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Chapter 0.0

Preface

Welcome to ETH Ziirich and to your exploration of these lecture notes. Originally crafted
in German for the academic year 2016,/2017 by Manfred Einsiedler and Andreas Wieser, these
notes were designed for the Analysis I and II courses in the Interdisciplinary Natural Sciences,
Physics, and Mathematics Bachelor programs. In the academic year 2019/2020, a substantial

revision was undertaken by Peter Jossen.

For the academic year 2023/2024, Alessio Figalli has developed this English version. It
differs from the German original in several aspects: reorganization and alternative proofs
of some materials, extensive rewriting and expansion in certain areas, and a more concise
presentation. This version strictly aligns with the material presented in class, offering a

streamlined educational experience.

The courses Analysis I/II and Linear Algebra I/II are fundamental to the mathematics
curriculum at ETH and other universities worldwide. They lay the groundwork upon which

most future studies in mathematics and physics are built.

Throughout Analysis I/II, we will delve into various aspects of differential and integral
calculus. Although some topics might be familiar from high school, our approach requires
minimal prior knowledge beyond an intuitive understanding of variables and basic algebraic
skills. Contrary to high-school methods, our lectures emphasize the development of mathemat-
ical theory over algorithmic practice. Understanding and exploring topics such as differential
equations and multidimensional integral theorems is our primary goal. However, students are
encouraged to engage with numerous exercises from these notes and other resources to deepen

their understanding and proficiency in these new mathematical concepts.
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Chapter 1

Introduction

1.1 Quadrature of the Parabola

Before we begin our journey in the world of mathematical analysis, as an example of how we
want to think and proceed here but also as an introduction to integral calculus, consider the
set

P={(z,y) €eR?| 0<2<1, 0<y <a?). (1.1)

Our goal is to calculate its area.

o 1

This area was already determined as the first curvilinear bounded area by Archimedes (ca.
287—ca. 212 BCE) in the 3rd century BCE. For the area calculation, let us assume that we
know what the symbols in the definition in equation (1.1) mean and that P describes the area
in the following figure. In particular, we assume for the moment that we already know the
set of real numbers R.

Of course, calculating the area of P is not a challenge if we use integrals and the associated
calculation rules. However, we do not want to assume we know the integral calculus. Strictly

speaking, we must ask ourselves the following fundamental question before calculating;:
What is an area?

If we cannot answer this question exactly, then we cannot know what it means to calculate

the area of P. Therefore, we qualify our goal in the following way:




Chapter 1.1 Quadrature of the Parabola

PROPOSITION 1.1. — Suppose there is a notion of area in R? that satisfies the following

properties:

1. The area of the rectangle [a,b] x [c,d] = {(z,y) € R?| a <z < b, ¢ <y < d} is equal to

(b —a)(d — ¢), where a,b,c,d are real numbers with a < b,c < d.

2. If G is a domain in R? and F is a domain contained in G, then the area of F is less

than or equal to the area of G.

3. For sets F,G in R? without common points, the area of the union F UG is the sum of
the areas of F' and G.

Then the area of P as in equation (1.1) (if defined at all) is equal to %

In other words, we have left open the question of whether there is a notion of area and for
what areas it is defined, but we want to show that % is the only reasonable value for the area
of P.

For the proof of Proposition 1.1 we need a lemma (also called an “auxiliary theorem”):

LEMMA 1.2. — Letn > 1 be a natural number. Then

n3 7’L2 n

12422 4. 1) 4n?=— 4+ — 4 —. 1.2
+2°+---+(n—1)"+n s t5 1 (1.2)
Proof. We perform the proof using induction. For n = 1, the left-hand side of equation (1.2)
is equal to 1 and the right-hand side is equal to % + % + % = 1. So equation (1.2) is true for
n = 1. This part of the proof is called the beginning of induction.

Suppose we already know that equation (1.2) holds for the natural number n. We now
want to show that it follows that equation (1.2) also holds for n 4 1. The left-hand side of
equation (1.2), for (n + 1) instead of n, is given by

3 2 3 2
3n 13n
124924 ... 402 N2 . n n2=n o on
+2°4+---+n"+(n+1) 3+2—|—6+(n+) 3+2+6+
where, in the first equality, we have used the validity of equation (1.2) for the number n. The

right-hand side of equation (1.2), for (n + 1) instead of n, is given by

n+1)2 (n+1)2? n+1 n23+3n%2+3n+1 n?+2n+1 n+1
+ + = + +
3 2 6 3 2 6
_71?’4_3712_’_1371_1_1
3 2 6

This shows that the left and right sides of equation (1.2) also agree for n+ 1. This part of
the proof is called the induction step.

It follows that equation (1.2) is true for n = 1 due to the validity of the beginning of the
induction. Therefore, it is also true for n = 2 due to the induction step, and for n = 3 again

due to the induction step. Continuing in this way, we obtain (1.2) for any natural number.

Version: December 8, 2023. 3
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We say that equation (1.2) follows by means of induction for all natural numbers n > 1.

Furthermore, we indicate the end of the proof with a small square. O

Proof of Proposition 1.1. We assume that there is a notion of area content with the properties
in the proposition and that it is defined for P. Suppose that I is the area content of P. We
cover P for a given natural number n > 1 with rectangles whose base has length %, as in

Figure 1.1 on the left.

o 1 o 1

Figure 1.1: Approximation of P with n = 6 rectangles.

Note that the first rectangle from the left has height (%)2, the second one (%

Hence, from the assumed properties of the area, thanks to Lemma 1.2 the following inequality

holds:

2
) , and so on.

11 122 1 n?
[<—— -2 ...
“nn? nn? nn?

1
= (174224 +n?)

1 + ! +
3 2n 6n?’
Note that the straight-line segments where the rectangles touch have area 0, and we may

ignore them.
If, on the other hand, we use rectangles as in Figure 1.1 on the right, we also get

10 112 1(n—1)2
> — 4 - 4.4 77
~ nn? nn2+ n  n2

1
= (P4 (n=1)%)
1
=$(12+~~+(n—1)2+n2—n2)
1 n3+n2+n 9
=3 - tZ—n
n\3 2 6
11 1
3 2n 6n?
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So in summary

11
2n  6n? — 3

1

< -
- 6n?

+ (1.3)

1
2n
for all natural numbers n > 1. The only number that satisfies this for all natural numbers

n > 11is 0. Therefore, I — % = 0 and the proposition follows. O

To rigorously prove the statement above, one needs to show that the only real number
satisfying (1.3) for all n > 1 is 0. This is intuitively clear: indeed, taking n larger and larger,
the two expressions ﬁ + 6% and —ﬁ + 6% get smaller and smaller. However, we cannot give
a proof of it at this point, as we lack a rigorous definition of the real numbers.

As already mentioned, we have not answered the question of whether there is a notion of
area for sets in R%2. Nor have we described precisely what domains in R? are, but we have
implicitly assumed that domains are those subsets of R? to which we can assign an area. The
notions of the Riemann and Lebesgue integrals and measurable sets answer these fundamental
questions.

The idea of the proof is illustrated in the following applet.

Applet 1.3 (Estimating an area). We use up to 1000 rectangles to estimate the area from
below and from above. In the proof below, however, we will use an unlimited number of

rectangles and can thus determine the area exactly without any fuzziness.

Note that in the previous examples, we informally used the notion of “set”. Here, for

completeness, we give a more precise definition.

INTERLUDE: NAIVE SET THEORY

The central assumptions of naive set theory are the following postulates (1), (2), and
(4). Postulate (3), which we state here in addition, does not usually belong to them,

but is a consequence of the so-called aziom of reqularity in Zermelo-Frenkel set theory.

(1) A set consists of distinguishable elements.
(2) A set is distinctively determined by its elements.
(3) A set is not an element of itself.

(4) Every statement A about elements of a set X defines the set of elements in X for

which the statement A is true; one writes {x € X | A is true for z}.

The empty set, written as & (or sometimes also {}), is the set containing no elements.

We write “z € X7 if x is an element of the set X. If x is not an element of the set X,
we write z € X. Sometimes we describe a set by a concrete list of its elements, for example,

X = {x1,z9,...,2,}, but often it is more convenient to use postulate (4). For example, one

Version: December 8, 2023. 5
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Chapter 1.1 Quadrature of the Parabola

can write

{neZ|ImeZ:n=2m}

to describe the set of even numbers. The symbol 3 means “there exists”, while the symbol V¥
means “for all”. The symbols “| 7 and “” in the formula above both mean “such that”. With

time, this mathematical terminology will become familiar, one just needs time and practice.

Version: December 8, 2023. 6
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1.2 Tips on Studying
“All beginnings are difficult”

You will notice a big difference between school mathematics and university mathematics. The
latter also uses its own language, which you will have to learn. The sooner you take this on,

the more you will take away from the lectures. This brings us to the next tip.

“There is no silver bullet to mathematics”
(handed down quotation from Euclid to the Egyptian king Ptolemy I)

You cannot learn mathematics by watching it; just as you cannot learn tennis or skiing by
watching all available tournaments or world championships on television. Rather, you should
learn mathematics like a language, and a language is taught by using it. Discuss the topics of
the lectures with colleagues. Explain to each other the proofs from the lecture or the solution
of the exercise examples. Above all, solve as many exercises as possible; this is the only way
to be sure that you have mastered the topics.

It is fine to work on the exercises in small groups. This even has the advantage that the
group discussions make the objects of the lectures more lively. However, you should ensure
that you fully understand the solutions, explain them and subsequently solve similar problems

on your own.

“He who asks is a fool for a minute. He who does not ask is a fool all his life.”

Confucius

Ask as many questions as you can and then ask them when they come up. Probably many of
your colleagues have the same question, or have not even noticed the problem. This allows the
lecturer or teaching assistant to simultaneously fix a problem for many and identify problems
in students where she or he thought none existed. Furthermore, good question formulation

needs to be practiced; the first year is the ideal time to do this.

Version: December 8, 2023. 7



Chapter 2

The Real Numbers: Maximum,

Supremum, and Sequences

2.1 The Axioms of the Real Numbers

2.1.1 Ordered Fields

Although we all have an intuitive notion of real numbers, our aim is to introduce them properly.
To do so, we shall first introduce the notion of a field and then the concept of a relation.

We start by introducing some fundamental notions that will be covered in much more
depth in the algebra lectures. Loosely speaking, a group is a set equipped with an “operation”
that satisfies a list of properties. For our purposes, it is enough to know that an operation is
something that takes two elements of a set and gives back a third element of the set. We now

specify which properties the operation has to satisfy so that we can speak of a group.




Chapter 2.1

INTERLUDE: GROUPS

A group is a (non-empty) set G endowed with an operation “x” that satisfy the fol-

lowing properties:

e (Associativity) for all a, b, c € G, we have

(axb)*xc=ax*(bxc).

o (Neutral element) there exists a neutral element, i.e., e € G such that for all

a € G we have

axe=exa=a.

e (Inverse element) for each element a € G there is an inverse element, i.e., a=! € G
such that

Note that, in general, we do not require that a xb = b* a for arbitrary a,b € G. If this

property holds, the group is called commutative or abelian.

ExXAMPLE 2.1. — To make these concepts easier to access, let us assume for the moment
that we already know the natural numbers N and the integers Z. We check whether they

satisfy the above properties if we replace x with the operations you are already familiar with.

1. Consider the natural numbers N = {0,1,2,3,...} with the usual addition + that you

probably know since primary school. This is

e associative, since for any natural numbers k,[,m € N we have
k+0)+m=k+(+m),
e has a neutral element 0 € N, since for any natural number n € N we have
O+n=n+4+0=n,

but

e 1no element apart from 0 has an inverse element. In fact, the inverse element of

n € N\{0} would be —n, which is not included in the natural numbers N.

2. The same arguments show that the integers Z = {...,—3,-2,—-1,0,1,2,3,...}, again
with the addition, form a group. Moreover, this is a commutative group, since for all
integers n,m € Z we have

n+m=m-+n.

Version: December 8, 2023. 9
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3. As a different example, consider the set of nonzero rational numbers

P
sz{q\p,qGZ,p,q#O}

with the usual multiplication - between numbers. In this case, one can check that the
multiplication is associative and commutative, the neutral element is 1, and the inverse

of % is %. Hence, this is a commutative group.

2.2. — It follows directly from the definition of the neutral element that it is unique.
Indeed, assume that additionally to e € G, we have a second element ¢ with the property

such that ¢’ xa = ax e’ = a for all elements a € G. Then, we can choose a = e and obtain
e=exe =¢,

where the first equality follows from the fact that e’ is neutral, while in the second equality
we used that that e is neutral.

We can thus speak of the neutral element of a group.

In the same spirit, assume that for an element a € G, there exist two inverse elements a~!

and @~ !. Then, using associativity, we observe that

So also for inverse elements, we might speak of the inverse element. In particular, since

1

a*a~! =e, we deduce that a is the inverse of a=!, thus

(aH ! =a. (2.1)

Version: December 8, 2023. 10
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INTERLUDE: RINGS AND FIELDS

A ring is a (non-empty) set R in which we can “add” and “multiply” elements in a
compatible way. More precisely, a ring is a commutative group R whose first operation
“+7 is called “addition”; and it is also equipped with an additional operation called
“multiplication” and denoted by “-”.

The neutral element for the addition is denoted by 0. The multiplication - is associative,

has a neutral element (usually denoted by 1), and satisfies the following property:

e (Distributivity) for all a,b,c € R, we have
a-(b+c)=a-b+a-c

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

A ring in which the operation - is also commutative is called a commutative ring.
Note that, in a ring, we do not require that elements have an inverse for the multipli-
cation.

A commutative ring in which every “non-zero” element (that is, any element other than
the neutral element 0 for the addition) has an inverse element for the multiplication -
is called a field. In other words, a ring R is a field if R\{0} is a commutative group
for the operation -.

Fields will usually be denoted by the letter K for the corresponding German word
“Korper”. We write K* = K \ {0} for the set of invertible elements in K.

EXAMPLE 2.3. — Let us continue with our examples. We have already established that the
integers Z form a commutative group, but are they also a ring with the usual multiplication?
We must check:

e Associativity of the multiplication: For all integers k, [, m € Z, we have

(k-)) m=k-(l-m).

e Neutral element for the multiplication: The neutral element for the multiplication is

1 € Z as, for all integers k € Z, we have

1-k=k-1=k.

e Distributivity: For all k,1,m € Z we have

E-(I+m)=k-l4+k-m

Version: December 8, 2023. 11
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and
(k+1)-m=k-m+1-m.

Hence, we conclude that Z is a ring. Moreover, since the multiplication is commutative
(namely, k-1 =1 - k), it is a commutative ring. However, it is not a field since no element
other than 1 and —1 has a multiplicative inverse. For example, the multiplicative inverse of 2

is %, which is not an integer.

ExaAMPLE 2.4. — The set of rational numbers Q = {g |p,q €Z, q# O} with the usual

addition and multiplication is a field.

2.5. — Before going on, we look at some immediate consequences of the definition of field.

In the current notation, —a denotes the inverse of a with respect to the addition, while a~*

is the inverse of a with respect to the multiplication. Note that, in the current context, (2.1)
implies that
—(—a) = a, and (a¢7!')™' =a whenever a #0. (2.2)

Let K be a field, and a,b € K. Then the following holds:

(i) 0-a=0anda-0=0.
Proof: Since 0 is the neutral element for the addition, we have 0 = 0 4+ 0. Hence, using
distributivity, we get
0-a=(04+0)-a=(0-a)+ (0-a).

Adding —0 - a (i.e., the inverse of 0 - a for the addition), we deduce that 0-a = 0. The

case of a - 0 is analogous.

(ii)) a-(=b) = —(a-b) = (—a) - b. In particular, we have (—1)-a = —a.

Proof: By the distributive law, we have
a-b+a-(=b)=a-(b+(-b)=a-0=0.

So a - (—b) is the additive inverse of a - b, i.e., —(a-b) = a - (=b). Taking b = 1 gives
—a=(-1)-a.

The validity of (—a) - b= —(a - b) follows exchanging a and b in the argument above.

(iii) (—a)-(=b) = a-b. In particular, we have (—a)~ = —(a™1).
Proof: By (ii) we know that —(a - b) = a - (—b). Hence, recalling (2.2),

a-b=—(a-(-b)).
On the other hand, applying (ii) with (—b) instead of b, we also have

—(a-(=b)) = (=a) - (=b).
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Combining the two identities above, we conclude that (—a)-(—b) = a-b. Finally, taking

b=a"1!yields (—a) - (—(a™!)) =a-a! =1, which gives the second assertion.

REMARK 2.6. — A natural question one may ask is the following: Is it possible to construct
a field K where 0 (i.e., the neutral element for +) and 1 (i.e., the one for -) are equal?
Assume that 0 = 1. Then, using (i) above and the fact that 1 is the neutral element for

multiplication, we get

for every a € K. So, the only possibility for having 0 = 1 is that K consists of the single
element 0. From now on, we shall assume that K always contains at least two elements, so in

particular, 0 and 1 cannot coincide.

Next, we introduce the second ingredient of an ordered field, the order relation. Again we

will do so in steps:

INTERLUDE: CARTESIAN PRODUCT

Let X and Y be two sets. The cartesian product X x Y is the set of ordered pairs

of elements in X and Y:

XxY={(z,y)|ze X, ye Y}

EXAMPLE 2.7. — The cartesian product X x Y of X ={A,B,C,D,E,F,G,H} and Y =
{1,2,3,4,5,6,7,8} is what we use to write down positions on a chess board: To each pair we
can associate a unique square on the chess board and vice versa. For instance, the black king

starts the game on the square corresponding to (E,8) € X x Y.

INTERLUDE: SUBSETS

Let P and @ be sets.

e We say that P is subset of @), and write P C @ (or P C @), if for all x € P also
z € @ holds.

o We say that P is a proper subset of (), and write P C @, if P is a subset of @
but not equal to Q.

e We write P ¢ @ (or P Z Q) if P is not a subset of Q.

Equivalent formulations for “P is a subset of @7 are “P is contained in ()7 and “( is
a supset of P”, which we also write as “QQ D P”. The meaning of the statement “Q is a
proper superset of P”, written Q) 2 P, is now implicit. Because of the second assumption
of naive set theory, two sets P and () are equal exactly if both P C @) and Q) C P hold.
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For instance, {z,y} = {2z} holds if z = y = z. Note that there are no “multiplicities” for
elements of a set (for instance, {z,z,z} = {z}).
INTERLUDE: RELATIONS

Let X be aset. A relationship on X is a subset R C X x X, that is, a list of ordered
pairs of elements of X. We also write 2Ry if (x,y) € R and often use symbols such as
<, &K ,<, = =, ~ for the relations.

If ~ is a relation, we write “z ¢ y” if “z ~ y” does not hold. A relation ~ is called:
1. (Reflexive) for all z € X : 2 ~ .
2. (Transitive) for all z,y,z € X :x ~yand y ~ 2 = x ~ 2.
3. (Symmetric) forall z,y € Xtz ~y = y ~ .
4. (Antisymmetric) forall z,y € X :x ~yand y~z = = =y.

A relation is called equivalence relation if it is reflexive, transitive, and symmetric.

A relation is called order relation if it is reflexive, transitive, and antisymmetric.

ExaMPLE 2.8. — We look again at the integers Z and two examples of relations on them.
Let m,n,p € Z be integers.

e Consider the relation < of being “less than or equal to", i.e., we write n < m if n is less
than or equal to m. Then we see that this relation is:
1. reflexive because of the trivial observation that n = n,
2. transitive since n < m and m < p implies n < p,
3. not symmetric since for instance 7 < 8 but 8 £ 7,
4. antisymmetric since if n is less than or equal to m and vice versa, the only possibility
is that they are equal.

We conclude that < is an order relation.

e Consider next the relation < of being “strictly smaller than", i.e., we write n < m if n
and m are distinct integers and n is less than m. This relation is:
1. not reflexive since no integer is strictly smaller than itself,
2. tramnsitive since n < m and m < p implies n < p,
3. not symmetric since 3 < 5 but 5 £ 3,
4

. antisymmetric. This point is a bit subtle: We need to check for all n, m such that
n < m and m < n, we have n = m. But there are no such n,m and hence the

condition of antisymmetry is fulfilled because there is nothing to check.
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We conclude that < is neither an equivalence relation nor an order relation, since it does

not satisfy the reflexivity property.

DEFINITION 2.9: ORDERED FIELD

Let K be a field, and let < be an order relation on the set K. We call (K, <), or K for

short, an ordered field if the following conditions are satisfied:

1. (Linearity of the order) for all z,y € K,

at least one between z < y and y < z holds.

2. (Compatibility of order and addition) for all z,y, z € K, it holds

<y — rz+2<y+z.

3. (Compatibility of order and multiplication) for all z,y € K, it holds
0<zand 0<y = 0<x-y.

The following terminology is standard and will be used throughout these lecture notes:
e We pronounce x < y as “x is less than or equal to y”.

e For x,y € K we define y > x by x < y, and pronounce this as “y is greater than or

equal to x”.
e We say that an element x € K is non-negative if x > 0, and non-positive if < 0.

e Further, we define z < y (pronounced as “z is smaller than y” or “x is strictly smaller

than y”) whenever x <y and x # y.

e Analogously, we define x > y when y < x, and say “x is greater than y” or “x is strictly

greater than y”.
e An element x € K is positive if > 0 holds, and negative if x < 0 holds.

We often use these symbols in “equidirectional chains”, for example, x < y < z = a stands for

r<y and y<z and =z=a.

ExaMPLE 2.10. — A well-known example of an ordered field is the one of rational numbers

Q, together with the usual order relation given by

/

|3

< — pd <pq, pP€EZ qq €N

/

< 3
S

Here on the right-hand side is the order on the integers, which we assume to be known.
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2.11. — Let (K, <) be an ordered field, and z,y, z, w denote elements of K. We want to
prove a series of properties that follow from the definitions. To simplify the notation, it is
customary to write - for multiplication only if it would otherwise be confusing. This is why,

in proofs, - may disappear. For example, we may write xy instead of z - y.

(a) (Trichotomy) Fither x <y orx =y or x > y.
Proof: This follows directly from the linearity of the order relation <.

(b) Ifx <y and y < z, then x < z also holds.
Proof: First of all, since our assumption implies in particular that x < y and y < z, we
have x < z according to the transitivity of the order relation.
We now want to prove z < z. Assume by contradiction that this is not the case. Then,
since z < z, it must be x = z. Recalling that y < z, this proves that y < x. However, this
contradicts x < y. Hence, we conclude that x = z is impossible and, therefore, z < z.

Analogously, we see that x <y and y < z imply that x < z.

(c) (Addition of Inequalities) If x < y and z < w hold, then x + z < y + w also holds.
Proof: Indeed, x < y implies x 4+ z < y + z according to the additive compatibility in
Definition 2.9, and z < w implies y 4+ z < y 4+ w for the same reason. Transitivity of the
order relation implies z + z < y + w.

Analogously, using inference (b), one sees that x < y and z < w imply that y+ 2z < y+w.

(d) = <y is equivalent to 0 <y — z holds.
Proof: If x <y, then adding —z to both sides, we obtain 0 < y — .
Vice versa, if 0 < y — z then adding z to both sides we obtain x < y.

(e) <0 is equivalent to 0 < —zx.
Proof: This follows from (d) with y = 0.

(f) 22 >0, and > > 0 if x # 0.
Proof: If x > 0, the first statement follows from the multiplicative compatibility in
Definition 2.9.
If z < 0, then —x > 0 by inference (e) and hence 22 = (—2)? > 0 (the fact that
2?2 =x-2=(—x)- (—x) = (—2)? follows from (iii) in Paragraph 2.5).
Finally, we want to prove that 22 > 0 whenever z # 0. Assume by contradiction that
there exists x # 0 such that 22 = 0. Since K is a field and x # 0, z~! (the inverse of x
for multiplication) exists. Therefore, recalling (i) in Paragraph 2.5 and using that 2% = 0,

we get

hence x = 0. This contradicts our assumption z # 0 and concludes the proof.

(g) It holds 0 < 1.
Proof: 1 =12 > 0 by inference (f) and 1 # 0 (see Remark 2.6).
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(h) If 0 <z and y < z, then zy < xz.
Proof: Using inference (d), according to which z —y > 0, and the multiplicative compat-
ibility in Definition 2.9, zz — zy = x(z — y) > 0 holds, and thus the statement follows in

turn from inference (d).

(i) If x <0 and y < z, then xy > x=z.
Proof: Note that —z > 0 by inference (e), and z —y > 0 by inference (d). Thus, by the

multiplicative compatibility in Definition 2.9, we get
zy —xz=a(y—2) = (-z)(=(y—2)) = (—2)(z —y) 2 0.

(G) If0 <z <y, then0 <y ! <zl
Proof: We first assert that z=' > 0 (y~' > 0 follows analogously). Indeed, if not,
because of 71 # 0 then trichotomy in inference (a) implies that 2! < 0. Accordingly,
1 = z2~! < 0 would hold by inference (h), which contradicts (g).
Since 27! > 0 and y~! > 0, we deduce that = 'y~! > 0. Therefore, using (h),

(k) If0<z <y and 0 <z <w, then 0 < zz < yw.
Proof: Exercise 2.12.

() Ife+y<z+z theny < z.
Proof: Exercise 2.12.

(m) Ifzy < zz and x > 0, then y < z.

Proof: Exercise 2.12.

EXERCISE 2.12. — Prove the inferences (k),(1),(m). What happens in (m) when you drop
the condition x > 0, that is, when 2 < 0 or z = 07 For some of the above inferences, formulate

and prove similar versions for the strict relation “<”.

2.13. — Let (K, <) be an ordered field. As usual, we write 2,3,4,... for the elements of
K given by 2=1+1, 3 =241, et cetera. By the compatibility of + and < in Definition 2.9,
and recalling property (g) in Paragraph 2.11, the inequalities

L2 <1023 <4<.

hold in K. In particular, the elements ..., —2,—1,0,1,2,3,... of K are all distinct. We iden-

tify the set Z of integers with a subset of K. That is, we call the elements {...,—2,—-1,0,1,2,3,...

of K “integers”. Consequently, we call elements {pg~' | p,q € Z,q # 0} in K rational numbers
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and thus identify Q with a subfield of K:
ZCQCK.

In other words, if (K, <) is an ordered field, then it always includes a copy of the rationals
inside it.
The above axioms, inferences, and statements in the exercises represent the usual properties

for inequalities. We can also use them to solve problems like the one in the following exercise:

EXERCISE 2.14. — Show that

{reR\{0}| 2+24+4>0}={zeR\{0}| —3<a<-1orz>0}

Hint: note that = + % 44 = Wr?))gjw

INTERLUDE: FUNCTIONS

A function f from a set X to a set Y is a map that assigns to each z € X a uniquely
determined element y = f(z) € Y. We write f : X — Y for a function from X to Y
and sometimes also speak of a mapping or a transformation. We refer to the set X
as domain, and the set Y as domain of values or codomain.

The set F' = {(z, f(x)) | z € X} is called the graph of f. In the context of a function
f: X = Y, an element = of the domain of definition is also called argument, and an
element y = f(z) € Y assumed by the function is also called value of the function. If

f: X — Y is a function, one also writes

f: X —- Y

where f(x) could be a concrete formula. For example, f : R — R with z + 22 is a
fully defined function in this notation. We pronounce “—" as “is mapped to”. Two
functions f1 : X1 — Y7 and fy : Xo — Y5 are said to be equal if X1 = Xo, Y7 = Y5,
and fi(z) = fo(z) for all z € X;.

DEFINITION 2.15. — Let (K, <) be an ordered field. The absolute value or modulus on
K is the function | - | : K — K given by

T ifx>0
|z| = .
—x ifxz<O.
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The sign is the function sgn : K — {—1,0, 1} given by

-1 ifx<0
sgn(x) =<0 ifr=0.
1 ifx>0
2.16. — In what follows, let (K, <) always be an ordered field, and z,y,z,w denote
elements from K.
(a) It holds © = sgn(x) - ||, as well as | — x| = |z| and sgn(—z) = — sgn(x).

(b) It holds |x| > 0, and |x| = 0 ezactly when x = 0.
Proof: This follows from the trichotomy property.

(c) (Multiplicativity) It holds sgn(xy) = sgn(x)sgn(y) and |zy| = |z||y|.
To prove this, check all possible four cases (depending on whether z, y are negative or

not).

(d) If x #0, then |2~ = |z|~! holds.

Proof: This follows from (c) because of |z~ !||z| = 1.

(e) |z| <y is equivalent to —y < x < y.
Proof: First we note that, in both cases, y is a non-negative number.
Suppose first |z| <y. If 2 >0 then —y <0<z =|z| <.
If x <0 then —y < —|z|] =2 < 0 <y and so again —y < z < y.
Suppose now —y <z < y. If z > 0 then |z| =2 < y.
If x < 0 then we observe that the inequality —y < z is equivalent to —x < y. Hence

|| = —z < y also in this case.

(f) |x| <y is equivalent to —y < x < y.
This is proved by arguing as in (e).

(g) (Triangle inequality) It holds that

lz +y| < |z + [yl

Proof: Note that, by (e), we have —|z| < z < |z| and —|y| <y < |y|. Adding these two
inequalities, we get
—(lzl +1y)) <z +y <]+ yl.

So, by property (e), |z +y| < [z[ +[y].

(h) (Inverse triangle inequality) It holds that ||z| — |y|| < |z — y|.
Proof: The triangle inequality in (g) shows that |z| < |z —y + y| < | — y| + |y|, which
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leads to |z| — |y| < |z —y|. Exchanging x and y, we get |y| — |x| < |x —y|. So, by property
(e), H$| - ‘?JH < |z — y|, as desired.

EXERCISE 2.17. — For which z,y € R does equality hold in the triangle inequality? And

in the inverse triangle inequality?

2.1.2 Axiom of Completeness

To do calculus, ordered fields are generally unsuitable because you can have “gaps”. Indeed,
think of the rational numbers Q in R. The field of rational numbers with the usual order is
ordered. So we need more properties, or another axiom, to do calculus in an ordered field.
This axiom is the so-called “completeness axiom”. To a certain extent, the search for this
axiom began with the work of Greeks such as Pythagoras, Euclid, and Archimedes, but it
did not become successful until the 19th century in the work of numerous mathematicians,

including Weierstrass, Heine, Cantor, and Dedekind (see also this link).

DEFINITION 2.18: COMPLETENESS AXIOM
Let (K, <) be an ordered field. We say (K, <) is complete or a completely ordered
field if the statement (V) is true.

(V) Let X,Y be non-empty subsets of K such that for all z € X and y € Y the
inequality « < y holds. Then there exists ¢ € K lying between X and Y, in the
sense that for all x € X and y € Y the inequality x < ¢ < y holds.

We call statement (V) the completeness axiom.

DEFINITION 2.19: REAL NUMBERS

We call field of real numbers any completely ordered field. Such a field is denoted
with the symbol R.

2.20. — We will often visualise the real numbers as the points on a straight line, which is

why we also call it the number line.

-1 0 1 2 3 x <Y

We interpret the relation x < y for z,y € R as “on the straight line, the point y lies to the
right of the point £”. What does the completeness axiom mean in this picture?

Let X,Y be non-empty subsets of R such that for all x € X and all y € Y the inequality
x < y holds. Then all elements of X are to the left of all elements of Y as in the following
figure.
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X c 4
So, according to the completeness axiom, there exists a number ¢ that lies in between. The
existence of the number c is, in a sense, an assurance that R has no “gaps”. It is advisable to
visualize definitions, statements, and their proofs on the number line. However, the number
line should always be used only as a motivation and to develop a good intuition, but not for

rigorous proof.

INTERLUDE: INJECTIVE, SURJECTIVE AND BIJECTIVE FUNCTIONS

Let f: X — Y be a function. We call f:
1. injective or an injection if f(z1) = f(z2) = x1 = x2 for all 1,25 € X,

2. surjective or a surjection if for every y € Y there exists an x € X with f(x) =y

and

3. bijective or a bijection if it is both surjective and injective.

Thus, a function f : X — Y is not injective if there exist two distinct elements 1 # x2 € X
with f(z1) = f(z2), and not surjective if there exists a y € Y such that f(z) # y holds for all
e X.

In the following image, an injective function that is not surjective is shown on the left, and

a surjective function that is not injective is shown on the right.

INTERLUDE: IMAGE AND PREIMAGE OF A FUNCTION

DEFINITION 2.21. — For a function f: X — Y and a subset A C X we write

f(A)={yeY |Jz e A: f(z) =y}

and call this subset of Y the image of A under the function f. For a subset B C Y we

write

' B)={zxeX|3yeB: flz)=y}

and call this subset of X the preimage of B under the function f.
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REMARK 2.22. — Saying that a function f : X — Y is surjective is equivalent to saying
that f(X) =Y (i.e., every element of Y is in the image of X under f).

ExamMpPLE 2.23. — Let f: R — R be the constant function x + 0 for every € R. Then
f7Y{0}) = R, while f~1({y}) = 0 for every y # 0.

EXAMPLE 2.24. — Let X,Y be two finite sets with the same number of elements (for
example, X and Y could be the same set). Then, for a function f : X — Y, injectivity and
surjectivity are equivalent.

To show this, assume that X and Y have n elements and write X = {z1,...,2,}. Suppose
first that f is injective. Then all the elements f(z;) are distinct, which means that the set
f(X) = {f(x1),..., f(zn)} also has n elements. Being f(X) a subset of ¥ and Y has n
elements, the only option is that f(X) =Y. This proves that injectivity implies surjectivity.
Conversely, to show that surjectivity implies injectivity, we prove that if f is not injective
then f is not surjective. So, assume there exist at least two elements z; # x; such that

f(zi) = f(x;). This means that f(X) has at most n — 1 elements, so f cannot be surjective.

REMARK 2.25. — For infinite sets, injectivity and surjectivity are not necessarily equivalent.

Consider for instance the functions fi, fo : N — N defined as

n—1 ifn>1.

0 if n =0,
filn) =n+1, f2(”):{
Then fi is injective but not surjective, while fs is surjective but not injective.
EXERCISE 2.26. — Reformulate the definitions of injectivity, subjectivity, and bijectivity

using the notions of image and preimage of a function.

We conclude this section by introducing the square root function on R>o = {x € R :
x > 0} as an application of the completeness axiom. We formulate this as an exercise for the

reader.
EXERCISE 2.27. — In this exercise, we show the existence and uniqueness of a bijective
function /- : R>g — R with property (v/a)? = a for all a € Rxg.
1. Show that, for all z,y € R>o: @ < y is equivalent to 22 < y2.

2. Use Step 1 to deduce that, for every a € Rx>(, there can exist at most one element

c € R>g satisfying ¢? = a.

3. For a real number a € R>¢ consider the non-empty subsets

X:{$ER20|CL'2§CL}, Y:{yERZO|y2Za},
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and apply the completeness axiom to find ¢ € R with x < ¢ < y for all x € X and
y € Y. Prove that ¢ € X and ¢ € Y to conclude that both ¢? < a and ¢ > a hold, thus
A =a.

Hint: If by contradiction ¢ ¢ X (that is, ¢ > a), then one can find a suitably small
real number € > 0 such that (¢ —¢)? > a. Thus ¢ — e € Y, which contradicts y > ¢ for

every y € Y. The case of ¢ ¢ Y is analogous.

We call square root function the function /- : R>9p — R>( that assigns to each a € Rx
the number ¢ € R>o uniquely determined by the above construction. We note that & =a,

and we call ¢ = y/a the square root of a. Show that:
4. The function /- is increasing: for z,y € R> with < y, the inequality \/z < ,/y holds.
5. The function /- : R>o — Rx¢ is bijective.

6. For all 2,y € R>o, /2y = V2 /¥
EXERCISE 2.28. — For all x € R, show that 2% = |z|? and V22 = |z|.

2.29. — In summary, in a field of real numbers as defined in Definition 2.19, the usual
arithmetic rules and equation transformations work, although (as usual) division by zero is
not defined. Furthermore, the relations < and < satisfy the usual transformation laws for
inequalities. In particular, when multiplying by negative numbers, the inequalities must be
reversed. We will use these laws in the following without reference. We will see the deep
meaning of the completeness axiom when we use it for further statements. In particular, until

further notice, we will always refer to it when we use it.

It is not clear for the moment that there is indeed a field of real numbers as in Definition
2.19. The fact that we occasionally even speak of the real numbers stems from the fact that,
except for certain identifications, there is only one completely ordered field. In this course,
we assume, in agreement with your high school experience, that a field of real numbers exists

and is unique.
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2.1.3 Intervals

DEFINITION 2.30: INTERVALS

et a,b € R. We define:

e the closed interval [a, )] as

[a,b] ={z e R|a <z <b}

e The open interval (a,b) as

(a,b) ={z €R |a <z < b}.

e The half-open intervals [a,b) and (a, b]:

[a,b) ={z €R|a <z <b} and (a,b] ={zx €eR |a <z < b}

e The unbounded closed intervals
[a,00) ={x €R| a < x} and (—o0,b) ={z e R| z < b}
as well as the unbounded open intervals

(a,00) ={z €R| a<uz} and (—o00,b) ={z € R| z < b}.

2.31. — The intervals (a, b], [a,b), (a,b) for a,b € R are non-empty exactly when a < b,
and [a, b] is non-empty exactly when a < b. If the interval is non-empty, a is called the left
endpoint, b is called the right endpoint and b — a is called the length of the interval.
Intervals of the kind [a,b], (a,b], [a,b), (a,b) for a,b € R are also called bounded intervals
if we want to distinguish them from the unbounded intervals.

Instead of round brackets, inverted square brackets are sometimes used to denote open and
half-open intervals. For example, instead of (a,b) for a,b € R, one can also find ]a, b[ in the

literature. We will always use round brackets here.
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INTERLUDE: SET OPERATIONS

Let P and @ be sets. The intersection P N (), the union P U @, the relative
complement P\ @), and the symmetric difference PAQ are defined as by

PNnQ={z| z€Pandzec@}
Pu@Q={z|zePorzecQ}
P\Q={z|z€Pandzx ¢ Q}
PaQ =(PUQ)\(PNQ).

These definitions are illustrated in the following pictures. Sketches of this kind are called

Venn diagrams.
? ?
?
[ [
PuQ PaQ
Q Q
Figure 2.1: Illustration of set operations.

If it is clear from the context that all sets under consideration are subsets of a given basic
set X, then the complement P¢ of P is defined by P¢ = X \ P.

(o

Figure 2.2: The complement P¢ = X \ P of P in X.
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INTERLUDE: UNION AND INTERSECTION OF SEVERAL SETS

Let A be a family of sets, that is, a set whose elements are themselves sets. Then we

define the union and the intersection of the sets in A as

UJA={z134cA:zec 4}, (1A={z|VAcA:zeA}.
AeA AcA

If A={A;, As,...}, then we also write
UAn:{x|E|n21:a:€An}, ﬂAn:{x|Vn21:xeAn}
n=1 n=1

for the union and the intersection of the sets in A.

EXERCISE 2.32. — 1. Show that a finite intersection of intervals is again an interval.
Can you describe the endpoints of a non-empty intersection using the endpoints of the

original intervals?

2. When is a union of two intervals an interval again? In this case, what happens when

you unite two intervals of the same type (open, closed, half-open)?

DEFINITION 2.33: NEIGHBORHOODS

Let x € R. A neighbourhood of z is a set containing an open interval [ such that = € I.

Given 6 > 0, the open interval (z — 6,2 + J) is called the é-neighbourhood of z.

2.34. — For example, both [—1, 1] and QU [—1, 1] are neighborhoods of 0 € R (since they
both contain, for instance, (—1/2,1/2)), but [0, 1] is not a neighbourhood of 0.
We note further that, for § > 0 and « € R, the d-neighbourhood of x is given by {y €
R| |z —y| < d}. We will interpret |z — y| as the distance from z to y. In terms of “distance”,
a few of the above inferences can be re-expressed more intuitively. For example, property (a)
in Paragraph 2.16 implies that, for ,y € R, the equality |z —y| = | — (x —y)| = |y — 2| holds.

In other words, the distance from x to y is equal to the distance from y to x.

DEFINITION 2.35: OPEN AND CLOSED SETS

A subset U C R is called open in R if for every z € U there exists an open interval [
such that x € I and I C U.
A subset F' C R is called closed in R if its complement R \ F' is open.

2.36. — Open intervals are open, closed intervals are closed. Intuitively, a subset is open
if, for any point x in the set, all points close enough to x are also in the set. Contrary to

conventional usage, “open” is not the opposite of “closed”.
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The sets () and R are both open in R. Hence, they are also closed since ) = R¢ and R = ().
We note that Q C R and [a,b) C R are neither open nor closed.

EXERCISE 2.37. — Show that a subset U C R is open exactly if, for every element z € U,
there exists ¢ > 0 such that (x — 0,z + ) C U.

EXERCISE 2.38. — Let U be a family of open sets, and F be a family of closed subsets of

R. Show that the union and the intersection

UU and ﬂF

vel reF

are open and closed, respectively.
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2.2 Complex Numbers

2.2.1 Definition of Complex Numbers

Using a field of real numbers R, we can define the set of complex numbers as
C=R*={(z,y)| z,y € R}.

We call elements z = (z,y) € C complex numbers, and will write them in the form z = z +1y,
where the symbol 7 is called the imaginary unit. Note that in this identification, the symbol
+ is, for the time being, to be understood as a substitute for the comma. The number z € R is
called the real part of z and one writes x = Re(z); the number y € R is the imaginary part
of z and one writes y = Im(z). The elements of C with imaginary part 0 are also called real,
and the elements with real part 0 are called purely imaginary. Via the injective mapping
x € R x4 10 € C we identify R with the subset of real elements of C.

%[04
"
iﬁ X Lj
—1+ . 1+i
———————————— L
-1
o ] 1 x <
L .
.-1.-..5. ___é!.__

The graphical representation of the set C is called the complex plane or also Gaussian
number plane. From this geometric point of view, the set of real points is called the real
axis and the set of purely imaginary points is called the imaginary axis.

As you might expect from previous knowledge, ¢ should corresponds to a square root of
—1. Hence, we want to define an addition and a multiplication on the set C so that the set C
together with these operations is a field in which i2 = —1 holds. Note that, if i2 = —1, then

it follows from commutativity and distributivity that
(21 +iy1) - (22 + iy2) = 2132 + i1y + iy122 + PY1y2 = (2122 — Y13y2) + i(T1Y2 + Y122).

This leads us to the following definition:

DEFINITION 2.39. — We call addition and multiplication on the set C = R x R the

following operations:

(1,91) + (v2,92) = (21 + 22,91 +¥2) (addition)
(x1,91) - (z2,92) = (2122 — Y1Y2, T1Y2 + T2Y1) (multiplication)
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ProproSITION 2.40: C 1S A FIELD

The set C = R x R, together with the zero element (0,0), the one element (1,0), and
the operations introduced in Definition 2.89, is a field.

Proof. We review the axioms of fields. The associativity and commutativity of the addition,
and the fact that (0,0) is a neutral element for the addition, are direct consequences of the
corresponding properties of the addition of real numbers. The inverse element of (z,y) for

the addition is given by (—x, —y), since

(ﬂf,y) + (—CC, _y) = (‘T — LY — y) = (070)

Proving the properties of multiplication requires a little more effort. We start with associa-

tivity of multiplication: let (x1,y1), (x2,y2), and (z3,y3) be elements of C. Now calculate

((z1,11) - (2, 92)) - (23, 43) = (122 — Y1y2, T1Y2 + Y122) - (23, Y3)

= (T122%3 — Y1Y2T3 — T1Y2Y3 — Y122Y3, T1Y2L3 + Y1X2X3 + T1T2Y3 — Y1Y2Y3)-

Analogously, we calculate

(w1,91) - (($27y2) : ($3,y3)) = (21,91) - (v223 — Y2y3, T2y3 + y273)

= (5611‘2x3 — Y1Y223 — T1Y2Y3 — Y122Y3, T1Y2X3 + Y1223 + T12X2Y3 — ylyzys)-

This proves that the multiplication in Definition 2.39 is associative.

The commutativity of multiplication can also be shown by direct computation:

(xlayl) : (562,y2) = (£E1332 — Y1Yy2, T1Y2 + -TZyl) = (xz,yz) : ($17y1)~

Also, in the same way, we check that (1,0) is the neutral element for multiplication:
(,y) (LO)=(z-1-y - 0,z-0+y-1)=(z,y)

Next, we check the distributivity law: Let again (x1,¥1), (x2,¥2), and (x3,y3) be elements of
C. Then

(z1,91) - ((w2,92) + (@3,93)) = (z1,51) - (T2 + 23, y2 + Y3)

= (z122 + 2123 — Y1y2 — Y1Y3, Y122 + Y123 + T1Y2 + T1Y3)
= (2122 — Y12, Y172 + T1Y2) + (T123 — Y193, Y123 + T1Y3)
= (

z1,y1) - (z2,y2) + (z1,y1) - (23,93),

which shows that C is a ring when endowed with the addition and multiplication given in
Definition 2.39.
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To finish the proof, we still need to show the existence of multiplicative inverses. Let
(z,y) € C be such that (x,y) # (0,0). So either x # 0 or y # 0 holds, and therefore

22 4+ 92 > 0. Then the multiplicative inverse of (z,y) is given by (xnyQ, ﬁ , because
(z,y) - (ﬁv ﬁ) = <l‘ : inyQ -y Izjryymy ) inyz +x- ﬁ)
24,2 .
— (&4, 575) = (1,0).
O

Applet 2.41 (Complex numbers). We consider the field operations (addition, multiplication,
multiplicative inverse) on the complex numbers. The true geometric meaning of multiplication

and of the multiplicative inverse will be discussed later.

As already explained, we do not write (z,y) for complex numbers, but  + iy. Instead of
x 4 10 we also simply write z, and instead of 0 + iy we write iy, and finally we also write ¢
for i1. By construction, 2 = —1 holds. According to this notation, take R to be a subset of
C. This makes sense since addition and multiplication on C restricted to R is equivalent to
addition and multiplication on R. Also, given z,w € C, we write zw for z - w.
Given z # 0, we shall use both z~! and % to denote the inverse of z for the multiplication.
1_1

For instance, i ' = 1 = —i (since (—i) - i = —i% = 1).

DEFINITION 2.42: COMPLEX CONJUGATION

et z = x+iy be a complex number. We call Z = x — iy the complex number conjugate

to z. The mapping C — C given by z — Z is called complex conjugation.

LEMMA 2.43: PROPERTIES OF COMPLEX CONJUGATION

The complex conjugation satisfies the following properties:

1. For all z € C, zz € R and zz > 0. Furthermore, for all z € C, zz = 0 holds

exactly when z = 0.

2. For all zyw € C, z+w =Z + w holds.

3. For all zyw e C, z-w =Z - w holds.

Proof. Part (1) follows from the fact that, for z = x + iy,
27 = (z +iy)(z — iy) = 22 + >

To show parts (2) and (3), we write z = 1 + dy; and w = x2 + iya. Then z + w =
(x1 + x2) + i(y1 + y2) and we get

z+w=(xr1+z2) —i(y1 + y2) = (x1 —iy1) + (x2 — iy2) = Z + w.
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Analogously, since z - w = (x122 — y1y2) + i(z1y2 + y122) We have

Z-w = (v172 — Y1y2) — i(T1y2 + Y172) = (71 — Y1) - (v2 —iye) = Z - W,

as desired. O
EXERCISE 2.44. — Show the identities
Re(z) = & —; & and Im(z) = z 2—2 :

for all z € C. In particular, conclude that R = {z € C| z = z}. Can you interpret these

equalities geometrically?

2.45. — Since i? = —1 < 0, property (f) in Paragraph 2.11 implies that no order compatible
with addition and multiplication can be defined on C. Nevertheless, calculus can be performed
on the complex numbers, which is partly addressed in this course but mainly in the course on
complex analysis in the second year of the study of mathematics and physics. The reason for
this is that C satisfies a generalisation of the completeness axiom, which we can only discuss

after some more theory.

2.2.2 The Absolute Value on the Complex Numbers

Since there is no ordering relation on the field of complex numbers that would make it an
ordered field, we cannot use Definition 2.15 to define an absolute value on C. We still want to
define an absolute value on C in such a way that it has as many properties as possible of the
absolute value on R and is compatible with it. To do this, we use the root function introduced

in Exercise 2.27.

DEFINITION 2.46: ABSOLUTE VALUE

The absolute value or norm on C is the function |- | : C — R given by
|2| = V2z = /22 + 92
for z =2+ iy € C.

At this point we note that, given 2 € R, the absolute value |z| = sgn(z)-x and the absolute
value of x as an element of C coincide, since vVaT = vV z? = |z| holds. In particular, the newly

introduced notation is consistent, and we have extended the absolute value of R to C.
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Note that |z| > 0 for all z € C, and |z| = 0 exactly when z = 0. Also, the absolute value on

C is multiplicative, namely

|zw| = Vewzw = Vz2zww = V2E2Vww = |z||w| for all z,w € C.

Furthermore,
= for all z # 0.
|22

These are essential consequences of Lemma 2.43. Finally, the triangle inequality holds, as

shown in the next proposition.

PROPOSITION 2.47: TRIANGLE INEQUALITY

For all z,w € C, |z 4+ w| < |z| + |w]| holds.

To prove this result, we first need the following:

LEMMA 2.48: CAUCHY-SCHWARZ INEQUALITY

For all z = x1 + iy1,w = x2 + iys € C,
172 + Y1y2 < |z|[w]. (2.3)
Proof. We begin by observing that

2P Jw]® = (2122 + y192)® = (af + 1) (@3 + 3) — (2122 + y1y2)°
= 212} +yiys +yied +aiyd — (2723 + yiys + 2212y190)
= yiah + iys — 20102919
= (12 — 21y2)* > 0.
This proves that
(w122 + 1192)* < [2[*|w]*.
Taking the square root on both sides and recalling Exercise 2.28, we get |z122 4+ 1y192| < |z||w]

which implies (2.3) (recall that z < |z| for any = € R). O

Proof of Proposition 2.47. We write z = z1 + iy; and w = x2 + 4y2. Then, since z + w =
(w1 + 22) +i(y1 + y2), we have

|2 4+ w|? = (z1 4+ 22)* + (y1 + 12)?
= 1‘% + fU% + y% + y% + 2(z122 + Y1Y2)
= ]2\2 + \w[2 + 2(z122 + 11Y2)-
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Hence, using (2.3), we get
2+ wl? = 27 + |[w? + 2(z122 + y1y2) < |27+ [w]® + 2[z][w] = (|2] + w])*.
Taking the square root on both sides concludes the proof. O
2.49. — The absolute value of the complex number z = z + iy is the square root of 2% 4 12
and, in the geometric notion of complex numbers, is equivalent to the length of the straight

line from the origin 0 + 40 to z. In the same way, for two complex numbers z and w, we

interpret |z — w| as the distance from z to w.

DEFINITION 2.50: CIRCULAR DISKS

The open circular disk with radius > 0 around a point z € C is the set
B(z,r) ={w e C| |z —w| <7}
The closed circular disk with radius r > 0 around z € C is the set

B(z,r) ={w e C| |z —w| <r}.

2.51. — The open circular disk B(z,r) thus consists precisely of those points that have
distance strictly less than r from z. Open circular disks in C and open intervals in R are
compatible in the following sense: If x € R and r > 0, then the intersection of the open
circular disk B(z,r) C C with R is just the open interval (x — r,x + r) liyng symmetrically
about x.

R

KR

EXERCISE 2.52. — Show the following property of open circular disks: let 21,20 € C, ry > 0
and 9 > 0. For each point z € B(z1,r1) N B(z2,12) there exists a radius r > 0 such that

B(z,7) C B(z1,71) N B(22,72).

Ilustrate your choice of radius r in a picture.

The definition of open set in C given below generalizes that in R from Exercise 2.37.
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DEFINITION 2.53: OPEN AND CLOSED SETS

A subset U C C is called open in C if for every point in U there exists an open circular
disk around that point contained in U. More formally, for all z € U there exists a
radius 7 > 0 such that B(z,r) C U.

A subset A C C is called closed in C if its complement C \ A is open.

For example, thanks to Exercise 2.52, all open circular disks are open. In addition to open
circular disks, there are many other subsets of C. For example, every union of open subsets
is open. We will return to studying open sets and related notions in much greater generality

in the second semester.
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2.3 Maximum and Supremum

2.3.1 Existence of the Supremum

DEFINITION 2.54: BOUNDED SETS, MAXIMA AND MINIMA

Let X C R be a subset of the real numbers.

e X is bounded from above if there exists s € R such that x < s for all x € X.
Any such s € R is called an upper bound of X. An upper bound that is itself

contained in X is called a maximum. We write
s = max(X)

if such a maximum of X exists and is equal to s.

e The terms bounded from below, lower bound, and minimum are defined

analogously.

o X C R is called bounded if it is bounded from above and from below.

2.55. — If a subset X C R has a maximum, then it is unique. Indeed, if 1 € X and
xo € X both satisfy the properties of a maximum, it follows that 1 < x5 because x5 is a
maximum, and zo < z1 because x1 is a maximum, and hence 1 = x9. So we may speak of
the maximum of a subset X C R if one exists.

A closed interval [a,b] with endpoints ¢ < b in R has a = min([a,b]) as minimum and
b = max([a, b]) as maximum. However, there are also sets that do not have a maximum. For
example, the open interval (a,b) with endpoints a < b in R has no maximum. Although the
endpoint b would lend itself as a maximum, it does not lie in the set (a,b) and is therefore
not a candidate for the maximum. Likewise R as a subset of R, or also unbounded intervals

of the form [a, 00), (a,00) for a € R, do not have a maximum.

DEFINITION 2.56: SUPREMUM

Let X C R be a subset and let A := {a € R| x < a for all z € X} be the set of all
upper bounds of X. If the minimum s = min(A) exists, then we call this minimum the
supremum of X, and write

s = sup(X).

In other words, if it exists, the supremum of X is the smallest upper bound of X. We can

describe the supremum s = sup(X) of X directly by

x <sforall z € X, and x<tforallz € X — s<t. (2.4)
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Equivalently, the supremum of X could also be characterised by the fact that no real number

x1 strictly smaller than s = sup(X) is an upper bound of X:
x <sforall x € X, and t<s = doe X witht<uz. (2.5)

The statements (2.4) and (2.5) are equivalent.
We have not yet addressed the question of the existence of the supremum. If X is the
empty set or if X is unbounded from above, then the supremum cannot exist. In all other

cases it exists, as the following theorem shows.

THEOREM 2.57: EXISTENCE OF SUPREMUM

Let X C R be a nonempty subset bounded from above. Then the supremum of X exists.

Proof. By assumption, X is non-empty, and the set of upper bounds A := {a € R| = <
a for all x € X} is also non-empty. Furthermore, for all z € X and a € A, the inequality
x < a holds. Therefore, according to the completeness axiom in Definition 2.18, it follows
that there exists a ¢ € R such that

r<c<a

holds for all x € X and a € A. From the first inequality it follows that ¢ is an upper bound

of X, so ¢ € A. From the second inequality it follows that ¢ is the minimum of the set A. O

Applet 2.58 (Supremum of a bounded non-empty set). We consider a bounded non-empty

subset of R and two equivalent characterizations of the supremum of this set.
PROPOSITION 2.59: SUPREMUM VS SET OPERATIONS
Let X andY be nonempty subsets of R bounded from above, and write

X+Y ={z+y|lzeXyeV} and XY ={zy|ze X,ye Y}

The sets XUY, XNY, and X +Y are bounded from above. Also, if x >0 and y >0
forallx € X andy €Y, then XY is bounded from above. Furthermore:

(1) sup(X UY') = max{sup(X),sup(Y)},

(2) if X NY is not empty, then sup(X NY) < min{sup(X),sup(Y)},

(8) sup(X +Y) =sup(X) +sup(Y) and

(4) if £ >0 andy >0 for allz € X andy € Y, then sup(XY') = sup(X)sup(Y).
Proof. The proof of (1) and (2) is left to the reader.

To prove (3) we write o = sup(X) and yp = sup(Y). Let z € X + Y. There are x € X
and y € Y with z = x + y, and because of x < zg and y < yp, then z < zg + yo holds. That
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is, xo + yo is an upper bound for X + Y. We want to show that x¢ + yg is the supremum of
X +Y, ie. the smallest upper bound of X + Y.
Let zg = sup(X +Y) (the supremum exists, since we just proved that X + Y is bounded

from above) and assume by contradiction that
e=x9+yo— 20 > 0.

Since xg is the supremum of X, it follows from (2.5) that there exists z € X with z > z¢o—¢/2,
and similarly there exists y € Y with y > yp — ¢/2. Set z = x + y. It follows that

z=x+y>x0—¢€/2+yo— /2 = 2,

which contradicts the fact that zg is an upper bound for X +Y. Thus zg = xg+yo, as desired.

The proof of (4) is done in a similar way. O

2.60. — For a non-empty subset X C R bounded from below, the largest lower bound of X
will also be called the infimum inf(X) of X. An existence statement analogous to Theorem

2.57 holds for the infimum. Alternatively, the infimum of X can be written as
—sup{—z | z € X}.

In this way, practically all statements about infima can be traced back to statements about

suprema.

2.3.2 Two-point Compactification

2.61. — In this section we want to extend the notions of supremum and infimum
to arbitrary subsets of R. To do this, we use the symbols co = 400 and —oo, which are
not real numbers. We define the extended number line, which is also called two-point
compactification of R, by

R=RU{-00,+}

and imagine this as the number line

- R +00

Here we have added the point 400 to the right of R and the point —oo to the left of R
to the straight line. We extend the order relation of the real numbers < to R by requiring
—00 < x < 400 for all z € R.
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To simplify the notation, we also write co in place of +o00. Often used calculation rules for

the symbols —oco and oo, such as the following, are standard conventions:

00+ =00+00=00 and —00+T=—-00—00=—00
for all z € R. Also, for z > 0,

X000 =00"00 =00 and - (—0) =00 (—00) =—00.

One should use such conventions as sparingly as possible and be careful with them. The
expressions oo — oo and 0 - co or similar remain undefined.
DEFINITION 2.62: INDEFINITE VALUES

Let X be a subset of R. If X C R is not bounded from above, then we define sup(X) =
oo. If X is empty, we set sup(f)) = —oo. In this context, we call co and —co indefinite

values.

In other words, the statement sup(X) = oo is equivalent, by definition, to the statement
that X is not bounded from above, that is,

Vg e R dx e X : x> xp.

In the same way sup(X) = —oo is equivalent, by definition, to the statement X = (.
Similarly, we define inf(()) = 400, and inf(X) = —oco if X C R is not bounded from below.
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2.4 Consequences of Completeness

We introduced the root function in Section 2.1 using the completeness axiom, and used the
completeness axiom in Section 2.3 to prove the existence of the supremum. In this section we
will discuss some further consequences of the completeness axiom. We choose for the whole

Section 2.4 an arbitrary set of real numbers R, and call the elements of R real numbers.

2.4.1 The Archimedean Principle

Archimedes’ principle is the statement that for every real number x € R there is an integer n
greater than x. The following theorem, which we prove using the existence of the supremum,

is a slightly more precise formulation of Archimedes’ Principle.

THEOREM 2.63: ARCHIMEDEAN PRINCIPLE

For every x € R there exists exactly onen € Z withn <z <n+ 1.

Proof. First, let x > 0 be a non-negative real number. Then £ = {n € Z| n < z} is an
upper bounded subset of R which is non-empty since 0 € E. By Theorem 2.57, the supremum
so = sup(F) exists. Since sg is the smallest upper bound of E, then:
(i) so < z holds;
(ii) there exists ng € E with sog — 1 < ny.
It follows from (ii) that sp < ng + 1, and therefore m < sg < ng + 1 for every m € E. This
proves that m < ng for every m € E, which means that ng = sg is the maximum of F.
Also, using (ii) again, ng + 1 ¢ E, so ng + 1 > x by the definition of FE.
Recalling (i), this proves that

ng =59 < x <ng+1,

which shows the validity of Theorem 2.63 in the case z > 0.

If x < 0, then we can apply the above case to —z and conclude the existence of m € Z
such that m < —x < m + 1, or equivalently —m — 1 < & < —m. If £ = —m, then the result
follows with n = —m. If x < —m, then the result follows with n = —m — 1.

For the proof of uniqueness, we assume that for ni, ny € Z both inequalities n1 < z < n;+1
and no < x < ng + 1 hold. It follows that n; < x < ng + 1 and thus n; < ne. Similarly

ng < np, implying n; = no. O

DEFINITION 2.64: INTEGER AND FRACTIONAL PARTS

The integer part |z] of a number = € R is the integer n € Z uniquely determined by
Theorem 2.63 with n < x < n+ 1. The function from R to Z given by z + |z] is called

rounding function. The fractional part of a real number z is {z} =z —|z] € [0,1).
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COROLLARY 2.65: % IS ARBITRARILY SMALL

For every € > 0 there exists an integer n > 1 such that % < € holds.

Proof. If € > 1 then the result holds with n = 1.
If e <1 then % > 1 and, thanks to Theorem, 2.63 there exists n > 1 with n > % Then,
for such n, the inequality % < € holds. O

COROLLARY 2.66: DENSITY OF Q

For every two real numbers a,b € R with a < b, there is one r € Q with a < r < b.

Proof. Set ¢ = b— a. According to Archimedes’ principle in the form of Corollary 2.65, there

exists m € N with % < e. Similarly, according to Archimedes’ principle from Theorem 2.63,
n+1

there exists n € Z with n < ma <n + 1, or equivalently =+ <a < ™=

Hence, since % <eand a+¢e =0, we get

n+1 n 1
a < =—+—<a+—<a+e=0b
m m m
This proves the corollary with r = %Ll O

Stated differently, the above corollary shows that Q intersects any open non-empty interval
I, that is, INQ # (. A subset X of R is called dense in R if every open non-empty interval
of R contains an element of X. Corollary 2.66 thus states: Q is dense in R.

The following two exercises establish a generalization of Archimedes’ principle, which will

be used in the section about decimal fractions.

EXERCISE 2.67. — Let A := {mg,m1,ma,...} C Z be a strictly increasing sequence of
integers, i.e., m;+1 > m; for every ¢ > 1. Then the following analog of Theorem 2.63 holds
with A in place of Z:

Given z € R with & > mg then there exists exactly one element m; € A such that m; < x <

Mi+1.

EXERCISE 2.68. — Let A := {mg, m1,ma,...} C Z be a strictly increasing sequence of
positive integers. Then Corollary 2.65 holds with A in place of N. In other words, for every

€ > 0 there exists an element m; € A such that % < € holds.
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2.4.2 Decimal Fraction Expansion and Uncountability (Extra material)

2.69. — A common notion of the real numbers is given by non-terminating decimal frac-

tions. Formally, we define a decimal fraction as a sequence of integers
agp, a1, az,ag, ...

with ag € Z, and 0 < a,, < 9 for all n > 1. Thus, given a decimal fraction, we can assign to
it a unique element of R as follows.

Suppose ag > 0. We set

Tn=Y ay 107" and yn =107"+ Y ay - 107, (2.6)
k=0 k=0

One can check that
20 S 21 < ST STyl S0 S Yntl SYn S-S Y1 < Yo

Thus, if we consider the sets X = {zg,z1,x2,...} and Y = {yo, y1,¥2, ...}, according to the

completeness axiom we can conclude the existence of ¢ € R with the property that
Tn <c<yp (2.7)

for all n € N. Archimedes’ principle in the form of Corollary 2.65 shows that there is precisely
one real number ¢ that satisfies the inequality x, < ¢ <y, for all n > 0. If there were two

different such numbers, say ¢ and d with ¢ < d, it follows from
T <c<d<yy

and the definition of z,, and y, the inequality
0<d—c<107"

for all n > 0, which contradicts Exercise 2.68 with m; = 10*. We call the element ¢ € R
uniquely determined by (2.7) the real number with decimal expansion ag,ajazagay . ... We

note that two possible alternative definitions would be
c =sup{z, | n >0} or ¢ =inf{y, | n > 0}.

If ag is negative, we first consider the real number ¢ with decimal expansion —ag, ajasasay . ..

and then define the real number with decimal expansion ag, aiazazas ... as —c.

2.70. — Now, the following question arises: Can every element of R be written as a decimal

fraction? This is indeed the case: Let ¢ € R and ¢ > 0. Then we can write ag := |c] and
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define
an = |10™¢] — 10[10"¢]. (2.8)

One verifies that the sequence ag, a1, as, ... is indeed a decimal fraction, since 0 < a,, < 9 is
satisfied for all n > 1. Also, it is not difficult to check the inequalities (2.7), from which it
follows that ¢ is just the real number with decimal expansion ag, ajasas . ... The case ¢ < 0 is

obtained in the same way, by changing the sign of ag in the decimal expansion of —c.

2.71. — It is important to remark that two different decimal fractions can represent the

same real number. For example, the two decimal fractions
0.199999999999. . . and 0.20000000000000. . .

both represent the real number % However, the problem only occurs when a decimal fraction
becomes a constant sequence . ..9999. .. after a certain point. To rule this out, we can consider

the following definition: We call real decimal fraction any sequence of integers
ap, a1, az, ag, ...

with 0 < a, < 9 for all n > 1, and with the property that for every ng > 1 there exists a
n > ng with a, # 9.

EXERCISE 2.72. — Let ¢ > 0 be a real number. Verify that the sequence ag, a1, as,...
defined by (2.8) is a real decimal fraction. Then show that this gives rise to a bijection

between R and the set of all real decimal fractions.

INTERLUDE: POWER SET

Let X be a set. The power set P(X) of X is the set of all subsets of X, that is,

P(X)={Q| Qisasetand Q C X}.

EXAMPLE 2.73. — If X ={0,1,2} then

P(X) = {0,{0}, {1},{2},{0,1},{0,2}.{1, 2}, {0, 1, 2} }.
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INTERLUDE: CARDINALITY

Let X and Y be two sets. We say that X and Y have the same cardinality or the
same number of elements, written X ~ Y, if there is a bijection f : X — Y. We
say that Y is larger than X, and write X <Y, if there is an injection f: X — Y.

e We say that the cardinality of the empty set is zero, and write || = 0.

o Let X be a set and n > 1 a natural number. We say the set X has cardinality
n, and write | X | = n, if there is a bijection from X to {1,...,n}. In this case we
call X a finite set and write | X| < oc.

e If X is not finite, we call X an infinite set.

e A set is called countable if there is a bijection to N. The cardinality of N is also

called Ry, pronounced Aleph-0.
o A set X is called uncountable if it is infinite and not countable.

e The cardinality of P(N) is written ¢ and called the continuum.

REMARK 2.74. — A nontrivial fact is that
X<Y and Y SX = X~Y.

In other words, if there exist an injective map f : X — Y and an injective map g : ¥ — X,
then one can find a bijective map h : X — Y. This fact is known as the Schréder—Bernstein

Theorem.

THEOREM 2.75: CANTOR’S THEOREM

Let X be a set. Then the power set P(X) is larger than X and not equal to X.

Proof. The function i : X — P(X) given by i(z) = {z} is injective. So P(X) is larger than
X. It remains to show that there is no bijection from X to P(X). To show this, we assume
that there is a bijection f : X — P(X) and take this to a contradiction. For this, we define
the set

A={zreX|zd f(x)}.

In other words, A € P(X) consists of all elements = in X for which z is not an element of the
subset f(z) C X.

Since, by assumption, f : X — P(X) is a bijection, there exists a € X such that A = f(a).
We now ask ourselves: does a belong to A or not?

If a € A then, by the definition of A, a ¢ f(a). However, this is impossible since f(a) = A.
Vice versa, if a ¢ A it means that a € f(a), that again is impossible since f(a) = A
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This proves that there exists no a € X with f(a) = A, which contradicts the surjectivity
of f. So there can be no bijection f: X — P(X). O

PROPOSITION 2.76: UNCOUNTABILITY OF R

The set R is uncountable.

Proof. By Theorem 2.75, P(N) is strictly larger than N, and thus uncountable. Thus, to show

that R is uncountable, it suffices to prove the existence of an injection
¢:P(N) = R.

We construct such an injection by assigning to each subset A the real number ¢(A) whose

decimal fraction expansion is given by ag, ajasasay ... with

0 ifng A
1 ifne A

an —

Injectivity of the function ¢ can be proved in two ways. As a first option, one can simply
apply Problem 2.72. Alternatively, one can argue as follows. Let A and B be distinct subsets
of N, and let n be the smallest element of AAB (recall Definition 2). If n € A and n ¢ B
then ¢(A) > ¢(B) holds. On the other hand, if n ¢ A and n € B then ¢(A) < ¢(B) holds.
Therefore ¢(A) # ¢(B) holds in all cases, which proves the injectivity. O

Version: December 8, 2023. 44



Chapter 2.5 Sequences of Real Numbers

2.5 Sequences of Real Numbers

2.5.1 Convergence of Sequences

Let X be a set. Intuitively, a sequence in X is a non-terminating sequence of elements
Ty, T1,T9,T3,... of X indexed by the natural numbers. Here, we are interested in sequences
and their properties in R. We give now a precise definition, although we have already used

the concept of sequence before in an intuitive way.

DEFINITION 2.77: SEQUENCES

A sequence in R is a function a : N — R. The image a(n) of n € N is also written as

ap, and is called the n-th element of a. Instead of a : N — R one often writes (a,)nen,

(an)%o:o’ or (an)nzo'

Since we primarily use the letter x to denote a real number, for sequences of real numbers
we shall mostly use the notation (2, )nen, (Tn)lg, Or (Zn)n>0-

DEFINITION 2.78: (EVENTUALLY) CONSTANT SEQUENCES

A sequence (x,)0°, is called constant if z,, = z,, for all m,n € N, and eventually

constant if there exists V € N with x,, = x, for all m,n € N with m,n > N.

EXAMPLE 2.79. — A sequence in R is, for example, (x,)%, given by zo = 1, z,, = % for
n > 1.

DEFINITION 2.80: CONVERGENCE FOR SEQUENCES

Let (z5,)52 be a sequence in R. We say that (x,)2°, is convergent or converges if

there exists an element A € R with the following property:
Ve>0 IN € Nsuchthat VneN : n>N = |z, — A| <e.

In this case, we write

lim z, = A (2.9)

n—oo

and call the point A the limit of the sequence (x,)5%.

It is a priori not clear that a converging sequence has only one limit. In the following lemma

we show that the limit is indeed unique, so the notation (2.9) is justified.
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LEMMA 2.81: UNIQUENESS OF THE LIMIT

A convergent sequence (x)22 in R has ezactly one limit.

Proof. Let A € R and B € R be limits of the sequence (z,)22,. Let ¢ > 0. Then we can
find Na, Np € N such that for all n > N4 it holds |z, — A| < §, and for all n > Np it holds
|z, — B] < 5. Set N = max{N4, Ng}. Then

|A—B|S‘A—xN|+‘£CN—B’<%+%:E.

Since € > 0 is arbitrary it follows that |[A — B| =0, and so A = B. O

EXAMPLE 2.82. — A constant sequence (z,,)>2, with z,, = A € R for all n € N converges

to A. Similarly, eventually constant sequences converge to the value they eventually take.

1

ExXaMPLE 2.83. — The sequence of real numbers (7)0071 converges to zero, i.e., lim + = 0.
n/n= n—soo "

Indeed, given € > 0, by Archimedes’ principle (Theorem 2.63) there exists N € N with % <e.
Therefore, for every n € N with n > N, we have 0 < % < % < €.

EXAMPLE 2.84. — The sequence of real numbers (y,)5> given by y, = (—1)" for n € N
is not convergent, since the sequence members 1, —1,1,—1,1,—1,... alternate between 1 and

1 and, in particular, do not approach any real number.
2.5.2 Convergent Subsequences and Accumulation Points
Let (z,,)5%, be a sequence in R. We call a subsequence of ()72, any sequence obtained by

keeping only certain elements of the sequence (x,)5°, and ignoring all others. For example

Ly L1y T4y LYy L16y L25y -« +

is a subsequence. The formal definition is as follows:

DEFINITION 2.85: SUBSEQUENCES

Let (z,)52, be a sequence in R. A subsequence of (z,)52 is a sequence of the form
(@, )5, Where (ny)32, is a sequence of nonnegative integers such that ny41 > ny, for
all k € N.

REMARK 2.86. — In the previous definition, since ng1q1 > ny for all & € N, it follows that
ng > k for every k € N. (Exercise: Prove this fact by induction on k € N.)
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LEMMA 2.87: SUBSEQUENCES OF CONVERGENT SEQUENCES ARE CONVERGENT

Let (z,)52 be a sequence in R converging to A € R. Then, each subsequence of (z5,)5

also converges to A.

Proof. We leave the proof as an exercise. O

2.88. — A sequence can have convergent subsequences without itself converging. For

n

example, the sequence of real numbers given by x,, = (—1)" is not convergence, while the

subsequences

(T2n)n=o and (T2n+1)n=0
are constant, and so in particular they are convergent.

DEFINITION 2.89: ACCUMULATION POINTS OF SEQUENCES

Let (z,,)02 be a sequence in R. A point A € R is called an accumulation point of
the sequence ()%, if for every ¢ > 0 and every N € N there exists a natural number
n > N with |z, — A|] <e.

PROPOSITION 2.90: SUBSEQUENCES AND ACCUMULATION POINTS

Let (z,,)02 be a sequence in R. An element A € R is an accumulation point of (z,)5,

if and only if there exists a convergent subsequence of (xy)22, with limit A.

Proof. Suppose A € R is an accumulation point of the given sequence. We recursively con-
struct a subsequence ()32, that converges to A.

First, we apply the definition of accumulation point with € = 1 to find an integer ng such that
|Zn, — A| <1 holds.

Then, we apply the definition of accumulation point with e = 27! and N = ng + 1 to find
ny1 > ng such that |z, — A] <271

Then, we apply the definition of accumulation point with ¢ = 272 and N = n; + 1 to find
ng > ny such that |z,, — A| <272

In general, we apply the definition of accumulation point with ¢ = 27% and N =nj_; + 1 to
find ny, > ng_1 such that |z, — A] <27k,

We claim that the subsequence (xy, )22, of (2,)52, converges to A. Indeed, for every e > 0
there exists N € N with 27 < e. Then, for every k > N it holds

|n, — Al <27F <278 <,

which shows that A is the limit of the sequence (z,, )5
Conversely, suppose A is the limit of a converging subsequence (z,, )32, Fix ¢ > 0 and
N € N. Since z,, converges to A, there exists Ny € N such that |z, —A| < ¢ for all £ > Nj.

Hence, to satisfy the definition of an accumulation point, we want to choose k > Ny so that
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ni > N. Recalling that ng > k (see Remark 2.86), we define N1 = max{Ny, N} so that

[Zny, —A[<e and  nn, > N.
So, A is an accumulation point of (z,)32.
COROLLARY 2.91: ACCUMULATION POINTS HAVE INFINITE ELEMENTS NEARBY

Let A € R be an accumulation point of the sequence (x,,)5> . Then, for every e > 0,

there are infinitely many elements of the sequence (xy)22 inside (A —¢e, A+¢).

Proof. By Proposition 2.90 there exists a sequence (zp,)r>0 such that limg_ o @y,
In particular, given € > 0, there exists N € N such that all elements (z,, )r>n are inside
(A—¢e,A+e).
COROLLARY 2.92: ACCUMULATION POINTS OF CONVERGENT SEQUENCES
A converging sequence has exactly one accumulation point, which coincides with its
limat.
Proof. This follows from Lemma 2.87 and Proposition 2.90. O

EXERCISE 2.93. — Let (2,)5, be asequence in R, and let F' C R be the set of accumulation

points of the sequence (z,)5%,. Show that F' is closed.

48
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2.5.3 Addition, Multiplication, and Inequalities

2.94. — Given sequences (2,)7, and (y,)5, and a number o € R, sums and scalar

multiples of sequences are given by

(xn);ozo + (yn)zo:() = (vn+ yn)ﬁ”:o
- (Tn)pzog = (xn)plo-

Sequences can also be multiplied as follows:
(@n)n=0 * Yn)n=o = (Zn¥Yn)n=o-

REMARK 2.95. — With the addition and multiplication defined above, the set of sequences

forms a commutative ring, where the zero element is the constant sequence (0)7°, and the

neutral element for multiplication is the constant sequence (1)5°.

PROPOSITION 2.96: LIMITS AND OPERATIONS

Let (,,)5%, and (yn)o2 o be sequences converging to A € R and B € R, respectively.
1. The sequence (Tn + Yn)peq converges to A + B.

2. The sequence (xnyn)or, converges to AB, and the sequence (ouxy)3e, converges

to aA for every o € R.

3. Suppose x,, # 0 for alln € N and A # 0. Then the sequence (z,1)5%, converges
to A71.

Proof. 1. Let € > 0, and let Ny, Ng € N be such that

|z, — Al < § Vn > Ny, and lyn — Bl < § Vn>Np
Then, with N = max{N4, Ng}, for all n > N it holds
[(@n+yn) = (A+ B)| < |zn — Al +|yn — B[ < 5+ 5 =¢,

which shows statement (1).
2. We refer to Exercise 2.103.

3. Let A be the limit of the sequence (x,)52,. Since A # 0, choosing ¢ = % in the
definition of limit, there exists Ny € N such that, for all n > N,

| Al
n < .
|z Al < 5
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In particular, by inverse triangle inequality (see property (h) in Paragraph 2.16),

A
fral = A+ (20— )| 2 4] ~ |z~ A2 2 vnz N,
which implies that
B N
[@al = TA]
In particular,
-1 -1 |5Un - A’ ‘xn - A|
— A — <92 Yn > Np.
2 = T <2 ap "t

Now, given € > 0 we choose N so that |z, — A| < #5 for all n > Ny. Then, for

N = max{Ny, N1} we get

-1 -1 |[zn — 4]
x, —A | <2 <e ¥Yn > N.
} n | = |A2 =
This proves that the sequence (z;; 1)%":0 converges to A™!, as desired. O

PROPOSITION 2.97: LIMITS AND INEQUALITIES

Let (2,)5%, and (yn)peo be sequences of real numbers with limits A = lim x, and
n—00
B = lim y,.
n—oo

1. If A < B, then there exists N € N such that x,, < y, for alln > N.
2. Assume that there exists N € N such that x, <y, for alln > N. Then A < B.
Proof. Suppose A < B, and let ¢ = %(B — A) > 0. Then there exist N4, Ng € N such that

n>Ny, — A—-e<z,<A+c¢

n>Np =— B—-e<y,<B+e¢
holds. Note now that by the choice of ¢ it holds 2¢ < B — A, therefore
A+e< B-—e.
Hence, for N = max{N4, Np}, we have
n>N = x,<A4+e<B—¢c <y,

This shows the first assertion.

For the second assertion, assume by contradiction that A > B. Then the first assertion
implies that there exists IV such that zx > yx. This contradicts the assumption and proves
the result. O
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REMARK 2.98. — In Proposition 2.97(2), even if one assumes that z, < y,, one can only
deduce that A < B. Indeed, consider the sequences

1
Tp = ——, Yn = — Vn > 1.
n

1
n
Then z, < y, but both sequences converge to 0.

LEMMA 2.99: SANDWICH LEMMA

Let (z0)5%0, (Un)oy, and (2p)02 be sequences of real numbers such that for some
N € N the inequalities x,, < yn, < z, hold for all n > N. Suppose that (z,,)5>, and
(zn)22, are convergent and have the same limit. Then the sequence (yn)peq is also

convergent, and it holds that

lim z, = lim y, = lim z,.
n—o0 n—oo n—oo

Proof. The proof is left as an exercise for the reader. O
EXERCISE 2.100. — Calculate the following limits, if they exist:
, Tt +15 , n?+5 . n®—10
lim , lim ———, lim ———.
n—oo 3nt +n3 +n—1 n—oon3 +n + 1 n—oo n? +1

2.5.4 Bounded Sequences
In this section, we study bounded sequences of real numbers.
DEFINITION 2.101: BOUNDED SEQUENCES
A sequence (z,,)72 in R is called bounded if there exists a real number M > 0 such

that |z,| < M for all n € N.

LEMMA 2.102: CONVERGENT SEQUENCES ARE BOUNDED

Every convergent sequence is bounded.

Proof. Let (x,)52, be a convergent sequence with limit A € R. Choosing ¢ = 1 in the
definition of limit, there exists NV € N such that |z, — A| <1 for all n > N. In particular, by
triangle inequality (see property (g) in Paragraph 2.16),

al < |(@n— A) + Al < |ow — A+ A <144 ¥n>N.

Set
M = max{1 + Al [zo], [21], ... len 11}

Then |z,| < M holds for all n € N, as required. O
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EXERCISE 2.103. — Prove statement (2) in Proposition 2.96.
Hint: Note that

|Tnyn — AB| = |2nYn — 2nB + 2, B — AB| < |yn — B, |zn| + |z — Al, | B]

and note that, since (x,)0°, converges, then |z, | < M for some M > 0.

2.104. — As we will show, bounded sequences of real numbers always have at least one
accumulation point, or equivalently, a convergent subsequence. This fact gives rise to the

important notion of superior limit and inferior limit.

DEFINITION 2.105: MONOTONE SEQUENCE

A sequence (x,)0°, is called:
e (monotonically) increasing if for all m,n € N: m >n = z,,, > xp;
e strictly (monotonically) increasing if for allm,n € N: m >n = z,, > z;
e (monotonically) decreasing if for all m,n € N: m >n = z,, < p;
e strictly (monotonically) decreasing if for allm,n € N: m >n = x,, < x,.

If the sequence is increasing or decreasing, we say that it is monotone. If it is strictly

increasing or strictly decreasing, we say that it is strictly monotone.

REMARK 2.106. — An equivalent definition of increasing/decreasing sequence can be given

as follows:
e (monotonically) increasing if for all n € N it holds x,+1 > xy;
e strictly (monotonically) increasing if for all n € N it holds z,,+1 > zp;
e (monotonically) decreasing if for all n € N it holds x, 11 < xy;

e strictly (monotonically) decreasing if for all n € N it holds =11 < z,.

2.107. — Monotone bounded sequences are always convergent. We illustrate this with a
picture:
S M

a1 a9 a3 ag

| AR |

| | T TTT |

Figure 2.3

The monotonically increasing sequence a1, as, as, . .. in the figure, bounded by M > 0, has no

choice but to converge to the supremum S of the sequence members.
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THEOREM 2.108: CONVERGENCE FOR MONOTONE SEQUENCES
A monotone sequence of real numbers (x,)5, converges if and only if it is bounded.
If the sequence (xy,)0 is monotonically increasing, then

lim z, =sup{z, | n € N}.

n—oo

If the sequence (xy,)5 is monotonically decreasing, then lim z, = inf{z, | n € N}.
n—,oo

Proof. If (xy,)52 is convergent, it follows by Lemma 2.102 that (x,)22, is bounded.

Vice versa, let (z5,)22, be a monotone bounded sequence of real numbers. To show that
()02, converges, we can assume without loss of generality that (z,)5°, is monotonically
increasing (otherwise we simply replace (,,)0%, by (—xn)22,). Since z, is bounded, there
exists M > 0 such that z,, < M for all n € N. This means that the set {z, | n € N} is
bounded from above, so the supremum A = sup {z,, | n € N} exists. We now want to prove
that x,, converges to A.

By the definition of supremum, we have:

(i) zp, < Afor all n € N;

(ii) for every € > 0 there exists N € N with zx > A —¢.

Thus, for n > N, it follows from (i), (ii), and the monotonicity of (x,)52, that

A—e<aoy<z, <A<A+c¢

holds. This proves that lim, .~ z,, = A, as desired. O

REMARK 2.109. — If (2,,)52 is monotone and there exists a bounded subsequence (2, )72,
then the whole sequence is bounded (and therefore converges, thanks to Theorem 2.108).
Indeed, assume for instance that (z,)52 is increasing and the subsequence (x,, )72, is

bounded from above by a number M. Then, recalling Remark 2.86, by monotonicity we have
o <awp <z, <M VkeN.

So, (xn)22, is bounded. The case when (z,,)72 is increasing is analogous.

EXERCISE 2.110. — Let (z,)52, be the sequence given by xp = 1 and

i (e 55)
Tn =5 | Tn-1+
3 Tn—1

for n > 1. Show that (z,)5%, converges and determine the limit.

Hint: First, prove that the sequence converges to a nonnegative limit. Second, prove that if
A > 0 is the limit, then it satisfies the relation A = % (A + %) Use this relation to identify
A.
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EXERCISE 2.111. — Let (z,,)22, be a monotonically increasing sequence and (y,)52, be
a monotonically decreasing sequence with x, < y, for all n € N. Show that both sequences
converge and that lim, . z, < lim, .o 3, holds. Illustrate your argument with a picture

similar to the one in Figure 2.3.

2.112. — Let (z,,)9%, be a bounded sequence of real numbers. For the definition of limits
and accumulation points of the sequence (z,,)0, only its long-term behavior is relevant, or

more precisely, the end (z1)0°  for arbitrarily large N € N. Following this observation, for

each n € N we define the supremum
sp =sup{xg | kK > n}

over the final part {z) | k > n} of the sequence. Since {zy | k > m} C {z | kK > n} for m > n,
it follows that s, < s, for m > n. The sequence (s,,)72  is therefore monotonically decreasing.

Since (xy,)22, is bounded by assumption, (s,)5, is also bounded, and so it is a monotoni-
cally decreasing bounded sequence. Therefore, the sequence (s,,)22, converges to the infimum
of the set {s,, | n € N} by Theorem 2.108. This infimum is called the superior limit of the
given sequence (z,)5% .

Analogously, one can define the inferior limit of (x,)22, considering
in =inf{xg | k > n}.

In this case (in)52 is a monotonically increasing bounded sequence, so its limit exists and it
is called inferior limit.

We remark that, by the definition of i, and s,, the following inequality holds:
in <2, < Sp Vn e N. (2.10)

DEFINITION 2.113: SUPERIOR AND INFERIOR LIMITS

Let (2,)52, be a bounded sequence of real numbers. The real numbers defined by

limsup z,, = li_>m (sup{xk | k> n})

n—o0

and
liminf z,, = nh_>n010 (inf{xk | k> n})

n—o0
are called superior limit, respectively inferior limit of the sequence (z,)72,. Note

that, as a consequence of (2.10) and Proposition 2.97,

lim inf z,, < lim sup x,,.
=E9 n—0o0

Version: December 8, 2023. 54



Chapter 2.5 Sequences of Real Numbers

EXAMPLE 2.114. — Let (z), be the sequence defined by z,, = (—1)" + 1 for n € N. We

represent x,, Sy, and i, in the following table.

n|1 2 3 4 5 6 7 8

3 2 5 4 7 6 9
m| 0 5 -3 1 -5 6 7 8
s |3 3 5 5 1 71 9 9
n 2 2 4 4 6 6 8 8

w| /-1 -1 -1 -1 -1 -1 -1 -1

Note here that s, = x,, when n is even, and s,, = x,,11 otherwise. Therefore limsup,, . ((—1)"+
) =l oo (1) 4 57) = 1.

n
Because z,, > —1 for every n and lim,, o0 2,41 = —1, then i, = —1 for all n € N. Therefore

liminf, ,oo((—1)" + 1) = —1.

n

I, S5 S3 S
|
N

(1N
-1

a7as  ag a1 1 g Q4 as

LEMMA 2.115: CONVERGENCE VS SUPERIOR AND INFERIOR LIMITS

A bounded sequence (z,)72, in R converges if and only if limsup, .z, =

liminf,, o Tp.

Proof. Define

in =inf{z, | n> N}, Sp =sup{z, | n > N},
I = lim i, = liminf z,, S = lim s, = limsup z,.
Nn—00 n—00 n—00 n—00

We now prove the result.
Suppose first that I = S holds. Recalling (2.10), since by assumption i,, and s,, converge
to the same limit, the Sandwich Lemma 2.99 implies that z,, converges to I = S.
Conversely, assume that (x,)72, converges to A € R, and let ¢ > 0. Then there exists
N € Nsuch that A —e <z, < A+ ¢ for all n > N. In particular

A—e<inp<sp < A+e,
and therefore it follows from Proposition 2.97 that
A-—e<I<S<A+e.

Since € > 0 is arbitrary, this implies that A< I < S< A, so A=1=285. O
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THEOREM 2.116: SUPERIOR AND INFERIOR LIMITS ARE ACCUMULATION POINTS

Let (z,)52 be a bounded sequence and A = limsup,,_, o Tn. Then A is an accumulation
point and, for every e > 0, the following hold:

(1) there are only finitely many elements satisfying x, > A + €;

(2) infinitely many elements satisfy A —e < x, < A+e.

An analogous statement holds for the inferior limit.

Proof. Let € > 0, and write s, = sup{zy | k£ > n}. The sequence (s;)2°, is monotonically

decreasing and converges to A. So there exists Ng € N such that
A<sp,<A+e Vn> N (2.11)

Therefore, given N € N, if we define N} := max{N, Ny}, then sy, satisfies (2.11).
Now, since sy, = sup{zy | k > N}, there exists n; > Nj satisfying x,,, > sy, — €, therefore
Tp, > A —¢ (since sy, > A by (2.11)). On the other hand, since s, < sy, (recall that s, is

decreasing), (2.10) and (2.11) imply that z,, < A +e.
In other words, given N € N we proved the existence of an index n; > N; > N such that

A—e<zp <A+e.

This shows that A is an accumulation point.
To prove (1), it follows from (2.10) and (2.11) that =, < A+e¢ for all n > Ny. This implies
that only finitely many elements satisfy x, > A + ¢.

Since A is an accumulation point, (2) follows from Corollary 2.91. O]

COROLLARY 2.117: BOUNDED SEQUENCES HAVE CONVERGENT SUBSEQUENCES

Every bounded sequence of real numbers has an accumulation point and has a convergent

subsequence.

Proof. By Theorem 2.116, the limsup (and analogously for the liming) is always an accumu-
lation point. Also, by Proposition 2.90, every accumulation point is the limit of a converging

subsequence. So, a convergent subsequence always exists. O

EXERCISE 2.118. — Let (x,)52, be a bounded sequence in R, and let E C R be the set of

accumulation points of the sequence (z,,)22,. Show that

limsup x, = max F/ and liminf z, = min E.
n—oo n—0o0
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EXERCISE 2.119. — Let (an)22, (bn)iy and (cp)o, be convergent sequences of real
numbers, with limits A, B, and C respectively. Let (z,)5, be the sequence defined by

a, ifn=3k keN
Tpn=4b, ifn=3k+1,keN.
¢, ifn=3k+2,keN

Calculate lim sup z,, liminf z,,, and the set of accumulation points of the sequence (x,)5%.
n—o00 n—o00

EXERCISE 2.120. — Let (z,)2, be a bounded sequence of real numbers such that (z,41 —

Tn)22, converges to 0. Set

A =liminfz, and B = limsup z,,.
n—o0 n—oo

Show that the set of accumulation points of the sequence (z,)2%, is the interval [A, BJ.
Construct an example of such a sequence with [A4, B] = [0, 1].
2.5.5 Cauchy-Sequences

DEFINITION 2.121: CAUCHY-SEQUENCES

A sequence (z,)52 in R is a Cauchy sequence if for every ¢ > 0 there exists N € N

such that |z, — | < € for all m,n > N.

LEMMA 2.122: BOUNDEDNESS OF CAUCHY SEQUENCES

Cauchy sequences are bounded.

Proof. The proof is very similar to the one of Lemma 2.102. Choosing € = 1 in the definition
of Cauchy sequence, there exists N € N such that |z, — xy| < 1 for all n > N. In particular
|zn| <14 |zn| for all n > N, and therefore

|xn\ <M= max{l + ’{L‘N|, ’.CI?0|, |.%'1‘, ceey ’-TN—I‘} VneN.

EXERCISE 2.123. — Show that a Cauchy sequence converges if and only if it has a conver-

gent subsequence.

THEOREM 2.124: CONVERGENCE VS CAUCHY SEQUENCES

A sequence of real numbers converges if and only if it is a Cauchy sequence.
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Proof. Let (xy,)22, be sequence converging to some limit A, and fix ¢ > 0. Then there exists
N such that for all n > N it holds |z, — A| < 5. This implies that

e €
\xn—xm|§]:cn—A|+\a:m—A|<§+§=6 Vn,m > N,

hence (x,)0%, is a Cauchy sequence.
Vice versa, let (x,)22, be a Cauchy sequence. Since it is bounded (see Lemma 2.122),
Corollary 2.117 implies that (z,)52, has a subsequent (x,, )72, converging to some limit

A € R. Then, given € > 0, consider Ny such that

€
[T — T <§ VYm,n > Ny,

and consider N7 such that
\@%—m<g V> N

Then, choosing N = max{Ny, N1} and recalling that ny > N (see Remark 2.86), it follows
that

e €

|xn—A|§|£Bn—an|+\:EnN—A|<§+§:s Vn > N,
so the whole sequence ()72, converges to A. O
EXAMPLE 2.125. — Let (2,)5%, be a sequence of real numbers. We claim that the condition

Ve >0 3N € Nsuch that Vn > N : |z, — xpi1] <&

is not equivalent to the convergence of the sequence. As a counterexample, consider the

sequence
0,1,143,2,2+3,2+2,3,3+1,3+23+344+14+2 443 4+355+%...

that progresses between n—1 and n in steps of length % This sequence is unbounded and thus
not convergent. On the other hand, the distance between two successive elements decreases

as the sequence progresses, and becomes arbitrarily small.

2.5.6 Improper Limits

We also introduce the improper limit values +oco (often abbreviated to oo) and —oo for

sequences.
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DEFINITION 2.126: IMPROPER LIMITS

Let (z,,)52 be a sequence of real numbers. We say (z,)2, diverges to oo, and we
write

lim z, = oo.
n—oo

if for every M > 0 there exists N € N such that z,, > M for all n > N.
Similarly, we say that (z,)52, diverges to —oo if for every real number M > 0 there
exists N € N such that z,, < —M for all n > N.

In both cases, we speak of an improper limit.

2.127. — An unbounded sequence may not diverge to oo or —oo. For example, the sequence
0,-1,2,-3,4,-5,6,—-7,8,—-9,...,

i.e., x, = (—1)"n is unbounded, but it neither diverges to oo, nor diverges to —oo.

EXERCISE 2.128. — Let (z,)52, be an unbounded sequence of real numbers. Show that

there exists a subsequence that diverges to oo or to —oo.

2.129. — We can use improper limits to define the superior and inferior limits for un-
bounded sequences in R. If the sequence (x,,)52, is not bounded from above, then sup{z, |k >

n} = oo for all n € N and we write

lim sup z,, = o0.
n—oo

If (z,)5% is bounded from above but not from below, then we write

limsupz, = lim (sup{z; | k > n})
n—00 n—r00

where the right-hand side is a real limit if the monotonically decreasing sequence sup{xy | k >
n} is bounded, and the improper limit —oo otherwise. We use this terminology analogously

for the inferior limit.

EXERCISE 2.130. — Prove the following version of the sandwich lemma for improper limits.

For two sequences of real numbers (x,,)52, and (x,)5>, with =, <y, for all n € N holds:

lim z, =00 = lim y, = >
n—oo

n—00
n—o00 n—00
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2.6 Sequences of Complex Numbers

To study sequences in C it is often sufficient to consider the corresponding sequences of real

and imaginary parts in R.

DEFINITION 2.131: SEQUENCES OF COMPLEX NUMBERS

A sequence of complex numbers ()5, = (2, + iyn)o2, is convergent with limit
A +iB € C if the two sequences of real numbers (x,)22, and (y,)5, are convergent,
with limits A and B, respectively.

We say that (2,,)0%, = (@n + iyn )52, diverges to oo if the sequence (|z,])52, diverges
toward oo, that is,

lim |z, = lim +/22 + y2 = 0.
n—>oo| n| n—oo n T Yn

REMARK 2.132. — As we did for sequences of real numbers, also for sequences of complex
numbers we can consider subsequences. This corresponds to consider (z,,)32, = (Zn, +

iYny, ) pp for some strictly increasing sequence of nonnegative integers (ng)22.

EXERCISE 2.133. — Let (2,,)02, be a convergent sequence in C. Show that (|z,])02, con-
verges, and find the limit. Conversely, does the convergence of (|z,])72, imply the convergence

of (21)32.07

EXERCISE 2.134. — Given a complex number z € C, consider the so-called geometric
sequence z, = 2". Determine the set of all complex numbers z for which the sequence

(2")52, converges.
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Functions of one Real Variable

In this chapter, we discuss real-valued functions defined on a subset of R, typically an interval.

The central concept of this chapter is the one of continuity.

3.1 Real-valued Functions

3.1.1 Boundedness and Monotonicity

In this section, we discuss two elementary properties of real-valued functions that we have
already encountered for sequences: boundedness and monotonicity. A real-valued function
is any function with values in R. As soon as we talk about monotonicity, we will assume
that the domain of the functions we consider is a non-empty subset of R. Informally, we then

speak of functions in one real variable.

3.1. — For an arbitrary non-empty set D C R, we define the set of real-valued functions
on D as

FD)=A{f|f:D—R}.
One can define addition and scalar multiplication as
(f1 + f2)(x) = fi(z) + fa(z) and (afi)(z) = afi(z)

for f1, fo € F(D), « € R, and z € D. Also, functions in F(D) can be multiplied as follows:

(frfo)(x) = fi(x) fa()

for all fi, fo € F(D) and x € D.

Given a € R, we use the notation f = a to denote the constant function f(x) = a for all
zeD.
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REMARK 3.2. — The interested reader may notice that, with the addition and multi-
plication defined above, F(D) is a commutative ring (the neutral element for addition is the

constant function f = 0, the neutral element for multiplication is the constant function f = 1).

We say that € D is a zero of f € F(D) if f(z) = 0 holds. The zero set of f is defined
by {z € D | f(x) = 0}. Finally, we define an order relation on F(D): given f1, fa € F(D) we
say

fi <fo = filz) < falz) VzeD,

fi<fe = filz) < fa(z) VzeD,

We say that f € F(D) is non-negative if f > 0, and f € F(D) is positive if f > 0.

EXERCISE 3.3. — Let Ny, Ny C D be the set of zeros of fi € F(D) and fo € F(D)
respectively. What is the set of zeros of fi fo?

EXERCISE 3.4. — Verify that the relation < defined above on F(D) is indeed an order

relation.

DEFINITION 3.5: BOUNDED FUNCTIONS

Let D be a non-empty set, and f : D — R a function. We say that f is bounded
from above if there exists M > 0 such that

fle) <M  VzeD.
We say that f is bounded from below if there exists M > 0 such that
fz)>-M  VYzeD.

Finally, we say that f is bounded if f is bounded from above and from below. Equiv-
alently, f is bounded if there exists M > 0 such that

|f(z)| <M Vz e D.
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DEFINITION 3.6: MONOTONE FUNCTIONS

Let D C R and f: D — R. The function f is called:

1. (monotonically) increasing if for all z,y € D:
<y = f(x) < fy);

2. strictly (monotonically) increasing if for all 2,y € D:
r<y = f(z) <fy);

3. (monotonically) decreasing if for all z,y € D:
z<y = f(z) =2 f(y);

4. strictly (monotonically) decreasing if for all z,y € D:
<y = f(z) > fy)

We call a function f: D — R monotone if it is monotonically increasing or monoton-
ically decreasing, and strictly monotone if it is strictly monotonically increasing or

strictly monotonically decreasing.

EXAMPLE 3.7. — e Let D = [a,b] be an interval, and f : D — R be the function
f(x) = 2%. The function f is strictly increasing if a > 0, and strictly decreasing if b < 0.
If a < 0 < b holds, then f is not monotone.

e For any subset D C R and any odd integer number n > 0, the function x — z” on D is

strictly monotonically increasing.

e The rounding function [-] : R+ R (recall Definition 2.64) is increasing, but not strictly

increasing.

e A constant function is both decreasing and monotonically increasing. Conversely, a
function on D C R that is both monotonically decreasing and monotonically increasing

is necessarily constant.

1 f

%'1
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Figure 3.1: A strictly monotone function is always injective. However, it need not be surjective.
For example, the function f : R — R given by f(x) = %1: + sgn(x) is strictly monotone
increasing but not subjective, (e.g., % is not in the image of f).

EXERCISE 3.8. — Let D C R, and let f1, fo € F(D) be strictly increasing. Show that:

(i) f1+ fo € F(D) is strictly increasing;

(ii) given a € R, the function af € F(D) is strictly increasing if a > 0, and strictly

decreasing if a < 0;

(iii) if f1 > 0 and fo > 0, then fi fo is strictly increasing.

3.1.2 Continuity

DEFINITION 3.9: CONTINUOUS FUNCTIONS

Let D C R be a subset and let f : D — R be a function. We say that f is continuous

at a point zg € D if for all € > 0 there exists § > 0 such that the following implication
holds:

Vz e D, |z —zo| <6 = |f(z) — f(zo)| <e.

The function f is continuous in D if it is continuous at every point of D.

REMARK 3.10. — In the definition of continuity, it is only important to check the implica-
tion for € > 0 small. Indeed, assume that a function f satisfies the following:
There exists g > 0 such that, for all € € (0,e0] there exists 6 > 0 such that

VzeD, |x —x0| <6 = |f(z) — f(zo)| < e.

Then f is continuous at xg. Indeed, for & > gy we can choose the number § > 0 corresponding
to g9 to get
VzeD, |z — 20| <6 = |f(z) — f(z0)] < e0 <e.

In other words, if § works for ¢, then it works for all £ > &¢.

3.11. — The following illustration shows a continuous function on D = [a,b) U (¢, d] U {e}.
We see that f is continuous at every point zg: no matter how small one chooses € > 0, for a

suitable 6 > 0 we have that for all x that are J-close to xg, f(z) is also e-close to f(xo).
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Applet 3.12 (Continuity). We consider a function that is continuous at most (but not all)

points in the domain of definition.

EXAMPLE 3.13. — e Let a and b be real numbers. The affine function f : R — R given

by f(z) = ax + b is continuous.

Indeed, if a = 0, then the function is constant and therefore continuous. So, let a # 0.
Given zg € R and € > 0, note that |f(x) — f(zo)| = |a|]lx — x| holds for all z € R.

Thus, considering the choice § = ﬁT\’ for any x € R with |z — z¢| < 6 we have
[/ (x) = f(zo)| = lal|lz — o] <ald =¢

and thus f is continuous.

e The function f : R — R given by f(x) = |z| is also continuous. Indeed, let zp € R and
€ > 0. Choosing 0 = ¢ we notice that if |z — x| < J then

|f(z) = f(zo)| = [lz] = |wol| < o — 20| <5 =¢

by the inverse triangle inequality.

e The rounding function f : R — R given by f(z) = |x]| (recall Definition 2.64) is not
continuous at points in Z. Indeed, if g € Z, then for any § > 0 small it holds that
|(zo — 36) — 20| < § and

H.’L‘o—%(” — {xoﬂz LQZQJ —I_l'o—%(SJ :xo—(xg—l):L

Thus, the continuity condition is not satisfied at xy € Z for any € < 1.
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EXERCISE 3.14. — Show that the functions f : R — R and ¢ : [0,00) — R given by

f(z) = 2% and g(x) = \/x are both continuous.

INTERLUDE: RESTRICTION

Given D C R and a function f : D — R defined on D, for any D’ C D one can consider

the restriction of f to D’: this is the function f|p/ : D' — R defined as

flp(@) = f(z) VazeD

Note that we consider f|ps and f as different functions, since their domains of definition

are not the same — except, of course, when D' = D.

EXERCISE 3.15. — Let D C R and f : D — R be a continuous function. Let D' C D.

Show that the restriction f|ps is continuous.

PROPOSITION 3.16: COMBINATION OF CONTINUOUS FUNCTIONS

Let D C R, and let fi, fo : D — R be functions continuous at a point xg € D. Then

also the functions f1 + fa, fife, and afi for a € R are continuous at xg.

Proof. Let € > 0. Since fi and f, are continuous at xg, there exist d1,d2 > 0 such that, for

all x € D, it holds

|z — 20| <01 = |f1(x) — fi(zo)| <

|z — 20| < 02 = |fa(x) — fa(z0)| <

NN ™

Hence, if we set 6 = min {41, d2} > 0, then

o0 <6 = [(fi+2)(@)—(fitf2)(@0)| < |fa(2)—fi(wo) [+ falw)— falo)] <

Since € > 0 is arbitrary, we obtain that fi 4+ fo is continuous at xy € D.

2

+§—5
5 = ¢
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The argument for fifo is similar but a little more complicated. Given x € D, using the

triangle inequality we have the estimate

|f1(z) f2(x) — fi(wo) f2(z0)| = [f1(x) fa(x) — fi(zo) f2(x) + fi(wo) f2(z) — fi(z0) fa(wo)]
< [fi(z) f2(x) — fi(zo) fo(2)| + [ f1(w0) f2(x) — f1(20) f2(20)|
= [fi(z) — fi(zo)[|f2(@)] + [ f1(zo)|| f2(x) — fa(o)]-

8

Let € > 0 and choose 41, d2 > 0 such that, for z € D,

[z —w0| <61 = [file) ~ falao)| < gz

(If2(z0) + &)’

|z — 20| < d2 = |fa(x) — fa(z0)| < 5 ©

(Ifr(o)l +1)

Then, for z € D with |z — 20| < 0 = min{dy, d2}, it holds

|fa(z)| = |fa(x) — fa(xo) + fa(wo)| < |fa(x) — fa(wo)| + | f2(0)]

< W + | fo(0)| < &+ | fo(o)]

therefore

g
71@) = AEIEE < 51500

Analogously, for the second term, for x € D with |z — x¢| < § we have

e+ Ifalao)l) = 5.

[ f1 (o)l f2(2) — fa(xo)| < ’fl(m‘])’m

<<
5"

Combining the inequalities above, we obtain |fi(x)f2(x) — f1(20)f2(z0)| < € as desired.
The statement about af; for a € R follows choosing fo equal to the constant function

f2 = a and applying the previous result. O
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INTERLUDE: SUM NOTATION

Let n > 1 be an integer, and let aq, ..., a, be real numbers. In the following, we want

to use the commonly used sum notation

n

Zaj:al—i-ag-k-”—i-an,
j=1

We will refer to a; as the summand and j as the index or the running variable of

the sum. If J is a finite set, and if for each j € J a number a; is given, we write
>4
JjEJ

for the sum of all numbers in the set {a; | j € J}. Finally, we will use the convention

> jepaj =0 for the sum over the empty index set.

ExaMPLE 3.17. — Polynomial functions are functions of the form
n
p(x) =ayg+ar1x+ ...+ apz" = Zajazj
j=0

with a; € R. We claim that these functions are continuous. Indeed, since x — x is continuous,

2

also © — 22 = x - z is continuous, z — x° = x - 22 is continuous, and so on. This means that

all the functions {ag, a1z, ...,a,x™} are continuous, and therefore their sum is continuous.

REMARK 3.18. — It is also common to use the notation

n
Haj :a1a2...an
j=1

for products. In this context, a; are referred to as factors. Also, by convention [ [ jep4j = 1.

INTERLUDE: COMPOSITION OF FUNCTIONS

Let f: X =Y and g: Y — Z be functions. Then the composition of f with g is the

function
gof: X —>2Z

which is defined by g o f(z) = g(f(z)) for all z € X.

REMARK 3.19. — Let f W —- X, g: X — Y, h: Y — Z be functions. Then, we can
consider both the function ho(go f) : W — Z and the function (hog)o f: W — Z. However,
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the parentheses are irrelevant because the following is true for all w € W:

ho(go f)(w)=h(go f(w)) = h(g(f(w)) =hog(f(w)) = (hog)o f(w).

In other words, ho (go f) = (hog)o f and we say that the composition of functions is

associative. Therefore, we write hogo f: W — Z.

PROPOSITION 3.20: COMPOSITION OF CONTINUOUS FUNCTIONS

Let Dy and Do be subsets of R and let xg € D1. Let f : D1 — Dy be a continuous
function at xo and let g : Do — R be a continuous function at f(xg). Then go f :
D1 — R is continuous at xg. In particular, the composition of continuous functions is

again continuous.

Proof. Let € > 0. Then, due to the continuity of g, there exists 7 > 0 at f(z¢), so that for all
y € Dy
ly = f(@o)| <n = [g(y) — 9(f(x0))| <e.

Since > 0 and f is continuous at zq, there exists § > 0 such that for all x € D;.
[z — ol <6 = |f(z) = flzo)| <.
Combining these two implications together, it follows that for all z € D;.

[z —xo| <0 = |f(z) = f(wo)| <n = lg(f(2)) — g(f(x0))| <e

holds. This shows that g o f is continuous at the point xg. O

REMARK 3.21. — Applying Proposition 3.20 with g(x) = |z| (see Example 3.13), we deduce

that if f: D — R is continuous then also the function z — |f(z)| is continuous.

EXERCISE 3.22. — Show that the function f: R* — R given by z +— % is continuous.
Deduce that if g : D — R is a continuous function that has no zeros inside D, then the

function = — ﬁ is continuous in D.

Conclude that functions of the form z — % are continuous in D whenever h : D — R and

g : D — R are continuous and g does not have zeros in D.

EXERCISE 3.23. — Let a < b < ¢ be real numbers, and f : [a,b] — R and f2 : [b,¢] - R

be continuous functions. Show that the function f : [a,c] — R given by

fi(z) if x € [a,b)

fa) =
(@) fo(z) ifx € [b (]
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is continuous exactly when f1(b) = f2(b) holds.

EXERCISE 3.24. — Let I C R be an open interval and let f : I — R a function. Show that

f is continuous if and only if, for every open set U C R, f~1(U) is also open.

EXERCISE 3.25. — Let D C R be a subset and f : D — R be a function. Show the following

statements.

1. If f is continuous at xo € D, then there exists an open neighborhood U of xy and a real
number M > 0 such that |f(z)| < M forall z € DNU.

2. If f is continuous at xg € D and f(zg) # 0, then there is an open neighborhood U of xg
such that f(x)f(xo) > 0 for all x € DN U, that is, f(x) and f(zo) have the same sign.

3.1.3 Sequential Continuity

Continuity can also be characterized using sequences, as shown in the following theorem.
Roughly speaking, the content of this theorem is that a function f : D — R is continuous
if and only if it maps convergent sequences to convergent sequences, with the correct limit.

This concept is also called sequential continuity.

THEOREM 3.26: CONTINUITY — SEQUENTIAL CONTINUITY

Let D C R be a subset, f : D — R be a function, and x € D. The function f is
continuous at T if and only if, for every sequence (x,,)7>y C D converging to T, the

sequence (f(x,))22, converges f(Z).

Proof. Suppose f is continuous at z and that (z,)52, is a convergent sequence in D with

lim z, = Z. Let € > 0. Due to the continuity of f at the point Z, there exists § > 0 with

n—0o0

lz—z| <0 = [f(z) - f(2)| <e
for all x € D. Due to the convergence of (z,)2, to Z, there exists N € N such that
n>N = |z, —Z| <.

Thus
n>N = [f(z,) — f(2)] <e,

which implies that the sequence (f(z,))52, converges to f(zo).
For the converse, we assume that f is not continuous at . Then there exists € > 0 such
that, for all 6 > 0, one can find x € D with

|z —z| <0 and lf(z) — f(Z)] > e.
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Using this for n € N and § = 27" > 0, for each n € N we find x,, € D with
|z, — 2| <277 and |f(zn) — f(Z)| = &

From these inequalities we conclude that the sequence (z,)7%, converges to Z, but (f(z,))sZ,

does not converge to f(z). O

REMARK 3.27. — As the proof above shows, if a function f : D — R is not continuous at

Z, then one can find ¢ > 0 and sequence of points (z,)2>, C D converging to z such that

[f(zn) = f(Z)] = e

EXERCISE 3.28. — Let D C R be a subset and f : D — R be a continuous function.
Suppose that (z,,)72 is a sequence in D such that (f(x,))22, converges. Must (z,)5°, also

converge?
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3.2 Continuous Functions

3.2.1 The Intermediate Value Theorem

In this section we prove a fundamental theorem that formalises the idea that the graph of a

continuous function on an interval is a continuous curve and so does not make any jumps.

£b

o) o f

Qa X b

Here we show that a continuous function f on an interval [a,b] contained in the domain of
definition takes all values between f(a) and f(b). As we shall see, the proof uses the existence

of the supremum, and thus indirectly the completeness axiom.

THEOREM 3.29: INTERMEDIATE VALUE THEOREM

Let f : [a,b] — R be a continuous function with f(a) < f(b). Then, for every real
number ¢ with f(a) < c < f(b) there exists T € [a,b] such that f(ZT) = c.

Proof. Fix ¢ € [f(a), f(b)], and define the set
X = {z € [ab) | f(z) <c}.

Since a € X and X C [a, b], the set X is non-empty and bounded from above. Therefore, by
Theorem 2.57, the supremum Z = sup(X) € [a, b] exists. We will now use the continuity of f
at T to show that f(Z) = ¢ holds.

First of all, since z is the supremum of X, for any n > 0 we can find an element z,, €
XNz —-27"z|. Since z, € X it follows that f(x,) < c. Then, since the sequence (x,)5
converges to Z (because |z, — Z| < 27") and f is continuous, Theorem 3.26 implies that

f(@) = lim f(x,),

n—o0

while Proposition 2.97 implies that

lim f(z,) <c.

n—oo

I

Hence, f(Z) <ec.
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Suppose now by contradiction that f(Z) < c. Since ¢ < f(b), it follows that & < b. Then,
by continuity, given € = ¢ — f(Z) > 0 there exists 6 > 0 such that, for = € [a, ],

lr—Z| <0 = |f(x) — f(@)]|<e = f(x)< f(T)+e=c

This implies in particular that (z — 6,z + 0) N [a,b] C X. In particular X contains the set
(Z,Z + 6) N (z,b], a contradiction to the fact that & = sup(X). In conclusion f(z) = ¢, as
desired. O

REMARK 3.30. — If f : [a,b] — R is a continuous function such that f(a) > f(b), Theo-
rem 3.29 still holds in the following way:
For every real number ¢ with f(a) > ¢ > f(b) there exists T € |a,b] such that f(Z) = c.
To prove this statement, there are two possible ways:
(1) repeat the proof of Theorem 3.29 defining X = {z € [a,b] | f(z) > ¢};
(2) apply Theorem 3.29 to the function g = —f.

EXERCISE 3.31. — Let I be a non-empty interval and f : I — R a continuous injective

mapping. Show that f is strictly monotone.

3.2.2 Inverse Function Theorem
INTERLUDE: IDENTITY AND INVERSE FUNCTION
Given a set X, the identity function idx : X — X is defined as

idx(z) == for every z € X.

Given a bijective function f : X — Y, one can uniquely construct a function g : ¥ — X
as follows: for every y € Y, g(y) is the uniquely determined element z € X satisfying
f(x) = y. With this definition, it follows

go f=idx and fog=idy.

The function g is called inverse function (or inverse mapping) of f, and is often
denoted by f~L.

REMARK 3.32. — The existence of an inverse function is characteristic of bijective functions:
A function f : X — Y is bijective if and only if there exists a function g : ¥ — X with
go f=idx and fog=idy.
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3.33. — In this subsection, we show that every continuous strictly monotone function has

an inverse function that is also continuous.

THEOREM 3.34: INVERSE FUNCTION THEOREM

Let I be an interval and f : I — R be a continuous strictly monotone function. Then
f(I) C R is an interval, and the mapping f : I — f(I) has a continuous strictly

monotone inverse function f=1: f(I) — I.

Proof. Without loss of generality, we can assume that [ is non-empty and not a single point.
Also, we can assume that f is strictly increasing (otherwise replace f with —f).

We write J = f(I), and first notice that the function f : I — J is bijective, since it is
surjective by definition, and due to strict monotonicity it is also injective. Thus, there exists
a uniquely determined inverse g = f=!:J — I.

We note that the function g is strictly increasing: since f is strictly increasing,
1 <z <= f(z1) < f(z2)  Var,a2€l,

which leads to
g) < g(y2) <= y1 <2 Yy, y2 € J.

We show that J is an interval. Indeed, let y; = f(x1) and y2 = f(z2) be elements of J,
with y; < y2. Then x1 < x2, and it follows from the Intermediate Value Theorem 3.29 applies
to the closed interval [z1,xs] that [y1,y2] C f([x1,22]) C J. In other words, given any two
element in J, the closed interval between them is contained inside J. Thus, J is an interval.

It remains to show that ¢ = f~' is continuous. Let 4 € J, and assume by contradiction
that g is not continuous at §y. Because of Remark 3.27, we can find £ > 0 and a sequence of
points (yn)>2, C J such that

lim y, =y  but  |g(yn) —9(¥)] > €.

n—oo
Define x,, = g(yn) and Z = g(y). The property above tells us that, for every n € N,

either z,, < — ¢, or T, > T+ €.

In particular, there are infinitely many indices n’s for which one of the above options holds.
Without loss of generality, let us assume that there are infinitely many indices n’s for which

zn < X — ¢, and define a subsequence x,, using such indices, so that

Tnp = 9(Yn,) <T—¢ for all k € N.
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Since f is strictly increasing and z — ¢ € I (since both z,, = g(yn,) and = g(y) belong to

I, and I is an interval), we deduce that

Yo = flny) < f(T =€) < f(2) = 4.

Hence, using Proposition 2.97 we conclude that
y=lim y,, < f(Z—¢) < [f(z) =1,
k—o0

a contradiction. O

EXAMPLE 3.35. — Let n € N, n > 1. The function f : [0,00) — [0,00) given by z > z"
is continuous, strictly increasing, and surjective. According to the Inverse Function Theorem,

there exists a continuous strictly increasing inverse [0, 00) — [0, 00), that we express as
x— Uz
and is called n-th root. Furthermore, for m,n € N with n > 1, we can define
zn = Yz-... - Yz forzel0,o00).
N——
m times
Also, thanks to Exercise 3.22, we can define the continuous functions

—_m
n

1
= — forz € (0,00).
xTrn

T

EXERCISE 3.36. — For any real number a > 0, we define the sequence of real numbers

()22 by x, = {/a. Show that the sequence (x,,)22, converges, and that

lim {/a=1.

n—oo

EXERCISE 3.37. — We define a sequence of real numbers (z,)22 by z,, = {/n. Show that

this sequence converges, with limiting value

lim ¥n=1.

n—0o0
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3.3 Continuous Functions on Compact Intervals

In this section we show that continuous functions on bounded closed intervals — so-called

compact intervals — have special properties.

3.3.1 Boundedness and Extrema
The key property of compact intervals, that will be used several times, is the following:

LEMMA 3.38: COMPACTNESS

Let [a, b] be a compact interval, and (xy,)2>, a sequence contained in [a,b]. Then there

exists a subsequence (T, )5y such that limy_,oc Tn, = T with T € [a,b].

Proof. Since the sequence ()5, is bounded (being contained inside [a, b]), Corollary 2.117
implies the existence of a subsequence (mnk)zozo such that limy_,. 2, = . Then, since
a < x,, <bfor every k € N, Proposition 2.97 implies that a <z < b. O

THEOREM 3.39: BOUNDEDNESS

Let [a,b] be a compact interval, and f : [a,b] = R a continuous function. Then f is
bounded.

Proof. Assume by contradiction that f is not bounded. Then, for every n € N there exists
a point x,, € [a,b] such that |f(z,)| > n. Applying Lemma 3.38, we can find a subsequence
(2n,,)72 such that limy_,o0 2, = Z € [a,b)].

Hence, by the continuity of | f| (recall Remark 3.21) we deduce that the sequence {|f(zn,)|}72,

converges to the real number |f(Z)|, a contradiction since

|f(zp,,)| > np — 00 as k — oo.
O
EXERCISE 3.40. — Find examples of ...
1. ...an unbounded continuous function on a bounded open interval.
2. ...an unbounded continuous function on an unbounded closed interval.
3. ...an unbounded function on a compact interval that is discontinuous at only one point.
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DEFINITION 3.41: EXTREME VALUES

Let D C R and f: D — R be a real-valued function on D. We say that the function
f takes its maximal value at a point zg € D if f(z) < f(zo) holds for all x € D.
We call f(z¢) the maximum of f. Similarly, f takes its minimal value at zo € D
if f(z) > f(zo) holds for all x € D. In that case we call f(z¢) the minimum of f.

Maxima and minima are summarily called extreme values or extrema.

THEOREM 3.42: EXTREMA

Let [a,b] be a compact interval, and f : [a,b] — R a continuous function. Then f

attains both its maximum and minimum.

Proof. Since f is bounded (thanks to Proposition 3.39), Theorem 2.57 implies that the supre-
mum S = sup(f([a,b])) exists. By definition of supremum, for any n € N there exists
Yn = f(xy) with z,, € [a,b], such that S — 27" <y, < S. Hence, lim,, o yn, = S.
Thanks to Lemma 3.38, there exists a subsequence (xnk)zozo such that limy_,oc ,, = €
[a, b]. Hence, by the continuity of f and Theorem 3.26, this implies that
f(z) = lim f(z,,)= lim y,, =S,
k—oo

k—o0

where the convergence of (yy, )72, to S follows from Lemma 2.87. Thus, f attains its maximum

at € [a,b].
Applying the same argument to — f, it follows that f attains also its minimum. O
EXERCISE 3.43. — Does any continuous function f on the open interval (0,1) attain its

maximum?

3.3.2 Uniform Continuity

DEFINITION 3.44: UNIFORM CONTINUITY

Let D C R. A function f : D — R is called uniformly continuous if for all € > 0
there exists d > 0 such that the implication

[z -yl <0 = |f(z) - Fly)l <e

holds for all z,y € D.

2

EXERCISE 3.45. — Show that the polynomial function f(x) = z* is continuous on R but

not uniformly continuous. Also, the restriction of f to [0,1] is uniformly continuous.
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THEOREM 3.46: COMPACT INTERVALS AND UNIFORM CONTINUITY

Let [a,b] be a compact interval, and f : [a,b] — R a continuous function. Then f is

uniformly continuous.

Proof. Assume by contradiction that f is not uniformly continuous. This means that there

exists € > 0 such that, for all 6 > 0, one can find z,y € [a, b] with

[z —yl <0 and [f(@) = fly) = €.

Using this with 6 =27 > 0, for each n € N we can find x,,y, € [a, b] satisfying

[0 =yl <277 and [f(@n) = fya)| 2 €. (3.1)

Thanks to Lemma 3.38, there exists a subsequence (xy, )22, such that limy_,o n, = T € [a, b].

In addition, since |z, — ypn,| < 27" we have
’ynk - 'i" < |y”k - xn,k‘ + ‘xnk - j| <27+ ’xnk - 3_7‘

Since the right-hand side tends to 0 as k — oo, also the subsequence (yn, )72, converges to Z.
Now, since f is continuous at z and limy_,oc T, = limg_oo Y, = Z, it follows from
Theorem 3.26 that

lim f(xnk) = klggo f(ynk) = f(j)

k—oo

This means that there exist N1, No € N such that

F2 N = |flan) = f@) <5, and  k2=Np = |fyn) = f@)] < 3

This implies that, for K > N = max{Ny, N2} we have

@) = f @)l < 1F @) = @)+ 1f o) = F@] < 5 +5 =<,

a contradiction to (3.1) which proves the result. O

EXERCISE 3.47. — Does the statement of Theorem 3.46 hold for continuous functions on
the open interval (0,1)7

EXERCISE 3.48. — In this exercise we consider another continuity term.

1. Let D C R be a subset. We call a real-valued function f on D Lipschitz continuous
if there exists L > 0 such that

|f(z) — f(y)] < Lz -y for all z,y € D.
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Give examples of Lipschitz continuous functions, and show that a Lipschitz continuous

function is also uniformly continuous.

2. Let f:R>p — R be the root function, f(z) = y/z. Show that:
(1) fio,1 : [0,1] = R is not Lipschitz continuous;
(i) fi1,00) @ [1,00) — R is Lipschitz continuous;

(iii) f :[0,00) — R is uniformly continuous.
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3.4 Example: Exponential and Logarithmic Functions

In this section we will use the notion of convergence and limits of sequences to define the

exponential function, and to prove some of its properties such as continuity.

3.4.1 Definition of the Exponential Function
We start with a preliminary lemma, that we will use repeatedly in this section.

LEMMA 3.49: BERNOULLI’S INEQUALITY

For alla € R witha > —1 and n € N withn > 1, (1 + a)” > 1+ na holds.

Proof. We use induction. For n = 1 we have (14+a)" =14+ a =1+ na.
Now, suppose that the inequality (14 a)™ > 1+ na holds for some n > 1. Since 1 +a > 0

by assumption, it follows that
1+a)" ' =14a)"1+a)>A+na)(l+a)=1+na+a+na*>1+n+1)a,

yielding the induction step. The lemma follows. O

PROPOSITION 3.50: EXISTENCE OF THE EXPONENTIAL

Let x € R be a real number. The sequence of real numbers (a,)5>; given by

an = (1—1—%)”

1s convergent, and its limit is a positive real number.

To prove the result, we first show the following:

LEMMA 3.51: MONOTONICITY

Given x € R, let ng € N be an integer satisfying ng > 1 and ng > —x. Then the

[e.e]

sequence (an)p>p,

defined in Proposition 3.50 is increasing.

Proof. First, we note that for n > ng (so that z +n > 0) it holds

x < T+n 1 <1
(n+Dn+z) - n+1)n+z) n+l1- "

that is
x
_ > 1 Yn > ng.
(n+1)(n+x) — =10
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Hence, for n > ng we can use Bernoulli inequality in Lemma 3.49 to obtain

1+ 2)"" _ (1+§> <1+ni1>”+1_ n+ < n(n+1+x) >”+1
(t+o)" n 1+ - n (n+1)(n+x)
_nta L x nHZn—Fx . .
n (n+1)(n+x) n n+x
Thus a,, < apy1, as desired. O

Proof of Proposition 3.50. Fix x € R, and let ng € N be an integer satisfying ng > 1 and

[e.9]

no > —z. As shown in Lemma 3.51, the sequence (a,)52,,

is increasing. So, if we prove that

00
n=ng

it is bounded, Theorem 2.108 will show that the sequence (ay,) (and hence the sequence
(an)P) converges.

To show boundedness, we first consider the case x < 0. In this case we note that
T
n

thus 0 < (1 + %)n < 1 holds. So 1 is an upper bound for the increasing positive sequence
(an)ply,- Therefore

lim <1+%)n:sup{(1+%)n|n2no} > 0.

n—oo

This proves the proposition for = < 0.

For x > 0 and n > = we use that

n n 2 n
(5" (1-5)"-(1-%) =1
n n n

which implies the estimate

1§<1+2)”§(1_2)”:M Vo> .
o

n
Since the sequence ((1 + %) ) converges to a positive number (by the case x < 0

n=1

—-n oo
above), Proposition 2.96(3) implies that also the sequence <<1 + @> > converges,

n
n=
and in particular it is bounded (see Lemma 2.102). This implies that the monotonically

increasing sequence ((1 + %)n)oo is also bounded, so it converges. O

n=1
DEFINITION 3.52: EXPONENTIAL FUNCTION

The exponential function exp : R — R+ is the function defined by

exp(z) = lim (1 + £>n

n—oo n

for all z € R.
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Euler’s number e € R is defined as

n—oo

1 n
e =-exp(l) = lim (1 + ) . (3.2)
Its numerical value is
e = 2.71828182845904523536028747135266249775724709369995 . . .

A useful consequence of Lemma 3.51 is the following lower bound on exp(z).
COROLLARY 3.53: GROWTH OF EXPONENTIAL

Given n € N with n > 1, the exponential function satisfies

exp(z) > (1 + %)n Vo> —n.

Proof. 1t suffices to observe that, given x € R with > —n, Lemma 3.51 and Definition 3.52
imply that a,, < apy1 < ... <exp(z). O

3.4.2 Properties of the Exponential Function

THEOREM 3.54: PROPERTIES OF EXPONENTIAL MAP

The exponential function exp : R — Ry is bijective, strictly monotonically increasing,

and continuous. Furthermore

exp(0) = 1, (3.3)
exp(—z) = exp(z)! for all x € R, (3.4)
exp(zr +y) = exp(z)exp(y) for all x,y € R, (3.5)

Proof. (Extra material)
We start by checking (3.3), (3.4) and (3.5).

1. The identity (3.3) follows directly from the definition of the exponential function.

2. For (3.4), we apply Proposition 2.96(2) to say that

X n €T n .’E2 n
exp(w) exp(—) = lim_ <1+n) i (1—n) = lim, (1—712) :

2

Now, for n > |z| we have —%; > —1. Thus, using Bernoulli’s inequality, we obtain

1—ﬁ<(1—ﬁ)n<1 Vn > |z
n — n?2 — =
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Since the left-hand side converges to 1 as n — oo, the Sandwich Lemma 2.99 implies
that lim (1 — %)n =1, so (3.4) holds.
n—oo

3. We prove (3.5) by an argument similar to the one above. As a preparation, we first

calculate for n > 1 the product

2
(1-5) (1-4) <1+x+y):1_<x+y>ﬁg(H“y):HC’;
n n

n n n n? n

where ¢,, stands for
T+
cn=—(2? + %) —zy +zy - v,

Note that, since ‘IT“" < %iy‘ <1 for n > |z| + |y|, we have

r+y
n

—2lzy| < —zy + 2y <2zyl  Vn=lz[+][y]
Also, since (|z| — |y|)? > 0, developing the square we get
2zy| < 2+ o2
Hence, for n > |z| + |y| we obtain
0> — (2% + %) + 2zy| > ¢ > — (22 + 92) — 2lzy| > —2(2? + 1?).
In particular, ¢ > —1 for n > |z|+[y|. Therefore, by the Bernoulli inequality, it follows

2 2
1_2515 +vy

n
n n

so lim (1-+ ;—g)n = 1 by the Sandwich Lemma 2.99. Using (3.4) and Proposition

n—0o0

2.96(2), we get

cexplzt+y) (1_5) (1_g> TRt W (Hgn)":l
exp(z)exp(y) n—oo n n n nesoo n2

which proves (3.5).

It remains to prove continuity, monotonicity, and bijectivity of the exponential function.

We shall first prove some useful estimates. First of all, we claim that
exp(z) > 1+ Ve eR (3.6)
Indeed, for < —1 this is clear since exp(z) > 0. For > —1, it follows from Corollary 3.53.

Combining (3.6) and (3.4), we also deduce that

1 1
= < . .
exp(x) ey e S Vo<1 (3.7)
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Furthermore, as a consequence of (3.6), we can also show that

1
exp <_x> <z < exp(z) VzeR. (3.8)

Indeed, (3.6) implies that z < 1 + x < exp(x). Applying this inequality to i we obtain

(D) = mm e (5)
—<exp|— | — x> N —exXp| —— |-
E E exp (1) E

We can now prove the desired properties of exp.

1. The function exp is continuous. We first prove the continuity of exp at 0.

For this, given x € (—4,0) with § € (0,1), we apply (3.7) to deduce that

1 5
z €[0,0) = |exp(z) — 1| = exp(x) 1_1—55 1_1—5 1 T3
and (3.6) to prove that
5
z € (—0,0) = |exp(a;)—1\:l—exp(aj)gl—(l—i—a}):—xS&Sm.

Thus, for z € (—¢,0) with 6 € (0,1) we have

Jexp(r) — exp(0)] <

Recalling Remark 3.10, to prove the continuity of exp at 0 it suffices to consider € € (0, 1].
So, let € € (0,1] and choose § = 5=_. With this choice we see that § < 1 and that

e

]
— < — = .
[exp(x) —exp(0)] < —— = = <=

It follows that exp is continuous at 0.

To show continuity at an arbitrary point g € R, we write
exp(z) = exp(x — xg + xo) = exp(z — zo) exp(zo).

We can thus write the exponential function as a composition, namely exp = p o exp or,
with 7 : R — R and g : R — R given by

T(z) =2 — o and p(x) = exp(zo)z

Note that the functions 7 and p are continuous. In particular, 7 is continuous at xg, and

exp is continuous at 0 = 7(xzg). It follows that exp is continuous at z( from Proposition
3.20.
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2. The function exp is strictly increasing. For all real numbers = < y it follows from (3.6)
that exp(y —z) > 1+ (y — z) > 1, therefore
exp(z) < exp(z) exp(y — x) = exp(y).
Thus exp : R — Ry strictly increasing.

3. The function exp : R — R+ is bijective. The exponential function is strictly increasing
and, therefore, injective. To show surjectivity, choose a € R~ arbitrarily. If we set

2o = —a~ ! and z1 = a, it follows from (3.8) that
exp(zg) < a < exp(z1).

Since exp is continuous on all R, it follows from the Intermediate Value Theorem 3.29,
that there exists x € [z, x1] such that exp(x) = a. This shows the assertion and finishes
the proof. O

3.4.3 The Natural Logarithm

DEFINITION 3.55: LOGARITHM
The unique inverse function

log: Rsp — R

of the bijective mapping exp : R — R+ is called logarithm.

COROLLARY 3.56: PROPERTIES OF LOGARITHM

The logarithm log : Rvg — R is a strictly monotonically increasing, continuous and

bijective function. Furthermore

log(1) = 0, (3.9)
log(a™!) = —log(a) for all a € Ry, (3.10)
log(ab) = log(a) + log(b) for all a,b € Ry, (3.11)

Proof. This follows directly from Theorem 3.54 and the Inverse Function Theorem 3.34. The
equations (3.9), (3.10), and (3.11) follow from the corresponding properties of the exponential,
choosing x = loga and y = logb. O
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Figure 3.2: The graphs of the exponential function and the logarithm. The auxiliary lines
show exp(x) >z + 1 and log(x) <z — 1.

3.57. — The logarithm function defined here is also called the natural logarithm to
distinguish it from the logarithm with another base a > 1, typically a = 10 or a = 2. Let

a > 1 be a real number. We can define the logarithm log, : R-¢y — R in base a: the notation

_logx

log,(x) Vz € Rso.

~ loga

Verify that log;o(10™) = n holds for all n € Z. However, we will not use this definition, not
even for a = 10 or a = 2, and log(x) will always denote the natural logarithm of € R<q to

base e.

3.58. — We can use the logarithm and exponential mapping to define more general powers.

For a positive number a > 0 and arbitrary exponents x € R, we write

a® = exp(xlog(a)).

In particular, we write e” = exp(zlog(e)) = exp(z) for all z € R.
Also, for x > 0 and a € R, we define

x* = exp(alog(x)).
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% 3 XC

Figure 3.3: Graphs of a — a® for different exponents x € R.

EXERCISE 3.59. — Show that for z € Q and a > 0 this definition agrees with the definition

of rational powers from Example 3.35. Furthermore, check the calculation rules

log(a®) = zlog(a), a“a¥=a*"¥, (a®)¥ =a™

fora >0 and z,y € R.

EXERCISE 3.60. — Let a > 0 be a positive number. Show that there exists a real number
Cy > 0 such that log(z) < Cyz® holds for all > 0.

EXERCISE 3.61. — Show that for all real numbers z > —1 and p > 1, the continuous
Bernoulli inequality
(14+2x)P > 1+ pz.

holds.
EXERCISE 3.62. — In this exercise, we consider another continuity term (compare with
Exercise 3.48).

1. Let D C R be a subset and « € (0,1]. We call a real-valued function f on D a-Hélder

continuous if there exists L > 0 such that
|f(z) = fy) < Llz —y|*  forallz,y € D.

Show that a a-Hélder continuous function is also uniformly continuous.

(Note that a-Hélder continuous functions with o« = 1 correspond to Lipschitz functions.)
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2. Given «a € (0,1], consider the function f : [0,00) — R given by f(z) = z®. Show that
f is a-Hélder continuous.

Hint: use the inequality
(+y)* <a®+y*  Va,y=0 ac(0,1]

Applet 3.63 (Slide rule). Using the slide rule, calculate some products and quotients. Recall
the properties of the logarithm to see how to do these calculations. Before the introduction of

electronic calculators, these mechanical aids were widely used.
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3.5 Limits of Functions

We consider functions f : D — R on a subset D C R and want to define limits of f(z) for
the case when x € D tends to a point zy € R. Typical situations are D = R, D = [0, 1], or
D = (0,1), and xp = 0 in all cases.

3.5.1 Limit in the Vicinity of a Point

3.64. — We specify for this section a non-empty subset D C R, and an element zg € R
such that
Dﬂ(x0—5,xo+5) %@ (3.12)

holds for all § > 0. Whenever (3.12) holds, we say that zp is an accumulation point of D.
Note that when xg € D, (3.12) is always satisfied.
We remark that (3.12) implies that there exists a sequence of points in D converging to

xo.

DEFINITION 3.65: LIMIT OF A FUNCTION

Let f: D — R, and assume that D N (xg — 0,29 + ) # 0 for every § > 0.
A real number L € R is called limit of f(x) as © — zg if for every € > 0 there exists
0 > 0 such that

ze€DN(xop—0,z0+0) = |f(x) —L|<e.

In general, the limit of f(z) as * — xp may not exist. But if a limit exists, then it is

uniquely determined. Therefore, from now on, we speak of the limit and write

lim f(z)=1L

Tr—xTQ

if the limit of f(x) as x — ¢ exists and is equal to L. Informally, this means that the function

values of f are arbitrarily close to L if € D is close to xo.

3.66. — The limit of a function satisfies properties analogous to Proposition 2.96. If f and

g are functions on D such that the limits

lim f(z) =L and lim g(z) = Lo

T—T0 Tr—xQ

exist, so do the limits

lim f(z)+ g(x) = L1 + Lo and lim f(z)g(x) = LyLo.

T—T0 T—T0

The inequality f < g implies L1 < Lo. Finally, the sandwich lemma holds: if h is another
function on D with f < h < g and L; = Lo, then lim,_,,, h(z) = L1 = Lo.
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Recalling the definition of continuity, one has the following;:

REMARK 3.67. — Let f: D — R be a function. If zg € D, then f is continuous at xg if
and only if le f(x) = f(zp) holds.
T—T0

3.68. — Suppose that z¢o € D is an accumulation point of D \ {zo}. Let f: D — R be
a function, and consider f|p\(z} : D\ {zo} — R for the restriction of f to D\ {xo}. It is

possible that f may be discontinuous at the point xg, but the limiting value

L= lim f|p\(z}(7) (3.13)

T—T0
nevertheless exists. Under these circumstances, the point xy € D is called a removable

discontinuity of f, and one also writes

L= lim f(x) (3.14)

T—T0
TF#x0

in place of (3.13). Note that, in the situation above, the function f: D — R defined by

f(a:) _ f(z) ifzeD\{xo} (3.15)

L if x = x¢

is continuous at the point zg. In other words, we have removed the discontinuity of the

function fby replacing the value of the function f at the location x¢ with L.

3.69. — Suppose instead that o ¢ D but the limit in (3.14) exists. In this situation, we

call the function f defined in (3.15) the continuous extension of f on D U {z}.
Arguing exactly as in the proof of Theorem 3.26, we also have the validity of the following;:

LEMMA 3.70: LIMIT VS SEQUENCES

Let f : D — R. Then L = lim f(z) if and only if, for every sequence (xy)3>, C D
T—T

converging to T, lim f(x,) = L also holds.
n—oo

Finally, we state a result on the limit of the composition with a continuous function.

PROPOSITION 3.71: LIMIT AND COMPOSITION

Let E C R, and let f : D — E be such that the limit §j = le f(x) exists and belongs
to E. Let g: E — R be continuous at §y. Then li_)m g(f(x)) = g(y) holds.
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Proof. Let (z,)22, C D be a sequence converging to z. By Lemma 3.70, lim f(z,) =y
n—oo
holds, and therefore, since g is continuous at g, Theorem 3.26 yields lim g(f(zy)) = g(9).
n—oo
Since (z,,)02 is an arbitrary sequence converging to Z, it follows from Lemma 3.70 that

li_}m_ g(f(z)) = g(y), as desired. O

3.72. — We can introduce conventions for improper limits of functions, as we have already
done for sequences.
DEFINITION 3.73: IMPROPER LIMITS

Let f: D — R, and assume that D N (xg — §, 29 + ) # 0 for every § > 0.

We say that f diverges to co as x — xg, and write lim f(z) = oo, if for every real
T—T0

number M > 0 there exists § > 0 with the property that
ze€DN(xg—d,xz0+9) = f(le)>M  VzeD.

Analogously, li_>m f(x) = —o0, if for every real number M > 0 there exists § > 0 with
T—T0

the property that

r€DN(xg—0d,z0+0) = f(r)<-—-M Vz e D.

3.5.2 One-sided Limits

In addition to what was discussed above, several other limit terms are useful: In this subsec-
tion, we introduce one which is sensitive to which direction the limit point x( is approached,

and where the limit point zy may also be one of the symbols co or —oo.

DEFINITION 3.74: ONE-SIDED LIMIT

Let f: D — R, and assume that D N [zg, zo + &) # () for every ¢ > 0.
A real number L is called limit from the right of f at x( if for every € > 0 there
exists § > 0 such that

x € DNxg,xz0+0) = |f(z)—L| <e.
If the limit from the right of f exists at xg, we use the notation

L= lim f(z). (3.16)

T—T0
r>x0
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If z¢ is an accumulation point of D N (zg,00) then, as in Paragraph 3.68, we can also use a

version of the limit from the right where x # z¢ and we write

L= lim f(z), or also L= lim+ f(x).

T—TQ T
r>T0 0

Analogous to limits from the right, we can also define limits from the left, with the notation

Jim f@)  and  lim f(2) = lim f(2).
<z 0 x<zxo

Finally, we can also allow the symbols +00 and —oco for one-sided limits, as in Paragraph 3.72.

DEFINITION 3.75: LIMITS AT INFINITY

Let f: D — R, and assume that D N (R, o) # () for every R > 0.
A real number L is called limit of f as x — oo if for every € > 0 there exists R > 0
such that

z€DN(R,00) = |f(z)—L|<e.

Instead, we say that f diverges to co as © — ¢ if for every M > 0 there exists R > 0
such that
x€ DN (R,00) = f(z)> M.

If the limit of f as x — oo exists, then it is unique and we write

L= lim f(z).

T—00

If f diverges to co as as x — 0o, we write

xlingo f(x) = oc.

Of course, also limits at —oco and/or the case when f diverges to —oo can be considered, and

the definitions are analogous.

3.76. — Limits as  — oo can be transformed into limits from the right as + — 0. Indeed,
if D and f are given as in Definition 3.75, consider the set £ and the function g : £ — R
defined as
E={xcRy| 2™t €D}, g(x) = f(z™1).

Then it holds
lim f(z) = lim g(z).

T—00 x—0t

This means, in particular, that one limit exists if and only if the other limit exists.
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DEFINITION 3.77: ONE-SIDED CONTINUITY AND JUMPS

Let f: D — R, and let g € D. If the limit from the right

lim f(z)

e
I—).TO

exists and it is equal to f(zp), then we say that f is continuous from the right at
xo. Similarly, we define continuous from the left.

We call g € D a jump point if the one-sided limits

lim f(z) and lim f(z) (3.17)

— +
l‘—)(l}o I—>I0

both exist but are different.

3.78. — The following graph represents a function with three points of discontinuity x1,

o, 3.

The discontinuity x; is a removable discontinuity. At zj, the function is neither continuous
from the left nor from the right. The point x; is also not a jump point. Although both limit
values (3.17) exist for x — x1, they are equal.

At the point x2, the function f is continuous from the left but not continuous from the
right. The point x5 is a jump point. At the point x3, f is continuous from the right. Finally,

x5 is not a jump point because the limit from the left does not exist.

ExXAMPLE 3.79. — The domain of definition for all functions in this example is D = Rs.
We want to study the limit as x — 0T of the function f: D — R given by

f(z) = 2% = exp(xlog(x)).
To do this, let us first calculate two other limits.

1. We claim that
lim yexp(—y) =0 (3.18)
y—>00
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holds. Indeed, Corollary 3.53 implies that exp(y) > (14 %)? holds for y > 0. This gives

0 <yexp(—y) < ﬁ < ﬁ, which implies (3.18) because of the sandwich lemma.
2

2. Next we want to show that
lim xlogz = 0. (3.19)

z—0t
So let e > 0. Because of (3.18) there exists R > 0 such that |yexp(—y)| < ¢ for all
y > R. Set § = exp(—R) and consider = € (0,d). Then y = —logz satisfies y > R due
to the strict monotonicity of the logarithm, therefore |xlogz| = |exp(—y)y| < &, which
shows (3.19).

Because of Proposition 3.71 and since the exponential mapping is continuous, (3.19) yields

li =1 1 = 0)=1.
Jim, 2% = Hm exp(zlogz) = exp(0)

EXERCISE 3.80. — Let a € R. Calculate the following limits, if they exist:

o322 32T L et 41 e . log(z)
lim , lim —————, lim —, lim ———.
z—2 xr— 2 Z—00 2e2r _ ] x—00 L& z—o0 @

In each case, choose a suitable domain on which the given formulas define a function.

3.5.3 Landau Notation

We now introduce two common notations that relate the asymptotic behaviour of a function to
the asymptotic behaviour of another function — that is, describe relative asymptotic behaviour.
These notations are named after the German-Jewish mathematician Edmund Georg Hermann
Landau (1877 - 1938).

DEFINITION 3.81: LANDAU BI1G-O

Let f,g: D — R. We write
f(z) =O(g(x)) asz— xo
if there exist M > 0 and ¢ > 0 such that
z€DN(xg—d,xz0+9) = |f(z)] < Mlg(z)|.
Then we say that f is a big-O of g as © — xy.

If g(xz) # 0 for all x € D\ {zo} sufficiently close to x¢, then f(z) = O(g(x)) is equivalent
to % being bounded in a neighbourhood of xg.
We can also allow for x( the elements co and —oo of the extended number line, as discussed

in the next definition. We define only the case at oo, the definition for —oo is analogous.
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DEFINITION 3.82: LANDAU BIG-O AT INFINITY

Let f,g: D — R. We write
f(z) =0(g(z)) asz— o0
if there exist M > 0 and R > 0 such that

z e DN (R,00) = [f(z)| < M|g(z)|

The advantage of this notation is that we do not need to introduce the name for the upper
bound M. If we are not particularly interested in this constant, then we can concentrate on

the essentials in calculations. In this context, one also speaks of implicit constants.

ExXAMPLE 3.83. — e If f and g are bounded and continuous in a neighborhood of xg
with g(xo) # 0, then f(z) = O(g(z)) holds.

o It holds
> =0(z) asz—0

but not z = O(z?), since % is not bounded near 0.

e It holds
33

m:O(l) as r — o0

but not x%f?, = O(z®) for a < 0.

As discussed above, the big-O means that f is bounded by a multiple of g. One may also
consider a stronger condition, namely that f is asymptotically negligible with respect to g.

This leads to the following definition.

DEFINITION 3.84: LITTLE-O

Let f,g: D — R. We write

if for every € > 0 there exists 6 > 0 such that
xe€DN(xog—0d,z0+0) = |f(x)] <elg(x)].
Then we say that f is a little-o of g as z — x.

If g(x) # 0 for all z in a neighbourhood of zg, then f(x) = o(g(x)) as z — x¢ is equivalent
to

fim 1) .

a0 g(x)
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REMARK 3.85. — If f(z) = o(g(z)) then f(z) = O(g(z)).
Again, we can consider the little-o condition at infinity.
DEFINITION 3.86: LANDAU LITTLE-O AT INFINITY
Let f,g: D — R. We write

f(x) = o(g(x) as o0

if for every € > 0 there exists R > 0 such that

z e DN (R,00) = |f(z)| <elg(x)l.

EXAMPLE 3.87. — e v =o0(z?) as v — oo, and 22 = o(x) as x — 0.
e For any a < 1, the following holds true

33
mzo(’x‘a) a.S.'IZ'—>O
but not for a > 1. In fact, for any a < 1 the limit exists.

3
lim s = lim |z~ 3 —§lim |z

_ 11—«
z—0 ‘$|O‘(2l‘2 + xlo) z—0 (2 + .738) 2 z—0 ‘

and is equal to 0.

EXERCISE 3.88. — Let p > 1, a € R, and b > 0. Show the following:
1. 2P =o(z) asz — 0
2. x =o0(xP) asx — o0;
3. x* =o(e") asx — 00;
4. log(z) = o(z?) asx — oo.

EXERCISE 3.89. — Let fi, f2, g be real-valued functions on D. Show that if fi(z) = o(g(z))
and fa(z) = o(g(z)) as x — xp, then

a1 fi(z) + az fa(z) = o(g(x)) asx — 2o

for every ayp, as € R. Formulate and show the analogous statement for big-O.

EXERCISE 3.90. — Let f1, f2, g1, g2 be real-valued functions on D. Show that:
o If fi(z) = o(g1(x)) and fa(x) = o(g2(x)) as © — xg, then fi(z)fa2(x) = o(g1(z)g2(x)) as
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T — Xo;

o If fi(z) = o(g1(x)) and fa(x) = O(g2(x)) as & — o, then fi(z)f2(x) = o(g1(x)g2(x)) as
T — o,

o If fi(z) = O(g1(x)) and fo(z) = O(ga2(z)) as © — xo, then fi(z)f2(x) = O(g1(x)g2(x)) as
T — Xg.

EXAMPLE 3.91. — Let f(z) = v +23+42* +27 and g(z) = x—i—ls_%. Then f(z) = z+o(x?)
and g(x) = x + O(2?) as x — 0. In particular, their product satisfies the following:

f(z)g(x) = (x + 0(:1:2)) (x + O(xQ)) = 2%+ 0(:):2)96 + :vO(xz) + 0(332) . 0(3:2)
= 2%+ o(z®) + O(2?) + o(z?) = 22 + O(2?) as x — 0.

3.92. — Landau notation is often used as a placeholder, for example, to express that one

term in a sum is increasing or decreasing faster than the others. In an expression of the form
f(z)+o(g(z)) asz — xo

the term o(g(x)) stands for a function h : D — R with the property that
h(z) =o(g(z)) asx — xo.

This applies analogously to the big-O notation.

EXAMPLE 3.93. — One writes
x3_7x1;—6x—|—2:x_7+0(i> aS T — 00
=z —T7+0(1) as T — 00
=z 4+ O(1) as T — 00
=z +o(x) as T — 00

and thus remembers on the right-hand side only those terms that make up the bulk of the
term as * — oo. It may perhaps come as a surprise that, in the above example, all four
formulas could be true or useful. The assertions all follow directly from polynomial division
with remainder, and depending on the context, one might want to use the slightly more precise

assertion with error —7 + O (%) or the coarser assertion using error o(x).
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3.6 Sequences of Functions

3.6.1 Pointwise Convergence

DEFINITION 3.94: SEQUENCES OF FUNCTIONS

A sequence of real-valued functions on a subset D C R is a family of functions f,, :
D — R indexed by N. The function f,, is called the n-th element of the sequence.

One often writes (fy)nen or also (f)22, for a sequence of functions.

DEFINITION 3.95: POINTWISE CONVERGENCE

Let D C R, let (f5)>2, be a sequence of functions f, : D — R, and let f: D — R be
a function. We say the sequence (f,,)52, converges pointwise to f if for every x € D
the sequence of real numbers (f,(x))52, converges to f(z). In this case we call f the

pointwise limit of the sequence (f,,)22,,.

EXERCISE 3.96. — Show that the pointwise limit of a sequence of functions is uniquely

determined if it exists.

3.97. — In the following example we show that in general the continuity property is not

preserved under pointwise convergence.

EXAMPLE 3.98. — Let D = [0,1] and let f,, : D — R be given by f,(z) = ™. Then the

sequence of continuous functions (f,)5, converge pointwise to the non-continuous function

f:D — R given by

0 forz<1

n—oo n—oo 1 fOI' r = 1

fi

f20

0]

Version: December 8, 2023. 98



Chapter 3.6 Sequences of Functions

3.6.2 Uniform Convergence

DEFINITION 3.99: UNIFORM CONVERGENCE

Let D C R, let (fn)52, be a sequence of functions f, : D — R, and let f : D — R be a
function. We say the sequence (f,,)22, converges uniformly to f if for every ¢ > 0
there exists N € N such that for all n > N and all x € D

[fn(z) — f2)] <e.

3.100. — The estimate |f,(z) — f(x)| < € is equivalent to f(z) —e < fu(z) < f(z) +e.
Thus, uniform convergence can also be described by the graph of a function sequence and its
limit function, as the following figure shows: The function sequence f, converges uniformly

to f if for every € > 0 the graph of f,, lies in the “e-tube” around f for all sufficiently large n.

R f+e
f
f’l
e
X
EXERCISE 3.101. — Let D be a set and let (f,,)52, be a sequence of functions f,, : D — R.

Show that if (f,,)22, converges uniformly to a function f, then (f,,)22 also converges pointwise
to f.
THEOREM 3.102: UNIFORM CONVERGENCE PRESERVES CONTINUITY

Let D C R and let (fn);ey be a sequence of continuous functions (fn)5>, converging

uniformly to f : D — R. Then f is continuous.

Proof. Let ¥ € D and € > 0. First, by the uniform convergence of f, to f, there exists N € N
such that |fx(y) — f(y)] < § for all y € D. Then, since f, is continuous at , there exists
6 > 0 such that

2 =3l <6 = |fn(e) - (@) < 3
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holds for all z € D. Then, for all z € D with |z — z| < § it follows that

[f(z) = f(@)| = [f(z) = [n(@) + [n(@) — fn(Z) + fn(Z) — £(2)]
<|f(z) = ()| + |fn(x) = [n(@)] + [fn(2) — £(2)]
<t4i4i-=¢
33 3 7
which proves that f is continuous at Z. Since T is arbitrary in D, the theorem follows. O
EXERCISE 3.103. — Let (f,)52, be a sequence of bounded real-valued function on a set D,

and let f: D — R be another real-valued function on D. Suppose that D = D; U Dy for two
subsets, (fnl|D,)5> tends uniformly towards f|p, and (fn|p,)s>, tends uniformly towards

f|D,. Show that then (f,,)>2, also tends uniformly towards f.

EXERCISE 3.104. — Let (f,)22, be a sequence of bounded real-valued functions on a set
D. Show that if (f,,)22, converges uniformly to a function f : D — R, then f is also bounded.
Find also an example in which a sequence (f;,)52, of bounded functions converges pointwise

to an unbounded function.

EXERCISE 3.105. — Let D C R and (fy,)32, be a sequence of uniformly continuous real-
valued functions on D that tends uniformly to f : D — R. Let (z,,)32, be a sequence in D
that converges towards Z € D. Show that

lim fp(zn) = f(2). (3.20)

n—oo

Find an example that shows that pointwise convergence of (f,)72, to f is not sufficient to
infer (3.20).

EXERCISE 3.106. — Let D C R and (f)32, be a sequence of uniformly continuous real-
valued functions on D, uniformly converging to f : D — R. Show that f is uniformly

continuous.
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Series and Power Series

In this chapter we will consider so-called series, i.e., “infinite sums”, which will lead us to the

definitions of known functions, in particular to the definitions of trigonometric functions.

4.1 Series of Real Numbers

DEFINITION 4.1: CONVERGENT SERIES

Let (an)22, be a sequence of real numbers, and let A € R. We say that the series

Y pe o ar converges to A € R if
n
A= 1 .
L

In other words, computing the infinite sum ), ; a corresponds to finding (if it exists)

the limit of the sequence (s,,)52 given by the partial sums

n
P
k=0

We call a,, the n-th element or the n-th summand of the series. We call the series
Y rear convergent if the limit exists, in which case we call it the value of the
series. Otherwise, the series is not convergent.

If the sequence s, diverges to oo (respectively, —co), then we call the series Y . ay

divergent to oo (respectively, —o0).

REMARK 4.2. — Unless otherwise specified, all sequences always consist of real numbers.
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PROPOSITION 4.3: NECESSARY CONDITION FOR CONVERGENCE

If the series > -, ax converges, then the sequence (an)52 is a null sequence, that is,

lim a, = 0.
n—oo

Proof. By assumption, the partial sums s, = Y ;_, ax for n € N have a limit lim, o s, = S.

Thus, since a,, = s, — S,—1, the following holds:

lim a, = lim (s, — $p—1) =5 — S5 =0. O
n—oo n—oo
EXAMPLE 4.4 (Geometric Series). — The geometric series > >~ ¢" to ¢ € R converges

exactly when |¢| < 1 and, in this case,

o0
1
Z 7= 1—q
k=0
Indeed, by Proposition 4.3, convergence of the series implies that ¢® — 0, hence |q| < 1.

Conversely, for |g| < 1, first one prove by induction on n € N the validity of the “geometric

sum formula”
1— qn+1

quzi VneN,qg#1.
k=0 1—4q

Then, thanks to Example 2.134, it holds that

n k 1— qn+1 1
Z ¢ =G 7 as n — 0o.
=0 q q
EXAMPLE 4.5 (Harmonic Series). — The converse of Proposition 4.3 does not hold. For

example, the harmonic series > ;7 % is divergent. We prove the divergence with a concrete
estimate.
Let ¢ € N and consider n = 2¢. Then the partial sum of the harmonic series for n satisfies

the estimate

¥4
~k 2 3 4 5 6 7 89 201 41 2!
>1+1+1+1+1+1+1+1+1+ +1+ +1—1+€
- 2 4 4 8 8 8 8 16 2! ot T 97
—— ————— N—————

N |=

ol

Since £ € N is arbitrary we see that the partial sums are not bounded, and therefore, the

harmonic series is divergent.
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EXERCISE 4.6. — Let > 27 ak, > peq bk be convergent series, and let «, § € R. Prove that
the series 72 (aay + Bby) converge, with

Z(aak + Bby) = Oézak + ﬁz bk
k=0 k=0 k=0

LEMMA 4.7: CONVERGENCE OF THE TAIL

Let > 32 ax be a series. For each N € N, the series Y oy ay, is convergent if and only

if the series Y oo ay is convergent, and in this case

0o N-—1 00
Doak=) ak+ ) a
k=0 k=0 k=N

The same statement holds replacing convergent with divergent.

Proof. For every n > N, it holds

In particular, the partial sums of >~ ;7 \; ai converge exactly when the partial sums of 7 ; ax

converge. The case of a divergent sequence is completely analogous. O

4.1.1 Series with Non-negative Elements

PROPOSITION 4.8: NON-NEGATIVE SERIES EITHER CONVERGE OR DIVERGE

Given a series y_pe ar with non-negative elements ai, > 0 for all k € N, the partial
sums sp = y_n_oar form a monotonically increasing sequence. If the sequence (s5,)2%

is bounded, then the series Y .- aj converges; otherwise, it diverges to co.

Proof. From a,y1 > 0 it follows that s,11 = s + apy1 > s, for all n € N, so the sequence
(sn)o2 is increasing. If the partial sums {s, | n € N} are bounded, then they converge ac-
cording to Theorem 2.108. 0l

REMARK 4.9. — If }°7 aj is a series with non-negative elements, then the sequence of
partial sums (s,)52 is bounded if and only if there exists a subsequence (s, )3, which is
bounded (see Remark 2.109).
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COROLLARY 4.10: MAJORANT AND MINORANT CRITERION

Let Y 120k, > peobr be two series such that 0 < ai < by for all k € N. Then
0<> 22 par <Y po by holds and, in particular,

o o
g b, convergent — g aj, convergent
k=0 k=0

oo o0
Z ay, divergent to oo —> Z by, divergent to oo.
k=0 k=0

These implications hold even if 0 < a,, < b, holds only for n > N, for some N € N.

Proof. From aj, < by, it follows > ) ar < > p_obx for all n € N. Thus, according to the

monotonicity of the sequence of partial sums,

iak:sup{iak | nEN} Ssup{ibk | neN} :ibk.
k=0 k=0 k=0 k=0

The last statement of the proposition is a consequence of Lemma 4.7. O

Under the assumptions of the corollary, one calls the series Y ;- by a majorant of the
series Y - ak, and the latter is a minorant of the series >~ bx. This is why one refers to

the above result as the majorant and the minorant criterion.

EXAMPLE 4.11. — The series Y 7, 1%2 is convergent. In fact, ap = k% < k:(k:l—l) = by holds
for k£ > 2. Also, since ﬁ = ﬁ — %, the series Y-, by is convergent since its partial sums

can be computed by solving a telescopic sum:
n n

(1)

k=2

( 1 1> 1
+ - =1-—-.
n—1 n n

In particular > 7%, 25 < Y50, by = 1.

EXAMPLE 4.12. — We want to show that the series
i 1 2n — 10
a wi a, =
~ " " nd3—10n+ 100

converges. Note that lim,,_, n?a, = 2, therefore there exists N € N such that 0 < n?a, < 3
for all n > N, or equivalently 0 < a, < 3n~2 for all n > N. Thus, Corollary 4.10 and

Example 4.11 imply that the series converges.
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PROPOSITION 4.13: CAUCHY CONDENSATION TEST

Let (ar)32, be a monotonically decreasing sequence of non-negative real numbers. Then

(0.0 (o¢]
Zak converges <— Z2k02k conuverges.
k=0 k=0

Proof. (Extra material) Due to the monotonicity of the sequence (ay)32, the following in-
equalities hold:
l1-a1 > a3 >1-ay, 2-a2>az3+as > 2 ay,

4-a4 > a5+ ag+ar+ag>4-as, 8-ag > ag+ ...+ aig > 8- ag,

and, more in general,

2ka2k > Aok 41 + ...+ A9kt > 2ka2k+1 VkeN.

Summing all these inequalities for k = 0,...,n gives
n n gntl
Z 2ka2k 2 Z (a2k+1 + R a2k+1> = Z (lj
k=0 k=0 =2
and
gntl n n 1 n n+1
_ k - k+ —
a; = <a2k+1 + + a2k+1) > ZQ Qok+1 = 5 22 Qok+1 = 22 Aok
j=2 k=0 k=0 k=0 k=1

This shows that

Because of Remark 4.9 and Corollary 4.10, it follows that the series > 7o 2¥aqx is bounded
(and therefore converge) if and only if the series Y2, aj is bounded (and therefore converge).
O

00 1

n—1 75 converges exactly when p > 1. Indeed:

EXAMPLE 4.14. — Given p € R, the series ) |

e For p < 0 we see that n—lp > 1, so the series diverges according to Proposition 4.3.

e For p > 0, since the sequence (nip)zo:l is decreasing, Proposition 4.13 implies that

S0 | L converges if and only if

o0

2 i = 22
0 —

k=0

k=
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converges. According to Example 4.4, this series converges exactly when 277 < 1, that

is, p > 1.

REMARK 4.15. — The argument in Example 4.14 gives an alternative proof that the har-

monic series diverges (see Example 4.5).

EXERCISE 4.16. — Given p € R, the series ) | converges exactly when p > 1.

00 1
n=2 nlog(n)P
Hint: for p < 0, compare the series above with the harmonic series; for p > 0, use Proposi-

tion 4.13 and Example 4.14.

EXERCISE 4.17. — Is the series ) convergent or divergent?

00 1
n=3 nlog(n)loglog(n)

4.1.2 Conditional Convergence

DEFINITION 4.18: ABSOLUTE AND CONDITIONAL CONVERGENCE

We say that a series ) ;° ay is absolutely convergent if the series > "7 |a| con-
verges.
The series ) p~, ai is conditionally convergent if it converges but is not absolutely

convergent.
The critical property of a conditionally convergent sequence is that one can rearrange the
terms to obtain any possible limit!

THEOREM 4.19: RIEMANN’S REARRANGEMENT THEOREM

Let >0 o an be a conditionally convergent series with real members, and let A € R.

There exists a bijection ¢ : N — N such that
A=) "aym). (4.1)
n=0

Proof. (Extra material) Let > ° ;a, be a conditionally convergent series. Then a, — 0 as
n — oo (by Proposition 4.3) and )" 7 |an| = oo by assumption.

We divide the natural numbers N into two parts:
P={neN| a, >0}, N={neN]| a, <0}

depending on the sign of the corresponding a,, and we enumerate the elements in P and N

in ordered sequence, i.e., P = {po,p1,...} and N = {ng,ny,...}, with pg < p; < p2 < --- and
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ng < nj < ---. Note that we must have
o0 o0
Zapk =00 and Z —Qp, = 00. (4.2)
k=0 k=0

Indeed, if for instance »";7 ap, = oo but > 72 ((—an,) < oo, then > ° ; a, = co. Or if both
Y orepap, < 0o and Y p g(—ay,) < 0o, then > 7, |a,| < co. In any case, this would give a
contradiction, so (4.2) must hold.

Now, given A € R, we construct the bijective mapping ¢ : N — N recursively in the
following way: If A <0, set ¢(0) = n1, and if A > 0, set ¢(0) = p;. Then, assuming we have
already defined ¢(0), ¢(1),...,p(n), we consider s, = ay(g) + ap(1) +* + ayu(n) and define

min(P\ {p(0), (1), .., p(n)}) if 5, < A

pnt+1) =4 ,
min(N \ {¢(0),p(1),...,¢(n)}) ifs, > A.

The mapping ¢ : N — N thus defined is injective by construction, and surjective due to the
divergence of the series (4.2). Since a,, — 0 as n — oo, the sequence of partial sums (s,)52,

converges to A, which shows (4.1). O

EXERCISE 4.20. — Complete the details omitted from the proof of Theorem 4.19. Also,

show that for A one can also take one of the symbols —oo or co.

4.1.3 Convergence Criteria of Leibnitz and Cauchy

DEFINITION 4.21. — For a sequence (ay)j2, of non-negative numbers, we call the series

S o(=1)*ay, the corresponding alternating series.

PROPOSITION 4.22: LEIBNIZ CRITERION

Let (ar)3, be a monotonically decreasing sequence of non-negative real numbers con-

verging to zero. Then the alternating series E?’:O(—l)kak converges and

2n+1 o) 2n
> (-DFap <D (—DFar <> (—1)Fay (4.3)
k=0 k=0 k=0

holds for all n € N.

Proof. For n € N, let s, = Y }_g(—1)*ay. Since the sequence (a,)3%, is decreasing and

non-negative, we have

Sop42 = S2pn — A2p41 + A2pi2 < Son,

S$op41 = Sop—1 + Q2p — A2pt1 = Son—1,
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Sop42 = Sop41 + G2pnt2 2> Sop41.

for all n € N. In other words,
8§51 <83 < .. <821 S Sopt1 S S Sopp2 SS9 <L <82 < S

Hence, the sequence (s2,,)02 is decreasing and bounded from below, while the sequence
(S2n+1)52 is increasing and bounded from above, so the limits A = lim,,_,o0 S2n41 and B =

lim,, oo Son, exist and satisfy
51 <s3<...<89p1 <821 AL B < s9p40 <89 < <osp <.

However, since $o5,4+9— 82141 = G2n+2 converges to zero, then A = B and the result follows. [

EXAMPLE 4.23 (Alternating Harmonic Series). — Consider the alternating harmonic
series
o oo
—1)m ! —1)" 1.1 1,1 1
)P o G R S
n n 2 3 4 5 6

Proposition 4.22 guarantees that this series converges, while the series of its absolute values
no n
n=1 n=1
diverges to infinity (see Example 4.5). So this series is only conditionally convergent.

THEOREM 4.24: CAUCHY CRITERION

The series Y peoar converges if and only if for every e > 0 there exists N € N such
that, forn >m > N,

n

>

k=m+1

< e.

Proof. By definition, the series Y ;- aj converges if and only if the sequence of partial sums
Spn = Y p_oar converges. By Theorem 2.124, the sequence (s,)22, converges if and only if it

is a Cauchy sequence, namely, for every ¢ > 0 there exists N € N such that
|sn — sm| < € VYn,m > N.

By the definition of s,, this is equivalent to saying that

n

>

k=m+1

<e Vn>m>N,
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which proves the result. O

ExaMPLE 4.25. — To see the divergence of the harmonic series, we can also use the Cauchy

criterion. We do this by setting € = % and noticing that, for N € N, the following holds:

SRS TEPURE S
Sk N _N+1 2N T 2N T2
N + 1 terms

Hence the harmonic series cannot converge, since it does not satisfy the Cauchy criterion in
Theorem 4.24.
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4.2 Absolute Convergence

In this section we will look at absolutely convergent series and prove some convergence criteria.

As before, unless otherwise specified, all sequences consist of real numbers.

4.2.1 Criteria for Absolute Convergence

PROPOSITION 4.26: ABSOLUTE CONVERGENCE IMPLIES CONVERGENCE

An absolutely convergent series Y > ay is also convergent and satisfies the generalized

triangle inequality

00 0o
> an| <D lanl
n=0 n=0

Proof. Since the series » °  |an| converges, according to the Cauchy criterion in Theorem
4.24, for every € > 0 there exists N € N such that, for n >m > N,

n

> akl <e.

k=m+1
From this and the triangle inequality it follows that

n

2w

k=m+1

n

< Z lax| < e.

k=m+1

This proves that also the series > ° ; a,, satisfies the Cauchy criterion, so it converges.
The second part now follows from the inequality

n o0
<Slal <Y lal  vnen,
k=0 k=0

n

D

k=0

taking the limit as n — oo. O

We now prove two important criteria to guarantee the absolute convergence of a series. In
their proofs, we will implicitly use the following fact:
Assume that a sequence (x,)52, converges to a limit «. Then, given ¢ > a (respectively,
g < «) then there exists N € N such that z,, < ¢ (respectively, z,, > ¢) for every n > N.

This fact is a consequence of Proposition 2.97.
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COROLLARY 4.27: CAucHY RoOT CRITERION

Let (an)22 be a sequence of real numbers, and let

a = limsup {/|a,| € RU {oo}.

n—oo
Then
o0
a<l = Z an converges absolutely
n=0
and

o0
a>1 = Zan does not converge.

n=0
Proof. Suppose a < 1, and define ¢ = HT" € (a,1). Recalling that by definition
limsup {/|a,| = lim sup {/|axl,
n—00 n—00 k>n

we have that x, = supy~,, V/|ax| — @ as n — oo. Hence, since a < ¢, there exists N € N
such that

xn = sup V/|ax| < q.
k>N

This yields |ay| < ¢* for all K > N, so the series Y 32 |ax| converges according to Corollary
4.10 and the convergence of the geometric series in Example 2.134 (recall that ¢ < 1).

If & > 1 holds, since the limsup is an accumulation point (see Theorem 2.116), Proposi-
tion 2.90 implies the existence of a subsequence (an, )52, such that limj_, "m >1. In
particular, there exists NV € N such that

"ﬁ/\ank|>1 for all k > N,

or equivalently, |a,, | > 1 for all & > N. In particular, the sequence (a,)52, does not converge

to zero and therefore, according to Proposition 4.3, Y 7 ay, does not converge. O

4.28. — Let (ap);2 be a sequence of real numbers and o = limsup,,_, . {/|an| as in the
root criterion. If & = 1 holds, then no decision about convergence or divergence of the series

>0 o an can be made using the root criterion:

e According to Example 3.37, {/1/n — 1 as n — oo, and by Example 4.5 the series
S0 o L diverges.

n=0n

e On the other hand, {/1/n? — 1 as n — oo, but the series Y 7 # converges according
to Example 4.11.
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COROLLARY 4.29: D’ALEMBERT’S QUOTIENT CRITERION

Let (an)22 be a sequence of real numbers with a, # 0 for alln € N, and assume that

hm |an+1 |

exists.
n—oo |an]

Let o > 0 denote such a limit. Then

o0
a<l = Z an converges absolutely
n=0
and

o0
a>1 = Zan does not converge.

n=0

Proof. The proof is similar to the one of Corollary 4.27.

lan+1]

Suppose first @ < 1, and define ¢ = HTO‘ € (o, 1). Since lim, . = <4 there
exists N € N such that
1] <q Vk>N.
|ag|
This implies that
a Qg a a
| |: ‘k‘ "kl"---"N+1"‘aN|<qk_N|aN’:’]]\\;|qk VEk > n.
|ak—1|  |ag—2| lan| q
SN—— ~——
<q <q <q

Since ¢ < 1, the series Y 72 v\ ag| converges absolutely.
If instead a > 1 holds, there exists N € N such that

L 7
|a|

therefore

ag| = Lokl el ks
|ag—1] |ak—2] lan]

This implies that the sequence (ay,)n>0 does not converge to zero. Hence, according to Propo-

sition 4.3, >~77  ay, does not converge. O

EXERCISE 4.30 (A Generalization of Corollary 4.29). — Let (a,)52, be a sequence of real
numbers with a,, # 0 for all n € N, and define

a4 = limsup |an+1|’ a_ = liminf [t
n—o00 |an| n—00 ‘an’
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Prove the following implications:

[e.e] o
ay <1 = Z an converges absolutely, a_>1 = Z an does not converge.

Is the second implication still true if one replaces a— with a7

4.2.2 Reordering Series

THEOREM 4.31: REARRANGEMENT FOR ABSOLUTELY CONVERGENT SERIES

Let Y yan be an absolutely convergent series of real numbers. Let ¢ : N — N be a

bijection. Then the series y - Ay (n) 18 absolutely convergent, and

Y= agm (4.4)
n=0 n=0

oo

Proof. Let ¢ : N — N be a bijection, and fix € > 0. By the convergence of ) ;|ay|, there
exists N € N such that

(e 9]

> el < 5.

k=N+1

Let M be the maximum of the finite set {¢~1(k) | 0 < k < N}. Equivalently, M € N is the

smallest number such that

{a(], ce ,CLN} C {a¢(0), R 7aga(M)}-

Then, since {ag,...,an} C {ay);---,apm)} for n > M,

This implies that, for n > M,

n 00 n N 00 o)
Do) = D k| = DG = Dk — D ak|=| > g = D a
£=0 k=0 £=0 k=0 k=N+1 0<t<n, k=N+1
p()>N
o0 00
S| D0 apw| | Do w0 lagel+ D lal:
0<¢<n, k=N-+1 0<t<n, k=N-+1
p(O)>N w(O)>N
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Note now that all terms of the form a,,) with ¢(¢) > N and contained inside the infinite set

{ar | k > N}, therefore

o0
Y gl < D lal:
0<t<n, k=N-+1

p(l)>N
Combining these two inequalities together we obtain

n ) o)
Za@(@—Zak <2 Z |ak| <eE.
=0 k=0

k=N+1

Since £ > 0 is arbitrary, this shows the validity of (4.4).

If we apply the same argument as above to the series ) > |a,| we obtain that Y2 , |a,,

> lan| < 00,50 Y70 g Ay is absolutely convergent.

4.2.3 Products of Series

THEOREM 4.32: PRODUCT THEOREM

Ol

|
O

Let Y07 s an and Y o7 by be absolutely convergent series, and let o : N — N x N be a

bijection. Write a(n) = (a1(n),az(n)) € N x N for any n € N. Then

<Z a") < b”) = Z aa1(n)ba2(n)7 (45)
n=0 n=0 n=0

and the series on the left converges absolutely.

Proof. Consider first a bijection o : N — N? written as a(n) = (a1(n),as(n)) such that
{a(k)| 0 <k <n?} ={0,1,...,n —1}% for all n € N. For example, (a(n))>, could pass

through the set N? as in the following figure.

v
L 4
v
L4
v
L 2
L 2

*—>0

&
—>

sS—>8
s<—8
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Then, for each n € N,

n2-1 n—1 n—1
S oo st — (z mr) (z rbm\) |
k=0 m=0

=0

Since the right-hand side is bounded by (3,2 |ae|) (3 or_ [bm|), it follows that

n2-1
3 o) < (3 ) (35 o) <
" k=0

=0

so the series Y 7o Aoy (k) Doy (k) 18 absolutely convergent, and in particular converges.

Considering now the identity
- n—1
St = (o) (S )
k=0 m=0
and taking the limit as n — oo, recalling Proposition 2.96(2) we obtain
n—1
nh—>Holo Z Aoy, (k) Do (k) <hm Za4> <nh_>rglo ~ bm> .

This proves the validity of (4.5) for the specific bijection a constructed above.
For an arbitrary bijection 3 : N — N2, consider the bijection ¢ = o' o 8 : N — N with «

as above, so that § = a o ¢. Then, if we write 8(n) = (81(n), B2(n)) = (a1 (p(n)), az(e(n))),
the Rearrangement Theorem 4.31 and the validity of (4.5) for « imply that

Z% 1033 (n) Z“al(«) (o) = D Gar(m)Pas(n) = (Z )(Zb )
n=0

n=0

COROLLARY 4.33: CAucHY PrRODUCT

If 300 g an and Y > by, are absolutely convergent series, then

(S50 -5 ()

n=0

where the series Y (ZZ:O an—kbk) 1s absolutely convergent.

Proof. Consider the bijection o : N - N x N, a(n) = (a1(n), a2(n)), as in the picture below.
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*s—>e
. .

NOMAL L
NN

*t—>®

L

L

Then it follows from Theorem 4.32 that

(Z )(Zb > Z;aal(m%(n)

n=0

Now, if we write explicitly the terms appearing in the sum and we group them in blocks of
length 1,2,3,4, ... (geometrically, this corresponds to grouping terms that belong to the same

diagonal in the figure above), we see that

Z oy (n)bas(n) = aobo + (aob1 + a1bo) + (a2bo + a1by + agbs)

+ (aobg + a1by + ashy + agbo) -+

Finally, the absolute convergence follows from the triangle inequality and Theorem 4.32:

Z Zan kbr| < ZZ |an k’bk| Z |aa1(n)||ba2(n)| < 0. O

n=0 k=0 n=0

EXAMPLE 4.34. — Let ¢ € R be such that |¢| < 1. Then > > ,¢" converges absolutely
according to Example 4.4. If we apply the Cauchy product to this series with itself, we get

n=0 k=0 n=0 k=0

In this way, we obtain an explicit formula for 7 ng”

I q
an nzon+1 Zq 1—q _1—q_(1—q)2'
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4.3 Series of Complex Numbers

To study series in C, it is often sufficient to consider the corresponding series of real and

imaginary parts in R.

DEFINITION 4.35: SERIES OF COMPLEX NUMBERS

Let (2n)520 = (Tn+1iyn)2>, be a sequence of complex numbers and let Z = A+iB € C.
The series Y7 2y, is convergent with limit Z if the two series of real numbers » > xy,
and )7,y are convergent, with limits A and B, respectively.

We say that Y > z, converges absolutely if the series Y > |z,| converges.
REMARK 4.36. — Let (2,)0%, = (xn + iyn)5>, be a sequence of complex numbers and
assume that the series Y > |2,| converges. Since
0 < |zn| < [2nl, 0 < |yn| < |2n VneN,

the Majorant Criterion in Corollary 4.10 implies that the series > -7 o |zn| and Y07 [yn]

converge, i.e., the series of the real and imaginary part are absolutely convergent.
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4.4 Power Series

Our next goal is to investigate power series. These are series where the elements are powers
of the variable z € R (or z € C, if one wants to consider complex power series) multiplied by

a coefficient.

4.4.1 Radius of Convergence

DEFINITION 4.37: POWER SERIES

A power series with real coefficients is a series of the form

o
E anx"”,
n=0

where (a,)22, is a sequence in R, and € R. Here, x is called variable, and the

element a,, € R is called the coefficient of z™.

Addition and multiplication of power series are given by

io: anx” + i bz = i(an + by)z",
n=0 n=0 n=0
<§:anm”> <§:bna¢"> = i < Y ankbk>az",
n=0 n=0 n=0 *k=0

where the product formula follows from Corollary 4.33:

o0 o0 o n o0 n
(C e ) (Lvue") =30 (X s bt ) =3 (X awate o™
n=0 n=0 n=0 *k=0 n=0 k=0
4.38. — A power series is a polynomial if only finitely many of its coefficients are zero.

The convergence of a power series depends heavily on the coefficients a,, and is answered in
Theorem 4.41.

DEFINITION 4.39: RADIUS OF CONVERGENCE

Let 2 ,anz™. The radius of convergence of the series is the number R € R or
the symbol R = oo, defined by

0 if p=o0
p = limsup ¥/]an| and R=qp! if0<p<oo
n—ro0
00 if p=0.
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EXERCISE 4.40. — Find, for each R € [0, 00) U{oo}, a power series y_° ; a,z™ with radius

of convergence R.

THEOREM 4.41: CONVERGENCE OF POWER SERIES

Let Y07 qana™ be a power series with radius of convergence R € (0,00) U {oco}. The
series y o2 g anx™ converges absolutely for all x € R with |x| < R, and does not converge

for all z € R with |x| > R. In particular, for x € (—R, R), we can define the function

flx) =202 g anx™.
Proof. Let x € R, and write p = limsup,,_,., V/|an| as in Definition 4.39. It holds

limsup {/|a,z™| = limsup {/|a,||z| = p|x]|
According to the root criterion applied to the series Y 2 b, with b, = anz”, the series
converges absolutely for all x € R with pjz| < 1, and does not converge if p|z| > 1 (in

particular, if p = 0, then the series converges absolutely for all z € R). 0l

THEOREM 4.42: CONTINUITY OF POWER SERIES

Let Y7 g anz™ be a power series with radius of convergence R € (0,00) U {oo}, and
define the polynomials fn(x) = > 1_, apx®. For anyr < R, the sequence of polynomials
(fn)oey converges uniformly to f on (—r,r). In particular, the power series defines a

continuous function f : (=R, R) — R.

Proof. To prove the result, we note that Theorem 4.41 applied with z = r implies that
Y mep lan|r™ < oo holds. Therefore, for every e > 0 there exists N € N such that > 7\ [a,|r™ <
e. Thus, for all x € (—r,r) and n > N,

n o0 o0 o0 o0
[ful@) = f@)] = D ara® =Y apa®| = | Y aa®| < Y arllal" < Y Jarlrt <e
k=0 k=0 k=n+1 k=N+1 k=N

This proves the uniform convergence inside (—r,r) of the sequence of continuous functions
(fr)oey to f so, by Theorem 3.102, f is continuous inside (—r,7). Since r < R is arbitrary,
f: (=R, R) — R is continuous. O

EXAMPLE 4.43. — In general, it is not true that the partial sums f,(z) =Y",_, apz® tend
uniformly to the function f(z) = Y 3o, axx” in the whole open interval (— R, R). We illustrate
this with the geometric series.

The radius of convergence of the series Y 2 2™ is R = 1, and the function defined by
this power series is equal to f(z) = = on (—1,1) (see Example 4.4). In particular, if

the convergence of the sequence of partial sums on (—1,1) were uniform, then applying the

notion of uniform convergence with € = 1 we would find N € N such that, for all n > N and
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x € (—1,1), the estimate

<1

" 1
k
2o

holds. Choosing n = N, thanks to the triangle inequality we obtain

N N
Zxk §1+Z\x|k§2+N Ve (—1,1).
k=0

k=0

<14+

‘ 1

1—=x

However, this is a contradiction, since lim ﬁ = 00.

r—1—

EXERCISE 4.44. — Calculate the radius of convergence R of the power series

i(\/n2+n—\/n2+1)” n

x
2 )
n=1 n

and show the convergence of the power series also at t = —R and = = R.

EXERCISE 4.45. — Let Y °  anz™ be a power series with a, # 0 for all n € N, and
assume that the limit lim,, oo |a|a’+‘|1| exists. Then, the radius of convergence R is given by

_ 1 lan|
R =1lim,_, a1

Hint: Combine Corollary 4.29 and Proposition 2.96(3).

PROPOSITION 4.46: RADIUS OF CONVERGENCE OF SUM AND PRODUCT

Let R >0, and let Y7 qanz™ and Y 7 4 b,x™ be power series with radius of conver-
gence at least R. Then their sum and product also have radii of convergence at least

R.

Proof. Due to the linearity of the limit and Corollary 4.33, the absolute convergence of the

power series > o7 japz™ and Yo7 bya” for |z] < R implies that both power series

g<an+bn>xn and (émxibm):i(%kw

absolutely converge for |z| < R. Since a power series does not converge for |z| larger than
its radius of converges, this implies that both power series have radii of convergence at least
R. O
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EXAMPLE 4.47. — If 3~  ana™ has at least radius of convergence 1, then
1 [e.e] oo
1_xZanx":Z(ao+...+an)x” Vze(-1,1) (4.6)
n=0 n=0

Indeed, the power series > > ;2™ has radius of convergence 1, and for € (—1,1) we have
Yo pat = ﬁ, so (4.6) follows from Proposition 4.46.

EXERCISE 4.48. — Calculate ) 7, n27".

4.4.2 Complex Power Series

Analogously to the real case, one can consider series with complex coefficients and a complex

variable z € C. This generalization will be useful later.

DEFINITION 4.49: COMPLEX POWER SERIES

A complex power series with complex coefficients is a series of the form

o

E anz",

n=0
where (ay,)22, is a sequence in C, and z € C.

Addition and multiplication of power series are the same as in the real case, namely

i anz" + i [ — i(an +bp)2", (4.7)
n=0 n=0 n=0
<ianz”> <ibnz”> = i (i%—k%) 2", (4.8)
n=0 n=0 n=0 *k=0

Also, the radius of convergence is still defined as in Definition 4.39. Several results that are
true for real power series, hold also in the complex case.

We note that, with the very same proof as in the real case, the analogue of Theorem 4.41

holds:

THEOREM 4.50: CONVERGENCE OF POWER SERIES

Let Y07 ganz"™ be a power series with radius of convergence R € (0,00) U {oc}. The
series Y oo g anz"™ converges absolutely for all z € C with |z| < R, and does not converge
for all z € C with |z| > R. In particular, for z € B(0, R), we can define the function

f(2) =300 an2™.
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Continuity of Complex Power Series (Extra material)

Also in the complex case, the analog of Theorem 4.42 holds. To prove that, one defines
continuous functions exactly as in Definition 3.9, and uniform convergence as in Definition 3.99
(with the only warning that |- | now denotes the absolute value on C, see Definition 2.46). In
this way, one can prove that Theorem 3.102 also holds in the complex case, namely, uniform
limit of continuous functions is continuous (in the courses of Analysis II or Complex Analysis,

this will be proved in full detail), and we get the following:

THEOREM 4.51: CONTINUITY OF POWER SERIES

Let > 07 g anz™ be a power series with radius of convergence R € (0,00) U {oo}, and
define the (complex) polynomials f,(2) = > p_oarz®. For any r < R, the sequence
of polynomials (f)5, converges uniformly to f on B(0,r). In particular, the power

series defines a continuous function f : B(0, R) — C.
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4.5 Example: Exponential and Trigonometric Functions

4.5.1 The Exponential Map as Power Series

In section 3.4, we have seen the real exponential mapping and shown its main properties. We

now show that we can alternatively define the exponential map by the exponential series
exp(xz) =)y —a”, (4.9)
where

O0=1, kl=1-2-... -k

It follows directly from the quotient criterion (see Exercise 4.45) that this series has infinite
radius of convergence, so in particular the right-hand side of (4.9) is well-defined for all € R.

Alternatively, one can note that, given N € N

n'>n-(n—1)-.... N> NN+

n — N + 1 terms

hence ) .
limsup {/|an| < limsup ——x77 = -
N~ N

n—oo n—oo

Since N € N can be chosen arbitrarily large, this implies that limsup,,_,. W = 0 and,
therefore, R = oo.

The representation of the exponential mapping as a power series is, in many aspects, more
flexible than the representation as a limit. In addition, as we shall see, its complex version is
related to sine and cosine in a very practical way.

We first show that our new definition of exponential coincides with the one in Defini-
tion 3.52.

PROPOSITION 4.52: EXPONENTIAL MAP AS POWER SERIES

For every z € R,

T\" nl b k1 gk At l
() =X ity = 2 L 0=, (-3)

k=0 1=0 k=0 =0
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hold. Now, given z € R and € > 0, since 5o 4r|z|¥ < 0o we can find N € N such that

1
S el <
k=N+4+1
Then, for this IV, we also have
N > 1 < <
k k k k
k=0 k=0 k=N+1 k=N+1
and furthermore, for n > N
N n k—1
1, 1, 0
Sl M (1-7)
k=0 k=0 =0
N k—1 n k—1
1 V4 1 /
S gk (T (0) )+ S I
k=0 /=0 k=N+1 £=0

Since
k—1 /
nlgl;()(l—n(l—n)) =0 Vke{0,...,N},

letting n — oo in the latter formula yields

o0

1 . AN 1,
> et = Jim (147) ‘ < D gkl <e
k=0 k=N+1
Combining this estimate with (4.10) proves that
o) 1 . y n 00 1 k N ' I\n
ot m (142) | <) B gt [t i (140
k=0 k=N+1 k=0
00 N
< Z \x|k Z —z% — lim (1—&-{)” < 2e
- n—o00 n )
k:N+1 k=0
Since € > 0 is arbitrary, (4.9) follows. O
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Figure 4.1: The graph of the exponential mapping, and the graphs of some partial sums of
the exponential series.

DEFINITION 4.53: THE COMPLEX EXPONENTIAL MAP

The complex exponential map is the function exp : C — C given by

=
exp(z) = Z ﬁz”
k=0
for all z € C.

For a positive real number a € Rsg and z € C we write a® = exp(zlog(a)), and in
particular also e = exp(z) for all z € C.

Before stating the main properties of the exponential, we recall the binomial formula: given
z,w € Cand n € N,

(2 +w)" = zn: <Z> gk, (Z) = k'(n”lk)' (4.11)

k=0

THEOREM 4.54: PROPERTIES OF THE COMPLEX EXPONENTIAL

The complex exponential mapping exp : C — C is continuous. Furthermore
= e’e and |e?| = eRe(®) (4.12)

for all z,w € C. In particular, |€*| = 1 holds for all x € R.
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Proof. As noted before, the radius of convergence of the series y_° %z” is infinite. Therefore,
by Theorems 4.50 and 4.51, exp : C — C is a continuous function.
Given z,w € C, it follows from (4.7) and the binomial formula (4.11) that

o= (L) (Za) = XX fip

n=0 n=0 n=0 k=0
o n o
1 n _ 1
= g — P = g —(z+w)" ="t
n! k n!
n=0 k=0 n=0

It remains to prove the formula for the absolute value. Since the conjugation C — C is a

continuous function, the following holds:

n n

_ . 1 . 1
ez = lim —zF = lim —zk = lim E
n—00 k! n—00 Nn—00

where the equality 2% = Z* follows from Lemma 2.43(3). Recalling that for a complex number

w it holds |w|? = ww and w + W = 2Re(w), we get

|€Z|2 — 76% = %% = 717 = 62Re(z) — (eRe(z))2’

therefore |e?| = eR¢(2). In particular || = €0 = 1. O

EXERCISE 4.55. — Show that ¢* = lim (1 + %)n holds for all z € C.

n—o0

4.5.2 Sine and Cosine

4.56. — Given z € R, we split the power series of e into its odd and even terms:
ot i ot Z'2n ) co Z'Qn—&—l N
2 = a1y
n=0 n=0 n=0

Noticing that i?® = (—1), it follows that

i 2n+ZZ 2 + 2n+1‘

Starting from this formula, we define the sine function and the cosine function as

sin(z) = 7;) (z(n__li_)z)!x%ﬂ and cos(z) = Z (=1 zn, (4.13)

so that the identity
¢ = cos(x) + i sin(z)

holds.
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As for the exponential, the radius of convergence of these series is infinite, and by Theorems
4.50 and 4.51 they define continuous functions. Since (—z)?"*1 = —2?"*! and (—x)*" = 22
for every n € N, it follows directly from the definition as power series that the sine function
is odd, i.e., sin(—z) = —sin(x), and the cosine function is even, i.e., cos(—x) = cos(x) for
all x € R.

THEOREM 4.57: FROM COMPLEX EXPONENTIAL TO SINE AND COSINE

For all x € R, the following relations between exponential, sine, and cosine functions
hold:

) 1T —IiT T —ix
e = cos(x) + isin(x), sin(z) = %, cos(z) = %
i

For all z,y € R, the trigonometric addition formulae apply:

sin(z + y) = sin(z) cos(y) + cos(x) sin(y) (4.14)
cos(z + y) = cos(x) cos(y) — sin(x) sin(y).

Proof. For x € R we have
e = cos(x) 4 isin(z), e = cos(—x) + isin(—z) = cos(x) — isin(x).

If we add (respectively subtract) these two identities, we obtain the formulae for cos(x) and
sin(z).

To prove the addition formulas, we multiply e by e” and using (4.12) we get

cos(z 4+ y) + isin(z +y) = @Y = T
= (cos(z) + isin(x))(cos(y) + isin(y))
= cos(x) cos(y) — sin(x) sin(y) + i( sin(z) cos(y) + sin(y) cos(z)).

From this equality, the formulae in (4.14) follow. O

In particular, in the case x = y € R, we obtain the angle-doubling formulae
sin(2zx) = 2sin(x) cos(x) and cos(2x) = cos(z)? — sin(x)?. (4.15)
Recalling that |e?*|? = 1, we also get the circle equation for sine and cosine:
cos(z)? + sin(x)? = 1 VzeR.

Applet 4.58 (Power Series). We consider the first partial sums of the power series defining
exp, sin and cos (respectively sinh, cosh from the next section). By zooming in and out, you

can get a feeling for the quality of the approzimations of the various partial sums. In the case
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of the trigonometric functions, you can also clearly see in the picture that the power series

form alternating series.

4.5.3 The Circle Number

THEOREM 4.59: EXISTENCE OF m AS FIRST POSITIVE ZERO OF SINE

There is exactly one number m € (0,4) with sin(7) = 0. For this number it holds

Proof. The sequence of real numbers (%)%, is monotonically decreasing for all z € (0,2].

Therefore, from the Leibniz criterion for alternating series (see Proposition 4.22), the following

estimates hold for every z € (0, 2]:

x—%gsin(x)gx——Jr— and 1—%§cos(m)§1——+—.

Note that sin(0) = 0 and that, for z = 1, we have

1 1
sin(l) >1— = > —.
Therefore, since the sine function is continuous, it follows from the Intermediate Value Theo-

rem 3.29 that there exists a number p € (0,1) such that sin(p) = %
Because sin?(p) + cos?(p) = 1 and cos(z) > 1 — 2 > 0 for z € [0,1], it also follows

cos(p) = m = \% In other words,

141
75

e’ = cos(p) + isin(p) =

Hence, if we set m = 4p, we see that

n , . )2 . 2 .
els — 2P — (ezp)Q _ (1 ‘;Z) =, i — <€z§> — 2= -1, ei2m — (_1)2 -1
In particular, from the identity cos(w) + isin(r) = €™ = —1 we deduce that sin(r) = 0 and

cos(m) = —1.

It remains to show the uniqueness of 7 as in the theorem. From the estimate

3

x x?
sin($)2x—y:x<1—6)>0 for x € (0, 2]
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it follows that the sine function has no zeros in (0, 2]. In particular, 7 € (2,4). Suppose now,

by contradiction, that there exists another value s € (2,4) satisfying sin(s) = 0, and define

T—s f2<s<mw
r =

s—m if2<m7m<s.

Then r € (0,2) and using (4.14) we get (the sign + below depends on whether 7 — s is positive
or negative)

sin(r) = £sin(r — s) = £(sin(r) cos(s) — cos(r) sin(s) ) = (0 — 0) = 0.
=0 =0

This is a contradiction since sin never vanishes on (0, 2). This proves that = € (0,4) is uniquely
determined by the equation sin(m) = 0. O

COROLLARY 4.60: PERIODICITY OF SINE AND COSINE

sin(x 4 §) = cos(x) cos(x + §) = —sin(x)
sin(z + ) = —sin(x) cos(x + m) = — cos(x)
sin(x + 2m) = sin(x) cos(x 4 2m) = cos(z).

Proof. Rewriting the formulas in Theorem 4.59 in terms of sine and cosine, we see that
sin(§) =1, cos(35)=0, sin(mr)=0, cos(m)=—1, sin(27)=0, cos(2m)=1.

Using these identities and (4.14), the result follows. O

4.61. — From Corollary 4.60 it follows that sine and cosine are both periodic functions
with period length 27. To know the numerical value of sin(z) or cos(x) for a given real number

x, it is sufficient to know the values of the sine on the interval [0, 5.

2

|
—t
SN e
T
%

EXERCISE 4.62. — Show that the zeros of sin : R — R are exactly the points in 7Z C R,

and the zeros of cos : R — R are exactly the points in 7Z + 5. Also, cos(z) = 1 only when
r = 2n7w with n € Z.
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EXERCISE 4.63. — Show the formula

_l’_

X

sin(z) — sin(y) = 2 cos (

) (55)

for all z,y € R. Use this to show that sin : [fg, %] — [—1,1] is strictly monotonically

\V)

increasing and hence bijective.

EXERCISE 4.64. — Show that 3.1 < m < 3.2 holds. Using an electronic tool to calculate

certain rational numbers may be helpful.

4.5.4 Polar Coordinates and Multiplication of Complex Numbers

Using the complex exponential function, we can express complex numbers in polar coordi-
nates, that is, in the form

0

z = re' = rcos(f) + irsin(6)

where r is the distance from the origin 0 € C to z, i.e., the absolute value r = |z| of z, and 6

is the angle enclosed between the half-lines R>¢ and zR>q.

If z # 0, then the angle 8 is uniquely determined, and is called the argument of z and written

as 0 = arg(z). The set of complex numbers with absolute value one is thus
St={zeC| |z|=1}={?| 6 € [0,2n)}

and is called the unit circle in C.
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PROPOSITION 4.65: EXISTENCE OF POLAR COORDINATES

For all z € C\ {0} there exist uniquely determined real numbers r > 0 and 6 € [0, 2m)

with z = re? .

Proof. (Extra material) Let r = |z|, and consider the complex number w = 2. Note that

lw| = |7 — 1. We want to prove that there exists a unique 6 € [0, 27) such that w = €.

Assume first that Im(w) > 0 and recall that Re(w) € [—1,1] (since Re(w)? +Im(w)? = 1).

Hence, since cos(0) = 1 and cos(m) = —1, according to the Intermediate Value Theorem 3.29

there exists @ € [0,7] such that Re(w) = cos(f). Since Im(w) > 0 by assumption and
sin(f) > 0 (since 0 € [0, 7)), this implies that

sin(f) = /1 — cos2(8) = /1 — Re(w)? = Im(w),
thus w = €%,

If Im(w) < 0, then we apply the above argument to —w to find ¢ € (0,7) such that
—w = e (note that ¥ must be different from 0 and 7, since Im(e”) = Im(ei™) = 0). Recalling
that '™ = —1, it follows that w = e'™e? = ¢ with § = 7 + 9 € (, 2).

It remains to show the uniqueness of 6. If §,0 € [0,2x) satisfy w = ¢ = ¢ then
e0=0") — 1, that is,

sin(6 — ') = 0, cos(f —0") = 1.

Note that § — ' € (—2m,27). Hence, from the uniqueness of m in Theorem 4.59 and the
formula sin(z 4+ 7) = —sin(z) (see Corollary 4.60) it follows that § — 6’ € {—m,0,7}. But if
6 — 0" € {—m, 7} then cos(d — ") = —1, so the only possibility is § — 6’ = 0, as desired. [

4.66. — In polar coordinates, the multiplication in C can be reinterpreted as follows: If
z = re® and w = se™¥ are complex numbers, then zw = rse!®®+¥). In other words, when

multiplying complex numbers, the lengths of the vectors multiply and the angles add.

Applet 4.67 (Geometric Meaning of Complex Numbers). We can see from the polar coordi-
nate lines drawn in the geometrical meaning of the multiplication of complex numbers and the

inwverses and roots of a given number.
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EXERCISE 4.68. — Let w = re” be non-zero. Show that the n-th roots of w (namely, the

solutions z € C to the equation z™ = w) are given by the n numbers

When w = 1, its n-th roots are given by

{eigm‘a:() Lz =l

S n? n
and are called the n-th roots of unity.

n—1
ok
EXERCISE 4.69. — For all natural numbers n > 2, show the identity Z e?™n = 0.
k=0

4.5.5 The Complex Logarithm

We have defined the real logarithm as the inverse mapping of the bijective mapping exp :
R — Rsg. We now would like to define the logarithm for complex numbers. Unfortunately,
however, there is a fundamental problem here: the complex exponential mapping exp : C — C
is not injective, since, for example, exp(ix) = 1 holds for all x = 2n7 with n € Z. For this
reason, we need to restrict the exponential mapping to a suitable subset D of C to ensure that
the restricted mapping exp |p : D — C* is bijective. This can be achieved by many different

subsets. We refer to the lecture on Complex Analysis for concrete choices.

4.5.6 Other Trigonometric Functions

In addition to the exponential function, the sine and the cosine, there are other related

functions called trigonometric functions.

4.70. — The tangent function and the cotangent function are given by.
tan(z) = sin(z) and cot(z) = C?S(x)
cos(z) sin(z)

defined for all x € R with cos(z) # 0, respectively with sin(x) # 0.
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tan

cot

ol
N
ol

EXERCISE 4.71. — Show that, for z,y € C, the addition formula

_tan(z) + tan(y)
tan(z +y) = 1 — tan(x) tan(y)

holds where defined. Find and prove an analogous addition formula for the cotangent.

4.72. — The hyperbolic sine and the hyperbolic cosine are the functions given by the
power series

. — 1 S
sinh(z) = Z mx%ﬂ and cosh(x) = Z (2k)!x2k'
k=0 k=0
It holds
. em - C_x 621? + e—x
sinh(z) = — and cosh(x) = —

and so e = cosh(z) + sinh(z) for all x € R. The hyperbolic tangent and the hyperbolic
cotangent are given by

tanh(z) = sinh(z) _e~-e¢ and coth(z) = cosh(z) e +e
cosh(z) e*+e®

sinh(z)  e? —e 2’

and the hyperbolic cotangent is defined for all z € R\ {0} (since sinh(x) # 0 for  # 0). The
functions sinh and tanh are odd, and cosh is even. The addition formulae

sinh(z + y) sinh(z) cosh(y) 4+ cosh(x) sinh(y),

cosh(z + y) cosh(x) cosh(y) + sinh(x) sinh(t)
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apply for all z,y € R, as well as the hyperbolic equation

cosh?(z) — sinh?(z) = 1 VzeR.

cosh

sinh

EXERCISE 4.73. — Starting from the definitions of hyperbolic sine and hyperbolic cosine,

prove the above formulae.
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Differential Calculus

We deal with differential calculus in one variable. This is of fundamental importance for

understanding functions on R.

5.1 The Derivative

5.1.1 Definition and Geometrical Interpretation

In this section D C R will denote a non-empty set with no isolated points, that is, every
element x € D is an accumulation point for D \ {x}. The typical example of such a subset is
an interval that is not empty and does not consist of only one point.

DEFINITION 5.1: DERIVATIVE

Let f: D — R be a function and z¢g € D. We say that f is differentiable at zq if the

it f(@) — f(=0) f(xo+h) = f(zo)
/ L z) = J{xo) _ i %0 — J (o
- BT R Y

exists. In this case we call f'(zg) the derivative of f at x¢. If f is differentiable at
every point of D, then we also say that f is differentiable on D, and we call the
resulting function f’: D — R the derivative of f.

To simplify the notation, we shall often write

f'(z0) = lim M — lim f(xo+h) — f(z0)

T—=T0 T — X h—0 h

)

without emphasizing that  # xg or h # 0.

135



Chapter 5.1 The Derivative

REMARK 5.2. — If f : D — R is differentiable at zg, then it is also continuous at xg.
Indeed, the condition f/(xg) = limg_z, %ﬁ)xo) can be rewritten as

oy 1@) = f(20) = f(x0) (x — z0)

T—T0 Tr — X0

= O,
or equivalently, recalling the little-o notation in Definition 3.84,

f(x) = f(xo) = f'(z0)(x — x0) = o(x — x0).

Therefore

lim f(x) = lim (f(zo)+ f'(z0)(a — x0) + ola = z0) ) = f().

T—T0 T—T

hence f is continuous at x.

5.3. — An alternative notation for the derivative of f is %. If x¢g € D is an accumulation
point from the right of D, then f is differentiable from the right at z( if the derivative
from the right

fjr(fﬂo) = lim M — lim flzo+h) — f(xo)

ooy T — To h—0+ h

exists. Differentiability from the left and the derivative from the left f’ (xo) are

defined analogously considering the limit z — z .

5.4. — An affine function is a function of the form x + sz + r, for real numbers s and r.
The graph of an affine function is a non-vertical line in R?. The parameter s in the equation
y = sx + r is called the slope of the straight line. If f : D — R is differentiable at a point
a € D, the function z — f(a) + f'(a)(z — a) is called affine approximation of f at a.

x> fla) + f(a)(x —a)

W\
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The geometric interpretation of the derivative of a real-valued function f at a is the slope of
the tangents of the graph at a. This is because when = tends towards a, the secant going
through (a, f(a)) and (z, f(x)) and having the difference quotient as its slope approaches the
tangent of the graph at a.

EXAMPLE 5.5. — e Constant functions are everywhere differentiable and have the zero

function as their derivative.

e The identity function f(x) = x is differentiable, and its derivative is the constant func-
tion 1. Indeed

rT—z
f'(zo) = lim 0 -1 Vo € R
T—x0 T — X
ExXAMPLE 5.6. — The exponential function exp : R — Ry is differentiable and its deriva-
tive is again the exponential function. Indeed, for z € R, since e* ™" = e%e” we get
emth — e el —1
e’) = lim ————— = €% lim
(e%) h—0 h h—0 h
=1 =1
=€ lim yhk_l =e” lim 711]1”'
h—0 £ k! h=0 £= (n+1)!
Note now that the power series h — Y > ﬁh" has infinite radius of convergence, as it
follows for instance from Exercise 4.45. In particular the function g(h) = > >, ﬁh” is

continuous on R, and g(0) = 4; = 1. Therefore

(€®) = €” lim g(h) = e"g(0) = €”.
h—0
More in general, let « be a complex number and let f : R — C be the complex-valued function
given by f(z) = e**. The derivative of f can still be defined as the limit of the incremental

ratios, namely

/ .
z) = lim
f( ) h—0 h ’
and one gets
) ea:c—&—och et eah -
(e*) = lim = ™ lim
h—0 h h—0
o0
= e** lim aFRF=1 = qeo®
h—0 k!

EXAMPLE 5.7. — Let f: R\ {0} — R given by f(z) = 1. Then f is differentiable and it
holds f/(z) = —2 for all z € R\ {0}. In fact

1 1
N Sl —(x+h)
M) = lim 2Hh 7 —(z+h)
fz) hso  h B0 (x + h)xh
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1 1
70 (x + h)x limy,_o(z + h)z x2

DEFINITION 5.8: HIGHER DERIVATIVES

Let f: D — R be a function. We define the higher derivatives of f, if they exist, by

fO=f  fO=p, @=L = (0

for all n € N. If f(™ exists for any n € N, f is called n-times differentiable. If the n-
th derivative f(™ is also continuous, f is called n-times continuously differentiable.

We denote the set of n-times continuously differentiable functions on D by C™(D).

Differently put, C°(D) denotes the set of real-valued continuous functions on D, and
C1(D) denotes the set of all differentiable functions whose derivative is continuous. We call

such functions continuously differentiable or of class C'. Recursively, for n > 1 we define
C™(D)={f:D —R| f is differentiable and f' € C"1(D)}

and say f € C"(D) is of class C".

EXAMPLE 5.9. — The function f : R — R given by f(z) = sgn(x)x? is differentiable, and
the derivative of f is given by f/(z) = 2|z|. This shows that f is continuously differentiable,
i.e., of class C'!. Since the continuous function f’ is not differentiable at 0, f is not of class
C2.

DEFINITION 5.10: SMOOTH FUNCTIONS
We define
o
C>(D) = () C™(D)
n=0

and call functions f € C°°(D) smooth or of class C*°.

ExXAMPLE 5.11. — The exponential function exp : R — R is smooth. Polynomial functions

are smooth.

5.1.2 Differentiation Rules

As with continuous functions, we do not always want to show by hand that a given function
is differentiable. Instead, we want to prove the general rules by which the differentiability of

various functions can be traced.

Version: December 8, 2023. 138



Chapter 5.1 The Derivative

PROPOSITION 5.12: DERIVATIVE OF SUM AND PRODUCT

Let D C R and zg € D be an accumulation point of D \ {xo}. Let f,g : D — R be
differentiable at xoy. Then f + g and f - g are differentiable at xg, and the following
holds:

(f+9) (o) = f(x0)+ g (x0), (5.2)
(f9) (x0) = f'(z0)g(xo) + f(z0)g (xo). (5.3)

In particular, any scalar multiple of f is differentiable at ¢ and (af) (zo) = af’(xo)
for all a € R.

Proof. We compute using the properties of the limit introduced in Section 3.5.1:

iy Db alen) _ (1) =) | o) sl
T—T0 T — X0 T—T0 r — X0 r — X0
— i J@) = f(@0) + lim 9(z) — g(z0)
T—T0 Tr — X0 T—T0 Tr — X0

= f'(z0) + ¢'(0),

and
o 9@ = (F9)(wo) _ . (f(2) = f(z0))g() + f(x0)(9() — g(x0))
T—T0 T — T T—0 T — 20
= Jim (Wg(@) + f(xo) lim M
T—T0 T o T—x0 T o
= lim M lim g(x) + f(xo) lim M

T—TQ xTr — Q}O T—rTQ T—rTQ xTr — ,CCO

= f'(z0)g(z0) + f(z0)g' (x0),

where we used that g is continuous at xq to say that lim,_,,, g(z) = g(xo) (recall Remark 5.2).
0l
COROLLARY 5.13: HIGHER ORDER DERIVATIVES OF THE PRODUCT

Let f,g : D — R be n-times differentiable. Then f + g and f - g are also n-times
differentiable and it holds f™ + g™ = (f 4+ ¢)™ as well as

n

()™ =3 (Z) ) 0=,

k=0

In particular, every scalar multiple o € R, (af)(”) = af™ for all o € R.

Proof. For n = 1 this corresponds to Proposition 5.12. The general case follows by induction
onn>1. O
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COROLLARY 5.14: DERIVATIVES OF POLYNOMIALS

Polynomial functions are differentiable on all R. It holds (1) = 0 and (2™)' = na"!
for alln > 1.

Proof. The cases n = 0 and n = 1 have already been discussed in Example 5.5. We now prove
by induction the case n > 1. Assume that, for some n > 1, (2")" = na™ ! holds. Then it

follows from (5.3) that "' = 22" is differentiable and
(2" = (z2™) = 12" 4+ z(na" 1) = (n + 1)z

This proves the inductive step and concludes the proof.
Differentiability of any polynomial function now follows from the linearity of the derivative,
see (5.2). O

ExAMPLE 5.15. — Thanks to Example 5.6 in the special cases a = +1 and a = +¢ in
Example 5.6, we deduce that

(ex)/ — ex’ (efx)/ _ _ef:z:7 (ei:p)/ — ieix, (efix)/ — _Z-efi:r.

As a consequence, recalling Theorem 4.57 we see that

i\ _ (,—ix\/ T —ix
sin’(x) = () 2,(6 ) = +2€ = cos(z),
i

and analogously cos’(z) = —sin(z). Similarly, sinh’(x) = cosh(z) and cosh’(x) = sinh(z).

THEOREM 5.16: CHAIN RULE

Let D,E C R be subsets, and let g € D be an accumulation point of D \ {zo}. Let
f: D — E be differentiable at xo such that yo = f(xo) is an accumulation point of
E\{yo}, and let g : E — R be differentiable at yo. Then go f : D — R is differentiable

at zo and
(g0 f) (o) = ¢'(f(20))f'(z0)-
Proof. Note that one can write g(y) = g(vo) + ¢'(y0)(y — yo) + €4(v)(y — yo) with
d=9w) _ g/ (yg) if y € B\ {yo}

gg(y) = )
0 if y = yo.

Also, since g is differentiable at yo, the function 4 is continuous at yo. Substituting y = f(z)

and recalling that yo = f(zo) we get

9(f(x)) = g(f(z0)) + ¢'(f(xo))[f () = f(@0))] + £4(f (2))[f () — f(x0)]
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for all € D, therefore

T—T0 Tr — X0 T—T0
=g (f(z0))f (z0) + eg(f(0)) f'(w0) = ¢'(f(x0)) [ (z0),
=0

Tr — X0 T — X0

f(z) — f(zo) . 5g(f(:c))f($) - f(ﬂ?o))

where we used Proposition 3.71 and the continuity of 4 at yo = f(xo) to deduce that

gq(f(x)) = eg(f(z0)) as x — xo. 0

REMARK 5.17. — By a nontrivial induction argument, one can prove that if f: D — F
and g : E — R are n-times differentiable, then also go f : D — R is n-times differentiable and

one can express the n-th derivative of g o f in terms of sums and products of ¢’ o f, ¢® o f,

) g(n)of7 fIJ f(2)7 MR f(n)‘
COROLLARY 5.18: QUOTIENT RULE

Let D C R, 9 € D an accumulation point of D\ {xo}, and f,g: D — R differentiable
at zg. If g(zg) # 0, then g is also differentiable at Ty and it holds

<f>’ (z0) = £ E0)9(@0) — [ (@0)g(a0)
g) 9(x0)?

Proof. Let ¢ : R\ {0} — R be the function given by 9(y) = %, which is differentiable

by Example 5.7. We combine this with the chain rule (Theorem 5.16) and obtain that the

function % = 1 o g is differentiable at xy, with derivative

(;) (30) =~ 539/ (0o

If we now use the product rule in Proposition 5.12, it follows that g =f- % is differentiable

at xg, and
f>' < 1>' / 1 9' (o) _ f'(x0)g(x0) — f(x0)g' (x0)
=) (zg) = = () = f(x — f(z = .
(£) = (7+3) o0 = a2 = st 250 )
O
ExaMPLE 5.19. — We determine the derivative of the function f : R — R given by

f(z) = exp (sin(sin(xQ))) by applying the chain rule several times. Since exp’ = exp we
obtain

f'(x) = exp(g(x))g (),
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where g(r) = sin(sin(x?)). Similarly, because sin’ = cos,

g'(x) = cos(h(x))l'(x),

where h(x) = sin(2?). Finally,
h'(z) = cos(k(x))K (x)

with k(x) = 22, Since k'(x) = 2x, this gives

f'(z) = exp (sin(sin(:z‘Q))) cos(sin(z?)) cos(z?)2x VzeR.

EXERCISE 5.20. — Determine the derivative of the function z +— cos (sin®(exp(z))).

THEOREM 5.21: DERIVATIVE OF THE INVERSE

Let D,E C R, and let f : D — E be a continuous bijective mapping whose inverse
f~Y: E — D is also continuous. Let & € D be an accumulation point of D\ {Z}, and
assume that f is differentiable at ¥ € D with f'(z) # 0. Then f~1 is differentiable at

y=f(@) and

Proof. We first show that g is an accumulation point of E \ {g}, which allows us to speak
of differentiability at . In fact, since by assumption Z is an accumulation point of D \ {Z},
there exists a sequence (x,)5% in D\ {z} with z,, = Z as n — oo. Since f is continuous and
bijective, the sequence (f(z,))n>, converges to § = f().

Now, to compute the derivative, let (y,), be an arbitrary sequence in E'\ {y} converging
to 9. Then z, = f~!(y,) tends towards Z (since f~! is continuous by assumption), and the
following holds:

lim
n—oo yn —

-1 =1 = o - -1
O N (= .\
y nooo f(an) — f(2)  noce\ ap— I J'(z)
F € S A €7)
Y=y
%. Recalling Lemma 3.70, this proves that lim,_,; g(y) =

Hence, if we set g(y) = , this proves that for every sequence y, converging to

. . 1
g it holds g(y,) — (@)’

desired. O

as

Version: December 8, 2023. 142



Chapter 5.1 The Derivative

/' Steigung
(o)

Figure 5.1: An intuitive representation of Theorem 5.21. Mirroring the graph of f and the
tangent line at the point (zg, o) around the straight line = y in R?, we get the graph of
f~1 and, this is the assertion, the tangent line at (yo,zo). A short calculation shows that the
reflection of a straight line with slope m around x = y has slope %

EXAMPLE 5.22. — The function g : R\ {0} — R given by g(y) = log(|y|) is differentiable,
with ¢'(y) = i for all y € R\ {0}. Indeed, since the map log : R~y — R is the inverse of
exp : R — Ry, it follows from Theorem 5.21 that g is differentiable at all points y > 0 with

J(y) = f%x)’ where 2 = g(y) = log(y). Since exp’ = exp, this gives

/ — log’ — 1 = 1 = 1
9y) =log'ly) = Tors = plon)) ~ v

For y < 0, since g(y) = log(—y), we apply the chain rule (Theorem 5.16) to get ¢'(y) =
1

—log'(~y) = -, =,

EXAMPLE 5.23. — Given z > 0 and o € R, we can compute the derivative of = as follows:

a—1

2% = exp(alog(z)) = (z) = exp’(alog(z))alog' (z) = exp(a log(x))% = ar

This formula generalizes Corollary 5.14.

EXAMPLE 5.24. — The logarithm f = log : Ryg — R, z — log(z) is smooth. Indeed,

by the example above, f'(z) = % Then, by induction and the Leibniz rule, one proves that
f'(x) = —%, f®() = %, and, in general, f()(z) = (—1)n~1 2D

xn
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EXERCISE 5.25. — Consider the function % : R — R defined by

B exp(—%) ifx>0
Mm)_{ 0 ifz<0

Show that 1 is smooth on R, and that all its derivatives at 0 vanish.

<

Hint: Show first by induction that, for all n € N,

$) () = exp <_i> £, (1> V>0, (5.4)

x

where f, is a polynomial. Then, using that the exponential function grows faster than any

polynomial, prove by induction that

im Y o vken
z—0t T
Conclude (again by induction on n € N) that
(M) () — o™ (L)~ 0
P00 (g) =ty L@ VOO @G 20y <1>1 ~0.
z—0 z—0 z—0t x z—0t x/)x
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5.2 Main Theorems of Differential Calculus

5.2.1 Local Extrema

DEFINITION 5.26: LOCAL EXTREMA

Let D C R and zg € D. We say that a function f: D — R has a local maximum at
xg if there exists § > 0 such that f(x) < f(x) for all z € DN (xg — 0,209 + 9).

If the inequality is strict, namely that f(z) < f(xo) for allz € DN (zg—6,x0+9)\{z0},
then f in zg has an isolated local maximum. The value f(z¢) is called a local
maximal value of f.

A local minimum, an isolated local minimum, and a local minimal value of f
are defined analogously.

Furthermore, we call zg a local extremum of f, and f(zg) a local extremal value

of f, if f has a local minimum or a local maximum in x.

PROPOSITION 5.27: LOCAL EXTREMA VS FIRST DERIVATIVE

Let D CR and f: D — R. Suppose f is differentiable at a local extremum xy € D, and
xo 1s both a right-hand side and a left-hand side accumulation point of D (namely, xg
is an accumulation point for D N (zg,00) and D N (—o00,xq)). Then f'(xo) =0 holds.

Proof. Without restriction of generality, we assume that f has a local maximum in zg € D
(otherwise replace f by —f). Since f is differentiable at z¢ and zy can be approximated both
from the left and right, we see that the following holds.
On the one hand, we have
_ f(@) — f(z0)
fi(xg) = lim ———">""2 <0
+( 0) ac—)aca' T — To
since, for z close to xg to the right of xo, f(x) — f(z9) <0 and z — zy > 0.
On the other hand,
f' (x0) = lim M >0
ToTy T —Xo
since now, for x close to xg to the left of zg, f(z) — f(xg) <0 and z — 2o < 0.
Since f is differentiable at zo then f'(x¢) = f\ (z0) = f_(z0), therefore f'(zq) = 0. O
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COROLLARY 5.28: LOCAL EXTREMA IN AN INTERVAL

Let I C R be an interval, and f: I — R. Let zg € I be a local extremum of f. Then at

least one of the following statements is true.
1. xzg € I is an endpoint of I;
2. f is not differentiable at xq;
3. f is differentiable at xo and f'(x¢) = 0.

In particular, all local extrema of a differentiable function on an open interval are zeros

of the derivative.

EXERCISE 5.29. — Let f : R — R be the polynomial function f(z) = > —z. Find all local

extrema of f. Find all local extrema of the function |f| on [—3, 3].

5.2.2 The Mean Value Theorem

We now turn to general theorems of differential calculus and their consequences. Our first
question will be whether the derivative of a differentiable function takes the slope of certain

secants, and the following theorem will be our starting point.

THEOREM 5.30: ROLLE’S THEOREM

Let a < b, and f : [a,b] — R be a continuous function, differentiable on the open
interval (a,b). If f(a) = f(b) holds, then there exists & € (a,b) with f'(£) = 0.

Proof. According to Theorem 3.42, the minimum and maximum of f are assumed to exist
on [a,b]. That is, there exist xo,z1 € [a,b] with f(zo) < f(z) < f(x1) for all x € [a,].
According to Proposition 5.27, the derivative of f must be zero for all extrema in (a,b). So if
either 2o € (a,b) or x1 € (a,b) holds, then we have already found a & € (a,b) with f/(§) = 0.
Instead, if both zp and x; are endpoints of the interval, then because of f(a) = f(b) it follows

that f is constant, hence f’(z) = 0 holds for all z € (a,b). O

THEOREM 5.31: MEAN VALUE THEOREM

Let a < b, and f : [a,b] — R be a continuous function, differentiable on the open
interval (a,b). Then there exists & € (a,b) with
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Proof. We define a function g : [a,b] — R by.

for all € [a,b]. Then g(a) = f(a) and ¢g(b) = f(b) — (f(b) — f(a)) = f(a) hold. Furthermore,
g is continuous at the endpoints and differentiable on (a,b) according to Proposition 5.12.

Thus, according to Rolle’s theorem, there exists £ € (a,b) such that

f(b) — f(a
0=g(e) = /g - {U I
—a
as desired. O
5.32. — So, in words, Rolle’s theorem states that if a differentiable function on an inter-

val takes the same value at the endpoints, the slope must be zero somewhere between the

endpoints. We illustrate this in the following picture on the left.

fa) fs

fla)

o b A b

Instead, according to the Mean Value Theorem, for every differentiable function on an interval,
there is at least one point where the slope of the function is exactly the average slope. This
can be seen in the picture on the right. You can also see here how the proof of the mean value
theorem can be traced back to Rolle’s theorem by modifying the graph of the function f on
the right by shearing in such a way that f(a) = f(b) applies afterwards.

EXERCISE 5.33. — Let [a,b] be a compact interval and f : [a,b] — R be continuously
differentiable. Show that f is Lipschitz continuous. What happens if compactness is dropped
as a hypothesis?

EXAMPLE 5.34. — Let f : [0,27] — C be the complex-valued function given by f(t) =
exp(it) = cos(t) + isin(t). At the endpoints of the interval [0,2x], f(0) = f(27) = 1 holds.

However, the derivative of f never takes the value zero because, according to Example 5.5,

f'(t) = iexp(it) # 0

Version: December 8, 2023. 147



Chapter 5.2 Main Theorems of Differential Calculus

for all ¢t € [0, 27]. Thus, the statements of Rolle’s Theorem and the Mean Value Theorem for

complex-valued functions are false in this generality.

THEOREM 5.35: CAUCHY MEAN VALUE THEOREM

Let a < b, and let f,qg : [a,b] — R be continuous functions, both of them differentiable
on (a,b). Then there exists £ € (a,b) such that

g€ (f®) = f(a)) = £ (£)(g(b) — g(a))- (5.5)

(&)  f(b) = fla)
g€ g) —gla)

Proof. We define the function F': [a,b] — R by

This proves (5.5). If in addition ¢’(x) # 0 for all € (a,b), then it follows from Rolle’s
theorem that g(b) # g(a) holds. After dividing (5.5) by ¢'(£)(g(b) — g(a)), we get the second

assertion of the theorem. O

5.36. — Just like for the Mean Value Theorem 5.31, Cauchy’s Mean Value Theorem
has a geometrical interpretation, only this time you have to look in the two-dimensional
plane. There, Cauchy’s mean value theorem states, under the assumptions made, that the

curve t — (f(t),g(t)) has a tangent that is parallel to the straight line through the points

(f(a); g(a)), (f(b),g(b))-
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9(b) 27N

gla)

flad £(b)

5.2.3 L’Hopital’s Rule

The family of results known collectively as Rule of I’Hoépital (or I’Hospital) is named after
the French mathematician and nobleman Guillaume Francois Antoine, Marquis de I’"Hopital
(1661-1704). It probably goes back to Johann Bernoulli, but was published by de I’'Hépital
in his textbook Analyse des Infiniment Petits pour [’Intelligence des Lignes Courbes. De
I’Hopital’s influential book was the first systematic treatment of infinitesimal calculus. His
approach and argumentation are thoroughly geometrical - de I’'Hépital did not know neither

a strict notion of limit nor a notion of differentiability.

THEOREM 5.37: L’HOPITAL'S RULE

Let a < b, and f,g: (a,b) — R differentiable functions. Suppose the following hold:
1. g(z) #0 and ¢'(x) # 0 for all x € (a,b).

2. lim f(z) = lim g(z) =0.

T—a™t T—a™t

3. The limit L = lim fl(xg exists.

oat 9@

Then lim+ % also exists and is equal to L.
Tr—a

Proof. By assumption (2), we can extend f and ¢ continuously on [a,b) by setting f(a) =
g(a) = 0. Fix e > 0. According to assumption (3), there exists § > 0 such that

f'(€)
g'(&)

Now, given x € (a,a + ¢§), we apply the Mean Value Theorem 5.35 on the interval [a, z] to
find &; € (a,z) such that

€e(L—e,L+e¢) V¢ € (a,a+0).

(a)  g(&)

flz) _ f@)—fla) _ [(&)
-9
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Since &, € (a,z) C (a,a + 9), it follows that

flz) _ ['(&)

9(@)  g(&)

€e(L—¢e,L+e) Vz e (a,a+0).

Since € > 0 is arbitrary, this proves that lim,_,,+ % = L, as desired. O

Theorem 5.37 is one of several versions of the rule of 'Hoépital For instance, one can as-
sume that the limits in (2) are both improper limits, i.e., that lim, ,,+ g(x) = *oo and

lim,_,,+ f(x) = £oo hold with arbitrary signs. More precisely, the following holds:

THEOREM 5.38: L’HOPITAL'S RULE FOR IMPROPER LIMITS

Let a < b, and f,qg: (a,b) — R differentiable functions. Suppose the following hold:
1. g(x) #0 and ¢'(x) # 0 for all x € (a,b).
2. lim |f(z)| = lim |g(z)| = occ.
z—at z—at

3. The limit L = lim f'(z) exists.

r—at g,(l’)

Then lim+ % also exists and is equal to L.
Tr—ra

Proof. (Extra material) Fix ¢ > 0. According to assumption (3), there exists ¢ > 0 such that

f'(€)
g (&)

€(L—e,L+e¢) V¢ € (a,a+0).

Now, given = € (a,a + §), we apply the Mean Value Theorem 5.35 on the interval [z, a + §]
to find &, € (x,a + 0) such that

f(x) = fla+0) _ f'(&)

g(x) —gla+46) ¢'(&)

Since &, € (z,a+6) C (a,a + 0), it follows that

f@ = fat+0) &) cp_phe) Vae(aatd)

g(x) —gla+0)  ¢(&)

Note now that
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1_g(a+6)
Also, since |f(z)],|g(z)] = o0 as z — a™, lim,_, 4+ ﬂ% = 1. Hence, there exists n € (0, )
ic
such that
ME(L—Qs,L—i—Zs) Vz e (a,a+n).
g(x)
Since € > 0 is arbitrary, this proves that lim,_, + % = L, as desired. O

Instead of the limit z — a™ or £ — b~, one can also consider the limit as z — —oo or

x — oo. For instance, the following holds:

THEOREM 5.39: L’HOPITAL’S RULE AT INFINITY

Let R>0 and f,g: (R,00) — R differentiable functions. Suppose the following hold:
1. g(x) #0 and ¢'(x) # 0 for all x € (R, 0).

2. either xli}ngo fz) = mh_{go g(x) =0 or mlggo |f(x)| = xlgl;lo lg(x)| = 0.

3. The limit L = lim gl(x) exists.

a0 9' (%)
Then lim £2) aiso exists and is equal to L.
z—00 9(T)
Proof. (Extra material) If le flz) = le g(x) = 0, apply Theorem 5.37 in the interval
(O, %) to the functions x — f (%) and z— g (%)
If ILm |f(z)] = le lg(x)| = oo, apply instead Theorem 5.38 in the interval (0, ) to the

functions x — f (%) and z — g (%) O
EXERCISE 5.40. — Prove Theorem 5.39 in detail.
EXERCISE 5.41. — Calculate the following limits using I’Hépital’s rule.
@ Eanr I @Gy @ e
EXERCISE 5.42. — Let a < b be real numbers and f : [a,b] — R a continuous function.

Suppose xq € [a, b] is a point such that f is differentiable on [a, b] \ {z¢} and suppose that the

limit lim, ., f'(z) exists. Show that f is differentiable at x¢ and that f’ is continuous at x.

EXERCISE 5.43. — Let I = (a,b) C R be an interval, and let f : I — R be twice differen-
tiable. Show the formula

() — 1im T R) = 20(@) + @ —h)

h—0 h?2
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for all z € I. Using the sign function x — sgn(x), verify that the existence of the above limit
does not imply twice differentiability.

Hint: Apply 'Hépital’s Rule twice.

5.2.4 Monotonicity and Convexity via Differential Calculus

The mean value theorem allows us to characterize known properties of functions using the
derivative. In the following, when we write f’ > 0, we mean that f’(z) > 0 for all z € I.

Also, I shall always denote a “non-trivial” interval, that is, a non-empty interval that does
not consist of a single point.

PROPOSITION 5.44: MONOTONICITY VS FIRST DERIVATIVE

Let I C R be an interval, and let f: I — R be a differentiable function. Then
f'>0 <= f is increasing.

Proof. Suppose f is increasing. Then we can note that f(x + h) — f(z) > 0 for h > 0, and
f(x+h)— f(z) <0 for h < 0. Therefore, in either case w > 0, and we get

) — g LEED @)

h—0 h
To prove the converse implication, assume that f is not increasing. Then there exist two
points 1 < x2 in I with f(x2) > f(z1), and according to the Mean Value Theorem 5.31 there
exists € € [x1,x2] with f/(&) = fa)=f@) g gq f #20on . O

r2—x1

REMARK 5.45. — If f/ > 0, the above argument can be used to show that f is strictly
increasing. However, the converse is false: the function f : R — R, z — 22 is strictly
increasing, but f/(0) = 0.

COROLLARY 5.46: CONSTANT FUNCTIONS VS FIRST DERIVATIVE

Let I C R be an interval, and let f : I — R. Then f is constant if and only if f is
differentiable and f'(x) =0 holds for all x € I.

Proof. On the one hand, the derivative of a constant function is the zero function.
Conversely, if f is differentiable and f’ = 0, then f’ > 0 and —f’ > 0. Hence, Proposition
5.44 implies that both f and — f are increasing, so f is constant. O

EXERCISE 5.47. — Let I C R be an interval, and let f : I — R. Show that f is a polynomial
if and only if f is smooth and there exists n € N such that f(™ = 0.
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DEFINITION 5.48: CONVEX FUNCTIONS

Let I C R be an interval, and let f: I — R. Then f is called convex if, for all a,b € I
with a < b and all ¢ € (0, 1), the inequality

f(A=t)a+tb) < (1—1t)f(a)+tf(b) (5.6)

holds. We say that f strictly convex if the inequality in (5.6) is strict. A function
g: I — Ris called (strictly) concave if —g is (strictly) convex.

5.49. — The inequality (5.6) can be understood geometrically as follows: If a < b are
points in the domain of definition of f, then the graph of f in the interval [a,b] lies below
the secant through the points (a, f(a)) and (b, f(b)). Convexity can also be characterized by
means of slopes of secants. Namely, f : I — R is convex if for all x € (a,b) C I the inequality

fla) = f@) _ 1)~ f(@) 5.7

T —a b—=x

holds, and strictly convex if the inequality above is strict. Geometrically, this means that the
slope of the lines through the points (a, f(a)) and (z, f(z)) is smaller than the slope of the
lines through the points (z, f(x)) and (b, f(b)).

x> (1= t)f(wo) + tf (21)

Zo Ty = (1 *t)ZB()th:Bl X1 b

EXERCISE 5.50. — Show that the inequality (5.6) for all ¢ € (0,1) is equivalent to the
inequality (5.7) for all x € (a,b).
PROPOSITION 5.51: CONVEXITY VS MONOTONICITY OF FIRST DERIVATIVE

Let I C R be an interval, and f : I — R a differentiable function. Then f is convex if

and only if f’ is increasing.
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Proof. Suppose f is increasing, fix a,b € I with a < b, and consider x € (a,b). According to

the mean value theorem, there exist £ € (a,z) and ¢ € (z,b) such that

Thus, from the monotonicity of f’ we deduce (5.7), so f is convex.

Vice versa, suppose that f is convex, let a < b be two points in I, and consider h > 0
small enough so that a + h < b — h. Applying (5.7) on the interval (a,b — h) with x =a + h
it follows that

flath)— fla) _ fb—h)~ fla+ )
h = (b—h)—(a+h)

Also, from (5.7) applied on the interval (a 4+ h,b) with x = b — h, we get

fo—h) = flat+h) _ fb) = fb—h)
(b—h)—(a+h) — h

Combining the two inequalities above, we deduce that for all h > 0 sufficiently small,

h) — b)— f(b—h
h h
Taking the limit as h — 07, we obtain f’(a) < f’(b). Since a < b are arbitrary, this proves
that f’ is increasing. O
EXERCISE 5.52. — With the same assumptions as in Proposition 5.51, prove that f is

strictly convex if and only if f’ is strictly increasing.

COROLLARY 5.53: CONVEXITY VS SECOND DERIVATIVE

Let I C R be an interval, and f : I — R a twice differentiable function. Then f is
convex if and only if f" > 0.

Proof. By Proposition 5.51, f is convex if and only if f’ is increasing. Then, by Proposition
5.44 applied to f’, we see that f’ is increasing if and only if f” > 0. The result follows. [

EXERCISE 5.54. — Under the same assumptions as in Corollary 5.53, prove that if f”(z) > 0

for all x € I, then f is strictly convex. Is the converse true?

EXERCISE 5.55. — The function f : (0,00) = R, z — zlog(z), is strictly convex. This

follows from Corollary 5.53, since f is smooth and

f/(:c) = log(z) + x% = log(z) + 1, f"(:n) _ % <0

for all x > 0. Furthermore, we already know from Example 3.79 that lim, oz log(z) = 0.

Lastly, we note that lim,_,o f/'(x) = —o0, all of which can be seen in the graph of f.
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x — zlog(x)

EXERCISE 5.56 (Minima of Convex Functions). — Let I C R be an interval, and f: [ — R

a convex function. Show that every local minimum of f is a (global) minimum.
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5.3 Example: Differentiation of Trigonometric Functions

In this section, we study the derivative and monotonicity properties of trigonometric func-

tions.

5.3.1 Sine and Arc Sine

5.57. — Recalling Exercise 5.15, the functions sin : R — R and cos : R — R are smooth,
and

sin’(x) = cos(z), cos'(x) = —sin(z).

By Theorem 4.59 and Exercise 4.62, the zeros of cos : R — R are the set {§ +km| k € Z}, and
cos(0) = 1. From the Intermediate Value Theorem 3.29 it follows that sin’(x) = cos(z) > 0
for all z € (—5,%5). Thus, by Remark 5.45, the function

sin: [-5, 5] — [-1,1] (5.9)
is strictly increasing and bijective (recall that sin(—%) = —1 and sin(5) = 1). Consequently,
the sine function restricted to [-7, §] has an inverse, which we express as

arcsin : [~1,1] — [-F, 5]

and call arcsine.

The following figure shows the graph of the sine function on [~F, 7], and of its inverse.

T
2
1
- sin(x) aresinx)
e -1
2
~1
-1
2
REMARK 5.58. — Since sin” = —sin, it follows that sin is convex in the interval (—%, O),

and is concave in the interval (O, %)

5.59. — According to Theorem 5.21, the arcsine is differentiable at s if the derivative of

sine at o = arcsin(s) is not zero. Since the derivative of the sine sin’ = cos vanishes exactly
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at the boundary points of [—%, g], for x € (—g, %) and s = sin(x), Theorem 5.21 yields

1 1 1

arcsin’(s) = = -

cos(x) 1 —sin?(z) V1-—s?
(recall that cos(z) is positive for z € (=%, %), thus cos(z) = /1 — sin(z)?).

5.60. — The discussion above can be done analogously for the cosine. The cosine function is
strictly monotonically decreasing in the interval [0, 7] and satisfies cos(0) = 1 and cos(m) = —1.

In particular, the restricted cosine function
cos: [0,7] — [—1,1]

is bijective.

M\\\cos(x)
N\ arccos(x)

N\, LA
L
2 \ AN
AN
.
..1 S
-1 o) \1

The inverse figure is called arccosine and is written as

-
NH/

arccos : [—1,1] — [0, 7]

Just as for the arcsine, we can apply the differentiation rules for the inverse and get s = cos(x)
for x € (0, )

(s) 1 1 1
arccos' (s) = ————~ = — =— .
—sin(z) 1 — cos?(x) V1-—s?
REMARK 5.61. — Since cos” = — cos, it follows that cos is concave in the interval (0, g),

and is convex in the interval (g, 7[‘).
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5.3.2 Tangent and Arc Tangent

5.62. — We consider the restriction tan : (=7, 5) — R of the tangent function. Using the

quotient rule in Corollary 5.18, we get

() — (sin(x) >’ cos(z) cos(z) — sin(z)(— sin(z)) 1

cos(z) cos(z)? - cos(z)?

for all z € (—=5,%). In particular, tan : (=5, %) — R is strictly monotonically increasing.

Furthermore
lim tan(z) = lim sin(z) = +00 and lim tan(z) = lim sin(z) = —00
P z—z - cos(z) PR S w2+ cos(x)

Thus, it follows from the Intermediate Value Theorem 3.29 that the tangent function tan :

(=5, 5) — R is bijective.

tan(x)

LSk |

arckan(x)

A MH

MH

The inverse

T
tan : R — (——, —)
arctan 579
is called arctangent. By Theorem 5.21 the arc tangent is differentiable, and for x € (—%, g)

and s = tan(x) it holds
1

arctan’(s) = —— = cos?(z).
cos?(x)
Since
o sin?(z)  sin?(x) + cos?(z) — cos?(z) 1
ST = = == - ].7
cos?(x) cos?(x) cos?(x)
it follows that 1 + s? = COS%(Q:V and therefore
arctan’(s) = ! VseR
142 '
5.63. — The cotangent and its inverse function behave similarly. The restriction cot | ) :

(0,7) — R is strictly monotonically decreasing and bijective. The inverse

arccot : R — (0, )
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is called arccotangent and has the derivative

1

arccot/(s) =

5.3.3 Hyperbolic Functions

We carry out the analogous discussion for the hyperbolic trigonometric functions

) et —e " e +e " sinh(z) e*—e™®
Slnh(l’) = T’ COSh(x) - T; tanh(x) = COSh(fL') = er + e~ '

5.64. — Tt holds sinh/(z) = cosh(z) > 0 for all x € R. Thus, according to Proposition
5.44, the hyperbolic sine is strictly monotonically increasing. Since li_}rn sinh(z) = oo and
T—00

lim sinh(z) = —oo, by the Intermediate Value Theorem 3.29 we get that

rT——00

sinh: R — R
is strictly monotonically increasing and bijective. The inverse function
arsinh : R - R

is called the Inverse Hyperbolic Sine. According to the theorem on differentiability of the

inverse function, arsinh is differentiable and it holds, for z € R and s = sinh(z),

1 1 1
cosh(z) \/1 + sinh? () V1+s2

arsinh’(s) =

The inverse hyperbolic sine has a closed form, unlike the inverse functions arcsin, arccos, and

arctan. In fact, starting from the relation sinh(z) = s we have

T —Z

e
=s = 923" —1=0.

—e

2

Calling y = €%, we see that y?> — 2sy — 1 = 0, hence

y=sxv1+s2
Since y = e* > 0, the only admissible root is s + v/1 + s2, therefore

e‘”:y:s+\/1—|—782 — leog(s—l— 1—1-82)-

5.65. — The hyperbolic cosine satisfies cosh’(z) = sinh(z) and cosh”(z) = cosh(z) > 0
for all x € R. In particular, the cosine hyperbolic is strictly convex by Corollary 5.53 and
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has a global minimum at 0 by Corollary 5.28 (since 0 = cosh’(z) = sinh(z) implies x = 0).
For x > 0 we have cosh’(x) > 0, so cosh is strictly monotonically increasing on R>q. Since
cosh(0) =1 and lim cosh(z) = 400, it follows that

T—00

cosh : R>p = R>q
is strictly monotonically increasing and bijective. The inverse
arcosh : R>; — Rx>g
is called the Inverse Hyperbolic Cosine, is differentiable on R~ and satisfies
1 1

arcosh(s) = sinh(z) /52 — 1

for s > 1 and s = cosh(z) with z > 0. Furthermore

arcosh(s) = log (s +1Vs? — 1)

for all s > 1. We leave the proof of the above properties to those interested.

5.66. — The Inverse Hyperbolic Tangent is the inverse function

1
artanh : (—1,1) = R, artanh(z) = 3 log (1 * x)
—x

of the strictly monotonically increasing bijection tanh : R — (—1,1). According to Theorem
5.21, artanh is differentiable and the following holds:

1
artanh’(s) =

11— g2

for all s € (—1,1).

EXERCISE 5.67. — Check all assertions made in Paragraphs 5.64, 5.65, and 5.66.
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Chapter 6
The Riemann Integral

In this chapter we will take the idea of section 1.1 and extend it to the notion of the Riemann
integral with the help of the supremum and the infimum, i.e. implicitly the completeness

axiom.

6.1 Step Functions and their Integral

6.1.1 Decompositions and Step Functions

INTERLUDE: PARTITIONS

Two sets A, B are called disjoint if AN B = @. For a collection A of sets, we say
that the sets in A are pairwise disjoint if for all A;, Ay € A with A; # Ay it holds
A1 NA =02.

Let X be a set. A partition of X is a family P of non-empty pairwise disjoint subsets

of X such that
x=\JrP
PeP

In other words, sets P € P are non-empty, and each element of X is an element of exactly
one P € P.

Figure 6.1: Schematic representation of a partition P = {Py,..., Py} of a set X.

For the following discussion, we fix two real numbers a < b, and work with the compact

interval [a,b] C R.
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DEFINITION 6.1: DECOMPOSITION OF AN INTERVAL

A decomposition of [a,b] is a finite set of points

a=20 <21 <+ < Tp-1<xp=2>b

with n € N. The points zg, ..., z, € [a,b] are called the division points of the decom-
position.
6.2. — Formally, a decomposition of [a,b] is a finite subset of [a,b] containing a and b,

together with the listing of its elements in ascending order. A decomposition also induces a

of partition of [a, b], viz.
(a,8] = {20} U (20, 21) U {1} U U (201, 2) U {za}

which we will use implicitly from now on. A decomposition a = yp < y1 < *++ < Ym = b is

called a refinement of a decomposition a =g < 1 < --- < x,, = b if

{anxla ERE 7xn} C {y07y17 <. 7ym}

The notion of refinement leads to an order relation on the set of all decompositions of [a, b].
Note that any two decompositions of [a, b] always have a common refinement (take the union

of the points).

DEFINITION 6.3: STEP FUNCTIONS

A function f : [a,b] — R is called a step function if there exists a decomposition
a=x9<x1 <+ <xp=">of [a,b] such that for k = 1,2,...,n the restriction of f
to the open interval (xp_1,xy) is constant. We also say that the function f is a step

function with respect to the decomposition a = xg < 1 < --- < T, = b.

Xe = & X1 xgp X3 X4Xs  Xg = b

Figure 6.2: The graph of a step function on the interval [a, b].

PROPOSITION 6.4: LINEARITY OF THE SPACE OF STEP FUNCTIONS

Let f,g : [a,b] — R be step functions, and o, € R. Then af + Bg is also a step

function.
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Proof. There exist decompositions of [a,b] with respect to which f and g are step functions.
For these decompositions, there exists a common refinement a = xg < x1 < --- < x, = b with
respect to which f and g are step functions. Thus, the functions f and g are both constant

on the open intervals (zy_1,xg), and consequently so is af + B¢, which means that a.f + Bg

is a step function with respect to a = xg < z1 < --- <z, = b. O
ExaMPLE 6.5. — Constant functions are step functions.
REMARK 6.6. — Just as in the proof of Proposition 6.4, one can show that the product of

two step functions is again a step function. Also, we note that step functions are bounded,

since they take finitely many values.

6.1.2 The Integral of a Step Function

DEFINITION 6.7: INTEGRAL OF STEP FUNCTIONS

Let f : [a,b] — R be a step function with respect to a decomposition a = z¢g < -+ <
xn, = b of [a,b]. We define the integral of f on [a,b] as the real number

b n
/ f@)de =" cp(wr — wx_1) (6.1)
e k=1

where ¢j denotes the value of f on the interval (zy_1, ).

For the moment, in (6.1), the individual symbols [ and dz have no meaning. Originally, the
symbol [ stands for an S for “sum”, and the symbol dx indicates an “infinitesimal length”, i.e.
T — Tp_q for an “infinitesimal fine” decomposition. The notation was introduced by Leibniz

(1646-1716).

Xo = Q X1 X2 *3 X‘F:b

Figure 6.3: For a non-negative step function f > 0 we interpret (6.1) as the area of the, set
{(z,y) €eR?| a<x<b, 0<y< f(x)}, and in general as the signed net area.

6.8. — The equation (6.1) defining the integral is not without problems. A priori, in fact,
the right-hand side depends on the choice of a decomposition of the interval [a,b]. We must
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convince ourselves that this is only an apparent dependence. In other words, if a = yg < --- <

Ym = b is another decomposition of [a, b] with respect to which f is a step function, then

D elmr —ap) =Y dilyr — ys-1) (6.2)
k=1 k=1

where dj;, denotes the constant value of f on the interval (yg_1,yx)-

We consider this in three steps. In the first step, we assume that the decomposition
a =19y < -+ < Yy = bis finer than a = 29 < -+ < x, = b, and merely has an extra
separation point y; € (xy_1,2¢) = (y;—1,¥y1+1). But this means that the sums in (6.2) are the
same, except that the term ¢;(z;—x;_1) on the left becomes d;(y;—yi—1)+di+1(yi+1—y;) on the
right, which does not change the value of the sum since ¢; = d; = dj41 holds. In a second step,
using complete induction, we can conclude that (6.2) holds if a = yp < -+ < Y, = b is finer
than a = 29 < -+ < &, = b, with any number of additional separation points. Finally, we
know that two decompositions of [a, b] always have a common refinement. We can thus show
(6.2) in full generality by comparing both sides with the corresponding sum for a common

refinement of the given decompositions.

PROPOSITION 6.9: LINEARITY OF INTEGRAL OF STEP FUNCTIONS

Let f,g : [a,b] — R be step functions, and let a,, f € R. Then
b b b
/ (cof + Bo) (@) de = a/ f(x)dsc—i—ﬂ/ o)

Proof. We have already shown in Proposition 6.4 that af 4+ 8¢ is a step function. Let a <
xg < -+- < x, = b be a decomposition such that the functions f and g (and consequently
af + Bg) are constant on the intervals (zx_1,2x). If ¢x is the value of f and dj the value of
g on (xg_1, k), then acg + Bdy is the value of af + Sg on (xp_1, k). Therefore

n

b
[ (af + 8@ do = Y (ack + B ~ 1)

k=1

= azck(xk — Tp_1) + ﬂz dy(z — Tp—1)
=1 k=1
b b
—a [ f@)do+5 [ gla)dn,
as desired. O

PROPOSITION 6.10: MONOTONICITY FOR INTEGRAL OF STEP FUNCTIONS

Let f,g: [a,b] = R be step functions such that f < g. Then

/a ' fla)de < / e
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Proof. As in the proofs of Proposition 6.4 and Proposition 6.9, we can find a decomposition
a=1x9 < - <x, = bsuch that f and g are constant on the intervals (xy_1,xr). We again
write ¢ for the value of f and dj, for the value of g on (zx_1, ). Now, because f < g holds,
ie., f(z) < g(x) for all z € [a,b], we get ¢, < dj, for all k € {1,...,n}. Therefore

b

b n n
/ f(x)dx = Z cr(xg — xK—1) < de(:ck —Tp_q) = / g(z) dz.
@ k=1 k=1 @

EXERCISE 6.11. — Let [a, b], [b, ] be two bounded and closed intervals and let f : [a,b] — R
and f2 : [b,¢] — R be step functions. Show that the function

fi(z) ifx € [a,b)
fo(z) if x € [b,(]

fla, ] — R, T

is a step function on [a,c]. Then prove that the integral of f is given by

/acf(x) dr = /abf1(a?) dm—i-/bcfg(x) de.

Finally, show that every step function on [a, ] is of the form described above.
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6.2 Definition and First Properties of the Riemann Integral

As in the last section, we consider functions on a compact interval [a, b] C R. To alleviate the
notation, we write SF for the set of step functions on [a,b]. Also, we often write f; fdx in
place of f; f(z)dz.

6.2.1 Integrability of Real-valued Functions

The following definition of integrability is a variant of Riemann’s definition, which goes back
to the French mathematician Jean-Gaston Darboux (1842-1917).

DEFINITION 6.12: LOWER AND UPPER SUMS

Let f : [a,b] — R be a function. Then we define the sets of lower sums £(f) C R and
upper sums U(f) C R of f by

z(f):{/abedx

Note that, if f is bounded, then these sets are non-empty. Indeed, if |f| < M, then
{=—M e L(f) and u =M € U(f).
For ¢,u € SF with £ < f < u, Proposition 6.10 implies that

b b
/deg/ udz,

therefore s <t for all s € L(f) and t € U(f). In particular, we have the inequality

b
EGS}'andﬁgf} Ll(f):{/udx

uGS}'andfgu}.

sup L(f) < infU(f)

if f is bounded.

DEFINITION 6.13: RIEMANN INTEGRAL

A bounded function f : [a,b] — R is called Riemann integrable if sup £L(f) =
infU(f). In this case, this common value is called the Riemann integral of f, and is

expressed as

b
/ fdx =sup L(f) =infU(f).
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6.14. — We call a the lower (integration) limit and b the upper (integration) limit,
and the function f the integrand of the integral fab fdx. If f > 0 is Riemann integrable,

then we interpret the number f; fdx as the area of the set

{(z,y) eR*| a <w <b, and 0 <y < f(z)}.

REMARK 6.15. — Since, for the time being, we only know Riemann integrability and the
Riemann integral, we will simply take the liberty of speaking of integrability and integral. Note
however, that besides Riemann integration theory, there is another important such theory

called Lebesgue integral.

PROPOSITION 6.16: RIEMANN INTEGRABILITY CONDITION

Let f : [a,b] — R be bounded. The function f is Riemann integrable exactly if for every
€ > 0 there exist step functions £ and u that satisfy

b
(< f<u and /(u—ﬁ)dm<5.
In such a case

< E.

b b b b
/qu:—/ Ldx| < g, ‘/ uda:—/ fdx

Proof. Let A and B be nonempty subsets of R with the property that ¢ < b holds for all
a € A and all b € B. Then sup A < inf B, and equality sup A = inf B holds exactly if for
every € > (0 there is an a € A and an b € B with b —a < €. This reasoning holds in particular
for the sets £(f) and U(f). The implications

f is Riemann integrable <= sup L(f) = infU(f)
< Ve>03se L(f),t cU(f) witht —s<e

b
& Ve>03lueSF, st. £ < f<wuand / (u—0)de <e

prove the proposition.

The last inequalities follow from

b b b b
/ﬁdmﬁ/ fd:US/ udx and /(u—ﬁ)d:c<€

6.17. — It is good to know that the Riemann integral is a generalisation of the integral

of step functions, and in this sense we can simply speak of the Riemann integral of a step
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function. This is the subject of exercise 6.18.

EXERCISE 6.18. — Let f : [a,b] — R be a step function. Show that f is Riemann integrable

and that the Riemann integral of f is equal to the integral of f as a step function.

EXERCISE 6.19. — Repeat the proof of Proposition 1.1 and show, in the language of this
section, that f: [0,1] — R, 2 +— 22 is Riemann integrable with fol z2dx = % Also,

L(f)=(-0o0,3) and U(f) = (3,00).

ExXaAMPLE 6.20. — Not all functions are Riemann integrable, as the following example
shows. Consider f: [0,1] — R defined as

1 z€Q
0 z&Q.
We claim that this function is not Riemann integrable.
To see this, let u € SF with f < wu,andlet 0 = 29 < -+ < x, = 1 be a decomposition such

that u is constant on every interval (zj_1, ), with value ¢;. Since Q is dense in R, there
exists a x € (xg—1,x) with z € Q. Because of f <wu, 1 = f(z) < wu(z) = ¢ holds. Thus

1 n n
/ u(z) dmzzck(mk—xk_l) > Z(wk—mk_l) =z, —19=1
0 k=1

k=1

using telescopic sums. Thus, the upper integral of f is given by 1, since the step function with
constant value 1 has integral 1 and w was arbitrary.
Similarly, one shows that the lower integral of f is given by 0. Thus, f is not Riemann

integrable.

6.2.2 Linearity and Monotonicity of the Riemann Integral

THEOREM 6.21: LINEARITY OF THE RIEMANN INTEGRAL

If f,g: [a,b] = R are integrable and o, 5 € R. Then af + Bg is integrable with integral
b b b
/ (af—i—ﬂg)dx:a/ fdx—l—ﬁ/ gdzx.

Proof. Given € > 0, thanks to Proposition 6.16 we can find step functions ¢1, f2, u1, us such
that

b b
6 < f<u, fl2<g<uy, /(U1—51)d$<€7 /(U2—52)d$<57
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b b b b

/qu:—/fld:c /gdq:—/fgd:c
a a a a

Assume first that a, 5 > 0. Then
aly <af <auy, Ple < Pg < Puz = aly + Bl < af + Bg < auy + Buy,

<e, <e

and

b b b
/ ((qur + Bug) — (aly + Bls)) do = a/ (up — 41) dx + B/ (ug — la)dzx < (a + B)e.

Since ¢ is arbitrary, this shows that af + ¢ is integrable. Also, by the traingle inequality
and Proposition 6.9 applied to £1; and ¢, we get

/ab(af+ﬁg)dm—a/abfdx—ﬁ/abgd:p

<

b b
[+ s9do~ [t + 5t ds
b b b
/(aﬁl—i-/é’ﬁg)dx—a/ €1da;—,8/ Uy dx

=0
b b b b
/Eldx—/ fdx /Egdx—/gd;r

+ 8
< (a+ B)e + aec + fe =2(a+ P)e.

_l’_

+ o

which implies, again from the arbitrariness of €, that f;(oaf + Bg) dr = « fab fdx+p fab gdx.
The case when « or 3 is negative is analogous, but one needs to reverse some inequalities.
For instance, if o > 0 but 8 < 0 then

aly <af <oaup, pla>Pg> Pur = aly + Pus < af + g < auy + [la,

and

b b b
/ ((qur + Bl2) — (aly + Bug)) da = a/ (ur — 61) dz + ﬂ/ (f2 —ug) dz < (a +[f])e.

Since € is arbitrary, this shows that af + B¢ is integrable, and analogously one proves that
f;(af—l-ﬁg)dm:afffdﬂc+ﬁf:gd1:. O

EXERCISE 6.22. — Let f : [a,b] — R be Riemann integrable. Let f* : [a,b] — R be a
function obtained by changing the value of f only at finitely many points in [a,b]. Show that

f* is Riemann integrable and has the same Riemann integral as f.
PROPOSITION 6.23: MONOTONICITY OF THE RIEMANN INTEGRAL

Let f,g : [a,b] = R be integrable. If f < g, then f;fd$ < f;gdaz.
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Proof. For any step function u : [a,b] — R, if u < f then u < g. This implies that £(f) C
L(g), and therefore

b b
[ rae=swe(p) <swelg) = [ g

as desired. O

6.24. — Let f: [a,b] — R be a function. We define functions f*, f~, and |f| on [a,b] by

fH@) =max{0, f(x)}, [ (2) =-min{0, f(2)},  |fl(x)=1[f(2)] Vaz€la,b].

The function f* is the positive part, f~ is the negative part, and |f| is the absolute

value of the function f. One can check that

\fl+ f
2 b

- _ =7
o=

f=f =, fl=f"+f, =
In addition,

f<g = fF<yg" and f<g= f >g.

ot b N'/’:\b
a \_,/ a
Figure 6.4: The graph of af function f is shown on the left, the graph of the corresponding

function |f| is shown on the right. The integral f; fdz describes a net area and f: |fldx a
gross area.

THEOREM 6.25: TRIANGLE INEQUALITY FOR RIEMANN INTEGRAL

Let f : [a,b] — R be an integrable function. Then f*, f~, and |f| are also integrable,

‘/abfdm s/ablfldw-

Proof. We start by showing that f* is Riemann integrable. Let ¢ > 0. Since f is integrable,

and

there exist step functions ¢ and w with the property
b
(< f<u and /(u—ﬁ)dm<€.
a

The functions ¢+ and u™ are also step functions, and /T < f* < u™ holds. Since u — £ is
non-negative, u—¢ = (u—£)* holds. Also, considering all possible cases (i.e., u(z) > ¢(x) > 0,
u(z) > 0> £(z), or 0 > u(z) > ¢(x)), one checks that

(u— O (z) > ut(z) — (T(2) V€ la,b].
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Therefore , ) ,
/ (u+—€+)da¢§/ (u—é)*dx—/ (u—"{)dr <e

which shows that f7 is integrable. Theorem 6.21 implies that f~ = f*— fand |f| = fT+f~

are also integrable. Finally
b b b
§/ f+d:U—|—/ f_da::/ |f|dx

‘/abfd.% :‘/abf+da:—/abf_dx

where we used Theorem 6.21, as well as f; ftdr>0and ff f-dx>0. O

EXERCISE 6.26. — Let a < b < ¢ be real numbers. Show that a function f : [a,c] — R is
integrable exactly when f |[a,b] and f ‘[b,c] are integrable, and that in this case

c b c
/]ﬂx:/ Mme+A¢WmM%

EXERCISE 6.27. — Let f : [a,b] — R be integrable, and A > 0 be a real number. Let
g : [Aa, A\b] — R be the function given by g(x) = f(A\~'x). Show that g is integrable, and that

b b
)\/ fdac:/ gdz.
a Aa

EXERCISE 6.28. — Let f : [a,b] — R be an integrable function. Show that the function
F :[a,b] — R given by

F(z) = /wf(t) dt

18 continuous.

EXERCISE 6.29. — Let C be the space of continuous functions on [a,b], and let I : C — R

be the integration.
b
1= [ fis

Show that the function I is continuous, in the following sense: for all € > 0 there exists a
0 > 0 such that
[f(z) —g(x)| <6 VzeD = |I(f)—I(g)| <e

EXERCISE 6.30. — Let f :][0,1] — R be an integrable function and € > 0. Show that there

exists a continuous function g : [0, 1] — R such that

1
/0 |f(x) —g(x)| dz < e. (6.3)
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6.3 Integrability Theorems

6.3.1 Integrability of Monotone Functions

We consider as before a compact interval [a,b] C R for real numbers a, b with a < b. We note
that monotone functions f : [a,b] — R are bounded, as e.g. f(a) is a lower bound and f(b) is

an upper bound if f is monotone increasing.

THEOREM 6.31: MONOTONE FUNCTIONS ARE INTEGRABLE

Every monotone function f : [a,b] — R is Riemann integrable.

Proof. Without loss of generality, f : [a,b] — R is increasing — if not, replace f with —f and
apply Proposition 6.21. We want to apply Proposition 6.16, that is, for a given € > 0 we want
to find two step functions ¢,u € SF such that £ < f < u and ff(u —l)dx < e.

We construct ¢,u using a natural number n € N which we will specify later, and the
decomposition

a=xp <11 <...<xp,=0b

of [a,b] given by zj, = a + =2k for k € {0,...,n}. Let £,u be given, for x € [a,b], by

fleg—1) ifz € |xp_q, k) for ke {1,...,n}
E(.’If') = )
F6) ifz=b

fla) ifx=a

. flzg) ifx € (xg_1,2x] for k€ {1,...,n} '

Since f is increasing, ¢ < f < u holds. Indeed, for = € [a, b] either x = b, where ¢(z) = f(x), or
thereisa k € {1,...,n} with x € [xx_1,x). In the latter case we get {(z) = f(xp_1) < f(x),
and thus ¢ < f holds. An analogous argument yields f < .

Recalling that x, = b and x¢ = a, this yields

n

b n
[0 =3 (5ww) ~ Sl )~ 2e) = 3 (1)~ SGaa)

=1 k=1

k
(f(xn f(@n-1) + f(en-1) — f(xn—1)+-~-+f($1)_f($0))
(f )b—a'

n

Following Archimedes’ principle, we can now choose n € N such that f:(u —{)dx < e. Thus,

it follows from Proposition 6.16 that f is Riemann-integrable. O

EXERCISE 6.32. — Show that the function z € [0,1] — v/1 — 22 € R is Riemann integrable.

Version: December 8, 2023. 172



Chapter 6.3 Integrability Theorems

Using the addition property in Exercise 6.26, the statement of Theorem 6.31 can be ex-

tended to functions that are only piecewise monotonic.

DEFINITION 6.33: PIECEWISE MONOTONE FUNCTIONS

A function f : [a,b] — R is called piecewise monotone if there is a decomposition
a=xp<x1<...<x,=0b

of [a,b] such that f] y is monotone for all k € {1,...,n}.

Tk—1,Tk

COROLLARY 6.34: PIECEWISE MONOTONE FUNCTIONS ARE INTEGRABLE

FEvery piecewise monotone bounded function f : [a,b] — R is Riemann integrable.

Proof. (Extra Material) This follows from Theorem 6.31, and Exercises 6.26 and 6.22. O

6.3.2 Integrability of Continuous Functions

In this section, using boundedness and uniform continuity of continuous functions on compact

intervals (Theorems 3.39 and 3.46), we show the following result.

THEOREM 6.35: CONTINUOUS FUNCTIONS ARE INTEGRABLE

FEvery continuous function f : [a,b] — R is integrable.

Proof. Let f : [a,b] — R be continuous, and £ > 0. By Theorem 3.46 f is uniformly continu-

ous, so there exists 6 > 0 such that

[z -yl < = [f(x) - fly)l <e

holds for all z,y € [a, b].
Now, let a = 29 < 21 < ... < x,, = b be a decomposition of [a, b] such that z; —xp_1 < I
for all k, and for each k € {1,...,n} define

cp =min{f(x) | zp—1 <z <z} and dr, = max{f(x) | vxg—1 <z < w1}

where we used Theorem 3.42 for the existence of these extrema.
We note that, for all k£ € {1,...,n}, the inequality dx — ¢ < ¢ holds. Indeed, if yy, 21, €
[xx_1, k] as points of minimum and maximum, namely f(yx) = ¢x and f(zx) = dg, then

because |y — zx| < xx — x—1 < 0, the uniform continuity implies that dy — ¢ < €.
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We now define step functions ¢, u by

E((L') ) if x € [xk_l,mk) and u(x) _ dp ifzxe [:ck_l,xk)
¢ itz =0 d, ifz=0>

for z € [a,b]. Since ¢ < d, we see that £ < f < wu. Also, because dj — ¢x < €, it follows that

b n n
/ (u—0)de =Y (dp — ci)(@p — 2p—1) <Y (21 — 241) = (b — a).
a k=1 k=1
Since € > 0 is arbitrary, f is integrable. O

Again by the addition property in Exercise 6.26, the statement of Theorem 6.35 can be

extended to functions that are only piecewise continuous.

DEFINITION 6.36: PIECEWISE CONTINUOUS FUNCTIONS

A function f : [a,b] — R is called piecewise continuous if there is a decomposition
a=zx0<x1<...<xp=2>0

of [a,b] such that fl|, | )

limx_mzi1 f(x) and limm_m; f(z) exist. In other words, each function f|, | .,) can

is continuous for all k& € {1,...,n}, and both limits
be extended to a continuous function on [xg_1,xg].

COROLLARY 6.37: PIECEWISE CONTINUOUS FUNCTIONS ARE INTEGRABLE

FEvery piecewise continuous function f : [a,b] — R is Riemann integrable.

Proof. (Extra Material) This follows from Theorem 6.35 applied to the continuous extension

of fl(z,_1,2x) O [Th—1,7x], and Exercises 6.26 and 6.22. O

6.38. — Most “common” functions are piecewise continuous or piecewise monotone, and in
particular integrable according to Theorem 6.31 or according to Theorem 6.35. We note that
there exist functions that are continuous on their domain of definition but are not monotone

on any open subinterval.
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Applet 6.39 (Integrability of a “shaky” function). We see that a continuous but shaky function
as in the graph shown is also Riemann integrable. We can also note that the program GeoGebra
sometimes has problems with the function used, and some of the displayed lower sums or upper
sums are actually not displayed and calculated correctly. Regardless of this, we have proven the

Riemann integrability, so we should not worry if there are some computational errors using
GeoGebra.

EXERCISE 6.40. — Let f : [a,b] — R be a continuous function. Prove that

b
f=0 = [If@lds=0.

6.3.3 Integration and Sequences of Functions

Assume that a sequence of integrable functions (f,)2%, fn : [a,b] — R, converges pointwise
or uniformly to a function f : [a,b] — R. Can we conclude that f is integrable and if so, does

the equality

lim fn dx = / f dx
n—oo
hold?

One can show that the pointwise limit of integrable functions is not integrable. More
importantly, as the following example shows, if a sequence of integrable functions (fy,)nen
converges pointwise to an integrable function f, then the limit of the integrals does not

necessarily coincide with the integral of the limit.

EXAMPLE 6.41. — Let D = [0, 1] and let f,, : D — R be given by.

n’x for x € [0, 2171]
f(z) = {n*(k —2) forze [5,4]
0 for x € [% 1]

for x € [0,1] and n € N. Then f, is continuous and, in particular, integrable. Also, its integral
is equal to the area of the triangle in the figure, which is ll% = %.

Note that the sequence (f,)5°, converges pointwise to the constant function f(x) = 0.
Indeed, f,(0) for every n, so f,(0) — 0. Also, for every x > 0 it follows that f,(x) = 0 for
every n > 1 (since this is equivalent to z > 1), so again f,,(z) — 0.

However, for all n € N the following is true:
1 1 1
/ fa(z)de == #0 :/ f(z)dx
0 4 0
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So, the limit of the integrals is not equal to the integral of the limit function, although all

functions f, and f are continuous.

|3

0 1 1
n
On the other hand, if the convergence f, — f is uniform, then both questions can be
answered affirmatively:

THEOREM 6.42: UNIFORM CONVERGENCE AND RIEMANN INTEGRAL COMMUTE

Let (fn)o2y, with fn : [a,b] — R, be a sequence of integrable functions converging
uniformly to a function f :[a,b] — R. Then f is integrable and

f dx = lim fn dz. (6.4)

Proof. Let € > 0. By uniform convergence, there exists N € N such that f —e < f, < f+¢
for all n > N. Since fy is Riemann integrable by assumption, there exist step functions ¢, u
on [a,b] with £ < fny < wand fab(u—ﬁ) dz < e. Tt follows that, for the step functions ¢ = ¢ —¢

and 4 = u + €, we have
A~ b A,
(< f<ua and /(ﬂ—é)dx<5(2b—2a+1).

Since € > 0 is arbitrary, the Riemann integrability of f follows from Proposition 6.16.
From the monotonicity and triangle inequality for the Riemann integral in Propositions
6.23 and 6.25, we also have

/abfdx—/abfnd:z:

This proves (6.4) and concludes the proof. O

b b
= /(f—fn)da: §/ |f — fuldx <e(b—a) Vn > N.
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Chapter 7

The Derivative and the Riemann

Integral

In this chapter we will examine the connections between the Riemann integral from chapter 6
and the derivative from chapter 5. These connections are of fundamental importance for the

further theory.

7.1 The Fundamental Theorem of Calculus

We specify for this section a compact interval I C R that is non-empty and does not consist

of a single point. For brevity, we write integrable instead of Riemann-integrable.

7.1.1 The Fundamental Theorem

DEFINITION 7.1: PRIMITIVE FUNCTION

Let I C R be an interval and f : I — R a function. Any differentiable function
F : I — R such that F' = f is called a primitive of f.

REMARK 7.2. — In general, a primitive function needs neither exist (see the following

exercise) nor be unique.

EXERCISE 7.3. — Show that there is no differentiable function f : R — R such that
f/(x) = sgn(x) holds for all x € R.
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THEOREM 7.4: FUNDAMENTAL THEOREM OF CALCULUS

Let f : [a,b] — R be continuous. Then, for every C' € R, the function F : [a,b] — R
defined as

F@ﬂ::/$ﬂﬂdt+0 (7.1)

s a primitive of f.

Moreover, any primitive F : [a,b] — R has this form for some constant C € R.
Proof. By Theorem 6.35, f is integrable. We claim that the function
X
xwﬂ@:/f®ﬁ+0
a

is differentiable on [a,b] and a primitive function of f. Let zg € [a,b] and ¢ > 0. By
the continuity of f, there exists 6 > 0 such that |f(z) — f(x0)| < ¢ for all x € [a,b] with
|z — xo| < 6.

Now, for x € (zg,zo + 0) N [a, b], it follows from Exercise 6.26 that

([ rwar- [T o) - se)

! / " F(t) d — f(xo) .

T — X0

1 z 1 z
[a=t [ rana
T —=T0 Jgg T =20 Jgq

from the above formula and Theorem 6.25 we get

F(x) — F(xo)
Tr — X0

—f(xo)‘z

Noticing that

f(z0) = f(x0)

F(wi:fo(a:o) _f(xo)‘ - x_lxo /xjf(t)dt— x_lxo /x:f(xo)dt'
- [ @ =) i
< o [ 0o - s

Noticing that in the last integral ¢ € [zg, x| C [0, o+ ) N]a, b], it follows from the continuity
of f that |f(t) — f(x0)| < €, therefore

1 r 1 z
f(xo)‘< / edt =¢ / dt =e.
Tr — X z0 Tr — X z0

Similarly, for = € (xg — 6, x0) N [a, b,

‘F(fv)—F(xo)
T — 1z

‘F(ﬂf)—F(wo)
T — 1z

—f(évo)‘:

([ rwar- [T o) - se)
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1 o
~ | (- [0 a) - s
1 [
= [ =)
1 [
-5 [T o - s a
<L [Tl - sl < e
Since € > 0 is arbitrary, this proves
tim HOZF00) g,
T—T0 Tr — X

that is, F'(xg) = f(x0). This shows that F' is a primitive of f.

Uniqueness up to a constant follows by Corollary 5.46: if F' is a primitive then

(ke [ 0at) =10~ s =0 veela

therefore F(z) — [ f(t) dt is constant. O

7.5. — Illustration 7.1 shows the essential estimate in the proof of Theorem 7.4. The
value F'(z) — F(xg) can be written as f(xo)(x — z¢) plus the area in red that is smaller than

e(z — xp). Thus F@)=F@0) 4 an error less than ¢, is given by f(zo).

‘F(xo)‘ A \ {{
£03

Figure 7.1

Theorem 7.4, as stated or in the form of one of the following corollaries, is known as Funda-
mental Theorem of Integral and Differential Calculus and goes back to the work of
Leibniz, Newton and Barrow, which are largely the starting points of calculus. Isaac Barrow
(1630-1677) was a theologian, but also a physics and mathematics professor at Cambridge.

His most famous student was Isaac Newton.
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COROLLARY 7.6: INTEGRAL VS DERIVATIVE

Let F : [a,b] — R be continuously differentiable. Then, for all x € [a,b] we have

Proof. By the definition of primitive, clearly F' is a primitive of F'. Hence, according to
Theorem 7.4, there exists a constant C' € R such that F(z) = [ F'(t) dt+ C for all z € [a, b].
Choosing = a we obtain F'(a f F'(t)ydt+C =0C, thus

F(x):/mF’(t)dt—i—F(a) V€ [a,b)].

COROLLARY 7.7: RIEMANN INTEGRAL AND PRIMITIVES

Let f : [a,b] — R be continuous and F : [a,b] — R be a primitive of f. Then
b
/ f(t)dt = F(b) — F(a).
Proof. Apply Corollary 7.6 with f = F’ and = = b. O

ExaMPLE 7.8. — For all a < b, a,b € R, it holds:

1. f; e’ dx = f;(em)/dm =eb — e,

[\]

: fab sin(z) doe = — f; cos'(x) dx = — cos(b) + cos(a);

w

. fab cos(z) dr = f sin’(x) dx = sin(b) — sin(a);

W

. f; sinh(z) do = f; cosh’(z) do = cosh(b) — cosh(a);

ot

: f; cosh(z) dz = ff sinh’(z) dz = sinh(b) — sinh(a);

=]

fb z® dr = H—a ff( oy dg = (b — ') whenever 1 + o #0, 0 < a < b;

1+o¢

-3

: ff vl dr = fa (log z)" dx = log(b) — log(a), whenever 0 < a < b.

EXERCISE 7.9. — Let f : [a, b]] — R be discontinuous at mostly finitely many points. Show
that the function F(z) = [ f(¢)dt for is continuous in [a,b], differentiable at all continuity
points of f, and at such points it satisfies F'(x) = f(z).
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EXERCISE 7.10. — Let f : I — R be continuous. Show that there exists £ € (a,b) with

b
/f@szﬂ@w—w

Can you find two different proofs?

7.1.2 Integration by Parts and by Substitution

As a consequence of the fundamental theorem of calculus and the differentiation rules seen
in the last section, we have the following fundamental results. We shall use the following

convenient notation: given h : [a,b] — R,

THEOREM 7.11: INTEGRATION BY PARTS

Let f,g : [a,b] — R be differentiable functions. Then
b ) b
| 1@ g @ds = @@, - [ 1) ga)da.

Proof. Thanks to Proposition 5.12 we have
fg'=(f9) - td.
Integrating this identity on [a, b] and using Corollary 7.7 yields
b b
/ f(@) g (z)dx = f(b)g(b) — f(a)g(a) —/ f'(z) g(x) dz,

as desired. ]

As a convention, given h : [a,b] — R,

/b " h(w) do = — / bh(x) dz. (7.2)

THEOREM 7.12: INTEGRATION BY SUBSTITUTION, 1ST FORM

Let I,J C R be intervals, let f : I — J be differentiable and g : J — R continuous.
Then, for any [a,b] C I,
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Proof. Fix yo € J, and define G(y) = fy% g(t)dt. By Theorem 7.4 we know that G’ = g, so it
follows from the Chain Rule (see Theorem 5.16) that go f f' =G’ o f f' = (G o ). Hence

b b
/ o(F (@) f' () dz = / (G o f)(x)dr = G(f(B)) — G(f(a))

Before stating the following result, we recall that if & : [a,b] — R is continuously differen-
tiable with A’ # 0, then it follows from the Intermediate Value Theorem 3.29 that h' > 0 or
h' < 0. So, Remark 5.45 implies that it is strictly monotone and therefore invertible. Thanks
to Theorem 3.34 it follows that h~! is continuous, and then Theorem 5.21 implies that =1 is
differentiable on (h(a), h(b)).

THEOREM 7.13: INTEGRATION BY SUBSTITUTION, 2ND FORM

Let I,J C R be intervals, let f : I — J be continuously differentiable and g : J — R
continuous. Given [a,b] C I, assume that f'(x) # 0 for all x € [a,b], and let f~1 :
[f(a), f(b)] = R be the inverse of flap. Then

b f(®)
/ o(f (@) ds = / o) (F (y) dy.
a f(a)

Proof. By Theorem 7.13 applied with % in place of g we have

’ P9 () P =), IO g(y)
[ strenas= [ e = | G @e = [ i

Recalling that # = (1) (see Theorem 5.21), the result follows. O

7.1.3 Improper Integrals

Given a non-empty interval I C R, we say that f : I — R is locally integrable if f[f,; is

integrable for every compact interval [a, ] C I.
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DEFINITION 7.14: IMPROPER INTEGRALS

Let I C R be a nonempty interval, and f : I — R be a locally integrable function.
Set ¢ = inf(I) € RU{—o0} and d = sup(I) U {oo}, and choose zg € I. We define the

improper integral of f on [ as

o b
/ flx)dx = hm flx )dw+blirg_/fﬂof(x)dm

a—ct Jq

whenever both limits exist and the sum makes sense (so, if the limits are infinite, we
do not admit an expression of the form oo — c0).

If the limit is finite, we say that the improper integral converges. If the limit is co or
—o00, we say that the improper integral is divergent. Otherwise, we call the improper

integral not convergent.

EXAMPLE 7.15. — It holds

0

© 1 1 . b m
—— dr = lim ——dz = lim [arctan(z)], = lim arctan(b) = -.
0 1+=x b—oo Jo 1+ 2 b—o0 b—o0 2

ExaMPLE 7.16. — Given a € R, it holds

/Oox_“dx: Loifa>1
1 o fa<l.

In particular, the above improper integral is convergent exactly when « > 1. In fact

b
b o a ,
[ anas = [aete] = Zep - fa#l
! log ()]} = log(b) ifa=1
and
if o < 1
lim pl-o :{ o MaS i log(b) = oo
b—oo 1 —a 0 ifa>1 b—r00

LEMMA 7.17: IMPROPER INTEGRAL OF NON-NEGATIVE FUNCTIONS

Let a € R, and f : [a,00) — R>q be a non-negative locally integrable function. Then

/aoof(x)da:—sup{/abf(x)dx\b>a}.

Proof. Since the function b € [a, c0) f; f(z) dz is monotonically increasing, it always has
a limit as b — oo, which is equal to the supremum sup { J ; flx)dx | b> a}. This supremum
is either finite (in which case the improper integral converges) or it is infinite (in which case

the improper integral diverges to oo). O
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EXAMPLE 7.18. — We want to study the improper integral

R 2 -1 2 1 2 > 2
/ e dx—/ e dx—i—/ e " da:—i—/ e’ dux.
—00 —00 —1 1

The function z € R — e~2" is called the Gaussian. Due to Lemma 7.17, to prove that the
integral above converges it suffices to find a “majorant function” which defines a convergent

T

improper integral. Since 22 > x for x € [1, 00), it follows that e <e , and therefore

b—o0 b—o0

> —z2 > —x : —z]b : -1 —b -1
e T dx < e d:vzhm[—e L:hm(e —e)=¢e " < oo
1 1

This shows the convergence of the second improper integral. Therefore, due to the symmetry
of the function, [ e~ dy = I e~ dz is also convergent. Finally, since e=®" < 1, the
integral on [—1, 1] is bounded by f_ll ldr = 2.

This proves the convergence of the integral. However, we will not be able to calculate the

exact value of this integral until the second semester.

THEOREM 7.19: INTEGRAL TEST FOR SERIES

Let f :[0,00) = R>g be a monotonically decreasing function. Then

N+1 N+1 N
S rm< [ f@de< Y fn).
n=1 0 n=0

In particular
St < [ r@de< Y fm,
n=1 0 n=0

therefore, the series > >~ | f(n) converges exactly when the improper integral fooo f(z)dzx

CONVETGES.

Proof. Due to the monotonicity of f, Theorem 6.31 implies that the function f is locally
integrable. We consider the functions ¢, : [0, 00) — R> given by

u(z) = f([x]) and l(z) = f([z])

where || represents the rounding function (i.e., |x] is the largest number n € N smaller than
x), and [-] represents the rounding up function (i.e., [z] is the smallest number n € N larger
than x). With this choice, £ < f < u. Therefore, for all N € N with N > 1, we have

N+1 N+1 N+1 N+1 N
> 1) = /0 o) di < /0 f(z) dz < /0 o) e =3 i),

which can also be seen in the following picture. The statement of the theorem follows by

letting N — oo. O
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. . . . 1
EXAMPLE 7.20. — The harmonic series can be written as {f(n)};2, with f(z) = 3.

Thus it diverges since fooo Hix dz = oo. On the other hand, the series > 7, Elg converges
. oo 1

since fo ((F=E dr < 0.
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7.2 Integration and Differentiation of Power Series

From Example 7.8(6) we know that, for any n > 0, [t"dt =

1 n+1
n+1x

These formulas allow us to compute integrals and derivatives of polynomials. We now want

on . In other words,

is a primitive of 2. Also, thanks to Corollary 5.14 we know that (z") = nz" .

to understand when we can integrate/differentiate power series.

Before stating and proving the results, we recall that lim,, o T\L/% = 1. This can be proved

using that log(n) — 0 as n — oco. Indeed,
o/l = enlo8(3) = emnlos(™m 0 =1 as n — oo. (7.3)
n

Alternatively, one can use Exercise 3.37 and Proposition 2.96(3).

THEOREM 7.21: INTEGRATION OF POWER SERIES

Let f(z) =Y 02 anx™ be a power series with radius of convergence R > 0. Then the

POWET Series
o

F(z) = Z e s

:On—i-l

has also radius of convergence R, and is a primitive of f on (—R, R).

Proof. We first check the assertion about the radius of convergence of F.
Let p = limsup,,_,o, V/|an|, so that R = p~!, and define ¢g = 0 and ¢, = “2=* for n > 1.
In this way, it follows that

o0 o0 oo o0
F) =3 e = N e = Y e = Y et
n=0 n=1

n=1

Recalling (7.3), given € > 0 there exists N € N such that 1 — e < ’\L/% <1l+4egeforalln>N.
This implies that

limsup {/|¢,,| = lim sup \"/’ m 1‘ < (14 ¢)limsup V/|an—1|

n—o0 n—oo n—oo
n—1

= (14 ¢)limsup ( RV ]an_1|> " =(1+e)p,

n—o0

and analogously

n—1

limsup V/|e,| > (1 —¢) limsup ( " ]an_1]> " =(1-¢)p.
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Thus, if we set p = limsup,,_,., {/|cn|, this proves that

(I-e)p<p<(L+e)p.

Since € > 0 is arbitrary, this implies that p = p, so the power series F(z) = > 7 c,z™ has
radius of convergence R.

We now want to prove that F' = f on (—R,R). To prove that, fix an interval [a,b] C
(=R, R), and consider the polynomial functions f,(t) = >_7_, axt*. We note that

n

T n T n a a
/ fn(t)dt:Zak/ tkdtzzkjlxkﬂfzkflakﬂ V€ la,b].
a k=0 a k=0 k=0

By Theorem 4.42, the sequence of functions (f,,)22, converges uniformly to f in [a,z] C [a, b],
so it follows from Theorem 6.42 that

/If(t ~ lim xfn() dt = F(z) — Fla) Vi€ [ab]

According to Theorem 7.4, this implies that F'(xz) = f(z) for all € [a,b]. Since [a,b] C
(—R, R) is an arbitrary interval, this implies that F’ = f on (—R, R), as desired. O

COROLLARY 7.22: DIFFERENTIATION OF POWER SERIES

Let f(z) = > 02 janz™ be a power series with radius of convergence R > 0. Then
f: (=R, R) — R is differentiable and it holds

= Znanxnfl Vz e (—R,R),

where the power series on the right has also radius of convergence R.

Proof. Let ¢, = (n+1)a, for n >0, and let g(x) = Yo7 naya" ! = >>° ¢ 2™, Denote by

R the radius of convergence of g. Then, according to Theorem 7.21, the series

c
Glz) = ;) n —: 1xn+1
has radius of convergence R and is a primitive of g. We now note that
G(x) = i n_pntl = i m il — Zanac — ag.
U 1 = nt 1

This implies that G and f have the same radius of convergence and g = G' = (f — ap)’ = f'.
Therefore, we conclude that R = R and f’ = g. O
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EXERCISE 7.23. — Let f(z) = >.,° ;a,2" be a power series with radius of convergence
R > 0. Show that f : (=R, R) — R is smooth, and for each n € N find a representation of

the n-the derivative f(™ by a power series.

EXERCISE 7.24. — Let f(z) = > 7 jana™ and g(x) = > 7 bya™ be power series with
radii of convergence Ry, Ry > 0. Let R = min{ Ry, Ry} and suppose that f(z) = g(x) for all
x € (—R, R). Show that ¢, = d,, for all n € N, and therefore Ry = R,.

EXERCISE 7.25. — Let a € R. The goal of this exercise is to show that

n
n=0

(14 2)" = i (O‘)xn Vo e (-1,1), (7.4)

where the generalised binomial coefficients are defined as

n! n! '

<a> IS —d) _a@-1)-(a-n+1)

(a) Show that, for o ¢ N, the power series

has radius of convergence 1.

(b) Calculate the derivative of f and show that

fz)

f(z) = T Vee (—1,1). (7.5)

/

(c) Define g(x) = (1 + z)® and use (7.49) to show that (5) =0 on (—1,1). Conclude the
validity of (7.4) by noticing that f(0) =1 = g(0).

EXAMPLE 7.26. — We have already seen in Example 4.23 that, as a consequence of the
Leibniz criterion in Proposition 4.22, the alternating harmonic series converges. However,
with the results of Chapter 4 we could not determine the value of the series. Now, with the

help of the fundamental theorem of integral and differential calculus, we can show that

(_1 n+1

Z 71 = log(2).

n=1
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To prove this, using the formula for the geometric series (which has radius of convergence 1),

we see that

o

(log(1 +z)) = 141_:17 1—1—:5) = Z(—l)”x" Ve (—-1,1).
n=0

According to Corollary 7.6 and Theorem 7.21, this implies that

log(1 =1 it = ( D" it 5 (D v 1,1

og(1+ x) =log(1 ——dt = ml’ —ZT:U x € (—1,1).
k=1

Note now that, given = € [0, 1], the sequence a; = k"’—fl is non-negative, decreasing, and

converging to zero. Hence it follows from Proposition 4.22 that, for z € [0, 1],

2n (— 1)k+1 0 k+1 2n4-1 (_1)k+1
Z ~ gk < Z =log(l+z) < Z bek VneN.
k=1 k=1 k=1

Letting x — 17, this implies that

2n 2n+1

_1)k+1 _1)k+1
Z( Z<1Og(2)< ( k): Vn eN.
k=1 k=1

Finally, letting n — oo in the above inequalities proves the result.

EXAMPLE 7.27. — We can use the above method to show that
— (-1)" 7
T;2n+1_4‘ (7.6)

Using again the formula for the geometric series, we see that

arctan’(z) = =Y (-DFfa*  Vae(-1,1).
k=0

According to Corollary 7.6 and Theorem 7.21, this implies that

arctan(x) = arctan(0) + /f ! dt = i (-1 g2t
0 1412 2k + 1 ’

Again from Proposition 4.22, as in the previous example it follows that

2n+1 (_1)k: 2n (_1)19
Z 221 < arctan(z) < g2k VneN.
£ 2k + 1 2k +1
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Letting first x — 1~ we get

on+1 (_1>k . on
;0 2k+1§arctan Z kZ Vn €N,

so the result follows by letting n — oo (note that the series converges, thanks to Leibniz

criterion in Proposition 4.22).

Sometimes, the above methods for determining an indefinite integral of a function do not
produce a result. This may be because the primitive function we are looking for cannot be

expressed in terms of “known” functions.

ExAMPLE 7.28 (Integral Sine). — The integral sine is the primitive function Si: R — R

of the continuous function

sin(z) .
rEeER— r ifz#0
1 ifx=0

with normalisation Si(0) = 0, that is Si(z) = [ Wdt. Thanks to Theorem 7.21, the

function Si can be written as a power series:

. Sln n . (_1)71 n
Si() = / it - /Z 2n+1 tQ dt = 2)(2n+1)!(2n+1)x2 "

for all z € R.
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7.3 Integration Methods

Let I C R be an interval, and f : I — R a function. The notation

/f(x)d:z: =F(z)+C

means that F' is a primitive function of f. In the expression F(x) 4+ C, C is read as an
indefinite constant - called integration constant. Since the domain I of f is an interval,
two primitive functions of f differ by a constant, which makes the notation meaningful. One
calls F(z) + C the indefinite integral of f. Indefinite integrals of special functions can be
found in tables or by means of computer algebra systems. In this section, we show general

methods to determine indefinite integrals.

7.29. — We this whole section, I C R denotes a non-empty interval that does not consist
only of one point. Also, all functions in this section are real-valued functions with domain [

that are integrable on any compact interval [a,b] C I.

7.3.1 Integration by Parts and by Substitution in Leibniz Notation

In the computation of indefinite integrals, it is convenient to use Leibniz notation. This
notation allows us to reformulate, in a natural formalism, both integration by parts and by
substitution (see Section 7.1.2). We recall that the derivative of a function h is denoted by A/

or by %. In this section, the second notation will be useful.

7.30. — Let f and g be functions with primitives F', and G, respectively. Recall that,
from the product rule for the derivative in Proposition 5.12, it follows that (FG)' = fG+ Fyg.

This implies the integration by parts formula

/F(m)g(x) dx = F(z)G(z) — /f(x)G(x) dx + C. (7.7)

In Leibniz notation, f = % and g = %. This leads to the notation f dx = dF and g dx = dG,

and integration by parts is sometimes written as
/FdGzFG—/GdF—i—C,

which should be understood as a short form of formula (7.7).

7.31. — Let J be an interval and let f : I — J be a differentiable function. If G: J — R
is a primitive of g then, by the chain rule in Theorem 5.16, [G(f(z))] = g(f(z))f'(x) holds
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for all x € I. From this it follows that

Since G(u) = [ g(u) du + C holds, we obtain

[otr@n @iz = [ gwau+c (7.8)

where we used the change of variables u = f(x). The substitution rule is also called change
of variable, as one has replaced the variable u in [ g(u)du by w = f(z). In Leibniz notation
this is very natural: if u = f(x) then du = f'(x)dz, and (7.8) follows.

We also recall the second form of the substitution rule: if f’ # 0 we can set z = f~!(u) so
that %2 = (f~1)(u), and obtain

/g(f(x))da;z/g(u)jidu%—@ (7.9)

see Section 7.1.2.

7.3.2 Integration by Parts: Examples

EXAMPLE 7.32. — We want to calculate the indefinite integral [ ze®dz. Since e* = (e”)’,

using (7.7) we get
/xezdm: /m(ex)'d:n:xem—/x'-emdzn—i—C:xex —/em—i—C.
Since [e* = e® + C, we conclude that
/mexdwzxex—e”+0.

We note that it is sufficient to use only one integration constant C' in such calculations, since

several such constants can be combined into one.

EXAMPLE 7.33. — We calculate the integral [ log(z) dz:

log(z)dz = [ log(x) - 1dx = [ log(x) -2’ dz =log(x) -2 — [ log'(x)xdx + C
Jresie= | / /

1
:log(ac)'x—/xacdx+Czlog(x)-x—/dx—i—C::rlog(:v)—x—i-C.
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Suggestion: To ensure that the final result is correct, differentiate the result and check if you

get the original function. For instance, in this case, one can easily check that

(zlog(x) — x + C) = log(z).

EXERCISE 7.34. — Give a recursive formula for calculating the indefinite integrals

/:z:”ez dz , /:U” sin(z) dz /x” cos(x) dx

for n € N.

EXERCISE 7.35. — Calculate
/xs log(z)dz /eax sin(bz) dx

for all s,a,b € R. Note that the case s = —1 needs to be treated separately, in analogy with
Example 7.8(6)-(7).

7.3.3 Integration by Substitution: Examples

EXAMPLE 7.36. — We want to compute [z dr. Let u = f(z) = 1+ 22, so that
du = f'(z) dz = 2z dx. Then we find

z 1 1 1 1 1 1
——dr==- | —52xdr == | —du= =1 = —log(1 2 .
/1+$2 x 2/1+x2xaz 2/uu 2og|u] 2og( +az°)+C

EXAMPLE 7.37. — Given r > 0, we want to compute the indefinite integral [ v/r? — 22 dx.
Due to the trigonometric identities /72 — r2sin(6)2 = rcos() it is convenient to use the

change of variable x = rsin(f), § € (=%, %). With this choice we have dx = rcos(6)d,

therefore
/ Vr2—ax?de = 7’/ /12 — r2sin(f)2 cos(6) df = r? / cos*(6)d.
To compute [ cos?(#)df we use integration by parts as follows:

/COSQ(G)dH = /cos(@) sin’(0)df = cos(#) sin(#) — /cos’(@) sin(f) + C

= cos(0) sin(0) + /Sin2(9) +C.
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Since sin?(f) = 1 — cos?(#), we get

/0052(9)d9 = cos(0) sin(0) + / 1- /0082(9) + C = cos(0) sin(d) + 6 — /cos2(0) +C,
therefore
2 / cos?(0)df = cos(f) sin(f) + 0 +C — /COSQ(Q)dQ = %(COS(G) sin(6) 4+ 6) + C

(note that, since C' € R is arbitrary, in the last formula we still write C' in place of %) This

proves that

2

/ V2 —z2de =r? / cos?(#) df = %(sin(@) cos(6) +6) + C

again, we write C' instead of Cr?). Recalling that z = rsin(f) with § € (—=Z, T), it follows
272

that 6 = arcsin (£) and cos(#) = /1 — f—;, therefore
2

/\/rz—asza:: %x r2—$2+%arcsin(%) +C.

7.38. — Substitution like in Example 7.41 is called trigonometric substitutions. We
will not always argue carefully in these calculations and will rather trust the Leibniz notation,
but recall that, to apply (7.9), there must be invertibility of the function when we express
the old variable by the new variable. For the following list of trigonometric substitutions, let
n € 7.

e In expressions of the form (a? — xQ)% for a > 0, as already seen in the example above,
™ T

one considers the the substitution x = asin() with 6 € (—7%, 5), giving dz = a cos(#) df

272
and (a? — x2)% = acos(f).

e In expressions of the form (a? 4+ 22)2 for a > 0, the substitution 2 = a tan(f) with 6 €
(=%,%5) yields dox = df and (a® + x2)% = (@)

_a
cos2(0)

e Although this is not a trigonometric substitution, we still note the following: For the

expression z(a? — %)% or the expression z(a? +22) 2, the substitutions u = a> — 22 and
u = a? + 2, respectively, allow us to compute the indefinite integrals.

EXAMPLE 7.39. — (i) Given a > 0, using the substitution z = atan(f), recalling that
(a® + xQ)% = COS“(G) and dx = ﬁ;(fﬂ df, we get

/(ldm _ / cos’(0) _ap_ % /cos(e)de - %sm(e) +C

a2—|—az2)% a’  cos?(0)
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1 x
= tan(0)cos(0) + O = ———s + C.

(ii) Choosing u = 1 — 2 (so that du = —2x dx), we have
1 1/2 12 30 1 213/2
$\/1—l’2dl':—§ u du:—igu +C:—§(1—aj) +C.

Certain indefinite integrals can be computed with hyperbolic substitutions. For instance,

for expressions of the form (22 — a2)2 with a € R, the substitution z = acosh(u) yields

dr = asinh(u) du and (2% — aQ)% = asinh(u).

EXAMPLE 7.40. — Using the substitution x = cosh(u) (so dx = sinh(u) du), we compute

/\/ﬁdm = / \/cosh?(u) — 1sinh(u) du = /sinhZ(u) du.

In analogy to the argument used in Example 7.37, we compute [ sinh?(u) du as follows:

/ sinh2(u) du = cosh(u) sinh (1) — / cosh?(u) du
= cosh(u) sinh(u) — / (1+ sinhZ(u)) du+C
= cosh(u) sinh(u) — u — / sinh?(u) du + C,
This yields
cosh(u) sinh(u) —u

2 / sinh?(u) du = cosh(u) sinh(u) —u+C = /sinh2 (u) du = 5 +C,

hence

. _ —
/\/ﬁdm _ cosh(u) Sl;h(u) Lo v —1 . arcosh(z) ‘e

Another method that we would like to mention briefly here is the so-called half-angle

method (or Weierstrass substitution). This is useful for the integral of expressions like
1 cos?(z)+cos(x)+sin(x)

sin(x) or 1+sin(z)

the next example.

, see also Remark 7.46 below. We show this method in detail in

EXAMPLE 7.41. — We want to compute [ ﬁ dx, and we consider the change of variable
u = tan (%) We can note that, by the doubling angle formulas for sine and cosine, it follows

that

2u 1 — u?

Sin(fﬁ) = m and COS(Z‘) = m
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Indeed, using (4.15) we have

2
2 2tan (£ z
“ 5 = (3) = Coé(; )x = 2sin (f) cos <§) = sin(z),
1+u 1+ tan® (%) [y sin () 2 2
COSQ(%)

and analogously for the second formula. Furthermore, the relation © = tan (%) implies that
x = 2arctan(u), therefore do = 1Jr%alu (recall that arctan’(s) = H%)
Using these formulas, we get

1 1+u? 2 1 .

7.3.4 Integration of Rational Functions

A function of the form f(x) = % for polynomials p and g # 0 is called a rational function.
In this section, we show a procedure for computing the indefinite integral of a rational function
f= 4 Onan interval I on which ¢ has no zeros. By polynomial division with reminder, one can
always write f = g in the form f =g+ g, where g and r are polynomials with degr < deggq.
The polynomial function g is easy to integrate. Therefore, we always assume that the degree

of p is smaller than the degree of q.

7.42. — We start by integrating some elementary rational functions. Let a € R and n € N
with n > 2. Then:

/:Eiad:c = loglz —a|+C (7.10)

/ a?j—acQ dr = 2 arctan (%) +C (7.12)

/ ﬁ de = %log(a2 + 25 +C (7.13)
/(a?fx?)"dx - 2(11_n)<a2+w2)1”+0 (7.14)

The integrals (7.10) and (7.11) are calculated with substitution u = z—a, for (7.12) substitute
u =%, for (7.13) and (7.14) substitute u = a? + 2.

a’

7.43. — To integrate a general rational function, we use what is called the partial fraction
decomposition of rational functions. Let p,q be polynomials without nontrivial common

divisors such that ¢ # 0 and degp < degq.
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First, factorize the polynomial ¢ into linear and quadratic factors

M@ —ap)™ (@ + bz + ) (2R b+ )

q(z) = (z —a1)
Then, the rational function Z E ; can be rewritten as a linear combination of rational functions

of the form
1 1 T

(z —ay)k’ (22 + bjz + ¢;)" (22 + bjz 4 ¢j)"

for some k < k; and ¢ < /;, and then one needs to integrate each of these individual terms.

EXAMPLE 7.44. — We calculate the indefinite integral f dx. First, we perform

z2( x+1)
division with remainder:

241 n 2+ 1

= e s T

a3 + 22 22 (x +1)

To obtain the partial fraction decomposition of we set

( +1)’

241 ar +b c

22(x+1) a2 +ac+1

for some real numbers a, b, ¢ to be determined. To determine a, b, ¢ we multiply both sides by
2?(x 4 1), which gives

> +1=ax(x+1)+bx+1) +cx’® = az® + ax + bx + b + cz’.
Comparing the coefficients, we find the linear system

a+c=1, a+b=0, b=1,

therefore a = —1, b =1, and ¢ = 2. So in summary
4
=41 1 1 2
—=zr—-1—-—4+ =+ —.
?(x +1) v x+x2+x+1
Therefore
t 41
de = [ zdx— | 1dz — dx—i— d:r;+2
22(z +1) r+1
z? 1
:?—x—logm——+210g|x+1|+0.
x

EXAMPLE 7.45. — We calculate the indefinite integral fmdx Note that the
polynomial z? 4 22 + 2 has no real zeros. For the partial fraction decomposition we make the

approach

1 _g_i_ br +c
r(x2+2x+2) x 22+22+2
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Now we multiply both sides by z(x? + 2z + 2) and get
1 = a(z® 4 2z + 2) + (bx + )z = ax® + 2ax + 2a + bz? + cx,
thus
a+b=0, 2a4+c=0, 2a =1,

which gives a = %, b= —%, and ¢ = —1. It follows that

/ 1 / . / T+ 2 d
—— | 5————dx
(332—1—296—1—2 2 + 22 + 2

log || / x4+ 2 d
:fo z|— - [ —————dx
2 BT Grrad

1 1 u+1

1 1

= 210g|:1c]—710g\u +1] - arctan( )+ C
1 1

= —log |z| — Zlog((w +1)2+1) - 3 arctan(z + 1) + C,

\]

where we have set v = x + 1 and used (7.13) and (7.14).

In some cases, the above procedure may also lead to the integral [ dx for an a € R

1
and n > 2, which (as explained previously) we can handle with the trigonometric substitution

tan(u) = Z.

a
REMARK 7.46. — Now that we know how to integrate rational functions, we can rediscuss
the half-angle method introduced before. This allows one to compute the integral of rational
expressions in sine and cosine. In fact, with the substitution v = tan (%), using that
2u 1—u? 2

o cos(z) = —— dx = ——du,
u

sin(z) = 1+u?’ 1+u?

(see Exercise 7.41), one ends up with the integral of a rational function in w.

EXERCISE 7.47. — Calculate the indefinite integral [ 2?;?36) dx using the substitution
u = tan (2 )
REMARK 7.48. — Sometimes one or the other substitution is carried out because there is a

nested function in the function to be integrated and one simply has no other method available.
For example, in the integral [ sin(y/z) dz none of the mentioned methods is available, but one
is tempted to set u = /z, and this indeed leads to an integral that one can solve. Similarly,

in an integral of the form [ H% dx, one sets u = e*.
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7.3.5 Definite Integrals with Improper Integration Limits

We have so far only integrated functions on Compact Intervals [a, b]. In this section, we extend
the notion of integral to also think about the Riemann integral of functions on unconstrained

and not necessarily closed intervals.
EXAMPLE 7.49. — We compute the indefinite integral fol log(z) dz using
1 1
/ log(z) dx = lim/ log(x) dx = lim [z log(z) — x]i
0 a—0 J, a—0
= lim(log(1) — 1 — alog(a) + a) = —1
a—0

after Example 3.79.

ExamMpPLE 7.50. — We consider the improper integral fol %d.ﬁ. This is improper since

T % is unbounded as x — 07. In this case, we get

1 1 1 1
/ —dxr = lim —dxr = lim (log(l) - log(a)) = 0.
0

li
x a—0t J, a—0

Thus the improper integral fol %dm diverges, and we can assign it the value co.

1 s
1
EXERCISE 7.51. — Calculate / — dz and /2 tan(z) dx.
0 VT 0

EXERCISE 7.52. — Decide for which p € R>q the improper integral [;* zsin(2?) dz con-

verges.

7.3.6 The Gamma Function

7.53. — The Gamma-function I is defined, for s € (0, 00), by the convergent improper

integral
F(s)—/ 5 e ™ da. (7.15)
0

To verify that this improper integral indeed converges, we examine the integration limits 0

and oo separately. For 0 < a < b we find, using integration by parts,

b b
/ 5 le " dy =1 [:cse*ﬂb + 1/ e " dz. (7.16)

a S
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We obtain

b b
1 _ . _1b _
2 e dr = lim [ 1 [xse x] + 1 e " dx
0 a—0 s a S a

1 b
= 1p®exp(—b) + / x®e " dr,
s Jo

where the integral on the right is an actual Riemann integral since the function z®e™% is

continuous on [0,b]. To investigate the upper limit of integration, we note that there exists
R > 0 such that e > z5%2 holds for all z > R. Thus

o] R 00
/ zée P dx < / e " dx + / r2dr < 0o
0 0 R

which shows that (7.16) converges as b — oo. Specifically, we obtain

00 1 b 1 oo
/ ¥ e ¥ dr = lim <ibs exp(—b) + — / zie ” d:z:) = / x¥e " dx.
0 b—o0 S Jo S Jo

This shows that the gamma function satisfies the functional equation
I(s+1)=sI(s) (7.17)

for all s € (0,00).

7.54. — The Gamma function extends the factorial function from N to (0,00). In fact

oo
1) = / e ®dr=¢e"— lim e =1
0

T—00

therefore (7.17) implies that
'n+1)=nl'(n)=n(n—1)I'n-1)=...=nlT(1) =n! VneN.

At the moment, it is not clear whether the Gamma function is continuous. Eventually, it
will turn out that I' is smooth. Also, for example, we cannot calculate the value F(%) with
the integration methods we know so far, but we will see later by means of a two-dimensional
integral that it is /7.

7.55. — David Hilbert (1862-1943), in his 1893 article [Hil1893|, used improper integrals in
the style of the Gamma function to prove that e (as first proved by Hermite in 1873) and 7 (as
first proved by Lindemann in 1882) are transcendental. We note here that the irrationality
of these numbers is much easier to prove. Transcendence proofs are generally much more
difficult. The difficulty in making such statements is perhaps illustrated by the fact that it is

still not known whether e + 7 is a transcendental number or not.
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7.4 Taylor Series

7.4.1 Taylor Approximation

The derivative f’(x) of a real-valued differentiable function f on an interval gives the slope

of the tangent of the graph of f at xg. The corresponding affine function

x = f(zo) + f'(z0)(z — x0)

approximates the function f to within an error f(z) —y(z) = o(z —x¢) as * — . The “qual-
ity” of the approximation can be increased by considering higher polynomial approximations
instead of affine approximations.

In this section, it will be convenient to use the following abuse of notation: Given a,b € R,
irrespective of the order between a and b, [a,b] denotes the interval between them. In other
words, for all a,b € R, [a,b] and [b, a] denote the same interval.

We also recall that, if a < b, then

/abf(x)dzz;

see Theorem 6.25. If instead b < a, then a minus sign appears (recall (7.2)) and we get

/abf(:c) da| = ‘/baf(x) da /abrf«c)rdx

In conclusion, independent of the order of a with respect to b, we always have

[ s <| [ vna

We shall use this inequality many times in this section.

< [V@ia

< [rwiw=- [ 1s@)w=

<

7.56. — Let D C R be an open interval, and f : D — C be an n times differentiable
function. The n-th Taylor approximation of f around a point zg € D is the polynomial

function

) (g
Pur) =3 T (o (7.18)

k=0

The coefficients are chosen so that P*)(zq) = f)(z0) for k € {0,...,n}.

We will state and prove several versions of Taylor’s Theorem. We begin with this first

version:
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THEOREM 7.57: TAYLOR EXPANSION TO ORDER n WITH INTEGRAL REMAINDER

Letn > 1, f :[a,b] = R a n-times continuously differentiable function, and fix xo €
[a,b]. Then, for all x € [a,b],

f(@) = / el xn__t)l) dt, (7.19)

where P,_1 is the (n — 1)-th Taylor approximation of f defined in (7.18).

REMARK 7.58. — In the above theorem, the assumption that f is a n-times continuously dif-
(z—t)n~ 1!

ferentiable function guarantees that the integral of the continuous function ¢ — f(™ (t) =)

exists.

Proof. The proof follows by induction on n and integration by parts. If n = 1 then f : [a,b] —
R is continuously differentiable and, by Corollary 7.6, we get

@)= f(o0) + [ "yt

If f is twice continuously differentiable, we can apply integration by parts to the above integral
with u(t) = f'(t) and v(t) = t — x. Indeed, since v =1 and v(z) = 0, we get

f(x) = f(xo) + /x f(t)' (t)dt

= f(a0) + [FOu]%, — [ 5@t d
= f(wo) + f'(z0)(x — x0) + /x f ) (x—t)dt

+ /x ICIOL I,t)l dt.

More generally, assume that the statement of the theorem is true for n > 1 and that

This proves the case n = 2.

f:la,b]] = Risa (n+1) times continuously differentiable function. Then, by the induction

hypothesis,
n—1
= o (z — 20)" f (= 1) dt
k=0
for all z € D. Now, if we set u(t) = f(™(t) and v(t) = —(m;f)n, since v'(t) = % it

follows from integration by parts that

n—1

F®) (g

w0 - [ 100 } /f"“ 0"

k=0
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" rk)
= / ( (z — z0)* / f"Jrl ) dt.
k!
k=
This proves the induction step, and hence the result. O

We can now state our two versions of Taylor’s Approximation, using first the big-O nota-
tion, and then a refined version with the little-o notation.
COROLLARY 7.59: TAYLOR APPROXIMATION WITH BIG-O

Letn > 1, f:[a,b] = R a n-times continuously differentiable function, and fix x¢ €
[a,b]. Then, for all x € [a,b],

f(z) = Pooi(z) + O(lx — x0|™) as r — xo. (7.20)

Proof. Recalling (7.19), we have

fe) = / @y

(n—1)!

Also, since f(™ is continuous on [a, b], it is bounded (recall Theorem 7.96). Hence, there exists
a constant M such that |f(™| < M on [a,b]. This implies that

T _ 4|n—1
/Mdt' V€ [a,b].

™)t =" d‘<M
- , (n—=1)!

n—l)

[f(x) = Poa(2)] <

Observe now that the sign of the integrand (z — t) is constant on the interval [z, z], so

[

and the last integral can be computed with a change of variable: setting s = x — t we get

/x (m _ t)n_l al — /:cho Sn—l sl — (x _ xo)n _ |l‘ _ $0|n
2 (n—1)! 0 (n—1)! n! n!
This shows that "
1)~ Poa@) < MEZE gy o)
therefore f(x) — Po—1(x) = O(Jx — x0|™) as * — xo, concluding the proof. O

We now show that by replacing P,_; with P,, we can improve the previous result using

the little-o notation.
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COROLLARY 7.60: TAYLOR APPROXIMATION WITH LITTLE-O

Letn > 1, f :[a,b] = R a n-times continuously differentiable function, and fix xo €
[a,b]. Then, for all x € [a,b],

f(z) = Py(z) + o|z — zo|™) as x — xo. (7.21)

Proof. Thanks to Theorem 7.57, we can write

(z — 1
f(z) = / f © _t)l) dt.

Also, we note that

’ n (IE — )nil n ’ (JZ‘ — t)nil n (.’E -z )n

. £l )(5”0)7(”_1)! dt = f! )(fo)/:co(n_l)!dt:f( )($O)TO-
Therefore

T — xa)? T T — n—1
f@j:R%ﬂ@+fW@m(m0)+»%(WWﬂ—fmmmn&ﬂn!ﬁ

(7.22)

Now, given € > 0, it follows from the continuity of f(™ at zo that there exists § > 0 such that
| £ () — f0)(20)] < € for all z € (xg— 8,20 +6)N[a,b]. Hence, if z € (z — 8, 20+ ) Na, b],

we can bound the integrand in the last integral by

(x —t)" !
(n—1)!

|3§‘—t|n_1 |:U—t|n_l

=1~ -1

< 1O = (o)

(f(n) (t)—f™ (o)) Vit € [xg,x].

This implies

T T — n—1
(@) = Pa()] < / (f<“><t>—f<">(xo>)(f)1)!dt

0 (n

T _tn—l _ n
w (m—1)!

<

where the last integral has been computed as in the proof of Corollary 7.59. This proves that

|f(z) — P()|

<e Va e (zg— 0,20+ ) Nla,bl,
|z — 20|

which shows that f(x) — P,(z) = o(|x — z0|™) as x — xo. O
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EXAMPLE 7.61. — 1. If f € C', then Corollary 7.59 implies that
f(@) = f(zo) + O(lx —wo|)  as z — o,
while Corollary 7.60 yields
f(z) = f(xo) + f'(z0)(x — w0) + o(|x — 20])  as z — .
2. If f € C?, then Corollary 7.59 gives
f(@) = f(xo) + f'(z0)(z — o) + Oz — mo|*)  as z = g,
while Corollary 7.60 yields
f(@) = f(zo) + f'(x0)(x — x0) + %f”(mo)(x —20)2 4 o(|z — z0]?)  as z — .
3. If f is smooth, then Corollary 7.60 yields
f(z) = Py(z) + o]z — zo|™) as r — o,
while Corollary 7.59 applied with n + 1 in place of n gives
f(x) = Pu(z) + O(Jz — x0|"™) as T — xg.

Hence, while in the case where f has a finite number of derivatives Corollary 7.60
provides a stronger result, in the case when f is smooth, the bound on f — P,, provided

by Corollary 7.59 is more convenient.

While for proving Corollary 7.60 the continuity of f(™ plays a crucial role, in the proof
of Corollary 7.59 we mainly used that £ is bounded (the continuity of f (") is needed only
to guarantee that f(™ is integrable). In fact, it is possible to prove Corollary 7.59 under
the weaker assumption that the n-th derivative exists and is bounded (but is not necessarily
continuous). For this, we first prove the following alternative version of Taylor Theorem. Note

that in the case n = 1, this result corresponds to the Mean Value Theorem 5.31.

THEOREM 7.62: TAYLOR EXPANSION TO ORDER nn WITH LAGRANGE REMAINDER

Let n > 1, f : [a,b] — R a n-times continuously differentiable function, and fix
xo € [a,b]. Then, for all x € |a,b] there exists & € (xo,x) such that the Lagrange

remainder formula holds:

£(@) = Paca(®) = (€)@ - wo)" (7.23)
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Proof. (Extra Material) Fix « € (a,b) and consider the function F' : (a,b) — R defined as

F(t)=f(t)+f(1)(t)(x—t)+...+m z—t)" Zf(k) (@ -tk (7.24)

Then F(z) = f(z) and F(x¢) = P,—1(x). Also, its derivative is given by

n—l (k1) n—l .(k)
- z—% e pard : k!(t)k(x -0t
—1 p(kt1) nloe(k)
I P T LR
k=0 k=1
1 —2
SV AR Y A0 R A0) n—
_k:O x (x —t) —k:O x (x —t)" = (n—l)!(x_t) !

Hence, applying Cauchy Mean Value Theorem 5.35 in the interval [zg,z] to the functions
f(t) = F(t) and g(t) = —(x — t)" we deduce the existence of a point {1, € (xg, ) such that

() (¢ n—
@)= Paa(@) _ Fla) = Flao) _ f1(&) _ o —&)"™"  piey)
(@ —xo)” g9(x) —g(xo)  g'(&L) n(z — &) ! nt
This implies (7.23) and concludes the proof. O

COROLLARY 7.63: TAYLOR APPROXIMATION WITH BIG-O, 2ND VERSION

Letn > 1, f : [a,b] — R a n-times continuously differentiable function, and fix xo €
[a,b]. Assume that there exists M > 0 and such that |f™(z)| < M for all z € [a, b].
Then

f(z) = Po—1(z) + O(Jz — z0|™) as x — x. (7.25)

Proof. (Extra Material) Given x € [a,b], we apply (7.23) to find a point &, € (xg,x) such

that
1

f(z) = Proa(z) = Hf(”) (&L)(z — o)™
Since |f(™(£1)| < M, it follows that
J@) = Poa(@)] < e —mol* Ve fab)

therefore f(z) — P,—1(x) = O(|z — xo|") as  — xo, as desired. O

Another version of Taylor formula is the one with the so-called Cauchy remainder. We

discuss it in the following exercise.
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EXERCISE 7.64. — Let f : [a,b] — R be a n-times differentiable function, and fix x,z¢ €
[a,b]. Prove that there exists {¢ € [zg, 2| such that the Cauchy remainder formula holds:

(n_ll)!f"(éc)(x — &)™ Ha — @o). (7.26)

Hint: Consider the function F' defined in (7.24) and apply to it the Mean Value Theorem 5.31

in the interval [zg, x].

f(@) = Poa(z) =

EXAMPLE 7.65. — We can use the Taylor approximation to refine the discussion in Section
5.2.1. Let f : (a,b) — R be a n-times continuously differentiable function. Suppose z¢ € (a,b)

satisfies

fl(wo) = ... = fD(wg) = 0.
Then the following implications hold:
o If f("(20) < 0 and n is even, then f has an isolated local maximum in .
o If (1) (z9) > 0 and n is even, then f has an isolated local minimum in z.
o If (1) (zo) # 0 and n is odd, then xg is not a local extremum of f.

All three statements follow from (7.23), which, in this case, takes the form
1
f(@) = f(zo) + ﬁf(n)(fL)(%’ —x0)", &L € (z0,2).

Indeed, if £ (zg) > 0, by continuity there exists 6 > 0 such that £ (&) > 0 for &, €
(xo,z) C (zo — 0,0 + 6). If n is even, then (z — z9)” > 0 for x # 0 and we deduce that
f(z) > f(xo) for & € (xg — 0,29 + §) with & # 0. If n is odd, then (z — x¢)™ changes sign
when considering z > x¢ and & < xg, SO xg is not a local extremum of f.

On the other hand, if f(™ (z9) < 0 and n is even, the same argument as above shows that
f(x) < f(zp) for x € (xg — §, 29 + 6) with & # 0, while in the case n odd zg is not a local

extremum of f.

Applet 7.66 (Taylor approximations). We present some Taylor approzimations at shiftable

footpoints to known functions.

7.4.2 Analytic Functions

Motivated by Taylor’s Theorem, one may be tempted to say that if one replaces the polynomial
P,, with the Taylor series

© (k) (5
Zf (' 0)(33_130)k7

k
k=0
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then one should recover f(z). Unfortunately, this is false, and functions that satisfy such a
property are rather special.

Note that the Taylor series is centered at g instead of 0 (i.e., 2™ is replaced with (z—x9)").
Hence, all theorems about power series from Section 4.4 still hold, but taking into account
that now z plays the role of the center. In particular, if the series has radius of convergence

R > 0, then it converges for all € (z9 — R, zo + R), while it diverges for |z — z¢| > R.

DEFINITION 7.67: ANALYTIC FUNCTIONS

Let I C R be an interval and zg € I. A smooth function f : I — R is called analytic
at xo if there exists § > 0 such that the Taylor series of f around xy has radius of

convergence R > § and
> £(n)
f(x)zzf—ﬁxo)(x_fﬂo)n V$€($0—5,w0+5)ﬂf.
L

We say f is analytic in [ if f is analytic at all points in I.

In other words, analytic functions f : I — R are characterized by the fact that, for every
point xg € I, there exists a power series that converges to f in a neighborhood of xg.
As the next example shows, there are smooth functions f whose Taylor series converges to

a function different from f.

ExaMPLE 7.68. — Consider the function ¢ : R — R defined by

Yoz ER exp(—%) ifx>0
‘ 0 if 2 <0

As shown in Exercise 5.25, 1 is smooth on R and satisfies ¢(™(0) = 0 for all n € N. Hence,

the Taylor series of the function v at the point xg = 0 is the zero series:

~0) 0
Zon!x :ZOM:B = 0.

This series has an infinite radius of convergence and converges to the function 0. Since
¥ (x) > 0 holds for all x > 0, the Taylor series does not converge to v, and so ¥ is not analytic
at the point xy = 0.

The next result provides a criterion that guarantees that the Taylor series of f converges

to f in a neighborhood of zg.

Version: December 8, 2023. 208



Chapter 7.4 Taylor Series

THEOREM 7.69: A CRITERION FOR ANALYTICITY AT Zg

Let I C R be an interval and f : I — R a smooth function. Given xg € I, assume that

there exist constants r,c, A > 0 such that
|7 ()] < cA™n! forall z € (xo—r,zo+r)NI, neN

Then f is analytic at xq.

Proof. We first estimate the radius of convergence R of the Taylor series. If we define a, =

(n) .. .
fT(!zO), then the Taylor series is equal to Y7 j an(z — x¢)". Also, thanks to our assumption

on the size of [f(™] it follows that

This implies that

limsup {/|a,| < limsup VcA™ = limsup {/cA = A,

n—oo n—oo n—oo

thus, by the definition of radius of convergence (see Definition 4.39), z R > %.
Now, fix § < min {r, %} Given z € (xg—0,20+0)NI, we apply (7.23) and our assumption
on the size of [f(| to deduce that

1
| (ED)| |2 — zo|™ <A™ — zo|™ < c(AJ)™

n!

‘f(x) - Pn—1($)| <

Since Aé < 1 by assumption (so, in particular, § < % < R), letting n — oo we conclude that

> £(n)
f(z) = lim Pn1(x):ZW(x—xo)” Vo e (xg—0,mg+0)NI,
n=0 ’

n—oo

as desired. O
As a direct consequence of Theorem 7.69, we immediately deduce the following:

COROLLARY 7.70: A CRITERION FOR ANALYTICITY

Let f : [a,b] — R be a smooth function, and assume there exist constants ¢, A > 0 such
that

f @) <edn!  forallz € [ab], neN. (7.27)

Then f is analytic on |a,b].
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EXERCISE 7.71. — 1. Show that the functions exp, sin, sinh satisfy the property (7.27)

on any interval [a,b] C R.
2. Show that the function log satisfies (7.27) on any interval [a, b] C (0, c0).

3. Let f,g: [a,b] — R be functions satisfying (7.27). Show that f+ ¢ and f - g also satisfy
this property (possibly with different constants ¢ and A).
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7.5 Ordinary Differential Equations

Setting up and solving differential equations stands as a primary practical use of calculus.
These equations are instrumental in addressing a wide range of challenges in fields such as
physics, chemistry, biology, and more. Moreover, disciplines like structural analysis, modern
economics, and information technology heavily rely on differential equations, making them

indispensable in these domains.

7.5.1 Ordinary Differential Equations (ODEs)

Ordinary differential equations (ODEs) are fundamental in mathematics and various applied
sciences, offering a vital framework for modeling and understanding diverse phenomena. These
equations involve functions of one variable and their derivatives, providing a deep insight into
the behavior of many physical, biological, and economic systems. Although derivatives are
usually denoted using ’ (so f’, f”, etc.), it is common to use a " to denote derivatives with
respect to time (so f, f, etc.).

DEFINITION 7.72: ODES

An ODE is a relationship that involves a function u : R — R of a real variable x € R,

and its derivatives. The general form of an n-th order ODE is
Gz, u(z), v (z), v (z),. .. L u(™) (z)) =0, (7.28)
where G : R"*! — R is a given function.

ODEs can be categorized according to different criteria:

1. Order: An ODE is of order n if u(™ is the maximal derivative appearing in the ODE.
For instance:
(a) u” +u =0 ~ second order.
(b) u® = z%u + z ~~ third order.
(c) (u)?+u— a3 =0~ first order.

2. Linearity: An ODE is linear if it is linear in w and its derivatives. Otherwise, it is

nonlinear.

(a) v’ 4+ u =0 ~ linear.

(b) u” + u? = 0 ~ nonlinear.

(c) v+ v/u =0 ~ nonlinear.
)

(d) u® = 224+ z ~~ linear.
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(e) (v/)?+ u — 23 =0 ~» nonlinear.

3. Homogeneity (for linear ODEs): A linear ODE is homogeneous if all terms involve the
function or its derivatives (this is equivalent to asking that if u is a solution, then Au is a
solution for all A € R). It is non-homogeneous if there is an additional term independent
of the function.

(a) v’ 4 u =0 ~» homogeneous.
(b) u® = z%u + & ~» non-homogeneous.

(¢) u® = z2u ~» homogeneous.

ODEs are pivotal in fields such as physics, engineering, biology, and economics, as they

model phenomena where the rate of change of a quantity is related to the quantity itself.

EXAMPLE 7.73. — Here we present some classic examples of ODEs and their applications:

1. Newton’s Law of Cooling: In the field of heat transfer, Newton’s Law of Cooling plays
a pivotal role in understanding the dynamics of temperature change. This law states
that:

“The rate of heat loss of a body is directly proportional to the difference in

the temperatures between the body and its surrounding environment.”

This principle leads to the formulation of a differential equation that governs the tem-

perature dynamics of an object. The equation is expressed as:

where:

e T'(t) represents the temperature of the object at time t;
e T,y is the temperature of the surrounding environment;

e [ is a positive constant, which represents the proportionality factor in the rate of

heat transfer.

This ODE is linear, non-homogeneous, and of first order

The equation illustrates how the rate of temperature change in an object is contin-
gent upon the temperature difference with its environment, a concept widely applied in

engineering, meteorology, and various scientific studies related to heat transfer.

2. Harmonic Oscillator: In the realm of classical mechanics, the concept of a harmonic
oscillator is central to understanding various physical systems. It refers to a system
where, upon being displaced from its equilibrium position, there is a restoring force F

that is directly proportional to the displacement x.
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The fundamental principle of the simple harmonic oscillator can be described as follows:

“A system displaced from an equilibrium position experiences a restoring force

F', which is proportional to the displacement z.”

From Newton’s second law of motion #(t) = —F(x(t)), this leads to the formulation of

the following ODE for the simple harmonic oscillator:
i(t) + wiz(t) =0,

where w denotes the angular frequency of the oscillations. This ODE is linear, homoge-

neous, and of second order.

In real oscillators, friction slows the motion of the system. In many vibrating systems,
the frictional force can be modeled as being proportional to the velocity & of the object.

This leads to the formulation of the following ODE for the damped harmonic oscillator:
#(t) + 2¢w(t) + wiz(t) =0,

where ¢ > 0 is called “damping ratio”.
This equation is fundamental in the study of oscillatory systems and finds applications

across various fields, including physics, engineering, and even economics.

3. Logistic Population Growth: In population dynamics, the logistic growth model is a
fundamental concept that elucidates the effects of resource limitations on population
growth by introducing the concept of carrying capacity, a threshold beyond which re-

source scarcity hinders a further increase in population.

The logistic growth model is mathematically articulated as

P(t) = rP(t) (1 - f}@) ,

where:

e P(t) denotes the population size at time ¢;

e 1 represents the intrinsic growth rate, indicating the potential increase rate in the

absence of resource constraints;
e K is the carrying capacity, defined as the maximum sustainable population size
given the prevailing environmental conditions.
This ODE is nonlinear and of first order.

This model is used to understand real-world population dynamics, as it accounts for the

practical constraints of resource availability and environmental capacity.
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4. Bessel FEquation: The Bessel equation is a significant differential equation in mathe-
matics and physics, particularly in problems involving cylindrical coordinates. For a

parameter o € R, the Bessel equation is given by
2.1 / 2 2 _
z7u" (v) + zu (x) + (2 — a”)u(x) = 0.

This ODE is linear, homogeneous, and of second order.

Solutions to the Bessel equation are known as Bessel functions. These functions are
particularly significant in physics for values of & € Z and o + % € 7Z. They describe
various physical phenomena such as heat conduction or wave propagation in cylindrical

media and also appear in quantum mechanics.
5. Airy Equation: Another related equation is the Airy equation, which is expressed as

u”"(x) — o?zu(z) = 0.
The Airy function is a special solution to this differential equation. It is particularly
relevant in quantum mechanics, where it is correlated with the Schrédinger equation for

a particle in a triangular potential well.

7.74. — So far, we have only talked about single differential equations, but one may also
study systems of differential equations. In addition, solutions of a differential equation are
required to satisfy some “initial conditions” such as u(0) = 0 (for example, this can correspond
to prescribing position at time 0) and /or v/(0) = 1 (this can correspond to prescribing velocity

at time 0). These are called boundary conditions.

7.5.2 Linear First Order ODEs

In this section, we show how to solve linear differential equations of first order. We specify an
interval I C R that is non-empty and does not consist of a single point.

We start with the homogeneous case.
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PROPOSITION 7.75: HOMOGENEOUS LINEAR 1ST ORDER ODES

Let f: I — R be a continuous function and consider the homogeneous first-order linear
ODE
u'(z) + flx)u(z) =0 Vel (7.29)

Let F : I — R be a primitive of f. Then, all C* solutions u : I — R of the above ODE
are of the form
u(z) = Ae F@), with A € R.

In other words, the set of solutions of (7.29) forms a one-dimensional linear subspace

of CL(I).
Proof. Given A € R, define u(z) = Ae=F®), Then
u'(z) = —F'(2)Ae 7@ = —f(2)Ae™F®) = —f(z)u(z) Vazel,

that is, u solves the ODE.
Vice versa, let v € C*(I) solve (7.29) and define v(x) = e ®u(z). Then

v'(z) = (PN u(z) + @ (2) = @ (f(2)u(z) — f(z)u(z)) =0  Vzel

By Corollary 5.46, we deduce that v(z) = A for some A € R, or equivalently u(z) = Ae=F'(@),
O
REMARK 7.76. — As we have seen, solutions of (7.29) are defined in terms of a primitive

of f. Since primitives are defined up to a constant, one could wonder what happens if one
replaces F by F+C for some constant C' € R. This would correspond to replacing Ae =¥ *) with

AeCe @) but since A € R is arbitrary, this plays no essential role in the final statement.

7.77. — We can now investigate the solvability of non-homogeneous linear first order
ODEs, namely
u'(z) + f(x)u(z) = g(z) Vel (7.30)

To motivate the next result, we look for a special solution by applying the method of variation
of constants. The idea is that, instead of looking for solutions of the form z — Ae F(®)
(that we know solve the homogeneous equation), we look for solutions u(z) = H(z)e ¥ ®) for
some C' function H : I — R. With this choice it follows that

u'(z) = <H,<$)€_F(I) — H(x)F’(m)e_F(x)> = H'(z)e 7@ — f(x)u(x).

Hence, if we want u to solve (7.30) we need to impose that H'(z)e~F(®) = g(z), or equivalently,

H is a primitive of g(z)ef®).
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Motivated by this discussion, we can now prove the following:

PROPOSITION 7.78: NON-HOMOGENEOUS LINEAR 1ST ORDER ODES

Let f,g: I — R be continuous functions and consider the non-homogeneous first-order
linear ODE (7.30). Let F : I — R be a primitive of f, and H : I — R a primitive of
gel’. Then, all C' solutions v : I — R of the above ODE are of the form

w(z) = H(z)e F@® 4 e F@), with A € R.

In other words, the set of solutions of (7.30) forms a one-dimensional affine subspace

of CL(I).
Proof. First, given A € R and u(z) = (H(x) + A)e F®) it follows that

u'(z) = H'(z)e P — F'(2)(H(z) + A)e '@
= g(@)e"Pe ) — f(z)u(e) = g(x) — f(2)ulx) Ve,

so u solves (7.30).

Vice versa, if u solves (7.30) then v(z) = u(z) — H(x)e @ solves

V() = () — H'(z)e '™ — F'(2)H(x)e ')
=/ (z) — g(x)e"@e F@) 4 f(2)H (z)e F'®
() = g(x) + f(2) (u(z) —v(z)) = —f(@)v(2).

In other words, v(z) solves (7.29), so Proposition 7.78 implies that v(z) = Ae™¥®) for some
A € R. Since u(x) = v(z) + H(x)e F®) this proves the result. O

The previous results give us formulas to solve every linear first order ODE. However, in
a concrete case, the difficulty will be determining the primitive F' of f and then the one of
g(a)ef®
A € R. This will be used to impose the boundary condition.

. As we have seen above, solutions are uniquely determined up to a free parameter

EXAMPLE 7.79. — We want to solve the ODE

2

o' (z) — 2zu(z) = ™, u(0) =1, (7.31)

on R. Following Proposition 7.78, we set f(z) = —2z and g(z) = ¢*". Then a primitive of f

is the function F(x) = —x?, while a primitive of g(z)ef'®) = e’ e~ =1 is given by z. So, u

must be of the form u(z) = (z + A)e®” . Imposing the boundary condition u(0) = 1 we obtain
A =1, therefore the solution to the above ODE is given by

2

u(z) = (x+1)e” . (7.32)
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REMARK 7.80. — If one forgets the formula from Proposition 7.78, one can try to remember
the following procedure to solve (7.30).
Recalling that multiplying by a function of the form e*(*) for some function w is “useful”
(based on what we have seen in previous pages), we multiply (7.30) by e*(*) so to get
u' (2)e”® + f(z)u(z)e’™® = g(x)e? @),
!/

Then we look for a special choice of w so that the left-hand side above is equal to (u(m)e“’(x)) .

This is equivalent to asking
u (2)e”® + ' (z)u(z)e® ™ = o (2)e? ™ + fla)u(z)e’® = W(x) = f(z).

Hence, if we choose w = F' a primitive of f (note that here we can choose any primitive of
f without worrying about the additional constant C, since all that matters is that F' = f),
then

(@) @)’ = ga)e"®,

therefore

u(z)el @ = /geF + A,

for some A € R. In other words, if H is a primitive of ge! then

w(@)e" @ = H@)+ A = (@)= H@)e F'® 4 4e F@),

EXERCISE 7.81. — Find a solution to the ODE
u'—(%—i—l)u:af‘ u(l) =1

in the interval (0, c0).

7.5.3 Autonomous First Order ODEs

Autonomous first-order ordinary differential equations (ODEs) are a class of differential equa-
tions where the rate of change of a variable is a function of the variable itself, independent of

the independent variable (often time). Mathematically, they are expressed as:

u'(z) = f(u(x)) (7.33)

for some continuous function f : R — R. The general solution of an autonomous first-order
ODE can be found using separation of variables. The process involves rearranging the equation

to separate the functions of v and x, and then integrating both sides. More precisely, assuming
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that f(u(z)) # 0, we can divide both side and obtain

Integrating both side and using the change of variable formula (7.8), we get

/f(lu)du_/f(ul(x»u’(x)dx—/1dm+C’—x+C’, (7.34)

where C' is the constant of integration. Hence, if H is a primitive of %, then we get
Hu(z)=z+C = ux)=H Yz+0).

Note that, since by assumption % # 0 on the domain of integration (otherwise we could not
divide by f(u(z))), it means that H' = % # 0, so H is invertible (since it is either strictly

increasing or strictly decreasing).

ExAMPLE 7.82. — Consider the logistic growth model used in population dynamics:

v (z) = ru(x) <1 - M) (7.35)
K
where u(z) € (0, K) represents the population at “time” z, r is the growth rate, and K is the

carrying capacity (see Example 7.73(3)). To solve this, we rearrange and integrate:

Ku'(z) =r K uw= | rdr=rx
W@ (K —u@) /u<K—u>d /d e

The left-hand side is the integral of a rational function, that can be solved as discussed in

Section 7.3.4: one can observe that

K 1+ 1
w(K—u) u K-—u’

hence (recall that, in this model, 0 < u < K)

K 1 1 U
——du= | —d du =1 —log(K —u) =1 — .
/u(K—u) U /u u—i—/K_u u = logu — log( u) Og(K—u)

This implies

log <Ku(x)( )> =C+rz = Ku(x)( ] = Ot
— u\x — u\x
— u(x) — KeC—i—rm _ u(x)eC—i-ra:
=  (1+ ec+m) u(z) = Keftre
eCer:
— u(a:):Kil_i_eCer.
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If up € (0, K) denotes the initial population, then setting = = 0 (here x plays the role of time)

we get
K ec — ¢ 1o
Uy = e’ = ———
0 14 e¢ K — uy,
which gives
( ) K (27}
u(x) = .
ug + (K —wug) e
EXAMPLE 7.83. — Exponential decay can be modeled by an autonomous first-order ODE:

v (z) = —ku(z)

where k£ > 0 is the decay constant. This ODE could be solved using (7.75), but we show an
alternative approach via separation of variables.
More precisely, if u is identically zero then there is nothing to prove. Otherwise, if u is

non-zero in some interval, then we can divide by v and integrate to get

1
/ du = —k/daz = loglu| = —kx+ C. (7.36)

u
This proves that, in each interval I where u does not vanish, there exists a constant C' € R such
that |u(x)| = e“e~#*. Since u has to be continuous, this implies that either u(z) = e“e*
or u(z) = —e“e~** on the whole R. Therefore, in conclusion, u(x) = ae~** for some a € R.

Imposing the condition that u(0) = wg, this gives

u(z) = uge ™ VzeR. (7.37)

REMARK 7.84 (Method of Separation of Variables). — The method described above can
be generalized to ODEs of the form

u'(z) = f(u(x))g(x) (7.38)

for some continuous functions f, g : R — R. More precisely, assuming as before that f(u(z)) #

0, we can divide both side and obtain

Integrating both side and using the change of variable formula (7.8), we get

/f(lu)du _ /f(ul(x))u'(:v) d — /g(x) dz + C, (7.39)
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where C' is the constant of integration. Hence, if H is a primitive of % and G is a primitive of

G, then we get
H(u(z))=G@x)+C = u(x)=H YG(x)+C).

Finally, the boundary condition uniquely identifies C.

7.5.4 Homogeneous Linear Second Order ODEs with Constant Coefficients

Second order linear differential equations are considerably more difficult to solve than first or-
der equations. We start by considering the simplest type of second order differential equation,

namely homogeneous linear ODEs with constant coefficients, namely,
v’ + au’ + apu =0 (7.40)
for given ag,a; € R. Let us first consider some examples.
EXAMPLE 7.85. — Solutions of v’ = 0 are affine functions, that is, u(z) = Az + B for

constants A, B € R.

Solutions of u” — u = 0 are functions of the form
u(z) = Ae® + Be™*

for constants A, B € R.

Solutions of u” + u = 0 are functions of the form

u(z) = Asin(z) + B cos(z)

for constants A, B € R. Since sine and cosine can be written in terms of e***, one can also
look for solutions of the form

u(z) = Ce™® 4+ De™ @

with C, D € C and then re-express the solution in terms of sine and cosine (recall that we are

interested in real-valued functions).
EXERCISE 7.86. — Check the assertions made in Example 7.85.

7.87. — The last two examples above suggest the approach of looking for solutions of

(7.40) of the form u(z) = e** for some a € C. Indeed, with this choice we see that

W' () + a1 (2) + apu(z) = (a® + ara + ag)u(z) = 0.
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In other words, o must be a zero of the so-called characteristic polynomial
p(t) =t + art + ap.

We distinguish three cases, depending on whether the discriminant A = a% — 4ay is positive,
negative, or zero.

e Case 1: A > 0. In this case, the characteristic polynomial p(¢) has two distinct real roots

—a; +VA 7—a1—\/Z

: 8= 5 (7.41)

This implies that the real-valued functions = — e®® and z +— €% are solutions, and therefore
u(z) = Ae™® + BeP®

is a solution of (7.40) for every A, B € R.
e Case 2: A < 0. In this case, the characteristic polynomial p(¢) has two distinct complex
vV—A V-=A

a—i—i,@:—%—l—iT, a—iﬁz—%—iT. (7.42)

roots

This means that the two complex-valued functions z + e @)% solve (7.40), therefore their

real and imaginary parts are real-valued solutions. This gives that
u(x) = Ae®* sin(fx) + Be™ cos(fx)

is a solution of (7.40) for every A, B € R.

e Case 3: A = 0. In this case, the characteristic polynomial p(¢) has only one real zero
(7.43)

thus & — e** is a solution of (7.40). To find another solution we recall the example u” = 0.
In this case two solutions are given by 1 and x, and these two solutions can be written as e’
and xe?” with v = 0.

ax

Motivated by this observation, one could wonder whether x — ze®® is a solution. This is

indeed the case:

(J:ew)” + ag (:vew)/ + agre®* = (a2 + a1 + ag )wew + (2a+a)e*™ =0
=0 =0

where the first term vanishes because « is a root of the characteristic polynomial, while the

second term vanishes because of (7.43). This shows that
u(x) = Ae** + Bxe™®

solves (7.40) for every A, B € R.
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It is customary, for second order ODEs, to prescribe both the value of u and the value of
its derivative at some point (for instance, u(0) = 1 and «/(0) = 0). The fact that we have
two constants A, B guarantees that we can choose them so as to impose these two boundary
conditions.

Now that we have found solutions to (7.40), we want to prove that they are the only ones.
This is the content of the next:

PROPOSITION 7.88: EXISTENCE AND UNIQUENESS: THE HOMOGENEOUS CASE

Following the terminology from Paragraph 7.87 above, consider the following solutions
to the homogeneous ODE (7.40):

A>0 ui(x) = e, us(z) = eP?, a, B as in (7.41),
A <O ui(z) = e*sin(fx), uz(x) = e** cos(fx), a,f as in (7.42),
A=0 ui(z) = e**, ug(z) = xe*®, a as in (7.43).

If u € C%(I) solves (7.40), then there exist A, B € R such that u = Auy + Bus.

In other words, the set of solutions of (7.40) forms a two-dimensional linear subspace

of C(I).

Proof. (Extra material) We consider the case A > 0 (the other cases can be treated analo-
gously). Assume for simplicity that 0 € I (the general case can be treated similarly, choosing

a point xg € I and arguing in a similar fashion with xg in place of 0). Since
u(0) =u2(0) =1,  wj(0) =a > B =1uy(0).

if we define

(o) = 22 =2l

then v; and vy are two solutions of (7.40) satisfying

Now, given u € C2(I) solution of (7.40), consider w(z) = u(z) — u(0)vy(x). This is still a
solution and w(0) = u(0) — u(0)v1(0) = 0. We then consider the function

W (x) = w(z)vy(z) — w'(z)va(z)

(this function is called “Wronskian”). Using that both w and ve solve (7.40) one can check
that W’ = 0, thus W is constant. Since W(0) = 0 (because w(0) = v2(0) = 0), we conclude
that

w(z)vh(z) — w'(z)va(z) = 0.

Now, if w is identically zero, then there is nothing to prove (since this means that u = u(0)v;).

Otherwise, if w is not identically zero, by continuity we can find a small interval where both
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w and vy are non-zero, and we get

=0 = log'|w(z)| —log |va(z)| = 0,

which implies that log |w(x)| — log |va(z)| = C for some C' € R. This shows that, in each
interval I where w and v2 do not vanish, there exists a constant C' € R such that |w(z)| =
eC|vg(z)|. By continuity this implies that as long as vy does not vanish, then also w does not
vanish and w(z) = ava(z) for some constant a € R. Since in our case vy vanished only at 0

(as one can easily check), then we deduce that there exist two constants b, ¢ € R such that
w=bvy on (—o0,0), w = cvy on (0,00)

This implies that
w’_(0) = buy(0) = b, w' (0) = cv5(0) = c.

So, since w € C?(I) by assumption, the only option is b = ¢, which proves that w(z) = bva(z)

in R. In conclusion

aug(x) — Puq(x) up(z) — uz(x)

u(w) = u(0)on (x) + bra(z) = u(0) TEL LIy U
which implies the result. O
ExXAMPLE 7.89. — We attach a weight to a spring so that it is free to oscillate in the

vertical direction, and want to determine the position u(t) of the weight as a function of time
t. We choose the coordinate system so that u = 0 corresponds to the state of equilibrium
where the weight does not move. According to Newton’s fundamental laws of motion, the
second derivative «” multiplied by the mass m of the weight is equal to the force acting on
the weight.

v

u(t)

A component of this force arises from the expansion of the spring and is oriented towards rest.
According to Hooke’s law, this force is given by —ku, where the real number k& > 0 is called
the spring constant. Furthermore, friction forces usually act on the movement. We assume

that the corresponding force action is given by —du’, where d > 0 is the damping constant.
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The differential equation describing the motion w(t) of the mass is thus mu” = —du’ — ku, or

d k
W'+ —u' + —u=0
m m

which is, therefore, a linear homogeneous differential equation of second order. If we set
w= \/% and ¢ = 52—, then the ODE becomes

T
u” 4+ 2Cwu’ + w?u =0

(recall Example 7.73(2)), whose characteristic polynomial is
p(t) = t* + 2¢wt + w?

with discriminant A = 4(¢% — 1)w?.
If A < 0 holds (equivalently ¢ < 1), friction is small compared to the spring strength, and

we obtain solutions of the form
u(t) = e=St (Asin(yt) + Bcos(vt)),

with v = \/@ w. The constants A and B depend on the initial position «(0) and the
initial velocity «/(0) of the mass. In the case ( = 0, the oscillation is undamped and u is a
periodic function.

If friction is large compared to the strength of the spring so that A > 0 (this happens
when ¢ > 1), then the oscillating behavior disappears and the weight returns exponentially
fast to its steady state: if ( > 1 then

u(t) = Ae ™M 4 Bem 2t A2 = (C +4/¢%— 1) w,

while if ( =1 then
u(t) = Ae™" + Bte "

One can note that ¢ —+/¢?2—1 < 1 for ( > 1, so the fastest exponential convergence is

achieved when ¢ = 1. This behavior is desirable, for example, in a door-closing mechanism.

7.5.5 Non-Homogeneous Linear Second Order ODEs with Constant Coef-
ficients

7.90. — After having studied the homogeneous case, we now want to solve the constant

coefficients non-homogeneous linear second order ODE

u + a1 +au=yg (7.44)
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for given ag,a; € R and g € C°(I). Following the terminology from Paragraph 7.87, consider

the solutions to the homogeneous ODE:

A>0 ui(z) = e, us(z) = e’?, a,( as in (7.41),
A<O0: uy(x) = e* sin(px), ug(x) = e** cos(fx), a, B as in (7.42),
A=0: u(zr)=e*", ug(x) = xe*, a as in (7.43).

We want to solve (7.44) using the method of variation of constants, that is, we look for a
solution u of the form u(z) = Hy(x)u1(x) + Ha(x)ua(x) for some functions Hy, Hy € C?(I).

By computing v’ and u”, and using that «; and uy solve the homogeneous equations, one
deduces that u = Hyu; + Hausg is a solution of (7.44) provided the following holds:

Hi(z)ur(z) + Hy(@)uz(z) =0,  Hi(z)uj(z) + Hy(z)uy(z) = g().
Using the first equation one can express H) in terms of Hj, that is,

i (R (7.45)
U2

Then, inserting this relation in the second equation, we obtain

u29g

Ui

/1 !l !

1wy — —upldy =g —  Hy=— 1o
u9 U U2 — UyUy

Substiting this relation back into (7.45), we conclude that

U29g urg
H=|—+—"—ds, Hy= [ ——"F—dux
uluQ — u2u1 u2u1 — ulug

In other words, if H; and Hy are primitives of the functions above, then u = Hiu; + Hous is
a particular solution of (7.44). Finally, the set of all solutions can be found by adding to u

solutions to the homogeneous equations, that is
’LL:AU1+BU2+(H1U1+H2U2), A, BeR.

We summarize this discussion in the following:
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PROPOSITION 7.91: EXISTENCE AND UNIQUENESS: THE NON-HOMOGENEOUS CASE

Following the terminology from Paragraph 7.87 above, consider the following solutions
to the homogeneous ODE (7.40):

A>0 ui(x) = e, uz(z) = €57, a, B asin (7.41),
A <O ui(x) = e* sin(fx), ug(x) = e** cos(fx), a,f as in (7.42),
A=0 ui(z) = e**, ug(x) = xe*®, a as in (7.43).
Also, let Hy and Hy denote two primitives of — e and ——42 respectively. If
1

ug—ubul uhuy —ufug’

u € C%(I) solves (7.44), then there exist A, B € R such that
uw = Auj + Bug + (H1u1 + HQ’LLQ).

In other words, the set of solutions of (7.40) forms a two-dimensional affinex subspace

of C%(I).

Although this method is very general, computationally it can be very involved. So, in
some (very special) cases it may be easier to “guess” a particular solution to the homogeneous
equation by looking at functions of the form p(z)e’, p(x)e¥* cos(nz), or p(x)e?” sin(nx),
where p(z) is a polynomial and 7,7 > 0 (depending on the structure of g, one of these

functions may work).

EXAMPLE 7.92. — Solve the ODE
u"(x) + u(z) = 1, uw(0) =0, 4/ (0)=1.

In this case, all solutions to the homogeneous equations are Acos(x) 4+ Bsin(x). Therefore
we look for a solution of the for, u(x) = Hi(x) cos(z) + Ha(z) sin(x).

This leads to the two equations
Hi(z) cos(x) + Hj(z)sin(x) = 0, —Hj(z)sin(x) + Hy(z) cos(x) = 1,

and then, solving the linear system as we did above, we get

Hy=— / sin@)g g, / sin(z) dz

sin?(z) + cos?(x)

Hy = / COS2((;O)S—(|—xZigI12($) do = / cos(z) dz.

Hence, we can take Hi = cos(x) and Hy = sin(z), which leads to the particular solution

u(z) = cos?(x) + sin?(z) = 1 (you see that, in this case, one may have tried to guess it!). So,
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the general solution is given by
u(z) =1+ Acos(x) + Bsin(x).
Imposing the boundary conditions u(0) = 0 and «/(0) = 1, we conclude that
u(z) = 1 — cos(z) + sin(x).
EXAMPLE 7.93. — Solve the ODE

o’ (x) + u(z) = sin(z), u(0) =0, 4/(0)=1.

In this case, the method of constants gives

o sin() sin(z) r = — [ sin(z)?dz
H, = /Sinz(x)+cosz(m)d _ / (2)2d

H, / C;)S sin(z) dm:/cos(a:)sin(x)dx.
cos

) + sin?(z)
In this case we can take Hy = 3 (cos(z)sin(z) — z) and Hy = —3 cos?(z), which leads to the
particular solution u(z) = 1 (cos?(z)sin(z) — z cos(z) — cos®(z) sin(z)) = —Fx cos(z). So, the
general solution is given by
x cos(z) )
u(z) = — ) + Acos(z) + Bsin(z).

Imposing the boundary conditions u(0) = 0 and u/(0) = 1, we conclude that
1
u(x) = —=x cos(x) + §sin(az).

REMARK 7.94. — In the solution of Example 7.93, one may note the presence of x in front
of cos(z). This is due to the fact that sin(x) and cos(z) are solutions to the homogeneous
equation, so the solution to the non-homogeneous problem cannot be just a linear combination
of them. As a general strategy, in such situations, a special solution to the homogeneous

equation is sought by multiplying the solutions of the homogeneous equation by x.

EXERCISE 7.95. — Solve the following ODEs:

1. v (x) + u(x) = sin(2x), u(0) =0, o/(0)=1.

Hint: Look for a special solution of the form asin(2x) + bcos(2z).

2. u"(z) + 4u(z) = cos(2z), uw(0) =1, 4/(0)=0.

Hint: Look for a special solution of the form ax cos(2z) + bz sin(2x).
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3. u(x) +u'(x) — 2u(z) = 22, u(0) =2, 4/ (0)=1.

Hint: Look for a special solution of the form ax? + bz + c.

4. u"(z) 4+ 2u'(z) — 3u(z) = cos(x) + x, uw(0) =1, /(0)=1.

Hint: Look for a special solution of the form asin(x) + bcos(z) + cx + d.
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