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Chapter 1

Binary relations

1.1 Binary relations

Definition 1.1: of binary relation

Given two sets A and B, a binary relation R is a subset of the Cartesian product A x B

{ When we say that R is a binary relation on a single set A, we mean that R is a subset of }
A x A.

e A binary relation will simply be called a relation (however, non-binary relations also
exist).

o If (a,b) € R we also write a Rb and we say that a is related to b.

Example 1.1

e The relation “less than” (“<”) on the natural numbers is the set:
R. = {(a,b) ca,beN and a< b}.

e The relation “less than or equal to” (“<”) on the natural numbers is the set:
R< = {(a,b) ca,beN and a < b}.

e The relation “equal to” (“=") on the natural numbers is the set:

R_ = {(a,b):a,bEN and a:b}.

e The relation “is a subset of” Rc on the power set of the natural numbers (denoted by
2N) is the set:
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Rc = {(A,B):A,BGZN and AgB}.

A relation R on a set of natural numbers can be visualized with a table: in row a and
column b we write the pair (a,b) if (a,b) € R, and the cell is left empty if (a,b) ¢ R.

Example 1.2: tables of relations

e The table of the relation R- (rows and columns from 0 to 4):

0] 1 2 3 4
0 (0,1) | (0,2) [ (0,3) | (0,4)
1 (1,2) | (1,3) | (1,4)
2 (2,3) | (2,4)
3 (3,4)
4

e The table of the relation R_:

(2,2)

= W= O

(4,4)

e The table of the relation R<, which contains the pairs of R and those of R_:

0 1 2 3 4
0 | (0,0) | (0,1) | (0,2) | (0,3) | (0,4)
1 (1,1) | (1,2) | (1,3) | (1,4)
2 (2,2) | (2,3) | (2,4)
3 (3,3) | (3,4)
4 (4,4)

Definition 1.2: of congruence modulo n

Given a natural number n > 1, two natural numbers a and b are congruent modulo n,
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written a = b (mod n), if their difference is an integer multiple of n:

a=b (modn) — dq € Z such that b—a = gn.

Definition 1.3: of multiple and divisor

Given two natural numbers a and b, we say that a is a multiple of b if there exists k € N
such that a = kb. We say that a is a divisor of b if there exists k € N such that b = k a.

e Hence a is a divisor of b if and only if b is a multiple of a.

e With this definition 0 is a multiple of every natural number (0 = 0-b) and 0 is a divisor
only of itself (if b =k - 0 then b = 0).

Example 1.3: other relations on the natural numbers

e The relation “congruent modulo n” on the natural numbers is the set:

n

R- :{(a,b):a,bGN and a=b (modn)}.

With n = 3 the table is:

0 1 2 3 4 5 6

0 | (0,0) (0,3) (0,6)
1 (1,1) (1,4)

2 (2,2) (2,5)

3 |(3,0) (3,3) (3,6)
4 (4,1) (4,4)

b} (5,2) (5,5)

6 | (6,0) (6,3) (6,6)

e The relation “is a multiple of” on the natural numbers is the set:

Rmulz{(a,b):a,bGN and 3k € N such that a:k‘b}.

0 1 2 3 4 5 6
0 | (0,0) | (0,1) | (0,2) | (0,3) | (0,4) | (0,5) | (0,6)
1 (1,1)
2 (2,1) | (2,2)
3 (3,1) (3,3)
4 (4,1) | (4,2) (4,4)
5 (5,1) (5,5)
6 (6,1) | (6,2) | (6,3) (6,6)
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Example 1.4: other relations on the natural numbers

e The relation “is a divisor of” on the natural numbers is the set:

Rdivz{(a,b):a,beN and Jk € N such that b:ka}.

Since (a,b) € Rqiy if and only if (b,a) € Ry, its table is obtained from that of Ry,
by swapping the two elements of each pair:

0 1 2 3 1 5 6
0 | (0,0)
1 [ (Lo | (L) ]| @2 [ @,3) @4 ] 1,5 |(1,6)
2 (2,0 2,2) (2,4) (2,6)
3 (3,0 (3,3) (3,6)
4 (4,0 (4,4)
5 | (5,0) (5,5)
6 | (6,0) (6,6)

Example 1.5: other relations on the natural numbers

e The relation “difference of one” on the natural numbers is the set:

Hy = {(a,b):a,beN and a:b—l}.

0 1 2 3 4 5 6

(1,2)

(3,4)

DU W N~ O

e The relation “the sum is even” on the natural numbers is the set:

Reven:{(a,b):a,bEN and Im € N such that a+b:2m}.
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0 1 2 3 4 5 6
0 | (0,0) (0,2) (0,4) (0,6)
1 1,1 1,3) 1,5)
2 (2,0 (2,2) (2, 4) (2,6)
3 (3,1) (3,3) (3,5)
4 | (4,0 (4,2) (4,4) (4,6)
5 (5,1) (5,3) (5,5)
6 | (6,0) (6,2) (6,4) (6,6)

e The table of the relation Rc restricted to the subsets of {0, 1,2} (rows and columns
are the sets A and B):

0 {0} {1} {2} {0, 1} {0,2} {1,2} {0,1,2}

0 [@0)] @.{0}) | @{1}) | @.{2}) | @ {0,1}) (0,{0,2}) @,{1,2}) ©,{0,1,2})
{0} ({0}, {0} ({0},{0,1}) | ({0},{0,2}) ({0},{0,1,2})
{1} ({1} {1} ({1}, {0,1}) ({15 {1,2}) | ({1}3,{0,1,2})
{2} ({2}, {2}) ({21,{0,2p) | ({2}, {1,2}) | ({2},{0,1,2})

{0, 1} ({0,1},{0,1}) ({0,1},{0,1,2})
{0,2} ({0,2},{0,2}) ({0,2},{0,1,2})
{1,2} (1,2}, {1,2})| ({1,2},{0,1,2})
{0,1,2} ({0,1,2},{0,1,2})

Definition 1.4: of n-ary relation

Given n sets Ay, As, ..., Ay, an n-ary relation R is a subset of the Cartesian product

A x Ay x --- X A,

e Binary relations are the n-ary relations with n = 2.

1.2 Properties of relations

A relation R C A x A is reflexive if:

Va € A, (a,a) € R

A relation R C A x A is symmetric if:

VYa,b e A, (a,b) e R = (b,a) € R

A relation R C A x A is transitive if:

Va,b,c € A, (a,b) ¢ R and (b,c) e R = (a,c)E€R

A relation R C A x A is antisymmetric if:

Va,be A, (a,b) € R and (bja) € R = a=0b
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Observation 1.5: equivalent form of antisymmetry

A relation R C A x A is antisymmetric if and only if:

Va,be A, (a,b)e R and a#b = (bja)¢ R

Proof. Fix a,b € A. An implication is false only when the antecedent is true and the
consequent is false.

e The implication “(a,b) € R and (b,a) € R = a =" is false only when (a,b) € R,
(b,a) € R and a # b.

e The implication “(a,b) € R and a # b = (b,a) ¢ R” is false only when (a,b) € R,
a # b and (b,a) € R.

The two implications are therefore false in exactly the same cases: for every pair a, b one
is true if and only if the other is, and hence one holds for all a,b € A if and only if the
other does. O

Example 1.6

e The relation R< is reflexive, but R. is not.
e The relations R and R< are not symmetric.

e The relations R« and R< are transitive, but for example the relation:

R}lb:{(a,b):a,beN and a:b—l}

is not, e.g., (3,4) € R}, and (4,5) € R, but (3,5) ¢ RY,.

Vs
|\

Let us now see in detail, for each property, how to prove that a relation has it and how to
show, with a counterexample, that it does not.

Example 1.7: reflexive property

e The relation R— is reflexive, since

a=a, Va € N.

e The relation R< is reflexive, since

a<a, Va € N.

e The relation R. is not reflexive: a counterexample is ¢ = 1, since 1 < 1 is false and
hence (1,1) ¢ R<.

-
(&
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Example 1.8: symmetric property

e The relation R— is symmetric, since

a=b = b=a, Va,b € N.

e The relations R« and R< are not symmetric: a counterexample is the pair (1, 2), since
1<2and1<2 but2<1and?2<1 are false. Hence (1,2) € R but (2,1) ¢ R,
and (1,2) € R< but (2,1) ¢ R<.

~
.

Example 1.9: transitive property

e The relation R— is transitive, since
a=band b=c = a=c, Ya,b,c € N.

The same holds for R« and R<: ifa <band b <cthena <c¢,andifa <bandb<c
then a < c.

e The relation R}, is not transitive: a counterexample is given by (3,4) € R!, and
(4,5) € RL,, while (3,5) ¢ RL, because 3 #5 — 1.

~
.

Example 1.10: antisymmetric property
e The relation R< is antisymmetric, since a < b and b < a imply a = b.

e The relation R_ is antisymmetric, since

a=0band b=a = a=b, Ya,b € N.

e The relation R. is antisymmetric. Indeed, there are no two natural numbers a and
b with a < b and b < a (otherwise we would have a < a): the antecedent of the
implication is never true, and hence the implication is true for all a,b € N. With the
equivalent form of antisymmetry this can be seen directly:

a<b and a#b = b<£a, Va,b € N.

e The relation R=, is not antisymmetric: a counterexample is given by (0,3) € R=,
(because 3 —0=1-3) and (3,0) € R=, (because 0 —3 = (—1) - 3), while 0 # 3.

e
|\

1.3 Representation with directed graphs

Relations can be represented by a directed graph, where the vertices are the elements
of the set on which the relation R is defined and an arc (a,b), drawn as an arrow from a
to b, means that (a,b) € R. An arc (a,a) is called a loop.
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Example 1.11: graphs of relations

e The directed graph of the relation “is a multiple of” on the set {0,1,...,5}:

R:{(a,b):a,be{o,l,...,5} and 3k € N such that a:kb}.

e The directed graph of the relation “is a divisor of” on the set {0,1,...,5}:
R= {(a,b) ca,be {0,1,...,5} and Jk € N such that b= ka}.

It has the same arcs as the previous graph, traversed in the opposite direction.

Example 1.12: graphs of relations

e The directed graph of the relation “less than or equal to” on the set {0,1,...,5}:

R= {(a,b):a,be{o,l,...,5} and agb}.
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e The directed graph of the relation “less than” on the set {0,1,...,5}, obtained from
the previous one by removing the loops:

R= {(a,b):a,bG{O,l,...,5} and a<b}.

e The directed graph of the relation “equal to” on the set {0,1,...,5}, which has only
the loops:

R= {(a,b):a,bE{O,l,...,5} and azb}.

e & & & & &)

Example 1.13: graph of the inclusion relation

The directed graph of the relation “is a subset of” on the subsets of {0, 1}:

R= {(A,B) :A,Be 2%} and AC B}.
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4 — N
OCEROWRT

O 0 0
N J

e \
The main properties of a relation can be read on its directed graph:

e the relation is reflexive if and only if every vertex a has the loop (a,a);

e the relation is symmetric if and only if, for every pair of vertices a and b, if there is
the arc from a to b then there is also the arc from b to a;

e the relation is transitive if and only if, for every triple of vertices a, b and ¢, if there
are the arc from a to b and the arc from b to ¢ then there is also the arc from a to c;

e the relation is antisymmetric if and only if, for every pair of distinct vertices a and
b, if there is the arc from a to b then there is no arc from b to a (equivalent form of
antisymmetry).

J

e For example, in the graphs of “is a multiple of”, “is a divisor of”, “less than or equal to”
and “equal to” every vertex has the loop (reflexive relations), while in the graph of “less
than” no vertex has it. In none of these graphs are there two arcs in opposite directions
between two distinct vertices (antisymmetric relations).

Example 1.14: graphs satisfying only two properties

e The relation {(a, a), (b,b), (¢, ¢), (a,b), (b,a), (b, c), (¢,b)} on the set {a, b, c} is reflexive
and symmetric, but not transitive: there are the arcs (a,b) and (b, ¢), but not the arc

(a,c).
e

e The relation {(a,a), (b,b), (¢, c), (a,b), (a,c), (b,c)} on the set {a,b,c} is reflexive and
transitive, but not symmetric: there is the arc (a,b), but not the arc (b, a).
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H Oy ©

e The relation {(a,a), (a,b), (b,a), (b,b)} on the set {a, b, c} is symmetric and transitive,
but not reflexive: the loop (¢, c) is missing. For transitivity it suffices to check the
pairs of consecutive arcs: from (a,b) and (b,a) follows (a,a), from (b,a) and (a,b)
follows (b, b), and the pairs containing a loop give an arc already present.

CH_ Ty ©

Observation 1.6: symmetric and transitive relations

Let R C A x A be a symmetric and transitive relation. If an element a € A appears in
at least one pair of R, then (a,a) € R.

Proof. If a appears in a pair of R, there exists b € A such that (a,b) € R or (b,a) € R.
By symmetry, in both cases we have both (a,b) € R and (b,a) € R. By transitivity, from
(a,b) € R and (b,a) € R follows (a,a) € R. O

e Hence a symmetric and transitive relation fails to be reflexive only if some element of A
appears in no pair of the relation, like the element ¢ of the last graph.

1.4 Equivalence relations

Definition 1.7: of equivalence relation

A reflexive, symmetric and transitive relation is an equivalence relation.

Example 1.15: equivalence relations

e The relation R— is an equivalence relation, because it is reflexive, symmetric and
transitive.

e The relation R. is not an equivalence relation, because it is not reflexive (nor sym-
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metric).

e The relation R< is not an equivalence relation, because it is not symmetric.

Example 1.16: congruence modulo n

Given a natural number n > 1, the relation
R=, = {(a,b) :a,beN and a=b (mod n)}

is an equivalence relation. Recall that (a,b) € R=
that b —a = gn.

if and only if there exists ¢ € Z such

n

e Reflexive: for every a € N we have a —a = 0 - n, with 0 € Z, hence (a,a) € R=,,.
e Symmetric: for all a,b € N, if there exists ¢ € Z such that b — a = ¢n, then
a—b=(—q)n, with —q € Z,
hence (b,a) € R=,,.

e Transitive: for all a, b, c € N, if there exist ¢, p € Z such that b—a = gn and ¢c—b = pn,
then

c—a=(c—b)+(b—-—a)=pn+qgn=(q¢+p)n, with ¢+ p € Z,

hence (a,c) € R=,.

Example 1.17: the sum is even

The relation
Reven = {(a,b) :a,beN and Im € N such that a+b= Qm}

is an equivalence relation.
e Reflexive: for every a € N we have a + a = 2a, with a € N, hence (a,a) € Reven.

e Symmetric: for all a,b € N, if a+b =2m with m € N, then alsob+a =a+b = 2m,
hence (b, a) € Reven-

e Transitive: for all a, b, ¢ € N, if there exist p, ¢ € N such that a+b = 2p and b+c = 2¢,
then

(a+b)+(b+c)=2p+2q = a+c=2(p+qg-0).

The number p+¢—b is an integer, and it is not negative because 2 (p+q—b) = a+c > 0;
hence p+ ¢ —b € N and (a,c) € Reven.
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Definition 1.8: of equivalence class

Given an equivalence relation R on a set A, the equivalence class of an element a € A
is the set

la] = {beA:(a,b) eR}.

Lemma 1.9: related elements have the same class

Let R be an equivalence relation on a set A. For all a,b € A:

(a,b) € R = [a] = [b].

Proof. Let (a,b) € R. We show the two inclusions.

e [b] C [a]: if ¢ € [b], then (b,c) € R. From (a,b) € R and (b,c) € R, by transitivity,
follows (a,c) € R, that is ¢ € [al.

e [a] C [b]: by symmetry (b,a) € R. If ¢ € [a], then (a,c) € R, and from (b,a) € R
and (a,c) € R, by transitivity, follows (b, ¢) € R, that is ¢ € [b].

Hence [a] = [b]. O

e Any two elements of the same class are related to each other: if b, ¢ € [a], then (a,b) € R
and (a,c) € R; by symmetry (b,a) € R and by transitivity (b,c) € R. An equivalence
class therefore gathers elements that are all related to each other.

Example 1.18: equivalence classes

The directed graph of an equivalence relation on the set {a, b, ¢, d, e, f} with two equivalence
classes, {a,b,c} (in blue) and {d,e, f} (in red). A double-headed arrow between z and y
represents the two arcs (z,y) and (y,x).

Y G H Y

Definition 1.10: of partition

A partition of a set A is a family . of subsets of A such that:
e cvery set of the family is nonempty: S # () for every S € .¥;

e two distinct sets of the family are disjoint: SNT = () for all S,T € . with S # T;
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e the union of the sets of the family is A: U S = A, that is, every a € A belongs

Ses
to at least one S € .¥.

e The family can be finite, . = {51, So,..., Sy}, or infinite.

e From the second and the third condition it follows that every element of A belongs to
one and only one set of the partition: to at least one by the third condition, and not
to two distinct sets S and T', which are disjoint.

Proposition 1.11: equivalence classes form a partition

Let R be an equivalence relation on a set A. Then the family of the equivalence classes

= {[a] ta € A}
is a partition of A.

" J

e The proof checks the three conditions of the definition of partition; the second one follows
from the fact that two classes are either equal or disjoint.

Proof. Every class [a] is a subset of A by definition.
e Nonempty classes: by reflexivity (a,a) € R, hence a € [a] and [a] # 0.

e Union equal to A: every a € A belongs to the class [a], hence A C |, 4]a]; the

other inclusion holds because every class is contained in A.

a€A

e Distinct classes are disjoint: we show that if two classes [a] and [b] have an element
in common, then they are equal. Let ¢ € [a] N [b]. Then (a,c) € R and (b,c) € R.
By symmetry (c,b) € R, and by transitivity, from (a,c) € R and (¢, b) € R, follows
(a,b) € R. By Lemma 1.9 we then have [a] = [b]. Hence two distinct classes have
no element in common.

O

Proposition 1.12: every partition defines an equivalence relation

Let .# be a partition of a set A and let
R:{(a,b):a,beA and 3S € . such that a € S and bES}.

Then R is an equivalence relation on A, and its equivalence classes are exactly the sets
of the partition ..
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Proof. We first show that R is an equivalence relation.

o Reflexive: for every a € A there exists S € . with a € S (the union of the sets of
the partition is A). Then a and a belong to the same set S, that is (a,a) € R.

e Symmetric: if (a,b) € R, there exists S € . with a € S and b € S; the same S
contains b and a, hence (b,a) € R.

e Transitive: if (a,b) € R and (b,c) € R, there exist S,T € . with a,b € S and
b,c € T. Then b € SNT, hence SNT # () and, since two distinct sets of the
partition are disjoint, S = 7. Hence a and ¢ belong to the same set S, that is
(a,c) € R.

We now show that the classes are the sets of the partition. Given a € A, let S, be the
only set of . containing a. If b € S,, then (a,b) € R, that is b € [a]. Conversely, if
b € [a], there exists S € . with a,b € S; since a belongs to only one set of the partition,

S = S, and hence b € S,. Therefore [a] = S,: every class is a set of the partition.
Finally, every S € . is nonempty: taking a € S, we have S = S, = [a], hence every set
of the partition is a class. O

Example 1.19: classes modulo 3

The equivalence relation R=, divides the natural numbers into 3 equivalence classes:
[0] ={0,3,6,9,...}, 1] ={1,4,7,10,...}, 2] ={2,5,8,11,... }.

Each class contains the natural numbers that have the same remainder in the division by 3.
Indeed, write a = 3 g4 +1, and b = 3 gy + 74, With ¢4, ¢» € N and remainders rq, r, € {0, 1, 2}.
Then

b—a=3(q—qa) + (rp — 74)-

o If r, =1y, then b—a =3 (qp — ¢o) and (a,b) € R=,.

o If (a,b) € R=,, that is b—a = 3¢ with ¢ € Z, then 1, — 1, = 3(¢ — @ + ¢a) is a
multiple of 3 between —2 and 2, hence r, — r, = 0.

Here is the directed graph of the relation on the natural numbers from 0 to 8, with one
colour per class. A double-headed arrow represents the two arcs (a,b) and (b, a); the loops
(a,a), present for every a, are not drawn.

O O _ O B PO
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Example 1.20: even and odd numbers

The equivalence relation Reven divides the natural numbers into 2 equivalence classes, the
even numbers and the odd numbers:

[0] ={0,2,4,6,...}, [1]=1{1,3,5,7,...}.

Indeed, write a = 2, + 1 and b = 2 g, + 14, with ¢4, ¢» € N and remainders r4, 1, € {0, 1}.
Then a + b = 2(qq + qp) + (ro + 1rp), with 7, + 1 € {0, 1,2}.

o If ro =y, then 74 + 75 = 274 and a + b =2(ga + @ + 7a) is even.

o If 1y # 1y, then 7, + 7, = 1 and a + b = 2 (g, + g) + 1 is not even.

Hence (a,b) € Reyen if and only if a and b are both even or both odd. Here is the directed
graph of the relation on the natural numbers from 0 to 6 (even in red, odd in blue; double-
headed arrows and loops omitted as in the previous example):

Observation 1.13: equivalence and antisymmetry

If an equivalence relation R on a set A is also antisymmetric, then every equivalence class
has a single element: [a] = {a} for every a € A.

Proof. Let a € A. By reflexivity a € [a]. If b € [a], then (a,b) € R; by symmetry also
(b,a) € R, and by antisymmetry a = b. Hence [a] = {a}. O

e In this case (a,b) € R if and only if b € [a] = {a}, that is if and only if @ = b: the only
equivalence relation on A that is also antisymmetric is the relation “equal to”.

1.5 Partial order relations

Definition 1.14: of partial order relation

A reflexive, antisymmetric and transitive relation is a partial order relation.
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Example 1.21

e The relation R< is a partial order relation, but the relation R is not, since it is not
reflexive.

e The relation R— is a partial order relation, because it is reflexive, antisymmetric and
transitive.

-
N\

Observation 1.15

The relation Rc is a partial order relation

~
-

Proof. We must prove that the relation is reflexive, antisymmetric and transitive.
e For it to be reflexive we must prove that (S,S) € Rc, which is true since S C S.

e For it to be antisymmetric we must prove that if Sy # Sy then Sy Q Sy or So ;t_ S
or both, the negation of the desired property.

Since S7 # Sa:

either there exists some element that is in S7 but not in S, hence S g Sy
or there exists some element that is in Sy but not in Sy, hence Ss SZ S

or both of the previous options hold

e For it to be transitive we must prove that (S1,52) € Rc and (S2,S53) € Rc imply
(Sl, Sg) € Rg. Clearly, since S1 C S9 and Sy C S3, we have S; C S3.

O

Example 1.22: multiples and divisors

The relation Ry (“is a multiple of”) is a partial order relation.
e Reflexive: for every a € N we have a = 1 - a, hence (a,a) € Ryy.

e Transitive: for all a,b, c € N, if there exist ¢, p € N such that a = ¢b and b = pc, then

a=qb=q(pc)=(qp)c,  with gpeN,
hence (a,c) € Ryl

e Antisymmetric: let a,b € N with (a,b) € Ry and (b,a) € Ry, that is a = ¢b and
b=pa with ¢,p € N. Then
a=qgb=gqpa.
Ifa=0,thenb=p-0=0=a. If a # 0, dividing by a we obtain ¢p = 1. Neither
factor is 0 (otherwise the product would be 0), hence ¢ > 1 and p > 1; if ¢ > 2

we would have gp > 2p > 2, hence ¢ = 1, and in the same way p = 1. Therefore
a=1-b=hb.
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Also Rgiv (“is a divisor of”) is a partial order relation, because (a,b) € Rg;y if and only if

(b, a) S Rmul:
o reflexive: (a,a) € Ry, hence (a,a) € Rgiy;

e transitive: if (a,b),(b,c) € Rgiy, then (c¢,b),(b,a) € Rpu, hence (¢,a) € Ry by
transitivity of Ry, that is (a,c) € Raiv;

e antisymmetric: if (a,b), (b,a) € Rqiv, then (b,a), (a,b) € Ry, hence a = b by anti-
symmetry of R.

Definition 1.16: of partially ordered set

A partially ordered set is a pair consisting of a set and a partial order relation defined
on it.

Example 1.23

e The sets of natural, rational or real numbers with the relation R< are partially ordered
sets.

e The relation “is a descendant of” defined on a subset of people is a partial order
relation (if we consider individuals as descendants of themselves). Consequently, the
subset of people considered with the relation “is a descendant of” is a partially ordered
set.

e The set of natural numbers with the relation R, or with the relation Ryjy, is a
partially ordered set.

-
(&

Observation 1.17: graph of a partial order

The directed graph of a partial order relation contains no cycles, that is, sequences of
arcs

(a1,a2), (az,as3), ..., (ag—1,ax), (ar,a1)

with k > 2 distinct vertices ay,as,...,ar. In other words, once the loops are removed,
the graph is acyclic.

-
-

Proof. Suppose by contradiction that the graph contains a cycle as above. If k = 2, the
cycle consists of the arcs (a1, az) and (ag,a1). If k£ > 3, applying transitivity to the arcs
(a2,a3) and (as,aq) we obtain (ag,as) € R, then from (ag,as) and (a4, as) we obtain
(az2,as) € R, and so on up to the arc (ag,a1), from which we obtain (az,a;) € R. In
both cases (a1,a2) € R and (ag2,a1) € R, and by antisymmetry a; = ag, against the
assumption that the vertices of the cycle are distinct. O
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e The converse does not hold: an acyclic graph does not necessarily represent a partial order
relation. For example, the relation {(1,2),(2,3)} on the set {1,2,3} has a graph without
cycles, but it is neither reflexive ((1,1) does not belong to the relation) nor transitive
((1,3) does not belong to the relation).

Example 1.24

The directed graph of the relation Rc on the subsets of the set {1,2,3,4} is the following.
To keep the figure readable, the empty set, the sets consisting of a single number (and hence
the arcs leaving them) and the loops (S, S) are not shown; all the other arcs are drawn.

- N

O

1.5.1 Maximum, maximal, minimum and minimal elements

\

Definition 1.18: of maximum, maximal, minimum and minimal element

Let (A, R) be a partially ordered set.

e An element a € A is the maximum of A if:

(b,a) € R, Vb € A.

e An element a € A is a maximal element of A if there is no b € A such that:
(@,b) e R and b +#a.

e An element a € A is the minimum of A if:

(a,b) € R, Vb e A.

e An element a € A is a minimal element of A if there is no b € A such that:

(b,a) e R and b#a.
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e On the directed graph: the maximum is the vertex that receives an arc from every vertex;
a maximal element is a vertex from which no arc leaves, apart from the loop. For the
minimum and the minimal elements, incoming and outgoing arcs are swapped.

Proposition 1.19: uniqueness of the maximum and of the minimum

In a partially ordered set (A, R) the maximum, if it exists, is unique. The same holds for
the minimum.

Proof. Let a; and as be two maxima of A. Since ag is a maximum, (ai,as) € R; since
ay is a maximum, (ag,a;) € R. By antisymmetry a; = ay. For the minimum: if a; and
ay are two minima, then (ai,as) € R because a; is a minimum and (az,a;1) € R because
a2 is a minimum, and again a; = as. O]

Observation 1.20: the maximum is the only maximal element

If a partially ordered set (A, R) has the maximum a, then a is a maximal element, and
it is the only maximal element of A.

Proof. e ¢ is maximal: if b € A and (a,b) € R, since a is the maximum also (b, a) € R,
and by antisymmetry b = a. Hence there is no b # a with (a,b) € R.

e G is the only maximal element: let @ be a maximal element. Since @ is the maximum,
(a,a) € R; since a is maximal, a # a is impossible. Hence a = a.
O

( N
e In a partially ordered set the maximum element may not exist, that is, there may
be no element a such that:

Vb e A, (b,a) € R

A partially ordered set may therefore contain several maximal elements a such that,
for no b € A with b # a, we have (a,b) € R.

Example 1.25: maximal elements

The directed graph of a partial order relation on the set {a,b,c,d, e} with three maximal

elements, ¢, d and e, in red. The maximum does not exist: for example (d,c) does not
belong to the relation. The element a is the minimum.
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Example 1.26

The directed graph associated with the partial order relation “is a divisor of” on the set
{2,3,...,15} is the following (the loops (a,a), present for every a, are not drawn). The
maximal elements are 8,9,10,11,12, 13, 14 and 15, which divide no other number of the set,
and the maximum does not exist. The minimal elements are 2,3,5,7,11 and 13, and the
minimum does not exist.

® O Q_p

W~ @ ) ()
N () ) 1

Given a set of boxes of different sizes, the relation “one box is contained in the other” on
the set of boxes may have several maximal boxes, that is, boxes that are not contained in
any other box.

1.6 Total order relations

Definition 1.21: of total relation

A relation R on a set A is a total relation if:

Va,b € A, (a,b) € R or (b,a) € R (or both)
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Observation 1.22: a total relation is reflexive

Every total relation R on a set A is reflexive.

Proof. Let a € A. Choosing b = a in the definition of total relation we obtain that
(a,a) € Ror (a,a) € R, that is (a,a) € R. O

Example 1.28

e The relation R< is a total relation.

e The relation Rc is not a total relation since, taking for example S; = {1,2} and
Sy = {2a3}7 (‘91752) ¢ RQ and (‘92751) ¢ Rg.

e The relation “is a descendant of” is not a total relation since there exist pairs of
individuals (a, b) for which neither a descends from b nor b descends from a.

e The relation R. is not a total relation, because it is not reflexive: for a = b = 1 the
condition of the definition requires (1,1) € R, which is false.

e The relation R— is not a total relation: for example (3,4) ¢ R— and (4,3) ¢ R_.

Definition 1.23: of total order relation

A partial order relation that is also a total relation is a total order relation.

Example 1.29

e The relation R< is a total order relation.

e The relation R_ is a partial order relation but not a total order relation, because it
is not a total relation.

e The relation R is not a total order relation, because it is not a partial order relation.

e The relation Rc is a partial order relation but not a total order relation: as we have
seen, the sets S; = {1,2} and Sy = {2,3} are not comparable.

e The relation Ry, is a partial order relation but not a total order relation: for example
(6,9) ¢ R, because there is no k € N with 6 = k-9, and (9,6) ¢ Ry, because
there isno k € N with 9 = k - 6.
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Example 1.30: divisibility among powers of 2

The relation
R:{(a,b):a,beA and Jk € N such that b:ka}, with A:{Q”:nGN},

that is, the relation “is a divisor of” on the powers of 2, is a total order relation.

e It is a partial order relation: reflexivity, antisymmetry and transitivity hold for Rgjy
on all the natural numbers, hence they hold in particular for the elements of A.

e It is a total relation: let a = 2™ and b = 2" be two elements of A, with m,n € N. If
m < n, then

b=2" =20 .9 =" Mg  with 2" ™ ¢ N,

hence (a,b) € R. If instead n < m, in the same way a = 2™~ " b and (b,a) € R.

Definition 1.24: of totally ordered set

A totally ordered set is a pair consisting of a set and a total order relation defined on
it.

e The sets of natural, rational or real numbers with the relation R< are totally ordered
sets.

Proposition 1.25: maximal element and maximum in a totally ordered set

In a totally ordered set (A, R) an element is maximal if and only if it is the maximum.
Hence a totally ordered set has at most one maximal element.

Proof. If a is the maximum, then it is maximal, as we have already proved for every
partially ordered set. Conversely, let @ be a maximal element and let b € A. Since the
relation is total, (b,a) € R or (a,b) € R. In the second case, since a is maximal, b = a,
and hence (b,a) = (a,a) € R by reflexivity. In both cases (b,a) € R, hence a is the
maximum. Since the maximum, if it exists, is unique, there is at most one maximal
element. O

e “At most” cannot be replaced by “exactly”™ the totally ordered set (N, R<) has no maximal
elements, because for every a € N we have (a,a+ 1) € R< with a + 1 # a.
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Example 1.32: maximum

The directed graph of a total order relation on the set {a,b,c,d, e}, with the maximum e
in red:

1.7 Functions

Definition 1.26: of function

Given two sets A and B, a binary relation f on A and B is a function if, for each a € A,
there exists one and only one b € B such that (a,b) € f.

Definition 1.27: of domain and codomain

The set A is called the domain of f, and the set B is called the codomain of f.

e We write:

f:A—>B
and if (a,b) € f, we write:

b= f(a)

since b is uniquely determined by the choice of a.

e Intuitively, the function f assigns an element of B to each element of A. No element of
A is associated with two different elements of B. The same element of B can however be
assigned to different elements of A.

Example 1.33

e The binary relation on N and {0, 1}:
f= {(a,b) :a €N, be{0,1} and b=a mod 2},

where @ mod 2 is the remainder of the division of a by 2, is a function f : N — {0,1}
since for all natural numbers a, there is exactly one value b € {0,1} such that b = a
mod 2. For example,
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Example 1.34

e The binary relation

g= {(a,b):a,bGN and a+bis even}

is not a function, since for example (1, 3) and (1, 5) are both in g. In other words,
for a = 1, we do not have one and only one b such that (a,b) € g.

Definition 1.28: of argument and value

Given a function f : A — B, if b = f(a), we say that « € A is the argument of f and
that b € B is the value of [ associated with a.

e We can define a function by directly defining its value for all the elements of its domain.

For example, we can define f(n) = 2n for n € N, which means:

f={(n,2n):neN} and f:N—-N

e The next chapter, “Functions”, starts again from this definition: a function f: A — B is
a binary relation on A and B with the functional property (each a € A corresponds to
one and only one b € B). There we study domain, codomain and image, and injective,
surjective and bijective functions.

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 27


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/mathematical-analysis-1/functions/01-functions/
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Chapter 2

Functions

2.1 The concept of function

The existence of a variable quantity implies the existence of a relation between two
quantities, that is, the dependence of one quantity on another.

e In each case, this relation follows a certain law or formula.

Example 2.1: Laws/formulas — functions

If a heavy object is dropped from a certain height, the distance traveled by the object varies
with time ¢ according to the formula:

1
s(t):§gt2 with ¢ >0

where g ~ 9.8 is the gravitational acceleration constant.

1.5 .
% L 1 2 )
— 3 gt
0.5 .
0 | | |
0 0.5 1 1.5 2

N : J

Hence, the time ¢ is associated with the distance traveled s(t): t — s(t).
- J

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 28


https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

Example 2.2: Laws/formulas — functions

If a unit capital is invested for one year at the annual rate i, with interest paid monthly at
a rate 15, we have:

e after the first month, a capital equal to:

) )
1+ —.1=1+ —
+12 +12

~——

(03
e after the second month, a capital equal to:

i i i i i\’
I+—=+—(1+=)=(1+= | ([1+—=)=(1+—=
+12+12<+12) (+12)(+12) <+12>

@ B
«
e after the third month, a capital equal to:

. 2 . . 2 . 2 . . 3
1 2 2 (3 2 2
14+ — — (1+ =] ={1+— 1+—)={1+—
< +12) D ( +12> ( +12> ( +12> ( +12)

[\ /
-~

B B

Repeating the argument, the capital at the end of the year therefore depends on the rate ¢
according to the formula:

k(i) = (1 + —)12 with i € [0, 1]

(" asf A

2, |
.\';/
1.5 a

)"

0 0204 0608 1
N Z’ J

Hence, the rate i is associated with the capital k(i) at the end of the year: i — k(i)

. J
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e In each of the previous examples, a real number (input) is associated uniquely with
another real number (output). It is precisely the uniqueness of the relation that
characterizes a function.

e In general, the admissible inputs for a given relation (function) are subject to natural
restrictions, related to the very nature of the relation.

Example 2.3: Admissible inputs

e In the first example the “starting” real number has the meaning of time; imagining
that the object is dropped at an initial time ¢ = 0, it is clear that we must restrict
ourselves to times ¢t > 0.

e In the second example, clearly we must have 0 < ¢ < 1, where 1 corresponds to a rate
of 100%.

2.2 Definition of function, domain, codomain and image

Definition 2.1: of domain

The set of admissible inputs for a given function is called the domain.

e The expressions independent variable (for a generic input) and dependent variable
(for the output) are often used.

Example 2.4: Other types of relations

Let us consider the set of students of a given course.

e If A is the set of students and B is the set of their names, the relation that associates
each student with his or her name is unique (single-valued).

e In this case neither A nor B is a set of numbers, but nevertheless a unique (single-
valued) relation between these two sets is well defined.

On the other hand, the converse is not necessarily true: there could be two students with

the same name.
(. J

Definition 2.2: of function

Given any two sets A, B, a function f with domain A and values in B (or also “with

codomain B”) is any law that associates with each element of A one and only one
element of B.

e In the language of the previous chapter, “Binary relations”, the law f is identified with
the set of pairs (x, f(x)) with € A: a function is thus a binary relation on A and
B with the functional property, that is, each x € A corresponds to one and only one
y € B with (z,y) in the relation (this is the definition of function given in that chapter).
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e The notation:
f:A—>B

(which reads “f defined from A to B”), indicates the domain and the codomain of the
function f.

e The notation
frxe f(x)

(which reads “f maps x to f(x)”) indicates how the function f acts on the elements.

e The symbol f(z) denotes the output or the value that the function f associates with
x, and it must not be confused with the symbol f, which denotes the function itself.

Example 2.5: Notation for functions

For the function

of the previous example we would have:

k:[0,1] - R

;i\ 12
k:i 1+ —
z'—>(+12)

Definition 2.3: of equality of two functions

Two functions f and g are equal if they have the same domain A, the same codomain B
and if
fla) =g(a), for every a € A.

e A function is therefore not just a “formula” the domain and the codomain are part
of the function. Changing either of them gives a different function, even if the law is
the same.

Example 2.6: equal functions and different functions

Consider the three functions
fRSR, f:z— 22 g:R—=[0,+00), g:z+ 2? h:[0,400) = R, h:z+ x?
e f = g: they have the same domain and the same law, but different codomains;

e f # h: they have the same codomain and the same law, but different domains.
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e The notation
y = f(x)

is also used to indicate that the variable y is a function of z. In this case y is the output
or the value that f associates with the input x.

For brevity, sometimes the value of f(x) is defined directly in terms of z, as for
example f(z) = 22 + 10.

e In general, we can think of a function as a black box that associates with each admissible
input z (input) a unique output f(z) (output):

/ black box \

P [ — f(2)

\ input output J

Definition 2.4: of image and image of the domain

The output corresponding to x is called the image of x; the set of possible outputs is
called the image of the domain A under f and is denoted by the symbol f(A) or
Im f.

e Note that in the notation f : A — B, the codomain B can be larger than the image f(A),
that is, in general we have

J(A) € B.

o If f is real-valued, we usually write f : A — R without specifying the actual image of f.

Definition 2.5: of image of a subset of the domain

Given a function f : A — B and a subset A’ C A, the image of A’ under f is the set
of the outputs produced by the inputs in A’:

f(A)Y={beB: b= f(a) for some ac A'}.

e Taking A" = A we recover the image of the domain (also called the range of f), which
can therefore be written explicitly as

f(Ay={be B: b= f(a) for some a€ A} C B.
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Example 2.7: image of the domain and image of a subset

Consider the function

fN—=N f:n—2n
e The image of its domain is
f(Ny={meN: m=2n for some n e N},

that is, the set of the nonnegative even numbers. In particular f(N) C N: the
codomain is strictly larger than the image.

e The image of the subset A’ = {0,1,2,3} C N is instead

F(A) = {0,2,4,6}.

2.3 Surjections, injections and bijections

Definition 2.6: of surjection (surjective function)

A function f is a surjection if the image of its domain coincides with its codomain.

o If f: A — B is a surjection, we also say that f maps A onto B. Note that the
word mapping denotes an arbitrary function: it is the preposition onto that expresses
surjectivity.

e Set representation:

/ surjective function non-surjective function \

Example 2.8: surjective and non-surjective functions

e The function f(n) = [§] is a surjective function from N to N, since every element of
the codomain N is the image of some value of the domain.

e The function f(n) = 2n is not a surjective function from N to N, since no argument
of f produces 3 as a value.

e The function f(n) = 2n is, however, a surjective function from the natural numbers
to the even numbers.
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Observation 2.7

Given two finite sets A and B, and a function f : A — B, if f is surjective then |A| > |B).

Proof. Write B = {by,bs,...,by}, with m = |B|, and for every i € {1,2,...,m} consider
the set of the inputs whose output is b;:

Ai:{CLEA: f(a):bl}gA

e Every A; is nonempty: since f is surjective, every b; is the image of at least one
element of A, hence |4;| > 1.

e Thesets Ay, Ao, ..., Ay, are pairwise disjoint: if a € A;NA; then b; = f(a) = by,
because f associates with a one and only one output, and therefore i = j.

e Their union is the whole of A: every a € A belongs to the set 4; with b; = f(a).

The sets Ay, Ao, ..., Ay, thus form a partition of A and, since A is finite, we count the
elements of A by summing the cardinalities of the blocks:

A= 1A 2 Y 1=m =Bl
=1 =1

Definition 2.8: of injection (injective function)

A function f is an injection if distinct arguments of f produce distinct values, that is,

if a # b implies f(a) # f(b).

e set representation:

/ injective function non-injective function \
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Example 2.9

e The function f(n) = 2n is an injective function from N to N, since each even number

b is the image under f of exactly one element of the domain, namely n = g

e The function f(n) = [§] is not an injective function, since the value 1 is obtained

from two arguments: 2 and 3.

e An injection is also called a one-to-one function.

Observation 2.9

Given two finite sets A and B, and a function f : A — B, if f is injective then |A| < |B].

Proof. Write A = {ay,aq,...,a,}, with n = |A|, and consider the n outputs

flar), flaz), ..., flan) € f(A).

e These outputs are all distinct: if ¢ # j then a; # a; and, since f is injective,

flai) # f(aj).

e Every element of f(A) appears in the list: by definition of image of the domain,
every b € f(A) has the form b = f(a) with a € A, that is, a = a; for some
ie{l,2,...,n}.

The list f(a1), f(a2),..., f(a,) therefore enumerates the elements of f(A) without rep-
etitions, and hence

Al =n = |f(A)].
Finally f(A) C B and B is finite, hence | f(A)| < |B|. Putting the two relations together
we obtain |A| < |B|.
0l

'd N\
The two remarks above are stated for finite sets: the proofs count elements, and counting

only makes sense for finite sets. Comparing the “sizes” of two infinite sets requires a different
notion of cardinality, which is introduced in the chapter “Cardinality of infinite sets” of Part
2.

Definition 2.10: of bijection (bijective function or one-to-one correspondence)

A function f is a bijection if: (i) it is injective and (i) it is surjective.

e set representation:
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/ bijective function \

Example 2.10

e The function f(n) = (—1)" [§] is a bijection from N to Z. The values of the function
are:

The function is injective, since no element of Z is the image of more than one element
of N. The function is surjective, since all elements of Z are images of some element
of N.

- J

e A bijection is also called a one-to-one correspondence, since it pairs elements of the
domain with elements of the codomain.

e A bijection from a set A to itself is also called a permutation.

2.4 Inverse of a bijection

e A bijection f: A — B pairs every element of A with an element of B and vice versa: the
pairing can therefore be followed in the opposite direction as well, from B to A.

Definition 2.11: of inverse of a bijection

Given a bijection f : A — B, its inverse is the function

fFLiB=> A, f'B)=a < fla)=0.

e The definition is well posed, that is, f~! really is a function, precisely because f is a
bijection: given b € B,

— the surjectivity of f guarantees that there exists at least one a € A with f(a) = b;

— the injectivity of f guarantees that there exists at most one, because distinct inputs
have distinct outputs.

Hence every b € B corresponds to one and only one a € A, as required by the definition
of function.

e In other words, if f applied to the input a gives the output b, then f~! applied to b
returns a:

and f(f ') =b, WbeB.
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Here the inverse is defined on the whole codomain B, and therefore both the injectivity
and the surjectivity of f are needed. In the chapter “Inverse functions” we study instead
functions of a real variable, and there a function is called invertible when it is only injective:
the inverse is built on the image f(D) and not on the whole codomain, and with respect to
the image surjectivity is automatic.

Example 2.11: inverse of a bijection

Let us go back to the bijection f : N — Z of the previous example,
n

fm) = (=0 3],

which pairs 0> 0,1 —1,2+ 1,3+ —2,4< 2,...

Its inverse f~!:Z — N is:

2m if m>0
f~l(m) =
—2m+1) if m<O0

Indeed, if m > 0, then n = 2m is even and f(n) = (—1)?"[m] = m; if instead m < 0, then
n=—(2m+1)=—-2m—1is odd and nonnegative, and

—2m—1—‘

o) = (o [ 22 < - o= J] = ~-m) = m

where we used that —m — % has ceiling —m, since —m is a positive integer.
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Chapter 3

Real functions of a real variable

3.1 Real function of a real variable

Definition 3.1: real function of a real variable

A function whose domain D is a subset of R and whose codomain is R:

f:DCR—-R, f:z— f(z)

is called a real function of a real variable.

e These are functions in which the “input” variable x and the “output” variable f(x) are
real numbers.

e The most common real functions of a real variable have as domain D and as image f(D)
an interval (possibly the whole of R) or the union of a finite number of intervals.

( N\
The dependence of the output f(z) on the input z is effectively visualized by drawing
the graph of f, that is, the set of points of the plane with coordinates (x,y) such that
y = f(z) and z in the domain D.

Example of the graph of a real function of a real variable with domain D = [a, b] (a closed
and bounded interval):
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(z0, f(z0))

f(wo)

\_
I
|
|
I
|
I
|
a

S

Zo

Every line parallel to the y-axis that intersects the z-axis at a point zg of the domain D
intersects the graph of f at one and only one point. ¢ Therefore, not all curves are
graphs of functions.

Note, instead, that nothing prevents a line parallel to the x-axis from intersecting the graph
of f at several points or at no point at all.

°If the line did not intersect the graph, this would mean that no output corresponds to the input x.
If the line intersected the graph at more than one point, this would mean that several distinct outputs
correspond to the input x, and hence the function would no longer be single-valued.

Example 3.1: curve that does not correspond to the graph of a function

Consider, for example, the curve made of the points of the circle of radius r:

Pry’=r = y=+Vr2-g2
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L

It is not possible to associate a unique output with the input z¢ € (—r,r), hence this curve

does not correspond to the graph of a function!
- J

3.2 Sign of a function

e The properties of a function are almost always studied not only on the whole domain,
but also on a part of it: one says for instance that x — 22 is “positive for z > 07 or
that  +— 22 is “decreasing in (—o00,0]”. It is therefore convenient to state the definitions
directly on a subset I of the domain, and then recover the “global” property as the
particular case I = D.

Definition 3.2: sign of a function in a subset of the domain

Given a function f : D C R — R and a subset I C D, the function is said to be
nonnegative in I if f(x) >0, Vz el
positive in [ if f(z)>0, Voeel

nonpositive in I if f(z) <0, Vz el

| negative in [ if f(z)<0, Veel

When the subset is not specified, the whole domain is understood: a function f: D CR —
R is called nonnegative (positive, nonpositive, negative) if it is nonnegative (positive,
nonpositive, negative) in I = D.
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e Graphically: f is nonnegative in I if no point of the graph with abscissa in I lies below
the z-axis; it is positive in [ if all these points lie strictly above the x-axis.

e If f is positive in I then it is also nonnegative in I; the converse is false, because f may
vanish at some point of 1.

Example 3.2: sign of a function

e The function f: R — R, f: x> 22 is nonnegative in R, since 2 > 0 for every = € R.
It is not, however, positive in R, because f(0) = 0: it is positive in I = (0, +o00) and
in I = (—00,0).

e The function f : R = R, f: 2+ 23 is positive in (0, +oc) and negative in (—o0,0),
since
B3>0 < >0 and <0 = z<0.

e The function f : R\ {0} = R, f: 2 — 1 is positive in (0,400) and negative in
(—00,0): the sign of 2 is the same as the sign of z.

Vs
.

3.3 Bounded functions

Definition 3.3: bounded functions in a subset of the domain

Given a function f : D C R — R and a subset I C D, the function is said to be
bounded above in I if IM eR: f(z) <M, Vxel
bounded below in I if ImeR: f(z) >m, Veel

bounded in 1 if IM eRxo:|f(z)|<M, Vezel

- J

e A number M € R such that f(z) < M for every = € I is called an upper bound for the
values of f in I; a number m € R such that f(z) > m for every = € I is called a lower
bound for the values of f in I. Hence f is bounded above in [ if its values in I admit an
upper bound, and bounded below in [ if they admit a lower bound.

When the subset is not specified, the whole domain is understood: a function f : D C R —
R is called bounded above (bounded below, bounded) if it is so in I = D.

e A function is bounded in I if and only if it is bounded both above and below in I. Indeed:

1. if |f(x)| < M for every x € I, then —M < f(z) < M for every x € I, hence M is an
upper bound and —M a lower bound;

2. conversely, if m < f(x) < M for every z € I, setting K = max{|m/|,|M|} > 0 we
have —K <m < f(z) < M < K, that is, |f(z)| < K for every z € I.

e Graphically, we have:
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1. a function is bounded above if its graph is contained in the lower half-plane bounded
by a line parallel to the z-axis

2. a function is bounded below if its graph is contained in the upper half-plane bounded
by a line parallel to the z-axis

3. a function is bounded if its graph is contained in a horizontal strip

Example 3.3: bounded function

Consider the function: N
'R R : — +1
f - R, f x+—>1+$2+
we have
1 1422 — 22 x2 x2
—tl=—4+1=2—- —— d — >0, V R
1—|—$2+ 1+ 22 i 1+ 2 an 1422 7 Te
1
hence 1< +1<2,VreR
1+ x2
4 y =2
|
|
|
y=1
0
\_ 0 -/
- J

Example 3.4: Unbounded function

The function
fR=>R, f:zm a8 (y = %)

is bounded neither above nor below.
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K —)
7‘,1:3
2, ]
= 0

92 |
—4 | \
4 2 0 2 4

\_ : Y

(& J

Example 3.5: Function bounded below

The function
fR=R, f:zm > (y = %)

is bounded below; indeed, 2 > 0,Vz € R

o ™

6, |
22 —t
BN 41 y
2, |
0 | |
—4 —2 0 2 4
N - /
- J

Example 3.6: boundedness in a subset of the domain

A function may fail to be bounded on its domain and still be bounded on a subset of it.

e The function f : R — R, f : 2 — 22 is not bounded in R, but it is bounded in
I =[-2,2]: indeed for —2 < 2 < 2 we have

|3 = |23 <23 = 8.

e The function f : R\ {0} = R, f:z+ 1 is not bounded above in I = (0, +00): given
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any M € R with M > 0, choosing x with 0 < z < ﬁ we obtain

f@)=3> M,

hence no real number is an upper bound for the values of f in (0,+00). The same
function is instead bounded in I = [1,+00), where 0 < 1 <1.

(S J

e Equivalently, we can say that a function is bounded above (bounded below, bounded) if,
respectively, its image is a subset of R that is bounded above (bounded below, bounded).

3.4 Symmetric functions

Definition 3.4: even function

Functions whose graph is symmetric with respect to the y-axis are called even.

e They are characterized by the relation

which expresses the equality of the ordinates corresponding to the points x and —x, which
are symmetric with respect to x = 0.

Definition 3.5: Odd function

Functions whose graph is symmetric with respect to the origin are called odd.

e They are characterized by the relation

which expresses the fact that the ordinates corresponding to the points  and —z, which
are symmetric with respect to x = 0, are the opposite of each other.

Example 3.7: Even and odd functions

For example, the function x — 2 is even, while z — 2 is odd. More generally, powers
with integer exponent are even functions if the exponent is even and odd functions if the
exponent is odd.

1. Example of the graph of an even function:
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S e --
8

A function cannot have a graph that is symmetric with respect to the z-axis, since the
correspondence would no longer be single-valued.

3.5 Monotonic functions

Definition 3.6: Non-decreasing function in a subset of the domain

Given a function f : D C R — R and a subset I C D, the function is called non-
decreasing in [ if for every pair of points x1, xo € I we have:

r1 < Xy — f(ml) < f(.’L'Q) (3.1)
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Definition 3.7: Increasing function in a subset of the domain

Given a function f : D C R — R and a subset I C D, the function is called increasing
in [ if for every pair of points x1, x9 € I we have:

1 < Ty — f($1) < f(l‘z) (3.2)

Definition 3.8: Non-increasing function in a subset of the domain

Given a function f : D C R — R and a subset I C D, the function is called non-
increasing in [ if for every pair of points x1, xo € I we have:

1 < xTy — f(a:l) > f(:L'Q) (3.3)

Definition 3.9: Decreasing function in a subset of the domain

Given a function f: D CR — R and a subset I C D, the function is called decreasing
in I if for every pair of points x1, xo € I we have:

r1<x9g = f(21) > f(22) (3.4)

e A function f is non-decreasing in I if, as x increases in I, the corresponding ordinate on
the graph of the function does not decrease (hence it either stays the same or increases);
it is increasing in I if it always increases;

e A function f is non-increasing in I if, as = increases in I, the corresponding ordinate on
the graph of the function does not increase (hence it either stays the same or decreases);
it is decreasing in I if it always decreases.

-

~

e A function is called monotonic in [ if it is non-decreasing in I or non-increasing in

1.

e A function is called strictly monotonic in [ if it is increasing in I or decreasing in

I.

When the subset is not specified, the whole domain is understood: a function f : D C
R — Ris called non-decreasing (increasing, non-increasing, decreasing, monotonic,
strictly monotonic) if it is so in I = D.

J

e A function increasing in [ is in particular non-decreasing in I (because f(z1) < f(x2)
implies f(z1) < f(x2)), and a function decreasing in I is in particular non-increasing in
I. Hence every function that is strictly monotonic in [ is also monotonic in I[;
the converse is false, as the constant function shows.

Author: Fabio Furini
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Example 3.8: Monotonic functions

e The function = + 22 is increasing in R (hence strictly monotonic in R).

e The constant function = +— k (whose graph is the line with equation y = k) is both
non-decreasing and non-increasing in R: it is therefore monotonic, but it is neither
increasing nor decreasing, and hence it is not strictly monotonic.

e The function z + 22 is decreasing in (—oo,0] and increasing in [0,+00), but it is
not monotonic in R: indeed f(—1) =1 > f(0) = 0 (hence it is not non-decreasing in
R) and f(0) = 0 < f(1) = 1 (hence it is not non-increasing in R). It is the typical
example of a property that holds locally but not on the whole domain.

1. Example of the graph of a non-decreasing function (horizontal segment):

- ----9 O

e

2. Example of the graph of an increasing function:

a T

——-----9 O
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3.6 Periodic functions

Definition 3.10: Periodic function

A (non-constant) function f : D — R is periodic with period T , T > 0, if T is the

smallest positive real number such that

flx+T)= f(z) forevery xe€ D

e Every interval of length T' contained in D is called a periodicity interval.

Example 3.9: Periodic functions

Typical examples of periodic functions are the trigonometric functions x +— sin(x) (T = 27),
x> cos(z) (T =27) and x — tan(z) (T = 7).

Example 3.10: Graph of periodic functions

Graph of a periodic function with period T' = 2:

2 )
NN
‘(1

N z J

e Lines parallel to the z-axis have equation

y==k keR
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Chapter 4

Power functions

4.1 Power functions
Definition 4.1: power functions
Given a € R, a # 0, the function:
f:DCR—-R, f:z—z” (4.1)

is called the power function with exponent o. The domain D depends on the value of
o

e with rational exponent o = * € Q, m € Z and n € Ny coprime, we have four

cases:
R if n» odd and >0
R\ {0} if n odd and <0

[0,400) if n even and T >0

(0,400) if n even and T <0
e with real, non-rational exponent o € R\ Q, we have two cases:

[0,400) if a>0
D —
(0,400) if a<O0

" J

4.1.1 Rational exponent

With o = 7+ € Q, m € Z and n € Ny coprime, we have a power function with rational
exponent:

f:DCR—>R, f:zrszn=zm

We have the following three cases, depending on whether m and n are even or odd.
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1. With n odd and m even, it is an even function, i.e., (—x)

monotonicity we have:

l'%>0,

if &
n

if &
n

Ve e R\ {0}; x

m
n

=0<«=2=0 and

n

For the sign and the

>0 then f is decreasing in (—o00,0] and increasing in [0, +00)

< 0 then f is increasing in (—o0,0) and decreasing in (0, 400)

2. With n odd and m odd, it is an odd function, i.e., (—x)
the monotonicity we have:

x%<0, Vo <0,

x%>0, Vx > 0;

X

m
n

if 7+ >0 then f isincreasing in R

m
n

m
= —In.

=0<«=2x=0 and

Mo

3

if ™ <0 then f is decreasing in (—o0,0) and in (0,+400)

\

For the sign and
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Example 4.1: graphs of power functions with rational exponent ' and n

odd

With m even:

With m odd:

\ 1 0 1 J

(. J

3. With n even and m odd (m cannot be even since they are coprime), for the sign and the
monotonicity we have:

=0<«=x=0 and E>0
n

x%>0, Vo > 0; T
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™ >0 then f isincreasing in [0, +o0)

™ <0 then f is decreasing in (0, +00)

T
1
|

Example 4.2: graphs of power functions with rational exponent 7> and n
even

1
T 2
1
x4
4
1 xr 4
_ 3
€T 2
0

(&

4.1.2 Real exponent

e With a € R\ Q, for the sign and the monotonicity we have:

z% >0, Vx>0 2*=0«=2=0 and a>0

if a«>0 then f isincreasing in [0, +00)

if @« <0 then f is decreasing in (0, +o0)
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4 /
7
y K y
7
7/
7/
7/
7
a>1 //
7/
7/
e
7
7
e
//
7
7/
7/
I,
1} 41k
7 0<a<l1
7,
//
0 0
| ol | x

N o )

-

4.1.3 Polynomials
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Definition 4.2: polynomial

Given n + 1 values a; € R with i € {0,1,...,n} and a,, # 0, the function:

f:R—R, f:xHZaixi (4.2)
1=0

N——
=Pn ()

is called a polynomial of degree n.

e For each monomial i € {0,1,...,n}:

1. the value a; is the coefficient of the monomial

2. the power function x* with integer exponent i is the literal part of the monomial

The value ag is the constant term of the polynomial since 2 = 1.

Example 4.4: polynomial

For example, withn =4,a9 =1, a1 = =2, a2 =0, a3 = % and a4 = % we have the following
polynomial of degree four:

4

; 1 1
P4(:U):Zaiﬂ:172m+§x3+§w4
=0

-~

SAPIENZA

UNIVERSITA DI ROMA

Author: Fabio Furini 54


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

4.2 Direct and inverse proportionality functions

( A
With @ = 1 and given A € R, we have the family of direct proportionality (or linear)
functions:

f:R—=R, f:z— Az where X\ is the constant of direct proportionality

Moreover, A = tan ¥ and ¥ is the angle between the line y = A z and the z-axis.
- J

0<Xo <A< | 27 ‘ ‘ A2T N <A <A <0

~—— Xox XoxT ——

\ 9

With a = —1 and given A € R, we have the family of inverse proportionality functions
(or rectangular hyperbolas):

A
f:R\{0} - R, f:x+— — where X\ is the constant of inverse proportionality
5

0< A <A1 < Ao A< A1 <A <O

Ao
z
|
I
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Given a € R and A € R, we have the family of power functions multiplied by a

constant:

f:DCR—->R, f:z— Xz where A\ isthe multiplicative constant

e For example, with « equal to 2 or equal to 3 and A\ € R we have:

0< g <A1 < Ao x

A< A1 <A <0 T

0< Ao <A1 < A2

A2 <A1 <A <0

e For example, with a = % and A € R we have:
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2~

1
0<Xo<A <Ay 272
1
D S /)
1
Ao X2
X
Yy
A2 <A1 <A <O x
1
Ao X2
1
~—_ )\ 22
1
Ao 12
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Chapter 5

Exponential and logarithmic functions

5.1 Exponential functions

Definition 5.1: exponential functions

Given b € R \ {1}, the function:
f:R=>R, f:z—b" (5.1)

is called the exponential function with base b.

e Regarding positivity and monotonicity, we have:

if 0<b< 1 then f is decreasing on R
b* >0, VxeR and
if b>1 then f isincreasing on R

- : ,

0<b<1
1H 41k :
0 0
€T x
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5.2 Logarithmic functions

Definition 5.2: logarithmic functions

Given a € R5o \ {1}, the function:
f:(0,400) >R, f:z~log,z (5.2)

is called the logarithmic function with base a.

e Regarding positivity and monotonicity, we have:
if 0<a<1 log,z>0, Vze(0,1), log,z <0, Vxe (1,+00)

and f is decreasing on Ry

if a>1 log,z <0, Vze(0,1), log,z >0, Vze (1,+00)

and f is increasing on Ryg

Moreover, we have:
log,z=0<=2=1, VYaecRy)\{l}

.y y

0<a<l1

a>1

\d

= ;

5.3 Change of base

Given any base ¢ € R-¢ \ {1}, all exponential and logarithmic functions can be rewritten
in terms of another base d € Rx¢ \ {1} as follows:

¢ =98¢ = @®1%8a¢  hence with X =logyc weget & =d*®
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1
log,. x = 984T pence with A=
log, c log, c

we get log.x = A log, «

The logarithmic function with base e is also written log x or Inz, while the one with base

2 is also written Ig x.
. J

Example 5.1: graphs of exponential and logarithmic functions

Exponential functions:

-

Logarithmic functions:
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Chapter 6
Trigonometric functions

6.1 Trigonometric functions

Definition 6.1: sine function and cosine function
The trigonometric functions:

fR—=R, f:z—sinzx

(6.1)
fR—=R, f:x+>cosz
are called sine and cosine.
.

sin(—x) =

e The sine is an odd function, while the cosine is an even function. Hence we have

—sinz, VreR

and cos(—z) =cosz, VreR

e The sine and the cosine are periodic functions with period:

T =27 and we have the fundamental identity sin®?z + cos?z =1, Vz € R

g ™

— sinzx
CoOST —
x
0
Yy
-1 | |

Author: Fabio Furini
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We have .
cos (:L’ — 5) =sginz, Vx eR

e From the sign and the monotonicity of the sine function we have:

sine >0 if z€km,2kn+m), VhkeZ
smr=0<=zx=kmn, Vk€Z

sine <0 if z€kn—m,2km), VkEZ

if vec@kn—3,2kn+35), Vk€Z [ isincreasing

if ze@kn+%,2kr+3F), VkeZ f is decreasing

e From the sign and the monotonicity of the cosine function we have:
T
COS.T:O<:>$:,I€7T—§, Vk € Z
cosx >0 if vekm -3, 2kn+73), VkeZ
cosz <0 if z€@kn+3,2km+3F), VkeZ

if ve@kn+m 2kn+27), VEke€Z f isincreasing

if xe@kn,2kn+m),VkeZ f is decreasing

.

The trigonometric functions:

are called tangent and cotangent; they are both odd and periodic with period T' = 7.

sin x

™
R - = Z R : = .
f:R\{km 2,Vk€ }—=R, f:z—tanz - (6.3)
FiR\{km VE€Z) 5 R, f:aw cotz= 22 6.4
SN T
1

Author: Fabio Furini
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/ cosx \
cota = —
(0,1) sin
[ R s
H sin x
1 tana =
. 1 cosT
sin @ '
|
(~1,0) " ! (1,0)
cosT
(07_1)

cotx tanx

1 | | —

R
3
1
w
”‘:1
|
3
1
INER=
o
ol b
3
w
Nle
[\
N

s N
The trigonometric functions:

s 1
'R - — Z R : = .
f:R\{km oL VkeZ} - R, f:xr>secx p— (6.5)
1
f:R\{kwm VkeZ} >R, f.m»—)csc:p—sinx (6.6)

are called secant and cosecant and they are periodic with period 7' = 2 w. The secant

function is even, while the cosecant function is odd.
(& J
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~

-10 | |

|
K -27 _377’ - -5 0

6.2 Values of the trigonometric functions

SER=
3
m“”
3
N
\J

cos sin tan cot sec cse
0 1 0 0 +o0 1 +o0
v =% (30°) £ P V3 3VE 2
x =T (45%) 2 2 1 1 V2 V2
v =1 (60°) : S I SR iv3
=7 (90°) 0 1 +oo 0 +oo 1
xr = (180°) -1 0 0 +o0 -1 +o0
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Vs

cos sin tan cot
x CcCoS T sinx tanx cotx
—x CcCoS T —sinx —tanx —cotx
g—l—x —sinx CcCosS T —cotx —tanx
% —x sin x CcoS T cotx tanx
™+ — COST —sinx tanx cotx
T—x — COST sinx —tanx —cotx
6.3 Main trigonometric formulas
Relations among the trigonometric functions
sinzx CcoS T tanzx cotx
: ~ — 2 tan? 1
sinz +v1—coscx +£4/ Trtan?a + reotin
 in2 1 cot? x
cosx ++/1 —sin“x - :l:,/Htaan Se Treot? 2
2 2
sin® [1—cos®x _ 1
tan & + 1—sin? z + cos? T cotx
1—sin?z cos? x 1
cotz + sin? z == V I—cos?z tanz -

.

where the symbol + means that the sign depends on the quadrant in which z lies

Author: Fabio Furini
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Addition and subtraction

r

sin(z1 + z2) = sinx; cosxe +sinxy cosxy (6.7a)
cos(zy + x9) = cosxy cosxy Fsinxy sinxg (6.7b)
. J
e N
tanz; £+ tanxy
t + = 6.8
i 5 i) 1 F tanz; tanxg (@8]
cotxy cotzo F 1
t(xy + = 6.8b
oo <= cot x9 & cot xq ( )
. J
Double-angle formulas
( N\
sin(2x) =2 sinx cosz (6.9a)
cos(2 ) = cos® x — sin® z
=2cos’z—1
=1-2sin’z (6.9b)
. J
( A
2 tanx
24) = ———— .1
tan(2 x) T tanZ s (6.10a)
t(2 z) Colg g | (6.10D)
cot(2zx) = ——— )
2 cotx
. J
Triple-angle formulas
( N\
sin(3z) = 3 sinz — 4 sin®z (6.11a)
cos(3x) =4 cos®z — 3 cosx (6.11Db)
\ J
Half-angle formulas
s N
. " 1—cosx (6.12a)
in— =44/ ——— .
sin 5 3 a
T 14 cosz
— =44/ —— 6.12b
cos 1/ 5 ( )
. J
SAPIENZA
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T 1 —cosx
tan - = &4/ ———
2 1+ cosx
B sinz
"~ 1+cosz

1 —cosx

sin x

(6.13a)

COtEI:l: 1+ cosx
2 \/ 1 —cosx
sinzx

1—cosx

1+ cosx
sin x

-

(6.14a)

Parametric formulas (tangent half-angle substitution)

-
X
2 tan§

1+ tan?

ST = z
2

1 — tan?

COSY = ———
1 + tan?

SIS

.

(6.15a)

(6.15Db)

Sum-to-product formulas (prosthaphaeresis)

p
x1 + X2 1 — T2
0S

2 ¢ 2

sinxy; +sinxs = 2 sin

. . . X1 — X2 T + o
sinzy; —sinze = 2 sin CcoS
2 2
1 + X2 Tr1 — T2
Cos
2 2

coST| + cosxo = 2 cos

T1+x2 . X1 — X2
Sin
2 2

COSx] — COSTy = —2 sin

&

(6.16a)

(6.16b)

(6.16¢)

(6.16d)

Product-to-sum formulas (Werner’s formulas)

s

N | —

sinx sinxg =

<cos(x1 — x9) — cos(z1 + x2)>

sinxy] cosxTy =

<sin(:L‘1 — x9) + sin(xy + :Eg))

N | —

COST1 COSTy =

<cos(:v1 — 29) + cos(z1 + xg))

(6.17a)

(6.17D)

(6.17¢)
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Additional formulas

( N\

9 1 —cos(2z)

sin® z = I (6.18a)
5 1+ cos(2 z)
cos" L = ————— (6.18Db)
in(2
sinx cosz = sm(2 2) (6.18¢)
- J

6.4 An application: oscillations

The sine and cosine functions are periodic: this is why they are the natural tool to describe
phenomena that repeat in time. In this section we apply them to oscillations (vibration
phenomena).

6.4.1 Vibration phenomena

e We have seen that the sine and cosine functions are periodic with period 2 7. We will
use the variable ¢ to denote time.

-

| | |
s —T -5 0 3w 27

N N : o

e Recall that sin(¢ + ¢) corresponds to a phase shift ¢ (horizontal translation).

RO

)

w
ol -

3
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( A
The functions:

t+— a sin (wt), t— b cos(wt) (6.19)

where a, b and w are positive real numbers, are called elementary vibrations. They are
periodic functions with

2
period T = o
w
- J
Example 6.1: period
2.

For example, considering t’ =t + =

2
sin |w (t + —7T> =sin(wt+27) =sin(wt)
w

t/

e Clearly we have:

la sin (wt)| <a and |b cos (wt)| <b

' \
The functions (6.19) describe elementary vibrations characterized by

amplitude ¢ and b (respectively)
27

angular frequency w = T

also called angular velocity, which indicates how many periods there are in an interval of
length 2 w. Moreover, they are characterized by the

w
frequency v = —
2T
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L which indicates how many times the function repeats itself in an interval of length 1
Example 6.2: of amplitude, angular frequency and frequency
3 3 47
t— 2 si —t =2 =o Tm ol
sin (2 ) a , W= o, 3
- T — ,\

i

/ 2 ‘ D ‘ 7K
: o %2 sin (i ) ===
— L )
sin ¢ I a=2 5 d 2 ) i
‘ [ ) ) 3 P '
] ) ' ! ' )
[ L.
]‘ : ‘| ,' ) ,' 1
1 I ) 1 ]
] 1 471_ [} I‘ Il I‘
: ‘| T= 3 : ' ,' 1
1 v
= 0 > - -
n [] 1 ( 1 [}
) [] 1 [] 1 [}
[} [} 1 [] 1 [}
1 (] 1 1] [}
1 [] 1 [} . N
|}
_1 | |‘ 'l 5 : . : ]
) (] \ ] \J ]
Y 1 |} [} A [}
) ’ \J ] \J ’
) ’ A ’ A ’
s e L S s |
-2+ s | e | S | |
-2 3m -7 =& 0 z T 3m 2
T2 2 2 2
\_ t
The angular frequency w = % means that there are 1.5 periods in an interval of length 2 7.
J
(6.20)

The frequency v is

h(t) =a sin (wt) +b cos (wt)

.
describes the superposition of the two elementary vibrations with the same angular

e The function
frequency w. The latter is again an elementary vibration, phase-shifted with respect

to the previous ones.
A=+a%2+1?

e Indeed, setting
we can write b
a
h(t)=A ——=sin(wt) + A ——
()=4 ot sin(wt) + 4 o
—_——— T

«

(6.21)

cos (wt)

e Now observe that the numbers
a b
and B = ———
b va?+ b2

N ——

—1<8<1  ?+p%=1

satisfy the conditions
—1<a<l1

cosY =«

SAPIENZA

UNIVERSITA DI ROMA

Hence there exists a unique angle ¢ such that
singp = 6

Author: Fabio Furini


https://github.com/fabiofurini/mathematical-analysis-1
https://fabiofurini.github.io/
https://www.diag.uniroma1.it/

Mathematical Analysis 1

so that (6.21) can be rewritten in the following form
h(t) = A cosp sin(wt) + A sinp cos(w t)

= A sin(wt+ p) (6.22)

Therefore h(t) represents an elementary vibration with amplitude A, angular frequency
w, phase-shifted by an angle ¢.

Ag
_®
w
L4
e !
¢« 1
4 1
, 1
’ 1
:' !
L4 1
4 1
- N Y
1
¢
In summary:
( R
a sin (wt) +b cos (wt) = A sin(wt + )
A=ayr (o7
b= A sinp
- J

e Under fairly general conditions, a periodic natural phenomenon can be written as the su-
perposition of a finite or infinite number of elementary vibrations with different frequencies
(Fourier series).

6.4.2 Damping and amplification effects

e By multiplying an elementary vibration by powers or exponentials, we can model
damping or amplification effects.

First example
e For example, consider the function
h(t) =t sin (wt)

which models an amplified vibration.
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e Since —1 <sin (wt) <1, we have

—t<tsin(wt) <t

and hence the graph of h(t) lies between the graphs of the lines with equations y = —t,

y =1.
e At the points where
sin (wt) =1
ie.,
s 2w
t=—+k— (k=0,1,2,.
2w w

the graph of h(t) touches that of y = t.

e At the points where

sin (wt) = -1
ie.,
3 2
t="" 4 k2T (k=0,1,2,..
2w w

the graph of h(t) touches that of y = —t.

)

)

e From the graph we can see that multiplication by ¢ has the effect of amplifying the

vibration as ¢ increases.
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f 10 ‘
t sin (4 ) \

L
VVVVU

—10 : ‘
0 T 2

N
-

10 T

! t ")

Second example

e For example, consider the function
k(t) =e " sin (wt) (a > 0)

which models a damped vibration.

1t
—at _
“‘(w)

is an exponential with base less than 1, considerations analogous to those made for the
function h(t) show that the graph of k lies between the graphs of the functions

e Recalling that

at —at

yr=-e and yo = —e

as shown in the figure:
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~

e_%t
0.5 o |
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Ve |
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-1 a ‘ |
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Chapter 7

Integer part and fractional part functions

7.1 Integer part and fractional part functions

e Two functions that are typically encountered when writing algorithms are the integer part
(floor) function and the fractional part (or decimal part) function.

Definition 7.1: of the integer part function

The integer part (floor) function is:

fiR—Z,z— [z] (or x— [x]) (7.1)

Definition 7.2: of the upper integer part function

The upper integer part (ceiling) function is:

[iR—>Z,xz— [z] (7.2)

Definition 7.3: of the fractional part function

The fractional part function is:

f:R—=[0,1),z — (z) (7.3)

e The integer part function f(z) = |z] and the upper integer part function f(z) = [z]| are
non-decreasing in R, but they are not increasing.

— They are non-decreasing: let 1 < xo. Then [z1] < 21 < 22 and, since |z;] is an
integer less than or equal to xo, while |z2] is the largest integer less than or equal
to z2 (see the chapter “Roots, powers, logarithms and modular arithmetic” of Part
2), we have [z1| < |x2]. In the same way [z2] > xo > 1 and, since [x;] is the
smallest integer greater than or equal to z1, we have [z1] < [x2].
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— They are not increasing: both are constant on every interval between two consecutive
integers, for instance

1 2

l=12l=0  and Y

3 3 3 3
hence there exist 1 < x2 with f(z1) = f(x2).

e Graphs of the functions f(x) = [z] and f(z) = || on the interval [—4,4].

S — o
3f flz)=Ta —e
2 e -
1 ® .
> 0 . ¢

1 —_ |
20 — |
_3 —e i
Y/ S S — N —

4 -3 -2 -1 0 1 2 3

f@) = |z —

\} w A~
I
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e Note that the fractional part is a periodic function with period 1:

9 )

N v /

7.2 Piecewise-defined functions

e Starting from the elementary functions, new ones can be built by using different analytic
definitions on different intervals.

Definition 7.4: of piecewise-defined function

A function f whose value f(z) is computed through different “instructions” depending
on the interval in which x lies is called a piecewise-defined function.

Example 7.1: Piecewise-defined functions

Consider for example

Inx if z>1,
fley=qz? if 0<z<1,
T if <0

its graph is:
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! )
22 /i
0.5 | R
> 0 :
xr
—0.5 |
-1 |
-1 0 1 2
\_ z W

e From the logical / algorithmic point of view, one can say that a function of this kind has
the peculiarity of being built using not only mathematical functions but also the logical
function “if .. .then”.

7.3 The absolute-value function

e In the chapter “Factorials, binomial coefficients and triangle inequality” of Part 2 the
absolute value of a real number a was defined by

a if a>0
la| = .
—a if a<0

Associating with every x € R the number |z| we obtain a function of a real variable, which
is the most important example of a piecewise defined function.

Definition 7.5: of absolute-value function

The absolute-value function is:

fR=Rzw— |z

e Sign. The absolute-value function is nonnegative in R and positive in R \ {0}:
|z] >0, VzeR and |z =0 <= z=0.

Indeed, if > 0 then |z| = z > 0, and if < 0 then |z| = —z > 0; in both cases |z| =0
forces z = 0.

e Monotonicity. The absolute-value function is decreasing in (—oo, 0] and increasing in
[0, 4+00), but it is not monotonic in R.
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— If 21 <29 <0, then |z1]| = —21 > —x9 = |22].
— If 0 < 21 < x9, then |x1]| = 21 < 29 = |x2].

— It is not monotonic in R because f(—1) = 1 > f(0) = 0 (hence it is not non-
decreasing in R) and f(0) =0 < f(1) =1 (hence it is not non-increasing in R).

e Boundedness and image. The function is bounded below in R (the number 0 is a lower
bound for its values), but it is not bounded above: for every M € R with M > 0 we have
f(M+1)=M+1> M. Its image is

f(R) = [0, 400),
because |z| > 0 for every x and, conversely, every y > 0 is the image of y itself: |y| = y.

e Symmetry. The absolute-value function is even, since | — z| = |x| for every x € R: its
graph is symmetric with respect to the y-axis.

e The graph consists of the two half-lines y = —x for £ < 0 and y = « for x > 0:
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Chapter 8

Hyperbolic functions

8.1 Hyperbolic functions

Definition 8.1: hyperbolic sine function and hyperbolic cosine function

The hyperbolic functions:

fi R R, f:xHth:% (8.1)
fiRSR, f:xHChx:% (8.2)

are called hyperbolic sine and hyperbolic cosine.

e The hyperbolic sine is an odd function, while the hyperbolic cosine is an even function.
Hence we have:

Sh(—z) = —Shz, VxeR and Ch(—z)=Chz, VzeR

e We have the fundamental relations:

xT
Ch?z—Sh2z =1, VzeR  and thg%gcm, vz e R (8.3)

- y

Chz

~— Shax

N 0 _
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e For the sign and monotonicity of the hyperbolic sine function we have:
Shxz >0 if >0
Shx=0<=2=0

Shx<0 if <0

f isincreasing Vr e R
e For the sign and monotonicity of the hyperbolic cosine function we have:

Chx >0, VzeR

if <0 f isdecreasing

if >0 f isincreasing

( N\

The hyperbolic function:

x —X

€ (&

‘R—R, f:z—Thoz=—"— 8.4
fROR, fizmTho= S0 (5.4
is called the hyperbolic tangent and it is an odd function.
. J
y
~— Thx
0 x

\ 0 _/

8.2 Main hyperbolic formulas

Addition
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Sh(zy + x2) = Shzy Chxzg + Shxe Chay (8.5a)
Ch(x1 + x2) = Chax; Chay + Shxy Shxo (8.5b)
. Thzy + Thzo
Th(l‘l + $2) =1 t Tha; Thz, (8.5C)
(& J
Double-argument formulas
Sh(2z) =2 Sha Chz (8.6a)
Ch(2z) = Ch?z + Sh?x (8.6b)
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Chapter 9

Operations on graphs

9.1 Operations on graphs

e Knowing the graph of a function y = f(x), by means of simple geometric transformations
it is possible to draw the graph of the following functions:

( y1 = f(z)+a, a€R (9.1a) \
yo=flz+a), acR (9.1b)
ys =k f(z), keR (9.1c)
yi=flkz), keR (9.1d)
ys = | f(2)] (9.1e)

\ ye = f(|z]) (9.1f) |

e Therefore, starting from the elementary functions, it is possible to build, by means of
these operations, a large variety of new functions. These operations create translations,
dilations and reflections of the original function.

9.1.1 Operations related to y; = f(x) +a

Example 9.1: Operations on graphs related to y; = f(z) + a

Consider y = Inz. Then
y1 =In(z)+a (z>0).
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N
2,
1,
P
0
~1
N
. J

e The graph of y; is obtained from that of y by a translation of a units upward if a > 0,
downward if a < 0.

9.1.2 Operations related to y» = f(z + a)

Example 9.2: Operations on graphs related to y» = f(x + a)

Consider again y = Inz. Then
y2 = In(x + a).

Since Inz is defined for z > 0, In(z + a) will be defined for  + a > 0, i.e., for z > —a.
Since nz =0if z =1, we have In(z +a) =0forz+a=1,ie,z=1—a.

= N

-1 0 1 2 3 4
Ny - J

- J

e The graph of y» is obtained from that of y by a translation of a¢ units to the left if a > 0,
to the right if a < 0.
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9.1.3 Operations related to y3; = k f(z)

e The graph of y3 = k f(z) is obtained from that of f by multiplying all the ordinates f(z)
by k.

e In particular, if & = —1 the ordinates simply change sign, so that the graph of y3 is
symmetric to that of f with respect to the x-axis.

e Note that if £k > 1, the graph is “stretched” in the vertical direction, dilating the
positive ordinates upward and the negative ones downward.

e Conversely, if 0 < k < 1 the graph “shrinks”, again in the vertical direction.

e Therefore, the operation of multiplying f(x) by k has the geometric meaning of a dilation
(if |k| > 1) or a contraction (if |k| < 1) along the y-axis, possibly accompanied by a
reflection with respect to the z-axis, if k£ < 0.

Example 9.3: Operations on graphs related to y3 = k f(z)

Consider y = sinz, then y3 = k sin(x).

i i
2 sinx
1 [ .|
> 0
sin x
1} |
_2 [ I I | |
21 37 —T - 0 g ™ 3w

&
vl
8
&
A\

sin x

ol |-
3
w
5

|
Do
NG
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o ™
0.5 . . |
—sinx sin x
> 0
—0.5 - s
-1 | \ \ | \ ]
us us
2 2 R

I
2 _37‘,‘- —T _ 0 m 3 2
\_ , /

9.1.4 Operations related to y, = f(k x)

.

e The graph of y4 = f(k x) is obtained from that of f(z) by a change of scale along the
ZT-axis.

o If k> 1, kx grows faster than x, and therefore the graph of y4 will be similar to that of f
but with faster oscillations, that is, it will be “compressed” in the horizontal direction
by a factor %

e Similarly, if 0 < k < 1 the graph will appear “dilated” in the horizontal direction,
with gentler oscillations.

e If £ < 0, in addition to a compression (if |k| > 1) or a dilation (if |k| < 1) along the
x-axis, there will be a reflection with respect to the y-axis.

Example 9.4: Operations on graphs related to y; = f(k x)

Consider y = sinx, then y4 = sin(k x). With k& = % and k = 2 we have:

/ i 7\
sin x
0.5 i
= 0 Sin (é x)
—0.5 | |
=L \ \ \ \ |
21 3 —T

1
|
1
ol |-
8 O
ol |-
3
N
[\}
NG
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/ 1 ‘in‘(2 z) 7\
0.5 | |
> 0
—0.5| 8
1L | | | | | | .
or 3z  —m I 0 T T 3r  2r

-~
J
\

~— lnx

B s e — I S—
5 4 -3 -2 -1 0 1 2 3 4 5

- J

9.1.5 Operations related to y; = |f(x)|

Absolute value of f(z):

e When passing from the graph of y = f(z) to that of y5 = |f(z)|, the points with
non-negative ordinate remain unchanged, while those with negative ordinate
are transformed into their symmetric points with respect to the z-axis.

e The graph of y5 = |f(x)| is obtained from that of f by “fHipping” symmetrically with
respect to the z-axis the part of the graph of f that lies in the lower half-plane, and
leaving the rest unchanged.
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Example 9.6: Operations on graphs related to ys = |f(z)|

Consider y = z, then y5 = |z|

/ 4 \ \
3t e .
2| ‘ .
1, ]

> 0
1k |
921 |
ol i
43 2 10 1 2 3

N O
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Example 9.7: Operations on graphs related to ys = |f(z)|

Consider y = sinz, then y5 = |sin z|

o D

0.5
sin x
= 0 A
—0.5
-1 | | | |
-2 _3T7r -7 -z 0 z s 3 2

8
¥
\

0.8 |-
0.6 |-
>
04|
0 | sin z|
0 | | . | |
=21 3m —T _g 0 % T 3w 27

. & x

9.1.6 Operations related to ys = f(|z])

§
\C

.

e Finally, to draw the graph of ys = f(|x|), we observe that |z| = x for z > 0, and hence in
the right half-plane the two graphs coincide.

e We have | — z| = |z|, and hence y¢ is an even function, therefore symmetric with respect
to the y-axis.

e Consequently, the graph of ys = f(|z|) is drawn by leaving the graph of f unchanged
in the right half-plane and flipping it symmetrically with respect to the y-axis.
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Example 9.8: Operations on graphs related to ys = f(|z|)

Consider y = e*, then yg = el
a 5 N
4+ _
3 _
>
21 _
| {/ 7
0-3 -2 -‘1 é 3
S /
a 5 N\
4 _
3 _
>
2 _
1 _
5= a1 o0 1 2z 3
\_ x )
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Chapter 10

Composite functions

10.1 Composite functions

Definition 10.1: of composite function

Given two functions:
f:EFE—-R and g:F —R,

if f(E) C F (ie., if for every x € E we have f(z) € F), one can define the function
h : E — R, the composite of f and g (in this order), denoted by the symbol g o f,
through the formula

hz) = (g0 f)(z) = g[f(z)]

e The composition scheme is the following:

Y

gof

Example 10.1: of composite function

The function x — |f(z)| is actually “composed” of two functions:
1. given z, we compute f(x)
2. once f(z) is computed, we compute |f(x)|

This amounts to operating in series with two black boxes, the first corresponding to f, the
second to its absolute value, according to the following scheme:

t—> f — f@) — || — /()]
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e It may happen that both compositions (go f) and (f o g) are well defined, but in general

(fog)#(gof)

In other words, the commutative property does not hold.

Example 10.2: of composition of functions
Consider the functions:
f:R>R, f:zra?

and
that is, f(r) = 2% and g(z) = cos .

g:R—-R, g:x+>cosz

holds

h(z) = (g f)(z)

1. Since g is defined on all of R, h = go f is well defined on R and the following formula

E

N

glf (x)] = cos(z?)

VU

| |
K -2 3m

2T —T
2

aill

3w T
%
holds

2. Since f is defined on all of R, kK = f o g is well defined on R and the following formula

(fog)(x) = flg(@)]

8
CERS

= COS2 T

COs™

| | |
0 z ™ ir 2w
z /
\ J
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Example 10.3: of composition of functions

Consider the functions:

f:R—=R, f:zx—e" g:[0,4+00) = R, g:x— T
that is, f(z) = e and g(z) = /x.

1. Since g is defined on [0,+00) and f(z) > 0 for every z € R, h = g o f is well defined
on R and the following formula holds

h(z) = (g0 f)(z) = glf(2)] = Ver

710 )

K

~10 —5 0 5 10
N . /

2. Since g is defined only on [0,+00), k = f o g is well defined only on R; and the
following formula holds

710 N

O

—10 -5 0 5) 10

N i J

- J

e The composition operation can be extended to three or more factors. One can verify that
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if the composition (f o g) o r exists, then f o (g or) also exists and they are equal
(fog)or=fol(gor)
In other words, the associative property holds.
e If a function f: D — R is such that f(D) C D, then it can be composed with itself
fP=fof thatis f*(x)= f[f(2)]

f? is called the second iterate of f. Similarly, f” is called the n-th iterate function

of f.
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Chapter 11

Inverse functions

11.1 Invertible functions and inverse functions

e Given a real function of a real variable f : D — R, for every input x in the domain D
there exists a unique output y = f(x) in the image of the domain f(D).

e If, in addition, for every output y = f(x) € f(D) there exists a unique input = € D, then
f is called invertible, and it establishes a one-to-one correspondence between the
domain D of f and the image of the domain f(D).

Definition 11.1: of invertible function

A function f : D — R is invertible on the domain D if one of the following equivalent
conditions holds:

V1,72 € D,  x1 # 12 = f(71) # f(22)
le,xg € D, f(.’El) = f(ZCQ) — T = X9
Yy € f(D), Nz eD:y= f(z)

that is, if f is injective.

( N\

WARNING: the definition of invertible function given here for real functions of a real
variable is different from the usual one given for functions between arbitrary sets, which
also requires surjectivity. In this case injectivity is enough because we define the inverse on
the image of f and not on its whole codomain.

Definition 11.2: of inverse function

Given an invertible function f : D — R, the function that associates to each output

y € f(D) the unique input x € D such that f(x) =y is called the inverse function of
f and is denoted by the symbol f~1.
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[ The pair f and f~! is written as: )
Jy=f(2) -1, z=f"(y)
f: {x - o {y c £(D) (11.1)

The black box of f~! works backwards with respect to that of f, according to the following
scheme:

,—> f

B
Y
T_ f_l 4_, f(f_l(y)> =Y
N v

The invertibility condition is equivalent to requiring that the graph of f be intersected in
at most one point by every line parallel to the z-axis.

Example 11.1: graph of an invertible function

; ;
a z2 = [ (y2) z1 =" ) !

Graph of a function that is invertible on [a, b], since every line parallel to the z-axis either
does not intersect the graph of f or intersects it in exactly one point.

.
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Example 11.2: graph of a non-invertible function

Y

|
]
1
]
1
]
]
1
:
]
° —o
1 ) x3 b L

L @ - -
LS @¢---—-—-—-—-----

Graph of a function that is not invertible on [a, ], since for the indicated value § there

are several values x (precisely x1 , 9 and x3) whose image is 7.
. J

If a function f : D — R is strictly increasing (decreasing) on D, then it is invertible on
D. Moreover, its inverse function is strictly increasing (decreasing).

For the strictly increasing case, graphically we have:

r1=f"")  z2=f"(y2)
N J
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4 N

8
[\]
|
7
—
<
[\)
~
|
|

I | |

K y1 = f(z1) Yo = f(x2)J

Proof. Consider the case of a function that is strictly increasing on D and two arbitrary
values 1, z9 € D (the strictly decreasing case is analogous).

If z1 # 9, then either z1 < x2 or 1 > 9. Since f is strictly increasing, we have:
if 1 <o, then f(:l?l) < f(l’g)
if x> X2, then f(:L‘l) > f(l‘Q)

In both cases f(x1) # f(z2), therefore f is invertible.

Consider the inverse function f~!, that is, z = f~!(y), and let us prove that it is strictly
increasing. Consider two arbitrary values y1,y2 € f(D), with y; < yo.

If we had f~!(y1) = #1 > z2 = f~!(y2), since f is strictly increasing we would have
y1 = f(z1) > f(x2) = ya, that is, y1 > ya. This cannot happen, since it contradicts
y1 < y2 (contradiction).

Consequently, we have f~(y1) = 21 < 3 = f~(y2), that is, f~1(y1) < f~1(y2), and
hence f~! is strictly increasing.

O
'd )
However, a function can be invertible even without being strictly increasing or decreasing.
- J
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Example 11.3: invertible function that is neither strictly increasing nor strictly

decreasing

For example, the following piecewise-defined function is invertible:
T if —1<z<0,

o if 0<z<2/3

\
=4

1 1
327
1 |
6
> 0
Lo
5.1'
1
=5 ‘ o
-1 0 2
3

e Two classes of functions that are certainly not invertible are:

1. even (symmetric) functions, since:

2. periodic functions, since:
fle+T) = f(z)
11.1.1 Graph of the inverse function
e The relations between an invertible function f and its inverse function f~!:

Jy=f(2) -1, z=f"(y)
f.{xGD f .{yef(D)

indicate that if the point (xg,yo) lies on the graph of f, then the point (yo,xo) lies on the
graph of f~1.

e Since the points (zg, yo) and (yo, xg) are symmetric with respect to the bisector with
equation y = z, the graph of f~! is obtained from that of f by symmetry with respect to
the bisector.
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s (y07$0)

'd \
If the analytic expression of f is known and f is invertible, the analytic expression of

f~1 is found by trying to solve for x the equation:
f(x) =y thatis, find the input =z that produces the output y

Note that it is not always possible to find it, even in cases where the inverse

function exists!
(. J

Given a,b € R, a # 0, we have:

f: y:ax—i_b f_ll ‘T:yT_b
reR yeR

Example 11.4: inverse function of an affine function

The function f: R — R,z — 2z + 3 is strictly increasing, hence invertible on R, and the
equation

2x+3 =y solved for x, thatis aczyz;g

gives for f~1 the analytic expression:
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\_

z—3

The graphs y =2z + 3 and y = %35

are symmetric with respect to the bisector y = x

[
/2“,3"

1)

z—3
2 |
|
0 3 5
\_ z J
(Wehave:
f‘ y_xQ f*l. x:\/ﬂ
lz>0 “ly>0
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Example 11.5: inverse function of f(z) = x?
The function f : R = R,z — 22

invertible there; the equation

is strictly increasing on the interval [0,+00), hence

z? =y solved for z, thatis z = NG

gives for f~! the analytic expression

that is, the function: f=!:[0, +o00) = R,y > VY-

The graphs y = x? and y = /= are symmetric with respect to the bisector y = z

!

-

r

Given a € Ry, a # 1, we have:

Example 11.6: inverse function of f(z) = e”

The function f : R — R,z — e is strictly increasing on all of R and hence invertible; the
equation
e’ =y solved for z, thatis z =logy

gives for f~! the analytic expression

f(y) =logy

Author: Fabio Furini
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that is, the function: f=1: (0, 4+00) — R,y ~ logy.

The graphs y = ¢* and y = log x are symmetric with respect to

the bisector y = x

4

o

e Now consider the function:
flx)=z+¢€"

Being the sum of two functions that are strictly increasing on all of R, f(z) is strictly
increasing and hence invertible on all of R (see Theorem (11.3)). However, we would try
in vain to solve the equation z + e* = y for z. In other words, f~! exists, but we cannot

write it explicitly.

11.1.2 Inverse power functions

-~

Given a € R, e # 0, we have:

1
y:;pa _ T =y«
f: fl:
x>0 y >0
If a > 0 we have: .
y:xa _ T =ya
f: flz
x>0 y >0
If a =" € Q, with m € Z,n € Ny odd and coprime, we have:
f.{xeR f '{yeR
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e The even powers:

22" withn=1,2,...

are not invertible on the whole real line, but only on the half-line = > 0.

/

-

e The odd powers:

and the powers with rational exponent

m
n

X

4 )
R4
K4
L4
L4
4
L4
3 - NI 0' -
AN x2 'O
S 1
s T2
2 o" ) AN
P R4
L4
K4
R4
4
R4
' \
11 _
oy 1
P T4
4
L4
L4
0
| | |
0 1 2 3 4
T J
22" withn=1,2,...

with n,m positive odd integers

being strictly increasing monotone functions, are invertible from —oo to 4oc.

K

\

3

Author: Fabio Furini
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11.1.3 Inverse trigonometric functions

e Being periodic, the trigonometric functions cannot be invertible. Indeed, for example, the
equation
y=sinz
has infinitely many solutions if —1 <y < 1 (the output y corresponds to infinitely many
inputs), or has no real solutions if |y| > 1.

e To speak of inverse functions of sine, cosine and tangent, we will need to restrict ourselves
to intervals on which these functions are strictly monotone and therefore invertible.

e An interval on which the sine function is invertible is [-7, 5].

Definition 11.4: of arcsine

The inverse function of the sine on the interval [—g, g] is the arcsine:

f:-1,1 — [—g, g} , [y arcsiny

We have:

: y=sinz 1, T = arcsiny 119
R PR iy i

(& J

e The graph of the arcsine is obtained from the arc of the sine curve restricted to the interval
[—g, E] (strictly monotone), by symmetry with respect to the bisector y = x,

K /2 \

arcsin x

-1

—m/2
—mw/2 -1 0 I 7/2

- . /

e An interval on which the cosine function is invertible is [0, 7].
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Definition 11.5: of arccosine

The inverse function of the cosine on the interval [0, 7] is the arccosine:

f:[-1,1] = [0,7], f:ywr> arccosy

We have:

Jy=cosx _1 ]z =arccosy
,: {:1: € [0, 7] ;o {y €[-1,1] (11.3)

e The graph of the arccosine is obtained from the arc of the cosine curve restricted to the
interval [0, 7] (strictly monotone), by symmetry with respect to the bisector y = x,

o 2

4
L4
'O
arccos x .
4
L4
L4
/2| )
> 1 |
COS T
0 7
4
L4
4
L4
4
'O
-1 | |
-1 0 1 7T/2 m

Ny v J
e Note that on the interval (=%, %) the tangent is strictly monotone and hence invertible.
Its inverse function is called the arctangent (arctan), and it is defined on R.

Definition 11.6: of arctangent

The inverse function of the tangent on the interval (fg, g) is the arctangent:

m™ T

f:]R—><—§,§>, f 1y arctany

We have:

-1, {x = arctany (11.4)

y€eR
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e The graph of the arctangent is obtained from that of the tangent restricted to the interval
(—g, g) (strictly monotone), by symmetry with respect to the bisector y = =,

/ | | .

o NA

1
N

\

e By means of the inverse trigonometric functions, we can express the solutions of a trigono-
metric equation or inequality when it involves angles that are not standard angles.

Example 11.7: Trigonometric equations/inequalities

e The solutions of:

1

sinz = —
4

are:

1 1
(7) x:arcsinz—i—QkTr; (i) l‘:’/T—aI“CSinZ—i-Qk'ﬂ' (kez)

a T
sin x
N I A S W AR RREDI Y /NS PURIRIPIN W S S, -l
4
> 0
-1 | | | \ |
21 3 —T -

/
S
volst |-
8 o
volst |-
3
o
Kﬁ’

e The solutions of:

cosr < —
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are:
1 1
arccosg—}-ler < z < 27r—arccosg+2k7r (keZ)

-

e The solutions of:
tanx > 3

are:

arctan 3+ kn < x < g+k7r (keZ)

.

.
8

11.1.4 Inverse hyperbolic functions

e Consider the hyperbolic sine function:

It is defined and strictly increasing on all of R, therefore it is invertible.

e To solve the equation for x, multiplying both sides by e* we obtain:

et —e”
0=e"y—¢€"
Y 2
=2e"y—(e"e” — e¥e "
y— ( \ )
76171760

=2ye® —e?* 41
=2 —2ye* —1
which is a quadratic equation in the unknown e®. Setting t = e* we obtain
0=t>—2yt—1
We obtain:

t=y=x+y2+1 and substituting back e =y+\/y2+1
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since e® > 0, the solution with the minus sign must be discarded. Hence we are left with:

ez:y—i-\/m and hence =z =log (y+m>

>0,VyeR

e This is the analytic expression of the inverse function of Shx, which is called the inverse
hyperbolic sine (area hyperbolic sine), and is also denoted by SettSh. It is defined for
every real y.

Definition 11.7: of inverse hyperbolic sine

The inverse function of the hyperbolic sine is the inverse hyperbolic sine:

f:R—=R, f:y— SettShy

We have:

f {y =Shzx L. {ac = SettShy (11.5)

reR yeR

e The graph of the inverse hyperbolic sine is obtained from that of the hyperbolic sine on
R (strictly monotone), by symmetry with respect to the bisector y = x

R

o

e Consider the hyperbolic cosine function:

et +e®
2

It is defined on all of R, strictly increasing for z > 0, decreasing for x < 0. Therefore it
is not invertible on all of R.

y=Chzx =
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e [ts restriction to x > 0, however, is invertible. We want to determine the analytic expres-
sion of the inverse function of this restriction.

e Proceeding as before, we obtain:

el =y+\y2-1

e This time both numbers y + y/y2 — 1 are positive; recall, however, that we are reasoning
only for z > 0, which is equivalent to choosing the plus sign. Therefore:

x:log<y+\/y2—1)

This is the analytic expression of the inverse function of Ch x, which is called the inverse
hyperbolic cosine (area hyperbolic cosine), and is also denoted by SettCh. Note that it is
defined for y > 1.

Definition 11.8: of inverse hyperbolic cosine

The inverse function of the hyperbolic cosine on the interval [0,400) is the inverse
hyperbolic cosine:

f:[l,400) = [0,400), f:y+> SettChy

. J
( A
We have:
Jy=Chz 1. )z =SettChy
"z €0, +00) ly €1, 4+00)
(. J

e The graph of the inverse hyperbolic cosine is obtained from that of the hyperbolic cosine
on [0, +o00) (strictly monotone), by symmetry with respect to the bisector y = x.

7

\»Jk

& x
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Example 11.8: Hyperbolic equations

e The equation:

Shx =2

has the unique solution:
& = SettSh 2 = log(2 + v/5)

e The equation:
Chz =3

has two solutions:

o

& = +SettCh 3 = +log(3 + 2 V2)

—
[
@ === —————————————

o—&
| log(2 4+ v/5) |

-log(3 + 2 V/2) 0 log(3 + 2 v/2)
N J
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