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Preface

The present manuscript is designed for an introductory course in real analy-
sis suitable to junior or beginning senior level students who already had the
calculus sequel as well as a course in discrete mathematics or an equivalent
course in mathematical proof. The content is considered of a moderate level
of difficulty.

The manuscript evolved from a class I taught at Arkansas Tech University in
undergraduate real analysis. The class consisted of both Mathematics ma-
jors and Mathematics education majors. The approach adopted in this book
is a modified Moore method also known as Inquiry-Based Learning (IBL).
The basic results in single-variable analysis were submitted to the students
in the form of definitions and short problems that the students were asked
to solve and present their findings to their peers during class time with a
little mentoring by the instructor. By leaving routine parts of a proof to the
students constitutes a recommendable tactic since it will include the students
in the enterprise of establishing the proof of a theorem, and thus strengthen
their conviction in the end.

The objectives of these notes are: Firstly, enhancing the student’s mathemat-
ical thinking and problem-solving ability. Secondly, it improves the students’
skills in writing and presenting mathematical content, two essential compo-
nents for future mathematics educators.

Marcel B Finan
May 2009
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Chapter 0O

Requirements

For this book, we require three things from the users: (1) Understanding the
vocabulary of a mathematical system such as axiom, definition, lemma, etc.
(2) understanding the basics of mathematical logic, and (3) writing elegant
mathematics.

0.1 Vocabulary of Mathematical Systems

What is a mathematical system? We will define a mathematical system
to be a triplet (S, O, A), where S is a non-empty sets of elements, O is a col-
lection of operations on the elements of S, and A is a set of axioms involving
the elements of S and the operations O. For example, § = R is the set of
all real numbers. The basic operations on the real numbers are addition and
multiplication. Examples of axioms in R are the commutative property of
both addition and multiplication of real numbers.

What is a definition? By a mathematical definition we mean a math-
ematical statement that involve the elements of § and O. For example, we
define the average of two real numbers a and b to be the real number 1(a+b).

What is an ariom? An axiom is a statement that is accepted without
questioning. For example, the axioms of the real lines are:

(i) Commutativity: a +b= b+ a and ab = ba.

(ii) Associativity: (a+b)+c=a+(b+c) = a+b+c and a(bc) = (ab)c = abc.
(iii) Distributivity of multiplication over addition: a(b+ ¢) = ab + ac.

3



4 CHAPTER 0. REQUIREMENTS

(iv) Zero element: a+0=0+a = a.

(v) Identity element: a-1=1-a = a.

(vii) Opposite element: a4+ (—a) = (—a) + a = 0.

(viii) Inverse element: a- (1) = (1) -a =1, where a # 0.

What is a proof? A proof is an argument establishing either the truth
or falsity of a mathematical statement.

What is a theorem? A theorem is a mathematical statement that requires
a proof.

What is a lemma? A lemma is a minor statement that requires a proof
but whose sole purpose is to help proving a major result such as a theorem.

What is a Corollary A corollary is a theorem that is the result of previ-
ously proved major theorem.
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0.2 Some Vocabulary of Logic

A proposition is any meaningful statement that is either true or false, but
not both. We will use lowercase letters, such as p,q,r,---, to represent
propositions. New propositions called compound propositions or propo-
sitional functions can be obtained from old ones by using symbolic con-
nectives which we discuss next.

Let p and ¢ be propositions. The conjunction of p and ¢, denoted by p A ¢q
(read “p wedge ¢”), is the proposition: p and ¢. This proposition isdefined
to be true only when both p and ¢ are true and it is false otherwise. The
disjunction of p and ¢, denoted by pV ¢ (read “p vee ¢”), is the proposition:
p or q. The “or” is used in an inclusive way. This proposition is false only
when both p and q are false, otherwise it is true. The negation of p, denoted
~ p, is the proposition that is false when p is true and true when p is false.

Two propositions are logically equivalent if they have exactly the same
truth values under all circumstances. We write p = q.

Let p and g be propositions. The conditional proposition p — ¢ is the
proposition that is false only when p is true and ¢ is false; otherwise it is
true. p is called the hypothesis and ¢ is called the conclusion. It is easy
to show that p — ¢ = (~p) Vq.

The proposition p — ¢ is always true if the hypothesis p is false, regardless
of the truth value of q. We say that p — ¢ is true by default or vacuously
true.

In terms of words the proposition p — ¢ also reads:

(a) if p then q.

(b) p implies q.

(¢) p is a sufficient condition for g.

(d) ¢ is a necessary condition for p.

(

e) p only if ¢.

The converse of p — ¢ is the proposition ¢ — p. The opposite or in-
verse of p — ¢ is the proposition ~ p —~ ¢. The contrapositive of p — ¢
is the proposition ~ ¢ —~ p. It can be shown that [p — ¢| = [~ ¢ —~ p].
This is referred to as the proof by contrapositive.
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The biconditional proposition of p and ¢, denoted by p <> ¢, is the
propositional function that is true when both p and ¢ have the same truth
values and false if p and ¢ have opposite truth values. Also reads, “p if and
only if ¢” or “p is a necessary and sufficient condition for ¢.” It can be shown
that p<>q=1[p = qAlg— p].

To say that statements pq,ps,--- ,p, are all equivalent means that either
they are all true or all false. To prove that they are equivalent, one assumes
p1 to be true and proves that p, is true, then assumes py to be true and
proves that ps is true, continuing in this fashion, assume that p,_; is true
and prove that p, is true and finally, assume that p, is true and prove that
p1 is true. This is known as the proof by circular argument.

An indirect method of proving p — ¢ is the proof by contradiction: We
want to show that ¢ is true. Instead, we assume it is not, i.e., ~ ¢ is true,
and derive that a proposition of the form rA ~ r is true. But rA ~ r is
a contradiction which is always false. Hence, the assumption ~ ¢ must be
false, so the original proposition ¢ must be true. The method of proof by
contradiction is not limited to just proving conditional propositions of the
form p — ¢, it can be used to prove any kind of statement whatsoever.

Finally, we recall the reader of the method of proof by induction: We
want to prove that a statement P(n) is true for any non-negative integer
n > ng. The steps of mathematical induction are as follows:

(i) (Basis of induction) Show that P(ng) is true.

(ii) (Induction hypothesis) Assume P(k) is true for no < k < n.

(iii) (Induction step) Show that P(n + 1) is true.
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0.3 Writing Proofs Elegantly

An elegant proof is a proof that uses words and sentences and not just a
sequence of symbols. A weak proof is one that consists mainly of symbols.
To be more precise. Suppose that we want to prove that the sum of two even
integers m and n is always even. An elegant proof proceeds as follows: Since
m and n are even integers, there exist integers k; and ky such that m = 2k,
and n = 2k,. Adding the two numbers together, we find m+n = 2k, + 2ky =
2(ky + ko) = 2k, where k = ki + ko € Z. From the definition of an even
integer, we conclude that m + n is even.

An example of a weak or non-explanatory proof of the above result can be
as follows:

m = 2ky,n = 2ky = m+n = 2(ky + k) = 2k = m + n is even.
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Chapter 1

Properties of Real Numbers

In this chapter we review the important properties of real numbers that are
needed in this course.

1.1 Basic Properties of Absolute Value

In this section, we introduce the absolute value function and we discuss some
of its properties. The use of absolute value will be apparent in many of the
discussions of this course.

Definition 1.1.1
Let a € R. We define the absolute value of a, denoted by |a|, to be the
largest of the two numbers a and —a. That is,

la| = max{—a,a}.

Exercise 1.1.1
Show that |a| > a and |a| > —a.

Exercise 1.1.2
Show that

la] = a ifa>0
U= —a ifa<o.

That is, the absolute value function is a piecewise defined function. Graph
this function in the rectangular coordinate system.
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Exercise 1.1.3
Show that |a| > 0 with |a| = 0 if and only if a = 0.

Exercise 1.1.4
Show that if |a| = |b| then a = +b.

Exercise 1.1.5
Solve the equation |3z — 2| = |5z + 4.

Exercise 1.1.6
Show that | — a| = |al.

Exercise 1.1.7
Show that |ab| = |a| - |b].

Exercise 1.1.8
Show that E} = L where a # 0.

Ma

Exercise 1.1.9

Show that ‘%} lal where b # 0.

[o]

Exercise 1.1.10
Show that for any two real numbers a and b we have ab < |a| - |b|.

Exercise 1.1.11
Recall that a number b > 0 is the square root of a number a, written

va =10, if and only if a = b*. Show that
Va2 = |al.

Exercise 1.1.12

Suppose that A and B are points on a coordinate line that have coordinates
a and b, respectively. Show that |a — b| is the distance between the points A
and B. Thus, if b = 0, |a| measures the distance from the number a to the
origin.

Exercise 1.1.13

Graph the portion of the real line given by the inequality
(a) [t —a|l <§

(b)0<|r—al <o

where § > 0. Represent each graph in interval notation.
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Exercise 1.1.14
Show that |x — a| < k if and only if a — k < z < a + k, where k& > 0.

Exercise 1.1.15
Show that |x — a| > k if and only if z < a — k or x > a + k, where k > 0.

The statements in the above two exercises remain true if < and > are replaced
by < and > .

Exercise 1.1.16
Solve each of the following inequalities: (a) |2x — 3| < 5 and (b) |z + 4| > 2.
Write your answer in interval notation.

Exercise 1.1.17 (Triangle inequality)
Use Exercise 1.1.1, Exercise 1.1.7, and the expansion of |a + b|? to establish
the inequality

ja+ b < |af + 0,

where a and b are arbitrary real numbers.
Exercise 1.1.18

Show that for any real numbers a and b we have |a| — |b| < |a — b|. Hint:
Note that a = (a — b) + b.
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Practice Problems

Exercise 1.1.19
Let a € R. Show that max{a,0} = 3(a + |a|) and min{a, 0} = 3(a — |a).

Exercise 1.1.20
Show that |a + b| = |a| + |b| if and only if ab > 0.

Exercise 1.1.21

Suppose 0 < x < % Simplify %

Exercise 1.1.22
Write the function f(z) = |x + 2| + |x — 4| as a piecewise defined function
(i.e. without using absolute value symbols). Sketch its graph.

Exercise 1.1.23
Prove that ||a| — |b]| < |a — b for any real numbers a and b.

Exercise 1.1.24
Solve the equation 4|z — 3> — 3|z — 3| = 1.

Exercise 1.1.25
What is the range of the function f(x) = |;E—| for all = # 07

Exercise 1.1.26
Solve 3 < |z — 2| < 7. Write your answer in interval notation.

Exercise 1.1.27
Simplify %

Exercise 1.1.28

Solve the inequality };—S’ < 3. Write your answer in interval notation.

Exercise 1.1.29
Suppose x and y are real numbers such that |z — y| < |z|. Show that zy > 0.
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1.2 Important Properties of the Real Num-
bers

In this section we will discuss some of the important properties of real num-
bers. We assume that the reader is familiar with the basic operations of real
numbers (i.e. addition, subtraction, multiplication, division, and inequali-
ties) and their properties (i.e. commutative, associative, reflexive, symmetry,
etc.)

Definition 1.2.1

A set A C R is said to be bounded from below if and only if there is a
real number m such that m < z for all x € A. We call m a lower bound of
A. A set A is said to be bounded from above if and only if there is a real
number M such that x < M for all x € A. In this case, we call M an upper
bound. A is said to be bounded if and only if it is bounded from below
and from above.

Exercise 1.2.1
Prove that A is bounded if and only if there is a positive constant C' such
that |z| < C for all z € A.

Exercise 1.2.2

Let A =10,1].

(a) Find an upper bound of A. How many upper bounds are there?
(b) Find a lower bound of A. How many lower bounds are there?

By the previous exercise, we see that a set might have an infinite number of
both upper bounds and lower bounds. This leads to the following definition.

Definition 1.2.2

Suppose A is a bounded subset of R. A number « that satisfies the two
conditions

(i) v is an upper bound of A,

(ii) for every upper bound 7y of A we have a@ <~y

is called the supremum or the least upper bound of A and is denoted by
a = sup A. Thus, the supremum is the smallest upper bound of A.

A number [ that satisfies the two conditions
(i) B is a lower bound of A,
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(ii) for every lower bound v of A we have v <

is called the infimum or the greatest lower bound of A and is denoted
by § = inf A. Thus, the infimum is the largest lower bound of A.

The supremum may or may not be an element of A. If it is in A then the
supremum is called the maximum value of A. Likewise, if the infimum is
in A then we call it the minimum value of A.

Exercise 1.2.3

Consider the set A = {1 :n e N}.

(a) Show that A is bounded from above. Find the supremum. Is this supre-
mum a maximum of A?

(b) Show that A is bounded from below. Find the infimum. Is this infimum
a minimum of A?

Exercise 1.2.4

Consider the set A={1—1:n¢eN}.

(a) Show that 1 is an upper bound of A.

(b) Suppose L < 1 is another upper bound of A. Let n be a positive integer
such that n > ﬁ Such a number n exist by the Archimedian property
which we will discuss below. Show that this leads to a contradiction. Thus,

L > 1. This shows that 1 is the least upper bound of A and hence sup A = 1.

Among the most important fact about the real number system is the so-called
Completeness Axiom of R:

Any subset of R that is bounded from above has a least upper bound and any
subset of R that is bounded from below has a greatest lower bound.

The first consequence of this axiom is the so-called Archimedean Prop-
erty. This is the property responsible for the fact that given any real number
we can find an integer which exceeds it.

Exercise 1.2.5

Let a,b € R with a > 0.

(a) Suppose that na < b for all n € N. Show that the set A = {na : n € N}
has a supremum. Call it c.

(b) Show that na < ¢ — a for all n € N. That is, ¢ — a is an upper bound of
A. Hint: n+1 e Nforall n e N.

(c) Conclude from (b) that there must be a positive integer n such that
na > b.
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A consequence of the Archimedean property is the fact that between any two
real numbers there is a rational number. We say that the set of rationals is
dense in R. We prove this result next.

Exercise 1.2.6

Let a and b be two real numbers such that a < b.

(a) Let [a] denote the greatest integer less than or equal to a. We call |-|
the floor function.Show that |a| — 1 <a < |a] + 1.

(b) Let n be a positive integer such that n > ;. Show that na + 1 < nb.
(c) Let m = [na] + 1. Show that na < m < nb. Thus, a < ™ < b. We see
that between any two distinct real numbers there is a rational number.
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Practice Problems

Exercise 1.2.7

Consider the set A = {% :n € N}.

(a) Show that A is bounded from above. Find the supremum. Is this supre-
mum a maximum of A?

(b) Show that A is bounded from below. Find the infimum. Is this infimum
a minimum of A?

Exercise 1.2.8

Consider the set A={z eR: 1<z <2}.

(a) Show that A is bounded from above. Find the supremum. Is this supre-
mum a maximum of A?

(b) Show that A is bounded from below. Find the infimum. Is this infimum
a minimum of A?

Exercise 1.2.9

Consider the set A = {z € R" : 2% > 4}.

(a) Show z € A and z < 2 lead to a contradiction. Hence, we must have
x > 2 for all x € A. That is, 2 is a lower bound of A.

(b) Let L be a lower bound of A such that L > 2. Let y = ££2. Show that
2<y<L.

(c) Use (a) to show that y € A and L < y. Show that this leads to a
contradiction. Hence, we must have L < 2 which means that 2 is the infimum
of A.

Exercise 1.2.10
Show that for any real number x there is a positive integer n such that n > x.

Exercise 1.2.11

Let a and b be any two real numbers such that a < b.

(a) Let w be a fixed positive irrational number. Show that there is a rational
number 7 such that a < wr <b.

(e) Show that wr is irrational. Hence, between any two distinct real numbers
there is an irrational number.

Exercise 1.2.12
Suppose that a = sup A < oo. Let € > 0 be given. Prove that there is an
x € A such that a — e < z.
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Exercise 1.2.13

Suppose that § = inf A < oco. Let € > 0 be given. Prove that there is an
x € A such that f+ € > x.

Exercise 1.2.14

For each of the following sets S, find sup{S} and inf{S}, if they exist.
(a) S={reR:z* <5}

(b) S={reR:z*> T}

(¢c) S={-2:neN}
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Chapter 2

Sequences

2.1 Sequences and their Convergence

In this section, we introduce sequences and study their convergence.

Definition 2.1.1
A sequence is a function with domain N = {1,2,3,---} and range a subset
of R. That is,

a:N+— R
n+—— a(n) = a,

We write a = {a,}.—, and we call a,, the n"* term of the sequence.

Exercise 2.1.1

Find a simple expression for the general term of each sequence.
_1
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| e jon
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Definition 2.1.2
A sequence {a,} ., is said to converge to a number L if and only if for
every positive number € there exists a positive integer N = N (¢) (depending
on €) such that

n>N=|a, — L| <e.

19



20 CHAPTER 2. SEQUENCES

We write

lim a, = L.
n—oo

We say that the sequence is convergent. If a sequence is not convergent
then it is said to be divergent.

Note that |a, — L| is the distance between the points a,, and L on the real
line. The definition says that no matter how small a positive number ¢ we
take, the distance between a, and L will eventually be smaller than e, i.e.,
the numbers a,, will eventually lie between L — ¢ and L + €. Thus the terms
of the sequence will eventually lie in the shaded region shown in the Figure
2.1.1.

Figure 2.1.1

Exercise 2.1.2
Show that the sequence {%}:;1 converges to 0.

Exercise 2.1.3
Show that the sequence {1 + %}ZO:
stant.

, converges to 1, where C' # 0 is a con-

Exercise 2.1.4

Is there a number L with the property that |[(—1)" — L| < 1 for all n > Ny,
where N is some positive integer? Hint: Consider the inequality with an
even integer n greater than N; and an odd integer n greater than Nj.

Exercise 2.1.5
Use the previous exercise to show that the sequence {(—1)"}5°, is divergent.

The following exercise shows that the limit of a convergent sequence is unique.
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Exercise 2.1.6

Suppose that lim, ., a, = a and lim,,_,, a, = b with a < b. Show that by
choosing € = b’T‘l > (0 we end up with the impossible inequality b —a < b — a.
A similar result holds if b < a. Thus, we must have a = b. Hint: Exercise
1.1.6 and Exercise 1.1.17.

We next introduce the concept of a bounded sequence. This concept provides
us with a divergence test for sequences. We will see that if a sequence is not
bounded then it is divergent.

Definition 2.1.3
A sequence {a,} -, is said to be bounded if there is a positive constant M
such that |a,| < M for all n € N.

Exercise 2.1.7

Show that each of the following sequences is bounded. Identify M in each
case.

(a) a, = (—1)1".

(b) an = -

Exercise 2.1.8

Let {a,},~, be a sequence such that |a,| < K for all n > N. Show that this
sequence is bounded. Identify your M.

Exercise 2.1.9
Show that a convergent sequence is bounded. Hint: use the definition of
convergence with e = 1.

The converse of the above result is not always true. That is, a bounded
sequence need not be convergent.

Exercise 2.1.10
Give an example of a bounded sequence that is divergent.

The following result is known as the squeeze rule.

Exercise 2.1.11
Let {an} —, {bu}oo, . {cn}.—, be three sequences with the following condi-
tions:
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(1) b, < a, < ¢, for all n > K, where K is some positive real number.

(2) limy,—y00 by, = limy, 00 ¢, = L.

Show that lim,, . a, = L. Hint: Use the definition of convergence along
Exercise 1.1.14

Exercise 2.1.12
An expansion of (a+ b)", where n is a positive integer is given by the Bino-
mial formula

(a+0)"=> C(n, k)a*o"*
k=0

where C(n, k) = -2

T kl(n—k)!"
(a) Use the Binomial formula to establish the inequality

1+a)r <1+ 2, 2>0.
n

(b) Show that if @ > 1 then lim,, ar = 1. Hint: Use Exercise 2.1.3.
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Practice Problems

Exercise 2.1.13
Prove that the sequence {cos (nm)}22 ;| is divergent.

Exercise 2.1.14
Let {a,}52, be the sequence defined by a,, = n for all n € N. Explain why
the sequence {a,}>2 , does not converge to any limit.

Exercise 2.1.15
(a) Show that for all n € N we have

n!
— <
n

S|

(b) Show that the sequence {a,}32, where a, = 2 is convergent and find

its limit.

Exercise 2.1.16
Using only the definition of convergence show that

3 _
i \/_ 5001 _
n—oo J/n — 1001

Exercise 2.1.17
Consider the sequence defined recursively by a; = 1 and a,+1 = /2 + a,, for
all n € N. Show that a,, < 2 for all n € N.

Exercise 2.1.18

Calculate lim,, o0 (m241)cosn.

n3

Exercise 2.1.19
Calculate lim,,_, —

Exercise 2.1.20
Suppose that lim,_ .., a, = L with L > 0. Show that there is a positive
integer N such that 2ay > L.
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Exercise 2.1.21

Let a € R and n € N. Clearly, a < a + %

(a) Show that there is a; € Q such that a < a; < a + <. Hint: Exercise
1.2.6(c).

(b) Show that there is as € Q such that a < ay < a;.

(c¢) Continuing the above process we can find a sequence {a,}5° such that
a<a, <a-+ % for all n € N. Show that this sequence converges to a.

We have proved that if a is a real number then there is a sequence of rational
numbers converging a. We say that the set Q is dense in R.
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2.2 Arithmetic Operations on Sequences

In this section we discuss the operations of addition, subtration, scalar multi-
plication, multiplication, reciprocal, and the ratio of two sequences. Our first
result concerns the convergence of the sum or difference of two sequences.

Exercise 2.2.1
Suppose that lim,,_,., a, = A and lim,,_,o, b, = B. Show that

lim a, £b, = A+ B.

n—o0

The next result concerns the product of two sequences.

Exercise 2.2.2

Suppose that lim,_,, a, = A and lim,,_,, b, = B.

(a) Show that |b,| < M for all n € N, where M is a positive constant.

(b) Show that a,b, — AB = (a,, — A)b, + A(b, — B).

(c) Let € > 0 be arbitrary and K = M +|A|. Show that there exists a positive
integer Ny such that |a, — A| < % for all n > Nj.

(d) Let € > 0 and K be as in (c). Show that there exists a positive integer
Ny such that |b, — B| < & for all n > Nj.

(e) Show that lim,, . a,b, = AB.

Exercise 2.2.3
Give an example of two divergent sequences {a,}>2; and {b,}>°; such that
{anb,} and {a, + b,} are convergent.

Exercise 2.2.4
Let k be an arbitrary constant and lim,,_,, a,, = A. Show that lim,,_., ka, =
kA.

Exercise 2.2.5
Suppose that lim,, . @, = 0 and {b, }°° is bounded. Show that lim,, o a,b, =
0.

Exercise 2.2.6
(a) Use the previous exercise to show that lim,,
(b) Show that lim,, o *:* = 0 using the squeeze rule.

sinn =0




26 CHAPTER 2. SEQUENCES

Exercise 2.2.7
Suppose that lim, .., a, = A with A # 0. Show that there is a positive
integer N such that |a,| > %' for all n > N. Hint: Use Exercise 1.1.18.

Exercise 2.2.8

Let {a,}>2; be a sequence with the following conditions:

(1) a, # 0 for all n > 1.

(2) lim,, o a, = A, with A # 0.

(a) Show that there is a positive integer N; such that for all n > N; we have

la, — Al.

1 1 - 2
a, A |Al?
(b) Let € > 0 be arbitrary. Show that there is a positive integer N, such that
for all n > N, we have ,

A

\an — A’ < TE.

(c) Using (a) and (b), show that

Exercise 2.2.9
Let 0 < a < 1. Show that lim,,_, ar = 1. Hint: Use Exercise 2.1.12 (b).

Exercise 2.2.10
Show that if lim, ,, a, = A and lim, ., b, = B with b, # 0 for all n > 1
and B # 0, then

Hint: Note that 4 = q,, - ;.

Exercise 2.2.11

Given that lim,,_,o a, = A and lim,,_,o, b,, = B with a,, < b, for all n > 1.
(a) Suppose that B < A. Let ¢ = 452 > 0. Show that there exist positive
integers Ny and N such that A —e < a, < A4+eforn> Ny and B—€ <
b, < B + € for n > Ns.

(b) Let N = Ny + N,. Show that for n > N we obtain the contradiction
b, < a,. Thus, we must have A < B.
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Practice Problems

Exercise 2.2.12
Suppose that lim,, .. Z—: = L and lim,,_, b, = 0 where b,, # 0 for all n € N.
Find lim,,_,o ap,.

Exercise 2.2.13
The Fibonacci numbers are defined recursively as follows:

ay =ay =1 and a,9 = apyq + a, for all n € N.

Suppose that lim,,_, . azzl = L. Find the value of L.

Exercise 2.2.14
Show that the sequence defined by

n n?+3
n — =)
4 + )n2+7

has two limits by finding lim,, . as, and lim,, . ag,1.

Exercise 2.2.15
Use the properties of this section to find

Y V2n?2 + 5n
im —.

Exercise 2.2.16
Find the limit of the sequence defined by
1

an = N2hnn,

Exercise 2.2.17
Consider the sequence defined by

1 1 1
Uy = —=+ =+ —=.
vVioV2 Vn
(a) Show that a,, > /n for all n € N.
(b) Show that the sequence {a,}52, is divergent. Hint: Exercise 2.2.11
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Exercise 2.2.18
Find the limit of the sequence defined by

a, =In(2n ++/n) — Inn.

Exercise 2.2.19

Consider the sequence defined by a,, = /3" + 1.
(a) Show that 3 < a, < 3%/2 for all n € N.

(b) Find the limit of a,, as n — oc.

Exercise 2.2.20

Let {a,}>2, be a convergent sequence of nonnegative terms with limit L.
Suppose that the terms of sequence satisfy the recursive relation a,a,,1 =
a, + 2 for all N € N. Find L.

Exercise 2.2.21
Find the limit of the sequence defined by
1 sinn

a, = COS — +
n n

Exercise 2.2.22 ,
Suppose that a,,, = a’;:

L. Show that the sequence {a,}2°, is divergent.
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2.3 Monotone and Bounded Sequences

One of the problems with deciding if a sequence is convergent is that you
need to have a limit before you can test the definition. However, it is often
the case that it is more important to know if a sequence converges than what
it converges to. In this and the next section, we look at two ways to prove a
sequence converges without knowing its limit. That is convergence is solely
based on the terms of the sequence.

Definition 2.3.1

A sequence {a, }5°, is said to be increasing if and only if a,, < a,; for all
n>1.

A sequence {a,}22, is said to be decreasing if and only if a,, > a,; for all
n>1.

A sequence that is either increasing or decreasing is said to be monotone.

Exercise 2.3.1
Show that the sequence {+}°°, is decreasing.

Exercise 2.3.2

Show that the sequence {-—=

1+e—m

o i :
}> | is increasing.

Definition 2.3.2

A sequence {a,}>° ;| is said to be bounded from below if and only if there
is a constant m such that m < a, for all n > 1. We call m a lower bound.
A sequence {a, }2, is said to be bounded from above if and only if there
is a constant M such that a, < M for all n > 1. We call M an upper
bound.

Exercise 2.3.3
Show that the sequence {%}?:1 is bounded from below. What is a lower
bound? Are there more than one lower bound?

Exercise 2.3.4
Show that the sequence {H%}j’f:l is bounded from above. What is an upper
bound? Are there more than one upper bound?

Suppose that N < a,, < M for all n > 1. That is, the sequence is bounded
from above and below. As we have seen from the previous two exercises, the
sequence may have many lower and upper bounds.
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Definition 2.3.3

The largest lower bound is called the greatest lower bound ( or the infi-
mum) denoted by inf{a, : n > 1}. Note that the infimum is a lower bound.
Moreover, for any lower bound m of {a,}°; we have m < inf{a, : n > 1}.
The smallest upper bound is called the least upper bound ( or the supre-
mum) denoted by sup{a, : n > 1}. Note that the supremum is an upper

bound. Moreover, for any upper bound M of {a,}2, we have sup{a, : n >
1} < M.

The next result shows that an increasing sequence that is bounded from
above is always convergent.

Exercise 2.3.5

Let {a,}22, be an increasing sequence that is bounded from above.

(a) Show that there is a finite number M such that M = sup{a, : n > 1}.
(b) Let € > 0 be arbitrary. Show that M — e cannot be an upper bound of
the sequence.

(c) Show that there is a positive integer N such that M — e < ay.

(d) Show that M — e < a,, for all n > N.

(e) Show that M —e < a, < M + ¢ for all n > N.

(f) Show that lim,,,~ a, = M. That is, the given sequence is convergent.

Exercise 2.3.6
Consider the sequence {a,}>, defined recursively by a; = 2 and a,,; =

2
%an—l-lfornz 1.
) Show by induction on n > 1, that a,+1 = a, + Qn%

(a

(b) Show that this sequence is increasing.

(¢) Show that {a,}%, is bounded from above. What is an upper bound?
(d) Show that {a,}5>, is convergent. What is its limit? Hint: In finding the
limit, use the arithmetic operations of sequences.

Exercise 2.3.7
Let {a,}32, be a decreasing sequence such that m < a,, for all n > 1. Show

that {a,}52, is convergent. Hint: Let b, = —a, and use Exercise 2.3.5 and
Exercise 2.2.4.

Exercise 2.3.8
Show that a monotone sequence is convergent if and only if it is bounded.
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Practice Problems

Exercise 2.3.9

Let a, be defined by a; = v/2 and Gps1 =2+ a, forn € N.

(a) Show that a, < 2 for all n € N. That is, {a,}>, is bounded from above.
(b) Show that a,4+1 > a, for all n € N. That is, {a, }52, is increasing.

(c) Conclude that {a,}5>, is convergent. Find its limit.

Exercise 2.3.10

Let a, =Y 4, 5.
(a) Show that a, < 2 for all n € N. Hint: Recall that >, _, m =1- .
(b) Show that {a,}5°, is increasing.

(¢) Conclude that {a,}>2, is convergent.

Exercise 2.3.11
Consider the sequence {a,}>2; defined recursively as follows

a; =2 and Ta,; = 2a? + 3 for all n € N.

(a) Show that 3 < a, <3 for all n € N.
(b) Show that a, 1 < a, for all n € N.
(c) Deduce that {a,}5°, is convergent and find its limit.

Exercise 2.3.12
Let {a,};2, be an increasing sequence. Define b, = 4F%2=%  Show that
the sequence {b,}°2; is increasing.

Exercise 2.3.13
Give an example of a monotone sequence that is divergent.

Exercise 2.3.14

Consider the sequence defined recursively by a; = 1 and a,41 = 3 + %* for
all n € N.

(a) Show that a, < 6 for all n € N.

(b) Show that {a,}>, is increasing.

(c) Conclude that the sequence is convergent. Find its limit.

Exercise 2.3.15
Give an example of two monotone sequences whose sum is not monotone.



32 CHAPTER 2. SEQUENCES

2.4 Subsequences and the Bolzano-Weierstrass
Theorem

In this section we consider a sequence contained in another sequence. More
formally we have

Definition 2.4.1

Consider a sequence {a,}> ;. A sequence consisting of terms of the given
sequence of the form {a,, }7°, where ny < ny < ns < --- is called a subse-
quence.

Exercise 2.4.1
Let {an, }72; be a subsequence of a sequence {a,}> ;. Use induction on k to
show that ng > k for all k¥ € N.

Exercise 2.4.2

Let {a,}5°, be a sequence of real numbers that converges to a number L.
Let {an, }?2, be any subsequence of {a,}5° .

(a) Let € > 0 be given. Show that there is a positive integer N’ such that if
n > N’ then |a, — L| <e.

(b) Let N be the first positive integer such that ny > N’. Show that if £ > N
then |a,, — L| < e. That is, the subsequence {a,, }?>, converges to L. Hence,
every subsequence of a convergent sequence is convergent to the same limit
of the original sequence.

The next result shows that every sequence has a monotonic subsequence.

Exercise 2.4.3

Let {a,}5°,; be a sequence of real numbers. Let S = {n € N : a, > a,,for all
m > n}.

(a) Suppose that S is infinite. Then there is a sequence ny < ng < nz < ---
such n; € S. Show that a,,,, < a,,. Thus, the subsequence {a,, }7, is
decreasing.

(b) Suppose that S is finite. Let n; be the first positive integer such that
ny ¢ S. Show that the subsequence {a,, }3°, is increasing.

As a corollary to the previous exercise we obtain the following famous result
which says that every bounded sequence of real numbers has a convergent
subsequence.
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Exercise 2.4.4 (Bolzano- Weierstrass)
Prove that every bounded sequence has a convergent subsequence. Hint:
Exercise 2.3.8

Exercise 2.4.5
Show that the sequence {e¥""}>2; has a convergent subsequence.
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Practice Problems

Exercise 2.4.6
Prove that the sequence {a,};>, where a, = cos & is divergent.

Exercise 2.4.7
Prove that the sequence {a,}>2, where

_ (n®+20n + 35) sinn®
" n?+n+1

has a convergent subsequence. Hint: Show that {a,}> is bounded.

Exercise 2.4.8

Show that the sequence defined by a,, = 2cosn — sinn has a convergent
subsequence.

Exercise 2.4.9
True or false: There is a sequence that converges to 6 but contains a subse-
quence converging to 0. Justify your answer.

Exercise 2.4.10
Give an example of an unbounded sequence with a bounded subsequence.

Exercise 2.4.11
Show that the sequence {(—1)"}5°, is divergent by using subsequences.
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2.5 Cauchy Sequences

The notion of a Cauchy sequence provides us with a characterization of con-
vergence in terms of just the terms in the sequence without explicit reference
to the limit.

Definition 2.5.1
A sequence {a,}°, is called a Cauchy sequence if for every € > 0 there
exists a positive integer N = N (¢) such that

if n,m > N then |a, — an| < €.

Thus, for a sequence to be Cauchy, we don’t require that the terms of the
sequence to be eventually all close to a certain limit, just that the terms of
the sequence to be eventually all close to one another.

Exercise 2.5.1

Consider the sequence whose n'* term is given by a, = % Let € > 0 be
arbitrary and choose N > 2. Show that for m,n > N we have |a,, — a,| < €.
That is, the above sequence is a Cauchy sequence. Hint: Exercise 1.1.17.

The next result shows that Cauchy sequences are bounded sequences.

Exercise 2.5.2
Show that any Cauchy sequence is bounded. Hint: Let ¢ = 1 and use Exercise
1.1.18.

Exercise 2.5.3
Show that if lim,,_,o, a,, = A then {a,}2, is a Cauchy sequence. Thus, every
convergent sequence is a Cauchy sequence.

Now, consider a Cauchy sequence {a,}5° . Create new sequences as follows:
For each n > 1, a new sequence is obtained by deleting the previous n — 1
terms from the original sequence. For example, if n = 1, the new sequence
is just the original sequence, for n = 2 the new sequence is {as,as, - -}, for
n = 3 the new sequence is {as,ays - -} and so on.

Exercise 2.5.4

(a) Using Exercise 2.5.2, show that for each n > 1, the sequence {a,, a1, - }
is bounded.

(b) Show that for each n > 1 the infimum of {a,, a,41,---} exists. Call it
b,,.
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Exercise 2.5.5

(a) Show that the sequence {b,}>° ; is bounded from above.

(b) Show that the sequence {b,}5°, is increasing. Hint: Show that b, is a
lower bound of the sequence {a,1,an10, " }.

Exercise 2.5.6
Show that the sequence {b,}52, is convergent. Call the limit B.

Exercise 2.5.7

(a) Let € > 0 be arbitrary. Using the definition of Cauchy sequences and
Exercise 1.1.14, show that there is a positive integer N such that ay — 5 <
a, <ay+ 5 foralln > N.

(b) Using (a), show that ay—3 is a lower bound of the sequence {ay, an1,-- -}
Thus, ay — § < b, for all n > N.

(c) Again, using (a) show that b, < ay + § for all n > N. Thus, combining
(b) and (c), we obtain ay — § < b, < ay + 5.

(d) Using Exercise 2.2.11, show that ay — § < B < ay + §.

(e) Using (a), (d), and Exercise 1.1.17, show that lim, .. a, = B. Thus,
every Cauchy sequence is convergent.
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Practice Problems

Exercise 2.5.8

(a) Show that if {a,}>2, is Cauchy then {a?}°°, is also Cauchy.

(b) Give an example of Cauchy sequence {a?}5°, such that {a,}°%, is not
Cauchy.

Exercise 2.5.9

Let {a,}>2; be a Cauchy sequence such that a, is an integer for all n € N.
Show that there is a positive integer N such that a, = C for all n > N,
where C' is a constant.

Exercise 2.5.10
Let {a,}>°, be a sequence that satisfies

|anio — Qny1| < Plany1 — ay| for all n € N

where 0 < ¢ < 1.
(a) Show that |a,4+1 — an| < ¢*|ag — aq| for all n > 2.
(b) Show that {a,}> is a Cauchy sequence.

Exercise 2.5.11
What does it mean for a sequence {a,}>°, to not be Cauchy?

Exercise 2.5.12
Let {a,}22, and {b,}>2, be two Cauchy sequences. Define ¢, = |a, — b,|.
Show that {c,}>, is a Cauchy sequence.

Exercise 2.5.13
Suppose {a, }22, is a Cauchy sequence. Suppose a, > 0 for infinitely many
n and a, < 0 for infinitely many n. Prove that lim,,_,o, a, = 0.

Exercise 2.5.14
Explain why the sequence defined by a,, = (—1)" is not a Cauchy sequence.
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Chapter 3

Limits
3.1 The Limit of a Function

A fundamental concept in single variable calculus is the concept of the limit
of a function. In this section, we introduce the definition of limit and discuss
some of its properties.

Definition 3.1.1

Let f be a function with domain D C R. Let a be a point in D. We say that f
has a limit L at a if and only if for every ¢ > 0 there exists a positive number
d depending on € such that for any « € D with the property 0 < |z —a| <4
we have |f(x) — L| < e. In symbol we write

lim f(z) = L.
% f(x
L+e y X
" 1€
=g // :‘8

/

Figure 3.1.1

Y

a-o0 aa+s

39
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Geometrically, the definition says that for any € > 0 (as small as we want),
there is a 6 > 0 (sufficiently small) such that if the distance between a point
x and a is less than § (i.e. the point z is inside the tiny interval around a)
then the distance between f(x) and L is less than € (i.e, the point f(z) is
inside the tiny interval around L) as shown in Figure 3.1.1.

Exercise 3.1.1

Show that lim,_,; % = 2.

The limit of a function may not exist as shown in the next exercise.

Exercise 3.1.2

Let f(z) = |§—| Suppose that lim, o f(z) = L.

(a) Show that there is a positive number ¢ such that if 0 < |z| < ¢ then
% — L’ <3

(b) Let 21 = ¢ and 2 = —%. Compute the value of |f(z1) — f(z2)].

(c) Use (a) to show that |f(z1) — f(z2)| < 3.

(d) Conclude that L does not exist. That is, lim,_o |ﬁ—| does not exist.

Exercise 3.1.3

Let f(z) = sin (). Suppose that lim,_, f(z) = L.

(a) Show that there is a positive number § such that if 0 < |z| < ¢ then
jsin (4) — 2] < &

(b) Let n be a positive integer such that x; = ﬁ
5. Compute the value of |f(z1) — f(x2)].

(¢) Use (a) to show that | f(z1) — f(z2)| < 1.

(d) Conclude that L does not exist. That is, lim,_,q sin (1) does not exist.

xT

< dand z9 = <

1
(2n+1)m

The next exercise shows that a function can have only one limit, if such a
limit exists.

Exercise 3.1.4

Suppose that lim,_,, f(z) exists. Also, suppose that lim, ,, f(z) = L; and
lim, ,, f(x) = Lo. So either Ly = Ly or Ly # L.

(a) Suppose that Ly # Ls. Show that there exist positive constants d; and s
such that if 0 < |z —a| < 07 then |f(z) — L] < |L12;L2| and if 0 < |z —a| < 0y
then | f(z) — Lo| < 1t
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(b) Let § = min{dy, do} so that § < §; and § < dy. Show that if 0 < |z—a| < ¢
then |Ly — Lo| < |Ly — Lg| which is impossible.

(c) Conclude that L; = Lo. That is, whenever a function has a limit, that
limit is unique.
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Practice Problems

Exercise 3.1.5
Using the €4 definition of limit to show that

lim (22° + 2 +1) = 2.
z——1

Exercise 3.1.6

Prove directly from the definition that lim, ., xi% = }1.

Exercise 3.1.7

In this exercise we discuss the concept of sided limits.

(a) We say that L is the left side limit of f as z approaches a from the left
if and only if

Ve> 0,30 >0suchthat 0 <a—z <d=|f(zr)—L| <e

and we write lim,_,,~ f(2) = L. Show that lim, - - l2l = 4.
(b) We say that L is the right side limit of f as x approaches a from the
right if and only if

Ve > 0,30 >0suchthat 0 <x —a <0 =|f(x)—L| <e

and we write lim,_,,+ f(z) = L. Show that lim,_,o+ lg;—' =1.

Exercise 3.1.8
Prove that L = lim,_,, f(x) if and only if lim, .- f(x) = lim,_ ..+ f(z) = L.

Exercise 3.1.9
Using € and ¢, what does it mean that lim,_,, f(z) # L?
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3.2 Properties of Limits

When computing limits, one uses some established properties rather than
the € definition of limit. In this section, we discuss these basic properties.

Exercise 3.2.1
Suppose that lim,_,, f(z) = L; and lim,_,, g(x) = Ly. Show that

lim(f () & g(a)) = Ly & Lo
Exercise 3.2.2

Suppose that lim,_,, f(z) = L; and lim,_,, g(x) = Ly. Show the following:
(a) There is a §; > 0 such that

Hint: Notice that f(z) = (f(x) — L1) + L.
(b) Given € > 0, there is a d, > 0 such that

€
0<|x—al <d = — | < —/——.

Exercise 3.2.3

Suppose that lim,_,, f(z) = L; and lim,_,, g(z) = Ls.

(a) Show that f(x)g(x) — L1Ls = f(2)(9(x) — L2) + La(f(x) — L1).

(b) Show that | f(z)g(z) — LiLa| < [f(2)||g(x) — La| + [La[|f(x) — L1].
(c) Show that lim, ., f(z)g(z) = LiLs. Hint: Use the previous exercise.

Exercise 3.2.4
(a) Suppose that |f(z)] < M for all z in its domain and lim,_,, g(z) = 0.
Show that

lim f(x)g(x) = 0.

r—a

Hint: Recall Exercise 2.2.5

(b) Show that lim,_,o 2 sin () = 0.

The following exercise says that when a function approaches a nonzero num-
ber as the variable x approaches a, then there is an open interval around a
where the function is always different from zero in that interval.
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Exercise 3.2.5
Suppose that lim,_,, f(z) = L with L # 0. Show that there exists a § > 0
such that

L]

0<|z—al<d=|f(2)] >7>O.
Hint: Recall the solution to Exercise 2.2.7

Exercise 3.2.6

Let g(x) be a function with the following conditions:

(1) g(z) # 0 for all z in the domain of g.

(2) lim,_,, g(x) = Lo, with Ly # 0.

(a) Show that there is a §; > 0 such that if 0 < |z — a| < §; then

’ 1 1
9(33) Lo

(b) Let € > 0 be arbitrary. Show that there is 05 > 0 such that if 0 < |[x—a| <
0, then

2

< — Lo|.
‘L2|2|g(x) 2|

L 2
jofa) — L] < 2
(c) Using (a) and (b), show that
wag(r) Ly

Hint: Recall Exercise 2.2.8

Exercise 3.2.7
Show that if lim,_,, f(x) = Ly and lim,_,, g(z) = Ls where g(x) # 0 in its
domain and Ly # 0 then
lim @ = ﬂ
z—a g(x) Lo
Hint: Recall Exercise 2.2.10.

Exercise 3.2.8

Let f(x) and g(z) be two functions with a common domain D and a a point
in D. Suppose that f(x) < g(x) for all x in D. Show that if lim,,, f(z) = L,
and lim,_,, g(x) = Ly then L; < Lo. Hint: Recall Exercise 2.2.11
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Practice Problems

Exercise 3.2.9

Let D be the domain of a function f(x). Suppose that f(z) > 0 for all z in
D and lim,_,, f(z) = L with L > 0.

(a) Show that

flz) - L
Vi) — VD= 22—
) NGRS
(b) Let € > 0. Show that there exists § > 0 such that |f(z) — L| < VL
whenever 0 < |z — a| < 0.
(c) Show that

lim \/f(2) = VL.
Exercise 3.2.10 (Squeeze Rule)
Let f(z),g(z) and h(x) be three functions with common domain D and a be
a point in D. Suppose that
(1) g(z) < f(x) < h(x) for all zin D.
(2) limg o g(x) = lim,_,, h(z) = L.
Show that lim, ., f(z) = L. Hint: Recall Exercise 2.1.11

Exercise 3.2.11
Consider the following figure.

1
N
N

where 0 < x < 7.
(a) Using geometry, establish the inequality

0 <sinz < z.
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Hint: The area of a circular sector with radius r and central angle 6 is given
by the formula 37%0.

(b) Show that lim, .o+ sinx = 0.

(¢) Show that lim, .o- sinz = 0. Thus, we conclude that lim, ,osinz = 0.
Hint: Recall that the sine function is an odd function.

(d) Show that lim,_,gcosz = 1. Hint: cos?z + sin®z = 1.

(e) Using geometry, establish the double inequality

sinx cos x - T - tanx
2 2 2

(f) Using (a) show that

sin 1
cos T < < .
T COS T
(g) Show that
sinx
lim =1.
z—0t X

(h) Show that for —7 < 2 < 0 we have also

. sinz
lim =1.
z—0~ X

Exercise 3.2.12

Find each of the following limits:
(1) lim,,_,, YEEI=2VE,

(2) limx%Q— WfTi’irGl .

Exercise 3.2.13

Find lim,_, i;—fﬁ by using the change of variable u = 1

Exercise 3.2.14

. . 3 . l
Find lim,_,q /2 sin .

Exercise 3.2.15
Find lim,_,o 2% tan z.

Exercise 3.2.16
Let n be a positive integer. Prove that lim, ,,[f(2)]™ = [lim, ., f(2)]" .
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3.3 Connection Between the Limit of a Func-
tion and the Limit of a Sequence

The limit of a function given so far is known as the ed definition. In this
section, we will establish an equivalent definition that involves the limit of a
sequence.

Exercise 3.3.1

Suppose that lim,,, f(z) = L, where a is in the domain of f. Let {a,}>,
be a sequence whose terms belong to the domain of f and are different from
a and suppose that lim,,_,., a, = a.

(a) Let € > 0 be arbitrary. Show that there exist a positive integer N and
a positive number § such that for n > N we have |a, — a] < 0 and for
0 < |z —al <0 wehave |f(z) — L| <e.

(b) Use (a) to conclude that for a given € > 0 there is a positive integer N
such that if n > N then |f(a,) — L| < e. That is, lim,,, f(an) = L.

Using Definition 3.1.1, what do we mean by lim, ,, f(z) # L? This means
that there is an interval centered at L such that for any interval centered at
a we can find a point z in that interval and in the domain of f such that
f(z) is not in the interval centered at L. This is the same thing as saying
that we can find an € > 0 such for all 6 > 0 there is x5 (in the domain of f)
with the property that 0 < |zs —a| < 0 but |f(zs) — L] > €.

Exercise 3.3.2
Let f : D — R be a function with the property that for any sequence {a,, }°2,
(with a, # a for all n > 1) if lim,, ,. a, = a then lim, . f(a,) = L. We
want to show that

lim f(z) =L

r—a
(a) Suppose first that lim,_,, f(z) # L. Show that there is an ¢ > 0 and a
sequence {a,}>2; of terms in the domain of f such that 0 < |a, —a| < + and
flan)— L] > €
(b) Use the squeeze rule to show that lim,, . |a, —a|] = 0.
(c) Use the fact that —|a| < a < |a| for any number a and the squeeze rule
to show that lim,,_,.(a, —a) = 0.
(d) Use Exercise 2.2.1 to show that lim,,_,, a, = a.
(e) Using (a), (d), the given hypothesis and Exercise 2.2.11, show that ¢ < 0.
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Thus, this contradiction shows that lim,_,, f(z) # L cannot happen. We
conclude that

lim f(x) = L.

Tr—ra
The above two exercises establish that the sequence version and the € version
are equivalent.
In many cases, one is interested in knowing that the limit of a function exist
without the need of knowing the value of the limit. In what follows, we will
establish a result that uses Cauchy sequences to provide a test for establishing
that the limit of a function exists.

Exercise 3.3.3
Let f be a function with domain D and a be a point in D. Suppose that f
satisfies the following Property:

(P) If {a,}2,, with a,, in D, a, # a for all n > 1 and lim,,_,, a,, = a then
{f(an)}se; is a Cauchy sequence.

(a) Let {a,}2, be a sequence of elements of D such that a, # a for alln > 1
and lim,,_,o a, = a. Show that the sequence {f(a,)}>, is convergent. Call
the limit L. Hint: See Exercise 2.5.7

(b) Let {b,}22, be a sequence of elements of D such that b, # a for alln > 1
and lim,,_,o, b, = a. Show that the sequence {f(b,)}°, converges to some
number L.

Exercise 3.3.4
Let {a,}>°, and {b,}2, be the two sequences of the previous exercise. Define
the sequence

{Cn} = {blva’hb%a@a b3va’37 T }

That is, ¢, = a; if n = 2k and ¢, = by if n = 2k + 1 where k£ > 0.

(a) Show that for all n > 1 we have ¢, € D and ¢, # a.

(b) Let € > 0. Show that there exist positive integers N; and Nj such that if
n > Nj then |a, — a|] < € and if n > Ny then |b, — a| < e.

(c) Let N =2N; + 2N, + 1. Show that if n > N then |¢, — a|] < e. Hence,
lim,, .~ ¢, = a. Hint: Consider the cases n = 2k or n = 2k + 1.

(d) Show that lim,, . f(c,) = L” for some number L.

The next exercise establishes the fact that the two sequences { f(a,)}>2, and
{f(bn)}32, converge to the same limit.
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Exercise 3.3.5

Let {a,}5, {bn}52,, and {c,}22, be as in the previous exercise.

(a) Compare {a,}22, and {c,}>2,.

(b) Let € > 0 be arbitrary. Show that there is a positive integer N such that
if n > N then |f(c,) — L"| <e.

(c) Let Ny be a positive integer such that Ny > % Show that if n > N; then
|f(a,) — L"| < e. Hence, lim,,_, f(a,) = L".

(d) Show that lim, . f(b,) = L”. Thus, by Exercise 2.1.6, we must have
L=L=1".

Exercise 3.3.6
Prove that if a function f satisfies property (P) then lim,_,, f(z) exists. Hint:
Use Exercise 3.3.2.



20 CHAPTER 3. LIMITS

Practice Problems

Exercise 3.3.7
Consider the function f : R — R defined by

sini if 2 #0
f(m)—{ 1 ifxz=0.

Let {a,}>2, and {b,}5°; be the two sequences defined by a, = ﬁ and

b, = m Clearly, a,,b, # 0 for all n € N, a,, — 0 and b, — 0. Show
2

that lim,_,o f(x) does not exist.

Exercise 3.3.8

Let {a,}22, be a sequence such that a,, # 2 for all n € N and lim,, ,, a,, = 2.
(a) Find lim,, o Zi:; = 4.

(b) Find lim,_,, Z=2.

Exercise 3.3.9

Consider the floor function f : [0,1] — R given by f(z) = |z, where |z]
denote the largest integer less than or equal to z. Find lim, ,;|2z] using
sequences.

Exercise 3.3.10

Consider the floor function f : R — R given by f(x) = |z, where |z | denote
the largest integer less than or equal to x.

(a) Let a, =1 — 1 and b, = 14 * for all n € N. Find lim,,_,« f(a,) and
lim,, 00 f(by).

(b) Does lim, 1| x| exist?



Chapter 4

Continuity

4.1 Continuity of a Function

In this section we introduce the notion of continuity of a function and study
the various equivalent definitions of this notion.

Definition 4.1.1

Let f be a real-valued function with domain D and a a point in D. We
say that f is continuous at a if and only if for any given ¢ we can find
d = 0(e) > 0 such that

for all x in D if |x — a| < ¢ then |f(z) — f(a)| <.

If f is continuous at every point in D, then we say that f is continuous in
D.

Exercise 4.1.1
Show that the function f(z) = z? is continuous at z = 0.

The next result provides a definition of continuity in terms of limits.

Exercise 4.1.2
Show that f is continuous at « = a if and only if lim,_,, f(z) = f(a).

Definition 4.1.2

A function f that is not continuous at a is said to be discontinuous there.
In terms of Definition 4.1.1, f is discontinuous at z = a if and only if there is
an € > 0 such that for all § > 0 there is an # = x5 in D such that |z —a| < §

and |f(z) — f(a)] = €

o1



52 CHAPTER 4. CONTINUITY

Exercise 4.1.3
Consider the function

P g £ 9
— r—2
1) { 0 ifz=2.

Show that f is discontinuous at z = 2.

Exercise 4.1.4

Suppose that f is discontinuous at = = a.

(a) Show that there is a sequence {a,}>>; of elements in D such that 0 <
lan —a| < L and | f(an) — f(a)| > .

(b) Show that lim, . |a, —a| = 0.

(¢) Show that lim, . a, = a.

The next two results provide a definition of continuity in terms of sequences.

Exercise 4.1.5

Suppose that f is continuous at = = a. Let {a,, }22; be a sequence of elements
in D converging to a.

(a) Let € > 0 be given. Show that there is a ¢ > 0 such that for any x in D
such that |z — a| < § we have |f(x) — f(a)| < e.

(b) With the e and ¢ as in (a), show that there is a positive integer N such
that if n > N then |a, —a| < é.

(¢) Conclude that lim,, . f(a,) = f(a).

Exercise 4.1.6

Suppose that for any sequence {a, }°, of elements in D that converges to a,
the sequence {f(a,)}>2 converges to f(a). Then either f is continuous at a
or f is discontinuous at a.

(a) Suppose that f is discontinuous at a. Show that there is an € > 0 and
a sequence {a,}> ; of elements in D such that lim, . a, = a and |f(a,) —
f(a)| > € for all n > 1.

(b) Show that lim,, o f(a,) = f(a).

(c) Show that by (a) and (b) we conclude that € < 0, a contradiction. Thus,
f must be continuous at x = a.
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Practice Problems

Exercise 4.1.7
Consider the function

f<$>:{(1) if x>0

if x < 0.

(a) Let a, = —+. Find lim, o0 a, and lim,,o f(an).
(b) Is f continuous at z = 07

Exercise 4.1.8
Give an example of a continuous function f : R — R and a sequence {a, }*,
such that lim,, . f(a,) exists, but lim,,_,, a, does not exist.

Exercise 4.1.9
Determine the values of a and b that makes the function f continuous every-

where. .
272 ifor <0
flz) = a ifx=0
bcosxz if x> 0.

Exercise 4.1.10
Using the - definition of continuity show that f(z) = x
r=1Hint: 2 —1=(x —1)(2* + 2+ 1).

3 is continuous at

Exercise 4.1.11
Consider the function f(z) = cos (1).

(a) Let a,, = ﬁ and b,, = ﬁ ﬁind limy, o0 Gp, limy, o0 by, limy, o0 f(an),
2
and lim,, o f(bn).

(b) Is f continuous at z = 07

Exercise 4.1.12
Counsider the function

o= {15y

Show that this function is continuous at x = 0 by using the e-§ definition.

Exercise 4.1.13
Prove that if f is continuous at z = a so does |f|. Hint: Exercise 1.1.23.
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Exercise 4.1.14

Suppose f,g : R — R are continuous on R. Suppose h : R — R satisfies
f(z) < h(zx) < g(z) for all z € R. If f(c) = g(c), prove that h is continuous
at c.

Exercise 4.1.15
Let f :[0,00) — R be defined by f(z) = v/z. Show that f is continuous on
[0, 00).
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4.2 Properties of Continuous Functions

In this section, we discuss the various properties that continuous functions
enjoy.

Exercise 4.2.1

Let f(x) and g(x) be two functions with common domain D . Suppose that
f and g are continuous at a point a in D. Show the following properties:

(i) f £ g is continuous at a.

(ii) f - g is continuous at a.

(iii) % is continuous at a provided that g(a) # 0.

Exercise 4.2.2
Let f be continuous at a point a in its domain with f(a) # 0. Show that
there exists a 0 > 0 such that

fla
|z —a] <& = |f(x)| > L

That is, there is an open interval centered at a where the function is always
different from zero there. Hint: Look at Exercise 2.2.7

Exercise 4.2.3

Let f: D — R and g : D' — R with the range of f contained in D’. Thus,
go f: D — Ris a function with domain D. Suppose that f is continuous at
a and ¢ is continuous at f(a).

(a) Let € > 0 be given. Show that there is a ¢’ > 0 such that for all y in D’
satisfying |y — f(a)] < ¢ we have |g(y) — g(f(a))] <.

(b) Show that there is a ¢” > 0 such that if |x—a| < §” then | f(z)—f(a)] < '
(c) Show that thereis a d > 0such that if [x—a| < 0 then |g(f(x))—g(f(a))| <
e. In other words, the composite function g(f(z)) is continuous at a. Hence,
the composition of two continuous functions is a continuous function.

Exercise 4.2.4

In Exercise 3.2.11, we established that lim, _,osinz = 0 = sin0. That is, the
sine function is continuous at 0.

(a) Using the trigonometric identity

sin (a + b) = sinacosb + cosasinb

show that the sine function is continuous at every number a. Hint: Use the
substitution © = x — a and note that u — 0 as * — a.
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(b) Show that the cosine function is continuous for every number a. Hint:

Note that cosz = sin (% — a:') and use Exercise 4.2.3.
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Practice Problems

Exercise 4.2.5
Suppose that f : R — R is continuous such that f(z) = 0 for all z € Q.
Prove that f(z) =0 for all x € R. Hint: Exercise 2.1.21

Exercise 4.2.6
Consider the function

x ifrze@Q
f(‘”):{ 0 ifzgQ.

(a) Prove that f is continuous at z = 0.
(b) Let a # 0. Prove that f is discontinuous at = = a.

Exercise 4.2.7
Suppose f,g : R — R are continuous functions and f(z) = g(z) for every
x € Q. Show that f(x) = g(z) for every z € R.

Exercise 4.2.8
Use continuity to evaluate lim,_,, sin (z + sin z).

Exercise 4.2.9
Give an example of two functions f and ¢ that are not continuous on the
interval (0,1) but their sum f + g is continuous on (0, 1).

Exercise 4.2.10

Let f: R — R be a continuous function that satisfies f(z+y) = f(z)+ f(y)
for all z,y € R.

(a) Show that f(0) =0 and f(n) = an for all n € N where a = f(1).

(b) Show f (%) = a - where m and n are integers with n # 0. That is,
f(z) = ax for all z € Q.

(c) Show that f(z) = ax for all z € R. Hint: Exercise 4.2.5 applied to the
function g(z) = f(x) — ax.

Exercise 4.2.11
Prove that if f is continuous on [a, b], then either f(z) = 0 for some z € [a, b],
or there is a number € > 0 such that |f(z)| > € for all = € [a, ]].
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4.3 Uniform Continuity

Recall that a function f : D — R is continuous at point a in D if and only
if for any € > 0 there is a § > 0 such that

if |xt—a| <0 = |f(x)— fla)] <e.

The ¢ in this definition depends on € and the point a. That is, for the same
€ but with a different point b the § might be different. Is there a function
f such that for all 1y and x5 in D with distance less than a fixed 9, we
have | f(z1) — f(x2)| < €? The answer is yes. We say that such a function is
uniformly continuous. More formally, we have

Definition 4.3.1
A function f: D — R is uniformly continuous if and only if for any € > 0
there is a § > 0 (depending only on €) such that for all x; and x5 in D

if |IL’1 — $L'2| <= |f(IL'1) — f(112)| < €.

A graphical illustration is given in Figure 4.3.1.

Not uniformly continuous | Uniformly continuous

Figure 4.3.1

Continuity of a function at a point is a local property of the function. In
contrast, uniform continuity is a global property of the function.
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Exercise 4.3.1
Show that the function f(x) = x is uniformly continuous.

Exercise 4.3.2

Consider the function f(z) = % on the set z > 0. Let 6 > 0 be any number
and define o = min{2,0}. Then a < 2 and o < 6. Let ; = § > 0 and
Ty = % > 0.

(a) Show that |21 — x3] < § but |f(z1) — f(x2)| > 1.

(b) Conclude from (a) that f is not uniformly continuous on the interval
0 <z <oo0.

Exercise 4.3.3

(a) Show that if f is uniformly continuous on D then f is continuous at every
point in D.

(b) Using properties of continuous functions, show that the function f(z) = 1
is continuous on the interval 0 < x < oo.

(c) Is the converse of (a) always true? That is, every continuous function is
uniformly continuous?

Exercise 4.3.4
Show that if f,g : D — R are uniformly continuous then f+g¢: D — R is
also uniformly continuous.

Exercise 4.3.5

Let f(x) = z®. Suppose that there is a 6 > 0 such that |z; — x5] < ¢ for all
real numbers z; and z,. In addition, suppose we want |2 — 23| = 1. That is,
|x1 — xo||z1 + 22| = 1. One way to achieve that is by setting z1 — x5 = g and
1+ Ty = %.

(a) Find 7 and x5 in terms of 4.

(b) Show that f is not uniformly continuous. Hint: Let ¢ = 3 in Definition
12.

Exercise 4.3.6
Give an example of two functions f, g : D — R that are uniformly continuous
but the product function f - g is not.

Exercise 4.3.7

Let f,g : D — R be uniformly continuous and bounded, say |f(x)| < M,
and |g(x)| < M, for all x in D. Let € > 0 be arbitrary.

(a) Show that there is a §; > 0 such that
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if [v —u| <61 = [f(x) = f(u)

(b) Show that there is a d5 > 0 such that
if [2 — u| <0y = [g(x) — g(u)| < 537 for all z,u in D.

(c) Show that f-¢g: D — R is also uniformly continuous. Note that bound-
edness is crucial in this result. Hint: Note that f(z)g(x) — f(u)g(u) =

(f(2) = f(u))g(x) + f(u)(g(x) — g(u))-

Exercise 4.3.8

Suppose that f: D — R is uniformly continuous. Let {a,}2%, be a Cauchy
sequence of terms in D.

(a) Let € > 0 be arbitrary. Show that there is a 6 > 0 such that

If |2y — 29| <6 = |f(x1) — f(22)] < € for all z1,29 in D.
(b) Show that there is a positive integer N such that
If n,m >N = |a, — an| < 0.

(c) Show that {f(a,)}2, is a Cauchy sequence in R (and therefore by Ex-
ercise 2.5.7 is convergent).

Exercise 4.3.9

Consider the function f(z) = tanx on the interval -5 <z < 7.

(a) Show that the sequence {5 — ~}0°; is convergent

(b) Show that the sequence in a) is also Cauchy:.

(¢) Show that the sequence {f (3 — 1)}22, is not Cauchy.

(d) Show that the function f(x) = tanz is not uniformly continuous on the
interval —5 <x < 7.

Exercise 4.3.10

Let f: D — R and ¢ : D’ — R be two uniformly continuous functions with
the range of f contained in D’. Looking closely at Exercise 4.2.3, show that
the composite function g(f(z)) is also uniformly continuous.
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Practice Problems

Exercise 4.3.11
Consider the function f(x) = sinz defined on the interval —F < x < 7.
(a) Use Exercise 3.2.11(a) to show that |sinz| < |z| on the interval -7 <

s

T < 3.

2
(b) Using the trigonometric identity sina — sinb = 2sin (“T_b) coS (“—*b) and
(a) t

2
o show that
|sina — sinb| < |a — b|.

(c) Show that f is uniformly continuous on the —% < x < 7.

Exercise 4.3.12
Using Exercise 4.3.10 and Exercise 4.3.11, show that the function g(z) = cosz
is uniformly continuous in the interval —5 <z < 7.

Exercise 4.3.13

Give an example of two uniformly continuous functions f and ¢ such that

% is not uniformly continuous.

Exercise 4.3.14

Let g : D — R be a uniformly continuous function with |g(x)| > M > 0 for
1

all x € D. Hence, the function 3G 1s bounded and g(x) # 0 for all z in D.

Show that ﬁ is uniformly continuous.

Exercise 4.3.15

Let f,g : D — R be two uniformly continuous functions such that f(x)
bounded and |g(x)] > M > 0 for all x € D. Show that the function Lf:)
uniformly continuous on D.

1S
1S

~

Q

Exercise 4.3.16

A function f : D — R is said to be Lipschitz if there is a constant K > 0
such that |f(x) — f(y)| < K|z — y| for all z,y € D. Show that a Lipschitz
function is uniformly continuous.
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4.4 Under What Conditions a Continuous Func-
tion is Uniformly continuous?

We have seem (Exercise 4.3.3(a)) that a function f : D — R uniformly
continuous on D is continuous on D. However, the converse is not always
true as seen from Exercise 4.3.3(c). In this section, we will show that any
continuous function on the interval [a, b] is uniformly continuous there.
Suppose not, then there is an € > 0 such that for all 6 > 0 there are u and v
in [a,b] such that

if lu—v|<d=|f(u)— f(v)| >e

In particular, for each positive integer n we can let § = % and thus obtain

two sequences {u,}22; and {v,}°°,; of numbers in [a, b] such that
1
|un, — vp| < = |f(un) — fvn)] > e (4.4.1)

Exercise 4.4.1

(a) Let co = “£2. Then either [a, ¢o] or [co, b] contains an infinite members of
{v.}22,. Let’s call the interval [a;, b;]. Show that by — a; = %52

(b) Let ¢, = ‘“TH” Then either [ay, ¢1] or [¢1, by] contains an infinite members
of {v,}52,. Let’s call the interval [as, bo]. Show that by — ap = %;*. Compare
a1 and ao. Compare by and bs.

(c) Let ¢ = 22£%2 Then either [as, ¢s] or [c2, bs] contains an infinite members
of {v,}22,. Let’s call the interval [as, b3]. Show that by — a3z = ”2_—3‘1 Compare
a1, as and ag. Compare by, by and bs.

Continuing the process of the previous exercise we can find intervals [ay, b,| C
[a,b] such that b, — a, = %% with the sequence {a,};>, being increasing
and the sequence {b,}>°; being decreasing. Moreover, the interval [a,, b,]

contains an infinite terms of the sequence {v,}>2 ;.

Exercise 4.4.2

(a) Show that the sequence {a,}>, is bounded from above. What is an
upper bound?

(b) Show that there is a constant M such that M = sup{as,as,--- }.

(¢) Show that a < M <b.
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Exercise 4.4.3

(a) Show that there is 6 > 0 such that for any a < x < bif [x — M| < ¢ then
£2) — FOM) < .

(b) Show that for all v and v in [a,b] if ju — M| < ¢ and |v — M| < § then

[f(u) = f(v)] <e

Exercise 4.4.4
(a) Let w, = ”;—n‘l Show that lim,,_,, w, = 0. Hint: Squeeze rule.
(b) Show that there is a positive integer N such that ¢ < ¢ and |z — M| < 2

2
for all ay <z < by.

Exercise 4.4.5

(a) Using Exercise 4.4.4, show that there is a large n such that + < ¢ and
an < v, <by.

(b) For the n found in (a), show that |u, — v,| < 2 < 2 and |v, — M| < 3.
(c) For the n found in (a), Show that |u,, — M| < 6.

(d) Using (b), (c), and Exericse 4.4.3(b), show that |f(u,) — f(v,)] < €.
Conclusion: The result in (d), contradicts (4.4.1). Hence, f must be uni-
formly continuous.
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Practice Problems

Exercise 4.4.6
Show that the function f : [0,1] — R defined by f(z) = /x is uniformly

continuous.

Exercise 4.4.7

(a) A function f : D — R is said to be Lipschitz if there is a constant K > 0
such that |f(z) — f(y)| < K|z — y| for all 2,y € D. Show that the function
f(z) = v/z is not Lipschitz on [0,1]. Hint: Assume the contrary and get a
contradiction.

(b) Give an example of a uniformly continuous function that is not Lipschitz.
Thus, the converse to Exercise 4.3.16 is false.

Exercise 4.4.8
Show, using the definition of uniform continuity (e —4 definition) the function

f(x) = ;35 is uniformly continuous on [0, 2].

Exercise 4.4.9
Conisder the function f : [0,1] — R defined by

sinz Gf )< p <1
f(x>_{1 if z = 0.

Show that f is uniformly continuous on [0, 1].

Exercise 4.4.10
Show that the function f: (—2,1] — R defined by f(x) = 22 is Lipschitz on
(—2,1].
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4.5 More Continuity Results: The Interme-
diate Value Theorem

In this section we proceed with establishing more properties of continuous
and uniformly continuous functions. We first define what we mean by a
bounded set.

Definition 4.5.1
A set D C R is said to be bounded if and only if there is a positive real
number M such that

for all z in D we have |z| < M.

That is, for all x is D we have —M < x < M. This says that D is contained
in the closed interval [—M, M].

The first result shows that a continuous function does not necessarily map
bounded sets to bounded sets.

Exercise 4.5.1
Give an example of a continuous f : D — R with D a bounded set (i.e.
|z| < M for some M > 0 and for all x in D) but f(D) is not bounded.

The following result shows that uniformly continuous functions preserve
boundedness. That is, the range of a bounded set under a uniformly contin-
uous function is bounded.

Exercise 4.5.2

Let D be a bounded subset of R with |z| < M for all x € D. Suppose that
f D — R is uniformly continuous.

(a) Show that there is a 6 > 0 such that if v and v belong to D such that
|lu —v| <6 then |f(u) — f(v)| < 1.

(b) Let n be a positive integer such that n > %. Divide the interval

[—M, M] into n equal subintervals:|[xo, z1], [z1, 22, - , [Tn_1, Zs]. Show that
T — 1 < dforallk=1,2,--- . n
(c) Let [ay,b1], [ag,bs], -, [ag, bk] be those intervals in (b) that intersect D.

That is, D C [al,bﬂ U [Clg,bg] U---u [ak, bk] Forl1 <i<kletu; € [a,-,bi] ND.
Show that if v is in D then there is an 1 <4 < k such that |v — ;| < § and

[f(0)] < T+ [f(us)]
(d) Show that |f(v)| < M for all v in D. That is, f(D) is bounded.
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Exercise 4.5.3
Show that if f : [a,b] — R is continuous then f([a,b]) is bounded. Hint:
Exercises 4.4.5 and 4.5.2.

If D is a bounded set, then by the Completeness Axiom of real numbers there
exist finite numbers I and S such that

I =inf{x € D} and S =sup{z € D}

Exercise 4.5.4
Show that if f : [a,b] — R is continuous then inf{f(x) : « < 2z < b} and
sup{f(z) : a <z < b} exist.

Exercise 4.5.5

Let f : [a,b] — R be continuous. Let I = inf{f(x):a <z < b}. Note that I
exists by Exercise 4.5.4. Suppose that I < f(z) for all € [a, b]. That is, the
infimum can not be attained in [a, b]. Define the function g : [a,b] — R by

1
g(z) = T =1

(a) Show that g is continuous on [a, b].

(b) Show that there is a positive number M such that |g(z)| < M for all
z € [a,b].

(¢) Show that I + 57 is a lower bound of f([a,b]) and this leads to a contra-
diction.

Conclusion: There must be a number z; € [a, b] such that f(z,) = inf{f(z) :
a<x<b}.

Exercise 4.5.6

Let f : [a,b] — R be continuous. Let S = sup{f(z) : a < z < b}. Note
that S exists by Exercise 4.5.4. Show that there exists x5 € [a, b] such that
f(z2) = S. Hint: Mimic Exercise 4.5.5.

From the previous two exercises, we have seen that extreme values of a func-
tion continuous on [a, b] are attained in [a, b]. What can we say about possi-
ble values between these? The following result, known as the intermediate
value theorem, addresses this question.
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Exercise 4.5.7

Let f : [a,b] — R be continuous. Let f(a) < ¢ < f(b).

(a) Let D = {z € [a,b] : f(z) < c}. Show that D is non-empty and that D
is bounded from above. By the Completeness Axiom of real numbers there
is a number d such that d = sup{zx € D}.

(b) Show that d € [a, b].

(c) Suppose that f(d) > ¢. Show that there is a § > 0 such that if |z —d| < ¢
then [f(z) = f(d)] < f(d) —c.

(d) Show that for = € [a,b] and |z — d| < § we must have f(z) > c. Hint:
Exercise 1.1.14.

(e) Using (d), show that d — ¢ is an upper bound of D. Thus, f(d) > ¢ leads
to a contradiction.

(f) Suppose that f(d) < c¢. Show that there is a 6 > 0 such that if d — § <
r <d+ 6 and z € [a,b] we must have f(x) < c.

(g) Show that f(d+ 2) < c. Why this leads to a contradiction?

Conclusion: We must have f(d) = c.

Exercise 4.5.8

Let f : [a,b] — R be continuous. By Exercise 4.5.5, there exist z; € [a, b] and
x9 € [a,b] such that m = f(z1) = inf{f(z) : € [a,b]} and M = sup{f(x) :
x € [a,bl}.

(a) Show that f([a,b]) C [m, M].

(b) Use Exercise 4.5.7 (restricted to the interval [z, 23]) to show that [m, M] C
f(la; b))

Conclusion: f([a,b]) = [m, M].
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Practice Problems

Exercise 4.5.9

Prove that there exists a number ¢ € (0, %) such that 2¢ — 1 = sin (02 + %)

Exercise 4.5.10

Let f : [a,b] — [a,b] be a continuous function. Prove that there is ¢ € [a, b]
such that f(c) = c. We call ¢ a fixed point of f. Hint: Intermediate Value
Theorem applied to a specific function F' (to be found) defined on [a, b].

Exercise 4.5.11

Using the Intermediate Value Theorem, show that

(a) the equation 3tanz = 2 + sinx has a solution in the interval [0, §];
(b) the polynomial p(z) = —z* + 223 + 2 has at least two real roots.

Exercise 4.5.12
Let f,g : [a,b] — R be continuous functions such that f(a) < g(a) and
f(b) > g(b). Show that there is a ¢ € [a, b] such that f(c) = g(c).

Exercise 4.5.13
Let f : [a,b] — R be continuous such that f(a) < a and f(b) > b. Prove that
there is a ¢ € [a, b] such that f(c) = c. We call ¢ a fixed point of f.

Exercise 4.5.14
Let f : [a,b] — Q be continuous. Prove that f must be a constant function.
Hint: Exercise 1.2.6(c).

Exercise 4.5.15
Prove that a polynomial of odd degree considered as a function from the reals
to the reals has at least one real root.

Exercise 4.5.16

Suppose f(z) is continuous on the interval [0,2] and f(0) =
there must be a number ¢ between 0 and 1 so that f(c+ 1)
Consider the function g(z) = f(z + 1) — f(z) on [0, 1].

f(2) : Prove
= f(c). Hint:



Chapter 5

Derivatives

5.1 The Derivative of a Function

In this section we introduce the concept of the derivative of a function and
discuss some of its properties.

Definition 5.1.1
Let f: D — R and x € D. We say that f is differentiable at a if and only
if

i 101 =110

h—0

exists. Symbolically, we write

eyt FO 1) = F (@),

h—0 h

We call f’(a) the derivative of f at a. A function that is not differentiable
at a is said to be non-diffferentiable. If f'(a) exists for every a € D, we
say that f is differentiable on D. The process of finding the derivative is
referred to as differentiation.

Exercise 5.1.1
Counsider the function

B xsin(%) ifx#0
f(x)_{ 0 ifx=0.

Show that f is not differentiable at a = 0.

69
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Exercise 5.1.2
Consider the function

o= {7 12

Show that f is differentiable at @ = 0. What is f/(0)?

Exercise 5.1.3
Show that f(x) = |z| is not differentiable at 0.

Exercise 5.1.4
Find the derivative of f(z) = sinz. Hint: Recall the trigonometric identity

sina — sinb = 2 cos (%’) sin (‘LT’b) and use Exercise 3.2.11.

The following exercise shows that every differentiable function is continuous.

Exercise 5.1.5
Let f: D — R be differentiable at a.
(a) Show that
m[f(z) = f(a)] = lim[f(h +a) — f(a)].

T—a h—0

(b) Show that f is continuous at a. That is,

lim[ /() = f(a)] = 0.
Exercise 5.1.6
Give an example of a function f : D — R that is continuous at a but not
differentiable there. That is, the converse to the result of Exercise 5.1.5 is
false in general.

Exercise 5.1.7
Suppose that f,g: D — R are differentiable at a. Show that the functions
f £ g are also differentiable at a.

Exercise 5.1.8 (Product Rule)

Suppose that f,g: D — R are differentiable at a.

() Show that (fg)(a-+ k) — (fg)(a) = [f(a-+h) — f(@)]gla+h)+ f(a)lgla+
h) — g(a)].

(b) Show that the function f - g is also differentiable at a.
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Exercise 5.1.9 (Quotient Rule)
Suppose that f,g: D — R are differentiable at a with g(a) # 0.
(a) Show that

(F)arm=(D)@ fasm-s@ 1 gath-g@ fa) 1

h h “g(a+h) h g(a) gla+h)

(b) Show that

(i)%a%:fngW)—fOUJMX
g

Exercise 5.1.10 (Chain Rule)

Let f: D — R and g: D' — R be two functions with f(D) C D’. Suppose
that f is differentiable at a and g is differentiable at f(a).

(a) Define w : D' — R by

gw)—g(f(a))
wly) = { y—f(a) if y # f(a)

g'(fa)) ify= f(a).
Show that w is continuous at f(a). That is,
lim w(h + f(a)) = w(f(a)).

(b) Show that (w o f)(z) is continuous at a.
(c) Show that

(go flla+h)—(go f)(a)
h

h) —
= (wo f)(a+h)- {EHI =IO
(d) Show that

(g0 f)(a) =g (f(a)) f(a).
Exercise 5.1.11
Let f(x) = 2™ where n is a non-negative integer.
(a) By letting h = ax — z, show that
a=l  ar —x

at is the quotient of the division of " —1 by a—17 Hint: Use synthetic
b) Wh h f the d f b ? Hint: U h
division.

(c) Use (a) and (b) to show that f'(z) = nz"'.
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Practice Problems

Exercise 5.1.12

(a) Show that the derivative of a constant function is zero and that the
derivative of f(z) =z is f'(z) = 1.

(b) Show that the function h(z) = xsin (1) is differentiable for all = # 0.

Exercise 5.1.13
Let f(x) = v/2x — 1. Find f’(2) by using only the definition of the derivative.

Exercise 5.1.14
Let

fa) = 2w+5 ifr<l
T 922 -2 ifx > 1.

Show that f(x) is continuous but not differentiable at x = 1.

Exercise 5.1.15
Find constants a and b such that the piecewise defined function

ar’ —4 ifxr<1
f(x){ br+a ifz>1

is differentiable at © = 1.

Exercise 5. 1 16
Let f(z) =a?cos (1) if 2 # 0 and f(0) = 0. Show that f is differentiable at
r=0 and find f(0).

Exercise 5.1.17

(a) Let f(z) = 2™ with n a negative integer. Prove that f'(z) = nx
(b) Let f(x) = x« where p and ¢ are integers with ¢ # 0. Prove that f/(z) =
’E’x%_l. Hint: Let y = 27 so that y? = 2P and use Exercise 5.1.10.

n—1

Exercise 5.1.18
We define the number e to be the unique number satisfying

h
—1
lim6

=1.
h—0 h

It is an irrational number whose value is approximately 2.718281828459045.
Define the function f(z) = e*. Find f’(z) using the definition of the deriva-
tive.
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Exercise 5.1.19

The natural logarithmic function is the function f(z) = Inx defined
as follows: y = Inxz if and only if x = €Y. Find the derivative of f. Hint:
Differentiate x = e¥ with respect to x.

Exercise 5.1.20

Consider the function f(z) = 2™ where n is a real number.

(a) Suppose that x > 0 and z in the domain of f. Using the fact that
2" = e""% show that f'(z) = na" L.

(b) Suppose that < 0 and z in the domain of f. Show that f’(z) = na"'.
Hint: 2" = (—1)"(—x)".
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5.2 Extreme values of a Function and Related
Theorems

Points of interest on the graph of a function are those points that are the
highest on the curve, or the lowest, in a specific interval. Such points are
called local extrema.

Definition 5.2.1

Let f : D — R. We say that f has a local maximum or a relative
maximum at a € D if there is an ¢ > 0 such that f(z) < f(a) for all
r€(a—ea+e)ND.

We say that f has a local minimum or a relative minimum at a € D if
there is an € > 0 such that f(a) < f(z) for all z € (a —€,a +€) N D.

Exercise 5.2.1

(a) Find the local extrema (if they exist) of the function f(x) = |z|.
(b) Find the local extrema (if they exist) of the function f(x) =

(c) Find the local extrema (if they exist) of the function f(z)
interval [0, 1].

The following exercise shows that if a differentiable function has a local ex-
trema (that is not a boundary point) then the derivative at that point must
be zero.

Exercise 5.2.2

Let f : [a,b] — R. Suppose that ¢ € (a,b) is a local maximum (or local
minimum) of f such that f’(c) exists. Let € > 0 such that f(z) < f(c) for
all z € (c—¢,c+¢€) C[a,b].

(a) Let h > 0 be small enough so that ¢ + h € (¢ — €, ¢+ €). Using Exercise
3.2.8, show that f’(c) < 0.

(b) Let h < 0 be large enough so that ¢+ h € (c — €, ¢+ €). Using Exercise
3.2.8, show that 0 < f'(¢) and therefore f’(c) = 0.

Exercise 5.2.3

The condition a < ¢ < b is critical in the previous exercise. Give an example
of a function f : [a,b] — R such that either a or b is a local extremum but
with non-zero derivative there.
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Definition 5.2.2

A point (¢, f(c)) such that either f’(¢) does not exist or f'(¢) = 0 is called
a critical point. Exercise 5.2.2 tells us that potential local extrema are
critical points.

By Exercise 4.5.8, if f : [a,b] — R is continuous then there exists x1,zy €
[a, b] such that

f(x1) < f(x) < f(z2)

for all = € [a,b]. That is, x; is a local minimum and z; is a local maximum.
The following exercise tells us where to look for x; and xs.

Exercise 5.2.4
Suppose f : [a,b] — R is continuous. Then there exists x1, x5 € [a,b] such
that

fwn) < f(x) < flae)

for all € [a,b]. Show that z; and zy are either the endpoints of [a,b] or
critical points of f ina < x <b.

Exercise 5.2.5 (Rolle’s Theorem)

Suppose f : [a,b] — R is continuous for ¢ < z < b and differentiable for
a < x < b. By Exercise 4.5.8 there exist a < x1 < b and a < x5 < b such
that f(z1) < f(z) < f(xq) for all x € [a,b]. Suppose that f(a) = f(b).

(a) Show that if f(z) = C for all a < x < b then there is at least a number
a < ¢ < bsuch that f'(c) = 0.

(b) Suppose that f is a non-constant function. Let d € [a,b] such that
f(d) # f(a). Show that if f(d) < f(a) then a < z; < b. What can you say
about the value of f'(z1)?

(c) Show that if f(a) < f(d) then a < z5 < b. What can you say about the
value of f/(x9)?

Geometrically, Rolle’s theorem claims that if f : [a,b] — R is continuous for
a < x < b and differentiable for a« < # < b and f(a) = f(b), somewhere
between a and b the graph of f has a horizontal tangent line. See Figure
5.2.1.
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Figure 5.2.1

Exercise 5.2.6
Find the number ¢ of Rolle’s theorem for the function f : [0,1] — R defined

by f(z) = vz —=.
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Practice Problems

Exercise 5.2.7
Assume ag, a, - ,a, are real numbers such that

(7% Anp—1 ax
+oo = +ag=0.
n+1 n 2 0

Show that the polynomial function
f(2) = anz™ + ap_12"t + - 4+ arz + ag
has at least one root in (0,1).

Exercise 5.2.8
(a) Show that the function f(z) = 2® — 42* — 3z + 1 has a root in [0, 2].
(b) Use Rolle’s theorem to show that there is exactly one root in [0, 2].

Exercise 5.2.9
Let f,g: R — R be differentiable, and let a,b € R be such that a < b. Show
that there is a ¢ € (a, b) such that

F(©)gb) — g(a)] = ¢'(c)[f(b) — f(a)].
Hint: Apply Rolle’s theorem to the function h(z) = f(x)[g(b) — g(a)] —
9(@)[f(b) = f(a)].

Exercise 5.2.10
Suppose f : [a,b] — R is continuous for ¢ < z < b and differentiable for
a < x < b. Show that there is a < ¢ < b such that

F(b) ~ fla)

flle) = Ho—

Hint: Apply Rolle’s theorem to the function g : [a,b] — R defined by

o) = 1) - 1t0) - (A=) @ - )
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5.3 The Mean Value Theorem and its Appli-
cations
The Mean Value Theorem is behind many of the important results in cal-

culus that we will discuss in this section. The Mean Value Theorem is a
generalization of Rolle’s Theorem.

Exercise 5.3.1 (Mean Value Theorem,)
Suppose f : [a,b] — R is continuous for a < x < b and differentiable for
a < x < b. Show that there is a < ¢ < b such that

£0) = f(a)

flle) = H5 =

Hint: Use Exercise 5.2.5 with the function g : [a,b] — R defined by

o) = )~ 1o - (P =) o)

Geometrically, the mean value theorem claims that if f : [a,b] — R is con-
tinuous for ¢ < x < b and differentiable for a < x < b, somewhere between
a and b the graph of f has a tangent line parallel to the line connecting
(a, f(a)) and (b, f(b)). See Figure 5.3.1.

l}! -

.\IJ"r'n;'II”
y=fix) LI

Tangent at ¢

=y

i C b

Figure 5.3.1
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Exercise 5.3.2 (Cauchy Mean Value Theorem)
Suppose f, g : [a,b] — R are continuous for a < x < b and differentiable for
a < x < b. Show that there is @ < ¢ < b such that

[9(b) = g(a)lf"(c) = [£(b) = f(a)lg'(c).

Hint: Use Exercise 5.2.5 with the function A : [a,b] — R defined by
W) = [f(b) = fla)lg(x) = [g(b) — g(a)]f ().

Exercise 5.3.3

Let f : [a,b] — R be continuous for a« < x < b and differentiable for a <
x < b. We say that f is one-to-one if and only if for any a < z; < b and
a < x9 < b such that f(x;) = f(z9) we must have z; = x5. Suppose that
fl(x) #0foralla <x<b.

(a) Let @ < 27 < band a < xy < b such that f(x;) = f(x2). Show that
if x1 < x5 then there is @ < x; < ¢ < z3 < b such that f'(¢) = 0 which
contradicts the assumption that f/'(z) # 0 for all @ < x < b. Hint: Use the
Mean Value Theorem on the interval [z, xs].

(b) Answer the same question for xo < z;.

Conclusion: We must have x; = x5. This shows that f is 1-1.

Exercise 5.3.4

Let f : [a,b] — R be continuous for a < x < b and differentiable for a < = <
b. We say that f is increasing in [a, b] if and only if for every z; and x5 in
[a,b], if 1 < 25 then f(z1) < f(xq). Show that if f'(z) > 0foralla <z <b
then f(z) is increasing in [a, b]. Hint: Use the MVT restricted to the interval
(1, 23]

Definition 5.3.1
We say that f : [a,b] — R is differentiable in [a, b] if and only if f is differ-
entiable in a < x < b and the following limits exist

f'(a) = limy,_q+ w and f'(b) = limy - f(b-i—h}z— £(b)

Suppose that f : [a,b] — R is differentiable such that f’(z) # 0 for all
a < x < b. We know from Exercise 5.3.3 that f is one-to-one on [a,b]. We
want to show that f is monotone as well on [a, b].

To say that f is not monotone on [a, b] means that one of the following cases
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applies:

(i) There are x,y, z € [a,b] such that x < y < zand f(z) < f(y), f(2) < f(y).
That is the graph of f is increasing on [z, y] and decreasing on [y, z].

(ii) There are z,y,z € [a,b] such that x <y < z and f(z) > f(y), f(y) <
f(2). That is the graph of f is decreasing on [x,y] and increasing on [y, z].

Exercise 5.3.5

Consider Case (i). We have either f(z) < f(2) < f(y) or f(2) < f(z) < f(y).
(a) Suppose that f(z) < f(x) < f(y). Use the Intermediate Value theorem
restricted to [y, z] to show that such a double inequality can not occur.

(b) Suppose that f(z) < f(z) < f(y). Use the Intermediate Value theorem
restricted to [z,y] to show that such a double inequality can not occur.

We conclude that Case (i) does not hold.

Exercise 5.3.6

Consider Case (ii). We have either f(y) < f(x) < f(2) or f(y) < f(2) <
f().

(a) Suppose that f(y) < f(z) < f(2). Use the Intermediate Value theorem
restricted to [y, z] to show that such a double inequality can not occur.

(b) Suppose that f(y) < f(z) < f(z). Use the Intermediate Value theorem
restricted to [x,y] to show that such a double inequality can not occur.

We conclude that Case (ii) does not hold.

We conclude from the previous two exercises that f must be monotone in

la, b].

Exercise 5.3.7

Suppose that f : [a,b] — R is differentiable such that f'(x) # 0 for all
a < x < b. We know from the above discussion that f is monotone.

(a) Show that if f is increasing in [a, b] then f'(z) > 0 for all a < z < b. Hint:
Let x € [a,b) and choose h > 0 small enough so that x + h € [a,b). If x = b,
choose h < 0 so that b+ h < b. Now use the definition of the derivative.

(b) Show that if f is decreasing in [a, b] then f'(z) <0 for all a < z <b.



5.3. THE MEAN VALUE THEOREM AND ITS APPLICATIONS 81

Practice Problems

Exercise 5.3.8

Let f : [a,b] — R be continuous for a < z < b and differentiable for a <
x < b. We say that f is a constant function on [a, b] if and only if there is a
constant C' such that f(z) = C for all @ <z < b. Suppose that f'(z) =0 for
all a <z < b.

Let 1 and x5 be any two numbers in the interval [a, b] with 27 < x9. Suppose
that f(z1) # f(x2). Show that by applying the Mean Value Theorem on the
interval [zq,x5] we obtain the contradiction f(x1) = f(x2). Thus, we must
have f(x1) = f(z2) = C for any x; and x5 in [a,b]. That is, f(z) = C for all
a<zx<b.

Exercise 5.3.9

Let f : [a,b] — R be continuous for a < x < b and differentiable for a < = <
b. Suppose that f'(z) = ¢'(z) for all a < x < b. Show that f(z) = g(z) + C
for all a < x < b, where C' is a constant. Hint: Exercise 5.3.8

Exercise 5.3.10

Let f : [a,b] — R be continuous for a < x < b and differentiable for a < = <
b. We say that f is decreasing in [a, b] if and only if for every x; and x5 in
[a,b], if 1 < x5 then f(z1) > f(x2). Show that if f'(z) <Oforalla <z <b
then f(z) is decreasing in [a, b]. Hint: Use the MVT restricted to the interval
[x1, o).

Exercise 5.3.11

Consider the function f(z) = (14 z)? where 0 < p < 1. Let h > 0.

(a) Apply the MVT to the interval [0, h] to show that f(h) = p(1+¢)P"'h+1
for some 0 < t < h.

(b) Use (a) to show that (1 + h)? < 1+ ph.

In annuity theory, (1 + h)? may represent compound interest and 1 + ph
represent simple interest. A result in annuity theory says that for time p
less than a year compound interest formula can be estimated by the simple
interest formula.

Exercise 5.3.12

Suppose that f : [a,b] — R is differentiable in [a, b]. Let A be a real number
such that either f'(a) < X < f'(b) or f'(b) < A < f'(a).

(a) Define g(z) = f(x) — Az. Show that if f'(a) < A < f'(b) then ¢'(z)
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changes sign between a and b.

(b) Establish the same result for f'(b) < A < f'(a).

(c) Show that the condition ¢'(c) # 0 for all ¢ € [a, b] leads to a contradiction.
Hint: Exercise 5.3.7. Conclude that there must be a a < ¢ < b such that

f'le) =X

Exercise 5.3.13

Let f,g : [a,b] — R be two differentiable functions on [a, b] such that f(a) =
g(a). Show that if f'(z) = ¢'(z) for all z € (a,b) then f(z) = g(z) for all
x € [a,b]. Hint: Exercise 5.3.8.

Exercise 5.3.14

Let f : R — R be differentiable such that |f'(x)| < 1 for all z € R. Show
that f can have at most one fixed point. That is, There is at most one ¢ € R
such that f(c) = c¢. Hint: Mean Value Theorem.

Exercise 5.3.15
Let f : R — R be differentiable everywhere and that f’(a) < 0 and f’(b) > 0
for some a < b. Prove that there is a ¢ € (a,b) such that f'(c) =0.

Exercise 5.3.16

Let f : R — R be differentiable and |f'(z)] < K < 1 for all x € R. Let
ag € R. Define the numbers a,, = f(a,_1).

(a) Show that |a,41 — a,| < K"|a; — ag| for all n € N.

(b) Show that for all m,n € N such that m > n we have

n

lam = anl < 755

Exercise 5.3.17
Show that if 0 < a < b then1— 3 <In (%) < % — 1. Hint: Apply the MVT
for the function f(z) =Inz.
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5.4 L’Hopital’s Rule and the Inverse Func-
tion Theorem

The following result known as L’Hopital’s Rule uses derivatives to evaluate

limits of the ratio of two functions with limit of the form %.

Exercise 5.4.1

Let f,g : [a,b] — R be continuous on [a,b] and differentiable in a < x < b
with ¢'(z) # 0 for all @ < & < b. Suppose that f(c) = g(c¢) = 0 for some
a < ¢ < b. Also, suppose that

tim 20—y

z—c g’(:p) -

(a) Let {c,}22, C [a,b] be an arbitrary sequence with the properties ¢, # ¢
for all n > 1 and lim,,_,, ¢, = ¢. Show that there is a d,, between ¢, and ¢
such that

[f(cn) = F(O)]g'(dn) = [9(cn) = g(c)]f (dn)-

(b) Show that d,, # ¢ for all n > 1 and lim,,_, d, = c.
(¢) Show that g(d,) # g(c) for all n > 1. Hint: Exercise 5.3.3.

(d) Show that
f'(dy) _ f(cn)

g(dn)  glen)
(e) Show that lim,, f = A. Hint: See Exercise 3.3.1.
(f) Show that lim,,

%Q
’@
D:-

(g) Show that lim, . g(g

Exercise 5.4.2

Find
Y VT =2+ T =2
o2 x?2—4 '

Definition 5.4.1
Let f: D — R. We say that f is invertible if and only if there is a function
g : D' — R such that the following two statements are true

f(g(x)) =z for all z in D'
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and
g(f(x)) =z for all z in D.

We Write g = f~! and we call f~! the inverse function of f.

Exercise 5.4.3

Let f : [a,b] = R be a one-to-one function. That is, if f(x) = f(y) then
x =y, where z,y € [a,b].

(a) Define ¢ : f([a,b]) — [a,b] by ¢g(y) = z if and only if f(z) = y. Show that
g is indeed a function. That is, if y1,ye € f([a,b]) are such that y; = y, then
9(y1) = g(y2).

(b) Show that f(g(y)) = y for all y € f([a,b]) and g(f(z)) = « for all
x € [a,b]. Thus, conclude that f is invertible.

Exercise 5.4.4

Let f : [a,b] — R be continuous in [a,b] and differentiable in [a,b] with
f'(z) # 0 for all @ < z < b. Let the range of f be denoted by [m, M].

(a) Show that f is one-to-one, monotone, and invertible with inverse f~! :
[m, M| — [a,b].

(b) Assume that f is strictly increasing. That is, if 27 < x9 then f(z1) <
f(z2). In this case, [m, M| = [f(a), f(b)]. Let f(a) < yo < f(b). Show that
there is a a < zg < b such that f(zo) = yo.

(c) Let € > 0 be given. Let ¢; = min{¢, zg—a, b—xo}. Show that if = satisfies
|z — x| < € then a < x < band |z — x| < e.

(d) Let y; = f(zo—€1) and yo = f(xo + €1). Show that f[(xo—e1, 20+ €1)] =
(Y1, 42)-

(e) Choose a 6 > 0 so that (yo—d,yo+9) C (y1,y2). Show that if |y —yo| < d
then |f~*(y)— f~'(yo)| < €. This shows that f~! is continuous in (f(a), f(b)).
(f) Show that f~! is right continuous at f(a) and left continuous at f(b).
We conclude from this problem that f~! is continuous on the closed interval

[f(a), f(D)].

Remark 5.4.1
A similar result holds if f is strictly decreasing.

Exercise 5.4.5 (Inverse Function Theorem)
Let f : [a,b] — R be continuous in [a,b] and differentiable in [a,b] with
f'(x) #0 for all a < z < b. Let ¢ € f([a,b]). Then there is a d € [a,b] such
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that f(d) = c.
(a) Let {c,}22, C f([a,b]) such that ¢, # ¢ for all n > 1 and lim,,_, ¢, = c.
Show that there is a sequence {d,,}5°, C [a, b] such that

lim d,, = d.
n—oo

Hint: Exercise 5.4.4(b).

(b) Show that d,, # d for all n > 1.

(c) Show that
f(dn>_f(d) _pl
“d—a ! (d)

lim
n— o0
Hint: Exercise 3.3.1.
(d) Show that w # 0 for all n > 1. Hint: Exercise 5.3.3.
(e) Show that !
fHen) = f7He) 1

lim =

n—00 Cp — C f’(d)‘

Thus, conclude that .
—1y/ _
FY@D) =

for all d € [a,b]. That is f~! is differentiable in f([a, b]). Hint: Exercise 3.3.2.
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Practice Problems

Exercise 5.4.6

Find lim,_, (IHTI - sin (’”’;—;2)) .

Exercise 5.4.7

Let f,g : [a,b] — R be continuous on [a,b] and differentiable in a < z < b
with ¢'(z) # 0 for all @ < x < b. Suppose that lim,_,. f(z) = lim, . g(x) =
oo for some a < ¢ < b. Also, suppose that

lim f/ (z) = A.

z—e g'(1)
Prove that

lim @ = A.

e g(x)

Exercise 5.4.8
Use L’Hopital’s rule to evaluate lim,_,o+ 2%. Note that 0° is an undeterminate
form.

Exercise 5.4.9
Let f and g be invertible differentiable functions such that

f()=24902)=1f(1) =4(2) =3
Find the derivative (f~*og™!)(1).

Exercise 5.4.10
Let f(z) = ztan®*z for z € (0,%). Calculate (f~')'(7). Note that f(§) = .



Chapter 6

Riemann Integrals

6.1 The Theory of Riemann Integral

The Riemann integral, as it is called today, is the one usually discussed in
introductory calculus. Throughout this section, it is assumed that we are
working with a bounded function f on a closed interval [a, b], meaning that
there exist real numbers m and M such that m < f(z) < M for all x € [a, b].

Definition 6.1.1
A partition P of [a,b] is a finite, ordered set

P={a=zy<z1 <x9 <--- < =b}.

If @ is another partition of [a, b] such that P C @ then we call @ a refine-
ment of P.
For each subinterval [z, x| of P, let

my(f) = inf{f(x) : x € [xp_1,2%]} and My(f) = sup{f(x) : © € [zy_1, zx]}

The Riemann lower sum of f with respect to P is given by

L(f,P)= Zmi(f)(xi —Ti1).

Likewise, we define the Riemann upper sum of f with respect to P by

U(f,P)= Z Mi(f) (@ — zim).

87
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Exercise 6.1.1
(a) Show that m < m;(f) < M;(f) < M.
(b) Show that m(b—a) < L(f, P) <U(f,P) < M(b—a).

Exercise 6.1.2

Let @ be a refinement of P. Suppose that P ={a =xz¢p <21 < -+ < x,1 <
z,=bland Q={a=20<11 < - <z 1<z<m;; <<z, =Db}

(a) Show that U(f,Q) < U(f, P).

(b) Show that L(f, P) < L(f,Q).

Definition 6.1.2
We define

Sy =A{U(f, P) : P a partition of [a,b]}
and
St ={L(f, P) : P a partition of [a,b]}.

Then Sy is bounded from below by m(b — a). By the completeness axiom of
R, inf Sy is a finite number. We define the upper Riemann integral to be

/bf(ac)d:z: = inf Sp.

Likewise, Sy, is bounded from above by M (b—a). By the completeness axiom
of R, sup Sy is a finite number. We define the lower Riemann integral to
be

b
/ f(x)dx = sup Sg.

Exercise 6.1.3 —
Suppose that f is bounded on [a, b]. Show that f;f(:c)dx < f;f(:v)d:c Hint:
Exercise 6.1.2. o

Definition 6.1.3
We say that a bounded function f : [a,b] — R is Riemann integrable on

[a, b] if and only if o
b b
/ f(x)dx = / f(z)dz.
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/; f(x)dx:zf(x)dxz [ s

and we call f; f(z)dz the Riemann integral of f on [a,b].

We write

Exercise 6.1.4
Consider the function f : [a,b] — R defined by

2 ifa<x<d

f(x):{s if z = b.

(a) Find two numbers m and M such that m < f(z) < M for all z € [a, b].
(b) Show that for any partition P of [a,b] we have L(f,P) = 2(b — a).
Conclude that

/Lbf(x)dx =2(b— a).

(c) Show that_f_abf(x)dx >2(b—a).

(d) Suppose fabf(:c)d:c > 2(b—a). Let € = f_abf(x)dx —2(b—a) > 0. Let @
be the partition

Q={a=zo<z1 <29 <--- <2, =0}

such that b — x,,_1 < e. Show that U(f,Q) < f_;f(:r)da:. Why this is impos-
sible?
(e) Is f(x) Riemann integrable? If so, what is the value of the integral

f: f(x)dz?

The above example shows that a discontinuous function can be Riemann
integrable.
Next, we present an example of a function that is not Riemann integrable.

Exercise 6.1.5

Consider the function f : [0,1] — R defined by f(x) = 1 if z is rational and
f(z) =0 if = is irrational.

(a) Compute the upper Riemann integral and the lower Riemann integral.
Hint: Exercise 1.2.6(c).

(b) Is f Riemann integrable on [0, 1]7
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Exercise 6.1.6

Let f : [a,b] — R be a bounded function. Suppose that f is Riemann
integrable. We want to show that f satisfies the following property, known
as Riemann criterion:

(P)¥e > 0, there is a partition P of [a,b] such that U(f, P) — L(f, P) < e.

(a) Let € > 0 be given. Show that there is a partition P of [a,b] such that

%/ﬂMM—§<LMP)

Hint: Assume the contrary and get a contradiction.
(b) Show that there is a partition @) of [a,b] such that

b
U(f,Q)</f(x)dx+§.

(c) Let R= P UQ. Use Exercise 6.1.2 to show that

/f d:v——<L(f, Y<U(f,R /f dx+—
(d) Show that

‘L(f, R)— [’ f(x)dx’ < ¢and )U(f, R) — fabf(m)dm‘ <.
(e) Use the triangle inequality to show that U(f, R) — L(f, R) < e.

Exercise 6.1.7

Let f : [a,b] — R be a bounded function. Suppose that f satisfies property
(P) above.

(a) Show that for each positive integer n, there is a partition P, such that

U(fapn)_L(faPn)<

(b) Using (a), show that

b iy
L(f,P,) < / flz)dz < / flz)dz < L(f, P,) +
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(¢) Show that o
b b
0< / f(x)dx—/f(a:)dx< %

ff(:c)da: = /abf(:z:)da:.

Hint: Squeeze rule. We conclude that any bounded function that satisfies
property (P) is Riemann integrable.

(d) Show that

Exercise 6.1.8
Let f : [0,1] — R be the function f(z) = 2. For any € > 0, choose a
partition P = {0 =2y < 21 < --- < x, = 1} such that

xi—mi,1<§fora111§i§n.

Show that U(f, P) — L(f, P) < e. Hence, f is Riemann integrable.
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Practice Problems

Exercise 6.1.9

Suppose that f(z) =z for z € [1,2].

(a) Find U(f, P) and L(f, P). Hint: Consider a partition with equal subin-
tervals.

(b) Show that f is Riemann integrable. Hint: Exercise 6.1.7.

(¢) Show that U(f,P) > 2 and L(f,P) < 3.

(d) Find ff xdx.

Exercise 6.1.10
Let f : [a,b] — R be bounded. Let P and @ be any two partitions of [a, b].
Prove that L(f, P) < U(f, Q).

Exercise 6.1.11
Let f: [a,b] — R be such that m < f(x) < M for all x € [a, b]. Prove that

—b

[ s | Zf(x)dfc < (M~ m)(b—a).

Exercise 6.1.12
Let f : [a,b] — R be bounded functions such that f(z) < g(z) for all
x € [a,b]. Prove the following:

(a) T f(x)dz < [ g(x)du;
(b) [} f(a)dz < [ g(x)dz.

Exercise 6.1.13
Let f : [a,b] — R be bounded functions. Let P be any partition of [a, b].
Prove

U(f+9,P) <U(f, P)+Ulg, P).

Exercise 6.1.14
Let f : [a,b] — R be Riemann integrable. Prove that there is a sequence of

partitions { P, }2, such that limy, o U(f, Pa) = lim, o0 L(f, By) = [7 f(z)da.

Exercise 6.1.15
Consider the function f : [0, 1] — R defined by f(z) = ax+b where a > 0 and
b > 0. Assume that this function is Riemann integrable. For each positive



6.1. THE THEORY OF RIEMANN INTEGRAL 93

integer n consider the partition P, = {0 = 2y < 2; < -+ < x, = 1} with
equal subintervals.

(a) Compute L(f, P,) and U(f, P,).

(b) Show that [, f(z)dx = & +b.
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6.2 Classes of Riemann Integrable Functions

In this section we discuss some families of Riemann integrable functions,
namely, monotone and continuous functions.

Exercise 6.2.1

Let f : [a,b] = R be an increasing function on [a, b].

(a) Show that f is bounded on |[a, b].

(b) Let € > 0 be given. Choose a positive integer N such that f(bT() < €.
Let P ={a =129 < 2y < --- < x, = b} be a partition of [a,b] such that
Ti— i < % forall 1 <i < n. For each 1 <i <mn, express M;(f) and m;(f)
in terms of f(x).

(c) Show that U(f, P) — L(f, P) < e. Thus, conclude that f is Riemann

integrable.

Exercise 6.2.2

Let f : [a,b] = R be a continuous function on [a, b].

(a) Show that there exist numbers m and M such that m < f(x) < M for
all a <z <b. That is, f is bounded on [a, b].

(b) Show that f is uniformly continuous on |[a, b].

(c) Let € > 0. Show that there is a positive number 6 > 0 such that if
lu —v| < § then |f(u) — f(v)] < 3%

(d) Choose a partition P = {a = 9 < 21 < --- < x, = b} such that
x; —x;1 < 0 for all 1 < i < n. Show that for each interval [z;, z; 1] there
exist s;,t; € [r;,x;—1] such that M;(f) = f(t;) and m;(f) = f(s;). Hint:
Exercise 5.2.4.

(e) Show that M;(f) —mi(f) < = for each 1 <i <n.

(f) Using (e), show that U(f, P) — L(f, P) < e. Hence, conclude that f is
Riemann integrable.

We have seen that a continuous function f : [a, b] — R is Riemann integrable
on [a,b] (Exercise 6.2.2.) We have also seen that a function f : [a,b] — R
continuous on [a,b] except at one single point is still Riemann integrable
(Exercise 6.1.4.) This results extends to a function with a finite number of
discontinuity. That is, a bounded function f : [a,b] — R that is continuous
except at the points ¢, co, -+ , ¢, € [a,b] is Riemann integrable. In the next

two problems we will establish such a result.
Let f :[a,b] — R be bounded with |f(x)| < M for all x € [a, b].
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Exercise 6.2.3

Suppose f is continuous except at a point ¢ in [a, b]. Let € > 0 be given and
consider a partition Q@ = {a =29 < 21 < -+ < Tp_1 < ¢ < Tpypp < -+ <
T, = b} such that pu(Q) < &37-

(a) Prove that |1 — ok + 1| < §5;

(b) Show that there exist 0’ > 0 and §” > 0 such that for all z,y € [a, )]
with | — y| < & we have |f(x) — f(y)] < ( — and for all z,y € [x41, 0]
with |z —y[ < " we have [f(z) — f(y)| < 357

(c) Let Py be a refinement of @ on [a, zx_1] such that u(P;) < 0" and P, be
a refinement of P on [xgy1,b] such that u(Py) < ¢”. Let P = P, U P;. Then
we have

k—1

U(f7 P) - L(f» P) = Z(Mz - mz)(% - Ii—l) + (Mk: - mk)(c - xk—l)

+(Mk+1 - mk+1(xk+1 - C) + Z (Mz - m1>(l’2 - xi—l)-

i=k+2
Show that
k—1 .
i=1
€
(M, — my)(c — zp—1) + (Mpg1r — Mpg1 (Tpg1 — €) < 3
and

n

Z (M; — my)(x; —xi-) <

i=k+42

(d) Conclude that U(f, P) — L(f, P) < € and therefore f is Riemann inte-
grable.

Wl ™

Exercise 6.2.4

Suppose f is continuous except at points ¢y, cg, -, ¢, in [a,b]. We want
to show that f is Riemann integrable on [a,b]. The proof is by induction
on n. For n = 1 the result holds by the previous exercise. Suppose that
the result holds for c¢y,cy,--- ,c,. Suppose that f is continuous except at
cp < Cg < -+ < ¢y < cpyp- Let € > 0. Choose 6 > 0 small enough so that
0 < g57 and (g1 — 6, cpy1 +0) C [y, B].

(a) Show that there is a partition P, of [a, ¢,+1 — d] such that U(f, P) —
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L(f, P1) < { and a partition P, of [c,41,b] such that U(f, P,) — L(f, P2) < §.
(b) Let P = P, U P,. Show that U(f, P) — L(f, P) < e. Hence, f is Riemann
integrable on [a, b].
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Practice Problems

Exercise 6.2.5

Let f : [a,b] — R be a increasing function on [a, b].

(a) Show that f is bounded on [a, b].

(b) Let € > 0 be given. Choose a positive integer N such that w <€
Let P ={a =y < a1 < -+ < x, = b} be a partition of [a,b] such that
Ti—Tig < % for all 1 < i <n. For each 1 < i <n, express M;(f) and m;(f)
in terms of f(x).

(¢) Show that U(f, P) — L(f,P) < e. Thus, conclude that f is Riemann
integrable.

Exercise 6.2.6
Suppose f : [a,b] — R is continuous and f > 0 on [a,b]. Let [¢,d] C [a,b].
Prove that fabf(x)dac > fcdf(:c)dx.

Exercise 6.2.7

(a) Suppose f : [0,1] — R is continuous and f > 0 on [0, 1]. Let a € [0, 1] be
such that f(a) > 0. Show that fol f(x)dx > 0.

(b) Construct a nonnegative function f on [0,1] such that f(0.5) > 0 but
fol f(x)dx = 0.

Exercise 6.2.8
Suppose that f : [a,b] — R is differentiable on [a, b]. Prove that f is Riemann
integrable on [a, b].

Exercise 6.2.9
Let f : [a,b] — R be defined by

fa) = 1 if z is rational
)7 =1 if s irrational.

(a) Prove that f is not Riemann integrable on [a,b]. Hint: Show that the
lower Riemann integral is different from the upper Riemann integral.
(b) Prove that |f| is Riemann integrable.

Exercise 6.2.10
Suppose f is a continuous function on [a, b] and that f(z) > 0 for all x € [a, b].
Show that if [* f(z)dz = 0, then f(z) = 0 for all = € [a,b]. Hint: Assume

the contrary and get a contradiction.
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6.3 Riemann Sums

The Riemann sum approach is another common method for defining Riemann
integrals.

Definition 6.3.1
Let f:[a,b] = R. Let P ={a =29 <z <--- <x, = b} be a partition of
[a,b]. For each 1 <i <m,let t; € [x;_1,x;]. The sum

S(f, P)= Zf(ti)(l’z’ — Ti-1)

is called a Riemann sum for f.

Remark 6.3.1

(a) Since m;(f) < f(t;) < M;(f) for all 1 < ¢ < n, one can easily see that
L(f.P) < S(J,P) S U(f, P).

(b) Note also that in the definition, the function f need not be bounded.
(c) Note that S(f, P) depends on the choice of the t.s.

(d) If the function f is positive on [a,b], a Riemann Sum geometrically cor-
responds to a summation of areas of rectangles with length x; — z;_; and
height f(¢;).

(e) Riemann sums have the practical disadvantage that we do not know which
point to take inside each subinterval. To remedy that one could agree to al-
ways take the left endpoint (resulting in what is called the left Riemann
sum) or always the right one (resulting in the right Riemann sum). An-
other two are the upper Riemann sum and the lower Riemann sum as
defined before.

Definition 6.3.2
Let f : [a,b] — R. For any partition P = {a =29 < 21 < --- < x,, = b} we
define the norm of P to be the length of the largest interval in the partition,
that is,

w(P) = max (z; — zi1).
Exercise 6.3.1
Let f : [a,b] — R be a bounded function. Suppose that lim,p)_o S(f, P) =
A.
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(a) Let € > 0. Show that there is a § > 0 such that for any partition P of
la, b] such that p(P) < § we must have [S(f, P) — A| < {.

(b) Let @ ={a =9 < z1 < --- < x,, = b} be a partition of [a,b] such that
u(Q) < 6, that is, x; —x; 1 < 0 for all 1 < i < n. Fix 1 < i < n. Show
that if f(u;) > mi(f) + 10w for all @1 < u; < ; then this contradicts the
definition of m;(f).

(c) With @ as above, show that if f(v;) < M;(f) — -9 for all ;1 < v; < ay
then this contradicts the definition of M;(f).

(d) Show that for every 1 <i < n, there exists u;,v; € [r;_1, ;] such that

flui) <mi(f) + 1= and f(v;) > M(f) —
(e) Show that Y7 | f(w;)(zi—2i—1) < L(f,Q)+5and Y7 | fvi)(wi—xi1) >
(f) Show that
A—S <X flu)(zi —xim) < A+ § and
A=< )z —ai) <A+ 4.

(g) Use (f) to show that
A-S<LfQ UFQ<A+S,

(h) Show that U(f,Q) — L(f,Q) < e. That is, f is Riemann integrable.

(i) Show that
b
/ flz)dz — A

(k) Use the Squeeze rule to show that fab f(z)dz = A.
Conclusion: Suppose that there is a number A such that lim,p)—0 S(f, P) =

A. Then f is Riemann integrable with fab f(z)dz = A.

< €.

Let f : [a,b] — R be a bounded Riemann integrable function with | f(z)| < M

for all x € [a, b]. Let fab f(z)dz = A. The goal of the next four problems is to
show that
lim S(f,P)=A.

w(P)—0

Let € > 0. If U(f,P) > f f(z)dz + 5 for all partitions of [a,b], then
f f(x)dr + 5 is a lower bound of Sy. But f f(z)dz is the largest lower
bound of Sy . Thus we must have f f(x)dr+5 < fa f(z)dz, a contradiction.



100 CHAPTER 6. RIEMANN INTEGRALS

Hence, there is a partition P; such that U(f, P) < f:f(x)dx +5=A+3.

Similarly, there is partition P, such that L(f, P) > f:f(a:)da: —5=A-3.

Let P=PUP,={a=129<x1 < <z, =b}. From Exercise 6.1.2 we
have U(f, P) < U(f,P1) < A+ § and L(f,P) > L(f,P,) > A— 5.

Let 6 = ;57 and Q = {a = 20 < z1 < --+ < zp, = b} be a partition of [a, b]
such that p(Q) < 0. Consider the partition R = PU Q.

Exercise 6.3.2
Prove that A — L(f,R) < § and U(f,R) — A <

[T

Because R is a refinment of @), for each : = 1,2,--- ,m we let R; denote the
partition of [z;_1, z;] induced by R. Clearly, we have

m

L(f,R) = L(f,Q) = > _[L(f, Ri) — mi(z — 2zi1)]

i=1

and
m

U(f,Q) = U(f, R) = Y [Mi(z — z1) = U(f, Ry)].
i=1
Because P has at most n — 1 partition points that are not partition points
of @, there are at most n — 1 subintervals [z;_1, z;Jof @ such that (z;_1, ;)
contains at least one point from P. For the remaining subintervals the terms
in the above sums are zero.

Exercise 6.3.3
(a) For 1 <1i < m such that L(f, R;) —m;(z; — zi—1) # 0 and M;(z; — z—1) —
U(f, R;) prove that

L(f, R,) — mz(zl — Zz‘—l) < 2M ¢ and Mz(zz — Zi—l) — U(f, Rl) < 2M).
(b) Use (a) and the sums above to show that

Exercise 6.3.4
Use Exercise 6.3.2 and 6.3.3 to prove that

U(f,Q) < A+eand L(f,Q) > A—ce.
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Exercise 6.3.5
Using the previous problem, show that

A—e< S(f,Q) < A+e

That is,
1S(f,Q) — Al <e

Exercise 6.3.6

Suppose that f : [a,b] — R is bounded and Riemann integrable. The goal of
this problem is to show that for any sequence {P, }°°, of partitions of |a, b|
such that lim,, o, p(P,) = 0 we have lim,, . S(f, P) = [ f(z)de.

(a) Let € > 0. Show that there is a ¢ > 0 such that if P is a partition of [a, b]
with u(P) < § we have

< €.

’S(f, P-| )

(b) Show that there is a positive integer N such that if n > N then u(P,) < 0.
(c) Use (a) and (b) to conclude that for n > N we have

< €.

‘S(f,Pn)— / o)

Hence,

b
tiw S(7.P) = [ fa)d.
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Practice Problems

Exercise 6.3.7

Let f: [a,b] — R be bounded and Riemann integrable. Let € > 0 be given.
Show that there is a 0 > 0 such that for any partition P of [a, b] with u(P) < o
we have

U(f,P)—L(f,P)<e

Exercise 6.3.8

Suppose that f : [a,b] — R is differentiable in [a, b] and that f’: [a,b] — R is
Riemann integrable. Let P, = {a = 2o < 1y < --- < x, = b} be a partition
of [a,b] such that ; — z; 1 = =2,

(a) For each 1 < i < n, show that there exists z;_1 < t; < x; such that
fxi) = f(wia) = f'(t )(mz Ti1).

(b) Show that S(f', P,) = > iz, f'(t:)(x: — wia) = f(b) = f(a).

(c) Show that lim,, . pu(P,) = 0.

(d) Show that lim, . S(f/, P.) = [ f'(x)dx

(

e) Show that
/ f(@)de = F(b) - f(a).

Exercise 6.3.9 (Fundamental Theorem of Calculus)
Suppose that f : [a,b] — R is continuous and let F' : [a,0] — R be a
differentiable function such that F'(x) = f(z) for all a < x < b. Show that

/ F@)dz = F(b) — Fla).

The function F(x) is called an antiderivative of f.
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6.4 The Algebra of Riemann Integrals

In this section we discuss the various properties of Riemann integrals.

Exercise 6.4.1

Let f, g : [a,b] — R be Riemann integrable functions and «, 5 be real num-
bers. Let € > 0.

(a) Show that there is a d; > 0 such that if u(P) < 6, then ‘S(f, P) — f; f(x)da:‘ <

AT
(b) Show that there is a d, > 0 such that if ;i(P) < 05 then ‘S(g, pP) — fabg(a:)daz‘ <

T+ Al
(c) Show that there is a § > 0 such that if u(P) <  then

< €.

Stas+50.0)- o [ s [ gt

We conclude that af 4+ fg is Riemann integrable and

/ab(ozf(x) + By(x))dx = oz/ab f(x)dz + 5/;9(95)@.

Exercise 6.4.2

Let f,g : [a,b] = R be Riemann integrable functions such that f(x) < g(x)
for all z € [a, b].

(a) Show that for any partition P of [a,b] we have L(f, P) < L(g, P).

(b) Show that fo(m)dm < fZg(x)dx

(c) Show that f:f(a:)dx < ffg(m)da:

Exercise 6.4.3

Let f : [a,b] — R be a Riemann integrable function such that m < f(z) < M
for all z € [a, b].

(a) Show that m(b—a) < L(f, P) < U(f,P) < M(b— a) for any partition
P of [a,].

(b) Show that [ f(z)dz = [’ f(z)dz < M(b— a).

(c) Show that m(b —a) < f_abf(x)dx = fabf(x)dx
Conclusion: m(b —a) < fab f(z)dx < M(b—a).
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Exercise 6.4.4

Let f :[a,b] — R be a Riemann integrable function and a < ¢ < b.

(a) Let € > 0. Show that there is a partition P of [a,b] such that U(f, P) —
L(f,P) <e.

(b) Let @ = PU{c}, Q1 = Q@Nla,c], and Q2 = Q N [c,b]. That is, @ is
partition of [a,b], @1 is a partition of [a,c|, and @y is a partition of [c, b].
Show that

[U(f, Q) = L, Q)] + [U(f, Q2) — L(f,@2)] <&

(¢) Show that U(f, Q1) — L(f,Q1) < e. Thus, by Exercise 6.2.1, [7 f(x)dx
exists and is finite.
(d) Show that U(f,Qs) — L(f,Qs) < . Thus, by Exercise 6.2.1, [ f(z)dx

exists and is finite.

Exercise 6.4.5

Let f : [a,b] — R be a Riemann integrable function and a < ¢ < b. Let € > 0.
(a) Show that there is a §; > 0 such that if P, is a partition of [a, ¢ such
that u(Py) < &; then |S(f, P1) — [ f(z)dz| < &.

(b) Show that there is a d > 0 such that if P, is a partition of [c, b] such
that 1u(Ps) < & then |S(f, Po) — fcbf(x)dx’ <t

(c) Let P = P, UP,. Then P is a partition of [a, b]. Show that there is 6 > 0
such that p(P) < 4 and

< €.

‘S<f, P - | [ s | bf(x)dx]

/abf(:z:)dx:/acf(x)dx+/cbf(:1:)dx.

That is,
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Practice Problems

Exercise 6.4.6
Let f : [a,b] — R be continuous. Use the Intermediate Value Theorem to
prove the existence of a number ¢ € [a, b] such that

b
| #@)in =0~ apste)
The number f(c) is called the average value of f on |a, b].

Exercise 6.4.7
Suppose that f and g are continuous function on [a, b] such that f; f(x)dx =

f; g(z)dzx. Prove there is a ¢ € [a, b] such that f(c) = g(c).

Exercise 6.4.8

(a) For any set S, one can see that M (f,S)—m(f,S) = sup,cq |f(s) = f(t)].
Let f be a function defined on a set S. Show that M(|f],S) — m(|f],S) <
M(f,S) —m(f,S)

(b) Suppose that f : [a,b] — R is Riemann integrable. Show that |f]| is also
Riemann integrable.

Exercise 6.4.9
Let f : [a,b] — R be defined by

f(x):{ 1 ifzeQ

-1 ifz £€Q.

(a) Compute [*f(x)dz and TZf(x)dx
(b) Is f Riemann integrable?
(c) Show that |f] is Riemann integrable.

Exercise 6.4.10
Let f : [a,b] — R be Riemann integrable with |f(x)| < M for all = € [a, b].
(a) Prove that |f%(z) — f2(y)| < 2M|f(x) — f(y)| for all z,y € [a,b] where
f2(x) = (f(x))*.
(b) Let € > 0. Show that there is a partition P of [a,b] such that
€

P)—L(f,P —.

(c) Prove that U(f?, P) — L(f?, P) < e. That is, f? is Riemann integrable.
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Exercise 6.4.11
Let f, g : [a,b] — R be two Riemann integrable functions.
(a) Show that

frg=5l(f +9 £~

(b) Prove that f - g is Riemann integrable.
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6.5 Composition of Riemann Integrable Func-
tions and its Applications

We have seen that the composition of two continuous functions is continuous
and the composition of two differentiable functions is differentiable. This
property does not hold in general for Riemann integrable functions. That is,
the composition of two integrable functions is not necessarily integrable (See
Exercises 6.5.5 - 6.5.7).

So under what conditions the composition of two functions is Riemann inte-
grable?

Exercise 6.5.1

Suppose that f : [a,b] — [¢,d] is a Riemann integrable function on [a, b] and
that ¢ : [¢,d] — R is continuous (and hence integrable by Exercise 6.2.2).
(a) Show that the set {|g(z)| : € [¢,d]} is bounded. Hence, by the Com-
pleteness Axiom of R there exists K > 0 such that K = sup{|g(z)| : = €
[, d]}.

(b) Let € > 0. Chosse € so that ¢ < ;—%5%. Show that there is a § < € such
that if |s — t| < §, where s,t € [¢,d], then |g(s) — g(t)| < €.

(c) Show that there is a partition P = {a =2y < 21 < -+ < z,, = b} of [a, D]
such that U(f, P) — L(f, P) < 4°.

(d) Let A ={1<1i<n:M(f)—mi(f) <o} Show that if i € A then
Mi(go f) —milgo f)l < €.

(e) Let B ={1<1i<n:M(f)—mi(f) >0} Show that d) , p(z;i—2i—1) <
6% and hence >, p(2; — 2;-1) < 4.

(f) Show that for all 1 < i < n we have M;(go f) — m;(go f) < 2K. Hint:
Use Exercise 4.5.8 and the triangle inequality.

(g) Use (d) (e) and (f) to show that U(go f,P) — L(go f, P) < e. Hence, by
Exercise 6.1.7, g o f : [a,b] — R is Riemann integrable.

We next discuss few applications of composition.

Exercise 6.5.2

Let f,g : [a,b] — R be Riemann integrable and bounded such that |f(x)| <
M and |g(z)| < M for all z € [a,b].

(a) Find a positive constant M such that |f(z)| < M and |g(x)| < M. Thus,
#(a,8)) € (=M, M) and g([a 8]) C [~M, 1]

(b) Consider the continuous function h : [—2M, 2M] — R given by h(z) = 2%
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Show that (f + ¢)? and (f — g)? are Riemann integrable on [a, b]. Hint: Note

that ho (f+g) = (f+9)* and ho (f —g) = (f —9).
(c) Show that f - g is Riemann integrable on [a, b].

Exercise 6.5.3

Let f : [a,b] — R be Riemann integrable and bounded such that |f(z)| < M
for all x € [a, b].

(a) Consider the continuous function g : [—M, M| — R defined by g(z) = |z|.
Show that |f| is Riemann integrable on [a, b].

(b) Using the fact that —|f(z)| < f(z) < |f(x)]| for all x € [a, b], show that

[ @i s [ swas [

Hence, show that
b
[t

Exercise 6.5.4 (Integration by Parts)

Let f,g : [a,b] — R be continuous and f’,¢" : [a,b] — R be Riemann
integrable.

(a) Show that f and g are Riemann integrable on [a, b].

(b) Show that f’-g and f - ¢" are Riemann integrable on [a, b].

(c) Show that f: f'gdx + f: fg'dr = (fg)(b) — (fg)(a). Hint: Use product
rule and Exercise 6.3.8.

< [ s
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Practice Problems

Exercise 6.5.5
Consider the function f : [0, 1] — R defined by

1 if0<z<1
f(‘”):{o if z = 0.

Show that f is Riemann integrable on [0, 1]. What is the value of fo x)dz?

Exercise 6.5.6
Consider the function g : [0, 1] — R defined by

1 ifr=0orzxz=1
g(x) = é if x = § is rational with p and ¢ > 0 in lowest terms
0 if z is irrational.
(a) Let € > 0 and € = min{0.5,€}. Thus, 0 < ¢ < 0.5 and 0 < € < e. Show
that there is a finite number of rationals in [0, 1] such that g(z) > % Denote

the rationals by {rg,ry, -+ ,r,} where o =0 and r, = 1.
(b) Define the partition @ = {0 = xo < < Ty < cor < Ty < Tgpyg = 1}
where zg = 0;x1 < rq with 7; < 5 x1<x2<r1<x3 with 23 — 12 <

/

2(n+1)’ R (n+1) T Top—1 < Top <
1 with 1 — x5, < 2(;—;1) and x9,11 = 1. Show that U(g, Q) < €. Hint: Note
that the sum involves intervals containing r;s and those that do not.

(c) Show that L(g, Q) = 0. Hint: Exercise 1.2.6.

(d) Using (b) and (c) show that U(g, Q) — L(g, @) < €. Thus, ¢ is Riemann
integrable.

(e) What is the value of the integral fo x)dx?

(n+1)
 Top—2 < The1 < Top—1 With Zo, 1 — T9p—2 <

Exercise 6.5.7
Consider the functions f and g introduced in the previous two exercises. Let

h(z) = (f o g)(x).
(a) Write explicitly the formula of h(x) as a piecewise defined function.
(b) Show that A is not Riemann integrable on [0, 1].

Exercise 6.5.8
Let f,q : [a,b] = R be Riemann integrable.

(a) Show that max{f(x),g(x)} = |f(x)_g(x)|;f($)+g($).
(b) Show that the function max{f(z), g(z)} is Riemann integrable.
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Exercise 6.5.9

Let f, g : [a,b] — R be Riemann integrable.

(a) Show that min{f(z), g(z)} = {&e@-J@-s@)]

(b) Show that the function min{ f(z), g(z)} is Riemann integrable.
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6.6 The Derivative of an Integral

In this section we introduce functions that are represented by integrals.

Definition 6.6.1
Let f : [a,b] — R be bounded and Riemann integrable on [a,b]. We define
the function F : [a,b] — R by

F(z) = / f(t)dt.
We also define
[ f(z)dz = 0 and fab flx)de = — [)" f(z)da.
Exercise 6.6.1
Let f and F as defined in Definition 6.6.1. Let M be such that |f(x)] < M

for all z € [a,b]. Fix ¢ in [a, b].
(a) Show that for any « € [a, b] we have

—M(z —c¢) S/xf(t)dtSM(x—c).

Hence, we can write

/mf(t)dt‘ < M|z —cl.

Hint: Exercise 6.4.2.

(b) Let € > 0 and § = §7. Show that for any = € [a,b] such that |z —c| <
we must have |F(z) — F(c)| < e. Hence, F is continuous at c. Since ¢ was
arbitrary in [a, b], we conclude that F' is continuous on [a, b].

Exercise 6.6.2
Let f and F as above. Suppose furthermore that f is continuous at ¢ € [a, b].
(a) Show that

Flc+ h})b PO o= %/+ (1) — Fe)dt.

(b) Show that F'(c) exists and is equal to f(c).



112 CHAPTER 6. RIEMANN INTEGRALS

Exercise 6.6.3

Suppose that f : [a,b] — R is differentiable on [a,b] and f’ continuous on
[a, b].

(a) Show that f’ is Riemann integrable on [a, b].

(b) Define F : [a,b] — R by F(z) = [ f'(t)dt. Show that F'(z) = f'(z) for
all z € [a,b].

(c) Show that F(z) = f(z) — f(a) for all = € [a, b)].

(d) Use (c) to show that

L/fmwm:ﬂw—ﬂw.

Exercise 6.6.4
Suppose that f : [a,b] — R is continuous on [a,b] and g : [¢,d] — [a,b] is
differentiable on [a, b]. Define F': [¢,d] — R by

g(x)
F(z) = f(t)dt.

a

(a) Show that f is Riemann integrable on [a, b].

(b) Define G : [a,b] — R by G(z) = [ f(t)dt. Show that G is differentiable
and G'(z) = f(zx) for all x € [a, b].

(c¢) Write F in terms of G and g. Show that F is differentiable on [c, d] with

F'(z) = f(g(x)) - g ().

Exercise 6.6.5 (Mean Value Theorem for Integrals)
Let f : [a,b] — R be continuous.

(a) Show that f is Riemann integrable on [a, b].

(b) Define F': [a,b] — R by

F(z) = / ")t

Show that F is differentiable with F'(z) = f(x).
(c) Show that there is a < ¢ < b such that F(b) — F(a) = F'(c)(b — a).
(d) Use (c) to show that

(/f@Mx=ﬂ@®—®-
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Exercise 6.6.6 (Change of Variables Formula)

Let ¢ : [a,b] — [c,d] be differentiable with continuous derivative and such

that ¢(a) = ¢, ¢(b) = d. Let f : [¢,d] — R be continuous.

(a) Show that the functions f and (f o ¢) - ¢’ are Riemann integrable.

(b) Define F(z) = [ f(t)dt. Show that F is differentiable with F'(z) = f(z)

for all z € [c d]

( ) Define G(z) = [ f(#(t))¢/(t)dt. Show that G is differentiable with
G'(x) = f((x))¢'(x) for all z € [a,b].

(d) Show that F o ¢ is differentiable on [a, b] with (F o ¢)'(z) = G'(x) for all
x € [a,b]. Hint:Exercise 5.3.1.

(e) Use (d) and Exercise 5.3.9 to show that (Fo¢)(x) = G(z) for all x € [a, b].

(f) Use (e) to show that

[ renswar= [ s
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Practice Problems

Exercise 6.6.7
Find the derivative of

JE
Fla) = /1 cos (12)dt.

Exercise 6.6.8 (Mean Value Theorem for Monotone Functions)

Let f : [a,b] — R be increasing on [a, b].

(a) Show that f is Riemann integrable on [a, b].

(b) Define ¢ : [a,b] — R by g(x) = f(a)(z —a) + f(b)(b — z). Show that g is
continuous on [a, b].

(¢) Show that g(b) < [ f(x)dz < g(a).

(d) Show that there is ¢ € [a, b] such that

/ f(x)dz = f(a)(c— a) + f(B)(c —b).

Exercise 6.6.9
Use change of variables to evaluate [(3z + 1)'%dz.

Exercise 6.6.10
Find the smallest positive critical point of

F(z) = /0 " cos (2)dt.

Exercise 6.6.11
Suppose f: R — R is continuous at a € R. Find

lim —© / " ryt.

rx—a U — A

Exercise 6.6.12
Let f : R — R be continuous and A, B : R — R be differentiable functions.
Define g : R — R by

Prove that ¢ is differentiable and find a formula for ¢'(z).
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Exercise 6.6.13
Suppose f: R — R is continuous at 2 and f(2) = 4. Find

Exercise 6.6.14
Use a definite integral to define a function F'(z) having derivative % for

all x and satisfying F(v/2) = 0.
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Chapter 7

Series

7.1 Series and Convergence

In this section we introduce the general definition of a series and study its
convergence.

Definition 7.1.1
Let {a,}°; be a given sequence. The sum of the term of the sequence is

called a series, denoted by
Elean:a1+a2+...+an+...

To determine whether this series converges or not we consider the sequence
of partial sums defined as follows:

51:a1
SQZCL1+a2

Sp=a1+az+ -+ ay

We say that a series X°° a,, converges to a number L if and only if the
sequence {S,}5°, converges to L and we write

00 .
¥ a, = lim S, = L.
n—oo
A series which is not convergent is said to diverge.

117
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Exercise 7.1.1
Show that the series >~ | —n D)

n > 1 we have S, —1—n—Jrl

converges to 1. Hint: Show that for each

Exercise 7.1.2
Is the series 322 ;(—1)™ convergent or divergent?

The following result provides a procedure for testing the divergence of a
series. This is known as the the n'" term test for convergence.

Exercise 7.1.3
Suppose that Zf; a, = L. Show that lim,_ .., a, = 0. Hint: Note that
Sn+1 — Sn = Qp.

The test states that if we know the series is convergent then lim,, ,. a, = 0.
The converse is not true in general. That is, the condition lim, ., a, = 0
does not necessarily imply that the series Y 7 | a,, is convergent.

Exercise 7.1.4

Consider the series Y. log (%1).

(a) Show that lim,,_, a, = 0.

(b) Show that lim,,_,~, S,, = co. Hence, the series is divergent.

Exercise 7.1.5

Consider the sequence {r"}22,.

(a) Show that if » = —1 the sequence is divergent.

(b) Show that if |r| > 1, i.e. 7 < —1 or r > 1, the sequence is divergent.
(c) Show that if |r| < 1, the sequence is convergent.

Exercise 7.1.6
The series Y 2 ar™ ! is called a geometric series with ratio r.
(a) Show that

S, = a'= T+ for r #£ 1.

Hint: Calculate S,, — rS,,.
(b) Show that the series converges to % for |r| < 1 and diverges for |r| > 1.
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Exercise 7.1.7 (Harmonic Series)
Consider the Harmonic series Y | +.
(a) Let n = 2™ where m is a positive integer. Then

S—1+1+1+ +1
"9 03 om

1 1 1 1 1 1 1
:1+§+(§+Z)+<5+6+?+§)
1 1
+...+(—2m1+1+...+_2m)‘

Show that S, > 1+ %.
(b) Use (a) to show that lim,_,. S, = oo. Thus, the Harmonic series is

divergent.

Exercise 7.1.8
Show that if Y% a, = Ly and > .>° b, = Ly then Y > (aa, + 8b,) =
aly + BLs for all o, 5 € R.
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Practice Problems

Exercise 7.1.9
. . . o0 3 5
Find the value of the infinite sum )~ (47 + m) :
Exercise 7.1.10
Show that the sequence {v/n? — 1 —n}32, is convergent and find its limit.

Exercise 7.1.11

Let >>°°  a, be a conditionally convergent series’. Define b, ( ay, +
|an|) and ¢, = 3(a, — |a,|). Prove that the two series Y | b, and Zn:
are divergent.

Exercise 7.1.12

Let S,, be the n-th partlal sum of the series >~ n(nfl—)(an)

(a) Show that S, = -2 — -2 — -2 Hint: Partial fractions.

(b) Find the value of the series Y 7 #)(2%2)

Exercise 7.1.13

Let {a,}22, be a decreasing sequence such that ) >° | a, is convergent.

(a) Show that a,, > 0 for all n € N.

(b) Let € > 0. Show that there is a positive integer N such that if n > m > N
we have

| g1 + Qo + -+ ay| < e

(c) Show that (n — N)a, < €.

(d) Let n > 2N. Show that § <n — N.
(e) Show that "5 < .

(f) Show that lim,, ., na, = 0.

Exercise 7.1.14

Let N be a positive integer. Suppose that a, = b, for all n > N. Then
the series >~ a, and ), b, either both converge or both diverge. Thus,
adding or deleting a finite number of terms in a series does not change whether
or not it converges, although it may change the value of its sum if it does
converge.

Ly | an is convergent but Y.~ | |a,| is divergent.



7.2. SERIES WITH NON-NEGATIVE TERMS 121

7.2 Series with Non-negative Terms

In this section we consider the question of convergence of series with non-
negative terms.

Exercise 7.2.1 (Comparison test)

Let {a,}>2, and {b,}>2, be two series such that 0 < a,, < b, for all n > 1.
Let {S,}5°, be the sequence of partial sums of {a,}>°; and {7},}>2, that of
{bn}ozs:

(a) Show that the sequences {S,,}5°, and {7}, are increasing.

(b) Show that S,, < T, for all n > 1.

(c) Show that if {b,, }2° ; is convergent then {S,, }2° , and {7}, }22 ; are bounded.
(d) Show that if {b,}>°, is convergent then {a,}5°, is also convergent.

(e) Show that if {a, }°°, is divergent then {b,}>  is also divergent.

Exercise 7.2.2
a) Show that for n > 1 we have (nJ:1)2 < n(an).

(a)
b) Show that the series Y °° . —L is convergent.
n=1 (n+1) g

Exercise 7.2.3
Show that the series ), \/ﬁ is divergent.

The difficulty with the comparison test is that when the nth term of a series
> an is complicated then it might be difficult to figure out the series
> > b, that need to be compared with. The following comparison test is
often easier to apply, because after deciding on )~ | b, we need only take a

limit of the quotient $* as n — oo.

Exercise 7.2.4 (Limit Comparison Test)
Let Y a, and Y 7 b, be two series with positive terms. Suppose that

lim & = L > 0.

n—oo bn

(a) Let e = £. Show that there exists a positive integer N such that

L)< Lforallnz N,

(b) Use (a) to establish
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%bn < a, < %Lbn for all n > N.
(c) Show that > 7  a, is divergent if and only if >~ | b, is divergent.

Exercise 7.2.5
1 3 ] 3n+41 :
Determine whether the series ) " | 1 g converges or diverges.
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Practice Problems

Exercise 7.2.6

Let {a,}22, be a bounded sequence of nonnegative terms. Show that if the
series 7| a, is divergent so does the series 7 | ;92— Hint: Comparison
test.

Exercise 7.2.7
o0 1

Use the limit comparison test to show that the series » ;”, 5-—5— is divergent.

Exercise 7.2.8

Suppose that a, > 0 for all n € N and that the series >~ | a,, diverges. Sup-
pose that {a,}2, is unbounded. Show that lim,, ,, = # 0. Hint: assume
the contrary and get a contradction. Conclude that the series >~ e is
divergent.

Exercise 7.2.9

Suppose that a, > 0 for all n € N and that the series Y > | a, converges.
(a) Show that there is a positive integer N such that a, < 1 for all n > N.
(b) Show that the series > >~ a2 converges.

Exercise 7.2.10

Use the comparison test to show that the series > | (v/n? + 1 —n) is diver-
gent.
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7.3 Alternating Series

By an alternating series we mean a series of the form y 2 (—1)""*

Qn
. . [e%s) (—1)"_1 1
where a,, > 0. For instance, the series ) *, *——. Here a, = ;. The

following result provides a way for testing alternating series for convergence.

Exercise 7.3.1 (Alternating Series Test)

Let {a,}22, be a sequence of positive numbers such that

(i) an > any1, that is the sequence {a,}22 ; is decreasing.

(ii) limy, o0 @y = 0.

Let {S,}2, be the sequence of partial sums of the series Y > (—1)"'a,.
That is, S, = Y1 (—1)*a.

(a) Show that for each n > 1 we have Sy, < So,42. That is, the sequence
{S2,}22; is increasing. Hint: Show that S, o — Ss, > 0.

(b) Show that the sequence {Sa,11}52, is decreasing.

(c) Show that for all n > 1, we have Sy, < a;. Hence, the sequence {55, }5°,
is bounded from above. Conclude that the sequence {S3,}5° ; is convergent,
say to L.

(d) Show that for all n > 1, we have Sy, 11 > (a1 — ag). Hence, the sequence
{Son+1}5%, is bounded from below. Conclude that the sequence {Sa,11}22,
is convergent, say to Lo.

(e) Show that L1 = L2. Hint: 52n+1 = Sgn + ao2p+1-

(f) Let L = Ly = L. Show that lim, .S, = L. We conclude that the
series Y >° (—1)""'a, is convergent. Hint: Look at the sequence {c,}°; in
Exercise 3.3.4.

Exercise 7.3.2

Show that the series Y, (=)

n

is convergent.

Exercise 7.3.3
Show that the series )

00 (—1)”’1

n=1 n(niD) S convergent.

It is imporatant to keep in mind that the tests used so far are basically used
to test for convergence. However, when a series is convergent these tests do
not provide a value for the sum.
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Practice Problems

Exercise 7.3.4

Determine whether the series Y oo (—1)""!-2

—5 converges or diverges.

Exercise 7.3.5
)

Determine whether the series Zfil(—l)”*# converges or diverges.

Exercise 7.3.6

(a) Show that ’;—T > 1 foralln > 1.

b) Show that ther series S°°° . (—1)""120 is divergent.
( n=1 n! g
Exercise 7.3.7

Show that the series fo:l(—l)”*l3";1”;72;1+1 diverges.

125



126 CHAPTER 7. SERIES

7.4 Absolute and Conditional Convergence

In this section we consider types of convergence for series with positive and
negative terms.

Definition 7.4.1

Consider a series >~ | a, which has both positive and negative terms. We
say that this series is absolutely convergent if and only if the series of
absolute values > 7 | |a,| is convergent.

Exercise 7.4.1
Show that the series Y 7

n 1

n=1 —n(n —77 1s absolutely convergent.

The following result provides a test of convergence for series of the above
type.

Exercise 7.4.2

Let > | a, be an absolutely convergent series. Define the sequence ) > | b
by b, = |a,| and note that a, < b,. Show that the sequence >~ a, is
convergent. That is, absolute convergence implies convergence.

The converse of the above result is not true in general. That is, it is possible
to have a series that is convergent but not absolutely convergent.

Exercise 7.4.3
Give an example of a series that is convergent but not absolutely convergent.

Definition 7.4.2

Consider a series Y~ | a, which has both positive and negative terms. We
say that this series is conditionally convergent if and only if the series of
absolute values > >° | |a,| is divergent whereas the series >~ @, is conver-
gent.

Exercise 7.4.4
Give an example of a series that is conditionally convergent.
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Practice Problems

Exercise 7.4.5
Suppose that > 7 a, is absolutely convergent.
(a) Show that 0 < W% < la,| and 0 < WT_G" < |ay,|

(b) Show that the series >~ (W) and > 7 ("1”‘%) are convergent.

Exercise 7.4.6

(a) Show that if Y~ | a, is absolutely convergent then the series )
also absolutely convergent.

(b) Give an example of a convergent series » > a, for which
divergent.

ne1 Qn, 18

oo
CL2

n=1"n 18

Exercise 7.4.7

Suppose that » > a, is absolutely convergent and {b,};>; is bounded.
Show that >~ | a,b, is absolutely convergent (and thus convergent).

Exercise 7.4.8
Test the following series for absolute convergence, conditional convergence,
or divergence.
0) X B
(b) > (1) s

o0 n27l_2 n
(C) Zn:l(_l) on49—n:*
Exercise 7.4.9

Show that the series Y_°7  (—1)"~1242 g ahsolutely convergent.

n

Exercise 7.4.10

Suppose that the sequence {a, }°°; is monotone decreasing with lim,, ., a,, =
0. Let {b,}>2, be a sequence such that |b,| < a,, — a,.; for all n € N. Show
that Y | b, is absolutely convergent.
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7.5 The Integral Test for Convergence

The integral test for convergence is a method used to test infinite series of
positive terms for convergence.

Exercise 7.5.1 (Integral Test)

Let > | a, be a series of positive terms and suppose that there is a function
f:[1,00) = R such that f is decreasing and positive with f(n) = a,, for all
n > 1.
(a) Show that {S,}52, is increasing.

(b) Define F' : [1,00) = R by F(z) = [ f(t)dt. Show that F is increasing.
(¢) For n > 2 and = € [n — 1,n], show that a, < f(z) < a,—; and a, <
" f(@)dr < apy.

(d) Show that S, —a; < F(n) < S,_1.

(¢) Suppose that [ f(z)dz = L. Since F is increasing we can write F(n) < L
for all n > 1. Show that {5, }5°, is bounded. Hint: Use (d).

(f) Show that {S,}22, is convergent. Hence, >~ | a, is convergent.

(g) Conversely, suppose that the series Y -  a, converges to a number S.
Show that for any positive integer n > 2 we have

F(n) <S.

(h) Show that for all R > 1 we have F(R) < S. Thus, [ f(z)dz =

limg o0 flR f(z)dx is convergent. Hint: For any R > 1 we have R < [R] +1
with [R] +1 > 2.

Exercise 7.5.2 (p-series)
(a) Show that the series > >° | - is convergent for p > 1.

P

(b) Show that the series > - | = is divergent for p < 1.
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Practice Problems

Exercise 7.5.3
Show that the series Y >, (
The integral test.

nQH)(h?(nQH))a is convergent for all @ > 1. Hint:

Exercise 7.5.4

Use the integral test to test the convergence of the series Y 7 !

n=4 ninnin(Inn)"

Exercise 7.5.5
Use the Integral Test to show that > >~ n2e" is convergent.

Exercise 7.5.6
Use the integral test to show that the series ), e is convergent.

Exercise 7.5.7
Use the integral test to show that the series >,

(Inm)? g divergent.
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7.6 The Ratio Test and the n™ Root Test

The integral test is hard to apply when the integrand involves factorials or
complicated expressions. In this section we introduce two tests that can be
used to help determine convergence or divergence of series when the previ-
ously discussed tests are not applicable.

Exercise 7.6.1 (Ratio Test)

Let Y °>° | a, be a series of non-zero terms and suppose that lim,,
L >0.

(a) Suppose 0 < L < 1. Let e = 3£, Show that there is a positive integer N
such that

An+1

QAnt1
an

<%foralln2]\7.

Hint: Use definition of convergence and Exercise 1.1.18.

(b) Let r = L. Show that 0 < r < 1 and |anik| < r*lay]| for all k =
1,2,---.

(c) Find the value of the sum

[e.o]

Z | an|.
n=1
(d) Let b, = >_7_, |ax|. Show that the sequence {b,}22, is increasing.
(e) Let M = by + "% Show that [b,| < M for all n > 1.
(f) Show that the sequence {b,}>°, is convergent. Conclude that the series
{a,}52, is absolutely convergent and hence convergent.

Exercise 7.6.2 (Ratio Test)
Let 220:1 a, be a series of non-zero terms and suppose that lim,,

L>0.
(a) Suppose L > 1. Let ¢ = L — 1. Show that there is a positive integer N
such that

an41

An41
an

L — < eforalln > N.

(b) Show that |a,41| > |an| > 0 for all n > N.
(c) Show that the series | a, is divergent. Hint: The nth term test.
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What about the case L = 17 Unfortunately, the test is inconclusive for this
case. That is, for L = 1 it is possible to have a convergent sequence as well
as a divergent sequence. We will illustrate this in the next two examples.

Exercise 7.6.3
Consider the harmoninc series >~ | % which we know it is divergent. Find

: An41
lim,, oo Fa

Exercise 7.6.4

Consider the series > 7 | =.

(a) Show that this series is convergent.
(b) Find lim,, o, “2£L.

Qn

Exercise 7.6.5

Use the ratio test to determine the convergence of the series > > (—1)"1%~

n! °
Exercise 7.6.6
Use the ratio test to determine the convergence of the series >~ Zn! Hint:

lim,, oo (1 + %)n =e. "

Remark 7.6.1

When testing a series for convergence, normally concentrate on the nth term
test and the ratio test. Use the comparison test, the limit comparison test
or the integral test only when both tests fail.
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Practice Problems

Exercise 7.6.7

. . 1
Find lim, o 5.

Exercise 7.6.8 (n' root test)

Consider a series >~ a,. Define L = lim,_, \an\%.

(a) Suppose first that 0 > L < 1. Let € = % Show that there is a positive
integer N such that

|an |7 < L for all n > N.

(b) Let r = £, Show that 0 < 7 < 1 and |a,| < r™ for all n > N.
(c) Use (b) to conclude that Y 7, a, is absolutely convergent and hence
convergent.

Exercise 7.6.9
Suppose that L > 1 in the previous exercise. Prove that the series Y - a,
is divergent. Hint: nth term test.

Exercise 7.6.10

The n™ root test is inconclusive if L = 1.

(a) We know that the series Y~ | % is absolutely convergent. Show that
L=1.

(b) We know that the series Y~ (—1)"~'1 is conditionally convergent. Show
that L = 1.

(¢) We know that the series )~ ; + is divergent. Show that L = 1.

Exercise 7.6.11
Use the n'™ root test to show that the series > o7 | oz is divergent.

Exercise 7.6.12

n
Use the n' root test to show that the series > > (5%_31”23) is absolutely

convergent.



Chapter 8

Series of Functions

8.1 Sequences of Functions: Pointwise and
Uniform Convergence

Earlier in the course, we have studied sequences of real numbers. Now we
discuss the topic of sequences of real valued functions.

A sequence of functions {f,}52, is a list of functions {f1, f2,-- -} such that
each f, maps a given subset D of R into R.

For sequences of functions one considers two types of convergenve: Pointwise
convergence and uniform convergence.

Definition 8.1.1

Let D be a subset of R and let { f,,} be a sequence of functions defined on D.
We say that {f,}>°, converges pointwise on D to a function f: D — R
if and only if for all € > 0 there is a positive integer N = N(x, ¢) such that
if n > N then |f,(z) — f(2)] <e.

Exercise 8.1.1
Define f, : [0,00) = R by fn(x) = —%%—. Show that the sequence {f,}3>,

14+n2z2 "
converges pointwise to the function f(x) =0 for all > 0.

Exercise 8.1.2
For each positive integer n let f,, : (0,00) — oo be given by f,(z) = nx.
Show that {f,}>°, does not converge pointwise on D.

133



134 CHAPTER 8. SERIES OF FUNCTIONS

For pointwise convergence, the positive integer N depends on both the given
x and €. A stronger convergence concept can be defined where N depends
only on e.

Definition 8.1.2
Let D be a subset of R and let {f,}52, be a sequence of functions defined on
D. We say that { f,,}°°; converges uniformly on D to a function f : D — R

if and only if for all € > 0 there is a positive integer N = N(¢) such that if
n > N then |f,(z) — f(x)| < e for all x € D.

Exercise 8.1.3

For each positive integer n let f, : [0,1] — oo be given by f,(z) = . Show
that {f,}>2, converges uniformly to the zero function. Hint: For a given e,
choose N such that N > %

Clearly, uniform convergence implies pointwise convergence. However, the
converse is not true in general.

Exercise 8.1.4

Define f, : [0,00) = R by fu(7) = -
converges pointwise to f(z) = 0. Let € = % Show that there is no positive
integer N with the property n > N implies |f,(z) — f(z)| < € for all z > 0.
Hence, the given sequence does not converge uniformly to f(z).

By Exercise 8.1.1, this sequence

We showed earlier in the course that a function that is continuous on a closed
interval is automatically uniformly continuous. Is that true also for pointwise
and uniform convergence, i.e. is a sequence that converges pointwise on a
closed interval automatically uniformly convergent?

Exercise 8.1.5
Define f,, : [0,1] — R by f,(z) = 2™. Define f : [0,1] — R by

0 if0<z<l1
ﬂ@_{l itz =1.

(a) Show that the sequence {f,}> | converges pointwise to f.

(b) Show that the sequence {f,,}°°; does not converge uniformly to f. Hint:
Suppose otherwise. Let ¢ = 0.5 and get a contradiction by using a point
05)v <z < 1.
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Exercise 8.1.6
Give an example of a sequence of continuous functions { f,,}°° ; that converges
pointwise to a discontinuous function f.

It follows from the previous exercise that pointwise convergence does not
preserve the property of continuity. One of the interesting features of uniform
convergence is that it preserves continuity as shown in the next exercise.

Exercise 8.1.7

Suppose that for each n > 1 the function f,, : D — R is continuous in D.
Suppose that {f,}>; converges uniformly to f. Let a € D.

(a) Let € > 0 be given. Show that there is a positive integer N such that if
n > N then |f,(z) — f(x)] < § forall z € D.

(b) Show that there is a § > 0 such that for all |z — a| < § we have |fy(x) —
fla)l < ¢

(c) Using (a) and (b) show that for |z — a| < § we have |f(z) — f(a)|] < e.
Hence, f is continuous in D since a was arbitrary. Symbolically we write

lim lim f,(z) = lim lim f,(z).

T—ra N—r0o0 n—oo r—a

We have seen above that pointwise convergence does not preserve continu-
ity. What about integrability? That is, if a sequence of Riemann integrable
functions {f,}5°, converges pointwise to a function f, does it follow auto-
matically that f is also Riemann integrable? The answer is no as seen in the
next exercise.

Exercise 8.1.8

Consider the interval [0, 1] and let the rationals in this interval be labeled
r1,79,- -+ arranged in increasing order. For each positive integer n we define
the function f, : [0,1] — R by

1 ifred{r,ry - 0}
folz) = { 0 otherwise.

(a) Show that f,, is Riemann integrable on [0, 1]. Hint: Remark 3.
(b) Show that {f,}52, converges pointwise to the function

1 if z is rational
)=

0 if z is irrational.

(c) Show that f is not Riemann integrable.
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It is possible that a sequence of Riemann integrable functions converges point-
wise to a Riemann integrable function. Does it automatically follow that

lim fn( )dx:/ lim f,(x dm—/f )dx? (8.1.1)

n—oo

That is, can we mterchange limit and integration? The answer is no as seen
in the next exercise.

Exercise 8.1.9

Consider the functions f, : [0,1] — oo defined by f,,(r) = n*ze 7.

(a) Show that {f,}>2, converges pointwise to f(x) = 0. Hint: L’Hopital’s
rule.

(b) Find lim,,_, fo fu(x)dx. Hint: Integration by parts.

(¢) Show that lim, e [ fo(@)dz # [; lim, e folz)dz

Contrary to pointwise convergence, uniform convergence preserves integra-
tion as seen in the next exercise. Moreover, limits and integration can be
interchanged as given in (8.1.1).

Exercise 8.1.10

Let {f.}22, be a sequence of Riemann integrable functions on [a,b] that
converges uniformly to a f defined on [a, b].

(a) Let € > 0 be given. Show that there is a positive integer N such that for
all n > N we have

|fn(z) = f(2)] < 355 7 for all x € [a, b].
(b) Let n > N. Show that there is a partltlon P of [a,b] such that
U(fmp) - L(fnap) <

(c) Suppose n > N and P as in (b). Show that

U(f,P) SU(fur P)+

€
5 .

and therefore

L(f.P) 2 L(fu P) = |

Hint: [£(2)] < [fu()] + 1 and [fu(@)] < [F@)] +
(d) Conclude that U(f, P) — L(f, P) < € and therefore f is Riemann inte-
grable on [a, b].
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Exercise 8.1.11

Let {f,}52, and f be as in the previous exercise.

(a) Let € > 0 be given. Show that there is a positive integer N such that if
n > N then

| fulz) — f2)| < = for all z € [a, b].

(b) Show that for every n > N we have

/ab £ (2)da — /abf(x)dx

Thus, (8.1.1) holds. Hint: Exercise 6.4.1 and Exercise 6.5.3

< €.

Exercise 8.1.12
Give an example of a sequence of differentiable functions {f,}22, that con-
verges pointwise to a non-differentiable function f.

It follows from the previous exercise that pointwise convergence does not
preserve the property of differentiablity. What about uniform convergence?
The answer is still no as seen in the next exercise.

Exercise 8.1.13

Consider the family of functions f, : [~1,1] given by f,(2) = /a2 + +.
(a) Show that f, is differentiable for each n > 1.

(b) Show that for all z € [—1, 1] we have

1
ula) ~ £l < =
where f(z) = |z|. Hint: Note that /a2 + & + Va2 > \/iﬁ
(c) Let € > 0 be given. Show that there is a positive integer N such that for
n > N we have

|fu(z) — f(z)] < €forall z e [—1,1].

Thus, {f,}5°, converges uniformly to the non-differentiable function f(z) =
).
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Exercise 8.1.14

Give an example of a sequence of differentiable functions {f,}2°, that con-
verges uniformly to a a differentiable function f such that lim, . f/(z) #
f'(x) = [lim,_s fn(x)] . That is, one cannot, in general, interchange limits
and derivatives. Hint: Exercise 8.1.3

Pointwise convergence was not enough to preserve differentiability, and nei-
ther was uniform convergence by itself. Even with uniform convergence the
process of interchanging limits with derivatives is not true in general. How-
ever, if we combine pointwise convergence with uniform convergence we can
indeed preserve differentiability and also switch the limit process with the
process of differentiation. In order to prove such a result we need the follow-

ing

Definition 8.1.3

A sequence of functions {f,,}>°, defined on a set D is said to be uniformly
Cauchy if and only if for every € > 0 there is a positive integer N = N (¢)
such that for all m,n > N we have

| fn(z) — fu(z)] < € for all z € D.

Note that this is the version of Cauchy sequences for functions. Recall that
every Cauchy sequence of numbers is convergent. The following results shows
that every uniform Cauchy sequence is uniformly convergent.

Exercise 8.1.15

Let {fn}>2, defined on a set D be uniformly Cauchy.

(a) Show that for each z € D, the sequence of numbers {f, ()}, is con-
vergent. Call the limit f(x). Thus, we can define a function f: D — R such
that f(x) = lim, . fn(x). Hint: Exercise 2.5.7

(b) Show that {f,}>2, converges pointwise to f.

(c) Let € > 0 be given. Show that there is a positive integer N such that for
all m,n > N we have

| fm(z) = fulz)| < & for all z € D.

(d) Fix x € D. Show that there is a positive integer m > N such that
) — 1) < 5

(e) For the fixed x in (d), let n > N. Show that |f,(z) — f(z)| < e.

(f) Conclude that {f,}>2, converges uniformly to f.
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Exercise 8.1.16

Let {fn.}s>, be a sequence of differentiable functions on [a,b] such that
{fn(c)}se, converges for some ¢ € [a, b]. Assume also that {f]}>° | converges
uniformly to ¢ in [a, b].

(a) Let € > 0 be given. Show that there is a positive integer N; such that for
all m,n > N; we have

\fl(z) — fl(z)| < 57— for all z € [a,].

2(b—a)

(b) Show that there is a positive integer Ny such that for all m,n > Ny we
have

Fn(e) = ful)] < 5.

Hint: Exercise 2.5.3
(c) Show that for all x € [a, b] there is a d between ¢ and x such that

fn(@) = fu(@) = fn(c) = fu(0) + (& = O)[f3,(d) = fuld)].

Hint: Apply the Mean Value theorem to the function f,, — f, restricted to
the interval [c, z].
(d) Let N = Ny + N,. Use (a) - (c) to show that for n > N we have

|fm(z) = fu(z)| < € for all z € [a, b].

That is, the sequence {f,}>; is uniformly Cauchy.
(e) Show that the sequence { f,}>>, converges uniformly to a a function f.

Exercise 8.1.17

In this exercise we want to show that f of the previous exercise is differen-
tiable in [a,b] and f' = g.

(a) Show that there is a positive integer N; such that for all n > N; we have

|fr(x) = fr(z)] < § for all € [a, b].

(b) Let 2o € [a,b]. Use the MVT to the function f,,— f,, to show the existence
of a point d between xy and z such that

fn(@) = fal@) = fin(2) = fal@o) + (& — z0)[f1(d) — fr(d)].

(c) Use (a) and (b) to show that
fm(z) = fu(20) B fal@) = fu(wo) €
3

r — 29 r — Xy
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(d) Show that
f(%) — f(mo) _ fn(x) — fn(x()) <

€
T — T T — T 3

(e) Show that there is a positive integer Ny such that for all n > N, we have
, €
| (o) — g(z0)| < 3

(f) Let N = Ny + N,. Show that there is a 6 > 0 such that

If 0 < |z — 20| < then %ﬁg(m—f}v(wo) <

<
(g) Use (d) - (f) to conclude that

If 0 < |z — 20| < 0 then ‘Lﬁxo) —9(370)‘ <€

r—x

That is, f is differentiable at zq with f'(xq) = g(z0).
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Practice Problems

Exercise 8.1.18

Consider the sequence of functions f,(z) = z — £ defined on [0, 1).

(a) Does {f,}>°, converge to some limit function? If so, find the limit func-
tion and show whether the convergence is pointwise or uniform.

(b) Does {f}}2, converge to some limit function? If so, find the limit func-
tion and show whether the convergence is pointwise or uniform.

Exercise 8.1.19
Suppose that each f, is uniformly continuous on D and that f, — f uni-
formly on D. Prove that f is uniformly continuous on D.

Exercise 8.1.20
Let fu(z) = &= for z € [0,2].
(a) Find the pointwise limit f(z) = lim, o fn(x) on [0, 2].

(b) Does f,, — f uniformly on [0, 2]?

Exercise 8.1.21
Prove that if f,, — f and g, — ¢ uniformly on a set D then f,+g¢, — f+g¢g
uniformly on D.

Exercise 8.1.22
Prove that if f,, — f uniformly on a set D then {f,}32, uniformly Cauchy
on D.

Exercise 8.1.23

Suppose that {f,}>, is uniformly convergent on a set D where each f, is
bounded on D, that is |f,(z)] < M, for all x € D. Show that there is a
positive constant M such that |f,(z)| < M for all n € N and all x € D.

Exercise 8.1.24

Suppose that f, — f and g, — g uniformly on D. Moreover, suppose that
|fn(z)] < M, and |g,(z)] < M, for all n € N and all x € D. Prove that
fngn — fg uniformly on D.

Exercise 8.1.25

Let fu(z) =z + < for all z € R and g,,(z) = (z + %)2
(a) Show that f, — f uniformly where f(z) = z.

(b) Show that g, does not converge uniformly to the function g(x) = 2.
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Exercise 8.1.26
Give an example of a sequence {f,}>2; and a function f such that f, — f
uniformly but f2 does not converge uniformly to f2.

Exercise 8.1.27

Give an example of two sequences {f,}>2; and {g,}°°, such that f, — f
and g, — ¢ uniformly but f,g, does not converge uniformly to fg. Thus,
the condition of boundedness in Exercise 8.1.24 is crucial.
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8.2 Power Series and their Convergence

Power series are example of series of functions where the terms of the series
are power funtions.

Let {a,}22, be a sequence of numbers. Then a power series about = = a
is a series of the form

Zan(x—a)":a0+a1(:z:—a)+a2(:c—a)2+~~
n=0

Example
1. A polynomial of degree m is a power series about z = 0 since

p(z) = ag + a1z + asx® + - + apa™.

Note that a,, = 0 for n > m + 1.

2. The geometric series 1 4+ x + 2% + -+ - is a power series about z = 0 with
a, = 1 for all n.
3. The series % + %2 + x% + .-+ is not a power series since it has negative

powers of x.
4. The series 1 +x + (x —1)*+ (x — 2)3+ (x — 3)* +- - - is not a power series
since each term is a power of a different quantity.

To study the convergence of a power series about © = a one starts by fixing
x and then constructing the partial sums

So(x) =ao,
Sl(l’) =ag + a1($ — (Z),
Sy(z) =ap + ay(z — a) + ax(x — a)?,

S,(x) =ag + ai1(x — a) + az(z — a)®> + - - + ap(z — a)"™.

Thus obtaining the sequence {S,(x)}5°,. If this sequence converges (point-
wise) to a number L, i.e. lim, . S,(z) = L, then we say that the power
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series converges to L for the specific value of x. Otherwise, we say that the
power series diverges.

Power series may converge for some values of x and diverge for other values.
We next discuss results that provide a tool for determining the values of x
for which a power series converges and those for which it diverges. Note that
a power series about x = a always converges at * = a with sum equals to ag.

Exercise 8.2.1

Suppose that Y>> a,(z — a)” is a power series that converges for z = c.
Note that the series converges to ag if ¢ = a. So we will assume that ¢ # a.
(a) What is the value of the limit lim,,_, a,(c — a)"?

(b) Show that there is a positive integer N such that |a,(c —a)"| < 1 for all
n > N.

(c) Let M = Zg;ol |a,,(¢c—a)™|+1. Show that |a,(c—a)"| < M for all n > 0.
(d) Let « be such that |z — a| < |¢ — a|. Show that for any n > 0 we have

n
T —a
jan(z —a)"| < M

c—a

(e) Show that the series Y oo o M |22 }n is convergent.

(f) Show that the series Y~ a,(z —a)™ is absolutely convergent and hence
convergent.

We conclude that if a power series Y, a,(z — a)™ converges for = c it is

convergent for any x satisfying |x — a| < |c — al.

Exercise 8.2.2

Suppose that Y > a,(z — a)” is a power series that diverges for z = d.
Let « be a number satisfying |z — a| > |d — a|. Show that the assumption
Yo gan(z — a)™ converges at x leads to a contradiction. Hence, the series
> g an(z — a)® must be divergent. Hint: Use Exercise 8.2.1.

Exercise 8.2.3
Consider a power series >~ a,(x — a)". Let C' be the collection of all real
numbers at which the series >~ ja,(x — a)" converges. That is,

C={zeR: Z an(r — a)" converges}.

n=0

(a) Show that C' # ().
(b) Explain in words the meaning that C' = {a}.
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(c) Explain in words the meaning that C' = (—o0, 00) = R.

(d) Suppose that C' # {a} and C' # R. That is, there is a real number d # a
such that > >° - a,(d—a)"™ diverges. Show that if z € C' then [z —a| < |d—a].
Conclude that {|z —a| : x € C'} is bounded from above with an upper bound
M. What is the value of M?

(e) Show that there is a finite number R such that R is the least upper bound
of {|r —a|: z € C}. Thus, |z —a| < R for all x € C. Show that R > 0.

(f) Show that for any real number = such that |z — a| > R, the series
Yol gan(z —a)" is divergent.

(g) Show that for any real number x such that |z — a|] < R, the series
Yo gan(z —a)™ is convergent. Hint: Let ¢ = R — |z — a| and use the def-
inition of supremum to show that there exist an xy € C such that R — e <
|zg —al < R.

The above results states the following: For any given power series Y > a,(z—
a)”, one and only one of the following holds:

(i) The series converges only at x = a;

(ii) the series converges for all x;

(iii) There is some positive number R such that the series converges abso-
lutely for |x — a| < R and diverges for |z — a| > R. The series may or may
not converge for |z —a| = R. That is for the values x = a— R and x = a+ R.

Definition 8.2.1

The number R is called the radius of convergence of the power series. In
(i), R =0 and in (ii) R = oo. The interval (—R, R) along with neither, one,
or both endpoints is called the interval of convergence of a power series.

Exercise 8.2.4
Find the radius of convergence of each of the following series:

(a) Donro or-
(b) g nla™.
(c) 2onsp ™

The next result gives a method for computing the radius of convergence of
many power series.

Exercise 8.2.5 (Absolute Ratio Test)
Suppose that > 7 a,(xr — a)™ is a power series with a, # 0 for all n > 0.
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Suppose that
Anp+1
Qnp,

lim

n—oo

=L>0.

an+1(x—a)”+1
an(x—a)™

(b) Suppose that L = 0. Show that R = oco. That is, a power series converges

for all z € R.

(¢) Suppose that L > 0. Show that R = 1.

(d) Suppose that L = oo. Show that R = 0, that is, the series diverges for

all x # a.

(a) Find lim,,_, ‘

It follows from the previous result that the redius of convergence satisfies

a/n—l—l

Qp

Exercise 8.2.6

Find the interval of convergence of the power series Zfil(—l)”ﬂ.

n
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Practice Problems

Exercise 8.2.7

Find the interval of convergence of the power series >~ , L
Exercise 8.2.8

. . . 00 (—1)"_1w”
Find the interval of convergence of the power series ) >~ T

Exercise 8.2.9
Find the interval of convergence of the power series > o (—1)"! (£)" %

Exercise 8.2.10

Suppose that the power series » °  a,z" converges if + = —3 and diverges
if x = 7. Indicate which of the following statements must be true, cannot be
true, or may be true.

(a) The power series converges if z = —10.

(b) The power series diverges if x = 3.

(¢) The power series converges if z = 6.

(d) The power series diverges if = = 2.

(e) The power series diverges if x = —7.

(f) The power series converges if z = —4.

Exercise 8.2.11
Give an example of a power series that converges on the interval [—11, —3).

Exercise 8.2.12
Determine all the values of the real number x for which the series

n

Z 3mn(log (3n))3

n=1

converges.
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8.3 Taylor Series Approximations

In this section we study a special family of power series known as Taylor
series. Taylor series is a representation of a function as an infinite sum of
terms calculated from the values of its derivatives at a single point.

Let f(x) be a function with derivatives of any order at x = a, that is, f is
an infinitely differentiable function. Fix a value of x near a and consider
the sequence of Taylor polynomials {P,(x)}>°, where

f'(a) f"(a)

Pa() = f(a) + 2@ —a) + 5 (@ — ) 4 +

If lim,, o Py(z) exists and is equal to f(x) then we write

n.

< £(n)(g
fla)y=>" / '( )(x —a)". (8.3.1)

Definition 8.3.1
The right-hand series is called the Taylor series expansion of f(z) about

r = a. We call %(x —a)" the general term of the series. It is a formula
that gives any term in the series. If a = 0 the Taylor series in known as the
MacLaurin series.

Exercise 8.3.1
Find the Taylor series of f(z) = =, where =1 < z < 1.

For a given function f at a given x, it is possible that the Taylor series
converges to a value different from f(x). However, the Taylor series of most
of the functions discussed in this section do converge to the original function.

Exercise 8.3.2
Consider the function

0 ifzx=0
f(x):{ e if x # 0.

(a) Find the Taylor polynomial of order n of f at x = 0.
(b) Show that f(z) # lim, s P,(z) for all z near 0. That is, the Taylor
series of f about x = 0 does not converge to f(z) for number very close to 0.
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When does a Taylor series converge to its generating function? To answer
this question we need the following result known as Taylor’s Theorem:
Let f : ]a,a+ h] — R be a function such that all derivatives of f up to order
n+ 1 exist and are continuous on [a, a+ h]. For any = € [a, a4 h| there exists
a point ¢ € [a, z] such that

f'(a)
1!

["(a)

n!

f"(a)
2!

fx) = fla)+ (xr—a)+ (x—a)*+---+ (x—a)"+ Ryi1(x)

1 x
Run(a) = o [ #0900~ 0rdr
n! J,
We prove the above result by induction on n.

Exercise 8.3.3

(a) Show that the above result holds for n = 0. Hint: Apply the Fundamental
Theorem of Caculus on the interval [a, z].

(b) Suppose that the result holds for up to n. That is, for any x € [a, a + h]
we can estimate f(z) by P,(x) for z near a :

f'(a) f"(a) 2 f"(a)
T (x—a)+ 5 (x—a)*+---+

n!

f(x) = fla)+

(x—a)"+ Ryi1(x)

Suppose that f has continuous derivatives up to order n + 2. Use integration
by parts to show that

f(n+1) a il
By (1) = (an)f(a: )
Hence,
"(a "(a (n+1) a
) = s eyt P e Ee S e e Bato),

Exercise 8.3.4 (Lagrange’s Form of Remainder)

(a) Show that there exist z1, 29 € [a,2] such that f"1)(z;) < fFO (1) <
fH) (25) for all t € [a, z].

(b) Use (a) to show that

f(n+1) (xl)

(n+1) (g1, 1
(n+1)! (z—a)"' < Rpp(z) < f—()(m —q)"t

~ (n+1)!
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where

Roale) = = [ £ 0 =ty
(c) Show that

(n+1)!

f(n—i—l)(xl) < Rn+1($)m =

(n+1)($2).

(d) Show that there is a ¢ € [a, z| such that

(n+1)!

() () = Ry g (2) )
F0) = Bann(o) =

and therefore
f(n+1) ( C)

CES (z —a)".

Ry (x) =

Thus, we can write

f(z) = Py(x) + Ry ().

Exercise 8.3.5 (Estimating R,1(z))
Suppose that there is M > 0 such that | f**V(z)| < M for all x € [a,a + h).
(a) Show that for all z € [a,a + h] we have

M

|Rppi ()] < CESM]

|$ _ a|n+1'
(b) Show that
lim Rn+1($) =0.

n—oo

Hint: Exercise 1.1.14 and Squeeze rulw.

Suppose that f : [a,a + h] — R is infinitely differentiable on [a,a + h]. By
Exercise 8.2.3 there is R > 0 such that lim,,_,o, P,(z) converges (absolutely)
for |z —a|] < R and diverges for |x —a| > R. Thus, if lim,,_,o Ry+1(z) = 0 for
all © € [a,a + h] such that |x — a] < R then the Taylor series will converge
to the generating function.
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Practice Problems

Exercise 8.3.6
Let f : R — R be a function such that f, f’, f” exist and are continuous.
Furthermore, f > 0 and f” < 0. Show that f is a constant function.

Exercise 8.3.7
Find the Taylor polynomial of order n about 0 for f(x) = e*, and write down
the corresponding remainder term.

Exercise 8.3.8
Find the Taylor Polynomial of order 3 for the function f(x) = cosx centered

_ T
at:B—G.

Exercise 8.3.9

Find the Lagrange form of the remainder R,(z) for the function f(z) = .

Exercise 8.3.10

Let g(x) be a function such that g(5) = 3,¢'(5) = —1,¢"(5) = 1 and ¢"'(5) =
—3.

(a) What is the Taylor polynomial of degree 3 for g(x) near 57

(b) Use (a) to approximate ¢(4.9).

Exercise 8.3.11
Suppose that the function f(x) is approximated near = = 0 by a sixth degree
Taylor polynomial

Ps(z) = 3z — 42® + 525,

Find the value of the following:
(a) £(0) (D) f/(0) (c) f(0) (d) fFO(0) (e) fO(0)

Exercise 8.3.12
Find the third degree Taylor polynomial approximating

f(z) = arctan z,
near a = 0.

Exercise 8.3.13
Find the fifth degree Taylor polynomial approximating

f(x) =In (1 + ),

near a = 0.
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8.4 Taylor Series of Some Special Functions

In this section we introduce the Taylor series of some special functions that
are encountered very frequently in analysis. The first one is the function

f(x) = ﬁ whose Taylor series was discussed in Exercise 8.3.1 and is given
by
=l4+az+a?+---=) a"
1l—x nz—o

which is valid only for —1 <z < 1.

Exercise 8.4.1
Let f(x) = cosz.

(a) Using successive differentiation find a formula for £ (0).
(b) Show that

Py () = Popyr(z) =1 — l'xz bt (=) ad = Z(_l)k v

o xZn ZE2 IL’4
1) 1T
RZ:O( ) @ STRRAT
(d) Show that
|x|n+1
R,
’ +1($>| — <n+1)'
(e) Show that lim, o R,t1(z) = 0. Hence, conclude that
2 b g
cosx:1—5+z—--~+(—1) o) +--

Exercise 8.4.2

Let f(z) =¢€".

(a) Find f™(0) for all n > 0.

(b) Find an expression for P,(x).
(c) Consider the series

> n 2

xXr —1 X xXr
ZF— +ﬂ+§+”"
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Find the radius of convergence.
(d) Find an expression for R, .(x) and show that

lim R,41(x) = 0.

n—oo

Hence, conclude that

. r x? "
Exercise 8.4.3
Let f(z) =In(1+ x).
(a) Find f™(0) for all n > 0.
(b) Find an expression for P,(x).
(c) Consider the series
= ) n1 T L x?
Z(—) P +ﬂ+§+"-.
n=0
Find the radius of convergence.
(d) Show that
1 |x|n+1

| Rnpa(2)] <

[T+ (n+ 1)
(e) Show that

lim R, 1(x) =0.

n—oo
Hence, conclude that

In(1+z)= Z(_nn-l%, —l<z<l.
n=1

New series can be found using prviously known series.

Exercise 8.4.4
Find the Taylor series of % about z = 0.

Exercise 8.4.5
Find the Taylor series of f(z) = - about z = 0,

153
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Practice Problems

Exercise 8.4.6
Let f(x) =sinz.
(a) Using successive differentiation find a formula for £ (0).

(b) Show that

xS $5 (_1)n n . w2k+1

o B N T S AN o o o
Pan(w) = Ponya (0) =2 = G5 =+ oy —’;( D ST

(c) Find the radius of convergence of the series

(d) Show that

(e) Show that lim,, o R,t1(z) = 0. Hence, conclude that

n i p2k+1
sinx = E (=) —.
|
e~ (2k +1)!
Exercise 8.4.7

Find the MacLaurin series of —%

1—2x

Exercise 8.4.8
Find the coefficient of (z — 2)? in the Taylor series expansion of f(z) = 1
about z = 2.

Exercise 8.4.9
Find the Maclaurin series for the function f(z) = x
in sigma notation.

2 .
6e=2", Give your answer

Exercise 8.4.10

Compute each of the following sums in terms of known functions:
(a) Yoy S

(b) ZOO (71)na.,/.4n+1

n=1 (2n+1)!
0o -1 nxﬁn
(C) anO ((271)7)'
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Exercise 8.4.11
The hyperbolic cosine of x is defined to be the function coshz = % Find
the MacLaurin series of cosh x.

Exercise 8.4.12
The hyperbolic sine of z is defined to be the function sinhx = 61_2671. Find
the MacLaurin series of sinh x.

Exercise 8.4.13 (Binomial Series)
Consider the function f(z) = (14 z)™ where n € R.
(a) Using successive differentiation show that f*)(0) = k(k—1)--- (k—n+1).

Thus, f(kk)!(o) = C(n, k) where

C(n, k) = Wlk)' and C(n,0) = 1.
(b) Find the interval of convergence of the binomial series (142)" = Y7 C(n, k)z".

Exercise 8.4.14

Find the MacLaurin series of f(x) = 21“.
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8.5 Uniform Convergence of Series of Func-
tions: Weierstrass M Test

The Weierstrass M Test is a test used to show uniform convergence of series
of functions. It has many applications that will be discussed in next section.

Definition 8.5.1

For each positive integer n > 1 we let f, : D — R. We say that the series
Yo [n(z) converges uniformly in D if and only if the sequence of partial
sums

Sn(z) = Z fa()
k=1
converges uniformly in D.

Exercise 8.5.1

Suppose that Y >, f,(z) converges uniformly on D. For each z € D let
flx) =327, fu(x). That is, {S,}5°, converges uniformly to f.

(a) Let € > 0 be given. Show that there is a positive integer N such that if
n > N we have

> fule) = f@)| < 5
k=1
for all z € D.
(b) Show that for n > m > N we have
D @) =D fula) = > fulw)| <e
k=m+1 k=1 k=1

for all z € D.

Exercise 8.5.2 (Weierstrass)

For each positive integer n > 1, let f, : D — R be a continuous function
that is bounded on D with |f,(z)| < M, for all x € D. Suppose that the
series of numbers »">° | M, is convergent. For each positive integer n define
the partial sum

Sn(z) =) fulz).
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(a) Let e > 0 be given. Show that there is a positive integer N such that for

all m,n > N we have
> M= M,
k=1 k=1

Hint: The sequence {> ;_, M}, is Cauchy.
(b) Suppose that n > m > N. By (a) we have |7 . M| < e. Show that
for all z € D we have

< €.

S () = S ()] < €

Hence, the sequence {5,,}5°; is uniformly Cauchy.
(c) Conclude that the series >, f,, is uniformly convergent. Hint: Exercise
8.1.15

Exercise 8.5.3
Use Weierstrass M test to show that the series >~ ‘g—: converges uniformly
on [—2,2].

An important application of the Weierstrass M test is the following result.

Exercise 8.5.4

Let >, a,z™ be a power series with radius of convergence R. Let 0 < ¢ < R
and D = [—c,c|.

(a) Define f,(z) = a,2™ and M, = |a,c"|. Clearly, f, is continuous in D and
M,, > 0 for all integer n > 0. Show that >~ M, converges. Hint: Exercise
8.2.1(f)

(b) Let x € D. Show that if x € [0,¢| then |g,(z)| < M,. Hint: 2™ is
increasing for z > 0.

(¢) Answer the same question if z € [—¢,0]. (d) Conclude that the series is
uniformly convergent on D.

Remark 8.5.1

(1) For a series about x = a, D = [a — ¢,a + c|.

(2) The previous result says that the series converges uniformly on any closed
interval centered at a and contained in (a — R,a + R).
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Practice Problems

Exercise 8.5.5
Show that the following series converges uniformly.

23”m2—|—1

n=0

Exercise 8.5.6
Let {a,}22, be a bounded sequence with |a,| < M for all n € N. Show that

ther series Zn | == converges uniformly for all z > ¢ > 1.

Exercise 8.5.7

Show that the series Y >, S”;m converges uniformly for all x € R.

Exercise 8.5.8

Suppose that {f,,}5°, is a sequence of functions defined on a set D such that
| for1(x) — fu(x)] < M, for all z € D and n € N. Assume that >~ M, is
convergent. Show that the series Y > | f,,(«) is uniformly convergent on D.

Exercise 8.5.9
Show that the series >~ ﬁ converges uniformly on [1,2].

Exercise 8.5.10
Prove that Y  sin (%) converges uniformly on any bounded interval [a, b].

Exercise 8.5.11

Show that the series Y >, 3_n coS (3%) converges uniformly on R.
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8.6 Continuity, Integration and Differentia-
tion of Power Series

Since a power series is a function, it is natural to ask if the function is contin-
uous, differentiable or integrable. In this section we answer these questions.
Let R be the radius of convergence of a power series > a,(z — a)™. Thus,
for each x in D = {x € R : |xr —a| < R} there is a unique number
f(z) =" a,(x —a)". Hence, we can define a function f: D — R.

The next result shows that this function f is a continuous function.

Exercise 8.6.1

Let ¢ € D. Let Ry > 0 be a number such that |¢c —a| < Ry < R. By Exercise
8.5.4, the power series Y > a,(z — a)™ converges uniformly on the interval
[a - Ro, a+ RQ]

(a) Let € > 0 be given. Show that there is a positive integer N such that for
all n > m > N we have

\ZZ:o ap(x —a)* = 370 g ap(x — a)k‘ = }ZZ:mH ag(r — a)k} < 5 for all
x € [a — Ry, a+ Ry.

Hint: Exercise 8.5.1
(b) Show that there is a 0; > 0 such that if |z — a| < d; then

(c) Let 6 = min{dy, Ry — |c¢ — a|}. Show that for |x — a|] < § we have

[f(z) = flo)] <e.
Hence, the function f(z) =3 > a,(z —a)" is continuous on D.

Our next result concerns integrating term-by-term a given power series to
yield a new power series with the same radius of convergence.

Exercise 8.6.2

Let f(z) =Y, an(x —a)™ where the power series converges for [z —a| < R
and diverges for |# —a| > R. Let F(z) = [ f(t)dt. Suppose that a — R <
z < a. A similar result holds for « < z < a + R. (a) Show that {5,}5°°,
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converges uniformly to f on [z, a].
(b) Evaluate [ S, (t)dt.

. 0o an(z—a)”
(c) Show that the power series >~ o == -4
(

d) Show that F'(z) =>" ", % Hint: Exercise 8.1.11

+1 .
has radius of convergence R.

We conclude this section by showing that integration term-by-term of a power
series yields a new power series with the same radius of convergence.

Exercise 8.6.3

Let f(z) =Y ,", an(x —a)™ where the power series converges for |z —a| < R
and diverges for |z —a| > R.

(a) Show that the power series g(z) = > - na,(z — a)" ! has radius of
convergence R.

(b) Let G(z) = [ g(t)dt. Show that G(z) = f(x) — ag for |z —a| < R. Hint:
Exercise 8.6.2.

(c) Show that g(z) = f'(x) for all |z — a| < R. Hint: Exercise 6.6.2
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Practice Problems

Exercise 8.6.4
Show that > >, % has radius of convergence 2 and show that the series
converges uniformly to a continuous function on [—2, 2].

Exercise 8.6.5

Let g(z) = Y07, Sm;fx). Prove that the series converges for all z € R and

that g(x) is continuous everywhere.

Exercise 8.6.6
Show that > 7, #HQ converges to a continuous function for all x € R.

Exercise 8.6.7
Find the Taylor series about = 0 of cos x from the series of sin z.

Exercise 8.6.8
1

Find the Taylor’s series about x = 0 for arctanz from the series for 7.

Exercise 8.6.9
Use the first 500 terms of series of arctan z and a calculator to estimate the
numerical value of 7.

Exercise 8.6.10
Estimate the value of fol sin (2?)dz.



162 CHAPTER 8. SERIES OF FUNCTIONS



Index
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Cauchy sequence, 35

Change of variables formula, 113
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Conditionally convergent, 120, 126
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Continuous function, 51
Contrapositive, 5

Convergence of series, 117
Convergent sequence, 19
Converse, 5

Critical point, 75

Decreasing sequence, 29
Dense set, 24
Derivative, 69
Differentiable, 69
Differentiation, 69
Discontinuous, 51
Disjunction, 5
Divergent sequence, 20
Divergent series, 117

Equivalent propositions, 5

Fixed point, 68
floor function, 15

Fundamental Theorem of Calculus, 102

General term of a series, 148
Geometric series, 118
Greatest Lower bound, 14
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Harmonic series, 119
Hypothesis, 5

Increasing sequence, 29
Infimum, 14, 30

Infinitely differentiable, 148
Integral test, 128
Integration by parts, 108
Intermediate value theorem, 66
Interval of convergence, 145
Inverse, 5

Inverse function, 84

Inverse function theorem, 84
Invertible function, 83

L’Hopital’s Rule, 83
Lagrange’s Form of Remainder, 149
Least upper bound, 13, 30
Left Riemann sum, 98
Left-side limit, 42

Lemma, 4

Limit Comparison Test, 121
Limit of a function, 39
Lipschitz function, 61

Local Extrema, 74

Local maximum, 74

Local minimum, 74

Lower bound, 13, 29

lower Riemann integral, 88

MacLaurin series, 148

Mathematical system, 3

Maximum, 14

Mean Value Theorem, 78

Mean Value Theorem for integrals, 112

Mean Value Theorem for monotone
functions, 114

Minimum, 14

Monotone, 29
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Non-diffferentiable, 69
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One-to-one function, 84

Partial sums, 117
Partition, 87

Pointwise convergence, 133
Power series, 143

Proof, 4

Proof by contradiction, 6
Proof by contrapositive, 5
Proof by induction, 6
Proposition, 5
Propositional functions, 5

Radius of convergence, 145
Ratio test, 130
Refinement, 87

Relative maximum, 74
Relative minimum, 74
Riemann criterion, 90
Riemann integrable, 88
Riemann integral, 89
Riemann lower sum, 87
Riemann sum, 98
Riemann upper sum, 87
Right Riemann sum, 98
Right-side limit, 42
Rolle’s Theorem, 75

Sequence, 19

Series, 117

Square root, 10
Squeeze rule, 21
Subsequence, 32
Supremum, 13, 30
Symbolic connectives, 5

Taylor polynomials, 148
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