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Preface

Many college students take a couple of courses in calculus. Afterwards, they either
(i) take no more calculus, (ii) take calculus of several variables, or (iii) take real
analysis. This book offers another option, not exclusive from options (ii) or (iii).

In the first two college calculus courses, much attention is given (naturally) to
preparing students for things to come. But typically there is little time devoted to
appreciating the bigger picture or for generally admiring the scenery. Many of the
most appealing aspects of the subject are often left for students to pick up on their
own. Unfortunately, however, students seldom do so.

I have taught undergraduate real analysis and graduate real analysis for teachers
for over 15 years. These courses have evolved in a direction which attempts to
address these concerns, and this book is a product of the evolution. The main goal
is to see how beautifully things fit together, while admiring the scenery along the
way. There are a lot of things in this book that experts in real and classical analysis
already know; part of the idea here is that there is no reason why a good calculus
student should not know them as well.

The book could be used as a text for a third course in calculus of a single
real variable, as a supplementary text for a first course in real analysis, or as
a reference for anyone who teaches calculus. The book is almost entirely self-
contained, but readers would be best to have already taken the equivalent of two
one-semester courses in single variable calculus. Some familiarity with sequences
and some experience with proofs would be beneficial, though not entirely necessary.

I have presented ideas in a manner which emphasizes breadth as much as depth.
Throughout the text and in the exercises, alternative approaches to many topics are
taken. Such explorations are frequently more meaningful than simply aiming for
generalization. Indeed, different arguments offer different insights. But whenever I
have diverged from what is customary, I have given the usual treatments their due
attention.

Many of the methods, examples, and exercises in the text are adapted from papers
in the recent mathematics literature, chiefly: The American Mathematical Monthly,
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viii Preface

The College Mathematics Journal, Mathematics Magazine, The Mathematical
Gazette, and the International Journal of Mathematics and Mathematical Sciences
in Education and Technology. 1 hope that readers will be encouraged to read these
and other mathematics journals. At the very least, they will find therein solutions to
many of the exercises.

I have also tried to emphasize pattern: pattern of development, pattern of proof,
pattern of argument, and pattern of generalization. In calculus many threads are
related in many ways, but in the end it is a coherent subject. Theorems are often
named to emphasize pattern, for example the Cauchy—Schwarz Inequality and
the Cauchy—Schwarz Integral Inequality, Jensen’s Inequality and Jensen’s Integral
Inequality, the Mean Value Theorem for Sums and the Mean Value Theorem for
Integrals, etc.

¢ The real numbers are introduced carefully, but with an eye on economy. One can
be something of an expert in calculus without necessarily knowing all there is
to know about the real numbers. As presented here, the “completeness axiom”
for the real numbers is the Increasing Bounded Sequence Property, rather than
the Least Upper Bound Property or Cauchy-completeness, though the latter two
notions are explored in some exercises. The Archimedean Property of the real
numbers is used freely without explicit mention, but it too is addressed in a few
exercises. The word “compact” is never used. The Nested Interval Property,
a close cousin of the Increasing Bounded Sequence Property, also plays an
important part, with bisection algorithms getting their fair attention.

» Important throughout the entire book is the pair of inequalities

1 n 1 n+1
(l—l——) < e < (1+—) for n =1,2,3,...
n n

where e is Euler’s number e 2~ 2.71828. These estimates are frequently revisited,
refined, and extended. Inequalities in general play a prominent role as well.
The most important of these are Bernoulli’s Inequality, the Arithmetic Mean —
Geometric Mean Inequality (the AGM Inequality for short), 1 + x < e*, and
Jensen’s Inequality.

* Considerable emphasis is given to the symbiotic relationship between the expo-
nential function and calculus itself. The former, for example, gives meaning to
functions involving real exponents, it enables us to extend Bernoulli’s Inequality
and the AGM Inequality, and many of their consequences.

* Considerable attention is devoted to three consequences of the Intermediate
Value Theorem which are often overlooked: the Universal Chord Theorem, the
Average Value Theorem for Sums and its weighted version, the Mean Value
Theorem for Sums. The latter two are so named because of their integral
analogues, the Average Value Theorem and the Mean Value Theorem for
Integrals. In obtaining these, the Extreme Value Theorem is indispensable. The
relationship between sums and integrals is emphasized throughout.
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e The definite integral is developed as an extension of the notion of the average
value of a continuous function evaluated at N points. Proving that the average
value of a continuous function exists is deferred to Appendix A; the proof
uses some rather sophisticated ideas which are not used elsewhere. The definite
integral’s relationship with area is then discussed. Readers who go on to study
mathematical analysis will see that the integral as an average is a more enduring
theme than the integral as area.

e Chapter 7 (Other Mean Value Theorems) contains some results which have
a flavor similar to that of the Mean Value Theorem. Subsequent chapters are
independent of this one.

* Chapter 12 (Classic Examples) is also independent of the rest of the book, except
that Wallis’s product in Sect. 12.1 is used in Chap. 13 to obtain the constant v/ 2
which appears in Stirling’s formula.

* Some important series are studied, for example, Geometric series, p-series, the
Alternating Harmonic series, the Gregory-Leibniz series, and some Taylor series.
But series in general are not covered systematically. For example, there is no
treatment of power series, tests for convergence, radius of convergence, etc.

* Quadrature rules are studied as means for doing calculus and studying inequal-
ities, rather than being used for conventional numerical methods. Indeed, the
quadrature rules are usually applied to a function whose definite integral is
known. Particular attention is given to the Trapezoid and Midpoint Rules applied
to convex/concave functions.

e Motivated largely by the Mean Value Theorem for the Second Derivative,
error terms are studied in Chap. 14. An inequality can often be recast as an
equality which contains an error term. Jensen’s Inequality, the AGM Inequality,
Young’s Integral Inequality (among others), and quadrature rules are considered
in this way.

Many of the topics in the book, even the better-known ones, have not been
collected elsewhere in any single volume. And a good number of these have
been published heretofore only in journals. As a result, this book is not in direct
competition with any others. Still, there is naturally some overlap between this and
other books. Most notably:

A Primer of Real Functions, by R.P. Boas Jr. (Math. Assoc. of America, 1981).

Excursions in Classical Analysis: Pathways to Advanced Problem Solving and
Undergraduate Research, by H. Chen (Math. Assoc. of America, 2010).

The Cauchy-Schwarz Master Class, by J.M. Steele (Math. Assoc. of America
and Cambridge University Press, 2004).

Inequalities, by G.H. Hardy, J.E. Littlewood & G. Polya (Cambridge Mathemat-
ical Library, 2nd edition, 1988).
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Analytic Inequalities, by D.S. Mitrinovi¢ (Springer-Verlag, New York, 1970).

Mean Value Theorems and Functional Equations, by P.K. Sahoo & T. Riedel
(World Scientific, Singapore, 1998).

I have tried to write the sort of book that I would use, that I would like to own
as a reference, and that I would fairly recommend to others. To borrow a phrase
from G. H. Hardy: I can hardly have failed completely, the subject matter being so
attractive that only extravagant incompetence could make it dull.
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Chapter 1
The Real Numbers

Everything is vague to a degree you do not realize till you have
tried to make it precise.

—Bertrand Russell

We assume that the reader has some familiarity with the set of real numbers, which
we denote by R. We review interval notation, absolute value, rational and irrational
numbers, and we say a few things about sequences. The main point of this chapter
is to acquaint the reader with two very important properties of R: the Increasing
Bounded Sequence Property, and the Nested Interval Property.

1.1 Intervals and Absolute Value

For two real numbers a < b, we write
[a,b] ={x eR:a <x <b},
(a,b) ={xeR:a<x<b},
(—oo0,b] ={x eR:x <b}, and
(a,+0) ={xeR:a < x},

along with the obvious definitions for [a, b) etc.
For a < b, the distance from a to b is b — a. One half of this distance is b%”. The

midpoint of the interval [a, D] is ¢ = “42"’ . It satisfies

b—a b—a

= :b—
a+ c >

These are simple but useful observations. See Fig. 1.1.
The distance between any two real numbers is measured via the absolute value
function. For x € R, the absolute value of x is given by

| x| = ~vx2.

© Springer Science+Business Media New York 2014 1
PR. Mercer, More Calculus of a Single Variable, Undergraduate
Texts in Mathematics, DOI 10.1007/978-1-4939-1926-0__1



2 1 The Real Numbers

>
|
N
o>
|
Q
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Q
+ 4+~ X
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>~ +—~ X

Fig. L1 o+ 254 = 4b =) — boa
Here we agree to take the nonnegative square root of x2. Therefore,
x| =x=|x]|.

Since |x —a| = /(x —a)?, we see that | x — a | is the distance that x is from a.
So for r > 0, we have

|x—a|<r & xe(@a—r,a+r).

We might say that “x is within r of a.” See Fig. 1.2.

|x—a| <r

s

a—r a a+r X

Fig.1.2 |x—al|<r & x€(@—r,a+r)

A few basic but important facts about absolute value are as follows.

Lemma 1.1. Letx,y € R. Then

@ [xyl=1Ix|lyl,

() |[x—yl=|y—x]|,
(i) [x+y|=<[x|+]|y]l,
(v) [x—y|>]lx| —|yl|.

Proof. For (i), | xy | = (x3)2 = V3232 = (V*2)(V¥?) = | x|y |.

For (ii), we need only observe that (x — y)? = (y — x)>.
For (iii),
x4y =@ +y)7 =x"+2xy+)°
=[x+ 20 +yP < |xP 420y + |y
=[x +20x[lyl+ 1y (by@®)
= (Ixl+1y1)

Then taking (nonnegative) square roots, we get | x + y | < |x |+ |y ]|.



1.2 Rational and Irrational Numbers 3

For (iv), we write | x | = | (x — y) + ¥ | and apply (iii) to obtain
|x|<[x—=y[+]y|,  whichgives |x|=lyl=lx=yl.
Now we reverse the roles of x and y, and use (ii), to get

lyl=Ix]<|x—=y].

Taken together, these last two inequalities read

+(Ix|=1lyl)<|x—y].

That is,

[IxI=1yl|<Ix—y].

a

In Lemma 1.1, item (iii) is known as the triangle inequality, which is very
useful. We’ll see in Sect.2.3 why it gets this name. Item (iv) is also useful; it is
called the reverse triangle inequality.

Remark 1.2. The trick used in the proof of item (iv) in Lemma 1.1, of subtracting
y and adding y, then using the triangle inequality, is very common in calculus and
real analysis. o

1.2 Rational and Irrational Numbers

We denote by N the set of natural numbers:
N={1,2,34, ...}

The set N is closed under addition and multiplication, but it is not closed under
subtraction—that is, the difference of two natural numbers need not be a natural
number.

Appending to N all differences of all pairs of elements from N, we get the set of
integers:

Z={...,—2,-1,0,1,2,3,...}.

The set Z is closed under addition, multiplication, and subtraction. But Z it is not
closed under division—that is, the quotient of two integers need not be an integer.

Appending to Z all quotients of all pairs of elements from Z (with nonzero
denominators) we get the set of rational numbers:
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Q= £:p,qEZ, and g # 0; .
q

The set Q is closed under addition, multiplication, subtraction, and division. (The
reader should agree that it is indeed closed under division.) But as the following
lemma shows, Q is not closed under the operation of taking square roots—that is,
the square root of a rational number need not be a rational number.

Lemma 1.3. There is no rational number x such that x> = 2. That is, V2 is an
irrational number.

Proof. (e.g., [10,21]) We prove by contradiction. Suppose that x = p/q, where
p.q € Z, with g # 0, is such that x> = 2. Then 2g> = p?. If we factor p into
a product of prime numbers, then there is a certain number of 2’s in the product.
Whatever this certain number is, p? then has an even number of 2's in its product of
primes. Likewise, ¢> has an even number of 2's in its product of primes. But then
2¢? must have an odd number of 2’s in its product of primes. Therefore 2¢> = p?
cannot hold and we have a contradiction, as desired. m|

For other proofs of Lemma 1.3, see Exercises 1.13 and 1.14. Essentially the same
argument as given above shows that the square root of any prime number (e.g., /3,
or +/5, ... etc.) is irrational. Therefore the square root of any natural number that is
not itself a perfect square, is irrational.

Extending this argument a little further, we can see that the nth root of any prime
number (like V2 or \/5 but also «3/5 or «3/5 ..., 0r «4/5 or «4/5 ... etc) is
irrational. Therefore the nth root of any natural number that is not itself a perfect
nth power, is irrational. (See Exercise 1.15.)

In older textbooks, numbers like \3/5 I3 , «4/5 /3 etc. are called surds. For other
proofs that many surds are irrational, see Exercises 1.16 and 1.17.

Remark 1.4. The reader will be aware of the usual English meaning of the word
irrational. The English meaning of the word surd is something like lacking sense.o

To expand Q to include numbers like ﬁ, and indeed all the surds, a reasonable
idea now might be to append to Q all nth roots of all rational numbers. But still,
important numbers like e and i would remain excluded. (We’ll say a little more
about this later.) So instead we take a different approach.

Observe that any number whose decimal expansion (i.e., base 10) either termi-
nates or eventually repeats, is a rational number. For example,

33 =~ 2 —— 45 —— 362,751
0.825=—, 0.2=—-, 3.2142857 = —, and 51.821571428 = .
40 9 14 7,000

The reader is probably familiar with this observation, although a proper proof is
somewhat cumbersome. We explore this in Exercise 1.19. (And we’ll see it again in
Sect.2.1.)
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Remark 1.5. The converse of this observation is also true: the decimal expansion
of any rational number either terminates or repeats. See Exercise 1.20. o

So since +/2 is irrational (by Lemma 1.3), its decimal expansion neither
terminates nor repeats. It begins 1.414213562373095. .. and continues endlessly
with no repeating pattern. This gives us an ida of how to proceed.

We append to Q all nonterminating nonrepeating decimals. This gives the set of
real numbers R:

R = {all decimals: terminating, repeating, or otherwise } .

As we have already indicated with our pictures, a model for R is the familiar
number line: x € R corresponds to some specific point on the number line. But a
real number can have two different decimal expansions. For example, if x = 0.9
then 10x = 9.9, and subtracting the first equation from the second, we get 9x = 9.
Therefore, x = 1.0 (as well). Likewise 3.59 = 3.6, —6.02379 = —6.0238, etc.
Fortunately, ambiguities of this sort are the only ones that exist.

1.3 Sequences

Our description of the real numbers thus far has been very qualitative. To describe
the real numbers precisely (and to remove our dependency on base 10, or on any
other base), one must use sequences.

A sequence is a function a : N — R. That is, the domain of the function is N.
As such its set of values, or terms can be written as

{a(1), a2), a(3), ... }.

)
n=1

But it is more customary to write {a;, a,, a3, ...}, or {a, or simply {a,}.

Remark 1.6. For a sequence {a,}, the domain doesn’t really need to be N.
Sometimes it is convenient to start at index zero, or somewhere else. For example
{a(0),a(1),a(2),a(3),...}, or {a(5),a(6),a(7),...}, or {a(2),a(4),a(6),...} etc.
Or a sequence may be finite, for example, {1, 3, 5, 7, 9}. Sequences that we
consider will generally not be finite, unless otherwise stated; the domain of the
sequence is usually clear from the context. o

Saying that the sequence {a, } converges to A means intuitively that a,, gets closer
and closer to A, as n gets larger and larger. When {a,} converges to A, we often
write simply: a, — A.

Example 1.7. The reader is surely comfortable accepting that the sequence

fant = {2}



converges to 0. That is,

1
- =0
n
Some other examples are
— =0, — =0,

Jn T on?

1
indeed — = 0 forany p >0,

n

no n/n
n+3 n/n+3/n -
vn Vin/n

= —
n+3 n/n+3/n

R A VRV

2/n 2/ n

1

1

The Real Numbers

As we have done in Example 1.7, one can often think along the lines of the
intuitive notion of convergence of a sequence. But sometimes more care is required.
Precisely, {a,} converges to A means that for any ¢ > 0 (no matter how small)

we can find N > 0 (which is typically large) such that
forn > N, itis the case that |a, — A| < &.

That is: for this N, each of the terms ay 1, an+42.0N+3, - - .

is within ¢ of A. When

no explicit mention of A is necessary, we might simply say that {a, } converges, or

{a,} is convergent.

Example 1.8. We show that \/Lﬁ — 0, as claimed in Example 1.7. Suppose that

& > 01is given. First of all,

=l [7
— -0

n

And we can easily make JLZ <e:

1 1
—<e & n>—.

Jn &2

Example 1.9. Consider the sequence

g _ [nE100) (1100 ]
Gn3 = 3n? - 3 n2f’

So we choose N = 1/&2. Then for n > this N, we have ‘JL; - O‘ < ¢ as desired. ¢
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It appears that the terms of this sequence are getting closer and closer to 0 as n gets
larger and larger. We prove that indeed ”;1200 — 0. Suppose that ¢ > 0 is given.
First,

n + 100 0'_n+100

3n? 3n?
The idea now is to show that ”4{1200 is < something, wherein the something can

easily be made < e. There are any number of ways to proceed from here. (This is
part of the reason why showing that a sequence converges can be tricky.) We observe

that for n large enough, we shall have 3%[ + 1(3)0 nlz < ... More precisely,

n + 100
3n2

1
< — forn > 50. (1.1)
n

And

The inclination now might be to choose N = 1/¢. But to make every step of the
above analysis valid, we must actually choose N = the larger of 1/¢& and 50. That
is, N = max{50, 1/&}. (If ¢ = 1/10 for example, then simply taking N = 10 does
not guarantee that (1.1) holds.) Then for n > this N, we have |”+100 0| < ¢ as
desired. o

The reader should agree that a proof that {%} converges to 0 is more or less
contained in Example 1.9.

Example 1.10. Consider the sequence

3n—1
an} = .
tan} {411 + 2%
Since {22_112} = {%} it appears that the terms are getting closer and closer to
3/4 as n gets larger and larger. We prove that indeed i;‘jrlz — %. Let ¢ > 0 be given.
Here,
3n—1 3| |12n—-4—-12n—-6| —-10 _ 10 B 5
dn+2 4| 4(4n +2) C4@n+2)|  4@n+2)  4@2n+1)

and this is about as much simplifying as can be done. The idea again is to show that
m is < something, wherein the something can easily be made < e. And again,
there are any number of ways to proceed. Observe that
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5 5 5
< < —,
42n+1) 2n+1 2n
and
> < & > >
—<e n>—.
2n 2¢e
So we choose N = 5/(2¢). Then for n > this N, we have 22;12 — % < g as
desired.

Note: This example can be regarded as finished, but let us show another way that
we might have proceeded. We could have observed that

5 5 5 1
= < — < —.
42n+1) 8n+4 8n n
And here,
1 1
-—<eg & n>-.
n €
In this case we would choose N = 1/s. Then for n > this N, we have
3n—1

e R %{ < ¢ as desired.

The latter approach yielded N = 1/e. So the N = 5/(2¢) chosen in the former
approach is larger than it really needs to be. But no matter, we just wanted to find
any N that works. (If something is true from Monday onwards and it is true from
Thursday onwards, then it is (obviously) true from Thursday onwards.) 3

Example 1.11. Consider the sequence

1
an) = {2;12—1,001} ‘

It appears that the terms are getting closer and closer to 0 as n gets larger and larger.

We prove that indeed =101 — 0 Suppose that € > 0 is given. First off,

1
- _9|=
2n2 — 1,001 '

1
2n2 — 1,001 '

Now for n > 22 we have 2n2 — 1,001 > 0 and so for such n,

1 1
2n% — 1,001 ‘ 212 -1,001"

The idea again is to show that m is < something, wherein the something can
easily be made < ¢. And again, there are any number of ways to proceed. Notice
that
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1
< — notforall n, but forn > 31.
And

— <¢ &S n > —.

n? JeE

Now to make every step of our analysis valid, we choose

1 1
N =max{22, 31, —; = max{31, —; .
(22,31 72} = man o, |

Ty}

Note: Again we could regard this example as finished, but let us show another
way that we might have proceeded. An application of the quadratic formula shows
that for n > 22 we have

Then for n > this N, we have ) -0 ’ < ¢ as desired.

1 - 1
2n? — 1,001 n’

In this case we would choose N = max{22, 1/¢}. Then for n > this N, we have
mTllom -0 ‘ < ¢ as desired. Whether the N in this latter approach is larger than
the N of the former approach, depends on ¢. 3

The reader should look again at Example 1.9 and find a way to proceed different
from the way given there, thus obtaining (probably) a different V.

The following is an important fundamental fact about sequences, which is almost
obvious. One uses it routinely without explicit mention.

Lemma 1.12. Ifa, — A, anda, — A,, then A; = A,.

Proof. We show that for any given ¢ > 0, no matter how small, it is the case that
|Ay — 45| < &. For then we must have A; = Aj. So let & > 0 be arbitrary. By the
triangle inequality (i.e., item (iii) of Lemma 1.1) and item (ii) of Lemma 1.1,

|A1 —A2| = |A1 —a, +a, —A2| < |A1 —an| + |an —A2| = \an —A1 | + |Cln —A2|.
These last two terms are getting small as n gets large, since a, — A; and a, — A;.

So things look good. To make their sum < ¢, we proceed as follows. Since a, — A,
there is Ny such that

|a,,—A1| <§ for n > Nj.

Since a,, — Aj, there is N, such that
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lay = Ao <5 for > No.

Soforn > N = max{Ny, N>},
)

:g,
2

’Al—A2|<§+

as desired. O

Remark 1.13. In the proof of Lemma 1.12 we used that trick again: subtracting a,
and adding a,, then applying the triangle inequality. )

Lemma 1.12 (see Exercise 1.22 for another proof) says that if a, — A, then the
limit A is unique. The limit is typically denoted by

A= lim a,.
n—>oo

Of course, not all sequences are convergent. We say that the sequence {a,}
diverges, or is divergent, if there exists no A € R for which a,, — A.

Example 1.14. Consider the sequence
{a,} ={(=D)""y ={1, =1, 1, =1, 1, =1, ... }.
For any real number A we have, by the triangle inequality:
lant1 —an| = lant1 — A+ A—ay| < lapy1 — Al + |a, — A].

If a, — A then for any ¢ > 0, we can make the right-hand side above < ¢, by taking
n large enough. But this is impossible since | @,+; — a, | = 2 for every n. Therefore
{a,} diverges. o

Remark 1.15. In Example 1.14 above we used that trick again: subtracting A and
adding A, then applying the triangle inequality. )

Now back to the real numbers, for a moment. We have seen that the decimal
expansion of /2 begins 1.414213562 ... . So let us associate with /2 the sequence

{a,} = {1.4, 1.41, 1.414, 1.4142, 1.41421, 1.414213, 1.4142135, ...}.

This sequence is increasing: each term (after the first) is larger than the previous
term. This sequence is also bounded above: each term is less than 1.5 say, or less
than 2, or less than 1.42, etc. Now each term a,, of this sequence is a rational number,
and

1
10"

— 0.

an—ﬁ‘<
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So, by its very construction, the sequence converges to /2, which is irrational. So Q
is not closed under the operation of taking the limit of a sequence which is increasing
and bounded above.

This suggests a way to extend the rational numbers to include the irrational
numbers: we append to Q all limits of all sequences of rational numbers which
are increasing and bounded above. But we must do some more groundwork in order
to make these ideas precise.

1.4 Increasing Sequences

A sequence {a, } is increasing if a, < a,4+, forn = 1,2,.... And {a,} is strictly
increasing if a, < a,4+; forn =1,2,....
A sequence {a,} is decreasing if a, > a,4+, forn = 1,2,.... (Thatis, {—a,} is

increasing.) And {a,} is strictly decreasing if @, > a,4+, forn =1,2,....
A sequence {a,} is bounded above if there exists a number U such thata, < U

forn =1,2,.... The number U is called an upper bound for {a,}.
A sequence {a,} is bounded below if there exists a number L such that L < a,
forn =1,2,.... (In which case, {—a,} is bounded above.) The number L is called

a lower bound for {a,}.

Remark 1.16. If a sequence {a,} has an upper bound U, then U is not unique:
the number U + 1, for example, also serves as an upper bound for {a,}. So does
U + 1/10, as does U + 1,000, etc. Likewise, if {a, } has a lower bound L, then L
is not unique. o

Example 1.17. The sequence {a,} = {/n } is not bounded above: there isno U for
which a, < U forn = 1,2,.... Itis bounded below, by L = 1 (and by L = 1/2,

and by L = 0, and by L = —10 etc.). This sequence is strictly increasing. 3
Example 1.18. The sequence {a,} = {;i7} is bounded above, by U = 1 for
example. It is also bounded below, by L = 1/2 for example. This sequence is also

strictly increasing (as the reader may verify). o

A sequence {a,} is bounded if {a,} is bounded above and bounded below. That
is, there are numbers L, U such that a, € [L,U] for every n € N. Setting M =
max{|L|, |U|}, we see that this is equivalent to saying that there exists a number M
such that |a,| < M for every n € N.

Example 1.19. Since —4/3 < (—1)" — 1/3 < 2/3 for every n € N, the sequence
{a,} = {(=1)" — 1/3} is bounded above and bounded below. As such {a,} is
bounded: |a,| < 4/3 for every n € N. This sequence is neither increasing nor
decreasing. o
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Example 1.20. The terms of the sequence {a,} = {%} = {ﬁ} appear to be
getting arbitrarily large as n increases. We show that indeed this sequence is not
bounded above. Let M be any given number (to be thought of as large). Then

n2

>M < nP—Mn—-M > 0.
n+1

Using the quadratic formula, we see that

n > Mt MM W = n —Mn—M >0.

MPyaM
2

So by taking n larger than M=+ , we can make {a,} > M. That is, we can

make {a,} as large as we like. Therefore {a,} = {%} is not bounded above. ¢

If a sequence is increasing without any upper bound, or decreasing without any
lower bound, then its terms cannot be getting arbitrarily close to any particular
number. This, in its contrapositive form, is the idea behind the following.

Lemma 1.21. Ifa, — A, then {a,} is bounded.
Proof. This is Exercise 1.26. O

. 2
Example 1.22. We saw in Example 1.20 that the sequence {a,} = {;47} =

=} is not bounded. So applying Lemma 1.21 in its contrapositive form, {a,
T+1/n g
diverges. We might say that {a,,} diverges to +o0. o

The converse of Lemma 1.21 does not hold: The sequence {a,} = {(—l)"'H} is
bounded, but as we saw in Example 1.14, it diverges.

Example 1.23. Suppose that @, — A. We show that a> — A%. But here we forgo
the formal definition (i.e., the & and the N); this is usually done by people with some
experience in real analysis. By the triangle inequality,

ay —A* | =la, + Allay — A = (lan| + |A])|a, = A].

Now by Lemma 1.21, {a, } is bounded because it converges. That is, there is M > 0
such that

la,| < M for n=1,2,3,....
Therefore
(lan| + [ADan—A] < (M +|A])|a,—A| for n=1,2,3,....
And again, since {a, } converges,
(M +|A]) |a, — A| — 0.

Therefore | a2 — A? | — 0, and so a2 — A% o
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We close this section by stating four more useful facts which again, one uses
routinely without explicit mention. We assume that the reader can prove these, or is
quite comfortable in accepting them. We leave their proofs as exercises.

Lemma 1.24. Leta,p € R. Ifa, — A and b, — B, then aa, + pb, — aA + B B.
In particular, a,, + b, — A+ B anda, — b, — A — B.

Proof. This is Exercise 1.28. O
Lemma 1.25. Ifa, — A and b, — B, then a,b, — AB.

Proof. This is Exercise 1.29. O
Lemma 1.26. Ifa, — A and b, — B, with b, # 0 for all n and B # 0, then
an N A
bn B"
Proof. This is Exercise 1.30. O

Lemma 1.27. If a, — A and a, > 0, then A > 0. Consequently (upon
consideration of b, — a,, ), ifa, — A and b, — B, witha, < b,, then A < B.

Proof. This is Exercise 1.31. O

These four lemmas say, respectively, that convergent sequences respect linear
combinations, products, quotients, and nonstrict inequalities. Nonstrict because
even if a, > 0 in Lemma 1.27, we can still only conclude that A > 0. For example,
1/n > 0, but lim 1/n =0.

n—>o0

Example 1.28. As indicated, the proof of Lemma 1.25 is the content of
Exercise 1.29. But here is another approach. In Example 1.23 we showed that
if ¢, — C then ¢2 — C?2. Now it is easily verified that

anb, = ((an + bn)2 —(an — bn)z) :

=

Soif a, — A and b, — B then a,b, — AB, by applying Lemma 1.24, in various
combinations, to the right-hand side. <o

1.5 The Increasing Bounded Sequence Property

We have seen that Q is not closed under the operation of taking the limit of a
sequence which is increasing and bounded above. (Again, such a sequence may well
have a limit, but this limit may not be in Q—as is the case with +/2.) So appending
to Q all such limits, we get the set real numbers R :

R=QU

{limits of all sequences from Q which are increasing & bounded above}.
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Example 1.29. The irrational number +/2 is the limit of the sequence of rational
numbers

{a,} = {1.4, 1.41, 1.414, 1.4142, 1.41421, 1.414213, 1.4142135, ...},

which is increasing and bounded above. Therefore V2 eR. o

Example 1.30. The number x = 1.234567891011121314... is irrational because
its decimal expansion continues endlessly, with no repeating pattern. This number
is the limit of the sequence of rational numbers

{a,} = {1, 1.2, 1.23, 1.234, 1.2345, 1.23456, 1.234567, ...}.

And this sequence is increasing and bounded above (by 2, say). So x € R. 3

Remark 1.31. The two sequences in Examples 1.29 and 1.30, which converge to
V/2 and to x respectively, are not unique. The reader should think of other sequences
{a,} which are increasing and bounded above, for which a, — +/2, anda, — x. o

The following is a very important example of a sequence which is increasing and
bounded above.

Example 1.32. Using an idea from [12], we show that sequence

1\n
{ (1+-) }
n
of rational numbers is increasing and bounded above. As such, it converges to some

real number. For n € N and a # b, the following identity can be found by doing
long division on the left-hand side, or simply verified by cross multiplication:

prtl _ gntl
b— = p" +abn—l +a2bn—2 4o +an—2b2 +an—lb _{_an.
—a
There are n + 1 terms on the right-hand side so for 0 < a < b,
prl _ gntl
b —

This inequality is easily rearranged to get

<(m+ Db".

b"[(n+ 1a—nb]<a"*'.

Now settinga = 1 + — and b = 1 + & we get

1 n 1 n+1
(+3) <(+i)
n n+1
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L

and so {(1 + %)n} is an increasing sequence. Setting insteada = landb = 1+ 5,

we get
1 n 1 2n
(1 + —) < 2, andso (1 + —) < 4.
2n 2n

But since {(1 + %)"} is increasing, (1 + %)n < (1 + %)2:1 . Therefore (1 + %)n <
4, and so {(1 + 1)"} is bounded above. o

The real number to which {(1 + 1)"} converges is denoted by e. The symbol
e is used in honor of the great Swiss mathematician Leonhard Euler (1701-1783);
it is often called Euler’s number. We shall prove in Sect. 8.4 that e is irrational.
Approximately, e = 2.718281828459---.

Remark 1.33. Saying that e is irrational is the same as saying that e is not the
solution to any equation ax + b = 0, where a and b are integers. Notice that
ax—+b = 0is apolynomial equation of degree 1. The French mathematician Charles
Hermite (1822-1901) proved in 1873 that e is not a solution to any polynomial
equation of any degree with integer coefficients. That is, e is a transcendental
number. So even by somehow attaching to Q all nth roots of all rational numbers,
or even all linear combinations of these, we would still not obtain all of the real
numbers because e would remain excluded. )

The following theorem contains a fundamental property of the real numbers. We
shall appeal to it many times. It says that R is closed under the operation of taking
the limit of a sequence which is increasing and bounded above.

Theorem 1.34. (The Increasing Bounded Sequence Property of R.) Any sequence
of real numbers which is increasing and bounded above converges to a real number.

Proof. Let {a,} be a sequence of real numbers which is increasing and bounded
above. If each a, € Q then a, — A € R, exactly by our definition of R, and we are
finished. Otherwise, we consider a related sequence {b, } defined by

b, = a,, but truncated after the nth decimal place.

Then {b, } is increasing and bounded above and each b, € Q, and so we must have
b, — B, for some B € R. Now by the triangle inequality,

la, — B| = |lay — by + by — B| <|ay — by| + |b, — B

< b, — B].
_10"+| |

Therefore, since # — 0 and b,, — B, we see that a,, — B also, as desired. ad

Remark 1.35. There’s that trick again: subtracting b, and adding b,, then using
the triangle inequality. o
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Example 1.36. Consider the sequence {a, } of real numbers defined recursively via
a; = 1, and

an+1 =+14+a, forn=1,2,3 ....

The first few terms of this sequence are as follows.

{an}z{l, V2, 14+ V2 141+ V2, \/1+\/1+\/1+ﬁ,...}

= {1, 1.414214, 1.553774, 1.598053, 1.611848, }

This is a sequence of real numbers which is increasing and bounded above. (We
leave the verification of this for Exercise 1.40.) As such, by the Increasing Bounded
Sequence Property (Theorem 1.34), {a, } converges to some real number ¢. To find
@, notice that since a, — ¢ and a,+1 = /1 + a,, we must have ¢ = /T + ¢.
Then squaring both sides and using the quadratic formula gives ¢ = ~
1.618. o

Remark 1.37. The number ¢ is called the golden mean. It is irrational. But it is
clearly not transcendental because as we saw, it is the root of a quadratic equation
with integer coefficients. There is some debate among historians of mathematics as
to whether +/2 or ¢ was the first-ever irrational number to be discovered [23]. o

Example 1.38. The ubiquitous number ¥ is the ratio of the circumference to the
diameter of any circle. The reader is surely familiar with the formula 4 = vr?2,
where A is the area of a circle with radius r. By approximating the area of a circle
of radius r = 1 with the area of an inscribed equilateral triangle, square, regular
pentagon, regular hexagon etc., we see that ¥ is the limit of an increasing sequence
of real numbers which is bounded above. As such, ¥ is a real number. We shall
prove in Sect. 12.2 that v is irrational. (So, in particular, ¥ # 22/7 !!) o

Remark 1.39. The German mathematician F. Lindemann (1852-1939) proved in
1882 that v is in fact transcendental. So again, even by somehow attaching to Q all
nth roots of all rational numbers, or even all linear combinations of these, we would
still not obtain all of the real numbers—1 would remain excluded. )

Remark 1.40. One doesn’t normally worry too much about such things, but all of
this gives meaning to arithmetic in R. For example, consider ~/2 + e. Each of +/2
and e is the limit of a sequence of rational numbers which is increasing and bounded
above, say a, — V2, and b, — e. Then each a, + b, is a rational number, and
V2 +-e s the limit of {a, + b,} . a sequence of rational numbers which is increasing
and bounded above. And one can verify (but not easily) that this limit is independent
of the specific choice of the sequences {a,} and {b,} of rationals, as long as each is
increasing and bounded above, with a, — /2 and b, — e respectively. o
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1.6 The Nested Interval Property

If {a,} converges to A, then {—a,} clearly converges to —A. Therefore, by the
Increasing Bounded Sequence Property of R (Theorem 1.34), every sequence {a,}
of real numbers which is decreasing and bounded below also converges to a real
number. This leads to another very important property of R, as follows.

Theorem 1.41. (Nested Interval Property of R) For any collection of nested
intervals [a,, b|] D [as,bs] 2 [a3, bs] 2 --- with the property that b, — a, — 0,
there is a unique point which belongs to each interval.

Proof. The sequence {a,} is increasing and bounded above (by b;) and so by
the Increasing Bounded Sequence Property (Theorem 1.34), it converges to some
A € R. The sequence {b,} is decreasing and bounded below (by a;) and so it
converges to some B € R. We must then have ¢, < A < B < b, for
n = 1,2,3,.... But we cannot have A < B because b, — a, — 0. Therefore
A = B, and this real number belongs to each interval [a,, b,], as desired. O

Example 1.42. Again, the decimal expansion for v/2 begins 1.41421356--- . The
number /2 is the only point that belongs to each of the nested intervals:

(1.4, 1.5] D [1.41, 1.42] D [1.414, 1.415] D [1.4142, 1.4143] D ---. o

Example 1.43. We showed in Example 1.32 that the sequence {(1 + %)”} is
increasing and bounded above. So it has a limit, which is denoted by e (Euler’s
number). In a similar way, which we leave for Exercise 1.39, it happens that the
sequence {(1 + ,ll)”'H} is decreasing and bounded below. Now observe that

1"+ 1" 1" 1 1\" 1
1+ — - (1+=) =1+- I+-)-1)=(1+-) — — 0.
n n n n n) n
Therefore, by the Nested Interval Property of R (Theorem 1.41), the collection of
nested intervals

[(1.}.%)”, (1+%)"+1], where n =1,2,3,...

contains a single point, which must be e. Taking n = 5,000, for example, gives
2.7180 < e < 2.7186. o

The basic string of inequalities which comes from Examples 1.32 and 1.43 is

1 n 1 n+1
(1+—) <e<(1+—) .
n n

We shall revisit these inequalities many times.
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Example 1.44. By approximating the area of a circle of radius 1 by areas of
inscribed regular polygons with increasing areas, we described ¥ as the limit
of an increasing sequence of real numbers which is bounded above. By also
approximating the area of the same circle by areas of circumscribed regular
polygons with decreasing areas, we can describe 1 as the single point which belongs
to a sequence of nested intervals. o

Remark 1.45. Around 250 B.C., Archimedes used 96-sided inscribed and circum-
scribed polygons to obtain the rather impressive estimates

12

223 22
314085 = — < Y < — = 3.14286. o
71 7

Finally, we point out that the three collections of nested intervals in
Examples 1.42—1.44, which yielded the numbers V2, e, and Y, are not unique.

Exercises

1.1. Let x € R. (a) Find all real numbers y for which |x + y | = |x|+|y]|.
(b) Find all real numbers y for which | x| — |y| | =|x—y|.

1.2. (a) Show that

x ifx>0

x| = :

—x ifx<0.

(b) Use the observation — |x| < x < |x| (and —|y| < y < |y]|) to prove the
triangle inequality. This is the proof in most books.

(c) We proved the reverse triangle inequality using the triangle inequality. Prove
the reverse triangle inequality using the definition of absolute value.

1.3. (a) Provethatif x,y,z € R, then |x + y +z| < |x| + |y| + |z].
(b) Prove that if x1,x5,...,x, € R, then |x; +x3 + ... 4+ x,| < |x1| + |x2| +
+|_xn|

1.4. [2] Show that if |[x + y| = |x| + [y[, then |ux + vy| = u|x| 4+ v|y| for all
u,v>0.

1.5. Let x < y. (a) Show that x < x;y < y.

(b) For p,q > 0, show that x < % < y. (The quotient % is a weighted
average of x and y.)

1.6. [5]Leta > b > 0andlet x € (0, 1). Show that

(1+x7)" > (14x9)".



Exercises 19

1.7. Leta, b € R. Show that

a+b+|a—>b| a+b—|a—b|

max{a,b} = 7 and min{a,b} = 7

1.8. Leta,b € R. Prove that |a| 4+ |b| < |a + b| + |a — b|. When does equality
occur?

1.9. Leta, b € R. Prove that 1 -H +|b| < Hlﬁllla‘ + l-If\‘bl . When does equality occur?

1.10. [8] Let x € R. Prove that |1 + x| < |1+ x|* + |x|. When does equality
occur?

1.11. [14] Fill in the details of the following proof of a sharpened version of the
triangle inequality: For nonzero xi,xs,...,x, € R,

n
ZXJ +|n- Z|x| 1gi2n‘xj|§2;|xj|'
j=

j=1

(a) Let|xx| = 1min |x,-| and K ={j:1<j <nand \xj| Z# |xi|}. Verify that
<jsn'

Z (; - ;) ]
j=1 |x]| | jek el [ | !

(b) Apply the reverse triangle inequality. This result is improved somewhat in [18].

1.12. Here is a simple but useful fact, which is really just a consequence of
algebraic manipulations. We shall refer to it in a number of subsequent exercises
in this book, but not in the text proper. Show that the area A of a triangle 7" with
vertices (x1, y1), (X2, ¥2), and (x3, y3) is given by

1
A= 5 x1(y2 — y3) + x3(y1 — y2) + x2(y3 — y1)|.

(If the vertices of the triangle are arranged counterclockwise then 4 > 0
without the absolute value signs.) Hint: In Fig. 1.3, use the fact that Area(T) =
Area(Trapezoid ABQP) + Area(Trapezoid BCRQ)— Area(Trapezoid ACRP).
Note: Readers who know some Linear Algebra might recognize that

1

— det|:x1 x2:| +det|:x2 x3:| +det|:x3 x11|
2 iy Y2 3 3 Vi

A

—|det| x1 x2 x
) 1 X2 X2

111 '
Y1 Y23
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Fig. 1.3 For Exercise 1.12 ¥
B(X27y2)

C(x37y3)

A(xl,yl)

P 0 R X

Here, “det” is short for determinant. See [4] for some interesting extensions of this
formula.

1.13. Fill in the details of the standard textbook proof that /2 is irrational. (This
proof was known to Euclid (~300 B.C.) and was probably known even to Aristotle
(384-322 B.C.)) Assume that /2 = p/q is rational, so that 2 = p?/q>. Then
2¢%> = p? must be even. Therefore p is even. Therefore ¢> even and so ¢ is even.
So from each of p and ¢ we may cancel a factor of 2. Repeat.

1.14. [6] Fill in the details of the following very slick proof that /2 is irrational,
due to American mathematician Ivan Niven (1915-1999). If V2 is rational then
there is a smallest positive integer b such that 5+/2 is an integer. Then b~/2 — b is a
smaller positive integer. Now consider (h+/2 — b)~/2.

1.15. (a) Prove that +/3 is irrational. (b) Prove that /11 irrational. (¢) Prove that
/45 irrational. (d) Describe how to prove that the nth root of any natural number
which is not itself an nth power, is irrational.

1.16. [16] Fill in the details of another proof that the square root of any natural
number that is not itself a perfect square is irrational: Let /7 = p/q where p and
g are positive integers, and have no common factors. Then p? and g also have no
common factors. But then p?/q = p./n = gn, which is an integer.

1.17. [3] Fill in the details of another proof that the square root of any natural
number that is not itself a perfect square is irrational: Suppose that /i = p/q
where p and ¢ are positive integers, and have no common factors. Then /n =
nq/ p also, but this is not in lowest terms. Therefore p is an integer multiple of ¢q.
Therefore n is a perfect square, a contradiction.

1.18. We haven’t officially met logarithms yet. Still, prove that log,,(2) is irra-
tional. (log;,(2) is that real number x for which 10° = 2.)

1.19. (a) Write 0.823,0.455, and —0.9999.. .. as fractions.
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(b) Multiply x = 0.2 by 10 and subtract x from the result. Then solve for x to write
x as a fraction.

(c) Multiply y = 0.91 by 100 and subtract y from the result. Then solve for y to
write y as a fraction.

(d) Write 0.237 and 6.457132 as fractions.

(e) Describe how to prove that any decimal which eventually repeats is a rational
number. We’ll see another way to do some of this in Sect.2.1; see also
Exercise 2.4.

1.20. Show by doing long division that (a) 1/3 = 0.3 (and conclude that 0.9 = 1),
(b) ﬁ = 0.09, and (c) % = 3.142857. (d) Describe how to prove that any rational
number is either a terminating or repeating decimal. (e) Let x = p/q be a rational
number. What is the longest that the repeating string in its decimal expansion could
possibly be? (The length of the repeating string in the decimal expansions in each
of 1/7 and 1/97, for example, is maximal.)

1.21. (a) Is it true that the sum of two rational numbers is rational? Explain.
(b) How about the sum of a rational number and an irrational number? Explain.
(¢) How about the sum of two irrational numbers? Explain.

1.22. Prove Lemma 1.12 another way: Looking for a contradiction, assume that
Ay # Ay, say Ay < Ap. Thenlete = (A, — A1)/2.

1.23. Four of the following seven sequences converge. Decide which four they are,
then prove that each of them converges. (a) { 3/2} (b) {cos(#) + %} ,(©) {nCD"y,

@ (Vi T—vi). © {sie)- (f){;;;;l} ® | =}

1.24. Use the reverse triangle inequality to prove that if a, — A then |a,| — |A4].

1.25. (a) Prove that if @, — A then for any ¢ > 0 there exists N > 0 such that
all of the terms of {a,} belong to the interval (A — &, A + &), except possibly
ay, dz, ..., dN—1, AN .

(b) Use (a) to prove the following. If @, — A with A > 0 then there exists m > 0
and N > O such thata, > m forn > N.

1.26. Prove Lemma 1.21. Suggestion: Use Exercise 1.25(a).

1.27. (a) Prove thatif @, — 0 and {b, } is a bounded sequence, then a,b,, — 0.
(b) Show that ) +1/2 — 0.
(¢) Show that f}(j'_g — 0.

(d) Show that 25202 — 0.

1.28. Prove Lemma 1.24. Hint: Use

(@@, + Bby) — (@A + BB)| < |aa, —aA| + [Bby —BB| = |af|a, — A| + |B|[b, — B].
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1.29. Prove Lemma 1.25. Hint: Observe that

|anb, — AB| = |layb, —a,B +a,B — AB|
= |a,(b, — B) + B(a, — A)| < |a,||bpy — B| + |B||a, — A|,
then use Lemma 1.21.
1.30. Prove Lemma 1.26. Hint: Observe that

a, B—Ab,
by B

b, B

an_A‘_

_ |ayB—AB+AB—A4b, | __ | Blan—A)+A(B=by)
- by B - bn B ’

then use the triangle inequality and Exercise 1.25(b).

1.31. (a) Prove the first part of Lemma 1.27. Hint: Assume that A < 0 to get a
contradiction.

(b) Explain how (a) implies the second part of Lemma 1.27: if a, — A and b, —
B, witha, <b,,then A < B.

1.32. Prove that if a, — A, with a, > 0 (so that A > 0 too) then \/a, — /A.
Hint: First dispense with the case A = 0. Then for 4 # 0,

—4A
=7

1.33. Suppose thata, — A.Forn =1,2,3,... ,seth, = (a1 +ax+---+a,)/n.
Show that b, — A. Is the converse true? Explain.

an

e~ = |

1.34. A_ssociate with each of the four real numbers x = 3.6912151821242730...,
x = 0.3, x = 0.1002000300004 ... , and x = 10.567 an increasing sequence
which converges to x.

1.35. (e.g., [1,11,13,15])
(a) Prove that there exist irrational numbers a and b such that a? is rational. Hint:

Begin by considering V2
(b) Prove that there exist irrational numbers a and b such that a? is irrational. Hint:

Begin by considering «/iﬁﬂ. See also Exercise 1.36.

1.36. [20] Here is a constructive approach to Exercise 1.35.

(a) We haven’t officially met logarithms yet. Still, prove that log,(3) is irrational.
(log,(3) is that real number x for which 2* = 3.)

(b) Verify that «/52 tog2(3) is rational. So there are irrational numbers a and b such
that a? is rational.

(c) Verity that «/ElogZG) is irrational. So there are irrational numbers ¢ and b such
that @ is irrational.
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1.37. [19] Consider the area between the circumscribed and inscribed circles of a
regular n sided polygon with side lengths 1. Show that this area is independent of n
and find the area.

1.38. (a) Show that between any two real numbers there are infinitely many
rational numbers.

(b) Show that between any two real numbers there are infinitely many irrational
numbers.

1.39. [12] Show that the sequence {(1 + %)”“} is decreasing and bounded below
(and hence converges), as follows. (a) Show that for 0 < a < b,

bn+1 _ n+l1
a"(b—a) < a4
n+1

(b)Nowseta=1+ﬁandb:1+%.

1.40. Consider the sequence {a,} C R defined recursively viaa; = 1, and a,,4+| =
JT+a, forn = 1,2,3, .... Use the Increasing Bounded Sequence Property
(Theorem 1.34) and mathematical induction to show that {a,} converges to a real
number . Show that ¢ = (1 + +/5)/2, the golden mean. Show that ¢ is irrational.

1.41. For each of the four_real numbers x = 3.69121518..., x =
0.1002000300004 ..., x = 0.3, and x = 10.567, construct a sequence of nested
intervals [ay,b;] 2 [az,b2] 2 ..., with b, — a, — 0, such that each interval
contains x.

1.42. Consider the sequence defined by ap = 1, and a,4+; = ﬁ forn =
0,1,2,3,....

(a) Show that {[azn, a2n+1]} is a collection of nested intervals, with a,, 4+ —as, — 0.
(b) Show that the point given by the Nested Interval Property (Theorem 1.41) is the
golden mean ¢ = (1 + +/5)/2.

1.43. A set A is countable if there is a one-to-one onto function 0 : N — A. (So
all of its elements can be listed off: o (1), 0(2), c(3), ... .)

(a) Show that Z is countable.

(b) Show that {x € Q : 0 < x < 1} is countable.

(¢) Show that {x € R: 0 < x < 1} is uncountable, that is, is not countable.

(d) Show that Q is countable. (A formula for a one-to-one onto o : Z — Q can be
found in [9]. For a very slick proof that Q is countable, see [7] or [22].)

1.44. [17] (If you did Exercise 1.43.) Fill in the details of the following proof that
the set of algebraic numbers—that is, the set of all roots of all polynomials of any
degree, with integer coefficients—is countable. This amazing fact was discovered in
1871 by the great German mathematician Georg Cantor (1845-1918). But first:

(a) Show that a quick consequence of Cantor’s discovery is that Q is countable.
(b) Consider the polynomial equation



24

()]

(d)
(e)
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p(X) =a,x" +a,_1x" '+ ... +ax+ay=0,

where the a; s are integers. This equation has at most n solutions. We may
assume that a,, > 1. How?
Define the index of any such polynomial p as

index(p) = lay| + lan—1] + ... + la1] + laol .

Show, for example, that there is only one such polynomial with index 2. There
are four such polynomials with index 3. There are 11 such polynomials with
index 4. Argue that there are only finitely many polynomials with a given index.
Now show that the set of algebraic numbers is countable.

Show that the set of transcendental numbers is uncountable.
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Chapter 2
Famous Inequalities

I speak not as desiring more, but rather wishing a more strict
restraint.

—Isabella, in Measure for Measure, by William Shakespeare

In this chapter we meet three very important inequalities: Bernoulli’s Inequality, the
Arithmetic Mean—Geometric Mean Inequality, and the Cauchy—Schwarz Inequality.
At first we consider only pre-calculus versions of these inequalities, but we shall
soon see that a thorough study of inequalities cannot be undertaken without calculus.
And really, calculus cannot be thoroughly understood without some knowledge of
inequalities. We define Euler’s number e by a more systematic method than that of
Example 1.32. We’ll see that this method engenders many fine extensions.

2.1 Bernoulli’s Inequality and Euler’s Number e

The following is a very useful little inequality. It is named for the Swiss mathemati-
cian Johann Bernoulli (1667—-1748).

Lemma 2.1. (Bernoulli’s Inequality) Letn = 1,2,3,.... Then for x > —1,
1+x)">1+nx.
Proof. If n = 1, the inequality holds, with equality. For n = 2,
(14+x)2=14+2x+x> > 1+2x.
For n = 3, we use the n = 2 case:

A+xP=0+x)0+x)? > A+x)0+2x)=1+3x+2x> > 1+ 3x.

© Springer Science+Business Media New York 2014 25
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Forn = 4, we use the n = 3 case:
A+x0)*'=0+x)0+x)® > A+x)(1 +3x) =1+4x +4x> > 1+ 4x.

Etcetera: We could clearly continue this procedure up to any positive integer n, and
so our proof is complete. O

Example 2.2. We show that for |x| < 1, the sequence {x"} converges to 0. First,
for 0 < x < 1 we can write x = for some g > 0. Then by Bernoulli’s
Inequality (Lemma 2.1),

1
T

(1+¢)" = 1+ngq,

so that

1 1
0 < x" = < .
(1+qg)" 1 +ng

Letting n — oo, the result follows. For —1 < x < 0, we simply replace x with —x
above. (The case x = 0 is trivial.) o

Exercise 2.1 contains the fact that for any x > 0, {xl/ "} converges to 1.

Example 2.3. The series
o0
1+x+x2~|—x3+...22xk
k=0

is called a geometric series. In it, each term xk after the first is the geometric mean
of the term just before it and the term just after it: x* = +/x*k—1xk+1. Here we
find a formula for the sum of a geometric series, when it exists. For x # 1 the
following identity can be found by doing long division on the right-hand side, or
simply verified by cross multiplication:

1— xn-i-l

n
Yoxb=lgxtal 4y =

1—x
k=0

So if |x| < 1 then by Example 2.2, the sequence of partial sums {S,} = { > xk}
k=0

converges to 1Tlx Therefore,

— 1

Zxk = — for |x| < 1. o
1—x

k=0

Example 2.4. We write x = 0.611111... as a fraction. Observe that

00 1 k 00 1 k
= () =X (W)

k=0
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The series here is a geometric series, so by Example 2.3,

55

ox =54+ —— =22,
FEY T 0T 9

Therefore, x = 11/18. o

Example 2.5. [2] Here we show that the sequence {n'/"} converges to 1. Setting
x = 1/4/n in Bernoulli’s Inequality (Lemma 2.1) we get

(1+%)nzl+\/ﬁ>«/ﬂ.

Therefore
LI (Vn )" =ntm =1,
Vv -
and the result follows upon letting n — oco. o

Example 2.6. [12,16,55] Using Bernoulli’s Inequality (Lemma 2.1) we show again
(cf. Example 1.32) that { (1 + }l)n } converges. We have seen that the number to
which this sequence converges is Euler’s number e. First, observe that

n+1
A+ N (1+a37) 1 R
1+ n 1+ n (n+1)

Then applying Bernoulli’s Inequality,

1 1 ntl 1 1
(- )0-g) = (D) 0-) -
n (n+1) n n—+1

Therefore
1 n+1 1 n
(i) =(+3)
n+1 n

and so {(1+1)"} is increasing. In a very similar way, which we leave for
Exercise 2.6 (see also Example 1.43 and Exercise 1.39), one can show that

{(1+ nl)"+1 } is decreasing. Then we have

1" 1\ ! 1\
(1) (2) )
n n 1

and so { (1 + },)n } is also bounded above. Therefore, by the Increasing Bounded
Sequence Property (Theorem 1.34), this sequence has a limit: Euler’s number, e. ¢
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Again we emphasize that the basic string of inequalities here, is:
1\" 1 n+1
(1+—) <e<(1+—) forn=1,2,3,.--.
n n

2.2 The AGM Inequality

We begin with a simple yet incredibly useful fact. It turns out to be a special case of
the main result of this section (Theorem 2.10).

Lemma 2.7. Leta and b be positive real numbers. Then

a+b
Vab < S and equality occurs here < a = b.

Proof. Tt is easily verified that
(a +b)* —4ab = (a —b)* > 0.

Therefore,

(a+b)224ab, or a—;b > Vab.

Now if a = b, then clearly vab = “J{b . Conversely, if vab = ‘%b then in the
first line of the proof we must have (a — b)?> = 0, and so a = b. O

a+b
2

G = +/ab is known as their Geometric Mean. A rather satisfying Proof Without
Words for Lemma 2.7, which also suggests why v ab is called the Geometric Mean,
is shown Fig. 2.1. See also Exercise 2.19

The average A = is known as the Arithmetic Mean of a and b. The quantity

Fig. 21 G = +ab < A=
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Example 2.8. Suppose we use a balance to determine the mass of an object.
We place the object on the left side of the balance and a known mass on the right
side, to obtain a measurement a. Then we place the object on the right side of
the balance and a known mass on the left side, to obtain a measurement b. By the
principle of the lever (or more generally, the principle of moments) the true mass of
the object is the Geometric Mean JVab. (See also Exercise 2.15.) o

Sometimes the most important feature of an inequality is the case in which
equality occurs, as the following example illustrates.

Example 2.9. A rectangle with side lengths @ and b has perimeter P = 2a + 2b
and area T = ab. Lemma 2.7 reads ab < (#)2, or T < (P/4)%. So a rectangle
with given perimeter has greatest area when a = b, i.e., when the rectangle is a
square. Likewise, a rectangle with given area has least perimeter when a = b, again
when the rectangle is a square. In either case, T = (P/4)%. o

The most natural extension of Lemma 2.7 is to allow n positive numbers instead
of just two. But we need to know what would be meant by Arithmetic Mean and
Geometric Mean in this case. These turn out to be exactly as one might expect, as
follows.

Letaj,as,...,a, be real numbers. Their Arithmetic Mean is given by

-
A: = — ai.

If these numbers are also nonnegative, then their Geometric Mean given by

1/n
n
1/n
G = ((a)@) (@)’ =[] as
j=1
A number M = M(ay,as,...,a,) which depends on ay,a,,...,a, is called a

mean simply if it satisfies

min {a;} < M < max {a;}.
1<j=n 1<j<n

However, for practical purposes one often desires other properties, like (i) having

M(ay,as, ..., a,) independent of the order in which the numbers ay, ay, ..., a, are

arranged, and (ii) having M(ta,ta,, ..., ta,) = tM(ay, as, .. .,a,) for any t > 0.

The reader should agree that A and G each satisfy (i) and (ii).

The Arithmetic Mean—Geometric Mean Inequality below, or what we shall
call the AGM Inequality for short, extends Lemma 2.7 to n numbers. This
inequality is of fundamental importance in mathematical analysis. The great French
mathematician Augustin Cauchy (1789-1857) was the first to prove it, in 1821.
We provide his proof at the end of this section. (The Scottish mathematician Colin
Maclaurin (1698-1746) had an earlier proof, around 1729, which wasn’t quite
complete.)
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The list of mathematicians who have offered proofs of the AGM Inequality over
the years is impressive. It includes Liouville, Hurwitz, Steffensen, Bohr, Riesz,
Sturm, Rado, Hardy, Littlewood, and Polya. (See, e.g., [5,9, 18,32,49]; the book [9]
contains over 75 proofs.) Below we provide the clever 1976 proof given by K.M.
Chong [10].

Theorem 2.10. (AGM Inequality) Let a;,as,...,a, be n positive real numbers,
where n > 2. Then

G <A,

and equality occurs here & a; =a, = -+ = a,.

Proof. If n = 2 then the result is simply Lemma 2.7, so we consider n > 3. By
rearranging the aj’s if necessary, we may suppose thata; < a, <--- < a,—1 < a,.
Then 0 < a; < A < a,, and so

A(al +a, — A) —aiay = (al - A)(A _an) > 0.

That is,

aay

al+an_A2 (21)

Take n = 3 here, and notice that the Arithmetic Mean of the rwo numbers a, and
ay + a3 — Ais A. Now we apply Lemma 2.7 to these two numbers, along with (2.1)
to get

aa
A > ay(ay +ay — A) > az%~

That is,
A3 > a1a»as.
Now take n = 4. The Arithmetic Mean of the three numbers a,,az and a; + a4 — A

is again A, so by what we have just shown applied to these three numbers, along
with (2.1),

Ad > aras(a; +ags—A) > a2a3%.
That is,
A* > a1arasdy.
Clearly we could continue this procedure indefinitely, showing that A > G for any

positive integer n, and so we have proved the main part of the theorem. Now to
address the equality conditions. If a; = a, = -+ = a,, then it is easily verified that
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G = A. Conversely, if A = G for some particular n, then in the argument above,
(ay—A)(A—a,) = 0sothata; = a, = A, and thereforea; = a, =--- =a, = A.
O

Example 2.11. Suppose that an investment returns 10 % in the first year, 50 % in
the second year, and 30 % in the third year. Using the Geometric Mean

[(1.1)(1.5)(1.3)]"/3 = 1.289,

the average rate of return over the 3 years is just under 29 %. The Arithmetic Mean
gives an overestimate of the average rate of return, at 30 %. o

Example 2.12. We saw in Example 2.9 that a rectangle with given perimeter has
greatest area when the rectangle is a square, and that a rectangle with given area has
least perimeter when the rectangle is a square. Likewise, using the AGM Inequality
(Theorem 2.10), a box (even in n dimensions) with given surface area has greatest
volume when the box is a cube, and a box (even in n dimensions) with given volume
has least surface area when the box is a cube. o

Example 2.13. Named for Heron of Alexandria (c. 10-70 AD), Heron’s formula
gives the area T of a triangle in terms of its three side lengths a,b,c and
perimeter P, as follows:

1672 = P(P —2a)(P —2b)(P —2c¢).

So if we apply the AGM Inequality (Theorem 2.10) to the three numbers P — 2a,
P —2b and P — 2¢, we obtain

167% <

(P —2a) + (P —=2b) + (P —2¢)\°
P( 3 ) or
P2
124/3

Therefore, for a triangle with fixed perimeter P, its area T is largest possible when
P —2a =P —2b =P —2c. This is precisely when a = b = c, that is, when the
triangle is equilateral. Likewise a triangle with fixed area T has least perimeter P
when it is an equilateral triangle. In either case, T = P2/(12+/3). 3

IA

Remark 2.14. We saw in Example 2.13 that for a triangle, we have T <
P?/(12+/3). In Example 2.9, we saw that for a rectangle, T < P?2/16. This
latter inequality persists for all quadrilaterals having area 7 and perimeter P.
See Exercise 2.29. These inequalities are called isoperimetric inequalities. The
isoperimetric inequality for an n-sided polygon is

P2

r<——ono-—,
~ 4ntan(7w/n)



32 2 Famous Inequalities

and equality holds if and only if the polygon is regular. The isoperimetric inequality
for any plane figure with area 7" and perimeter P is
P2
T < —.
~ 4r
The famous isoperimetric problem was to prove that equality holds here if and
only if the plane figure is a circle. The solution of the isoperimetric problem takes
up an important and interesting episode in the history of mathematics [37]. For a
polished modern solution, see [25]. The reader might find it somewhat comforting

that
. T
lim [n tan (—)] = .
n—00 n

This can be verified quite easily (see Exercise 5.46) using L’Hospital’s Rule, which
we meet in Sect. 5.3. o

Example 2.15. [26] We show that Bernoulli’s Inequality (Lemma 2.1)
(I14+x)">14nx

forx > —landn = 1,2, 3,... follows from the AGM Inequality (Theorem 2.10).
First, if —1 <x < —1/n,then 1l + nx <0< 1+ x,andso 1 +nx < (1 + x)".
Therefore we assume that x > —1/n. We write

_l+nx+(m—-1) l1+nx+1+1+---+1

1+x )
n n

where there are n — 1 1’s to the right of nx in the second numerator. Then applying

the AGM Inequality (Theorem 2.10) to the n positive numbers 1 +nx, 1, 1, ..., 1,
we get
1 1+14---+1\"
(14 x)" = ( raxd il ) > (1 + )1~ (1) = 1 + nx,
n
as desired. <o

Conversely, it happens that the AGM Inequality (Theorem 2.10) follows from
Bernoulli’s Inequality (Lemma 2.1), and so the two are equivalent. We leave the
verification of this for Exercise 2.10.

Example 2.16. For n positive numbers ay, a, ... ,a,, their Harmonic Mean is
given by

o (1/al +1/ar+---+ 1/a,,)—1
. )

Replacing a; with 1/a; in the AGM Inequality (Theorem 2.10) we get

H < G.



2.2 The AGM Inequality 33

Thenin H < G < A, the outside inequality can be rewritten rather nicely as

n n 1
Za,»Z; > n2. (2.2)
j=1 /

Jj=1

Again, equality occurs here if and only if a; = a, = --- = a,. The Harmonic Mean
of two numbers a, b > 0 is simply

2ab

H =
a+b

In this case, (2.2) reads
1 1
b)l—+—-) =4,
(a+b) (a + b) >

and equality occurs here if and only if a = b. o

To close this section, we supply Cauchy’s brilliant 1821 proof of the AGM
Inequality (Theorem 2.10) but without addressing the equality conditions—these
we leave for Exercise 2.35. The pattern of argument here is powerful and has since
been used by mathematicians in many other contexts. (We shall see it applied in
one other context in Sect. 8.3.)

Proof. Again, if n = 2, this is simply Lemma 2.7. If n = 4, we use Lemma 2.7
twice:

1/2 1/2
(a1-ay-az-ay)'* = ((al '02)1/2> ((613 '614)1/2)

12 4 1/2
) '(5(613 +a4))

(%(01 +az) + %(% + a4))

IA
N =/
N =
—
2
+
N
)
SN

1
= Z(al +a, +az+ay).
If n = 8, we use Lemma 2.7 then the n = 4 case:

1/8
(a1-ar-as-as-as-ag-a;s-as)'’

1/2 1/2
= ((611 “ay-as '04)1/4) ((05 “dg - ay '08)1/4)

1 12 12
< (Z(al +a2+a3+a4)) '(Z(as+aa+a7+as))
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1 /1 1
E(Z(al+a2+a3+a4)+Z(a5+a6+a7+a8))

IA

1
=g(ﬂh+az+as+a4+as+as+a7+as)-

Clearly we could continue this procedure indefinitely, and so we may assume that
we have proved that G < A for any n of the form n = 2™. For any (other) n, we
choose m so large that 2" > n. Now,

aj+ay+---+a, + 2" -n)A
2om -

A.

The numerator of the left-hand side here has 2" members in the sum and so we can
apply what we have proved so far to see that

m 12"
(al.az....an.A(z _”)> SA

That is,
ay-ay--—-a,- A" < AY = G" < A"

a

Remark 2.17. Extending Lemma 2.7 ton = 4,8, 16, ... as above is not too hard,
just a bit messy. Cauchy’s genius lies in being able to extending the result to
any n. With this in mind we mention that T. Harriet proved the AGM Inequality
(Theorem 2.10) for n = 3 around 1,600 [39]. No small feat for the time. o

2.3 The Cauchy-Schwarz Inequality

Let ay,az,...,a, and by, by, ..., b, be real numbers. The Cauchy-Schwarz

Inequality provides an upper bound for the sum of products ) a;b;. The proof we
J=1

provide below uses Lemma 2.7.

Theorem 2.18. (Cauchy-Schwarz Inequality) Letay,ay,...,a, andby, by, ..., b,
be real numbers. Then

2

n n n
2 2
doajb; | =D ai ) b
=1 =1 =1
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n n
Proof. 1f Y~ a3 = 0 or ) b7 = 0 then the inequality holds, with equality.

=1 j=1
2 2
Otherwise, we seta; = — . and b ;= in Lemma 2.7 to obtain
> a,% > bi
k=1 k=1
2 2
aj b; < % na/ T nbj
n n 2 2
2 2 a > b
kz=:lak k2=:1 i =R
Then summing from j = 1ton we get
n n 2
Z ajb ; a; ng b; |
/ 2 | SE Xn:2+§jbz = U+b=1
2
Z b k=1 “ k=1 k
which is really what we wanted to show. O
Example 2.19. The Root Mean Square of the real numbers a;, a, ...,a, is:

For example, suppose that three squares with side lengths a;,a, and as have
average area 1. Then the single square with area T is the one with side length R.
The reader should verify that R is a mean. We have seen that G < A. The
Cauchy-Schwarz Inequality (Theorem 2.18) shows that A < R, on taking
b|=b2="'=bn=1/l’l. (o]

Remark 2.20. Readers who know some linear algebra might recognize the

Cauchy—-Schwarz Inequality in the following form. For two vectors u =

(a,as,...,a,) and v = (by,bs,...,b,) in R", their dot product is given by

u-v =) a;b;,and the length of u is given by |u|| = /u-u . Then the Cauchy—
1

j=
Schwarz Inequality reads

lu-v| < [uf{v].

(See [48], for example, for a proof of the Cauchy—Schwarz Inequality in this
context.) This says that for non-zero vectors u and v we have
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=< =1
[l vl

so we may define the angle 6 between such vectors in R” as that 8 € [0, ] for
which

u-v

os(0) =

=l vl
Moreover,
lu+v[* = @+v)-@+v) = [lu® + 2u-v+ [v[]* < [[ul” + 2 u]| [v]| + [|v]*.

by the Cauchy—Schwarz Inequality. This last piece equals ( [|u]| + ||v| )2, and so we
have the triangle inequality in R” :

u+ v < [luf| + [[v]l.
So the Cauchy—Schwarz Inequality is fundamental for working in R”. And, in R" it

is evident why the triangle inequality is so named—see Fig. 2.2. )

Fig. 2.2 The Triangle
Inequality [lu + v| <
lull + vl u+tv v

There are many other proofs of the Cauchy—Schwarz Inequality, a few of which
we explore in the exercises. However, we would be remiss if we did not supply what
is essentially H. Schwarz’s (1843-1921) own ingenious proof, as follows. (See also
Exercises 2.38 and 2.41.) For any real number ¢,

Z(taj +bj)2 > 0.

Jj=1

That is,

2y a + 212n:ajbj + Xn:bi > 0.
j=1 j=I
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Now the left-hand side is a quadratic in the variable ¢ and since it is > 0, it must have
either no real root or one real root. (It cannot have two distinct real roots.) Therefore
its discriminant B2 — 4AC must be < 0. That is,

2

ZZa_,b_, — 4ia32n:bf < 0.
=1 j=1

Rearranging this inequality yields the desired result. Pretty slick.

Exercises

2.1. Show that for x > 0, the sequence {x'/"} converges to 1.
Hint: Write x'/" = (1 + n"T_')l/".

2.2. Show that Bernoulli’s Inequality (Lemma 2.1), implies Lemma 2.7:

Vvab < a—;b.

Hint: Assume thata < A = (a + b)/2,taken = 2,and x = A/a — 1.

2.3. [35] Show that Bernoulli’s Inequality (Lemma 2.1), holds also for x €

2.4. (a) Write 0.237 and 6.457132 as fractions. (b) Describe how to write any
repeating decimal as a fraction.

2.5. [2] Take x = —1/n? in Bernoulli’s Inequality (Lemma 2.1) to show that the
sequence {(1 + %)n} is increasing.

2.6. Show that { (1 + %)”H } is decreasing, as follows.
(a) Verify that

1 \n+2
m:(“r 1)(1_;)’1“.
(1 + %)n—l—l n+1 (n+l)2

(b) Apply Bernoulli’s Inequality (Lemma 2.1) to get

| | n+1 1 n+1
(14 7) (1_ (n+l)2> = (1_ (n+1)4) <L

2.7. [47] Find the least positive integer N such that foralln > N,

n"+1 n nn+1 n+1
- | P
(<n+1)") <”'<((n+1>") '
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2.8. (e.g., [24,34,52,54]) Show that x = (1 + 1)"and y = (1 + 1)*"" (and vice-
versa) are solutions to the equation x* = y*, for x, y > 0. (Takingu = 1,2,3, ...
in fact yields all nontrivial (i.e., x # y) rational solutions to this equation.)

2.9. [28] Denote by | x| the greatest integer not exceeding x. This function is often
called the Floor function. Prove that for x > 1,

X [x] N X [x+1]
(”E) 52—(1+Lx+u) |

2.10. [26] In Example 2.15 we showed that the AGM Inequality implies Bernoulli’s
Inequality. Show that Bernoulli’s Inequality implies the AGM Inequality.

2.11. Explain how the inequality (a + b)> — 4ab = (a — b)> > 0 in the proof of
Lemma 2.7 relates to Fig. 2.3.

Fig. 2.3 For Exercise 2.11 a b

2.12. (a) Fillin the details of another proof of Lemma 2.7, as follows. Leta, b > 0.
Since (t — /a)(t — \/E) has real zeros, conclude that v/ab < #

(b) Leta,c > 0. Show that if |b| > a + ¢ then ax? + bx + ¢ has two (distinct)
real roots.

2.13. [19] In Fig.2.4, ABCD is a trapezoid with AB parallel to DC, and EF is
parallel to each of these. Show that m is a weighted average of a and b. That is,

__ pbtqga
m= for some > 0.
ptq p-4q

2.14. (a) Show that for x > 0, we have x + 1/x > 2, with equality if and only if
x =1

(b) Conclude (even though we have not yet officially met the exponential function)
that
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X —X
cosh(x) = % > 1,

with equality if and only if x = 0.
(¢) [31] Show that for x > 0,
x" 1
< .
l+x4+x24--4+x2 7 2n+1

Fig. 2.4 For Exercise 2.13 D a C

m

2.15. [51] The bank in your town sells British pounds at the rate 1£ = $S and buys
them at the rate 1£ = $B. You and your friend want to exchange dollars and pounds

between the two of you, at a rate that is fair to both. Show that the fair exchange rate
is 1£ = +/SB, the Geometric Mean of S and B.

2.16. [13] Let H < G < A denote respectively the Harmonic, Geometric and
Arithmetic Means of two positive numbers.

(a) Show that H, G, and A are the side lengths of a triangle if and only if

35 A 3+45

< <
2 H 2

(b) Show that H, G, and A are the side lengths of a right triangle if and only if
A/H is the golden mean:

A 1445

H 2

2.17. [56]

n
(a) Prove that for any natural number n, we have Y k =
k=1

n(n+1)
— -
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(b) For n = 1, it is clear that n! = (%)n . Use (a) and the AGM Inequality
(Theorem 2.10) to prove that for integers n > 2,

n+1 )" )

n!<(2

2.18. [31]Leta,b > 0, with a + b = 1. Show, as follows, that
(crd) +(5) =3
a+—|) +|b+—-) = —.

a b

(a) For such a, b, show that ﬁ > 4.

(b) Use Lemma 2.7 to show that (a+1/a)? + (b+1/b)* = 2 (a+1/a) (b + 1/b) .
(¢) Combine (a) and (b) to show that

(a + ;)2+(b + ;)2—2 (a + é) (b + %) > (1+4)2—(a + ;)2—(1; + 2)2.

(d) Use this to obtain the desired result.

2.19. In Fig. 2.5, which shows a semicircle with diameter a + b, we can see that
A > G > H as labeled. Use elementary geometry to show that 4, G, and H are
respectively the Arithmetic, Geometric and Harmonic Means of a and b.

Fig. 2.5 For Exercise 2.19

I a t— b —

2.20. (a) Suppose that a car travels at a miles per hour from point A to point B,
then returns at b miles per hour. Show that the average speed for the trip is the
Harmonic Mean of a and b.

(b) Show that G — H < A — G, where H, G and A the Harmonic, Geometric, and
Arithmetic Means of two numbers a, b > 0.

(¢) Fora,b > 0, Heron’s Mean, named for Heron of Alexandria (c. 10-70 AD), is

a-+ ~ab+b
3 .

Show that if a # b, then G < A < A, where G and A are the Geometric and
Arithmetic means of a and b.

H =
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2.21. Letay,as,...,a, > 0. We saw in (2.2) that

n
Z Zl 2
a; — >n".
a;
j=1 /

j=1
Apply this to the three numbers a+b, a+c, and b+c to obtain Nesbitt’s Inequality:

a n b n c
b+c a+c a+b

3
> .
-2

2.22. Denote by H, G and A the Harmonic, Geometric, and Arithmetic Means of
two numbers a, b > 0. We have seen that H < G < 4.

(a) Showthat A— H = (b —a)/2.
(b) Leta; = H(a,b) and by = A(a,b). Thenforn =1,2,3,...,let

ay+ = H(a,,b,) and b,+1 = A(a,, by).

Show that {[a,,b,]} is a sequence of nested intervals, with b, — a, — O.
Conclude by the Nested Interval Property (Theorem 1.41) that there is ¢
belonging to each of these intervals.

(¢) Show that v/a,b, = Vab = G for all n to conclude that ¢ = G.
(For example, if @ = 1 and b = 2, then {a,} is an increasing sequence of
rational numbers which converges to +/2.)

2.23. [43] In Example 2.5 we used Bernoulli’s Inequality (Lemma 2.1) to show
that #/n — 1 as n — oo. Prove this using the AGM Inequality (Theorem 2.10), by
settinga; = a, = --- = a,_; and a, = /n.

2.24. Show that

i 2t AFo+ @)
0ol +34+54--+Q2un—1)

2.25. [30]

(a) In Example 2.6 we used Bernoulli’s Inequality (Lemma 2.1) to show that
{(1 + 111)"} is an increasing sequence. Show this using the AGM Inequality

(Theorem 2.10). Hint: Consider the n + 1 numbers 1, # % o, ”nil
(b) Show that {(1 + %)”H} is a decreasing sequence using the AGM Inequality
(Theorem 2.10). Hint: Consider the n + 2 numbers 1, nL+1’ nj_l e #, apply

the AGM Inequality, then take reciprocals.
(¢) Use the AGM Inequality (Theorem 2.10) to show that {(1 — ﬁ)_n} is a

decreasing sequence (forn = 2,3, ...).
Hint: Consider the n + 1 numbers 1,1 — ,ll, 1— }l, 1= }l
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Note: Many variations of Exercise 2.25 have been discovered and rediscovered
over the years (e.g., [15,22,27,29-31,41,57]). Other approaches can be found in
[3,17,42,44].

2.26. [59] Apply the AGM Inequality (Theorem 2.10) to the n + k numbers

]+1 1+1 1+1 k—1 k-1 k—1
n b n ’ 3 n ’ k ’ k ) ’ k

to show that
1\" k \F
1+-) <|—) .
(1+3) < (=)
So, for example, taking k = 6, we may conclude that e < (g)6 >~ 2.986 < 3.

2.27. [22]1Use (1 + 1/n)" < e and induction to show that (n/e)" < n!.
2.28. [32,49] Let

p(x) = X"+ a1 X"+t aix +ao

be a polynomial with roots xp, x5, ..., X,.
(a) Show thatay = (—1)"x1x3--- X,
(b) Show thata,—; = — ) x;.
j=l1
(¢) Show that a; = (=1)"""[xax3 Xy + X1 X3+ Xy 4+ -+ 4+ X1 X0 ... Xyt |-

(d) Show that if all of the roots are positive, then aja,—;/ay > n2.

2.29. Suppose a quadrilateral has side lengths a,b,c,d > 0 and denote by s its
semi perimeter: s = (a + b + ¢ + d)/2. Bretschneider’s formula says that the
area of the quadrilateral is given by

A=+/(s—a)(s—b)(s —c)(s —d) —abcd cos?(8),

where 6 is half of the sum of any pair of opposite angles. If the quadrilateral can
be inscribed in a circle then elementary geometry shows that 6 = /2 and we get
Brahmagupta’s formula

A= /(s—a)(s—b)(s—c)(s—d).

(Andif d = 0 then the quadrilateral is in fact a triangle and we get Heron’s formula.)
Show that among all quadrilaterals with a given perimeter, the square has the largest
area.
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2.30. In our proof (that is, K.M. Chong’s) of the AGM Inequality (Theorem 2.10)
we focused on A and used the inequality (2.1). Fill in the details of the following
proof, which focuses instead on G.

(a) Show (assuming againa; < a; <--- < a,) that

aiay

G

al"‘an_Gz

(b) Use this to prove the AGM Inequality.

2.31. Fill in the details of H. Dorrie’s beautiful 1921 proof of the AGM Inequality

(Theorem 2.10), as follows. (This proof was rediscovered by P.P. Korovkin in 1952

[22] and again by G. Ehlers in 1954 [5].) Lemma 2.7 is the case n = 2, so we

proceed by induction, assuming that the result is true for n — 1 numbers. What we
n

want to show is that ) a; > nG.
j=1
n
(a) Argue thatsince G" = [] a j» atleast one a; must be < G, and some other a
j=1
must be > G. So we may assume that a; < G and a, > G.
(b) Show thata; < G and a; > G imply that

n
aa aaz
a1+a2>G+T, and so E aj2G+— E aj

ayar
G ,asz, a4, ...,04,.

2.32. [7,50] Letay,as,...,a, be nonnegative real numbers. Show that

1+ ﬁa}/" < ﬁ(1+a,»)‘/”.
j=1 '

j=1

Hint: Consider the left-hand side divided by the right-hand side, apply the AGM
Inequality (Theorem 2.10), then tidy up.

2.33. [11] Let A, B and C be the interior angles of a triangle. Show that

sin(A) + sin(B) + sin(C) < M

Hint:
A4+ B+C =y = sin(A)+sin(B)+sin(C) = 4cos(A/2) cos(B/2) cos(C/2).
2.34. [6] Prove that

(ﬁ—l) (%—«/E)...("*{/m—x/_.)

(+1)"'
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2.35. Analyze Cauchy’s proof of the AGM Inequality (Theorem 2.10) given at the
end of Sect. 2.2 to obtain necessary and sufficient conditions for equality.

2.36. In Cauchy’s proof of the AGM Inequality (Theorem 2.10) given at the end of
Sect. 2.2, we focused on A and had (for 2" > n):

art+a+---+a,+Q2"—n)A
2m ’

A=

Then we applied the result for the 2™ case. For a proof which focuses instead on G,
verify (for 2" > n) that

m m__
G* =a;-ay---a,-G* ™",

then apply the result for the 2 case.

2.37. We used Lemma 2.7 to prove the Cauchy-Schwarz Inequality (Theo-
rem 2.18). Then we used the Cauchy—Schwarz Inequality to show that A < R.
Show that A < R using Lemma 2.7 directly. When does equality hold?

2.38. Fill in the details of the following proof of the Cauchy—Schwarz Inequality
(Theorem 2.18), which is very similar to Schwarz’s.

(a) Dispense with thecasea; =a, =---=a, = 0.

(b) Expand the sum in the expression 0 < Y (ta; + b;)>.
j=1

() Sett =— > a;b;j/ " a?.
j=1 j=1

(This is the 7 at which the quadratic ) (ta; + b;)? attains its minimum.)
j=1

2.39. Fill in the details of another proof of the Cauchy—Schwarz Inequality
(Theorem 2.18), as follows.

(a) Replace a with a? and b with b? in Lemma 2.7 to get ab < %az + %bz .
(b) Write ab = /ta %b in (a) to show that for numbers a, b and any ¢ > 0,

t 1
b<—=a*+ —b>.
a _2a +2t

(¢) Now write a;jb; = \/Taj%bj then sum from j = 1ton to get

n n 1 n
PNIUEEDILEE DI
i=1 j=l j=l
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(d) Dispense with the case a; = a, =+ = a, = 0, then set

1/2 1/2

n n
2 2
Db / 24|
i= =1

n n
then simplify. (This is the ¢ at which £ Zl a’+ 5 Zl b? attains its minimum.)
J= J=

2.40. Apply Schwarz’s idea, as in his proof of the Cauchy—Schwarz Inequality
(Theorem 2.18), to Z (a; + 1)?. What do you get? Can you prove whatever you
got using the Cauchy—Schwarz Inequality?

2.41. [53] Fill in the details of the following proof of the Cauchy—Schwarz
Inequality (Theorem 2.18), which is quite possibly just as slick as Schwarz’s.
Observe that

j=1 —1_ = _aj
n ) n 2 - 2 n )
> al |y e _1 a2 2 b2
j=l ° j=l -

2.42. Fill in the details of the following (ostensibly) different proof of the Cauchy—
Schwarz Inequality (Theorem 2.18).

||M=

(a) Replace a with a* and b with b? in Lemma 2.7 to get ab < 1a* + 1b*.

(b) Dispense with the casesa; =a, =---=a, =0orby =by,=---=b, =0.
—1/2 —1/2
n n
(c) Seta = a; <]§1 a?) and b = b; <,§1 bjz) in (a), then sum from 1
ton

2.43. Find necessary and sufficient conditions for equality to hold in the Cauchy—
Schwarz Inequality (Theorem 2.18).

2.44. [33] Letay,as,...,a, be positive real numbers and let r < n be a positive
integer. Set

1 « 1 o 1
= - a;,, A=-— a;, and o’=-— a; — A)>.

The number o2 is called the variance of a;, as, . . ., a,. Show that

r(A, — A < (n—r)o’.
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2.45. [58] Let x, x2,...,x, € R. Show that

X1 n X2 +ee gt Xn <
n.
1+x}  14+xi+x3 T+xf+x3+-+x2 7

2.46. [14] Show that

2
Xn: k—+k?-1 “n n
| VEE+1D )] T Va+l

2.47. [23,38] For n data points (ay, by), ..., (a,, by,),

A= %iaj, and B = %ibf’

Jj=1 J=1

Pearson’s coefficient of linear correlation is

il(aj — A)(bj — B)
j=

p:

S (aj— AP |3 (b; — B)?
j=l1 Jj=1

Clearly the Cauchy—Schwarz Inequality (Theorem 2.18) implies that |p| < 1. Show
that |p| < 1 implies the Cauchy—Schwarz Inequality. (For readers who know a little
linear algebra, [21] contains a neat relationship between p and something called the
Gram determinant.)

248. [1,50]

(a) Show that for x;,x;,...,x, € Rand y|, y2,...,y, >0,

(X1 4 x4+ + x,)? - NN
yit+yat+-o+ Y1 Y2 Yn
(b) Set x; = aj;b; and y; = bjz to obtain the Cauchy—Schwarz Inequality

(Theorem 2.18).
(¢) Leta,b,c > 0. Use (a) to obtain Nesbitt’s Inequality:

a+b+c
b+c a+c a+b

3
>,
-2
(d) Use (a) to show that fora,b > 0,

at+b* > La* +b%).
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2.49. [8,46] Leta,b,c > 0.
(a) Show that if

acos*(x) + bsin’(x) < ¢,
then
Va cos(x) + Vb sin?(x) < V.

(b) Show that

(abe)* <

ab + ac + be <(a+b+c)2
3 - 3 ’

2.50. [20] We saw in Remark 2.14 that the isoperimetric inequality for an n-sided
polygon with area 7" and perimeter P is

P2

<—.
~ 4ntan (7/n)
Show that if ay, ay, ..., a, are the side lengths of an n-sided polygon, then

n

Za? > 4T tan (t/n) .

j=1

n

2.51. Letay,as,...,ay, and by, by, ..., b, bereal numbers, with ) b; = 0.Show
j=1

that

2

2
n n n n
2 2
E ajb; | < E a; — E aj E bj.
j=1 Jj=1 Jj=1 Jj=1

2.52. cf. [36] Letay,as,...,a,,and by, b,, ..., b, be real numbers with 0 < a <
aj < Aand 0 < b < b; < B. Fill in the following details to obtain a reversed
version of the Cauchy—-Schwarz Inequality:

i=1 1 AB ab
<—|(+=+/—1.
— 4 ab AB

2 2
aj 2. b;
J Jj=1

(200
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(@ Verify that (52 - ) (£ - 4) =o0.
(b) Use this to verify that

A A
a? +a—b2 < (ﬁ-i-z)ajbj.

bB 7 — \ B
(¢) Write
. e 1/2 . e . 1/2
Bb Aa
2 2 _ 2 2
>4 DL IR DI Pl I
Jj=1 Jj=1 j=1 j=1

then use Lemma 2.7 and (b) to obtain the desired result.

2.53. Use the Cauchy—Schwarz Inequality (Theorem 2.18) to prove Minkowski’s
Inequality: Let ay,...,a,,by,...,b, € R. Then

1/2 1/2 1/2
n

dolaj+b) | =] +[X8
j=1 j=1

Jj=1

(Notice that if n = 1 this is simply the triangle inequality |a + b| < |a| + |b].)
Hint: Write (a; + b;)° = a; (a; +b;) + b; (a; + b;), then sum, then apply the
Cauchy—Schwarz Inequality (Theorem 2.18) to each piece.

2.54. [45] The Cauchy-Schwarz Inequality (Theorem 2.18) gives an upper bound

for ) a;b;. Under certain circumstances, a lower bound is given by Chebyshev’s
j=1

Inequality: Let {ay,a,,...,a,} and {b1,bs, ..., b,} be sequences of real numbers,

with either both increasing or both decreasing. Then

1 n 1 n 1 n
=~ 4 ) b == ajb;.
j=1 j=1 j=1
And the inequality is reversed if the sequences have opposite monotonicity. Fill in
the details of the following proof of Chebyshev’s Inequality, for the a}s and b}s
n

both increasing. (The other case is handled similarly.) First, let A = ;

= a;.
Jj=1

(a) Show that there is k between 1 and n such that
ar<a<--<ar <A=Zagy <--- < ay.
(b) Conclude that

(aj —A)(bj —bx) =0 forj =12,....n,
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and therefore

n

lZ(a,-—A)(b,-—bk)zo.

j=1
(¢) Expand then simplify the sum on the left hand side in (b).

2.55. [45] (If you did Exercise 2.54.) (a) Use Chebyshev’s Inequality to prove that
forO0<a; <a,<---<a,andn > 1,

(b) Let a, b, ¢ be the side lengths of a triangle with area T and perimeter P. Show
thata® + b3 + ¢3 > %PT and that a* + b* + ¢* > 1672,

2.56. [40] (If you did Exercise 2.54.) Use Chebyshev’s Inequality and the AGM
Inequality (Theorem 2.10) to prove that for0 < a; <a; <--- < a,,

n n

E at'>aay---a, E aj.
j

Jj=1 Jj=1

n
2.57. Foraj,as,...,a, € R, their variance is the number o2 = % Y (a; — A)?,
=

n

where A = % '21 a; is their Arithmetic Mean. Suppose that m < a; < M for
j=

all j.

(a) Verify that

%Z‘;(aj — AP = (M — A) (A—m) —%E(M —aj)a; —m).
j= =

n
in order to conclude that % Z:l (aj — A)* < (M — A) (A — m). (This inequality

was obtained differently, and generalized considerably, in [4].)
(b) Show that this inequality is better than, that is, is a refinement of Popoviciu’s
Inequality:

1 ¢ 1
=D (= A < (M —m)>.

j=1

Hint: Show that the quadratic (Q —x)(x—q) is maximized when x = %(Q +q).
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2.58. [32]
(a) Extend Exercise 2.57 to prove Griiss’s Inequality: Let ay,a»,...,a,, and
b1, by, ..., b, be real numbers, withm <a; < M andy < b; < I Then

1 & 1 o 1 o 1
S ajbj == aj 3 bl < (M —m)T —y).
j=1 j=1 j=1

Hint: Let A = 1 > a;, B = 1 3" b; and begin by applying the Cauchy—
= =
Schwarz Inequality (Theorem 2.18) to

2

1 n
~ Y (a; = A)b; — B)
j=1

(b) Show by providing an example (take a; = b; for simplicity) that the constant

1/4 in Griiss’s Inequality cannot be replaced by any smaller number. That is,
the 1/4 is sharp.
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Chapter 3
Continuous Functions

It is easy to be brave from a safe distance.

—Aesop

Let I < Rbe an interval—open, closed, or otherwise. For the sake of simplicity, but
without great loss, we mainly consider functions f : I — R. Roughly speaking,
if f is continuous then f(x) is close to f(xo) whenever x € [ is close to
Xxp € I. Many functions which arise naturally in applications are continuous on
some interval /. We shall see that continuous functions have very nice properties.
The two big theorems in the world of continuous functions are the Intermediate
Value Theorem and the Extreme Value Theorem. We prove these using bisection
algorithms.

3.1 Basic Properties

Let 7 be an interval (open, closed, or otherwise) and let f : I — R. We say that f
is continuous on / if f is continuous at every xo € I. That is, for every xo € 1 and
for any sequence {x,} in / for which x, — x,

nILHolO Sa) = f(nli)n(}o xn) = f(xo).

So the operation defined by f and the operation of taking the limit can be
interchanged. More precisely: For any sequence {x,} in I for which x, — x¢ € I,
and for any ¢ > 0, there is a number N such that | f(x,) — f(xo)| < & forn > N.

If a function is continuous on / then its graph has no jumps nor breaks on /.
(So one cannot really know that a particular function has a graph with no jumps
nor breaks until it has been verified that the function is continuous.) In Fig. 3.1, the
graphed function is continuous on (a, b), except at two points.

Example 3.1. We can rely very heavily on what we know about sequences to prove
things about continuous functions. For example, if /" and g are each continuous at x
then sois f + g. Here’s why: If x, — x¢ then f(x,) — f(xo) and g(x,) — g(xo),

© Springer Science+Business Media New York 2014 53
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because f and g are continuous. Therefore f(x,) + g(x,) — f(x0) + g (x0),
because we know this about sequences (Lemma 1.24). So f + g is continuous

at xo. o
Fig. 3.1 A function y
continuous on (a, b), except
at two points
y=fx)
f f
a b x
Example 3.2. For any yo € R, the function
X .
ﬂ if x 7é 0
X
fx) =
yo ifx=0

is continuous on (—o0,0) and on (0, +00), but f is not continuous at xo = 0:
Consider x, = (—1)"/n. Then x, — 0, yet { f(x,)} = {—1,1,—1,1,...}, which
diverges (Example 1.14). So we do not have f(x,) — f(0). See Fig.3.2. o

Fig. 3.2 For Example 3.2. y
Here, x, = (—1)"/n — 0

and { f(x,)} =

{—1,1,—1,1,...}, which 1 ‘
diverges. So we do not have ¥ =fx)

S ) = f(0) T’

W

ol — A
o= +
N
ol — +

¥ =flx)
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Example 3.3. For any y, # 1, the function

1 ifx#0
fx) =
yo ifx=0

is continuous on (—oo, 0) and on (0, +00), but f is not continuous at xo = 0: Any
sequence {x,} for which x, — 0 (and x,, # 0) has | f(x,) — f(0)| = |1 — yo| and
so we do not have f(x,) — f(0). See Fig. 3.3. o

Fig. 3.3 For Example 3.3. ¥
Here, x, — 0 can be

arbitrarily close to 0, but with 1
f(x,) always being a fixed p
positive distance from f(0).

So f(x) does not get close to

f(0) as x gets close to 0

Roughly, the idea is that for a continuous function f defined on /, if x € [
is close to xo € [ then f(x) is close to f(xo). (The formal definition is needed
to make precise the two instances of the word close.) The following useful result
illustrates this idea very nicely.

Lemma 3.4. Let f be continuous on [a, b], with f(x¢) # 0 for some x € [a, b].
Then there is a closed interval J C [a, b] containing x, such that f(x) # 0 for
every x € J.

Proof. Forn = 1,2,3..., let J, be any closed interval of length @ which
contains xy. If the conclusion of the lemma is not true, then there is a point x,, € J,
such that f(x,) = 0. Now (bn;a) — 0 and so x, — Xy, and since f is continuous
we must have f(x,) — f(xo). Finally, f(x,) = 0 implies that f(xo) = 0, a
contradiction. O

We assume that the reader has some familiarity with continuous functions.
We cite the following simple facts which are inherited from Lemmas 1.24-1.26.
We shall use these facts freely, often without explicit mention. Their proofs are
left as Exercises 3.2, 3.4 and 3.6, respectively. If f and g are each continuous
functions on 1, then so are o f + Pg (for any o, € R), f - g, and f/g (as long as
g#0on I).

The reader should agree that it is immediate from the definition, that the functions
f(x) =1and g(x) = x are continuous on R. Therefore, by the first two facts from
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the previous paragraph, any polynomial is continuous on R. And by the third fact,
any rational function (a polynomial divided by a polynomial) is continuous wherever
it is defined—that is, wherever its denominator is not zero.

We can add many more functions to our collection of continuous functions using
the fact that a composition of continuous functions is a continuous function. More
precisely: Let g : J — I and f : I — R be continuous functions. Then the
composition f o g : J — Rdefined by (f o g)(x) = f(g(x)) is a continuous
function. Here’s why: If x, — x¢ then g(x,) — g(xo), because g is continuous.
And then f(g(x,)) = f(g(xp)), because f is continuous.

Example 3.5. We show that if g is continuous, then |g| is continuous. Let yy € R.
If y, — yo then by the reverse triangle inequality,

||yn|_|y0|}§ [yn = yo| = 0,

and so f(y) = |y| is continuous at y,. Now if g is continuous at x¢ and g(xp) = o
then, being a composition of continuous functions, f(g(x)) = |g(x)| is also
continuous at x¢. That is, |g| is continuous if g is continuous. o

The trigonometric function sin(x) is continuous on R. We leave the verification
of this claim for Exercise 3.8. Then, being a composition of continuous functions,
cos(x) = sin(y/2 — x) is continuous on R. Then, being quotients of continuous
functions, tan(x), csc(x), sec(x), and cot(x) are continuous wherever they are
defined, i.e., wherever their denominators are not zero.

One can define the exponential function f(x) = e* for x € R and then after
some justification, name f~'(x) = In(x) as its inverse (for x > 0). Alternatively,
one can define the natural logarithmic function f(x) = In(x) for x > 0 and then
after some justification, name f~'(x) = e* as its inverse (for x € R). We shall say
more about each of these approaches, in Chaps. 6 and 10 respectively. Either way, e*
is continuous on (—oo, +00), and In(x) is continuous on (0, +00). We assume that
the reader is comfortable in accepting these two claims, even though we postpone
their proper verification. Graphs of e* and In(x) are shown in Fig. 3.4.

Example 3.6. f(x) = iozs—rl) + ewost) 4 x In(sin(x) + 2) is continuous for

x € R. <o

3.2 Bolzano’s Theorem

The following important result is named for Italian mathematician Bernhard
Bolzano (1781-1848). For its statement, we use the fact that two real numbers A4
and B have opposite signs if and only if AB < 0.

Theorem 3.7. (Bolzano’s Theorem) Let f be a continuous function on [a, b] with
f(a) f(b) < 0. Then there is at least one ¢ € (a, b) for which f(c) = 0.
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Fig. 3.4 The graphs of y = e* and its inverse, y = In(x). Each is the graph of the other, reflected
the line y = x

Proof. We employ a bisection algorithm. Write [a, b] = [ag, bo], let ¢¢ =
the midpoint of [ag, bg], and bisect [ag, bg] into intervals [ag, co] and [cg, by]. Now
if f(co) = O then we are done—that is, ¢ = c¢( (and we count ourselves very
fortunate). Otherwise, since f changes sign on [ay, by], it must change sign on
either [ay, co] or on [cg, bo] (or on both). Keep an interval on which f changes sign,
rename it [a1, b;] and discard the other. Now we continue this process. That is, for
n =1,2,3,... do the following:

(%) Letc, = ”"TH’”

If f(c,) = 0 then we are done—that is, ¢ = ¢,.

If f(a,) f(cy) < Othenseta,+, = a, and b, = ¢,, and go back to (x).
If f(cu)f(b,) <Othenseta,t; = c, and b, = b,, and go back to (x).

ao+bo
2 bl

Then [a, b] 2 [a1,b1] 2 [az,by] 2 [as,b3] 2 ... is a sequence of nested intervals
with b, —a, = ’% — 0. So by the Nested Interval Property of R (Theorem 1.41),
there is a unique point ¢ belonging to each interval. Now a,, — ¢ and b, — ¢ and
f is continuous, so we must therefore have f(a,) — f(c) and f(b,) — f(c).
Now we observe that f(a,) f(b,) < 0 after each pass through the algorithm, and
so we must have f(c)> < 0 (by Lemma 1.27). This is only possible if f(c) = 0, as

desired. O

See Fig. 3.5 for an illustration of Bolzano’s Theorem (Theorem 3.7). For its
proof, we employed what is known as a bisection algorithm. At each step of
such an algorithm an interval is bisected, then one of the halves is kept (and the
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other discarded), based on some particular criterion. We shall employ a bisection
algorithm again in our proof of the Extreme Value Theorem (Theorem 3.23).
Bisection algorithms are also used in a number of the exercises.

Example 3.8. Consider the equation x sin(x) = 1. Set f(x) = x sin(x)—1, which
is continuous on R. Now f(0) = —1 < 0, f(¥/2) = ¥/2—1 > 0, and f(y) =
—1 < 0, so applying Bolzano’s Theorem (Theorem 3.7) we see that the equation
has (at least) one solution in (0, 1/2) and (at least) one solution in (y¥/2, ¥). o

Let f be a function defined on / and let p € I. Then f has a fixed point p if
f(p) = p. That s, the point p is not changed by f—itis fixed. If f has fixed point
p, then the function f(x) — x has a zero at x = p, and conversely. This simple
observation can be very useful.

Fig. 3.5 Bolzano’s Theorem Y
(Theorem 3.7): The y = flx)
continuous function f goes
from negative to positive,
so its graph must cross the
Xx-axis

N}
[}
S

Example 3.9. Let f(x) = x> — x — 1/4/x. Then p > 0 is a zero of f if and only
if p is a fixed point of F(x) = x> —1//x; p > Ois azero of f if and only if p is
a fixed point of H(x) = 14+ 1/x%?; p > 0is a zero of f if and only if p is a fixed

point of G(x) = +/x + 1//x. o

The following result shows that if the graph of a continuous function f is entirely
contained within the rectangle [a, b]x [a, b], then f must have a fixed point in [a, b].
That is, the graph must intersect the line y = x at least once. See Fig. 3.6.

Lemma 3.10. (Fixed Point Lemma) Let f : [a, b] — [a, b] be continuous. Then f
has at least one fixed point in [a, b].

Proof. If f(a) = a then a is a fixed point, or if f(b) = b then b is a fixed point.
So we may assume that f(a) # a and f(b) # b. Let g(x) = f(x) — x. Then g is
continuous on [a, b], with g(a) = f(a)—a > 0and g(b) = f(b) —b < 0. That is,
g(a)g(b) < 0. So we apply Bolzano’s Theorem (Theorem 3.7) to g to see that there
is p € (a, b) for which g(p) = 0. Thatis, g(p) = f(p) —p =0, 0r f(p) = p, as
desired. O
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Fig. 3.6 A continuous y
f :a,b] = [a,b] has a
fixed point: f(xg) = X

Remark 3.11. The Fixed Point Lemma (Lemma 3.10) is a special case of
Brouwer’s Theorem, due to Dutch mathematician L.E.J. Brouwer (1881-1966),
which holds in much more generality. Here is an amusing instance of the theorem
being applied in two dimensions. A map of Wyoming say, can be regarded as a
function from Wyoming to a large piece of paper: Each actual point in Wyoming
is mapped by the function to a dot on the paper which represents that point. Then
placing the map flat and wholly within Wyoming (anywhere on the ground, say)
can be regarded as a mapping from Wyoming to a subset of Wyoming. Brouwer’s
Theorem says that there must be a dot on the map which sits exactly over the actual
point in Wyoming which the dot represents. (See also Exercise 3.20, and the reader
might consult [3,4,9] for other amusing examples.) o

3.3 The Universal Chord Theorem

A function f defined on / has a horizontal chord if f(a) = f(b) for some
a < b € I. The length of this horizontal chord is then » — a. A continuous function
need not, of course, have any horizontal chords ( f(x) = x, for example). The result
below shows however, that if a continuous function happens to have a horizontal
chord of length » — a, then it must also have a horizontal chord of length (b —a)/2.
See Fig. 3.7. We state and prove this result on [0, 1] instead of [, b], only for the
sake of simplicity; the [a, b] case is left for Exercise 3.25. (See also Exercise 3.26.)

Lemma 3.12. (Half-Chord Lemma) Let f be continuous on [0,1], with
f(0) = f(1). Then there is ¢ € [0, 1/2] such that f(c + 1/2) = f(c).

Proof. Define the function g on [0,1/2] via g(x) = f(x + 1/2) — f(x). Then g
is continuous on [0, 1/2]. We want to show that g has a zero in [0, 1/2]. If g does
not have a zero in [0, 1/2] then, by Bolzano’s Theorem (Theorem 3.7), g is either
always positive or always negative on [0, 1/2]. Say it’s positive; if it’s negative we
would consider —g. Then f(x) < f(x + 1/2) on [0, 1/2]. Setting x = 0 and then
x =1/2, we get
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fO) < f(1/2) < f(1/2+1/2) = f(1).

But f(0) = f(1) and so we have a contradiction. Therefore g indeed has a zero ¢
in [0, 1/2]. Then g(c) = Oyields f(c + 1/2) = f(c), as desired. |

Remark 3.13. Think of a loop of wire shaped like a circle, heated in any manner
whatsoever. Then since temperature along the wire is a continuous function,
and since the wire forms a circle (i.e., f(0) = f(1)), the Half-Chord Lemma
(Lemma 3.12) implies that at any given moment, there is a pair of opposite points on
the wire having the same temperature. Notice that the wire doesn’t really need to be a
circular loop—we only need to have a well defined notion of opposite. For example,
at any given moment in time there is a pair of antipodal points on the earth’s equator
having the same temperature, and another pair of antipodal points having the same
wind speed (and another pair having the same atmospheric pressure, etc.). )

Fig. 3.7 The Half-Chord ¥
Lemma (Lemma 3.12) on

[a, b]: The continuous

function f has a horizontal

chord of length b — a so it

must also have a horizontal

chord of length (b — a)/2

Applying the Half-Chord Lemma (Lemma 3.12), or more precisely Exercise 3.25,
over and over again, we can see that if a continuous function has a horizontal chord
of length L, then it must also have horizontal chords of lengths L /2%, for each
k € N. But even more is true, as follows. Again, we take [a,b] = [0, 1] for
the sake of simplicity; the general [a, b] case is left for Exercise 3.27. (See also
Exercise 3.28.)

Theorem 3.14. (Universal Chord Theorem) Let f be continuous on [0, 1] with
f(0) = f(1), and Iet k be any positive integer. Then there is ¢ € [0,1 — 1/k]
such that f(c + 1/k) = f(c). Thatis, f has a horizontal chord of length 1/ k.

Proof. The hypothesis of the theorem is k = 1, so we let k > 2. Consider the
function g(x) = f(x + 1/k) — f(x) on [0,1 — 1/k]. Then g is continuous on
[0,1 — 1/k]. We want to show that g has a zero in [0, 1 — 1/k]. If not, then by
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Bolzano’s Theorem (Theorem 3.7), g is either always positive or always negative
on [0,1 — 1/k]. Let’s say it’s positive; if it’s negative we could consider —g. Then
f(x) < f(x+1/k)on[0,1—1/k].Settingx =0,x =1/k,x =2/k,..., and
x = (k—1)/k we get

fO) < f(1/k) < f2/k) < fB/k) <--- < flk/k) = f(D).

But f(0) = f(1) and so we have a contradiction. Therefore g indeed has a zero ¢
in [0,1 —1/k]. Then g(c) = Oyields f(c + 1/k) = f(c), as desired. |

Remark 3.15. Think again of a circular wire of length L, heated in any manner
whatsoever. The Universal Chord Theorem (Theorem 3.14) implies that for each
m € N, there is a pair of points on the wire of distance L/m from each other
(measured along the wire) which have the same temperature. )

We leave it for Exercise 3.29 to show that a continuous function f on [0, 1] with
f(0) = f(1) need not have a horizontal chord of length ¢, if t € (1/2,1). But
more interesting is the fact that f need not have a horizontal chord of length 1/m,
if m # 1, 2, 3,.... In this sense the Universal Chord Theorem (Theorem 3.14) is
as good as it can be. This is demonstrated by the function

£(x) = x sin>(my) — sin® (myx).
Here, f is continuous on [0, 1], with f(0) = f(1) = 0, yet one can check that
S+ 5= f) = Lsindmy) =0

only if m is an integer. This is Exercise 3.30.

Remark 3.16. This section owes much to the excellent book [3]. From there: “Even
though the Universal Chord Theorem was discovered by A.M. Ampere in 1806, it is
commonly attributed to P. Levy, who rediscovered it in 1934, but also showed that
it is optimal.” Levy showed that it is optimal by using precisely the f(x) from the
above paragraph. )

3.4 The Intermediate Value Theorem

The Intermediate Value Theorem is arguably the most important theorem about
continuous functions. It amounts to improving Bolzano’s Theorem (Theorem 3.7) to
allow f(a) and f(b) to be any two values—not just one negative and one positive.
It is equivalent to Bolzano’s Theorem but it gets used more often in this latter form.
The theorem says that a continuous function on a closed interval [a, b] attains every
value between f(a) and f(b). See Fig. 3.8. This property is called the Intermediate
Value Property on [a, b].
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Fig. 3.8 The Intermediate y
Value Theorem
(Theorem 3.17): There is
¢ € [a, b] for which f(a)+
f(e) = yo
Yot
X
fb)t

Theorem 3.17. (Intermediate Value Theorem) Let f be continuous on [a, b] and
let yo be any number between f(a) and f(b). Then there is at least one ¢ € [a, b]
for which f(c) = yo.

Proof. If yo = f(a) or yo = f(b) then we take ¢ = a or ¢ = b and we are
done. So let y, be strictly between f(a) and f(b) and consider the function g(x) =
f(x) — yo. Then g is continuous on [a, b]. And since yy is strictly between f(a)
and f(b) we have g(a)g(b) = [f(a) — yol[f () — yo] < 0. Applying Bolzano’s
Theorem (Theorem 3.7) to g we see that there is ¢ € (a, b) for which g(c) = 0.
That is, f(c) = yo as desired. |

Remark 3.18. The reader should agree, perhaps after making a sketch or two, that
a function may have the Intermediate Value Property on some particular interval, yet
not be continuous on that interval. Nevertheless, it might seem that the Intermediate
Value Property should characterize continuous functions in the following way: If
f satisfies the Intermediate Value Property on every subinterval of [a, b], then f
should be continuous on [a, b]. But this is not the case either, as the following
function demonstrates. Let a € R and define

Fooy = Lsin (1) ¥fx f 0

o ifx=0.
This function attains every value between —1 and +1 (infinitely many times) on
any interval which contains x = 0, yet it is not continuous on any such interval,
no matter what value is chosen for a. We leave the verification of this claim for
Exercise 3.34. The graph of y = f(x) is shown (very roughly) in Fig. 3.9. )

The following is a useful consequence of the Intermediate Value Theorem
(Theorem 3.17). Among other things, it is the basis for some important results that
we shall meet in Chap. 9.
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<

Fig. 3.9 The graph of f(x) = sin (%) This function has the Intermediate Value Property on any
interval which contains x = 0, yet it is not continuous on any such interval

Theorem 3.19. (Average Value Theorem for Sums) Let f be continuous on
[a,b], and let x1, x3, ..., X, € [a,b]. Then the average value of f, evaluated at
X1, X2, ..., Xy, is attained. That is, there is ¢ € [a, b] such that

@ =13 fey)
j=1

Proof. By suitably rearranging the x;'s, if necessary, we may assume that

fx) = flx) < - = flxn).

And then since the average value (i.e., the Arithmetic Mean) is a mean, we have
1 n
SOy = =3 10) = f).
j=1

So by the Intermediate Value Theorem (Theorem 3.17), there is ¢ between x; and

X, such that f(c) = % > f(x)), as desired. |
j=1

Example 3.20. Here is another way to prove the Half-Chord Lemma (Lemma 3.12).
Still, consider function g(x) = f(x + 1/2) — f(x) on [0, 1/2]. However, notice
that g(0) = —g(1/2), and so

3 (g0 +¢(3) =0.
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Therefore, by the Average Value Theorem for Sums (Theorem 3.19) there exists
¢ €]0,1/2] such that g(c) = 0. Thatis, f(c + 1/2) = f(c). This idea is extended

in Exercise 3.28 to prove the Universal Chord Theorem (Theorem 3.14). o
Let p1, p2, ..., p, be any n positive numbers. The associated weighted Arith-
metic Mean, of any a;,as, ..., a, € R, is the number
Z pjaj
ji=1
é: Pk

k=1

In this context, each w; = p;/ Z Pk is naturally called a weight. (Taking each
p; = 1 makes eachw; = 1/n, and we get the Arithmetic Mean.)

Example 3.21. In the weighted Arithmetic Mean

2a1+7ax+a3z+5a4+6as
21

we have w; =2/21, wy, = 1/3, w3 = 1/21, wy = 5/21, and ws = 2/7. Then

2a1+7ay+a3+5a4+6as __ 2 1 1 5 2 _ .
21 = a7d1 t 342 + 5743 + 5744 + 545 = § :W/aJ' <

It is easily verified that the weighted Arithmetic Mean is indeed a mean and so
the following result holds in very much the same way as the Average Value Theorem
for Sums (Theorem 3.19).

Theorem 3.22. (Mean Value Theorem for Sums) Let f be continuous on [a, b], let
X1, X2, ..., X, € [a,b], and let py, pa,..., p, be any n positive numbers. Then the
weighted Arithmetic Mean of f, evaluated at xy, X,, ..., X,, is attained. That is,
there is ¢ € [a, b] such that

Proof. This is Exercise 3.35. O

We point out that the conclusion of the Average Value Theorem for Sums
(Theorem 3.19) reads
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o > 1(s)
fle) = ;Zf(xj) = —
j=1 1
j=1

Replacing the 1’s on the right-hand side with p; > 0 yields the Mean Value
Theorem for Sums (Theorem 3.22).

3.5 The Extreme Value Theorem

The following theorem is attributed to the great German mathematician Karl
Weierstrass (1815-1897). If the Intermediate Theorem (Theorem 3.17) is not the
most important theorem about continuous functions, then this one surely is. The
theorem says that a continuous function on a closed interval attains smallest and
largest values; see Fig. 3.10. Our proof follows [6], but see also [1,4].

Theorem 3.23. (Extreme Value Theorem) Let f be continuous on [a,b]. Then
there are numbers x,,, X € [a, b] such that

fxm) < f(x) < f(xpy) forevery x € [a,b].

Proof. We prove the part of the theorem pertaining to xj,. The part pertaining to x,,
is proved very similarly; we leave it as Exercise 3.38. We employ another bisection
algorithm. Write [a,b] = [ao, bo], let ¢co = @ the midpoint of [ay, bo], and
bisect [ag, bo] into intervals [ag, co] and [cg, bo]. If there is a point ¢ € [ay, ¢o] such
that f(z) > f(x) for each x € [co, by] then we keep [ao, ¢o], rename it [ay, by], and
discard [co, bo]. Otherwise we keep [cg, bo], rename it [ay, by], and discard [ay, co].
We continue this process. That is, forn = 1,2, 3, ... we do the following:

(%) Letc, = ””—;b".

If there is ¢ € [a,, ¢,] such that f(¢) > f(x) for each x € [c,, b,],
then set a,+1 = a, and b+, = ¢,, and go back to ().
Otherwise, set a,+; = ¢, and b, +1 = b,, and go back to (x).

Then [a, b] D [a1,b1] 2 [aa, by] 2 [as,b3] 2 ... is a sequence of nested intervals
with b, —a, = >* — 0. As such there is a point ¢ belonging to each interval, by
the Nested Interval Property of R (Theorem 1.41). We claim that f(c) > f(x) for
all x € [a, b].

If not (looking for a contradiction), there is u € [a, b] such that f(u) > f(c).
Then the function g(x) = f(#) — f(x) is continuous on [a, b], and it is positive
at c. Therefore by Lemma 3.4, g is positive on some closed interval J containing c.
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For n large enough we shall have [a,,b,] C J, with u ¢ [a,, b,], and therefore
f(u) > f(x) forall x € [a,,b,]. But by the choice of [a,, b,] at each stage of the
algorithm, there is ¢ € [a,, b,] such that

f(@) > f(x)forall x & a,,b,].

So f(u) > f(c) cannot occur. This is our contradiction, as desired. O
Fig. 3.10 The Extreme Value y

Theorem (Theorem 3.23):

f(xrn) =< f(x) =< f(xM) for f(xw> i

every x € [a,b]

f(xm) T

Again, the Extreme Value Theorem (Theorem 3.23) says that f attains smallest
and largest values. In particular, a continuous function f on [a, b] is necessarily
bounded. That is, there exists a number M such that | f(x)| < M for every x €
[a, b]. Indeed, taking any M > max{| f(x,)|, | f(xa)|} will suffice.

The Intermediate Value Theorem (Theorem 3.17) then implies that the function
f i a,b] = [f(xm), f(xp)] is onto: for each yg € [f(xm), f(xp)], there is
Xo € [a, b] such that f(xo) = yo. Therefore, the set f ([a, b]) is an interval.

Exercises

3.1. Let f be a function defined on /.

(a) Suppose that for every ¢ > 0 there is 6 > 0 such that | f(x) — f(xo)| < ¢
whenever x € [ and |x — x| < 6. Show that f is continuous at xy.

(b) Suppose that f is continuous at xo. Show that for any ¢ > 0 there is § > 0 such
that | f(x) — f(xo)| < &€ whenever x € [ and |x — x| < §.
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3.2. Leta,p € R. Use Lemma 1.24 to prove that if f and g are continuous on 7,
then a f + Bg is continuous on /. (In particular, f + g is continuous on /.)

3.3. Let f and g be continuous functions on /. Show that the functions
(f Ag)(x) =min{f(x),g(x)} and (f Vg)(x)=max{f(x),g(x)}
are each continuous on /. Hint: Verify that (f A g)(x) = %(f(x) + g(x) —

|f(x) —g()]) and (f Vv g)(x) = 3(f(x) + g(x) + | f(x) = g(x)]).

3.4. Use Lemma 1.25 to prove that if f and g are continuous on /, then the product
f - g is continuous on 1.

3.5. (a) Prove directly from the definition that if f is continuous, then so is f2.
Hint: Look at Example 1.23.

(b) Write f-g = % ((f +9)?—(f - g)z) to prove that if f and g are continuous,
then f - g is continuous. Hint: Look at Example 1.28.

3.6. Use Lemma 1.26 to prove that if f and g are continuous at on / and g(x) # 0
for x € I, then the quotient f/g is continuous on /.

3.7. Let f be continuous on /, with f > 0. Show that / f is continuous on /.
3.8. In this exercise we show that sin(x) is continuous at every x; € R.

(a) Show (a picture will be helpful) that
0 <sin(x) <x for x €[0,y/2].

(b) Use this and sin(—x) = —sin(x) to show that lirr%) sin(x) = 0 = sin(0).

Conclude that sin(x) is continuous at xo = 0.
(c) Write x = HTxo + 52 and xp = % — 5, then use the trigonometric
identities

sin(A £ B) = sin(A) cos(B) = cos(A) sin(B)
to show that
sin(x) — sin(xp) = 2 cos (%) sin (352) .

(d) Use (c) to show that sin(x) is continuous at every xo € R.

3.9. (a) Prove that the function f(x) = x> — x — e~ has a positive root.
(b) Prove that the equation cos(x) = x has a solution in [0, /2]. Make a sketch.

3.10. Show that the equation x* — x> — 2 = x has one negative solution and one
positive solution. Draw a picture.

3.11. Prove that the equation ¥ = x* has three solutions. Make a sketch.
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3.12. Prove that a polynomial of odd degree has at least one root.

3.13. Consider the polynomial p(x) = ag + a1x + a>x> + - -- + a,x". Prove that
if apa, < 0 then p has a positive root.

3.14. (a) Draw the graph of a continuous function f : [a,b] — [a, b] which has
exactly two fixed points.

(b) Draw the graph of a continuous function f : [a, b] — [a, b] which has exactly
three fixed points.

3.15. [2] Show that if x = x( is a solution to any of

2x3 +4x2 -5 2x +5 3[2x +5—4x2
2 = Vs O 2 -

then x is a solution to 2x> + 4x2 —2x — 5 = 0.

1— 2
3.16. (a) Show that f(x) = sz has a fixed point in [0, 1].
X

(b) Sketch the graphs y = f(x) and y = x on [0, 1].
(c) Show that g(x) =

I+ x
(d) Sketch the graphs y = g(x) and y = x on [0, 1].

3.17. (a) Show that f(x) = % has a fixed point in [0, ¥/2].

(b) Can you show that the fixed point is in fact in [1/4, 1/2]?
3.18. Let f :[0,1] — [0, 1] be continuous.

(a) Show that there is a € [0, 1] such that f(a) = a.
(b) Show that there is b € [0, 1] such that f(b) = +/b.
(c) Show that there is ¢ € [0, 1] such that f(c) = sin(yrc/2).

3.19. [7] Let f be continuous on [—1, 1], with f(—1) > —1 and f(1) < 1. Show
that f has a fixed point.

has a fixed point in [0, 1]. What is this fixed point?

3.20. We saw in Remark 3.11 that the Fixed Point Lemma (Lemma 3.10) is a
special case of Brouwer’s Theorem, which holds in two dimensions. Use the fact
that Brouwer’s Theorem also holds in three dimensions to argue the following: After
stirring a cup of coffee in any manner whatsoever and then letting it settle, there is
a point in the coffee which ends up exactly where it began.

3.21. Suppose that one ride on a particular roller coaster lasts exactly 3 min. To keep
people moving along, the amusement park staff runs a set of cars exactly 1.5 min
after the previous set has left. Suppose that Hannah rides at the front of a set and
Sarah rides at the front of the next set. Show that during Hannah’s ride there is an
instant at which she is at precisely the same elevation as Sarah.

3.22. [5] A snail begins to crawl up a stick at 6 am and reaches the top of the stick
at noon. It spends the rest of the day and that night at the top. The next morning
it leaves the top at 6 am and descends by the same route it used the day before,
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reaching the bottom at noon. Prove that there is a time between 6 am and noon at
which the snail was at exactly the same spot on the stick on both days. Note: The
snail may crawl at different speeds, rest, or even go backwards. Snails do that. (This
problem has appeared in many places in many forms. It was originally posed by the
American mathematician and science writer Martin Gardner (1914-2010).)

3.23. Suppose that one ride on a particular roller coaster lasts exactly 2 min and
you take a ride. Show that there is a time interval 15 s in length after which your net
change in elevation is zero.

3.24. Suppose that a roller ride coaster is 1.2 miles long and you take a ride. Show
that there is a stretch of 0.24 miles after which your net change in elevation is zero.

3.25. Modify the proof of the Half-Chord Lemma (Lemma 3.12) to obtain a version
for [a, b], as follows. Let f be a continuous function on [a, b], with f(a) = f(b).
Show that there is at least one ¢ € [a, #] such that f(c + l%) = f(c). That is,
f has a horizontal chord of length (b — a)/2.

Hint: Consider g(x) = f(x + (b —a)/2) — f(x) on [a, (a + b)/2].

3.26. (a) Prove the Half-Chord Lemma (Lemma 3.12) another way: Consider the
function g(x) = f(x+1/2)— f(x) on [0, 1/2] and observe that g(0)g(1/2) <
0. Now apply Bolzano’s Theorem (Theorem 3.7).

(b) Is this proof preferable to the one in the text? Why or why not?

(¢) Modify the argument in (a) to prove the Half-Chord Lemma on [a, b].

3.27. Modify the proof of the Universal Chord Theorem (Theorem 3.14) to obtain a
version for [a, b], as follows. Let f be a continuous function on [a, b] with f(a) =
f(b), and let k be any positive integer. Show that there exists ¢ in [a,b— (b —a)/ k]
such that

fle+ (b —-a)/k)= f(o).

That is, f has a horizontal chord of length (b — a)/ k.
Hint: Consider g(x) = f(x + (b —a)/k) — f(x)on[a,b — (b —a)/k].

3.28. [3]

(a) Prove the Universal Chord Theorem (Theorem 3.14) another way, as follows.
Let g(x) = f(x + 1/k) — f(x). Verify that g continuous on [0,1 — 1/k]
k

and that % > g(jk;l) = 0. Apply the Average Value Theorem for Sums
Jj=1
(Theorem 3.19).
(b) Modify the argument in (a) to prove the Universal Chord Theorem on [a, b].

3.29. [3]

(a) Find an example which shows that even if f is continuous on [0, 1] with
f(0) = f(1), f need not have a horizontal chord of length ¢, if t € (1/2,1).
A picture will suffice.
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(b) Find an example which shows that even if f is continuous on [0, 1] with
f(0) = f(1), f need not have a horizontal chord of length ¢, for ¢ €
(1/3,1/2). A picture will suffice.

3.30. Verify the claim made prior to Remark 3.16, that P. Levy’s example
f(x) = x sin?(my) — sin®(myx)

has f(0) = f(1), yet has no horizontal chord of length 1/m unless m is a natural
number. This shows that the Universal Chord Theorem (Theorem 3.14) is as good
as it can be.

3.31. A snail begins to crawl up a stick at 6 am and reaches the top of the stick
at noon. It spends the rest of the day and that night at the top. The next morning
it leaves the top at 6 am and descends by the same route it used the day before,
reaching the bottom at noon. Prove that there are two times, 21 h apart, at which the
snail was at exactly the same spot on the stick. (The snail may crawl at different
speeds, rest, or even go backwards. Snails do that.)

3.32. (a) Show that a 12-h clock that is stopped is correct twice a day.
(b) Show that the conclusion of the Intermediate Value Theorem (Theorem 3.17)
no longer holds if f is not continuous on [a, b].

3.33. Leta > 0. Show that the equation x* — x> — x = a has one negative solution
and one positive solution.

3.34. Let yo € R and consider the function

Foy = |sin (1) ¥fx f 0
yo ifx=0.

Find two sequences {x,} and {y,} for which x, — 0 and y, — 0, and f(x,) —
A, f(yn) = B, yet A # B. So f is not continuous at x = 0, even though f
satisfies the Intermediate Value Property on any interval with contains 0. See [8] for
an interesting classroom approach to this example.

3.35. (a) Letay,as,...,a, € Rand let py, ps,..., py be n positive numbers.
Show that

n
pjaj
. Jj=1

min {a;} < —,
> Dj
i=1

< max {a;}.
I<j=<n

Tol<jz<n

That is, the weighted Arithmetic Mean is indeed a mean.
(b) Prove the Mean Value Theorem for Sums (Theorem 3.22).
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3.36. Let f be continuous on [a, b] and let xy, x3,...,x, € [a, b]. Prove that there
is anumber ¢ € [a, b] at which the Root Mean Square of f evaluated at these points
is attained. That is, prove that there is a number ¢ € [a, b] such that

1@ =\ 202 + F et f).

3.37. Let f be continuous on [a, b] and let x1, x3,...,x, € [a, b]. Prove that there
is a number ¢ € [a, b] at which the Geometric Mean of f evaluated at these points
is attained. That is, prove that there is a number ¢ € [a, b] such that

1/n

70 = (TT£00) " = (£ £+ )
j=1

3.38. Prove the part of the Extreme Value Theorem (Theorem 3.23) which pertains
to Xyp.

3.39. (a) Show that the conclusion of the Extreme Value Theorem (Theorem 3.23)
is no longer true if f is not continuous on [a, b].

(b) What happens if f is continuous, but on an interval that is not closed?

(¢) Is the Extreme Value Theorem (Theorem 3.23) true if we assume only that f
has the Intermediate Value Property on [a, b]?
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Chapter 4
Differentiable Functions

Where the telescope ends the microscope begins, and who can
say which has the wider vision?

—Les Misérables, by Victor Hugo

Again we denote by / C R a generic interval, and we mainly consider functions
f I — R.Roughly speaking, if a function has a derivative at x € [ then it has a
well-defined tangent line at (x, f(x)). Asking for a function to have a derivative is
more than asking for it to be continuous. Still, many functions which arise naturally
in applications do have a derivative for all x in some interval /. After defining the
derivative, we remind the reader how to find derivatives of many different kinds of
functions. And we shall see, for the sake of applications, that horizontal tangent
lines are particularly desirable.

4.1 Basic Properties

Let / be an interval (open, closed, or otherwise) and let f : I — R. We say that
f is differentiable on / if f is differentiable at every xo € I. That is, for every
xo € I and for any sequence {x,} in / for which x, — X, and x,, # X, it happens
that

S (xn) — f(xo)

lim ——————  exists,
n—>0o0 xn _— xO

and depends only on x (that is, not on {x, }). When this is the case, we call the limit
the derivative of f at x( and we denote it by f”(xo).

To be more precise, if f’(xg) exists then for any sequence {x,} C I for which
X, — Xo and x,, # X, and for any ¢ > 0, there is a number N such that

S (xn) — f(x0)

Xn — Xo

— f(x0)| < & for n> N.

© Springer Science+Business Media New York 2014 73
PR. Mercer, More Calculus of a Single Variable, Undergraduate
Texts in Mathematics, DOI 10.1007/978-1-4939-1926-0_4
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The quotient
Xn — Xo

is the slope of the line through the points (x,, f(x,)) and (xo, f(xg)). So when it
exists, the limit

f’(x0) is the slope of the tangent lineto y = f(x) at (xo, f(x0)).
The equation for this tangent line is
y=yo=f'(x0)(x =x0)  (yo= f(x0)).

Another way to think of f/(x) is as follows: Continually zooming in on the
graph of y = f(x) in the vicinity of (xo, f(x¢)), the graph looks more and more
like a straight line and the slope of this straight line is f/(x¢). See Fig. 4.1.

Fig. 4.1 The tangent line to ¥

y = f(x)atx = xo ¥ = vy =1"(xp) (x=x)

Remark 4.1. A function may have a nonvertical tangent line at x, and not be
differentiable at x, as the following example shows (for any |xo| < 1).

V(1 —x2) if |x| <1 and x is rational
—+/ (1 —x2) if |x| < 1 and x is irrational.

This function is not continuous. For a continuous function, having a (nonvertical)
tangent line and having a derivative are equivalent [27]. )

fx) =

Example 4.2. Let f(x) = C (constant) and let x,, — x¢ with x,, # xo. Then

S~ fx) _ C—C

Xn — X0 Xn — Xo

=0.

Therefore f is differentiable on R and f’(xy) = 0 for all x, € R. o
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Example 4.3. Let f(x) = x and let x, — xo with x,, # x(. Then

Fo) = fO0) _ =

Xn — Xo Xn — Xo

=1

Therefore f is differentiable on R and f’(x¢) = 1 for all x, € R. 3

Example 4.4. Let f(x) = x? and let x, — x with x,, # x,. Then

S ) = fxo) x5 = x5 _ (xu = X0)(xa + Xo)
= = = X, + Xo.
Xn — Xo Xp — Xo Xn — X0

Therefore f is differentiable on R and f/(xg) = 2xq, for xo € R. For example
(with xo = 3), the equation of the tangent line to f(x) = x?at (3, £(3)) = (3,9) is

y—9=06(x—3), thatis, y =6x—09. o

Example 4.5. Let f(x) = |x| and consider the sequence {(—1)"/n}, which
converges to xo = 0. Then

o) = f0) _ Il =101 __1/n—0

Xn — Xo X, —xo  (=1)"/n—0

— (_l)n .

Now since the sequence {(—1)"} diverges, f’(0) does not exist. Therefore f is not
differentiable at x = 0. The problem here is that the graph of f(x) = |x| has a
cusp/corner at (0, 0) and so there is no well-defined tangent line at (0, 0). (However,
f is differentiable on (—o00,0) U (0, +00).) See Fig. 4.2. o

Fig. 4.2 For Examples 4.5 y
and 4.10: The graph of

y = |x|. The derivative does

not exist at xo = 0

v = x|

Observe that if f is differentiable at x, then for any sequence {x, } with x, — x
(and x, # x),

li f(xn) - f(x)
m —

n—00 Xy — X

exists.
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Clearly the denominator here x, — x — 0, so for the limit to exist it must be the
case that the numerator f(x,) — f(x) — 0 also. That is, f(x,) — f(x). This
simple observation yields a connection between the differentiable functions and the
continuous functions, as follows.

Lemma 4.6. If f is differentiable at x € I, then f is continuous at x.
Proof. This is Exercise 4.1. O

Lemma 4.6 shows that the differentiable functions form a subset of the contin-
uous functions. And it is a proper subset because f(x) = |x| is continuous at
x = 0 (Example 3.5) but as we saw in Example 4.5, it is not differentiable at x = 0.
Still, many functions which arise naturally in applications are differentiable on some
interval /.

Remark 4.7. It was long believed by mathematicians that a continuous function
must be differentiable, except perhaps at some isolated points, just as f(x) = |x|
is differentiable everywhere except at x = 0. But around 1872, the German
mathematician Karl Weierstrass (1815-1897) constructed a function which is
continuous at each point of R, yet is differentiable at no point of R. Weierstrass’s
example has an important place in the history of mathematics. o

Example 4.8. Suppose that & is differentiable at x, € R and let H(x) = h(x).
Then for x,, — xo with x,, # xo,

H(x,) = H(xo) _ h(6)? = hGxo _ (h(xa) + h(xo)) () = h(x0))

Xn — X0 Xn — Xo Xn — Xo

h(xn) — h(xo)

Xn — Xo

= (h(xa) + h(x0))

Now since h is differentiable at xy, it is continuous at x, by Lemma 4.6. Therefore
h(x,) — h(xo). Finally then, h? is differentiable on R and

(h%) (x0) = 2h(x0)H (xo) for xo € R. o

Remark 4.9. In Example 4.8, Lemma 4.6 is essential. Example 4.8 is a special case
of the Chain Rule, which we meet in Sect. 4.2. o

Suppose for the moment that I = [a,b] is a closed interval and that f is
differentiable on /. Then in particular, f is differentiable at xo = a. That is, the
derivative from the right exists at xo = a. We denote this by fj(a). Likewise, f
is differentiable at xo = b. That is, the derivative from the left exists at x, = b.
This is denoted by f/ ().

Example 4.10. For f(x) = |x|, we have f;(0) = 1 and f/(0) = —1. Indeed,
£7(0) does not exist because these two limits are not equal. Again, see Fig.4.2. ©
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If x¢ is not an endpoint of I, then for |A| small enough, xo + 4 € I. Therefore
we may write

S (xo+ 1) — f(x0)
; :

! — ]
f'(x0) = lim

When the derivative is to be thought of as a function, which is typically the case,
the xg in f”(xo) is usually replaced simply by x (or by ¢, or by s, etc.).

It is customary to denote a small increment in x by Ax. Then for y = f(x), the
resulting increment in f(x) is denoted by Ay = f(x + Ax) — f(x). As such, we
write

o) = tim LEFADZS® Ay dy
Ax—0 Ax Ax—>0 Ax  dx’

Since % is the average rate of change of f between x and x + Ax, this notation

emphasizes the important fact that f/(x) = j—y is the instantaneous rate of change

X

of f with respect to x. Other notations are, depending on the context,

4.2 Differentiation Rules

In practice, appealing to the definition of the derivative is often unnecessary. Instead
one uses various differentiation rules. Here we take a whirlwind tour of these rules.

The simplest differentiation rule—that derivatives respect linear combinations—
is as follows. It is a direct consequence of Lemma 1.24.

Linear Combination Rule: Ler o, € R. If f and g are each differentiable for
x € I, then a f + Pg is differentiable for x € I, with

(af(x) +Bg(x) = af'(x) +Bg'(x).

Proof. This is Exercise 4.2. O

For the case of a product of functions, the differentiation rule is not quite so
straightforward.

Product Rule: If f and g are each differentiable for x € I then the product f - g
is differentiable for x € I, with

(f()g) = f()g' (x) + g(x) f'(x).
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Proof. (cf. Example 1.28.) As in [9], we write

F@2) = 5 [(70 +£00) = (00~ )]

Then by Example 4.8 (which uses Lemma 4.6) and the Linear Combination Rule,

(f(gw) = %[2(f(X)+g(X))(f’(X)+g’(X))—2(f(X)—g(X))(f’(X)—g'(X))].

Expanding the right-hand side, then some tidying, yields the desired result. O

The usual textbook proof of the Product Rule is the content of Exercise 4.3. In it,
Lemma 4.6 is still indispensable.

Now we use the Product Rule to obtain derivatives of functions like x3, x*, x°,
etc. (See Exercises 4.7 and 4.8 for other methods.)

Power Rule for Positive Integer Powers: Let n be a positive integer and for
x € R, let f(x) = x". Then f is differentiable, and f'(x) = nx""'.

Proof. We saw in Examples 9.18 and 9.19 that (x)’ = 1 and (x?)’ = 2x. For x> we
write x> = x - x? and use the Product Rule:
(x3)/ =(x- xz)/ = x(2x) + (1)x? = 3x%
For x* we do the same sort of thing:
(x4)/ = (x . x3)/ = x(3x2) + (1)x* = 4x°.
Clearly we could continue this procedure indefinitely. So for any positive integer n,
" = (x-x" N = x(n = Dx"2 4 (Hx" =
as desired. O

We have seen that the function f(x) = 1 is differentiable on R (with
f’(x) = 0). Therefore, by the Power Rule for Positive Integer Powers, and the
Linear Combination Rule, any polynomial is differentiable on R.

Assume that f and g are differentiable, and consider their quotient 7 = f/g
(wherever g # 0). As in [28], we write hg = f and use the Product Rule to obtain

hg/ +gh/ — f/-
That is,

/

r_ L
,zf’—hg’:f—gg_
g g g2

I _gf’—fg"

These manipulations suggest the following.
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Quotient Rule: Let f and g be differentiable on I. Then the quotient f/g is
differentiable at x € I for which g(x) # 0, and

(f(X))/ _ gx) f(x) — f(x)g'(x)
g(x) g(x)? '

Proof. This is Exercise 4.4 (or Exercise 4.5). O

The argument above only suggests the Quotient Rule, because it assumes that the
derivative of f/g exists. In any proper proof, Lemma 4.6 is (again) essential. This
argument is credited originally (editor’s note in [9]) to Italian mathematician Maria
Agnesi (1718-1799), who published a successful calculus textbook in 1748 [1, 10].

We have seen that any polynomial is differentiable on R. Then by the Quotient
Rule any rational function (a polynomial divided by a polynomial) is differentiable
on R, except wherever its denominator is zero.

Power Rule for All Integer Powers: Let n be an integer and let f(x) = x" for
x € R (but x # 0 forn <0). Then f is differentiable on R, and f'(x) = nx"~".

Proof. We have already proved the result for n = 0,1,2,.... Forn =
—1,-2,-3,... we use the result for n = 1,2, 3, ... and apply the Quotient Rule:

(x—n)Z = x—2n =nx ’

(" = (%)/ _ x7(0) — (D) (=m)x™""1  px—n-! .

as desired. |

Thus far, we have seen how to obtain derivatives of linear combinations (includ-
ing sums and differences), products, and quotients of functions. For compositions
of functions, we use the Chain Rule below. Proofs of the Chain Rule are somewhat
tricky so we supply one, which is motivated by [26]. (See also [5] and [23].) Another
proof is outlined in Exercise 4.13.

Chain Rule: Let g :J — [ and f : I — R.If g is differentiable on J, and f is
differentiable on I, then their composition f o g is differentiable on J, and

(fog)(x) = f'(g(x))g'(x).

Proof. Let xy € J and let {x,} be a sequence in J, with x,, — x¢ and x,, # xq. If
there exists N such that g(x,) # g(xo) for n > N then we may write (for such n):

f(gln)) — f(g(x0) _ fgxn) — f(8(x0)) 8(xn) — (x0)

Xn — X0 g(xn) - g(XO) Xn — Xo

Then as n — oo,

S (g(xn)) — f(g(x0))

Xn — Xo

— f'(g(x0))g’ (x0),
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and the theorem is proved. However, there are functions g for which there exists no
such N as above. (See Exercise 4.11.) So if there is no such N, let a; be the x; in
{x1, X2, X3, X4, ...} which has the smallest subscript, and for which g(x;) = g(xo).
Let a be the x; in {x3, X3, X4, . ..} which has the smallest subscript, and for which
g(x;) = g(xo). Let a3 be the x; in {x3, x4, ...} which has the smallest subscript,
and for which g(x;) = g(xo) etc. Then {a,} is a sequence in J, with a, — x¢ and
a, # xo. Here we have

g(ay) — g(xo)
a,; — Xo

= 0 foreach n.

Therefore g’(x¢) = 0. But we also have

f(g(an)) — f(g(x0))

an — Xo

= (0 foreach n,

and therefore

f(g(an)) — f(g(x0))

an — Xo

— f'(8(x0))g" (x0).

as desired. O

In terms of instantaneous rates of change, the Chain Rule can be stated as follows.
If f is a function of g, and g is a function of x, then ultimately f is a function of x.
And if f and g are also differentiable, then

df _ df dg
dx dg dx’
Indeed, if Fergus runs three times faster than Giuseppina and Giuseppina runs two
times faster than Xavier, then Fergus runs six times faster than Xavier.
For f(x) = x?/? we write f(x)? = x?, then the Chain Rule and the Power
Rule for Integer Powers can be used to obtain a Power Rule for Rational Powers, as
stated below.

Power Rule for Rational Powers: Let p/q € Q be a rational number and for
L

x >0, let f(x) = xP/9. Then f is differentiable for x > 0, and f'(x) = Exq
q

Proof. This is Exercise 4.14. (See also Exercise 4.12.) O

4.3 Derivatives of Transcendental Functions

A transcendental function is a function that cannot be expressed as a finite
combination of the operations of addition, subtraction, multiplication, division,
raising to powers, and taking roots. That is, it franscends the basic algebraic
operations.
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The simplest examples of transcendental functions are the trigonometric
functions and their inverses, and the exponential function e* and its inverse the
natural logarithmic function In(x). It is beyond the scope of this book to show
that these functions are indeed transcendental, so we shall have to be content with
transcendental being simply a name.

We leave it for Exercise 4.15 to show that

(sin(x))/ = cos(x).

Here, x is in radians—otherwise this formula would not be quite so nice. Then since
cos(x) = sin(%f — x), the Chain Rule gives:

(cos(x))/ = —cos(¥ — x) = —sin(x).

The derivatives of the other four trigonometric functions can then be obtained using
the Quotient Rule (Exercise 4.15). For example,

(tan(x))" = sec?(x).

For x € R, we denote by arctan(x) (often denoted by tan™'(x) as well) the
inverse of the function tan(x) on (—/2, v/2). That is, arctan(x) is the angle 6 €
(—v¥/2,/2) for which tan(f) = x :

arctan(tan(d)) = 6 for 6 € (—y/2,v¥/2), and

tan(arctan(x)) = x for x € R.
Differentiating the latter expression, the Chain Rule gives:
sec?(arctan(x))(arctan(x))’ = 1.

Therefore

1 1 1
sec2(arctan(x))  tan?(arctan(x)) +1 x2+1°

(arctan(x)) =

However, these manipulations only suggest the answer because they assume
that the derivative of arctan(x) exists. One can show that it indeed exists using
Exercise 4.16. But here, following [13], we do so more directly.

For0 < x < y, set

6 = arctan(y) — arctan(x).

Then since sin(f) < 6 < tan(0) for 0 < 6 < /2,

sin(arctan(y) — arctan(x)) < arctan(y) — arctan(x) < tan(arctan(y) — arctan(x)).
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Applying the trigonometric identities
sin(A — B) = sin(A) cos(B) — cos(A4) sin(B) and

tan(A) — tan(B)

tan(A — B) = 1 + tan(A) tan(B)

with y = tan(A4) and x = tan(B) on the left-hand and right-hand sides respectively,
we get

1 - arctan(y) — arctan(x) - 1

VI+2/T+x2 y—x 1+xy

Therefore, letting y — x (or x — y), we get

/

(arctan(x))’ = (tan~'(x)) = 1+ x2

, forx >0.

Now since arctan(x) is an odd function: arctan(—x) = — arctan(x) for all x, this is
sufficient to show that the formula holds for all real x.
The exponential function e and its inverse function In(x) are related by

In(e*) = x forx € R, and

"™ =y forx > 0.

For the moment we assume that the reader is familiar with the basic properties of e*
and In(x). One such property is

(") =e* for x € R.
Then differentiating e™*) = x using the Chain Rule gives
"™ (In(x)) = 1.

Therefore

;o1

(ln(x)) = — forx > 0.
X

But again, these manipulations are only suggestive because in them, we have
assumed that the derivative of In(x) exists. One can show that it indeed exists using

Exercise 4.16 but we shall do so more directly in Sect. 6.3—in a similar spirit to
how we obtained the derivative of arctan(x) above.
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Then the Chain Rule gives
(e“(x))/ = a'(x)e*™ for differentiable functions «, and

_ B
B()

For x > 0,7 € Rand a(x) = In(x") = r In(x), we obtain

(InB(x))’

for positive differentiable functions f.

(xr)’ — (erln(x))’ — ierln(x) — zxr — rxr—l,
X

=

which we highlight as follows.

Power Rule for Real Powers: Let r € R and for x > 0, let f(x) = x". Then f is
differentiable, with f'(x) = rx" .

Proof. As outlined above; a proper proof is postponed until Sect. 6.3. O

A similar trick can be used to find derivatives of functions for which the variable
appears as part of an exponent. This is called logarithmic differentiation. Here are
two more examples.

Example 4.11. Let f(x) = 2*. We write this as f(x) = e"®" = ¢*"® then use
the Chain Rule:

f(x) =" n2) = 2° In(2). o

Example 4.12. For a more complicated example, let g(x) = (1 + xz)sm(x). Here

sin(x)
we write g(x) = " (622) ™ gsinG 145 Then by the Chain Rule and the

Product Rule,

g’(x) — (1 +x2)sin(x) (sin(x) 2x . + cos(x) In(1 + x2)) PN
X

1+

4.4 Fermat’s Theorem and Applications

Surely the most practical application of the derivative is to find maximum and
minimum values (these are called extrema) for various functions. To this end, the
following result is very useful.

Theorem 4.13. (Fermat’s Theorem) Let f be defined on (a, b) and let ¢ € (a,b)
be such that f(c) > f(x) forall x € (a,b). Then either f'(c) = 0 or f’(c) does
not exist.
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Proof. Let {x,} be any sequence in (a,b) with x, — ¢ (and x, # c) so by
hypothesis, f(c) > f(x,). Now whenever ¢ > x,,, we have

fe) =1 _
X, —¢C -

But whenever ¢ < x,, we have
fo) = f©) _

X, —¢

Soif f”(c) exists then we must have f/(c¢) = 0. (Otherwise, of course, f'(c) does
not exist.) o

This theorem is named for French mathematician Pierre de Fermat (1601-
1665). Although his life predates the discovery of calculus proper, Fermat computed
tangent lines and extrema for many families of curves.

The number f(c) in this context is called a local maximum for f. It is
local because f may attain larger values outside (a,b). Fermat’s Theorem
(Theorem 4.13) holds also for ¢ yielding a local minimum: f(c) < f(x) for
all x € (a, b). We leave the verification of this claim for Exercise 4.24. The number
f(c) is called a local extremum if it is either a local maximum or a local minimum.

The number f(c) is called an absolute maximum for f if f(c) > f(x) for
all x in the domain of f, and the number f(c) is called an absolute minimum if
f(c) £ f(x) for all x in the domain of f. The number f(c) is called an absolute
extremum if it is either an absolute maximum or an absolute minimum.

Any point ¢ for which either f’(c) = 0 or f’(c) does not exist is called a
critical point for f. So Fermat’s Theorem (Theorem 4.13) says, in short, that a
local extremum for f must occur at a critical point for f. These are places at which
S has either a horizontal tangent line or a cusp/corner. In either case, f(c) is called
a critical value for f.

The converse of Fermat’s Theorem (Theorem 4.13) does not hold—that is, a
critical value need not be a local extremum: Consider f(x) = x> at x = 0. (The
paper [7] amusingly calls such points “duds.”) So Fermat’s Theorem only tells us
where to look for local extrema; it does not guarantee success. (If someone has
caught a fish, then they must have been at a body of water. So suggesting that your
friend goes fishing at a body of water is good advice, but this of course does not
guarantee success.)

Example 4.14. Let us seek the point(s) on the curve y = x? closest to the point
(0, 1). See see Fig.4.3.
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Fig. 4.3 For Example 4.14. ¥
Distance d from (0, 1) to
y=x

The distance from any point (x, x?) on the curve to the point (0, 1) is given by

d=d(x)=v(x—02+x>—1)2=/x2+ x2-1)2.

Now it is clear from Fig.4.3, or observe that d(x) — 400 as x — =00, that
d indeed has an absolute minimum (and no absolute maximum). An absolute
minimum is also a local minimum and by Fermat’s Theorem (Theorem 4.13), it
must occur at a critical point. By the Chain Rule, and after some simplifying,

x(2x2—=1)

and so d has critical points at x = 0 and x = :I:l/«/f, at which d’ = 0. Now
d(0) = 1 and d(1/v/2) = d(-1/~2) = /3/2 < 1. Therefore the points
on y = x2 closest to (0,1) are (1/+/2,1/2) and (—1/+/2,1/2); each attains the
minimum distance +/3/2. (The value d(0) = 1 is a local maximum.) o

d'(x) =

In Example 4.14 we were able to justify, within the context, that Fermat’s
Theorem (Theorem 4.13) indeed led us to the absolute minimum that we sought.
Generally however, deciding which critical points yield absolute extrema can be a
delicate matter. We pursue this further in Sect. 5.2.

But if the interval under consideration is [a, b], that is, if it is closed, then
Fermat’s Theorem (Theorem 4.13) and the Extreme Value Theorem (Theorem 3.23)
together give a recipe by which the absolute extrema of a continuous function can
be found quite easily:

The absolute maximum value of a continuous function f on [a, b] is the largest of

{the critical values of f, f(a), and f(b)}.
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The absolute minimum value of a continuous function f on [a, b] is the smallest of
{the critical values of f, f(a), and f(b)}.

(Here, if your friend goes to the right body of water then there are definitely fish to
be caught. And if your friend employs impeccable fishing techniques, then success
is guaranteed!)

Example 4.15. Consider the function
f(x) =e"V/5—4x,

which is continuous on [—1, 1]. Here, by the Product and Chain Rules and after
some simplifying,

The only critical point that f has in [—1, 1] is x = 3/4, at which /' = 0. Now
f(3/4) = 2.99, f(—1) = 1.1, and f(1) = e =~ 2.718. Therefore, on [—1,1], f
has a maximum value of about 2.99 and a minimum value of about 1.1 . S

Example 4.16. John is on one side of a river 1/2 a mile wide, say at point A. He
notices his house burning 2 miles downstream, but it is on the opposite side of the
river; naturally, he wants to get to his house as quickly as possible. John can run at
5 miles per hour and he can swim downstream at 3 miles per hour. How should he
proceed?

For a solution, consider Fig. 4.4, which helps us to obtain an expression for the
time T that it takes John to get to his house (point B). We denote by P any point on
the opposite bank to which he may swim. The distance from P to the point directly
across the river from A (let’s call it A) is x.

Fig. 4.4 For Example 4.16.
John swims from A to P,
then runs from P to B

As time is distance divided by speed,

T(x) = \/x2+1/4+2—x.

3 5
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Obviously, we need only consider 7T'(x) for 0 < x < 2. So we want to find a value
for x which minimizes 7 (x) on the closed interval [0, 2]. The reader may verify that

x—3y/x2+1/4
15/x2+1/4

and so T is differentiable for all x, and T/(3/8) = 0. That is, T has a critical
point at x = 3/8. Now T(3/8) = 8/15 = 0.53, T(0) = 17/30 = 0.56, and
T(2) = ~/17/6 = 0.687 . Therefore, John should swim to the point exactly 3/8 of
a mile downstream, and run the rest of the way. In doing so, it would take him 0.53
of an hour to get to his house. (If John wanted to allow his house to burn in order
to collect insurance money, then try to convince investigators that he did his best in
attempting to save his house, he might swim the entire way.) o

T'(x) =2

Remark 4.17. Example 4.16 is a classic [20]. A version of it, in which a man can
walk on smooth ground at a certain speed, and walk on plowed ground at a certain
(slower) speed, appears in a 1691-1692 manuscript by the Swiss mathematician
Johann Bernoulli (1667-1748). The manuscript was published in 1742, just 6 years
before Maria Agnesi’s book. o

Exercises

4.1. Prove Lemma 4.6: If f is differentiable at x € I, then f is continuous at x.

4.2. Let a,p € R. Use Lemma 1.24 to prove the Linear Combination Rule: If f
and g are each differentiable on I and o,p € R, then o f + Pg is differentiable on

I, with (o f(x) + Bg(x)) = af’(x) + Bg’'(x). So in particular, (f(x) + g(x)) =
f(x) £ g'(x).

4.3. (a) Begin by writing
J(x)g(x) = f(x0)g(x0) = f(x)g(x) = f(x)g(x0) + f(x)g(x0) = f(x0) g (x0)

to prove the Product Rule.
(b) Prove it again, beginning instead with

S()g(x)— f(xo)g(xo) = f(x)g(x)— f(x0)g(x) + f(x0)g(x) — f(x0)g (x0).
4.4. (a) Begin by writing

Jf(x) _ fxo) _ f(x)g(x0) — f(x0)g(x0) + f(x0)g(x0) — 8(x).f (x0)
g(x)  g(xo) g(x)g(xo)

to prove the Quotient Rule.



88 4 Differentiable Functions

(b) Prove it again, beginning instead with

SO o) _ f()gx0) = f(0)gx) + f(x)g(x) — g(x) f(x0)
g(x)  g(xo) g(x)g(xo) '

4.5. (a) Prove directly that (wherever g(x) # 0),

(L)’ _ g™
g(x) g(x)?

(b) Now prove the Quotient Rule by applying the Product Rule to f((x; =
g(x
1
fx)—.
g(x)
4.6. [8]

(a) Show that

(fg)
fg

frog
=4+ =,
S8

(b) Show that
(f/9) _ &

fle —f &
4.7. (a) Letn be a natural number. Verify that

b" —a"

- =bp"" pab" T+ a*" @D+ a" b +a
—da

(b) Use (a) to prove the Power Rule for Positive Integer Powers.
4.8. [2] Here’s a neat direct proof of the Power Rule for Positive Integer Powers.

(a) In the quotient

yn —x"

)

y—Xx
make the substitution ¢ = y/x to get

yn _ xn el qn _ 1
=X _—.
y—x qg-—1

(b) Now write

1
=14q+q¢*+--+q"", andlet ¢ > 1.
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4.9. [4] Consider the function

X2 if x>0
SO =210 ifx<o.

Show that f”/ exists at x = 0, that f’ is continuous at x = 0, but that f’ is not
differentiable at x = 0.
4.10. Suppose that f is differentiable on an open interval containing x.

(a) Show that

i L&D =S —h)

0 2h f'®.

Hint: Consider the average of the right-hand and left-hand derivatives at x.
(b) Show that this limit can exist even when f’(x) does not.

4.11. Consider the function

x2sin (%) ifx #£0
gx) =
0 if x =0.

(a) Show that g is differentiable at x = 0.
(b) Show that g(x,) = g(0) = 0 for the sequence {x,} = {#}, which has x,, — 0.
(¢) Show that g’ is not continuous at x = 0.

4.12. [17] Here is a way to obtain the Power Rule for Rational Powers more
directly—that is, without the Chain or Product Rules. For f(x) = xP/4 write
(x 4+ h)P/4 — xrl i ((x + h)l/q)” — (xl/q)f’

h =50 (o + )T — (x1/a)]

/ — l
S(x) Lim

then use the formula
@ ="y =@-b)@" ' +a" b+ 4+ abV 2+ V.

4.13. Fill in the details of another proof of the Chain Rule, as follows. Set g(xo) =
Yo, and consider the function % defined on I by

J() = f (o)
hyy =4 77

if y # yo

S () if y = yo.
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(a) Show that / is continuous on I and verify that for y € I,

J) = fo) = = yo)h(y).
so that for x € J,
F(g(x)) — f(g(x0)) = (8(x) — g(x0))h(g(x)).
(b) Now, for x,, # xo, consider the quotient

f(gbrm)) — f(g(x0) _ (8(xn) — g(x0))h(g(xn))

Xn — Xo Xn — X0

Observe that & o g is continuous on J, and let x,, — xy.

4.14. Use the Chain Rule and the Power Rule for Integer Powers to prove the Power
Rule for Rational Powers.

4.15. (a) Show that

. sin(h)
1 =1.
hl—IH) h
(b) Use this to show that
1—
fim L2 _
h—0 h

(¢) Now write
sin(x 4+ h) = sin(x 4+ h) = sin(x) cos(h) + cos(x) sin(h)
to show that
. i

(s1n(x)) = cos(x).
(d) What if x is in degrees, rather than radians?
(e) In a similar way, show that (cos(x))’ = — sin(x).
(f) Find the derivatives (where they exist) of the other four trigonometric functions.

(See [11,19,25] for neat ways of showing that (sin(x))’ = cos(x) using some simple
geometry then taking a limit.)

4.16. A function f is strictly increasing on [ if

f(x1) < f(x;) whenever xi,x; € I with x| < x».
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And f is strictly decreasing on / if — f is strictly increasing there. A function
which is either strictly increasing or strictly decreasing is called strictly monotonic.
A function f : I — J is onto if for each y, € J, there is xo € [ such that
f(x0) = yo. If f :(a,b) — (p,q) is strictly monotonic and onto, then the inverse
f7' 1 J — I exists. It is defined by f~!(y) = x & y = f(x). Suppose that
f :(a,b) — (p, q) is strictly monotonic and onto.

(a) Prove that f is continuous on (a, b).

(b) Prove that ! is strictly monotonic and onto, and therefore continuous.

(c) Show thatif f is also differentiable and f'(x) # O then f~!is differentiable,
with

—1y/ _ 1
V0= F=0)y

(d) [24] Explain what the formula in (c) has to do with Fig. 4.5.

Fig. 4.5 For Exercise 4.16. ¥
Observe that ]
tan(B) = 1/ tan(a), since v =fx)
a+p=y/2
o
X
e
B

4.17. [16] Show that for any n distinct real numbers (7 > 4) there are at least two
which satisfy

0< *7) <tan(L).
I+ xy n—1

Hint: Each number can be written as tan(u), where —y/2 < u < /2. The

trigonometric identity tan(4 — B) = % will be useful.
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4.18. (a) Verify the identities
. X 12 .
arcsin(x) = arctan ﬁ and arccos(x) = 7= arcsin(x).
—Xx

(b) Use these identities to show that

(arcsin(x))/ = ﬁ
and
(arccos(x))/ = —ﬁ.

4.19. Find derivatives for the following functions:

(a) f(x) = arctan(cos(x) + x3)), b) g(x) = esin (1) Fsec(x) (©) h(x) = 3"+
csc(x)+x°, (d)k(x) = ln(lli'jﬁ) +cot(x), (e) F(x) = XV, ) G(x) = xn™),
(8) H(x) = sin(x)"W.

4.20. Let p(x) be a polynomial of degree n, with roots xi, x5, ..., Xj.

(a) Show that for x # x;,

Px) 1
p(x) _]X::lx—xj'

(b) Show that

p'(x)* = p(x)p”(x).

Here, p”(x) means (p/(x))/. (More in Chap.8...)
4.21. [14] Let f : R — R be strictly positive and suppose that

1/h
lim (@) =L # 0.

h—0

(a) Show that f is differentiable at x. (b) Find L.

4.22. [12] For x € [—1, 1], consider the function

1

x*/3 sin (—) ifx#£0
x

0 if x = 0.

fx) =

Show that f is continuous on [—1, 1], but has unbounded derivative there.
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4.23. [3] Let p(x) = x" 4+ ay—1x"~' + - + a;x + ag be a polynomial with zeros
X1,X2,...,x, and denote by X1, X, ..., X,—; the zeros of p’. Show that

Xi+xo+-o+x, S+ Xt X
n n—1 '

That is, the Arithmetic Mean of the zeros of p equals the Arithmetic Mean of the
zeros of p’.

4.24. Prove Fermat’s Theorem (Theorem 4.13) for the local minimum case.

4.25. Let xy, x2,...,x, € R. Find the value of x for which the sum of squares
n
Z(x — xj)2 is least.
—

4.26. (a) Find the point on the line y = 2x + 3 closest to (2, 1) and find the
minimum distance thus attained.

(b) Find the point on the line y = mx + b closest to (p, g) and find the minimum
distance thus attained. [Answer: ('"qrzz"ff 2 ,mmqr;ff;r £+ b); distance is
[b—q+mp| ]

m24+1

4.27. Find the point on the curve y = +/x% + 2 closest to the point (1, 0) and find
the minimum distance thus attained.

4.28. Find an equation for the tangent line to the graph of y = x> —3x2 4 2x which
has the least slope.

4.29. [18]

(a) Show that the maximum value of f(x) = x(b — x) on [0, b] is b2 /4.
n n—1
(b) Letbhy,by,...,b, € R,with 3" b; = b. Show that Y_ b;b; 4 < b?/4.
j=1 j=1
4.30. [22] Let f be differentiable on an open interval which contains [—1, 1], with
| f/(x)| < 1forx € [—1, 1]. Show that there is xo € (—1, 1) for which | f”(xo)| < 4.
Hint: Consider g(x) = f(x) + 2x2.

4.31. (a) Let f(x) = 2x% — x. Consider a rectangle in the first quadrant with one
side on the positive x-axis and inscribed under the graph of y = f(x). Find the
rectangle so described which has maximal area.

(b) [15] Let g(x) = r++1 Consider a rectangle in the first quadrant with one side
on the positive x-axis and inscribed under the graph of y = g(x). Show that
there is no such rectangle which has maximal area.

4.32. A piece of wire L inches long is cut into two pieces—one the shape of a
square, and one the shape of a circle. How should the wire be cut so that the total
area of the two shapes is as small as possible? How should the wire be cut so that
the total area of the two shapes is as large as possible?
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4.33. Show, using calculus, that the rectangle with given perimeter which has the
greatest area is a square. Show that the rectangle with given area which has the least
perimeter is a square. (We’ve already shown these in Example 2.9, using the AGM
Inequality. Using calculus here is rather like killing a mite with a sledgehammer.)

4.34. (a) A rectangular plot of ground is to be enclosed by fencing on three sides,
with a long existing wall serving as boundary for the fourth side. Find the
dimensions of the plot of greatest area which can be enclosed with 1,000 ft
of fencing. Can you do this without using calculus?

(b) Suppose now that we have the same situation as in (a), but that the existing wall
is 400 ft long. Find the dimensions of the plot of greatest area which can be
enclosed with 1,000 ft of fencing. Can you do this without using calculus? For
a thorough study of problems such as these, see [21].

4.35. A box with open top is made from a rectangular piece of cardboard 12 in. by
18 in.; congruent squares are cut from each corner and the edges are folded up. Find
the dimensions of such a box which has largest volume.

4.36. (a) Find the dimensions of the rectangle of maximum area that can be
inscribed in a circle with radius R.

(b) Find the dimensions of the right circular cylinder of maximum volume that can
be inscribed in a sphere with radius R.

4.37. A wooden beam is to be carried horizontally around a corner, from a hallway
of width 12 ft into a hallway of width 8 ft Find the length of the longest beam that
can be so carried. Can you do this without using calculus?

4.38. A rectangular piece of paper is 6 in. wide and 25 in. long. The paper is folded,
creating a crease, so that the lower right corner just touches the left side. Describe
the fold which minimizes the length of the crease.

4.39. (e.g.,[6])Let A>0,a >0and B > 0, sothat P = (0, A) and Q = (a, B)
are points on the positive y-axis and in the first quadrant respectively. Find the point
C on the x-axis so that the sum of distances PC + CQ is minimized. The answer
is known as Fermat’s Law of Reflection.

4.40. (e.g.,[6])Let A>0,a > 0and B <0, sothat P = (0, A) and Q = (a, B)
are points on the positive y-axis and in the fourth quadrant respectively. Suppose
that light travels with velocity p above the x-axis and velocity g below the x-axis.
Find the path from P to Q which takes the least time. The answer is known as
Snell’s Law of Refraction.
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Chapter 5
The Mean Value Theorem

Up the airy mountain, Down the rushy glen. ..

— The Fairies, by William Allingham

The main focus of this chapter is the Mean Value Theorem and some of its
applications. This is the big theorem in the world of differentiable functions. Many
important results in calculus (and well beyond!) follow from the Mean Value
Theorem. We also look at an interesting and useful generalization, due to Cauchy.

5.1 The Mean Value Theorem

The following result is named for French mathematician Michel Rolle (1652—1719).

Theorem 5.1. (Rolle’s Theorem) Let f be continuous on [a, b] and differentiable
on (a,b), with f(a) = f(b). Then there exists ¢ € (a, b) such that f'(c) = 0.

Proof. If f is constant on [a, b], then its derivative is zero and so any ¢ € (a,b)
satisfies the conclusion of the theorem. So we assume that f is not constant on [a, b].
By the Extreme Value Theorem (Theorem 3.23), f attains an absolute maximum
and an absolute minimum on [a, b]. Since f is not constant, at least one of these
absolute extrema must occur at ¢ € (a, b). Then since f is differentiable on (a, b),
an application of Fermat’s Theorem (Theorem 4.13) gives f’(c) = 0, as desired.

O

Rolle’s Theorem (Theorem 5.1) is fairly obvious, upon drawing a picture: If a
differentiable function starts at f(a) then returns to f(b) = f(a), there must be at
least one place on its graph at which the tangent line is horizontal. See Fig. 5.1.

Here is a another neat proof [2,7,41] of Rolle’s Theorem (Theorem 5.1); we leave
the details for Exercise 5.3. Since f is continuous and f(a) = f(b), by the Half-
Chord Lemma there are a;, by € [a, b] with f(a;) = f(b;) and by—a, = (b—a)/2.
Again by the Half-Chord Lemma, there are a,, b, € [a;, b;] with f(az) = f(by)
and by — as = (b — a)/2%. Continuing in this way, we obtain a sequence of nested
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98 5 The Mean Value Theorem

intervals [a,, b,] with f(a,) = f(b,) and b, —a, = (b —a)/2" — 0. So by the
Nested Interval Property (Theorem 1.41) there is a point ¢ € [a, b] which belongs to
each interval. Since f is differentiable on (a, b), f'(c) = 0 (explain!), as desired.

Fig. 5.1 Rolle’s Theorem y
(Theorem 5.1):

f(a) = f(b); here there are

three horizontal tangent lines

The Mean Value Theorem, which is commonly attributed to French mathe-
matician Joseph-Louis Lagrange (1736—-1813), extends Rolle’s Theorem to allow
f(a) # f(b). It is equivalent to Rolle’s Theorem but since f(a) = f(b) is
generally not the case, it gets used most often in this form. Our proof follows [43].
This proof is a little different from the one found in most textbooks, which we leave
for Exercise 5.9.

Theorem 5.2. (Mean Value Theorem) Let f be continuous on [a, b] and differen-
tiable on (a, b). Then there exists ¢ € (a, b) such that

Jb) - f@)
- :

—da

f'e) =

Proof. The equation of the line L through the origin (0, 0) which is parallel to the
line through (a, f(a)) and (b, f(b)) is given by

_ f(b)— f(a)
y=—""x.
b—a

See Fig. 5.2. Therefore the vertical displacement between f(x) and L is given by
the function

b) —
hw = f - LD

It is clear from Fig. 5.2 that i(a) = h(b), or the reader may verify directly that

bf(a) —af(b)
- :

—da

h(a) = h(b) =
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Now h is continuous on [a, b] and differentiable on (a, b), so by Rolle’s Theorem
there is ¢ € (a, b) for which 4’(¢) = 0. Finally,

b) —
W = s - 1O,

and so h'(c) = 0 gives f'(c) = %j(”) as desired. |

Fig. 5.2 The proof of the ¥
Mean Value Theorem
(Theorem 5.2): Line L is
parallel to the line through

(a, f(a)) and (b, f (D))

Remark 5.3. The quotient %Zﬂb) is the y-intercept of the line through the
points (a, f(a)) and (b, f(b)). We shall meet this quotient again in Sect. 7.3. o

Remark 5.4. We outlined just above a proof of Rolle’s Theorem (Theorem 5.1)
which uses the Half-Chord Lemma (Lemma 3.12) and the Nested Interval Property
(Theorem 1.41). In [16], this idea is eloquently modified to prove the Mean Value
Theorem (Theorem 5.2). o

The Mean Value Theorem (Theorem 5.2) says that between points (a, f(a))
and (b, f(b)), the graph of a differentiable function must have at least one place
(c, f(c)) at which the tangent line is parallel to the line through the points (a, f(a))
and (b, f(b)). See Fig.5.3.

Suppose that over some journey, a car has some particular average speed. Then
by the Mean Value Theorem (Theorem 5.2) there must have been an instant during
the journey at which the car was travelling at precisely that average speed. (There is
a rumor that if someone arrives in their car at a toll booth too soon after leaving a
previous toll booth, then they could get a ticket for speeding.) But it is not really
the full Mean Value Theorem that is required here because a car travels with a
continuous position function certainly, but it travels with continuous speed as well.
The Mean Value Theorem only requires that the speed function exists. It is an
interesting fact that there seems to be no simpler proof of the Mean Value Theorem
assuming also that f’ is continuous—even though this is the context in which it is
usually applied [24].
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Fig. 5.3 The Mean Value y

Theorem (Theorem 5.2):

There is least one place ] y = f(x)
(c, f(c)) at which the tangent 1./

line is parallel to the line J) 1

through (a, f(a)) and
(b, f(b)) (In Fig.5.2 there
are three such places)

Example 5.5. Recall the Fixed Point Lemma (Lemma 3.10): If f : [a,b] — [a, b]
is continuous, then | has a fixed point in [a, b]. If we know also that f’(x) < 1 for
each x € [a, b], then the fixed point is unique. (This is reasonable upon drawing a
picture.) Here’s why: If there are two fixed points, say f(x¢) = x¢ and f(yo) = Yo,
then by the Mean Value Theorem (Theorem 5.2) there is ¢ between xy and y, such
that

fxo) = f(yo)

fe)=
X0 — Yo
But this reads
flloy="2"22,
Xo — Yo
which contradicts /' < 1. So we must have xy = yj. o

It may seem that we could prove the Mean Value Theorem (Theorem 5.2) by
suitably rotating the x- and y-axes, to get f(a) = f(b), and then applying Rolle’s
Theorem (Theorem 5.1). But the function f(x) = x> — x, for example, shows that
this idea does not work. See Fig.5.4. Here, f(—2) = —6 and f(2) = 6. If we
rotate the axes so that the line through (-2, —6) and (2, 6) is the new x-axis, then
the image of the graph of f under this rotation is not a function. Indeed, the new
y-axis (which is the old y = —x/3 line) intersects the graph of f three times. See
[17,51].

5.2 Applications

Many of the most basic results in calculus follow from the Mean Value Theorem
(Theorem 5.2). A function f defined on (a,b) is increasing if f(x;) < f(x,)
whenever a < x; < xp < b, and f is decreasing on (a,b) if f(x1) > f(x2)
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Fig. 5.4 The function y
f(x) = x3 — x shows that

we cannot simply rotate axes

then apply Rolle’s Theorem,

to prove the Mean Value y = 3—x
Theorem (Theorem 5.2)

whenever a < x; < x; < b. (So f is decreasing on (a,b) <& —f is increasing
on (a, b).) The function f being strictly increasing means that the < above can
be replaced with <, and the function f being strictly decreasing means that the >
above can be replaced with > .

Lemma 5.6. Suppose that f is differentiable on (a, b).

(i) If f' > 0 on (a,b) then f is increasing on (a, b).
(ii) If f" <0on(a,b) then f is decreasing on (a,b).
(iii) If f'(x) = O forevery x € (a,b), then f is constant on (a,b).
Proof. Weleta < x; < x; < b and apply the Mean Value Theorem (Theorem 5.2)
to f on [x1, x2]. Then there is ¢ € (x1, x;) such that

Sf(x2) — f(xl)'

X2 — X1

flle) =
That is,

fGx2) = fx1) = fl(e) (2 — x1).

Now for (i), if f/ > 0 then the right-hand side is > 0, and so the left-hand side is
> 0. Thatis, f(x2) > f(x1).

For (ii), if f/ < 0 then the right-hand side is < 0, and so the left-hand side is < 0.
Thatis, f(x2) < f(x1).

For (iii), we must have f’(c) = 0 and so the right-hand side is = 0. Therefore
f(x1) = f(x3). This is true for any choice of x; < x; in (a, b) and so f must be
constant. |
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The following consequence of part (iii) of Lemma 5.6 is particularly important.
It says that two functions with the same derivative must differ by a constant.

Corollary 5.7. Suppose that f'(x) = g’(x) forall x € (a,b). Then there is C € R
such that f(x) = g(x) + C forall x € (a,b).

Proof. Set h(x) = f(x) — g(x). Then h'(x) = O for every x € (a,b). Therefore
by part (iii) of Lemma 5.6, there is C € R such that 4#(x) = C for every x € (a, b).
Thatis, f(x) = g(x) + C. O

n
Example 5.8. Let aj,ay,...,a,, b1,by,...,b, € R,and let A = % > a;.For
j=l
x € R, the identity

n

)DGEVIGERED SIS 3P15 31
j=1  j=1

Jj=1 J=1

can be verified by expanding the left-hand side then tidying up. But here is an easier
way: The derivative of the left-hand side with respect to x is

n n n
Y aj—A) ==Y a;+Y A=0.
j=l1 Jj=1

Jj=1

The derivative of the right-hand side with respect to x is zero, since x does not
appear there. By Corollary 5.7 then, the left-hand and right-hand sides differ by a
constant. Setting x = 0 reveals that the constant is zero, as we wanted to show.
To illustrate one instance in which the identity can be used, we take b; = a; for
each j. Then

2

n n n
1
OSE(aj—A)zzzai—; Eaj
j=1 j=1 j=1
That is,

2
n n
1 1 )
- E a; < - E as;.
n n
Jj=1 Jj=1

This can also be obtained from the Cauchy-Schwarz Inequality (Theorem 2.18). We
leave this for the reader to verify; see also Exercise 2.40. <o

With parts (i) and (ii) of Lemma 5.6, we are better equipped to handle many
extrema problems. But we continue to rely on Fermat’s Theorem (Theorem 4.13)
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which says that we should look for extrema of a function f defined on (a, b) at the
critical points for f. That is, at ¢ € (a, b) for which either f’(¢) = 0 or f’(c) does
not exist.

Example 5.9. Consider f(x) = x”/? + x*/> — x'/3 for x € R. Then

7 4 1 Tx? 4+ 4x — 1
/ _ 4/3 = 1/3 _ - —2/3 -z " -
S = 34 g - g 3x2/3

So (using the quadratic formula for ¢, and ¢3) f has critical points

—2—4/11
(= Y = 076, where f'(er) =0,

c» =0, where f’(c;) does not exist, and

_ 2+ V1

5 =~ 0.188, where f'(c3) = 0.

c3
By Fermat’s Theorem, these are the only places where local extrema for f can
occur. Now observe that:

On (—oo,cy), f'is>0 (e.g., f/(—100) > 0), so f is increasing there.
On (¢1,¢3), f'is<0 (e.g., f'(=0.1) <0), so f is decreasing there.
On (¢3,¢3), f'is<0 (e.g., f/(0.1) <0), so f is decreasing there.

On (c3,+00), f'is>0 (e.g., f/(100) > 0), so f isincreasing there.

Therefore f has a local maximum value of f(c;) = 1.079, and a local minimum
value of f(c3) = —0.445. Neither of these extrema is absolute; f has no absolute

extrema. The graph y = f(x) is shown in Fig. 5.5. o

Fig. 5.5 For Example 5.9. y

The graph of

fO) = xR x4 =513 y = XTBpxA3_x1/3
2 4
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Example 5.10. Recall Lemma 2.7: If a and b are nonnegative real numbers then

m < a—;—b7

and equality occurs if and only if a=b. Here we prove this using calculus (though
this is rather like killing a mosquito with a bazooka). Fix @ > 0 and for x € [0, c0),
consider the function

R
Here,
o LN
F@ =357

So the only critical point for f is x = a, at which f’(a) = 0. Now observe that:

On (0,a), f'is<O0 (e.g., f'(a/4) <0), so f is decreasing there.
On (a, +o0), f'is>0 (e.g., f'(4a) > 0), so f isincreasing there.

Therefore f has an absolute minimum value of f(a) = 0, and so

a+x

fo) =5

—Jax >0 & x#a. o

5.3 Cauchy’s Mean Value Theorem

If we apply the Mean Value Theorem (Theorem 5.2) to each of two functions f and
g continuous on [a, b] and differentiable on (a, b), we can conclude that there are
c1, ¢ € (a,b) such that

fb) — f(a)

g(b) —gla)
b—a '

and g'(c2) = —

flen) =
This gives
f'en[g®) —g@)] = g'(c)[ f(b) - f(@)].

But it happens that there is in fact one ¢ € (a, b) which works for both functions, as
follows.

Theorem 5.11. (Cauchy’s Mean Value Theorem) Let f and g be continuous on
[a, b] and differentiable on (a, b). Then there exists ¢ € (a, b) such that

F(©)[gb) = g@] = g'Lf(b) = f(a)l.
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Proof. 1f g(a) = g(b) then the result holds, by Rolle’s Theorem (Theorem 5.1)
applied to g. So we assume that g(a) # g(b). In our proof of the Mean Value
Theorem (Theorem 5.2) we used the auxiliary function

b) —
h(x) = f(x)— wx.

The idea here is to replace the identity function x above with g(x). So we consider

f(b) = f(a) ¢
g(b) —g(a)
Then / is continuous on [a, b] and differentiable on (a, b). And one can easily verify

that #(a) = h(b). So by Rolle’s Theorem (Theorem 5.1) there is ¢ € (a, b) such

that 2'(c) = 0. Finally, 4'(c) = 0 gives f'(c)[g(b) — g(a)] = g'(c)[f(b) — f(a)],
as desired. O

h(x) = f(x) — (x).

Evidently, if g(x) = x in Cauchy’s Mean Value Theorem (Theorem 5.11) then
we get simply the Mean Value Theorem. As long as g(b) # g(a), the conclusion of
Cauchy’s Mean Value Theorem is usually written

Sf(e) _ J®) = f(a)
g'c) gb)—gla)’

Remark 5.12. We saw the geometrical interpretation of the Mean Value Theorem
(Theorem 5.2) in Fig.5.3. Cauchy’s Mean Value Theorem also has a geometrical
interpretation, though perhaps not so obvious (e.g., [17,35]). If P(¢) = (g(¢), f(¢))
is a point in the xy-plane which depends on z, then f/(z)/g’(¢), when it exists,
is the slope of the tangent line to the curve that P(t) traces as ¢ varies in [a, b].
What Cauchy’s Mean Value Theorem says is that as long as g’ # 0, there is at
least one place on the curve at which the tangent line is parallel to the line through
(g(a), f(a)) and (g(b), f(b)). See Fig.5.6. If g(t) = ¢ then we recover the Mean
Value Theorem (Theorem 5.2) and its geometric interpretation. )

Probably the best known application of Cauchy’s Mean Value Theorem
(Theorem 5.11) is L’Hospital’s Rule, as follows. (But we shall see others.)

Theorem 5.13. (L'Hospital’s Rule) Let f and g be continuous on [a,b] and
differentiable on (a, b) and let xy € (a,b). Let f(xo) = g(xo) = 0, but suppose
that g # 0 at all other points of (a, b). Suppose also that g’ # 0 on (a, b). Then

O )
Mew —F T Mew TF

Proof. Since f(x¢) = g(x0) = 0, for x # x, we may write

fx) _ f(x) = f(xo)
g(x)  g(x)—gxo)
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g(a) g(b) *

Fig. 5.6 Cauchy’s Mean Value Theorem (Theorem 5.11): There is at least one place on the curve

at which the tangent line is parallel to the line through (g(a), f(a)) and (g(b), f(b)). In this
picture, there are two such places

Then by Cauchy’s Mean Value Theorem (Theorem 5.11) there is ¢ between x and
Xo such that
f6) _ S0 = fxo) _ [
g(x)  glx)—glxo)  g'(c)
Now as x — xo, we must also have ¢ — xg because c is between x and x,. So if
/
flo _

im =1L,
= g/(x)

then
f')
im =
x=x g'(c)
Therefore
lim S ) — L,
X—>X0 g(x)
as desired.

Example 5.14. By L’Hospital’s Rule applied twice,
i 1 1 . sin(x) —x ) cos(x) — 1
lim [ — — — = lim ——— =1 -
x>0\ x  sin(x) x—0 x sin(x) x—0 sin(x) + x cos(x)
i —sin(x)
= lim - =
x—0 cos(x) 4 cos(x) — x sin(x)

As regards the statement of L’Hospital’s Rule, we point out that the second and third
equals signs above are not really justified until the fourth one has been reached. ¢
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In Exercises 5.43 and 5.44 we consider the roles that some of the various
hypotheses in L’Hospital’s Rule play. There are also many variants of L’Hospital’s
Rule, a few of which we explore in Exercises 5.45 and 5.46.

Remark 5.15. L’Hospital’s Rule is in fact due to Swiss mathematician Johann
Bernoulli (1667—-1748). Guillaume de L’Hospital (1661-1704) was a French student
of Bernoulli’s who, with permission, published notes from his teacher’s lectures in
1696. This was the first-ever calculus textbook. o

Remark 5.16. [9] There is some disagreement among historians of mathematics on
the spelling of L’Hospital’s name. He himself spelled it, at times, Lhospital. That is,
without the apostrophe and with a lower case h. R.P. Boas Jr. used this spelling on
occasion (e.g., [5]). On the cover of the 1696 calculus book, it is spelled 1’Hospital.
The official French national bibliographic entry is L'Hospital, which is what most
historians choose. o

Exercises

5.1. (a) Show that a polynomial of degree n cannot have more than n real zeros.
(b) Show that if a polynomial p has n distinct real zeros then p’ has n — 1 distinct
real zeros.

5.2. [30] Let p be a cubic polynomial with real zeros a; < a; < as.

(a) Show that p has a critical point ¢, with a; < ¢ < a,.
(b) Show that c is closer to a; than to a,.

5.3. (a) Fill in the details of the proof of Rolle’s Theorem (Theorem 5.1) outlined
in Sect. 5.1, which uses the Half-Chord Lemma (Lemma 3.12) and the Nested
Interval Property of R (Theorem 1.41).

(b) Is the “c € (a,b)” from our proof of Rolle’s Theorem (Theorem 5.1)
necessarily the same as the “c € (a, b)” from the proof in (a) ? Explain.

5.4. [54]

(a) Let f be continuous on [a, b] and differentiable on (a, b) such that f(a) =
f(b) = 0. Show that there is ¢ € (a, b) such that f'(c¢) = f(c).
Hint: Consider g(x) = e™* f(x).

(b) Interpret the result in (a) geometrically.

5.5. [25]

(a) Let f be continuous on [a, b] and differentiable on (a, b) such that f(a) =
f(b) =0, but f is not the zero function. Show that for any real number r # 0
there is ¢ € (a,b) such that rf’(c) + f(c) = 0. Hint: Consider g(x) =

T f(x)
e X).

(b) Interpret the result in (a) geometrically.
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5.6. [50]

(a) Let f be continuous on [a, b] and differentiable on (a, b). Set

F(x) = f(x)(x —a)(x — b)
to show that there is ¢ € (a, b) such that

s SO _

=0.
+c—b

fe)+

C JR—
(b) Interpret the result in (a) geometrically.

5.7. [48] Suppose that f is a quadratic, say f(x) = a>x?+a;x +ao. Show that the
point ¢ as given by the Mean Value Theorem (Theorem 5.2) applied to f on [a, b]
is the midpoint (@ + b)/2. (This property in fact characterizes parabolas [13,40].)

5.8. Let f be continuous on [, b] and differentiable on (a, b). Is it always possible,
for each ¢ € (a, b), to find xy, x; € [a, b] with x; < x; such that

S (x2) — fx)

X2 — X1

= f'(c)?

5.9. The proof of the Mean Value Theorem (Theorem 5.2) given in the text is

slightly different from the one given in most textbooks. Typically, one uses the
auxiliary function

f(b) — f(a)

hx) = f(x) = fla) = =2 (x

(a) Prove the Mean Value Theorem using this /.

(b) What is the significance of this &, geometrically?

(¢) Is the “c € (a,b)” from the proof supplied in the text necessarily the same as
the “c € (a, b)” from the proof in (a) ?

5.10. [53] Apply Rolle’s Theorem (Theorem 5.1) to

glx) = (f(x) = f@)(x =b) = (f(x) = f(B)(x —a)

to obtain another proof of the Mean Value Theorem (Theorem 5.2). The function
g(x) is £ twice the area of the triangle determined by the points (a, f(a)),
(x, f(x)), and (b, f(b)). See Exercise 1.12.

5.11. Show that the conclusion of the Mean Value Theorem (Theorem 5.2) can be
written

flla+tbh—a) = M,

—da

for some ¢ € (0, 1).
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5.12. [11,33] Let f be differentiable on [0, 1] with f(0) = f(1) = 0.

(a) For a given positive integer n, show that there are distinct xy, x5, ..., X, such
that
/ .
= f(x j)
(b) For a given positive integer n and positive numbers ki, ky, ..., k, show that
there are distinct xy, X5, ..., X, such that

=Y k.

J=1

Zf(x/

5.13. [52] Let by, by, ..., b, be nonnegative integers such that [] (1 + b;) > 2.
j=I
n
Show that ) b; > t. Hint: Apply the Mean Value Theorem to In(1 + x) on [1,b;].
j=1
5.14. [27] Prove the following converse to the Mean Value Theorem (Theorem 5.2).

Let F and f be defined on (a,b) and let f be continuous there. Suppose that for
every x, y € (a, b) there is ¢ between x and y such that

F(x) = F(y) = (x = y) f(c).

Show that F is differentiable on (a, b), and that f is its derivative.

5.15. [29] Leta,b > 0 and x > 0. Prove, as follows, that
b+x b
ey
b+ x b

(a) Butfirst,setx =1, @ = n+1,and b = n here to show (again) that { (1 + %)" }
is an increasing sequence.

b+x
Now set f(x) = (=) .

(b) Show that f”(x) = f(x) (2% + In (g+§))
(¢) Show that g’(x) < 0, where g(x) = + ln( )
a+x)b+x (a)b.

b+x b

a+x
(d) Conclude that f is strictly increasing and so (

5.16. Suppose that f and g are continuous on [a, b] and differentiable on (a, b),
with f(a) = g(a) and f(b) = g(b).

(a) Show that there exists ¢ € (a, b) such that f'(c) = g’(c).
(b) Explain how this is a generalization of the Mean Value Theorem (Theorem 5.2).
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5.17. Prove part (iii) of Lemma 5.6 by going at it in the contrapositive direction.
That is, show that if f is not constant then there is a ¢ € (a, b) for which f”(c) # 0.
(For another interesting proof, which uses a bisection algorithm and not the Mean
Value Theorem, see [39].)

5.18. Suppose that f is differentiable on (a,b) with f’(x) # O for every
x € (a,b). Prove that f is one-to-one on (a, b).

5.19. [36] Have a look again at Example 5.8. Under what conditions do the real
numbers ai, da, . . ., a, satisfy

2

n
24|
=1

j=

n
) 1
E a; =—
n

Jj=1

5.20. [1] Here’s a slick way of verifying the trigonometric identities

sin(x + y) = sin(x) cos(y) + sin(y) cos(x) and
cos(x + y) = cos(x) cos(y) — sin(x) sin(y) .

(a) Fix y and set

u(x) = sin(x + y) — [sin(x) cos(y) + sin(y) cos(x)],
v(x) = cos(x + y) — [cos(x) cos(y) + sin(x) sin(y)],

then verify that u/(x) = v(x) and v/ (x) = —u(x).
(b) For f(x) = [u(x)]® + [v(x)]?, show that f’ = 0.
(¢) Therefore f is constant. Find the constant, then conclude that u = v = 0.

5.21. [21,28]

(a) Show that 2( sin®(x) + cos6(x)) — 3( sin*(x) + cos* (x)) is constant.

(b) Show that (tan(x) + 1)2 + (cot(x) + 1)2 — (sec(x) + csc(x))2 is constant.
(¢) Show that cos(x) cos(x + 2) — (cos(x + 1))2 is constant.

(d) Find the constant in each of (a), (b), and (c).

n
5.22. Let ay,as,...,a, be real numbers, A = % > aj, and let x be any real
j=1

number.

(a) Show that
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n n
(b) Conclude that 3. (¢} — A%) = 3 (a; - 4)°.
j= i=
(¢) Conclude that

n

Z(aj —x)2 > Z(aj — A%
=1

Jj=1

5.23. Let f be differentiable on (a, b) and suppose that there are m, M € R such
that m < f’(x) < M for every x € (a,b). Show that for all x, y € (a, b),

m|x =yl = [f(x) = O] = M |x—yl.

5.24. Find any absolute extrema for the following functions.
@ f(x) = x4 xB0 b) g(x) = X+ 1),
(©) h(x) =2x/(x* + 1), (@) k(x) = x/(x* + 8)%.

5.25. [38] Let f be differentiable on (0, 00). Show that if f/(x) < f(x)/x on
(0, 00) then f(x)/x is decreasing.

5.26. [45]Let0 <a < b and for x € [ 724, A2 ] et

—a’ b—a

M(x) = %\/x(b —a)? + 4ab.

(a) Show that f(x) = M(x)? is increasing and conclude that M(x) is increasing.
(b) Evaluate

M((a_i—‘;l)’z), M(0), M(1), and M(2).

(¢) Conclude that H < G < A < R, where H is the Harmonic Mean, G is the
Geometric Mean, A is the Arithmetic Mean, and R is the Root Mean Square,
ofa,b.

1 1

5.27. [47]Let 0 < a < b. Show that h(x) = M is increasing for x > 0.
In(bx + 1)

5.28. [44] Show that for x > 0,
3x

1+2J1Fx2°

arctan(x) >

5.29. [12] Letx € (0, 1).

(a) Show that tan?(x) — 4 tan(x) + 4x > 0.
(b) Conclude that

14+ +/1—x

< cot(x).
o cot(x)
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5.30. (a) Show that the equation x” 4+ x* 4+ x 4+ 2 = 0 has exactly one solution.
(b) Show that the equation x*> — x — cos(x) = 0 has exactly one solution in [0, ¥/].

5.31. [31] Let x, y > 0. Prove, as follows, that

- x4\

with equality if and only if x = y. For 0 <t < 1, set

f@)=@x+A-=0)y) (ty + (1 —-1)x),

and consider f’. This in fact proves a bit more - explain.

5.32. [42] Let 0 < a < b. Apply the Mean Value Theorem (Theorem 5.2), on
[a, b], to the function

f(x) =xIn(x) —x

to show that

a\b e’ a\¢
(Z) DU (Z) '
5.33. [46] Show that x = 2 is the only x > —1 for which
A+x)"+C+x)" =03+ x)".

5.34. [14,20] Let n be a positive integer.

(a) Find a > 1 such that a* = x” has exactly one positive solution.
(b) Find the solution in (a). [Answer: a = e"/¢: solution is x = e.]

5.35. [19,37] Denote by v the positive root of x> +x —1 = 0. This is the reciprocal
of the golden mean ¢ (the positive root of x>—x—1 = 0), which we met in Sect. 1.5
and in Exercises 1.40 and 1.42. Let 0 < a < b. Prove Dalzell’s Theorem:

b
a+b

a

—w's\——w\.

b

This result implies the well-known fact that for any Fibonacci-like sequence

fi=a, o =b, futa = fu + fut1, itis the case that f,/f,+1 — . (And so
fn+1/fn — @.) The classic Fibonacci sequence hasa = b = 1.

5.36. Let f be continuous on R. Let xo € R and consider the fixed point iteration
scheme:

Xp = f(x,—1) forn=1,2,3,....
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(a) Show that if it is the case that the sequence {x, } converges to some number p,
then p is necessarily a fixed point for f.

(b) Now suppose that f : [a,b] — [a,b] has a continuous derivative. Let
0 < k < 1 and suppose that | f/(x)| < k for all x € (a,b). Show that for
any xo € [a, b], the iteration scheme deﬁned in (a) converges.

(¢) Verify the hypotheses in (b), for f(x) = 7= +x on [0, 1]. To what number does
the fixed point iteration scheme converge in this case? (Take xo = 0, say.)

5.37. [22] Let x, y,z > 0. Schur’s Inequality is: For any A € R,

x=—»x—2x* + (=) —2y* + = x)z—y)* = 0,

with equality if and only if x = y = z = 0. Prove Schur’s Inequality, as follows.

(a) Show that we may assume, with no loss of generality, that x < y < z and
A>0.

(b) For such x, y, z and A, apply the Mean Value Theorem (Theorem 5.2) to the
function f(¢) = (t — x)t* on [y, z].

5.38. Try proving L’Hospital’s Rule using only the Mean Value Theorem (Theo-
rem 5.2), i.e., not using Cauchy’s Mean Value Theorem (Theorem 5.11). What goes
wrong?

5.39. [15]
(a) Verify that for x # 1,

(b) Differentiate both sides of the equation in (a) with respect to x, then let x — 1
to obtain the familiar formula

‘ _n(n+1)

(¢) For the intrepid reader: Use similar reasoning to show that

ikzzn(n+l)(2n+1) and Zk3 n2(n + 1)
< —

5.40. [32] Suppose that the function f is such that f’ is defined at ¢, and that
lim f’(x) exists. Show that f is continuous at c.
X—>C

5.41. Evaluate the following limits.

sin(5x 2_gin%(x X—tan x 1+ cos(x

( ), (b) lim L)) ), (¢) lim —~ . (d) lim 1+ costo).
2 2 P

x—=>0 x2sin”(x) x—0 X—sin x x—=r  (x—m)

(a) lim
x—0
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2

X X
5.42. [18] Evaluate lim ——. Hint: Consider lim ———.
[18] x—0t m xs0t 1 —e™
5.43. [10]
(@) Let f(x) = x?sin(1/x) [with f(0) = 0] and g(x) = sinx. Show that
/
lim S x) does not exist, but lim S ) =0.
x—>0 g’(x) x—0 g(x)
(b) Let f(x) = xsin(1/x) [with f(0) = 0] and g(x) = sinx. Show that neither
- f(x) G
lim nor lim exists.
x—>0 g’(x) x—>0 g(x

(¢) Explain how the examples in (a) and (b) fit in with L’Hospital’s Rule.
5.44. [6,8]Letg(x) =2/x+sin(2/x) and g(x) = 1/xsin(1/x)+cos(1/x).

!/
(a) Show that im £ — 0, but that im <)
x=>0 g’(x x=>0 g(x

(b) Explain how this example fits in with L’Hospital’s Rule.
5.45. [3]

does not exist.

(a) Define what we would mean by lim f(x) = 400 and lim g(x) = —ooc.
X—>X0 X—>X0
(b) Prove the following variant of L’Hospital’s Rule. Let f and g be differentiable
on (a,b), except possibly at xo € (a,b). Suppose that g'(x) # 0 on (a,b),
except possibly at x. Suppose that lim f(x) = lim g(x) = do0. Then
X—>X0 X—>X0

/
im f/ (x) =L = lim S(x) =L
% g/(x) % g(x)
In(si 1
(© Evaluate lim CUY) g dim — L
x—o0t+  1/x x—0+ x(In(x))?2

5.46. [3] For a function f defined on an interval [a, o), liril f(x) means
X—>1T00

lim f(1/x).

x—0Tt

(a) State and prove a variant of L’Hospital’s Rule which allows xy = +o0.
(b) Evaluate the limit referred to in Remark 2.14 in the context of isoperimetric
inequalities, namely

nll)n;o (ntan(Z)).

tan(1 tan(4
(c) Evaluate lim tan(l/x) and M
x—>—+00 l/x x—>+o00 SIH(S/X)
(d) State and prove variants of L'Hospital’s Rule as in (a) which also allow
L = +oo.

(e) Evaluate lim and lim —.
x—>+o00 In(x) x—>—+o00 X'
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5.47. [3] Evaluate the following limits.
. X . l X . l X . l/X
® w1 © Bp 0+ @ e

x—>—+00

5.48. [26] Show that if
. , _
lim (£(0) + f'(0)) = a
then
lim f(x) =a and lim f'(x) =0.
X—>00 X—>00

Hint: Write f(x) = ¢e* f(x)/e".

5.49. [23] Suppose that x € (0, 1) and that m and n are integers with m > n > 1.
Prove, as follows, that

1— xm-i—n

m+n)1+x") > 2n——
1 —xn

(a) Let

(I —x")(1 4+ x")

F =
()C) 1— xm—i—n

Use Cauchy’s Mean Value Theorem (Theorem 5.11) to show that there is
t € (x, 1) such that

nt™ +m+n—mt™"

m-—+n

F(x) =

(b) Now show thatnt™ +m +n —mt~" > 2n. Hint: Show that
gy=m—-nmt" —mt" " +n
is strictly decreasing on (0, 1) and observe that g(1) = 0 to conclude that
g(t) > 0.
5.50. [34]

(a) Prove the following generalization of Cauchy’s Mean Value Theorem
(Theorem 5.11). Let f, g, p,q be continuous on [a,b] and differentiable on
(a,b). Then there exist &1, & € (a, b) such that

f(@)gb) — fb)g@) _ f(ENE' &) — /'(E)g ()
p(a)g(b) — p(b)g(a@)  p(E)q' (&) — p'(E)q(E1)
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(b) Verify that if g = ¢ = 1 we get Cauchy’s Mean Value Theorem, and if further
p(x) = x, we get the Mean Value Theorem (Theorem 5.2).

5.51. [4,49]
(a) Leta,p € R, witha + B = 1. Apply Rolle’s Theorem to

F(x) = a[f(b) = f(@][h(]) = h(@)][g(x) - g(a)]
+ B[/ () = f(@][g®) - g@][h(x) = h(a)]
— [8®) = g@][h(B) = h(@][f (x) = f(@))]

to prove the following generalization of Cauchy’s Mean Value Theorem
(Theorem 5.11). Let f, g, and h be continuous on [a, b] and differentiable on
(a,b). Then there is ¢ € (a,b) such that

1'©[g®) = g@][hb) = h(@)] = ag'(©)[ f(b) = f(@)][h(b) — h(a)]
+ BH' ([ f () - f(@)][g(B) - g(a)].

(b) Verify that if 8 = 0, we get Cauchy’s Mean Value Theorem.
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Chapter 6
The Exponential Function

The greatest shortcoming of the human race is our inability to
understand the exponential function.

—Albert A. Bartlett

By now we know Euler’s number e = e! quite well. In this chapter we define
the exponential function e* for any x € R, and its inverse the natural logarithmic
function In(x), for x > 0. (In the first section of the chapter we take a concise
approach to the exponential function; in the second section we do things carefully.)
These functions enable us to extend many of our previous results to allow for
real exponents. For example, we obtain the Power Rule for real exponents, we
extend Bernoulli’s Inequality, and we obtain a more strapping version of the AGM
Inequality. We also meet the Logarithmic Mean, the Harmonic series and its close
relatives the Alternating Harmonic series and p-series, and Euler’s constant y.

6.1 The Exponential Function, Quickly

In this section we take a concise approach (e.g., [52]) to the exponential function,
while omitting some details of rigor. In the next section we offer an entirely rigorous
and self-contained approach. The reader may choose to concentrate on this section
or on the next before proceeding to Sect. 6.3, but understanding both would be best.

We begin with the basic assumption that there exists a function ¢ (x) defined for
all x € R such that

¢(0)=1 and ¢(x) =¢'(x) forallx € R.

Then we verify below ¢ (x) that has the following five properties:

i) ¢(x)¢p(—x) = 1forall x € R,
(ii) ¢(x) > Oforall x € R,
(i) ¢(x)p(y) = p(x + ) forallx,y € R,
(iv) ¢(x) is unique,
V) 14+x <¢(x) forx #0.

© Springer Science+Business Media New York 2014 119
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For (i), set f(x) = ¢(x)¢(—x). Since ¢’ = ¢, the Product Rule and the Chain Rule
give

f'(x) = ¢'(x)p(—x) — p(x)¢'(—x) = 0.

Therefore f is a constant function, by Corollary 5.7. Now f(0) = ¢(0)¢(0) = 1,
and so we must have f(x) = 1 forall x € R.

For (ii), we first notice that ¢(x) is never zero, by property (i). Now since ¢ is
differentiable it is continuous, by Lemma 4.6. So by the Intermediate Value Theorem
(Theorem 3.17) ¢ is either positive or negative. Since ¢(0) = 1, ¢(x) must be

positive.
For (iii), fix x and for ¢ € R, consider the function
d(x +1)
gt) = ———
¢()

Again since ¢’ = ¢, the Quotient Rule and the Chain Rule give
g

PP (x+1) - WPpx+1) _
P(1)?

Therefore g is constant (Corollary 5.7) and so it equals g(0) = ¢(x) for every ¢,
and in particular for t = y. That is, ¢$‘(J;)y ) = $(x).
For (iv), suppose v is a function which also satisfies ¥ (0) = 1 and ¥ (x) = ¥'(x)

for all x € R. Consider then the function

g = 0.

¢ (x)

"=

Then by the Quotient Rule,

Y ()¢ (x) =y ()p(x)
v (x)?

Therefore & is constant (Corollary 5.7) and so it equals #(0) = 1 everywhere. That

is, ¢(x) = ¥(x) forall x € R.

For (v), we first let x > 0. Then the Mean Value Theorem (Theorem 5.2) applied to

¢(t) on [0, x] gives a ¢ € (0, x) such that

¢(x) — ¢(0)
x—0

W (x) = 0.

= ¢'(c) = ¢(c).
Now ¢(0) = 1 and by item (ii), ¢ is increasing. Therefore

PO _ 4oy > p0) = 1.

X

which yields the desired result. (The case x < 0 is handled similarly.) O
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The number e is then defined by

e=¢(1).
(This number is unique because ¢ is strictly increasing: ¢’(x) = ¢(x) > 0.)

To obtain an approximation for e = ¢(1), we divide the interval [0, 1] into n
equal subintervals:

[0.4] [ 2] [2 2] - [ 521,

By the definition of the derivative we have (for n large):

S
S

P(2) —¢(0) = ¢'(0)(+-0).
Then since ¢(0) = 1 and ¢(x) = ¢'(x),
(1) = ¢(0)+¢'0) (1 -0)=1+1.
Likewise
0(2) = p()+ ()G —1) = 142+ +D)E=(0+1).
And continuing in this way, we get
p(3) =9¢(1) = (1+;)".

Taking n as large as we please we can obtain e = 2.71828, say.
The symbol e is used in honor of the Swiss mathematician Leonhard Euler
(1701-1783). It is often called Euler’s number.

Remark 6.1. The scheme used above for approximating e is a special case of
Euler’s method of tangent lines. This is a method for obtaining approximate
solutions to differential equations, like ¢’(x) = ¢(x). See also Exercise 6.2. o

Finally, because ¢(1) = e, and because of item (iii) which is evocative of the
“same base add the exponents” rule, it is customary to write

P(x) =e*.
The most important properties of this, the exponential function e*, are (arguably):
e¥ey = ¥ty , (eX)/ =e",
and

14+ x <e* for x € R (with strict inequality for x # 0).
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This last inequality is tremendously useful, as we shall see many times. A graph
of 1 + x and e* over [—1, 2] is shown in Fig. 6.1.

e? = 7.389 -

e= 2718

=——— — — 1 e 120368

-1 1 2

Fig. 6.1 The tremendously useful inequality 1 + x < e*

6.2 The Exponential Function, Carefully

We saw in Examples 1.32 and 1.43, then again after Example 2.6, that

1 n 1 n+1
(1+—) <e<(1+—) forn=1,2,3,.... 6.1)
n n

And we saw that {(1 + 1)"} increases, and {(1 + %)"H} decreases, to the common
limit e =~ 2.71828 (Euler’s number).

Obviously e! = e and e® = 1. In this section we define what e* means, for any
real number x. The approach we take has been influenced mainly by [23,24,54] but
see also [32,53,78,81].

Looking at the right-hand side of (6.1), since

1 n+1 1 —(n+1)
1+ - =(1-— s
n n—+1
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we might just as well have considered

1 n 1 —n
(l—l——) <e<(1——) forn=2,3,4,....
n n

Indeed, this latter form will be more suitable for the present purposes. Among other
things, its obvious symmetry will be useful.
For a given x € R, we consider now the sequences

{(1 + ;—C)n} and {(1 - ;—C)_n}, for natural numbers n > |x|.

n
Now because (1 + f)" (1 — %)n = (1 — z—i) < 1, we have immediately that

(o2 <03

But we can say much more, as follows in the next two results.

Lemma6.2. Let x € R. Then {(1+ %)"} is increasing and {(1—2)""} is
decreasing, for natural numbers n > |x|.

Proof. Since n > |x|, each member of the following two lists of # + 1 numbers is
positive:

1,(1+—%),(1+—§),.”,(14-%) and 1,(1—-%),(1—-%),.”,(1—-5).

So we may apply the AGM Inequality (Theorem 2.10) to each list (using + for
brevity) to get:

1

(O(=3))" = g (14 (12 3)+ (123) + -+ (123))

X
n+1’

(1+nin5)=1i
n+1 n

Therefore

Taking the +’s, this says that {(1 + £)"} is increasing. And taking the —’s, we get

(1- ﬁ)_(nﬂ) < (1—2%)™", which says that { (1 — )" } is decreasing. O

Remark 6.3. The paper [73] contains the interesting fact that {(1 + %)"} being
increasing implies the AGM Inequality (Theorem 2.10). )
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Lemma 6.4. Letx € R. Then (1 — %)_n —(1+ jl—f)" — 0 asn — oo.
Proof. Observe that

o< () = () )

Taking n large enough, we shall have n > |x|. Then we can apply Bernoulli’s
Inequality (Lemma 2.1) to get:

Therefore

o< (1) () =)
n n/ = n n’
And since {(1 — %)_n} is decreasing (Lemma 6.2), the right hand side here — 0 as

n — 00, and the proof is complete. O

Lemmas 6.2 and 6.4 together with the Nested Interval Property of R
(Theorem 1.41), allow us to denote by ¢ (x) the common limit to which {(1 + %)n}

increases and {(1 — £) ™"} decreases. So ¢(0) = 1, ¢(1) = e, and
n —n
(1 + f) <¢(x) < (1 — f) for natural numbers n > |x|. (6.2)
n n

In particular, for |x| < 1, we have the estimates

1+x5(1+%)"5¢(x)5(1—;ﬁ)_"5 :

forn =1,2,3,....
(6.3)

1—x

But also, for any x > —1, we have 1 + x < (1 + f)" by Bernoulli’s Inequality
(Lemma 2.1). So taking n as large as we please in (6.2), we get

14+ x <¢(x) for x > —1.

Two very important properties of ¢ are contained in the next two results.

Lemma 6.5. The function ¢ satisfies the functional equation

¢(x)p(y) = ¢(x +y) forall x,y€R. (6.4)

Proof. We show that




6.2 The Exponential Function, Carefully 125

from which the result follows. One can verify by cross multiplying that

0 (1, oy

(1_,_%) nn+x+y)

And setting h = , we get

Xy
n+x+y

(1) -(+3)
nn+x+y) n

Taking n large we can ensure that || < 1, and so by (6.3),
Il+h<(1l+ Y < !
- n) “1-h

In fact, by taking n large enough, we can make || as small as we please. Therefore
x\" y n
1o hy' = (1+3) (“7)
(1+3) (1455

Lemma 6.6. ¢'(x) = ¢(x) forall x € R.

— 1, as we wanted to show. ad

Proof. Using the functional equation (6.4),

P(x+h)—d(x) _ ¢x)p(h) —P(x) _ $(h) —1
= =¢x)——.
h h h
And for |h| < 1 the estimates (6.3) give
1 h
1 < <—=14+—
ThedW =1 =147
Therefore
| < ¢(h)—1 - 1 ‘
- h “1-h
The result now follows upon letting # — 0. O
Now if we take y = —x in the functional equation (6.4), we get

¢(x)p(—x) =1 forall x € R.

Therefore ¢ is never zero. Also, since ¢ is differentiable (Lemma 6.6), it is
continuous (Lemma 4.6). So by the Intermediate Value Theorem (Theorem 3.17)
¢ is either positive or negative. Since ¢(0) = 1, ¢ must be positive.
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We have already seen that 1 + x < ¢(x) for x > —1. Since ¢ is positive, we
must therefore have

14+ x <¢(x) forall x e R.

Now because ¢ satisfies the functional equation ¢ (x)¢(y) = ¢(x + y) which
is evocative of the “same base add the exponents” rule, and because ¢ (1) = e, it is
customary to write

P(x) =e".

The most important properties of this, the exponential function e*, are (arguably)
the contents of Lemmas 6.5 and 6.6:

exey — ex+y , (ex)/ — ex ,
and
14+ x <e' for x € R (with strict inequality for x # 0). (6.5)

The inequality (6.5) is tremendously useful, as we shall see many times. A graph
of 1 + x and e* over [—1, 2] is shown in Fig. 6.1 in Sect. 6.1.

6.3 The Natural Logarithmic Function

In this section we show that the exponential function has an inverse. To do so, we
establish a few more of its properties.

Lemma 6.7. The exponential function e* has the following properties:

(i) e* is strictly increasing on (—oo, +00),
(ii) e* - o0 asx — 400,
(iii) e* — 0 as x — —oo0.

Proof. For (i), we have seen that e* > 0. Then since (¢*) = e*, we must have
(e*)’ > 0. Therefore e* is strictly increasing, by Lemma 5.6.
For (ii), we saw in (6.5) that 1 + x < e*. As such, e* — 400 as x — +o0.

For (iii), by (ii) we have e* — 400 as x — +o00o. Then since e™* = 1/e* by
the functional equation (6.4), we have e™ — 0 as x — +oo. That is, e* — 0 as
X — —0oQ. O

Example 6.8. As regards item (ii) of Lemma 6.7, much more can be said:

X

) e
For any n € N, lim — = 4o00.
x—>+oo x"
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This follows from applying L’Hospital’s Rule (Theorem 5.13) n times. It says that
as x — 400, e* — 4-o0 faster than any polynomial. o

Lemma 6.7 shows that ¢ (x) = e* has an inverse, defined on (0, 00). This inverse
is denoted by ¢~!(x) = In(x), and its range is (—oo, +00). This is the natural
logarithmic function. Being the inverse of ¥, In(x) satisfies:

e =x forx >0 and In(e*) =x forx € R.

Graphs of e* and In(x) are shown in Fig. 6.2.

Fig. 6.2 The graphs of y = e and y = In(x). Each is the graph of the other, reflected the line
y=x

Any property of the exponential function gives rise to a property of the natural
logarithmic function, since the latter is the inverse of the former. We list some of
these properties below and leave their proofs as an exercise. We shall use them
freely without explicit mention.

Lemma 6.9. The natural logarithmic function In(x) has the following properties:

(i) In(ab) = In(a) + In(b) fora,b > 0,

(i) In(a/b) = In(a) — In(b) fora,b > 0,
(iii) In(a") = rIn(a) fora > 0 andr € R,
(iv) In(x) is a strictly increasing function,
v) In(x) - +oc0 as x — +oo,
(vi) In(x) - —co asx — 0T,
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Proof. This is Exercise 6.15. O

We saw in Lemma 6.6 that (¢*)’ = e* for all x and so by the Chain Rule,
(e“(x))/ = o/(x)e*™, for differentiable functions a(x).

Then the relationship €™ = x appears to imply that (e"®))" = ¢! (In(x))'=1,
and so (In(x))’ = 1/x for x > 0. But this only shows that if (In(x))’ exists, then it
equals 1/x (for x > 0). One really must show that (In(x))" indeed exists. This can
be done using Exercise 4.16, but here we do so more directly—similarly in spirit to
how we obtained the derivative of arctan(x) in Sect. 4.3.

In inequality (6.5), we replace x with u — v and then with v — u to get

14+ um—v) <e™ and

14+ v—u) <e™, both for u # v.

Together these read
1—e""V<v—u<e™"-1,
or
e’ e“}’::" <e ™ for u<w.

Now setting # = In(x) and v = In(y) we get

I 1 —
1_ho) =@ _1
y y—Xx X

for 0 <x < y.
Therefore, letting y — x (or x — y), we get
;o1
(In(x)) = — forx > 0.
X
For x < 0 we have In(|x|) = In(—x), and the so Chain Rule gives

(ln(|x|))/ = )lc for x # 0.

Applying the Chain Rule further, we get

(In[B(x)|) =

for differentiable functions B(x) which are never zero.
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We close this section with two more examples (the first is very simple), in which
a property of the exponential function gives rise to a corresponding property of the
natural logarithmic function.

Example 6.10. The reader may verify by taking logarithms then dividing by n and
n-+1in turn, that the estimates (6.1), i.e., (1 + %)” <e<(1+ %)H
to the equally useful estimates

1 .
are equivalent

! <1 1—{—1 <1 (6.6)
n - —. .
n+1 n n

<&

Example 6.11. Again, the inequality (6.5) reads e* > 1 4 x for all real x. Since
In(¢) is increasing, x > In(1 + x) for x > —1. Or, replacing x with x — 1 here, we
get

In(x) <x—1 for x>0. 6.7)

And replacing x with 1/x in (6.7) we get
1
1——<In(x) for x>0,
by
or

1
<ex for x>0.

=|o

The inequalities 1 — 1 < In(x) < x — 1 are shown in Fig. 6.3. o

Fig. 6.3 Example 6.11: The
inequalities

l—i <In(x) < x —1, for
x>0
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6.4 Real Exponents

The exponential function (along with its inverse, the natural logarithmic function)
enables us to define x” for any exponent r € R, not only for r € Q. By item (iii) of
Lemma 6.9,

In(x") _ e’ In(x)

x'=e for x > 0.

And now we can establish the following important fact, which we only stated in
Sect. 4.2.

Power Rule for Real Exponents: Let r € R and for x > 0, let f(x) = x". Then
f is differentiable for x > 0, and f'(x) = rx""".

Proof. By the Chain Rule,
(xr)/ — (erln(x))/ — erln(x)l — xri — rxr—l
X

as desired. O

As the next two examples show, we can extend other results which contain integer
or rational exponents by allowing them to contain real exponents.

Example 6.12. We improve Bernoulli’s Inequality (Lemma 2.1) to allow it to
contain real exponents > 1, not just integers > 1: Let o > 1 be any real number.
Then for x > —1,

1+ x)*>1+ax.

Here’s a proof. We take x > 0 and consider f(z) = (1 4+ t)* for ¢t € [0, x]. By the
Mean Value Theorem (Theorem 5.2) there is ¢ € (0, x) such that

S(x) ; f(0) — a(l + c)a—l.

Now a(l + ¢)* ' > aand so f(x) — f(0) = (I + x)* —1 > ax, as desired.
Now we take x < 0 and consider ¢ € [x, 0]. By the Mean Value Theorem there is
¢ € (x,0) such that
0) —
SO =S _ 4 ey
—X

Here, 0 < a(14+¢)*! <aandso f(0)— f(x) = 1 —(1+x)* < —ax, as desired.
(For values of a other than a > 1, see Exercise 6.5.) o
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Example 6.13. We saw in (6.1) that

1 n 1 n+1
(1+—) <e<(1+—) forn=1,2,3,...,
n n

and that each of the sequences {(1 + )"} and {(1 + 1)"*!} converges to e. The
former sequence is increasing and the latter sequence is decreasing. But rather more
is true: the natural number n can be replaced with x € R, as follows. For x > 0, the
Mean Value Theorem (Theorem 5.2) applied to f(¢) = In(¢) on [x, x + 1] gives a
¢ € (x,x 4 1) such that

f,(c):lzln(x—i—l)—ln(x):ln x+1 .
c (x+1)—x X
Sincex<c<x+1,wehaveﬁ<%<%,andso
1 1
< ln(x+ ) < — for x > 0. (6.8)
x+1 X X

These inequalities extend those of (6.6), and imply

1 X 1 x+1
(l + —) <e< (1 + —) for all x € R, (6.9)
b X

which extend (6.1). One can also verify that

1\ 1 1
(xln(x+ )) zln(x+ )— > 0
X X x+1

by the left-hand side of (6.8), and that

((x—l—l)ln(x;:1))/=1n(x:1)—% <0

by the right-hand side of (6.8) (cf. [30], sec 4.2). Therefore, (1 + %)X is increasing
and (1 + %)XH is decreasing. Finally,

o) o) = (1)) -

1\* 1 x+1
and so each of (1 + —) and (1 + —) converges to e as x — +00. o
x x

=|o
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6.5 The AGM Inequality Again

In this section use the exponential function to extend the AGM Inequality
(Theorem 2.10) as well.

Let p1, p2, ..., py be positive numbers. For ay,a,, ...,a, € R, we saw in
Sect. 3.4 that their associated weighted Arithmetic Mean is the expression

n
1
A E pjaj .

> Pk =
K= =l

By setting

this reads
n n
ijaj, with ij =1.
Jj=1 Jj=1

In this context, the w;’s are called weights. For the special case in which p; =

n
— — — — 1 ; ; —
p2 == p, =1, wegetw; =  foreach j and so indeed > wj =1, and
Jj=1
artazt--+ay,
o .

n
> wja; is the ordinary Arithmetic Mean 4 =
j=1

Example 6.14. In the weighted Arithmetic Mean

2a; + Tay + a3 + 5ay4
15 ’

we set w; = 2/15, wp, = 7/15, w3 = 1/15, and wy = 5/15. Then

2a; + 7a; + as + 5aq4
15

4
= Za+ far + a3+ Jas =) _wja; o
= 15¢1 1542 T 1543 T 364 = j%j-

—

The AGM Inequality (Theorem 2.10) can be extended without too much
difficulty to allow for positive rational weights. This is Exercise 6.25.

But there is an even more general version of the AGM Inequality, as follows,
which allows all positive real numbers as weights, not only positive rationals. We
provide the beautiful proof [30,81] by American (Hungarian born) mathematician
George Polya (1887-1985) which uses (6.5) (or see (6.7)) in the form:

x—1

x<e for x € R (with strict inequality for x # 1).
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Theorem 6.15. (Weighted AGM Inequality) Let a;,as,...,a, be pos1t1ve real
numbers and let wi,wy,...,w, be positive real numbers satisfying Z w; = 1.

j=1
Then

/
H <> wa.
j= Jj=1
and equality occurs here & ay =a; =+ = a,.

n
Proof. Set A= ) wja;.Since x < e*~! we have
j=1

IS}

J

4 .
— < e forj =1,2,...,
= = I j n

Therefore

—]
—~~
N
SN—"

E

IA
—
—

(¢]
NS

|
~
Z

n Y F
b Yidj .
A J 1—1 0

= /7! =e =e =1.

That is, ]_[ aw’ < A, as desired. Moreover, x = ¢*~! if and only if x = 1, so
j=
equality occurs here if and only ifa; = a; =+ = a, (= A). O

Some other proofs of the weighted AGM Inequality (Theorem 6.15) are explored
in Exercises 6.26—6.28 and 6.30. We isolate below an important special case, which
extends Lemma 2.7. (Lemma 2.7 is the result below, with t = 1/2.)

Corollary 6.16. (Weighted AGM Inequality with n = 2) Let a,b > 0 and
0 <t <1.Then
a' b <ta+ (1 —1)b,

and equality occurs here <& a = b.

Proof. This is Theorem 6.15, withn = 2,a; = a,a, = b, w; =t,andw, = 1 —¢.
O
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Example 6.17. [16] Here we use the weighted AGM Inequality with n = 2
(Corollary 6.16) to obtain the neat inequality

Ccos x

(sinx)smx < (cosx) for 0 < x < /4.

For 0 < x < ¥//4, we have 0 < tanx < 1. So we may apply the weighted AGM
inequality for n = 2 to tan? x and 1 + tan” x, and with weights tan x and 1 — tan x
to get

1—tan x

(tan2 x)tanx(l + tan® x) < (tanx)(tan2 x) + (1 — tanx)(l + tan® x).

The left-hand side here is (sin2 x)tanx / cos? x, and the right-hand side is
1 +tan’x —tanx < 1.

Therefore ( sin? x)mn)C < cos? x. The desired inequality now follows by raising each
side to the power (cos x)/2. o

In Sect. 2.3 we saw how Lemma 2.7 can be used to obtain the Cauchy—Schwarz
Inequality (Theorem 2.18). In an entirely similar way, the weighted AGM Inequality
with n = 2 (Corollary 6.16) yields the following extension of the Cauchy—Schwarz
Inequality. (In it, taking p = g = 2 gives the Cauchy—Schwarz Inequality.)

Lemma 6.18. (Holder’s Inequality) Let ay, ay,...,a,, and by, b,, ..., b, be posi-
tive real numbers and let p,q > 1 satisty % + 5 = 1 (p and q are called conjugate
exponents). Then

1/p 1/q
n n n

doaibi = af| |2

7=l =1 J=1

n n
Proof. If )" af =0or Y b? = 0 then the equality holds. Otherwise, set a =
j=1 j=1
p q
% andb = ,,b"
Y af X b}
=1 =
taking t = % there, to obtain

in the weighted AGM Inequality with n = 2 (Corollary 6.16),

Then summing from k = 1 to n we get
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n

Il M=
[
Ek~1

L axbi 1 I
B kT/lP n 1/q S;knl » +5k;lbq :;—i_a:l»
(£) (£w) PES RS
as desired. O

Sometimes the weighted AGM Inequality (Corollary 6.16) is more convenient to
apply in the following (equivalent) form.

Corollary 6.19. (Young’s Inequality) Leta,b > 0 and p,q > 1 with % + é = 1.
Then

and equality occurs here < a? = bi.

Proof. in the weighted AGM Inequality with n = 2 (Corollary 6.16), replace a
with a'/", b with /0= andtaket = 1/p, 1 —t = 1/q. |

Naturally then, Young’s Inequality can also be used to obtain Holder’s Inequality
(Lemma 6.18). We leave the details for Exercise 6.34.

In Exercise 6.37 we see how the weighted AGM Inequality (Theorem 6.15) can
be used to extend Holder’s Inequality. In Exercise 6.38 we see how the weighted
AGM Inequality (Theorem 6.15) can be used to extend Young’s Inequality.

6.6 The Logarithmic Mean

The Logarithmic Mean of the positive numbers a and b is given by

b—a

)@ ¢7°

L=1L(a,b)=
a ifa =b.

As well as having intrinsic interest, the Logarithmic Mean arises in problems dealing
with heat transfer and fluid mechanics. Since L(a,b) = L(b,a), we may suppose
that a < b. Applying Cauchy’s Mean Value Theorem (Theorem 5.11) to

f(x)=x—a and g(x)=In(x)—In(a)
on [a, b], there is ¢ € (a, b) such that

b—a _ f)—fl@ _[flc) 1

k) —In(@)  gb)—gla) gl 1 *
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Therefore
min{a,b} < L < max{a, b},

and so L is indeed a mean. And this justifies the choice L(a,a) = a, making L
continuous. (The reader might also verify that L(ta,tb) = tL(a,b), fort > 0.)

Of course we didn’t really use Cauchy’s Mean Value Theorem here, just the Mean
Value Theorem (Theorem 5.2) upside down. But the idea of using Cauchy’s Mean
Value Theorem can give us more, as follows. First, recall that for positive numbers
a and b, their Arithmetic Mean is

b
A=4"
2
and their Geometric Mean is
G = Vab.

Lemma 6.20. Leta and b be positive real numbers. Then
G <L<A.

Proof. For the right-hand inequality, for x € [a, b] we set

flx) = 279 and g(x) = In(x) — In(a).

xX+a

Then by Cauchy’s Mean Value Theorem (Theorem 5.11), there is ¢ € (a, b) such
that

e _ S~ f@ _ f©
in(b) —In(@) ~ g(b)—g(@) &)

It is easily verified that

f'e)  2ac
g (c+a)?

and this is < %, by Lemma 2.7. Therefore L < A.
For the left-hand inequality, for x € [a, b] we set

f@):%%% and  g(x) = In(x) — In(a).

Then by Cauchy’s Mean Value Theorem, there is ¢ € (a, b) such that
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b

Vi _ S~ f@ _ [
In(b) —In(@) ~ gb)—g@)  g)

Here it is easily verified that

and this is > 1, by Lemma 2.7. Therefore G < L. O

Remark 6.21. The inequalities in Lemma 6.20 were first obtained (by more
complicated methods) in [60]; see also [11,15]. In Exercises 6.43, 6.44, and 6.46 we
obtain refinements of these inequalities, also via Cauchy’s Mean Value Theorem. o

Settinga = x and b = x + 1 in Lemma 6.20 , we get

1 2 1
Vxx+1) < < X+ .

“ In(x + 1) —In(x) 2

After a little manipulation, this yields

1 Jx(x+1) 1 x+1/2
(1 + —) < e < (1 + —) . (6.10)
X X

These estimates improve (6.9) considerably. See also Exercises 6.9 and 6.45.
Since /x(x + 1) is the Geometric Mean of x + 1 and x, and x + 1/2 is their
Arithmetic Mean, we point out the rather satisfying fact that (6.10) reads:

(x + 1)G(x+1,x) (x + 1) (x+1, x)
< e = .
X X

6.7 The Harmonic Series and Some Relatives

(i) The Harmonic series is the infinite series

il—w THE S
n 37475

Each term (after the first) is the Harmonic Mean of the term just before it and the
term just after it. As with any infinite series, this expression denotes the limit (if

N
it exists) of the sequence of partial sums {Sy } . In this case, {Sy} = { > l} .

n
n=1
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We saw in the course of obtaining (6.7) that In(1 + x) < x for x > —1.
Therefore, as in [7,48] for example,

N
In(N + 1) = Z [ln(n +1) —ln(n)]
n=1
al 1 ARy
=;1n(1+;) < 2

Now since In(N + 1) — 400 as N — 400, we must also have Sy — +o00. So
we write

We might say that the Harmonic series diverges to +oc. Exercises 6.47-6.50 contain
several other proofs of this important fact.

Remark 6.22. The partial sums of the Harmonic series grow without bound, but
they do so very slowly. For example, Sj9.000 = 9.8, the smallest N for which Sy >
20 is 272400600, and the smallest N for which Sy > 1,000 is greater than 10*3*. o

(ii) Euler’s constant. In (6.6) we saw that

1 1 1
—<ln(n+ )<— forn =1,2,3,....
n+1 n n

For such n, set

n

1
Yo = Z T —In(n).
k=1
Then
n+1 n
1 1 1 n+1
Vnt1=Yn = (,;E_ln(" + 1))_(;E—1n(n)) = 1‘1“( . )

And ﬁ —In(%ZH) < 0, by the left-hand side of (6.6). Therefore {y,} is a

decreasing sequence. Moreover,
1

n—1
1 1 1 k+1
——1 = — ——1
+ ¥ n(n) n+k2=1(k n( . ))

k

3
|

Yn =

S| =
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and this is > % by the right-hand side of (6.6). Therefore {y,} is bounded
below. So by the Increasing Bounded Sequence Property (Theorem 1.34), {y,}
converges to some real numbery > 0. The number vy is called Euler’s constant.
Since vy, is decreasing, y < y; = 1,y <y, = 0.807, y < y3 = 0.735 etc. In
fact,

y = 0.577216.

Remark 6.23. Euler’s constant arises often, in apparently disparate mathematical
contexts. Mathematicians typically rate y just below ¥ and e in its overall impor-
tance in mathematical analysis. Still, y remains elusive. It is not even known whether
y is irrational. Another approach to y can be found in [12]. Also, the book [31] is
highly recommended. o

(iii) The Alternating Harmonic series is the infinite series

1 1

1n+1 —1-= - =
Z( ) +3 VR

n=1

Here {Sy} = { Y (—1)rt— } , and so

n=1

1 1+ 1+ n 1 1
3 4 5 6 2N -1 2N
1

1 1 L 1 n 1 1 P 1 1
2 3 4 5 6 2N -1 2N )°
Therefore {S,y } is increasing. But also,

O 1 1 1 1
N 23 45
and therefore {S,5} is bounded above, by 1. So by the Increasing Bounded

Sequence Property (Theorem 1.34), {S,y} converges to some real number
S < 1. Now

1
Soy =1—>+

1 1 1
2N -2 2N -1 2N’

1

S =S _—
IN+1 2N T IN 1

so that {S»x+1} must converge to S also. Therefore, {Sy} converges to S.
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Using Euler’s constant y, we can find S as follows. Observe that

S I I L I I I L
2n 273747576 n

I
+
|
4
|

2 3 4 5 6

(1n(2n) + YZn) - (ln(n) + Yn) .

Notice that In(2n) — In(n) = In(2) and y,, — Euler’s constant y. So we have
at hand the sum of the Alternating Harmonic series:

> 1

E(qy“—zm@)gawnm.
n

n=1

We shall show in Corollary 12.6 that In(2) is irrational.

Remark 6.24. For the Alternating Harmonic series we have (for example)

G- 1+1 1+1 1+
- 2 3 4 5 6

11 1+11 1+11 1+
2 4 3 6 8 5 10 12

This means that the sum S is dependent on how the terms are arranged! There is
a theorem (see [42] or [61]) due to the German mathematician Bernhard Riemann
(1826-1866) which implies that for any real number S, there is a rearrangement



6.7 The Harmonic Series and Some Relatives 141

of the Alternating Harmonic series which sums to S. And there are rearrangements
which diverge to each of oo as well. We address this phenomenon a little more
in Exercise 6.57 and in Sect.10.1. But for more about rearrangements of the
Alternating Harmonic series, see for example, [5, 8,20,46]. o

(iv) For any real number p, the associated p-series is the infinite series
— 1 LN R I
Zn_p_ +2—p+3—p+4—p+5—p+'-'.

n=1

For p = 1 this is simply the Harmonic series and so it diverges. It is easy to
see, and we leave this for Exercise 6.58, that a p-series diverges also for p < 1.

Here we show, as in [19], that a p-series converges for p > 1. For the Nth
partial sum

we have

11 1 11 1
S =1 4. T
2+ =1+ (2P tw Tt (2N)P) + (3p t Tttt on g 1)p)

11 1 11 1
1 [ T TN ...
< +(2p+4p+ +(2N)p)+(2p+4p+ +(2N)p)

1 1 1
= 1+275N+27 N=1+ 2]7—1SN < 1+2p_1S2N+1-
That is,
1
1-— 21 S2N+1 < 1.
Therefore, the increasing sequence {Sy} is bounded above by (1 — 2,,%1)71

and so it converges, by the Increasing Bounded Sequence Property (Theo-
rem 1.34). We have then:

. 1
the p-series Z— converges < p > I.
1 nr
=

Taking p = 2 in the analysis above, we get

1
n=1



142 6 The Exponential Function

We shall see in Theorem 12.7 that in fact,

o0
1
Y 5= v >~ 1.645.
—in 6

Being the first to find the sum of this series was one of Euler’s many great
triumphs.

Remark 6.25. Taking p = 3, it is the case that

but the precise value of this sum is not known. It was proved in only 1979, by the
> 1
French mathematician Roger Apéry (1916-1994), that ) — = 1.202 is irrational.

n=11
o0

1
The values of the sums Y — are known if p is a positive even integer. o
n=11
Remark 6.26. We have seen (essentially) that
oo |
lim — = 4-o00.

+ np
p—1 o

We finish by pointing out that, however, it is the case that

, 1 1
lim — - — ] =
p1t \in?p —1

Pretty cool—see [31], for example. o

Exercises

6.1. Show that C e~ is the is the only function which satisfies
f(0)=C and f'(x)=kf(x) forallx € R.

6.2. Consider the differential equation y’ = y with initial condition y(0) = 1.
Apply Euler’s method of tangent lines on [0, x], for x > 0, with n equal subintervals
to obtain the approximation y(x) 2 (1 + £)" . What happens as n — 0o ?

6.3. [1] Show that ¢ = 0 and ¢ = 1 are the only functions defined on (0, co) which
satisfy ¢ (x)¢(y) = ¢(x — y).
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6.4. Show that (e¢*)” = e forall x,y € R.

6.5. Consider again the improved Bernoulli’s Inequality from Example 6.12:
1+x)¥*>14ax, fora>1andx > —1.

Show that this inequality persists for a < 0, and is reversed for 0 < o < 1.

6.6. (a) Show that for x > 0,
x L, . .
e >1+x+ Ex , with equality only for x = 0.
(b) Show that for x > 0,

X 1 2 1 3 1 n : :
e zl—i—x—i—ix —i—ax R R with equality only for x = 0.
! n!

(¢) Conclude that (,1) <n!

e
(d) For whichnise® > 1+ x 4+ 4x> + x> + -+ + Lx" true for all x € R?
6.7. [65]

(a) Show that
x\”
e’ > (l—l——) for x,y > 0.
y

(b) Set x = ¢ —eand y = e to conclude that e¥ > y~.
6.8. [67]

(a) Show that f(x) = x!/* (x > 0) has an absolute maximum at x = e.

(b) Conclude that e* > x*® for all x. (In particular, eV > ve)

(c) Use e¥ > x° to prove the AGM Inequality (Theorem 2.10) as follows: Set
X = aé—e for each of j = 1,2, ...n, then multiply all these together.

6.9. [35,36,77] We saw in (6.1) that forn = 1,2,3,...,
1 n 1 n+1
(1+—) <e<(1+—) .
n n
(a) Show that & = 1/2 is the least a for which
n+a
e§(1+—) forn =1,2,3,....
n

(b) Find the largest p for which
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1 n+p
(1+—) <e forn=1,2,3,....

6.10. [22] Evaluate
1 n+1 1 n
lim <n2 |:(1+ ) —(1+—) :|)
n—>o0o n + ] n

(a) Apply Cauchy’s Mean Value Theorem (Theorem 5.11) to the functions f(x) =
(x + 1)*and g(x) = x* on [n,n + 1] to show that

6.11. [62]

(n+2)°‘ - (n + 2t — (n + 1)*+! - (n+ 1)0‘.

n+1 (I’l + 1)0¢+1 — potl n

(b) Conclude, in particular, that

1 n+1 (n+2)n+2_(n+1)n+2 1\"*! 1
e<|1 < <{1+- <ell+-—|.
(i) = = () <<(e)

6.12. [63]
(a) Show that

mHYm 1
lim = —.
n—>00 n c

Hint: In (1 + %)k <e<(1+ %)Hl , take the product for k = 1,2,...n.

(b) Denote by A,, the Arithmetic Mean and by G, the Geometric Mean, of the first
n natural numbers. Show that the result in (a) is the same as

Other approaches to this problem can be found in [13,44, 82]. It is generalized
in various directions in [43, 68,71, 83].

6.13. Suppose that a certain population at year ¢t > 0 is given (approximately)
by P(t) = Cel’, and that the population’s growth is r % per year. Show that the
population doubles in size every In(2)/ In(1 + r/100) years.

6.14. Let x; > 1and forn = 1,2,..., let xpp1 = 1)(C—) Show that {x,}
n(x
converges and find the limit. !

6.15. Prove Lemma 6.9.



Exercises 145

6.16. [41] Here’s a way to show that (In(x))’ = 1, assuming we already know that

X’

(1+1)" —> easu — oo. Verify that

I n—1 1 x/h
n(x + }3 n(x) = —In (1 + _) , thenlet h — 0.
X X

6.17. Show that fora > 0,
(@*) = a*In(a)
and for differentiable functions a(x),
(a“("))/ = a*¥ In(a)d/ (x).

6.18. (a) Use the Chain Rule to find (In(ax))’.
(b) Conclude that In(ab) = In(a) + In(b) fora, b > 0.

6.19. The logarithmic function with base @ > 0 but a # 1 is defined by
y=log,(x) & a’=x.

For example, log,(x) = In(x).

(a) Prove the change of base formula (for b > 0)

_ logy(x)

2.0 = 00, (@)

So in principle, by taking » = e, one only needs to know natural logarithms.
For example, log;,(x) = In(x)/ In(10).

(b) Show that for x > 0 we have (log,(x))" = log;ﬁ and that (for functions o > 0
differentiable),

I
(log, a(x))’ = 222 g1y,
a(x)
(¢) Show that for x > 1 and L > 0,
d log, L
= log (L) = ——=x—,
o ==

6.20. [28] Fill in the details of the following proof that In(x) is not a rational
function. If it were, we could write In(x) = £ (g, where p and ¢ are polynomials
with no common factors. Now differentiate both sides of this expression to obtain a

contradiction.
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6.21. (a) Use L Hospital’s Rule (Theorem 5.13) to show that lim In (1+ %)Y =1.

x—>—+00

(b) Conclude that lim (1+ 1)" =e.
x—>+00

6.22. Evaluate the following limits (n is a positive integer).

In(1 4 ¢*
@ lim x(1—e). (b fim EFE)
x—>—+00 x—+00 2x
X" . "
© x—lir—ll—loo e’ @ x—llr—il-loo In(x)"

6.23. [49]

(a) Show how we might (to some extent) improve inequality (6.7), namely In(x) <
x — 1 for x > 0, by writing In(x) = 21n 4/x.

(b) On the way to inequality (6.7) we saw that In(x + 1) < x for x > —1. Show
that

X
<In(1 fi > —1.
l—i—x_n( + x) for x
(¢) Show that
xl <In(l + x) for x >0.
1+§X

6.24. [56,72]

(a) In Example 6.11 we saw that xIn(x) > x — 1 for x > 0. In this inequality,
set x = p;/q; then sum to obtain the following inequality, which is basic in
Information Theory: Let p;,q; > 0 for j = 1,2,...,n, with Z;’:] pj =

> =14 Then
> piln(p;) =Y pjin(g;).
j=1 j=1
(b) Show that fora, b, c > 0,

aih e (a—i—b)“(b—i—c)b(a—i-c)c
a’b’ct > .
2 2 2

Can you extend this to more than three numbers?

6.25. [75] Use the AGM Inequality (Theorem 2.10) to prove the AGM Inequality

with rational weights: Let ay,ay, ..., a, be distinct nonnegative real numbers and
n
let wi,wy, ..., wy be positive rational numbers satisfying Y w i = 1. Then
Jj=1

n n
[Ta <> way.
Jj=1 Jj=1
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Hint: Let M denote a common denominator for the fractions wy, ws, ..., w,. Now
apply the AGM Inequality to a suitable collection of M numbers, which contains
(perhaps lots of) repetition.

6.26. [30] Fill in the details of another proof of the weighted AGM Inequality
n

(Theorem 6.15), as follows. Set A = Y wijajand x =a;/Ain (6.7),i.e., in
j=1

In(x) <x—1 forx > 0.

Now multiply by w;, and sum. This is a 1930 proof by Hungarian mathematician
Frigyes Riesz (1880-1956). It is the logarithmic companion of the proof we gave
(i.e., G. Polya’s) of Theorem 6.15.

6.27. [50,64,66] Fill in the details of another proof of the weighted AGM Inequality

(Theorem 6.15), as follows. Set G = l_[l a}” andx =a;/Gin(6.7):In(x) < x—1
j=

for x > 0. Now multiply by w;, and sum. This is the Geometric Mean companion

to Riesz’s proof from Exercise 6.26.

6.28. [69] Fill in the details of another proof of the weighted AGM Inequality
(Theorem 6.15), as follows.

(a) Verify that

(b) Now use this in (6.7), i.e., In(x) < x — 1 for x > 0.

6.29. [38,39] Leta,b >0, 0 <t < 1,and r = min{¢t, 1 — ¢}. Prove the following
refinements of the weighted AGM Inequality with n = 2 (Corollary 6.16).

@ a'b'"™" + r(va—+b) <ta+(1—-0b.
M) (a' b + r(a—b)’ < (ta+(1—0)b)’.
Hint: In each case, treat t < 1/2 and ¢ > 1/2 separately.
(c) Is the inequality in (a) better than the one in (b)? Or vise-versa? Or neither?

6.30. [4] In Exercise 6.5 we showed that the improved Bernoulli’s Inequality
(a>1)

(14+x)*>14+oax, forx>-—1

persists for a < 0, and is reversed for 0 < o < 1. Use the 0 < o < 1 case to prove
the weighted AGM Inequality (Theorem 6.15), as follows.

(a) Foray,a, > 0, substitute x = Z—‘ — 1 to obtain the n = 2 case.

(b) Proceed by induction: Assumezthe result holds for ay,as,...,a, > 0 then

. wn /Wy +w, w, Wy +w,
replace a, Wlth ann/( n n+1)a”::'11-1/( n n+l).
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6.31. [74] Show that if a, b and ¢ are the side lengths of a triangle, then
(a+b—c)Y(b+c—a)l(a+c—b) <abbc.
6.32. [70] Show thatifa,b,c € (0,1)anda + b + ¢ = 2, then
a'=ap=hele 4 glbpl—cpl—a 4 glmepl-a d=2 < o

6.33. [55] Let xy,x3,...,x, > 0. Use the weighted AGM Inequality (Theo-
rem 6.15) two different ways to show that

| M=
\‘x

=

=
AN

lﬁ
W LX)

n n

. < o<
[T+ = [[v =
j=1 ‘

=
=
~.
Il
—_
~

~

I
s

=

<
I
-

6.34. [76] Here is an ostensibly different proof of Holder’s Inequality

(Lemma 6.18). (a) Dispense with the cases a; = a, = -+ = a, = 0 or
by = by = --- = b, = 0. (b) In Young’s Inequality (Corollary 6.19), set
—1/p —1/q

n n
a=a; Zaf and b =b; Zb;l ,
=1 =1

then sum from 1 to n. (Compare with Exercise 2.42.)

6.35. [40] Use Holder’s Inequality (Lemma 6.18) to show that

Xyz 1
< — fora>0 and x,y,z> 0.
x+y+a)y+z+a)x+z+a) 8la Y

6.36. Find necessary and sufficient conditions for equality to hold in Holder’s
Inequality (Lemma 6.18).

6.37. [30] We used the weighted AGM Inequality with n = 2 (Corollary 6.16) to
obtain Holder’s Inequality (Lemma 6.18). Use the full weighted AGM Inequality
(Theorem 6.15) to obtain the following extension of Holder’s Inequality. Ler

ajl, d1, A3l,...,A4p1, A12, 22, A32 ..., Ap2, ..., Ay, A2y A3« -« s Apms be
nm nonnegative real numbers and let py, ps,..., pm > 1 satisfy % + é 4+ oo+
L = 1. Then
pﬂl

1/ pk

(f100) = 15
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6.38. We saw that Young’s Inequality (Corollary 6.19)) follows directly from the
weighted AGM Inequality with n = 2 (Corollary 6.16). Use the full weighted AGM
Inequality (Theorem 6.15) to obtain the following extension of Young’s Inequality.
(See also [2].) Let ay, ay, ..., a, be nonnegative and let py,pa, ..., pn > 1 satisfy
oo o 4 oo = 1. Then

n pPj
aj

n
[Ty =3
j=1

j=1 Pi

6.39. In Exercise 2.53 we used the Cauchy—Schwarz Inequality (Theorem 2.18) to
prove Minkowski’s Inequality. Use Holder’s Inequality (Lemma 6.18) to prove
the following extension of Minkowski’s Inequality: Let a;,a»,...,a,, and
by, ba, ..., b, be real numbers and let p > 0. Then

1/p 1/p 1/p
n

> (aj+by)” <|2af| +[X#f
j=1 j=1

Jj=1

Hint: Write (aj +bj)p = a; (aj —i—bj)p_1 + b; (aj —i—bj)p_l , then sum, then
apply Holder’s Inequality to each piece.
6.40. In Exercise 2.54 we proved Chebyshev’s Inequality: Let {ay,as,...,a,},

{b1,by,...,b,} be two sequences of real numbers, with either both increasing or
both decreasing. Then

1 n 1 n 1 n
ZZQj';ijS;Zajbj.
j=1 j=1 j=l1

(a) Prove the weighted Chebyshev’s Inequality:
Let {a1,00,...,0,} and {B1,P2,...,Pu} be sequences of real numbers, with
either both increasing or both decreasing. Let wi, wa, - - -, w, be any n
nonnegative numbers. Then

n n n n
> wiey oy wiBi <) wi- Y wiaB;.
j=1 j=1 j=1 =1

(b) Use this to prove the Cauchy—Schwarz Inequality (Theorem 2.18). Hint: First
dispense with any b}s which equal zero (and explain). Then set w; = B?, and
a; = B/‘ = aj/bj.

6.41. [9,10] In Lemma 6.20 we saw that for a, b > 0,

a—>b a+b
vab < < i G<L<A.
P = @ —mp) - 2 T=EES
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(@) Seta = x and b = 1/x to show that

1 < ln(x)

1
—  for x > 0.
x24+1 7" x2-1" 2

(b) How do the inequalities in (a) compare with
1
l—-—<In(x)<x—1 for x>07?
X

(¢) Suppose now that 0 < a < b andletb/a = 1 + x to show that

X

<In(l+x) < }
Ty SO =TS

6.42. [80] Denote by L(a, b) the Logarithmic Mean of a, b > 0.

(a) Show that forn > 7,
L(In(n + 1),In(n)) > 2
(b) Conclude that forn > 7,
pVIET S (n + l)ﬁ.

(¢) How aboutn < 77?

6.43. Leta,b > 0 and denote by L and A the Logarithmic and Arithmetic Means
of a and b respectively. Apply Cauchy’s Mean Value Theorem (Theorem 5.11) to

xX—a 6(x —a)
2/_+la+x 4/xa+x+a

f(x) = and g(x) = In(x) — In(a)

on [a, b] to show that L < %G + %A < A. This refines the inequality L < A
from Lemma 6.20. (This was first obtained by other methods in [60].)

6.44. Leta,b > 0 and denote by G and L the Geometric and Logarithmic Means
of a and b respectively. Apply Cauchy’s Mean Value Theorem (Theorem 5.11) to

21/3 _
fx) = (M)Z/S (a )1/3 _ a _f_xazxL;)]ﬁ and g(x) = In(x) —In(a)

n [a, b] to show that

G < G*PA' < L.



Exercises 151

This refines the inequality G < L from Lemma 6.20. (This was first obtained,
by rather sophisticated methods, in [45].) Hint: Near the end, you will use the
weighted AGM Inequality with n = 2 (Corollary 6.16) applied to A> and G?:

(497 (67" < 142 + 362
6.45. [27] Taken together, Exercises 6.43 and 6.44 give

G*PAV? < < %G + %A.

(a) Apply these to x and x + 1 to obtain the further improvement of (6.9):

1\ FVAeFD+E R |\ WA ()
(1+_) 5@5(1+_) |
X X

(b) Show that 1 < (cosh(t))l/3 < Smtﬂ < §+ %sinh(t) < cosh(?).

6.46. [47] For x, y > 0, consider the Lorentz Mean

x1/3+y1/3 3
M5 = (T) )

which comes up in the theory of equations of state for gases. Show that this is indeed
a mean then show, as follows, that

L < My forx #y,

where L is the Logarithmic Mean of x and y.
(a) Fort > 1, set
3_

3
t)y=-In(t) - ——.
f0 =50 =
Show that f'(¢) > 0 fort > 1, so that f is increasing.
(b) Conclude that f(¢t) > 0 fort > 1.
(c) Assume that 0 < y < x and substitute t = x'/3/y1/3,
(This argument is due to American mathematician Harley Flanders (1925-
2013.))
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6.47. [18,19,25,26]

(a) Fill in the details of the following proof, due to American mathematician
Leonard Gillman (1917-2009), that the Harmonic series diverges:

() (o) (D)
(DG ded)e

=S

S

\

o0
(b) And here’s a similar argument, though slightly more complicated. If S = > %,
n=1

o0 o0 o
then %S =3 21 1= Zl % and so we must have Zl 2’11_1 = %S also. Show
n= n= n=
that this leads to a contradiction.
6.48. [79] Fill in the details of another proof that the Harmonic series diverges: If
00 N
S = Z] % exists then Soy — Sy — 0, where Sy = Zl % Show that Shy — Sy > %
n= n=
to obtain a contradiction.

6.49. [21] Fill in the details of another proof that the Harmonic series diverges:
Obtain a contradiction by observing that

=1 < 1 1
ZZ‘Z(zwrﬁzwrz)

n=1 n=0

> 1 1
zl;(n+1+(2n+1)(2n+2))‘

6.50. [17] Fill in the details of another proof that the Harmonic series diverges:

(a) Prove (or at least recall) the well-known fact (e.g., Exercise 5.35) that for the
Fibonacci sequence fi = 1, o = 1, fi42 = fu + fut+1, it is the case
that f,4+1/fy — ¢, where ¢ is the golden mean, i.e., the positive root of
x2—x—1=0.

(b) By collecting successive blocks of the Harmonic series whose lengths are the
Fibonacci numbers, show that
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6.51. [34]
oo

(a) Show that Y (n'/" — 1) diverges to +oo.
n=1

(b) Show that io: <e - (1 + %)n) diverges to +oo.

n=1

6.52. [3] Here’s another approach to Euler’s constant. Define a; by

1\
e:ak(l—i—%) ,

(a) Verify that 1 = In(ay) + k(ln(k +1)— ln(k)).
(b) Sum these from k = 1 to n to get

n

1 Uk
E—ln(n—i— 1) zln(l_[ak )
k=1 k=1

(¢) Show that {ln (k]:[l a,lc/ k)} is increasing.
(d) On the way to inequality (6.7) we saw that In(x 4+ 1) < x for x > —1. Use this

to show that
n n 1
1/k
In (H a, ) < Z 2
k=1 k=1
n
so that {ln ( []a ,1(/ k)} is bounded above (by v/6).
k=1

6.53. (a) Show that we may define Euler’s constant by way of
"1
Yn = — —In(n + a),

k
k=1

for any o > —n. Therefore
n 1
‘Y = nli)ngo (]; % — ln(n + (X)) .

(b) Take a = 1 in (a) then show that

nl 1
— 1 w1+
v nir&<;k n(+k))
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Kj
6.54. [33] Let K; be the least integer for which ) % > j. Show that
n=1

lim K+ —e
j—oo K;

6.55. [58]
(a) Show that x — x—; <sin(x) < x, for 0 < x < /2.

n
(b) Setx = 1/kanduse y_ j = @ to show that
~

i 1 < 1| 1
Jim e 2ee ()] =2
=

6.56. [14,59] The Alternating Harmonic series has N th partial sum

N
(_1)n+1
Sy = .
N ; -
Show that
1
|S —Sy| < —

T 2N’

6.57. In Sect. 6.7 we considered y,, — Y, to show that

o0
(—1yrH! 111
In(2) = q_r o ro
n2) =), 5 237"

n=1

(a) Consider vy, — %yn — %yzH to sum a certain rearrangement of this series.
(b) Can you sum other rearrangements in a similar way?

o0

6.58. (a) Show that Y - diverges for p < 1.
n=1

(b) Use

Vo Vo N 1
Sy=Y = =1 — <1 -
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o0
to show that ) _ nLZ < 2. (The series on the right-hand side is a telescoping
n=1
series).
o0
(c) Use (b) to show that ) nip converges for p > 2. (We showed in Sect. 6.7 that

n=1
it also converges for 1 < p < 2.)

18

6.59. [57] Here is an extension of Example 1.32, which shows that

L
np

—_

n
converges for p > 1.

(a) Verify that for natural numbers r > 1,

b —a"

- =04 ab P +dh I+ +d TR+ T+
—d

(b) Conclude that fora < b, b —a” < rb"~'(b —a).
(¢) Seta =n""andb = (n + 1)" to get

(1 1 1S 1
1= -] > = [ —
Z (nl/r (I’l + l)l/r) - r ; (ﬂ + 1)l+l/r

n=1

o0
(d) Conclude that ) is convergent.
n=1

1
(e) Finally, for p > 1 observe that there is a natural number r > 1 such that
1+ Il < p.

: 1 1 1 1 1 1
6.60. [51]Evaluate lim (1+ 3+ 5+ + 53— (gt + 1 52))-
6.61. [37]

(a) Show that the sequence {8, } is increasing for n > 2, where

1 1 1 1
8 =1 2=+ =-4+=+- .
n = In(n) |:3+5+7+ +2n—li|

(b) Show that 3, — —y + 2(1 — ln(2)), as n — oo (where vy is Euler’s constant).

6.62. [29] Show that if S is the sum of a particular p-series (of course p > 1) then

27 — 1 27
< S <
20 —2 20 —2

6.63. [6] Fill in the details of the following neat visual description of why

Zl—+oo Zi<2 and ii<
—n ’ n? ’ —n’

N W
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Suppose that we stack cubes with side lengths 1,1/2,1/3,1/4,1/5... together, as

shown in Fig. 6.4.
(a) Looking at the side view, the height of each vertical stack is > 1/2 and so we
o0
have X_:lrll = +o00.
(b) Looking again at the side view, the total area obtained by taking one face of
o0 o0
each cube gives ) nLZ <1,andso ) nll < 2.
n=2 n=1
(¢) Looking at the full view, all of the cubes are inside a 1 x 1 x % box. Therefore
o0
their total volume gives Zl n% <3.
ne
I— 1 g
|
T
— 1
3
1 +
1
| .
1k e e
Full view Side view

o0
Fig. 6.4 For Exercise 6.63: Y ﬁ = 400,

oo
1 1 3
n7<2,and 21’73<5
n=

™8

n=1 ’
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Chapter 7
Other Mean Value Theorems

One cannot fix one’s eyes on the commonest natural production
without finding food for a rambling fancy.

—Mansfield Park, by Jane Austen

In this chapter, which is independent of all subsequent chapters, we allow our-
selves a brief diversion. We have met and used Rolle’s Theorem (Theorem 5.1),
its extension the Mean Value Theorem (Theorem 5.2), and its extension Cauchy’s
Mean Value Theorem (Theorem 5.11). Here we consider other Mean Value —
type theorems. Each of these, as with their namesake, has an appealing geometric
interpretation. For convenience we recall below the Mean Value Theorem.

Theorem 5.2. (Mean Value Theorem): Let f be continuous on [a,b] and
differentiable on (a, b). Then there exists ¢ € (a, b) such that

f(b) = f(@)

flo =2~

7.1 Darboux’s Theorem

We begin with a preliminary result, which extends Rolle’s Theorem (Theorem 5.1),
to cases in which f’(b) exists. It was obtained by D.H. Trahan [18] in 1966.

Lemma 7.1. Let f be continuous on [a, b] and differentiable on (a, b], with

[f(®) - f@]f'®b) <0.

Then there exists ¢ € (a, b] such that f'(c) = 0.

Proof. If f(b)— f(a) = 0 then the result holds, by Rolle’s Theorem (Theorem 5.1).
If f/(b) = 0 then the result holds, with ¢ = b. Otherwise, we consider the function
g defined on [a, b] via
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f(bg:){(X) ifx #b
g(x) =
f(b) if x = b.

Then g is continuous on [a, b], and by hypothesis it satisfies

f(b) - f(a)
b

—da

gla)g(b) = 1) <o.

So by Bolzano’s Theorem (Theorem 3.7) there is § € (a, b) such that g(§) = 0.
That is, f(§) = f(b). Then by Rolle’s Theorem (Theorem 5.1), there is ¢ € (£, b)
such that f’(c) = 0, as desired. |

Figure 7.1 contains a generic picture for Lemma 7.1.

a c b

Fig. 7.1 Lemma 7.1: Here f(b) — f(a) > 0, f/(b) <0, and f'(c) =0

The Intermediate Value Theorem (Theorem 3.17) says, in short, that a continuous
function satisfies the Intermediate Value Property. It is a rather surprising fact
that derivatives (which need not be continuous) also satisfy the Intermediate Value
Property. This discovery was made in 1875 by French mathematician J.G. Darboux
(1842-1917).

We provide a 2004 proof due to L. Olsen [10], which is a natural extension of
the proof of Lemma 7.1: the g in the proof of Lemma 7.1 is the g; in the proof
below. This is different from the proof found in most textbooks, which we leave
for Exercise 7.3. (See [4, 8] for two other clever proofs.)

Theorem 7.2. (Darboux’s Theorem) Let f be differentiable on [a,b]. Let y be
between f’'(a) and f’(b). Then there is ¢ € (a, b) such that f'(c) = y.
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Proof. We may suppose that y is strictly between f”(a) and f’(b). The functions

[O-16) i 3 4 f'@) ifx=a
gl(x) = and gz(X) = ' '
f'(b) ifx=b /@it x £ a

are each continuous on [a, b] and satisfy g(a) = g2(b). So since y lies between
f'(a) = g2(a) and f'(b) = g1(b), y must either lie between g(a) and g () or
between g,(a) and g,(b). If y lies between g (a) and g, (b) then by the Intermediate
Value Theorem (Theorem 3.17) there is p € [a, b) such that

f®) = f(p).

y=gi(p) = b= p

Then by the Mean Value Theorem (Theorem 5.2) there is ¢ € (p, b) such that

f®) — f(p)

P = f.

Therefore f'(c) = y, as we wanted to show. The case of y lying between g»(a)
and g,(b), which is left to the reader, is handled in a similar fashion. a
Example 7.3. Consider the function

x%sin(L) if x #0

fx) =
0 if x = 0.

By definition,

J(x) = f(0)

’ BT T o1y —
f(O)-}l_I)l}) —5 —il_I)l})(XSll‘l(x)) 0.

For x # 0, the Product and Chain Rules give
f'(x) = 2xsin(1) — cos(1).

Now since lim (cos(1)) does not exist, lim (2x sin(1) — cos(1)) does not exist,
x—0 x—0

and so
lim f'x) # £(0).
Therefore f’ is not continuous at x = 0. Even so, by Darboux’s Theorem

(Theorem 7.2), f’(x) has the Intermediate Value Property on any interval containing
x =0. o
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7.2 Flett’s Mean Value Theorem

The following Mean Value — type theorem was discovered by T.M. Flett in 1958 [3].
Our proof follows Trahan’s paper [18], which uses Lemma 7.1. (And the g, in the
proof of Darboux’s Theorem (Theorem 7.2) is the g in the proof below.) Another
proof can be found in [12]; see also [1].

Theorem 7.4. (Flett’s Mean Value Theorem) Let f* be differentiable on [a, b], with
f'(a) = f'(b). Then there exists ¢ € (a, b) such that

fl(c) — f(cz :Z(a)
Proof. Consider the function g defined on [a, b] via
fla) ifx=a
gx) =
LOZ]@ if x 2 a.
Then
g (x) = (x—a)f ()(C) - (fz(X) —fl@) _ 1 (f’(x) AC)) —f(a))’
X —a) X—a X —a
and so
L (o f) ~ f@)
)= 5 (1o - 1019,
By the definition of g,
b) —
g~z = 10D )
a

Now since f/(a) = f'(b) by hypothesis, g’(b)[g(b)—g(a)] < 0. Soby Lemma 7.1
there is ¢ € (a, b) such that g’(¢) = 0. That is,

_ f© - f@

c—a

f'(e)
as desired. d

Geometrically, Flett’s Mean Value Theorem (Theorem 7.4) says that there exists
¢ € (a,b) such that the line through (a, f(a)) and (c, f(c)) coincides with the
tangent line at x = c. See Fig. 7.2.
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Fig. 7.2 Flett’s Mean Value y
Theorem (Theorem 7.4):

The line through (a, f(a))

and (c, f(c)) coincides with

the tangent line at x = ¢

(Mean Value Theorem) and W (Flett’s Mean Value Theorem) in their
conclusions, see [7]. See also Exercise 7.10.

For Mean Value — type theorems having difference quotients other than L=/

7.3 Pompeiu’s Mean Value Theorem

For a function f defined on [a, b], the equation of the line through (a, f(a)) and
(b, f(b)) is

y= OOyt

—a

Setting x = 0, this line has y-intercept W. (We met this quotient in our
proof of the Mean Value Theorem (Theorem 5.2)). For f also differentiable on
[a, b], the equation of the tangent line at ¢ € [a, b] is

y=fle)x—c)+ flo)

This line has y-intercept f(c) —cf”'(c). The following theorem says that as long as
0 ¢ [a, b], there is ¢ € (a, b) for which these two y-intercepts coincide. See Fig. 7.3.
This theorem was discovered by D. Pompeiu in 1946 [11].

Theorem 7.5. (Pompeiu’s Mean Value Theorem) Let [a,b] be an interval not
containing 0 and let f be differentiable on [a, b]. Then there exists ¢ € (a,b)
such that

bf(a) —af(b)

S = o) = ef (o).
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Fig. 7.3 Pompeiu’s Mean
Value Theorem

(Theorem 7.5): The line
through (a, f(a)) and

(b, f(b)) has the same
y-intercept as the tangent line
atx =c¢

Proof. We may suppose that 0 < a < b. On [%, i], define the function F by

F(r) =tf(3).

Then F is continuous on [%, %] and differentiable on (%, (%). By the Chain and
Product Rules,

Fioy =7 (3)-1r0).

t

Applying the Mean Value Theorem (Theorem 5.2) to F, thereis £ € (%, %) such that

F(1)—F(3) ,
l—lb = F'(§).

a b
Finally, setting ¢ = %, this reads

POZTO) _ fiey—efie)
—da

as desired. |

The proof given here follows [13]. We leave it for Exercise 7.11 to investigate
whether the condition 0 ¢ [a, b] is necessary.
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7.4 A Related Result

We close this chapter with another Mean Value — type theorem [6], some variants
of which we explore in the exercises. Let f be defined on [a, b]. For ¢ € [a, b] we
denote by C = (¢, f(c)) any point on the graph of f and by

_ (atb f@+f®)
= (et )

the midpoint of the chord from (a, f(a)) to (b, f(b)).

Recall that two lines are perpendicular if their slopes are negative reciprocals of
each other. The following result says that for a function f differentiable on (a, b),
either M is on the graph of f or there is a C such that the line through M and C is
perpendicular to the tangent line at C. See Fig. 7.4.

Theorem 7.6. Let f be continuous on [a,b] and differentiable on (a,b). Then
there exists ¢ € [a, b] such that

£(¢) [f(c) _ f(a)erf(b)] = —[c — a£2].
Proof. Define h on [a, b] via

h(x) =[x —a]* + [f@) = f@] + [x =] + [f(x) — FD)]

Then 4 is continuous on [a, b] and differentiable on (a, b) and, as the reader can
easily verify, h(a) = h(b). So we apply Rolle’s Theorem (Theorem 5.1) to & to
conclude that there is ¢ € (a, b) such that

h'(c) = 2(c —a) +2(f(c) = f(@) f'(c) +2(c =b) +2(f(c) = [ (b)) f'(c) = 0.

After some simplification, we get

f’(c)[4f(c) —2f(a) —2f(b)] = —4c¢ + 2a + 2b.

Finally, division by 4 and a little more simplification yields the desired result. O

Exercises

7.1. [16] Here is an extension of the Mean Value Theorem (Theorem 5.2) which
contains two functions (but is different from Cauchy’s Mean Value Theorem
(Theorem 5.11)). (a) Apply Rolle’s Theorem to

Fx) =[f(x) = f(@)](x —b) —[g(x) — g(B)](x —a)
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Fig. 7.4 Theorem 7.6: Either ¥
— (atb f@+fD)y .
M = (T, af) 1S Oon
the graph of f or there is FOR!
C = (c, f(c)) such that the
line through M and C is M
perpendicular to the tangent v = flx)
line at C
Ma) +
a b .
or:
y
y =flx)
fb) 1 c
M
fa)
a b *

to prove the following. Let f and g be continuous on [a, b] and differentiable on
(a,b). Then there is ¢ € (a, b) such that

S )b —c)+ g () —a) =[gb) —g(O)] + [f(c) = fa)].

(b) Verify that if f = g, this is the Mean Value Theorem (Theorem 5.2).

7.2. Consider Lemma 7.1, but from the other side. That is: Let f be continuous on
[a, b] and differentiable on [a, b), with f'(a)[f(b) — f(a)] < 0. Then there exists
¢ € la,b) such that f'(c) = 0.

(a) Deduce this result from Lemma 7.1. (b) Prove it directly, by suitably adapting the
proof of Lemma 7.1. (¢) Draw a picture which illustrates this result geometrically.

7.3. Here is the proof of Darboux’s Theorem (Theorem 7.2) found in most
textbooks. Let y be between f’(a) and f/(b), say f'(a) < y < f'(b). Consider
the function g(x) = yx — f(x), and show that g’ has a zero in [a, b]. Hint: Apply
the Extreme Value Theorem (Theorem 3.23) to g, and look carefully at the proof of
Fermat’s Theorem (Theorem 4.13).

7.4. [2] Let f be continuous on [a, b], differentiable on (a, b], with f'(b) = 0,
and let K > 0. Prove, as follows, that there is ¢ € (a, b) such that

f'(e) = K(f(c) = f(a)).
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(a) Argue that we may take a = 0 and f(a) = 0.

(b) Looking for a contradiction, suppose that f'(x) > Kf(x) for x € (a,b). Use
g(x) = e X f(x) to show that f(b) > 0.

(¢) Then by Darboux’s Theorem (Theorem 7.2), f'(b) > K f(b), a contradiction.

(d) Show that the f/(x) < K f(x) case can be handled similarly.

7.5. [9] Here is a curious fact. Consider the functions

t?sin(1/t) ift #0
0 ift =0

t2cos(1/t) ift #0

F@) =
® 0 ift =0.

and G(t) =

Show that f(t) = F'(t)? and g(t) = G'(t)* each have the Intermediate Value
Property on any interval which contains 0, but f(¢) + g(¢) does not.

7.6. [14] Let f be differentiable on (a, ) and let x;, x,...,x, € (a,b). Prove
N

that there is ¢ € (a, b) such that f/(c) = ﬁ > fl(x)).
J=1

7.7. Suppose that you take a ride on a roller coaster. Show that there is a moment

during the ride at which your instantaneous speed is equal to your average speed up
to that moment.

7.8. Consider Flett’s Mean Value Theorem (Theorem 7.4), but from the other side.
That is: Let f be differentiable on [a,b] with f'(a) = f'(b). Then there exists
¢ € (a,b) such that

J®) - f(c)

o =

(a) Deduce this result from Flett’s Mean Value Theorem.

(b) Prove this directly by suitably adapting the proof of Flett’s Mean Value
Theorem.

(¢) Draw a picture which illustrates geometrically what this says.

7.9. [13] Apply Flett’s Mean Value Theorem (Theorem 7.4) to the function

1 f () - f'(a)
a

2
L x-a)

gx) = f(x) -

to obtain a version which does not require f'(a) = f'(b).
7.10. [5,7,17]
(a) Apply Rolle’s Theorem (Theorem 5.1) to

h(x) = (b =x)[f(x) = f(a)]
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to prove the following: Let f be continuous on [a,b] and differentiable on
(a, b). Then there exists ¢ € (a, b) such that

f©) = f@)

o= 55—

(b) Show that the triangle formed by the x-axis, the tangent line at (c, f(c)), and
the line through (¢, f(c)) and (b, f(a)), is isosceles.

7.11. In Pompeiu’s Mean Value Theorem (Theorem 7.5), is it necessary that the
interval [a, b] does not contain 0? Explain.

7.12. (a) What does the function 4 in the proof of Theorem 7.6 represent
geometrically?
(b) Prove Theorem 7.6 by instead applying Rolle’s Theorem (Theorem 5.1) to

a +b]2 N [f(x)  f@)+ f(b)T
; .

g(x) = [x—— :

(¢) What does the function g in (b) represent geometrically?
7.13. [6]
(a) Apply Rolle’s Theorem (Theorem 5.1) to

h(x) =[x —al’ = [f(x) = f@P + [x = b = [f(x) = f(O))

to prove the following: Let f be continuous on [a,b] and differentiable on
(a,b). Then there exists ¢ € (a, b) such that

(@+/f0) | _ atb
f’(C)[f(C)—%] = [C—T]-
(b) Draw a picture which illustrates geometrically what this says.

(¢) Extending the results in (a) and in Theorem 7.6, state and prove results which
have conclusions

@[ fe) = LOH O] = g/(e) [g(e) - 42|
7.14. [15] In Exercise 5.39 we saw that applying Rolle’s Theorem (Theorem 5.1) to
gx) = [f(x) = f(@](x =b) = [f(x) = f(D)(x —a)

yields a proof of the Mean Value Theorem (Theorem 5.2).
(a) Apply Rolle’s Theorem to

h(x) = [f(x) = f(@](x = b) + [f(x) = f(D)](x —a)
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to prove the following: Let f be continuous on [a,b] and differentiable on
(a, b). Then there exists ¢ € (a, b) such that

F© fe - ] = [ (0) - ],

(b) Draw a picture which illustrates geometrically what this says.
(c) Extending the result in (a), state and prove a result which has conclusion

fl©) [g(e) - £ = —g'(e) [ f(e) - L2,

7.15. Is there a Mean Value—type theorem similar to those in Exercises 7.13
and 7.14, but having conclusion

fle)[e— 2] = | fle) - L]

If yes, prove it. If no, provide a counterexample.
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Chapter 8
Convex Functions and Taylor’s Theorem

A smile is a curve that sets everything straight.

— Phyllis Diller

In this chapter we consider the higher derivatives of a function f. These are f” =
(f"Y, f® = (f"), etc. We extend the Mean Value Theorem to an analogous
statement about the second derivative, and this takes us naturally to the notion of
convexity. Once there, we meet the very important Jensen’s Inequality. Then we
extend the Mean Value Theorem to the (n+1)st derivative—this is Taylor’s Theorem.
We prove that e is irrational and we take a brief look at Taylor series.

8.1 Higher Derivatives

We saw in Sect. 4.1 that

S(xo +h) — f(x0)
7 ,

f'(x0) = lim

whenever this limit exists. It is often useful to consider higher derivatives of f,
whenever possible:

S'(xo +h) = f'(x0) J"(x0 + h) — f"(xo)

" — T (3) — 1i
fo(x0) = lim A S (x0) = lim h etc.
Generally, we write f© = f and f() = £/, then
(n—1) ny — £(=1
f(”)(xo) = %im J o+ ) — f (xo) forn =2,3,4,...
—0

h

whenever these limits exist. £ (xo) is called the nth derivative of f at xo.
As we have already seen with f”, it is common to replace x¢ with simply x, when
f", £, £@® etc. are to be thought of as functions.
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Example 8.1. Letn =1,2,3,....

(i) For f(x) = e* we have f ™ (x) = e*.

(ii) For f(x) = In(x) and x > 0, we have ™ (x) = (=1)"T'(n — 1)!/x".
(iii) If f is a polynomial of degree n then f is constant and f'+1 = 0.
(iv) For f(x) = sin(x), we have

f(2n—l)(x) — (_l)n—l COS(X), f(Zn)(x) — (_1)n SiI‘l(X),
and
f(")(x) = sin (x + %ﬂ) . <

Example 8.2. Let us assume (and this is reasonable) that for n € N,
1+x)"= Zakxk.
k=0

Then we find a; s as follows. Taking derivatives up to order j (0 < j < n) of each
side we get

n

nn—=1)- (=G =D)(1+x)""7 =3 k(k=1)- (k= (j = D)ax x*.

k=j

If we set x = 0 here, the only nonzero term on the right-hand side is that for which
k = j. Then solving for a; we get

aA:n(n—l)---(n—(j—l)): n!
TG =D =G =) =YY

And so we have obtained the Binomial formula

=)

k=0

where the (})’s are the binomial coefficients

ny _ n!
k] (m—k)kt”

We leave it for Exercise 8.3 to find an expression for (a 4+ b)". See also [19]. o
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Remark 8.3. Let k,n € N, with k& < n. The number of ways of selecting
a k-element set from a set having n elements is the binomial coefficient (Z)
The number of ways of arranging k distinct elements is k!. The number of
arrangements of k£ elements taken from a set having n elements is k!(g) = (nf—'k), o

Example 8.4. Here is a neat fact about derivatives which we will use in the next
section. It provides a way of computing /" using f, but not f'. We show that if f
is defined on an open interval containing x, and if f” exists, then

Jx+h)—-2f(x) + f(x—h)
h? '

" — 1
S (x) lim

With 4 as the independent variable, we apply L’Hospital’s Rule (Theorem 5.13)
to get

. fx+h)=2f(x)+ f(x—=h) . f'(x+h)—f'(x—h)
im = lim .

h—0 h? h—0 2h

Now if f” were continuous, we could apply L’Hospital’s Rule again to get

S +h)+ f"(x—h)
lim =
h—0 2

f"(x).
But since we only assumed that f” exists we must take more care. Instead, we write

S+ = fx=h) 1
lim = lim —
h—0 2h h—02

(f’(x+h)—f’(x) f/(x—h)—f/(x))

+ )
h —h

and this = %(f”(x) + f"(x)) = f”(x), just as we wanted to show. o

Remark 8.5. The quantity

. Sx+h)—f(x—h)
im = lim
h—0 2h h—0 2

l(f(X+h)—f(X)+f(x—h)—f(X))
h —h

is the average of the right-hand and left-hand derivatives of f at x. (See
Exercise 4.10.) This average is called the Schwarz derivative, or the symmetric
derivative. It may exist even when f’(x) does not: Consider f(x) = |x| at x = 0.
For Rolle - type theorems and Mean Value — type theorems for the symmetric
derivative, see [2]. For Flett’s Mean Value Theorem (Theorem 7.4) as regards the
symmetric derivative, see [39]. See also Exercise 8.17. o

Suppose now that f is differentiable on an open interval / and that x, € I. The
Mean Value Theorem (Theorem 5.2) says that for each x € [ there is ¢ between x
and xg such that

) = f(xo) = f'(e)(x = xo).
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Therefore | f/(c)(x — xo)| is the error which comes about, in approximating f(x)
with the constant function f(x¢). The following result carries this one step further—
it provides an expression for the error in approximating f(x) with the linear function

L(x) = f(xo) + f'(x0)(x — Xo).

L(x) mimics f(x), to the extent that L(xg) = f(xo), and L'(xo) = f'(x¢). See
Fig. 8.1.

X0

Fig. 8.1 L(x) mimics f(x), to the extent that L(xo) = f(xo) and L’ (x0) = f’(x0)

Theorem 8.6. (Mean Value Theorem for the Second Derivative) Let f be defined
on an open interval I, let f” exist there, and let xo € I. Then for each x € I, there
is ¢ between x and x, such that

S ()
2

(x — x0)°.

fx) = fxo) + f'(xo)(x — x0) +

Proof. Let
F(x) = f(x) = f(x0) = f'(x0) (x — xo).
Then F(xo) = F’(xo) = 0. So it is reasonable to compare F with the function
G(x) = (x = x0)’,

which also has G(xo) = G’(xo) = 0. Applying Cauchy’s Mean Value Theorem
(Theorem 5.11) two times, there are ¢, and ¢, between x and x( such that

F(x) _ F) = F(xo) _ F'c)

G(x) G(x)—Gxo) G'(c1)

_ Flle) = Fl(xo) _ F"(c2)
G'(c1) —G'(x0)) G"(c2)
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F// .
That is, F(x) = G”EZ;

G”(cp) = 2. This gives

G(x). Now we observe that F”(c;) = f”(c») and that

f"(c2)

F(x) = >

(x — x0)?,

as desired (with ¢ = ¢»). O

So the Mean Value Theorem for the Second Derivative (Theorem 8.6) says that
fﬁ%(x — xo)z’ is the error which comes about, in approximating f(x) with the

linear function L(x) = f(xo) + f'(x0)(x — xo).

If f”(x) = 0forall x € (a, b) then by the Mean Value Theorem for the Second
Derivative (Theorem 8.6), f must be a linear function. (Compare with Lemma 5.6.)

If f”(x) > 0forall x € (a,b) then applying Lemma 5.6 to /" = (f’)’, we see
that f’ is increasing on (a, b). In freshman calculus, the graph of such a function is
usually called concave upward. (And — f is called concave downward.)

The following is immediate from the Mean Value Theorem for the Second
Derivative (Theorem 8.6). It says that the graph of a function which is concave
upward lies on or above all of its tangent lines.

Lemma 8.7. Let f be such that f” > 0 on (a,b), and let xo € (a,b). Then for
each x € (a,b),

fx) = f(xo) + f(x0) (x — Xo).

Proof. Let xy € (a,b). By the Mean Value Theorem for the Second Derivative
(Theorem 8.6), there is ¢ between x and x( such that

S
2

(x — xo)z-

f(x) = f(xo) + f(x0)(x — x0) +

Now observing simply that /" (c) > 0, the proof is complete. |

Example 8.8. f(x) = e satisfies f”(x) > O for all x € R. The tangent line to
y = f(x) at x = 0 has equation y = x + 1. So by Lemma 8.7, we have again the
inequality (6.5):

e > 14 x, exceptat x =0 where we have equality. o
Example 8.9. f(x) = In(x) satisfies f”(x) < 0 for x > 0. The tangent line to
y = f(x)at x = 1 has equation y = x — 1. So by Lemma 8.7, we have again the

inequality (6.7):

In(x) < x —1, exceptat x =1 where we have equality. o
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Example 8.10. Again, f(x) = In(x) satisfies /”(x) < 0 for x > 0. The tangent
line to y = f(x) at x = e has equation y = x/e. Therefore, by Lemma 8.7,
In(x) < x/e for x > 0. That is,

and in particular,
Ve <e.

Exercise 8.19 contains a neat proof that x® < e* implies the AGM Inequality
(Theorem 2.10). o

Also Immediate from the Mean Value Theorem for the Second Derivative
(Theorem 8.6) is the Second Derivative Test, which we leave for Exercise 8.18.
It says that if f” exists on (a, b) and if for some ¢ € (a,b) we have f'(c) = 0,
then f”(c) > 0 implies that f has a local minimum at ¢, and f”(c) < 0 implies
that f has a local maximum at c¢. See also Exercise 8.54.

8.2 Convex Functions

Let x,y € Rwith x < y. Fort € [0, 1], the expression (1 — #)x + ¢y is a natural
parameterization of the interval [x, y]. For example, t = 0 gives x, t = 1/3 gives
%x + %y, t = 1/2 gives the midpoint (x + y)/2, and t = 1 gives y. See Fig. 8.2.

(I=t)x + ty:

=
I --9 <

Il -~

I -

—_
~
Nl —

I

I —

~
(O8]
~

[oge]

Fig. 8.2 (1 —t)x + ty for a few values of ¢t € [0, 1]

Now let f be a function defined on some interval /. Then f is convex on /
means that for any x,y € I withx < y,

f((l —)x + ty) < (I=t)f(x)+tf(y) foreveryt e (0,1).

And f being strictly convex means that the < above can be replaced with <. So
geometrically, a strictly convex function is one whose graph lies below all of its
chords. See Fig. 8.3.
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(1=0fx) + #y) A

A(A=t)x+1y) 1

X (1—=t)x+ty y

Fig. 8.3 A convex function: f((l —t)x + ty) <1 —=1t)f(x)+1tf(y) foreveryt € [0, 1]

The function f is concave, or strictly concave if these inequalities are reversed.
Consequently, f being concave means that — f is convex.

Remark 8.11. Let f be continuous on [, b] and differentiable on («, b). Applying
Rolle’s Theorem (Theorem 5.1) to g (1) = f (1 —t)a + tb)—((1—1) f(a)+tf (b))
on [0, 1] gives another proof of the Mean Value Theorem (Theorem 5.2). This is
essentially the proof outlined in Exercise 5.9; see also Exercise 5.11. )

The convexity condition can be tricky to verify, depending on the nature of f.
So the following result is often used in practice. It gives a sufficient condition for a
function to be convex.

Lemma 8.12. If f” > 0 on (a,b), then f is convex on (a,b). That is, if f is
concave upward on (a, b), then f is convex on (a, b).

Proof. Let x,y € (a,b). Thena = (1 —t)x +ty € (a,b) fort e [0,1].
By Lemma 8.7,

f@) = fl@)+ ff@x—o) and  f(y)= fl@)+ f(W)» o).

Therefore

I=0fx)+tf(y) = A=) f(@) +tf() + 1 —1) f (@ x —a) +1f (@) —a)
= f)+ f(@[(1=t)x — (1 —1)a + ty — ta]
= f(@) + fl@[a—a] = f(a).

That is, (1 — 1) f(x) +1f(y) = f(o) = f((1 —¢)x + ty), and so f is convex.

(We point out that the same argument shows that if f” > 0 then f is strictly
convex.) O
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Example 8.13. One can use Lemma 8.12 (checking that f” > 0, or > 0, or < 0,
or < 0, as the case may be) to verify the following.

(i) x” is convex on [0, 00) if r > 1.
(ii) x3 is strictly concave on (—o0, 0) and strictly convex on (0, c0).
(iii) e* strictly convex on (—oo, +00).
(iv) In(x) is strictly concave on (0, +00).
(v) xIn(x) is strictly convex on (0, +00).
(vi) sin(x) is strictly concave on (0, ¥).
(vii) cos(x) is strictly concave on [0, ¥/2) and strictly convex on (/2 ¥].
(viii) tan(x) is strictly concave on (—y/2, 0) and strictly convex on (0, ¥/2). ¢

Example 8.14. What is known as Jordan’s Inequality is the left-hand side of the
pair of inequalities

éx < sin(x) <x for x € [0,y/2].

These are illustrated in Fig.8.4. Here we provide a simple proof using the fact
that f(x) = sin(x) is concave on [0, ¥//2]. Here, f”(x) = —sin(x) < 0, so by
Lemma 8.7 the graph of f lies below its tangent lines on [0, /2] and at x = 0
in particular. This is the right-hand inequality. By Lemma 8.12, the graph of f lies
above the chord between the points (0, 0) and (v/2, sin(y¥/2)) = (¥/2,1). This is
the left-hand inequality. o

y = sin(x)

Nola

2

Fig. 8.4 Example 8.14. Jordan’s Inequality: "

x < sin(x) < x forx € [0, /2]

Example 8.15. We have observed that In(x) is strictly concave on (0, c0).
So —In(x) is strictly convex there, and the definition of convexity gives

(1—t)lnx+7Iny < In((1—¢)x+1ty), forte[0,1]and x,y € (0,00).
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Applying the exponential function to both sides we obtain
(1=1) 1
X Vo< (I=t)x+1ty.

This is the weighted AGM Inequality with n=2 (Corollary 6.16). We have seen that
this is equivalent to Young’s Inequality (Corollary 6.19):

a? b4 1 1
ab < — 4+ — (where—+—:1).
q p q

These results can also be obtained by using the fact that e* is convex on (—o0, +00).
We leave this for Exercise 8.34. o

We close this section by showing that the converse of Lemma 8.12 is also true,
as long as f” exists.

Lemma 8.16. If f is convex on (a,b) and f” exists, then f” > 0. That is, if [ is
convex on (a,b) and f” exists there, then f is concave upward on (a, b).

Proof. Let x € (a,b) and choose h > 0 small enough that (x —h,x + h) C (a, b).
We write x = (1 — %)(x —h)+ %(x + h). Then since f is convex,

f)=f(A=DE =)+ 35 +h) < (1L=3)f(x—=h)+ 5 x+h).

Therefore f(x —h) —2f(x) + f(x + h) > 0. Now we saw in Example 8.4 that
since f" exists,

) — tim SO =2/ @)+ S =)

h—0 h?

and so must have f”(x) > 0, as desired. |

The paper [7] contains a thorough treatment of many of the various geometric
characterizations of a convex function.

8.3 Jensen’s Inequality

The big theorem in the world of convex functions is due to Danish mathematician
J.W. Jensen (1859-1925). Many of the most important results related to convexity
follow from Jensen’s Inequality. In the definition of convexity, we have

F(A=0x+1y) = (1 =0 f(x) +1f ().

The idea in Jensen’s Inequality is that the x and y can be replaced by any number of
points in 7, and the (1 —¢)x 4 ¢y can be replaced by any weighted Arithmetic Mean
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of these points. The proof is an easy consequence of Lemma 8.16 if we assume that
1" exists; we discuss a more general version at the end of this section.

Theorem 8.17. (Jensen’s Inequality) Let f be convex on (a,b) and let f” exist
there. Forn > 2, let x1, X2, ..., X, € (a,b), and let wi, wy, ..., w, satisfy w; > 0,

with ) w; = 1. Then
Jj=1

f ZW]')CJ' fZW]f(X])
j=1 j=1

n
Proof. Let A = ) wjx; whichis in (a,b), because A is a weighted Arithmetic
j=1
Mean of the x;’s. Since f is convex and f” exists, f” > 0 by Lemma 8.16. Then
by Lemma 8.7, for each x; we have

fGep) = f(A)+ f1(A)(x; — A).

Now multiplying by w; and summing from 1 to n we get

Sowif () = Y wi fA) Y wi f(A)(x) — A)

Jj=1 j=1 Jj=1

=Y wi fA) + (A wix; = A)

j=1 j=l1
=Y " () + f1(A)0).
j=1
That is, i wi f(x;) > i w; f(A) = f( i w;x;), as desired. O
j=1 j=1 j=1

For an interesting geometric explanation of Jensen’s Inequality (Theorem 8.17),
see [35]. We point out that in the equal weights case w; = wy = --- = w, = 1/n,
Jensen’s Inequality reads:

1 « 1
A EDIEIE EEDINICH] (8.1)
j=I j=1

Example 8.18. We showed in Example 8.15 that the concavity of In(x) can be used
to obtain the weighted AGM Inequality with n = 2 (Corollary 6.16). More generally,
the concavity of In(x) and Jensen’s Inequality (Theorem 8.17) can be used to obtain
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the full weighted AGM Inequality (Theorem 6.15), as follows. Let x, x5, ..., X,
n
and wi, wy, ..., w, be positive numbers with )~ w; = 1. Let f(x) = In(x), which
j=1
is strictly concave on (0, o). Jensen’s Inequality (— In(x) is strictly convex) gives

n n
ijln(xj) < In ijxj
j=1 j=1

The left-hand side here is > ln(x;vf ) = In(x;" - x3* - -+ x)¥"), and applying the
j=l
exponential function to both sides we obtain

n
Wl- Wz--- Wn . .
X1 X3 Xn = ij-xjv
7=l

just as we wanted to show. Of course this can also be obtained by using the fact that
e* is convex on (—o0, +00). We leave this for Exercise 8.43. o

Example 8.19. Jensen’s Inequality (Theorem 8.17) can be used to obtain the
Cauchy—Schwarz Inequality (Theorem 2.18), as follows. Let ay,a»,...,a,, and

by, by, ..., b, be real numbers. We may assume that Y a # 0. Then applying
k=1
Jensen’s Inequality to the convex function f(x) = x2, with w i = a? /> a,% (so
k=1

that )" w; = 1)and x; =a;b;/w;, we get
j=1

Dowiky | =D wixg
j=1 J=1
After some tidying, this reads
2
n n n
2 ab| = ) aj) bj
j=1 j=1  j=1
which is the Cauchy—Schwarz Inequality. o

We close this section by showing that Jensen’s Inequality (Theorem 8.17)
actually holds assuming only that f is convex—that is, without assuming even that
f is continuous, much less f” > 0. We prove it for the equal weights case (8.1) and
leave the more general version for Exercise 8.39. The proof is exactly analogous to
Cauchy’s proof of the AGM Inequality (Theorem 2.10) which we provided at the
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end of Sect.2.2. In fact, it was a careful analysis of Cauchy’s proof of the AGM
inequality which led Jensen to discover his inequality and thus initiate the study of
convex functions [40].

Proof. If n = 2 then Jensen’s Inequality is simply the convexity condition (with
t = 1/2).If n = 4 we use the condition twice:

/ (i(xl + X2t X +x4)) =/ (%(%[Xl +x2] + 303 +X4]))

IA

N =

(f(%[xl + x] + %[X3 + x4]))

(f(%([xl + x2] + [x3 + X4])))

N =

%% S ([x1 4 xa2] + [x3 + x4])

IA

1
= Zf(xl + x2 + X3 + X4).

And for n = 8, we would use the n = 4 case twice. Etcetera: We could continue
this procedure indefinitely, and so we may assume that Jensen’s Inequality holds for
any n of the form 2 (m > 0). For any (other) 1, we choose m so large that 2" > n.
Now writing

1
A= ;;Xj,

we observe that

Xp+ x4+ x, + 2" —n)A
2m B

A.

The numerator of the left-hand side here has 2" members in the sum and so we can
apply what we have proved so far to see that

x1+x2+~--+xn+(2’"—n)A)
2m

=1

A

2o (f )+ fG) 4 fo) + @7 =) f(4) ).
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That is,
f(4) = 2—m(f(X1) + f(x2) 4o 4 () —nf(A)) + f(A),
and so
f(A) < — (f(xl) + f00) + o+ f(xa)).
This is (8.1), as desired. O

8.4 Taylor’s Theorem: e Is Irrational

Looking at the Mean Value Theorem (Theorem 5.2) and then the Mean Value
Theorem for the Second Derivative (Theorem 8.6) one might ask, “why stop at two
derivatives?” Indeed, continuing on to the (n+1)st derivative yields the important
theorem below, named for English mathematician Brook Taylor (1685—-1731). The
proof we provide is just an extension of the proof of the Mean Value Theorem for
the Second Derivative. (We shall prove it an entirely different way in Sect. 11.4.)

Theorem 8.20. (Taylor’s Theorem) Let f be such that f "+ exists on some open
interval I and let xy € I. Then for each x € I there is ¢ between x and x( such that

fe) = Zf 00 (gt 4 SO e,

(n+ 1)!
Proof. Let
)
Flx) = f(x)—Z AU
Then F(xo) = F'(xg) = --- = F"™(xp) = 0. So it is reasonable to compare F

with the function
G(x) = (x — xo)"*!,

which also has G(xo) = G'(xo) = --- = G (xy) = 0. Applying Cauchy’s Mean
Value Theorem (Theorem 5.11) n+1 times, there are ¢y, ¢3, . .. c,+1 between x and
Xo such that

F(x) _ F(x) = F(x) _ F'(c)
G() ~ G -G(x)  G'le)
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_ F'(c1) — F'(x0) _ F"(c)
G'(c1) = G'(xo) G"(c2)

_Fl()—F'(xo)  F"tD(c,q)
G —-G'(x)) GUFD(cp)’

That is,

F(n+l)(cn+1)

F —
() = G )

G(x).

Now we observe that F"*V(c,. ) = f"*D(c,41) and that G+ (c,y)
(n + 1)!. This gives

£ (epp) .
F(x) = TI)J!H(X —x0)" 1,

as desired (with ¢ = ¢ +1.) |

In Taylor’s Theorem (Theorem 8.20), the polynomial

pulx) = Zf G0 (1 gyt

is called the Taylor polynomial of degree n, at x = x(. The term

f(n—H)(c)

(n - 1)' (X —X())n+1

is called the remainder term. It gives the error which arises, in approximating f(x)
with p, (x). The polynomial p,(x) mimics f(x) to the extent that

f(x0) = p(x0),  f'(x0) = p'(x0), +.. [P (x0) = p™ (x0).

So we might expect that the error should be small if # is large and/or if x is close
to xo. And this expectation seems to be supported by the form of the remainder term.
(See also Exercise 8.59.) Of course, having n = 0 and n = 1 gives the Mean Value
Theorem (Theorem 5.2) and the Mean Value Theorem for the Second Derivative
(Theorem 8.6) respectively.

Example 8.21. For f(x) =e‘andfork =0,1,2,...,

f®x)=¢" andso f®(0)=1.
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So by Taylor’s Theorem (Theorem 8.20), with xo = 0, there is ¢ between 0 and x
such that

§ f(k)(o) k f(n+1)(c)
¢ o Tt arg
k=0 "
_ Xk e(rxn+1
N P (n+ 1)!
X2 i3 X" e¢ 1
=l4+x+—=+=++—=+—-.
T T Al !
In particular, if # is odd then
x2 X3 x”
e >1+x + = + N +- +

with equality holding only for x = 0. This vastly improves inequality (6.5), namely
e* > 1 4+ x. (For n even the same inequality holds for x > 0, and it is reversed for
x <0.) <o

Example 8.22. We prove that e is irrational. Taking x = 1 in Example 8.21, there
is ¢ between 0 and 1 such that

C

1+1+1+1+ TR
e = — — .
3! n!  (n+1)!

Looking for a contradiction, we suppose that e is rational. That is, e = a/b, where
a and b are positive integers (since e > 0). Then

1
_1 1 —
PR R TR ey

and so

1 c
nl— =n (1+1+ o+ +—)+ —

2!

1 1 e
=al{1+1+ 54— )+
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The first term on the right-hand side is an integer for any n. If n > b, then the
left-hand side is an integer. And if n > e¢ then the second term on the right-
hand side is between 0 and 1. So choosing n > max{e®, b} yields a contradiction.
Therefore, e must be irrational. S

We generalize Example 8.22 considerably in Theorem 12.3 and then
Corollary 12.4, showing that e” is irrational for any nonzero rational number r.

Remark 8.23. Euler was the first to prove that e is irrational, in 1737. Saying that e
is irrational is the same as saying that e is not the solution to any linear equation ax +
b = 0 with integer coefficients. The French mathematician J. Liouville (1809-1882)
proved around 1844 that e is not a solution to any quadratic equation ax> + bx +
¢ = 0 with integer coefficients. The French mathematician C. Hermite (1822-1901)
proved in 1873 that e is not a solution to any polynomial equation of any degree with
integer coefficients. That is, e is not an algebraic number; it is a transcendental
number. )

Example 8.24. For x > 0 and f(x) = In(x), and fork = 1,2,3,...,

(=D (k — 1)

= andso f®(1) = (=) (k-1

FO =

So by Taylor’s Theorem (Theorem 8.20), with xo = 1, there is ¢ between 1 and x
such that

nrh) (n
ln(x) = Z f (l) (x - l)k + —f +1)(C) (x _ l)n-i-l
k=0

k! (n+1)!
=z“>k¢(l) e
; Dy Siy %
— (1) — (x—zl)2 N (x—31)3 B (x—41)4 . (Cni)ln (xn +):+1.

In particular, if n is odd then

R Ot DA Cal AN e 1

In(x) =x—1)—— 3 1 .

with equality holding only for x = 1. This considerably improves (6.7), namely
In(x) < x — 1. (If n is even the inequality holds for x < 1 and it is reversed for
x>1) o
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8.5 Taylor Series

The conclusion of Taylor’s Theorem (Theorem 8.20), says that for each x € I there
is ¢ between x and x( such that

T ANED) ARG "
f(x)ZkX:(:) A o (x Xo)k'f‘m(x—)q)) +1

Now if f has derivatives of all orders and it so happens that for a given x, it is the
case that the remainder term

FOtD ()

_ n+1
TEY (x — xp) -0 asn — oo,

then we may reasonably write (for such x):

i ()
o= oy

n=0

This is called the Taylor series for f/ about the point x = x,. If xo = 0 it is often
called the Maclaurin series for f, for Scottish mathematician Colin Maclaurin
(1698-1746).

Example 8.25. Again, for f(x) = e and xo = 0, the remainder term is

f(n+l)(c) prl s
T T = G

We claim that for any given x € R,

XN

m—>0 as N — oo.

Then since ¢ is between 0 and x, the remainder term

ean+l

—— >0 as n— oo,
(n+ 1!

and so the Taylor series for f(x) = e* about xo = 0is

o0 o0
RSO, S L, 1,
et = E —x" = E i 1+x+2'x +3'x +4 x*+ ... forall x €R.

n= n=0
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Now to verify the claim. Suppose first that x > 0 and take M to be the greatest
integer < x. Thatis, M < x < M + 1. Then for any N > M,

x X X X X XX
N NN-1 M+1MM-1 21

X X X X X XXM

which clearly — 0 as N — oco. We leave the (very similar) proof for x < 0 to
Exercise 8.62. So the claim is verified. o

From Example 8.25 we see that in particular (taking x = 1):
o0
1 1 1 1
= —=14+14+-+=+—4-- .
e Zn' tlts g+t

n=0 "

See [50] for a neat geometric argument, based on this series, which shows that e is
irrational.

Example 8.26. For f(x) = In(x) and xo = 1, the remainder term is

SO gt ED DT (x - 1)"“ ="
(n+ 1! 0 Coentl op41 c n+1°

The reader may verify that for 1/2 < x < 2 and ¢ between x and 1,

1< x—1

< 1.
c =

(Thecases 1/2 < x <c¢ <land 1 < ¢ < x < 2 should be considered separately.)
Therefore

(x—l)"“ (=1)"
—0 as n— oo.
c n+1

So, for 1/2 < x < 2, the Taylor series for f(x) = In(x) about xo = 1 is

n

In(x) = Z (A (x-1)"
n=1

(x—l)z+(x—1)3_(x—1)4+m'

=== 3 4
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(We shall see in Example 10.10 that this equality in fact holds for 0 < x < 2.)
In particular, taking x = 2:

( l)n+l 1 1 1
In(2 —— 4+ -—-
(2) = Z St3-t
So we have again found the sum of the Alternating Harmonic series. 3

We leave it for Exercises 8.65 and 8.66 to verify that for each x € R, we have
the Maclaurin series

. e} (_l)nx2n+l 3 s 1 ;
Sm(x)=r;)m=x—§x +§x —ﬂx +

and

(=D"x 2”_ 1 1, 1
cos(x) = Z ol TR +$ —ax—k

(Recall that sine is an odd function, and cosine is an even function...)

Exercises

8.1. [18]

(f9)" _ f_”+g+2£_
g g /g
/9" _ "¢ (f/g)’
flg S8 flg g

8.2. [52] This is an extension of Exercise 5.4.

(a) Let f be continuous on [a, b] and differentiable on (a, b) with f(a) = f(b)
= 0. Show that there is ¢ € (a,b) such that f'(c) = f(c). Hint: Consider
gx) =e" f(x).

(b) Let f be continuous on [a,b], differentiable on (a,b), and f®(a) =
f®(®b) = 0fork = 0,1,2,...,n. Show that there is ¢ € (a,b) such that
FUH ) = f(o).

8.3. (a) Show that

1 & (n . fn
> (k) =1 and Z(—l) (k) =0
k=0 k=0

(a) Show that

(b) Show that
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n

(b) Use the Binomial formula (1 4+ x)" = ) (Z)xk to find an expression for
k=0
(a+b)".

8.4. (e.g., [5]) Here’s another proof that the sequence {(1 + %)”} is increasing and
bounded above (and hence converges).

(a) Apply the Binomial formula (1 + x)" = ) (Z) xF to (1 + %)n, then simplify
k=0

(e2) <o (-2 3 0-) ()
[

(b) Do the same for (1 + nlﬁ)nﬂ then conclude that (1 + %)n < (1 + L
(¢) Show that

to get

) it L L
— < J— J— e J— p— —_— e _< .
n 2! 31 n! 2 22 n=l

8.5. Let h(x) = f(x)g(x). Here we obtain Leibniz’s formula

OEDY (Z) FP @),

k=0

_ n!
— kl(n—k)!"

where (Z) is the binomial coefficient (,’:)

(a) Argue that it is reasonable to assume that

K () =Y ar fP )" ).
k=0

(b) Set f(x) = x? and g(x) = x? with p4+¢ = n, to show that n! = ayk!(n—k)!.
Now solve for ay.

8.6. [37]
(a) Show that

2"+1—2=2n:("zl).

k=1
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(b) Use the AGM Inequality (Theorem 2.10) to show that
nn
[T (k1>

k=1

(2n+l _ 2)

and that equality holds if and only if » = 1 or n = 2.
8.7. [20] Here’s a slick way of verifying the trigonometric identities
sin(x + y) = sin(x) cos(y) + sin(y) cos(x) and
cos(x + y) = cos(x) cos(y) — sin(x) sin(y).

(a) Fix y and set

f(x) = sin(x 4+ y) — (sin(x) cos(y) + sin(y) cos(x)),

then show that f/ + f” = 0.
(b) Set

g = (/') + (f)>

and conclude that g’ = 0.
(¢) So g is constant—find the constant.
(d) What does this say about f and f”’ ?

8.8. [8]
(a) Show that y = sin(x) and y = cos(x) each satisfy the differential equation
y// +y=0.

(b) Show, as follows, that any solution to this differential equation is of the form
y = ¢y sin(x) + c; cos(x), where ¢ and ¢, are constants. Set

p(x) = ycos(x) — ysin(x)
g(x) = ysin(x) + y' cos(x).

Show that p’(x) = ¢'(x) = 0, so that p(x) and g(x) are each constant. Now
eliminate y’ in the pair of equations above.

8.9. [24]Forx >0andn = 1,2,...let f(x) = x" In(x).

(a) Show that

1 1 1 1 1
— ) N T T (R | .
n!f (x) n+n+1+ +3+2+ +1n(x)

(b) Conclude that Euler’s constant y = lim_ Lrod.
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8.10. [27] Let
p(x) = anxn + an—l-xn_l + -4+ ax+ag

be a polynomial of degree n, with roots xy, x», ..., X,.

(a) Show that for x # x;,

Px) — 1
p(x) _;x—xj'

(b) Show that if each root x; is real, then

’ 2
W7 = pp" ) = T o 1))~ np) ) 2 0,

Hint: Differentiate the result in (a) and apply the Cauchy—Schwarz Inequality
(Theorem 2.18) to the result.

Notice that if x = 0 this reduces to simply (n — l)af — 2nasag > 0. Therefore,
if (n — l)af — 2najzay < 0, then p must have at least one, and hence at least two,
complex roots. So if p is a quadratic we get the familiar discriminant condition

— 4ayag > 0 for real roots.

8.11. Prove, using Cauchy’s Mean Value Theorem (Theorem 5.11) instead of
L’Hospital’s Rule, that if f” exists then

f(X+h)—2f(X)+f(x—h)

) = =

8.12. (a) Show that if f” is continuous, then

fu+3m+3ﬂx—m
6h2

fx) =
(b) Show that this still holds even if we assume only that f* exists.
8.13. (a) Show that if £ is continuous, then

yu+%y4w@+m—wu—m—fu—%)
243 '

[P =

(b) Find a, b, ¢ such that if /@ is continuous, then

ﬁ@+%ﬂ¢ﬂmmm+qu—m ()

FO) = -
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8.14. [29] In Exercise 1.12 we showed that
]f(x + h)h —2hf(x) + hf(x —h)‘

is twice the area A(x, &) of the triangle determined by (x — A&, f(x —h)), (x, f(x)),
24(x,h
and (x + &, f(x + h)). Conclude that if f” exists, then f”(x) = llir% E; )
n—>
8.15. [5] Suppose that f is continuous on [a,b] and that f” exists on (a,b).
Suppose that the chord between the points (a, f(a)) and (b, f(b)) intersects the
graph of f at (xo, f(x9)), where a < xy < b. Prove that there is a point
¢ € (a, b) such that f”(c) = 0. Hint: Begin by applying the Mean Value Theorem
(Theorem 5.2) on [a, xo] and on [xo, b].

8.16. [32] Here’s another proof of the Mean Value Theorem for the Second
Derivative (Theorem 8.6). Let

F(1) = f(t) = f(x0) = f'(x0)(t — x0) + K(t — x0)°,

where K is chosen so that F(x) = 0.
(a) Verify that

_ S = flxo) = f'(x0)(x — x0)

K o —x0)?

(b) Apply Rolle’s Theorem (Theorem 5.1) to F' on [x, x¢] to show there is ¢ €
(x, xo) such that F’(c¢) = 0.
(c) Now apply Rolle’s Theorem to F’ on [x, c].

8.17. [33] Write

Jx+h)—fx—h
2h

[1] =i
S (x) lim

for the Schwarz derivative, or the symmetric derivative. The second Schwarz
derivative, or the second symmetric derivative is:

Jx+h)=2f(x) + f(x—h)
h? '

(2] =1
fP(x) = lim

It is easy to see (e.g., Exercise 4.10) that if f/(x) exists, then f’(x) = f[U(x) and
we know that if f/ = 0 then f is constant.

(@) If fI1 = 0 thenis f necessarily constant?
(b) In Example 8.4 we showed that if f”(x) exists, then f”(x) = fP(x) and we
know that if f” = 0 then f is a linear function. Show that if f1(x) = 0 for
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all x € (a,b) then f is a linear function on [a, b], as follows. If f is linear, it
must look like W(X —a) + f(a). So consider

b) — —a)(x —b
Fx) = Fy(x) = f(x)— (W@ _a+ f(a)) N (xa)n#
Now use F(x) = 2/n to show that F(x) < 0.
(c) Consider
b) - —a)(x—b
G(x) = Gu(x) = %(x —a)+ fa) - f(x)+ (x“)n#

and show that G(x) < 0.
(d) Combine (b) and (c) and let n — oo.

8.18. This is the Second Derivative Test. Suppose that f” exists on (a, b) and that
for some ¢ € (a, b), we have f'(c) = 0. Show thatif f”(c) > 0 then f has alocal
minimum at ¢. Show that if f”(c) < 0 then f has a local maximum at c. What if
f"(c) = 0? What if f”(c) does not exist? Draw generic pictures which illustrate
these cases.

8.19. [44] We saw in Example 8.10 that x¢ < e* for x # e. Use this to prove the
AGM Inequality (Theorem 2.10) as follows. Set x = ea;/G for j = 1,2,...n,
then multiply.

8.20. [14] Suppose that f > 0 and has two derivatives on R. Show that there is
Xxo € Rsuch that /" (xo) > 0.

8.21. [13] Let f be a function with continuous second derivative on R. Show that
if lim f(x) = 0and f” is bounded, then lim f’(x) = 0.

n—o00 n—o00
8.22. [12] Extend Lemma 8.7 as follows. Show that if f is convex and differen-
tiable on (a, b) with xq € (a, b) then for x € (a,b),

Fx) = fxo) + f(x0)(x = xo).
Hint: Show that the convexity condition can be manipulated to obtain (for ¢ # 0 and
X # Xo)
St (x = xo) + x0) — f(x0)

1(x — xo)

(x —x0) = f(x) = f(x0)

then let £ — 0, and hence ¢ (x — x¢) — 0.

8.23. [12] Show that the converse of the Exercise 8.22 holds: Suppose that f is
differentiable on (a, b) and for each x, x¢ € (a, b),

f(x) = f(xo) + f'(x0)(x — xo).

Then f is convex on (a, b).
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8.24. [10]

(a) Suppose that f is convex on [a,b], f” exists, and that f < 1. Show that
1/(1 — f) is convex.
(b) Let f be such that f” is continuous on [a, b]. Show that

x2 x?
f(x)—m— and M— — f(x)
2 2
are each convex, where m = min { f”(x)} and M = max { f"(x)}
x€la,b] X€la,b]
(m and M exist by the Extreme Value Theorem (Theorem 3.23).)

8.25. Here is another proof of Lemma 8.12, that if f” > 0 on (a,b) then f is
convex on (a, b).

(a) Since f” > 0, f” is increasing. Conclude that for x < ¢ < y,

fO-fx) _ fO) - fl)

c—x y—c

(b) Therefore

(y—o)f(x)+(c—x)f(y)
y—x '

flo) <

(c) Now translate this to a statement involving ¢ and 1 — ¢.

8.26. (a) Suppose that f is convex on [a,b] and leta < x; < x; < x3 < b. In the
definition of convexity set x = x1, y = x3, and x, = (1 — ¢)x; + tx3 to show that

(x3 = x2) f(x1) + (x3 — x1) f(x2) + (x2 — x1) f(x3) = 0.

(b) Let x; < x» < x3. In Exercise 1.12 we saw that the area A of the triangle T
with vertices (x1, 1), (x2, ¥2), (x3, y3) is

1
A= 3 xX1(y2 = y3) + x3(y1 — y2) + x2(y3 — »1)

’

for x; < x, < x3. Show that if f is convex on [a, b] then

%[xl(f(m) — f(x3) + x3(f(x1) = f(x2)) + x2(f(x3) = f(x1))] = 0

whenevera < x; < xp < x3 < b.
(c) Draw a picture which shows what (b) says.
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8.27. [31]Leta,b > 0, witha + b = 1. Exercise 2.18 asks to show that

+1 2+ b+1 2>25
. b) — 2°

Here’s another way. (a) Show that f(x) = (x + 1/x)? is convex on (0, 1), and so

+ f( +b
S@10) , jath

(b) Let a > 0. Prove the more general inequality

S L ()
a4 a b) — 20U

8.28. [3]Let 0 < a < b. Show that

a ‘;b < (aabb)ajrb _

Hint: Set x = a/b and show that

1
In Xt < al In(x).
2 x+1

8.29. Show that for x € (0, v¥/4),
4
x < tan(x) < —x.
14

8.30. [25,45]

(a) Show that for x € (0, ¥/2), we have cos(x) > 1 —2x /.
(b) Conclude that for such x,

t. .
an(x) < o
(¢) Show that for x € (0, ¥/6),
2
T sin(x).
v —2x

8.31. [34]Let—y/2 < 0; <y/2for j =1,2,...,n. Show that
1/n 0146 +-+6,
(cos(6y) cos(62) -~ cos(6,)) " < cos (T) .

Hint: Consider f(x) = In(cos(x)).
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8.32. [47] Let x,y € (0, ), with x # y. Show that

sin (v/xy) > v/sin(x) sin(y).

Hint: Consider f(x) = In(sin(e*)). Can you show that
sin (x?y?) > (sin(x))? (sin(y))?,

with p,q > 1 satisfying 1/p + 1/g = 1?
8.33. [1]

(a) Let f be convex on [a,c] and leta < b < c¢. Show that

fla=b+c) = fla) = f(b) + f(o).

Hint: Write » = (1 —t)a + tc and observe thata — b + ¢ = ta + (1 — t)c.
(b) Draw a picture which illustrates this inequality.

8.34. Use the fact that e* is convex on (—oo,+00) to prove the weighted
AGM Inequality with n = 2 (Corollary 6.16). Deduce Young’s Inequality
(Corollary 6.19).

8.35. A function f : [a,b] — R is logarithmically convex if for every
X,y € |a,b],

F((1=t)x +1ty) < fFO) ) for every ¢ € [0, 1].

(a) Show that for f > 0, f being logarithmically convex is equivalent to In( f")
being convex.

(b) Show that if f is logarithmically convex then f convex.

(¢) Show that fora, b € [0, /4],

\/ES tan(a ;—b) < tanajzttanb

(d) Find a function which is convex but not logarithmically convex.

8.36. [15, 16] Let aj,a»,...,a, be positive numbers and denote by G their
Geometric Mean. Prove the AGM Inequality (Theorem 2.10) as follows.

(a) Show that

n

g(x) = gz (%)x is convex.

j=1
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(b) Verify that g’(0) = 0 and use this to conclude that g(0) < g(1).
(¢) Can you extend this to prove the weighted AGM Inequality (Theorem 6.15)?

8.37. [30,46] Fill in the details of another proof of Jensen’s Inequality (Theo-
n

rem 8.17), as follows. Set A = w;x;,andfor0 <7 <1, let
j=1

g(t) = "w; f(1—1)x; +1A).
j=1
(a) Show that g” > 0. (b) Conclude that g’(t) < g’(1). (¢) Compute g”(1) then
conclude that g(0) > g(1). (d) Write down what g(0) > g(1) says.

8.38. Fill in the details of another proof of Jensen’s Inequality (Theorem 8.17)
n

which is closely related to the proof in Exercise 8.37. Set A = Y w X, and for
j=1
0<t<l1,let

g) =Y w; f(1—0)x; +1A).

j=1
(a) Apply the Mean Value Theorem for the Second Derivative (Theorem 8.6) to get
g(0) = g(1) + g/ (DO - 1) + SAO - 1.
(b) Compute each of g(0), g(1), g’(1), and g”(c) to see what (a) says.
(c) Now use the convexity of f.

8.39. Fill in the details, as follows, of a proof of Jensen’s Inequality (Theorem 8.17)
which does not assume that " exists. The n = 2 case is the definition of convexity.
Now write

n—1

n Wi
f ZWij :f (]_W")Z J Xj+ann
j=1

1—w,

Jj=1

and proceed by induction. (Compare with Exercise 6.30.)

8.40. [43]
(a) Show that

1 n . ) 1 n
;Zsm(xj)fsm ;ij for x; € (0,v)
j=1 j=1
and

1 n 1 n
- t ) >t - ; f € (0,v/2).
n; an(x;) > tan n;xj orx; € (0,¥/2)
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(b) Find and prove a similar inequality for cos(x), on (—/2, ¥//2).
(¢) Show that a triangle with interior angles A, B, C satisfies

sin(A) + sin(B) + sin(C) < ? and sin(A)sin(B)sin(C) < %

8.41. Apply Jensen’s Inequality (Theorem 8.17) to f(x) = x In(x), withn = 3, to

R a+b+c
prove that for a, b, ¢ > 0 we have a’bbec > (—“+§+C) .

8.42. [41] Use Jensen’s Inequality (Theorem 8.17) and the AGM Inequality
(Theorem 2.10) to show that for 0 < a; <a; < --- < ay,,

n n
E a?“zalag---an E aj.
j=1

j=1

(We saw another way to do this in Exercise 2.56.)

8.43. Use Jensen’s Inequality (Theorem 8.17) and the fact that e* is convex on
(—o00, +00) to prove the weighted AGM Inequality (Theorem 6.15).

n

8.44. [26,51] Letwy,...,w, > Osatisfy ) w; = 1.Let0 < x; <--- < x, <
j=

1/2,yj =1—Xj,

A1:ijxj, and AQZZijjzl—Al.

J=1 Jj=1

Apply Jensen’s Inequality (Theorem 8.17) to f(1 —x) — f(x) to on (0, 1) to prove
Levinson’s Inequality:

SO =00n(0.1) = f(A)— f(A) <Y wifly)—> wif(x)).
j=1 j=1

8.45. [17]. Let ay, a0y, a3 be the measures (in radians) of the angles in an acute
triangle. (a) Show that

ap

o o
tan(oty) + — tan(ap) + = tan(oz) > 34/3.
A203 a3 02

(b) Show that

(3 4 tan® (o)) /4 + 22 (3 4 tan®(02)) /4 + -2 (3 + tan®(a3)) /4 = 34/3.

[VEYVE aja3 oo

Hint for both: Chebyshev’s Inequality (Exercise 2.54), AGM Inequality
(Theorem 2.10), and Jensen’s Inequality (Theorem 8.17).
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8.46. [49] The conclusion of Jensen’s Inequality (Theorem 8.17) on [a, b] reads

0> wiflx)) = f(D_wixj).

J=1 Jj=1

Prove the upper bound

Dowife) = (D wix;) < max, [(1—1) f(a) +tf ()~ f((1—1)a+1D)].

Jj=1 Jj=1

n n
Hint: In > w; f(x;) — f()_ w;x;), begin by writing x; = (1 —¢;)a + ;b and
j=1 j=1
use the fact that f is convex.

n

847. [22]For j = 1,2,...,n,1let0 < x; < landw; > Owith ) w; = L
Jj=1

Show that

wi w2 Wy 1
+oeee = Wi _wo Wp *
1+ x; 1+ x; 1+ x, I+ x ' xy? e x"

Hint: First dispense with cases in which any x; = 0. Then show that

0 =g

is concave, and apply Jensen’s Inequality (Theorem 8.17), with t; = In(x;).

8.48. Let x1, x3, - - -, X, be positive numbers. For r # 0 their Power Mean M, is:

1/r
1 n
_ § r
Mr— ; . lxj
j=

(a) Verify, for example, that M| is the Arithmetic Mean, M_; is the Harmonic
Mean, and M, is the Root Mean Square.

(b) Use Jensen’s Inequality (Theorem 8.17) to show that if s < r, then M; < M,.

(c) Show that it is reasonable, for the sake of continuity, to define M, = the
Geometric Mean G = (x; - xp - - - xn)l/" )

(d) What are reasonable definitions of M_,, and M, ?

(e) How would you define the weighted Power Means?
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8.49. [10] Let f be convex on [a,b], and leta = x; < x, < --- < x, = b.
Show that

b‘%Z?:l f(x))
—a

1 & %Z?:l f(xj)—a
;;f(xj)f > + —

f(@ ;

S ).

8.50. We in Example 8.19 how Jensen’s Inequality (Theorem 8.17) can be used to
prove the Cauchy—Schwarz Inequality (Theorem 2.18). Use Jensen’s Inequality to
prove Holder’s Inequality (Lemma 6.18) : Let ay,...,a, > 0and by,...,b, > 0,
and let p,q > 1 satisfy % + 5 = 1. Then

1/p 1/q

Zn:a/‘bz‘ < iaf Zn:b_‘f
j=1

Jj=1 Jj=1

8.51. [10,42] The conclusion of the Mean Value Theorem (Theorem 5.2) is: there
exists ¢ € (a,b) such that f'(c) = W Assume for this problem that
f”>o0.

(a) Show that the ¢ above is unique.
(b) For a > 0, the number

= () (2t

is called the Lagrangian Mean of a and b. So that the Lagrangian Mean is
continuous, what should we define as the Lagrangian Mean of a and b, if
a=>b?

(¢) Compute the Lagrangian Mean for f(x) = x2, for f(x) = 1/x, and for a few
other functions of your choice. Try f(x) = x" and let r — 0.

8.52. Extend Exercise 8.16 above to prove Taylor’s Theorem (Theorem 8.20). This
is essentially the proof to be found in most textbooks. Yet another proof can be
found in [5].

8.53. Let n be a positive integer. Prove the Binomial formula
" (n
1+x)" = xk,
-2 ()

where the coefficient of x* is the binomial coefficient

(n) n! _nn—Dm—-2)---(n—k+1)

k] ~ =k~ k(k—D(k—2)---2-1

by using Taylor’s Theorem (Theorem 8.20), as follows.
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(a) Let f(x) = (1 + x)" and verify that for k < n,
fO@) =nm—1)---(n—k + 1)1 + x)" .
(b) Conclude that

nn—1)---mn—k+1) ifk<n
f®0) =
0 ifk > n.

(c) Now apply Taylor’s Theorem with xy = 0.

8.54. Here we extend the Second Derivative Test from Exercise 8.18. Suppose
that each of £, 7, f”,..., f®*V is continuous on an open interval I containing
c, that

0= f'(c)= f"(c)=---= f™(c), butthat f"+V(c) #£0.

Show that if £ (¢) > 0 and n is even, then ¢ yields a local minimum for f. Can
you summarize the other possibilities—for example £+ (c) < 0 and n odd?

8.55. Use the Taylor polynomial of degree n and corresponding remainder for e*
n

with xo = 0, to show that n! > (2)" . We did this another way in Exercise 2.27. In

Exercise 2.17 we saw that n! < (”+1) )

8.56. [11] Suppose that f”(x) exists for all x and that p,q > 1 satisfy
1/p + 1/q = 1. Show that if

Sx)—=f(y)
X =y

= f'(px +qy)

for all x, y € R, then f is either linear (for p # ¢) or a quadratic.
8.57. [28] Suppose that 3 (x) exists for all x € R. Show that

fa+n=fa=n+y(f/&G+y+ fx-y)

for all x, y € Rif and only if f is a quadratic.
8.58. [38] Let p be a polynomial of degree n. Show that

p*(0) k+1 _ kP O (x) ok
Zk+rn’ Z(_) k+Dl

Hint: Show that the left and right hand sides differ by a constant, then show that the
constant is zero.
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8.59. Under the hypotheses of Taylor’s Theorem (Theorem 8.20),

(n+1)
flx) = Z ° (XO) —x0)* + il 2} (x — x)"*!

n+1)!
£ () 0
= pa(x) + (I?Tl)'(x — Xo) +1
Show that
S(x) = pa(x)

lim
x=xo (X — Xxo)"

=0.

8.60. [21] Taylor’s Theorem (Theorem 8.20) is often used to prove things about
functions which satisfy various specific conditions. Here’s an example. Let f be a
function with continuous third derivative on [0, 1]. Suppose that f(0) = f/(0) =
f7(0) = f'(1) = f"(1) = 0and f(1) = 1. Show that there exists x € [0, 1] such
that £ ®(x) > 24.

8.61. [31] Taylor’s Theorem (Theorem 8.20) is often used to prove inequalities
for functions which satisfy various general conditions. Here’s an example which is
essentially due to German mathematician E. Landau (1877-1938): Ler f, f/, and
1" be continuous on [0, 2], with | f(x)| < L and | f"(x)| < 1 there. Then | f'(x)| <
2 for all x € [0, 2]. Fill in the details of the following proof.

(a) Show that by Taylor’s Theorem we have, for some ¢y, ¢, € (0, 2),

10 = £+ £ x) + D0 xy
= f0— s+ L0
and
1) = f0) + foe-0+ L oy
= 70+ 2700~ S + E Dy

(b) Subtract the first equation from the second to get

210 = 1)~ 10 - LD T2

(c) Show then, by the hypotheses and the triangle inequality, that

1 1
2/ STH14 522+ 58 =4-x2-x) <4,
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(d) Consider the function f(x) = %xz — 1 on [0, 2] to show that equality can occur.

8.62. Show that for each x € R,

N

m—>0 as N — oo.

We showed this for x > 0, in Example 8.25. So only x < 0 needs consideration.

8.63. (a) Use the Taylor polynomial of degree n and corresponding remainder, for
f(x) = In(x) and xo = 1 (see Example 8.24) to obtain the Taylor polynomial of
degree n and corresponding remainder, for f(x) = In(1 4+ x) and xo = 0.

(b) Show that for —1/2 < x <1,

x2  x3 Xt

1 1 = —_— R oo
n(l+x)=x 2—1-3 4+

8.64. (a) Compute the Taylor polynomial of degree n at xo = 1 and corresponding
remainder, for f(x) = 1/x.

(b) Find the Taylor series for f(x) = 1/x at xo = 1 and show that it converges for
1/2 <x <2.

8.65. (a) Compute the Taylor polynomial of degree n at xo = 0 and corresponding

remainder, for f(x) = cos(x).

(b) Show that for x € R,

2
1—% <cos(x) < 1.

(In particular, lin}) (cos(x)) = 1.)
(¢) Show that for x € R,

2 2 x4

-2 <cos(x) < 1-2 +
2_cosx_ 2 Tk

(d) Show that for x € R,
o0
_ (—1)”x2"_ 1, 1, 14
COS(X)—E W—l—zx +4—!x —ax +--

n=0
8.66. (a) Compute the Taylor polynomial of degree n at x, = 0 and corresponding
remainder, for f(x) = sin(x).
(b) Show that for x > 0,

33
X — i < sin(x) < x.
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(c) Show that the inequalities in (b) are reversed for x < 0. (So lin}) &r(x) =1.)

(d) Show that for x € R,

oo
] _ (_1)nx2n+l _ 1 3 1 s 1 ;
sm(x)_E m—x—ix +§x—ﬁx + -

n=0

8.67. [23]

(a) Apply the Mean Value Theorem (Theorem 5.2) to f(¢) = sin(z) on [0, x], with
X < /2, to show that

sin(x) >

X
VI+x2

(b) How does this compare with Jordan’s Inequality sin(x) > %x from
Example 8.14?

(¢) How does this compare with the sin(x) > x — % from Exercise 8.66 ?

8.68. (a) Compute the Taylor polynomial of degree n at xo = 0 and corresponding
remainder, for
e' +e*

cosh(x) = 5

(b) Find (with justification) the Maclaurin series for cosh(x).
(¢) Compute the Taylor polynomial of degree n at x, = 0 and corresponding
remainder, for

X _ X

sinh(x) = ¢ 7

(d) Find (with justification) the Maclaurin series for sinh(x).

8.69. [48] Show that

(o]

) ¢
Znln* +n? + 1) 2
8.70. Define
e/ ifx #£0
fx) =

0 ifx=0.
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Show that f has derivatives of all orders at xo = 0, but that

X £
fo 23 O

n!
n=0

unless x = 0. (This function is not analytic except at zero. A function is analytic
wherever it equals its Taylor series.)

8.71. Newton’s method (Sir Isaac Newton, English (1642—-1727); no introduction
necessary) is a method for approximating a root ¢ of a function f; i.e., a number ¢
for which f(c) = 0. It begins with an initial guess xy, then the iteration scheme

S
£ o)

As long as f'(c) # 0 and x, is close to ¢, the scheme converges to c. (See, for
example, [5] or [12] for details).

forn =0,1,2,3,....

Xn+1 = Xn

(a) Show that x,; is the x intercept of the tangent line to y = f(x) at x = x,,.
That is, x,+; is where the Taylor polynomial p; of degree 1 at x = x, has a
Zero.

(b) Show that if we take instead x,,4+; as a zero the Taylor polynomial p, of degree
2 then we get the expression

o = — JAED)
F1n) + L (x4 — x,)

(¢) [36] Solve this for x,4+ to get another iteration scheme.
(d) [9] A different approach from (c) is to use Newton’s method to approximate the
Xn+1 on the right-hand side. Show that this leads to the iteration scheme

B 2/ () S ()
277 0o 1 Gea) — f i) /7).

This scheme is known as Halley’s method, named for English mathematician
and astronomer Edmond Halley (1656—1742). (Yes, this is the same Halley as
the comet: Halley’s comet can be seen from Earth with the naked eye every
75 years or so. It is due to next come around in 2061.)

(e) [6] Show that Newton’s method applied to

AC))
J'(x)

Xpn+1 = Xn

g(x) =

yields Halley’s method.
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(f) Show that Newton’s method is fixed point iteration (see Exercise 5.36)

applied to

S
5

glx) =x

(g) Show that Halley’s method is fixed point iteration (see Exercise 5.36) applied to

2f(x) f'(x)
2f7(x) f1(x) = f(x) f7(x)

See [4] for an interesting historical account of iteration methods.

glx) =x—
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Chapter 9
Integration of Continuous Functions

It has long been an axiom of mine that the little things are
infinitely more important.

— Sherlock Holmes, in A Case of Identity,
by Sir Arthur Conan Doyle

A function’s range is a collection of values and so we might expect that it should
have an average value, as long as the function is reasonably well behaved. A fence
or a wall for example, no matter how long or how irregular in height, should have
an average height.

In Sect. 3.4 we considered the average value

X
~ 2 &)
j=1
of a continuous function f : [a,b] — R evaluated at N sample points
X1, X2,..., xy from [a, b]. By choosing these sample points in a systematic way

and then letting N — oo, we define the average value of f over the interval [a, b].
This naturally gives rise to the notion of area under a curve and the definite integral.
Then, since the definite integral is defined in terms of sums, we see that many
properties of sums give rise to properties of definite integrals—and vice-versa. For
example, we obtain integral analogues for many of the inequalities from Chaps. 2
and 6.

9.1 The Average Value of a Continuous Function

Consider the closed interval [a, b] and let N € N. Choose the points

a=Xo<X|<X2<"'<XN_]<XN=b

© Springer Science+Business Media New York 2014 209
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according to
xj=a+j%% for j=0,1,2,....N.

Then the x;’s are equally spaced: each is distance b,;“ from its closest neighbor(s).

Now however, we consider only N of the form

N=2" forn=0,1,2,3,..., sothat N =1,2,4,8,16,32,....

This way, points x; of each partition P, = {xo,x1,X2,...,Xny—1,xy} of [a, D] are
also points of any partition arising from a larger n. As such, each partition (after
n = 0) is called a refinement of every previous partition. See Fig. 9.1.

Fig. 9.1 Each partition P, of | | h—o. N=20—1
[a,b] gives N = 2" | ! ’
subintervals of [a, b], for
n=0,12,...

B SR
P S,

Finally, we denote by x;‘ any particular point of each subinterval [x;_;, x;] :
x;‘ €[xj—1,x;] for j=1,2,...,N.
That is,
* * *
Xy € [xo,x1], x; €xi,x2], ..., Xy € [xn—1,xN]

With all of this notation in place, it is a very important fact that if f is continuous
on [a,b], then lim (& Y°"_, f(x*)) exists and is independent of the choices
N—oo N 4 /

for x;‘.‘. This limit is the average value of f over [a, b] and we denote it by

Af([a,b]).
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We merely state this fact as a theorem below. Its proof requires some rather deep
ideas that would take us somewhat off course, so we leave it for Appendix A.

Theorem 9.1. Let f be continuous on [a, b]. With the notation as above (in partic-
ular N = 2"),

N
1
Ammmzﬁﬁ Ngyup exists,
j=1

and is independent of the choices x7 € [x;—1, x;].
Proof. See the Appendix, Sect. A.3. O

Example 9.2. For a constant function f(x) = C, we should expect that the average
value A s ([a, b]) = C. Indeed, for any choice of the x s

Af([a,b]) 11m Zf(x = 11m ZC =C. o

In practice, since x7 can be any particular point of each interval [xj—1,x/], a

convenient choice is usually made—Ilike for example x}* = Xj_y, Or x;‘ = Xj,
or x; = the midpoint: x¥ = w We shall make such choices in next few
examples. We shall also make use of the formulas (for N being a natural number)
N N
. NN+ N(N + 12N + 1)
Z j =————= and Z
2 = 6

ji=1
These were verified in Exercises 2.17 and 5.39 (and again in Exercise 9.1).

Example 9.3. We compute A4 s ([a, b]) for f(x) = x2, and [a, b] = [0, 1]. Here we
have xo =a =0,

=0+j1;,—0=§, and we take x;-k:xj for j =1,2,...,N.

Then
1 N 1 N ] 2 1 N '
Fo =52 (%) =i
j=1 j=1 j=1
Therefore,
1 & , 1 N(N+ 12N +1 1
Ar(0.0) = jim (32 s05p | = i (s HEEE ) =5

j=1
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Example 9.4. Extending Example 9.3, we compute A4 ¢ ([a, b]) for f(x) = x?, and
for any interval [a, b]. Here x¢y = a,

b—a

5+, and we take x; =x; for j =1,2,....N.

X;=a+]j

Then

*Zf(x ;,i(aﬂb;“)z

j=1 i=1

N h— N bh— 2 N

Jj=1 Jj=1 Jj=1

— _ 2
i(Na2+2ab aNN+1)  (b-a) N(N+l)(2N+1)).
N 2 N2 6

Therefore,

N—o00

(b—a)*  b*+ab+a’
= .

N
Ay(la.b]) = lim %/Z::lf(x;‘) = a’+a(b—a)+ 3

Example 9.5. [10] We compute Af([a, b]) for f(x) = e*. Here xo = a,

b—a

xj =a+ j75*, andwetake xj = x;_; for j =1,2,...,N.

Then

N N—1 N—1
1 *\ 1 — 1 +jb—a)/N _ (b— )/N
N;f(xj)—ﬁgf(xj)—ﬁj;eaj DIN _ Z a

Now for R # 1 and natural numbers N > 2, the following identity can be
found by doing long division on the right-hand side, or simply verified by cross
multiplication:

_1—-RY
T 1-R’

1+ R+ R*+ R+ + R

So taking R = e®=9/N £ 1 here, we get

| & * (b—a)/N e 1_( (b_a)/N)N
ﬁZﬂx,«)— Z(e Y = S

Jj=1
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_i 1 —eba B bN;“ el —ed
N 1—eb-a/N = eb=a)/N _1 h—q '

Now because the derivative of e* at x = 0 is 1 (or use L'Hospital’s Rule
(Theorem 5.13)), we get

b—a
. N _
MmN =g - &
Therefore
N b a
. 1 . e’ —e
Ap(la b)) = Jim | 2> SO | = 5— o

j=1
Remark 9.6. In a very similar fashion, for f(x) =e™ on [a, b],

A, (fa b)) e_; —e? _ /et - l/eb.

—a b—a
This is the content of Exercise 9.3. o

Example 9.7. [6] We compute Af([a, b]) for f(x) = sin(x). Here xo = a,

X =a+jb%", and we take x;‘ =x; for j =1,2,...,N.
Then
1 N al —a
LY = L S smlas 125
j=1 j=l

Now we use the trigonometric identity
2sin(A)sin(B) = cos (A — B) — cos (A + B),
with A =a+jb%“ and B = %I’%",toget
2sin (a + j24) sin (3 254) = cos (a — —(zj_zlj\gb_“)) —cos (a + —(2j+21,)\§b_“)).

Then summing from j = 1 to N we get lots of cancellation (the sum telescopes):

N
2Zsin (a + j&59) sin (125) = cos (a — 538) — cos (a + EXHEC=0))
j=1
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Therefore,
T) = 5 e [0 (@~ ) — cos (a + CXENO=0)]
1 b—a
j=1 2N sin (3°5¢)
b_
= ! 727; [cos (a— b—) —cos (a + 7(2]\]4_1)(['_”))]
- h—a 2N 2N :
b—asin(57)
Now because the derivative of sin(x) at x = 0 is 1 (or use L’Hospital’s Rule

(Theorem 5.13)), we have

b—a
. 2 _
l\lll_I;Ilm} W B 1.

And because the cosine function is continuous we get finally, for f(x) = sin(x):

N
Ay ([a,b]) = ngnoo %Zf(xj) = bia[cos (a) — cos (b) ]. o
j=1

Remark 9.8. For f(x) = cos(x) on [a, b],

Ag(la.b]) =

ia [sin (b) — sin (a)].

This is the content of Exercise 9.4. o
If f is continuous on [a, b] then rr%ir}ﬂ{ f(x)} and m[ai]{ f(x)} exist by the
X€la, X€la,

Extreme Value Theorem (Theorem 3.23). Obviously
min {f(x)} < f(x) = max {f(x)},
X€[a.b] x€la,b]
and therefore, essentially by Example 9.2,

min { f(x)} < Af([a b]) < max {f(x)}. 9.1

x€[a,b]
n
Now recall from Sect. 2.2 that the average, or Arithmetic Mean, A = ’% > a j of
~
the n numbers ay, as, ..., a, is called a mean simply because it satisfies

min {a;} <A< max {aj}
I<j=<n 1<
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So in view of (9.1), calling 4 f([a, b]) an average is natural. This is the analogue,
for functions, of the Arithmetic Mean. But somewhat more than (9.1) is true, as
follows.

Lemma 9.9. Let f and g be continuous on [a, b], with f < g there. Then

Ay ([a.b]) = Ag(la, b]).

Proof. This is Exercise 9.5. O

The following important result is the analogue, for functions, of the Average
Value Theorem for Sums (Theorem 3.19). It says that the average value of a
continuous function on a closed interval is actually atfained by the function.

Theorem 9.10. (Average Value Theorem) Let f be continuous on [a,b]. Then
there is ¢ € [a, b] such that

Ay ([a,b]) = f(c).

Proof. By the Extreme Value Theorem (Theorem 3.23), there exist numbers
Xm, Xy € [a,b] such that

fxm) < f(x) < f(xpy) forevery x € [a,b].

So by (9.1),

fCon) = Ap(la,b]) < f o)

Therefore, by the Intermediate Value Theorem (Theorem 3.17) there is ¢ between
X, and xys (and so ¢ € [a, b]) such that

fle) = Ay(la.b]),

as desired. O

9.2 The Definite Integral

N
In the sum Zl Sf(x7),if we let Ax, = l% then we get
=

1 -
=YD = 3 f(DAx,.
N Z J b —a ; J
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So it is customary to denote the average value of the continuous function f on
[a, b] by

b
Ay(la,b]) = ﬁ/f(x)dx.

This notation serves vaguely as a reminder of where it comes from: As N — oo,
the idea is that

b

Z_’f’ f(x7) - f(x), and  Ax, — dx.

Jj=1 a

Here,

b
/ f(x)dx

is called the definite integral (or simply the integral) of f from a to b.
In case we need to interchange the roles of a and b, we define

a b
/f(x) dx = —/ f(x)dx, (9.2)
b a

which is consistent with the set-up: for b < a, we have xo = b and xy = a,

a
and Ax, < 0. And notice that taking a = b in (9.2), we get / f(x)dx =
a

a
— / f(x)dx, so that (as we should expect):
a

/af(x)dx =0.

With this notation in place, Lemma 9.9 reads, for f and g continuous on [a, b]:

b

b
f<g = / Fx)dx < / ¢(x) dx. ©.3)

a

This says that the definite integral is a positive operator. This simple but very
important property of the definite integral is sometimes taken for granted. This
property is not shared, for example, by the derivative: The reader should agree that
it is not the case that f(x) < g(x) = f'(x) < g’'(x).
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Remark 9.11. The expression
N
3 F)Ax,
j=1

is called a Riemann sum, after the great German mathematician Bernhard Riemann
(1826-1866). For N large,

N b
> fGhHAx, = / f(x)dx.
j=1 a
This is made more precise in the Appendix (Theorem A.9 of Sect. A.3). o

Remark 9.12. In any sum, the index of summation plays no essential role. For
example,

N N N
Yo fNAx, =) faHAL, =Y fu)Au, et

J=1 =1 J=1

In the same way, the variable of integration in a definite integral plays no essential
role. It might be x, or just as well be 7, or u, or virtually anything else:

/bf(x)dX=/bf(t)dt =/bf(u)du etc. o

Since integrals are defined in terms of sums, we can often use a property of sums
to deduce a property of integrals. For example, the property

N

N N
Z(Olf(xj) + pg(x))) = OLZf(xj) + BZg(xj) fora,p € R

i=1 Jj=1 Jj=1

easily gives rise to the following.

Lemma 9.13. Let f and g be continuous on [a, b]. Then for any o, € R,

b b b
/ (f(x) + Bg(x)) dx = a / Fx)dx + P / g(x)dox.
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Proof. This is Exercise 9.6. O

Lemma 9.13 says that the definite integral is a linear operator. The derivative is also
a linear operator—we saw in Sect. 4.2 that the derivative obeys what we called the
Linear Combination Rule.

Observe now that the conclusion of the Average Value Theorem (Theorem 9.10)
reads

1 b afbf(x)ldx
f© = 5 [ e dr =t —
_au fldx

If we replace the 1’s in the numerator and the denominator of the right-hand side
above with a suitable continuous function g then we get the more general Mean
Value Theorem for Integrals below. It is the analogue, for functions, of the Mean
Value Theorem for Sums (Theorem 3.22).

Theorem 9.14. (Mean Value Theorem for Integrals) Let f and g be continuous on
[a, b] and suppose that g does not change signs on [a, b], and that g(x) % 0. Then
there is ¢ € [a, b] such that

b
[ f(x)g(x)dx
fle) =t
Jg(x)dx

Proof. We may assume that g(x) > 0 on [a, b] for otherwise, we would consider
—g(x). By the Extreme Value Theorem (Theorem 3.23), there are x,,, xps € [a, D]
such that
fxm) < f(x) < f(xpy) forevery x € [a,b].
Multiplying through by g(x), we get
fem)g(x) = f(X)g(x) = flxpm)g(x) forevery x € [a,b].

Then integrating and using (9.3) and Lemma 9.13 we obtain

b b b
o) / () dx < / Fg@) dx < fr) / ¢(x) dx.
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Now since g(x) # 0, there exists xo € [a,b] such that g(xo) > 0. Then by
Lemma 3.4 there is a closed interval J containing x, such that g(x) > 0 for x € J.

b
Therefore / g(x)dx > 0, and we may divide through to obtain
a

b
[ f(x)g(x)dx
fom) = S < fOu.
[ g(x)dx

Then by the Intermediate Value Theorem (Theorem 3.17) there exists ¢ between x,,
and x s (and so ¢ € [a, b]) such that

b
J f(x)g(x)dx
S =
Jg(x)dx

as desired. O
In the context of the Mean Value Theorem for Integrals (Theorem 9.14), for

g(x) > 0 on [a, b] one often sets

g(x)
b

w(x) = .
[g@)dt
a
b
Then w is continuous, w(x) > 0 for x € [a, b], and/ w(x)dx = 1. Here, w(x) is
a

naturally called a weight function, and

b

/ w(x) f(x)dx

a

is the analogue, for functions, of the weighted Arithmetic Mean. Then the conclu-
sion of the Mean Value Theorem for Integrals (Theorem 9.14) reads

b

fle) = / w(x) £(x) dox.

a
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9.3 The Definite Integral as Area

For f continuous on [a,b], the conclusion of the Average Value Theorem
(Theorem 9.10) reads:

b
f©) = / F(x)dx

Therefore f(c)(b—a) is the average value of f over [a, b], multiplied by the length
of [a, b]. Soif f is also nonnegative we adopt this (very naturally) as the definition
of the area between the graph of f and the x-axis, from x = a to x = b.

That is,

b
/ f(x) dx = the area between the graph of f and the x-axis,
a

fromx =atox =b. (SeeFig.9.2)

Fig. 9.2 The area of the ¥
b
shaded region is / f(x)dx
a

/b fx)dx

a

So for example, if f defines the varying height of a wall running straight along
the ground from «a to b, then the area of the wall’s face is

b
/ f(x)dx.

The average height of the wall is

b
1
- / £(0) dx.
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and the Average Value Theorem (Theorem 9.10) says that there is at least one place

along the ground over which the wall is exactly its average height.
b

For any continuous function f, not just nonnegative ones, f(x)dx is the

signed area between the graph of f and the x-axis, from x = @tox = b. The
area is signed because function values below the x-axis give negative contributions
in the sums which ultimately define the integral. The total area between the graph
of f and the x-axis, from x = a to x = b is then

b
/ |f(x)|dx.

The following is the analogue, for functions, of the triangle inequality
(Lemma 1.1). It appears reasonable upon drawing a picture. Not surprisingly,
its proof comes from the triangle inequality.

Lemma 9.15. Let f be continuous on [a, b]. Then
b b
[ rwax| < [ 1o ax.

Proof. This is Exercise 9.10. O

b
Example 9.16. We saw in Example 9.2 that Cdx =C(b—a).Fora < b and

C > 0, this is the area of the rectangle with base [a, b] and height C. o

Example 9.17. For r > 0 the graph of f(x) = v/r2 — x? on [—r, r] is the top half
of the circle with radius r, centered at the origin. Therefore

2

/\/rz—xzdxz%. o

Example 9.18. By interpreting the definite integral as a signed area (and knowing
the formula for the area of a trapezoid), one can verify that

b

/xdx:a;b(b—a)zé(bz—cﬂ). o

a

Example 9.19. Let f(x) = x2. We saw in Example 9.4 that

b% + ab + a?

Ap(la.bl) = =2
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Therefore the signed area between the graph of f(x) = x2 and the x-axis, from
x=atox =b,is

b
/xzdx = (b—a)As([a.b]) = (b—a)w - %(lf &) o

a

Let P, O, R € R. Then by Examples 9.16, 9.18 and 9.19, and Lemma 9.13,

b b

b b
/(Px2+Qx+R)dx=P/x2dx +Qfxdx +R/1dx

a

0

= ?(lﬁ —a’) + E(bz —a®) + R(b —a).

Example 9.20. We saw in Example 9.5 that for f(x) = e,

el —e?

As(la.b]) = 5——.

Therefore the area between the graph of f(x) = e* and the x-axis, from x = a to
x=b,is

b
/exa’xzeb—e“. o
Example 9.21. We saw in Example 9.7 that for f(x) = sin(x),
cos(a) — cos(b)
b—a '

Therefore the signed area between the graph of f(x) = sin(x) and the x-axis, from
XxX=atox =b,is

Ag(la.b]) =

b
fsin(x) dx = cos(a) — cos(b).

So, for example,

3y/2
/ sin(x) dx = cos(0) — cos(3y/2) = 1.
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And using the symmetry of the sine function,

3y/2 v/2

/ | sin(x)|dx =3 / sin(x) dx = 3(cos(0) — cos(y/2)) = 3. o
0 0
9.4 Some Applications

The following lemma seems perfectly reasonable but its proof is surprisingly tricky,
so we leave it for Appendix A. It enables us to consider the definite integral of
certain functions which are not continuous. See Fig. 9.3.

Lemma 9.22. Let f be continuous on [a, b] and let ¢ € (a, b). Then

/bf(x)dx=jf(x)dx +/bf(x)dx.

Proof. See the Appendix, Sect. A.3. O

a c b X

b ¢ b
Fig. 9.3 Lemma 9.22: / f(x) dxzf f(x)dx +/ f(x)dx

Example 9.23. Consider the function

a-‘rb]

x—a ifxefa, 4

fx) =

x—b ifxe (#,b].

See the graph of f in Fig.9.4.
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. . _ a+b . _ a+b
Fig. 9.4 Example 9.23. f(x) = x —aon[a, “5~],and f(x) = x — b on (5=, D]

Now f is not continuous on [a,b], but in view of Lemma 9.22 (with
¢ = (a + b)/2 there), we write

(a+b)/2

b
f(x)dx + / f(x)dx =0.

a (a+b)/2

/b f(x)dx =

Also in view of Lemma 9.22 (for any ¢ € [a, b]), we write

; /t(x—a)dx ifte[a,#]
[ rwax =

(a+b)/2 t ,
/ (x —a)dx —|—/ (x=b)dx ift e (“£2,b].
a (a+b)/2

Then by interpreting these integrals as areas of triangles or trapezoids (depending
on t), we get

1t —a)? ift € [a,

[ reax -
. JE2 4 L[ =02 = (522] it e (452.0),

b
Here, as the reader may check, we get / f(x)dx = 0 as we should. Also, the
a

b
reader may verify that / | f(x)|dx = @~ ©

Here is an application of the definite integral wherein a property of integrals
yields a useful property of sums, and vice-versa.



9.4 Some Applications 225

Theorem 9.24. (The Integral Test) Let f be continuous, positive, and
o0 oo
decreasing on [1,00). Then Y f(n) converges if and only if/ f(x)dx =
1

n=1

N —o00

N
lim / f(x)dx exists.
1

Proof. Since f is decreasing, f(b) < f(x) < f(a)forl <a < x < b, and so

b
folb-d] = [ fwax < f@lb-al

n+1
Therefore f(n +1) < / f(x)dx < f(n) for each integer n > 1. See Fig. 9.5.
n

fn)+ — — — — — — =
Jin+l) +——— —— — —

n n+1

Fig. 9.5 In the proof of the Integral Test (Theorem 9.24), f is decreasing on [1, 00). Therefore
n+1
we have f(n + 1) < f(x)dx < f(n) for integers n > 1

n

Then
N—1"+1

N-1 N—1
INCESVED B ICTEED SFIT)
n=1 n=1

n=1 3

which, by applying Lemma 9.22 N — 1 times, reads
N—I N N1
S fon+1) < / fydx < Y fon).
n=1 1 n=1

o0
Now since f is positive, the right-hand inequality shows thatif )" f(n) exists, then

n=1

o0 oo
/ f(x) dx exists. And the left-hand inequality shows that if / f(x) dx exists,
1 1

o0 oo
then )" f(n + 1) exists; therefore so does > f(n). ]

n=1 n=1
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Example 9.25. We showed in Sect. 6.7 that a p-series

oo

n=1

converges for p > 1 and diverges to +oo for p < 1. In Example 10.5 we shall show
that for p # 1:

N N
1 1 N 1
/—dxz—(——l), and for p = 1: /—dlen(N).
X
1 1

Therefore (as we shall conclude in Example 10.6) the convergence/divergence of a
p-series also follows from the Integral Test (Theorem 9.24). 3

For another application of the definite integral, we suppose that f and f’ are
continuous on [a, b]. Then we define the length of the curve described by y = f(x)
from x = a to x = b, as follows. (But see also [9,21].) Again, let

a=xo and x; =a+jb% =a+ jAx, for j=0,1,2,...,.N =2".
Joining the successive points

(x0. f(x0)), (x1, f(x1)), (%2, f(x2)), ... . (xn. flxn))

with N line segments yields a polygonal approximation to the graph of y = f(x)
over [a, b]. By the Pythagorean Theorem, each segment has length

oo =307 + (f6) = £y )

So (see Fig. 9.6) the total length of these segments is

N
SV — 302 + (Fo) - f)
j=1

And taking very N large it seems that the total length of these segments would
provide a pretty good approximation to what we think would be the length of the
curve y = f(x) fromx = atox = b.

Now applying the Mean Value Theorem (Theorem 5.2) on each interval
[xj—1,x/], there is x;‘ € (xj—1,x;) such that
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Fig. 9.6 A polygonal approximation for y = f(x). Here n = 3, so there are N = 2°® = 8
subintervals

N v
> \/(xj —xj H (f) = fxjo) = > \/(xj —xj—1)?+ fI(x7)Hx; — xj—1)?
j=t

Jj=1

N
=) S+ /2 (= xj1)

Jj=1

N
= Z V1t f/(x)? Axy.
Jj=1

Since f” is continuous, so is 4/1 + (f”)? and therefore

N b
lim Z\/(x,- — x4 (F) — fxj-n) =f\/1 + f/(x)?dx exists.
Jj=1 a

N—o00 4

This is the length of the curve y = f(x) over [a, b]. It is typically denoted by
the letter s. For example, if f defines the varying height of a fence that runs straight
along the ground from a to b, then

b
5 = / VI+ f(x)2dx

is the length of the top of the fence.

Example 9.26. We compute the length of the curve

x —x
f(x) = cosh(x) = %, from x =0 to x = 1.
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Here we have

X —X

f(x) = % =sinh(x) and 1 4 sinh(x)? = cosh(x)>.

Therefore

I
s =f\/1+f’(x)2dx
0

1

= /cosh(x) dx.

0

Then using Remark 9.6 and Lemma 9.13, we get

9.5 Famous Inequalities for the Definite Integral

Continuing the theme that properties of sums can give rise to corresponding
properties of integrals, we extend some of the famous inequalities for sums to obtain
analogous inequalities for integrals. And quite often, their proofs are really no more
difficult.

In Sect. 6.4 we obtained Holder’s Inequality (Lemma 6.18) using the weighted
AGM Inequality with n=2 (Corollary 6.16). In an entirely similar way we obtain
the following.

Theorem 9.27. (Holder’s Integral Inequality) Let f and g be continuous and
nonnegative on [a, b] and let p,q > 1 satisfy % + i = 1. Then

b b 1/p b 1/q
[ reswax < [ rwrax] | [eworax
a a

a

Proof. If f(x) = 0 or g(x) = 0, then the desired inequality holds, with

equality. Otherwise, take t = % in the weighted AGM Inequality with n = 2

(Corollary 6.16), with
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S(x)? gx)?

a=—— and b:b—’ to get
[ f(x)rdx [ g(x)?dx

f&) g(x) (G L 1671
b Ip b /g — b b .
(f f(x)r dx) ( [ g(x) dx) p[fx)rdx q[g(x)1dx

Then integrating from a to b we obtain

b b b
[ f(x)g(x)dx [ f(x)Pdx Jgx)Tdx

b pr /1y Vg = b b
(f F(x)P dx) (fg(x)q dx) p[fx)Pdx g [g(x)dx

as desired. O

The case of p = g = 2 in Holder’s Integral Inequality (Theorem 9.27) gives
the integral analogue of the Cauchy—Schwarz Inequality (Theorem 2.18) as follows.
(For a sharpened version of this result, see [33].)

Corollary 9.28. (Cauchy-Schwarz Integral Inequality) Let f and g be continuous
on [a, b]. Then

2

b b b
/f(x)g(x) dx| < / f(x)2 dx[g(x)2 dx. O
a a a
Now let us recall Jensen’s Inequality (Theorem 8.17): Let xy, x2, ..., X, € [a, b]
and let wi,wa, ..., wy satisfy w; > 0, with ) w; = 1. Let ¢ satisfy ¢” > 0 on

j=1
[a, b] (so that ¢ is convex there). Then

n n
oD wixs | =D wiex)).
j=1 j=1

There is also an integral analogue for Jensen’s Inequality, as follows.

Theorem 9.29. (Jensen’s Integral Inequality) Let f be continuous on [a, b] and let
b

w > 0 be continuous on [a, b], with [ w(x)dx = 1. Let ¢ satisfy ¢" > 0 on the

range of f (so that ¢ is convex there). Then
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b b

0 / w(x) f(x) dx | < / w()(f () dx

a a

Proof. Let A be in the range of f. Since ¢” > 0, the tangent line to ¢ at x = A is
on or below the graph of ¢, by Lemma 8.7. That is, for any # for which ¢ is defined,

@(1) > p(A) +¢'(A) (1 — A).

b
Now let A = / w(x) f(x) dx, which is indeed in the range of f, by the Mean

Value Theorem for Integrals (Theorem 9.14), and write 1 = f(x). Then

P(f(x) = @(A) + ¢'(A) (f(x) — ).

Multiplying through by w(x) > 0,

w(x)p(f(x)) = w(x)p(A) + w(x)e'(4) (f(x) — A).

Now integrating from a to b, we get

\

b b b b
f W@e(f() dx > p(A) / w(x) dx + @' (4) ( [ W) fx) dx — A f w(x) dx)

a a

b
o(A) + @' (A) (A—4) = ¢ ( / W) £(x) dx) ,

a

as desired. O

Example 9.30. We saw in Example 8.19 how Jensen’s Inequality (Theorem 8.17)
can be used to obtain the Cauchy—Schwarz Inequality (Theorem 2.18). Here, in an
entirely similar way, we use Jensen’s Integral Inequality (Theorem 9.29) to obtain
the Cauchy—Schwarz Integral Inequality (Corollary 9.28). Let p and g be continuous
on [a, b] with p not identically zero. We shall apply Jensen’s Integral Inequality
(Theorem 9.29) to the convex function ¢(x) = x2, with

b
2
bPL, so that /w(x) dx = 1.

[ p(2)*dt a

w(x) =
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Jensen’s Integral Inequality is

b 2 b
[rorrwax] < [weoserax
Now setting f(x) = %z;x), this reads
b 2y s b b b
( / P(X)q(x) dx) < / % ( / P dx) dx = / p(x)? dx / g dx,
which is the Cauchy—Schwarz Integral Tnequality (Corollary 9.28). S

We saw at the end of Sect.8.3 with Cauchy’s proof of Jensen’s Inequality
(Theorem 8.17) and again in Exercise 8.39, that Jensen’s Inequality continues to
hold even if f is only assumed to be convex and continuous, i.e., not requiring
that f” > 0, or even that f’ exists. Likewise, Jensen’s Integral Inequality
(Theorem 9.29) holds under less restrictive conditions than the ones we have
imposed on the function ¢. But ¢ must still be convex; see Exercise 9.35.

For the remainder of this section we focus on the important special case of
Jensen’s Integral Inequality (Theorem 9.29) in which w(x) = ﬁ. That is, for f
continuous and ¢ convex on the range of f :

b b
1 1
@ m/f(x)dx < m/(p(f(x))dx.

Example 9.31. (i) Let ¢(x) = x", with » > 1. Then for f continuous on [a, b],
with a > 0, Jensen’s Inequality gives

r

b b
1 1 .
i f o) <52 frors

For r = 2 this is a special case (i.e., g(x) = 1) of the Cauchy—Schwarz Integral
Inequality (Corollary 9.28).

(i) Let ¢(x) = In(x), which is concave on (0, +00). For f continuous on [a, b]
and f > 0 there, Jensen’s Inequality gives

b b
In ﬁ/f(x)dx zﬁfln(f(x)) dx.
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(iii) Let ¢(x) = e*, which is convex on (—o0, +00). For f continuous on [a, b],
Jensen’s Inequality gives

b
o [ e
e a < /ef(")dx. o
b—a

Example 9.32. Let f be continuous and positive on [a, b]. Replacing the f with
In( /) in Example 9.31 (iii) gives

b
o [wGenas
€ “ < m/f(x) dx. (94)

This is the AGM Inequality for Functions—it is the analogue, for continuous
functions, of the weighted AGM Inequality (Theorem 6.15). The left-hand side
above is the Geometric Mean of f, and the right-hand side is of course the Average
Value, or the the Arithmetic Mean of f.

Here is a very simple example which shows how the AGM Inequality for
Functions can reduce to the weighted AGM Inequality (Theorem 6.15). Let

wi, wa, wz > 0 with iwj =1.
j=1
And for x € [a, b] = [0, 1], consider the function
a; if 0<x<w
f(x)=13a, if wi<x<w +w
ay; if wi+wy<x=<1.
A graph of f is shown in Fig.9.7.

Using Lemma 9.22 two times, the left-hand side of (9.4), i.e., the Geometric
Mean of f, is

b
bla/ In(f(x))dx

e — eVl In(ar)+wz In(az)+wsIn(az) _ a\l'Vl a? a”?

2 43"
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y
y=f(x)

a, + o
(l3 T o—F 0

a ¢——o
t t t

X

W e Wy e Wy —>

3
Fig. 9.7 For Example 9.32. Here, n = 3. Each a; is assigned the weight w;,and ) w; =1
j=1

The right-hand side of (9.4), i.e., the Average Value of f, is

b
1
m/f(x) dx = wia; + waa, + wsas.
a

Together then, (9.4) gives the weighted AGM Inequality (Theorem 6.15) with
n=3:

3

wy w2 w3 o

a'aytay’ < E w;a;.
—

The reader should agree that this procedure could be carried out for any number of

n
weights. That is, for any wy, wa, ..., w, >0 with >~ w; = 1. o
j=1

9.6 Epilogue

The (definite) integral that we have considered is called the Riemann integral. We
defined it only for continuous functions (and we were to able extend it somewhat,
using Lemma 9.22). This is usually quite adequate for calculus. But there are
functions which are not continuous, and not covered by Lemma 9.22—in fact, very
nasty ones—which nevertheless possess a Riemann integral. A nice approach to the
Riemann integral, to which ours can be viewed as a precursor, can be found in [29].

Recall from Chap. 1 that the set Q was not (for us) a large enough place in which
to work: the Increasing Bounded Sequence Property does not hold within Q. In the
same way, the collection of Riemann integrable functions is not large enough, in the
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sense that there lacks an analogue of the Increasing Bounded Sequence Property.
(That is, one can construct a sequence of Riemann integrable functions which is
increasing and bounded above, whose limit is not a Riemann integrable function.)

So in Chap. 1 we extended Q to get R, a set in which the Increasing Bounded
Sequence Property does hold. The analogue here, for integrals, is the Lebesgue inte-
gral, developed by French mathematician Henri Lebesgue (1875-1941). Enough
functions are Lebesgue integrable that the analogue of the Increasing Bounded
Property does hold, and the Lebesgue integral reduces to the Riemann integral when
applied to functions which are Riemann integrable.

It is the Lebesgue integral which makes many areas of modern mathematical
analysis possible. It is typically first encountered in a graduate level real analysis
course. An excellent account of the historical development of the Riemann and
Lebesgue integrals, and many other topics from calculus, can be found in [8].

Exercises

9.1. [6] Show, as follows, that

Y, NN+ DN+ n
$=20 = ;

N

(a) Verify that T = " j = XD,
j=1

(b) In the identity

(k + 1) —k* = 3k> + 3k + 1,
setk =0,1,2,..., N and add each of these together to get
(N+1>=35+3T+N +1.

(¢) Now solve for S and use (a).

9.2. (a) Show that

al N2(N +1)? _
P

(b) Find the average value of f(x) = x> over [0, 1].

9.3. Find the average value of f(x) = e~ over [a, b].
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9.4. [18] Find the average value of f(x) = cos(x) over [a, b].
9.5. Prove Lemma 9.9: Let f and g be continuous on [a, b, with f < g. Then

Ay (la,b]) < Ag([a, b))
9.6. Prove Lemma 9.13: Let f and g be continuous on [a,b]. Then for any
o,p R,

b b b
[ @re+peeo dx =a [ rwdx+8 [ oo ax
9.7. [1]Let f and g be continuous and nonnegative on [0, 1], with

1 1

/e_xf(x) dx > /e_xg(“‘) dx.

0 0
Show that

1

1
/xg(x)e_"‘f(x) dx > /xf(x)e_xg(x) dx.
0

0
1/2

b
9.8. Let f be continuous on [a,b]. (a) Show that (ﬁ/ F(x)?dx is a

mean. Which mean of n numbers, that we have met before, does this generalize?
(b) Show that there is ¢ € [a, b] such that

1/2

b
f@ = / £ dx

b
9.9. [22] Let f be a continuous function on [0, 1] with / f(x)dx = 1 and let
a
n € N.

(a) Apply the Average Value Theorem (Theorem 9.10) on each of [(k —1)/n, k/n]
fork = 1,2,...n to show that there are distinct ¢y, ¢3, ..., ¢, € (a,b) such
that

fler) + f(c) + -+ flen) =n.
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(b) Show that there are distinct ¢y, cs, ..., ¢; € (a, b) such that
1 n 1 P 1
fler)  flea) Sf(en)

9.10. Prove Lemma 9.15: Let [ be continuous on [a, b]. Then

b

/b fwax| < [ ) ax.

a

9.11. [15] Leta,b,c > 0 with b < c. Evaluate the following definite integrals by
only interpreting the definite integral as an area:

b b b
(a)/|x|dx (b)/|x—c|dx (c)/||x—c|—|x+c||dx.

2
9.12. [3] Evaluate [ ~/8 — x2 dx by only interpreting the definite integral as an
0

area.

9.13. [7] Let f be nonnegative and continuous on [0, 1]. Set

pn:}j(1+%f(§)).

Show thatas n — oo,

1
L) ax
P, —>e

Hint: Verify, then use, 0 < x — In(1 + x) < x2/2.

9.14. Assume the hypotheses of the Integral Test (Theorem 9.24). Show that if
o0

> f(n) = S exists, then

n=1

N o0 N 00
Y fm) + / f)ydx =S <) fn) —i—/f(x)dx.
n=1 N

n=1 N+l

9.15. Assume the hypotheses of the Integral Test (Theorem 9.24).
(a) Show that

N N
0= Y s = [ fedx+ 1),
n=1 1
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n=1

N N
(b) Show that the sequence % 3 f(n)— / f(x) dx} is convergent.
1

9.16. [16] Let f and f’ be continuous on [a, b] with | f'(x)| < M there. Show
that

(a+b)/2

b 2
Fx)dx — / f(x) dx gM(b;“) .

a (a+b)/2
Hint: Write

(a+b)/2 b (a+b)/2

/ fydx — / F(x)dx| = / (f(0) = f(222)) dx

a (a+b)/2 a

b

4 / (f(5£2) — £(x)) dx|.
(a+b)/2

apply the triangle inequality, use the Mean Value Theorem (Theorem 5.2) on each
piece, and bring the absolute value signs inside using Lemma 9.15.

9.17. [19] Let f and g be continuous on [a,b], with m < f < M and
b

/ gx)dx =0.

a

b 1 b
(a) Write / f(x)g(x)dx = 3 / (2f(x) — M —m)g(x) dx to show that

b b
/f(x)g(x) dx| < @/|g(x)| dx .

(b) Prove this another way, by writing

b b
[ reseax = [ (o0 -2 ) ety a,

b
9.18. Let f be continuous on [a, b] and suppose that / f(x)g(x)dx = 0 for
every continuous function g on [a, b]. Show that f(x) = 0on [a,D].
9.19. [31]

(a) Suppose that f and g are continuous on [a, b]. Show that there is ¢ € [a, b]
such that
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b

/ Fx) dx + / gy dx = ()b — ) + g(O) (e —a),

¢

(b) Draw a picture to show what this says.
(c) Show that this generalizes the Average Value Theorem (Theorem 9.10).

9.20. [2] Suppose that f is continuous on [a, b], and that there are m, M € [a, b]
such that

b
1 1
-0 = [ f@dx <3100 - a)

Show that one of the following holds, for some ¢ € [a, b]:

b b
/ F()dx = f(©)c —a). or f F()dx = ()b —c).
Hint: Consider

b b
G(1) = / F()dx — f@)@ —a) and H() = / F()dx — f@) B —1).

Notice that

b
G(t) + H(t) =2 / F()dx — F(0)(b —a).

and show that there is ¢ € [a, b] such that G(c) = —H(c).
9.21. [27] In the interval [a,b], leta = xo < X < X3 < +++ < Xp—1 < X, = b,
with the x;’s not necessarily equally spaced. Fix ¢ € [0, 1] and let

cj=Xxj_1+t(x;—xj—) forj=12,...,n.

So each c¢; is the same proportion along each subinterval [x;_;, x;]. Let

r(t) = Zf(Cj)[Xj —Xj_l] = Zf(xj'—l +t(x]~ —Xj_l))[Xj —Xj_l].
j=1

j=1

b
Show that there is ¢ € [0, 1] such that r(c) = f(x)dx. If n = 1 this reduces

to the Average Value Theorem (Theorem 9.10).)a
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9.22. Let f be continuous on [a, b] and let ¢ € (a, b). Show that the average value
of f on [a,b] is a weighted average of the average value of f on [a,c] and the
average value of f on [c, D].

9.23. Let f be increasing and continuous on [a,b], with f’ is continuous.
Show that

b
/ VT f02dx < (b—a) + (f(b) — f(@)).

What is this saying geometrically?
9.24. [5]] Show that

/a V1 + (cos(x))? dx > /a2 + (sin(w)?, for0 < a < /2.
0

9.25. [32] Suppose that f is continuous on [a,b]. Leta = xpand x; =a + j l%
for j = 0,1,2,...,N = 2". Denote by s the length of the curve described by
y = f(x), fromx =atox =b.

(a) Draw a picture which illustrates the approximation

Jj=1

b N
s = / VIt f/(x)2dx = ) \/(x_/ —xjo)’ + <f/(x;=)(xj _xj—l))z,

* _ Xj—1+x; . . .
where x7 = ==— is the midpoint of [x; i, x;].

(b) Show that if f’ is continuous, then

9.26. [13]

(a) Prove the following Mean Value — type theorem for the length of a curve. Let
fand f’ be continuous on [a, b]. Denote by t(x) the length of the tangent line
toy = f(x) at x, between the vertical lines x = a and x = b. Then there is
¢ € [a, b] such that

b
t(c) =/\/1 + f(x)?dx.

(b) Draw a picture which shows what this is saying geometrically.
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9.27. [14] Let f and g be continuous on [a,b] with f > 0, and g > 0 and
decreasing. Show that

b b
[xf(x)gx)dx [ xf(x)dx

a a

< .
b - b
[ f(x)g(x)dx [ fx)dx

9.28. [23] Let f be differentiable on [a, b] with f(a) = f(b) = 0. Show that as
long as f(x) # 0, there is ¢ € (a, b) such that

b
] > 5 [ feoax

Hint: Apply Mean Value Theorem (Theorem 5.2) to f on [a, “;b ] and on [# b] ,
integrate each, then add.

9.29. Let f be differentiable on [a, b] with M = m[a)z()] | //(x)|. Show that
X€la,

b
/f(X)dx—M(b_a) SM(h;a)z.

What is this saying geometrically?
Hint: Apply the Mean Value Theorem (Theorem 5.2) to f on [a, x] C [a, “'gb]
a+b

andon |42 x| C ath ,b|, integrate each expression, then add them together.
2 2 g p g

9.30. [23]Let f be defined on [—r, r], with /" continuous ( > 0). Show that there
is ¢ € (—r,r) such that f”(c) = %/ (f(x) = f(0))dx.

Hint: Start with the Mean Value Theorem for the Second Derivative
(Theorem 8.6), then integrate, then use the Mean Value Theorem for Integrals
(Theorem 9.14).

9.31. [12] Let f be continuous and increasing on [0, 1]. (a) Show that for any
positive integer n,

k=1

13 (8)= [ o
0

1
(b) If f is also convex, then these sums decrease to / f(x) dx. Verify and fill in

0
the details of the following proof. Since f is convex, for x, y € [0, 1],
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(l — t)f(x) +tf(y) > f((l —t)x + ty) for every ¢ € [0, 1].

sy =, andt = ]‘T_I.Then we have

k—1 k k—1 k—1 k—1.k k—1k-1
(=) ) () = (05 )

n n n n n ’n n n
kn>—k+n+1

n%(n + 1)

k
f(n+l)'

Now sum from k = 1 to n.

(¢) Show that the assumption that f is increasing is necessary.

1
-

%

1
(d) Show that if f is concave the sums also decrease to / f(x)dx.
0

9.32. Prove the Cauchy—Schwarz Integral Inequality (Corollary 9.28) by suitably
modifying H. Schwarz’s proof, from Sect. 2.3, of the Cauchy—Schwarz Inequality
(Theorem 2.18) for sums. (It was in fact in the context of integrals that Schwarz’s
proof first appeared [30].)

b
9.33. [4] Apply Schwarz’s idea as in Exercise 9.32 to / (f(x)+ t)zdx.
What do you get? ‘
9.34. [25,26]

(a) Take f(x) = 1/x and g = 1, then f(x) = 1//x and g = 1, in the
Cauchy—Schwarz Integral Inequality (Corollary 9.28) to give another proof of
Lemma 6.20:

G<L<A,

where G, L, and A are respectively, the Geometric, Logarithmic, and Arith-
metic Means of a and b.
(b) Manipulate the latter case carefully, to show that in fact L < # < A.

9.35. (a) Show that Jensen’s Integral Inequality (Theorem 9.29) still holds for ¢
convex, but ¢ is only assumed to be differentiable. Hint: Look at
Exercise 8.22.

(b) Can you show that Jensen’s Integral Inequality (Theorem 9.29) still holds for ¢
convex, but ¢ is only assumed to be continuous?

9.36. Fill in the details of another proof of the Cauchy—Schwarz Integral Inequality
(Corollary 9.28) which is similar to Schwarz’s. (The sum version of this is the
content of Exercise 2.38). First dispense with the case in which g(x) = 0. Observe
that for any real number ¢,
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b
[ (0= tgeoyax =o.
Now expand this and set

b
— [ f(x)g(x)dx

=
fbg(x)2 dx

b
(This is the ¢ at which the quadratic / ( fx)—t g(x))zdx attains its minimum.)

9.37. Here is an ostensibly different proof of Holder’s Integral Inequality
(Theorem 9.27). (The sum version of this is the content of Exercise 6.34).

b b
(a) First dispense with the cases / f(x)?dx =0 or/ gx)dx =0.
a

a
P pd
(b) In Young’s Inequality (Corollary 6.19) ab < i + —, set
p q
b —1/p b —1/q
a= f(x) /f(x)" dx and b =g(x) /g(x)q dx ,

then integrate from a to b.

9.38. Find necessary and sufficient conditions for equality to hold in (a) the
Cauchy—Schwarz Integral Inequality (Corollary 9.28), and (b) Holder’s Integral
Inequality (Theorem 9.27).

1
9.39. Suppose that f and g are continuous on [0, 1] with / gx)dx =0.
0

(a) Show that

2 2 1

! ! !
/f(x)g(x)dx < /f(x)zdx— /f(x)dx /g(x)zdx.
0 0 0

0

(b) How would this read on [a, b] instead of [0, 1]?
(The sum version of this exercise is the content of Exercise 2.51.)

9.40. [11] We used the weighted AGM Inequality with n=2 (Corollary 6.16) to
obtain Holder’s Integral Inequality (Theorem 9.27). Use the full weighted AGM
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Inequality (Theorem 6.15) to obtain the following extension of Holder’s Integral
Inequality. Let fi, f>,..., fu be continuous and nonnegative on [a,b] and let
PLP2y s Pn > lsatisfy% + % 44+ p_l,, = 1. Then

1/pj

/Hﬁ(x)dx <11 /f,(x)"fdx

a J =1 Jj=1 a
(The sum version of this is the content of Exercise 6.37.)

9.41. Use Holder’s Integral Inequality (Theorem 9.27) to prove Minkowski’s
Integral Inequality: Ler f and g be continuous on [a, b] and let p > 0. Then

b 1/p b 1/p b 1/p

[ (f0) +g00)dx | < [ Foordx | + / g(x)7dx

a a a

(The sum version of this for p = 2 is the content of Exercise 2.53 and the sum
version of this for p > 0 is the content of Exercise 6.39.)
Hint: Write

(f(0) +g(x)" = FE(/(X) + @) +g(0)(f(x) + g(x)"

then integrate, then apply Holder’s Integral Inequality (Theorem 9.27) to each piece.
Note: If p = 2, then Minkowski’s Integral Inequality is a sort of a triangle
inequality for integrals:

b b
/ (f(x) + g(x)° / Fx)2dx + / g(x)2dx.
9.42. [17]

(a) Show that (pg —rs)> > (p> —r?) (¢> — 5?).
(b) Let f and g be continuous on [a, b]. Use (a) and the Cauchy—Schwarz Integral
Inequality (Corollary 9.28) to show that for any p,gq € R,

2 b

b b
pa— / Fgdx | = (- / Feordx | 42— / () dx

a

9.43. [24] Show that if f is continuous and increasing on [a, b], then

b
ﬁ/u —0) f(x)dx = fle)(*5* —c) forany ¢ € [a.b].
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9.44. The Cauchy—Schwarz Integral Inequality (Corollary 9.28) gives an upper
bound for

b
/ F()g(x) dx.

Chebyshev’s Integral Inequality gives a lower bound under certain circumstances:
Let f and g be continuous on [a, b] with either both increasing or both decreas-
ing. Then

b

b
bia/g(x)dx < ﬁ/f(x)g(x)dx.

a

b
1
m/f(x)dx

And the inequality is reversed if [ and g have opposite monotonicity. (The sum
version of this is the content of Exercise 2.54.) Fill in the details of the following
proof of Chebyshev’s Integral Inequality. If f and g have the same monotonicity,
then

(f(x) = f(©)(g(x) —g(c)) = 0 forany c € [a,b].
So by Lemma 9.9,

b

[ (1@ = r@) (e - g@)dx = o,

a

Now take ¢ € [a b] as given for f by the Average Value Theorem (Theorem 9.10):
fle)=

/ f(x) dx and expand the left-hand side.

9.45. [28] Suppose that f is positive and has two continuous derivatives on
[a,b], with each of f and 1/f convex. Use Chebyshev’s Integral Inequality
(Exercise 9.44) to show that

/” (LOY 4y < LU= So
o) T E e f@ie)

9.46. (a) In Exercise 9.44 is Chebyshev’s Integral Inequality. Prove the weighted
version of Chebyshev’s Integral Inequality: Let F' and G be continuous
on [a,b] with either both increasing or both decreasing. Let w > 0 be
continuous on [a, b]. Then
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b b b b

/w(x)F(x) dx -/w(x)G(x) dx < /w(x) dx/w(x)F(x)G(x) dx.

a a a a

And the inequality is reversed if f and g have opposite monotonicity. (A sum
version of this is the content of Exercise 6.40.)

(b) Use this to prove the Cauchy—Schwarz Integral Inequality (Corollary 9.28).
Hint: Setw = G2,and F = G = f/g. (A sum version of this is also contained
in Exercise 6.40.)

9.47. Let f be continuous on [a,b] with m < f < M, and set A =
b

bla/ f(x)dx.
a

(a) Verify that

b b
o [U@=ara = - na-m - o= e @ -m ax

b—a
(¢) Show that the inequillity in (b) is better than—that is, is a refinement of—the
integral version of Popoviciu’s Inequality:

b
(b) Conclude that / (f(x)—A)?dx < (M — A)(A—m).

b
ﬁ/(f(x)—A)zdx < i(M—m)z.

Hint: Show that for ¢ < Q, the quadratic (Q —x)(x —¢) is maximized precisely
when x = %(Q + ¢). (A sum version of this is the content of Exercise 2.57.)

9.48. [20]

(a) Look carefully at Exercise 9.47. Extend the ideas there to prove Griiss’s
Integral Inequality: Ler f, g be continuous on [a,b], withm < f < M and
y < g <1TI.Then

b b b
1 1 1 1
s [ e [ ey [ewad = for—mr -,

a
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b b
Hint: Let A = ﬁ/ f(x)dx, B = ﬁ/‘ g(x)dx and begin

by applying the Cauchy—aSchwarz Integral Inequalit[g/ (Corollary 9.28) to

b 2
( f (f () — A)(g(x) — B)) |
‘ a+b

(b) Consider the functions f(x) = g(x) = sign(x—*5>) to show that the constant
1/4 above cannot be replaced with anything smaller. That is, it is sharp. (A sum
version of this is the content of Exercise 2.58.)

9.49. Use Jensen’s Integral Inequality (Theorem 9.29), with an appropriate choice
of weight function, to prove Holder’s Integral Inequality (Theorem 9.27). (A sum
version of this is the content of Exercise 8.50.)

9.50. Extend Example 9.32: State and prove a weighted AGM Inequality for
Functions, thus generalizing the AGM Inequality for Functions.

9.51. Let f be continuous on [a, b]. For r > 0 define the Power Mean M, by
b 1/r
1
M, = —/f(x)r dx
b—a
a

For example, M, is the average value of f and M, is called the Root Mean
Square.

(a) Apply Jensen’s Integral Inequality (Theorem 9.29) with ¢(x) = x’/* to show
that My, < M, ifs < r.

(b) What is a reasonable way to define M,?

(¢) What is a reasonable definition of My,?

(d) How might you define weighted Power Means?

(A sum version of this exercise is the content of Exercise 8.48 and another approach
is the content of Exercise 10.18.)

9.52. [20] Let f and g be continuous on [0, 1], with f decreasing and 0 < g < 1.
1
Let A = / g(x) dx. Steffensen’s Inequalities are:
0

1 1 A
/f(x)dxS/f(x)g(x)dxf/f(x)dx.
—A 0 0

(a) By considering 1 — g(x), show that the left-hand inequality follows from the
right-hand inequality.



References 247

(b) Prove the right-hand inequality. Hint: Verify that

A 1 A 1
/ F(x)dx — / F()g(x) dx = / (1 - g(0)) f(x) dx — / F()g(x) dx
0 0 0 A

A 1
> £ / (1 - g(x)) dx - / F()g(x) dx.
0 A

then show that this is > 0.

(c) Prove the left-hand inequality directly—that is, without using (a).
(d) How would Steffensen’s Inequalities read on [a, b]?
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Chapter 10
The Fundamental Theorem of Calculus

There is nothing more thrilling than getting a new song — when
you think of the piece that will fit the puzzle.

—James Taylor, in Rolling Stone #1062, October 2008

In Chap. 9 we evaluated a few definite integrals by using Riemann sums, a method
that is generally not easy, even for simple integrands. Then we evaluated a few more,
by interpreting the definite integral as a certain familiar area. For example:

r?

b r
M
/(Mx+B)dx=T(bz—az)—i—B(b—a) and /Vrz—xzdsz.

b
Generally however, computing integrals / f(x)dx which routinely appear in

problems with no apparent notion of area or of average value in sight, can be
very difficult. Coming to the rescue in many cases is the Fundamental Theorem
of Calculus. With it, many more definite integrals can be computed relatively easily.
But this—the most important theorem in all of calculus—gives us a great deal more.

10.1 The Fundamental Theorem

Theorem 10.1. (The Fundamental Theorem of Calculus)
(i) Let f be continuous on [a, b]. Then for each x € [a, b],

/

/ fdr | = f@.

© Springer Science+Business Media New York 2014 249
PR. Mercer, More Calculus of a Single Variable, Undergraduate
Texts in Mathematics, DOI 10.1007/978-1-4939-1926-0_10
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(ii) Let f’ be continuous on [a, b]. Then for each x € [a, b],

/ £ dt = f&) — fla).

Proof. For part (i), set F(x) = / f(t)dt. Then by Lemma 9.22,
a

x+h

F@+ﬁ)—Fuy:/ ﬂgdL

So by the Average Value Theorem (Theorem 9.10) there is ¢ € [x, x + /] such that

x+h

i Pt b - ) _
- [ rod= FEEREEE ),

(x+h)—

Now as i — 0 we must have ¢ — x, and so f(c) — f(x) because f is continuous.
Therefore

F(x +h)— F(x)
m

— f(x), as desired.
lim 0 f(x), asdesire

X /
For part (ii), we use part (i) to see that (/ F(t) dt) = f’(x). So having the
a

same derivative, the functions / f'(t)dt and f(x) must differ by a constant, by

Lemma 5.6. That is, for some Cae R,

ﬂ@:/ﬁmm+c

Therefore f(x) — f(a) = (/ f@)dt + C) - (/ @) dt + C) =
a a
/ fl()dr. O
a
The Fundamental Theorem (Theorem 10.1) contains the astonishing fact that if
f’ is continuous, then the operations of differentiation and (definite) integration are
inverses of one another—that is, except for the “— f(a)” which appears in Part (ii).
So virtually any useful or interesting fact about derivatives corresponds to a
useful or interesting fact about integrals, and vice-versa. Here is a good example.
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Example 10.2. We show how the Mean Value Theorem (Theorem 5.2) yields the
Average Value Theorem (Theorem 9.10), and vice versa, by way of the Fundamental
Theorem (Theorem 10.1). For f continuous on [a, b], the Fundamental Theorem

Part (i) says in particular that F(x) = / f(¢) dt is differentiable. Then the Mean
Value Theorem applied to F says that thaere is ¢ € (a, b) such that

F(b) — F(a)

- = F'(c).

b
Again by the Fundamental Theorem Part (i), this reads ﬁ / f(x)dx = f(c),

which is the Average Value Theorem. (In Exercise 10.5 we see how to obtain the
Mean Value Theorem for Integrals (Theorem 9.14) this way.) Conversely, if f” is

b
continuous then / f'(x)dx = f(b) — f(a), by the Fundamental Theorem Part

(ii). Then the Avelt*lage Value Theorem applied to f” implies that there is ¢ € (a, b)
such that

b
fler = f () dx.
This reads

() = M’

—a
which is the Mean Value Theorem. In this latter analysis, we require that f” is
b

continuous because if f is only differentiable, then / f’(x) dx may not be

defined. And even if it were defined, the Average Value Theorem might not be
applicable. A function f for which f’ is continuous is often called continuously
differentiable. 3

Example 10.3. Here is the integral analogue of Cauchy’s Mean Value Theorem
(Theorem 5.11). For f and g continuous on [a, b], Cauchy’s Mean Value Theorem
applied to

X

F(x) =/f(t)dt and G(x) =/g(t)a’t

a

says that there is ¢ € (a, b) such that

F'(¢)(G(b) — G(a)) = G'(c)(F(b) — F(a)).
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That is,
b b
7@ [ g0t =g [ 1@ dr.
This is Cauchy’s Mean Value Theorem for Integrals. o

b
For f(b)— f(a) the notation f (t)‘ is commonly used. This way, Part (ii) of the
a

Fundamental Theorem with x = b is written
b
, b
[ rod=so).
a

As we saw in the proof of Part (ii), an antiderivative f of a given [ is not unique:
f + C is also an antiderivative of f’ for any C € R. But we also saw in the proof
that whichever constant C is chosen does not matter—the C’s cancel out. So in
practice one usually chooses C = 0.

The string of symbols
[ 1w

is used to denote an antiderivative of f, but when written this way it is referred to as
an indefinite integral. It is the Fundamental Theorem which makes this terminology
and notation reasonable; indeed, Part (i) tells how to produce an antiderivative of a
continuous function. And again, since any two indefinite integrals of f differ by a
constant, the expression

/f(t)dt+C

is used to denote all indefinite integrals of f, that is, all antiderivatives of f.
The Fundamental Theorem Part (ii) (Theorem 10.1) contains another astonishing

b
fact—that for a continuous function f, evaluating a definite integral / f(x)dx

(which remember, is defined in terms of averages or area) comes dgwn to the
apparently very different problem of finding an antiderivative for f.

Example 10.4. In Example 9.7 we showed that

b

/sin(x) dx = cos(a) — cos(b),

a
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by considering an appropriate sequence of Riemann sums. But (cos(x))’ = — sin(x)
and so by the Fundamental Theorem (Theorem 10.1),

b
/sin(x) dx = —cos(x))b = — (cos(b) — cos(a)) = cos(a) — cos(b).

a
Likewise, since (sin(x))’ = cos(x),

b
/cos(x) dx = sin(x)‘b = sin(b) — sin(a). o

a

r+1\"/
Example 10.5. For r € R with r # —1 we have ( x+ ]) = x", by the Power
r

Rule. So by the Fundamental Theorem,

b b
/~ . xr+1 br+l__ar+1
x"dx = =
r+1 r+1
a

a

(r #-1).

As an indefinite integral, this reads

xr+l
! = —1).
/xdx e C#E-D

1

To see what happens when r = —1, observe that (In(x))’ = — for x > 0. So by
x

the Fundamental Theorem,

/b 1 b b
—dx = ln(x)’a — In(b) — In(a) = In (E) (a,b > 0).

And as an indefinite integral, this reads

/%dlen(x)—kC (x > 0).

b
1
Sometimes it is convenient to Write/ —dx = ln(x)|z = In(b)—In(a) fora,b > 0
X

in the equivalent form (for p,q > —(f):

q
1 q 1+g¢
dx=1n1+x‘=lnl+ ~In(1 + =ln( ) o
[ s dr=ma e[ =i+ g =i+ p) = in (2
)4
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Example 10.6. Taking r = —p # —1 in Example 10.5,

v 1 1 N
lim —dx=lm |[—[——-1]].
N—oo | xP N—oo|1—p \N?

1

This limit exists if p > 1, and it diverges to +o0o if p < 1. Also from Example 10.5,

N—o00

N
1
lim / —dx = lim (In(N)),
X N—oo
1
which diverges to +o00. Therefore, by the Integral Test (Theorem 9.24), the p-series

o
1

E — converges if and only if p > 1.
n

n=1

(We obtained this result differently in Sect. 6.7.) For example, the Harmonic series

o0 o0
» }l diverges to +o00 and ) nLZ converges. We will see in Theorem 12.7 that
n=1 n=1

in fact,

o0
1 2

Y =Z =1645.
n? 6

n=1

Being the first to find the sum of this series was one of Euler’s many triumphs. ¢

Example 10.7. We have met several times, beginning with Example 6.11
(line (6.7)), the useful inequality:

In(x) <x—1 for x>0. (10.1)

Here is a way to obtain it using integrals. Again by Example 10.5,
M1
/ " dt = In(x) —In(1) = In(x).
1

Now if x > 1, then% < 1lon/[l,x]and so

X X

ln(x)=/;dt§/1dt=x—1.

1 1
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If0<x<1,then%zlon[x,l]andso

1 1
1
/;dtz/ldtzl—x.
X X
Therefore
X 1 1
1 1
ln(x)=/;dt=—/;dlf—fldtzx—l.
1 X X
Either way, In(x) < x — 1 for x > 0. o

Example 10.8. Sometimes a complicated limit can be viewed as the limit of a
Riemann sum, so that evaluating the limit comes down to evaluating a definite
integral. For example, let us consider the limit (for k # —1)

. (1 1k+2k+---+nk)
lim | — .

n—oo n nk

We write

T2k poognk 1 (/1K 2\F \*
_ - J— _ + [ = e | — ,
n n n n n n

1
and notice that this is a Riemann sum for / x¥ dx. Therefore
0

n—o00 \ n nk

1
L1542k 4o 0k 1
lim (— Tt +n)=/xkdx=—. >

Example 10.9. We have seen that for a function «# which is differentiable and never
zero,

u'(x)
u(x)

(In u(x)]) =
So by the Fundamental Theorem,

u'(x)
u(x)

dx =1In \u(x)\ + C.
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Following [46], we use this to show that
/ sec(x)dx = In | sec(x) + tan(x)| + C.
Observe that
(sec(x) + tan(x))’ = sec(x) tan(x) + sec’(x) = sec(x) (tan(x) + sec(x)) .

Therefore

(sec(x) + tan(x))’
sec(x) + tan(x)

= sec(x),
and so indeed
/ sec(x)dx =1In | sec(x) + tan(x)| + C.
Similarly (Exercise 10.21),
/csc(x) dx =1In | csc(x) — cot(x)| + C. o

Example 10.10. Here we show that for 0 < x < 2,

-1 G- -t

In(x) =(x—-1)— 5 3 2

_00(_1);1 _ 1yn+l
—};0,”1(’6 "+

thus extending Example 8.26, in which we obtained this series only for
1/2 < x < 2. And again, setting x = 2 here we obtain the sum of the Alternating
Harmonic series:

1 1 1 2, (=1)"
n@2)=1—=+—-——+... = .
n) 2t3 gt 2

For x # —1, the following identity can be found by doing long division on the
left-hand side, or simply verified by cross multiplication:

1+ (—1)”x"+1

=l—x+x>=x 4+ 4+ (=D"x"
1+ x
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Therefore

1 -1 n+1,n+1
=1—x+x2—x3+~--+(—1)”x"+( )" x
I+ x I4+x

Integrating from O to # > —1 and using Example 10.5, we get

u

1
ln(1+u)=/1+xdx
0
1, 15 =D" +1/uxn+1
=u— - = —y" —1)" —dx.
HoH g s e T+x

0
Now foru > 0 and x € [0,u], we have 1 <1+ x <1 + u, so that

n+1 n+1
LR S
I+u ™ 14+x—

Integrating with respect to x from 0 to u, we get

1 T2 Fontl 2
</ dx < .
l+u(+2) ) T+x  ~(+2)

For —1 < u < 0O and ¢ € [u, 0], a similar analysis leads to the same inequalities, but
reversed. So either way, if —1 < u < 1, each of the right-hand and left-hand sides
— 0 as n — oo. Therefore we are justified in writing (for —1 < u < 1):

ln(l—l—u)—u—lu + lu Z( D" W'l
2 3 P R

Setting u = x — 1 here we get, for 0 < x < 2:

(=1 (=1 (x— 1)4 (= 1)”
In(x) = (x—1)— —pmt
n(x) = (r—)— =+ ’§ Do
Example 10.11. For t € (—o0,00), we have (arctan(z)) = IJ:IZ. So by the

Fundamental Theorem,

X

1
/ Fps dt = arctan(t) = arctan(x).
0
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And in particular,

1
1
/ dtzz. o
1+12 4
0

Example 10.12. Here we verify the curious fact that (e.g., [32])

1
22 41— x*
__/x(_x)dx.

V=5 1+ 2

0

Since the integrand here is positive, ¥ < % In particular ¥ # 27—2!! The following

identity can be found by doing long division on the left-hand side, or by obtaining a
common denominator on the right-hand side:

41_ 4 4
M=966—4)65—1—5)64—4)62—i—4— .
1 + x2 1+ x2

Then using Examples 10.5 and 10.11,

1 1 1

41_ 4 1
/x( x)dx=/(x6—4x5—|—5x4—4)€2+4)d3€—4/ dx

1+ x2 1+ x2
0 0 0

1 2 4 W

=—-—=-+4+1—=+4—-4-
7 3 + 3 + 4

22 "

=3 .

See Exercises 10.38 and 10.39 for similar results. <o

Example 10.13. Here (see also [42]) we obtain the well known Leibniz series,
named for German mathematician Gottfried W. Leibniz (1646-1716):

arctan(u)=u—1u3+lu5—lu7+---=i (=" Wt for —1<u<l1
3 7 — ’ -

5 2n +1

Replacing x with ¢2 in the identity (see Example 10.10)

1 -1 n+1,.n+1
=1_x+x2_x3+...+(_1)nx”+()—x
I+x 1+ x

)
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we get

) . 6 5 (_1)n+1[2n+2
—— =1+ =+ (D) ————
1412 + oot D * 14122

Then integrating from 0 to u and using Examples 10.5 and 10.11, we get

I
—
+‘H

&

arctan(u) =

u
1 3 1 . (_l)n S t2n+2
L NN S sl 1 "+'/ dr.
ot g to e e 1+
0

Now foru > Oand ¢ € [0, u], wehave 1 <1 412 <1 4 u?, so that

Z‘2n+2 t2n+2

< < t2n+2'
T+u? = 1+12

Integrating with respect to ¢ from O to u, we get

1 23 o L2+
_ < / dt < .
1+u2@2n+3) —J 14+2 ~— (2n+3)

0

For u < 0 and t € [u,0], a similar analysis leads to the same inequalities, but
reversed. So either way, if —1 < u < 1, each of the right-hand and left-hand sides
— 0 as n — oo. Therefore we are indeed justified in writing (for —1 < u < 1):

o

1Ly 15 14
arctan(u):u—gu +§u —714 +...=Z

1"
; ) . M2"+1

n=0 n+
Taking u = 1 in this, the Leibniz series, we get the Gregory-Leibniz series named
also for Scottish mathematician James Gregory (1638-1675):

Remark 10.14. A result similar to the Integral Test (Theorem 9.24) is used in [2]
to obtain sums of rearrangements of various alternating series. For example, taking
three positive terms then two negative terms and so on, in the Gregory-Leibniz
series, one has:
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1+1+1 1 1+1+1+1 1 1/f+11 3
i J— J— —_ e i = = —Inl =-1.
59 3 7 13 17 21 11 4 4 2

See also [7]. And taking three positive terms then two negative terms and so on, in
the Alternating Harmonic series, one has:

1+1—i-1 ! 1+ + -+ 1(2)+11 3

_ a4 - e - - = —_ —_ —_— — — — .. = ]n —Inl| — .

3 5 2 2

In these formulas, replacing the 3 positive terms and 2 negative terms with m
positive terms and n negative terms respectively, we get In (%) instead of the

In ). .

10.2 The Natural Logarithmic and Exponential
Functions Again

In Chap. 6 we defined the exponential function then showed that its inverse exists—
this is natural logarithmic function. An alternative way is to define the natural
logarithmic function then show that its inverse exists—this is the exponential
function. Here we outline the latter approach, made possible by the Fundamen-

tal Theorem of Calculus (Theorem 10.1).
b

Let a,b > 0. The Power Rule for Rational Powers does not apply to / x"dx

when n = —1, but the integral still makes sense for n = —1. Therefore we can
define the natural logarithmic function In(x) by

1
ln(x):/;dt, for x > 0.
1

The integrand is positive and so In(x) is an increasing function, with In(x) < 0 for
x €(0,1),In(1) = 0, and In(x) > 0 for x € (1, o0). By its very definition, In(x) is
differentiable by the Fundamental Theorem (Theorem 10.1), and that theorem gives

1
(In(x)) = — for x > 0.
X
For x < 0 we have In(|x|) = In(—x), and so the Chain Rule gives

1 1
(In(|x]))’ = < for x #£ 0. Thatis, /; dx =In(|x|) + C.
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Then further by the Chain Rule, for differentiable functions # which are never zero,

u'(x)

(nfu(o)l) = 5

That is,

[ W) e = In(u)) + C.
u(x)

Lemma 10.15. The natural logarithmic function In(x) has the following properties:

(i) In(ab) = In(a) + In(b) fora,b > 0,
(ii) In(a/b) = In(a) — In(b) fora,b > 0,
(iii) In(a”) = rIn(a) fora > 0 andr € Q,
(iv) In(x) is a strictly increasing function,
(v) In(x) — oo as x — o0,

(vi) In(x) > —co as x — 0T,

Proof. For (i), observe that for a > 0 we have (In(ax))’ = =~ = )1—( = (In(x))’,
and so In(ax) = In(x) + C for some C € R, by Corollary 5.7. To determine C, set
x = 1. Now set x = b.

For (ii), write In(a) = In(%b) and apply (i).

For (iii), by the Chain Rule and the Power Rule for Rational Powers,

(In(:") = —(') = —(rx") = = = r(in(x))’ = (- In(@)).
x" x" X

Therefore In(x") = r In(x) + C for some C € R, by Corollary 5.7. To determine C,

setx = 1. Now set x = a.

For (iv) we have observed already that % > 0 for x > 0 and so In(x) is in fact

strictly increasing.

For (v), notice that In(2") = n1n(2). Now In(x) is increasing, so In(x) > n1n(2)

for x > 2". Therefore, since In(2) > 0, we can make In(x) as large as we please, by

taking x large.

For (vi), we simply write In(x) = —In(1/x) and appeal to (v). O

Since In(x) is continuous (it is differentiable) and In(1) = 0, by Lemma 10.15
part (v) and the Intermediate Value Theorem (Theorem 3.17) we may define the
number e > 1 as that number for which In(e) = 1. That is,

[
ln(e)=/;dt= 1.
1

This number is unique, by Rolle’s Theorem (Theorem 5.1) and Lemma 10.15
part (iv). Then by Lemma 10.15 parts (iv)—(vi), we see that f(x) = In(x) has an
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inverse function, defined on (—oo, 00), with range (0, 0o). It is denoted by exp(x).
Since In(e) = 1, we have exp(1) = e. And since In(1) = 0, we have exp(0) = 1.

Now any property of In(x) gives rise to a property of exp(x), since the latter is
the inverse of the former. We list those, in order, which correspond to the properties
listed in Lemma 10.15. We leave their proofs as an exercise.

Lemma 10.16. The function exp(x) has the following properties:

(i) exp(a + b) = exp(a) exp(b) fora,b € R,
(ii) exp(a — b) = exp(a)/exp(b) fora,b € R,
(iii) (exp(a))” = exp(ar) fora € Randr € Q,
(iv) exp(x) is a strictly increasing function,

(v) exp(x) — o0 as x — o0,
(vi) exp(x) > 0asx — —o0.

Proof. This is Exercise 10.43. O

We now show that exp(¢) is continuous at every ¢ € R. (Or we could apply
Exercise 4.16.) First, using Lemma 10.16 (i) or (ii), observe that

exp(t) —exp(s) = exp(t) [1 — exp(s —1)].

Therefore, since exp(0) = 1, it suffices to show that exp(¢) is continuous at ¢ = 0.
We use the inequality (10.1), which we obtained using integrals in Example 10.7:

In¢) <t—1 for ¢>0.
Replacing ¢ with exp() in this inequality, we get
1+t <exp(t) for teR.
Notice that exp(t) is increasing, so
1+t <exp(t) <1 for ¢t <0.

This shows that exp() is continuous from the left at = 0.
Now replacing ¢ with 1/¢ in (10.1) we get

1—;<ln(t) for t>0.
And replacing ¢t with exp(¢) here, we get
exp(t) <1+ texp(t) for t>0.
Again 1 + ¢t < exp(¢) and exp(¢) is increasing, so

14+t <exp(t) <l+texp(t) <l+4+te for 0<t<1.
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This shows that exp(?) is continuous from the right at 1 = 0. So exp(?) is indeed
continuous at ¢ = 0.

In view of Lemma 10.15 (iii), a” = exp(In(a”)) = exp(r In(a)) for any a > 0
and any rational number r. But since exp(x) is continuous, for any ¢ > 0 and any
real number Xx it is reasonable to define

a® = exp(xIn(a)).

(Then Lemma 10.16 (iii) extends to (exp(a))” = exp(ab) for a,b € R.) Then
taking a = exp(1) = e, we get

e* = exp(xIn(e)) = exp(x).
This being the case, it is most customary to denote the inverse of In(x) by e* instead
of exp(x).
This function is called the exponential function. It satisfies

e"™ =x forx>0  and In(e*) = x forx € R.

The graphs of In(x) and e* are shown in Fig. 10.1.

Fig. 10.1 The graphs of y = In(x) and its inverse, y = e*. Each is the graph of the other,
reflected in the line y = x

The relationship In(e*) = x seems to imply, by the Chain Rule, that e%(ex)/ =1
and so (e*)’ = e*. But this only shows that if (e*)’ exists, then it equals e*. One
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really must show first that (e*)’ exists. This can be done using Exercise 4.16, but
here we do so more directly. We show that e* is differentiable at every x € R, and
we find its derivative while doing so.

In (10.1), we replace x with each of e~ and e’ ™", to get

I+ (x—y)=e™
and

I+ (y—x)<e™.
Taken together, these give (for x < y, say):

eV —e*

y—Xx

e’ <

<e’.

Therefore, since ¢’ is continuous, letting y — x (or x — y), we get (e¥)’ = e* for
x € R.
Then for differentiable functions u the Chain Rule gives

(eu(x))/ — eu()c) u/(x).

That is, by the Fundamental Theorem (Theorem 10.1),

/e”(x)u’(x) dx =e'™ 4 C.

Exercises

b
10.1. Let f be continuous on [a, b], and let A = ﬁ / f(x)dx. Apply Rolle’s
Theorem (Theorem 5.1) and the Fundamental Theorem (gTheorem 10.1) to

h(x) = / (f(1) — A)dr

to prove the Average Value Theorem (Theorem 9.10).

b b
10.2. Let f and g be continuous on [a, b] with/ f(x)dx = [ g(x) dx. Show

that there is ¢ € [a, b] such that f(c) = g(c).

10.3. Show that/ (x—uw)f(u)du= / / f(t)dt du, for f continuous on R.
0o Jo

0
Hint: Differentiate each side with respect to x.
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10.4. Assume the hypotheses which yield Cauchy’s Mean Value Theorem for
Integrals (Example 10.3). Show how, if we assume further that one of the two
functions is never zero, we can obtain the Mean Value Theorem for Integrals
(Theorem 9.14).

10.5. [41] Let f and g be continuous on [a,b]|, with g nonnegative and not
identically zero. Set

X

F(x) =/f(l)g(t)dt and G(x) =/g(t)dt.

a

Apply Rolle’s Theorem (Theorem 5.1) and the Fundamental Theorem (Theo-
rem 10.1) to

H(x) = F(x)G(b) — F(b)G(x)

to obtain the Mean Value Theorem for Integrals (Theorem 9.14). (The func-
tion H(x) is %+ twice the area of the triangle determined by the points (0,0),
(F(x), F(b)), and (G(x), G(b)). See Exercise 1.12.)
2
10.6. [S1]Let f be continuous on [1, 2], with / f(x)dx = 0. Show that there is
1
¢ € (1,2) such that

2
/ £ dt = cf (o).

Hint: Consider

2
ﬂ@zx/f@dﬁ
1

10.7. Here is a slightly different proof of Part (i) of the Fundamental Theorem
X
(Theorem 10.1). (a) Again set F(x) = / f(t)dt, and show that

a
x+h

h _
Flx+ 1) = Flx) —f(x)‘ - ﬁ / () — G di].

h

(b) Now use the fact that f is continuous.

10.8. Here is another proof of Part (i) of Fundamental Theorem (Theorem 10.1).
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X
(a) Again set F(x) = / f(t)dt. Use the Extreme Value Theorem (Theo-

rem 3.23) to show that athere are t,, and t; (depending on x and /) such that
ftn) < f(t) < f(ty) forall x € [x,x + h].
(b) Show that hf(t,,) < F(x + h) — F(x) < hf(tps), then use the continuity of f.

10.9. [6,9] Fill in the details of the following proof of Part (ii) of the Fundamental
Theorem (Theorem 10.1), which does not rely on Part (i). With f’ continuous on
[a.b],leta = xo < x; <+ < Xp—1 < Xy = b, withx;4; —x; = (bN;“) for
each j.

(a) Verify that
N

Fb) = fl@) =" (f(x;) = fxj-1).

j=1
(b) Apply the Mean Value Theorem (Theorem 5.2) to each term in the sum.
(¢) Let N — oo in a suitable way.

10.10. Let f(z) =0fort < 0,and f(¢) = 1 forz > 0.
X
(a) For a < 0, compute F(x) = [ f@)dt.

(b) Is F differentiable?
(¢) How, if at all, does this fit into the Fundamental Theorem (Theorem 10.1)?

10.11. [16] Use the Fundamental Theorem (Theorem 10.1) to show that if f is

a+T
continuous on R and periodic with period T, then [ f(x)dx is independent
a

a+T T
of a. Conclude that / f(x)dx = / f(x)dx.
a 0

10.12. Let f be a function defined (for simplicity) on all of R. Then f is an odd
function if f(—x) = — f(x) for all x and f is an even function if f(—x) = f(x)
for all x.

(a) Show that x, x* and sin(x) are odd, while 1, x2, and cos(x) are even.
(b) Use the Fundamental Theorem (Theorem 10.1) to show that if f is odd and

continuous then / f(x)dx = 0forall a.
(¢) Use the Fundameﬁgal Theorem (Theorem 10.1) to show that if f is even and
a a
continuous then f(x)dx = 2/ f(x)dx forall a.

- 0
(d) Show that any fun?:tion defined on R can be written as the sum of an odd
function and an even function. (For example, e* = sinh(x) 4+ cosh(x).)

10.13. [18] Show that

1/n

lim (1+ x”)” dx =2.
n—>oo

Se—



Exercises 267

1
Hint: First show that / (1 + x")"dx < 2". Then use the AGM Inequality
0

1 1
(Theorem 2.10) to show that / (1 + x")n dx > / 21 x"12 x > " .
0 0 n2 + 2

10.14. [S] We have seen that the Harmonic series diverges, so for each n =
1,2,3, ... there is a least positive integer a,, such that

1 1 1 1
-4 — 4 ——F 4+ 4+ — > 1
n n+1 n+42 a,
an
Show that — — e asn — oo.
n
10.15. [10,39]
(a) Leta > 0. Show that
1 1 1 1 1
li — —_—t et — | = —In(l .
nLrgo(n+n+a+n+2a+ +n+(n—1)a) a n(l +a)
(b) Find

. 1 2 3 1
lm [-4+—-—4+ -4+ .
n n n 2n—1

(¢) Leta > 1. Find

1 1 1
Iim (- 4+—+ ——+---+ .
n—oo\n n+1 n+2 n+na

10.16. [14] Leta > 0. Find

n j_l 1/n
i [ (e 5)

j=l1

Hint: For x > 0, (x In(x) — x)/ = In(x), and so / In(x)dx = xIn(x) —x + C.
10.17. [55] Consider the function

.
-1
x il ifr#£0
wy(x) = /z"" dt = r
0 In(x) if r=0.
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(a) Show that w, (x) increases with r.
(b) Use (a) to show that for a > 1,

1+x)¥*>14ax forx>—1,
and that this inequality persists for a < 0, and is reversed for 0 < a < 1. Hint:

Substitute x = ¢ + 1 and use (a) for the twocasesr < land 1 < r.

This is the improved Bernoulli’s Inequality from Example 6.12, extended as in
Exercise 6.5.

10.18. [55] (cf. Exercises 8.48 and 9.51.) For f continuous on [0, 1] and r > 0,
define the Power Mean M, by

1 1/r
[ rora
0
Here we show that M, < M for r < s. Consider the function
r
-1

x al ifr#£0

wy(x) = f "t = r
0 In(x) ifr=0.

(a) Show that w, (x) increases with r.
1

(b) Show that /0 w5 dt =0

(¢) Conclude that

1 1
(29) (29) |
O/W( dt<0/w( dt for r <s

(d) Deduce the desired result.
(e) Bonus: What is the natural thing to take as the definition for M, ?

10.19. Here is another way to obtain inequality (6.7): In(x) < x—1, for x > 0.
(a) Verify that

(t—n(r)) = %
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and so
[1—1
/Tdtzx—ln(x)—l.
1

(b) Consider x > 1 and 0 < x < 1 and show that either way, x — In(x) — 1 > 0.

10.20. (a) Find the length of the curve y = % + 4, fromx = ltox = 2.

Es
(b) Find the length of the curve y = % —Inx, fromx =1tox = 4.
10.21. [15]
(a) Show that

/csc(x) dx = In|csc(x) — cot(x)| + C.

(b) Use (a) to find the length of the curve y = %ln(sin(Zx)) from x = /6 to
x =y/3.

10.22. [13]Let f be defined on [a, b] with f’ continuous there, and let P and Q be
points on the graph of f. Denote by L (P, Q) the length of the curve y = f(x) from
P to Q and denote by D(P, Q) the length of the chord from P to Q. Show that

lim —L(P’ 9) =
0—P D(P, Q)

Hint: First take [a, ] = [0, 1], f(0) = 0,and P = (0, 0).

10.23. [53] Let 0 < a < e. (a) Show that a < e* on the interval (In(a), 1).
(b) Show that

x—In(a) <e—x for O<ac<e.

10.24. [49] Here is another way to show that

LetO <t <1.

(a) Show that there is ¢ € (0, ¢) such that

!
el —1
=e".
t
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(b) Conclude that 1 + et > e’ > 1 +¢.
(c) Integrate from O to x to show that

1+x+i2>ex>l+x+x—2.
2 2
(d) Continue, showing that
¥2 y3 ex ! X2 ¥ w1
14+x+— +§+ +m>ex>1+x+7+§+-~-+m.

(e) Now set x = 1, and let n — oo.

10.25. Let x > 0. Sincee* — 1 = / el dt > / 1dt = x we have (again)
0 0
et >1+x.

(a) Continue this, showing that

x2 X x"
e>1+x+—+§+ +—' for x > 0.
n!

(b) Show that if n is even this inequality persists for x > 0, but is reversed for
x <0.

X

X
10.26. [4,30] Let x > 0. Since cos(?) < 1, we have [ cos(t) dt < / dt. That
0 0

is, sin(x) < x. Integrating again we get 1 — cos(x) < x2/2 < 1.

(a) Continue this, showing that

X .
x—3—! <sin(x) <x
2 4 6 2 4
X x* x X X
T T
X3 x> X7 x3 X
X—a-'-;—? <S1I1(X) <X—§+5 5 etc.

(b) Show that for x < 0 these inequalities persist for cos(x) and are reversed for
sin(x). (We remark that sine is an odd function: sin(—u) = — sin(u), and cosine
is an even function: cos(—u) = cos(u).)

10.27. [22] Observe that % < + < 1forz > l,and 1 < < L for0 <7 <1,

tz_,_
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(a) Integrate these from 1 to 1 + x, (for x > —1) to obtain

by
<In(1+x) <x.
Ty S hd+x) =
(b) Integrate this from 0 to y (for y > 0) to obtain, after some rearrangement,

2
y=In(l+) <In(l+y) +yIn(») =y < 2.

(c) Show that the inequalities in (b) can be rearranged to improve the inequality
<In(1 + y) for y > 0. (This was in Exercise 6.23.)

)

y
1+1y
10.28. [20,28] Let x € R and ¢ > 0. Suppose that f is defined on [x — &, x + €],
with £ continuous there. Show that

h

/tf(x-l—t)dt

—h

/ : 3
S = lim {25

10.29. [45] Suppose that f has two continuous derivatives on [a, b], with f” and
1" each positive there. Set

xf'(x)

Mf(a,b) = / mdx

(a) Show that M r(a,b) is amean: a < b impliesa < M(a,b) < b.
(b) Show that

b
ﬁ/f(x)dx < f(Mys(a,b)).

(c) Use Chebyshev’s Integral Inequality (Exercise 9.44) to show that A = ”erb

< Mf.

10.30. [11] Let f be defined on (0, co) with f” continuous and positive. For 0 <
a < b, set

fbxf”(x)dx
Sr(a,b) = ”b

J S (x)dx
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(a) Show that Sy (a,b)is amean:a < Sy(a,b) <b.

(b) Now let f(x) = x". Compute S(a,b) forr = —1, 1/2, and 2. Do these look
familiar?

(c¢) Compute Sy (a,b) for f(x) = xIn(x). Does this look familiar?

Hint: For x > 0, (x In(x) — x)’ = In(x), and so / In(x)dx = xIn(x) —x + C.

10.31. [37] In Example 8.14 we met Jordan’s Inequality:
) 2

sin(x) > —x for x €[0,7/2].
g

Fill in the details of the following way to obtain this inequality using integrals.

(a) Show that

sec’(t) > 1 fort € [0,7/2).
(b) Conclude that

tan(x) > x forx € [0,7/2).
(¢) Show that (b) implies that the function

sin x

if x#0
g(x) =
1 if x=0

is decreasing on (0, 7/2).
(d) Use the fact that g is continuous everywhere to deduce Jordan’s Inequality.

1

10.32. [50] Let f be continuous on [0, 1], with / f(x)dx = 0. Show, as follows,
0

that there is ¢ € (0, 1) such that

/ (x + x0) f(x) dx = A f(c).
0

Let F(x) = x2f(x) — / (t + t*)f(t)dt. Show that F is continuous and

0
that F changes signs on [0, 1], then use Bolzano’s Theorem (Theorem 3.7). (See
Exercise 10.33 for another approach.)
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1

10.33. [50] Let f be continuous on [0, 1], with / f(x)dx = 0. Show, as follows,
0

that there is ¢ € (0, 1) such that

Cc

/ (x4 22 () dx = ().

0

(a) Show that there is a € (0, 1) such that/ xf(x)dx = 0.
O -

Hint: Consider F(x) = x / f(@t)dt —/ tf(t) dt and use Flett’s Mean Value
0 0
Theorem (Theorem 7.4).

b
(b) Show that there is b € (0, a) such that/ xf(x)dx = bf(b).
0

Hint: Consider G(x) = e™* / tf(t)dt.
0

(¢) Now consider H(x) = x/x tf(t)ydr — /x(t + t2) f(t)dt, and apply

0 0
Flett’s Mean Value Theorem (Theorem 7.4). (See Exercise 10.32 for another
approach.)

10.34. [27] Show, as follows, that

tan(x) <

for x € (0,y/2).

(a) Show that for ¢ € (0, v¥/2), we have cos(t) > 1 — 2t /.
(b) Conclude that for such for ¢ we have (sec(t))? < W
(¢) Integrate both sides of (b) from O to x to obtain the desired result.

10.35. Show that

n

. n Y
A, Znz+j2 T4

Jj=1

10.36. [24,25] We saw in Example 10.10 that for —1 < x < I, we have

1 1 1
In(1 =x— x4 3 —xta...
n(l+x)=x 2x +3x 4x +

(a) Show that for —1 < x < 1, we have
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(b) Use these to find a series for In( 111': ), for |x| < 1.

(¢) Set x = 1/(2n) in the series in (b), then replace n with n + 1/2 to show that

1\"+1/2
n

which we obtained in Sect. 6.3.
(d) Solvet = llJ_r—;‘ for x and use the series in (b) to show that for ¢ > 1,

() = 2 (=), 1 (=] 3+1 t—1 5+
n = _ — _ _ — [N .
r+1 3\r+1 S5\t+1
10.37. In summing the Alternating Harmonic series and in obtaining the Leibniz
series we showed, respectively, that as n — oo,

] ey ¢
/ dx — 0 and /—dt—>0.
14+ x 1+ ¢2

0 0

Show these by instead using the Mean Value Theorem for Integrals (Theorem 9.14).

10.38. [32] We saw in Example 10.12 that

1
/x4(1—x4)d 2 22
7

T x—7—1//, andso ¥ < —.
0

1
Verify that / x*(1 — x*)dx = 1/630 and use this to obtain the improvement
0

22 1 22 1

7 760 V<7 120

10.39. [31] It is a fact that

x8(1 — x)3(25 + 816x2)

o 12,656x* — 12,656x% — 12,656x° + 12,681x% — 200x°
X

11,165x10—7,728x 1 +35,763x!2 — 39,368x 13 + 22,057x1*

12,656
6,528x"% + 816x10 — =" 4 12,656,
x2+1
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which makes

1
x8(1—x)%(25+816x%)
/ 1+x2 dx
0

easy (but still horribly tiresome) to evaluate. In fact,

1

1 S (1—x)8 25+ 816x2) 355

' dx = 222y,

3,164/ 2 Y=Y
0

Therefore ¥ < 355/113. Can you get better estimates, as in Exercise 10.38 ?

10.40. [8]
(a) Justify the following:

In(2) =1 1—{-1 1+1
n2)=1—-—-+-—-+—
2 3 4 5

- + ! + ! +
1.2 3.4 5.6
(b) Justify the following:
v 1 1 1 1 1
4 3+5 7+9 11+

() ()G

—21+1+1+
T 7\1-3 5.7 9411 ’

10.41. [17]

X k _ 1
(a) Verify that for k # 0,/ *=dr = ol 3
i
xk—1

(b) Evaluate ]lin}) - (The reader may find this comforting.)
—

275
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10.42.(a) Set x = 1/ V/3 in the Leibniz series (Example 10.13) to obtain a series
for /6.
(b) Seta = 1/2 and p = 1/3 in the trigonometric identity

tano + tan

t = —
ana + ) 1 —tan o tan 8

to obtain Euler’s formula

b4 1 1
— =arctan| -~ | 4+ arctan | - | .
4 2 3
(¢) Use Euler’s formula to obtain another series for /4, which converges much

more quickly than does the Gregory-Leibniz series (Example 10.13).
Note: Machin’s formula, obtained in 1706 by John Machin,

v ! !
— = 4arctan| — | — arctan | —
4 5 239

yields a series which converges even more quickly. William Shanks, around 1873,
used Machin’s formula to compute ¥ to 707 decimal places. It took him 15 years.
It was discovered in the 1950s with the aid of contemporary computers that his
computation was incorrect at the 528th decimal place.

10.43. Prove Lemma 10.16.
10.44. [12,33]

(a) Show that f(x) = cIn(x), for x > 0 and arbitrary ¢ € R, is the only continuous
function which satisfies

fxy)=f(x)+ f(y) for x,y>0.
(b) Find all continuous functions f which satisfy

S(xy)=yf(x)+xf(y) for x,y>0.

X+11 1 X+21 1
—dx<—and/ —dx >
t X x+1 ! x+2

x+1 1 x+2)\1
In < In —.
X X +2 x+1/)x

(b) Show that f(x) = n()

ln("‘jl)

to show

10.45. [34] Let x > 0. (a) Use /

that

is an increasing function on (0, 00).




Exercises 277

10.46. [3] Here’s another way to obtain inequalities (6.1):

1 n 1 n+1
(1+—) <e<(l+—) forn=1,2,3,....
n n

1 oo
Letr = 14 —. (a) For the left side, show that =
n j=1 r

(r/ —r/7!) = 1 and that

n "

1 : : 1
Z.—(rf —ri > / —dx.
ri-l X

1

=1

n+1 1 . .
(b) For the right side, show that ) —j(rf —7r/71) = 1 and that
=T

T1 rnJrl
n

1 . . 1
E —@/ - < / —dx.
r/ X

Jj=1 1
10.47. [38]

1
(a) Use (xIn(x) — x)’ = In(x) to show that lim / In(x)dx = —1.
a—0T a
(b) Prove that

. A/n! 1
lim — = —.
n—»oo n e

n n k
Hint: Show that In (*/T’F) = > %ln (—), and recognize this as a Riemann
k=1 n
sum related to (a).

(c) Denote by A, the Arithmetic Mean and by G,, the Geometric Mean, of the first
n natural numbers. Show that the result in (b) is the same as

.Gy 2
lim — = —.
n—o0 A, e

Other methods can be found in [29,47,54], and are generalized in [26] and [48].
(Also, cf. Exercise 6.12.)

10.48. Fill in the details of the following argument, which shows how to obtain
Jensen’s Inequality (Theorem 8.17) from Steffensen’s Inequality (Exercise 9.52):
Let [ and g be continuous on [a,b], with f increasing, 0 < g < 1, and A =

b
[ g(x)dx. Then
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a+i b

/f(x)dXS/f(x)g(x)dx.

@Lleta = xop < x1 < x < -+ < Xx, and let wy,...,w, be positive, with
n
> wj = 1. Define g on [a, x,] via
Jj=1

k
g= ij on [xx_1,x¢], for k=1,2,---,n.
j=l1

Verify that 0 < g < 1 and that

Xn

A= /g(t)dt =) xjw.

0 Jj=1

(b) If f is convex then f” > 0, so that f’ is increasing. Apply Steffensen’s
Inequality to f’ and g as above, and use the Fundamental Theorem
(Theorem 10.1).

10.49. [43,44,52]

(a) Prove the following integral analogue of Flett’s Mean Value Theorem
(Theorem 7.4). Let f be continuous on [a, b] with f(a) = f(b). Show that
there is ¢ € (a, b) such that

fe = —— [ rwax

t
Hint: Consider F(t) = (t —a) f(t) — / f(x)dx.
(b) Draw a picture which shows what this result says geometrically.

(c) Apply the result to the function g(x) = f(x) — M(x — a) to obtain a

version which does not require that f(a) = f(b). ‘

10.50. [21] Let f be continuously differentiable on [a, b] with f’(a) # 0. Let
¢ € [a, b] be as given by the Average Value Theorem (Theorem 9.10):

b
70 = 2 [ S
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(a) Show that if b is near enough to a, then c is unique.
(b) Evaluate

b
[ f(x)dx — (b —a)f(a)
fim b —a)>

two different ways, to show that

i c—a 1
im = —.
b—>a b—a 2

(This result is generalized to the case where f'(a) = 0in [1, 19,40], and in
other ways in [23,36].)

(¢) Draw a picture which shows that the result in (b) is really not very surprising—
remember that f'(a) # 0.

10.51. [44] Let f be continuously differentiable on [a, b] with f”(a) # 0. Let
¢ € [a, b] be as given by the Mean Value Theorem (Theorem 5.2):

f(b) — f(a)
— =/
—a
(a) Show that if b is near enough to a, then c is unique.
(b) Use the Fundamental Theorem (Theorem 10.1) along with the result of
Exercise 10.50 to show that if f” is continuous and f”(a) # 0O then

i c—a 1
im = —.
c>ab—a 2

(c) Prove the result in (b) above directly—that is, without the Fundamental
Theorem. (All of this is generalized considerably, in [35].)
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Chapter 11
Techniques of Integration

Let us be resolute in prosecuting our ends, and mild in our
methods of doing so.

—Claudio Aquaviva

By way of the Fundamental Theorem of Calculus (Theorem 10.1), many properties
of integrals come from properties of derivatives and vice-versa. For example, the
most basic fechnique of integration is to recognize the integrand as the derivative of
some particular function. We saw a few examples of this sort of thing in the previous
chapter. Here we focus on arguably the next two most important techniques of
integration: u-Substitution which comes from the Chain Rule for derivatives, and
Integration by Parts which comes from the Product Rule for derivatives.

11.1 Integration by u-Substitution

Let F be an antiderivative of f, thatis F’ = f. Then for differentiable functions
u, an application of the Chain Rule gives (F(u(x)))’ = f(u(x))u’(x). Integrating
through with respect to x (and using the Fundamental Theorem (Theorem 10.1)) we
get the following technique of integration.

u-Substitution: /f(u(x))u/(x) dx = F(u(x)) + C, where F' = f.

For definite integrals this translates to the statement

b
/f(u(x))u’(x) dx = F(u(x)) : )

The general strategy for employing u-Substitution is as follows: Faced with
something which resembles the left-hand side above, we look for a part of the
integrand (which we will call u) whose derivative is very much like another part
of the integrand—this will be the «’. At the same time we try to recognize the f, and
find an antiderivative (which we have denoted by F').

© Springer Science+Business Media New York 2014 283
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Example 11.1. Beginning simply, we evaluate / cos(x? 4 1)2x dx. Observe first

that (x> 4+ 1)’ = 2x, so we set u = x? + 1. Then the integral reads

/cos(x2 + D2xdx = /cos(u(x))u’(x) dx.

Here the f is f(u) = cos(u), and so F(u) = /cos(u)du = sin(u) + C.
Finally then,

/cos(x2 + 1)2x dx = sin(x> + 1) + C. o

Let us look again at Example 11.1, to illustrate an informal scheme for carrying
out u-Substitution which is typically used in practice. We set

u=x>+1,
so that
du
i 2x.
Now (this is the key part) we write this as
du =2xdx.
This last step, treating % as a fraction and clearing its denominator, can be made

entirely rigorous in a number of ways; see [9], for example. Here, du is called the
differential of the function u = x? + 1. Substituting these into the integral, we get

/‘cos(x2 + 1)2xdx = /cos(u)du

sin(u) + C

=sin(x>+ 1)+ C.

We shall employ this scheme again in the next few examples.

sin(x)

Example 11.2. We evaluate / tan(x) dx = [ dx. First we make the

cos(x)
observation that (cos(x))’ = —sin(x), and so we set u = cos(x). Then du =
—sin(x)dx and the integral reads
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/tan(x)dx =—fldu = —Inju|+C
u
= —ln|cos(x)| +C = ln}sec(x)| + C.
Then, for example,

y/4
/ tan(x) dx = In | sec(x)HZ[/4 = ln(\/z) = %ln(2). o

0

In(x)
X

1
Example 11.3. To evaluate / dx, we notice that (ln(x))/ = —, and so we
X

1
set u = In(x). Then du = —dx and the integral reads
X

l‘ln)(cx) dx = fln(x)%dx =/udu

1 1 2

Then, for example,

[

1 1 e 1
f “)(Cx) dx = E(m(x))z‘l = 3 S

1

Example 11.4. Letn > 1 be an integer. Using a trigonometric identity,
/tan"+2(x) dx = /tan" (x) tan(x) dx = /tan” (x)(sec*(x) — 1) dx
= /tan” (x) sec®(x) dx — / tan” (x) dx.

Then since (tan(x)), = sec?(x), we set u = tan(x) to get du = sec’(x)dx. Doing
this, we obtain the reduction formula

/tan"“(x) dx = /u" du—/tan”(x) dx

1
= W't —/tan”(x) dx.
n+1

1
= P tan" 1 (x) — / tan” (x) dx.
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/4
Then, for example, setting I, = tan” (x) dx, we obtain I, 1, = # —1,. And

0
taking n = 3 here, for example, we get (using also the last part of Example 11.2):

/4 /4 /4

1 1 1 I 1
/tans(x) dx = 4_1_/ tan’(x) dx = il B / tan(x)dx | = —Z+§ln(2).
0 0 0

After a walk in the mountains, a hiker must have achieved some particular
average elevation. Whether the independent variable is time or distance or perhaps
something else, the hiker’s average elevation should remain the same. This simple
fact is the essence of the following, which describes how a definite integral
transforms under a u-Substitution.

Theorem 11.5. (Change of Variables) Let u have a continuous derivative on [a, b]
and let f be continuous on an interval I which contains the range of u. Then

u(b)

b
[ raeniear= [ raau
a u(a)

Proof. For x € I, let F(x) = v f(t)dt, and H(x) = F(u(x)). Then by the
u(a)
Chain Rule and the Fundamental Theorem (Theorem 10.1),

H'(x) = F'(u()' (x) = f(u)u'(x).

Therefore
u(b)
/ S du = F(u(b)) — F(u(a)) = H(b) — H(a)
u(a)
b b
:/Humx=[ﬂwmﬂmm,
as we wanted to show. a

g'(x)

g(x)
set u = g(x), so that du = g’(x)dx. Therefore

T

dx, where g’ is continuous, we

Example 11.6. For an integral of the form /
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Then by Theorem 11.5, as a definite integral this translates to

b , g(b)l
/g(x)dx = /—du,
g(x) u

a g(a)

as long as g(a) and g(b) are on the same side of zero, that is, g(a)g(b) > 0.
So for example, withu = 1 + x2, we have

1

2
2x 1
1

0

Or, looking again at Example 11.2, wherein u = cos(x),

/4 1/ﬁ1 .

/ tan(x) dx = — / ~du=1n(v2) = Eln(2). o
u

0 1

11.2 Integration by Parts

If F is an antiderivative of f, that is F’ = £, then by the Product Rule we have
(Fg) = F'g + Fg' = fg + Fg'. Thatis, fg = (Fg)' — Fg'. Then integrating
through, using the Fundamental Theorem (Theorem 10.1) and taking the + C = 0,
we get the following technique of integration.

Integration by Parts:

/f(x)g(x) dx = F(x)g(x)—/F(x)g/(x) dx, where F' = f.

For definite integrals this translates to the statement

b b
[ 1wgeax = Fwgeo - [ Fog@ax. =g

a

The strategy for employing Integration by Parts is (vaguely) as follows: Part
of the integrand (the f) will be integrated and the rest of it will be differentiated
(the g). If some particular choice of these two parts appears to make things simpler,

that is, / F(x)g'(x) dx is simpler than / f(x)g(x) dx, then it is probably worth

pursuing.
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Example 11.7. To evaluate / e*x dx, we notice that differentiating e* or integrat-

ing e* really makes no difference as far as making things simpler goes (particularly
if we choose the + C = 0). But differentiating x, to get 1, makes things much
simpler than integrating x, which gives (1/2)x2. So setting f(x) = e* and
g(x) = x, we get

fexxdx = /f(x)g(x)dx = F(x)g(x)—/F(x)g'(x)dx.
That is,
[exxdx = exx—/exldx = xe' —e' +C. 3

Remark 11.8. Taking the + C = 0 as we did in Example 11.7 is not always
advantageous. See Exercise 11.30, and the proof of Theorem 11.17 below. o

Example 11.9. Here we evaluate / t sin(t) dt. Again, differentiating or integrat-

ing sin(¢) makes little difference, but differentiating ¢ makes things much simpler
than integrating ¢. Therefore, setting f(¢) = sin(¢) and g(¢) = ¢, we obtain

[ = [ roswar = Fogo - [ Fogod.
That is,
/tsin(t) dt = —cos(t)(t) + /cos(t)l dt = —tcos(t) +sin(?) +C. ¢
Example 11.10. In Example 8.14 we met Jordan’s Inequality:
) 2
sin(x) > —x for x €[0,7/2].
T
In Exercise 10.31 we saw a way to obtain this using integrals. Here is another way to

obtain Jordan’s Inequality using integrals, which begins with Example 11.9. (This
method lends itself nicely to a refinement; see Exercise 11.24.) Observe that

tsin(t) >0 for ¢ €[0,v/2],

and so

/tsin(t) dt = sin(u) —ucos(u) > 0 for u € [0,¥/2].

0
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Therefore

(sin(u))' ucos(u) — sin(u)

u u?

1 u
——2/tsin(t)dt <0 for ue(0,9/2].
u
0

Then by the Fundamental Theorem (Theorem 10.1),

v/2 , .
/ (sm(u)) sin(u) |¥/2
du =
u u X
) .
_ 25y o v e 0.9/,
v X
which yields Jordan’s Inequality. o

Example 11.11. To evaluate the integral / In(x) dx, we have little choice: we

cannot set f(x) = In(x) because the problem itself asks for an antiderivative of
In(x). So we set f(x) = 1 and g(x) = In(x), to obtain

/ In(x) dx

/lln(x)dx =/f(x)g(x)dx

Fog(x) - / F(0)g'(x)x dx

x In(x) —/xldx
X

= xIn(x) — x + C.
o

Remark 11.12. Example 11.11 is an important one. And it has an equally impor-
tant partner which is evaluated in a very similar way:

/tan_l(x) dx = + C.

14 x2

See Exercise 11.25. o

Example 11.13. In Sects. 6.5, 8.5, and 10.1 we summed the Alternating Harmonic
series:

h2)=1-+42_14
n2)=1--+-—-
23 5
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Here is a series of positive terms for In(2), which converges much more quickly.
Integrating by parts repeatedly (the first step has f(x) = 1 and g(x) = 1/(1 + x)),
we get

1
xdx

+ P
0 (14 x)?
0

1dx 1|

In(2) =/ = X
1+x 1+x
0

1
1+/1 , 2dx
_x_
0 27 (1+x)3
0
1

‘+/1 , 3dx
_x_
o 30 (L+x)*

1
11 n 11 n n 1 n / x" d
_ J— —dax.
222 323 nan (1 +x)"+]
0

Ll
= - —
27 (1 +x)?

=

NI
3V T +x)

| =
(V)
\]
)

+

N =

n

Now 0 < (lxﬁ < x" for x € [0, 1] and so
+x

1

1
n
1
Offx—ldxffx"dx= .
(14 x)"* n+1
0 0

Therefore, letting n — oo, we may write

111 11 1

n2) = -4+ -+ = + - = .
=S5ttt ;nZ”

This series was obtained first by—you guessed it—FEuler. A similar method can be

applied with an eye on the Gregory-Leibniz series for /4 which we obtained in

Sect. 10.1. See Exercise 11.35. 3

11.3 Two Consequences

Integration by Parts yields the following classical result.

Theorem 11.14. (Second Mean Value Theorem for Integrals) Let f and g be
continuous on [a,b], with f' continuous, and f’ > 0. Then there is ¢ € [a,b]
such that
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b c b
/ F)g@) dx = f(a) / ey dx + F(B) / g(x) dx.

X

Proof. On [a,b], define G(x) = / g(t) dt. Integrating by parts, and using the

Fundamental Theorem (Theorem 1071), we get

b b b
b
/ f@g0)dx = fERGW)] - / F0)G@) dx = f(B)G(b) — / £/(0)G(x) dx.

Now since f” is continuous and f’ > 0, we may apply the Mean Value Theorem
for Integrals (Theorem 9.14) to see that there is ¢ € [a, b] such that this

b
= f(b)G(b) - G(C)ff’(X)dx = f(0)G(]) = G()(f(]) - f(a)),

again by the Fundamental Theorem (Theorem 10.1). Therefore

b b c c
/ F)g() dx = f£(b) / g(x)dx — f(b) / () dx + f(a) [ ¢(x) dx

b c
= 1) / ey dx + f(a) / ¢ () dx.

which is what we wanted to show. a

See Exercise 11.40 for another proof of this theorem. As well as having intrinsic
appeal, the Second Mean Value Theorem for Integrals has applications in what is
known as series of functions, and trigonometric series in particular. If g(x) = 1,
its conclusion reads

b
[ 1w dx = f@le—al + sl <l

That is to say, in Fig. 11.1 the two shaded regions have equal area.
Integration by Parts together with u-Substitution yields the following classical
inequality. Its geometric interpretation is shown in Fig. 11.2.
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Fig. 11.1 The Second Mean
Value Theorem for Integrals
(Theorem 11.14) with

g(x) = 1: the two shaded
regions have equal area

11 Techniques of Integration

g y=1(x)
f(b) +
f(a) | /
X
a c b

Theorem 11.15. (Young’s Integral Inequality) Let f be continuous on [0, A] and
strictly increasing there (so that f~' exists and is continuous) and let f(0) = 0.
Leta € [0, A] and b € [0, f(A)]. Then

a b
/f(x)dx+/f_l(x)dxzab.
0 0

Further, there is equality if and only if b = f(a). And the inequality is reversed for

f strictly decreasing.

Fig. 11.2 For Young’s
Inequality (Theorem 11.15):
The difference between the
left-hand side and the
right-hand side is the area of
the shaded region

fla)

y=J(x)

Proof. Using the u-Substitutionu = ' (x),sothatx = f(u) anddx = f'(u)du,

b
/ £y dx =
0

Q)
uf'(u)du.

0
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Integrating by Parts we obtain

b V() 1) [ ()
f £ ) dx = / uf'@du=uf@| " - / Fu) du
0 0

0
()
= )b — / Fw) du.

0

Then adding / f(x) dx to each side we get

a b a O]
fx)ydx + | fTUx)dx =bf ')+ | f(x)dx — f(x)dx
[rom] [rom=]

0

=bf'b) + / f(x)dx
7o)

=ab + / (f(x)—b)dx
f)

Now on the right-hand side, if f~'(b) < a then the integrand is positive and so the
integral is positive. If £ ~'(h) > a, then the integrand is negative and so the integral

is positive. In either case we have / f(x)dx + / f Y (x)dx > ab, as desired.

The condition for equality is clear, as well as the last statement in the theorem. 0O

Remark 11.16. The proof above follows [6]; the method there is refined somewhat
in [19]. See also [2,34], and [43]. o

If we apply Young’s Integral Inequality (Theorem 11.15) to f(x) = x?~!
(p > 1), we obtain Young’s Inequality (Corollary 6.19):

1 1 1 1
—a? + =b? > ab (for —4+—-=1).
V4 q p q

And (as we have seen) replacing a with a'/? and b with b'/? yields the weighted
AGM Inequality with n = 2 (Corollary 6.16). And taking p = g = 2 gives
Lemma 2.7.
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11.4 Taylor’s Theorem Again
We employed Integration by Parts repeatedly in Example 11.13. Here is another

result that is obtained by repeatedly employing Integration by Parts.

Theorem 11.17. (Integration by Parts Identity) Let f, ', f”,..., f@*D each be
continuous on some open interval I containing xo. Then for x € I,

(x — Xo)2

o 1" (x0)

f(x) = fxo) + (x —x0) f'(x0) +
X —
+ o+ (x — ) f(n)( 0) + / ( f("+1)(t)dt
Proof. The Fundamental Theorem (Theorem 10.1) gives, for x € I,
X
£ = S+ [ 0.
Using Integration by Parts while choosing the +C = —x, we get

10 = feo) = -0 0|+ [@-nswar

The desired result is now obtained by employing Integration by Parts repeatedly in
the usual way. We show just the first few steps, upton = 3.

1) = £ = =070+ [a=nsod

= 160+ =30 f 0o = O3]+ [ 6520w

X
_ 2 £ —_n2
= Fx0) + (xr — x0) f (xp) + B0 G0) / @ £ O) (1) 1.

X0

X
V2 _3 x 3
= f(x0)+(x —xo)f/(xo)-i—(x XO)Zf (xo) _ (x 6t) f(3)([)‘xo+/ (XTt)f(“)([)dl.

X0
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Example 11.18. Suppose that each of £, £/, f”,..., £"* is continuous on an
open interval / containing x,, with

0= f'(x0) = f"(x0) =+ = f"(x0), but £V (xo) #0.

Since f TV is continuous, f"*V(x) # 0 for x sufficiently close to xq, by
Lemma 3.4. So if f”*D(xy) > 0 and 7 is even say, then for such x the Integration
by Parts Identity (Theorem 11.17) reads:

X

f(x) = f(xo)—|—0+0+---+0—|—/%f”’“)(r)d[ > f(x0).

X0

Therefore x( yields a local minimum for f. The reader may wish to consider other
possibilities, for example £+ (xy) < 0 and 7 odd, etc. o

For n = 1 Example 11.18 is the Second Derivative Test (Exercise 8.18), so this
example extends the Second Derivative Test. Example 11.18 also follows from the
following consequence of the Integration by Parts Identity (Theorem 11.17); that
was the content of Exercise 8.54.

Corollary 11.19. (Taylor’s Theorem (Theorem 8.20)) Let f. f’, f”, ..., f0+D
each be continuous on some open interval I containing x,. For each x € I, there is
¢ between x and x such that

(n+1)
f(x) Z f ( 0) )Co)k + ﬁ(x _xO)n-H_

Proof. For x € I, the Integration by Parts Identity (Theorem 11.17) reads

(x—

f(x) = fx0) + (x = x0) f/(x0) + —5— f”( 0)

4+ o+ (xr — ) f(")( )+/ (x — f(”'H)(t)dt

Now whether x¢ < x or x < Xy, the function (x —¢)" does not change sign over the
interval of integration. So by the Mean Value Theorem for Integrals (Theorem 9.14),
there is ¢ between x and x( such that

(x — 0 . (x —t)” AR) 0
/ f( 'H)(t) dt = f( +l)( )/ dt = TS (x — x0) +1
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Remark 11.20. Corollary 11.19 is in fact a little weaker than Taylor’s Theorem
(Theorem 8.20), because we require that £+ is continuous. In Taylor’s Theorem
we only require that f"+1 exists. o

Exercises

11.1. Let f be a function defined (for simplicity) on R. Then f is an odd function
if f(—x) = —f(x) for all x and f is an even function if f(—x) = f(x) for
all x.

(a) Show that 1, x2, and cos(x) are even functions.
(b) Show that x, x3, sin(x), and arctan(x) are odd functions.
(¢) Use au-Substitution to show that if f is odd and continuous, then for alla € R,

/af(x)dx =0

Interpret this geometrically.
(d) Use a u-Substitution to show that if f is even and continuous, then foralla € R,

_[f(x)dx =20/f(x)dx

Interpret this geometrically.
(e) Show that any function defined on R can be written as the sum of an odd
function and an even function. (For example, e* = sinh(x) 4 cosh(x).)

11.2. [21]

(a) Show that if f is an even function on R (i.e., f(—x) = f(x) for all x) then
fora e Randr > 0,

[ @) ’
T dx = [ f(x)dx.
Z o
Hint: Verify that for u # —1, = + ﬁ = 1.
r 1 v/2 r 1
(b) Evaluate/ dx, / cos(x) dx, and dx.
e | —yp e+ 1 o (Z+ D™ +1)
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11.3. [32]

(a) Let f be continuous on [a, b] with f(x) + f(a + b — x) constant for all x €
[a, b]. Show that

b
b —
[ rwax = e -are3h = 0 @+ £,

(b) Can you interpret this geometrically?

/2
(¢) Evaluate / (sin(x))? dx.
0

11.4. Evaluate

o) A
_2 . _2
e "' xdx = lim eV xdx.
A—>o00
0 0

11.5. Show that

o 14
x = lim

1 a
1 1
/—d [—dxz—.
) V1—x2 a%ﬁo V1= x2 2

11.6. [39] Use the Cauchy—Schwarz Integral Inequality (Corollary 9.28) and a
u-Substitution to show that

xdx

2
/—5
! Vx34+8

2 4 ~

11.7. Show that In(ab) = In(a) + In(d) for a, b > 0 as follows.
(a) Verify that

ab
In(ab) = In(a) + / l dx.
X

(b) In the integral, make the substitution u = x/a.

11.8. (a) Leta > 0 and r € Q. Make the substitution # = x!/" in the integral

a’

In(a") =/ldx,
X

1

to show that In(a") = r In(a).
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(b) Combine (a) with Exercise 11.7 to show that In(a/b) = In(a) — In(b).
11.9. (a) Make the substitution x = tan(u) to verify that

1
/ T dx = arctan(x) + C.

(b) Make the substitution x = sin(u) to find

1
—dx
/«/l—x2

(¢) Make the substitution x = sec(u) to find
/ Vx2—1ldx.

Theses are called trigonometric substitutions.

1

1
11.10. [5] Substituting u = 1/x to evaluate | = / T dx yields I = 0,
—1 X
which clearly cannot be correct. Verify this, then explain what is wrong here.

11.11. [1,4] Make the substitution x = /2 — u to show that for o € R,

/2

/ dx 4
1 + (tan(x))* 4~

0

11.12. [16]
(a) Make the substitution x = /2 — u to show that

/2

| = | ——————=dx =

+/sin x 4
A/sinx + \/cosx 4

(b) Make the substitution x = v — u to show that

.

,:/mdx:ﬁ

1+ cosZx 4
0

2 dx In(n(x)) In(in(in(x)))
®) /, x In(x) © / X ln(x) * @ / x In(x)

11.13. Evaluate:
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11.14. Let x,y > 0 with x # y.

(a) [12] Show that their Logarithmic Mean L = L(x,y) = satisfies

X—y
In(x)—In(y)
—1

1
L=| [ (x+a-0y) " ar
/

For r # 0, set

1
0, =/(tx’ +(1 —t)yr)l/r dr.
0

(b) Verify that Q| = % = A, the Arithmetic Mean of x and y and use (a) to see

that Q_; = G?/L, where G = /Xy, the Geometric Mean of x and y.

(¢) Use Jensen’s Inequality to show that [(1 —¢)x" + ty’]l/ " decreases as r
decreases, so that Q, decreases as r decreases.
(d) To make Q, continuous on (—oo, o0), show that we should we define

1
Qo = /xty(l_’) dt = L.
0

(e) Concludethat G < L < A.
(f) Show that Qg < Q1 implies that L < 1G + 2A4. Note: We obtained the

sharper inequality L < %A + %G in Exercise 6.43. We shall meet this again in
Sect. 14.5.

11.15. [15] Show that

l/nxln(l +x/n)
14+ x

lim
n—oo n

x=2In(2)—1.

0

11.16. [8] Let f be nonnegative, continuous, and concave on [0, 1], with
f(0) =1.
(a) Show that

1 1 2

1
2 <
Z/X f(x)dx—i—E_ 0/f(x)dx

0

(b) Show that equality holds if and only if f(x) =1 — x.
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11.17. [33]

(a) Let G be increasing and differentiable on [a, b] and let f be continuous and
decreasing on some interval which contains a, b, G(a), and G(b). Prove that if
G(t) > t, then

G(b)

/f(t)G (t)dt > / f(@t)dt.

G(a)

(b) Show that if G(¢) < ¢, the inequality is reversed.
b

(c) LetG(¢) = b—/ g(x) dx, where g is continuous and 0 < g(x) < 1, to obtain

3
the left side of Steffensen’s Inequalities (see also Exercises 9.52 and 10.48):
Let f and g be continuous on [a, b], with f decreasing and 0 < g < 1. Then

b
for)k:/ g(x)dx,

b b A
/f(x)dx S/f(x)g(x)dxf/f(x)dx.
b2 a 0

(d) Prove the right side of Steffensen’s Inequalities.

11.18. (a) Evaluate / sin*(x) cos(x) dx by u-Substitution.

(b) Evaluate / sin*(x) cos(x) dx by Integration by Parts.

11.19. By employing Integratlon by Parts on the rlght hand side, show that
for f continuous on R, / x —wfwdu = / / f(t)dtdu, (See also
Exercise 10.3.) ’

11.20. [18] Show that

1
/t" (In(a+7)(140) Jr (In(2))2

. =
I+7 n

0

two ways: using u-Substitution and using Integration by Parts.
11.21. Evaluate / x In(x) dx by Integration by Parts, two ways:

(a) Integrate x and differentiate In(x). (b) Integrate In(x) and differentiate x.
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11.22. Show that
/sec3(x) dx = %(sec(x) tan(x) + In | sec(x) + tan(x)’ + C).

Notice that the right-hand side here is the average (Arithmetic Mean) of the
derivative of sec(x) and the (most general) antiderivative of sec(x). The interesting
paper [17] investigates this further.

11.23. For n > 2 an integer, verify the reduction formula

1 -2
/sec” (x)dx = 1 sec” ! (x) sin(x) + n_l / sec" 2 (x) dx.
n —

11.24. [28] Here is a refinement of Jordan’s Inequality
i 2
sin(t) > —t for t €[0,7/2].
b4

(a) Agree that in Example 11.10 we showed that

/2 u

i 2 1
smr _ Z + / —2/tsin(t)dtdu.
X T u

X 0

(b) Substitute Jordan’s Inequality into the integrand to show that, in fact,

2 1
sin(x) > (— + —(712 — 4x2)) x for x € [0,7/2].
T 127

11.25. (a) Evaluate / tan~!(x) dx by Integration by Parts.

1
1
(b) Show that/ tan"!(x) dx = r__ In2.
0 4 2
(c) Find/xtan_l(x) dx.

11.26. (a) Let /" and g” be continuous on [a, b]. Show that
/ [/ ()g(x) — " (x) f(x)]dx = f(x)g(x) = &'(x) f(x) + C.

(b) Use this to evaluate, for example, / e sin(bx) dx.
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11.27. [14,37]
(a) Show that

f10 _f0 [ f0g)

= dx.
2(x) 2(x) g2
(b) Show that
Fg' () [ f(x) F(x) .
[ Tear T 0T ey e S
(c) Evaluate / ln)gc) dx.

11.28. [26] Use Integration by Parts to show that

v
/ [(tan(x))2 — tan(x)]e_x dx =e V.
3y/4

11.29. [23] Show that for x > 0,

x+1 1
/sin(tz)dt < —.
X

X

x+1 X+l a2
. . . sin(#

Hint: erte/ sin(¢t?) dt =/ t )

X X

11.30. [7,36,40] In the Integration by Parts formula

dt and use Integration by Parts.

/ F()g(x) dx = F(x)g(x) - f F(0g'(x) dx

we are implicitly taking C = 0, when any other C might also do.

(a) Show that evaluating f xtan" ' (x) dx with f(x) = x and g(x) = tan"'(x) is
considerably easier if we take C = 1/2 than if we take C = 0.
1 1
(b) Evaluate / — dx by parts, setting f(x) = 1 and g(x) = —, to show that
X X

choosing C = 0 can be spurious.

(c) Show that the Integration by Parts formula, even with the arbitrary C, is of no
use if Fg is constant. Can you find another instance for which the Integration
by Parts formula is of no use?
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11.31. Forn = 0,1,2,..., the Legendre polynomials are given (among other
ways) by Rodrigues’s formula

dl’l

Pulx) = 2np) dxn

[(1=x%)"].

(a) Verify that Py(x) = 1, Pi(x) = x, Py(x) = 371 and Ps(x) = 253,
(b) Verity that forn = 0, 1,2 and 3, the P,’s in (a) satisfy Legendre’s Differential

Equation

d d

— [ (1 =x})—=Py(x) | + n(n + 1) P, (x) = 0.

dx dx

(c) [13] Use Rodrigues’s formula and Integration by Parts repeatedly to prove the
following result, which is evocative of the Mean Value Theorem for Integrals
(Theorem 9.14): Let [ be continuous on [—1, 1]. Then there is ¢ € [—1, 1] such
that

n!

1 1
/f(X)Pn(x) dx = ANG) /x"Pn(x) dx.

11.32. [35] Let f be such that f” > 0 on [a, b].
(a) Show thatif f(a) = f(a) = 0 then

b
b-aP [ b)
a/ SO dt > =)~ fia)

Hint: Apply the Cauchy-Schwarz Integral Inequality (Corollary 9.28) to
1/ f"(t) and / f”(t), then use Integration by Parts.

(b) Letc = f(bb)%j(a) Show, not assuming f(a) = f(a) = 0, that

f@+ )  (b—a) - f@)(f'(®)—c)
2 2 [ = flla

b
/f(t)dt > (b—a)

Hint: Transform the situation here to that of (a), using a certain auxiliary
function—just as we transformed the situation of the Mean Value Theorem
(Theorem 5.2) to that of Rolle’s Theorem (Theorem 5.1). See also Exercise 5.9.

11.33. [11,22,31,42] Here is a unified way to obtain the Gregory-Leibniz series
and the Alternating Harmonic series. Consider again the reduction formula that we
obtained in Example 11.4:
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/4 /4
1 1
In = /tan”(x) dx = nTl — / tan"_z(x) dx = — = n—>2.
0 0
(a) Let n = 2m and apply the formula m times to obtain
/4 ( ) 1
om m| 1 1 —-1"
t dx = (-1 -l 4+=-=+——].
/an () dx = ( )[4 ( 3t Tt
0

(b) Letn = 2m + 1 and apply the formula m times to obtain
/4 ” _
—1 1 1 -1y
/tanz’”“(x)dx: b)) In(2) — 1__+__...+L )
2 2 3 m
0
(¢) Obviously, I, + I,_» = -

——. Verify that I, + 1,4, =

1
n+1-°
/4
(d) Verify that / tan” x dx decreases as n increases.
0

(e) Show that m <I, < ﬁ and therefore I,, — 0.

T S (= o (=1t

(f) Conclude that & = Zom andIn2) = ) ——.
e

n=1

/4
11.34. [11, 42] Exercise 11.33 contained the fact that / tan" xdx — 0 as
0
n — oo.

(a) Fill in the details of another way to show this: Use the fact that tan(x) is convex
on [0, %] to show that

4
x <tanx < —Xx.
T

(b) Fill in the details of yet another way to show this: In the integral, make the
substitution # = tan(x) then find bounds for the integrand.

1

dx

11.35. Write — = tan"!(1) = / T3 22 then proceed similarly to how we did
0 X

in Example 11.13 which dealt with In(2), to show that

T 1 1+1+1'2 1'2'3+1'2'3'4+
42 3 3.5 3.-5.7 3.5.7-9 ‘

11.36. (a) Show that if &’ is continuous on [a, b], then

b

/a(x)oe'(x) dx = %[ot(b)2 —a(a)?.

a
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(b) Let g be continuous on [0, 1], with 0 < g < 1. Apply the formula in (a), with
X

ax) = / g(u) du, to show that
0

1 1

A
fxdx < /xg(x) dx, where A = /g(u) du.
0

0 0

Note: This is a special case of Steffensen’s Inequalities—see Exercises
9.52,10.48, and 11.17.
(c¢) [38] Let f be continuous and nonconstant on [0, 1] with m < f < M there,

1
and / f(x)dx = 0. Show that
0

1
’()/xf(x)dx‘ < 2(;4m—iwm)

11.37. [10] Let f be continuous on [0, 1], with f’ continuous there also. Apply
1
Integration by Parts to / (I — x) f'(x)dx, then the Cauchy—Schwarz Integral
0
Inequality (Corollary 9.28), to show that

2 1

1
[rwax] =5 [1rwf e
0

0

11.38. For x > 0, the Gamma function is defined by

o] A
Fx)= [t 'e'dt = lim [ t* ‘e dt.
A—>o00
0 0

(a) Show that I'(1) =1, I'(2) = 1,and I"(3) = 2.

(b) Use Integration by Parts to show that if n is a positive integer then
I'(n+1)=n!.

(c) Use Holder’s Integral Inequality to show that I'(x) is logarithmically convex
(see also Exercise 8.35):

In(I((1=0)x +1ty)) < (1 —1)In(I"(x)) + ¢ In(I(y)).

(I'(n + 1) = n! says that I" essentially interpolates the factorial function at
the positive integers. Of course there are many functions which interpolate the
factorial function at the positive integers; it is the property in (c) that makes I
so special. But see also [24].)
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11.39. [25] Let f be continuous on [a, b] with f” continuous also, and | f/(x)| <
M for x € [a, b]. Show that

(a+b)/2 b

2
f(x)dx — / f(x)dx §M(b;a) .

a (a+b)/2

b
. a+b
1 ifx € la, %5 then integrate / f(x)g(x) dx by parts.

—1 ifx € (“£2, 5]

Hint: Let g(x) = %

11.40. Fill in the details, as follows, of another proof of the Second Mean Value
Theorem for Integrals (Theorem 11.14). (a) Setting

X b
hx) = f(a) / ¢y di + f(b) / ¢(0) dr,

show that
b
hb) < / FOg@)di < h(a).

(b) Apply the Intermediate Value Theorem (Theorem 3.17) to A.
11.41. [3]

(a) Use the Second Mean Value Theorem for Integrals (Theorem 11.14) to prove
the following. Let " be continuous and nonzero on [a, b, with f'(x) > m > 0
for all x in [a, b]. Then

b

4
/ sin( f(x))dx| < —.
m
a
(b) Let a > 0. Show that for all b > a,
b 2
/sin(xz) dx| < —.
a

a

11.42. [29] Let f and g be continuous on [a, b], with f’ continuous also, and
f’ > 0. (These are the hypotheses for the Second Mean Value Theorem for
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t b
Integrals (Theorem 11.14)). Suppose further that / g(x)dx and / g(x)dx are

a t
each nonnegative for ¢ € [a, b]. Prove that there is ¢ € [a, b] such that

b b
/ F)g() dx = £(0) / ¢ (x) dx.

(b) This resembles the Mean Value Theorem for Integrals (Theorem 9.14), but
without requiring that g > 0. Find a g that changes sign, but satisfies these
hypotheses.

11.43. Bonnet’s form of the Second Mean Value Theorem for Integrals is: Let
f and g be continuous on [a, b], with f nonnegative, ' continuous and f' > 0.
Then there is ¢ € [a, b] such that

b b
f F)g() dx = £(b) / ¢ (x) dx.

(a) Show that this is a consequence of the Second Mean Value Theorem for
Integrals (Theorem 11.14). Hint: Set F(x) = f(x) on (a,b] and F(a) = 0,
then apply the Second Mean Value Theorem for Integrals to F. (The Second
Mean Value Theorem for Integrals is sometimes referred to as Weierstrass’s
form of Bonnet’s Theorem.)

(b) Prove Bonnet’s form directly—that is, without any appeal to the Second Mean
Value Theorem for Integrals.

(¢) Formulate an equivalent version of Bonnet’s form for f/ < 0.

(d) Prove that for0 < a < b,

b

i 2
[
X a

a

11.44. [30] Let f and g be positive, with f” and g’ nonnegative and continuous on
[0, b]. Let f(0) = 0. Show that for0 < a < b,

a b

Fla)g®) < / g0 f(x) dx + f F(0g () dox.
0

0
with equality if and only if either a = b, or a < b and g is constant.

11.45. [41] Fill in the details of another proof of Young’s Integral Inequality
(Theorem 11.15). Observe that if f is strictly increasing, then its antiderivative is
strictly convex. Therefore, for any 0 < ¢ # a < A4,
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/f(t)dt>/f(t)dt+f(c)(a—c).
0 0

Now set ¢ = f~!(a) and use (which we also used in the proof in the text):

b £
/f_l(x)dx = bf'(b) - / fw)du.
0

0

11.46. [19] Apply Young’s Integral Inequality (Theorem 11.15) to

f(x)=vVxt4+1-1

to show that

3 3
/\4/x4+1dx +/«/4x4—1dx > 0.
0 1

11.47. Use the substitution t = (1 — u)a + ub for u € [0, 1] to show that (c.f. the
Integration by Parts Identity (Theorem 11.17)):

1
/ (b (I1+1)(Z) dt = b ;'a) /(] _ u)”f("'H)((l — M)a + Mb) du.
0

11.48. [27] Here’s a proof of the Integration by Parts Identity that doesn’t use
Integration by Parts! Set

F= @+ =070+ ES 0 S oy ED g
(a) Treat x as fixed and show that

©F = C D o,
(b) Integrate from + = a to t = Xx, and use the Fundamental Theorem

(Theorem 10.1).

11.49. [20] Show thatforx < landn =0,1,2,...,

(X—l)n n+1
(n+1)/( t)"+2 =1
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11.50. Show that the conclusion of Taylor’s Theorem (Theorem 8.20 or Corol-
lary 11.19) can be written (this form for the remainder is called Cauchy’s form):

(n+1) _ a\n
f(x)—Zf 10 (4 OGO,
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Chapter 12
Classic Examples

It can be of no practical use to know that \ is irrational, but if
we can know, it surely would be intolerable not to know.

—E.C. Titchmarsh

In this chapter we allow ourselves another brief diversion. Except for Wallis’s
product for ¥ (Lemma 12.1), this chapter is independent of all subsequent chapters.

After obtaining Wallis’s product, we show that v is irrational. Then we show that
e is irrational whenever r # 0 is rational. This implies in particular that the sum of
the Alternating Harmonic series, namely In(2), is irrational.

We also show that Euler’s sum Y o2, 1/n* = /6, and that the sum )_ 1/p,
of the reciprocals of all of the prime numbers, diverges. Among other things, the
exercises contain Vieta’s formula, an evaluation of the Probability integral, and a
tiny glimpse of transcendental numbers.

12.1 Wallis’s Product

We begin by deriving another reduction formula, to be used presently and in the
next section.

Let n > 2 be an integer. Applying Integration by Parts (differentiating the
cos"~!(x) and integrating the cos(x)) to

/cos” (x)dx = [cos”_l(x) cos(x) dx,
we get
/cos"(x) dx = cos"1(x) sin(x) + /(n — 1) cos"2(x) sin®(x) dx
= cos" ! (x)sin(x) + (n — 1) / cos"2(x)(1 — cos?(x)) dx.
© Springer Science+Business Media New York 2014 311
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Then solving for / cos” (x) dx, we obtain the reduction formula:

1 —1
/cos” (x)dx = —cos" ' (x) sin(x) + i / cos"2(x) dx.
n n

In particular,

v/2 : /2
/cos”(x) dx = e / cos"2(x) dx.
n

0

0

In an entirely similar way, which we leave for Exercise 12.1, we have

1 —1
[sin"(x) dx = ——sin""'(x) cos(x) + i / sin"2(x) dx,
n n

and in particular,

v/2 /2
i n—1 s on—2
sin"(x)dx = —— | sin""“(x) dx.
n
0

0

The following beautiful infinite product for 1 was obtained in 1658 by English
mathematician John Wallis (1616-1703). Our proof uses the above reduction
formula involving cos” (x).

Lemma 12.1. (Wallis’s Product)
o0

) 5 224466 2m 2m l—[ 2m 2m
—_ = 1m —— i ——— e ¢ — = .
2 m—oo\ 133557 2m—12m + 1 2m—12m + 1

m=1

v/2
Proof. Setting I, = / cos” (x) dx, we obtained the reduction formula
0

n—1
In:

L. (12.1)

If we set n = 2m and apply (12.1) m times, we get (using Iy = /2):

2m—1 2m—12m—3
12m = 12m—2 = = A
2m 2m 2m—2

2m—4 = v

2m—-12m -3 31¢v¢

2m 2m—2 422°
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On the other hand, if we set n = 2m + 1 and apply (12.1) m times, we get (using
11 = l)I

2m 2m 2m—2

DLy = zm—_lem—l =

2m  2m —2 42
2m+12m—1 53

Therefore,
I 2m—12m=3 31y
2m  _ “Tom 2m—2 4272
- 2m  2m—2 42
Do+ 2m+12m—1 53

2m+12m—-12m—-1 755331y

2m 2m 2m—2 6644222

We claim that

12m

— 1 asm — oo,
Dy

which would yield Wallis’s product:

Y _ i (224466 2m  2m ):f—"[ 2m  2m
m—00 m=1

2 133557  2m—12m+ 1 2m—12m+1°

Now to verify the claim. Again by (12.1) withm = 2m + 1,

2m

I = L1,
2m+1 om+ 1 2m—1
and so
Lyy— 1
e
Dyt 2m
Then since 0 < cos(x) < 1 on [0, ¥/2],
1 < I2m < IZm—] =1 + L’
D+ Dt 2m
and so the claim is verified and the proof is complete. O

The above treatment is essentially from [4, 12], but see also [19]. For an elemen-
tary (but still tricky) proof, see [28]. For an interesting geometric interpretation of
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Wallis’s product, see [25]. For an analogous infinite product for e, see [24], and for
other related infinite products, see [26].
We remark that each factor in Wallis’s product is > 1. Therefore for any N € N,

ﬁ 2m__2m__y
4 2m—12m+1 2°

See Exercise 12.2 for a related upper estimate for /2.

12.2 Is Irrational

In this section we provide the wonderful 1947 proof [20] by the American (Canadian
born) mathematician Ivan Niven (1915-1999), that ¥ is irrational. (See also [8,31].)
This fact was first proved in 1761 by the Swiss mathematician J.H. Lambert
(1728-1777).

Theorem 12.2. v is irrational.

Proof. Seeking a contradiction we assume that v = p/g where p and g are positive
integers. (And p > ¢, since ¥ > 1.) For the polynomial of degree 2n given by

g(x) = %x"(w—x)",

we have g7 (x) = (—1)"q"(2n)(2n — 1)---(n + 1), and for k > 2n + 1 we have
g% (x) = 0. We make the following additional observations about g:

i g®©)=0fork=0,1,2,....,n—1;
(ii) g®(0) is an integer forn < k < 2n.

Also g(x) = g(¥ — x), and so g®)(0) = (—1)*g® (). Therefore,

(iii) g®(y) =0fork =0,1,2,...,n — 1, and

(iv) g® () is an integer forn < k < 2n.

In summary then: g@?"(x) is an integer, and g*)(0) and g® () are integers for

k=0,1,2,3,.... ’

Now let us consider the integral / sin(x)g(x) dx. Since g is a polynomial of
0

degree 2n, to evaluate this integral, we shall employ Integration by Parts 27 times.

In doing so, we shall integrate the sin(x) part and all of its descendants, while

differentiating the g(x) part and all of its descendants. The first four steps look
like this:
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v v
/ sin(x)g(x) dx = —cos(x)g(x)]z/ + / cos(x)g’ (x) dx
0 0

= integer + sin(x)g’(x)‘zj—/sin(x)g”(x) dx
0

v
14
= integer + 0 + cos(x)g”(x)’o —/cos(x)g(3)(x) dx
0

v
= integer + 0 + integer + sin(x)g(3)(x)‘0w +/sin(x)g(4)(x) dx .
0
Then after 2n steps, we obtain
v v
/ sin(x)g(x) dx = integer + (—1)" / 2@ (x) sin(x) dx
0 0

v
= integer + (integer) - / sin(x) dx,
0

which is an integer. Observe now that

(pv)"

n!

12 14
0 < /sin(x)g(x)dx < /g(x)dx < w%w”w” = I/I%l//' =y

0 0

In Example 8.25 we showed that for any u € R,

n

—'—>0 asn — oo.
n!

v
So if we choose n very large, then 0 < / sin(x)g(x)dx < 1 and so
0

sin(x)g(x) dx cannot be an integer. This is a contradiction, and so V¥ is

irrational. o

12.3 More Irrational Numbers

Niven’s proof above that v is irrational (Theorem 12.2) is a simplification of a more
general approach which goes back to the French mathematician Charles Hermite
(1822-1901). See [7,23], also [2]. Here is another instance of Hermite’s approach.
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Theorem 12.3. e" is irrational for any nonzero integer u.

Proof. For the polynomial of degree 2n given by

_ xn(l _ x)n

g(x) -

we have g@?"(x) = (=1)"(2n)(2n — 1)---(n + 1), and for k > 2n + 1 we have
g% (x) = 0. We make the following additional observations about g:

() g®0)=0fork =0,1,2,....,n—1;
(i) g®(0) is an integer forn < k < 2n.

Also g(x) = g(1 — x), and so g (0) = (—=1)*g®)(1). Therefore

(i) g® (1) =0fork =0,1,2,...,n—1, and
(iv) g®(1) is an integer forn < k < 2n.

In summary then: g®”(x) is an integer, and g% (0) and g% (1) are integers for
k=0,1,2,3,....

We need only show that e is irrational for any positive integer u. (If e is
irrational then so is e™*.) Seeking a contradiction let us assume that e* = p/q,
where p and ¢q are positive integers. Consider now

1

qu2n+l/euxg(x)dx.
0

Since g is a polynomial of degree 2n, to evaluate the integral here, we shall employ
Integration by Parts 2» times. In doing so, we shall we integrate the e** part and
all of its descendants, while differentiating the g(x) part and all of its descendants.
With our assumption that e = p/q, the first three integrations by parts yield:

1
qu2n+l/euxg(x) dx
0
1
2n+1 1 ux ! 1 ux ./
= qu —e g(x)‘ — | —e"g'(x)dx
u 0 u
0
: 1
= integer 4+ qu*" ! —/ —e™g'(x)dx
u
0
1
: 1 ux I
+ [ 5e"g"(x)dx
0 u
0

2n+1 ux ./

1
= integer + qu — e g(x)
u
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1

- eg”(x)dx

1
= integer + integer + qu*" ™! /
0

1

1 ! 1
2n+1 ux I _ ux . (3)
—u3e /—u3e g (x)dx
0
0

= integer + integer + qu g’ (x)

1
1
= integer + integer + integer + qu*"*! | — / —36””‘g(3) (x)dx
u
0

Then after 2 integrations by parts, we get

1
1
1
qM2n+l/ euxg(x) dx = integer +qu2n+1 /ﬁeuxg(Zn)(x) dx
0
0

1
. . 1
= integer + qu*"*!(integer) / —-e“dx
u
0
1

ux
w2n+l

= integer + qu*" " (integer) -

which is an integer. Observe now that

1

0 < qu2n+l/euxg(x)dx < quz”“e—' = p
n!

u2n+l

n!
0

In Example 8.25 we showed that for any u € R,

ul’l

—‘—>0 asn — o0.
n!

This is easily extended (see Exercise 12.7) to show that for any u# € R,

y2n+l
—0 asn — oo.

n!

1
So if we choose n very large, then 0 < gu®"*! / e g(x)dx < 1 and therefore
0

1
qu"T1 / e g(x) dx cannot be an integer. This is a contradiction, and so e” is
0

irrational. O
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Corollary 12.4. e’ is irrational for any nonzero rational number r.

Proof. Let r = p/q for integers p and ¢, with ¢ # 0. If " = x is rational then
e? = x1 is also rational. But by Theorem 12.3 this cannot be the case, unless p = 0.
a

Remark 12.5. The German mathematician F. Lindemann (1852—-1939) proved in
1882 that e" is in fact transcendental if r is a nonzero rational number. That
is, it is not the root of any polynomial of any degree, with integer coefficients.
Lindemann actually proved much more: e” is transcendental if r is nonzero and not
transcendental. Readers who have studied complex variables will know that e’V =
—1. (This formula is attributed to, yes, L. Euler.) Therefore v is transcendental.
The Russian mathematician A.O. Gelfond (1906-1968) proved in 1929 that eV is
transcendental. It is currently not known if any of the numbers y*, e, ¥ + €, or
In(y) are even irrational, much less transcendental. )

Corollary 12.6. In(z) is irrational for any positive rational numbert # 1.

Proof. If In(¢) = In(p/q) = u is rational, then e = p/q is rational. But this
contradicts Corollary 12.4 unless u = 0, in which case t = 1. a

In Sect.6.5, and again in Examples 8.26 and 10.10, we showed that the
Alternating Harmonic series

ad 1 1 1 1

n=1

Corollary 12.6 says in particular that this number is irrational.

124 Euler’sSum Y 1/n* = 2/6

o0
In Sect. 6.5 we saw that the series Y niz converges, and that its sum is < 2. Showing
n=1
that a particular series converges is one thing, but finding its sum is often much more
difficult.

The following monumental result was discovered by L. Euler, in 1741. Our proof
mainly follows the modifications given in [5], of the argument in [18]. A good
number of other proofs are known (see for example [3,9]), but most of them extend
beyond the scope of this book.

o 1 wz

Theorem 12.7. — = —.
n=1 n2 6

v/2
Proof. Consider the integral I, = / cos>"(x) dx. The reduction formula (12.1)
0

gives
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I, = L1,
2n
which is easily rewritten as
2n —1 2
= . (12.2)
l’lln 1,1_1
Or, by replacing n with n 4 1 in (12.2) and then doing a little algebra we get
I, — Ly = i (12.3)
n n+1—2(n+1)- .

Each of (12.2) and (12.3) will be of use in what follows. Now for n > 1, Integration
by Parts employed twice gives

v/2 W/2

I, = / 1 cos?" (x) dx = x cos?" (x)‘:)ll/2 + / x2n cos? 1 (x) sin(x) dx
0 0
v/2
=n / 2x cos? "1 (x) sin(x) dx
0

= nx?cos”(x) sin(x)‘:f/2 — / nx? [cosz” (x) = (2n — 1) cos® 2 (x) sinz(x)] dx
0
v/2
=— / nx? [coszn (x) — (2n — 1) cos® 2 (x)(1 — cosz(x))] dx

v/2
= / nx? [(Zn — 1) cos®2(x) — 2n cos>" (x)] dx.
0
So setting
v/2
J, = / x?cos?(x) dx
0
this reads

I, = n@2n—1)J,— —2n%J,.
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Therefore,

And using (12.2), this reads

—1 n
—-2—.
”2 In—l In

Then summing from 1 to N we get lots of cancellation. More precisely, the sum is

telescoping:
N N
1 Jn— J, Ji J
Yo = (o) a2 )
n=1n el [n—l In I() [N
Now
v/2 v/2 g
0 X and Jj x“dx a
0 0
and so

We claim now that Z P — 0as N — oo, which will complete the proof. Jordan’s
Inequality from Example 8.14 (also Exercise 10.31 and Example 11.10) reads:

%x <sin(x) for x €0, y/2].

Therefore

v/2 wz v/2
Jy = / x2 cos® (x) dx / sin(x) cos?™ (x) dx

0

IA

(1 - cosz(x)) cos?V (x) dx

Il
N
St~

(In — In+1)-

N
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Then using (12.3),

v

Iy =< (IN_IN-H) =

vy

4 2(N+1)°
Finally then,

0 < _N < ﬁ;

— Iy T 42(N+1

So the claim is verified and the proof is complete. O

18

Remark 12.8. It is the case that y? is irrational (Exercise 12.6), and so nlz

—_

n

o0
is irrational. Euler found exactly all the sums Y _ —» for k even. For example,
1 n
. n=
Y k=
4
n=1

It was proved only 1n 1979, by the French mathematician R. Apéry (1916-1994),

°I§

and Z 5= 945 Very little is known about these sums for k& > 3 odd.

that Z is irrational. (Very much less if known if k£ > 1 is not an integer!) o
n=1

12.5 The Sum )_ 1/p of the Reciprocals
of the Primes Diverges

Below we prove, following [13], the interesting fact that the sum of the reciprocals
of all of the prime numbers diverges to infinity. Another proof is outlined in
Exercise 12.15.

This fact implies immediately that there are infinitely many prime numbers. But
we have also seen that

1
DERE

(this sum = /6, by Theorem 12.7) so this fact also suggests—at least in a vague
way—that there are many more prime numbers than there are perfect squares.

Theorem 12.9. Denote by IT = {2,3,5,7,11,13,17,...} the set of prime num-
bers. Then

1

Z—=+oo.

pell p
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Proof. Form > 2,let M = {p prime :2 < p < m}. Observe that

0 75) = I (=) =IO e)

PEM

wherein each (1 + -+ 2 + - ) is a convergent geometric series (Example 2.3),

since p > 2. Now any 1nteger k, with 2 < k < m, is a product of powers of primes
and each of these primes is obviously < m. So any 1/k arising from such a k must
appear somewhere in the product

1 1
[[l1t+=+=+—).
peM p p
(For example,

1 1 3
2793 3.72.19

W | =
|
[\S)
—
O

Therefore,

We saw in Example 6.11 that In(1 + x) < x for x > —1, and so

In (i %) <In

k=1

(e 5)) - Bl 5ot

PEM PEM PEM

Now since p > 2,

|

Therefore

And finally, since the Harmonic series diverges to infinity (Sect. 6.5), the proof is
complete upon letting m — oo. O
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Remark 12.10. Twin primes are two prime numbers p and ¢ such that p +2 = q.
For example, 3 & 5 are twin primes, as are 5& 7, 11 & 13, and 101 & 103. It was
proved in 1919 by Norwegian mathematician V. Brun (1885-1978) that Y 1/p
converges, where the sum is taken over all twin primes. It is not known whether
there are infinitely many twin primes. If there are not, then Brun’s result is trivial.
Either way, it is known that this sum (called Brun’s constant) is between 1.9021
and 1.9022. It was proved in 2013 by Tom Zhang [30] of the University of New
Hampshire that there does exist some integer N such that there infinitely many
primes p and ¢q satisfying p + N = ¢g. He also showed that N < 70,000,000.
(N is certainly even!) Since then, mathematicians have been continually working to
improve Zhang’s estimate for N. It is currently know that N < 246. See the website
Polymath8 for updates. )

Exercises
12.1. (a) Show that

1 —1
/sin"(x) dx = ——sin""'(x) cos(x) + i f sin"~2(x) dx,
n n

and consequently

v/2 W/2
o n—1 s on—2
sin"(x)dx = —— | sin""“(x) dx.
n
0

0

(b) Derive Wallis’s product (Lemma 12.1) using this reduction formula.

12.2. [19] We observed at the end of Sect.12.1 that in Wallis’s product
(Lemma 12.1), each factor in the product is >1 and so for any N € N,

< —.
=1133557 2m—12m+1 2

ﬁ224466 2m  2m v

Fill in the details, as follows, for obtaining an upper estimate for /2.

(a) Write

_@em? -~ @2m)*
1_[ 2m)2 -1 :1_[ @em)2 -1’
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and then
o0 o0
(2m)* (2m)*
l_[ S5 7 = eXp In l_[ Yo e
m=N+1 (2m) 1 m=N+1 (21’71) 1

- (2m)?
oo 52 (a)
> 1
— CXp (mz;—H 111 (1 + (2}7’[)—2—1)) .

(b) Now use In(1+x) < x (obtamed in Example 6.11) and notice that the resulting
sum telescopes t0 s

1
22N+1) — aN+2 +2
(¢) Conclude that

(d) Show that this upper estimate is closer to
pp
N
(2m)2
1_[ @2m)2—1"
m=1

12.3. [27] Show that
o] 2
1 1-3---2n—1 4
1+ ( (2n )) —
n=1n+l 2-4.--(2n) W

12.4. Derive, as follows, F. Vieta’s 1593 formula
\f 1 1
2 2 2 2 2 2 2V2

s1n(0) sin(6/2) sin(0/4)
9 0s(0/2) ——— 02 = cos(6/2) cos(6/4) i
sin(6/2")

6/2"

124 than is the lower estimate

(a) Show that

= cos(0/2) cos(0/4) ---cos(6/2")
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(b) Show that lim Si"é;%f ) — 1, and so we may write
n—>0oo

sin9(9) = cos(6/2) cos(6/4)---cos(8/2")--- .

(c) Write cos(8/2) = ,/%(1 + cos(#)), and set 6 = /2.

12.5. [15] (See also [16].) Here we evaluate the Probability integral

o0 n ﬁ

/e*xz dx = lim [ e ™ dx = <

n—o00
0

0

n
The idea is to replace the e in the integrand with (1 — %) , then let n — o0.

(a) Show that for x € [0, ],

X —1

Ofe‘x—(l——)nge—.
n n

(The right-hand inequality is the harder one.)
(b) Show that

(¢) Conclude that
[ee] n N
fe_xz dx = lim (1 - x_) dx.
n—o00 n
0 0

(d) Setx = /nsin(t) and use Integration by Parts to show that

n

Ji o v
f(1—x—) dx = ﬁ/coszn+l(t)dt.
0 0

(e) Use Wallis’s product (Lemma 12.1) to show that this last integral — /1//2 as

n — oo.
12.6. [22] Look carefully at the proof that v is irrational. Now prove the stronger

statement that v/ is irrational. (This is not easy.)
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12.7. Show that for any u € R,

u2n+l

—0 asn — oo.

n!

(Example 8.25 might be helpful.)

o0

1 x® 1
12.8. Use — = ﬁ to show that Y ——— = ﬁ
n=1 I’l2 6 n=1 (27’1 - 1)2 8

12.9. [5] Show that

o0
0 < ﬁ —_ Z L < L .
6 n=ln2 ~ 4(n+1)
12.10. [10] For natural numbers a and b, denote by lcm(a, b) and ged(a, b) their
least common multiple and greatest common divisor respectively.

(a) Show that lcm(a, b)ged(a, b) = ab.
(b) Let {a,} be a strictly increasing sequence of natural numbers. Show that

(o]

1
E —_— converges.
el lcm(ans an+l)

Hint: Use (a) to write this as a telescoping series.

12.11. (e.g., [11,29]) Consider the Liouville number

1

X = ZW = 0.1100010 ... ,

j=1
which has a 1 in the (j!)th decimal place, and zeros elsewhere. Liouville showed
in 1844 that x( is transcendental—that is, x, is not the root of any polynomial of
any degree, with integer coefficients. Fill in the details of the following proof that
Xo is transcendental. Denote by a;/b; the fraction obtained by truncating x, after
the (j!)th decimal place (e.g., a3/b; = 0.110001).

(a) Show thatb; = 10/".
(b) Show that

2 2

aj =
‘W xo‘ <100+ 100D = (107t

for j > n.

(¢) Looking for a contradiction, suppose that xy is a solution to P(x) = 0, where
P is a polynomial of degree n with integer coefficients. Apply the Mean Value
Theorem (Theorem 5.2) to P(x) on | Xo] to show that there is M > 0 such
that

aj
10/
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a; 2M
‘P (W)‘ = (10j!)n+1 .

(d) Conclude that |P(%)(10-’ hn ‘ < %, and the left side is necessarily an integer.

Now take j large to obtain the desired contradiction.
Remark 12.11. Truly, this exercise is just the tip of the iceberg—see Exer-
cise 12.12 below. By the late 1830s, mathematicians believed that numbers like
Y and e were transcendental, yet it hadn’t even been shown that transcendental
numbers exist. This is the significance of Liouville’s 1844 result [11].

12.12. [21] Much of this exercise appeared already as Exercise 1.44. A set A is
countable if there is a one-to-one onto function o : N — A. (So its elements can be
listed off: o (1), 0(2), 0(3), ... .) Fill in the details of the following proof that the
set of algebraic numbers—that is, all roots of all polynomials of any degree, with
integer coefficients—is countable. This amazing fact was discovered in 1871 by the
German mathematician Georg Cantor (1845-1918).

(a) Letag,ay, ...,a, be integers and consider the polynomial equation
P(x) = apx" + a1 X"+ +ax +ag =0,

which has at most n roots. We may assume that a,, > 1. Why?
(b) Define the index of any such polynomial as

index(p) = |an| + |ap—1] + -+ + |ai1] + |aol .

Show, for example, that there is only one such polynomial with index 2. There
are 4 such polynomials with index 3. There are 11 such polynomials with
index 4. Show that there are only finitely many polynomials with a given index.

(¢) Now use the index to show how the algebraic numbers can be put in one-to-one
onto correspondence with the natural numbers. (This proof actually shows that
the set of all algebraic numbers, not just the real ones, is countable.)

(d) An immediate consequence is that the set of rational numbers is countable—
explain.

(e) Show that R is not countable. Conclude that the set of transcendental numbers is
not countable—not intending to take anything away from Liouville’s excellent
result from Exercise 12.11!

12.13. [1,9, 14] Denote by gcd(a, b) the greatest common divisor of integers a, b
and let p be the probability that gcd(a, b) = 1.

(a) For integers a,b, show that the probability that n divides both a and b is 1/n?.
(b) Show that the probability that ged(a, b) = n is p/n>.
(¢) Show that Y72, p/n? = 1 and conclude that p = 6/y* = 0.608 .

(The probability that three integers, a, b, ¢ have ged = 1is Y o, 1/ n3, etc.)
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12.14. [17] Show that

n

o

1 3
Y — < >—In@2) = 0.8069.
n=2 p€ p 2

12.15. [6] Fill in the details, as follows, of another proof that the sum of the
reciprocals ) 1/ p of all of the prime numbers p diverges.

(a) Verify that
1 1 1 1 1
1+; 1+?+F+F+”'+ﬁ

B [ 1
= l+;+p+;+"'+m .
(b) Let M = {p prime: 2 < p < m}. Show that
1 1 1
1+ — — = -,
ne+!) ¥ L= » !

M n integer with n integer with
all divisors in M all divisors in M

(c) Conclude that ][] (1 + l) — 00 as m — oo.
5 P

(d) Finally, use 1 + x < e* (there’s that inequality again) to show that > 1/p
diverges.
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Chapter 13
Simple Quadrature Rules

It is the mark of an educated mind to rest satisfied with the
degree of precision which the nature of the subject admits.

—Aristotle

In practice most definite integrals cannot be evaluated exactly. In such cases one
must resort to various approximation methods, which can be quite complicated.
Any method used to approximate a definite integral is called a quadrature rule.
(Quadrature is any process used to construct a square equal in area to that of some
given figure.) But in this chapter we see that even the simplest of quadrature rules
can be useful, even when the exact value of the integral is known.

13.1 The Rectangle Rules

For a function f defined on [a, b], the Left Rectangle Rule is the approximation

b
/f(x)dx ~ f(a)[b—a].

The quantity f(a)[b — a] is the signed area of the rectangle with base [a, b], and
height f(a). See Fig.13.1.
Likewise, the Right Rectangle Rule is the approximation

b
[f(x)dx =~ f(b)[b—a].

The quantity f(b)[b — a] is the signed area of the rectangle with base [a, b], and
height f(b). See Fig. 13.2.

The following result is pretty well obvious, upon drawing a picture. We have
already seen it (essentially) in our proof of the Integral Test (Theorem 9.24).

© Springer Science+Business Media New York 2014 331
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Fig. 13.1 Left Rectangle ¥
b
Rule:/ f(x)dxis ¥y =f(x)

approxilfnated by the area of
the shaded rectangle

Sfla)1

a b X

Fig. 13.2 Right Rectangle y
b
Rule: / f(x)dxis y=f(x)
approxil;‘nated by the area of /
the shaded rectangle f(b)+
a b X

Lemma 13.1. Let f be continuous and increasing on [a, b]. Then

b
F@[b—d] < / Fydi < f®)[b—ad].

and these inequalities are reversed for f continuous and decreasing.

Proof. This is Exercise 13.1. (See the proof of the Integral Test (Theorem 9.24).)

O
Example 13.2. In (6.8) we obtained the estimates
1 1 1
<1n(xJr )<— forx > 0. (13.1)
x+1 X X

These follow quickly from Lemma 13.1. Indeed, for x > 0,

x+1

[ L = (),
t X

X
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Then since 1/t is strictly decreasing we have, by Lemma 13.1,

x+1
1[(x—|—l)—x] < /%dt < %[(x—i—l)—x] forx >0,

X

from which (13.1) follows. The inequalities in (13.1) are equivalent to

1 X 1 x+1
(1+—) <e<(1+—) for x € R,
X X

which we have seen and used many times. 3

Example 13.3. Let 0 < a < b and n € N. Observe that

b

prFl _ gnl
/x”dx = —a'
n—+1

a
Then since x” is strictly increasing, Lemma 13.1 gives
n+1 _ an—l—l
a'th—a) < — < b'"(b—a).
(b—a) < ~—— (b —a)

We obtained these inequalities differently, and used them, in Example 1.32, and in
Exercises 1.39 and 6.59. o

13.2 The Trapezoid and Midpoint Rules

For a function f defined on [a, b], the Trapezoid Rule is the approximation
fa)+ f(b) + f(b)
/ foydx = OOy

The quantity M[b — a] is the signed area of the trapezoid with base [a, b],
and heights f(a) and f(b). See Fig.13.3.
The Midpoint Rule is the approximation

b
/f(x)d (“Jr )[b—a).
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Fi%. 13.3 Trapezoid Rule: ¥
f(x) dx is approximated 1)
a y=flx
by the area of the shaded .
b))+
trapezoid J1b)
Sla) 1
a b *

The quantity f (#) [b — a] is the signed area of the rectangle with base [a, b], and
height f(%2). See Fig. 13.4.

Fig. 13.4 Midpoint Rule: y
b

f(x) dx is approximated y=/(x)

b§ the area of the shaded
rectangle

¢
a atb b

S

The following inequalities are named for French mathematicians Charles
Hermite (1822-1901) and Jacques Hadamard (1865-1963). We shall refer to these
as the HH Inequalities for short [36]. These are similar in spirit to those of
Lemma 13.1 and are also fairly obvious, upon drawing a picture: See Fig. 13.5—the
Midpoint Rule is sometimes called the Tangent Rule.

Lemma 13.4. (the HH Inequalities) Let f be defined on [a, b] with f” > 0, so
that f is convex. Then

a+b
2

f(a) "; f(b) [b _a].

b
£ )[b—a]s/f(x)dxs

And these inequalities are reversed for " < 0.

Proof. For the right-hand inequality we let x = (1 — t)a + tb, so that dx =
(b —a)dt. Then since f is convex,
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Fig. 13.5 The Midpoint Rule y
is sometimes called the ) y=f(x)
Tangent Rule. The area of the
shaded trapezoid here equals
the area of the shaded
rectangle from the Midpoint
Rule, in Fig. 13.4

1

b b 1
_bla/f(X)dxZ/f((l—t)a-i-tb)dtff(l—t)f(a)d[+/tf(b)dt
4 a 0

0

1 1
:f(“)/(l—l)dl-i-f(b)/tdt:M'
0 0

For the left-hand inequality, notice that since f is convex its graph lies on or above
its tangent lines on [a, b], by Lemma 8.7. So in particular, its graph lies above the
tangent line at (42, f(4t2)). That s,

FO) = /(5 (x = F2) + f(“ED).

Integrating this with respect to x, we get

b b
/f(x) dx > f’(#)/ (x — L) dx + f(“E2)[b —a].

b

Now the reader may verify directly that / (x— #) dx = 0, or see Example 9.23
(or just draw a picture). Therefore ‘

b
b
f f@dx = fCED[b ~a]

as desired. O
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Remark 13.5. Denote by M the Midpoint Rule and by 7' the Trapezoid Rule,
applied to some function f over [a, b]. For f strictly convex, the HH Inequalities
(Lemma 13.4) say that for any ¢t € (0, 1),

tM+(1-1)T

b
is a better approximation to / f(x) dx than either of M or T. o
a

Example 13.6. [7] Let x,y > 0 and denote by G, L, and A the Geometric,
Logarithmic and Arithmetic Means, respectively, of x and y. Here we show another
way of proving Lemma 6.20: G < L < A. Applying the HH Inequalities
(Lemma 13.4) to the convex function f(¢) = e’ gives

b

B 1 a b

e#<—/e’dt<e +e.
- a - 2

a

Now since x, y > 0, we may set a = In(x) and b = In(y) to get

' " @) 4 M)
(eln(xy)) / < m / et dx < —
In(x)
That is,
—X x
VAY = ln(yJ; —In(x) = _;y’
just as we wanted to show. o

Remark 13.7. In Exercises 13.8 and 13.9 we see how the HH Inequalities
(Lemma 13.4) can be applied to other functions to yield the same inequalities
G<L<A. o

Example 13.8. [26, 32] For the convex function f(¢) = 1/t on [x,x + 1], the
right-hand side of the HH Inequalities (Lemma 13.4) gives

x+1
1 1 1 1 1

/—dtzln X <= + — for x > 0.
t X 2\x+1 X

X

And the left-hand side of the HH Inequalities (Lemma 13.4) gives

x+1

2 1 1
ff—dtzln X+ for x > 0.
2x + 1 t X

X
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These two inequalities improve (13.1) considerably. Restricting to natural numbers,
they imply

1" 2n + 1
<h|{l4+—-) <— forn € N. (13.2)
2n+1 n 2(n + 1)
We shall see in the next section that these are pretty good inequalities. o

Example 13.9. The left-hand side of (13.2), but with n + 1 instead of n, is

2n+2
2n +3°

Now the reader can easily verify that

2n+2> 2n +1
2n+3 " 2+ 1)’

which is the right hand side of (13.2). Therefore, as we have seen, {(1 + %)”} is an
increasing sequence. A very similar argument, which we leave for Exercise 13.20,

shows that {(1 + %)"H} is a decreasing sequence. o
Example 13.10. [33] The right-hand inequality in (13.2) improves the right-hand
inequality in (13.1), which we used in Sect. 6.7 to show that Euler’s constant y is

> 0. So with (13.2), we should be able to obtain a better lower bound for y. Indeed,
forn =1,2,3,...,

k+1 12471 1 1 o
n(m) Z“( k )_22(k+k+1) 2<+k2k+n)

n
Therefore vy, = Y % —In(n) > % (1 + ,ll) ,and soin facty > 1/2. o
k=1

13.3 Stirling’s Formula

For n € N, the factorial function is given by

n!'=nn-—1)mn-2)---2)(1).
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This function comes up in many areas of mathematics, like combinatorics,
probability and algebra, as well as real and complex analysis. Factorials grows
incredibly quickly as n gets large. (For a neat description of just how quickly n!
grows with n, see [29].) For example, the number of different ways of shuffling a
standard deck of 52 cards is 52!, a number which has 68 digits.

Unfortunately, there is no shortcut formula for computing the factorial of a
particular number—one really must do all the multiplying, i.e., get a calculator
or computer to do it. But the huge numbers that result from these multiplications
are difficult even for calculators and mathematical software to handle. So good
estimates for n! are very useful.

Using inequalities (13.2) we shall see below that for n large,

1L

Vapdi (5) =t = Vapdi (B) et (13.3)

These estimates are very good because et — 0asn — +oo.In particular, (13.3)
implies the following result, named for Scottish mathematician James Stirling
(1692-1770).

‘ n
Theorem 13.11. (Stirling’s formula)  lim ——— = +/2y.
n—>+oo n" . /n

Proof. We divide the proof into two parts, (i) and (ii). In part (i), as regards
estimates (13.3), we show that there exists L > 0 such that

n\n n\n ﬁ
LJn (—) <l < L Jn (—) e (13.4)
e e
L . nle" . .
which gives lim = L. Then in part (ii), we show that L = +/2.
n—+o0 p” ﬁ
(i) First we rewrite the inequalities (13.2) in a form which will be more useful for

our purposes. Multiplying (13.2) by % = %(n + %), we get

1 n+1 (2n +1)? 1 1
1 < {n+=]ln < = 1+ ———
2 n dn(n + 1) dn  4(n+1)

Therefore

e <

n 1 n+1/2 ]+¢”_ ”1
( + ) < "D (13.5)

n

Now, looking at (13.4), consider the sequence {a,} given by

ﬁ n\n nn+1/2
a = — — = —_—
" ( ) e n!

n! \e
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Then {a,} is increasing <& a,+; > a, <

(n+1)n+1+l/2 nn+l/2 n4+1 n+1/2
e ()

entln+1)! — e'n! n

which is the left-hand inequality in (13.5). Now consider the sequence {b, } given by

! a2
4n 4n
b, = a,e” =

e n!

Here, {b,} is decreasing & b,+; < b, <

= )

+1/2
(n + 1)”+l+l/2 rEay n"+1/2 r n+1\" / EToEa g7
B E S —— < = e < e
n

et (n+1)! - e'n! ¢
which holds by the right-hand side of (13.5).

Now a, < b, for all n, and since {a,} is increasing and {b,} is decreasing,
{[an. by]} is a nested sequence of intervals, with

bi—ay = by(1—e%) < bi(1-e) — 0.

So by the Nested Interval Property (Theorem 1.41) there is a point ¢ which belongs
to each of these intervals. And ¢ > 0 because a; = 1/e > 0. Therefore

That is,

N

e’ n!

which gives (13.4), with L = 1/c.
nle”
(ii)) We show now that L = /2. Replacing n with 2n in lim
n

n—+o00 n”\/_

= L then

squaring both sides, we get

(@n))? et

y” — L? asn— +oco.
(2n)™"2n

| o

And taking the 4th power of both sides of lim

= L, we get
n—>+00 n”ﬁ &

(n)* e*

- — L* asn— +oo.
n""n?
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Therefore
2n)1)? et N+ et
(((2n))4)”2 = n 2” T = L* = L* asn— +oo.
n n n"'n
That is,
n ((2n)!)? 1
W d E as n — +o0.

So to finish the proof, it remains to show that

n(2n)!)? 1

_— — . 13.6
ayi oy WA (30

Now in our proof of Wallis’s product (Lemma 12.1) we showed that

I 2n—1 2n—3 . 31
2n — 2n 2n—2 42
2, 2n—2 42
S S E T
@n+ 1) 2n—1\? (2n —3\> 5\ /3\? /12
= n oo - - -
2n 2n—2 6 4 2
— — asn — +o00.

Looking at the numerators here, observe that

(2n)! _ (2n)!
Cnen -2 -4 @@  2nl

(2n—1)@2n=3)---(5B)(1) =
And looking at the denominators, observe that

(2n)(2n =2)---(H2) = 2n)(2(n — ))(2(n —2))--- (2(2))(2(1)) = 2"n!.
Therefore,

2
RPN (o)

LTS 2" (nh)*

as n - +00.

<[

This is equivalent to

2n + 1) n ((2n)")? 1
o St (n')4 — ﬁ as n — 400,

from which (13.6) follows, and the proof is complete. O
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The approach above was motivated in part by [10, 11, 28], but see also [8, 14,
17,22]. We consider alternative ways to show that L exists and is positive, in
Exercises 13.34 and 13.35. In Exercise 13.37 we see another way of computing
L using Wallis’s product (Lemma 12.1).

Remark 13.12. Less precise estimates for n!, like

N n+ 1 n+1
e (—) < n! < e ,
e - - e

can be obtained more easily—see for example Exercise 13.2. There, the Rectangle
Rules are used instead of the more accurate Midpoint and Trapezoid Rules.
Depending on the context, such inequalities are often sufficient for estimating n!. o

13.4 Trapezoid Rule or Midpoint Rule: Which Is Better?

Neither. For some functions the Trapezoid Rule is better, and for others the Midpoint
Rule is better. (The reader should agree with this statement, perhaps after making a
few sketches; see Exercise 13.39.)

But we show below (following [41]) that for functions which are either convex
or concave, the Midpoint Rule is always at least as good as the Trapezoid Rule
[3,6,21,41,47]. See Fig. 13.6. (So, for example, the left-hand inequality in (13.2) is
at least as sharp as the right-hand inequality in (13.2).)

Fig. 13.6 Lemma 13.13, for ¥ v =f(x)
a convex function. The lighter
shaded area is the error for
the Trapezoid Rule and the
darker shaded area is the error
for the Midpoint Rule

Lemma 13.13. Let f be such that f” exists on [a, b]. If f is convex then

_ @+ fb)

b
: [b—a]—/f(x)dx,

b
0 = [rwdx- 1 E0p-a)

and these inequalities are reversed for f concave.
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Proof. We prove the statement for f being convex. (If f is concave then — f is
convex.) Let ¢ = (a + b)/2. Applying the Trapezoid Rule on each of [a, ¢] and
[c, b] we get, by the right-hand side of the HH Inequalities (Lemma 13.4),

f(a);uf(c)[c_a] N f(c)+f(b)[b_c].

/Cf(x)dx+/bf(x)dx < 5

Then after some manipulations, using ¢ —a = b — ¢ = (b — a)/2, this reduces to

NFOESIOTAIY

b
2 [ fwax < sofb-a) :

which is equivalent to the desired inequality. O

Again we denote by M the Midpoint Rule and by T the Trapezoid Rule, applied

to a function f over [a, b]. In Remark 13.5 we saw that if f is strictly convex then
b

forany t € (0,1), tM + (1 —¢)T is a better approximation to / f(x)dx than

either of M or T. Lemma 13.13 says that in the approximation tM a+ -7, we
should take # > 1/2. We shall explore this matter further in Sect. 14.5.

Exercises

13.1. Prove Lemma 13.1: If f is continuous and increasing on [a, b], then

b
f@[b—a] S/f(x)dx < f(b)[b—a].

13.2. [46] In this problem we obtain estimates for 7! which are not as sharp as those
appearing in Stirling’s formula (Theorem 13.11), but are still of practical use.

(a) Verify that Lemma 13.1 gives

k
In(k — 1) < /ln(x)dx < In(k) fork €N. (13.7)
k—1

(b) Sum the right-hand side of (13.7) from k = 2 to n then integrate, to show that

n\”n"
e(—) < n!
(3]
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(c) Sum the left-hand side of (13.7) from k = 3 to n then integrate, to show that

no/n\”"
n! < ez—(—) .
4 \e

(d) Sum the left-hand side of (13.7) from k = 3 ton + 1 to show that

n+1 n
n! <e .
- e

(The rougher estimates (%)n < n! < (”;l)n were obtained in Exercises
2.17,2.27 and 8.55.)
13.3. [20] In Exercise 13.2 we saw that
n\n"
e(—) <n! forn =3,4,5,....
e

Use this to show that forn = 3,4,5,...,

n!

[(n—1)01]"e (%) < (!

13.4. [46] Show that for natural numbers n > 3,
n!In(n!) <n".

13.5. [12] Here’s a way to show that {(1 + %)"} is increasing, using Lemma 13.1.
(a) Apply Lemma 13.1 on [n,n 4+ 1] to f(x) = 1/x to show that

1
1+n+1

1 1
< / —dx.
n+2 X
1

(b) Verify that

1+1 1+1
1 1
= nint 1) ldx > n [ —dx
n+2 n+2 X
[EN== 1+ 4

(¢) Conclude that

1

n

1
1 1 1
nln(1+—) =n/—dx<(n~|—1)ln(l+—),
n X n+1
1

and so {(1 + %)n} is increasing.
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(d) Modify the above analysis to show that {(1 + %)Hl} is decreasing.

s 1 on+l 1 1
Hint: m—ﬁ_% [(1+E)_(l+m]

13.6. Denote by T the Trapezoid Rule and by M the Midpoint Rule, applied to a
function f over some particular interval. Show that (T + M) /2 applied on [a, b] is
the same as T applied on [a, (a + b)/2] and on [(a + b)/2, b], then added together.

13.7. (a) Show that if the quadrature rule

b
/ f()dx = Af(a)+ Bf(b)

is exact for f(x) = 1 and f(x) = x, then it’s the Trapezoid Rule: A = B =
(b—a)/2.

(b) Show that if the quadrature rule

a+b
2

lle

Af(

fbf(X)dx )

is exact for f(x) = 1 and f(x) = x, then it’s the Midpoint Rule: A = (b —a).
13.8. [38] Letx,y > Oandlet f(t) = x'y(I=) = ye!InC:/»),

(a) Verify that f”(z) > 0, so that f is convex.
(b) Apply the HH Inequalities (Lemma 13.4) on [0, 1] to give another proof of
Lemma 6.20: G < L < A.

13.9. [2,5,42] Let 0 < x < y. Apply the left-hand side of the HH Inequalities
(Lemma 13.4)to f(¢) = 1/t on [x, y] and the right-hand side of the HH Inequalities
to the function f(r) = 1/t on [/x, /)] to give another proof of Lemma 6.20:
G<L<A.

13.10. [39] Denote by G, L, and A respectively, the Geometric, Logarithmic, and
Arithmetic Means of x, y > 0. Show, as follows, that if 32 <x < y then

A

A" <G,

and that these inequalities are reversed for 0 < x < y < &%/

(a) Let f(x) = In(x)/x for x > 0. Verify that f is convex on (e*?, oc0), and
concave on (0,e3/?).
(b) Apply the HH Inequalities (Lemma 13.4) for each case in (a).

13.11. The estimate 1/2 < y (Euler’s constant) from Example 13.10 was obtained
by applying the right-hand side of the HH Inequalities (Lemma 13.4) to the convex
function 1/x on [a, b].
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(a) Do this on each of [a, #] and [#, b] to show thaty > 5/4—In(2) = 0.556.

(b) For only the most intrepid reader: Do this on each of the intervals [a, (a +b)/4],
[(@a+b)/4,(a+b)/2],[(a +b)/2,3(a + b)/4], and [3(a + b)/4, D] to show
thaty > 47/24 — 21n(2) = 0.572.

13.12. [27] For 0 < a < b, the Identric Mean of a and b is

1
1 bb b—a

(a) Show that I(a,b) is indeed a mean.
(b) How should we define /(a, a)?
(¢) Show that

2
(M) < Ia.b) < b¥Pava.

Hint: Apply the HH Inequalities (Lemma 13.4) to f(z) = ¢ In(z) on [ﬁ , «/E]

13.13. [19] Let f be concave and differentiable on [a, b]. Find the point ¢ € (a, b)
such that the total area of the two inscribed trapezoids on [a, c] and [c, b] gives the

b
best approximation to / f(x)dx.
a

13.14. [44]

(a) Let f be differentiable on [a, b]. Use Integration by Parts to show that

b

b
/ (x — ) f'(x)dx = L9HOp—q) - / f(x)dx.

a

(b) Show that if g is continuous and increasing on [a, b], then

b
/ (x—#)g(x)dx > 0.

(c) Put these together to obtain the right-hand side of the HH Inequalities
(Lemma 13.4).

13.15 ([18, 40]). Let f be a function with f” > 0 on [a,b]. Show the best
b

approximation to / f(t)dt by an inscribed trapezoid (the top of the trapezoid
a

i = = ; _ atb :
is tangent to y = f(¢) att = x) occurs precisely when x = “7=. In this sense

the left-hand side of the HH Inequalities (Lemma 13.4) is as good as it can be. See
Fig.13.7.
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Fig. 13.7 For y
Exercise 13.15: For f
convex, an inscribed
trapezoid best approximates
b

y=f1)

f(x)dx when it is

t;ngent toy = f(x)at
x=(a+b)/2

13.16. [15,16] Let f be defined on [a, b] with f” > 0, so that f is convex.

(a) Fixt € [a, b] and integrate (with respect to x) the result of Lemma 8.7, i.e.,

fx) = flO(x—1) + £,

to obtain
b
/f(x)dx > f’(t)(b—a)(#—t)+f(t)[b—a].

(b) What happens if ¢t = (a + b)/2?
(¢) Show that for any ¢ € [a, b], the inequality in (a) is a refinement of the left-hand
side of the HH Inequalities.

13.17. [15,16] Let f be defined on [a, b] with f” > 0, so that f is convex.

(a) Fort € [a, b], integrate (with respect to ¢) the result of Lemma 8.7, i.e.,
fx) = flO)x =)+ f(),
to obtain

(b—-a)
2

F00) + bf(b) —af(a) —2x(f(b) - f(a)).

b
[ rwar =

(b) What happens if x = a or x = b?

(c) Show that for any x € [a, b], the inequality in (a) is a refinement of the right-
hand side of the HH Inequalities.
Hint: Observe that
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so that

bh— —
fx) < ﬁf(a) + %f(b),

by convexity. Now write

bh— bf(b)—af(a)—x(f(b)—f
. (( 2a)f(x)+ f(b)=af(a) zrm) f(a))) _

S0 + s f@].

13.18. [35] Let f and g be continuous on [0, 1], with f decreasing and 0 < g < 1.
From Exercises 9.52 and/or 10.48 and/or 11.17 (also Exercise 11.36), Steffensen’s
Inequalities are:

1 1 A
1
d d dx, h A= dx.
_fA Flodx < 0/ Fg)dx < 0/ F()dx, where /0 g(x) dx

t+1/2 iftel0,1/2]
Apply Steffensen’s Inequalities to f” and g(¢) = then
t—1/2 if r e (1/2,1]
1
to f’ and g(¢) = t (in each case A = / g(x)dx = 1/2), to obtain the HH
0
Inequalities (Lemma 13.4). Can you do this on [a, b] ?

13.19. (a) Show that (13.2) implies

1\ "t 1\n+1/2
(l—l——) <e<(1+—) forn € N.
n n

(b) Which is better, the left-hand side here or the left-hand side of (6.10), forn € N?

13.20. [32] Use (13.2) to show that { (1 + %)Hl } is a decreasing sequence.
13.21. Recall that forn =1,2,3...,

n

yo =3 ¢~ Into).

k=1

Use (13.2) to show that {y,, — ﬁ} is an increasing sequence. (Another approach to
this can be found in [1].)

13.22. (a) Show thatif f” > 0 on [a, b], then

a)2 (b - a)2

f@][b- a]+f()

/f(X)dx < f®)[b—a] + f'(b)
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(b) Draw a picture which shows what these estimates are saying geometrically.
(¢) How do these estimates compare with the HH Inequalities (Lemma 13.4)?

13.23. [23]If f is increasing on [0, 1], then clearly

1 n
/f(x)dx - %Zf(j—j) < 0.
0 k=1

Use the right-hand side of the HH Inequalities (Lemma 13.4) to sharpen this: If f
is continuous and convex on [0, 1], then

1
1< 1
/f(x)dx _ ;;f(ﬁ) < 5-(FO - ).
J =

13.24. [4,34]
(a) Verify that for x > 0,

X l_t
[sz:ln(x)—x+l.
1

(b) Use this to conclude that In(x) < x — 1, with equality only for x = 1.
(¢) Show that the integrand is convex.
(d) Apply the HH Inequalities (Lemma 13.4) to obtain the better estimates

—1)? —1)?
(x ) +ln(x)§x—1§(x ) +1In(x) for0<x <1,
x+1 2x
and
—1)? —1)?
-1 +1n(x)§x—l§u+ln(x) forx > 1.
2x x+1

13.25. [45] Let f be continuous and differentiable on [a, b].
(a) Apply Rolle’s Theorem (Theorem 5.1) to

t

ht) = {93 @ ¢ —g) — [ f(x)dx

a

to show that if the Trapezoid Rule is exact—that is, if
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b
120 - 0) = [ fx)ax.

then the conclusion of Flett’s Mean Value Theorem (Theorem 7.4) holds.
(b) Draw a picture which shows what this is saying geometrically.

13.26. [9] Let f be such that f” is continuous on [a,b] and let M =
m[a)[(j]{ f”(x)}. Fill in the details of the following proof of Ostrowski’s Inequality:
X€la,

b ) )
f(x)—b%a/f(t)dt‘ < M(b_a)<%+(xbj))-

(a) Use Integration by Parts to show that

X

/(t—a)f’(t)dt:(x—a)f(x)—/f(t)dt

a
and

b

b
/(t—b)f’(t)dt=(b—x)f(x)—/f(t)dt.

X

(b) Add these to get

b b
(b—a)f(x) = / Faydi + f g () f(0)d1.

where
t—a if t €la,x]
gx(t) =
t—>b if t e (x,b].

(¢) Show that

b
Juoioalon(izss)na-ofse (525}
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13.27. [30] Let f and f’ be continuous on [a, b], with | f’| < M there. Show that

+ f(b bh—a\’
/f(x)d f(a) f()( a)SM( 2a).

b (a+b)/2 b
Hint: Write/ f(x)dx =/ f(x)dx +/ f(x)dx.

(a+b)/2
13.28. We saw in Example 8.25 that for any x € R,

n

Iim — =0.
n—>+oo n!

Show this using Stirling’s formula (Theorem 13.11).
13.29. [24] In our proof of Stirling’s formula (Theorem 13.11), we saw that

> (’1)”@.

€

Use this to show that

n—1 "N

! -

l_[ k! > (e) .

k=0
13.30. [25] Stirling’s formula (Theorem 13.11) is often written compactly as

n
| &~ V2yn (E) .
e

Use this to show that in fact

n+1/2
| ~ V2P (n+ 1/2) .

S

For n very large the error in this latter estimate is about half that of the former. It is
really the latter estimate that Stirling obtained; the former was obtained by French
mathematician Abraham DeMoivre (1667-1754) [31,43].

el

13.31. (a) Show that the fact that lim —
( ) n—o0 p ﬁ

exists, by Theorem 13.11, implies

that
. A/n! 1
lim — = —.
n—o0o n e

‘We met this latter limit, in Exercises 6.12 and 10.47.
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(b) If A, is the Arithmetic Mean of the first » natural numbers, and G, is their
Geometric Mean, show that the result in (a) is the same as

. G,
lim — = —.
n—>00 An e

13.32. [37] Apply the Trapezoid Rule and the HH Inequalities (Lemma 13.4) to
k+1

+
[ In(x) dx then sum from k = 1 to n — 1, to show that
k

n"Jne

forn =1,2,3,....
e}’l

13.33. [37] Show, as follows, that

n
MVINE o forn = 1,23
en
k+1
(a) Verify that In(x) dx is bounded by the area of the trapezoid whose base

k
is the interval [k, k + 1], and top is part of the tangent line to f(x) = In(x) at
x=k.
(b) Use the bound obtained in (a), sum from k = 1 to n — 1, then manipulate.

13.34. [33] Here’s another way to show that the limit L > 0 in Stirling’s formula
(Theorem 13.11) exists. We showed in the proof that {a, } given by

n"n

n'e"

Qn

is an increasing sequence. So if we can show that {a,} is bounded above then we
are finished, by the Increasing Bounded Sequence Property (Theorem 1.34).

(a) Use (13.2) to show that

1\ kO+5) 1\ k+1/2
1+ — <e< |1+ — .
( +k) ¢ ( +k)

(b) Use the left-hand inequality from (a) to show that

(n+1)" l_[ (k + 1)k/<2’<+” o

n! k
k=1

(¢) Use both inequalities from (a) to show that {a, } is bounded above.
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13.35. cf. [37] Here’s another way to show that the limit L > 0 in Stirling’s formula
(Theorem 13.11) exists. We showed in the proof that {¢,} = {1/a,} given by

n'e"

qn:nnﬁ

is a decreasing sequence. So if we can show that {¢, } is bounded below by a positive
constant then we are finished.

(a) Show that the Midpoint Rule and the HH Inequalities (Lemma 13.4) give

k+1

/ In(x) dx < In (2kz+ 1).
k

(b) Show that

2k +1 2k +1 1 1
ln( 3 ) = ln(k)+ln( " )—ln(k)—i-ln(l—i—ﬁ) < ln(k)—i—ﬁ.

(¢) Conclude that

k+1 .

1 dx < In(k) + —.
/ n(x)dx < In( )+2k
k

(d) Sum fromk = 1ton —1, to get

n

n—1
/ln(x) dx < ) In(k) + %(ln(n) +1).
k=1

1
(e) Evaluate the integral and do some rearranging to get

1 < In(n!))+n—(n+ %)ln(n).

\S]

(f) Conclude that {g,} is indeed bounded below, by \/e.

13.36. (a) Apply the Midpoint Rule and the HH Inequalities (Lemma 13.4) to In(x)
on [k, k + 1] (for k > 0) then sum from k = 1 to n to show that

Y (g) _ @urnr

e n!
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Note: The number

C, =

1 2n\ 1 2n)C2n—1)---(n+1)
n+1 T on+1 n!

353

is called the nth Catalan number, named for Belgian/French mathematician
Eugene Catalan (1814—1894). This number comes up often in combinatorics.
(C, is, for example, the number of ways one can triangulate an n + 2 sided
convex polygon i.e., cut the polygon into triangles by connecting its vertices with

straight lines. See [13].) So the result shows that
n n
¢, = D4y
T 2n+4+ Dhn! \e

(b) Can you get a better estimate using Stirling’s formula (Theorem 13.11) ?

13.37. [28] Here’s another way to show that L = +/2% in Stirling’s formula

(Theorem 13.11), using Wallis’s product (Lemma 12.1)
2 . 224466 2m 2m

2 T wote 133557 2m—12m+1°

(a) Show that Wallis’s product may be rewritten as

. 224262 (2m—2)?
—= lim —===-- —=2m
2 motoo 325272 (2m —1)2

(b) Conclude that

246 (2m-2)
VA= i 35 e YR

(¢) Show that

246 2 2 22" (m1)? /2
lim Z=2... Cm=2), 5 = fim oD’ V2
motoo 357 2m —1) moteo  (2m)! Jm
(d) Show that
L= nle" 2m)'le?”
T SR I T oo (2m)m /2

im 2m)!/m mle™ \?
m——+00 22’”(m!)2\/§ mm+1/2 .

—_ 1 72 _
(e) Conclude that L = «/ﬁL ,and so L = /2.
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13.38. [47] Fill in the details, as follows, of another proof of Lemma 13.13, for f
convex. (If /" is concave then — f is convex.)

(@) Setg(x) = f(x)+ f(a + b — x). Verify that g is convex, and symmetric with
respect to (@ + b)/2.
(b) Verify that for g nonnegative,

b

b —
[ewar = 25 fe@ + ge3].

a

(¢) Write down what (b) means, in terms of f.
(d) What if g is sometimes negative?

13.39. (a) Sketch the graph of a function on [a, b] for which the Trapezoid Rule
is better than the Midpoint Rule. (b) Sketch the graph of a function, which is
neither convex nor concave on [a, b], for which the Midpoint Rule is better than
the Trapezoid Rule.

x+1/2 x(x+1)

13.40. Show that (1 + %) —e < e — (l + %) for x > 0.
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Chapter 14
Error Terms

From error to error one discovers the entire truth.

—Sigmund Freud

Any inequality A < B can be restated, at least in principle, as an equality A = B—FE
where E > 0 is an error term. Of course, if A < B is complicated, then the error
term probably cannot be known exactly. But quite often in calculus, something can
be said about the error term. When this is the case, interesting and useful things
usually follow.

14.1 The Mean Value Theorem Again

Let f be a differentiable function defined on an open interval J and let xo € J be
fixed. By the Mean Value Theorem (Theorem 5.2), for x € J (with x # x() there
exists ¢ between x and x( such that

f(x) = f(xo) = f(©)[x = xo].

Or stated another way,

f(x) = f(xo) = f'(©[I(x) = I(x0)].

where [ is the identity function /(x) = x.
So the error E = f(x) — f(x¢) that results from the approximation

Jf(x) = f(x0)

is given by the error term f'(c)[I(x) — I(xo)].
Equivalently, the error in f(x) = f(xo) is given by that error which results from
the approximation I(x) = I(xy), but scaled by a factor of f'(c).

© Springer Science+Business Media New York 2014 357
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If f is a constant function then the error E = 0, but if f is the identity function
I(x) = x then E # 0. This is why the error term involves the first derivative of f.

These simple observations show themselves in many results which follow from
the Mean Value Theorem (Theorem 5.2). Here is one such example, which provides
an error term for the Right Rectangle Rule.

Lemma 14.1. Let f be defined on [a,b] with f’ continuous. Then there is
¢ € [a, b] such that

(b - a)2

b
ff(x)dx — b —a] = —f'(©)

Proof. Let x € [a,b). By the Mean Value Theorem (Theorem 5.2), there is
& € (a, b) such that

f®) = fx) = f'E)(b~x).

Integrating from a to b we get

b b
f(b)[b—a]—/f(x)dx=/f’(§)(b—x)dx

Now (b—x) > Ofor x € [a,b] and f’ is continuous, so by the Mean Value Theorem
for Integrals (Theorem 9.14) there is ¢ € (a, b) such that

(b - a)2

Fb)[b —a] /f(x)dx—f(c)/ —xX)dx = f(0)

as desired. O

The reader may verify that for / being the identity function /(x) = x,

b b
/I(x)dx—l(b)[b—a] = [xdx—b[b_a] :_(b—za)2’

a a

so that the conclusion of Lemma 14.1 can be written as

b

b
/f(x)dx—f(b)[b—a] = f'(c) /I(x)dx—l(b)[b—a]

a
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That is, the error that results from the approximation

b
/f(x)dng(b)[b—a],

is precisely the error that results from the approximation / ’ I(x)dx = 1(b) [b—a],
but scaled by a factor of f’(c). ‘

Also, the error E = /b f(x) dx—f(b)[b—a] is zero if f is a constant function,
but if f is the identity f&nction I(x) = x then E # 0. This is why the error term

b
f'(c) |:/ I1(x)dx — I(b) [b - a]:| involves the first derivative of f.

We leave it for Exercise 14.1 so show that for the Left Rectangle Rule we get a
similar error term (but with a different c):

(b —a)
2

b
f@[b—a] - / F)dx = — /()

b

£ | 1@[b—a] - / I(x) dx

a

So putting Lemma 14.1 and Exercise 14.1 together, we obtain the following.

Theorem 14.2. (Error Terms for the Rectangle Rules) Let f be defined on [a, b],
with f’ continuous. Then there exists cy, ¢; € [a, b] such that

(b—a)
2

b
b — 2
- / fydx = fB)[b—a]—f(en =Y

f@lb—al+ £/ :

Finally, recall that if f’ > 0 then the Mean Value Theorem (Theorem 5.2)
implies that f(x) > f(xo) for x > x¢. This is Lemma 5.6. Here, if f/ > 0 then
Theorem 14.2 gives the conclusion of Lemma 13.1:

b
F@[b—a] < / f@ydi < fB)[b—a
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14.2 Jensen’s Inequality Again

Let f be twice differentiable on an open interval J and let xo € J be fixed. By
the Mean Value Theorem for the Second Derivative (Theorem 8.6), for each x € J
(with x # xg) there exists ¢ between x and x( such that

1) = 160 = e =) = T3 2
With I,(x) = x2, this reads (as the reader may verify):
/ _ S /
f(x) = f(x0) = f'(xo)(x —x0) = T [12(x) — I (x0) — I (x0) (x — x0) -

This says that the error E = f(x) — (f(x0) + f(x0)(x — xo)) that results from
the approximation

f(x) = f(x0) + f'(x0)(x — xo)

is the error that results from the approximation I>(x) = I»(xo) + I,(xo) (x — xo),
but scaled by a factor of f”(c)/2.

If f is a constant function then the error £ = 0, and £ = 0 if f is the identity
function I(x) = x.But E # 0if f is the function I5(x) = x2. This is why the error
term (" (c)/2D[I2(x) — I2(x0) — I, (x0)(x — Xo)] involves the second derivative.

These observations show themselves in many results which follow from the
Mean Value Theorem for the Second Derivative (Theorem 8.6). Here is an example
which provides an error term for Jensen’s Inequality (Theorem 8.17). Our proof
follows [17]; see also [7,31].

Theorem 14.3. (Error Term for Jensen’s Inequality) Let f be defined on [a, b],
with " continuous. Forn > 2, let x1, X2, ..., X, € [a,b] and let wy,wy, ..., w, be

n
positive, with )~ w; = 1. Then there exists ¢ € [a, b] such that
j=1

S 2o wixs | =D owifx)) = —fz(C)Zw_;(x/—A)z.
j=1 =1 =

n
Proof. With A = ) wjx;, by the Mean Value Theorem for the Second Derivative
j=1

(Theorem 8.6) there is ¢; between x; and A such that

FG) = FA) + A0~ A)+ 3 7€) — A
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Multiplying by w; and summing from 1 to n we get

n n n 1 n
Dowif ) = D wifA) + D owi [l = A) + 5 Y i () — A)

i=1 j=1 i=1 j=1

SO w4 A=)+ 5 Y e~ AP

Jj=1 j=1

= f(A + 0+ %Zw_,-f”(cj)(xj—A)z.

Jj=1

Now since f” is continuous and w; (x; — A)> > 0 for each j, by the Mean Value
Theorem for Sums (Theorem 3.22) there is ¢ € (a, b) such that

%ZW_/fH(Cj)(xj — Ay’ = / 2(6) ij(xj — A)%,
j=1 =

as desired. O

Observe that

n n n n
ZW]‘(XJ'—A)ZZZWJ' 3—22W1XJ'A+ZWJ'AZ
i=1 j=1 j=1

Jj=1

=Y wixj - 24>+ A7
j=1
2

n n
= E ijj E WiX;
j=1 j=l1
n n
= E Wj]z(Xj)—Iz E ijj .
Jj=1 Jj=1

where I,(x) = x2. So the conclusion of Theorem 14.3 can be written as

ZW_/X_,’ ijf(x/) = f (C) I ZW/‘X/’ —ZW_,Iz(xj)
Jj=1 J j=1 j=1
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That is, the error that results from the approximation

S wix | = D owifx)

=1 J=1

is precisely the error that results from the approximation

n n
I, E W;iX;j = E W_,‘Iz(xj'),
Jj=1 Jj=1

but scaled by a factor of f”(c)/2.
n n
If f is a constant function then theerror E = f | >~ w;x; | — > w; f(x;) =
J=1 Jj=1
0,and E = 0if f is the identity function /(x) = x. But E # 0if f is the function
I>(x) = x2. This is why the error term involves the second derivative of f.

These observations should not be surprising, in hindsight, because we used the
Mean Value Theorem for the Second Derivative (Theorem 8.6) to obtain the error
term. In the next sections we shall rely on this pattern to guess what error terms
might look like in other contexts.

Finally, if we assume also that f is convex, i.e., f” > 0, then Theorem 14.3
yields the conclusion of Jensen’s Inequality (Theorem 8.17):

S wixi | < Dowif (x)).
=1 j=

Remark 14.4. In Exercises 14.4 and 14.5 we look at other ways of obtaining the
Error Term for Jensen’s Inequality (Theorem 14.3). In Exercise 14.8 we see that
Jensen’s Integral Inequality (Theorem 9.29) has an error term completely analogous
to that of Theorem 14.3. o

Example 14.5. [24] We saw in Example 8.18 that letting f(x) = —In(x) in
Jensen’s Inequality (Theorem 8.17) then applying the exponential function to both
sides, yields the weighted AGM Inequality (Theorem 6.15):

n n
_ wj v
G = ij < E wix; =A.
Jj=1 Jj=1

Here, the Error Term for Jensen’s Inequality (Theorem 14.3) gives

L) 3 )2 S )2
2 /7 (e) > wj(xj—A) > > wj(xj—A)
j=1" 2¢= i = !

G = Ae = Ae '
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This gives a lower bound for, and a refinement of, the weighted AGM Inequality
(Theorem 6.15) G < A as follows. If 0 < x; < x, < --- < x,, then ¢ € (x1,Xx,)
and so

]2 Z w](xjfll)z 7]72 i wj'(x/'fll)z
2\'1 ji= 2 j=1

Ae < G < Ae < A. o

Let us now take n = 2 in the Error Term for Jensen’s Inequality (Theorem 14.3),
withw; = 1 —1t and w, = ¢ (for ¢ € [0, 1]). After some manipulations, which we
leave for Exercise 14.6, we get the following error term for the convexity condition.

Corollary 14.6. Let f be defined on [a, b], with f” continuous. Leta < x <y <b
and 0 <t < 1. Then there exists ¢ € [a, b] such that

f(A=Dx+1y)—[A=0)f(x)+1f(»)] = 11 —1)(x — y)*.

f"(e)
2

Proof. This is Exercise 14.6. O

Notice that in Corollary 14.6, since 0 < ¢t < 1, we have (t — 1) < 0. So for
f” > 0 we get the convexity condition

fA=0Dx+1) <A =0 fx) +1f (),

exactly as we should.

We have seen that the Mean Value Theorem (Theorem 5.2) is Taylor’s Theorem
(Theorem 8.20) with n = 0, and the Mean Value Theorem for the Second Derivative
(Theorem 8.6) is Taylor’s Theorem with n = 1. Error terms continue the pattern we
have seen thus far, for larger n.

For example, for the n = 2 case, writing I3(x) = x>,

_ 90
3!

3”()60) 2
[13(x) — I3(x0) — I3(x0)(x — xo) — o = (x —x0)°].
This is the error that arises from the approximation

I3 (xo0)

_ 2
o (x — x0)",

I(x) = I3(xo) + I3(x0)(x — xo) +

scaled by a factor of £ (c)/3!. And for the n = 3 case, writing I;(x) = x*,

()
41

E = (x — x0)*

_ Y0

1" 3)
. I (x0) (x— X0)2 _ 14 (x0)

2! 3!

[£4(x) — L4(x0) — 14(x0)(x — x0) — (x — x0)*].
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This is the error that arises from the approximation

1}/ (xo) , 1P (x0)
3!

Ii(x) = I4(xo) + I3 (x0)(x — x0) + ——— o (x —x0)” + (x — x0)*,

scaled by a factor of f®(c)/4!, etcetera. Verifying these facts is the content of

Exercise 14.2. These general observations are manifest in many results which follow
from Taylor’s Theorem (Theorem 8.20).

14.3 The Trapezoid Rule Again

For f defined on [a, b], the Trapezoid Rule is the approximation
(a) + (b)
/ f(x)dx f / [ a] .

Here, we get equality if f is a constant function or if f(x) = I(x) = x, but not if

f(x) = I,(x) = x?. So we might expect that an error term for this inequality should

involve f”(c)/2. And we might also expect that in such an error term, the multiplier
b

of £”(c)/2 would be / f(x)dx — LOEO (p ), but with f(x) = I (x).

Theorem 14.7. (Trapezoid Rule Error) Let f be defined on [a,b] with f”
continuous. Then there is ¢ € [a, b] such that

b
3
[ Foras - LDEIOp oy _ =0

2

b
4 b
_ Lo [[ s - 21 )[b_a]} |

a

Proof. We begin with Corollary 14.6: For some £ € [a, b],
S "(E)

F(A=ta+1b)—[A—1)fla)+1f(b)] = t(t —1)(b —a)’

Integrating from ¢t = 0tof = 1 we get

1 1 1
/f((l—z)a+tb)dt—/ (1—=10)f@a)+1f(b)]d / (S)t(t—l)(b—a)zdt
0 0 0

1
bh— 2
_ ¢ 2") /f”(g)t(z—ndt.
0



14.3  The Trapezoid Rule Again 365

For the first integral on the left-hand side above, we make the change of variables
= (1 —t)a + tb so that dx = (b — a)dt, and the second integral is easily
evaluated:

b 1
1 b b —a)?
—a 2 2
0
Now #(t — 1) < 0 on [0,1] and so by the Mean Value Theorem for Integrals
(Theorem 9.14) there is ¢ € [a, b] such that

-——/f(M far 1o _ oo f%)/m—nm

b — 2
_ a)f%)

which yields the first equality. For the second equality, the reader may verify that

b b
flz(x)dx—w[b—a] =/x2dx—a2—;b2[b_a] =_(b—6a)3.

a a

a

For f” > 0, so that f is convex, the Trapezoid Rule Error (Theorem 14.7) implies
the right-hand side of the HH Inequalities (Lemma 13.4):

f@+ S0y, g

b
/f@ﬁh < [0

Remark 14.8. In Exercises 14.11-14.15, 14.19, and 14.27, we look at other ways
of obtaining the Trapezoid Rule Error (Theorem 14.7). o

Example 14.9. Applying the Trapezoid Rule to the convex function f(t) = 1/¢
on [x, x + 1], the right-hand side of the HH Inequalities (Lemma 13.4) yields (see
Example 13.8):

x+1 1 1 1 2x +1
In <= +—-)]=——— forx>0.
X 2\x+1  «x 2x(x + 1)

This is equivalent to

1\t =+
(1 + —) < e for x > 0. (14.1)
X
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Now the Trapezoid Rule Error (Theorem 14.7) gives, for some ¢ € [x, x + 1],

( 1) 2x + 1 21 2x +1 1
In

I+ )= == =T
+x 2x(x+1) 312 2x(x+1) 6c¢3

Therefore

1 2x + 1 1
In[l14+—] < — .
x 2x(x +1)  6(x +1)3
This is equivalent to

3x3 4722 43x

1 x+6x3+15x2+11x+3
14+ — < e for x > 0, (14.2)
X

which improves (14.1). <o

Example 14.10. We saw in Sect. 6.7, that with y,, = > % —In(n),
k=1

lim y, =y = Euler’s constant = 0.577216.

n—>o0o

As is suggested in [13], here we use the Trapezoid Rule Error (Theorem 14.7) to
obtain bounds for approximating y with y,. Specifically, we show that

1 1

1
R R S Y
m -1 STV S g o

Applying the Trapezoid Rule Error to f(x) = 1/x on [k — 1, k] (k > 1) we get, for
some ¢, € [k — 1,k],
k 1 1 /1 1 1
—dx — = |-4+—) = ——.
/x ¥ 2(k+k—1) 62
k—1
Summing from k = 2 to n, we get
M1 I (1 1 "1 1 "
—dx—~ )= =Y - (1+-) == —.
fx X 2];(k+k—l) n(m) X_:k+2( +n) 62
| - —

That is,
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Therefore (since we already know that y exists),

21
2—3
k=2 k

l\)l>—‘

and

On the other hand, since k — 1 < ¢; we also have

o0
21 > 11 1 1 1
- < T — J— — J—
Y Nty il <5 ) v me

—1
Therefore

1 1

p— > S — y
Y o T 2= 1)
as we set out to show. The reader can verify that ﬁ — forn > 2,

and so we have the weaker but tidier estimates

1 1
— <Y, —Y < —.
2+ 1) TV,

12(n 1)2 = 2(n+1)

Another interesting approach to estimating y, — y can be found in [33]. o

14.4 The Midpoint Rule Again

For f defined on [a, b], the Midpoint Rule is the approximation

b
/f(x)dx ~ f(#)[b—a].

Here again, we get equality if f is a constant function or if f(x) = I(x) = x,
but not if f(x) = I»(x) = x2. So we might expect that an error term for this
inequality should involve f”(c)/2. We obtain an error term below, again by way of
the Mean Value Theorem for the Second Derivative (Theorem b8.6). And the error

term is, as expected, /" (c)/2 multiplied by f(#)(b —a) —/ f(x) dx, but with
f(x) = x2.
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Theorem 14.11. (Midpoint Rule Error) Let f be defined on [a,b] with f”
continuous. Then there is ¢ € [a, b] such that

(b -a)’

G

b
£ b —a] — / £(x) dx

b

= f”2(c) IZ(#)[b—a]—/lz(x) dx

a

Proof. By the Mean Value Theorem for the Second Derivative (Theorem 8.6) we
have, for some & between x and (a + b)/2,

AVACG PR

SO0 = FER) + 11D (x - 52) + =N

2

Integrating from a to b, we get

b b b
/f(x)dx = f(&D)[b—d] + f’(@b)/(x—#)dx 4 /f”T‘f)(x—#)zdx

= f(“ED)[b—-a] + 0 + /f”(g) (x — “F2)* dx.

Now (x — #)2 > 0 on [a, b] and so by the Mean Value Theorem for Integrals

(Theorem 9.14) there is ¢ € [a, b] such that

b
1 2 f”(C) (b )
- f//(c)(x_#) dx _a+b — f//( )
2
This gives the first equality. For the second equality, the reader may verify that
b b b 3
L(“E2)[b —a] —/Iz(x) dx = ("J{b)2 [b—a] — /x2 dx = —%
a a
O

For f” > 0, so that f is convex, the Midpoint Rule Error (Theorem 14.11) yields
the left-hand side of the HH Inequalities (Lemma 13.4):

b
FEE)[b—a] < / F(x)dx.
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Remark 14.12. In Exercises 14.17-14.19 and 14.27, we look at other ways of
obtaining the Midpoint Rule Error (Theorem 14.11). o

Example 14.13. Applying the Midpoint Rule to the convex function f(¢) = 1/¢
on [x,x + 1], the left-hand side of the HH Inequalities (Lemma 13.4) yields (see
Example 13.8):

2 1
<In X for x > 0.
2x +1 X

This is equivalent to the rather good inequality

x+1/2
e< (1 + —) for x > 0. (14.3)
X
Now the Midpoint Rule Error (Theorem 14.11) gives, for some ¢ € [x, x + 1],

| x+1 2 n 21 2 n 1
n = —— = —_
2x+1 324 2x+1  12¢3

X
Therefore
| x+1)_ 2 N 1 24x3 4+ 72x% + 74x + 25
n =
X T2x+ 1 12(x+1)3 122x + 1)(x + 1)3

This is equivalent to the following improvement of (14.3):

x+ 12x3 4-34x2 4-35x 412
1 24x34+72x2 474x 425
e<|1+ — for x > 0. o
X

14.5 Simpson’s Rule

By Theorem 14.7, the error for the Trapezoid Rule is

b
b b—a)’
/f(x) dx — f(a) ;‘ S )[b _a] _ _( 12”) f//(C),

and by Theorem 14.11, the error for the Midpoint Rule is

_ (b—a)

1.

b
/ﬂww—ﬂ%NhW]
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These are of course different ¢’s. But still, these error terms suggest that the
Midpoint Rule may often be better than the Trapezoid Rule, by approximately a
factor of two, at least if b — a is very small. (We saw in Lemma 13.13 that for f
either strictly convex or strictly concave, the Midpoint Rule is always better than the
Trapezoid Rule.)

Looking again at these error terms, observe also that

1 1+21 _o
3 12 3\24

This suggests that the weighted mean %(Trapedoid Rule) + %(Midpoint Rule) might
b

be a good approximation to / f(x)dx. Indeed it is—this is Simpson’s Rule:

%(.f(a);rf(b)[b_a]) (f(a“’)[ _a])

I

b
/ f(x)dx

1 b
= < (f(a) + 4f(%) + f(b)) [b—a].

Simpson’s Rule turns out to be a very good quadrature rule, considering its relative
simplicity. Its error term is given in the theorem below. We don’t prove it here—
instead we leave several proofs for the Exercises.

Theorem 14.14. (Simpson’s Rule Error) Let f be defined on [a,b] with f®
continuous. Then there is ¢ € [a, b] such that

b
1 a+b _(h—a)’
dx — - 4f (—— b)) [b—al = “
[ s =g (@415 + @) p-a] == C i 90,
Proof. See any of Exercises 14.19, 14.24, 14.25, 14.26, or 14.27. m|

Example 14.15. Applying Simpson’s Rule to f(t) = 1/t on [x, x + 1] we get
x+1
NEsa /1dt 12x% 4+ 12x + 1
n = — o~ .
X t 6x(x+1)2x+ 1)
X

Here, f®(t) = 24/t > 0 and so the Simpson’s Rule Error (Theorem 14.14), tells
us that this is an overestimate. That is,

x+1 12x2 + 12x + 1
In < .
X 6x(x +1)2x + 1)
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This in turn gives the following improvement of (14.2):

6x245x

1 x+12x2+12x+1
14+ — <e forx>0. o
X

Example 14.16. [26] Let x, y > 0. In Example 13.6 we applied the HH Inequali-
ties (Lemma 13.4) to the convex function f(f) = €’ to get

In(y)
(In(y) —In(x)) < /etdt < w(ln(y)—ln(x)).

In(x)

In(x)+In(y)
e 2

This gives the conclusion of Lemma 6.20:
G=<L<A,

where G, L, and A are the Geometric, Logarithmic and Arithmetic Means, respec-
tively, of x and y. Here, £ (¢) = ¢’ > 0 and so Simpson’s Rule (Theorem 14.14)
gives overestimate for L. Therefore

2 1
L < -G -A < A.
=3 +3 =

We obtained this inequality differently in Exercise 6.43. See also Exercise 14.28. ¢

The Midpoint Rule is obtained by interpolating f with the constant function
po(x) which passes through ((a + b)/2, f((a + b)/2)), then integrating p, instead
of f. (The reader may verify this fact.)

Likewise (as the reader may also verify), the Trapezoid Rule is obtained by
interpolating f with the linear function p;(x) which passes through (a, f(a)) and
(b, f(b)), then integrating p; instead of f.

Exercise 14.22 shows that Simpson’s Rule is obtained by interpolating f* with the
quadratic function p,(x) which passes through the points (a, f(a)), (”erb  f (“;b ),
and (b, f (b)), then integrating p, instead of f.

As such, Simpson’s Rule must be exact when applied to a quadratic function.
That is,

b
£ = [nwar - ¢ (n@+an S04 p0)b-a] = 0.

a

But it is a fortunate fact that Simpson’s Rule applied to a cubic polynomial also
yields the exact answer. Here’s why, but see also [9, 12,32]:

Suppose that p(x) is a cubic that agrees with the quadratic p,(x) at the points
x =a,x = (a+b)/2,and x = b. Then E(x) = p(x) — p,(x) is a cubic with
zeros at these three points. Therefore, for some constant C,

E(x)=C-(x —a)(x — “2)(x - b).
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So E(x) is an odd function with respect to ”42"’ . That is,

+b — +b b=
E(“t 4+ x) = —E(“t2 —x) for x € [0, 554].

Therefore (as the change of variables t = x — (a + b)/2) reveals),

b

/E(x)dx =0.

a

This is why, in Theorem 14.14, the error term for Simpson’s Rule involves f*
rather than the f® that one might expect. And looking at the error term there,
wherein 2,880 = (120)4!, the energetic reader may verify that (with I,(x) = x*):

b
[ 1 dx = 4 (1@ + 41,0582) + 1) [ a] =

a

_(b—ay
120

Interpolating f* with polynomials of degree n generally yields better quadrature
rules as n gets larger. These are called Newton-Cotes Quadrature Rules. But the
price is that the quadrature rules then become more complicated. And, as with
Simpson’s Rule, interpolating f with a polynomial of degree n when is n even
always yields a quadrature rule which is exact for polynomials up to degree n + 1.
See Exercise 14.23. As such, the error term involves f(”+2) (e.g., [14,28,32]).

Subdividing [a, b] into smaller subintervals and applying a quadrature rule on
each of the subintervals also generally leads to better approximations, but again, at
the expense of simplicity. These are called composite rules. For a composite rule
which comes from a variation of Simpson’s Rule, see [27]. In [29] is an interesting
quadrature rule which uses quadratics, but is different from Simpson’s Rule.

14.6 Error Terms for Other Inequalities

The proof of many an inequality can be modified to obtain an equality which
includes an error term. We finish here by looking at one more example; we explore
some others in the exercises.

Young’s Integral Inequality (Theorem 11.15) says that if f is continuous on
[0, A] and strictly increasing with f(0) = 0, then for any a € [0, A] and b €
[0, f (D],

a b
ab < | f(x)dx+ [ f~'(x)dx.
[reoe]
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This inequality is reversed for f strictly decreasing. And in either case, there is
equality if and only if b = f(a). Young’s Integral Inequality has a geometric
interpretation, as shown in Fig. 14.1.

Fig. 14.1 For Young’s y
Inequality (Theorem 11.15):
the difference between the

v = f(x)

right-hand and left-hand sides fla)
is the area of the shaded
region b

The following result provides an error term, which indicates the size of the area
of the shaded region in Fig. 14.1.

Theorem 14.17. (Error Term for Young’s Integral Inequality) Let f be continuous
on [0, A] with f(0) = 0. Suppose also that f’ is continuous and that f is
monotonic. Leta € [0, A] and let b be between O and f(A). Then there is ¢ between
f~Y(b) and a such that

a b
ab — /f(x)dx+/f_1(x)dx = —fz(c) [a—F'®)].
0 0

Proof. Exactly as in the proof of Young’s Integral Inequality (Theorem 11.15), we
obtain

a

a b
/f_l(x)dx +/f_1(x)dx—ab = / [f(x)—b]dx.
0 0 S7Hb)

We may assume that f(a) # b. Then we write

/ [/(x)—b]dx = [ (/00— (/7' 5] dx.
a0 =)

By the Mean Value Theorem (Theorem 5.2) there is £, is between x and f~'(b)
such that

a

/ [/(0)—b]dx = / FE)[x — £ ()] do.
=) L)
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Now in either of the cases f~'(b) <aora < f~'(b), the term [x — f~'(b)] does
not change sign over [ f ~!(b), a], and so by the Mean Value Theorem for Integrals
(Theorem 9.14) there is ¢ between f~'(b) and a such that

[ bw-plax = r© [ -rone = L2 e,
] ]
which yields the desired result. O

If f” is continuous and f is increasing (so that f’ > 0), then the Error Term for
Young’s Integral Inequality (Theorem 14.17) implies Young’s Integral Inequality
(Theorem 11.15):

a b
ab — [f(x)dx+/f_1(x)dx =—fz(c)[a—f—1(b)]2 < 0.
0 0

Example 14.18. We saw in Sect. 11.3 that applying Young’s Integral Inequality to
f(x) = x? gives

1 1
ab—-a*—=b* < 0.
2 2

In this case, as the reader may verify, the error term provided by Theorem 14.17 is
precisely —%(b —a)?, so we get the identity (see Fig. 14.2)

1 1 1
ab — —a*— -b*> = —(b—a)>.
2 2 2
This is equivalent to (a 4+ b)?> — 4ab = (a — b)?, which is what we used to prove
Lemma 2.7—the simplest version of the AGM Inequality. o

Fig. 14.2 For

Example 14.18. The area of | |
the shaded region is i i

%(b - 0)2 b a X
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Exercises

14.1. Theorem 14.2 (Error Terms for the Rectangle Rules) is: Let f be defined on
[a,b], with [’ continuous. Then there exists cy, ¢, € [a, b] such that

a)2 (b - a)2

f@b—al+ fen? / Feydx = fO)[b—a] - f'(c2)

(a) We proved the right-hand side. Prove the left-hand side.
(b) Verify, for I(x) = x, that

b
b — 2
_( 2“) - I(a)[b—a]—/l(x)dx
a
14.2. (a) Let I3(x) = x°. Verify that the conclusion of Taylor’s Theorem
(Theorem 8.20) with n = 2 reads: There exists ¢ between x and x, such that
1
£ = 1) = F o) = x0) = L (2
3) ¢ I// X
= L9 0= o) = B = 300 = B |

(b) Let I,(x) = x*. Verify that the conclusion of Taylor’s Theorem (Theorem 8.20)
with n = 3 reads: There exists ¢ between x and x, such that

£ = Fx0) = £ = x0) = L (e g7 =

(x — x0)?

S (xo)
3

“@ ” ®
- L@ 4!(C) {h(x) — I4(x0) — 15 (x0)(x — x0) — & 2(;60) (x — x0)* — 1437(!)60)@ - x0)3:| )

14.3. After the proof of the Error Term For Jensen’s Inequality (Theorem 14.3), we
saw that

2
n
wix; | — wix2 <0
JXi ixjp =Y
j=1

Use the Cauchy—Schwarz Inequality (Theorem 2.18) to show this directly.



376 14 Error Terms
14.4. [7,31] Fill in the details of another way to obtain the Error Term for Jensen’s

Inequality (Theorem 14.3).

(a) First, explain how we may suppose that there exist 2 and M such that
0<m=< f"(x) <M.

(b) Set g(x) = %M x%2 — f(x). Verify that g is convex, and apply Jensen’s
Inequality (Theorem 8.17) to g to get

En ij(Xj)—f( En WJ'XJ')E——M En W/‘(Xj—A)z.
2
=1

Jj=1 J Jj=1

_ 1 : : , .
(¢) Seth(x)= f(x)— zmxz. Verify that / is convex, and apply Jensen’s Inequality
(Theorem 8.17) to & to get

%ij(xj —A)? < ijf(xj) —f(Zijj)~
j=1 /=1

=1

(d) Now if m and M were chosen carefully, then an application of the Intermediate
Value Theorem (Theorem 3.17) would finish the proof—explain.
14.5. [18] Fill in the details of another way to obtain the Error Term For Jensen’s
n

Inequality (Theorem 14.3). Let A = Y w;xj,and for0 <7 <1, set
j=1
g) = "w; f((1=1)x; +1A).
j=1

(a) Apply the Mean Value Theorem for the Second Derivative (Theorem 8.6) to g
on [0, 1] to get, for some ¢ between 0 and 1:

£ = )+ £ 01+ 501y,
(b) Now write down what this says, in terms of f.
14.6. Prove Corollary 14.6.
14.7. Let xy, x2,...,Xx, and wi, wy, ..., w, be positive numbers with i w; = 1.
For r > 0 their Power Mean is: =
1/r

n
_ o
M, = ijxj
Jj=1
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(a) Verify that M| is the Arithmetic Mean, and M, is the Root Mean Square.

(b) Show that, by continuity, we should define M, to be the weighted Geometric
Mean G = x}" - x3? -+ x)n.

(c) Apply the error term for Jensen’s Inequality to f(x) = x“T1/$ to obtain upper
and lower bounds for M, — M;. See also Exercises 8.48, 9.51, and 10.18.

14.8. [25] Recall Jensen’s Integral Inequality (Theorem 9.29) then obtain the

following Error Term for Jensen’s Integral Inequality. Let f be continuous on [a, b]

with f" continuous also. Let ¢ be such that " > 0 on the range of f. Let w > 0
1

be continuous on [0, 1], with / w(x)dx = 1. Then there is ¢ € (a, b) such that
0

1 1

0 0/ w(x) f() dox | — 0/ W()(f(x) dx

2 |

1
— f2(§) [w(x)f(x) dx —/W(X)fz(x) dx
0 0

14.9. Let f be a function defined on [a, b] with f” bounded (but not necessarily
continuous), say | f”| < M. Show that

b
‘/f(x)dx—w[b—a]) <=9

2 12

14.10. [13,15,22] Use the Trapezoid Rule Error (Theorem 14.7), as follows, to

ol

show that the limit in Stirling’s formula (Theorem 13.11) lim = L exists
w00 1 Jn
and is positive. With
_n"Jn
" onler

we showed in the first part of our proof of Theorem 13.11 that {a,} is increasing, so
by the Increasing Bounded Sequence Property (Theorem 1.34), it is enough to show
that {a, } is bounded above.

(a) Letk > 1. Show that for some & € [k — 1, k],

k

/m@mx—gmw—u+m@ﬂ=

1262
k—1 Ek
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(b) Sum from k = 2 to n and evaluate the resulting integral, to show that

1 G|
nln(n) —n +1—1In(n!) + =1In(n) = —.
() (n1) + 5 In(n) ;_2%3

(¢) Conclude that

n n 1
n(SX) = 3 oo
nle k=212.§k
(d) Show that

n n—1

1 1

J— < —
Xz = X
k=2 gk k=1k

and so {a, } is bounded above, as we wanted to show.
(e) Bonus: Show further, that

2370 =~ VT2 < [ <312V o 9 576,

14.11. [11] Here is another proof of the Trapezoid Rule Error (Theorem 14.7). Let
¢ = (a + b)/2 and consider the function

c+t

F(t) = f fydx —t[fle+1)+ flc—1)]

(a) Verify that

b
_ (b—a)
F() = [ rwan-CS 0 1@ + 1))
(b) Compute F’(t).
(c) Observe that (¢ + ¢) — (¢ —¢t) = 2¢t, then apply the Mean Value Theorem
(Theorem 5.2) to f' to show that there is £ between ¢ — ¢ and ¢ + ¢ such that

F/(t) — f”(S]).

22

(d) Apply Cauchy’s Mean Value Theorem (Theorem 5.11) to F(x) (numerator) and
x? (denominator) on [0, l%] to show that there is &, € (0, b%”) such that

F(*39) _ F'(&)
(559 3%
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(e) Show that there is & € (¢ — 254

=t o+ b%") = (a, b) such that

(b a)3 = __f//($3)

(d) Conclude that F(25%) = —2(254)3 (&) = —L(b — a)’ f7(&).

14.12. [3] Here’s another proof of the Trapezoid Rule Error (Theorem 14.7). Define
the constant C by

/f(x)d LOLIO gy = (b -a)".

(a) Verify that the function

f@+ ),

5 —C(t—a)’

F(t) = / F(x)dx —

satisfies F(a) = F(b) = 0. Conclude that F’ vanishes somewhere in (a, b).
(b) Verify that F’(a) = 0. Conclude that F” vanishes somewhere in (a, b).
(¢) Write down what (b) means, and solve for C.

14.13. [8] Here’s another proof of the Trapezoid Rule Error (Theoregl 14.7).
Denote by L(x) the line through (a, f(a)) and (b, f(b)). Let h = &2, fix
x € (a,b), and set

—h)’.

Fo) = 1) - L)~ 90y,

2 _p2

(a) Verify that F(a) = F(b) = F(x) = 0.

(b) Apply Rolle’s Theorem to show that F’ vanishes at least twice and F” vanishes
at least once, say at ¢ = cy.

(c) Solve F”(c) = 0 for ¢ to see that f(x) — L(x) = (X_h)zﬂf”(cx).

(d) Now apply the Mean Value Theorem for Integrals (Theorem 9.14) to see that

b
b
[ 1w ax - LOTIO 0y = 2 ) = 106 - o

for some & € [a, b].
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14.14. [2] Here’s another proof of the Trapezoid Rule Error (Theorem 14.7).
(a) Apply Integration by Parts twice to show that

/ (x—a)x —b) f" () dx = (b — )| f(a) + F(B)] - / £(x)dx.

(b) Apply the Mean Value Theorem for Integrals (Theorem 9.14) on the left side.

14.15. (L. Livshutz, private communication) Here’s another proof of the Trapezoid
Rule Error (Theorem 14.7).

(a) Apply Integration by Parts twice to show that

2
(S5 3)

b

b
[ s = g0 (- 3)

b
+ %/f”()c)(x2 — Ax + B)dx,

where A and B are arbitrary constants.
(b) Set A = a + b, B = ab and apply the Mean Value Theorem for Integrals
(Theorem 9.14).

14.16. Let f be a function on [a,b] with f” bounded (but not necessarily
continuous), say | f”/| < M. Show that

(b —a)’
24

b
[ rwax - o -l < M

14.17. [2] In this problem we use Corollary 14.6 to obtain the Midpoint Rule Error
(Theorem 14.11).

(a) Verify that

F(2) = f(A (1 —na + 1) + L(ta + (1 - 1)b)).

(b) Show that Corollary 14.6 gives

F(52) = 3/ (0= Da+ 1) + 3 (ra+ (1= 0b)

+ L8 = (= na+18)' = (ra+ (1= 00)']
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(¢) Simplify this to get

(L) = Lf((1=n)a +1b) + L f(ta+ (1 —1)b) — L (b —a)* (20 —1)°.
(d) Now integrate from t = 0 to ¢t = 1, and use the Mean Value Theorem for
Integrals (Theorem 9.14).

14.18. Here is another proof of the Midpoint Rule Error (Theorem 14.11), moti-
vated by [11]. Let ¢ = (a + b)/2, and consider the function

c+t

F(o) = [ £ dx — 20f (),

c—t

(a) Verify that

b
F (54) :/f(x)dx—(b—a)f(#).

(b) Compute F"(t).
(c) Observe that (¢ + t) — (c —t) = 2t, then apply the Mean Value Theorem
(Theorem 5.2) to f’ to show that there is & between ¢ — ¢ and ¢ + ¢ such that

F"(1) "
o = /).
(d) Apply Cauchy’s Mean Value Theorem (Theorem 5.11) to F(x) (numerator) and
x* (denominator) two times on [0, ’%] to show that there is & € (0, 1%) such
that

(l%)3 65>

(e) Show that there is & € (¢ — b%", c+ ]’;2”) = (a, b) such that

F(%5%) F" (&)

FC3 _ 1,
=y =3 ®:

(f) Conclude that F(25%) = 1(552)3 (&) = (b —a)’ f7(&).

14.19. [4, 6] Here is a rather unified way to obtain the Trapezoid Rule Error
(Theorem 14.7), the Midpoint Rule Error (Theorem 14.11), and Simpson’s Rule
Error (Theorem 14.14). Suppose that f” and h are continuous and set H(x) =

/ax h(t)dt.
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(a) Verify the Integration by Parts formula

b b
[ rwnmax-he s = [ H@ s @dx - fome|.

(b) With h(x) = x — (a + b)/2, apply this formula then the Mean Value Theorem
for Integrals (Theorem 9.14) to obtain the Trapezoid Rule Error.
(c) Set

: b
x—a ifxe [a,%]

h(x) =

x—b ifxe (<2 5]

Apply the formula in (a) then the Mean Value Theorem for Integrals
(Theorem 9.14) to obtain the Midpoint Rule Error.
(d) Simpson’s Rule is %(Trapezoid Rule) —}—%(Midpoint Rule). So consider

%hl(x) + %hz(x),

where /1 is the & from (b) and #, is the & from (c) to obtain the Simpson’s Rule
Error (Theorem 14.14). (Warning: This is very messy!)

14.20. [19] Suppose that f” and & are continuous and set H(x) = / ~ h(t)dt.
a

(a) Verify the Integration by Parts formula

b b
[ 1w ax-he s = [ Hw s @dx - fome|.

With h(x) = (x—a)(b—x)— % (b—a)?, apply this formula then the Mean Value
Theorem for Integrals (Theorem 9.14) to obtain the Corrected Trapezoid Rule
error estimate

(b —a)’

a4 = f@
(b—a)” = f() 5,

b
[ 1o LOTIO g SO T

for some ¢ € (a, b).
Note: The Corrected Trapezoid Rule is motivated by the fact that for b — a
small, the error in the Trapezoid Rule is

SIOb-a) = (76 - @) b-a)
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(b) We have seen that L < A, where L and A are respectively, the Logarithmic
and Arithmetic Means of the positive numbers x # y. Apply the Corrected
Trapezoid Rule to f(t) = x'y'™ to obtain the refinement

L + rlzln(‘yi,)(x—y) < A.

14.21. In Exercise 14.10 we used the Trapezoid Rule Error (Theorem 14.7) to show
that the L > 0 in Stirling’s formula (Theorem 13.11) exists, and we obtained

2370 = eV < [ < B2V~ 9576,

Use the Corrected Trapezoid Rule Error (see Exercise 14.20)
b
a b a b—a)®
/f(x)dx (0% 3101 /A OO S 0T A L PN Ui

for some & € (a, b), and the fact that Z 1/k* = ¥*/90, to obtain the better bounds
k=1

2503 =~ e11/12+(6/720)(x//4/90—1) < L < ell/l2+(6/720)(¢4/90) ~ 2524

14.22. Show that Simpson’s Rule is obtained by interpolating f with the quadratic
function p,(x) which passes through the three points (a, f(a)), (‘%}’, f (‘Hz'}7 )), and
(b, f(b)), then integrating p, instead of f.

14.23. [32] Suppose that p(x) is a polynomial of degree 2k + 1 with the 2k + 1
Zeros

x=—-kh, x=—k-Dh, ....x=—-h, x=0, x=h, x=2h,..., x =kh.

(a) Show that p(x) is an odd function: p(x) = —p(—x) for all x € R,
(b) Conclude that

h

/p(x) dx =0.

—h
14.24. [8] Here is a proof of the Simpson’s Rule Error (Theorem 14.14). Let S(g)
denote Simpson’s Rule applied to the function g on [—£, A].

(a) Let p be the unique cubic polynomial such that p(+h) = f(Lh),
p(0) = £(0), and p’(0) = f(0). Show that
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h

/ F()dx — S(f) = f F(x)dx - S(p) = / (/(0) = p(x)) dx

—h —h
(b) Fix x € (—h, h) and for ¢t € (—h, h), consider

Fio = 10 - p) - L0 P

(= h?).
Verify that F(+£h) = F(0) = F(x) = 0, and conclude that F’ vanishes at

least three times in (—#, ).
(c¢) Verify that F’(0) = 0, and conclude that F’ vanishes at least four times in

(=h, h).
(d) Show that F® vanishes at least once in (—h, h), say at t = ¢y, and conclude
that
_ (—) @
S(x)—px) = S (er).
Therefore,

h h
[roax—sin = [FETD 0 ax
—h

—h

(f) Apply the Mean Value Theorem for Integrals (Theorem 9.14) to obtain

h h
2.2 12
[rwax=su = 1o [FEE ar= -G o

—h

14.25. [5] (see also [10]) Here’s another proof of the Simpson’s Rule Error
(Theorem 14.14).

(a) Use Integration by Parts to verify that
h 0 h
72[ f(x)dx = /(x+h)3(3x—h)f(4’ (x) dx +/(x—h)3(3x+h)f<4> (x)dx.
—h —h 0

(b) Use the Mean Value Theorem for Integrals (Theorem 9.14) then the Interme-
diate Value Theorem (Theorem 3.17) to show that there is ¢ € (—h, k) such
that
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h h
72| f(x)dx = 2f¥(e) | (x —h)*Bx + h)dx
/ /

= 2f(4’(c)%h5.

14.26. [11] Here’s another proof of the Simpson’s Rule Error (Theorem 14.14). Set
¢ = (a + b)/2 and consider the function

c+t

Fo = [ fdx = 5[fe =0+ 47 + fle+ 1],

(a) Verify that

(b—a)

b
F(53%) = / f0)dx = —=—[f(@) +4f(c) + f(B)].

(b) Verify that

@) = 3£ +0 -2/ + fle=0] = 5[~ e =0 + f(e + 0],
F'(t) = %[f’(c +1)— fllc—1)] - %[f”(c —1)+ f"(c+1)]. and

FO@) = —g[f@)(c 10— O -n].

(¢) Verify that F(0) = F’(0) = F”(0) = F"’(0) = 0 and conclude, by the Mean
Value Theorem (Theorem 5.2), that there is € € (¢ — ¢, ¢ + ) such that

FO 0 = =25 0 ),

(d) Apply Cauchy’s Mean Value Theorem (Theorem 5.11) three times, beginning

with F(¢) and g(¢) = £°, to see that there is ¢ between 0 and 2 5+ such that
— 2¢2
FCF)—FO _ FO©Q _ =590 1w,
g(%5%) — g(0) g9 (c) ()@ B3)c? 90
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(e) Show, finally, that

_(b—ay

)
2,880 S eea @)

F(55) = (59 (- 55 /96) =

See [30] for an approach which unifies Exercises 14.11, 14.18 and 14.26.

14.27. (L. Livshutz, private communication) Here is a rather unified way to
obtain the errors for the Trapezoid Rule (Theorem 14.7), the Midpoint Rule
(Theorem 14.11) and Simpson’s Rule (Theorem 14.14). For a continuous function

f on[—a,a], write f(x) = fe(x)+ fo(x), where

S+ f(=x) _ S - f=x)

folx) = = and o (x) .

For example, e* = cosh(x) + sinh(x).

(a) Verify that f£ is an even function and that f is an odd function.
(b) Show that

/f(x)dx =2/f5(x)dx, 2P0y =0, and £fP0) = f7(0) fork =1,2,3,....
—a 0

¢) Integrate arts twice to show that

(¢) Integrate by p I how th

[ feax = feco(@-a + ) - [ 100 (52 + a0 - ) ax
0 0

= fr@A— f0)(A—a) — fp(x) (B8t 4 Az |

0

/ (m<“”+Au—@)

_a)(x—a—i—ZA)dx.

= fE(a)A—fE(O)(A—a)Jr/fé/( )(x
0

(d) Set A = 0, apply the Mean Value Theorem for Integrals (Theorem 9.14), and
write what you get in terms of f(x) dx to obtain the Midpoint Rule Error
(Theorem 14.11).

—a
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(e) Set A = a, apply the Mean Value Theorem for Integrals (Theorem 9.14), and
write what you get in terms of f(x) dx to obtain the Trapezoid Rule Error

(Theorem 14.7). -
(f) Integrate by parts as above, but four times, and take A = a/3, to show that

/fE(x) dx = fE(x)(x - %a)‘: + 7% / SE) (x —a)’> (3x + a) dx.
0 0

(g) Apply the Mean Value Theorem for Integrals (Theorem 9.14), and write what

you get in terms of f(x) dx to obtain the Simpson’s Rule Error.
—a

14.28. Let x,y > 0. Apply Simpson’s Rule to £(z) = x’y'= on [x, y] to obtain
the result of Example 14.16 (also Exercise 6.43):
2 1
L < -G -4 < A,
=3 + 34 =
where G, L, and A are respectively, the Geometric, Logarithmic and Arithmetic

Means of x and y. The reader may want to look at Exercise 13.8 in which we
applied the HH Inequalities (Lemma 13.4) to f(t) = x'y'=" on [x, y], to get

G < L < A.

14.29. [1,16] Simpson’s 3/8 Rule and its error term is given by

b
/f(X) dx = L[f(@) + 3£ (25L) + 3£ (“E2) + £(0)] (b —a) — L2 FD®).

for some £ between a and b. Apply this to f(x) = e¥, to show that

_ 13 ,1/3\3
L(X, y) = ln(x);—l);(y) E («’C ;y ) = Ml/:’y(x, y)

M 3(x, y) is called the Lorentz Mean,; see also Exercise 6.46.

14.30. [20,23] Fill in the details in obtaining the following error term for Cheby-
shev’s Integral Inequality (see Exercises 9.44, 9.45, and 10.29): Let f' and g’ be
continuous on [a, b]. Then there are ¢y, ¢, € (a, b) such that

b

b b
[ s ax - 2 [ s [ewdx = 5 reng e -ar

a
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(a) Verify that

b

b b b b
[ rwsmax=[ rwax [ ewrar =i [ [ o= ronem—eon axa.

a

(b) Apply the Mean Value Theorem (Theorem 5.2) then the Mean Value Theorem
for Integrals (Theorem 9.14) to show that for some ¢y, ¢, € (a, b),

b b b b
/ / () = FO)(g(x) — g0 dxdy = f'(e1)g'(c2) / / (x — y) dxdy.

(¢) Now evaluate the double integral in (b). (Work from the inside out: integrate
with respect to x, then with respect to y.)

14.31. [21] In Exercise 8.44 we applied Jensen’s Inequality (Theorem 8.17) to the
function f(1 — x) — f(x) to obtain Levinson’s Inequality : Ler 0 < x| < --- <

Xp<1/2,sety; =1—x;, Ay = ) wijxj,and Ay = ) w;y; = 1— Ay (where
Jj=1 Jj=1

Wi, W2, ..., Wy, satisfyw; > 0and )" w; = 1). Then for f® >00n(0,1),
=1

S(A2) = f(A) <Y wi f(yp) =D wj f(x)).

j=1 j=1
Use the Error Term for Jensen’s Inequality (Theorem 14.3) to obtain an error term
for Levinson’s Inequality.

14.32. [20] Fill in the details for obtaining the following error term for Steffensen’s
Inequality (see Exercises 9.52, 10.48, 11.17, and 11.36): Let f' be continuous and
b

let gbe continuous on [a,b], with0 < g < 1 and A = [ g(t) dt. Then there exists
& € (a,b) such that

a+A b

b
A
[ rosodi- [ sodi= @ | [rewd-aa+ D

a
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(a) Verify that

a+A a+i

b
/ F()g@)di — / £ty di = / [fa+2)— fO][1 - g@)]dr

b
+ / [f(@) = fla+ V]g(®)dr.
+4

a

(b) Apply the Mean Value Theorem (Theorem 5.2) then the Mean Value Theorem
for Integrals (Theorem 9.14) to see that there are p, g € (a, b) such that

a+i a+A

b
/ F(Og(t) di f Fdt = £'(p) / [a+A—[1 - g)]ds

b
+ f'(@) / [t —(a +1)]g(t)dt.

a+i

(¢) Apply the Intermediate Value Theorem to see that there is £ € (a, b) such that

this
M a+A b
— e / [a+ 4 —][1 - g)]dr + / [t — (a+ )]g() di
L a a+A

b
= r®| [1e0di-r@+3)

a

14.33. Use the error term for Steffensen’s Inequalities from Exercise 14.32 to
obtain the error term for Jensen’s Inequality (Theorem 14.3). (See Exercise 10.48.)

14.34. Use the error term for Steffensen’s Inequalities from Exercise 14.32 to
obtain the error terms for the Trapezoid Rule (Theorem 14.7) and for the Midpoint
Rule (Theorem 14.11). (See Exercise 13.18.)

14.35. In Exercise 1.12 we saw that the area A of a triangle 7" with vertices (xy, 1),
(x2, y2), (x3, ¥3) is given by

1
A= 3 X1(y2 = y3) + x3(y1 — y2) + x2(y3 — y1)|.
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Readers who know some Linear Algebra might recognize that A = % |det(M)],
1 11
where M is the matrix | x; x; x5 [. In Exercise 8.26 we saw that if f” > 0 on

Y1)2 )3
[a, b] then whenever a < x| < x < x3 < b,

Sl () = £0) + 05(f () = f) + 2 f(e) — fG)] = 0.

Show that if f has continuous second derivative then there is ¢ € [a, b] such that

1 1 1 - 111 ()
det X1 X2 X3 =det| x; x2 x3 7
S(x1) f(x2) f(x3) X7 X3 X3

Note: The conclusion of the Mean Value Theorem (Theorem 5.2) reads

1 1 . 11 ,
det |:f(xl) f(xz)} B det|:x1 Xz} re)

14.36. The content of Exercise 8.33 was: Let f be convex on [a,c] and let
a <b <c.Then

fla=b+c) = fla)— f(b) + f(c).

Suppose that /" is continuous, then find and prove an error term for this inequality.
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Appendix A
The Proof of Theorem 9.1

This morning, when I looked out of my window, I saw a problem
standing outside the door of the house. When I went out, it was
still standing there in exactly the same posture as before. In the
afternoon I found it as I had left it. Only in the evening did it
shift its weight from one foot to the other.

—Modern Life, by Slawomir Mrozek

Here we prove Theorem 9.1, which says that the average value of a continuous
function on a closed interval exists. Then we prove some crucial properties of the
definite integral, including Lemma 9.22. But we first do some preliminary work,
on subsequences and uniform continuity. These notions are indispensable for any
advanced study of calculus.

A.1 Subsequences

Given a sequence {a,} of real numbers, it is often useful to discriminate among
various parts of the sequence. For example, the sequence

— _f_1 2 _3 4 _56
{an} - {(_1)n (#)} - {_37 30 T 40 50 T 60 70 }
diverges. But it is worth pointing out that the subsequences
{aZn—l} = {alv as, as, } = {_%, _%, _g, }
and
{a2n} = {Clz, day, de, } = {%, %, (7), }

have the properties that
ary—1 — —1 and a,, — 1.

Indeed it is because these two limits are not equal that {a, } diverges.

© Springer Science+Business Media New York 2014 393
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To be precise, let {a,} be a sequence and let n; < n, < n3 < --- be natural
numbers. Then {a,,, an,,a,,. ...} is called a subsequence of {a,}. A subsequence
of {a,} is denoted by {a,, }. And a subsequence of {a,, } is denoted by {a,, }, etc.

Example A.1. {%} , {1(1)n }, and {%} are each subsequences of
1 _ I 1 1
n - E) 2’ 35 49 57 67 77
Neither
1 1 1 11
17 P R S e R ) ) nor 1, 19 S A T o
2 7 6 8 23 45
is a subsequence of {%} . o

Remark A.2. Exercise A.l contains the reasonable fact that a sequence {a,}
converges to A € R if and only if every subsequence of {a, } converges to A. o

Remark A.3. The reader might look back at the proof of the Chain Rule, in
Sect.4.2. There we used a certain subsequence, we just didn’t call it that at the
time. o

A monotone sequence is a sequence which is either increasing or decreasing.
The following result is very useful. Our proof follows [9]. See also [6].

Lemma A.4. Every sequence {a,} contains a monotone subsequence.

Proof. If there is a number k such that the set {ay,dar+1,dx+2,...} has no
largest member, then {a,} clearly has an increasing subsequence. Otherwise, let
Ay be a largest member of {a;,a»,as,a4,...}, let Ay be a largest member of
{as,as,ay, ...}, let Az be a largest member of {a3,ay,...}, etc. Then {A,} is a
decreasing subsequence of {a,} and the proof is complete. O

Example A.5. Here we prove the Bolzano-Weierstrass Theorem: Every (infinite)
bounded sequence {a,} in R contains a convergent subsequence. By Lemma A .4,
{a,} contains a monotone subsequence {a,, }. Since {a,} is bounded, {a,; } must
also be bounded. Therefore, by the Increasing Bounded Sequence Property of R
(Theorem 1.34), {a,, } converges. o

A.2 Uniform Continuity

Let f be a function defined on some interval / C R. Recall now that f is
continuous at xy € I means that for any sequence {x,} in / for which x,, — x¢ and
for any ¢ > 0, there is a number N such that | f(x,) — f(xo)| < & for every n > N.



A The Proof of Theorem 9.1 395

Careful consideration here reveals that N depends not only on ¢, but also on xg
in the following way. For a given ¢ > 0, there may be y, € I and a sequence {y,}
with |y, — yo| = |x, —x0| — 0, yet | f(y,) — f(yo)| = & for some value(s) of
n > N. The stronger notion of uniform continuity removes the dependence on any
particular point x¢ € 1.

We say that f is uniformly continuous on / to mean that for any pair
of sequences {x,},{y,} in I for which x, — y, — 0, it is the case that
f(xn) — f(yn) = 0. The reader should agree that if f is uniformly continuous on
I then f is continuous at each x¢ € I. Indeed, just take y, = x, for every n.

Example A.6. The function f(x) = 1/x is continuous on (0,0c0) but not
uniformly continuous on (0, co): The sequences given by x, = % and y, = #
each belong to (0, 00), and x, — y, — 0, but | f(x,) — f(y,)| = 1 forevery n. Itis
really the fact that f(x) = 1/x is unbounded near O that spoils f being uniformly
continuous on (0, co). We look at this in Exercise A.7. o

The following important theorem is named for the German mathematician
Heinrich Eduard Heine (1821-1881).

Theorem A.7. (Heine’s Theorem) Let f be continuous on the closed interval
[a,b]. Then f is uniformly continuous on [a, b].

Proof. If f is not uniformly continuous on [a, b], then there is ¢ > 0 and there
are sequences {x,},{y,} C I with x, —y, — 0, yet | f(x,) — f(ya)| > & for
each n. By Lemma A.4, {x,} contains a monotone subsequence {x,, }. And again
by Lemma A 4, {y, } contains a monotone subsequence {, }. So each of {x,, |
and { y,,jk} is a monotone sequence and each is bounded, since they are in [a, b].
Then by the Increasing Bounded Sequence Property of R (Theorem 1.34), there are
¢1,¢2 € [a,b] such that x,,; — ¢ and y,, — c». Butsince x, — y, — 0, we have
¢1 = ¢3 = ¢, say. Finally, f is continuous at ¢ by hypothesis, so f(x,; ) — f(c)
and f(yn; ) = f(c). This, as desired, contradicts |f(x,,) — f(y,,)| > ¢ for each n.

O

A.3 The Proof of Theorem 9.1

Let us recall the set-up for Theorem 9.1 Consider the closed interval [a, b] and let
N € N. We choose the points

a=X)< X1 <X <+ <XN—1 < XN = b
according to
— : (b—a) -
xX;=a+j—Fx" for j=0,1,2,...,N.

But we consider only N of the form N = 2", forn =0,1,2,3,....
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This way, any partition (after n = 0) is a refinement of every previous partition:
points x; of P, = {Xo,X1,X2,...,Xny—1, Xy} are also points of P, ;. Finally, let
x7 be any particular point of each subinterval [x;_, x;] :

x;E[x]‘_l,Xj] for j:1,2,...,N.

With all of this notation in place, we recall and then prove Theorem 9.1.

Theorem 9.1. Let f be continuous on [a,b]. With the notation as above (in
particular N = 2"),

N
Ay ([a,b]) = Nli_r)noo %Zf(x}") exists.
j=1

(b

Proof. First, we set Ax, = N“) and observe that

(b

—Zf(x)—

1 N
5—a ;f(prxN.

By the Extreme Value Theorem (Theorem 3.23) there are u;,v; € [x;_i,X;]
such that

S;) < f(x) < f(v;) forevery x € [x;_1,x/].

(We should keep in mind that u;,v; € [x;_,x;] depend on N as well as on j.)
Notice also that if J C I, then

min{f(x)} = min{f(x)}  and  max{f(x)} = max{f(x)}.

Therefore, since each partition is a refinement of every previous partition, the
sequence of intervals
o0

1 N 1 N
m;f(M/)AxN s m;f(vj)AxN

1

n

is a nested sequence of intervals in R.
We claim that

N
1
_ —Zf(uj)Ax — 0 as N — oco.
N (b_a) j:l N
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Then once the claim is verified, there must be a unique point £ belonging to each of
these intervals, by the Nested Interval Property of R (Theorem 1.41). And since

N_(b Zf( )Ax, < (b Z f(v;)Ax, .,

1 N
we must have that £ = th N > f(x;‘) = Af ([a, b]) indeed exists.
—00 i=

To veritfy the claim, let ¢ > 0 be given. Since Ax, — 0 as N — oo, we have
v; —u; — 0 also. Being continuous on [a, b], f is uniformly continuous there by
Heine’s Theorem (Theorem A.7), so for N large enough, f(v;) — f(u;) < & for
each j.

Therefore

N

" .
= ; fopAx =G ; e ; [f =1 @w))]Ax,

N
)
A
< (b—a); Xy

£ N (b—a)
- (b—a); N

&
= (b_a)(b—a)=8,

and the proof is complete. O

In the proof of Theorem 9.1, notice that the factor ﬁ appearing in the sequence
of nested intervals doesn’t really play an essential role. Indeed, the same sequence
of partitions there gives rise to the sequence of nested intervals

(e9)
N N
S fupAxy. Y f(v)Axy
j=1 j=1 n=1

which contains the single point

(b—a)As([a,b]) =/f(x)dx.

To prove this, we would simply deal with /(b — a) rather than with &.



398 A The Proof of Theorem 9.1

Notice also that in the proof of Theorem 9.1, the sequence of partitions under
consideration is very specific. However, as long as the sequence of partitions is
chosen in a reasonable way, the associated sequence of nested intervals always
contains the same single point. This crucial fact is the content of the following.

Theorem A.8. If f is continuous on [a, b], then the number

/b f(x)dx

is independent of the sequence of partitions used, as long as

(i) Each partition P, (after the first) is a refinement of the previous one, and
(i) The length of the largest subinterval in each partition P, tends to zero
asn — oQ.

Proof. The argument is not overly difficult, but the necessary sea of symbols
can make things confusing. We shall rely on the sequence of partitions from
Theorem 9.1, but we change the notation very slightly, to accommodate
what is to come. The sequence of partitions there is given by P, =
{X0, X1, X2, ., Xp(n)=1, Xp(n) } » Where p(n) = 2", a = xpand x; = a + j
forj =0,1,2,..., p(n). That is,

a =Xy <Xp <Xp<-+<Xpm)-1<Xpmn) = b, and

(b—a) .
A =X;—X;j_ = R { =12,..., .
Xpmn) = Xj — Xj—1 (1) or j p(n)
As we observed then,
p(n) p(n) *
Y fWDAxpy s Y F) DX
j=l j=l n=1

is a sequence of nested intervals which contains the single point £p. (The points
uj,v; €[x;—1,x;] depend on p(n) as well as on j.)

Now let Q, = {x0.X1,X2,...,Xgm)~1.%q(m} . Where ¢ : N —N is some
increasing unbounded function, be another sequence of partitions of [a, ] having
the properties described in the statement of the theorem. Here,

a=x) <X <Xy <-+<Xgm-1 < Xqmy = b, and

Ax; =x;—x; for j =1,2,...,q9(n).
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We have written Ax; here, instead of Ax,), because the subintervals within
0, need not each have the same length. (That is, the partitions Q, need not be
regular.) In exactly the same way as for the sequence of partitions P, in the proof
of Theorem 9.1, we see that

a(n) q(n) o
> fa)ax;. Y f()Ax;
J=1 /=l n=1

is sequence of nested intervals which contains the single point £p. (The points
j,v; € [xj—1,x;] depend on g(n) as well as on j.) Now, taking the union of
P, and Q, we get a third sequence of partitions R,,, and a third sequence of nested
intervals, which contains the single point £g. Again, if J C I, then

rxneip{f ()} < gleigl{f(X)} and r;lg}{f ()} = ;gg;c{f(X)}-

So each interval in the third sequence of nested intervals is necessarily a subinterval
of each corresponding interval arising from the first two partitions. Therefore we
must have §g = &p and &g = §p, so that £p = & as desired. |

We lean heavily on Theorem A.8 to prove the following important property of
the definite integral, which was deferred in Sect. 9.4.

Lemma 9.22. Let f be continuous on [a,b] and let ¢ € (a,b). Then
b c b
/f(x)dx = / f(x)dx + / f(x)dx.

Proof. Let P, be any sequence of partitions of [a,b], as in the proof of Theo-
rem A.8: (i) each P,4; is a refinement of P, and (ii) the length of the largest
subinterval in P, tends to zero as n — oo. The reader should agree that if ¢ happens
to be a point of one of the partitions P, (and hence all subsequent partitions), then
the proof is immediate. Otherwise, we add ¢ to each P, to get another sequence
of partitions with the same two essential properties and we denote it by P;. By
Theorem A.8, the associated sequences of nested intervals contain the same single
point

/bf(X)dx,

whether we use P, or P7. But using Py, together with each of the partitions P, N
la,c]and P¢ N [c, D],

[bf(x)dx=jf(x)dx+if(x)dx. O
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The following result is often used in practice. It says that we can approximate the
definite integral of a continuous functions as closely as we please with a Riemann
sum, as long as the partition for the Riemann sum is fine enough. And the partition
does not need to be regular.

b
Theorem A.9. Let f be continuous on [a, b], so that / f(x)dx exists, and let

a
& > 0. Then there is § > 0 such that for any partition P = {xo, X1, X2, ..., Xy—1, Xn }
of [a, b], and for any choice of points x;'-‘ € [xj_l, xj] , it is the case that

b n
[ rwax =Y repax | < e
a =1

as long as max {Ax;} < 4.
1<j<n

Proof. By the Extreme Value Theorem (Theorem 3.23) there are u;,v; €
[xjfl, xj] such that

Sf;) < f(x) < f(v;) forallx € [xj_l, xj].
Then for any Riemann sum Y f (x;»k)Ax s
j=1

D fupdx; <> (A <Y f(v)Ax;.
j=l1 j=l1 j=1
But we also have
n b n
> fupay < [ fwdr =Y f0;
j=1 a j=1

Therefore

b n n n
[ r@dx = 3 rapax | = 3 sepax - Y fw)ar,
v j=1 j=1 1

j=

n

=Y [fOv) = fu))]Ax;.

J=1
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Now since f is continuous on [a, b] it is uniformly continuous there, by Heine’s
Theorem (Theorem A.7). So there is § > 0 such if each Ax; is < §,

FOop) = flu) < 5—.

That is, if max {Ax;} < §, then
1<j<n

n

b n
[ reax =3 sanax; | = S [1en - fuplax,
g =

J=1

n
£
<—E Ax; =¢,
b—a 4
Jj=1

as desired. O

Exercises

A.1. Prove that {a, } converges to A if and only if every subsequence {a,lj} of {a,}
converges to A.

A.2. The sequence {a,} is a Cauchy sequence if for any ¢ > 0, there is a number
N such that |a, — a,,| < e forn,m > N.

(a) Prove thatif @, — A, then {a,} is a Cauchy sequence. (Roughly, this says that
if the a,,’s are getting close to A, then they must be getting close to each other.)

(b) Prove that if {a,} is a Cauchy sequence then {a,} is bounded.

(¢) Prove that if {a,} is a Cauchy sequence then there exists A € R such that {a,}
converges to A.
(Roughly, this says that if the a,,’s are getting close to each other, then they are
getting close to some A € R.) Hint: Use Exercise A.1 and Lemma A.1.

A.3. The sequence {x,} is a Cauchy sequence if for any ¢ > 0, there is a number
N such that |x, — x,,| < & forn,m > N. Show that if {x, } is a Cauchy sequence in
I and f is uniformly continuous on 7, then { f(x,)} is a Cauchy sequence.

A.4. Prove that f defined on some interval [ is uniformly continuous if and only
if for any & > 0 there is a § > 0 such that whenever x, y € I with |x — y| < §, we

have | f(x) = f(»)| <e.

A.5. Show thatif f is uniformly continuous on R, then so is | f] .

A.6. Show that f(x) = x? is continuous at each point of [0,00) but is not
uniformly continuous on [0, 00).
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A.7. Show thatif f is uniformly continuous on (0, 1), then f is bounded. Does an
Extreme Value Theorem (Theorem 3.23) hold in this case?

A8. [3]

(a) Show thatif f(x) is continuous and has a bounded derivative on (a, b), then f
is uniformly continuous on (a, b).
(b) For x € [—1, 1], consider the function

x*/3 sin(%) ifx#0
flx) =
0 ifx=0.

Show that f is uniformly continuous on [—1, 1], yet has unbounded derivative

there.
A9. Verify that f(x) = x and g(x) = sin(x) are uniformly continuous on
(—00, +00), but their product is not.
A10. [5]

(a) Consider the closed interval [a,b] and suppose that 4 is a collection of

open intervals such that [a,b] C |J I. Prove Borel’s Theorem, named for
=

French mathematician Emile Borel (1871-1956): There is a finite subcollection
n

11, I», ... 1, of intervals from € such that [a,b] C |J I;. Hint: Assume the
j=1

conclusion does not hold, then employ a bisection algorithm, keeping at each

step the half-interval which cannot be covered by a finite subcollection.

(b) What happens if the interval is [a, b)?

A.11. Prove Heine’s Theorem (Theorem A.7) using Borel’s Theorem from
Exercise A.10 above.

A.12. Use a bisection algorithm to prove the Bolzano-Weierstrass Theorem from
Example A.5.

A.13. The sequence {a,} is a Cauchy sequence if for any ¢ > 0, there is a number
N such that |a, — a,,| < e forn,m > N.

(a) Prove thatif ¢, — A, then {a,} is a Cauchy sequence. (Roughly, this says that
if the a,,’s are getting close to A, then they must be getting close to each other.)

(b) Prove that if {a,} is a Cauchy sequence then {a, } is bounded.

(c) Use the Bolzano-Weierstrass Theorem from Example A.5 to prove that if {a,}
is a Cauchy sequence then there is A € R such that a, — A. (Roughly, this
says that if the a,,’s are getting close to each other, then they are getting close
tosome 4 € R))

A.14. The sequence {a,} is a Cauchy sequence if for any ¢ > 0, there is a number
N such that |a, — a,,| < eforn,m > N.Prove thatif { f(a,)} is a Cauchy sequence
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whenever {a,} is a Cauchy sequence in 7, then f is uniformly continuous on /.
Suggestion: Use the Bolzano-Weierstrass Theorem from Example A.5.

A.15. Let f be continuous on [a, b] and let ¢ € (a, b). Show that the average value
of f on [a,b] is a weighted average of the average value of f on [a,c] and the
average value of f on [c, b].

A.16. [1] Leta > 0. Show, as follows, that

lim n(l —ail/”) = lim n(al/” — 1) = In(a).

n—0o0 n—od
The case @ = 1 is trivial. We may assume that ¢ > 1. (Otherwise, consider 1/a).

(a) Consider the irregular partition P, = {ag,ay,as,...,a,—1,a,} of [1,4q]
given by

aj =a/" for j=0,12,...,n.

(b) Use the Right and Left Rectangle Rules to show that
—1/n 1 1/n
n(l—a ")y < [ —dx < n(a/"-1).
by
1

(¢) Verify that 0 < al/"—1 < “n;l, then use this and (b) to show that

N2
0 < ln(a)—n(l—a_l/") < n(al/"—l)—n(l—a_l/”) <n (an 1)

and

a—1

2
0 < n(al/"—l)—ln(a) <n (T) .

(d) Finally, let n — oo.

(e) Bonus: Show that if we double the number of points in any given partition as
above, then the new points which result are those given by the Mean Value
Theorem (Theorem 5.2) applied to f(x) = 1/x on each subinterval of the
original partition.

A.17. [4]
(a) Consider the partition P, = {x¢, X1, X2, ..., X,—1, X, } of [0, x] given by
2
_J* P
X; = e for j =0,1,2,...,n.
Use a limit of Riemann sums, with

x}k:xj for j=1,2,...,n
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to show that

X

2x3/2

/\/Zdt— 3

0

X 3x7/3
(b) Extend the idea in (a) to show that / P dr = ——.
0

(¢) How about/ P19 dr 9
0

Al8. Leta = xpand x; = a +j@ for j = 0,1,2,...,n. Let x;‘,y}“ €
[xj—1,x;]. Show that if /" and g are continuous on [a, b], then

. 1
lim | —
n—oo0 | n

N
D FGDE)) | exists.

j=l
Hint: Write /(})g(v]) = F(Dg() + f(6DIg0) = g6

A.19. A set S which is bounded above has a least upper bound [ub(S) if (i)
lub(S) is an upper bound, and (ii) any upper bound U for S satisfies [ub(S) < U.

(a) Show that if S has a least upper bound, then it is unique.

(b) Show that if we assume that every nonempty set in R which is bounded above
has a least upper bound (this is called the Least Upper Bound Property), then
R has the Increasing Bounded Sequence Property (Theorem 1.34).

(¢) Show that R having the Increasing Bounded Sequence Property implies that R
has the Least Upper Bound Property. Hint: Begin with a set .S that has upper
bound b and let @ € A. Employ a bisection algorithm on [a, b], keeping at each
step the half-interval whose left-hand endpoint is not an upper bound for S and
whose right-hand endpoint is an upper bound for S. (Make sure that you can
justify this too.)

A.20. The Completeness Axiom for R says that every Cauchy sequence (see
Exercises A.2 or A.13) in R converges to some A € R. The short phrase for this
is: R is complete. Show that in R, the Completeness Axiom implies the Increasing
Bounded Sequence Property (Theorem 1.34).

A.4 An Epilogue

Exercises A.2 (or A.13), A.19, and A.20 together show that in R, the following are
equivalent:

(A) Increasing Bounded Sequence Property,
(B) Least Upper Bound Property,
(C) Completeness Axiom.
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That (C) follows from either of (A) or (B) is because in R, either of (A) or (B)
implies the Archimedean Property: For any a € R witha > O, thereisn € N
such that 1/n < a.

Roughly speaking, a field F is a set in which we can sensibly add, subtract,
multiply, and divide. Each of Q and R is a field; Z is not a field. A field is ordered
if there is also a sensible notion of “<” defined on it. For example, Q and R are
ordered fields but the set of complex numbers C is a field which is not ordered.

For any ordered field F, the following are equivalent (e.g., [2,7, 8]):

(A”) Increasing Bounded Sequence Property,
(B’) Least Upper Bound Property,
(C"y Completeness Axiom + Archimedean Property.

Still, either of (A’) or (B’) implies the Archimedean Property, but there are
complete ordered fields which are not Archimedean. The Completeness Axiom is
sometimes preferable to either of (A’) or (B’), because these require the field to be
ordered. For example, C is a complete field which is not ordered.

Finally, if any of (4”) or (B”) or (C”) holds for an ordered field F, then F is really
just R. That is, there is an order preserving (i.e. < is preserved) one-to-one and onto
mapping between F and R. So R is a pretty good place to do mathematics.
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