y.
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PROOF  Notice first that log'(x) = 1/x, by the Fundamental Theorem of Calculus. Now
choose a number y > 0 and let

fx) =log(xy).
‘Then
f'x) =log'(xy) -y = ;l; ==
Thus f’ = log’. This means that there is a number ¢ such that
fx)=logx+c¢ foralx>0,

that is,
log(xy)=logx +c¢ forallx>0.

The number ¢ can be evaluated by noting that when x = 1 we obtain

log(1-y}y=logl+e¢

=C.

Thus
log(xy) =logx +logy forallx.

Since this is true for all y > 0, the theorem is proved. |

COROLLARY 1  If » is a natural number and x > 0, then

log(x") = nlog x.
PROOF  Let to you (use induction). i

COROLLARY 2 If x, y > 0, then
X
log (;) =logx —logy.

PROOF  This follows from the equations

logx =log (f- -y) = log (i) “+logy. 1
y y

Theorem 1 provides some important information about the graph of log. The
function log is clearly increasing, but since log'(x) = 1/x, the derivative becomes
very small as x becomes large, and log consequently grows more and more slowly.
It is not immediately clear whether log is bounded or unbounded on R. Observe,
however, that for a natural number n,

log(2") =nlog2 (and log2 > 0);

it follows that log is, in fact, not bounded above. Similarly,

log (zln) =logl —log2" = —nlog2;
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DEFINITION

THEOREM 2

PROOF

THEOREM 3

PROOF

cxp

)

FIGURE 2

DEFINITION

therefore log is not bounded below on (0, 1). Since log is continuous, it actu-
ally takes on all values. Therefore R is the domain of the function log~'. This
important function has a special name, whose appropriateness will soon become
clear.

The “exponential function,” exp, is defined as log™!.

The graph of exp is shown in Figure 2. Since log x 1s defined only for x > 0, we
always have exp(x) > 0. The derivative of the function exp is easy to determine.

For all numbers x,
exp’(x) = exp(x).
1

’ = (I —14¢ - -
exp (x) = (log™ ") (x) log (g 10

log~ ! (x)
=log l(x) = exp(x).

A second important property of exp is an easy consequence of Theorem 1.

If x and y are any two numbers, then

exp(x + y) = exp(x) - exp(y).

Let x’ = exp(x) and y’ = exp(y), so that
x =logx/,
y=logy"
Then
x +y=logx'+logy =log(x'y).
This means that
exp(x + y) = x'y" = exp(x) - exp(y). |

This theorem, and the discussion at the beginning of this chapter, suggest that
exp(1) is particularly important. There is, in fact, a special symbol for this number.

e = exp(l).
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This definition is equivalent to the equation

‘1
1=loge=f —dt
1 f

As illustrated in Figure 3,

2
f ld‘t <1, since 1-(2—1) is an upper sum for
1! Ff@&)=1/ton [1,2),

and

4
} g ) ’_ f 1c.’lt>1, since%-(2—1)+%-(4—2)=1isalowcr
1t sum for f(t) = 1/t on [1,4].

._.
[*]
w4
S

FIGURE 3 Thus

which shows that
2<e <4,

In Chapter 20 we will find much better approximations for e, and also prove that
e is irrational (the proof is much easier than the proof that x is irrational!).

As we remarked at the beginning of the chapter, the equation
exp(x + y) = exp(x) - exp(y)
implies that

exp(x) = [exp(1)]*
= ¢*, for all rational x.

Since exp is defined for all x and exp(x) = * for rational x, it is consistent with
our earlier use of the exponential notation to define e* as exp(x) for all x.

DEFINITION For any number x,
e® = exp(x).

The terminology “exponential function” should now be clear. We have suc-
ceeded in defining €* for an arbitrary (even irrational) exponent x. We have not
yet defined a*, if a # e, but there is a reasonable principle to guide us in the
attempt. If x is rafional, then

at = (eloga)x = exloga.

But the last expression is defined for all x, so we can use it to define a*.
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flx) = (o)

DEFINITION

FIGURE 4

THEOREM 4

PROOF

If a > 0, then, for any real number x,

a* =& loga.

(If a = e this definition clearly agrees with the previous one.)

The requirement a > 0 is necessary, in order that log a be defined. This is not
unduly restrictive since, for example, we would not even expect

D2 L /o

to be defined. (Of course, for certain rational x, the symbol a* will make sense,
according to the old definition; for example,

DB =Y-1=-1)

Our definition of a* was designed to ensure that
(Y =& forall x and y.

As we would hope, this equation turns out to be true when e is replaced by any
number a > 0. The proof is a moderately involved unraveling of terminology. At
the same time we will prove the other important properties of a*.

If a > 0, then
(1) (@) =a** forallb,ec.

(Notice that a® will automatically be positive, so (a®)° will be defined);
2) al=aanda*™*¥ =a*-a” forallx,y.

(Notice that (2) implies that this definition of a* agrees with the old one for all
rational x.)

(1) (ab)c — eclogab — eclog(g”bﬂ") — ec(bloga) — ecbloga = a*.

{Each of the steps in this string of equalities depends upon our last definition, or
the fact that exp = log™!)

(2) al = elloga = (1989 a,
at = e(x+y)loga — exloga+y|oga — exloga . eyloga =a-a’. I

Figure 4 shows the graphs of f(x) = a* for several different a. The behavior
of the function depends on whethera < 1,2 =1, 0ora > 1. If a = 1, then



f(x) = log x

flx) = loguo x

FIGURE 5

fix) = logg *

(a<1)
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f(x) =1* = 1. Suppose a > 1. In this case loga > 0. Thus,

if x <y,
then xloga < yloga,
SO exloga < eyloga’
ie, at <a.

Thus the function f(x) = a* is increasing. On the other hand, if 0 < a < 1,
so that loga < 0, the same sort of reasoning shows that the function f(x) = a*
is decreasing. In either case, if @ > 0 and a # 1, then f(x) = a* is one-one.
Since exp takes on every positive value it is also easy to see that a* takes on every
positive value. Thus the inverse function is defined for all positive numbers, and
takes on all values. If f(x) = a*, then f~! is the function usually denoted by log,
(Figure 5).

Just as a* can be expressed in terms of exp, so log, can be expressed in terms
of log. Indeed,

if y =log, x,
then x=a’ = e’
SO logx = yloga,
!
or y= Ly
loga
In other words,
log, x = !ﬂ.
loga

The derivatives of f(x) = a* and g(x) = log, x are both easy to find:
flx)= eFlosa 5o fiix)=loga- etloga loga - a*,

gur=?ﬁ. s0 g'(x) =
oga

A more complicated function like
f) = g@)"®
is also easy to differentiate, if you remember that, by definition,
f(x) =™ logg(x),

it follows from the Chain Rule that

h(x) | : g'x)

F(x) = " 1880 | B (x) log g (x) + h(x) ==
g(x)

g’(x)]
g(x)
There is no point in remembering this formula—simply apply the principle behind
it in any specific case that arises; it does help, however, to remember that the first
factor in the derivative will be g(x)*®),

= g(x)"® . [h’(x) log g(x) + A(x)
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THEOREM 5

PROOF

There is one special case of the above formula which i worth remembering.
The function f(x) = x? was previously defined only for rational a. We can now
define and find the derivative of the function f(x) = x* for any number a; the
result is just what we would expect:

flx) = X% = ealogx
50

a a —
f’(x) - = _ealogx = .x% —ax® 1_
X X

Algebraic manipulations with the exponential functions will become second na-
ture after a little practice—just remember that all the rules which ought to work
actually do. The basic properties of exp are still those stated in Theorems 2 and 3:

exp’(x) = exp(x),
exp(x + ¥) = exp(x) - exp(y).

In fact, each of these properties comes close to characterizing the function exp.
Naturally, exp is not the only function f satisfying f' = f, for if f = ce*, then
f'(x) = ce* = f(x); these functions are the only ones with this property, however,

If f is differentiable and
)= f(x) forallx,
then there is a number ¢ such that

fx) =ce* forall x.

e @)
g(x) = e
(This is permissible, since e* # 0 for all x.) Then
L - e
(e)? .
Therefore there 1s a number ¢ such that

g(x)=%=c for all x. ||

g'x)=

The second basic property of exp requires a more involved discussion. The
function exp is clearly not the only function f which satisfies

fx+y)=fx)-fn.

In fact, f{x) = 0 or any function of the form f(x) = a* also satisfies this equation.
But the true story is much more complex than this—there are infinitely many other
functions which satisfy this property, but it is impossible, without appealing to more
advanced mathematics, to prove that there is even one function other than those



0 =1

THEOREM 6

PROOF

FIGURE 6
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already mentioned! It is for this reason that the definition of 10* is so difficult:
there are infinitely many functions f which satisfy

fx+»=Ffx) fom,
f(y =10,

but which are not the function f(x) = 10*! One thing is true however—any
continuous function f satisfying

fx+y)=fx)- f(y)

must be of the form f(x) = a* or f(x) = 0. (Problem 38 indicates the way to
prove this, and also has a few words to say about discontinuous functions with this
property.)

In addition to the two basic properties stated in Theorems 2 and 3, the function
exp has one further property which is very important—exp “grows faster than any
polynomial.” In other words,

For any natural number n,
X

im
=00 X

N

= 0.

=

The proof consists of several steps.

Step 1. € > x for all x, and consequently }Lngo e* = oo (this may be considered

to be the case n = 0).
To prove this statement (which is clear for x < 0) it suffices to show that

x>logx foralx>0.

If x < 1 this is clearly true, since logx < 0. If x > 1, then (Figure 6) x — 1 is an
upper sum for f(#) =1/t on [1,x],s0logx <x —1 < x.

Step 2. ]imi=oo.

x—00 X

To prove this, note that

By Step 1, the expression in parentheses is greater than 1, and lim e*/2 = oo; this
X—0C

shows that lim e*/x = oo.
X—=>00

X

Step 3. lim < = 0.

x—o0 xh
Note that Y
e _ (ex/n)n _ 1 ex/n
X" (x)" T oan '
_ -t
n

N m
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The expression in parentheses becomes arbitrarily large, by Step 2, so the nth
power certainly becomes arbitrarily large. |§

It is now possible to examine carefully the following very interesting function:
f(x) = e V= x £ 0. We have

Faw=et 2
X
Therefore,
fix) <0 forx <0,
f'x)>0 forx >0,

so f is decreasing for negative x and increasing for positive x. Moreover, if |x]| is
large, then x2 is large, so —1/x2 is close to 0, so e~1/*’ is close to 1 (Figure 7).

T T T T T T e

FIGURE 7

The behavior of f near 0 is more interesting. If x is small, then 1/x2 is large,
so e'/*" is large, so e~1/** = 1/(e!/**) is small. This argument, suitably stated with
£’s and &%, shows that

lim e"”]"2 =0.
x—0

Therefore, if we define

_[e ¥ x#0
fx) = [ 0, o0,

then the function f is continuous (Figure 8). In fact, f is actually differentiable

FIGURE 8
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at 0: Indeed
—1/82 1/’1
’ 1 e 1
f0) = lim = w50 e/’
and
1/h ; x ) ) 1/h ) x
a0t g/E Jim pre while  Lim ST T Jim o
We already know that
ol
Jm =%
it is all the more true that
e
lim = 00,
-0 X
and this means that
) x
xlgglo e(xz) - 0
Thus
2
—1/::2 L= 0
fow={c" @ *7
0, x=
We can now compute that
f !
. (r) — ' (0)
1 0 — ]. f
f7) lim —————
e 1/F . %
= lim h
h—0 h
1
I Sl S 1o
- hl—!;% S T 0 el/h? T o e(xz) ’

an argument similar to the one above shows that f”(0) = 0. Thus

63

—6 4
f”(x): [ e—l/xz‘F_'_e—l/xz’ .I?(:O
0, x=0.

This argument can be continued. In fact, using induction it can be shown (Prob-
lem 40) that f®(0) = O for every k. The function f is extremely flat at 0, and
approaches 0 so quickly that it can mask many irregularities of other functions.
For example (Figure 9), suppose that

1

L
fx) = e smx, x#0
0, x=0.
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It can be shown (Problem 41) that for this function it is also true that f®(0) =0
for all k. This example shows, perhaps more strikingly than any other, just how
bad a function can be, and still be infinitely differentiable. In Part IV we will
investigate even more restrictive conditions on a function, which will finally rule
out behavior of this sort.

e~ /%% gin 1/x, x#0
N x=0

FIGURE %

PROBLEMS
1. Differentiate each of the following functions (remember that a” always de-
notes a®).
@ fx= e
i) f(x)=log(l +log(l +log(l + e+"“)).

(

(i) f(x) = (sin x)snEinn,
% 2

) fey=elloe %),

& f(x) = sinxtox

S

(v)  f(x) = log.,sinx.
. ] x log(sin &%)
(vil) f(x) = [arcsm (51?)] .
(vitl) f(x) = (log(3 + e*))e** + (arcsin x)lo83,

(ix) f(x) = (logx)"E*.
(x) flx)=x"

2. (a) The derivative of logof is f'/f.

s

®

This expression is called the logarithmic derivative of f. It is often easier
to compute than f’, since products and powers in the expression for f
become sums and products in the expression for logef. The deriva-
tive f' can then be recovered simply by multiplying by f; this process is
called logarithmic differentiation.

{b) Use logarithmic differentiation to find f'(x) for each of the following,
) f&)=A+0d+eD.



(a)

P, )i 2% 4+ = 1)

(cos x, sin x)

g, p) o — = 1}

(cosh x, sinh x)

FIGURE 10

(b)
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G S — CoD
T (1 —x)@+x)¥

@) f(x) = (sinx)®* + (cos x)¥"*.

() foo= .

et —e”
e2*(1 4+ x3)°
Find
b

d
. T

(for f > 0 on [a, b]).
Graph each of the following functions.

@) flx) =+l

(b) f(x) =e">. _
(€) f(x)=e"+e*. } (Compare the graph with the graphs of exp and

(d f(x)=e—e=.) 1/exp)

e —et e 1 2
(c) f(x)_e-‘+e"‘ Tkl _ez"+1'

Find the following limits by PHépital’s Ruie.

e —1—x—x%/2

@ lm

x—0 x2
G) lim e —1—x—x%/2-x3/6
x—0 x3 ’
e . =1 —x—x?/2
(iii) lli];l) 3 .
. . log(1+x) —x+x2
(V) ,P—IR] ) .
. log(1 4+ x) —x+x22
1 .
(v) xl-l;rl}) x3
o . log(l+x)—x+x%/2-x3/3
R
The functions
& — e
sinhx = 26 )
—x
coshx = ete ,
2
X _ X 3
tanhx = ¢ ¢

e +e* =1 e +1’

are called the hyperbolic sine, hyperbolic cosine, and hyperbolic
tangent, respectively (but usually read ‘sinch,” ‘cosh,” and ‘tanch’). There
are many analogies between these functions and their ordinary trigonometric
counterparts. One analogy is illustrated in Figure 10; a proof that the region
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shown in Figure 10(b) really has area x/2 is best deferred until the next chap-
ter, when we will develop methods of computing integrals. Other analogies
are discussed in the following three problems, but the deepest analogies must
wait until Chapter 27. If you have not already done Problem 4, graph the
functions sinh, cosh, and tanh.

Prove that
(@) cosh?—sinh?=1.
(b) tanh®+1/cosh? = 1.
(c) sinh{x + y) = sinh x coshx + cosh x sinh y.
(d) cosh{x + y) = coshx cosh y + sinh x sinh y.
(e) sinh’ = cosh.
(f) cosh’ = sinh.
1

tanh’ = .

© cosh?

The functions sinh and tanh are one-one; their inverses sinh~! and tanh™!,
are defined on R and (—1, 1), respectively. These inverse functions are some-
times denoted by arg sinh and arg tanh (the “argument” of the hyperbolic
sine and tangent). If cosh is restricted to [0, 00) it has an inverse, denoted
by arg cosh, or simply cosh™!, which is defined on [1, 00). Prove, using the
information in Problem 7, that

(a) sinh(cosh™!x)=+v/x2—1.
(b) cosh(sinh™' x) = V1 + x2.
(© (sinh™lY(@) =

1+x2

vx2—1

(e) (tanh_l)’(x) = T——l_xz for x| < 1.

_j_

forx > 1.

(d) (cosh™ly(x) =

a) Find an explicit formula for sinh~!, cosh™, and tanh™! solving the
P y g

equation y = sinh~! x for x in terms of y, etc.).
(b} Find

b
f L dx,
a 1+x2
b 1
f dx fora,b>1lora,b<l,
a x2—1

b1
j; -2 dx forla|,|b| < 1.
Compare your answer for the third integral with that obtained by writing

I MR
1—x2 2|1—-x 1+=x]|




10.

11.

12,

13.
14.

15.
16.

17.
18.
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Show that £ 1
F(x) = —
(x) j; fog? dt
is not bounded on (2, 00).

Let f be a nondecreasing function on [1, 00), and define

F(x) = &dt.
1 4

Prove that f is bounded on [1, 00) if and only if F/log is bounded on [1, 0o).
Find

(a) xl_iirgo a* for 0 < a < 1. (Remember the definition!)

x> 1.

X

=00 (log x)" )

@ lim 088"
X—00 x

1 n
(=" (108 ;)

(d) lixg)rx(logx)". Hint: x(log x)" =
x—

| o=

{e) xlg&x .

Graph f(x) = x* for x > 0. (Use Problem 12(e).)

(a) Find the minimum value of f(x) = &*/x" for x > 0, and conclude that
f(x) > e*/n" for x > n.

(b) Using the expression f'(x) = e*(x — m)/x"*!, prove that f'(x) >
e /(n + 1)t for x > n+ 1, and thus obtain another proof that

lim f(x) = oc.

Graph f(x)} =e*/x".

(a) Find linr(l) log(1+ y}/y. (You can use 'Hépital’s Rule, but that would be

y—

silly.)

(b) Find ljngoxlog(l + 1/x).

(c) Prove that e = xli{g (14 1/x)*.

(d) Prove that & = xl;lzlgo (1+a/x)*. (It is possible to derive this from part {c)
with just a little algebraic fiddling.)

*) Prove that logh = lim x(b1/* — 1).
Graph f(x) = (1 + 1/x)* for x > 0. (Use Problem 16(c).)

If a bank gives a percent interest per annum, then an initial investment /
yields I (1 + a/100) after 1 year. If the bank compounds the interest (counts
the accrued interest as part of the capital for computing interest the next
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19.

20.

*21.

*22.

*23.

24,

year), then the initial investment grows to I (1 4+ a/100)" after n years. Now
suppose that interest is given twice a year. The final amount after n years
is, alas, not (1 +a/100)*, but merely I (1 4 a/200)%*—although interest is
awarded twice as often, the interest must be halved in each calculation, since
the interest is @/2 per half year. This amount is larger than 7(1 + a/100)",
but not that much larger. Suppose that the bank now compounds the interest
continuously, i.e., the bank considers what the investment would yield when
compounding k times a year, and then takes the least upper bound of all
these numbers. How much will an initial investment of 1 dollar vield after
1 year?

(@) Let f(x)=Ilog|x] for x # 0. Prove that f'(x) = 1/x for x # 0.
(b) If f(x)# O for all x, prove that (log |fIY = f'/f.

Suppose that on some interval the function f satisfies f' = ¢f for some
number c.

(a) Assuming that f is never 0, use Problem 19(b} to prove that | f(x)| = le**
for some number ! (> 0). It follows that f(x) = ke®* for some k.

(b) Show that this result holds without the added assumption that f is
never 0. Hint: Show that f can’t be 0 at the endpoint of an open
interval on which it is nowhere 0.

{(c) Give a simpler proof that f(x) = ke for some k by considering the
function g(x) = f(x)/e“.

{d) Suppose that f = fg’ for some g. Show that f(x) = kef™ for some k.

A radioactive substance diminishes at a rate proportional to the amount
present (since all atoms have equal probability of disintegrating, the total
disintegration is proportional to the number of atoms remaining). If A(f)
is the amount at time ¢, this means that A’(f) = cA(t) for some ¢ (which
represents the probability that an atom will disintegrate).

(a) Find A(f) in terms of the amount A9 = A(Q) present at time 0.
(b} Show that there is a number 7 (the “half-life” of the radiocactive element)
with the property that A(z + 1) = A(f)/2.

Newion’s law of cooling states that an object cools at a rate proportional to
the difference of its temperature and the temperature of the surrounding
medium. Find the temperature T(¢) of the object at time ¢, in terms of its
temperature Tp at time 0, assuming that the temperature of the surrounding
medium is kept at a constant, M. Hint: To solve the differential equation
expressing Newton’s law, remember that T/ = (T — M)'.

Prove that if f(x)=/xf(t)dt, then f =0.
0

Find all continuous functions f satisfying

o [ r=e
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(i) j:zf=1—e2’2.

Given a differentiable function f, find all continuous functions g satisfying

f@
fe=g(f(x) -1

1
Find all functions f satisfying f'(tf) = f(t) + f f@)de.
0

Find all continuous functions f which satisfy the equation

¢

1442 at.

(fN? = fo f

(a) Let f and g be continuous nonnegative functions on [a, b], and let
C > 0. Suppose that

X
fwsc+ [ fe asxsh
a
Prove Gronwall’s inequality:

Fo) < cele s,

Hint: Consider the derivative of the function h(x) = C + [ fg.
(b} Use a limiting argument to show that this result holds even for C = 0.
(c) Suppose that f'(x) = g(x) f (x} for some continuous function g, and that
f(©) =0. Then f =0. (Compare Problem 20.)

(a) Prove that
x? X3 x*
1+x+a+§+---+m <ée forx=0.
Hint: Use induction on 7, and compare derivatives.
(b) Give a new proof that lim e*/x" = co.

I—+00

Give yet another proof of this fact, using the appropriate form of ’'Hépital’s
Rule. (See Problem 11-53.)

X

{(a) Ewvaluate xl;lirgo e | & at. (You should be able to make an educated

guess before doing any calculations.}
(b) Evaluate the following limits.

) . 2 x4+(1/x} 2
i) lime e dr.
x

=00

) 5 x+(log x/x) )
(i) lim e™* [ e dr.
x

=00

. 2 x+(log x/2x) )
(i) lim e~ f e dr.
X

X0
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32‘
*33,
4 P
r——— ¢
Q
. .- -—
FIGURE 11

This problem outlines the classical approach to logarithms and exponentials.
To begin with, we will simply assume that the function f(x) = a*, defined in
an elementary way for rational x, can somehow be extended to a continuous
one-one function, obeying the same algebraic rules, on the whole line. (See
Problem 22-29 for a direct proof of this.) The inverse of f will then be
denoted by log,.

{(a) Show, directly from the definition, that
B\ 1/
log, '(x) = ’]‘.I_I:'(l)loga (l + ;)
_1 : 1/k
=7 -log, (’El_%(l + k) ) .

Thus, the whole problem has been reduced to the determination of
}]{in(ll(l + k)%, If we can show that this has a limit e, then log,'(x) =

1

po log, e = % , and consequently exp = log“_,_1 has derivative exp’(x) =
exp(x).
(b) Leta, = (1 + 1) for natural numbers r. Using the binomial theorem,
n

show that

an=2+§%(1—%)(1-%).....(1—";1).

Conclude that a, < a,41.

(c) Using the fact that 1/k! < 1/2%! for k > 2, show that all @, < 3. Thus,
the set of numbers {a;, @2, a3, ...} is bounded, and therefore has a least
upper bound e. Show that for any £ > O we have ¢ — a, < ¢ for large
enough n.

(d Ifn<x<n+1,then

1 n 1 X 1 n+1
(1+n——+1) S(l-i—;) S(1+n———+1) .

Conclude that lim (1 + %) = e. Also show that lim (1 + %) =e,

X—=>00 X—=—0

and conclude that ’llir%(l + )k =

A point P is moving along a line segment AB of length 107 while another
point Q moves along an infinite ray (Figure 11). The velocity of P is always
equal to the distance from P to B (in other words, if P(¢) is the position of P
at time ¢, then P'(¢}) = 107 — P(1)), while Q moves with constant velocity
Q'(r) = 107. The distance traveled by Q afier time ¢ is defined to be the
Napierian logarithm of the distance from P to B at time ¢. Thus

107t = Nap log[107 — P(1)].
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This was the definition of logarithms given by Napier (1550-1617) in his
publication of 1614, Mirfici logarithmonum canonis description (A Description of
the Wonderful Law of Logarithms); work which was done before the use of
exponents was invented! The number 107 was chosen because Napier’s ta-
bles (intended for astronomical and navigational calculations), listed the loga-
rithms of sines of angles, for which the best possible available tables extended
to seven decimal places, and Napier wanted to avoid fractions. Prove that

.. 107

Nap logx = 10" log -

Hint: Use the same trick as in Problem 22 to solve the equation for P.

(a) Sketch the graph of f(x) = (logx)/x (paying particular attention to the
behavior near 0 and o).

{b) Which is larger, e” or n*?

() Prove thatif 0 < x < 1, or x = e, then the only number y satisfying
x¥ =y*isy =x; butif x > 1, x # e, then there is precisely one number
y # x satisfying x¥ = y*; moreover, if x < e, then y > ¢, and if x > e,
then y < e. {Interpret these statements in terms of the graph in part (a)!)

(d) Prove that if x and y are natural numbers and x¥ = y*, then x = y or
x=2,y=4,orx=4,y=2.

{(e) Show that the set of all pairs (x, y) with x” = y* consists of a curve and
a straight line which intersect; find the intersection and draw a rough
sketch.

*f) For 1 < x < e let g(x) be the unique number > e with x8® = g(x)*.

Prove that g is differentiable. (It is a good idea to consider separate

functions,
Ax) = loix, D<x<e
1
flx) = Ofx, e<x

and write g in terms of f) and f3. You should be able to show that

o __ [8@]*  1-logx
§x) = 1 —log g(x) x2

if you do this part properly.)
This problem uses the material from the Appendix to Chapter 11.
(a) Prove that exp is convex and log is concave.

(b) Provcthatipr,-:landallp,- > 0, then
i=1
Pt < priz oo+ Prza.

se Problem 9 from the Appendix to Chapter 11.)
c) Deduce another proof that G, < A, (Problem 2-22).
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(a) Let f be apositive function on [a, b], and let P, be the partition of [a, b]
into n equal intervals. Use Problem 2-22 to show that

1 1
—:—aL(log [ P) < 10g (EL(JC’ PH)) .

(b} Use the Appendix to Chapter 13 to conclude that for all integrable f > 0

we have
1 b 1 e
LI log [ —— .
b—a,£ logfsog(b_afa f)

A more direct approach is illustrated in the next part:

(c) In Problem 35, Problem 2-22 was deduced as a special case of the in-

equality
. (z: p) <3 pigto)
i=l i=]

n
for p; > 0, Z pi = 1 and g convex. For g concave we have the reverse
i=1

inequality
Y pigt) <g (Z Pixx') .
i=1 i=1

Apply this with g = log to prove the result of part (b} directly for any
integrable f.
(d) State a general theorem of which part (b) is just a special case.

Suppose f satisfies f' = f and f(x + y) = f(x) f(y) for all x and y. Prove
that f =expor f =0.

Prove that if f is continuous and f(x +y) = f(x) f(y) for all x and y, then
either f = 0 or f(x) = [f(D]* for all x, Hint: Show that f(x) = [f(1)]*
for rational x, and then use Problem 8-6. This problem is closely related to
Problem 8-7, and the information mentioned at the end of Problem 8-7 can
be used to show that there are discontinuous functions f satisfying f(x+y) =

F&f.

Prove that if f is a continuous function defined on the positive real numbers,
and f(xy) = f(x) + f(y) for all positive x and y, then f =0 or f(x) =
f(e)logx for all x > 0. Hint: Consider g(x) = f(e*).

Prove that if f{x) = e 1% for x #£ 0, and £(0) = 0, then F®(0) =0 for
all k.

Prove that if f(x) = e~"**sin1/x for x # 0, and £(0) = 0, then f®(0) =0
for all k.
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(@) Prove that if e is a root of the equation
(¥}  ayx” tapx" N+ taix+ag =0,
then the function y(x) = e** satisfies the differential equation
%) ay® +a,1y* P+ +ayy +agy =0.

*b) Prove that if « is a double root of (x), then y(x) = xe** also satisfies (¥*).
Hint: Remember that if @ is a double root of a polynomial equation
f(x) =0, then f'{a) =0.

*c) Prove that if o is a root of (#) of order 7, then y(x) = x*¢®* is a solution
forO0<k<r—1.

If () has # real numbers as roots (counting multiplicities), part (c) gives
n solutions yp, ..., ¥» of (#).

(d) Prove that in this case the function ¢1y; + - -+ + ¢ay» also satisfies (#:).

It is a theorem that in this case these are the only solutions of (##). Prob-
lem 20 and the next two problems prove special cases of this theorem,
and the general case is considered in Problem 20-19. In Chapter 27 we
will see what to do when (*) does not have » real numbers as roots.

Suppose that f satisfies " — f =0and f(0) = f/(0) = 0. Prove that f =0

as follows.

(a) Show that 2 — ()2 =0.

(b) Suppose that f(x) # 0 for all x in some interval (a, b). Show that either
f(x) = ce* orelse f(x) =ce™* for all x in (a, b), for some constant .

¥(c) If f(xp)# O for xg > 0, say, then there would be a number a such that

0 <a <xpand f(a) =0, while f(x) # 0for g < x < x5. Why? Use
this fact and part (b) to deduce a contradiction.

(a) Show that if f satsfies f" — f = 0, then f(x) = ae* + be™” for
some a and b. (First figure out what a and & should be in terms of f(0)
and f'(0), and then use Problem 43.)

(b) Show also that f = asinh +b cosh for some (other} @ and b.

Find all functions f satisfying

@) f®=foD.

b) f® = f(n—Z)_

This problem, a companion to Problem 15-30, outlines a treatment of the ex-

ponential function starting from the assumption that the differential equation
f' = f has a nonzero solution.

(a) Suppose there s a function f % 0 with f' = f. Prove that f(x) # 0 for
each x by considering the function g(x) = f(x¢ + x)f(x — xq), where
S (x0) # 0.
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47.

48.

49,

(b) Show that there is a functidn f satisfying f' = f and f(0) = 1.
(c} For this f show that f(x 4+ y) = f(x)- f(y) by considering the function

gx) = flx+y)/fx).
(d) Prove that f is one-one and that @) = 1/x.
Let f and g be continuous functions such that xllpngo fx) = }_n;rolo g(x) = o0,
We say that f grows faster than g (f > g) 1if

lim L9 _
m —— =

x>0 g(_x)

and we say that f and g grow at the same rate (f ~ g) if

lim & exists and is # 0, co.
xX—00 g(,t)

For example, exp > P for any polynomial function P, and P 3> log” for

any positive integer n.

(@) Given f and g, with xli)ngo fx) = xlilg.lo g(x) = oo, is it necessarily true
that one of the three conditions f 3> g or g 3> f or f ~ g holds?

() If f>» g, then f+g~ f.

(¢ I
log f
log g
for sufficiently large x, then f > g.
X X
(d) If f>» gand F(x) = f f, G(x) = f g, does it necessarily foliow
o 0

that F » G?

(e) Arrange each of the following sets of functions in increasing order of
growth (for convenience, we indicate each function simply by giving its
value at x):

>c>1

G x3, ¢, %3 + log(x?), log4x, (logx)*, x*, x + e %, x3logx.
@ x log? x, e5",2log(x‘), e, x*, xloBx (log x)*.
(i) e*, x%, x5, €5, 2%, e°/2, (log x)**.
Suppose that g1, g2, £3. ... are continuous functions. Show that there is a

continuous function f which grows faster than each g;.

Prove that log 2 is irrational.



CHAPTER I 9 INTEGRATION IN ELEMENTARY TERMS

Every computation of a derivative yields, according to the Second Fundamental
Theorem of Calculus, a formula about integrals. For example,

if F(x) = x(logx) —x then F'(x) =logx;

consequently,
b
[ logxdx = F(b) — F(a) = b(logh) — b — [a(loga) —a], 0<a,b.

Formulas of this sort are simplified considerably if we adopt the notation

]
= F(b) — F(a).

F(x)

We may then write
b

b
f logxdx = x(logx) —x
a a4

This evaluation of j;b log x dx depended on the lucky guess that log is the deriva-
tive of the function F(x) = x(log x)—x. In general, a function F satisfying F' = f
is called a primitive of f. Of course, a continuous function f always has a
primitive, namely,

X
F(x) = f £

but in this chapter we will try to find a primitive which can be written in terms of
familiar functions like sin, log, etc. A function which can be written in this way
is called an elementary function. To be precise,* an elementary function is
one which can be obtained by addition, multiplication, division, and composition
from the rational functions, the trigonometric functions and their inverses, and the
functions log and exp.

It should be stated at the very outset that elementary primitives usually cannot
be found. For example, there is no elementary function F such that

Fl(x) = e® forallx

(this is not merely a report on the present state of mathematical ignorance; it is
a (difficult) theorem that no such function exists). And, what is even worse, you

*The definition which we will give is precise, but not really accurate, or at least not quite standard.
Usually the elementary functions are defined to include “algebraic” functions, that i, functions g
satisfying an equation

(BON™ + fac1EEN L+ + folx) =0,

where the f; are rational functions. But for our purposes these functions can be ignored.

359
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will have no way of knowing whether or not an elementary primitive can be found
(you will just have to hope that the problems for this chapter contain no misprints).
Because the search for elementary primitives is so uncertain, finding one is often
peculiarly satisfying. If we observe that the function

log(1 + x2)
2

F(x) = xarctanx —

satisfies
F'(x) = arctan x

(just how we would ever be led to such an observation is quite another matter), so
that
9 b
log(1l + x°)
2 L

b
f arctanx dx = x arctanx —
a
a

then we may feel that we have “really” evaluated j;b arctanx dx.

This chapter consists of little more than methods for finding elementary prim-
itives of given elementary functions (a process known simply as *integration™),
together with some notation, abbreviations, and conventions designed to facilitate
this procedure. This preoccupation with elementary functions can be justified by
three considerations:

(1) Integration is a standard topic in calculus, and everyone should know
about it.

(2) Every once in a while you might actually need to evaluate an integral, under
conditions which do not allow you to consult any of the standard integral
tables (for example, you might take a (physics) course in which you are
expected to be able to integrate).

(3} The most useful “methods” of integration are actually very important the-
orems (that apply to all functions, not just elementary ones).

Naturally, the last reason is the crucial one. Even if you intend to forget how
to integrate (and you probably will forget some details the first time through), you
must never forget the basic methods.

These basic methods are theorems which allow us to express primitives of one
function in terms of primitives of other functions. To begin integrating we will
therefore need a list of primitives for some functions; such a list can be obtained
simply by differentiating various well-known functions. The list given below makes
use of a standard symbol which requires some explanation. The symbol

ff or ff(x)dx

means “a primitive of f” or, more precisely, “the collection of all primitives of f.”
The symbol [ f will ofien by used in stating theorems, while [ f(x}dx is most
useful in formulas like the following:

4
3 4y =
[x dx—4.
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This “equation” means that the function F(x} = x*/4 satisfies F/(x) = x3. It
cannot be interpreted literally because the right side is a number, not a function,
but in this one context we will allow such discrepancies; our aim is to make the
integration process as mechanical as possible, and we will resort to any possible
device. Another feature of the equation deserves mention. Most people write

3 x*
dx=—+C
f x"dx 2 +

to emphasize that the primitives of f(x) = x> are precisely the functions of the
form F(x) = x*/4 4 C for some number C. Although it is possible (Problem 13)
to obtain contradictions if this point is disregarded, in practice such difficulties do
not arise, and concern for this constant is merely an annoyance.

There is one important convention accompanying this notation: the letter ap-
pearing on the right side of the equation should match with the letter appearing
after the “d” on the left side—thus

A function in f f(x)dx, ie., a primitive of f, is often called an “indefinite
integral” of f, while jz’ f(x)dx is called, by way of contrast, a “definite integral,”
This suggestive notation works out quite well in practice, but it is important not to
be led astray. At the risk of boring you, the following fact is emphasized once again:
the integral j;b F(x)dx is not defined as “F(b) — F(a), where F is an indefinite
integral of f” (if you do not find this statement repetitious, it is time to reread
Chapter 13),

We can verify the formulas in the following short table of indefinite integrals
simply by differentiating the functions indicated on the right side.

n-+
1 1 ) . dx . ..
—dx =logx < dx is often written - for convenience; similar
x

abbreviations are used in the last two examples of this
table.)

féﬁ:f

fsinx dx = —cosx
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THEOREM 1 (INTEGRATION BY PARTS)

cosxdx =sinx

sec? xdx = tan x

f secxtanx dx =secx

= arctanx

f = arcsinx
1- x2

Two general formulas of the same nature are consequences of theorems about
differentiation:

f [F () + g0)] dx = f fxydx + f g(x) dx,
[c-f(x)dx=c-ff(x)dx.

These equations should be interpreted as meaning that a primitive of f + g can
be obtained by adding a primitive of f to a primitive of g, while a primitive of
¢ - f can be obtained by multiplying a primitive of f by c.

Notice the consequences of these formulas for definite integrals: If f and g are
continuous, then

b b b

f[f(x)-!—g(x)]dx:f f(x)dx+f gx)dx,
a b a b a
fc-f(x)dx:c-j fx)dx.

These follow from the previous formulas, since each definite integral may be writ-
ten as the difference of the values at @ and b of a corresponding primitive. Con-
tinuity is required in order to know that these primitives exist. (Of course, the
formulas are also true when f and g are merely integrable, but recall how much
more difficult the proofs are in this case.)

The product formula for the derivative yields a more interesting theorem, which
will be written in several different ways.

If f' and g’ are continuous, then

ffg’=fg—ff'g.

ff(X)g'(x)dx =f(JC)g(X)—ff'(x)g(x)dx,

b
f flx)gx)dx.

b b
f F@g @ dx = FRg® |

(Notice that in the second equation f(x)g(x) denotes the function f - g.)
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The formula
(fgY =fg+ fg

can be written

fg'=(fg) — f's.

ffg’=f(fg)’—ff’g,

and fg can be chosen as one of the functions denoted by f(fg). This proves the
first formula.

The second formula is merely a restatement of the first, and the third formula
follows immediately from either of the first two. |

Thus

As the following examples illustrate, integration by parts is useful when the func-
tion to be integrated can be considered as a product of a function f, whose deriva-
tive is simpler than f, and another function which is obviously of the form g'.

fxexdxzxe"—— 1.-¢*dx
14 i 14
fe fg il

=xe* —¢&*
fxsinxdx=x -(—cosx)—f 1-(—cosx)dx
AN 2 ¥ \ l
fe f g o8

= —xcosx +sinx

There are two special tricks which often work with integration by parts. The
first is to consider the function g’ to be the factor 1, which can always be written
in.

L ooy
f g f g f

= x(logx) — x.

flogxa'x=f 1 ~logxdx=xlogx—fx-(1/x)dx
L
gl'

The second trick is to use integration by parts to find [ & in terms of [k again,
and then solve for [ h. A simple example is the calculation

f(l/x)-logxa'x =logx-logx — f (1/x) - logx dx,
\ + oo \ +
g f g f froe
which implies that

1
2[ ;logxdx = (log x)?
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or )
1 (log x)

—1 dx = .

fx ogxdx 5

A more complicated calculation is often required:

fe"sinxdx =e* . (—cosx) -—fe" -{—cosx)dx
)

4 A ¥ ¥
g f g f g
=—e‘cosx + f e*cosxdx
1
u v
= —¢*cosx + [ - (sinx) — | *(sinx)dx];
VR A N
u v T
therefore,
2 f e sinxdx = &*(sinx — cosx)
or

s
. et (sinx — cosx)
e sinxdx = > .

Since integration by parts depends upon recognizing that a function is of the
form g’, the more functions you can already integrate, the greater your chances for
success. It 1s frequently reasonable to do a preliminary integration before tackling
the main problem. For example, we can use parts to integrate

f (log xPdx = f (log x)(log x}dx
Yoo
f ¢
if we recall that [logx dx = x(logx) — x (this formula was itself derived by inte-
gration by parts); we have

f (log x)(log x) dx = (log x)[x(log x) — x] — [ (1/x)[x(logx) — x| dx
) { \’ \ 1 4
f g f g ki g
= (logx)[x(log x) ~ x] — f[logx —1]dx

= (logx)[x(logx) — x] — flogx dx +f1dx
= (logx)[x(logx) — x] — [x(logx) —x] +x
= x(log x)? — 2x(log x) + 2x.

The most important method of integration is a consequence of the Chain Rule.
The use of this method requires considerably more ingenuity than integrating by
parts, and even the explanation of the methed is more difficult. We will therefore
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develop this method in stages, stating the theorem for definite integrals first, and
saving the treatment of indefimite integrals for later.

If f and g’ are continuous, then

(b b
f f= f (fog) g
g(a) a

0] b
f( , f)du = f Fg() - g'(x)dx.
gla a
If F is a primitive of f, then the left side is F(g(b)) — F(g(a)). On the other
hand,
(FogY =(F'og)-g'=(fog)-g

so F o g is a primitive of (f o g) - g’ and the right side is

(F o g)(b) — (F o g)(a) = F(g(b)) — F(g(a)). |

The simplest uses of the substitution formula depend upon recognizing that a
given function is of the form (f o g) - g’. For example, the integration of

b b
f sin® x cosx dx (=[ (sinx)scosxdx)

is facilitated by the appearance of the factor cosx, which will be the factor g'(x)
for g(x) = sinx; the remaining expression, (sinx)’, can be written as (g(x))* =
Flg(x)), for f(u) = u>. Thus

b o
[ sin” x cosx dx [ 8(x) = smx]

faw) =uw
b g(b)
- f Fe(x)g () dx = f L
a zla
sink : 6 + 6
=~/;ina HSdu=£6b-—S]n6a-

The integration of fa” tan x dx can be treated similarly if we write

b b
—sinx

[ tanx dx = —f dx.
a a COSX

In this case the factor —sinx is g’(x), where g(x)} = cosx; the remaining factor
1/ cosx can then be written f(cosx) for f(u) = 1/u. Hence

b g(x) =cosx
j; tanx dx Fl) = l

u

gk

b
—_ f Fle()g'(x)dx = — ]  fwd
a gla

cosh 1
= —f —du = log(cosa) — log(cos b).
i

osa
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Finally, to find

LS|
f dx,
a xlogx

notice that 1/x = g'(x) where g(x) = logx, and that 1/logx = f(g(x)) for
fu)=1/u. Thus

b1 |:g(x) = logx]
f dx 1
e xlogx fu) = "
E{G)]

b
- f FRENE x) dx = f fu)du
a g

(@)
logd 1
= [ — du = log(log b) — log(log a).
loga
Fortunately, these uses of the substitution formula can be shortened considerably.
The intermediate steps, which involve writing
e

b
f fg())g' (x)dx = f@)du,

gla)
can easily be eliminated by noticing the following: To go from the left side to the
right side,
u for g(x)
du for g'(x)dx
{(and change the limits of integration);

substitute {

the substitutions can be performed directly on the original function (accounting
for the name of this theorem). For example,

b - sind
. ; u for sinx
sin® x cos x dx | substitute = u’ du,
A du for cosxdx sina

and similarly

b : cosh
—~sinx ) u for cosx 1
f dx [subsntute :| = f —du.
a Ci

cosX du for —sinxdx osa M

Usually we abbreviate this method even more, and say simply:

“Let u = g(x)
du = g'(x)dx.”

b let u=Ilogx logb |
f dx 1 = [ —du.
« xlogx du = ;dx loga ¥
In this chapter we are usually interested in primitives rather than definite in-
tegrals, but if we can find f: f(x)dx for all a and b, then we can certainly find

Thus
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(x)dx. For example, since
/f ple,

b s sin®s  sinfa
sin” xcosxdx =
a

6 6 '

it follows that

sin® x

6

f sin® x cos x dx =
Similarly,

ftanx dx = —logcosx,

1
f *log x dx = log(log x).

It is quite uneconomical to obtain primitives from the substitution formula by first
finding definite integrals. Instead, the two steps can be combined, to yield the
following procedure:

(1) Let
u=gx),
du = g'(x)dx;

(after this manipulation only the letter # should appear, not the
letter x).

(2) Find a primitive (as an expression involving u).

(3} Substitute g(x) back for u.

Thus, to find
f sin’ x cos x dx,

(1) let

u =sinx,
du = cosxdx

fus du;

6

5 u

du = —;
fu “ 6

(3) remember to substitute sin x back for u, so that

so that we obtain

(2) evaluate

sin® x

6

fsinsx cosxdx =
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Similarly, if
u=logx,
1
du = —dx,
x
then ) 1
f dx becomes f —du =logu,
xlogx u
so that 1
dx =1 ;
,[ xlogx * = log(log x)
To evaluate
f X ax
1+ x2
let
u=1+x2
du = 2xdx;

the factor 2 which has just popped up causes no problem —the integral becomes
171
-z'-f ;a’u = %logu,

f T = = log(l +x2).
(This result may be combined with integration by parts to yield

S0

[1-arctanxdx=xarctanx-f—x—dx
1+ x2
= xarctanx — > log(l + x2),

a formula that has already been mentioned.)

These applications of the substitution formula* illustrate the most straight-
forward and least interesting types—once the suitable factor g’(x) is recognized,
the whole problem may even become simple enough to do mentally. The following
three problems require only the information provided by the short table of indefi-
nite integrals at the beginning of the chapter and, of course, the right substitution

*The substitution formula is often written in the form
f fodu = f FexNg'dx, u =gk

This formula cannot be taken literally (after all, [ f(u) du should mean a primitive of f and the
symbol f f(g(x))g’(x}dx should mean a primitive of (f o g) - g; these are certainly not equal).
However, it may be regarded as a symbolic surnmary of the procedure which we have developed. If
we use Leibniz’s notation, and a little fudging, the formula reads particularly well:

ff(u)du=ff(u)j—:-dx.



19. Integration in Elementary Terms 369

(the third problem has been disguised a little by some algebraic chicanery).

f sec? x tan> x dx,

f (cos x)e"™* dx,

[ =~

V1—e¥

If you have not succeeded in finding the right substitutions, you should be able to
guess them from the answers, which are (tan® x) /6, "% and arcsin ¢*. At first you
may find these problems too hard to do in your head, but at least when g is of the
very simple form g(x) = ax + b you should not have to waste time writing out the
substitution. The following integrations should all be clear. (The only worrisome
detail is the proper positioning of the constant—should the answer to the second be
€3 /3 or 3¢**? I always take care of these problems as follows. Clearly [ ¥ dx =
e, (something). Now if I differentiate F(x) = P get F'(x) = 3e¥*, so the
“something” must be %, to cancel the 3.)

dx
f 13 = log(x + 3),

3
3x
3x __e_
fe dx 3"
in 4
fcos4xdx - x,
4
fsin(2x+l)dx= 1"5%—’”—1)
dx _ arctan 2x
1+4x2 2

More interesting uses of the substitution formula occur when the factor g’(x)
does not appear. There are two main types of substitutions where this happens.

Consider first
f 14+¢*
dx.
1—e*

The prominent appearance of the expression e* suggests the simplifying substitu-
tion

u=e,
du =e"dx.

Although the expression e* dx does not appear, it can always be put in:

f1+e dx=f1+e -l-exdx.

1—¢* 1—e*r e

We therefore obtain

142 1
- —du,
1—u u




370 Derivatives and Integrals

which can be evaluated by the algebraic trick

1 1 2 1
/ +u-—du=f1 +;du=-210g(1—-u)+logu,

— U

1+¢

1—e*

There is an alternative and preferable way of handling this problem, which does
not require multiplying and dividing by e*. If we write

dx = —2log(l —&*) + loge® = —2log(l — €*) + x.

u=e, x =logu,

dx = ldﬂ.
u

then Lt o . |
1 +:x dx immediately becomes tu - —du.

t—u u
Most substitution problems are much easier if one resorts to this trick of express-
ing x in terms of #, and dx in terms of du, instead of vice versa. It is not hard to
see why this trick always works (as long as the function expressing « in terms of x
is one-one for all x under consideration): If we apply the substitution

u=gx), x=g'@w
dx = (g7 (u) du

to the integral
f flgx))dx,

we obtain

¢ f fa)(g™"Y @) du.
On the other hand, if we apply the straightforward substitution

u=g(x)
du=g'(x)dx
to the same integral,
1
[ f(g(xNdx = f f(g(x)) - —— - g'(x)dx,
g'(x)

we obtain

1
2 s du.
@) f e O

The integrals (1) and (2) are identical, since (g‘l)’(u) = l/g’(g‘l(u)).
As another concrete example, consider

eZ:c
[ dx.
ver +1
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In this case we will go the whole hog and replace the entire expression ve* + 1
by one letter. Thus we choose the substitution

H=+ve +1,

uw=e +1,
u2—1=e", x=10g(u2—1),
2u
dx—uz_ldu.

The integral then becomes

2 142 3
f(u b . 2u du=2[u2—ldu=g-u——2u.

u ul—1

Thus
e 2 372 1/2
f————-dx:—(e"+1)/ — 2" + D12,
ve +1 3

Another example, which illustrates the second main type of substitution that can

occur, is the integral
f v1—x2dx.

In this case, instead of replacing a complicated expression by a simpler one, we

will replace x by sinu, because v'1 — sin®u = cosu. This really means that we
are using the substitution # = arcsin x, but it is the expression for x in terms of u
which helps us find the expression to be substituted for dx. Thus,

let x=sinu, [u=arcsinx]
dx = cosudu;

then the integral becomes
f V1 —sin’u cosudu = fcoszudu.

The evaluation of this integral depends on the equation

2 1 +cos2u
cos™u = ————

(see the discussion of trigonometric functions below) so that

14 cos2u u sin2u
2 - - _ —
fcos udu—j > du—-2+ ,

and

f ‘/1—_;2‘ dr = arcszmx + sin(2 a;csmx)

arcsinx 1 . .
= + — sin(arcsin x) - cos{arcsin x)

2 2

_ arcsin x + %x m

2
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Substitution and integration by parts are the only fundamental methods which
you have to learn; with their aid primitives can be found for a large number of
functions. Nevertheless, as some of our examples reveal, success often depends
upon some additional tricks. The most important are listed below. Using these
you should be able to integrate all the functions in Problems 1 to 9 (a few other
interesting tricks are explained in some of the remaining problems).

1. TRIGONOMETRIC FUNCTIONS

Since
« 2 2
sin“x +cos“x =1
and
cos 2x = cos® x — sin’ x,
we obtain
cos2x = cos’x — (1 — cos®x) = 2cos?x — 1,
cos2x = (1 —sinzx) —sinx=1-—2sin’zx,
or
. 2 1 —cos2x
sin“ x = —
2 14 cos2x
Ccos“ X = —

These formulas may be used to integrate

[ sin” x dx,
f cos" xdx,

if n is even. Substituting

{1 — cos2x) or (1 4+ cos2x)
2 2
for sin®x or cos®x yields a sum of terms involving lower powers of cos. For

example,

2
fsin‘bcdx:f(%) dx=f%dx—%fcos?.xdx+3—1fcos22xdx

and : A
fc0322xdx =/—+%(—)§—xdx.

If nisodd,n =2k + 1, then

jsin"xdx = fsinx(l — cos? x)¥ dx;
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the latter expression, multiplied out, involves terms of the form sin x cos’ x, all of
which can be integrated easily. The integral for cos” x is treated similarly An
integral

f sin” x cos™ x dx

is handled the same way if #n or m is odd. If n and m are both even, use the
formulas for sin? x and cos? x.
A final important trigonometric integral is

1
—dx = fsecx dx =log(secx + tanx).
cos X

Although there are several ways of “deriving” this result, by means of the meth-
ods already at our disposal (Problem 12}, it is simplest to check this formula by
differentiating the right side, and to memorize it.

2. REDUCTION FORMULAS
Integration by parts yields (Problem 20)
f sin"xdx = — 1 sin" ! x cosx + P;l- f sin" 2 x dx,
n n

1 . n—1
fcos”xdx = - cos" ! xsinx + “fcos"_zxdx,
n n

j 1 dx — 1 x + 2n -3 f 1 4
C+ryr T m2@r - "2 ) e ¥
and many similar formulas. The first two, used repeatedly, give a different method

for evaluating primitives of sin” or cos". The third is very important for integrating
a large general class of functions, which will complete our discussion.

3. RATTONAL FUNCTIONS

Consider a rational function p/q where

p(x) = apx" +an—1x"_1 +---+ap,
g(x) = bpx™ + by_1x™ L + .- + by.

We might as well assume that a, = b, = 1. Moreover, we can assume that n < m,
for otherwise we may express p/q as a polynomial function plus a rational function
which s of this form by dividing (the calculation

u? |

ppny kS

is a simple example). The integration of an arbitrary rational function depends
on two facts; the first follows from the “Fundamental Theorem of Algebra” (see
Chapter 26, Theorem 2 and Problem 26-3), but the second will not be proved in
this book.
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THEOREM  Every polynomial function
gx) =x" +bp_1x" L -+ by
can be written as a product
gx) = —a)? .. — o) @+ Bix + )T - 0 B+ )T
(where ry + -« +re +2(s1 + - -+ + 8) = m).
(In this expression, identical factors have been collected together, so that all

x—a; and X2+ Bix+y may be assumed distinct. Moreover, we assume that each
quadratic factor cannot be factored further. This means that

Bt — 4y <0,

since otherwise we can factor

24 Bx+yi= [x— (_ﬁﬁ- ﬂ.—2—4r.-)} ' [x_ (_ﬂi_m)]

2 2

into linear factors.)

THEOREM If n <m and

px) =x"+a,1x" '+ +ay,
gx) =x" 4+ bp1x" 4. 4 by

=(x—a) (=) @R+ B ) L R Bix + ),
then p{x)/q(x) can be written in the form
p(x) _ [ a1 ai,rn ]
q(x) (x —a1) (x —a)

o1 Ok
+ + - + —_
[(x — ayg) x - ak)"‘]

[ bia1x +c1,1 - b1 x +c1y ]
(x2 + Bix + y1) (x2 + Bix + y1)%

[ brix +cin N by sx +cig, ]

(x2+ Bix +w) 2+ Bx+wy]

This expression, known as the “partial fraction decomposition” of p(x)/g(x), is
so complicated that it is simpler to examine the following example, which illustrates
such an expression and shows how to find it. According to the theorem, it is
possible to write

2x7 4 8x% + 13x5 +20x% + 15x3 + 1622 + 7x + 10

(2 +x+1)2(x2 4+ 2x +2)(x — 1)2
_a b cx+d ex+ f gx+h

_x—l+(x—l)2+x2+2x+2+x2+x+l x2 +x+ D2
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To find the numbers a, b, ¢, d, e, f, g, and h, write the right side as a polynomial
over the common denominator (x2 +x + 1)2(x2 + 2x + 3)(x — 1)?; the numerator
becomes

aG—DEZ+2x + D2 +x+ D2+ b2 +2x + )2 +x + 1)2
+(cx+d)(x — 1)2(x2 +x 4 1)2 Flex+ Hlx — 1)2(x2 +2x+ D2 +x+ 1)
+ (gx + h)(x — 12 (x? +2x +2).

Actually multiplying this out (!) we obtain a polynomial of degree 8, whose coef-
ficients are combinations of a, ..., k. Equating these coefficients with the coeffi-
cients of 2x7+8x6+13x> +20x4+ 15x% +16x2+7x+ 10 (the coefficient of x8 is 0)
we obtain 8 equations in the eight unknowns a, ..., h. After heroic calculations
these can be solved to give

Thus

dx

f 2xT +5x0 4+ 13x5 +20x% + 1723 + 16x2 + Tx + 7
(x24x+ 1)2(x2 +2x +2)(x — 1)2

1 j‘ f +_[ x+3 d
e G (x2+ 1) 2yl

(In simpler cases the requisite calculations may actually be feasible. I obtained this
particular example by sfarting with the partial fraction decomposition and convert-
ing it into one fraction.)

We are already in a position to find each of the integrals appearing in the above
expression; the calculations will illustrate all the difficulties which arise in integrat-
ing rational functions.

The first two integrals are simple:

1
fx_la'x=log(x—1),

2 -2
f(x——l)zdx=x—1'

The third integration depends on “completing the square™

J::2+.74:+1=(Jc+%)2 2

3| {x+ %
= - +1].
4 [( 3 ) }
Vi
(If we had obtained —% instead of % we could not take the square root, but in this
case our original quadratic factor could have been factored into linear factors.) We
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can now write

1 16 1
fde:—g—f[(x+ ) ]zdx.
+1

The substitution

changes this integral to
16
9 J w2+ 1)2
which can be computed using the third reduction formula given above.
Finally, to evaluate

ey

x+3

T

we write

f x+3 f 2% +2 +f 2 ;
A2 %=2) F12 72 Gr2+1”

The first integral on the right side has been purposely constructed so that we can
evaluate it by using the substitution

u=x2+2x+2,
du = (2x +2)dx

The second integral on the right, which is just the difference of the other two, is
simply 2 arctan(x + 1). If the original integral were

_x+3 1 2x+2
=} —————dx+ | —————dx,
(x2 +2x+2)" 2] G+t 2 [[(x+1)2+1]"
the first integral on the right would still be evaluated by the same substitution.
The second integral would be evaluated by means of a reduction formula.

This example has probably convinced you that integration of rational functions
is a theoretical curiosity only, especially since it is necessary to find the factorization
of g(x) before you can even begin. This is only partly true. We have already seen
that simple rational functions sometimes arise, as in the integration

14
1 —ex
another important example is the integral
1 1

1 [ P 1
[xz—ldx_fx—l x+1dx_210g(x D 210g(x—+—1).

dx;
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Moreover, if a problem has been reduced to the integration of a rational function,
it is then certain that an elementary primitive exists, even when the difficulty or
impossibility of finding the factors of the denominator may preclude writing this
primitive explicitly.

PROBLEMS

1. This problem contains some integrals which require littte more than alge-
braic manipulation, and consequently test your ability to discover algebraic
tricks, rather than your understanding of the integration processes. Never-
theless, any one of these tricks might be an important preliminary step in
an honest integration problem. Moreover, you want to have some feel for
which integrals are easy, so that you can see when the end of an integration
process is in sight. The answer section, if you resort to it, will only reveal
what algebra you should have used.

[

f\/x—lcf:\/;+1l

e + e + &%
(iii) f ————dx.

(iv) ff;;dx.

(v) f tan? x dx. (Trigonometric integrals are always very touchy, because
there are so many trigonometric identities that an easy
problem can easily look hard.)

) [a2+x2
(vil) f ﬁ

j‘ dx
M) | T

8x2 +6x+4
(ix) f x+1 dx

fﬁdx

2. The following integrations involve simple substitutions, most of which you
should be able to do in your head.

@ f e* sine* dx.
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(i) [ xe™* dx.
lo gx
(iii) dx. (In the text this was done by parts.)
(iv) f e dx
e +2e5 +1°
v) / e & dx.

xdx

(vi) ’—l—x

(vii) f —dx.

(vii) f xv/1—x2dx.

f log(cos x) tan x dx.

) j' log(log x)

xlogx

3. Integration by parts.

i f «2e* dx.
(if) f x3e dx.
(i) f ¢ sin bx dx.
(iv) f x%sinx dx.

f (log x)3 dx.
i) j log(log x) dx

X

(vii) f sec’ x dx. (This is a tricky and important integral that often comes
up. If you do not succeed in evaluating it, be sure to
consult the answers.)

(viii) f cos(log x) dx.
(ix) fﬁ log x dx.

(x) f x(log x)? dx.
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The following integrations can all be done with substitutions of the form
x = sinu, x = cosu, etc. To do some of these you will need to remember
that

f secx dx = log(sec x + tan x)
as well as the following formula, which can also be checked by differentiation:
[ cscx dx = —log(cscx + cotx).

In addition, at this point the derivatives of all the trngonometric functions
should be kept handy.

@

. {(You already know this integral, but use the substitution
V1-x% ; —sinu anyway, just to see how it works out.)

(Since tan? u + 1 = sec® u, you want to use the substi-

dx
vl +x2 tution x = tan u.)
(iii .
(i) [ s

(T he answer will be a certain inverse function that was

xv x2 given short shrift in the text.)
f xv 1 — x2
(vi)
xv 1 +x2

. 3 . 2
(vii) _[ x°V 1~ x%dx. You will need to remember the methods for
integrating powers of sin and cos.
(viii) fv 1 —x2dx.

fmdx.
[ﬁdx.

The following integrations involve substitutions of various types. There is
no substitute for cleverness, but there is a general rule to follow: substitute
for an expression which appears frequently or prominently; if two different
troublesome expressions appear, try to express them both in terms of some
new expression. And don’t forget that it usually helps to express x directly
in terms of u, to find out the proper expression to substitute for dx.

. dx

0 .[ 1++/x+1 .
.. dx

() 1+e
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f dx
f + =
. (The substitution # = e* leads to an integral requir-

V1+e* ing yet another substitution; this is all right, but both
substitutions can be done at once.)

f dx
2+ tanx’
(Another place where one substitution can be made to

dx
o f
Vx+1 do the work of two.)
. 4"+ 1
Vi) | 5 1
(viii) f eV dx.

Vv1—x . . .
(ix) T dx. (In this case two successive substitutions work out best;
- there are two obvious candidates for the first substitu-

tion, and either will work.)

9 [
x+1 x2

The previous problem provided gratis a haphazard selection of rational func-
tions to be integrated. Here is a more systematic selection.

] 2x2 +7x -1
0 ,[x3+x2-x—1dx'
. 2x +1
(i) _[ 23 —3x243x—1 dx.
i) j‘x3 +7x2—-5x+5
! x— 12@x + 1)

dx.

, 2x2 +x 41

© | crhe-m2 ™
x+4

(V) j.mdx

B 4x+2
v _[x4+2x2+1
. 3x2+3x+1
(vii ,[x3+2x2+2x+1

(/ dx
viii) A1

—_—d
,[(x2+x+1)2 ¥

f(x2+x+1)3 o
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*7. Potpourri. (No holds barred.) The following integrations involve all the
methods of the previous problems

. arctan x
(1) f 1—+x—2 dx.

(,, X arctan x .
V) aeer

(iii) flog\/I +x2dx.
(iv) fxlogs/l +x2dx.

) [xz -1 1 dx
i 2+l 144
(vi) f arcsin +/x dx.

x
vii — dx.
(vi) f1+s1nx
(viii fesm“‘ . xcos3x2— sin x dx.
cos* x

(ix) f tan x dx.

d
() f x6-T-1' (To factor x® + 1, first factor y* + 1, using Problem 1-1.)

The following two problems provide still more practice at integration, if you need
it (and can bear it). Problem 8 involves algebraic and trigonometric manipulations
and integration by parts, while Problem 9 involves substitutions. (Of course, in
many cases the resulting integrals will require still further manipulations.)

8. Find the following integrals.
@) f log(a? + x?) dx.

1
(i) f —H oY .
i X
x+1

(iif) T

(iv) f x arctan x dx.

dx.

(v) f sin3 x dx.
i) /’ sin’ x dx

cos2x
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(vii) f x%arctan x dx.

(viii) f __xdx
Vx2—-2x+2

(ix) f sec® x tan x dx.

(x) [ x tan? x dx.

9. Find the following integrals.

. dx

(l) f (a2 o+ x2)2 :

(11} f\/l —sinx dx.

(1ii) [ arctan /x dx.

(iv) fsian + 1 dx.
)

© [

—2 dx.
x
(vi) flog(x +vx2—1)dx.
i) [ logtex -+ vE)d.
dx
i) [ .

(x) f (arcsin x) dx.

(x) f x° arctan(xz) dx.,

10. Ifyou have done Problem 18-9, the integrals (i) and (iii) in Problem 4 will look
very familiar. In general, the substitution x = cosh  often works for integrals
involving v'x2 — 1, while x = sinh « is the thing to try for integrals involving
v/x2 + 1. Try these substitutions on the other integrals in Problem 4. (The
method is not really recommended; it is easier to stick with trigonometric
substitutions.)

*11. 'The world’s sneakiest substitution is undoubtedly
x
{ = tan 7 x = 2arctant,
2

=1 2%

dx
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As we found in Problem 15-17, this substitution leads to the expressions

sinx = COsSXx = ——

1+1¢2
This substitution thus transforms any integral which involves only sin and
cos, combined by addition, multiplication, and division, into the integral of
a rational function. Find

. dx

0 1+sinx

. (Compare your answer with Problem 1(viii).)

(ii) f iz— (In this case it is better to let = tanx. Why?)
1—sin“x

d . N
(iii) f —xb_ (There is also another way to do this, using
asinx 4+ bcosx Problem 15-8.)

(iv) [ sin® xdx. (An exercise to convince you that this substitution
should be used only as a last resort.)

v) [ ?ﬁiﬁ (A last resort.)
Derive the formula for f secx dx in the following two ways:
(a) By writing
1 cosx
cosx  cos?x
CosX

1 —sin’x

1[ cosx cosX ]
- A + )

2| 1+sinx 1-—sinx
an expression obviously inspired by partial fraction decompositions. Be
sure to note that  cosx/(1 —sinx)dx = —log(1 —sin x); the minus sign

is very important. And remember that §loga = log +/&. From there
on, keep doing algebra, and trust to luck.

(b) By using the substitution ¢ = tanx/2. One again, quite a bit of manip-
ulation is required to put the answer in the desired form; the expression
tanx/2 can be attacked by using Problem 15-9, or both answers can
be expressed in terms of ¢. There is another expression for f secxdx,
which is less cumbersome than log(sec x + tanx); using Problem 15-9,

we obtain
x
1+tan5
X 7
fsecxdx = log — |- log (tan (E + Z)) .
1- tan§

This last expression was actually the one first discovered, and was due,
not to any mathematician’s cleverness, but to a curious historical acci-
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13.

14,

15.

16‘

17.

18.
19,

20.

21.

*22.

dent: In 1599 Wright computed nautical tables that amounted to definite
integrals of sec. When the first tables for the logarithms of tangents were
produced, the correspondence between the two tables was immediately
noticed (but remained unexplained until the invention of calculus).

The derivation of f e* sin x dx given in the text seems to prove that the only
primitive of f(x) = e*sinx is F(x) = e*(sinx — cosx)/2, whereas F(x) =
e*(sinx — cos x)/2 + C is also a primitive for any number C. Where does C
come from? (What is the meaning of the equation

fe" sinxdx =e*sinx — e* cosx — f e sinx dx?)
Suppose that f” is continuous and that
fox[f(x) + f7(x)] sinx dx = 2.
Given that f(r) =1, compute fF0).

(a) Find [ arcsin x dx, using the same trick that worked for log and arctan.

*b) Generalize this trick: Find [ f~!(x)dx in terms of [ f(x) dx. Compare

with Problems 12-18 and 14-17.

(a) Find { sin® x dx in two different ways: first using the reduction formula,

and then using the formula for sin’ x.
(b) Combine your answers to obtain an impressive trigonometric identity.

Express {log(log x}dx in terms of f(logx)~!dx. (Neither is expressible in
terms of elementary functions.)

2 . 2
Express [ x2e=*" dx in terms of fe* dx.

Prove that the function f(x) = e*/(¢°* +¢*+1) has an elementary primitive.
(Do not try to find it!)

Prove the reduction formulas in the text. For the third one write

dx _[ dx B x2dx
f(1+x2)" ) A+l (1+x2)"

and work on the last integral. (Another possibility is to use the substitution
X =tanu,)

Find a reduction formula for
(a) f x"e*dx
(b) f(logx)" dx.

Prove that

coshx :
JETar = Shxsinhx _ x
1 tc—1dt 5 5"

(See Problem 18-6 for the significance of this computation.)
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24.

25.
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Prove that

b b
ff(x)dx:[ fla+b—x)dx.

(A geometric interpretation makes this clear, but it is also a good exercise in
the handling of limits of integration during a substitution.}

Prove that the area of a circle of radius » is 772, (Naturally you must remem-
ber that 7 is defined as the area of the unit circle.)

Let ¢ be a nonnegative integrable function such that ¢(x) = 0 for x| > 1

1
and such that f ¢=1 Forh>0,let
-1

1
dn(x) = ;;(b(x/h)-

h
(a) Show that ¢ (x} =0 for |x| > k and that f o= 1.

~h
{(b) Let f be integrable on [—1, 1] and continuous at 0. Show that
1 h
li = li = .
dim [ ouf=tim [ o5 =70
(c) Show that
1k
hl—ler](:)l+ _[1 m dx =m.

The final part of this problem might appear, at first sight, to be an exact
analogue of part (b), but it actually requires more careful argument.

" {d) Let f be integrable on [—1, 1] and continuous at 0. Show that

1
. h
hh_{n [1 PY R xzf(x)dx—n'f(O).

Hint: If 4 is small, then A/(h% + x%) will be small on most of [—1, 1].

The next two problems use the formula

19.(92d9
ieof) ,

derived in Problem 13-24, for the area of a region bounded by the graph of f in
polar coordinates.

26.

For each of the following functions, find the area bounded by the graphs in
polar coordinates. (Be careful about the proper range for 6, or you will get
nonsensical results!)

i) f(@) =asinb.

i) f(6) =2+ cosé.
(i) f(8)* = 2a*cos28.
(iv) f(P) =acos26.
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r = f{0)

]
o

FIGURE 1

27‘

Figure 1 shows the graph of f in polar coordinates; the region OAB thus
B

has area % f £(8)2d6. Now suppose that this graph also happens to be
6o

the ordinary graph of some function g. Then the region OAB also has area

X0
area AOx B +[ g — area AOxpA.
X
Prove analytically that these two numbers are indeed the same. Hint: The
function g is determined by the equations

x = f(@)cosb, g(x) = f(@)sind.

The next four problems use the formulas, derived in Problems 3 and 4 of the
Appendix to Chapter 13, for the length of a curve represented parametrically (and,
in particular, as the graph of a function in polar coordinates).

28.

29,

30.

Let ¢ be a curve represented parametrically by 4 and v on [a, b], and let &
be an increasing function with k(@) = a and h(b) = b. Then on {a, E] the
functions # = u o h, ¥ = v o h give a parametric representation of another
curve ¢; intuitively, € is just the same curve ¢ traversed at a different rate.

(a) Show, directly from the definition of length, that the length of ¢ on [, b]
equals the length of & on [, &].

(b) Assuming differentiability of any functions required, show that the
lengths are equal by using the integral formula for length, and the ap-
propriate substitution,

Find the length of the following curves, all described as the graphs of func-
tions, except for (iii), which is represented parametrically.

O f@=362+2%,  Osrsl

(1} f(x)=x3+%, 1<x=<2.

(i) x = a’ cos* ¢, y= a3 sin® t, 0<t<2m.
(v} f(x) =log(cosx), 0<x<mn/6.

v} f&x)=logx, l<x=<e.

(vij f(x)=arcsine”, —log2 =x =0.

For the following functions, find the length of the graph i polar coordinates.

) f(@) =acosh.
@ f(8) =a(l — cosh).

(iii) f(8) =asin®8/2.

Gv) f@)=6 0<6<2x.

V) f(@) =3sech 0<6<n/3.



31.

32.

33.

19. Integration in Elementary Terms 387

In Problem 8 of the Appendix to Chapter 12 we described the cycloid, which
has the parametric representation

x =uft) =a(t —sint), y = v(t) = a(l —cos?t).

(a) Find the length of one arch of the cycloid. [Answer: 8a.]

(b) Recall that the cycloid is the graph of v o #~!. Find the area under
one arch of the cycloid by using the appropriate substitution in f f and
evaluating the resultant integral, [Answer: 3ma2.)

Use induction and integration by parts to generalize Problem 14-13:

foxi(u)%ﬂd“=fox (fo ((fol f(t)dr) du1)...) du.

If £ is continuous on [a, b], use integration by parts to prove the Riemann-
Lebesgue Lemma for f:

b
llir{.lc f f@®sin(Ar)dt =0.

This result is just a special case of Problem 15-26, but it can be used to prove
the general case (in much the same way that the Riemann-Lebesgue Lemma
was derived in Problem 15-26 from the special case in which f is a step
function).

The Mean Value Theorem for Integrals was introduced in Problem 13-23.
The “Second Mean Value Theorem for Integrals” states the following. Sup-
pose that f is integrable on [a, b] and that ¢ is either nondecreasing or
nonincreasing on [a, b]. Then there is a number & in [a, b] such that

b & b
f FI() dx = $(a) f Fx)dx +6(®) ff f)dx.

In this problem, we will assume that f is continuous and that ¢ is differen-
tiable, with a continuous derivative ¢’.

(a) Prove that if the result is true for nonincreasing ¢, then it is also true for
nondecreasing ¢.

{(b) Prove that if the result is true for nonincreasing ¢ satisfying ¢(b) = 0,
then it is true for all nonincreasing ¢.

Thus, we can assume that ¢ is nonincreasing and ¢(b) = 0. In this case,
we have to prove that

b £
[f(x)¢(x)=¢(a)[ fx)dx.

(c) Prove this by using integration by parts.
(d) Show that the hypothesis that ¢ is either nondecreasing or nonincreasing
is needed.
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From this special case of the Second Mean Value Theorem for Integrals, the
general case could be derived by some approximation arguments, just as in the case
of the Riemann-Lebesgue Lemma. But there is a more instructive way, outlined
in the next problem.

35. (a) Givenai,...,a, and by, ..., by, let s = a1 + - - - + a;. Show that
(¥))  a1b1 + - + apbyp = 51(b1 — b2) + 52(b2 — b3)
+ee et sn—l(bn—l - bn) + spby,

This disarmingly simple formula is sometimes called “Abel’s formula for summation
by parts.” It may be regarded as an analogue for sums of the integration by parts formula

b b
f flx)gx)ydx = f(b)g(b) — fla)g(a) — f Fx)g (x)dx,
a a

especially if we use Riemann sums (Chapter 13, Appendix). In fact, for a partition
P =lip,...,tn) of [a, b], the left side is approximately

MY et — 1),

k=1
while the right side is approximately

fB)gB) — fla)gla) — Z Fe)g ) — 1)
k=1

which is approximately

gty — glt_1)

F(®)g®) — f(a)gla) - g == =t — )
= fB)ed) — f@eg@ + ) f)[el—1) — 8]
k=1

n
= f(b)g®) - f(@)g@) + Y [f) - F@)] - [8G—1) — 8]
k=1

n

+ @Y gln_1) — g)-
k=1

Since the right-most sum is just g(a) — g(b), this works out to be

n

@  [F® - f@]g® + ) _[f&) — F@] - [ge—1) — g@)]-
k=1

If we choose
ap = () = te—1)- by = g(te_1)
then

n
(1) is Z apby,
k=
which is the left side of (#), while

k k
st = f'@) — 1) isapproximately Y f(t) - f(ti-1) = &) - fa),

i=1 =1
S0

n
@ is approximately Snbn + Z selby — br—1),
k=1

which is the right side of (x).
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This discussion is not meant to suggest that Abel’s formula can actually be derived from
the formula for integration by parts, or vicz zersa. But, as we shall sce, Abel’s formula can
often be used as a substitute for integration by parts in situations where the functions in
question aren’t differentiable.

{(b) Suppose that {b,} is nonincreasing, with b, > 0 for each n, and that
m<a+---+a, <M
for all n. Prove Abel’s Lemma:
bim <a1b1 +---+apby, <M.
(And, moreover,
bym < apby + - - + anby < B M,

a formula which only looks more general, but really isn't.)

(c) Let f be integrable on [a, b] and let ¢ be nonincreasing on [a, b] with
o) =0. Let P = {1y, ..., t;} be a partition of [a, b]. Show that the
sum

> FG-De-DE — 1)

i=1

lies between the smallest and the largest of the sums
k
$(@) ) flt)t — ti1).
i=1

Conclude that .
f FE)SG) dx

lies between the minimum and the maximum of

¢(a)[ f@)dt,

3
and that it therefore equals ¢(a) f f()dt for some & in [a, b].

36. (a) Show that the following improper integrals both converge.
1 1
(1) f sin (x + —) dx.
0 X
! 1
(i) f sin’ (x + —) dx.
0 1

(b) Decide which of the following improper integrals converge.
*© 1
(i) j; sin (;) dx.
(i) f ” sin? (1) dx.
1 x
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37.

38.

*39,

*40.

1
(a) Compute the (improper) integral f log x dx.
0

T

(b} Show that the improper integral f log(sin x) dx converges.
1]

(c) Use the substitution x = 2u to show that

n 7!'/2 JT/2
f log(sinx)dx =2 f log(sinx)dx + 2 f log{cosx) dx + 7 log 2.
0 0 0

xf2
{d) Compute f log(cos x) dx.
0

(e) Using the relation cosx = sin(x/2 — x), compute f log(sinx) dx.
o

Prove the following version of integration by parts for improper integrals:

o0

fm Wxwx)dx =u@x)v(x)| - fw k(X' (x) dx.

a a

The first symbol on the right side means, of course,

lim u(x)v{x) — u(a)via).
X500
One of the most important functions in analysis is the gamma function,

C(x) = f e 5l dr.
0

(@) Prove that the improper integral I'(x) is defined if x > 0.

(b) Use integration by parts (more precisely, the improper integral version

in the previous problem) to prove that

F'(x+ 1) =xC{x).

(¢} Show that I'(1) = 1, and conclude that T'(n) = (n — 1)! for all natural

numbers ».

The gamma function thus provides a simple example of a continuous function
which “interpolates” the values of n! for natural numbers n. Of course there
are infinitely many continuous functions f with f(r) = (n — 1)!; there are
even infinitely many continuous functions f with f(x + 1) = xf(x) for all
x > 0. However, the gamma function has the important additional property
that log o I is convex, a condition which expresses the extreme smoothness
of this function. A beautiful theorem due to Harold Bohr and Johannes
Mollerup states that I" is the only function f with logof convex, f(1) =1

and f(x + 1) = xf(x). See the Suggested Reading for a reference.

(a) Usc the reduction formula for f sin” x dx to show that

/2 n—1 nf2
f sin”" xdx = f sin” 2 x dx.
0 0

n
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{b} Now show that

/2 2 4 6 2n
2l y gy =2 .2 2
fo s xex=303507 n+ 1
fnlz ln xd —E.l.é.g. .2n_1
y *=2'2'4°%6 on
and conclude that
m/2 o
7 224466 o 2n j; sin” x dx
2 133557 " 28—1 2n+1 772
" " [ sin2"+1xdx
0

(c) Show that the quotient of the two integrals in this expression is between
1 and 1 + 1/2n, starting with the inequalities

2n+1 2n-1

0 <sin?tx <sin®”x <sin®'x for0 <x < /2.

This result, which shows that the products
224466 2n 2n

133557 7 2n—1 2n+1

can be made as close to n/2 as desired, is usually written as an infinite
product, known as Wallis’ product:

(d) Show also that the products

1 2:4-6-...-2n
Jal-3:5-..-2n—1)

can be made as close to /7 as desired. (This fact is used in the next
problem and in Problem 27-19.)

*#4], It is an astonishing fact that improper integrals f f(x)dx can often be
0

b
computed in cases where ordinary integrals f fx)dx cannot. There is no

b o0

elementary formula for e~ dx, but we can find the value of e dx
a (1]
precisely! There are many ways of evaluating this integral, but most require

some advanced techniques; the following method involves a fair amount of
work, but no facts that you do not already know.
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**42,

(b)

(d)

Show that
1 2 4 2n
w2\ —_=.7r.
fo(l *Vdx=3-3 41
f°° 1 7 1 3 2n-13
 __dx=I.2.2. iy
o (1+x2)n 2 2 4 2n -2

(This can be done using reduction formulas, or by appropriate substitu-
tions, combined with the previous problem.)

Prove, using the derivative, that
2
l—x2<e™ forO<x<1.
2 1
e’ < for 0 < =x.

~ 14x2
Integrate the nth powers of these inequalities from 0 to 1 and from 0 to
00, respectively. Then use the substitution y = 4/ x to show that
2 4 2n

‘/_3'5 U on1

S, ®
5[ e dysf e dy
0 0

T 1 3 2n—-13
5— n—_---—-

2¥" 2747 -2
Now use Problem 40(d) to show that

[ooe‘yzdy = ﬁ
0 2

Use integration by parts to show that

b sin x cosa cosh b COS X
ax = —_ — dx,
a

X a b . x2

and conclude that f;°(sinx)/x dx exists. (Use the left side to investigate
the limit as @ — 0% and the right side for the limit as b — o0.)

Use Problem 15-33 to show that
T sin(n + )¢
0 .
sin 5
for any natural number n.
Prove that
x 2
lim | sin(A+ 41| = - dt =0.
= Jo ¢ sin-{
2

Hint: The term in brackets is bounded by Problem 15-2(vi}; the
Riemann-Lebesgue Lemma then applies.



43.

*44,

*45.

(a) Suppose that

oQ
(b) Now suppose instead that f
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(d) Use the substitution u# = (A + %)t and part (b) to show that

00 .t

smx T
| Srax=3.
0 X 2

o0
Given the value of f (sin x)/x dx from Problem 42, compute
0

0 /o 2
f ( sin x ) d
0 X

by using integration by parts. (As in Problem 37, the formula for sin 2x will
play an important role.)

(a) Use the substitution # = * to show that

l e —plix
'x) = - e " du.
X Jo

(b) Find I'(}).

F&) is integrable on every interval [a, b] for 0 < a < b,

x
and that lin‘(}) Ff(x) = A and lim f(x) = B. Prove thatforall e, 8 > 0
X— X—00

we have

fm J@) = JED) 4o — (a- Bylog E.
1] x o

(ax) — f(Bx)

N
Hint: To estimate f f dx use two different substitutions.
x
4

f(x)

X

dx converges for all a > 0 and that
lirr(1) f(x)} = A. Prove that

[ L6 4 p1og?.
0 x o

(c) Compute the following integrals:

00 ,—ux __ ,—Bx
0 f £ —°¢ ar
0

X

(i /0 % cos(ax) — cos(Bx) dr.

X

In Chapter 13 we said, rather blithely, that integrals may be computed to any
degree of accuracy desired by calculating lower and upper sums. But an applied
mathematician, who really has to do the calculation, rather than just talking about
doing it, may not be overjoyed at the prospect of computing lower sums to evaluate
an integral to three decimal places, say (a degree of accuracy that might easily be
needed in certain circumstances). The next three problems show how more refined
methods can make the calculations much more efficient.
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We ought to mention at the outset that computing upper and lower sums might
not even be practical, since it might not be possible to compute the quantities m;
and M; for each interval [#;,_1, #]. It is far more reasonable simply to pick points x;

n

in [t;_1, #;] and consider Z f(xi) - (ti — t;_1). This represents the sum of the areas

i=1
of certain rectangles which partially overlap the graph of f—see Figure 1 in the
Appendix to Chapter 13. But we will get a much better result if we instead choose
the trapezoids shown in Figure 2.

FIGURE 2

Suppose, in particular, that we divide [a, b] into n equal intervals, by means of
the points

: (b — a) .
t=a+i =a+ih.
n
Then the trapezoid with base [#_1, ;] has area

Fi) + f)
2

and the sum of all these areas is simply

h[f(f:);—f(a) N f(:z);rf(n) LG +2f(:,,_1)]

(G —ti1)

Z, =

b—a

n

h n—1 '
=3 [f(a) +2§f(a +ih) + f(b)} . k=

This method of approximating an integral is called the trapezoid rule. Notice that to
obtain ¥, from X, it isn’t necessary to recompute the old f(#;); their contribution
to Xy, Is just %E,,. So in practice it is best to compute X3, X4, Xg, ... to get

b b
approximations to f f. In the next problem we will estimate [ f—z.
a a

46. (a) Suppose that f”is continuous. Let P; be the linear function which agrees
with f at £_; and #. Using Problem 11-43, show that if n; and N; are



FIGURE 3
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the minimum and maximum of f” on [#_1, ;] and

,
I =f x —f1)(x — ) dx
1

n-I I

- Z tl(f P) > —-

(b} Evaluate I to get

3 Nh3
il f (f - Py < 02

12 —

(c) Conclude that there is some ¢ in [a b] with
) L
f B, - T2 1.

Notice that the “error term” (b — a)3 Fe)/ 12n? varies as 1/n? (while
the error obtained using ordinary sums varies as 1/n).

We can obtain still more accurate results if we approximate f by quadratic
functions rather than by linear functions. We first consider what happens when
the interval [a, b] is divided into two equal intervals (Figure 3).

47. (a) Suppose first that 2 = 0 and b = 2. Let P be the second degree poly-
nomial function which agrees with f at 0, 1, and 2 (Problem 3-6). Show
that

2 1
fo P=31FO +47(D) + @)

(b) Conclude that in the general case

b —
fP=’%[f(a) 4f( )+f(b)]

b b
{(c) Naturally f P = f f when f is a quadratic polynomial. But, re-

markably er;!ough, this same relation holds when f is a cubic polynomial!
Prove this, using Problem 11-43; note that f™ is a constant.

The previous problem shows that we do not have to do any new calculations

to compute f QO when @ is a ¢ubic polynomial which agrees with f at a, b, and
a

a-+b

> + we still have

b bh—
[ o=232[r@+4r(%52) +10].

But there is much more lee-way in choosing @, which we can use to our advantage:
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48. (a) Show that there is a cubic polynomial function Q satisfying
b
ow=s@. ow=so. o(*5%)=s(*3)

,fa+by _ _ fa+b
Q(z)‘f(z)‘

Hint: Clearly Q(x) = P(x) + A(x —a)(x — b) (x - ﬂ) for some A.

2
(b) Prove that for every x we have

p\? *
f®-00) =(x—a) ( _ %) - 1o®

for some & in [a, b]. Hint: Imitate the proof of Problem 11-43.
(¢} Conclude that if £ is continuous, then

b b—a) 4
f~ Llr@+ar (2 + r | - 7330 —=— ()

for some ¢ in [a, b].
(d) Now divide [a, b] into 2n intervals by means of the points
b—a
2n

tt=a+tih, h=

Prove Simpson’s rule:

[ F=t ( (a>+42f(r2. 1)+22f(r2,)+f(b))

(b a)®

"~ 2880n% Za5on 7 ©

for some c in [a, b].
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APPENDIX. THE COSMOPOLITAN INTEGRAL

We originally introduced integrals in order to find the area under the graph of
a function, but the integral is considerably more versatile than that. For example,
Problem 13-24 used the integral to express the area of a region of quite another
sort. Moreover, Problem 13-25 showed that the integral can also be used to ex-
press the lengths of curves—though, as we've seen in Appendix to Chapter 13, a
lot of work may be necessary to consider the general case! This result was prob-
ably a little more surprising, since the integral seems, at first blush, to be a very
two-dimensional creature. Actually, the integral makes its appearance in quite a
few geometric formulas, which we will present in this Appendix. To derive these
formulas we will assume some results from elementary geometry (and allow a little
fudging).

Instead of going down to one-dimensional objects, we’ll begin by tackling some
three-dimensional ones. There are some very special solids whose volumes can
be expressed by integrals. The simplest such solid V is a “volume of revolution,”
obtained by revolving the region under the graph of f > 0 on [a, 5] around
the horizontal axis, when we regard the plane as situated in space (Figure 1).
If P = {to,...,1,} is any partition of [a,b], and m; and M; have their usual
meanings, then

m(t — i_1)
is the volume of a disc that lies inside the solid V (Figure 2). Similarly,

7 M;2(t; — t;_1) is the volume of a disc that contains the part of V between ;)
and 5. Consequently,

n n
T ngz(t,- —t_1)< volume V <& Z M,-z(t; —ti-1)

i=1 i=1

But the sums on the ends of this inequality are just the lower and upper sums for
£% on [a, b]:

. L(f2, P) < volume V < 7 - U(f2, P).

Consequently, the volume of V must be given by
b
volumn V = J'L'f f(x)2 dx.

This method of finding volumes is affectionately referred to as the “disc method.”

Figure 3 shows a more complicated solid V obtained by revolving the region
under the graph of f around the vertical axis (V is the solid left over when we start
with the big cylinder of radius & and take away both the small cylinder of radius a
and the solid V; sitting right on top of it). In this case we assume a > 0 as well
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as f > 0. Figures 4 and 5 indicate some other possible shapes for V.

FIGURE 6

FIGURE 7

Pz =
%%

FIGURE 4

FIGURE 5

For a partition P = {1y, ..., t,} we consider the “shells” obtained by rotating the
rectangle with base [#_1, ;] and height m; or M; (Figure 6). Adding the volumes
of these shells we obtain

x

n n
mi(® — 1% < volume V <7 ) Mi(s” — 1),
i=1 i=1

which we can write as

n n
>4 Zmi(ti + i) — 1) <volume V <m ZM:'(I; + 516 — fi1).

i=1 i=1

Now these sums are not lower or upper sums of anything, But Problem 1 of the
Appendix to Chapter 13 shows that each sum

Em,-t,-(t,- — 1) and Zm:'ti—l(ti —t-1)
i=1 i=1

b
can be made as close as desired to [ xf(x)dx by choosing the lengths  — _

small enough. The same is true of the sums on the right, so we find that
b
volume V = 27:[ xf(x)dx;
a

this is the so-called “shell method™ of finding volumes.

The surface area of certain curved regions can also be expressed in terms of inte-
grals. Before we tackle complicated regions, a little review of elementary geometric
formulas may be appreciated here.

Figurc 7 shows a right pyramid made up of triangles with bases of length / and
altitude 5. The total surface area of the sides of the pyramid is thus

L s
2p!

where p is the perimeter of the base. By choosing the base to be a regular polygon
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FIGURE 9
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with a large number of sides we sce that the area of a right circular cone (Figure 8)
must be

1
5(2n'r)s =mrs,
where s is the “slant height.” Finally, consider the frustum of a cone with slant

height s and radii 1 and r2 shown in Figure 9(a). Completing this to a cone, as
in Figure 9(b}, we have

51 51+5

rn or
)

ris ras
51 = . S1+85 = .
r—r rs—r]
Consequently, the surface area is
r? —r?
nra(s1 +8) —nris1 = ns—————— =ns(ry + ).
rn—r

Now consider the surface formed by revolving the graph of f around the hor-
izontal axis. For a partition P = {fg, ..., t,} we can inscribe a series of frusta of
cones, as in Figure 10. The total surface area of these frusta is

m Y [fto) + FU]Y 6 — o) + [F @) = fG_D)]?
i=1

n N ! 2
=n Z[f(ti—l) -+ f(t,-)]‘/l + (M) (i — ti-1).
i=l1

L — 4

By the Mean Value Theorem, this is

7Y [Fl-)+ fFEIV1+ a2 — i)
i=l

for some x; in (%1, #). Appealing to Problem 1 of the Appendix to Chapter 13,
we conclude that the surface area is

b
2 f FEOV1+ f(x)? dx.

PROBLEMS

1. (a) Find the volume of the solid obtained by revolving the region bounded
by the graphs of f(x) =x and f(x) = x2 around the horizontal axis,
(b} Find the volume of the solid obtained by revolving this same region
around the vertical axis.

2. Find the volume of a sphere of radius r.
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3. When the ellipse consisting of all points (x, y) with x2/a + y2/b*> = 1 is
rotated around the horizontal axis we obtain an “ellipsoid of revolution”
(Figure 11). Find the volume of the enclosed solid.

FIGURE 11

4, Find the volume of the “torus™ (Figure 12), obtained by rotating the circle
(x —a)? + y2 = b? (a > b) around the vertical axis.

-y

FIGURE 12

5. A cylindrical hole of radius @ is bored through the center of a sphere of
radius 2a (Figure 13). Find the volume of the remaining solid.

FIGURE 13
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(a) For the solid shown in Figure 14, find the volume by the shell method.

/é cos

S

FIGURE 16

FIGURE 14

(b) This volume can also be evaluated by the disc method. Write down
the integral which must be evaluated in this case; notice that it is more
complicated. The next problem takes up a question which this might
suggest.

Figure 15 shows a cylinder of height b and radius f(b), divided into three
solids, one of which, Vi, is a cylinder of height @ and radius f(a). If f
is one-one, then a comparison of the disk method and the shell method of
computing volumes leads us to believe that

b
ﬂ'bf(b)2 - :rn::f(a)2 - f f(x)2 dx = volume V5

fin |
=2ﬂf ¥~ (dy.
fla)

Prove this analytically, using the formula for f f7! from Problem 19-15.

[

Fa)

FIGURE 15

(a) Figure 16 shows a solid with a circular base of radius a. Each plane
perpendicular to the diameter AB intersects the solid in a square, Using
arguments similar to those already used in this Appendix, express the
volume of the solid as an integral, and evaluate it.

{b) Same problem if each plane intersects the solid in an equilateral triangle.
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FIGURE 18

FIGURE 19

10.

11.

12,

13.

Find the volume of a pyramid (Figure 17) in terms of its height 4 and the
area A of its base.

FIGURE 17

Find the volume of the solid which 1s the intersection of the two cylinders
in Figure 18. Hint: Find the intersection of this solid with each horizontal
plane.

(a) Prove that the surface area of a sphere of radius r is 4mr2.

(b) Prove, more generally, that the area of the portion of the sphere shown
m Figure 19 is 2xrh. (Notice that this depends only on 4, not on the
position of the planes!)

(a) Find the surface area of the ellipsoid of revolution in Problem 19-3.
(b) Find the surface area of the torus in Problem 19-4.

The graph of f(x) = 1/x, x > 1 is revolved around the horizontal axis
(Figure 20).

(a) Find the volume of the enclosed “infinite trumpet.”

(b) Show that the surface area is infinite.

(c) Suppose that we fill up the trumpet with the finite amount of paint found
in part (a). It would seem that we have thereby coated the infinite inside
surface area with only a finite amount of paint! How is this possible?

-+
—] .

v

FIGURE 20
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One of the mosi remarkable series of
algebraic analysis is the following:

m m(m— 1),
1+Ix+—w-1<2 X
m{m — 1o =l g -
S e
m(m — 1) - ~-[m“—(ﬂ—1)]xn
.9 . . G EE .-

Wihen m is a positive whole number

the sum of the series,

which 15 then finite, can be expressed,

as is known, by (7 + x)™.

When m is not an integer,

the series goes on to infinity, and it will
converge or diverge according

as the quaniities

m and x have this or that value.

In this case, one writes the same equality

(1+x)m=1+?x

m(m — 1) .

+ S X2 4 - o oele,

. . . At 15 assumed that

the numerical equality will always vecur
whenever the series is convergent, bt
thas has never yet been proved.

NIELS HENRIK ABEL



! APPROXIMATION BY
CHAPTER POLYNOMIAL FUNCTIONS

There is one sense in which the “elementary functions” are not elementary at all.
If p is a polynomial function,

pxX)=ag+a1x+---+a,x",

then p(x) can be computed easily for any number x. This is not at all true for
functions like sin, log, or exp. At present, to find logx = i’ 1/ dt approximately,
we must compute some upper or lower sums, and make certain that the error
involved in accepting such a sum for logx is not too great. Computing ¢* =
log_l(x) would be even more difficult: we would have to compute log a for many
values of a until we found a number a such that log a 1s approximately x—then a
would be approximately e*.

In this chapter we will obtain important theoretical results which reduce the
computation of f(x), for many functions f, to the evaluation of polynomial func-
tions. The method depends on finding polynomial functions which are close ap-
proximations to f. In order to guess a polynomial which is appropriate, it is useful
to first examine polynomial functions themselves more thoroughly:.

Suppose that

px) =ag+a1x +-- -+ a,x".

It is interesting, and for our purposes very important, to note that the coefficients a;
can be expressed in terms of the value of p and its various derivatives at 0. To
begin with, note that

p(0) = ao.

Differentiating the original expression for p(x) yields

pPx)=ay +2ax +--- + na,x"" L.

Therefore,
PO =p0) =ar.
Differentiating again we obtain

pPrx)=2a+3-2-a3x+---+n(n— 1) - apx" 2.

Therefore,
p"(0) = p@(0) = 2a,.

In general, we will have

p(k) (0)
ko

PO0)=klay or a=

405
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If we agree to define 0! = 1, and recall the notation p@ = p, then this formula
holds for k = 0 also.
It we had begun with a function p that was written as a “polynomial in (x —a),”

p(x)=ag+ai(x—a)+---+a,(x —a)",
then a similar argument would show that

p% ()
I

Suppose now that f is a function (not necessarily a polynomial) such that

P, ..., f"@)

ay =

all exist. Let
_f ® ()

ak_ k! 1 OEkEns

and define
Py a(x) =ag +a1(x —a)+---+aulx —a)".

The polynomial P, , is called the Taylor polynomial of degree n for f at a.
(Strictly speaking, we should use an even more complicated expression, like P, 4 f,
to indicate the dependence on f; at times this more precise notation will be useful.)

The Taylor polynomial has been defined so that
P.®@=f®@ forO0<k=<un;

in fact, it is clearly the only polynomial of degree < n with this property.

Although the coefficients of F,, s seem to depend upon f in a fairly compli-
cated way, the most important elementary functions have extremely simple Taylor
polynomials. Consider first the function sin. We have

sin(0) = 0,
sin'(0) = cos0 =1,
sin”(0) = —sin0 =0,
sin”(0) = —cos0 = —1,
sin®(0) = sin0 = 0.

From this point on, the derivatives repeat in a cycle of 4. The numbers

_sin®(0)
=T
e 1 1 1 1
0, 1, 0, —ﬁy Oy 5; Oy_ﬁ; O! ﬁ, -
Therefore the Taylor polynomial Pa,1,0 of degree 2n + 1 for sin at O is
3 xS 7 . x2n+l
Pony1,0(x) =x — 5"‘? — ?++(_1) m.

(Of course, Payi1.0 = P2n42,0)-
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The Taylor polynomial Py, o of degree 2n for cos at 0 is (the computations are

left to you)
x2 x4 46 2n

n*__
Pz,,.o(x)—l——z—!--f-ﬁ—a‘*'"'-{-(—l) 2t

The Taylor polynomial for exp is especially easy to compute. Since exp® (0) =
exp(0) = 1 for all k, the Taylor polynomial of degree n at 0 is
2 3 4 "
x x* x x x
Pro@) =1+ 3+ 5+ +r 4+
The Taylor polynomial for log must be computed at some point a # 0, since
log is not even defined at 0. The standard choice is @ = 1. Then

log'(x) = %, log'(1) =1;
" 1 i
log"(x) = — 2 log"(1) = —1;

2
log"” (x) = 3 log” (1) = 2;

in general

, log®() = (¢l — 1)1,

11 1y
log® () = D x'Ek 1!

Therefore the Taylor polynomial of degree » for log at 1 is

- 1)? — 1 _1y-l¢y _ 132
Pn.1(1)=(x—1)“’(x 21) +(x31) 4oyl D" -0
n

It is often more convenient to consider the function f(x) = log(l + x). In this
case we can choose a = 0. We have

f®x) = log(k)(l + x),

S0
PO =10g" My = Dk - DL
Therefore the Taylor polynomial of degree n for f at 0 is
I2 x3 x4 (_l)n-—lxn

PH,O(x)=x"'-2'—+?—T+...+

There is one other elementary function whose Taylor polynomial is important—
arctan. The computations of the derivatives begin

arctan’'(0) = 1;

arctan’(x) =

1+4x2
” _ —2x I — 0.
arctan”(x) = eSS arctan”(0) = 0;
232 . 2y .
arctan”' (x) = A+27)" (2 +2x- 20 +x7) 2x, arctan” (0) = =2,

(1+x2)*
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It is clear that this brute force computation will never do. However, the Taylor
polynomials of arctan will be easy to find after we have examined the properties
of Taylor polynomials more closely—although the Taylor polynomial P, , ; was
simply defined so as to have the same first n derivatives at a as f, the connection
berween f and Py, p Wil actually tarn out 1o be mudh deeper.

One line of evidence for a closer connection between f and the Taylor polyno-
mials for f may be uncovered by examining the Taylor polynomial of degree 1,
which is

Pia(x) = f(@) + f'(a)(x —a).

Notice that
F(x) = Py a(x) — f@x)— f@) _

x—a x—a
Now, by the definition of f'(a) we have

fG&) = Prakx) _
m —-—— =
X —a

.

li 0.

x—>a

/,/P,,.,(x) —1+x
/s

FIGURE 1

In other words, as x approaches a the difference f(x) — Py 4(x) not only becomes
small, but actually becomes small even compared to x — a. Figure 1 illustrates the
graph of f(x) = e* and of

Prox)=fO+ fFOx =1+x,

which is the Taylor polynomial of degree 1 for f at 0. The diagram also shows
the graph of
F(0) 2 x2

Tl I+x+ 5
which is the Taylor polynomial of degree 2 for f at 0. As x approaches 0, the
difference f(x) — P2,0(x) seems to be getting small even faster than the difference

Pro(x) = fO) + f(0) +
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f(x) — P o(x). As it stands, this assertion is not very precise, but we are now
prepared to give it a definite meaning. We have just noted that in general

fim L&~ P1a®

x—a xX—a
For f(x) = ¢* and a = 0 this means that
. f(x) = Pro(x) . e&—1-x
Im—— " =lm——— =0.
x—0 X x—=0 X

On the other hand, an easy double application of 'Hopital’s Rule shows that

lim$=%7’:0.

Thus, although f(x)— Py o(x) becomes small compared to x, as x approaches 0, it
does not become small compared to x2. For P o(x) the situation is quite different;
the extra term x2/2 provides just the right compensation;

2

X
1= '
limex W RN ald ok
x—0 x2 x—=0 2x
e —1
=1 = ).
im-——=0

This result holds in general-—if f'(a) and f”(a) exist, then
i L&) = P2a(0) _

=0;
x—a (x — a)?

in fact, the analogous assertion for P, , is also true.

Suppose that f is a function for which

f@,.... fO@
all exist. Let
a; = f(’:!(a), 0<k=xn,
and define
Piax)=apt+aix—a)+---+a,(x —a)".
Then

fim £ ) = Pral®) o
x—a (x—ay



410 Infinste Sequences and Infinite Series

FROOF

Writing out P, ,(x) explicitly, we obtain

X - a
f(-x) - Pn,a(x) - i= i f(")(a)

(x—a)y x—ayt n!

It will help to introduce the new functions

n=1 o) )
0w =YL -af and g=x-ar;
i=0 )

now we must prove that

— ()
lim fx)—0x) _f (a)_

x—>a g(x) ~ nl
Netice that

0% @)= f®@), k=n-1,
g® &) = nlx —a)"*/(n — k)!.

Thus

lm[f () — Q)] = f(@) — Q@) =0,

m[f'(x) — )] = f'@) - Q'@ =0,

Im[f* ) - 9" 2@)] = f*2(@) - Q" P(a) = 0.
and

limg(x) = limg'(x)=--- = limg"2x) =0.
x—>a X—>a x—a
We may therefore apply I’'Hopital’s Rule n — 1 times to obtain
- n-Deyy — -1
o F® =00 _ L £ — 0@

a2 (x —a)t i—a n!(x —a)

Since @ is a polynomial of degree n — 1, its (n — 1)st derivative is a constant; in
fact, @ P(x) = f®D(a). Thus

_ =1y _ fla-1)
lim f(x) Q(x)=limf (x) — f" N (a)

=2 (x —a)t x—a nl(x —a)

and this last limit is £ (a)/n! by definition of f ™ @). 1

One simple consequence of Theorem 1 allows us to perfect the test for local
maxima and minima which was developed in Chapter 11. If g is a critical point
of f, then, according to Theorem 11-5, the function f has a local minimum
at a if f”(a) > 0, and a local maximum at a if f"(a) < 0. If f"(@) = 0 no
conclusion was possible, but it is conceivable that the sign of f”(a) might give
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(a) n odd

(b) nreven

FIGURE 2
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further information; and if f(a) = 0, then the sign of f @) =0 might be
significant. Even more generally, we can ask what happens when

®  f@=f@=-=f"Pa=0,
P #£0.
The situation in this case can be guessed by examining the functions
f&x) =@&—a),

g(x) = ~(x — a)",

which satisfy (*¥). Notice (Figure 2) that if » is odd, then a is neither a local
maximum nor a local minimum point for f or g. On the other hand, if n is
even, then f, with a positive nth derivative, has a local minimum at @, while
g, with a negative nth derivative, has a local maximum at a. Of all functions
satisfying (%), these are about the simplest available; nevertheless they indicate the
general situation exactly. In fact, the whole point of the next proof is that any
function satisfying () looks very much like one of these functions, in a sense that
is made precise by Theorem 1.

Suppose that

f@=-=f""@=0,
@ #0.
() If n is even and f™(a) > 0, then f has a local minimum at a.

(2)If n is even and f™(a) < 0, then f has a local maximum at a.
(3} If n is odd, then f has neither a local maximum nor a local minimum at a.

There is clearly no loss of generality in assuming that f(a) = 0, since neither the
hypotheses nor the conclusion are affected if f is replaced by f — f(a). Then,
since the first n — 1 derivatives of f at a are 0, the Taylor polynomial P, , of f is

! ()]
Pn.a(x)=f(a)+m(x—a)+...+f (@)

1! n!
PR C)]

= x —a)".
Thus, Theorem 1 states that
F@) = Poax) _ lim[ f& f"”(a)].

(x —a)® n!

(x —a)"

0 = lim

x—a (x — a)?

Consequently, if x is sufficiently close to a, then

J(x) f® @

has the same sign as
> —a) n!

Suppose now that n is even. In this case (x — a)” > 0 for all x # a. Since
F(x)/(x —a)”® has the same sign as f ™ (g)/n! for x sufficiently close to a, it follows
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Y

T
‘—m!' £#0

_f(x)={

0, x=0

(2)

FIGURE 3
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that f(x) itself has the same sign as f*(a)/n! for x sufficienty close to a. If
F®(a) > 0, this means that

f(x)>0=f(a)

for x close to a. Consequently, f has a local minimum at a. A similar proof works
for the case f®(a) < 0.

Now suppose that n is odd. The same argument as before shows that if x is
sufficiently close to a, then

fx)
(x —a)

But (x —a)" > 0 for x > a and (x —a)" < 0 for x < a. Therefore f(x) has different
signs for x > a and x < a. This proves that f has neither a local maximum nor
a local minimum at a. 11

always has the same sign.

Although Theorem 2 will settle the question of local maxima and minima for
just about any function which arises in practice, it does have some theoretical
limitations, because f®(a) may be 0 for all k. This happens (Figure 3(a)) for the

function ,
_Je x#£0
flx)= { 0, parY

which has a minimum at 0, and also for the negative of this function (Figure 3(b)),
which has a maximum at 0. Moreover (Figure 3(c)), if

e ¥ x50
flx)= 0, x=0
—e ¥ x <0,

then f®(0) = 0 for all k, but f has neither a local minimum nor a local maximum
at 0.

The conclusion of Theorem 1 is often expressed in terms of an important con-
cept of “order of equality” Two functions f and g are equal up to order n

at a if

im J &80 _

iwa (x—a)*
In the language of this definition, Theorem 1 says that the Taylor polynomial
P sy equals f up to order n at a. The Taylor polynomial might very well have
been designed to make this fact true, because there is at most one polynomial of
degree < n with this property. This assertion is a consequence of the following
elementary theorem.

Let P and @ be two polynomials in (x — a), of degree < n, and suppose that P
and Q are equal up to order # at a. Then P = Q.

Let R = P — Q. Since R is a polynomial of degree < n, it i1s only necessary to
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prove that if
Rx)=byo+:---+by(x —a)

satisfies R
lim — %) _ g,

x~a (x —a)yt

then R = 0. Now the hypotheses on R surely imply that
. R(x)
lim

- =0 forO<i<n.
x—a x—a)'

For i = 0 this condition reads simply lim R(x) = 0; on the other hand,
r—=a

Jlri_IE;R(x) =1i_1.1¢1:[b0+b1(x—a)+---+b,,(x—a)"]
= by.

Thus by = 0 and
Rx)=bi(x—a)+---+ b(x — a)".

Therefore,
R
&) =b+b(x —a)+ -+ by(x —a)*!
xX—a
and R
lim &) = by.
—ax —a
Thus b1 = 0 and

R(x) = ba(x —a)* + -+ + by(x —a)".
Continuing in this way, we find that

Let f be n-times differentiable at a, and suppose that P is a polynomial in (x —a)
of degree < n, which equals f up to order n at a. Then P = P, , ¢.

Since P and P, 4 ¢ both equal f up to order n at a, it is easy to see that P equals
Py, up to order n at a. Consequently, P = P, , s by the Theorem. ||

At first sight this corollary appears to have unnecessarily complicated hypotheses;
it might seem that the existence of the polynomial P would automatically imply
that f is sufficiently differentiable for P, ; ¢ to exist. But in fact this is not so. For
example (Figure 4}, suppose that

fo) = {

If P(x) =0, then P is certainly a polynomial of degree < n which equals f up to
order n at 0. On the other hand, f’(a) does not exist for any a # 0, so f"(0) is
undefined.

x"t x irrational

0, x rational.
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A #+!, x irrational
% . f (x) =

. . 0, «xrational

- *salet’

FIGURE 4

When f does have n derivatives at a, however, the corollary may provide a
useful method for finding the Taylor polynomial of f. In particular, remember
that our first attempt to find the Taylor polynomial for arctan ended in failure.
The equation LI |
arctan x = f dt
o 14+ 2

suggests a promising method of finding a polynomial close to arctan—divide 1
by 14 2, to obtain a polynomial plus a remainder:

LI 1-24+t* =54 ..+ (D" + S
1427 142
This formula, which can be checked easily by multiplying both sides by 1 + #2,
shows that

arctanxzj(; 1—t° 4+ — -+ (1)t dt + (-1) A l_szt
—_x — .. —-n" _1n+1f d
x 3+5 +( )2n+1+( ) A

According to our corollary, the polynomial which appears here will be the Taylor
polynomial of degree 2n + 1 for arctan at 0, provided that

X th+2
[
lim 20 1+

=0.
x—0 x2ntl

X 4 2n42 x 2n43
f e a f 2 gy | = P ,
o 1+ 12 0 2n+3

this is clearly true. Thus we have found that the Taylor polynomial of degree
2n + 1 for arctan at 0 is

Since

x2"+l
2n41°

x X’
Prpr1ox) =x— 5 + 3 —e (=D
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By the way, now that we have discovered the Taylor polynomials of arctan, it is
possible to work backwards and find arctan® (0) for all k: Since

x3 X x2n+l1
P —x— 4+ (=D
2041,000) =X — = + < + (D 1
and since this polynomial 1s, by definition,
tan@ @n+1)
arctan® O+ arctan(l)(O) + E:%—(sz . %@xz"“,

we can find arctan®(0) by simply equating the coefficients of x* in these two
polynomials:

® 0
E%(—) =0 if k1s even,
arctan@+1}0)  (=1)
= Q4D oy — 1y '
= ¢ _ . .
QI+ 1) urg O arctan TR0y =(-1)-(@2)
A much more interesting fact emerges if we go back to the original equation
34 2n+1 X (2nt2
x x x )
== _—— —_—— _1 n _1 ’H"l
=T T3S D ot D 0 Tr2

and remember the estimate

x §2n+2 ‘ | x|2n+3
dt| < .
f.;, 1412 2n+3
When |x| < 1, this expression is at most 1/(2n + 3), and we can make this as
small as we like simply by choosing n large enough. In other words, for |x| < 1
we can use the Taylor polynomials for arctan to compute arctan x as accurately as we like.
The most important theorems about Taylor polynomials extend this isolated result
to other functions, and the Taylor polynomials will soon play quite a new role.
The theorems proved so far have always examined the behavior of the Taylor
polynomial P, ; for fixed n, as x approaches a. Henceforth we will compare Taylor
polynomials Py ; for fixed x, and different n. In anticipation of the coming theorem
we introduce some new notation.
If f is a function for which P, ,(x) exists, we define the remainder term

Ry 4(x) by
f(x) = Pn.a(x) + Rn,a(x)

(n)
=f(a)+f’(a)(x—a)+...+f (@

n!

(x—a)" + Rp q(x).

We would like to have an expression for R, ,(x) whose size is easy to estimate.
There is such an expression, involving an integral, just as in the case for arctan.
One way to guess this expression is to begin with the case n = 0:

f @) = f(@)+ Roa(x).
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The Fundamental Theorem of Calculus enables us to write

FO) = f@+ [ o,
so that ¢

Roq(x) = j F () de.

A similar expression for R ,(x) can be derived from this formula using integra-
tion by parts in a rather tricky way: Let
u(t) = f'(¢)

(notice that x represents some fixed number in the expression for v(¢), so v'(t) = 1);

and v(t)=¢t—x

then . x
ff’(t)dt:f -1 di
a a ‘L J’
u®) v
= u(t)v() —fx F'@ —x)de.
SR
w v®

Since v(x) = 0, we obtain

fx)y=f@+ f F () dt
= f(a) — u(a)v(a) +[ @y x — Nde

= f@+ f@( —a)+ f £ — 1) dt.

Thus x
Ria(x) = f £ —t)dt.

It is hard to give any motivation for choosing v(¢) = ¢ — x, rather than v(t) =¢.
It just happens to be the choice which works out, the sort of thing one might
discover afier sufficiently many similar but futile manipulations. However, it is
now casy to guess the formula for Ry 4(x). If

oy — 12
u(t) = £°(¢) and v(t)= %
then v'(t) = (x — 1), so
x x . o,
f fﬂ(f)(x — ) dt = u(t)v(t) _f fm(t) . (-x2 ) d

(x — )2 dr.

_ ffayx—a? | * 0
- LG [

This shows that

x (3
Ry .(x) = f f 2(t)(x—t)2dt.

You should now have little difficulty giving a rigorous proof, by induction, that
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if f@+D is continuous on [a, x], then
x rln+l)
Rn.a(X)=f %(x—t)”dt.
a !

From this formula, which is called the integral form of the remainder, it is possible
(Problem 15) to derive two other important expressions for R, 4(x): the Cauchy
form of the remainder,

f(n+1) *)

Ry .(x) = il

(x —tY"(x —a) forsome¢in (a, x),

and the Lagrange form of the remainder,

f'(u+l)(t)

w T (x —a)"t! for some ¢ in (a, x).

Rn,a (x) =

In the proof of the next theorem (Taylor’s Theorem) we will derive all three forms
of the remainder in an entirely different way. One virtue of this proof (aside from
its cleverness) is the fact that the Cauchy and Lagrange forms of the remainder
will be proved without assuming the extra hypothesis that £®*1) is continuous. In
this way Taylor’s Theorem appears as a direct generalization of the Mean Value
Theorem, to which it reduces for n = (), and which is the crucial tool used in the
proof.

These remarks may suggest a strategy for proving Taylor’s Theorem. Since
R, .(a) = 0, we might try to apply the Mean Value Theorem to the expression

Rn,a(x) _ Rn,a(x) - Rn,a(a)

X —-a XxX—a

On second thought, however, this idea does not look very promising, since it is not
at all clear how f®+1(z) is ever going to be involved in the answer. Indeed, if we
take the most straightforward route, and differentiate both sides of the equation
which defines R, 4, we obtain

fP(a)
(n— 1!

fxy=f@+ f'@x—a)+---+ (x —a)" ! + Ry 0 (x),

which is useless. The proper application of the Mean Value Theorem has a lot in
common with the integration by parts proof outlined above. This proof involved
the derivative of a function in which x denoted a number which was fixed. This is just
how x will be treated in the following proof.

Suppose that f', ..., f®*D are defined on {a, x], and that R, ;(x) is defined by

@)

n!

fO=f@+f@x—a)+---+ (x —a)" + Ry q(x).
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PROOF

Then
f(n+1)(t)
(1) Rpe(x) = ' (x—8"(x —a) forsome! in (a,x).
(n+1)
(2) Ry.(x) = ](cn " 1(;) (x —a)"*!  for some ¢ in (a, x).

Moreover, if f@+1 is integrable on [a, x], then

x p(n+1)
3) Rupalx) = f f = (t)(x—t)"dt.

(If x < a, then the hypothesis should state that f is (rn 4 1)-times differentiable on
[x, a]; the number ¢ in (1) and (2) will then be in (x, @), while (3) will remain true
as stated, provided that f@+D is integrable on [x, a].)

For each number ¢ in [a, x] we have

f‘"’( )

fR=fO+FO@-+---+ — )" + Ry (x).

Let us denote the number R,.(x) by S(¢); the function S is defined on [a, x], and
we have

ore
f ( ) -+ 50

for all ¢ in [a, x].

(*) fE=fO+FOE-+ -+

We will now differentiate both sides of this equation, which asserts the equality of
two functions: the one whose value at £ is f(x), and the one whose value at # is

f""()

f@y+---+ — "+ 8().

(In common parlance we are c0n31denng both sides of (¥} “as a function of 1”.)
Just to make sure that the letter x causes no confusion, notice that if

gt) = f(x) forally,

then
g)=0 foralli
and if Wy
s =12 -0t
then
(k) (k+1)
g0 =L Pk -1+ L O oy
(k) (’C-I—l)
“dome e ()( -0
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Applying these formulas to each term of (x), we obtain
— f(r 3y
f1 1( ) f ( Dix—1) ]

x—-0+

0=f'(t)+|:—f’(t)+f ()( —t)] [

_ gin) (n+1)
+---+[ AN “)(x—r)"]+s'(r).
(n—1) n!

In this beautiful formula practically everything in sight cancels out, and we obtain
f(n+1)( )

S'(t) = - x - "

Now we can apply the Mean Value Theorem to the function § on [a, x]: there
is some [ in (a, x) such that

S(x) — S(a)

X —a

f(n+1)( )

=8(t)=———@-1)".

Remember that
S(t) = Rn:(x);
this means in particular that

S(x) = Ry x(x) =0,
S(@) = Rpa(x).

Thus
__ n+1)
0= Foa® __S"00,
x—a n!
or
(n+1)
Ry a(x) = ! P 2 (x —1)'(x —a);

this is the Cauchy form of the remainder.
To derive the Lagrange form we apply the Cauchy Mean Value Theorem to
the functions § and g(r) = (x — ¢)"*!: there is some ¢ in (@, x) such that

f(n+1)( 1) .
Sx)—S@ s ol &=
gx)—g@ gy —m+DE-—
Thus
Rea(x) _ f™D@)
(x —a)y+l  (m4+1)
or

M — a)n+l,

Rpalx) = (H+1)' (x

which is the Lagrange form.
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Finally, if f¢@+D is integrable on [a, x], then

X x gnr+l)
S(x) — S(a) =f S = —f s o (t)(x —)"de

or

x rin+l)
Rualx) = f I G yar |

n!

Although the Lagrange and Cauchy forms of the remainder are more than
theoretical curiosities (see, e.g., Problem 23-18), the integral form of the remainder
will usually be quite adequate, If this form is applied to the functions sin, cos, and
exp, with a = 0, Taylor’s Theorem yields the following formulas:

%3 x5 x2n+1
. —_ r =
smx=r—grts ot G T
x sin(Z:H-Z)(I) 2
"'fo Cnrnl &
x2 x4 . x2n x Cos(?u+1)(t) o
cosx=l—E+E—---+(—1) m+£ W(x_t) dt,

2 n X Lt
e"=1+x+£—+...+x_+f e—(I—I)”dt_
2! n! o n!

To evaluate any of these integrals explicitly would be supreme foolishness—the
answer of course will be exactly the difference of the left side and all the other terms
on the right side! To estimate these integrals, however, is both easy and worthwhile.

The first two integrals are especially easy. Since

[sin® ()| <1 foralls,

we have
x Sin(2"+2)(t) ot ] 1 " et
[ e - < |, e -0 d”-
Since
x 2 |F=*
— 2"1+1d = _(x_t)
j{; x-10 3 i
=0
x2n+2
2 +2
we conclude that
. (2n+2
fx M(x _ t)2n+l dt| < |x|2n+2 .
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Similarly, we can show that

x Cosan+1)(,) 2 |x|2u+1
fo PP R I e

These estimates are particularly interesting, because (as proved in Chapter 16) for

any & > 0 we can make

xl’l

— <c¢
n!

by choosing n large enough (how large r» must be will depend on x). This enables
us to compute sinx to any degree of accuracy desired simply by evaluating the
proper Taylor polynomial P,g(x). For example, suppose we wish to compute
sin 2 with an error of less than 10~*. Since

. 22n+2
sin2 = P2,,+1,0(2)+R, where !Rl < a;;-'-_z)!'
we can use Pa,1,0(2) as our answer, provided that
22042 i
ant <0

A number 2 with this property can be found by a straightforward search—it ob-
viously helps to have a table of values for n! and 2" (see page 428). In this case it
happens that n = 5 works, so that
sin2 = P10(2)+ R
23 925 27 929 gl
=2-=4+—-——=+=—-—+R
TR TR T T TR
where [R| < 1074,

It is even easier to calculate sin 1 approximately, since

sinl = Pa,10(1)+ R, where |R| < ﬁ'—
To obtain an error less than ¢ we need only find an » such that
1
@nt2n =&

and this requires only a brief glance at a table of factorials. (Moreover, the indi-
vidual terms of Py, .1,0(1) will be easier to handle.)
For very small x the estimates will be even easier. For example,

1 1

1
in—=~ — R, h —_—
Mg T Tm10 (10) + R where Rl < {2, 1 o)1

To obtain |R| < 10719 we can clearly take n = 4 (and we could even get away
with # = 3). These methods are actually used to compute tables of sin and cos.
A high-speed computer can compute Pz,,1,0(x) for many different x in almost no
time at all,
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Estimating the remainder for e* is only slightly harder. For simplicity assume
that x > 0 (the estimates for x < 0 are obtained in Problem 10). On the interval
[0, x] the maximum value of € is e*, since exp is increasing, so

x gt . & x . exxn+l
fo n—!(x—t) dts:ﬁfo (x-1) dt_(n+1)!'

Since we already know that e < 4, we have
&~ xn+] 4 xn+l
G+l - mr D
which can be made as small as desired by choosing » sufficiently large. How large

n must be will depend on x (and the factor 4* will make things more difficult).
Once again, the estimates are easier for small x. If 0 < x < 1, then

2 x" 4
e—1+x+2|+ + +R whcreO<R<m.

(The inequality 0 < R follows 1mmed1atcly from the integral form for R.) In
particular, if n = 4, then

O<R<%< 10
S0
1 1 1 1
— ol — [l T —
e—e—16;—1+2!+3!+4!+R, WhCI‘CO<R<10
=—+R
24*;7
=24+ — +R,
+24+
which shows that
2<g <3
(This then shows that
3.txn+l
0<R<m,

allowing us to improve our estimate of R shightly) By taking n = 7 you can
compute that the first 3 decimals for e are

e=2718...

(vou should check that n = 7 does give this degree of accuracy, but it would be
cruel to insist that you actually do the computations).

The function arctan is also important but, as you may recall, an expression for
arctan®) (x) is hopelessly complicated, so that the integral form of the remainder
is useless, On the other hand, our derivation of the Taylor polynomial for arctan
automatically provided a formula for the remainder:

x3 ( l)n 2a+1 f ( 1)n+1 t2n+2

ammnx=x——§+---+ 2n 1 U
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As we have already estimated,

x (_1)n+lt2n+2
0 1412

|x|2n+3
2n+3

<

di

x
f t2n+2 dt
1]

For the moment we will consider only numbers x with |x| < 1. In this case, the
remainder term can clearly be made as small as desired by choosing n sufficiently
large. In particular,

1 1 - 1
arctanlzl——-|———...+( )-I—R, where|R|<2n+3.

3°5 2n+1
With this estimate it is easy to find an n which will make the remainder less than
any preassigned number; on the other hand, » will usually have to be so large as to
make computations hopelessly long. To obtain a remainder < 1074, for example,
we must take n > (10* — 3)/2. This is really a shame, because arctan 1 = 7/4,
so the Taylor polynomial for arctan should allow us to compute 7. Fortunately,
there are some clever tricks which enable us to surmount these difficulties. Since

2n4+3
2n+3’

[Ron41,0(x)] <

much smaller »n’s will work for only somewhat smaller x’s. The trick for computing
7 is to express arctan 1 in terms of arctan x for smaller x; Problem 6 shows how
this can be done in a convenient way.

The Taylor polynomial for the function f(x) = log(x + 1) at @ = 1 is best
handled in the same manner as the Taylor polynomial for arctan. Although the
integral form of the remainder for f is not hard to write down, it is difficult to
estimate. On the other hand, we obtain a simple formula if we begin with the
equation

1 o (=D
—_—=1—-1 t2—--- _1n1tn1 .
1+¢ + +=D * 1+¢
this implies that
L] x2 x3 "_lxn
log(1+Jtc)_f0 i—-_{_—fdt_x-——é—-}-?_..._{_(_l) —

n X trl
+{-1 j; I_Ha’t,

forall x > —1. If x > 0, then

X gn x xn+1
dr < " dt = .
fo t+1 _j(; n+1

and there is a slightly more complicated estimate when —1 < x < O (Problem 11).
For this function the remainder term can be made as small as desired by choosing
n sufficiently large, provided that —1 <x < 1.
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The behavior of the remainder terms for arctan and f(x) = log(x + 1) is quite
another matter when |x| > 1. In this case, the estimates

2043
[R2n41,0(x)| < i3 for arctan,
n+l
|Rn0(x)| < o (x > 0) for f,

are of no use, because when (x| > 1 the bounds x™/m become large as m be-
comes large, This predicament is unavoidable, and is not just a deficiency of our
estimates. It is easy to get estimates in the other direction which show that the
remainders actually do remain large. To obtain such an estimate for arctan, note
that if ¢ is in [0, x] (or in [x, 0] if x < 0), then

1+ <1+x2<2x?, if|x|>1,

X t2ﬂ+2 X
f ——dt f 12842 gy
0 141+ 0

Similarly, if x > 0, then for ¢ in [0, x] we have

50
|x|2"+l

T dn+46

= 2x2

l4+r<14x<2x, ifx=>1,

X t’l 1 X x’l
dr> — " dt = .
fo FT1 —zxfo' Int2

These estimates show that if |x| > 1, then the remainder terms become large as
n becomes large. In other words, for |x| > 1, the Taylor polynomials for arctan
and f are of no use whatsoever in computing arctan x and log(x +1). This is no tragedy,
because the values of these functions can be found for any x once they are known
for all x with |x] < 1.

This same situation occurs in a spectacular way for the function

— e“ll“z, x#0
fe) = { 0, x=0.

We have already seen that f®(0) = 0 for every natural number k. This means
that the Taylor polynomial P, ¢ for f is

50

n (?l)
Poo®) = f©O) + f'O)x + %(,—lez 4o+ 20 ,,1( 0
=0.

In other words, the remainder term R, o(x) always equals f(x), and the Taylor
polynomial is useless for computing f(x), except for x = 0. Eventually we will be
able to offer some explanation for the behavior of this function, which is such a
disconcerting illustration of the limitations of Taylor’s Theorem.

The word “compute” has been used so often in connection with our estimates
for the remainder term, that the significance of Taylor’s Theorem might be mis-
construed. It is true that Taylor’s Theorem is an almost ideal computational aid
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(despite its ignominious failure in the previous example), but it has equally im-
portant theoretical consequences. Most of these will be developed in succeeding
chapters, but two proofs will illustrate some ways in which Taylor’s Theorem may
be used. The first illustration will be particularly impressive to those who have
waded through the proof, in Chapter 16, that  is irrational.

THEOREM 5 ¢ is Irrational.

PROOF  We know that, for any =,

1 1 1 3
—el = _— g e — S —
e=e —1+1!+2!+ +n!+R,.. whcrcO<R,,<(n+1)!.
Suppose that e were rational, say e = a/b, where a and b are positive integers.
Choose n > b and also n > 3. Then

@ 4 lt st tiaR
b~ 207 T Tt
50
ﬂci=n!+rz!+fg+---+n—!+n!R
b 2! n! -

Every term in this equation other than n!R, is an integer (the left side is an integer
because n > b). Consequently, n!R, must be an integer also. But

3
O Ty
80
0<n!Rn<—<§<1,
n+l 4

which is impossible for an integer. I

The second illustration is merely a straightforward demonstration of a fact
proved in Chapter 15: If

fﬂ'+f — 0,
f=0,
' =0,

then f =0. To prove this, observe first that f® exists for every k; in fact

f(3) _— (ff!)! — _f.',
A= =fY=-f"=f
O =%y =7,

etc.
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This shows, not only that all £® exist, but also that there are at most 4 different
ones: f, f', —f, —f'. Since f(0) = f/(0) = 0, all f*¥(0) are 0. Now Taylor’s
Theorem states, for any n, that

x rn+1)
F(x) =/{; ——-——-—f o Qi (x — )" dt.

Each function f®*V is continuous (since f®*? exists), so for any particular x
there is a number M such that

IF** V@) <M forO<t=<x,andalln

(we can add the phrase “and all n” because there are only four different &)
Thus

_ M|x|n+1
T o+

X —_ t n
£ sMU St dr‘
0 n!
Since this is true for every n, and since |x|*/n! can be made as small as desired by
choosing n sufficiently large, this shows that | f (x)| < & for any £ > 0; consequently,
f(x)=0.

The other uses to which Taylor’s Theorem will be put in succeeding chapters
are closely related to the computational considerations which have concerned us
for much of this chapter. If the remainder term R, ;(x) can be made as small as
desired by choosing n sufficiently large, then f(x) can be computed to any degree
of accuracy desired by using the polynomials P, ;(x). As we require greater and
greater accuracy we must add on more and more terms. If we are willing to add
up infinitely many terms (in theory at least!), then we ought to be able to ignore
the remainder completely. There should be “infinite sums” like

b 7

- x} x x
smx—x—-§+§!-——7?
x2 x* x6 AE

cosx=1—-—+——-—+

4+,

207468 ’
x2 X X
BI=1+I+E+§+I+“'.
arctanx:x—£+£5-—£+--- if [x] <1,
3 5 7 -
log(1+x)=x-—x—2+x—3—x4+--- if—1l<x<l1,

2 "3 4

We are almost completely prepared for this step. Only one obstacle remains—
we have never even defined an infinite sum. Chapters 22 and 23 contain the
necessary definitions.
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PROBLEMS

1.

Find the Taylor polynomials (of the indicated degree, and at the indicated
point) for the following functions.

(i) f(x) =e*; degree 3, at 0.
(i) f(x) = e""* degree 3, at 0.
(i) sin; degree 2n, at %
(iv) cos; degree 2n, at .

(v}  exp; degree n, at 1,

(vi) log; degree n, at 2.

(i) f(x) =x + x> + x; degree 4, at 0.

(vit)) f(x) =x° + x>+ x; degree 4, at 1.

(ix) f(x)= ﬁ; degree 2n + 1, at 0.

® fx)=

1
T+ degree n, at 0.
Write each of the following polynomials in x as a polynomial in (x — 3). (It

is only necessary to compute the Taylor polynomial at 3, of the same degree
as the original polynomial. Why?)

i x2-—4x-9.
() x*—12x%4+44x2 +2x+ 1.
@) x5

(iv) ax?+bx +c.

Write down a sum (using Z notation) which equals each of the following

numbers to within the specified accuracy. To minimize needless computa-
tion, consult the tables for 2" and »! on the next page.

i) sinl;error < 10-17.
(i) sin2; error < 10712,
(ii) sin % ; error < 10720,
(iv) e;error < 1074,

(v) €% error < 1075,
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*4,

n 2n n!
1 2 1
2 4 2
3 8 6
4 16 24
5 32 120
6 64 720
7 128 5,040
8 256 40,430
9 512 362,880
10 1,024 3,628,800
11 2,048 39,916,800
12 4,096 479,001,600
13 8,192 6,227,020,800
14 16,384 87,178,.291,200
15 32,768 1,307,674,368,000
16 65,536 20,922,789,888,000
17 131,072 355,687,428.,096,000
18 262,144 6,402,373,705,728,000
19 524,888 121,645,100,408 832,000
20 1,048,576 2,432,902,008,176,640,000

This problem is similar to the previous one, except that the errors demanded
are so small that the tables cannot be used. You will have to do a little
thinking, and in some cases it may be necessary to consult the proof, in
Chapter 16, that x"/n! can be made small by choosing n large—the proof
actually provides a method for finding the appropriate n. In the previous
problem it was possible to find rather short sums; in fact, it was possible
to find the smallest n which makes the estimate of the remainder given by
Taylor’s Theorem less than the desired error. But in this problem finding any
specific sum is a moral victory (provided you can demonstrate that the sum
works).

1} sinl;error < 10-00")

(

(i} e; error < 101,000,
(iii) sin 10; error < 10~20,
) €9 -30.

—

iv) error < 10

arctan Tlﬁ; error < 10-00'%,

St

(v
(a) In Problem 11-38 you showed that the equation x? = cosx has pre-
cisely two solutions. Use the Taylor polynomial of cos to show that the

solutions are approximately ++/2/3, and find bounds on the error.

(b) Similarly, estimate the solutions of the equation 2x2 = x sinx 4 cos? x.
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{a) Prove, using Problem 15-9, that

w 1

Z = arctan 5 —+ arctan 5,
T 4 arctan -1- — arctan —1—
4 5 239

{(b) Show that = = 3.14159. ... (Every budding mathematician should ver-
ify a few decimals of m, but the purpose of this exercise is not to set you
off on an immense calculation. If the second expression in part (a) is
used, the first 5 decimals for » can be computed with remarkably little
work.)

For every number o, and every natural number n, we define the “binomial

coefficient”
(a) _ale—D)-...-(@a—n+1)

n n!

n
and alternates in sign for n > «. Show that the Taylor polynomial of degree n

n

for fx) =Q +x)* atGis Po(x) = Z (:)x", and that the Cauchy and
k=0
Lagrange forms of the remainder are the following:

and we define ;) = 1, as usual. If « is not an integer, then (a) is never 0,

Cauchy form:

a(a—l)-...-(a—n)x

Rn,(](x) = pr (x _ t)n(l + t)q—n_]

_al@—1)-...-(@—n) a1l (="
- n! 1+ (1+t)

x—t

=+ 1)(11:- 1)x(l + ! (1 +1‘) , tin[0,x] or [x,0].

Lagrange form:
al@—1)-...- (e —n)
(n+1)!

— « n+1 e—n-1 :
.._(n_l_l)x (1+1) , tin [0,x] or [x,0].

R o(x) = PAART B ) s

Estimates for these remainder terms are rather difficult to handle, and are
postponed to Problem 23-18.

Suppose that g; and b; are the coefficients in the Taylor polynomials ata of f
and g, respectively. In other words, a; = f®(a)/i! and b; = g®(a)/i!. Find
the coefficients ¢; of the Taylor polynomials at a of the following functions,
in terms of the g;’s and b;’s.

M f+e
i fs.
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10.

11.

*12.

13.

14.

iy s
(iv) h(x)= f f(t)dt.

vy k(x) =f0 F@)de.

(a) Prove that the Taylor polynomial of f(x) = sin(x?) of degree 4n+2 at 0

18

, x8 x10 x

G T Ry e 1L

4n42

Hint: If P is the Taylor polynomial of degree 2n + 1 for sin at 0, then
sinx = P(x) + R(x), where lin%) R(x)/x*+! = (., What does this imply
X—

about lin}) R(x2%) /x4 +2p
x—

(b) Find £®(0) for all £.
() In general, if f(x) = g(x"}, find f®(0) in terms of the derivatives of g
at 0.

Prove that if x < 0, then

X Lt
U € (x—rrde
0 n!

Prove that if —1 < x <0, then

|x|n+1
=+

fx " ‘ |x|n+l
dt | < ———
o 1+¢ 1+xXn+1)

{(a) Show that if |g'(x)| < M|x — a}" for |x — a| < &, then |g(x) — g(a)| <
Mlx —al*1/(n + 1) for |x — a| < 4.
(b) Use part (a) to show that if m g'(x)/(x —a)* =0, then

, gxy
m ——m=u,
xsa (x — a)“+l

(c) Show that if g(x) = f(x) — Py 4 5(x), then g'(x) = f'(x) — Pp_1,q 5(x).
(d) Give an inductive proof of Theorem 1, without using I’'Hépital’s Rule.

Deduce Theorem 1 as a corollary of Taylor’s Theorem, with any form of
the remainder. (The catch is that it will be necessary to assume one more
derivative than in the hypotheses for Theorem 1.}

Deduce the Cauchy and Lagrange forms of the remainder from the integral
form, using Problem 13-23. There will be the same catch as in Problem 13.
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16.

17.

*18.
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{(a) Suppose that f is twice differentiable on (0, 00) and that | f(x)| < My
for all x > 0, while | f"(x)| < M2 for all x > 0. Prove that for all x > 0
we have

If'(x)| < %MU + gMz forall k = 0.

(b) Show that for all x > 0 we have
| f'0)| < 2/ MoM;.

() If f is twice differentiable on (0, 00), f" is bounded, and f(x) ap-
proaches 0 as x — oo, then also f’(x) approaches 0 as x — o0.
(d) If lim f(x)exists and lim f"(x) exists, then xhrgo ) = xlin;no flix) =
X300 x—00 — —
0. (Compare Problem 11-31.)

(a) Prove that if f"(a) exists, then

wen _ v fl@a+h)+ fla—h)—2f(a)
f(a)—’{l_rf(l) 2 .

The limit on the right is called the Sthwarz second derivative of f at a. Hint:
Use the Taylor polynomial P;,(x) with x = a + h and with x =a — h.

(b) Let f(x) = x2 for x > 0, and —x? for x < 0. Show that

1o SO+R) + FO=B) =27
h—0 h?

exists, even though f”(0) does not.

(c) Prove that if f has a local maximum at a, and the Schwarz second
derivative of f at @ exists, then it is < 0.

(d) Prove thatif f"(a) exists, then
1"@) _ o f@th) = fa—h) = 2hfx)

3 h—0 h3

Use the Taylor polynomial Py, s, together with the remainder, to prove a
weak form of Theorem 2 of the Appendix to Chapter 11: i f” > 0, then
the graph of f always lies above the tangent line of f, except at the point
of contact.

Problem 18-43 presented a rather complicated proofthat f =0if f"—f =0
and f(0) = f'(0) = 0. Give another proof, using Taylor’s Theorem. (This
problem is really a preliminary skirmish before doing battle with the general
case in Problem 19, and is meant to convince you that Taylor’s Theorem is
a good tool for tackling such problems, even though tricks work out more
neatly for special cases.)
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*¥]19, Consider a function f which satisfies the differential equation

n—1
f® = Zajfm’
=0

for certain numbers ag, .. ., a,-1. Several special cases have already received
detailed treatment, either in the text or in other problems; in particular, we
have found all functions satisfying f' = f,or f’+ f =0,0r f’—f =0. The
trick in Problem 18-42 enables us to find many solutions for such equations,
but doesn’t say whether these are the only solutions. This requires a unigueness
result, which will be supplied by this problem. At the end you will find some
(necessarily sketchy) remarks about the general solution.

(a) Derive the following formula for f@+D (let us agree that “a_;” will be 0):
n—1
Fe =3 @1 + a1 fU
=0
(b) Deduce a formula for f@2,

The formula in part (b) is not going to be used; it was inserted only to con-
vince you that a general formula for f#5 is out of the question. On the
other hand, as part (c) shows, it is not very hard to obtain estimates on the
size of "R (x).

(¢ Let N = max(l, |lagl,...,|as—1]). Then |aj_1 + a,—14;] < 2N2; this
means that

FO+D gbjlf(j)’ where [b;!] < 2N2.
i=0
Show that
00 = Ebf fP,  where %] < 4N°,
=0
and, more generally,
flth) — Ebjkf(j), where |b;*| < 2N*t1,
j=0

(d) Conclude from part (c) that, for any particular number x, there is a
number M such that

| Fo )| < M- 2°N*D for all k.

() Now suppose that f(0) = f'(0)=---= f("_l)(O) = 0. Show that
M. 2k+1Nk+21x|n+k+l M. |2Nx|n+k+1
| f(x)| = < ,
n+&+ 1) n+k+ 1)

and conclude that f = 0.
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Show that if f; and f> are both solutions of the differential equation

n—1
f(n) — ZajfU)v

j=0

and /i) = L0 for 0 < j <n—1, then f1 = fo.

In other words, the solutions of this differential equation are determined
by the “initial conditions” (the values fU(0) for 0 < j < n — 1). This
means that we can find al/ solutions once we can find enough solutions
to obtain any given set of initial conditions. If the equation

1

Xy x" i —agg=0

has » distinct roots ay, ..., &, then any function of the form
fx) =c1€® + -+ + cpe™*
is a solution, and

f(O) =c1+-+cCn
F @ =aic1 4+ +ancy,

PO = ley + - + o e,

As a matter of fact, every solution is of this form, because we can obtain
any set of numbers on the left side by choosing the ¢’s properly, but we
will not try to prove this last assertion. (It is a purely algebraic fact, which
you can easily check for n = 2 or 3.) These remarks are also true if some
of the roots are multiple roots, and even in the more general situation
considered in Chapter 27.

Suppose that f is a continuous function on [a, b] with f(a) = f(b)
and that for all x in (a, b) the Schwarz second derivative of f at x is 0
(Problem 16). Show that f is constant on [a, b]. Hint: Suppose that
f(x) > f(a) for some x in (a, ). Consider the function

g(x) = f(x) — e(x — a)(b - x)

with g(a) = g(b) = f(a). For sufficientdy small ¢ > O we will have
g(x) > g(a), so g will have a maximum point y in (g, ). Now use
Problem 16(c) (the Schwarz second derivative of (x —a)(b — x) is simply
its ordinary second derivative).

If f is a continuous function on |a, b] whose Schwarz second derivative
is 0 at all points of (a, b), then f is linear.
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*21.

(a)

Let f(x) = x*sin 1/x? for x #£ 0, and f(0) = 0. Show that f = Qup to
order 2 at 0, even though f”(0) does not exist.

This example is slightly more complex, but also slightly more impressive,
than the example in the text, because both f'(a) and f"(a) exist for
a # 0. Thus, for each number a there is another number m(a) such that

() )= f@+ f @@ —a)+ P2z — ) + Rot),
where lim Rq(x) =0;

x—a (x — a)2

namely, m(a) = f"(a) for a # 0, and m(0) = 0. Notice that the function
m defined in this way is not continuous.

Suppose that f 1s a differentiable function such that (%) holds for all a,
with m(a) = 0. Use Problem 20 to show that f“(a) = m(a) = 0 for
all a.

Now suppose that (%) holds for all a, and that m is continuous. Prove
that for all a the second derivative f”(a) exists and equals m(a).



*CHAPTER

¢ IS TRANSCENDENTAL

The irrationality of e was so easy to prove that in this optional chapter we will
atternpt a more difficult feat, and prove that the number e is not merely irrational,
but actually much worse. Just how a number might be even worse than irrational
is suggested by a slight rewording of definitions, A number x is irrational if it is
not possible to write x = a/b for any integers @ and b, with b # 0. This is the
same as saying that x does not satisfy any equation

bx—a=0

for integers a and b, except for a = 0, b = 0. Viewed in this light, the irrationality
of +/2 does not seem to be such a terrible deficiency; rather, it appears that v/2 just
barely manages to be irrational—although /2 is not the solution of an equation

aix +ap =0,
it is the solution of the equation
xt-2=0,

of one higher degree. Problem 2-18 shows how to produce many irrational num-
bers x which satisfy higher-degree equations

anx” + a,,_lx"‘l +:4ap =0,

where the a; are integers and ap # O (this condition rules out the possibility that
all g; = 0). A number which satisfies an “algebraic” equation of this sort is called
an algebraic number, and practically every number we have ever encountered
is defined in terms of solutions of algebraic equations (w and e are the great ex-
ceptions in our limited mathematical experience). All roots, such as

V2, V3. VI,

are clearly algebraic numbers, and even complicated combinations, like

§/3+~/§+\/‘ 1+v2+ 6

are algebraic (although we will not try to prove this). Numbers which cannot be
obtained by the process of solving algebraic equations are called transcendental,
the main result of this chapter states that e is a number of this anomalous sort.
The proof that e is transcendental is well within our grasp, and was theoretically
possible even before Chapter 20. Nevertheless, with the inclusion of this proof, we
can justifiably classify oursclves as something more than novices in the study of
higher mathematics; while many irrationality proofs depend only on elementary
properties of numbers, the proof that a number is transcendental usually involves

435
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some really high-powered mathematics. Even the dates connected with the tran-
scendence of e are impressively recent—the first proof that e is transcendental,
due to Hermite, dates from 1873. The proof that we will give is a simplification,
due to Hilbert.

Before tackling the proof itself] it is a good idea to map out the strategy, which
depends on an idea used even in the proof that e is irrational. Two features of the
expression

1 1 1
e=l+q+5++-+R

o2
were important for the proof that e is irrational: On the one hand, the number
1 1 1
+ I +e l

can be written as a fraction p/q with g < n! (so that n! (p/q) is an integer); on the
other hand, 0 < R, < 3/(n+ 1)! (so n!R, is not an integer). These two facts show
that e can be approximated particularly well by rational numbers. Of course, every
number x can be approximated arbitrarily closely by rational numbers—if & > 0
there is a rational number r with |x — r| < &; the catch, however, is that it may be
necessary to allow a very large denominator for r, as large as 1/¢ perhaps. For e
we are assured that this is not the case: there is a fraction p/q within 3/(n + 1)!
of e, whose denominator g is at most a!. If you look carefully at the proof that e
is irrational, you will see that only this fact about e is ever used, The number e is
by no means unique in this respect: generally speaking, the betfer a number can be
approximated by rational numbers, the worse it 1s (some evidence for this assertion
is presented in Problem 3). The proof that e is transcendental depends on a natural
extension of this idea: not only e, but any finite number of powers e, e, ..., e,
can be simultaneously approximated especially well by rational numbers. In our
proof we will begin by assuming that e is algebraic, so that

() ane"+---+aje+ap=0, ap#0

for some integers ag, ... , a,. In order to reach a contradiction we will than find
certain integers M, My, ... , M, and certain “small” numbers €, ... , €, such that
1 Mi+e
e =——0),
M
2= M; + €
M ?
L M, + ¢,
M

Just how small the €’s must be will appear when these expressions are substituted
into the assumed equation (%), After multiplying through by M we obtain

[aoM +a My + -+ a,M,] + [e101 + -+ - + €qa,] = 0.
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The first term in brackets is an integer, and we will choose the M’s so that it will
necessarily be a nonzero integer. We will also manage to find €’s so small that

l€1ar + - - - + €nanl < %;

this will lead to the desired contradiction—the sum of a nonzero integer and a
number of absolute value less than 1 cannot be zero!

As a basic strategy this 1s all very reasonable and quite straightforward. The
remarkable part of the proof will be the way that the M’s and €’s are defined. In
order to read the proof you will need to know about the gamma function! (This
function was introduced in Problem 19-39.)

e is transcendental.

Suppose there were integers ay, . .. , d», with ap # 0, such that

(*) ame” + dp1€" '+ +ag=0.

Define numbers M, My, ..., M, and €1, ... , €, as follows:
% yp-1 [x=1)-...- (x —n)]Pe™™
M= d ]
fo (p— 1! F
o0 1"'1[(Jt:—1)-...-(x—-n)]*"e"J‘r
Mg =é* X ,
e=¢ [ »—D! o
EypIfte—1)- —n)|Pe %
o 7 (x—1) ... (x —n)]Pe
“=et | =1 =

The unspecified number p represents a prime number* which we will choose later.
Despite the forbidding aspect of these three expressions, with a hittle work they will
appear much more reasonable. We concentrate on M first. If the expression in
brackets,

[=D-...-(x—m)],
is actually multiplied out, we obtain a polynomial

"+ tnl

*The term “prime number” was defined in Problem 2-17. An important fact about prime numbers
will be used in the proof, although it is not proved in this book: If p is a prime number which does
not divide the integer a, and which does not divide the integer b, then p also does not divide ab.
The Suggested Reading mentions references for this theorem (which is crucial in proving that the
factorization of an integer into primes is unique). We will also use the result of Problem 2-17{d),
that there are infinitely many primes—the reader is asked to determine at precisely which points this
information is required.
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with integer coefficients. When raised to the pth power this becomes an even
more complicated polynomial

xP 4. £ @)

Thus M can be written in the form

= ® -1 —x
2:(p—l)' “[ W

where the C, are certain integers, and Cp = %(n!)?. But

[o.¢]
j ke *dx =k!.
0

M= E%C(p_l+m'

Thus

Now, for @ = () we obtain the term
(p—1)
(p—1)
We will now consider only primes p > n; then this term is an integer which is not
divisible by p. On the other hand, if « > 0, then

r-1+a)

RNV
which s divistble by p. Therefore M itself is an integer which is nof divisible by p.
Now consider M. We have

M, =ekf°° xp'l[(x— Iy-...-(x —n)]Pe™™ dx
L

F(nh)? = ("),

=Colp+ae—D(p+a—-2)-...-p

(p—-1
©xr-Hx—1)-...  (x — n)]Pe" G0
= d -
[* (p— 1! *

This can be transformed into an expression looking very much like M by the
substitution

u=x-—k%k
du = dx.

The limits of integration are changed to 0 and oo, and
f @+oP  [u+k—-1)-. e @+ k—n)lPe
(p - 1)'
There is one very significant difference between this expression and that for M,

The term in brackets contains the factor « in the kth place. Thus the pth power
contains the factor #?, This means that the entire expression

@+ u+k-1)-...-(u+k-n)]?

du.
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is a polynomial with integer coeflicients, every lerm of which has degree at least p.
Thus

2] %0 o (p—1+a)
M, = —D,,,f uP e dy = Dy—————,
‘ ;(p—l)! 0 20y

where the Dy are certain integers. Notice that the summation begins with & = 1;
in this case every term in the sum is divisible by p. Thus each M; 1s an integer
which &5 divisible by p.
Now it is clear that
: Mi+e
e’ = .
M

Substituting into (¥) and multiplying by M we obtain

k=1,...,n.

[aoM +a )M + -+ + a,M,]] + [a1€1 + - - + azeq] = 0.

In addition to requiring that p > n let us also stipulate that p > jag|. This means
that both M and gy are not divisible by p, so agM is also not divisible by p. Since
each M; is divisible by p, it follows that

aM +a My +---+a,M,

is not divisible by p. In particular it is a nenzero integer.
In order to obtain a contradiction to the assumed equation (), and thereby
prove that e is transcendental, it is only necessary to show that

lar€1 + - - - + ag€nl

can be made as small as desired, by choosing p large enough; it is clearly sufficient
to show that each || can be made as small as desired. This requires nothing more
than some simple estimates; for the remainder of the argument remember that n
is a certain fixed number (the degree of the assumed polynomial equation (%)), To
begin with, if 1 <k < n, then

E (xp-1 — . . - —x
x| < & P (x=1)-...-(x —=n)]?|e dx
i (p— 1
"t [x - 1) ... (x —n)]P|e*
< " d
=€ fo -1 *
Now let A be the maximum of |(x — 1) -... . (x — n)| for x in [0, n]. Then
e"n?-1AP "
€| € ——— e *dx
= = |,
e'nP-1AP f°°
< e *dx
(p—1) Jo
e'nP-1AP
T (e

e"n? AP e"(nA)P

- = .
“(-D (-1
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But n and A are fixed; thus (nA)?/(p — 1)! can be made as small as desired by
making p sufficiently large. [

This proof, like the proof that m is irrational, deserves some philosophic af-
terthoughts. At first sight, the argument seems quite “advanced”—after all, we
use integrals, and integrals from 0 to oo at that. Actually, as many mathemati-
cians have observed, integrals can be eliminated from the argument completely;
the only integrals essential to the proof are of the form

oc
f x*e * dx
0

for integral k, and these integrals can be replaced by &! whenever they occur.
Thus M, for example, could have been defined initially as

where C, are the coefficients of the polynomial
[(x—=1)-..c(x —n)]?.

If this idea is developed consistently, one obtains a “completely elementary” proof
that e is transcendental, depending only on the fact that
1 1 1
e=1+ﬁ+i+§+"' .

Unfortunately, this “elementary” proof is harder to understand than the original
one—the whole structure of the proof must be hidden just to eliminate a few
integral signs! This situation is by no means peculiar to this specific theorem—
“elementary” arguments are frequently more dafficult than “advanced” ones. Our
proof that m is irrational is a case in point. You probably remember nothing
about this proof except that it involves quite a few complicated functions. There is
actually a more advanced, but much more conceptual proof, which shows that =
1s transcendental, a fact which 1s of great historical, as well as Intrinsic, interest. One
of the classical problems of Greek mathematics was to construct, with compass
and straightedge alone, a square whose area is that of a circle of radius 1. This
requires the construction of a line segment whose length is /7, which can be
accomplished if a line segment of length 7 is constructible. The Greeks were
totally unable to decide whether such a line segment could be constructed, and
even the full resources of modern mathematics were unable to settle this question
until 1882. In that year Lindemann proved that 7 is transcendental; since the
length of any segment that can be constructed with straightedge and compass can
be written in terms of +, +, —, +, and 4/, and is therefore algebraic, this proves
that a line segment of length 7 cannot be constructed.

The proof that 7 is transcendental requires a sizable amount of mathematics
which is too advanced to be reached in this book. Nevertheless, the proof is not
much more difficult than the proof that e is transcendental. In fact, the proof
for m is practically the same as the proof for e. This last statement should certainly
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surprise you. The proof that e is transcendental seems to depend so thoroughly
on particular properties of e that it is almost inconceivable how any modifications
could ever be used for x; after all, what does e have to do with s? Just wait and
see!

PROBLEMS
1. (a) Prove that if a > 0 is algebraic, then +/a is algebraic.

(b) Prove that if « is algebraic and r is rational, then & + » and ar are
algebraic.

Part (b) can actually be strengthened considerably: the sum, product,
and quotient of algebraic numbers is algebraic. This fact is too difficult
for us to prove here, but some special cases can be examined:

2. Prove that +/2 + +/3 and «/i(l ++3 ) are algebraic, by actually finding
algebraic equations which they satisfy. (You will need equations of degree 4.)

*3. (a) Let @ be an algebraic number which is not rational. Suppose that «
satisfies the polynomial equation

fO) = apx" + @ 12" 1+ 4 ap =0,

and that no polynomial function of lower degree has this property. Show
that f(p/q) # 0 for any rational number p/q. Hint: Use Prob-
lem 3-7(b).

(b} Now show that | f(p/q)| = 1/4" for all rational numbers p/q with g > 0.
Hint: Write f(p/q) as a fraction over the common denominator g".

() Let M = sup{|f'(x)] : |x —a| < 1}. Use the Mean Value Theorem
to prove that if p/q is a rational number with | — p/g| < 1, then
e — p/q] > 1/Mq". (It follows that for ¢ = max(1, 1/M) we have
l — p/q! > c/q" for all rational p/q.)

¥4, Let
a = 0.110001000000000000000001000 . . .,

where the 1’s occur in the n! place, for each n. Use Problem 3 to prove that
o is transcendental. (For each n, show that e is not the root of an equation
of degree n.)

Although Problem 4 mentions only one specific transcendental number, it should
be clear that one can easily construct infinitely many other numbers a which do
not satisfy |@ — p/g| > c¢/g" for any c and n. Such numbers were first considered
by Liouville (1809-1882), and the inequality in Problem 3 is often called Liouville’s
inequality. None of the transcendental numbers constructed in this way happens to
be particularly interesting, but for a long time Liouville’s transcendental numbers
were the only ones known, This situation was changed quite radically by the work
of Cantor (1845-1918), who showed, without exhibiting a single transcendental
number, that most numbers are transcendental. The next two problems provide an
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introduction to the ideas that allow us to make sense of such statements, The basic
definition with which we must work is the following: A set A is called countable
if its elements can be arranged in a sequence

a1.42,4d3,. 44, ....

The obvious example (in fact, more or less the Platonic ideal of) a countable set
is N, the set of natural numbers; clearly the set of even natural numbers is also
countable:

2,4,6,8,....

It is a little more surprising to learn that Z, the set of all integers (positive, negative
and 0} is also countable, but seeing is believing:

0,1,-1,2,-2,3,-3,....

The next two problems, which outline the basic features of countable sets, are
really a series of examples to show that (1) a lot more sets are countable than one
might think and (2) nevertheless, some sets are not countable.

*5. (a) Show thatif A and B are countable, thensois AUB = {x :x isin A or
x is in B }. Hint: Use the same trick that worked for Z.

(b) Show that the set of positive rational numbers is countable. (This is really
quite startling, but the figure below indicates the path to enlightenment.})

PR
///
C%/%/%

(c) Show that the set of all pairs (m, n) of integers is countable. (This is
practically the same as part (b).)
(d) If Ay, A, A3, ... are each countable, prove that

whlb

4

3
a

i

AjUAIUAsU ...

is also countable. (Again use the same trick as in part (b))

(e) Prove that the set of all triples (I, m, n) of integers is countable. (A triple
(I, m, n) can be described by a pair (/, m) and a number n.)

(f) Prove that the set of all n-tuples (ay, a2, . . ., @,) is countable. (If you have
done part (e}, you can do this, using induction.}

(g) Prove that the set of all roots of polynomial functions of degree n with
integer coefficients is countable. (Part (f) shows that the set of all these
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polynomial functions can be arranged in a sequence, and each has at
most 7 roots.)

(h) Now use parts (d) and (g) to prove that the set of all algebraic numbers
is countable.

Since so many sets turn out to be countable, it is important to note that the
set of all real numbers between 0 and | is ret countable. In other words,
there is no way of listing all these real numbers in a sequence

a1 = 0.q1a12813a14 - - -
ar = O.az1aa3a34 . ..
a3 = Q.az1asaziass. ..

{decimal notation is being used on the right). To prove that this is so, suppose
such a list were possible and consider the decimal

0.a211822a334844 . . .,

where 3., = 5 1if ap, # 5 and a,, = 6 if a,, = 5. Show that this number
cannot possibly be in the list, thus obtaining a contradiction.

Problems 5 and 6 can be summed up as follows. The set of algebraic numbers

is countable. If the set of transcendental numbers were also countable, then the
set of all real numbers would be countable, by Problem 5(a), and consequendy the
set of real numbers between 0 and 1 would be countable. But this is false. Thus,
the set of algebraic numbers is countable and the set of transcendental numbers
is not (“there are more transcendental numbers than algebraic numbers”). The
remaining two problems illustrate further how important it can be to distinguish
between sets which are countable and sets which are not.

*7.

Let f be a nondecreasing function on [0, 1. Recall (Problem 8-8) that
lim f(x) and Lim f(x} both exist.
x—>at x—a-

{(a) For any ¢ > O prove that there are only finitely many numbers a in
[0,1] with lim f(x) — bm f(x) > &. Hint: There are, in fact, at most
r—at x—a-

[F(1) — £(0)])/¢ of them.

(b) Prove that the set of points at which f is discontinuous is countable.
Hint; If m f(x) — lim f(x) > 0, then it is > 1/n for some natural
x—at x—>a-

number n.

This problem shows that a nondecreasing function is automatically con-
tinuous at most points. For differentiability the situation is more difficult
to analyze and also more interesting. A nondecreasing function can fail
to be differentiable at a set of points which is not countable, but it is
still true that nondecreasing functions are differentiable at most points
(in a different sense of the word “most”). Reference [32] of the Sug-
gested Reading gives a beautiful proof, using the Rising Sun Lemma of
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*8.

Problem 8-20. For those who have done Problem 10 of the Appendix
to Chapter 11, it is possible to provide at least one application to dif-
ferentiability of the ideas already developed in this problem set: If f is
convex, then f is differentiable except at those points where its right-
hand derivative f,’ is discontinuous; but the function f,’ is increasing,
so a convex function is automatically differentiable except at a countable
set of points.

Problem 11-66 showed that if every point is a local maximum point for
a continuous function f, then f is a constant function. Suppose now that
the hypothesis of continuity is dropped. Prove that f takes on only a
countable set of values. Hint: For each x choose rafional numbers a,
and b, such that a, < x < by and x is a maximum point for f on
(@, b;). Then every value f(x) is the maximum value of f on some
interval (ay, b,). How many such intervals are there?

(b} Deduce Problem 11-66(a} as a corollary.

(©)

Prove the result of Problem 11-66(b) sirnilarly.



CHAPTER

DEFINITION

INFINITE SEQUENCES

The idea of an infinite sequence is so natural a concept that it is tempting to
dispense with a definition altogether. One frequently writes simply “an infinite
sequence

»

a1, d2, a3, a4, as, ...,

the three dots indicating that the numbers a; continue to the right “forever.” A
rigorous definition of an infinite sequence is not hard to formulate, however; the
important point about an infinite sequence is that for each natural number, n,
there is a real number a,. This sort of correspondence is precisely what functions
are meant to formalize,

An infinite sequence of real numbers is a function whose domain is N,

From the point of view of this definition, a sequence should be designated by a
single letter like @, and particular values by

a(l),a(2),a(3,....

but the subscript notation
ai,az,as,...

is almost always used instead, and the sequence itself 1s usually denoted by a symbol
like {a,). Thus {n}, {(—1)"}, and {1/a} denote the sequences o, B, and ¥ defined
by

a, =n,
n — (_l)ﬂ'
1
V= —-
n

A sequence, like any function, can be graphed (Figure 1) but the graph is usually
rather unrevealing, since most of the function cannot be fit on the page.

ot . {7a}

{8.}
(a) (b) (c)

FIGURE 1

445
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DEFINITION

[=p
2
2
-
R
-
R
-
R
o

c=fi=Ha= M/ 0 Be=Bi=PFe= """

Ys V2
[') ¥s Y T

FIGURE 2

A more convenient representation of a sequence is obtained by simply labeling
the points aj, az, a3, ... on a line (Figure 2). This sort of picture shows where
the sequence “is going” The sequence {o,} “goes out to infinity,” the sequence
{B-} “Jjumps back and forth between —1 and 1,” and the sequence {y,} “converges
to 0.” Of the three phrases in quotation marks, the last is the crucial concept
associated with sequences, and will be defined precisely (the definition is illustrated
in Figure 3).

{— & as  a a

FIGURE 3

A sequence (a,} converges to ! (in symbols lim a, = I) if for every & > 0 there
is a natural number N such that, for all natural numbers n,

if n > N, then |a, — 1| < &.

In addition to the terminology introduced in this definition, we sometimes say
that the sequence {a,} approaches I or has the limit I. A sequence {a,} is said
to converge if it converges to { for some /, and to diverge if it does not converge.

To show that the sequence {y,} converges to 0, it suffices to observe the following,
If £ > 0, there is a nataral number N such that 1/N < e. Then, if n > N we
have

1
Vo = <§<s, s0 |y, — 0] < &

|-

The hmit

Jfim Y +1-Vn =0

will probably seem reasonable after a little reflection (it just says that vn +1 is
practically the same as v/» for large n), but a mathematical proof might not be so
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obvious. To estimate v/r + 1 — /# we can use an algebraic trick:

_ Wn+1-Vm/at1+vn)
e R s oy

n+1l—-—n

T riiva
1
“Triede

It is also possible to estimate v'n + 1 — Vn by applying the Mean Value Theorem
to the function f(x) = +/x on the interval [r, n + 1]. We obtain

Javi-ya
1

= f'(x)

= %, for some x in (n,n+ 1)
|

<3 T
Either of these estimates may be used to prove the above limit; the detailed proof
is left to you, as a simple but valuable exercise.
The limit
. 3n*+Tn?4+1 3
A T —8n 163 4

should also seem reasonable, because the terms involving n> are the most impor-
tant when n is large. If you remember the proof of Theorem 7-9 you will be able
to guess the trick that translates this idea into a proof—dividing top and bottom
by n? yields

3+ 242

3W+In*+1 - n A
4n3 —8n +63 8 63
4——2+—3

R 4]

Using this expression, the proof of the above limit is not difficult, especially if one
uses the following facts:

If lim a, and lim b, both exist, then
n—x n—>co

lim (a, + b,) = lim a, 4+ lim b,,
n—»00 A—00 rn—00

Lim (a, - b,) =nli{1;loan : lLHl by;

moreover, if lim b, # 0, then b, # 0 for all n greater than some N, and
n—>00

bm a,/b, = lim a,/ lim b,.
n—>Cco n—oQ R— 00
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(If we wanted to be utterly precise, the third statement would have to be even
more complicated. As it stands, we are considering the limit of the sequence
{ca} = {an/bs), where the numbers ¢, might not even be defined for certainrn < N,
This doesn’t really matter—we could define ¢, any way we liked for such n—
because the limit of a sequence is not changed if we change the sequence at a
finite number of points.)

Although these facts are very useful, we will not bother stating them as a
theorem—you should have no difficulty proving these results for yourself, because
the definition of lim a, =/ is so similar to previous definitions of limits, especially

Jim S0 =1
The similarity between the definitions of lim a, = [ and lim f(x) = [ is
A—>00 X—=>00

actually closer than mere analogy; it is possible to define the first in terms of the
second. If f is the function whose graph (Figure 4) consists of line segments joining

(5: aﬁ)

(35 H)

FIGURE 4

the points in the graph of the sequence {a,}, so that
f@x)=(apt1 —ap)(x —n) +an n<x<n+l,

then

lim a, =1 ifandonly if lim f(x)=1.
n—>00 X000

Conversely, if f satisfies xlilg)lQ =1, and we set a, = f(n), then XILIEO a, =1.
This second observation is frequently very useful. For example, suppose that
0 <a < 1. Then

lim a" =0.
R—00

To prove this we note that
lim a* = lim e8¢ = Q,

X=+00 X=r 00

since loga < 0, so that x log a i1s a negative and large in absolute value for large x.
Notice that we actually have

lima" =0 if|a| <1;
R—>CQ

for if a < 0 we can write

lim a&" = nlingo(—l)ﬂal" =0,

n—od



THEOREM 1

PROOF

22. Infimite Sequences 449

The behavior of the logarithm function also shows that if a > 1, then a" be-
comes arbitrarily large as n becomes large. This assertion is often written

limae" =0, a>1,
n— 0o

and it is sometimes even said that {a"} approaches oo. We also write equations
like

lim —g” = —o0,
n—0o0

and say that {—a"} approaches —oco. Notice, however, that if a < —1, then Lim a"
does not exist, even in this extended sense.

Despite this connection with a familiar concept, it i3 more important to visualize
convergence in terms of the picture of a sequence as points on a line (Figure 3).
There is another connection between limits of functions and limits of sequences
which is related to #s picture. This connection is somewhat less obvious, but con-
siderably more interesting, than the one previously mentioned—instead of defining
limits of sequences in terms of limits of functions, it is possible to reverse the pro-

cedure.

Let f be a function defined in an open interval containing ¢, except perhaps at ¢
itself, with

lim f(x) =1.

X—=C
Suppose that {a,} is a sequence such that

(1) each g, is in the domain of f,
(2) eacha, #¢,
(3) lima, =c.

Then the sequence { f(a,)) satisfies
lim f(a,) =1
00

Conversely, if this is true for every sequence {a,} satisfying the above conditions,
then ,151_15 fxy=1L.

Suppose first that ,1,]_13 f(x) =1. Then for every £ > 0 there is a § > 0 such that,

for all x,
fl<lx—c| <38, then |f(x) —I| <e&.

If the sequence {a,} satisfies lim a, = ¢, then (Figure 3) there is a natural num-
n—00

ber N such that,
ifn > N, then |a, — ¢| < 8.

By our choice of 3, this means that

[flas) =1l <&,
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showing that
nli»r{olc f (as) = 1.

Suppose, conversely, that hrre}o f(an) =1 for every sequence {a,} with lim a, =
c. If im f(x) = ! were not true, there would be some £ > 0 such that for every
X—=>C
§ > 0 there is an x with

O<|x—c¢] <8 but |fix)—I >e.

In particular, for each n there would be a number x, such that
1
0<|x;—c|< - but |f(x;) —1| > e.

Now the sequence {x,} clearly converges to ¢ but, since | f (x,) — | > & for all n,
the sequence {f(x,)} does not converge to /. This contradicts the hypothesis, so
li_)ni f(x) =1 must be true. §

Theorem 1 provides many examples of convergent sequences. For example, the
sequences {a,} and {b,} defined by

. 1
a, = sin (13 + n—z)

b, = cos (sin (l + D" %)) ,

clearly converge to sin(13) and cos(sin(1)), respectively. It is important, however,
to have some criteria guaranteeing convergence of sequences which are not cbvi-
ously of this sort. There is one important criterion which is very easy to prove, but
which is the basis for all other results. This criterion is stated in terms of concepts
B m G @ defined for functions, which therefore apply also to sequences: a sequence {g,} is
FIGURE 5 increasing if a,.1 > a, for all n, nondecreasing if a,.1 > a, for all n, and
bounded above if there is a number M such that g, < M for all n; there are sim-
ilar definitions for sequences which are decreasing, nonincreasing, and bounded

below.

THEOREM 2  If {a,} is nondecreasing and bounded above, then {a,} converges (a similar state-
ment is true if {a,]} is nonincreasing and bounded below).

PROOF  The set A consisting of all numbers a, is, by assumption, bounded above, so A has
a least upper bound a. We claim that ,,ILI& a, = a (Figure 5). In fact, if & > 0,

there is some ay satisfying o — ay < ¢, since « is the least upper bound of A.
Then if n > N we have

a, > ay, S0 o—a, <o—ay <E&.

This proves that Lim a, =a. i
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The hypothesis that {a,} is bounded above is clearly essential in Theorem 2: if
{an} is not bounded above, then (whether or not {a,} is nondecreasing) {a,} clearly
diverges. Upon first consideration, it might appear that there should be little
trouble deciding whether or not a given nondecreasing sequence {a,} is bounded
above, and consequently whether or not {a,) converges. In the next chapter such
sequences will arise very naturally and, as we shall see, deciding whether or not
they converge is hardly a trivial matter. For the present, you might try to decide
whether or not the following (obviously increasing) sequence is bounded above:

L1+g, 145+3 145+3+5 -

Although Theorem 2 treats only a very special class of sequences, it is more
useful than might appear at first, because it is always possible to extract from an
arbitrary sequence {a,} another sequence which is either nonincreasing or else
nondecreasing. To be precise, let us define a subsequence of the sequence {a,}
to be a sequence of the form

aﬂln aﬂzs arl39 Ty
where the n; are natural numbers with
Ry <A2 <H3- .

Then every sequence contains a subsequence which is either nondecreasing or
nonincreasing, It is possible to become quite befuddled trying to prove this as-
sertion, although the proof is very short if you think of the right idea; it is worth
recording as a lemma.

Any sequence {a,} contains a subsequence which is either nondecreasing or non-
increasing,

Call a natural number n a “peak point” of the sequence {a,} if a. < a, for all
m > n (Figure 6).

Case 1. The sequence has infinitely many peak points. In this case, if ny < n2 <
n3 < --. are the peak points, then a,, > @, > dy, > -+ -, 50 {a,,} is the desired
(nonincreasing) subsequence.

Case 2. The sequence has only finitely many peak points. In this case, let ny be greater
than all peak points, Since n; is not a peak point, there is some n2 > n; such that
Gn, > ay,. Since ny is not a peak point (it is greater than »y, and hence greater
than all peak points) there is some n3 > ny such that a,, > a,,. Continuing in this
way we obtain the desired (nondecreasing) subsequence. i

If we assume that our original sequence {a,} is bounded, we can pick up an
extra corollary along the way.

Every bounded sequence has a convergent subsequence.
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Without some additional assumptions this is as far as we can go: it is easy to
construct sequences having many, evenly infinitely many, subsequences converg-
ing to different numbers (see Problem 3). There is a reasonable assumption to
add, which yields a necessary and sufficient condition for convergence of any se-
quence. Although this condition will not be crucial for our work, it does simplify
many proofs. Moreover, this condition plays a fundamental role in more advanced
investigations, and for this reason alone it is worth stating now.

If a sequence converges, so that the individual terms are eventually all close to
the same number, then the difference of any two such individual terms should be
very small, To be precise, if nliglo a, = I for some I, then for any £ > 0 there is

an N such that |a, -] < ¢/2 forn > N;now ifboth n > N and m > N, then

£ £
lan = am| < |ap =+ [l —au| < 5+ =6

2 2

This final inequality, |, — a.| < &, which eliminates mention of the limit I, can
be used to formulate a condition (the Cauchy condition) which is clearly necessary
for convergence of a sequence.

A sequence {a,} is a Cauchy sequence if for every ¢ > 0 there is a natural
number N such that, for all m and n,

ifm,n > N, then |a, — an| < ¢.

(This condition is usually written lm |a, —a.| =0.)
m,an—co

The beauty of the Cauchy condition is that it is also sufficient to ensure conver-
gence of a sequence. After all our preliminary work, there is very little left to do
in order to prove this.

A sequence {a.} converges if and only if it is a Cauchy sequence.

We have already shown that {a,} is a Cauchy sequence if it converges. The proof of
the converse assertion contains only one tricky feature: showing that every Cauchy
sequence {a,} is bounded. If we take £ = 1 in the definition of a Cauchy sequence
we find that there is some N such that

| — an| <1 form,n > N.
In particular, this means that
lam —ans1] < 1 forall m > N.

Thus {a,, : m > N} is bounded; since there are only finitely many other a;’s the
whole sequence is bounded.
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The corollary to the Lemma thus implies that some subsequence of {a,} con-
verges.
Only one point remains, whose proof will be left to you: if a subsequence of a
Cauchy sequence converges, then the Cauchy sequence itself converges. |l

PROBLEMS
1. Verify each of the following limits,
) n
(i) Jim 1= 1.
. n+3
(i) Jm = 0.

2,

hm ¥n? +1—+/n+1=0. Hint: You should at least be able to prove

that lim Y2+ 1-—¥Yn2=o.

(ivy lim —" = 0. Hint: n! =n(r —1)-... k! for k < n, in particular, for
n—oo B
k<nf2

v) lim ¥a=1, a>0.

(vi) 11{1;10 n=1,

(vii) r‘li)n[r)lc}\/" nt+n=1

(viii) lim +a" 4 b* = max(a, b), a,b>0.
R—* 00

(x} lim o) _ 0, where a(n) is the number of primes which divide n.
R—00 R
Hint: The fact that each prime is > 2 gives a very simple estimate of
how small ¢(n) must be.

D K
. S
(X) n—li{olo nP+1 - p+ 1’

Find the following limits.

. n n+ 1

(1) ’IILI{.IO n+1 - n

i limn—+n+avn+b I
n—o0 -

2!! + (__l)n

Ly
( 1)"«/—5111(")

r:—-»oo n+1
a" — b
n—o00 gt +b"'
lim nc®, le] < 1.

n—o
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n

i) fim

(a) What can be said about the sequence {a,} if it converges and each a, is
an integer?

(b} Find all convergent subsequences of the sequence 1, —1, 1, —1, 1, —1,
... . (There are infinitely many, although there are only two limits which
such subsequences can have.)

(c) Find all convergent subsequences of the sequence 1, 2, 1, 2, 3, 1, 2,
3,4,1,2,3,4,5,.... (There are infinitely many limits which such
subsequences can have.}

(d) Consider the sequence

I 1 2 1 2 3 1 2 3 41
20N LI LN OO T SO T COR S T3 SURREE:

For which numbers « is there a subsequence converging to a?

(a) Prove that if a subsequence of a Cauchy sequence converges, then so
does the original Cauchy sequence.
(b) Prove that any subsequence of a convergent sequence converges.

(a) Prove thatif 0 <a <2, thena < v2a < 2.
(b) Prove that the sequence

V2, \/Ni, \/2‘/2~/§,
converges.

(c) Find the limit. Hint: Notice that if im a, = I, then lim /2a, = V2I,
n—-o0 n—oo
by Theorem 1.

Let O < a1 < by and define

a, + by
Ap | = v/ Anbn, bni1 = 3

(a) Prove that the sequences {a,} and {b,} each converge.
(b) Prove that they have the same limit.

In Problem 2-16 we saw that any rational approximation m/n to +'2 can be
replaced by a better approximation (m +2n)/(m + n). In particular, starting
with m = n = 1, we obtain

1,

N W
| ~2

{a) Prove that this sequence is given recursively by

1
1+a,

a=1, ane1 =1+
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(b} Prove that nlinélc}a,, = +/2. This gives the so-called continued Jraction
expansion
1
V2=14—

1
2+2+

Hint: Consider separately the subsequences {a2,} and {a3,,1}.
(c) Prove that for any natural numbers @ and b,

b
Va2+b=a+——b-

2a+

2a+---
Identify the function f(x) = kim (klim (cosn! 7rx)?k). (It has been mentioned
=00 K200
many times in this book.)

Many impressive looking limits can be evaluated easily {(especially by the
person who makes them up), because they are really lower or upper sums in
disguise. With this remark as hint, evaluate each of the following. (Warn-
ing: the list contains one red herring which can be evaluated by elementary
considerations.)

Ve VAt Ve

@ L

n—o0o n
@ hm Yot Ve 4 e
n—00 n '

e 1 1 1

(iid) nlin;o(n-l-]-'-.”-}_ﬂ).

W) fm (Lt -—1—)
(v) nsoo\ n2 ' (n+ 1)2 A

v) lim( -+ = +---+L).
nroo\(n+1)2  (n42)2 (n+ n)?

. 1i n n 4 + n
) Jm{ Tt age )

Although limits like lim %/n and lil{.lo a” can be evaluated using facts about

n—00

the behavior of the logarithm and exponential functions, this approach is
vaguely dissatisfying, because integral roots and powers can be defined with-
out using the exponential function. Some of the standard “elementary” ar-
guments for such limits are outlined here; the basic tools are inequalities
derived from the binomial theorem, notably

(1+Ah)"=1+nh, fork > 0;

and, for part (e),

- -1
(1+h)"21+nh+n(n2 thz"("z )2 forh > 0.
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11.

12.

(a)
(b)
)

Prove that lim &" = oo if a > 1, by setting ¢ = 1 + h, where A > 0.

Prove that lim a®"=0i1f 0 <a < 1.

n—o0
Prove that "1_11*1;10 Ya=1if a > 1, by setting ¥/a = 1+h and estimating .

(d) Prove that Ierolo(/c_:=lif0<a<1.

e)

(@)
b)

(2)

Prove that lim /n = 1.

n—>oQ

Prove that a convergent sequence is always bounded.
Suppose that HIHI(}O a, = 0, and that each a, > 0. Prove that the set of all

numbers a, actually has a maximum member.

Prove that
1 1
o <log(n+1)—logn < p
If
an=1+l+l+---+l-—logn
2 3 n '

show that the sequence {a,} is decreasing, and that each @, > 0. It
follows that there is a number

y = lim (l+---+l—logn).
n

n—»00

This number, known as Euler’s number, has proved to be quite refractory;
it is not even known whether y is rational,

Suppose that f is increasing on [1, oo). Show that
O+t fa=1 < [ f@dx < f@+ -+ s
Now choose f = log and show that

en—l P ’
it follows that
i 2 _ 1
n—soo n e

This result shows that ¥/n! is approximately n/e, in the sense that the
ratio of these two quantities is close to 1 for large 2. But we cannot
conclude that n! is close to (n/e)* in this sense; in fact, this is false. An
estimate for n! is very desirable, even for concrete computations, because
n! cannot be calculated easily even with logarithm tables. The standard
(and difficult} theorem which provides the right information will be found
in Problem 27-19.
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Show that the tangent line to the graph of f at (xp, f(xo)) intersects the
horizontal axis at (x;, 0), where

_ fx0)

f'(xg)

This intersection point may be regarded as a rough approximation to
the point where the graph of f intersects the horizontal axis. If we now

start at x; and repeat the process to get xp, then use x; to get x3, etc.,
we have a sequence {x,} defined inductively by

 fGw
flxa)’

Figure 7 suggests that {x,} will converge to a number ¢ with f(c) = 0;

this is called Newton’s method for finding a zero of f. In the remainder

of this problem we will establish some conditions under which Newton’s

method works (Figures 8 and 9 show two cases where it doesn’t). A few

facts about convexity may be found useful; see Chapter 11, Appendix.

Suppose that f," f7 > 0, and that we choose xg with f(xp) > 0. Show

that xp >x1>x>--->c.

Let 8 = xx — c. Then

Xl = Xp

Xntl = Xn

_fen
F &)
for some & in (¢, xz). Show that

P AC N iC))
Fr&  from)

Sk

Syt

Conclude that
fxe)
S f (x0)

for some n; in (c, x), and then that

f"(m)
F(xe)

Let m = inf f' on [c,x1] and let M = sup|f”| on [¢, x1]. Show that
Newton’s method works if xg — ¢ < m/M.
What is the formula for x,,; when f(x) = x2 — A?
If we take A = 2 and xp = 1.4 we get
x=14
x1 = 1.4142857
x2 = 14142136
x3 = 1.4142136,

- ()G — &)

Ske1 =

5.2,

(%) Oyl <

which is already correct to 7 decimals! Notice that the number of correct
decimals at least doubled each time. This is essentially gnaranteed by the
inequality (*) when M/m < 1.
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FIGURE 10

15.

*16.

17‘

*18.

19.

20.

21.

Use Newton’s method to estimate the zeros of the following functions.

) f(x)=tanx —cos®x near 0.

() f(x) =cosx — x> near 0.
(i) f)=x*+x-1 on [0, 1].
(v) fx)=x*-3x2+1 on [0, 1].

Prove that if lim a, =, then
n—oo

. a4+t ay)
lim —M =

=00 "

l.

Hint: This problem is very similar to (in fact it is a special case of) Prob-
lem 13-40.

Suppose that f is continuous and lim f(x + 1) — f(x) = 0. Prove that

xli{n f(x)/x = 0. Hint: See the previous problem.

Suppose that a, > 0 for each n and that ,.1—1130 @ny1/an = L. Prove that
nlirrol‘J #/a, = 1. Hint: This requires the same sort of argument that works in
Problem 16, together with the fact that lim +/a =1, for a > 0.

n—>oQ
(a) Suppose that {a,} is a convergent sequence of points all in [0, 1]. Prove
that nlinolo ay is also in [0, 1].
(b) Find a convergent sequence {a,)} of points all in (0, 1) such that lim a,
is not in (0, 1).

Suppose that f is continuous and that the sequence

x, fx), fUFG), FUFUFG), ...

converges to /. Prove that ] is a “fixed point” for f, ie., f(I) =!. Hint: Two
special cases have occurred already:

(a) Suppose that f is continuous on [0, 1] and that 0 < f(x) < 1 forall x in
[0, 1]. Problem 7-11 shows that f has a fixed point (in the terminology
of Problem 20). If f is increasing, a much stronger statement can be made:
For any x in [0, 1], the sequence

x, f(x), fFOFEO,...

has a limit (which is necessarily a fixed point, by Problem 20). Prove this
assertion, by examining the behavior of the sequence for f(x) > x and
fx) < x, or by looking at Figure 10. A diagram of this sort is used
in Littlewood’s Mathematician’s Miscellany to preach the value of drawing
pictures: “For the professional the only proof needed is [this Figure].”
*b) Suppose that f and g are two continuous functions on [0, 1], with ¢ <
f(x) = 1and 0 < g(x) < 1 for all x in [0, 1], which satisfy fog =
g o f. Suppose, moreover, that f 1s increasing, Show that f and g have
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a common fixed point; in other words, there is a number ! such that
f) =1=g(). Hint: Begin by choosing a fixed point for g.

For a long time mathematicians amused themselves by asking whether the
conclusion of part (b) holds without the assumption that f is increasing, but
two independent announcements in the Nofices of the American Mathemati-
cal Society, Volume 14, Number 2 give counterexamples, so it was probably
a pretty silly problem all along,

The trick in Problem 20 is really much more valuable than Problem 20 might
suggest, and some of the most important “fixed point theorems” depend upon
looking at sequences of the form x, f(x), f(f(x)), ... . A special, but representa-
tive, case of one such theorem is treated in Problem 23 (for which the next problem
is preparation).

22. (a} Use Problem 2-5 to show that if ¢ # 1, then
_ antl
= cr—¢
l1-¢
(b) Suppose that |c| < 1. Prove that

lim ¢"+---4+c¢"=0.

m,n—00

(c) Suppose that {x,) is a sequence with |x, — x,41| < ¢*, where ¢ < 1.
Prove that {x,} is a Cauchy sequence.

*23. Suppose that f is a function on R such that
(*) f&x) = fOI < clx —yl, for all x and y,

where ¢ < 1. (Such a function is called a contraction.)

(a) Prove that f is continuous.
(b) Prove that f has at most one fixed point.
(¢) By considering the sequence

x, f(x), fUFGx), ..,

for any x, prove that f does have a fixed point. (This result, in a more
general setting, is known as the “contraction lemma.”)

24. (a) Prove that if f is differentiable and |f’| < 1, then f has at most one
fixed point.
{(b) Prove that if | f'(x)| < ¢ < 1 for all x, then f has a fixed point.
{(c) Give an example to show that the hypothesis | f'(x)| < 1 is not sufficient
to insure that f has a fixed point.

25. This problem is a sort of converse to the previous problem. Let b, be a
sequence defined by by = a, by 1 = f(by). Prove that if b = lim b, exists
and f' is continuous at b, then |f'(b)] < 1. Hint: If |f'()| > 1, then
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26.

27.

|f'(x)] > 1 for all x in an interval around b, and b, will be in this interval
for large enough n. Now consider f on the interval [b, b,].

This problem mvestigates for which a > 0 the symbol

a’
a®

makes sense. In other words, if we define by = a, b,,1 = a’, when does

b = lim b, exist?
n—>o0

(a) Prove that if b exists, then a® = b. (The situation is similar to that in
Problem 5.}

{b) According to part (a), if b exists, then a can be written in the form
y17¥ for some y. Describe the graph of g(y) = y1/7 and conclude that
0 <a <ell

() Supposethatl <a < el’e. Show that {b,} is increasing and also b, < e.
This proves that b exists (and also that b < e),

The analysis for @ < 1 is more difficult.

(d) Using Problem 25, show that if b exists, then e! < b < e. Then show
that e < a < el’.

From now on we will suppose that e™ <a < 1.

() Show that the function

X

fx)= 1
ogx

is decreasing on the interval (0, 1).

(f) Let b be the unique number such that @® = b. Show thata < b < 1.
Using part (e), show that if 0 < x < b, then x < a* < b. Conclude that
I= nﬁ_{xgo a2,+1 exists and that a® =1

{g) Using part () again, show that { = b.

(h) Finally, show that nllhrglo a2,12 = b, so that nl;l{{'lo b, =b.

Let {x,} be a sequence which is bounded, and let

Yn = Sup{Xn, Xa41s Xn32, - - }-

(a) Prove that the sequence {y,} converges. The limit lim y, is denoted by

lim x, or lim sup x,, and called the limit superior, or upper limit,
n—00 n—oo
of the sequence {x,}.

(b) Find lim x, for each of the following:

=00



28.

29,

*30.
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n 1
(i) x, = (=1) [1 + ;]

(iv) x,= ¥n.
(¢) Define lim x, (or iminf x,) and prove that
n—+00 n—0o0

Im x, < lim x,.
n—oo n—00

(d) Prove that lim x, exists if and only if hm x, = lim x, and that in this

—3
n—>00 n—>00 R— 00

case lim x, = lim x; = lim x,.
r—=00 n—+00 nR—0Q

() Recall the definition, in Problem 8-18, of lim A for a bounded set A.
Prove that if the numbers x, are distinct, then lim x, = lim A, where

n—>0Q
A ={x, :nin N}.

In the Appendix to Chapter 8 we defined uniform continuity of a function
on an interval. If f(x) is defined only for rational x, this concept still makes
sense: we say that f is uniformly continuous on an interval if for every € > 0
there is some & > 0 such that, if x and y are rational numbers in the interval
and |x — y| < 8, then | f(x) — f(y)| < &.

(a) Let x be any (rational or irrational) point in the interval, and let {x,} be

a sequence of rational points in the interval such that lim x, = x. Show
n—0o0

that the sequence {f(x,)} converges.
(b} Prove that the limit of the sequence { f (x,)} doesn’t depend on the choice
of the sequence {x,}.

We will denote this limit by f(x), so that f is an extension of f to the
whole interval.

(c) Prove that the extended function f is uniformly continuous on the inter-

val.

Let a > 0, and for rational x let f(x) = a*, as defined in the usual elementary
algebraic way. This problem shows directly that f can be extended to a
continuous function f on the whole line. Problem 28 provides the necessary
machinery.

(a) Show that a* < a? for rational x < y.

{b) Using Problem 10, show that for any & > 0 we have |¢* — 1| < ¢ for
rational numbers x close encugh to O.

(c) Using the equation a* — a” = a¥(@**? — 1), prove that on any closed
interval f is uniformly continuous, in the sense of Problem 28.

(d) Show that the extended function f of Problem 28 is increasing and sat-

isfies f(x +y) = F@x) FO).

The Bolzano-Weierstrass Theorem is usually stated, and also proved, quite
differently than in the text—the classical statement uses the notion of limit
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31.

**32.

points. A point x is a limit point of the set A if for every & > 0 there is a
point a in A with |x —a|] < & but x # a.

(@)

(b)
(c)

(b)

(a)

Find all limit points of the following sets.
1
i —:ninN}.
(i) {n nin }
. 1 1 .
i) §—+—:nandminN}.
n m

(i) {(—1)" [l + %] tnin N}.

) Z.

v Q.
Prove that x is a limit point of A if and only if for every £ > 0 there arc
mfinitely many points a of A satisfying [x —a| < ¢.
Prove that Iim A is the largest limit point of A, and lim A the smallest,

The usual form of the Bolzano-Weierstrass Theorem states that if A is
an infinite set of numbers contained in a closed interval [a, b], then some
point of [a, b] is a limit point of A. Prove this in two ways:

Using the form already proved in the text. Hint: Since A is infinite, there
are distinct numbers xj, x3, X3, ... In A.

Using the Nested Intervals Theorem. Hint: If [a, b] is divided into two
intervals, at least one must contain infinitely many points of A.

Use the Bolzano-Weierstrass Theorem to prove that if f is continuous
on [a, b], then f is bounded above on [a, b]. Hint: If f is not bounded
above, then there are points x, in [a, b] with f(x,;) > n.

Also use the Bolzano-Weierstrass Theorem to prove that if f is contin-
uous on [a, b], then f is uniformly continuous on [a, b] (see Chapter 8,
Appendix).

Let {a,} be the sequence

1 1.2 1 2 3 12 3 4 1 2
2, 3, 3! 4’ 4! 41 51 5’ 5! 5) 6) 6’ LA
Suppose that 0 < a < & < 1. Let N(n; a, b) be the number of integers
j <nsuchthatg; isin [a, b]. (Thus N(2; %—, %) =2,and N(4; %, %) =3}
Prove that N b
Fim (m;a,b) _
n—0c n
A sequence {a,} of numbers in [0, 1] is called uniformly distributed
in [0, 1] if

b—a.

. N(n;a,b)
Im —— =

n—00 n

b—a
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for all @ and b with 0 < a < b < 1. Prove that if s is a step function
defined on {0, 1], and {a,} is uniformly distributed in [0, 1], then

fl . s(@) + -+ stay)
s = lim .
0

n—o0o0 n

Prove that if {a,} is uniformly distributed in [0, 1] and f is integrable
on [0, 1], then

[‘f_ [ F@)+-+ flan)
0 _H—POO n )

Let f be a function defined on [0, 1] such that HII‘II f(y) exists for all a
y—>

in [0, 1]. For any & > 0 prove that there are only finitely many points a
in [0, 1] with | lim f(y) — f(a)| > &. Hint: Show that the set of such
y—>a

points cannot have a limit point x, by showing that 31:1-?:1: f () could not

exist.

Prove that, in the terminology of Problem 21-5, the set of points where
f is discontinuous is countable. This finally answers the question of
Problem 6-16: If f has only removable discontinuities, then f is contin-
uous except at a countable set of points, and in particular, f cannot be
discontinuous everywhere.



CHAPTER 2 3 INFINITE SERIES

Infinite sequences were introduced in the previous chapter with the specific inten-
tion of considering their “sums”

alta+az+---

in this chapter. This is not an entirely straightforward matter, for the sum of
infinitely many numbers is as yet completely undefined. What can be defined are
the “partial sums”

Sa = a1+ + s,

and the infinite sum must presumably be defined in terms of these partial sums.
Fortunately, the mechanism for formulating this definition has already been devel-
oped in the previous chapter. If there is to be any hope of computing the infinite
sum ai + a2 +a3 + : - -, the partial sums s, should represent closer and closer ap-
proximations as » is chosen larger and larger. This last assertion amounts to little
more than a sloppy definition of limits: the “infinite sum” a1 +a2+a3 +- -+ ought
to be nl;u& Ss. This approach will necessarily leave the “sum” of many sequences

undefined, since the sequence {s,} may easily fail to have a limit. For example, the
sequence

1, -1, 1, -1, ...
with a, = (—1)**! yields the new sequence

si=a1 =1,
ss=a)+a =0,
ss=a1+a+a3=1,
sa=ait+ay+as+as=90,

for which lim s, does not exist. Although there happen to be some clever ex-

n—=>o0

tensions of the definition suggested here (see Problems 9 and 24-20) it seems un-
avoidable that some sequences will have no sum. For this reason, an acceptable
defmition of the sum of a sequence should contain, as an essential component,
terminology which distinguishes sequences for which sums can be defined from
less fortunate sequences.

464
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The sequence {a,} is summable if the sequence {s,} converges, where
Sp=d1+ -+ ay.
In this case, ]jn;los,. is denoted by
n—

o0
Za,, (or, less formally, a1 + a2 + a3 +---)

n=1

and is called the sum of the sequence {a,}.

The terminology introduced in this definition is usually replaced by less precise
expressions; indeed the title of this chapter is derived from such everyday language.
o0

An infinite sum Z a, is usually called an infinite series, the word “series” emphasiz-
n=1

ing the connection with the infinite sequence {a,}. The statement that {a,} is, or
o0

1s not, summable is conventionally replaced by the statement that the series E @y
. . " " n=1
does, or does not converge. This terminology is somewhat peculiar, because at

best the symbol Za,, denotes a number (so it can’t “converge”), and it doesn’t de-

note anything at all unless {4,} is summable. Nevertheless, this informal language
is convenient, standard, and unlikely to yield to attacks on logical grounds.

Certain elementary arithmetical operations on infinite series are direct conse-
quences of the definition. It is a simple exercise to show that if {a,} and {b,} are
summable, then

00 00 00
E(an +ba) = Zan + me
n=1 n=1

n=1
=) o)
Ec-a,, =C-Za,,.
n=1 =1

As yet these equations are not very interesting, since we have no examples of
summable sequences (except for the trivial examples in which the terms are even-
tually all 0). Before we actually exhibit a summable sequence, some general con-
ditions for summability will be recorded.

There is one necessary and sufficient condition for summability which can be
stated immediately. The sequence {a,} is summable if and only if the sequence {s,}

converges, which happens, according to Theorem 22-3, if and only if lim s, —

m.n—>od
s, = 0; this condition can be rephrased in terms of the original sequence as follows.
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THE CAUCHY CRITERION

THE VANISHING CONDITION

The sequence {a,) is summable if and only if

Bm duy1 + -+ +am = 0.
m.nR—00

Although the Cauchy criterion is of theoretical importance, it is not very useful
for deciding the summability of any particular sequence. However, one simple
consequence of the Cauchy criterion provides a necessary condition for summability
which is too important not to be mentioned explicitly.

If {a,} is summable, then

lim g, =0.

=00

This condition follows from the Cauchy criterion by taking m = n 4 1; it can also
be proved directly as follows. If lim s, =, then
Iim @, = lim (5, — 55—1) = lim 5, — lim 5,_;
n—00 n—00 n—>00 n—>00
=l-1=0.
Unfortunately, this condition is far from sufficient. For example, nllngc 1/n=0,

but the sequence {1/n} is not summable; in fact, the following grouping of the
numbers 1/n shows that the sequence {s,} is not bounded:

1 1 1 1 1 1 1 1 1
I1+53+3+3 +k§+3+7+§l+&§+"'+1—6)+---.

27 23 27
(2 terms, (4 terms, (8 terms,
each Z%} each 2-&) each 2113}

The method of proof used in this example, a clever trick which one might never
see, reveals the need for some more standard methods for attacking these problems.
These methods shall be developed soon (one of them will give an alternate proof

o0

that Z 1/n does not converge) but it will be necessary to first procure a few
n=1

examples of convergent series.

The most important of all infinite series are the “geometric series”

[e.=]
Zr"=1+r+r2+r3+----

n=0

Only the cases |r| < 1 are interesting, since the individual terms do not approach 0
if |r] = 1. These series can be managed because the partial sums

Si=14r+---4+r"
can be evaluated in simple terms. The two equations

sa=l4r4+ri 4
rs, = Farl g4t 4t
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lead to
sp(l=7)=1— ¢t
or
1—pntl
Sn = 1-r

(division by 1 — r is valid since we are not considering the case r = 1). Now
lim r* =0, since |r| < 1. Ii follows that

n—oQ
oo _ pntl
Zr”:liml d = 1 N |r|<1.
r nso0 1 —r 1-r
In particular,
oC 1)?! m(l)n 1
- = _ —1:: —-1:1,
%6) -50) -
that is,
T+i+d+k+ =1,

an infinite sum which can always be remembered from the picture in Figure 1.

4
=
Y

1
1

1=

FIGURE 1

Special as they are, geometric series are standard examples from which important
tests for summability will be derived.

For a while we shall consider only sequences {a,} with each a, > 0; such
sequences are called nonnegative. If {a,} 1s a nonnegative sequence, then the se-
quence {s,} is clearly nondecreasing. This remark, combined with Theorem 22-2,
provides a simple-minded test for summability:

A nonnegative sequence {a,} is summable if and only if the set of partial
sums §, is bounded.

By itself, this criterion is not very helpful—deciding whether or not the set of
all s, is bounded is just what we are unable to do. On the other hand, if some
convergent series are already available for comparison, this criterion can be used
to obtain a result whose simplicity belies its importance (it is the basis for almost
all other tests).

Suppose that
0<a, <b, for all n.
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PROOF

THEQOREM 2

[+2) o0
Then if Zb,, converges, so does Za,,.

n=1 n=1

If

Sp=ay +---+ay,,
In=b1+- -+ by,

then

O<s, <t for all ».

2]
Now {t,} is bounded, since Zb,. converges. Therefore {s,} is bounded; conse-

n=1

quently, by the boundedness criterion Z a, converges. ||

n=1

Quite frequently the comparison test can be used to analyze very complicated
locking series in which most of the complication is irrelevant. For example,

i 2+sin’(n+1)
27 + n2

n=1

converges because
- 2 +sin(n+1) 3

- 2n+n2 I’

oo oG 1

is a convergent (geometric) series.
Similarly, we would expect the series

0

and

= 1

EZ"—1+sin2n3

n=1

to converge, since the nth term of the series is practically 1/2" for large n, and we

would expect the series
i n+1
—n?+1

to diverge, since (n + 1)/ n?+1)is practically 1/n for large n. These facts can
be derived immediately from the following theorem, another kind of “comparison
test.”

oo o0
If a,, b, > 0 and nano1° an /b, = ¢ # 0, then Za,, converges if and only if Eb_.,

n=1 n=1
converges.
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o0
Suppose Zb,, converges. Since nl;ll;];lo a, /b, = ¢, there is some N such that

n=1

a, < 2ch, forn> N.

0
But the sequence 2¢ Zb,. certainly converges. Then Theorem 1 shows that

n=N
00

Z a, converges, and this implies convergence of the whole series Za,,, which
n=1
as only finitely many additional terms.
The converse follows immediately, since we also have im b,/a, = 1/c # 0. |
n—>o00

The comparison test yields other important tests when we use previously an-
o0
alyzed series as catalysts. Choosing the geometric series E r", the convergent

n=0
series par excellence, we obtain the most important of all tests for summability.

Let a, > 0 for all n, and suppose that

. Qntl
lim —==*

n—oo g

o0
Then E a, converges if r < 1. On the other hand, if » > 1, then the terms a, do

n=1

o0

not approach 0, so Z a, diverges. (Notice that it is therefore essential to compute
n=1

im a,41/a, and not km a,/a,+1!)

n—»00 n—00

Suppose first that » < 1. Choose any number s with r < s < 1. The hypothesis

o Qupl
lim 2 =7 <1
n—0o0 an
implies that there is some N such that
nyl
2 <s  forn>N.
aﬂ
This can be written
41 < sa, forn>N.
Thus
ay4l = saw,

2
ayi2 = sayy1 < sTaw,

ayw < s“ay.
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o] &0

Since ZaNsk =ay Z st converges, the comparison test shows that
k=0 k=0
o0 o0
5 t0=3 v
n=N k=0
o]
converges. This implies the convergence of the whole series Z .
n=1

The case r > 1 is even easier. If 1 < 5 < r, then there is a number N such that

a4l
ay

forn> N,

> 38

which means that

k=0,1,....

k
anirk = ays =2 ay

This shows that the individual terms of {a,} do not approach 0, so {a,} is not
summable.

-
As a simple application of the ratio test, consider the series Z 1/n!. Letting
n=1
a, = 1/n! we obtain

1
Gnyl _ (n+1 w1
a1 @+ a1
n!

Thus
lim Ani1 0,

LI

o0
which shows that the series E 1/n! converges. If we consider instead the series

n=1

oG
Z r®/n!, where r is some fixed positive number, then

n=1

o+l
!
im O g T,
00 r" nsoon+ 1
n!
o
s0 Z r" /n! converges. It follows that
n=1
lim — =0,

n—oo gl
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a result already proved in Chapter 16 (the proof given there was based on the same

o0

ideas as those used in the ratio test). Finally, if we consider the series Enr” we
n=1

have

n+1
lim PEDT o, ntl
n—00 nrt n—00 n

=r,

since lim (n + 1)/n = 1. This proves that if 0 < r < 1, then Enr" converges,
n—ee n=1

and consequently

Iim nr" = 0.
n—>00

(This result clearly holds for —1 < r < 0, also.) It is a useful exercise to provide a
direct proof of this limit, without using the ratio test as an intermediary.
Although the ratio test will be of the utmost theoretical importance, as a practical
tool it will frequently be found disappointing. One drawback of the ratio test is
the fact that nlilg}o @n1/a, may be quite difficult to determine, and may not even

exist. A more serious deficiency, which appears with maddening regularity, is the
fact that the limit might equal 1. The case linol‘3 ant+1/an = 1 is precisely the one

which is inconclusive: {a,} might not be summable (for example, if a, = 1/n),

but then again it might be. In fact, our very next test will show that Z(l /n)?

( : )2
lim _"_Z'.'_lz_ =1.
n—roo 1

(5)

This test provides a quite different method for determining convergence or diver-

gence of infinite series—like the ratio test, it is an immediate consequence of the
comparison test, but the series chosen for comparison is quite novel.

n=1
converges, even though

Suppose that f is positive and decreasing on [1, 00), and that f(n) = a, for all n,
o0
Then Za,, converges if and only if the limit

n=I1
ﬁmf=Aﬁirgof1Af

exists

A
The existence of Alim f is equivalent to convergence of the series
—> 00

1
f12f+f23f+f34f+----
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FIGURE 2

n<41

Now, since f is decreasing we have (Figure 2)

n41
f(n+1)<f f < fn).

The first half of this double inequality shows that the series Z a,+1 may be com-

n=1

o0 n+1 o0 00
pared to the series Z f f, proving that Za,,H (and hence Za,,) converges
n=]vH

n=1 n=1
A

if Iim exists.

A—oo Jh

o0 n+1
The second half of the inequality shows that the series Z f f may be com-
n=1v"

oo A o0
pared to the series Z a,, proving that Ah_{rgo j; f must exist if Z a, converges. ||

n=1 n=1

Only one example using the integral test will be given here, but it settles the
question of convergence for infinitely many series at once. If p > 0, the conver-

gence of Z: 1/x? is equivalent, by the integral test, to the existence of

n=1
*® ]
[ —dx.
1 xP

log A, p=1
A oo
1/xP dx existsif p > 1, butnotif p < 1. Thusz:l/n"

This shows that lim
A—oo Jq o

o0
converges precisely for p > 1. In particular, Z 1/n diverges.
n=1
The tests considered so far apply only to nonnegative sequences, but nonpositive

sequences may be handled in precisely the same way. In fact, since

00 00

>n=—( ).

n=1 n=1
all considerations about nonpositive sequences can be reduced to questions involv-
ing nonnegative sequences. Sequences which contain both positive and negative

terms are quite another story.
2]

If Za,, is a sequence with both positive and negative terms, one can con-

n=1
o0

sider instead the sequence E |as |, all of whose terms are nonnegative. Cheerfully

n=1
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ignoring the possibility that we may have thrown away all the interesting informa-
tion about the original sequence, we proceed to eulogize those sequences which
are converted by this procedure into convergent sequences.

o0 o0
The series E a, is absolutely convergent if the series Z lan| 1s convergent.
n=1 n=1
(In more formal language, the sequence {a,} is absolutely summable if the
sequence {|a,|} is summable.)

Although we have no right to expect this definition to be of any interest, it turns
out to be exceedingly important. The following theorem shows that the definition
is at least not entirely useless.

Every absolutely convergent serics is convergent. Moreover, a series is absolutely
convergent if and only if the series formed from its positive terms and the series
formed from its negative terms both converge.

o0
If Z |ax| converges, then, by the Gauchy criterion,

n=1

Lm lapi] +-- -+ lam| = 0.

ma—+00

. Since

|an+1 4+ ta| < Ian+l|+"'+|am|»

it follows that
m apyy+---+am =0,
m,n—co

00
which shows that z @, CONVErges.
n=1

To prove the second part of the theorem, let

an+ = { an, lfan Z 0

0, 1feq, <0,
a" = a,, ifa, =<0
710 ifa, =0,

o0 o0 o0

so that Za,ﬁ' is the series formed from the positive terms of Za,,, and Zan_
n=1 n=1 n=1

is the series formed from the negative terms.

If Z a,t and E a,” both converge, then

n=1 n=1

Z lan| = E[an+ - (an_)] = Zan+ - Zan_
n=1 n=1 n=1 n=1
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THEOREM 6 (LEIBNIZ’S THEOREM}

PROOF

o0
also converges, so Za,. converges absolutely.
n=1

o0 20
On the other hand, if E |@.| converges, then, as we have just shown, Za,,
n=1 n=1
also converges. Therefore

and

both converge. |J

It follows from Theorem 5 that every convergent series with positive terms can
be used to obtain infinitely many other convergent series, simply by putting in
minus signs at random. Not every convergent series can be obtained in this way,
however—there are series which are convergent but not absolutely convergent
(such series are called conditionally convergent). In order to prove this state-
ment we need a test for convergence which applies specifically to series with positive
and negative terms.

Suppose that

and that

Then the series

o0
Z(-—l)"‘”a,l =a—ax+ay—as+as—--:

n=1
converges.
Figure 3 illustrates relationships between the partial sums which we will establish:

(1) s;2<s4<856<:--,
2)sizs3>852>---,

B =5 if & is even and [ is odd.

} 4L L | ) | } J ]
1 1 1 1 T L) T L T T
L] 5y o Ja S0 Sz Sufy Sr 55 L1 £

FIGURE 3
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To prove the first two inequalities, observe that

(1) S22 = $24 + A2041 — G202

> S5, SINCE @2pt1 2 G2n42
(2) 52043 = S2041 — @242 + Q203
> S2n+1. SINCE A2742 = @2n43-

To prove the third inequality, notice first that

$2p = §2n, — A2
< Sa—1 since ap, > 0.

This proves only a special case of (3), but in conjunction with (1} and (2) the general
case is easy: if k is even and [ is odd, choose n such that

2n>k and 2n-1=1
then
Sk = 82n S 820-1 25,
which proves (3).
Now, the sequence {s2,} converges, because it is nondecreasing and 1s bounded
above (by s; for any odd /). Let

a = supfsz,} = lim s9,.
n—occ
Similarly, let

B= inf'{sz,,+1} = nli)ﬂolo S2p41.
It follows from (3) that ¢ < 8; since

$2nil — S2n = 82,41 and lima, =0
=00

it is actually the case that @ = 8. This proves that & = g = lim s,. I
n—>00

The standard example derived from Theorem 6 is the series

1 1 1 1
I—3+3-3+35—-,

o0
which is convergent, but net absolutely convergent (since Z 1/n does not con-
n=1
verge). If the sum of this series is denoted by x, the following manipulations lead
to quite a paradoxical result:

= 1 l1_1,1 1 1,1 L1
=l-z-3+3-s-8t5-w-uzt7- @16t
(the pattern here is one positive term followed by two negative ones)

1 1 1 1 1 1 1 1 1 1 1
_(1_i)_z+(3_E)_§+(§_1_)_ﬁ+(,i_ﬁ)_ﬁ+...
1 1 1 1 1 1 1
_3+3_§+TG_TZ+I__E+'“

1

3

1 1 1 1 1 1 1 1
=3-3+3-g+s5-g+7—g+ )

1
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THEOREM 7

PROOQF

30 x = x/2, implying that x = 0. On the other hand, it is easy to see that x 7 0:
the partial sum s3 equals %, and the proof of Leibniz’s Theorem shows that x > 5.

This contradiction depends on a step which takes for granted that operations
valid for finite sums necessarily have analogues for infinite sums. It is true that the
sequence

— 1 _1r 1 1 11 1 _1
{bn]—la z’ 3 4 ] 10+ iz +--

contains all the numbers in the sequence

1

1 11 _1 1 _1
-8 % "W U "1 e

1 1
% 3 T

--.li»—-

{aﬁ} = ]-s _%! ’_-1;1

In fact, {b,} is a rearrangement of {a,} in the following precise sense: each
b, = asu where f is a certain function which “permutes” the natural numbers,
that is, every natural number m is f(n} for precisely one n. In our example

go into the lst, 4th, 7th, ...

f@m+1)=3m+1 (the terms l,%,%,...

places),
f@m) =3m (the terms —%, —%, —lz . go into the 3rd, 6th, 9th,
. places),
f(Am+2)=3m+2 (the terms _i’ 3, —lo . go into the 2nd, 5th, 8th,
... places).

Nevertheless, there is no reason to assume that Zb should equal Za,. these
=1 n=1
sums are, by definition, 11m by+-+.++b, and hm aj + -+ + ay, so the particular

)n+1

order of the terms can quite conceivably matter. The series E(—l /n is not

n=1
special in this regard; indeed, its behavior is typical of series which are not ab-

solutely convergent—the following result (really more of a grand counterexample
than a theorem) shows how bad conditionally convergent series are.

o0
If E a, converges, but does not converge absolutely, then for any number o there
n=1

oo
is a rearrangement {b,} of {a,} such that Z b, =a.

n=1

00 [s.2]
Let Z Pn denote the series formed from the positive terms of {a,} and let Eq,,

n=1 n=1
denote the series of negative terms. It follows from Theorem 5 that at least one of

these series does not converge. As a matter of fact, both must fail to converge, for
if one had bounded partial sums, and the other had unbounded partial sums, then
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o0
the original series Za,, would also have unbounded partial sums, contradicting
n=1
the assumption that it converges.
Now let o be any number. Assume, for simplicity, that @ > 0 (the proof for
o0
o < 0 will be a simple modification). Since the series Z Pr is not convergent,

n=1
there is a number N such that

N
Z: Pn > .
n=1

We will choose Nj to be the smallest N with this property. This means that
N—-1
M Y psa,
P!=1

Ny
but (2) 2 Py > .
n=l

Then if
Ny
Sl = Z: Pr,
n=1
we have
S1—a < py,.
P,
-1 A 1 L 1 1
0 23 R o L a it F ot by
FIGURE 4

This relation, which is clear from Figure 4, follows immediately from equation (1):

Ny—1
S1—a<8 - an=mvl-

n=1

To the sum §; we now add on just enough negative terms to obtain a new sum Tj
which is less than &, In other words, we choose the smallest integer M) for which

M
T =SI+Z:Qn < .

n=l1
As before, we have
a—T < —qum.

We now continue this procedure indefimtely, obtaiming sums alternately larger
and smaller than @, each time choosing the smallest Ny or M; possible. The
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sequence

pl!'--9pN|9qls"-qu11PN1+11-'-!psz-'-

is a rearrangement of {a,}. The partial sums of this rearrangement increase to S,
then decrease to 71, then increase to 52, then decrease to T3, etc. To complete the
proof we simply note that |S; —a| and |T; —a| are less than or equal to py, or —gu,,

respectively, and that these terms, being members of the original sequence {a,},
00

must decrease to 0, since E a, converges. I
n=1

Together with Theorem 7, the next theorem establishes conclusively the distinc-
tion between conditionally convergent and absolutely convergent series.

oo o0
THEOREM 8 If Za,. converges absolutely, and {b,} is any rearrangement of {a,}, then Zb,.
n=1 n=1
also converges (absolutely), and

00 o)
z:an==z:bm
n=1

n=1

PROOF  Let us denote the partial sums of {a,} by s,, and the partial sums of {b,} by #,.

oo
Suppose that £ > 0. Since Za,, converges, there is some N such that

n=1
2]
Zan —syl<e
n=]
o0
Moreover, since Z |an| converges, we can also choose N so that
n=1
o0
Y lanl — (@il + -+ lanh) <&,
n=1
i.e., so that
lan+1l + lawi2| + lawis| +-- - < &
Now choose M so large that each of ay, ..., ay appear among by, ..., by. Then
whenever m > M, the difference f,; — sy is the sum of certain a;, where ay, ..., ay

are definitely excluded. Consequently,

[tm — sn| < lany1] + lang2! + lanys| +- - .
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Thus, if m > M, then

[+ 4] 0
Zau—tm = Z:an—sN—(tm—sN)
n=1 n=1
o0
=< Zan"‘sN + |tw — Sn|
n=1
< &+ &.

o o0
Since this is true for every ¢ > 0, the series Zb,, converges to E ap.

n=1 n=]

o0
To show that Zb,, converges absolutely, note that { |b,|} is a rearrangement

n=1

[e 4] oC
of {|aa|}; since Z |a,| converges absolutely, Z |bs| converges by the first part of
n=1 n=1

the theorem. ||

Absolute convergence is also important when we want to multiply two infinite
series. Unlike the situation for addition, where we have the simple formula

2]

Zan + ibn = i(an + b,),
n=1

n=1 n=1

there isn’t quite so obvious a candidate for the product

(Zan) . (ZbN) ={a +az+---)-(by+b2+---).
n=l1

n=1
It would seem that we ought to sum all the products a;b;. The trouble is that these
form a two-dimensional array, rather than a sequence:
aibi aiby  aiby
azby @by  axbs
asbq asbo asbs

Nevertheless, all the elements of this array can be arranged in a sequence. The
picture below shows one way of doing this, and of course, there are (infinitely)

many other ways.

by aibs

ay
~

arln axbs azbs
A

C a3b1 a3bz aSb3

a1
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THEOREM 9%

PROOF

Suppose that {c,} is some sequence of this sort, containing each product a;b;
just once. Then we might naively expect to have

Ec,, = Za,, Zb

n=1 n=1

But this #7’t true (see Problem §), nor is this really so surprising, since we’ve said
nothing about the specific arrangement of the terms. The next theorem shows
that the result does hold when the arrangement of terms is irrelevant.

o0 oo
If Z a, and Z b, converge absolutely, and {c,} is any sequence containing the

n=1 =1
products a;b; for each pair (i, j), then

o0

3 e = igb

n=1 n=1

Notice first that the sequence

L L
pr=>_lail- ) Ibl
i=1 j=1

converges, since {a,} and {&,} are absolutely convergent, and since the limit of a
product is the product of the limits. So {p.} is a Cauchy sequence, which means
that for any ¢ > 0, if L and L’ are large enough, then

L

Zj|a.| ZIbI—Ziail'E ;

i=1 J= j=1

£
<2.

It follows that R
) D lail-lbl =3 <&

iorj>L
Now suppose that N is any number so large that the terms ¢, for n < N include
every term a;b; for i, j < L. Then the difference

N

Yo~ 3a3oh

n=1 j=1
consists of terms a;b; with i > L or j > L, so

Za, Zb

Jj=1

> lail - 1byl

iorj=L
<g by (1).
But since the limit of a product is the product of the limits, we also have

o0 o0 L L
DB ITED 37 o
=1 =1 =1 j=1

2
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for large enough L. Consequently, if we choose L, and then N, large enough, we
will have

L L

lza, Zjb, Ya- Yk

i=1 j=

i=1 j=1 =1

—_

which proves the theorem. |

Unlike our previous theorems, which were merely concerned with summability,
this result says something about the actual sums. Generally speaking, there is
no reason to presume that a given infinite sum can be “evaluated” in any simpler
terms. However, many simple expressions can be equated to infinite sums by using
Taylor’s Theorem. Chapter 20 provides many examples of functions for which

@
7@ _Zf (a)

=0 !

(x —a)' + Ry 4(x),

where nlil{lgo R,.4(x) = 0. This is precisely equivalent to

i O}
which means, in turn, that
Bia
fox )—Zf -y,

As particular examples we have

N A A
Slnx_x—i_*-ﬁ—ﬂ"'_""
_ x2 g4 6
cosx = _E+I_E+”"
! x2 53 x4
F=1+7 ittt
" _ x3+x5 x7+ xl <1
arcrtanx = x 3 3 = . <1,
2 3 4 5
10g(1+x)=x—x7+f3——%+%+---, ~l<x=<l.



482 Infinite Sequences and Infinite Series

(Notice that the series for arctan x and log(1+x) do not even converge for x| > 1;
in addition, when x = —1, the series for log(1 + x) becomes

which does not converge.)
Some pretty impressive results are obtained with particular values of x:

J'I.'3 J'!'S 71'7
O—JT—¥+§—T+ ;
1 1 1
€—1+ﬁ+§—!+-3—!+ ,
£=]_1+1_1+ ,
4 3 5 7
log2 =1 —;— % %

More significant developments may be anticipated if we compare the series for
sin x and cos x a little more carefully. The series for cos x is just the one we would
have obtained if we had enthusiastically differentiated both sides of the equation

) X

s1nx=x—ﬁ+§—'“
term-by-term, ignoring the fact that we have never proved anything about the
derivatives of infinite sums. Likewise, if we differentiate both sides of the for-
mula for cos x formally (i.e., without justification} we obtain the formula cos’(x) =
—sinx, and if we differentiate the formula for € we obtain exp/(x) = exp(x).
In the next chapter we shall see that such term-by-term differentiation of infinite
sums 15 indeed valid 1n certain important cases.

PROBLEMS

1. Decide whether each of the following infinite series is convergent or diver-
gent, The tools which you will need are Leibniz’s Theorem and the compar-
ison, ratio, and integral tests. A few examples have been picked with malice
aforethought; two series which look quite similar may require different tests
(and then again, they may not). The hint below indicates which tests may be

used.

. >, sinnd

o 3

n=1

a 1 1 1

@ l-—z+35—5+-

@ 1-p+i-beiobrioe
n

2
e
~—
|
[
St
=
=3
aq

2
)
=
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) E (The summation begins with n = 2 simply to avoid
w3 V=1 the meaningless term obtained for n = 1).

n=l VA2 +1
wi) 3.

n=1 """
(i) i loin

n=1
w3 —

~ logn
© Y

4 (log n)k
e

2 Gogny
i) 1

— (log n)"

& 2
6ai) 3y

2
o o 1
(ovi) ngz n2(logn)
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oo Yo 22,
n=]
Hint: Use the comparison test for (i), (i}, (v}, (vi), (ix), (x), (xi), (xiii), (xiv},
(xvil); the ratio test for (wvii), (xviii), (xix}, (xx); the integral test for (viii),

(xv), (xvi).

The next two problems examine, with hints, some infinite series that require

more delicate analysis than those in Problem 1.

*2.

*3.

(a) If you have successfully solved examples (xix) and (xx) from Problem 1,
00

it should be clear that Za"n!/n" converges for @ < e and diverges for
n=1

00
a > e. For a = e the ratio test fails; show that Ze"n!/n" actually
n=1

diverges, by using Problem 22-13.

(b} Decide when Zn"/a"n! converges, again resorting to Problem 22-13
n=1
when the ratio test fails.

oC oo

Problem 1 presented the two series Z(log n)~* and Z(log n)™ ", of which
n=2 n=2

the first diverges while the second converges. The series

= 1

; (log n)logn ’

which lies between these two, is analyzed in parts (a) and (b).

() Show that f° e /y” dy exists, by considering the series Y _(e/n)".
n=1

(b} Show that

)
Z (log n)logu

n=2

converges, by using the integral test. Hint: Use an appropriate substitu-
tion and part (a).
{c) Show that

ad 1
E (log n)loglogn)

diverges, by using the integral test, Hint: Use the same substitution as
in part (b), and show directly that the resulting integral diverges.
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Decide whether or not Z COTIVETEES.

1+1/

o0

(a) Let {a,} be a sequence of integers with 0 < a, < 9. Prove that Z a,10™"
n=1

exists (and lies between 0 and 1). (This, of course, is the number which

we usually denote by 0.a1a2a3a4 ... .)
(b) Suppose that 0 < x < 1 Prove that there is a sequence of integers {a,}

with 0 < a, <9 and Ea,, 0™ = x. Hint: For example, @) = [10x]
=1
{(where [y] denotes thc greatest integer which is < y).

(c) Show that if {a,} is repeating, ie., is of the form ay,as,...,a,
oo

a,az,...,a,4a,4az,...,then Za,,lO_" is a rattonal number (and find
n=1

it). The same result naturally holds if (a,} is eventually repeating, i.e., if

the sequence {ay4+} is repeating for some N,

(d) Prove thatif x = Za,,lO'" is rational, then {a,} is eventually repeat-

n=1
ing. (Just look at the process of finding the decimal expansion of p/g—
dividing g into p by long division.)

Suppose that {a,} satisfies the hypothesis of Leibniz’s Theorem. Use the
proof of Leibniz’s Theorem to obtain the following estimate:

n+1

an — [@a1—ax+---Lan]| <an.

Prove that if a, > 0 and lim %/a, = r, then Za,, converges if r < 1, and

n—o00

diverges if r > 1. (The proof is  very similar to that of the ratio test.) This
result is known as the “root test.”” It is easy to construct series for which the
ratio test fails, while the root test works. For example, the root test shows that
the series

LR R )RR C L CY R C
converges, even though the ratios of successive terms do not approach a

limit. Most examples are of this rather artificial nature, but the root test is

nevertheless quite an impertant theoretical tool, and if the ratio test works the
root test will also (by Problem 22-18). It is possible to eliminate limits from

o0
the root test; a simple modification of the proof shows that Z:a,, converges
n=1

if there is some s < 1 such that all but finitely many {/a, are < s, and that
(o]
Za,, diverges if infinitely many 3/a, are > 1. This result is known as the

n=1
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10.

11,

“delicate root test” (there is a similar delicate ratio test). It follows, using
o0

the notation of Problem 22-27, that Za,, converges if li_rrol0 Ya, <1 and
n=1 "

diverges if lim /@, > 1; no conclusion is possible if lim i/a, = 1.
n—>od =00

n

For two sequences {a,} and {b,}, let ¢, = Zakb,,+1_k. (Then ¢, is the sum
k=1

of the terms on the nth diagonal in the plcture on page 479.) The series

E ¢, is called the Cauchy product of Za,, and Eb If a, = b, =
(—1)"l //n, show that |¢,| = 1, so that thc Cauchy product does not con-
verge.

A sequence {a,} is called Cesaro summable, with Cesaro sum [, if

. St A8y
lim ——

n—00 n

=]

(where s = a1 + - - - + ax). Problem 22-16 shows that a summable sequence
is automatically Cesaro summable, with sum equal to its Cesaro sum. Find
a sequence which is #of summable, but which s Cesaro summable.

Suppose that g, > 0 and {a,} is Cesaro summable. Suppose also that the
0

sequence {na,} is bounded. Prove that the series a, converges. Hint: I
q ge,
n=1

n
n .
Sy = Za; and 6, = — ,Z]:S” prove that s, — ) 10',. is bounded.

This problem outlines an alternative proof of Theorem 8 which does not rely
on the Cauchy criterion.

(a) Suppose that a, > O for each n. Let {b, } be a rearrangement of {a,},
andlet s, =a;+---+a, and t, = by + -- - + b,. Show that for each n
there is some m with Sp < ly.

(b) Show that i ap < i b, if f:b,, exists.
n=1 n=1

n=1

(c) Show that i G = i by.
n=1

n=1

oo
(d) Now replace the condition a, > 0 by the hypothesis that Z a, COnverges
n=1
absolutely, using the second part of Theorem 5.
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12I

13.

*14,

*¥15.

*16.

17.

*18.
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o0
(a) Prove that if Z a, converges absolutely, and {b,} is any subsequence of

n=1

[~
{a,}, then an converges (absolutely).

n=1

=]
(b) Show that this is false if Za,. does not converge absolutely.

n=1
o0
*c) Prove that if Ea,, converges absolutely, then
a=1

[
Y an=(a1+a3+as+---)+@+as+as+--).
n=1

o0

2 an

n=1

o0
Prove that if Z ay, is absolutely convergent, then

n=1

o]
<) lal.
n=1

Problem 19-42 shows that fnm(sinx)/x dx converges. Prove that
fo” |(sinx)/x| dx diverges.

Find a continuous function f with f(x) > O for all x such that f° f(x)dx
exists, but im f(x) does not exist.

Let f(x) = xsin1/x for 0 < x < 1, and let f(0) = 0. Recall the definition
of £(f, P) from Problem 13-25. Show that the set of all £(f, P) for P a
partition of [0, 1] is not bounded (thus f has “infinite length”). Hint: Try
partitions of the form

2

2 2 2 2
P=lo G )

Let f be the function shown in Figure 5. Find fol f, and also the area of the
shaded region in Figure 5.

In this problem we will establish the “binomial series”

(14+x)* = Z (:)x", x| <1,

k=0
for any a, by showing that ﬂli{go R, 0(x) = 0. The proof is in several steps,
and uses the Cauchy and Lagrange forms as found in Problem 20-7.

00

(a) Use the ratio test to show that the series E (:) r* does indeed converge
k=0

for |r| < 1 (this is not to say that it necessarily converges to (1 + r)®). It

follows in particular that lim ("‘)r" =0 for |r| < L.
M

n—»0co0
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19.

¥20.

(b)

©

Suppose first that 0 < x < 1. Show that 1;1}_'531‘J R, 0(x) = 0, by using

Lagrange’s form of the remainder, noticing that (1 4+ #)*™"! < 1 for
n+1>a

Now suppose that —1 < x < 0; the number ¢ in Cauchy’s form of the
remainder satisfies —1 < x < r < 0. Show that

xA+0°7| < xIM,  where M = max(l, (1 + )°7),

1—1/x

Using Cauchy’s form of the remainder, and the fact that

w2 =7

show that 11_{20 Ry 0(x) =0.

and
x -t
1+t

Suppose that the partial sums of the sequence {a,} are bounded and that
00
{b.} is a sequence with b, > b,y and lim b, = 0. Prove that E a.b,
n—oco

n=1

converges. This is known as Dirichlet’s test. Hint: Use Abel’s Lemma
(Problem 19-35) to check the Cauchy criterion.

Derive Leibniz’s Theorem from this result.

Prove, using Problem 15-33, that the series i(cos nx)/n converges if x

is not of the form 2k for any integer k (in “:'}Tllch case it clearly diverges),

Prove Abel’s test: If i a, converges and {b,} is a sequence which is either
n=1

2]
nondecreasing or nonincreasing and which is bounded, then Ea,,b,,
n=1

converges. Hint: Consider b, — b, where b = lim b,.

R— 00

oo
Suppose {a,} is decreasing and lim a, = 0. Prove that if Ea,, converges,
n—o0

n=1

o0
then ZZ"azn also converges (the “Cauchy Condensation Theorem”), No-

n=1

oo o0
tice that the divergence of 1/n is a special case, for if 1/n converged,
g

n=1 n=1

then Z 2"(1/2") would also converge; this remark may serve as a hint.

n=1
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*22.

*23.

24,

25,

26.
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(a) Prove that if Za,, and Zb,, converge, then Ea,.b converges.

n_l n=1 n=1

(b) Prove that if Z an? converges, then Ea,,/ n® converges for any o > %

n=1 n=1

[=.*]

0. Prove that if Za,, converges,
r=1

then hm ra, = 0. Hint: Write down the Cauchy criterion and be sure to

Suppose {a,} is decreasing and each a, >

use the fact that {a,} is decreasing.

00
If Z a, converges, then the partial surns s, are bounded, and lingo a, =0. It
n:l n—>

is tempting to conjecture that boundedness of the partial sums, together with
oo

the condition lim a, = 0, implies convergence of Ea,,. This is net true,
n—>oo =1

but finding a counterexample requires a little ingenuity. As a hint, notice that

some subsequence of the partial sums will have to converge; you must somehow

allow this to happen, without letting the sequence itself converge.

Prove that if g, > 0 and Zlan diverges, then ; T
Compare the partial sums. Does the converse hold?

a.lso diverges. Hint:

0
Let b, # 0. We say that the infinite product Hb,, converges if the sequence

n=1

Pn = n b; converges, and also "11{1‘;1o pn F 0.

i=l

{a) Prove that if H(l + a,) converges, then a, approaches 0.

n=1

oo oo
(b) Prove that l_[(l +a,) converges if and only if E log(1 + a,) converges.

n=1 n=1

o0 o0

(c} For a, = 0, prove that l_[(l + a,) converges if and only if Za,, con-
=1

verges. Hint: Use Problem 24 for one implication, and a snn[:le estimate

for log(1 + a) for the reverse implication.

(a) Compute ﬁ (1 — niz)

n=2

o0
(b) Compute [ J(1 + x*") for x| < 1.
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27. The divergence of E 1/n is related to the following remarkable fact: Any

n=1
positive rational number x can be written as a finite sum of distinet numbers

of the form 1/n. The idea of the proof is shown by the following calculation

for %—T: Since

27 _1_23
32762
23 _1_ 7
62 3~ 186
7 _1 1
186 <4726

we have,
_1,1,1 1
si=zt3tomt s
Notice that the numerators 23, 7, 1 of the differences are decreasing
(a) Provethatif 1/(n+1) < x < 1/n for some n, then the numerator in this

sort of calculation must always decrease; conclude that x can be written
as a finite sum of distinct numbers 1/k.

o]
(b) Now prove the result for all x by using the divergence of E 1/n.

n=1



h

!4 UNIFORM CONVERGENCE AND
CHAPTER POWER SERIES

fa

FIGURE 1

The considerations at the end of the previous chapter suggest an entirely new way
of looking at infinite series. Our attention will shift from particular infinite sums

to equations like

x  x?
[T
which concern sums of quantities that depend on x. In other words, we are
interested in_functions defined by equations of the form

F&E)= i)+ folx) + fa(x) +---

(in the previous example f;(x) = x"1/(n — 1)Y). In such a situation {f,} will be
some sequence of functions; for each x we obtain a sequence of numbers { f,(x)},
and f(x) is the sum of this sequence. In order to analyze such functions it will
certainly be necessary to remember that each sum

H@X+ () + frlx) +---

is, by definition, the limit of the sequence
HG), i@ + f2x), HE) + L) + frx), ...

If we define a new sequence of functions {s,} by

et =1+ +---

sn=f1+"'+fm

then we can express this fact more succinctly by writing
f@x) = lim s5,(x).
For some time we shall therefore concentrate on functions defined as limits,
F) = lim fu(),

rather than on functions defined as infinite sums. The total body of results about
such functions can be summed up very easily: nothing one would hope to be
true actually is—instead we have a splendid collection of counterexamples. The
first of these shows that even if each f, is continuous, the function f may not be!
Contrary to what you may expect, the functions f, will be very simple. Figure 1
shows the graphs of the functions

x*, O0<x=<1

fn(x)={ 1, x> 1.
491
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1

These functions are all continuous, but the function f(x) = lim f,(x) is not
n—00

continuous; in fact,

0, O0<x<1

Eg;ﬁJx)= 1 x>1.

Another example of this same phenomenon is illustrated in Figure 2; the func-
tions f, are defined by

1
—_ < — =
-~ I, x<

FIGURE 2

S| =
A
=
1A
|

Ja(x) =1 nx, -

1,

3|
IA
b

In this case, if x < 0, then f,(x) is eventually (i.e., for large enough n) equal to —1,
and if x > 0, then f,(x) is eventually 1, while f£,(0) = 0 for all n. Thus

-1, x<0
m f,(x)=10, x=0
" 1, x > 0;

so, once again, the function f(x) = lim f,(x) is not continuous.
n—=od

By rounding off the corners in the previous examples it is even possible to
FIGURE 3 produce a sequence of differentiable functions {f,} for which the function f(x) =

lim f,(x) is not continuous. One such sequence is easy to define explicitly:
l R—>00

fs _1) xr = - l
n
. f(x)=4sin("£) L
; " 27 n-" "n
1, 1 <x
n
21 A These functions are differentiable (Figure 3), but we still have
| -1, x<0
1 ll,no‘c =10, x=0
* 1, x>0
S
/ Continuity and differentiability are, moreover, not the only properties for which
/ , problems arise. Another difficulty is illustrated by the sequence {f;} shown in
ti ! Figure 4; on the interval [0, 1/x] the graph of f, forms an isosceles triangle of

altitude n, while f,(x) = 0 for x > 1/n. These functions may be defined explicitly
FIGURE 4 as follows:



fa

fs

FIGURE 5

FIGURE 6
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2n2x, 05x£i
2n
i) =1 2n—2n%, —<x<-
2n n
1
0, —<x=<1.
n

Because this sequence varies so erratically near 0, our primitive mathematical
instincts might suggest that lim f,(x) does not always exist. Nevertheless, this
n—0oo

limit does exist for all x, and the function f(x) = hm f,(x) is even continuous.
In fact, if x > 0, then f,(x) is eventually 0, so lim ﬁ?;; = (; moreover, f,(0) =0
for all a, so that we certainly have lim In (,6;m= 0. In other words, f(x) =
nlingo fa(x) = O for all x. On the other hand, the integral quickly reveals the
strange behavior of this sequence; we have

1
[ #wax =1,
0
but

1
f f(x)dx =0.
0
Thus,

1 1
lim f fr(x)dx :’é./; lim f,(x)dx.
n—=>00 0 n—=>co

This particular sequence of functions behaves in a way that we really never
imagined when we first considered functions defined by limits. Although it is true
that

fx)= nli)-nl;lo fa(x) for each x in [0, 1],

the graphs of the functions f, do not “approach” the graph of f in the sense of
lying close to it—if, as in Figure 5, we draw a strip around f of total width 2¢ (al-
lowing a width of € above and below), then the graphs of f, do not lie completely
within this strip, no matter how large an n we choose. Of course, for each x there
is some N such that the point (x, f,(x)) lies in this strip for n > N; this assertion
just amounts to the fact that nli_{lc.',lo fa(x) = f(x). But it is necessary to choose larger
and larger N’s as x is chosen closer and closer to 0, and no one N will work for
all x at once.

The same situation actually occurs, though less blatantly, for each of the other
examples given previously. Figure 6 illustrates this point for the sequence

x", O0<x<l1
fn(x)—{ l, JCZ].
A strip of total width 2¢ has been drawn around the graph of f(x) = nlin;lo fax).

If ¢ < 1, this strip consists of two pieces, which contain no points with second
2 p p po
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coordinate equal to 3; since each function f, takes on the value 3, the graph of
each f;, fails to lie within this strip. Once again, for each point x there is some N
such that (x, f,(x)) lies in the strip for n > N; but it is not possible to pick one N
which works fbr all x at once.

It is easy to check that precisely the same situation occurs for each of the other
examples. In each case we have a function f, and a sequence of functions {f,},
all defined on some set A, such that

A . f@x) = nlﬂ]go fu(x) for all x in A.

This means that

HOVRE 7 for all ¢ > 0, and for all x in A, there is some N such that if n > N, then

|f(x) — fa(x)| < &.

But in each case different N’s must be chosen for different x’s, and in each case it
is not true that

for all & > 0 there is some N such that for all x in A, if n > N, then
[f(x) = falx)] < &.

Although this condition differs from the first only by a minor displacement of the
phrase “for all x in A,” it has a totally different significance. If a sequence {f,}
satisfies this second condition, then the graphs of f, eventually lie close to the
graph of f, as illustrated in Figure 7. This condition turns out to be just the one
which makes the study of limit functions feasible.

DEFINITION Let {f.} be a sequence of functions defined on A, and let f be a function which
is also defined on A. Then f is called the uniform limit of {f,} on A if for
every £ > ( there is some N such that for all x in A,

if n > N, then | f(x) — fa(x)| <e&.

We also say that { f,} converges uniformly to f on A, or that f, approaches
J uniformly on 4.

As a contrast to this definition, if we know only that
fx) = rl1_1}':1010 fr(x) foreach x in A,

then we say that {f,} converges pointwise to f on A. Clearly, uniform conver-
gence implies pointwise convergence (but not conversely!).

Evidence for the usefulness of uniform convergence is not at all difficult to amass.
Integrals represent a particularly easy topic; Figure 7 makes it almost obvious that
if {f.} converges uniformly to f, then the integral of f, can be made as close
to the integral of f as desired. Expressed more precisely, we have the following
theorem.
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Suppose that {f,} is a sequence of functions which are integrable on [a, b], and
that {f,} converges uniformly on [a, b] to a function f which is integrable on
[a, b]. Then

ff lim f,.

=00

Let € > 0. There is some N such that for all n > N we have
| Fx) — falx)| < € for all x in [a, b].
Thus, if # > N we have

b b b
ff(x)dx—f fax)dx | = f[f(x)—fu(x)]dx

b
< f £ () = fu(r)] dx

b
sfadx
a

=e(b— a).
Since this is true for any & > 0, it follows that
b
f f=lm | fn i
a n—

The treatment of continuity is only a littte more difficult, involving an
“g/3-argument,” a three-step estimate of | f(x) — f(x + h)|. If {f.} is a sequence
of continuous functions which converges uniformly to f, then there is some n such
that

(1) If(x)—fn(x)|<§,
@  IfG+h) - fix +h)| < §

Moreover, since f;, is continuous, for sufficiently small # we have

B Hix) - frx+h)] < g

It will follow from (1), (2), and (3) that | f(x) — f(x +})| < &. In order to obtain (3),
however, we must restrict the size of |%| in a way that cannot be predicted until »
has already been chosen; it is therefore quite essential that there be some fixed »
which makes (2) true, no matter how small |4| may be—it is precisely at this point
that uniform convergence enters the proof.

Suppose that {f,} is a sequence of functions which are continuous on {a, b], and
that { f,} converges uniformly on [a, b] to f. Then f is also continuous on [a, b].

For each x in [a, b] we must prove that f is continuous at x. We will deal only
with x in (a, b); the cases x = a and x = b require the usual simple modifications.
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Let £ > 0. Since {f,} converges uniformly to f on [a, b], there is some n such
that

& .
IfO) = faO) < 3 for all y in [a, b].
In particular, for all & such that x + & is in [a, b], we have -
&
(1) If(x) = fa)l < 3

2 ua+m—ﬁu+wn<§

Now f, is continuous, so there is some & > 0 such that for |#]| < 8 we have

B) LG - filk+ k) < %
Thus, if |k| < 8, then

[f G+ B) — Fx)
=|fx+h) = fulx + 1)+ falx +h) — fu(x)} + fa(x) - f(x)]
SIfE+R = fulx+ )]+ ol + ) — fu(D)] + 1 fulx) — FX)

3 3 ° 3
= &.

This proves that f is continuous at x. |

i) f(x) = ixl
fr

FIGURE 8

After the two noteworthy successes provided by Theorem 1 and Theorem 2,
the situation for differentiability turns out to be very disappointing, If each f, is
differentiable, and if {f,} converges uniformly to f, it is still not necessarily true
that f is differentiable. For example, Figure 8 shows that there is a sequence of
differentiable functions { f,} which converges uniformly to the function f(x) = |x|.
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Even if f is differentiable, it may not be true that
' T fro.

fix) = lim f'(x);
this is not at all surprising if we reflect that a smooth function can be approximated
by very rapidly oscillating functions. For example (Figure 9), if

1

falx) = —sin(@*),
then {f,} converges uniformly to the function f(x) =0, but

fu'(x) = ncos(n’x),

and li:}n n cos(n?x) does not always exist (for example, it does not exist if x = 0).
n—=oo

1
n

/o
InaaanarRacAnRaeAtARARARAARARNAL=RARRARAARRARRAARAAARANARARAAANARRAN
OO0V UnODOTUTICHUuIR00 ™ T HuUUUIUE O UIUOEUTOUEVTUTUUUEIA

n

FIGURE 9

Despite such examples, the Fundamental Theorem of Calculus practica]iy guar-
antees that some sort of theorem about derivatives will be a consequence of The-
orem 1; the crucial hypothesis is that { f,'} converge uniformly (to some continuous
function).

Suppose that {f,} is a sequence of functions which are differentiable on [a, b],
with integrable derivatives f,’, and that { f,} converges (pointwise) to f. Suppose,
moreover, that {f,'} converges uniformly on [a, b] to some continuous function g.
Then f is differentiable and

fix) = lim f'(x).
n—>oQ
Applying Theorem 1 to the interval [a, x], we see that for each x we have

X . X
fg=,,hﬂ,z fo

= "lig.lo[fn(x) - fn(a)]
= f(x) — f(a).
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DEFINITION

COROLLARY

Since g is continuous, it follows that f'(x} = g(x) = IEEO fa'(x) for all x in the
interval [a, b]. |}

Now that the basic facts about uniform limits have been established, 4t is clear
how to treat functions defined as infinite sums,

f&x) =)+ 20+ ) +---.
This equation means that
fe)=lm fi(x)+---+ falx);
our previous theorems apply when the new sequence

h, it o, h+h+f ...

converges uniformly to f. Since this is the only case we shall ever be interested
in, we single it out with a definition.

The series Z J» converges uniformly (more formally: the sequence {f,} is
n=1
uniformly summable) to f on A, if the sequence

fiu i+, i+ H+ S, ...

converges uniformly to f on A.

We can now apply each of Theorems 1, 2, and 3 to uniformly convergent series;
the results may be stated in one common corollary.

o]
Let Z J» converge uniformly to f on [a, b].

n=1

(1) If each f, is continuous on [a, b], then f 1s continuous on [a, b}.
(2) If f and each f, is integrable on [a, b], then

b o] b
Lf=§[a f-

o0
Moreover, if E Jn converges (pointwise) to f on [a, b], each f, has an integrable

n=1

o0
derivative f,” and Z f«' converges uniformly on {a, b] to some continuous func-
. n=1
tion, then

3) flix)= i F/(x) for all x in [a, b].

n=1
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PROOF (1) Ifeach f, is continuous, then sois each fi+-- -+ f,, and f is the uniform limit
of the sequence f1, f1+ f2, i+ f2+ f3, ..., 50 f is continuous by Theorem 2.

(2} Since fi1, fi+ f2, fi+ f2+ f3, ... converges uniformly to f, it follows from
Theorem 1 that

b b
[ r=tm [+ s

m([nee [0

S

n=1

{3) Each function fj + ---+ f; is differentiable, with derivative fy’ +--- + f/,
and fi', i’ + 2/, A'+ '+ 2, ... converges uniformly to a continuous function,
by hypothesis. It follows from Theorem 3 that

F@) = m[A'@) +- -+ £ @]

= @1
n=1

At the moment this corollary is not very useful, since it seems quite difficult to
predict when the sequence f1, fi+f2, fi+fa+ f3, ... will converge uniformly. The
most important condition which ensures such uniform convergence is provided by
the following theorem; the proof is almost a triviality because of the cleverness
with which the very simple hypotheses have been chosen.

THEOREM 4 Let {f.} be a sequence of functions defined on A, and suppose that {M,} is a
(THE WEIERSTRASS M-TEST)  sequence of numbers such that

[ fa(x)| = M, forall x in A.

00 o0
Suppose moreover that Z M,, converges. Then for each x in A the series Z: Ja(x)

n=1 n=1

o0

converges (in fact, it converges absolutely), and Z fn converges uniformly on A
n=1

to the function

Fx) =) fal).
n=1
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oo
FROOF  For each x in A the series Z | fa(x)| converges, by the comparison test; conse-

n=1
o0
quently Z fa(x) converges (absolutely). Moreover, for all x in A we have
n=1

00

Y A

n=N+1
00

< 3 1L

n=N+1

| £ = [Aie) + -+ ful®)] | =

o0

EZM,,.

n=N+1

Since Z M, converges, the number z M, can be made as small as desired,
n=1 n=N+1
by choosing N sufliciently large.

tr flx) = {x}

L FIGURE 10
3] filx) = §{2x}

! The following sequence {f,} illustrates a simple application of the Weierstrass
M-test. Let {x} denote the distance from x to the nearest integer {the graph of

(a) f(x) = (x} is illustrated in Figure 10). Now define

1

falx) = W{lﬂ"x}.

NI A Ul The functions fi and f are shown in Figure 11 (but to make the drawings simpler,

1 10" has been replaced by 2”). This sequence of functions has been defined so that
the Weierstrass M-test automatically applies: clearly
(b)

FIGURE 1t

[fr(x)] < 1_(1)n for all x,
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and Z 1/10" converges. Thus E Jfr converges uniformly; since each f; is con-
n=1 =1
tinuous, the corollary implies that the function

m—Zﬂm ZﬁmW}

n=1
is also continuous. Figure 12 shows the graph of the first few partial sums f; +
<« + fu. As n increases, the graphs become harder and harder to draw, and

the infinite sum Z f» is quite undrawable, as shown by the following theorem
n=1
(included mainly as an interesting sidelight, to be skipped if you find the going too

rough).

The function

o)
1
fm=§mNM1
is continuous everywhere and differentiable nowhere!

We have just shown that f is continuous; this is the only part of the proof which
uses uniform convergence. We will prove that f is not differentiable at a, for
any a, by the straightforward method of exhibiting a particular sequence {A,}
approaching 0 for which

i 2@t ) — f@)

m— 00 hm

does not exist. It obviously suffices to consider only those numbers a satisfying
O<a=x<l.
Suppose that the decimal expansion of a is

a=0.q1aa3a4....
Let Ay = 107" if a, # 4 or 9, but let h,, = —107" if a,, = 4 or 9 (the reason for
these two exceptions will appear soon). Then

fat+hm)—fl@ = 1 {10°(@+hn)} — {1073}
hp 107 +10—

FﬁLM

210" [{10%(a + hgx)} — {107a]].

=
1l
—_

This infinite series is really a finite sum, because if n > m, then 10"h,, is an integer,
S0
{(10°(a + b)) — (10%a} =

On the other hand, for n < m we can write

10"a = integer + 0.0,418, 420543 .
10" (@ + k) = integer + 0.2, 18, 423,43 - (a,.,, :i: 1)..
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fHit+ fu

f fr

fa f

(a)

PAVAEY

fl +f|

filx) = §8x]

(b)

h+f+ i+ 1

FIGURE 12

{in order for the second equation to be true it is essential that we choose A, =
—10~" when a,, = 9). Now suppose that

. .

[ Ll

O-an+lan+2an+3 N

Then we also have
1
0-an+lan+2an+3 cogm 1) < 5

(in the special case m = n + 1 the second equation is true because we chose
hm = —10™ when a,, = 4). This means that

{10%(a + hm)} — {10%a} = £10°77,

and exactly the same equation can be derived when 0.g,11a,42a543 ... > % Thus,
for n < m we have

10" [{10"(a + hm)} — {10%a}] = 1.

In other words,
fa+hm)— f(a)
hm
is the sum of m — 1 numbers, each of which is +1. Now adding +1 or —1 to a
number changes it from odd to even, and vice versa. The sum of m — 1 numbers
each +1 is therefore an even integer if m is odd, and an odd mieger if m is even.
Consequently the sequence of ratios

fla+hn) - fla)
b

cannot possibly converge, since it is a sequence of integers which are alternately
odd and even. ||

In addition to its role in the previous theorem, the Weierstrass M-test is an ideal
tool for analyzing functions which are very well behaved. We will give special
attention to functions of the form

K0
f@) =) anx—a),
n=0
which can also be described by the equation
f@y=)_ faln),
n=0
for f,(x) = a,(x —a)". Such an infinite sum, of functions which depend only

on powers of (x — a), is called a power series centered at a. For the sake of
simplicity, we will usually concentrate on power series centered at 0,

fx) = Z a,x".
n=0
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One especially important group of power series are those of the form

o f™(a)

n!

(x - a)ns
n=0

where f is some function which has derivatives of all orders at a; this series is
called the Taylor series for f at a. Of course, it is not necessarily true that

N rn)
fE =Y A (x—a)";

!
o n:

this equation holds only when the remainder terms satisfy nl;]{{olo Rpa(x) = 0.

o0
We already know that a power series E a,x" does not necessarily converge for
n=0
all x. For example, the power series

x ch3+x5 JCF’+
3 5 7

converges only for |x| < 1, while the power series

x2 x3 x4 x5
Fratz Tty

converges only for -1 < x < 1. Itis even possible to produce a power series which
converges only for x = 0. For example, the power series

o0
Z nlx"
n=0

does not converge for x # 0; indeed, the ratios

(n+ DI "D

g =(n+1x
are unbounded for any x # 0. If a power series Za,,x” does converge for
n=0

o0

some xg # 0 however, then a great deal can be said about the series Zanx” for
n=0

Ix| < |xol.

Suppose that the series

00

foo) =) anxo”

n=0

converges, and let @ be any number with 0 < a < |xg|. Then on [—a, 4] the series

Fy=7) anx"
r=0
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converges uniformly (and absolutely). Moreover, the same is true for the series
e ]
glx) = Znanx"'l. -
n=1
Finally, f is differentiable and
00
flx) = Z na,x"~!
n=1

for all x with |x| < |xg].

oG
PROOF  Since Za,,xo" converges, the terms a,x¢" approach 0. Hence they are surely
n=0)
bounded; there is some number M such that

la,xo™| = las| - Ix0”| = M for all n.
Now if x is in [~a, a], then |x] < |al, so

|@nx"| = |an| « [x"|
< |an| " Ianl

= |aa| - |xo[" -

(this is the clever step)

al?
=M|—

X0

But |a/xg| < 1, so the (geometric) sertes
00 n [v.¢]
M|~ =M}
n=0

n=0
converges. Choosing M - |a/xgl" as the number M, in the Weierstrass M-test, it
oo

n

a a
X0 X0

follows that Zanx" converges uniformly on [—a, a].

n=0

o0
To prove the same assertion for g(x) = Zma,,x""1 notice that
n=1

Ina,x"1| = nlag| - |x" 1)

< n|an| - la*™"|
n
a a
— | ﬂl -| |”n -
la|
M a
lal | xo
Since |a/xq| < 1, the series
> 2] M a n M o0 a n
I ES P
g% | Tl &%

converges (this fact was proved in Chapter 23 as an application of the ratio test).
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Another appeal to the Weierstrass M-test proves that Zna,,x"_l converges uni-

n=l
formly on [—a, a].
Finally, our corollary proves, first that g is continuous, and then that

flx)=gkx)= Ena,,x"_l for x in [—a, d].
n=1

Since we could have chosen any number a with O < a < |xg], this result holds for

all x with |x] < |xol.

We are now in a position to manipulate power series with ease. Most algebraic
manipulations are fairly straightforward consequences of general theorems about
o0

00

infinite series. For example, suppose that f(x) = Ea,,x" and g(x) = Zb,,x",
n=0 n=l

where the two power series both converge for some xg. Then for |x| < |xg| we

have
Zanx + Z: byx" = Z:(aux + byx™) = Z(an + by)x".

n=0

a0

So the series A(x) = Z(a,, + b,)x" also converges for |x| < |xpl,and B = f + g
n=0

for these x.

The treatment of products is _]ust a little more involved. If |x| < |xg|, then we

know that the series Za,,x and Z b,x" converge absolutely. So it follows from

=0 n=0
‘Theorem 23-9 that the product Za,,x" . Z bpx" is given by
n=0 n=0
o 00 A !
Z Z: a;x'b;x?,
i=0 j=0

where the elements a;x'b;x’ are arranged in any order. In particular, we can
choose the arrangement

agbo + (aoby + arbo)x + (aghy + a1by + azbo)x? + - - -
which can be written as
ic,,x" forc, = iakb,,_k.
n=0 k=0
This 15 the “Cauchy product” that was introduced in Problem 23-8. Thus, the
Cauchy product h(x) = ic,,x" also converges for |x| < |xo} and h = fg for

n=0
these x.
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[+ ¢]
= Zanx", where ap # 0, so that f(0) =
n=0

Finally, suppose that f(x) ag # 0.

o0
Then we can try to find a power series E b,x" which represents 1/f. This means
n=0
that we want to have

[ =]

Zanx"-Zb,,x" =1=14+0-x40-x24-..

n=0 n=0
Since the left side of this equation will be given by the Cauchy product, we want
to have

apbp =1
aghy + a1bg =0
aghy +a1by +azbg =0

Since ag # 0, we can solve the first of these equations for bg. Then we can solve

the second for b1, etc. Of course, we still have to prove that the new series E b,x"
n=0
does converge for some x # 0. This is left as an exercise (Problem 17).
For derivatives, Theorem 6 gives us all the information we need. In particular,
when we apply Theorem 6 to the infinite series

P A
smx_x_3_+5!_7'+9 —_—,

12 x4 xﬁ Is
COSX=1—2+E‘—§+—— Tty

2 3 4

X X
ex—-1+1‘+§T+—+ZT+“',

we get precisely the results which are expected. Each of these converges for any xg,
hence the conclusions of Theorem 6 apply for any x:

3x2  5x
sm(x)—l—?+F_..._Cosx
, 2x  4x3  6x° )
cos(x)z—-i-'-q-ﬁ_ﬁ..{. .= —sinx,

3
exp(x) = 14 50 + S+ = exp(a).

For the functions arctan and f(x) = log(1 4 x) the situation is only slightly more
complicated. Since the series

arctan x = il + £ _x +
nx=x 3 5 7
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converges for xg = 1, it also converges for |x| < 1, and
1
T 142

In this case, the series happens to converge for x = —1 also. However, the formula
for the derivative is not correct for x = 1 or x = —1; indeed the series

arctan’(x) = 1 —x% + x4 — x84+ ... for |x| < 1.

1-x24x*—x8+...

diverges for x = 1 and x = —1. Notice that this does not contradict Theorem 6,
which proves that the derivative is given by the expected formula only for |x| < |xg|.
Since the series

2 x3 x4 x5

x
log(1+x)—x—5+?—-4—+_§_...

converges for xp = 1, 1t also converges for |x| < 1, and
La—.log'(1+x)=1—x+x2—x3+--- for |x] < 1.
1+x

In this case, the original series does not converge for x = —1; moreover, the
differentiated series does not converge for x = 1.

All the considerations which apply to a power series will automatically apply to
its derivative, at the points where the derivative is represented by a power series.
If

oo

fx)= Z anx"

n=0

converges for all x in some interval (—R, R), then Theorem 6 implies that

o0

Fix) =) nax"!

n=1

for all x in (—R, R). Applying Theorem 6 once again we find that
fixy =7 nn— Dax"?,
n=2

and proceeding by induction we find that

FO@) = in(n D (n=k+ Dax"*,

n=k
Thus, a function defined by a power series which converges in some interval
(—R. R) is automatically infinitely differentiable in that interval. Moreover, the
previous equation imphes that

FO0) =k g,
so that
_ f(k)(O)

%=
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In other words, a convergent power series centered at Q is always the Taylor series at O of the
Junction which it defines.

On this happy note we could easily end our study of power series and Taylor *
series. A careful assessment of our situation will reveal some unexplained facts,
however.

The Taylor series of sin, cos, and exp are as satisfactory as we could desire;
they converge for all x, and can be differentiated term-by-term for all x. The
Taylor series of the function f(x) = log(1 + x) is slightly less pleasing, because it
converges only for —1 < x < 1, but this deficiency is a necessary consequence of
the basic nature of power series. If the Taylor series for f converged for any xg
with |xg| > 1, then it would converge on the interval (—|xql, |x¢]), and on this
interval the function which it defines would be differentiable, and thus continuous.
But this is impossible, since it is unbounded on the interval (—1, 1), where it equals
log(l + x).

The Taylor series for arctan is more difficult to comprehend-—there seems to
be no possible excuse for the refusal of this series to converge when |x| > 1. This
mysterious behavior is exemplified even more strikingly by the function f(x) =
1/(1 + x?), an infinitely differentiable function which is the next best thing to a
polynomial function. The Taylor series of f is given by

L =1—x2 42t -8 4+28 ...,

f@=17m=

If |x] = 1 the Taylor series does not converge at all. Why? What unseen obstacle
prevents the Taylor series from extending past 1 and —1? Asking this sort of
question is always dangerous, since we may have to settle for an unsympathetic
answer: it happens because it happens—that’s the way things are! In this case
there does happen to be an explanation, but this explanation is impossible to give
at the present time; aithough the question is about real numbers, it can be answered
intelligently only when placed in a broader context. It will therefore be necessary
to devote two chapters to quite new material before completing our discussion of
Taylor series in Chapter 27.

PROBLEMS

1. For each of the following sequences {f,}, determine the pointwise limit of
{f»} (if it exists) on the indicated interval, and decide whether {f,} converges
uniformly to this function.

D fax)=¥x, on[0,1].
o =[O, 5"

on [a,b], and on R.
x—n, x=>=n,
) A=Z, onloo).
(iv) fulx) =", on[-1,1].

¢ fim=£, onR
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This problem asks for the same information as in Problem 1, but the functions
are not so easy to analyze. Some hints are given at the end.

O fulx)=x"—x*o0n|0,1].
s rx
W AW =1

@) falx) =224 % on [a,00),a > 0.
(iv) fulx) = \/xz + nlz on R.

v falx)= x+% ~ /x on [a, o0), a > 0.

on [0, 00).

Vi) fulx)= x—+—% ~ JxonR.

Vi) frax)=n (‘/x+% - x) on [a, 00}, a >0,
(vil) fr(x)=n (\/x +% - x) on [0, co).

Hints: (i) For each #, find the maximum of | f — f,| on [0, 1]. (i) For each n,
consider | f(x} — fo(x)| for x large. (iii) Express f(x) — f,(x) as a fraction
and estimate |f(x) — f,(x)| for x > a. (iv) Give a separate estimate of
| F(x) — fa(x)| for small |x|. (vii) Use (v).

Find the Taylor series at O for each of the following functions.

1
B fE=——m, a#0.
a

x—

i) f(x)=log(x—a), a#0.

(i) fox)= —= (1—x)"12.  (Use Problem 20-7.)
— X

) 1

™) f@x)=

V1—x2

(v} f(x)=arcsinx.

Find each of the following infinite sums.

' x2 x3 x4
(i) 1—x+§!—_—§.—+21---“°
() 1-x3+x%-x%+.... Hint: Whatis 1 —x+x2—x3+...?
x2 x3 x4 xs

(i) 5 =33 + i3 5.4 + ... for |x| < 1. Hint: Differentiate.
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5.

9.

Evaluate the following infinite sums. (In most cases they are f(a) where a
is some obvious number and f(x) is given by some power series. To evalu-
ate the various power series, manipulate them until some well-known power
series emerge.)
(1) oo (_1)n22nﬂ2n

2n)!

n=0

N |
(i1) ;—(2';)!.

1 1 2n+1
2n+1 (E)

>

n=0

. n
(v) =
iV ;02

2 FeTD

= 3

(i)

\ tn+1)

W XA2n+1
() Zo 2np!

If f(x) = (sinx)/x for x # 0 and f(0) = 1, find f*(0). Hint: Find the

power series for f.

In this problem we deduce the binomial series (14x)* = E (a)x", x| <1
n

n=0
without all the work of Problem 23-18, although we will use a fact established
o0
in part (a) of that problem—the series f(x) = Z (a)x" does converge for
n
n=0

|x) < 1.

(a) Prove that (1 +x}f'(x) = af(x) for |x| < 1.

(b) Now show that any function f satisfying part (a) is of the form f(x) =
c(1 + x)* for some constant ¢, and use this fact to establish the binomial
series. Hint: Consider g(x) = f(x)/(1 + x)°.

Prove that the series

i x

& n(1 + nx?)
converges uniformly on R.
(a) Prove that the series

oo
1
Y 2'sin
= 3nx

converges uniformly on [a, co) for a > 0. Hint: }l!m"(l) (sinh)/h = 1.



(b)

10. (a)

11. (a)
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By considering the sum from N to oo for x = 2/(w3"), show that the
series does not converge uniformly on (0, co).

Prove that the series
> nx
f@&x) = g g

converges uniformly on [a, 00) for a > 0. Hint: First find the maximum
of nx/(1 + n*x2) on [0, 0o).

Show that
1 N 1
ORI
N 2 J_n

1
and by using an integral to estimate the sum, show that f (E) > 1/4.

Conclude that the series does not converge uniformly on R.
What about the series

o0
Y T
= 14+ nx

Use Problem 15-33 and the method of proof used for Dirichlet’s test
{Problem 23-19) to obtain a uniform Cauchy condition for the series

00

Z sinnx
n

n=1

uniformly on [¢&, 27 — €], € > 0, and conclude that the series converges
uniformly there.

For x = n/N, with N large, show that
2N N
N
Zsinkx = Zsinkx > —,
k=N k=0 T
Conclude that
f: sinkx 1
2 -~
=k 27

and that the series does not converge uniformly on [0, 27].

00
Suppose that f(x) = Za,,x" converges for all x in some interval
n=0
(—R, R) and that f(x) = 0 for all x in (—R, R). Prove that each aq, = 0.
(If you remember the formula for a, this is easy.)
Suppose we know only that f(x,) = 0 for some sequence {x,} with
lim x, = 0. Prove again that each a, = 0. Hint: First show that

=00

F(0) = ap = 0; then that f/(0) = a1 =0, etc.
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13.

14.

*1 5.

16.

This result shows that if f(x) = e~ 15" gin 1 /x for x #£ 0, then f cannot
possibly be written as a power series. It also shows that a function defined
by a power series cannot be 0 for x < 0 but nonzero for x > 0—thus a
power series cannot describe the motion of a particle which has remained
at rest until time 0, and then begins to move!

o0 oo

(c) Suppose that f(x) = Eanx" and g(x) = Zb,,x" converge for all x
n=(} n=0

in some interval containing 0 and that f(t,) = g{t») for some sequence

{tn} converging to 0. Show that 4, = b, for each n. In particular,
a function can have only one representation as a power series centered at ().

o0
Prove that if f(x) = Za,,x" is an even function, then g, = 0 for n odd,

a=0
and if f is an odd function, then a, = 0 for n even.

Show that the power series for f(x} = log(l — x) converges only for —1 <
x < 1, and that the power series for g(x) = log[(1 4+ x)/(1 — x}] converges
only for x in (-1, 1).

Recall that the Fibonacci sequence {a,) is defined by a1 = a2 = 1, a1 =
Qn + dp—_1.

(a) Show that a,4+1/a, < 2.
(b) Let

f@ = ax" T =1+x+27+32> +---.
n=1

Use the ratio test to prove that f(x) converges if |x| < 1/2.
(c) Prove that if |x| < 1/2, then

-1
U

Hint: This equation can be written f(x) — xf(x) — 22 f(x) = 1.

(d) Use the partial fraction decomposition for 1/(x%+x — 1), and the power
series for 1/(x — a), to obtain another power series for f.

{e) It follows from Problem 12 that the two power series obtained for f must
be the same. Use this fact to show that

(- (=

V5

a, =

Let f(x) = Zanx" and g(x) = Zb,,x”. Suppose we merely knew that
n=0 =0

Fx)ex) = Z c.x" for some c,, but we didn’t know how to multiply serzes

n=0
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18.

*19.
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in general. Use Leibniz’s formula (Problem 10-18) to show directly that this
series for fg must indeed be the Cauchy product of the series for f and g.

Suppose that f(x) = Z:a,,x” converges for some xp, and that ap # 0
n=0
for simplicity, we'll assume that ap = 1. Let {b,} be the sequence defined

recursively by

bo =1

n—1
b,, = — Zbka,,_;,.

k=0

o0

The aim of this problem is to show that Zb,,x" also converges for some
n=0

x # 0, so that it represents 1/f for small enough [x|.

(@) Ifall ja,xo"| < M, show that

n—1

|bax™| < MY |bix*|.
k=0

(b) Choose M > +/2 with all |a,x"| < M. Show that
|baxo”| < M?".
o0
(c) Conclude that Z b,x" converges for |x| sufficiently small.
n=0

Show that the series
00 x2n+1 xn+1

=02n+1 2n 42

converges uniformly to %log(x + 1) on [—a,a] for 0 <a < 1, but that at 1
it converges to log2!

o0 o0
Suppose that Za,. converges. We know that the series f(x) = Za,,x"

n=0 n=0
must converge uniformly on [—a, a] for 0 < a < 1, but it may not converge

uniformly on [—1,1]; in fact, it may not even converge at the point —1
(for example, if f(x) = log(l + x)). However, a beautiful theorem of Abel
shows that the series does converge uniformly on [0 1]. Consequently, f is

continuous on [0, 1] and, in particular, Za,, = Za,,x Prove Abel’s

x—)l—

Theorem by noticing that if |a,, +- - +a,,| < g, then Iamx +--Fazx"| < &,
by Abel’s Lemma (Problem 19-35).
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20.

21,

22,

¥23.

24.

25.

A sequence {a,} is called Abel summable if hm Zanx exists; Prob-

lem 19 shows that a summable sequence is necessarlly Abel summable. Find
a sequence which is Abel summable, but which is not summable. Hint: Look
over the list of Taylor series until you find one which does not converge at 1,
even though the function it represents is continuous at 1.

(a) Using Problem 19, find the following infinite sums.
g L S U
Y 21732743 5.4
@ 1-f+5—F+-
00

O
(b) Let Z ¢, be the Cauchy preduct of two convergent power series Z a,
n=(0 n=0

=] o0
and Z b, and suppose merely that Z cp converges. Prove that, in fact,

ﬂ=0 7!=0
o0 o0
it converges to the product Ea,, . E by.
n=0 n={

(a} Suppose that {f,} is a sequence of bounded (not necessarily continuous)
functions on [a, b] which converge uniformly to f on [a, b]. Prove that
S is bounded on [a, b].

(b) Find a sequence of continuous functions on [a, b] which converge point-
wise to an unbounded function on [a, b].

Suppose that f is differentiable. Prove that the function f/ is the pointwise
limit of a sequence of continuous functions. (Since we already know exam-
ples of discontinuous derivatives, this provides another example where the
pointwise limit of continuous functions is not continuous.)

Find a sequence of integrable functions { f,,} which converges to the (nonin-
tegrable) function f that is 1 on the rationals and 0 on the irrationals. Hint:
Each f, will be O except at a few points.

{(a) Prove that if f is the uniform limit of {f,} on [a, b] and each f, is
integrable on [a, b], thensois f. (So one of the hypotheses in Theorem 1
was unnecessary.)

(b} In Theorem 3 we assumed only that { f,} converges pointwise to f. Show
that the remaining hypotheses ensure that {f,} actually converges uni-
formly to f.

{¢) Suppose that in Theorem 3 we do not assume { f,} converges to a func-
ton f, but instead assume only that f,(xp) converges for some xp in
[a, b]. Show that f, does converge (uniformly) to some f (with f/ = g).

(d) Prove that the series

n

— (1)
§x+n




26.

27.

28.

29,
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converges uniformly on [0, 00).

Suppose that f, are continuous functions on [0, 1] that converge uniformly
to f. Prove that
1-1/n 1
lim fo= f I
0 0

R—0C

Is this true if the convergence isn’t uniform?

(a) Suppose that {f,} is a sequence of continuous functions on [a, b] which
approach 0 pointwise. Suppose moreover that we have f,(x) > f,+1(x)
> () for all » and all x 1 [a, b]. Prove that {f,} actually approaches 0
uniformly on [a, b]. Hint: Suppose not, choose an appropriate sequence
of points x, in {a, #], and apply the Bolzano-Weierstrass theorem.

(b) Prove Dini’s Theorem: If {f,} is a nonmincreasing sequence of continuous
functions on [a, b] which approach the continuous function f pointwise,
then { f,} also approaches f uniformly on [a, b]. (The same result holds
if {f,} is a nondecreasing sequence.)

(c) Does Dini’s Theorem hold if f isn’t continuous? How about if [a, b] is
replaced by the open interval (a, b)?

(a) Suppose that {f.} is a sequence of continuous functions on [a, b] that
converges uniformly to f. Prove that if x, approaches x, then f,(x,)
approaches f(x).

(b} Is this statement true without assuming that the f, are continuous?

(c) Prove the converse of part (a): If f is continuous on [a, ] and {f,) is
a sequence with the property that f,(x,) approaches f(x) whenever x,
approaches x, then f, converges uniformly to f on [a, b]. Hint: If not,
there is an £ > 0 and a sequence x,; with | f,,(x,) — f (x4}] > &. Then use
the Bolzano-Weierstrass theorem.

This problem outlines a completely different approach to the integral; con-
sequently, it is unfair to use any facts about integrals learned previously.

(a}) Let s be a step function on [a, b], so that s is constant on (#_1, ;) for
b n

some partition {fg, . .., fz} of [a, b]. Define f 5 as Es,--(t,-—t,-_l) where
a i=

s; is the (constant) value of s on (#_y, ;). Show that 1this definition does
not depend on the partition {fg, ..., f,}.

(b) A function f is called a regulated function on [a, b] if it is the uniform
limit of a sequence of step functions {s,} on [a, b]. Show that in this
case there is, for every £ > 0, some N such that for m,n > N we have
[$x(x) — 5m(x)| < & for all x in [a, b].

b
(c) Show that the sequence of numbers [ f s,,} will be a Gauchy sequence.
a

(d) Suppose that {¢,} is another sequence of step functions on [a, 5] which
converges uniformly to f. Show that for every € > 0 there is an N such
that for n > N we have |s,(x) — #,(x)| < ¢ for x in [a, b].
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b b
() Conclude that lim { s, = lim | #,. This means that we can define

=00 n—»o0 a

f f to be hm s, for any sequence of step functions {s,} converging

uniformly to f The only remaining question is: Which functions are
regulated? Here is a partial answer.

*f) Prove that a continuous function is regulated. Hint: To find a step func-
tion s on [a, b] with | f(x) — s(x)| < ¢ for all x in [a, b], consider all y
for which there is such a step function on [a, y].

*30. Find a sequence {f,} approaching f uniformly on [0, 1] for which
nlinolo (length of f, on [0, 1]) # length of f on [0, 1]. (Length is defined
in Problem 13-25, but the simplest example will involve functions the length
of whose graphs will be obvious.)



CHAPTER 2 5 COMPLEX NUMBERS

With the exception of the last few paragraphs of the previous chapter, this book
has presented unremitting propaganda for the real numbers. Nevertheless, the
real numbers do have a great deficiency—not every polynomial function has a
root. The simplest and most notable example is the fact that no number x can
satisfy x2 + 1 = 0. This deficiency is so severe that long ago mathematicians
felt the need to “invent” a number i with the property that i> + 1 = 0. For a
long time the status of the “number” { was quite mysterious: since there is no
number x satisfying x> + 1 = 0, it is nonsensical to say “let i be the number
satisfying i2 + 1 = 0.” Nevertheless, admission of the “imaginary” number i to
the family of numbers seemed to simplify greatly many algebraic computations,
especially when “complex numbers” a + bi (for a and b in R) were allowed, and
all the laws of arithmetical computation enumerated in Chapter 1 were assumed
to be valid. For example, every quadratic equation

ax’+bx+c=0 @#0)
can be solved formally to give

x_—b+\/b2—4ac o —b— b2 —dac
- 2a ’

2a

rox=
If 52 —4ac > 0, these formulas give correct solutions; when complex numbers are
allowed the formulas seem to make sense in all cases. For example, the equation
24x+1=0
has no real root, since
x2+x+1=(x+%)2+% >0, forallx.

But the formula for the roots of a quadratic equation suggest the “solutions”

—1+/73 —1-+23
X = T and X '

2
if we understand /-3 tomean /3 - (—1) = V3./-1=43; , then these numbers

would be
1, V3, 1 V3
--2-+Tl and —5——2-—1.
It is not hard to check that these, as yet purely formal, numbers do indeed satisfy
the equation

Z24+x+1=0.
517
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It is even possible to “solve™ quadratic equations whose coefficients are themselves
complex numbers. For example, the equation

C+x+1+i=0

ought to have the solutions

—1+/1-40+0) ~-1+y-3-4
2 - 2 '

where the symbol v —3 — 4i means a complex number « + Bi whose square is
—3 —4i. In order to have

@+ B =a?— B +2aBi=-3—4i
we need

(.!2 _ ﬂZ — _3,
2af = —4.

These two equations can easily be solved for real & and 8; in fact, there are two
possible solutions:

Thus the two “square roots” of —3 — 4i are 1 — 2i and —1 + 2i. There is no
reasonable way to decide which one of these should be called v/ —3 — 4i, and which

—+/—3 — 4i; the conventional usage of +/x makes sense only for real x > 0, in
which case 4/x denotes the (real) nonnegative root. For this reason, the solution

~1xV/3 4
2

must be understood as an abbreviation for:

-1
x= 2+ ! . where r is one of the square roots of —3 — 4i.
With this understanding we arrive at the solutions
v —1+1-2i .
= 2 = —,
—1-1+2
NI

as you can easily check, these numbers do provide formal solutions for the equation
tx+1+i=0.
For cubic equations complex numbers are equally useful. Every cubic equation
ax3 +bx’ +ex+d=0 (a##0)

with real coefficients a, b, ¢, and d, has, as we know, a real root a, and if we divide
ax? +bx? +cx +d by x —a we obtain a second-degree polynomial whose roots are
the other roots of @x3+bx2+-cx+d = 0; the roots of this second-degree polynomial
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may be complex numbers. Thus a cubic equation will have either three real roots
or one real root and 2 complex roots. The existence of the real root is guaranteed
by our theorem that every odd degree equation has a real root, but it is not really
necessary to appeal to this theorem (which is of no use at all if the coefficients
are complex); in the case of a cubic equation we can, with sufficient cleverness,
actually find a formula for all the roots. The following derivation is presented not
only as an interesting illustration of the ingenuity of early mathematicians, but as
further evidence for the importance of complex numbers (whatever they may be).

To solve the most general cubic equation, it obviously suffices to consider only
equations of the form

x> +bx?+ecx+d=0.

Tt is even possible to eliminate the term involving x2, by a fairly straight-forward
manipulation. If we let

b
X=y— =,
Y73
then
b2y b3
33 _p2 47>
=y ot 5o
2by b2
2_ 2 _=r 7
rEY T Ty

50

0=x3+bx2+cx+d

Py b 2%y B bc

- 3_p2, 2F ¥ 2_&4y v _
_(y by + 3 27)+(by 3 +9 +(cy 3)+d
=y + i 2'b2+ + 5—23——@+d

G U T R LA NI A ‘

The right-hand side now contains no term with y?. If we can solve the equation
for y we can find x; this shows that it suffices to consider in the first place only
equations of the form

*+px+g=0.

In the special case p = 0 we obtain the equation x* = —g. We shall sec later on
that every complex number does have a cube root, in fact it has three, so that this
equation has three solutions. The case p # 0, on the other hand, requires quite
an ingenious step. Let
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Then
_ 3 (w-LYV _P
0=x>+pr+q=(u 3w) +p(w 3w)+q
3w2p 3wp2 p3 P2
— 3 — £
=w 3w + Qw2  27w3 trw 3w t4
3 r
=~ g

This equation can be written
27(w? + 27qw? - p* =0,

which is a quadratic equation in w? (1!).
Thus

~27q +/@7)?q2 +4-27p
wd =

2.27
2 3
q q P
= — =44,/ — —.
2NT T
Remember that this really means:

3 g '
w = —> +r, where r is a square root of vy +§.

We can therefore write

this equation means that w is some cube root of —g/2+4r, where r is some square
root of g2/4 + p3/27. This allows six possibilities for w, but when these are
substituted into (%), yielding

2 3
N e S U P
x—s\lz:l: 4+27 5 3,
—q q 14
N

it turns out that only 3 different values for x will be obtained! An even more
surprising feature of this solution arises when we consider a cubic equation all of
whose roots are real; the formula derived above may still involve complex numbers
in an essential way. For example, the roots of

¥ —15x—4=0
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are 4, —2 + +/3, and —2 — /3. On the other hand, the formula derived above
(with p = —15, g = —4) gives as one solution

x=y2+4-125 - mit

3. Y24 4125

15
=241l + —————.
' 3.2+11

Now,

C+i)*=23+3.2%+3.2.24+43
—8+12i—6-i
=2+ 11;,

so one of the cube roots of 2+ 11i is 2+i. Thus, for one solution of the equation
we obtain
15
6+3i

—2qip 2 0
6+3 6-—3i
90 — 45i

36+9

x=24+i+

=2+i+
=40,

The other roots can also be found if the other cube roots of 2 + 11i are known.
The fact that even one of these real roots is obtained from an expression which
depends on complex numbers is impressive enough to suggest that the use of
complex numbers cannot be entirely nonsense. As a matter of fact, the formulas
for the solutions of the quadratic and cubic equations can be interpreted entirely
in terms of real numbers.

Suppose we agree, for the moment, to write all complex numbers as a + bi,
writing the real number @ as a + 0i and the number i as 0 + 1i. The laws of
ordinary arithmetic and the relation i2 = —1 show that

(a+bi)+(c+di)=(@a@+c)+E+d)
(a + bi) - (c + di) = (ac — bd) + (ad + bc)i.

Thus, an equation Like
A+2)-G+1H)=14+7i
may be regarded simply as an abbreviation for the fwo equations

1-3=-2.1=1,
1-142.3=17.
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DEFINITION

The solution of the quadratic equation ax? + bx + ¢ = 0 with real coefficients
could be paraphrased as follows:

Ifi u? —v? = b? — dac,
uv =0,
(e., if (u + vi)* = b* — 4ac),

(5 @y s e] eo
a[2(Fr) G2)]+[3] =0

oy 2 .
ie, thena m +b “brutu +c=0]}.
2a 2a

It is not very hard to check this assertion about real numbers without writing
down a single “i,” but the complications of the statement itself should convince
you that equations about complex numbers are worthwhile as abbreviations for
pairs of equations about real numbers, (If you are still not convinced, try para-
phrasing the solution of the cubic equation.) If we really intend to use complex
numbers consistently, however, it is going to be necessary to present some reason-
able definition.

One possibility has been implicit in this whole discussion. All mathematical
properties of a complex number @ + bi are determined completely by the real
numbers a and b; any mathematical object with this same property may reasonably
be used to define a complex number. The obvious candidate is the ordered pair
(a, b) of real numbers; we shall accordingly define a complex number to be a pair
of real numbers, and likewise define what addition and multiplication of complex
numbers is to mean.

A complex number is an ordered pair of real numbers; if z = (a, b) is a com-
plex number, then a is called the real part of z, and b is called the imnaginary
part of z. The set of all complex numbers is denoted by C. If (a, b) and (c, d)
are two complex numbers we define

(a,.b)+(c,d)=(@+c, b+d)
{a,b)-(c,d)=(@-c—b-d,a-d+b-0).

(The + and - appearing on the left side are new symbols being defined, while the
+ and - appearing on the right side are the familiar addition and multiplication
for real numbers.)

When complex numbers were first introduced, it was understood that real num-
bers were, in particular, complex numbers; if our definition is taken seriously this
is not true—a real number is not a pair of real numbers, after all. This difficulty
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is only a minor annoyance, however. Notice that

@MW+ ®0=@a@+504+0) = (a+b, 0,
@ - G, O=@-p—-0-0,a-04+0-B)=(a-b,0;

this shows that the complex numbers of the form (a, 0) behave precisely the same
with respect to addition and multiplication of complex numbers as real numbers
do with their own addition and multiplication. For this reason we will adopt the
convention that (a, 0) will be denoted simply by a. The familiar a + bi notation
for complex numbers can now be recovered if one more definition is made.

£=(0,1).

Notice that i2 = (0,1) - (0, 1) = (-=1,0) = —1 (the last equality sign depends
on our convention). Moreover

@, b)y=1{(a,0)+(0,b)
=@ 0+¢,0-0,1)
=a + bi.

You may feel that our definition was merely an elaborate device for defining
complex numbers as “expressions of the form a + bi.”” That is essentially correct;
it is a firmly established prejudice of modern mathematics that new objects must
be defined as something specific, not as “expressions.” Nevertheless, it is inter-
esting to note that mathematicians were sincerely worried about using complex
numbers until the modern definition was proposed. Moreover, the precise defini-
tion emphasizes one important point. Our aim in introducing complex numbers
was to avoid the necessity of paraphrasing statements about complex numbers in
terms of their real and imaginary parts. This means that we wish to work with
complex numbers in the same way that we worked with rational or real numbers.
For example, the solution of the cubic equation required writing x = w — p/3w,
so we want to know that 1/w makes sense. Moreover, w? was found by solving a
quadratic equation, which requires numerous other algebraic manipulations. In
short, we are likely to use, at some time or other, any manipulations performed on
real numbers. We certainly do not want to stop each time and justify every step.
Fortunately this is not necessary. Since all algebraic manipulations performed on
real numbers can be justified by the properties listed in Chapter 1, it is only nec-
essary to check that these properties are also true for complex numbers. In most
cases this is quite easy, and these facts will not be listed as formal theorems. For
example, the proof of P1,

[(@, B) + (¢, d)] + (e, ) = (a, b) + [(c, d) + (e, f)]

requires only the application of the definition of addition for complex numbers.
The left side becomes
(la+c]+e [b+d] + 1),
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and the right side becomes
(@a+[c+el.b+[d+ f]i

these two are equal because P1 is true for real numbers. It is a good idea to
check P2-P6 and P8 and P9. Notice that the complex numbers playing the role
of 0 and 1 in P2 and P6 are (0, 0) and (1, 0}, respectively. It is not hard to figure
out what —(a, b) is, but the multiplicative inverse for (a, b) required in P7 is a little
trickier: if (a, &) # (0, 0), then a? 4 4% # 0 and

a —b
(alb) * (az +b27 a2 +b2) = (ltO)

This fact could have been guessed in two ways. To find (x, y) with
(a, b) ‘ (x1 J’) = (1! 0)

it is only necessary to solve the equations

ax—by =1,
bx +ay = 0.

The solutions are x = a/(a + b?), y = —b/(a? + b?). It is also possible to reason
that if 1/(g + bi) means anything, then it should be true that

1 1 a—~bi a—bi
a+bi  a+bi a—bi a*+b?
Once the existence of inverses has actually been proved (after guessing the inverse
by some method), it follows that this manipulation is really valid; it is the easiest one

to remember when the inverse of a complex number is actually being sought—it
was precisely this trick which we used to evaluate

15 15 6-—3i
6+3i 6+3i 6-3i
90 — 45i
T 3649

Unlike P1-P9, the rules P10-P12 do not have analogues: it is easy to prove that
there is no set P of complex numbers such that P10-P12 are satisfied for all complex
numbers, In fact, if there were, then P would have to contain 1 (since 1 = 12} and
also —1 (since —1 = i2), and this would contradict P10. The absence of P10-P12
will not have disastrous consequences, but it does mean that we cannot define
z < w for complex z and w. Also, you may remember that for the real numbers,
P10-P12 were used to prove that 1 4+ 1 # 0. Fortunately, the corresponding fact
for complex numbers can be reduced to this one: clearly (1,0) + (1, 0) # (0, 0).

Although we will usually write complex numbers in the form a + bi, it is worth
remembering that the set of all complex numbers C is just the collection of all
pairs of real numbers. Long ago this collection was identified with the plane, and
for this reason the plane is often called the “complex plane.” The horizontal axis,
which consists of all points (a, 0) for @ in R, is often called the real axis, and the
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vertical axis is called the #maginary axis. Two important definitions are also related
to this geometric picture.

If z =x +iy is a complex number (with x and y real), then the conjugate Z
of z is defined as
Z=x—iy,

and the absolute value or modulus |z| of z is defined as
|zl = Va? +y2%.

(Notice that x2+ y2 > 0, so that vx2 + y? is defined unambiguously; it denotes
the nonnegative real square root of x2 + y2)

Geometrically, z is simply the reflection of z in the real axis, while |z| is the
distance from z to (0, 0) (Figure 1). Notice that the absolute value notation for
complex numbers is consistent with that for real numbers. The distance between
two complex numbers z and w can be defined quite easily as |z—w|. The following
theorem lists all the important properties of conjugates and absolute values.

Let z and w be complex numbers. Then

Z-w=27-w.

)
)
) 1z =z-Z
)
)

Assertions (1) and (2) are obvious. Equations (3) and (5) may be checked by straight-
forward calculations and {4) and (6) may then be proved by a trick:
0=0=z+(2)=2+—z, 5o

) o1

l=1=z-(zV)=z-771,

Equations (7) and (8) may also be proved by a straightforward calculation. The
only difficult part of the theorem is (9). This inequality has, in fact, already oc-
curred (Problem 4-9), but the proof will be repeated here, using slightly different
terminology.

It is clear that equality holds in (9) if z = 0 or w = 0. It is also easy to see that (9)
is true if z = Aw for any real number A {consider separately the cases A > 0 and
4 < 0). Suppose, on the other hand, that z # Aw for any real number A, and that
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FIGURE 2

w # 0. Then, for all real numbers A,

®  0<|z—Arwl?=(z—Aw) (z—Aw)
= (2 — Aw) - (T — Aw)
= 77 + Aww — A(wZ + W)
= A w)? + |zI* — AwZ + z@).

Notice that wz + zw is real, since

WZ+zZW = wZ+Iw = wz + 2w = wZ + zw.

Thus the right side of (%) is a quadratic equation in A with real coefficients and no
real solutions; its discriminant must therefore be negative. Thus

Wz +zd)* — 4wl - |z < 0;
it follows, since wz 4+ zw and |w| - |z| are real numbers, and |w| - |z] > 0, that
(WZ +2W) < 2|w| - |z,
From this inequality it follows that

lz+w?=(@+w C+b)
= |z12 + [w? + (WZ + zw)
< [z + |wi* +2(w] - Iz|
= (lz] + lwh?,

which implies that
lz+ wl| < |z] +jwl. 1

The operations of addition and multiplication of complex numbers both have
important geometric interpretations. The picture for addition is very simple (Fig-
ure 2}. Two complex numbers z = (a,b) and w = (c, d) determine a paral-
lelogram having for two of its sides the line segment from (0, 0) to z, and the
line segment from (0, 0) to w; the vertex opposite (0, 0) is z + w (a proof of this
geometric fact is left to you [compare Appendix 1 to Chapter 4]).

The interpretation of multiplication is more involved, If z = 0 or w = 0,
then z - w = 0 (a one-line computational proof can be given, but even this is
unnecessary—the assertion has already been shown to follow from P1-P9), so we
may restrict our attention to nonzero complex numbers. We begin by putting every
nonzero complex number into a special form (compare Appendix 3 to Chapter 4).

For any complex number z # ( we can write

2=l o
|z|
in this expression, |z| is a positive real number, while

z

]

_ 2l
lzl
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so that z/{z| is a complex number of absolute value 1. Now any complex number
a = x + iy with 1 = |a| = x2 + y? can be written in the form

a = (cosf,sin®} = cos# + isind
for some number 8. Thus every nonzero complex number z can be written
z=r(cosf +isind)

for some r > 0 and some number 6. The number r is umique (it equals |z|), but 8
is not unique; if Gy is one possibility, then the others are 8y + 2kn for & in Z—any
one of these numbers is called an argument of z. Figure 3 shows z in terms of »
and 6. (To find an argument @ for z = x + iy we may note that the equation

x+iy=1z=|z|(cos€ +isind)
means that

x = |z| cosb,
y = |z| siné.

So, for example, if x > 0 we can take § = arctan y/x; if x = 0, we can take
8 =n/2wheny>0and @ =3n/2 when y <0.)
Now the product of two nonzero complex numbers

z=r(cos@ +isind),
w = s{cos ¢ + i sin¢),

is
Z-w=rs(cosf +isinB)(cos¢ + i sin¢)

= rs[(cosf cos¢ — sin § sin @) + i (sin B cos ¢ -+ cos § sin ¢)]
= rs[cos(f + @) + i sin(6 + ¢)].

Thus, the absolute value of a product is the product of the absolute values of the
factors, while the sum of any argument for each of the factors will be an argument
for the product. For a nonzero complex number

z=r(cosf +isin)

it is now an easy matter to prove by induction the following very important formula
(sometimes known as De Moivre’s Theorem):

" = |z|"(cosn® + i sinn@), for any argument & of z.
This formula describes z" so explicitly that it is easy to decide just when z" = w:
Every nonzero complex number has exactly n complex nth roots.

More precisely, for any complex number w # 0, and any natural number »,
there are precisely n different complex numbers z satisfying z" = w.

Let
w = s(cos ¢ + i sin ¢)
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=v34i
7

FIGURE 4

for s = {w| and some number ¢. Then a complex number
7 =r(cos® +isinéd)
satisfies 7" = w if and only if
r*({cosnf + i sinnf) = s(cos ¢ + i sin @),
which happens if and only if

r" =z,
cosnd +isinnd = cosd + i sing.

From the first equation it follows that
r= 35,

where /s denotes the positive real nth root of s. From the second equation it
follows that for some integer k we have
¢ 2k

=6 .
n n

Il

Conversely, if we choose r = /s and @ = 6 for some k, then the number z =
r(cos @ + i sin #) will satisfy z" = w. To determine the number of nth roots of w,
it is therefore only necessary to determine which such z are distinct. Now any
integer k can be written

k=nqg+¥
for some integer ¢, and some integer k¥’ between 0 and n — 1. Then
cost + i sinBy = cos By + i sinfy.
This shows that every z satisfying z" = w can be written
7= 4s(cosO +isind) k=0,....,n—1.

Moreover, it is easy to see that these numbers are all different, since any two 6 for
k=0,...,n— 1 differ by less than 2x. ||

In the course of proving Theorem 2, we have actually developed a method for
finding the ath roots of a complex number. For example, to find the cube roots
of i (Figure 4) note that |{| = 1 and that /2 is an argument for i{. The cube roots
of i are therefore

1. :cos%+isin%],

1. cos(£+-21)+isin(£+2—ﬂ)]=coss—x+isin5—ﬂ,
| 6 3 6 3 6 6
i 4
6

1' i 4 . dr\1 3_:: _,3_::
- | cos 6+ +isn + —c0s2+:sm2.
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Since
4= L1
cos% = s 5= 7
coss—ﬂ.——-é s1n5—ﬂ—1
6 2’ 6 2
3 3
-::0s-2E =0, sin —;— = -1,
the cube roots of i are
V3+i —3+i s
2 1] 2 L] -

In general, we cannot expect to obtain such simple results. For example, to find

the cube roots of 2 + 11i, note that |2 + 11i| = +/22 + 112 = /125 and that
arctan 4! is an argument for 2+ 11i. One of the cube roots of 2+ 11i is therefore

1
m I:cos (arct:n 1—21 ) +isin (arct:n 71)]

=45 [cos (_____arct;n 1_21) +isin (____arct;n z )] .

Previously we noted that 2 + i is also a cube root of 2 + 11i. Since |2 +i| =
V22 412 = \/5, and since arctan% is an argument of 2 + i, we can write this
cube root as

24+i= «/g(cos arctan % + i sin arctan %).

These two cube roots are actually the same number, because

11
irit%n_z = arctan 5
{(you can check this by using the formula in Problem 15-9), but this is hardly the
sort of thing one might notice!

The fact that every complex number has an nth root for all n is just a special
case of a very important theorem. The number i was originally introduced in
order to provide a solution for the equation x? + 1 = 0. The Fundamental Theorem
of Algebra states the remarkable fact that this one addition automatically provides
solutions for all other polynomial equations: every equation

a1+ +ag=0 ag,...,a,_1 in G

has a complex root!

In the next chapter we shall give an almost complete proof of the Fundamental
Theorem of Algebra; the slight gap left in the text can be filled in as an exercise
(Problem 26-5). The proof of the theorem will rely on several new concepts which

come up quite naturally in a more thorough investigation of complex numbers,
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PROBLEMS

1.

3‘

6‘

*8.

Find the absolute value and argument of each of the following.

G 3+4i

M @+4)7
i) (1 +4)°.
@) V3+4i.

vy 13+4il.
Solve the following equations.

i) x*+ix+1=0.
(i x*+x2+1=0.
i) x2+2ix—1=0.
. ix—(14+i)y=3,
(iv) {(2+i)x+iy=4'

v x3—x2—x-2=0.

s

Describe the set of all complex numbers z such that

(i) |z—al=|z—5l.
(iv) lz—al+|z—b|l=c.
(v} |z| < 1— real part of z.

Prove that |z| = |z|, and that the real part of z is (z+Z)/2, while the imaginary
part is (z — Z)/2i.

Prove that |z + w|® + |z — w|? = 2(|z|? + |w|?), and interpret this statement
geomectrically.

What is the pictorial relation between z and +/i - z/~i ? Hint: Which line
goes into the real axis under multiplication by +—i?

(a) Prove that if ag, ..., a,—1 are real and a + bi (for a and b real) satisfies
the equation 2" + ay_12% 1 +--- 4+ ag =0, then a — bi also satisfies this
equation, (Thus the nonreal roots of such an equation always occur in
pairs, and the number of such roots is evern.)

(b) Conclude that z* + a,_1z2* ! +.. .+ aq is divisible by z2 ~ 2az + (a*> +b?)
(whose coefficients are real).

(a) Let c be an integer which is not the square of another integer. If a and b

are integers we define the conjugate of a + b./c, denoted by a + b./c,

as a — ba/c. Show that the conjugate is well defined by showing that a

number can be written a + b4/c, for integers a and b, in only one way.
(b) Show that for all @ and B of the form a + b+/c, we have a=o;a=aif
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*11.
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and only if @ is an integer; a + =@+ B; —a = —&; a- f =& B; and
o l=@!ifas0.

(c) Prove that if a@p, ..., a1 are integers and z = a + ba/c satisfies the
equation z" + a@,.12" ! +--- +ap = 0, then Z = @ — b+/c also satisfies
this equation.

Find all the 4th roots of i; express the one having smallest argument in a
form that does not involve any trigonometric functions.

(a) Prove that if @ is an nth root of 1, then so is e*.

(b) A number w is called a primitive nthroot of 1if {1, w, &?, ..., 0"}
is the set of all nth roots of 1. How many primitive nth roots of 1 are
there forn =3,4, 5, 9

a—1

(c) Let @ be an nth root of 1, with @ # 1. Prove that Zwk =0.
k=0

(a) Prove thatif z1, ..., z; lie on one side of some straight line through 0,
then zj + --- + zx # 0. Hint: Thus 1s obvious from the geometric inter-
pretation of addition, but an analytic proof is also easy: the assertion is
clear if the line is the real axis, and a trick will reduce the general case
to this one.

(b) Show further that z1~!, ..., z ! all lie on one side of a straight line
through 0, so that z; ™! +--- +z =1 # 0.

Prove that if {z1| = |z2] = |z3] and z1 4+ 22 + z3 = 0, then z1, 72, and 23 are
the vertices of an equilateral triangle. Hint: It will help to assume that z; is
real, and this can be done with no loss of generality. Why?



CHAPTER 26 COMPLEX FUNCTIONS

You will probably not be surprised to learn that a deeper investigation of complex
numbers depends on the notion of functions. Until now a function was (intuitively)
a rule which assigned real numbers to certain other real numbers. But there is no
reason why this concept should not be extended; we might just as well consider a
rule which assigns complex numbers to certain other complex numbers. A rigorous
definition presents no problems (we will not even accord it the full honors of a
formal definition): a function is a collection of pairs of complex numbers which
does not contain two distinct pairs with the same first element. Since we consider
real numbers to be certain complex numbers, the old definition is really a special
case of the new one. Nevertheless, we will sometimes resort to special terminology
in order to clarify the context in which a function is being considered. A function
f 1s called real-valued if f(z) is a real number for all z in the domain of f, and
complex-valued to emphasize that it is not necessarily real-valued. Similarly,
we will usually state explicitly that a function f is defined on [a subset of] R in
those cases where the domain of f is [a subset of ] R; in other cases we sometimes
mention that f is defined on [a subset of] C to emphasize that f(z) is defined for
complex z as well as real z.

Among the multitude of functions defined on C, certain ones are particularly
important. Foremost among these are the functions of the form

F@) =" +ap 12" 1+ +ap,

where gy, ..., a, are complex numbers. These functions are called, as in the
real case, polynomial functions; they include the function f(z) = z (the “identity
function™) and functions of the form f(z) = a for some complex number a (“con-
stant functions”). Another important generalization of a familiar function is the
“absolute value function” f(z) = |z| for all z in C.

Two functions of particular importance for complex numbers are Re (the “real
part function”) and Im (the “imaginary part function™), defined by

Re(x + iy) = x,
Im(x +iy) = y, for x and y real.
The “conjugate function” is defined by

f(z) =7z =Re(z) — i Im(z).

Familiar real-valued functions defined on R may be combined in many ways to
produce new complex-valued functions defined on C—an example is the function

fx+iy)y=¢esin(x —y)+ ix3 cosy.
532
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The formula for this particular function illustrates a decomposition which is always
possible. Any complex-valued function f can be written in the form

f=u+iv

for some real-valued functions u and v—simply define u(z) as the real part of f(z),
and v(z) as the imaginary part. This decomposition is often very useful, but not
always; for example, it would be inconvenient to describe a polynomial function
in this way.

One other function will play an important role in this chapter. Recall that an
argument of a nonzero complex number z is a (real) number @ such that

z = |z|(cos @ + i sinB).

There are infinitely many arguments for z, but just one which satisfies 0 < 6 <
2. If we call this unique argument 6(z), then @ is a (real-valued) function (the
“argument function™) on {z in C: z # 0}.

“Graphs” of complex-valued functions defined on C, since they lie in 4-dimen-
sional space, are presumably not very useful for visualization. The alternative
picture of a function mentioned in Chapter 4 can be used instead: we draw two
copies of G, and arrows from z in one copy, to f(z) in the other (Figure 1).

FIGURE 1

The most common pictorial representation of a complex-valued function is pro-
duced by labeling a point in the plane with the value f(z), instead of with z (which
can be estimated from the position of the point in the picture). Figure 2 shows this
sort of picture for several different functions. Certain features of the function are
illustrated very clearly by such a “graph.” For example, the absolute value function
is constant on concentric circles around 0, the functions Re and Im are constant
on the vertical and horizontal lines, respectively, and the function f(z) = z? wraps
the circle of radius r twice around the circle of radius r2.

Despite the problems involved in visualizing complex-valued functions in gen-
eral, it is still possible to define analogues of important properties previously defined
for real-valued functions on R, and in some cases these properties may be easier
to visualize in the complex case. For example, the notion of limit can be defined
as follows:

lim f(z) = ! means that for every (real) number & > 0 there is a (real) number
Z—=ra
8 > 0 such that, for all z, if 0 < |z —a| < 8, then | f(2) =] < &.
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Although the definition reads precisely as before, the interpretation is slightly dif-

ferent. Since |z — w| is the distance between the complex numbers z and w, the

equation lim f(z) = [ means that the values of f(z) can be made to lie inside
Z—ra

any given circle around /, provided that z is restricted to lie inside a sufficiently
small circle around a. This assertion is particularly easy to visualize using the “two
copy” picture of a function (Figure 3).

FIGURE 3

Certain facts about limits can be proved exactly as in the real case. In particular,

lime = ¢,
Z—ra
Imz =a,
I—a

gi_lf;[f(z) +g@)] = 21_13 f@+ gl_rg 2(2),
li_lgf(z) -g@) = ggr; f (@ -gi_tgg(z),
) 1 1
lim = - ,
z>a g(z) }l_gr; g(2)

if ggr; g(z) #0.

The essential property of absolute values upon which these results are based is the
inequality |z + w| < |z| + |w/|, and this inequality holds for complex numbers as
well as for real numbers. These facts already provide quite a few limits, but many
more can be obtained from the following theorem.

Let f(z) = u(z) + iv(z) for real-valued functions # and v, and let I = & + iB for
real numbers ¢ and 8. Then lim f(z) =1 if and only if
Z—a

lim u(z) = «,

I—a
lim v(z) = B.
I—>a
Suppose first that lim f(z) =1. If &£ > 0, there is § > 0 such that, for all z,
I—=a

if0 < |z —al| <8, then |f(2) -] < e&.
The second nequality can be written

[[u(z) —e] +i[v(z) - B]| <&,
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or
[u(z) — a]2 + [v(z) — fi]2 < g2,

Since u(z) — & and v(z) — B are both real numbers, their squares are positive; this
inequality therefore implies that

[u(z) — a]2 <e2 and [v(z) — ﬂ]2 < g2,
which implies that
luz) —el <& and |v(z) - Bl <e.
Since this 1s true for all £ > 0, it follows that

zlzi_ﬂu(z) =a and gﬂ v(z) = B.

Now suppose that these two equations hold. If & > 0, there is a é > 0 such that,
forall z,if 0 < |z —a| <8, then

lu(z) — | < % and |v(2) —«| < %,

which implies that
f@ —~ 1l = |lu(x) —a] +i[v@) - 8]
< |u(z) —al + i - lv(z) — BI

E &
<z=+-=8

2 2
This proves that lim f(z) =1. ||
Z—a

In order to apply Theorem 1 fruitfully, notice that since we already know the

limit lim z = a, we can conclude that
—>a

ggg Re(z) = Re(a),
?_13 Im(z) = Im(a).
A limit like
%i_rﬂsin(Re(z)) = sin{Re(a))

follows easily, using continuity of sin. Many applications of these principles prove
such limits as the following:

limz =a,
I—>a
lim |z] = |al,
I—a

b

lim €'sinx+ix’cosy = e’ sina +ia° cosb.

(x+iy)y—a+bi

Now that the notion of limit has been extended to complex functions, the notion
of continuity can also be extended: f is continuous ata if lim f(z) = f(a), and
z—a
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f is continuous if f is continuows at 4 for all @ in the domain of f. The previous
work on limits shows that all the following functions are continuous:

f(@) =@ + 812"+ +aq,
f@)=2Z,
f(@) =zl

fix+iy)=¢€sinx +ix?cosy.

Examples of discontinuous functions are easy to produce, and certain ones come
up very naturally. One particularly frustrating example is the “argument func-
tion” #, which is discontinuous at all nonnegative real numbers (see the “graph”
in Figure 2). By suitably redefining @ it is possible to change the discontinu-
ities; for example (Figure 4), if 6'(z) denotes the unique argument of z with
m/2 < 0'(z) < 5m/2, then & is discontinuous at ai for every nonnegative real
number @. But, no matter how 8 is redefined, some discontinuities will always
occur.

.2
-Zﬂ.qr
-Zir

[STERNSIER SERSIE TSI RSTE VI NSTE |
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.
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sy
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x ® ™ ® * T =« T T 2r 2x 2r 2x 27 2x 2x 2n 2r
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2

3r
2

N¥
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2
FIGURE 4 He) = 8'(2)

The discontinuity of ¢ has an important bearing on the problem of defining a
“square-root function,” that is, a function f such that (f (z))? = z forall z. For real
numbers the function «/ had as domain only the nonnegative real numbers. If
complex numbers are allowed, then every number has two square roots (except 0,
which has only one). Although this situation may seem better, it is in some ways
worse; since the square roots of z are complex numbers, there is no clear criterion
for selecting one root to be f(z), in preference to the other.
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One way to define f is the following. We set f(0) =0, and for z # 0 we set
7] e
f(@ =\/E(cos%)~+isin%).

Clearly (f (z))? = z, but the function f is discontinuous, since  is discontinuous.
As a matter of fact, it is impossible to find a continuous f such that (f(z))? = z for
all z. In fact, it is even impossible for f(z) to be defined for all z with |z| = 1. To
prove this by contradiction, we can assume that f(1) = 1 (since we could always
replace f by —f). Then we claim that for all & with 0 < 8 < 27 we have

. 0 . 8
(%) f(cos@+ism6)=cos§+ism5.
The argument for this is left to you (it is a standard type of least upper bound
argument). But (¥) implies that

alilg f(cosf +isin@) =cosmw +isinm
— =_1
# f(D),
even though cos® + isin@ — 1 as & — 2x. Thus, we have our contradic-

tion. A similar argument shows that it is impossible to define continuous “rth-root
[a, 8] X [¢, d] functions” for any n > 2.

For continuous complex functions there are important analogues of certain the-
orems which describe the behavior of real-valued functions on closed intervals. A
. , natural analogue of the interval [a, b] is the set of all complex numbers z = x +iy
a b witha <x < b and ¢ < y < d (Figure 5). This set is called a closed rectangle,
and is denoted by [a, b] x [c, d].

If f is a continuous complex-valued function whose domain is [a, b] x [¢, d],
then it seems reasonable, and is indeed true, that f is bounded on [a, &] % [c, d].
That is, there is some real number M such that

FIGURE 5

|f(2)| <M forallzin [a,b] x [c,d].

It does not make sense to say that f has a maximum and a minimum value on
[a, b] x [c,d], since there is no notion of order for complex numbers. If f is a
real-valued function, however, then this assertion does make sense, and is true. In
particular, if f is any complex-valued continuous function on [a, b] x [c, d], then
| f] is also continuous, so there is some zg in [a, b] x [c, d] such that

|f(zo)l < |f(z)l forall zin [a,b] x [c,d]; .

a similar statement is true with the inequality reversed. It is sometimes said that
“f attains its maximum and minimum modulus on [a, b] x [c, d].”

The various facts listed in the previous paragraph will not be proved here, al-
though proofs are outlined in Problem 5. Assuming these facts, however, we can
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now give a proof of the Fundamental Theorem of Algebra, which is really quite
surprising, since we have not yet said much to distinguish polynomial functions
from other continuous functions.

Let ag, ..., a,—1 be any complex numbers. Then there is a complex number z
such that
a1 4 a2 4 tag =0.

Let
f@Q=2"4+a, 12" '+ +ap.

Then f is continuous, and so is the function | f| defined by
1F12) = |f@) = 12" + @Gn12"' + - - - + ag].

Our proof is based on the observation that a point zo with f(z0) = 0 would clearly
be a minimum point for | f|. To prove the theorem we will first show that | f| does
indeed have a smallest value on the whole complex plane. The proof will be almost
identical to the proof, in Chapter 7, that a polynomial function of even degree
(with real coefficients} has a smallest value on all of R; both proofs depend on the
fact that if |z| is large, then | f(2)] is large.

We begin by writing, for z # 0,
f@=7=" (1+a,.,_| +---+E§),
Z zZ
so that
F@I=lel"- | 1+ = 404 22
Let
M = max(1, 2nla,_1|, ..., 2nlag)).

Then for all z with |z] > M, we have |z%| > |z| and

|Gn—r} < lan—| < |Gn—il _ i’
|Z%| Izl 2nlap—i| 2n
SO |
y—| ap an-1 ag
v — | < .. < =
+ok | s tot o S5
which implies that
a1 ag an_1 ag 1
1 cied — =1 — e — | > =,
| L I +ot 23
This means that o
Z
|f(z)] = for |z] = M.

In particular, if [z| > M and also |z| > /2] f(0)], then
|f@) = | £(0)].
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Now let [a, b] x [c, d] be a closed rectangle (Figure 6) which contains {z : |z| <

max(M, \"/2|f(0)|)}, and suppose that the minimum of |f| on [a, b] X [c,d] is
attained at zg, so that

(1) 1fGo)l <1f (@) forzin [a,b] x [c.d].
It follows, in particular, that | f(zo)| < | f(0)|. Thus

(2) if |zl = max(M, {21 fO)]), then |f@)| = |f(O)] = |f(z0)l.

Combining (1) and (2) we see that | f(zo)| < | f(z)| for all z, so that | f| attains its
minimum value on the whole complex plane at z.

&,

FIGURE 6

To complete the proof of the theorem we now show that f(zg) = 0. Itis
convenient to introduce the function g defined by

g(2) = f(z+z0)

Then g is a polynomial function of degree n, whose minimum absolute value
occurs at 0. We want to show that g(0) = 0.

Suppose instead that g(0) = a # 0. If m is the smallest positive power of z
which occurs in the expression for g, we can write

g@) =+ BZ" + cmar 2™ + - +caz”,

where B # 0. Now, according to Theorem 25-2 there is a complex number y
such that
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Then, setting dy = ciy*, we have

g2 = la + BY™Z™ + dms1 2" 4 - + du2”
=l —az” +du 12" + -1

d
cx(l—z’"+——";+lz'”+l+---)l

a(l—z"‘+z"‘ I:d";—"'lz-i-])‘

dn
=|ﬂtl"1—z"’+z”' [—a+1z+---]|.

This expression, so tortuously arrived at, will enable us to reach a quick contra-
diction. Notice first that if |z| is chosen small enough, we will have

d
m+lz+___‘ <1.
[+

If we choose, from among all z for which this inequality holds, some z which is real
and positive, then

dm+1
" [—'i;—z-l—--- < 2" ="

d,
zm[m_-i-lz+..-]‘
[+

Consequently, if 0 < z < 1 we have

i
s [ <o

dm
=1-7Z"+ z"’[—+lz+---]|
o
<1-7"+z7"
=1.

This is the desired contradiction: for such a number z we have

lg(r2)| < lel,

contradicting the fact that |e| is the minimum of |g| on the whole plane. Hence,
the original assumption must be incorrect, and g(0) = 0. This implies, finally, that

fzoy=0.1

Even taking into account our omission of the proofs for the basic facts about
continuous complex functions, this proof verified a deep fact with surprisingly
little work. It is only natural to hope that other interesting developments will arise
if we pursue further the analogues of properties of real functions. The next obvious
step is to define derivatives: a function f is differentiable at a if

i @ +2) — £ (@)

z—0 b4

exists,
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in which case the limit is denoted by f'(a). It is easy to prove that

fl@=0 iff@@)=c,
f@=1 iffi)=z,
(f+g)@=f'(a)+¢g@),
(f-8Y(a) = f'(a)ga) + fla)g'(a),
Y -g'@ .
(g) @=rop  fe@#0
(fog)(a) = f'g@)-g'(a);

the proofs of all these formulas are exactly the same as before. It follows, in
particular, that if f(z) = z*, then f'(z) = nz"~!. These formulas only prove the
differentiability of rational functions however. Many other obvious candidates are
not differentiable. Suppose, for example, that

fx+iy)=x—iy (e, f@=2)
If f is to be differentiable at 0, then the limit

i) — £(0 .
lim f(x'HJ’)_ fO _ m AT
x+iy)—=0 X4y (x+iy)—0 x + 1y
must exist. Notice however, that
if y =0, thenx_l_y =1,
x+1iy
and
if x =0, then —2 = —1;
X -+iy

therefore this limit cannot possibly exist, since the quotient has both the values 1
and —1 for x + iy arbitrarily close to 0.

In view of this example, it is not at all clear where other differentiable functions
are to come from. If you recall the definitions of sin and exp, you will see that
there is no hope at all of generalizing these defimitions to complex numbers. At
the moment the outlook is bleak, but all our problems will soon be solved.

PROBLEMS

1. (a) For any real number y, define &(x) = x 4 iy (so that « is a complex-
valued function defined on R). Show that & is continuous. (This follows
immediately from a theorem in this chapter.) Show similarly that 8(y) =
x + fy is continuous.

(b} Let f be a continuous function defined on C. Tor fixed y, let g(x) =
f(x +iy). Show that g is a continuous function (defined on R). Show
similarly that k(y) = f(x + iy) is continuous. Hint: Use part (a).

2. (a) Suppose that f is a continuous real-valued function defined on a closed
rectangle [a, b] x[c, d]. Prove thatif f takes on the values f(z) and f(w)
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(b)

FIGURE 7

*(b)
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for z and w in [a, b] x [c, d], then f also takes all values between f(z)
and f(w). Hint: Consider g(¢)} = f(rz + (1 — r)w) for ¢ in [0, 1].

If f is a continuous complex-valued function defined on [a, b] x [¢, d],
the assertion in part (a) no longer makes any sense, since we cannot talk
of complex numbers between f(z) and f(w). We might conjecture that
f takes on all values on the line segment between f(z) and f(w), but
even this is false. Find an example which shows this.

Prove that if ay, ..., @, are any complex numbers, then there are
complex numbers z1, ... , Z, (not necessarily distinct) such that

n
P 4a, 1 e tap= 1—[(2 - Zi)
i=1
Prove that if ag, ... , @,_1 are real, then z" + a,.12*~! + - - + ap can be

written as a product of linear factors z+a and quadratic factors z2+az+b
all of whose coefficients are real. (Use Problem 25-7.)

In this problem we will consider only polynomials with real coefficients. Such
a polynomial is called a2 sum of squares if it can be written as h12 +-- -+i:,,,2
for polynomials &; with real coefficients.

(a)
(b)
(c)

()

Prove that if f is a sum of squares, then f(x) > 0 for all x.

Prove that if f and g are sums of squares, then so is f - g.

Suppose that f(x)} > 0 for all x. Show that f is a sum of squares. Hint:
First write f(x) = x*g(x), where g(x) # 0 for all x. Then k must be
even (why?), and g(x) > O for all x. Now use Problem 3(b).

Let A be a set of complex numbers. A number z is called, as in the
real case, a limit point of the set A if for every (real) ¢ > 0, there is
a point a in A with |z — a| < £ but z # a. Prove the two-dimensional
version of the Bolzano-Weierstrass Theorem: If A is an infinite subset
of [a,b] x [c, d], then A has a limit point in [a, b] x [¢, d]. Hint: First
divide [a, b] x [¢, d] in half by a vertical line as in Figure 7(a). Since A
is infinite, at least one half contains infinitely many points of A. Divide
this in half by a horizontal line, as in Figure 7(b). Continue in this way,
alternately dividing by vertical and horizontal lines.

(The two-dimensional bisection argument outlined in this hint is so stan-
dard that the title “Bolzano-Weierstrass” often serves to describe the
method of proof, in addition to the theorem itself. See, for example,
H. Petard, “A Contribution to the Mathematical Theory of Big Game
Hunting,” Amer. Math. Monthly, 45 (1938), 446-447.)

Prove that a continuous (complex-valued) function on [a, b] X [c,d] is
bounded on [a, 5] x [¢, d]. (Imitate Problem 22-31.)

Prove that if f is a real-valued continuous function on [a, b] x [c, d],
then f takes on a maximum and minimum value on [a, b] x [c, d]. (You
can use the same trick that works for Theorem 7-3.)
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(a) a convex subset of the planc

{b) a nonconvex subset of the plane

FIGURE 8

*6. The proof of Theorem 2 cannot be considered to be completely elementary

because the possibility of choosing y with y™ = —a/f depends on Theo-
rem 25-2, and thus on the trigonometric functions. It is therefore of some
interest to provide an elementary proof that there is a solution for the equa-
tion 2" —c =0.

(a) Make an explicit computation to show that solutions of z2 — ¢ = 0 can
be found for any complex number c.

(b) Explain why the solution of z” — ¢ = 0 can be reduced to the case where
n is odd.

(c) Let zg be the point where the function f(z) = z" — ¢ has its minimum
absolute value. If zg # 0, show that the integer m in the proof of Theo-
rem 2 is equal to 1; since we can certainly find ¥ with y! = —a/8, the
remainder of the proof works for f. It therefore suffices to show that the
minimum absolute value of f does not occur at 0.

(d) Suppose instead that f has its minimum absolute value at 0. Since » is
odd, the points +8, +48i go under f into —c+4", —c+48"i. Show that for
small § at least one of these points has smaller absolute value than —c,
thereby obtaining a contradiction.

Let f(2) =(@—zp)™ -...-(z—z)™.

k
(a) Showthat f'(z) =(z—z1)™ -...- (2 —zK)™ - Zm“(z —z)7 L.
a=1

k
(b) Let g(z) = Zma(z — z4)"!. Show that if g(z) = 0, then zy,..., %
=1
cannot all lig on the same side of a straight line through z. Hint: Use

Problem 25-11.

(c) Asubset K of the plane is convex if K contains the line segment joining
any two points in it (Figure 8). For any set A, there is a smallest convex
set containing it, which is called the convex hull of A (Figure 9); if a

FIGURE 9
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point P is not in the convex hull of A, then all of A is contained on one
side of some straight line through P. Using this information, prove that
the roots of f/(z) = 0 lie within the convex hull of the set {z1, ..., zx}.
Further information on convex sets will be found in reference [19] of the
Suggested Reading,

8. Prove that if f is differentiable at z, then f is continuous at z.

*9,

10.

Suppose that f = u + iv where # and v are real-valued functions.

(@)

For fixed yg let g(x) = u(x + iyp) and h(x) = v(x + iyg). Show that if
f'(x0 + ive) = a +ip for real @ and B, then g'(xg) = a and A'(xq) = B.
On the other hand, suppose that k(y) = u(xo+iy) and I(y) = v{xg+iy).
Show that I’(yp} = @ and k'(yp) = —8.

Suppose that f/(z) = 0 for all z. Show that f is a constant function.

Using the expression

Fx) = 1 _ 1 ( 1 1
eI T % \x—i x+i)’
find f®(x) for all k.

Use this result to find arctan® (0) for all .
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If you have not already guessed where differentiable complex functions are going
to come from, the title of this chapter should give the secret away: we intend to
define functions by means of infinite series. This will necessitate a discussion of
infinite sequences of complex numbers, and sums of such sequences, but (as was
the case with limits and continuity) the basic definitions are almost exactly the
same as for real sequences and series.

An infinite sequence of complex numbers is, formally, a complex-valued func-
tion whose domain is N; the convenient subscript notation for sequences of real
numbers will also be used for sequences of complex numbers. A sequence {a,} of
complex numbers is most conveniently pictured by labeling the points a, in the
plane (Figure 1).

The sequence shown in Figure 1 converges to 0, “convergence” of complex
sequences being defined precisely as for real sequences: the sequence {a,}
converges (o [, in symbols

lim g, =1,

n—o0

if for every £ > 0 there is a natural number N such that, for all n,
ifn> N, then |a, —I| < &.

This condition means that any circle drawn around ! will contain a, for all suffi-
ciently large n (Figure 2); expressed more colloquially, the sequence is eventually
inside any circle drawn around /.

Convergence of complex sequences is not only defined precisely as for real
sequences, but can even be reduced to this familiar case,

Let
a, =b, +ic, for real b, and c,,
and let
I=8+iy for real g and y.
Then lim a, =/ if and only if

n—0o0

lim b, = B and lim ¢, = y.

n—rod =00

The proof is left as an easy exercise. If there is any doubt as to how to proceed,
consult the similar Theorem 1 of Chapter 26. |

The sum of a sequence {a,} is defined, once again, as lim s,, where

Se.=a1+---+a,.

546
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Sequences for which this limit exists are summable; alternatively, we may say that

o0

the infinite series z a, converges if this limit exists, and diverges otherwise. It
n=1

is unnecessary to develop any new tests for convergence of infinite series, because

of the foliowing theorem.

Let

a, = b, +icy for real b, and c,.

Then Za,, converges if and only if Zb,, and Zc,, both converge, and in this

a=1 n=1 n=1

$arm S ()

n=1 n=1 n=1

casc

This 1s an immediate consequence of Theorem 1 applied to the sequence of partial
sums of {a,}. |

There is also a notion of absolute convergence for complex series: the series

E a, converges absolutely if the series Z |a.| converges (this is a series of real
n=1 =1
numbers, and consequently one to which our earlier tests may be applied). The

following theorem is not quite so easy as the preceding two.

Let
an = b, +ic, for real b, and c,.

Then Ea,, converges absolutely if and only if Eb and Zc,, both converge

=1 n=1 n=1
absolutely

o0 o0 o
Suppose first that Z b, and E ¢, both converge absolutely, i.e., that Z |bs| and

n=1 n=1 n=1
o0 o
Z |cx| both converge. It follows that Z |ba| + lcn| converges. Now,

n=1 n=1

|an| = by + ica| < |ba| + |cal.

o0
It follows from the comparison test that Z |@,| converges (the numbers |a,| and

n=1

|be| + |€x] are real and nonnegative). Thus Za,, converges absolutely.
n=1
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THEOREM 4

o0
Now suppose that E |an| converges. Since

n=1

lan| = v bn2 + cn2s

it is clear that
[bn] < la,] and |cp| < |agl.

0 o0
Once again, the comparison test shows that Z |bn| and Z |ca| converge. |

n=1 n=1

2.2
Two consequences of Theorem 3 are particularly noteworthy, If Za,, con-
n=1

oc o0
verges absolutely, then Z:b,, and Zc,, also converge absolutely; consequently

n=1 =1

o0 e o0
Z b, and Z c» converge, by Theorem 23-5, so Z a, converges by Theorem 2.
n=1 n=1 n=1
In other words, absolute convergence implies convergence. Similar reasoning

shows that any rearrangement of an absolutely convergent series has the same
sum. These facts can also be proved directly, without using the corresponding the-
orems for real nunbers, by first establishing an analogue of the Cauchy criterion
(see Problem 13),

With these preliminaries safely disposed of, we can now consider complex
power series, that is, functions of the form

O3
fR) =) az—a) =ap+aiz—a)+az—al +-.
n=0
Here the numbers a and a, are allowed to be complex, and we are naturally
interested in the behavior of f for complex z. As in the real case, we shall usually
consider power series centered at 0,

fla= ianz”;

n=0

in this case, if f(zg) converges, then f(z) will also converge for |z| < |zp|. The
proof of this fact will be similar to the proof of Theorem 24-6, but, for reasons
that will soon become clear, we will not use all the paraphernalia of uniform con-
vergence and the Weierstrass M-test, even though they have complex analogues.
Our next theorem consequently generalizes only a small part of Theorem 24-6.

Suppose that

oG
Z apzo” = ap + @120 + 220> + - - -
n=()
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converges for some zg # 0. Then if |z| < |zol, the two series

0
Y a" =a+aiz+at+--
n=0

Z na,z" ' =a; +2asz + 3a3% + - -
both converge absolutely.

As in the proof of Theorem 24-6, we will need only the fact that the set of numbers
a,zo" is bounded: there is a number M such that

lanzo" | <= M for all n.

We then have
n
lanz"| = lanzo"| -
n
S M - [
20
and, for z # 0,
lna,z"| = —nlanzo | -
< — n
z|

o0 o0 oo
Since the series Z lz/zol" and Z n|z/zp|" converge, this shows that both Z a,z"
n=0 n=1 n=0

[=¢]
and Znanz"‘l converge absolutely (the argument for Z nanz" ! assumed that
n=1 n=1

z # 0, but this series certainly converges for z = 0 also). ||

Theorem 4 evidently restricts greatly the possibilities for the set

o
{z : Z a,z" converges}.

n=0

o0
For example, the shaded set A in Figure 3 cannot be the set of all z where E an?"
n=0
converges, since it contains z, but not the number w satisfying |w| < |z].

It seems quite unlikely that the set of points where a power series converges
could be anything except the set of points inside a circle. If we allow “circles of
radius 0” (when the power series converges only at 0) and “circles of radius co”
(when the power series converges at all points), then this assertion 1s true (with one
complication which we will soon mention); the proof requires only Theorem 4 and
a knack for good organization.
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For any power series
o0
no__ 2 3
Eanz =ap+az+amz"+a3zr +---

n=0
one of the following three possibilities must be true:

o0
(1) 2 a,z"” converges only for z = 0.

n=0
o0
(2) Eanz" converges absolutely for all z in C.
n=0
o0
(3) There is a number R > 0 such that Za,,z" converges absolutely if |z| < R
n=0
and diverges if |z| > R. (Notice that we do not mention what happens
when |z| = R.)

Let

oo
S = {x mR: Za,,w" converges for some w with |w| = x}.

n=0

Suppose first that § is unbounded. Then for any complex number z, there is

o0
a number x in § such that |z| < x. By definition of §, this means that Ea,, w"

n=0

o0
converges for some w with |w| = x > |z|. It follows from Theorem 4 that E a7
n=0
converges absolutely. Thus, in this case possibility (2) is true.
Now suppose that S is bounded, and let R be the least upper bound of §. If

R = (), then Za,,z" converges only for z = 0, so possibility (1) is true. Suppose,

n=0
on the other hand, that R > 0. Then if z is a complex number with |z| < R, there

o0
is a number x in § with |z| < x. Once again, this means that Ea,,w"l converges
n=0

o0
for some w with [z] < |w|, so that Za,,,z" converges absolutely. Moreover, if

n={)

o0
|z] > R, then Za,,z" does not converge, since |z} is not in S. |
n=0

The number R which occurs in case (3) is called the radius of convergence of
o

Z 6,z". In cases (1) and (2} it is customary to say that the radius of convergence

n=0

is 0 and oo, respectively. When 0 < R < o0, the circle {z : |z] = R} is called

[e.2]
the circle of convergence of Za,,z". If z is outside the circle, then, of course,

n=0
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00
Z a,z" does not converge, but actually a much stronger statement can be made:

n=0
the terms a,z" are not even bounded. To prove this, let w be any number with

Iz > |w| > R; if the terms a,z" were bounded, then the proof of Theorem 4 would

show that Za,,w" converges, which is false, Thus (Figure 4), inside the circle of
n=0

o0

convergence the series Z a,7" converges in the best possible way (absolutely) and
n=0

outside the circle the series diverges in the worst possible way (the terms a,z" are

not bounded).

What happens on the circle of convergence is a much more difficult question.
We will not consider that question at all, except to mention that there are power
series which converge everywhere on the circle of convergence, power series which
converge nowhere on the circle of convergence, and power series that do just about
anything in between. (See Problem 5.)

Algebraic manipulations on complex power series can be justified just as in the

[+0) o0
real case. Thus, if f(z) = Zanz" and g(z) = Zb,.z" both have radius of
n=0 n=0

o0

convergence > R, then A(z) = Z(a,, + bp)z" also has radius of convergence
n=0

> R and h = f + g inside the circle of radius R. Similarly, the Cauchy product

(&) n
h(z) = Zc"z”, for ¢, = Za"b”"" has radius of convergence > R and h = fg
n=0 k=0

o0
inside the circle of radius R. And if f(z) = Z a,Zz" has radius of convergence > 0
n=0

oo

and ag # 0, then we can find a power series Zb,,z" with radius of convergence
n=0

> () which represents 1/f inside its circle of convergence.

But our real goal in this chapter is to produce differentiable functions. We
therefore want to generalize the result proved for real power series in Chapter 24,
that a function defined by a power series can be differentiated term-by-term in-
side the circle of convergence. At this point we can no longer imitate the proof of
Chapter 24, even if we were willing to introduce uniform convergence, because no
analogue of Theorem 24-3 seems available. Instead we will use a direct argument
(which could also have been used in Chapter 24). Before beginning the proof,
we notice that at least there is no problem about the convergence of the series

produced by term-by-term differentiation. If the series Z a,2" has radius of con-
n=0

1 also

(]
vergence R, then Theorem 4 immediately implies that the series Znanz"_
n=1

converges for |z| < R. Moreover, if |z] > R, so that the terms a,z" are unbounded,
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THEOREM 6

PROOF

o0
then the terms na,z"~! are surely unbounded, so z:.'m,,z"_l does not converge.
n=1

00
This shows that the radius of convergence of Zna,,z”_l is also exactly R.

n=1

If the power series
o0
f@=) ad"
n=0

has radius of convergence R > 0, then f is differentiable at z for all z with |z] < R,
and

fl@) =) na,z" .
n=1

We will use another “e/3 argument.” The fact that the theorem is clearly true for
polynomial functions suggests writing

*) fz+h)—f@ ina,.z"“l
n=1

A i Qarp ((z +—h})2n — zn) - i nanz"_l
n=1

n=0

X (Z+R" =2 S (R -9
L Y

l'l=0 n=0

i an—((z i h,): —_ inanz""l
n=1

n=0
N 00
Ena,,z"_l - Zna,,z"_l .
n=1

<

+

+

We will show that for any ¢ > 0, each absolute value on the right side can be made
< &/3 by choosing N sufficiently large and A sufficiently small. This will clearly
prove the theorem.

Only the first term in the right side of () will present any difficulties. To begin
with, choose some zg with |z] < |zg] < R; henceforth we will consider only A
with |z + k| < |zg|. The expression ((z + k)" — z")/h can be written in a more
convenient way if we remember that

x"— yt

— xn—l +xn—2y +xn—3y2 4 +yn—]-
x=Yy
Applying this to
z+h)"-2" (@+h)-2"
h +h -z
we obtain
(z+h)"—-27"

h =@+m)" 2z 4
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Since
I+ + 2@+ 2+ + 271 < nlzot],
we have (@4 B .
z
ty—————— | < nlas| - |z0""!

0
But the series ananl < |zo|*! converges, so if N is sufficiently large, then

n=1
oo

1 £
> mlasl-lzol* < 2.

n=N+1
This means that

od n__.n N n__ n
Zan((z+h) Z)—Zan((z+h) z")

n=0 h n=0 h
o0 h n__ n o e n
_ Z aﬂ((z+ ' —2") < E an((z+ )
£ h £ h
n=N+1 n=N+1
= n—1 £
< . bl
< _; rlay - 120" < 3.
n=N+1
In short, if N is sufficiently large, then
o0 N
(z+h)"—2") (z+h)" —2") e
1 gt D Y g, T R 2
OZeTTh T TR k|t

for all h with |z + k| < |zg|.

o0
It is easy to deal with the third term on the right side of (*): Since Z:na,,z""
converges, it follows that if ¥ is sufficiently large, then

o0 N
n=1 n=1

Finally, choosing an N such that (1) and (2) are true, we note that

N N
. (z+h)"—2") ~1
lim E p—————————— = E n " y
B0 "=0a h | #al

&

h

since the polynomial function g(z) = Z a,2" is certainly differentiable. Therefore

n=0
an((z+h)" -z &
(3) Z Ena,,z < 3"
n=0
for sufficiently small A.

As we have already indicated, (1), (2), and (3) prove the theorem. I
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FIGURE 5

Theorem 6 has an obvious corollary: a function represented by a power series is
infinitely differentiable inside the circle of convergence, and the power series is its
Taylor series at 0. It follows, in particular, that f is continuous inside the circle of
convergence, since a function differentiable at z is continuous at z (Problem 26-8).

The continuity of a power series inside its circle of convergence helps explain the
behavior of certain Taylor series obtained for real functions, and gives the promised
answers to the questions raised at the end of Chapter 24. We have already seen
that the Taylor series for the function f(z) = 1/(1 + ), namely,

1-224+4 -2+,

converges for real z only when |z| < 1, and consequently has radius of conver-
gence 1. It 1s no accident that the circle of convergence contains the two points
i and —i at which f is undefined. If this power series converged in a circle of
radius greater than 1, then (Figure 5) it would represent a function which was
continuous in that circle, in particular at ¢ and —i. But this is impossible, since it
equals 1/(1 + z?) inside the unit circle, and 1/(1 + z2) does not approach a limit
as z approaches i or —i from inside the unit circle.

The use of complex numbers also sheds some light on the strange behavior of
the Taylor series for the function

x#0

x=0,

Although we have not yet defined ¢* for complex z, it will presumably be true that
if y is real and unequal to 0, then

fGy) = e~V _ 1y

_ [ e,
f= = l 0,

The interesting fact about this expression is that it becomes large as y becomes
small. Thus f will not even be continuous at 0 when defined for complex numbers,
so it is hardly surprising that it is equal to its Taylor series only for z = 0.

The method by which we will actually define e* (as well as sinz and cosz) for
complex z should by now be clear. For real x we know that

PN~
smx—x—§+5 —.,
x?  xt
cosx=1—2!+E—----,

%2
e—1+1'+—27+
For complex z we therefore define
35
0z
smz—z—§+——---,

2

-cosz=1 :2—'+ +-
2

exp(z) = €* =1+ +2 +-
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Then sin'(z) = cosz, cos'(z) = —sinz, and exp’(z) = exp(z) by Theorem 6.
Moreover, if we replace z by iz in the series for £, and make a rearrangement
of the terms (justified by absolute convergence), something particularly interesting
happens:
: L @? @} Gt 62)°
et=14+iz+ o1 + 3 + Tt

2 :3 .4 5

2 i it id

2t 31 4 58

S0
el =cosz+isinz.

It is clear from the definitions (i.e., the power series) that

sin(—z) = —sinz,
cos(—z) =cosz,

so we also have
e '“=cosz—isinz.

From the equations for &% and e~¥* we can derive the formulas

et — g iz
sing = —-——
2i ’
eiz +e—l'z
o8z = ——F——
2

The development of complex power series thus places the exponential function at
the very core of the development of the elementary functions—it reveals a con-
nection between the trigonometric and exponential functions which was never
imagined when these functions were first defined, and which could never have
been discovered without the use of complex numbers. As a by-product of this
relationship, we obtain a hitherto unsuspected connection between the numbers e
and m: if in the formula
€% =cosz+isinz
we take z = 7, we obtain the remarkable result
£ = 1.

{(More generally, e2%/% is an nth root of 1.)

With these remarks we will bring to a close our investigation of complex func-

tions. And yet there are still several basic facts about power series which have not
been mentioned. Thus far, we have seldom considered power series centered at a,

f@=) aGz—ar

n=0
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FIGURE &

except for @ = 0. This omission was adopted partly to simplify the exposition.
For power series centered at a there are cbvious versions of all the theorems in
this chapter (the proofs require only trivial modifications): there is a number R

(possibly 0 or “oc™) such that the series Za,,(z — a)" converges absolutely for z
n=0
with |z —a| < R, and has unbounded terms for z with |z — a| > R; moreover, for
all z with |z — a| < R the function
f@ =) a.z—a)
r=0

has derivative

f@ =) naz—ay.
n=1

It is less straightforward to investigate the possibility of representing a function
as a power series centered at b, if it is already written as a power series centered
ata. If

f@ =) az—a)y
=0

has radius of convergence R, and b is a point with |b — a| < R (Figure 6), then it
is true that f(z) can also be written as a power serics centered at b,

F@ =) balz—b)"

n=0

_ (the numbers b, are necessarily f®™(b)/n!); moreover, this series has radius of

convergence at least R — |b — a| (it may be larger).
We will not prove the facts mentioned in the previous paragraph, and there are
several other important facts we shall not prove. For example, if

o0 o0
f@=) a@z-a" and g =) blz—b),
n=0 a=0
and g(b) = a, then we would expect that f o g can be written as a power series
centered at b. All such facts could be proved now without introducing any basic
new ideas, but the proofs would not be as easy as the proofs about sums, products
and reciprocals of power series. The possibility of changing a power series centered
at a into one centered at b is quite a bit more involved, and the treatment of
f o g requires still more skill. Rather than end this section with a tour de_force
of computations, we will instead give a preview of “complex analysis,” one of
the most beautiful branches of mathematics, where all these facts are derived as
straightforward consequences of some fundamental results.
Power series were introduced in this chapter in order to provide complex func-
tions which are differentiable. Since these functions are actually infinitely differ-
entiable, it is natural to suppose that we have therefore selected only a very special
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collection of differentiable complex functions. The basic theorems of complex
analysis show that this is not at all true:

If a complex function is defined in some region A of the plane and is differentiable in A,
then it is aulomatically infinitely differentiable in A. Moreover, for each point a in A the
Taylor series for f at a will converge to f in any circle contained in A (Figure 7).

These facts are among the first to be proved in complex analysis. It is impossible
to give any idea of the proofs themselves—the methods used are quite different
from anything in elementary calculus. If these facts are granted, however, then
the facts mentioned before can be proved very easily.

Suppose, for example, that f and g are functions which can be written as power
series. Then, as we have shown, f and g are differentiable—it then follows from
easy general theorems that f + g, f - g, 1/g and f o g are also differentiable.
Appealing to the results from complex analysis, it follows that they can be written
as power series.

We already know how to compute the power series for f+g, f-g and 1/g from
those for f and g. It is also easy to guess how one would compute an expression
for fog as a power series in (z — b) when we are given the power series expansions

f@ =) anz—a)"
n=0

g() =Y bilz—b),

k=0
with a = g(b) = by, so that

g —a=) blz—bt
k=1

First of all, we know how to compute the power series

(@) —a) = (Z bi(z — b)*)
k=1

and this power series will begin with (z — b)’. Consequently, the coeflicient of 2"

m

{
1

fle@) =) ag) —a)
=0

can be calculated as a finite sum, involving only coefficients arising from the first n

powers of g(z) —a.
Similarly, if

f@=) az—a)
n=0

has radius of convergence R, then f is differentiable in the region A = (z: |z—al <
R}. Thus, if & is in A, it is possible to write f as a power series centered at b,
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1+ @)

N

FIGURE 8

which will converge in the circle of radius R — |b — al. The coefficient of z"
will be f®(b)/n!. This series may actually converge in a larger circle, because

Za,,(z — a)” may be the series for a function differentiable in a larger region
n=0

than A. For example, suppose that f(z) = 1/(1 + z%). Then f is differentiable,
except at i and —i, where it is not defined. Thus f(z) can be written as a power

series Zanz” with radius of convergence 1 (as a matter of fact, we know that
n=0
az, = (—1)" and a; = 0 if k is odd). It is also possible to write

f@ =) bz— 3y,
n=0

where b, = f®(3)/n!. We can easily predict the radius of convergence of this

series: itis v 1+ (%)2, the distance from % to i or —i (Figure 8).

As an added incentive to investigate complex analysis further, one more result
will be mentioned, which lies quite near the surface, and which will be found in
any treatment of the subject.

For real z the values of sinz always lie between —1 and 1, but for complex z
this is not at all true. In fact, if z = iy, for y real, then

L ey _ o—ily) oy _ ¥
siniy = T =—
If y islarge, then sin iy is also large in absolute value. This behavior of sin is typical
of functions which are defined and differentiable on the whole complex plane (such
functions are called entire). A result which comes quite early in complex analysis is
the following:

Liouville’s Theorem: The only bounded entire finctions are the constant functions.

As a simple application of Liouville’s Theorem, consider a polynomial function
F@=72"+a12"" +-- +ap,

where n > 1, so that f is not a constant. We already know that f(z) is large for
large z, so Liouville’s Theorem tells us nothing interesting about f. But consider
the function

g(@) = m

If f(z) were never O, then g would be entire; since f(z) becomes large for large z,
the function g would also be bounded, contradicting Liouville’s Theorem. Thus
f(z) = 0 for some z, and we have proved the Fundamental Theorem of Algebra.

PROBLEMS

1. Decide whether each of the following series converges, and whether it con-
verges absolutely.
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(3 + 30"

6) ) i08n | alogn

n=2
Use the ratio test to show that the radius of convergence of each of the
following power series is 1. (In each case the ratios of successive terms will
approach a limit < 1 if |z| < 1, but for |z| > 1 the ratios will tend to co or
to a limit > 1.)

n

(@)

=

3

n=1

) Y (m+272"

n=1
(v) izﬂz"l.
n=1

Use the root test (Problem 23-7) to find the radius of convergence of each of
the following power series.

2 £ ¢ 2 6
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The root test can always be used, in theory at least, to find the radius of
convergence of a power series; in fact, a close analysis of the situation leads
to a formula for the radius of corvergence, known as the “Cauchy-Hadamard
formula.” Suppose first that the set of numbers {/]a,| is bounded.

(a) Use Problem 23-7 to show that if @o Vl0axl1z| < 1, then Za,,z" con-

n=0
verges.

(b) Also show that if [im vlan| |z] > 1, then Za,,z" has unbounded terms.
A= 00 ne0

o0
(c) Parts (a) and (b) show that the radius of convergence of Zanz" is
n=0

1/ lim /|a,| (where “1/0” means “c0”). To complete the formula, de-
fine @o v lar] = oo if the set of all +/|a,| is unbounded. Prove that in
n—s

o0
this case, Za,,z" diverges for z # 0, so that the radius of convergence
n=0

is 0 (which may be considered as “1/00”).
Consider the following three series from Problem 2:
20 z,n 00 zn 00 i
DD S o3

n=l1 n=1 n=1

=

Prove that the first series converges everywhere on the unit circle; that the
third series converges nowhere on the unit circle; and that the second series
converges for at least one point on the unit circle and diverges for at least
one point on the unit circle.

(a) Prove that e* - e¥ = ¢*** for all complex numbers z and w by showing
that the infinite series for e*** is the Cauchy product of the series for e*
and e®.

(b) Show that sin(z + w) = sinzcosw + coszsinw and cos(z + w) =
cos z cos W — sin z sin w for all complex z and w.

(a) Prove that every complex number of absolute value 1 can be written e
for some real number y.
(b) Prove that |¢*+?7| = ¢* for real x and y.

(a) Prove that exp takes on every complex value except 0.
(b) Prove that sin takes on every complex value.

For each of the following functions, compute the first three nonzero terms of
the Taylor series centered at 0 by manipulating power series.

1) f(z)=tanz.
() f@)=z(0-z7"12
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i) =]

) f@)=logl— 3.
) ﬂm3§?

(Vi) f(2)}= A0253

i) £ = 2 [0 — 1],

()

Suppose that we write a differentiable complex function f as f = u +
iv, where u and v are real-valued. Let & and v denote the restrictions
of u and v to the real numbers. In other words, #(x) = u(x) for real
numbers x (but # is not defined for other x). Using Problem 26-9, show
that for real x we have

Fix)=a'(x) +if (x),

where f’ denotes the complex derivative, while #’ and ¥’ denote the
ordinary derivatives of these real-valued functions on R.
Show, more generally, that

P =a® ) +iv® ).
Suppose that f satisfies the equation
(%) F®4a,1f* Dy fagf=0,

where the g; are real numbers, and where the f* denote higher-order
complex derivatives. Show that i and v satisfy the same equation, where
#® and #® now denote higher-order derivatives of real-valued functions
on R,

Show that if @ = b+ci is a complex root of the equation z” +a,_1z" 1 +
.-+ +ag = 0, then f(x) = eP*sincx and f(x) = £®* coscx are both
solutions of ().

Show that exp is not one-one on Q.

Given w # 0, show that ¢* = w if and only if z = x+iy with x = log |w|
(here log denotes the real logarithm function), and y an argument of w.
Show that there does not exist a continuous function log defined for
nonzero complex numbers, such that exp(log(z)) = z for all z # 0.
(Show that log cannot even be defined continuously for |z| = 1.)

Since there is no way to define a continuous logarithm function we can-
not speak of #he logarithm of a complex number, but only of “a logarithm
for w,” meaning one of the infinitely many numbers z with ¢* = w. And
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12,

13.

14.

(b)

(a)

for complex numbers a and b we define a® to be a set of complex num-
bers, namely the set of all numbers ¢*1°8% or, more precisely, the set of
all numbers €% where z is a logarithm for a.

If m is an integer, then a™ consists of only one number, the one given by
the usual elementary definition of a™.

If m and n are integers, then the set a™/" coincides with the set of values
given by the usual elementary definition, namely the set of all #™ where b
is an nth root of a.

If @ and b are real and b is irrational, then a® contains infinitely many
members, even for a > 0.

Find all logarithms of i, and find all values of #.

By (a®)° we mean the set of all numbers of the form z° for some number z
in the set a®. Show that (1‘)’ has infinitely many values, while 1°* has
only one.

Show that all values of @€ are also values of ()¢, Is a?€ = (@®)°N(a°)??

For real x show that we can choose log(x + {) and log(x — i) to be

log(x + i) =log(l +x2) +i (% - arctanx) ,
log(x — i) = log(1 + x%—i (% - arctanx) .

(It will help to note that = /2 — arctanx = arctan 1/x for x # 0.)
The expression

1 _1( 1 )
14+x2 2i\x—i =x+i

yields, formally,
dx
T+x2°
Use part (a} to check that this answer agrees with the usual one.

1
E[log(x —iy—log(x + ).

A sequence {a,} of complex numbers is called a Cauchy sequence if

lim |a, — a,| = 0. Suppose that a, = b, + ic,, where b, and ¢, are
m,n—00

real. Prove that {a,} is a Cauchy sequence if and only if {b,} and {c,}
are Cauchy sequences.

Prove that every Cauchy sequence of complex numbers converges.
Give direct proofs, without using theorems about real series, that an
absolutely convergent series 1s convergent and that any rearrangement
has the same sum. (It is permitted, and in fact advisable, to use the proofs
of the corresponding theorems for real series.)

Prove that

l—ex ~ x
sin =
2

n ; sin [ —x
Z:enu — F 1 - _ (2 )ei(n+1)x/2.
k=1
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(b) Deduce the formulas for Zcoskx and Zsinkx that are given in
k=1 k=1
Problem 15-33.

Let {a,} be the Fibonacci sequence, a1 = a2 = 1, @p42 = a, + a@py1.

(a) If r, = ay1/an, show that rpp1 = 1+ 1/7,.
(b) Show that r = lim r, exists, and r = 1 + 1/r. Conclude that r =

(1 +/5)/2.
]
{c) Show that Za,,z" has radius of convergence 2/(1 + v/5). (Using

n=1

the unproved theorems in this chapter and the fact that Za,,z" =
n=1

-1/ (.z2 + z — 1) from Problem 24-15 we could have predicted that the

radius of convergence is the smallest absolute value of the roots of z? +

z— 1 = 0 since the roots are (—1 % +/5)/2, the radius of convergence

should be (—1 + \/5) /2. Notice that this number is indeed equal to

2/(1++/5))

Since (¢ — 1)/z can be written as the power series 1 4 z/2! 4 z2/3! 4 ...
which is nonzero at 0, it follows that there is a power series

4 by,
eZ—1=Z~rEz

with nonzero radius of convergence. Using the unproved theorems in this
chapter, we can even predict the radius of convergence; it is 27, since this is
the smallest absolute value of the numbers z = 2kxi for which ¢ — 1 = 0.
The numbers b, appearing here are called the Bernoulli numbers.*

(a) Clearly bp = 1. Now show that

z z z ée+1

ee—1 272 -1
e 41 e+1
ei—1 -1
and deduce that
bi=-1 b,=0 ifnisoddandn > 1.

(b) By finding the coefficient of z” in the right side of the equation

00 bk 22 z3
z= (ZF)(Z+-2_'_+§—'+)’

k=0

*Sometimes the numbers By, = (—=1)*"1b,, are called the Bernoulli numbers, because b, = 0if n
is odd and > 1 (see part {a)) and because the numbers by, alternate in sign, although we will not
prove this. Other modifications of this nomenclature are also in use.
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17.

show that

n—1 n

Z(_)b; =0 forn>1

i=0 \!
This formula allows us to compute any by in terms of previous ones, and
shows that each is rational. Calculate two or three of the following:

L

1 _ 1 — —
b2=3, b4—_ﬁy bﬁ_‘ﬁs bs___o'

P

*(c) Part (a) shows that
i b 2 _2 €+1_2z et/ + e4/2

(2n)' T2 -1 2 el2—eur
Replace z by 2iz and show that

o
zcotz =) ';",( 1)n22nz2n
n=0 ( )
*(d) Show that
tanz = cotz — 2cot2z.

*(e) Show that
tanz = 2(2 D@ -

n=

(This series converges for |z| < 7/2.)

The Bernoulli numbers play an important role in a theorem which is best

introduced by some notational nonsense. Let us use D to denote the “differ-

entiation operator,” so that Df denotes f’. Then D*f will mean f® and
00

e” f will mean Z @ /n! (of course this series makes no sense in general,
n==0
but it will make sense if f is a polynomial function, for example). Finally,

let A denote the “difference operator” for which Af(x) = f(x + 1) — f(x).
Now Taylor’s Theorem implies, disregarding questions of convergence, that

. %)
fa+1)= ; —=
or
(=)
® fe+n-fw=3 1@,
a=1

we may write this symbolically as Af = (e? — 1) f, where 1 stands for the
“identity operator.” Even more symbolically this can be written A = ? 1,
which suggests that
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Thus we obviously cught to have
00 by
= 2 :_ k
D= 2 k!D A,

ie.,

o~ b,
) F0 =3 [P+~ [P,

The beautiful thing about all this nonsense is that it works!

(a) Prove that () is literally true if f is a polynomial function (in which case
the infinite sum is really a finite sum). Hint: By applying () to f®, find
aformula for f®(x+1)— f® (x}; then use the formula in Problem 16(b)
to find the coefficient of f((x) in the right side of (x*).

(b) Deduce from (*x)} that

o b
FO+- -+ i =3 Rl P+ D - R0

k=0

¢) Show that for any polynomial function g we have
y polyn
n+l o0 by | {
sO -+ +em= [ 20+ X"V + ) - g O]
k=1 "°

(d) Apply this to g(x) = x? to show that

n nPtl L P
kP = “k p—k+1
2 p-'l-1+zk(k—1)n

Using the fact that by = —%, show that

n nPt1 n? L p
kP = " i3 p—k+l_
2 p+1+2+k=2k(k—1)n

The first ten instances of this formula were written out in Problem 2-7,
which offered as a challenge the discovery of the general pattern. This
may now seem to be a preposterous suggestion, but the Bernoulli num-
bers were actually discovered in precisely this way! After writing out
these 10 formulas, Bernoulli claims (in his posthumously printed work
Ars Congectandi, 1713): “Whoever will examine the series as to their regu-
larity may be able to continue the table.” He then writes down the above
formula, offering no proof at all, merely noting that the coefficients b;
(which he denoted simply by A, B, C, ... ) satisfy the equation in Prob-
lem 16(b). The relation between these numbers and the coefficients in
the power series for z/(e* — 1) was discovered by Euler.
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*18. 'The formula in Problem 17(c) can be generalized to the case where g is not a
polynomial function; the infinite sum must be replaced by a finite sum plus a
remainder term. In order to find an expression for the remainder, it is useful
to introduce some new functions.

(@) The Bernoulli polynomials @, are defined by

onx) =) (:) by—ix*.

=0
The first three are

1
¢1(x)=x—5,
1
— 42 _ -
‘PZ(x)_x x+6.
o(x) = x° —3%+;.
Show that
¢n(0)=bn

@a(1) = by, ifn>1,

@n' (X) = ngp_1(x),
@n(x) = (—1)"@u(1 — x) forn> 1.

Hint: Prove the last equation by induction on #, starting with n = 2.
(b) Let Ry*(x) be the remainder term in Taylor's Theorem for f%®, on the
interval [x, x 4 1], so that

(k+n)
* ) S ) ¢
(%) [P+ - P = E o + Ry"(x).

n=1

Prove that

' - by & k Y by
foy =3 alfPe+D-rOm] - —RH ).

1
k=0 k

Hint: Imitate Problem 17(a}, Notice the subscript N—-konR.
{c) Use the integral form of the remainder to show that

X b D gnlx +1
Z ! X Ryt )—[x Tﬂ”“’(“ﬁ’

(d) Deduce the “Euler-Maclaurin Summation Formula™:

g(x)+g(x+1)+---+g(x+n)

x+r+1
=f g(r)dr+2 [g“‘ D@ +n+1)— g% D] + Sux, n),
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where

L o+ j 11—t
Sn(x,n) = — Zf _ o i” ) g™ty d.
g !

(¢) Let ¢, be the periodic function, with period 1, which satisfies ¥, (t) =
@n(2) for 0 < 1 < 1. (Part (a) implies that if n > 1, then ¥, is continuous,
since @,(1) = ¢, (0), and also that ¥, is even if # is even and odd if n is
odd.) Show that

x+n+1 _
Sy(x,n) = —f ﬂV(TJ:;,—t)g“‘"(t) dt

x4ntl
( = (=¥ f ijV('t) g™y ar if x is an integer).
X

Unlike the remainder in Taylor’s Theorem, the remainder S, (x, 7} usually does
not satisfy A}lm Sy(x.n) = 0, because the Bernoulli numbers and functions

become large very rapidly (although the first few examples do not suggest this).
Nevertheless, important information can often be obtained from the summation
formula. The general situation is best discussed within the context of a specialized
study (“asymptotic series”), but the next problem shows one particularly important
example.

*%19. (a) Use the Euler-Maclaurin Formula, with N = 2, to show that
logl+:.-+logn —1)

1 1 /1
1 - =1 .
[ ogtdt 5 ogn+12( dt

1) 10
1 212

(b} Show that
n! " Pa(t)
log (nn+l/28—n+1/12n) 7+ | 212 dr.

> 4]
(c) Explain why the improper integral 8 = f ¥3(t) /212 dt exists, and show
1
that if @ = exp(8 + 11/12), then

1 n! _ wz(t)
0g ant+H12g—nt1/12e | T A 2,2

(d) Problem 19-40(d} shows that

_ (n|)222n
V= nll»nc;lo 2n)! f

Use part (c) to show that

J7 = lim

n—oo d(2n)2"+l/2e an

and conclude that o = +/2x.

a2p2n+lg—2n92n
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(€) Show that

172

1
@) dt =[ e (t)dt = 0.
0 4]

(You can do the computations explicitly, but the result also follows im-
mediately from Problem 18(a).) Now what can be said about the graphs

of ¥(x) = f; Y2(t) dt and ¥(x) = f; ¥ (¢) dt? Use this information and
integration by parts to show that

10
i 'Ei—dt >0,

(f) Show that the maximum value of |@2(x)| for x n [0, 1] 1s %, and conclude

that ® () {
t
1: _2!‘2 df’ < m

(g) Finally, conclude that
V2r ™t 2e™ < pl < A2 p* 2t /12

The final result of Problem 19, a strong form of Stirling’s Formula, shows that
n! is approximately +/27 n"*1/2¢™  in the sense that this expression differs from 7!
by an amount which is small compared to n when r is large. For example, for
n = 10 we obtain 3598696 instead of 3628800, with an error < 1%.

A more general form of Stirling’s Formula illustrates the “asymptotic” nature of
the summation formula. The same argument which was used in Problem 19 can
now be used to show that for N > 2 we have

n! = b © yn ()
o8 (\/Z_n' n"+l/26_") =T, W

Since ¥y is bounded, we can obtain estimates of the form
[+ o]
Y (t) My
n NtN dt = nN—l *
If N is large, the constant My will also be large; but for very large n the factor
n!=¥ will make the product very small. Thus, the expression

N
VB 2 'EXP(E by )

L ke(k — Dnr-1

may be a very bad approximation for a! when n is small, but for large n (how large
depends on N) it will be an extremely good one (how good depends on N).



PART 6

EPILOGUE



There was a most ingenious Architect
who had condrived a new Method

Sor bwlding Houses,

by beginning at the Roof, and working
downivards to the Foundation.

JONATHAN SWIFT



CHAPTER 28 FIELDS

Throughout this book a conscientious attempt has been made to define all im-
portant concepts, even terms like “function,” for which an intuitive definition is
often considered sufficient. But Q@ and R, the two main protagonists of this story,
have only been named, never defined. What has never been defined can never be
analyzed thoroughly, and “properties” P1-P13 must be considered assumptions,
not theorems, about numbers. Nevertheless, the term “axiom” has been purposely
avoided, and in this chapter the logical status of P1-P13 will be scrutinized more
carefully,

Like Q and R, the sets N and Z have also remained undefined. True, some
talk about all four was inserted in Chapter 2, but those rough descriptions are far
from a definition. To say, for example, that N consists of 1, 2, 3, etc., merely
names some elements of N without identifying them (and the “etc.” is useless).
The natural numbers can be defined, but the procedure is involved and not quite
pertinent to the rest of the book. The Suggested Reading list contains references
to this problem, as well as to the other steps that are required if one wishes to
develop calculus from its basic logical starting point. The further development
of this program would proceed with the definition of Z, in terms of N, and the
definition of Q in terms of Z. This program results in a certain well-defined
set Q, certain explicitly defined operations + and -, and properties P1-P12 as
theorems. The final step in this program is the construction of R, in terms of Q).
It is this last construction which concerns us. Assuming that @ has been defined,
and that P1-P12 have been proved for Q , we shall ultimately define R and prove all
of P1-P13 for R.

Our intention of proving P1-P13 means that we must define not only real num-
bers, but also addition and multiplication of real numbers. Indeed, the real num-
bers are of interest only as a set together with these operations: how the real
numbers behave with respect to addition and multiplication is crucial; what the
real numbers may actually be is quite irrelevant. This assertion can be expressed in
a meaningful mathematical way, by using the concept of a “field,” which includes
as special cases the three important number systems of this book. This extraordi-
narily important abstraction of modern mathematics incorporates the properties
P1-P9 common to Q, R, and G. A field is a set F (of objects of any sort what-
soever), together with two “binary operations™ 4 and » defined on F (that is, two
rules which associate to elements g and b in F, other elements a4b and a«b in F)
for which the following conditions are satisfied:

(1) @a+b)y+c=a+(b+c) foralla,b,and cin F.
(2) There is some element 0 in F such that
i) a+40=a forallgin F,
(i) for every @ in F, there is some element b in F such that a +b = 0.

571
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(3 a+b=b+a forallaandbinF.
(4) (asb)ec=a-(bec) forala,b,andcinF,
(5) There is some element 1 in F such that 1 # 0 and
() as1=a forallainF,
(ii) For every a in F with a # 0, there is some element b in F such that
aeb=1.

(6) asb=b-a foralgandbin F.
(7Yae(b¥c)=a+b+ta+c foralla b,andcinF.

The familiar examples of fields are, as already indicated, Q, R, and C, with
+ and « being the familiar operations of + and -. It is probably unnecessary to
explain why these are fields, but the explanation is, at any rate, quite brief. When
+ and « are understood to mean the ordinary + and -, the rules (1}, (3}, (4), (6), (7)
are simply restatements of P1, P4, P5, P8, P9; the elements which play the role of 0
and 1 are the numbers 0 and 1 (which accounts for the choice of the symbols 0, 1);
and the number b in (2) or (5) is —a or @™, respectively. (For this reason, in an
arbitrary field F we denote by —a the element such that a 4 (=a) = 0, and by
a~! the element such that a<a™! = 1, for a # 0.)

In addition to Q, R, and C, there are several other fields which can be described
easily. One example is the collection F; of all numbers a + bv/2 for a, b in Q.
The operations 4 and « will, once again, be the usual + and - for real numbers.
It is necessary to point out that these operations really do produce new elements
of Fi:

(@+bvV2)+ (c+dvV2)Y=(@+¢)+ (b +d)vV2, whichisin Fy;
(@+bv2) (c +dv2) = (ac + 2bd) + (bc +ad)v/2, which is in Fy.

Conditions (1), (3), (4), (6}, (7) for a field are obvious for Fi: since these hold for
all real numbers, they certainly hold for all real numbers of the form a + b+/2.
Condition (2) holds because the number 0 = 0+0+/2is in F) and, for @ = a-+b+/2
in Fy the number 8 = (—a) + (=b)v2 in F; satisfies @ + 8 = 0. Similarly,
1=140+v2isin Fi, so (5i) is satisfied. The verification of (5ii) is the only slighty
difficult point. If @ + bv/2 # 0, then

1
a+bJ§' =1;
a+bv2
it is therefore necessary to show that 1/(a + 52 ) is in Fy. This is true because
1 - bv2 —b
= 2z b2 =2 - 7+ 2( )2‘/5'
a+bv2  (@a—bV2)a+bv2) a* -2 a>-2b

(The division by @ — b+/2 is valid because the relation @ — b+/2 = 0 could be true
only if a = b = 0 (since V2 is irrational} which is ruled out by the hypothesis
a+bv24£0)

The next example of a field, F;, is considerably simpler in one respect: it con-
tains only two elements, which we might as well denote by 0 and 1. The operations
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+ and - are described by the following tables.

+ 0 1 . 0 1
0 0 1 0 0 0
1 1 0 1 0 1

The verification of conditions (1}(7) are straightforward, case-by-case checks. For
example, condition (1) may be proved by checking the 8 equations obtained by
setting a, b, ¢ = 0 or 1. Notice that in this field 1 4 1 = 0; this equation may also
be written 1 = =1.

Our final example of a field is rather silly: F3 consists of all pairs (g, a) for a
in R, and 4 and « are defined by

(a,a)+ b, by=(a+b,a+Db),
(@, a)«(b,b)y=1(a-b,a-b).

(The + and - appearing on the right side are ordinary addition and multiplication
for R.) The verification that F; is a field is left to you as a simple exercise.

A detailed investigation of the properties of fields is a study in itself, but for our
purposes, fields provide an ideal framework in which to discuss the properties of
numbers in the most economical way. For example, the consequences of P1-P9
which were derived for “numbers” in Chapter 1 actually hold for any field; in
particular, they are true for the fields Q, R, and G,

Notice that certain common properties of Q, R, and C do not hold for all fields.
For example, it is possible for the equation 1 41 = 0 to hold in some fields, and
consequently a = b = b = a does not necessarily imply that a = b. For the field G
the assertion 141 # 0 was derived from the explicit description of C; for the fields
Q and R, however, this assertion was derived from further properties which do
not have analogues in the conditions for a field. There is a related concept which
does use these properties. An ordered field is a field F (with operations 4 and «)
together with a certain subset P of F (the “positive” elements) with the following
properties:

(8) For all @ in F, one and only one of the following is true:
(i) a =0,
(i} aisin P,
(ii}} =a is in P.
(9) faand barcin P, thena+b1sin P.
(10) If a and b are in P, then g - b is in P,

We have already seen that the field G cannot be made into an ordered field.
The field F;, with only two elements, likewise cannot be made into an ordered
field: in fact, condition (8), applied to 1 = =1, shows that 1 must be in P; then (9)
implies that 1 4+ 1 = 0 is in P, contradicting (8). On the other hand, the field Fj,
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consisting of all numbers a + b+/2 with a,b in Q, certainly can be made into
an ordered field: let P be the set of all @ + b+/2 which are positive real numbers
(in the ordinary sense). The field F3 can also be made into an ordered field; the
description of P is left to you.

It is natural to introduce notation for an arbitrary ordered field which corre-
sponds to that used for Q) and R: we define

a»b if a=bismP,
a<b if b»a,

axb if a<bora=5,
a>b f asbora=5h.

Using these definitions we can reproduce, for an arbitrary ordered field F, the
definitions of Chapter 7:

A set A of elements of F is bounded above if there is some x in F such
that x > a for all @ in A. Any such x is called an upper bound for A. An
element x of F is a least upper bound for A if x is an upper bound for A
and x < y for every y in F which is an upper bound for A.

Finally, it is possible to state an analogue of property P13 for R; this leads to the
last abstraction of this chapter:

A complete ordered field is an ordered field in which every nonempty set
which is bounded above has a least upper bound.

The consideration of fields may seem to have taken us far from the goal of
constructing the real numbers. However, we are now provided with an intelligible
means of formulating this goal. There are two questions which will be answered
in the remaining two chapters:

1. Is there a complete ordered field?
2. Is there only one complete ordered field?

Our starting point for these considerations will be Q, assumed to be an or-
dered field, containing N and Z as certain subsets. At one crucial point it will be
necessary to assume another fact about Q:

Let x be an element of Q with x > 0. Then for any y in Q there is some »n
in N such that nx > y.

This assumption, which asserts that the rational numbers have the Archimedian
property of the real numbers, does not follow from the other properties of an
ordered field (for the example that demonstrates this conclusively see reference [17]
of the Suggested Reading). The important point for us is that when Q is explicitly
constructed, properties P1-P12 appear as theorems, and so does this additional
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assumption; if we really began from the beginning, no assumptions about Q) would
be necessary.

PROBLEMS

1,

4,

Let F be the set {0, 1, 2} and define operations 4 and « on F by the following
tables. (The rule for constructing these tables is as follows: add or multiply
in the usual way, and then subtract the highest possible multiple of 3; thus

2:2=4=3+1,502-2=1)

+ 0 1 2
0 0 1 2
1 1 2 0
2 2 0 1

Show that F is a field, and prove that it cannot be made into an ordered

field.

Suppose now that we try to construct a field F having elements 0, 1,
2, 3 with operations 4 and - defined as in the previous example, by adding
or multiplying in the usual way, and then subtracting the highest possible

multiple of 4. Show that F will ot be a field.

Let F = {0, 1, @, B} and define operations 4 and » on F by the following

tables.
0 1 B
0 1 B
1 0 a
a | B
B o

Show that F is a field.

o B
0 0
« | B
B 1
1 o

(a) Let F be a field in which 1 41 = 0. Show that a 4 a = 0 for all a (this

can also be written a = =—a).

(b) Suppose that a 4+ a = 0 for some a # 0. Show that 141 = 0 (and

consequently b 4 b = 0 for all b).
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10.

(a) Show that in any field we have

-y

A+ DA+ +D=14--+1
m tivmes n tiInes mn times
for all natural numbers m and n.
(b} Suppose that in the field F we have
l14---4+1=0
[
m times

for some natural number m. Show that the smallest m with this property
must be a prime number (this prime number is called the characteristic
of F).

Let F be any field with only finitely many elements.
{(a}) Show that there must be distinct natural numbers m and n with

!+...+];=!+...+!_

m times n times

(by Conclude that there is some natural number k with

14.---4+1=0.
— —
k times
Let a, b, ¢, and d be elements of a field F with a«d = b+ ¢ % 0. Show that
the equations

a'x+bey=a,
cextdey=5,

can be solved for x and y.

Let a be an element of a field F. A “square root” of g is an element b of F
with b2 =b+b=a.

(a) How many square roots does 0 have?
(b} Suppose @ # 0. Show that if @ has a square root, then it has two square
roots, unless 1 41 = 0, in which case a has only one.

(a) Consider an equation x2 + b « x 4 ¢ = 0, where b and c are elements of
a field F. Suppose that b> = 4 « ¢ has a square root  in F. Show that
(=b 4 r)[2 is a solution of this equation.

(b) In the field F> of the text, both elements clearly have a square root.
On the other hand, it is easy to check that neither element satisfies the
equation x2 4 x +1 = 0. Thus some detail in part (a) must be incorrect.
What is it?

Let F be a field and a an element of F which does not have a square root.
This problem shows how to construct a bigger field F’, containing F, in
which a does have a square root. (This construction has already been carried
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through in a special case, namely, F = R and a = —1; this special case should
guide you through this example.)

Let F’ consist of all pairs (x, y) with x and y in F. If the operations on F
are + and +, define operations @ and ® on F’ as follows:

x. D@, w)=x+z,y+w),
x»NOo@w=xz4ay w,yoz+xw).

{(a) Prove that F’, with the operations & and @, is a field.
{b) Prove that

x,08».0)=(x+y0),
x.00(0)=(x-y,0),

so that we may agree to abbreviate (x, 0) by x.
(c) Find a square root of a = (a, 0) in F’.

11. Let F be the set of all four-tuples (w, x, v, 7} of real numbers. Define 4+ and -

by

(s, i, v+ (w,x,y,2)=G+w,t+x,u+y,v+2),
(s.t,u,v)e(w,x,y,2) = (W —1tx —uy — vz, sx +tw+uz — vy,
sy +uw + vx — tz, 57 + vw + ty — ux).

(a) Show that F satisfies all conditions for a field, except (6). At times the
algebra will become quite ornate, but the existence of multiplicative in-
verses is the only point requiring any thought.

(b) It is customary to denote

(0,1,0,0) by i,
(0.0,1,0) by j,
(©,0,0,1) by .

Find all 9 products of pairs i, j, and k. The results will show in particular
that condition (6) is definitely false. This “skew field” F is known as the

quaternions,
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CHAPTER REAL NUMBERS

The mass of drudgery which this chapter necessarily contains is relieved by one
truly first-rate idea. In order to prove that a complete ordered field exists we will
have to explicitly describe one in detail; verifying conditions (1){10) for an ordered
field will be a straightforward ordeal, but the description of the field itself, of the
elements in it, is ingenious indeed.

At our disposal is the set of rational numbers, and from this raw material it is
necessary to produce the field which will ultimately be called the real numbers.
To the uninitiated this must seem utterly hopeless—if only the rational numbers
are known, where are the others to come from? By now we have had enough
experience to realize that the situation may not be quite so hopeless as that casual
consideration suggests. The strategy to be adopted in our construction has already
been used effectively for defining functions and complex numbers. Instead of
trying to determine the “real nature” of these concepts, we settled for a definition
that described enough about them to determine their mathematical properties
completely.

A similar proposal for defining real numbers requires a description of real num-
bers in terms of rational numbers. The observation, that a real number ought to
be determined completely by the set of rational numbers less than it, suggests a
strikingly simple and quite attractive possibility: a real number might (and in fact
eventually will} be described as a collection of rational numbers. In order to make
this proposal effective, however, some means must be found for describing “the
set of rational numbers less than a real number” without mentioning real num-
bers, which are still nothing more than heuristic figments of our mathematical
imagination,

If A is to be regarded as the set of rational numbers which are less than the
real number «, then A ought to have the following property: If x isin A and y
is a rational number satisfying y < x, then y is in A. In addition to this property,
the set A should have a few others. Since there should be some rational number
x < «a, the set A should not be empty. Likewise, since there should be some
rational number x > ¢, the set A should not be all of Q. Finally, if x < «, then
there should be another rational number y with x < v < @, so A should not
contain a greatest member.

If we temporarily regard the real numbers as known, then it i1s not hard to
check (Problem 8-17) that a set A with these properties is indeed the set of rational
numbers less than some real number a. Since the real numbers are presently
in limbo, your proof, if you supply one, must be regarded only as an unofficial
comment on these proceedings. It will serve to convince you, however, that we
have not failed to notice any crucial property of the set A. There appears to be
no reason for hesitating any longer.

578



DEFINITION

29. Construction of the Real Numbers 579

A real number is a set ¢, of rational numbers, with the following four proper-
ties:

(1) If x is in & and y is a rational number with y < x, then y is also in a.

(2) a #0.

B artQ.

(4) There is no greatest element in ¢; in other words, if x is in a, then there
is some y in @ with y > x.

The set of all real numbers is denoted by R.

Just to remind you of the philosophy behind our definition, here is an explicit
example of a real number:

a={xinQ_:x<Oorx2<2}.

It should be clear that « is the real number which will eventually be known as v/2,
but it is not an entirely trivial exercise to show that e actually is a real number.
The whole point of such an exercise is to prove this using only facts about Q;
the hard part will be checking condition (4}, but this has already appeared as a
problem in a previous chapter (finding out which one is up to you). Notice that
condition (4}, although quite bothersome here, is really essential in order to avoid
ambiguity; without it both
fxinQ :x < 1}

and
fxinQ :x <1}

would be candidates for the “real number 1.”

The shift from A to @ in our definition indicates both a conceptual and a no-
tational concern. Henceforth, a real number &5, by definition, a set of rational
numbers. This means, in particular, that a rational number (a member of Q)
is not a real number; instead every rational number x has a natural counterpart
which is a real number, namely, {y in Q : y < x}. After completing the construc-
tion of the real numbers, we can mentally throw away the elements of Q and
agree that Q will henceforth denote these special sets. For the moment, however,
it will be necessary to work at the same time with rational numbers, real numbers
{sets of rational numbers) and even sets of real numbers (sets of sets of rational
numbers). Some confusion is perhaps inevitable, but proper notation should keep
this to a minimum. Rational numbers will be denoted by lower case Roman letters
{x, ¥, 2, a, b, ¢) and real numbers by lower case Greek letters («, 8, y); capital
Roman letters (A, B, C) will be used to denote sets of real numbers.

The remainder of this chapter is devoted to the definition of +, +, and P for R,
and a proof that with these structures R is indeed a complete ordered field.

We shall actually begin with the definition of P, and even here we shall work
backwards. We first define o < B; later, when 4, -, and 0 are available, we shall
define P as the set of all @ with 0 < «, and prove the necessary properties for P,
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THEQOREM

PROOF

The reason for beginning with the definition of < is the simplicity of this concept
in our present setup:

Definition. If a and B are real numbers, then @ < § means that a is contained in 8
(that is, every element of « is also an element of B), but @ # 8.

A repetition of the definitions of =, », > would be stultifying, but it is interesting
to note that < can now be expressed more simply than <; if « and B are real
numbers, then ¢ < 8 if and only if « is contained in §.

If A is a bounded collection of real numbers, it is almost obvious that A should
have a least upper bound. Each « in A is a collection of rational numbers; if these
rational numbers are all put in one collection B, then B is presumably sup A. In
the proof of the following theorem we check all the little details which have not
been mentioned, not least of which is the assertion that g is a real number. (We
will not bother numbering theorems in this chapter, since they all add up to one
big Theorem: There is a complete ordered field.)

If A is a set of real numbers and A # @ and A is bounded above, then A has a
least upper bound.

Let 8 = {x : xisin some & in A}. Then B is certainly a collection of rational
numbers; the proof that 8 is a real number requires checking four facts.

(1) Suppose that x is in 8 and y < x. The first condition means that x is in &
for some o in A. Since « is a real number, the assumption y < x implies
that y is in @. Therefore it is certainly true that y is in B.

(2) Since A # @, there is some a in A. Since « is a real number, there is some
x in @. This means that x isin 8, s0o 8 # @.

(3) Since A is bounded above, there is some real number y such that o <y for
every a in A. Since y is a real number, there is some rational number x
which is not in . Now @ < ¥ means that « is contained in y, so it is also
true that x is not in « for any @ in A. This means that x is not in B; so
B#Q.

(4) Suppose that x is in . Then x is in & for some a in A. Since o does not
have a greatest member, there is some rational number y with x < y and y
in &, But this means that y is in 8; thus 8 does not have a greatest member.

‘These four observations prove that g is a real number. The proof that 8 is the
least upper bound of A is easier. If « is in A, then clearly o is contained in g; this
means that ¢ < B, so B is an upper bound for A. On the other hand, if ¥ is an
upper bound for A, then « < y for every « in A; this means that @ is contained
in y, for every « in A, and this surely implies that 8 is contained in y. This, in
turn, means that g < y; thus 8 is the least upper bound of A. |

The definition of 4 is both obvious and easy, but is must be complemented with
a proof that this “obvious” definition makes any sense at all.
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Defiation. If & and B are real numbers, then

a4+ p={x:x=y+zforsome yina and some z in B}.

If @ and B are real numbers, then « + 8 is a real number.

Once again four facts must be verified.

(1) Suppose w < x for some x in a # 8. Then x = y + z for some y in & and
some Z in B, which means that w < y + z, and consequently, w — y < z.
This shows that w —y is in § (since z is in B, and B is a real number). Since
w=1y+ (w—y), it follows that w is in o 4 8.

(2) Itis clear that o 4 8 # 0, since @ # @ and 8 # 0.

(3) Since @ # Q and B # Q, there are rational numbers a and b with a
not in @ and b not in 8. Any x in « satisfies x < a (for if a < x, then
condition (1) for a real number would imply that 4 is in ); similarly any y
in B satisfies y < b. Thusx +y < a + b for any x in ¢ and y in 8. This
showsthata+bisnotina+8,sox+8#Q.

4 Ifxisina+pB,thenx =y+zfor yinea and z1n 8. There are y in &
andz’ in Bwithy <y andz <z;thenx <y +z and y +7 isin a4 8.
Thus « 4 g has no greatest member. |

By now you can see how tiresome this whole procedure is going to be. Every time
we mention a new real number, we must prove that it 25 a real number; this requires
checking four conditions, and even when trivial they require concentration. There
is really no help for this (except that it will be less boring if you check the four
conditions for yourself}). Fortunately, however, a few points of interest will arise
now and then, and some of our theorems will be easy. In particular, two properties
of + present no problems.

If @, 8, and y are real numbers, then (@ +8)+y =a + (B + y).

Since (x + y}+ 2z = x+ (¥ +2) for all rational numbers x, y, and z, every member
of (o + B) + y is also a member of « + (8 + y), and vice versa. |J

If « and B are real numbers, thena +8 =8 +a.
Left to you (even easier). I

To prove the other properties of 4 we first define 0.
Defimition. 0 ={x in Q : x < O}

It is, thank goodness, obvious that 0 is a real number, and the following theorem
is also simple.
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If « is a real number, then a +0 = .

If xisineand yisin 0, then y < 0, so x +y < x. This implies that x + y is in ¢.
Thus every member of a 4 0 is also a member of a.

On the other hand, if x is in «, then there is a rational number y in o such that
y>x, Sincex=y+(x—y),whereyisina,andx —y <0 (sothat x — y is
in 0), this shows that x is in « 4 0. Thus every member of « is also a member
of a+0.]

The reasonable candidate for =a would seem to be the set
{x in Q : —x is not in «}

(since —x not in @ means, intuitively, that —x > a, so that x < —e). But in certain
cases this set will not even be a real number. Although a real number o does not
have a greatest member, the set

Q-—-o={xinQ :xisnotin a}

may have a least element xp; when « is a real number of this kind, the set
{x : —x is not in o} will have a greatest element —xp. It is therefore necessary to
introduce a slight modification into the definition of =a, which comes equipped
with a theorem.

Definition. If « is a real number, then

=a ={xin Q : —x is not in @, but — x is not the least element of Q — a}.

If @ is a real number, then —a is a real number.

(1) Suppose that x is in = and y < x. Then —y > —x. Since —x is not in o,
it is also true that —y is not in . Moreover, it is clear that —y is not the
smallest element of Q — e, since —x 1s a smaller element. This shows that
y 15 in =q.

(2) Since a # Q, there is some rational number y which is not in . We can
assume that y is not the smallest rational number in Q — a (since y can
always be replaced by any y’ > y). Then —y is in =@. Thus =« # .

(3) Since o # @, there is some x in @. Then —x cannot possibly be in —a, so
- #Q.

(4) If x is in —c, then —x is not in «, and there is a rational number y < —x
which is also not in «. Let z be a rational number with y < z < —x. Then
z is also not in «, and z is clearly not the smallest element of Q — a. So
—z 18 In =¢. Since —z > x, this shows that —a does not have a greatest
element. f|

The proof that a + (=a) = 0 is not entirely straightforward. The difficulties
are not caused, as you might presume, by the finicky details in the definition
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of =a. Rather, at this point we require the Archimedian property of Q stated on
page 574, which does not follow from P1-P12. This property is needed to prove
the following lemma, which plays a crucial role in the next theorem.

Let @ be a real number, and z a positive rational number. Then there are (Figure 1)
rational numbers x in @, and y not in a, such that y — x = z. Moreover, we may
assume that y is not the smallest element of Q — a.

Suppose first that z is in ¢. If the numbers
2,2z2,3z, ...

were all in a, then every rational number would be in @, since every rational num-
ber w satisfies w < nz for some n, by the additional assumption on page 574. This
contradicts the fact that @ is a real number, so there is some k such that x = kz is
inaand y = (k+ 1)z isnotin &. Clearly y —x = z.

Moreover, if y happens to be the smallest element of Q — a, let x’ > x be an
element of e, and replace x by x, and y by y + (x' — x).

If z is not in «, there is a similar proof, based on the fact that the numbers (—n)z
cannot all fail to be in a. ||

Z
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FIGURE 1
If o 15 a real number, then
a+(—a)=0.

Suppose x is in @ and y is in —a¢. Then —y is not in @, so —y > x. Hence
x+y <0,s0x+yisin 0. Thus every member of « 4 (=) is in 0.

It is a little more difficult to go in the other direction. If z is in 0, then —z > 0.
According to the lemma, there is some x in @, and some y not in &, with y not the
smallest element of Q — «, such that y — x = —z. This equation can be written
x4+ (—y) = z. Since x is in @, and —y 15 in =, this proves that z is in & + (=a). I

Before proceeding with multiplication, we define the “positive elements” and
prove a basic property:

Definition. P={a in R:a > 0}.

Notice that « 4 8 is clearly in P if « and B are.
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If « is a real number, then one and only one of the following conditions holds:

6) a=0,
(ii) @ is in P,
(iii) —c is in P.

If & contains any positive rational number, then e certainly contains all negative
rational numbers, so o contains 0 and « # 0, i.e., ¢ is in P. If @ contains no
positive rational numbers, then one of two possibilities must hold:

(1) @ contains all negative rational numbers; then o = 0.

(2) there is some negative rational number x which is not in &; it can be as-
sumed that x is not the least element of Q) — & (since x could be replaced
by x/2 > x); then —« contains the positive rational number —x, so, as we
have just proved, —a is in P.

This shows that at least one of (i}-(iii) must hold. If & = 0, it is clearly impossible
for condition (ii) or (iii) to hold. Moreover, it is impossible that o > 0 and =ca > 0
both hold, since this would imply that 0 = o 4 (=a) > 0. ||

Recall that & » B was defined to mean that a contains 8, but is unequal to 8.
This definition was fine for proving completeness, but now we have to show that
it is equivalent to the definition which would be made in terms of P. Thus, we
must show that o = # » 0 is equivalent to a » 8. This is clearly a consequence of
the next theorem.

If a, B, and ¥ are real numbers and a > S, thena +y > 8 + y.

The hypothesis & > g implies that g is contained in @; it follows immediately from
the definition of <+ that 84y is contained in @ 4¥. This shows that a4y > 8+7y.
We can easily rule out the possibility of equality, for if

at+y=0+y,

then
a=@+y)+(=)=B+y)+(-y) =8,

which is false, Thusa 4y > 8+ y. |

Multiplication presents difficulties of its own. If «, 8 » 0, then a « 8 can be
defined as follows.

Definition. If « and B are real numbers and «, 8 > 0, then

a+f={z:7<0o0rz=x-yforsome x ina and y in § with x, y > 0}.

If @ and B are real numbers with &, 8 » 0, then « - 8 is a real number.
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PROOF  As usual, we must check four conditions.

(1) Suppose w < z, where zisin ¢« 8. If w < 0, then w is automatically
in a « 8. Suppose that w > 0. Then z > 0, so z = x - y for some positive x
in o and positive y in 8. Now

wz  wxy (w )
W= —=—>=—={—-x]-¥y.
Z 4 ¥4

Since0 < w<z,wehave w/z < 1,50 (w/z)-xisina. Thuiswisina.p.

(2) Clearly a+ B # 4.

(3) If x is not in o, and y is not in B, then x > x' for all x" in &, and y > ¥
for all ¥ in 8. Hence xy > x’y’ for all such positive x’ and y’. So xy is not
ina-B;thusa-8+#Q.

(4) Suppose w is in @ « B, and w < 0. There is some x in @ with x > 0 and
some y in 8 with y > 0. Then z = xy i1s in o » 8 and z > w. Now suppose
w > 0. Then w = xy for some positive x in & and some positive y in 8.
Moreover, a contains some x’ > x; if z = x’y, then z > xy = w, and z is
in @« B. Thus a « 8 does not have a greatest element. |

Notice that @ » 8 is clearly in P if & and 8 are. This completes the verification
of all properties of P. To complete the definition of « we first define ja|.

Definition. If « is a real number, then

o, fa>0
-, ifa<O.

|a|={

Definition. If a and B are real numbers, then

0, fa=0o0rg=0
asf=1q lal-18l ifa>0,>00ra<0,8<0
=(la}s 18D, fa>0,B<0ora«<0,5>0.

As one might suspect, the proofs of the properties of multiplication usually in-
volve reduction to the case of positive numbers.

THEOREM If «, B, and y are real numbers, thena« (Bey) = (- 8) - y.

PROOF  This is clear if «, 8, ¥ » 0. The proof for the general case requires considering
separate cases (and is simplified slightly if one uses the following theorem). [

THEOREM If o and $ are real numbers, thena« 8 = s .
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This is clear if @, 8 > 0, and the other cases are easily checked. ||

Definition. 1 = {xinQ : x < 1}.

(It is clear that 1 is a real number.)
If @ is a real number, then @+1 = ¢.

Let a»0. It is easy to see that every member of «+1 is also a member of a. On the
other hand, suppose x is in @. If x <0, then x is automatically in «-1. If x > 0,
then there is some rational number y in « such that x < y. Then x = y - (x/y),
and x/yisin 1, s0 x is in & « 1, This proves that ¢« 1 = if a > 0.

If @ <0, then, applying the result just proved, we have

@+l ==(la|11]) = =(la]) = .

Finally, the theorem is obvious when e = 0. ||

Definition. If a is a real number and « > 0, then
al={xinQ :x <0,or x> 0and 1/x is not in @, but 1/x is not the smallest
member of Q — a};

if @ <0, then &~ = =)~

1

If « is a real number unequal to 0, then ™" is a real number.

Clearly it suffices to consider only « » 0. Four conditions must be checked.

(1) Suppose y < x,and x is ina~!. If y <0, then y isin ¢~!. If y > 0, then
x > 0,s0 1/x is not in @, Since 1/y > 1/x, it follows that 1/y 1s not in @,
and 1/y is clearly not the smallest element of Q — @, so y is in ol

(2) Clearly @~ £ @.

(3) Since a » 0, there is some positive rational number x in @. Then 1/x is not
ina™l,s0a! £Q.

(4) Suppose x is in o1, If x < O, there is clearly some y in &~! with y > x
because ¢~! contains some positive rationals. If x > 0, then 1/x is not in e.
Since 1/x is not the smallest member of Q — «, there 1s a rational number
y not in a, with y < 1/x. Choose a rational number z with y < z < 1/x.
Then 1/z is in @, and 1/z > x. Thus a~! does not contain a largest

member.

In order to prove that ™! is really the multiplicative inverse of «, it helps to
have another lemma, which is the multiplicative analogue of our first lemma.

Let « be a real number with @ » 0, and z a rational number with z > 1. Then
there are rational numbers x in «, and y not in «, such that y/x = z. Moreover,
we can assume that y is not the least element of Q — a.
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Suppose first that z is in &, Since z — 1 > 0 and
Z=0+z-1))'z21+niz-1),

it follows that the numbers
.28, 2°

cannot all be in a. So there is some & such that x = z* isin &, and y = z**! is not

in . Clearly y/x = z. Moreover, if y happens to be the least element of Q — «,
let x’ > x be an element of «, and replace x by x” and y by yx'/x.

If z is not in «, there is a similar proof, based on the fact that the numbers 1/z*
cannot all fail to be in . |J

If « is a real number and o # 0, then @ e~ =1.

It obviously suffices to consider only & » 0, in which case a~! » 0. Suppose that
x is a positive rational number in @, and y is a positive rational number in a1,
Then 1/y is not in &, so 1/y > x; consequently xy < 1, which means that xy is
in 1. Since all rational numbers x < 0 are also in 1, this shows that every member
of ra~lisin 1.

To prove the converse assertion, let z be in 1. If z < 0, then clearly z is in
«-a~), Suppose 0 < z < 1. According to the lemnma, there are positive rational
numbers x in a, and y not in ¢, such that y/x = 1/z; and we can assume that y
is not the smallest element of Q — . But this means that z = x - (1/y), where x

is in @, and 1/y is in @~!. Consequently, z is in @ sz, ||

We are almost done! Only the proof of the distributive law remains, Once again
we must consider many cases, but do not despair. The case when all numbers are
positive contains an interesting point, and the other cases can all be taken care of
very neatly.

If o, B, and y are real numbers, then ¢ (B+y)=a+B+a-y.

Assume first that @, 8, y > 0. Then both numbers in the equation contain all
rational numbers < 0. A positive rational number in a « (8 4 y) is of the form
x-(y+z)for positive x na@, yin 8,and zin y. Sincex - (y +2) =x-y+x - z,
where x - y is a positive element of « - 8, and x - z is a positive element of & -y,
this number is also in o+ 8 4 @ « y. Thus, every element of o« (8 4 y) is also in
aefdaey.

On the other hand, a positive rational number in @ « 8 4 & « ¥ is of the form
x1 -y + x2 -z for positive x1,x2 in &, y in B, and z in y. If x; < x3, then
(x1/x2) - ¥y < y,s0 (x1/x2) -y isin B. Thus

x1-y+x2-z=x2[(x1/x2)y +2)

isin @+ (8 + y). Of course, the same trick works if x3 < xj.
To complete the proof it is necessary to consider the cases when «, 8, and y
are not all » 0. If any one of the three equals 0, the proof is easy and the cases
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involving & < 0 can be derived immediately once all the possibilities for 8 and y
have been accounted for. Thus we assume a >0 and consider three cases: 8, y <0,
and B <0,y >0, and 8> 0, y <0. The first follows immediately from the case
already proved, and the third follows from the second by interchanging g and y.
Therefore we concentrate on the case 8 <0, y »0. There are then two possibilities:

(1)B4+y 20 Then
asy=as([B+y]+IB) =a-B+y)+a-lBl
S0

as(B+y)=—(@-|f)+a-y
=a.ﬁ+a.y,

(2) B4y <0. Then
a-lBl=a-(18+yI+y)=a-lB+yI+a-y,

S0
as(B+y)==(@-18+yD ==(@-1f) +a-y =a-f4a-y.1

This proof completes the work of the chapter. Although long and frequently
tedious, this chapter contains results sufficiently important to be read in detail at
least once {and preferably not more than once!). For the first time we know that we
have not been operating in a vacuum-—-there is indeed a complete ordered field, the
theorems of this book are not based on assumptions which can never be realized.
One interesting and horrid possibility remains: there may be several complete
ordered fields. If this is true, then the theorems of calculus are unexpectedly rich
in content, but the properties P1-P13 are disappointingly incomplete. The last
chapter disposes of this possibility; properties P1-P13 completely characterize the
real numbers—anything that can be proved about real numbers can be proved on
the basis of these properties alone.

PROBLEMS

There are only two problems in this set, but each asks for an entirely different
construction of the real numbers! The detailed examination of another construc-
tion is recommended only for masochists, but the main idea behind these other
constructions is worth knowing. The real numbers constructed in this chapter
might be called “the algebraist’s real numbers,” since they were purposely defined
s0 as to guarantee the least upper bound property, which involves the ordering <,
an algebraic notion. The real number system constructed in the next problem
might be called “the analyst’s real numbers,” since they are devised so that Cauchy
sequences will always converge.

1. Since every real number ought to be the limit of some Cauchy sequence
of rational numbers, we might try to dgfine a real number to be a Cauchy
sequence of rational numbers. Since two Cauchy sequences might converge
to the same real number, however, this proposal requires some modifications.
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(a) Define two Cauchy sequences of rational numbers {a,} and {b,} to be
equivalent (denoted by {a,} ~ {(ba)) if n]ilrgo(a,, —~ by) = 0. Prove that
{as} ~ {aa}, that {b,} ~ {a,} if {a@.} ~ {bs}, and that {a,} ~ {c,} if
{@n} ~ {bn} and {b,} ~ {ca}.

{(b) Suppose that o is the set of all sequences equivalent to {a,}, and 8 is the
set of all sequences equivalent to {b,}. Prove that either e N g = @ or
a = . (If N B # B, then there is some {c,} in both & and 8. Show that
in this case a and B both consist precisely of those sequences equivalent
to {ca}.)

Part (b) shows that the collection of all Cauchy sequences can be split up
into disjoint sets, each set consisting of all sequences equivalent to some
fixed sequence. We define a real number to be such a collection, and
denote the set of all real numbers by R.

(¢} If @ and B are real numbers, let {a,} be a sequence in @, and {,} a
sequence in 8. Define ¢ + B to be the collection of all sequences equiva-
lent to the sequence {a, +b,}. Show that {a, + b,) 1s a Cauchy sequence
and also show that this definition does not depend on the particular se-
quences {a,} and {b,} chosen for & and B. Check also that the analogous
definition of multiplication is well defined.

(d) Show that R is a field with these operations; existence of a multiplicative
inverse is the only interesting point to check.

(e) Define the positive real numbers P so that R will be an ordered field.

(f) Prove that every Cauchy sequence of real numbers converges. Remem-
ber that if {a,} is a sequence of real numbers, then each a, is itself a
collection of Cauchy sequences of rational numbers.

This problem outlines a construction of “the high-school student’s real num-
bers.” We define a real number to be a pair (a, {b,}), where a is an inte-
ger and {b,} is a sequence of natural numbers from 0 to 9, with the pro-
viso that the sequence is not eventually 9; intuitively, this pair represents

o0
a-+ Zb,, 107", With this definition, a real number is a very concrete ob-
n=1
ject, but the difficulties involved in defining addition and multiplication are
formidable (how do you add infinite decimals without worrying about car-
rying digits infinitely far out?). A reasonable approach is outlined below; the
trick is to use least upper bounds right from the start.

(a) Define (a, {b,}) < (c,{dy}) if a < ¢, or if a = ¢ and for some n we have
b, < d, but b; = d; for 1 < j < n. Using this definition, prove the least
upper bound property.

k
(b) Given ¢ = (a, {b,)}), define o = a + Eb,.lO*"; intuitively, o is the
=1

rational number obtained by changing all decimal places afier the kth
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k
to 0. Conversely, given a rational number r of the form g + Zb,,lO_",
n=1
let v’ denote the real number (a, {b,')), where b,’ = b, for 1 <n <k
and b, =0 for n > k. Now for a = (a, {b,}) and 8 = (¢, {d,}) define

o + = sup{(ax + Bi)’ : k a natural number}

(the least upper bound exists by part (a)). If multiplication is defined
similarly, then the verification of all conditions for a field is a straight-
forward task, not highly recommended. Once more, however, existence
of multiplicative inverses will be the hardest.



CHAPTER 3 O UNIQUENESS OF THE REAL NUMBERS

We shall now revert to the usual notation for real numbers, reserving boldface
symbols for other fields which may turn up. Moreover, we will regard integers and
rational numbers as special kinds of real numbers, and forget about the specific
way in which real numbers were defined. In this chapter we are interested in only
one question: are there any complete ordered fields other than R? The answer
to this question, if taken literally, is “yes.” For example, the field F3 introduced in
Chapter 28 is a complete ordered field, and it is certainly not R. This field is a
“silly” example because the pair (a, a) can be regarded as just another name for
the real number a; the operations

(a.a) = (b,b)y=(a+b,a + b),
(a,a)-(b,b)=(a-b,a-b),

are consistent with this renaming. This sort of example shows that any intelligent
consideration of the question requires some mathematical means of discussing such
renaming procedures.

If the elements of a field F are going to be used to rename elements of R, then
for each a in R there should correspond a “name” f(a) in F. The notation f(a)
suggests that renaming can be formulated in terms of functions. In order to do
this we will need a concept of function much more general than any which has
occurred until now; in fact, we will require the most general notion of “function”
used in mathematics. A function, in this general sense, 1s simply a rule which
assigns to some things, other things. To be formal, a function is a collection of
ordered pairs (of objects of any sort) which does not contain two distinct pairs with
the same first element. The domain of a function f is the set A of all objects a
such that (a, b) is in f for some b; this (unique) b is denoted by f(a). If f(a) is
in the set B for all a in A, then f is called a function from A to B. For example,

if f(x) =sinx for all x in R (and f is defined only for x in R), then f isa
function from R to R; it is also a function from R to [—1, 1];

if f(z) =sinz for all z in G, then f is a function from C to G;

if f(z) = €* for all z in C, then f is a function from G to G; it is also a
function from C to {z in C: z # 0};

fisafunctionfrom{zinC:z#0}to{xinR:0 <x < 2n};

if f is the collection of all pairs (a, (a,a)) for a in R, then f is a function
from R to F;.

591
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Suppose that F| and F; are two fields; we will denote the operations in F; by
®, O, etc., and the operations in F> by +, «, etc. If F; is going to be considered
as a collection of new names for elements of Fj, then there should be a function
from F| to Fp with the following properties:

(1) The function f should be one-one, that is, if x # y, then we should have
Fx) # f(y); this means that no two elements of F; have the same name,

(2) The function f should be “onto,” that is, for every element z in F» there
should be some x in F; such that z = f(x); this means that every element
of F3 is used to name some element of Fj.

(3) For all x and y in F; we should have

Ffx®y)=fx)+ f(),
fxOy)=fx)f(y);

this means that the renaming procedure is consistent with the operations of
the field.

If we are also considering F; and F; as ordered fields, we add one more re-
quirement:

@ If x @y, then f(x) < f(¥).

A function with these properties is called an isomorphism from Fy to F,. This
definition is so important that we restate it formally.

DEFINITION If Fi and F; are two fields, an isomorphism from F; to F; is a function f
from Fi to F> with the following properties:

(1) If x # y, then f(x) # f(y).
(2) If z is in F5, then z = f{x) for some x in Fj.
(3) If x and y are in Fj, then

fx®y)=fx)+ ),
f(xOy)=f(x) f(y).

If Fi and F; are ordered fields we also require:
4) If x @y, then f(x) < f(¥).

The fields F1 and F; are called isomorphic if there is an isomorphism between
them. Isomorphic fields may be regarded as essentially the same—any important
property of one will automatically hold for the other. Therefore, we can, and
should, reformulate the question asked at the beginning of the chapter; if F is a
complete ordered field it is silly to expect F to equal R—rather, we would like to
know if F is isomorphic to R. In the following theorem, F will be a field, with
operations 4 and «, and “positive elements” P; we write a < b to mean that b—a
is in P, and so forth.
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If F is a complete ordered field, then F is isomorphic to R.

Since two fields are defined to be isomorphic if there is an isomorphism between
them, we must actually construct a function f from R to F which is an isomor-
phism. We begin by defining f on the integers as follows:

fQO) =0,
fy=14...41 forn > 0,
n times
fir)==(14...41) forn < 0.
Se— e’

|n| times

It is easy to check that

fm+n)= f(m)+ f(n),
fim. n)= f(m)s f(n),

for all integers m and #n, and it 18 convenient to denote f(n) by n. We then
define f on the rational numbers by

fim/ny=mfn=mn"!

(notice that the n-fold sum 14--- 41 # 0if n > 0, since F is an ordered field).
This definition makes sense because if m/n = k/1, then m! = nk, so msl = k+n, so
maen~! =k«I"\. Itis easy to check that

fri+r2) = fr1)+ f(r),
flr1-r2) = f(r1) « f(r2),

for all rational numbers r| and r2, and that f(r1) < f(r)if r1 < r.

The definition of f(x) for arbitrary x is based on the now familiar idea that
any real number is determined by the rational numbers less than it. For any x
in R, let A, be the subset of F consisting of all f(r), for all rational numbers
r < x. The set A, is certainly not empty, and it is also bounded above, for if ry
is a rational number with rg > x, then f(g) > f(r) for all f(r) in A;. Since F
is a complete ordered field, the set A has a least upper bound; we define f(x) as
sup Ax.

We now have f(x) defined in two different ways, first for rational x, and then for
any x. Before proceeding further, it is necessary to show that these two definitions
agree for rational x. In other words, if x is a rational number, we want to show
that

sup Ay = f(x),
where f(x) here denotes mfn, for x = m/n. This is not automatic, but depends

on the completeness of F; a slight digression is thus required.
Since F is complete, the elements

14+...+1 for natural numbers n
(. E

n times
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form a set which is not bounded above; the proof is exactly the same as the proof
for R {Theorem 8-2). The consequences of this fact for R have exact analogues
in F: in particular, if @ and b are elements of F with a <b, then there is a rational
number r such that

a< f(r)<b.

Having made this observation, we return to the proof that the two definitions
of f(x} agree for rational x. If y is a rational number with ¥ < x, then we have
already seen that f(y) < f(x). Thus every element of A, is < f(x). Consequently,

sup A; < f(x).
On the other hand, suppose that we had
sup Ay < f(x).
Then there would be a rational number r such that
supA; < f(r) < f(x).

But the condition f(r) < f(x) means that r < x, which means that f(r) is in the
set A,; this clearly contradicts the condition sup A, < f(r). This shows that the
original assumption is false, so

sup A, = f(x).

We thus have a certain well-defined function f from R to F. In order to show
that f is an isomorphism we must verify conditions (1}-(4)} of the definition. We
will begin with (4).

If x and y are real numbers with x < y, then clearly A, is contained in A,.
Thus

f(x) =sup A, <sup Ay = ().

To rule out the possibility of equality, notice that there are rational numbers r
and s with
x<r<s<y.

We know that f(r) < f(s). It follows that
fYS f) < f5) < FO).

This proves (4).

Condition (1) follows immediately from (4): If x # y, then either x < y or
y < x; in the first case f(x) < f(¥), and in the second case f(y) < f(x); in either
case f(x) # f(y).

To prove (2), let a be an element of F, and let B be the set of all rational
numbers r with f(r) < a. The set B is not empty, and it is also bounded above,
because there is a rational number s with f(s) » a, so that f(s)» f(r) for 7 in B,
which implies that s > r. Let x be the least upper bound of B; we claim that
f(x) = a. In order to prove this it suffices to eliminate the alternatives

f(x)<a,
a < f(x).
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In the first case there would be a rational number r with

fx) 