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CHAPTER 1

Basic concepts

1.1. Some logics

While a formal introduction to Logics is far beyond the scope of these notes, in this chapter we provide
the student with some notions which happen to be crucial for the rigorous exposition of the material of
these notes.

If P and Q are propositions, the notation

(1.1.1) P = Q

means that if P is true than also Q is true. This can be expressed also by saying that P implies Q”, or,
equivalently, " is a sufficient condition for Q”, or ”Q if P”, or ”Q is a necessary condition for P”, or
”Ponly if Q7.

For instance, if P is "It rains” and Q is ”The streets are wet”, one has P =— Q which means

“the fact that it is raining implies that the streets are wet”, which can be equivalently expressed by
one of the sentences:

“the fact that it rains is a sufficient condition for the streets to be wet”;

“the streets are wet if it rains’;

the fact that the streets are wet is a necessary condition for it rains”;

it rains only if the streets are wet”.

From this same example one deduce that, in general, ? = Q does not imply Q — P, (because
the streets can be wet for other reasons.)

Howeyver,

(1.1.2) (P = 9 = (nonQ = non?),

whose proof is as follows: if nonQ holds true, then P cannot be true, otherwise, by (P = Q), we
would get that Q would be true as well...but this is false because we have began with the assumptio that
nonQ holds true (and Q and nonQ cannot be true at the same time.) By using the fact that double negation
coincides with affirmation, from (1.1.2) we get also

(nonQ = non?) = (non-non? = non-nonQ), ie. (P = Q).

Summarizing the two above implications, we have, (P = Q) is equivalent to (nonQ = non?P),
which can be written as

‘(T = Q) < (nonQ = noan)‘

Notive that we have utilized the notation <=, which reads if and only if . Therefore the proposition
A B

1



means A is true if and only if B is true.It can be equivalently expressed saying A is a necessary and
sufficient condition for B or even A is equivalent to B.

For instance, if A is the proposition A is a square” and B is the proposition A has 4 edges”, we
have that A = B is true, while B = A is false (since there exist polygons with 4 edges which are
not squares). As a consequence, also A &= B is false. Instead, if € = A is a polygon with 4 equal
angles and such that consecutive edges are congruent”, then A <= C is true.

Much care has to be put into the use of the conjunctions and and or. If we say ”P; and P,” we are
saying that both P and P, hold true, while if we say ”P; or P,” the following three cases may occur: i)
both P; and P, hold true, ii) P; is true but P, is false, iii) P, is true but Py is false.

Be also careful that ”P; or P,” is different from either Py or P,”: indeed, the latter rules out the
fact that both P; and P, hold true.

ExampLE 1.1.1. P: Jack is from UK and his mother is from Sudan
Q: Jack is from UK or his mother is from Sudan
R: Either Jack is from UK or his mother is from Sudan

In constructing propositions, we will use the notation 3 with the meaning of “there exists one”, or,
equivalently, “there exists at least one”, while the notation V¥ means “for every”. 3 is called the existence
quantifier and V is called the universal quantifier. For instance,

“the sum of the angles of T is m, V triangle T means that for every triangle the sum of the angles is
n. Instead, 3 polygons such that the sum of their angles is 2m means that the sum of the angles for some
polygons (the quadrangles!) is 2. !

1.2. Sets

Definition 1.2.1

We call set any collection of objects, which are denominated elements .

A set A is given as soon we describe its objects. For instance,
A ={b,v,casa,stella, H}

denotes the set A whose elements are the letters b, v, H, and the words casa, stella. To say that an object
is an element of a set one uses the notation €, while we use ¢ to mean that an object is not an element of
a certain set: for instance, for the previous set A onehasy € A, 7 ¢ A.

For instance, in the previous example we have y € A (y belongs to A) and also casa € A (casa
belongs to A).

Definition 1.2.2

A set B is a subset of A, and we write B C A, if any element of B is also an element of A. In this
case, one also says that A contains B, or B is contained A.

1Tt is well-known that for a polygon with £ (£ > 3) edges the sum of the internal angles is (£ —2)x. For instance, for quadrangles,
pentagons, and hexagons, this sum is 27, 37, 47, respectively.



For instance, if A = {b, y, casa, stella, h}, B = {b, stella}, and K = {y, stella, h}, then
BCcA and KcA

Of course, for any set E, itis E C E.

If £ and F are sets we write F' C E to mean that F C E and F # E. However, to stress the fact that
F is not equal to E, it is common use to use the notation F' & E instead of the mere F' C E.

If an environment set A is given, one can also describe a subset £ C A by means of a property of
its.2. For instance, if A = N is the set of natural numbers, the subset E C A of even numbers can be
descrbed as

E ={0,2,4,6,8.....}
or, more rigorously, as
E ={2m, m € N},

ExampLE 1.2.3. If P = {members of the Italian Parliament on September 27,2022}, one can con-
sider the subset
M = {a € P, the first name of a is Matteo}.

For sure, we have that
Matteo Salvini € M, Matteo Renzi € M,

or, equivalently
{Matteo Salvini, Matteo Renzi} C M C P.

Probably, it is also {Matteo Salvini, Matteo Renzi} C M (because there might be other members of the
Parliament whose first name is Matteo). And it is also M C P (because, for instance, the first name of
Maria Elena Boschi is Maria Elena and not Matteo).

For any fixed number n > 1, a subset of P is given by

C,, = {a € P, the age of a is larger than n on September 27,2020}

One has Maria Elena Boschi¢ Cy43, while Silvio Berlusconi€ Cg3. And, of course, Cip9 = 0

In the previous example, we have used the notation (), which means empty set , and is defined as the
set with zero elements. Clearly the empty set is a subset of every set. There are infinitely many alternative
ways to describe the empty set. For instance,

0 = {the traffic lights that play football} = {the cows that know Pythagoras’theorem } =

= {the factors of 11 different from 11 } = {the hexagons such that the sum of the internal angles is 67 }
If E, F are sets, their intersection £ N F and their union E U F are defined as
ENnF={a, a€E and a € F}
and
EUF={a, aeFE oracF} 3

2Be careful that the fact that E is subset of a given set A plays a crucial role here, as is shown by Russel’s paradox, see e.g.
https://en.wikipedia.org/wiki/Russell%27s_paradox
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The difference E\F of E and F is defined as
E\F={a€E, a¢F}

Notice that, for all sets E, F, one has EUF = FUE FNF = FnN E, while, in general E\F is
different from F\E

ExampLE 1.2.4. If M, C are as in Example 1.2.3 one has
M N C = {elements of P who are strictly older than 40 and whose first name is Matteo}
M U C = {elements of P who are strictly older than 40 or whose first name is Matteo}

M\C = { elements of P who are younger than 40 and whose first name is Matteo} C\M = {elements of P who are stri

If Pp, = {members of the French Parliament} then
CNPr,=PNPr, =P, NN=0

ExampLE 1.25. f G={neN, I3meN n=3m},and H={n €N, Im e N n=4m} then
GcN, HcCN

GNH={neN, I3meN n=12m}

GUH={neN, d3meN n=3mor n=4m}

G\H={neN, d3meN n=3m and n + 4f V{ € N}

G\N =0,

If we are given two sets X,Y, the product set X x Y is defined as the set of pairs (x, y) such that
x € X and y € Y, namely
XxY={(x,y), xeX,yeY}

For instance, if G, H are as above
GXH:{(]’l,g), 3m,£€N,h:3m’g:4m}

In particular (720, 720) € G x H and (9%, 10%) € G x H, while (720,721) ¢ G x H and (9*,10) ¢ G x H.
Observethat X XY # Y X X, unless X =Y
More in general, for a finite number of sets X, X5, . .., X,,, the product X| X X» X ... X X, is defined
as the set of (ordered) n-tuples (xy, x2, ..., xy,) verifying x; € X;, Vi such that 1 <i < n.

1.3. Theorems

Mathematics is expressed through definitions and theorems. What is the statement of a theorem?
Actually, it is a very simple object: the statement of a theorem reads as

Theorem. If J is true than also 7 is true.

Here J and T are propositions, called hypothesis and thesis, respectively. The proof of a theorem
consists in passing from the hypothesis to the thesis passing through implication steps.

For example, suppose we have the theorem

3Be careful with the meaning of the conjunction or (see above) .



Theorem. The square of the diagonal of a quadrangle having all equal angles is equal to the sum of
the squares of two consecutive edges.

Proor. A quadrangle having all equal angles is a rectangle = the diagonal AC of a rectangle
ABCD (A, B,C, D are consecutive vertexes ) is nothing but the hypotenuse of the right triangle ABD:
apply Pithagoras Theorem to ABD =— = Thesis. O

The words Lemma, Proposition, Corollary are synonymous of Theorem.

1.3.1. Kinds of proof. There is not something like a general method for proving a theorem, and,
as said above, a proof is a chain of implications between the hypothesis and thesis. We will see several
theorem’s proofs in this course, each of which requires some intuitive ideas to be made formal eventually.
However, among the various kinds of proof, there are two methods that sometimes result very useful:proof
by induction and the proof by contradiction.

The proof by contradiction”. Suppose you have to prove the theorem: if the hypothesis J holds
then the thesis T holds. The proof by contradiction consists in denying the thesis, and then proceeding
by some implications until one reaches a contradiction with the hypotesis. S, the proof by contradiction
always it starts with ”If (by contradiction) J were false...”, and proceeds by some implications until one
reaches a statement C”which contradicts the hypothesis J. 4

The proof by induction”: this method applies to theorems whose statement has the following form
TaeoreM 1.3.1. Vn e N P, holds true.

The proof by induction consists in two steps:

(1) Prove that P; is true;
(2) Prove that, for any number n, if P,, is true, then also P,,4;

Once one has proven both 1) and 2), the theorem is proved,’ i.e. P, holds true for any n > 1.6

1.4. Functions

Let us introduce the notion of function in a very general setting, though in these notes we will limit
to functions whose domain and codomain B are subsets of the set R of real numbers.”

A function, also called map, is an object consisting of a set A called domain, a set B called codomain,
and a law f that, to every element of a € A, associates one (and only one) element f(a) € B. This is
written as

f: A—>B
a— f(a) VYaeA

4 contradicting the hypothesis J means that C and J cannot be both true.

5Why this method is working 1is something one can find in any Logics book, or even on
https://en.wikipedia.org/wiki/Proof_by_contradictionfiJustification.

6One can replace the first step with *“ Prove that Py, is true’”, for some k € N”, and the second step with* if P,, is true, then also
P41 for n > k. This is enough in order to prove that P, is true for every n > k.

7See the next Section for a rigorous definition of real number.
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One says that ”f maps a to f(a)”, or also that ” f(a) is the image of a” . Moreover, for any E C A the
set

f(E)={f(a), acE}CB
is called the f-image of E.
For a given map f : A — B and for any K C B, the set

fo(K)=A{a, f(a)ek} 3

is called the f-preimage of K, or also the the inverse f-image of K (When the map f is understood
from the context, one simply uses the words image, preimage, and inverse image instead of f-image, f-
preimage, and inverse f-image, respectively ) .°

Let us see a few examples:

ExampLE 1.4.1. Consider the domain A = N and the codomain B = {n + 100, n € N} and the map
f : A — B defined by setting f(m) = m? + 200, Vm € N. For instance,

£(2) =204, f£(15) =425, £(0)=200, f(100)= 10200.

and
£({2,3,7)) = {204,209, 249}, f‘_({n €N, 250 <n < 300}) - (8,9, 10}

£ (e, 180 <n <199}) =0

ExampLE 1.4.2. Consider the domain A = N x N and the codomain B = {n — 100, n € N} and the
map f : A — B defined by setting f(ny,ny) = niny — 50, V(ny,ny) € N X N. The map is well defined,
because f(ny,ny) > —50 VY (n1,n2) € N x N. For instance,

£(1,0) = =50, £(2,3)=-44, f£(10,2)=-30, £(101,60) = 6010.

£({(2,3),(3,8), (7,10)}) = {-44,-26,20}, f(A) = fF(NXN) = {m - 50, m € N} (c B)

Let us prove the last equality. One has f(N X N) C {m — 50, m € N}. Indeed an element of f(N x N)
has form n;ny — 50, and nyny; — 50 € {m — 50, m € N}, since nin, € N.
Conversely, let us prove the inclusion

SINXN) D {m—-50, meN}.

If g € {m—-50, m € N}, it means that g = 7 — 50 for some 7z € N. On the other hand, one has 2 = i1 - 1,
so that g = f (i1, 1),1.e. ¢ € f(N x N), so the inclusion is proved.

Hence we have proved that both f(NXN) C {m —50, m € N} and f(NxN) 2 {m —50, m € N},
thence f(N X N) = {m — 50, m € N}.

One also verifies that

f‘_({n €N, 250 <n < 300}) ~ (8,9, 10}

8Sometimes the notation f~!(K) is used instead of £~ (K). Yet, this notation is a bit ambiguous, since it might erroneously
suggest that there exists an inverse function f ~1 (see below in these notes), which in general is not true.

90bserve that f~(K) =0 assoonas KN f(A) =0

10To be rigorous, one should write f((ny,n,)), but it is customary to use the simpler notation f(n,ny) instead.



f‘_({n €N, 180 <n < 199}) )

ExampLE 1.4.3. A = R, B = [-2,2], where R denotes the set of real numbers and [—1, 1] is the
closed interval of extremes —1, 1 (see the next chapter). We consider the function set f : R — [0, 2]
defined as f(x) = sin’x (let us recall that sinx is the ordinate of the point on the circle of radius 1
corresponding to an angle of x radiants). So, in particular

f0)=0, f(n/2)=f(-n/2)=f(101x/2) =1, [f(-n/3)=3/4
Furthermore,

J®R) = f([n/2,7/2]) = f(10,7/2]) = [0,1]

1.4.1. Composition of maps. One can compose maps:

Definition 1.4.4

If f: A— Bandg: C — D are maps, with B C C, one can define the map go f : A — D by
setting, for every x € A,

go f(x) =g(f(x)
The map the map g o f : A — D is called the composition of g with f, or g after f.

For example, if

1
f:N—>{ge€Q,q <2}, f(n)::l+m, g:050Q, g(q):=8q>

we can construct g o f : N — Q (because {¢g € Q, ¢ < 2} C Q). It turns iout that

1 \2
gof(n)—8(1+m), VneN

We will see several examples of maps defined on subsets of the set R of real numbers, which will be
introduced in the next chapter.

1.4.2. General properties of functions. We say that a function f : A — B is injective if for every
element b = f(A) is the image of only one a € A. More formally:

Definition 1.4.5

A function f : A — B is injective if

VYaj,as € A, a1 #ay = f(a1) # f(a2)

The following characterization is often useful:
f : A — Bisinjective if and only if

Vai,a, € A suchthat f(ay) = f(ay) = a; = as,



Another possible property, called surjectivety, consists in invading the whole codomain B by the
images of the elements of A:

Definition 1.4.6

A function f : A — B is surjective if
Vb € B, da suchthat f(a) = b,

or, in other words,

f(A)=B

Let us examine injectity and surgectivity of the above examples:

ExampLe 1.4.7 (1)). A =N, B={n+100, n € N} and f : A — B defined by setting f(m) =
m? +200, Ym € N.

This map is injective. To see it let us use the characterization given after the definition. For any
mi,my € N one has

f(my) = f(my) & m?+200 = m3 +200 & m} = mj &= m; = m

the last equivalence holding because both m| and m; are not negative.
Instead, f is not surjective, because, for instance, 150 € B, but there are no m € A such that

f(m) = 150. (Indeed, for any m € A, f(m) = m? +200 > 200.)

ExampLE 1.4.8. Consider the domain A = N x N and the codomain B = {n — 100, n € N} and the
map f : A — B defined by setting f(ny,ny) = niny —50V(ny,ny) € NxN,

This function is not injective, because, for instance, f(1,2) = f(2,1). Actually f(ny,n3) = f(na, ny),
forall (n1,ny) € A.

[ is not surjective: indeed, we have seen that

f(A) = F(NXN) ={m-50, meN}c{n-100, neN} =B,

the last inclusion being strict. Notice that if we replaced B with B = f(A) = {m - 50, m € N} we would
recover surjectivity.

ExaMpLE 1.4.9. The function set f : R — [0,2] defined as f(x) = (sinx)? is not injective. Indeed,
for instance, one has f(0) = f(2n) = 0. Moreover, f is not surjective, for

J(R) = f([7/2,7/2]) = f([0,7/2]) = [0,1] c [0,2] = B.
Once again, if with replace the codomain [0, 2] with [0, 1], the map becomes surjective

In the next chapters we will study many other examples in the special case when the domain and the
codomain are subsets of R.

1Of course this is a general fact, valid for every function f : A — B: if one replaces the codomain B with the new codomain
B = f(A) the function becomes surjective.



Definition 1.4.10

A map f : A — B which is both injective and surjective is said to be bijective.

In other words, amap f : A — B is bijective if and only if for every b € B there exists one and only
one a € A such that f(a) = b. When a function f : A — B is bijective one also says that f establishes a
one to one correspondence between A and B.

ExampLE 1.4.11. There is a one to one correspondence between the natural numbers N and the set of
odd numbers O := {2n+ 1, n € N}. Indeed, one can verify that the function f : N — O, f(n) =2n+1,
which is easily seen to be injective (indeed f(ny) =2n1+1=2n+1 = f(n)) = 2n; =2n =
ny = ny) is also surjective (if m is odd, then n = mT_l € Nand f(n) =m). Hence f is bijective.

Similarly there is a one-to-one correspondence between N and the set of even numbers.
We will see several other examples as soon as we will introduce the set of real numbers. Let us
anticipate one of these examples:

ExampLE 1.4.12. The map f : [0,27] — [-1,1], f(x) = sinx Vx € [0,2x] (see next Chapter)
is not bijective, because it is not injective. However,the restriction of f to the subdomain [7/2,37/2],
namely the map f D7 /2,37)2) = [=1L 1] Sl pae (0) = f(x) Vx € [7/2,37/2], is bijective.

[7/2,37/2]

ExampLE 1.4.13. The reader is invited to prove the following fact: if A is a set of n elements and B
is a set of m elements (n,m > 0), then there exists (at least) one bijective map between A and B if and
only if n = m.

1.4.3. Inverse functions. The idea of inverse function of a (bijective) function f consists in ex-
changing domain and codomain and mapping every element y of the codomain into the element x of the
domain such that y is th e f- image of x. Namely,

Definition 1.4.14

Let f : A — B be a bijective function. The inverse of f is the function
fl:B—>A VyeB, f'(y)=xeA provided f(x) =y

Notice that the bijectivity of f is essential. More precisely, the surjectivity guaranties that for every
y such an x exists, while injectivity implies that the inverse is unique. (A posteriori, such an uniqueness
justifies the fact that we say “the” inverse and not merely “an * inverse).

Let us give some simple examples.!?

ExampLE 1.4.15. Consider the function f : N — Q, f(n) = 6n+ 17. It is easy to prove that this
function is injective: for any two natural numbers n1, ny, if 6n; + 17 = 6n + 17, then 6n; = 6n, so that
n1 = ny. Obviously this function is not surjective! For example there are not n such that f(n) =1 13

2Much more interesting and important examples will be given in the next chapter, as soo we will introduce elementary functions
between subsets of rthe real numbers.
BBy contradiction: if 1 = 6n + 17,thenn = —%, but —% is not a natural number.



Of corse, by reducing the codomain of a function f : A — B to the image of the domain, one always
recover surjectivity by considering the new function f : A — f(A) with f(x) = f(x) Vx € A. So, in
the previous case we can consider the function

fiN—-C:={6n+17, neN} f(n):=f(n)=6n+17 VneN

Now, f is (injective and) surjective, hence it is bijective, so that there exists the inverse function. Actually
one has

qg-17

flic-n, i) ="—

1.5. On counting subsets and their arrangements

In this section we answer to the following basic questions:

(1) Givenasetwith k > 1elements, how many arrangements of these elements, i.e., ordered k-tuple
can we construct? (By saying ordered we mean that, for instance, while {x, v, z} = {x,y, z})

(2) Given a set with n > 1 elements, how many are its subsets (including the empty set)

(3) Given aset withn > 1 elements and k € N, k < n, how many subsets with k elements do exist?

!
We will see that the answers are k!, 2", and (Z) = ﬁ, respectively where, for any natural
'(n—k)!
number m, m! denotes the factorial of m, namely
m'i=m-(m-1)-(m-2)-...-2-1

Proposition 1.5.1

For any natural number k£ > 0, the number of arrangenents of k elements is k!

For instance, there are 9! = 732240 different arrangements of a set of 9 elements.

Proor. Let us proceed by induction. The statement for k = 1 is obviously true. Now assume that
it is true for k and let us prove it for k + 1. So, from a set S of k£ + 1 elements let us get out an element
5 € S. The set S\{5} has k elements, and by inductive hypothesis that there are k! arrangements of them.
How many arrangements of the whole set S do we obtain? For any arrangement of S\ {5} we can insert
5 in some position, from the left of the first element until the right of the last element: this makes n + 1
possibilities. Therefore, the arrangements of S are k!(k + 1) = k + 1. O

By convention, one sets

0'=1.

Proposition 1.5.2

A set with n > 1 elements has 2" subsets.

Proor. We proceed by induction. If a set has 1 element, clearly it has 2 = 2! subsets: itself and the
empty set. Now suppose that the statement is true for some n: we wish to prove that it is true for n + 1
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as well. Actually, if a set S has n + 1 elements and we choose one of them, say § € S, the subsets of §
split in two families: the family € of the subsets that contain § and the family N of the subsets that do not
contain §. But N coincides with the family of all subsets of S\§, and, by our inductive hypothesis, there
are exactly 2" of such subsets. On the other hand, each subset of the family € can be obtained as E U {5},
where E is a member of the family N. Therefore the subsets in the family € are as many as the subsets
in N. Hence the number of all subsets of S is equal to 2" + 2" = 2"*!_ 50 the second inductive step is
concluded, and the proposition is proved.

Proposition 1.5.3

. n
Fix two natural numbers k < n. Let ( X

n\ _nn-1)---(n-k+1)
(k)_ k!

) denote the number of subsets with k elements. Then

Proor. If k = 1, the equality is verified, for there are exactly n = ( Y ) subsets with 1 element. If

k > 1, let us begin with choosing the first element for a set of k elements. There are n possible choices.
Secondly let us choose another element from the n — 1 remaining ones. So far we have had n(n — 1).
There remain (n — 2)elements, so that at the third step we have n — 2 choices. So far we have I had
n(n — 1)(n — 2) choices. Continuing similarly, our last choice among n — k + 1 elements, having had a
total of n(n — 1) ---(n — k + 1) different possibilities in creating a subset of k elements. However, in
the above procedure different choices could end up with the same subset of k£ elements which are only
ordered differently.(For instance, if S = {1, 2, 3,4}) and k = 3, with the above procedure we produce both
{1,3,4} and {4, 1, 3}, the former subset being equal to latter, only differently arranged). Therefore, we
have to divide the obtained number n(n —1) - - - (n — k + 1) by k!, which is the number of rearrangements
of a given set of k£ elements. Summing up, we have obtained

n\_nn-1)---(n-k+1)
(k)_ k! ’

aso the proposition is proved. O

Let us observe that the binomial coefficient can also equivalently defined by

ny_ n!
(k )_k!(n—k)!

(5)-1

which might interpreted as ’the number of subsets with 0 elements”: there is only one of such subsets,
the empty set.

One also sets

Since a set of n elements has 2" subsets, one immediately gets



Corollary 1.5.4

For every 1 < n one has

The following fact, which has an easy combinatorial meaning, will explain the construction rule of
the Pascal triangle (see below).

Proposition 1.5.5

For every 1 < k < n one has

Proor. Indded,
(n—1)+(n—l) (n—1)! (n—1)! _(n—l)!k+(n—1)!(n—k)

k)T G=Dln-0)! Ku-k=1)! Ku-0!  kKn-k

_(n=Dln n! [ n
Ckl(n-k)! k!(n-—k)! _( k )

1.5.1. Newton’s formula. One refers to "Newton’s formula” to mean the following elementary
result:

Proposition 1.5.6

For every a, b € R and every natural number n > 1, one has

(a+b)" = i( Z )a"‘kbk

Proor. Writing

(a+b)"=(a+b)---(a+b)
—— ——
factor 1 factor n

we understand that:
i) the result has to be a linear combination of terms of the form a”* *b*, k =0, ..., n;

ii) if we consider the set

S = {factor 1, ..., factor n}
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of the n factors, for every k < n the coefficient of the term a”~*b* coincides with the number of

n

k

concluded. O

Observe that, putting the last propositions together, we obtain the rule to build the well-known Pascal’s
triangle.

subsets of S made by k elements. Since, as seen above, this number coincides with ( ), the proof is






CHAPTER 2

Real Numbers

2.1. Do we really need real numbers?

Numbers were invented to provide a quantitative basis to a large number of everyday life problems.
The first set of numbers we learn in our life is the set of naturals, denoted by N and made by numbers
0,1,2,3,.... This set naturally arises when we start with count objects. N is not simply a set of elements,
because certain operations are defined: sum, product are well defined. They are binary operations in the
sense that in each case we have two numbers and we compute a third one (n +m or n - m). In certain cases
also difference and division are defined, despite not always (so we can compute 3 — 2 or 6 + 3 while we
cannot do 2 — 3 or 3+ 6). An order is also defined, so we can always say if n > m orn = m or n < m (we
say that this order is fotal, in the sense that any two numbers can always be compared).!

Naturals are enough for a large number of common life situations, but sometimes we need to enlarge
our abilities. For example: a firm earns p from sales and has to pay c to sustain her activity; it would be
natural to compute p — ¢ to determine the profit or loss. If ¢ > p we would not be able to compute p — ¢
within naturals. That’s why we need integers Z = {0, +1,+2,+3,...}. On Z the same operations of N
are defined but now difference can be computed between any two integers, thus n — m makes sense for
every n,m € Z). Yet, in general, we cannot always compute n + m when n,m € Z. Thus, if we have to
divide a meter into three equal parts, that is, compute 1 + 3 we cannot do this within Z. That is why we
need a further enlargement, that is, rational numbers Q = {% : n,m € Z, n # 0}, which is also called
also the set of fractions”. In Q we can do sum, difference, product, and division (by a number different
from 0). As is well known, when the denominator of each expression is different from O, one has

m,p_mq*np m p_mp m . p_mqg

n"q ng " n g ng n g np’
Remarkably, N C Z C Q, because we may identify numbers as 5+ with m. On Q, a total order is also well
defined.

It was well known to Greeks that rational numbers cannot exhaust all possible numbers. Take a

square of side 1. According to Pythagoras’ theorem, the diagonal of the square measures V12 + 12 = V2.

Theorem 2.1.1

V2¢Q.

1See below for a rigorous definition of total order



Proor. Assume, by contradiction, V2 e Q, that is V2 = % for some m,n € Z. We may assume
that m,n > 0 (thus m,n € N) and they do not share any common divisor. OQur goal is to prove that,
necessarily, they must have a common divisor, contradicting the previous assumption. To show this,

notice that

— =2, &= m :an, = m?iseven.

What about m? Guess: m itself must be even. Indeed, if m were odd, say m = 2k + 1, then

m?=QRk+1)?=4k>+4k+1=22k* +2)+1 = m?isodd.

Thus, m = 2k (that is 2 divides m). Hence,

2

m? =2n?, — 4k*=2% < n®=2k* < n®iseven.

By the same argument, 7 itself is even, that is 2 divides also n. We obtained that 2 divides both m, n and
this contradicts our initial assumption. O

2.2. Axiomatic definition of R

We just learnt that there are numbers that are not rational numbers, called irrational numbers. The
construction of the extension of Q is technically difficult and beyond the scope of this course, hence we

will omit here. We will just buy this as a
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Theorem 2.2.1: Existence of R

There exists a set, denoted by R O Q, called set of real numbers fulfilling the following properties.

e On R a sum + is defined, coincident with the ordinary sum on Q, such that
i) (associativity): x+ (y+2z) = (x+y) +z,Vx,y,z € R.
ii) (commutativity): x +y =y +x, Vx,y € R.
iii) (zero): x + 0 =x, Vx e R.
iv) (opposite): Vx € R, 3ly e R: x + y = 0. The opposite is denoted by —x.
e On R a product - is defined, coincident with the ordinary product on Q, such that
i) (associativity): x - (y-2) = (x-y) -z, Vx,y,z € R.
ii) (commutativity): x -y =y -x,Vx,y € R.
iii) (unit): x - 1 =x, Vx € R.
iv) (reciprocal): Vx € R\{0}, 3!y € R: x - y = 1. The reciprocal is denoted by %
e Sum and product fulfil distributivity,

x-(y+z)=x-y+x,Yx,y,z € R.

e On R it is also defined an ordering <, coinciding with the order on Q, such that:

i) (total ordering): Vx, y € R only one between x < y, x =y, y < x is true.

We write x < yifx < y orx =y. Then
ii) (transitivity): if x < yand y < zthenx < z.

iii) (reflexivity): if x < yand y < x then y = x.

iv) (invariance by sum): ifx < ythenx+z < y+z,Vz e R.
v) (invariance by product): if x < ythenx-z<y-z,VzeR, z> 0.

Finally, on R the following property holds true:

o (completeness): any lower bounded (or upper bounded) set S C R admits best lower
bound (best upper bound).

Completeness is the trademark of R. To clarify this property, we need to fix some definitions:

Definition 2.2.2: (lower bound)

A set S C R is lower bounded if

JaeR : a<s, VseS.

Definition 2.2.3: (upper bound)

A set S C R is upper bounded if

FbeR : b>s, VseS.

If a set S is both lower and upper bounded, we say that it is bounded. In particular:

Sbounded < da,beR : a<s<b, VseSs.
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We are now ready to define the crucial concept of best lower bound or, more commonly, infimum :

Definition 2.2.4: (best lower bound)

Given a lower bounded set S ¢ R, anumber @ € R is called best lower bound or, more commonly,
infimum of § (notation @ = inf S) if

1) a is a lower bound for S, thatis a < s, Vs € §;
ii) « is the best lower bound for S, that is V8 > @, Is € S such that @ < s < 8.

S

Definition 2.2.5: (best upper bound)

Given a lower bounded set S C R, anumber y € R is called best upper bound or, more commonly,
supremum of S (notation y = sup S) if

1) 7y is an upper bound for S, thatisy > s, Vs € §;

ii) vy is the best upper bound for S, thatis V8 < y, s € S such that y < s < 8.

S

The infimum and the supremum are weakened versions of two extremely important concepts, minimum
and maximum of a set.

Definition 2.2.6

Given § C R we say that m € R is the minimum of S (notation m = min §) if
i) meS
i) m<s,Vses

Definition 2.2.7

Given S C R we say that M € R is the maximum of S (notation M = max S) if
i) MeS
i) M >s5,VseS

If the set S is finite, that is made by a finite number of elements, it is clear that both min § and max S
exist and they can be determined by a simple algorithm. When S is infinite, that is not made by a finite
number of elements, the existence of min/max is no more sure and, in general, it is false as the following
example shows:



ExaMmpLE 2.2.8. The set

1 11
S=4— :neN,n+0;=41,-,=,. ,
{" } { 23 }
has a maximum but it has not a minimum.
o 11 1 1 S
43 2

SoL. — Clearly 0 < % < 1 for every n € N\{0}, and 1 € S: previous inequality implies that 1 = max S. As for
min S, the argument is more delicate. We may guess min S = 0. However, 0 ¢ S (indeed it is not possible % =0),
thus O cannot be a minimum for S (remember: minimum and maximum must be elements of S!). This, however,
does not disprove that S might have a minimum, it proves only that 0 cannot be the minimum. Therefore, what if
min S = p for some other p? If this were the case, then p € Sso p = ﬁ for some N € N\{0}. However, then, since

1 1
S> —.
N+1 N
We would have an element of S strictly lower than the supposed min S and this is a contradiction! Therefore, we
have to conclude that min S does not exists. m|

As we anticipated, inf S is a weakened version of min S. The sense of this statement is made precise by
the following

Proposition 2.2.9

e If 3min S, then min S = inf S
e if Amax S, then max S = sup S.

The proof is left as an exercise (simple and recommended).

ExampLE 2.2.10. Let

S:{”_l :neN,n>O}.

Discuss inf S, sup S and existence of min S, max S.

N | =
wIN

SorL. — Clearly 0 < "n;l < 1forevery n € N, n > 0 (thatis n > 1). In particular, S is bounded thus it admits both

inf S and sup S. Guess:
min S =0, (thus inf S =0), supS =1, and it does not exist max S
Let us prove our guess: first min S = 0. Indeed
e 0€eS(taken =1: =1 = 0);
e 0 <s,Vs €S: indeed this means 0 < ”T*], Vn € N, n > 0 (already noticed).

Thus, in particular, inf S = 0 (general fact). Second claim: sup S = 1. Indeed
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o 1> "T_l, Vn € N, n > 0 (already noticed);
e [ is the best upper bound: we have to check that

n—1

V<1, dneN,: > B.
n
However,
n-1 1 1 B<l 1
=l-->8  -<1-8, & n> .
n n n 1-p
Thus, taking n > # we have the conclusion.
Finally: max § does not exist. Indeed, if max S would exists, then necessarily max S = sup S = 1. However, 1 ¢ S
(because 1 — % = 1 if and only if % = 0, impossible). O

In the final part of the example, we find an element of s > § provided #n is greater than a suitable real
number. This seems to be obvious. However, it is not immediate to find a proper justification. Indeed, the
question is: are there real numbers greater than any integer? This is a nontrivial remarkable property:

Theorem 2.2.11: Archimedean property

VbeR, I3neN, : n>b.

Proor. Suppose that the conclusion is false and that there exists a real b such that
n<b,VneN.
N would be then upper bounded in R, so by completeness sup S exists
R>a:=supN

Let us give a look at this weird situation with the help of a figure:

N o b N B i « A+l b
Now, taking any @ — 1 < 8 < @, since « is the best upper bound,
IneN, : B<n <a.

Butthen N>7n+1>p8+1=a-1+1=a: sowe have found an element of N, namely 7 + 1, strictly bigger than
a = sup N: this is a contradiction! O

ExampLE 2.2.12. Find inf/sup and, if any, min/max of

1
S=42-—:neN, n>1;.
k- }

Sor. — sup/max. The elements of S are numbers

%7
asn € N, n > 1. Clearly, 2 - ‘/Lﬁ < 2 for any n > 1. We deduce that S is upper bounded (by 2 for instance),
therefore sup S € R by completeness. Let us see that sup S = 2. Intuitively, it is clear: as n is ’big”, the number
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2 - Ln is close to 2 and lower than it. We have already seen that 2 is an upper bound, it remains to check that it is
the best, that is

1
Vﬂ<2,3n>1:2—$>ﬂ.
But
2—L>,B, — L<2—ﬁ’, — Vn>2 1 , = n>(;)2.
\n Vn 2-0 2-8

2 2
Therefore, if n > (ﬁ) (precisely n > [(ﬁ)

+ 1) we are done. About max: if it exists it coincides with

L

sup § = 2. Thus, we have to check if 2 € S or not. However, 2 — v

<2foranyn > 1,s02 ¢ S, therefore max S
does not exist.

Let us look for the infimum or the minimum. . Notice that if n " (that is n increase) then 2 — \/Lﬁ /" (that is

2 - \/lﬁ increase ). Therefore

1 1
§32-—=1<2-—,Vn21l, = 1=minS=infS. O

Vi Vi

Of course, a set S € R might be not lower/upper bounded. In these cases, we say that

e Sislower unbounded if VB € R, ds € §, : s <.
e S isupper unbounded if VB € R, s € S, : s > 6.

For convenience, we will write
inf § = —oco, when S is lower unbounded, sup S = +co, when S is upper unbounded.

But, warning: +co are not numbers! We introduce some useful notations. Leta,b € R, a < b. We set
[a,b] ={xeR : a<x<b} Jab]l:={xeR : a<x<b}.
[a,b[:={x€eR : a<x<b}. Jlab[:={x€eR : a<x<b}
]—oco,bl:={xeR : x<b}. ]J—-oco,b[:={xeR : x<b}.

[a,+o0[:={x €R : x > a}. la,+oo[:={x €R : x > a}.

All these sets are called intervals. We set also | — oo, +co[:= R.
Let x > 0. Sooner or later, some integer n will be bigger than x, that is x € [0, n[. Now

[0,n[= [0, 1[U[1,2[U[2,3[U... U [n— 1,n].

And because the intervals [k, k + 1[ are disjoint, x belongs only to exactly one of them.
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Definition 2.2.13

Given x > 0 we call integer part of x the number [x] € N such that
[x] <x < [x]+1.

We call fractional part of x the number x — [x] =: {x}.

Integer part is defined also for x < 0: [x] € Z is the unique integer such that
[x] <x < |[x]+1.
In this case, for instance [—%] =-2.

2.2.1. Supplement: Q does not fulfil completeness. Real numbers are really more effective than
rational numbers. Apart from completeness, both R and Q have the same algebraic structure. What
makes the difference between the two is precisely completeness, which is true in R while it is false in Q.

Proposition 2.2.14

Theset S :={g € Q : 0 < ¢ < V2} is bounded but it does not admits sup S in Q.
S={qeQ : 0<q<y/2}

: V2

Proor. Clearly S is bounded, thus it admits p := sup S. We claim p? = 2 (that is, p = V2). If this holds, in
particular sup S ¢ Q, thus S cannot have a best upper bound in Q. This is the strategy, but the proof of our claim,
namely p = V2, is not so easy.

S={qeQ : 0<q<y/ 2} S={qe@ : 0<q<y/ 2}
— -

g —eo—o——
0 P \/E 0 \/Ep—% p

Let us prove that p = V2. Assume first p = sup S > V2. As the right figure suggests, p shouldn’t be the best upper
bound, that is we may find p — % with n big enough in such a way that

1
(2.2.1) V2<p-=<p.
n

Indeed, notice that p — % < pis clearly true whatever isn € N, n # 0. As for the first inequality of (2.2.1), observe
that

2
1 1 2 1
V2<p--, = 2<(p——) =p2——p+—2.
n n n n
Clearly, if we choose n such that
2 2 2
2<p2——p,<=> —p<p2—2,<=>n> 2p .
n n pc—=2

we get

2 1 2
pz——p+—2>p2——p>\/§
n n n
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(2.2.1) is finally satisfied.
Assume now that p = sup § < V2. As the left figure suggests, we should be able to find ad n € N such that

1
(2.2.2) p<p+-—<V2.
n

If this is the case, since p + % € Q we would have p + % € S: but then p would not be an upper bound for S because
there’s some element of S strictly greater than p. Now, to find such an n we have to solve

1 1\ , 2 1
p+—<\/§, — |p+-| <2, &= p +—p+—2<2
n n n n
Since iz < L for every n > 1, if we are able to solve
n n
2 1
p2+—p+—<2
n n
we are done. Now
2p +1
2-p?

, 21 1 5
pH+-p+—-<2, & —-2p+1)<2-p°, & n>
n n n

Hence the second inequality of (2.2.2) is valid for such an n. Conclusion: we proved that both p > V2 and
p < V2 lead to a contradiction. Thus, p = V2. O

2.3. ”How many elements in a set?”’

The notion of finite set is common intuition: more less, a set E will be said finite if ”one can count
its elements”. How do we translate this idea in rigorous mathematical language? A simple idea consists
in considering the following sample sets:

Sy ={1}  S:={L,2} S3:={1,23} ..., So:={1,2,3,...9}

and, in general, for every n € N,
S, ={1,2,3,...n}

The definition of finite set is then as follows:

Definition 2.3.1

A set E # 0 is finite if there exists a bijective function between E and S, for some positive
natural number n. Otherwise said, a set E is finite if, for some positive natural number 7, there is
a one-to-one correspondence between E andS),. In this case one can say that E has n elements.
A set E # ( is infinite if it is not finite.

Clearly, the set E of even numbers, the set O of odd numbers, and the sets N, Z, Q, R are infinite. We
will see the infinite sets E, O, N, Z, Q can be pairwise put into one-to-one relationship. Instead, this is
not true for R, which is much bigger than these sets, (in the sense of cardinality, see Def. below)
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2.4. Elementary functions

Elementary functions are some particular functions on which many others are built. Despite the
name, elementary functions are not at all elementary in the sense that in most cases we do not dispose
of elementary formulas to compute their values. In this section, we will motivate their introduction and
give precise formal definitions and properties. Proofs are much beyond our scope and are not necessary
to work with these functions, so we will skip. Later, when we will discuss Differential Calculus, we will
see how the problem of numerical computation can be solved.

Before constructing elementary functions let us give a few definitions on order and monotonicity.

Definition 2.4.1

An order on a set K is a binary relation ”<” on K verifying riflexivity, i.e. k < k Vk €
K.antisimmetry, ie. k; < kp and ky < ki = k| = kp and transitivity, i.e. k| < ky and ky =< k3
— k| < k3. An order is fotal if , for any k1, k, € K one has k| < k; or k, < ki, (i.e all pairs of
elements can be compared).

The order < on Q is total. An example of not total order is given by the inclusion relation C on the
set K = P(R) whose elements are the subsets of R. Namely, for all A, B € P(R) one can define A < B
as A C B (i.e. A is contained in B). This is an order, indeed: A € A =— A = A (reflexivity), A C B
and B € A implies A = B (antisimmetry), A € B and B C C implies A C C(transitivity). However, this
order is not total. For instance, if A{%, 5,m,25} and B{%,5, 10,2022}, it is neither A C B nor B C A.

Definition 2.4.2

Let f: D CR — E C R. We say that f is increasing (notation f ) if

fx) < f(y), Vx,yeD : x<y.
When f(x) < f(y) as x < y we say that f is strictly increasing

For instance it is well known that the function f = sin : [0, 7/2] — R as well as the identity map?
id : R — R, id(x) := x, are strictly increasing functions.
Similarly, one defines decreasing functions:

Definition 2.4.3

Let f: D CR — E C R. We say that f is decreasing (notation f ) if

fx) = f(y), Vx,yeD : x < y.
When f(x) > f(y) as x < y we say that f is strictly decreasing.

An increasing/decreasing function is said generically monotone.
It is almost immediate to verify that strict monotonicity guarantees injectivity:

2The word map is a synonymous of the word function
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Theorem 2.4.4

Ifafunction f : D € R — E C Risis strictly increasing or strictly decreasing then it is injective.

Indeed, if, for instance, f is strictly decreasing and x,x, € E, x| # x2, up to renaming x,x, we
can assume that x; < x;. Then, by monotonicity, one gets f(x2) < f(x1), so that f(x2) # f(x1), so
injectivity is proved. An analogous argument works for the case when f is strictly increasing.

2.4.1. Powers. Powers are functions of type x¢ where a is some exponent. There are several different
types of powers according to the type of exponent. The simplest case is x* withn € Nn > 1: x,x2,x3, .. ..

These functions are defined for every x € R. Moreover
(=x)" =x", Vx €R, neven, (-x)"=-x",Vx €R, nodd.

Powers fulfil simple elementary properties:
i) (™)™ =x""
iii) if 0 < x < y then x" < y" for every n > 1.
Next case is x", with n € Z, n < 0. The natural definition is

1
.Xn = F
This power is well defined for every x # 0 and fulfils i) and ii) while iii) is simply reversed, that is
0 < x < y implies x" > y" forn < —1.
The first nontrivial case is x with ¢ = 2 € Q. Since we wish ii) be verified, we may expect

m m
xn = (xl/") .

Thus, we are reduced to define x'/". Since n = 0 doesn’t make sense, n = 1 is trivial, we start by the case
n € N, n > 2. Again, since by ii) we expect

1/n

1\" 1
(xn) =x =X,

x!/" would be what we call the n—th root of the number x also denoted by {/x. As we have seen with V2,
the root might not be defined in Q. However, thanks to completeness, it turns out that the n—th root of a
positive number always exists in R: this is the content of the following nontrivial

Theorem 2.4.5

Fiyn € N, n > 2. Then
Vy=0, x>0, : x"=y.
We call such unique x the n—th root of y and we denote it by {/y. It turns out that

(2.4.1) {fy =sup{x >0 : x" <y}

Using the notion of inverse function we can rephrase this theorem as follows
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Theorem 2.4.6

Fix n € N, n > 2. Then the function f : [0, +co[— [0, +oo[, f(x) := x™ is bijective.? Its inverse
function f~! : [0, +c0[— [0, +co[, usually denoted by {/» is called the n—th root and is defined
by (2.4.1).

It is injective because it is strictly increasing and it is surjective by (2.4.1) and the completeness of R.

Clearly, for practical purposes, (2.4.1) is of no use: we cannot expect to compute V2 by computing
sup{y > 0 : y? < 2}. This is, for the moment, a strong limitation. As we anticipated, Differential
Calculus will provide a method for numerical computation of roots.

If n is odd we can define the n—th root also for negative numbers posing

(2.4.2) = —x, ifx < 0, (n odd).

Indeed, this definition works as the n—th root of x < 0 because

(99" =7 (9= "2 () = (o =
Therefore
x € [0,+00[, n=2,4,6,...,
x'/"_ is defined for
X €] —oo,+0[, n=1,3,5,....

To pass to x4 with g € Q is now easy: we set
m 1\m
Ve ()
There is just a little care to have here: a rational number ¢ = 7' can be written in infinitely many ways.
We will agree to consider the fraction % as reduced as much as possible, that is m and n without common
divisors; moreover we can always assume n > 0. With this agreement, if m > 0,

N Com Vx € [0, +o0][, (n, even),
xn = (xﬁ) R

Vx €] — o0, 400[, (n, odd)

When m < 0 the definition is the same except that in this case the power is not defined for x = 0. Power
x4, g € Q, fulfils properties at all similar to those for x":

o xPt4 = xPx4;

o (xP)4 = xP4,;

e 07 =0, for any p > O;

e 1”7 =1forany g € Q.

Moreover, we have the following monotonicity properties:
xP <yP, p>0; xP<x4, x>1;

if 0 <x <y, then if p < g, then
xP >yP p<O. xP>x1, x<1.
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As functions, rational powers x? are

x4 : [0, +oo[—> [0, +o0], q > 0, neven,
_m x4 :]0, 400[—>]0, 400, g <0, neven,
q-;eQ\Z, x4 1] = co, +oo[—>] — o0, +o0], q >0, nodd,

x4 :] — 0o, +00[\{0} —] — 00, +o0[\{0}, ¢ <0, n odd.

The last step is the definition of power x¢ with @ € R\Q. We need this type of powers to define
functions like exponentials and logarithms. However, it is not easy to understand what it should mean

xV2 for instance. To fix ideas, let x > 1 and notice that, by power monotonicity,
x? <xP, ¥g<p<a.

In other words, we may expect that

(2.4.3) x¥:=sup{x? : g€Q, g <a}.

We can take (2.4.3) as a definition (completeness ensures well-posedness):

Theorem 2.4.7

Leta e Randx > 0. If x > 1 set

x¥=sup{x? : g€Q, g <a}.
Ifx=1,1%:=1, while if x < 1 we set

Then, the following properties hold:
o xWB = x¥xB,
o (x*)# =x% in particular x~@ = L.
o x¥ Jstrictly if @ > 0, x N\ strictly if @ < 0.

As function x is bijective between I =]0, +co[ and J =]0, +oo[ (with (x@)~! = x!/@),

Here below the graph of powers for different values of a.

y

y=x (p<0)

y=x" (p>1) y=x

y=x" (p<1)
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2.4.2. Exponentials and Logarithms. Fix a positive number a > 0 (called base) and, for every
x € R define

exp,(x) :==a*.
Since powers of a > 0 make sense for every x € R exponent, we have a function
exp, :] — oo, +co[—]0,+0[, exp,(x) :=a”, x € R,

that we call exponential of base a. Clearly exp; = 1. From the properties of powers, we easily have

Theorem 2.4.8

Leta > 0,a # 1. Then
e exp, / strictly if a > 1, exp, \ strictly if a < 1.
o " =a*a¥,Vx,y €RR.
e exp,(0) =a’=1,Va > 0.

y=a" (0<a<l) y=a* (a>1)

y=a" (@=1)

ExampLE 2.4.9. Solve

SoL. — Being 5! > 0 the inequality makes sense for any x € R. We have,

1 1 4
5)6—5)(_1 >4, = 7 1-124.5! = 552)‘_55)‘_120’ — 52 _4.5_-5>0.
Therefore, setting y = 5%, we have
=57 4 -+v36 4+ V36
52 4.5 -550, & V—4y-5>0, &= y< \/_:—1,\/);> +\/_:5,

2

2
iff 5 < =1 or 5 > 5. The first has not solutions. The second, being 5 > 1, produce 5 > 5 = 5Liffx > 1.
Therefore: the solutionsare x > 1. 0O

We claim that the exponential R > exp,, : x = a* € [0, +oo[ with base a # 1 is invertible. We know that
this is equivalent to say that it is bijective. We already know that it is injective, for it is strictly increasing
[resp. decreasing] as soon as a > 1 [resp. a < 1]. Moreover, it is surjective, as stated in the following
result (of which we skip the non trivial proof):
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Theorem 2.4.10

Leta > 0, a # 1. Then the exponential map exp, : R — [0, +oo[ exp,(x) = a* is surjective,

namely,
Vy>0,3xeR : a* =y.

Therefore:

Theorem 2.4.11

If a > 0,a # 1, the function exp,, is bijective, namely ,

Vy €]0,+co[, Alx eR : a* =y. 3
and such x is called the logarithm in base a of y and is denoted by log,, y := x.
Namely, the logarithm function log, :]0, +co[— R is the inverse of exp,,, that is

log,(a”) =y, Vy €R,, a'%a* = x, Vx €]0, +oo[.
ie.
log, oexp, = idr exp, olog, = idjo +c0[-
In particular, the function log,, it fulfills the following properties:
i) log, /" strictly if a > 1, log,, "\ strictly if a < 1.
ii) log,(xy) =log, x +log, y, for any x, y €]0, +oo[.
iii) log,(xY) = ylog, x, forany y € R, x > 0.
iv) log, x = (log, b)(log;, x), forany x > 0, a,b # 1.
iv) log,1=0,foranya > 0,a # 1.
v) log,a=1,foranya > 0,a # 1.

3The notation 3! means “the exists unique”. Clearly, here existence comes from surjectivity and uniqueness comes from

injectivity.
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In solving inequalities it is useful to notice that from the monotonicity of exp, and log, one gets:

Vx, if y <0,
atzy, Vx >log,y, ify>0, (a>1),
Vx <log,y, ify>0, (a <1).

ExampLE 2.4.12. Solve
log, Vx — 142 > logs(x +4). (%)

SoL. — Let us first discuss about the domain of existence of the inequality. We need

x—12>0, x =1,
Vx-1>0, & x>1, — x>1,
x+4>0, x> -4,

Therefore the domain is D =]1, +oo[. Now, by properties of logarithms,
(*¥) & log, Vx — 1 +2 > (log, 2)(log, (x +4)).
Clearly log, 2 = log, 4% = L log, 4= 1,50

Vx -1
(%) & log, Vi-1+2<log, Vx +4, & log, — - <2, (*2).
X+
Being the base 2 > 1, by monotonicity,
Vx -1 1 4
(*2) T 02 = 4r— 1< Vatd = 16(x-1)<x+4 = x<-.
Vx+4 4 3

Hence, the solutions (in D) are the interval |1, %]. O

2.4.3. Periodicity and simmetry of functions. Let us introduce the definition of periodic function:

Definition 2.4.13

Let A be a (unbounded) subset of R. A function f : A — R is called T—periodic if, for every
xe€A x+Te€ A, and
f(x+T)=f(x), Vx € A.

Trigonometric functions, which are introduced below, are classical examples of periodic functions.
Simmetric and antisimmetric functions (with respect to the origin) are also called even and odd functions,
respectively. More precisely,

Definition 2.4.14: Even and odd functions

Let A Cc Rbe asubset suchthatx € A < —x € A.
A function f : A — R is said to be even [resp. odd ] if, for every x € A,

J) = f(=x)  [resp.f(x) = —f(=x)]
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For instance, for every n € N, the functions x2" and x?"*! (are defined on R and) are even and odd,
respectively.

2.4.4. Trigonometric functions. Trigonometric functions are called also circular functions because
of their geometric meaning. Consider a point (x, y) on the unitary circumference of equation

x2+y2:1.

Instead of cartesian coordinates (x, y) we could characterize a point on the circumference by the length ¢
of the arc of circumference joining (1, 0) to (x, y) counterclockwise.The total length of the circumference
is 27, where 7 is an irrational number (i.e.belonging to R\Q), so that it can be approximated as much
as we wish with rational numbers. For instance, it is well known that % <m< %. Hence, we
have 0 € [0,2x] with & = 0 corresponding to (1,0), 8 = x (half-circumference) corresponding to
(=1,0), 6 = 7 corresponding to (0, 1) and so on. In general, to any point (x, y) on the circumference it
corresponds a 6 € [0, 2x[. With this convention, given 6 we call the cartesian coordinates x and y as the
sine of 8 and the cosine of 0, respectively, and we write x = cos§ and y = sin 6).

In this way, we have defined two functions sin, cos : [0,27[— R. For several practical reasons, it is
convenient to define sin and cos for any 8 € R. There is a natural way to proceed. Imagine a string fixed
in (1,0) winding on the circumference. If the length 27 represent the entire circumference, 2 - 27 = 4
could be like two complete counterclockwise windings on the circumference. In this way, 27 + 6y with
0y € [0, 2| represent the same point of dy. At the same time, a length —27 could represent a complete
clockwise winding, so —27 + 6 (again 0y € [0, 27[) represents always the same point as 27 + 6 and 6.
More in general

0+ k2r, k € Z,

is always the same point on the cartesian plane. Therefore, it is reasonable to set
sin(@ + k2m) :=sin 6, cos(6 + k2x) :=cosO, [0,27[V0 € Vk € Z.

This is resumed that the functions sin and cos are defined on R and are 27-periodic. Some properties of
sin and cos are summarized in the following theorem:
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Theorem 2.4.15

The functions sin, cos : R — R verify the following properties:
i) (cos0,sin0) = (1,0), (cos §,sin §) = (0, 1).
ii) (fundamental identity): it holds
(sin6)? + (cos0)> =1, VO € R.
In particular -1 < siné < 1, -1 < cos6 < 1,VO e R.

iii) (27-periodicity): sin(6 + 27) = sin 6, cos(6 + 2x) = cos 6, for any 6 € R.

iv) (addition formulas)

sin(@; + 6,) = sin 0 cos 6, + cos 01 sinh,, cos(O; +6,) = cosf; cos B, — sin O sin H;.

In particular: sin(26) = 2sin 6 cos 6, cos(26) = (cos §)> — (sin )% = 2(cos )% — 1
v) (simmetries): sin and cos are even and odd functions, respectively, that is, sin(—6) =
—sin 6 and cos(—6) = cos 6 for any 6 € R.

The addition formula and other similar formulas are usually known from high schools. Their proofs
are based on the geometric meaning of sin, cos and on triangles similarities.

y

m ?-
- X

3
- i I n 2 2n
2 2 2

-1

Starting from sin and cos other important functions are defined. For example, the tangent tan and the
cotangent cot are defined as

sin @

tan:R\{£+k7r:k€Z}—>R, tan @ := ,
2 cos 8

and

0 1
cot: R\ {kr : keZ} — R, cot@:zC(,)S =—/,
sin 6 tan 6

respectively. It is trivial to check that both tan and cot are m—periodic.

S
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tangent’s graph
5 »

5

4

a
-360 270° ~180° 90° 909 180° 70° 360°

—2n —3i2 - 2w n 32w 2n

6

cotangent’s graph

2.4.5. Modulus. The set of real numbers R is usually represented by a straight line ¢ (called “real
line) as follows:i) first one chooses a point O € ¢, the origin, representing the number 0; ii) secondly
one fixes a unit of measure; iii) one choose a positive direction on the line ¢; iv) finally, for every point
P € ¢, one associates the real number x, which will be positive [resp. negative ]| provided P is after [resp.
before ] the origin O at a distance |x| from the origin O, where

X, ifx >0,
x| :=
—x, ifx<O.

This gives a geometric representation of numbers. 4 The function | - | : R — [0, +oo[ defined above is
called modulus. Clearly |x| > O for any x € R. Here are the fundamental properties of the modulus:

Proposition 2.4.16

The following properties hold true

e vanishing: |x| = 0iff x = 0.
¢ homogeneity: |xy| = |x||y|, for any x, y € R.
e triangular inequality: |x + y| < |x| + |y|, for any x, y € R.

+Geometry means measure science on the Earth,
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Proor. The first two are easy exercises. About the third,

—|x] < x < |x|, .
summing
= —(x|l+y]) <x+y<[x[+]yl
=yl <y <yl
From this, the conclusion is evident. m|

Notice again that
never, if a <0,
x| =a, = x=0, if a=0,
x==a, if a > 0.

Similarly, when a > 0,
x| €a, & -a<x<a, x| 2a, & x<-a, Vx>za.

Here’s the graph of modulus

ExampLE 2.4.17. Solve

[|x] + 1] < Vx +2.

Sor. — The domain of existence of the inequality is {x € R : x +2 > 0} = [-2,+oo[. Being both members of
the inequality positive, we can square,

x| +1] < Vx+2, = |x|+1P<x+2, = (x|+1?*<x+2,

= |x>+2x|+1<x+2,

2+x-1<0, x>0,
x2-3x-1<0, x<0.
Now
-1-+5 -1 5
asx > 0, PHx-1<0, = T\/_<x<%\/_,

and because x > 0, it follows x € [0, _1;‘/5]. Moreover,

as —2<x<0, *-3x-1<0,

that is, being x < 0, -2 < S_E/E < x < 0. So, solutions are [S_E/B, *15‘6]. m]
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2.5. Density of Q in R

As we said, R arises as extension” of rationals, thus R is ’bigger” than Q. However, no matter what
real number we consider, arbitrarily close to it, we may find rational numbers. In some sense, rationals
are everywhere sparse on R:

V[ia,b] CR, g€ Q : g € [a,b].

Proor. By Archimedean property, there exists an integer such that n > ﬁ, SO

1
GneN: —-<b-a.
n

To proceed with the argument, we assume a > 0 (slight adjustment is needed for a < 0). We will show that

dneN,:a<m

Indeed: consider the numbers

Sooner or later % > a. Indeed, if this is false, that is, if % < a then m < na for any m € N and this would be
contrary to the Archimedean property again. Let us take the smallest m such that 7% > a. Then

m—1 m
n

We say that our m is such that @ < %! < b. Indeed

m—1+1_m—1

1 1
n +—<a+-<a+(b-a)=>b. O
n n n n n

Definition 2.5.2

We say that § C R is dense in R if
V[a,b] CR, [a,b] NS # 0.

Thus, in particular, Q is dense in R. Similarly, we have

R\Q is dense in R.
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2.6. Exercise

ExERcisE 2.6.1. Show that V3 ¢ Q. In general, can you prove that, for n € N, \/n & Q unless n = m> for some

meN?

EXERCISE 2.6.2. Solve

I. Vx2+x—-12>1. 2. x| +1>x-1.

1
4, 22X yoxl 53 5. 2—x—2X>1.

3. x(x=-1)] <x-1.

6. 2¥+277 < 2.

7. logy(x?) +1logy(2x) > 0. 8. log, |x + 1| +log, [x 3| < 1. 9. 271 <47,

Exercise 2.6.3. Find the domain of the following functions.

2 1
1. [logyx + 3 2. V23— g4 32 _ 9. 3 Jog,, (2)‘ - g) .
1 -2 — 1
4 logy 2 - 08072 )5 VESS, 6. log /.
1 +1log, (x —2) x-1
— n . : _ 1 _
ExErcise 2.6.4. (1) Let S := {m neN, n> l}, show that min S = - and sup S = 1. What
about max?
(2) Let S := {+—1 cnez, n< —2}, show that min S = — 5 and sup § = —1. What about max?
(3) Let S:={n—+vVn—-3 : neN, n> 3}, show that min S = 3 and sup S = +oo.
o V2 . } Ceo _ ;o
(4) Let S := {3 + eoremmv AL €N, n > 0y, show that inf S = 3 and max S = 4. What about min:
(5) Let S :={-n+Vn—-2 : neN, n > 2}, show that max S = =2 and inf § = —co.
N PO /) ) } - - ?
(6) Let S := {2 eoremev AL e N, n > 0, show that min S = 1 and sup S = 2. What about max

(7) Let S = {v%::

:neN, n>1 } show that min S = g and sup S = 1. What about max?
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EXERcCISE 2.6.5. For any of the following sets, discuss inf, min, sup, max.

N {n—l :neN\{O}} [0,0,1,7] 2. {::’ﬁ : neN,n>1} [1,39,1,?@]
3. {1+ n:l—l :neN} [1,1,2, 7] { 2’1;11 neN\{O}} 12,3,1,4]
5. {Zi:i::: : neN; L7446 {\/’f: ‘neN, n> 1; [0.0, 1, 7]
7. {10g2(1+\/%) : neN} 0,0, 1, 7] {m : neN} [1,3,V2,V2]
9. { 2 :neN\{O}} [L2Z2] 10, {1ogl/2 a2 :neN\{O}} [-1.-1.0.3]

: neZ} [-1,A,1,73]
1+ (log, n)?

1. {log—2” : neN\{O}} [0,0,1,7] 12.

(-1 ;neN} 1,3, 1,3] 14, {2 = :neN; [0, 3, +0o, 2]
15. {2(")n"sin(%) :neN} [—oo, 7, +00, A]  16. {

cos% : neN} [-1,7,1,4]






CHAPTER 3

Complex Numbers

3.1. Why do we need Complex Numbers?

Most of the topics of this course are based on real numbers. There is, however, a certain number of
questions that demand for a further extension of the concept of number. Since this extension is purely
algebraic and of great relevance in applications, we will spend this chapter on it.

To motivate complex numbers, we consider an ancient algebraic problem: to solve any polynomial

equation like

1

cnxt +ep X+ i+ cix+co=0.

A solution of this equation is a value of x which makes the above equality true. For every n > 1, we say
that this equation has n — th degree if c,, # 0. The case of first degree, c1x + co = 0, is straightforward:

c

clx+c0=0<=>x=——0,

Cn
i.e., the equation has one and only one solution, namely —5—0. The case n = 2, namely, the second degree
equation,

ax’+Bx+y=0 (a #0)
is less trivial (for notational simplicity we write «, 8,y instead of ¢y, ¢, ¢3, rispectively). A special case
of this type of equations is, for example, x> = k whose solutions are, if any, the square roots of k. Since
we know that only positive (or zero) numbers have square roots in R, we may conclude that in general, a
second degree equation is not solvable in R 1.
Everybody has seen, during high school, that real solutions exist if and only if the discriminant

A := 82 — 4ay is > 0. In that case there are 2 solutions x1,x, given by the formula

_—B-VA B+ VA
a 2a B 2a

Though elementary, the method to get this formula is often not known by students. Here it is: we first

rewrite the equation as x? + Ex + X 0; then, we reconstruct the structure of a square by writing the

2 2 2 2
-4 A
equation as 2+ 2%)6 + (2'%) = (%) - g, that is, (x + %) = ﬁMTCW = VR Thus, provided
A A
A > 0, one obtains x + £ = £ or x + £ = ———, which in turn give the solutions x; and x, above.
20 2« 2a 2a

X1 X3

1L et us recall that ’in general” means “sometimes yes, but sometimes no”: in this case, for instance, x2 + 1 is not solvable.

39
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Now we want to see what can be done if A < 0. No solution exists in R, and the previous formulas
loose any meaning. However, imagine for a moment A < 0 and, to emphasize this, we write A = —1(—-A).
Then, with an abuse of notation and acting formally, we may write

_—Bxy-1(-A)  -pEV-IV-A
tE 2a - 2a '

Of course V-1 is out of meaning in R, but we may look at it as a “new number” in an enlarged set of
numbers. 2 This new number is usually named imaginary unit and the symbol i := V-1 is used. This
way, the solutions of the second degree equation would have the form

V-A V-A
ﬁi’ =a+ib, a::—ﬁ, b= ——
2a 2a 2a 2a

=——— i

The “numbers” of the form a +ib, with z := a, b € R, are called complex numbers. Of course, to be true
numbers and not just fancy notations, we need to structure an algebra on them. This is not only possible,
but simple and natural.

Complex numbers are not only true numbers and interesting to give meaning to solutions of a second
degree equation. We will see here that roots always exist (De Moivre theorem). It is possible to show
that any algebraic (polynomial) equation has always solutions in complex numbers (fundamental theorem
of Algebra). Complex numbers have not just a mathematical interest: they are widely used in many
contexts, from physics to engineering.

3.2. Definition of C

We introduced new numbers of the form
a+ib,

where a, b € R and i having the meaning of a square of —1, that is i2 = —1. To consider them as numbers,
we need to define operations. These are quite natural because are based on the formal algebraic calculus:

(a+ib)+(c+id)=(a+c)+i(b+d),
(a+ib)(c +id) = ac +iad +ibc +i*bd = (ac — bd) +i(ad + bc).

Now, the program is to take the previous relations as the definition of the sum and product of complex
numbers. We will show that these operations fulfil algebraic properties at all similar to those verified by
the sum and product of real numbers. The main difference with R is that, as we will see, on C it is not
possible to have an ordering of numbers.

2In some sense, it is like V2 for Q: V2 does not have any meaning in Q but it makes sense in a larger set, namely in R.
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Definition 3.2.1

We call set of complex numbers
C:={a+ib : a,b eR}.
Givenz=a+ib,a,b e R,

e q is called real part of z (notation Re z),
e b is called imaginary part of z (notation Im z).

On C the following operations are defined:
e sum
(a+ib)+(c+id) = (a+c)+i(b+d), VYa,b,c,d € R.
e product

(a+ib)(c+id) := (ac — bd) +i(ad + bc), Ya,b,c,d € R

Observe that one needs not remember this formulas by heart, since they can be recovered by just
proceeding formally and regarding i as a new number such that i> = —1.

ExampLE 3.2.2. We actually highly recommend to proceed formally even in simple expressions. For
instance,

e (1+i2)+(B3+i4)=(1+3)+i(2+4) =4+i6.
o (1+i2)(3+i4)=3+i6+i8+i’8=3-8+ild=-5+il4.
o (1402 =1+i242i=1-14+i2=0+1i2. O

Sums and products of complex numbers fulfil similar properties to their homologous on R:

Theorem 3.2.3

On C the following properties of sum and product hold true:
e sum:
i) (associativity): z+ (w+ ) = (z+w) +,Vz,w,{ € C.
ii) (commutativity): z+w =w +z,Vz,w € C.
iii) (zero): z + Oc = z, Vz € C, where O¢ = 0 + i0.
iv) (opposite): Vz € C, the opposite of z = a +ib is —z = (—a) + i(=b). We write
—z=—a—ib.
e product:
i) (associativity): z- (w-0) = (z-w) -, Vz,w, € C.
ii) (commutativity): z-w=w -z, Vz,w € C.
iii) (unit): z - 1¢ = z, Vz € C where 1¢ = 1 +i0.
iv) (reciprocal): Yz € C\{Oc}, 3w € C: z-w = 1¢. We write % = w.
e distributivity: w - (z+)=w-z+w -, ¥Yw,z,{ € R.

Proor. It is easy, we will limit to a few properties as examples.
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Sum — 1) Exercise.
ii) Let
z=a+ib, w=c+id.
Then
z+w=(a+c)+i(b+d)=(c+a)+i(d+b)=w+2z.

iii) If z = a + ib then

2+0c=(a+ib)+(0+i0)=(a+0)+i(b+0)=a+ib=z.
iv) Exercise.
Product — 1), ii) Exercise
iii) If z = a + ib then

zZle=(a+ib)(1+i0) =a+ib+ia-0+i*h-0=a+ib=z.
iv) Let z = a +ib # Oc. Then

1 1 1 a—ib a—ib

2 a+ib Ta+ib a—ib (a+ib)(a—-ib)

Now,
(a +ib)(a —ib) = a* —i’b* + iba — iab = a* + b*.

Since z = a +ib # Oc = 0 +i0, a, b cannot be both zero, thus a? + b2 > 0. Therefore,

1 a—1ib a v
—_ = = L|— .
z  a’?+b? a’+b2 a? + b2

Distributivity: exercise. O

Definition 3.2.4

Given z = a + ib the number Z = a — ib is called complex conjugate of z.

Immediate simple properties you may easily verify as an exercise are
1) z+w=Z+w,Vz,w € C.
ii) zZw = zw, Vz,w € C.
iii) z=ziffImz =0.
iv) z+Z=2Re z,z-7=i2Imz,Vz € C
V) z-Z=a*+b%(in particular, z - 7 is a non-negative real number).

Observe that in order to calculate the inverse % we have used the trick of multiplying both numerator
and denominator of % by the conjugate z. Actually, the trick of multiplying numerator and denominator
by the conjugate of the denominator makes the division quite simple. Indeed, if ¢ + id # 0 one has

a+ib (a+ib)(c—id) (ac+bd)+i(bc—-ad) ac+bd N bc—ad
= = = l
c+id (c+id)(c—id) 2+ d? 2+ d? c2 +4d?
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1+i2
3+i4

ExampLE 3.2.5. Compute

SoL. —
1+i2 (1+i2)(3-1i4) _ 3-8+i(6+38) _—5+il4 1 4

3+id (B-id(3+id) 2% 25 5725

]

We introduce also some useful notations:

e Numbers of the form a + i0 are called just real numbers and we write simply a +i0 = a;
e numbers of the form 0 + ib are called imaginary and we write O + ib = ib.
e zero and unit of C are simply denoted by 0 and 1.

We show that the algebraic structure of C fulfils property at all similar to those of R. On R there is also a
total ordering. We finish this Section proving that in C this is impossible:

Proposition 3.2.6

A total ordering fulfilling invariance with respect to sum and product is not possible on C.

Proor. Takei. Since i # 0, if there would be a total ordering on C, then we should have i > 0 or i < 0. None
of these can be true. In the first case, multiplying by i > 0 we would have i - i > 0, thatis —1 > 0. However, then

-D-(-1)>0-(-1), = 1>0, & -1<0,

which is manifestly impossible together with —1 > 0. The same conclusion follows if we assume i < 0. O

3.3. Gauss plane

As for real numbers, it is convenient to represent a complex number in a geometrical manner. Given
z=a+ib, a,b € Ritis natural to associate to z the point (a, b) in the cartesian plane.

ZH+W

e ___ X

The abscissa axis is called real axis, the ordinate axis imaginary axis. This representation gives an
immediate geometrical interpretation to the sum (parallelogram rule). In particular, Z has a natural
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geometric interpretation: it is the reflected of z with respect to the real axis. Furthermore, it provides a
natural way to define distances between numbers and, in particular, the modulus of a complex number:

Definition 3.3.1: Modulus

Letz=a+ib,a,b € R. We posit

|z] == Vz-Z = Va2 + b2

REMARK 3.3.2 (Warning!). A pretty common error : |z| = Vz2 = \/a2 + (ib)? = Va2 — b2. Indeed,
2 #£z-Zin general, and z? = z - 7 only for z real, that is Im(z) = 0 (prove it by exercise). |

Modulus of complex numbers fulfils the same properties of the modulus of real numbers. Clearly, |z| > 0
for every z € C. Moreover,

Proposition 3.3.3

The following properties hold:
e vanishing: |z|] = 0iff z = 0.
e homogeneity: |zw| = |z||w]|, Vz,w € C.
e triangular inequality: |z + w| < |z] + |w|, Vz,w € C.

Proor. Vanishing: |z| = 0iff Va2 + b2 = 0, that is a® + b* = 0, that is again iff a = b = 0.

Homogeneity: we prove that [zw|? = |z|?|w|?. Once this is achieved, we draw |zw| = +|z||w|, and being |zw| > 0,
necessarily |zw| = |z||w|. Thus, let us prove |zw|? = |z|?|w|>. Let z = a + ib and w = ¢ +id. Then

zw = (a+ib)(c +id) = (ac — bd) +i(ad + bc),
o)
lzw|?> = (ac = bd)? + (ad + bc)? = a>c? + b>d* - 2abed + a*d? + b*c? + 2abed

= (a® + b2 (* + b?) = |z)*|w|%.

Triangular inequality: let z = a +ib and w = ¢ +id. Then
lz+w)=(a+c)?+(b+d)? =a*>+c®+2ac+b>+d*>+2bd = 2> + |w|* + 2(ac + bd).

Claim: ac + bd < |z||w|. If this is true, |z + w|> < |z]? + |w|> + 2|z[|w| = (|z] + [w|)? that is, |z + w| < |z] + |w],
which is our thesis. To prove the claim, notice that if ac + bd < 0 there is nothing to prove. Otherwise

0<ac+bd <|zllw], & (ac+bd)* < |z]*|w)*?, &= d*c*+b*d* +2abed < (a* + ) (* + d?),

that is
2abed < a*d® + b2 P

This follows by the inequality 28 < a” + 82, which holds true in that 0 < (@ — 8)? = a” + 8% - 228 O



Exercisk 3.3.4. Prove the interesting relation (called Cosine Theorem):

lz+wl> =z +|wf>+2Rezw  VzweC

SorL. — We have seen that , setting z = a +ib, w = ¢ +id, one gets
|z +w|? = [z|* + [w|* + 2(ac + bd).
So, to prove the above equality it is sufficient to show that Re zw = (ac + bd). Actually, it is

Re (2i%) = Re ((a +ib)(c - id)) = Re ((ac +bd) +i(be - ad)) = ac +bd

ExampLE 3.3.5. Solve
427 =z
SoL. — Let z = x + iy (here x, y € R are unknown). Then
Z=(x+iy)?=x2 -y +i2xy, 2=x-1iy, |z]*> =x*+y%
Thus, the equation becomes
2=y +i2xy+2(x —iy) =x?+y%, = (=2y*+2x) +i(2xy —2y) =0.
We may look at this identity as a certain complex number = 0. Equivalently, we get a system

—2y2+2x=0, x=y2, y=0, x=1,

2xy =2y =0, y(x-1)=0. x =0, yr=1

We conclude that solutions of the original equations are: 0+i0 =0, 1 +i.

ExampLE 3.3.6. Draw, in the Gauss plane, the set S := {|27+1 > 1} .
Sor. — First z # 0 when z € S. We may notice that in this case
z€8, = |z+1|>z, = |z+1) = |z~

If z =x+1iy, we have

1
G+D?+y? 22 +)?, = +120, = x>—§.

45
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3.4. Trigonometric and exponential representation of C

There is another natural way to represent a complex number. We may characterize a point (a, b)
corresponding to z = a + ib through polar coordinates (p, 8) such that

a = pcoséb,

b = psiné.

p and theta are called the modulus and the argument of z. Clearly p = |z| = Va? + b2, which justifies
the same name of p and z. As for the argument, 6, one has, for instance:

ifa+0 H:arctané, ifa=0and b <0, 0:37”, ifa=0and b > 0, ng
a

Thus setting
(3.4.1) e'? ;= cosf +isinb,

we get
z=a+ib=p(cosf +isinf) = pe'?,
The expressions a+ib, p (cos 8 + i sin ), and pe'? are called the trigonometric form of z, the trigonometric
Jorm of z, and the exponential form of z, respectively.
Let us accept (3.4.1) as a mere notation, even though it is actually very well justified by series
expansions, a subject we will address later in these notes.

Notice that |e'?| = Vcos2 6 + sin® @ = 1. Furthermore, since sin, cos are periodic functions defined
on the entire real line, we may allow 6 to be any real number. This leads to a little ambiguity because

peiH — pei(9+k27r)’ Vk c Z
The ambiguity comes when we have two numbers z and w in trigonometric form. We have

. A p=r
pe? =re'?, =

0-¢ =k, keZ.

Trigonometric and exponential notation is particularly appreciated with products/quotients:
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Proposition 3.4.1

Let z = pe'®, w = re'?. Then
i) zw = prei(9+¢);
i) if w # 0 then £ = £/(6=2);
iii) 7" = p"e™"?, V¥n e N,

ProoF. i) Clearly zw = rpe’?e'?. Now, by addition formulas,
e'?e'® = (cosfcos ¢ —sin@sin¢) +i (sin @ cos ¢ + cos 0 sin @)
=cos(0 + ¢) +isin(0 + ¢)
— i(0+¢)
By this the conclusion follows. Other proofs are similar. O
ExampLE 3.4.2. Compute (1 +i)? and (1 +i)'%,

SoL. — We could do the tedious calculations developing the power... or just notice that

1+i=pe'?, conp=|1+i|:\/m=\/§, 9:%.
Hence

(1+0)> = (\56%)25 = 025/2,125F _ 925241255 _ 92512,iF __ 225/2(\2/2 4 iV2/2) = 23(1 +1).
and

(14+)1 = (\/zeig)loo = 9100/2,i100F _ 5S0,ix _ 550

One of the most significant applications of trigonometric notation is to the problem of n—th roots of a
complex number.

Theorem 3.4.3: De Moivre

Every non zero complex number has 7 different n—th roots. Precisely, let w = pe'? with p > 0
(that is w # 0). Then

f=w, = z= V/_Jei(%+k27”), k=0,1,2,...,n—-1.

Proor. Assume z = pe'? is such that

o [ =p r=p'n,
R Tpa— rneinq) zpeig P"&}ld‘ —
ng =0+k2r, k € Z, p=2 4+ k3 ke
n n
It is easy to check that for k =0, 1,...,n — 1 you obtain n different solutions. m|

ReMARK 3.4.4. Of course, the number w = 0 ha a unique n—th root equal to 0.
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RemARKk 3.4.5. By interpreting geometrically De Moivre theorem we get:

the n different n — th roots of a complez number w lies on the n vertices of a regular polygon with n
angles inscribed in a circle of radius \/|w| centered in the origin

ExampLE 3.4.6. Compute the fourth roots of i.

SoL. — First, let’s write i in trigonometric notation pe’?. Clearly p = 1 and 6 = % . Hence

o=1"=1,

— i 4 _ .

tmeen =L = 19_71/2_”(271_71_”(71
T4 4 8 "2

for k =0, 1,2, 3. So the four roots are

= cos (D)sisin(Z). = ST\ isin [2F = cos [ \sisin [Z = cos [ ) wisin [ 27
71 =cos 8 1 S1n 8 , ZJ2=cCO0S§ 3 1 S1n 8 , Z3=cCOoS§ 3 1 S1In 3 , ZJ4 =COS 8 1 S1n 3 .

To write the roots in algebraic form, by means of bisection formulas, let us calculate

cos (E) ~ 1+cos (%) _ \/2+\/§’

8/~ 2 2

) [l B)_ Vv

2 2

By the obvious simmetry we then get

_ \/2+w/§+i\/2—w/§

\/2—\/5 ,\/2+\/§
5 > - +i

2 2

2=

21

V242 2-V2 o V22 242
= - —i 4=-22= —i

Using complex roots we may prove that
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Proposition 3.4.7

Every second degree equation
az> +bz+c =0, (a#0, a,b,c €C),
has two complex solutions (coincident if A = b? — 4ac = 0),
—b+ VA
2a

where +VA are the two square roots of complex number A. In particular, the following factorization
holds:

{1,2 =

az?+bz+c=a(z-z21)(z- ), ¥z €C.

Proor. As in the real case, we may rewrite the equation as

Thus z + % are the two roots of 4%. By De Moivre formula, square roots are always of type + one of the roots,
a

and a root of 4% is ;/—Z. By this conclusion follows. O
a a

Actually a more general result holds, the so-called Fundamental Theorem of Algebra. Before stating it,
let us recall an elementary result of algebra, sometimes referred as Ruffini’s Theorem:

Theorem 3.4.8

Let p(z) be a complex polynomial of degree n (n > 1), and let w be any complex num-
ber. Then w is a root of p(z), by which one means a solution of the equation p(z) = 0
if and only if
p(z) is divisible by (z — w), namely there exists a polynomial g(z) (necessarily of degree n — 1)

such that
p(2) =q(2)(z—w) Vz € C.

The proof of the if” is trivial, while the “only if” part is a mere application of the rule to find the
quotient of two polynomials (Ruffini’s rule).
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Theorem 3.4.9: Fundamental Theorem of Algebra

Letn € N, > 1. Every n—degree polynomial

p(2) =a,7"+...,+a1z2+ag

with complex coefficients ay, ..., a, (@, # 0) has 1 < N < n distinct roots z1,...,zy € C, so
that (by Ruffini’s Theorem)

p(2) =an(z—21)" - (2= 2zn)"N

In particular,with m; + ... + my = n. for every k = 1,..., N, the number m; € N is called
multiplicity of root z;.

The proof of this theorem relies on continuity arguments which are beyond the level of these notes. The
interested reader can find it on most real analysis or complex analysis books. 3

As a corollary of the Fundamental Theorem of Algebra one can prove the following version of
the result in the case of real polynomials (i.e. polynomial with real coefficients). It turns out that
real polynomials can be factorized by 1th-degree polynomials and 2nd-degree real, not factorable#
polynomials. ??

Theorem 3.4.10: Fundamental Theorem of Algebra f is or real polynomials

. Letn e N, > 1. Every n—degree real polynomial

p(x) =apyx" +...+ax +ao,

ap,...,a, € R, a, # 0 can be factorized as follows: there exist
1) two natural numbers N, Ny, with 0 < N; + N; < n,
ii) positive numbers pi, ..., UN,, V1, . .5 VN,
iii) Np distinct real numbers x1, ..., xn,
iv) N, distinct real pairs (by,cy),...,(bn,,cn,) verifying Ay, := b%l —4cp, < 0 for all
h=1,...,Na,
such that

p(x) = an(x —x)H - (x — xpn, )M ()c2 +b1x +c))" ---()c2 +bn,x +Cn,) N2

. J

ReEmMARk 3.4.11. In particular, x1, . .., xp, are the (pairwise different) real roots of p(x), and, for every
k=1,..., Ny, ug is the multiplicity of the root xx. Furthermore, forallh =1,..., Ny, Ay = b%l —4cp is
the discriminant of the 2-degree polynomial (x* + bx + cj,), and the fact that Ay, is negative is equivalent
that it cannot be factorized as the product of two real 1-degree polynomials. But of course, it can be
factorized as the product of two complex, not real 1-degree polynomials:

_—b+i\/A_h) (x_—b—i\/A_h)’

(x> +bpx +cp) = (x 3 >

30ne may also refer to the website https://en.wikipedia.org/wiki/Fundamental_theorem_of_algebra.
“Let us remind that 2nd-degree not factorable if and only if its discriminant is negative.
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and both the roots _b+§m and _b_é‘/r” have multiplicity vj. Finally, u; +.. .+ un, +2(vi+...+v2) = n.

Proor. By the fundamental theorem of algebra we know that the polynomial p(x) can be factorized
as follows

(3.4.2) px)=a,(x —z1)™ - (x —zn)™,
where N < n,my,...,mpy are natural numbers and zi,...zy are distinct complex numbers (i.e. the
complex roots of p(x)). If needed, let us rename the roots so that zy,...,zn, € Rand zy,+1,...,2N8 €

C\R, for some natural number N; < N (possibly equal to zero). We now observe the following fact:

Proposition 3.4.12

If p(x) is a real polynomial, then a complex number w verifies p(w) = 0 if and only p(w) = 0,
namely, w is a root of p(x) if and only if w is a root of p(x).

This Proposition is straightforward as soon as one utilizes the commutativity between the operations
(i.e. sum and product) and the conjugation in C. Indeed, for any root w of p(x), one has p(w) = 0, so
that

O=pw)=(apw™+...+awi+ap) =a,w'+...+aw+dp=a,w"+...+a1w+ag = p(w»).

O

Let us continue with the proof of the theorem. Set xy := zg, ux = mg, Vk = 1,..., N1 and observe

that, because of the previous Proposition, the number N — N is even, i.e. AN, € Csuchthat N-N;| = 2N>.
Hence, by (3.4.2) one gets

px) =an(x —x)H - (x = xn )N (e =w) (e =W e (x = wn,) ™2 (x = Wh,) N2
where we have set wy, = Zn,+h Vi = MN+m,, Yh = 1,..., N2. Now it is sufficient to observe that,
Yh=1,...,N,,

(x=—wp)(x—wp) = X2+ bpx +cpy
where by, ¢, are (real ! ) numbers defined as by, := 2Re wy, and c¢p, = wpwp, to get the thesis of the
theorem. Let us remark that the strict inequality Ay, = bfl —4cp < 0is satisfied, because

b2 —dapcy = (2Re wp)?—dwp,w = 4Re wp,)? —4(Re wy)?—4((Re wy)?)—4(Im wp)? = —4(Im wy,)? < 0
(the last inequality being strict, since wy, € C\R). O
From the previous theorem one deduce the the following fact:
CoroLLARY 3.4.13. A real polynomial p(x) of odd degree has at least one real root.

Proor. If by contradiction p(x) had no real roots, it would be factorizable as a product of even-degree
polynomials, so that its degree would be even as well, contrary to the hypothesis. O

ExampLE 3.4.14. Prove that 71 = 3, 20 = —4 are roots of the polynomial
P(z)=z+ - 112 +z-12

and then find all the roots of P(z).



52

SoL. — In view of the Fond. Thm of Alg. we know in advance that there must exist exactly 4 solutions, some of
which may well be coinciding. The fact that z; = 3, z, = —4 are roots is simply obtained by substitution, for

P(3) = P(-4) = 0.

By Ruffini’s Theorem we then get that P has both (z + 4) and (z — 3) as factors.
Hence, we have

P(z) = (z-3)(z+4)Q(2), VzeC

for some degree-2 polynomial Q(-). To determine Q(-) we simply divide P(z) by (z = 3)(z +4) = 22 +z — 12.
Using the well-known method for polynomial division one finds that

0(z) = -1

2
= =24
2+z-12 ‘

. So the other two roots (possibly coinciding) z3, z4 of P(z) must be the roots of z> + 1, namely the solutions of
2
7z =—1. Hence

z3=10, 24 =—I
Summarizing the above findings, we have that following factorization holds true:
P(2) = (2 +1)(z-3)(z+4) = (z+i)(z—i)(z - 3)(z +4),
Observe that, as a real polynomial, P can be factorized as follows:

P(x)=(x=3)(x+4)(x*+1)
ExampLE 3.4.15. Solve

9iz° = 16z.
SorL. — Notice that z = 0 is a solution. Let z be any solution and write it in polar notation z = pe’?. Since
2 =peP? 7=pe @ andi = e'7, the equation becomes
9¢i% pSeiS? = 16pe?,
that is
9¢7 pYe? = 16pe?, e 9p°e7"? = 16pe 1.

This is an identity between two numbers in trigonometric form: we have

90° = 16p, p(9p* —16) =0,

b g s

—+50=-0+kK2r, keZ, 0=——+k—, k eZ.

2 g 1273
By the first we see that either p = 0 (solution z = 0 already discovered) or

4 16 2

pt= o

—, = p=—.
9 V3
As for the arguments (up to multiples of 2r), we get

-n n Tn 1lx 57 197

TRr R E
To obtain the algebraic expressions of these roots let us use some trigonometry:

—cos(11x/12) =sin(7x/12) = cos(=11x/12) = cos(—n/12) = cos(n/12) = w/w = % 2+3,
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—sin(11x/12) = cos(7n/12) = sin(—=11x/12) = sin(—n/12) = —sin(n/12) = —ﬂw = —%\IZ -V3

With similar computation and exploiting symmetries, in the end we find the following algebraic expressions of the
roots:

70 =0, z1=%(\/2+\/§—i\/2—‘/§), 12=%(1+i), 232%(—\/2—\/§+i\/2+\/§)

—\/2+\/§+i\/2—\/§), z5=£(—l—i), z6=%(\/2—\/§—i\/z+\/§)

1
Z“:\_Fs( V3

ReEMARK 3.4.16. By misinterpreting the equation as a polynomial equation, we might have conjectured that this
equation has 5 distinct solutions, so that our result would have contradicted the Fundamental Theorem of Algebra.
In fact, this is not a polynomial equation, which allows for 7 solutions.

ExampLE 3.4.17. Plot the set S = {Z € C:Im l(%f) < 0} on the Gauss plane.

SoL. — Writing z = x + iy we get

i(2=3) _ | oy+ie=3) | (cy+ite=3)(x=D=iy) _

Im z—-1 (x=1)+1y = (x=D+iy)((x=1) =iy) h

_1 —yx =D+ x=3)y+i((x=3)(x-1)+y?) _(x—3)(x—1)+yz_)c2—4x+3+y2
- (x=1)2+y2 O (x=DZ+y2 (k= 1)24)y2

if and only if x? + y> —4x + 3 < 0.

Hence the plot set S on the Gauss plane is represented by S := {(x,y) :x>+y>—4x+3 < 0.} Since x> +y> —4x +3
is the equation of the circumference C of center (2,0) and radius 1, the set S is represented by the circle internal to
the circumference C.
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3.5. Exercises

ExERrciSE 3.5.1. Determine a € R such that

i

Ca+1-ia

is imaginary.

ExEercise 3.5.2. Solve and plot solutions (if any) in Gauss plane:
i) 22 +2iz+27 = 0c.
ii) ZIm z — z|z| = 0.
iii) iz(Z+ 1) — |z|]Re z = 0.
iv) (Re z)(Im z2) + 22 + |z|* = 0.

Exercisk 3.5.3. Plot following sets in C:
i) {zeC:’iﬁ >3}.

ii) {zeC:Im’(ZZ%f)<O}.

iii) (%) {x € C:Re % <Im 4},
iv) {zeC:Imz—|z+z*>>1, Rez >0, Imz < 2}.
v) {zeC: |22 -1 < |2 +1]}.

vi) (x) {z€C : ImZL >0, z-1-i <1}.



ExEerciSe 3.5.4. Determine z € C such that

27— 7z =%,

(z3 + 2)3 =1.
ExERciseE 3.5.5. Let @ € R and
Sqe ={z€C:zz+(-1+i)z+ (-1 -i)Z+a < 0}.
Say for which a € R set S, is non empty and draw it in the complex plane.

EXERCISE 3.5.6. Determine the value of a € R such that the system
Re Z(z - 2i) = a,

Im z =Re z,
admits precisely just one solution.
EXERcISE 3.5.7 (). Solve
lz|z> +Re zIm z — |z|>2 =0, z€C.
Exercise 3.5.8. Let f : C — C be defined as
f(2) = —6i — |z|*.
Compute cubic roots of f(i +1).
ExERcISE 3.5.9. Determine A € C in such a way that zo = —i be a root for
p(2) =8 +i +i22° + Azt
For such A, determine also all other roots of p.
ExEercise 3.5.10. Solve:
i) & =izlz.
i) z|* = z.
iii) z|z|* — 4z = 0.
iv) 823|z] = Z.
v) 2)z* = 2z*
vi) 22|iz]* +i|Z%|Z2 = 0.
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CHAPTER 4

Sequences

4.1. Sequences

We start by formalizing the concept of sequence:

Definition 4.1.1

A numerical sequence (shortly, a sequence) is a function a : N — R. We will denote it by the
symbol (a,) C R, where a, := a(n), n € N is called element of the sequence,  is called index.

An visual representation of a sequence is just given by the plot of the graph of the function n +— a,,.

nt(=1)"

FiGure 1. Graph of the sequence a, = =

4.1.1. Finite limit. We want to make precise the idea a,, — ¢ € R as n that becomes big. The idea
is simple: the distance between a,, and ¢ must become small as n becomes big. Of course small and big
are subjective concepts, we need a more formal definition:

Definition 4.1.2

Let (a,) c R. We say that a,, — ¢ € R (we read as: (a,) tends to ¢ as n tends to +oo) if
4.1.1) Ve >0, AN e€R : |a,— €| <&, Vn > N.

We write also lim,,_, 100 ap, := €.

The (4.1.1) has a precise geometrical meaning. Writing it as
Ve>0,dANeR : {—-e<a,<{+¢& Vn =N,

we read: for any € > 0 fixed (intuitively “small”) we find an initial index (think to a time) N such that,
starting by the index > N the point (n, a,,) lies in the strip between quotes £ — ¢ and £ + €. As the picture
suggests, as & gets smaller, N gets bigger.
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l+e

(-& v

ExampLE 4.1.3. Show that |
- —0.
n

SoL. — It is clear that as n gets bigger, % gets smaller close to 0. To show that the (4.1.1) holds, we have to fix

¢ > 0 and find N such that
1

- —-0/<e¢g Vn=N.

Now,

O

ExampLE 4.1.4. Show that

n+1
SoL. — Intuitively it is natural: as n gets bigger, n and n + 1 are very “similar” numbers, so their ration should be
approximatively 1. Let’s check the (4.1.1), in this case translated as
n
n+1

Vs>0,EIN:| —1)<g,Vn>N.

Let’s look to solutions of the inequality |# - 1| < &. We have

|#—1|<8, = —séﬁ—lés, — 1—#<g, — (m+1)-n<en+1l),
— lI<en+1), <=>n>é—1.
But then, if N := % — 1 then (4.1.1) holds. |
ExampLE 4.1.5. Show that "
— 0.
n?+1
SoL. — Let £ > 0. We have to find N such that
‘ zn —0‘<8, VYn > N.
n-+1
Let’s study the inequality n2n+l - 0’ < &. We have
‘ —0|<s,<:> g, = e +1)-n>20, = en"—-n+e>0.
n?+1 n?+1

This is a second degree inequality in n, (here n € N). Recalling the fundamental facts about second-order
inequalities, being A = 1 — 4& we have the following cases:
e A < 0 (this happens iff 1 —4e < 0, thatis € > }l): the inequality is fulfilled for any n € N. In this case,
we could take N = 0.
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e A>0(@{ff0<e< %): the solutions of the inequality are

" 1-vV1-4¢ . 1+V1-4e
=X Py = 2 .

2
The first one may be doesn’t have integer solution, but the second has solutions all the integers bigger

_ 1+Vi=4
than N = 25—
\_/N;,\

0T 4 6 ® 9 10 11 12 13 14 It

In any case (that is, for any £ > 0) we find N such that any n > N is a solution of the inequality. O

REMARK 4.1.6. Limit characterization may well be used for sequences (a,) C C (where of course
the limit € € C and the modulus is the modulus of a complex number). Let us see an example: show that

1 n+1 .
—+1i — 1.
n n
SoL. — Indeed, we have to prove that
1 n+l .
Ve >0, AN €R, : || = +i —i|<¢& Vnz N
n n
Notice that
1 n+1) | |1 1 1 1 V2
—+1i —I=|—-4i—|=1/—+ =—<g,
n n n o n n2 n?2 n
iff n > ‘/g Thus, taking N = g we get the conclusion. O

4.1.2. Infinite limit. As we have seen in the introduction, a second important situation is when a,
gets big without any bound:

Definition 4.1.7

Let (a,) C R. We say that a,, — +oo if
4.1.2) VKeR, AN€R : a, > K, Vn >N

We write also lim,,_, 100 dy := +00.
Similarly is defined lim,,—, 1+ a; = —o0:

VKeR, AN €R : a, <K, Vn > N.

J

Also in this case it is useful to have a picture of what does it means a,, — +oo: the (4.1.2) says that
for any K fixed (intuitively "’big and positive”) we find an initial time N such that from this on the point
(n,a,) has quote a, > K.
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,
N(K)

ExampLE 4.1.8. Show that

n’+1
—> +00,
n+1
Sor. — Fix K > 0: we have to find N such that
n*+1
> K, Vn> N.
n+1
Studying the inequality ';12 :11 > K with n € N, we have
n2 +1 neN, n>0

1 >K, &= n*+1>Kn+1), & n*-Kn+(1-K) >0,
n

that is a second degree inequality in n. Let A := K> — 4(1 — K). We have
o if A < 0 the inequality is fulfilled for every n € N: this means we can take N = 0.

e if A > 0, the solutions are
k- VA J K+ VA
, n> .
S2 2
The first, has at most a finite number of solutions in natural numbers. From the second, setting N :=
we see that any n > N is a solution.

n

K+VA
2

In any case, we are able to find an initial index N. O

ExampLE 4.1.9. Show that

SorL. — We have to show that
n

1-+vn

VK <0, 3N, :

Asn > 2,
n

1=+
Now: n— K > 0 (because K < 0) and also —K+/n > 0. Squaring,
n

1= +n

We meet again a second degree inequality. Setting A := (K2 + 2K)? — 4K?* we have

<K, = n>(1-vVnK, = n-K>-Kvn

<K, &= (m-K)?>2Kn = n*+2kn+K>-K’n>0, = n*+(K*+2K)n+K* > 0.

e if A < 0 every n is solution, therefore being n > 2 we can take N := 2;
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o if A > 0 then the solutions for the inequality are

—(K*+2K) - VA
n < , >

—~(K?+2K) + VA
5 .

2

—(K2+2K)+VA
2

Now, taking N := we have that any n > N, 2 is a solution.

Therefore, we are always able to find N such that # < Kforanyn>N. 0O

Here’s behavior of some basic quantities (checks are left for exercise):

+oo, a >0, +o0, a > 1, +oo, b > 1,
n® —1< 1, a=0, dad"—1< 1, a=1, log, n —
0, a <0. 0, O<ax<l. -0, 0<b<l.

4.1.3. Non existence. A sequence having a finite limit is shortly called convergent, while if the limit
is infinite is called divergent. There is a third possible situation: a sequence might not have any limit
(finite or less). For example, consider the sequence

a, :=(-D", thatis +1, -1, +1, -1, ...

It seems evident that such a sequence cannot have a limit. To prove this, we should prove that none of
(4.1.1) and (4.1.2) are fulfilled. We take an alternative and more efficient path. We start by the

Definition 4.1.10

Let (a,) C R. Given a strictly increasing sequence of indexes
ny<n<nmn<...<ng<nNg41 <...

The sequence
an07 anl, anz’ voo 9ank7 ank+17 cel = (ank)

is called subsequence of (a,). Notation: (a,) C (an).

ExampLE 4.1.11. Let (a,) C R. Then the following are subsequences of (a,):

e (ap,anr,aq,...,ax,...) = (aw);

e (ar,az,as,...,axq41,...) = (a2q1);

e (ap,as, a6,a9,d12,...,0a3k,...) = (a3r);

° (ao, al,d4,a9,aie, A5, ..., Ag2, .. ) = (akz),'
° (al, aj,aq4,dag,al6,aAszn, ..., Axk, . . ) = (dzk),'
e (ay,az,as,as,az,ay,...) = (aprime)-
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However, for example, (ai,ao,a3,az,...) = (agy(—1)k) is not a subsequence of (ay). In this case,
ni = k + (=1)X is not an increasing sequence of indexes. O

It seems intuitively clear that if a sequence has a limit, then all its subsequences have the same limit. This
is the content of the

Proposition 4.1.12

Let (a,) Cc R. If
an — t e RU{xo0}, = a,, — €, V(ay,) C (a,).
In particular: if (an, ), (@m,) C (an) are such that
an, — 1, am, — 6, with ) # 6,

then (a,) cannot have a limit.

Proor. Consider the case ¢ € R (leaving £ = +oo to the reader as exercise). We have:
a, —{, & VYe>0,3N, : |la,—{| <& Vn>=N.
Now, being n; /" and ny € N, it is clear that n; > k. Therefore

lan, =€l <&, Vk > N. O

ExampLE 4.1.13. (=1)" does not have any limit.
SoL. — Indeed: as; = (-1)* = 1 — 1 while asss = (-1)2** = -1 — —1. O

We quote two other sequences without limit, even if it is very hard to prove that this: (sinn), (cosn).

4.2. Limits: main properties

In this section, we collect the main properties of the limit of sequences. We start with a question: is
it possible that a sequence would have two limits?

Proposition 4.2.1: Uniqueness

If lim,, a,, exists, it is unique.

Proor. Suppose that a,, — ¢ and a,, — €, with {1, £, € RU {+oo} and £} # (5.

Case (|, (, € R. The idea is simple: because a, — ¢, sooner or later a, will be so close to ¢; that it cannot be
close to ¢5. Precisely: let d := |£; — 3] be the distance between £ and ¢, and let’s take & := %. By definition,

ANy, : |lay,— €] <& Vn>=Np, and IN,, : |la, — 6| <&, Yn = N».

But then, if N := max{Nj, N>} the two previous properties hold for any n > N and

d
|€1—£2|<|fl—an|+|an—fz|<8+8=28=2225<d=|€1—€2|,
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which is clearly impossible. It follows that £| = £5.

Cases ] € R, {, = o0 and £| = —o0, {, = +00: exercise. o

In short, a sequence has the same sign of its limit. Here’s a precise statement:

Proposition 4.2.2: Permanence of sign

Assume a,, — £ € RU {xoo}. Then

i) If £ > 0 (included ¢ = +o0) exists N € R such that a,, > 0 forany n > N.
ii) If exists N € R such that a,, > 0 for any n > N then ¢ > 0.

Proor. Let us prove i). Suppose £ € R and ¢ > 0 (the case £ = +co is similar and is left as exercise). Let us
take € := g into (4.1.1): there exists then N =: N such that

t ¢
{—c<a,<l+&, Vn>2N, = an>€—8=€—§=§>0, Vn > N.
Letus proveii). Suppose, by contradiction, that £ < 0. By the first statement it follows that there exists N such that
a, < 0 forevery n > N. However, this is a contradiction because if n > max{N, N} we would have a,, < 0 < a,.
O

RemMARk 4.2.3. Unfortunately, we cannot say that, if a,, — ¢ then

o {>0iffa, > 0forn > N: indeed = is true (this is statement i) of the above Proposition) but
<= might be false, as in the case a, = % > 0anda, — 0;
e { > 0iff a, > 0for n > N:<=is true (this is statement ii) of the above Proposition) but —=
=n"

might be false, as in the case a, = ~—— — 0 but a, takes + sign infinitely many times.

The previous Thm emphasizes the following important concept: given a sequence (a,) C R we say that
a certain property p(a,) is definitely true if

AN €R, : p(a,), Yn > N.
In this case we will write shortly p(a,) definitely. For instance, permanence of sign may be restated in
the following form: if a,, — € then
e if £ > 0 then a, > 0 definitely;
e ifa, > 0 definitely, then € > 0.

If you are between two policemen, you do not have any alternative than following them. This is the sense
of the

Theorem 4.2.4: two policemen theorem

Let (ay), (by,), (c;) C R such that

i) a, < b, < ¢, definitely;

ii) a, — €, ¢, — €, € € RU {£o0}.
Then b,, — ¢.
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Proor. We consider only the case ¢ € R, the others are left as exercise. We have to prove that
Ve>0,3N : |b,—-l|<e,Vn>2N, — (—-e<b,<l+g ¥Yn>N.
By assumption
ay, — €, = AN (¢) : t—e<a,<l+e, ¥Yn>Nj(e),
cpn— 4l = dNy(e) : L—e<c, <l+¢, Ynz= N, (¢),

Moreover, by i) there exists N such that a,, < b, < ¢, forany n > N. Then, if N := max{N, N, N} the previous
properties hold for any n > N. We deduce that

{—-e<a,<b,<c,<l+e, Vn>=N. O

ExampLE 4.2.5. Show that
(=n"

n

— 0.

SorL. — Indeed, being —1 < (—1)" < 1 for any n € N, we have

_1\n
Gt

n n n

, Vn>1.

Now: —% and % are the two policemen going to 0. Therefore, (_rll)n — 0. O

This example suggests a general rule. Let us first introduce the following

Definition 4.2.6

We say that (a,) C Ris

e bounded if there exists M such that |a,| < M for any n € N.
e infinitesimal if a,, — 0.

‘We have,

Proposition 4.2.7

If (a;) is bounded and (b,,) is infinitesimal, then (a,b,,) is infinitesimal.

ExampLE 4.2.8. Compute

sinn

lim

n—+co n

Sor. — Writing Siz L = (sinn) - % and because sin 7z is bounded (being | sinn| < 1 for any n € N) and % null, their
product is null: therefore the limitis 0. O
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4.3. The Bolzano-Weierstrass theorem

In this subsection, we put a first important brick on the future development of a very important soft
Analysis tool: the Bolzano—Weierstrass Thm. In short, it says that any bounded sequence has at least a
convergent subsequence. This is evident in the case of the sequence (—1)" but it is in general not evident
(think to the sequence sin n).

Proposition 4.3.1

Any convergent sequence is bounded.

Proor. Exercise. ]

Theorem 4.3.2: Bolzano—Weierstrass

Any bounded sequence has a convergent subsequence.

Proor. The idea is easy: consider the “trace” left by the sequence on R, that is the set
S:={a, : ne N}

For instance: if a, = £ (constant sequence), S = {¢}; if a,, = (—1)" then S = {—1,+1}. And so on.
Because (a,,) is bounded, by assumption, we can say that

Jap,foER : ap<a, <Py, VREN, = SC [ao,ﬁo].

Now the point is the following:

o If S is finite: it is clear that at least one of its elements has to be equal to a,, for infinitely many
n (otherwise, if any s € S would be equal to a, only for a finite number of n, the set S should
be infinite). In this case, we have that there exists (a,,) C (a,) with a,, = s hence a,, — s,
so we have the thesis.

e If S is infinite, we construct the subsequence in the following way. First: divide [ag, Bo] in two
parts. At least one of them must contain infinite elements of S (otherwise S would be finite).
Let’s call

[a1,B1] C [@o, Bo], the half part such that [a, 81] NS =: S is infinite

Call n; such that a,,, € [a1,B1] NS = S;. Now, repeat the argument with S;: divide [}, 5] in
two parts: because S is infinite, at least one of the two half must contain infinitely many points
of S;. Let’s call

[a2, B2] C [a1,B1], the half part such that [ap, B2] N S| =: S5 is infinite.

It is clear that we can find a,, € [a2, B2] N S; =: S2 with ny > ny. Iterating this procedure we
get:

— intervals [ay, Bk], each one being one half of the previous [ak—1, Bk-1];

- elements a,, € [ak, Br] with ng > nj_.
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Then (a,,) C (a,). We say that (a,, ) converges. To this aim, notice that, by construction
ai < an, < Pr.

Moreover ay /" while S “\: being monotone sequences oy — @ = sup; @, and Sy — S =
infy B and because

Bo — ao
2k

But then, by the two-policemen theorem it follows that a,, — a. O

0<B-a<Pr—ar< — 0, = a=g.

4.4. Rules of calculus

We need some rules of calculus to compute the limits in an efficient way. Fortunately, there are
very simple rules that make most of the situations easy to handle. There are, however, a few number of
exceptions where no rules are available: these cases are called indeterminate forms.

4.4.1. Finite Limits. We start with the simple

Proposition 4.4.1

Let
an—>{’1 €eR, bn—)fzeR.
Then
i) a, b, — {1 = 0,.
i) a, - b, — € - 6.

iii) if £, # 0, i

Proor. Let’s prove only i). We have to prove that
Ve >0, AN : [(a,+b,) — (61 +6)| <&, Yn = N.
Now
[(an+bn) = (G +O) =[(an =)+ (bn = O)| < lan— bl + by — .
Fixed & > 0 we have

an — 0, = 3N (5) : lan -G < 5, Vn >N (5),

b, — 6, — 3N, (%) : |bn—52|<§, A4

S
Y
5
Sl

Therefore, if

£ £ & £
= = = n— <_9 n— <_7 > >
N max{Nl(z),Ng(z)}, = la, -] > by, — 65 > Vn> N
SO
g €
|(an+b,,)—(é’1+€2)|<|a,,—£1|+|b,,—52|<§+§:s, Vn>N. O
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ExampLE 4.4.2. Compute

fim Y21
n—+e0 \fp + 1
SoL. — We have
vioi_ Vi(l-g) 1o
i+ 1 _\/%(1+\/Lﬁ)_l+\%'

Now, clearly

l_i_>1,l+i—>l,:> —)%Zl O

Vn Vn I+

The case 7% with b, — 0 is not included in the previous list. In certain cases, we may have a rule. To
show this, let us introduce an important

—_

Definition 4.4.3

We say a, — {+if
1) a, — ¢
ii) a, > ¢ definitely (that is for n > N).

‘We have

Proposition 4.4.4

Let

a, — { e R\{0}, b, — 0+, = Z—n —> (sgnf)oo.
n

If the sign of the denominator is not definitely constant, the limit will not exists.
ExampLE 4.4.5. The limit ofﬁ = (—=1)"n does not exist. O
The case g leads to an indeterminate form. By this we mean a situation in which we cannot decide a

priori what happens to the limit. This situation can be shown by a few examples that show that everything
might happen:

. take%=%:%—>0;

J take%:"%:nﬂwo;

e take M—Z =1 —1;

e take (_BZ/ " = (=1)" and limit does not exist.

Thus, when we meet a 8 everything may happen: a finite or infinite limit, or even the limit does not exist.
This does not mean at all that we cannot determine the limit! Part of the techniques developed along this
course are devoted to solve this kind of problems.
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4.4.2. Infinite and infinitesimal limits. To treat with infinite limits is much more delicate. This
because +co are not numbers like any other real number, thus we need a bit of cautiousness. However, a
number of properties are easy and natural:

Proposition 4.4.6

Suppose
a, — €1, b, — 0.
Then
i) if {; = oo and ¢, € R then a, + b, — oo (same sign of ¢).
i) if £; = £, = +oo (same sign) then a, + b;, —> oo (with the common sign of ¢; and ¢5).

We use the following notation to summarize the content of the previous proposition:
(£00) + € = %00, (£ €R), (+00)+ (+00) =+00, (—00)+ (—00) = —0c0.

ReEMARK 4.4.7. In the case €| = +o00 and £, = —oo nothing can be said in principle. We can find
examples that show very different behavior that cannot be described by an a priori rule. For this reason,
we say that (+00) + (—o0) (or (+00) — (+00)) is an indeterminate form. To understand better, let us see
some examples:

e a, =n?> — +00, b, = —n —> —co. Then a, +b,, = n>—n. Itis however easy to show that n” —n —s +co.

For instance: n*> > 2n asn > 2, so

n—n>2n-n=n— +oo.

e a, =n— +oo, b, = —n* —> —co. Here
_ 2
ap+b,=n-n"— —oo.
e a,=n+1— +o0o, b, = —n —> —oo. Here

ap+b,=(m+1)-n=1— 1.
e a,=n+(-1)">n-1-— 400, b, = —n —> —co. Here

an+bp = (n+(-1)") —n=(-1)",

and the limit does not exists. O
Proposition 4.4.8
Suppose

ap, — 51, bn — 52.
Then
i) if £; = £o0 and £, € R\{0} then a, b,, — sgn({) + oo.
i) if €1, £, € {xoo} then a,b,, — sgn(£;)sgn(£,)oo.
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Like for the sum, we use the shortened notations

(+00) - £ = sgn(f)oo, (£ #0), (=o)L= =sgn({)eo, (£#0),

(+00) - (+00) = +00, (+00) - (=00) = —00, (—00) - (—00) = +oo.

REMARK 4.4.9. The indeterminate form for the product is oo - 0. Here’s some examples:

a, =n — 400, bn=%—>0, anbnzn%=1—>1.

a, = n* — +oo, bn=%—>0, anbnznzizn—>+00,

="

n

Proposition 4.4.10

Suppose

a, =n — +oo, b, = % — 0, apb,=n = (=1)", doesn’texist. 0O

a, — €1, b, — 0.
Then
i) if £; € R and ¢, € {£oo} then Z—: — 0.
i) if ¢ € {0} and £, € R\{0} then 3* — sgn({1)sgn(£)o.

The mnemonic forms are
4

+00 —00
- = Oa (f € R)a - = Sgn(f)OO, ([ * O)’ - = —sgn(f)oo, (f * 0)
+00 4 4
To finish, we pass to the case of ration. Easily we have the rules

+00 —00 +00 —00
= = —0Q,

— = — =400, — = —
0+ 0— 0— 0+

However, as for (Q), = is an indeterminate form. Summarizing: the following are indeterminate forms:

+=00
(£00) + (F0), (opposite signs), (xo0) -0, —, —.
0" +oo
ExamprLE 4.4.11. Compute
. n—-n2+2
lim ——
n—+oo n3 —-_n - 5
SorL. — At first sight, there are several indeterminate forms. In the numerator, we have (+co0) — (+c0) +2 =

(+00) — (+00). It is however easy to eliminate the problem: clearly, as # is big, n> should be much bigger than n?,

driving the numerator to +co. For a precise argument, notice that writing

1 2) (+00) - (1-040)=(+00) - 1=+o0
- +00.

w-n*+2=n l-—-+—=
n o n
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Notice that we used the rule (+c0) - I = +co. Similarly, at the denominator n° —n—5 = n? (l -

i 5\ (+00)-1
5] > oo
Done this we meet another indeterminate form: the fraction appears as 2. However, using previous factorizations,

n3_n2+2_n3(1—%+”%) 1—

1
nw-n-5 _n3(1—l—i)_1—#

n2 n3
ExampLE 4.4.12. Compute

n+2)!'+(n+1)!
n—+o (n+2)! = (n+ 1)1

Sor. — Of course n! — +co and similarly (n+2)!, (n+1)! — +oo. Therefore, (n+2)!+ (n+1)! — +oo while

(n+2)! = (n+1)!is an indeterminate form (+o0) — (+c0). However, it seems evident that (n + 2)! is much bigger
than (n + 1)! and noticed that (n +2)! = (n+2)(n + 1)!, we have

(n+2)!—(n+1)!=(n+2)!(1— ("“)!) =(n+2),(1_ 1 )<+oo>-1

—5 400,
(n+2)! n+2

Now we have a form % but using the previous trick,

n+2)!+(n+ 1) 1455
(n+2)!—(n+1)!

— 1. O
1- L
n+2

In these first examples emerges an idea: “biggest” terms dominate. For instance, for the difference
a, — b,, we have

b
an—bn:an(l—a—”).
n

Now: a, is ’bigger” than b,, if Z—" is small! This is a crucial idea:

Definition 4.4.13

Given (a,), (b,) C R two infinite sequences, we say that
e a, has higher order than b,, (notation a,, >, b,) if

bn

— 0.
an
e a, has the same order of b,, (notation a,, < b,,) if

by
— — C#0.

an

In particular, if C = 1 we say that b,, is asymptotic to a, (notation: a, ~ by).

by
an—bn:an(l——),
dan

is no more an indeterminate form. However, if a, ~i- b, the previous transformation change the
indeterminate form (+oo0) — (+00) into the form (+o0) - 0, so it is useless.

Therefore: if a,, >, b))
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ExampLE 4.4.14. Compute

lim (\/nT—\/ﬁ).

n—+o0o

SoL. — Clearly Vrn+1,4/n — +o00 so we have the indeterminate form (+o0) — (+00). Notice that even if

Vn +1 > y/nis not true that Vn + 1 > +/n. Indeed

oo [ n [1 1
w+l Vn+l n+1

It seems evident that being 1 — ﬁ — 1 then /1 - nﬁ — V1 = 1. This is actually a property of the root and of

lots of functions called continuity. For the moment we do not care about it and we assume it is true. Therefore

Vi — 1, & Vn~Vn+l.

Vn+1
So none of the two terms is bigger and the factorization is useless. Then? An algebraic trick allows to proceed:
Vn+1+ +1) - 1 L
Vn + —\/_z("n+ —‘/’7)‘ - \/E:(” ) == — 0. O
Vo+l++yn Vn+l+yn Vn+l++n

We have a similar classification for infinitesimals:

Definition 4.4.15

Given (ay), (b,) C R two infinitesimals (namely a,, — 0, b,, — 0), and assume that b, # 0,
definitely. We say that
e the infinitesimal a,, has higher order than the infinitesimal b,, if
Qn
— 0.
by
e the infinitesimal a,, has the same order of the infinitesimal b,, if

n

a
— — C=#0.
by, ’

In particular, if C = 1 we say that b, is asymptotic to a, (notation: a, ~ b,).

For instance, if @, § > 0, the infinitesimal sequence #, is of higher order than [resp. asymptotic to]

1

the infinitesimal sequence T if and only if @ > B [resp. @ = ]

1

n

: 1
) Sin ( n )
lim
n—+oo L
n

ExampLE 4.4.16. Prove that the sequence sin ( ) is (infinitesimal and) asymptotic to the (infinitesi-

1

mal) sequence o Le.,

=1

Sor. — Let us begin with proving that, for every x € [—x/4, 7/4]\{0},

“4.4.1) cosx < L <1
sin x
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Indeed, the area of the triangle APO is Si%, the area of the circle sector APO is the area of the circle multiplied

/ P
i ;tan(x)
sin(x)
\o

by zx_”’ that is, 7 - zi = %C, and the area of the triangle AQO is ta%_ Therefore
Vi

ie.
cosx < o <1, xe[-n/4 n/4]\{0}
X
which coincides with (4.4.1). So, in particular

1 sin%
cos — < <1 Vn € N.
n

S |=

. . 1 . . . .
We claim that lim cos — = 1. If so, by the two policemen theorem we get the thesis. It remains prove the claim.
n

n—+co

Actually, since 0 < cos % < 1, for every n € N, one has

1 1\ 1\ 1
Osl—cos—sl—(cos—) :(sin—) < —.
n n n n

L . 1 . . 1
Hence, once again using the two policemen theorem , we get that 1 —cos — — 0,i.e. lim cos — = 1.
n n—+oo n
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4.5. Principal infinities

As we have seen, it is important to compare (in the sense of Definition 4.4.2) different quantities to
determine the biggest one. Among the fundamental quantities going to +co there are exponential (with
base > 1), power (with exponent > 0) and logarithm (with base b > 1). It is clear that

A" > b, = a>b>1; n¥ > P, = a>p>0.
Logarithms are not ”ordered” because
log;, n = (log;, a)(log, n),

therefore log;, n =, log, n. The comparison between these quantities is not at all trivial:

Proposition 4.5.1

a" >0 nY >0 logyn, Ya>1, >0, b>1.

Proor. We will limit to prove that a” >, n® for @ > 0. We first assume @ < 1. Notice that, writinga = 1 +h
with & > 0, by binomial formula we have

(1+h)"=Z( Z )hkl"‘kz( 8 )h°+( ’11 )h1+Z( Z )hk=1+nh+ (Z)hk>l+nh
k=2

k=0 k=2
being & > 0. This remarkable elementary inequality is called Bernoulli inequality. By this we have
a” 1+nh 1

— > — + ' — 4o

because 1 —a > 0.
We now pass to the case @ > 1. We reduce this to the case @ < 1 by writing

a’ ~ ars 2“_ (al/Za)n 2a B pn 2a
ne \pt2] T\ 2 —A\p2]

where b := a'/>® > 1, being a > 1. Then b" >, n'/? by previous case, so

b a’ b 2a
m—>+00,:> n—az(m) —> +00. O
ExampLE 4.5.2. Compute
on _ }’l2
lim

n—+oo 30 _ ;10000
SoL. — Consider the numerator first. Being 2" >, n> we have

2
N:=2"—n2=2”(1—n—)=2"-1,,,
2”
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2 . . .
where, by shortness we set 1, := 1 — 55 — 1. In the denominator, apparently n'092" is greater than 3”. This is
false because
n1002n

3}1,

100~Hn 100 (3)\" 100
2 5) >
n = _ n . (2)_)" 0, — 3" _n1002n =3n (1 _
(3)
2

J=3 1.

Therefore

ExampLE 4.5.3. Compute for a > O the

. a"—-nfa"+ (-1)"n*
lim 3 3 .
n—+00 a+n

SoL. — It’s better to treat separately the numerator and denominator. A the numerator seems evident that the first

n
exponential dominates when a > 1 while, noticed that n2a=" = n? (é) it should be the second term to dominate

when a < 1 (because % > 1). Thus, we should treat three different cases: ¢ > 1,a=1anda < 1. If a < 1 we
could write

4 2n 2
_ 2 -n a" (=D"n"\ 5, a a N
N = —n“a ]—m— nza*" =-—-na —?—(—1) ]n .
(%)
Now:
a2n
a*—0, (a<l), = — —0.
n

Moreover, being a < 1, that is % > 1, we have

1 n 2 2
(—) >t = —— —0, = (-1)"—— — 0, (bounded-infinitesimal)
a

(%) (&)

a™"-1,. In the case a = 1 we have

hence N = —n?

N=1-n>+(-D)"n*=(-1)"n* (1 + (—1)"% - (—1)"%) = (=1)"n* - 1,,

again by the rule bounded-infinitesimal = infinitesimal. Finally, if @ > 1 the dominating term is a" and indeed

2 —-n 4 2 4
n n-a n n n nn n
N=a 1- +(—1) a—n)za (l_aTn+(_1) a—n)za ln

an
being a®" = (a®)" > n? (a > 1) and a” > n* while (—1)"2—;: — 0 by the rule bounded-null=null. Summarizing,
-n*a™-1,, a<l,

N=3 (-D)"n*-1,, a=1,
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Also for the denominator we have the casesa < 1,a=1,a > 1.

n3(1+%)=n3-1n, (az”—>0), a<l,
D= n3(1+#):n3~1n, a=1,
a®" (1 + a"TSn) =a? - 1,, (a*" = (az)” >nd), a>l.
Finally,
—n2a-n1 (H (L)'>n
el =L, e, s
N_ Dmnt-1
D % =(=1)"n-1,, doesn’t exists, a=1, g
;;,—I,lf=a%'1n—>0, a>1.
Consider a limit of type
lim a’".
n—too

Here (a,) C]0, +oo[ and (b,) C R. Notice that
bn
aZ” = go%alan") = gbnloga(an) (g 21, q > 0).

Choosing for instance a > 1, and accepting the continuity of exponentials (we will treat this topic later)

we have
+oo, when { = +o0,

if lim b,log,(a,) =:¢, = { a’, whent€eR,
n—+oo

0, when € = —oc0.
The quantity b, log,(a,) may lead to an indeterminate form of type oo - 0 or O - co. We have

bn — iOO, bn — iOO,
bplog,(a,) = -0, & =
IOga ap, — 0’ a, = alOga an __ 1,
or
b, — 0, b, — 0,
bplog,(an) =0-00, —
log, a, — +oo, a, — 0+, Va, — +oo.
Conclusion:

152, (047  (04)*
are indeterminate forms. The identity
azn — abnloga an,

is the way to reduce this form to products.
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ExampLE 4.5.4. Compute

logy

1 n
lim —)

n—+oo \ n

log, n

SoL. — We know that n >>,, log, n, so =

— 0 while % — 0+: we have the indeterminate form (0+)°. Now,

logyn

2
1 n logy n (logy n)? logy n
(_ =0 n log:n — o :2(n1/2) —20=1,
n

1/2

because n'/“ >, log, n. ]

4.6. Monotonic sequences

In general, a sequence (a,) C R might not have any limit (example: (—1)"). However, for certain
sequences it seems natural they converge:

Definition 4.6.1

We say that a sequence (a,,) is increasing (notation: a, ) if
Anyl = an, Yn € N,

Similarly, decreasing sequences are defined. An increasing/decreasing sequence is called mono-
tonic.

An essential result is the

Theorem 4.6.2

Every monotonic sequence has always a limit. In particular:

Ifa, /', = 3 lima, =sup{a, : n € N} € RU {+oo}.
n

Ifa, \, = 3 lima, =inf{a, : n € N} e RU {-o0}.
n

Proor. Consider, for example, the case a,, " (the other is left as exercise) and let
¢ :=sup{a, : neN}.
There are two possibilities: i) £ € R, ii) £ = +o0.
i) € € R. Let € > 0. By characteristic properties of sup, there exists N = N € R such that
l—e<apn <.

Being a,, /" we have
(—e<an<a,<,Vn>2N, = la,-¢t| <& VYn>=N,

and this is nothing but the definition a,, — ¢.
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ii) £ = +oo. In this case, {a, : n € N} is upper unbounded. Therefore, for any K > 0, we find an N such that
ay > K.

Being a,, /" we have
a,z>an 2K, Vn>N,

and this is nothing but the definition a,, — +oo. O

A remarkable application of this result is to limit

Proposition 4.6.3

4.6.1) 3 lim (1+%) = e €]2,3].

n
Proor. We prove that (1 + %) is increasing. Indeed, according to Newton’s formula, !

1 n+l n+l n+l n+l (I’l + 1)‘ 1
(1+n+1) :Z( k )(n+1)k: Z(n+1)k(n+1—k)zﬁ

k=0
Notice that, forevery k =2,...,n+1,
(n+1)! _ (m+Dn(n-1)---(n+2-k) nn-1)---(n+2-k)

n+Dk(n+1-k)! m+Dnr+D@m+1)---(n+1) @m+Dn+1)---(n+1)
1 k-1 1 k-1 n!
_(1_n+1)“.(1_n+1)>(1_;)“.(1_ n )_nk(n—k)!'
Therefore
1 n+l n+l n! 1 n n! 1 ln
1 >2 S B ) L I
( +n+1) +kZ=;nk(n—k)!k! g +k2=2nk(n—k)!k! ( +n)

n n
thus (1 + 1) isincreasing, which in turn (by Theorem 4.6) implies that there exists the limit lim 1+ =] =
n g y p
n

n—oo

1\" n
sup {(1 + —) ,nE N\{O}} =: e.2 Since (1 + %) > 2 for every n > 1, we have e > 2. Moreover,
n

ESE R IR D

k=0

INewton’s formula, for all a, b € R and and all natural numbers p > 1, reads
p

(a+b)p=2( Z )ap_hbh

h=0

2In principle, the sequence might be unbounded, in which case e should be interpreted as equal to +co. However, in what follows
we show that this is not the case, for the sequence is bounded by 3.
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Now, fork >2,onehask!=1-2-3---k>1-2-2---2=2k"1 g0 that

”1<"1 1+1+ 1<13
= —1 R T 7g -1 ’
k_4k' k:42 8 16 2 4
thus
1+1n<2+1+1+1_35
n 2 6 4 12
n
Since e is the supremum of {(1 + %) , n€ N} one has e < % < 3. O

ExampLE 4.6.4. Compute
1 n
lim (1 - —) .
n—+oo n

SoL. — We have

(“%)n:(nﬁl)nz(%)":(Hl_)":(uﬁ)"‘l‘(l )_)%:3

1
n—1
4.7. The concept of Mathematical Model

Sequences arise in a natural way in Mathematical Modelling, that is, when we meet stylized repre-
sentations of some real system. Even if Mathematical Modelling is not a strict goal of this course, it is
nevertheless useful to present some motivating example that gives some insight to future developments.
Here we will limit to a few examples, chosen for their simplicity and not for their generality.

4.7.1. Malthus model. The Malthus model is an extremely simplified but yet interesting mathe-
matical model to study the evolution of a population. This may be a human population, any biological
population (such as cells, viruses, bacteria, etc), etc. Let us denote by p, the population at the n—th
generation (here n € N). Depending on the population, » may represent many different things (seconds,
minutes, day, months, years, centuries, etc). To assess the population growth, we introduce the concept
of growth rate

_ Pn+1 — DPn

= —pn .

This quantity represents the variation over the total of the population from an observation time # to the
next n + 1. Equivalently,

“4.7.1) Ip !t

Pn+1 = (L+70)pn.
Since here p,, represents the number of individuals at some time 7, in particular p, > 0, then necessarily

rn = —1. Actually, r, = —1 would mean complete extinction when we pass from time n to n + 1.
3Indeed |

LR U SR I PO O +1”‘4_11—2,1—_3<1

8 16 on-1 "8 2 2 _81_% 4

1_xq+l

where we have used the identity 1 +x +...x7 = 55—, validx € R\{1}, Vq € Z.
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If the values of p, are known, r, can be determined. This is what happens when we use past
observations of p,. However, if we wish to predict future values of p, we need to do some assumption
on how r, may depend on n and on values of p. The simplest possible assumption is r,, = r, that is
Pn+l — Pn

Pn
This is the Malthus model, introduced by the demographer Robert Malthus in 1798. In this case, the
future values of p,, given initial one, say pg, can be easily determined. Indeed by (4.7.2) we have

4.7.2) =r, YneN.

Pn=(+r)p,1= (l+r)2pn—2 = +r)3pn—3 == (l+r)np0-
The list po, p1,- - .5 Pn> Pn+ls - - - 1S called sequence. In this case, it is quite easy to predict what happens
to p, for a long future time n. Assume, for instance, that —1 < r < 0. To fix ideas, take r = —%.

This means that p,.+; — p, is —% pn that is: first, population decreases (p,+1 — pn < 0); second, the
population halves. It seems evident that, in a long time, the population will be extinct. Precisely, for a
fixed population threshold £ > 0 (small), we have
0<pn=lp0<s, = 2"2@, = n>log2@, — n>N:=log2@.
2n e e e

Thus, after time N the population will remain below the threshold . This ”game” can be repeated for
every € > 0 (of course the smaller is &, the bigger is the initial time N after which a, < €). This gives
a clear idea that p,, can be made small as we like provided we wait long enough. This is the idea behind
the concept of

lim p, =0.

n—+co
If r > 0, as for example if » = 1, then p,, = 2" pg thus p,, becomes arbitrarily large when n increases.
Indeed, fixed K > 0 we see that

. K K K
pnz2kK, & 2">—, & n>zlog,—, & n>=N :=|log, —|+1.

Po Po Po

In this case, we would say
lim p, = +oo.
n—+oo
4.7.2. Logistic map. Malthus model is simple but not realistic. If, for instance, we assume a positive
growth (that is, r > 0) we have p,, — +oco. If the environment has some physical limitations (such as
space or food), this is manifestly impossible. A more reasonable model should have a variable growth
rate, that is, a rate that depends on the population p, namely

'n = T’(Pn),

where r = r(p) is a suitable modelling rate function. For example, if we estimate that a certain
environment can be tolerating a population up to a certain maximal size M, we should expect something
like
>0, ifp<M,
”(p) =0, 1fP =M,
<0, ifp>M.
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In this way, the population should decrease if it passes the maximal size, while it should be free to grow
if the environment allows it, that is, below the maximal size. Another reasonable property is that growth
rate should decrease if the population increases. The simplest possible function with these properties is
a linear function

r(p) =ro(M - p).
Plugging this into (4.7.1) we obtain the following equation
Pn+1 — Pn

n

:rO(M_pn),

that is
Pn+1 = Pn (1 + rO(M - pn)) .
By rearranging the terms and rescaling, this equation may be reduced to a one-parameter equation

(4.7.3) X1 = pxa(l = x),

and under this form is known as logistic map. We might use directly this as a model equation, in the
sense that here x,, may represent the percentage of site occupation. We may notice that if x,, = 0 (in other
words, if x,, s very small respect to 1) then

Xn+l = PXn.

Thus, when x,, is small (respect to 1) the population follows a Malthus model evolution, so p plays the
role of 1 + rp. In particular, p = 1 + 7o < 1 means ry < 0 thus we may expect that the population will
go to the extinction while for p > 1 (r¢p > 0) the population will grow. In this case, sooner or later the
population will be no more negligible, then it will not follow the Malthus dynamics. It is at this point
that the story becomes complicated.

The behaviour of solutions to this equation may be extremely complex. The first problem is that there
is no way to get a direct dependence of x,, from the model parameters. For example:

X1 :pr(l _XO),
x2 = px1(1—x1) = p?xo(1 = x0) (1 = pxo(1 = x0)),
X3=...

However, recurrence equation (4.7.3) may be used to determine the numeric plots of the sequence x,,.
This can be easily implemented into a code that you may easily create with any simple Programming
Language. In the following figures we show some of the plots for values of x,, in function of n. Initial x¢
is conventionally fixed to xo = 0.2 (that is, 20% of the available space is occupied).
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The first three figures show cases p = 0.7,1.7 and p = 2.7. We see that, in the long time, x,, ~ 0 in
the first case while in second and third case x,, ~ € with £ # 0. We would say that in these cases the
population tends to an equilibrium, that is, a state that does not change in time.

This second set shows cases p = 3.1,3.5 and 3.9. In the first case, we see that, for n big, x,, oscillates
around two values, that is x,, ~ €] and x,,4; = €, with £; # {,. Population does not attain an equilibrium,
yet the long time behaviour is regular. In the second case the situation gets more complicated: the long
time behaviour of x,, sees this oscillate around four distinct values. The last case is a completely different
story: there is no regularity on the value x,. This is an example of what is called chaotic dynamics.

To have a plastic view of the long time behaviour, the next figure is interesting. Here we plot, in
function of p, the values around which x, oscillates for long times. For example: if 0 < p < 1, since
x, = 0 for n big, we plot 0.

Xp = P (1= Xp-1) Xn-1

0.6

0.4r

0.2+

0.0

We see that x,, ~ £(p) for 0 < p < 3. For p slightly greater than 3 we see that x,, oscillates around two
values €1 (p) < 2(p), thus previous line £(rho) “bifurcates” around p = 3 into two branches. Increasing
p we see that at some p around 3.4 . .. the system oscillates around four values. Again, each of branches
{1(p) and ¢, (p) bifurcates. This mechanism seems to become faster and faster and around p = 3.6. ..
the system starts to have an irregular behaviour.
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Of course, these are empirical observations based on a finite number of iterations of the logistic map
to compute a relatively small number of x, (we computed x,, forn = 0,1, ...,100). Nobody could say
if these observations remain valid for larger n (who knows about x;410?). Nonetheless, they suggest a
number of hypotheses that could be verified. Despite its simplicity, the logistic map contains a lot of
complexity. It is perhaps the simplest example of chaotic dynamics.

4.7.3. Fibonacci numbers. This model describes the evolution of an ideal population of rabbits.
Precisely, the model describes a,, number of couples of rabbits at n—th generation. The model assump-
tions are:

e Initially, there is a unique newborn couple of rabbits, that is, ag = 1.

e Each new born couple, after a generation becomes fertile, and after two a new couple is born.
Thus, ag = 1. At n = 1 there is the initial couple that starts mating. At generation n = 2 there is the initial
couple, still mating, and a newborn couple: a, = 2. Next generation we have the initial couple, that one
born at n = 2 and not starting to mate, and a newborn couple created by the first couple. Thus a3 = 3.
We need a general rule: at n th generation, there are all couples of previous generation, that is a,,_1, plus
a new couple for each of the couples of the n — 2 th generation, that is a,_,. In conclusion

“4.74) A, = an_1+an_s.
So, we can compute some terms of this sequences, taking in mind that ag = 1,a; = 1:
1,1,2,,3,5,8,13,21,44,65,109, 174,283,457, .....
An

It is clear that the population grows very fast. But how much fast? Let us examine the ratio g, := s
between an element a,, and the previous one a,_1, and let us bet that this ratio tend to a constant g as
n tends to infinity. (Clearly, provided this constant is > 1 this means that we are conjecturing that the
growth is exponential for large values of n). By the Fibonacci’s relation (4.7.4) we have

. ) . Ap-1+an— . ap-n . 1
g = lim g, = lim = lim ——— = =1+ lim == =1+ lim =1+-
n—oo n—oo @, _1 n—oo An-1 n—oo d,_1 n—oo qn_l q

Hence, we getg = 1 + é, ie. g>—q—1=0, thatis

1++5
7
Hence, there are to candidates to mimic the Fibonacci sequence, namely

A:t+ﬁy’~_v—ﬁy

q:

an 3 n= 3

Now, though the above sequences verify the conditions a; = 1,a; = 1, neither ap = 1 nor @y = 1 hold
true. However, since the Fibonacci’s relation (4.7.4) is linear, every linear combination of the above

sequences, namely
n n
. 1+V5 1-5
b, = cia, +cra, =c 5 +co 5 s

for some constants c, ¢, verifies it. Let us determine the constants ¢, ¢ by imposing the initial relations
bo =1,b; = 1. This give
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ci+cy=1, ci+cr =1, ! 1 1
— — cl==+——, == — ——,
a4 5B = V3(ci—c2) =1 22 22
so that
n n
b_(1+ 1)1+\/§ +(1 1)1—\/5
T2 a5 2 2 2v5)\ 2

n
As n — oo it is clear that being ”T\FS > 1 we have (%5) — 400, while, being —1 < % < 0 we

S

n n
should have (%5) — 0. In other words, b,, is asymptotic to (1 + l) (1“5) , which we write as

V5 2
b, ~ (1+%)(1+2\/§)n.

Some more advanced theory —which is beyond the goals of the present course— tell us that the Fibonacci
sequence (a,,) is actually asymptotic to (b;), so that we can conclude that

an ~ (1+%)(1+2\/§)n.

4.7.4. Interest rates. Suppose we have a sum s and we deposit it into a bank. After some time, the
bank corresponds an interest rate r. Normally, a bank corresponds a rate r on an annual basis. There are
several different ways to compute the final premium. For instance, one could consider s +rs = (1 +r)s.
Another possibility could be the following: divide the year in n parts (for instance n = 365 dividing the
year in days). Each interval of this subdivision, the bank corresponds a fraction ;- of r. This means that
after the first period we will have the sum

as well.

r r
s+—s=(1+—]s.
n n

After a second period we will have

)1 D)es o) (5o 145

Easily we can see see that after n periods, therefore at the end of the entire period, we will have the sum
r\n
Sp = (1 + —) S.
n

The first natural question is: what number n of periods maximize the premium? Clearly everything
depends on (1 + £)". We notice immediately that

(1+r)2 1425 4 l+rs>14
= —_ = —_ _—= r —_— 2 r = .
4 2 2 4 @
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Similarly
ry\3 r 2o 2o r?
= 1+—) =143-43—+==1+r+—=—+—=214+r+—=as.
4 ( 3 3779727 T3 Tyt

This leads immediately to the following conjecture: let a, := (1 + %)" then any1 > ay for every n. This

is true if » > 0, but it is not easy to prove it in general. Now, assuming (1 + %)" /" asn /', how much
can be big this quantity? Does it increase to +co or to some limit ¢ finite? It is clear that in the first case
it would mean an infinite profit, and this sounds wrong . . . We will see that there exists a special number,

e €]2, 3], such that

r\n
(1+—) — e, asn — +oo,
n

The number e is one of more important constant of Mathematical Analysis: the Napier number.

4.8. Exercises

Exercise 4.8.1. Using the definition, show that

1 +2
1. lim [1+—]=1. 2. lim ——=1. 3. lim 22 o,
n—+0o n n—+oon + 1 n—+oo n + 1
+2 + 1
4. lim =2 =0 5. 1im 2V 1 6 lim — =0, (a>0).
n—+o n2 + 3n n—+oo y — \/ﬁ n—+oo &
. 2n? + 1 o ogn_pn
7. nl_l)rllw (IOgIO(Vl + 1) — 10g10 n) = O 8 n_l)I}_lm m = 2 9 nl_l)l’_{loo W =1
n?+1 1-
10. lim (n —Vn- 1) = +oo. 11. lim = 4o0. 12, lim = —co.
n—+oo n—+o0 1+ 1 n—+co | 4 \/ﬁ
1 -1 3
13. lim —— = —co. 14. lim [n+-|=+400 15 lim 2~ =_2,
n—+oo | — \/ﬁ n—+oo n n—+o0 2 — 2n 2

ExXERrcISE 4.8.2. By using suitable subsequences, we show that the following sequences do not have a limit.

L+ CED" 5 o6 (cnynt L
2 n

nrw
1. (-1)"n?. 2. sin —
(-D"n sm4

C30 (=)= (=D 4,
Exercise 4.8.3. For each of the following sequences, find two policemen and compute the limit:

n+cosn n?+(=1)"n (=1)"n nsinn \nsin(n!)
n2+1 7 m2+1° T R+l T on+1

n+1



Exercise 4.8.4. Compute

3
2-3n
1. I . 2.
n—1>IPoo(2n+])

n—+0o

n—+00 n—00

4. lim Vn+a-n, (a>0). 5 lim (x/2n2+n—1—n\/§). 6.

n! n+sinn

7. nl_l)f_{loo m . 8. lim

10. lim n?

n—+oo

2_ n’
-5 —1]. 11 lim
n*+1 n—+oo

n—+co | — COSN

+n?sin
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lim (vn—+hn). 3. lim ———.

ke (2(n+ 1) 1(n)2

9. lim (n+(=1)"Vn).

1

n

nd+1

EXERrcISE 4.8.5. Discuss in function of the parameter @ € R existence and value of

a
—n+l
I, lim Z2"*

n—+oo n2 +1 n—+oo

Exercise 4.8.6. Compute

n n 5
D lim —2— 2 fim 2"
n—+oo (1 + 2)"

n—+oo 30 — p2°

n2

6. lim 2n + (sinn)(log, n) .

n—+co n

. lim .
n—+oo gt + 1

lim Vr®+5—-+vVn+1. 3.

3.

Jim o (VT =),

i n*2" +n'0 — 5 a1 n’ +2" 5"

nots  25n 4 10m e 3000 30
lo 4+ (lo 2

lim (logy n)* + (logy n) .

n—+oo

Vn+1

EXERCISE 4.8.7 (%). Discuss, in dependence of the parameter a > 0, existence and value of

. na™ — n2" +n?
1. lim g 5 VT .
n—+eo 8371 4+ 22" + p3(sinn)*

. a +n?3"
3. lim .
N—+00 (_3)n + n22n _ aZn

n .
a —n2" + i—,smn

5. i
nteo  an 4 p2n — 3
. n*4" — (4a)" + 4"n? cos(n!)
7. lim
n—+oo n—n— n423n +12n

21pd —2Mp3 427" cog pMt

lim
N—+too 2nn4 _ 2—nn8 + nlO
. a"—n*32" 43" cos(n!)
im — 0 _ 9
n—o+oo  ptQN 4 QN4 — p
2" =2"n3 + (2cosn) ™"
lim
n—-+co 2np —2-np3 53

n™" =322 412"

. lim )
n—+oo 6"n2 sin(n!) — (3a)" + n36"

Exercise 4.8.8. Compute, in function of the parameter a € R,

1. lim

n—+00

n—+oo gt + 21

24> \" "1
( 2a 1) —n_sa]. 2. lim w.
a’+

EXERCISE 4.8.9 (%). Order the following quantities with respect the symbol >:

nvn, n*,

14—
2log2 n+log, n, 22"’ n \iogy n .
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Exercise 4.8.10. Reducing to the limit of e, compute

1)\ 1\ 1
1. lim (1+—) . 2. lim (1+—2) . 3. lim (1+
n—+oo n n—-+oo n n—+co n+k
H" 1 3\" 2n
4 gim UV s Lt 6. lim —" .
n—+oo  ph+l n—+oop \n+2 n—-+oo (n + 1)271
Exercise 4.8.11. Compute
1
o (=1 . !
L) lim (4 Vi 2. (%) lim -~

Exercise 4.8.12. Prove that

n" > n!>ada", Va > 1.

)n, (k e N).



CHAPTER 5
Limit

5.1. Definition of the limit of a function

Once we are acquainted with the limits of sequences, we can extend this concept to the general case
of functions of a real variable, f = f(x), x € D C R. In other words, we want to give a meaning

lim =,
lim_f(x)

where f : D ¢ R — R. To define the limit, £ cannot be any point. Indeed, since we wish to check what
happens to f(x) when x is close to &, we need f(x) be defined for x close to £. In other words, ¢ should
be approachable by points of D. This leads to the following important

Definition 5.1.1: accumulation point

Let D c Rand & € RU {£oo}. We say that ¢ is an accumulation point for D if
(5.1.1) A (xn) € D\{¢} : xp — &.

Acc(D) denotes the set of accumulation points of D.

@ -
& Xn Xq X0 D

Some useful remarks on this definition:

e accumulation points of D are not necessarily elements of D: for example
a € Acc(]a, b[) (take x,, = a + %)

e In the definition, we required the existence of (x,) € D\{¢} such that x,, — £. In particular,
x, # € for all n. In this way, we exclude isolated points of D being accumulation points: for
example, if D = {£} then Acc(D) = 0.

e +oo may be accumulation points of D. In this case, the restriction (x,,) € D\{¢} = D because
D c R. To say that +co € Acc(D) is equivalent to say that sup D = +o0 as well as —oco € Acc(D)
iff inf § = —co.

ExampLE 5.1.2. We have
° OEACC({% : neN,n>1}):indeed,(1)CD::{% : neN,n?l},%—>Oand%¢0

n
for any n. More difficult is to show that 0 is the unique accumulation point for D (even if it
should be intuitively clear!).

e Acc(R) =R U {zo0}.

87
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e Acc(N) = {+o0}, Acc(Z) = {xoo}.
e Acc({0} U [1,2]) =[1,2].

We are now ready for the

Definition 5.1.3

Let f: D CcR— R, & € Acc(D). We say that
3 limgf(x) ={eRU {+o0}
X—

if the following property holds true:
(5.1.2) Y (xn) € D\{&}, xy — &, = f(xn) — £

REMARK 5.1.4 (Important!). In (5.1.2) we consider a sequence (x,) C D (this to have f(x,) defined)
such that x,, # £, this regardless if £ € D or not. This seems to be a detail but it is not! Indeed: first of
all, function f might not be defined at ¢£. For example, this is always the case when & = +oco, which is

allowed by the definition. For example, it makes sense to consider
. sinx
lim —.

x—0 X

Here f(x) := sme is defined on D = R\{0}, clearly 0 € AccD but f(0) is not defined.
Moreover, even if f is defined at &, the value at (&), may not have anything to share with the
limy_ ¢ f(x). This is a subtle point, we show it by an example. Consider the function

1, x#0,
fx) =

0, x=0. T

What is the reasonable guess on HH(IJ f(x)? Doesitexist? If yes, what should its value be? Intuitively,since
X—>

for x close to O (but different from 0), we have f(x) = 0, then itis reasonable to conclude that lin}) f(x)=0.
X—
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And indeed this is what happens: if (x,) ¢ D\{0} and x,, — 0, then f(x;,) = 0 (being x,, # 0), so
f(x;) =0 — 0. According to Definition 5.1, we conclude 1iII'6 f(x) =0, as expected.
X—

Imagine now that we modify (5.1.2) as follows:
(5.1.3) V(xp) D, xp — & = fxn) — L.

In this case, we would conclude that lim,_,¢ f(x) would not exist! Indeed: take (x,) C D. As before, if
X, # 0 we have f(x,) =0 — 0. In this case, however, we can also take x,, = 0 is contained in D and
x, — 0, but now f(x,) = f(0) =1 — 1. Thus (5.1.3) would not be verified. O

The notion of limit can be given independently of sequences, for the following characterization holds
true:

Proposition 5.1.5

Let f: D cR— R, & € Acc(D) NR. Then the following equivalences hold true:
lirréf(x)=€€R(=> Ve>036>0: l-e<f(x)<l+e Vxel&-6,&+6[ND\{¢}
x—

limff(x) =+00 &= VKeR F6>0: f(x)>K Vxe]&-06,&+6[ND\{¢}
x—

lim f(x) = —c0 <= VK €R 36> 0: f(x) <K Vx€l¢=5,£+5[ND\()

Let +c0 € Acc(D) (i.e., let D be not upper bounded). Then the following equivalences hold true:

lim f(x)=¢eRVe>03IM: [-e< f(x)<l+e VxeDN|M,+oo

X—+00

lim f(x) =400 & VKeR IAM: f(x)>K VxeDN|M,+oo|

X—+00

lim f(x)=—-c0 = VKeR AM: f(x) <K Vx e DN|M,+oo|

X—+00

Let +c0 € Acc(D) (i.e., let D be not lower bounded). Then the following equivalences hold true:
lim f(x)=(eRVe>03IM: [-€e< f(x) <l+e VxeDN]—-oo, M|
X——00
lim f(x)=-c0 &= VKeR IM: f(x)>K VxeDN]—-oo,M|
X——00

lim f(x)=—-c0o = VKeR AM: f(x) <K VxeDN]—-oco, M|

xX——00
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Proor. Let us prove only the first equivalence, the other ones being left as an exercise. Namely, we
have to prove that

limgf(x):{’eR@ Ve>0 36>0: [—e< f(x)<l+e Vxe]é-6,6+0]

b3

Let us begin with proving the implication ” —
the thesis, so obtaining

. We proceed by contradiction. That is, we deny

3€:V6 >0 Jxs €]é -6, x+6[ND and f(xs) €]l — &, +€].

Since 6 is arbitrary we can choose, for every n € N\{0}, 6 = 1, so that

E?

g_l,§+l N D andf(x,) ¢]l — €1 +€[.
n n

dx, €

Notice that x,, — £. Hence the so-constructed sequence (x,) is such that f(x,) ¢]l — €,1 + €[ for every
n > 0, which contradicts the thesis limg f(x) =¢. The implication = has been proved.
X—

EX]

Let us now prove the implication ” < ”. Let (x,) be a sequence in D\¢ such that x,, — £. By
hypothesis, for every € > 0, there is a § > O such that f(x) €]l —¢€,{+¢[ forall x €]& -8, &+ [ND\{¢}.
Since x, — &, there exists N > 0 so that Vn > N one has x,, €]¢& — 4,& + 6[ND\{¢}. Hence, by
hypothesis, f(x;) €]l — €, + €[. Therefore the sequence (x,,) verifies f(x,,) — €. By the arbitrariness
of the sequence (x,), we obtain limg f(x) =¢, so the proof is concluded. O

X—

When x — ¢ € R we may imagine that x could move to & only from its right or from its left, that is
considering x > & or x < . This leads to the

Definition 5.1.6: Unilateral limit

Let f: D CcR— R, ¢ € Rsuchthat ¢ € Acc(D N [£,+o0[). We say that
3xl_i)n§1+f(x) ={ € RU {zxo0},

if

(5.1.4) ¥ (xn) € D\{E}, X0 — &+ = f(xn) — L.

Similarly, Let f : D ¢ R — R, & € R such that £ € Acc(—co N D). We say that
HXEI‘Ifl_ f(x) =€ €RU {£o0},

if

(5.1.5) V(xn) € D\{E}, xp — &= = f(xn) — L.

A similar definition holds for

Jim ().
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ExampLE 5.1.7.

.1 .1
lim — =400, lim — = —o0.
x—0+ X x—0- X

SoL. — We check the first, the second being similar. Let (x,,) € D\{0} be any sequence such that x,, — 0+: then

1
fan) =~ P40, D
Xn
If both left/right limits exist, then they should coincide in order the “full” limit exists: this is the content
of the

Proposition 5.1.8

Let f: D CcR— R, xg € Acc(D N [xg, +oo[)Acc(DN] — o0, xg]). Then
3 lim f(x)=¢, < 3 lim f(x)=¢ 3 lim f(x)="¢.
X—Xx0—

X—X0 X—Xxp+

Proposition 5.1 provides a simple non-existence test:

Proposition 5.1.9

Letf:DCcR-—R, &€ Acc(D). If
I (xn), (yn) € D\{€} : xp,yn — &, and f(x,) — €1, f(yn) — b, with & # &,

then lim,_,, f(x) does not exist.

ExampLE 5.1.10.

A lim sinx, A lim cosx.
X—>4+00 X—>+00

Sor. — Take x,, = 2nmr and y,, = % + 2nn. Clearly x,, y, — +oo0 but
sinx, =sin(2nr) =0 — 0, siny, =sin (% +2n7r) =1—1.
Similarly for cos. O

ExampLE 5.1.11.

) | . 1
A lim sin—, A lim cos —.
x>0+ X x—0+ X

1

SoL. — Let’s see for cosine: take x,, in such a way that Xl = 2nm, thatis x,, = Ty 0+, and yL = Z +2nm, that

2
is y, = % — 0+. Then

1 1
cos — =cos(2nn) =1 — 1, cos — = cos (z +27’l7T) =0—0. O
n Yn
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5.2. Definition of Continuous Function

Operation of limit is of paramount relevance in the entire Mathematics. Many concepts or problems
can be properly stated by using this fundamental concept. The first remarkable application of the concept
of limit is to the rigorous definition of continuous function. A naive definition, usually given to students,
is the following: a continuous function is a function for which we could plot its graph without lifting the
pencil from the sheet. This is suggestive but, unfortunately, not correct. The right definition is

Definition 5.2.1

Let f: D CcR— R, & e DN Acc(D). We say that f is continuous at point ¢ if
lim f(x) = f(£).
x—&

If S is a subset of D and f is continuous at every & € S, we say that f is continuous on S and we
write f € €(S). Namely, € (S) denotes the family of functions that are continuous on S.

ExampLE 5.2.2. Let f : R\{0} — R defined by

o
<

+1, x>0,
f(x) = = sgnx.

Then f € €(R\{0}).

SoL. — Pick ¢ € D = R\{0}, for example & > 0. If (x,) € D\{&} is such that x,, — &, then, according to
permanence of sign, one has x,, > 0, definitely. Thus f(x,) = 1 definitely, therefore f(x,) — 1 = f(&). Similar
argument for & < 0. This proves that f € € (R\{0}), which is precisely the domain of f. Notice that to wonder if
f is continuous at & = 0 is a nonsense because f is not even defined at & = 0. O

Previous example shows something true in general for elementary functions:

THEOREM 5.2.3. Elementary functions (power, exponential, logarithm, trigonometric, and hyperbolic
functions with their inverses) are continuous on their natural domain.

We will not prove here this important result (we will give some proof later). We limit to check as an
exercise the continuity of the square root:
ExXAMPLE 5.2.4. +/x is continuous on [0, +oo].

SoL. — Let & > 0. We have to check that
lim Vx = /&
x—&
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Let (x,) C [0,+00[\{¢}, x, — &. Goal: prove that 4/x, — +£. To this aim, notice that

_ = (v = \/x_”l"'\/g: Xp—&
Ve V= (Ve E) e s
thus b, ¢ |
|M_@|:V)Tn—+v3<@|xn_§|.

Since x, — &, |x, — €] — 0, whence |y/x, — V& — 0 by the two policemen theorem or, equivalently,
\Xn — V& as promised.

In the case ¢ = O the previous argument does not apply. However, we may proceed directly in the following
way: let x,, — 0+ (of course this is the unique case since x,, > 0). We claim that+/x,, — 0 that is, according to
the definition of limit for sequences,

Ve >0,3N : \x, <& Vn>N.

However, since

VX, <& & 0<xn<s2.

This is true because x,, — 0, the conclusion follows. m]

By using unilateral limits, we may define continuity from the left/right at ¢ as
lim f(x) = f(§€), lim f(x)=f(&).
x—&— x—&+

Of course: f is continuous at & iff it is continuous from the right and from the left at &.
In general, continuity is a property of a function f at some point £. Continuity at some point & does
not necessarily extend to other points:

ExampLE 5.2.5. Let f : R — R defined as

x, x€Q,
fx) =
-x, x¢Q.
Then f is continuous only at ¢ = 0.

SoL. — We first prove f is continuous at & = 0 that is
lim f(x) = f(0) =0.
x—0

Let (x,) € R\{0}, x, — 0. Of course, n by n, x,, is rational or irrational, but we cannot give a general rule when
this happens. Nonetheless, we could notice that since

—xl < fx) < xl, = —lxal < f(xn) < [xal,

and because x;,, — 0 implies |x,,| — 0, by two policemen theorem f(x,) — 0 as well. Being (x,,) arbitrary, we
conclude.

Second, we prove that f cannot be continuous at any £ # 0. This is a bit more subtle and requires to use
density of rational and irrational numbers in R (Theorems 2.5 and 2.5). Pick £ # 0: according to density there
exists (x,) € Q\{¢} and (y,,) c Q°\{¢} such that x,,, y, — &. Then,

f(xn) = xn — &, while f(yn) =-yn — ¢,
and because ¢ # O this means that lim,_,» f(x) does not exist (because we have two different limits for the
sequences f(x,) and f(y,)) . O
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ExampPLE 5.2.6. Let f : R — R defined as

0, x <0,
fx):=9 ax+b 0<x<1,
x2, x> 1.

%
a+b \
Are there a,b € R such that f € €(R)?

SorL. — It is easy to check that f € €(R\{0, 1}). Thus, the unique question is continuity at & = 0, 1. We have to
check whether or not lim,_,o f(x) = f(0) = b and lim,_,; f(x) = f(1) = a+ b. Since f takes different forms at
the left/right of these two points, it is better to compute unilateral limits: we have

lim f(x) = lim 0=0, lim f(x)= lim (ax+b) = b.
x—0- x—0- x—0+ x—0+
Thus we have that Ilimy_,¢ f(x) iff 0 = a. In this case, limy_ f(x) = 0 = f(0) thus f is also continuous at 0.

Similarly

lim f(x)= lim (ax+b)=a+b, lim f(x)= lim x*>=1,

x—1- x—1- x—1+ x—1+
thus 3lim,_,; f(x) iff a + b = 1 and, in that case, being f(1) = a + b f turns out to be continuous at 1. In
conclusion, f is continuous at both 0 and 1 iff

a=0, a=0,

a+b=1, b=1.

Sometimes, a function is defined around a certain accumulation point £ for D and one wonder if it is
possible to extend the definition of f also at point £ in such a way the extension be continuous at £&. We
may formalize this question in the following way. Define

_ _ f(x), xeD,
f:DU{ — R, f(x):=
l, x=¢.
A typical example is the function

sinx

f:R\{0} — R, f(x):= — 0.
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It is clear that we may give to fany value at £, but the question is: is there a specific € such that fbe

continuous at point &?
Now, in order f be continuous at & we need

lim f(x) = f(&)=¢

Since f(x) = f(x) for x # ¢ and because the value of ]7 at point ¢ does not enter into the calculation of
the limit, we may say that

Jim, flx) = Jim, f (),

thus fis continuous at & iff

£=lim f(x).

5.3. Basic properties of limits

Limit of a function fulfils similar properties of the limit for sequences. This is clear since the definition
of the former relies on the second. For example:

Proposition 5.3.1

Let f: D CR— R, & € Acc(D). If lim,_, ¢ f(x) exists, it is also unique.

Next property is the permanence of sign. Roughly speaking, this says that a sequence definitely shares

the same sign of its limit. In the language of sequences, definitely means for n > N, naively we would

say “for n big” or with a suggestive language “for n close to +c0”. Exporting this idea to functions, we

should expect something like f(x) has the same sign of limg f(x) provided x is sufficiently close to &.
X—

We need to make rigorous this concept of “close to”. To this aim, we need the important

Definition 5.3.2: neighbourhood

Let £ € RU {£oo}. We call neighbourhood of ¢ a set of type
o [z :=[&—r,&+r] withr > 0, in the case & € R;
o [, :=[a,+oo[, with a € R, in the case & = +o0;
o [_o =] —o0,b], with b € R, in the case £ = —c0.

We have
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Proposition 5.3.3

Let f: D c R — R, & € Acc(D) such that
3 lin}f f(x) =€ € RU {z£o0}.
X—

Then

o if £ > 0 [resp. £ < 0], there exists a neighbourhood /¢ such that f(x) > O [resp.
f(x) <O]forallx € DNI:\{é}s
o if there exists a neighbourhood /¢ such that f(x) > Oforallx € DN 1z\{&} then € > 0.

Proor. We prove the case ¢ € R (leaving & = +oo as exercise).
First statement. Suppose it is false: then
Vig, Ixe DNIA\{€} + f(x) <O0.
1

Taking I = [f — &+ %], we can write

n’

VneN, dx, e DN

- e @ s <o.
n n

Thus, (x,) € D\{¢} and x,, — & (because |x, — &| < %), therefore by (5.1.2) f(x,) — ¢ > 0. Because of the
permanence of sign for sequences, we should have f(x,) > 0 definitely. However, f(x,) < O for every n, and this
is a contradiction.

Second statement. Once again let us prove it by contradiction. Suppose lim,_,¢ f(x) < 0. Then, by the first
statement, there exists J¢ such that

f(x) <0, Vx € DN J\{é}.

But then, taking x € Iz N Jz (non empty: why?) we would have f(x) > 0and f(x) < 0, which is impossible! O
ReEMARK 5.3.4. As already pointed out for sequences, we cannot say that

linéf(x) >0, &= f(x) >0, Vx € I:\{¢},

1

(take, for instance, f(x) := xsin , easily lirr%) f(x) = 0 (by the two policemen theorem) but there’s no
x—

neighbourhood of 0 where f is positive/negative). Neither,

limg f(x) >0, & f(x) >0, Vx € I:\{¢},

(take f(x) = x2, here f(x) > 0 for every x € R\{0}, thus whatever is a neighbourhood I we have f > 0
on Ip\{0}, but lim,_,o f(x) = 0). O

Following the same kind of ideas, we easily obtain the version of the two policemen argument in the case
of limits for functions:
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Theorem 5.3.5: police theorem

Let f,g,h: D CcR— R, ¢ € Acc(D). Suppose that
i) there exists /¢ such that f(x) < g(x) < h(x) Vx € D N 1\{é};
i) limy ¢ f(x) = limy_, ¢ h(x) = ¢.
Then 3 lim g(x) = ¢.
x—=&

ExamPLE 5.3.6. Show that

. sinx
Iim — =0.
X—+00 X

SoL. — We have —1 < sinx < 1 for any x, therefore

1 s 1
LMY D Yk €]0, oo = Lo
X X X

sin x
X

Now: —% and % are two policemen going to 0 as x — +oo (evident). Therefore — 0. O

An important application of the police theorem is the bounded X infinitesimal = infinitesimal rule. We
need first to introduce a couple of definitions:

Definition 5.3.7

We say that f : D c R — R is bounded on S C D if
AM>0,: |f(x)| <M, VxeSs.

Definition 5.3.8

We say that f : D ¢ R — R, is infinitesimal at & € Acc(D) if
lim f(x) =0.
x—&

‘We have

Corollary 5.3.9

Let f,g: D CcR— R, & € Acc(D), such that

i) f be bounded in some /:\{¢};
ii) g be infinitesimal at &.
Then f - g is infinitesimal at &.

ExampLE 5.3.10. Show that

. !
lim xsin— = 0.
x—0+ X
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Sor. — Let f(x) := sin %, defined on R\{0} and g(x) := x defined on R, therefore both defined on D := R\{0}.
Clearly 0 € Acc(D), f is bounded on D (hence in any Iy\{0}) and g is null at 0. Therefore, f - g is null at 0, and
this gives the conclusion. O

Finally, as for sequences, monotone functions have always a unilateral limit.

Theorem 5.3.11

Let f : D ¢ R — R be an increasing function. Then
o if £ € Acc(DN] — o0, ¢]) then

HXEIE_ f(x)=sup{f(y) : yeD, y <&}
o if £ € Acc(D N [£,+00]) then
3x1g1§1+f(X) =inf{f(y) : ye D, y > ¢}

Of course, a dual statement holds for decreasing functions.

5.4. Rules of calculus

Rules of calculus for limits of functions work exactly in the same manner of the rules for limits of
sequences.

Proposition 5.4.1

Let f,g: D Cc R — R, ¢ € Acc(D) be such that
lim f(x) =¢ €R, lim g(x) =6 €R.
x—& x—&

Then
) 3lim, g (f(x) £ g(x) =€ £ 6.
ii) Jlimy ¢ f(x)g(x) = b1,

iif) if € # 0, 3lim, L, L9 = 4,

J

In some cases it is possible to have rules also for infinite limits, as for sequences. Just like in that case,
we will use directly the short notations to present the rules:

(£00) + £ = 00, (+00) + (+09) = +00, (=00) + (—c0) = —oo,
(+00) - £ = sgn(£)oo, (£#0), (—c0) - € = —sgn(¢)oo, (€ #0),

(+#60) - (+00) = 400, (+00) - (=00) = =G0, (—00) + (~o0) =40,

+00 —
=0, (£ €R), - = sgn(f)oo, (£ #0), — = —sgn({f)oo, (€ #0).

¢
+00



99

Definition 5.4.2

Let f: D CR — R, & € Acc(D). We say that lim,_, ¢ f(x) = {+ (here, of course, £ € R) if

) limeg f(x) = ¢
ii) there exists /¢ such that f > € on I£\{¢}.

With this definition we have also
400 —O0 +00 —0
= 400 —_— = —— = —00.

0+ 0-  0- 0+
The following are indeterminate forms:

I+

(£00) + (Fo0), (opposite signs), (o) -0,

bl

oo

H
5%

In addition, we also have the following indeterminate forms for the powers
1£9,(00)°, (00)*,

that are reduced to O - co through
f(x)g(x) = p8(x)log f(x)

ExampLE 5.4.3. Compute
. V1i+x-vVl-x
lim ——.

x—0 X

SoL. — Asx — Oclearly 1 +x,1 —x — 1 and because of continuity of the square root, V1 +x — V1=1.

Similarly VI —x — V1 = 1, so that we have a form Q. If one of the terms in the numerator were ’prevailing’

—namely, if \/L” or its inverse would tend to zero— we might factorize the numerator with it. Yet

V1+x /1+x \/7 \/Tx—>0
l—x l-x

So, we have to find another way to find the limit. Using the identity (a + b)(a — b) = a*> — b?, we get

Vi+x—-+V1l—-x \/1+x—\/1—x\/1+x+\/1—x_ (I4+x)—-(1-x) _ 2x
X X VI+x-VI-x (1+x+ l—x) x( T+x+ l—x)
2 2

:\/l+x+\/1—x—>\/T+\/T:

An important tool available in the limits of functions is change of variables. Suppose that, computing
(5.4.1) lim f(x),

X—X0

we see that f(x) = g(h(x)). Hence, it would be natural to set y = h(x) and if y = h(x) — yo we may
expect that

(5.4.2) lim f(x) = hm g(y).

X— X0
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Hopefully, the last limit is easier than the first one. We wonder if (5.4.2) is correct. The answer is yes
provided A& (x) # xo when x — x¢. Precisely and a function g : £ — R such that

Proposition 5.4.4: Change of variable

Assume that f : D € R — R, xo € AccD. Suppose that there exists a neighbourhood I, of xg
functions & : D — R g : h(D) — R such that such that
i) f(x) =g(h(x)), Vx € I, \{xo};

if) limy—x, A(x) = yo:

iii) h(x) # yo for all x € I, \{xo}.
If yo € Acc(h(D)) and

3 lim g(y) =€ € RU {£oo0},
Yy—=Y0

then
= dlim f(x) =¢e€RU {+o0}.
X=X

Proor. We use the definition: let (x,) € D\{xo}, x, — xo. We may assume x,, € I, \{xo}: thus, by i)
S (xn) = g(h(xn)) =: g(yn), where y, = h(x,).
By iii) one as y, # yo, and by ii) it is y,, = h(x;,) — yo. Thus, since
Jim g(y) =t = flxn) =g(ym) — L.
This being true no matter who (x,) is, according to (5.1.2) we get the conclusion. O

RemMARrk 5.4.5. Condition iii) might look not natural. In fact, it is essential for the validity of the
thesis. Consider for example the case when h(x) = 0, and g(y) = |y| Vy # 0, and g(0) = 1. Clearly,
limy_0 g(y) = 0. Instead, setting f := g o h one has f(x) = g(h(x)) = g(0) = 1 for every x, so that
limy_,0 f(x) = 1. Notice that g is not continuous at yy = 0 (i.e. its limit at 0 is different from the value
£(0)). As a matter of fact, in Proposition 6.1 we will see that one can drop hypothesis iii) as soon as g is
continuous at yy.

The practical use of this technique is much easier than what it appears.

ExamPpLE 5.4.6. Compute

i e\/logx
x—1>I-I+loo \/)_C ’

Sor. — Clearly logx — +00, 50 y/logx — +00 hence e V1°8* — 400, Since yx — +oo as well, we have an
indeterminate form 2 !. Let us change variable setting

+/ 2
e log x y:=q/log x—+00, y2=log x, x=e¥ eY 24 y_ﬁ
_— = = — =¢8 2,
2
2 Y
\/} ey e

1Be careful: e V12X # \/x (someone could think that e VI9* = Velogx = y/x which is wrong!!)
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2 2 +00-1
Because y — 5 = -3 (1 - %) = oo,
o eVIogX yo\flogx—sto0 2 o
lim = lim 7 — e ™ =0. 0O
X—+00 \/)_C y—+too

5.5. Fundamental limits

To compute limits, the main problems are indeterminate forms. These are generated by a competition
between different terms. It is therefore fundamental to be able to compare different quantities to determine
the dominant ones. As for sequences, the comparison is made through ratios. We start with the

Definition 5.5.1

Let f(x), g(x) two infinities at £ € R U {+co}, that is

lim f(x) = +oco, lim g(x) = *oo.
x—& x—&

We say that f(x) is infinite of greater order than g(x) at & (notation: f(x) >, g(x)) if

g . . fl
lim =—— =0, or, equivalently, lim =
x—=& f(x) x—=& |g(x)]
EXERCISE 5.5.2. Show that lim,_, ¢ % = 0 is actually equivalent lim,_, ¢ ||£ Ej;: = +o0

Therefore, for example, when we have an indeterminate form (+co) — (+co) and one term has greater
order then the other(s), we may solve the indeterminacy factorizing the dominant term:
g(x)

f(x) —gx) = f(x) (1 - m) = f(x) - k(x),

where k(x) — 1, that is, we can transform (+o00) — (+00) into (+oo) - 1, which is not an indeterminate
form.
Basic examples of infinities at +oo are x* (@ > 0), a* (a > 1) and log, x (b > 1). Itis easy to check
that
x>0 xXP Vo> B>0, a¥ >, b*, Ya>b>1.
Indeed
xB 1 b* (b

* b
—=———0, (becausea — 8 > 0), — = —) —> 0, (because 0 < — < 1).
x®  xa B a* a a

With logarithms, the situation is different because x = b8 * = gUog, ¥)(log.b) that js log,x =

(logy, a)(logy, x), so, in particular, iggii = log;, a. More difficult is the mixed comparison. Similarly to

sequences, we have the

Proposition 5.5.3

a* 100 XY > logyx, Ya>1, >0, b> 1.
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ExampLE 5.5.4. Compute
log x

1 x
lim (

X—+00 log X

. 1 . . .
SoL. — Being x >, logx, % — 0, and @ —> 0+, we have the indeterminate form (0+)0. Notice that
logx
1 o e“%log e e_(logxm;g(logx))’
log x

so we have to compute
i (logx) (loglog x)
im ————=—="~

X—+00 X

which is a form 2. Changing variable,

(logx)(loglogx) y=logx—+c0 ylogy y* logy
X - ey e y

— 0, because ¥ >, ¥2, ¥ 400 logy. O

ExaMPLE 5.5.5.
lim x| logx|f =0, Va,8 > 0.
x—0+

Sor. — The limit presents as a form 0 - co. Changing variable,

_ B _ o 1 B
. y=logx——00 . . Z=—a@y——+co ., B . Vé

lim x| logx|f >~ = lim ¢®|yl’ = lim bl L lim & =— lim —=0. O

x—0+ y——00 y—o—00 g~ @Y z—+00 el aﬁ z—+00 <

ExaMPLE 5.5.6. Compute

. 1\
Iim (-] .
x—0+ \ X
SoL. — We have a form (+oo)0, and, by continuity of the exponential,
X
(l) — exlog% — e—xlogx N e—O =1 O
X

Recall now that

1 n
lim (1 + —) =e.
n—+oo n
Replacing n by x easily, this limit may be extended to the real variable. From this, a number of variations
can be drawn:

Proposition 5.5.7

1\* 1\*
(5.5.1) lim (1+—) =e, lim (1+-) =e, lim(1+x)"/*=e.
X—+00 X X——00 X x—0
In particular
X
(5.5.2) lim (1 + g) — ¢, Va € R.
X—+00 X
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Proor. For the first, one has

1 [x]+1 1 -1 1x 1 [x] 1
(1+—[x]+1) (1+[x]+1) S(l+)_c) s(l+m) (l+m)

Since

[x] 1 n
= lim (1+—) =e,

=[x] n—+0o n

n
= [x], respectively,

o
N

and (still by change of variable n = [x] + 1 an

1! 1
xl—l>r-{loo(l+[x]+]) =1:x1—l>r-{loo(l+m)

Hence, by the Two Policemen Theorem we get

X
lim (1 + —) =e,
X—+00 X

as desired.
For the second

| R 1\ -1\ Y
lim (1+-) YA pim (1——) = lim (y—) = lim (L)
X——00 X y—+0o0 y y—+oo y yotoo |y — 1
1\t 1\ 22y 1o 1\* 1
= lim (1+ ) (1+ )”lz * tim (1+-) (1+—)=e-l=e.
y—r+co y—1 y—1 oo < z

=1 e 1\’
lim (1+x)7 7= jim (1+—) =e,

x—0+ y—+00

For the third

y=1i—-w 1\”
fim (1+x)!/*" = lim (1+—) =e,
x—0-

from which the conclusion follows. Finally, if a > 0,

X y=X —s4co 1\* 1\
lim (1+9) YA lim (1+—) = lim ((1+—)) .
X—>+00 X y—+00 y y—+0o0 y

y
Now: (1 + i) — e. By continuity of power (see the next Chapter)
1\ "\
((1+—) ) —e“. O
Yy

Assuming the continuity of power, exponential and logarithm (see the next Chapter), we obtain some
essential limits
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Corollary 5.5.8

(5.5.3) lim

Proor. For the first

log(1 + 1
tim 220+ D log(1 4 x) = Tim log(1 +x)1/* = loge = 1.
x—0 X x—0 X x—0
For the second
e =1 y=ex-1—50 . y . 1
lim = m-———=1lm-—— =
x>0 X y—0log(l+y) y—0 log(l+y)
y
Finally,
. I+x)% -1 . alog(l+x) _1 y=alog(l+x)——0 _. o
Yy -1
=lime y/—aa=1~l-a=a. O

y—0 y e)’/" -1

These limits contain some information on the behaviour of some elementary functions when the argument
is close to 0. For example, the exponential limit says that
e* -1
X
This formula delivers two important messages:

~1, whenx =0, & e*=~1+x.

e numerical message: to compute e® when x ~ 0 we may use a polynomial 1 + x, so for instance
¢! ~ 1, 1. The point is that this is a way to replace the calculus of ¢* (for which we do not
have a simple formula) by a computationally simple function: a polynomial. This mechanism
will be made general by the Taylor formula.

e geometrical message: when x =~ 0, graphs of exp(x)
e* and 1 + x are very close. Now, y =1 +xis
a straight line, coinciding with e* justat x =0
(both are equal to 1). The interpretation of
the approximation e* =~ 1 + x is that the line +

y = 1 + x is tangent to the graph of ¢* at point /

x=0.

To make more precise these considerations, let us consider the gap between e* and 1+x, thatis e* — (1+x).
‘We notice that,
e*—(1+x) -1
X X
thus the gap is an infinitesimal of greater order than x when x — 0. This gives a precise ground to both
previous messages. It is the moment to introduce two important concepts:

-1—0,
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Definition 5.5.9

Given two functions f(x),g(x) : D ¢ R — R for which ¢ € Acc(D), we say that f(x) is
asymptotic to g(x) at point & (notation f(x) ~¢ f(x)) if

lim ) =1.

x—¢ g(x)

Thus, in particular,

e*—1~px, log(l+x)~px, (1+x)%=1~px.
Notice that these three quantities are all asymptotic to the same quantity x at 0 but of course they are
entirely different things.

Definition 5.5.10

Let f(x), g(x) two infinitesimals at x, that is
lim f(x) =0, lim g(x)=0.
X—X(

X—X0

We say that g(x) is is infinitesimal of greater order than f(x) at xg
- g(x)

lim =
o f(x)

0.

Thus, in particular,
ef—(1+x)=0(x), = e =1+x+o0(x).
Similarly
log(l+x)=x+o0(x), (1+x)=1+ax+o0(x).
These are the first examples of Taylor formulas which will be rigorously introduced and proved in the
chapter devoted to derivatives.

We now present some important limits of trigonometric functions. Assuming sin and cos continuous
functions, we have
lim sinx =sin0 =0, lim(l —cosx)=1-cos0=0.
x—0

x—0

A fundamental couple of limits concern the asymptotic behaviour of these quantities as x — 0: we have

Theorem 5.5.11

sinx 1—-cosx 1
5.54 lim —=1, lim —— = —.
( ) xlir%) X xlgg) x2 2
x2

In other words, sinx ~¢ x and cosx ~o 1 — .

Proor. The key ingredient of the proof is the remarkable inequality
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(555)  0<sinx <x<tanx, Vx ]0, g[

which has already proved for a similar resul for se-
quences. By this and dividing by sinx, for x € |0, [

we have |
0<l<— < —,
sinx ~ cosx
that is
(5.5.6) cosx < X 1, Vxe ]o, f[.
by 2
When x — 0+, by two policemen theorem we have
lim 2ot =1,
x—0+ X
On the other side
. sinx y=—x—0+ .. sin(-y) . siny
Iim —— = Iim —= = lim — =1,
x—0- X y—0+ =y y—0+ y
and this proves the first of (5.5.4). About the second we have
l-cosx 1-cosxl+cosx 11— (cosx)? sinx ) 1 1
= = = — =, x—0. O
x2 x2 l+cosx x%(1+cosx) X 1 +cosx 2

Again, notice that

. sinx —x . sinx . .

lim— =lim[——-1) =0, = sinx—x=0(x), = sinx =x+o0(x),

x—0 X x—0 X

and
- X

| cosx 2 . cosx—1 1 x? 2
lim =lim|—————+=-|=0, = cosx=1-—+o0(x).
x—0 x2 x—0 x2 2 2

Here below, the figure represents the two approximations. Clearly, and this is a good example to point
out this, these approximations have this meaning when x = 0. Far from 0, the sine does not look as a
straight line and neither cosine looks like a parabola.

/ \y=1-b

Quadratic approximation to the function cos x.

ExampLE 5.5.12. Compute
(1 —cos(3x))?
x—0 x2(1 = cos(x))
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SoL. — It is easy to recognize a form 8 (use continuity of cos). We manipulate the expression to reduce it to known

limits:
(1 = cos(3x))? _ [(3x)21 —cos(3x)]? 1 1 _ (3x)* [ 1 = cos(3x) |? [1 —cos(x)]_l
x2(1 = cos(x)) (3x)2 x2 XZ% x* (3x)2 x2
_3 [1 - cos(3x)]2 [1 - cos()c)]_1
(3x)2 x2 '
Now
1 —cos(3x) y=3x—0 .. 1l —cosy 1
xlir(l) (3x)2 - yli% y2 X
S0
L —cos(3x)) _ 4(1)2 (1)‘1 _8
x—0 x2(1 = cos(x)) 2] \2 2
ExampLE 5.5.13. Compute
i log(1 + (sinx)?)
x—0 1l—cosx

SoL. — Asx —> 0sinx —> 0,50 1+ (sinx)?> — 1, and log(1 + (sinx)?) — log I = 0 (continuity of logarithm)
In addition, the denominator goes to 0, so we have a form 8. The numerator is of type log(1 + y) with y — 0.

Recalling (5.5.3) and (5.5.4) it’s natural to write
log(1 + (sinx)?) _ log(1+ (sinx)?) (sinx)?>  x?
l-cosx (sinx)?2 x2  1-—cosx’
Now
. log(1 * (sinx)?) y=(sing)?—0 | log(1+y) _ "
x—0 (sinx)?2 y—0 y
therefore
log(1 + (sinx)?) _ log(1+ (sinx)?) (sinx)?  x? 2 I » o
l-cosx (sinx)2 x2 1 -cosx 12 7

ExampLE 5.5.14. Compute
lim (cos x)l/x2 .
x—0

Sor. — We have a form 1**. Transforming into an exponential
L log(cos x)

2
(cosx)'/*¥" = ex2

)

so we are reduced to compute

log (1 + (cosx —1)) cosx — 1
m -

log(cosx) § .. log(l+(cosx—1)) .
lim = lim =1
x—0 x2 x—0 x2 x—0 cosx — 1 X
Noticed that
lim log (1 + (cosx — 1)) yeosx=1-—=0 | log (1+y) -1,
x—0 cosx —1 y—=0 y
we have
log (1 + (cosx — 1)) cosx —1 1 1
— 1 |-=|=-=.
x2 2 2

cosx — 1
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By continuity of the exponential we have

€

2
(cosx) /¥ = gz 8Os, =172,

O

ExampLE 5.5.15. Compute

i V1 +3x% — V1 = 2x
m .
=0 VI+x—VI+x

SoL. — Easily we have o form %. Writing roots as powers

1+3xH)1/5-1 1-2x)12-1 1+3xH)1/5-1 1-2x)12-1
(L4315 - (1212 Wt - 220l (coy) U8 —l30 - 02971 ()
(1+x)'3 = (1+x)1/2 ()Pl ()2 B (140131 (14x)12-1
X X X X
Now

14+3x4)15 =1 yoaye 1+y)!P -1 1
fim (LF35) 7= 1y 1ij=_,
x—0 3x4 y—0 y 5

and similarly
(1-2092-1 1 (+x¥-1 1 (Q+02-1 1
_— S, —— — =, .
—-2x 2 X 3 x 2
Gluing all togheter

Vi3 -VI-2x 1.0-4(-2)
Vi+x—VI+x

W=

5.6. The little o notation, and the Infinitesimals Substitution Principle (ISP)

Definition 5.6.1

Let 4 : D — R be a function, and let xo € Acc(D) be such that 4(x) # 0 for any x € I, N D,
where I, is a suitable a neighbourhood of xo. We say that a function f : E — Rsuchthat E D I,
is little o of & for x — x( , and write

f=o(h) x— xo,
if
lim £ _

=0.
X—X0 h(x)

ReMARK 5.6.2. Notice that if f, g are infinite for x — xg, f is higher order infinite than g if and
only if g = o(f) (at xg). Similarly, if f, g are infinitesimal for x — x( (and there exists a neighbourhood
I, of xo such that g(x) # 0 Vx € I,\{xo}), f is higher order infinitesimal than g if and only if g = o(f)
(at xo). Finally let us observe that f = o(1) for x — x¢ (or, equivalently f = o(k), with k € R\{0})
means exactly that f is infinitesimal for x — xg.

Let us see how o() behaves with operations.
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Proposition 5.6.3

Let &, k, and ¢ be functions defined in a neighbourhood I of a point xo € R U {+co}, and assume
h(x) #0, k(x) 0, €(x) #0, Vxe I\{xo}.
Then the following holds true:
i) o(h) - o(k) = o(hk), thatis, if f = o(h),g = o(k), then fg = o(hk);
ii) €-o0(h) = o(£h), thatis, if f = o(h), then £f = o(£f);
iii) o(h+o0(h)) = o(h), thatis, if w = o(h) and r = o(h + w), then r = o(h).

Proor. If f = o(h) and g = o(k) then, by definition, % — 0 and iExi — 0, so that ﬁj;i&‘; — 0,
) f(x) _ f(x)

so1i)is proved. Moreover, Tooh) = o 0, which proves ii). Finally, if r = o(h+w), withw = o(h),

one has
r(x) lim r(x) h(x) +w(x) lim r(x) lim h(x) +w(x)
x—xo h(x)  x—xo h(x) + w(x) h(x) ~ x—x0 h(x) + w(x) x—=xo h(x) B
o (@)
_0-x11_)mx0(1+ h(x)) =0-1=0,

s0 iii) is proved as well.

Proposition 5.6.4: Infinitesimals Substitution Principle (ISP)

Let f : D —> R, g : D — R be functions, and let xo € Acc(D), and assume that there exists the

limit*
f( ) =¢ € RU {zo0}.
Ho g(x)

F@+o(NE . FG)
A T e 56)

Then
=¢.

It is implicitly meant that f(x) # 0 and g(x) # 0 Vx € I\xq, where [ is a suitable neighbourhood of x.

Proor. It is sufficient to factorize with f(x) at the numerator and with g(x) at the denominator:

o(f)(x)) o(f)(x)
f@+o(NH) _ 7 (1425 TR G B () RS
X—Xo g(x) + O(g)(x) X=X g(x) (1 + Ofgg()x()X)) X=X g(x) X—>X0 1 4 0(8()())6)
O
ExampLE 5.6.5. Let us solve two of the previous examples by making use of the ISP:
. log(1+(sinx)?) . (sinx)?>+o((sinx)?) . (sinx)?+ o((sinx)?) ISP (sinx)?
lim = lim = lim lim =21=2

— x2 2 2 x2
x—0 1 —-cosx x—0 z + 0(x2) x—0 x7 +0 (XT) x—0 =
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lim V1 +3x% — V1 = 2x ~ lim (1+ 3)64)1/5 —(1- 2)5)1/2 ~ lim I+ %3)54 +0(3x4) -1- %ZX"' 0(2x) B
=0 VI+x—V1+x x>0 (1+x)13 - (1+x)1/2 x—0 1+%x+0(x)—1 —%x)+0(x)

lim = 2O 1Py, X g

x=0  —% +0(x) x=0 =%

5.7. Hyperbolic functions

It is time to introduce two new functions:
) eX —e X L e +e™* . .
sinhx := — x € R, (hyperbolic sine), coshx := — x € R, (hyperbolic cosine).

Despite they do not seem to be relatives of sin and cos, there are several analogies that suggest the contrary.
Actually, it might be seen that, as functions of complex variables, hyperbolic sine and trigonometric sine
are closely related. The origin of the name (hyperbolic functions) comes from a remarkable property:

(5.7.1) (coshx)? — (sinhx)? = 1, Vx € R.

This means that the point (coshx, sinh x) belongs to the hyperbola £2 — n? = 1 in the plane &7. The first
important properties of sinh and cosh are contained in the

Proposition 5.7.1

It holds
i) coshO=1,sinh0=1.
ii) cosh is even, sinh is odd.
iii) cosh and sinh fulfill addition formulas similar to that one for sin and cos.

sinh(x + y) = sinh x cosh y +sinh y coshx, cosh(x+y) = coshx coshy—sinhxsinhy, Vx,y € R.

—-X

0 . X -X .
iv) coshx, sinhx ~ie 5, coshx ~_o =, sinhx ~_o —5-.
v) remarkable limits:

. sinhx . coshx—-1 1
lim =1, Im — = —.
x—0 X x—0 x2 2

o q 2
In particular: sinhx ~o x and coshx ~¢ 1 + %-.

Moreover sinh, cosh € € (R).
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Proor. 1),ii), and iii) are easy checked by direct inspection. About iv) we have

< (1 + e_zx) ~ e—, because 1 +e ¥ — 1, x — —oo.
eX+e™* 2 2
coshx = —— =
2 e—X e—X
- (1 +6‘2X) ~ 5 because 1 + e — 1 x — —oo.
Similarly for sinh. About v),
inh X _ ,—X 2x _ 1
SIAY _ ¢ —¢ _ x¢ — 1, x — 0, by (5.5.3).
X 2x 2x
Inoltre
coshx —1 coshx—1coshx+1 (coshx)—1 1 (5.7.1) (sinhx)? 1 1
= = = _ .
x2 x2 coshx+1 x2 coshx + 1 x2 coshx+1 2
About continuity, finally, this depends on the continuity of exponentials. Indeed:
eX+e ™ 1 1
hy=———=—|e"+—|.
coshx > > (e ex)
Accepting ¢* € €(R), then elx € % (R), hence also cosh. Similar argument for sinh. O

ExampLE 5.7.2. Compute
log(2 — cosx)
x—0 coshx—1

SoL. — The limit is a form g: cosx —> 1, hence 2 —cosx — 1, solog(2—cosx) — log 1 = 0; the denominator

goestocosh0—-1=1-1=0.

log(2 —cosx) log(1+(1—-cosx))) log(l+(1-cosx))1—cosx x? 1 1
coshx—1 coshx — 1 - 1 —cosx x2 coshx—1 2

5.8. Exercises

Exercise 5.8.1. Let S := {2" : n € Z}. Then Acc(S) =

o0. o{2" : nez n<0}. o{0}. O{0,+co}.
Exercise 5.8.2. Let S := {(—1)”% 1 ne Z}. Then Acc(S) =

o0. ol0,1]. o{0}. o{-1,0,1}.

ExEercise 5.8.3. Let S := [a, b] with a < b. Then Acc(S) =

O [a,b]. O]a,b[. OR. Onone of the previous.
ExEercisE 5.8.4. Let S := {(1 +cos(nn)) 2% : n €N, n > 2}. Then Acc(S) =

o0{0,1,2}. o{0,1}. o{0,2}. o{2}.

Exercise 5.8.5. Let S := {n+2" : n € Z}. Then Acc(S) =

O {—oo0,+00}. O{0,+00}. O{—00,0,+c0}. O {—00,0}.



112

ExEercise 5.8.6. Classify indeterminate forms and compute:

3
- 1 -2 2 —
1ogim 2ol 2 lim 2 3. tim V22VE
X——00 x+2 x—>+oo‘/4x+1+ v +1 x—=2+ x—2
+1
4. lim (2x+ Vax2 +x). 5 lim —— - 6. lim (VOx2+1—3x).
X x=-1y6x2 + 3 +3x X0
V22 Vo + 1+ Va5 +x2
7. lim 4x—+23 8. lm T 9 im N
X——00 X—+00 X—+00
X VX —2x—1-Vx7 —x x_'_m
-2 1 2.1
10, fim — =2 1. lim ——. 12 lim >—.
x=2+ (22 +1)(x = 2) x=0- 1 4 ¢ 4 121 x—1x3 -1
1 +sinx — V1 —si
13, fim YLFSInX-VI-siny 0 (\/x+ - \/)_c)x.
x> sin x X400
ExErcisk 5.8.7. Determine a, b € R in such a way that f € €(R) where
sinx, x < %, —2sinx, x < —%,
I f(x):=3 ax?+b, Z<x<2, 2. f(x):=1 asinx+b, -F<x<3%,
3, x> 2. cos x, x> 7.

Exercisk 5.8.8. For each of the following functions i) find the domain D; ii) the subset S € D where the
function is continuous; iii) is it possible to extend f to some point xo ¢ D in a continuous way?

X2 - 17 5 sinx' 3 tan(2x). 4 & (%x)
x-1 x tan x x2-1
1
5. m 6. —. 7. sinm=. 8. xlog|x|.
x 1+x+ 5l x|

11. log(\/1+x2—x). 12. xexT.

X
13. Vx+1—2x+1. 14, sin(ze—).
e

Y —e¥+1
ExEercisk 5.8.9. Discuss continuity of f : [0, +co[— R, f(x) := [x] + \/x——[x]
Exercisk 5.8.10. Say if the function
f(x):= e*sinx, x 20,
can be extended by continuity at x = 0?7

Exercise 5.8.11. Let f : R\{0} — R defined as

acosx +log(l—-x), x<0,

f(x) =

inh —X_ _ 1
smhx2+1 a cos R x> 0.



Are there values of a € R such that f can be extended by continuity at x = 0?

EXERCISE 5.8.12 (%). Determine all possible a, b € R such that
(\/)c4 +x2+1 - (ax? + bx)) €R.

ExEercisk 5.8.13. Order in increasing way (with respect to <) the following quantities:

lim

X—+00

1+—L

222)" xzx’ .X\/}—C, 210gx+log(logx), x  Vioex |
ExEercisk 5.8.14. Compute
x4 2x
1. lim %. 2. lim x*. 3. lim x'/*.
X400 DX 4 pX x—0+ X—+00
4 lim logx +x2 5 lim log x 6 log(log(logx))
©ox—+eo gy +xlogx+x2° T x—+e (logx — 1)2 " x>t (log(logx))@
7 logx — 1 g i x102(¥%) } cos x 9 (log x)* + sin(x*)
. —_— .o lim ——— 9.
x>0+ y/x log* x x—too 4% 4 X x—+c0 6% +x2logx
x* 1 logx '/~
10, lim — 11, lim —e > logx 12. lim (E) .
x—0+ X x—0+ X X—+0 X
x 2Vx2+1
13, lim ¢
X—>+00 esX +x4

Exercisk 5.8.15. Reducing to fundamental limits, compute the following limits:

L tim 1- cos;c. 5 1- (cosx)3 3 lim sin(ﬂxz).
x—0 1 —cos 3 x>0 (sinx)?2 x—-1 x—1
VaZ—x+1-1 log(1 3
4 fim YETXHIZL g el A ) 6. lim—— .
x—0 sin x x—0 tan x x—0 tanx — sinx
sin(3x) _ 1 — 2 2 *
7 dim L g iy SOSE OS2 9. lim X5
x—0 sinh(2x) x—=0 1—cosx x—+co \ x + 1
N 1 lo)g(x 1 tan x
10. lim x>-T, 11. lim ( ) . 12. lim (—)
x—1 X—+0 log_x x—0+ \ X
X (xi - 1)
13. lim ——=. 14. Ilim (logx)(log(1 —x)). 15. lim xxT
x—+e0  logx x—0+ x—1
+1\*
16. lim e~ tanx. 17. lim (1 + cosx)™"*, 18. lim (1 42 > )
x—0+ x—Z X—+00 X

, (>

0).
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19. lim

X—>+00

arctan x \~*
(1 + ) .
X

sin(3x) _ 1
22. lim ¢ -
x—0 X
N 2 _
25 fim 1
x—0 1 —cosx

28, lim b+x+1).
X—+00 x2

. T
I, Togr—x v

1
20. lim ——2 %Y

—
0NV +x2 -1

. log(2 —cos(2x))
m—"

23. 1
x1—>0 x2
Veosx — 1
26. lim -
x—0 log(1 +x sinx — x3)
2 X
1
29. 1lim (f—;fi—).
xo+eo | x4 41

32(*)X53L(1-exme.

21.

24.

27.

30.

Vi+x+x2-1
sin(4x)

41 +sin(3x) — 1

poaly) log(1 + tan(2x))

1m
x—0

log(1 + 2x — 3x% + 4x3)
x—0 log(1 —x +2x2 —3x3)

(e2+° _ 1) sinx

Vi+x3d-1

lim
x—0



CHAPTER 6

Continuity

6.1. Class of continuous functions

In the previous chapter, we introduced the concept of continuous function at some point and on some
set (that is, at every point of the set). In this chapter we explore better this concept. We recall that

f:DcCcR—R, £ € DN Acc(D), f continuous at ¢, lirré f(x) = f(&).

If f is continuous at every point of a set § we write f € €(S), the class of continuous functions on the
set S.

ExampLE 6.1.1. x" € €(R), n € N. Indeed, clearly lim,_,,, x" = xg. O
ExampLE 6.1.2. sin,cos € €(R).
Proor. We start with the continuity of sin at xo = 0. Recall that, by (5.5.5),

0<sinx <x, Vx € [O,g[.

Letting x — 0+ and applying the two policemen theorem, we obtain lim,_,o, sinx = 0 = sin 0. Finally,
lim sinx’ =" lim sin(-y) = — lim siny = 0.
x—0- y—0+ y—0+

Next, we show continuity of cos at x = 0. We have

l+cosx 1-(cosx)®> (sinx)?
1 —cosx = (1-cosx) = = .
1+cosx 1 +cosx 1+cosx

Now, since x — 0 we may assume, for instance, |x| < %. Therefore cosx > g thus

0<1-cosx < (sinx)?,

1+7

and letting x — 0 the conclusion now follows by the police theorem theorem.
Finally, we prove continuity of sin (and similarly for cos) at £. Notice that

h=x—
lim sinx "% ° lim sin(é + h) = lim (sinécosh+sinhcosé) =siné. 0O
x—& h—0 h—0
) h=x-¢ .. . . :
lim cosx = ¢ lim cos(&+h) = lim (cosécosh —sinhsiné) =cosé. O
x—& h—0 h—0

115
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An immediate consequence of the rules of calculus for limits is

Proposition 6.1.3

Let f, g be continuous at £. Then
i) f+g. f g arecontinuous at &;
i) ’g—c is continuous at & provided g(&) # 0.

Proof may be easily done as exercise.

ExampLE 6.1.4. Polynomials are continuous functions on R. Indeed, a polynomial is a sum of
monomials of type cxx*. Since c,x" € G(R) then cxx* € B (R), thus the polynomial itself is in
€ (R). |

ExampLE 6.1.5. x" € €(R\{0}),Vn € Z, n < 0.

SoL. — Indeed, we may write n = —m with m € N, m > 0 and

Now: 1,x™ € € (R) then, by ii), &= € € (R\{0}). O

ExAMPLE 6.1.6.

tane%(R\{g+kﬂ : keZ}).

sin

Sor. — We have tan := Zos?

so tan is continuous where cos # 0, thatis on R\{F + kn : k € Z}. O

There is another important operation on functions: the composition.

Proposition 6.1.7

Leth: D — R, g:E — R be two functions, with #(D) C E,let f :=goh: D CcR — R
their composition, and let us consider a point & € D N Acc(D) such that yg = h(£) € Acc(E) .
Suppose that

1) h is continuous at &, and

ii) g is continuous at yg = h(£).
Then, the composition f = g o h is continuous at &.

This proposition is a straightforward consequence of the following particular case of the result on
change of variable in limits:

1We already know that yg = h(£) € E, so yg € Acc(E)NE.
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Proposition 6.1.8: Change of variable with g continuous

Assume that f : D C R — R, & € AccD. Suppose that there exists a neighbourhood /¢ of &,
and functions &2 : D — R, g : E — R such that
i) h(I:\{¢€}) C E, and f(x) = g(h(x)), Vx € I:\{&}

ii) Timy e A(x) = yo:

iii) yo € Acc(h(D)) N h(D) and g is continuous at yq
Then

= 3 lim f(x) = lim g(h(x)) = g(yo).
x—& x—&

Proor. Let (x,) be a sequence converging to &. In particular, there exists N € R such that x,, € I for
every n > N. Therefore, by ii) one gets y,, := h(x,) — yo (as n tends to o), so that, by the continuity

of g at yo, g(yn) — g(yo). Hence, by i) f (xn) = g(h(xn)) = §(yn) — &(yo). In view of the fact that
(x,,) is arbitrary, this concludes the proof. ]

REMARK 6.1.9. The continuity of g at yo allows us to omit the assumption i (x) # yo forallx € I£\{¢},
which instead is crucial in the general version of the result on change of variable (see Proposition 5.4).

Proof of Proposition 6.1. It is a consequence of the change of variable established in Proposition 6.1:
)
U odim g(y) =g(h(€) = (go M) = f(€). O
y—=h(£)

ExampLE 6.1.10. Find the domain D and the continuity set of

. T o 1 y=£(
)}grlcf(x)—)}g%(g h)(x) }er}fg(h(x))

f(x) =tan l
X

SoL. —Clearly D ={x €R : x #0, 1 # Z+kn, k € Z}. Thus,x # O and x # =, k € Z. Since h is
2
the composition of the two continuous functions z(x) = % and g(y) = tany, we conclude f is continuous at every

point of its domain D. o

REMARK 6.1.11 (Warning!). The composition rule says,
fcont.at &, gcont. at f(§) = go f cont. até.

A frequent error is to think that = is actually an &<=. That is, one may think that to have g o f
continuous at some point ¢ then, necessarily, f must be continuous at £ and g must be continuous
at f(¢). Thus, in particular, if either f is not continuous at & or g is not continuous at f(£), then g o f
cannot be continuous at &. This is completely false!

For example, take f any non continuous function at & and let g(y) = C (constant). Then clearly
g o f = C is continuous at ¢ despite f is not continuous at &. O

6.2. Monotonic functions

Here we start to discuss the properties of continuous functions on intervals. The following result
provides the basis for proving the continuity of many elementary functions such as power (rational and
real exponents), exponential, and logarithm.
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Theorem 6.2.1

Let I, J be intervals and let us consider a function f : I — J If f is surjective (that is, J = f (1))
and monotonic, then f € € (I).

Proor. We consider the case f " the other is similar. Suppose that f is not continuous at some & € I. Since
f is monotonic, there exists

(€)= lim f()=sup(f(x) : x <€) f(4):= lim f(x) =inf{f(x) : x> ).

In general f(£-) < f(&) < f(&+4). Since we are assuming f not continuous at &, necessarily one of these
inequalities must be strict.

Assume, for instance, that

J(E-) < f(©).

FQF ===

As we can see in the figure, there should be a ”jump” .
at point &, and this should conflicts with surjectivity of
f- Indeed: pick y* €]f(&-), f(&€)[c J. We claim that
there is no x* such that y* = f(x*). This would be
a contradiction because y* € J and f(I) = J by our
assumptions. Indeed: if such x* exists, we may have

e x* < & butthen, being f 7, f(x*) < f(é-) < y*;
e x* =&, butthen f(x*) = f(&) > y*;
o x* > &, butagain f(x*) > f(&+) = f(€) > y*.

This completes the proof. O

Since power, exponential, and logarithm are monotonic, surjective, functions, by the previous theorem,
we obtain their continuity:

Corollary 6.2.2

Power (any exponent), exponential (any base), and logarithms (any base) are continuous functions
in their natural domains.

A strictly increasing function f : I — J = f(I) is, at once, both injective (since for x < y we have
f(x) < f(y)) and surjective (because we setted J = f(I)). Thus, it is invertible and f~' : J — I is
well defined and strictly monotonic (as f). By the previous theorem, we obtain automatically that f~! is
continuous:
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Corollary 6.2.3

Let f : I — J strictly monotone and surjective between I and J intervals. Then f, f~! are both
continuous on their domains.

ExaMmpLE 6.2.4 (arcsin, arccos). Globally, sin and cos are not invertible functions. However, when
we restrict them to specific intervals, they become invertible functions. Consider

f =sin: [—g,g] — [-1,1].

Then sin 7 strictly and sin~! =: arcsin is well defined and continuous:

arcsin :=sin"!: [-1,1] — [—g, g] , arcsin € €([-1,1]).
Similarly is defined arccos, inverting cos : [0, 7] — [—1, 1]. Below graphs of arcsin and arccos.

v

ExaMpLE 6.2.5 (arctan). As sin and cos, tan is not invertible. However, considering

tan X ﬂ[—>] +oo|
==, = — 00, +00
2°2 ’ ’

tan " strictly and
arctan := tan~! :] — co, +00[—> ]—%, %[, arctan € €(R).

Clearly arctan0 = tan™' 0 = 0, and

. y=arctan x, x=tany . T . T
lim arctanx = lim y=—-—, lim arctanx = —.
X——00 yo-Z X—>+00 2

y
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ExAMPLE 6.2.6 (sinh™!, cosh™!). The function sinh : R — R is strictly increasing, how can be
easily checked. Its inverse sinh™!' : R — R is continuous. We may notice that

X —-X

e —e

sinh"!'y=x, & sinhx=y, = 5

1
=y, &= ' -—=2y e* —2ye* —1=0.
e

This gives

2y + \4y? +4
N L T NN ey

2
_ 2 . . . . . oy .
Now, y — /y% + 1 is always negative (evident for y < 0, easy for y > 0) so the unique possibility is

(6.2.1) sinh™!' y = log (y+,/y2+ 1).

The hyperbolic cosine is not globally invertible on R, but cosh : [0, +c0[—> [1, +oo[ is strictly increasing
and surjective (easy): by the continuous inverse mapping thm it is well defined and continuous the
function cosh™' : [1, +co[—> [0, +co[. In this case

(6.2.2) cosh™' y = log (y +4/y% - 1) :

Above graphs of sinh~! (left) and cosh™! (right). O

6.3. Zeroes theorem

Several problems lead to the solution of a certain equation

f(x)=0.

It is therefore important to have methods to determine the solutions of such equations. We cannot expect,
in general, to have a method to solve explicitly any equation. Actually, even the existence of a solution is
almost never a straightforward fact.

Solutions of f(x) = 0 are zeroes of f, so the problem of finding a solution to certain equation may be
revisited as the problem of finding where f can take value = 0. Continuity plays an essential role in this
problem as we will see now. An important feature of the following result is that it provides an algorithm
(known as bisection method) for the search of zeroes:
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Theorem 6.3.1: Bolzano

Let f € €(I), I C R interval, be such that f(a) < 0 and f(b) > 0 for some a, b € I: then
dcel : f(c)=0.

It turns out that

c= lim c¢,,
n—+co

where (c,) is defined by:

a, + by, a, if f(a,) <0, 5 { b, if f(b,) >0,
= n+l =

Cn = 5 ag=a,by=>b, a1 = { % if f(a,) >0, % if f(b,) <0.

Proor. Suppose, for instance, a < b. Consider the mean point between a and b, that is %. We have the
following alternatives:

i) f (442) = 0. we are lucky and the proof is finished.
i) f (%) > 0: we restrict our search to the interval [a, #] =: [a1,b1].

iii) f (‘Zzlb) < 0: we restrict our search to the interval [“—;b, b] =: [a1, b1].

b —
a<a;<b; <b, b1—01=Ta, flar) <0< f(by).

Let’s repeat the argument on the interval [aj, b1]. Consider again the mean point: either we find a zero, or there is
a new interval [ay, ba] such that

b]—al b

. 2"2“, fla2) <0< f(ba).

Iterating the procedure we have the following alternative: either we stop after a certain number of steps because we
found a zero, or we will never end, constructing and infinite family of intervals [a,, b,] such that

b —

S flan) <0< f(ba).

a<ay <ay<by<b <b, bp—ap=

a<...<ap1<ap<b,<b,.1<...<b, b,—a, =
Being a, /" and b, \, they both have a limit and since

b—a_)o

0<b,—a, < o ,

we get
a,, b, — cel.

Moreover, by continuity and permanence of sign
f(c) =lim f(a,) <0, f(c)=1lm f(b,) >0,
n n
and by this, necessarily, f(c) = 0. O

ReMARK 6.3.2. The procedure described in the proof can easily be translated into a code for the
search of a solution to

f(x)=0.
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Since at each step the search is restricted to an interval of length 25¢ and this decreases rapidly to 0, if
one takes a, or b, as approximate zero, the true zero ¢ will be at maximum distance bz‘”. In particular:

if we fix an error € > 0, by taking N in such a way that

b-a
N

+1,
&

g & N= [log2

by choosing a or by we have an approximation of ¢ with an error < . Notice that this N depends on
a, b and € but not by f.
For example: consider the equation

P +3x-1=0.

Let f the lhs, f(0) = —1, f(1) = 3, thus, according to zeroes thm, there is a zero somewhere in [0, 1].
Suppose we wish to determine it with an error < #. According to the previous discussion, we have to
iterate the algorithm

1
N =11 +1=>5log, 10+1=17
times. Applying the algorithm, we find an approximate value for the solution ¢ = 0, 322185. ]

A straightforward consequence of Zeores theorem is

Corollary 6.3.3: intermediate values

Let f € €(I), I C Rinterval. Let & < B be such that @, 8 € f(I) (that , 8 are values assumed
by f). Then

Vy €la, Bl = vy e f(I).

Proor. Since a, B8 € f(I), there exists x1,x, € I such that @ = f(x;) and 8 = f(x2). If one defines
the function g : I — R by setting g(x) = f(x) —y Vx € I one gets

glxi) =a—-y <0, gx)=p-y>0.
Therefore by Bolzano’s Theorem (Th. 6.3) we deduce the existence of a point X such that
0=¢g(x) =f(x) -7

so that f(x) =y, namely y € f(I). |

6.4. Existence of minima and maxima: Weierstrass’ Theorem

One of the most relevant applied and theoretical problems is the search for the minimum/maximum
of a numerical function. Let us formalize these concepts:
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Definition 6.4.1

Let f : D ¢ R — R. We say that x,,,, € D is a global maximum point for f on D if

f(xmax) = f(x), Vx € D.

We call f(x;4x) = maxp f the maximum (value) of f on D.
Similarly, we say that x,,,;,, € D is a global minimum point for f on D if

f(xmin) < f(X), Vx € D.
We call f(Xmin) = minp f the minimum (value) of f on D.

REMARK 6.4.2. Global maximum points and global minimum points are also called absolute maxi-
mum points and absolute minimum points, respectively.

Existence and search method for min/max points is an extremely relevant problem. For numerical
functions, the existence follows under relatively large assumptions, verified in many concrete situations.
This is the content of Weierstrass’ theorem.

Theorem 6.4.3: Weierstrass

Any continuous function on a closed and bounded interval has a global min/max on it.

Proor. The proof is subtle and based on Bolzano—Weiestrass Thm 4.3.

First step: f([a, b]) is bounded. Suppose, on the contrary, that f([a, b]) is unbounded, for instance
from above,
AK>0,: f(x) <K, Vx€[a,b], = VK>0, 3x€[a,b],: f(x)>K.

Take K = n € N and call x,, € [a, b] such that f(x,) > n. Then (x,) C [a, ] and by the Bolzano—
Weierstrass Thm. 4.3 there exists (x,,) C (x,) such that x,,, — &. Notice that £ € [a, b]. 2So, on the
one hand,

f(xnk) — +0o0
while, on the other hand

f Gen) — f(6),

in that f is continuous. It follows that f (&) = +co, which is a nonsense, being (&) € R.

Second step: existence of min/max. Let’s consider the case of max. Call

M :=sup{f(x) : x €[a,b]}.
Being f bounded, M < +oo. Let us prove that there exists x,,4x € [a, b] such that f(x;;4x) = M: if this
is true, we are done! Since M is the sup,

1
VneN, dx, € [a,b], : M——< f(x,) < M.
n

21f, by contradiction, it were & ¢ [a, b], one would have d := d(¢, [a, b]) = minyc[4 p] ¥ — €| > 0, so that |xp, — &| > d for
all k € N. Therefore x,,, would be not allowed to converge to &.
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Again: (x,) C [a, b], by Bolzano—Weierstrass there exists (x,, ) C (x,) such that x,, — X,uqx € [a, b].
Then f(xnk) — f(Xmax) 5O
M < f(Xmax) <M, = f(Xpmax) =M. O

It is easy to see that both assumptions (f continuous and / closed and bounded intervals) are essential,
if we remove one of these, we can easily find counterexamples. Weierstrass’ theorem does not provide
a method for the search of min/max points. This method will be provided as the consequences of
Differential Calculus, the protagonist of the next chapter.

6.5. Exercises

Exercise 6.5.1. Give an example of functions f, g : R — R such that

i) f is continuous on R, g is not continuous on R but g o f is continuous on R.
ii) both f and g are not continuous on R but g o f is continuous on R.

ExEercisi 6.5.2. Let
0, xeQ,
fR—R, f(x):=
1, x¢Q.
Discuss the continuity of f at a generic xg € R. (recall density of Q and R\Q inR...)

ExERcISE 6.5.3. Consider the equation 3x3 — 8x2 + x + 3 = 0. Show that there are three solutions, respectively,
in] —o0,0[, ]O, 1] and ]1, +co[. Determine that one in ]0, 1[ with an approximation of 1—10.

ExERcise 6.5.4. Let p be an n—th degree polynomial with n odd. Show that the equation p(x) = 0 has at least
one solution.

EXERCISE 6.5.5. Let f : I — I be a continuous function on I = [a, b]. Show that there exists ¢ such that
f(c) = c. Is it true that conclusion holds if I =]a, b[?

EXERCISE 6.5.6 (x). Let f : R — R be continuous on R. Suppose that limy_, .. f(x) = 0. Show that, if f
is not identically O, then f has at least one among max f or min f different from 0. Is it always true that both are
# 0? Prove or exhibit a counterexample.

EXERCISE 6.5.7 (%x). Let f : R — R be continuous on R. Suppose that limy_,.o f(x) = +co. Show that f
has global min over R.

ExErcise 6.5.8 (x). Let f : [a,b] — R be continuous and injective. Show that if f(a) < f(b) then
f(a) < f(x) < f(b) for all x €]a, b[. Can you say that f is strictly increasing?



CHAPTER 7

Differential Calculus

7.1. What is Differential Calculus?

It is not an exaggeration to say that Differential Calculus is one of the major creations of human
thought. Its considerable number of applications reveals its importance: from the entire Mathematics to
Physics and all applied science such as Engineering, Natural Sciences, Economy. The idea, common to
many problems, that a certain behaviour (natural or human) follows an optimization principle is deep and
beautiful. Consequently, to be able to solve optimization problems has paramount importance. Calculus
offers an extremely powerful tool to solve this type of problems when optimizing variables belonging to
a continuum.

The origin of Calculus (as Newton used to call it) has its roots in a geometrical problem: given a
plane curve, determine its tangent at a given point. There are many ways we can formalize the concept
of curve. A possible (but not the most general way!) is through the graph of a function y = f(x). In
this case, the curve is the set of points {(x, f(x)) : x € D}. Here we will consider this last case. Let
(x0, f(x0)) be a point on the curve/graph. There are, of course infinitely many straight lines passing
through this point. Excluding the particular case when the line is vertical, the remaining cases can be
described through a Cartesian equation

y=m(x —xo) + f(x0), x €R,

the number m being the angular coefficient. Therefore, we may rephrase our problem as that of searching
for an m in such a way the straight line described by the previous equation be fangent to the graph of f.
The question is: how can we determine such an m?

y

N’J (xo+h)

(x0,/(x0))

. .
7 / Xo XoHht

Since for the moment it is not clear what does it mean rangent, we do some heuristic consideration to
guess the answer. Pick a second point on the graph, say (xg + &, f(xo + #)) with & # 0. In this way,
(x0 + h, f(xo + h)) # (x0, f(x0)), therefore there is a unique straight line passing through these points.

125
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This line has an angular coefficient

_ ordinate variation _ f(xo +h) — f(xo) _ f(xo+h)— f(xo0)
= abscissa variation (xo+h) —xo h '

We may now notice that as 7 — 0 the straight lines rotates as hinged on (x¢, f(x¢)) and tends to assume
a ’limit” position that should correspond to the tangent to f at point (xo, f(xo)) (we simply say at x).
The corresponding angular coefficient should be then

lim flxo+h) - f(xo),
h—0 h

(7.1.1)

provided, of course, this limit exists. In this case, the limit is called derivative of f at point xy and it is
usually denoted by one of the following notations

f'(x0), (Newton), %(Xo), (Leibniz).

Derivative seems to be tightly connected to the problem of search for min/max of f and not only. Indeed,
the first rough remark is that at the min/max point for f, the tangent seems to be horizontal, that is, f* = 0.
This is not 100% true, but it shows that we are on the right track.

7.2. Definition and first properties

Before we define properly limit (7.1.1) we need to say something on the points at which that limit
makes sense. First: since we have to compute f(xg), we need xo € D. Second: we have to compute
f(xo+ h) for h — 0, that is we need to compute f at points xqo + £, at least for 4 small. This means that
an interval [xg — &, xo + £] should be contained in the domain of f. This deserve a special

Definition 7.2.1

Given D C R we say that xq in an interior point for D if
Je>0,: Iy, =[xo—¢&,x0+¢] CD.
The set of all interior points of D is denoted by Int(D).

Thus, for example
Int([a, b]) = Int(]a, b[) = Int([a, b[) = Int(]a, b]) =]a, b[,
but a, b ¢ Int([a, b]).

Definition 7.2.2: derivative

Let f: D c R — R, xg € Int(D). We say that f is differentiable at x if
h) —

h
The number f”(xp) is called derivative of f at x,.
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Definition 7.2.3: tangent line

Let f : D c R — R as above, and let f be differentiable at xo. The straight line of equation

y = f(x0) + f (x0) (x = x0),
is called tangent to f at (xq, f(xp)).

The first important remark that follows immediately from this definition is

Proposition 7.2.4

If f is differentiable at x( then it is also continuous at x.

Proor. We have to show lim,_,, f(x) = f(xo) or, equivalently, lim,_,, (f(x) = f(x0)) = 0. We
have

Jim (£ = £x0)) 2 Jim (f(x0+)  f(xo)) = fim LD ZTL0),

=0. O
h

—f"(x0)

REMARK 7.2.5 (Warning!). There is always someone that believes that continuity implies differ-
entiability and not vice versa. This is wrong! A classical example is the function f(x) := |x|. Itis easy
to check that Af’(0).

Indeed, |
lim f(h) - f(0) i

= lim —.
h—0 h hlE}) h

This limit does not exist because

lim m: lim h—], lim m: lim

-h
h—0+ B h—o0+ b h—o0- h  h—o0- h

=-1. O

We introduced axiomatically the concept of tangent line. Since “tangent” is usually referred to some
geometric idea, one may wonder in which geometrical sense the tangent line is actually tangent. To
illustrate this point, let consider a generic (non-vertical) straight line passing through the point (xg, f(xg)),
that is

y =m(x —xo) + f(x0).

We define the gap between f and this line as If f is differentiable at xy, it is also continuous, thus

em(x) := f(x) = (m(x —x0) + f(x0)) . xli_{go em(x) = xh_)n)}o (f(x) = (m(x = x0) + f(x0))) =0,
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that is, the gap £(x) vanishes at xg. From this point
of view, all straight lines through (x¢, f (x¢)) are the
same.

£(0)=(f (x0)+£"(x0)(x—X0))=0(x—xX0)

/ Xo X

What makes the tangent line special is that for tangent line the gap £(x) goes to 0 faster than for any other
line. This may be interpreted as follows: among all straight lines passing through the point (xo, f(xo)),
the tangent is that one with the best approximation error.

Proposition 7.2.6

Let f be a differentiable function at xg. Then

im &%) _ o) —m
X—X0 X — xO

In particular,
em(x) =o(x —x0), & m= f'(xo).

Proor.
i Em®) o S - mlx —x0) + f(x0) _ M_m:f,(w_m‘
X—=Xx0 X — X( X—X0 X — X0 X—=X0 X — X0

O As a straightforward corollary we get that differentiability at a point is equivalent to a certain
approximation with a linear function:

CoroLLARY 7.2.7. Consider a function f : D — R and let xo € Int(D). f is differentiable at x if
and only if

f(x) = f(xo) + f/(x0) (x = x0) + 0(x —=x0)  for x — xo
or, equivalently, f(xo+ h) = f(xg) + f'(x0)h + o(h), for h — 0.

Proor. Indeed, using the notation of the previous proposition one has

0(x = x0)0& 7 (xy) (x) = f(x) = f'(x0) (x = x0) + f (x0).
O

Remark 7.2.8. Using Corollary 7.2.7 one gets a faster proof of the implication
differentiable at x = continuous at x¢. Indeed,

xli_{f)}o fx) = xli_{I)}O f(xo) + f'(x0)(x = x0) + 0(x — x0) = f(x0).
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To introduce the notion of left and right derivative

Definition 7.2.9

Let f : D ¢ R — R be a function, and let [xg,xo +71] € D [resp. [x0 — 1, x0] C D], for some

n > 0. ¢ We say that f is differentiable from the right at x [resp. differentiable from the left

at xo| if
3 lim S (xo + h})l - f(x0) = f/(xo) € R.
[resp. 3 hlir(r)l_ flxo = h})l = f(x0) =: f’(x0) € R. }

“The intervals [x,xo + 7] and [xg — 1, xg] are often called right and left neighbourhood of xg, respectively

It is clear that

Proposition 7.2.10

A function f is differentiable at x iff it is differentiable from the left and from the right at xo and

fL(x0) = fi(x0) = f'(x0).

7.3. Derivative of elementary functions

Let f: D c R — R. We recall that f"(x) can be defined only at points x € D. Thus, set

D' :={xeD : 3Af'(x)} c D,

is the domain of definition for f’. We stress that it might well happen that D’ C D. For example, if
f(x) = |x|, D = R while D’ =R\{0} C D. Many elementary functions are differentiable in their natural
domains apart, at most, at some exceptional point. Derivative of elementary functions follows from the
fundamental limits of Section 5.5.
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Proposition 7.3.1

We have
e Constant functions are differentiable on R with null derivative.
e ¢~ is differentiable on R and (e*)’ = e”*.
e log x is differentiable on |0, +oo[ and log’ (x) = )'—C
e sinx and cos x are differentiable R and sin’ (x) = cos x while cos’(x) = sin x.
e sinh x and cosh are differentiable R and sinh’(x) = cosh x while cosh’ = sinh.
e x", n € Nis differentiable on R and (x")" = nx"~.
e X m € Z, m < 0 is differentiable on R\{0} and (x)" = mx™"".
e x% «a € R, is differentiable on ]0,+co[ (and also at 0 from the right if @ > 1) and
(x(t)/ — a/x(x—l.
e |x| is differentiable on R\{0} and |x|" = sgn(x).

Proor. Let f(x) = C. Then

e+ -fx) . C-C 0
lim ——————— = lim ——— = lim — =0.
h—0 h h—0 h h—0 h
Passing to the exponential,
x+h X h
—e e"—1
el

For the logarithm we have

h h
log(x + h) — logx . log (x(1+;)) —logx _ log (l+;) 1
m = lim =lim ———=—,
h—0 h h—0 h h—0 hix x «x
Let’s pass to trigonometric functions. For sine we have
. sin(x+h)—sinx . sinxcosh+sinhcosx —sinx . cosh—1 sin h
lim = lim = lim (sinx———=—h + cosx—— | = cosx.
h—0 h h—0 h h—0 h? h
A similar computation shows that cos’” = — sin. Hyperbolic functions sinh and cosh work similarly. For

power, let us start with n € N:
(x+m)"—x" 1 S n ) owkk o _ 1 () ek k_ i R P
— _Eka h* —x _Eka h_ka h* .

k=0 k=1 k=1

As k > 2 we have h*"! — 0as h — 0. So

n_ .n
}1}1‘1’(1)%: ( Iil )xn_l :nxn_l.
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If m € Z, m = —n with n > 0, then, for x # 0,

(x+hn)"—x" 1 1 1) Ix"—(x+h)" 1 X" = (x+h)"
h Ch\(x+h)" xn) b (x+h) (x4 h)nxn h
1 _ e _
—>—(—nx” 1)——nx n=l =yl
x2n - -

More complex is the case of real exponent. Taking x > 0

(04
o a 1+5) -1 4, a_
. (x+h) X . o X =%, h=tx (I+1) 1 a—1
hm—:hmx _— = X hm—zx .
h—0 h h—0 h t—0 tx

If x = 0 and @ > 1 then the incremental ratio becomes
(04

h
lim — = lim A% ' =0,
h—0+ h h—0+

that confirm the rule ax®~! for x = 0. Finally, for modulus it is an easy exercise. O
Derivative of tan, arcsin, arccos, arctan, sinh~' and cosh™" will be computed later.

7.4. Rules of calculus

We need efficient rules to compute the derivative of functions composed either by algebraic operations
or compositions between elementary functions. We start by algebraic rules:

Proposition 7.4.1

Let f, g be differentiable at xg. Then
i) f + g is differentiable at xoy and (f £ g)’"(x0) = f’(x0) £ g’ (x0).
ii) f - g is differentiable at xo and (f - g)’(x0) = f/(x0)g(x0) + f(x0)g’ (x0).
iii) if g(xg) # O then f/g is differentiable at xo and
AY _ f'(x0)g(x0) = f(x0)g’ (x0)
- (XO) - 2
g g(xo)

In particular, we have the formulas

g’ (xo)
g(x0)?’

(af +B8) (x0) = af’(xo) + B8  (x0), (linearity), ( ) (x0) = - (if g (xo) # 0).

1
8

Proor. The proof is easy. For the sum we have:
(f+8)(xo+h) - (f+g)(x0) _ flxo+h)+g(xo+h)— (f(xo) +g(x0))

h h

_ fxo+h) = f(x0) N g(xo +h) — g(xo)
h h

— f"(x0) + & (x0).
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For the product we have

(f-&xo+h) = (f-8)xo) _ flxo+h)glxo+h) = f(x0)g(xo)
h h

_ f(xo+h) — f(xo)

g(xo + h) — g(xo)
h

(xo + h) + f(x0)

— " (x0)g(x0) + f(x0)8" (x0).

In the last passage we used g(xo + 1) — g(xo) because g is continuous being differentiable. Similarly
works the formula for the ratio. The particular cases are immediate by the general formulas. ]
Let us pass now to the composition.

Theorem 7.4.2: chain rule

Assume that 3 f”(xg) and 3 ¢’ (f(x0)). Then
(7.4.1) 3 (g o f) (x0) = g"(f(x0)) ' (x0)-

Proor. Since the map y + g is differentiable at f(xg), by Corollary 7.2.7 one has

g(f(x) = g(f(x0)) + &' (f (x0)) (f (x) = f(x0)) + o(f (x) = f(x0))

Since also f is differentiable at xg, so that f(x) — f(x0) = f'(x0)(x — x0) + o(x — xp), one gets
g(f(x) = g(f (x0)) + &' (f (x0)) (f (x0) (x = x0) + 0(x = x0)) + 0(f” (x0) (x = x0) + 0(x — x0))
= g(f(x0)) +&"(f(x0)) f" (x0) (x = x0) + 0(x = x0)
(where we have made use of the trivial equality o(f”(xo)(x — x¢) + o(x — x0))) = o(x — x0)), so that
g(f(x)) = g(f(x0)) +&"(f(x0)) " (x0) (x = x0) + 0(x = x0),
which, in view of Corollary 7.2.7, yields

(8 0.f) (x0) = g"(f (x0))f" (x0)-
O

In particular, composing functions differentiable in their domains produces a function differentiable on
its domain. However, we may have that the components are not differentiable while the composition it is.

ReEMARK 7.4.3 (Warning!). Once more, this is a quite a common belief, probably caused by a logical
misunderstanding. That is, the belief that g o f is differentiable at x( if and only if f is differentiable at x
and g is differentiable at f(xg). Therefore, in particular, and this is wrong, g o f cannot be differentiable
at xo if both f and g are not differentiable at, resp., xo and f(xg). To show the mistake, consider the
composition

S g .
X+ [x| — [x[?, thatis f(x) = |x|, g(y) = y°.
Then g o f(x) = |x|*> = x> which is clearly differentiable on R. Nevertheless, f is not differentiable at 0.
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The point is: the chain rule provides only a sufficient condition (that is, 3 f’(xo) and 3g’(f(x0)))
ensuring g o f is differentiable. If the premises are not verified, g o f might still be differentiable. This
has to be checked directly. O

ExampLE 7.4.4. Discuss differentiability of the function |e*” — 1| and compute the derivative at points
of where the function is differentiable.

SoL. — Let f(x) = |ex3 — 1|, defined on D = R. Since | - | is differentiable on R\{0}, exp and x> are both
differentiable on R, f turns out to be the composition of differentiable functions for x such that eX =1 # 0. Now,
since

3 3
e —1=20, e e =1, & =0, = x=0.

we conclude that certainly f is differentiable on R\{0}. What about x = 0? Can we say that f is not differentiable

at this point? As pointed out in the previous remark, this cannot be decided by the chain rule. We have to discuss

directly applying the definition:

R _11-0 e 1
PR

|7

S = SO _ e = lim .

h h—0 h h—0

f(0) = lim

Now, because of the fundamental limit for the exponential

fim &=L €21
h—0 h3 B y—0 y -
while
h)? h
% = hZ% = h*sgn(h) — 0.

We conclude 3f7(0) = 0. Conclusion: f is differentiable on D’ = R = D. To compute the derivative, we apply the
chain rule for x # 0 (f”(0) = 0 has been already computed). Recalling that | - |" = sgn, we have

(|ex3 - 1|) = sgn (ex3 - 1) (ex3 - 1) = sgn (ex3 - 1) (ex3(x3)' —O) = sgn (ex3 - 1) 3x2e.
Finally, we may notice that e —1>0iffe* > 1,iff x* > 0, iff x > 0. Thus sgn (ex3 - 1) = sgnx and we have

f(x) = (sgnx)szeXS. Vx # 0.

Even if sgn0 does not make sense, we may abuse a bit with the notation and take previous formula valid also for
x=0. O

7.5. Fundamental theorems of Differential Calculus

In this section, we will present the most important theorems of Differential Calculus: Fermat, Rolle,
Lagrange, and Cauchy. Actually, the last three are corollaries of the first one. It was Fermat to notice
that the minimum/maximum points for a function are, in certain circumstances, points where f”(x) = 0.
Actually, this happens only if the extrema lies in the interior of the domain and it holds also for local
minimum/maximum points, that is, points that are min/max on a part of the domain. Let us first introduce
this concept:



134

Definition 7.5.1

Let f : D ¢ R — R. A point x,,,;, € D is called local/relative minimum for f on D if
31y, ¢ fomin) < f(x), VxeD NI,

Xmin
Similarly is defined a local/relative maximum. Local min/max are called local extreme points.

min °

Of course, a global extreme point is also local, but not vice versa.

Theorem 7.5.2: Fermat

Let f : D c R — R, xo € Int(D) be a local min/max point. If f is differentiable at xo then
f(x0) = 0. A point where f’(xp) = 0 is called stationary point for f.

Proor. Consider the case of a local minimum x,,,;,, € Int(D).

ar

Xmin

= [xmin_r,xmin‘l'r] : f(xmin) < f(x)9 VxeDnNI,

Since xo € Int(D), we may always assume /., C D (otherwise we reduce the size of I, , ). In

particular, Then,

min

if || <r, = fxmin+h) 2 f(Xnin), &= fXmin +h) = f(Xmin) > 0.

Therefore
f(xmin + h) - f(xmin) > 0

f/(xmin) = fi (xmin) = hli)%l_

h s
= f'(Xmin) =0. O
f/(xmin) = f,:(xmin) = ]hrg f(xmin + h;l - f(xmin) <0,

ReMARK 7.5.3. Here some useful remarks on Fermat’s theorem:

e conclusion might be false if xo ¢ IntD. For instance: if D = [a, b] and we have a minimum at
x = a then f/(a) > 0, while if the minimum is at x = b we have f” (b) < 0. This can be easily
deduced by the previous proof. However, these values are not necessarily = 0: take f(x) = x,

€ [0, 1]. Clearly, x = 0 is a global minimum an x = 1 is a global maximum, and f’(x) = 1 is
never = 0.

e Fermat’s theorem says that any local extreme point in the interior of the domain of a differentiable
function is a stationary point. Vice versa does not hold! Take f(x) = x3: f  strictly, we
have f’(x) = 3x% so f’(0) = 0, but 0 is neither a local minimum nor a local maximum.

¢ it may happen that / has min/max at some xy € IntD but f’ does not exist. Just think to
f(x) = |x|: x = 0is clearly a global minimum point but f is not differentiable at x = 0. ]

Rolle’s theorem expresses an intuitive fact: if a smooth function f on an interval has equal values at the
extremes, then somewhere there’s a point with horizontal tangent.
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Theorem 7.5.4: Rolle

Let f : [a,b] — R be continuous on [a, b] and differentiable on Ja, b[ (“). Then
if f(a)=f(b), = 3¢ €la,b: f'(£)=0.

“This means: it is not required that f be differentiable at a and b.

Proor. Since f € €([a, b]), according to Weierstrass’ theorem there are both global min and max
on [a, b]. Let us call x,,,;;, and x,;,4, respectively, global min (max) point for f on [a, b]. There are two
cases:

e f(Xmin) = f(Xmax): but then f is constant, therefore f’ = 0;

e f(xmin) < f(Xmax): in particular, one of the two must be in ]a, b[ (otherwise, being f(a) =
f(b), we would be in the previous case). Hence, we have an extreme point in the interior of
[a, b], according to Fermat’s theorem f’ = 0 at that point.

In any case, we find at least an interior point where f’ = 0. O

Consider now a differentiable function f :
[a,b] — R and consider the chord joining ini-
tial and final points of the graph, that is (a, f(a))
and (b, f(b)). The chord slope is

f®) = f(@) 71 |

b—a /f

The figure suggests that, in general, at least one
tangent to f is parallel to the chord. This is the /
conclusion of the

Theorem 7.5.5: Lagrange

Let f : [a,b] — R be continuous on [a, b] and differentiable on Ja, b[. Then

(7.5.1) 3¢ €la, bl : W = f'(£).
Equivalently:
(7.5.2) Jé€la, bl f(b) = f(a) = f(€)(b~-a).

This last is called finite increment formula.

Proor. It’s just a consequence of the Rolle theorem. Indeed, consider the auxiliary function

h:la,b] — R, h(x) := f(x) - W(x —a), x € [a,b].
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Clearly h is continuous on [a, b] and differentiable on ]a, b[. Moreover

(b—a)=f(b) = (f(b) - f(a) = f(a).

h(a) = f(a), h(b) = f(b) - %j(@

b

Therefore, by Rolle thm, there exists & €]a, b[ such that 2’ (£) = 0. But

0= = pip) - OISO SO S

L -f@. o

An interesting consequence of the Lagrange formula is the following test of differentiability:

Corollary 7.5.6

Let f : D ¢ R — R be a function and let x( € Int(D) be such that
i) f is continuous at x
ii) f is differentiable on 7,,\{xo} for some neighbourhood I, of xo.

Then
£eR, = Jf'(xo) =¢.
3 lim f'(x) =€ €RU {0}, =
o £ = +oo, = Bf’(x),

Applying Lagrange’s theorem on the interval [xg, xo + /], there exists &, €]xo,xo + k[ such that

[0+ D= 00 _ i

Being xo < &, < xo + h we have &, — xo+ (two policemen thm), so, by hypothesis, f’(&,) — €.
Therefore

f o+ h) = f(x0) _
h

filxo) = lim Jim (&) = L.
Similarly, by applying Lagrange’s theorem on the interval [xo — /&, xo] one gets

fL(x0) =€,

so that f’(xg) = €. as soon as £ € R. |
Notice that from the proof of Corollary 7.4 one actually gets the following stronger result:
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Corollary 7.5.7

Let f : D ¢ R — R be a function, and let [xg,xo +71] € D [resp. [xo — 1,x0] C D], for some
n > 0.
i) f is right [resp. left] continuous at xq
ii) f is differentiable on |xg, xo + 7] [resp. on [xo —n,xo[ ], for some 7 > 0
Then
teR, = 3Af!(xo) =¢.
3 lim f'(x) =€ €RU{x0}, =

o € = +c0, = Bf’ + (x0),

(eR, = 3f (x0) =¢
risp.3 lim f'(x) =€ € RU{xx0}, =
T € = +o0, = Af’ (x0)

Remark 7.5.8 (Warning!). Nothing can be said the limit lim,_, .+ f'(x) does not exist. For

example, let
xZsinl, x#0,
X
fx) =
0, x=0.

Easily we have f continuous at x = 0. Moreover
h) - £(0 h? sin 1
f) = fO) _ i

1
’ = = 1 h in— =
f(0) ;l,li% im A sin A 0,

h h—0 h h—0
However,
. , ) 1 1 . 1
lim f’(x) = lim (2xsin— —cos — | = — lim cos —,
x—0+ x—0 X X x—0+ X

does not exist! O
ExampLE 7.5.9. Let f : R\{0} — R be defined as

aarctan)l—c +(b+1)log(l-x), x<0,

f() = 1
sinh 2% — g cos L=,

x2+1 Vx
Are there values a, b € R such that f extends continuously at x = 0? Is such an extension differentiable
atx =0?

x> 0.

Sor. — f extends continuously at x = 0 iff lim, o f(x). We have
1
f(0-) = lim (a arctan — + (b + 1) log(1 —x)) = _af’
x—0- X 2

while, since lim,_,o; sinh % =0, we have

3 lim (sinh
x—0+

bx 1
x2+1 Vx|’
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In case a = 0, lim, 0+ f(x) = 0 thus lim,_,g f(x) = 0. In other words, the unique possible extension is
(b+1)log(1-x), x<0,

f@)=1 0, x=0,
sinh %, x>0,
For x # 0 we have
—{’%}1(, x <0,
f(x) =

bx | b(+1)=2bx?
(cosh x2+1) ooz X > 0.

By this it follows that

=b.

Xlgtol_ f'(x) = lim ToxC -b -1, xlg&f (x) = xli»nol+ (cosh

bx \ b(x*+1) —2bx?
x—0- 1

x2+ (x2+1)2
Applying the test of differentiability, 37 (0) = —b — 1 and 3£;(0) = b. But then 3’ (0) iff f/(0) = f,(0), that is
-b-1=borb=-4. O

) 2

The following theorem, due to Cauchy, is a generalization of the Lagrange Theorem:

Theorem 7.5.10: Cauchy

Let f,g : [a,b] — R be continuous on [a, b] and differentiable on |a, b[, with g(a) # g(b)
and g’ (x) # 0 for any x €]a, b[. Then
) - fla) _ f(&)

(7.5.3) 3¢ €la,bl: =2 " @

7.6. Derivative and monotonicity

In this section, we establish the fundamental connection between derivative and monotonicity. This
is the crucial step in the method for searching min/max of a function f.

Theorem 7.6.1

Let I be an interval and let f : I ¢ R — R be a continuous function, differentiable on Int(7).
Then
f/(fN)onl  f >0, (f<0)onl.

Moreover, if f/ > 0 (or f/ < 0) on I the monotonicity is strict.

Proor. We will deal only with the part concerning f increasing, the part on f decreasing being
perfectly analogous (do it by exercise). Let us prove the implication ” = . Suppose f . Then, if
x € Int(1),

faam =)

fx+h) > f(x), Vh>0, = f'(x)=fl(x)= h]‘m+ - ,

1
—0
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by permanence of sign.

Let us prove the implication ” <= " Suppose f’ > Oon [ and take x,y € I, x < y. The interval [x,y] C I
(because [ is an interval). Being f differentiable on / it is continuous. In other words, f is continuous on
[x, y] and differentiable on ]x, y[: applying Lagrange’s finite increment formula (7.5.2) on [x, y], there
exists & €]x, y[ such that

F) = fx)=f(E(y-x) >0.
This means f(x) < f(y) and because x < y are arbitrary, we proved f . If f* > 0on I then f/(¢) > 0
and we obtain f(x) < f(y), thatis f 7 strictly. O

REMARK 7.6.2 (Warning!). Be careful! f may be strictly increasing but f' # 0. For instance: take
f(x) = x3. This is a clearly strictly increasing function on R but f’(0) = 0. ]

In particular, we have the

Corollary 7.6.3

Let I be an interval and let f : I ¢ R — R be a continuous function, differentiable on Int(7),
and let xo € I be such that
i) Af'(x) <O [resp. f'(x) 2 0], x € IN] — 0, x0[;
i) Af'(x) = 0 [resp. f'(x) = 0], x € IN]xg, oo[;
iii) f is continuous at xq.l
Then xg is a minimum [resp. maximum] point for f on /.

Proor. Letus prove just the part concerning the minimum, the part on the maximum being completely
analogous. If f” < 0 on IN] — o0, xg[ (which is of course an interval) then, by previous thm, f \, on it.
Therefore

fx) = f(y), Vx<y<xp, = f(x)> yl_i)gcn_ f(x) = f(x0), by continuity at x.

Similarly, f(x) > f(xg) as x > xo. We conclude that
f(x) = f(xo0), Vx €1,

that is x¢ is a minimum point for fon /. O

ReEMARK 7.6.4. It is not required that Af’ (xg). This is to include cases where the function has an
angle point (like modulus at x = 0) or a cusp (like the function +/|x| at x = 0) that are clearly minimum
(or maximum in other examples) points. Of course: if 3’ (x(), never mind!

ExAMPLE 7.6.5. Determine min/max (if any) of f(x) = xe™ on D = [0, +oo].

SoL. — We notice first that f is well defined, continuous we have
and derivable on D. Clearly, f(0) = 0 and f(x) > O for

every x € [0, +oo[. Since D is not a closed and bounded

interval, Weierstrass’ theorem does not apply. However, SO

ffx)=e* —xe™* =(1-x)e %,

ff(x) 20, & 1-x20, = x<1.
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Ficure 1. Angle point (left) and cusp (right).

Thus f " on [0,1], £ N\, on [1,+0co[ and since f is
also continuous at x = 1 we conclude that x = 1 is a
global maximum point for f on D. The same argument
tells that x = 0 is a minimum for f on [0, 1], thus it is
a local minimum for f. Since f(x) > 0 for x > 0 and
f(0) = 0 clearly f(0) < f(x) for every x € D, thus
x = 0is a global minimum. There are no other min/max
points. O

A final remark. At 99% of times, intuition works. However, there’s still that 1% of subtleties which
makes our apparently clear theory something at all trivial. The question is the following: suppose that
f/(x0) > 0. The intuitions suggest that f " at least on a small neighborhood of x. This is false!

ExAMPLE 7.6.6. Let
x+2xzcos%, x#0,
f(x) =
0, x=0.

Check that Af’(0) = 1 but f is not monotone in any neighborhood of 0.

SorL. — Easily f € €(R) and differentiable clearly as x # 0. For x = 0 we may notice that

f(h) - f(0)

y . . 1
f(O)—}lllg%) A —}llli%(l+2hcosz)—l.

Asx #0,

1 1
f/(x) =1+4xcos — —2sin —.
X X
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Here you notice that as x — 0, 4x cos % — 0 while 25sin % oscillates between —2 and 2 so, reasonably, f” will

assume always positive and negative values when x is arbitrarliy close to 0. For instance

3, k even,

1
f’(ﬂ - ):1—25in(%+k7r):1+2(—1)k=
7 kT -1, k odd.

This shows that we cannot find an Iy where f 7, because otherwise it should be f” > 0 in I but points ﬁ with
2
k odd belongs to any Iy when k is big enough and in those points f* <0. O

7.7. Inverse mapping theorem

Recall that a strictly monotone bijective function f : 1 — J with 1, J intervals is continuous with
a continuous inverse. We want now to replace continuous with differentiable. Let us first introduce an
important class of functions:

Definition 7.7.1

We say that f € €!1(D) if f, f’ € €(D).

‘We have the

Theorem 7.7.2

Let f € €'(I) on I interval with f* > 0 or f < 0 on I. Then f is invertible between / and
J:=f), f~ e (R) and

(7.7.1) )= VyeJ.

1
ft ey

Proor. By assumptions we derive f " or f “\strictly, thus f : I — f(I) =: J is strictly monotone.
I is an interval, also J it is because of the intermediate value theorem. As consequence, 3f~!' € €(J).
We need to check that f~! is differentiable, that is to compute

lim f'y+h) —f“(y)‘

h—0 h

Setting
x=f' ), x+k=f(y+h), &= k=f"'y+h-f'(y)—0ah—0
being f~! continuous. Thus, changing variable in the limit we get

o+ - k L I
h ~ 5 flx+k)—f(x) 111—% f(X+k])(—f(X) ) (UG

(F7)'() = lim

Finally, since f’, f~! are continuous, f’o f~! € & (J) (composition of continuous functions) and because
f" # 0 by hypothesis, it follows immediately that (f~')" € €(J), so f~! € €1(J). O
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ExampLE 7.7.3 (arcsin, arccos). We already defined

nom

27217
and arcsin € € ([~1,1]). Now, since f(x) = sinx has f’(x) = cosx > 0 for x €] — 7, 7[. According to
the previous theorem,

arcsin = sin”! : [-1,1] — [

1 1

Jarcsin’(y) = = ,
) sin’(arcsiny)  cos(arcsin y)

Vy €] - 1, 1].

Then, by the fundamental identity cos® +sin?> = 1 we have

cos(arcsiny) = i\/l — (sin(arcsin y))? = £4/1 — y?,

and since arcsiny €] — 7, Z[, cos(arcsin y) > 0 thus the correct sign is +. Thus

arcsin’ y = Vy el -1,1][.

1
Similarly, we proceed with arccos. The final result is
1
1- yz’

sin
Ccos

arccos’(y) = — Vyel-1,1[. O

ExampLE 7.7.4 (arctan). Consider tan := 32 : |-Z Z[ — R. On such interval tan € €' and being

COSX COS X + sinx sinx 1 5 T
tan’(x) = = =1+ (tanx)” > 0, Vxe]——,— ,
) (cos x)? (cos x)? (tanx) 2°2

we can apply the differentiable inverse mapping theorem: arctan :=tan~!' € €' and

1 1 1
2,‘v’yeR. O

arctan’(y) = = =
) tan’(arctany) 1+ (tan(arctany))? 1+y

ExampLE 7.7.5 (sinh™', cosh™). Recall that sinh : R —> R has inverse continuous sinh~!. Since
sinh’ = cosh > 0 thus inverse mapping theorem applies: we deduce sinh™! € €' and

1 1 1
(sinh™)’(y) = — ———— = —— = = )
sinh’(sinh™" y)  cosh(sinh™" y) \/(Sinh(sinh_l W2+ 1 NS

Similarly,

(cosh™")"(y) = o

1
Vyr-1
7.8. Convexity

There is another important property that we may recognize by looking at the graph of a function f:
its curvature. Roughly speaking, we may distinguish two types of curvature: upward and downward,
according the graph of f looks as a parabola” oriented upward or downward. To identify a precise
condition, let us consider the case of a regular function (that is, with tangent at every point) with upward
curvature as in the figure.
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Plotting some tangents, we may notice this phenomenon: the graph of the function lies above all of its
tangents. This becomes the starting point of a definition:

DEerINTTION 7.8.1. Let f : I C R — R be differentiable on I interval. We say that f is convex on [
if
(7.8.1) f(x) = f(xo) + f (x0)(x —x0), Vx €I, ¥Vxg € 1.

We say that f is concave on I if — f is convex on I.

Notice that the role of x and xq in (7.8.1) is specular, thus we will conveniently rewrite it as

(7.8.2) fx) = f)+fx-y), Vx,y el

To check (7.8.2) seems a nontrivial task, so we look for some equivalent but more practical conditions to
check. Looking at the previous figure, we may notice that, when we move from left to right, the straight
line rotates” counter clockwise. This geometrical operation corresponds to increasing the angular
coefficient. This leads to the following guess: f is convex on I iff f’ /" on I. This turns out to be true:

Theorem 7.8.2

Let f : I — R, I interval, f differentiable on /. Then

fisconvexonl, < f’ / onl.

Proor. = Assume f convex, that is (7.8.2) holds. Fix x < y and notice that

FO) - fx)
y—-x

FO) 2 @+ @O -1, = @) <

Exchanging the role of x and y,
, x-y<0 ,
2 M+ M-y, = [fO)>

by which f’(x) < f’(y) thatis f* 7.
<= Assume f’ " and let’s prove (7.8.2). Assume, for instance, x < y (the other case being similar):
then, by Lagrange’s theorem applied on [x, y] we have
S - f)

3¢ €lx, y[ BT 1'(€).

> f'(x),

J&) - fQ) _ fO) - fx)
xX—y a y—Xx



144

Now. since f” " we have f’(x) < f'(£) < f’(y), that is
J) - fx)
y

J'(x) < < S,

by which (7.8.2) easily follows.
To finish, we have to prove the second statement. For this, we just notice that if f’ is derivable, then

M) 2 0. O

To check f/ " we may use again Differential Calculus: if f’ is derivable, we may check if (f’)” > 0.

Definition 7.8.3

Let f : D ¢ R — R be differentiable function such that f’ is differentiable at xy. In this case,
we say that f is two times differentiable at x(, and we pose

I (x0) = (f")" (x0).

Therefore, if f is two times differentiable on /,
fisconvexonl, & f” >0onl.

We close this section with a simple result that illustrates the role of convexity in optimization. In general,
as we know, stationary points are not necessarily extreme points. However, if we know that the function
18 concave/convex, this becomes true:

Proposition 7.8.4

Let f : I — R, I interval, f convex on . A stationary point for f is necessarily a minimum on
I.

Proor. Assume f’(xg) = 0. Since f is convex,

f(x) > fxo) + f'(x0)(x —x0) = f(x0), Vx €. O

This type of result, extended and enriched, is at the base of the solution to many economic optimization
problems.

7.9. Plotting the graph of a function

We take now a break from the theory and show the application of the results seen so far to the problem
of plotting the graph of a function. This problem may be used to discuss optimization problems as well
as to discuss nontrivial inequalities (see below for an example).

The plot of the graph of a function follows after gathering several different informations, normally
obtained by solving specific problems such as solving inequalities, computing limits and derivatives, and
interpreting in a coherent way the informations. In general, we may group these informations into three
blocks:
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e preliminaries — domain of the function, its sign, its behaviour at the endpoints of the domain
(limits and asymptotes, see below), continuity and eventual points where the function can be
extended by continuity;

o first derivative — differentiability, behaviour of the derivative at the endpoints of its domain,
sign of the derivative, monotonicity of the function, and local/global extreme points (if any);

o second derivative — differentiability of f”, sign of f”/, convexity/concavity.

Asymptotes are straight lines that resemble the function in certain conditions. There are three types of
asymptotes: , vertical, horizontal, and oblique:

[ { 1l

The first one occurs when

lim f(x) = +oo, ,
X— X0

or

lim f(x) =00, or lim f(x)= %oco.
X—Xxp+ X—X0—

In this case, f becomes vertical at x¢, similarly to x = xg. We say that x = x is a vertical asymptote for
f. The other two, horizontal and oblique asymptote, occurs at infinity. Suppose that

lim f(x)=(eR,

X—*00

then f becomes horizontal at +oo, like y = € at +co. We say that y = £ is an horizontal asymptote.
Finally, assume that

lim f(x) = +oo.

X—+00
In this case, we might have that f looks like y = mx + ¢ with m € R\{0} and ¢ € R. For a formal
definition, we say that y = mx + ¢ is an oblique asymptote for f at +oo if

lim (f(x)— (mx+gq))=0.
X—>+00
The first problem is how to determine m and g. The first remark is that, once m has been determined,
g= lim (f(x)—mx).
X—+00
About m, notice that

0.

lim (f(x) = (mx+q)) =0, = lim fx) = (mx+q) _

X—+00 X

By this, since £ — 0, we obtain

fim 2% o0 = m= tim 1%

X—+00 X X—>+00 X




146
Such limit must be # 0: indeed, if it were m = 0 one would obtain the contradiction

0= lim (f(x) = (mx+gq))= lm (f(x)-q)==xco

ExampLE 7.9.1. Given the function
f(x) = arctan(e* — 1) + log |[e* — 4|

find its domain, the behaviour at the endpoints of the domain (limits and asymptotes), continuity, differ-
entiability, monotonicity, extreme points (if any) and plot a qualitative graph.

SorL. — Domain: clearly D(f) ={x e R : e* =4 # 0} = {x # log4} =] — 0,log4[U] log4, +oo[.

Limits and asymptotes: We have to check the behaviour at +co and log 4+.
f(=o0) = lim (arctan(e® — 1) +log|e* — 4|) = arctan(—1) +log| — 4| = —% +log4,
X——00

by which y = =% +log4 is horizontal asymptote at —co. At +oo easily we have f(+00) = +00, s0 it there may be
an oblique asymptote y = mx + g. We have
1 Y —1) y=ex- 1
m= tim L0 o iy 18T D= logy
X—+00 X X—+00 X y—+00 log(y + ])
s e*-4 n

5+ i tog 2= =3,

g= lim (f(x)—x)= lim (arctan(e* — 1) +logle* —4| —x) =
X—+00 X—+00

Therefore, y = x + 7 is oblique asymptote +co. It remains the behaviour at log4+. Being [e* — 4| — 0+ as
x — log 4 we have immediately that

lim f(x) = —co.

x—log4

Therefore, x = log4 is vertical asymptote for f.

Continuity and differentiability: on D(f), f is a composition of continuous and differentiable functions, therefore
it is continuous and differentiable. About f” we have

e* 1 1 1
7 — + X _A)e* = ¥ +
PO = e Ve ma e — e = e Y=g

e —d+l+(e¥ -1 ¥ —d+l+eX-2eF+1 e —e* -2
=e =e =e
(1+(e* =1)2)(ex - 4) (1+(e* =1)2)(ex - 4) (14 (e* =1)2)(ex —4)

There are no points where it is interesting to compute limits for f’.

Monotonicity: We have

ffx)20, & — >0.
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Now, setting y = e*, we have y> —y -2 > 0, iff y < % =—-lory> % = 2, therefore iff e* < —1 (never) or
e* > 2, thatis x > log2. Moreover e* — 4 > 0 iff x > log 4. Therefore, we get the following table:
—oo  log2 [log2 log4 |logd +o
sgn(e? — e* —2) - + +
sgn(e* — 4) - - +
sgn(f’) + - +
f / N /

Being f continuous at x = log2 we deduce that this
is a maximum on | — co,log4[. Because f is upper
unbounded, the point is only a local maximum. There
are not minimum points. We may conclude with the

following graph. O N\

Tog 2 \74 *
_ xlogx
flo) = (logx — 1)2°
Determine: the domain of f, sign, the behaviour at the endpoints of the domain (limits and asymp-
totes), continuity and differentiability, points where f can be extended by continuity/differentiability,
monotonicity and extreme points. Finally, plot a qualitative graph.

ExaMPLE 7.9.2. Let

SoL. — Domain: Clearly D(f)={x€R : x>0, logx # 1} ={xeR : x>0, x # e} =]0, e[U]e, +o0[.

Sign: We have
f20, = logx>0, = x>1,

and f = 0iff logx =0, thatis x = 1.

Limits and asymptotes: We have to check the behaviour of f at 0+, e+ and +c0. We have

xlogx %

f(0+) = lim ————— = 0-, (because lim,_,o; x*|logx|8 = 0),
x—0+ (logx — 1)2
1 e
f(ex) = lim _TOEX & +00, = x = e vertical asymptote,

x—ex (logx — 1)2

. xlogx = X 1
+00) = lim ——— = 1 = 400,
f( ) x—1>I-+r-loo (logx - 1)2 x—lg-loo log x | | 2 OO
(1-ms)_,
At +co we could have an oblique asymptote y = mx + g. Being
1
m= lim fx) = lim L: ,
X400 X x—+eo (logx — 1)2

it follows that the asymptote does not exist.
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Continuity and differentiability: f is composition of functions continuous and differentiable in their domains, the
same holds for f. We have

xlogx ), B (logx +x%) (logx — 1)> — xlog x (2(10gx - 1)%)

fiw) = ((logx -1)2 (logx — 1)*

_ (logx+1) (logx —1) —2logx _ (logx)? —2logx — 1
B (logx — 1)3 B (logx —1)3

Being f(0+) = 0, we may extend f by continuity from the right at 0. Let us see if such an extension is also
differentiable. To this aim, notice that

(logx)* —2logx — 1 g=logx . &2 —2£—1 o

lim f'(x) = lim im
x—>0+f ( ) x—0+ (log_x — 1)3 E——00 (é—' — 1)3
s0, continuous extension of f at 0 is also differentiable.

Monotonicity, extreme points: We have

(logx)?> —2logx —1 >0, & logx <1 -V2, v logx > 1+V2, = x<e"‘/§, Vx>el+‘5,

(10gx—1)3>0, — logx-120,  logx>1, & x>e.

By this we get the following table:

0 V2| ol-V2 ole V2| V2 Lo
sgn(N) + - - +
sgn(D) - - + +
sgn(f") - + - +
f N / N /

Now: f is continuous at x = ¢!=V2 50 this is a min-
imum point for f on ]0,e[. Similarly, x = ¢!*V2 \/
is a minimum for f on Je,+oco[. Moreover, because
F(e'V2) <0 < f(e"*V2) we conclude that x = ¢!~ V2 is

also a global minimum. There are not maximum points
because f is upper unbounded. O

ExampLE 7.9.3. Solve the inequality

2xlogx +1 > x2.
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SoL. — Consider the function f(x) := 2xlogx + 1 — x2. Clearly, D(f) =]0, +co[. Moreover

f(0+4) = linol (2x10gx+ 1 —xz) =1,
x—0+

12
f(+00) = lim (2x10gx+ 1 —xz) = lim —x? (1 - logx) = oo

X—>+00 x2

being logx <0 x. Now, f is continuous and differentiable on ]0, +oo[ and
1
f(x)=2logx+2x— —2x=2logx+2-2x=2(logx+1—x).
X

Therefore

f 20, = gkx):=logx—x+12>0.

This is a nontrivial inequality for which we may |

find two ways to answer. First way study the behaviour N

of function g on ]0, +co[. Namely, g(0+) = —oco and

g(+00) — co. Moreover, g is continuous and differen-
tiable on ]0, +co[ and

, 1
gx)==--1
X
Therefore
, 1 1 (x>0)
gx) 20, &= —--120, = -21, = x<1.
X X

Being g continuous at x = 1 this is a global maximum for

g. Being g(1) = 0 this means g < 0 for any x €]0, +o0].
In the alternative, we may use the smart remark that K

log is concave. Therefore +

logx < log1+(log’ 1)(x—1) = 0+(-1)(x—1) = —x+1,

for every x €]0, +co[. Therefore

logx+x—1<0, Vx €]0, +co].

In any case, we deduce f’ < 0 on ]0,+oo][, thus in
particular f \,. Finally, f(1) = 0, thus f(x) > O iff
x €]0,1[. | Plots of g (above) and f (below).

7.10. Applications

Differential Calculus applies to solve many optimization problems. In this section, we explore some
examples, but the number of applications is uncountable.

7.10.1. Constrained Optimization. A typical applied problem consists in maximizing/minimizing
a certain function where the variables are subject to some constraints.

ExampLE 7.10.1. Determine the radius r and height h of a cylindrical can having fixed volume V in
such a way that the surface S is minimum.
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SoL. — The surface of the can is § = 277% + 277k, its volume is V := 7r>h. Being V fixed

\% Vv 2V
h=—, = S =2nr? +2nr— =271t + —.
ar? ar? r
Now
2V dard-2v 4
S’(r):47rr——2:m—2>0, = 4ar? =220, = > _—, = r>Al—.
r r 2 2

Therefore S \, on r €]0, { %], S / on [13/%, +oo[. It follows that r = % is a minimum point for S. In such

case
NA% n \% 14V
r = -, = — = _

N 2n a2 N nm

A curiosity: if V = 0,33 dm?® = 333 cm® (as in the case of cans used for drinks), we found r = 3,75 c¢m and
h =7,51 cm. These are sizes which minimize the cost of the can (and you can check by yourself how this goal is
attained by drink producers. . . ). O

7.10.2. A Logistic Problem. An Express Delivery Service (such as FedEx, DHL, etc, but the
problem is the same for on-line retailers such as Amazon, Alibaba, etc) has to place a logistics facility
in such a way the delivering time (or fuel consumption) is minimized. The problem is of course where
should be placed the facility. To simplify the solution to this complicated problem, we will assume that

o the facility serves just three towns, A, B and C.
e A road is always available between any two points.
e The three cities have the same number of deliveries.

This last assumption, in particular, means that the problem consists in determining the position of a point
X such that
L(X) = AX + BX + CX,

be minimized. In certain cases, the situation is trivial, as when the three cities are aligned or if ABC
is obtuse. Let us see how to translate this problem into an optimization problem we may treat with the
tools developed here. The first remark is the following: since distances are invariant by rotations and
translations, we may always assume that the points A and optimum X* belong to a Cartesian axis, for
instance the x—axis.

T

Notice that X* must be in the interior of the triangle ABC, so in particular both @, 8 cannot be > 7.

Moreover, we may assume that the optimal X™* corresponds to the origin. In other words,
L(X) > L(0,0), VX.
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Let us now formalize a bit more in detail the situation. First, we introduce coordinates for points A, B
and C: A = (a1,0), B=(b1,bs) e C = (c1,c2). We may always assume that a; < by, ¢y, that is A is at
left of both B and C. Second: consider X on the x—axis, that is X = (x,0). Then

LX) =@ 22+ (0= 07 + /(b1 )2 + b2 +[(er )2 + 2

= Jay — x|+ (b1 =22 + B +J(e1 —0)2 + 3 = L(w).
Now, according to Fermat’s theorem, L’(0) = 0. Notice that

by —x cl1—X

\/(bl —x)2+ b3 ) \/(01 —x)2+c%.

L'(x) = sgn(x —aj) -

Therefore,

by c1 by c1
— :O’ = +

2,12 2,2 2,12 2,2

\/b1+b2 \/cl+c2 \/b1+b2 \/cl+c2

by C1
12 4 32 [2, 2
b1+b2 ci+¢;

Therefore, the previous relation reads
‘cosa+cosﬂ = 1.‘

L'0)=0, & 1- =1

‘We notice that

=cosa, = cos .

Of course, this does not identify @ and g, this because there are infinitely many couples a, 8 for which
cosa+cosfB=1.
Imagine now we take X on the y—axis, X = (0, y).

In this case, X = (0, y) and

L(X) = \/a% +y2 + \/b% +(by—y)2 + \/C% +(co—y)? = L(y).
Again, according to Fermat’s theorem, L’ (0) = 0. Since
, y by—y 2y
L ()’) = - - ’
\/a§+y2 \/b§+ (b2 = y)? \/C%+ (c2-)?
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we have

C2

=0, <

L'(0) =0,
2

— b2 +
NGET NG

Therefore, @ and 8 must fulfil

+C2

—sina+sinf =0.
2

cosa+cosf =1,

sina = sin .

Recall now that @ and S are > 0 and cannot be both

2

cosa = V1 —sin

and plugging this into the first equation

\ll—sin2,8=l—cosﬁ, & 1 -sin’

1
2cosfB =1, cos,BzE, — ﬁ:z.

that is

V3
2

1

3 , that is «

But then, cosa = 5 and sina =

/9

)

. Say that 0 < a < 7. Then

v1- sin’ B,

B=(1-cospB)?=1+cos’B—2cosf

a

3
%. We conclude that X* is the point such that

AX*B = AX*C = BX*C = 27” This point is called Fermat point, and this problem was addressed by

Fermat as a geometrical problem in the X VII century.

O

7.10.3. Laws of Nature. Physics is based on optimization principles. A beautiful example is the

following

Basic Axiom of Light Theory: light moves along paths minimizing the travel time.

For example, in homogeneous media, light travels along straight lines. This principle has many conse-

quences, one of which is the

Theorem 7.10.2: Snellius’ law of refraction

The ratio of the sines of the angle of incidence and refraction of a light ray traveling in two different
homogeneous media is equal to the ratio of propagation speed in the respective media. In symbols

sin

sin 8

V1

Vz'

Proor. Consider a light ray travelling from the
first media to the second one. In each media, rays
are straight lines travelling at speed v; and v,. Let
fix point A in the first media where the ray passes
through) and a point B in the second media where
again the ray passes through. We represent the tran-
sition boundary from the first to the second media

by a straight line that conventionally we may assume
as an horizontal axis in a Cartesian plane. This as-
sumption is not restrictive because no matter how is
made the boundary between the two media, locally
this looks like a straight line.

Therefore, denoting by X the point where the
ray crosses the boundary, the total travelling time



153

from A to B is

According to the basic axiom of Light Theory, X must be such that 7" is minimum. To translate this into
a precise formulation, let A = (a1, a2), B = (b1, b3) and X = (x,0). We have

\/(al —-x)2+a3 \/(x —b1)?+ b3
+ .

Vi V2

T=T(x)=

It is easy to see that such 7 has a unique minimum (7 (—c0) = T'(+00) = 400, T € € (R) assures that T
has a minimum). At a minimum point, according to Fermat’s theorem, 7’ (x) = 0,

T'(x) = i + x b - 0.

viyJlai —x)2+a3  vaJ(x—b1)?+ b3

We may always assume that optimum is achieved at x = 0 (otherwise we translate everything),

a b
0=T'(0) = L L—
vl\/a%+a% vz\/b%+b%
On the other side
ap . by .
————— =sin@, ———— =sinp,
2,2 12 4 12
aj +a; b1 + b2
SO . . .
sina@  sin sina v
7'0) =0, ——ﬂ:0,<=> ,—:—1. O
Vi ) sinf8  vj

7.10.4. Newton’s algorithm for the search of zeroes. We return to an important applied problem
we already discussed on continuity, that is, the solution of

f(x) =0,
for some f. We already know that if f € (), I C R, is such that for some a,b € I we have
f(a)f(b) < 0 (that is, f takes opposite sign at a and b) then a zero exists in the interval with endpoints
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a and b. We have seen a bisection algorithm to determine an approximated solution. A nice alternative
is offered by Newton’s algorithm, in the case when f is convex.

To fix ideas, assume that a < b and f(a) <
0 < f(b), so we search for a zero in the inter-
val ]a, b[. Pick x; = b and consider the tangent to

S at (x1, f(x1)), that is

y=f0)+ £ (xn)(x —x1). e
First, notice that f'(x;) = f’(b) > 0. Indeed, ™ /
if f/(b) < O then, being f convex, f’ ' thus
f'(x) < 0 for x € [a,b], that is f Y, thus
f(a) = f(b) > 0, which is against our assump-
tions.

Y= )+ (ep)x-xy)

Since f is convex, this tangent is below f and it crosses the axis at point x; > &, where £ is the zero of
f. This x; is given by
J(x)
17 (x1)
fx1)

being oy > 0. We now repeat the argument starting by x;: either f(x3) = 0 or f(x3) > 0. In the first
case we stop, in the second we consider the tangent to f at (x3, f(x2)), namely

y=f(x2) + f(x2)(x = x2).

Again, necessarily f’(x;) > 0, otherwise f would not have any zero on [a, x»] (but since f(x;) > 0 >
f(a) that zero is there!), thus the tangent crosses the x—axis at

0=f(x)+ f (x1)(x2—x1), x2=x1— < xj,

N (CO I
f'(x2)
Iterating this procedure, we produce a sequence x| > xp > x3 > ... > X, such that
(Xn-1) ,
xn—xn_l—f/ L f(x) =0, f'(x,) > 0.
J'(xn-1)

Since x, "\ there exists & = lim,, x,,. Passing to the limit in the recurrence equation and assuming that
f € €'(I) we have

[ (&)
1€

7.11. Hopital’s rules

§=¢- = [f(§)=0.

A typical problem in computing limits are indeterminate forms. Among these, there are % and 2
forms, that is to compute

lim S

o g(x)
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where f,g — Oor f, g — *oo. Hopital’s rules are useful tools to treat this type of limits, transforming
them into other and (hopefully!) easier limits.

Theorem 7.11.1: 8 rule

Let f,g : D ¢ R — R, be defined in a neighbourhood /7,,\{xo} (that is defined around x¢, not
necessarily at xg) of xg € R U {+oc0} and such that
i) f, g are infinitesimal at x;
ii) f, g are differentiable for x € I,,\{xo};
iii) g’(x) # 0 forx € I,\{xo}.
Then,

L.

3 1im LF _peRU (g0}, = 3 fim L&) -
X— X0 g’(x) X—Xq g(x)

Proor. We limit to the case xo € R. Let us do the proof for the limit as x — xo+. Since f, g are
infinitesimal at xg, we can extend both at x¢ by continuity (assigning to them the value 0). This way, we

may write
) _ f(x) = f(xo)
g(x)  g(x)—g(xo)
By Cauchy’s theorem (our assumptions on f, g assure that we can do it), there exists &, €]xp, x[ such that
J(x) = f(x0) Cauchy 7.4 f'(£x)
g —glx) g€’

As x — xo+, by two policemen thm, &, — xo+. Therefore, by our assumption,

fO) D)

lim =
x—1>xo+ g(x)  x—xo+ g/ (&x)

In common use, Hopital’s rules are applied according the following notation:

lim L8 8y L)

= l1im .
o g(x) ¥ /()

This is a conditioned equality:it holds true provided all hypotheses are verified.

ExampLE 7.11.2. Compute
sinhx — x

im .
x—0 sin(x3)
SoL. — Let f(x) := sinhx — x, g(x) := sin(x®). Clearly, f and g are infinitesimal at 0, are differentiable on R and
because
g (x) = 3x% cos(x?),
we have g/ = 0iffx =0 orx3 = % +kn, k € Z. In particular, g’ # Oin a Ip\{0}, that is ii) holds. Moreover
f(x) . coshx -1 . 1 coshx-1 1 1 1
= lim

lim = = lim = — . — = .
x—0 g’(x)  x-03x2cos(x3) x—03cos(x3) x2 32 6
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Therefore, by first Hopital’s rule, the proposed limit exists and has value é. O

ReMARK 7.11.3 (Warning!). A couple of important remarks:

!
e lim § might exists while lim % may not! For example,
~ x%sin % . x x’sin % ) 1
Iim — = lim — =liml,-xsin—=0
x—0 Sinx x—0 SInx X x—0 X

by the boundedxinfinitesimal rule. Applying the Hopital’s rule, however

x“sin~ g 2xsin%—cos% ) 1
- = lim ————— = —lim cos —,
x—0 SInx x—0 COSXx x—0 X

that doesn’t exist! This is not in contradiction with Hopital’s rule because this last provides just
a sufficient condition in order that lim,_,, % exists.
e Hopital’s rules should never be applied in a blind mechanical way because they could lead to

never-ending iterations. For instance, consider

e U o m ée_l/x eV m ﬁe_l/x e lx
lim = lim = lim = lim = lim =...
x—0+ X x—0+ 1 x—0+ X2 x>0+  x2 x—0+ x4
On the other hand
e~ 1/x L * H —lz 1 2+
lim = lim = "= lim ———=1lm — 0. O
x—0+ X x—0+ el/x x—0+ —Lol/x x50+ g1/
X
Hopital’s rules may be iterated in their application.
ExampLE 7.11.4. Compute
. 1 1
lim - .
x—1\logx x-1
SorL. — Clearly
. 1 . x—1-logx
lim - = lim
x—1\logx x-1 x—1 (x —1)logx
where we recognize a form %. By the first Hopital’s rule,
x—1-logx u . 1-1 , x-1  %H 1 1 1

lim —— =lim—=—-. O
xlglllogx+1+1 xlE>1112+logx 2

im = lim = lim
x—1 (x—1)logx  x—1 1ng+(x_1)% x—1xlogx+x—1

A similar rule holds for the g form:
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Theorem 7.11.5:  rule

Let f,g : D ¢ R — R, be defined in a neighbourhood /,,\{xo} (that is defined around x¢, not
necessarily at xg) of xg € R U {+0c0} and such that
1) f, g are infinite at x;
ii) f, g are differentiable for x € I,,\{xo};
iii) g’(x) # 0 forx € I,\{xo}.
Then, )
3 1im LF) CpeRU (g0}, = 3 fim L&) -

X— X0 g’(x) X=X g(x)

£.

7.12. Taylor formula
Computing the fundamental limits we obtained formulas like
sinx =x+o(x), e¥=1+x+o0(x).

These formulas say that sin and exp can be expressed as a first degree polynomial apart for an error which
is smaller than x, therefore negligible respect to x when x is small. This principle is true in general and
follows from the definition of differentiable function:

Proposition 7.12.1

Let f be differentiable at xo. Then
(7.12.1) f(x) = f(x0) + ' (x0) (x = x0) + 0(x = x0).

Proor. Being differentiable

Hf,(X()) _ }llli% fxo+ h})l - f(xo) x:)gwh xli_)ll;o W,
that is
0= lim M _ f/(-x()) = lim f(X) - f(XO) - f (XO)(X —Xo) .

X—X0 X — X0 X—X0 X — X0

According to the definition of o(. . .),

f(x) = f(xo) = f(x0)(x = x0) = 0(x = xp),
which is the conclusion. O

This formula has an interesting numerical interpretation: in the first approximation, any (differentiable)
function f is a first-order polynomial. If we want to improve this formula, we naturally wonder if we
can replace the first degree polynomial with a second, third, or generic n—th degree polynomial. We may
expect that increasing the degree of the polynomial we should have a better approximation, that is, the
error should be smaller. Let us see how we can address properly these questions.
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A general n—th degree polynomial centred at xo has the form
n
Z cr(x = xo)~.
k=0
Thus, we search for coefficients cg, ¢y, . . ., ¢, in such a way that
n
Fx) my Y er(x = x0),
k=0
More precisely, we wish that the approximation error

&(x) = f(x) = ) ex(x —x0)
k=0

be small when x «— xo. Now, clearly all powers (x — xo)* are small. Since £(x) should be negligible
with respect to the polynomial, we guess that the proper form to say this should be
n
(7.12.2) fx) = Z cr(x —x0)K +0 ((x —x0)").
k=0

Thus the question is: under which hypotheses (7.12.2) holds true? (notice that the case n = 1 is the
(7.12.1)) And, in this case, how can we compute coefficients cg?

It is easy to get a guess for this last question. Indeed: assume that f itself is a polynomial and we

look for ¢ in such a way that
n

Fx) = erlx = xo).
k=0
We notice that ¢cg = f(xo). Moreover, deriving

£l =) ken(x =x)* !, = f(x0) = 1.
k=1

To extract ¢, we derive f’: we get

£ =D k= Der(x=x0) 2, = f(x0)=2-1-c2, = ‘1‘2=f’z,§xf) :f”z(;m)'

k=2

Deriving again and calling f""" = (f"")’,

f”'(x) — Z k(k—1)(k—2)cr(x —xo)k—S’ —_— f”(xO) =3-2-1-¢3, & c3= f’/’;!xO) )

k=3
We may now guess that ¢4 = f4—(,x°) and so on. To proceed, we need to introduce a symbol: assuming
this exists, for k£ > 2 we call k—th derivative of f at x (or derivative of order k)

FH (x0) = (FE1Y (x0).
For convenience, we set also

=t
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With this notation, the above argument shows that

N f® ( 0)
it f(0) =) exlx—x0)f, = fx) = Z

k=0

X())k.

This is the right polynomial in general:

Theorem 7.12.2: Peano

Let f be differentiable n — 1 times in I, and such that exists f (") (xg). Then
(7.12.3) fx) = Z A ( 0) (x = x0)% + 0((x —x0)"). (Taylor formula)

The polynomial is called Taylor polynomial of order » centred at x.

Proor. We will limit to the case n = 2. We have to prove that

£ = (£ 0x0) + £ (x0) (= x0) + L5 (x = x0)?)
lim =0.
xX—X0 (x — x0)2

This is nothing but a form %. Applying the Hopital’s rule we have

£ = (£G4 £ G =) + 5 x02) ) < () + ) - 30)
= lm

xh%n;o (x — x0)2 xX—X) 2(x — x0)
2 (f (X) f (XO) f// (XO)) —
x—>x<) X —Xo
because of the definition of /" (xo) = (f”")(xo). O

A remarkable case of Taylor formula is the McLaurin formula, which is nothing but the Taylor formula
centred at xo = 0:

e >—Zf O k4 o)

Let’s see how this formula works in the case of

ExampLE 7.12.3 (exponential).

(7.12.4) e’ =
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SoL. — Let f(x) := e*. Clearly, f is derivable infinitely many times being f” = f. This means that the McLaurin
formula can be written up to any order n. We have

k| fPw | R0
0|e* 1
1| (e¥) =¢e* 1
2| (e¥) =e* 1
3] (e¥) =¢€* 1
Therefore f(¥)(0) = 1 for every k, hence the (7.12.4) follows. O
ExampLE 7.12.4 (sinh, cosh).
SEE A 2m+1 o x 2
. — m —_ m
(7.12.5) sinhx = ;0 PTE o(x¥™1) coshx = 242 +o(x¥™), VmeN

Sor. — Let f = sinh, g = cosh. Being f’ = g, g’ = f we have that f and g are derivable infinitely many times,
hence the McLaurin expansions holds up to any order n. We have

PRI (0 k g (x) g™ (0)
0 | sinhx 0 0 coshx 1
1 | (sinhx)’ = coshx 1 1 | (coshx)” =sinhx 0
2 | (coshx)’ =sinhx 0 2 | (sinhx)’ = coshx 1
3 | (sinhx)’” = coshx 1 3 | (coshx)’ =sinhx 0

We see that £¥)(0) = 0, 1 according to k even or odd. From this follows that the McLaurin expansion contains
only powers with odd exponent. By choosing n = 2m + 1 we get easily the first of the (7.12.5). Similarly for g. O

ExampLE 7.12.5 (sin, cos).

(7.12.6)  sinx = Z(—nf
7=0

x2j+l
25+ 1)!

m
+ 0(x2m+]), CcosS X = Z(_l)]
j=0

ij
2!

+o0(x*™), Vm e N.

Sor. —Let f = sin, g = cos. Here, f and g are both derivable infinitely many times being f’ = (sinx)’ = cosx = g

and g’ = (cosx)’ = —sinx = —f. To compute the coefficients, notice that
k| %) (0 k g™ (x) g™ (0)
0 | sinx 0 0 cosx 1
1 | (sinx)” =cosx 1 1| (cosx)’ =—sinx 0
2 | (cosx)’ = —sinx 0 2 | (-sinx)’ = —cosx -1
3| (-sinx)’ = —cosx -1 3| (—cosx) =sinx 0
4 | (-cosx) =sinx 0 4 (sinx)’ = cosx 1
5| (sinx)’ =cosx 1 5| (cosx)’ =—sinx -1

Therefore f¥)(0) = 0 for k even, f¥)(0) = =1 for k odd. Precisely, we see that writing k = 2j + 1 we have
F@*D(0) = (=1)/. From this, the first of the (7.12.6) follows and similarly the second is obtained. O
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ExampLE 7.12.6 (logarithm).
(7.12.7) log(1 +x) = Z(—l)k_17+o(x”).
k=1

SorL. — Let f(x) = log(1 +x). Clearly, f is defined and derivable for x = 0. By looking at the derivatives of f it
is easy to check that it admits derivatives of any order. To compute the coeflicients, notice that

k| fRx) S0
0 | log(1+x) 0
1| (og(1+x) == =(1+x)" 1
21 ((1T+x) )Y =-(1+x)72 -1
31 (=(1+x)72) =2(1+x)73 2
41 2(1+x)3) ==3-2(1+x)~"* -3-2
51 (3-2(1+x)% =4-3-2(1+x)*[4-3-2

Apart for the first coefficient (null) the others have alternate sign +, —, +, —, . . . and absolute value 1,1,2,3 - 2,4 -
3.2,.... Precisely: %) (0) = (=1)¥""(k — 1)! hence
n k-1 n k-1
-1 k—=1)! -1
log(1 +x) :Z%xk+o(x”)=z ( 12 F+o(x™). O

k=1 k=1

REMARK 7.12.7 (Warning!). By McLaurin formula for log we do not mean the McLaurin formula
for f(x) = logx which is meaningless (log x as well as its derivatives are not even defined at x = 0). We
mean the McLaurin formula for log(1 + x). In short, McLaurin formula for log(1 + x) corresponds to the
Taylor formula centred at x = 1 for log x. O

ExampLE 7.12.8 (power).

(7.12.8)
(1+x)a=1+;(;:)xk+0(xn)’ dove(C]:)§:a/(a,_l)(a/_i)!'”(a/_k-'-l),VQER’ Vn e N
SoL. — Let f(x) = (1 +x)®. We have
[ WARIC)) (0
0] (1+x)* 1
1] (1+x)% =a(l+x)*T a
2 [ (a(d+x) Y =a(a-1)(1+x)?2 ala—1)
3| (a(a— 1)(1+x)“_2)' =a(a-D)(@-2)1+x)3 | a(a-1)(a-2)
Now the conclusion follows easily. O

REMARK 7.12.9 (Warning!). As for logarithm, McLaurin expansion of the power is not McLaurin
formula for x“ but for (1 + x)“. ]
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ExampLE 7.12.10. Compute McLaurin asymptotic expansion to the fourth order of the function
f(x) =log(1+e”)

SoL. — We need the first four derivatives of f:

eX

f = 1+ex’
., _e*(l+e¥)—e¥er et
S (1+e9?2  (1+en)?
() ex(1+ex)2—ex2(1+ex)ex L1+e’ —2e” X — X
X = =e = s
(1+ex)4 (1+ex)3 (1+ex)3
(e* = 2e*) (1 + ¢¥)3 — (¥ — e2¥)3(1 + e¥)%e* (I=2e*)(1+e*)=3(1-¢%)
flll’( ) X
x) = =e
(1+ex)0 (1+ex)4
By this
’ l 1 l 7 11’ l
f(0) =log2, f'(0)= 5 O =2.f (0) =0, f7(0) =-3
Therefore
1 1/4 0 -1/8 1 1 1
log(1+e*) =log2+ 3% + 2L!x2 + 5)63 + 4—'/ Yro(x® = 3% + gxz - m)f +o(xY. O

7.12.1. Computing limits by using McLaurin formulas. In this subsection, we present a new
powerful method in computing limits. We will introduce it by a first example:

ExamrpLE 7.12.11. Compute
. (1 =cos(3x))?
lim —————.
x—0 x2(1 - cosx)

. 2
SorL. — Call N and D numerator and denominator. Because 3x — 0 and cost = 1 — ’7 +o(r?)ast — 0 (we
choose the “’shortest” not trivial expansion to write the minor number of terms), we have

2 2
N(x) = (1 = cos(3x))? = (1 - (1 - % +o ((3x)2))) - (%ﬁ + 0(9x2)) - %x“ +9x20(9x%) + 0(9x2)2.

2

2)2. The first is x? times something smaller than x>. It sounds

Now, let us look at terms 9x20(x%) and o(9x
reasonable that

9x%0(9x?) = o(x*).
Is that true? Recall that f = 0(g) means f/g — 0. Thus, we have to check if

2 2 2 2 2 2
9x“0(9x~) _ .0 But 9x“0(9x~) :90(9x ) _ 810(9x )
x* x4 x2 9x2

_>0’

%v) — 0if 9 — 0. By the same intuition, it seems reasonable that
9 2N\2 9 2 9 2 9 2 9 2
0(9x))? = o(x*). Indeed, 205" - 0O¥) 00X) _ ¢, 00%7) 0oOF) [ _,
x2 x2 x2 Ox2  Ox2

because
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We conclude that o1 o1
N(x) = Zx4 +o(xM +o(x*) = ZX4 +o(xh),

because it is evident that o(x*) + o(x*) = 0(x*). We can now say that N (x) ~ &L.x* because

81 4 o(x* 81
—x* 1+ — ) =—x4-1x.
4 81 x4 4

In other words: we reduced the numerator to some power! If we can do the same for the denominator, we are done
because it is much easier to compare powers than complicate expressions.

N(x) =

D(x) = x*(1 — cosx) = x> (1 - (1 - x; +0(x2))) =x2 (%2 +0(x2)) = %x4 +x%0(x?) = %x“ +o(xh = %4 o

Therefore
N Sl 8l

D(x) %4.1x 2

In the previous example, we met some of the rules of calculus with infinitesimal quantities. They are easy
to understand and the reader is invited to develop some intuitive numerical sense on them.

Proposition 7.12.12

Asx — 0:

o(x) +o(x) =o(x);

co(x) = o(cx) = o(x) for any ¢ € R\{0};

x" = o(x™) if n > m (also n, m reals, in this case x — 0+ to make sense);
o(x™) = o(x™) if n > m (also n, m reals, in this case x — 0+ to make sense);
x"o(x™) = o(x™M);

o(x")o(x™) = o(x™);

(x +0o(x))" =x" + o(x") (also n real, in this case x — 0+ to make sense);
o(x+o0(x)) =o(x).

ProoF. i) and ii) are easy (exercise). iii): x" = o(x") as n > m iff ;—; — 0. But

xl’l

xm

=x""" — 0, (n>m).

iv), v) and vi) are similar. vii) We will limit to the case n € N. By Newton binomial formula
n n n—1 n
n _ k n-ky _ .n ny _ .n n
(x+o0(x)) —Z(k)x o(x""%) =x +Z(k)0(x)—x +o(x"),
k=0 k=0
by previous properties.

o(x+o(x))

vii) is more delicate. We have to prove that — 0. It would be natural to write

o(x+o(x)) o(x+o(x))x+o(x)

- 0,
X x+o(x) X —
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but we have to be careful with division by 0. However, this is easily solved noticing that
x+o(x) :x(l +M) =x- 1y,
X
and because 1, — 1, 1, # 0 in some Ip\{0}: but then x + o(x) = x - 1, # 0 as x € Ip\{0}, and this
authorizes previous passages. O

ReMARK 7.12.13 (Warning!). All these properties have the form ¢ = 0(%). This means % — Oas
© —> 0. The order is important and it cannot be inverted! For instance, o(x?) = o(x) is true but of
course o(x) = o(x?) is false! O

ExampLE 7.12.14. Compute

lim Jeosx — e
x—0+ \x log(1 +xsinyx) —x3 +x(ex - 1)

SoL. — Immediately we recognize a form 8. Recalling that

t2
cost=1—§+0(t2), e =1+t+0(t), (1+0)%=1+at+o0(1),

we have

12
N(x) =Afcosx—e ™ = (1 - %2 +0(x2)) - (1 - %2 +0(x2))

2

= (1 +% (—%2 +0(x2)) +0 (—%2 +0(x2))) -1+ xj +o(x?).

= xzz +o(x>)+o (_x; + o(xz)) .

By rules of calculus, o (—%2 + o(xz)) =o0(x?),so N(x) = %2 +o(x?) = %2 1y
Passing to the denominator,

sint =t+o0(t), log(l1+1t)=t+o0(t),

therefore

D(x) =vxlog(l+x(Vx+o(¥x))) —x*+x(1+x+o0(x)-1) =x1/210g(1 +x3/2+0(x3/2)) 2+ +0(x?)
=x!/? <x3/2 + 0(x3/2) +o0 (x3/2 + 0(x3/2))) 2+ +0(x?)

=x2+o0(?) - +x> =22+ o(x?) =247 - 1,
being x* = 0(x?). In conclusion
NG ELe

-1, —1,. O

D(x)  2x2-1, "%
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ExampLE 7.12.15. Compute, for a > 0, the limit

. log (1+x%) —sin(x?)
lim

x—0* ex2a -1

SorL. — Being @ > 0, x* — 0+ as x — 0+, so we recognize a form 8. Recalling that

2 n
log(1+¢&)=¢— v+ (—1)"“‘5— +o(eM),
2 n
. _ §3 n §2n+l 2n+1 N
51n§—§—§+...+(—1) m+o(§ ), aSnf 0.
§2 n
et =E+ ST+ ro(€h),

we have
N(x) =x+0(x?) — (B +0(?) =x¥ =28+ 0(x?) +0o(x}).
There’re three cases: @ < 8, @ = 8 and @ > 8. In the first one
PBrox®) =0(x?), = N©x) =x%+0(x%).

If @ = 8 we have N(x) = o(x®) which is too vague to know the precise behavior of the numerator. To solve the

impasse, we extend the asymptotic expansion for log and sin to get

(x%)? (x%)?
2 3!

N(x) =x8 - +o((x®?) — (28 - +o((x»HH] = —); +o0(x'%).

Finally, as o > 8, we have x® + 0(x®) = 0(x®), so

N(x) = x3 +o(x).

Summarizing:
x¥ 1y, a <8,
N(x) = —%xm- ly, a@=8§,
X1, a>8

About the denominator the discussion is easier:

D(x) = x>+ o(x**) = x>% - 1,.

Therefore
a, —
;M.ll" =x"%. 1, — +o0, a <8,
N(x) _lyl6.]
D B £l C N _1 _
D | T i -2/ @=8 0
x8.1y 82«
= =X 1y — 400, a@>38
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7.12.2. Applications to convergence of numerical series. The method we introduced in the previ-
ous subsection is quite flexible and can be used fruitfully for the convergence of series. Let us see this
for an example.

ExaMPLE 7.12.16. Determine « > 0 such that the series

(o)
1 1 !
an l-cos—||— —sin—|,
nj)\n% n
n=1

converges.

SoL. — Notice that the two parentheses are infinitesimal as n — +co. The question is: how much are they small?

Let us use the asymptotic expansion to answer: recall first that

2 3
X ) X
cosx=1- 7+0(x2), sinx =x+o(x) =x— g+0(x3), x— 0,

1 (1/n)? 1) 1 1 1
1—COS;:T+O Z :ﬁq.o ; Nﬁ,

SO

while

1 1 1 1 1 o1 1 1 1
-=o|—], o|l-|=0|—|, = — -sin—-=—+0(—|~—.
n n(l n n(l n()’ n n()’ n(l nll’
Therefore, if 0w < 1 we have
, 11 1
2n2ne " 2np”
In the case @ = 1 the expansion for sin is not enough because we have

.1 (1)
——sin—-=o0|-],
n n n

a, =n

which is almost useless. Extending the expansion for sin we have

S R (1/n)3 ol 3 L[ 1
—_——SnN-=--\|- - —_ = — —_ ~ —_—
n n n n 6 “Wx 6n3 © n3 6n3’

, 11 1
ap=n"——1, ~ —.
" m2end " 1263

1 (1) 1 1 1 (l) 1
—=0|-], = — -sin—-=—-——+o0|-|~——,
n n n

SO

Finally, if @ > 1, we have

hence
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Summarizing:
1/2 . . . . . .
an’ 0 <a <1 the series converges iff @ > 1 by asymptotic comparison, hence never in this case;
1/12 . . .

an ~ / -, a=1 the series converges by asymptotic comparison;

-, a>1 the series diverges by asymptotic comparison.

7.13. Taylor Series

According to Taylor formula, if f is n—times derivable at x,
S (x0) n
f@) =) = x0)f +o (= x)").
k=0 ’

In many cases, n can be taken whatever natural. Since £ = (f*=1)’ automatically f*~1 € & just
because it is derivable.

Definition 7.13.1

We say that f € €= (D) if there exists £ on D for every n € N. In this case, f) € €(D) for
every n € N,

Most of the elementary functions are € functions. Thus, for example: e*, sin x, cos x, sinh x, coshx €
@ (R). In addition, log(1 +x), (1 +x)* € €°(] — 1, +oo[.
Bringing Taylor formula to extreme consequences, one may wonder if

FeF (L), = )= Zf ) (4,

This type of series is called Taylor series. In general, however, this is false.
ExampLE 7.13.2. Let ,
e VX x£0,

fx) =
0, x=0.

Then f € €= (R) but its Taylor series vanishes. In particular, f does not coincide with it.
SoL. — We limit to sketch the answer, the details might be a bit tedious. First, there is no doubt that f € € (R\{0}).
Easily, f is continuous at 0. To check f differentiable at 0, we compute

fx) 7=

so 3f”(0) = 0 according to the differentiability test. Automatically, f"is continuous at 0, thus f" € € (R). Iterating
this argument, we can show that all derivatives (") exist and are continuous on R and £ (0) = 0 for every n.
Thus, in particular

x#0 _1/X2 2 x:O

(k)
f()izf 'O ko o
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Despite this, it seems reasonable that, under suitable assumptions, a € coincides with the sum of its

Taylor series:

Theorem 7.13.3

Let f € €% (Iy,) be such that
AM >0, : |f™x)| < M™, Vx e ly,.

Then

>, FR)
1= 3 T8 et e e,
k=0 ’

We omit the proof here. It is easy to check that the principal elementary functions verify the previous
theorem assumptions. In particular, we have remarkable formulas:

x2k+l x2k

k . 00 o)
sinhx = 377 [eZ5E coshx = 27, 2K)1

[

=

e’ = Zm:()

>~

o k . 00 2Ue+1 o 2%k
log(1+x) =27 ,(-1 k“%, sinx = 33 ,(—1 k(fk—n)w cosx = 30 (-1 k%

7.14. Exercises

Exercise 7.14.1. Let

X sin l x € R\{0},
f(x) = .
0, x=0.

Show that i) f is continuous at x = 0; ii) is not differentiable at x = 0.

ExEercise 7.14.2. Let
1
x*sin—, x eR\{0},
fx) = o
0, x=0.

i) Show that f is continuous at x = 0. ii) Is it differentiable at x = 0?

ExEercise 7.14.3. Let
sinx, -1<x<0,

f(x) = (Sinx2)5

m, 0<x<1.

Say if f is extendable continuously at x = 0. In this case, is the extension differentiable at x = 0?
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ExErcisk 7.14.4. Using carefully the rules of calculus, say where the following functions are differ-
entiable:

x2—2x—1 . x\3 . cos X
1. ——1 2. sin(logx). 3. (1+¢€*)”. 4. (sinx)“®*. 5. log(1+|loglx||).
- —

6. VIxP+1. 7. |x+1|57. 8. 4fsinvx. 9. cosh|x|.  10. sinh|x]|.
Exercisk 7.14.5. For any of the following functions, say if they are differentiable at x = 0:
1. e ™. 2. x|x|. 3. |xsinx|. 4. x[x=1]. 5. [x](x=1).

ExERrcIsE 7.14.6. Compute the derivatives:

4 5
Loxf-23+6r. 2 %asci-L4l 3 (x3—§+3) . . (ll%f) .
5. Vx2+1-ux. 6. Yxtlol 7. 3‘/; : 8. \xVxvx.
x+1+1 1+Vx
. . 2
9. (sinx)® —3sinx. 10. =X—. 11. tanx+ ——. 12. x*tan(x? +x + 1).
13. 1+fjsx +tan3. 14. xarcsinx. 15. sin(2arctanx). 16. 1+xx2 — arctan x.
17. arcsin(sinx). 18. arctan 1:&% 19. arctan (x -Vl +x2) . 20. x(logx —1).
21. log(tan3). 22. loglogx. 23. xtanx + log(cosx). 24. arctan (log ﬁ)
25. . 26. xe!=o0sx, 27. QW 28. log(sinhx —1).
29. cosh(sinhx). 30, ——. 31. ./arctan (sinh ). 32, x*.
(sinh) N yaretan (sinh 5)
33, x*". 34, (x)*. 35. sin (x'°8¥) . 36. (cosx)*.

ExEercise 7.14.7. Given the following f : [-1,1] — R find a, b € R such that 3f7(0):

(a+1)arcsinx —6(b+3)sinx, if —1<x<0,
fx) =
2a(x* +x) — (b +3)(v/x +tanx), ifO<x<1,
ExEercise 7.14.8. Given the following f : [-1,1] — R find a, b € R such that 3f/(0):

b(x4+3x)+(2—a)cos§, se —1<x<0,

fx) =
2b+3)(e*-1)+(2-a)tan3x, se0<x <1,
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ExEercisk 7.14.9. Determine a € R such that
cos %

Togx 0<x<1,x>1,

fx) =

a, x=1,
be continuous at x = 1. For such a value, determine if f is differentiable at x = 0.

Exercise 7.14.10. Compute

| G 2T 200SX —(sin)® et meT o 2e g sine—logeosy L x —sin
x—0 x4 x—0 x —sinx x—0 xsinx x—0  x3
2x) — tanx — si 31 2
5. fim SO0 —cosx oy, waxosine o, p(og )T 8. lim (e*+1)*.
X—+00 x2 x—0 x3 X—+00 ex X—+00
x2sin L 1 1 1
9. lim ——=. 10. lim log, (e* —1). 11. limxT~. 12. lim [— -
x—0 SInx x—0+ x—1 x—1 1ng x—1
ExEercisk 7.14.11 (x). Compute
| fim L0 2 dim R g gy sk
x—0 X x—1+ IOgX —-x+1 x—0+ \/ex _ 110g(x + 1)
1
1 2 1 1-1 +1)\~
4 otim (—— = 2) s hm( xR, 6 fim (10D
x>0+ \ 1 —cosx x2 x>0 x—0 1+ sinx
2 6x
1+x)x —é? 2x + 1
7. lim (x2 log al +x). 8. lim (x#‘ 9. lim x|[2 -,
X—+00 x+1 x>0+ X X—+o0 2x

Exerciske 7.14.12. For any of the following functions find: domain, eventual symmetries, behavior at
the boundary of the domain (including eventual asymptotes), sign (if possible), continuity, differentiability,
limits of f’ at the boundaries of the domain of f”, sign of f’, monotonicity, local and global extreme
points, convexity and flexes. Finally, plot the graph of the function.

(D) f(x) =x>+x*=2x3.
(2) f(x) :=x*logx].

3) f(x) = x4/,

@) f(x) = log|l - il
(5) f(x) := arcsin (2x\/1 - x2).
(6) f(x) :=2x +arctan 5.
(7) f(x) :=2x + -Snhx_

(8) f(x) := x+/| logx|.
9 f(x):=x~.

)
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Exercisk 7.14.13. For each of the following functions find: domain, sign (only for numbers 6,7,8,9),
limits and asymptotes at the endpoints of the domain, continuity and differentiability, compute f’, limits
of f” at the boundary of its domain, eventual points where f could be extended continuously and with
derivative, monotonicity, extreme points and plot a graph:

1 inh
1. arctan |— _ 2. arctan(e* — 1) +log|e* —4|. 3. arctan ((x + l)e%) )
sinh x 3
1/3
4. 2x + arctan . 5. 2arcsin ; +X. . (x+—1)
x2 -1 cosh(x — 1) log?(x + 1)
7. V3x — V3x2 + 2x 8. log (sinh®x +2sinhx+4) 9. arcsin4/1 — (logx)2.

ExErcisk 7.14.14. Study the following inequalities

— 2 —
x-1 X 4.x 210g|x+1|<

>0, 3.e">21+x+—.
2 Ve* —2x -1

ExErcise 7.14.15 (x). Study in dependence of the parameter a > 0, solutions of

1. logx < Vx. 2. logx — 0.

e’ =ay, yER,

ExErcisE 7.14.16 (%). Find all possible values @ € R such that the following function be monotone
increasing:

f(x) =ax - T

EXERCISE 7.14.17 (%x). Find all possible values @ € R such that the function f, (x) := e®* — a’x be
monotone on [0, +oo].

Exercise 7.14.18 (x). Let p > 1. Prove the inequality

- P +1
<

P < <1, vexl
(t+1)P
Deduce by this the inequality
P4 yP
2P < Yy ey s o0
(x+y)P

3

ExXERCISE 7.14.19 (x%). For which value a € R the function f,(x) := ¢* — ax’ is convex on R?



172
Exercisk 7.14.20. Compute

er+e -2

XCcosx — sinx

1. lim 2. lim .
x>0 1 —cosx x—=0 1 +x2 — ¢¥* + (sinx)3
1 3 4 x2(sinx)2 + sin x2
3. lim (x-x*log[1+-]]. 4. Jim X (ST +sine
X—+00 x x—0  x*+x3 +xsinx
. log(1 +x?) +x? + (tanx)? + sinx ) (sinx)3 +x3
5. lim 3 6. lim .
x—0 x3 +1og(1 +x) x=0+ /1 — cosx + (tanx)?2 + arctan x
_ sinx _ 1 _
- log(2 cos(2x))2‘ 8. lim 21 x
x—=0 (log(sin(3x) + 1)) x=0 X

e(sinx)® _q _ (tanx)3

log(1 + x arctan x) — e +1

i 10. Li
P T (e ) T Virae
11 lim 10g(1+sinx)—x+x—22 12 lim xe"7—cos(x4)+1—x
" x—0 (tanx)3 + x5 " x—0+ sinhx* —log(1+x%)
X2 .
3. lim e —coshx + (sinhx)3

x—0+ xlogcoshx + (xlogx)* "

ExEerciske 7.14.21. Compute, in dependence of & > 0, the following limits:

. 1im 1o8(cosv)
x—0 x¢
4 cos(x?) — e*

x—0+ xlog(1 +x@) — x@’

) sin(x®) — sinh(x?)
7. lim .
x—0+ log(1 + 2x2) — (cos(2x) — 1)

10 xe* - cos(x?) +1—x

lim .
x—0+ sinhx® —log(1 + x%)

Exercisk 7.14.22 (x). Compute

lim

x—0+

In(1 +x%) —sinx
1 —cos(x?)

2. lim

x—0*

x? — arctan(x?)

5. lim —;
x=0" eX* — cos (x29)

42
cosx —e *

. lim .
x—0+ coshx + cos(x®) — 2

e~ _cosx + (log(1 +x))?

11.
X3

lim
x—0+

3 : Vx
V1 —sinyx — e + 5

arctan x

a .
e —l—x"—%smx

In(1+x)—x

[98]

x—0+

xv _
6. lim — e 1 +xlogx
x—0* sin (x2@) + 1 — cos (x?)

log(1+x3) —e*" — 1
x—0+ x sinh(x2) — sinx(cosx — 1

9.



173

Exercise 7.14.23 (x). Find a > 0 (if they exist) such that the following limit is finite and different
by 0:

log (x+e‘/;‘) —sinyx —x
lim .
x—0+ x4
Exercisk 7.14.24. Find a, b € R such that the following limit exists finite and not O:
asinx —2blog(1 +x) + 3(a — 2)x>
2

lim
x—0 X

ExEercise 7.14.25 (x). Compute

lim (sin x) =2

x—0

(ZQ/m -2- Zlog2 1(;g2 sinx) .

Exercise 7.14.26. Discuss convergence for each of the following series:

+00 +oo
1 1 1 2n°+3
1. Zsm;. 2. Z(1+en—262n). 3. Zx/_log(z 2+2)
n=1 n=1
+00 +00 ©0
log(n+1) —logn L 1 L 11
4.y . S.Z(M—l)logn—. 6.2((3@—1) sin——~|.
= Vn +logn o \n - non

+00

Exercise 7.14.27. Determine for which a > 0 the following series are convergent:
1. Z n

2 1
cosi—e_n]“). 2. Z(n+s1nn) (——sm—)
n=1 n

o 1 1 +00 1
3. Z (log (cos ;) - n_") . 4. Zn (eznl(’ — cosh ;) .

n=1 n=1
« 1 1 I
5. nzz;\/ﬁ(smh;—log(l+n—a)). 6. ,an (smn—a—smhg).
> sf. 1 o o1 1
7. nz:;n (smg—en" +1). 8. ;n (;—arctan;)

Exercisk 7.14.28 (x). Find @, 5 € R such that the following series is convergent:

5 1 1))\
en? —cos — + [log |1+ — .
n n

Exercisk 7.14.29 (x). Discuss simple and absolute convergence for

D, Zl (1+( )n) 3, i(—l)"((]+%)n—e) Z( H" +(1 A

n=1 n=2

(o)

2,

n=0

+00

1. Zsm

n=1




174

Exercise 7.14.30 (xx). Let a > 0. Discuss convergence for

Z sin (7r\/n2 + az) :
n=1
Exercise 7.14.31. Find the radius r and height /4 of a cylindrical can with fixed surface S and volume
maximum as possible.

Exercise 7.14.32. Among all rectangles inscribed in a circumference of radius r, find those with
maximum area.

Exercise 7.14.33. Find the maximum area for an isosceles triangle inscribed in a circumference of
radius r.

Exercise 7.14.34. Find the minimum surface cone with circular base and height perpendicular to
the base inscribed into a sphere of radius r.

ExErcise 7.14.35. Consider the part of the parabola y = —x? + 4 in the first quarter. The tangent to
the parabola at some point forms a triangle with axes x and y. Find those with minimum and maximum
area (if they exists).

Exercise 7.14.36. Among all convex polygons with vertexes on a circumference of radius r, find (if
they exist) those with maximum perimeter.

ExERrcise 7.14.37. A cylindrical can with base radius » and height 4 costs C per cm? of aluminium
and C/3 per cm? to paint the lateral surface. Determine, in dependence of C and of the volume V fixed,
r and A such that the cost of the can is minimum.

ExErcise 7.14.38. A plane course connects two airports A and B. The plane takes off by A ascending
along a straight line up to height 4, then it flight at speed v¢ up the beginning of the descent to B. If
p €] — 1, 1] is the slope of the ascent/descent the speed of the plane is v(p) = v¢ (1 — p). Find p in such
a way that the flight is shorter as possible.

ExErcise 7.14.39. A sail boat goes back up on a regatta field of length £. The wind has intensity F
and a constant direction, opposite to the direction of the boat. If 6 is the angle between the boat course
and the wind direction, the pressure on the sail is F sin#. We suppose that the course is done by two
straight parts and the initial angle with the wind is @. Determine the time the boat has to turn in such a
way that the total time is minimum. Which is the angle o that minimizes the total time?

ExEercisk 7.14.40. What is the maximum volume of a box that can be constructed from a suitably
plied piece of cardboard, which is cut as a unique piece from a square cardboard of side L?



CHAPTER 8

Integral Calculus

8.1. Area of a plane figure

The main goal of Integral Calculus is to find a general method to compute the areas of plane figures.
Actually, the range of applications goes much beyond the geometric side of the story, providing a base
for modern Probability, a precise definition of fundamental physical entities, and to many other applied
problems.

The concept of area goes back to the origin of Mathematics. Area is a quantity we associate with
a plane figure to measure its size. For elementary figures, as rectangles, this number is easily defined:
A = b - h where b is the length of the base, 4 is the length of height. By this formula, we have a formula of
area for a triangle, hence, in principle, for polygons. The difficulty increases when we pretend to measure
the size of a generic plane figure. For certain particular figures such as circles or ellipses, Greeks found
formulas, but they were not able to go too far.

A revolution arrived only centuries later when Torricelli proposed the method that would have been
formalized by Riemann a few centuries later: to compute the area of a figure A we fill the figure by non
overlapping rectangles; the area of A will be the (possibly infinite) sum of the areas of the rectangles used
to tile A.

The first step is to give a mathematical form to
the kind of sets we consider to define their area. A
subset S of the plane xy may appear as too general.
We will consider here the following description. Let
f:la,b] — [0, +co[. We use f as "upper bound-
ary” of a plane region, called trapezoid, precisely

defined as
Trap(f) :={(x,y) : a<x<b, 0<y < f(x)}. Trap(f)
The goal is to define the area of Trap( f). [ab]

At first sight this may appear too restrictive. For example, even a simple plane figure as a circle cannot
be described as a trapezoid. However, this problem can be easily circumvented considering a half circle,
for instance

{(x,y) 1 y=0, 2+y? <2y ={(x,y) : -r <x<r, 0<y<Vr2-x2}=Trap(f),

175
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where f: [-r,r] — [0, +oo[ is f(x) = Vr2 — x2.

We now set the basis for the rigorous foundation of the Torricelli method:

Definition 8.1.1

A subdivision of an interval [a, b] is a finite set of points 7 := {x¢, X1, ..., Xy} such that
a=x9<x1<...<xy=>b.

We set
T = max Xk+1 — Xk|-
| | 0 N_1 | k+1 kl

.....

The set of all the subdivisions of [a, b] will be denoted by I1[a, b].

Definition 8.1.2

Let f : [a,b] — [0, +oo[ be a bounded function. If & € I1[a, b] we call inferior sum of f over
7 the quantity

€[ Xk, Xp+1]

N-1
S(m) = ) mi(xen = x0), me:= _inf - f(2).
k=0

Similarly, the superior sum of f over r is

N-1
S(r) = Y Mi(xke —xi), Mi:= sup  f(x).
k=0 X€[Xp,Xper1]

Ficure 1. At left, the area of an inferior sum, at right the same for a superior sum
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By construction, the inferior and superior sums are, respectively, approximations by defect/excess of
the area of Trap(f). These sums fulfil simple and natural properties (proofs are omitted: they are not
particularly difficult and they do not add any insight):

Proposition 8.1.3

Let f : [a,b] — [0, +oo[ be a bounded function. Then
i) S(r) < S(x),Vr € I[a, b];
ii) S(my) < S(m2), S(m2) < S(my), Vry, mp € M [a, b] with 1y C 3.

The next step is to define the best approximations by defects and by excess of the area of Trap(f):

Definition 8.1.4

Let f : [a,b] — [0, +oo[ be bounded. We call inferior area and superior area

A(f) = ﬂels]l;g’b]&ﬂ), A(f) = neliﬁfz,b] S(m).

Clearly

Proposition 8.1.5

Let f : [a,b] — [0, +oo[ be bounded. Then
(8.1.1) —c0 < A(f) < A(f) < +oo.

A question arises now: is it possible to have A(f) < A(f)? The answer is yes, as the following example
shows:
ExampLE 8.1.6 (Dirichlet function). Let
0, xeQnJoO,1],
f(x) =
I, xeQ°nJo,1],

(Dirichlet function). Then A(f) =0 < 1 = A(f).

Sor. — Let & = {xg, x1,...,xn} be a subdivision of [0, 1]. Because of the density of rationals/irrationals in the
real line
mp= inf  f(x)=0, Mp:= sup f(x)=1.
x€lxioxe ] x€[xp,xpe1]

Therefore

N-1 B N-1 N-1

S(m)= ) mixes =x) =0, S(m) = 3 Miclwier =x1) = ) (et =) = 1.

k=0 k=0 k=0

Hence

A(f)= sup S(n)=0, A(f)= inf S(m)=1. 0O
nell[0,1] nell[0,1]
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When the best approximation by defect coincides with the best approximation by excess, we call the
common value area of Trap(f):

Definition 8.1.7

Let f : [a,b] — [0, +oo[ be a bounded function. If A(f) = A(f) € R we call area of Trap( f)
the quantity

A(f) = A(f) = A(S).

ExampLE 8.1.8. Let us check that the definition works coherently with the area of rectangles, that is,
the area of a rectangle of base b and height h is b - h.

Sor. — Setting f : [0,b] — [0, +oo[ f(x) = h, we
have n

Trap(f) = {(x,y) : 0<x<b, 0<y<h},
is a rectangle of base b and height 4. Let 7 € I1[0, b],

S(m) = > mi(xins =) = ) blxear = xi) = hb
k k

and simlarly S(7) = hb, hence A(f) = A(f) = hb. O

The following is a characterization for the existence of the area A(f):

Proposition 8.1.9

Let f : [a,b] — [0, +oo[ a bounded function. Then, A( f) is well defined iff
(8.1.2) Ve >0, 3n, € [a,b] : S(ns) - S(ne) < &.

Proor. Necessity: by the definition of inf and sup,
Ve >0, I, e € Mla.b] 1 S(7e) > A() -5, SFo) <A+
If A(f) = A(f) = A(f) then
S(Fe) = S(Fe) <A +5 - A +5 <.
Setting 71, = T U T, by Proposition 8.1 we have S(7.) < S(7,) and S(r,.) > S(7,), so that
S(7e) = 8(7e) < S(me) = S(me) < e,

from which the conclusion follows. . _
Sufficiency: suppose (8.1.2) holds. Since S(n:) < A(f) < A(f) < S(n¢), we obtain

0 < A(f) -~ A(f) < S(re) = S(x) < &,
and being & > 0 arbitrary we conclude that 0 < Z(f) —A(f) <0, thatis, A(f) = Z(f). O

In particular, we get
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CoroLLARY 8.1.10. Let f : [a,b] — [0, +oo[ a bounded function. Then, A(f) is well defined iff
I(wp)nen € Hla, b] : limS(x,) = lim S(x,,).
The common limit is A(f).

Proor. Necessity: Since A(f) = A(f) = A(f), for every n € N there exists two subdivisions T,
such that

A =+ < 8(n7) < AT) < S(x) < A+

For every n € N consider the subdivision 7,, := 7, U 7}, and observe that
1 _ = 1
A(f) = = < S(my) < S(m) < A(f) < S(ma) < S(m}) < A() + .

Therefore, we get
lim S(r,,) = lim S(x,,) = A(f)
n n

Sufficiency We are assuming that

A(mp)nen € H[a,b] : limS(x,) = lim S(x,,).
n n

Therefore, for every £ > 0 there exists N such that S(mp) — S(my) < € for all n € N, so that by the

previous proposition we deduce that A(f) is well defined (i.e. A(f) = A(f) = A(f)). O
We apply this corollary to some simple but non-trivial calculations of area.

ExampLE 8.1.11. The area of a rectangle triangle of base b and height h is %b - h.
h

SoL. — We may describe the triangle as Trap(f) where f : [0,b] — [0,+co[, f(x) = 7x. Let’s check that
A(f)=1b-h.
To this aim, let m;, be the subdivision of [0, b] in n equal parts, that is
b b b b b
T, = {O,—,Z—,...,k—,...,n— =b}, xpr=k—, k=0,1,2,...,n.
nn n n n
// //
/// ///
// //
// //
// //
/// //
FiGure 2. Left to right: A(f), S(7,), S(7n)
Then
h h b h h h
my = inf —x=—-k—=—-k, M= sup —x=—(k+1).
xe[kk,(k+)21 b b n n n

xe[k2, (k+1)2]
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Thus
-1

¢ _n—l hb_hbn—lk E _hbn—lk o
_<nn>—;)mk(xk+1—xk> Z ;—-E;) : (m—n—z;)( +=—

k=0
Now, it is well known that

N
N N 1
Zk (N + )’
k=0
by which
_hb(n—1)n hb 3 hb n(n+1) hb
E(ﬂn)—? ) H?s S( n) = ) —>7

ExampLE 8.1.12 (Archimedes). Compute the area of a parabolic segment y = ax?, x € [0, b], with
a,b > 0. We have
b3
A =az.

FiGURE 3. Left to right, A(f), S(7,), S(71,)

SoL. — As in the previous example, let 7r,, the subdivision of [0, b] in n equal parts. Since x> /" on [0, b],

b 2 b2 b 2 b2
my = inf ax’> = a (k—) = a—k2 M = sup ax’> = a ((k + 1)—) = a—z(k +1)%,
xe[kg, (k+1) 2] n xe[kZ,(k+1) 2] n n

Therefore

g(nn):nz_’j b—2 %: Zk2 S(nn)—a—Z(k+l)2—a Zk2

k=0
Now, it is well known (we accept here) that

ZkzzN(N+l)(2N+1)
k=0 6
by which
30 _ _ 3 3
S(r) = a b (n=-D)nR2(n-1)+1) _)b_’ S(n,) = a n(n+l)(2n+1) —>ab—. 5
n3 6 3 n3 6 3

The last example is interesting because it cannot be computed by reducing to some area of elementary
figures, and indeed it was one of the greatest achievements of Archimedes. However, the procedure seems
to be based on extremely particular calculations, hardly repeatable in general. Thus, we look for some
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simple and general condition that ensures the existence of area for a large class of functions. Fortunately,
we have general results, the following is one of the most relevant:

Theorem 8.1.13

Let f € €([a,b]), f = 0on [a, b]. Then A(f) is well defined.

Proor. The actual proof would require an use of uniform continuity. Since in these notes we are not going to
discuss this notion, we settle for the proof of a weaker statement, namely we strength the hypothesis f € € ([a, b])
into the stronger assumption f € €'([a, b]). ! Let 7, the subdivision of [a, b] in n equal parts, that is

b—-a

T = {x0,X1,...,Xn}, Xp=a+k ,k=0,1,2,...,n.

Since xg41 — X = bf“,

n—1

b-a

S(r) = ) miclxicns =) = == > m.
k=0 k

where, according to Weierstrass’ theorem, my = infyy, .1 f(x) 7g mingy, x.,,1 f(x) = f(&), for some

& € [xk, Xg+1]. Similarly,

_ b—ua n-1
S(mn) = —— > My,
n k=0

whereMy = max(y, x,,,1.f(x) = f(ni) for a suitable i € [xg,xx+1]. Then

n—1
b—-a b—-a
(My —my) =
n n

n—1
S(xn) = S(rn) = D) = fED)
k=0

Since we assumed f derivable, according to Lagrange’s theorem,

SO = f(&x)

=t J'(cr)s

thus
n—1 n-1 n—1
D) = FED) = D er)ni =€) < D 1F (erllier = xel.
k=0 k=0 k=0

Since ' € €([a, b)), |f’| € €([a,D]) thus |f’| is bounded, that is | f'(y)| < C for every y € [a, b], thus

— b— n—1 b— b— 2n-1 b_ 2 Cb_ )
ENIRTE NPy ol amtyel Eantch By o JPCICAC) S A R
) = " k=0

n? n
for n — +o00. Conclusion now follows by integrability test 8.1.2. O
However, let us remark that in order to be integrabl, a function does not need to be continuous. For

example, it is possible to prove the

1Let us remind that C!([a, b]) denotes the set of differentiable functions f on [a, b] whose derivative f” are continuous on
whole [a, b]. (At x = a and x = b the derivatives are identified with the right and left derivative, respectively.)



182

Theorem 8.1.14

Let f : [a, b] — [0, +oo[ a monotonic function. Then A(f) is well defined.

8.2. Integral

We introduce now the concept of integral. Let f : [a,b] — R. The idea is very easy: when f > 0
we count positively the area of f, while when f < 0 we count negatively the area of — f.

To formalize the definition, we first introduce a useful notation. Given f : [a,b] — R, we call
f+ f- : a, b] — [0, +co[ positive/negative part of f,

f(x)’ f(x) > 0’ _f(-x)’ f(.X) < 0’
fe(x) = f-(x) =
0, f(x) <0, 0, f(x) >0,

AN
N NS

RemaRk 8.2.1. Both fy, f— are positive, easily f = fr — f— and |f| = f+ + f-. O

With these definitions and respect to the above figure, A(f-) is the red area while A( f;) is the blue one.

Definition 8.2.2

Let f : [a, b] — R abounded function. We say that f is Riemann integrable on [a, b] (notation
f e Rla,b])if A(f;), A(f-) exist. In that case, we call integral of f on [a, b] the number

b
/ F() dx = ACf) - A(F).

Since for f € €([a, b]) both f. € €([a, b]) we obtain
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Proposition 8.2.3

Every continuous function f on [a, b] is integrable on [a, b].

The main natural properties of the Riemann integral are summarized by the

Proposition 8.2.4

The following properties hold:
1) (linearity) if f,g € #([a, b]) then af + Bg € % (|a, b]), Ya,B € R and

b b b
(8.2.1) / (af(x)+Bg(x)) dx = a// f(x) dx +ﬁ/ g(x) dx.
ii) (monotonicity) if f,g € %#([a, b]) and f < g on [a, b] then
b b
(8.2.2) / f(x) dx < / g(x) dx.

In particular: if f > 0 on [a, b] then fab f(x)dx =0
iii) (triangular inequality) if f € % ([a, b]) then |f| € %([a, b]) and

/ f(x) dx| < \/ablf(x)ldx.

iv) (decomposition) if f € % ([a, b]), Z([b,c]) then f € K ([a, c]) and

/f(x)dx /f(x)dx+/ f(x) dx.

An important property of the Riemann integral is the

(8.2.3)

Theorem 8.2.5: integral mean theorem

Let f € €([a, b]). There exists then ¢ € [a, b] such that

b
| o= oo,

Proor. The proof is very easy: by Weierstrass thm f has min/max over [a, b], let’s say
= i N M = .
m xg[lg,lb] S xg[lgﬁa] S
Then
. b b b
monotomctty
m< f(x) <M, Vx € [a,b], = / mdx</ f(x)dx</ M dx,
a a a
that is

m(b —a) < /f(x)dx M(b-a), = m<
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By the intermediate values thm there exists ¢ € [a, b] such that

b
fe) = / F()dr. ©

8.3. Fundamental Theorem of Integral Calculus

In this section, we will present the most important and deep results concerning Riemann integrals.
For future convenience, it is useful to have defined the integral /ba f(x) dx for f € %|a, b]. Notice that

a . . .
fb f is not a misprint: set
a b
/ f= —/ f.
b a

This position is fundamental to have a well-posed definition of the following concept:

Definition 8.3.1

Let f € %([a,b]) and ¢ € [a, b] be fixed. We call the integral function of f centered at ¢ the
function

F.:la,b] — R, F.(x) := /xf(y) dy, x € [a, b].

An integral function is a natural object that measures the area (with sign) choosing ¢ as the point of area
0. To understand the connection between F, and f let’s consider a function (in blue in the next picture)
and its integral function centered at some point c¢. First of all, F.(c) = fc ¢ f(y) dy = 0. Moreover,
increasing x from c, being initially f > O we’ll have F. .

We recognize that when f > 0, F, in increasing, while when f < 0, F is decreasing. In other words:

F./ < f=0.

This is the relation that holds between F,. and F/. Indeed, it turns out that

Theorem 8.3.2

Let f € €([a, b]). Then, any of its integral functions F, is a primitive of f, that is
F/(x) = f(x), Vx € [a, b], Vc.
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Proor. Let & > 0 and notice that

_F x+h X X x+h X
P2 F ([T o [Troa) =4 ([ roras [T oo [T roa)

1 x+h
= /x f(y) dy.

This is an integral mean (of f over [x,x + h]): being f continuous, by the mean value theorem there exists
& € [x,x + h] such that

Fe(x+h)—Fe(x) 1
h T h
As h — 0+, &, — x+ hence, being f continuous,

tim LD ZED i ) = ).

h—0+ h

x+h
/ FO) dy = F(En).

This shows that the right derivative of F, at x is f(x). Similarly, we can proceed with the left derivative, hence to
conclude. O

By the fundamental theorem of integral calculus, it follows a formula that connects the calculus of an
integral with the calculus of primitives:

Corollary 8.3.3: fundamental formula of integral calculus

Let f € €([a, b]) and F be any primitive of f on [a, b]. Then
b

b x=
(8.3.1) / f(x) dx = F(b) — F(a) =: F(x) -

a

Proor. Indeed: take the integral function F,. By the fundamental theorem of integral calculus, F), = f. Being
F also a primitive on [a, b], F, — F is constant by Proposition 7.6, that is F, — F = k € R. Therefore

Fa(a) = F(a) = k, Fa(b)—F(b) = k.
On the other hand ,
Fala) = / F) dc=0, Fa(b)= / ) dx,

SO

b
/ F(x) dx = Fo(b) = F(b) + k = F(b) + (Fa(a) — F(a)) = F(b) - F(a). O

8.4. Integration formulas

Another way to review the (8.3.1) is the following: if f € €' ([a, b]) then

b
(8.4.1) / f'(x) dx = f(b) - f(a).

From this, some remarkable formulas follow:



186

Proposition 8.4.1: integration by parts formula

Let f,g € €'([a, b]). Then

b — b
(842 [ r0g@ = - [ rwew ax

Proor. Just notice that

b b
(f8) (x) = f(x)g(x) + f(x)g' (x), = / (f8) (x) dx=/ (f'(0)g(x) + f(x)g" (x)) dx.

By (8.4.1) we have
b

b
/ (fg) (¥) dr = F(¥)g(x)

xX=
)
X=a

and now the conclusion follows. 0O

Proposition 8.4.2: change of variable formula

Let f € €([a,b]), ¥ : [c,d] — [a,b], ¥ € €', bijection with inverse ! € €. Then

b d
(8.4.3) / ) e = / FUONIW )] dy.

Proor. First, notice that y’ > 0 or ¢’ < 0 on [c, d]. Indeed: if " would change sign, then by continuity it
should vanish somewhere. But being

O =y Yy eledl, = @) WO (K) =1 Yy e [ed]
this is impossible. Suppose then that /" > 0 on [c, d], in particular  is strictly increasing. Then, if F is a primitive

of f
d d d d
/ FUONW O dy = / FWOW () dy = / F' ' (y) dy = / (FWw () dy

b b
= FW(d)) ~ FW()) = F(b) - F(a) = / F'(x) dx = / fde. o

a

ExampLE 8.4.3 (Area of a disk). Compute the area of a disk of radius r.
SorL. — Clearly

Area (Jc2+y2 < r2) =2/ Vr? — x2 dx.
-r

The function f(x) := Vr2 — x2 is continuous on [-r, r], hence integrable. We have

r r 2 =X xepy=: 1 1
/ \/rz—xzdx:r/ \/1—()—6) T lll(y)r/ yll—yzrderz‘/ V1 -y dy.
-r -r r -1 -1
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Setting y = sin# =: ¢/(6), ¥ is a change of variable €' and increasing between [-%. 5] and [-1, 1]. Therefore
7 7
/ \J1=y2dy= / V1 - (sin#)2cosf db = / | cos 8| cos @ db = / (cos 6)? de.
3 -7 -3
Integrating by parts

/7(005 0)>do = ‘/7(005 0)(sin @) df = [(cos 9)(sin6’)]zz?§ - 7(— sin ) (sin ) d6 = /j(sin 0)* do

N
N

2

7 ) 7 5
=/ 1—-(cos@) df=n- (cos )~ do
-3 -3
whence
7 ) 3 ) T
2 (cos @) df =n, (cos ) do = 5
-7 -7

In conclusion, Area(x* + y* <r?) =2-%r*=nar’. O

ExampLE 8.4.4. Compute

/10g4 \/—
0

8e~ x+1

SoL. — Let f(x) := Y=L Clearly f € ([0, +co[) hence f € € ([0,log4]) c Z([0,log4]). To compute the

8e*+1 x+l
integral, let us apply the fundamental formula. We start computing a primitive for f:

y 2y 2y? y2+9-9
VT Y =2 [ 299,
e ™™ +1 y=Ve*-1,x=log(1+y?) 8 1+]y2 +11+ y2 y2 +9 y2 +9

:2[ dy]zz[y_/@);ﬂ

Hence, from the fundamental formula of integral calculus, we get

dy -9

dy| = [y 3arctan = ] 2Ve* — 1 — 6 arctan

3

log 4 '—x x=log4
/ g e_x dx = 2Ve* — 1 — 6arctan =2V3-7. O
0 e
x=0

8.5. Functions of integral type

Let us consider now a function of type

B(x)
o = [ s dy.
a(x)
Notice that a(x) = ¢ and B(x) = x corresponds to ®(x) = F.(x). In general, ® is an extension of
the concept of integral function, and for this reason it is called function of integral type. This kind of
functions are used in several contexts and it is important to have the tools of calculus for them.
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Proposition 8.5.1

Let f € €([a,b]), @,B: I c R — R be such that a(x), 8(x) € [a, b] for every x € I. Suppose
furthermore that @ and g be derivable on /. Then

B(x)
O(x) = / FO) dy, x e,

(x)
is derivable and

' (x) = f(B(x)B'(x) - fla(x)a'(x), x € 1.

ProoF. Let ¢ € [a, b] be fixed. Then

B(x) c B(x) a(x) B(x)
O(x) = / F() dy = / F(o) dy+ / Fo) dy = - / F) dy+ / F() dy = ~Fe(a(x)+Fe (B)).

(x) a(x) c c c

Being f continuous, by the fundamental theorem of calculus and chain rule

' (x) = —F/(a(x))a’ (x) + FL(B(x)B (x) = —f (a(x))a’ (x) + f(B(x)B'(x). O

ExampLE 8.5.2. Compute
1 2X o
lim — sy dy.
x—=0X Jy y

SoL. — We can think to f(y) := “ny as defined and continuous on R setting £(0) = 1. Clearly

/zxsmyd_/ sin yd /ZXSinydy—>0,
y

as x — 0, whence the limit is an indeterminate form . By the Hopital rule

2x sin in(2 . . .
lim /x yy dy =) —sz(xx) 2 -] . sin(2x) — sinx (H) o 2 cos(2x) — cosx -
x—0 X x—0 1 x—0 X x—0 1

8.6. Generalized integrals

For many applications, the restrictions of the Riemann integral are too strong. In particular, the
definition demands bounded functions on closed and bounded intervals [a,b]. This excludes two
important cases:

. . . . . +
o the case when the integration interval is unbounded as, for instance, for /0 “ e dx;

e the case when the function is unbounded as, for instance, for fo L dx.

Let us start with the problem of giving a sense to fu f(x) dx. It is natural to consider partial area

/aRf(x) dx

and send R — +co. If the limit exists, we will say that the integral /a e f(x) dx exists.
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Definition 8.6.1

Let a € R, and consider a function f : [a,+co[— R such that f € % ([a, b]) for every b > a. We

set . )
[ in [T e

provided the limit exists finite. In this case, we say that f is integrable in generalized sense on
[a, +oo].
Similarly, let b € R, and consider a function f :] — oo, b] — R such that f € &Z([a, b]) for every

a < b. We set b b
/ f(x) dx = lim / f(x) dx

provided the limit exists finite. In this case, we say that f is integrable in generalized sense on
] — 09, b ] .

ReEMARK 8.6.2. If f isintegrable in generalized sense on [a, +oo[  [resp. fisintegrable in generalized
sense on | — oo, b]] then, for every a > a forevery b < b, f is integrable in generalized sense on [a, +oo[
[resp. f is integrable in generalized sense on | — oo, b]].

Condition f € %#([a, b]) for every b > a is
for instance ensured by f € €([a,+oo[). Indeed,
in this case f € €([a, b]) for every b > a, then
f € %E(la, b]). Of course, an analogous definition

holds for f_ I; f(x) dx. Let us see some examples. . "

ExampLE 8.6.3. For any a €]0, o[ one has

+001
El/ —dx,(a >0), = a>1.
xd
a

SoL. — Of course f(x) := XLQ € 6(]0,+[) so f € €([a,+oo[) forany a > 0. If b > a,

x—a+l x=b b—a+] afnﬂ 1
b b —a+l| T —a+l - e @#FL
/ —dx = / x Ydx =
a X a =b

i} =logh-loga, a=1.
X

=a

log x

By this is evident that




190

Similarly, for any b < 0, it is

b

1

dx <+ = a > 1
—00 (_x)(l/

(prove it by exercise).

ExampLE 8.6.4. Forany a € R,

+00
3/ P¥ dx, = B <O0.
a

SoL. — Here f(x) := B~ is continuous on R, therefore on [a, +co[. Moreover

Bxx:R BR Ba

e — e _ e
/Reﬁxdx— Flea =7 5 PED
¢ R-a, B=0.

It is now clear that limp_, 40 /Ob eP* dx e Riff B < 0. In such case

+00 Bb Ba Ba
/ P dx = lim (6——6—)=—e—.
a b—+0 ﬁ ﬁ ﬁ

Similarly [”_ eA* dx < +00 iff B > 0 (exercise).

Definition 8.6.5

Consider a function f : R — R such that f € &#([a, b]) for every [a, b] C R. We set

/_ f(x) dx = /_ f(x) dx + ' f(x) dx,

provided both generalized integrals exist (it is easy to check that this does not depend on a specific

c).

For instance,

‘/*+oo 1 /0 1 +‘/+oo 1 i /0 1 o /b 1
= = l1im 1m =
o 1+x2 o 14+x2 o 14x2 a>-of, 14+x2 boteoJy 1+x2

. . T
lim (arctan0 — arctana) + lim arctan b — arctan 0 = 5 +—-=n

a——oo b—+c0 2

RemMARK 8.6.6. Notice that in general

[;wf(x) dxiul_iglm'/_:f(x) dx

Actually, the limit on the right-end side might exist even in the case when the function is not integrable
sgn(x)
1+ |x|

in generalized sense. As an example, consider the function f(x) := . One can easily see that it is
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not integrable in generalized sense both on | — o0, 0] and on [0, +oo[, so it is not integrable in generalized
sense on R. However, since f is odd, one has

a a
/ f(x)dx =0 Va >0, sothat lim / f(x)dx=0.
—a a—+oo J_

Let us consider now the case of a function f :]a,b] — R not defined at x = a or of a function
f i [a,b[— R not defined at x = b (because of several reasons: for example, f could be unbounded at
x tends to a or to b).

Definition 8.6.7

Let f € %#(]a, b]), for every a < @ < b. We set

/abf(x) dx := rl_i)r2+/rbf(x) dx

provided the limit exists finite. In this case, we say that f is integrable in generalized sense on
[a, b].
Similarly, let f € %#([a, B]), for every a < B < b. We set

/abf(x) dx ;= rl_i)r£1+/rbf(x) dx

provided the limit exists finite. In this case, we say that f is integrable in generalized sense on
[a, b].

In the previous definition, we used the same notation of the Riemann integral, namely /a b f(x) dx, to
define also the generalized integral. This could potentially lead to some confusion if both are defined.
There is no confusion at all: it is possible to prove that

Proposition 8.6.8

If f € #(|a, b]) then f is integrable in generalized sense on [a, b] and the generalized integral
coincides with the Riemann integral.

ExamPLE 8.6.9.

b
3/ dx, — a< 1.
a (x_a)(l

Sor. — Indeed f(x) := ——= € €(]a, b]). Moreover

(x—a)*

(x_a x=b _ (b_a)—u/+l _ (r_a)—(z+l

b 1 T —a+l = —a+l —a+l
dx =
r (x - a)a

)—(z+l

a#1,

xX=
log(x — a) ~ =log(b - a) —log(r—a), a=1.
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By this it is immediate to deduce that

roa+ . (x—a)®

) a+l
- b g
lim =
+00, a > 1.

A similar definition holds for /a b f(x) dx with f : [a,b[— R.
Finally, if f :]a, b[— R, we set

‘/abf(x) dx ::'/acf(x) dx+/cbf(x) dx.

provided both generalized integrals fa “ and fc P exist (this does not depend on ¢ €]a, b[). Finally, we may
have cases when f :]a, +oco[— R. The idea is always the same:

/a+°° f(x)dx: = /acf(x)dx+‘/cJroo f(x)dx,

provided the two generalized integrals on the right-hand side do exist ( and definition turns out to be
independent of ¢ €]a, +co[). An akin definition is given for functions defined on domain of the form
] — o0, b[ oreven ] — oo, co].

8.7. Convergence criteria for generalized integrals

8.7.1. Constant sign integrand. As it will happen for the series (see the next chapter), we start with
the case of a constant sign integrand, for example f > 0. The first important result is the comparison
test, at all similar to the same result for series:

Theorem 8.7.1: comparison test

Let f,g € %#([a, b]) for every b > a, be such that
0< f(x) <glx), Vx € [a, +oo].
Then
+00 +oo
3 / gx)dx = 3 / f(x) dx.

We call g an integrable dominant for f on [a, +oo].

. . b .. . .
Proor. First, since f > 0, fa f is increasing in b, therefore

b
Elblim / f(x)dx € RU {+co}.
—+o0 J,

In short, we have to exclude the value +co. By monotonicity,

fu " Floydx < / ()
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thus

+00 b b +00
/ f(x)dx = blim / f(x)dx < blim / g(x)dx = / g(x)dx < +c0. O
a =+ J 4 —+00 J 4 a

ReEMARK 8.7.2. it is trivial to verify that the comparison theorem holds true even id we weaken the
hypothesis as follows: there exists 7 > a such that

0< f(x) < glx), Vx € [, +oo].

Obviously, perfectly akin results hold true for the case when the function f is defined on an interval
of the form | — oo, b]

ExampLE 8.7.3. Discuss convergence for the Gauss integral

+00 2
/ e ™ dx
— 00

+00 2 . . . 0 —x2 [t 2
SorL. — We study convergence of /0 e dx, since, provided the latter exists then f_ o€ dx = fo e dx

and
+00 N 0 ) +00 N
/ e ™ :=/ e ™ dx:/ e ™ dx.
—0 -0 0

Clearly, f(x) := e € € ([0,+c0[) and f > 0. We want to compare e~ with e~*. Notice that

—-X

2_
e e ™, = ¥, &= x*-x320.

content...

Since we are considering x > 0, this holds iff x > 1.
. . . 2
Thus, on [1,+00[, e™* is an integrable dominant of e ™.
o] 2
‘We conclude f]+ e ™ dx < +oo and because of course
1 2 . . .
fo e ™ dx exists (Riemann integral), we conclude that

+o0  _ .2 .
fo e ™ dx exists. O

A fast way to check that a certain g is an integrable dominant for f at least on some neighbourhood of
+00 is to check that

lim @ =0.
X—+00 g(x)
Indeed, for a suitable R, this leads to
@ <1,Vx >R
g(x)

A stronger result is the
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Corollary 8.7.4: asymptotic comparison test

Let f,g € &([a,b]) forevery b > a, f,g > 0on [a,+oo[. Then, if f ~,. g we have

+00 +0oo
3 / f < 3 / g.
a a

ExampLE 8.7.5. Discuss in function of @ > 0 the convergence of the integral

+0o 1
/ (x — 1) arctan — dx.
1 x«

Sor. — The function f,(x) := (x = 1) arctan% € G([1,+[). Clearly, f > 0 on [1,+00[. Let us see the

asymptotic behavior at +co. Being a > 0, x% —> 0+ as x — 400 and because arctant ~¢ ¢, we have

X 1
fa(x) ~+oo (x - 1))C_a ~too ; = a1’
therefore, by asymptotic comparison, 3 [ * f iff 3 / i 7 dxiffa — 1> 1 thatis iff @ > 2. O

ReEmMARK 8.7.6 (useful!). It is often impossible and useless to know exactly the sign of a function. When we
apply the asymptotic comparison, we can say that if f ~,. g and g > 0 then f > 0 in a neighborhood of +co. O

Here are the versions of the previous tests for generalized integrals of unbounded functions.

Theorem 8.7.7: comparison

Let f,g € Z(]r, b]) forevery a < r < b, be such that 0 < f(x) < g(x), Vx €]a, b]. Then,

b b
E]/g,:>3/f.
a a

b b
3/g,4=)3/f.
a a

8.7.2. Non constant sign integrand. As it will be seen for the series (see next chapter), when we
want to sum a generic function, things are much harder. As in that case, an important concept is

If moreover f ~, g, then

Definition 8.7.8

Let f € #(|a, b]), for every b > a. We say that f is absolutely integrable on [a, +co] if
400
3 / |f(x)] dx.
a

Analogous definition for all other generalized integrals. As for series
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Proposition 8.7.9

An absolutely integrable function is integrable in generalized sense.

However, it is possible to show that absolute integrability is stronger than integrability. For instance, it is

possible to prove that
9 sinx +eo
/ —— dx € R, but /
0 X 0

ExampLE 8.7.10. Discuss convergence for
+00
cos x
/ 5 dx.
0 x>+ 1

Sor. — The integrand is continuous on [0, +co[, hence is locally integrable. Moreover

sinx

X

dx = +oo.

cos x 1 +oo e T
|x2 n 1| < 241 g(y), and ‘/0 g(x) dx = arctanx[}_;* = >
Therefore /0+oo |f(x)| dx < 400 by comparison, that is, the proposed integral is absolutely convergent. ]
8.8. Exercises
Exercise 8.8.1. Compute
1 /3
! 1
1. / _ dx. 2 / LS
o l+x 0 (cosx)
3 e?
+1+1 1
1 x+1-1 ¢ X
log4 [,x _ 1 4 |
5. / Yo~ dx. 6. / - dx.
o Bemr+l 1oxVr 4+ 2x + X

1 _ —log2 2x X
7 Ut SN [ s
14 (WX +1)(vx - 2) ~log3 € —4e* +3

2
2log?2 1 2 (sinh \/logx)
9./ dx. 10./
1 1

e* arctan —_— dx.
og?2 e —1 X

Exercisk 8.8.2. Compute the area interior to the ellypse

2 2
WY

5 =1

Qlk
o
Sy
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Exercisk 8.8.3. Compute
+00 1 +00 1 +00 2 1 +00 1
1. / —dx. 2. / — dx. 3. / XY dx. 4. / —— dx.
2 x(logx)3 1 (1+x)vx 1 (1+x2)2 oo X2 43x+4

dx dx.

1
2 1 2 1 13x242 3 1
o A R L N P
0 VxvV2x+1 0 Vx(2-x) o X3 0 V3 +2x—x2
0 e2x+ex

2
9. / — dx. 10. / — dx
o x(logx)? oo €2X —2eX 42

Exercisk 8.8.4 (x). Compute

X 1 X
al 5 / oY dy. 2. lim — (/
x—0 1 — X 0 x—0 xz 0

1. lim eyx/ycos\/}dy—xcosx+x).

fox (e’2 - 7sin(t2)) dt —12sinx + 11x

3. lim
x—0 X

ExEercise 8.8.5 (x). Let
* cost sinx
= — dt = — dt
W= [T = [

Say if f is continuously extendable at x = 0. In such a case, is the extension differentiable?

7

ExEerciske 8.8.6 (x%). Find a, b, ¢ € R such that

2x
logt
/x l_jg-t dt ~4eo cx®(logx)?.

EXERCISE 8.8.7 (x%). Find C # 0 and & € R such that
2

+00 -x
2 e
/ e dy ~40 C —.
X
X

ExEercisk 8.8.8. Compute
1
1
/ (x — 1) arctan — dx.
0 X
Compute, if it exists /01 f(x) dx. Without computing any integral, determine the set of all @ > 0 such that
f]+°° fa(x) dx is finite. Are there values @ > 0 such that f0+°° fa(x) dx converges?
ExERcisk 8.8.9. Let
1
fa(x) =x%log (1 + —) .
X
Discuss integrability at +oo for f, and compute, if it exists, fl+°° I 1 (x) dx.

Exgrcise 8.8.10. Determine a € R such that
! (arctanx)‘”%
S,
o (1—+x)e

converges and compute its value for @ = —%.
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ExEercise 8.8.11. Determine a, 8 € R such that the following integral converges

1

2 t @

/ arctan(x?) e
o (1 —cosx)B
N 1
fa(x) := e* arctan m, x €€]0, +o0].
Determine values @ > 0 such that f, is integrable at O+, at +co and the integral fo+oo fa(x) dx exists. Compute, if

it exists, /01 Sfip(x) dx.
ExERrcrise 8.8.13. Let

ExEeRrcise 8.8.12. Let

1
fa(x) := —log(1+vx), x € [0,+oo].
x(l
Compute, if it exists fol f1(x) dx. Hence, find all possible values of a such that f is integrable at +co (x).
ExEgrcisk 8.8.14 (x). Show that

L
t

/ %dmnlogx, Vi > 1.

0

ExERcisk 8.8.15 (xx). Show that

ExEercisk 8.8.16 (x). Let

x y-1
D(x) :=/ log (l—eyz) dy.
0

Determine: the domain of @, sign, limits (if finite or less) and asymptotes, continuity, differentiability, limits of
F’, monotonicity, min/max, and plot a graph of ®.

ExEercisk 8.8.17 (x). Let

4 X t—1
D (x) :=log = 1 1 dt.
(x) og3+/0 og( + = 4)

-+
Determine: the domain of ®, limits (if finite or less) and asymptotes, continuity, differentiability, limits of F’,
monotonicity, min/max, convexity and plot a graph of ®. Deduce the sign of ®. Extra: compute @ explicitly.

ExEercise 8.8.18 (x). Let _
D(x) := / Sy dy
o L+)?

Determine: the domain of ®, symmetries, sign, limits (if finite or less) and asymptotes, continuity, differentiability,
limits of F’, monotonicity, min/max, and plot a graph of ®. Find values « € R such that

lim @ € R\{0}.

x—0+ x%







CHAPTER 9

Numerical Series

9.1. What is an Infinite Sum

One of the most famous problems of ancient logic is the famous Zeno’s paradox on impossibility of
motion. Imagine two runners, say a crippled Achilles and a Formula One Turtle. The track is 1km long
and to give an advantage to the turtle, this starts 500m ahead with respect to Achilles. Of course, even if
the crippled Achilles will run faster than the speedy Turtle, to simplify the calculations, we will assume
that Achilles speed is 1km/h while Turtle run at 0, 5km/h. Intuition suggests that they reach together the
finish line after 14. However, Zeno offered a different argument to prove that

Achilles will never reach the Turtle!

What is Zeno’s argument? First, to reach the Turtle, Achilles must reach Turtle’s initial position. When
this happens, the Turtle will be a bit ahead to finish. Next, Achilles will have to reach this new Turtle’s
position, but when this happens the Turtle will be a bit ahead. Repeating this argument, we may argue
that Achilles never reaches the turtle being always behind her. Where is the trouble with this argument?

The trouble is with meaning of never. Indeed, let us compute how long Achilles stays behind the turtle
following Zeno’s argument. To reach the first Turtle’s position, Achilles has to run for 500m, so it takes
1/2h. In this time, the Turtle runs 250m ahead. To cover these 250m, Achilles takes 1/4h. In this time,
Turtle runs 125m ahead. To cover these 125m Achilles takes 1/84, in the same time Turtle will go 62, Sm
ahead. And so on. In practice, to compute the total time Achilles remains behind the Turtle, we have to

compute the infinite sum
1 1 1 1

1
§h+zh+§h+ﬁh+§h+

The point is: is this sum finite? According to Zeno, the answer is yes. However, a simple figure suggests
that the correct answer is no, and even that the sum equals 14.

199
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S— —

0

N =
FNQEN
oo | =
N ®
ml—‘
N

‘We can formalize this intuition:

1
a():za
a0+a1=%+%:
ag+aj+a,=3+%+

b
aptai+ay+az=3+1+3+

INTY

’

_7
-8

Eanl Lo
0| —

by which we may guess (we will prove precisely below)

1 I O 1
a0+---+an—§+---+2n+1 _W_I_Z"‘H — 1.

Thus

o 1 Sl
D57 = Jim Do =1
k=1 k=1
The problem of computing the sum of an infinite number of numbers may be encountered in many other
situations like exhaustion methods to compute the area of plane figures or in Probability Theory. In
general, we aim to give a precise meaning to the operation
(o)
apg+ar+...+ag+aga+... = Zak, where (ay) C R.
k=0
The point is that the sum is a binary operation and, thanks to the associative property, we may extend the
operation of sum to the sum of any number of numbers. In particular, we can compute
n
Spi=aptar+...+a, = Zak.
k=0
We can do this calculation for every n (at least in principle, in practice this is another story because each
sum will cost a computation time, and we may imagine that if # is big enough, the calculation of s, might
be longer than the life of the universe. However, forgetting of the practical problem, let us say that any
s, can be computed. The natural idea would be then to “take n = +00”. The way we may do this is to let

n — +oo, that is, to compute
n

lim s, = lim ag.
n—+oco n—-+0o pard

If the limit exists, this could be taken as the value of the infinite sum. This turns out to be the right idea as
we will see. Nonetheless, there is no doubt that series are a difficult guest and often students are confused.

The aim of this chapter is to introduce the concept and methods of infinite sums, mathematically
called series. This actually does not seem a nice name because it sounds like a synonymous of sequence,
leading someone to confuse series with sequences. The confusion is twofold because, as the last formula
points out, we will use the limit of suitable sequences to define convergent sums! Since this terminology is
universally accepted, we will not change it, so we advice the student to pay particular attention, especially
when he/she begins to enter in this chapter.
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9.2. Definition and examples

We start formalizing the main idea given in the Introduction:

Definition 9.2.1

Let (a,) C R and define the sequence (s,) as

n
Sp = Z ax =ap+---+ay. (nthpartial sum)
k=0

We say that the series )", a, i
e convergent if 31im,, s,, € R.
e divergent if 3lim,, 5, = +c0.
e indeterminate if Alim,, s,,.
For a convergent series, we call sum of the series the number

o] n

Zan :=lims, = limz ar.
n n

n=0 k=0

ExampLE 9.2.2 (Geometric series). Let g € R. Then

= ﬁ € R (converges), iflq| < 1.

n

(9.2.1) q = 400, (diverges), ifg>1,

1P

indeterminate, ifg < -1.

Sor. — Let us compute the partial sums. Recalling the remarkable identity

N 1_qN+1
l—qNJrl = (1—q)(1+q+q2+---+qN), = sy =Zq" =———— ifg#1.
l-¢q
n=0
Ifg=1
N N
sN=ZI”=ZI=N+1.
n=0 n=0
Therefore
1= N+1
N IL? q * 17
SN = an = d
n=0 N+1, g=1.
Clearly, if g = 1, sy = N+ 1 — +00, That is, the series is divergent. Let us study now the case ¢ # 1. We have to
compute
1= N+1 1 1
lim sy = lim —24 - lim ¢N*!.

N —+c0 N —+00 l—q _1—q_l—qN—>+oo
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But ¢V*! is an exponential and
— 0, lg] <1,

qN“ — 400, qg>1,

doesn’t have a limit, ¢ < —1.
By this the conclusion easily follows. O

ExampLE 9.2.3 (Mengoli series).

(o)

1
Zn(n+1)=1

n=1
SoL. — Let’s compute the nth partial sum:
_ 1 _ 1 1) — 1
Sn = Xkel B = 2=l (E - m) = (1 - E) + (

=1--L 1. o

=

These examples may induce the false idea that to study the convergence and sum of a series is relatively
easy: first, we compute the partial sum s, hence its limit for n — +oco. The problem is that we are not
always able to compute s, in a useful form to compute its limit in #. Nonetheless, we may still be able to
say if the series converges or less.

ExampLE 9.2.4 (harmonic series).

= +o00.

S|

n=1
SoL. — By definition,

374 n
To compute the limit we cannot use this form. Computing few sums as
S10 = 2, 92897 S100 = 5, 18738 $1.000 = 7,48547 $10.000 = 9, 78561 $100.000 = 12, 0901 ...

we see clearly that s, increases (evident: we are summing positive numbers), but the growth is not particularly
fast. Since s;,, " we know (monotonic sequences) that either s,, — s < +oo (in this case the series converges) or
s, — +oo (divergence). Thus, for sure this series cannot be indeterminate. It remains to know if is it convergent
or less. To respond to this question, we show now an ingenious method due to Cauchy: take n equal to a power of
2,thatisn =2,4,8,16,32,64, ..., in general n = 2™: then

1 1 1 1 1
n = —=l4+-+-+-+--+
s kz:;k 2

— 1 1,1 1o...41 sl (L 4. 4 L
Som _1+2+(3+4)+(5+ +8)+(9+ +16)+ +(2m_1+]+ +2,,,)

1 1 1 1 1 1 1 1 1
>]+§+(Z+Z)+(g+...+g)+(E+...+E)+...+(2_+...+W)
= +l+ l+zl+ L+...+ m=1_1

1 5 24 3 816 2 "

— L e I |
=l+y+5+5+5++;
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that is
m
Som >1+E
Now, let 1 be such that 2™ < n < 2"*!. Then m < log,n < m + 1 and
m log,n—1
Sp = Som >1+3>1+T—>+00, n— +oco. 0O

This example helps to drive out a (false) common belief: a series ), a,, converges iff a,, — 0. This is
false, as Example 9.2.4 shows. However, the necessity is true:

Proposition 9.2.5

Let (a,) c R. If 3}, a, converges then, necessarily, a, — 0.

Proor. Very easy: let s, := ZZ:O ay. Then, if 5,, — s € R (that is the series ), a, converges) we
have

an =S, —Sn-1 —s—s=0. O

As we pointed out with the harmonic series, the necessary condition is not sufficient. Next Sections are
devoted to present a number of sufficient conditions that in certain conditions may be helpful to discuss
convergence.

9.3. Constant sign terms series

A constant sign series is

[ee)

Z an, with (a,) C [0,+00[, or (a,) C] — c0,0].
n=0

Since we may always change sign to all terms, hereafter we will assume a,, > 0 for every n. We use the
notation (a,) > 0. As we learnt from harmonic series,

Proposition 9.3.1

Every constant sign term series is either convergent or divergent.

Proor. If a, > 0, Vn € N, partial sums are increasing because

n+l n
S+l = Zak = ax +an+1 = Sp +dnt1 = Sp.
k=0 k=0
By Thm 4.6, there exists lim,, s, € RU {+c0}. O

Thus, to show the convergence we need somehow to prove that }’,, a,, < +oco. A natural idea is to compare
>, 4y with another known sum }},, b, where the b,, are greater than the a,:
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Theorem 9.3.2: comparison test

Let (a,) = 0 be such that
a, < by, definitely (that is for n > N).

Then
Z b, converges — Z a, converges.
n n

We call (b,) a convergent dominant of (a,,).

Proor. For simplicity, we will assume that
a, < b,, Vn e N,
Then
Sy = Zak < Zbk =5y, Vn.
k=0 k=0

Since s,,, 5, /",
lims, =sup{s, : n € N} <sup{s, : n €N} =lims, < +oo,
n n

thus lim,, s,, < +oco as well. O

ExampLE 9.3.3.
|
Z — converges.
n
n=1

SoL. — This series presents the same difficulties of the harmonic series }, % However, we can easily compare it
with a Mengoli—type series noticing that

1 1 1

- —<—,V
n2 n-n nn-1) "

\

> 2.

We have that n(n;_l) is a convergent dominant because

(o8] (e8]

1 1
z:n(n—l):zln(n+l):1

n=2 n=1

By comparison test we deduce that };, n—lz converges. 0O
ExampLE 9.3 4.

o 1
Z — convergesVa > 2.
n(t

n=1

SorL. — Let @ > 2. Then
1 1
— < —> Vn > 1.
n n

By previous example ), # converges, S0 ), # converges by comparison. O
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The comparison test may be applied in the contrary direction: if a series ), a, dominates a divergent
series )., by, then ), a, it cannot be convergent (otherwise the dominated would be convergent by
comparison!).

ExaMPLE 9.3.5.

o 1
Z — diverges Va < 1.
nd
n=1
SoL. — Let @ < 1. Notice that n* < nforany n > 1, so
1 1
-<—,Vn>1
n n?

By this follows that ), # dominates ), % which is divergent, and this forces to be divergent also its dominant. O

Notice that we proved
converges if @ > 2,

S
2 |
n=1 divergesif o < 1.

What can be said in the cases 1 < @ < 2?7 Adapting Cauchy argument, we have

Proposition 9.3.6

9.3.1) — converges, — a > 1.
na

n=1

Proor. We already proved that the series diverges for @ < 1. Let @ > 1 and consider partial sum som_;:

1 1 1 1 1 1
Som :1+(ﬁ+:w)+(F+"'+W)+"'+(W+"'+W)

1 1 -1 1
<1+2ﬁ+447+"'+2m W
_ Zm—l 1 _ ym-—1 1 k
- k=0 (zk)a—l - k=0 a-l1

k
00 1 _ 1 _ 20—]
< Zk:() (za—l) - 1- 1 — ga-l7-

pa—1
Notice that we used the convergence of the geometric series of ratio 20%, < 1 just because o > 1. A fortiori,

20—1

Sp < m, Vn € N.
Thus, in particular, (s,,) is upper bounded. Since s,, /" s we conclude s < +oo, that is, the series converges. O

The difficulty applying the comparison test is in the search for a convergent dominant. It is a good idea
to have a more versatile version of the comparison test:
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Corollary 9.3.7

Let (a,) = 0.

If a,, <40 b,, and Z b, converges, — Z a, converges.

n n

Proor. Indeed: a, < b,, means Z—" —> 0, therefore
n

S

0< b—" < 1, definitely, &= 0 < a, < b,, definitely.

By this the conclusion follows. O

ExampLE 9.3.8. Discuss convergence of
0
Z eV,
n=0

SorL. — Of course, it is not a geometric series! Clearly, (a,) > 0. The necessary condition a,, — 0 is fulfilled,
but unfortunately this is not sufficient to ensure convergence. It is however natural to think that

1
e_ﬁ <ioo —-
n
Indeed
Vi 2
¢ _ " logn-vn . _ ( 210gn)
=—=e¢ — 0, being 2logn —Vn=—-n|1- — —00
% eVn & o8 \n
and n'/? >, logn. Therefore, the series is convergent. O

9.3.1. Asymptotic comparison. It seems intuitive that if a, ~c b, the sums Y, a, and ), b,
have the same behaviour:

Corollary 9.3.9

Let (a,), (b,) > 0 such that a,, ~y b,,. Then
Z a, converges <= Z b, converges.

n n

Proor. We know that

Therefore there exists an N such that
1

3.2 = <
932 >

Then, 2b,, is a dominant for a,, and 2a, is a dominant for b,. By this easily: if }, a, converges, of course
>.n(2a,) converges as well, hence )., b,, converges (by comparison) and vice versa. O

1
<2,Vn> N, Ebn<an<2bn, Vn > N.

T
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ReMARK 9.3.10. If a,, ~4+00 by and a,, > 0, then b,, > 0 definitely. Indeed:

1
Z—: —1, = Z—: > 3 > 0, definitively,
and by this the conclusion follows. O

In particular:

o ifa, ~10 n% for some C # 0 and @ € R, then }, a, converges iff @ > 1.
o ifa, ~i Cq" for some C # 0 and ¢ > O, then }’, a, converges iff ¢ < 1.

ExampLE 9.3.11. Discuss the convergence of the series

(o)

n
Zn"+1’ a € R.

n=0
SoL. — Let a,, := ;5. Clearly (a,) > 0, so we have a constant sign term series. Moreover
n n 1, 1
aA, = = = ~ .
" ne+l pe-1, npo-l o pa-l
Therefore: by asymptotic comparison };, a, converges iff  — 1 > 1 thatis a > 2. O

9.3.2. Root and Ratio tests. If a,, ~,.c Cq" then, assuming for instance C > 0,

n+l
1 1 an+l Cq
an/n ~too C /nq —4q, ~too

dan Cq"

=4 —4¢q,

so that
. 1/n . Qn+l
g =lima,/” =lim —,
n n dp
and according to ¢ < 1 or g > 1 we could say if the series converges or not. This is essentially the content

of the two following tests.

Proposition 9.3.12: root test

Let (a,) > 0 and suppose
3 lim {fa, = lim a)/™ = q (€ R, U {+c0}).
+

i
n—+oo n—+oo
Then

e if g < 1 the series ), a, converges.
e if g > 1 (included g = +o0) the series ), a, diverges and a,, — +co.

If ¢ = 1, nothing can be said based on the test (that is: the test fails).

Proor. Let’s start with the case ¢ < 1. By the definition of limit,
9.3.3) Ve>0,3N, g—e<al"<q+e Vn>N.
Let € > 0 small enough in such a way that g + &€ < 1 (this is possible because g < 1). Therefore, by (9.3.3)

a,ll/" < g + &, definitely, &= a, < (¢ +¢)", definitely.
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Being g + € < 1, the series }},,(¢ + €)" converges and by comparison it converges also ), aj,.

Consider now the case ¢ > 1, g € R (we leave g = +oo to the reader). The (9.3.3) is still true: but now we choose

€ > 0 such that g — € > 1 (this is actually possible because ¢ > 1). Then
all" > g — &, definitely, & a, > (q — £)", definitely.

Now, being ¢ — & > 1, we know that (¢ — &)" — +oo, therefore @, —> +co. This means that the necessary
condition is not fulfilled and the proof is finished. O

ExampLE 9.3.13. Discuss convergence of
2
.
n
n=1 n
> 0, so we have a constant sign term series. Applying the root test:

2\ l/n n
a:l/nz((n—l)") :(n—l)”:(l_l) el el

nn’ n" n

_ (-
SorL. — Clearly, a,, = —5—
nn

We conclude that the series is convergent. O

RemaRrk 9.3.14. What does it mean “the test fails”? It means that there are convergent series for
which ¢ = 1 and divergent series for which, again, ¢ = 1. In other words: ¢ = 1 does not distinguish
between convergent and divergent series. For instance:

e the series ), % diverges and

1/n
1 1 ogn
a:l/n:(—) = :n_%:g_li — 1:
n

e the series ), # converges and

1/n
1 1 logn
ail/n=(—n2) = =pi=eh — 1. O

A twin test of root test (with similar proof) is the

Proposition 9.3.15: ratio test

Let (a,) > 0 and suppose that

. An+l
3 lim =2

n—+00  d,

=:q (€ Ry U {+o0}).

Then

o if g < 1 the series ), a, converges.
o if g > 1 (included g = +c0) the series ), a, diverges and a,, — +co.

In the case ¢ = 1 nothing can be said based on the test (that is: the test fails).
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ExampLE 9.3.16. Discuss convergence for

= 2"p)
Z nn ’

n=1

_ 2"n!

Sor. — Clearly a,, := 7 > 0 for any n > 1. Applying the ratio test:

21+ (1))
dn+l ()L 5 (n#])! n" _ n\n 1 _ n \n
;: - 2l =2 n!l  (n+l)n+l T 2(n+1) (n+1) n+l 2 (n+1)

n

2

_ 2
_W—)E<],

by which we conclude that the series converges. O

RemMArk 9.3.17. Basically, root and ratio tests are equivalent. It could be proved that if the ratio test
give answer ¢ then also the root give answer ¢, but the contrary might be false. Here is an example:
consider the series

(o)

Zz<—1>"—".
n=0
Then
_1\n+l _
Ansl _ 2(=1) (n+1) 52 :l 5 1,
ay 2(=D"-n 8 78 7

does not exist. On the other hand,

EDen (D"
n

:2 n —)2_1:—.

aL/”:Z

Therefore, the root test works correctly and we can deduce the convergence. O

9.4. Variable sign series

We pass now to the general case of a series ), a, with (a,) C R. General discussion is much more
complex and it might be very difficult to say if a series converges or less. We will limit here to a few
important cases.

9.4.1. Alternate sign series. We start with a case where the sign varies in a very “regular” way, in
the sense that the signs are +, —, +, —, . . .. Formally, we consider a series of type

D (=1)"by=bo—bi+by—by+by—bs+..., where (by) > 0.
n=0

These series are called alternate sign series. The main tool is the
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Theorem 9.4.1: Leibniz test

Let (b,,) > 0 be such that
e b, "\ definitely (that is b, < b, definitely);

e b, — 0.

Then X ,(=1)"b, converges. Furthermore, if s, is the n—th partial sum and s is the sum of the
series, the following bound holds:

9.4.1) |5 = $p| < bs1.

Proor. The key point is that s,, decreases while s, increases. Indeed

S2n42 = Son = bons1 + banva = 520 + (b2ns2 — bops1) < S2n,

because b,, \,, hence by,,4» < ba,y1. Therefore (52,) Y\, hence

Jlim sy, =: 5.
Similarly

52143 = Sonsl + (bons2 — b2ns3) > S2n41,
that is (s2,41) /', hence
Flim 59,41 =: 5.
Moreover, since
$2n41 = S2n — bony1
letting n — 400, we have
s=s.
From this easily follows that s, — s. Let us come finally to the estimate: since
$2n = bops1 = Sope1 <5, = 0< 52 — 5 < bopas
and similarly
Sonel +bops2 = s2p42 2 5, = 0< 5 — 52441 < bopao.

We can always write these two as |s,, — s| < bp41. |

ExampLE 9.4.2. Discuss convergence for the series
n=1 n

Determine an approximation of the sum by less than 11W'

Sor. — We have ), (—1)"b,, with b, := % > 0. Clearly b,, ™\ 0, so the convergence follows by Leibniz test. To
respond to the second question, recall the bound (9.4.1), that is in this case becomes

1
Is = sn| < bpi1 =
" " n+1’
imposing ﬁ < %, that is n > 99, we have |s — s5,| < ﬁ. Thus, s100 is an approximation of s with an error

1
<m. D
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ExampLE 9.4.3. Discuss convergence for the series

- . logn
Z(_l) (logn)2—1"

n=3

logn

Sor. — Let b, := Togm?—1> 1 2 3. Being logn > loge = 1 asn > 3, (logn)> —1 > 0 asn > 3, so b, > 0. This
means that we have an alternate sign term series. Let us apply the Leibniz test. First notice that
1 1 1 1
nz(l Og);1 1- =~ 1 "o nl__>0.
ogn (logn)? (1 - (logn)z) g1 In

Now we want to check if b,, \,. This is not evident. We have

log(n+1) < logn

bn < bn, =X ’
! (log(n+1))2—1  (logn)2 -1

& (log(n+1)) ((logn)? - 1) < (logn) ((log(n +1))* - 1)

= (logn)(log(n+ 1)) (log(n + 1) —logn) > logn —log(n+ 1),

& (logn)(log(n+1)) > -1, (being log(n+ 1) —logn > 0)
This is evident for n > 3. Therefore, Leibniz test applies, and the series converges. O

9.4.2. Absolute convergence. Inthe general case of a series ), a,, with (a,) C R with no particular
informations on sign of a,, the most important tool is the following

Theorem 9.4.4

Let (a,) C R. Then

(o) (o)
Z |a,| converges — Z a, converges.
n=0 n=0

If 3, |a,| converges, we say that ), a,, is absolutely convergent.

Proor. Define
ay = max{a,, 0}, a, :=max{—a,,0}.

Clearly a;; > 0, a}, + a;, = |a,| while a}, — a;, = a,,. In particular

0<a; <layl.

By comparison then, 3, a; are both convergent hence, easily, also ¥, (a} —a;) = Xx ax converges. O
. . . . . . - n+l . .
REMARK 9.4.5. The sufficient condition is not necessary: for instance, the series >, ( 1,3 is simply
_1\n+l
convergent by Leibniz test but not absolutely convergent because 3, |% =>n % O
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ExampLE 9.4.6. Discuss in function of x €]0, +oo[ simple and absolute convergence for

(arctan x)"

yn(n+l) )

SoL. — Leta, := Let us start by absolute convergence. This means to study the series

| log x|"
Z| = Z \/n(n+1

n=1
Applying the root test

gt = — 18T jpog g !
ay|ln = —m—mm =
e D)% 2 (0 + DU

— [log x|

log(n+1) n>log(n+l1)
Un — o= 77 =,

being n!/" = e — land similarly (n + 1) e = 1. Therefore

converges, if [logx|] <1, & -l<logx<l1, el<x<e,

Zlan|’
T 1

diverges and |a,| — +co0, if |logx| > 1, & logx < -1, Viogx>1, & x<e ', Vx>e.

In the cases |logx| = 1 (thatis x = e !, e) test fails. For the moment, we can say that

S

n non convergent (simply or absolutely) being a, 7 0, ifx <5, Vx>e.

absolutely (hence simply) convergent, if % <x<e,

To finish we have to study the cases x = é, e. Replacing directly these values,

o ifx =1 =¢7! the series is

&S (e
;“"‘;wmn’

that is an alternate sign terms series. Being ——
yVn(n+l)

N\, O the series converges by Leibniz test. Does it

converge also absolutely? We have
=1

e if x = e the series becomes

(o]

1 1 1 1 asymp. comp.
= _ ! p-<

D" and = ~ =,
nl\/n(n+1) \/n(n+1) n\/1+% n

n(n+1)

diverges.

nz:; \/n(n + 1)
which is of course simply and absolutely (it is the same!) divergent from previous point.

Conclusion: the series is simply convergent as x € [}3, [ absolutely convergent as x € ] %, e[ . O
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9.5. Decimal Representation of Reals

As everybody knows, naturals and integers are represented by decimal digits. By this we obtain a
representation of rationals. What about reals? To fix ideas, let x € R be a positive number and let [x] be
its integer part in such a way that

[x] <x < [x]+1.
Dividing the interval [[x], [x] + 1] into 10 equal parts we have that x will belong to just one of these.

Formally,

k ki+1
Ak €{0,1,2,...,9} ¢ [x] + % <x < [x] + 113 .

Repeating this argument to the interval [[x] + R x]+ k1+1 , that is dividing this into ten equal parts,
our x will belong to just one of these:

‘ ki ko k1 k2+1
Jlky €{0,1,2,...,9} : [x]+ =+ — <x < [x]+ 10 102 °

Iterating this procedure, we may find

n-1 -1
ki k ki k,+1
Mkt ko, kn €40,1,2,0,9) ] + ) L, <x<[x]+ZT+ ’1’On .

1l
—_
~.
I
—_

J
In other words, we proved that for every x > 0 there exists a unique infinite list of digits k; €
{0,1,2,...,9} such that

9.5.1) Z 0 1on'
Letting n — +o0, we draw
(9.5.2) DY TJ

j=1

We identify (9.5.2) with the following writing:
x = [x], kikoks ...

We call this last decimal decomposition of x. We can easily extend this to negative numbers: if x < 0
then —x > 0O thus

—x = [=x], kikoks ...,
by which

x = —[—x], kikoks....

As you can see, what we call a real number is nothing but an infinite series. This should make clear how
relevant are the series for Mathematics.
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9.6. Exercises

ExErcisk 9.6.1 (x). For any of the following series, compute the partial sums and discuss the convergence
(computing the eventual sum) of the series:

n=0

ExErcise 9.6.2. For any of the following series };, a, find b,, such that a,, < b, and ), b, converges.

(e8]

L. Z:;n%% 2. i ”;ni“”. 3. 22\53".

ExErcisk 9.6.3. Applying the asymptotic comparison test, we discuss the convergence of the following series

o (n+2)" o n+logn S \
1. ; PrTSa 2. ;m 3. nz:;)(Vlfl'f' —\/ﬁ)
4. iL 5. il( ) Z
n:ln% nzln nz—n(vn+ _\/_)

7. Z (1 \/Z) (BER).

ExErcisge 9.6.4. Applying root or ratio tests, determine if the following series converge:

o Y i 2 © s
1. 5(=D"=n 2. (”—'. 4.
nZ:(:) ;nz(Zn)! ; Z3"(n+1)'

nk
nl’

8

nx

”n—!, (x €R). i ) em). 7. Dt (x> 0). 8. in!x”, (x > 0).

n=1 n=1 n=0

Mz

3
1l
—_

ExEercise 9.6.5. Applying Leibniz test, determine if the following series converge:

1. Z(_l)nnzr-ll-l. 2. Z(_l)n—wi_\/ﬁ 3. Z(_l)n(%—l).
n=1 -~ £
N | S n
4. ,,Z:o(_]) (l—cos n+1). 5. ;cos(nﬂ)' 6. Z( D ( /1+__])
3 " si ! N n 1\" S nﬂ+1
YSUEE . 2 (k- — St

) | 2 I~ 1
10.(%) ZJ—”"%~ e Je



ExERcisg 9.6.6. For any of the following series, determine simple and absolute convergence.

- x> +n X"
n
1. ;(—]) PR (XER). 2. nz:;)m, (.XGR).
) 1 X2+1 2n+n? ) o
3. - , (x e R\{£2}). 4. _ €R).
;n(x2_4) (x € R\{=2}) ;mz” (xeR)
- o (sinx)”
5. x—l" x € R). 6. ——, (xeR).
;n2+1( )" ) ;n+\/ﬁlogn ( )
7. _— R). 8. _ R
HZ::J 3n (x €R) ;n+arctann (x€R)

e*+1
9. , 0.
Z2"(n+1) (ex—l) *7
ExEercise 9.6.7. Prove that if ), a, and Y, b,, converge then also ), (a, + b,) converges and

Z(an+bn) = Z%"‘an-

It it true that, if )}, (a, + b,,) converges then, necessarily, also ., a, and };, b,, converge?

ExEercisk 9.6.8. Let (a,) C]0,+co[. Show that

Aan
Z a, converges E converges.
— 1+a,

n

(hint: use asymptotic comparison, justifying carefully all steps. . .)

Exercisk 9.6.9. Discuss the convergence for the series

- 1
nZ:Z ne(logn)8’

where a, 8 > 0.
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