Claudio Canuto « Anita Tabacco

Mathematical Analysis |

Second Edition



UNITEXT - La Matematica per il 3+2

Volume 84

For further volumes:
http://www.springer.com/series/5418



Claudio Canuto - Anita Tabacco

Mathematical Analysis I

Second Edition

@ Springer



Claudio Canuto Anita Tabacco

Department of Mathematical Sciences Department of Mathematical Sciences
Politecnico di Torino Politecnico di Torino
Torino, Italy Torino, Italy

UNITEXT - La Matematica per il 3+2
ISSN 2038-5722 ISSN 2038-5757 (electronic)

ISBN 978-3-319-12771-2 ISBN 978-3-319-12772-9 (eBook)
DOI 10.1007/978-3-319-12772-9
Springer Cham Heidelberg New York Dordrecht London

Library of Congress Control Number: 2014951876

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, re-
citation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief ex-
cerpts in connection with reviews or scholarly analysis or material supplied specifically for the purpose
of being entered and executed on a computer system, for exclusive use by the purchaser of the work.
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright
Law of the Publisher’s location, in its current version, and permission for use must always be obtained
from Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance
Center. Violations are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publi-
cation does not imply, even in the absence of a specific statement, that such names are exempt from the
relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of pu-
blication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Cover Design: Simona Colombo, Giochi di Grafica, Milano, Italy
Files provided by the Authors

Springer is a part of Springer Science+Business Media (www.springer.com)



Preface

This textbook is meant to help students acquire the basics of Calculus in curricula
where mathematical tools play a crucial part (so Engineering, Physics, Computer
Science and the like). The fundamental concepts and methods of Differential and
Integral Calculus for functions of one real variable are presented with the primary
purpose of letting students assimilate their effective employment, but with critical
awareness. The general philosophy inspiring our approach has been to simplify the
system of notions available prior to the university reform; at the same time we
wished to maintain the rigorous exposition and avoid the trap of compiling a mere
formulary of ready-to-use prescriptions.

In view of the current Programme Specifications, the organization of a first
course in Mathematics often requires to make appropriate choices about lecture
content, the comprehension level required from the recipients, and which kind
of language to use. From this point of view, the treatise is ‘stratified’ in three
layers, each corresponding to increasingly deeper engagement by the user. The
intermediate level corresponds to the contents of the eleven chapters of the text.
Notions are first presented in a naive manner, and only later defined precisely.
Their features are discussed, and computational techniques related to them are
exhaustively explained. Besides this, the fundamental theorems and properties are
followed by proofs, which are easily recognisable by the font’s colour.

At the elementary level the proofs and the various remarks should be skipped.
For the reader’s sake, essential formulas, and also those judged important, have
been highlighted in blue, and gray, respectively. Some tables, placed both through-
out and at the end of the book, collect the most useful formulas. It was not our
desire to create a hierachy-of-sorts for theorems, instead to leave the instructor
free to make up his or her own mind in this respect.

The deepest-reaching level relates to the contents of the five appendices and
enables the strongly motivated reader to explore further into the subject. We
believe that the general objectives of the Programme Specifications are in line with
the fact that willing and able pupils will build a solid knowledge, in the tradition
of the best academic education. The eleven chapters contain several links to the
different appendices where the reader will find complements to, and insight in
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various topics. In this fashion every result that is stated possesses a corresponding
proof.

To make the approach to the subject less harsh, and all the more gratifying,
we have chosen an informal presentation in the first two chapters, where relevant
definitions and properties are typically part of the text. From the third chapter
onwards they are highlighted by the layout more discernibly. Some definitions and
theorems are intentionally not stated in the most general form, so to privilege
a brisk understanding. For this reason a wealth of examples are routinely added
along the way right after statements, and the same is true for computational
techniques. Several remarks enhance the presentation by underlining, in particular,
special cases and exceptions. Each chapter ends with a large number of exercises
that allow one to test on the spot how solid one’s knowledge is. Exercises are
grouped according to the chapter’s major themes and presented in increasing order
of difficulty. All problems are solved, and at least half of them chaperone the reader
to the solution.

We have adopted the following graphical conventions for the constituent build-
ing blocks: definitions appear on a gray background, theorems’ statements on blue,
a vertical coloured line marks examples, and boxed exercises, like | 12., indicate
that the complete solution is provided.

We wish to dedicate this volume to Professor Guido Weiss of Washington
University in St. Louis, a master in the art of teaching. Generations of students
worldwide have benefited from Guido’s own work as a mathematician; we hope
that his own clarity is at least partly reflected in this textbook.

This second English edition reflects the latest version of the Italian book, that
is in use since over a decade, and has been extensively and successfully tested at
the Politecnico in Turin and in other Italian Universities. We are grateful to the
many colleagues and students whose advice, suggestions and observations have
allowed us to reach this result. Special thanks are due to Dr. Simon Chiossi, for
the careful and effective work of translation.

Finally, we wish to thank Francesca Bonadei — Executive Editor, Mathem-
atics and Statistics, Springer Italia — for her encouragement and support in the
preparation of this textbook.

Torino, August 2014 Claudio Canuto, Anita Tabacco
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1

Basic notions

In this introductory chapter some mathematical notions are presented rapidly,
which lie at the heart of the study of Mathematical Analysis. Most should already
be known to the reader, perhaps in a more thorough form than in the following
presentation. Other concepts may be completely new, instead. The treatise aims
at fixing much of the notation and mathematical symbols frequently used in the
sequel.

1.1 Sets
We shall denote sets mainly by upper case letters X, Y ..., while for the members
or elements of a set lower case letters x,y, ... will be used. When an element z is

in the set X one writes 2 € X (‘z is an element of X’ or ‘the element x belongs
to the set X’), otherwise the symbol z ¢ X is used.

The majority of sets we shall consider are built starting from sets of numbers.
Due to their importance, the main sets of numbers deserve special symbols, namely:

N = set of natural numbers
Z = set of integer numbers
@Q = set of rational numbers
R = set of real numbers

C = set of complex numbers.

The definition and main properties of these sets, apart from the last one, will
be briefly recalled in Sect. 1.3. Complex numbers will be dealt with separately in
Sect. 8.3.

Let us fix a non-empty set X, considered as ambient set. A subset A of X
is a set all of whose elements belong to X; one writes A C X (‘A is contained,
or included, in X”) if the subset A is allowed to possibly coincide with X, and
A C X (‘A is properly contained in X’) in case A is a proper subset of X, that

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_1,
© Springer International Publishing Switzerland 2015



2 1 Basic notions

CA

Figure 1.1. Venn diagrams (left) and complement (right)

is, if it does not exhaust the whole X. From the intuitive point of view it may
be useful to represent subsets as bounded regions in the plane using the so-called
Venn diagrams (see Fig. 1.1, left).

A subset can be described by listing the elements of X which belong to it

A={z,y,....2}5

the order in which elements appear is not essential. This clearly restricts the use
of such notation to subsets with few elements. More often the notation

A={z e X | p(x)} or A={ze X : p(x)}

will be used (read ‘A is the subset of elements x of X such that the condition p(x)
holds’); p(x) denotes the characteristic property of the elements of the subset, i.e.,
the condition that is valid for the elements of the subset only, and not for other
elements. For example, the subset A of natural numbers smaller or equal than 4
may be denoted

A=1{0,1,2,3,4 o A={zeN|z<4}.

The expression p(z) =‘z < 4’ is an example of predicate, which we will return to
in the following section.

The collection of all subsets of a given set X forms the power set of X, and
is denoted by P(X). Obviously X € P(X). Among the subsets of X there is the
empty set, the set containing no elements. It is usually denoted by the symbol
#, so ) € P(X). All other subsets of X are proper and non-empty.

Consider for instance X = {1,2,3} as ambient set. Then

P(X) ={0.{1}, {2}, {3}, {1,2},{1,3},{2,3}, X}.

Note that X contains 3 elements (it has cardinality 3), while P(X) has 8 = 23
elements, hence has cardinality 8. In general if a finite set (a set with a finite
number of elements) has cardinality n, the power set of X has cardinality 2™.
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Starting from one or more subsets of X, one can define new subsets by means
of set-theoretical operations. The simplest operation consists in taking the com-
plement: if A is a subset of X, one defines the complement of A (in X) to be the
subset

CA={zeX |z & A}

made of all elements of X not belonging to A (Fig. 1.1, right).

Sometimes, in order to underline that complements are taken with respect to
the ambient space X, one uses the more precise notation Cx A. The following
properties are immediate:

CX=0, CP=X, C(CA)=A.

For example, if X = N and A is the subset of even numbers (multiples of 2), then
CA is the subset of odd numbers.

Given two subsets A and B of X, one defines intersection of A and B the
subset

ANB={zx€ X |z € Aandz € B}

containing the elements of X that belong to both A and B, and union of A and
B the subset

AUB={ze X |z e Aorzec B}

made of the elements that are either in A or in B (this is meant non-exclusively,
so it includes elements of AN B), see Fig.1.2.

We recall some properties of these operations.

i) Boolean properties:

ANCA =1, AUCA = X;

AUB AUB

Figure 1.2. Intersection and union of sets



4 1 Basic notions

i) commutative, associative and distributive properties:

ANB=DBnNA, AUB=BUA
(ANB)NC=An(BnNC), (AUB)UC =AU(BUC),
(ANnB)UC=(AuC)n(BUCQC), (AUB)NC=(ANnC)u(BNC);

iii) De Morgan laws:
C(ANB)=CAUCB, C(AUB)=CANCB.

Notice that the condition A C B is equivalent to AN B = A, or AUB = B.

There are another couple of useful operations. The first is the difference

between a subset A and a subset B, sometimes called relative complement
of Bin A

A\B={zec€A|z¢B}=ANCB

(read ‘A minus B’), which selects the elements of A that do not belong to B. The
second operation is the symmetric difference of the subsets A and B

AAB=(A\B)U(B\A) = (AUB)\ (AN B),

which picks out the elements belonging either to A or B, but not both (Fig.1.3).

For example, let X = N, A be the set of even numbers and B={n € N | n <
10} the set of natural numbers smaller or equal than 10. Then B\ A = {1,3,5,7,9}
is the set of odd numbers smaller than 10, A\ B is the set of even numbers larger
than 10, and AAB is the union of the latter two.

AAB
A\ B AAB

Figure 1.3. The difference A\ B (left) and the symmetric difference A A B (right) of
two sets
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1.2 Elements of mathematical logic

In Mathematical Logic a formula is a declarative sentence, or statement, the truth
or falsehood of which can be established. Thus within a certain context a formula
carries a truth value: True or False. The truth value can be variously represented,
for instance using the binary value of a memory bit (1 or 0), or by the state of
an electric circuit (open or close). Examples of formulas are: ‘7 is an odd number’
(True), ‘3 > /12’ (False), ‘Venus is a star’ (False), ‘This text is written in english’
(True), et cetera. The statement ‘Milan is far from Rome’ is not a formula, at least
without further specifications on the notion of distance; in this respect ‘Milan is
farther from Rome than Turin’ is a formula. We shall indicate formulas by lower
case letters p,q,r, .. ..

1.2.1 Connectives

New formulas can be built from old ones using logic operations expressed by certain
formal symbols, called connectives.

The simplest operation is called negation: by the symbol —p (spoken ‘not p’)
one indicates the formula whose truth value is True if p is False, and False if p
is True. For example if p=‘7 is a rational number’, then —p =‘7 is an irrational
number’.

The conjunction of two formulas p and ¢ is the formula p A ¢ (‘p and ¢’),
which is true if both p and ¢ are true, false otherwise. The disjunction of p and
q is the formula p V ¢ (‘p or ¢’); the disjunction is false if p and ¢ are both false,
true in all other cases. Let for example p =‘7 is a rational number’ and ¢ = ‘7 is
an even number’; the formula p A ¢ = ‘7 is an even rational number’ is false since
q is false, and p V ¢ = ‘7 is rational or even’ is true because p is true.

Many statements in Mathematics are of the kind ‘If p is true, then ¢ is true’,
also read as ‘sufficient condition for ¢ to be true is that p be true’, or ‘necessary
condition for p to be true is that ¢ be true’. Such statements are different ways
of expressing the same formula p = ¢ (‘p implies ¢’, or ‘if p, then ¢’), called
implication, where p is the ‘hypothesis’ or ‘assumption’, g the ‘consequence’
or ‘conclusion’. By definition, the formula p = ¢ is false if p is true and ¢ false,
otherwise it is always true. In other words the implication does not allow to deduce
a false conclusion from a true assumption, yet does not exclude a true conclusion
being implied by a false hypothesis. Thus the statement ‘if it rains, I'll take the
umbrella’ prevents me from going out without umbrella when it rains, but will not
interfere with my decision if the sky is clear.

Using p and g it is easy to check that the formula p = ¢ has the same truth
value of =pV q. Therefore the connective = can be expressed in terms of the basic
connectives — and V.

Other frequent statements are structured as follows: ‘the conclusion ¢ is true
if and only if the assumption p is true’, or ‘necessary and sufficient condition for a
true ¢ is a true p’. Statements of this kind correspond to the formula p < ¢ (‘p is
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(logically) equivalent to ¢’), called logic equivalence. A logic equivalence is true
if p and ¢ are simultaneously true or simultaneously false, and false if the truth
values of p and ¢ differ. An example is the statement ‘a natural number is odd if
and only if its square is odd’. The formula p < ¢ is the conjuction of p = ¢ and
q = p, in other words p < ¢ and (p = ¢) A (¢ = p) have the same truth value.
Thus the connective < can be expressed by means of the basic connectives =, V
and A.

The formula p = ¢ (a statement like ‘if p, then ¢’) can be expressed in various
other forms, all logically equivalent. These represent rules of inference to attain
the truth of the implication. For example, p = ¢ is logically equivalent to the
formula —q = —p, called contrapositive formula; symbolically

(p=q <= (-g¢=p).

This is an easy check: p = ¢ is by definition false only when p is true and ¢ false,
i.e., when —q is true and —p false. But this corresponds precisely to the falsehood
of =¢ = —p. Therefore we have established the following inference rule: in order
to prove that the truth of p implies the truth of ¢, one may assume that the
conclusion ¢ is false and deduce from it the falsehood of the assumption p. To
prove for instance the implication ‘if a natural number is odd, then 10 does not
divide it’, we may suppose that the given number is a multiple of 10 and (easily)
deduce that the number must be even.

A second inference rule is the so-called proof by contradiction, which we will
sometimes use in the textbook. This is expressed by

(r=q <= (PA-q= p).

In order to prove the implication p = ¢ one can proceed as follows: suppose p is
true and the conclusion ¢ is false, and try to prove the initial hypothesis p false.
Since p is also true, we obtain a self-contradictory statement.

A more general form of the proof by contradiction is given by the formula

p=q) <= [PA-q=rA-r),

where r is an additional formula: the implication p = ¢ is equivalent to assuming
p true and q false, then deducing a simultaneously true and false statement r (note
that the formula r A —r is always false, whichever the truth value of ).

At last, we mention a further rule of inference, called Principle of Mathematical
Induction, for which we refer to Appendix A.1, p. 427.

1.2.2 Predicates

Let us now introduce a central concept. A predicate is an assertion or property
p(z,...) that depends upon one or more variables z, . . . belonging to suitable sets,
and which becomes a formula (hence true or false) whenever the variables are
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fixed. Let us consider an example. If x is an element of the set of natural numbers,
the assertion p(z) = ‘z is an odd number’ is a predicate: p(7) is true, p(10) false
et ¢. If z and y denote students of the Polytechnic of Turin, the statement p(x,y)
= ‘z and y follow the same lectures’ is a predicate.

Observe that the aforementioned logic operations can be applied to predicates
as well, and give rise to new predicates (e.g., —=p(x), p(z) V ¢(x) and so on). This
fact, by the way, establishes a precise relation among the essential connectives
=, A,V and the set-theoretical operations of taking complements, intersection and
union. In fact, recalling the definition A = {x € X | p(z)} of subset of a given
set X, the ‘characteristic property’ p(z) of the elements of A is nothing else but
a predicate, which is true precisely for the elements of A. The complement CA is
thus obtained by negating the characteristic property

CA={zeX|-p)}

while the intersection and union of A with another subset B = {z € X | q(z)} are
described respectively by the conjuction and the disjunction of the corresponding
characteristic properties:

ANB={ze X |px)Aq(z)}, AUB={zeX|p(x)Vq)}

The properties of the set-theoretical operations recalled in the previous section
translate into similar properties enjoyed by the logic operations, which the reader
can easily write down.

1.2.3 Quantifiers

Given a predicate p(z), with the variable x belonging to a certain set X, one is
naturally lead to ask whether p(z) is true for all elements x, or if there exists at
least one element x making p(x) true. When posing such questions we are actually
considering the formulas

Ve, p(x) (read ‘for all z, p(x) holds”)

and

Jz, p(x) (read ‘there exists at least one x, such that p(x) holds’).

If indicating the set to which x belongs becomes necessary, one writes Vo €
X, p(z) and ‘Iz € X, p(x)’. The symbol V (‘for all’) is called universal quan-
tifier, and the symbol 3 (‘there exists at least’) is said existential quantifier.
(Sometimes a third quantifier is used, 3!, which means ‘there exists one and only
one element’ or ‘there exists a unique’.)

We wish to stress that putting a quantifier in front of a predicate transforms
the latter in a formula, whose truth value may be then determined. The predicate
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p(x) = ‘@ is strictly less than 7’ for example, yields the false formula ‘Vz € N, p(z)’
(since p(8) is false, for example), while ‘Iz € N, p(z)’ is true (e.g., * = 6 satisfies
the assertion).

The effect of negation on a quantified predicate must be handled with attention.
Suppose for instance x indicates the generic student of the Polytechnic, and let p(z)
= ‘x is an Italian citizen’. The formula ‘Vz, p(x)’ (‘every student of the Polytechnic
has Italian citizenship’) is false. Therefore its negation ‘=(Vx, p(x))’ is true, but
beware: the latter does not state that all students are foreign, rather that ‘there
is at least one student who is not Italian’. Thus the negation of ‘Vz, p(z) is
‘Jx, —p(x)’. We can symbolically write

_‘(VIE, p(llf)) = E'.’E, —\p(ZL')

Similarly, it is not hard to convince oneself of the logic equivalence

-3z, p(x)) <= Vz, p(z).

If a predicate depends upon two or more arguments, each of them may be
quantified. Yet the order in which the quantifiers are written can be essential.
Namely, two quantifiers of the same type (either universal or existential) can be
swapped without modifying the truth value of the formula; in other terms

VaVy, p(z,y) <= VyVz, p(x,y),
3z 3y, p(z,y) <= 3y, p(z,y).

On the contrary, exchanging the places of different quantifiers usually leads to
different formulas, so one should be very careful when ordering quantifiers.

As an example, consider the predicate p(z,y) = ‘@ > y’, with x, y varying in the
set of natural numbers. The formula ‘Va Vy, p(z,y)’ means ‘given any two natural
numbers, each one is greater or equal than the other’; clearly a false statement.
The formula ‘Va 3y, p(x,y)’, meaning ‘given any natural number z, there is a
natural number y smaller or equal than z’, is true, just take y = x for instance.
The formula ‘Iz Vy, p(z,y)’ means ‘there is a natural number z greater or equal
than each natural number’, and is false: each natural number x admits a successor
x + 1 which is strictly bigger than x. Eventually, ‘Iz Jy, p(z,y)’ (‘there are at
least two natural numbers such that one is bigger or equal than the other’) holds
trivially.

1.3 Sets of numbers
Let us briefly examine the main sets of numbers used in the book. The discussion

is on purpose not exhaustive, since the main properties of these sets should already
be known to the reader.
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The set N of natural numbers. This set has the numbers 0, 1, 2, ... as elements.
The operations of sum and product are defined on N and enjoy the well-known
commutative, associative and distributive properties. We shall indicate by N, the
set of natural numbers different from 0

N, =N\ {0}.

A natural number n is usually represented in base 10 by the expansion n = ¢, 10F +
ck—110F1 4+ ... 4+ ¢110 4+ ¢o, where the ¢;’s are natural numbers from 0 to 9 called
decimal digits; the expression is unique if one assumes ¢ # 0 when n # 0. We
shall write n = (cpck—1 . ..c1¢0)10, Or more easily n = cxcr—1 . ..c1¢0. Any natural
number > 2 may be taken as base, instead of 10; a rather common alternative is
2, known as binary base.

Natural numbers can also be represented geometrically as points on a straight
line. For this it is sufficient to fix a first point O on the line, called origin, and
associate it to the number 0, and then choose another point P different from
O, associated to the number 1. The direction of the line going from O to P is
called positive direction, while the length of the segment OP is taken as unit for
measurements. By marking multiples of OP on the line in the positive direction
we obtain the points associated to the natural numbers (see Fig. 1.4).

The set 7Z of integer numbers. This set contains the numbers 0,+1,—1,
+2,-2,... (called integers). The set N can be identified with the subset of Z
consisting of 0,+1,+2,... The numbers +1,+2,... (—1,—2,...) are said positive
integers (resp. negative integers). Sum and product are defined in Z, together with
the difference, which is the inverse operation to the sum.

An integer can be represented in decimal base z = +¢pcg_1 ... c1c9. The geo-
metric picture of negative integers extends that of the natural numbers to the left
of the origin (Fig.1.4).

The set Q of rational numbers. A rational number is the quotient, or ratio,
of two integers, the second of which (denominator) is non-zero. Without loss of
generality one can assume that the denominator is positive, whence each rational
number, or rational for simplicity, is given by

z
r=_, with z € Z and n € N.
n

Moreover, one may also suppose the fraction is reduced, that is, z and n have no
common divisors. In this way the set Z is identified with the subset of rationals

Figure 1.4. Geometric representation of numbers
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whose denominator is 1. Besides sum, product and difference, the operation of
division between two rationals is defined on Q, so long as the second rational is
other than 0. This is the inverse to the product.

A rational number admits a representation in base 10 of the kind r =
+cpcp—1 -+ - c1cg.dids - - -, corresponding to

r=4(ct10% + 11081 4 4 10+ co + d1 107 + da 1072 4 -4,

The sequence of digits dy, ds, ... written after the dot satisfies one and only one of
the following properties: i) all digits are 0 from a certain subscript ¢ > 1 onwards (in
which case one has a finite decimal expansion; usually the zeroes are not written),
or ii) starting from a certain point, a finite sequence of numbers not all zero —
called period — repeats itself over and over (infinite periodic decimal expansion;
the period is written once with a line drawn on top). For example the following
expressions are decimal expansions of rational numbers

35163 11579
— — 351.6300---— —371.63 and — 12.51783783- .- — 12.51783.
100 A 995

The expansion of certain rationals is not unique. If a rational number has a finite
expansion in fact, then it also has a never-ending periodic one obtained from the
former by reducing the right-most non-zero decimal digit by one unit, and adding
the period 9. The expansions 1.0 and 0.9 define the same rational number 1;
similarly, 8.357 and 8.3569 are equivalent representations of 4419230.

The geometric representation of a rational r = 4" is obtained by subdividing
the segment OP in n equal parts and copying the subsegment m times in the

positive or negative direction, according to the sign of r (see again Fig. 1.4).

The set R of real numbers. Not every point on the line corresponds to a rational
number in the above picture. This means that not all segments can be measured
by multiples and sub-multiples of the unit of length, irrespective of the choice of
this unit.

It has been known since the ancient times that the diagonal of a square is not
commensurable with the side, meaning that the length d of the diagonal is not a
rational multiple of the side’s length £. To convince ourselves about this fact recall
Pythagoras’s Theorem. It considers any of the two triangles in which the diagonal
splits the square (Fig.1.5), and states that

d* =02+ 02, ie., d? =202

|
0 ¢ VA
Figure 1.5. Square with side ¢ and its diagonal
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Calling p the ratio between the lengths of diagonal and side, we square d = p¢ and
substitute in the last relation to obtain p? = 2. The number p is called the square
root of 2 and it is indicated by the symbol v/2.

Property 1.1 If the number p satisfies p*> = 2, it must be non-rational.

Proof. By contradiction: suppose there exist two integers m and n, necessarily
non-zero, such that p = '". Assume m, n are relatively prime. Taking

2 ; 9 m 9 . . .
™, =2, hence m* = 2n?. Thus m? is even, which is to

squares we obtain
say that m is even. For a suitable natural number k then, m = 2k. Using
this in the previous relation yields 4k? = 2n?, i.e., n> = 2k%. Then n?,
whence also n, is even. But this contradicts the fact that m and n have no
common factor, which comes from the assumption that p is rational. O

Another relevant example of incommensurable lengths, known for centuries,
pertains to the length of a circle measured with respect to the diameter. In this
case as well, one can prove that the lengths of circumference and diameter are
not commensurable because the proportionality factor, known by the symbol 7,
cannot be a rational number.

The set of real numbers is an extension of the rationals and provides a math-
ematical model of the straight line, in the sense that each real number z can be
associated to a point P on the line uniquely, and vice versa. The former is called
the coordinate of P. There are several equivalent ways of constructing such exten-
sion. Without going into details, we merely recall that real numbers give rise to any
possible decimal expansion. Real numbers that are not rational, called irrational,
are characterised by having a non-periodic infinite decimal expansion, like

V2 = 1.4142135623731 - - - and m = 3.1415926535897 - - -

Rather than the actual construction of the set R, what is more interesting to us
are the properties of real numbers, which allow one to work with the reals. Among
these properties, we recall some of the most important ones.

i) The arithmetic operations defined on the rationals extend to the reals with
similar properties.
ii) The order relation x < y of the rationals extends to the reals, again with similar
features. We shall discuss this matter more deeply in the following Sect. 1.3.1.
iii) Rational numbers are dense in the set of real numbers. This means there are
infinitely many rationals sitting between any two real numbers. It also implies
that each real number can be approximated by a rational number as well
as we please. If for example r = cxcp—1---c1c9.didy -+ -d;d;y1 - - - has a non-
periodic infinite decimal expansion, we can approximate it by the rational
q; = CiCi—1 - - Cc1¢p-d1ds - - - d; obtained by ignoring all decimal digits past the
ith one; as ¢ increases, the approximation of r will get better and better.
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iv) The set of real numbers is complete. Geometrically speaking, this is equivalent
to asking that each point on the line is associated to a unique real number, as
already mentioned. Completeness guarantees for instance the existence of the
square root of 2, i.e., the solvability in R of the equation 22 = 2, as well as of
infinitely many other equations, algebraic or not. We shall return to this point
in Sect.1.3.2.

1.3.1 The ordering of real numbers

Non-zero real numbers are either positive or negative. Positive reals form the
subset R, negative reals the subset R_. We are thus in presence of a partition
R =R_U{0}UR,. The set

R, ={0}UR,

of non-negative reals will also be needed. Positive numbers correspond to points
on the line lying at the right — with respect to the positive direction — of the origin.

Instead of z € R4, one simply writes x > 0 (‘z is bigger, or larger, than
0); similarly, z € R, will be expressed by « > 0 (‘a is bigger or equal than 0’).
Therefore an order relation is defined by

z <y — y—x>0.

This is a total ordering, i.e., given any two distinct reals = and y, one (and only
one) of the following holds: either < y or y < z. From the geometrical point of
view the relation = < y tells that the point with coordinate z is placed at the left
of the point with coordinate y. Let us also define

z <y <~ r<y or x=y.

Clearly, < y implies < y. For example the relations 3 < 7 and 7 < 7 are true,
whereas 3 < 2 is not.

The order relation < (or <) interacts with the algebraic operations of sum and
product as follows:

if z <y and z is any real number, then x + z < y + 2

(adding the same real number to both sides of an inequality leaves the latter
unchanged);

. .. [2>0, then zz <yz,
if t <y and if
z<0, then zz>yz

(multiplying by a non-negative number both sides of an inequality does not alter it,
while if the number is negative it inverts the inequality). Example: multiplying by
—1 the inequality —3 < 2 gives —2 < 3. The latter property implies the well-known
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sign rule: the product of two numbers with alike signs is positive, the product of
two numbers of different sign is negative.

Absolute value. Let us introduce now a simple yet important notion. Given a
real number x, one calls absolute value of x the real number

m_{x if z >0,
a x ifx<0.

Thus |z] > 0 for any z in R. For instance |5| = 5, |0] = 0, | — 5| = 5. Geometrically,
|| represents the distance from the origin of the point with coordinate z; thus,
|z — y| = |y — x| is the distance between the two points of coordinates x and y.

The following relations, easy to prove, will be useful

|z +y| < |z| + |yl for all z,y € R (1.1)

(called triangle inequality) and

lzy| = |z||yl, for all z,y € R.

Throughout the text we shall solve equations and inequalities involving abso-
lute values. Let us see the simplest ones. According to the definition,

|z =0
has the unique solution z = 0. If @ is any number > 0, the equation
lz| = a

has two solutions x = a and x = —a, so

|z| = a — x = *a, Ya > 0.

In order to solve
|| < a, where a > 0,

consider first the solutions > 0, for which || = x, so that now the inequality
reads z < a; then consider < 0, in which case || = —z, and solve —x < a, or
—a < z. To summarise, the solutions are real numbers x satisfying 0 < = < a or
—a < x < 0, which may be written in a shorter way as

2] < a — —a<z<a. (1.2)
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Similarly, it is easy to see that if b > 0,

|z| > b — z<—b or z>0b.

The slightly more general inequality

| — x| < a,

(1.3)

where zy € R is fixed and a > 0, is equivalent to —a < z —x¢ < a; adding zg gives

|z — 20| < a = 0 —a <z <x9+a.

In all examples we can replace the symbol < by < and the conclusions hold.

(1.4)

Intervals. The previous discussion shows that Mathematical Analysis often deals
with subsets of R whose elements lie between two fixed numbers. They are called

intervals.

interval with end-points a, b is the set
[a,b] ={z €R | a <z <b}.

If a < b, one defines open interval with end-points a, b the set
(a,b) ={r €eR | a <z < b}

An equivalent notation is ]a, bl.

Definition 1.2 Let a and b be real numbers such that a < b. The closed

If one includes only one end-point, then the interval with end-points a, b

[a,b) ={z eR | a<x<b}

is called half-open on the right, while

(a,b) ={z eR | a <z <b}.

is half-open on the left.

a b a b
Figure 1.6. Geometric representation of the closed interval [a, b] (left) and of the
interval (a,b) (right)

open
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Example 1.3
Describe the set A of elements x € R such that
2 <|z| <5.
Because of (1.2) and (1.3), we easily have
A= (=5,-2]U[2,5). O

Intervals defined by a single inequality are useful, too. Define

[a,+0) ={z €R | a < z}, (a,40)={z €R | a < z},

and

(—o0,b] ={z € R | z < b}, (—00,b) ={z e R | x < b}.

The symbols —oco and +o0o do not indicate real numbers; they allow to extend
the ordering of the reals with the convention that —oco < z and z < 4o for all
z € R. Otherwise said, the condition a < x is the same as a < z < +00, so the
notation [a, +00) is consistent with the one used for real end-points. Sometimes it
is convenient to set

(—o0, +00) = R.

In general one says that an interval I is closed if it contains its end-points, open
if the end-points are not included. All points of an interval, apart from the end-
points, are called interior points.

Bounded sets. Let us now discuss the notion of boundedness of a set.

Definition 1.4 A subset A of R is called bounded from above if there
exists a real number b such that

x <b, for all x € A.

Any b with this property is called an upper bound of A.
The set A is bounded from below if there is a real number a with

a<uw, for all x € A.

Every a satisfying this relation is said a lower bound of A.
At last, one calls A bounded if it is bounded from above and below.

In terms of intervals, a set is bounded from above if it is contained in an interval
of the sort (—oo,b] with b € R, and bounded if it is contained in an interval [a, D]
for some a,b € R. It is not difficult to show that A is bounded if and only if there
exists a real ¢ > 0 such that

|z < e, for all x € A.
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Examples 1.5

i) The set N is bounded from below (each number a < 0 is a lower bound), but
not from above: in fact, the so-called Archimedean property holds: for any
real b > 0, there exists a natural number n with

n > b. (1.5)

ii) The interval (—oo, 1] is bounded from above, not from below. The interval
(—5,12) is bounded.

iii) The set

n 123
A= = 1.
{0 meny={o2.0 (1.6)
is bounded, in fact 0 < "< 1for any n € N.
n+1
iv) The set B = {z € Q | #* < 2} is bounded. Taking x such that |z| > 3 for
example, then 22 > Z >2 sox ¢ B. Thus B C [—g’, g] O

Definition 1.6 A set A C R admits a maximum if an element xp; € A
exists such that
x <z, for any x € A.

The element xpr (necessarily unique) is the maximum of the set A and
one denotes it by xp; = max A.

The minimum of a set A, denoted by z,, = min A, is defined in a similar
way.

A set admitting a maximum must be bounded from above: the maximum is an
upper bound for the set, actually the smallest of all possible upper bounds, as we
shall prove. The opposite is not true: a set can be bounded from above but not
admit a maximum, like the set A of (1.6). We know already that 1 is an upper
bound for A. Among all upper bounds, 1 is privileged, being the smallest upper
bound. To convince ourselves of this fact, let us show that each real number r < 1
is not an upper bound, i.e., there is a natural number n such that

" >
T
n+1
1 1 1 1 1 1-
The inequality is equivalent to n < L,hencel4+ < ,or < " This
n r n o r n r

r

is to say n > 1 , and the existence of such n follows from property (1.5). So,
—r

1 is the smallest upper bound of A, yet not the maximum, for 1 & A: there is no

natural number n such that = 1. One calls 1 the supremum, or least upper

n+1
bound, of A and writes 1 = sup A.
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Analogously, 2 is the smallest of upper bounds of the interval T = (0,2), but
it does not belong to I. Thus 2 is the supremum, or least upper bound, of I,
2=supl.

Definition 1.7 Let A C R be bounded from above. The supremum or least
upper bound of A is the smallest of all upper bounds of A, denoted by sup A.
If A C R is bounded from below, one calls infimum or greatest lower
bound of A the largest of all lower bounds of A. This is denoted by inf A.

The number s = sup A is characterised by two conditions:

i) x<s forall xz € A

1) for any real r < s, there is an x € A with x > r. (1.7)

While ¢) tells that s is an upper bound for A, according to i) each number smaller
than s is not an upper bound for A, rendering s the smallest among all upper
bounds.

The two conditions (1.7) must be fulfilled in order to show that a given number
is the supremum of a set. That is precisely what we did to claim that 1 was the
supremum of (1.6).

The notion of supremum generalises that of maximum of a set. It is immediate
to see that if a set admits a maximum, this maximum must be the supremum
as well.

If a set A is not bounded from above, one says that its supremum is +oo, i.e.,
one defines
sup A = 4o0.

Similarly, inf A = —oo for a set A not bounded from below.

1.3.2 Completeness of R

The property of completeness of R may be formalised in several equivalent ways.
The reader should have already come across (Dedekind’s) separability axiom: de-
composing R into the union of two disjoint subsets C; and Ca (the pair (Cy,Cs)
is called a cut) so that each element of C; is smaller or equal than every element
in Cy, there exists a (unique) separating element s € R:

x1 < s < 9, Vr; € C1, Vao € Cs.

An alternative formulation of completeness involves the notion of supremum of
a set: every bounded set from above admits a supremum in R, i.e., there is a real
number smaller or equal than all upper bounds of the set.

With the help of this property one can prove, for example, the existence in
R of the square root of 2, hence of a number p (> 0) such that p? = 2. Going
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back to Example 1.5 iv), the completeness of the reals ensures that the bounded
set B = {r € Q| 22 < 2} has a supremum, say p. Using the properties of R it
is possible to show that p? < 2 cannot occur, otherwise p would not be an upper
bound for B, and neither p? > 2 holds, for p would not be the least of all upper
bounds. Thus necessarily p? = 2. Note that B, albeit contained in Q, is not allowed
to have a rational upper bound, because p?> = 2 prevents p from being rational
(Property 1.1).

This example explains why the completeness of R lies at the core of the pos-
sibility to solve in R many remarkable equations. We are thinking in particular
about the family of algebraic equations

S —a (1.8)

)

where n € N4 and a € R, for which it is worth recalling the following known fact.

Property 1.8 i) Let n € N be odd. Then for any a € R equation (1.8) has
ezactly one solution in R, denoted by x = {/a or x = a*/™ and called the nth
root of a.

i) Let n € Ny be even. For any a > 0 equation (1.8) has two real solutions
with the same absolute value but opposite signs; when a = 0 there is one
solution x = 0 only; for a < 0 there are no solutions in R. The non-negative
solution is indicated by x = {/a or x = a*/™, and called the nth (arithmetic)
root of a.

1.4 Factorials and binomial coefficients

We introduce now some noteworthy integers that play a role in many areas of
Mathematics.

Given a natural number n > 1, the product of all natural numbers between
1 and n goes under the name of factorial of n and is indicated by n! (read ‘n
factorial’). Out of conveniency one sets 0! = 1. Thus

ol'=1, =1, nl=1-2-...-.n=(n—-1)!n for n>2. (1.9)

Factorials grow extremely rapidly as n increases; for instance 5! = 120, 10! =
3628800 and 100! > 10157,

Example 1.9

Suppose we have n > 2 balls of different colours in a box. In how many ways
can we extract the balls from the box?
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When taking the first ball we are making a choice among the n balls in the box;

the second ball will be chosen among the n — 1 balls left, the third one among

n — 2 and so on. Altogether we have n(n — 1) -...-2-1 = n! different ways to

extract the balls: n! represents the number of arrangements of n distinct objects

in a sequence, called permutations of n ordered objects.

If we stop after k extractions, 0 < k < n, we end up with n(n—1)...(n—k+1)
!

possible outcomes. The latter expression, also written as is the number

n!
(n— k)’
of possible permutations of n distinct objects in sequences of k£ objects.
If we allow repeated colours, for instance by reintroducing in the box a ball of
the same colour as the one just extracted, each time we choose among n. After
k > 0 choices there are then n* possible sequences of colours: n* is the number
of permutations of n objects in sequences of k, with repetitions (i.e.,
allowing an object to be chosen more than once). O

Given two natural numbers n and k such that 0 < k < n, one calls binomial
coefficient the number

n n!
k)~ kl(n—k) L
)= iy (1.10)

(the symbol (}) is usually read ‘n choose k). Notice that if 0 < k <n

nl=1...n=1....(n=k)(n—k+1)-....(n=)n=(n—k)!(n—k+1)-...-(n—1)n,

so simplifying and rearranging the order of factors at the numerator, (1.10) be-

comes <n) _nn—1) .. (n—k+1) (1.11)

k k! ’

another common expression for the binomial coefficient. From definition (1.10) it

follows directly that
n\ n
k)] \n—k

(0)-C)-r ()-(") -

Moreover, it is easy to prove that for any n > 1 and any k£ with 0 < k < n

(Z> - (Z_ i) - (n; 1)7 (112)

which provides a convenient means for computing binomial coefficients recursively;
the coefficients relative to n objects are easily determined once those involving
n — 1 objects are computed. The same formula suggests to write down binomial

and
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coefficients in a triangular pattern, known as Pascal’s triangle! (Fig.1.7): each
coefficient of a given row, except for the 1’s on the boundary, is the sum of the two
numbers that lie above it in the preceding row, precisely as (1.12) prescribes. The
construction of Pascal’s triangle shows that the binomial coefficients are natural
numbers.

Figure 1.7. Pascal’s triangle

The term ‘binomial coefficient’ originates from the power expansion of the
polynomial a + b in terms of powers of a and b. The reader will remember the
important identities

(a+b)? = a® + 2ab + b2 and (a+b)3 = a® + 3a®b + 3ab® + b

The coefficients showing up are precisely the binomial coefficients for n = 2 and
n = 3. In general, for any n > 0, the formula

(a+b"=a"+na""'b+...+ <Z> a" RO L nad™ T 0
n 1.1
=> <n) a" kP (149)

k

holds, known as (Newton’s) binomial expansion. This formula is proven with
(1.12) using a proof by induction (see Appendix A.1, p. 428).

Example 1.9 (continuation)

Given n balls of different colours, let us fix £ with 0 < k < n. How many different
sets of k balls can we form?

Extracting one ball at a time for k times, we already know that there are
n(n—1)...(n—k+1) outcomes. On the other hand the same k balls, extracted
in a different order, will yield the same set. Since the possible orderings of k

elements are k!, we see that the number of distinct sets of k balls chosen from n

—1)-...-(n—k+1
S n(n ) % (n +1) = Z . This coefficient represents the number of

combinations of n objects taken k at a time. Equivalently, the number of
subsets of k elements of a set of cardinality n.

! Sometimes the denomination Tartaglia’s triangle appears.
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Formula (1.13) with a = b = 1 shows that the sum of all binomial coefficients
with n fixed equals 27, non-incidentally also the total number of subsets of a set
with n elements. O

1.5 Cartesian product

Let X, Y be non-empty sets. Given elements x in X and y in Y, we construct the
ordered pair of numbers

(z,y),

whose first component is x and second component is y. An ordered pair is concep-
tually other than a set of two elements. As the name says, in an ordered pair the
order of the components is paramount. This is not the case for a set. If x # y the
ordered pairs (z,y) and (y, z) are distinct, while {z, y} and {y, z} coincide as sets.

The set of all ordered pairs (z,y) when x varies in X and y varies in Y is the
Cartesian product of X and Y, which is indicated by X x Y. Mathematically,

XxY={(z,y) |zeX, yeY}.

The Cartesian product is represented using a rectangle, whose basis corres-
ponds to the set X and whose height is YV (as in Fig. 1.8).

If the sets X, Y are different, the product X x Y will not be equal to Y x X,
in other words the Cartesian product is not commutative.
But if Y = X, it is customary to put X x X = X?2 for brevity. In this case the
subset of X2
A={(z,y) e X* |z =y}

of pairs with equal components is called the diagonal of the Cartesian product.

XxY

Figure 1.8. Cartesian product of sets
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The most significant example of Cartesian product stems from X =Y = R. The
set R? consists of ordered pairs of real numbers. Just as the set R mathematically
represents a straight line, so R? is a model of the plane (Fig.1.9, left). In order
to define this correspondence, choose a straight line in the plane and fix on it an
origin O, a positive direction and a length unit. This shall be the z-axis. Rotating
this line counter-clockwise around the origin by 90° generates the y-axis. In this
way we have now an orthonormal frame (we only mention that it is sometimes
useful to consider frames whose axes are not orthogonal, and/or the units on the
axes are different).

Given any point P on the plane, let us draw the straight lines parallel to the
axes passing through the point. Denote by x the real number corresponding to the
intersection of the z-axis with the parallel to the y-axis, and by y the real number
corresponding to the intersection of the y-axis with the parallel to the z-axis. An
ordered pair (x,y) € R? is thus associated to each point P on the plane, and vice
versa. The components of the pair are called (Cartesian) coordinates of P in the
chosen frame.

The notion of Cartesian product can be generalised to the product of more
sets. Given n non-empty sets X7, Xo, ..., X,, one considers ordered n—tuples

(J)l,.’EQ,...,.’En)

where, for every ¢ = 1,2,...,n, each component z; lives in the set X;. The
Cartesian product X7 x Xs x ... x X, is then the set of all such n—tuples.

When X; = Xo = ... = X,, = X one simply writes X x X X ... x X = X",
In particular, R? is the set of triples (x,y,z) of real numbers, and represents a
mathematical model of three-dimensional space (Fig. 1.9, right).

- - y ° (m,y7z)
I
I
I
I
I
I
I
I

Figure 1.9. Models of the plane (left) and of space (right)
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1.6 Relations in the plane

We call Cartesian plane a plane equipped with an orthonormal Cartesian frame
built as above, which we saw can be identified with the product R2.

Every non-empty subset R of R? defines a relation between real numbers;
precisely, one says x is R-related to y, or x is related to y by R, if the ordered
pair (z,y) belongs to R. The graph of the relation is the set of points in the plane
whose coordinates belong to R.

A relation is commonly defined by one or more (in)equalities involving the
variables « and y. The subset R is then defined as the set of pairs (z,y) such that
x and y satisfy the constraints. Finding R often means determining its graph in
the plane. Let us see some examples.

Examples 1.10
i) An equation like

ax + by = c,
with a, b constant and not both vanishing, defines a straight line. If b = 0, the line
is parallel to the y-axis, whereas a = 0 yields a parallel to the z-axis. Assuming
b # 0 we can write the equation as

Yy =mx +q,
where m = —} and ¢ = ;. The number m is called slope of the line. The line
can be plotted by finding the coordinates of two points that belong to it, hence
two distinet pairs (z,y) solving the equation. In particular ¢ = 0 (or ¢ = 0) if
and only if the origin belongs to the line. The equation x — y = 0 for example
defines the bisectrix of the first and third quadrants of the plane.
ii) Replacing the ‘=’ sign by ‘<’ above, consider the inequality

ax + by < c.
It defines one of the half-planes in which the straight line of equation ax+by = ¢
divides the plane (Fig.1.10). If b > 0 for instance, the half-plane below the line
is obtained. This set is open, i.e., it does not contain the straight line, since the
inequality is strict. The inequality ax + by < ¢ defines instead a closed set, i.e.,
including the line.

T+ 2y =2

r+2y <2

Figure 1.10. Graph of the relation of Example 1.10 ii)
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iii) The system

y>0,
r—=Yy 2 Oa
defines the intersection between the open half-plane above the z-axis and the
closed half-plane lying below the bisectrix of the first and third quadrants. Thus
the system describes (Fig. 1.11, left) the wedge between the positive z-axis and
the bisectrix (the points on the z-axis are excluded).
iv) The inequality
|z —y| <2
is equivalent, recall (1.2), to
—2<r—y<2.
The inequality on the left is in turn equivalent to y < x 42, so it defines the open
half-plane below the line y = x + 2; similarly, the inequality on the right is the
same as y > = — 2 and defines the open half-plane above the line y = z —2. What
we get is therefore the strip between the two lines, these excluded (Fig.1.11,
right).
v) By Pythagoras’s Theorem, the equation
24y =1
defines the set of points P in the plane with distance 1 from the origin of the

axes, that is, the circle centred at the origin with radius 1 (in trigonometry it
goes under the name of unit circle). The inequality

2 +9y? <1
then defines the disc bounded by the unit circle (Fig. 1.12, left).
vi) The equation

y =’

yields the parabola with vertical axis, vertex at the origin and passing through
the point P of coordinates (1,1).

r—y=20
y=x+2

y=x—2

y=0

Figure 1.11. Graphs of the relations of Examples 1.10 iii) (left) and 1.10 iv) (right)
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1
KNQij?:l y=a
1
Kj : y=1

Figure 1.12. Graphs of the relations in Examples 1.10 v) (left) and 1.10 vi) (right)

Thus the inequalities

2 <y<l1
define the region enclosed by the parabola and by the straight line given by y = 1
(Fig.1.12, right). O
1.7 Exercises
1. Solve the following inequalities:
2z — 1 1—-"7x
0 b 0
DI ) e45”
r—1_ 2z-3 || z4+1
d
LIPS D 1> g
2z 43 z+1
f 2—-6 2
e) 45 S -1 ) Vo T > T+
z+3
x—3< V2 -2 h >0
‘g)‘ =V ) (z+1)2Va2 -3~
. N x\/|x2 — 4 B
)| V0e2 =4 -2 >0 0 VL, 10

2. Describe the following subsets of R:
‘a)‘ A={zeR: 22 +42+13<0}n{r € R:32%+5> 0}

3rz+1

b) B:{mER:(m+2)(x—1)(m—5)<0}ﬂ{xeR:x >0}

_9 =
2?2 —br+4
22 -9
d) D={2zcR:z—-4>Va2—6x+5}U{recR:2+2>z—1}

©) C={zeR: <O}U{zeR:VTz+1+2=17}
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3. Determine and draw a picture of the following subsets of R?:

‘a)‘ A= {(z,y) € R? : zy > 0} b) B ={(z,y) e R*: 2% —y* > 0}

2

o) C={@y eR:y—a* <1} d) D={@y eR:a’+" >1}

)] BE={(ny) €R:14ay >0} ) F={(ry) Rz -y #£0}

4. Tell whether the following subsets of R are bounded from above and/or below,
specifying upper and lower bounds, plus maximum and minimum (if existent):

1
‘a)‘ A:{IGR:x:norx:nQ,RGN\{O}}
b) B={zeR:—-1<z<1orz=20}
‘c)‘ C:{xeR:O§x<1ora::2n_13,neN\{0,1}}
n—

d) D={zeR:z=aywithz,yeR, -1<2<2 -3<y<-1}

1.7.1 Solutions

1. Inequalities:

a) This is a fractional inequality. A fraction is positive if and only if numerator
and denominator have the same sign. As N(z) =2z —1>0if z > 1/2, and
D(z) =2 —3 > 0 for z > 3, the inequality holds when < 1/2 or z > 3.

b) —g <z < %
¢) Shift all terms to the left and simplify:
-1 2z-3 —z? +3z—3
TTL T 50, e, TIASTES
r—2 x-3

(x —2)(z —3)

The roots of the numerator are not real, so N(z) < 0 always. The inequality
thus holds when D(z) < 0, hence 2 < z < 3.

d) Moving terms to one side and simplifying yields:

|| x+1 ) lz|(2z — 1) — 22 + 1
- >0 .. 0.
e—1 22-1~ "% @-D@r-1)
Since |z| = = for x > 0 and |z|] = —z for x < 0, we study the two cases

separately.
When x > 0 the inequality reads

22 —x—ax2+1 2?2 —z+1
>0, or >0.
(x—1)(2x —1)
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The numerator has no real roots, hence z2 — z + 1 > 0 for all . Therefore
the inequality is satisfied if the denominator is positive. Taking the constrain
x > 0 into account, this means 0 < x < 1/2 orx > 1.

When z < 0 we have

224z —22+1 324+ z+1

@-Des-1) -0 M e~

N(z) is annihilated by z; = 1_(‘5/13 and xg = 1+(‘3/13, so N(z) >0fora; <z <
22 (notice that z; < 0 and z2 € (},1)). As above the denominator is positive
when z < 1/2 and z > 1. Keeping 2 < 0 in mind, we have z; < z < 0.

The initial inequality is therefore satisfied by any x € (z1, ) U (1, +00).
e) 75<x§72,7;’§x<1,1<x§5+5/57; f)ow< -2
First of all observe that the right-hand side is always > 0 where defined, hence
when 22 — 22 > 0, i.e., z <0 or & > 2. The inequality is certainly true if the

left-hand side x — 3 is < 0, so for z < 3.
If x — 3 > 0, we take squares to obtain

z? —6x+9 < a® -2, ie., 4 >9, whence :1724.
Gathering all information we conclude that the starting inequality holds
wherever it is defined, that is for < 0 and =z > 2.

h) =€ [-3,—v3) U (V3, +c0).

i) As |22 — 4] >0, /|22 — 4] is well defined. Let us write the inequality in the

form
V]2 —4] >z,
If z < 0 the inequality is always true, for the left-hand side is positive. If z > 0
we square:
2% — 4] > 2*.
Note that

5 2?2—4 ifz<—2o0rz>2
|x* — 4| =
—224+4 f-2<z<?2.

Consider the case x > 2 first; the inequality becomes 2% — 4 > 22, which is
never true.

Let now 0 < < 2; then —z2 +4 > 22, hence 22 — 2 < 0. Thus 0 < z < /2
must hold.

In conclusion, the inequality holds for z < v/2.

) x € (=2,—v2)U(2,+00).

2. Subsets of R:

a) Because 22 4+ 42 + 13 = 0 cannot be solved over the reals, the condition
2% + 4z + 13 < 0 is never satisfied and the first set is empty. On the other
hand, 322 +5 > 0 holds for every = € R, therefore the second set is the whole
R. Thus A=0NR = 0.
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b)
c)

d)

1 Basic notions

B = (—00,—2) U (2,5).
We can write
2 —br+4  (z—4)(x—-1)
2-9  (z—=3)(z+3)’

whence the first set is (—3,1) U (3,4).

To find the second set, let us solve the irrational equation /7z 4+ 1+ 2 = 17,
which we write as /72 + 1 = 17—xz. The radicand must necessarily be positive,
hence = > f%. Moreover, a square root is always > 0, so we must impose

17— 2 >0, i.e., z < 17. Thus for —; < x < 17, squaring yields
Te+1=(17-2)%, 2?—4124+288=0.

The latter equation has two solutions 1 = 9, xo = 32 (which fails the con-
straint 2 < 17, and as such cannot be considered). The second set then contains
only x = 9.

Therefore C' = (—3,1) U (3,4) U {9}.

D =1[1,+0).

3. Subsets of R2:

The condition holds if z and y have equal signs, thus in the first and third
quadrants including the axes (Fig. 1.13, left).
See Fig.1.13, right.
We have
5 y—a* ify>a?,
ly —2%| =17, . )
¢ —y ify<ax®.
Demanding y > 22 means looking at the region in the plane bounded from
below by the parabola y = x2. There, we must have

y—a22<1, ie., y<azl+1,

Figure 1.13. The sets A and B of Exercise 3



f)

1.7 Exercises 29

Figure 1.14. The sets C and D of Exercise 3

that is 22 <y < 22 + 1.
Vice versa if y < 22,

2?2 —y<1, ie., y>a?—1,

hence 22 — 1 < y < x2.

Eventually, the required region is confined by (though does not include) the
parabolas y = #2 — 1 and y = 22 + 1 (Fig. 1.14, left).

See Fig.1.14, right.

For z > 0 the condition 1 + zy > 0 is the same as y > —i. Thus we consider
all points of the first and third quadrants above the hyperbola y = — .

x

For z < 0, 1 +2zy > 0 means y < —910, satisfied by the points in the second and
fourth quadrants this time, lying below the hyperbola y = — 1

z°

At last, if x =0, 1+ zy > 0 holds for any y, implying that the y-axis belongs
to the set E.

Therefore: the region lies between the two branches of the hyperbola (these
are not part of E) y = — ! including the y-axis (Fig. 1.15, left).

See Fig.1.15, right.

Figure 1.15. The sets E and F' of Exercise 3
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4. Bounded and unbounded sets:

a)

d)

We have A = {1,2,3,..., i, 51), 116,...}. Since N\ {0} C A, the set A is not
bounded from above, hence sup A = +oo and there is no maximum.

In addition, the fact that every element of A is positive makes A bounded from
below. We claim that 0 is the greatest lower bound of A. In fact, if r > 0 were
a lower bound of A, then le > r for any non-zero n € N. This is the same as
n? < 7{, hence n < \}T. But the last inequality is absurd since natural numbers
are not bounded from above. Finally 0 ¢ A, so we conclude inf A = 0 and A
has no minimum.

inf B = —1, sup B = max B = 20, and min B does not exist.
C =0, 1]U{3, g, Z, ?,...} C [0,2); then C is bounded, and inf C' = min C' =

2 1

0. Since " 1= 2 — P it is not hard to show that sup C' = 2, although
n— n—

there is no maximum in C.

inf C' = minC = —6, sup B = max B = 3.
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Functions

Functions crop up regularly in everyday life (for instance: each student of the
Polytechnic of Turin has a unique identification number), in physics (to each point
of a region in space occupied by a fluid we may associate the velocity of the particle
passing through that point at a given moment), in economy (each working day at
Milan’s stock exchange is tagged with the Mibtel index), and so on.

The mathematical notion of a function subsumes all these situations.

2.1 Definitions and first examples

Let X and Y be two sets. A function f defined on X with values in Y is
a correspondence associating to each element z € X at most one element y € Y.
This is often shortened to ‘a function from X to Y’. A synonym for function is
map. The set of z € X to which f associates an element in Y is the domain of
f; the domain is a subset of X, indicated by dom f. One writes

f:domfC X —Y.

If dom f = X, one says that f is defined on X and writes simply f: X — Y.
The element y € Y associated to an element = € dom f is called the image of
x by or under f and denoted y = f(x). Sometimes one writes

fx— flx).

The set of images y = f(x) of all points in the domain constitutes the range of
f, a subset of Y indicated by im f.

The graph of f is the subset I'(f) of the Cartesian product X x Y made of
pairs (z, f(x)) when x varies in the domain of f, i.e.,

I(f)={(z,f(x)) € X XY : z €domf}. (2.1)

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_2,
© Springer International Publishing Switzerland 2015
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Figure 2.1. Naive representation of a function using Venn diagrams

In the sequel we shall consider maps between sets of numbers most of the time.
If Y = R, the function f is said real or real-valued. If X = R, the function is
of one real variable. Therefore the graph of a real function is a subset of the
Cartesian plane R?.

A remarkable special case of map arises when X = N and the domain contains
a set of the type {n € N : n > ng} for a certain natural number ng > 0. Such a
function is called sequence. Usually, indicating by a the sequence, it is preferable
to denote the image of the natural number n by the symbol a,, rather than a(n);
thus we shall write a : n — a,. A common way to denote sequences is {an tn>n,
(ignoring possible terms with n < ng) or even {a,}.

Examples 2.1

Let us consider examples of real functions of real variable.

i) f:R—=R, f(x) =ax+Db (a,breal coefficients), whose graph is a straight line
(Fig. 2.2, top left).

ii) f: R =R, f(x) =22, whose graph is a parabola (Fig.2.2, top right).

iii) f: R\{0} C R = R, f(z) = !, has arectangular hyperbola in the coordinate
system of its asymptotes as graph (Fig. 2.2, bottom left).

iv) A real function of a real variable can be defined by multiple expressions on
different intervals, in which case is it called a piecewise function. An example
is given by f:[0,3] = R
3z ifo<z <1,
flz)=<4—2 ifl<a<2, (2.2)
rx—1 if2<x <3,

drawn in Fig. 2.2, bottom right.



2.1 Definitions and first examples
4
0 1
) 1
-2 -1 0 1 2
3
-1 1 2
1 /
-1 1
0 1 2 3

Figure 2.2. Graphs of the maps f(x) = 22 —2 (top left), f(x) = x? (top right), f(z) = -

(bottom left) and of the piecewise function (2.2) (bottom right)

Among piecewise functions, the following are particularly important:

v) the absolute value (Fig. 2.3, top left)

FRoR f@=l={7 "0
2 , @) = || = .
—x if x <0
vi) the sign (Fig. 2.3, top right)
+1 ifz >0,
f:R—=Z, f(z)=sign(z)=< 0 ifz=0,
—1 if x <0

vii) the integer part (Fig. 2.3, bottom left), also known as floor function,

f:R—Z, f(x)=[x]= the greatest integer < x

for example, [4] = 4, [v/2] =1, [-1] = —1, [~ 3] = —2); notice that
2

] <z <[z]+1, Ve e R;

33

1



34 2 Functions

14
0
L1
0
2 —o
1
1 —o / P
-2 1.0/ 1 2 3 -2 -1 0| 1 2 3
— 1

Figure 2.3. Clockwise from top left: graphs of the functions: absolute value, sign, man-
tissa and integer part

viii) the mantissa (Fig. 2.3, bottom right)

f:R=R, f(x)=M(z) =z — [2]

(the property of the floor function implies 0 < M (z) < 1).

Let us give some examples of sequences now.

ix) The sequence
n

n = 2.3
= (2.3)
is defined for all n > 0. The first few terms read
1 2 3
ao—O, a1—2—0.5, a2—3—0.6, a3—4—0.75.

Its graph is shown in Fig. 2.4 (top left).

ay, = <1 + i)n (2.4)

is defined for n > 1. The first terms are
9 64 625
=2 = =2 = = 2. = = 2.4414 .
ay ,  as 4 2.25, ag o7 2.37037, a4 956 2 0625

Fig.2.4 (top right) shows the graph of such sequence.

x) The sequence
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3
20 .o
1 e e e e
0l 1 2 3 4 5 6 ol 1 2 3 4 5 6
120 .
1 . . .
of 1 2 3 4 5 6
24 . o ’ ’
61 .
0 1 2 3 4 5

Figure 2.4. Clockwise: graphs of the sequences (2.3), (2.4), (2.6), (2.5)

xi) The sequence

an = n! (2.5)

associates to each natural number its factorial, defined in (1.9). The graph of

this sequence is shown in Fig.2.4 (bottom left); as the values of the sequence
grow rapidly as n increases, we used different scalings on the coordinate axes.

xii) The sequence
. +1 if n is even,
an =" =911 ifnis odd,

has alternating values +1 and —1, according to the parity of n. The graph of the
sequence is shown in Fig. 2.4 (bottom right).

(n>0) (2.6)

At last, here are two maps defined on R? (functions of two real variables).
xiii) The function
fiR SR, fla,y) = Va2 +y?

maps a generic point P of the plane with coordinates (x,y) to its distance from
the origin.

xiv) The map

fiR2 =R f(z,y) = (y,2)
associates to a point P the point P’ symmetric to P with respect to the bisectrix
of the first and third quadrants. a
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Consider a map from X to Y. One should take care in noting that the symbol
for an element of X (to which one refers as the independent variable) and the
symbol for an element in Y (dependent variable), are completely arbitary. What
really determines the function is the way of associating each element of the domain
to its corresponding image. For example, if x,y, z,¢ are symbols for real numbers,
the expressions y = f(z) = 3z, x = f(y) = 3y, or z = f(t) = 3t denote the same
function, namely the one mapping each real number to its triple.

2.2 Range and pre-image

Let A be a subset of X. The image of A under f is the set

f(A) ={f(z) : v€ A} Cimf

of all the images of elements of A. Notice that f(A) is empty if and only if A
contains no elements of the domain of f. The image f(X) of the whole set X is
the range of f, already denoted by im f.

Let y be any element of Y; the pre-image of y by f is the set

f'y)={zredomf : f(z) =y}

of elements in X whose image is y. This set is empty precisely when y does not
belong to the range of f. If B is a subset of Y, the pre-image of B under f is
defined as the set

f7UB)={zedomf : f(zx)€ B},

union of all pre-images of elements of B.

It is easy to check that A C f~1(f(A)) for any subset A of dom f, and
f(f~Y(B)) = Bnim f C B for any subset B of Y.

Example 2.2

Let f: R — R, f(z) = 2%. The image under f of the interval A = [1,2] is the
interval B = [1,4]. Yet the pre-image of B under f is the union of the intervals
[—2,—1] and [1, 2], namely, the set

fFiB)={recR : 1< |z| <2}
(see Fig.2.5). O

The notions of infimum, supremum, maximum and minimum, introduced in
Sect. 1.3.1, specialise in the case of images of functions.
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y = f(z) y = f(z)

1 2 -2 -1 1 2
0 \ /
f7(B)
Figure 2.5. Image (left) and pre-image (right) of an interval relative to the function

fla) =a?

Definition 2.3 Let f be a real map and A a subset of dom f. One calls
supremum of f on A (or in A) the supremum of the image of A under f

iggf(:r) = sup f(A) =sup{f(z) | = € A}.

Then f is bounded from above on A if the set f(A) is bounded from above,
or equivalently, if sup f(x) < +oo.
TEA
If sup f(x) is finite and belongs to f(A), then it is the mazimum of this set.
z€A

This number is the maximum value (or simply, the maximum) of f on
A and is denoted by max f(z).
TE

The concepts of infimum and of minimum of f on A are defined similarly.
Eventually, f is said bounded on A if the set f(A) is bounded.

At times, the shorthand notations sup 4 f, maxy4 f, et c. are used.

The maximum value M = maxy f of f on the set A is characterised by the
conditions:

i) M is a value assumed by the function on A, i.e.,
there exists xps € A such that f(za) = M;
il) M is greater or equal than any other value of the map on A, so

for any x € A, f(x) < M.

Example 2.4
Consider the function f(z) defined in (2.2). One verifies easily

=3 i =0 =3, inf = 1.
wrg[gfg]f(w) : wrgl[g)g}f(w) ; w@ﬁﬁ}f(x) ; weu?m]f(w)

The map does not assume the value 1 anywhere in the interval [1, 3], so there is
no minimum on that set. g



38 2 Functions

2.3 Surjective and injective functions; inverse function

A map with values in Y is called onto if im f = Y. This means that each y € Y
is the image of one element z € X at least. The term surjective (on Y) has the
same meaning. For instance, f : R —» R, f(z) = axz + b with a # 0 is surjective
on R, or onto: the real number y is the image of x = y;b. On the contrary, the
function f : R — R, f(x) = 22 is not onto, because its range coincides with the
interval [0, 4+00).

A function f is called one-to-one (or 1-1) if every y € im f is the image of a
unique element 2 € dom f. Otherwise put, if y = f(x1) = f(22) for some elements
x1,x2 in the domain of f, then necessarily x; = x5. This, in turn, is equivalent to

v #xe = f(x1) # f(22)

for all z1,29 € dom f (see Fig.2.6). Again, the term injective may be used. If a
map f is one-to-one, we can associate to each element y in the range the unique x
in the domain with f(x) = y. Such correspondence determines a function defined
on Y and with values in X, called inverse function of f and denoted by the
symbol f~1. Thus

e=f"y) = y=f(r)
(the notation mixes up deliberately the pre-image of y under f with the unique

element this set contains). The inverse function f~! has the image of f as its
domain, and the domain of f as range:

dom f~! =im f, im f~! = dom f.

Figure 2.6. Representation of a one-to-one function and its inverse



2.3 Surjective and injective functions; inverse function 39

A one-to-one map is therefore invertible; the two notions (injectivity and invert-
ibility) coincide.

What is the link between the graphs of f, defined in (2.1), and of the inverse
function f~!? One has

F(f ) ={(y.f'(y)eY xX : yedomf '}
={(f(x),x) eY xX : x€domf}.

Therefore, the graph of the inverse map may be obtained from the graph of f by
swapping the components in each pair. For real functions of one real variable, this
corresponds to a reflection in the Cartesian plane with respect to the bisectrix
y = (see Fig.2.7: a) is reflected into b)). On the other hand, finding the explicit
expression x = f~1(y) of the inverse function could be hard, if possible at all.
Provided that the inverse map in the form z = f~!(y) can be determined, often
one prefers to denote the independent variable (of f~!) by x, and the dependent
variable by y, thus obtaining the expression y = f~!(z). This is merely a change
of notation (see the remark at the end of Sect.2.1). The procedure allows to draw
the graph of the inverse function in the same frame system of f (see Fig. 2.7, from

b) to ¢)).
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Figure 2.7. From the graph of a function to the graph of its inverse
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Examples 2.5

i) The function f : R — R, f(z) = ax + b is one-to-one for all a # 0 (in fact,
f(z1) = f(z2) = ax1 =axy = x1 = x9). Its inverse is z = f~1(y) = y;b, or
y = f_l(x) — m;b.

ii) The map f : R — R, f(z) = 2? is not one-to-one because f(z) = f(—x) for
any real x. Yet if we consider only values > 0 for the independent variable, i.e.,
if we restrict f to the interval [0, +00), then the function becomes 1-1 (in fact,
f(z1) = f(z2) = 2} — a3 = (1 —22)(®1 +72) =0 = x1 = x2). The inverse
function 2 = f~*(y) = /y is also defined on [0, +00). Conventionally one says
that the ‘squaring’ map y = x2 has the function ‘square root’ y = y/z for inverse
(on [0, 40)). Notice that the restriction of f to the interval (—o0,0] is 1-1, too;
the inverse in this case is y = —\/z.

iii) The map f : R — R, f(x) = 23 is one-to-one. In fact f(z1) = f(z2) =
3 — a5 = (1 — 22) (23 + 1170 + 23) =0 = 21 = 29 since 17 + T2 + T3 =

323 + 23 + (21 + 22)?] > 0 for any x1 # x2. The inverse function is the ‘cubic

root’ y = /x, defined on all R. O

As in Example ii) above, if a function f is not injective over the whole domain,
it might be so on a subset A C dom f. The restriction of f to A is the function

fla A=Y such that fialx) = f(z), VereA,

and is therefore invertible.

Let f be defined on X with values Y. If f is one-to-one and onto, it is called
a bijection (or bijective function) from X to Y. If so, the inverse map f~! is
defined on Y, and is one-to-one and onto (on X); thus, f~! is a bijection from Y
to X.

For example, the functions f(z) = az +b (a # 0) and f(z) = 2® are bijections
from R to itself. The function f(x) = 22 is a bijection on [0,+00) (i.e., from
[0, 400) to [0, +00)).

If f is a bijection between X and Y, the sets X and Y are in bijective cor-
rispondence through f: each element of X is assigned to one and only one element
of Y, and vice versa. The reader should notice that two finite sets (i.e., containing
a finite number of elements) are in bijective correspondence if and only if they
have the same number of elements. On the contrary, an infinite set can correspond
bijectively to a proper subset; the function (sequence) f: N — N, f(n) = 2n, for
example, establishes a bijection between N and the subset of even numbers.

To conclude the section, we would like to mention a significant interpretation
of the notions of 1-1, onto, and bijective maps just introduced. Both in pure Math-
ematics and in applications one is frequently interested in solving a problem, or
an equation, of the form

flz) =y,
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where f is a suitable function between two sets X and Y. The quantity y represents
the datum of the problem, while z stands for the solution to the problem, or the
unknown of the equation. For instance, given the real number y, find the real
number z solution of the algebraic equation

a2 - Y=y

Well, to say that f is an onto function on Y is the same as saying that the problem
or equation of concern admits at least one solution for each given y in Y'; asking f
to be 1-1 is equivalent to saying the solution, if it exists at all, is unique. Eventually,
f bijection from X to Y means that for any given y in Y there is one, and only
one, solution z € X.

2.4 Monotone functions

Let f be a real map of one real variable, and I the domain of f or an interval
contained in the domain. We would like to describe precisely the situation in which
the dependent variable increases or decreases as the independent variable grows.
Examples are the increase in the pressure of a gas inside a sealed container as
we raise its temperature, or the decrease of the level of fuel in the tank as a car
proceeds on a highway. We have the following definition.

Definition 2.6 The function f is increasing on [ if, given elements x1, T2
in I with x1 < x2, one has f(x1) < f(z2); in symbols

VIl,l‘Q € I, r1 < T2 = f(LUl) < f(:l?g) (27)
The function f is strictly increasing on [ if

Va1, 29 €1, r1 < T2 = f(.’l?l) < f(xg) 0 (28)

f(z2)

fe) IR S | E—

1

xr1 X2 1 T2

Figure 2.8. Strictly increasing (left) and decreasing (right) functions on an interval I
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If a map is strictly increasing then it is increasing as well, hence condition (2.8) is
stronger than (2.7).

The definitions of decreasing and strictly decreasing functions on I are
obtained from the previous definitions by reverting the inequality between f(z1)
and f(z2).

The function f is (strictly) monotone on I if it is either (strictly) increasing
or (strictly) decreasing on I. An interval I where f is monotone is said interval
of monotonicity of f.

Examples 2.7

i) The map f : R — R, f(z) = ax + b, is strictly increasing on R for a > 0,
constant on R for a = 0 (hence increasing as well as decreasing), and strictly
decreasing on R when a < 0.

ii) The map f: R — R, f(z) = 22 is strictly increasing on I = [0, +00). Taking
in fact two arbitrary numbers x1,x2 > 0 with 1 < x2, we have x% < ziTe < x%
Similarly, f is strictly decreasing on (—o0,0]. It is not difficult to check that
all functions of the type y = z", with n > 4 even, have the same monotonic
behaviour as f (Fig. 2.9, left).

iii) The function f : R — R, f(z) = 2 strictly increases on R. All functions like
y = 2™ with n odd have analogous behaviour (Fig. 2.9, right).

iv) Referring to Examples 2.1, the maps y = [z] and y = sign(x) are increasing
(though not strictly increasing) on R.

The mantissa y = M (x) of x, instead, is not monotone on R; but it is nevertheless
strictly increasing on each interval [n,n + 1), n € Z. O

Figure 2.9. Graphs of some functions y = 2" with n even (left) and n odd (right)



2.5 Composition of functions 43

Now to a simple yet crucial result.

Proposition 2.8 If f is strictly monotone on its domain, then f is one-to-
one.

Proof. To fix ideas, let us suppose f is strictly increasing. Given x1,zs € dom f
with x1 # w9, then either 1 < z2 or o < x1. In the former case, using
(2.8) we obtain f(z1) < f(x2), hence f(z1) # f(z2). In the latter case the
same conclusion holds by swapping the roles of z; and xs. O

Under the assumption of the above proposition, there exists the inverse function
f~! then; one can comfortably check that f~! is also strictly monotone, and in the
same way as f (both are strictly increasing or strictly decreasing). For instance,
the strictly increasing function f : [0, 4+00) — [0, +00), f(z) = 2? has, as inverse,
the strictly increasing function f=!: [0, +o0) — [0, +00), f~1(z) = V.

The logic implication
f is strictly monotone on its domain = f is one-to-one

cannot be reversed. In other words, a map f may be one-to-one without increasing
strictly on its domain. For instance f : R — R defined by

if x # 0,
flx) =
0 ifxz=0,

is one-to-one, actually bijective on R, but it is not strictly increasing, nor strictly
decreasing or R. We shall return to this issue in Sect. 4.3.

A useful remark is the following. The sum of functions that are similarly mono-
tone (i.e., all increasing or all decreasing) is still a monotone function of the same
kind, and turns out to be strictly monotone if one at least of the summands is.
The map f(z) = 2° + , for instance, is strictly increasing on R, being the sum
of two functions with the same property. According to Proposition 2.8 f is then
invertible; note however that the relation f(z) = y cannot be made explicit in the
form z = f~1(y).

2.5 Composition of functions

Let X,Y, Z be sets. Suppose f is a function from X to Y, and g a function from
Y to Z. We can manifacture a new function h from X to Z by setting

hz) = g(f()). (2.9)

The function h is called composition of f and g, sometimes composite map,
and is indicated by the symbol h = go f (read ‘g composed (with) f’).
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Example 2.9

Consider the two real maps y = f(z) =2 — 3 and z = g(y) = y*> + 1 of one real
variable. The composition of f and g reads z = h(z) = go f(z) = (x —3)? +1.

Bearing in mind definition (2.9), the domain of the composition g o f is de-
termined as follows: in order for 2 to belong to the domain of go f, f(x) must be
defined, so x must be in the domain of f; moreover, f(x) has to be a element of
the domain of g. Thus

z € domgo f — x €domf and f(x)€ domg.

The domain of g o f is then a subset of the domain of f (see Fig.2.10).

Examples 2.10

2
i) The domain of f(z) = |gc * 1 is R\ {1}, while g(y) = \/y is defined on the
T —
: : x4+ 2 .
interval [0, 400). The domain of g o f(z) = | 1| consists of the z # 1 such
T —
2
that |a: + 1) > 0; hence, domgo f = [-2,+00) \ {1}.
T —

ii) Sometimes the composition g o f has an empty domain. This happens for
1
14 22 (notice f(xz) <1) and g(y) = /y — 5 (whose domain
x
is [5, +00)). O

instance for f(z) =

Figure 2.10. Representation of a composite function via Venn diagrams.
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The operation of composition is not commutative: if g o f and f o g are both
defined (for instance, when X =Y = Z), the two composites do not coincide in

1
, for which go f(z) = *
x

1
general. Take for example f(z) = . and g(z) = 1+ = 1ig

but fog(z) =1+ z.

If f and g are both one-to-one (or both onto, or both bijective), it is not difficult
to verify that go f has the same property. In the first case in particular, the formula

(gof) ' =f"log™!
holds.

Moreover, if f and g are real monotone functions of real variable, go f too will
be monotone, or better: g o f is increasing if both f and g are either increasing
or decreasing, and decreasing otherwise. Let us prove only one of these properties.
Let for example f increase and g decrease; if 1 < x5 are elements in domg o f,
the monotone behaviour of f implies f(z1) < f(x2); now the monotonicity of g

yields g(f(x1)) > g(f(x2)), so g o f is decreasing.

We observe finally that if f is a one-to-one function (and as such it admits
inverse f~1), then

fThof(@)=f"(f(x)) =2, Vzedomf,
fofW=f"'w) =y, Wyeimf.
Calling identity map on a set X the function idyx : X — X such that idx(z) = =
for all z € X, we have f~!'o f = idgom s and fo f~! =idin .

2.5.1 Translations, rescalings, reflections

Let f be a real map of one real variable (for instance, the function of Fig.2.11).
Fix a real number ¢ # 0, and denote by ¢, : R — R the function t.(z) = =z + ¢.
Composing f with ¢, results in a translation of the graph of f: precisely, the

Figure 2.11. Graph of a function f(x)
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graph of the function fot.(x) = f(x+c) is shifted horizontally with respect to the
graph of f: towards the left if ¢ > 0, to the right if ¢ < 0. Similarly, the graph of
tco f(x) = f(x)+cis translated vertically with respect to the graph of f, towards
the top for ¢ > 0, towards the bottom if ¢ < 0. Fig. 2.12 provides examples of these
situations.

Fix a real number ¢ > 0 and denote by s. : R — R the map s.(z) = cx. The
composition of f with s. has the effect of rescaling the graph of f. Precisely,
if ¢ > 1 the graph of the function f o s.(z) = f(cx) is ‘compressed’ horizontally
towards the y-axis, with respect to the graph of f; if 0 < ¢ < 1 instead, the
graph ‘stretches’ away from the y-axis. The analogue effect, though in the vertical
direction, is seen for the function s. o f(x) = ¢f(x): here ¢ > 1 ‘spreads out’ the
graph away from the z-axis, while 0 < ¢ < 1 ‘squeezes’ it towards the axis, see
Fig. 2.13.

Notice also that the graph of f(—z) is obtained by reflecting the graph of f(x)
along the y-axis, like in front of a mirror. The graph of f(|z|) instead coincides
with that of f for x > 0, and for x < 0 it is the mirror image of the latter with
respect to the vertical axis. At last, the graph of | f(x)| is the same as the graph of
f when f(z) > 0, and is given by reflecting the latter where f(x) < 0, see Fig. 2.14.

y=flz+c), c>0 y=f(z+c), c<O0

)
)
;
/
,
/

/ \y:f(x)—i-c, c<0

Figure 2.12. Graphs of the functions f(z 4 ¢) (¢ > 0: top left, ¢ < 0: top right), and
f(z) + ¢ (¢ < 0: bottom left, ¢ > 0: bottom right), where f(z) is the map of Fig. 2.11
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y = f(cz), c>1 y= flcz), c<1

y=cf(z), c>1

%ch(w), c<1

Figure 2.13. Graph of f(cz) with ¢ > 1 (top left), 0 < ¢ < 1 (top right), and of c¢f(z)
with ¢ > 1 (bottom left), 0 < ¢ < 1 (bottom right)

2.6 Elementary functions and properties

We start with a few useful definitions.

Definition 2.11 Let f : dom f C R — R be a map with a symmetric domain
with respect to the origin, hence such that x € dom f forces —x € dom f as
well. The function f is said even if f(—x) = f(x) for all x € dom f, odd if
f(=x) = —f(z) for all x € dom f.

The graph of an even function is symmetric with respect to the y-axis, and that
of an odd map symmetric with respect to the origin. If f is odd and defined in the
origin, necessarily it must vanish at the origin, for f(0) = —f(0).

Definition 2.12 A function f : dom f C R — R is said periodic of period
p (with p > 0 real) if dom f is invariant under translations by +p (i.e., if
x+p € dom f for all x € dom f) and if f(x +p) = f(x) holds for any
x € dom f.
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y=f(-x) | y = f(|=[)

y = [f(=])]

Figure 2.14. Clockwise: graph of the functions f(—z), f(|z|), |f(lz|)|, |f(z)]

One easily sees that an f periodic of period p is also periodic of any multiple
mp (m € N\ {0}) of p. If the smallest period exists, it goes under the name
of minimum period of the function. A constant map is clearly periodic of any
period p > 0 and thus has no minimum period.

Let us review now the main elementary functions.

2.6.1 Powers

These are functions of the form y = . The case a = 0 is trivial, giving rise to the
constant function y = 2% = 1. Suppose then a > 0. For a« = n € N\ {0}, we find
the monomial functions y = 2™ defined on R, already considered in Example 2.7 ii)
and iii). When n is odd, the maps are odd, strictly increasing on R and with range
R (recall Property 1.8). When n is even, the functions are even, strictly decreasing
on (—o0,0] and strictly increasing on [0, +00); their range is the interval [0, 4+00).

Consider now the case o > 0 rational. If « = ! where m € N\ {0}, we define a
function, called mth root of 2 and denoted y = z!/™ = ®/x, inverting y = x™. It
has domain R if m is odd, [0, +00) if m is even. The mth root is strictly increasing
and ranges over R or [0, +00), according to whether m is even or odd respectively.

In general, for o = [ € Q, n,m € N\ {0} with no common divisors, the

function y = 2™/ is defined as y = (z™)'/™ = %/z". As such, it has domain R
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Figure 2.15. Graphs of the functions y = z°/2 (left), y = 2*/® (middle) and y = 2°/2
(right)

if m is odd, [0, +00) if m is even. It is strictly increasing on [0, +o0) for any n,
m, while if m is odd it strictly increases or decreases on (—oc, 0] according to the
parity of n.

Let us consider some examples (Fig.2.15). The map y = 2°/3, defined on R,
is strictly increasing and has range R. The map y = */3 is defined on R, strictly
decreases on (—oo, 0] and strictly increases on [0, 400), which is also its range. To
conclude, y = 23/2 is defined only on [0, +00), where it is strictly increasing and
has [0, +00) as range.

Let us introduce now the generic function y = z® with irrational o > 0. To this
end, note that if a is a non-negative real number we can define the power a® with
a € R\ Q, starting from powers with rational exponent and exploiting the density
of rationals inside R. If @ > 1, we can in fact define a® = sup{a™™ | n < al,
while for 0 < a < 1 we set a® = inf{a™/™ | " < a}. Thus the map y = 2 with
a € R1\Q is defined on [0, +00), and one proves it is there strictly increasing and
its range is [0, +00).

Summarising, we have defined y = x® for every value a > 0. They are all
defined a least on [0, 400), interval on which they are strictly increasing; moreover,
they satisfy y(0) = 0, y(1) = 1. It will turn out useful to remark that if o < 3,

0<zf<a<1, for 0<z<1, l<z®<a2f, for 2>1 (2.10)

(see Fig.2.16).

ml/‘/3

1/6

0 1
Figure 2.16. Graphs of y = 2%, © > 0 for some « > 0
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Figure 2.17. Graphs of y = z“ for a two values o < 0

1
At last, consider the case of @ < 0. Set y = x* = by definition. Its
T

domain coincides with the domain of y = 7% minus the origin. All maps are

strictly decreasing on (0, +00), while on (—oo, 0) the behaviour is as follows: writing
a = —" with m odd, the map is strictly increasing if n is even, strictly decreasing
if n is odd, as shown in Fig.2.17. In conclusion, we observe that for every « # 0,
the inverse function of y = 2%, where defined, is y = z'/.

2.6.2 Polynomial and rational functions

A polynomial function, or simply, a polynomial, is a map of the form P(z) =
Anx™ 4 - -+ a1x + ag with a,, # 0; n is the degree of the polynomial. Such a map
is defined over all R; it is even (resp. odd) if and only if all coefficients indexed by
even (odd) subscripts vanish (recall that 0 is an even number).

P(x)
Q(x)
nomials. If these have no common factor, the domain of the rational function will
be R without the zeroes of the denominator.

A rational function is of the kind R(z) = , where P and Q are poly-

2.6.3 Exponential and logarithmic functions

Let a be a positive real number. According to what we have discussed previously,
the exponential function y = a® is defined for any real number z; it satisfies
y(0) =a® =1.

If @ > 1, the exponential is strictly increasing; if @ = 1, this is the constant
map 1, while if @ < 1, the function is strictly decreasing. When a # 1, the range
is (0, +00) (Fig.2.18). Recalling a few properties of powers is useful at this point:
for any z,y € R

a®t¥ = a%a¥, a® Y = (a®) = a™.
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0

1 2 3

0

Figure 2.18. Graphs of the exponential functions y = 2% (left) and y = (3)” (right)

When a # 1, the exponential function is strictly monotone on R, hence invertible.
The inverse y = log, x is called logarithm, is defined on (0, +00) and ranges over
R; it satisfies y(1) = log, 1 = 0. The logarithm is strictly increasing if a > 1,
strictly decreasing if a < 1 (Fig.2.19). The previous properties translate into the

following:

log, (zy) =log, x +log,y, Vz,y>0,

log,, Z =log,x —log,y, Vz,y>0,

log, (z¥) = ylog, z,

V>0, Vy e R.

Figure 2.19. Graphs of y = log, z (left) and y = log, ,,  (right)

2.6.4 Trigonometric functions and inverses

Denote here by X,Y the coordinates on the Cartesian plane R?, and consider the
unit circle, i.e., the circle of unit radius centred at the origin O = (0,0), whose
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equation reads X2 + Y2 = 1. Starting from the point A = (1,0), intersection
of the circle with the positive z-axis, we go around the circle. More precisely,
given any real x we denote by P(z) the point on the circle reached by turning
counter-clockwise along an arc of length z if x > 0, or clockwise by an arc of
length —x if < 0. The point P(z) determines an angle in the plane with vertex
O and delimited by the outbound rays from O through the points A and P(z)
respectively (Fig.2.20). The number x represents the measure of the angle in
radians. The one-radian angle is determined by an arc of length 1. This angle
measures 3’26;9 = 57.2957795 - - - degrees. Table 2.1 provides the correspondence
between degrees and radians for important angles. Henceforth all angles shall be
expressed in radians without further mention.

‘ degrees || 0 ‘ 30 ‘ 45 1 60 | 90 ‘ 120 ‘ 135 | 150 ‘ 180 ‘ 270 ‘ 360 ‘
radians || 0 T |lmwm | m | w| 2 | 3w | 5w - 3 o
6 | 4| 3|2 3 4 6 2

Table 2.1. Degrees versus radians

Increasing or decreasing by 27 the length x has the effect of going around the
circle once, counter-clockwise or clockwise respectively, and returning to the initial
point P(z). In other words, there is a periodicity

P(zx £27) = P(x), Vo € R. (2.11)

Denote by cosz (‘cosine of ) and sin z (‘sine of z’) the X- and Y-coordinates,
respectively, of the point P(x). Thus P(z) = (cosz,sin x). Hence the cosine func-
tion y = cosx and the sine function y = sinz are defined on R and assume all

sing +----°

Figure 2.20. The unit circle



2.6 Elementary functions and properties 53

Figure 2.21. Graph of the map y =sinz

values of the interval [—1, 1]; by (2.11), they are periodic maps of minimum period
2m. They satisfy the crucial trigonometric relation

cos?z +sin’z = 1, Vo € R. (2.12)

It is rather evident from the geometric interpretation that the sine function
is odd, while the cosine function is even. Their graphs are represented in Figures
2.21 and 2.22.

Important values of these maps are listed in the following table (where k is any
integer):

sinz =0 for z=knm, cosx =0 for .’,Cz;r—l-k’ﬂ',
sinx =1 for x:g—i—Zlm, cosx =1 for z =2km,
sinx = —1 for x:—72T—|—2k7r, cosx = —1 for =z ==+ 2km.
A
1

Figure 2.22. Graph of the map y = cosz
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Concerning monotonicity, one has

strictly increasing on [

y=sinz is

strictly decreasing on [

strictly decreasing on
Yy =coszT is

strictly increasing on

The addition and subtraction formulas are relevant

—W+2k7r,7r+2k7r

T + 2k, ST + 2k

[2k7, 7 + 2k7]

[r + 2km, 2w + 2kn] .

sin(a £+ ) = sinacos f £ cos asin

cos(a =+ ) = cosacos 8 F sin asin S.

Suitable choices of the arguments allow to infer from these the duplication formulas

sin 2x = 2sinx cos z,

cos2x = 2cos’x — 1,

rather than

. . . T=Y

sinz — siny = 2sin o COS

. Ty .
cosT — cosy = —2sin o sin

or the following
sin(xz + ) = —sinz, cos(x + m) = —cosz,
g 7T s
sin(x + 2) = cosz, cos(z + ;

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

In the light of Sect.2.5.1, the first of (2.17) tells that the graph of the cosine is
obtained by left-translating the sine’s graph by 7/2 (compare Figures 2.21 and

2.22).

The tangent function y = tanz (sometimes y = tgx) and the cotangent

function y = cotanx (also y = ctga) are defined by

cotanx =

Because of (2.16), these maps are periodic of minimum period 7, and not 27. The
tangent function is defined on R\ {7 +kn : k € Z}, it is strictly increasing on the
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[N

3
5w \

N0 NN

Figure 2.23. Graphs of the functions y = tanz (left) and y = cotan z (right)

intervals (—7 +km, § +km) where it assumes every real number as value. Similarly,
the cotangent function is defined on R\ {kn : k € Z}, is strictly decreasing on
the intervals (km,7 + km), on which it assumes every real value. Both maps are
odd. Their respective graphs are found in Fig. 2.23.

Recall that tan x expresses geometrically the Y-coordinate of the intersection
point Q(x) between the ray from the origin through P(z) and the vertical line
containing A (Fig.2.20).

The trigonometric functions, being periodic, cannot be invertible on their whole
domains. In order to invert them, one has to restrict to a maximal interval of strict
monotonicity; in each case one such interval is chosen.

The map y = sinz is strictly increasing on [~7, 7]. The inverse function on

this particular interval is called inverse sine or arcsine and denoted y = arcsinx

2 -1 0 1

Figure 2.24. Graphs of y = arcsinz (left) and y = arccos z (right)
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or y = asin; it is defined on [—1, 1], everywhere strictly increasing and ranging
over the interval [—7, 7]. This function is odd (Fig.2.24, left).

Similarly, the function y = cosz is strictly decreasing on the interval [0, 7]. By
restricting it to this interval one can define the inverse cosine, or arccosine,
y = arccosz or y = acosx on [—1,1], which is everywhere strictly decreasing and
has [0, 7] for range (Fig.2.24, right).

The function y = tanz is strictly increasing on (=7, 7). There, the inverse
is called inverse tangent, or arctangent, and denoted y = arctanz or y =
atanz (also arctgx). It is strictly increasing on its entire domain R, and has range
(=5, 5). Also this is an odd map (Fig. 2.25, left).

In the analogous way the inverse cotangent, or arccotangent, y = arccotanz
is the inverse of the cotangent on (0, 7) (Fig. 2.25, right).

Figure 2.25. Graphs of y = arctan z (left) and y = arccotanz (right)

2.7 Exercises

1. Determine the domains of the following functions:

2 _ _
a) f(x):ﬂ?’il‘i(i ‘b)‘ f(x):\/xxf;; 4

eVztl  if 2 <0

2. Determine the range of the following functions:

1
‘a)‘f(x):x2+1 )| fl) =Va+2-1
Q) fla) = G sw= {0 e
—2rxr—-5 ifzxz<l1

| 3. | Find domain and range for the map f(x) = \/cosz — 1 and plot its graph.
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|4. | Let f(z) = —log(z — 1); determine f~1([0,+o0)) and f~1((—o0,—1]).

5. Sketch the graph of the following functions indicating the possible symmetries

and/or periodicity:
a) flz)=+/1-|z| b) f(z) =1+ cos2x
2 .
o) f(:v)ztan(x—i—W) a) f(w):{x —rx—1 ifte<1,
2 —x ife>1

6. Using the map f(x) in Fig. 2.26, draw the graphs of
f(x)f]-v f(x+3)7 f(d?*l), 7f($), f(i'r)v |f(5€)|

|7.‘ Check that the function f : R — R defined by f(x) = x® — 2z + 5 is not
invertible. Determine suitable invertible restrictions of f and write down the
inverses explicitly.

| 8. ‘ Determine the largest interval I where the map

flx) = ]e —2| - |a] +2
is invertible, and plot a graph. Write the expression of the inverse function of

f restricted to I.

|9. ‘ Verify that f(x) = (1 + 3x)(2z — |z — 1|), defined on [0, +00), is one-to-one.
Determine its range and inverse function.

10. Let f and g be the functions below. Write the expressions for go f, f o g, and
determine the composites’ domains.

‘a) ‘ f(x)=22-3 and g(x)=1log(l+x)
Tx

by fl@)=__, ad g@)=v2-z

Figure 2.26. Graph of the function f in Exercise 6

~
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11.

2 Functions

2e + 1

Write h(z) = 25 49

function.

as composition of the map f(x) = e® with some other

112. Given f(z) = 2> =3z +2 and g(x) = 2® — 5z + 6, find the expressions

and graphs of
h(z) = min(f(z), g(x)) and k(x) = max(h(x),0).

2.7.1 Solutions

1. Domains:

a)
b)

dom f =R\ {-3,2}.

The conditions 22 — 3z — 4 > 0 and = + 5 # 0 are necessary. The first is
tantamount to (z + 1)(x —4) > 0, hence z € (—o0, —1] U [4, +00); the second
to  # —5. The domain of f is then

dom f = (—o00, —=5) U (=5, —=1] U [4, +00).

dom f = (—00,0) U (1, 4+00).

In order to study the domain of this piecewise function, we treat the cases
x > 0, x < 0 separately.

For x > 0, we must impose 2z+1 # 0, i.e., x # —%. Since —; < 0, the function
is well defined on z > 0.

For x < 0, we must have x + 1 > 0, or x > —1. For negative = then, the

function is defined on [—1,0).
All in all, dom f = [—1, +00).

2. Ranges:

a)
b)

The map y = 22 has range [0, +0o0); therefore the range of y = 22 + 1 is
[1,+00). Passing to reciprocals, the given function ranges over (0, 1].

The map is obtained by translating the elementary function y = /x (whose
range is [0, +00)) to the left by —2 (yielding y = v/z + 2) and then downwards
by 1 (which gives y = v/x + 2 — 1). The graph is visualised in Fig. 2.27, and
clearly im f = [—1, 4+00).

Alternatively, one can observe that 0 < v/z 4+ 2 < +oo implies —1 < v/z 4+ 2 —
1 < 400, whence im f = [—1, +00).

im f

T4

Figure 2.27. Graph of y = vz +2 — 1
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¢) im f = (0,4+00); d)im f = (=7, 400).
3. Imposing cosx — 1 > 0 tells that cosz > 1. Such constraint is true only for

x = 2km, k € Z, where the cosine equals 1; thus dom f = {x € R: x = 2km, k € Z}
and im f = {0}. Fig. 2.28 provides the graph.

—6mr  —4m 27 0‘ 2t 4m 6w

Figure 2.28. Graph of y = y/cosz — 1

1. 710, +00)) = (1,2] and £~} ((—00, ~1]) = e + 1,400).
5. Graphs and symmetries/periodicity:

a) The function is even, not periodic and its graph is shown in Fig. 2.29 (top left).
b) The map is even and periodic of period 7, with graph in Fig. 2.29 (top right).
¢) This function is odd and periodic with period 7, see Fig. 2.29 (bottom left).
d) The function has no symmetries nor a periodic behaviour, as shown in Fig. 2.29
(bottom right).

y
/—773 0 7T

Figure 2.29. Graphs relative to Exercises 5.a) (top left), 5.b) (top right), 5.c) (bottom
left) and 5.d) (bottom right)
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flz) -1 / flz+3) flz—1)

Figure 2.30. Graphs of Exercise 6

6. See Fig.2.30.

7. The function represents a parabola with vertex (1,4), and as such it is not
invertible on R, not being one-to-one (e.g., f(0) = f(2) = 5). But restricted to the
intervals (—oo, 1] and [1, +00) separately, it becomes invertible. Setting

fi=ficoonp i (00, 1] = [4,400) ,  f2 = fii,4oo) ¢ [1,+00) = [4,+00),
we can compute
il 4o0) (o0 1], s[4 4o0) — [1,4oc)
explicitly. In fact, from 22 — 22 + 5 — y = 0 we obtain
r=14/y 4
With the ranges of fi L and fa ! in mind, swapping the variables x, y yields

) =1-Vz—4, fi'z)=1+vz—4

8. Since
2 ifz <0,
fl@)=<{ Vi—-2z if0<z<2,
0 ifx>2,

the required interval I is [0, 2], and the graph of f is shown in Fig.2.31.
In addition f([0,2]) = [0,2], so f~1:[0,2] — [0,2]. By putting y = V4 — 2z we

obtain z = 4_2y , which implies f~!(z) =2 — %Iz'
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0 2

Figure 2.31. Graph of y = /|z — 2| — |z| + 2

9. We have

922 — 1 ifo<z<1,
f(z) = 2 .
3z +4x+1 ifx>1

and the graph of f is in Fig. 2.32.
The range of f is [—~1,+oc). To determine f~! we discuss the cases 0 < z < 1 and
x > 1 separately. For 0 <z <1, we have —1 <y < 8 and

1
y=92> -1 = x\/y;r .

For x > 1, we have y > 8 and

-2+ 3y+1
T = .

y=32" 44z +1 — 5

-1

Figure 2.32. Graph of y = (1 + 3z)(2z — |z — 1])



62 2 Functions

Thus
1
\/x; if 1<z<8,
/7 = 2++3x+1
3“7 if £ > 8.

10. Composite functions:

a) As go f(z) = g(f(2)) = g(a
domgof={xeR:2*-2>
)

—oo,—\/2) U (\/2, +00).
(log(1 + x))* — 3, so

b) gof(x)\/25x and domgof:(fl,g];

z+1
V2 —2
foQ(m):\/foJrl and dom fog=(—00,2].
241

11. g(z) = 2249 and h(z) = go f(z).

12. After drawing the parabolic graphs f(x) and g(x) (Fig.2.33), one sees that

h(z) 22 —3x+2 ifr<2,
xTr) =
22 —b5x+6 ifx>2,
A
6
2
1 2 3

Figure 2.33. Graphs of the parabolas f(z) = 2> — 3z + 2 and g(z) = 2> — 5z + 6
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1 1

Figure 2.34. Graphs of the maps h (left) and k (right) relative to Exercise 12

and the graph of h is that of Fig. 2.34, left.
Proceeding as above,

22 —3x+2 ifx<1,
k(z) =<0 ifl<z<3,
22 —5x+6 ifx>3,

and k has a graph as in Fig. 2.34, right.

3

63
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Limits and continuity I

This chapter tackles the limit behaviour of a real sequence or a function of one
real variable, and studies the continuity of such a function.

3.1 Neighbourhoods

The process of defining limits and continuity leads to consider real numbers which
are ‘close’ to a certain real number. In equivalent geometrical jargon, one considers
points on the real line ‘in the proximity’ of a given point. Let us begin by making
mathematical sense of the notion of neighbourhood of a point.

Definition 3.1 Let xg € R be a point on the real line, and r > 0 a real
number. We call neighbourhood of z of radius r the open and bounded
interval

I(z0) =(mo—mzo+r)={z R : |z —xzo| <r}.

Hence, the neighbourhood of 2 of radius 1071, denoted I;5-1(2), is the set of real
numbers lying between 1.9 and 2.1, these excluded. By understanding the quantity
|z — zo| as the Euclidean distance between the points z¢ and z, we can then say
that I.(x) consists of the points on the real line whose distance from xg is less
than r. If we interpret |z — x| as the tolerance in the approximation of xy by
x, then I,.(z) becomes the set of real numbers approximating zo with a better
margin of precision than 7.

—_— e —

To—T o o+ T

Figure 3.1. Neighbourhood of z¢ of radius r

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_3,
© Springer International Publishing Switzerland 2015
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Varying r in the set of positive real numbers, while mantaining zy in R fixed,
we obtain a family of neighbourhoods of zy. Each neighbourhood is a proper
subset of any other in the family that has bigger radius, and in turn it contains
all neighbourhoods of lesser radius.

Remark 3.2 The notion of neighbourhood of a point xy € R is nothing but a
particular case of the analogue for a point in the Cartesian product R? (hence the
plane if d = 2, space if d = 3), presented in Definition 8.11.

The upcoming definitions of limit and continuity, based on the idea of neigh-
bourhood, can be stated directly for functions on R¢, by considering functions of
one real variable as subcases for d = 1. We prefer to follow a more gradual ap-
proach, so we shall examine first the one-dimensional case. Sect. 8.5 will be devoted
to explaining how all this generalises to several dimensions. O

It is also convenient to include the case where xg is one of the points +o0o or —oo.

Definition 3.3 For any real a > 0, we call neighbourhood of +oco with
end-point a the open, unbounded interval

I, (+00) = (a,+0).
Similarly, a neighbourhood of —oco with end-point —a will be defined as

I,(—00) = (—o0, —a).

! | | >
T T T »

—00 —a 0 a “+00

Figure 3.2. Neighbourhoods of —co (left) and +oo (right)

The following convention will be useful in the sequel. We shall say that the
property P(z) holds ‘in a neighbourhood’ of a point ¢ (¢ being a real number z( or
+00, —00) if there is a certain neighbourhood of ¢ such that for each of its points
x, P(z) holds. Colloquially, one also says ‘P(x) holds around ¢’, especially when
the neighbourhood needs not to be specified. For example, the map f(x) =2z —1
is positive in a neighbourhood of ¢ = 1; in fact, f(x) > 0 for any x € I /5(1).

3.2 Limit of a sequence

Consider a real sequence a : n — a,. We are interested in studying the behaviour of
the values a,, as n increases, and we do so by looking first at a couple of examples.
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Examples 3.4

i) Let a, = " 1 The first terms of this sequence are presented in Table 3.1. We
n

see that the values approach 1 as n increases. More precisely, the real number 1
can be approximated as well as we like by a,, for n sufficiently large. This clause
is to be understood in the following sense: however small we fix ¢ > 0, from a
certain point n. onwards all values a,, approximate 1 with a margin smaller that
E.

1
The condition |a, — 1| < &, in fact, is tantamount to <eg le,n+1>;
€

1

+1
1

thus defining n. = [ } and taking any natural number n > n., we have n+1 >
€

1
+1> ", hence |a, — 1| < &. In other words, for every e > 0, there exists an
€ €

ne such that

n > ne = lan, — 1] < e.
Looking at the graph of the sequence (Fig.3.3), one can say that for all n > n.
the points (n,ay) of the graph lie between the horizontal lines y = 1 — ¢ and
y=1-+¢.

Qn

0.00000000000000
0.50000000000000
0.66666666666667
0.75000000000000
0.80000000000000
0.83333333333333
0.85714285714286
0.87500000000000
0.88888888888889
0.90000000000000

10 0.90909090909090
100 0.99009900990099
1000 0.99900099900100
10000 | 0.99990000999900
100000 | 0.99999000010000
1000000 | 0.99999900000100
10000000 | 0.99999990000001
100000000/ 0.99999999000000

Gn

2.0000000000000
2.2500000000000
2.3703703703704
2.4414062500000
2.4883200000000
2.5216263717421
2.5464996970407
2.5657845139503
2.5811747917132

10 2.5937424601000
100 2.7048138294215
1000 2.7169239322355
10000 | 2.7181459268244
100000 | 2.7182682371975
1000000 | 2.7182804691564
10000000 | 2.7182816939804
100000000| 2.7182817863958

© oI Uk wWwihH—=O 3
© 00O Ut Wk~ 3

Table 3.1. Values, estimated to the 14th digit, of the sequences a,, =
an= (14 })" (right)

iy (left) and
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1+
1
1—g [ttt

Ne

Figure 3.3. Convergence of the sequence an = |},
1 n

ii) The first values of the sequence a,, = <1 + ) are shown in Table 3.1. One
n

could imagine, even expect, that as n increases the values a, get closer to a
certain real number, whose decimal expansion starts as 2.718 ... This is actually
the case, and we shall return to this important example later. O

We introduce the notion of converging sequence. For simplicity we shall assume
the sequence is defined on the set {n € N : n > ng} for a suitable ny > 0.

Definition 3.5 A sequence a : n — a, converges to the limit ¢ € R (or
converges to ¢ or has limit /), in symbols

lim a, =/,
n—o0

if for any real number € > 0 there exists an integer n. such that

Vn > ng, n>n. = |a,—/{] <e.

Using the language of neighbourhoods, the condition n > n. can be written n €
I, (+00), while |a, — f] < € becomes a, € I.(¢). Therefore, the definition of
convergence to a limit is equivalent to: for any neighbourhood I.(¢) of ¢, there
exists a neighbourhood I,,_ (+o0) of +00 such that

Yn > no, n€l, (+0) = a,€ ).

Examples 3.6
i) Referring to Example 3.4 i), we can say

m =1



ii) Let us check that
lim

Given € > 0, we must show

3n
9 1 5n2 <e
for all n greater than a suitable natural number n.. Observing that for n > 1
3n 3 3n 3
9 4+5n2| " 24502 " 5n2  bn’
we have
3 3n
£, <€ = ‘2+5n2 <e.
But
3 3
5n <eg <~~~ n> 5o
SO0 we can set ng, = { }
b5
Let us examine now a different be-
haviour as n increases. Consider for n an
instance the sequence 0 0
a:nw— ap =n. 1 1
2 4
Its first few values are written in Table 3 9
3.2. Not only the values seem not to 4 16
converge to any finite limit ¢, they are 5 25
not even bounded from above: how- 6 36
ever large we choose a real number 7 49
A > 0, if n is big enough (meaning 8 64
larger than a suitable n4), a, will be 9 81
bigger than A. In fact, it is sufficient 10 100
to choose na = [v/A] and note 100 10000
1000 1000000
n>ns =n>vVA =n?> A 10000 | 100000000
100000/10000000000

One says that the sequence diverges
to +0o0 when that happens.

3n
n—oo 2 + 57’],2 B

3.2 Limit of a sequence

Table 3.2. Values of a, = n?

In general the notion of divergent sequence is defined as follows.

69
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Definition 3.7 The sequence a : n — a, tends to +oco (or diverges to
+00, or has limit +00), written

lim a, = +oo,
n—oo

if for any real A > 0 there exists an ny such that

Vn > ny, n>na = ap> A (3.1)

Using neighbourhoods, one can also say that for any neighbourhood I4(+o0) of
+00, there is a neighbourhood I, , (+00) of 4+00 satisfying

Vn > ny, nel,,(+0) = an€la(+x).

The definition of

lim a, = —c©
n— o0

is completely analogous, with the proviso that the implication of (3.1) is changed
to

Vn > no, n>ny = ap,<—A

Examples 3.8
i) From what we have seen it is clear that

lim n? = +oo.
n— 00

n
ii) The sequence a, =0+14+2+...+n= Z k associates to n the sum of the
k=0
natural numbers up to n. To determine the limit we show first of all that
= n(n+1)
> k= , (3.2)
2
k=0
a relation with several uses in Mathematics. For that, note that a,, can also be
n

writtenasan:n+(n71)+...+2+1+0:2(n7k), hence

k=0
Qan:quLZ(nfk):Zn:n21:n(n+1),
k=0 k=0 k=0 k=0
1 1 2
and the claim follows. Let us verify lim n(n;— ) = +00. Since n(n;— ) > n2 )
n—oo

we can proceed as in the example above, so for a given A > 0, we may choose
nag = [\/2A] O
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The previous examples show that some sequences are convergent, other di-
vergent (to 400 or —oo). But if neither of these cases occurs, one says that the
sequence is indeterminate. Such are for instance the sequence a,, = (—1)", which
we have already met, or

2n  for n even,

n=(1+((=1D)")n=
“ ( ( ))n {O for n odd.

A sufficient condition to avoid an indeterminate behaviour is monotonicity.
The definitions concerning monotone functions, given in Sect.2.4, apply to se-
quences, as well, which are nothing but particular functions defined over the nat-
ural numbers. For them they become particularly simple: it will be enough to
compare the values for all pairs of subscripts n, n 4+ 1 belonging to the domain of
the sequence. So, a sequence is monotone increasing if

Vn > ny, ap < Gpy1,

the other definitions being analogous. The following result holds.

Theorem 3.9 A monotone sequence a : n — a, s either convergent or
divergent. Precisely, in case a, is increasing:

i) if the sequence is bounded from above, i.e., there is an upper bound b € R
such that a, < b for all n > ng, then the sequence converges to the
supremum £ of its image:

lim a, =¢=sup{a, : n>ng};
n— o0

i) if the sequence is not bounded from above, then it diverges to +oo.

In case the sequence is decreasing, the assertions modify in the obvious way.

Proof. Assume first that {a,} is bounded from above, which is to say that ¢ =
sup{an, : n > np} € R. Due to conditions (1.7), for any & > 0 there exists
an element a,_ such that £ —e < a,_ < £. As the sequence is monotone,
ap. < ap, YN > ng; moreover, a, < ¢, VYn > ng by definition of the
supremum. Therefore

l—e<ap,<l</l+e, Vn > n.,

hence each term a, with n > n. belongs to the neighbourhood of ¢ of
radius €. But this is precisely the meaning of

lim a, =/¢.
n— o0

Let now ¢ = +o0. Put differently, for any A > 0 there exists an element
an , so that a,, > A. Monotonicity implies a,, > a,,, > A, Vn > nyu. Thus
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every a, with n > n4 belongs to the neighbourhood I4(4+00) = (A, +0)
of 400, i.e.,

lim a, = +o00. o
n— 00

Example 3.10

Let us go back to Example 3.4 i). The sequence a,, = i 1 is strictly increasing,
n

n n+1

<
n+1 n+2’
n? +2n < n? + 2n + 1, which is valid for any n.

for an < an41, ie., is equivalent to n(n + 2) < (n + 1)?, hence

Moreover, a,, < 1 for all n > 0; actually, 1 is the supremum of the set {a,, : n €
N}, as remarked in Sect.1.3.1. Theorem 3.9 recovers the already known result

lim a, = 1. O
n— oo

The number e
n

1
Consider the sequence a,, = <1 + ) introduced in Example 3.4 ii). It is possible
n

to prove that it is a strictly increasing sequence (hence in particular a,, > 2 = a; for
any n > 1) and that it is bounded from above (a, < 3 for all n). Thus Theorem 3.9
ensures that the sequence converges to a limit between 2 and 3, which traditionally
is indicated by the symbol e:

lim (1 + ;)n e (3.3)

n—oo

This number, sometimes called Napier’s number or Euler’s number, plays a
role of the foremost importance in Mathematics. It is an irrational number, whose
first decimal digits are

e = 2.71828182845905 - - -

Proofs of the stated properties are given in Appendix A.2.3, p. 437.

The number e is one of the most popular bases for exponentials and logarithms.
The exponential function y = e” shall sometimes be denoted by y = expz. The
logarithm in base e is called natural logarithm and denoted by log or In, instead
of log, (for the base-10 logarithm, or decimal logarithm, one uses the capitalised
symbol Log).

3.3 Limits of functions; continuity

Let f be a real function of real variable. We wish to describe the behaviour of
the dependent variable y = f(z) when the independent variable x ‘approaches’ a
certain point zg € R, or one of the points at infinity —oo, +00. We start with the
latter case for conveniency, because we have already studied what sequences do at
infinity.
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3.3.1 Limits at infinity

Suppose f is defined around +oco. In analogy to sequences we have some definitions.

Definition 3.11 The function f tends to the limit ¢/ € R for z going to
400, in symbols
lim f(z) =¢,

T—>+00

if for any real number € > 0 there is a real B > 0 such that

Va € dom f, z>B = |f(z)—{ <e. (3.4)

This condition requires that for any neighbourhood I. () of ¢, there exists a neigh-
bourhood I (+00) of +00 such that

Vz € dom f, x € Ip(+o0) = f(z) e I.(0).

Definition 3.12 The function f tends to +oco for x going to +oco, in
symbols
lim f(z) = +oo,

T—+00

if for each real A > 0 there is a real B > 0 such that

Vo € dom f, x>B = f(z)> A (3.5)

For functions tending to —oo one should replace f(xz) > A by f(x) < —A. The
expression

i S = o

means :L‘ll}lfoo |f(x)] = 4o0.

If f is defined around —oo, Definitions 3.11 and 3.12 modify to become defin-
itions of limit (L, finite or infinite) for x going to —oo, by changing > B to
r < —B:

pRZ ME ST
At last, by
el =

one intends that f has limit L (finite or not) both for z — 400 and z — —oc.
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Examples 3.13

i) Let us check that
?+2z 1

atoo 222 41 2
Given € > 0, the condition |f(z) — J| < £ is equivalent to
dr —1
2(222 4+ 1)
Without loss of generality we assume z > }L, so that the absolute value sign can
be removed. Using simple properties of fractions
4 —1 2 2 1 . 1
2207 +1) S22 41 S T o< HEZ

<E.

11
Thus (3.4) holds for B = max <4, )
5

ii) We prove
lim +/z = +oo0.

r—r+00
Let A > 0 be fixed. Since \/z > A implies z > A2, putting B = A2 fulfills (3.5).

iii) Consider

1
li =0.
With € > 0 fixed,
1 1 <
= €
V1—z V1—z

1 1
is tantamount to /1 —x > ~, thatis 1 —z > orx <1-— g So taking
€ €

g2’

B = max (O, 12 — 1), we have
€

r<-—-B = < €. O

1
V-2
3.3.2 Continuity. Limits at real points

We now investigate the behaviour of the values y = f(z) of a function f when z
‘approaches’ a point g € R. Suppose f is defined in a neighbourhood of g, but
not necessarily at the point x itself. Two examples will let us capture the essence

of the notions of continuity and finite limit. Fix 29 = 0 and consider the real
functions of real variable f(z) = 2® + 1, g(z) = z + [1 — 2?] and h(x) = SIE
(recall that [z] indicates the integer part of z); their respective graphs, at least in
a neighbourhood of the origin, are presented in Fig. 3.4 and 3.5.

As far as g is concerned, we observe that |z| < 1 implies 0 < 1 — 22 < 1 and
g assumes the value 1 only at = 0; in the neighbourhood of the origin of unit
radius then,
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Figure 3.4. Graphs of f(z) = 2® 4+ 1 (left) and g(x) = z + [1 — 2?] (right), in a
neighbourhood of the origin

1 ifz=0,
g(x) = .
xz ifx#0,

as the picture shows. Note the function h is not defined in the origin.

For each of f and g, let us compare the values at points x near the origin with
the actual value at the origin. The two functions behave rather differently. The
value f(0) = 1 can be approximated as well as we like by any f(x), provided z
is close enough to 0. Precisely, having fixed an (arbitrarily small) ‘error’ € > 0 in
advance, we can make |f(x) — f(0)| smaller than € for all x such that | — 0| = |z|
is smaller than a suitable real § > 0. In fact | f(z) — f(0)| = |2®| = |z|® < € means
|z| < /e, so it is sufficient to choose § = ¢/e. We shall say that the function f is
continuous at the origin.

Figure 3.5. Graph of h(z) = ST round the origin
T
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On the other hand, g(0) = 1 cannot be approximated well by any g(z) with
x close to 0. For instance, let e = §. Then |g(z) — g(0)| < € is equivalent to

2 < g(z) < & but all x different from 0 and such that, say, |z| < }, satisfy

—3 < g(z) =z < }, in violation to the constraint for g(z). The function g is not
continuous at the origin.

At any rate, we can specify the behaviour of g around 0: for x closer and closer
to 0, yet different from 0, the images g(z) approximate not the value g(0), but
rather ¢ = 0. In fact, with ¢ > 0 fixed, if © # 0 satisfies || < min(e, 1), then
g(x) = x and |g(z) — 4] = |g(x)| = |z| < e. We say that ¢g has limit 0 for = going
to 0.

As for the function h, it cannot be continuous at the origin, since comparing
the values h(z), for  near 0, with the value at the origin simply makes no sense,
for the latter is not even defined. Neverthless, the graph allows to ‘conjecture’ that
these values might estimate £ = 1 increasingly better, the closer we choose x to
the origin. We are lead to say h has a limit for  going to 0, and this limit is 1.
We shall substantiate this claim later on.

The examples just seen introduce us to the definition of continuity and of
(finite) limit.

Definition 3.14 Let xy be a point in the domain of a function f. This func-
tion is called continuous at xzq if for any € > 0 there is a 6 > 0 such that

Vo € dom f, |l — x| <0 = |f(x) = f(zo)]| <e. (3.6)

In neighbourhood-talk: for any neighbourhood I.(f(zo)) of f(xzo) there exists a
neighbourhood I5(xzg) of zp such that

Vz € dom f, xz € Is(xg) = f(x)e L(f(xo0)). (3.7)

Definition 3.15 Let f be a function defined on a neighbourhood of xy € R,
except possibly at xg. Then f has limit ¢ € R (or tends to ¢ or converges
to /) for z approaching x, written

lim f(z)=2¢,

a==1p)

if given any & > 0 there exists a § > 0 such that

Vz € dom f, O0<|z—=0|<d = |f(x)—{ <e. (3.8)

Alternatively: for any given neighbourhood I.(¢) of ¢ there is a neighbourhood
I5(x0) of zg such that



3.3 Limits of functions; continuity 7

o — 0O To xo+0

Figure 3.6. Definition of finite limit of a function

Va € dom f, x € Is(xo) \ {zo} = f(z)e I.(0).

The definition of limit is represented in Fig. 3.6.

Let us compare the notions just seen. To have continuity one looks at the values
f(z) from the point of view of f(zo), whereas for limits these f(x) are compared
to ¢, which could be different from f(x¢), provided f is defined in xg. To test the
limit, moreover, the comparison with = xq is excluded: requiring 0 < |z — x|
means exactly & # xo; on the contrary, the implication (3.6) is obviously true for
Tr = Xg-

Let f be defined in a neighbourhood of z. If f is continuous at zg, then (3.8)
is certainly true with ¢ = f(x¢); vice versa if f has limit ¢ = f(x¢) for x going to
xo, then (3.6) holds. Thus the continuity of f at x( is tantamount to

lim f(z) = f(zo). (3.9)

T—To

In both definitions, after fixing an arbitrary € > 0, one is asked to find at
least one positive number ¢ (‘there is a ¢’) for which (3.6) or (3.8) holds. If either
implication holds for a certain ¢, it will also hold for every ¢’ < §. The definition
does not require to find the biggest possible § satisfying the implication. With this
firmly in mind, testing continuity or verifying a limit can become much simpler.

Returning to the functions f, g, h of the beginning, we can now say that f is
continuous at zg = 0,

lim f(z) =1 = £(0),

x—0

whereas g, despite having limit 0 for £ — 0, is not continuous:

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

z—0
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We shall prove in Example 4.6 i) that h admits a limit for 2 going to 0, and actually
lim h(z) = 1.
2y M)

The functions g and h suggest the following definition.

Definition 3.16 Let f be defined on a neighbourhood of xqy, excluding the
point xo. If f admits limit £ € R for x approaching xqg, and if a) f is defined
in xo but f(xo) £, orb) f is not defined in xy, then we say xo is a (point
of) removable discontinuity for f.

The choice of terminology is justified by the fact that one can modify the function
at xg by defining it in xo, so that to obtain a continuous map at zy. More precisely,

the function
f(:z:) B { f(z) if x # xo,
RV if z = x,
is such that ~ ~
lim f(z)= lim f(z)=/¢= f(x0),

T—xT0 T—xQ
hence it is continuous at xg.
For the above functions we have g(x) = x in a neighbourhood of the origin,
while )
Ha) = Y i 2o,
1 ifz=0.

sinx
In the latter case, we have defined the continuous prolongation of y = ,

T
by assigning the value that renders it continuous at the origin. From now on when
. . sinx . . .
referring to the function y = , we will always understand it as continuously
x

prolonged in the origin.

Examples 3.17

We show that the main elementary functions are continuous.

i) Let f : R = R, f(z) = ax + b and 2y € R be given. For any ¢ > 0,
|f(z)— f(zo)| < e if and only if |a| |z — z¢| < &. When a = 0, the condition holds

€
for any = € R; if a # 0 instead, it is equivalent to |z — zq| < and we can put

lal”

0= |E| in (3.6). The map f is thus continuous at every zp € R.
a

ii) The function f: R — R, f(z) = 22 is continuous at xyp = 2. We shall prove

this fact in two different ways. Given € > 0, |f(x) — f(2)| <&, or |22 — 4| < ¢,

means

4—e<a?<d+e (3.10)
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We can suppose ¢ < 4 (for if |f(z) — f(2)|] < e for a certain &, the same will

be true for all ¢’ > ¢); as we are looking for z in a neighbourhood of 2, we can

furthermore assume = > 0. Under such assumptions (3.10) yields
Vi—e<xz<+i+e,

hence

—2—Vd—e)<z—-2<Vid+e-2 (3.11)
This suggests to take § = min(2 — /4 —¢,V4+¢ —2) (= V4 +e — 2, easy to
verify). If |z — 2| < 6, then (3.11) holds, which was equivalent to |22 — 4| < ¢.
With a few algebraic computations, this furnishes the greatest § for which the
inequality |2? — 4] < ¢ is true.
We have already said that the largest value of § is not required by the definitions,
so we can also proceed alternatively. Since

|2* — 4] =|(z - 2)(z +2)| = |z — 2| |z + 2],
by restricting x to a neighbourhood of 2 of radius < 1, we will have -1 < x—2 <
1, hence 1 < z < 3. The latter will then give 3 < 2+ 2 = |z 4+ 2| < 5. Thus
|z? — 4] < 5|z — 2]. (3.12)

To obtain |22 — 4] < ¢ it will suffice to demand |z — 2| < ;; since (3.12) holds

when |z — 2| < 1, we can set § = min (1, ;) and the condition (3.6) will be

satisfied. The neighbourhood of radius < 1 was arbitrary: we could have chosen
any other sufficiently small neighbourhood and obtain another ¢, still respecting
the continuity requirement.

Note at last that a similar reasoning tells f is continuous at every zy € R.

iii) We verify that f : R — R, f(z) = sinz is continuous at every zp € R. We
establish first a simple but fundamental inequality.

Lemma 3.18 For any z € R,
|sinz| < |z, (3.13)

with equality holding if and only if x = 0.

™

Proof. Let us start assuming 0 < z < 7 and look at the right-angled triangle
PH A of Fig. 3.7. The vertical side PH is shorter than the hypotenuse PA,
whose length is in turn less than the length of the arc PA (the shortest
distance between two points is given by the straight line joining them):

PH < PA < PA.

By definition PH = sinz > 0, and PA= z > 0 (angles being in radians).
Thus (3.13) is true. The case —7 < x < 0 is treated with the same
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sin x

(0] H A

Figure 3.7. |sinz| < |z|

argument observing |sin z| = sin |z| for 0 < [z < 7. At last, when [z] > 7]
one has [sinz| <1< 7 < |z|, ending the proof. O

Thanks to (3.13) we can prove that sine is a continuous function. Recalling
formula (2.14),
T — Xo T+ xo
cos ,
2 2
(3.13) and the fact that | cost| <1 for all t € R, imply

sinx — sinxzg = 2sin

. . o] — o T + T
|sinz — sin 2| = 2 |sin 0s
2 2
<2 ‘C_on 1= |z — o]

Therefore, given an ¢ > 0, if |z — zg| < ¢ we have |sinz — sinzo| < &; in other
words, condition (3.6) is satisfied by § = e.

Similarly, formula (2.15) allows to prove g(z) = cosz is continuous at every
To € R. O

Definition 3.19 Let I be a subset of dom f. The function f is called con-
tinuous on I (or over I) if f is continuous at every point of I.

We remark that the use of the term ‘map’ (or ‘mapping’) is very different from
author to author; in some books a map is simply a function (we have adopted
this convention), for others the word ‘map’ automatically assumes continuity, so
attention is required when browsing the literature.
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The following result is particularly relevant and will be used many times
without explicit mention. For its proof, see Appendix A.2.2, p. 436.

Proposition 3.20 All elementary functions (polynomials, rational func-
tions, powers, trigonometric functions, exponentials and their inverses) are
continuous over their entire domains.

Let us point out that there exists a notion of continuity of a function on a
subset of its domain, that is stronger than the one given in Definition 3.19; it is
called uniform continuity. We refer to Appendix A.3.3, p. 447, for its definition
and main properties.

Now back to limits. A function f defined in a neighbourhood of xq, z¢ excluded,
may assume bigger and bigger values as the independent variable = gets closer to
xg. Consider for example the function

1
f(.’L‘) = (I*3)2

on R\ {3}, and fix an arbitrarily large real number A > 0. Then f(z) > A for all

1
x # xo such that | — 3] < . We would like to say that f tends to +oo for x

VA

approaching x(; the precise definition is as follows.

Definition 3.21 Let f be defined in a neighbourhood of xo € R, except pos-
sibly at xo. The function f has limit +oco (or tends to +oo) for = ap-
proaching z(, in symbols

lim f(x) = +o0,
T—>X0

if for any A > 0 there is a § > 0 such that

Vz € dom f, O<|z—xz0l<d = f(z)>A (3.14)

Otherwise said, for any neighbourhood I4(+00) of +0o there exists a neighbour-
hood Is(zo) di xp such that

Vz € dom f, x € Is(zo) \ {mo} = f(x)€ La(+00).

The definition of

follows by changing f(z) > A to f(z) < —A.
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One also writes

lim fl2) = o

1

to indicate lim [f(x)| = +oo. For instance the hyperbola f(x) = ., with graph
Tr—To

in Fig. 2.2, does not admit limit for  — 0, because on each neighbourhood I5(0) of
the origin the function assumes both arbitrarily large positive and negative values
together. On the other hand, |f(z)| tends to +0o when x nears 0. In fact, for fixed
A>0 1
Vo e R\ {0}, < = > A.
reR\(0L <, =

1
Hence lim = oco.
x—0 2

3.3.3 One-sided limits; points of discontinuity

The previous example shows that a map may have different limit behaviours at
1

the left and right of a point xg. The function f(x) = = grows indefinitely as x
x

takes positive values tending to 0; at the same time it becomes smaller as z goes
to 0 assuming negative values. Consider the graph of the mantissa y = M (z) (see
Fig.2.3, p. 34) on a neighbourhood of zy = 1 of radius < 1. Then

T ifx <1,
z—1 ifx>1.

M(z) = {

When x approaches 1, M tends to 0 if  takes values > 1 (i.e., at the right of 1),
and tends to 1 if x assumes values < 1 (at the left).

The notions of right-hand limit and left-hand limit (or simply right limit and
left limit) arise from the need to understand these cases. For that, we define right
neighbourhood of zy of radius r > 0 the bounded half-open interval

It (zo) = [xo,z0+7) ={z €R : 0<x—120 <7}

The left neighbourhood of z( of radius r > 0 will be, similarly,

I (z0) = (mg —ryxo] ={z €R : 0< 29—z <71}

T

Substituting the condition 0 < |z — x¢| < § (i.e., z € Is(xo) \ {z0}) with 0 <
z—1x9 < 0 (e, x € If (z0) \ {z0}) in Definitions 3.15 and 3.21 produces the
corresponding definitions for right limit of f for z tending to z(, otherwise
said limit of f for z approaching zy from the right or limit on the right;
such will be denoted by

mliril; f@).
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For a finite limit, this reads as follows.

Definition 3.22 Let f be defined on a right neighbourhood of xg € R, except
possibly at xo. The function f has right limit ¢ € R for z — ¢, if for every
€ > 0 there is a § > 0 such that

Vz € dom f, O<z—z0<d = |f(x)—{ <e.

Alternatively, for any neighbourhood I, (¢) di £ there exists a right neighbourhood
I (z0) of 2 such that

Vo € dom f, z € If (v0) \{zo} = f(z) € L(0).

The notion of continuity on the right is analogous.

Definition 3.23 A function f defined on a right neighbourhood of o € R is
called continuous on the right at z( (or right-continuous) if
lim f(xz) = f(zo)-

i
32'—>330

If a function is only defined on a right neighbourhood of zq, right-continuity co-
incides with the earlier Definition (3.6). The function f(z) = y/x for example is
defined on [0, 4+00), and is continuous at 0.

Limits of f from the left and left-continuity are completely similar: now one
has to use left neighbourhoods of xg; the left limit shall be denoted by

lim f(z).

J—)io

The following easy-to-prove property provides a handy criterion to study limits
and continuity.

Proposition 3.24 Let f be defined in a neighbourhood of xo € R, with the
possible exception of xg. The function f has limit L (finite or infinite) for
x — xg if and only if the right and left limits of f, for x — xg, exist and
equal L.

A function f defined in a neighbourhood of xy is continuous at xq if and only
if it s continuous on the right and on the left at xg.
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Returning to the previous examples, it is not hard to see

lim = 4o0; lim =-o0
z—0t T =0~ T
and
lim M (z) = 0; lim M(z) = 1.
z—1t z—1—

Note M(1) =0, so lim+ M(z) = M(1). All this means the function M (x) is con-
z—1

tinuous on the right at 2o = 1 (but not left-continuous, hence neither continuous,
at g = 1).

Definition 3.25 Let f be defined on a neighbourhood of xg € R, except pos-
sibly at xo. If the left and right limits of f for x going to xo are different, we
say that xo is a (point of) discontinuity of the first kind (or a jump
point) for f. The gap value of f at zg is the difference

[flay = lim f() = lim_f(2).

CL‘—)CL‘O CL‘—)CL‘O

Thus the mantissa has a gap = —1 at zp = 1 and, in general, at each point
To=n € 7.
Also the floor function y = [z] jumps, at each xg = n € Z, with gap = 1, for

lim [z] = n; lim [z] =n—1.
z—nt T—n—

The sign function y = sign () has a jump point at xg = 0, with gap = 2:

lim si =1; lim si =-1.
Jlim sign (x) ; Jlim sign (x)

Definition 3.26 A discontinuity point which is not removable, nor of the
first kind is said of the second kind.

This occurs for instance when f does not admit limit (neither on the left nor
on the right) for # — . The function f(z) = sin | has no limit for  — 0 (see
Fig. 3.8 and the explanation in Remark 4.19).

3.3.4 Limits of monotone functions

Monotonicity affects the possible limit behaviour of a map, as the following results
explain.
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Figure 3.8. Graph of f(z) =sin !

Theorem 3.27 Let f be a monotone function defined on a right neighbour-
hood I(c) of the point ¢ (where c is Teal or —o0), possibly without the point
c itself. Then the right limit for x — ¢ exists (finite or infinite), and precisely

{ inf{f(xz) :x €I (c), x >c} if f is increasing,
T) =

sup{f(z) :x € I'T(c), x > ¢} if f is decreasing.

lim
r—ct f

In the same way, f monotone on a left neighbourhood I~ (c)\{c} of ¢ (c real
or +00) satisfies

lim f(z)

{Sup{f(a:) cx el (), z<c} iffis increasing,
) =

inf{f(z) :x €I (c),x <c} if f is decreasing.

Proof. We shall prove that if f increases in the right neighbourhood I (c) of ¢
then

Mlinql+ f(x) =inf{f(x):x € I"(c), z>c}.

The other cases are similar.
Let £ = inf{f(x) : @ € I7(c), x > ¢} € R. The infimum is characterised,
in analogy with (1.7), by:
i) forallz € IT(c)\ {c}, f(z) > ¢
ii) for any e >0, there exists an element x. €17 (c)\{c} such that
flze) < l+e.

By monotonicity we have
flx) < f(x), Vo eI (c)\ {c}, » < m.,

therefore
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l—e<l< f(z)<l+e, Vo eI (e)\{c}, z < 2.

So, each f(x) belongs to the neighbourhood of ¢ of radius ¢ if « # ¢ is in
the right neighbourhood of ¢ with supremum x.. Thus we have

lim f(z)="¢.

z—ct
Let now ¢ = —oo; this means that for any A > 0 there is an z4 € I (c) \
{c} such that f(xa) < —A. Using monotonicity again we obtain f(x) <
fza) < —A, Vo € I™(c) \ {c} and x < z4. Hence f(z) belongs to the
neighbourhood of —oo with supremum —A provided x # c is in the right
neighbourhood of ¢ of supremum x 4. We conclude

lim f(z)=—o0. 0O
z—ct

A straightforward consequence is that a monotone function can have only a
discontinuity of the first kind.

Corollary 3.28 Let f be monotone on a neighbourhood I(xg) of o € R.
Then the right and left limits for x — xo exist and are finite. More precisely,

1) if f is increasing

lim f(z) < f(zo) < 1im+ f(x);

it) if [ is decreasing

lim f(z) > f(zo) > lim f(x).

T T

Proof. Let f be increasing. Then for all z € I(xzg) with z < xo, f(z) < f(xo).
The above theorem guarantees that

lim f(z) =sup{f(z) : x € I(x0), v < 2o} < f(x0)

‘/1;4)‘,1:0
Similarly, for x € I(xg) with = > zg,

flxo) <inf{f(z):x € I(zg), x >z} = lim+ f(x),

ZE*XEO

from which %) follows. The second implication is alike. O



3.4 Exercises 87

3.4 Exercises

1. Using the definition prove that
2

n
. | . _
1
. 2 _ . _
o) lim (22 +3) =5 9 Jlim o, =eo
2
e) lim N =-1 f)  lim S
e——00 \/32 — 1 z—+o0 1 — 2

| 2. ‘ Let f(x) = sign (z? — x). Discuss the existence of the limits

lim f(x) and lim f(x)

x—0 x—1

and study the function’s continuity.

3. Determine the values of the real parameter « for which the following maps are
continuous on their respective domains:

asin(z+ 7)) ifz >0,
222+ 3 ifx <0

3e0c—1 ifgp>1,

e 2 el

b 7 ={

3.4.1 Solutions

1. Limits:

a) Let a real number A > 0 be given; it is sufficient to choose any natural number
n4 > A and notice that if n > n4 then

nl=n(n—-1)---2-1>n>ny > A.

Thus lim n! = +oo.
n—-+oo

b) Fix areal A > 0 and note 1f;n < —Ais the same as 2:: > A. Forn > 1, that

means n?—2An+A > 0. If we consider a natural number n4 > A+/A(A + 1),
the inequality holds for all n > n 4.

¢) Fix € > 0 and study the condition |f(z) — ] < e:
202 +3 -5/ =22 —1| =2z —1||Jz+ 1] <e.

Without loss of generality we assume z belongs to the neighbourhood of 1 of
radius 1, i.e.,
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—l1<z-1<1, whence 0<z<2 and l<z+1=]z+1]<3.

Therefore
|22 +3 — 5| < 23|z — 1| = 6|z — 1].

€

¢- 1t will be enough to set

The expression on the right is < ¢ if |z — 1] <
§ = min(1, ) to prove the claim.
2. Since z? —z > 0 when z < 0 or = > 1, the function f(z) is thus defined:

1 ifr<O0and x > 1,
flx)=<¢0 ifz=0andx=1,
-1 if0<z<1.

So f is constant on the intervals (—oo,0), (0,1), (1,4+00) and

li =1 li =-1
Jim fz) =1, Jlim_f(z) ,
lim f(z) = -1, lim f(z) =1.

z—1- z—1t

The required limits do not exist. The function is continuous on all R with the
exception of the jump points x = 0 and x = 1.

3. Continuity:

a) The domain of f is R and the function is continuous for x # 0, irrespective of
«. As for the continuity at x = 0, observe that

lim fz) = 11%17(2932 +3)=3=f(0),

m
li = li i =
A S =l asinle ) =a

These imply f is continuous also in z = 0 if a = 3.
b) a=1.
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Limits and continuity II

The study of limits continues with the discussion of tools that facilitate compu-
tations and avoid having to resort to the definition each time. We introduce the
notion of indeterminate form, and infer some remarkable limits. The last part of
the chapter is devoted to continuous functions on real intervals.

4.1 Theorems on limits

A bit of notation to begin with: the symbol ¢ will denote any of x, xa' , Tg s
+00, —00, oo introduced previously. Correspondingly, I(c) will be a neighbourhood
Is(zo) of xg € R of radius 8, a right neighbourhood I3 (z¢), a left neighbourhood
I (x0), a neighbourhood Ig(400) of +oco0 with end-point B > 0, a neighbourhood
Ip(—o00) of —oo with end-point —B, or a neighbourhood Ig(o0) = Ip(—o0) U
Ig(+00) of co.

We shall suppose from now on f, g, h, ... are functions defined on a neighbour-
hood of ¢ with the point ¢ deleted, unless otherwise stated. In accordance with the
meaning of ¢, the expression lim f(z) will stand for the limit of f for x — zg € R,

Tr—c

the right or left limit, the limit for « tending to 400, —oo, or for |z| — +o0.
4.1.1 Uniqueness and sign of the limit

We start with the uniqueness of a limit, which justifies having so far said ‘the limit
of f’, in place of ‘a limit of f’.

Theorem 4.1 (Uniqueness of the limit) Suppose f admits (finite or in-
finite) limit € for x — c. Then f admits no other limit for x — c.

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_4,
© Springer International Publishing Switzerland 2015
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l VA

{—¢ {4+¢€ y— V4 €

y
<

Figure 4.1. The neighbourhoods of ¢, ¢ of radius ¢ < }|¢ — ¢'| are disjoint

Proof. We assume there exist two limits ¢ # ¢ and infer a contradiction. We
consider only the case where £ and ¢ are both finite, for the other situations
can be easily deduced adapting the same argument. First of all, since ¢/ # £
there exist disjoint neighbourhoods I(¢) of £ and I(¢') of ¢’

1) N I(¢) = 0. (4.1)

To see this fact, it is enough to consider neighbourhoods of radius e smaller

or equal than half the distance of ¢ and ¢/, ¢ < J|¢ — | (Fig.4.1).

Taking I(¢), the hypothesis lim f(x) = ¢ implies the existence of a neigh-
Tr—rc

bourhood I(c) of ¢ such that
Vo € dom f, zel(lc)\{c} = flz)el(0).

Similarly for I(¢'), from lim f(x) = ¢’ it follows there is I’(c) with

Vo € dom f, zel'(e)\{c} = [flz)el(l).

The intersection of I(c) and I’(c) is itself a neighbourhood of ¢: it contains
infinitely many points of the domain of f since we assumed f was defined
in a neighbourhood of ¢ (possibly minus ¢). Therefore if & € dom f is any
point in the intersection, different from c,

f@) e ()N I(L),
hence the intervals I(¢) and I(¢’) do have non-empty intersection, contra-

dicting (4.1). O

The second property we present concerns the sign of a limit around a point c.

Theorem 4.2 Suppose f admits limit ¢ (finite or infinite) for x — c. If
£ >0 or{ = +o0, there exists a neighbourhood I(c) of ¢ such that f is strictly
positive on I(c) \ {c}. A similar assertion holds when £ < 0 or £ = —oc0.

Proof. Assume ¢ is finite, positive, and consider the neighbourhood I.(¢) of ¢ of
radius € = £/2 > 0. According to the definition, there is a neighbourhood
I(c) of ¢ satisfying



4.1 Theorems on limits

Fl@o) Lo f 1

Figure 4.2. Around a limit value, the sign of a map does not change

Vo € dom f, zelle)\{c} = flx)el(0).

As L.(0) = (£,3F) € (0,+00), all values f(z) are positive.
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If ¢ = +oo it suffices to take a neighbourhood I4(+00) = (A, 4+00) of +o0

(A > 0) and use the corresponding definition of limit.

O

The next result explains in which sense the implication in Theorem 4.2 can be
‘almost’ reversed.

Corollary 4.3 Assume f admits limit £ (finite or infinite) for x tending to
c. If there is a neighbourhood I(c) of ¢ such that f(x) > 0 in I(c) \ {c}, then
£>0 orf =+o0. A similar assertion holds for a ‘negative’ limit.

Proof.

By contradiction, if / = —oo or ¢ < 0, Theorem 4.2 would provide a neigh-
bourhood I’(c) of ¢ such that f(z) < 0 on I'(¢)\{c}. On the intersection of
I(c) and I'(c) we would then simultaneously have f(z) < 0 and f(z) >0,

which is not possible.

O

Note that even assuming the stronger inequality f(x) > 0 on I(c), we would
not be able to exclude ¢ might be zero. For example, the map

[ a? ifx#0,
f(x)_{1 if 2 =0,

is strictly positive in every neighbourhood of the origin, yet lir% f(z) =0.
T—

4.1.2 Comparison theorems

A few results are known that allow to compare the behaviour of functions, the first
of which generalises the above corollary.
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Corollary 4.4 (First comparison theorem) Let a function f have limit
¢ and a function g limit m (£,m finite or not) for x — c. If there is a
neighbourhood I(c) of ¢ such that f(x) < g(x) in I(c) \ {c}, then £ < m.

Proof. If { = —oc0 or m = 400 there is nothing to prove. Otherwise, consider the

map h(z) = g(x) — f(z). By assumption h(xz) > 0 on I(c) \ {c}. Besides,
Theorem 4.10 on the algebra of limits guarantees
lim h(z) = lim g(x) — lim f(z) =m — L.
r—c Tr—c

r—c

The previous corollary applied to h forces m — £ > 0, hence the claim. O

We establish now two useful criteria on the existence of limits based on com-

paring a given function with others whose limit is known.

Theorem 4.5 (Second comparison theorem — finite case, also known
as “Squeeze rule”) Let functions f, g and h be given, and assume f and h
have the same finite limit for x — c, precisely

lim f(z) = lim hla) = £

If there is a neighbourhood I(c) of ¢ where the three functions are defined
(except possibly at ¢) and such that

f(z) < g(z) < h(x), Vo € I(e) \ {c}, (4.2)
then
lim g(z) = ¢.
Proof. We follow the definition of limit for g. Fix a neighbourhood I.(¢) of ¢; by

the hypothesis lim f(z) = ¢ we deduce the existence of a neighbourhood
r—c

I'(e) of ¢ such that
veedomf, wel(O\{c = f)eL(l).
The condition f(z) € I.(£) can be written as |f(z) — {| < &, or
{—e < f(z) <l+e, (4.3)

recalling (1.4). Similarly, lim h(z) = ¢ implies there is a neighbourhood
Tr—rcC

I"(c) of ¢ such that
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Figure 4.3. The squeeze rule

Va € dom h, zel’(e)\{c} = (l—e<h(x)<l+e  (44)

Define then I"(c) = I(c¢) N I'(c) N I"(¢). On I"(c) \ {c} the constraints
(4.2), (4.3) and (4.4) all hold, hence in particular

rel”(e)\{c} = (—-cec<f(x)<gzx)<h(r)<l+e.

This means g(z) € I.(¢), concluding the proof. O

Examples 4.6

i) Let us prove the fundamental limit

sin x
lim =1. (4.5)
z—0 X
sinx sin(—x —sinz  sinx
Observe first that y = is even, for (=) = = . It is thus
x —x —x x
sin x
sufficient to consider a positive z tending to 0, i.e., prove that lim+ =1
z—0 x

Recalling (3.13), for all x > 0 we have sinx < =z, or SH;x < 1. To find a

lower bound, suppose z < 7 and consider points on the unit circle: let A have
coordinates (1,0), P coordinates (cosx,sinx) and let Q be defined by (1, tan )
(Fig.4.4). The circular sector OAP is a proper subset of the triangle OAQ, so

Area OAP < Area OAQ.

Since
OA- AP =
2 2

OA-AQ tanz

A AP =
rea O 5 g

and Area OAQ =
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A

o A

Figure 4.4. The sector OAP is properly contained in OAQ

it follows

T sinx . sin x
9 92 cosz’ 1.e., cosx < .

Eventually, on 0 < z < 7 one has

sinx
cosx < < 1.
T

The continuity of the cosine ensures lim+ cosz = 1. Now the claim follows from
z—0

the Second comparison theorem.
ii) We would like to study how the function g(z) = ST b ehaves for o tending
x
to +00. Remember that
—1<sinz <1 (4.6)
for any real z. Dividing by « > 0 will not alter the inequalities, so in every
neighbourhood I4(4+00) of 400
1 sinz 1
- < <

- x "z

1 1 1
Now set f(x) = — h(z) = . and note wkrilw .= 0. By the previous theorem
lim " =o. 0

r—+00 €T

The latter example is part of a more general result which we state next (and
both are consequences of Theorem 4.5).
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Corollary 4.7 Let f be a bounded function around c, i.e., there exist a
neighbourhood I(c) and a constant C > 0 such that

If(x)| <C,  Vzel(c)\{c}. (4.7)
Let g be such that
lim g(z) = 0.

Then it follows
lim f(z)g(x) = 0.

T—rC

Proof. By definition lim g(x) = 0 if and only if lim |g(x)| = 0, and (4.7) implies
Tr—cC r—rcC

0<[f(x)g(x)] < Clg(z)], Vo el(c)\{c}

The claim follows by applying Theorem 4.5. ]

Theorem 4.8 (Second comparison theorem — infinite case) Let f, g be
given functions and
lim f(z) = 4o0.

T—rC

If there exists a neighbourhood I(c) of ¢, where both functions are defined
(except possibly at ¢), such that

f(z) <g(x),  Vozellc)\{c}, (4.8)

then
lim g(z) = +o0.

r—C

A result of the same kind for f holds when the limit of g is —oo.

Proof. The proof is, with the necessary changes, like that of Theorem 4.5, hence
left to the reader. O

Example 4.9
Compute the limit of g(z) = = + sinz when x — +o00. Using (4.6) we have
r—1<z+sinz, Vr € R.

Set f(x) =z — 1; since ll}l}rl f(x) = 400, the theorem tells us

lim (2 +sinz) = +o0. O
T—r+00
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4.1.3 Algebra of limits. Indeterminate forms of algebraic type

This section is devoted to the interaction of limits with the algebraic operations
of sum, difference, product and quotient of functions.

First though, we must extend arithmetic operations to treat the symbols o0
and —oo. Let us set:

+oo+ s =+00 (if se Ror s =+0)
—00 + 5§ = —00 (if seR or s = —0)
+o00 -5 = %00 (if s > 0 or s = +00)
+o00 -5 = Foo (if s < 0ors=—00)

+

;o:j:oo (if s > 0)

+

;O::Foo (if s <0)

S:oo (if s e R\ {0} or s = £00)
® =0 (if s € R)
+oo 5o

Instead, the following expressions are not defined

+o0 0

+ Foo — (£ Fo00-0 .
co+(Foo), Hoo-(doo)  Eeo-0, Lo, o

A result of the foremost importance comes next.

Theorem 4.10 Suppose f admits limit £ (finite or infinite) and g admits
limit m (finite or infinite) for x — c. Then

lim (f(z)+g(z
(

T—rC

lim (f(a:) g

Tr—rc

provided the right-hand-side expressions make sense. (In the last case one
assumes g(x) # 0 on some I(c)\{c}.)
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We shall prove two relations only, referring the reader to Appendix A.2.1,
p- 433, for the ones left behind. The first we concentrate upon is

lim (f(z) + g(z)) =L+ m

Tr—cC

when ¢ and m are finite. Fix € > 0, and consider the neighbourhood of ¢
of radius /2. By assumption there is a neighbourhood I’(¢) of ¢ such that

Vo € dom f, zel(c)\{c = |f(z)—1 <e/2.
For the same reason there is also an I'(c) with
Va € dom g, zel’(e)\{ct = |g(x)—m|<e/2.
Put I(c) =I'(¢) N I"(c). Then if 2z € dom f N dom g belongs to I(c) \ {c},
both inequalities hold; the triangle inequality (1.1) yields
[(f(2) + g(2)) — (€ +m)| = [(f(z) = £) + (g(z) —m)]

< |f(@) =€+ |g(x) —m| < ©

+5
=5
2 2 ’

proving the assertion.

The second relation is

lim (f(2) g(x)) = +o0

xr—c

with ¢ = +o0o and m > 0 finite. For a given real A > 0, consider the
neighbourhood of +oo with end-point B = 2A/m > 0. We know there is
a neighbourhood I’(¢) such that

Va € dom f, zel(c)\{c¢} = f(z)>B.

On the other hand, considering the neighbourhood of m of radius m/2,
there exists an I”(c) such that

Vo € dom g, zel(c)\{c} = lg(x)—m|<m/2,

ie, m/2 < g(x) <3m/2.Set I(c) =1"(c)NI"(c). If 2 € dom f Ndom g is
in I(c) \ {c}, the previous relations will be both fulfilled, whence

f(@)g(a) > f() ) > B = A.

Corollary 4.11 If f and g are continuous maps at a point xo9 € R, then also
0
£(&) £ 9(a), £(x)gla) and |7

(provided g(xo) # 0) are continuous at xg.

g9(z)
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Proof. The condition that f and g are continuous at xq is equivalent to lim f(z) =
T—xT0
f(zo) and lim g(x) = g(xo) (recall (3.9)). The previous theorem allows
Tr—xq

to conclude. O

Corollary 4.12 Rational functions are continuous on their domain. In par-
ticular, polynomials are continuous on R.

Proof. We verified in Example 3.17, part i), that the constants y = a and the
linear function y = z are continuous on R. Consequently, maps like y = ax™
(n € N) are continuous. But then so are polynomials, being sums of the
latter. Rational functions, as quotients of polynomials, inherit the property
wherever the denominator does not vanish. O

Examples 4.13

i) Calculate
2x — 3cosx

im i
=0 5+ xsinx
The continuity of numerator and denominator descends from algebraic oper-
ations on continuous maps, and the denominator is not zero at * = 0. The

substitution of 0 to = produces £ = —3/5.

ii) Discuss the limit behaviour of y = tanx when x — 7. Since

. . . . s
lim sinx =sin _ =1 and lim cosx =cos . =0,
T3 2 T 7 2
the above theorem tells
. . sinx 1
lim tanz = lim = =o00.
=7 z—73 COST 0

But one can be more precise by looking at the sign of the tangent around 7. Since
sinz > 0 in a neighbourhood of 7, while cosz > 0 (< 0) in a left (resp. right)
neighbourhood of 7, it follows

lim tanxz = Foo.
x—>’2"i

) Let R(z) — P(x)
iii) Let R(x) Q)

have no common factor. Call 2y € R a zero of @, i.e., a point such that Q(zo) = 0.
Clearly P(z¢) # 0, otherwise P and @ would be both divisible by (z —x¢). Then

be rational and reduced, meaning the polynomials P, @

lim R(z) = o0
Tr—T0o
follows. In this case too, the sign of R(x) around of x( retains some information.

22 -3z +1
22—
negative on a right neighbourhood, so

For instance, y = is positive on a left neighbourhood of g =1 and
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I 2?2 —3x+1
im = Foo.
1t 22— +

T — 2

I trast, the functi =
n contrast, the function y 22—l

is negative in a whole neighbourhood

of xg = 1, hence

li z =2 O
a1 O

Theorem 4.10 gives no indication about the limit behaviour of an algebraic
expression in three cases, listed below. The expressions in question are called in-
determinate forms of algebraic type.

i) Consider f(z)+g(x) (resp. f(x)—g(z)) when both f, g tend to co with different
(resp. same) signs. This gives rise to the indeterminate form denoted by the
symbol

00 — 00.

ii) The product f(z)g(x), when one function tends to co and the other to 0, is
the indeterminate form with symbol

oo - 0.

f(z)
g(x)’

forms are denoted with

iii) Relatively to in case both functions tend to oo or 0, the indeterminate

00 0
- or 0

In presence of an indeterminate form, the limit behaviour cannot be told a
priori, and there are examples for each possible limit: infinite, finite non-zero, zero,
even non-existing limit. Every indeterminate form should be treated singularly and
requires often a lot of attention.

Later we shall find the actual limit behaviour of many important indeterminate
forms. With those and this section’s theorems we will discuss more complicated in-
determinate forms. Additional tools to analyse this behaviour will be provided fur-
ther on: they are the local comparison of functions by means of the Landau symbols
(Sect. 5.1), de I'Hopital’s Theorem (Sect. 6.11), the Taylor expansion (Sect. 7.1).

Examples 4.14

i) Let = tend to +oc and define functions f1(x) = x4+ 2?2, fo(x) = 2+ 1, f3(z) =
T+ 316, fa(x) = x+sinz. Set g(x) = x. Using Theorem 4.10, or Example 4.9, one
verifies easily that all maps tend to +o00. One has

i (A1)~ g(a)] = lim_2 = too,

hm  [fole) —g(a)] = lm 1=1,

lim [fs(x) —g(z)] = lim - 0,

r—r+00 r—+4oo I
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whereas the limit of f4(x) — g(x) = sinz does not exist: the function sinx is
periodic and assumes each value between —1 and 1 infinitely many times as
r — +00.

ii) Consider now z — 0. Let fi(z) = 23, fao(z) = 22, f3(z) = @, fa(z) = 2*sin !,

and g(z) = 22. All functions converge to 0 (for f4 apply Corollary 4.7). Now

im 1) i — 0,
x—0 g(x) x—0
i 2 Z =1,
z—0 g(x) z—0

f3() 1

lim = lim ,= o0,
z=0 g(x) =0z

1
but f4((x)) = sin  does not admit limit for + — 0 (Remark 4.19 furnishes a
g(z x
proof of this).

iii) Let us consider a polynomial

Pz)=an2z" +...+ a1z +ag (an #0)
for x — 4o00. A function of this sort can give rise to an indeterminate form
oo — oo according to the coefficients’ signs and the degree of the monomials
involved. The problem is sorted by factoring out the leading term (monomial of
maximal degree) a"

Ap—1 aq ao
P(z) = a" (an—l— ”x teet Lt x”)

The part in brackets converges to a,, when x — 00, so

lim P(z) = lm a,z" =o0
r—+o0 r—+o0

The sign of the limit is easily found. For instance,
lim (—52° 4+22% 4+ 7) = lim (—52%) = +oo.
T—r—00 T—r—00
Take now a reduced rational function
P(r)  anpz"™+...+ a1z +ag

R(x) = = Qn, by 0, m > 0).
() Q(z)  bpx™—+...+bix+by ( 7 )
When z — 400, an indeterminate form . arises. With the same technique as
before,
oo ifn>m,
lim () = lim An™ _ an lim 2" ™ = an ifn=m,
T—+o00 (,7;) T—+o00 bm:];m bm T—+o00 bm
0 ifn<m.
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For example:

. 323 — 204+ 1 . 33

lim = lim = —00,
T—+00 T — x? z—4o00 —12

o —dad 4+ 223 -7 L —Ag® 1

lim = m =—_,
z——oo 8x5 —z%+br  z——oo 82° 2

622 — ) 622

im O T YT o,

z——00 —x349 z——o00 —x3

sin x
iv) The function y = becomes indeterminate 8 for x — 0; we proved in part
T

i), Examples 4.6 that y converges to 1. From this, we can deduce the behaviour

1—cosz
of y = 5 as ¢ — 0, another indeterminate form of the type 8. In fact,
x
. 1—coszx . (1 —=cosx)(1+ cosx) o 1—cos?z 1
lim = lim = lim - lim .
z—0 2 z—0 22(1 + cos x) z—=0 2 z—0 1+ cosz

The fundamental trigonometric equation cos? 4 sin® z = 1 together with The-
orem 4.10 gives

. . 2 . 2

. sin’z . sinx . sinx
lim = lim = [ lim =1.
x—0 SC2 z—0 x x—0 X

The same theorem tells also that the second limit is ;, so we conclude

. 1l—cosz 1
lim =
x—0 LEQ 2 O

With these examples we have taken the chance to look at the behaviour of
elementary functions at the boundary points of their domains. For completeness we
gather the most significant limits relative to the elementary functions of Sect. 2.6,
their proofs may be found in Appendix A.2.2, p. 435.

lim z¢ = +o00, lim z% =0 a>0
T—r—+00 x—0+

lim 2% =0, lim 2 =400 «a<0
T—>+00 z—0*t

anx” +...+a1x+a a . _

im " ! O —_ " lim gnm
T—+o0 bm.’L‘m + ...+ bl.’I,‘ + bo bm z—+o0

lim a® = o0, lim a* =0 a>1
T—+00 T——00

lim a® =0, lim a®* =400 a<1
T—+00 T——00

lim log, x = +o0 lim log, © = —oc0oa >1
z—+00 Ba +oo, z—0+ &a

lim log, x = —o0 lim log, z = 4+oc0a <1
z—+00 &a ’ 20+ Ea +
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lim sinz, lim cosz, lim tanz do not exist
z—+to0 z—+o0 r—+00

lim itanx::Foo, Vk € Z

z—>( "2" +kﬂ')

: . ™ :

lim arcsinaz = &+ _ = arcsin(+1)
rz—+1 2

lim arccosz = 0 = arccos1, lim arccosz = 7 = arccos(—1)
rz—+1 z——1

. T
lim arctanz = +
x—Fo0 2

4.1.4 Substitution theorem

The so-called Substitution theorem is important in itself for theoretical reasons,
besides providing a very useful method to compute limits.

Theorem 4.15 Suppose a map f admits limit

lim f(x) = ¢, (4.9)

T—rcC

finite or not. Let g be defined on a neighbourhood of £ (excluding possibly the
point ) and such that

i) if L € R, g is continuous at {;

it) if £ = 400 or £ = —oo, the limit lin}}g(y) exists, finite or not.
Yy—
Then the composition g o f admits limit for x — ¢ and

lim g(f(z)) = lim g(y). (4.10)

T—c y—L

Proof. Set m = lin; 9(y) (noting that under i), m = g(¢) ). Given any neighbour-
y—t
hood I(m) of m, by i) or ii) there will be a neighbourhood I(¢) of ¢ such
that
Yy € dom g, yellt) = g(y) €I(m).
Note that in case i) we can use I(¢) instead of I(¢) \ {¢} because g is

continuous at ¢ (recall (3.7)), while ¢ does not belong to I(¢) for case ).

With such I(¢), assumption (4.9) implies the existence of a neighbourhood
I(c) of ¢ with

Vo € dom f, xelle)\{c} = flx)eIl).
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Since © € dom g o f means x € dom f plus y = f(z) € dom g, the previous
two implications now give

Vx € domgo f, zelle)\{c} = g(f(zx)) € I(m).
But I(m) was arbitrary, so

lim g(f(x)) = m. O

Tr—cC

Remark 4.16 An alternative condition that yields the same conclusion is the
following:
i’) if ¢ € R, there is a neighbourhood I(c) of ¢ where f(z) # ¢ for all x # ¢, and
the limit lin}Z g(y) exists, finite or infinite.
y—r

The proof is analogous. g

In case £ € R and g is continuous at ¢ (case 7)), then lin}z g(y) = g(£), so (4.10)
Yy—

reads

lim g(f()) = g(lim f(2)). (4.11)

T—rcC T—rcC

An imprecise but effective way to put (4.11) into words is to say that a continuous
function commutes (exchanges places) with the symbol of limit.

Theorem 4.15 implies that continuity is inherited by composite functions, as
we discuss hereby.

Corollary 4.17 Let f be continuous at xg, and define yo = f(xo). Let fur-
thermore g be defined around yo and continuous at yo. Then the composite
go [ is continuous at xg.

Proof. From (4.11)

lim (go f)(z) = g(lim f(x)) = g(f(z0)) = (g f)(x0),

T—T T—T

which is equivalent to the claim. O

A few practical examples will help us understand how the Substitution theorem
and its corollary are employed.

Examples 4.18

i) The map h(z) = sin(z?) is continuous on R, being the composition of the
continuous functions f(z) = 22 and g(y) = siny.
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ii) Let us determine

lim sin(;z:Z)'
z—0 x
Set f(x) = 2% and
ity o,
9(y) =
1 if y = 0.
Then lirr%) f(x) =0, and we know that g is continuous at the origin. Thus
T—
tim Sy SV
z—0 12 y—=0 gy

1
iii) We study the behaviour of h(xz) = arctan( 1) around the point 1.
z—

1
Defining f(z) = , we have limi f(z) = too. If we call g(y) = arctany,
x

-1 rz—1

lim g¢(y) = ig (see the Table on page 101). Therefore

y—Foo

1 T
li t = i =+ _.
dig arcan () = i ot =]
iv) Determine

. 1
lim logsin
r—r+00 X

Setting f(x) = sin | has the effect that ¢ = liIJIrl f(z) = 0. Note that f(x) >0
Tr—r+00
for all z > 71r With g(y) = logy we have lim+ g(y) = —o0, so Remark 4.16 yields
y—0

lim logsin © = Ii (y) O
1m logsin = lmm = —0.
T—>+00 8 x y—0+ 9y

Remark 4.19 Theorem 4.15 extends easily to cover the case where the role of f
is played by a sequence a : n +— a, with limit

lim a, = /.
n— oo

Namely, under the same assumptions on g,

lim g(an) = lim g(y).
y—L

n— oo

This result is often used to disprove the existence of a limit, in that it provides a
Criterion of non-existence for limits: if two sequences a : n — a,, b:n — b,
have the same limit £ and

Jim_g(an) # lim g(bn),

then g does not admit limit when its argument tends to £.
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For example we can prove, with the aid of the criterion, that y = sinz has no
limit when o — +oc: define the sequences a, = 2n7 and b, = 3 + 2nm, n € N, so
that

lim sina, = lim 0 =0, and at the same time lim sinb, = lim 1=1.
n—oo n—o00 n—oo n—00
Similarly, the function y = sin i has neither left nor right limit for x — 0. O

4.2 More fundamental limits. Indeterminate forms of
exponential type

1 n
Consider the paramount limit (3.3). Instead of the sequence a,, = (1 + ) , wWe
n

look now at the function of real variable

hz) = (1+i)$.

It is defined when 1+ ! > 0, hence on (—oo, —1) U (0, +00). The following result
states that h and the sequence resemble each other closely when z tends to infinity.
Its proof is given in Appendix A.2.3, p. 439.

Property 4.20 The following limit holds

1\?
lim (1 + ) =e.
x—>+o00 o

By manipulating this formula we achieve a series of new fundamental limits.
The substitution y = 7, with a # 0, gives

. aye 1\ . AN
lim (1 + ) = lim (1+ = | lim [(1+ = e
rz—+o0 x y—too Y y—Foo Yy

In terms of the variable y = ; then,

1 Y
m(1+2)"% = lim (1+y) =e.

li
z—0 y—+oo

The continuity of the logarithm together with (4.11) furnish

iy 108a(1 +2) /

¥ =log, e =
z—0 x @

T 1/;5 _ . 1
_}}E}%loga (1+$) _logaig%(l—’—x) loga

for any a > 0. In particular, taking a = e:
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lim log(1 + x)
x—0 ax

= I,

Note by the way a® — 1 = y is equivalent to z = log,(1 + y), and y — 0 if z — 0.
With this substitution,

v 1 log, (1 -
im © T . Y 2 im0 Y] Cea (4.12)
=0 T y—0 log, (1 +¥) y—0 Y
Taking a = e produces
T
=1
lim © =1
z—0 xT

Eventually, let us set 1 + x = e¥. Since y — 0 when  — 0,

. (I+x)>-1 . e —1 . e -1 y
lim = lim = lim
z—0 z y—0 e¥ — 1 y=0 oy e¥—1
(4.13)
T (ea)y -1 : Yy _ o
= lim lim =loge” =«
y—0 y y—0e¥ —1
for any a € R.

For the reader’s conveniency, all fundamental limits found so far are gathered
below.

. sinx
lim =1
x—0 X

. 1—cosz 1
lim ) =
x—0 x

lim (l—l—a) =" (a € R)
x—Fo0 T

lim(1+z)/% =e
z—0

1 1 1 log(1

lim o84 (1 +2) = (a > 0); in particular, lim og(1 + ) =1
z—0 T loga z—0 T

-1 |
lim =loga (a>0); in particular, lim ¢ =1
x—0 au x—0 x

1 “—1
lim (1+2) =a (e € R).

x—0 x
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1\* 1
Let us return to the map h(x) = <1 + ) . By setting f(z) = <1 + ) and
x x

g(x) = x, we can write

h(x) = [f(@)]7).

In general such an expression may give rise to indeterminate forms for x tending
to a certain c. Suppose f, g are functions defined in a neighbourhood of ¢, except
possibly at ¢, and that they admit limit for x — ¢. Assume moreover f(x) > 0
around ¢, so that h is well defined in a neighbourhood of ¢ (except possibly at ¢).
To understand h it is convenient to use the identity

f(z) = olog f(x)

From this in fact we obtain

h(z) = o9(x)log f(z)

By continuity of the exponential and (4.11), we have

lim [£(2))7) = exp (lim [g(x) log f(2)]) -

Tr—cC

In other words, h(x) can be studied by looking at the exponent g(z)log f(x).
An indeterminate form of the latter will thus develop an indeterminate form
of exponential type for h(z). Namely, we might find ourselves in one of these
situations:

i) g tends to co and f to 1 (so log f tends to 0): the exponent is an indeterminate
form of type oo - 0, whence we say that h presents an indeterminate form of
type

1°°.
ii) g and f both tend to 0 (so log f tends to —o0): once again the exponent is of
type oo - 0, and the function & is said to have an indeterminate form of type

0°.

iii) ¢ tends to 0 and f tends to +o00 (log f — +00): the exponent is of type oo -0,
and h becomes indeterminate of type

o’

Examples 4.21

1 €T

i) The map h(z) = (1 + ) is an indeterminate form of type 1°° when z —
x

400, whose limit equals e.

ii) The function h(z) = 2%, for  — 0%, is an indeterminate form of type 0°. We
shall prove in Chap. 6 that lim zlogz =0, therefore lim h(z) =1.
z—0 z—0
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iii) The function h(x) = x'/* is for z — 400 an indeterminate form of type oo®.
log x
Substituting y = 316, and recalling that log } = —logy, we obtain lim 8% _
Yy Tr—400 xT

— 1 1 =0, h lim h(x)=1. O
yi%hy ogy =0, hence Jlim (x)

When dealing with h(z) = [f(2)]9*), a rather common mistake — with tragic
consequences — is to calculate first the limit of f and/or g, substitute the map
with this value and compute the limit of the expression thus obtained. This is to
emphasize that it might be incorrect to calculate the limit for x — ¢ of the
indeterminate form h(z) = [f(x)]9(*) by finding first

m = lim g(x), and from this proceed to  lim[f(z)]™.
Tr—cC r—c

Equally incorrect might be to determine

lim ¢9(®) already knowing ¢ = lim f(x).

Tr—C r—cC

1 x
For example, suppose we are asked to find the limit of h(z) = <1 + > for
x

z—+o0

1
x — Foo; we might think of finding first £ = lim 1+ = 1 and from this
x

lirﬂrzl 19 = lirﬂrzl 1 = 1. This would lead us to believe, wrongly, that h converges
T—> 00 T—> 00

to 1, in spite of the fact the correct limit is e.

4.3 Global features of continuous maps

Hitherto the focus has been on several local properties of functions, whether in the
neighbourhood of a real point or a point at infinity, and limits have been discussed
in that respect. Now we turn our attention to continuous functions defined on a
real interval, and establish properties of global nature, i.e., those relative to the
behaviour on the entire domain.

Let us start with a plain definition.

Definition 4.22 A zero of a real-valued function f is a point zo € dom f
at which the function vanishes.

For instance, the zeroes of y = sinz are the multiples of 7, i.e., the elements of
the set {mnm | m € Z}.

The problem of solving an equation like

f(z)=0
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is equivalent to determining the zeroes of the function y = f(x). That is why it
becomes crucial to have methods, both analytical and numerical, that allow to
find the zeroes of a function, or at least their approximate position.

A simple condition to have a zero inside an interval goes as follows.

Theorem 4.23 (Existence of zeroes) Let f be a continuous map on a
closed, bounded interval [a,b]. If f(a)f(b) <0, i.e., if the images of the end-
points under f have different signs, f admits a zero within the open inter-
val (a,b).

If moreover f is strictly monotone on [a,b], the zero is unique.

Proof.

fa) f-

Figure 4.5. Theorem of existence of zeroes

Throughout the proof we shall use properties of sequences, for which we
refer to the following Sect. 5.4. Assuming f(a) < 0 < f(b) is not restrictive.
Define ag = a, by = b and let ¢y = ““;b" be the middle point of the
interval [ag, bp]. There are three possibilities for f(co). If f(co) = 0, the
point xg = ¢ is a zero and the proof ends. If f(cy) > 0, we set a1 = ag and
b1 = ¢, so to consider the left half of the original interval. If f(co) < 0,
let a1 = ¢p, by = by and take the right half of [ag, b] this time. In either
case we have generated a sub-interval [aq,b1] C [ag, bp] such that

bo — ag

fla1) <0< f(by) and by —ay = )

Repeating the procedure we either reach a zero of f after a finite number
of steps, or we build a sequence of nested intervals [a,,, b,] satisfying:
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[ao,bo} D) [al,bl] D...D [(l”,.,b,,,] Dy,
bo — agp

flan) <0< f(b,) and b, —a, = on

(the rigorous proof of the existence of such a sequence relies on the Prin-
ciple of Induction; details are provided in Appendix A.1, p. 429). In this
second situation, we claim that there is a unique point xy belonging to
every interval of the sequence, and this point is a zero of f. For this,
observe that the sequences {a,} and {b, } satisfy

a()galS---gang---gbn,g---gblgbO-

Therefore {a,} is monotone increasing and bounded, while {b,,} is mono-
tone decreasing and bounded. By Theorem 3.9 there exist x5 ,2{ € [a,b]
such that

lim a, =z, and lim b, = VLJ
n—oo n—oo
On the other hand, Example 5.18 i) tells
_ . . b—-a
‘LBL ~ T T ,}1_1};0(1)" B (],,,,) - nh—l;gc AL =0,

so x; = z§. Let 7o denote this number. Since f is continuous, and using
the Substitution theorem (Theorem 9, p. 138), we have

lim f(a,)= lim f(b,) = f(wo).

n—oo n— oo

But f(a,) < 0 < f(by,), so the First comparison theorem (Theorem 4,
p. 137) for {f(a,)} and {f(b,)} gives

lim f(a,) <0 and lim f(b,)>0.

n—oo n— oo
As 0 < f(zo) <0, we obtain f(zg) = 0.
In conclusion, if f is strictly monotone on [a,b] it must be injective by
Proposition 2.8, which forces the zero to be unique. O

Some comments on this theorem might prove useful. We remark first that
without the hypothesis of continuity on the closed interval [a,b], the condition
f(a)f(b) < 0 would not be enough to ensure the presence of a zero. The function

f:0,1]=-R
—1 for x =0,
f(x)_{-l-l for0<ax <1

takes values of discordant sign at the end-points but never vanishes; it has a jump
point at a = 0.

Secondly, f(a)f(b) < 0is a sufficient requirement only, and not a necessary one,
to have a zero. The continuous map f(x) = (22 — 1)? vanishes on [0, 1] despite
being positive at both ends of the interval.
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Thirdly, the halving procedure used in the proof can be transformed into an al-
gorithm of approximation, known in Numerical Analysis under the name Bisection
method.

A first application of the Theorem of existence of zeroes comes next.

Example 4.24

The function f(z) = 2* + 23 — 1 on [0,1] is a polynomial, hence continuous.
As f(0) = —1 and f(1) = 1, f must vanish somewhere on [0, 1]. The zero is
unique because the map is strictly increasing (it is sum of the strictly increasing
functions y = x* and y = 23, and of the constant function y = —1). O

Our theorem can be generalised usefully as follows.

Corollary 4.25 Let f be continuous on the interval I and suppose it admits
non-zero limits (finite or infinite) that are different in sign for x tending to
the end-points of I. Then f has a zero in I, which is unique if [ is strictly
monotone on I.

Proof. The result is a consequence of Theorems 4.2 and 4.23 (Existence of zeroes).
For more details see Appendix A.3.2, p. 444. O

Example 4.26

Consider the map f(x) = x+logx, defined on I = (0, +00). The functions y = =
and y = logx are continuous and strictly increasing on I, and so is f. Since

lim f(z) = —ocoand lim f(z)= +oo, f has exactly one zero on its domain.
z—0t T—+00 O

Corollary 4.27 Consider f and g continuous maps on the closed bounded
interval [a,b]. If f(a) < g(a) and f(b) > g(b), there exists at least one point
xo in the open interval (a,b) with

f (o) = g(zo). (4.14)

Proof. Consider the auxiliary function h(xz) = f(z) — g(x), which is continuous in
[a,b] as sum of continuous maps. By assumption, h(a) = f(a) — g(a) <0
and h(b) = f(b) — g(b) > 0. So, h satisfies the Theorem of existence of
zeroes and admits in (a,b) a point xy such that h(zg) = 0. But this is
precisely (4.14).

Note that if h is strictly increasing on [a, b], the solution of (4.14) has to
be unique in the interval. O
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Figure 4.6. Illustration of Corollary 4.27

Example 4.28
Solve the equation
CcoOsST = . (4.15)

For any real x, —1 < cosx < 1, so the equation cannot be solved when x < —1 or
x > 1. Similarly, no solution exists on [—1,0), because cos z is positive while x is
negative on that interval. Therefore the solutions, if any, must hide in [0, 1]: there
the functions f(z) = z and g(z) = cosz are continuous and f(0) =0 < 1 = g(0),
f(1) =1 > cosl = g(1) (cosine is 1 only for multiples of 27). The above corollary
implies that equation (4.15) has a solution in (0,1). There can be no other
solution, for f is strictly increasing and g strictly decreasing on [0, 1], making
h(z) = f(x) — g(x) strictly increasing. O

When one of the functions is a constant, the corollary implies this result.

Theorem 4.29 (Intermediate value theorem) If a function f is continu-
ous on the closed and bounded interval [a,b], it assumes all values between

f(a) and f(b).

Proof. When f(a) = f(b) the statement is trivial, so assume first f(a) < f(b).
Call z an arbitrary value between f(a) and f(b) and define the constant
map g(z) = z. From f(a) < z < f(b) we have f(a) < g(a) and f(b) > g(b).
Corollary 4.27, applied to f and g in the interval [a, b], yields a point xg
in [a,b] such that f(zo) = g(zo) = 2.
If f(a) > f(b), we just swap the roles of f and g. O

The Intermediate value theorem has, among its consequences, the remarkable
fact that a continuous function maps intervals to intervals. This is the content of
the next result.
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Figure 4.7. Intermediate value theorem

Corollary 4.30 Let f be continuous on an interval I. The range f(I) of I
under f is an interval delimited by inf; f and sup; f.

Proof. A subset of R is an interval if and only if it contains the interval [a, §] as
subset, for any a < .
Let then y; < y2 be points of f(I). There exist in I two (necessarily dis-
tinct) pre-images x1 and xo, i.e., f(z1) = y1, f(x2) = y2. I J C I denotes
the closed interval between x; and xo, we need only to apply the Intermedi-
ate value theorem to f restricted to J, which yields [y1,y2] C f(J) C f(I).
The range f(I) is then an interval, and according to Definition 2.3 its
end-points are inf; f and sup; f. O

Either one of inf; f, sup; f may be finite or infinite, and may or not be an
element of the interval itself. If, say, inf; f belongs to the range, the function
admits minimum on I (and the same for sup; f).

In case I is open or half-open, its image f(I) can be an interval of any kind. Let
us see some examples. Regarding f(z) = sinz on the open bounded I = (=7, 7),
the image f(I) = (—1,1) is open and bounded. Yet under the same map, the image
of the open bounded set (0,27) is [—1, 1], bounded but closed. Take now f(z) =
tanx: it maps the bounded interval (—7,7) to the unbounded one (—o0,+00).

Simple examples can be built also for unbounded I.

But if I is a closed bounded interval, its image under a continuous map cannot
be anything but a closed bounded interval. More precisely, the following funda-
mental result holds, whose proof is given in Appendix A.3.2, p. 443.
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Theorem 4.31 (Weierstrass) A continuous map f on a closed and bounded
interval [a, b] is bounded and admits minimum and mazimum

m = min f(x) and M = max f(x).
z€[a,b] z€[a,b]
Consequently,
f([a,b]) = [m, M]. (4.16)
M

Figure 4.8. The Theorem of Weierstrass

In conclusion to this section, we present two results about invertibility (their
proofs may be found in Appendix A.3.2, p. 445). We saw in Sect. 2.4 that a strictly
monotone function is also one-to-one (invertible), and in general the opposite im-
plication does not hold. Nevertheless, when speaking of continuous functions the
notions of strict monotonicity and injectivity coincide. Moreover, the inverse func-
tion is continuous on its domain of definition.

Theorem 4.32 A continuous function f on an interval I is one-to-one if
and only if it is strictly monotone.

Theorem 4.33 Let f be continuous and invertible on an interval I. Then
the inverse f~1 is continuous on the interval J = f(I).

Theorem 4.33 guarantees, by the way, the continuity of the inverse trigonomet-
ric functions y = arcsinz, y = arccosz and y = arctanz on their domains, and
of the logarithm y = log, z on Ry as well, as inverse of the exponential y = a”.
These facts were actually already known from Proposition 3.20.
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Figure 4.9. Graph of a continuous invertible map (left) and its inverse (right)
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4.4 Exercises

1. Compute the following limits using the Comparison theorems:

a) lim_ ci)/sx:c b) lim (Va+sinz)
9% — i
‘c) jm 20T ‘d) ‘ lim 2]
z——o00 3% + cOST Tofoo I
1 -t
e) limsinz -sin ‘f)‘ lim * Qan;c
z—0 T z—0 T
2. Determine the limits:
ot =23+ 51 . T+ 3
2) ilg%) o —x b) xgrfoo a3 —2x+5
‘ ) I 2+ a4z d) 222 + 5z —7
im i
e 202 — 4+ 3 a—+o0 522 — 2z + 3
1 V10 —x — 2
o tm 7 ) g VIO
z——1 /622 + 3 + 3z z—2 xr — 2
. RV
1 1- h) 1
8 Jm (Vo+l-va) ) dm T,
. . . V22243
) m (V1= Yo o) 0

3. Relying on the fundamental limits, compute:

. sin’ z
a) lim
z—0 x

t
b) lim rtanw

z—01 — cosx
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sin 2z — sin 3x . l—cosyx
‘ ©) ‘ 250 4x ‘ d) ‘ wli)%l+ 212
t — sl t -1
) hg%) anz . sin x ‘f) ‘ lim cos(tan x)
x T z—0 tanx
. cos gx . sinz—1
‘g)‘fﬂ 1z h) Jim (5~ a)?
. cosx + 1 . V/1+4tanz —+/1 —tanz
i) lim ‘E) ‘ lim .
z—7 cos3x + 1 z—0 sz
4. Calculate:
. log(1 + x) . e 1
R L R 3.
1 -1 z
©)| lim o8 d lm °
z—e T — € z—+oo e — 1
227 — 1 1
‘e)‘ lim ‘f)‘ lim 8¢
z—0+ 2x z—1eT —e
v1+3z—1 1
g) lim Vi3 ‘h) lim T
z—0 x e——1 /x +17 -2
5. Compute the limits:
252 — 2z\/x +1 e’ —e %
li b)| L
a) w_l)ﬂr_loo 25 1 ‘ ) ‘ 250 sinx
1
li t - d li 1-— -1
‘c)‘ lim <co anx sinx) ) xﬁn}rloc\/x (\/er Vi )
T 1 r—2
. - . cotanx
o (1) D Jimy(1+2)
-5 3w —3°
g) lim ’ ‘h) ‘ lim
z—5 \/x -5 o0 3T 4 3¢
1 1 2
i) lim < - ) ‘Z) ‘ lim ze”sin <e_x sin )
z—0 \xtanxr Tsinz T—~+00 x
‘ m) lim x(2+sinz) n) lim zef"®
T —-+00 T——00

6. Determine the domain of the functions below and their limit behaviour at the
end-points of the domain:

3 — 22 +3
2) f<$):x2+3x+2

©) flz)=log [lJreXp (“72;1)} O @) = Ywe
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4.4.1 Solutions

1. Limits:
a) 0; b) +oo.
¢) We have .
fim 2z —sinz _ I z (20w _2
z——o00 3x + cosSx  x——oo (3 + Comsr) 3
because lim 0 = lim ¢ =0 by Corollary 4.7.
r——00 I r——00 I

d) From [z] <z < [z] + 1 (Example 2.1 vii)) one deduces straightaway ¢ — 1 <
[x] <, whence

for x > 0. Therefore, the Second comparison theorem 4.5 gives

im ) —1,
r——+oo I
e) 0.
—t
) First of all f(x) = . Qanx is an odd map, so lim f(z) = — lim f(x). Let
X z—0+ x—0—

now 0 <z < 7. From
sinry <z < tanx

(see Example 4.6 1) for a proof) it follows

sinx — tanx r —tanx

sinz —tanz < z —tanx < 0, that is, < < 0.
2 2
Secondly,
sinx — tanx . sin;c(cos:c— 1) . sinx cosx — 1
lim 5 = lim 5 = lim 5 =0.
z—0t x r—0t T CoST r—01T COSXT x

Thus the Second comparison theorem 4.5 makes us conclude that

. xr —tanzx
lim 5 =0,
r—0t €T

therefore the required limit is 0.

2. Limits:
a) —5; b) 0.
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¢) Simple algebraic operations give

| P+t y S(1+ 1+ %) .
i im = lim = —00
z——o00 202 —x + 3 T——00 (2 — i + 32) T——00
d) g
¢) Rationalising the denominator we see
x+1 . (z+1)(V622 +3 - 3x)

li =1
x—l>n—11 V622 + 3+ 3z x—l>n—11 6x2 +3 —922

(z +1)(v622 + 3 — 32)

= li =1.
s’ 31—2)(1+x)
f) Use the relation a® — b® = (a — b)(a® + ab + b?) in
. J10—2 -2 . 10—2—38
lim = lim )
=2 T —2 22 (2 — 2)(3/(10 — 2)2 + 2¢/10 — 2 + 4)

-1 1
lim =—_ .
22 3/(10 — x)2 + 2/10 — 2 + 4 12

g) 0; h) 1; i) 0.
/) We have

3. Limits:
a) 0; b) 2.

¢) We manipulate the expression so to obtain a fundamental limit:

. sin2x — sin3x . sin2x . sin3x 1 3 1
lim = lim — lim = - =
z—0 4x z—0 4z z—0 A4dx 2 4

d) We use the cosine’s fundamental limit:

1— 1-— 1 1 1
lim cos = lim cos V/x lim = lim = +400.
r—0t 222 r—0t x z—0t 2T 2 20+ 2x

e) é

f) Putting y = tan x and substituting,

. cos(tanz) — 1 . cosy—1 .
lim = lim = lim
z—0 tanx y—0 Y y—0 Y
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¢) Letting y = 1 — x transforms the limit into:

cos T x cos 7 (1 — sin 7
lim 27 = lim 2( y):lim 2y:W.
z—1 1 —2x y—0 Y y—=0 Yy 2
h) —3; D) g
/) One has
. V1+4tanz — /1 —tanz . 1+tanz — 1 +tanx
lim . = lim
20 sin z 2=0sinz (v/1+ tanz + /1 — tan z)
1. .. 2tanx . 1
— im . = lim =1.
2 z—0 sinx z—0 COS T
4. Limits:
a) 10;3; b) §

¢) By defining y = x — e we recover a known fundamental limit:

logax — 1 lim log(y+e)—1 — lim loge(1+y/e)—1

lim =1l
r—e I —e y—0 Yy y—0 Yy
log(1 1
_ iy 08I +y/e) 1
y—0 Yy e

Another possibility is to set z = z/e:

logz — 1 — lim log(ez) =1 1. logz 1

lim = =
z—e I —e 2—1 e(z—l) ez—olz—1 e
d) 1.
e) We have
22 — 1 2(e®* —1)+1
lim ¢ = lim (e )+
rz—0+ 2z z—0+ 2z
2r_q 1 1
— lim 2° £ lim . =2+ lim . =+4o0.
z—0t 2x z—0+ 2% z—0+ 22
) Substitute y =« — 1, so that
1 1
lim 0BT _ lim ogl;x
z—>l1e® —e ozl e(ew— — 1)
B log(l+y) 1 log(1 + ) y 1
S y0 e(e¥ — 1) ey—0 y ev—1 e
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h) The new variable y = 2 4+ 1 allows to recognize (4.13), so

r+1 . Y Y

lim = lim = lim
=1 4+17—2  y=0 Yy+16-2  y=02(Y1+ Y —1)
16 16
A6y —8.4=32.
2 400 Y14 % -1
5. Limits:
b) We have
T _ T e~ % e2$_1 21_1
im ¢ 7% =lim (_ ) _lme=.© 2. ¥ =9
z—0 sinz z—0 sinx z—0 2z sinx
¢) One has
1 -1 -1
lim <cotanx - . ) = lim COS,I = lim COSZ . ':1: -x=0.
0 sin x z—0 sinx 0 T sinx

d) 1.
e) Start with

. z—1\""" . r—1
wllg-loo (I + 3) P (wgl-}-loo(x ~2)log T+ 3)

4
= exp (Igr}rloc(xﬂlog (1 - $+3>) =l

1 1
Now define y = , and substitute x = — 3 at the exponent:
z4+3 Y

1 log (1 —4
L= lim < —5>log(1—4y): lim (og( y>—510g(1—4y)>:—4.
y—0t \ Y y—0t Yy
The required limit equals e ™.
) e; g) 2V5.
h) We have
3*—-3" ) 37° (327” — 1)

lim lim
z——00 3T 4 37 z——o00 37T (3215 + 1)

: 1
i) —5.
/) Start by multiplying numerator and denominator by the same function:
2 sin (e *sin 2 2 sin (e~ sin 2

. ( 7”) = lim xsin - lim ( 7”)

i z—~+00 r z—+oo e~ gsin i

=1L -Ly.

lim ze®e " sin )
T—+00 x e~ 7 sin



m)

n)
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Now put y = ; in the first factor to get

in 2
Ly = lim “0%Y =

y—0t Yy

2 .

b

—x

next, let t = e " sin i Since t — 0 for £ — 400, by Corollary 4.7, the second
factor is .
sint

L2:hm —1,

t—0 ¢
and eventually the limit is 2.

The fact that —1 < sinz < 1 implies 1 < 24 sinz < 3, so ¢ < (2 + sinx)

when x > 0. Since lirf x = 400, the Second comparison theorem 4.8 gives
r—r+00

+o00 for an answer.
—00.

6. Domains and limits:

a)

b)

d)

dom f =R\ {-2,~1},

Jm f(@) = %00, lim f(z) = %o, lim _f(z)=Hoo.

The function is defined on the entire R and

. e’ 2 . e’
SIS = 0 g g = g0 = o0,
1

This function makes sense when z # 0 (because 1 + exp (xi:rl) > 0 for any

non-zero z). As for the limits:

241
lim f(z) =log lim <1+exp (x + )zloglzo,
T——00 r——00 €T
22+ 1
li =1 li 1 =

z—0~

2
1
lim f(z)=log lim (1+exp (x +
z—0~ T

2
lim f(x)=log lim <1 + exp (x
z—0+ x

z—0t

dom f =R; lim f(x)=0.

r—+oo
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Local comparison of functions. Numerical
sequences and series

In the first part of this chapter we learn how to compare the behaviour of two
functions in the neighbourhood of a point. To this aim, we introduce suitable
symbols — known as Landau symbols — that make the description of the possible
types of behaviour easier. Of particular importance is the comparison between
functions tending to 0 or co.

In the second part, we revisit some results on limits which we discussed in
general for functions, and adapt them to the case of sequences. We present specific
techniques for the analysis of the limiting behaviour of sequences. At last, numer-
ical series are introduced and the main tools for the study of their convergence are
provided.

5.1 Landau symbols

As customary by now, we denote by ¢ one of the symbols zg (real number), xa' ,
Zqy , or 400, —00. By ‘neighbourhood of ¢’ we intend a neighbourhood — previously
defined — of one of these symbols.

Let f and g be two functions defined in a neighbourhood of ¢, with the possible
exception of the point c itself. Let also g(z) # 0 for & # ¢. Assume the limit

lim f(@)

lim =4 (5.1)

exists, finite or not. We introduce the following definition.

Definition 5.1 If/ is finite, we say that f is controlled by g for x tending
to ¢, and we shall use the notation

f:O<g>7 T —c,

read as ‘f is big o of g for x tending to c’.

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_5,
© Springer International Publishing Switzerland 2015
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This property can be made more precise by distinguishing three cases:

a) If ¢ is finite and non-zero, we say that f has the same order of mag-
nitude as g (or is of the same order of magnitude) for x tending to
c; if so, we write
=g, B = @

As sub-case we have:
b) If £ =1, we call f equivalent to g for x tending to c; in this case we use
the notation
f~aq, T — cC.

¢) Eventually, if ¢ = 0, we say that f is negligible with respect to g when
T goes to c; for this situation the symbol

f:0(9>7 T —C,

will be used, spoken ‘f is little o of g for x tending to c’.

Not included in the previous definition is the case in which ¢ is infinite. But in
such a case
glz) 1

lim = =0,

W fla)
so we can say that g = o(f) for x — c.
The symbols O, =<, ~, o are called Landau symbols.
Remark 5.2 The Landau symbols can be defined under more general assump-
tions than those considered at present, i.e., the mere existence of the limit (5.1).

For instance the expression f = O(g) as © — ¢ could be extended to mean that
there is a constant C' > 0 such that in a suitable neighbourhood I of ¢

|f(z)] < Clg(z)], Veel, x+#c.

The given definition is nevertheless sufficient for our purposes. O

Examples 5.3

i) Keeping in mind Examples 4.6, we have
sinx

sinx ~xz, x — 0, in fact lim =1,
z—0 X
. . . sinx
sinx = o(x), x — 400, since lim = 0;

r—+00 €T
ii) We have sinz = o(tanx), r — 7 since
sinz

lim = lim cosx = 0.
z—73 tanx  z—7
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iii) One has cosz < 2z — 7,  — 7, because
cosT _ . cos(t+7) y sint 1

lim = lim = — lim =—_. U
=3 2r —m  t=0 2t t—0 2t 2

Properties of the Landau symbols

i) It is clear from the definitions that the symbols =<, ~, o are particular instances
of O, in the sense that

f=g9g=f=0(), [f~g=>[f=0(), [f=olg)=[f=0()
for x — ¢. Moreover the symbol ~ is a subcase of =<
f~9 = [fxg
Observe that if f =< g, then (5.1) implies

lim f(@)

W () =1, hence f ~ £g.

ii) The following property is useful

f~g = f=g+o(g). (5.2)

By defining h(z) = f(z) — g(x) in fact, so that f(z) = g(z) + h(x), we have

. o @) _  (T@) )
rmo e e e (G o
<~ lim hE:C;:O < h=o(g)

o(Af) =o(f) and  Ao(f) = o(f). (5-3)

. g(z) o g(x)
In fact ¢ = o(Af) means that lim = 0, otherwise said lim
1) 2 A /(@) 5 (@)

or g = o(f). The remaining identity is proved in a similar way. Analogous
properties to (5.3) hold for the symbol O.
Note that o(f) and O(f) do not indicate one specific function, rather a precise
property of any map represented by one of the two symbols.

iv) Prescribing f = o(1) amounts to asking that f converge to 0 when = — c.

Namely
lim f(z) = lim ¢ %)

T—c z—c 1

:O’

=0.
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Similarly f = O(1) means f converges to a finite limit for z tending to c.
More generally (compare Remark 5.2), f = O(1) means that f is bounded in
a neighbourhood of ¢: that is to say, there exists a constant C' > 0 such that

If(2)] <C, Veel, x#c,

I being a suitable neighbourhood of c.
v) The continuity of a function f at a point x¢ can be expressed by means of the
symbol o in the equivalent form

f(x) = f(zo) +0(1), = — x0. (5.4)

Recalling (3.9) in fact, we have

Jm f@=Se0) =l (1)~ f) =0
= f(x) = f(xo) =0(1), x— xo.

The algebra of “little o0’s”

i) Let us compare the behaviour of the monomials 2™ as x — 0:

" =o(z™), x—0, — n>m.
In fact
l,n
lim = lim 2" ™ =0 if and only if n—m > 0.
z—0 ™ z—0

Therefore when x — 0, the bigger of two powers of x is negligible.

ii) Now consider the limit when  — f00. Proceeding as before we obtain

n

" =o(z™), x— too, — n < m.

So, for x — +o00, the lesser power of x is negligible.

iii) The symbols of Landau allow to simplify algebraic formulas quite a lot when
studying limits. Consider for example the limit for x — 0. The following prop-
erties, which define a special “algebra of little 0’s”, hold. Their proof is left to
the reader as an exercise:

a)  o(z™) £o(z") =o(z");
b)  o(a™) £ o(z™) = o(zP), with p=min(n,m); (5.5)
c)  o(Az™) = o(z™), for each A € R\ {0} ;
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d)  p(z)o(z™) = o(x™) if ¢ is bounded in a neighbourhood of z = 0;
e) zMo(z") = o(x™");
f)  o(@™)o(z") = o(a™*");
g)  [o(@™)]* = o(z*").

Fundamental limits

The fundamental limits in the Table of p. 106 can be reformulated using the sym-

bols of Landau:

sinx ~ x, xz — 0;
1—cosz = z2, x —0; precisely, 1—cosz~ j2%, = 0;
log(1 4+ z) ~ x, x — 0; equivalently, logx ~z — 1, x — 1;
e —1~ux, xz — 0;
1+2)*—-1~azx, x—0.

With (5.2), and taking property (5.5) ¢) into account, these relations read:

sinz = z + o(x),

1 —cosz = ja* + o(z?),
log(1+ ) = z + o(x),

e’ =1+ +o(x),
(14+2)* =1+ ax+ o(z),

xz — 0;
xz — 0, or COS$:1—§$2+O<J}2), z — 0;
x—0, or logz=xz—1+o0(x—1), z—1;
z — 0;

x — 0.

Besides, we shall prove in Sect.6.11 that:

a) x%=o(e%), x — +00, Vo € R;

b)  e” =o(|z|*), T — —00, Vo € R;

¢) logz = o(z®), x — +00, Yo > 0;
1

d) logx:o(xa>, z — 0F, Yo > 0.

Examples 5.4

(5.6)

i) From et = 1+t +o(t), t — 0, by setting t = 5z we have e = 1+ 5z + o(5zx),
i.e., € =1+ 5z + o(x),  — 0. In other words ** — 1 ~ 5z, z — 0.
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ii) Setting t = —3z% in (14+¢)'/2 = 1+ Jt+o(t), t — 0, we obtain (1 —322)1/2 =
1— 322 +0(—32%) =1 — 322 + o(z?),  — 0. Thus (1 — 32%)Y/2 — 1 ~ =322,
z — 0.

iii) The relation sint = ¢t 4+ o(t), t — 0, implies, by putting ¢ = 2z, xsin 2z =
2(2z + 0(22)) = 22% + o(2?),  — 0. Then zsin2z ~ 222, x — 0. O

We explain now how to use the symbols of Landau for calculating limits. All
maps dealt with below are supposed to be defined, and not to vanish, on a neigh-
bourhood of ¢, except possibly at c.

Proposition 5.5 Let us consider the limits

lim f(z)g(x) and lim f(a:)

e T—cC g(:g)

Given functions f and § such that f ~ f and § ~ g for © — ¢, then

lim f(z)g(x) = lim f(2)j(x), (5.7)
o 7@ o [@)
i) g(a = Jm 3(a)” &

Proof. Start with (5.7). Then
S @e(e) = 5y
f lim ?(1) lim f(x)§(x).

T—cC g(;z?) r—c

From the definition of f ~ f and § ~ ¢ the result follows. The proof of

(5.8) is completely analogous. O
Corollary 5.6 Consider the limits
: _ f(@) + fi(z)
If f1 = o(f) and g1 = o(g) when x — ¢, then
lim ((2) + /1(2)) (9(2) + 92(2)) = lim f(z)g (), (5.9)
S+ fle) o f(2)
B ga) + (o) ~ 5% gla) o1
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Proof. Set f = f+ f1; by assumption f = f + o(f), so from (5.2) one has f~f.
Similarly, putting ¢ = ¢ + ¢1 yields § ~ g. The claim follows from the
previous Proposition. O

The meaning of these properties is clear: when computing the limit of a product,
we may substitute each factor with an equivalent function. Alternatively, one may
ignore negligible summands with respect to others within one factor. In a similar
way one can handle the limit of a quotient, numerator and denominator now being
the ‘factors’.

Examples 5.7
i) Compute
. 1l—cos2zx
lim ~
z—=0  sin” 3z
From the equivalence 1 — cost ~ %tQ, t — 0, the substitution ¢ = 2z gives

1 —cos2x ~ 2952, xz — 0.
Putting ¢t = 3z in sint ~ ¢, t — 0, we obtain sin 3z ~ 3z, x — 0, hence
sin? 3z ~ 93:2, z — 0.
Therefore (5.8) implies

. 1 —cos2z o222 2
lim = = lim = .
z—0 sin” 3x z—0 9;52 9
ii) Evaluate
sin 2z + 23

li .
250 4z + 5log(1 + z2)

We shall show that for x — 0, 23 is negligible with respect to sin 2x, and similarly
5log(1+ x?) is negligible with respect to 4z. With that, we can use the previous
corollary and conclude

sin 2z + 23 _ sin2x 1

li = = _.
w50 4o + 5log(1 +22)  a90 4z 2
Recall sin 2z ~ 2z for x — 0; thus
3 3
x
im | = lim =0,
z—=0sin2x  =—0 2z
that is to say #® = o(sin 2z) for z — 0. On the other hand, since log(1 +t) ~ t
for t — 0, writing ¢t = 22 yields log(1 + 22) ~ 22 when x — 0. Then

1 1 2 2
lim50g( +$):lim5x =0,
x—0 4x z—0 4x
i.e., Hlog(1l + x?) = o(4x) for x — 0. O

These ‘simplification’ rules hold only in the case of products and quotients.
They do not apply to limits of sums or differences of functions. Otherwise put,

the fact that f ~ f and § ~ g when  — ¢, does not allow to conclude that
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lim [£(x) + g(x)] = lim () + §(a)].

Tr—cC

For example set f(z) = v/22 + 2z and g(x) = v/2 — 1 and consider the limit

lim (\/x2+2x7\/x271).

r—r+0o0
Rationalisation turns this limit into

2 2
fim &P -@ D 2+ 1 —1.

2

Had we substituted to f(z) the function f(z) = z, equivalent to f for 2 — 400,
we would have obtained a different limit, actually a wrong one. In fact,
2 2 _ 1 1
lim (z—v22—1)= lim " (:;;2 )~ lim —0.
r—r+00 xr—r+00 $+\/$ —1 T—>+00 I(1+\/17 z12)
The reason for the mismatch lies in the cancellation of the leading term z? ap-
pearing in the numerator after rationalisation, which renders the terms of lesser
degree important for the limit, even though they are negligible with respect to z2
for x — 4o00.

5.2 Infinitesimal and infinite functions

Definition 5.8 Let f be a function defined in a neighbourhood of ¢, except
possibly at c. Then f is said infinitesimal (or an infinitesimal) at ¢ if

lim f(z) =0,

T—>C

i.e., if f=0(1) for x — c. The function f is said infinite at c if

lim f(z) = oco.

r—C

Let us introduce the following terminology to compare two infinitesimal or
infinite maps.

Definition 5.9 Let f, g be two infinitesimals at c.

If f <g forx—c, f and g are said infinitesimals of the same order.
If f = o(g) for x — ¢, f is called infinitesimal of bigger order than g.
If g =o(f) for x — ¢, f is called infinitesimal of smaller order than g.
If none of the above are satisfied, f and g are said non-comparable infin-
itesimals.
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Definition 5.10 Let f and g be two infinite maps at c.

If f <g forx — ¢, f and g are said to be infinite of the same order.
If f = o(g) for x — ¢, f is called infinite of smaller order than g.

If g = o(f) for x — ¢, f is called infinite of bigger order than g¢.

If none of the above are satisfied, the infinite functions f and g are said
non-comparable.

Examples 5.11

Bearing in mind the fundamental limits seen above, it is immediate to verify the
following facts:
i) e* — 1 is an infinitesimal of the same order as x at the origin.

i) sinz? is an infinitesimal of bigger order than x at the origin.
sinx 1

iii) is infinite of bigger order than =~ at the origin.
(1 —cosz)? x

iv) For every a > 0, € is infinite of bigger order than z® for z — +o0.
1

v) For every a > 0, logz is infinite of smaller order than _ for z — 0t.
x

vi) The functions f(z) = xsin ! and g(x) = x are infinitesimal for = tending

T
f(@) = sin ! does not admit
T

T

to 0 (for f recall Corollary 4.7). But the quotient

limit for x — 0, for in any neighbourhood of 0 it attains every value between —1
and 1 infinitely many times. Therefore none of the conditions f =< g, f = o(g),
g = o(f) hold for z — 0. The two functions f and g are thus not comparable. O

Using a non-rigorous yet colourful language, we shall express the fact that f
is infinitesimal (or infinite) of bigger order than g by saying that f tends to 0 (or
o0) faster than g. This suggests to measure the speed at which an infinitesimal (or
infinite) map converges to its limit value.

For that purpose, let us fix an infinitesimal (or infinite) map ¢ defined in a
neighbourhood of ¢ and particularly easy to compute. We shall use it as term of
comparison (‘test function’) and in fact call it an infinitesimal test function
(or infinite test function) at c. When the limit behaviour is clear, we refer to
© as test function for brevity. The most common test functions (certainly not the
only ones) are the following. If ¢ = 29 € R, we choose

pe) =z -z or () =|r -z

as infinitesimal test functions (the latter in case we need to consider non-integer
powers of ¢, see later), and

1 1

o=, o elo= L
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as infinite test functions. For ¢ = 2§ (¢ = x5 ), we will choose as infinitesimal test
function

px) =z -z  (p(r) =20 — )
and as infinite test function

1 1

)=, =,
For ¢ = 400, the infinitesimal and infinite test functions will respectively be
1
o(x) = and  p(z) =z,
x
while for ¢ = —oo, we shall take
1
o= ad )= al

The definition of ‘speed of convergence’ of an infinitesimal or infinite f depends
on how f compares to the powers of the infinitesimal or infinite test function. To
be precise, we have the following definition

Definition 5.12 Let f be infinitesimal (or infinite) at c. If there exists a real
number a > 0 such that
f=e* z—=ec (5.11)

the constant c is called the order of f at ¢ with respect to the infinites-
imal (infinite) test function ¢.

Notice that if condition (5.11) holds, it determines the order uniquely. In the
first case in fact, it is immediate to see that for any 3 < a one has f = o(¢?),
while 8 > a implies ¢” = o(f). A similar argument holds for infinite maps.

If f has order a at ¢ with respect to the test function ¢, then there is a real
number ¢ # 0 such that
fx) _
m L.

wl—)c ©p* (;C) o
Rephrasing:
[l oz =,

which is to say — recalling (5.2) — f = £p® + o(lp®), for x — c. For the sake of
simplicity we can omit the constant ¢ in the symbol o, because if a function h
satisfies h = o(€p®™), then h = o(p®) as well. Therefore

f=Lp® +o(p"), z—ec
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Definition 5.13 The function

plz) = £ () (5.12)

is called the principal part of the infinitesimal (infinite) map f at ¢
with respect to the infinitesimal (infinite) test function .

From the qualitative point of view the behaviour of the function f in a small
enough neighbourhood of ¢ coincides with the behaviour of its principal part (in
geometrical terms, the two graphs resemble each other). With a suitable choice of
test function ¢, like one of those mentioned above, the behaviour of the function
Lo () becomes immediately clear. So if one is able to determine the principal
part of a function, even a complicated one, at a given point ¢, the local behaviour
around that point is easily described.

We wish to stress that to find the order and the principal part of a function f
at ¢, one must start from the limit

f(x)
z—rc < (x)
and understand if there is a number « for which such limit — say £ — is finite and

different from zero. If so, « is the required order, and the principal part of f is
given by (5.12).

Examples 5.14

i) The function f(z) = sinx — tanz is infinitesimal for x — 0. Using the basic
equivalences of p. 127 and Proposition 5.5, we can write

i -1 r- (=122 1
Smxitanx:smx(cosx ) ~ ( 2 ) =— 3, xz — 0.
cos T 1 2
It follows that f(x) is infinitesimal of order 3 at the origin with respect to the
test function ¢(x) = x; its principal part is p(z) = — éx‘o’.

ii) The function

f(z) = \/902—1—3—\/902—1
is infinitesimal for x — 4o00. Rationalising the expression we get

fay= @B D ! .
Vai s Va =1y (Vi g v - 1)

x2
The right-hand side shows that if one chooses ¢(z) = ! then
T AC)

—2.
vtoo ()
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Therefore f is infinitesimal of first order for x — +o0o with respect to the test
function i’ with principal part p(x) = i
iii) The function
f(z) = V925 + 723 — 1
is infinite when © — +o00. To determine its order with respect to ¢(x) = z, we

consider the limit
:cg \/ 9+ JQ - ;5
o '

By choosing a = g the limit becomes 3. So f has order g for £ — 400 with

X
lim f(@) = lim
r—+oo % x—+00

respect to the test function ¢(x) = x. The principal part is p(x) = 32°/2, O

Remark 5.15 The previous are typical instances of how to determine the order
of a function with respect to some test map. The reader should not be mislead to
believe that this is always possible. Given an infinitesimal or an infinite f at ¢, and
having chosen a corresponding test map ¢, it may well happen that there is no real
number « > 0 satisfying f < ¢® for x — c. In such a case it is convenient to make
a different choice of test function, one more suitable to describe the behaviour of
f around c¢. We shall clarify this fact with two examples.

Start by taking the function f(x) = e** for 2 — +o00. Using (5.6) a), it follows
immediately that 2% = 0(e?®), whichever a > 0 is considered. So it is not possible
to determine an order for f with respect to ¢(x) = x: the exponential map grows
too quickly for any polynomial function to keep up with it. But if we take as test
function ¢(x) = e® then clearly f has order 2 with respect to .

Consider now f(z) = zlogx for x — 07. In (5.6) d) we claimed that

1
lim 57 =0, VB8>0.
x—0+ 2B
: . logw . . . . . .
So in particular f(z) = 1/ is infinitesimal when z — 0T. Using the test function
x

©(x) = x one sees that

lim = L=
z—0+t ¢ z—0+t T

zlogx y log x {0 ifa < 1,

—oo otherwise.

Definition 5.9 yields that f is an infinitesimal of bigger order than any power of
x with exponent less than one. At the same time it has smaller order than x and
all powers with exponent greater than one. In this case too, it is not possible to
determine the order of f with respect to x. The function |f(z)| = z|log x| goes to
zero more slowly than x, yet faster than = for any o < 1. Thus it can be used as
alternative infinitesimal test map when = — 0. O
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5.3 Asymptotes

We now consider a function f defined in a neighbourhood of +o00 and wish to
study its behaviour for x — +o00. A remarkable case is that in which f behaves
as a polynomial of first degree. Geometrically speaking, this corresponds to the
fact that the graph of f will more and more look like a straight line. Precisely, we
suppose there exist two real numbers m and g such that

lim (f(x) — (mz+q)) =0, (5.13)

T—r+00

or, using the symbols of Landau,
flx)=maz+q+o0(1), x — 4o0.

We then say that the line g(z) = ma + ¢ is a right asymptote of the function f.
The asymptote is called oblique if m # 0, horizontal if m = 0. In geometrical
terms condition (5.13) tells that the vertical distance d(x) = | f(z) — g(z)| between
the graph of f and the asymptote tends to 0 as © — +oo (Fig.5.1).

The asymptote’s coefficients can be recovered using limits:

m = lim /(@) and g= lim (f(xz)—mz). (5.14)

T—r+00 X r—r+00

The first relation comes from (5.13) noting that
q

0= lm @ -—me—a_ @ ome 4y, T@

r—r+0o0 X r—r+00 X x——+oco I x——+oco I T—r+00 X ’

while the second one follows directly from (5.13). The conditions (5.14) furnish the
means to find the possible asymptote of a function f. If in fact both limits exist

|

|

|

|

|

|

|

|

|

|

|

1
x

Figure 5.1. Graph of a function with its right asymptote
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and are finite, f admits y = mz + ¢ as a right asymptote. If only one of (5.14) is
not finite instead, then f will not have an asymptote.

Notice that if f has an oblique asymptote, i.e., if m # 0, the first of (5.14)
tells us that f is infinite of order 1 with respect to the test function ¢(z) = = for
x — 400. The reader should beware that not all functions satisfying the latter
condition do admit an oblique asymptote: the function f(z) = x4+ /z for example
is equivalent to x for x — 400, but has no asymptote since the second limit in
(5.14) is 4o00.

Remark 5.16 The definition of (linear) asymptote given above is a particular
instance of the following. The function f is called asymptotic to a function g for
x — +oo if
li — =0.
tim (f() — g(x)) =0
If (5.13) holds one can then say that f is asymptotic to the line g(z) = maz + q.
The function f(z) = 2% + ; instead has no line as asymptote for x — +oo, but is
nevertherless asymptotic to the parabola g(z) = 2. O
In a similar fashion one defines oblique or horizontal asymptotes for x — —oo
(that is oblique or horizontal left asymptotes).
If the line y = mx + ¢ is an oblique or horizontal asymptote both for x — 400
and x — —oo, we shall say that it is a complete oblique or complete horizontal
asymptote for f.

Eventually, if at a point g € R one has lim f(z) = oo, the line z = xg is
Tr—rTo

called a vertical asymptote for f at xy. The distance between points on the
graph of f and on a vertical asymptote with the same y-coordinate converges to
zero for x — xo. If the limit condition holds only for x — xa' or x — x, we talk

about a vertical right or left asymptote respectively.

Examples 5.17
x

i) Let = A
i) Let f(x) sl B
Jim f@)=1  and i f() = Foo,
the function has a horizontal asymptote y = 1 and a vertical asymptote x = —1.

ii) The map f(x) = /1 + 22 satisfies

lim f(x) = +oo, lim f(z) — lim |lz|v/1 4 22

r—+oo r—+too I r—+o00o x

=+1
and

1 2 _ .2
lim (\/1+x2—x): R

r——+00 T—+00 \/1+I2+I

1 2 _ .2
lim (\/1+172+:17): m ST T g,
T——00 T——00 \/]_ + 22—z
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Therefore f has an oblique asymptote for x — +oo given by y = z, plus another
one of equation y = —x for x — —o0.

iii) Let f(z) =z + logz. Since

ml;r&(:z: +logz) = —o0, wgr}rloo(a: +logx) = 400,
. z+ logx .
lim =1, lim (x+logz — ) = 400,
r—+00 €T T—+00
the function has a vertical right asymptote £ = 0 but no horizontal nor oblique
asymptotes. O

5.4 Further properties of sequences

We return to the study of the limit behaviour of sequences begun in Sect. 3.2.
General theorems concerning functions apply to sequences as well (the latter being
particular functions defined over the integers, after all). For the sake of complete-
ness those results will be recalled, and adapted to the case of concern. We shall
also state and prove other specific properties of sequences.

We say that a sequence {ay, }n>n, satisfies a given property eventually, if there
exists an integer N > ng such that the sequence {a, },>n satisfies that property.
This definition allows for a more flexible study of sequences.

Theorems on sequences

1. Uniqueness of the limit: the limit of a sequence, when defined, is unique.
2. Boundedness: a converging sequence is bounded.

3. Existence of limit for monotone sequences: if an eventually monotone se-
quence is bounded, then it converges; if not bounded then it diverges (to
~+oo0 if increasing, to —oco if decreasing).

4. First comparison theorem: let {a,} and {b,} be sequences with finite or

infinite limits lim a, = ¢ and lim b, = m. If a,, < b, eventually, then
é < n— o0 n— o0
< m.

5. Second comparison theorem (“Squeeze rule”): let {a,}, {b,} and {c,} be
sequences with lim a, = lim ¢, = ¢. If a,, < b, < ¢, eventually, then

n—r oo n—oo
lim b, = ¢.
n—oo
6. Theorem: a sequence {a, } is infinitesimal, that is lim a, = 0, if and only

n—oo
if the sequence {|a,|} is infinitesimal.

7. Theorem: let {a,} be an infinitesimal sequence and {b,,} a bounded one.
Then the sequence {a, by} is infinitesimal.
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8. Algebra of limits: let {a,,} and {b, } be such that li_>m ap =fand lim b, =

n—r oo
m (¢, m finite or infinite). Then

1i_>m (an £bp) =L+ m,
lim a, b, =f{m,
n—oo
. an 4
lim = , if b, # 0 eventually,
m

n—o0 by,

each time the right-hand sides are defined according to the Table on p. 96.

9. Substitution theorem: let {a,} be a sequence with lim a,, = £ and suppose
n—oo

g is a function defined in a neighbourhood of ¢:
a) if £ € R and g is continuous at ¢, then li_}rn g(an) = g(0);
n [ee]

b) if £ ¢ R and lime g(x) = m exists, then lim g(a,) .
—

n—oo

Proof. We shall only prove Theorem 2 since the others are derived adapting the
similar proofs given for functions.
Let the sequence {ap}n>n, be given, and suppose it converges to £ € R.

With e = 1 fixed, there exists an integer n; > ng so that |a, —¢| < 1 for
all n > ny. For such n’s then the triangle inequality (1.1) yields

lan| = |an — €+ <|an — L]+ €] <1+
By putting M = max{|an,]|,...,|an,|,1 + |¢|} one obtains |a,| < M,
Vn > ng. O

Examples 5.18

i) Consider the sequence a,, = ¢",where ¢ is a fixed number in R. It goes under
the name of geometric sequence. We claim that

0 if |q| < 1,
1 ifg=1,
lim ¢" = 1
n—00 +00 if g >1,

does not exist if ¢ < —1.

If either ¢ = 0 or ¢ = 1, the sequence is constant and thus trivially convergent
to 0 or 1 respectively. When g = —1 the sequence is indeterminate.

Let ¢ > 1: the sequence is now strictly increasing and so admits a limit. In order
to show that the limit is indeed +o0co0 we write ¢ = 1 + r with » > 0 and apply
the binomial formula (1.13):
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" =(1+r"= Z (Z)rk = 1+nr+z (Z)rk.
k=0 k=2

As all terms in the last summation are positive, we obtain
1+nr">14+nr, VYn >0, (5.15)

called Bernoulli inequality!. Therefore ¢" > 1 + nr; passing to the limit for
n — oo and using the First comparison theorem we can conclude.

Let us examine the case |¢| < 1 with ¢ # 0. We just saw that > 1 implies

4]
1 n

lim <| |> = +00. The sequence {|g|"} is thus infinitesimal, and so is {¢"}.
q

n—roo

At last, take ¢ < —1. Since

261 — o Jim ¢2F = —o0,

lim ¢** = klln;o(qQ)k = too, klingo 4 k—o0

k—o0

the sequence ¢" is indeterminate.

ii) Let p be a fixed positive number and consider the sequence {/p. Applying the
Substitution theorem with g(z) = p* we have

lim {/p = lim p/m=p0=1.

n—r oo n—r oo

iii) Consider the sequence {/n; using once again the Substitution theorem to-
gether with (5.6) c), it follows that

logn
lim {¢/n = lim exp BT _ 01,

There are easy criteria to decide whether a sequence is infinitesimal or infinite.
Among them, the following is the most widely employed.

Theorem 5.19 (Ratio test) Let {a,} be a sequence for which a, > 0
eventually. Suppose the limit

0 An 41
lim

n—oo (@

exists, finite or infinite. If ¢ < 1 then lim a, = 0; if ¢ > 1 then lim a, =
+oo n—o0 n—oo

! By the Principle of Induction, one can prove that (5.15) actually holds for any r > —1;
see Appendix A.1, p. 427.
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Proof. Suppose a,, > 0, Vn > ng. Take ¢ < 1 and set € = 1 — ¢. By definition of
limit there exists an integer n. > ng such that for all n > n.

An+1 .
" <qg4+e=1, le, apn+1 <ap.

Qn
So the sequence {a,} is monotone decreasing eventually, and as such it
admits a finite non-negative limit ¢. Now if £ were different from zero, the
fact that ‘
(n 1 L

qg = lim = =1
n—oo V4

would contradict the assumption ¢ < 1.
If ¢ > 1, it is enough to consider the sequence {1/a,}. O

Nothing can be said if ¢ = 1.

Remark 5.20 The previous theorem has another proof, which emphasizes the
speed at which a sequence converges to 0 or +o0o. Take for example the case ¢ < 1.
The definition of limit tells that for all » with ¢ < r < 1, if one puts e = r — ¢
there is a n. > ng such that

An+41

<r thatis, ap41 <ra,
Ganp

for each n > n.. Repeating the argument leads to
U1 < T <7T20p_1 < ... < ", 1 (5.16)

(a precise proof of which requires the Principle of Induction; see Appendix A.1,
p. 430). The First comparison test and the limit behaviour of the geometric se-
quence (Example 5.18 1)) allow to conclude. Formula (5.16) shows that the smaller
q is, the faster the sequence {a,} goes to 0.

Similar considerations hold when g > 1. O

At last we consider a few significant sequences converging to +o0o. We compare
their limit behaviour using Definition 5.10. To be precise we examine the sequences

n

logn, n%, ¢", n!, n" (>0, ¢g>1)

and show that each sequence is infinite of order bigger than the one preceding it.
Comparing the first two is immediate, for the Substitution theorem and (5.6) c)
yield logn = o(n®) for n — oo.

The remaining cases are tackled by applying the Rgtio test 5.19 to the quotient of

n
two nearby sequences. Precisely, let us set a, = . Then
q

n 1 g" 1\* 1
any1 _ (n+1)% ¢ <"+ > <1, n — oo.

= —
n q q

an qn+1 no -
Thus lim a, =0, or n® = o(¢") for n — oco.
n—oo
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n

Now take a,, = ¢ , SO
n!

n+1 |
it _ 4 g e nl= 1 —- 0<1, n— 0o,
an, m+1Dg* (n+1)n! n+1
and then ¢" = o(n!) per n — .
Eventually, let a, = " Then
nTL
any1  (n+1I n»  (n4+1)n! ™ n \"
an (Al (n+Dm+1D)" 0! \n+1

1 1
= = — <1 n — 00
+1 n 1\n ) I’
(" ) e
and so n! = o(n™) for n — oco. To be more precise, one could actually prove the

so-called Stirling formula,

n n
n!w\/27rn< ) , n — 00,
e

a helpful approximation of the factorial of large natural numbers.

5.5 Numerical series

Consider a segment of length ¢ = 2 (Fig.5.2). The middle point splits it into
two parts of length ag = £/2 = 1. While keeping the left half fixed, we further
subdivide the right one in two parts of length a1 = ¢/4 = 1/2. Iterating the
process indefinitely one can think of the initial segment as the union of infinitely
many ‘left’ segments of lengths 1, ;, i, é, 116, ... Correspondingly, the total length
of the starting segment can be thought of as sum of the lengths of all sub-segments,

in other words
2—1+1+1+1 1+ (5.17)
N 2 4 8 16 '

On the right we have a sum of infinitely many terms. The notion of infinite sum
can be defined properly using sequences, and leads to numerical series.

1 1 1 1 1
2 4 8 16
| I I I Ll »
I 1 1 1 [ Ll
0 3 7 15
1 2 4 8 2

Figure 5.2. Successive splittings of the interval [0, 2]. The coordinates of the subdivision
points are indicated below the blue line, while the lengths of subintervals lie above it
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Given the sequence {ay } x>0, one constructs the so-called sequence of partial
sums {s,}n>0 in the following manner:

So =aop, s1=ap+ai, So =ag + a1 + ag,

and in general

n
Sp =00+ a1+ ... +a, = g ag, -
k=0

Note that s, = s,—1 + a,. Then it is only natural to study the limit behaviour of
such a sequence. Let us (formally) define

k=0 =0
oo
The symbol Zak is called (numerical) series, and ay is the general term of
k=0

the series.

n
Definition 5.21 Given the sequence {ax}r>0 and s, = Zak, consider the

k=0
limit lim s,.
n—oo
o0
i) If the limit exists and is finite, we say that the series Z aj converges.
k=0

The value s of the limit is called sum of the series and one writes
o0

s = Z ag .
k=0

(o]
i) If the limit exists and is infinite, we say that the series Z ar diverges.

k=0
)

iii) If the limit does not exist, we say that the series Z ay, is indetermin-

k=0
ate.

Examples 5.22

i) Let us go back to the interval split infinitely many times. The length of the

shortest segment obtained after k + 1 subdivisions is ax = 21k, k > 0. Thus, we
oo

1
consider the series Z ok Its partial sums read
k=0
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=1 —qy 2 S
S0 = 9 S1 = 2_27 S = 2 4_4?

1+l )
Sp = .
2 2n

Using the fact that a"™! — vt = (¢ — b)(a™ + a0+ ... + ab" " + b"), and
choosing @ = 1 and b = x arbitrary but different from one, we obtain the identity

1— n+1
lda+...+a”="_ " | (5.18)
1—=x
Therefore
1 11—k, 1 1
n=1 = 7 —9(1— =92
and so

1
lim s, = lim (2 )2.
n—o0o n—o00 on
The series converges and its sum is 2. This provides solid ground for having

written (5.17) earlier.

ii) Consider the series Z k. Recalling (3.2), we have
k=0
< n(n+1)
Sp = Z k= 9 .
k=0

Then
1
lim s, = lim n(n+1)

= +o00,
n—00 n—00 2

and the series diverges (to +00).

oo
iii) The partial sums of the series Z(—l)’€ satisfy

k=0
50:1, 51:17110
so=s81+1=1 s3 =8 —1=0
3211:1 S2n+1 =0.

The terms with even index are all equal to 1 while the odd ones are 0. Therefore

lim s, cannot exist and the series is indeterminate. a
n—oo

Sometimes the sequence {ay} is only defined for k > ko with kg > 0; Defini-
tion 5.21 then modifies in the obvious way. The following fact holds, whose rather
immediate proof is left to the reader.
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Property 5.23 The behaviour of a series does not change by adding, chan-
ging or removing a finite number of terms.

This property does not tell anything about the sum of a converging series, which
in general changes by manipulating the terms. For instance

=1 =1
szzzzk—1:2—1:1.

k=1 =0

Examples 5.24

— 1
i) The series Z (k— 1)k is called series of Mengoli. As
k=2

111
CT -k k-1 K
it follows that

I B
2T@T 9T T

—artan— (1 1 n 1\ 1 1
S3 =azt+az = 9 90 3]~ 3’
and in general

T S F
Sp =0a2 T A3 T ... T Qp = 9 97 3

Thus
. . 1
lim s, = lim (1— =1
n—o00 n—o00 n

and the series converges to 1.

> 1
ii) For the seri log [ 1 h
i) For the series ; og( + k‘) one has

1 k+1
ar = log <1+k) = log ;cr =log(k+1)—logk
S0

s1 = log2
s2 =log2+ (log3 —log2) =log3

sn =1log2+ (log3 —log2)+...4+(log(n+ 1) —logn) =log(n +1).
Then

lim s, = lim log(n+1) = 400
n— oo n— oo

and the series diverges (to +00). O
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The two instances just considered belong to the larger class of telescopic
series. These are defined by ar = bry1 — by for a suitable sequence {by}i>k,-
Since s, = bp+1 — bi,, the behaviour of a telescopic series is the same as that of
the sequence {by}.

We shall now present a simple yet useful necessary condition for a numerical
series to converge.

o0
Property 5.25 Let Zak be a converging series. Then
k=0

lim ar, =0. (5.19)
k—o0

Proof. Let s = lim s,. Since a = s — Sx_1, then

n—oo
lim ar = lim (s — skp_1) =s—s=
k— o0 k— o0
i.e., {ar} is infinitesimal. O

Observe that condition (5.19) is not sufficient to guarantee that the series
converge. The general term of a series may tend to 0 without the series having to

o0

1
converge. For example we saw that the series Z log <1 + k) diverges, but at the
k=1

1
same time lim log <1 + ) = 0 (Example 5.24 ii)).
k— o0 k

If a series converges to s, the quantity

oo
Th =8 — 8, = g ag .

k=n-+1

is called nth remainder.

oo
Property 5.26 Tuoke a converging series Z ak- Then the remainder satisfies

k=0
lim r, =0.
n— o0
Proof. Indeed,
lim r, = lim (s —s,) =s—s=0. O

n— oo n— oo
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Example 5.27

Consider the geometric series
oo
k
E q,
k=0

where ¢ is a fixed number in R.
Ifg=1thens, =ay+a1+...4a,=1+1+...+1=n+1and lim s, = +oo,

n—roo

whence the series diverges to +oo.

If ¢ # 1 instead, (5.18) implies

2 1- qn+1
Sn=14+q+q¢ +...+¢" =
1—g¢
Example 5.18 gives
1
if [q <1,
' _ 11— gnt? 1—gq

does not exist if ¢ < —1.
In conclusion,

1
converges to . if |g| <1,

oo
k
Zq diverges to +oo ifg>1,

k=0
is indeterminate if g <-—1. .
oo
That said, it is not always possible to predict the behaviour of a series Z ak
k=0

using merely the definition. It may well happen that the sequence of partial sums
cannot be computed explicitly, so it becomes important to have other ways to es-
tablish whether the series converges or not. Only in case of convergence, it could be
necessary to determine the actual sum. This may require using more sophisticated
techniques, which go beyond the scopes of this text.

5.5.1 Positive-term series

We deal with series Zak for which a; > 0 for any k € N. The following result

k=0
holds.
o0
Proposition 5.28 A series Zak with positive terms either converges or
k=0
diverges to +o0.
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Proof. The sequence s,, is monotonically increasing since
Sp4+1 = Sn + Gn > Sn vn > 0.

It is then sufficient to use Theorem 3.9 to conclude that lim s, exists,
n— o0

and is either finite or +o0. O

We list now a few tools for studying the convergence of positive-term series.

Theorem 5.29 (Comparison test) Let Zak and Zbk be positive-term

k=0 k=0
series such that 0 < ayp, < by, for any k > 0.

oo
i) If the series Zbk converges, then also the series Zak converges and

k=0 k=0
o0
:OO

i) I Z diverges, then Zbk diverges as well.
k=0

TTMS

oo oo
Proof. i) Denote by {s,} and {¢,} the sequences of partial sums of Z g, Z by,

k=0 k=0
respectively. Since a, < by for all k,

Sn <tn, Yn > 0.

[e.9]

By assumption, the series E by, converges, so lim t, =t € R. Propos-
n—oo

k=0
ition 5.28 implies the limit lim s, = s exists, finite or infinite. By the
n—oo

First comparison theorem (Theorem 4, p. 137) we have

s= lim s, < hm t,=teR.

n— oo
o0
Therefore s € R, and the series Z ap converges. Furthermore s < t.
k=0
oo
11) If the series Z by converged, part i) of this proof would force Zak
k=0 k=0

to converge, too. O
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Examples 5.30
— 1

i) Consider Z 2 Since
k=1

1 1

Vi > 2
K2 S (k= 1k =4

converges (Example 5.24 1)), we conclude

1)k
that our series converges and its sum is smaller or equal than 2. One could prove
that the precise value of the sum is 72/6.

— 1
and the series of Mengoli ; (k-

— 1

ii) The series Z i is known as harmonic series. In Chap. 6 (Exercise 12) we
k=1

shall prove the inequality log(1l + z) < z, for all © > —1, whereby

log(l—i—i)ﬁi, VE > 1.

oo
1
Since the series Zlog (1 + k) diverges (Example 5.24 ii)), then also the har-
k=1

monic series must diverge. a

Here is a useful criterion that generalizes the Comparison test.

oo oo
Theorem 5.31 (Asymptotic comparison test) Let Zak and Zbk be

k=0 k=0
positive-term series and suppose the sequences {ai}tr>0 and {by}r>0 have the
same order of magnitude for k — oco. Then the series have the same behaviour.

Proof. Having the same order of magnitude for £ — oo is equivalent to

lim ¥ =¢eR \ {0}.

k—o0 b/,,,

. ar, by,
Therefore the sequences and are both convergent,
k) k>0 Ak ) >0

hence both bounded (Theorem 2, p. 137). So, there must exist constants
M, Ms > 0 such that

b k
a

A

< M, and < M,

D

for any k > 0, i.e.,
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|ak| < M;|by| and |br| < Mas|ag| .

Now it suffices to use Theorem 5.29 to finish the proof.

Examples 5.32

> > k+3 1
i) Consider Zak = Z 2k2++ 5 and let b, = R Then
k=0 k=0
. ag
lim =

k—oo by 2
and the given series behaves as the harmonic series, hence diverges.

K2k
k=1 k=1
oo
the same behaviour of g 27 50 it converges.
k=1

149

- — .1 11
ii) Take the series Z ay = Z sin p2 Assin , ~ , for k — oo, the series has

d

Eventually, here are two more results — of algebraic flavour and often easy to
employ — which provide sufficient conditions for a series to converge or diverge.

o k=0
limit a
. k+1
lim "t =y
k—oo Qg

exists, finite or infinite. If £ < 1 the series converges; if £ > 1 it diverges.

o0
Theorem 5.33 (Ratio test) Let Zak have ai, > 0, Vk > 0. Assume the

Proof. First take ¢ finite. By definition of limit we know that for any £ > 0, there

is an integer k. > 0 such that for all £ > k. one has

Aft1 . k41
H_t<e de, l—e< TP <iye.
ag ag
Assume ¢ < 1. Choose € = '155 and set ¢ = “2%, SO

Ak+1
Ak

0< <l+e=gq, Vk > k. .

Repeating the argument we obtain

—k

ap+1 < qag < Cap_1<...<q" Qg 41

hence
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Ak.4+1 L
g1 < ]f @, Vk>k..
q"e
The claim follows by Theorem 5.29 and from the fact that the geometric
series, with ¢ < 1, converges (Example 5.27).
Now consider ¢ > 1. Choose € = £ — 1, and notice
Qp41
1=l—ec< ™' VEk>k.
Qg
Thus ap41 > ar > ... > ap.41 > 0, so the necessary condition for conver-
gence fails, for lim ag # 0.
. k‘}% . o, . - . .
Eventually, if £ = +o00, we put A = 1 in the condition of limit, and there
exists ko > 0 with ar > 1, for any £ > k4. Once again the necessary

condition to have convergence does not hold. O
o0
Theorem 5.34 (Root test) Given a series Z ay, with non-negative terms,
k=0
suppose

lim ar =4
k—o00

exists, finite or infinite. If £ < 1 the series converges, if £ > 1 it diverges.

Proof. Since this proof is essentially identical to the previous one, we leave it to
the reader. O

Examples 5.35

: — k k k+1
i) For ;; ak Ve have a, = 3k and ax4+1 = gkt therefore

1k+1 1
lim Ght1 _ lim + =

k—oo  ag k—oo 3 k 3 <1l

The given series converges by the Ratio test 5.33.

— 1
ii) The series Z ok has
k=1

1
1 k —_ ] —
klgn \/ak—khm k—0<1.

The Root test 5.34 ensures that the series converges. m|
We remark that the Ratio and Root tests do not allow to conclude anything

if £ = 1. For example, ,; i diverges and ,; g2 COmVerges, yet they both satisfy
Theorems 5.33 and 5.34 with ¢ = 1.



5.5 Numerical series 151
5.5.2 Alternating series

These are series of the form

> (=1 with b >0, Vk>0.
k=0

For them the following result due to Leibniz holds.

Theorem 5.36 (Leibniz’s alternating series test) An alternating series
o0

Z(—l)kbk converges if the following conditions hold
k=0

Z) lim bk =0 Pt
k—o0
it) the sequence {by}r>0 decreases monotonically .

Denoting by s its sum, for allm > 0

[rn| = |8 — sn| < bnta and Sop41 < 8 < Sop .

Proof. As {bi}r>0 is a decreasing sequence, one has
Son = S22 — bap_1 + by, = 52,2 — (b2n71 - an) < Sop—2
and
S2n4+1 = S2n—1 + bZn - b2n+1 Z Son—1 -

Thus the subsequence of partial sums made by the terms with even index
decreases, whereas the subsequence of terms with odd index increases. For
any n > 0, moreover,

Son = Son—1 t an > Som-12...281

and
S2n41 = San — bopy1 < s2, <o <osg.

Thus {s2,}n>0 is bounded from below and {s2;,+1}n>0 from above. By
Theorem 3.9 both sequences converge, so let us put

lim s9,, = Inf sy, = s* and lim s9,41 = SUp S2p4+1 = S« .
n— oo n>0 n—ro00 n>0

However, the two limits coincide, since

. . .
s — s, = lim (S92, — Sop+1) = lim boyy1 =0;
* ot ( n n-+ ) o n+ )
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o0
we conclude that the series (—1)*by has sum s = s* = s,. In addition,
k=0

Sont1 <8 < Sap, Vn >0,

in other words the sequence {say},>0 approximates s from above, while
{S2n+1}n>0 approximates s from below.
For any n > 0 we have

0 S S — Soan+1 S Son4+2 — S2n+1 = b2n,+2

and
0 g Son — S g Son — S2n41 = b2n,+17

ie, |rn| =1|s — sn| < bpy. O

Example 5.37

(o)
1
Consider the alternating harmonic series Z(—l)k x Given that
k=1
: o1
lim by = lim . =0
k— o0 k—oo k
1
and the sequence { k} is strictly monotone decreasing, the series converges.
E>1
O

In order to study series with arbitrary signs it is useful to introduce the notion
of absolute convergence.

oo
Definition 5.38 The series Zak converges absolutely if the positive-
k=0
o0
term series Z lak| converges.
k=0
Example 5.39
[ee] 1 oo
The series Z(—l)’C 12 converges absolutely because Z 12 converges. a
k=0 k=0

The next fact ensures that absolute convergence implies convergence.
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oo
Theorem 5.40 (Absolute convergence test) If Z ap converges abso-
k=0
lutely then it also converges and
oo oo
> x| < lal.
= k=0
Proof. Let us introduce the sequences
I ap ifar>0 B 0 ifap, >0
a; = » and a = »
0 ifar<O —ay ifap <O0.
Notice (1,?, a, >0 for any k > 0, and
ap = af —ay , lax| = aif +a;, .

Since 0 < a,f,u,; < |agl|, for any k > 0, the Comparison test (The-

oo

oo
orem 5.29) says that the series E (L,j and E a, converge. Observing

k=0 k=0
that
_ _ + _ -
ar = (1 a, k = ajy ay ,
k=0 k=0 k=0 k=0
for any n > 0, we deduce that also the series E ap = E a,f - ay
k=0 k=0 k=0
converges.
Finally, passing to the limit n — oo the relation
n n
E ag S E |ak:‘
k=0 k=0
yields the desired inequality. O

Remark 5.41 There are series that converge, but not absolutely. The alternating
o0

kl

harmonic series g (— is one such example, for it has a finite sum, but does not

k=1
)

converge absolutely, since the harmonic series Z i diverges. In such a situation

k=1
one speaks about conditional convergence. O

The previous criterion allows to study alternating series by their absolute con-
vergence. As the series of absolute values has positive terms, the criteria seen in
Sect. 5.5.1 apply.
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5.6 Exercises

1. Compare the infinitesimals:

1
‘a)‘ r—1, i’/x—l, (Vr—1)* forz —1

1
b) P I x2e®, 22377 for x — +o0
x

. Compare the infinite maps:

4

‘a)‘ zt, {’/3311 — 222, when z — 400

x
log(1 + )
2

b) ‘ , zlogz, 2°3%, 3%logz when x — +00
log x

Verify that f(z) = v +3 — /3 and g(x) = \/x +5 — /5 are infinitesimals
of the same order for x — 0 and determine ¢ € R such that f(x) ~ lg(x) for
z — 0.

Verify that f(z) = /a3 — 222 + 1 and g(x) = 2x + 1 are infinite of the same
order for x — —oo and determine ¢ € R with f(z) ~ £g(z) when v — —o0.

Determine the order and the principal part with respect to ¢(x) = i, for
T — 400, of the infinitesimal functions:

BICE b) f(:c):\/x !

P c+3

. .2

‘c) ‘ f(x) =sin (\/12 +1 fx> ‘d) ‘ f(z) =log <9+sm > —2log3
x
Determine the order and the principal part with respect to ¢(x) = x, for
T — 400, of the infinite functions:
1

a) | fle) =2 — Va2 + a4 b) f(x)

:\/12+27\/12+1

Find the order and the principal part with respect to ¢(z) = x, for x — 0, of
the infinitesimal functions:

‘a)‘f(x):(\/1+3x71)sin2x2 b) f(x) = Jcosx —1
¢) f(z) = \41:2%3 —1 BIFOES iQ -

e) f(z)=1logcosx ‘f) ‘ f(z) = €% — eVt
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11.

12.
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Find the order and the principal part with respect to p(x) = x—1xg, for x — xq,

of the infinitesimals:

‘a)‘f(x):logxflogii,
‘c)‘f(x):eﬁfe, x9=1
‘e)‘f(x):lJrcosx, To=T

Compute the limits:

1 (V14322
lim ) -1
0 T Ccos T

. log(3— vz +1)
lim
r—3 33—z

R

©

170:3

b) f(z) =V —V2, 20=2
d) f(z) =sinz, Tog=T
f) f(x) =sin(mcosx), To=T

(Vr —v2)?

b) lim
r—2 xXr — 2
Vz+2 _ V3
d) lim © ©

z—1 (x - 1)2

Determine domain and asymptotes of the following functions:

241
hﬂﬂ@:¢?t1
o =" @2

20 + 3
o) flz)= <1+ i)m

Study the behaviour of the sequences:

a) a, =n—+n

o=t
+4n
‘e) ‘ 0 — (2n)!

Compute the following limits:

. n?+1
a) lim

b) f(z) =z + 2arctanz
d) f(z) = zet/1=* 1l

) f(x) = log(x +¢7)

L n?+1
b) a, = (-1) Jn? 42
d) a, = (2:!)!
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13.

14.

15.

16.
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cosn

9 Jm ", D Jim (14 1")
. . (n+3)—n!
3
‘e) nh_)ngc \/?m +2 ‘f) nh_)ngc n2(n +1)!
. 3 1 . n? +sinn

Study the convergence of the following positive-term series:
3 — 2F
LD DT ‘b)‘zk5—3

k=0 k=2
— 3* — k!

DIy DY
k=0 k=1
- T - 5

‘ e) ‘ Zkarcsm 2 f) Zlog (1 + k‘2>
k=1 k=1

Study the convergence of the following alternating series:

00 1 © k3 +3
~1)*1 1 b ~1 k\/
0 S(-1tiog () +1) ) S
k=1 k=0
[e%s} 1 e’} 1 V2
. k
c)Zsm(k‘ﬂ—i—k) ‘d)‘Z(—l) ((1+k2> —1)
k=1 k=1
Study the convergence of:
> 1 = sink
Y (1o ) n Y
k=1 k=1
¢) i 1 (k> ) i(—nk (v2-1)
k3 \2
k=1 k=0
Verify that the following series converge and determine their sum:
> ok—1 © 3k
k
@) Y (DM, DID3F
k=1 k=0
— 2k+1 - 1
d
C);kQ(kJrl)? ) §(2k+1)(2k+3)
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5.6.1 Solutions
1. Comparing infinitesimals:
a) Since
z—1 T
i = lim ¢ — 1) = — lim 2 _1)2/3 =
lim lim \/1 7I(3: 1) lim Jr(x—1) 0
-1 2 -1 2 -1
Vo= g, @) =lim —0,
z—>1 x—1 a=1 (x — 1) (Ve +1)2  2—1 (Vo +1)2

we have, for z — 1,

x—1=o<§/i_1>, (Vi1 = o(e 1)

Thus we can order the three infinitesimals by increasing order from left to
right:

\3/1—1, r—1, (Vo—1)>2.

The same result can be attained observing that for z — 1

X X

\/$—1:\/1+(x—1)—1~;(x—1),

so (Vo —1)% ~ J(z—1)%

and

b) Putting in increasing order we have: | z?e™ o7, %377,
x

2. Comparison of infinite maps:
a) As

i 24 i 24 i 21/3 N
1m . = m . = m = oo
eotoo /il — 222 w—too pl1/3 {1 — 29 x—oo /1 — 2279 ’

it follows ¢/z1! — 222 = o(z*) for  — +o0, so ¥/l — 222 is infinite of smaller
order than z*. .

log(zlv + 1) = o(z). Moreover

It is immediate to see that
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Vall — 222 log(1+2) log(1 + 2)v/1 — 229

xkr}rloo x4 xglfoo zl/3
log(1
im 108 o

zo4o00  xl/3

4

that is, V2!l — 222 =0 . Therefore the order increases from left
log(1 + x)
to right in
4
{q’/xll — 222 x 4
" o log(l+x)’
2
b) Following the increasing order we have zlog x, 1:16 , 3%logx, 2%3%.
ogx

3. Since
- Ve+3-+3 - (+3-3)(Vz+5+V5)
220\ +5—/5 120 (x+5—5)(vVa + 3+ /3)

Vz 4545 \/5
3

= lim =
@=0 \/z + 3+ /3
we conclude that f(x) ~ \/g g(x) as x — 0.

4. The result is f(z) ~ } g(z) for x — —oo0.

5. Order of infinitesimal and principal part:

a) We have
202 5 92 —-9/5
im O g e VT e e
r— 400 l/xa r—+00 174 r— 400 x2 r—+00

This limit is finite and equals 2 if & = 2. Therefore the order of f(x) is 2 and
its principal part p(z) = fz.
Alternatively one could remark that for z — +o00, &/z = o(z?), so 222 + J/x ~

222 and then f(z) ~ 2;12 = 2.

b) This is an infinitesimal of first order with principal part p(z) = — .

¢) Note first of all that

2 1— 2
lim (\/332—1—:13): lim T * =0,
T—+00 T—+00 \/SC2 — 14z
hence the function f(z) is infinitesimal for  — +o00. In addition
sin 21—
(V2 %) _ iy
z—+00 \/SC2 —1—z y—0 vy

siny 1
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Then
. 21
lim 2%sin (\/332 1 x) — lm 2® (\/332 1 33) sin (\/gc x)
T—+00 z——+00 \/I2 11—y
T— 00

One can otherwise observe that sin g(z) ~ g(x) for  — ¢ if the function g(z)
is infinitesimal for x — xg. For x — +o00 then,

sin<\/x2717x> ~ \/IZ*I*JJ
and Proposition 5.5 yields directly

lim xasin(\/ﬂflfx): lim :1:“<\/x2717x).

xr——+00 xr— 400
Computing the right-hand-side limit yields

«@ a—1

x x

lim O‘( 2-1- ): lim = lim =
w—lH-oox \/I v $—l>+<x> \/I2*1+17 w—l)-‘roo \/1+ 12 +1 2

1

if a = 1. Therefore the order is 1 and the principal part reads p(z) = 5.

d) Consider
.2 1. 2
log <9+sm )210g3log9(1+ sin > —log9
T 9 T

1 2
= log (1 + _sin ) .
9 z
2

For z — +o0o we have § sin 2 ~ 2 (see the previous exercise) and log(1+y) ~ y
for y — 0. So

1 2 2z% 2
. a o ol .2 _
zgrf zf(x) = zgrf % g sin = wll)lf 9z — 9

if o = 1. Thus the order of f is 1 and its principal part p(z) = 2

9z *
6. Order of infinite and principal part:
a) A computation shows
2 (1 _ \/ 1 )
T +1
x 2
lim f(@) = lim ! ! =— lim 227 % =-1
z—+o0 ¥ T—~400 T T— 400

when a = 2. Then f has order 2 and principal part p(z) = —x2.
b) The order of f is 1 and the principal part is p(z) = 2z.
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7. Order of infinitesimal and principal part:

a) First, v/1+3z —1 ~ gx for x — 0, in fact

V143 -1 2 143zx-1 . 2
lim 3 = lim = lim =1
0 S e=03x(y/1+3x+1) 2-0/1+3x+1

But sin 222 ~ 222 for  — 0, so

3

2:17'2:172, ie., f(zx)~32%, z—0.

fla) ~
Therefore the order of f is 3 and the principal part is p(z) = 3z3.

b) The order of f is 2 and the principal part is p(z) = — éxQ.

¢) The function f has order 3 and principal part p(z) = —§x3 .

d) Using the relation e* = 1+ x + o(x) for £ — 0 we have

. f(2) et —1—22 et —1—22
lim = lim = lim
z—0 % z—0 3;'“(1 + 3;'2) z—0 xo

r—1
= lim <e —x2_“> =1
z—0 T

for a = 1. The order of f is 1 and the principal part is p(x) = x.

2

e) The function f has order 2 with principal part p(z) = —, 2°.

f) Recalling that

1
2

1
cosx:172:1:2+0(:1:2) x—0,

1
\/x3+1:(1+x3)1/2:1+2x3+0(x3) x—0,
el =1+t+o(t) t—0,
we have
flz) = el—;wz—&-o(wz) _ el+;w3+0(x3) —e (e—;wz—&-o(wz) _ eéws—i-o(xs))
L, 2 L 3 3
=e 1—23: +0($)—1—2m + o(z”)
L o 2 € 2 2
=el| -, + o(z*) ==, +o(z?), z=—0.

This means f is infinitesimal of order 2 and has principal part p(z) = —

8. Order of infinitesimal and principal part:

a) Set t = x — 3 so that ¢ — 0 when  — 3. Then
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t t
logz —log3 =log(3+t) —log3 =1log3 <1 + 3) —log 3 = log <1 + 3) .

Since log (1 + g) ~ :t,) for t — 0, it follows

1
f(z) =logz —log3 ~ 3(x73), x — 3,

1

hence f is infinitesimal of order 1 and has principal part p(x) = ;(z — 3).

b) The order of f is 1 and the principal part is p(z) = ‘{12 (x —2).
¢) Remembering that e — 1 ~t ast — 0,

flz) = e(eg”Q_1 —1) ~e(z? —1)
=elz+1)(x—1)~2e(x—1) for z—1.

Thus f is infinitesimal of order 1 and has principal part p(z) = 2e(x — 1).

d) The order of f is 1 and the principal part p(z) = —(z — 7).
e) By setting t = x — 7 it follows that

1+cosx=1+cos(t+7)=1-—cost.
But t — 0 for z — , sol—costw%t2 and

1
f(x) =1+cosx ~ Z(x—ﬂ)Q, x— .

2

Therefore f ha order 2 and principal part p(z) = (z — 7)2.

f) The order of f is 2 and the principal part reads p(z) = 7 (z — m)2.
9. Limits:
a) We remind that when x — 0,
3 9 2 L 5 2
\/1+3:1:2:1+2x + o(z?) and cosx:172:17 + o(z*),
so we have
V14322 —cosx . 1+ 52? =1+ Ja*+o(a?)

lim = lim
0 22 cosx z—0 T

x—0 :)3‘2
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¢) Let y =3 — x, so that

log(3 — vz + 1) — lim log(3 — 4 —1y)

L= lim
T3~ 33—z y—0+ Y
log(3 —24/1—1y/4
C iy 08B =2V1-y/4)
y—0+F Y

But since \/1 —y/d=1- éer o(y), y — 0, we have

. log(3—=2+Y +o(y)) . log(1+ 4 +o(y)
L = lim = lim
y—0+ Y y—0t Yy
Y
lim * +oy) = 1 .
y—0+ Y 4

d) Albeit the limit does not exist, the right limit is 400 and the left one —oo

10. Domain and asymptotes:

a) The function is defined for 22 — 1 > 0, that is to say z < —1 and x > 1; thus

dom f = (—o0,—1) U (1,+00). It is even, so its behaviour on = < 0 can be
deduced from x > 0. We have

1 2
lim f(z) = lim ) = lim =400
Tz—+oo Tz—+oo | |\/1 1 T—+oo |:L‘|
2
lm f(r)= 7 =+ lim f(r) = 2 =+
im = +o00, im =+00.
T——1— 0+ z—1t 0t
The line x = —1 is a vertical left asymptote and x = 1 is a vertical right

asymptote; there are no horizontal asymptotes. Let us search for an oblique
asymptote for z — +o0:

332 1+ 12
lim @) = lim ( ® ) =1
x——+oco I xr— 400 SCZ 1 . 3612

2 +1-— x\/asQ -1
li —z)= li
(22 +1)% — 2t + 2?2
im
v=too o2 — 1(22 + 1+ xva? — 1)

2
lim 31’ +]. i 3x :0,

= lim 9 3
T —-+00 3\/1_ (1+ +\/1_ 2) x~>+oo X

showing that the line y = x is a oblique right asymptote.
For x — —oo we proceed in a similar way to obtain that the line y = —x is an
oblique left asymptote.
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b) dom f = R; y = x + 7 is an oblique right asymptote, ¥y = 2 — 7 an oblique left
asymptote.

¢) The function is defined for # # — 3, hence dom f = R\ {—3}. Moreover

2 - 1)(2 - 202 —x —2
lm fz)= m © @FVC-@) o —e—2
T——00 T——00 20+ 3 T——00 2¢+ 3
2 - 1)(z—2 2 1
m f@)= lm © C@FD@=2) w2
r—+o00 x—+00 2¢ + 3 z—+o00 20 + 3 2
2 — 1)(2— 4
lim f(z) = lim =@+ )22 =, =o0;
oy 3% o 3E 2+ 3 0
making the line y = é a horizontal right asymptote and =z = fg’ a vertical

asymptote. Computing

2 _
im @ g 2 T2y
r—r—00 xX r—r—00 $(2.’E + 3)
. . —4x — 2 -

tells that y =  — 2 is an oblique left asymptote.

d) dom f = R\{%1}; z = %1 are vertical asymptotes; the line y = x is a complete
oblique asymptote.

e) dom f = (—o0,—1)U(0, +00); horizontal asymptote y = e, vertical left asymp-
tote z = —1.

f) the function f is defined for x + e®* > 0. To solve this inequality, note that
g(x) = x +e” is a strictly increasing function on R (as sum of two such maps)
satisfying g(—1) = =1+ ! <0 and g(0) = 1 > 0. The Theorem of existence of
zeroes 4.23 implies that there is a unique point zg € (—1,0) with g(zp) = 0.
Thus g(x) > 0 for z > ¢ and dom f = (x¢, +00). Moreover

li = log li Ty = — d li =
Jm, f(x) Ogmffg@%) oo an Jm  f(z) = +oo,

so x = x( is a vertical right asymptote and there are no horizontal ones for
x — +o00. For oblique asymptotes consider

lim @) _ lim loge”(1+ze™) _ lim x 4 log(1 4 ze™")
roteo X r—+oo z x—+00 x
log(1 -z
g g e e
T—r+00 €T

lim (f(z)—z) = xkr—ir-loo log(l1+2e™%)=0

r—+00

because lim xze™® =0 (recalling (5.6) a)). Thus the line y =  is an oblique

r—r+0o0

right asymptote.
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11. Sequences behaviour:
a) Diverges to +00; b) indeterminate.

¢) The geometric sequence (Example 5.18 1)) suggests to consider
(- 1)

A = B ey T

hence the given sequence converges to —1.
d) Diverges to +oco.
e) Let us write

S 2n(2n—1)---(n+2)(n+1) 2n 2n—1 n+2 n+1l

= .. > 1.
(i nn—1)---2-1 n n-1 2 ot

As lim (n + 1) = 400, the Second comparison theorem (with infinite limits)
n—o0
forces the sequence to diverge to 4oco.
f) Converges to 1.

Since

n?—n+1
n2+n+2)"°

an = exp <\/’ﬂ2 + 2 log

we consider the sequence

2 1 2n+1
bn:\/n2+210gn nt :\/n2+210g(1 nt )

n2+n+2 Cn24n+2
Note that
2n+1
im =
n—ocon2 +n + 2
implies
2n+1 2n+1
log (1— ~— , n— oo.
n?4+n-+2 n?4+n-+2
Then )
24+2(2 1 2
lim b, = — lim VAR +20Qntl) ot
n—00 n—00 n2+n+2 n—oo M2

and the sequence {a, } converges to e2.

h) Call z = 27"n, so that x — 0" for n — co. Then

. . sin x
lim a, = lim = =7
n—o00 r—0+ €T

and {a,} converges to .



i)

12.

a)
b)

5.6 Exercises
Because
n+1lm T T T
cos = cosS ( + ) = —sin R
n 2 2 2n 2n
putting x = J° has the effect that
. . LT mTsinx T
lim a, = — lim nsin = — lim =—
n—00 n—00 2n z—=0+ 2 T 2

thus {a,} converges to —

1
9°

T
-
Converges to —
Limits:

0.

Since 711 — 0 for n — o0,

SO

1 1
lim n \/1—1— —\/1—2 = lim n 3+0 :3.
n—o0 n n n—»00 2n n 2

0; d) does not exist.

Let us write
1
/303 +2 = exp ( log(3n® + 2))
n

and observe
1 3
log(3n° +2) =
n n n n n

IIl addltl( n

Thus 1
lim  log(3n®+2) =0

n—oo M
and the required limit is e® =

From

n+3)!=n!  nl((n+3)(n+2)(n+1)-1) (n+3)(n+2)(n+1)—

n2n+1) n?(n + 1)n! n?(n+1)
it follows that

lim (n+3)!fn!: lim (n+3)(n+2)(n+1)71:

1.
n—oo n2(n+ 1)! n—o00 n?(n+1)

165

log (30 (14 2)) _ 1o 3logn _ log (1+ ,2)

1



166 5 Local comparison of functions. Numerical sequences and series

g) As
i o to()
1+ =1+ +o0 , n— oo,
n 3n n
we have
. 3 1 . 1 1 1
lim n \/1—1— —1] = lim n +o0 =
n—o00 n n— oo 3n n 3
h) 1

13. Convergence of positive-term series:

a) Converges.

b) The general term aj tends to +oo for k — oo. By Property 5.25 the series
diverges. Alternatively, the Root test 5.34 can be used.

¢) By the Ratio test 5.33 one obtains
Ak+4+1 . 3k+1 k!

I = ~
Koo ap | koo (k+1)!13k°

writing (k 4+ 1)! = (k + 1)k! and simplifying we see that

. Qg+l .
lim “t' = lim =
k—oo  ag k—oo k +1
and the series converges.

d) Again with the help of the Ratio test 5.33, we have

k
ok (D! R O\ 1
) ap S (k+ 1)1 k1 Jm kt1) e !

and the series converges.
e) Notice

ap ~ k for k— 0.

K2k
By the Asymptotic behaviour test 5.31, and remembering that the harmonic
series does not converge, we conclude that the given series must diverge too.

f) Converges.

14. Convergence of alternating series:

a) Converges; b) does not converge.



c)

15.

16.

a)
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Since

1 1 1
sin (k‘ﬂ' + k) = cos(km) sin p = (—=1)*sin i

the given series has alternating sign, with by = sin i As

lim b, =0 and bk+1 < bk,
k— o0

Leibniz’s test 5.36 guarantees convergence. The series does not converge abso-
lutely since sin }c ~ }c for k — o0, so the series of absolute values behaves as
the (diverging) harmonic series.

By using one of the equivalences of p. 127 one sees that

‘(_1)k ((1+]€12>\/2_1> V2

~ g2 k— o0.
Example 5.30 1) suggests to apply the Asymptotic comparison test 5.31 to the
series of absolute values. We conclude that the given series converges abso-
lutely.

Study of convergence:

Converges.

Observe first that

1
SkQ’ for all k > 0;

sin k

k2

o0
1
the series Z 12 converges and the Comparison test 5.29 tells that the series
k=1
of absolute values converges. Thus the given series converges absolutely.
Diverges.

This is an alternating series where b, = /2 — 1. The first term by = 0 apart,
the sequence {by}r>1 decreases because Y2 > *5/2 for all k > 1. Thus Leib-
niz’s test 5.36 allows us to conclude that the series converges. Notice that
convergence is not absolute, as

og2 log 2
V2-1=e%" 1~ Olf .k — oo,
confirming that the series of absolute values is like the harmonic series, which

diverges.

Computing the sum of a converging series:

1

7
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b) Apart from a constant, this is essentially a geometric series; by Example 5.27
then,

=03 1& 3\ 1/ 1 3
Do g 2Z<16> T2 <1— 3 1) " 26
k=1 k=1 16

(note that the first index in the sum is 1).

¢) The series is telescopic since

2%k+1 1 1
Rh+1)2 k2 (k+1)2
SO

This implies s = lim s, = 1.
n—oo
d) L.

2



6

Differential calculus

The precise definition of the notion of derivative, studying a function’s differenti-
ability and computing its successive derivatives, the use of derivatives to analyse
the local and global behaviours of functions are all constituents of Differential
Calculus.

6.1 The derivative

We start by defining the derivative of a function.

Let f: dom f C R — R be a real function of one real variable, take xy € dom f
and suppose f is defined in a neighbourhood I,.(x¢) of zo. With « € I,.(zg),  # xo
fixed, denote by

Ax =2 — 29

the (positive or negative) increment of the independent variable between
zo and z, and by

Af = f(x) = f(xo)
the corresponding increment of the dependent variable. Note that z = zg +
Ax, f(z) = f(xo) + Af.
The ratio

Af _ f(x) = f(xo) _ f(xo + Az) — f(x0)

Az T — T Ax

is called difference quotient of f between xy and x.

In this manner Af represents the absolute increment of the dependent variable
f when passing from zy to xg + Ax, whereas the difference quotient detects the
rate of increment (while Af/ f is the relative increment). Multiplying the difference
quotient by 100 we obtain the so-called percentage increment. Suppose a rise by
Az = 0.2 of the variable = prompts an increment Af = 0.06 of f; the difference

quotient 23; equals 0.3 = 13000, corresponding to a 30% increase.

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_6,
© Springer International Publishing Switzerland 2015
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A

f(zo + Az);

f(zo) |

Figure 6.1. Secant and tangent lines to the graph of f at P

Graphically, the difference quotient between zy and a point x; around xg is the
slope of the straight line s passing through Py = (xo, f(:z:o)) and P, = (11, f(xl)),
points that belong to the graph of the function; this line is called secant of the
graph of f at Py and P, (Fig.6.1). Putting Az = 21 — 29 and Af = f(z1) — f(z0),
the equation of the secant line reads

y=sa) = fwo)+ o) @-w),  weR (6.1)

A typical application of the difference quotient comes from physics. Let M be
a point-particle moving along a straight line; call s = s(t) the a-coordinate of the
position of M at time ¢, with respect to a reference point O. Between the instants
to and t; = tg + At, the particle changes position by As = s(t1) — s(tp). The
difference quotient ﬁi represents the average velocity of the particle in the given
interval of time.

How does the difference quotient change, as Az approaches 07 This is answered
by the following notion.

Definition 6.1 A map f defined on a meighbourhood of x¢o € R is called

differentiable at x( if the limit of the difference quotient between g
x

and x exists and is finite, as x approaches xg. The real number

/ o f@) = f(xo) . flwo+ Az) — f(wo)
F(@o) = mlggo T — o B Alégo Ax

is called (first) derivative of f at zg.
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The derivative at zq is variously denoted, for instance also by

y' (o), (zo),  Df(xo).

dx
The first symbol goes back to Newton, the second is associated to Leibniz.

From the geometric point of view f’(z¢) is the slope of the tangent line at
Py = (:co, f (aco)) to the graph of f: such line t is obtained as the limiting position
of the secant s at Py and P = (z, f(z)), when P approaches Py. From (6.1) and
the previous definition we have

y =t(x) = f(z0) + f'(z0)(x — o), z € R.

As
In the physical example given above, the derivative v(ty) = s'(tg) = Al;lrmo At
=
is the instantaneous velocity of the particle M at time tg.

Let
dom f' = {x € dom f : f is differentiable at x}

and define the function f':dom f' CR — R, f':z+— f/'(x) mapping x € dom f’
to the value of the derivative of f at x. This map is called (first) derivative of f.

Definition 6.2 Let I be a subset of dom f. We say that f is differentiable
on I (orin I) if f is differentiable at each point of I.

A first yet significant property of differentiable maps is the following.

Proposition 6.3 If f is differentiable at xq, it is also continuous at xg.

Proof. Continuity at xg prescribes

lim f(z) = f(=zo), that is lim (f(z) — f(.’l,'(])) =0.

T—x0 r—x0
If f is differentiable at xq, then

f(z) = f(xo)

lim (f(x)— f(z0)) = lim (x — z0)
T—x0 T—T0 Tr — X
= lim f(@) = flwo) lim (z — xo)
T—To T — X T—To

f(x0)-0=0. O
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Not all continuous maps at a point are differentiable though. Consider the map
f(z) = |x|: it is continuous at the origin, yet the difference quotient between the
origin and a point = # 0 is

Aff<x>f<o>|x|{+1 if 2 >0,

N -1 ifz <0,

= 2
Ax z—0 T (6.2)

so the limit for x — 0 does not exist. Otherwise said, f is not differentiable at
the origin. This particular example shows that the implication of Proposition 6.3
can not be reversed: differentiability is thus a stronger property than continuity,
an aspect to which Sect. 6.3 is entirely devoted.

6.2 Derivatives of the elementary functions. Rules of
differentiation

We begin by tackling the issue of differentiability for elementary functions using
Definition 6.1.
i) Consider the affine map f(x) = ax + b, and let 29 € R be arbitrary. Then

, o (a(zo + Az) +b) — (azo + b) B B
flwo) = A, Aa T AT

in agreement with the fact that the graph of f is a straight line of slope a. The
derivative of f(x) = ax + b is then the constant map f'(z) = a.
In particular if f is constant (a = 0), its derivative is identically zero.

ii) Take f(x) = 2 and zo € R. Since
2 _ .2
f(zg) = lim = lim (2z9 + Az) = 2,
Az—0

the derivative of f(x) = 22 is the function f'(z) = 2z.
iii) Now let f(x) = 2™ with n € N. The binomial formula (1.13) yields

(xo + Az)™ — zf

12 _ .
Fl=m0"
xy + nay 1Ax+2( ) FAx)k — b
— 1
Armso Az

= Algicgo (nxo +Z < > F(Ax)k- ) =naft.

for all 29 € R. Therefore, f'(x) = na™ ! is the derivative of f(z) = 2™ .
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iv) Even more generally, consider f(z) = 2* where o € R, and let g # 0 be a
point of the domain. Then

«a Az \“
Fan) = im0 i 0 o ) -
ixa 1 hm (1+?:> 1
Az—0 Az
xo
Substituting y = ﬁf brings the latter into the form of the fundamental limit

(4.13), so
f'(wo) = ot

When « > 1, f is differentiable at o = 0 as well, and f’(0) = 0. The function
f(x) = x* is thus differentiable at all points where the expression %! is well
defined; its derivative is f’(z) = ax®~1.

For example f(z) = v/z = 2'/2, defined on [0, +00), is differentiable on (0, +-00)

1
with derivative f'(x) = s The function f(z) = Va5 = 2°/3 is defined on R,
x

where it is also differentiable, and f'(z) = 522/% =} \/ x2.

v) Now consider the trigonometric functlons. Take f(z) = sinz and zy € R.
Formula (2.14) gives

sin(xzg + Ax) —sinzg 2sin 4° cos(zg + 47)

! o . _ .
(o) = Alirll)o Az o Alalclgo Az

. sind® Az
= lim lim cos (xo + )
Az—0 2$ Az—0 2

The limit (4.5) and the cosine’s continuity tell
J'(xg) = cos zg.

Hence the derivative of f(z) =sinz is f/'(z) = cosz.
Using in a similar way formula (2.15), we can see that the derivative of f(z) =
cosz is the function f'(x) = —sinz.

vi) Eventually, consider the exponential function f(z) = a®. By (4.12) we have

amﬁ-Aw — g%o aA$ -1
! = i = a0 i = a0 ]
f(@o) Az Ax 450 Ax @ e,
showing that the derivative of f(z) = o® is f'(z) = (loga)a®
As loge = 1, the derivative of f(z) = e® is f/(x) = e* = f(z), whence the
derivative f’ coincides at each point with the function f itself. This is a crucial
fact, and a reason for choosing e as privileged base for the exponential map.
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We next discuss differentiability in terms of operations (algebraic operations,
composition, inversion) on functions. We shall establish certain differentiation
rules to compute derivatives of functions that are built from the elementary ones,
without resorting to the definition each time. The proofs may be found in Ap-
pendix A.4.1, p. 449.

Theorem 6.4 (Algebraic operations) Let f(z),g(z) be differentiable
maps at xg € R. Then the maps f(z) £ g(x), f(x)g(x) and, if g(xo) # 0,
f(x)

are differentiable at xy. To be precise,

9(x)
(f £9)'(zo) = f'(z0) £ g’ (o), (6.3)
(f 9)'(z0) = f'(0)g(x0) + f(x0)g'(z0), (6.4)
o). (6.5)

(f)' () = T 8020 ~ el

Corollary 6.5 (Linearity of the derivative) If f(x) and g(z) are differ-
entiable at xg € R, the map af(x) + Bg(x) is differentiable at xo for any
o, B €R and

(af + Bg) (x0) = af'(x0) + By’ (x0). (6.6)

Proof. Consider (6.4) and recall that differentiating a constant gives zero; then
(af) (x0) = af'(zo) and (Bg)'(xo) = Bg'(zo) follow. The rest is a con-
sequence of (6.3). O

Examples 6.6

i) To differentiate a polynomial, we use the fact that D 2™ = naz"~! and apply
the corollary repeatedly. So, f(z) = 32° — 22* — 2% + 322 — 52 + 2 differentiates
to

() =3 52" —2-42% —32° + 320 — 5= 152" — 82 — 32% 4 62 — 5.

i) For rational functions, we compute the numerator and denominator’s deriv-
atives and then employ rule (6.5), to the effect that
2?2 —3r+1
flay=",
has derivative
f(z) = (2z—-3)2z—1)— (2> =3z +1)2  22? —2z+1
(22 — 1) 422 — 4z +1°
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iii) Consider f(z) = 3 sin . The product rule (6.4) together with (sinx)’ = cosz
yield
f'(x) = 3z%sinx + 2° cos z.

iv) The function

sinx
f(z) =tanz =
cos T
can be differentiated with (6.5)
. . 2 2 2
cosx cosx —sinzx (—sinz cos® z + sin“ x sin”
f(z) = ) ( ) _ ) =1+ " =1l+tan’z
cos?x cos? x cos?
Another possibility is to use cos? x 4 sin® z = 1 to obtain
1
!/
x) = . O
f) cos?x

Theorem 6.7 (“Chain rule”) Let f(x) be differentiable at zo € R and g(y)
a differentiable map at yo = f(xo). Then the composition g o f(x) = g(f(z))
is differentiable at xo and

(g0 f)(z0) = g' (o) f(x0) = ¢ (f(x0)) [ (o). (6.7)

Examples 6.8
i) The map h(z) = V1 — 22 is the composite of f(z) = 1 — 2%, whose derivative
1
is f'(x) = —2xz, and g(y) = /y, for which ¢'(y) = 2y Then (6.7) directly gives
Y
1 T
= —2r) = — .
2\/17332( ) V1—a?

ii) The function h(z) = e“*3* is composed by f(x) = cos3z, g(y) = e¥. But
f(z) is in turn the composite of p(z) = 3z and ¥(y) = cosy; thus (6.7) tells
f'(xr) = —3sin3z. On the other hand ¢'(y) = e¥. Using (6.7) once again we
conclude

W ()

h' () = —3e°°53% sin 3. O

Theorem 6.9 (Derivative of the inverse function) Suppose f(x) is a
continuous, invertible map on a neighbourhood of ro € R, and differentiable
at wo, with f'(xzo) # 0. Then the inverse map f~'(y) is differentiable at
Yo = f(xo), and

(f 1) (%) = N e : (6.8)
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Examples 6.10

i) The function y = f(x) = tanz has derivative f/(x) = 1 + tan® z and inverse
r = f1(y) = arctany. By (6.8)
1 1

—IN/ (N _
(F) ) = 1+tan?z 14+y?

Setting for simplicity f~! = ¢ and denoting the independent variable with z,
1

T 142
ii) We are by now acquainted with the function y = f(z) = sina: it is invertible

on [—7, 7], namely z = f~*(y) = arcsiny. Moreover, f differentiates to f’(z) =

cosx. Using cos?z + sin® z = 1, and taking into account that on that interval
cosz > 0, one can write the derivative of f in the equivalent form f’'(z) =

V1 = sin®z. Now (6.8) yields
1 1

(f7) () = Vlsinte V1

Put once again f~! = g and change names to the variables: the derivative of

:\/1—.%'2'

the derivative of g(z) = arctanz is the function ¢’(z)

g(z) = arcsinz is ¢'(x)

1
In similar fashion g(z) = arccosz differentiates to ¢’(z) = — 1oz
-z
iii) Consider y = f(x) = a®. It has derivative f'(z) = (loga)a® and inverse
xr = f~1(y) = log, y. The usual (6.8) gives
1 1
=1y _ _ )
(F) ) = (loga)a®  (loga)y
1
Defining f~! = g and renaming x the independent variable gives ¢’(z) = (loga)
oga)x

as derivative of g(z) = log, = (z > 0).
Take now h(x) = log,(—z) (with 2 < 0), composition of x — —z and g(y): then

B (z) = (log a)(—z) (-1) = (log )
log, || (z # 0) has derivative ¢'(x) =

. Putting all together shows that g(x) =
x

1
(loga)x”

1
With the choice of base a = e the derivative of g(z) =log|z|is ¢'(z) = . O
x

Remark 6.11 Let f(z) be differentiable and strictly positive on an interval I.
Due to the previous result and the Chain rule, the derivative of the composite

map g(z) = log f(x) is

/
The expression J; is said logarithmic derivative of the map f. O
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The section ends with a useful corollary to the Chain rule 6.7.

Property 6.12 If f is an even (or odd) differentiable function on all its
domain, the derivative f' is odd (resp. even).

Proof. Since f is even, f(—x) = f(z) for any x € dom f. Let us differentiate both
sides. As f(—=z) is the composition of z — —x and y — f(y), its derivative
reads —f'(—x). Then f'(—x) = —f'(z) for all © € dom f, so f’ is odd.
Similarly if f is odd. U

We reckon it could be useful to collect the derivatives of the main elementary
functions in one table, for reference.

Dz® = ar®™? (Va € R)
D sinz = cosx
D cosx = —sinx
Dtanz =1+ tan’z = .
cos? x
. 1
D arcsinz =
V1-— 22
1
D arccosx = —
V1—z2
D arct 1
arctanx =
1+ 22
Da” = (loga) a® in particular, De® =e”
. . 1
D log, |z| = in particular, D log|z| =
(log a) z z

6.3 Where differentiability fails

It was noted earlier that the function f(x) = |z| is continuous but not differentiable
at the origin. At each other point of the real line f is differentiable, for it coincides
with the line y = « when > 0, and with y = —z for z < 0. Therefore f'(z) = +1
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for x > 0 and f/(z) = —1 on < 0. The reader will recall the sign function
(Example 2.1 iv)), for which

D |z| = sign(x), for all z # 0.

The origin is an isolated point of non-differentiability for y = |x|.
Returning to the expression (6.2) for the difference quotient at the origin, we
observe that the one-sided limits exist and are finite:
Af Af

lim =1 lim =—1.

z—0+ Ax ’ z—0- Az

This fact suggests us to introduce the following notion.

Definition 6.13 Suppose f is defined on a right neighbourhood of xo € R. It
is called differentiable on the right at x if the right limit of the difference
A
quotient Af between xo and x exists finite, for x approaching xg. The real
07
number
f(z) = f(z0) lim f(zo + Az) — f(z0)

/ 0
zg) = lim =
f+( 0) z—axd T — X Az—0t Ax

is the right (or backward) derivative of f at xq. Similarly it goes for the
left (or forward) derivative f’ (zo).

If f is defined only on a right (resp. left) neighbourhood of zy and is differenti-
able on the right (resp. the left) at xg, we shall simply say that f is differentiable
at o, and write /(z0) = £} (x0) (resp. '(z0) = f" (x0)).

From Proposition 3.24 the following criterion is immediate.

Property 6.14 A map f defined around a point xo € R is differentiable at
xo if and only if it is differentiable on both sides at xo and the left and right
derivatives coincide, in which case

f'(xo) = fi(xo) = . (20).

Instead, if f is differentiable at xy on the left and on the right, but the two
derivatives are different (as for f(x) = |z| at the origin), x¢ is called corner
(point) for f (Fig.6.2). The term originates in the geometric observation that the
right derivative of f at xy represents the slope of the right tangent to the graph
of f at Py = (zo, f(x0)), i.e., the limiting position of the secant through Py and
P = (z, f(x)) as © > xo approaches zg. In case the right and left tangent (similarly
defined) do not coincide, they form an angle at Py.
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_/

Figure 6.2. Non-differentiable maps: the origin is a corner point (left), a point with
vertical tangent (middle), a cusp (right)

Other interesting cases occur when the right and left limits of the difference
quotient of f at zy exist, but one at least is not finite. These will be still denoted
by fi (zo) and [’ (zo).

Precisely, if just one of f (xo), f’ (o) is infinite, we still say that x¢ is a corner
point for f.

If both f, (x0) and f’ (xg) are infinite and with same sign (hence the limit of
the difference quotient is +00 or —c0), x¢ is a point with vertical tangent for
f. This is the case for f(z) = ¥/

, RV . 1
fe0)= g o = g = FO

When f) (z0), f/(z0) are finite and have different signs, x¢ is called a cusp
(point) of f. For instance the map f(z) = \/|z| has a cusp at the origin, for
1
£1.(0) = lim Vil Vi i = +o0.

0t T 2-0% sign(x) [z]  2—0* sign(z) Vx|

Another criterion for differentiability at a point z¢ is up next. The proof is
deferred to Sect.6.11, for it relies on de I’'Hopital’s Theorem.

Theorem 6.15 Let f be continuous at xo and differentiable at all points
T # xo 1n a neighbourhood of xo. Then f is differentiable at xo provided that
the limit of f'(x) for x — xq exists finite. If so,

f'(wo) = lim f'(x).

a=1p)

Example 6.16

We take the function
asin2x — 4 if £ <0,
f(z) =

blx—1)+e* ifz>0,
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and ask ourselves whether there are real numbers a and b rendering f differen-
tiable at the origin. The continuity at the origin (recall: differentiable implies
continuous) forces the two values

lim f(z) = —4, lim f(z)=f(0)=-b+1

z—0~

z—0*t

to agree, hence b = 5. With b fixed, we may impose the equality of the right
and left limits of f'(x) for  — 0, to the effect that f’(x) admits finite limit for
x — 0. Then we use Theorem 6.15, which prescribes that

li () = lim 2 2x = 2a, d li () = lim (5+¢e") =6
xig)l* f (I) xi%l* acossr “ an :vig)1+ f (I) xig)l*( te )
are the same, so a = 3. a

Remark 6.17 In using Theorem 6.15 one should not forget to impose continuity
at the point zg. The mere existence of the limit for f/ is not enough to guarantee
f will be differentiable at xg. For example, f(x) = x + signx is differentiable at
every z # 0: since f'(z) = 1, it necessarily follows 31611)1%) f'(x) = 1. The function is

nonetheless not differentiable, because not continuous, at x = 0. O

6.4 Extrema and critical points

Definition 6.18 One calls zyg € dom f a relative (or local) maximum
point for f if there is a neighbourhood I.(xq) of xo such that

V.’,L‘EIT<.’I}0>ﬁdOH1f, f(.’L‘) Sf(lh)

Then f(zo) is a relative (or local) maximum of f.
One calls xy an absolute maximum point (or global maximum point)
for f if

Vz edomf,  f(z) < f(2o),

and f(xg) becomes the (absolute) maximum of f. In either case, the maz-
imum is said strict if f(z) < f(xo) when x # xo.

Exchanging the symbols < with > one obtains the definitions of relative and
absolute minimum point. A minimum or maximum point shall be referred to
generically as an extremum (point) of f.

Examples 6.19

i) The parabola f(z) = 1+2x —2? = 2— (x —1)? has a strict absolute maximum
point at zg = 1, and 2 is the function’s absolute maximum. Notice the derivative
f'(x) = 2(1 — z) is zero at that point. There are no minimum points (relative or
absolute).
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Zo

Figure 6.3. Types of maxima

ii) For g(x) = arcsinz (see Fig. 2.24), xy = 1 is a strict absolute maximum point,
with maximum value 7. The point ; = —1 is a strict absolute minimum, with
value —7. At these extrema g is not differentiable. O

We are interested in finding the extremum points of a given function. Provided
the latter is differentiable, it might be useful to look for the points where the first
derivative vanishes.

Definition 6.20 A critical point (or stationary point) of f is a point g
at which f is differentiable with derivative f'(xg) = 0.

The tangent at a critical point is horizontal.

Figure 6.4. Types of critical points

Theorem 6.21 (Fermat) Suppose f is defined in a full neighbourhood of a
point xg and differentiable at xg. If xg is an extremum point, then it is critical
for f, i.e.,

f'(xo) = 0.
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Proof. To fix ideas, assume xg is a relative maximum point and that I,.(z¢) is a
neighbourhood where f(z) < f(x¢) for all = € I,.(z¢). On such neighbour-
hood then Af= f(z) — f(xzo) < 0.
, . . Af
If x > xg, hence Ax = x — xg > 0, the difference quotient ! is non-

Az

positive. Corollary 4.3 implies

lim f(@) = f(xo)

r— ,’l:'J)r T — T

<0.

. Af
Vice versa, if x < xq, i.e., Ax < 0, then A' is non-negative, so
T

lim f(z) = f(zo)

=T €T — To

> 0.

By Property 6.14,

Fa) — 1 T@ @) o S@) = o)

:zzﬁzzzdr T — Zo Tz T — T

so f'(xp) is simultaneously < 0 and > 0, hence zero.
A similar argument holds for relative minima. O

Fermat’s Theorem 6.21 ensures that the extremum points of a differentiable
map which belong to the interior of the domain should be searched for among
critical points.

A function can nevertheless have critical points that are not extrema, as in
Fig.6.4. The map f(x) = 2® has the origin as a critical point (f(z) = 322 = 0 if
and only if 2 = 0), but admits no extremum since it is strictly increasing on the
whole R.

At the same time though, a function may have non-critical extremum point
(Fig. 6.3); this happens when a function is not differentiable at an extremum that
lies inside the domain (e.g. f(x) = |z|, whose absolute minimum is attained at the
origin), or when the extremum point is on the boundary (as in Example 6.19 ii)).
The upshot is that in order to find all extrema of a function, browsing through
the critical points might not be sufficient.

To summarise, extremum points are contained among the points of the domain
at which either
i) the first derivative vanishes,
ii) or the function is not differentiable,

iii) or among the domain’s boundary points (inside R).
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6.5 Theorems of Rolle, Lagrange, and Cauchy

We begin this section by presenting two theorems, Rolle’s Theorem and Lagrange’s
or Mean Value Theorem, that are fundamental for the study of differentiable maps
on an interval.

Theorem 6.22 (Rolle) Let f be a function defined on a closed bounded
interval [a,b], continuous on [a,b] and differentiable on (a,b) (at least). If
fla) = f(b), there exists an x¢ € (a,b) such that

f'(zo) = 0.

In other words, f admits at least one critical point in (a,b).

Proof. By the Theorem of Weierstrass the range f([a,b]) is the closed interval
[m, M] bounded by the minimum and maximum values m, M of the map:

m= min f(x)= f(zm), M = max f(z) = f(zm),
z€a,b] z€[a,b]

for suitable 2,,,, 2y € [a, b].

In case m = M, [ is constant on [a,b], so in particular f’(x) = 0 for any
x € (a,b) and the theorem follows.

Suppose then m < M. Since m < f(a) = f(b) < M, one of the strict
inequalities f(a) = f(b) < M, m < f(a) = f(b) will hold.

If f(a) = f(b) < M, the absolute maximum point 23, cannot be a nor b;
thus, ) € (a,b) is an interior extremum point at which f is differentiable.
By Fermat’s Theorem 6.21 we have that x; = x¢ is a critical point.

If m < f(a) = f(b), one proves analogously that x,, is the critical point
o of the claim. O

The theorem proves the existence of one critical point in (a, b); Fig. 6.5 shows that
there could actually be more.

a To b

Figure 6.5. Rolle’s Theorem
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Theorem 6.23 (Mean Value Theorem or Lagrange Theorem) Let f
be defined on the closed and bounded interval [a,b], continuous on [a,b] and
differentiable (at least) on (a,b). Then there is a point zo € (a,b) such that

f() = f(a)

s = F o). (6.9)

Every such point xo we shall call Lagrange point for f in (a,b).

Proof. Introduce an auxiliary map

f(b) = f(a)

b—a

g(x) = f(z) - (z —a)

defined on [a,b]. It is continuous on [a,b] and differentiable on (a,b), as

difference of f and an affine map, which is differentiable on all of R. Note

@) = f'(z) — O @)

b—a

It is easily seen that

gla) = f(a),  g(b) = f(a),

so Rolle’s Theorem applies to g, with the consequence that there is a point

xo € (a,b) satisfying

f(b) = f(a)

=0.
b—a

g'(x0) = f'(z0) —

But this is exactly (6.9).

f(0)

f(a)

b

Figure 6.6. Lagrange point for f in (a,b)
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The meaning of the Mean Value Theorem is clarified in Fig.6.6. At each Lag-
range point, the tangent to the graph of f is parallel to the secant line passing
through the points (a, f(a)) and (b, f(b)).

Example 6.24

Consider f(z) = 1+ x 4+ v/1 — 22, a continuous map on its domain [—1,1] as
composite of elementary continuous functions. It is also differentiable on the
open interval (—1,1) (not at the end-points), in fact
T
") =1- .
f'(x) 1= a2
Thus f fulfills the Mean Value Theorem’s hypotheses, and must admit a Lag-
range point in (—1,1). Now (6.9) becomes
1) — f(—1 z
=T _ gy oy w0
1—(-1) V1 - a3

satisfied by xo = 0. a

1:

The following result is a generalisation of the Mean Value Theorem 6.23 (which
is recovered by g(x) = z in its statement). It will be useful during the proofs
of de I'Hopital’s Theorem 6.41 and Taylor’s formula with Lagrange’s remainder
(Theorem 7.2).

Theorem 6.25 (Cauchy) Let f and g be maps defined on the closed,
bounded interval [a,b], continuous on [a,b] and differentiable (at least) on
(a,b). Suppose g'(x) # 0 for all x € (a,b). Then there exists xg € (a,b) such

that /
fb) = f(a) _ f'(wo) (6.10)

Proof. Note first that g(a) # ¢(b), otherwise Rolle’s Theorem would have ¢'(z)
vanish somewhere in (a,b), against the assumption.
Take the function

) (9(@) - g(a))

defined on [a,b]. Tt is continuous on [a,b] and differentiable on the open
interval (a,b), because difference of maps with those properties. Moreover

As
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the map h satisfies Rolle’s Theorem, so there must be a point xg € (a,b)
with i i
f(b) — f(a)

W (wo) = f'(20) — b(b) —g(a)

which is exactly (6.10). O

g'(x0) =0,

6.6 First and second finite increment formulas

We shall discuss a couple of useful relations to represent how a function varies
when passing from one point to another of its domain.
Let us begin by assuming f is differentiable at x¢. By definition

lim f(x) = f(zo)

T—rTo Tr — X9

= f'(z0),

that is to say

lim (f(x) — flzo) _ f’(wo)) — lim f(@) = f(xo) = f'(wo)(x — @0) —0.
T—T0 T — X9 T—xo Tr — X9
Using the Landau symbols of Sect. 5.1, this becomes
f(@) = f(@o) = f'(wo)(x — 0) = o(x — 20), = — 0.
An equivalent formulation is
f(@) = f(xo) = f'(z0)(z — 20) + o(z — 20), T — 0, (6.11)
or
Af = f'(z0) Az + o(Az), Az — 0, (6.12)

by putting Az =z — z¢ and Af = f(z) — f(z0).

Equations (6.11)-(6.12) are equivalent writings of what we call the first formula
of the finite increment, the geometric interpretation of which can be found in
Fig.6.7. It tells that if f'(x¢) # 0, the increment Af, corresponding to a change
Az, is proportional to Ax itself, if one disregards an infinitesimal which is negligible
with respect to Az. For Az small enough, in practice, Af can be treated as

F'(wo) Az

Now take f continuous on an interval I of R and differentiable on the interior
points. Fix 21 < z2 in I and note that f is continuous on [z1, 23] and differentiable
on (x1,x2). Therefore f, restricted to [x1,x2], satisfies the Mean Value Theorem,
so there is T € (z1,x2) such that

f(x2) — f(21)

T2 — T1

= f/(j)a



6.6 First and second finite increment formulas 187

flzo + Azx)

Af

f(zo)

Figure 6.7. First formula of the finite increment

that is, a point T € (21, x2) with

fl@2) — f(x1) = f'(Z) (22 — 21). (6.13)

We shall refer to this relation as the second formula of the finite increment.
It has to be noted that the point Z depends upon the choice of z; and zs, albeit
this dependency is in general not explicit. The formula’s relevance derives from
the possibility of gaining information about the increment f(z2) — f(z1) from the
behaviour of f’ on the interval [z1, x2].

The second formula of the finite increment may be used to describe the local
behaviour of a map in the neighbourhood of a certain xy with more precision than
that permitted by the first formula. Suppose f is continuous at xy and differentiable
around xg except possibly at the point itself. If = is a point in the neighbourhood
of xg, (6.13) can be applied to the interval bounded by zg and z, to the effect that

Af = f'(7) Az, (6.14)

where 7 lies between ¢ and x. This alternative formulation of (6.13) expresses the
increment of the dependent variable Af as if it were a multiple of Ax; at closer
look though, one realises that the proportionality coefficient, i.e., the derivative
evaluated at a point near zy, depends upon Az (and on xg), besides being usually
not known.

A further application of (6.13) is described in the next result. This will be
useful later.
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Property 6.26 A function defined on a real interval I and everywhere differ-
entiable is constant on I if and only if its first derivative vanishes identically.

Proof. Let f be the map. Suppose first f is constant, therefore for every xg € I,
f(@) = f(zo)
xr — o
f'(x0) = 0 by definition of derivative.
Vice versa, suppose f has zero derivative on I and let us prove that f is

constant on I. This would be equivalent to demanding

the difference quotient , with © € I, x # x, is zero. Then

flx1) = f(x2), Vay,xq € 1.

Take z1,22 € I and use formula (6.13) on f. For a suitable Z between
1, T2, we have

f(@2) = f(z1) = f'(2)(x2 — 21) = 0,
thus f(z1) = f(z2). O

6.7 Monotone maps

In the light of the results on differentiability, we tackle the issue of monotonicity.

Theorem 6.27 Let I be an interval upon which the map f is differentiable.
Then:

a) If f is increasing on I, then f'(x) >0 for all z € I.

b1) If f'(z) > 0 for any x € I, then f is increasing on I;

b2) if f'(x) >0 for all x € I, then f is strictly increasing on I.

Proof. Let us prove claim a). Suppose f increasing on I and consider an interior
point xg of I. For all z € I such that = < xg, we have

flx) — f(xo) <0 and T —xo < 0.

Af
Thus, the difference quotient A, between xg and x is non-negative. On

T
the other hand, for any x € I with = > xg,

flx) = f(xo) >0 and r —x9 > 0.

° between xy and z is positive or zero.

Here too the difference quotient A
x

Altogether,
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f(x2)

f(z1)

Figure 6.8. Proof of Theorem 6.27, b)

A x) — f(x
f _ f( ) f( ()) Z 07 Vo 7& To;
Az T — g
Corollary 4.3 on
Af
lim = (=
T—x0 A/L f ( 0)
yields f/(zg) > 0. As for the possible extremum points in I, we arrive
at the same conclusion by considering one-sided limits of the difference
quotient, which is always > 0.
Now to the implications in parts b). Take f with f'(x) > 0 for all = € I.
The idea is to fix points z; < x9 in [ and prove that f(z1) < f(z2).
For that we use (6.13) and note that f/(Z) > 0 by assumption. But since
x9 — x1 > 0, we have

f(x2) — f(z1) = f(&) (w2 — x1) >0,
proving b1). Considering f such that f’(x) > 0 for all x € I instead, (6.13)

implies f(z2) — f(z1) > 0, hence also b2) holds. O

The theorem asserts that if f is differentiable on I, the following logic equival-
ence holds:

fl(x) >0, Vexel <= fisincreasing on I.

Furthermore,

fl(x) >0, Vel = fis strictly increasing on I.

The latter implication is not reversible: f strictly increasing on I does not imply
f'(x) > 0 for all x € I. We have elsewhere observed that f(z) = 2? is everywhere
strictly increasing, despite having vanishing derivative at the origin.

A similar statement to the above holds if we change the word ‘increasing’ with
‘decreasing’ and the symbols >, > with <, <.
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Corollary 6.28 Let f be differentiable on I and x¢ an interior critical point.
If f'(x) > 0 at the left of xo and f'(x) <0 at its right, then xo is a mazimum
point for f. Similarly, f'(x) < 0 at the left, and > 0 at the right of xo implies
To 1S a minimum point.

Theorem 6.27 and Corollary 6.28 justify the search for extrema among the
zeroes of f’, and explain why the derivative’s sign affects monotonicity intervals.

Example 6.29

The map f: R — R, f(z) = ze®® differentiates to f’(z) = (22 + 1)e**, whence
To = 7; is the sole critical point. As f/(z) > 0 if and only if > 7;, f(zp) is an
absolute minimum. The function is strictly decreasing on (—oco, — 3] and strictly
increasing on [—j, +00). O

6.8 Higher-order derivatives

Let f be differentiable around xg and let its first derivative f’ be also defined
around xg.

Definition 6.30 If f’ is a differentiable function at xq, one says f is twice
differentiable at zy. The expression

f" (o) = (f') (wo0)

is called second derivative of f at xy. The second derivative of f,
denoted f", is the map associating to x the number f"(x), provided the latter
is defined.

Other notations commonly used for the second derivative include

d

" 2

Yy (xo)a dz? (.’L’o), D f(xo) .

The third derivative, where defined, is the derivative of the second derivative:

(o) = (f") (w0) -

In general, for any k& > 1, the derivative of order k (kth derivative) of f at
xo is the first derivative, where defined, of the derivative of order (k — 1) of f at
Zo:

F® (o) = (f*Y (o).
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Alternative symbols are:
d*f
y ™ (o), (z0),  D*f(xo).

For conveniency one defines (9 (z) = f(x0) as well.

Examples 6.31
We compute the derivatives of all orders for three elementary functions.
i) Choose n € N and consider f(x) = ™. Then

More concisely,

with 0 < k < n. Furthermore, f(**t1(z) = 0 for any = € R (the derivative of
the constant function £ (z) is 0), and consequently all derivatives f*) of order
k > n exist and vanish identically.

ii) The sine function f(z) = sinx satisfies f'(x) = cosz, f"’(z) = —sinz,
f"(x) = —cosx and f*(x) = sinz. Successive derivatives of f clearly re-
produce this cyclical pattern. The same phenomenon occurs for y = cosz.

iii) Because f(x) = e® differentiates to f'(z) = e®, it follows that f*)(z) = e®
for every k > 0, proving the remarkable fact that all higher-order derivatives of
the exponential function are equal to e”. O

A couple of definitions wrap up the section.

Definition 6.32 A map f is of class C* (k > 0) on an interval I if f is
differentiable k times everywhere on I and its kth derivative f*) is continuous
on I. The collection of all C* maps on I is denoted by C*(I).

A map f is of class C* on I if it is arbitrarily differentiable everywhere on
1. One indicates by C*°(I) the collection of such maps.

In virtue of Proposition 6.3, if f € C*(I) all derivatives of order smaller or
equal than k are continuous on I. Similarly, if f € C°°(I), all its derivatives are
continuous on /.

Moreover, the elementary functions are differentiable any number of times (so
they are of class C*) at every interior point of their domains.
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6.9 Convexity and inflection points

Let f be differentiable at the point xg of the domain. As customary, we indicate
by y = t(x) = f(xo) + f'(x0)(x — x0) the equation of the tangent to the graph of
f at Zo-

Definition 6.33 The map f is convex at xg if there is a neighbourhood
I.(x0) C dom f such that

Vz € I.(x0), f(z) > t(x);

f 1is strictly convex if f(z) > t(x), V& # xo.

The definitions for concave and strictly concave functions are alike (just change
>, > to <, <).

What does this say geometrically? A map is convex at a point if around that
point the graph lies ‘above’ the tangent line, concave if its graph is ‘below’ the
tangent (Fig. 6.9).

Example 6.34

We claim that f(z) = 2? is strictly convex at #g = 1. The tangent at the given
point has equation

tx)=1+4+2(x—-1)=2z-1.
Since f(x) > t(z) means #? > 2x — 1, hence 2% — 2z + 1 = (z — 1)? > 0, t lies
below the graph except at the touching point = = 1. O

Definition 6.35 A differentiable map f on an interval I is convex on I if
it is convex at each point of I.

For understanding convexity, inflection points play a role reminiscent of ex-
tremum points for the study of monotone functions.

y=f(z) oy =t)
/oy =t)

Zo Zo

Figure 6.9. Strictly convex (left) and strictly concave (right) maps at zo
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Definition 6.36 The point xo is an inflection point for f if there is a
neighbourhood I.(xo) C dom f where one of the following conditions holds:

etther
fo < Zo, f(.’L') < t(.’IJ)7

7:‘]L"'I">:I:O7 f(IE) Zt($),

Vo € I.(x0), {

or
if x <xo, flx)>1t(x),

if € > x0, f(x) <t(x)

In the former case we speak of an ascending inflection, in the latter the
inflection is descending.

Vo € I.(x0), {

In the plane, the graph of f ‘cuts through’ the inflectional tangent at an in-
flection point (Fig. 6.10).

The analysis of convexity and inflections of a function is helped a great deal
by the next results.

Theorem 6.37 Given a differentiable map f on the interval I,

a) if f is convex on I, then f’ is increasing on I.
b1) If f' is increasing on I, then f is convex on I;

b2) if f' is strictly increasing on I, then f is strictly convex on I.

Proof. See Appendix A.4.3, p. 455. O

y = f(x)

xo o

Figure 6.10. Ascending (left) and descending (right) inflections at zo
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Corollary 6.38 If f is differentiable twice on I, then

a) f convex on I implies f"(x) >0 for all x € I.

b1) f"(x) >0 for all x € T implies f convex on I;

b2) f"(x) > 0 for all x € I implies f strictly convexr on I.

Proof. This follows directly from Theorem 6.37 by applying Theorem 6.27 to the
function f’. O

There is a second formulation for this, namely: under the same hypothesis, the
following formulas are true:

f"(z)>0, Vxel <= fisconvexon I

and

f'(x) >0, Vxel == fis strictly convex on I.

Here, as in the characterisation of monotone functions, the last implication has no
reverse. For instance, f(z) = z* is strictly convex on R, but has vanishing second
derivative at the origin.

Analogies clearly exist concerning concave functions.

Corollary 6.39 Let f be twice differentiable around x.

a) If xg is an inflection point, then f"(xzo) = 0.

b) Assume f"(xo) = 0. If f" changes sign when crossing xo, then xq is an
inflection point (ascending if f"(x) <0 at the left of xg and f"(x) > 0 at

its right, descending otherwise). If " does not change sign, zo is not an
inflection point.

The proof relies on Taylor’s formula, and will be given in Sect. 7.4.

The reader ought to beware that f”(xzg) = 0 does not warrant zq is a point
of inflection for f. The function f(z) = x* has second derivative f”(z) = 122>
which vanishes at o = 0. The origin is nonetheless not an inflection point, for
the tangent at xo is the axis y = 0, and the graph of f stays always above it. In
addition, f” does not change sign around xg.

Example 6.29 (continuation)

For f(z) = re®® we have f”(z) = 4(z+1)e*® vanishing at 1 = —1. As f”(z) > 0
if and only if > —1, f is strictly concave on (—oo, —1) and strictly convex on
(—1,4+00). The point z; = —1 is an ascending inflection. The graph of f(x) is
shown in Fig.6.11. i
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Figure 6.11. Example 6.29

6.9.1 Extension of the notion of convexity

The geometrical nature of convex maps manifests itself by considering a gener-
alisation of the notion given in Sect.6.9. Recall a subset C' of the plane is said
convex if the segment P; P> between any two points Py, P, € C is all contained
in C.

Given a function f: I C R — R, we denote by

Ey={(z,y) eR*:2 €1, y> f(x)}

the set of points of the plane lying above the graph of f (as in Fig.6.12, left).

Definition 6.40 The map f : I C R — R is called convex on [ if the set
Ey is a convex subset of the plane.

It is easy to convince oneself that the convexity of E¢ can be checked by
considering points P;, P, belonging to the graph of f only. In other words, given

///
/ \ y = |z|
/ \ Ly = f(x)

Figure 6.12. The set E for a generic f defined on I (left) and for f(z) = |z| (right)
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x1,T2 in I, the segment Si2 between (x1, f(z1)) and (a2, f(22) should lie above
the graph.
Since one can easily check that any = between x; and x2 can be represented as

xr — X

x=(1—t)z1 + txo with t = €10,1],

T2 — I

the convexity of f reads
F(Q =ty +tzs) < (1 —t)f(z1) + tf(22) Yoy, z0 € I,V €[0,1].

If the inequality is strict for x; # x2 and ¢t € (0,1), the function is called strictly
convex on .

For differentiable functions on the interval I, Definitions 6.40, 6.33 can be
proven to be equivalent. But a function may well be convex according to Defin-
ition 6.40 without being differentiable on I, like f(x) = |z| on I = R (Fig.6.12,
right). Note, however, that convexity implies continuity at all interior points of I,
although discontinuities may occur at the end-points.

6.10 Qualitative study of a function

We have hitherto supplied the reader with several analytical tools to study a
map f on its domain and draw a relatively thorough — qualitatively speaking —
graph. This section describes a step-by-step procedure for putting together all the
information acquired.

Domain and symmetries
It should be possible to determine the domain of a generic function starting from
the elementary functions that build it via algebraic operations and composition.
The study is greatly simplified if one detects the map’s possible symmetries and
periodicity at the very beginning (see Sect. 2.6). For instance, an even or odd map
can be studied only for positive values of the variable. We point out that a function
might present different kinds of symmetries, like the symmetry with respect to a
vertical line other than the y-axis: the graph of f(z) = e 172l ig symmetric with
respect to « = 2 (Fig.6.13).

For the same reason the behaviour of a periodic function is captured by its
restriction to an interval as wide as the period.

Behaviour at the end-points of the domain

Assuming the domain is a union of intervals, as often happens, one should find the
one-sided limits at the end-points of each interval. Then the existence of asymp-
totes should be discussed, as in Sect. 5.3.

For instance, consider

~ log(2 —x)

f(iC)— \/"E272f£'
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Figure 6.13. The function f(z) =e 1*72

Now, log(2 — ) is defined for 2 — 2 > 0, or < 2; in addition, v/z2 — 2z has

domain 22 — 2z > 0, s0 x < 0 or z > 2, and being a denominator, = # 0, 2.

Thus dom f = (—o0,0). Since lim f(x) = +oo, the line x = 0 is a vertical left
z—0~

log(2 —
asymptote, while lim f(z) = lim 0g(2 — )
T——00 T——00 |;C|

= 0 yields the horizontal left
asymptote y = 0.

Monotonicity and extrema

The first step consists in computing the derivative f’ and its domain dom f’. Even
if the derivative’s analytical expression might be defined on a larger interval, one
should in any case have dom f’ C dom f. For example f(z) =logz has f'(z) = |
and dom f = dom [’ = (0,4+00), despite g(x) = ; makes sense for any =z # 0.
After that, the zeroes and sign of f’ should be determined. They allow to find the
intervals where f is monotone and discuss the nature of critical points (the zeroes
of f), in the light of Sect.6.7.

A careless analysis might result in wrong conclusions. Suppose a map f is
differentiable on the union (a,b) U (b, ¢) of two bordering intervals where f > 0.
If f is not differentiable at the point b, deducing from that that f is increasing
on (a,b) U (b,c) is wrong. The function f(z) = —! satisfies f'(z) = 5 > 0 on
(—00,0) U (0, +00), but it is not globally increasing therein (e.g. f(—1) > f(1));
we can only say f is increasing on (—o0,0) and on (0, +00) separately.

Recall that extremum points need not only be critical points. The function

@) =y ) e
lute maximum. At the other extremum x = 0, the function is not differentiable,
although f(0) is the absolute minimum.

defined on = > 0, has a critical point * = 1 giving an abso-

Convexity and inflection points

Along the same lines one determines the intervals upon which the function is
convex or concave, and its inflections. As in Sect. 6.9, we use the second derivative
for this.

Sign of the function and its higher derivatives
When sketching the graph of f we might find useful (not compulsory) to establish
the sign of f and its vanishing points (the z-coordinates of the intersections of the
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graph with the horizontal axis). The roots of f(xz) = 0 are not always easy to find
analytically. In such cases one may resort to the Theorem of existence of zeroes
4.23, and deduce the presence of a unique zero within a certain interval. Likewise
can be done for the sign of the first or second derivatives.

The function f(z) = zlogxz — 1 is defined for z > 0. One has f(x) < 0 when
z < 1. On z > 1 the map is strictly increasing (in fact f'(z) = logx +1 > 0 for
x > 1/e); besides, f(1) = —1 < 0 and f(e) = e — 1 > 0. Therefore there is exactly
one zero somewhere in (1,e), f is negative to the left of said zero and positive to
the right.

6.10.1 Hyperbolic functions

An exemplary application of what seen so far is the study of a family of functions,
called hyperbolic, that show up in various concrete situations.
We introduce the maps f(z) = sinhz and g(x) = coshz by

. e’ —e 7 e’ +e %
sinhx = 9 and coshx =

They are respectively called hyperbolic sine and hyperbolic cosine. The ter-
minology stems from the fundamental relation

cosh? z —sinh®z =1, Ve eR,

whence the point P of coordinates (X,Y’) = (coshz, sinhz) runs along the right
branch of the rectangular hyperbola X2 — Y2 =1 as x varies.

The first observation is that dom f = dom g = R; moreover, f(z) = —f(—x)
and g(z) = g(—x), hence the hyperbolic sine is an odd map, whereas the hyperbolic
cosine is even. Concerning the limit behaviour,

lim sinhz = +o00, lim coshz = +o00.
rz—+oo rz—+oo

This implies that there are no vertical nor horizontal asymptotes. No oblique
asymptotes exist either, because these functions behave like exponentials for x —
00. More precisely

1 1
sinhij:Qem, coshz ~ 2e|x|, r — +o00.

It is clear that sinhz = 0 if and only if x = 0, sinhz > 0 when x > 0, while
coshx > 0 everywhere on R. The monotonic features follow easily from

Dsinhx = coshzx and Dcoshx = sinhz, Vr eR.

Thus the hyperbolic sine is increasing on the entire R. The hyperbolic cosine is
strictly increasing on [0, +00) and strictly decreasing on (—oo, 0], has an absolute
minimum cosh0 =1 at z =0 (so coshz > 1 on R).
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Figure 6.14. Hyperbolic sine (left) and hyperbolic cosine (right)

Differentiating once more gives
D?sinhz = sinh z and D? coshz = coshz, vV eR,

which says that the hyperbolic sine is strictly convex on (0,+0c0) and strictly
concave on (—o0,0). The origin is an ascending inflection point. The hyperbolic
cosine is strictly convex on the whole R. The graphs are drawn in Fig. 6.14.

In analogy to the ordinary trigonometric functions, there is a hyperbolic
tangent defined as

— sinh x e — 1
anhx = = .
coshz e2r+1

Its domain is R, it is odd, strictly increasing and ranges over the open interval
(—1,1) (Fig. 6.15).

The inverse map to the hyperbolic sine, appropriately called inverse hyper-
bolic sine, is defined on all of R, and can be made explicit by means of the
logarithm (inverse of the exponential)

sinh 'z = log(z + V22 + 1), z €R. (6.15)

Figure 6.15. Hyperbolic tangent
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There normally is no confusion with the reciprocal 1/sinhz, whence the use of
notation'. The inverse hyperbolic cosine is obtained by inversion of the hyper-
bolic cosine restricted to [0, +00)

cosh ™'z = log(z + Va2 — 1), x € [1,400). (6.16)

To conclude, the inverse hyperbolic tangent inverts the corresponding hyper-
bolic map on R

1 1+

tanh™ 'z = 5 log ) z e (—1,1). (6.17)

1—2x

The inverse hyperbolic functions have first derivatives

1 1
Dsinh 'z = ) , Dcosh ™tz = ) ,
Dtanh 'z = 1 5 -
-z

6.11 The Theorem of de I’Hopital

This final section is entirely devoted to a single result, due to its relevance in com-
puting the limits of indeterminate forms. Its proof can be found in Appendix A.4.2,
p- 452. As always, ¢ is one of xg, xg, Zy , +00, —00.

Theorem 6.41 Let f,g be maps defined on a neighbourhood of ¢, except
possibly at ¢, and such that

lim f(z) = lim g(z) = L,

T—rcC T—rcC

where L = 0,400 or —oo. If f and g are differentiable around c, except
possibly at c, with g’ # 0, and if

exists (finite or not), then also

tim (6.19)
z—c g(x

—~
8
—

exists and equals the previous limit.

! Some authors also like the symbol Arcsinh.
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Under said hypotheses the results states that

/
tim ¥ @) — fim f,(x). (6.20)
z—c g(x z—c g'(x)
Examples 6.42
i) The limit
eZz _ 672x

im .
z—0 sinbx
gives rise to an indeterminate form of type 8. Since numerator and denominator
are differentiable functions,

2e%T 4+ 272 4

lim = .
z—0  Hcosdx 5
Therefore
er _ 672m 4
im . = .
z—=0 sinbz 5

ii) When the ratio f’(x)/¢'(z) is still an indeterminate form, supposing f and g
are twice differentiable around ¢, except maybe at ¢, we can iterate the recipe of
(6.20) by studying the limit of f”(z)/¢"”(z), and so on.

Consider for instance the indeterminate form 0/0

1+3z— 1+ 2x)3
lim +or \/( +22) .
z—0 rsinz
Differentiating numerator and denominator, we are lead to
. 3-3V/1+2x
lim ,
z—0 SINX + T COST
still of the form 0/0. Thus we differentiate again
3
T V1422 _ 3
20 2c0ST — T Sin T 2
Applying (6.20) twice allows to conclude

1 - 1+ 22)3
lim 3w \é( +22) = — 3. O
x—0 sin“ x 2

Remark 6.43 De I’'Hopital’s Theorem is a sufficient condition only, for the exist-
ence of (6.19). Otherwise said, it might happen that the limit of the derivatives’
difference quotient does not exist, whereas we have the limit of the functions’ dif-
ference quotient. For example, set f(z) = x + sinz and g(x) = 22 + cosz. While
the ratio f'/g’ does not admit limit as 2 — 400 (see Remark 4.19), the limit of
f/g exists:

z +sinz . x + o(x) 1 0

lim = lim = .
z—+o0 20 4+ cosx  z—+o0 2x +o(x) 2
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6.11.1 Applications of de I’'Hopital’s theorem
We survey some situations where the result of de I’'Hopital lends a helping hand.

Fundamental limits

By means of Theorem 6.41 we recover the important limits

x

lim © = oo, lim |z]%® =0, VaeR, (6.21)
z—+oo T T——00
1
lim 2% =, lim 2%logz =0, Va > 0. (6.22)
z—+oo % z—0+

These were presented in (5.6) in the equivalent formulation of the Landau symbols.
Let us begin with the first of (6.21) when « = 1. From (6.20)

x x
lim = lim = +00.
r—4+0c0 I r— 400 1

For any other ao > 0, we have

. e” . lea\” 1 o eV\®
lim = lim . = lim = +4o00.
z—+oo ¥ z—+o0o \ o a® \y—+oo Yy
At last, for a < 0 the result is rather trivial because there is no indeterminacy. As
for the second formula of (6.21)

(o3

. . |* . |* .
lim |z|%¢” = lim ] = lim ] — lim Y = 0.
T——00 r——oco e~ % rz—>—oco el y——+oo e¥
Now to (6.22):
. logx . ! 1 . 1
lim 8% _ lim v = lim =0
z—foo T z—too ar®~ ! @ z—+too ¢
and
1
. . logz . :
lim z%logz = lim &Y _ lim r , =—  lim 2% =0.
0+ e—=0t T a0t (—a)x T o z—0+

Proof of Theorem 6.15
We are now in a position to prove this earlier claim.

Proof. By definition only,

' (xo) = lim fl@) = f(-’l'o);

T—rT0o xr — ;I?U

but this is an indeterminate form, since
lim (f(z) — f(z0)) = lim (z — 20) =0,
T—x0 T—x0

hence de "'Hopital implies

f'(x0) = lim f/,<1?). O

T—T0
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Computing the order of magnitude of a map

Through examples we explain how de I’'Hopital’s result detects the order of mag-
nitude of infinitesimal or infinite functions, and their principal parts.

The function
flx)=€e"—1—sinx

is infinitesimal for 2 — 0. With infinitesimal test function ¢(z) = 2 we apply the
theorem twice (supposing for a moment this is possible)
e’ —1—sinx i e’ —cosx . e’ +sinx

lim = lim = lim .

z—0 fred =0 qro—! =0 oo — 1)z =2
When a = 2 the right-most limit exists and is in fact ; This fact alone justifies the
use of de 'Hopital’s Theorem. Thus f(x) is infinitesimal of order 2 at the origin
with respect to p(z) = z; its principal part is p(x) = %xQ.

Next, consider

f(z) =tanwz,
an infinite function for x — 7. Setting ¢(z) = | AL have
2
(e
. tanx . . . T —x
lim o = lim sinz lim (2 )
7 ( 1 ) T—7 " @—T-  COST
5T

While the first limit is 1, for the second we apply de I'Hopital’s Theorem

« —
o (5-) . 5 -t
lim = lim .

x5~ COST x5~ —Sinx

411(

The latter equals 1 when a = 1, so tan x is infinite of first order, for z — 7, with

1
respect to ¢(z) = . The principal part is indeed ¢(x).
b —x

6.12 Exercises

1. Discuss differentiability at the point x( indicated:

a) fley)=x+|z-1], z0=1 ‘b)‘f(x):sin|x|, 20=0

—1/1‘2
c>f<x>{§ #37 n=0 ) f@)=Vi+tad, m=-1
€r =
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2. Say where the following maps are differentiable and find the derivatives:

a)| f(2) =2v/|a| b) f(x) = cos|z|
22 +1 ifz>0, 2 4+ax—5 ifx>1,
¢) fl@)= , )| fla) = ,
e’ —x ifx<O0 x—4 ifex<1
3. Compute, where defined, the first derivative of:
a) f(z) =321+ a2 b) f(x) =log|sinz|
2 1
= o+l d =
¢) fla) = cos (') ) @)=
4. On the given interval, find maximum and minimum of:
a) f(z)=sinz+ cosz, [0, 27]
b)| f@)=a?—le+1]-2,  [-2,1]

5. Write the equation of the tangent at xq to the graph of the following maps:
x

‘a)‘ f(z) =log(3z — 2), o =2 b) f(m)zlerz, x0=1
O fl@)=eVE =0 Q) fa)y=sin| . w=]

6.

Verify that f(z) = bx + a3 + 22° is invertible on R, f~! is differentiable on
the same set, and compute (f~1)'(0) and (f~1)'(8).

7. Prove that f(x) = (z — l)eg”2 + arctan(log x) + 2 is invertible on its domain
and find the range.

1
| 8. | Verify that f(x) =log(2 + ) + 2"+ pas no zeroes apart from xy = —1.
x

+2
| 9. | Determine the number of zeroes and critical points of

zlogx —1
) .

flz) =

x
| 10. ‘ Discuss relative and absolute minima of the map
) 1
f(z) = 2sinx + 9 cos 2z

on [0, 27].
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| 11. | Find the largest interval containing xy = ; on which the function

x) =logx —
f(x) = log log z
has an inverse, which is also explicitly required. Calculate the derivative of the
inverse at the origin.

112. Verify that
log(1+2) <x, Vo > —1.

| 13. | Sketch a graph for f(x) = 32°—5023+135z. Then find the largest and smallest
possible numbers of real roots of f(x) + k, as k varies in the reals.

|14.| Consider f(z) = 2* — 2\/logx and
a) find its domain;
b) discuss monotonicity;
c) prove the point (e* — 2, e) belongs to the graph of f~!, then compute the
derivative of f~! at e* — 2.

| 15. ‘ Regarding
Vaz -3
flz) =
z+1
a) find domain, limits at the domain’s boundary and possible asymptotes;
b) study the intervals of monotonicity, the maximum and minimum points,
specifying which are relative, which absolute;
¢) sketch a graph;
d) define

i

{f(m+\/3) ifz >0,
f(x—V3) ifx <0.

Relying on the results found for f draw a picture of g, and study its
continuity and differentiability at the origin.

| 16. ‘ Given
f(x) = V]2 = 4] —
a) find domain, limits at the domain’s boundary and asymptotes;
b) determine the sign of f;
¢) study the intervals of monotonicity and list the extrema;
d) detect the points of discontinuity and of non-differentiability;
e) sketch the graph of f.

| 17. ‘ Consider
flz) = e 1.
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a) What does f(x) do at the boundary of the domain?
b) Where is f monotone, where not differentiable?

¢) Discuss convexity and find the inflection points.

d) Sketch a graph.

|18. Let
f)=1—e 47

be given.

a) Find domain and asymptotes, if any;

b) discuss differentiability and monotonic properties;

¢) determine maxima, minima, saying whether global or local;
d) sketch the graph.

| 19. | Given
f(z) = e“”(gc2 — 8|z — 3| —8),

determine

a) the monotonicity;

b) the relative extrema and range im f;

¢) the points where f is not continuous, or not differentiable;
d) a rough graph;

e) whether there is a real « such that

g(z) = f(z) — alz = 3|

is of class C' over the whole real line.

| 20. ‘ Given
log |1+ x
flay ="

find

a) domain, behaviour at the boundary, asymptotes,

b) monotonicity intervals, relative or absolute maxima and minima,
¢) convexity and inflection points,

d) and sketch a graph.

121, Let

x log |z
x) = .

/(@) 1+ log? |z|

a) Prove f can be prolonged with continuity to R and discuss the differenti-

ability of the prolongation g;
b) determine the number of stationary points g has;
¢) draw a picture for g that takes monotonicity and asymptotes into account.
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| 22. | Determine for

|z] + 3

z—3

a) domain, limits at the boundary, asymptotes;

b) monotonicity, relative and absolute extremum points, inf f and sup f;
¢) differentiability;

d) concavity and convexity;

e) a graph that highlights the previous features.

f(x) = arctan

| 23. | Consider the map
f(x) = arcsin V2t — o2

and say

a) what are the domain, the boundary limits, the asymptotes of f(x);

b) at which points the function is differentiable;

¢) where f is monotone, where it reaches a maximum or a minimum;

d) what the graph of f(x) looks like, using the information so far collected.
e) Define a map f continuously prolonging f to the entire R.

6.12.1 Solutions

1. Differentiability:

a) Not differentiable.

b) The right and left limits of the difference quotient, for x — 0, are:
i ST~ 0_ 1 lim sin(—x) — 0

z—0+t = —0 z—0~ z—0

=-1.

Consequently, the function is not differentiable at zg = 0.
¢) For x # 0 the map is differentiable and

2 2
/ . —1/z
f (I) - .’E3e :
Moreover lir% flx) = lir% f'(z) = 0, so f is continuous at xy = 0. By
T—r T—r

Theorem 6.15, it is also differentiable at that point.
d) Not differentiable.

2. Differentiability:

a) Because
x\/x ifx>0,

x/—x ifz <0,

e = {
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/' is certainly differentiable at x # 0 with

o) = g\/x ?fx>0,
2\/717 ifx <0.

The map is continuous on R (composites and products preserve continuity),
hence in particular also at z = 0. Furthermore, lim f'(z) = lim f/(x) =0,
z—0t z—0—

making f differentiable at x = 0 , with f/(0) = 0.

b) Differentiable on R, f/(x) = —sinz.

2x ifz>0,

e —1 ifx<0.

d) The map is clearly continuous for z # 1; but also at = 1, since

c¢) Differentiable everywhere, f'(x) = {

lim (z2+2—5) = f(1) = -3 = lim (z —4).

z—1t r—1—

The derivative is
20+1 ifx>1,

f/(x){1 ifo<l,

so f is differentiable at least on R\ {1}. Using Theorem 6.15 on the right- and
left-hand derivatives independently, gives

fi@) = lim f'(z)=3, f.(1)= lim f'(z)=1.

z—1t z—1—

At the point x = 1, a corner, the function is not differentiable.

3. Derivatives:

522 43
» fla) = (1+22)2/3 b) f'(z) = cotanz
It 1
o) f(x) = —2we” M sine” ! O fa)y=="7 figtx

4. Maxima and minima:
Both functions are continuous so the existence of maxima and minima is guaran-
teed by Weierstrass’s theorem.

a) Maximum value V2 at the point z = 3 minimum —V2atz = iﬂ'. (The
interval’s end-points are relative minimum and maximum points, not absolute.)
b) One has
2 .
r4+zrx—1 ifex<-1,
@ ={7, |
¢ —x—3 ifz>-1.

The function coincides with the parabola y = (z + ;)2 — i for x < —1. The
latter has vertex in (-1, —?

—5,—4) and is convex, so on the interval [-2, —1] of
concern it decreases; its maximum is 1 at £ = —2 and minimum —1 at z = —1.
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:133 N

4

Figure 6.16. Graph of f(z) = 2% — |z 4+ 1| — 2

For z > —1, we have the convex parabolay = (z—})*— "2 with vertex (5, — 7).
Thus on [—1,1], there is a minimum point # =  with image f(3) = —'2.
Besides, f(—1) = —1 and f(1) = —3, so the maximum —1 is reached at z = —1.
In conclusion, f has minimum —'? (for z = }) and maximum 1 (at z = —2);
see Fig.6.16.

5. Tangent lines:

a) Since

pa=y" . f@=lgt, =]
T3 -2 -8 Ty

the equation of the tangent is

y=f(2)+ f'(2)(z —2) = log4 + Z(:p— 2).

) e\/2z+1

the tangent has equation
y=fO0)+ f(0)z =e+ex.

d) y=nz - 1).

6. As sum of strictly increasing elementary functions on R, so is our function.

Therefore invertibility follows. By continuity and because lirin (x) = oo,
T—r 00

Corollary 4.30 implies im f = R. The function is differentiable on the real line,
f'(z) =5+ 322 4+ 102* > 0 for all z € R; Theorem 6.9 tells that f~! is differenti-
able on R. Eventually f(0) =0 and f(1) =8, so
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1 1

UYO= =5 U= 0=

7. On the domain (0,+4o00) the map is strictly increasing (as sum of strictly in-
creasing maps), hence invertible. Monotonicity follows also from the positivity of

1

") = (222 — 22+ 1)e® + .
f(z) = (22 v Je x(1+log2x)

In addition, f is continuous, so Corollary 4.30 ensures that the range is an interval
bounded by inf f and sup f:

inff = lim f(x) =—1-0 +2=1-7, supf= lim f(z)=+oo.

rz—0+ r—+00
Therefore im f = (1 — 7, 4+00).

8. The map is defined only for x > —2, and continuous, strictly increasing on the
whole domain as

1 2

f/(x):x+2+(x+2)

5 >0, Vo > —2.

Therefore f(x) < f(1) =0 for x <1 and f(z) > f(1) =0 for > 1.

9. The domain is > 0. The zeroes solve
. 1
xlogz —1=0 ie. logz =
x
If we set h(x) =logz and g(z) = !, then
1
h(1)=0<1=g(1) and  h(e)=1> =g(e);

Corollary 4.27 says there is an 29 € (1,e) such that h(zo) = g(xo). Such a point
has to be unique because h is strictly increasing and g strictly decreasing. Thus f
has only one vanishing point, confined inside (1,e).

For the critical points, we compute the first derivative:

f(z) = 2?(logz +1) — 2z(xlogz — 1) _r+2—wlogz
= . _ .

T 3

The zeroes of f’ are then the roots of
r+2—zlogz =0 ie. logz =
Let g(z) = >1" =1+ 2, whence

2 2
he)=1<1+4+  =g(e) and h(e*)=2>1+ " =g(e?);
e e
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again, Corollary 4.27 indicates a unique 7y € (e,e?) with h(Zo) = §(Zo) (unique-
ness follows from the monotonicity of h and g). In conclusion, f has precisely one
critical point, lying in (e, e?).

10. In virtue of the duplication formulas (2.13),
f'(z) =2cosz —sin2z = 2cosz(1 — sinx).

Thus f/(z) =0 whenz = J and x = 37, f/(z) > 0for 0 <z < J or 3w <z < 2.

2 2
This says 2 = 7 is an absolute maximum point, where f(7) = 3 while z = 37

27 2
gives an absolute minimum f(37) = —5. Additionally, f(0) = f(27) = } so the
boundary of [0, 27| are extrema: more precisely, z = 0 is a minimum point and

r = 27 a maximum point.

11. Since f is defined on = > 0 with = # 1, the maximal interval containing
zo = 5 where f is invertible must be a subset of (0, 1). On the latter, we study the
monotonicity, or equivalently the invertibility, of f which is, remember, continuous
everywhere on the domain. Since

1 1 log®z+1

by xlog2x7 zlog?x

it is immediate to see f’(x) > 0 for any « € (0,1), meaning f is strictly increasing
on (0,1). Therefore the largest interval of invertibility is indeed (0, 1).
To write the inverse explicitly, put ¢t = log z so that

+y2+4
y=t— ", 2-ty-1=0, t=" ﬁer ,
and changing variable back to z,

yEVy2+4
r =e€ 2 .

Being interested in = € (0, 1) only, we have

—Vy2+4
r=fly) =c 7,
or, in the more customary notation,
zf\/z2+4
y=fla)=e
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12. The function f(x) =log(1 + z) — = is defined on z > —1, and

im f() =00, T f@)= lim_(— @+ o)) = —o.
As .
’ - . _ X

x = 0 is critical, plus f'(z) > 0 on < 0 and f'(z) < 0 for z > 0. Thus
f increases on (—1,0] and decreases on [0,400); = 0 is the point where the
absolute maximum f(0) = 0 is reached. In conclusion f(z) < f(0) = 0, for all
x> —1.

13. One checks f is odd, plus

f'(x) = 152 — 15022 + 135 = 15(z* — 1022 +9)
=15(z% — 1)(2* —9) = 15(x + 1)(x — 1)(z + 3)(x — 3).

The sign of f’ is summarised in the diagram:

What this tells is that f is increasing on (—oo, —3], [—1,1] and [3,400), while

decreasing on [—3, —1] and [1, 3]. The points z = —1, = 3 are relative minima,
z =1 and = = —3 relative maxima:
7777777777 216
88 |-,
—1
—216

Figure 6.17. The function f(z) = 3z2° — 502® + 135z
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fA)=—f(-1)=88 and  f(3) = —f(—3) = —216.

Besides,
lim f(z) = —o0, lim f(z) = +oo.

T—r—00 r—+00
The graph of f is in Fig.6.17.
The second problem posed is equivalent to studying the number of solutions of

f(z) = —k as k varies: this is the number of intersections between the graph of f
and the line y = —k. Indeed,

if k>216o0r k< —216 one solution

if k= +216 two solutions
if k€ (—216,—88)U (88, 216)  three solutions
if k= +£88 four solutions
if k € (—88, 88) five solutions.

This gives the maximum (5) and minimum (1) number of roots of the polynomial
32° — 5023 + 1352 + k.

14. Study of the function f(r) = 2* — 2/log z:

a) Necessarily z > 0 and logx > 0, i.e., z > 1, so dom f = [1, +00).

b) From
4z*\/logz — 1
flay=""""8
z/logx
we have
1
flz)=0 <= 4dz*loger=1 <= gi(z)=logz= 1648 = g2(z).

On = > 1 there is an intersection zy between the graphs of g1, g» (Fig.6.18).
Hence f'(x) > 0 for x > x¢, f is decreasing on [1, x¢], increasing on [zg, +00).

g2(z) / g1(x)

/mo

1
Figure 6.18. Graphs of gi(z) = logz and g2(z) =

1628
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This makes x a minimum point, and monotonicity gives f invertible on [1, zg]
and [zg, +00). In addition, g;(1) =logl =0 < 116 = g2(1) and ¢1(2) = log2 >
1> = g2(2), which implies 1 < z¢ < 2.

As f(e) = e* — 2, the point (e* — 2, e) belongs to the graph of f~! and

—1\/ (4 I €
(f )(e _2)_f/(6) _46471.

. Study of f(z) = Vs -3,

z+1

The domain is determined by 2 —3 > 0 together with x # —1, hence dom f =
(=00, —v/3] U [V/3, +00). At the boundary points:

| IR S
lim f(z)= lim = lim ==+1

r—Foo r—Fo0 x(l + i) r—Foo I ’
lim f(z)= lim f(zx)=0,
z——/3" w—>\/3Jr

so y = 1 is the horizontal right asymptote, y = —1 the horizontal left asymp-
tote.

The derivative
z+3

(z+1)2v/22 -3
vanishes at * = —3 and is positive for z € (=3, —v/3) U (v/3,+00). Thus f

is increasing on [—3, —v/3] and [v/3, +00), decreasing on (—oo, —3]; * = —3
_ V6
2

fi(x) =

is an absolute minimum with f(-3) = < —1. Furthermore, the points

xr = i\/?) are extrema too, namely x = —\/3 is a relative maximum, x = \/3
a relative minimum: f(4+/3) = 0.

Fig.6.19 (left) shows the graph of f.

V3 |

-1 -1

Figure 6.19. Graphs of f (left) and g (right) of Exercise 15



d)

6.12 Exercises 215

Right-translating the negative branch of f by v/3 gives g(x) for x < 0, whereas
shifting to the left the branch on x > 0 gives the positive part of g. The final
result is shown in Fig. 6.19 (right).

The map g is continuous on R, in particular

lim g(z) = lim f(z—V3)=f(—V3)=0= f(V3) = xli)rg1+ g(x).

z—0~ r—0~

Since
lim ¢'(z) = lim f'(z)= lim f'(2)=+cc

z—0% x—>\/3+ z——v3"

g is not differentiable at = = 0.

16. Study of f(x) = /|22 — 4] — x:

a)

The domain is R and

i f@)= tm 5T S0 @)=+
Thus y = 0 is a horizontal right asymptote. Let us search for oblique asymp-

totic directions. As

f(z)

4
lim " = lim <\/1 21>2,
r——00 I T——00 T

2 4 .2

T——00 T——00 T——00 \/332 4 — ¢
the line y = —2x is an oblique left asymptote.
It suffices to solve /|22 — 4| —z > 0. First, \/|22 — 4| >  for any 2 < 0. When
x > 0, we distinguish two cases: 22 —4 <0 (so 0 <z < 2) and 22 —4 > 0 (i.e.,
x> 2).
On 0 < x < 2, squaring gives

4— 2% > 22 — 22 —-2<0 — 0<z<V2.

For & > 2, squaring implies 22 — 4 > 2, which holds nowhere. The function
then vanishes only at z = v/2, is positive on = < v/2 and strictly negative for
x> V2.

Since
@) Vi—a2—z if2<z<2,
€T) =
Va2 —4—z ifr<-2,12>2,
we have
—X
-1 if-2<z<2,
Flay=q Vi@

-1 ife<-2,2>2.

x
\/:1:2 _
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Figure 6.20. The function f(z) = /|22 — 4| —z

When —2 < z < 2, f/(x) > 0if x + V4 — 22 <0, that is v4 — 22 < —2. The
inequality does not hold for x > 0; on —2 < & < 0 we square, so that

4— g% < 22 — 22—2>0 — —2< < V2.

Hence f'(x) = 0 for x = —/2, f/(x) > 0 for =2 < z < —/2 and f'(z) < 0
when —v2 < z < 2.

Ifx < —2orxz>2 f(z) >0ifr—+x2 —4>0,ie., Va2 — 4 < z. The latter
is never true for x < —2; for x > 2, 2 > 22 — 4 is a always true. Therefore
f'(x) >0perax>2e f'(x) <0perz<—2.

Summary: f decreases on (—oo, —2] and [—+/2, 2], increases on [~2, —v/2] and
[2,+00). The points # = +2 are relative minima, 2 = —/2 a relative max-
imum. The corresponding values are f(—2) = 2, f(2) = =2, f(—v2) = 22,
so x = 2 is actually a global minimum.

As composite of continuous elementary maps, f is continuous on its domain.
To study differentiability it is enough to examine f’ for x — +2. Because

lim f'(z) = oo,

r—+2

at x = 12 there is no differentiability.

e) The graph is shown in Fig. 6.20.
17. Study of f(z) = V/e2* — 1:
a) The function is defined everywhere

lim f(z) =+ and lim f(z)=-1.

r—+00 T——00

b) The first derivative
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2 log3

Figure 6.21. The map f(z) = Ve2* — 1

is positive for z € R\ {0}, and f is not differentiable at « = 0, for lin})f’(x) =
T—r

+00. Therefore f increases everywhere on R.

The second derivative (for z # 0)

4 e?r — 3
" _ 2x
fi(z) = 9% (o2 —1)5/3

vanishes at @ = } log 3; it is positive when z € (—o0, 0) U (4 log 3, +00). This
makes © = ;log?) an ascending inflection, plus f convex on (—oo, 0] and
[4 log 3, +00), concave on [0, ;log3]. Suitably extending the definition, the

point = 0 may be acknowledged as an inflection (with vertical tangent).
See Fig.6.21.

18. Study of f(z) =1 —elol 4+ 2:

a)

b)

Clearly dom f = R. As

lim e 1*l =0,
z—+o0

we immediately obtain

lim f(x)=+oc0,

r—+oo

1 el 1 1
lim f(x): lim ( _° + >: ,
r—t+oo X rz—too \ T €T e e

lim (f(x) — :c) = lim (1—e ) =1.

T—+oo e T—+oo

This makes y = ém + 1 a complete oblique asymptote.

The map is continuous on R, and certainly differentiable for = # 0. As
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Figure 6.22. Graph of f(z) =1 —e I*l 4 @

e '+ ifx >0,

fl(a) =

—e® +

1
e
1

ifz <0,
e

it follows

lim f'(z) = lim (eer 1> o 1
z—0~ z—0~ e e
# lim f'(x) = lim <ex+ 1) 1 +1,
z—0*t z—0t €
preventing differentiability at = = 0.
Moreover, for 2 > 0 we have f/(z) > 0. On z < 0, f'(z) > 0 if e < !

e’
i.e,, © < —1. The map is increasing on (—oo, —1] and [0, +00), decreasing on
-1, 0].

¢) The previous considerations imply z = —1 is a local maximum with f(—1) =
1— 2, 2 =0 alocal minimum where f(0) = 0.

d) See Fig.6.22.
19. Study of f(z) = e*(x? — 8|z — 3| — 8):
a) The domain covers R. Since
e”(2? +8r—32) ifx<3,
fz) = ) ,
e’(z° —8x+16) ifz >3,

we have

() = e”(x? + 10z — 24) ifz <3,
e (x? — 6z + 8) ifox>3.
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Onx <3: f'(x) =0if 22 +102 —24 = 0,50 x = —12 or & = 2, while f'(x) >0
if v € (—00,—12)U(2,3). Onz > 3: f'(x) =0 if 22 — 62 +8 =0, i.e., v = 4
(x = 2 is a root, but lying outside the interval = > 3 we are considering), while
f'(z) >0if z € (4, +00).
Therefore f is increasing on the intervals (—oo, —12], [2, 3] and [4, +00), de-
creasing on [—12,2] and [3,4].

b) From part a) we know z = —12 and « = 3 are relative maxima, x = 2 and z = 4
relative minima: f(—12) = 16e'2, f(2) = —12¢?, f(3) = e* and f(4) = 0. For
the range, let us determine

lim f(z)= lim e*(2® 4+ 8z —32) =0,

T—r—00 T—r—00
. o . T2 _
xkr}rloc f(z) = mgrfooe (x* — 8z + 16) = +o0.

Continuity implies
im f = [min f(2), sup f(2)) = [£(2), +00) = [~12¢?, +00).

¢) No discontinuities are present, for the map is the composite of continuous
functions. As for the differentiability, the only unclear point is z = 3. But

lim f'(z) = lim e®(2% + 10z — 24) = 15¢3,

r—3" r—3~
li "(z) = lim e%(2? — 6z + 8) = —e3,
A T = g el Ge ) = e

sof is not differentiable at = = 3.

d) See Fig.6.23; a neighbourhood of x = —12 is magnified.

\

—-12 34

2.107%

—14 —12 \10
_— 2, - —
—2.107* 12¢

Figure 6.23. Graph of f(z) = ¢”(2* — 8|z — 3| — 8)
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e)

20.

a)

d)

6 Differential calculus
The function g is continuous on the real axis and
, e (22 + 10z — 24) +a ifz <3,
g'(x) = ) .
e’(z° —6x+8)—« if x> 3.

In order for g to be differentiable at = 3, we must have

lim ¢'(z) = 15¢®* + a = lim ¢'(z) = —® — a;
x—3~ z—31
the value @ = —8e® makes g of class C! on the whole real line.
Study of f(x) = IC()%_E;S;”‘:
dom f =R\ {-1}. By (5.6) ¢)
: _ 0t
AR, F7) =0
while .
1) = ) = oo
From this, x = —1 is a vertical asymptote, and y = 0 is a complete oblique
asymptote.
The derivative
1—2log|z + 1|
() —
=) = (x4+1)3

tells that f(x) is differentiable on the domain; f/(z) = 0 if |x + 1| = /e, hence
forx = —1++/e; f'(z) > 0if x € (—00, —y/e—1)U(—1, /e—1). All this says f
increases on (—oo, —y/e—1] and (—1, —1+4+/e], decreases on [—y/e—1,—1) and
[~1+ /e, +00), has (absolute) maxima at z = —14+/e, with f(—1++/e) = , .
From

-5+ 6log |z + 1]
1 —
the second derivative is defined at each point of dom f, and vanishes at |z+1| =
/6, 5o x = —1+4e®6. Since f”(x) > 0onz € (—oo, —1—e*/%)U(e?/6—1, +00),
f is convex on (—o0, —1 —e%/6] and [e®/6 — 1, 4+00), while is concave on [~1 —
eb/6 —1) and (-1, eb/6 _ 1]. The points z = —1 + /6 are inflections.
See Fig.6.24.

21. Study of f(z) = zlog|z| |

a)

1+log? |z|
The domain is clear: dom f = R\ {0}. Since lir%f(x) =0 (« ‘wins’ against the
Tr—r

logarithm) we can extend f to R with continuity, by defining g(0) = 0. The
function is odd, so we shall restrict the study to x > 0.
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Figure 6.24. Graph of f(z) = “Z‘fffﬁ‘

As far as the differentiability is concerned, when =z > 0

B log?’xflogQ:z:Jrlongrl.

f’(I) (1 +log2 )2

)

with ¢ = log x, the limit reads

. L B —t i+l ot
= Im ee T Am =0
Therefore the map g, prolongation of f, is not only continuous but also differ-
entiable, due to Theorem 6.15, on the entire R. In particular ¢’(0) = 0.
Part a) is also telling that x = 0 is stationary for g. To find other critical
points, we look at the zeroes of the map h(t) = t3 —t?> +t+ 1, where t = log x
(x > 0). Since

lim A(t) = —oo, lim A(t) = +oo,
t——o00 t—o00
h(0)=1, KW(t)=3t>-2t+1>0, VteR,

h is always increasing and has one negative zero ty. Its graph is represented in
Fig.6.25 (left).
As tg = logzy < 0,0 < 9 = e’ < 1. But the function is odd, so g has two
more stationary points, zg and —xzg respectively.
By the previous part ¢’(z) > 0 on (zo,+o0) and ¢’(z) < 0 on (0, zp). To
summarise then, g (odd) is increasing on (—oo, —z¢] and [zg, +00), decreasing
on [—xg, xg]. Because
li =
e 918) = o0

and )
lim g(x) = lim 08T

= lim =0,
z—+o0 I z—+oo 1 4 10g2 T t—4oo 1 + t2
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yd

22.

a)

I
—X0

Figure 6.25. The functions h (left) and g (right) of Exercise 21

there are no asymptotes.
For the graph see Fig.6.25 (right).

- [z]+3 .
Study of f(x) = arctan ', :
dom f =R\ {3}. The function is more explicitly given by

3
arctan +3 = arctan(—1) = —Z ifx <0,

T —
flx) =
T+ .
arctan ifx >0,
z—3
whence
. . ™ 7T . m
lim f(r) = arctan = arctan(—oc) = — 5
im f(x) = arctan = arctan(—o0) = —
T3~ 0~ 2’
iligﬁ f(z) = arctan — arctan(+o0) = 5"
Then the straight lines y = —7 , y = 7 are horizontal asymptotes (left and
right respectively).
The map
0 ifx <0,

f'(z) = :
249 ifx >0, x#3,

is negative on & > 0, x # 3, so f is strictly decreasing on [0, 3) and (3, +00),

but only non-increasing on (—oo, 3). The reader should take care that f is

not strictly decreasing on the whole [0,3) U (3,400) (recall the remarks of

p. 197). The interval (—oo,0) consists of points of relative non-strict maxima

and minima, for f(r) = —7, whereas x = 0 is a relative maximum.



23.

a)
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o~

Figure 6.26. The function f(z) = arctan |z‘_+33
Eventually, inf f(z) = =7, sup f(z) = 7 (the map admits no maximum, nor

minimum).
Our map is certainly differentiable on R\ {0,3}. At = 3, f is not defined; at
x =0, f is continuous but

3 1
li () =0 li () = lim — =—
A R )
showing that differentiability does not extend beyond R\ {0, 3}.

Computing
0 ifx <0,

f(w) = 6
(a2 +9)°
reveals that f”(z) > 0 for x > 0 with z # 3, so f is convex on [0,3) and
(3, +00).
See Fig. 6.26.

ife >0, z+#3,

Study of f(x) = arcsin v/2e® — e2*:

We have to impose 2e* —e?? > 0 and —1 < V2e® — e2¢ < 1 for the domain; the
first constraint is equivalent to 2—e® > 0, hence x < log 2. Having assumed that
square roots are always positive, the second inequality reduces to 2e® —e?* < 1.
With y = %, we can write 4> — 2y + 1 = (y — 1)? > 0, which is always true.
Thus dom f = (—o0, log 2]. Moreover,

lim f(z)=0,  f(log2) =0,

Tr—r—00

and y = 0 is a horizontal left asymptote.
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b) From

B (1 —e%) B e(1 —e%)
Ver(2 —e?)(1—2e® +e22)  (/er(2—e?)(1 — e7)2

- Ver(2 — er)

X

f'(=)
if0<z<log2,

e

ifx <0,
Ver(2 — er)
we see that
li ") = — li () = —1 li () =1.
x%(llcl)lgl2)* f («T) o xi%* f («T) ’ xig)l* f (x)

In this way f is not differentiable at * = log 2, where the tangent is vertical,
and at the corner point z = 0.

¢) The sign of f’ is positive for z < 0 and negative for 0 < x < log 2, meaning that
x = 0 is a global maximum point, f(0) = 7, while at x = log2 the absolute
minimum f(log2) = 0 is reached; f is monotone on (—oo, 0] (increasing) and
[0, log 2] (decreasing).

d) See Fig.6.27.

e) A possible choice to extend f with continuity is

Fla) = {f(w) %f:z: <log2,
0 if x > log2.

log 2

Figure 6.27. The map f(z) = arcsin /2e* — e2z
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Taylor expansions and applications

The Taylor expansion of a function around a real point xg is the representation of
the map as sum of a polynomial of a certain degree and an infinitesimal function of
order bigger than the degree. It provides an extremely effective tool both from the
qualitative and the quantitative point of view. In a small enough neighbourhood of
x one can approximate the function, however complicated, using the polynomial;
the qualitative features of the latter are immediate, and polynomials are easy to
handle. The expansions of the main elementary functions can be aptly combined
to produce more involved expressions, in a way not dissimilar to the algebra of
polynomials.

7.1 Taylor formulas

We wish to tackle the problem of approximating a function f, around a given point
o € R, by polynomials of increasingly higher degree.
We begin by assuming f be continuous at zy. Introducing the constant poly-
nomial (degree zero)
T fo,2,(z) = f(z0), Vz € R,

formula (5.4) prompts us to write

f(@x) =T fou,(x) +0(1), x— xo. (7.1)

Put in different terms, we may approximate f around z( using a zero-degree-
polynomial, in such a way that the difference f(x) — T fo 4, (z) (called error of
approximation, or remainder), is infinitesimal at xo (Fig.7.1). The above relation
is the first instance of a Taylor formula.

Suppose now f is not only continuous but also differentiable at xz(: then the
first formula of the finite increment (6.11) holds. By defining the polynomial in z
of degree one

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_7,
© Springer International Publishing Switzerland 2015
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f(@o) +--- y =Tfo(x)

Figure 7.1. Local approximation of f by the polynomial T fo = T fo,x,

T f1,0(x) = f(w0) + f'(z0) (2 — o),
whose graph is the tangent line to f at z¢ (Fig.7.2), relation (6.11) reads

f(@) =Tf15,(z) +0olx —x0), = — mo. (7.2)

This is another Taylor formula: it says that a differentiable map at xy can be
locally approximated by a linear function, with an error of approximation that
not only tends to 0 as x — x, but is infinitesimal of order bigger than one.

In case f is differentiable in a neighbourhood of xg, except perhaps at zq, the
second formula of the finite increment (6.13) is available: putting z7 = xo, 22 = x
we write the latter as

f(@) = Tfow(x) + f'(Z)(2 = z0), (7.3)

f(zo)

Figure 7.2. Local approximation of f by the polynomial T'f1 = T f1,z,
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where Z denotes a suitable point between x¢ and xz. Compare this with (7.1): now
we have a more accurate expression for the remainder. This allows to appraise
numerically the accuracy of the approximation, once the increment x — zg and an
estimate of f’ around xg are known. Formula (7.3) is of Taylor type as well, and
the remainder is called Lagrange’s remainder. In (7.1), (7.2) we call it Peano’s
remainder, instead.

Now that we have approximated f with polynomials of degrees 0 or 1, as
x — xo, and made errors o(1) = o((z — 20)°) or o(xz — z¢) respectively, the natural
question is whether it is possible to approximate the function by a quadratic
polynomial, with an error o((x — xO)Q) as x — xg. Equivalently, we seek for a real
number a such that

f(@) = f(zo) + f'(zo)(x — w0) + alz — x0)> + o((x — 20)?), @ —mo. (7.4)
This means

i £(@) = F(@0) = /(@)@ = a0) = alax — 20)?

=0.
z—x0 (;c — :)30)2

By de 'Hopital’s Theorem, such limit holds if

f'(@) = f'(wo) — 2a(x — xo)

li =
wggo 2(1[7 — .’)30) O’
ie.,
! e
lim (lf () = f' (o) a) ~0,
T—xo \ 2 T — xg
or

1 !/ _ £/
@)~ o)

2 z—xo Tr — X
We conclude that (7.4) is valid when the right-hand-side limit exists and is finite: in
other words, when f is twice differentiable at z¢. If so, the coefficient a is é " (z0).
In this way we have obtained the Taylor formula (with Peano’s remainder)

f(@) =T faz,(x) + o((x — x0)2), T — T, (7.5)

where 1
T fo,20(x) = f(20) + f'(x0)(x — m0) + 2f”($0)(17 — z0)?
is the Taylor polynomial of f at xy with degree 2 (Fig.7.3).

The recipe just described can be iterated, and leads to polynomial approxim-
ations of increasing order. The final result is the content of the next theorem.
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Zo

Figure 7.3. Local approximation of f by T'fo =T f2, +,

Theorem 7.1 (Taylor formula with Peano’s remainder) Let n > 0 and
f be n times differentiable at xg. Then the Taylor formula holds

f(@) =T frz(x) +0((x — x0)"), @ — 0, (7.6)

where

n

Thnaol@) = 3 1 ¥ (o) (& — w0)*
) (7.7)

= flao) + F'(@o)@ — o) + ..+ ™ (wo)(z — ao)".

The term T fp, 5,(x) is the Taylor polynomial of f at z of order (or degree)
n, while o((z — 29)") as in (7.6) is Peano’s remainder of order n. The rep-
resentation of f given by (7.6) is called Taylor expansion of f at zq of order n,
with remainder in Peano’s form.

Under stronger hypotheses on f we may furnish a preciser formula for the
remainder, thus extending (7.3).

Theorem 7.2 (Taylor formula with Lagrange’s remainder) Let n > 0
and f differentiable n times at xg, with continuous nth derivative, be given;

suppose [ is differentiable n+ 1 times around xq, except possibly at xo. Then
the Taylor formula

1

f(.’L‘) = Tfn,mo(x> + (TL _|_ 1)

SOV@ @ -, (78)

holds, for a suitable T between x¢ and z.
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This remainder is said Lagrange’s remainder of order n, and (7.8) is the Taylor
expansion of f at xg of order n with Lagrange’s remainder.

Theorems 7.1 and 7.2 are proven in Appendix A.4.4, p. 456.

An additional form of the remainder of order n in a Taylor formula, called
integral remainder, will be provided in Theorem 9.44.

A Taylor expansion centred at the origin (o = 0) is sometimes called Mac-
laurin expansion. A useful relation to simplify the computation of a Maclaurin
expansion goes as follows.

Property 7.3 The Maclaurin polynomial of an even (respectively, odd) map
involves only even (odd) powers of the independent variable.

Proof. If f is even and n times differentiable around the origin, the claim follows
from (7.7) with zy = 0, provided we show all derivatives of odd order
vanish at the origin.

Recalling Property 6.12, f even implies f/ odd, f” even, f”' odd et cetera.
In general, even-order derivatives f(?*) are even functions, whereas f(2#+1)
are odd. But an odd map g must necessarily vanish at the origin (if defined

there), because x = 0 in g(—x) = —g(x) gives ¢g(0) = —g(0), whence
9(0) = 0.
The argument is the same for f odd. O

7.2 Expanding the elementary functions

The general results permit to expand simple elementary functions. Other functions
will be discussed in Sect. 7.3.

The exponential function
Let f(x) = e®. Since all derivatives are identical with e, we have f*)(0) = 1 for
any k > 0. Maclaurin’s expansion of order n with Peano’s remainder is

72 k n nxk
€ =1da+ )+ttt +o(@) =" +o("). (7.9)

Using Lagrange’s remainder, we have

]

no_k
i T € n+1 e
e’ = ,;,0 il + (n+ 1)!3; , for a certain & between 0 and z. | (7.10)

Maclaurin’s polynomials for e* of order n = 1,2, 3,4 are shown in Fig. 7.4.
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Tf3 // Tfl

Figure 7.4. Local approximation of f(z) =e” by T'f, =T fn,o for n =1,2,3,4

Remark 7.4 Set z =1 in the previous formula:

T <1).
Zk' n+1 (con 0 <z <1)

For any n > 0, we obtain an estimate (from below) of the number e, namely

"1
HZEZM; (7.11)
k=0

because 1 < ¥ < e < 3 moreover, the following is an estimate of the error:
1 < < 3
e—e .
(n+1)! " (n+1)!

In contrast to the sequence {a, = (1 + i)n} used to define the constant e, the
sequence {e,} converges at the rate of a factorial, hence very rapidly (compare
Tables 7.1 and 3.1). Formula (7.11) gives therefore an excellent numerical approx-
imation of the number e. O

The expansion of f(x) = e® at a generic xg follows from the fact that f(*) (zq) = e®°

(=20l |, apl@—a0)"

5 l +0((:L‘—$0)")

e* = et efr— zg) e

k

Z x—xo + o((z — m)").




The logarithm

The derivatives of the function f(z)

and in general,

Thus for k > 1,

3

© 0O Tl W~ O

—
o

7.2 Expanding the elementary functions

€n

1.0000000000000
2.0000000000000
2.5000000000000
2.6666666666667
2.7083333333333
2.7166666666667
2.7180555555556
2.7182539682540
2.7182787698413
2.7182815255732
2.7182818011464

Table 7.1. Values of the sequence {en} of (7.11)

FP@) = (=

F(1)

) f//(x) =

k!
and the Taylor expansion of order n at xg = 1 is

= logx are

(71)I72 )

(1)

s

-3 (-

k=1

loge = (x—1) —

(1)
2

Fooo

+ (_1)n—1 (

k 1 .Z‘—l) +0((x_1)n)-

n

x—1)"

+o((z —1)")

231

(7.12)

Let us change the independent variable x — 1 — z, to obtain the Maclaurin ex-

pansion of order

n of log(1 + x)

log(l—i—x):x—x

-3

k=1

2

2

Fooa

k1$

+ o(z™).

+ (1 4 o(a?)

n

(7.13)

The Maclaurin polynomials of order n = 1,2, 3,4 for y = log(1+z) are represented

in Fig.7.5.
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A Tfs Tf1
/ f
0 \ "
Tf2 ’// \\
TJs /| f Tf | \ Tf2
T fa

Figure 7.5. Local approximation of f(z) =log(l+ z) by T'fn = T fn,o for n =1,2,3,4

The trigonometric functions

The function f(z) = sinz is odd, so by Property 7.3 its Maclaurin expansion con-
tains just odd powers of z. We have f'(z) = cosz, f"/(x) = — cosz and in general
f@RHD () = (=1)* cosz, whence f*+1D(0) = (—1)F. Maclaurin’s expansion up
to order n = 2m + 2 reads

' B P o gmt N
Sln$=$—3!+5!—...+(—1) (2m+1)!+0(x )

e (7.14)

- kz:;)(_l)k @+ 1y T

The typical structure of the expansion of an odd map should be noticed. Mac-
laurin’s polynomial 1" fa,, 12,0 of even order 2m + 2 coincides with the polynomial
T fam+1,0 of odd degree 2m + 1, for fGm+2)(0) = 0. Stopping at order 2m + 1
would have rendered

m
i I2k+1

sinz = ];)(71) (2% +1)! + oz

to which (7.14) is preferable, because it contains more information on the re-
mainder’s behaviour when x — 0. Figure 7.6 represents the Maclaurin polynomials
of degree 2m + 1, 0 < m < 6, of the sine.

As far as the even map f(x) = cosz is concerned, only even exponents appear.
From f"(z) = —cosxz, f®(z) = cosz and fP*(z) = (—1)Fcosu, it follows
f@R)(0) = (=1)*, so Maclaurin’s expansion of order n = 2m + 1 is
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Tf7
1‘\ ‘\‘Tf3

|
[

Tf1//Tf1:«1“ \‘“ C“‘Tff’
T fo

T fo
Tfs | J‘Tﬁ/ Th

“‘ T fu1

233

Figure 7.6. Local approximation of f(z) = sinz by polynomials T fom+1 = T fom+1,0

with 0 <m <6

(7.15)

The considerations made about the sine apply also here. Maclaurin’s polynomials
of order 2m (1 < m < 6) for y = cosz can be seen in Fig. 7.7.

Tfs
rf. | T

Tho |/

[ “sz
‘Tfﬁ

TS Tho

T fo

Figure 7.7. Local approximation of f(z) = cosz by T fom = T fom,0 when 1 <m <6
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Power functions
Consider the family of maps f(x) = (1 4+ x)® for arbitrary o € R. We have

(1+x)>2
(@ —1)(a—2)(1 4 z)>3.

From the general relation f*)(z) = a(a —1)...(a — k+ 1)(1 4 2)*~F we get

) (0 —De-(a—k—+1
joy=1, IO _elemDlamk b gy
k! k!
At this point it becomes convenient to extend the notion of binomial coefficient
(1.10), and allow « to be any real number by putting, in analogy to (1.11),

()= (=" ez g

Maclaurin’s expansion to order n is thus

—1
(1+:r)°‘:1+a3c+a(a2 )x2+...+ (Z):c”+o(3c”)

(7.17)

a=-—1
—1\  (=1)(-2) -1\ _ (—=1)(=2)(-3)
()0 ()P
1) _ (-1)(-2)+ (-K)
< k ) = k! = (71)]67
) —il- .= l—z+22—. .. +(-1)"z" +o(z") = ki_o(—l)k%k +o(z"). | (7.18)

Choosing «a = ; gives

(2> _iG-n o1 <3) s

and the expansion of f(x) = /1 + z arrested to the third order is
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0

Figure 7.8. Local approximation of f(x) = v/1+x by Tfn = Tfno for n=1,2,3,4

1 1 1
\/1+x:1+2$—8$2+16x3+0(:r3).

The polynomials of order n = 1,2, 3,4 are shown in Fig. 7.8.

For conveniency, the following table collects the expansions with Peano’s re-
mainder obtained so far. A more comprehensive list is found on p. 476.

.’11‘2 k n
ex:1+x—|—2+...+ +...4+  +o(a")

a n—lxn n
10g(1+x):x—2—|—...+(—1) n—i—o(x)

Sinx—x—xs—i—xS— + (=)™ . + o(z*™1?)

N 315 (2m + 1)!

2 gt g2 .
cosz=1=" +°, — .4 (-1) (2m)'+ (zm+)
=1

(1—|—x)°‘:1—|—o¢x—|—a(a2 )x2+...+<z>x"+0(3§")
1
1+x:1—x+x2—...+(—1)"w”+0(x”)

1 1 1
\/1+x:1+2x—8$2+16x3+0(a¢3)
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7.3 Operations on Taylor expansions

Consider the situation where a map f has a complicated analytic expression, that
involves several elementary functions; it might not be that simple to find its Taylor
expansion using the definition, because computing derivatives at a point up to a
certain order n is no straighforward task. But with the expansions of the element-
ary functions at our avail, a more convenient strategy may be to start from these
and combine them suitably to arrive at f. The techniques are explained in this
section.
This approach is indeed justified by the following result.

Proposition 7.5 Let f : (a,b) — R be n times differentiable at zo € (a,b).
If there ezists a polynomial P, of degree < n, such that

f(@) = Po(z) + o((z — z0)") for z — xo, (7.19)

then P, is the Taylor polynomial Ty, = T fy, 5, of order n for the map f at z.

Proof. Formula (7.19) is equivalent to
Pu(w) = f(5) + pl),  with (x) = o((z — z0)") for = — .
On the other hand, Taylor’s formula for f at xg reads
To(z) = f(z) + (), with ¥ (z) = o((z — z0)").
Therefore
Pu(z) — Ta(2) = plz) — $(z) = o((z — z0)"). (7.20)
)

But the difference P, (x) — T;,(z) is a polynomial of degree lesser or equal
than n, hence it may be written as

n
Py (x) —T,(z) = E ck(x —x0)".
k=0
The claim is that all coefficients ¢; vanish. Suppose, by contradiction, there
are some non-zero ci, and let m be the smallest index between 0 and n

such that ¢, # 0. Then

n

Pn/(l;) - j‘m(‘r) - Z Ck(lﬁ - .’l?g)k
k=m
SO
P, (z) —T,(z

(117 o IO)m

) n
=cm, + Z cr(x — :I:())kfm,

k=m+1
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by factoring out (z — xo)™

(7.20), we obtain

Taking the limit for + — z¢ and recalling

0= Cm,
in contrast with the assumption. U
The proposition guarantees that however we arrive at an expression like (7.19)

(in a mathematically correct way), this must be exactly the Taylor expansion of
order n for f at xg.

Example 7.6
Suppose the function f(x) satisfies

fl)=2-3(x—2)+ (z—2)° - i(ﬂc—2)3+0((w—2)3) for z — 2.
Then (7.7) implies

f(?) —9 f’(2) _ 3 f//(2) _1 fm(2) B

2 3

i

hence

f(2) = 23 f/(z) = 733 f//(z) = 23 f///(z) ==

1
4
3
9"

For simplicity we shall assume henceforth xg = 0. This is always possible by a
change of the variables, x — t = x — x.

Let now
f(x) =ao+ a1z + ... + anz" + o(z") = pp(z) + o(z")
and
9(@) = bo+ b1z + ... 4 bz + 0(a") = g () + o(2")

be the Maclaurin expansions of the maps f and g.

Sums
From (5.5) a), it follows

f(x) £ 9(x) = [pn(2) + o(z™)] + [gn(2) + o(z")]
= [pn(@) £ gn(2)] + [o(z") + o(™)]
= pn(2) + gn(2) + o(z").

The expansion of a sum is the sum of the expansions involved.

Example 7.7

Let us find the expansions at the origin of the hyperbolic sine and cosine, intro-
duced in Sect. 6.10.1. Changing = to —z in
2 227 +2

A
T 1 2n+2
¢ +:1:+2+ +(2n+2)!+0(x )
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gives
2 2n+2
T x
T =1 - . nt2y,
¢ v *onpop TOETT)
Thus
i 1 . . I3 IE’ l,2n+1 2
smhxf2(e —e )7I+3!+5!+"'+(2n+1)!+0(x ).
Similarly,
1 x —x IZ 174 xQn 2n+1
coshxf2(e +e )f1+2+4!+...+(2n)!+0(x ).
The analogies of these expansions to sinz and cos x should not go amiss. a

Note that when the expansions of f and g have the same monomial terms up to
the exponent n, these all cancel out in the difference f —g. In order to find the first
non-zero coefficient in the expansion of f — g one has to look at an expansions of f
and g of order n’ > n. In general it is not possible to predict what the minimum n’
will be, so one must proceed case by case. Using expansions ‘longer’ than necessary
entails superfluous computations, but is no mistake, in principle. On the contrary,
terminating an expansion ‘too soon’ leads to meaningless results or, in the worst
scenario, to a wrong conclusion.

Example 7.8
Determine the order at 0 of
h(z) =e® —V1+ 22

by means of Maclaurin’s expansion (see Sect. 7.4 in this respect).
Using first order expansions,

f@) =" =142 +o(a),
g(x) =V1+2x=1+z+o(z),
leads to the cancellation phenomenon just described. We may only say
h(z) = o(x),

which is clearly not enough for the order of h. Instead, if we expand to second

order
2

f(x)ze””zl—i—x—l—a; + o(x?)
22
g@)=V1+2e=1+2— 5 + o(z?),

then
h(z) = 22 + o(z?)
shows h(x) is infinitesimal of order two at the origin. O
Products

Using (5.5) d) and then (5.5) a) shows that
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f(@)g(x) = [pn(x) + o(x")]lgn(2) + o(z")]
= Pn(@)gn () + pa(@)o(2”) + gn(z)o(a™) + o(z")o(z™)
= Pu(@)gn (z) + 0o(z") + o(a™) + o(2™")
= Pn(®)gn () + o(z").

The product p,(x)g,(x) contains powers of z larger than n; each of them is an
o(z™), so we can eschew calculating it explicitly. We shall write

Pr(@)gn () = rn () + o(z"),

intending that r,(z) gathers all powers of order < n, and nothing else, so in
conclusion

f@)g(x) = rn(z) + o(z").

Example 7.9

Expand to second order

at the origin. Since

it follows

r  2? x? 9
h(a:)(1+2 8>(l+:17+ 2)+0(x)
Y IR o T A

- T 27" 9

=1+ 2x+ ;x2 + o(z?).

The boxed terms have order larger than two, and therefore are already accounted
for by the symbol o(z?). Because of this, they need not have been computed

explicitly, although no harm was done. O
Quotients
Suppose g(0) # 0 and let
ey =17,
g(x)

for which we search an expansion

h(z) = rp(x) + o(z™), with rp, (z) = Z cph.
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From h(z)g(xz) = f(x) we have
T (2)qn (z) + o(x™) = pn () + o(z™).

This means that the part of degree < n in the polynomial r,(z)g,(x) (degree 2n)
must coincide with p,,(z). By this observation we can determine the coefficients ¢y,
of r,(x) starting from ¢q. The practical computation may be carried out like the
division algorithm for polynomials, so long as the latter are ordered with respect
to the increasing powers of x:

ao + a17 + azx? + ... + apx™ + o(x") | bo + briw + bew? + ... + bpa™ + o(z™)

(
ao + ajx + ahz? + ...+ alx" + o(z") | co + 1T + ... + cpx™ + o(a™)
0+ a1x + asa® + ... + apz™ + o(z™

(

)
)
)
)

a1x + aha® + ... +a,z"™ + o(z"

0+ o(a™)

Examples 7.10

e[D

= . By

3+ 2log(1+ z)
(7.9), (7.13), we have e = 1+ z + J2? + o(z?), and 3+ 2log(1 + z) = 3+ 2z —
22 + o(z?); dividing

i) Let us compute the second order expansion of h(x)

3+ 2z — 2% + o(2?)

L bt e+ ole?)

produces h(z) = 3 + gz + y2° + o(z?).
ii) Expand h(z) = tanz to the fourth order. The function being odd, it suffices
to find Maclaurin’s polynomial of degree three, which is the same as the one of

order four. Since
3 2

singczgc—ac6 + o(z?) and cos;n:l—gc2 +o(2?),

dividing
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, +o(x®) | 1— I; + o(x?)

:L‘d
6
3 3
x—"% 4o(®) | x4+ Y +o(a?)
:L‘d
3

yields

Composite maps
Let
f(x) = a1 + axx® + ... + a,z" + o(z™)

be the Maclaurin expansion of an infinitesimal function for x — 0 (hence ag = 0).
Write
9(y) = bo + b1y + . + bay" + o(y")

for a second map g(y). Recall
o(y™) stands for an infinitesimal of bigger order than y" asy — 0,
which can be written
o(y™) = y"o(1) with o(1) — 0 for y — 0.

Now consider the composition h(z) = g(f(z)) and substitute y = f(z) in the
expansion of g(y):

9(f(@)) = bo + b1 f(x) + bl f(2)]* + .. + D[ f (@)]" + [f(2)]"0(1).

As f(x) is continuous at 0, y = f(x) — 0 for x — 0, so o(1) — 0 for z — 0 as
well. Furthermore, expanding

[f(@)]" = afz" + o(z")

yields
[f(x)]"o(1) = o(z™) per  — 0.

The powers [f(x)]* (1 < k < n), expanded with respect to x up to order n, provide
the expression of g(f(w))
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Examples 7.11
i) Calculate to order two the expansion at 0 of
h(z) = eV,

Define
2
J@)=Vite—1=" =" +o(?),
2
g(y):ey:1+y+y2 +o(y?)
Then
hiz) =1+ x_x2+0(x2) —l—l x—$2+0($2) 2+0(332)
N 2 8 2\2 8
x oz 1 /2?2
-1 B 2 2 2
+<2 8+0(x))+2(4+0(x ))—i—o(:c)
:1—}—;6—1—0(332).

ii) Expand to order three in 0 the map
1

h(x) = .
(=) 1+ log(l + x)
We can view this map as a quotient, but also as the composition of
2 3

X
J@)=log(l+a) =x— "+ +ola)
with
1
=1— 2 .3 3 .
9(y) 4y y+y°—y 4+ o(y)
It follows

2 .3
=1- (m -+ 3 + 0(1’3)> + (2% = 2® + o(z%)) — (2° + o(z”)) + o(a?)
*17x+3;2*7§3+0(x3) U

Remark 7.12 If f(z) is infinitesimal of order greater that one at the origin, we
can spare ourselves some computations, in the sense that we might be able to
infer the expansion of h(z) = g(f(z)) of degree n from lower-order expansions of
9(y). For example, let f be infinitesimal of order 2 at the origin (a; = 0, az # 0).
Because [f(z)]¥ = aba?* + o(x?"), an expansion for g(y) of order § (if n even) or
"1 (n odd) is sufficient to determine h(z) up to degree n. (Note that f(z) should
be expanded to order n, in general.) O
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Example 7.13

Expand to second order
h(z) = Veosz = /1 + (cosz —1).

Set
22
f(z) =cosr—1=— 5 T o(x?) (2nd order)
gy) =1+y=1+ g + o(y) (1st order).
Then
1 22
h(z) =1+ ) ( ) +0(:E2)> +0(:E2)
22
=1- At o(z?) (2nd order). O

Asymptotic expansions (not of Taylor type)
In many situations where f(z) is infinite for x — 0 (or * — x¢) it is possible
to find an ‘asymptotic’ expansion of f(x) in increasing powers of x (x — x¢), by
allowing negative powers in the expression:
fz) = ag;:tn + C;;njf +..+ a;l +ap+ a1z + ... + apz™ +o(x").

This form helps to understand better how f tends to infinity. In fact, if a_,, # 0,
f will be infinite of order m with respect to the test function 1.

To a similar expansion one often arrives by means of the Taylor expansion of

1

f(x)

We explain the procedure with an example.

, which is infinitesimal for x — 0.

Example 7.14

Let us expand ‘asymptotically’, for x — 0, the function

1
f@) =,
The exponential expansion arrested at order three gives
2?28
e —1 =z+ 5 + P +o(z?)
2
:x(1+§+xﬁ +0(m2)>,
S0
1 1
f(x) = 2 .
x1+x+:1: +o(a?)
2 6
The latter ratio can be treated using Maclaurin’s formula
1

=1-y+y*+o(y*);

1+y
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by putting
2
y=+ g o)
in fact, we obtain
1 x oz 1 1 T
= 1— )= —
/(@) x( o g tel )> z 2 T TO@

the asymptotic expansion of f at the origin. Looking at such expression, we can
deduce for instance that f is infinite of order 1 with respect to ¢(x) = ;, as

xz — 0.
Ignoring the term 2/12 and writing f(x) = ; — ; + o(1) shows f is asymptotic
to the hyperbola

g(x) = : -

7.4 Local behaviour of a map via its Taylor expansion

Taylor expansions at a given point are practical tools for studying how a function
locally behaves around that point. We examine in the sequel a few interesting
applications of Taylor expansions.

Order and principal part of infinitesimal functions
Let
f(@) =ao+ai(x —x0) + ... + anlx —x0)" + 0((95 _ mo)n)

be the Taylor expansion of order n at a point xg, and suppose there is an index m
with 1 < m < n such that
ag=a1 = ... = apy_1 =0, but a,, # 0.
In a sufficiently small neighbourhood of xy,
f(@) = am(z — 20)™ + o((x — z0)™)
will behave like the polynomial
p(@) = am(r —x0)™,

which is the principal part of f with respect to the infinitesimal y = x — z¢. In
particular, f(z) has order m with respect to that test function.

Example 7.15

Compute the order of the infinitesimal f(z) = sinz — x cosz — J2® with respect

to p(z) = z as ¢ — 0. Expanding sine and cosine with Maclaurin we have
1
flx) = —30x5 +o(z®), x—0.
Therefore f is infinitesimal of order 5 and has principal part p(z) = 7310x5.
The same result descends from de 'Hopital’s Theorem, albeit differentiating five
times is certainly more work than using well-known expansions. a
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Local behaviour of a function
The knowledge of the Taylor expansion of f to order two around a point z,

f(z) = ao + a1(z — 20) + az2(z — 20)* + o((z — 20)?) , T — To,
allows us to deduce from (7.7) that

f<$0) =4ao, f/<$0) =aa, f//<.'1/'0) = 2as.

Suppose f is differentiable twice with continuity around xy. By Theorem 4.2 the
signs of ag, a1, az (when # 0) coincide with the signs of f(x), f'(x), f"(x), re-
spectively, in a neighbourhood of xg. This fact permits, in particular, to detect
local monotonicity and convexity, because of Theorem 6.27 2) and Corollary 6.38
b2).

Example 7.6 (continuation)

Return to Example 7.6: we have f(2) > 0, f'(2) < 0 and f”(2) > 0. Around
xo = 2 then, f is strictly positive, strictly decreasing and strictly convex. O

We deal with the cases a1 = 0 or as = 0 below.

Nature of critical points
Let xg be a critical point for f, which is assumed differentiable around zj. By
Corollary 6.28, different signs of f’ at the left and right of £y mean that the point
is an extremum; if the sign stays the same instead, x( is an inflection point with
horizontal tangent.

When f possesses higher derivatives at g, in alternative to the sign of f’
around zy we can understand what sort of critical point z( is by looking at the
first non-zero derivative of f evaluated at the point. In fact,

Theorem 7.16 Let f be differentiable n > 2 times at xo and suppose

flleo)=...=f" Do) =0,  f™(x)#0 (7.21)
for some 2 < m <n.

i) When m is even, ¢ is an extremum, namely a mazimum if f0™ (zo) < 0,
a minimum if 0™ (z¢) > 0.

it) When m is odd, xo is an inflection point with horizontal tangent; more
precisely the inflection is descending if f")(xo) < 0, ascending if
f(m)(l‘o) > 0.
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Proof. Compare f(x) and f(z¢) around zp. From (7.6)-(7.7) and the assumption
(7.21), we have

(M) (20 ,
f(@) = fzo) = f (@) (2 —x0)™ + o((x — x0)™).

m!

But o((z — 20)™) = (z — zo)™o(1), so

(m) ()
F@) = fao) = @—zo)™ |7 ) 4 o)
m!
for a suitable h(z), infinitesimal when = — 29. Therefore, in a sufficiently
small neighbourhood of xg, the term in square brackets has the same sign
as f(™)(xg), hence the sign of f(x) — f(x), in that same neighbourhood,
is determined by f("™)(x0) and (z — 2)". Examining all sign possibilities
proves the claim. O

Example 7.17
Assume that around zo = 1 we have
fl@) =2—15(x — 1)* +20(z — 1)° + o((z — 1)?). (7.22)
From this we deduce
) =f"1)=f"1)=0, but fH1)=-360<0.
Then z is a relative maximum (Fig. 7.9, left).
Suppose now that in a neighbourhood of 1 = —2 we can write

f(@) =3+10(x+2)° = 35(z+2)" +o((z +2)7). (7.23)
Then
F(=2)=f"(=2) = f"(-2) = fY(-2)=0, and [O(-2)=10-5!>0,
telling 2 is an ascending inflection with horizontal tangent (Fig. 7.9, right). O

I 1 )
Figure 7.9. The map defined in (7.22), around zo = 1 (right), and the one defined in
(7.23), around zo = —2 (left)
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Points of inflection
Consider a twice differentiable f around xg. By Taylor’s formulas we can decide
whether x( is an inflection point for f.

First though, we need to prove Corollary 6.39 stated in Chap. 6, whose proof
we had to postpone to the present section.

Proof. a) Let xg be an inflection point for f. Denoting as usual by y = t(z) =
f(zo) + f'(z0)(z — zp) the tangent line to f at zg, Taylor’s formula (7.6)
(n = 2) gives

flx) —t(x) = ;f”(:l:())(.’l: —z0)* + o((z — x0)?),

which we can write

flx) —t(x) = (x — x0)? {1

2f”(l"/o) + h(l‘)}

for some infinitesimal h at xg. By contradiction, if f”(xg) # 0, in an arbit-
rarily small neighbourhood of zy the right-hand side would have constant
sign at the left and right of xp; this cannot be by hypothesis, as f is
assumed to inflect at zq.

b) In this case we use Taylor’s formula (7.8) with n = 2. For any = # xo,
around zq there is a point Z, lying between xy and x, such that

A L, _
flx) —t(x) = 2f”(:0)(:r — x0)2.
Analysing the sign of the right-hand side concludes the proof. O

Suppose, from now on, that f”(xz) = 0 and f admits derivatives higher than
the second. Instead of considering the sign of f” around zg, we may study the
point xg by means of the first non-zero derivative of order > 2 evaluated at xg.

Theorem 7.18 Let f be n times differentiable (n > 3) at xq, with

o) =...=fm (o) =0, F™ (o) #0 (7.24)
for some m (3<m <mn).

i) When m is odd, xq is an inflection point: descending if f™ (o) < 0,
ascending if f(™ (zo) > 0.
it) When m is even, xq is not an inflection for f.

Proof. Just like in Theorem 7.16, we obtain

£ (o)

f(x) —t(x) = (& — x0)™ - + h(x)
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Figure 7.10. Local behaviour of the map (7.25)

where h(x) is a suitable infinitesimal function for z — x. The claim follows
from a sign argument concerning the right-hand side. O

Example 7.19
Suppose that around zo = 3 we have
f(z) =—=2+4(z —3) —90(z — 3)° + o((z — 3)°). (7.25)

Then f"(3) = f"(3) = fW(3) =0, f®)(3) = =90 - 5! < 0. This implies that
xo = 3 is a descending inflection for f (Fig.7.10). O

7.5 Exercises

1. Use the definition to write the Taylor polynomial, of order n and centred at

xq, for:

‘a)‘ f(z) =€, n=4, g =2

b) f(z) =sinz, n==~6, o =7

‘c)‘ f(x) =logx, n=3, 2o =3

d) f(z)=+2x+1, n=3, x9g =4

‘e)‘ f(x) =7+ x—32% + 52 n=2, xo =1
) f(z) =2—82% + 42% + 924, n=3, 29 =0

2. Determine the Taylor expansion of the indicated functions of the highest-
possible order; the expansion should be centred around xy and have Peano’s
remainder:

‘a)‘f(:z:):x2|x|+e2z, 20 =0
b) f(x):2+x+(x—1){’/x2—1, xo=1
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. With the aid of the elementary functions, write the Maclaurin expansion of
the indicated functions of the given order, with Peano’s remainder:

‘a)‘ f(z) =z cos3x —3sinz, n=2
1+=z
b)) flay=log /[0 n=4
‘c)‘ f(x):ewzsin%:, n=>5
d) f(z)=e """ 4+sinz — coszx, n=2
e) f(x) = v/cos(3x — a?), n=4
x , B
‘f)‘ f(x)*\(yl_’_ﬁfsmx, n=>5
‘g)‘ f(z) = cosh®x — /1 + 222, n=4
e?r — 1
h T) = , n=3
) f() Vcos 2z
1
i T) = , n=3
) f() —/8sinz — 2cosx
0) flz) = ¥/8+sin24a2 — 2(1+22cosz?), n=4

. Ascertain order and find principal part, for x — 0, with respect to ¢(x) = x
of the indicated functions:

cos 2z + log(1 + 4z?)

a) fla) = e —¢ b)) f@) = sl 9 -1
.3
o) fl@)= \/x33; sin® \/z d) f() =22+ (22— 1)log f”:
esve — 1 1

T 4

V1 — 422

. Calculate order and principal part, when x© — 400, with respect to ¢(x) = 010
of the indicated functions:

1 1

Tr-2 2@-2)—log(z—1)

b) f(x)=e w1

©) f(@)= V14322 + 25— /2452t + 2

‘ e) ‘ f(z) =  — arctan

2 x
— 32— 1= %22+
f) fla)=v1-z \/1 g 22 Hsin

d) f(z)= §/2+sinh 52 — V2

. Compute the limits:

a)

hII%)(l + xﬁ)l/(m‘l sin? 3x) b) lim 4
T—



250 7 Taylor expansions and applications

1 1 1 1/
‘ ¢)| lim . — d) lim (ef”7 + sin? z — sinh? gc)
z—0 r \sin(tanz) =z 20
¢) lim 18z% ‘ £ lim 3z*[log(1 + sinh® z)] cosh® z

2=0 1 —+/1+4 23 cosVa?

=0 Jcos 6z — 1 + 622

| 7. ‘ As a varies in R, determine the order of the infinitesimal map
h(z) = logcosx + log cosh(ax)

as x — 0.
| 8. | Compute the sixth derivative of
h(x) = sinh(z? + 2sin? z)
14 210
evaluated at x = 0.

| 9. | Let
o(x) = log(1 + 4x) — sinh 42 + 8z2.

Determine the sign of y = sin p(z) on a left and on a right neighbourhood of
o = 0.

| 10. ‘ Prove that there exists a neighbourhood of 0 where
2cos(z 4 %) <2 — 2 — 223

| 11. ‘ Compute the limit
e®/2 — cosh \/x

I
o0+ (x + )
for all values o € R*.
| 12. ‘ Determine o € R so that

f(z) = (arctan22)? — axsinx

is infinitesimal of the fourth order as © — 0.

7.5.1 Solutions

1. Taylor’s polynomials:
a) All derivatives of f(z) = e® are identical with the function itself, so f(*)(2) =
€2, Vk > 0. Therefore

7227627262736274
Tfio(x)=e¢" +e(z 2)+2(x 2)+6(x 2)+24(:17 2)%.
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¢) From f'(z) = glc, ' (x) = —3312, f(z) = ;3 it follows f(3) = log3, f'(3) = ;’

£(3) = —;, £7(3) = 2 Then

27
T f33(z) =log3 + 1(96—3)— 1 (z —3)% + ! (z —3)3.
' 3 18 81
1 1 , 1 s
DT =34 @) - L @oape Lo

e) As f'(z) = 1 — 6z + 1522, f"(x) = —6 + 30z, we have f(1) = 10, f'(1) = 10,
£7(1) = 24 and

Tfoa(x) =10 +10(z — 1) + 12(z — 1)2.

Alternatively, we may substitute t = x—1, i.e. x = 1+¢. The polynomial f(x),
written in the variable ¢, reads

gt)=f14+t) =7+ (1 +t) = 3(1+t)> +5(1 +1)° =10 + 10t + 12¢* + 5¢3.

Therefore the Taylor polynomial of f(z) centred at 29 = 1 corresponds to the
Maclaurin polynomial of ¢(t), whence immediately

Tga0(t) = 10 + 10t + 12¢2.
Returning to the variable x, we find the same result.
) Tfs0(zx) =2 — 822 + 423,
2. Taylor’s expansions:

a) We can write f(x) = g(x) + h(x) using g(z) = 22|z| and h(x) = e**. The sum
h(z) is differentiable on R ad libitum, whereas g(z) is continuous on R but
arbitrarily differentiable only for x # 0. Additionally

2 . .
g’(x){gm ifx>0, g”(x){&r ifx>0,
—32% ifz <O, —6x ifz <0,
SO
lim ¢'(z) = lim ¢'(z) =0, lim ¢”’(z) = lim ¢"(z) =0.
Ap 9@ = i g(@) Ap, 9 (@) = lig ¢"(z)

By Theorem 6.15 we infer g is differentiable twice at the origin, with vanishing
derivatives. Since g”(x) = 6|z| is not differentiable at = 0, ¢ is not differen-
tiable three times at 0, which makes f expandable only up to order 2. From
R (z) = 2¢*® and h"(x) = 4e**, we have f(0) = 1, f/(0) = 2, f”(0) = 4, so
Maclaurin’s formula reads:

f(z) =142z +22% + o(z?).
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b) The map is differentiable only once at 29 = 1, and the expansion is f(z) =
3+ (x—1)+o(x—1).

3. Maclaurin’s expansions:

a) f(z) = =2z + o(a?).
b) Writing f(z) = log(1+ z) —log(1 4 3z), we can use the expansion of log(1+t)
with t =2 and ¢ = 3z

x?2 23 ot (3z)2  (3z)3  (3x)* 4
f(x)7x72+3*473x+ 9 ~ 3 ty + o(z®)
2
= 2z + 4% — 362:3 + 202 + o(x*).

¢) Combining the expansions of e! with t = 22, and of sint with ¢ = 2x:

f(z) = (1 + 2%+ x; + 0(x5)) <2:17 — (2;)3 + (2;)5 + 0(x5))

4 4 4
=22 4223 +2° — 3:173 - 3:175 + 152:5 + o(z%)

2 1
=2x+ 3:173 - 152:5 +o(z”).
d) f(x) = 2% + o(a?).
o) fl@)=1=32% 42— Jla* + o(z?).

f) This is solved by expanding (1 + ¢)* and changing o = —é and t = x2:

_ 1 -1
{711 9 :I(1+1’2) 1/6 = (]_ 6x2+ ( 26>x4+0(174))
X

1 7
=z— 6;103 + 72955 + o(x%),

from which

1 7 1 1 4
flx)=x— 6.’L‘3 + 72955 —z+ 6.’L‘3 - 5!.’1,‘5 +o(2°) = 45:E5 + o(z”).

¢) Referring to the expansions of coshz and (14 ¢)%, with a = ;, t =222

1 1/2
|

4'.’1,‘4 + 0(;134)) — (14 227)

flz) = <1+ ;x2+

1 2 1

=14+z%+ 4.’1)4 + 4'.’[74 +o(z?) — (1 + 22952 + <lé2) (22%)2 +0(334)>
2 1 4 2 L 4 4y _ 9 4 4

=14z +3:1c —-1-=z +2x —|—0(gc):6x +o(z").

h) f(z) =2+ 22 + L2 + o(z?).
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i) Substitute to sinx, cosx the respective Maclaurin expansions, to the effect
that

/(@) !
) = .
—2— 8z + 22+ \3{?173 + o(x?)

Expansion of the reciprocal eventually gives us

1 V25, 1T 3
f(x)—fer g T 47 +12\/2:17 + o(z?).

) f(x) = —2z* + o(z?).

4. Order of infinitesimal and principal part for x — 0:

a) The order is 2 and p(z) = —2ex? the principal part.

b) Write

W) cos 2x + log(1 + 42?) — cosh 2z
cosh 2z
and note that the order for x — 0 can be deduced from the numerator only, for
the denominator converges to 1. The expansions of cost, log(1 +¢) and cosht
are known, so

i

cos 2z + log(1 + 42?) — cosh 2z

1 1 1 1 1
=1- 2(2x)2 o (22)* + (22)? — 2(22:)4 -1- 2(2:17)2 ~ (22)* + o(2?)
= —8z* + o(x?).
Thus the order is 4, the principal part p(z) = —8x%.
¢) Expanding sint and e, then putting ¢t = v/z, we have
o £ _sindt 5 (t— L34 0(t®)’ L5+ o(t) L 4 oy
= = = = 0]
g et 1 14 3t+o(t) — 1 3t+o(t) 6
for ¢ — 0. Hence !
fa) = o +ola?),
implying that the order is 2 and p(z) = ;2°.
d) The map has order 3 with principal part p(z) = gxz)’.

1

,) and arctant:

e) Use the expansion of (1 4 t)* (where a = —

(1—422)"Y2 =14 22% 4 o(a?), V1 x4 , = +22° +o(at)
— 4z
1
arctan 1 . 42 x4 22° + o(z*) — 3(1’ —22% 4+ o(z%))? + o(2?)
— 4z

=z+ gxg + o(z?).
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In conclusion,

5
f(z)= —3;103 + o(2?),,
so that the order is 3 and the principal part p(x) = —

f) Order 6 and principal part p(z) = (—;’4 + 2_133)£U6.

5,.3
3L,

5. Order of infinitesimal and principal part as x — -+oo:
a) When z — +oo we write

x—2—log(z —1)
2(x —2)2 — (. — 2)log(x — 1)
x—2—log(zx —1)
222 —8x 4+ 8 — (x — 2)log(x — 1)
r+o(x) 1 (1)
= +o0 ,

T 22 4 o(z?) 2z x

flz) =

1

from which one can recognise the order 1 and the principal part p(z) = .

b) The map is infinitesimal of order one, with principal part p(z) = — 41

c) Write
. 3 1 5 5 2
f(x):</x3(1+x+x3>_\/x5(1+x+x5)
3 1\/3 5 9 \/5
=z({1+ + —z|l+ + .
T oz T oz

Using the expansion of (1 + ¢)* first with « = é, t= i + ;3, then with o« = é,
t = i + 2 we get

RV N3 1)’ 1

+3 :17+:173 2 :17+x3 to x? +

L5, 2 AVEE 2+ 1
5\ b 2)\x b o\ a2

flx) ==

Therefore the order is 1, and p(z) =
d) The order is 2 and p(x) = 2

3x2”



7.5 Exercises
6. Limits:

a) Let us rewrite as

lim (1 6\1/(z* sin® 3z) _ li log(1 6
mlg%)( + 2°) limexp( ,. 2. og(1+z°)

log(1 6
= exp (lim og(l += )> = el

o0 z4sin? 3z
To compute L, take the expansions of log(1 + t) and sint:

. 2% + o(29) .2 +o(z% 1
L = lim = lim = .
-0 24(3x + o(22))2  2-0 926 +o(26) 9

The required limit is e/9.

b) .

¢) Expanding the sine and tangent,

.z —sin(tanz) .z —tanz + §tan® z + o(z?)
L = lim . = lim
s—0 z2sin(tanx) 20 22 (tanx + o(x))
. x—x— 324 (b + o(z?) . = +o(z?) 1
= lim = lim =— .
z—0 3 + o(a3) z—0 23 + o(23) 6

d) e=2/3; e) —1.
f) Observe that

3x[log(1 + sinh? x)] cosh® 2 ~ 324 sinh® z ~ 32°.
for £ — 0. Moreover, the denominator can be written as

Den : 1— (1+ 2°)Y/2cosa®/?

—1- (1+ Los 4 (142> 0 +0(336)> (1 - ;x‘?’ + i!xG +0($6))

N =N

=1—-11
( + 8 2 4 24
The limit is thus 6 6
lim 50 Fol@) _g
z—0 3;(:6 + 0(;)36)

7. Expand log(1 + t), cost, cosht, so that

L o
h(z) = log <12x +4.

255

1 1 1 1 1
w3 — b — a3 ab .’L‘6+0<336)> = 3:c6+0(x6).

1' zt ¢ 0(:175)> + log <1 + ;(a:r)2 + 41! (az)* + 0(:175)>
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ol 1y Lo, 1 42 5y, 0 5 at oy
2x+4!x2<2x+41x Fola?)+ ot T
1 2 4 2

,2 <a2 72 4 Z' 174) +0(£C5)

= ;((f —1)2* + <i' - ;) (a* 4+ 1)z* + o(z).

If @ # £1, h(x) is infinitesimal of order 2 for x — 0. If a = £1 the first non-zero
coefficient multiplies z#, making h infinitesimal of order 4 for z — 0.

8. In order to compute h(®(z) at x = 0 we use the fact that the Maclaurin
®
coefficient of z° is ag = " 6,(0). Therefore we need the expansion up to order six.

Working on sint and sinh ¢, the numerator of i becomes

. 4
Num : sinh <x2 +2 (334 - 3!956 + 0(906)))
1

4 4
= sinh <x2 + 221 — 3956 + 0(956)) =22 4+ 22 — 3.’1)6 + 3'.’1,‘6 + o(x%)
7

=22 + 2% — 6.’L‘6 + o(x%).

Dividing % 4 22* — [2% + 0(2°) by 1+ 2'° one finds
7
h(z) = z* 4 2z — 6:176 + o(z9),
so h(®(0) = = - 6! = —840.
9. Use the expansions of log(1 + ) and sinh ¢ to write
1 2 1., 3 1 3 2 3y_ 92 3 3
o(x) =4x — 2(4:17) + 3(42:) — 4z — 3'(4:17) +8z° + o(z”) = 3 @ + o(z”).

Since the sine has the same sign as its argument around the origin, the function
y = sinp(z) is negative for x < 0 and positive for z > 0.

10. Using cost in Maclaurin’s form,

2 cos(x + 2%) = 2 (1 - ;(x+x2)2 + 1! (z+2°)* +o((z +x2)4)>

4
2 3., ,4 L4 4
=2—(z°+ 2z +x)+3 4% + o(z*)
11
=222 223 — "2t 4 o(z?)

12

on some neighbourhood I of the origin. Then the given inequality holds on I,
because the principal part of the difference between right- and left-hand side,

. 11,4
clearly negative, equals —7;x".
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11. Expand numerator and denominator separately as

1 1 /z\2 1 1
Num : 1 ( ) 2y_ (1 2 2
um +2.’L‘+2 5 + o(z?) (—1—2;10—1—4!95 + o(z?)

1 1 1
= <8 — 4!) 2?2 + o(x?) = 12:172 +o(2?),
Den : [x1/5 (1+x4/5)}

= g/5 (1 + x4/5) = /5 (1 + ax?® + 0(334/5)> .

Then
. e"/2 —coshy/x , L2+ o(x?)
lim = lim
z—0+  (x+ 1) w0+ z2/5 (14 azt/5 + o(x4/%))
1 «
if 2 = 1
12 2= Ly ifa=10,
=0 if2>, =
! 5° 0 if <10,
+oo if2< +oo if a > 10.

12. Writing arctant and sint in Maclaurin’s form provides

F@) = <233 - ;)(2:5)3 4 0($3)>2 . <x _ éxi” + 0(333)>

32
= 42* — 5 zt +o(z") — az? + gx4 + of(xz*)

— - (-0t rotat)

This proves f(z) infinitesimal of the fourth order at the origin if o = 4. For such

value in fact,
f(z) = 102" + o(2*).
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Geometry in the plane and in space

The chapter has two main goals. The first is to discuss the possibilities of repres-
enting objects in the plane and in three-dimensional space; in this sense we can
think of this as an ideal continuation of Chap.1. We shall introduce coordinate
systems other than the Cartesian system, plus vectors and their elementary prop-
erties, and then the set C of complex numbers. Secondly, it is a good occasion for
introducing concepts that will be dealt with in more depth during other lecture
courses, for instance functions of several variables, or the theory of curves in space.

8.1 Polar, cylindrical, and spherical coordinates

A point P in the Cartesian plane can be described, apart from using the known
coordinates (z,y), by polar coordinates (r,0), which are defined as follows.
Denote by r the distance of P from the origin O. If » > 0 we let 6 be the angle,
measured in radians up to multiples of 27, between the positive z-axis and the
half-line emanating from O and passing through P, as in Fig. 8.1. It is common to

P = (.’E,y)

O T

Figure 8.1. Polar and Cartesian coordinates in the plane

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 342 84, DOI 10.1007/978-3-319-12772-9_8,
© Springer International Publishing Switzerland 2015
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choose 0 in (—m, 7], or in [0,27). When r = 0, P coincides with the origin, and 6
may be any number.

The passage from polar coordinates (r,8) to Cartesian coordinates (z,y) is
given by

x =rcosf, y=rsinf. (8.1)

The inverse transformation, provided 6 is chosen in the interval (—m, ], is

arctany ifx >0,

an
arctany—i—ﬂ' ifx<0,y>0,

an

r=/22 +y2, 0= arctanz—w ifx<0,y<0, (8.2)
T
ifr=0,y>0,

5 if x y
—g ifz=01y<0.

Examples 8.1
i) Let P have Cartesian coordinates (x,y) = (61/2,21/6). Its distance from the

origin is
r=v72+24 =96 =4V6.
As x>0,

V3

2v/6
0 = arctan = arctan =

6v/2 3 6

The polar coordinates of P are then (r,6) = (4\/6, g)

ii) Let now P have Cartesian coordinates (x,y) = (=5, —5). Then 7 = 51/2, and
since z,y < 0,

-5 ™
6 = arctan 5—7r:arctan1—7r: - T =—- T

4 4
whence (r,0) = (5v/2, *iﬂ).

2
iii) Take P of polar coordinates (r,0) = (4, 37r) this time; in the Cartesian

system
2
x :4cos37r:4cos(7r— g) = —4cos§ = -2,
2
y:4sin37r:4sin(7r—73r):4sin§:2\/3. O

Moving on to the representation of a point P € R3 of coordinates (z,,2),
we shall introduce two new frame systems: cylindrical coordinates and spherical
coordinates.
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The cylindrical system is simply given by replacing the coordinates (z,y) of
the point P’, orthogonal projection of P on the zy-plane, by its polar ones (1, 6),
and mantaining z as it is. Denoting (1, 6,t) the cylindrical coordinates of
we have

)

z=1"cosl, y=r'sinf, %=1

In this case too the angle 6 is defined up to multiples of 27; if we confine 6 to the
interval (—m, 7], as above, cylindrical coordinates are functions of the Cartesian
ones by defining 7’ and 6 with (8.2) (Fig. 8.2, left).

Spherical coordinates (r, ¢, 0) are defined as follows. Let r = \/x2 + y? + 22
be the distance of P from the origin, ¢ the angle between the positive z-axis and
the ray from O through P, 6 the angle between the positive z-axis and the line in
the xy-plane passing through the origin and the projection P’ of P on the same
plane. This is probably better understood by looking at Fig. 8.2, right. Borrowing
terms from geography, one calls # the longitude and ¢ the colatitude of P
(whereas 7 — ¢ is the latitude, in radians).

Therefore z = r cos , while the expressions x = r’ cos € and y = r’ sin 6 derive
from noting that 7’ is the distance of P’ from O, r’ = rsin . Then the Cartesian
coordinates of P are, in terms of the spherical triple (r, ¢, 0),

x =rsinpcosf, y =rsingsinf, Z=TCcosy.

The inverse transformation is easily found by dimensional reduction. We just re-
mark that it is enough to vary ¢ in an interval of width m, e.g. [0, 7]. Instead, 6
has freedom 27, for instance 6 € (—m, 7|, as in the 2-dimensional case.

P’ = (2,y,0)

Figure 8.2. Cylindrical coordinates (left) and spherical coordinates (right)
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Example 8.2

Consider the point P of Cartesian coordinates (1,1,v/6). The point P’ = (1,1,0)
is the orthogonal projection of P onto the zy-plane, so its polar coordinates are

(r',0) = (\/ 2, Z) in that plane. The cylindrical coordinates of P are therefore
1 0.t) = (V2. ,V6).
(’f’ y Uy ) (\/ 9 47\/ )

Now to spherical coordinates. First, r = /14 1+ 6 = 21/2; moreover, sin ¢ =
V2
2v2

(r,0,p) = (2\/2,

3 implies ¢ = /6, because ¢ varies in [0, 7]. Therefore P has coordinates
T

4’6)' O

8.2 Vectors in the plane and in space

We discuss the basics of Vector Calculus, which focuses on vectors and how they
add, multiply, and so on. We start with vectors whose initial point is the origin,
and later generalise this situation to arbitrary initial points in the plane or in
space.

8.2.1 Position vectors

Equip the plane with an orthogonal frame system. A pair (z,y) # (0,0) in R?
identifies a position vector (or just vector) v in the plane, given by the line
segment with initial point O = (0,0) and end point P = (z,y), see Fig. 8.3, left.
(The orientation from O to P is indicated by an arrow with point at P.)

The coordinates z, y of P are said components of the vector v (in the chosen
frame system); one writes v = (x, y), identifying the vector v with its end point P.

Position vectors in space are defined in a similar fashion: a vector v with
components (z,y, z) # (0,0,0) is drawn as the oriented segment going from O =
(0,0,0) to P = (z,y, 2) (Fig. 8.3, right), so one writes v = (z,y, 2).

P=(z,y,2)

Figure 8.3. A vector in the plane (left), and in space (right)
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In space or in the plane, the vector 0 with components all zero is called the
zero vector; it is identified with the origin and has no arrow. In this way position
vectors in the plane (or in space) are in bijective correspondence with points of
R? (resp. R?). Henceforth we shall not specify every time whether we are talking
about planar or spatial vectors: the generic v, of components (v1, v2) or (v1, va, v3),
will be described with (v1,...,v4). The capital letter V' will be the set of vectors
of the plane or of space, with no distinction.

Having fixed the origin point O, a vector is intrinsically determined (irrespect-
ive of the chosen Cartesian frame) by a direction, the straight line through the
origin and containing the vector, an orientation, the direction given by the arrow,
and a length or norm, the actual length of the segment OP. Rather often the
notion of direction tacitly includes an orientation as well.

Let us define operations. Take vectors v = (v1,...,vq) and w = (w1, ..., wq).
The sum of v and w is the vector v 4+ w whose components are given by the sum
of the corresponding (i.e., with the same subscript) components of the two original
vectors

v+w=(vy +wi,...,vq+wgq). (8.3)

In Vector Calculus real numbers A € R are referred to as scalars. The product
of the vector v by (the scalar) A is the vector Av, whose jth component is the
product of the jth component of v by A

Av = (Avg, ..., Avg) . (8.4)

The product (—1)v is denoted —v and said opposite vector to v. The difference
v — w is defined as

v—w=v+(—w)=(v1 —wy,...,04 — Wq) . (8.5)

The operations just introduced enjoy the familiar properties of the sum and the
product (associative, commutative, distributive, ... ), due to their component-wise
nature.

These operations have also a neat geometric interpretation. If A > 0, the vector
Av has the same direction (and orientation) as v, i.e., it lies on the same (oriented)
straight line, and its length is A times the length of v (see Fig.8.4); if A < 0,
Av = —|A|v = |A|(—v) so the same argument applies to —v. Two vectors v and w
are parallel, or collinear, if w = A\v for a X\ # 0.

The sum of non-zero position vectors v and w should be understood as follows.
When the two vectors are collinear, w = Av, then v + w = (1 + \)v, parallel to
both of them. Otherwise, v and w lie on distinct straight lines, say r, and r,, that
meet at the origin. Let IT be the plane determined by these lines (if v and w are
vectors in the plane, clearly IT is the plane); v and w determine a parallelogram on
IT (Fig.8.5). Precisely, let P, @ be the end points of v and w. The parallelogram
in question is then enclosed by the lines r,, 7y, the parallel to r,, through P and
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Q = (A, \y)
v

S P=(zy)

o

Figure 8.4. The vectors v and A\v

the parallel to r, through Q); its vertices are O, P, Q and R, the vertex ‘opposite’
the origin. The sum v + w is then the diagonal OR, oriented from O to R. The
vertex R can be reached by ‘moving’ along the sides: for instance, we can start at
P and draw a segment parallel to OQ), having the same length, and lying on the
same side with respect to r,,.

Figure 8.6 represents the difference v —w: the position vector v —w = v+ (—w)
is the diagonal of the parallelogram determined by vectors v, —w. Alternatively,
we can take the diagonal QP and displace it ‘rigidly’ to the origin, i.e., keeping it
parallel to itself, finding v — w.

The set V' of vectors (in the plane or in space), equipped with the operations
of sum and multiplication by a scalar, is an example of a vector space over
R. Any vector v = A\vy + pwso, with v1,v2 € V and A\, u € R is called a linear
combination of the two vectors v, and vs. This generalises to linear combinations
of a finite number of vectors.

7 ’
Tw 7
'
’
’
’ -
s -
1
1
’ -
1 -7
Q ./
1 -
_‘t" /
-7 7
P 1
- v+ w / -
/ -
' -7
w =" Ty
7
/P
’
v 1
1
7
-1 /
- ’ 4
’ ’
O, /

Figure 8.5. Sum of two vectors v + w
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7 ’
’ ’

7 |
’ |
’ |
’ |
’ |
: ’
~ , /,
\ ~ 1
\ ~ 1
h ~ ’
/ ]
~ ,
,,,_, ,,,,,,,'4"_\—,_—_._
( ) v ’ -~
’
i
’
(¥ ’
1
—w g
—w | |
'
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Figure 8.6. Difference vector v — w

Examples 8.3

i) Given vectors v = (2,5,—4) and vy = (—1,3,0), the sum v = 3v; — 5vy is
v =(11,0,—12).

ii) The vectors v = (v/8, —2,2v/5) and w = (2, —v/2,V/10) are parallel, since the
ratios of the corresponding components is always the same:

V8 -2 72\/5:\/2;

2 -2 V10

hence v = V2 w. O

8.2.2 Norm and scalar product

The norm of a position vector v with end point P is defined, we recall, as the
length of OP, i.e., the Euclidean distance of P to the origin. It is denoted by the
symbol ||v|| and can be expressed in terms of v’s components like

V2 + 03 ifd=2,

d
loll = | > v? =
i=1

Vol +vi+vi ifd=3.

The norm of a vector is always non-negative, and moreover ||v|| = 0 if and only if
v = 0. The following relations hold, proof of which will be given on p. 269:

Ao = [Al[ol], v+ w| < lv] + |[w] (8.6)

for any v,w € V and any A € R.
A vector of norm 1 is called unit vector, and geometrically, it has end point
P lying on the unit circle or unit sphere centred at the origin. Each vector v has
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a corresponding unit vector ¥ = Hg\l’ parallel to v. Thus v = ||v|| ¥, showing that
any vector can be represented as the product of a unit vector by its own length.

Let us introduce the operation known as scalar product, or dot product of
two vectors. Given v = (v1,...,v4) and w = (wy, ..., wy), their dot product is the
real number

V1w + vaWwe ifd= 2,

d
V-w = E Viw; =
i=1

V1w + vowse +v3ws if d=3.

Easy-to-verify properties are:
vw=w-v, (8.7)
(Av1 + pvz) - w = ANvg - w) + p(vz - w). (8.8)

for any v, w,v1,v2 € V,\,u € R.
A vector’s norm may be defined from the scalar product, as

ol = Vo v (8.9)

for any v € V. Vice versa, for any v,w € V, one has
1
vew = (Jo+w|® = [ol* —[lw]?), (8.10)

which allows to compute scalar products using norms (see p. 269 for the proof).
Furthermore, a fundamental relation, known as Cauchy-Schwarz inequality,
holds: for every v,w € V
[v-w| < v [jw]. (8.11)

Even more precisely,

v-w = ||v| ||lw] cosé (8.12)

where 6 is the angle formed by v and w (whether 6 is the clockwise, anti-clockwise,
acute or obtuse angle is completely irrelevant, for cos @ = cos(—6) = cos(2m — 6)).
Formulas (8.11) and (8.12) as well will be proved later.

The dot product leads to the notion of orthogonality. Two vectors v, w are
said orthogonal (or perpendicular) if

vow=0;

formula (8.12) tells that two vectors are orthogonal when either one is the zero
vector, or the angle between them is a right angle. By (8.10), the orthogonality of
v and w is equivalent with

[v+w]? = [[o]* + [[w]?,
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O

Figure 8.7. Pythagoras’s Theorem

well known to the reader under the name Pythagoras’s Theorem (Fig.8.7).
Given a vector v and a unit vector u, the component of v along w is the
vector

v, = (v-u)u,

while the component of v orthogonal to u is the complement

Vyl =V — Uy .

Therefore the vector v splits as a sum
V= Uy + Uyt with Vy - Uyt =0, (8.13)

a relation called orthogonal decomposition of v with respect to the unit vector
u (Fig. 8.8).

Figure 8.8. Orthogonal decomposition of v with respect to the unit vector u
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z

Figure 8.9. The unit vectors 2,3, k

Examples 8.4
i)v=(1,0,4/3) and w = (1,2, /3) have norm

vl =vV14+0+3=2, |w|=v1+4+3=2V2;
their scalar productisv-w=14+0+3 =4.

To compute the angle 6 they form, we recover from (8.12)

v-w V2
cosf = = ,
ol [lw]] 2
sof=7.
ii) The vectors v = (1,2,—1), w = (—1,1,1) are orthogonal since v - w =
-14+2-1=0.
iii) Take the unit vector u = (\}3, \}3, \/3) Given v = (3,1,1), we have
vou=V3+ =3,

so the component of v along w is

\/3( e \/3
while the orthogonal component reads
v, =(3,1,1)—(1,1,-1) = (2,0,2).

That (8.13) holds is now easy to check. O

11
V3 /3
)=

-1,

We introduce the unit vectors ¢ = (1,0,0), 7 = (0,1,0) and k = (0,0,1) of
space, which are parallel to the axes of the Cartesian frame (Fig.8.9); at times
these unit vectors are denoted e, eq, es. They are clearly pairwise orthogonal

ij=j k=i-k=0. (8.14)

They form a so-called orthonormal frame for V' (by definition, a set of pairwise
orthogonal unit vectors).
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Let v = (v1,v2,v3) be arbitrary. Since

v = (v1,0,0) 4+ (0,v2,0) 4 (0,0, v3)
= v1(1,0,0) 4+ v2(0,1,0) + v3(0,0, 1)

we write

v =v1t+v2J + vsk.

This explains that any vector in space can be represented as a linear combination
of the unit vectors ¢, j, k, whence the latter triple forms an orthonormal basis of
V. The dot product of v with the orthonormal vectors , j, k yields the components
of v
v =v-1, va=v-7, vg=v-k.

Summarising, a generic vector v € V' admits the representation

v=@w-1)i+ v -J)j+(v-k)k. (8.15)
Similarly, planar vectors can be represented by

v=(v-i)i+ (v-j)Jj

with respect to the orthonormal basis made by 4 = (1,0) and 5 = (0,1).

Proofs of some formulas above

Proof. We start from (8.6). The equality follows from the definition of norm. The
inequality descends from the definition in case v and w are collinear; for
generic v, w instead, it states a known property of triangles, according to
which any side is shorter than the sum of the other two. In the triangle
OPR of Fig. 8.5 in fact, [|[v + w|| = |OR|, ||v|| = |OP| and ||w|| = |PR).
Formula (8.10) derives from expanding ||v + w||? using (8.7)—(8.9) as fol-
lows:

lv+wl|* = (v+w) - (v+w)
=v-vtw-vtv-wtw-w (8.16)
= [[v[? +2v - w + [lw|®.
The Cauchy-Schwarz inequality (8.11) can be proved by writing the second
of (8.6) as [[v+w|* < (|lv] + ||'w||)2 For the left-hand side we use (8.16),
so that v - w < ||lv|| ||w|]; but the latter is (8.11) in case v - w > 0. When
v - w < 0, it suffices to flip the sign of v, to the effect that

[v-w|=—v-w=(-v) - w < | - vl [Jw]| = o] w].

Eventually, let us prove (8.12). Suppose v and w are non-zero vectors
(for otherwise the relation is trivially satisfied by any €). Without loss of
generality we may assume 0 < § < 7. Let u = W = H%H be the unit vector
corresponding to w. Then the component of v along u is

(8.17)

Uy, = u.
[|w]]
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Q

Figure 8.10. Projection of v along w (the angle formed by the vectors is acute on the
left, obtuse on the right)

Suppose first that 0 < § < 7/2. In the triangle OP'P (Fig.8.10, left)
lv,|| = |OP’| = |OP|cos@ = ||v]| cosb; as v, has the same orientation as
u, we have

vy = ||v]| cosfu. (8.18)
If 0 is obtuse instead, in Fig.8.10, right, we have ||v, || = ||v|| cos(m — 0) =
—||v]| cos @; precisely because now wv,, has opposite sign to u, (8.18) still
holds. In the remaining cases § = 0,7/2, 7 it is not hard to reach the
same conclusion. Comparing (8.17) and (8.18), and noting A\v = v means
A= pif v # 0, we finally get to

v-w

]l

whence (8.12). O

= ||v|| cos b,

8.2.3 General vectors

Many applications involve vectors at points different from the origin, like forces in
physics acting on a point-particle. The general notion of vector can be defined as
follows.

Let v be a non-zero position vector of components (vq,v2), and Py an arbit-
rary point of the plane, with coordinates (xo1,o2). Define P; by the coordinates
(x11,212) = (o1 + v1, 02 + v2), as in Fig.8.11. The line segment PyP; from P
to P; is parallel to v and has the same orientation. We say that it represents
the vector v at Py, and we write (P, v). Vice versa, given any segment going
from Py = (x01,%02) to P = (x11,212), we define the vector v of components
(v1,v2) = (211 — o1, 12 — Zo2). The segment identifies the vector v at Pp.

A general vector in the plane is mathematically speaking a pair (P, v), whose
first component is a point Py of the plane, and whose second component is a
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o

Figure 8.11. The position vector v and the same vector at Py

position vector v. Normally though, and from now onwards, the vector (P, v)
shall be denoted simply by v; we will make the initial point Py explicit only if
necessary. Analogous considerations are valid for vectors in space.

The operations on (position) vectors introduced earlier carry over to vectors
with the same initial point. The vectors (Py,v) and (Py,w) add up to (Pp,v) +
(Py,w), equal to (Pp, v + w) by definition. Operations between vectors at different
points are not defined, at least in this context.

8.3 Complex numbers

According to conventional wisdom, not every algebraic equation
p(z) =0

(p being a polynomial of degree n in z:) admits solutions in the field of real numbers.
The simplest example is given by p(r) = 22 + 1, i.e., the equation

2 =-1. (8.19)

This would prescribe to take the square root of the negative number —1, and it is
well known this is not possible in R. The same happens for the generic quadratic
equation

az® +br+c=0 (8.20)

when the discriminant A = b? — 4ac is less than zero. The existence of solutions of
algebraic equations needs to be guaranteed both in pure and applied Mathematics.
This apparent deficiency of real numbers is overcome by enlarging R to a set,
called complex numbers, where adding and multiplying preserve the same formal
properties of the reals. Obviously defining this extension-of-sorts so to contain
the roots of every possible algebraic equations might seem daunting. The good
news is that considering equation (8.19) only is sufficient in order to solve any
algebraic equation, due to a crucial and deep result that goes under the name of
Fundamental Theorem of Algebra.
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8.3.1 Algebraic operations

A complex number z can be defined as an ordered pair z = (z, y) of real numbers
x,7. As such, the set of complex numbers C can be identified with R?. The reals
x and y are the real part and the imaginary part of z

x="TRez and y=1Imz

respectively. The subset of complex numbers of the form (x,0) is identified with
R, and with this in mind one is entitled to write R C C. Complex numbers of the
form (0,y) are called purely imaginary.

Two complex numbers z; = (21,y1), 22 = (z2,y2) are equal if they have
coinciding real and imaginary parts

21 = %9 < r1 =29 and Y1 =Y2.

Over C, we define the sum and product of two numbers by

Z1+ 22 = ($1,y1) + (962,92) = (961 +x2,y1 + y2) (8-21)
2120 = (x1,11) (T2, y2) = (122 — Y1 Y2, X1 Y2 + T2 Y1) - (8.22)
Notice
(z,0) + (0,y) = (2,9), (0,1) (y,0) = (0,9),
so

(z,y) = (2,0) +(0,1) (y,0) . (8.23)
Moreover, (8.21) and (8.22) are old acquaintances when restricted to the reals:
(21,0) + (22,0) = (z1 + 22,0) and (21,0) (22,0) = (z1 22,0) .

In this sense complex numbers are a natural extension of real numbers.
Introduce the symbol 7 to denote the purely imaginary number (0, 1). By identi-
fying (r,0) with the real number r, (8.23) reads

z=x+ 1y,

called Cartesian form or algebraic form of z = (z,y).
Observe that

P2 = (0,1)(0,1) = (-1,0) = -1,

so the complex number 7 is a root of equation (8.19). The sum (8.21) and multi-
plication (8.22) of complex numbers in Cartesian form become

21+ 22 = (1 +iy1) + (22 +iy2) = z1 + 22 +i(y1 + y2), (8.24)
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Z1 R = (LEl —+ Zyl) (IL‘Q =+ Zyg) =T1T2 —Y1Y2 =+ Z(.’El Y2 =+ X2 yl) o (825)

2:

The recipe is to use the familiar rules of algebra, taking the relation i —1 into

account.
The next list of properties is left to the reader to check:

21+ 2zo=220+21, 2122 = 2221,
(21 4+ 22) + 23 = 21 + (22 + 23) , (21 22) 23 = 21 (22 23) ,
21 (22 4+ 23) = 2122+ 21 23

for any 21, z2, z3 € C. The numbers 0 = (0,0) and 1 = (1,0) are the additive and
multiplicative units respectively, because

z4+40=0+2==2 and z1l=1z=2, VzeC.

The opposite or negative of z = (x,y) is the complex number —z = (—z, —y),
in fact z 4+ (—z) = 0. With this we can define, for any 21, 20 € C, the difference:

21— 29 = 21 + (—22)
or, equivalently,

x1 + iy — (x2 +iye) = 1 — 2+ i(y1 — o).

The inverse or reciprocal of a complex number z # 0, denoted i or z7 !

by the relation zz~! = 1, and it is easy to see

, Is given

— 1 € T+ -y
z .’E2 + y2 .’E2 + y2 :
The formula

Z1 1 T1x2+Y1Y2 | L T2Y1 — T1Y2

) 2 o T 2 2
22 5 + Y3 5 + Y3

defines the ratio or quotient of 2z, zo € C with z5 # 0.

At last, let us remark that the ordering of real numbers cannot be extended to
C to preserve the compatibility properties of Sect.1.3.1 in any way.

8.3.2 Cartesian coordinates

With the identification of C and R?, it becomes natural to associate the number
z = (x,y) = x + iy to the point of coordinates z and y in the Cartesian plane
(Fig.8.12). The point z can also be thought of as the position vector having end
point at z. The horizontal axis of the plane is called real axis and the vertical
axis imaginary axis. For any z1,z2 € C the sum z; + z3 corresponds to the
vector obtained by the parallelogram rule (as in Fig. 8.13, left), while z; — 29 is
represented by the difference vector (same figure, right).
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Imz

|
I
|
|
|
|
! >
T Re z

Figure 8.12. Cartesian coordinates of the complex number z = z + iy

The modulus (or absolute value) of z = z + iy, denoted |z|, is the non-
negative number

|2l = Va2 + g2

representing the distance of (x,y) from the origin; non-incidentally, this definition
is the same as that of norm of the vector v associated to z, |z| = ||v||. Moreover, if
a complex number is real, its modulus is the absolute value as of Sect. 1.3.1. This
justifies the choice of name, and explains why the absolute value of a real number is
sometimes called modulus. We point out that, whereas the statement z; < z has
no meaning, the inequality |z1| < |22| does, indeed the point (corresponding to) z;
is closer to the origin than the point z9. The distance of the points corresponding
to z1 and 22 is |21 — 2a].
Given z € C, the following are easy:

|z| >0; |z|=0if and only if 2 =0;
|2]* = (Rez)? + (Im 2)*;
Rez <|Rez| <lz|, Imz<|Imz|<|z|;

|lz1] = |22]] < [21 + 22| < 21| + |22] -

Imz, Imz

-7 z2

, 32

_— Rez

" Rez

Sz — 22

Figure 8.13. Sum (left) and difference (right) of complex numbers
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The complex conjugate, or just conjugate, of z = = + iy is the complex
number

Z=x—1y. (8.26)

On the plane, the conjugate Z is the point (x, —y) obtained by reflection of (z,y)
with respect to the real axis. The following properties hold for any z, 23, z2 € C:

Z=z, 2l = Il 2Z=2?,

21+ 22 =21+ 22, 21— 29 =21 — 22,

2129 =21 22, (21>=? (22 #0).
2

%)

(8.27)

Of immediate proof is also

for all z € C.

8.3.3 Trigonometric and exponential form
Let r and 6 be the polar coordinates of the point (x,y). Since
xr =rcosf and y =rsinf,

the number z = (z,y) has a polar form, also called trigonometric,

z=r(cosf+isinb). (8.28)

First of all, r = |z|. The number 6, denoted by § = argz, is said argument of
z (less often, but to some more suggestively, ‘amplitude’). Geometrically arg z is
an angle (in radians) delimited by the positive real axis and the direction of the
position vector z (as in Fig.8.14).

Imz

Ypooomomonnnnnnnnnnns :

z Re z

Figure 8.14. Polar coordinates of the number z = = + iy
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The argument can assume infinitely many values, all differing by integer mul-
tiples of 27. One calls principal value of arg z, and denotes by the capitalised
symbol Argz, the unique value 6 of argz such that —m < 6 < m; the principal
value is defined analytically by (8.2).

Two complex numbers z; = r1(cos#; + isinf) and zo = ra(cosfs + isinds)
are equal if and only if r1 = r9 and 61, 05 differ by an integer multiple of 2.

The representation in polar form is useful to multiply complex numbers, and
consequently, to compute powers and nth roots. Let in fact

z1 =11 (cos By + isinby) and 29 =19 (cosfy + isinba);
the addition formulas for trigonometric functions tell us that

2129 =TTy [(cos 01 cos B — sin B sin 0y) + i(sin 07 cos O3 + sin O cos 61 )]

8.29
=717 [cos(@l + 02) +isin(6; + 6’2)] . ( )
Therefore
arg (z1 z2) = argz; + arg z2 . (8.30)
Note that this identity is false when using Arg: take for instance z; = —1 =
cosm +isinm and zz =7 =cos ] +isin 3, so
2120 = —1 = cos(f ﬂ-) +isin(f ﬂ-) ,
2 2
ie.,
m 3 m
Argzy =m, Argz2:2, Argzl+Argz2:27r7éArgz122:—2.

The so-called exponential form is also useful. To define it, let us extend
the exponential function to the case where the exponent is purely imaginary, by
putting

" = cosf + isinf (8.31)

for any 6 € R. Such a relation is sometimes called Euler formula, and can be
actually proved within the theory of series over the complex numbers. We shall
take it as definition without further mention. The expression (8.28) now becomes

z=re? (8.32)

the exponential form of z. The complex conjugate of z is
z = r(cos 0 — isin0) = r(cos(—0) + i sin(—0)) = re”*
in exponential form.

Then (8.29) immediately furnishes the product of z; = r1e991 and z9 = rqei2

21 29 = 11 7o &1 01102) (8.33)
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Thus the moduli are multiplied, the arguments added. To divide complex numbers
(8.29) gives, with 1y = ro =1,

Wiz = oi(01402) (8.34)
In particular,
010 _ 1
so e~ is the inverse of ¢, The reciprocal of z = re? # 0 is then

1 .
2= e, (8.35)
T
Combining this formula with the product one shows that the ratio of z; = r1e?
and 2o = 1oei?2 #0is

AL _ T Gi(61=62) (8.36)
z2 T2

8.3.4 Powers and nth roots
Re-iterating (8.33) and (8.35) we obtain, for any n € Z,
2" = en? (8.37)

For r = 1, this is the so-called De Moivre’s formula

(cos@ +isin®h)™ = cosnf + isinnf . (8.38)

By (8.37) we can calculate nth roots of a complex number. Fix n > 1 and a
complex number w = pe’?, and let us determine the numbers z = re? such that
z" = w. Relation (8.37) implies

P ein@ — pei<p =w,
which means

™=p,
nd=p+2kn, kez,

r=3p,
0_(,04—2/471'

n

hence

, keZ.

The expression of 6 does not necessarily give the principal values of the roots’ ar-
guments. Nevertheless, as sine and cosine are periodic, we have n distinct solutions

i P42k

2k 2k
2z = {Ype' n :{L/p<cosw+ 7T+isin(p+ W), k=0,1,....n—1
n n
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Imz g 1+ V/3i

Figure 8.15. The point 1 + v/3i and its fifth roots z;, j = 0,...,4

to the problem. These points lie on the circle centred at the origin with radius
{/p; they are precisely the vertices of a regular polygon of n sides (an ‘n-gon’, see
Fig.8.15).

Examples 8.5

i) For n > 1 consider the equation

2" =1.
Writing 1 = 1e® we obtain the n distinct roots

e=el | k=0,1,...,n—1,

called nth roots of unity. When n is odd, only one of these is real, zo = 1, whilst
for n even there are two real roots of unity zo = 1 and z,,, = —1 (Fig.8.16).
ii) Verify that

22=-1
admits, as it should, the solutions z4+ = +i. Write —1 = 1e'", from which

2y =zp=¢2 =4 and z,:zlzeiﬂt’h:e*ig:fi. O

Note finally that (8.31) permits to define the exponential of arbitrary (not only
imaginary) complex numbers z = xz + iy, by letting

e” = e"e" = e”(cosy +isiny). (8.39)




8.3 Complex numbers 279

Imz Imz

zZ1 e z2 L

AN

z2 T

Figure 8.16. Roots of unity: cubic roots (left) and sixth roots (right)

Using (8.34) it is now an easy task to verify that the fundamental relation e %2 =
e*1e*? is still valid in the realm of complex numbers. In addition to that,

REz

le*| =e™** >0, arge® =TImz.

The first tells, amongst other things, that e* # 0 for any z € C. The periodicity
of the trigonometric functions implies

e t2hmi — o2 forall k€ Z.

)

8.3.5 Algebraic equations
We will show that the quadratic equation with real coefficients
az’ +bz4+c=0

admits two complex-conjugate solutions in case the discriminant A is negative.
We can suppose a > 0. Inspired by the square of a binomial we write

b c b b? c b2
2 2
= = 2 —
0=>= +az+a (Z + 2az+4a2)+a 402’
that is )
+ b _ A <0
"Tou) T 4a '
Therefore J
b —A
— 4y
at 2a Y 9a
or
—btiv-A
z= .
2a
bt VA
We write this as z = v , in analogy to the case A > 0.

2a
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The procedure may be applied when the coefficients a # 0, b and ¢ are complex
numbers, as well. Thus
_ —bE Vb2 —dac
= 2a

are the two solutions of the equation az? + bz 4+ ¢ = 0 in the greatest possible
generality.

Third- and fourth-degree algebraic equations have three and four solutions re-
spectively (counted with multiplicity): these roots can be made explicit via algeb-
raic operations, namely square and cubic roots!. There can be instead no analytic
expression for solving an equation of fifth degree or higher. Despite all though, the
Fundamental Theorem of Algebra warrants that every algebraic equation p(z) = 0,
where p is a polynomial of degree n with real or complex coefficients, admits ex-
actly n solutions in C, each counted with its multiplicity. This is how it goes.

Theorem 8.6 Let p(z) = a2 +. ..+ a1z +aog, with a,, # 0, be a polynomial
of degree n with coefficients ar, € C, 0 < k < n. There exist m < n distinct
complex numbers z1, . . ., Zm, and m non-zero natural numbers p, . . ., by, with
1+ ...+ pm = n, such that p(z) factorises as

p(2) = an(z — 21)" ... (2 — zm)H™.

The numbers zj, are the roots of the polynomial p, in other words the solutions of
p(z) = 0; the exponent gy is the multiplicity of the root z. A root is simple if it
has multiplicity one, double if the muliplicity is 2, and so on.

It is opportune to remark that if the coefficients of p are real and if 2y is a
complex root, then also Zg is a root of p. In fact, taking conjugates of p(z9) = 0
and using known properties (see (8.27)), we obtain

0=0=p(20) =anZ) + ...+ G120 + a0 = anZy + ...+ a1Z0 + a0 = p(Zo) -

The polynomial p(z) is then divisible by (z — z0)(z — Zo), a quadratic polynomial
with real coefficients.

A version of the Fundamental Theorem of Algebra for real polynomials, that
does not involve complex numbers, is stated in Theorem 9.15.

! The cubic equation 2°+ax?+bz+c = 0 for example, reduces to the form y*+py+q = 0,
by changing z = y — 3; p and q are suitable coefficients, which are easy to find. The
solutions of the reduced equation read

_ 3 q @ | P 3lq \/q2 p3
y\/2+\/4+27 \/2+ 4 Tor
a formula due to Cardano. Extracting a root yields as many solutions as the order of

the root (here 2 or 3), yielding a maximum of 12 solutions, at least in principle: it is
possible to prove that at most 3 of them are distinct.
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8.4 Curves in the plane and in space

The second part of the chapter sees the return of functions, and the present section
devotes itself in particular to the notion of a curve in Euclidean space or on the
plane. A curve can describe the boundary of a planar region such as a polygon, or
an ellipse; it is a good model for the trajectory of a point-particle moving in time
under the effect of a force. In Chap. 10 we shall see how to perform integral calculus
along curves, which enables to describe mathematically the notion of work, to stay
with the physical analogy.

Let I be an arbitrary interval of the real line and v : I — R? a map. Denote
by v(t) = (2(t),y(t), 2(t)) the point of R? image of ¢ € I under ~. One says 7 is a
continuous map on [ if the components x,y, z : I — R are continuous functions.

Definition 8.7 A continuous map v : I C R — R3 is called a curve (in
space). The range of the map is called image and will be denoted by the letter
C =~()CR3.

If the image lies on a plane, one talks about a plane curve. A special case is that
where v(t) = (a:(t), y(t), 0), that is, curves lying in the zy-plane which we indicate
simply as v : I — R?, v(t) = (z(t),y(?)).

Thus a curve is a function of one real variable, whereas the image is a subset of
space (or the plane). Curves furnish a way to parametrise their image by associat-
ing to each value of the parameter ¢ € I exactly one point. The set C' could be the
image of many curves, by different parametrisations. For example, the plane curve

/ A 0
\/ﬂ T

a

a,

Figure 8.17. Clockwise from top left: images C = ~([a,b]) of a simple arc, a non-
simplearc, a closed arc which is not simple, a Jordan arc
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~(t) = (t,t) with t € [0, 1] has the segment with endpoints A = (0,0), B = (1,1)
as image. But this is also the image of §(t) = (t2,t2), t € [0,1]; the two curves
~ and & are parametrisations of the segment AB. The middle point of AB is for
example image of t = ; under v and t = ‘éQ under §.

A curve 7 is simple if v is a one-to-one map, i.e., if different values of the
parameter determine distinct points on the image.

Suppose the interval I = [a,b] is closed and bounded, as in the previous ex-
amples, in which case the curve = is called an arc. An arc is closed if y(a) = ~(b);
clearly a closed arc is not simple. Nevertheless, one defines simple closed arc (or
Jordan arc) a closed arc which is simple except for one single point vy(a) = ~(b).
Fig.8.17 illustrates various types of situations.

The reader might encounter the word arc in the literature (as in ‘arc of circum-
ference’) to denote a subset of R? or R3, endowed with the most natural — hence
implicitly understood — parametrisation.

Examples 8.8
i) The simple plane curve

~(t) = (at +b,ct + d), teR, a#0,

d—b
has for an image the line y = ‘x4 ‘. Setting = z(t) = at + b and
a a

x—b
y =y(t) = ct + d, in fact, gives t = , SO
a

d—"b
y:C(xfb)er:Cera ‘.
a a a
ii) The curve
7(t) = (@()y(t) = (L+cost,3+sint),  te 0,2,
has the circle centred at (1,3) with radius 1 as image; in fact (z(t) — 1)2 +

(y(t) — 3)2 = cos?t +sin?t = 1. This is a simple closed curve and provides the
most natural way to parametrise the circle that starts at (2,3) and runs in the
counter-clockwise direction.

In general, the image of the Jordan curve
v(t) = (z(t),y(t)) = (xo + rcost,yo + rsint), t €10,2n],
is the circle with centre (zg,yo) and radius r.

If ¢ varies in an interval [0, 2k7], with k& > 2 a positive integer, the curve has the
same image seen as a set; but because we wind around the centre k£ times, the
curve is not simple.

Instead, if ¢ varies in [0, 7], the curve is an arc of circumference, simple but not
closed.
iii) Given a,b > 0, the map

Y(t) = (z(t),y(t)) = (acost,bsint), t € 0,27,
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A

Figure 8.18. The spiral and helix of Examples 8.8 iv), vi)

is a simple closed curve parametrising the ellipse with centre in the origin and
semi-axes a and b.

iv) The image of
v(t) = (2(t),y(t)) = (tcost,tsint), t€[0,400),
is drawn in Fig.8.18 (left); the spiral coils counter-clockwise around the origin.
The generic point v(¢) has distance \/22(t) + y2(t) = t from the origin, so it
moves always farther as ¢ grows, making the spiral a simple curve.
v) Let P = (xp,yp, zp) and Q = (2@, yq, 2g) be distinct points in space. The
image of the simple curve
~t)=P+(Q—-P)t, teR,
is the straight line through P and @, because v(0) = P, v(1) = @ and the vector
~(t) — P has constant direction, being parallel to @ — P.
The same line can be parametrised more generally by
t—to
1— 1o
where to # t1; in this case v(to) = P, v(t1) = Q.

teR, (8.40)

vi) Consider the simple curve
Y(t) = (z(t),y(t), 2(t)) = (cost,sint,t), teR.

Its image is the circular helix (Fig.8.18, right) resting on the infinite cylinder
along the z-axis with radius one, i.e., the set {(z,y,2) € R3: 2?2 + 32 =1}. O

A curve v : I — R? is differentiable if the components x,y, z : I — R are dif-
ferentiable maps on I (recall that differentiable on I means differentiable at every
interior point, and differentiable on one side at the boundary, if this is included in
I). Let 4/ : I — R® be the derivative function v/(t) = (2/(t),y'(t), 2 (t)).
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Figure 8.19. Tangent vector and secant at the point Py

Definition 8.9 The curve v : I — R3 is regular if it is differentiable over
I with continuous derivative (i.e., the components are of class C* on I) and
if ¥'(t) # (0,0,0), for every t € I.

A curve v : I — R? is said piecewise regular if I is the union of finitely-
many subintervals where 7y is reqular.

When the curve « is regular and to € I, the vector 4/(¢g) is called tangent
vector to (the image of) the curve at Py = ~(fy). The name comes from the
geometric picture (Fig.8.19). Let to + At € I be such that the point Pa; =
~(to + At) is different from Py, and consider the straight line passing through P,
and Pa;. By (8.40) such line can be parametrised as

t—to

ﬂw:%+Gw7%)At:wm+

~(to + At) — ~(to)

By (t—to). (8.41)

As At goes to 0, the point Pa; approaches Py (component-wise). At the same time,
Y(to + At) —~(to)

the regularity assumption forces the vector o = o (tg, At) = At

to tend to 4/ (to). Therefore the limiting position of (8.41) is
T(t) = ~y(to) +'(to)(t —to),  teR,

the straight line tangent to the curve at Fy. To be very precise, the tangent vector
at Py is the vector (Py,~/(to)), but it is common to write it simply v/(to) (as
discussed in Sect.8.2.3). One can easily verify that the tangent line to a curve
at a point is an intrinsic notion — independent of the chosen parametrisation,
whereas the tangent vector does depend on the parametrisation, as far as length
and orientation are concerned.
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In kinematics, a curve represents a trajectory, i.e., the position «(¢) a particle
occupies at time ¢. If the curve is regular, the tangent vector +/(t) describes the
velocity of the particle at time t.

Examples 8.10
i) All curves in Examples 8.8 are regular.
ii) Let f: I — R be differentiable with continuity on I. The curve
vt = (. f(1), tel,
is regular, and has image the graph of the function f. In fact,
v'(t) = (1, f'(t)) #(0,0),  foranytel.
iii) The arc v : [0,2] — R?

. (t,l), iftE[O,l),
“’(“‘{(t,t), el

parametrises the polygonal chain ABC' (Fig. 8.20, left), while

(t,1), ifte0,1),
Y(t) = (t,t), iftel,2),
(4—t,2—-3(t—-2), ifte[2,4],

describes ABC A (Fig. 8.20, right). Both are piecewise regular curves.
iv) The curves

v(t) = (1+V2cost,V2sint),  te€0,27],

F(t) = (1 + V2cos2t, —v2sin2t), tel0,n],

parametrise the same circle C' (counter-clockwise and clockwise respectively)
with centre (1,0) and radius v/2.

c c

/! 4
|

B |

1 2

Q .

Figure 8.20. The polygonal chains ABC (left) and ABC'A (right) in Example 8.10 iii)
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They are regular and differentiate to

v'(t) = V2( — sint, cost) ¥'(t) = 2v2( — sin2t, — cos 2t) .
The point Py = (0,1) € C is the image under ~ of ¢ty = %, under 4 of the
value tg = om, Py = ~(to) = F(to). In the former case the tangent vector is
~'(to) = (=1, —1) and the tangent to C at P,
3 3 3
T(t):(O,l)—(l,l)(t—47r):(7t+47r,1—t+47r), teR.

For the latter parametrisation, 5’ (fy) = (2,2) and
~ ) ) 5
T(t)=(0,1)+ (2,2)(t — 87r) =(2(t— 87r),1 +2(t — 871')) , teR.

The tangent vectors at Py have different lengths and orientations, but same dir-
ection. Recalling Example 8.8 in fact, in both cases the tangent line has equation
y= 1+ z. ]

8.5 Functions of several variables

Object of our investigation in the previous chapters have been functions of one
real variable, that is, maps defined on a subset of the real line R (like an interval),
with values in R.

We would like now to extend some of those notions and introduce new ones,
relative to real-valued functions of two or three real variables. These are defined
on subsets of R% or R? and valued in R

f:domfCRY—=R (d=2or3),
xz— f(x).

The symbol x indicates a generic element of R?, hence a pair & = (1, 22) if d = 2
or a triple @ = (21, x2, x3) if d = 3. For simplicity we might write (z1,22) = (x,y)
and (x1,z2,23) = (2,9, 2), and the coordinates of x shall be (x1,...,24) when
it is not relevant whether d = 2 or 3. Each € R? is uniquely associated to a
point P of the plane or space, whose coordinates in an orthogonal Cartesian frame
are the components of . In turn, P determines a position vector of components
x1,...,%q, so the element € R? can be thought of as that vector. In this way,
R? inherits the operations of sum x +y = (21 + y1, ..., 24 + y4), multiplication
Ax = (Az1,..., xq) and dot product @ - y = x1y1 + ... + xqy4. Furthermore, the
Euclidean norm ||z| = \/2? + ...+ 22 represents the Euclidean distance of P to
O. Notice ||z — y|| = /(z1 — y1)2 + ...+ (24 — ya)? is the distance between the
points P and @ of respective coordinates x and y.

8.5.1 Continuity

By means of the norm we can define neighbourhoods of a point in R% and extend
the concepts of continuity, and limit, to functions of several variables.



8.5 Functions of several variables 287

Definition 8.11 Let o € R? and r > 0 real. The set
I(xo) = {x € RY: ||x — xo|| < 7}

of points R% whose distance from xq is less than r is called neighbourhood
of gy of radius r.

With &y = (201, .., 2od), the condition ||& — xo| < r is equivalent to
(21 — 201)” + (22 — w02)? < 7° ifd=2,
(Il7I01)2+(I’271‘02)24*(58375503)2 <T2 ifd=3.

Therefore I, (xo) is respectively the disc or the ball centred at xy with radius r,
without boundary.

Defining continuity is formally the same as for one real variable.

Definition 8.12 A function f : dom f C R — R is continuous at xy €
dom f if for any € > 0 there exists § > 0 such that

Veedomf, |z—=zo|<dé = |f(z)— f(zo)<e.
Otherwise said, if

Vz € dom f, vels(xg) = f(x) € (f(mo)).

Example 8.13
The map f: R? — R, f(x) = 221 + 5 is continuous at xy = (3,1), for
[f (@) = f(@o)| = [2(21 = 3) 4+ 5(x2 — 1))
< 2|y — 3|4 5|z — 1] < 7|le — o -
Here we have used the fact that |y;| < ||y| for any i = 1,...,d and any y € R?,

a direct consequence of the definition of norm. Given £ > 0, it is sufficient to
choose § = ¢/7.

The same argument shows that f is continuous at every zy € R2. a

A map f :domf C R? — R is continuous on the region 2 C dom f if it is
continuous at each point @ € f2.

The limit for z — zo € R? is defined in a completely similar way to the one
given in Chap. 3.
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8.5.2 Partial derivatives and gradient

Let f : dom f C R? — R be a function of two variables defined in a neighbourhood
of &y = (x0, y0). Now fix the second variable to obtain a map of one real variable
z defined around xy € R

x— f(x,yo).

If this is differentiable at xg, one says that the function f admits partial deriv-
ative with respect to x at xg, written

0 d
T wo) = | Jaw)

T=T0

Similarly, if y — f(zo,y) is differentiable at yo, one says that f admits partial
derivative with respect to y at xg

0 d
o) (@) = 4 flzo,y)

Y=Yo

If both conditions above hold, f admits (first) partial derivatives at @, and there-
fore the gradient vector of f at x( is well defined: this is denoted

Vien) = (5] (@), 5 (@) € R,

In the same fashion, let f : dom f C R® — R be a function of three variables
defined around xg = (o, yo, 20); the (first) partial derivatives at @y with respect
to z, y, z are

of . d
iz (mo) = dxf(xay&ZO) e )
of . d

ay (.’.U()) - dyf(xo,waO) = 3
of . d

82 (.’.U()) - dzf(x07y07z> e )

assuming implicitly that the right-hand-side terms exist. The gradient of f at x(
is the vector

af af af

Vi) = (G, o), 5y (@0), o (@0) € B,
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Examples 8.14

i) Let f(z,y) = \/xQ + 32 be the distance function from the origin. Considering
xo = (2,—1) we have
of x 2
2,—1) 2 +1 =
Oz 2, ( % ) V2241, V5
of Y 1
2,-1) =, Vi+y?)(-1) = == -
Ay ( ) Vi +y? y——1 V5
S0
2 1 1
ViR, -1)=(_,— )=, (2-1).
f@=D=( = )= gD
ii) For f(z,y,z) = ylog(2z — 3z) we have, at ¢y = (2,3, 1),
of d 2
(2,3,1) = (. 3log(2z—3))(2) =3 =6,
oz (dx ) 2x —3|,_,
of d
oy 231 = (3, 1os1)3) =0,
af d -3
(2,3,1) = 3log(4—32))(1) =3 =-9,
0z (dz ) 4-32|,_,
thus
V£(2,3,1) = (6,0,—9). O
Set @ = (x1,...,24). The partial derivative of f at @y with respect to the
variable x;, i = 1,...,d, is often indicated also by

lef(mo) or f% (:Bo) .

The function

of of
oz, T 3xi(m)’

defined on a subset dom Bf C dom f C R? with values in R, is called partial
derivative of f with respect to z;. The gradient function of f,

Vf:x— Vf(x),

is defined on the intersection of the domains of the partial derivatives. The gradient
is an example of a vector field, i.e., a function defined on a subset of R? with values
in R? (thought of as a vector space).

Examples 8.15
Let us look at the previous examples.
i) The gradient of f(z,y) = \/332 + 42 is
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x y T
Vf(x) = , =
() <¢$2+y2 \/x2+y2> ||
and dom V f = R?\ {0}.
ii) For the function f(z,y,2) = ylog(2xz — 3z) we have

2y —3y
Vf(m) = <2$ _ 32,10g(2fﬂ - 32)3 20 — 32) )

so domVf = dom f = {(z,y,2) € R3: 22 — 32 > 0}. O

Partial derivatives with respect to x;, ¢ = 1,...,d are special directional deriv-
atives, which we discuss hereby. Let f be a map defined around a point xy € R?
and suppose v € R? is a given non-zero vector. By definition, f admits (partial)
derivative at x; in the direction v if the quantity

9 _
ai (o) = }1_1)% flxo + t’l;) f(=o)

exists and is finite. Another name is directional derivative along v, written
vaf<$0).

The condition expresses the differentiability at tg = 0 of the map t — f(xo+tv)
defined around ty (because if ¢ is small enough, xg + tw is in the neighbourhood of
xo where f is well defined). The curve ¢t — o + tv = ~(t) is a parametrisation of
the straight line passing through xo with direction v, and (f o~)(t) = f(xo + tv).
The directional derivative at oo along v is therefore

o @)=, rov) 0.

Let e; be the unit vector whose ith component is 1 and all others zero (so
e1 =i, e = j, e3 = k). Taking v = e; gives the partial derivative at xy with
respect to x;

of _of o
6ei(wo)—axi(wo), i=1,....d.

For example, let d = 2 and ¢ = 1: from

f@o +ter) = f((zo,y0) +t(1,0)) = f(x0 +t,90)

we obtain, substituting x = x¢ + ¢,

8 —
6!; <$07y0) = }E}l’(l) f<x0 + t’yoi f(anyO)
— lim f(@,y0) — f(0,90) _ of (20.40).

r—TQ r — X9 8.’17
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It can be proved that if f admits partial derivatives with respect to every
variable z; in a whole neighbourhood of x¢, and if such maps are in this neigh-
bourhood continuous, then f admits at xy derivatives along any vector v # 0;
these directional derivatives can be written using the gradient as follows

of

8xd

(20) = v~ Vifi(wo) = v1 )

pan (@) F v

Ov (o).

From this formula we also deduce the useful relations

of

am'(xO):ei'vf(mOL i=1,...,d.

Under the same assumptions on f, if v : I — R? is any differentiable curve
at to € I such that y(ty) = @, the composite map (f o v)(t) = f(v(t)) remains
differentiable at ty and

(5 7o) 0 =t Vi an): (8.42)

this should be understood as a generalisation of the chain rule seen for one real
variable.

Example 8.16
Consider the distance function f(x,y) = v/22 + 32 and let v : (0, 400) — R? be
the spiral y(t) = (tcost,tsint). Since
fv(®) = V12 cos2 t + t2sin?t = ¢t ,
we see directly that ilit f(x(t)) =1 for any ¢ > 0. Let us double-check the same

result using (8.42). Define « = (t) and the unit vector & = H£” = (cost,sint).

Then ~/(t) = (cost,sint) 4 t(—sint, cost) = & + t&; the notation for the unit
vector &= = (—sint,cost) is due to &= - & = 0. We already know though
(Example 8.15) that V f(x) = & for any « # 0. Therefore

Y- Vi) =(@+ta") &=z -2+ta-a=|2)>=1,

as expected. O

8.6 Exercises

| 1. | Determine the polar coordinates of the following points in the plane:
A= (5v6,5v2) , B = (5V6,-5V2),
C = (—5V6,5v2), D = (—5V6,-5V2).
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2. Write the following points of the plane in polar coordinates:

a) A=(-5,0) b) B =(0,4) ¢) C=(0,-3)

3. Determine the polar coordinates of the following points (without computing
explicitly the angle):

‘ a) ‘ A=(2v/3-3V2,1) b) B = (3v2 — 2v/3,3V2 + 2V/3)

e

Determine the polar coordinates of the following points in the plane (leaving
the argument written in terms of a trigonometric function):

71-), B:(fcos7T

A = (cos F
9 9

9

,sin ,sin

g), C:(sing,cosg).

5. Change to polar coordinates:

2 2 2
‘a)‘A:(\/ cosﬂf\/ sinﬂ,\/ cos |+ Sinﬂ)
2 9 2 9 2 9 2 9

28 28
b) B = (2cos 9 7,2 sin 9 )

6.

Given v1 = (1,0, —2) and vy = (0,1, 1), find a real number A so that vy + Ava
is orthogonal to vs = (—1,1,1).

| 7. ‘ Describe the set of planar vectors orthogonal to v = (2, —5).

|8. ‘ Determine the set of vectors in space orthogonal to v1 = (1,0,2) and vy =
(2, —1,3) simultaneously.

| 9. | Find the norm of the vectors:

vy = (0,V3,7), wy=(1,5,-2), w3= (cosg,singcos?,fsingsin;r).

10. Determine the cosine of the angle formed by the following pairs:
a) v=(0,1,0), w=(0, 7,.2) b) v=(1,2,-1), w=(-1,1,1)

| 11. ‘ Determine the unit vector w corresponding to w = (5,—3, —+/2). Then find
the component of v = (2, —1,2v/2) along u and the orthogonal one.

12. Write the following complex numbers in Cartesian form:
a) (2—3i)(—2+1) b) 3+4)(3—14)(}+ i)
1429 2—1 5
d
REPRPTREY ) a—ne-nGE-1)
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13. Determine the trigonometric and exponential forms of:

a) z=1 b) z=-1

c) z=1+1 d) z=14i(1+1)
L4

e) z= e f) z=sina+icosa

11—

14. Compute the modulus of:

1 21 )
a) z 4 ) z=1+i 1— 9

.
‘ T =] =1

| 15. | Prove that
341z

16. Solve the following equations:

a) 22-2:+2=0 ‘b)‘ 24 3iz+1=0
‘c)‘z|z|—2z+i:0 d) |z%2% =i
e) 2+iz=1 )] 2=

|17. Verify 14 i is a root of the polynomial z* — 523 + 1022 — 10z + 4 and then
determine all remaining roots.

9, 220 when:

18. Compute 22, z
1

7

2 1

a) z = + .
) V3—i i

LI

19. Write explicitly the following numbers in one of the known forms and draw
their position in the plane:

a) z=+/—i ‘b)‘z:\s/l c) z=+2-2i

20. Determine the domains of the functions:

DIF R
b)| flzy) = /132y
Of fen = Vartyri-

‘d)‘ f(xvy72):10g(x2+y2+2279)
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21. Calculate all partial derivatives of:

a‘) f(xay) = \/3$+y2 at (an:UO) = (172)
b) f(fE,y,Z) = yez+yz at (anyOVZO) = (07 ]-a 71)

22. Find the gradient for:

a) f(z,y) = arctan i J: z b) f(z,y) = (z +y)log(2z —y)
¢) f(z,y,2) =sin(z +y)cos(y — 2) d) f(z,y,2) = (x+y)*

23. Compute the directional derivatives of the following maps along the vector v
and evaluate them at the point indicated:

a) f(z,y) =z/y—3 v =(-1,6) xo = (2,12)
b) f(z,y,2) = - 2; 3, v=(12,-9,—4) xo=(1,1,-1)

8.6.1 Solutions

1. All four points have modulus r = /25 - 6 + 25 - 2 = 5v/8. Formula (8.2) yields,
for A,

5v2 1
04 = arctan = arctan =

56 V3 6
since > 0. Similarly for B
1 1 s
f0p = arctan (— = —arctan =— .
¥ (=) V3 6
For the point C| since x < 0 and y > 0,
5
Oc :arctan(— \/3)+7r: —g + 7= 67r,
while z < 0,y < 0 for D, so
0 ¢ T 5
= arctan —T=  —T=—_T.
b V3 6 6
2. Polar coordinates in the plane:
a) r=5, O=m; b) r=4, 0=7; c)r=3, 0=-7.
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3. Polar coordinates:

a) The modulus is r = \/31 — 12\/6. From 2\/3 < 3\/2 we have

1 2
+ m = arctan \/3 * 3\/2 —+
2v/3 — 3v/2 —6
V3 V2

:farctan(3 + )+7r.

6 = arctan

b) r=5v6, 6=arctan(5+2v6).
4. All points have unit modulus r = 1. For A
0 tantan | =
= arctantan =
4 99

For B, x <0 and y > 0, so

0 *arctan(ftanﬂ)+7r*fﬁ+7r*87r
B 9 I I
As for C,
cosg
fc =arctan . °;
sin g

by (2.17), and since the tangent function has period , it follows

cos sin(T + 7 11 7
. 7?:7 (fr fr):ftan W:*tan(* W):tan T,
sin § cos(g +5) 18 18 18
_ 7
hence Oc = [S7.
5. Polar coordinates:

a) Just note \f =sin ] = cos ] and apply the addition formulas for sine/cosine:

A= (cos (Z + 7T),sin (ﬂ- + W)) = (cos 1371',sin 1371') .
9 4 9 36 36
Because égﬂ' < 5, we immediately have r = 1 and 6 = égﬂ'.
b) r=2, 6= 7371’.
6. The vectors v, + Ave and w3 are orthogonal if (v1 + Avs) - v3 = 0. But
(v1 + \vg) - v3 = V1 - V3 + vy v = =3+ 2\,

whence \ = ;’ follows.

7. A vector (x,y) is orthogonal to v if (z,y) - (2,—5) = 2z — 5y = 0. The required
set is then made by the vectors lying on the straight line 2z — 5y = 0. One way to
describe this set is {A(5,2) : A € R}.
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8. Imposing w = (z,y, z) orthogonal to v, and vy yields w - v1 = x + 2z = 0 plus
w- vy =2x—y+ 32 =0, hence x = —2z and y = —z. Put z = A, and the set
becomes {A(—2,—1,1): A € R}.

0. floill=v52,  Jlwall = V30,  Jus|=1.
10. Angles between vectors:

a) cosf=; b) cosf=1.

11. From [|w| = 6 it follows w = (5, -2 7\/2). Since v-w = 3

67 27 6 2
oo (5,3 7\/2)
u 4 K 4 ) 4 )
5 3 V2 3 .19
=(2,-1,2v2) — - - = — 2).
Uyt (7 ) \/) (43 4’ 4) (43 4’4\/)
12. Cartesian form of complex numbers:
a) —1+8i; b) 2+1; c) —2; d) 3i.
13. Exponential and trigonometric form:
T, m - . :
a) 2:0032+2s1n2:e’2; b) z=cosw+isinm =e";

i 3 3 )
c) z:\/Z(cosZ—i—isinZ) =25 ; ) z=x/2(cos47r+isin47r) = /2t
e) cos” tisin | =eil; f) cos (ﬂ- foz> +isin(ﬂ- foz> = ei(3-2)
4 2 2 ’ 2 2 '

14. Modulus of complex numbers:

a) \/g ; b) \/153.

15. We proceed indirectly and multiply first the denominator by |z| (= 1) to get

3z—i| |3z—i| [3z—d| [3z—1] _1
3+iz| |3z+i| [3z—i| [3z—i]
16. Solving equations:
a) z=1=+1.
b) The formula for a quadratic equation gives
—3itV/-9-4 -3i+V13i -3+£13,
z = = = i.

2 2 - 2



c)

d)
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Write z = x + iy, so that the equation reads
(x+iy)\/x2+y2 -2z —2iy+i=0,
or equivalently,
/22 4y — 2+ (y\/x2 + 92 —2y—|—1> =0.
The real and imaginary parts at the two sides of the equality must be the
same, SO
{x<\/x2+y22> =0

yy/22 + 92— 2+ 1=0.

The first equation in the system implies either x = 0 or \/ 22 4 y2 = 2. Substi-
tuting 2 to the square root in the second equation gives 1 = 0, which cannot
be. Therefore the only solutions are

z=0
ylyl —2y+1=0.

Distinguishing the cases y > 0 and y < 0, we have

=0 nd z=0
yY-2y+1=0, ° —y?—2y+1=0

z=0 d =0
y=1 " y=—-1+v2.

In conclusion, the solutions are z = i, z = i(—1—v/2) (because y = —1+v/2 > 0
must be discarded).

SO

2 7 1 7 1
z:i\g (1+414); e) z:\g —iZ;z:—\é —i2.
Using |2|? = 2%, the new equation is

23 =272 = 22(z—2%)=0.

One solution is certainly z = 0, and the others satisfy z — 22 = 0. Write
z = x + 1y, so to obtain
{ 22—y’ —x=0

20y +y=0.

The bottom relation factorises into y(2z 4+ 1) = 0, hence we have two subsys-

tems
x(r —1)=0, y?=7.

Putting real and imaginary parts back together, the solutions read

1
— j:\/3i.

—0: =1 —
z ; z ; z 9 9
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17. The fact that the polynomial has real coefficients implies the existence of the
complex-conjugate Z = 1—1i to z = 1414 as root. This means (z—1—14)(z—1+14) =
22 — 22 4 2 divides the polynomial, indeed
252341022 =102 +4 = (22 —224+2)(22 =32 +2) = (22 =224+ 2)(2 - 1)(2 - 2).

Thus the roots are

z=1+1, z=1—1, z=1, z=2.

18. Powers of complex numbers:

a) 2%2=2i, 2% = —16(1 +1), 220 = 210,
b) Rationalising the denominators yields
3+1 1
z:2\/4+2 —i= (V3—i).

Now write the number in exponential form
1 . T
212(\/372)16 6t

from which

2 -7 ™ .. 7 1 .
z°=e 3"=cos _ —isin _ = 1—\/32;
3 3 2< )
Zgze_g”i:egizcosg+ising:7;’
; o1
2202672607”26?)’7”:2<_1+\/3i)-

19. Computing and drawing complex numbers:

a) z0=1, 21 =—3(V3+1i), 2 =5 (V3 —1)
They are drawn in Fig. 8.21, left.

b) Write the number 1 as 1 = €™, Then because e*T2™ = e, we have
2 . a_. 4 2.
2o=1, z1=es™", zp=e5™, z3=e 57", zg=e 5",
see Fig. 8.21, middle.
T 1, . . .
¢) 2o = v/8es™, 21 = v/8e~s™ are represented in Fig. 8.21, right.

20. Domain of functions:

a) The domain is {(x,y) € R? : 2 # 3%}, the set of all plane points off the

parabola z = 2.
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Figure 8.21. From left: cubic roots of —i, fifth roots of unity, square roots of 2 — 2¢

b) The map is well defined where the radicand is non-negative, so the domain is

1 1
{(x,y)€R2:y§3x ifx>0,y23x ifx<0,yeRif z=0},

the set of points lying between the branches of the hyperbola y = 31x'
¢) Only for 3z +y+ 1 > 0 and 2y — « > 0 the function is defined, which makes

{(z,y) eR?*:y > -3z —1}N{(z,y) €ER? : ¢y > g}

the domain of the function, represented in Fig.8.22.

d) The map is well defined where the logarithm’s argument is positive, hence the

domain is the subset of space

{(z,y,2) € R* : 2® + y* + 2 > 9}.

These are the points outside the sphere centred at the origin and with radius

three.

y=-3x—1

Figure 8.22. The domain of the map f(z,y) =3z +y+1—

1
V2y—a
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21. Partial derivatives:

af 3 of 2
a 1,2) = , 1,2) = .
) g, (12) . ay( ) 7

3f . 1 af . o 3.f o _ -1
b) 896(0’1’ H=e"", 8y(0,1, 1)=0, aZ(O,l, H=e".
22. Gradients:

Y T
Ei‘) Vf(ﬂf,y) = (x2+y27 $2+y2> .
_ B 2(z +y) L Tty

) Vo) = (logtze - )+ T toga gy - STV ).

¢) Vf(z,y,z2)
d) Vf(z,y,z2) =

cos(z + y) cos(y — 2), cos(z + 2y — 2), sin(z + y) sin(y — 2)) .

—_—~

2@+y) 2@ 4y ()T log(z +y)

23. Directional derivatives:

a) gi (zo) = —1; b) 5 (o) =
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Integral calculus I

Integral calculus tackles two rather different issues:

i) Find all functions that differentiate to a given map over an interval of the real
line. This operation is essentially an anti-derivation of sorts, and goes by the
name of indefinite integration.

i) Define precisely and compute the area of a region in the plane bounded by
graphs of maps defined on closed bounded intervals, known as definite integ-
ration.

The two problems seem to have little in common, at first sight. The outcome of
indefinite integration is, as we shall soon see, an infinite set of functions. Definite
integration produces instead a number, the surface area of a certain planar region.
A cornerstone result, not casually called the Fundamental Theorem of integral
calculus lest its importance goes amiss, states that the two problems are actually
equivalent: if one can reconstruct a map knowing its derivative, then it is not hard
to find the area of the region bounded by the derivative’s graph and the lines
parallel to the coordinate axes, and vice versa.

The beginning of the chapter is devoted to the former problem. Then, we
explain two constructions of definite integrals, due to Cauchy and Riemann; albeit
strongly related, these are presented as separate items for the didactic purpose of
keeping the treatise as versatile as possible. Only in later sections we discuss the
properties of integrals in a uniform manner. Eventually, we prove the Fundamental
Theorem of integral calculus and show how it is employed to determine areas.

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_9,
© Springer International Publishing Switzerland 2015
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9.1 Primitive functions and indefinite integrals

Let f be a function defined on some interval I.

Definition 9.1 FEach function F, differentiable on I, such that
F'(z) = f(z), Vzel,

is called a primitive (function) or an antiderivative of f on I.

Not any map defined on a real interval admits primitives: not necessarily, in
other words, will any function be the derivative of some map. Finding all maps that
admit primitives on a real interval, which we call integrable on that interval, is
too-far-reaching a problem for this book’s aims. We limit ourselves to point out an
important class of integrable maps, that of continuous maps on a real interval,;
the fact that continuity implies integrability will follow from the Fundamental
Theorem of integral calculus.

Examples 9.2

i) Given the map f(z) =z on R, a primitive function is F(z) = jz?. The latter
is not the only primitive of f: each map G(z) = éxQ + ¢, where c is an arbitrary
constant, is a primitive of f, because differentiating a constant gives nought.

ii) Consider f(z) = ! over the interval I = (—00,0). The collection of maps

F(z) =log|z| + ¢ (¢ € R) consists of primitives of f on I. O

The previous examples should explain that if F(x) is a primitive of f(z) on
the interval I, then also maps of type F(z) 4 ¢, with ¢ constant, are primitives.
It becomes therefore natural to ask whether there are other primitives at all. The
answer is no, as shown in the next crucial result.

Proposition 9.3 If F and G are both primitive maps of f on the interval I,
there exists a constant ¢ such that

G(z) = F(z) + ¢, Vo € 1.

Proof. Take the function H(z) = G(z) — F(x) and differentiate it
H'(z) =G (x) — F'(z) = f(z) — f(z) =0, Vo e 1.

Thus H has zero derivative at every point of I, and as such it must be
constant by Property 6.26. O

Summarising, the following characterisation of the set of primitives of f holds.
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Theorem 9.4 Let f be an integrable map on I and F a primitive. Then any
primitive of f is of the form F(x) + ¢, with the constant ¢ varying in R.

That in turn motivates the following name.

Definition 9.5 The set of all primitives of f on a real interval is indicated

by
JECLE

(called indefinite integral of f, and spoken ‘integral of f(x) dx”).

If F' is a primitive then,

/f(x)dJU:{F(x)—i-c : c€R}.

It has to be clear that the indefinite integral of f is not a number; it stands rather
for a set of infinitely many maps. It is just quicker to omit the curly brackets and

write

/f(a:) dz = F(z) + ¢,

which might be sloppy but is certainly effective.

Examples 9.6
i) The map f(x) = 2* resembles the derivative 52* = D 2°, so a primitive of f

is given by F(z) = l2° and
1
/x4 de = _a° +ec
5
1 2z

ii) Let f(z) = e**. Recalling that De®* = 2¢*7, the map F(z) = je*” is one
primitive, hence

1
/62”” dz = _e* +c.
2
iii) As D cos 5z = —5sinbz, f(z) = sinbz has primitive F(z) = — | cos 5z, and

1
/sin5xdm: —5cos5x+c.

iv) Let
—sinx ifx <0,

sinz ifx>0.

) = sina] = {
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We adopt the following strategy to determine all primitive maps of f(z) on R.
We split the real line in two intervals I} = (—00,0), Iz = (0,400) and discuss
the cases separately. On I, primitives of f(z) are of the form

Fi(z) =cosz+ ¢ with ¢; € R arbitrary;

similarly, on I, a primitive will look like

Fy(x) = —cosx + ¢o co € R arbitrary.
The general primitive F(x) on R will be written as
Fi(x) ifz<0,
Py = {10
Fy(z) ifz>0.
Moreover F' will have to be continuous at * = 0, because a primitive is by mere

definition differentiable — hence continuous a fortiori — at every point in R. We
should thus make sure that the two primitives agree, by imposing

lim F(z) = lim F(x).

z—0~ z—0t
As Fy and F, are continuous at z = 0, the condition reads F;(0) = F»(0), that
is

]. + C1 = 7]. + Co.
The relation between cq,cs allows to determine one constant in terms of the
other (coherently with the fact that each primitive depends on one, and only
one, arbitrary real number). For example, putting ¢; = ¢ gives co = 2 + ¢. The
expression for the general primitive of f(z) on R is then
{costrc if x <0,

F(x) =
(z) —cosx+2+c ifx>0. O

Theorem 9.4 states that the graph of a primitive of an integrable map is the
vertical translate of any other (see Fig.9.1).

How to select a particular map among all primitives of a given f then? One
way is to assign a value yg at a given point zg on I. The knowledge of any one
primitive F(z) determines the primitive G(z) = F(x) + ¢o of f(x) whose value at

Q
g

Figure 9.1. Primitives of a given map differ by an additive constant
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xg is precisely yo. In fact,
G(zo) = F(xo) + co = yo
yields ¢o = yo — F(zp) and so
G(z) = F(x) = F(zo) + yo-

The table of derivatives of the main elementary maps can be at this point read
backwards, as a list of primitives. For instance,

xa—&-l
(e _ -1
a) /Jc dx a+1+c (a # -1)
1
b) /xdleog|a¢|+c (for z > 0 or z < 0)

c) /sinxdw:—cosx-l—c
d) /cosa:dx:sinx—l—c (9.1)
e) /ewdx:em—i—c

1
f) /1+x2 dz = arctanx + ¢

1
g) / V12 dz = arcsinz + ¢

Examples 9.7

i) Determine the primitive of f(x) = cosz with value 5 at zop = 7. The map
F(z) = sinx is one primitive. We are then searching for a G(z) = sinx + ¢o.
Imposing G(7) = 5 we see ¢y = 4, and the required primitive is

G(z) = sinz + 4.
ii) Find the value at z; = 3 of the primitive of f(z) = 62 + 5z that vanishes at
the point g = 1. One primitive map of f(z) is

)
F(x) =22 + 23:2.
If G(z) = F(x) + ¢o has to satisfy G(1) = 0, then ¢y = —, whence
5 9
_ 9,3 2 _
G(z) =22 + 0T T o
The image of 1 = 3 is G(3) = 72.
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iii) Consider the piecewise-defined map
x ifx <1,
f(x)_{(xz)‘l if 2> 1.
Mimicking Example 9.6 iv) we obtain

1,2 .
Flz) = 2T+ 1 ifz <1,
s(@=2P 4 ifz>1

Continuity at = 1 forces ; +c1 = 7;) + co. From this relation, writing ¢; = ¢
gives
P éxQ +c if x <1,
xTr) =
(@) se—2P 4+ 4c ifz>1

Let us find the primitive of f(z) with zero 2y = 3. Since 9 > 1, the second
expression of F(x)

1 5
F(3)= (3-2)° =0
(8)=,(8-2%+ 4o

tells ¢ = —g. It follows
p2 7 ifx <1,
Fa) = 3 63 1
(=20 -5 ifx>1

Beware that it would have been wrong to make éxQ + ¢ vanish at x¢o = 3, for
this expression is a primitive only when x < 1 and not on the entire line.
Determining the primitive of f(x) that is zero at 2o = 1 does not depend on the
choice of expression for F(x), because of continuity. The solution is

Fl) éfoé ifx <1,
xTr) =
=272+ ifz>1. O

9.2 Rules of indefinite integration

The integrals of the elementary functions are important for the determination of
other indefinite integrals. The rules below provide basic tools for handling integrals.

Theorem 9.8 (Linearity of the integral) Suppose f(z),g(x) are integ-
rable functions on the interval I. For any a, 8 € R the map af (x) + Bg(x) is
still integrable on I, and

/ (af (@) + By(x)) dv = a/ )l - B/g(sc) i, 9.2)
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Proof. Suppose F(z) is a primitive of f(x) and G(x) a primitive of g(z). By
linearity of the derivative

((lF(I) + ()’G(:I:))l = aF'(z) + BG' () = af (x) + Bg(x), Vz el

This means aF'(z) + SG(x) is a primitive of af (z) 4+ Bg(z) on I, which is
the same as (9.2). O

The above property says that one can integrate a sum one summand at a time,
and pull multiplicative constants out of the integral sign.

Examples 9.9
i) Integrate the polynomial 422 + 3z — 5. By (9.1) a)

/(4332+3x—5)dx:4/x2dx+3/xdx—5/dx
1 1
:4<3x3+cl> +3<2x2+¢:2> —5(x + ¢3)

4 3
= 3:034—2:02—5:0—1-0.

The numbers ¢y, co, c3 arising from the single integrals have been ‘gathered’ into
one arbitrary constant c.

ii) Integrate f(z) = cos®z. From
1
cos’z = ) (1 + cos2x)

and D sin 2z = 2 cos 2z, it follows

1 1 1 1
2 _ _ .
/cos zdr = 2/dx+2/cos23:dx— 23:—}—4811123:4—0.

Similarly
/siandx—lx—lsin%:—i—c O
27 4 '

Theorem 9.10 (Integration by parts) Let f(x),g(x) be differentiable
over I. If the map f'(x)g(x) is integrable on I, then so is f(x)g'(x), and

/ (@) () dz = f(@)g(z) — / F(@)g(z) dz. (9.3)
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Proof. Let H(z) be any primitive of f/(z)g(z) on I. By formula (6.4)
[f(@)g(x) — H(z)]" =

Therefore the map f(x)g(x) — H(z) is a primitive of f(x)g'(x), exactly
what (9.3) claims. O

In practice, one integrates a product of functions by identifying first one factor
with f(x) and the other with ¢’(z); then one determines a primitive g(x) of ¢’(z)
and, at last, one finds the primitive of f'(z)g(z) and uses (9.3).

Examples 9.11
i) Compute

/xex dz.

Call f(z) = x and ¢'(z) = e”. Then f’(x) = 1, and we conveniently choose e* as
primitive of itself. Formula (9.3) yields

/:rezdx:xezf/exdx:xexf(ezqtc):(xfl)ezqtc.

Since the constant of integration is completely arbitrary, in the last step the sign
of ¢ was flipped with no harm done.

Had we chosen f(z) = e” and ¢'(z) = z (f'(z) = e® and g(z) = ;2?), we would
have ended up with

1 1
/xex dr = QxQex ~y /m2ezdx,

which is not particularly helpful (rather the opposite).

/ log z dx.

Let us put f(z) =logz and ¢'(z) = 1, so that f'(z) = !, g() = 2. Thus

1
/logwdmzwlogwf/ xdx:xlogxf/dx
x

=zlogz — (x +c¢) =z(logz — 1) +¢,

ii) Determine

given that c is arbitrary.
iii) Find
S = /em sinx dx.

We start by defining f(x) = e” and ¢’(z) = sinz. Then f'(z) = €%, g(z) =
—cosx, and

S = fexcostr/ezcosxdx.
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Let us integrate by parts once again, by putting f(z) = e* and ¢'(z) = cosz
this time. Since f'(z) = €*, g(x) = sinz,
S=—e"cosz+e"sinz — /em sinzdz = e*(sinx — cosx) — S.
A primitive F'(x) of e sinx may be written as
F(z) = e"(sinz — cosz) — G(z),

G(z) being another primitive of e” sin z. By the characterisation of Theorem 9.4
then,

258 =" (sinz — cosx) + ¢
hence

1
S = 2ez(sinxfcosx)+c. O

Theorem 9.12 (Integration by substitution) Let f(y) be integrable on
the interval J and F(y) a primitive. Suppose p(x) is a differentiable function
from I to J. Then the map f(p(x))¢'(x) is integrable on I and

/f(go(x))gp'(a:) dz = F(p(z)) + ¢, (9.4)

which is usually stated in the less formal yet simpler way

/ 7o) (@) d = / F () dy. (9.5)

Proof. Formula (6.7) for differentiating a composite map gives

((j;lrF@Q('yr)) - ((11]; (79('7"» if () = f(@(‘/l'))#?/(:l‘).
Thus F(p(x)) integrates f(p(2))¢'(x), i.e., (9.4) is proven. o

We insist on the fact that the correct meaning of (9.5) is expressed by (9.4):
the integral on the left is found by integrating f with respect to y and then
substituting to y the function ¢(x), so that the right-hand side too depends on the
variable z. Formula (9.5) is easy to remember with a trick: differentiate y = (),
so that gi = ¢/ (z). Viewing the right-hand side as a formal quotient (in Leibniz’s
notation), multiply it by dz; substituting dy = ¢’(x)dz in one integral yields the
other.

Examples 9.13

i) Determine

/ re® dz.
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Let y = o(r) = 22, so ¢'(x) = 2x. Then

2 1 2 1 1
/xe”‘ dxzz/e”” dexzz/eydyZQey—i-c.

Going back to =z,
1
/szre””2 dz = 26552 + c.

/ tan z dz.

sinx
First, recall tanx = and (cosx) = —sinz. Put y = ¢(x) = cosa:
cos T

1 1
/tanxdx:—/ (cosm)’dx:—/ dy
cos T Y

= —logly| + ¢ = —log|cosz| + c.

ii) Compute

iii) Find

1
dx .
/ V1+ 22
By (6.18) it follows directly

1
/\/1+:E2 dz =sinh 'z +ec.

Alternatively, we may substitute y = p(z) = V1 4 22 — 2:

_ 2
dy< . l)dxx Vit dz
V14 z2 V1 + 22

1 1
hence dx = —  dy. This gives
V1+ 22 y

1 1
/\/1+x2 d;c:—/ydy:—log|y|+c:—log(\/1+3:2—x)+c,

where the absolute value was removed, as V1+22 -z >0 for any x.
The two expressions are indeed the same, for

—log(V/1+ a2 — ) = log(v/1+ 22 + 2) = sinh 'z

1
/\/ﬁfldm

can be determined by the previous technique. The substitution y = p(z) =
V2 —1-z gives

iv) The integral

1
/\/xQ_ldx:logh/foler\Jrc.
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v) The integral
S = / \/ 1+ 22dx

is found as in example iii). Integrate by parts with f(z) = v/1 + 22 and ¢'(z) = 1,
so f'(z) = . ,
CE

z? 224+1-1
S=x 1—|—x2—/ de =a2v1+ 22 — dz
\/ V1 + 22 \/ V1 + 22
1
:x\/1+x2—/\/1+332d33+/ dx
V1+ 22

1
=z 1+x275+/ dz .
\/ V14 22

Therefore

1
252$\/1+x2+/ dx:x\/1+x2+log(\/1+x2—i—x)—i—c,
V1 + 22

and eventually

g(x) =z and

1 1
S:2x\/1+x2+210g(\/1+x2+x)+c

Similar story for / Va2 — 1da.

vi) Determine
= / \/ 1—22dx.

As above, we may integrate by parts remembering / Ji ) dx = arcsinz +c.
—x

Namely, with f(z) = v/1 — 22, ¢'(z) = 1, we have f'(x ):—\/1i 2,g(;r:):ac,

whence

2
_ a2 -T _ 2 1
S—xx/l T /\/1_$2dx—x\/1 T S—l—/\/l_xde.
1
2S:x\/1—m2+/\/17x2d33,

1 1
S = 2$\/1—x2+ 2arcsinx+c.

So we have

ie.,

Let us do this in a different way. Put y = arcsin z, so dz = cosy dy and v/1 — 22 =
cosy. These give

1 1
S = /COS ydy = /<0052y+1)dy=4sin2y+2y+c

1 :
= 2Slnycosy—i— 2y+c- .’E\/1—£L'2+ 2arcsmx+c.
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vii) Finally, let us determine

1
/ o o dx

Change y = €*, so dy = e”dz, or do = ;dy. Then

1 1 1
/ dx:/ 1 dy
e’ +e7" yt,Y

1
:/1+y2 dy = arctany + ¢ = arctane” + c. O

Example ii) is a special case of the following useful relation

¥'() =1lo T c
[ an = oglo(a) + (9.6

that descends from (9.5) by f(y) = 11/:

Hitherto all instances had one common feature: the maps f were built from a
finite number of elementary functions by algebraic operations and compositions,
and so were the primitives F'. In such a case, one says that f is integrable by
elementary methods. Unfortunately though, not all functions arising this way
are integrable by elementary methods. Consider f(x) = e’””z, whose relevance in
Probability Theory is paramount. It can be shown its primitives (which exist, for f

is continuous on R) cannot be expressed by elementary functions. The same holds
sinz

for f(z) =

The problem of finding an explicit primitive for a given function is highly non-
trivial. A large class of maps which are integrable by elementary methods is that
of rational functions.

9.2.1 Integrating rational maps

Consider maps of the general form

where P(z) and Q(z) denote polynomials of degrees n,m (m > 1) respectively.
We want to prove they admit primitives in terms of rational functions, logarithms
and inverse tangent functions.

First of all note that if n > m, we may divide P(x) by Q(z)
P(x) = Q(z)D(x) + R(x),

with D(z) a polynomial of degree n —m and R(x) of degree < m — 1. Therefore
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/gg; dx:/D(x)dx—i—/gEi; da.

R
The problem boils down to integrating a rational map g(z) = QEx; in which the
x

numerator’s degree is less than the denominator’s.

We discuss a few simple situations of this type, which will turn out to be
fundamental for treating the generic integrand.

1
i) Let g(z) = , with o € R; by (9.1) b)
T—«

1
/ dz =log|z — a| + ¢ (9.7)
T —
.. 1 . .
ii) Take g(z) = (z—a)’ where r > 1; using (9.1) a) yields
1 1 1
dz = . 9.8

/(x—a)T * 1—r(x—a)r—1+c (98)
1 o1 9 .
iii) Let g(z) = 224 2+ g with p — ¢ < 0, so that the denominator has no real

roots and is positive. Putting
s=vq—p*>0,

a little algebra shows

2
T+
? +2pr4+q=a"+2px+p°+ (¢ —p*) = (@ +p)’+5° =5 [““( sp>

r+p
S

1 1 1
dz = sdy.
2 + 2px + ¢ 52 ) 1492

Recalling (9.1) f) we may conclude

Now substitute y = p(z) =

1 1
de = = arctan tp +c. (9.9)
22+ 2px + ¢ s s

ar +b

2?4 %t q’ with p? — ¢ still negative. Due to the identity

iv) Consider g(z) =

ax+b:ax+ap+b—ap:g(2x+2p)+(bfap)



314 9 Integral calculus I

we write

ar+b a 2z +2p 1
dz = d b— d
/x2+2px+q . 2/x2+2px+q T+ ( ap)/x2+2px+q .

Now use (9.6) with ¢(x) = 22 + 2px + ¢, and (9.9):

ar+0b a 5 ap T+ p
/ 24 2+ g dz = 5 log(z® + 2px + q) + 5 arctan < +ec  (9.10)
axr +b

v) More generally, let g(x) =
(% + 2pz + q)

iy with p? — ¢ < 0 and r > 1. Integ-
rating by parts

1
[ s gy

and substituting ¢(x) = 22 + 2pz + ¢, we end up writing the integral of g as sum
of known terms, plus the integral of a map akin to g, but where the exponent is
r— 1. Thus the integrand to consider simplifies to one whose denominator is raised
to a smaller power. From r = 1, solved above, we find r = 2, then r = 3 et cetera
up to the given r, one step at a time. The argument’s details are left to the willing
reader.

Examples 9.14

As direct application we compute

1 1
/2x_4dxf210g|x72|+c,

/ 1 d 1 n
r=— c
(3x +5)2 33z +5)

4x — 5 20 — 2 1
/ ’ dx:2/ * dxf/ dx
22 =22+ 10 22 — 22+ 10 (x—1)2+49

1
= 2log(z? — 22 + 10) — 3 arctan 3 +c. O

R(z)
Q(x)

previous special cases requires a factorisation of the denominator involving only
terms like

x
Reducing the integration of the general rational function g(z) = to the
x

(x —a)" or (2% + 2px + q)*

with p? — ¢ < 0. The existence of such a decomposition descends from a version of
the Fundamental Theorem of Algebra.

Theorem 9.15 A polynomial Q(z) of degree m with real coefficients decom-
poses uniquely as a product

Q(z) =d(x—ay)™ -+ (z—ap)™ (x2+2p1x+(h)sl e (w2+2pkx+Qk)s’€, (9.11)
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where d, o;, pj, q; are real and r;, s; integers such that
4+ +251+ -+ 25, =m.

The «;, all distinct, are the real Toots of QQ counted with multiplicity r;. The
factors x®+2p;x+q; are pairwise distinct and irreducible over R, i.e., p?—qj <
0, and have two complex (-conjugate) roots B + of multiplicity s;.

Using the factorisation (9.11) of Q(z) we can now write g(z) as sum of partial
fractions

ggg - Cll [Fi(@) + -+ Fa(@) + Fo(@) + - + F(o)] | 9.12)
where each F;(x) takes the form
A; A; Air,
Fi(x) = l_lai + (xf;-)Z Tt
while Fj(x) are like
Bay= e+ Cn o Bertle . pmetCm
w2+ 2pjw+q; (2% +2pjw + qj) (2% + 2pjz + ;)"

for suitable constants A, Bj,,Cj,. Note the total number of constants is ry +
s+ 281+ -+ 28 = m.

To recover the undetermined coeflicients we can transform the right-hand side
of (9.12) into one fraction, whose denominator is clearly Q(z). The numerator
R(z) is a polynomial of degree < m — 1 that must coincide with R(z), and its
coefficients are linear combinations of the unknown constants we are after. To find
these numbers, the following principle on identity of polynomials is at our disposal.

Theorem 9.16 Two polynomials of degree m—1 coincide if and only if either
of the next conditions holds

a) the coefficients of corresponding monomials coincide;
b) the polynomials assume the same values at m distinct points.

The first equivalence is easily derived from Proposition 7.5.

Going back to the m unknowns Ajs, Bj,, Cj., we could impose that the coef-
ficients of each monomial in R(z) and R(z) be the same, or else choose m values
of x where the polynomials must agree. In the latter case the best choice falls on
the real zeroes of Q(x); should these be less than m in number, we could also take
xz=0.

Once these coefficients have been determined, we can start integrating the
right-hand side of (9.12) and rely on the fundamental cases i)—v) above.
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As usual, the technique is best illustrated with a few examples.

Examples 9.17

i) Let us integrate
@) 203 + 2% —4x 4+ 7
) =
22 +x—2
The numerator has greater degree than the denominator, so we divide the poly-

nomials

z4+5

The denominator factorises as Q(z) = (xr — 1)(« + 2). Therefore the coefficients
to be found, A; = Aj; and Ay = Aoy, should satisfy
T+ 5 o A1 T A2
2+rx-2 -1 x+2

that is to say

x+5=A1(x+2)+ Ax(z — 1), (9.13)
hence

l‘+5: (A1+A2)I+(2A1 7A2)

Comparing coeflicients yields the linear system

A+ Ay =1,
241 — Ay =5,
solved by A; = 2, Ay = —1. Another possibility is to compute (9.13) at the

zeroes © = 1, x = —2 of (), obtaining 6 = 34; and 3 = —3A4,, whence again
Ay =2, Ay = —1. Therefore,

/f(;g)dz:/(Qx*l)d:r+2/xildxf/leerx

=2? — 2+ 2log|z — 1| —log |z + 2| + c.
ii) Determine a primitive of the function
22 —3z+3
@)= 3 — 222 + 1’

The denominator splits as Q(z) = z(z — 1)?, so we must search for A} = Aj,
As; and Asgs such that

2% — 31 +3 A A A

_ A A 22 N

P -222+x x  x-1 (z-1)

or
% — 3x+3= A1<.’17 — 1)2 +A21.’E($ — 1) + Aosx .

Putting z = 0 yields A; = 3, with x = 1 we find Ags = 1. The remaining
Ag is determined by picking a third value = # 0, 1. For instance z = —1 gives
7= 12+2A21 - 1, SO A21 = 2.
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In conclusion,

/f@ﬁx3/idx2/xi1dx+/kxjwfh

1
= 3log |z| — 2log|z — 1| — L e
-

iii) Integrate

3a% +a—4
f@) = 23+ 5224+ 92 +5
The point x = —1 annihilates the denominator (the sum of the odd-degree

coefficients equals those of even degree), so the denominator splits Q(x) =
(x + 1)(2% + 42 + 5) by Ruffini’s rule. The unknown coefficients are A = A1,
B = B117 C = 011 so that
32+ -4 A . Bx+C
23 +522492+5 41 22+4x+5’
hence
3207+ —4=Ax* +4x+5)+ (Bx + C)(x + 1).
Choosing z = —1, and then = 0, produces A = —1 and C' = 1. The last
coefficient B = 4 is found by taking x = —1. Thus

1 dr +1
/f(;v)dx——/x+1dx+/x2+4x+5dm

1 20 +4 1
= — d 2 de -7 d
/x—i—l T /332—1—433—}—5 v /1+(33+2)2 v

—log |z + 1| + 2log(x? 4 4x + 5) — Tarctan(z + 2) + c. O

Note that many functions f(z) that are not rational in the variable x can be
transformed — by an appropriate change ¢t = ¢(x) — into a rational map in the new
variable t. Special cases thereof include:

i) f is a rational function of ¢/x — a for some integer p and a real. Then one lets
t= ¥ —a, whence = =a+t’ and dz = ptP~1dt.
ii) f is rational in e** for some real a # 0. The substitution

ax

1 1
t=e gives x = logt and dx =  dt.
a

at
iii) f is rational in sinx and/or cosz. In this case
x
t = tan 9
together with the identities

2t 1—¢
sinx = e COSE = o (9.14)
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does the job, because then z = 2 arctant, hence

2
dz = dt. 9.15
iv) If f is rational in sin x, cos® x, tanz, it is more convenient to set ¢ = tanx
and use
sin®z = i cos’ & = b (9.16)
1+¢2’ 142’ '
from z = arctant, it follows
dr— ' 9.17)
x = . .
142

In the concluding examples we only indicate how to arrive at a rational expres-
sion in t, leaving it to the reader to integrate and return to the original variable x.

Examples 9.18

i) Consider

X
5= da.
/1+Jx71x

We let t = /& — 1,80 2 = 1 + t? and dx = 2t dt. The substitution gives

1 2
S:z/(+tﬁw.
1+t

ii) The integral

e-(l}'
S = d
/e“fZeerZ .

becomes, by t =7, do = 1 dt,

1
S = dt.
/ 2(82 — 2t + 2)
iii) Reduce the integrand in
g / sin'x du
1+sinz
to a rational map.

Referring to (9.14) and (9.15),
t

324/ (1+1)2(1 +¢2) dt.

1
/ . o dz.
1+sin“x

iv) At last, consider

N
I

Here we use (9.16) and (9.17):
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Figure 9.2. Trapezoidal region of f over [a, b]

9.3 Definite integrals

Let us consider a bounded map f defined on a bounded and closed interval I =
[a,b] C R. One suggestively calls trapezoidal region of f over the interval
[a, b], denoted by T(f;a,b), the part of plane enclosed within the interval [a, b], the
vertical lines passing through the end-points a,b and the graph of f (see Fig.9.2)

T(f;a,0) = {(z,y) €R* : a<zx<b, 0<y< f(x)or f(z) <y <0}

(which constraint on y clearly depending on the sign of f(z)).

Under suitable assumptions on f one can associate to the trapezoidal region of
f over [a,b] a number, the ‘definite integral of f over [a,b]’. In case f is positive,
this number is indeed the area of the region. In particular, when the region is
particularly simple (a rectangle, a triangle, a trapezium and the like), the definite
integral returns one of the classical formulas of elementary geometry.

The many notions of definite integral depend on what is demanded of the
integrand. We shall present two types. The first one, normally linked to the name
of Cauchy, deals with continuous or piecewise-continuous maps on [a, b].

Definition 9.19 A map f : [a,b] — R is piecewise-continuous when it
is continuous everywhere except at a finite number of points, at which the
discontinuity is either removable or a jump.

The second construction goes back to Riemann, and leads to a wider class of
integrable functions®.

LA further type, known as Lebesgue integral, defines yet another set of integrable func-
tions, which turns out to be the most natural in modern applications. This theory
though goes beyond the purposes of the present textbook.
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9.4 The Cauchy integral

To start with, we assume f continuous on [a,b], and generalise slighty at a suc-
cessive step. The idea is to construct a sequence that approximates the trapezoidal
region of f, and then take a limit-of-sorts. Let us see how.

Take n any positive integer. Divide [a, b] in n equal parts of length Az =
and denote by xp = a + kAx, k = 0,1,...,n, the subdivision points; note that
they are ordered increasingly by the index, asa =xg <21 < ... < xp_1 < T, =b.
For k =1,...,n, we denote by Ij the interval [zx_1,x)]. The map f is continuous
on [a,b], hence by restriction on each I; Weierstrass’s theorem 4.31 implies f
assumes minimum and maximum on [, say

b—a

= mi M, = .
my = min f(z), & = max f(z)

Define now the quantities

Sy = kaAx and S, = My Az,
k=1 k=1

called respectively lower sum and upper sum of f for the above partition of [a, b].
By definition my < M} and Ax > 0, so s, < 5,,.

When f is positive on [a, b], the meaning is immediate (Fig.9.3): myAx repres-
ents the area of the rectangle r, = Ij X [0, my], contained in the trapezoidal region
of f over Ij. Thus, s, is the total area of the rectangles r; and approximates from
below the area of T(f;a,b). For the same reasons, S,, is the area of the union of
of rectangles Ry, = I, x [0, My], and it approximates T (f;a,b) from above.

Using properties of continuous maps defined on closed and bounded intervals,
we can prove the following result (see Appendix A.5.1, p. 461).

Theorem 9.20 The sequences {s,} and {S,} are convergent, and their lim-
its coincide.

=1 v v=f@
mp
A
@ :ri{’f\:pk b a Iy b

Figure 9.3. Lower sum (left) and upper sum (right) of f on [a, b]
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Based on this fact, we can introduce the definite integral.

Definition 9.21 One calls definite integral of f over [a,b] the number

/f dx—hmsn—th

n—oo

(which we read integral from a to b of f(z)dx or just integral from a to b

of f).

Examples 9.22

i) Take a constant f on [a,b]. If ¢ is its value, then my, = M}, = ¢ for any k, so

sn:Sn:cZAx:c(bfa)

k=1

b
whichever n. Therefore / f@)dx =c(b—a).

ii) Consider f(x) = x over [0,1]. The region 7 (z;0,1) is the isosceles right
triangle of vertices 4 = (0,0), B = (1,0), C = (1,1) that has area . We want
to check the definite integral of f over [0, 1] gives the same result. Fix n > 1.
Then Ax = }L and, for Kk =0,...,n, xx = fL Since f is increasing, my = Tp_1
and My = x, so

. Lo n 1
Sn:;ﬂcflAI: n2 ;(kil)’ S”:;IkAx: n? Zk

k=1

Now Z k is the sum of the first n natural numbers, hence "(n2+1), by (3.2). For

k=1
n

analogous reasons Z(k: — 1) is the sum of natural numbers from 0 (or 1) to

k=1
n — 1, and equals (";1)", whence
_n(n—1) g _n(n+1)
" o2 " o2
Taking the limit for n — oo of these sequences, we find % for both. ad

This example shows that even for a function as harmless as f(z) = z, computing
the definite integral using the definition is rather demanding. Obviously one would
hope to have more efficient tools to calculate integrals of continuous maps. For that
we shall have to wait until Sect. 9.8.



322 9 Integral calculus I

We discuss now the extension of the notion of definite integral. If f is continuous
on [a,b] and x* denotes an interior point of the interval, it is possible to prove

/abf(x) dx/f f(z) d:1:+/: () da.

This formula’s meaning is evident, and it suggests how to define integrals of
piecewise-continuous maps. Let xp = a < z1 < ... < Tm_1 < T,, = b be the
points where f is not continuous, lying between a and b (assuming the latter
might be discontinuity points too). Let f; be the restriction of f to the interior of
[€;—1, ;] that extends f continuously at the boundary

lini f(z), forz=wmxi_,

=z
fl(x) = f(x)v for Tim1 < T < Xy,
lim f(x)a for x = Zi.

We define

/ ’ fle)dz = i_n; / i) da.

If f is genuinely continuous on [a, b], the above box coincides with Definition 9.21,
because m = 1 and the map f; is f.

Moreover, it follows immediately that modifying a (piecewise-)continuous map
at a finite number of points will not alter its definite integral.

The study of Cauchy’s integral will be resumed with Sect. 9.6.

9.5 The Riemann integral

Throughout the section f will indicate a bounded map on [a, b]. Let us start from
integrating some elementary functions (called step functions), and slowly proceed
to more general maps, whose integral builds upon the former type by means of
upper and lower bounds.

Choose n + 1 points of [a, b] (not necessarily uniformly spread)

a=r0<11<...<Tp_1<xTp,=">0.

They induce a partition of [a,b] into sub-intervals I = [xp_1,zk], k = 1,...,n.
Dividing further one of the I, we obtain a so-called finer partition, also known as
refinement of the initial partition. Step functions are constant on each subinterval
of a partition of [a, b], see Fig.9.4. More precisely,
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C1
C4

Cc2

C3

Figure 9.4. Graph of a step function on [a, b]

Definition 9.23 A map f : [a,b] — R is a step function if there exist a
partition of [a,b] by {xo,x1,...,x,} together with constants c1,ca,...,¢, € R
such that

flx)=cg, Ve € (xp—1,21), k=1,...,n.

We say that the partition is adapted to f if f is constant on each interval
(xg—1,2r). Refinements of adapted partitions are still adapted. In particular if
f and g are step functions on [a, b], it is always possible to manifacture a parti-
tion that is adapted to both maps just by taking the union of the points of two
partitions adapted to f and g, respectively.

From now on S([a, b]) will denote the set of step functions on [a, b].

Definition 9.24 Let f € S([a,b]) and {zo,x1,...,2,} be an adapted parti-
tion. Call ¢y, the constant value of f on (xk—1,xk). Then the number

/f = ch(lrk — T—_1)
I k=1

is called definite integral of f on I = [a,b).

A few remarks are necessary.
i) The definition is independent of the chosen partition. In particular, if f(z) = ¢

is constant on [a, b], /f =c(b—a).
I

ii) Redefining f at a finite number of places leaves the integral unchanged; in
particular, the definite integral does not depend upon the values of f at points
of discontinuity.

In case f is positive on I, the number [ ; [ represents precisely the area of the
trapezoidal region of f over I: the latter is in fact the sum of rectangles with base
xr, — Tx—1 and height ¢; (Fig.9.5).

The next result will play an important role.
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A

a=xo T T2 T3 x4 =05

Figure 9.5. Region under a positive step function on the interval [a, b]

Property 9.25 If g, h € S([a,b]) are such that g(z) < h(z), Yz € [a,b], then

<o

Proof. Let {zo,x1,...,2,} define a partition adapted to both maps (this exists
by what said earlier). Call ¢, and dj, the values assumed on (xg_1, k) by

g and h, respectively. By hypothesis ¢, < di, k= 1,...,n, so

. n n .
/ g= Z(fk;(fl’k —xp_1) < de(l’k —Tpo1) = / h. O

1 k=1 k=1 1

Now let f: [a,b] = R be a generic bounded map, and put

sf= sup f(z)eR and i = inf f(z)€eR.
z€[a,b) z€[a,b]

We introduce the sets of step functions bounding f from above or from below,
namely

St= {h € S([a,b) : f(z) < h(z), Yz € [a, b]}

contains all step functions bigger than f, while

87 ={g€S(la,b) : 9(@) < (), Va € [a,0]}

contains all those smaller than f. These are not empty, for they contain at least
the constant maps
h(z) = sf and  g(x)=1iy.

It then makes sense to look at the sets of definite integrals.
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Definition 9.26 The number

/If:inf{/lh:hes;'}

is called the upper integral of f on I = [a,b], and

Je=sol foroesi)

the lower integral of f on I = [a,].

As 8§ # 0, clearly [,f < +oo, and similarly [;f > —oo. The fact that such
quantities are finite relies on the following.

Property 9.27 Each bounded map f defined on [a,b] satisfies

Jr=< s

Proof. If g€ S, and h € Sﬁ, by definition

g(x) < f(x) < h(z), Vr € [a,b],

/gg/h.
I I

Keeping g fixed and varying h we have

Now varying ¢ in this inequality proves the claim. O

so Property 9.25 implies

At this stage one could ask whether equality in (9.27) holds by any chance for
all bounded maps. The answer is no, as the example tells.

Example 9.28
The Dirichlet function is defined as follows

1 ifzeQ,
fle) = 0 ifzeR\Q.
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Each interval (zy—_1, ) of a partition of [0, 1] contains rational and non-rational
points. Step functions in S+ are all larger than one, whereas the maps in S]T
will be non-positive except at a finite number of places) In conclusion

/f—l and /Ifzo. O

Our observation motivates introducing the next term.

Definition 9.29 A bounded map f on I = [a,b] is said integrable (pre-
cisely: Riemann integrable) on I if

I

The common value is called definite integral of f on [a,b], and denoted

with [, f or [° f(z)dz

When f is a positive map on [a, b] the geometric meaning of the definite integral
is quite clear: 7 (f;a,b) is a subset of T (h;a,b) for any function h € S}, and

contains 7T (g; a, b) relative to any g € S]?. The upper integral gives thus an estimate
from above (i.e., larger) of the area of the trapezoidal region of f over I, and
similarly, the lower integral represents an approximation from below. Essentially,
f is integrable when these two coincide, hence when the integral ‘is’ the area of
the trapezoidal region of f.

Step functions f are evidently integrable: denoting by [, f the quantity of
Definition 9.24, the fact that f € Sy implies [, f < [;f, and [,f < [, f is

consequence of f € Sf+. Therefore

Je<fr=fr<]s

and the upper integral must be equal to the lower.

Beyond step functions, the world of integrable maps is vast.

Example 9.30

Consider f(x) = z on [0,1]. We verify by Riemann integration that the
trapezoidal region of f measures indeed 1 / 2. Divide [0,1] into n > 1 equal parts, a
partition corresponding to the points {0, " n, ceey ";1 , 1} = {z k=0,..., n}
Now take the step functions
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and

0 if x =0.

Since gp(x) < f(z) < hp(x), Vo € [0,1], it follows h,, € S]T, gn € Sy . Moreover
by (3.2),

“k(k k-1 W T lnn+1) 1 1

hn: — = = k: =
/I I;n<n n ) ;nQ nQ; n? 2 2+2n
and similarly

These imply

1 1
/fglnf/hn: and /fZSUP/gn: ’
I n I 2 I n I 2
1

r<y< s
/1 27

Recalling 9.27 we conclude [, f = 1. 0

hence

Studying the integrability of a map by means of the definition is rather non-trivial,
even when one deals with maps having simple expression. So it would be good on
the one hand to know in advance a large class of integrable maps, on the other
to have powerful methods for computing integrals. While the second point will be
addressed in Sect. 9.8, the result we state next is a relatively broad answer to the
former problem; its proof may be found in Appendix A.5.2, p. 463.

Theorem 9.31 Among the class of integrable maps on [a,b] are

a) continuous maps on [a,b];
b) piecewise-continuous maps on [a, b|;
¢) continuous maps on (a,b) which are bounded on [a,b];

d) monotone functions on [a,b].

As an application of the theorem,

lJrsin1 if0<a<1,
fz) = x
0 if x =0,

is integrable, for continuous on (0, 1] and bounded (by 0 and 2) on [0, 1].
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2 1
1
2
1
3
1
4
0 1 0 i3 32 1

Figure 9.6. Integrable maps on [0, 1]

The same for

1 1 1
if < ,n=12,...,

fley=4¢n n+1< n
0 ifz=0,

which is increasing (not strictly) on [0, 1], see Fig. 9.6.
A couple more properties will be useful later; see Appendix A.5.2, p. 466, for
their proof.

Proposition 9.32 If f is integrable on [a,b], then

i) [ is integrable on any subinterval [c,d] C [a,b];

ii) |f] is integrable on [a,b].

9.6 Properties of definite integrals

A (piecewise-)continuous map is Cauchy integrable (Theorem 9.20) and at the
same time integrable following Riemann (Theorem 9.31). The two types of definite
integral always agree for such maps, as seen explicitly for f(z) = x in Examples
9.22 ii), 9.30. We shall not prove this fact rigorously. Anyhow, that reason is
good enough to use a unique symbol for both Riemann’s and Cauchy’s integrals.
Henceforth R([a, b]) shall be the set of integrable maps on [a, ].

Recall f: f(z)dz is a number, depending only on f and the interval [a,b]; it
certainly depends upon no variable. The letter z, present in the symbol for histor-
ical reasons essentially, is a ‘virtual variable’, and as such may be substituted by
one’s own preferred letter; writing f: f(z) dz, rather than fj f(s)ds or f: fly)dy
is a matter of taste, for all three symbols represent the same number.



9.6 Properties of definite integrals 329

y=|f(2)]

: B
a L a b

b
Figure 9.7. The area of the trapezoidal region of f on [a,b] is / |f(z)| dz

If f € R([a, b)) is positive we have shown the definite integral expresses the area
of the trapezoidal region of f over [a,b]. For negative f the same holds provided
one changes sign to the value. When f has no fixed sign, the integral measures
the difference of the positive regions (above the z-axis) and the negative regions
(below it), so the area between f and the horizontal axis is also the integral of the

map |f|

b
Area of T(f;a,b) = / |f(2)| da.

This is due to the symmetrising effect of the absolute value, which reflects the
regions lying below the axis in a rigid way (as in Fig.9.7).

Finally, let us slightly generalise the definite integral. Take f € R([a,b]). For
a<c<d<b, set

/dcf(x) do = — /Cd f(z)dz  and / f(z)dz = 0. (9.18)

The symbol fcd f(z) dz is now defined whichever limits ¢ and d we consider in the
integrability domain [a, b].

The following five properties descend immediately from the definition.

Theorem 9.33 Let f and g be integrable on a bounded interval I of the real
line.

i) (Additivity with respect to the domain of integration) For any

a,b,cel,
/abf(ﬂc)d:r:/:f(:r)dﬂc+/cbf(:r)dﬂc.
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it) (Linearity) For any a,b € I and o, 8 € R,

/ab (af(x) +Bg(a:)) dr = a/abf(x)dxjtﬁ/abg(x)dm'

ii) (Positivity) Let a,b € I, with a < b. If f > 0 on [a,b] then

b
/ f(z)dz > 0.
If f is additionally continuous, equality holds if and only if f is the zero

map.

iv) (Monotonicity) Let a,b € I, a <b. If f < g in [a,b], then

/abf(ﬂc)d:r < /abg(:r)dﬂc.

v) (Upper and lower bounds) Let a,b € I, a < b. Then

/abf(x)dx

Proof. See Appendix A.5.2, p. 467.

< [ @

9.7 Integral mean value

The definite integral of an integrable map f over the usual real interval [a,b]
furnishes a way of approximating the function’s behaviour by a constant.

Definition 9.34 By (integral) mean value (sometimes integral average)
of f over the interval [a,b] one understands the number

b
m(fiat) =, [ f@

The geometric meaning is clear when f is positive on [a, b], for an equivalent version
of the mean value reads

b
/ f@)dx = (b— a)m(f;a,b).
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m(f;a,b) \

a b

Figure 9.8. Integral average of f over [a, b

In this case T (f;a,b) equals the area of the rectangle with base [a, b] and having
the integral average as height (Fig.9.8).

The next statement formalises the relation between the integral mean value of
a function and its range.

Theorem 9.35 (Mean Value Theorem) Let f be integrable over [a,b].
The integral mean of f over [a,b] satisfies

inf f(z) <m(f;a,b) < sup f(x). (9.19)
z€la,b] z€lab]

If moreover f is continuous on [a,b], there is at least one z € [a,b] such that

m(f;a,b) = f(2). (9.20)

Proof. Calli; = il[lfb] f(z) and sy = sup f(x), so for any = € [a,b]
z€la, z€[a,b]

”l',j‘ < f(l) < Sf-

By property iv) of Theorem 9.33

b b b
(b—a)if = / irde < / flz)de < / spde = (b—a)sy.

a

where we have used the expression for the integral of a constant. Now
divide by b — a to attain (9.19).
Supposing f continuous, Weierstrass’s Theorem 4.31 yields

iy = min f(x and s¢ = max f(x),

f z€a,b] f( ) f z€[a,b] f( )
hence (9.19) tells that m(f; a, b) lies between the maximum and minimum
of f on [a, b]. The existence of a point z for which (9.20) holds then follows
from (4.16). O
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A A
y = f(z)

M=5

(f;0,2)

Mo y=f(z) )

(£;0,2) = f(%) “
m=0 3 _ m=0 _
! 2 1 2

Figure 9.9. The Mean Value Theorem of integral calculus

Example 9.36

The integral mean of the continuous map
2z if0<z<1,
f(x)_{z if1<z<2,
over [0,2] is

m(f;0,2) = /f )dz = (/0 2xdx+/122dx):;(1+2):2.

In conformity with the statement, the mean value is indeed a value the function
takes, in fact m(f;0,2) = f(3) (Fig.9.9, left).

Consider now the piecewise-continuous map

2¢ if0<z<1,
€r) =
/(@) {5 if x > 1.

The mean value over [0,5/4] is m(f;0,5/4) = f(9/10) and belongs to the map’s
range; this is not so when we consider [0, 2], because m(f;0,2) = 3 (Fig. 9.9,
right). This example shows that the continuity of f is just a sufficient condition
for (9.20) to hold. 0

A closing remark for the sequel. Taking (9.18) into account, we observe that
the mean value formula stays valid if the limits of integration are interchanged,
hence the theorem is correct also when a > b:

m(f;a,b) = / fz —alb/baf(x)dx:m(f;b,a). (9.21)
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9.8 The Fundamental Theorem of integral calculus

Let f be defined on the real interval I, which we do not assume bounded necessarily,
but suppose f is integrable on every closed and bounded subinterval of I. This is
the case if f is continuous. We call integral function of f on I any map of the
form

F(z) = Foy(z) = /wf(s) ds, 9.22)

where xg € I is a fized point and x varies in I. An integral function is thus obtained
by integrating f on an interval in which one end-point is fixed while the other is
variable. By (9.18) any integral function is defined on the whole I, and F, has a
zero at xg.

The Fundamental Theorem of integral calculus establishes the basic inverse
character of the operations of differentiation and integration, namely that any
integral function of a given continuous map f over I is a primitive of f on that
interval.

Theorem 9.37 (fundamental of integral calculus) Let f be defined and
continuous over a real interval I. Given xg € I, let

F)= | £(s)ds

denote an integral function of f on I. Then F is differentiable everywhere
over I and
F'(z) = f(x), Vo eI

Proof. Let us start by fixing an x inside I and calling Az an increment (positive
or negative) such that x+ Az belongs to I. Consider the difference quotient

of I
F(x+ Az) — F(x) 1 z+Az L - o
Az ~ Ar </I f(s)ds — /M f(s) (1.5) .

o

By property i) in Theorem 9.33,
4+ Ax x -+ Ax
/ f(s)ds = / f(s)ds +/ f(s)ds
X0 X0 x

. ) P r+Ax
F(x+ AAII) F(x) _ Alz /I f(s)ds =m(f;z,x + Azx).

SO
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d

y = f(x) - - m(f;z,x + Ax)
/_\/
/

|
[
|
|
[
|
|
|
|
|
|
|
|
1
-

\J

Zo z z(Az) z+Az

Figure 9.10. The Fundamental Theorem of integral calculus

Thus, the difference quotient of the integral function F' between x and
x + Az equals the mean value of f between x and = + Ax. Since f is
continuous, the Mean Value Theorem 9.35 guarantees the existence in that
interval of a z = z(Az) for which m(f;z,z + Az) = f(2(Az)), in other
words

F(z+ Az) — F(2)

Az

Take the limit for Az — 0. For simplicity we can assume Az > 0. From

= f(z2(Ax)). (9.23)

x < z(Az) <z + Ax
and Theorem 4.5 we deduce that

lim z(Az) =x.

Ax—0+
By similar arguments lim z(Axz) = z, so Alimoz(Ax) = z. But f is
T—

Ax—0~
continuous at x, hence (4.11) implies

Aim f(2(A2)) = f( fim z(Az)) = f(x).
Passing to the limit in (9.23), we find the thesis

. F(z+ Az) — F(x)
) —
Flw) = Alilgo Az

= f(@).

In case z is a boundary point of I it suffices to take one-sided limits instead,
and the same conclusion follows. O
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Corollary 9.38 Let Fy, be an integral function of a continuous f on I. Then
F,(x) = G(z) — G(xo), Vo el

for any primitive map G of f on I.

Proof. There exists a number ¢ with Fy,(z) = G(x) — ¢, Vo € I by Theorem 9.4.
The constant is fixed by the condition Fj,(xg) = 0. O

The next corollary has great importance, for it provides the definite integral
by means of an arbitrary primitive of the integrand.

Corollary 9.39 Let f be continuous on [a,b] and G any primitive of f on
that interval. Then

/b f(@)dx = G(b) — G(a). (9.24)

Proof. Denoting F, the integral map vanishing at a, one has

b
/ f(z)dz = F,(b).

The previous corollary proves the claim once we put xo = a,x = b. O

Very often the difference G(b) — G(a) is written as

[G(x)] or G(a:)| .

Examples 9.40
The three integrals below are computed using (9.24).

1
1 1 1
/xde:[ xﬂ =,
0 3 0 3

/ sinzdz = [—cos:z:];r =2.
0

6
1
/ xdx:[logx]2:10g6—10g2:10g3. O
2
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Remark 9.41 There is a generalisation of the Fundamental Theorem of integ-
ral calculus to piecewise-continuous maps, which goes like this. If f is piecewise-
continuous on all closed and bounded subintervals of I, then any integral function
F on I is continuous on I, it is differentiable at all points where f is continuous,
and F'(z) = f(z). Jump discontinuities for f inside I correspond to corner points
for F.

The integral F is called then a generalised primitive of f on I. a

Now we present an integral representation of a differentiable map, which turns
out to be useful in many circumstances.

Corollary 9.42 Given [ differentiable on I with continuous first derivative,
and any xg € I,

f(x) = f(zo) + /w f'(s)ds, Vo e 1. (9.25)

Proof. Obviously f is a primitive of its own derivative, so (9.24) gives

[ £ ds= 1@ - s,

xo
whence the result follows. O

We illustrate this result by providing two applications. The first one is the
justification of the Maclaurin expansion of f(z) = arcsinz and f(z) = arctanz.
First though, a technical lemma.

Lemma 9.43 If ¢ is a continuous map around 0 such that p(x) = o(x®) for
z — 0, and a > 0, then the primitive (z) = [ o(s)ds satisfies 1h(z) =
o(x®*t1) as x — 0. This can be written as

/I o(s*)ds = o(z*™)  forax — 0. (9.26)
0

Proof. From de ’'Hopital’s Theorem 6.41,
(x) Y (x) 1 o(z)

lim = lim = lim =0. O
z—0 potl z—0 ((}, + 1):1'“ a+1z—0 o
1

So now take f(x) = arctanx. As its derivative reads f'(z) = 14 22’
x

o1
arctanz = / ds.
0 1 + 52

(9.25)

allows us to write
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The Maclaurin expansion of f/(s), obtained from (7.18) changing x = s, reads

=1-s2+s* —. ..+ (=1)"ms* 4 o(s*™T)

Term-by-term integration together with (9.26) yields Maclaurin’s expansion for f(x):

B (5 2m—+1
x x z
t = — SR 2m+2
arctane =a — o + + ( 2m_‘_1+o(ac )
- kx2k+1 2m+2
= -1 m .
kZ:O( ok 1 7o)

As for the inverse sine, write

® 1
r) = arcsinx = ds.
/(@) [

Now use (7.17) with o = —} and change z = —s%

1 1 3 -1
=1 2 4. 2
Viesz o Ta¥ et +‘(m>

> I(5)

Integrating the latter term-by-term and using (9.26) yields the expansion

S2m + 0<52m+1)

52k + 0(52m+1)'

3 3.5 _1 2m+1
arcsinx:x—l—mfi—l—fo—i—...—i—‘(nf) ;m+1+0(x2m+2)
m 1 2k+1
_ 2 Z 2m—+2
_2%<k> okt1 o)

As a second application of Corollary 9.42, we derive a new form for the re-
mainder in a Taylor formula, which adds to the already known expressions due to
Peano and Lagrange (recall formulas (7.6) and (7.8)). Such a form, called integral
form, may provide more accurate information on the behaviour of the error than
the previous ones, although under a stronger assumption on the function f. The
proof of this result, that makes use of the Principle of Induction, is given in Ap-

pendix A.4.4, p. 458, where the reader may also find an example of application of
the new form.
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Theorem 9.44 (Taylor formula with integral remainder) Let n > 0

be an arbitrary integer, f differentiable n + 1 times around a point xg, with
continuous deriative of order n+ 1. Then

£@) = Thuas@ = |y [ 100w — 07 ar.

9.9 Rules of definite integration

The Fundamental Theorem of integral calculus and the rules that apply to indef-
inite integrals, presented in Sect. 9.2, furnish similar results for definite integrals.

Theorem 9.45 (Integration by parts) Let f and g be differentiable with
continuity on [a,b]. Then

b b
/ (@) (@) dz = [f@)e(@)]} — / F(@)g(z) dz. (9.27)

Proof. If H(z) denotes any primitive of f/(z)g(x) on [a,b], the known result
on integration by parts prescribes that f(x)g(x) — H(x) is a primitive
of f(x)g'(x). Thus (9.24) implies

b
[ @ @) ds = [f@g@)], - ().,

a

It then suffices to use (9.24) on the map f'(x)g(z). O

Theorem 9.46 (Integration by substitution) Let f(y) be continuous on

[a,b]. Take a map o(x) from [o, ] to [a,b], differentiable with continuity.
Then

B »(B)
/ £ (@)@ () dz = / £() dy. (9.28)

o(a)
If ¢ bijects [, B] onto [a,b], this formula may be written as

b ®~ ()
[ swa= [ ) wan (929)
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Proof. Let F(y) be a primitive of f(y) on [a, b]. Formula (9.28) follows from (9.4)
and Corollary 9.39. When ¢ is bijective, the two formulas are equivalent
for a = p(a), b= p(B) if ¢ is strictly increasing, and a = (), b = p(a)
if strictly decreasing. O

Both formulas are used in concrete applications.

Examples 9.47
i) Compute

37

4 . 3
sin® x cos x dx.
0

Set y = () = sinx, so that ¢'(z) = cosx, ©(0) =0, () = \}2. From (9.28)

we obtain
37

1 1
a3 /“2 3 Log|ve _ 1
dz = dy = = _ ..
/0 sin® z cosz dz ; y° dy 4V ) 16
Note ¢ is not injective on [0, 31].

ii) To determine

1
S:/ arcsiny/1 — y2 dy,
0

we change y = ¢(z) = cosz, with  varying in [0, 7]. On this interval ¢ is strictly
decreasing, hence one-to-one; moreover ¢(0) = 1 and () = 0, i.e., o~ 1(0) = T,

¢~ (1) = 0. Note also
arcsin /1 — cos? z = arcsin Vsin? z = arcsin(sinz) = x.
Formula (9.29) gives
0 w/2
S = / (arcsin V1 = cos? x) (—sinz)de = / rsinzde,
T 0

/2
and eventually we may use (9.27)

w/2 /2 w/2
S =[—wcosx], +/ coszdr = [sinz] '~ =1. |
0

Corollary 9.48 Let f be integrable on the interval [—a,al, a > 0. If f is an
even map,

" fwyan = Z/Oaf(fv)dx;

if f is odd,

’ f(z)dx=0.

—a
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Proof. Theorem 9.33 i) gives
~a 0 a
flx)dz = flx)dz +/ flx)dz.
—a —a 0

Substitute y = ¢(x) = —x in the middle integral
0 0 a

flx)de = - / f(=y)dy = / f(=y)dy.
—a a 0

The right-most integral coincides with / f(y)dy if f is even, with its op-

0
posite when f is odd. The claim follows because the variable of integration
is a mute symbol. O

9.9.1 Application: computation of areas

This first chapter on integrals ends with a few examples of the use of the Funda-
mental Theorem to determine the area of planar regions.

i) Suppose we are asked to find the area A of the region enclosed by the graphs
of the maps y = f(z) = 22 and y = g(z) = v/, given in Fig.9.11. The curves
meet at points corresponding to x = 0 and = = 1, and the region in question can
be seen as difference between the trapezoidal region of g and the trapezoidal
region of f, both over the interval [0, 1]. Therefore

A:/Olg(x)dx—/olf(x)dx:/01[\/x—x2]dx: [§x3/2—;x3]::;

11 y=+z

0 1

Figure 9.11. Region bounded by the graphs of f(z) = 2* and g(z) = v/z
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0 r

Figure 9.12. Area under y = /72 — 22 in the first quadrant

ii) In the second example we check the known relation A(r) = 772 for the area
of a disc in function of its radius r. The disc centred at the origin with radius
r is the set of points (z,y) such that 22 + y? < r2. The quarter is then the
trapezoidal region of y = /72 — 22 relative to [0, 7] (Fig.9.12), so

A(r) = 4/; V2 — 22 da.

Let us change variables by = ¢(t) = rt, so that dz = rdt and 0 = ¢(0), r =
©(1). Because of (9.29), we have

A(r) = 4r? /1 V1-—t2dt. (9.30)
0
From Example 9.13 vi), we already know a primitive of f(t) = v/1 — 2 is
F(t) = ;tx/l —t2+ ; arcsint .
Therefore

1 1 !
A(r) = 412 2t\/1 —t2 4 ) arcsint| = 47’22T =7r?.
0

iii) We compute the area A of the part of plane bounded by the parabola y =
f(z) = (1 —z) and the line y = g(z) = —§ (Fig.9.13, left). The curves
intersect at the origin and at (3, —3), plus on the interval [0, 3] we have f(z) >
g(x). Albeit part of the region overlaps the negative half-plane (where y < 0),

the total area can still be calculated by

3/2
A= / (f(2) — 9()) da
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A A

Figure 9.13. The area bounded by the graphs of f(z) and g(x) is translation-invariant

for the following reason. The number A is also the area of the region bounded
by the graphs of the translated maps f(z)+ 3 and g(x)+ 2; shifting the z-axis
vertically so that the origin goes to (0, fi), does not alter the surface area
(Fig.9.13, right). So,

3/2
A:/ <3xx
0 2

3/2

(V]
N————
o,
8
|
—
w
8
[\v]
—_
8
w
[ I
I
Ne)

9.10 Exercises

1. Determine the general primitive of :

a) f(z)=(z+1)% b) f(z)=e 3 —e 5%
9] sw= 1500 QO f@=,

2. Find the primitive map taking the value yo at xo of the functions:

)| f(@) = wex’ r=v2 yo=1
1152

b) J@)= T =0 =1
logz

¢ fla)="" To=e  yo=0

d) f(z) =cosze® gy = Yo =¢€
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. Compute the indefinite integrals:

x 8
a) /x2+7d3§ b)/(6x+3) dz
‘/ 1/90 d) / 1 i de
zlog”x
e)‘/e$\/1+e$dx f)/\/er?dx
x
. Compute the indefinite integrals:
a) /x2 sinz dz b) /:Jc2 log 2z dx
c) ‘ /longdx ‘d) ‘/marctanxdx
2z 1
e) [ e®coszdr ‘ f) ‘ (1 + 22)2 dz
. Compute the indefinite integrals:
2 4 _ 3 2 11
2) / 2_33 d b)/x 5x2+_8x 9z + da
4z 43 ¢ —5x +6
x 172% — 16x + 60
C)‘/xi”—ldx d)/ 416 dz
‘/x—i—l ‘/2.%' — 272 +7$+3d3§
3 — 22 22 +4)(x—1)2
. Compute the indefinite integrals:
e%® 1
d b d
a)‘/ewﬂ * )/(ew—2)2 v
‘ / 1+ cOST a) / 1 d
1— cosm 1+sinz

o) / d ‘/ cos’x
cosT 1 — 2sin? x

. Compute the indefinite integrals:
x x
d b d
) /\/ZJra: €T ) /(1+:172)2 z

‘C)‘/x73+1\/3fxdx ‘d)‘/smlhilf(hc
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e) /coshzxdx ‘f)‘/logf/l—i—:ﬁdx

8) /1+1anxdx ‘h)‘/e“lJrldx
‘i)‘/sinsxdx ‘Z)‘/cos4xdx

| 8. | Write the primitive of f(x) = |z|log(2 — x) that has a zero at x = 1.

|9. | Find the primitive F(x) of f(x) = ze~1*l with lim F(z) = —5.

T—r+00

| 10. | What is the primitive, on the interval (—3,+00), of

T+ 2

FE) = (o) 1 3)(@ — 3)

that vanishes at x = 07
| 11. ‘ Determine the generalised primitive of

_J 223 -5 +3 ifz>1,
f(w)_{llx? ifr <1

vanishing at the origin.

| 12. ‘ Verify that

1 us
arctan = 5~ arctanx , V> 0.
T

| 13. ‘ Write the Maclaurin expansion of order 9 for the generic primitive of the map
f(x) = cos2z2.

| 14. ‘ Write the Maclaurin expansion of order 4 for the generic primitive of the map

24e7"
@)= 3423
15. Determine the following definite integrals:
T 1/2 1
a rcosxdr b dx
) /0 ) 0o V1-—2a?
e2 w/2 1
1 d d d
¢) /e rrosTar ) /0 4sinx + 3cosx v

v
e)/13 [Q}de ‘f)/o SM(xz—l)dx

(Recall [z] is the integer part of x and M (x) denotes the mantissa.)
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|16.| Compute the area of the trapezoidal region of f(x) = |logx| restricted
to e e].

17. Find the area of the region enclosed by y = f(z) and y = g(x), where:
a)| f(2) = Jal, g(z) = V1 —2?
b) f(z) = 2% -2z, g(z) = —2*+ 2

| 18. | Determine

F(x):/m(|t—1|+2)dt.

-1

9.10.1 Solutions

1. Primitive functions:
a) F(z) = go(z+ 1) +¢; b) F(z) = je™™ — te™ +c.

¢) Since we can write
z+1 1 2z 1

241 22241 241
it follows )
F(x) = ) log(z? + 1) 4 arctanz + c.
d) F(x) =log|2x + cosz| +c.

2. Primitives:
a) The general primitive f(z) reads F(z) = iehz + ¢. Imposing F(v/2) = 1, we
get

1
1:4e4+c whence c=1— e,

so the required map is

1 1
Flz) = 4e2w2 +1- et

b) F(z) = jarctanz3+1; ¢) F(z) = }log’z—1; d) F(z) = esine,
3. Indefinite integrals:

a) 8= Jlog(a?+7)+c; b) §=,(62+3)+c.
¢) Changing y = , gives dy = — 2 dz, hence

1 1 1 2
S:—Q/etdt:—Qet—i—c:—Qel/x +ec.
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dy §S=—-,1 +e.

" logx

e) Set y =1+ e”, so that dy = e* dx and
2 35 2
S = \/tdtzgt +c:3\/(1+e””)3+c.

f) S=vz2+T+ec.

4. Indefinite integrals:
a) 8= (2—a2%)cosz +2xsinx + ¢; b) §=la*(log2x — 1) +c.
¢) We integrate by parts choosing f(z) = log’z and ¢'(z) = 1. Then f'(z) =

2 logz, g(z) =z, giving

S:xlog2x72/logxd:1:.

The integral on the right requires another integration by parts (as in Example
9.11 ii)) and eventually leads to

S =zxlog’x —2z(logz — 1) + ¢ = z(log”> x — 2logx +2) +c.
d) We take f(z) = arctanz, ¢’(x) = = and integrate by parts. Since f'(x) = 1+1:E2
and g(z) = a2,

1 2
2% arctanz — x dx
2] 1422

1 1
2% arctan x — 2/(1— 1+x2) dx

1 1
2% arctanz — 230 + 9 arctanx + c.

N = N =N

¢) §=le*(sinz+2cosx)+c.

f) The remarks made on p. 314 v) suggest to integrate S; = [ Hle dx by parts

with f(z) = Hle and ¢'(z) = 1. Then f'(z) = *(HQfg)z, g(z) = x, and

1 T x2
= dz = 2 d
51 /1+332 . 1—1—;132Jr /(1—|—x2)2 v
T 22+1-1 T 1
= 2 dz = 25, —2 dz .
14a2 7 /(1—|—x2)2 T a2 T /(1+x2)2 v

The solution is then

1 x 1 T
S:2 Sl+1+x2 =, arctanx—i—lerQ +c.
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5. Indefinite integrals:
a) S =3loglz — 3| —log|lz — 1| +c.
b) S=1a®+2z+2loglz— 3| —loglz —2[+c.
¢) Splitting into partial fractions

T T A Bz +C

:17371:(:1771)(x2+:17+1) x71+x2+x+1’

yields A(z?+2+1)+ (Br+C)(z—1)=x. Fromz=1andz =0 we
find the constants A = C = zl,), while £ = —1 determines B = — é Therefore

1 rz—1
r—1 x22+2+1

1 12x+13>

3 —1

(x—12x2+33+1

1 1 2x+1 +3 1

r—1 2224241 2(x+3)2+3)"°
In conclusion,

1
3

1 2 1
S (log|x— 1] — 5 log(z® + = + 1) + V3 arctan \/3(95—1— 2)) +e.

d) S =log(z® +4) + 3log |z — 2| — 5log |z + 2| + ; arctan & + c.
e) We search for the undetermined coefficients in

41 2 +1 A B C
,=ao+l+ L =rtl4 +7 4 .
T 3 — T

3 — -1 z =z

Choosing z =1 and « = 0 for
Az? + (Bx +C)(xz — 1) =2* + 1

produces A =2,C = —1, while z = —1 tells B = —1:

2 1 1 1 1

S:/ x+1+ - - de = _ 2?4 2+2log|z—1|—log|z|+  +c.
r—1 =z 22 2 x

) The integrand splits as

20 =222 + Tz +3 A . B +Cx+D
(2 +4)(z—-1)2 2-1 (z—12 2244

Imposing

A(x —1)(2® +4) + B(z* +4) + (Cz + D)(x — 1)* = 22° — 22> + T2 + 3,
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leadsto A=1, B=2, C=1,D = —1, hence

z—1
5= /(:171 xfl) +x2+4>dx

1
=loglz — 1| — 1+2log(x2+4)—2arctan;c+c.

6. Indefinite integrals:

a) Put y = e®, then dy = e” dz, and

Y 1
S = dy = 1- d
/ o /< y+1> !
= flog\y+1|+c
=e” —log(e” +1)+c.

b) S=jz— logle®—2|—,.', +c.

¢) Changing t = tan § we can write cosz = %;;2 and do = 1+t2 dt. Then
1 1 1
S=2 dt =2 — dt
/t2(1+t2) /<t2 1+t2>
2 2
= — —2arctant+c= — —z+c.
t tan §
2 1+ tan ?
1) §=- ; ) § =1 2
d) 1+tans ) |1 —tanz

2

f) Set t = tanz, so sin“z = cos’t = ljtg and dz = dt. From that,

t2
14620

1 A B Ct+ D
- di = dt.
S /(1+t2)(1—t2) /<1+t+1—t+ 1+t2)

Now evaluate at t = —1, t =1, t = 0 and ¢t = 2 the condition

l—i-t2

AQ =) 1+ +BA+t)(1+t*) + (Ct+ D)(1 —*) =1,

to obtain A = i, B= 4117 C=0,D= ; Then

S_/11+11+11dt
- 414t 41—t 21+41¢2

log|1 +t|— log|1 —t|+ arctant+c

sinx + cosx 1
+ 290—1—(:.

4981 ¢

1l 1+4+1¢
sinx — cosx

1 1
‘—i— 9 arctant + ¢ = 4log
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7. Indefinite integrals:
a) S:g\/(2+x)3—4\/2+x+c; b)S:—Q(liﬁ)—l—c.
¢) With t?2 =3 — z we have z = 3 — t2 and 2tdt = —dx, so

2t 1
S:/tQ tdt:?/t71dt:gl‘)g't*1|+C:210g\\/37x71\+c.

d) By definition sinh x = erfze . so y = e” yields

2 1 1
- - _ d
o /yQ—ldy /(y—l y+1> Y

e — 1]

o 41 +c.

=logly — 1| —logly + 1| + ¢ = log

e) S=1(5e* — e 2 +2x) +c= )sinh2z+ Jz+ec.

f) Observe log V1 + 22 = }log(1 4+ 2?). We integrate by parts putting f(z) =

log(1 +22),¢'(z) =1, s0 f'(x) = 2%, and g(z) = . Then

s =" (wlog(1 +22) 2/ 7 4
=5 (zlog T L4238

= ; <xlog(1+x2)2/ (1 1+le> dx)

1
=5 (zlog(l + 2”) — 22 + 2arctanz) +c.

g) S =3 (log|l+tanz| — } log(l + tan®z) + z) + c.
h) Setting y = e** implies dy = 4e** dz, do = 41y dy. Thus

1 1 1 1 1
S = dy = - d
4/y(y+1) v 4/(9 y+1> Y

!
T4

1
=z — 4log(e4m+1)—|—c.

1
(logly| —logly + 1) + ¢ = (4z —log(e™* + 1)) + ¢

i) Because

5 4

sin® z = sinz sin* 2 = sin2(1 — cos® z)?,

choosing y = cosz has the effect that dy = —sinxz dz and

/sinsxd«T: _/(1_y2)2dy:/<—1+2y2_y4)dy

= +23 15+c— cossc+2cos3x—1cos5x+c
TYT Y T TeT 3 5 ‘
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/) Given that cos*z = cosx cos®z, let us integrate by parts with f(x) = cos® x

and ¢'(x) = cosx, implying f'(x) = —3sinx cos? z and g(z) = sinx. Thus
S = /cos4xd33 = sinz cos® x + 3/cos2xsin2xdx

o 3 2 2

= sinz cos” x +3/cos x(1 — cos” z) da

= SinICOSBI+3/COSQIdI —35.
Now recalling Example 9.9 ii),

. 3 1 L.
4S5 =sinxcos’x + 3 2:17+ 4S1n2:1: +c.

Finally,

1 3 3
costzdr = 4SinICOSBIE+ 8x+ 16 sin2x + c.

8. Note that f(z) is defined on (—o0,2), where

xlog(2 — x) ifo<ax<2,
f(x) = .
—zlog(2—2) ifz<0.

In order to find a primitive, compute the integral f xlog(2 — z) dz by parts. Put

g(z) =log(2 — z) and W' (z) = z, implying ¢'(z) = _',, h(z) = }2?, and

1 x?
2log(2 — z) — / d
x* log( x) o & 9 T

1 4
2 — —
xz“log(2 — x) 2/<x+2+$_2> dz

1
z?log(2 — x) — 4x27x7210g(2717)+c.

/xlog(Z ~2)de =

N = N =N

Thus
o) sr?log(2 —x) — a2 —x —2log2— )+ f0<2 <2,
) =
—32?log(2—z) + ja? +x +2log(2 —z) + o ifz<0.

The constraint F(1) = 0 forces ¢; = i, and since F' must be continuous at z = 0
it follows

)
F(0T) =—2log2 + 4= F(07)=2log2+c.
This gives c; = —4log2 + i, and the primitive is

F( yx?log(2 —x) — L2 —a —2log(2 —2) + 5 ifo<z<2,
xTr) =
—32%log(2 — z) + j2® + x +2log(2 —x) —4log2+§ ifx <O0.
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9. We write, equivalently,

ze ® ifxz>0
o e 2
@) ze® ifx<O0.

With Example 9.11 i) in mind,

—(x+1e®+e¢ fz>0,
Fx) = .
(x —1)e* + ¢ ifx <0.
Continuity at = 0 implies F(0) = F(07) = ¢; = F(07) = ¢g, so the generic
primitive of f is
F(x){—(x—l—l)e_g”—i—c ?foO,
(x —1)e*+¢ ifz <0,

ie., F(z) = —(Jz| + 1)e~1*l + ¢. Additionally,

lim F(z)= lim (—(z+1)e " +c)=c,

r—r+00 r—r+00
meaning that the condition lir_~r_1 F(z) = —5 holds when ¢ = —5. The required
T—r1+00
map is

F(z) = —(|z| + 1)e”l*l - 5.

10. Integrate the two cases

42
if ©x >
(@+3)@—3 =0
—(x_3)2 if-3<z<0,

separately, that is, determine

T+ 2 T+ 2
= d d = dz.
51 / (x4 3)(x —3) . an 52 / (z — 3)2 .

These are rational integrands, so we ought to find the partial fractions first. Rather
easily one sees

T+ 2 A B 1 1 )
(x+3)(z—-3) x+3 -3 6\z+3 z-3
t42 A B 1 05
(x—3)2 2-3 (x-32 -3 (v-—3)2°
whence
1 5
51:6(log\x+3\+5log\x73\)+cl, nglog|x73|fx_3+cz.

A primitive of f has then the form
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Sl if!L‘ZO,

Fo = {" |
-5y if—-3<z<0

1
6(log\x+3\+5log|x73|)+cl ifx>0,

)
—log |z — 3| + + e if -3<x<0.
-3

Continuity and the vanishing at x = 0 tell
5
0=F(0)=F(0") =log3+c; =F(07)=—log3— 5 +ca.
Thus ¢; = —log3, c2 = log3 + g, and

1

(log(z 4+ 3) + 5log |z —3]) —log3 ifz >0,
_ )6
F(r) =

5
+ log 3 + if -3<z<0.

—log(3 —x) + 3

z—3
11. The generalised primitive F'(z) of f(x) should be continuous and satisfy
F'(z) = f(x) at all points where f(x) is continuous, in our case every x # 1.
Therefore

/(2:173*517+3)dI ifz>1, 1x475x2+3x+01 ifx>1,
F(z) = -2z 2
/(4x77)dx ifoe<l1 222 — Ta + ¢ o<l

the relation of ¢, cy derives from imposing continuity at « = 1:
F)=FQY) =14+ =F17)=-5+cs.
Thus ¢a = 6 + ¢1 and

1L, 5
Fz)={ 2" "2
222 —Tx +6+¢ ifer<l.

2> +3zx+c ifzx>1,

Let us demand F(0) = 64+ ¢ =0, i.e., ¢ = —6. That implies
1, 5

Fz)={ 2" "2

22% — Tz ife<l1.

2> +3x—-6 ifx>1,

Alternatively, notice the required map (cf. Remark 9.41) equals

F) = / " f(0) e,

from which we may then integrate f(¢).
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12. Consider F(xz) = arctan ! and G(z) = — arctanz. As

1

F@)==, ,=0,
F(z) and G(x) are primitives of the same f(z) = —, ' ,. As such, Proposition 9.3
ensures they differ by a constant ¢ € R
F(z) =G(x) +c
The value ¢ = 7 is a consequence of F'(1) = 7, G(1) = —7.

13. The generic primitive for f is like
F(z)=c+ /zCOS2t2dt.
0
By Lemma 9.43, if
COSQt2=1—2t4+§t8+0(t9), t—0,
F expands, for x — 0, as

2
2% + o(z'?).

¢ 2 2
F(z) = L—2t"+ "8+ 0o(t%) ) dt = -2
(x) ch/O < +3 + o )> c+x 2 +27

14. As in Exercise 13, write first Maclaurin’s polynomial up to degree 3:
()
3
1 1
2 — 2 +o(x )) (1— 3m3+0(333)>

1
2 6$3_$ +O< 3))

(=)

+
+

(_x
(_x

W = W =W
[\D%—‘[\D

7
= —3x+6x2— 18m3+0(333), x—0.

Then

z v 1 1 7
F(x)=c+/ f(t)dt=c+/ 1—t4 t2— 3403 dt
0 0 3 6 18
1 1 7
=c+ax— 6;102—1— 18303— 72m4+0(334), x—0.
15. Definite integrals:

a) —2; b) §; ) 1e2(3e? —1); d) élogG.
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e) Since
1 if1<ze <2,
z]=q92 if2<z<3,
3 ifz=3,
we have

2 31 5
S /1 x+/24x 4

f) The parabola y = 22 — 1, on 0 < 2 < /3, has the following range set:

-1<2?2-1<0 for ze[0,1)
0<z2?-1<1 for x € [1,V/2)
1<22-1<2 for r € [V2,V3).
Therefore
2141 ifxelo,1),
21 if x € [1,V2),
VR if z € [1,v2)
22 —1-1 ifzre[V2,V3),
0 ifx:\/3,
and

1 V2 V3
S:/IQdI+/ (:17271)d93+/ (2> —2)dz=vV2 - V3 +1.
0 1 V2

16. As (see Fig.9.14)

—logz ife'<z<1,
|log z| = .
log x ifl<z<e,

Figure 9.14. Trapezoidal region of the function f(z) = |log z|
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Figure 9.15. Region of Exercise 17 a)

from Example 9.11 ii) we infer

e 1 e
A:/ |logx\dx:—/ logxdx—i—/ log zdx
e~ 1 e~ 1 1

1 e 2
= f[x(log:z:f 1)} + [x(logxfl)} =2—- .
e~ 1 1 e
17. Computing areas:
a) The region is symmetric with respect to the y-axis (Fig.9.15). Comparing to
the example of Sect.9.9.1, we can say that the area will be

A:2</0\/2/2(\/1—332—x)dx>

V2/2 V2/2
= [.’L‘\/l — 22+ arcsinx}o - [gcﬂo = Z .

The result agrees with the fact that the region is actually one quarter of a disc.
b) 2.

8
18. From
1—¢t ift<1,
It —1]= .
t—1 ift>1,
we write
/ (1—t+2)dt ifz<1,
-1
F(x) = X

/ ﬂ—t+2ﬁh+/)@—1+2yu ifx>1
—1 1

1 7
72x2+3x+2 ife <1,

1 9
21’2+x+2 ifx>1.
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Integral calculus I1

This second chapter on integral calculus consists roughly of two parts. In the
first part we give a meaning to the term ‘improper’ integral, and thus extend the
notion of area to include unbounded regions. The investigation relies on the tools
developed when discussing limits.

The remaining part is devoted to the integration of functions of several variables
along curves, which generalises the results on real intervals of Chap.9.

10.1 Improper integrals

Hitherto integrals have been defined for bounded maps over closed bounded inter-
vals of the real line. However, several applications induce one to consider unboun-
ded intervals quite often, or functions tending to infinity. To cover such cases the
notion of integral, be it Cauchy’s or Riemann’s, must be extended by means of
limits.

We begin with improper integrals with unbounded domain of integration, and
then treat infinite integrands.

10.1.1 Unbounded domains of integration

Let Rioc([a, +00)) be the set of maps defined on the ray [a,+00) and integrable
on every closed and bounded subinterval [a, ¢] of the domain.
Taking f € Rioc([a, +00)) we can introduce the integral function

F(c) = /:f(x) da

on [a, +00). The natural question to answer concerns its behaviour when ¢ — +o0.

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_10,
© Springer International Publishing Switzerland 2015



358 10 Integral calculus II

Definition 10.1 Let f € Rioc([a, +00)). We (formally) set

/:OOf(:r)dﬂc: lim /acf($)dl‘.

c—+o0

The symbol on the left is said improper integral of f on [a, +00).

i) If the limit exists and is finite, we say that the map f is integrable over
[a, +00), or equivalently, that its improper integral converges.

it) If the limit exists but is infinite, we say that the improper integral of f
diverges.

wi) If the limit does not exist, we say that the improper integral is inde-
terminate.

The class of integrable maps over [a, +00) will be indicated R([a, +00)).
Visualising the improper integral of a positive function is easy. Note first that
the following holds.

Proposition 10.2 Let f € Rioc([a, +0)) be such that f(x) > 0, for all
x € |a,+00). Then the integral map F(c) is increasing on [a, +00).

Proof. Take ¢1,co € [a,+00) with ¢; < c¢o. By the property of additivity of the
domain of integration (Theorem 9.33, 1)),

Flea) = | " fa)de = [t [ f(w) da

Ja 1

oo [ s

The last integral is > 0 by Theorem 9.33, iii). Therefore F'(c2) > F(c1). O

Corollary 10.3 The improper integral of a positive map belonging to
Rioc([a, +00)) is either convergent or divergent to +oo.

Proof. This descends from the proposition by applying Theorem 3.27 to F. O

Going back to the geometric picture, we can say that the improper integral of
a positive function represents the area of the trapezoidal region of f over [a, +00)
(Fig. 10.1). This region is unbounded and may be viewed as the limit, for ¢ — oo, of
the regions defined over the subintervals [a, ¢]. The area of the trapezoidal region
over the entire domain of integration [a,+o00) is finite if the improper integral
converges, and one says that the area is infinite when the integral is divergent.



10.1 Improper integrals 359

a C “+00

Figure 10.1. Trapezoidal region of f over the unbounded interval [a, +00)

Examples 10.4
1

i) We consider the integral over [1,4+00) of the family of functions f(z) =
IOZ
for various o > 0. Since

_a |€
xla

. 1—()4_1
1 it # 1, ¢ .
/xadx: 170[1 — 1—a if a #1,
' logz|] ifa=1 logc ifa=1,
when « # 1, one has
1
+oo l—a _ Fas1
/ ! dz = lim ¢ 1 ={ a—1 na ’
1 x cotoo 1 —«

400 if o < 1.
If a =1 instead,

X c—r+o0

+oo 1
/ dz = lim logc = +o0.
1

The integral behaves in the same manner whichever the lower limit of integration
a > 0. Therefore

Hoo converges if a > 1,
/ dx

x()é

diverges if a < 1.

ii) Let f(xz) = cosx. The integral

F(e) = / coszdx =sinc
0

does not admit limit for ¢ — +o00, hence f0+oo cos z dz is indeterminate. ]

Improper integrals inherit some features of definite integrals. To be precise, if
f, g belong to R([a, +00)):
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i) for any ¢ > a

[ rwar= [Crwars [ wa

i) for any o, 8 € R

[ (o v sow)ar=a [ rwars [ owar

iii) supposing f > 0 on [a, +00) then

+oo
/ f(z)dz > 0.

All are consequence of properties 7)-iii) in Theorem 9.33 and the properties of
limits.

Convergence criteria

The integrability of f € Rioc(]a, +00)) cannot always be established using just the

definition. Indeed, we may not be able to find an integral function F(c) explicitly.

Thus, it becomes all the more important to have other ways to decide about con-

vergence. When the integral is convergent, computing it might require techniques

that are too sophisticated for this textbook, and which will not be discussed.
The first convergence test we present concerns positive functions.

Theorem 10.5 (Comparison test) Let f,g € Rioc([a, +00)) be such that
0 < f(x) < g(z) for all x € [a,+00). Then

o0 +oo
og/ f(a:)dxg/ o(z) da. (10.1)

In particular,

i) if the integral of g converges, so does the integral of f;
ii) if the integral of f diverges, then the integral of g diverges, too.

Proof. The definite integral is monotone, and using 0 < f(z) < g(z) over [a, +00),
we have . .
F(e) = / flx)dz < / g(z)dx = G(e).
By Corollary 10.3 the maps F(c¢) and G(c¢) admit limit for ¢ — +o0;
comparing the limits, with the help of Corollary 4.4, we obtain
0< lim F(e) < lim G(c),
c——+00 c— 400
which is (10.1). The statements i) and i) are straightforward consequences
of (10.1). O
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Example 10.6

Discuss the convergence of the integrals
—+oo —+o0
arctan arctanx
/ , dz and / dz.
1 T 1 T
For all z € [1,+00)
T T
< arctanz < _,

SO

arctanx < T d i < arctanzx
an .
2 212 4o — T
Therefore

—+o0 +o0 —+oo +oo
arctanz b s arctan
/ 5 dx < / 5 dx and / dx < / dz
1 T 1 2z 1 4 1 z

—+oo +oo
From Example 10.4 we know / 71-2 dx converges, whereas / i dz di-
1 2z 1 4z

verges. Because of Theorem 10.5, the implication of i) ensures that the integral

T arctan o o arctan z .
, dz converges, while i ) makes dz diverge. a
1 z 1 z

When the integrand has no fixed sign, we can rely on this criterion.

Theorem 10.7 (Absolute convergence test) Suppose f € Rioc([a, +0))
is such that |f| € R([a,+0)). Then f € R([a,+0)), and moreover

L+mfwﬁur£L+MV@Ndm

Proof. We introduce fy and f_, respectively called positive and negative part
of f, as follows:

flx) if f(z) >0,
f(z) = max(f(x),0) = { (@) i)

0 if f(z) <0,

0 if f(z) >0,
f, ((17) = Illa,X(—f(;p)’O) — { f( ) =Y,

—f(z) if f(z) <0.

Both are non-negative, and allow to decompose f, | f]:

F(@) = fola) - f-(), F@) = fr@) + £ (102)
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y = flx) y = fi(z)

Figure 10.2. Graphs of a map f (left), its positive part (centre) and negative part (right)

(see Fig.10.2). Adding and subtracting these relations leads to

oy = N+ 760 = V@I =1
which, together with Theorem 9.33 ), imply fi,f- € Rioc([a, +00)).
Since 0 < fy(x), f-(z) < |f(z)| for any > a, the Comparison test 10.5
yields that f and f_ are integrable over [a,400). The first of (10.2) tells
that also f satisfies the same.

Eventually, property v) of Theorem 9.33 implies, for all ¢ > a,

/ f(z)de| < / (@) da

Passing to the limit ¢ — +o0o proves the claim. O

Example 10.8

Let us consider the integral

T cosx
9 dx.
1 x

‘ COST
x2

1
Since ‘cosx < ,, the function |f(x)| =
x

22 ‘ is integrable on [1,400) by

Theorem 10.5 and Example 10.4. The above test guarantees integrability, and
+oo “+o0 “+o0
1
/ cos;:r dx‘ S/ ‘cos;x‘ dxﬁ/ ,do=1. 0O
1 T 1 T 1 z

Remark 10.9 The Absolute convergence test is a sufficient condition for integ-
rability, not a necessary one. This is clarified by the following example

+oo 3 +00 | o
/ ST qe converges, but / ST g diverges. (10.3)
1 €T 1 x
(For a proof we refer to Appendix A.5.3, p. 470.) O

A map f whose absolute value |f| belongs to R([a,+00)) is said absolutely
integrable on [a, +00).
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Another useful result is based on the study of the order of infinitesimal of the
integrand as x — 4o00.

Theorem 10.10 (Asymptotic comparison test) Suppose the function
f € Rioc([a, +00)) is infinitesimal of order a, for x — +o00, with respect
to p(z) = L. Then

i) ifa>1, feR(a,+0));
+oo

i) if a <1, / f(z)dz diverges.

a

Proof. See Appendix A.5.3, p. 471. O

Examples 10.11

i) Consider

+oo
/ (m — 2arctanz) da.
1

The map f(z) = 7 — 2arctan« is infinitesimal of first order for  — 4o00: by de

I’Hopital’s Theorem namely,
. T — 2arctanz . 22
lim = lim =2.
T—+00 1/x z—+oo 1 4 22

The integral therefore diverges.

i) Discuss the integral
/+°° x4+ cosw
3 . dx.
1 T2 +sinx
As cosx = o(x), sinx = o(a®) for x — +o0, it follows

T +cosx 1
3 . ~o, xr — +00,
T° +sine T
and the integral converges. O

Let us now consider a family of improper integrals generalising Example 10.4 1).

Example 10.12

We show how the convergence of

—+o00 1
d
/2 v (logx)? "

depends on the values of a, 8 > 0.

i) The case @ = 1 can be tackled by direct integration. Changing variables to
t = logz, one has
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+o0 1 +o0 1
do = dt
»/2 x(log x)B v /log 2 tB ’

so the integral converges if 8 > 1, diverges if 8 < 1.

i) If & > 1, we observe preliminarily that > 2 implies logx > log2 and hence
1 1
< )
x@(logz)8 — z(log2)?
This is sufficient to conclude that the integral converges irrespective of 3, by the
Comparison test.

Y > 2.

iii) When a < 1, let us write
11 gl

z*(logz)?  x (logw)?’

11—«

The function (lgc )8 tends to +oo, for any . There is thus an M > 0 such
ogx
that
1 M
> , YV > 2.
z@(logz)f — =z
By comparison the integral diverges. |

If f is defined on [kg, +00), it could turn out useful, sometimes, to think of its
value at x = k as the general term aj, of a series. Under appropriate assumptions
then, we can relate the behaviour of the series with that of the integral of f over
[ko, +00), as shown hereby (a proof of this result may be found in Appendix A.5.3,
p. 472).

Theorem 10.13 (Integral test) Let f be continuous, positive and decreas-
ing on [ko,+o0), for ko € N. Then

S fh) < / faydz < S F(k), (10.4)

k=ko+1 ko k=ko

+oo

therefore the integral and the series share the same behaviour. Precisely:

+oo oo
a) f(z)dz converges <= Z f(k) converges;
ko k=ko
+oo o0
b) f(z)dz diverges <= Z f(k) diverges.
ko k=ko

Examples 10.14

i) The previous criterion tells for which values of the parameter « the general-
ised harmonic series
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— 1
Z ko
k=1
converges. Note in fact that wla ,a > 0, satisfies the theorem’s hypotheses, and

has convergent integral over [1,+00) if and only if a > 1. Therefore

o

Z 1 converges for v > 1,
Pt k> | diverges for 0 < o < 1.

ii) In order to study
Z :
— klogk

we take the map f(z) = ; its integral over [2, +00) diverges, by case i) of

zlogx

is divergent. a

S|
Example 10.12. Then the series kz_2 klog k

A last remark to say that an integral can be defined over (—oo, b] by putting
b

b
| r@de= tm [ s

Cc—— 00

All properties and convergence results easily adapt.

10.1.2 Unbounded integrands

Consider the set Rioc([a, b)) of functions defined on the bounded interval [a, b) and
integrable over each closed subinterval [a,c], a < ¢ < b.
If f € Rioc([a,b)) the integral function

c)/acf(x)d:r

is thus defined over [a,b). We wish to study the limiting behaviour of such, for
c—b.

Definition 10.15 Let f € Rioc([a,d)) and define, formally,

/ flx)da = hm Cf( ) da; (10.5)

as before, the left-hand side is called improper integral of f over [a,b).
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i) If the limit exists and is finite, one says f is (improperly) integrable on
[a,b), or that its improper integral converges.

it) If the limit exists but infinite, one says that the improper integral of f
s divergent.

i11) If the limit does not exist, one says that the improper integral is inde-
terminate.

As usual, integrable functions over [a, b) shall be denoted by R([a,b)).

If a map is bounded and integrable on [a, b] (according to Cauchy or Riemann),
it is also integrable on [a, b) in the above sense. Its improper integral coincides with
the definite integral. Indeed, letting M = sup |f(z)|, we have

z€[a,b]
/abf(m)dx—/acf(m)dx /cbf(x)dx

In the limit for ¢ — b~ we obtain (10.5). This is why the symbol is the same
for definite and improper integrals. At the same time, (10.5) explains that the
concept of improper integral over a bounded domain is especially relevant when
the integrand is infinite in the neighbourhood of the point b.

b
< [1r@lde <m0,

Example 10.16

1
Take f(z) = ) with a > 0 (Fig. 10.3 shows one choice of the parameter),
x [e%

(b-
and study its integral over [a,b):
_ \1l—a ¢
e q (b-2) if o £ 1,
dx = a—1 a
/a (b —z)~ c
—log(b—=)|, ifa=1
_ - _ _ 11—«
(b—c) (b—a) okl
a—1
h—
log b “ ifa=1.
—c
When a # 1,
_ 11—«
/b N T G0 e CE B <b1 @) if a < 1,
o (b—x) c—b- a—1 e .
+00 if o > 1.
For a =1,

b
1 b—
/ dx = lim log “ = +00.
o b—c

b—=z c—b—
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[

2

Figure 10.3. Trapezoidal region of the unbounded map f(z) = over [},2)

1
V2—z

Therefore

/b 1 p { converges if a <1,
x
o (b—x)* diverges  if a > 1.

In analogy to what seen previously, the integral of a positive f over [a,b) can
be proven to be either convergent or divergent to +oo.

Convergence tests similar to those already mentioned hold in the present situ-
ation, so we just state a couple of results, without proofs.

Theorem 10.17 (Comparison test) Let f,g € Rioc([a,b)) be such that
0 < f(z) < g(z) for any x € [a,b). Then

0< /b flx)de < /bg(:r) dx. (10.6)

In particular,

i) if the integral of g converges, the integral of f converges;
it) if the integral of f diverges, the integral of g diverges.

Theorem 10.18 (Asymptotic comparison test) If f € Rioc([a,d)) is in-
finite of order o for x — b~ with respect to p(x) = ,' | then

N
i) ifa<l, feR(ab));
b
i) ifa>1, / f(z)dx diverges.
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Integrals over (a,b] are defined similarly:

b b
/f( Jdo = lim [ f(@)de

C—)(L c

With the obvious modifications all properties carry over.

Examples 10.19
i) Consider the integral
i
1 V33—
The function f(x) = \/ 7% is defined and continuous on [1,3), but has a dis-

3
continuity for x — 37. As 7— 2 < 6 on [1, 3), by the Comparison test we have

/\/ mg/g\/;/6xdx<+oo,

(recall Example 10.16). The integral therefore converges.

2 x
/ ' +1 dx .
1 (z—1)2
e+1 e’ +1

< )
(z—-1)2  (z-1)
so by comparison the integral diverges to +oo.

ii) Counsider

When z € (1, 2],

iii) Determine the behaviour of

/2
X
,\/ dz
0 Sin T

NG

1
Forx — 07, f(z) = ~ , therefore the integral converges by the Asymp-

sinz  +/x

totic comparison test .
/4 log(z =3)
. 3 —8x2+ 16x

has integrand f defined on [r,4); f tends to +oo for x — 4~ and
~ log(1+ (z —4)) 1

(@) = a(x—4)2 " Aw—4)

Thus Theorem 10.18 implies divergence to —oco (f(x) = 1/(x — 4) is negative at

the left of x = 4). O

iv) The integral

xr— 4.
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10.2 More improper integrals

Suppose we want to integrate a map with finitely many discontinuities in an inter-
val I, bounded or not. Subdivide I into a finite number of intervals I}, j = 1,...,n,
so that the restricted map falls into one of the cases examined so far (see Fig. 10.4).
Then formally define

/If(x)dx:il/h flx)dx.

One says that the improper integral of f on I converges if the integrals on the
right all converge. It is not so hard to verify that the improper integral’s behaviour
and its value, if convergent, are independent of the chosen partition of I.

Examples 10.20

i) Suppose we want to study

+oo 1
S = dz.
/_Oo 1+ 22 .

If we split the real line at the origin we can write

0 1 +oo 1
S = d dz;
[m1+x2 anL/0 14220

the two integrals converge, both to 7/2, so S = 7.

+00o s
Sinx
51:/ 2 dx
0

x

ii) The integrand of

11 IQ I3

Figure 10.4. Trapezoidal region of an infinite map, over an unbounded interval
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is infinite at the origin, so we divide the domain into (0,1] U [1, +c0), obtaining

1 - +oo
sinx sinx
S, = ) dx + ) dz;
o < 1 T

sinx 1
5 ~ for x — 0% and
T

but

T

so Theorem 10.18 forces the first integral to diverge, whereas the second con-
verges by Theorem 10.5. In conclusion S; tends to +oc.

For similar reasons
T ging
SQ = 3/92 dx
0 3/
converges.

iii) Let S denote

6 z—5
5 dz
1 (z+1)Va2 —6x+8
The integrand diverges at —1 (which lies outside the domain of integration), at
2 and also at 4. Hence we write

(L) o e

The function is infinite of order 1/3 for + — 2% and also for # — 4%, so the
integral converges. U

10.3 Integrals along curves

The present and next sections deal with the problem of integrating over a curve,
rather than just an interval (see Sect. 8.4). The concept of integral along a curve —
or path integral as it is also known — has its origin in concrete applications, and is
the first instance we encounter of an integral of a function of several real variables.

Let v : [a,b] — R? (d = 2,3) be a regular arc and C = ~([a,b]) its image,
called a path. Take f : dom f C R? — R a function defined at least on C, hence
such that C' C dom f. Suppose moreover that the composite map fo~ : [a,b] — R,
defined by (f o~)(t) = f(y(t)), is continuous on [a, b].

Definition 10.21 The line integral of f along ~ is the number

/ / ) IV @)l dt, (10.7)

where ||¥' ()| = /]2 (&)2 + |y (#)|2 + |2/ (#)|? is the modulus (i.e., the Euc-
lidean norm) of the vector ~'(t). Alternative expression are ‘path integral of
f along v’, or simply, ‘integral of f along v’
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The right-hand-side integral in (10.7) is well defined, for the map f(v(t)) |7/ (¢)||
is continuous on [a, b]. In fact 4 is regular by hypothesis, its components’ first de-
rivatives are likewise continuous, and so is the norm ||v/(t)||, by composition. And
recall f(v(t)) is continuous from the very beginning.

Integrals along curves have the following interpretation. Let « be a simple arc
in the plane with image C' and f a non-negative function on C' with graph

I'(f) = {(z,y,2) €R’: (x,y) €edom f, z = f(z,y)}.

By

Y={(r,y,2) eR*: (z,y9) € C, 0< 2 < f(z,9)}
we indicate the upright-standing surface bounded by C' and by its image f(C) lying
on the graph of f, as in Fig. 10.5. One can prove that the value of the integral of

f along ~ equals the area of X'. For example if f is constant on C, say equal to h,
the area of X' is the product of the height h times the base C. Accepting that the

base measures £(C f |7/ (t)|| d¢ (which we shall see in Sect. 10.3.1), we have

b
Area () = h{(C) = / FA®) I @) dt = /7 ;.

Examples 10.22

i) Let v : [0,1] — R? be the regular arc v(t) = (¢,t?) parametrising the parabola
y = 2% between O = (0,0) and A = (1,1). Then ~/(t) = (1,2t) has length
7' @) = V1+4t2. If f : R x [0,+00) — R is defined by f(z,y) = 3z + \/y, the
composition f o~ reads f(v(t)) = 3t + V12 = 4t and therefore

1
/f:/ At\/1 4 412 dt .
~ 0

Figure 10.5. Geometric interpretation of the integral along a curve
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Substituting s = 1 + 4¢2 we obtain
° 2 501% 4
/f:2/ \/sds:Z[ 53/2} = _(5v/5-1).
~ 1 3 13

ii) The curve ~ : [0,27] — R? parametrises the circle centred at (2,1) with
radius 2, v(t) = (2 + cost, 1 + sint), so ||¥'(t)]| = Viasin?t + 4 cos2t = 2 for
all t. With the function f : R? — R, f(z,y) = (x — 2)(y — 1) + 1, we have
f(y(t)) =4sintcost + 1, and

2m
/f:2/ (4sintcost+1)dt:2[2sin2t+t](2)7r:471'.
~y 0

If we represent the circle by some « having the same components as v but ¢
varying in [0, 2k~ (i.e., winding k times), then

2km
/f:Q/ (4sintcost + 1) dt = 4k . O
¥ 0

Example ii) shows that integrals along curves depend not only on the image of the
curve along which one integrates, but upon the chosen parametric representation
as well. That said, certain parametrisations give rise to the same integral.

Definition 10.23 Two reqular curves v : I — R, § : J — R are called
equivalent if there is a bijection ¢ : J — I, with continuous and strictly
positive derivative, such that

d=v09p,
i.e., 8(1) =~(p(r)) for all T € J.

Definition 10.24 Let v : I — R? be a regular curve. If —I is the interval
{t e R: —t € I}, the curve —y : —I — R? defined by (—v)(t) = v(—t) is
termed opposite to v .

Flipping the parameter means we can write (—v) = vop, where ¢ : —I — I is the
bijection ¢(t) = —t that reverts the orientation of the real line. If 7 : [a,b] — R?
is a regular arc, so is —y over [—b, —al.

It is convenient to call congruent two curves v e d that either are equivalent
or one is equivalent to the opposite of the other. In other words, § = « o ¢ where
¢ is a strictly monotone bijection of class C!. Since the values of the parameter
play the role of ‘tags’ for the points on the image C of ~, all curves congruent to +
still have C' as image. Furthermore, a curve congruent to a simple curve obviously
remains simple.
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Let f be a function defined on the image of a regular arc v : [a,b] — R? with
f o~ continuous, so that the integral of f along v exists. The map f o (where
4 is an arc congruent to ) is continuous as well, for it arises by composing a
continuous map between intervals with f o ~y.

Proposition 10.25 Let v : [a,b] — R? be a regular arc with image C, f
defined on C' such that f o~y is continuous. Then

/vf:/df,

for any arc & congruent to ~y.

Proof. Suppose (—v)'(t) = —v'(—t), so norms are preserved, i.e., ||[(—) (t)]]

7' (=), and
[ 1= HEnonE ol
J—~ J—b
[ ) v o,
With the change of variables s = —t, ds = —dt, we obtain

[ 1= s e
_ '/:’ F(v(9)) 17/ (s) Il ds = /7 3

Similarly, if & = « o ¢, where ¢ : [¢,d] — [a,b], is an equivalent arc to -,
then 8'(7) =~/(¢(7)) ¢/ () with ¢'(7) > 0. Thus

d
/5f /f ) 16 (7)] dr
- / F(riem)) IV ()¢ (Pl dr
/ F(re) IV (p(0) | ' (7) dr -

By t = ¢(7), hence dt = ¢/(7)dr, we see that

/5 f= /’ F(v(®) I/ ()] dt = /7 f. .
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The proposition immediately implies the following result.

Corollary 10.26 The integral of a function along a curve does mot change
if the curve is replaced by another one, congruent to it.

Next, let us note that naming ¢ an arbitrary point in (a,b) and setting v, =

H[a,c]7 Yo — ”[c,b}a we have
¥

1 2

because integrals are additive with respect to their domain of integration.

Integrating along a curve extends automatically to piecewise-regular arcs. More
precisely, we let v : [a,b] — R3 be a piecewise-regular arc and take points a =
ao < ay < ... < ap = bso that the arcs v, = V(aior,ai)r ¢ =1, n, are regular.
Suppose, as before, that f is a map with domain containing the image C' of v and
such that f o~ is piecewise-continuous on [a, b]. Then we define

hr=2hs

coherently with (10.8).

Remark 10.27 Finding an integral along a piecewise-regular arc might be easier
if one uses Corollary 10.26. According to this,

[yf:iz:/&f, (10.9)

where d; are suitable arcs congruent to v,, i = 1,...,n, chosen to simplify com-
putations. O

Example 10.28

We want to calculate f'y 22, where v : [0, 4] — R? is the following parametrisation
of the boundary of the unit square [0, 1] x [0, 1]:

v, (t) = (t,0) ifo<t<l1,
)= (1,t—1) if1<t<2,
)=(B—t1) if2<t<3,
)=(0,4—t) if3<t<4

’YQ(t
73(t
’Y4<t

() =
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A A

V3 03

ST Y2 04 A 02

O Y1 1 O 51 1

Figure 10.6. Parametrisation of the unit square, Example 10.28

(see Fig.10.6, left). Let us represent the four sides by
Sit)=m(t)  0<t<1, =,
d2(t) = (1,1) 0<t<1l, Jda~7s,
S3(t)=(t,1)  0<t<1, &3~ —7s,
Sit)=(0,t)  0<t<1, Sy~ —,

(see Fig.10.6, right). Then

1 1 1 1 5
/gﬂ:/ t2dt—|—/ 1dt+/ t2dt+/ 0dt = © . O
Y 0 0 0 0 3

10.3.1 Length of a curve and arc length

The length of a piecewise-regular curve = : [a, b] — R? is, by definition,

0y) = /71. (10.10)

In case of a regular arc, (10.10) reads

b b
()= [ ona= [ Vo) + o)+ Eo)a. | o

The origin of the term is once again geometric. A fixed partition a = tg < t; <

Stno1 < t, = b of [a,b] determines points P; = y(t;) € C, ¢ = 0,...,n. These
in turn give rise to a (possibly degenerate) polygonal path in R? whose length is
clearly

Uto,tr, ... tn) = Y _dist (Pioy, Py),

i=1
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dist (P;—1,P;) = ||P; — Pi—1| being the Euclidean distance of two consecutive
points. If we let At; =¢; — t;_1, and

Ax - I(tl) 758(751',1)
At ) ti — tica
(and similarly for the coordinates y and z), then

1P = Pl =/ (alts) — 2(ti0)® + (y(t) — y(tin)) + ((8) — 2(ti-))”

Az Ay 2 Az\°
) ) ()

Z" Az\® Ay Az
=1 ? 7 7

which ought to be considered an approximation of the integral appearing in (10.11).
Provided the curve is sufficiently regular (piecewise-regular is enough), one can in-
deed prove that the supremum of £(tg,t1, ..., t,), taken over all possible partitions
of [a, b], is finite and equals £(7).

The length, as of (10.10), depends on the image C' of the curve but also on the
parametrisation. The circle 22 + y? = 72, parametrised by v, () = (r cost, rsint),
t € [0,27], has length

Therefore

27
(1) :/0 rdt = 2nr,

a well-known result in elementary geometry. But if we represent it using the curve
Yo(t) = (rcos2t,rsin2t), t € [0,27], we obtain

2m
0(7y5) :/o 2rdt = 4nr,

because now the circle winds around twice. Proposition 10.25 says that congruent
curves keep lengths fixed, and it is a fact that the length of a simple curve depends
but on its image C' (and not the parametrisation); it is called the length ¢(C) of
C'. In the example, 7, is simple, in contrast to «,; as we have seen, £(C) = £(y,).

Let now « be a regular curve on the interval I. We fix a point tg € I and define
themap s: I — R

s(t) = /t Iy ()]] dr (10.12)
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Recalling (10.11), we have
CV|ito,y) Mt >t0,
s(t)=+<0 ift =tg,
(Vi) i E<to.
In practice the function s furnishes a reparametrisation of the image of v. As a

matter of fact,
s't)=IV@®l >0, Vtel

by the Fundamental Theorem of integral calculus and by regularity. Therefore s is
strictly increasing, hence invertible, on I. Letting J = s(I) be the image interval
under s, we denote by t : J — I C R the inverse map to s. Otherwise said, we write
t = t(s) in terms of the new parameter s. The curve 5 : J — R%, F(s) = v(t(s)),
is equivalent to « (and as such it has the same image C'). If P; = ~(¢;) is a point
on C and t; corresponds to s; under the change of variable, then we also have
P; = ~(s1). The number s; is called arc length of P;.
Differentiating the inverse map,

F(o = = 00) g = L0

whence -
¥ )l =1, Vseld.
This expresses the fact that the arc length parametrises the motion along a curve

with constant ‘speed’ 1

Remark 10.29 Take v : [a,b)) > R a regular curve and let s be the arc length as
n (10.12), with to = a; then s(a) = 0 and s( f |l¥/(7)|| dT = £(~). Using this
special parameter, we have

/ / / ) ds = /0 P s ds. .

The notion of arc length can be defined to cover in the obvious way piecewise-
regular curves.

Example 10.30

The curve v : R — R3, ~(t) = (cost,sint,t) describes the circular helix (see
Example 8.8 vi)). Since |7/ ()| = ||(—sint,cost, 1)|| = (sin®t + cos®>t 4+ 1)1/2 =
V/2, choosing ty = 0 we have

f= /t I (7)) dr = %2/; dr = vat.

It follows that ¢ = t(s) = ‘/25 s € R, and the helix can be reparametrised by

arc length
_ V2 V2 2
¥(s) = [ cos 5 s, sin 5 s, 5 s . O
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10.4 Integral vector calculus

The last section deals with vector fields and their integration, and provides the
correct mathematical framework for basic dynamical concepts such as force fields
and the work done by a force.

Definition 10.31 Let 2 indicate a non-empty subset of R, d = 2,3. A
function F : 2 — R? is called a vector field on £2.

Conventionally f; : 2 - R, ¢ = 1,...,d, are the components of F', written
F = (f1,..., fa). Using the unit vectors ¢, j, k introduced in Sect. 8.2.2, we can
also write F = fii+ foj if d=2 and F = fi1+ fog + f3k if d = 3.

Vector fields may be integrated along curves, leading to a slightly more general
notion of path integral. Take a regular arc ~ : [a, b] — R? whose image C' = ~([a, b])
is contained in 2. In this fashion the composition F o~ : t — F(~(t)) maps [a, b]
to R%. We shall assume this composite is continuous, i.e., every fi(v(t)) from [a, ]
to R is a continuous map. For any ¢ € [a, b] we denote by

_ Y@
Iy @)l

the unit tangent vector to C at P(t) = «(¢). The scalar function F; = F - T,

Fo(t) = (F - 7)(t) = F(y(t)) - 7(t)

is the component of the field F' along the unit tangent to 4 at the point P = ~y(t).

(1)

Definition 10.32 The line integral or path integral of F' along ~ is
the integral along the curve v of the map F-:

/F-dP:/FT.
¥ ¥

As the integral on the right equals

b
FE=|F.r=| F T ‘Dldt= [ F S~ (1) dt,
Lr= [ rr= [ Faw) ool = [ Peo) o

a

the line integral of F' on = reads

b
/F~ dP:/ F(~(t)) -~ (t)dt. (10.13)
Y a
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Here the physical interpretation is paramount, and throws new light on the consid-
erations made so far. If F' describes a field of forces applied to C, the line integral
becomes the work done by F' during motion along the curve. The counterpart to
Proposition 10.25 is

Proposition 10.33 Let v : [a,b] — R? be a regular curve with image C, and
F' a vector field over C' such that F o~y is continuous. Then

/F-dP:—/ F.dP  and /F~dP:/F~dP,
v -y v g

over any curve & equivalent to ~y.

In mechanics this result would tell that the work is done by (resp. against) the
force if the directions of force and motion are the same (opposite); once a direction
of motion has been fixed, the work depends only on the path and not on how we
move along it.

Examples 10.34

i) Consider the planar vector field F : R? — R? given by F(z,y) = (y, z). Take
the ellipse % =4 y2 = 1, parametrised by v : [0,27] — R?, v(¢) = (3cost,2sint).
Then F(v(t )) (2 sint, 3 cost) and v'(t) = (—3sint, 2 cost). Therefore

/F dP = / (2sint, 3 cost) - (—3sint, 2 cost) dt

2 27
:6/ (—sin2t+0082t)dt:6/ (2c052t*1)dt
0 0

27
= 12/ cos’tdt — 127 =0,
0

because
27

2 1 1
/ cos?tdt = [ t+ sin2t] =
0 2 4 0

(see Example 9.9 ii)).
ii) Let F': R® — R3 be given by F(z,y,2) = (e%,x+vy,y+2),and v : [0,1] — R3
by v(t) = (t,t2,t3). The vector field along the path reads
F(y(t) = (e t+ 2, > +¢°) and ~/(t) = (1,2¢,3t7).
Thus L
LF- dP:/O (eh,t + 2,12 +13) - (1,2t,3t%) dt

1
1
:/ [et+2(t2+t3)+3(t4+t5)]dt:e+12. O
0
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10.5 Exercises

1. Check the convergence of the following integrals and compute them explicitly:

+o0 1 +oo T
d b d
2) /0 22+ 3z 42" ) / (x+1)3 .

C)/;“’le_?dx ‘/ \/|x|:177

2. Discuss the convergence of the improper integrals:

+o0o “+o00
a) / T e ‘b)‘/ U @
o TVT o log"(2+e7)
+00 too
c) ze Tdx ‘ 98T 4
0 \/332
1 2 /2 1
e) Vet ) / de
o Sinmx 0 \/sin x
B —7/2 —x)l
‘g)‘/ x 7r/. da ‘/ (m —z)logx d
0 coszy/sinx /| log(1 — sin z)|

| 3. ‘ Study the convergence of
+o0o
S, = v dzx
2 /(a2 +3)m

for varying n € N. What is the smallest value of n for which S,, converges?

4. Determine o € R such that the integrals below converge:

+oo +oo
arctan x 1
d b d
El)/fc><> e ‘ )‘/,oo |23 + 522 + 8a + 4]

toe 1 +ee 1
C’/o v (44902 4 o @-2yle -3

| 5. ‘ For which o € R does

3 2(sin(z — 2))*
/2 Ja? 4 dz

converge? What is its value when o = 07
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6. Tell when the following integrals converge:

+o0 oo C
a) / (log(z + 1) — log x) dx b) / e sinz
1 0 e

™ — 1 —sinmwx

teo g x—2 Foo x
1 d d d
‘C)‘/g \’“"/fongJrl v ‘ )‘/0 sinz — (z + 22)log(e + x) .
| 7. ‘ Compute the integral of

2?(1 + 8y)

r,Y,z) =
f@y.2) V1+y+4a?y

along the curve v(t) = (t,t,logt), t € [1,2].

8. Integrate the function f(x,y) = x on the Jordan curve v whose image consists
of the parabolic arc of equation y = 4—x? going from A = (—2,0) to C = (2,0),
and the circle 22 4+ y? = 4 between C and A.

©

Let «v be the curve in the first quadrant with image the union of the segment
from O = (0,0) to A = (1,0), the arc of the ellipse 41 + y?> = 4 between
A and B = (‘éQ,\/Z), and the segment joining B to the origin. Integrate
f(x,y) = x 4+ y along the simple closed curve =.

10. Integrate
1

along the simple closed curve v which is piecewise-defined by the segment
from O to A = (1/2,0), the arc of equation x> + y? = 2 lying between A and
B = (1,1), and the segment joining B to the origin.

|11.| Integrate the vector field F(x,y) = (z2,2y) along the curve v(t) = (t,t),
te0,1].

12. Compute the line integral of the field F(x,y,z) = (z,y,2x) along ~v(t) =
(t,t2,3), t € [0,1].

13. Integrate F(x,y,z) = (2/z,2,y) along ¥(t) = (—sint,cost,t?), t € [0, 7].

| 14. ‘ Integrate F(z,y) = (zvy?, 2%y) along the simple path ~ consisting of the quad-
rilateral of vertices A = (0,1), B = (1,1), C = (0,2) and D = (1,2).

15. Integrate F'(x,y) = (0,y) along the closed simple curve consisting of the seg-
ment from O to A = (1,0), the arc of circumference x> + y? = 1 between A

and B = (‘éz, ‘éz), the segment from B back to O.



382 10 Integral calculus II

10.5.1 Solutions

1. Convergence and computation of integrals:
a) log2; b) 1.

c¢) The function f(z) = x\/id is unbounded at = 0 and = = 2. The point z =0

lies outside the domain of integration, hence can be ignored. We then split the
integral as

too S | too
dr = d +/ de =51+ 5s.
/2 VT — 2 . /2 Ty — 2 . 3 /T — 2 . ! 2

For x — 2%, f(z) ~ 2(z712)1/2, so f is infinite of order % < 1. By Asymptotic
comparison test, i.e., Theorem 10.18, S7 converges. As for So, let us consider
f when z — +o00. Because

1 1

f(x)wx.x1/2:I3/27 I")‘i’oo,

Theorem 10.10 guarantees So converges as well.
To compute the integral, let t> = x — 2, hence 2tdt = dz and = = t> + 2, by

which N
2 2 t |too 2
S:/ ) dt = arctan = v .
o 1242 V2 Vv2lo 2

d) The integrand is infinite at & = 0, = 4. The latter point is irrelevant, for it
does not belong to the domain of integration. At x =0

fx) ~

1
- for z—0,
4y/l2|

so the integral converges by applying Theorem 10.18 to

51/01 \/x(1x4)dx and Sg/ol \/x<$1_4)dx

separately. For S1, let us change t> = —z, so 2tdt = —dz and 2 — 4 = —t2 — 4.
Then

1
2 t1 1
S1 :—/0 t2+4dt:—arctang‘oz—arctanZ

Putting t2 = z in S,

1 1
2 1 1 1 1
52 /0 24 2/0 (t—2 t+2) 2[°g

Therefore S =51 + 59 = — (arctan% + ; log 3).

t—2

17110 1
42 &g
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2. Convergence of improper integrals:

a)
b)

Converges.
The map f(z) = logQéJrem) has R as domain since 2 4 e* > 2, Vz € R. It is
then sufficient to consider x — +o00. As

log(2 4+ €”) =loge®(1 +2e™%) =z + log(1 4+ 2e7%),

it follows
1 1

@)= (x + log(1 + 2e—%))2 T a2
The integral converges by Theorem 10.10.

xr — +00.

Converges.

Over the integration domain the map is bounded. Moreover,

log x 1
Va2 = Va2’

By the Comparison test (Theorem 10.5), the integral diverges.

Ve >e.

Converges; f) converges.

The integrand is not defined at © = 0, 7, nor at w. For x = 7 though, the

function admits a continuous prolongation mapping 7 to —1, because if we
put t =z — 7, then

7r ) , 7r
cosx = cos(t + 2) = —sint = —sin(z — 2)
and so .
z—
flz) = L T
cos x+/sin x

Therefore the integral is ‘proper’” at x = 7. From

T
_>0+7 ~ = ) — _7
x f(x) A =

we have convergence by asymptotic comparison (Theorem 10.18).

The map to be integrated is not defined for x = 0, x = 7, x = 7. In the limit
z— 0T,
wlogx mlogx
[log(1L =)'/

The map has no well-defined order of infinite with respect to the test function
916; nevertheless, it is clearly infinite of smaller order than any power mla with

é < a < 1, since the logarithm grows less than _, for any ¢ > 0 when

x — 0. The Asymptotic comparison test (Theorem 10.18) forces the integral
to converge around 0.

f(x)
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About the other points, for x — 7, the function tends to 0, so the integral in
not improper at 3; when x — 7~ , we have

(log ) (m — ) (log ) (m — )

~ ~ 1 o 1/2
|log(1 + sin(z — m))|Y/2  |sin(z — 7)|1/? (logm)(m = 2)™%,

fx) ~

so the integral in x = 7 is proper because f goes to 0. Eventually then, the
integral always converges.

3. The map is defined over all R with

T 1
f(x)wxn:xnil, T — +00.

Thus S converges if n—1 > 1, i.e., the lowest n for which convergence occurs must

be n = 3. Let us find
+o00o T

dz
2 /(22 +3)3
then. Define t = 2% + 3, so dt = 2zdz, and

+oo
1/ 32— L
2 J7 VT

4. Interval of convergence of improper integrals:

a) a € (1,2).
b) Having factorised 3+ 522+ 8z +4 = (z+2)%(z+1), we can study the function
for x = 400, x = -2 and x — —1:

fx) e T — +00;

sy~ ! -2

D™ g popa 7 ’

f@y~ ~ 1

X)) ~ X —1.
|z + 1|

In order to ensure convergence, we should impose 3o > 1, 2o < 1 plus a < 1.
Therefore a € (1, 1).

372
c) a€(—1,1).
d) The integrand is infinite at x = 2 and = 3. But
1
f(x)NIB/Z’ T — 400,
1
~ — 2
ey~ L woa

1
f(.’.U)N|I73|1/2, I’*}3,
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so everything is fine when z — 400 or  — 3. The point « = 2 is problematic
only if included in the domain of integration, whence we should have a > 2 to
guarantee convergence.

=

5.a>—) and S = /5.
6. Convergence of improper integrals:
a) Diverges; b) converges.

¢) Over (2,400) the map is not bounded in a neighbourhood of x = 2. Since

xr — 2

1
—2
st (z-2)

1
og 3

~ log

is infinite of lower order than any positive power of $£2 when z — 27, it

follows f is infinite of lesser order than any « > 0). This order,

1
(:L‘ _ 2)1/3+a (
for a suitable choice of « (e.g., « = ;) is smaller than 1 . Therefore the integral
converges at x = 2.
For x — +o0,

Tz —2 3 3 3
log ~log(1-— ~— ~="
rz+1 rz+1 r+1 x
whence
3 - 3
f(x)wfxl/g'xffle/g, x — +00.

Altogether, the integral converges.

d) Let us examine f at x = 0. As
sinx—($+x2)log(e+x):x+o(x2)—(x+x2)<1+log<1+z>)
_ .2 2\ 2y (¥
= —2° + o(x?) (x—l—x)(e—i—o(m))
1
<1+ )x2+0(x2), x—0,
e

we have 1
xr) ~ — s rx—0.
J(@) (14 Dz
The integral then must diverge at x = 0.
Studying the behaviour for x — 400 is unnecessary to conclude that the

integral diverges (albeit a direct computation would establish the same).

7. When ¢ € [1,2],

f('y(t)) _t (14 8¢t%)

1
- b /t == 172t7 b
V1412 + 44 ()= ( t)
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whence

t2(1 + 8t2) 2 63
1+2+4t4dt= | t(1+8H)dt= _ .
/ / \/1+t2+4t4t\/Jr * /1 (1+8¢) 2

9. First of all we find the coordinates of B, intersection in the first quadrant of the
straight line y = 2z and the ellipse 422 +3% =4, i.e., B = (‘22 , \/2) The piecewise-
regular curve v can be divided into three regular arcs 7, 74, 7v3, whose images
are the segment OA, the elliptical path AB and the segment BO respectively. Let
us reparametrise these arcs by calling them:

d1(t) = (1,0) 0<t<1, 81 =",
85(t) = (cost, 2sint) ogtgz, 8o~ s,
d5(t) = (t,21) 0<t< 22 , 93~ 3.
Then
[yf/lf+/2f+ [ 1.
Since
f(01(1) =t, F(82(t)) = cost + 2sint, F(85(t)) = 3t,
81 (t) = (1,0), J5(t) = (—sint,2cost), d5(t) = (1,2),
105l =1, 185(t)]| = V/sin? t + 4cos?t,  [|4(t)]| = /5,
we have

1 /4 V2/2
/f:/ tdt+/ (cost+2sint)\/sin2t+4cos2tdt—|—/ 3v/5t dt
% 0 0 0

/4 w/4
+i\/5+/ cost\/4f3sin2tdt+2/ sint\/1+3c082tdt
0 0

1
9
1 3

541+ 1.
2+4¢+1+2

To compute I1, put u = v/3sint, so du = v/3 costdt, and
V6/2
1
= / V4 —u2du.
V3 Jo

and recalling Example 9.13 vi),

V6/2 \/5 9 \/6

U\/4uer2arcs1112}0 = +\/3arcsin 4

With the substitution v = 2,

1

1
1= V3
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For I the story goes analogously: let u = v/3 cost, hence du = —+/3sintdt and

V6/2
2
I =— 1+wu2du.
T A

By Example 9.13 v), we have

V6/2
2 |1 1
=— 1T+u2+ 1 1+ u?
Iy V3 LU\/ +u +20g<\/ +u +u>]\/3
V5 1 V10 — /6
= — 2 log(2 —1 .
o T2F s 0g(2+ V3) —log )
Overall,
5 V5 02 Ve o1 V10 — /6
f=,+ + arcsin = + log(2 + V/3) — log .
[y 2 2 43 4 /3 2
10. 2 arctan/2 + ‘1/2271'
11. Since F(v(t)) = (t*,¢*) and v/(t) = (2¢,1),
1 1 7
/ F. dP:/ (t*, %) - (2t,1)dt:/ 2t +*)dt = .
12, 9. 13. 7.
4 4

14. The arc - is piecewise-regular, so we take the regular bits v, 75, 75 whose
images are the segments AB, BC, CD. Define §;, reparametrisation of ~,, Vi =
1,2,3, by

(51(t):(t,1) OStSl, 61N’)’1,
da(t) = (t,2 —t) 0<t<1, 8y ~ —7y,
3(t) = (¢,2) 0<t<1, 03 ~ 3.
Since
F(6:() = (t,t%), F(82()) = (t(2—-0)%t2(2—1)), F(83(t)) = (4t,2¢t?)
6/1(t) = (1,0), 6/2<t) =(1,-1), 63(0 =(1,0),
one has

/-7F~dp—/61F~dP/(52F~dp+/63F-dP
:/1(t,t2)-(1,0)dt—/1 (t2 - 02 22— 1) (1,-1)dt
0 0

1
+/ (4t,2t%) - (1,0)dt = 2.
0
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Ordinary differential equations

A large part of the natural phenomena occurring in physics, engineering and other
applied sciences can be described by a mathematical model, a collection of relations
involving a function and its derivatives. The example of uniformly accelerated
motion is typical, the relation being

d?s
de?
where s = s(t) is the motion in function of time ¢, and g is the acceleration.

Another example is radioactive decay. The rate of disintegration of a radioactive
substance in time is proportional to the quantity of matter:

dy
dt

in which y = y(t) is the mass of the element and k > 0 the decay constant. The
above relations are instances of differential equations.

The present chapter aims at introducing the reader to some types of differential
equations. Although we cannot afford to go into the general theory, we will present
the basic notions and explain a few techniques for solving certain classes of differ-
ential equations (of first and second order) that we judge particularly significant.

=9, (11.1)

= —ky, (11.2)

11.1 General definitions

By an ordinary differential equation, abbreviated ODE, one understands a
relation among an independent real variable, say x, an unknown function y = y(z)
and its derivatives y*) up to a specified order n. It is indicated by

F(x7y7yl7"'7y(n)) :O? (113)

where F is a real map depending on n + 2 real variables. The differential equation
has order n, if n is the highest order of differentiation in (11.3). A solution (in

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_11,
© Springer International Publishing Switzerland 2015
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the classical sense) of the ODE over a real interval I is a function y : I — R,
differentiable n times on I, such that

F(z,y(@),y (@),... y™(x)) =0 forallzel

It happens many times that the highest derivative ™ in (11.3) can be ex-
pressed in terms of z and the remaining derivatives explicitly,

y(n) = f(%y, "',y(n_l))a (114)

with f a real function of n + 1 variables (in several concrete cases this is precisely
the form in which the equation crops up). If so, the differential equation is written
in normal form. It should also be clear what the term ‘solution of an ordinary
differential equation in normal form’ means.

A differential equation is said autonomous if F (or f) does not depend on
the variable . Equations (11.1), (11.2) are autonomous differential equations in
normal form, of order two and one respectively.

The rest of the chapter is committed to first order differential equations in
normal form, together with a particularly important class of equations of the
second order.

11.2 First order differential equations

Let f be a real-valued map defined on a subset of R2. A solution to the equation

y = f(z,y) (11.5)

over an interval I of R is a differentiable map y = y(z) such that y'(z) = f(x, y(x))
for any x € I. The graph of a solution to (11.5) is called integral curve of the
differential equation.

Relation (11.5) admits a significant geometric interpretation. For each point
(z,y) in the domain of f, f(z,y) is the slope of the tangent to the integral curve
containing (x,y) — assuming the curve exists in the first place — so equation (11.5)
is fittingly represented by a field of directions in the plane (see Fig. 11.1).

Remark 11.1 If we start to move from (x,y) = (xo,yo) along the straight line
with slope f(zo,y0) (the tangent), we reach a point (x1,y1) in the proximity of
the integral curve passing through (o, y0). From there we can advance a little bit
farther along the next tangent, reach (z2, y2) nearby the curve and so on, progress-
ively building a polygonal path close to the integral curve issuing from (zo, yo).
This is the so-called explicit Euler method which is the simplest numerical proced-
ure for approximating the solution of a differential equation when no analytical
tools are available. This and other techniques are the content of the lecture course
on Numerical Analysis. O
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Figure 11.1. Field of directions representing ' = (1 + x)y + =2

Solving (11.5) generalises the problem of finding the primitives of a given map.
If f depends on x and not on y, (11.5) reads

y = f(x);

assuming f continuous on I, the solutions are precisely the primitives y(x) =
F(x) + C of f over I, with F a particular primitive and C an arbitrary constant.
This shows that, at least in the case where f does not depend upon y, (11.5) admits
infinitely many distinct solutions, which depend on one constant. Note that any
chosen integral curve is the vertical translate of another.

Actually, equation (11.6) plays a fundamental role, because in several circum-
stances, suitable manipulations show that solving (11.5) boils down to the quest for
primitives of known functions. Furthermore, under fairly general hypotheses one
can prove that (11.5) always admits a one-parameter family of distinct solutions,
depending on an arbitrary constant of integration C'. We shall write solutions in
the form

(11.6)

y=y(z;0) (11.7)

with C varying in (an interval of) R. An expression like (11.7) is the general
integral of equation (11.5), while any solution corresponding to a particular choice
of C shall be a particular integral.

Example 11.2
Solving the differential equation
Y=y (11.8)

amounts to locating the maps that coincide with their first derivative. We have
already remarked that the exponential y(x) = e* enjoys this important property.
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H

Figure 11.2. Integral curves of 3y’ =y

Since differentiating is a linear operation, any function y(z) = Ce*, C' € R
possesses this feature. Further on we will prove there are no other maps doing
the same, so we can conclude that the solutions to (11.8) belong to the family

y(x; C) = Ce*, CeR
The integral curves are drawn in Fig. 11.2. |

In order to get hold of a particular integral of (11.5), one should tell how to
select one value of the constant of integration. A customary way to do so is to
ask that the solution assume a specific value at a point z fixed in advance. More
explicitly, we impose y(zo; C) = yo, where x¢ and yo are given, corresponding to
the geometric constraint that the integral curve passes through (zg,yo). Essen-
tially, we have solved a so-called initial value problem. More precisely, an initial
value problem, or a Cauchy problem, for (11.5) on the interval I consists in
determining a differentiable function y = y(x) such that

{y’=f(x,y) on I, (11.9)

y(zo) = Yo

with given points z¢ € I, yo € R. The understated reference to time in the words
‘initial value’ is due to the fact that many instances of (11.9) model the evolution
of a physical system, which is in the state yy at the time xg in which simulation
starts.
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Example 11.3
The initial value problem
v =, on I =[0,+00),
{ y(0) =2,
is solved by the function y(z) = 2e®. O

Remark 11.4 The prescription of an initial condition, albeit rather common, is
not the sole possibility to pin down a particular solution of a differential equation.
Take the following problem as example: find the solution of y' = y having mean
value 1 on the interval I = [0,2]. The general solution y = C'e” has to satisfy the

constraint
1 2
[ vwae=1,
2 /o

which easily yields C' = e22_1. O

Remark 11.5 Let us return to equations of order n for the moment. With the
proper assumptions, the general integral of such an equation depends upon n real,
arbitrary constants of integration Cj (k =1,2,...,n)

y=y(z;C1,Ca,...,Cy).

The initial value problem supplies the values of y and its n — 1 derivatives at a
given zg € I

y™ = f(z,y, ..,y V) on I,

y(wo) = Yoo,

Y (o) = yo1,

y" I (x0) = Yon-1,
where yoo, Y01, ---, Yo,n—1 are n fixed real numbers. For instance, the trajectory of
the particle described by equation (11.1) is uniquely determined by the initial
position s(0) and initial velocity s'(0).
Besides initial value problems, a particular solution to a higher order equation
can be found by assigning values to the solution (and/or some derivatives) at the

end-points of the interval. In this case one speaks of a boundary value problem.
For instance, the problem of the second order

{ y" = ksiny on the interval (a,b),
yla) =0, y(b) =0,

models the sag from the rest position of a thin elastic beam subject to a small
load acting in the direction of the z-axis. O

We focus now on three special kinds of first order differential equations, which
can be solved by finding few primitive functions.
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11.2.1 Equations with separable variables

The variables are said “separable” in differential equations of type

Y = g(z)h(y), (11.10)

where the f(z,y) of (11.5) is the product of a continuous g depending only on z,
and a continuous function h of y alone.

If § € R annihilates h, i.e., h(g) = 0, the constant map y(z) = 7 is a particular
integral of (11.10), for the equation becomes 0 = 0. Therefore an equation with
separable variables has, to start with, as many particular solutions y(z) = constant
as the number of distinct zeroes of h. These are called singular integrals of the
differential equation.

On each interval J where h(y) does not vanish we can write (11.10) as

1 dy

hy) dz ~ I

Let H(y) be a primitive of
6.7)

1
hy) (with respect to y). By the Chain rule (Theorem

Y

dH dy 1 dy
H = = =

dx (y<$)) dy dz  h(y) dx 9(@),
so H (y(x)) is a primitive function of g(x). Therefore, given an arbitrary primitive
G(z) of g(z), we have

H(y(z)) = G(z) + C, C eR. (11.11)
1 dH .
But we assumed h(y) = 4 had no zeroes on J, hence it must have constant
Y Y

sign (being continuous). This implies that H(y) is strictly monotone on J, i.e.,
invertible by Theorem 2.8. We are then allowed to make y(x) explicit in (11.11):

y(z) = H'(G(z) + C), (11.12)

where H~! is the inverse of H. This expression is the general integral of equation
(11.10) over every interval where h(y(z)) is never zero. But, should we not be
able to attain the analytic expression of H~!(x), formula (11.12) would have a
paltry theoretical meaning. In such an event one is entitled to stop at the implicit
form (11.11).

If equation (11.10) has singular solutions, these might admit the form (11.12)
for special values of C. Sometimes, taking the limit for C — +oo in (11.12) fur-
nishes singular integrals.
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d
Formula (11.11) is best remembered by interpreting the derivative dy as a

x
formal ratio, following Leibniz. Namely, dividing (11.10) by h(y) and ‘multiplying’
by dx gives

which can be then integrated

fity=Jo

This corresponds exactly to (11.11). The reader must not forget though that the
correct proof of the formula is the one showed earlier!

Examples 11.6

i) Solve the differential equation y’ = y(1 —y). Let us put g(x) = 1 and
h(y) = y(1 — y). The zeroes of h produce two singular integrals y;(z) = 0 and
ya(z) = 1.

Suppose now h(y) is not 0. We write the equation as

/y(ldg y) /dx’

then integrate with respect to y on the left, and on the right with respect to x

log y ‘ =z+C.
L—y
Exponentiating, we obtain
‘ Y | =emtC = ke®,
-y
where k = e® is an arbitrary positive constant. Therefore
L e’,
I—-y
K being any non-zero constant. Writing y in function of z, we get
(2) Ke”
x) = .
Y 1+ Kev

Note the singular solution y;(x) = 0 belongs to the above family for K = 0, a
value K was originally prevented to take. The other singular integral, ys(z) = 1,
formally arises by letting K go to infinity.

ii) Consider the equation
v =y
At first glance we spot the singular solution y; (x) = 0. That apart, by separating
variables we have
dy

VY

:/dx hence 2Vy=z+0C,
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and so
T 2
y(z) = (2+c) ., CeR
(where C'/2 has become C).

iii) Solve
, et +1
Yy = .
e¥ 41
Let g(x) = e"+1 and h(y) = vyl > 0 for any y; there are no singular integrals.
e

The separation of x and y yields
/(eerl)dy:/(ex +1)de,
o)
eV+y=e"4+z+C, C eR.

But now we are stuck, for it is not possible to explicitly write y as function of
the variable z. O

11.2.2 Linear equations

A differential equation akin to

y' +a(z)y =b(x), (11.13)

where a and b are continuous on I, is called linear, because the function f(z,y) =
—a(z)y + b(x) is a linear polynomial in y with coefficients in the variable z.
This equation is said homogeneous if the source term vanishes, b(z) = 0, non-
homogeneous otherwise.

We begin by solving the homogeneous case

y = —a(z)y. (11.14)

This is a particular example of equation with separable variables. So referring to
(11.10) we have g(x) = —a(x) and h(y) = y. The constant y(z) = 0 is a solution.
Excluding this possibility, we can write

1
dy = —/a x)dx.
/ , W ()
If A(x) denotes a primitive of a(z), i.e., if
/a(x) dz = A(z) + C, C eR, (11.15)

then
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or, equivalently,

|y(x)| = e_ce_A(w), hence y(az) = iKe_A(i)’

where K = e~¢ > 0. The particular integral y(x) = 0 is included if we allow K to
become 0. The solutions of the homogeneous linear equation (11.14) are

y(z) = Ke 4@, K € R,

with A(x) defined by (11.15).
Now let us assess the case b # 0. We make use of the method of variation of
parameters, which consists in searching for solutions of the form

y(@) = K(z)e ),

where K(z), a function of z, is unknown. Such a representation for y(z) always
exists, since e~4(®) > 0. Substituting in (11.13), we obtain

K'(2)e @ 4+ K(2)e @) ( — a(2)) + a(z) K (z)e @) = b(z),

or
K'(z) = eA®p(z).

Calling B(z) a primitive of eA(®)b(x),
/eA(””)b(x) dr = B@)+C, CEeR, (11.16)

we have

K(z) = B(z)+ C,

so the general solution to (11.13) reads

y(z) = e~ *®(B(z) + C), (11.17)

where A(z) and B(z) are defined by (11.15) and (11.16). The integral is more
often than not found in the form

y(z) = e~ Jal@)de / of @@ 9@ ) 4y (11.18)

The expression highlights the various steps involved in the solution of a non-
homogeneous linear equation: one has to integrate twice, in succession.
If we are asked to solve the initial value problem

y +a(r)y = b(x) on the interval I,
{ (e)y = b(z) (11.19)

y(z0) = Yo, with zo € I and yo € R,
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we might want to choose, as primitive for a(z), the one vanishing at x, which we

write A(z) = / a(s)ds by the Fundamental Theorem of integral calculus; the

0
same we do for

B(x) = / ez ()9 iy g
o

(recall the variables in the definite integral are arbitrary symbols). Substituting
these expressions in (11.17) we obtain y(zo) = C, hence the solution to (11.19)
will satisfy C' = yo, namely

y(z) = e Jro 2(e)ds (yo +/ efzo (4o b4 dt) : (11.20)
o

Examples 11.7
i) Determine the general integral of the linear equation
Yy +ay=b,
ax

where a # 0 and b are real numbers. By choosing A(x) = az, B(x) = e we
a

find the general solution
b
y@) = Cer 4]
If a = —1, b =0, the formula provides the announced result that every solution
of ¥y = y has the form y(x) = Ce*.
For the initial value problem
{y’ +ay=>b on[l,+00),
y(l) = Yo,
b
it is convenient to have A(z) = a(z — 1), B(z) = (ea(w_l) - 1), so that
a
b b
y(z) = <yo - )e_“(“” + .
a a
Note that if @ > 0 the solution converges to ~ for x — 400 (independent of the
a
initial datum yo).
ii) Determine the integral curves of
ay +y =2’
that lie in the first quadrant of the (z, y)-plane. Written as (11.13), the equation is
, 1
Y+ y=uzx,
x

so a(z) = 1, b(z) = . With A(z) = logz we have eA(®) = 2 and e~ 4(®) = 1,

)’ T

Consequently,

/eA(z)b(x) dx = /:1:2 dz = ;:173 +C.
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Therefore, when x > 0 the general integral is
1/1 4 1, C
= C| = .
y(=) T (3:5 * ) 37 + T
For C > 0, y(z) > 0 for any > 0, whereas C' < 0 implies y(x) > 0 for
x> {/3|C). O
11.2.3 Homogeneous equations

Homogeneity refers to the form

yfzw(i) : (11.21)

in which ¢ = ¢(z) is continuous in the variable z. Thus, f(z,y) depends on z, y
only in terms of their ratio y; we can equivalently say that f(Az, \y) = f(x,y) for
any A > 0. ’
A homogeneous equation can be solved by separation of variables, in that one
y(x)
x

puts z = y’ to be understood as z(z) = . In this manner y(z) = zz(z) and
T

y'(x) = z(z) + x2'(x). Substituting in (11.21) yields

ORE
T )

an equation in z where the variables are separated. We can apply the strategy of
Sect. 11.2.1. Every solution z of ¢(z) = z gives rise to a singular integral z(z) = Z,
i.e., y(z) = zZx. Supposing instead ¢(z) different from z, we have

famm s

H(z) =logl|z|+ C,

giving

where H(z) is a primitive of . Indicating by H~! the inverse map, we

1
p(z) — 2
z(x) = H™'(log|z| + C),

have

so the general integral of (11.21) reads (returning to y)

y(z) =z H™* (loga| + C).
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Example 11.8
Solve

2%y =y + xy + 22 (11.22)
We can put the equation in normal form

2
y/ _ (y> + Yy 1,
x x
which is homogeneous for ¢(z) = 22 4 2z + 1. Substituting y = xz, we arrive at

, 2241

z = 5

x
whose variables are separated.

As 22 + 1 is positive, there are no singular solutions. Integrating we obtain
arctan z = log |x| + C
and the general solution to (11.22) is
y(z) = x tan(log || + C).
We remark that C' can be chosen either in (—o0, 0) or in (0, +00), because of the

singularity at = 0. Moreover, the domain of existence of each solution depends
on the value of C. O

11.2.4 Second order equations reducible to first order

Suppose an equation of second order does not contain the variable y explicitly,
that is,

y' = (Y, 2). (11.23)

Then the substitution z = 3’ transforms it into a first order equation

2 = f(z,x)

in the unknown z = z(z). If the latter has general solution z(x; C1), we can recover
the integrals of (11.23) by solving

Yy =%

hence by finding the primitives of z(x; Cy). This will generate a new constant of
integration Cs. The general solution to (11.23) will have the form

y(w; 01,02) = /Z(x,Cl)dx = Z(q;’Cl) + Cy,

where Z(z;C}) is a particular primitive of z(z;Cy).
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Example 11.9

Solve
y// _ (y/)2 — 1.
Put z = ¢/ so that the equation becomes
2 =2241,

The variables are separated and the integral is arctan z = x + (1, i.e.,
z(z,C1) = tan(z + C4).

Integrating once again,

y(x; C1,Cq) = /tan(erCl dz

)
n(az—i—Cl)
S(I+Cl)
IOg(C .’L'+C1))+CQ, C1,Cy eR. O

dx

11.3 Initial value problems for equations of the first order

Hitherto we have surveyed families of differential equations of the first order, and
shown ways to express the general solution in terms of indefinite integrals of known
functions. These examples do not exhaust the class of equations which can be
solved analytically, and various other devices have been developed to furnish ex-
act solutions to equations with particularly interesting applications. That said,
analytical tools are not available for any conceivable equation, and even when so,
they might be unpractical. In these cases it is necessary to adopt approximations,
often numerical ones. Most of the times one can really only hope to approximate
an integral stemming, for instance, from an initial value problem. The use of such
techniques must in any case follow a qualitative investigation of the ODE, to make
sure at least that a solution exists. A qualitative study of this kind has its own
interest, regardless of subsequent approximations, for it allows to understand in
which way the solution of an initial value problem depends upon the initial datum,
among other things.

Let us analyse the problem (11.9) and talk about a simple constraint on f that
has a series of consequences: in the first place it guarantees that the problem admits
a solution in a neighbourhood of zg; secondly, that such solution is unique, and
thirdly, that the latter depends on yy with continuity. Should all this happen, we
say that the initial value problem (11.9) is well posed (in the sense of Hadamard).

11.3.1 Lipschitz functions

Before getting going, we present a remarkable way in which functions can depend
on their variables.
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Definition 11.10 A real-valued map of one real variable f : J — R, J
interval, is said Lipschitz continuous on J if there exists a constant L > 0
such that

If(y1) = f(y2)l < Llyr — w2, Vyr,p2 € J. (11.24)

Another way to write the same is

) = F@l o e T £, (11.25)
ly1 — y2|

which means the difference quotient of f is bounded as y; # ys vary in J.

If (11.24) holds for a certain constant L, it is valid for bigger numbers too.
The smallest constant fulfilling (11.24) is called Lipschitz constant of f on J.
The Lipschitz constant is nothing else but the supremum of the left-hand side
of (11.25), when the variables vary in J. This number is far from being easy to
determine, but normally one makes do with an approximation from above.

A Lipschitz-continuous map on J is necessarily continuous everywhere on J
(actually, it is uniformly continuous on J, according to the definition given in
Appendix A.3.3, p. 447), for condition (3.6) works with § = /L. Continuous
maps that fail (11.25) do exist nevertheless, like f(y) = \/y over J = [0, +00);
choosing y» = 0 we have

1) = fly2)l _ vy _ 1

= s Vyl > 0,
ly1 — 2 Y1 V1

and in the limit for y; — 0 the ratio on the left exceeds any constant. Note that
the function has infinite (backward) derivative at y = 0.

The forthcoming result is the quickest to adopt, among those testing Lipschitz
continuity.

Proposition 11.11 Let f : J — R be differentiable on J with bounded de-

rivative, and L = sup|f'(y)| < +o0o. Then f is Lipschitz continuous on J
yeJ

with Lipschitz constant L.

Proof. For (11.24) it is enough to employ the second formula of the finite incre-
ment (6.13) to f between yi,ya, so that

flyn) = f(y2) = f'(@) (Y1 — v2)
for some § between y; and y,. Therefore
[f(y1) = flw2)l =1 @) ly1 — y2| < Llyr — 92|

This proves the Lipschitz constant L* of f is < L.
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Vice versa, take any yo € J. By (11.25)

‘f‘/fl/o) <1t e,
Y —Ya
SO ‘ A A ‘
|f'(yo)| = | lim 1) = f(wo) = lim 1Y) = £(wo) < L*,
' Yy—Yo Y —Yo Yy—yo Y — Yo
and then L < L*. 0

Let us see some examples of Lipschitz-continuous maps.

Examples 11.12

i) The function f(y) = /y is Lipschitz continuous on every interval [a, +-00) with
a > 0, because
1 1
0< flly) = <
f'(y) V2 S Voa

on said intervals; the Lipschitz constant is L = \/12(1.

ii) The trigonometric maps f(y) = siny, f(y) = cosy are Lipschitz continuous
on the whole R with L = 1, since |f'(y)| < 1, Vy € R and there exist y € R at
which | f'(y)| = 1.

ii) The exponential f(y) = e¥ is Lipschitz continuous on all intervals (—oo, b],

b € R, with constant L = e®; it is not globally Lipschitz continuous, for
sup f'(y) = +oo. O
yeR

Proposition 11.11 gives a sufficient condition for Lipschitz continuity. A func-
tion can in fact be Lipschitz continuous on an interval without being differentiable:
f(y) = |y| is not differentiable at the origin, yet has Lipschitz constant 1 every-
where on R, because

[lya] = ly2l] < |y — w2l Vy1,y2 € R.

Now to several variables. A function f : 2 C R? — R is Lipschitz continuous
on {2 if there is a constant L > 0 such that

If(yr) = fy)| < Lllyy —yall,  Yyi,y, € 2.

We say amap f : I xJ C R? — R, with I, J real intervals, is Lipschitz
continuous on {2 = [ x J in y, uniformly in z, if there is a constant L > 0
such that

|f($7y1)_f($ay2)| SL|y1_y2|7 vylayQG‘]a Veel. (1126)

This condition holds if f has bounded partial y-derivative on (2, ie., L =

sup
(z,y)€NR

0
6f (, y)‘ < 400, because Proposition 11.11 can be applied for every z € 1.
Y
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Example 11.13
Consider
f(z,y) = Jxsin(z + y)
on 2 = [—8,8] x R. Since
of

oy (z,y) = Yz cos(z +y),

for any (z,y) € 2
'gz(l’,y)' =|Yz||cos(z +y) < V8-1=2.

Thus (11.26) holds with L = 2. O

11.3.2 A criterion for solving initial value problems

After the intermezzo on Lipschitz-continuous functions, we are ready to state the
main result concerning the initial value problem (11.9).

Theorem 11.14 Let I, J be non-empty real intervals, J additionally open.
Suppose f : 2 =IxJ CR? — R is continuous on §2 and Lipschitz continuous
on {2 in y, uniformly in x.

For any (xo,y0) € 2, the initial value problem (11.9) admits one, and only
one, solution y = y(z), defined and differentiable with continuity on an in-
terval I' C I containing xo and bigger than a singlet, such that (:c, y(:c)) e
for any xz € I'.

If § = g(x) denotes the solution on an interval I'" C I to the problem with
initial value (xo,Yo) € 12, then

ly(z) — §(x)| < eHe=olyg —go|, Ve eI nI”, (11.27)

where L is the constant of (11.26).

The theorem ensures existence and uniqueness of a “local” solution, a solution
defined in a neighbourhood of zy. The point is, the solution might be defined not
everywhere on I, because the integral curve (x,y(x)), also known as trajectory,
could leave the region {2 before x has run over the entire I. For example, f(y) = y?
is Lipschitz continuous on every bounded interval J, = (—a,a), a > 0, because

sup |f'(y)| = sup [2y| = 2a,
yE€Ja ‘y‘<a

but is not Lipschitz continuous on R. The initial value problem

y =y,

J(0) = ; | (11.28)
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A

Ja

1/2

\J

2

Figure 11.3. The solution of (11.28) is not defined on I = [0, +00)

has no solution over all of I = [0, +00): separating variables we discover

1

y@) =, _

showing that the trajectory (z,y(z)) leaves every strip £2, = I X J,, a > 1, before
x can reach 2 (see Fig.11.3).

When the theorem is true with J = R, we can prove the solution exists over
all of I.

The uniqueness of the solution to (11.9) follows immediately from (11.27): if
y(z) and g(z) are solutions corresponding to the same initial datum yo = go at
xo, then y(x) = y(z) for any =.

Observe that if f is not Lipschitz continuous in the second variable around
(0, ¥o0), the initial value problem may have many solutions. The problem

{y’ =Y,

y(0) =0

is solvable by separation of variables, and admits the constant y(z) = 0 (the
singular integral), as well as y(z) = ix2 as solutions. As a matter of fact there are
infinitely many solutions

0 ifo<z<e, -0
y(x){i<x_0)2 ifx >c, €=

)

obtained by ‘gluing’ in the right way the aforementioned integrals.

Finally, (11.27) expresses the continuous dependency of the solution to (11.9)
upon yo: an e-deviation of the initial datum affects at most by eZl*~%ol¢ the solu-
tion at x # xg. Otherwise said, when two solutions evolve the distance of the
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corresponding trajectories can grow at most by the factor e“#=#ol in going from
zo to z. In any case the factor eXl*=%ol¢ is an exponential in z, so its impact
depends on the distance |x — x¢| and on the Lipschitz constant.

11.4 Linear second order equations with constant
coefficients

A linear equation of order two with constant coefficients has the form

y' +ay +by =g, (11.29)

where a, b are real constants and g = g(z) is a continuous map. We shall prove
that the general integral can be computed without too big an effort in case g = 0,
hence when the equation is homogeneous. We will show, moreover, how to find
the explicit solutions when g is a product of exponentials, algebraic polynomials,
sine- and cosine-type functions or, in general, a sum of these.

To study equation (11.29) we let the map y = y(z) be complex-valued, for
convenience. The function y : I € R — C is (n times) differentiable if y, =
Rey: I — Rand y; = Imy : I — R are (n times) differentiable, in which case
y™ (@) =y (2) + iy (x).

A special case of this situation goes as follows. Let A = A, +iA; € C be an
arbitrary complex number. With (8.39) in mind, we consider the complex-valued
map of one real variable z — e** = e)‘””(cos Az 4+ isin A;x). Then

d

e e = \e??, (11.30)

precisely as if A were real. In fact,

d d d
o AT w (€M cos \iz) + idx (e*? sin \;x)

= \eM7 cos Mz — \eM T sin Nz + i()\re/\”‘ sin \;x + ;e cos Aix)
= )\Te/\”(cos Aix +isin \z) + i)\ie’\”(cos i + i sin A\ x)
=\ + i)\i)eM =M.

Let us indicate by Ly = y"'+ay’+by the left-hand side of (11.29). Differentiating
is a linear operation, so

Loy + Bz) = aly+ Lz (11.31)

for any «, 8 € R and any twice-differentiable real functions y = y(z), z = z(x).
Furthermore, the result holds also for «, 8 € C and y = y(z), z = z(x) complex-
valued. This sort of linearity of the differential equation will be crucial in the
study.
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We are ready to tackle (11.29). Let us begin with the homogeneous case
Ly=y"+ay +by=0, (11.32)
and denote by
X(N) = 2+ a\+b

the characteristic polynomial of the differential equation, obtained by replacing
kth derivatives by the power A\*, for every k& > 0. Equation (11.30) suggests to look
for a solution of the form y(x) = ** for a suitable A. If we do so,

L) = A2 + ale™ + ber™ = x(\)e?,
and the equation holds if and only if A is a root of the characteristic equation
N +al+b=0.

When the discriminant A = a? —4b is non-zero, there are two distinct roots A1, Ao,
to whom correspond distinct solutions y; () = €*® and yo(x) = €*2?; roots and
relative solutions are real if A > 0, complex-conjugate if A < 0. When A = 0,
there is a double root A, hence one solution y;(z) = e*. Multiplicity two implies
X' (A) = 0; letting y2(z) = re**, we have

yh(z) = (1 + Az)e® and g (z) = 2\ + \2x) e,
Substituting back into the equation we obtain
L(y2) = xN) z e +x'(\) e =0

after a few algebraic steps. Therefore the function ys solves the equation, and is
other than y;. In all cases, we have found two distinct solutions yi, yo of (11.32).
Since (11.31) is linear, if y1, y2 solve (11.32) and C4, Cs are constants, then

L(Cryr + Caya) = C1L(y1) + C2L(y2) = C104+ C20 =10,

hence the linear combination C1y; + Cays is yet another solution of the homogen-
eous equation. Moreover, if y denotes a solution, one can prove that there exist
two constants C7, Cy such that y = Cyy; + Coys, where y1, yo are the solutions
found earlier.

In conclusion, the general integral of the homogeneous equation (11.32) takes
the form

y(w; C1, Ca) = Crya(z) + Co y2(x),

with C7, Cs constants and y1(x), y2(z) defined by the recipe:

if A#0, yi(z) = eM? and yo(x) = e’2® with \;, Ao distinct roots of the charac-
teristic equation x(\) = 0;

if A=0, yi1(z) = e and ya(x) = xe®, where A is the double root of x(\) = 0.
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When A < 0, the solution can be written using real functions, instead of
complex-conjugate ones as above. It is enough to substitute to yi(x), y2(z) the
real part e*?cos\;x and the imaginary part e*®sin \;x of y;(z) respectively,
where A\; = Ay = A\, +4\;. In fact, if 3 is a solution of the homogeneous equation,

L(Rey) =Re(Ly) =Re0 =0, L(Imy) =Im(Ly) =Im0=0
since the coefficients are real, so Rey and Zmy are solutions too.
Summarising, the general integral of the homogeneous equation (11.32) can be

expressed in terms of real functions as follows.

The case A > 0. The characteristic equation has two distinct real roots

and the general integral reads

y(.’IJ; Cl, CQ) = Cl e)\lm = CQ e’\zm,

with C, Cy arbitrary constants.

The case A = 0. The characteristic equation has a double root

a
\ = —
2 i
and the general integral reads
y(z; C1, Ca) = (C1 + Coz) €, C1, C: €R.

The case A < 0. The characteristic equation has no real roots. Defining

__a _y V1A
0= )\r - 9’ w = >\2 - 9
the general integral reads
y(x; C1, Co) = e7*(C4 coswa + Cy sinwz) , Ci, Cy €R.

Now we are ready for the non-homogeneous equation (11.29). The general
integral can be written like

y(z; C1, C2) = yo(z; C1, Ca) + yp(x), (11.33)
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where yo(z; C1, Cs) is the general solution of the associated homogeneous equation
(11.32), while y,(x) denotes an arbitrary particular integral of (11.29). Based on
linearity in fact,

L(yo +yp) = L(yo) + L(yp) =0+g =g,

so the right-hand side of (11.33) solves (11.29). Vice versa, if y(z) is a generic
solution of (11.29), the function y(x) — y,(z) satisfies

Ly —yp) =L(y) —L(yp) =9 —9 =0,
so it will be of the form yo(z; Cy,Cs) for some Cy and Cs.

Should the source term g be a mixture of products of algebraic polynomials,
trigonometric and exponentials functions, we can find a particular integral of the
same sort. To understand better, we start with g(z) = p,(x) e*®, where a € C and
pr () is a polynomial of degree n > 0. We look for a particular solution of the form
yp(x) = gn(z) e, with gy unknown polynomial of degree N > n. Substituting
the latter and its derivatives in the equation, we obtain

Lgn(2)e™®) = (x(@)gn (z) + X' (@)gy (x) + ¢} (2)) e = pn(2) e,

whence
x(a)an (z) + X' (@) () + qn (x) = pa(z).

If « is not a characteristic root, it suffices to choose N = n and determine
the unknown coefficients of ¢,, by comparing the polynomials on either side of the
equation; it is better to begin from the leading term and proceed to the lower-
degree monomials.

If « is a simple root, x(a) = 0 and x'(«) # 0; we choose N = n + 1 and hunt
for a polynomial solution of x'(c)gyy (x) + ¢% () = pn(x). Since the coefficient of
Gn+1 of degree 0 is not involved in the expression, we limit ourselves to ¢,4+1 of
the form gp41(z) = xg,(x), with ¢, an arbitrary polynomial of degree n.

Eventually, if a is a multiple root, we put N = n+2 and solve q;, , »(2) = pn(z),
seeking ¢,4o in the form q,2(z) = 2%¢,(z), where g, is arbitrary and of degree
n. In the second and third cases one speaks of resonance.

When « is complex, x(«) and x’(«) are complex expressions, so gy (x) has to be
found among polynomials over C, generally speaking. But as in the homogeneous
case, we can eschew complex variables by inspecting the real and imaginary parts
of pn(x) e*®; with o = p + 9, they are p,(x) e** cosdx and p,(x) e!* sinx.

Our analysis has shown that if the source term g is real and of the form

g(x) = pp(x) e"* cosVz or 9(x) = pp(x) e*® sindx, (11.34)

we can attempt to find a particular solution

yp(x) = 2™ (g1, (x) cos ¥z + ga,n () sin dx), (11.35)
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where ¢; () are algebraic polynomials of degree n, and m is generically 0 except
in case of resonance:

i) for A > 0:set m =11if 9 = 0 and if p coincides with either root A1, As of the
characteristic polynomial;

ii) for A =0:set m =2 if ¥ =0 and p coincides with the (double) root X of the
characteristic polynomial;

iii) for A< 0:set m=1if y =0 and ¥ = w.

Substituting the particular integral (11.35) in (11.29), and comparing the terms
xFer® sin ¥z and xFel® cosVx for all k = 0, ..., n, we can determine Yp-

At last, if g is a sum of pieces of the form (11.34), y, will be the sum of
the particular solutions corresponding to the single source terms: suppose that
g=01+9g2+ ...+ gk and ypi solves L(y) = gi for all k = 1,..., K. Then

Yp = Yp1 + ... + Ypx satisfies
‘C<yp):ﬁ(ypl)"‘“"i‘ﬁ(ypK):91+~-~+9K:9,

and as such it solves L(y) = g as well. This is the so-called principle of superposi-
tion.
With the help of a few examples the procedure will result much clearer.

Examples 11.15

i) Consider

y' +y —6y=g. (11.36)
First of all, we find the general integral of the associated homogeneous equation
y'+y —6y=0. (11.37)
The characteristic equation
N +A-6=0

has distinct roots A\; = —3, Ay = 2, so the general integral of (11.37) is
yo(z; C1,Co) = C1 e 3% 4 0y e??.
Now we determine a particular solution to (11.36), assuming that g(z) = 322 —
x +2. By (11.34), po(x) = 32® — 2 + 2 and p = 9 = 0. Since p is neither A\; nor
A2, yp will have the form y,(x) = az?® + Bx + 7. Substituting Yps Yp in (11.36)
yields
—6az’® 4 (2a — 68)x + (2a + f — 67) = 32% — 2 + 2.

The comparison of coefficients implies
1
(&) = = (@ +1).
Therefore, the general integral of (11.36) reads
1
y(x;C1, C) = Cre 3 + Cye®® — 2(952 +1).
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Assume instead that g(z) = e?®. In (11.34) we have po(z) = 1, p = Xa = 2,
¥ = 0. We need a y,, written as y,(z) = aze®®. Substituting in (11.36) gives

hence a = é The general solution is then
—3x 1 2z
y(x; C1, Co) = Che + [ Cy + 590 e“T.

ii) Examine the equation

y' =2y +y=g. (11.38)
The characteristic polynomial A?> — 2\ + 1 has a root A = 1 of multiplicity two.
The general integral of the homogeneous equation is thus

yo(xz;C1, Co) = (C1 + Cax) €”.
Suppose g(x) = xe3®. As = 3 is not A = 1, we search for a particular solution
yp(r) = (az + B)e3*. As before, the substitution of the latter back into the
equation yields
dlax + a+ B) e =z ed?,
giving
yp(x) = i(w —1)e’”.
We conclude that the general integral is

1
y(z;C1,Co) = (C1 + Caz) e” + 4(x -1 37,

Taking g(x) = —4e®, instead, calls for a y, of type y,(z) = az?e®. Then
2ae” = —4e”
implies & = —2, and the general solution reads
y(x; 01, Cy) = (Cy + Cox — 22%) e”.

iii) The last example is

y'+2y +5y=g. (11.39)
This ODE has characteristic equation A\? + 2\ +5 = 0 with negative discrim-
inant A = —16. From ¢ = —1, w = 2, the general integral of the homogeneous

equation is
yo(x; C1, Co) = e ¥(Cy cos 2z + Cy sin 2x).
Take g(x) = sinx. Referring to the left term in (11.34), we have po(z) = 1,
w=0,9 =1 We want a particular integral y,(z) = acosz + Ssinz. Rewrite
(11.39) using the derivatives y,,, y, and y,, so that
(4o +2pB) cosz + (48 — 2a) sinz = sin x.

Compare the coefficients of sinx and cosz, so a = — 110 and g = é, ie.,

1 1 .
yp(x) = ~10 cosx +  Sinz.
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The general solution is
1 n 1 .
cosx sinx .
10 5
Another variant is to suppose g(z) = e *sin2z. Using the first of (11.34),

y(x) = e (C cos2x + Cy sin2x) —

p =0 = —1 and ¥ = w = 2, so we look for the particular integral
yp(x) = ze~ " (v cos 2z + Bsin 2z). The substitution yields
e "(4f cos 2z — 4asin 2z) = e “ sin 2z,

hence o = fi, B8 =0, and the general solution reads

1
y(x) =e" ((01 - 4$) cos 2z + Cy sin 295) .

11.5 Exercises

1. Determine the general integral of these ODEs with separable variables:

;o 2 ;o (x +2)y
a) ¥ = wlog(l +4%) D) Y= )
v 1
‘c)‘ y = - d) v = Y2y +3tan’x
zlogx zlogx
2. Find the general solution of the homogeneous ODEs:
‘ a) ‘ 422y’ = y? + 62y — 322 b) 2%y =2 + 4y +yx
c) ayy =a®+y? )| 2%y —yPer/v =y
3. Solve in full generality the linear ODEs:
1 3z + 2
a) y + 3wy =a’ DIFESE
x x
20 —y 212
/o [
‘c)‘y—x_l d) Iyierl—i—xQ

|4. | Write the particular solution of the equation

such that y(0) = 1.

| 5. | Establish whether the differential equation
y/ — 72y + 6721‘

has solutions with vanishing derivative at the origin.
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6. Solve, over the ray [/e, +0), the initial value problem

{ eYy’ = 423 logx(1 + eY)
y(V/e) = 0.

| 7. | Find the solutions of

that are defined on the interval (—2, 2).

| 8. | Determine the general integral of
. T
y' sin2x — 2(y + cosx) = 0, :176(0, 2),

and indicate the solution that stays bounded when v — 3.

| 9. ‘ For a € R, solve the ODE

Y = (2+a)y — 2™
“+ o0

so that y(0) = 3. Tell which values of « make the improper integral/ y(x) dz

0
converge.

| 10. ‘ Let a, b be real numbers. Solve the initial value problem

{ y = a? + 32°
x
y(2)=1
restricted to the half-line [2, 4+00).

| 11. | Consider the parametric differential equation
Y (@) = —3wy(x) + ke

depending on k € R.
a) Find the solution with a zero at the origin.
b) For such solution y determine k so that y(x) ~ x

12. Given the ODE

2asx — 0.

,_ Y293
- 2(1+4a)
determine:
a) the general integral;
b) the particular integral yo(z) satisfying yo(0) = 1;
¢) Maclaurin’s expansion of yo(x) up to second order.
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13. Work out the general solution to the following second order ODEs by reducing
them to the first order:

a)y”:2ez ‘b)‘y”er/fIQ:O

14. Compute the general integral of the linear ODEs of the second order:

a) y”—i—3y’—|—2y=x2+1 ‘b)‘y”—4y’+4y=e%
‘c)‘ y' +y=3cosx d) ¢y’ -3y +2y=¢€"
‘e)‘ Y — 9y =e 3" f) y" —2y —3y=sinx

15. Solve the initial value problems:

y' + 2y +5y=0 y' =5y +4y=2x+1
a) 4 y(0) =0 DIRTIOEN
y'(0) =2 y'(0) =0

11.5.1 Solutions
1. ODEs with separable variables:

a) y= 31+ log(l+2%) — 12>+ C.
b) The map h(y) = y has a zero at y = 0, which is consequently a singular integral.
Suppose then y # 0 and separate the variables:

1 x+ 2
/ydy_/x(:rﬂ)dx'

We compute the integral on the right by partial fractions:
T+2 A B 2 1

xz(x+1) x+x+1:x x+1

implies
+ 2 2 1
/x(ggx+1)dx/<xx+1> da = 2log|e| —log|z + 1| +log C
Cz?
=1 )
og|$+1|, C>0
Thus 2
x
log[y| =1 C>0
gy ISR >0,
2
x
|y| |I’+1|, > 9



d) y=-3+1[; (tanz —z+ C’)]B/2 plus the constant solution y = —
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2
x
= C#0.
v==C v
The singular integral y = 0 belongs to this family if we allow the value C' = 0.
The problem requires > 0 due to the presence of the logarithm. Rearranging

the equation as
21
r_ Y

y =
zlogx

yields h(y) = y? — 1. Thus the constant maps y = 1, y = —1 are singular
solutions. Let now y # +1; separating the variables returns

1 1
/nyldy_/xlogxdx'

The method of partial fractions in the left integral and the substitution ¢ = log x
on the right give

1
9 log

-1
Y ‘log|logx|+logC’10gC|logx|, C>0,
y+1

equivalent to

log = log C'log® z, C>0,

y—
y+1
or

y—1 2
—C1 :
41 Clog”z, C#0;

Altogether, the general integral is

B 1+ Clog®z

- ) CER?
4 1—Clog’x

which includes the singular solution y = 1 for C' = 0.

3
5-

2. Homogeneous differential equations:

a) Supposing  # 0 and dividing by 422 gives

,_ly* 3y 3

Y =42 T2 4

By renaming z = ¥ we have y' = z + x2’, hence

z+az = 1z2+3z—3
4 2 4’

4oz’ = (2 —1)(2 +3).
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b)
d)

11 Ordinary differential equations

Because ¢(z) = (z — 1)(z + 3) has zeroes z = 1, z = —3, the maps y = =

y = —3x are singular integrals. For the general solution let us separate the
variables 4 .
/ dz = / dz.
(z=1)(2+3) x
Decomposing
4 A B 1 1

(z—=1)(z+3) 271+z+3:zfl_z+3’

the right-hand-side integral is

4 1 1 z—1
/ dz:/ — dz = log +c.
(z=1)(z+3) z—1 2z+3 z+3
Therefore )
5
1 =1
og z—|—3‘ og C|z|, C>0,
=l C#0
=Cz
Z+3 5 )
1+3Cx
= CeR;
1-Cx’ €8

this incorporates the singular solution z = 1 as well. Returning to the variable
1y, the general integral reads

x4 3Cz?

R.
1-Czx ’ ce

y:

y = satan (2logClz|) , C > 0; ¢)y=tay/2logClz|, C >0.
If z # 0 we divide by 22
v Y
y/ — 2€w/y+ )
x x

Changing z = ¥ gives y' = 2z + 12/, so
r_ 2,.1/z
z2+xz =z2% +z,

whence
xy = 2%el/% .

The function z = 0, corresponding to y = 0, is a singular integral of the ODE.
By separation of the variables

—1/z
/e 5 dz:/ldx,
z x

integrating which,
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e /% =log Clx|, C>0,
= loglog C|z|, >0,

1
— , C>0,

loglog C|z|
ie.,

x

= - C>0.
4 loglog C|z|’

in terms of y.

3. Linear ODEs:

a) y=13 (2 —3) +Ce” 2%
b) Using (11.18) with a(z) = — ! and b(z) = —**$? produces

y:ef;d$/e—f;d$ <_3x‘£2>d$:elog$/elog ‘;‘ <—3x—3’—2>d$
x X
—(3z+2) —(3z+2)

2 3 2
/(_x3 B 174) dr ==z (2:172 * 3x3 +C>

¢) By writing

'y 1 2z
YT 1Y "1
we recognise formula (11.18) where a(z) = ', b(z) = **,. Then
y = eff Iil dx/ef Iil dz 2x do = eflog|x71\ /elog\xfﬂ 2z dz
z—1 z—1

1 2z 1 1
_ 1 de = 2rdx = 2 R.
x—1/|x |33—1 * x—l/xx x—l(x +0), Ce
d) y=2zxarctanz + Cz, C € R.

4. The equation has separable variables, but the constant solution y = 0 is not
admissible, for it does not meet the condition y(0) = 1. So we write

1 1
/1fefydy_/2x+1dx'

Renaming t = e™¥ (hence dt = —e~¥dy, 71 dt = dy) implies
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/1leydy:/t(tll)dt:/<t11_1>dt

t—1 1
= log ‘—i—c:log l—t‘—l—c:logl—eyH—c.
Then L
log|17ey|:210g|2:17+1\+10g0, C >0,
log |1 —e¥| = log C/|2z + 1|, C >0,

1—e¥|=Cy]2e+1], C>0,
1—e'=CV)2z+1], C#0.

In conclusion, the general integral

y:log(l—C\/\2x+1|>, CeR,

also takes into account y = 0, corresponding to C' = 0.
Now to the condition y(0) = 1: from C' = 1 — e the required solution is

y:log<1+(ef 1)\/\2x+1|>.
5. The general integral of the linear equation reads
y:e*Ide/eIZdIe*%dx:e*%(erC), CeR.

The constraint is y'(0) = 0. Putting = 0 in y/(z) = —2y(x) +e~>%, that becomes
y(0) = 3, and implies C = }. The final solution is thus

1
_ 2z
y=-e (x+2>.

6.y = log <2e$4(logw_i) — 1) .

7. When z € (-2, 2), 2% — 4 < 0. The initial condition y(0) = —1 allows moreover
to restrict to y(z) < 0 in a neighbourhood of x = 0. That said, we separate

variables: ) 5
T
_/ydy_/w2—4dx’

3
—logly| = —log(~y) =, logla® 4|+ C,  CE€R,

1_ C(4 — x?)3/2, C >0,
Y
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y=C(4—2%)732 C <0.
Since y(0) = —1, C must be —8 and the solution reads

_ 8
y= (4 — x2)3/2'
Notice that the constant function y = 0 was disregarded because it fails to meet
y(0) = —1.

8. The duplication formula sin 2z = 2 sin z cos x bestows
y sinx cosx = y + cos .

For z € (O, g) we have sin x cosx # 0, and so

1 1

!
. y+ . .
SINT COST ST

y =
This is a linear equation, with integral

1
Y = ef sin mlcosw dz /e_ f sin mlcosw dz | dax.

sinx
Let us compute

1
S = / . dx
sinz cos z

by setting t = sinz (dt = cosxdx, cos>x = 1 — t?) and integrating the rational
function thus obtained:

S/t(liﬁ) dt/(i +2(11_t) - 2(11+t))dt

1 1
:log|t|72|17t\f210g|1+t|+c

1 T € (0 ”)
= |0 Cc = 10 C T .
g\/\l—t2| ® cosz ’ )
Then
y:sinx/c'os;v dmzsinx (_ .1 +C>, CeR,
COS™ s x COS™ Ssinx

and the solution to the ODE is

Csinx —1

_ Csinz CeR.
cos T
We need to find a bounded solution around 7 ~:
1 -1
jim OS0T 1 g

=75 CoS T
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But

inge — _ _ 2
lim Csinz 1:1_ 1—-Ccost . 1-C(1+o(t))

im . =1l =0
s—7T-  COST t—0-  sint t—0- t+ o(t?)

if and only if C' = 1, so the desired solution is

sinx — 1
Yy = .
cosx

9. The equation is linear, so at once

y = o/ @ta)ds /e—f(2+a) 47 (_967%) dz
= e2H)T(e72 L 0) = (1 4+ Ce®), CecR.
From y(0) = 3 it follows 3 =1+ C, so C' = 2. The solution we want is thus
y = (1 + 2%).
The improper integral

+oo
/ (e + 2e(o‘+2)$) dx
0

converges precisely when the exponential of bigger magnitude has negative expo-
nent. Therefore the integral converges if o < —2.

10. Directly from the formula for linear equations,

y=erd s dx <3/6afidxxbdx) =z (3/xbadx>

x® < 3 gbmatt +C> ifb—a+# -1,

= b*a+1
z* (3logx + C) ifb—a=-1,
_ b_2+1xb+1+C’xa ifb—a#—1,
3z%logzx + Cz* ifb—a=-1.
Imposing y(2) = 1,
3

2T 4 C20=1  ifb—a#-1
b—at1 + i a# -1,
3-2%o0g2+C2%=1 ifb—a=-1,

whence the constant is respectively

; 3+12b+1> ifb—a#—1,
—a

C=2""-3log2 ifb—a=-1.

02a<1
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In conclusion,

3 b+l | o— 3 b+1 :
9-a(1— 2 @ ifh—a#—1
y = b—a+1” + b—a+1 * ! a7 -1
3$alogm+(2_a—3log2)xa ifb—a=-1.

11. The ODE y'(z) = —3xy(z) + ka:

a) The equation is linear, with integral

y:e—3fwdw/e3fwdwkxdx
2 [k 2 k 2
—e 3% (3633” +C>:3+Cegz, C eR.

The condition y(0) = 0 forces 0 = ’; +C,s0C = fg, and the solution is

=)

b) The solution must now fulfill

k 2
<lfe*3x)~x2 as ¢ — 0.

3
But 3
e—32? 1 _ 2x2+0(x2) forx —0
implies
k 3 k
y(z) = 5 (11+2x2+0(x2)) = 2:1:2+0(x2) for z — 0.

Therefore y is fixed by g =1,ie, k=2

12. Solution of y' = y;&ii;)?’:
3+Cy/I|1+4
a) y(z) = * \/| + 4z with C' € R, and the constant y(x) = —1.
1—Cy/|1+ 4zl
3= /|1 +4a
b) yo(w) = ; c) To(z) =1 — 2z + 422 + o(z?).
(@) 1+ +/]1 + 42 () (%)

13. Second order linear ODEs reducible to first order:

21‘) y:26m+01f£+02, C1,Cy e R.

421
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b)

14.

a)
b)

11 Ordinary differential equations

We define z = 3’ so that to obtain the linear equation of the first order

z’+z:x2,

solved by
z = e*fdx/efd””a?dx = e*x/xzexdx.

By integration by parts (twice),
z=e " (33263” — 2xe” + 2e” +Cl) =22 —22+2+Cie %, C,€eR.

Integrating once more to go back to y gives

1
y:31’37172+233+0167m+02, C1,Cy eR.

Linear ODEs of the second order:

y=Cre " +Coe 2 4+ 12? — 3z + 9, C1,C0 €R.
Let us solve first the homogeneous equation. The characteristic polynomial
A2 — 4\ +4) = 0 admits a unique root A = 2 with multiplicity two; the integral
is then

yo(x;Cl,Cg) = (Cl +02$)62$, 01,02 eR.
As p = X\ = 2, we require the particular integral to resemble y,(z) = az?e®”.
Differentiating and substituting,

20e%* = &%

forces a = J. Thus y,(x) = jx?e**, and the general solution to the ODE is

1
y(,’L‘; Cq, CQ) = (Cl + CQ.’)S)G2I + 2$2e2$ , C1,C5 €eR.

The characteristic equation A? +1 = 0 has discriminant A = —4, hence o =0,
w = 1, making

yo(z;C1,C2) = Crcosz + Cosinz, C1,Co €R,

the general solution of the homogeneous case. Since p = ¢ = 0 we want a
particular integral y,(z) = x(« cosx + Ssinx). This gives

—2asinz 4 2 cosx = 3coszx,

hence a = 0 and 8 = 3, and in turn y,(z) = Jzsinz. Thus

3
y(z;C1,Co) = Crcosx + Cysinx + 2:1:sin:17, C1,C5 €R.
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d) y = Cre® + 0e** —xe®, C1,Cy € R.

¢) A= %3 solve the characteristic equation A2 — 9 = 0, so
Yo(w;C1, Ca) = Cre™* + Coe®™ | C1,C €R,
is how the integral of the homogeneous equation looks like. We are seeking a
particular integral y,(z) = aze . In the usual way

—6ae 3" =737

from which o = — follows. The particular solution y,(z) = — {we™

similated into the general integral

3% ig as-

1
y(x; Cy, 02) = Cle_?’x + 02€3x — 6%6_336 , C,Cs eR.

f) y=Cre™® 4 023 + 110 cosx — ésinx, C,C5 € R.

15. Initial value problems:
y=e ¥sin2zx.

We start from the homogeneous ODE, and solve the characteristic equation
A2 — 5\ +4 =0, which has roots A = 1, A = 4. In this way

yo(2;C1, Cy) = Cre” + Coe™, C1,C2 €R,

is the general expression for the integral. A particular solution y,(z) = az +
furnishes
—bSa+4dax+48=2zx+1,

hence a = ;, 8= g. In this way we subsume y,(z) = éaz + g into the general
integral

1 7
y(z;C1,Ca) = Cre” + Coe™™ + 2x+ g C1,Cy €R.

The initial conditions lead to the system

Ci+Cy=0
1
{Cl+402+20.

Its solutions C7 = é, Cy = 7(15 now give

1 1 4,

) LT
= e — e X .
Y=6° "6 27T g
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The Principle of Mathematical Induction

The Principle of Induction represents a useful rule for proving properties that hold
for any integer number n, or possibly from a certain integer ny € N onwards.

Theorem A.1.1 (Principle of Mathematical Induction) Let ng > 0 be
an integer and denote by P(n) a predicate defined for every integer n > ng.
Suppose the following conditions hold:

i) P(ng) is true;

i) for any n > no, if P(n) is true then P(n+ 1) is true.

Then P(n) is true for all integers n > ny.

Proof. The proof relies on the fact that each non-empty subset of N admits a
minimum element; this property, which is self-evident, may be deduced from the
axioms that define the set N.

Let us proceed by contradiction, and assume there is an integer n > ng such
that P(n) is false. This is the same as saying that the set

F={neN:n>ngand P(n) is false}

is not empty. Define 7 = min F. As P(n) is false, condition i) prevents i from
being equal to ng, so # > ng. Therefore 7 — 1 > ng, and P(f — 1) is true by
definition of the minimum. But applying ii) with n = 2 — 1 implies that P(7) is
true, that is, n ¢ F. This contradicts the fact that 7 is the minimum of F. O

In practice, the Principle of Induction is employed as follows: one checks first
that P(ng) is true; then one assumes that P(n) is true for a generic n, and proves
that P(n 4+ 1) is true as well.

As a first application of the Principle of Induction, let us prove Bernoulli’s
inequality: For all r > —1,

14+r)">1+nr, VYn > 0.

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_A1,
© Springer International Publishing Switzerland 2015
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In this case, the predicate P(n) is given by “(14+7)™ > 14 ns”. For n = 0 we have
(147)°=1=1+0r, hence P(0) holds.

Assume the inequality is true for a given n and let us show it holds for n + 1.
Observing that 1 +r > 0, we have

A+r)" Tt =0+r)1+7)">1+7)(1+nr)
=1+r+nr+n?=1+n+1)r+nr?
>1+(n+1)r,

and thus the result.

Recall that this inequality has been already established in Example 5.18 with
another proof, which however is restricted to the case r > 0.

The Principle of Induction allows us to prove various results given in previous
chapters. Hereafter, we repeat their statements and add the corresponding proofs.

» Proof of the Newton binomial expansion, p. 20

(a—i—b)":Z(Z)an_kbk, n>0.
k=0

Proof. For n = 0 we have

0
0
(a+b)°=1 and Z (0>a0b0 =a%’ =1,
k=0

so the relation holds.
Let us now suppose that the formula is true for a generic n and verify that it
remains true for the successive integer; the claim is thus

n+1
(a+b)tt=3" (”Z 1> antl-kpk

k=0

We expand the n + 1-term
(a4+b)"" =(a+b)(a+b)" = (a+D) Z (n> a™ kP
k
. L, k=0
— Y nt1-kpk T\ n—kpk+1 .
=50 (et X ()t
k=0

by putting k + 1 = h in the second sum we obtain

n n+1
E n n—kpk+1 __ 2 : n n+l—hh

k=0 h=1
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and, going back to the original variable k, since h is merely a symbol, we obtain

n n+1
N\ n—kpk+1 _ n ndl—kik
kgio <k)a b = E <k_1>a b" .

k=1
Therefore
" /n ez ey
(a+0b)"H! = kzo (k) qHikpk ; <k " 1) gt i-kpk

_ ”) n+170 S n n n+l—kpk Y\ 01n+1
= a bJrZ{()Jr( >}a b+<)ab .
(0 Pt k k-1 n

Using (1.12), with n replaced by n + 1, and recalling that

@) ==« ()==C5)

we eventually find

nt1 _ (LY 4150 — (n+1 n+l—kpk n+1\ ¢ 41
(a+0b) —<0>a b—I—Z(k a b+n+1ab

. k=1
n+
= (n N 1) amtimkpk
k )
k=0
i.e., the claim. O

» Proof of the Theorem of existence of zeroes, p. 109

Theorem 4.23 (Existence of zeroes) Let f be a continuous map on a
closed, bounded interval [a,b]. If f(a)f(b) <0, i.e., if the images of the end-
points under f have different signs, f admits a zero within the open inter-
val (a,b).

If moreover f is strictly monotone on [a,b], the zero is unique.

Proof. We refer to the proof given on p. 109. Therein, it is enough to justify the
existence of two sequences {a,, } and {b,}, finite or infinite, that fulfill the predicate
P(n):
[ao,bo] D [al,bl] D...D [an,bn] b
flan) <0< f(by) and by —an = 02;“0 .
When n = 0, by assumption f(ag) = f(a) <0 < f(b) = f(bo), so trivially we have
bo — agp

bo —ao =",
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b
Assume the above relations hold up to a certain n. Let ¢, = an;r " be the

mid-point of the interval [a,,b,]. If f(c,) = 0, the construction of the sequences
terminates, since a zero of the function is found. If f(¢,,) # 0, let us verify P(n+1).
If f(en) > 0, we set api1 = a, and b,y1 = ¢, whereas if f(c,) < 0, we set
Gpt1 = ¢ and bpp1 = by, The interval [an11,bn41] is a sub-interval of [a,, by],
and

bnfan bofao

f(an+1) <0< f(bn+1) and bn+1 — Qp+1 = 9 = on+1

» Proof of inequality (5.16), p. 140
Let us begin by establishing the following general property.

Property A.1.2 Let {by,}m>0 be a sequence with non-negative terms. As-
sume there exists a number r > 0 for which the following inequalities hold:

bmt1 < 71bpy VYm > 0.

Then one has
b < r"bg, VYm > 0.

Proof. We apply the Principle of Induction. For m = 0, the inequality is trivially
true, since by < r%bg = by.

Let us assume the inequality to be true for m and let us check it for m + 1.
Using the assumption, one has

b1 < by < 71y = r™ b, . O

If all terms of the sequence {b, }.m >0 are strictly positive, a similar statement holds
with strict inequalities, i.e., with < replaced by <.

Next, consider inequality (5.16). In order to derive the implication

Opt1 < T ap = g1 <7 " an 11,

let us set by, = Amyn.+1 and observe that the assumption
apt1 < TGy, Vn > ne

is equivalent to
bm+1 < 7bpy, VYm > 0.

Thus, the previous property yields b, < r"bg, whence we get (5.16) by choosing
m=mn—ne.



A.2

Complements on limits and continuity

In this appendix, we first state and prove some results about limits, that are used
in the subsequent proof of Theorem 4.10 concerning the algebra of limits. Next, we
rigorously justify the limit behaviour of the most important elementary functions
at the extrema of their domain, and we check the continuity of these functions at
all points they are defined. At last, we provide the proofs of several properties of
Napier’s number stated in the text, and we show that this important number is
irrational.

A.2.1 Limits

Now we discuss few results that will be useful later.

Theorem A.2.1 (local boundedness) If a map f admits a finite limit for
x — ¢, there exist a neighbourhood I(c) of ¢ and a constant My > 0 such that

Vz € dom fNI(c)\{c}, |f(z)| < M.

Proof. Let £ = lim f(z) € R; the definition of limit with, say, ¢ = 1, implies the
Tr—rcC

existence of a neighbourhood I(c) of ¢ such that
Vz € dom f, zelle)\{c} = |flx)—4L<1.
By the triangle inequality (1.1), on such set
[f(@)] = |f(z) =L+ L < [f(x) =€+ (] <1+l

Therefore it is enough to choose My =1+ |{|. O

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
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Theorem A.2.2 (Theorem 4.2, strong form) If f admits non-zero limit
(finite or infinite) for x — c, then there are a neighbourhood I(c) of ¢ and a
constant Ky > 0 for which

Vo € dom fNI(c)\{c}, |f(z)] > K. (A.2.1)

Proof. Let £ = ligl f(z). If £ € R\ {0}, and given for instance € = |[¢|/2 in the

definition of limit for f, there exists a neighbourhood I(¢) with Vz € dom fNI(c)\
{c}, |f(z) — £] < |£]/2. Thus we have

1 =1£() + €~ F@)] < @)+ F@) 0 < |F@)] + o
hence ' '
s> - =1

The claim follows by taking Ky = ‘S‘.
If £ + oo, then ligl |f(z)] = 400 and it is sufficient to take A = 1 in the

definition of limit to have |f(x)| > 1 in a neighbourhood I(c) of ¢; in this case we
may take in fact Ky = 1. O

Remark A.2.3 Notice that if £ > 0, Theorem 4.2 ensures that on a suitable
neighbourhood of ¢, possibly excluding c itself, the function is positive. Therefore
the inequality in (A.2.1) becomes the more precise f(z) > Ky. Similarly for ¢ < 0,
in which case (A.2.1) reads f(z) < —Kjy. In this sense Theorem A.2.2 is stronger
than Theorem 4.2. O

The next property makes checking a limit an easier task.

Property A.2.4 In order to prove that lii)n f(z) =2 €R it is enough to find
x C
a constant C' > 0 such that for every e > 0 there is a neighbourhood I(c) with

Vz € dom f, zelle)\{c} = |f(x)—¢ <Ce. (A.2.2)

Proof. Condition (3.8) follows indeed from (A.2.2) by choosing ¢/C instead of e.
O
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» Proof of Theorem 4.10, p. 96

Teorema 4.10 Suppose f admits limit £ (finite or infinite) and g admits limit
m (finite or infinite) for x — c. Then

lim [f(a) £ 9(a)] = £ m,
lim [£(2) g(z)] = £m,
lim f(@) = ¢
e=eg(z)  m

provided the right-hand-side expressions make sense. (In the last case one as-
sumes g(x) # 0 on some I(c)\{c}.)

Proof. The cases we shall prove are:

a) if £ € R and m = —o0, then liin (f(z) = g(z)) = +oo;

b) if £,m € R, then lim f(x)g(z) =¢m € R;

r—rc

L

c) if £,m € R and m # 0, then lim f(@) = ek

2t g(a) ~ m

d) if £€ R\ {0} or £+ oo, and m = 0, then lim /(@) = oo

z—c g(x)

All remaining possibilities are left to the reader as exercise.

a) Let A > 0 be arbitrarily fixed.

By Theorem A.2.1 applied to f, there is a neighbourhood I’(¢) of ¢ and there is a
constant My > 0 such that for each x € dom f N I'(c) \ {c}, |f(z)| < My.
Moreover, il_}mc g(x) = —oo is the same as saying that for any B > 0 there is an

I"(c) such that g(x) < —B for every x € dom gNI”(c)\{c}, i.e, —g(x) > B. Choose
B = A+ My and set I(c) = I'(¢c)NI"(c): then for all z € dom fNdom gNI(c)\{c},

flx)—g(z) >-M;+B>A.
This proves that lim (f(z) — g(z)) = +oc.

r—c

b) Fix € > 0.
Assuming lim f(z) = ¢ € R, as we have, tells
Tr—c

Al'(c) :Ve edom f, z € '(c) \{c} = |f(z)—/{]<e,
while Theorem A.2.1 gives

Ar'"(c), IMy > 0:Ve edom f, z € I"(c)\{c} = |f(x)| < M;.
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Analogously, lim g(x) = m € R implies
Tr—rcC

1" (¢) : Ve € domg, z € I"'(c)\ {c¢} = |g(z)—m|<e.
Set now I(c) = I'(c)NI"(c)NI"(c); for all € dom fNdomgNI(c)\{c} we have

|f(z)g(x )—fm| |f( )g(z) — f(z)m + f(z)m — lm|
(#)(g(z) —m) + (f(x) — £)m|
S\f( Mg(@) —m|+[f(x) — €] |m| < (My + [m|)e.
This means that (A.2.2) holds with C' = My + |m|.

c¢) Let € > 0 be given.
From lim f(z) = /¢ € R and lim g(z) = m € R it follows
r—c Tr—cC

Ar'(c) :Vz €edom f, x € I'(c)\ {c¢} = |f(z)—f]<e

and
Ar"(c) : Vo € domg, z € I"(c)\{c} = |g(z)—m|<e.

Since m # 0 moreover, Theorem A.2.2 guarantees there is a neighbourhood I'(c)
of ¢ together with a constant K; > 0 such that |g(x)| > K4, Vo € domg, z €
1"()\ {c}.

Set I(c) = I'(¢) N I"(c) N I"(¢); then for all z € dom f Ndomyg, x € I(c) \ {c}

flx) I 'f m— fg( )| _ [f(@)m —tm 4 tm — Lg(x)]
9(x) Imllg(z)]
| (f(= )*f)mﬁ(m*g(fﬂ))! < |F@@) = £ m] + €] |g(z) —m|
Imllg ()] - Imllg(z)]
Im| + 1¢|
Im| K

Hence (A.2.2) holds for ¢ = "™+ 101
Im| Ky

d) Fix a constant A > 0.

Using Theorem A.2.2 on f we know there are a neighbourhood I’(¢) of ¢ and a
Ky > 0 such that Vo € dom fn € I'(c) \ {c}, |f(z)| > K.

By hypothesis il_)mcg(x) = 0, so choosing ¢ = K;/A ensures that there exists a
neighbourhood I”(c) of ¢ with |g(z)| < K¢/A, for any « € domgnI”(c)\ {c}.
Now let I(c) = I'(¢c) N I"(c), so that for all z € dom f Ndomg N I(c)\ {c}

f(x)

g(z)

A
>Kfo:A.

f(x)

This shows that lim
g9(z)

r—c

= 400, which was our claim. O
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A.2.2 Elementary functions
» Check of the limits in the table on p. 101
a) lim 2 = +o0, lim z% =0 a>0
T—+00 rz—0t
b) lim z%=0, lim z% = 400 a<0
T—+00 z—0t
anz” + ...+ a1z +a a . _
c) im " ! O = " lim z"™
z—+00 b, ™ + ...+ brx + by by, v—+o00
d) lim a” = +o0, lim a® =0 a>1
r——400 T—r—00
e) lim a® =0, lim a” =400 a<l1
T—+00 T——00
) xll)l}-loo log, v = 400, mll>r(r)1+ log, © = —oc0 a>1
g) mgl}rloo log, z = —o0, Ili%h log, z = +0 a<l
h) lim sinzx, lim cosz, lim tanz do not exist
r—+o0 r—+o0 r—+o0
i) lim  tanz = Foo, VkeZ
.7:—)( "2" +kﬂ')
) lim arcsing =+ = arcsin(+1)
rz—+1 2
m) lim arccosaz =0 = arccos1, lim arccosx = m = arccos(—1)

r—+1

. T
lim arctanz = =+
r—rFoo 2

ap=p=1

Proof.

a) Take the first limit. Fix A > 0 and set B = A/® > 0. As power functions are

monotone,

VeeRy, z>B

= z“>B*=A,

so the requirement for the limit to hold (Definition 3.12) is satisfied.

As for the second limit, with a given € > 0 we let § = ¢

tonicity we have

Va € R+,

<0

/e again by mono-

= 1°>6%=c¢.

The condition of Definition 3.15 holds.
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b)

c)
d)

A.2 Complements on limits and continuity

These limits follow from a) by substituting z = i, which gives z% = Z\1a| . The
algebra of limits and the Substitution theorem 4.15 allow to conclude.

The formula was proved in Example 4.14 iii).

Put a = 1 + b, with b > 0, in the first limit and use Bernoulli’s inequality
a™ = (1+b)™ > 1+ nb. Fix an arbitrary A > 0 and let n € N be such that
1+ nb > A. Since the exponential is monotone we obtain

VeeR, z>n = a*">a">1+nb> A,

hence the condition of Definition 3.12 holds for B = n.
The second limit is a consequence of the first, for

1
lim o = lim = L=
z——00 z——o0 g% lim a
z—+00

These descend from d) using the identity a” = 1 .

(1/a)

The limits of d) and Corollary 4.30 imply that the range of y = a” is the interval
(0, +00). Therefore the inverse y = log, x is well defined on (0,+00), and
strictly increasing because inverse of a likewise map; its range is (—oo, +00).
The claim then follows from Theorem 3.27.

A consequence of e), for the same reason as above.

That the first limit does not exist was already observed in Remark 4.19. In a
similar way one can discuss the remaining cases.

More generally, notice that a non-constant periodic function does not admit
limit for z — +o0.

Follows from the algebra of limits.

The functions are continuous at the limit points (Theorem 4.33), making the
results clear.

We can argue as in f) relatively to y = tanx, restricted to (=7, 7), and its
inverse map y = arctanx. O

» Proof of Proposition 3.20, p. 81

Proposition 3.20 All elementary functions (polynomials, rational functions,
powers, trigonometric functions, exponentials and their inverses) are continu-
ous over their entire domains.

Proof. The continuity of rational functions was established in Corollary 4.12.
That, together with Theorems 4.17 and 4.33 on composites and inverses, implies in
particular that power functions with positive rational exponent y = z™/" = %/zn
are continuous; the same holds for negative rational exponent z9 = wfq by using
the algebra of limits. At last, powers with irrational exponent are continuous by
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definition z® = e*1°6® and because of Theorem 4.17, once the logarithm and the
exponential function have been proven continuous.

As for sine and cosine, their continuity was ascertained in Example 3.17 iii), so
the algebra of limits warrants continuity to the tangent and cotangent functions; by
Theorem 4.33 we infer that the inverse trigonometric functions arcsine, arccosine,
arctangent and arccotangent are continuous as well.

What remains to show is then the continuity of the exponential map only,
because that of the logarithm will follow from Theorem 4.33. Let us consider the
case a > 1, for if 0 < a < 1, we can write a” = (1/1(1)1 and use the same argument.
The identities

awl-‘rwg = g%1g%2 a % = 1
) ax
and the monotonicity
1 <To = a"' <a”?

follow easily from the properties of integer powers and their inverses when the
exponents are rational; for real exponents, we can apply the same argument using
the definitions of exponential function and supremum.
First of all let us prove that y = a® is continuous at the right of the origin
lim a® =1. (A.2.3)

z—0*t

With ¢ > 0 fixed, we shall determine a § > 0 such that
0<z<d = 0<d"-1<ce.

The exponential map being monotone, it suffices to find ¢ with a’ — 1 < ¢, i.e.,
a’® < 1+ &. Searching for § of the form § = }L, with n integer, the condition
becomes a < (1 4 €)™. Bernoulli’s inequality (5.15) implies (14 ¢)" > 1+ ne. It
is therefore enough to pick n so that 1+ ne > a, or n > “_'. Thus (A.2.3) holds.

Left-continuity at the origin is a consequence of

. . (= . 1 1
lim ¢® = lim ¢ % = lim = . , =1,
z—0~ r—0— z—0—- a~ % lim a
z—0t

so the exponential map is indeed continuous at the origin. Eventually, from

lim a® = lim a® (=% = 4% lim ¢ % = ¢ lim a® = a*°

)
T—T0 T—To T—To z—0

we deduce that the function is continuous at every point zy € R. O
A.2.3 Napier’s number

1 n

We shall prove some properties of the sequence a,, = (1 + ) , n > 0, defining
n

the Napier’s number e (p. 72).
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Property A.2.5 The sequence {a,} is strictly increasing.

Proof. Using Newton’s formula (1.13) and (1.11), we may write

1\" & /n\1 1nn-1)---(n—k+1)
an:<1+n> :Z(k>nk:k k! nk
= =0

kK'n n n
k=
“ 1 1 k—1
= 11— (1= . 2.
pt () ) 24
k=0
similarly, nil . 1
ntl = 11— el 1= . A25
fnt1 kZ:Ok! < n+1) ( n—|—1> (4.2.5)

We note that

(=)< Caia) 00 <0-00)

so each summand of (A.2.4) is smaller than the corresponding term in (A.2.5).
The latter sum, moreover, contains an additional positive summand labelled by
k = n + 1. Therefore a,, < an41 for each n. O

Property A.2.6 The sequence {a,} is bounded; precisely,

2<a, <3, Vn > 1.

Proof. Since a; = 2, and the sequence is strictly monotone by the previous prop-
erty, we have a,, > 2, Vn > 1. Let us show that a,, < 3, Vn > 1. By (A.2.4), and
observing that k! =1-2-3---k>1-2-2...2 = 2k"1 it follows

"1 1 kE—1 "1
an:zk!.l(l_n)...(l_ - )< y

k=0 1 k=0
"1 "1 — 1
=1+ k.§1+22k—1:1+22k'
k=1 k=1 k=0

Example 5.27 will tell us that

We conclude that a,, < 3. O
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» Proof of Property 4.20, p. 105

Property 4.20 The following limit holds

1\?
lim <1 + ) =e.
r—+oo T

Proof. We start by considering the limit for z — +oo. Denoting by n = [z] the
integer part of = (see Examples 2.1), by definition n < & < n + 1; from that it

1 1
follows < <, in other words 1 + <1+ <1+ . The familiar
n+1 x n n T n

+1
features of power functions yield

n x x x n+1
n-+1 n+1 T n n
1\ 1\ ! 1\* 1\" 1
(1+ ) <1+ ) <(1+ ) <<1+ ) <1+ ) (A.2.6)
n-+1 n+1 T n n

When z tends to +o00, n does the same. Using (3.3) we have

1\" 1 1\" 1
lim (1 + ) (1 + ) = lim (1 + ) lim (1 + ) =€
n—-+oo n n n—-+oo n n—-+oo n

the substitution m = n + 1 similarly gives

1 n+1 1 —1
lim 1+ 1+ =e.
n—+o0 n-+1 n—+1

Applying the Second comparison theorem 4.5 to the three functions in (A.2.6)
proves the claim for z — 400. Now let us look at the case when z tends to —oo.
If x < 0 we can write z = —|z|, so

()= 8) = )

Set y = |x| — 1 and note y tends to 400 as & goes to —oo. Therefore,

1\" 1\v*t 1\Y 1
lim (1 + ) = lim (1 + ) = lim (1 + ) lim (1 + ) =e.
T—r—00 €T Yy—r—+00 Yy Yy—r—+00 Yy Yy—r—+00 Yy

This concludes the proof. O
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» Proof of the irrationality of Napier’s number, p. 72

Property A.2.7 Napier’s number e is irrational, and lies between 2 and 3.

Proof. Based on the First comparison theorem for sequences (p. 137, Theorem
4), from the previous property we quickly deduce

2<e<3. (A.2.7)

Suppose, by contradiction, that e is a rational number, so that there exist two
m
integers mgp and ng # 0 such that e = % Recall that for any n >0

no
i ' + e 0<z, <1
e= Ty
BT (1)
k=0
(see Remark 7.4). From this,
mg " nl en
le =n! = . A28
T k:Ok!+n+1 ( )

As the exponential map is monotone, and using (A.2.7), we deduce

1=e"<e® <e< 3.

n
. mo n! .
Choosing now n > max(3,ng), the numbers n! and E il are integers,
no :
k=0

en
whereas 41 lies in the open interval between 0 and 1. The identity (A.2.8) then
n
must be false, so e is irrational and equality in (A.2.7) never occurs. O



A.3

Complements on the global features of continuous
maps

We first introduce the concept of subsequence of a given sequence, and establish a
number of related properties. Among them, the Theorem of Bolzano-Weierstrass,
which is a fundamental ingredient in the subsequent proof of the Theorem of
Weierstrass concerning continuous functions on an interval of the real line; the
proofs of other results for such functions are also provided. The appendix ends with
the definition of uniform continuity and the discussion of some of its properties;
these concepts will find application to the study of integral calculus and differential
equations.

A.3.1 Subsequences

Theorem 2 on p. 137 states that every converging sequence is bounded. In general,
though, the opposite implication is false. In fact, the sequence a,, = (—1)" does not
converge despite being bounded (|a,| = 1, Vn). But if we take just the elements
with even subscript, we obtain the constant sequence {by}r>0 where by = ag, =
1, kK > 0, which is patently convergent. Similarly if we take odd indexes only:
the constant sequence {ci}tr>0 with ¢ = agky1 = —1, k > 0, converges. Such
sequences have been extracted, so to say, from the initial sequence {ay, },>0, in the
sense formalised below.

Definition A.3.1 Let {an}n>n+ be a sequence and {ni}r>o0 a strictly in-
creasing sequence of integers > n*. The sequence {an, }r>0 is said sub-
sequence of {an }n>n~.

Observe that the sequence {an, }r>0 is a composite function, for it is obtained
by composing the map k +— ny with n +— a,.

Any subsequence of a converging or diverging sequence preserves the limit
behaviour of the ‘mother’ sequence:

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 3+2 84, DOI 10.1007/978-3-319-12772-9_A3,
© Springer International Publishing Switzerland 2015
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Proposition A.3.2 Let the sequence {an}n>n+ admit limit liril an = ¥,
- n——+0o0

finite or infinite. Then for any subsequence {an, }x>0

lim a,, =Z.
k——+oo

Proof. It is not that difficult to see, by induction, that
ng >k, Vk > 0. (A.3.1)

Clearly, ng > 0; supposing n; > k we have ng1 > nji because the sequence is
strictly increasing. That in turn implies ngy1 > k + 1, whence the claim follows.
Due to the First comparison theorem (p. 137, Theorem 4), the inequality
(A.3.1) tells that the sequence {ny} diverges to +o00. The result then follows from
Theorem 4.15 adapted to sequences (whose proof is similar to the one given on
p. 102). O

The fact that one can extract a converging subsequence from a bounded se-
quence, as we showed with the example a,, = (—1)", is a general and deep result.
This is how it goes.

Theorem A.3.3 (Bolzano-Weierstrass) A bounded sequence always ad-
mits a converging subsequence.

Proof. Suppose {Z,,}n>n+ is a bounded sequence by assuming
a<z,<b, Vn >n",

for suitable a,b € R. We shall bisect the interval [a,b] over and over, as in the
proof of Theorem 4.23 of existence of zeroes. Set

a)=a, bo =0, No={n>n"}, ng=n".
Call ¢y the midpoint of [ag, by] and define the sets
Ny ={neNy:z, € lao,col}, Ny ={n €Ny :xn € [co,bo]} -

Note Ny = Ny UN, where at least one of Ny, Vg5 must be infinite because N
is. If N, is infinite, set

a1 =ap, b1 =co, M =Ny ;

otherwise,
a = co, by =bo, Ny =Ny .

Now let n; be the first index > ng contained N7; we can make such a choice since
N is infinite. Tterating the procedure (as always, in these situations, the Principle
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of Induction A.1.1 is required in order to make things formal), we can build a
sequence of intervals

by — ag

[@o,bo] D [a1,b1]) D ... D [ak,bx] D ..., with by —ap = ok

a sequence of infinite sets
NoDNID...DN; D ...
and a strictly increasing sequence of indices {ny }r>0, Nk € N, such that
ap <y, < by, Vk>0.
Then just as in the proof of Theorem 4.23, there will be a unique ¢ € [a, b] satisfying
klggo = klggo by =t

From the Second comparison theorem (Theorem 5 on p. 137) we deduce that the
sequence {Zy, tr>0, extracted from {z, }n>n+, converges to . O

A.3.2 Continuous functions on an interval

» Proof of the Theorem of Weierstrass, p. 114

Theorem 4.31 (Weierstrass) A continuous map f on a closed and bounded
interval [a,b] is bounded and admits minimum and mazimum

m = min f(x) and M = max f(x).
z€[a,b] z€[a,b]

Consequently,

f(la; b)) = [m, M].

Proof. We will show first that f admits a maximum in [a, b], in other words there
exists £ € [a, b] such that f(x) < f(§), Vzx € [a,b]. For this, let

M = sup f([a, b]),

which is allowed to be both real or +0c0. In the former case the characterisation of
the supremum, (1.7) i), tells that for any n > 1 there is z,, € [a, ] with

M71<f(xn)§d.
n
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Letting n go to +oo, from the Second comparison theorem (Theorem 5 on p. 137)
we infer

lim f(xz,) =M.

n—oo

In the other case, by definition of unbounded set (from above) we deduce that for
any n > 1 there is x,, € [a,b] such that

flzn) > n.
The Second comparison theorem implies

lim f(z,)=+4o00= M.

n— oo
In either situation, the sequence {xy},>1 thus defined is bounded (it is contained
in [a,b]). We are then entitled to use Theorem of Bolzano-Weierstrass and call
{Zn, }k>0 a convergent subsequence. Let £ be its limit; since all z,, belong to
[a, ], necessarily & € [a,b]. But {f(xn,)}rx>0 is a subsequence of {f(z,)}n>0, SO
by Proposition A.3.2
lim f(zn,) =M.

k—

The continuity of f at & implies

f(g) = f( hnoloxnk) = lim f(mnk) =M,

k— k—o0

which tells us that M cannot be +o0o. Moreover, M belongs to the range of f,
hence
M = max f([a,b]).

Arguing in a similar fashion one proves that the number
m = min £([a, b)

exists and is finite. The final claim is a consequence of Corollary 4.30. O

» Proof of Corollary 4.25, p. 111

Corollary 4.25 Let f be continuous on the interval I and suppose it admits
non-zero limits (finite or infinite) that are different in sign for x tending to
the end-points of I. Then f has a zero in I, which is unique if f is strictly
monotone on I.

Proof. We indicate by «, § (finite or not) the end-points of I and call

lim f(z) =4, and lim f(z)=1¢s.

r—at z—3-
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Should one end-point, or both, be infinite, these writings denote the usual limits
at infinity.

We suppose £, < 0 < {g, for otherwise we can swap the roles of ¢, and ¢g. By
Theorem 4.2 there exist a right neighbourhood It () of o and a left neighbourhood
I=(B) of 8 such that

Vz e It(a), f(z)<0 and Vezel (8), f(z)>0.

Let us fix points a € I () and b € I~ (8) with a < a, b < 3. The interval [a, b] is
contained in I, hence f is continuous on it, and by construction f(a) < 0 < f(b).
Therefore f will vanish somewhere, in virtue of Theorem 4.23 (existence of zeroes)
applied to [a, b].

If f is strictly monotone, uniqueness follows from Proposition 2.8 on the inter-
val 1. O

» Proof of Theorems 4.32 and 4.33, p. 114

Let us prove a preliminary result before proceeding.

Lemma A.3.4 Let f be continuous and invertible on an interval I. For any
chosen points x1 < x9 < x3 in I, then one, and only one, of

(i) f(x1) < flz2) < f(as)
or

(i) f(@1) > fz2) > f(xs)
holds.

Proof. As f is invertible, hence one-to-one, the images f(z1) and f(x3) cannot
coincide. Then either f(x1) < f(xz3) or f(x1) > f(x3), and we claim that these
cases imply (7) or (ii), respectively.

Suppose f(z1) < f(z3), and assume by contradiction that (i) is false, so f(x2)
does not lie strictly between f(z1) and f(x3). For instance,

f(@1) < flas) < f(w2)

(if f(z2) < f(x1) < f(x3) the argument is the same). As f is continuous on the
closed interval [z1, 23] C I, the Intermediate value theorem 4.29 prescribes that it
will assume every value between f(x1) and f(z2) on [z1, 23]. In particular, there
will be a point Z € (x1,x2) such that

f(j) = f($3)7

in contradiction to injectivity:  and x3 are in fact distinct, because separated
by 5. O
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Theorem 4.32 A continuous function f on an interval I is one-to-one if and
only if it is strictly monotone.

Proof. Thanks to Proposition 2.8 we only need to prove the implication
f invertible on] = f strictly monotone on I.

Letting 21 < x2 be arbitrary points of I, we claim that if f(xz1) < f(z2) then f
is strictly increasing on I (f(z1) > f(x2) will similarly imply f strictly decreases
on I).

Let z; < 22 be points in I, and suppose both lie within (z1,22); the other
possibilities are dealt with in the same way. Hence we have

T < 21 < 22 < Xo.

Let us use Lemma A.3.4 on the triple 21, z1, xo: since we have assumed f(z1) <
f(z2), it follows
J(x1) < f(z1) < fla2).

Now we employ the triple z1, z2, 2, to the effect that
f(z1) < f(z2) < f(x2).

The first inequality in the above line tells f is strictly increasing, proving The-
orem 4.32. O

Theorem 4.33 Let f be continuous and invertible on an interval I. Then the
inverse f~1 is continuous on the interval J = f(I).

Proof. The first remark is that J is indeed an interval, by Corollary 4.30. Using
Theorem 4.32 we deduce f is strictly monotone on I: to fix ideas, suppose it is
strictly increasing (having f strictly decreasing would not change the proof). By
definition of a monotone map we have that f~1! is strictly increasing on .J as well.
But it is known that a monotone map admits at most discontinuities of the first
kind (Corollary 3.28). We will show that f~! cannot have this type either. By
contradiction, suppose there is a jump point yo = f(x9) € J = f(I) for f=1.
Equivalently, let

zp = sup [Tl (y) = lim f'(y),

y<yo Y—Yo
za' = inf f_l(y) = lim f_l(y),
Yy>Yo y—=yg

and suppose z; < zd. Then inside (z;,zs) there will be at most one element
2o = f~1(yo) of the range f~1(J). Thus f=1(J) is not an interval. By definition
of J, on the other hand, f~!(J) = I is an interval by hypothesis. In conclusion,
f~! must be continuous at each point of .J. O
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A.3.3 Uniform continuity

Let the map f be defined on the real interval I. Recall f is called continuous on
I if it is continuous at each point xg € I, i.e., for any g € I and any € > 0 there
exists § > 0 such that

Vo e l, |t —zo| <0 = |f(z)— f(zo)| <e.

In general § = §(e, xg), meaning that 6 depends on zg, too. But if, for fixed € > 0,
we find 6 = 0(g) independent of zg € I, we say f is uniformly continuous on I.
More precisely,

Definition A.3.5 A function f is called uniformly continuous on I if,
for any € > 0, there is a 0 > 0 satisfying

Vo', 2" €1, |2/ —2"|<§ = |f(a')—f(@")| <e. (A.3.2)

Examples A.3.6
i) Let f(x) = 22, defined on I = [0, 1]. Then

[f(2') = f@)] = (@) = (2")?| = |2" +2"| ]2’ — 2| < 2]2" —2"].

If |[#" — 2"| < § we see |f(z') — f(2")| < e, hence § = § fulfills (A.3.2) on I,
rendering f uniformly continuous on I.

ii) Take f(z) = 2% on I = [0,+00). We want to prove by contradiction that f is
not uniformly continuous on I. If it were, with € = 1 for example, there would
be a § > 0 satisfying (A.3.2). Choose 2’ € I and let 2" = 2/ + §, so that
|2/ — 2| = § < §; then

[f(a) = f@")] = o’ + 2" o' — 2" <1,

or s
2+ ), < 1.
(20 + 2/2
Now letting 2’ tend to 400 we obtain a contradiction.
iii) Consider f(z) =sinz on I = R. From

) , ) " - o+ "
sinag’ —sinx” = 2sin cos
2 2
we have
|sina’ —sina”| < |2’ — 2", V' 2" € R.

With a fixed € > 0, § = ¢ satisfies the requirement for uniform continuity.
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iv) Let f(z) = ! on I =(0,+00). Note that
1 1

I

B |x/ 7I//|

[f(@) = f(a")| =

"

T x/x//

By letting x’, 2 tend to 0, one easily verifies that f cannot be uniformly
continuous on [I.
But if we consider only I, = [a,4+00), where a > 0 is fixed, then

[f(@') = f(=")] <
so § = a’e satisfies the requirement on I,,, for any given ¢ > 0. O

Are there conditions guaranteeing uniform continuity? One answer is provided
by the following result.

Theorem A.3.7 (Heine-Cantor) Let f be a continuous map on the closed
and bounded interval I = [a,b]. Then f is uniformly continuous on I.

Proof. Let us suppose f is not uniformly continuous on I. This means that there
exists an € > 0 such that, for any § > 0, there are 2/, 2" € I with |2/ — 2| < §
and |f(2’) — f(2”")| > . Choosing § = !, n > 1, we find two sequences of points
{z},}n>1, {z) }n>1 inside I such that

1
|2 fx;:|<n and If(z)) = fl@h)] > ¢.

n n
The condition on the left implies

while the one on the right implies that f(z/,) — f(«!/) will not tend to 0 for n —
0o0. On the other hand the sequence {z/,},>1 is bounded, a < z], < b for all
n, so Theorem A.3.3, of Bolzano-Weierstrass, will give a subsequence {x;k}kzo
converging to a certain € I:
. 12 ——
kll}n;o T, =T.
Also the subsequence {z;, }x>0 converges to Z, for
kli)lgox;ik = klg{)lo[x;k + (@, — a3, )] = Jim Ty, + klggo(x;ik —x,)=T+0=1I.

Now, f being continuous at T, we have
T f(,) = £ Jim o) = (@) and N f(af,) = F( im af,) = f(@).
Then

lim (f(a7,,)— f(zy,)) = f(@) = f(2) =0,

k—oc0

contradicting the fact that
|f(@y,,) = flap )l =2e>0,  Vk=0. O
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Complements on differential calculus

This appendix is entirely devoted to the proof of important results of differential
calculus. We first justify the main derivation formulas, then we prove the Theorem
of de I’'Hopital. Our next argument is the study of differentiable and convex func-
tions, for which we highlight logical links between convexity and certain properties
of the first derivative. At last, we establish Taylor formulas with three forms of
the remainder, i.e., Peano’s, Lagrange’s and the integral form.

A.4.1 Derivation formulas

» Proof of Theorem 6.4, p. 174

Theorem 6.4 (Algebraic operations) Let f(z), g(x) be differentiable maps

at 20 € R. Then the maps (o) & g(a), {(2)ala) and, f an) 0, ) are

differentiable at xo. To be precise,

(f £9) (20) = f'(x0) £ g'(x0),

<
Q
~—
/\\
8
o
~—
I
)
N
o
=2
8
o
+

Proof. Let us start by (6.3). By Theorem 4.10 we have

L (@) £9(@) = (F@o) £ g(a0) _ (16~ o), 56) - st
T—To T — o T—To r — X T — X9
=t T PO = ) e

C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
UNITEXT - La Matematica per il 342 84, DOI 10.1007/978-3-319-12772-9_A4,
© Springer International Publishing Switzerland 2015
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Next we prove (6.4). For this, recall that a differentiable map is continuous (Pro-
position 6.3), so lim g(z) = g(zo). Therefore
T—xQ

f(x)g(z) — f(zo0) g(x0)

lim
T—x0 T — Xg
i @) 9(@) = f(wo) g(x) + f(wo) g(x) = f (o) g(o)
T—T0 T — xg
— lim (f(x) : f(zo) o(@) + (o) g(z) _g(xo))
r—TQ €T To T Zo
— gim T IO g0y 4 o) 1 907 900)

T—T0 Tr — X T—To T—T0 Tr — X

= f'(20) g(z0) + f(z0) g’ (20) -

Eventually, we show (6.5). Since lim g(z) = g(zo) # 0, Theorem 4.2 ensures there

Tr—rTo

is a neighbourhood of zy where g(x) # 0. Then the function féx)) is well defined
g(x

on such neighbourhood and we can consider its difference quotient

L ) " atee) _ o J@)g(e0) = f(0) g(2)
T—x0 T — X9 T—T0 g(:z:) g( ) (I — Io)
i S (@) 9(0) = F(wo) g(w0) + f(x0) g(x0) — F(z0) ()
T—x0 (LU) g( ) (.’17 — .’Eo)
_ lim 1 o (@) = fl=zo) e 9(@) = g(20)
_wl—”o g9(z) g(zo) wl—mo T — o 9(wo) = f(zo) T —Zo )
b f@ =o)L g(a) = glao)
- (9(950))2 <xLx° T =20 () xL}ng( ) T — To )
_ f'(@0)g(xo) — f(x0)g' (20) ) 0O
(9(330))2

» Proof of Theorem 6.7, p. 175

Theorem 6.7 (“Chain rule”) Let f(x) be differentiable at xo € R and g(y)
a differentiable map at yo = f(zo). Then the composition g o f(x) = g(f(z))
is differentiable at xg and

(g0 f) (o) = g' (o) ['(z0) = g’ (f(x0)) ' (x0).

Proof. Let us use the first formula of the finite increment (6.11) on g at the point

Yo = f(wo):
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9(y) — 9(yo) = 9'(wo)(y — yo) + oy —%0), ¥ — vo-

By definition of ‘little o’, the above means that there exists a map ¢ such that
lim ¢(y) =0 = ¢(yo) satisfying
Y—Yo

9(y) —9(wo) = 9’ (yo) (v — vo) + ¢(y)(y — yo) , on a neighbourhood I(yo) of yo .

As f is continuous at zy (Proposition 6.3), there is a neighbourhood I(zg) of xg
such that f(x) € I(yo) for all x € I(zg). If we put y = f(x) in the displayed
relation, this becomes

f(@) = f(zo)

X Zo X Zo X i)
Observing that
Jim o(f(z)) = lim o(y) =0

by the Substitution theorem 4.15, we can pass to the limit and conclude

9(f(x)) — g(f(x0))

lim

T—xT( Xr — X
=g/ (fan)) i Ty o) T T0)
=g'(f(z0))f'(20) . -

» Proof of Theorem 6.9, p. 175

Theorem 6.9 (Derivative of the inverse function) Suppose f(z) is a
continuous, invertible map on a neighbourhood of xo € R, and differentiable
at xo, with f'(wo) # 0. Then the inverse map f~'(y) is differentiable at yo =
f(zo), and

1 1

00 = a0y = prs-1(00))°

Proof. The inverse map is continuous on a neighbourhood of yy in virtue of
Theorem 4.33. Write = f~1(y), so that on the same neighbourhood

fH ) = fH o) T — o 1

y— o F(@) = flao) — @)
By the Substitution theorem 4.15, with z = f~!(y), we have

lim F7H ) = o) _ . 1 o
Y—Yo Y — Yo T—T0 f(x)—f(z0) f/(CCo) .

Tr—Xo
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A.4.2 De I’'Hopital’s Theorem

» Proof of de I’'Ho6pital’s Theorem, p. 200

Theorem 6.41 (de I’'Hoépital) Let f,g be maps defined on a neighbourhood
of ¢, except possibly at ¢, and such that

lim f(z) = lim g(x) = L,

Tr—rc T—rC

where L = 0, +00 or —oo. If f and g are differentiable around c, except possibly
at ¢, with g¢' # 0, and if
im

z—c g'(x)

exists (finite or not), then also

exists and equals the previous limit.

Proof. The theorem includes several statements corresponding to the values as-

sumed by L and ¢, and the arguments used for the proofs vary accordingly. For

this reason we have grouped the proofs together into cases.

a) The cases L =0, c =z, x5, 0.

Let us suppose ¢ = x7. By assumption lim f(z) = lim g(z) = 0, so we may
(17-)(173 $_)$0

extend both functions to zo (re-defining their values if necessary) by putting

f(xo) = g(xp) = 0; thus f and g become right-continuous at xq. Let I*(zo) denote

the right neighbourhood of xy where f, g satisfy the theorem, and take x € I ().

On the interval [zg,z] Theorem 6.25 is valid, so there is t = t(z) € (zo,) such

that
fl@) _ flz) = flzo) _ f(V)

g(x) — glz) —glwo) — ¢'t)"
As 29 < t(z) < z, the Second comparison theorem 4.5 guarantees that for z
tending to zo also t = t(x) approaches xg. Now the Substitution theorem 4.15

yields
/ /!
I (0 D () N (O
z—zd g ) z—axl (t(z)) t—ad g (t)
and the proof ends.
We proceed similarly when ¢ = z; ; the remaining case ¢ = z¢ descends from the

two one-sided limits.

b) The cases L =0, ¢ = too.
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Suppose ¢ = +0o. The substitution z = ; leads to consider the limit of the quotient

1
d 1 1 1

1) for z — 07. Because q f ( ) = f! < ), and similarly for the map g,
2 z

9(2) z) 2
it follows d
1 /(1 /
IR AC N (f) — tim T @
z—0+ ddzg(i) z—0+ g/(z) T—+400 g (,’L‘)

In this way we return to the previous case ¢ = 0%, and the result is proved. The
same for ¢ = —o0.
¢) The cases L = +oo, ¢ =z, 7, , To.
!/

Assume ¢ = z§ and put lim f/((x)) = (. When ¢ € R, let I (zo) be the right

z—azg 9T
neighbourhood of zy on which f and g satisfy the theorem. For every € > 0 there
exists 61 > 0 with xg + 6; € IT(xg) so that for all x € (xg,z0 + §1) we have
) _,

L=

g'(x)

(x, 0 + d1) such that

‘ < . On [z,z9 + 61] Theorem 6.25 holds, hence there is t = t(z) €

f(x) = f(wo+d1)  f'(t)

= . A4.1
g(x) —glzo+01)  g'(t) ( )
Write the ratio f(z) as
) f(x) f(@)
T "(t
g@) =gy
where, by (A.4.1),
11— g(zo+61)
V)= _ f(%i}l) ., with xlffo W(x) =1,

because L = H+oc0. The last limit implies that there is a d2 > 0, with 2 < §1, such
that
W) <2 and  |P(z) -1 <e

for every = € (xg,xo + d2). Therefore, for all x € (xq, zo + J2),
§—¢@w+w@y—4
f;é” —z‘ (@) = 1je < 2+ |¢)e.

‘We conclude



454 A.4 Complements on differential calculus

Let now £ = +oo; for all A > 0 there is §; > 0, with zg + §1 € I (xp), such that
f'(x)
g'(x)
observe that lim+ ¥(xz) = 1 implies the existence of a §; > 0, with d2 < 7, such

ID*)[L‘O

that ¢ (z) > } for all @ € (xo, xo + d2). Therefore, for every = € (g, + 02),

YA > g

for all x € (20,29 + §1) we have > A. As before, using Theorem A.2.2 we

)

proving the claim. The procedure is the same for { = —oc.
An analogous proof holds for ¢ = z;, and ¢ = ¢ is dealt with by putting the
two arguments together.

d) The cases L = £00, ¢ = to0.

As in b), we may substitute z = 316 and use the previous argument. O

A.4.3 Convex functions

We begin with a lemma, which tells that local convexity (i.e., convexity on a
neighbourhood of every point of I) is in fact a global condition (valid on all of I).
intorno di ogni punto di I) & in realtd globale (cioé valida su tutto I).

Lemma A.4.1 Let f be differentiable on the interval I. Then f is convex on
I if and only if for every xo € I

f(@) > f(zo) + f'(wo)(x — ) Veel. (A.4.2)

Proof. Obviously, it is enough to show that if f is convex according to Defini-
tion 6.33 on I, then also (A.4.2) holds. To this end, one usefully notes that f is
convex on [ if and only if the map g(z) = f(x)+az+d, a,b € R is convex; in fact, re-
quiring f(x) > f(zo)+ f'(zo)(x—x0) is equivalent to g(z) > g(xo)+¢'(zo)(z—x0).

Let then zo € I be fixed arbitrarily and consider the convex map g(x) =
f(z) = f(xo) — f(x0)(x — o), which satisfies g(z¢) = ¢'(z¢) = 0. We have to prove
that g(z) > 0, Vx € I. Suppose g is not the right end-point of I and let us show
g(x) >0, Ve € I, x > x0; a ‘symmetry’ argument will complete the proof.

Being g convex at xg, we have g(x) > 0 on a (right) neighbourhood of zg. It
makes then sense to define

P={x>x9:9(s) >0, Vs € [xg, 2]}
and xz; = sup P.

If 21 coincides with the right end-point of I, the assertion follows. Let us
assume, by contradiction, z; lies inside I; By definition g(z) > 0, V& € [xo, 1),
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while in each (right) neighbourhood of 7 there exist points « € I at which g(x) <
0. From this and the continuity of g at x; we deduce that necessarily g(x1) = 0 (so,
in particular, ;1 = max P). We want to prove g(x) = 0, V& € [zg, 21]. Once we
have done that, then ¢'(z1) = 0 (as g is differentiable at x; and constant on a left
neighbourhood of the same point). Therefore the convexity of g at 21 implies the
existence of a neighbourhood of z; where g(x) > 0, against the definition of ;.

It remains to prove g(x) = 0 in [zg, 21]. As g(z) > 0 on [zg,x1] by definition,
we assume, again by contradiction, that M = max{g(z) : = € [z, 21]} > 0, and
let Z € (zg, z1) be a pre-image of g(Z) = M. By Fermat’s Theorem 6.21 ¢'(Z) = 0,
so the convexity at Z yields a neighbourhood of Z on which g(z) > ¢(z) = M,
but M is the maximum of ¢ on [zg, z1], so g(x) = M on said neighbourhood. Now
define

Q={x>T:9(s) =M, Vs € [z,x]}

and zo = sup@. The map ¢ is continuous, hence zo = max (@, and moreover
x2 < x1 because g(x1) = 0. As before, the hypothesis of convexity at x5 leads to
a contradiction. O

» Proof of Theorem 6.37, p. 193

Theorem 6.37 Given a differentiable map f on the interval I,

a) if [ is convex on I, then f' is increasing on I.

b1) If f' is increasing on I, then f is convezx on I;

b2) if [’ is strictly increasing on I, then f is strictly convex on I.

Proof.
a) Take 21 < x3 two points in I. From (A.4.2) with xy = 21 and 2 = 23 we obtain

o) < f(w2) - f(z1) ’
X9 X1
while putting x¢g = x2, x = 21 gives
flz2) = fz1) _
Ty — 11 < fi(x2).

Combining the two inequalities yields the result.

b1) Let « > x¢ be chosen in I. The second formula of the finite increment of f on
[0, x] prescribes the existence of a point T € (zg,x) such that

f(@) = f(xo) + f'(@)(z — 20) .
The map f’ is monotone, so f/(Z) > f'(xo) hence (A.4.2). When = < xp the
argument is analogous.
b2) In the proof for b1) we now have f/'(z) > f'(x¢), whence (A.4.2) is strict (for
T # x0). O
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A.4.4 Taylor formulas

We open this section by describing an interesting property of Taylor expansions.
Observe to this end that if a map g is defined only at one point x, its Taylor
polynomial of degree 0 can still be defined, by letting T'go 5, (x) = g(xo).

Lemma A.4.2 Let f be n times differentiable at xoy. The derivative of order
h, 0 < h <mn, of the Taylor polynomial of f of degree n at x¢ coincides with
the Taylor polynomial of f™) of order n — h at xo:

DT f oy (x) = T, L (@) (A4.3)
In particular,

D'"Tf oo(@o) = fM(x0), Vh=0,...,n. (A.4.4)

Proof. From Example 6.31 i) we know that

Therefore

Note also that o h
F® (o) = fOH (2g) = (1) (),

in other words differentiating k — h times the derivative of order h produces the
kth derivative. In this way, putting £ = k — h gives

(h) (k—h)
DhTfn 1‘0 f ) ( )(I' _ I’O)kih

"
3??‘
(-

(f(h))(é)(xo)
4

(@ —20)' =Tf, . (@),

~
(=)

which is (A.4.3). Formula (A.4.4) follows by recalling that the Taylor expansion
at a point zg of a function coincides with the function itself at that point. O
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» Proof of Theorem 7.1, p. 228

Theorem 7.1 (Taylor formula with Peano’s remainder) Let n > 0 and
f be n times differentiable at xo. Then the Taylor formula holds

f(@) =T fr () + 0((3: - xo)"), T — X0,

where

n

T foao®) = 3 1 ¥ @0) (@ — 20)"

k=0

= f@0) + £ @0}z —20) + ..+ [ @)@ = o)

Proof. We need to show that
I = lim f(x) - Tfn,wo(x)

=0.

z—z0 (x — zo)"
The limit is an indeterminate form of type 8; in order to apply de I’'Hopital’s
Theorem 6.41 we are lead to consider this

@) = Tl @) _ @) = T (0)

a=xzo  n(x —xz)" 1 sz n(x—xz)*1

(in which Lemma A.4.2, with h = 1, was used); note that the other requirements
of 6.41 are fulfilled.

For n > 1 we are still in presence of an indeterminate form
n — 1 times the argument above brings us to the limit

0

o SO repeating

FO V(@) — T ()

. 1,xzo
xhﬁna}o nl(z — o)
~ lim SO (@) = fOmD (o) — £ (20)(@ — 20)
e nl(z — xo)
(n—1) — f(n=1)
N e I
n.: r—xo T — X9

by definition of nth derivative at xy. This grants the green light to the use of de
I’Hépital’s Theorem, and L = 0. O



458 A.4 Complements on differential calculus

» Proof of Theorem 7.2, p. 228

Theorem 7.2 (Taylor formula with Lagrange’s remainder) Let n > 0
and f differentiable n times at xo, with continuous nth derivative, be given;
suppose f is differentiable n + 1 times around xg, except possibly at xg. Then
the Taylor formula

1

appf @ =20

f(@) =T frz(z) +

holds, for a suitable T between xy and x.

Proof. Let p(z) = f(x) — T fnz,(x) and ¥(z) = (x — x0)" . Using (A.4.4), for
h=0,...,n we have
o™ (20) = 0;

moreover, Y™ (z) = 0 and (") () # 0 for any = # xo. Applying Theorem 6.25
to ¢, 1 on the interval Iy between xg and x, we know there is a point z; € Iy such
that

p(x) _ p(x) —p(ro) _ ¢'(x1)

(@) @) =)  P(21)
The same recipe used on the maps ¢'(z), ¥'(x) on the interval I; between xzg, 21
produces a point xo € I} C I satisfying

) _
)

¢'(x1) _ ¢'(21) = ¢'(x0) _ ¢"(x2)

) () =P (x0) Y (w2)

Iterating the argument eventually gives a x,1 € Iy such that

(@) _ " (@)

¥(x) PO (241)
But ot (2) = fO+D () and "D (z) = (n + 1)!, putting Z = x,,,1 in which
yields the assertion. O

» Proof of Theorem 9.44, p. 338

Theorem 9.44 (Taylor formula with integral remainder) Let n > 0
be an arbitrary integer, f differentiable n + 1 times around a point xg, with
continuous derivative of order n+ 1. Then

f(@) = T frnz(z) = ;! /m f(n+1)(t)(:1: — )" dt.
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Proof. We shall use the induction principle (see Appendix A.1). When n = 0, the
formula reduces to the identity

f@) = fa) = [ e,
o
established in Corollary 9.42.

Supposing the statement true for a certain n, let us prove it for n+1. Integrating
by parts and using the hypothesis,

iy | SO

1 n+1 nt1|” ’ n+1 n
= ot [ OG0 e [ - or e
(n+1) (4, ¥
= _f(n+ (1)?)(:16 — ﬂﬁo)n—Irl + 71! /wo f("+1)(t)(x —t)"dt
f(n+1)(x ) n+1
- (n—i—l)? (. —20)" T + f(2) = T fr,2(2)
= f(x) - Tfn+1,$o(x) . -

At last, we provide an example that illustrates how a more accurate piece of
information may be extracted from the integral form of the remainder, as opposed
to the Lagrange form.

Example A.4.3 Consider the MacLaurin expansion of the exponential function
f(z) = e* with remainder of order 1, both in Lagrange’s form and in integral form.
Assuming = > 0, if we use the former form we have for a suitable z € (0, x)

1 -
e” =14z + 2ex:172 , (A.4.5)
whereas with the latter form we obtain
ele—i—x—i—/ e'(x —t)dt. (A.4.6)
0

Since the exponential function is strictly increasing, it holds e® < e®, hence, we
deduce from (A.4.5) that the error due to approximating e* by the polynomial
1 + x satisfies

1
0<e’—(1+2)< 295267” . (A4.7)

On the other hand, if we look at the integral remainder, we easily check that the
function g(t) = ef(x—t) under the integral sign admits for x > 1 a strict maximum
at t = 2 — 1, where it takes the value e*~!. Hence,
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0< / el(x —t)dt < eg”_l/ dt =e" 2.
0 0
Therefore, we deduce from (A.4.6) that
1
O<ex—(1+x)<exex, z>1. (A.4.8)

Since it is trivially seen that !we” < lz%e” for z > 1, we conclude that (A.4.8)
provides a more accurate estimate of the approximation error than (A.4.7) does.
For instance, for x = 1 the error is

el —(1+1)=e—2=0.71828...;

inequality (A.4.7) gives the upper bound 0.71828... < ée = 1.35914..., whereas

(A.4.8) gives the bound 0.71828... < le = 1, which is sharper. O



A.5

Complements on integral calculus

We begin this appendix by checking the convergence of the two sequences that
enter the definition of the Cauchy integral. We then consider the Riemann integral;
we justify the integrability of relevant classes of functions, and we establish several
properties of integrable functions and of the definite integral. We conclude by
proving a few results concerning improper integrals.

A.5.1 The Cauchy integral

» Proof of Theorem 9.20, p. 320

Theorem 9.20 The sequences {s,} and {S,} are convergent, and their limits
coincide.

Proof. We claim that for any p > 1
Sngspny SanSn

In fact, subdividing the interval I in p subintervals Iy; (1 < i < p) of equal width
Az /p, and letting
my; = min f(z),

it follows my < my; for each i, hence

P Ax
mip Az < kai

i=1
Summing over k we obtain s, < sp,. The second inequality is similar.

Let now sy, Sy, be arbitrary sums. Since
C. Canuto, A. Tabacco: Mathematical Analysis I, 2nd Ed.,
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any lower sum is less or equal than any upper sum. Define

§ = sup Sy and S =inf S, .
n n

We know s < S, holds for any m, so s < S. We wish to prove that s = S, and
that such number is indeed the required limit. By the Heine-Cantor’s Theorem
A.3.7 the map f is uniformly continuous: given ¢ > 0, there is § > 0 such that if
', 2" € [a,b] then

|[2" —2"| < § implies |f(a') = f(=")| <e.

Let n. be the integer such that b;“ < §. Take any n > n.; in each subinterval I
of [a,b] of width Az = b;a there exist points & and 7 such that

f(&) =myp =min f(z)  and  f(m) = My = max f(z).

z€ly z€ly
As g — &k| < b;a < br;a < 4, it follows
My, —my = f(me) — f(&) <e.

Therefore

Sy — 8 = zn:MkAas - zn:mkAx
k=1 k=1

:i(Mk—mk)A$<siAx:5(b—a).

k=1 k=1

In other words, given £ > 0 there is an n. > 0 so that for all n > n. we have
0 <S5, — s, <e(b—a). This implies

S—s5<S,—sp<elb—a).
Letting € tend to 0, S = s follows. In addition,

S—s, <S5, —s,<¢ if n>n.,

that is,
lim s, = 5.
n— oo
The same arguments may be adapted to show lim S, =S. O

n— oo

A.5.2 The Riemann integral

Throughout the section we shall repeatedly use the following result.
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Lemma A.5.1 Let f be a bounded function on I = [a,b]. Then f is integrable
if and only if for any € > 0 there exist two maps he € SJT and g. € SJT such

that
/hs—/g€<5.
I I

Proof. According to the definition, f is integrable if and only if

/If:inf{/lh:hES;'}:sup{/lg:geSJ?}.

Let then f be integrable. Given € > 0, by definition of lower and upper bound one
can find a map h. € S;{ satisfying /h‘S — /f < ¢/2 and, similarly, a function
I I

gs € §; such that /f — /gg < &/2. Hence
I I

/Iha_/lga:/lha_/lf+/lf_/lg€<5-

Vice versa, using Definition 9.26 together with Property 9.27, one has

/Igaé/lfﬁ/lfg/lhg,
/If*/lfé/lhef/lgs<€~

But € is completely arbitrary, so / f= / f. In other words, f is integrable on [a, b].
I I

hence

» Proof of Theorem 9.31, p. 327

Theorem 9.31 Among the class of integrable maps on [a,b] are

a) continuous maps on [a,bl;

b) piecewise-continuous maps on [a, b|;

¢) continuous maps on (a,b) which are bounded on [a,b];
d) monotone functions on [a,b].

Proof.
a) The Theorem of Weierstrass tells that f is bounded over [a,b], and by Heine-
Cantor’s Theorem A.3.7 f is uniformly continuous on [a,b]. Thus for any given
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e > 0, there exists a § > 0 such that if 2/,2” € [a,b] with |2/ — 2”| < § then

|f(z") — f(a”)] < e. Let us consider a partition {xg,z1,...,2,} of [a,b] such
that each interval [zj_1, x| has width < § (k =1,...,n). We apply Weierstrass’
Theorem 4.31 to each one of them: for every k = 1, ..., n, there are points &, n €

[€g—1,xk] such that

fl)=mr= min f(z) and fow) =M= max f(z).

z€[Tp—1,2] TE[TR_1,Tk]

Since |nr — &k| < 0,
My —mi = f(m) — (&) <e.
Let he € S]T and g. € S; be defined by

ha ){M;€ ifee (vr_1,25), k=1,...,n,
= fla) ifz=a,

( ){mk ifee (vr_1,25], k=1,...,n,
geit) = fla) ifz=a.
For any z € [a,b] we have h.(z) — g-(z) < €, hence

/Ihs—/lggz/l(hg—gg)</I<€:(b—a)5.

Given that ¢ is arbitrary, Lemma A.5.1 yields the result.

b) Call {x1, 2, ...,2,_1} the discontinuity points of f inside [a, b], with 21 < a,
and set xg = a and x, = b. For £k = 1,...,n, consider the continuous maps on
[xk—1, 2] defined as follows:

f(x) if x € (xp—1,28),
lim f(z) ifx=xzk_1,
Jr(x) = § =i,
lim f(x) ifax=ua.
T,

Mimicking the proof of part a), given € > 0 there exist he € S}:, Je,k € SJ:k such
that
ha,k(x) — gg’k(fﬂ) <eg, Vo € [:Ekfl,xk} .

Define h, € S]T and g, € S]? by

( ){hg’k(x) ifee (zp_r,zi), k=1,...,n,
= f(a) ifx=a,

B ger(z) ifze (xp_r,2x], k=1,...,n,
(@) = {f(a) if z = a.

For any z € [a, ] then, h.(z) — g-(x) < ¢; as before, Lemma A.5.1 ends the proof.
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¢) Fix e > 0 so that I. = [a+¢,b—¢] C [a,b]. The map f is continuous on I. and
we may find — as in part a) — two step functions defined on I, say ¢. and 1., such
that

ve(x) < fx) < (x) and Ye(x) —pe(x) <e, Vaxel,.

Name M = sup f(x) and m = infl f(z) the supremum and infimum of f. Consider
zel HAS

the step functions h. € SJ}", ge € Sf_ given by
Ye(x) ifxel, pe(x) ifxel,
he(z) = . 9e(z) = .
M ifedl, m ifaxé¢l..

Theorem 9.33 4) implies

[~ [a- / s o)+ [ (=g + /[b_g,b](hf g)

oM - >s+/ (he - 92)
Ie
<2(M—-m)e+ (b—a—2e)e < (2(M —m)+b—a)e
Now Lemma A.5.1 allows to conclude.

d) Assume f is increasing. (In case f is decreasing, the proof is analogous.) Note
first that f is bounded on [a, ], for f(a) < f(z) < f(b), Vz € [a,b].

b—a
Given € > 0, let n be a natural number such that n > ; split the interval
n

b—a
into n parts, each < ¢ wide, and let {zg,z1,...,2,} indicate the partition
n

points. Introduce the step maps h,, € SJ}", gn € Sf_ by

hn(x) _ {f(SCk) lffE € (kal,xk], k= 1,...,’/7,
f(a) lfx:a,

(x)_{f(wk—l) ifx e (xp_1,2k), k=1,...,n,
i) = f(a) if z =a.
Then

/hn—/gnZZf(fﬂk)(fck—wk 1) = flaea) (@, — z5)
I I k=1 k=1

=S ()~ faen) = (0~ (@)

n
k=1

=e(f(b) = f(a)).

Once again, the result follows from Lemma A.5.1. O
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» Proof of Proposition 9.32, p. 328

Proposition 9.32 If f is integrable on [a,b], then
i) [ is integrable on any subinterval [c,d] C [a,b];
it) |f| is integrable on [a,b].

Proof.
i) If f is a step function the statement is immediate. More generally, let f be
integrable over [a,b]; for £ > 0, Lemma A.5.1 yields maps h. € SJJ{, g- € Sy such

that
b b b
/hef‘/gs:/ (h€796)<€
d b
/ (hefge)g/ (hsfgs) <eg

the result is a consequence of Lemma A.5.1 applied to the function f restricted
to [c, d].

it) Recall |f| = f+ 4+ f—, where fi and f_ denote the positive and negative parts
of f respectively. Thus it is enough to show that f, and f_ are integrable, for
then we can use Theorem 9.33 ).

Let us prove f; is integrable. Given € > 0, by Lemma A.5.1 there exist h, € SJT
and g. € Sy such that f: he — f: g- < e. Let {zg,x1,...,2,} be a partition of
I = [a,b] adapted to both maps h., g.. Consider the positive parts he 4, ge 4+ of
the step functions. Having fixed an interval I}, = [zr_1, 2], we may examine the
three possible occurrencies 0 < g. < he, g <0 < he or g. < he <0. It is easy to
check

Gert < v < he

/h€7+_/g€,+§/ha_/ga<5-
Iy Iy Iy Iy,

Consequently, h. 4 € Sft’ Je+ € Sfl’ and

and

n

/s+7/gs+*z /Ik s+*/lge+ Skz /Ikh /Ikgs

1

Lemma A.5.1 yields then integrability for f.
A similar proof would tell that f_ is integrable as well. O
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» Proof of Theorem 9.33, p. 329

Theorem 9.33 Let f and g be integrable on a bounded interval I of the real
line.

i) (Additivity with respect to the domain of integration) For any

a, ba cE I;
b c b
/ flx)da = / f(z) d:z:—l—/ f(z)d.
it) (Linearity) For any a,b € I and o, 8 € R,
b b b
[ (af@+89@)) do=a [ f@)do+5 [ gla)da.
iii) (Positivity) Let a,b € I, with a < b. If f > 0 on [a,b] then

/abf(x)dx > 0.

If f is additionally continuous, equality holds if and only if f is the zero
map.
iv) (Monotonicity) Let a,b € I, a <b. If f < g in [a,b], then

/a " fl)dx < / )

v) (Upper and lower bounds) Let a,b € I, a < b. Then

/abf(:r)dx

Proof. We shall directly prove statements i) -v) for generic integrable maps, for
the case of step functions is fairly straightforward.

< / @) de.

i) We shall suppose a < ¢ < b, for the other instances descend from this and (9.18).
By Proposition 9.32 %) f is integrable on the intervals [a, b], [a, ], [¢, b]. Givene > 0
moreover, let g. € Sf_, he € S}”‘ be such that

b b b b b
/h67/g€<€ and /geg/fg/he

The property holds for step functions, so

b c b c b c b b
[om [ore foe [ [ 2 [ [re [



468 A.5 Complements on integral calculus

b c b b b
/f—/f—/fﬁ/ha—/gg<a.
The claim follows because ¢ is arbitrary.
i1) We split the proof in two, and prove that

b b
a) / af(x) dx:a/ f(z) dz
“b ¢ b b
b) / (f(z) +g(z)) dx :/ f(z) dx—f—/ g(z) dr.

We start from a), and suppose a < b for simplicity. When « = 0 the result is clear,
solet a>0.If g € SJ?, h e Sf+ then ag € S;f and ah € S;ﬂ thus

a/abg(x) dx/abag(x) dxg/abaf(x) da

< /abaf(ac) dz < /abah(ac) dx = a/abh(x) dx.

b b
From a/ g(x) dz < / af(x) dz, taking the upper bound of the integrals f;g

and hence

as g varies in §;, and using the integrability of f on [a, b], we obtain

/f dx*a/f dx</aozf()

similarly from / af(x) dz < a/ h(z) dz we get

a

b b b
/ af(z) de < oz/ flz) dz = a/ fx) dz.
In conclusion,

o / fla) dr < / af(@) de < / af(@) dz < o / fw) do

hencea/f dx—/af()dx
When a < 0, the proof is the same because g € §;, h € Sf satisfy ag € S 7 and
ah €S ;.

Now part b). Take f1 € S;, fo € Sf+, 91 €8, , 92 € S then fi +g1 € Sy
fotgo € Sf++g’ and

+g9°
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b

b b b
fi@) do+ [ @) do = [ (@) + @) dr< [ (1) + o) do

a

a a

b
Fix g1, f2 and g2, and take the upper bound of the integrals / fi(z) dzas f1 € Sp

varies:

/abf(x> dx+/:gl(x) do < /ab(f(x) +g(x)) do
< /ab(f(x) +g(z)) dz < /abfg(x) dx—f—/abgg(x) dz:

b
varying g1 in S, and taking the upper bound of the integrals / g1(x) dz we find
a

/abf<:c) d:c—i—/abg(x) da < /ab(f(:c) +g()) da

S/ab(f(x)Jrg(x)) dxg/abfz(x) der/abgz(x) da.

Now we may repeat the argument fixing g and varying fo € Sf+ first, then varying
g2 € S, to obtain

[ s e o ar < [0+ o@) aa
< [@ o) s [ s ars [ g ae.

iii) The zero map g belongs in S; (it is constant), hence

o/:g(x) d:zrg/abf(:z:) de.

b
Suppose f continuous; clearly f(x) = 0 forces / f(x) dz = 0. We shall prove

b
the opposite implication: / f(z) de = 0 implies f(z) = 0. If, by contradiction,

f(Z) # 0 for a certain T e (a,b), Theorem A.2.2 would give a neighbourhood
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I5(Z) = (. — 6, + ) C [a,b] and a constant Ky > 0, for any = € I5(Z). The step

function . B
10 ={5" 25 1o
would belong to &5, and
b b
/a f(z) dz 2/a g(xz) de =0K; >0,

a contradiction. Therefore f(z) = 0 for all z € (a,b), and by continuity f must
vanish also at the end-points a, b.

iv) This follows directly from i), noting h(z) = g(z) — f(x) > 0.

v) Proposition 9.32 ii) says that |f| is integrable over [a,b]. But f = fi — f_
(f+ and f_ are the positive and negative parts of f respectively), so the linearity
proven in part %) yields

/abf(:r) dx/abfm:) dx/abf(x) dar.

Using the triangle inequality, property 4ii) (f+, f— > 0) and the relation |f| =
f+ + f—, we eventually have
b
/ f-(x) dz

/abf(x) da /abf+(fc) da
- [ r@) @ = [, e

b
a

< n =/abf+(w) dx+/abf—(:v) da

A.5.3 Improper integrals

» Check of property (10.3), p. 362

+° sin +oeo
dx  converges, but
1 d 1

sinx

dx diverges.
az

—+oo
S
Proof. We explain first why / M 4 converges. Let us integrate by parts
1 X

over each interval [1,a] with a > 1, by putting f(z) = | and ¢'(z) = sina; since
f'(x) =—1%, g(x) = — cosz, it follows
a a
_ / 008233 de:
1 1 x

¢ sinx cosx
dr = —
1 T X
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the last integral is known to converge from Example 10.8. Thus the map ST as
x
a well-defined improper integral over [1, +00).
Now let us convince ourselves that ~ is not absolutely integrable on [1, +00).

x
Since |sinz| < 1 for any x, we have

sinx sin’ x 11— cos2x

z r 2 T
. . 01 —cos2x ) .
We claim the integral dz diverges, hence the Comparison test
1 A

sinx

+oo
(Theorem 10.5) forces / dz to diverge as well. In fact,
1

T

“+o00 “+ o0 “+ o0
1-— 2 1 2
/ cos 2z dx:/ dxf/ cos 2x de.
1 € 1 € 1 T

While the first integral on the right-hand side diverges, the second one converges,

T 1 —cos2z
as can be proved by the same procedure as above. Therefore / dt
1 A
. . sinzx .
diverges, and the function cannot be absolutely integrable. O
x

» Proof of Theorem 10.10, p. 363

Theorem 10.10 (Asymptotic comparison test) Suppose the function f €
Rioc([a, +00)) is infinitesimal of order o, for x — +o0, with respect to o(x) =
1

. Then
x

i) ifa>1, feR(a,+x));

—+oo
i) if a <1, / f(z) dx diverges.

Proof. Since f(z) ~ ;a for x — 400, we may assume the map f has constant sign
for z sufficiently large, for instance when = > A > 0. Without loss of generality we
may also take f strictly positive, for otherwise we could just change sign. Moreover,
for x — o0,

1 1 1
~ = -0(_,) and =0 ;
@~ f@y=0(_,) ad _ =0(fw)
otherwise said, there exist positive constants ¢y, co such that
Ui <P, Ve A

A T
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In order to conclude, it suffices to use the Comparison test (Theorem 10.5) jointly
with Example 10.4. O

» Proof of Theorem 10.13, p. 364

Theorem 10.13 (Integral test) Let [ be continuous, positive and decreasing
on [ko, +00), for ko € N. Then

PIFCEY IFOLED SF0}

k=ko-+1 ko k=ko

+oo

Therefore the integral and the series share the same behaviour:

+oo &)
a) f(z)dz converges < Z f(k) converges;
ko k=Fko
+oo S
b) f(z)dz diverges < Z f(k) diverges.
ko k=ko

Proof. Since f decreases, for any k > ko we have
flk+1) < f(x) < f(k), Vo € [k, k+1],
and as the integral is monotone,
k+1
fler )< [ fa)de< 10,
k

Then for all n € N with n > kg we obtain

n+1 n n
o fR)< | f@)dz <Y fk)
k=Fko+1 ko k=Fko

(after re-indexing the first series). Passing to the limit for n — 400 and recalling
f is positive and continuous, we conclude. O



Tables and Formulas

Recurrent formulas

cos?x +sin’z =1, Vr e R

sint =0 sex=kmr, VkeZ, cosx =0 se x=g+k7r
sint =1 se IL‘:g—l-Qkﬂ', cosr =1 se x=2kmw
sint = —1 se x:—g—|—2k7r, cosx=—1 se x=m+2knm

sin(a + ) = sinacos 8 + cos asin 8
cos(a £+ ) = cosacos 8 Fsinasin 8

sin 2x = 2sinx cosx, cos2z =2cos?z — 1

. . ] Tty
sy —smy = 2 Sin COS

2 2
-y . r+y
cosx — cosy = —2sin sin
2 2

sin(x + 7) = —sinz, cos(x + ) = —cosx
) m - .
sin(x 4+ 2):cosx, cos(x + §) = —sinz

am
a”t = a%a¥ a® V= Y (a®)¥ = a™

a

log,(zy) =log, x +log,y, VYx,y>0
log,, :; =log,z —log,y, Vx,y>0

log,(2¥) = ylog,x, Vx>0, VyeR
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Fundamental limits

lim 2% = 400,
Tr—+00

lim 2% =0,
r—r+00

apx™ 4+ ...+ a1x+ ag
im
z—£00 b ™ + ...+ bz + by

lim a® = +o00,
r—r+00

lim o =0,
r—r+00

mgr-}-loo IOga T =00,

lim log, x = —o0
xr— 400 ga ’

lim sinz,

lim cosz,
r—+o0

z—+o0

lim tanx = Foo, Vk € Z,
e (5 +hm)*

. . ™
lim arcsinx = +
z—+1 2

= arcsin(+1)

lim arccosx = 0 = arccos1,

r—+1
fim S 1
z—0 I
. a\*
lim (1+ ) =e, a€R,
x—Foo x
1 1 1
lim 08,(1+2) = ,a>0;
z—0 T loga
lima R =loga, a>0;
z—0
1 @—1
lim (1+2) =a, a€clR
x—0 x

lim 2% =0, a>0

z—0*t

lim % = 400, a<0

z—0t

an . _
lim "™
bm r—+oo

lim o =0, a>1

r——00

lim a” = +o00, a<l1

r——00

lim log,z = —oo0, a>1

z—0+t

lim log, z = +o0, a<l

z—0t

lim tanz do not exist

z—+o0

. s
lim arctanx = +
x—Fo0 2

lim arccosx = m = arccos(—1)
r——1

1 —cosx 1

lim

x—0 :I,‘2
lim(1+a)+ =e
z—0
log(1
in particular, lim og(1 + ) =1
z—0 T
r -1
in particular, lim ¢ =1
x—0 x




Tables and Formulas

Derivatives of elementary functions

f(x) f(z)
¢ ax® 1, Va € R
sinx Ccos T
CcosT —sinz
9 1
tan x 1+ tan“z = 5
cos? x
. 1
arcsin x
V1= z2
1
arccos T —
V1 — 22
¢ 1
arctanx
14 22
a® (loga) a®
1
1
og, || (log )
sinh x cosh
cosh x sinh x

Differentiation rules

475
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Tables and Formulas

Maclaurin’s expansions

T _1 x x x n
e"=1+z+ _ + .+k!+...+n|+o(x)
1:2 n—lxn n
log(l+az) =z~ ") +...+ (=" +o@")
3 5 2m—+1
. _ _ZII T _ m T om42
sine = 3!—1-5' +(-1) (2m—|—1)!+0(w )
2 4 2m
=1- T 1y 7 2m+1
cosz =1 o4 + (-1 (2m>!+o(x )
3 5 2m—+1
i = Tyt r 2m+42
Slnhx—x+3!+5!+...+(2m+1)!+0(x )
2 4 2m
= z x T 2m—+1
COSh$€—1+2+4!+...+(2m>!+0(:p )
3 30 1 2m+1
arcsinx:x—f—xﬁ + 4@;) ++‘<m?) me+1+0(x2m+2>
3 5 2m+1
x x €T
t = — — ... —1)™ 2m+-2
arctanz =z — + 5 + (=1) 2m+1+0(x )
-1
(1+fv)"=1+aw+a(a2 )x2+...+<a>$"+o(:r")
n
! =l—a+2®—. .. +(-1)"2" +o(z")
1+z

1 1 1
\/1+x:1—|—2x—8x2+ 16x3+0(3:3)




Tables and Formulas

Integrals of elementary functions

e / J(a) de
o fhee e
i log || + ¢
sinx —cosx +c¢
cos sinx + ¢
e” e’ +c
sinh z coshx + ¢
cosh x sinhz + ¢
1
1+ 22 arctanx + ¢
V1 ! 22 arcsinx + ¢
\/11332 log(z + V22 +1) + ¢ = settsinh z + ¢
\/le_ 1 log(x + \/»"32 — 1)+ c=settcoshz + ¢

Integration rules

[ (@t +s9@) de = [ sz do+ 5 [ glo)as
[ 1@ (@) do = s@gla) - [ £2)gla) do
/ ZI((;C)) dz =log |p(z)| + ¢

/ F (@) (z) de = / fy)dy where = o)
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Absolute value, 13 Cotangent, 54
Antiderivative, 302 Curve, 281
Arc, 282 congruent, 372
closed, 282 equivalent, 372
Jordan, 282 integral, 390
length, 377 opposite, 372
simple, 282 piecewise regular, 284
Arccosine, 56, 114 plane, 281
Archimedean property, 16 regular, 284
Arcsine, 56, 114, 176, 336 simple, 282

Arctangent, 114, 176, 336

Argument, 275 De Morgan laws, 4

Asymptote, 135 Degree, 50, 52
horizontal, 135 Derivative, 170, 190
obh(.lue7 135 backward, 178
vertical, 136 forward, 178

Binomial left, 178
coefficient, 19, 234 logarithmic, 176
expansion, 20, 428 of order k, 190

Bisection method, 111 partial, 288, 290

Cardinality, 2 right, 178

Colatitude, 261 second, 190

Combination, 20 Difference, 4

Conjunction, 5

Connective, 5

Coordinates
cylindrical, 261

quotient, 169
symmetric, 4

Differential equation

autonomous, 390

polar, 259 homogeneous, 396, 399, 406
spherical, 261 linear, 396, 406

Corner, 178 ordinary, 389

Cosine, 52, 101, 173, 176, 232 solution, 389
hyperbolic, 198, 237 with separable variables, 394
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Discontinuity
of first kind, 84
of second kind, 84
removable, 78
Disjunction, 5
Domain, 31

Equation
characteristic, 407
Equivalence
logic, 6
Expansion
asymptotic, 243
Maclaurin, 229, 235
Taylor, 228
Exponential, 50, 173, 229

Factorial, 18
Form
algebraic, 272
Cartesian, 272
exponential, 276
indeterminate, 99, 107
normal, 390
polar, 275
trigonometric, 275
Formula, 5
addition, 54
contrapositive, 6
De Moivre, 277
duplication, 54
Euler, 276
finite increment, 186
Stirling, 141
subtraction, 54
Taylor, 228, 456, 457
Function, 31
absolute value, 33, 34
absolutely integrable, 362
arccosine, 56, 114
arcsine, 56, 114, 176, 336
arctangent, 114, 176, 336
asymptotic, 136
big o, 123
bijective, 40
bounded, 37, 95
bounded from above, 37
composite, 103, 175, 241
composition, 43

concave, 192
continuous, 76, 80, 287
continuous on the right, 83
convex, 192
cosine, 52, 101, 173, 176, 232
cotangent, 54
decreasing, 42
differentiable, 170, 190
equivalent, 124
even, 47, 177, 229
exponential, 50, 173, 229
hyperbolic, 198
hyperbolic cosine, 198, 237
hyperbolic sine, 198, 237
hyperbolic tangent, 199
increasing, 41
infinite, 130
infinite of bigger order, 131
infinite of same order, 131
infinite of smaller order, 131
infinitesimal, 130, 244
injective, 38
integer part, 33, 34
integrable, 326
integral, 333
inverse, 38, 114, 175
cosine, 56
hyperbolic tangent, 200
hyperbolic cosine, 200
hyperbolic sine, 199
sine, 55
tangent, 56
invertible, 39
little o, 124
logarithm, 51, 114, 176, 231
mantissa, 34
monotone, 41, 84, 114, 188
negative part, 361
negligible, 124
odd, 47, 177, 229
of class C*°, 191
of class C*, 191
of real variable, 32

of same order of magnitude, 124

of several variables, 286
one-to-one, 38, 114
onto, 38

periodic, 47

piecewise, 32



piecewise-continuous, 319
polynomial, 50, 98, 100, 174, 315
positive part, 361

power, 48, 234

primitive, 302

rational, 50, 98, 100, 101, 312
real, 32

real-valued, 32

Sign, 33, 34

sine, 52, 79, 93, 106, 173, 232
step, 323

surjective, 38

tangent, 54, 175, 240
trigonometric, 51

uniformly continuous, 447

Gap, 84
Gradient, 288
Graph, 31

Image, 31, 36
of a curve, 281
Implication, 5
Inequality
Bernoulli, 139, 427
Cauchy-Schwarz, 266
triangle, 13
Infimum
of a function, 37
of a set, 17
Infinite, 203
of bigger order, 131
of same order, 131
of smaller order, 131
test function, 131
Infinitesimal, 130, 203
of bigger order, 130
of same order, 130
of smaller order, 130
test function, 131
Inflection, 193, 247
ascending, 193
descending, 193
Integral
Cauchy, 320
definite, 319, 321, 323, 326
general, 391
improper, 358, 365, 369
indefinite, 302, 303

Index

line, 370, 378
lower, 325
mean value, 330
particular, 391
Riemann, 322
singular, 394
upper, 325
Integration
by parts, 307, 338
by substitution, 309, 317, 338
Intersection, 3, 7
Interval, 14
of monotonicity, 42, 188

Inverse
cosine, 56, 114
sine, 55, 114

tangent, 56, 114

Landau symbols, 123
Latitude, 261
Length
of a curve, 375, 376
of a vector, 263
Limit, 68, 70, 73, 76, 81
left, 82
right, 82
Logarithm, 51, 106, 114, 176, 231
natural, 72
Longitude, 261
Lower bound, 15
greatest, 17, 113

Map, 31
identity, 45
Maximum, 16, 37
absolute, 180
relative, 180
Minimum, 16, 37
Modulus, 274

Negation, 5
Neighbourhood, 65, 287
left, 82
right, 82
Norm
of a vector, 263
Number
complex, 272
integer, 9
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Napier, 72, 106, 173, 437
natural, 9

rational, 9

real, 10

Order, 244
of a differential equation, 389
of an infinite function, 132

of an infinitesimal function, 132

of magnitude, 203

Pair
ordered, 21
Part
imaginary, 272
negative, 361
positive, 361
principal, 133, 244
real, 272
Partition, 322
adapted, 323
Period, 10, 47
minimum, 48
Permutation, 19
Point
corner, 178
critical, 181, 245
cusp, 179
extremum, 180
inflection, 193, 247
interior, 15
jump, 84
Lagrange, 184
maximum, 180
minimum, 180
of discontinuity, 84
with vertical tangent, 179
Polynomial, 50, 98, 100, 174, 315
characteristic, 407
Taylor, 228
Pre-image, 36
Predicate, 2, 6
Primitive, 302
Principle of Induction, 427
Problem
boundary value, 393
Cauchy, 392
initial value, 392

Product

Cartesian, 21

dot, 266

scalar, 266
Prolongation, 78
Proof by contradiction, 6

Quantifier
existential, 7
universal, 7

Radian, 52
Radius, 65
Range, 31, 36
Refinement, 322
Region
under the curve, 319
Relation, 23
Remainder
integral, 338, 458
Lagrange, 227, 229, 458
of a series, 145
Peano, 227, 228, 457
Restriction, 40

Sequence, 32, 66, 104, 137
convergent, 68
divergent, 70
geometric, 138
indeterminate, 71
monotone, 71
of partial sums, 142
subsequence, 441

Series, 141
absolutely convergent, 152
alternating, 151
conditionally converging, 153
converging, 142
diverging, 142
general term, 142
geometric, 146
harmonic, 148, 152, 364
indeterminate, 142
Mengoli, 144
positive-term, 146
telescopic, 145

Set, 1
ambient, 1
bounded, 15
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bounded from above, 15 local boundedness, 431
bounded from below, 15 Mean Value, 184
complement, 3, 7 Mean Value of integral calculus, 331
empty, 2 Rolle, 183
power, 2 substitution, 102, 138
Sine, 52, 79, 93, 106, 173, 232 uniqueness of the limit, 89
hyperbolic, 198, 237 Weierstrass, 114, 443
Subsequence, 441 Translation, 45
Subset, 1, 7
Sum of a series, 142 Union, 3, 7
Supremum Unit circle, 51
of a function, 37 Upper bound, 15
of a set, 17 least, 17, 113
Tangent, 54, 171, 175, 240 Value
Test maximum, 37
absolute convergence, 153, 361 principal, 276
asymptotic comparison, 148, 363, 367, Variable
471 dependent, 36, 169
comparison, 147, 360, 367 independent, 36, 169
integral, 364, 472 Vector, 262
Leibniz, 151 at a point, 270
ratio, 139, 149 direction, 263
root, 150 field, 378
Theorem lenght, 263
Bolzano-Weierstrass, 442 orientation, 263
Cauchy, 185 orthogonal, 266
comparison, 92, 95, 137 perpendicular, 266
de I’'Hopital, 200, 452 position, 262
existence of zeroes, 109, 429 space, 264
Fermat, 181 tangent, 284
Fundamental of integral calculus, 333 unit, 265
Heine-Cantor, 448 Venn diagrams, 2

intermediate value, 112
Lagrange, 184 Zero, 108
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