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Introduction

Algebra constitutes one of the essential foundations of mathematics and plays a central
role in computer science education. It provides the conceptual tools necessary to model,
structure, and analyze abstract objects, as well as to formalize rigorous reasoning.

I started writing this handout in my first year of teaching at the University of Bouira
in 2024-2025, dedicated to the first year computer science students in the computer science
department, and then in 2025-2026 taught in the common core computer science depart-
ment, where I directed the Algebra 1 module. The objective of this Algebra 1 handout is
to introduce the fundamental notions of mathematical logic, sets and applications, binary
relations, and the main algebraic structures, such as groups, rings, and fields, as well as
the study of polynomials. These concepts form an essential foundation for further studies
in mathematics and computer science.

This document is organized into five chapters. Chapter 1 begins with the notions of
logic and methods of reasoning. Chapter 2 introduces sets and applications. Subsequently,
we present binary relations and fundamental algebraic structures in Chapter 3 and 4 re-
spectively, and concludes with Chapter 5 which presents polynomial rings . Altogether,
these elements will enable students to acquire the necessary foundations for understanding
the mathematical tools used in computer science.

This handout serves as a pedagogical resource to support lectures, tutorials, and the
student’s individual work.

This is the first version of the document. Please send your comments and remarks to
the email address provided below.

Lydia BOUCHAL

Bouira University, 28 February 2026

e-mails: l.bouchal@univ-bouira.dz
Bouchal Lydia@outlook.com



Chapter 1

Logical notions

The philosopher Aristotle is often called the father of logic. Logic is about the rules of clear
thinking and reasoning. These logical rules provide meaning to mathematical expressions,
verify the correctness of programs and algorithms in computer science, and help construct
some proofs in software systems.

This chapter presents some fundamentals of logical concepts.

1.1 Definitions

A statement or proposition, is a declarative sentence that is either true or false, but
never both at the same time.
To represent statements, we use capital letter P, (), R, and so on.

Examples 1.1.
1. Py:"Algiers is the capital of Algeria" is a true statement.
P:"25 is a multiple of 5" is a true statement.
P3:"The number of letters in the English alphabet is 12" is a false statement.
Py:"7? = 48" is a false statement.

P5:"/2" is not a statement, because it does not have a truth value.

S v e

Ps:"The number x is even” is not a statement, because we cannot determine whether
it is true or false without knowing the value of x.
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7. P;:"The integer n divides 12" is not a statement, because we cannot determine
whether it is true or false without knowing the value of n.

1. A statement that is always true is called tautology.

2. In general sentences that express questions, exclamations, opinions and orders
are not statements.

Examples 1.2.
(P): "2? >0 for all real number x", (P) is a tautology because it is always true.

(Q): "|z| =0 for all real number x", (Q) is a tautology because it is always true.

A predicat is a sentence that depends on one or more variables, it is true for certain
values assigned to the variables and false for other values. It is denoted by P(z) or

P(x,y).

Examples 1.3.

P(x): "r < 8" this proposition is true for values of x strictly less than 8, false for other
values of x.

S True if v > 0.
Q(X): 77ex Z 177
N False if v < 0.

P(xy): " +y* =z +y"

1.2 Logical connectors

. 7 . . 7 . w .
Logical connectors, also known as logical operators, are used to combine two or more simple
propositions to formulate new propositions.
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1.2.1 Negation

Negation

The negation of a proposition P, denoted by P or | P or not(P) which is read "not
P", has the truth value that is the opposite of the truth value of P; that is, when P
is true, then P is false, and vice versa.

P
1
0

Table 1.1: Truth table for the negation of a proposition.

Examples 1.4.

(P): "5 is odd" then (P) is "5 is even”.

(Q): "z <17 " then (Q) is "x > 17"

(R): "It is raining" then (R) is "It is not raining".

1.2.2 Conjunction

The conjunction of two propositions P and @), is the proposition denoted by (P A Q)
and read "P and @Q". The proposition (P A Q) is true if and only if both P and @
are true at the same time, and it is false in all other cases.

PIQ[PAQ
11| 1
1o 0
01| 0
0lo0] 0

Table 1.2: Truth table for the conjunction of two propositions.

Examples 1.5.
1. "(3>2) N (9 is odd )" is a true proposition.

2. "8 >4) A (1 <5)"is a false proposition.
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'm € N* 15 even and odd number” is a false proposition.
"> —1) A (z <1)" means |x| < 1, this proposition is true.

"The sun is hot and water is a liquid”, this proposition is true.

S G S

"Water boils at 50 degrees celsius and water freezes at O degrees celsius”, this propo-
sition s false, because water boils at 100 degrees celsius.

1.2.3 Disjunction

Disjunction

The disjunction of two propositions P and @, is the proposition denoted by (P V Q)
and read "P or Q".

The proposition (P V Q) is false if and only if both P and @) are false, and (P V Q)
is true in all other cases.

In other words, (P V @) means "P is true, or @ is true, or both are true." This is
called an inclusive disjunction.

PIQ[PVQ
11| 1
1[0 1
01| 1
0j/o0| 0

Table 1.3: Truth table for the disjunction of two propositions.

Examples 1.6.
1. "(11 > 2) VvV (3 is odd )" is a true proposition.
"(14 < 8) V (3 < 2)" is a false proposition.

'm € N is even or odd number" is a true proposition.

"z <2)V(x>5)"
If v =1, then "(x < 2)V (z >5)" is true.
If x =3, then "(x < 2)V (z > 5)" is false.
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1.2.4 Implication

Implication

A proposition P implies another proposition @), denoted by (P = @), read (P implies
Q) or (if P, then Q).

The proposition (P = Q) is false if P is true and @ is false and is true in all other
cases.

The implication (P = @) can be read as:

e P is a sufficient condition for Q.

e () is a necessary condition for P.

PIlQ|P=Q
171 1
110 0
011 1
0]0 1

Table 1.4: Truth table of the implication.

Examples 1.7.
1. (0 <z <25 = +/x <5) is a true proposition.
2. (2+42=5= x=2) is a true proposition.

3. "If it rains, the road becomes wet."”
In this proposition, if it rains, then the road will naturally be wet. If it does not rain,
the road may be either wet or dry, depending on the circumstances. However, if it
rains and the road remains dry, then something is wrong.

4. "If you obey the law, you never go to prison.”
In this proposition, people who follow the law don’t expect to be imprisoned. Those
who break it might be imprisoned, depending on the situation. However, if someone
follows the law and is still sent to prison, they feel it is unfair.

1. The reciprocal implication of (P = Q) is (Q = P).

2. The contrapositive of the implication (P = Q) is (Q = P).
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1.2.5 Equivalence

Equivalence

A proposition P is equivalent to @ is denoted by (P < @), read "P if and only if
Q", "if P, then (), and conversely", or "P is a necessary and sufficient for @Q". The
equivalence between two propositions P and () means (P = @ and @ = P).

The proposition (P < Q) is true when P and @ have the same value of truth (both
true or false simultaneously) and it is false when the propositions P and @ have
different truth value.

PlQ|P&@
111 1
110 0
0] 1 0
0]0 1

Table 1.5: Truth table for the implication.

Examples 1.8.
1. For real numbers x and y, (|x| > |y|) & (z* > 3?).
For real numbers x andy, vy =0« (x=0)V (y =0).

Forn € N, n is even < n? is even.

"A number is even if and only if it is divisible by 2".

1. Two propositions are equivalent if they have identical truth table.

2. The implication is equivalent to its contrapositive, but it is not equivalent to its

reciprocal.
PQ|Q|P|P=Q|Q=P | Q=P
111100 1 1 1
11010 0 1 0
O(1(0]1 1 0 1
0]0|1]1 1 1 1

Table 1.6: Truth table of the implication, the reciprocal, and the contrapositive.

10



CHAPTER 1. LOGICAL NOTIONS Dr. Lydia BOUCHAL

1.2.6 Exclusive or (Xor)

Exclusive or

A proposition "P or @ but not both" is denoted by (P @ @) read as "exlusive or of
P and Q". The proposition (P @ @) is true when exactly one of the two P or @ is
true and (P @ Q) is false in all other cases.

PIQIPOQ
111 0
110 1
01 1
00 0

Table 1.7: Truth table for the exclusive or of two propositions.

Examples 1.9.

1. Let the propositions be
P:"Player A wins." Q:"Player A wins."

Then, (P & Q) means: Either player A wins or player B wins, but not both.
2. Students chooses either Mathematics or Computer Science, but not both.
3. You must exactly take one of the two courses.

The number of rows in a truth table is 2" where n in the exponent represents the
number of propositions, and 2 in the base indicates the two possible truth values (true
or false).

e If we have two propositions P and @, then the truth table has 22 = 4 rows.

e If we have three propositions P, ) and R, then the truth table has 23 = 8 rows.

\. J

11
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Properties 1.1

Let P,@Q and R be three propositions, the following equivalences are true:

7. [PV(QVR)] < [(PVQ)V R] (V is associative).
[PA(QAR)] < [(PAQ)AR] (A is associative).
8. [PV(QAR)] < [(PVQ)A(PVR)] (Vis distributive with respect to A).
[PA(QVR)|< [(PAQ)V (PAR)] (A is distributive with respect to V).
9. ([P=Q)N(Q=R)|= (P=R)
Proof.
We use a truth table to rigorously demonstrate the validity of each proposition.
(i)
P Q| P|Q|P|PAQ|PAQ | PVQ | PVQ | PVQ | PAQ
11 1]0]0 1 1 0 0 1 0 0
110011 0 1 1 1 0 0
0O(1]1]07]0 0 1 1 1 0 0
0,01 ]110 0 1 1 0 1 1

1. We have that P and P have the same truth table, then Pe P

2. We have that (P A Q) and (PVQ) have the same truth table, then (P A Q) < (PV

Q

).
3. We have that (P V Q) and (PAQ) have the same truth table, then (P V Q) < (PAQ).

(i)

Ql

Q=P | P PAQ

QO

QP

O

o Ol | —|
ol | o~

l—‘b—‘Ob—‘U,
O <<

»—t»—tOr—tU,

olo|~lo|
ool —|ol >

12
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1. We have that P = @ and @ = P have the same truth table, then (P = Q) <

P).

Q=

2. We have that P = Q and PV (@ have the same truth table, then (P = Q) < (PVQ).

(iid)

3. We have that P = @ and PAQ have the same truth table, then (P = Q) < (PAQ).

P Q|R|QVR|PVQ | PV(QVR)| (PVQVR | QAR | PANQ | PA(QAR)| PA(QAR)
111 1 1 1 1 1 1 1 1
11110 1 1 1 1 0 1 0 0
11071 1 1 1 1 0 0 0 0
11010 0 1 1 1 0 0 0 0
0111 1 1 1 1 1 0 0 0
0110 1 1 1 1 0 0 0 0
0|01 1 0 1 1 0 0 0 0
01010 0 0 0 0 0 0 0 0

1. We have that [PV (Q V R)] and [(P V @ V R)] have the same truth table, then

[PV(QVR)]<[(PVQVR).

2. We have that [P A (Q A R)] and [(P A Q A R)] have the same truth table, then

[PAN(QAR) < [(PANQAR).

(iv)

PI[QIRIQVER[PA(QVR) | PAQ[PAR|(PAQ)V(PAR)
T[1]1] 1 1 1 1 1
1[1]0] 1 1 1 0 1
1]o[1] 1 1 0 1 1
1[o/0| o0 0 0 0 0
0l1 1] 1 0 0 0 0
0l1[0] 1 0 0 0 0
0/0 1] 1 0 0 0 0
0/0[0] 0 0 0 0 0

We have that [P A (Q V R)] and [(P A Q) V (P A R)] have the same truth table, then

[PAQVR)] < [(PAQ)V(PAR).

13
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PIQIRIQAR|PV(QAR) | PVQ |PVR|(PVQ)V(PVR)
11171 1 1 1 1 1
11110 0 1 1 1 1
11071 0 1 1 1 1
110710 0 1 1 1 1
01111 1 1 1 1 1
010 0 0 1 0 0
01011 0 0 0 1 0
0[(0]0 0 0 0 0 0
We have that [PV (Q A R)] and [(PV Q) A (P V R)] have the same truth table, then
[PV(QAR)] < [(PVQ)A(PVR).

1.3 Quantifiers

A predicate becomes a proposition by adding quantifiers. Consider the following proposi-
tions:

"Some students enjoy mathematics," "All birds can fly," "No humans can live without
water," "At least one even prime number exists," and "Every morning the sun rises."
Each of these propositions contains a word that expresses quantity, such as "some", "all",
"none", "one", and "every". These words are called quantifiers because they specify how
many elements in a given set make the proposition true. There are two main types of
quantifiers: the universal quantifier and existential quantifier.

1.3.1 Universal quantifier "V"

Let X be a set,  a variable, and P a predicate whose statement depends on the
elements z of X.

e "For every x in X, P is satisfied " is denoted by "Vz € X, P(x)", and is true
if P(z) is true for any element z of S.

The symbol V reads "for every" or "for any" or "for all", is called the universal
quantifier.

Examples 1.10.
1. The proposition (Vx € Z, x # %) is true.

2. The proposition (VY € R, —1 <sinz < 1) is true.

14
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1.3.2 Existential quantifier "3"

Let X be a set, x a variable, and P a predicate whose statement depends on the
elements z of X.

e "There exists at least one value x in X, such that P(z) is satisfied " is denoted
by "dx € X : P(z)", and is true if there is at least one z of X, for which P(x)

1s true.

The symbol 3 reads "there exists" or "there exists at least", is called the existential
quantifier.

To show that 3z € X : P(z) is true, it is enough to find one value for zy € X such
that P(x) is true.

.

AN

Examples 1.11.

1. The proposition (3x € Z : x© > —2) is true.
For example, if we choose vy = 4, then ¢ € Z and xq > —2.

2. The proposition (Jz € R : x? = 9) is true because, for example, vy = 3 satisfies

2 _
x5 =9.

1. The quantifier denoted by 3! means that "there exists a unique".
"Jlz € X, P(x)" means that there exists exactly one element x in X satisfying
P(z).

2. The negation of "Vx € X, P(z)" is "dx € X : P(x)", which means "there is at
least one x such that P(z) is false".

3. The negation of "3z € X : P(z)" is "V € X, P(z)", which means "for all x in
X, P(x) is false".

AN

A

Examples 1.12.

1. VxeR, JyeR: z+y=0) (FxreR: VyeR, o+y#0).

2. (eR: VeeR, z+y=0)< (VyeR, Iz eR: x+y#0).
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1. The order of different quantifiers in a statement is very important.
For example, the propositions

(Ve e X,3ye X : P(z,y)) and (Jy € X : Vz € X, P(z,y))

are completely different.

In the first one, the value y depend on x and in the second one, a single y must
work for all z.

2. In a statement, when quantifiers are all universal quantifiers or they are all ex-
istential quantifiers, the order of the variables can be changed without affecting
the truth value of the proposition.

(Ve X, Vye X, P(x,y)) & (Vy e X, Vx € X, P(z,y)).

(FreX, ye X, Plr,y) e (FyeX, yeX, Pla,y).

(&

Examples 1.13.
1. dlaeR, Ve eR: x4+ a=ux, here a =0 is the unique solution.

2.VreR, dJyeR: x+y=0.
This proposition means "for every real number x, there exists a real number y" (pos-
sibly depending on x) "such that x +y =10."
For each x, we can choose y = —x. Therefore, this proposition is true.

3. yeR:VxeR, x+y=0.
This proposition means "there exists a real number y such that for all real numbers
r,x+y=0."
This would require one value fory to satisfy the equation for all x, which is impossible.
Therefore, this proposition is false.

Jz e X, P(z)) & [(Vsc € X, P(z)) or (3z,y € X, : P(z) and P(y) and z # y] .

Examples 1.14.
1. The negation of the proposition (lz € N:x <6) is

[(Va:EN,P(x):x>6) or(EIx,yGN:xSGandygﬁandx%y].
———————

16
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1.4 Types of reasoning

To show that the proposition (P = @) is true, one can use the following methods:

1.4.1 Reasoning by truth table

To show that a proposition is true, we verify that its truth table contains only true
values.

Examples 1.15. Let P and Q be two propositions. Show that [P = (Q V P)] is true,
whatever the truth values of P and Q).

P|P=(

Q vV P)

Q| S =~
~|~| ||

Q
1
0
1
0

~ S~ <
NN N )

1.4.2 Direct reasoning

To show that P = () is true, we assume that the statement P is true, and we use
what we know about P to deduce that the statement () is true.

Example 1.1. Show that the product of two odd numbers is an odd number.
Let a and b be two odd numbers.
Then, there exist integers n,m € Z such that

a=2m+1, b=2n+ 1.

Then
ab= (2m+1)2n+1)
= 4dmn+2m+2n+1
= 2(2mn+m+n)+ 1.

Since (2mn +n+m) € Z, let k = 2mn + n + m.
Thus a.b = 2k + 1 which is the general form of an odd number.
Therefore, the product a.b is an odd number.

Example 1.2. Show that if a,b € Q then a+b € Q.

a,beQ = 3dp,p €Z and q,q € Z*, suchthata— b

= a+b=2+ 5 =LY (pf 4 pg) € Z, o € -
:>a+b€@

P
/

17
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When direct proof of P = (@ is difficult to construct, we can instead use an indirect
proof. Indirect proofs do not start with supposing that P is true and end with the
conclusion that @ is true.

There are two types of indirect proofs: proof by contraposition and proof by contra-
diction.

1.4.3 Reasoning by contrapositive (contraposition)

It is based on the equivalence (P = Q) < (Q = P). B
To show that (P = Q) is true, we assume that () is true and we show that P is true.

Example 1.3. Show that Vn € N: n? is even = n is even.
It is enough to show that its contrapositive is true: n is odd = n? is odd.
We suppose that n is odd and we show that n? is odd. We have

n is odd = EIk:EN,n:2k+1

= n2=(2k+1) keN

= n2 (4k2+2k+1) keN
= n?=2k*+k)+1, keN

= n?=2k+1, kK= (k+k)eN
= n?is odd .

Then the contrapositive is true.
Conclusion: ¥Yn € N : n? is even = n is even.

1.4.4 Reasoning by contradiction

It is based on the equivalence (P = Q) < (P A Q).
To show that (P = @) is true, we assume that P is true and that @ is false, and we
look for a contradiction.

Example 1.4. Let x,y > 0, show that ﬁ = 1+z =T =Y.

We reason by contradiction, we assume that ;7 = l—i-Lx and x # vy, then

5= T z(l1+2z)=y(1+vy)

v+t =y+y?

2,2 _

r-y=y—ux

(z—y)(z+y) =y -z

(x —y)(x+y) = —(x —y)( we divide by x — y because x # y)
r+y=-—1

R

18
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contradiction, because x,y > 0 and the sum of positive numbers is always positive.

Then we conclude that Vx,y > 0, ﬁ = H% =x=1.

1.4.5 Reasoning by counter example

Let X be a set, x a variable, and P a predicate whose statement depends on the
elements = of X. To show that a proposition (Vo € X, P(x)) is false, we show that
its negation (3z € X, P(x)) is true.

Then to show that (Vo € X, P(z)) is false, we provide a counter example by giving
an element x € X that does not satisfy P(z).

Example 1.5. Show that Va,b € R, the identity v/a?> + b> = a + b is false.

Counter example:

We take a = 3, b = 4 we obtain Va2 + > = V32 +42=v25=5anda+b=3+4=17.
Then the equality v/a? + b> = a + b is false.

Example 1.6. Show that the following assertion is false

"Any positive number is the sum of three squares less than that integer”.

Counter example:
For the integer 7.
The squares less than 7 are: 02,12,2%2 but 02 + 124+ 22 =5#7

Example 1.7. Let f : R — R be a function defined by f(x) = 2.
Show that the following proposition is false:

Vo,y €R, f(z) = fly) =z =y
Counter example: We have f(2) = f(—2) =4 but 2 # —2.
Example 1.8. Let f and g be two functions defined on R such that

lim f(x) =400 and lim g(x) = —oc0
T——+00 T——+00

Can we conclude that lirf (f(x)+g(x)) =07
T—>+00

Counter example: We take f(z) = 22, g(x) = —x, we have
li = li =
S S = I e = e
and
but

lim (f(x) +g(2)) = lim (2* —2) = lim 2*(1 — é) = 400 # 0.

T—r+400 T—-+00 T—r+00

Then 1_131 (f(z)+g(z)) =0 is false.
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1.4.6 Reasoning by induction

To show that a logical statement P(n) is true for each n € N, we use the proof by
induction, it is done in three steps:

1. Initialization: We show that P(n) is true for the first value of n.

2. Heredity: We assume that the statement P(n) is true for a fixed n, and we show
that P(n + 1) is true, by using the fact that P(n) is true.

3. Conclusion: Deduce that the statement P(n) is true for all natural number n.

Example 1.9. Show that Vn € N: Y~ k= ”(";1) ... P(n).
k=0
We use the proof by induction.

1. Initialization: Forn =0, 0= @ =0, then P(0) is true.

2. Heredity: We assume that the statement P(n) is true for a fivzed n, that is > k =
k=0

is true and we prove that the statement P(n) is true at order (n+1). we want

to show that

n(n+1)

iik_ (n+1)(n+2)
— 5 )
k=0
We have
ntl ° 1 1)42(n+1
Sh=Yk+(n+1)="00 4 (n41)= netliedl)
k=0 k=0

(n+1)(n+2)
(nt2)

Then P(n+ 1) is true.

3. Conclusion: Vn e N: Y k = @
k=0

1.4.7 Case by case reasoning

Example 1.10. Show thatVx € R, |z —1] <z? -2+ 1.

We have
-1 = z—1, x>1,
| —r+1, z<1.
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Case 1: Ifx > 1.

P—rx+l—|r—1l= 22—z+1—(z—1)
2 — 2 +2
= (z—1)2%*+1>0.

Case 2: Ifx < 1.

P—x+l—|r—1= 2>—2+1—(—x+1)
= 22>0.

Then, in each case for all x € R, we have |x — 1| < 2? —z + 1.

1.5 Exercises

Exercise 1.1. Let P, () and R be three propositions.

1. Show that the following propositions are equivalent.

(2 P=Q) < @=P) (b) (P=Q) < (PVQ)
() [PAQVR)] < [(PAQ)V(PAR).

2. Show without using the truth table that:

(PVR)= Q< [(P=QAR=Q).

3. Give the negation of the following propositions:
(@) (PAQ)V(PVQ)V(PVQ)] = P;
(b) P=[(PAQ)V(PVQ)V(PVQ).

Exercise 1.2.

1. For which values of x theses propositions are false.
(d) 2=3=2=0. (b) [z=1)V(r>2)]=x>3.

2. Describe the parts of R under the following propositions hold true.
@ [(z=0A(z>1)]=2>3 (b) 22>0=2z>4.

Exercise 1.3. Let A =[0,1]. Consider the following propositions. If a statement is true,
provide a proof; if it is false, give a counter example.
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(a) Vee A,Vye A,z +y € A.

(b) Ve A, Jye A,z +ye A

(c) Ire A, Vye A, v+ye A

(d) Ir€e A, ye A,z +yec A

Exercise 1.4. Write in terms of quantifiers the following expressions:
1. The square of every real number is non-negative.
2. Between any two distinct real numbers, there exists a rational number.
3. Some real numbers are strictly greater than their square.

Exercise 1.5. Using the appropriate proof method, show that:

~

. Prove by direct reasoning: The sum of two rational numbers is rational.

2. Prove by contraposition: If n € N*, then n?+1 is not the square of a natural number.
3. Prove by contradiction: If n is an even integer, then n? — 1 is not divisible by 8.

4. Prove by Induction: For all integers n > 4 we have n? < 2".
5

. Let a be an integer. Prove by cases: 2 divides a(a + 1).

1.6 Solution of exercises

Solution of exercise 1.1. Let P,(Q) and R be three propositions.
1. Show that the following propositions are equivalent.

(a) (P=0Q) < (Q= P);

Pl Q|QI|PI[P=Q|Q=P
11110l o 1 1
1lol1]o0 0 0
0l 1]0] 1 1 1
0l 0] 1] 1 1 1

Since (P = Q) and (Q = P) have the same truth table then (P = Q) < (Q = P).
(b) (P= Q)+ (PVQ);
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PIQIP=0Q|P|PVQ
1] 1 1 0l 1
ilol o |o| o
0] 1 1 1
ol ol 1 i1

Since (P = Q) and (P V Q) have the same truth table then (P = Q) < (P V Q).
(c) [PAQVR)] < [(PAQ)V(PAR).

PIQ|R|QVR| | PA(QVR)| PNQ | PAR|(PAQ)V(PAR)
1111 1 1 1 1 1
11 11]0 1 1 1 0 1
11011 1 1 0 1 1
11010 0 0 0 0 0
0| 1] 1 1 0 0 0 0
0|1 1|0 1 0 0 0 0
0] 0| 1 1 0 0 0 0
0] 01|0 0 0 0 0 0

The propositions [P A (Q V R)] and [(P A Q)V (P A R)] have the same truth table
then

[PAQVR)] < [(PAQ)V(PAR).

2. We show without using the truth table that: [(PV R) = Q] & [(P = Q) A (R = Q)].
We have (P = Q) < (P V Q), then

[(PVR):>Q]<:>[ Y

RV Q|
& [PAR)Y Q]
A

(V is distributive with respect to N)
vV Q)
(P = Q)N (R= Q)]

3. Guve the negation of the following propositions:
Since the negation of P = () is P N\ Q, then

(a) The negation of [(PAQ)V (PVQ)V (PVQ)] = P is

[(PAQ)V(PVQ)V(PVQ)AP].
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(b) The negation of P = [(PAQ)V (PVQ)V (PVQ)] is
Q)V(PVQ)V(PVQ)
AN APVQA(PVD))
Q JAPAQ)
Q )APAQ).

P=[(PAQ)V(PVQ)V(PVQ)] <PA(PA
SPA((P

<SP A
<SP A

(PVQ)A(PAQ
(PVQ)A(PAQ
Solution of exercise 1.2.

1. The values of x for which the propositions are false.

(a) (z=3)= (z=0).
This proposition is false when v = 3 is true and x = 0 s false. If x = 3 is true
then 3 =0 s false , then x = 0 s false.
Therefore the proposition (z = 3) = (x = 0) s false for the value z=35.
b) (z=1)V(zr>2)]=x>3
This proposition is false when [(z = 1)V (z > 2)] is true and x > 3 is false.
e The proposition [(z = 1)V (z > 2)] is true in these cases:
(a) If both (x = 1) and (x > 2) are true (which is impossible).
(b) If (x = 1) is true and (x > 2) is false, then [(x = 1) V (z > 2)] is true

forx =1.
(c) If (x = 1) is false and (x > 2) is true, then [(x = 1) V (z > 2)] is true
for z €]2,400).

e The proposition x > 3 is false for v €] — 00, 3].
Therefore, the proposition ([(x = 1) V (x > 2)] = x > 3) is false for x € {1}U]2, 3].
2. The parts of R under the propositions hold true.

@) [(x=0)A(x>1)]=2z>3.
The proposition [(x = 0) A (z > 1)] is always false, since if x = 0, then the
condition x > 1 is false.
Therefore, the proposition [(x = 0) A (x > 1)] = x > 3 is true for all v € R.

(b) 22> 0= a2 >4.
The proposition x> > 0 is always true for all x € R, so the proposition (x? >
0) = (x > 4) is true, if x > 4 is true, that is for x €]4, +o00|.

Solution of exercise 1.3. Let A = [0,1]. Consider the following propositions. If a
statement is true, provide a proof; if it is false, give a counterexample.

(a) Vee A, Vye A, v +y € A
This proposition is false.
Counter example: It is sufficient to takex =1 € Aandy=1€ A, thenx+y =2 ¢
A.

24



CHAPTER 1. LOGICAL NOTIONS Dr. Lydia BOUCHAL

(b) Vee A, Jye A, x4y € A
This proposition is true.
Let x € [0,1], we take y =0 then x +y = x € A. For every x € A there exist at least
oney € A (for example y = 0) such that x +y € A.

(c) Ixe A, Vye A, o +y e A
This proposition is true.
We need to find x € A such that for everyy € A, we have x+y € A, that isx+y < 1.
Taking y =1, we obtain x +1 <1 =2 <0.
Since x € A, the only possible value is x = 0.
Therefore, 3x = 0 € A such that Vy € A, x +y € A.

(d) 3z € A, ye A, z+y e A

This proposition is true.

It is enough to find two elements x € A and y € A, such that x +y € A.
For example, take x = %,y:OEA. Thenx—ky:%%—(): % e A.
Solution of exercise 1.4. Write in terms of quantifiers the following expressions:

1. The square of every real number is nonnegative.

Vz e R, 22 > 0.

2. Between any two distinct real numbers, there exists a rational number.

Ve,yeR, e <y, d3geQ:x<q<uy.

3. Some real numbers are strictly greater than their square.

JreR: x> 2%

Solution of exercise 1.5. Using the appropriate proof method, show that:

1. The sum of two rational numbers is rational.
Proof (Direct reasoning):

Let x,y € Q = dp,m € Z and q,n € Z*, suchthat:czg,y:%.
=ct+y= L+ 7%
= ’%, (pn+mq) € Z and qn € Z with qn # 0.
=z+ycQ.

2. If n € N*, then n*® + 1 is not the square of a natural number.
that 1s
(neN"=VkeN :n*+1#Fk).
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Proof by contraposition: it is based on the following equivalence

(P=0Q) < (Q=P).

We want to show that its contrapositive is true, i.e.
(FkeN:n*+1=k")=>n¢N (n=0).

Suppose that Ik € N such that n> + 1 =k? then k? —n*=1= (k—n)(k +n) = 1.

We know that k —n € Z and k +n € N, then:

{ (k—n)=1...(1)
(k+n)=1...(2)

(1) + (2), we obtain 2k = 2 then k = 1.

(1) — (2), we obtain —2n = 0 then n = 0.

Thus, the only solution is n=0. Therefore the contrapositive is true, then
If n € N*, then n® + 1 is not the square of a natural number.

3. If n is an even integer, then n® — 1 is not divisible by 8.
Proof by contradiction: Suppose that n is an even integer and that n®> — 1 is
divisible by 8.
Since n s even, then 3k € N: n = 2k. Thus

n?—1=(2k)* -1 =4k —1.
By assumption, 3m € N such that
4k* — 1 =8m = 4k*> = 8m + 1.

Now, 4k? is divisible by 4. However, Sm + 1 has remainder 1 when divided by 4, so
8m + 1 is not divisible by 4.

Thus, we obtain equality between a number that is divisible by 4 and a number that
is not divisible by 4 contradiction. Therefore our initial assumption is false.

Hence, if n is even , n®> — 1 cannot be divisible by 8.

4. For all integers n > 4 we have n? < 2",
Proof by Induction: Let P(n) denote "For all integers n > 4 we have n* < 2",

Initialization: Forn =4, 4> = 16 > 2* = 16, then P(4) is true.

Heredity: We suppose that P(n) is true for a fivred n > 4 and we show that P(n +
1):(n+1)% < 2" s true.
We have

1 2
(n+1?=n*+2n+1=n’ (1+—)
n
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Since, n > 4 then * < 1 therefore
n 4

Then,
(n+1)> <n*2<2m2=2""

Then P(n + 1) is verified,

Conclusion: By induction the desired inequality n? < 2™ for all n > 4 is true.
5. Let a be an integer. Prove by cases: 2 divides a(a + 1).

case 1: a is even then 3k € N* : a = 2k, thus a(a + 1) = 2k(2k + 1) then a(a + 1)
is an even integer (it is divisible by 2).

case 1: a is odd then dk € N* : a = 2k + 1, thus
ala+1)=2k+1)2k+2) =22k +1)(k+1)
then a(a 4 1) is an even integer (it is divisible by 2).

Then by cases a(a + 1) is an even integer for integer number a.
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Chapter 2

Sets and mappings

2.1 Sets

In mathematics, we often deal with collections of numbers, objects, or ideas that share a
common property. To describe and study these collections precisely, we use the concept of
sets. A set is simply a well defined group of distinct elements, such as numbers, letters,. . .
The first part of this chapter is devoted to the concept of sets. In particular, we study the
laws of operations with sets.

2.1.1 Definitions

A set X is a collection of distinct objects, well-defined according to a common property.
Each of these objects is called an element of X.

e If z is an element of the set X, we say that x belongs to X, and we denoted this
by z € X.

e If x is not an element of the set X, we say that x does not belong to X, and we
denote this by = ¢ X.

.

Example 2.1.

1. Let X be the set of all capital cities in the world, then the city Tokyo, denoted by x,
1s an element of X and we write x € A.

2. If Y 1is the set of all capital cities in Africa, then Tokyo, denoted by x, is not an
element in the set Y and we write x ¢ Y.
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Remark 2.1

In general:
1. We use uppercase letters, such as A, B, ..., to denote sets.
2. The elements of a set are represented by lowercase letters: a,b,c, .. ..

3. We use braces (curly brackets) { } to refer to a set.

A set X can be represented in two ways:
Explicitly (In extension): By listing all the elements of the set X.

Implicitly (In comprehension): By stating a property or a rule that characterizes the
elements of the set X.

X ={z: x verify a property P(z)}.

Example 2.2.

1. The set X ={n € N: 0 <n <8} is defined implicitly (in comprehension).
The set X ={0,1,2,3,4,5,6,7,8} is defined explicitly (in extension).

2. The set Y={all the vowels in the English alphabet } is defined implicitly (in compre-
hension).
The set Y ={a,e,i,o,u} is defined explicitly (in extension).

e A set with no elements is called empty set, denoted by @) or {}.
e A set with only one element, like X = {z}, is called a singleton set.

e The sets {a,b,c} and {b,c,a} are the same, because the order of elements does not
matter.

e The sets {a,b,c} and {a,b,b, ¢, c} are the same, because repeating elements does not
change the set.

Example 2.3 (Usual sets).
N: Set of natural numbers.
Z: Set of relative numbers.
D: Set of decimal numbers.
Q: Set of rational numbers.

R: Set of real numbers.
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C: Set of complex numbers.

The cardinality of a set X is denoted by Card(X) or |X|, is the number of distinct
elements of X.
If Card(X) is finite, then X is called a finite set. Otherwise, X is called an infinite set.

Example 2.4.
1. Card({0,1,2,8}) =4, then the set {0,1,2,8} is finite.
2. The set of natural numbers: {0,1,2,3,...} is infinite.

3. The set of prime numbers is infinite (A prime number is a number greater than 1
that can be divided exactly only by 1 and itself).

4. Card(0) =0 and Card({0}) = 1.

2.1.2 Relation between sets

Let X be a nonempty set.

A is called a subset of X or a part of X, if all elements of A belongs to X. We write

thisas A C X.
We write

A C X(Aisincluded in X) < Vz, (x € A) implies (z € X).
A ¢ X(Ais not included in X) < 3Jz, (x € A) and (z ¢ X).

Example 2.5.
I.NCZCcQcCRCcC.
2. N ¢ R* because 0 € N and 0 ¢ R*.
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Equality of two sets

Two sets A and B are equal if they have the same elements. We denote this by
A = B (read as "A is equal to B").

Ve, r € A< x € B.

This means

A=B & (ACBand BCA).
A#B < (AgZ Bor B¢ A).

Example 2.6. Consider the following sets:

1. A={xeR: 2* =52 +6=0}, B=1{23}, then A= B.
Indeed, the elements of A are the real numbers that verify the equation 2 —5x+6 = 0.

Solving this equation, we obtain only two solutions that are equal to 2 and 3. Hence
A={2,3} =B.

2. C={5,10,15}, D ={5n: ne N, 1 <n <3}, both sets contain multiples of 5 up
to 15, then C' = D.

3. the sets {0} # 0, the set 0 is the set that has no elements and {0} is the singleton
set, and its only element is the empty set.

Power set

The power set of X denoted by P(X) is the set of all subsets of X, including the
empty set and X itself.
P(X)={A, AcC X}.

Example 2.7.
1. If X = {a}, then Card(X) = 1.
Thus
Card(P(X)) =2' = 2.
Therefore,

P(X) ={0,{a}}.

2. If X ={a,b}, then Card(X) = 2.
Thus
Card(P(X)) =22 = 4.

Therefore,
P(X) = {(Z)a {av b}v {a}> {b}} :
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3. If X ={a,b,c}, then Card(X) = 3.
Thus
Card(P(X)) = 2% =8.

Therefore,
P(X) ={0,{a,b,c}, {a},{b},{c}, {a, b}, {a, c}, {b,c}} .

1. P e P(X) and X € P(X).

2. z € X & {z} e P(X).

3. If X = 0, then P(X) # 0 (P(X) is never empty even if X = ().
4. AeP(X)= ACX.

5. If Card(X) = n, then Card(P(X)) = 2".

2.1.3 Operations on sets

Just as propositions can be combined in various ways using logical connectives to form new
propositions, sets can also be combined to form new sets that has specific properties. We
now use these logical connectives to define the corresponding set operations.

Let A and B be two subsets of X, we define the following operations.

Complement of a set

The complement of A in X, denoted by Cx A is the set of elements of X that does
not belong to the set A.
CxA={reX: z¢A}

CxA

Figure 2.1: C'x A the complement of A in X.
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Example 2.8. Let the following sets:
X ={-1,2,10,13}, Y = {-1,2}, G = {10, -1}

then CxY = {10,13} and CxG = {2,13}.

Union and intersection

Let A and B be two subsets of X. Then

e We denote A U B the union of two sets A and B, it is said A union B.

AUB={z: x€ Aorz € B}.

e We denote AN B the intersection of two sets A and B, it is said A intersect B.

ANB={z: x € Aand z € B}.

AUB ANB

Figure 2.2: AU B union of sets A and B, AN B intersection of sets A and B.

e If AN B =), then A and B are said to be disjoint sets.

o If AUB = X and ANB = (), then A and B are said to be complementary subsets
of X.

Difference of two sets

The difference of two sets A and B, denoted by A\ B or A— B, is the set of elements
that belong to A but not to B.

A\B={z: x€ Aand z ¢ B}.
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Symmetric difference

The symmetric difference of two sets A and B is denoted by AAB, is the set of
elements that belong to either A or B, but not to both.

AAB = (A\ B)U(B\ A).

Figure 2.4: AAB: the symmetric differ-

Figure 2.3: A\ B: the elements of A that
ence of A and B.

are not in B.

Example 2.9.
1. Let X =R, A=[1,3], and B = [2,5]. Then
A\ B =[1,2] and B\ A =]3,5].

2. Let X =7, A={-1,3,5,7} and B={-2,—-1,5,7}. Then
A\ B={3}, B\A={-2}, AAB={-2,3}.

Example 2.10.
Let the set X = {1,2,3,4,5,6} and the define the set A representing the odd numbers and

the set B representing the prime numbers.
CxA=1{2,4,6}
AUB={1,2,3,5}

X ={1,2,3,4,5,6} — {gzggg}]" — QCBB:%E)}

AAB = {1,2}.
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Let X1, Xs,..., X, be subsets of a set X. Then:

e The intersection X; N XsN---N X, is defined as the set of elements x that belong
to every set X1, Xs, ..., X,,. That is,

XiNnXen---nNX, ={z, Vie{1,2,...,n}, z € A;}.

e The union X; U Xy U---U X, is defined as the set of all elements = that belong
to at least one of the sets X7, X5,..., X,,. That is,

XiUXoU---UX, ={z, i€ {1,2,...,n}, z € A;}.

Vs

J

Partition of a set

Let X be a set, the subsets X1, X5,...,X,, C X form a partition of X if and only if
the following conditions are satisfied:

1. X; #0, Vie{1,2,...,n}.
2. X,NX; =0, Vi#j, i,5€{1,2,...,n}.

3. UXi=X1uXoUX3U---UX, =X.
=1

Example 2.11.

1. Let X = {Letters in an English alphabet} this set can be partitioned into sets, for
example, X, = {Set of vowels} and Xy = {Set of consonants}. It is clear that,

(a) X1 #0 and Xy # 0.
(b) XlﬂAgzw .
(C) X1UX2:X

Then X, = {Set of vowels} and Xy = {Set of consonants} form a partition of the
set of all letters in an English alphabet.

2. Let A be a nonempty subset of X, then the set {A, (CxA)} is a partition of X.
3. Let X =1[0,4[. We set Xy =10,2[, X2 = [2,3], X5 =[3,4], then we have

(a) X; £ 0, Vi € {1,2,3}.
(b)) XinA; =0, Vi#j.
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3
(C) U Xz :X1UX2UX3 =X.

i=1
Then the sets X1, Xa, X3 form a partition of the set X.

Properties 2.2

Let X be a nonempty set and let A and B be two subsets of X. Then we have

ANX =A :

Ly Ul = A } (Identity laws).

2. ﬁgg(::(z))( } (Domination laws).
ANA=A

3. AU A = A } (Idempotent laws).

4. ANB=BNA, AUB=BUA. (Commutative laws).

5. Eﬁ B g; B g _ ﬁ B Eg 8 g; } (Associative laws).

6. ﬁ | Eg - g; - Eﬁ | g; - Ej | gg } (Distributive laws).

o Y S——

S iﬁ%ﬁ /)DZZA;’(, Cfé @fﬂ A)ixg_ = } (Complement laws).
Proof.

4. (Commutative laws)

(a) AnNB=BnNA.
We prove the equality by showing that each set is a subset of the other.

First, let x € AN B. Then, by definition of intersection,
re€A and x€B.
Since the order of the statements does not matter,

r€B and =z € A.
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Hence,
r € BNA.

Therefore,

ANBC BNA.
Now let x € BN A. Then,

r€B and =z € A.

Reversing the order,
r€A and x€ B,

SO
rz € AN B.

Therefore,

BNACANB.

Since both inclusions hold, we conclude that AN B = BN A.

(b) AUB = BUA.
We prove the equality by showing that each set is a subset of the other.

Let x € AU B. Then, by definition of union,

re€A or x€B.

Since the order does not matter,
r€B or x€A.

Hence,
r € BUA.

Therefore,
AUB C BUA.

Now let x € BU A. Then,

rE€B or z€A.

Reversing the order,
re€A or xé€B,

37



CHAPTER 2. SETS AND MAPPINGS Dr. Lydia BOUCHAL

SO
rz e AU B.

Therefore,
BUACAUB.

Hence, AUB = BU A.
5. (Associative laws)
(a) (ANB)NC=ANn(BNC).

Let z € (AN B)NC) re€(ANB)and z € C
(r€ Aand x € B) and z € C
r€Aand (x € Band z € C)
re€Aand z € (BNCO)

ze(AN(BNC))

teeee

(b) (AUB)UC =AU (BUCQC)

Let z € (AUB)UC) re€(AUB)orzeC
(xreAorxeB)orzx el
reAor(zreBorzel)
xeAorze (BUC)

z e (AU(BUC))

teoTe

6. (Distributive laws)
(a) AN(BUC)=(ANB)U(ANQC).

Letz € AN(BUC) & ze€Aandz e BUC
& zrzeAand (reBorzxel)
& (reAandzeB)or (ze€ Aand z € C)
& (reAnNB)or(xe ANC)
& re(ANB)UANC)

(b) AuU(BNC)=(AUuB)N(AUCQC)

Letz € AU(BNC)& ze€AorzeBNC

x€Aor (re€Bandzxel)
(reAorxeB)and (x € Aorz € ()
(r€e AUB) and (r € AUC)
re(AUB)N(AUC)

teoe

7. (De Morgan’s laws)
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(a) Ox(AU B) = (CxA) N (CxB>

Let 1 € Cx(AUB) < ze€Xandzx ¢ AUB
r€Xandz € AUB
re€Xand (r € Aorx € B)

z€ X and ((x € A) and (xz € B))
(reXandz ¢ A) and (r € X and = ¢ B))
(x € CxA) and (z € CxB)

x € (CxA)ﬂ(CxB)

e

(b) Cx(ANB) = (CxA)U(CxB)

Let t€e Cx(ANB)& zeXandae¢g ANB
reXandze ANDB

r € X and (r € Aand z € B)

r € X and ((r € A) or (x € B))
(reXandaoz ¢ A)orx € X and (v ¢ B)
(.CUGC)(A) or (Z'GC)(B)
.TE(C)(A)U(C)(B)

(A I

2.1.4 Cartesian product
Let A and B be two nonempty sets.

The cartesian product of A and B, denoted by A x B read A cross B, is the set of all
ordered pairs (x,y) such that v € A and y € B.

AxB={(z,y): v € Aand y € B}.
We observe that:
e 2 € Ax B= Jr € A, Jy € B such that: z = (z,y).

o (2,y)=(2"y) & ax=0"andy=1y"

o (v,y) # (¥y) s x£a ory#£y.
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The number of pairs (x,y) in the cartesian product of A and B is equal to the product

of the number of elements in the set A and the number of elements in the set B, that
is, Card(A x B) = Card(A).Card(B).

Example 2.12.
1. Let A={1,2,3} and B = {a, b}, then
Ax B=A{(1,a),(1,b),(2,a),(2,b),(3,a),(3,b)}
and Card(A x B) = Card(A).Card(B) = 3.2 = 6.

2. The cartesian product R2 = R x R = {(z,y) : € R andy € R} is called the
cartesian plan.

3. 2,4 xR={(z,y) :2< 2z <4 and y € R}.

1. The cartesian product is not commutative; that is A x B # B x A.
For example, in the above case, we have (1,a) € A x B but (1,a) ¢ B x A.

2. We must not confuse the pair (x,y) and the set {z,y}.

3. If w # y then (z,y) # (y,z) but {z,y} = {y, z}.

Vs
\

If we consider sets X7, X, X3,..., X,, we can similarly define n—tuples (21, xs, ..., 2,)
with 1 € X4, v € Xy, ..., x, € X,, and the cartesian product

Xl XXQ X ooo XXn:{(ZL'l,iL’Q,...,Z'n) such that g GXl, ) GXQ, ...,ZE’nEXn}.

-
(.

1. AxB=0s A=0or B=4.

2. (ANB)xC=(AxC)Nn(BxC).

3. (AUB)xC=(AxC)U(BxC(C).

4. (AcXand BCY)= (Ax B)C (X xY).
5. Ax BxC=(AxB)xC=Ax(Bx0C).

6. (Ax B)N(C x D)= (ANC) x (BN D).

-
.
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Proof.

I. AxB=0<A=0or B=10.

U:>U

Assume that A x B = (). We prove that A =0 or B = ).
Suppose, for contradiction, that

A#0D and B #0.
Then there exists a € A and b € B. Hence,
(a,b) € A x B,

which contradicts the assumption that A x B = ().
Therefore, at least one of the sets must be empty:

A=0 or B=A.

Assume that A=0 or B ={.

If A =0, then there is no element a € A, so no ordered pair (a,b) can belong
to A x B. Hence,
Ax B=10.

Similarly, if B = (), then no ordered pair (a, b) can belong to A x B, and therefore

Ax B=10.

Thus,
Ax B=10.

2. (ANB)xC=(AxC)n(Bx().

(ANB)xC= {(z,y): x€(ANB)andy € C}
= {(z,y): (r€Aand x € B) and y € C}
= {(r,y): (r€Aandye C)and (r€ Bandy € C)}
= {(z,y): (x,y) € (ANC) and (z,y) € (BNC)}
= (AxC)n(BxC).

c (z,y) € (AxC)or (z,y) € (BxC)}
c(reAandyeC)or (x€ Bandye ()}
:(r€eAorxeB)andy e C}

(AUB) and y € C}

S
AUB) x C.
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4. (ACXand BCY)= (AxB)C (X xY).
Suppose that (A C X and B C Y') and lets show that (A x B) C (X xY).
Let

(x,y) € (A x B) (z,y): x € Aand y € B}
(a; y):x€XandyeY}since AC Xand BCY

X xY).

Nl
/\/—Hf—’—«

then (A x B) C (X xY).
5. Ax Bx(C=(AxB)x(C=Ax(BxC(). The proof is evident.
6. (AxB)N(CxD)=(ANC)x (BND,).

(AxB)N(Cx D)= {(z,y): (z,y) € (Ax B) and (z,y) € (C x D)}
= {(z,y): (r€eAandy € B) and (r € C and y € D)}
= {(z,y): (€ Aandzr e () and (y€ Bandy € D)}
= {(z,y): (€ ANC)and (y e BND)}
= (ANC)x (BND,).

(Ax B)U(C x D)= (AUC) x (BUC) is not always true.

Counterexample:
Let A=[0,5], B=1[-3,0], C =10,2], H=0,4].
We have p [ |
UB=1[-3,5 _
CUD =04 }(AUB) x (C'UD)=1[-3,5] x[0,4].
and

gigz [f_g]g] [XO’[?)M] } (Ax C)U (B x D) = ([0,5] x [0,2]) U ([~3,0] x [0, 4]).

Then
[(AxC)U(BxD)]cC(AUB)x (CUD)

but
(AUB) x (CUD)] ¢ (AxC)U (B x D).
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(AUB) x (CU D) = [-3,5] x [0,4]

2.2 Mappings

Let X and Y be two nonempty sets.

2.2.1 Definitions

A mapping (or function) from X into Y, is any law f that associates to every element

x € X a unique element y = f(z) of Y and we write f: X — Y.

famapping ©Vre X, IyeY: y=f(x).

X is called the domain of f.

Y is called the codomain of f.

e y = f(x) is called the image of = under f (or the value of f at z).

x is called the preimage of y under f.

We denote by Y(X,Y) the set of all mappings from X to Y.
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Figure 2.5: f is a mapping

v
~

Figure 2.7: f is not a mapping

Example 2.13.

X » ¥

f
-
J

Figure 2.6: f is a mapping

et
v
e

Figure 2.8: f is not a mapping

Let f: X — Y.

A

1. fis a mapping < Vzi, 29 € X, (21 = 29 = f(21) = f(22)).
2. f is a mapping < Va1, 7 € X, (f(71) # f(22) = 71 # 729).

3. f is not a mapping < Jx1, 2 € X, 27 = x9 and f(x1) # f(x2).

Example 2.14.
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f:{0,1,2} — {1,4,6}

r — 2
f is not a mapping, since f(0) =0 does not belong to the codomain {1,4,6}; hence,
0 has no image under f.

g:{0,1,2} —{0,1,4}

T — 22
g is a mapping, because every element of the domain {0,1,2} has exactly one image
in the codomain {0,1,4}.

1.

h:R* —» R
h is a mapping, since every nonzero real number x has exactly one image % n R.

The identity mapping on X, denoted by Idx is a mapping, such that

Idx : X — X
r — Idx(z) = .

r
.

The graph of a mapping f : X — Y is a subset of the product X x Y given by:

Gp={(z, f(z)): =eX}

-
(.

Two mappings f: X7 — Y] and g : X9 — Y5 are equal if and only if X; = X5, Y] =Y5
and Yz € X (or z € Xs), f(x)=g(x).

(&

(.

2.2.2 Operations on mappings

Let X,Y and Z be three sets and let f : X — Y and g : Y — Z be two mappings. The
mapping h : X — Z defined by h(z) = (go f)(z) = g(f(x)) is called the composition
of f and g.

However, the composite mapping f o g is not defined unless g(Y) C X.
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f g
E ——F ——™¢G

[ e 4

Figure 2.9: The composition g o f is well defined

1. In general, the composition of mappings is not commutative, that is, fog # go f.
For example, let X =Y = Z = R, and define

f(z) = 2%, g(x) =2z + 3.

Then,
(g0 f)(@) = g(f(z)) = 22% + 3.
(fog)(z) = fg(z)) = 2z +3)* = 4a® + 122+ 9.

Hence, (g0 f) # (f o g).

2. Let XY, Z, W ne non-empty sets. We verify that for all mappings for all map-
pings f: X =Y, g:Y —Z and h: Z — W, we have

ho(gof)=(hog)of.

We say that the composition is associative.
" J

Let f: X — X be a mapping. The composite mapping f o f is also a mapping from
X into X it is denoted by f2.

More generally, the mapping obtained by composing f with itself £ times, where k € N*,
is again a mapping from X into itself. It is denoted by

fk:fofofo---o]j.

k times

By convention, we set f* = Idx.

. J
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Let f: X — Y be a mapping.

e The restriction of f to the set A C X is the mapping denoted by f|, such that

f|AZA —Y
T '—>f|A(x)

with f,(z) = f(x), Vo € A.

e The extension of f to a set B containing X (X C B) is denoted by f is any mapping

f:B =Y

with f(z) = f(z), V& € X.

(& J

f is said to be an extension of f to the set B if the restriction of f to X equals f; that
is f| x = f

A

Example 2.15.

1. Let
f:R =R floe :R* =R

r — f(x) = 2% = fio.(x) = 22
We say that:

® fi.. is the restriction of f to the set R*.
o f is the extension of f|,. to the set R.

2. Let
g:R =R Jpan © 10,27] — R
r — f(z)=sin(z) T Glyan () = sin(z).
We say that:

® i, 18 the restriction of g to the set [0,27].

e g is the extension of g, ,,, to the set R.
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Let f: X — Y be a mapping, and let B be a set such that X C B. In general, an
extension of f to B is not unique.
For example, consider the mapping:

f:R* >R
xr — f(z) =

sin(z)
€T )

where X = R* and B = R. This function admits infinitely many extensions to R.
Indeed, for each o € R, define the function f, : R — R by

fa:R - R
~ a, x =0,

T )

Each choice of « yields a different extension of f to R, showing that the extension is
not unique.

2.2.3 Direct image and preimage
Let f: X — Y be a mapping, AC X and BCY.

The direct image of A under f is a subset of Y defined by

f(A) ={f(x), weA}

that is,
f(A)={yeY, JxeA: y=f(z)}CY.

We write:
yef(A)edreA: y= f(o).
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Figure 2.10: The direct image of A under f

The preimage of B under f is a subset of X defined by
f'(B)={zeX, f(x)eB}CX.

We write:
z € f1(B) & f(r) € B.

Figure 2.11: The preimage of B under f

Example 2.16.
1. Let f:R = R, f(z) =22, then
f{=2.2h) ={4}, f(-1,1) =101, f(-22) =004 [f(Ry)=/f(R-)=R.
A ={-L1, -1 =0, -4 ={-22 [TR)=0, [T([Ry)=R
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2. Let
g:N — N

n +— g(n) =2n+ 3.
o Let A={0,1,2}, then

f(A) ={f(n), ne A} ={f(0),f(1), f(2)} = {3,57}.

e Let B = {9}, then
f71(B)= {neN, f(n)€ B}
{neN, f(n)=9}
= {neN, 2n+3=9}
= {3}

2.2.4 Injective, surjective and bijective mapping

Let X and Y be two sets, f : X — Y is a mapping.

1. f is injective (one to one), if every element of the codomain Y, has at most
one (1 or 0) preimage in X, that is

f is injective < Vay, 29 € X (f(21) = f(22) = 21 = 22).

2. f is surjective (onto), if every element of the codomain Y, has at least one
preimage in X, that is

f is surjective & VyeY, Jz e X : y= f(x).
3. f is bijective if every element of the codomain Y, has a unique preimage in

X, that is
VyeV, Jlz e X: y= f(x).
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Let X and Y be two sets, and let f : X — Y be a mapping.
1. f is injective & V1,20 € X 1 @1 # 22 = f(x1) # f(22).

2. f is not injective < Jxy, 29 € X : f(21) = f(22) and 21 # xs.
In other words, to show that f is not injective, it suffices to find two different
elements of X that have the same image.

3. f surjective & f(X) =Y.

4. f is not surjective & Jy € Y, Ve € X : y # f(x).
Equivalently, there exists at least one element of Y that is not an image of any
element of X.

5. f is bijective < f is both injective and surjective.

(& J

Example 2.17.
1. Let f:R — R defined by f(x) = 2*
e f is not injective, since there exist v1 = —2 and o = 2 in R such that
f(z1) = f(xe) =4 and z1 # 2.
e f is not surjective, because there exists y = —1 € R that has no preimage in R.

2. Let g : [0, +00[— [0, +00] be defined by g(x) = x*. Then g is bijective, since it is both
injective (strictly increasing on [0, +00[) and surjective (every y > 0 has a preimage

Vi)-
Remark211

Do not confuse the definition of an injective mapping with that of a mapping itself.
f is injective < Vay, 20 € X @ f(x1) = f(22) = 21 = 29

whereas

fis a mapping < Vay, 10 € X, 11 = 29 = f(x1) = f(x2).
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Let f: X — Y be a mapping.

(I) Let A; and Ay be two subsets of X, then

L. f(A1U Ap) = f(A1) U f(A).

2. f(A1NAz) C f(A1) N f(A2).

3. Al C AQ = f(Al) C f(AQ)

4. A; C f71(f(A))) with equality if f is injective.
(IT) Let B; and By be two subsets of Y, then

1. f[7YB1UBy) = f1(B)) U f1(By).

2. fTYU(BiNBy) = fYBy) N f(By).

3. B C By = f~1(By) C f(Ba).

4. f(f~Y(B1)) C By with equality if f is surjective.

Proof.
(I) Let Ay and Az be two subsets of X.

L f(A1UAg) = f(A1) U f(A2).
Let y € f(AJUAy)) & Jrx e AjUAy: y= f(x)
= zeAorxeA: y=f(x)
= Y€ f(A1) ory € f(Ay)
= y € f(A) U f(As).
Then, f(A1UAz) C f(A1) U f(As).
On the other side,

Let y € f(A1) U f(Ay) y € f(Ay) or y € f(As)

(Jzy € Ay y= f(xy)) or (Fzg € Ayt y = f(22))

(y = ()Ory—f@ﬂ)

with ((El cA =z €A UAQ) and (LEQ €Ay =06 Aj U AQ)

= dr e (AU A)(z =z or © = x9) such that y = f(z) € f(A1 U Ay).

Then, f(A1) U f(A2) C f(A1 U As).
Conclusion: f(Al U Ag) = f(Al) U f(Ag)
2. f(A1NAs) C F(A) N F(A).

LetyGf(AlﬂAg) E|$€A1ﬂA2y—f()
= zeAandz € Ay: y= f(x) € f(A) and y = f(z) € f(Ay)
= y € [(A) and y € f(A,)
=y € (A1) N f(A).

52
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Then, f(A1 N Ay) C f(A1) N f(A2).

3. Al - A2 = f(Al) C f(AQ)
Suppose that A; C Ay and we show that f(A;) C f(Asg).

Letye f(A) & Fre A y=f(r)
= x € Ay: y= f(x)(since A; C Ay)
= y € [(Aq).

4. Ay C f7(f(Ay)) with equality if f is injective.

Then A; C fH(f(A1)).
If f is injective, then A; = f~1(f(A;)). In fact,

Let 2 € f71(f(A1) = f(z) € f(A1)
= da’ € Ay such that f(z) = f(2')
= 1z = 2/( since f is injective )
= T E Al-

Then A1 = fﬁl(f(Al))
(IT) Let B; and By be two subsets of Y.
1. f7YByUBy) = f1(B)) U f~Y(By).

Let v € f7YBiUBy) & f
& f(x) € Byor f(x) € By
< X
~ T

Then f~1(By U By) = f~H(B1) U f~(B).
2. [TYByNBy) = f1(B1)N fH(Ba).

Let x € f71(31 N Bg) ~ f(l’) € (Bl N BQ)
& f(z) € By and f(z) € By
& we fY(B))and z € f1(By)
& we fHB)NfH(By).

Then f~H(B1N Ba) = f~H(B1) N f~(Bo).
3. B C By= fﬁl(Bl) C fﬁl(Bg).

Let z € f7}(B1) = f(x) € By
= f(x) € By( since By C By)
= 1z € fHBy).
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4. f(f~1(By)) C B; with equality if f is surjective.

Lety € f(f'(B)) = Fwe fH(By): y=f(x)
= f(x)=y € By.

Then f(f~'(B1)) C By
If f is surjective, then f(f~*(B;)) = By. In fact,

Letye By = yeY
= dr e X : y= f(x)(since f is surjective )
= z € fYBy)(sincey = f(z) € By ez e f~1(B))
= y=[f(x) € f(fH(B))

O

2.2.5 The inverse mapping

Let f : X — Y be a bijective mapping. The inverse mapping of f, denoted by 1,
is the mapping that assigns to an element y € Y a unique element x € X such that
flz) =y

VweyY, [y =zey=[f(2).

s
.

e fof™ =Idy meansVy Y, (fo ) (y)=y.
o flof=1Idx meansVr € X, (f'o f)(z)=ux.

A

AN

Let f: X — Y be a mapping.

1. The mapping f : X — Y is bijective if and only if there exists a mapping
f~':Y — X such that

f_l Of = Idx and fof_l = Idy.

We say that f is invertible and f~! is its inverse mapping.

2. If f is bijective, then the inverse mapping f~! is unique and it is bijective.

(S

Proof.
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7 =7 Suppose that f is bijective.
Since f is bijective, we have

VyeVY, e e X: y= f(z).
We define f~'(y) = x. Then
Ty =z= f(f7)=flx)=y, WeY

foft=Idy
foftof=1Idyof
Ve e X, f(f'o f)(z)) = f(x)

Vo e X, f1o f =z (because f is injective)
flof=TIdx

L84

” <7 Suppose that f~! exists. We will show that f is bijective.
Injectivity: Let z1,25 € X and suppose f(z1) = f(22). Then

flan) = f(z2) = f7H(f(z1)) = fH(f(22))
= Idx(xl) = Idx(.ilﬁg)
= I1 = T2.

Hence, f is injective.
Surjectivity: Let y € Y. Set x = f~(y) € X. Then

fx)=f(f () = Idy(y) = y.

Thus, f is surjective.

Example 2.18.
Let the mapping f defined by

f:R =R
r — f(z) =22 —1.

Show that f is bijective and determine its inverse mapping f—*.

o [ is injective < Vri,x0 € R: (f(21) = f(x2) = 21 = 22).
Let x1,22 € R and suppose that f(x1) = f(x2), then we have

f(l’1> = f(ZL'Q) S 21 —1=229—1
= 211 = 219
= T = T3

then f 1s injective.
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o [ is surjective & Vy eR, Ixr eR: y= f(z).
Let y € R and we look for the existence of an x € R such that y = f(x).

y=f(z)=> y=22-1
= y+1=2
= :U:y“QL—IE]R,

So

1
Wy € R, ax:%eﬂz{: y = f(2).

Then f is surjective.

o Is [ bijective?
Since f is injective and surjective, then f is bijective.

e Determine the expression of f~1 if it ewists.
We have that f is bijective then there exists a unique inverse mapping f~* of f.

flzx)=y& 22+1=y
& =11 ="y

Then the inverse mapping f~' is given by

ff1:R =R
r o~ fi(r) = 5L

Example 2.19.
Let the mapping f : [0,1] — [0,1] defined by f(x) = 2.
Show that f is bijective and determine its inverse mapping 1.

o [ injective < Vi, x9 € [0,1], f(z1) = f(22) = 21 = 2o
Let x1,x9 € [0,1] and suppose that f(z1) = f(x2), then we have

fla1) = f(a2) = 2] = a3
= || = |a2]
= 11 = xo( because 1,14 € [0, 1])

Then f is injective.

o f surjective < Yy € [0,1], Jx €[0,1]: y = f(x).
Let y € [0, 1], we look for an x € [0, 1] that satisfy y = f(x).
We have
f@)=ye 2*=y
& z=,/yecl01].

S
Then Yy € [0,1], 3z = \/y € [0,1] such that y = f(x). Then f is surjective.
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o Is [ bijective?
Since f is injective and surjective, then f s bijective.

e Determine the expression of f~1 if it ewists.
The mapping f is bijective, then there exist a unique inverse mapping {1 satisfying:

flo)y=ye [y ==

We have
flx)=y=
=

Then the inverse mapping f~' is given by

FU0,1 0,1
v ) =V

2.3 Exercises

Exercise 2.1.
1. Let the set X = {3,6,9}. determine the power set of set X.

2. Let A = {a,y,z}, B ={1,2}, C = {8,#}. Determine the cartesian product A X
B x C and A x C x B. Comments on the results.

Exercise 2.2.

1. Write explicitly the following sets then give their cardinal.

A:{xEZ, <2}, B=A{(z,y) :z€{1,2,...,6}, y€{1,2,...,6}, z+y = 10}.

2. Let X = {1,2}

(i) Determine P(X) and P(P(X)).

(ii) Complete with the correct symbol: €, C, ¢
1...X, {1}...X, {L,2}...PX), 0...X, 4...X,
(1,1)... X x X, {0}...P(X), {(1,2)}...P(P(X)).

Exercise 2.3.

1. Let A, B and C be three subsets of a set Y. Show that
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(i) Cy(AUB) =Cy(A)NCy(B); (ii) AnB=0< AcC (CyB);
(iii) (A\ B)\C = A\ (BUC); (iv) (AxC)U(BxC)=(AUB)xC;
(v) AUB=ANC & B C ACC (supplementary).

Exercise 2.4. Consider the following mappings

fiNo N g:N—= N
' n even,

- _J 3

n— f(n)=2n. n— g(n) {nT1>  odd.
1. Let X = {2k + 1, k € N}, determine f~1(X).

2. Are these mappings injective? surjective? bijective?

3. Determine (f o g) and (go f), are they injective? surjective?

Exercise 2.5. Let the mapping f : R — R defined by: f(x) = gi;}
Let A=[-1,2], B={-4,-2,2}, C ={-1,1}, D= {3}.

1. Determine f(A), f(B), f~(C) and f~1(D).
2. Is the mapping f injective? is it surjective?
3. Find the largest possible intervals I C R and J C R such that the application

g: I — J
z g(z) = f(z)

is bijective and determine g~ !.

Exercise 2.6. (Supplementary exercise)
Let X,Y and Z be three sets and f : X =Y and g : Y — Z be two maps. We consider
the mapping h =go f.

1. Show that

(i) h injective and f surjective = g injective.

(ii) h surjective and f injective = f surjective.
2. Let AC X and B C Y. Show that

fANB=0< AnfYB)=10.
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Exercise 2.7. (Supplementary)
Consider the following applications f,g,h and ¢ defined by

f:R—=R, 9:-5.3 =R,
z+— f(x) =sin(x), x> g(x) = sin(x)
hﬂR_}[_l?l]a ¢: [_ga%]%[_lal]a
x +— h(z) = sin(x), x> ¢(r) = sin(x)

For each mapping, determine whether it is injective, surjective, or bijective.

2.4 Solution of exercises

Solution of exercise 2.1.

1. Let the set X = {3,6,9}. determine the power set of set X.

P(X) = {0, {3}, {6}, {9}, {3,6}, {3,9}, {6,9}, {3,6,9}}

2. Let A = {a,y,z}, B ={1,2}, C = {8,#}. Determine the cartesian product A x
B xC and Ax C x B. Comments on the results. The Cartesian product A x B x C
is the set of all ordered triples (x,y,z) such that x € A, y € B, and z € C.

Ax BxC={(a,1,8),(a,1,#),(a,2,8),(a,2,#),
(4,1,8), (4, 1, #), (4, 2,8), (v, 2, #),
(2,1,8), (2, 1,#),(2,2,8), (2,2, #)}
The Cartesian product A x C' X B is:
AxCx B={(a,8,1),(a,8,2),(a,#,1), (a, #,2),
(4,8,1), (y,8,2), (y, 9, 1), (y, #, 2),
(2,8,1),(2,8,2), (2, #,1), (2, #,2)}

The two Cartesian products are not equal:
AxBxC#AxCxB

because the order of elements in ordered triples matters. Changing the order of the
sets changes the positions of the elements in the triples.

However, both sets have the same number of elements:

Card(Ax BxC)=Card(AxCxB)=3x2x2=12
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Solution of exercise 2.2.
1. Write explicitly the following sets then give their cardinal.

1 3x—4
§<33_<2}7

e A={z€Z, <5
Case 1: Ifx+2>0= x> -2, then
1 3x—4 42
3STn ~ o sdr—d
= 2<ux...... (1)

<2= 3r—4<2x+2)

and
3r—4
T+2
= r<8...... (2)
Combining (1) and (2), we obtain that 2 < x < 8.
Then
A= {zez, ;<E3<2)
= {zxe€Z, 2<x<8}
= {2,3,4,5,6,7}

Case 2: I[fx+2<0=2x< -2, then
1 3x—4 42
3 S o2 7 E > 3w —4
= (

<2= 3x—4>2(x+2)

and
3x—4
(4)

42

Combining (3) and (4), we obtain that 8 < x and x < 2 which is a contra-
diction with x < —2. So in the case x + 2 < 0 we have no solutions.

and Card(A) = 6.
B= {(z,y):xe€{1,2,...,6}, ye{1,2,...,6}, v +y=10}.
= {(674)7 (575)7 <4=6>}
and Card(B) = 3.
2. Let X = {1,2}, we have Card(X) = 2.
(i) Determine P(X) and P(P(X)).
o Card(P(X)) = 20wdX) = 22 — 4 then P(X) = {0, {1,2}, {1}, {2}}.
= 2% =16, then

° CQT’d(P(P(X))) — QCard(’P(X))
0; P(X); {0} ({123} {{1}}; {{2}}; {0, {1,2}}; {0, {1}};

Pree) = {0
{@7 {2}}5 {{172}7 {1}}; {{LQ}? {2}}; {{1}’ {2}};
{0, {12}, {1t} {0, {1,2}, {23} {{1,2}, {1}, {2}}; {0, {1}, {2}}}
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The sets {{1}} and {1} are not equal. In fact,
o {1} is the set that contains the number 1, his unique element is 1.

o {{1}} is the set that contains the set {1}, his unique element is not 1, it
is the set {1}.

Then
Le {1} but 1 ¢ {{1}},

and

{1} e {{1}}-

(ii) Complete with the correct symbol: €, C, ¢

e lcX, o {1} ¢ X and {1} C X,
o {1,2} € P(X), o 0¢X,

«4¢ X, o (L)eXxX,

o {0} ¢ P(X),

e {(1,2)} ¢ P(P(X)), because (1,2) is an element of P(X) then {(1,2)} is not
a subset of P(X).

Solution of exercise 2.3. Let A, B and C' be three subsets of a set'Y .
(i) Cy(A U B) = Cy(A) N Cy(B),

Letr € Cy(AUB) < ze€Y ande ¢ AUB< z€Y andx € AUB

xe€Y and (r € A orz € B)
reY and (x € A) and (z € B)

(xeY andx ¢ A) and (x €Y and x ¢ B)
(x € CyA) and (x € CyB)

z € (CyA)N (CyB).

ttee e

(i) ANB=0< AC (CyB);

e We show that ANB =0 = AC (CyB).
Suppose that AN B =0 and we show that A C (Cy B).
Let x € A, since AN B =10, then x ¢ B that is x € Cy B.
Then A C (CyB).
Therefore, ANB =0 = A C (CyB).
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e We show that A C (CyB) = AN B = 0.
We reason by contradiction. suppose that A C (CyB) and AN B # ().
Since AN B # (), then there exists x € AN B.

reANB= xe€Aandzx € B.
= x€CyB and x € B, (because (A C (CyB) ).

Which is a contradiction.
Then, AN B = 0. Therefore, A C (CyB) = ANB =1.

Conclusion: ANB =0« AC (CyB).

(i) (A\B)\C =A\ (BUC);
We have to show that [(A\ B)\ C] C [A\ (BUC)] and[A\ (BUC)] C [(A\ B)\ C].

Letz € (A\B)\C< xz€(A\B) andz ¢ C

(x€eAandx ¢ B) andx ¢ C

& x€Aand (x ¢ B andx ¢ C) (associativity property)
& zeAand (v € CyB and z € CyC)

& xzeAandz e (CyB)N(Cy0O)

& zeAandx e Cy(BUC) (De Morgan law)

=

=

AU

3

re€Aandx ¢ (BUC)

re A\ (BUCQ).
(iv) (AxC)u(Bx(C)=( B) x C;
We have to show that [(A x C)U (B x C)] C (AU B) x (]

[
and [(AUB) x C] € [(Ax C)U (B x C)].

Let (x,y) € (Ax C)U(Bx(C)< (z,y) € (AxC) or(x,y) € (BxC(C)
& (z€eAandyeC)or(xe€BandyeC)
& (reAorxeB)andycC
& rze€(AUB) andy e C

< (z,y) € (AUB) x C.

(v) AUB=AnNnC&< BCACC

e We show that AUB=ANC=BCACC.
Suppose that AUB = ANC and we show that B C A C C.

o Letx € B, then x € AU B. By the equality
AUB=ANC,

we obtain
ze ANC.

Hence, x € A. Therefore, B C A.
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o Letx € A, then x € AU B. By the equality
AUuB=ANC,

we have

re AnC.
Hence, x € C. Therefore, A C C.
Conclusion: BC AcC C.

e We showthat BC ACC=AUB=ANC.
Suppose that B C A C C' and we show that AUB = ANC.

e Since B C A, we have AUB = A.

o Since A C C, we have ANC = A.

Then AUB =A= ANC, therefore, AUB=ANC.

Therefore, BC ACC=AUB=ANnC.
Conclusion: AUB=ANC & BCACC.

Solution of exercise 2.4.
1. Let X = {2k + 1, k € N}, determine f~'(X).

f(X) ={neN: f(n) e X}
={neN: 2n=2k+1, ke N}
={neN: n:k—l—%,kEN}
= 0.

In fact, f(n) is always even, while every element of X is odd, so no n € N satisfies

f(n) € X. Then f~Y(X) = 0.
2. Are these mappings injective? surjective? bijective?

o f is injective < Vni,ne € N, f(n1) = f(n2) = ny = no.
Let ny, ny € N, suppose that f(ny) = f(n2) and we verify if ny = na.
We have

f(n) = f(n2) = 2n1 = 2ny = ny = ny.
Therefore f is injective.
o f is surjective < VYm €N, In e N: f(n) =m.
Let m € N, we look for the existence of n € N such that f(n) = m. We have

f(n):m:>2n:m:>n:%

but 5 is not always a natural number, it is a natural number if only m is an
even number. Therefore, f is not surjective for every m € N.
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Conclusion: f is injective and not surjective, then f is not bijective.

e g is injective < Vny,ne € N, g(ny) = g(n2) = ny = no.
Let ny, ny € N, suppose that g(nq1) = g(na) and we verify if ny = na.
Case 1: n; and n, are even We have
nq o

g(n1) = g(ng) = 5T = 2n; = 2ng = n; = Na.

Then, in this case g 1s injective.
Case 2: n; and ny are odd We have
g(n) = g(n2) = n12—1 =5
= n—1=ny—1
= N1 = No.

Then, in this case g 1s injective.
Case 3: n; is odd and ns is even We have
g(m) = g(ng) = "5+ =12
= 2(711 — ].) = 2Ny
= np—1=ns.

For example, for ny = 3 we have ny —1 =3 —1=2. Then ny = 2.
Therefore

I E ) g s b

Then g is not injective in this case.
Conclusion: g is not injective on N.

e g is surjective < ¥Ym € N, In € N: g(n) = m.
Let m € N, we look for the ezistence of n € N such that g(n) = m.

Case 1: g(n) =m = 5 =m = n=2m.
Then, 3n =2m € N: g(n) =m.

Case 2: g(n)=m="*=m=n=2m+1.
Then, 3n =2m+1 € N: g(n) =m.

Conclusion: g is surjective.
Conclusion: g is not injective and it is surjective, then g is not bijective.

3. Determine (f o g) and (go f), are they injective? surjective?
The expression of (f o g):

N%4N, NLN
(f og) is well defined .
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(o) = ot =20 = { 7 "

e (fog) isinjective < Vni,ng €N, (fog)(n) = (fog)(n) = ny =ns.

Let ny, ny € N, suppose that (f o g)(n1) = (f o g)(ne) and we verify if ny = ns.
If ny is even and nsy is odd, we have

(fog)(ny) = (fog)(ny) =ny =ny— 1.

Forny =2 and ny = 3, we have

(fog)(2)=(fog)(3)=2but2+#3.
Then (f o g) is not injective.

e (fog) is surjective < Vm €N, In € N: (fog)(n)=m.
Let m € N, we look for the existence of n € N such that (f o g)(n) = m.

In the expression of (fog), we remark that the image of (fog) does not contains
odd numbers the 1mages is always an even number.

Then (f o g) is not surjective Vm € N.

The expression of (go f):

NLN N%N
(go f) is well defined .

(90 £)(n) = g(F(m)) = g(2m) = 2 =n.

Then (g o f) is the identity mapping on N, then it is injective and surjective.

Solution of exercise 2.5.
Let the mapping f : R — R defined by: f(z) = &1

241"
1. Determine f(A), f(B), f~1(C) and f~1(D).
We draw the table of the variation of the mapping f, we have

, B 4x
fiz) = (24 1)2
x —00 0 +00
f'(x) - 0 +
1 — 1
f(z) J(0)—-1
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2. Is the mapping f injective? is it surjective?

o f isinjective < Va0 € R, f(x1) = f(x2) = 21 = 9.
We have f(—2) = f(2) = 2, but 2 # —2, then [ is not surjective.

o f is surjective <=>Vy e R, Iz e R: f(z)=y.

Method 1: We have from the table of the variation of f that f(R) = [-1,1],
then f(R) # R (The image under f of the domaine of f it is different of
its co-domaine).

Thus, f is not surjective.

Method 2: We have f~'({3}) = 0, then Jy = 3 and there is not x € R such
that f(x) = 3. Therefore, f is not surjective.

Method 3: Using the definition of surjectivity.
3. Find the largest possible intervals I C R and J C R such that the application

g: I — J
z g(z) = f(z)

is bijective and determine g~!.

o The largest interval where g is surjective.
We have from the variation table of g, g(R) = [—1,1[, then g is surjective on
J=[]-1,1][.
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e The largest intervals where g is injective.

We have
e g is strictly increasing on [0, +oo[, then it is injective on Iy = [0, +00].
e g is strictly decreasing on | — 00, 0], then it is injective on Iy =] — 00, 0].
Then the largest intervals where g is injective are I = [0, +00| and I =| — 00, 0] the
corresponding image under g in both cases is J = [—1,1].
therefore,
g:li = J 15 bijective g:l = J 18 bijective
z = g(g) = f(z)

v g(z) = f(z)

e The inverse mapping of g.
Since g is bijective then the inverse mapping exists.

Let y € [-1,1], we have

gr)=y= 2
= 2=

-y
since y € [=1,1], then {££ > 0. Thus, x = + /L.

Then the inverse mapping of g 1s:

gt:J =1 gliJ =L
v g e) = /1 = g (@) = /12
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Chapter 3

Binary relations

There are many types of relationships in our everyday life. Relationships exist between
people, such as parent-child, student-teacher, and employer-employee. In mathematics, a
relation considers the existence of a certain connection or link, often between pairs of ob-
jects in a definite order. When such connections are considered between pairs of elements,
we call them binary relations.

This chapter introduces the basic concepts of binary relations, including representation,
properties (such as reflexivity, symmetry, antisymmetry and transitivity), equivalence re-
lations, and order relations.

3.1 Definitions
- Definition 3.1

A binary relation R on nonempty set X is defined by any subset G of X x X
characterized by a certain property that links the elements of X.

e When (z,y) € G, we say that z is related to y via R, and we write xRy.

e We call the graph of the relation R the subset of X x X denoted G defined by

Gr ={(z,y) € X x X : zRy}.

- J

Example 3.1.
1. Let X = R. We define the relation R, by

Ve,y e R, 2Ry & z=y.

The graph of Ry is
Gr, ={(z,z) e RxR: z € R}.

68



CHAPTER 3. BINARY RELATIONS Dr. Lydia BOUCHAL

2. Let X =R. We define the relation Ro by
Ve,y e R, 2Ry &z <y.

The graph of Ry s
Gr, = {(z,y) ERxR: 2Ray}
= {(z,y) eRxR: z <y}

3. Let X =N*={1,2,3,...}. We define the relation R3 by
Ve,y € N, 2Ry < x divides y.

In other words,
x divides y < Ik € N* . y = k.

The graph of R3 is

Gry = {(z,y) e N" x N": 2R3y}
{(z,y) e N* xN*: y =kx, k € N*}
kx) € N* x N*: y = kx, k € N*}.

Types of relations

Let R be a binary relation on a nonempty set X. We say that the relation R is

e Reflexive if Vx € X, zRx.
In a reflexive relation, each element of X is related to itself.

e Symmetric if Vz,y € X, 2Ry = yRz.
In a symmetric relation, if any one element is related to any other element, then
the second element is related to the first as well.

e Antisymmetric if Vz,y € X, (zRy and yRz) = (x = y).
In an antisymmetric relation, if one element is related to another and the second
element is related back to the first, then the two elements must actually be the
same.

e Transitive if Vz,y,z € X, (zRy and yRz) = zRz.
In a transitive relation, if any one element is related to a second element and that
second element is related to a third element, then the first element is related to
the third element.
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Remark 3.1
Let R be a binary relation on a nonempty set X. We say that the relation R is

e Not Reflexive if 3z € X, zRx.
There is at least one element in X that is not related to itself.

e Not symmetric or asymmetric if 3,y € X, 2Ry and yRz.
There is at least one pair of elements where one element is related to the other,
but the relation does not go in the reverse direction.

e Not antisymmetric if 3z,y € X, (zRy and yRz) and (x # y).
There is at least one pair of distinct elements that are mutually related.

e Not transitive if dz,y,z € X, (zRy and yRz) and zR=.
There exists at least one triple of elements x,y and z € X where x relates to y
and y relates to z, but x is does not relate to z.

Example 3.2.
1. The relation Ry defined by

[ Ve,y e R, xRy x=y, ]

is reflezive, symmetric, transitive and antisymmetric. Indeed,

e Letx € R. Since x = x, we have xR .
Therefore, the relation Ry is reflexive.

o Letx,y € R, we have x =y, then y = x.
Hence, the relation Ry is symmetric.

o Let x,y € R, we have x =y and y = x, then x = y.
Therefore, the relation Ry is antisymmetric.

o Letx,y,z € R, we have v =y and y = z, then x = 2.
Thus, the relation Ry s transitive.

2. The relation Ry defined by

[ Ve,y e R, xRy <z <y, J

15 reflerive, transitive and antisymmetric but Ro is not symmetric. Indeed,

o Let x € R, we have x < x, then ¥'Rox.
Therefore, the relation R is reflexive.

o Letx,y € R, we have x <y andy < z, then x = y.
Thus, the relation Ry is antisymmetric.
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o Letx,y,z € R, we have x <y and y < z, then x < z.
Hence, the relation Ry is transitive.

e The relation Ro is not symmetric, because
There exist x,y € R, such that 2Roy and yRox.
For example, 2 < 7 and 7 £ 2.

3. The relation Rs defined by

[ Ve,y € N*, 2R3y < x divides vy, j

1s reflexive, transitive and antisymmetric but R3 is not symmetric. Indeed,

e Reflexive: Letx € N*. Since x divides x, then xRsx.
Therefore, the relation x'R3 is reflezive.

o Antisymmetric: We show that the relation Rs is antisymmetric, that is
Va,y € N, (xR3 and yRszx) = = = y.
Let x,y € N*, we have
x divides y < dk e N* . y=kx
y divides v < K e N* . z =K'y

then
(x=FKy=FKkz)=2(1-kEk)=0

since x € N*| then x # 0 thus (1 — K'k) =0

Kk=1&k =k=1 (because k and k' are positive integers).

Then x = y.
Therefore, the relation R3 is antisymmetric.

e Transitive: We show that the relation Rs is transitive, that is
Va,y,z € N*, (zR3y and yR3z) = xR3z.
Let x,y,z € N*, we have
x divides y < Jk e N* . y=kx
y divides z < ' e N*: 2 =Fy

then
z2=kKy=FKkx.

We set z = k"x where k" = k'k € N*. Therefore, x divides z.
Hence, the relation Rs is transitive.
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e We show that the relation R3 is not symmetric:

R is symmetric = (Vx,y € N*| x divides y = y divides x)
R is not symmetric < (Jz,y € N*, 2R3y and yRsx)

In fact, when x = 2 and y = 4, we have 2 divides 4, but 4 does not divide 2.
Therefore, the relation R3 is not symmetric.

A relation can be non-symmetric and non-antisymmetric. (The notions of symmetric

and antisymmetric are not opposite.)

3.2 Equivalence relation

The main idea behind equivalence relations is that they let us group together things that
may look different but share an important similarity or relation. Equivalence relations are
useful whenever we care more about which group or category an element belongs to than
about the element itself.

3.2.1 Definition

A relation R on a set X is called an equivalence relation if it is reflexive, sym-
metric and transitive.

Example 3.3.
1. Whatever the set X, the equality relation = is an equivalence relation.
2. The relation Ry defined by
Ve,y e R, 1Ry <z <y,
15 not an equivalence relation, because it is not symmetric.
3. The relation R3 defined by
Vr,y € N*, xR3y < x divides vy,

1s not an equivalence relation, because it is not symmetric.
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3.2.2 Equivalence class

Let R be an equivalence relation on a nonempty set X, and let x € X. The set of
all elements in X that are related to x via R is called equivalence class of z. It is
denoted by & or C, or T. We write

t={yeX: 2Ry}

| J

Example 3.4.
Let the binary relation R defined by

[ Vo,y €R, 2Ry e 2° =y> J

The relation R is an equivalence relation. In fact,

1. We show that the relation R is reflexive, that is
Ve € R, xRx.

Let v € R, 2% = 2% then Rx. Then R is reflexive.

2. We show that the relation R is symmetric, that is

Vz,y € R, 2Ry = yRx.

Let z,y € R
TRy = 2% =1?
— 42 = g2
= yRx.

Then R is symmetric.

3. We show that the relation R is transitive, that is
Va,y,z € R, (zRy and yRz) = aRz.

Let x,y, 2z € R, we have
2

TRy & 12 =y
YRz & y? = 22
then 22 = y?> = 22 = 22 = 22 & 2R=.
Then R is transitive.

Equivalence class of an element xr € R
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o For every x € R, we have

t={yeX: 2Ry}= {yeR: 2*=y*}
{yeR: y=zory=—z}

{y, —y}.

Then, we can deduce the equivalence class of any element in R. The equivalence class of
0 € R is 0= {0} and the equivalence class of 1 € R is 1 ={—1,1}.

1. For every z € X, the equivalence class & is not empty, because the equivalence
relation is reflexive.

Ve € X, vRx, then Vo € X, x € .

2. If x €  then z is a representative of the class .

3. Vr,ye X, 2Ry & & =79.

(& J

The intersection of two distinct equivalence classes by a relation R is empty

Ve,ye X, z#y=zNy=0.

(& J

Proof. We reason by contradiction, we suppose that & # ¢ and Ny # 0.
Since & Ny # 0, then there exists an element 2z € X such that z € £ Ny, that is

zexand z € 7.
By the definition of equivalence classes, we have
(z €& = 2zRz) and (2 € § = 2Ry).
Since R is symmetric and transitive, we have
2Rz and 2Ry = zRy.

But if xRy, then & = ¢, which is a contradiction with & # .
Therefore, our supposition is false, and we conclude that = N5y = (.

O
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3.2.3 Quotient set

Let R be an equivalence relation on a nonempty set X. The quotient set (or set of
equivalence classes) is denoted by X% and it is defined as the collection of all
equivalence classes of elements of X under the relation R.

X/R = {i, =€ X}.

-

J/

Let R be an equivalence relation on a set X, then the quotient set X/R is a partition
of the set X.

- J

Proof. We prove that the quotient set X/R = {& | 2 € X} is a partition of X.
Recall that the equivalence class of x € X is & = {y € X | yRz}.
To prove that X/R is a partition of X, we must verift these three conditions:

1. every equivalence class is nonempty;
2. the union of all equivalence classes is X;
3. two equivalence classes are either equal or disjoint.
(1) Every equivalence class is nonempty. Let x € X. Since R is reflexive,
TRz.
Then z € @, so & # ().

(2) The union of all equivalence classes is X. Let z € X. Since z € & and & €

X/R, we have
x € U C.
CeX/R
Therefore,
xc |Jc
CeX/R

Conversely, every equivalence class is a subset of X, hence

U CCX.
CeX/R
Thus,
U C = X.
CeX/R
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(3) Two equivalence classes are either equal or disjoint. Let & and ¢ be two equiv-
alence classes such that

TNy # 0.
Choose z € £ N y. Then
zRx  and 2Ry.

Since R is symmetric, we have 2R z.
By transitivity, from xRz and 2Ry, we obtain xRy.

Now let u € . Then uRx. Since xRy, transitivity gives uRy. Hence
u € Y.
Therefore, 2 C y.

By the same argument, we show that y C .

Thus,
T =1.

Therefore, any two equivalence classes are either equal or disjoint.

Conclusion: X/R is a partition of X. ]
Example 3.5.
Let X = 7, we define the following binary relation R:

[ Ve,y € Z, xRy< x—y is a multiple of 3. ]
We write

Ve,y €Z, xRy < 3k € Z: v —y=3k.

The relation R 1s an equivalence relation.

The equivalence class of an element m € 7Z, is given by:

m={yeZ yRm}= {yeZ, Ik e€Z:y—m=3k}
= {yeZ kel y=m+3k}
= {m+3k, keZ}.

Then ,
0 ={3k, kez}={..,-6,-3,0,3,6,...}
I ={1+3k keZ}={..,-5,-2,1,4,7,..}
2 ={2+43k, keZ}={...,-4,-1,2)5,8,...}

76



CHAPTER 3. BINARY RELATIONS Dr. Lydia BOUCHAL

Therefore, the quotient set Z/R = {0,1,2}.
Remark: In fact,

DN = O
Il
Il

Co: 3+ O
Il

Let n be a positive integer, and consider the equivalence relation R on Z defined by

[ Ve,y€e Z, xRy<IkeZ: x—y=nk. ]

Then the quotient set Z by R is given by

ZJR = {0,1,2,..,n =1},

3.3 Order relation

3.3.1 Definitions

A binary relation R on a set X is called an order relation if it is reflexive, anti-
symmetric and transitive.

An order relation R defined on a set X is called total order relation if all its
elements are comparable to each other, that is

Ve,y € X, xRy or yRzx.

. J

Example 3.6.
For the usual order relation < on R, every pair of real numbers is comparable; that is,

Ve,ye R, 2 <y ory<uz.
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An order relation R defined on a set X is called partial order relation if the order
is not total, that is

dr,y € X, 2Ry and yRez.

Example 3.7.
Let X be a nonempty set, the binary relation R on P(X) given by

VA, BeP(X), ARB< ACB
The inclusion relation R is an order relation. In fact:

Reflexive: For every A € P(X), we have A C A, since a set is always contained in itself.
This, R is reflexive.

Antisymmetric: Let A, B € P(X) be such that
AC B and B C A.

Then all elements of A are in B, and all elements of B are in A. Then A= B
Thus, R is antisymmetric.

Transitive: Let A, B, C € P(X) be such that
AC B and B C C.

Then every element of A is in B, and every element of B is in C, thus A C C.
Therefore, R is transitive.

Let X ={1,2,3,4}. Take A = {2} € P(X) and B = {3,4} € P(X).
We have that A ¢ B and B ¢ A. Therefore,

there exist A = {2}, B = {3,4} € P(X) such that ARB and BRA.

Then the order relation R on P(X) is a partial order, and we say that (P(X),C) is a
partially ordered set.

Let X be a nonempty set and let R be an order relation defined on X.

1. If the relation R is total then (X,R) is called a totally ordered set.

2. If the relation R is partial then (X, R) is called a partially ordered set.
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3.3.2 Special elements

Let (X,R) be an ordered set, and let A be a subset of X. We say that

e M € X is an upper bound of A if Vo € A, xRM.

e m € X is a lower bound of A if Vo € A, mRux.

e A is bounded if it is both upper-bounded and lower-bounded.

a is the greatest element of A if « € A and a is an upper bound of A.

The greatest element, when it exists, is denoted by max(A).

b is the least element of Aif b € A and b is a lower bound of A.

The least element, when it exists, is denoted by min(A).

The supremum of A denoted by sup(A), is the least upper-bound of A.

sup(A) when it exists, it is unique.

The infimum of A denoted by inf(A), is the greatest lower-bound of A.

inf(A) when it exists, it is unique.

Maximal element: a € A is called maximal element of A if Vo € A, aRx = a = x.

That is, there is no element in the set A greater than a, with respect to the relation

R.

Minimal element: b € A is called minimal element of A if Vo € A, 2Rb= b = .

That is, there is no element in the set A lower than b, with respect to the relation R.

Example 3.8. We define in N* the binary relation R by:

[ Vr,y € N*, 2Ry < y is a multiple of x. ]

We write

Vr,y € N¥,

TRy < Ik e N*: y = kax.

The relation R is an order relation. Indeed,

Let A={1,3,7} C N*.

M € N* is an upper bound of A =

iUl

Vere A, xRM

ITRM,3RM and TRM

M is a multiple of 1, M 1is a multiple of 3 and M is a multiple of 7
M s the common multiple of 1,3 and 7

M s multiple of 21.
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Then the set of upper bounds of A is the set {21k, k € N*}, then the smallest upper
bound is sup(A) = 21.

m € N* is a lower bound of A= Vx € A, mRx
= mMR1,mR3 and mR7
= 1 is a multiple of m,3 is a multiple of m and 7 is a multiple of m
= m is the common divisor of 1 and 3 and 7
= m=1.

Then the set of lower bounds of A is the set {1}, then the greatest lower bound isinf(A) = 1.

3.4 Exercises

Exercise 3.1. Determine which of the following relations on the set of real numbers are

reflexive and/or symmetric and/or transitive:
(a) The equality relation (=).
(b) The inequality relation (#).
(¢) The greater than or equal to (>) or less than or equal to (<) relation.
(

d) The greater than (>) or less than (<) relation.

Exercise 3.2.
Noting A = {ay;as;a3} and B = {by;by; bs; by}, the relation R from the set A to the set B
1s defined by the set of ordered pairs

{(al,b1); (a1, b2); (az, b3); (as, bs); (as, ba)}-
Represent this relation with an arrow diagram.
Exercise 3.3. We define the binary relation R on the set Z by:
Ya,b € Z, aRb< a— b is divisible by 4.
1. Show that R is an equivalence relation.
2. Determine the equivalence class of an element m € Z.
3. Determine the quotient set Z/R.

Exercise 3.4. Let R be a binary relation defined on the set R? by:

V(z,y); (2, y) R (z,y)R(z,y) & [z <2’ and y < ).
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1. Show that R is an order relation.

2. Are these elements (1,2), (—1,2) and (3,0) comparable. The order is it total or
partial?

3. Let D ={(z,y) € R*: 2*+y? < 1} be the closed disk with center (0,0) and radius
1. Determine the following, if they exist:

(a) The set Mp of all upper bounds of D, the greatest element max D, and the
supremum sup D.

(b) The set mp of all lower bounds of D, the least element min D, and the infimum
inf D.

(¢) The mazximal element, the minimal element for the set D ?(Supplementary).

Exercise 3.5. (Supplementary)
We define on the set of relative numbers Z, the following binary relation R by

Ve,y € Z, xRy< JaeN, y=a2a".
1. Show that the relation R is an order relation on Z.

2. Show that R is a partial order on Z and prove that it is not a total order on Z.

3.5 Solution of exercises

Solution of exercise 3.1.

The set The relation | Reflexive | Symmetric | Transitive
Any nonempty set = Yes Yes Yes
Any nonempty set +# Yes Yes Yes
Real numbers > or < Yes No Yes
Real numbers > or < No No Yes

Solution of exercise 3.2.
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---<
L
L —

|

Figure 3.1: Arrow diagram

Solution of exercise 3.3.
We define the binary relation R on the set Z by:

Ya,b € Z, aRb< a— b is divisible by 4.

In fact,
a — b is divisible by 4 < Ik € Z : a — b = 4k.

1. We show that R is an equivalence relation.
o We show that the relation R is reflexive, that is Va € Z, aRa.

Let a € Z, we have a —a = 0 and 0 is divisible by 4.

thus,
Va € Z, a'Ra.

Therefore, the relation R is reflexive.

o We show that the relation R is symmetric, that is Va,b € Z, aRb = bRa.

Let a,b € Z, we have

aRb = a—0b is divisible by 4
= dke€eZ:a—-b=4k
= Jke€Z:b—a=—4k (We multiply each side by — 1)
= d'=—-keZ:b—a=4F
= b —a is divisible by 4.
Therefore, the relation R is symmetric.
e [We show that the relation R is transitive, that isVa,b,c € Z, aRb and bRc = aRc.

Let a,b,c € Z, we have

aRb and bRc = a — b is divisible by 4 and b — ¢ is divisible by 4
dkeZ:a—-b=4k...(1)
= and
' €eZ:b—c=4K...(2)
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Adding equations (1) and (2), we obtain:

a—bt+b—c=4k+4K kK cZ= Tk =(k+k)E€Z: a—c=4k+K).
N——
k//
= a — c is divisible by 4

= aRe.

Therefore, the relation R is transitive.
Conclusion: The binary relation R is reflexive, symmetric and transitive then it is
an equivalence relation.

2. The equivalence class of an element m € 7Z.

We have
m= {a€Z: aRm}

{a €Z: a—m is divisible by 4}
{a€Z,3ke€Z: a—m=4k}
= {4dk+m, keZ}.

3. The quotient set Z/R.
First, we determine all possible equivalence classes. We have

0 = {4k, keZ}:{.;% —4,0,4,8,...}

1={4k+1, keZ}y={ .. -T7, &L59 2}
2={4k+2, kecZ}={ —ﬁ —2,2,6,10,...}
3= {4k +3, keZ}_{ 13JJL”}

Therefore, S
Z/R =A0, 1, 2, 3}.

Remark: In fact,

g
1=5=9

2=6=10
3=7=11.

The equivalence classes repeat because integers that differ by a multiple of 4 belong to the
same class, that is, they have the same remainder when divided by 4.

Solution of exercise 3.4.
Let R be a binary relation defined on the set R? by:

V(z,y); («,y) €R* (2,9)R(2.¢) & [z <2’ and y <y'].
1. We show that the relation R is an order relation.
o We show that the relation R is reflexive, that is
Y(z,y) € R?, (z,y)R(z,y).
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Let (z,y) € R?, we have
r <z andy <y ( because the relations < is reflexive )

thus,
V(z,y) € R?, (z,y)R(z,y).

Therefore, the relation R is reflexive.

o We show that the relation R is antisymmetric, that s
V(z,y); (@' y) € R, [(2,y)R(2,y) and («',y)R(z,y)] = (z,y) = (', y/).
Let (z,y); (z',y') € R?, we have

(2, y)R(2",y) and (2, y)R(x,y) = [z <2’ andy <y] and [z' < x and y' < y]
= [r=12"andy =1
because the relation < is antisymmetric )

(
= (z,y) = (@y).

Therefore, the relation R is antisymmetric.

o We show that the relation R is transitive, that is
V(z,y); (', y); («",y") € R, [(z,9)R(x',y) and (2,4 )R(z",y")] = (z,y)R(z",y").
Let (z,y); (2, y); (2", y") € R, we have

(x,y)R(z",y) and (2", ¢y )R(z",y") = [z <2’ and y <y/] and [2' < 2" and y' < ¢
- [iL‘ < v < 2" andy < y// < y//]
= [z <2 andy <y"]

(because the relation < s transitive)

= (z,y)R(",y").
Therefore, the relation R is an order relation.
Conclusion: Since the relation R is reflexive, symmetric and transitive then it is
an equivalence relation.

2. Are these elements (1,2), (—1,2) and (3,0) comparable. The order is it total or
partial?
We have

(1,2)R(—1,2) because 1 £ —1 and 2 < 2 Hence (—1,2)R(
(—1,2)R(1,2) because —1 <1 and 2 <2 Then, (1, ) and

(1,2)R
(3,0)R

1,2).
(—1,2) are comparable.
(3,0) because 1 < 3 and 2 £ 0
1

(1.2) because 3 £ 1 and 0 < 2 } Then, (1,2) and (3,0) are not comparable.
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(=1,2)R(3,0) because —1 <3 and 2 £ 0

(3, 0YR(=1,2) because 3 & —1 and 0 < 2 } Then, (—1,2)and(3,0) are not comparable.

The order relation R is a partial order (it is not total), because

3(1,2) € R? and 3(3,0) € R?such that (1,2)R(3,0) and (3,0)R(1,2).

3. Let D = {(x,y) e R?: 2%+ y? < 1} be the closed disk with center (0,0) and radius
1

We have that:
(x,y)eD=(-1<z<land —1<y<1

(a) The set Mp of all upper bounds of D, the greatest element max D, and the
supremum sup D.
o The set of upper bounds of D:
(My, My) € R? is an upper bound of D = ¥(x,y) € D, (z,y)R(M;, My)

= o< My andy < My
= 1< M andlSMg

Therefore, the set of all upper bounds is
Mp = {(My, M) € R* 1 < M; and 1 < M}

o We have (1,1) € Mp. It is an upper bound of D, but (1,1) ¢ D since
12+ 12 = 2 #£ 1. Therefore, the greatest element max(D) does not exist.

o The supremum of D is the least upper bound of D; therefore, sup D = (1,1).

(b) The set M of all lower bounds of D, the least element min D, and the infimum
inf D.

e The set of lower bounds of D:
(my,ma) € R? is a lower bound of D = Y(x,y) € D, (my,ma)R(z,y)

= my <z andmy <y
= my < —1and my < —1.

Therefore, the set of all lower bounds is
mp = {(m1,my) € R*, my < —1 and my < —1}.

o We have (—1,—1) € mp. It is a lower bound of D, but (—1,—1) ¢ D since
(—=1)> + (—=1)® = 2 # 1. Therefore, the smallest element min(D) does not
exist.

o The infimum of D 1is the greatest lower bound of D; therefore, inf D =

(—1,-1).
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(c) The mazximal element, the minimal element for the set D ?(Supplementary)
e (a1,az) € D is the mazximal element of D if That is, there is no element
(z,y) € D greater than (a1, as).

That is, for the unit disk the maximal elements are exactly the boundary

points in the first quadrant. © has the relation R, that can be written in the
form

{(z,y) eR*: 2*+y*=1,2>0, y>0}.

o (b1,b2) € D is the mazimal element of D if That is, there is no element
(z,y) € D smaller than (by,bs).

That is, for the unit disk the minimal elements are exactly the boundary
points in the third quadrant, that can be written in the form

{(z,y) eR®: 2P +yP=12<0, y<0}

The set of upper bounds

Mp
Maximal elements
05

5 -3 25 -2 -15 {1 -05 0 05 15 2 25 3 35

-05
Minimal elements

mp

The set of lower bounds ‘
-15

-2

Figure 3.2: lustration of: The set Mp of all upper bounds of D, The set mp of all lower
bounds of D, The maximal and the minimal elements of the D.
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Chapter 4

Algebraic Structures

This chapter introduces important algebraic structures, which are nonempty sets equipped
with one or more binary operations satisfying specific properties. The first structure intro-
duced is the group, which play a central role in abstract algebra used to study symmetry
and transformations. Then it introduces rings that studies arithmetic with addition and
multiplication, the last structure is fields studies arithmetic where division is possible.

4.1 Definitions

4.1.1 Binary operations
Let X be a nonempty set, the application (x) given by

X xX =X
(z,y) = *(z,y) =x*y

is called a binary operation, that is

Ve,ye X, xz*ye€ X.

In general, we use the notation x x y instead of *(z,y)
*(2,y) = xxy

Ay

Ty

xTy

are just notations
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Example 4.1. 1. The standard operations such as addition and multiplication on N are
binary operations

+:NxN — N ONXN =N
(z,y) —a+y (x,y) —zy

2. The substraction operation (—) and division operation (<) are not binary operations
on the set N.

4.1.2 Properties

Let (%) be a binary operation on the set X

(1) The operation (*) is commutative on X: Vx,y € X, z*xy=1y*uz.

(2) The operation (x) is associative on X: Vz,y,2 € X, (r*xy)*xz=2x* (y*2).
(3) Identity element: The operation (%) has an identity element denoted by e if

dee X, Ve X: xxe=zandexz=ur.

(4) Inverse element: An operation (x) that has an identity element e, we say that (x)
has an inverse element if

Vee X, 32’ e X: xzx2'=ecand 2’ vz =c.
2’ is called the inverse element of x, and we say that x is invertible.
Example 4.2.
1. (R*,-), where the operation (-) denotes the usual multiplication, we have
e =1 is the identity element |
and for every x € R*,

1. .
x’ = — is the inverse element of .

T

2. In (N, +), where the operation (4) is the usual addition, 0 is the only element that
has an inverse element.

3. In (N,-), where the operation (-) is the usual multiplication, 1 is the only invertible
element.

4. In (P(X),U), the empty set is the only invertible element, because if
AUB=10, VA BePX),
then A =0 and B = (.
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5. In (P(X),N), the set X is the only invertible element, because if
ANB=X VA BePX),
then A=B = X.

The identity element e is always invertible and the inverse of the identity element is
the identity element
exe' = e, therefore ¢/ = e.

(& J

Let (x) be an intern composition operation on a nonempty set X.

1. The identity element e exists, then it is unique.

2. If the operation (%) is associative and have identity element, then every invertible
element has a unique inverse.

3. If x and y are invertible under the associative operation (%) on the set X, then
x x y is also invertible, and
(xxy) =y xa'.

- J

Proof.
1. We assume that there exists two identity elements e; and es, then

Vre X, xxe =e xx=u.
Vee X, xxey=eyxr =1

Then

e1 — ey xe9 and e; x €5 = €.

2. We assume that there exists two inverse element of = which are 2’ and z”, then

= 1'xe

= o' x(xx2")
= (' xx)xa”
= exa”
= a2’
3. Let z and y be two invertible elements, we denote their inverse element by ' and v/,
respectively. We have

(xxy)* (Y xa') =z*((yxy')*z')
zx*(cf*x')
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Similarly, we can obtain (y * z') x (x xy) = e.
Then ¢ x 2’ = (x xy)'.

O

4.2 Groups

4.2.1 Definitions

We call a group any nonempty set G equipped with a binary operation (x) that satisfies
the following conditions:

1. The operation (%) is associative.

2. The operation (*) has a identity element in G, that is:

Jdee G,Vx e G, rxe=zand exz = .

3. Xvery element of G has an inverse in G, that is:

Ve G, 32’ € G, zx2' =eand 2’ xz =e.

We will denote a group by (G, ), since it is given by both the set G and the operation

(%)-

- J

We shall always use the symbols e for the identity element in a group and 2’ for inverse

of element an x in the group.
- J

Let (G,*) be a group. We say that the group (G, *) is commutative (or abelian
group), if and only if the operation (x) is commutative, that is

Ve,y e G, xxy=1yx*x.

- J

Example 4.3.
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1. (R*,-) and (R, +) equipped with the usual multiplication and addition, are commuta-
tive groups.

2. (R, ") equipped with the usual multiplication does not form group, although the oper-
ation (+) on R is a binary operation, associative and has an identity element, but the
element 0 € R has not an inverse in R.

3. (Z*,-) equipped with the usual multiplication does not form group. Indeed, the usual
multiplication () on Z* is a binary operation, associative and has an identity element
that is 1 € Z*. However, not every element has an inverse element in Z*. For
example, the element 2 has not an inverse in Z*, since there does not exist any
' €7 such that2-2' =1 and 2’ -2 = 1.

4. The set G = {1,—1} form a commutative group under the usual multiplication (-).
It is easy to check the properties. It is clear that for every x,y € G we have x -y € G
then it is a binary operation, (-) is associative, has identity element e =1 € G and
each element of G is its own inverse.

4.2.2 Subgroup

Let (G,*) be a group, and let H be a nonempty subset of G. We say that H is a
subgroup of G if:

1. H is closed with respect to (%), that is, Vo,y € H, z*y € H.

2. (H,*) is itself a group; in other words, the restriction of the operation (x) to
H x H forms a group structure.

-

J

We use the notation H < G to indicate that H is a subgroup of G.

A

.

Example 4.4.

1. (R%,-) is a subgroup of (R*,-). In fact

For all x,y € R, we have x -y € R% | then the operation (-) is close on R*..

For all x,y,z € R, we have x - (y - 2) = (x - y) - z, then the operation (-) is
associative.

o The identity element is e =1 € R

*

t,andx -2’ =2 -z =e.

For every x € R% , the inverse x’ = % belongs to R
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Let (G, *) be a group, and H C G such that H # (), then

[ H is a subgroup of G & Vx,y€ H, zxy € H J
where 3/ is the inverse element of y by the operation (x) in H.
Proof.

"=" Suppose that H is a subgroup of G and we show that Vx,y € H, zxy' € H.

Let x,y € H. Since H is a subgroup of G, then the inverse element of y exists and
y € H.
Because H is also closed under the operation (x), it follows that

rxy € H.

"«<" Suppose that
Ve,yc H, xxy €H...... (I)

and we want to show that H is a subgroup of G.
1. H # 0, then 3zo € H and set y = zg. Then, from (I) we have
zoxx € H.

But z¢ x z{, = e. Hence
e€ H.

Then the operation (x) has an identity element in H.

2. Let y € H. Since e € H, applying (I) with x = e we obtain
exy € H.

But exy’ =1/, so
y' € H.
Then the inverse element of y € H is ¢y € H.

3. Let z,y € H. From Step 2, we know ¢/ € H.
Apply (I) to = and ¢/, we obtain

z*(y) € H.

Since (y') =y, we get
rxy € H.

Then the operation (%) is a binary operation.
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Conclusion: H contains the identity element, every element in H has an inverse in
H, and H is closed with respect to ().
Therefore, H is a subgroup of G.

A group (G, *) admits at least two subgroups: ({e}, *) and (G, %), they are called trivial
subgroups of the group (G, *).

Example 4.5.
Let (Z,4) be an abelian group, and let

H =27 = {2k, k e}

We show that (H,+) is a subgroup of (Z,+).
By the subgroup criterion, it suffices to check that for all x,y € H, the element x +vy' € H

(where y' is the inverse element of y).
Let x,y € H. Then

x =2k and y = 2k',  for some k, k' € Z.
We have that the inverse element of y in (Z,+) is
y'=-y=—(2K)€eH,
since —(2k") = 2(—k') is also a relative number. Therefore,
r+y =2k+ (=2K)=2(k—K)=2kK"€ H,

where k" =k — k.
Hence x +y' € H for all x,y € H, and by the Proposition 4.2.2 (2Z,+) is a subgroup of
(Z,+).

In general, if n € N*, then (nZ, +) is a subgroup of (Z, +).

J

Let (G, *) be a group and let H C G be a subgroup. By convention, saying that H is
a subgroup of G means that H is equipped with the operation (%) restricted from G.

(& J

Ve
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Properties 4.1
Let (G, *) be a group and let H; and Hy be two subgroups of G, then
1. Hi N Hy is a subgroup of G.

2. Hy U H, is not necessarily a subgroup of G.

Proof.

1. We show that H; N Hy is a subgroup of G.
Let x,y € Hy N Hy and we verify that x xy’ € H; N Hy, with 3’ denote the inverse

element of y.
We have
re€ HHNHy= 2 € Hy and x € H,,

and similarly
ye HHNHy=y € Hy and y € Hy

Since H is a subgroup of G, then x x 3y’ € Hy. Likewise, since Hj is a subgroup of
G, then x xy € H,.
Therefore, x xy' € Hy N Hy. By the subgroup criterion, H; N Hs is a subgroup of G.

2. To show that H; U H, is not necessarily a subgroup of G, we give a counter example.
Let (Z,+) be an abelian group, and let (2Z,+) and (3Z,+) be two subgroups of
(Z,+). Recall that

32 =1{...,—6,-3,0,3,6,...}

207 ={...,—4,-2,0,2,4,.. .}

Their union is
22032 =4...,—6,—4,-3,-2,0,2,3,4,6...}

We have 3 € 3Z C (2Z U 3Z) and 2 € 2Z C (2Z U 3Z), but
342="5¢ (2ZU3Z).

Hence, the union (2Z U 3Z) is not closed under addition, and therefore it is not a
subgroup of (Z,+).

]
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4.2.3 Group homomorphism and group isomorphism

Let (G1,*) and (G, T) be two groups. A mapping

f1(Gr%) — (G, T)
z = f(z)

is called a group homomorphism (or group morphism) if

[ Vz,y € Gy, flexxy)=f(x)Tf(y). ]

. J

Example 4.6.

1.

(R 4+) — (R
z = f(z)
the mapping f is a group homomorphism.
Indeed, for every x,y € R we have

floty)=e=e"-e’ = f(z)- f(y).

)

eﬁ?

g:(Z,+) — (8Z,+)
n +— g(n)=8n

the mapping g is a group homomorphism.
Indeed, for every n,m € Z we have

gn+m)=8(n+m)=_8n-+8m=g(n)+g(m).

A group homomorphism f : (Gy,x) — (Ge,T) is called:
1. A group isomorphism if the mapping f is bijective.

2. A group endomorphism if G; = Gy and * =T.
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4.2.4 The finite group Z/nZ (n=1,2,3,4,...)

Let n be an integer such that n > 1. Let R be an equivalence relation on Z defined by

[ Ve,y € Z, zRy< x—yisamultiple of n (z —y € Z). ]

The equivalence class of an element m € Z, is given by:

m={y€eZ, yRm}= {ye€Z, 3k €Z:y—m=nk}
= {nk+m, k € Z}.
= nZ+m.

The set of all integers modulo n, denoted by Z/nZ, is defined to be the quotient set:
ZinZ = (i, me 7} = {0,1,2,...,n—1}
Let G = Z/nZ, we define the addition operation (+) on G by:
Ve,yeG, i+i=7+7.

Then (Z/nZ,+) form a commutative group. .
Now, consider the set G \ {0}, we define the multiplicative operation (-) on G \ {0} by:

Vo,y € G\{0}, i g=a7.
Then (G \ {0}, +) form a commutative group.

Example 4.7. Let G = Z/AZ = {0,1,2,3} = {4Z,47 + 1,4Z + 2,47 + 3}.
We define the addition operation (+) on G by:

Ve,ye G, =+y=x+y.

Then (Z/AZ,+) form a commutative group.

() [o[i]2]3
0 [o0]1]2]3
1 [1]2]3]0
2 [2]13]0]1
3 13]0]1]2

Table 4.1: Addition table on Z/4Z

Now, consider the set G\ {0}, we define the multiplicative operation (-) on G\ {0} by:

v,y e G\{0}, i-y=1a-1.
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Then (G\ {0}, +) form a commutative group.

O0Ti[2]3
0 [0[0[0]0
1 (01123
21012102
300321

Table 4.2: Multiplication table on Z/4Z

4.2.5 Symmetric group S;

The set of all bijective mapping from the set S = {1,2,...,n} to itself, endowed with
the composition of mappings denote by o, forms a group denoted by (.S, o).

Proof.
e The composition of two bijective mappings is a bijective.

e Composition of mappings is associative.

e The identity mapping on S is the neutral element.
e Every bijective mapping f has an inverse mapping f~!.
Thus, (S,,0) forms a group. O
e Every bijective mapping from {1,2,...,n} to itself is called a permutation.

For a set S with cardinality n, we use the notation S, or A(S) to denote the set of
all permutations of S.

The number of bijections from a set of n elements to itself is n!, so Card(S,) = nl.

The group (S,, o) is called symmetric group or permutation group.
- J

Example 4.8. (Permutation group Ss)

Let S ={1,2,3}. We want to determine all the possible permutations of the set S.

A function from S to S is a permutation only if it is bijective, so each element of S must
appear ezxactly once in the list of images. Since the number of ways in which 3 elements
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can be connected with 3 elements in a bijective manner is 3! = 6, the cardinality of Ss is
card(S3) = 3! = 6.
Then we have the following permutations:

o Let the mapping f : S — S such that
f() =2, f(2) =3, f(3) =L
and let the mapping g : S — S such that
9(1) =2, 9(2) =1, g(3) = 3.
both are permutations on S.

e The identity mapping Idg : S — S such that Idg(x) = x for all x € S is also a
permutation.
e The mappings fog, go f, fo f are also permutations of S.
Hence, all the possible permutations of the set S is set S3 = {Is, f, g, fog, gof, fof}.

We now introduce a notation to represent permutations. Consider the above set S3.
The mapping [ given above could be written as

= [ 1 2 3 } } top row: elements of S

Z % bottom row: images under f

In the first row we write all the members of S and in the second row we write their
respective images.

Simalarly,
11 23 top row: elements of S
B [ 213 } } bottom row: images under g
Again since f o g will be given by
(feg)(1) = flg(1)) = f(2) =3
(feg)2) = f(g(2)) =rf(1) =2
(feg)®B) = flg(3)=rB3)=1
Then

12 3
fog:[:a 2 1}'

Similarly we write go f, fo f and Idg.

123 123 12
gof:[l 3 2]’ fof:[3 1 2]’ IdS:L 2

e We show that (Ss,0) is a group:

w W
| I
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(i) The operation o is a binary operation on S3 < V¢, € S3, ¢o € Ss.

Let ¢, € S3. Since the composition of two bijective mappings is itself bijective, we
have ¢ op € Ss.
Therefore, the operation o is a binary operation on Ss.

(ii) The operation o associative < V¢, 1,0 € S5, ¢o (o) = (por))od.
Let ¢,1,0 € S3. Composition of mappings is always associative, hence

gpo(pol)=(pop)od
Therefore, the operation o is associative on Ss.

(iii) The operation o has an identity element < Je € S3, Vo € S3, such that

poe=¢ andeo ¢ = ¢.

Let ¢ € S3, from
poe=¢= c=¢ oo

= e=lds.

and
cog=p= e=dodo

= e=Idg.

We conclude that the neutral element is e = Idg € Ss.
Thus, the operation o has a neutral element.

(iv) The operation o has an inverse element < V¢ € S;, 3¢' € S3, such that
po¢d' =candd ogp=e.
Let ¢ € S3. From
pod =e=po¢ =lds=¢ =¢ loldsg= ¢ =¢"

and
pop=e=¢op=Idg=¢ =Idsod™ = ¢ =¢7".
We conclude that every element ¢ € Ss has an inverse element ¢' = ¢~1L.

Conclusion: (S3,0) is a group, that is not commutative.

The symmetric group (Ss,0) is not a commutative group.

In fact, let f,g € S3 such that
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and
g(1) =2, g(2) =1, ¢g(3) =3.

We compute the compositions as follows:

(fog)(1) = [f(g(1))=[f(2)=3
(feg)(2) = flg(2)) = f(1) =2
(feg)3) = fly(3)=/fB)=1

Thus,
1 2 3
fog= [3 2 1 }
and
(go f)(1) = g(f(1))=9(2)=1
(g0 f)(2) = g(f(2)) =9(3)=3
(g0 f)B) = g(f(3)) =9(1) =2
Hence,

123
gof:[1 3 2]'

Then fog+# go f. Therefore, the composition of mappings is not commutative on Ss.

- — e 8

4.3 Rings

4.3.1 Definitions

Let R be a nonempty set equipped with two binary operations (+) and (-) in R. We
say that (R, +,-) is a ring if and only if the following conditions are verified:

1. (R,+) is an abelian group.
2. The operation (-) is associative in R, that is

Vz,y,2 € R, ZZ(yZ):(.’IZ"y)Z

3. The operation () is distributive from the left and from the right with respect to
(+), that is

Ve,y,z€ R, x-(y+2)=(x-y)+ (r-z) (Left)

Ve,y,z€ R, (y+z2)-z=(y-z)+(z-z) (Right).

100



CHAPTER 4. ALGEBRAIC STRUCTURES Dr. Lydia BOUCHAL

Let (R,+,-) be a ring, we say that the ring R is commutative if and only if the
operation (-) is commutative that is

Ve,ye R, z-y=y-x.

s
.

Let (R, +,-) be a ring. The unit element denoted by 1g is an element such that
dige R, Ve e€R, x-1lp=1z -2 =1x.

(the unit element is the identity element for the second operation (-)).

\.

If the unity element exists in a ring, then it is unique.

A

AN

Let (R, +, ) be a ring.
1. In a ring R we denote by O the identity element for the first operation (4).

2. In a ring R we denote by 1z the unit element for the second operation (-).

-
.

Let (R,+,-) be aring. A ring with unity is a ring R that contains a unit element
1z € R such that

Vre R, x-lg=1zp-x=u1x.

-
(S

Example 4.9.

1. (R, +,), (Z,+,-), (Q,+,"), (C,+,-) with the usual addition + and multiplication -
form rings and these are all commutative rings with unity.

2. The set X of all even integers with usual addition + and multiplication - forms a
commutative ring without unity.

3. The set F' of all odd integers is not a ring because the sum of two odd integers is
an even integers than the first operation addition + is not an intern composition
operation.
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4. Let I be an interval of R and let R denote the set of continuous functions such that
f I = R, then (R,+,-) forms a structure of a commutative ring with unity by
setting . Specifically, for all f, g € R and all x € I, the operations are defined by

(f+9)(@) = f(x) +g(x),  (f-9)(=) = f(x)-g(x).

Where
The identity element is The inverse element is The unit element s
OR:[ —S R —f[ —R 1R:[ —R
r — f(z)=0 z — —f(z) z — flz) =1

4.3.2 Calculation rules in a ring
Let (R, +,-) be a ring.

1. Ve R, xz-0g=0gr-z=0g.

2.Vr,ye R, z-y=2"y=(x-y).

3. Ve,ye R, -y =x-y.

4. Vr,y,z€ R, x-(y+2)=z-y+(z-2).
Proof.

1. Let O be the identity element for the first operation (+), then 0 + 0g = 0g. We
have

x-0g=z-(0gr+0g)=x-0r+x-0g, (()is distributive from the left )

and
Op-x=(0g+0g) - x=0g-x+0g 2. ((-)is distributive from the right )
Then
OR:(OR'I')—F(OR'%),: (0R$+0R$)+(0Rl’),

= OR.T—F(ORZ'—F(ORZ'),)
= OR'$+OR
= OR'xa

and

OR:<I'OR)+(£L"OR>/: (x'OR—i-J?'OR)—i-(JJ'OR),
= ZE-OR+(ZE-OR+(ZE'OR)/)
= ZE'OR+OR
= QT'OR.

ThenVx € R, x-0r =0 -z =0pg.
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2. From (1) we have Vo € R, 1z -0 = 0g, we get
a- (Y +y)=0r= a-y+a-y=0g
= a-y+a-y+(a-y) =0r+(a-y)
= a-y=0r+(ay)
= a-y =0pg
Similarly, we can prove that 2’ -y = (z - y)'.
3. Let x,y € R, we have
{)jl-y,:(:L'-y/),:((l'-y)/),:l’-y.
4. Vz,y € R, we have

v (y+2)=x-y+ao-Z=x-y+(v-2)

Let (R, +,") be a ring, if

Jz,y € R, such that x # Og and y # Og and x - y = Og.

Then x and y are called zero divisors.

(& J

Example 4.10.
1. In (Z*,+,-) there is no zero divisors.

2. Let (Z/6Z,+,-) be a ring, with Z/6Z = {0,1,2,3,4,5}.
The neutral element for the first operation (+) is 0, we have

2:3=6=0

but 2 # 0 and 3 # 0, then 2 and 3 are zero divisors.

In general in a ring (R, +, ), if - y = Og does not necessarily implies that 2 = 04 or
Yy = OR.
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A commutative ring (R, +, ) is called an integral domain if

Ve,ye R, x-y=0g=2=0gory=0g.

In other words a commutative ring R is called an integral domain if R has no zero
divisors.

(& J

Example 4.11.
1. Z,Q,R,Z are integral domains.
2. 7.JAZ is not an integral domain, since 2 -2 = 0.

3. The ring (C([0,1],+,-)) is not an integral domain, because for

f(a:):{o AR andg<x>={x‘% e

We obtain f(z) - g(x) =0 but f # 0 and g # 0.

4.3.3 Subring

Let (R, +,-) be a ring. A nonempty subset S C R is called a subring of R if

1. (S,+) is a subgroup of (R, +).

2. The set S is closed under the second operation (-), that is Vo,y € S, z-y € S.

(& J

Example 4.12.
1. (Z,+,") is a subring of (R,+,-).
2. (Q,+,") is a subrinf of (R, +,-).

1. If (R,+, ") is a ring, then ({Og},+,) and (R, +, -) are always subrings of (R, +, )

called trivial subrings (Og is the neutral element of ({0g}, +)).

2. A subring of an integral domain is an integral domain.
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Let (R, +,-) be a ring and let S be a nonempty subset of R. We say that (S, +, ) is a
subring of R if it verifies the following two conditions:

1. Ve,y € S, x+1vy €8, with ¢/ is the inverse element of y with respect the first
operation (+).

2.Vz,ye S, z4+yecSandzx-yes.

. J

Example 4.13. Let R =7/8Z = {0,1,2,3,4,5,6,7} and let S be a subset of R given by
S=1{9r, rez}=1{0,24,56)
Then S is a subring of R. In fact, we have
1. S #10.

2. Let x,y € S, then x = or and Yy = 20" with r,r" € Z, then we have,

——

y = §— 2 = 24 —1") = 0 with 1 =4 — 1.

Thus )

T4y =% +2" =20r+1") €S

3. Let x,y € S, then v = or and Yy = 21" with r,r" € Z, then we have,

/:\

Ty = 2'7"-27“’ = (27“) . (2/\7"’) =2(rr') € S.

1. A subring of a commutative ring is commutative.

2. A subring of a ring with unity is not necessarily a ring with unity.
For example (3Z, +, -) is a subring of the ring with unity (Z, +, -), but 3Z is not
a ring with unity because the unit element of (Z,+,-) is 1z =1 and 1 ¢ 3Z.
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4.3.4 Ring homomorphism

Let (Ry,+, ) and (Ra,*,T') be two rings. A mapping

f : (R1,+, ) = (Rg,*, T)
r — f(x)

is called a ring homomorphism if

[ L. Vz,y € Ry, flz+y) = f(z)* fy) ]

2. Ve,y € Ry, f(z-y)= f(z)Tf(y).

. J

Example 4.14. Consider the mapping f : (C,+,-) — (C,+, ) such that f(a+1ib) = a—1ib,
then f is a homomorphism. In fact,

1. Letx =a+1ib € C and y = c+1id € C, then

flx+y)= fla+ib+c+1id)
= f((a+c¢)+i(b+d))
= (a+c)—i(b+d)
= (a—1ib) + (c+1id)
= f(z)+ f(y)

2. Letx=a+1beC andy=c+1id € C, then

fx-y) = f((a+ib)-(c+id))
f((ac — bd) +i(bc + ad))
(ac — bd) — i(bc + ad)
(ac — ibc) — bd — iad

(¢ —ib)e —id(a — ib)

= (c—ib)- (c—id)

= Flc+ib) - flc+id)

— f@)- ()

 Proposition4s

Let f: (Ry,+,) = (R, %, T) be a ring homomorphism, then:
f(Or,) = Og,

2. f(a') = (f(z))

3. flz+y) = flx)* f(y) = flx) x (f(y))

1.
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Proof.

1. Since O, + Or, = Og,, then

f(OR1+0R1) :f(0R1)$ f(ORl)*f(0R1):f(0R1)
= f(Or,) * f(Or,) = f(Og,) * O,
= f(ORl) = Or,

2. Since x + 2’ = Op,, then

fx+2') = f(Or,)

3. Let x,y € Ry, then

A ring homomorphism f : (Ry,+,:) = (Rg, %, T) is called:

1. A group isomorphism if the mapping f is bijective.

2. A group endomorphism if R; = R, and (+) = (x) and (cdot) = (T).
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4.3.5 Ideals

Let I be a non empty subset [ a ring (R, +,-), then:
I is called a right ideal of R if:

1. Vx,y € I, we have x + 3 € I, with 3/ is the inverse element of y with respect to
the operation (+).

2. Vz € [ and Vr € R, we have z-r € [ (Stability under multiplication by elements
of the ring from the right).

I is called a left ideal of R if:

1. Vx,y € I, we have x + 3 € I, with 3/ is the inverse element of y with respect to
the operation (+).

2. Vx € I and Vr € R, we have r-x € [ (Stability under multiplication by elements
of the ring from the left).

I is called a two sided or both sided ideal, if it is both left and right ideal. In fact, if
we say [ is an ideal of R, it would mean, [ is two sided ideal of R.

(& J

Let (R,+,-) be a ring. The trivial subrings (R, +,-) and ({Og}, +,-) are always two
sided ideal of the R. Any ideal other than these two is called a proper ideal or non

trivial ideal.
(& J

Example 4.15. For alln € Z, nZ is an ideal of Z.

Example 4.16. Let (Z,+,-) be the ring of integers, and define X = {2k, k € Z} as the
set of even integers, then X is an ideal of Z.
In fact, let x,y € X. Then there exist n,m € Z such that x = 2n and y = 2m. Hence,

r+y =2n—-2m=2(n—m) € X,
so X is a subgroup of (Z,+).
Now let x € X and r € Z. Writing x = 2m for some m € Z, we obtain
z-r=02n)re X andr-z=r(2n) € X.

Therefore, X 1is both sided idea of Z.
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Example 4.17. Let C(R,R) = {f : R — R : f is a mapping }. Let (C(R,R),+,-) be a
ring, with usual addition and multiplication operations. Fize any xo € R and define
= {f €CRR): f(zo) =0},
Then I is an ideal of C(R,R).
In fact, let f,g € 1. Since (—g)(xo) = —g(zo) = 0, we have
(f = g)(xo) = f(x0) — g(x0) = 0,

which shows that f — g € I. Hence, I is a subgroup of (C(R,R),+). Let f € I and
h € C(R,R). Then

(f - h)(@o) = f(zo) - g(wo) =0,
so fh € I. Similarly, hf € I. Therefore, I is a both sided ideal of C(R,R).

A subring may not be an ideal.

Example 4.18. Let (Z,+,-) be a subring of (Q,+,-).
Take 8 € 7. and % € Q. Then

1
8- ¢&Z.
5 ¢

Hence, 7 is not closed under multiplication by arbitrary elements of Q, and therefore Z is
not an ideal of Q.

4.4 Fields

4.4.1 Definitions

Let F' be a nonempty set, and let (+) and () be two binary operations on F. We say
that (K, +,-) is a field if and only if:

1. (F,+) is an abelian group.
2. (F\{0g},-) is a group.

3. The second operation (-) is distributive with respect to the first operation (+)
from the right and from the left.
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Let F' be a nonempty set, and let (+) and () be two binary operations on F. We say
that (K, +,-) is a field if and only if:

1. (F,+,") is a ring with unity.
2. Every non-zero element of F' is invertible with respect to the second operation
(+) that is:
VeeF,x#0p, Iz €F, z-2 =21 2=1k
with

e Of is the identity element with respect to the first operation (+);
e 1 is the unit element;

e 1! is the inverse element of z with respect to the second operation ().

- J

Example 4.19.

1. (Z,+,-) is not a field because the only elements that have multiplicative inverses with
respect to the second operation (-) are 1 and —1.

1. A field (F,+,-) contains at least two elements: the identity element 0z and the
unit element 1.

2. In a field F, every x € F with x # O is invertible, then x is not a zero divisor,
in fact if
Vye F, x-y=0p
then
gt (zy)=27"-0p=> (z70-17)-y=0p
= 1lr-y=0r
= y=0p.

Therefore, a field is necessarily an integral domain.

4.4.2 The field Z/pZ, p prime

The ring (Z/pZ,+,-) is a field, if and only if p is prime.
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Proof. Let _
/_\1

7/pZ ={0,1,2,..., 1,

and
m=pl+m, mE L.

Suppose p is not prime. Then there exist integers x and y with 0 < x,y < p such that
p=1y.
In Z/pZ, we have
i-y=p=0.
Thus Z/pZ contains zero divisors, and by Remark 4.4.1 it cannot be a field.
Conversely, assume p is prime and let  be an integer with 0 < z < p.
We must find an integer y such that & -4 = 1 in Z/pZ, that is

i-y =1« zy =1+ kp for some integer k.

Because p is prime, then ged(p, z) = 1.
By the Bézout’s identity, there exist integers » and s such that

rp+ s = 1.
Rewriting gives sx = 1 — rp, so in Z/pZ we have
§-0=1.

Therefore y = s is the multiplicative inverse of = in Z/pZ.
Hence every nonzero element of Z/pZ has a multiplicative inverse when p is prime, and
therefore Z/pZ is a field. O

4.5 Exercises

Exercise 4.1.
We define on R the intern composition law (x) by:

Ve,y e R:  zxy=|z|+ |yl
1. Is the law (%) associative? commutative? has neutral element? Justify your answers.

2. Is (R, %) a group? Justify your answer.

Exercise 4.2.
We define the operation x on the set R by: Vx,y e R, z*xy=x+y— 3.
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1. Show that (R, %) is a commutative group.
2. Let H={2k+1, k € Z}. Verify that (H,*) is a subgroup of (R, ).
3. Let f be a mapping from (R, +) to (R, *) defined by

Ve eR, f(x)=)\—u.

Here the operation (+) denotes the usual addition operation on R.
Determine the value of A € R for which f is a group homomorphism.

Exercise 4.3.
We define on R the binary operation (%) by: Vr,y e R: zxxy=x+y-+ é.

1. Show that (R, %) is a commutative group.

2. Let H={x =22 neZ}. Show that H is a subgroup of (R,x).
3. Let
g9:(R,x) = (H,+)
z— f(z)=3c+3

Show that g is a group homomorphism from group (R,*) to group (H,+) (Here the
law (+) denotes the usual addition operation).

Exercise 4.4. We define two binary operations on R by
Ve,ye R, zdy=c+y—1landr@y=x+y—zy.
1. Show that (R, ®,®) forms a ring.

2. Determine whether (R, ®,®) is a field.

4.6 Solution of exercises

Solution of exercise 4.1.
We define on R the binary operation (%) by:

Ve,y e R: x*xy=|z|+ |y

1. Is the law (%) associative? commutative? has neutral element?
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Associativity: The law (%) is associative < Vx,y,z € R:  xx(y*z) = (x*y) * 2z
Let x,y,z € R, we have

e (yxz) =wx(yl+[20) = [z[ + [yl + =l = 2|l +ly[ + 2] ... (1)

(xxy)xz=(lz|+ |yl) xz = |lz|+ [yl + || = || + |y| + |2] ... ... (2)
Since (1) = (2), then the law * is associative.

Commutativity: The law (%) is commutative < Vr,y e R: x*xy=yxuz-
Let x,y € R, we have

ey = ol +lyl =yl +[z[ =yxz

Then the law x is commutative.
Identity element:
The law (%) has identity element < Je € R, Vx € R, xxe =z and e xx = x-

Since the law (%) is commutative, we look for the existence of an identity element
using one equation, for example we use x xe = x.
Let x € R we have,

rxe=x= |x|+|e|]=x

r+lel=z, x>0
—x+ el =z, x<0.

Then the identity element does not exist because if it exists it is unique.
2. (R, *) is not a group because the law (x) has not identity element.

Solution of exercise 4.2.
We define the operation x on the set R by: Vx,y € R, z*xy=x+y— 3.

1. We show that (R, %) is a commutative group.

(a) The operation * is a binary operations < Vz,y € R, xxy € R.
Let x,y € R, we have x xy = x +y — 3 € R because the sum and the substraction of
real numbers is a real number.
Then the operation x is a binary operation.
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(b) The operation x is commutative < Vo, y € R, z*xy=1y*uz.
Let x,y € R, we have

rxy= xr+y—3
= y+ x — 3 because the usual addition is commutative
= y*zx

Then x %y =y z, the operation * s commutative.

(c) The operation x associative < Vz,y,z € R, z*(y*2) = (x*y)* 2.
Let x,y,z € R, we have

rx(yxz)= z*(y+z—3)
r+y+z—3-3
= v4+y+2—6...(1)

and
(xxy)xz= (r+y—3)*xz
= rx+y—3+z—-3
= z+y+y—6...(2

Since (1) = (2), then the operation % is associative.

(d) The operation x has an identity element < Je € R, Vx € R, x xe = x and e x
r=ux.
Since the operation x is commutative it is enough to look for the existence of identity
element e € R using one equation, for example, we use the equation r xe = x.
Let x € R, we have
rTxe=r=> r+e—3=z
= e=x—x+3
= e=3€R,

then the operation x has an identity element e = 3 € R.

(e) The operation * has an inverse element < Vr € R, 32/ € R, such that z x 2’ =
e and ' xx = e.
Since the operation * is commutative it is enough to look for the existence of inverse
element using ' € R using one equation, for example we use r x ' = e.
Let x € R, we have
rxx'=e= x+4+2 —-3=3
= 2/=34+3—-z
= 2’=6—-—2x€R

then every element x € R has an inverse element ' =6 —x € R.

Conclusion: (R, %) is a commutative group.
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2. Let H={2k+ 1, k € Z}. Verify that (H,*) is a subgroup of (R,*).

(H,x) is a subgroup of (R, *) < Ve,y € H, zxy' € H.]
( with y' is the inverse element of y)

Let x,y € H, we have
reEH=x=2k+1, keZ

yeH=y=2k+1, KeZ
The inverse element of y is
y= 6-y

= 6— (2K +1)
= —2k +5

Hence
xxy = x+y —3

= (2k+1)+(—2k'+5)—-3

= 2k —2k' +3

= 2k—K+2)+1

= 2"+1, KF=k—-kK+2€Z
Then x %1y = 2k" + 1, therefore, x x1y' € H.
Conclusion: (H,*) is a subgroup of (R, *).

3. Consider the application

f(R,4+) = (R, %)
r = f(r)=A—=x

Let’s determine the value of A € R for which f is a group homomorphism.
f is a group homomorphism < Vx,y € R, f(x +y) = f(z)* f(y)

Let x,y € R, we have

flea+y)= A=(z+y)
= A—z—y...(3)

and
f@)xfly) = A—2)+(A—y) -3
= 2 \=3)—z—y...(4)

the expressions (3) and (4) are equal if and only if A = 2\ — 3.

Then
A=22—-3=> A—=-2\=-3
= —A=-3
= A=3

Therefore, f is a group homomorphism for A =3
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Solution of exercise 4.3.
We define on R the binary operation (x) by: Ve,y e R: xxy=x+y+ %.

1. We show that (R, %) is a commutative group.
(a) The operation * is a binary operations < Vz,y € R, xxy € R.
Let x,y € R, we have xxy = x—i—y—l—% € R because the sum and the substraction

of real numbers is a real number.
Then the operation x is a binary operation.

(b) The operation x is commutative < Vr,y € R, z*xy=y*uz.
Let x,y € R, we have

TxYy= T+Y-+ %
= yt+zxr+ % because the usual addition is commutative

= yxx
Then x xy =y x x, the operation * is commutative.
(c) The operation * associative < Vz,y,z € R, z*(yxz) = (xxy)*z.

Let x,y,z € R, we have
sH(y*xz)= zx(y+z+3)

= s4+y+z+e+i

= z+y+z+3...(1)

and
(xxy)xz= (x4+y+3i)*z

= s+y+it+atsi

= z+y+y+g..-(2)
Since (1) = (2), then the operation * is associative.

(d) The operation x has an identity element < Je € R, Vo € R, zxe =
x and e*xxr = T.
Since the operation % is commutative it is enough to look for the existence of
identity element e € R using one equation, for example, we use the equation
Thke=x.
Let x € R, we have
rTHhe=1x = x+e+%:$
= e=1r—T— %
= e=—:€R,

then the operation x has an identity element e = —% e R.
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(e) The operation x has an inverse element < Vr € R, 32’ € R, such that x*
¥ =eand 2’ xx =e.
Since the operation x is commutative it is enough to look for the existence of
inverse element using ' € R using one equation, for example we use xxx' = e.
Let x € R, we have

zxr'=e= z+a +§=—3
r— 1 1 _
= 1'=—5-—§5—7
= 2/=—1-2€R
then every element x € R has an inverse element ' = —+ — x € R.

3

Conclusion: (R,x) is a commutative group.
2. Let H={x =21 n e Z}. We show that H is a subgroup of (R, *).

(H,*) is a subgroup of (R, *) < Vz,y € H, zxy' € H|]
( with y' is the inverse element of y)

Let x,y € H, we have

2n —1
reH=ux= 5 n ez
2m —1
ye H=y= 5 m e 7
The inverse element of y is
/! 1
Y= —37U
_ 1 2m-—1
- 3 6
_ 2 _ 2m-1
- 76 6
—2-2m+1
- 6
—2m—1

Hence
ey = v4+y + 3

2n—2m—1—-1-—1
6

2(n—m—1)—1
6

= %T_l, k=n—-m-—1€7Z
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Then xx1y = %, therefore, x x1y' € H.
Conclusion: (H,*) is a subgroup of (R, *).
3. Let
g:(R,*) = (H+)
z— f(z)=3z+3

We show that g is a group homomorphism from group (R, %) to group (H,+).
g is a group homomorphism < Vx,y € R, glxxy) = g(x) + g(y)

Let x,y € R, we have

glexy) = 3(x+y+g) +3
3v+3y+35+1
= 3r+3y+1...(3)

and
g(@)+9(y) = Br+3)+By+3)
= 3x+3y+1...(4

the expressions (3) and (4) are equal. Then, g is a group homomorphism.

Solution of exercise 4.4.  We define two binary operations on R by
Ve,ye R, edy=oc+y—1landrQy=x+y — zy.
1. We show that (R, ®,®) forms a ring.

[ (i)(R, ®) is a commutative group.

(ii) The operation () is associative in R, that is

Ve,y,z€e R, 20 (y®z) =20y 2.

(R, ®,®) forms a ring if (iii) The operation (®) is distributive from the left and from
the right with respect to (®), that is Vx,y,z € R,

TR y®z)=(rQy) S (r®z) (Left)

| (y@2)-2=(yo2)®(:@1) (Right).

(i) We verify that (R, @) is a commutative group.

(a) Binary operation: For every x,y € R, we have x &y € R and x @ y € R.
Then the operations & and @ are a binary operations.

(b) @ is commutative: Vz,y € R, z@Qy=y®x.
Let x,y € R, we have

rhy= rv4+y—1
= y+x — 1 because the usual addition is commutative

Then x @y =y ® x, the operation & s commutative.
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(c) @ associative: Vz,y,2 € R, 2@ (ydz)=(xDy) D 2.
Let x,y,z € R, we have

r®Y®2)= 0 (y+z-1)
r+y+z—1-—-1
= o+y+z—2...(1)

and
(roy)®z= (z+y—1) @z
= oz+y—14+2-—-1
= z+y+ty—2...(2
Since (1) = (2), then the operation & is associative.

(d) @ has an identity element: Je € R, Vz € R, s e=x and e d z = x.
Since the operation & is commutative it is enough to look for the existence of
neutral element e € R using one equation, for erample we use the equation
rde=uw.

Let x € R, we have
rPe=rv= x+e—1==x
= e=z—x+1
= e=1€R
then the operation © has an identity
element e =1 € R.

(e) @ has an inverse element: Vx € R, 32’ € R, such that
r@r =eand i’ Gx=e.

Since the operation & is commutative it is enough to look for the existence of
inverse element using ¥’ € R using one equation, for example we use x ®x’' = e.
Let x € R, we have

r@r=e= v+ —-1=1
= 2=1+1—-=x
= 2=2—-2z€lkR

then every element x € R has an inverse element v’ = 2 — x € R.

Conclusion: (R, ®) is a commutative group.

We verify the conditions on the second binary operation
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(ii) The operation (®) is associative in R Vz,y,z € R, 2®((y®2) = (2Qy)® 2.
Let x,y,z € R, we have

TR (Yy®z)= @ (y+z—yz)

v+ (y+z—yz)—x(y+z—y2)
rT+y+z—yz—axy+axz+ayz

= x+yt+z—yzr—axy—xz+ayz...... (3)

and

2Ry Qz= (t+y—ay) ®z
(x+y—ay)+2—(x+y—ay)z
rt+y—ay+z— (xz+yz — zyz)
r+y+tz—awy—rz—yz+ayz
= z+y+z—yYyz—ay—T2+TYZ...... (4)

Since (3) = (4), then the operation ® is associative.

(iii) The distributivity of the operation (®) with respect to (®): That is
Vi,y,z€R, 2@ (y®z)=(2y)d(x®z) (Left)
Ve,y,z € R, (yd2)@z=(y®z)® (2®x) (Right).
e We verify that (®) is distributive from the left with respect to (@)
Let x,y,z € R, we have
r@Y®2)= 2@ (y+z-1)
r+y+z—1)—zy+2z-1)

r+y+z—1l—axy—z2+=x
= 2v+y+z—ay—axz—1...... (5)

and
ey e@@®z)= (r+y—1y) & (r+2z—12)
= (e4+y—ay)+(r+z—22)—1
= 2x4+y+z—axy—zvz—1...... (6)
Then (5) = (6), then (®) is distributive from the left with respect to (@)
e We verify that (®) is distributive from the right with respect to (@)

Let x,y,z € R, we have

Yoz)@r= (y+z-Dow
= (W+z-1)+z—-(y+z—-1)x
= y+z—1+x—yr—zx+x
= 2v+y+z+r—yr—zex—1...... (7)
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and
(yRz)® (2 ® ) (y+z—yz)® (2 +x — 2x)
(y+z—yx)+(z+z—z2x)—1

= 2v4+y+z—yr—zex—1...... (8)
Then (7) = (8), then (®) is distributive from the left with respect to (@)

Conclusion: (R, ®,®) is a ring.
2. Determine whether (R, ®,®) is a field if and only if

(a) (R, ®,®) is a ring with unity.
(b) Every element of R\ {e} is invertible for the second operation (®), that is:
VieR, z#e oz 'eR, 2z '=lgandr '®c=1g
with
e c is the identity element with respect to the first operation &.

o 1R is the unit element with respect to the second operation .

e 27! is the inverse element of x with respect to the second operation (®).

We show that (R, ®,®) is a ring with unity
We have that (R, ®, ®) is a ring it remains verify if (R, ®, ®) has a unit element
1gr € R, that s

dlg, Vz €R, 2®@1g=z and lg ® z = .
Let x € R, we have

rR®Ilpg=2= z+1lg—zlg==2x
= lg(l—z)=z—2x
= 1lg(l—2)=0
= 1g=0

Therefore, the unit element is 1g = 0 € R.

Conclusion: Since (R,®,®) is a ring and has a unit element then (R, ®, ®)
18 a ring with unity

We verify if every element of z € R\ {e} is invertible for the second operation (®)
that is:

VieR z#e dJz'eR, 2z '=lgandr '®c=1g
Let € R\ {1}, we have

rRr'=1lg=> s+ -2z =0
= v+ (1—-2)=0

= z7'(1-2)=—-2
= 2= ﬁis well defined because x # 1.
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Therefore, every element different from the identity element e is invertible with
respect to the second operation, that is

VieR, z#1, I = (1—x ) eR, z®z'=0andz'®@z=0.
—

Conclusion: (R,®,®) is a field.
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Chapter 5

Polynomaals rings

Let (IF,+,-) be a field, where F denotes either R, Q, or C. In what follows, we denote by
Or the identity element (additive identity) of (F,+,-) and by 1p the unit element (multi-
plicative identity) of (I, +,-).

Let F be a field. A polynomial P over F with the variable z is a of the form
P(z) = ag + a1z + asx® + - - - + apz™,
where ag, a1, as,...,a, € F and n € N.
e The elements ag, ay,as, ..., a, are called coefficients of the polynomial P.

e 1 is called the variable or the indeterminate.

e We denote by F[x] the set of the polynomials in one variable z with coefficients
in F.

Flz] = {ao + a1 + aox® + - -+ + a,z™, ag,a,0s,...,a, €F, n >0}
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Let P be a polynomial of F[z], such that
P(z) = ag + arx + agx® + - - - + az™

e The degree of a polynomial P is the largest integer n € N such that a, # 0,
denoted by deg(P) = n and we say that a,, is the leading coefficient and a,z™ is
the leading term.

deg(P) =max{n e N: a, #0}.

e We say that degree of P is zero if ag # 0 and a; = 0 for all ¢ > 1. In this case P
is called a constant polynomial.

o Clearly, deg(P(z)) = deg(—P(z)).

e If all the coefficients a; for i = 1,n are equal to zero, that is P(z) = 0, then P
is called the zero polynomial and we denote it by Ogf,). For convenience, we say
that deg(Opjy)) = —o0.

e The valuation of a polynomial P is the smallest integer n € N such that a,, # 0,
denoted by val(P).

val(P) =min{n e N: a, # 0}.

e A monic polynomial is a polynomial whose leading coefficient is 1.

e A polynomial P is called monomial if val(P) = deg(P). In other terms, a mono-

mial is a polynomial that has only one non-zero term P(x) = a*.

(& J

Example 5.1.

1. P(z) = 2® + 4x + 5, the polynomial P is monic, because its leading term is z° and
its coefficient is 1.

2. Q(x) = 22* + 4x + 5, the polynomial Q is not monic, because its leading term is 2x*
and its coefficient is 2 which is different from 1.

Example 5.2.
1. For P(x) =1+ (5+i)z* we have deg(P) = 4 and val(P) = 0.

2. For Q(x) = 8x? + 223 + x* we have deg(P) = 4 and val(P) = 2.
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e For every non zero polynomial P € Flz], we have val(P) < deg(P).

e A polynomial is a finite sum of monomials.

5.1 Operations on polynomials
Let P and @ be two polynomials of P € F[x], such that
P(z) = ap + a1x + asx® + -+ a,2™, a; €F, n €N,
Q(z) = by + b1w + box® 4+ - - - + bx™, b €F, meN.
1. We say that P(z) = Q(z) if and only if n = m and a; = b; for all i.
2. The sum of P and @, denoted by P + @, is the polynomial in F[x] defined by
P(x) + Q(z) = (ag + bo) + (a1 + by)x + (az + ba)z® + - - -
Moreover, the following properties hold:

o deg(P + Q) < max(deg(P), deg(Q))-
e Val(P+ Q) > min(val(P),val(Q)).
Example 5.3.

Let
P(z) =1—2x+ 32> + 2° and Q(v) = 2z + 32° — 2.

Then
deg(P) =3, val(P) =0 deg(Q) =3, val(Q) = 1.

We compute
P)+Q(z) = (1—2z+32%+23) + (2z + 32% — 23)

1+ (—2+2)z+ (3+3)2x?+ (1 —1)a3
= 1+ 622

Therefore,
deg(P + Q) = 2 < max(deg(P), deg(Q)) = 3,

and
val(P + Q) = 0 > min(val(P),val(Q)) = 0.
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3. Let P,Q € F[z] be two polynomials, written as

n

P(z) = Zakx and Q(x Z bra”.

k=0

The product of P and @, denoted by P - @ is a polynomial in F[x] given by

n+m

P(z)-Q(z) = Z;) cptt

= co+ar+cr? 4+ cppmr™™
where the coefficients ¢; are defined by the convention formula

c; = Zakbi,k for all i € {0,1,n + m}.

k=0

Thus, each coefficient ¢; is obtained by summing all products agb;_; whose indices
add up to 7.
Moreover, the following properties hold:

o deg(P - Q) = deg(P) + deg(Q).
e Val(P-Q)=Val(P)+ Val(Q).

Example 5.4.
Let

P(x) =1+ 3z +22% and Q(z) = 1 + 2.
Then
P(z) - Q(x) = co + c17 + cox® + c32°

with the coefficients are given by

Co :aobo = (1)(1) =1

c1 =agby +arbp = (1)(2) + (3)(1) =5
Co —agbg + a1b1 + a2b0 ( )(0) + (3 (2) + (2 (1) =8
C3 —a0b3 + Clle + (lgbl + agbo (1)

Therefore,
P(z)-Q(z) = 1+ 5z + 82* + 4a°.

o deg(P- Q) =deg(P)+deg(Q)=2+1=3.
o val(P- Q) =wval(P)+val(Q)=0+0=0.
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5.2 Construction of the ring of polynomials

Let (F,+,-) be a field, Then (F[z],+,:) with the usual addition and multiplication
operations forms a ring structure.

Proof.
We show that (F[z],+,-) forms a ring.

( (i)(F|[x],+) is a commutative group.

(i) The law (+) is associative in F|z], that is

VP,Q,ReFl], P-(Q-R)=(P-Q)-R.

(iii) The law (+) is distributive from the left and from the right
with respect to (+), that is VP, Q, R € F[z],
P-(Q+R)=(P-Q)+ (P-R) (Left)
and

| (Q+R)-P=(Q-P)+(R-P) (Right).

(F[z],+, ) forms a ring if

(i) We verify that (F[z], +) is a commutative group.
(a) Intern composition law: For every P, Q € F[z]|, we have
P+ Q €F[z] and P-Q € Flz].

Then, the laws (+) and () are an intern composition laws.
(b) The law (+) is commutative: Let P,Q € F[z], we have

P+Q=Q+PF

Then, the law (+) is commutative.
(c) The law (+) is associative: Let P,Q, R € F[x], we have

P+(Q+R)=(P+Q)+R.

Then, the law (+) is associative.
(d) The law (+) has an identity element: Let P € [F[z], we have

P+ OIF[x} = P and O]Fm +P=P.

Then, the law (+) has a neutral element which is Opf, € Fz].

(e) The law (+) has an inverse element:
Let P € F[z] with P(z) = ag + a1 + agz® + - - - + a,2", then it has an inverse
element (—P) € F[z] with —P(z) = —ag — a1x — agz® — - - - — a, 2", such that

P+ (—P) = O]Fm and (—P) + P = O]F[:e]-
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Conclusion: (F[z],+) is a commutative group.
(ii) The law (-) is associative Let P,Q, R € F[x], we have
P-(Q-R)=(P-Q)-R
Then the law (-) is associative.

(iii) The law (-) is distributive from the left and from the right with respect to (+):

e We verify that (-) is distributive from the left with respect to (+)
Let P,Q, R € Flz|, we have

- (y+2z)=(xy)+ (v 2).

Then (+) is distributive from the left with respect to (+)
e We verify that () is distributive from the right with respect to (+)

Let P,Q, R € Flz|, we have
(Q+R)-P=(Q -P)+(R-P).
Then (+) is distributive from the left with respect to (+)

Conclusion: (F[z],+,-) is a ring.

5.3 Polynomial arithmetic

In this section, we examine divisibility and Euclidean division of polynomials, define the
GCD and LCM of two polynomials, and introduce coprime polynomials. We conclude with
factorization into irreducible factors, which parallels prime factorization for integers.

Let A and B be two polynomials on F|z] with A # Opf,), we say that A divides B (or
A is a divisor of B, or B is a factor of A) and we write A|B if

3Q € F[z] such that B = QA.

Example 5.5.

128



CHAPTER 5. POLYNOMIALS RINGS Dr. Lydia BOUCHAL

1.
2.
3.

Every polynomial divides the zero polynomial.
The only multiple of a zero polynomial is the zero polynomial.

Let P € Flz]| be a nonzero polynomial and X\ € F, with X\ # 0, then AP and X\ are
divisors of P.

(z + 1)|(z* + 3z + 2) in R[], because 2° + 3z +2 = (x + 2)(x + 1). In fact,

22 +3x4+2|z+1
—(2?+2z) |z +2
20 + 2
—(2z+2)
0

Since the remainder is 0, it follows that x + 1 divides x* + 3z + 2 in R[z].
(22 + 2+ 1)|(z° + 2+ 1) in Rlz], because 2° + x+ 1= (2® — 22 + 1)(2* + z + 1).

P4+r+1a®+a+1
(@42t a2?) |2 —a2?+ 1
—at -+ +1
— (=2t — 23 — 2?)
’+x+1

—(2* +x+1)

0

Since the remainder is 0, it follows that 2* + x + 1 divides ° +z + 1 in R[z].
For everyn € N, the polynomial x—1 divides X" —1. Indeed, we have the factorization
" —1=(x—1)@" ' +a" 2+ 1)

For example,
P -1l=@-D@*+z+1),

and
et —1=(z—-1(*+2°+2+1).

Thus, x — 1 1s a diwvisor of x™ — 1 for every positive integer n.

Let A and B be two polynomials in F[z], we have

1. If B is not the zero polynomial and A|B, then 3!Q) € F[x] such that B = QA.

2. If A and B are two non zero polynomials and A|B then deg(A) < deg(B).
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Let A, B,C be three non zero polynomials in F[z].

1. If A|B and B|A, then A|C.

2. If A|B and B|A, then 3\ € F with A # Op such that B = \A.
3. If A|B and A|C, then A|(A + B).

4. If A|B and C|D, then AC|BD.

5. A¥|Bk for all k € F.

(& J

Proof.

We prove only the second statement, as the remaining propositions follow immediately.
Let A, B € F[z] be two non zero polynomials such that A|B and B|A.

Since A|B and A is a non zero polynomial, then there exists a polynomial @ € F[z] such
that B = QA. Taking degrees, we obtain

deg(B) = deg(Q) + deg(A)

On the other hand, since B|A, we have deg(B) < deg(A). It follow that deg(Q) = 0, and
hence @ is the constant polynomial. [

Let A, B € Flz] with B # Ogp. Then there exist unique polynomials @ and R such
that
A=B-Q+ R with deg(R) <deg(B)......... (%)

This decomposition (expression (x)) is called the Euclidean division (or division algo-
rithm) of A by B.
The polynomial @) is called the quotien,t and R is called the remainder.

. J

Proof.
o If A = Op,, it is enough to take QQ = Op,) and R = Opy).
A
e If B is the constant polynomial equals to b, it is enough to take Q) = 5 and R = Op(y).

e If A # Opj;) and B is a non constant polynomial. We show the existence of polyno-
mials () and R by induction on the degree of A.

— If deg(A) < deg(B), then A = Op;,1 B + A.
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— If deg(A) > deg(B), we use the proof by induction.
We set n = deg(A) and m = deg(B) and we denote by a the leading coefficient
of A and b is the leading coefficient of B.
We write A = az” 4+ U and B = bz™ + C, then U = 0 or deg(U) < n similarly
C =0 or deg(C) < m.
From induction hypotheses, there exists polynomials ); and Ry, such that

U= BQ:+ Ry and R; =0 or deg(Ry) < m.

On the other hand, we have

a a a a
n __ . n-m my _ Znmm(p — _gpnmp _ Znemey
ax 5% (bz™) 5T ( ) 70 70 C

Since the degree of a product polynomials is the sum of degrees, we deduce that

—%x"_mC =0or deg(—%x”_mC’) =n—m+ deg(C) < n.

Using induction hypotheses, there exists polynomials ()5 and Ry such that

—%x"‘mC’ = BQy + Ry and Ry = Oor deg(Ry) < m.

Finally we obtain

A=ar"+U = %x"_mB+BQ2+R2+BQ1+R1 = B(%x"‘m+Q2+Q1)+(R2+R1).
If Ry # 0 and Ry # 0, then
Ry + Ry =0 or deg(R;y + Rs) < max(deg(Ry),deg(Rs)) < m.
In all cases, we have that
Ry + Ry =0 or deg(R; + Ry) < m.
Which ends the proof of the existence.
Now, we show the unicity. Let Q1, R, @2, Rs be polynomials in F[z] such that:
A= BQ@Q1+R; and A = BQy+R,, xhith deg(R;) < deg(B) and deg(Ry) < deg(B)...(1)

The we have
R1 — R2 = B(Qg — Ql) or deg(R1 — RQ) < deg(B)

If @1 # @ then deg(Q2 — Q1) > 0 so
deg(Ry — Ry) = deg(B(Q2 — Q1)) = deg(B) + deg(Q2 — Q1) = deg(B) ... (2)
from (1) and (2) we obtain
deg(B) > deg(Ry — Ry) > deg(B)
hence Q; = Q5 and 50 Ry = Ry. 0
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In the Euclidian division of a polynomial A by a polynomial B, if the remainder R is
equal to zero, then we say that B divides A, and we write B|A.

Example 5.6. Determine the quotient and the remainder in each Fuclidean division

1. let A(z) = 2* + 22 — 1 and B(z) = 2% — 1.
We perform the Euclidean division of A(z) by B(x):
420 —1]22-1

—(2® — )
3 —1

Since deg(3x — 1) = 1 < deg(x? — 1) = 2, the division stops here. Hence,
A(z) = 2B(z) + (3z — 1).

Therefore, the quotient is The quotient is Q(x) = x and the remainder is R(x) =
3x — 1.

2. A(z) =% =22 + 2> — 1 and B(z) = 22° + z — 1.
We perform the Euclidean division of A(z) by B(x):

=2t —1| 2234+ —1
—(2° + 22% — 22%) | 22 — L — &
—at — a0+ 327 — 1
T 3( 4 é‘/E21—|— I)
v sy gy
2 2
St

Since deg(22® — jx — 2) = 2 < deg(22® + « — 1) = 3, the division stops here. Hence,

1 1 1 1 )
Ax) = B(x)(§x2 5%~ é_l) + 222 — 7
Therefore, the quotient is Q(x) = 32 — sx — ; and the remainder is R(z) = 22* —
1, _5

4 1"
3. Alz)=2"+x+1 and B(z) = 2>+ z + 1.
We perform the Euclidean division of A(z) by B(x):

P+r+1|22+2r+1
(@42t | 2P —a?+ 1
—t -+ +1
—(zt — 2% — 2?)
2?4+ r+1

4+ ax+1

0
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Since deg(0) = 0 < deg(z? + x + 1) = 2, the division stops here. Hence,
A(x) = B(z)(2® — 22 + 1).

Therefore, the quotient is Q(z) = x® — 2% + 1 and the remainder is R(x) = 0, then
BJA.

4.

5. Alz) =2+ 2>+ 1 and B(z) =2+ z + 1.
We perform the Euclidean division of A(z) by B(x):

4r+l|22+r+1
—(P+ 2+ 1) | 2P —2?+2
—at—ad P+ 1
—(z* — 23 — 2?)
2 +1
—(22% + 22 + 2)
—2x —1

Since deg(—2x — 1) = 1 < deg(x® + = + 1) = 2, the division stops here. Hence,
A(x) = B(z)(2® — 2* +2) + —22 — 1.

Therefore, the quotient is Q(z) = 2° — 2 + 2 and the remainder is R(z) = =2z — 1.

If A and B are two non zero polynomials of F[z], then there exists a unique monic
polynomial D of greatest degree that divides A and B.
This polynomial D is called the greatest common divisor of A and B, and it is denoted

by ged(A, B).

Example 5.7.

1. If P is a monic polynomial, then ged(P, Og[x]) = P.
In fact, if Q is a monic divisor polynomial of P, then we have deg(Q) < deg(P),
then P is a monic polynomial of greater degree that divides P and Op|x] and since
the ged is unique then we deduce that ged(P,Op[z]) = P.

2. For every polynomial P we have ged(P, 1) = 1.
3. If P is a non zero polynomial and if Q) is a monic divisor of P, then ged(P, Q) = Q.

4. ged(z? — 1,28 — 1) = 2* — 1.
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The greatest common divisor (ged) of two polynomials A and B is a polynomial D
with the following properties:

1. D divides both A and B.

2. Any polynomial dividing both A and B must also divides D.

.

Let P and @ be two polynomials of F[z], not both zero. Then:

-

1. ged(P, @) is a monic polynomial.
2. For every a € F with a # O, we have ged(aP, Q) = ged(P, Q).

3. If P is a non zero polynomial, then ged(P,0) = %P, where [ is the leading
coefficient of P.

4. If A= Q@B+ R, then ged(A, B) = ged(B, R).

-
\.

Proof.
1. Let D = ged(P,Q), then

e D|P and D|Q,
e If C|P and C|Q, then C|D.

If X € F\ {Or}, then AD also divides P and Q.
Let 8 be the leading coefficient of D. Since g # 0, define

1
D() — B
Then

e [ is monic,

[ ] D0|P and D()’Q

Thus the ged can always be chosen monic. By convention, we define ged(P, Q) to be
this unique monic polynomial.

2. Let D = ged(P, Q). Since o # O, multiplication by « does not change divisibility,
that is:

e If D|P, then D|aP.
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e If D|aP, then D|P.

Thus P and aP have the same divisors.
Therefore, the common divisors of (P, (Q)) are the same as those of (aP, Q). Since the
grater common divisor is a monic polynomial then

ged(aP, Q) = ged(P, Q).

3. We know that every polynomial divides the zero polynomial. Thus the common
divisors of P and 0 are the divisors of P and therefore, the greatest common divisor
of P and 0 is the polynomial P itself. Since the greater common divisor of two
polynomials is defined to be monic, then we divide by the leading coefficient 3, then

ged(P,0) = %P.

4. Let D be any common divisor of A and B. Since R = QB — A, it follows that the
polynomial D divides also R.
Thus every common divisor of A and B is also a common divisor of B and R.
In particular,

ged(A, B)| ged(B, R).

Conversely, let D be any common divisor of B and R. Since A = QB + R, it follows
that the polynomial D divides also A. Thus every common divisor of B and R is
also a common divisor of A and B.
In particular,

ged(B, R)| ged(A, B).

Since both ged(B, R) and ged(A, B) are monic polynomials and divide each other,
they must be equal. Therefore,

ged(B, R) = ged(A, B).

O]
Let A and B be two non zero polynomials of F[z|. Then
1. Every divisor of A and B divides ged(A, B).
2. For every monic polynomial P, we have gcd(AP, BP) = P gcd(A, B).

| J

Proof.
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1. Let D = ged(A, B), and let C' be any polynomial such that

C|A and C|B.

By definition of the greatest common divisor, D is a common divisor of A and B
with the highest degree among all the other divisors.
Since C' is also a common divisor of A and B, we must have

deg(C) < deg(D).

Because both C' and D divide A and B, and D is the polynomial of greatest degree,
it follows that every common divisor divides the GCD . Hence,

C|D.
Therefore, every divisor of A and B divides ged(A, B).

2. Let P be a monic polynomial and let D = ged(A, B). Since D|A and D|B, it follows
that DP|AP and DP|BP. Hence DP is a common divisor of AP and BP, so

DP|gcd(AP, BP).

In particular, P|gcd(AP, BP).
Let G = ged(AP, BP). Since P|G, we may write

G=QP

for some polynomial (). Because both G and P are monic, their leading coefficients
are 1, and therefore () must also be monic.
Now, since G = QP divides both AP and BP, it follows that Q|A and Q|B. Hence
QID.
On the other hand, we already know that DP|G, that is DP|QP. Since P # Opfy,
we can cancel P to obtain D|Q.
Thus

D|Q and Q|D.

Therefore, there exists a nonzero constant a € F, such that D = a(). Since both D
and () are monic, we must have a = 1. Hence D = Q).
Substituting back, we conclude

ged(AP, BP) = QP = DP = Pgcd(A, B).
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If A and B are two non zero polynomials of F[z], then there exists a unique monic
polynomial M of smallest degree such that A|M and B|M.

This polynomial M is called the least common multiple of A and B, it is denoted by
lem(A, B).

Example 5.8.
1. Let A(x) =z — 1 and B(x) = 2*> — 1 in Rlx]. We have that
2 —1=(z—1)(z+1).
Therefore, the smallest monic polynomial divisible by both x — 1 and x®> — 1 is

lem(z — 1,2% — 1) = 2* — 1.

2. Let A(z) = 2% — z and B(z) = 2> — 1 in R[z]. We have:
Alx) =z(x+1), B(x)=(x—1)(z+1).
Therefore, the least common multiple is

lem(A,B) = z(z + 1)(z — 1) = 2° — 2.

The least common divisor (lem) of two polynomials A and B is a polynomial M with
the following properties:

1. M is a multiple of both A and B;

2. Any polynomial that is a multiple of both A and B must be also a multiple of
M.

3. Let C' be a nonzero monic polynomial. Then lem(CA,CB) = C lem(A, B).
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Let A and B be two polynomials in Flz] with B # Ogj). We calculate the successive
Euclidean divisions of polynomials.

A = BQ:1+ Ry, deg(F1) < deg(B)
B = RiQ:+ Ry, deg(Ry) < deg(Ry)

Ry = RyQ3+ R3,  deg(R3) < deg(Ry)
Ry o = Rp1Qp+ Ry, deg(Ry) < deg(Rx-1)
Ryt = RpQpryr.
We stop algorithm when a division yields a remainder equal to zero.
The greatest common divisor (ged) of two polynomials A and B can be determined
using the Euclidean algorithm.

e If Ry =0, then ged(A, B) = B.

e Otherwise, is the last nonzero remainder Ry, that is ged(A, B) = Ry.

Vs

J

Example 5.9.  Find the greatest common divisor (ged) of the following polynomials in
the polynomial ring R[z]:

1. Let A=x2* — 1 and B = 2® — 1. We apply the Euclidean algorithm.
Step 1. Divide x* — 1 by 23 — 1, gives

Since deg(x — 1) =1 < deg(a® — 1) = 3, we continue the division process.
Step 2. Divide x* — 1 by v — 1, we obtain

-1z —1
—(23—2?) |2+ +1
T

—(2? — )
r—1
—(z—1)
-

Since the remainder is 0, the algorithm terminates. Then we have
=1 = (@~ Dr+(z-1)
-1 = (z-1)@*+2+1)
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Therefore, the greatest common divisor of A and B is ged(A, B) = (z — 1).
2. Let A=a2*+ 23+ 222 +2+1 and B = 23 — 1. We apply the Euclidean algorithm.:

A= Bx+1)+22*+z+1)
B= (#*+z+1)(z—1)

Therefore, the greatest common divisor of A and B is gcd(A, B) = (2* +z + 1).
3. Let B=2>+1 and A = 2%+ 23 + 2 + 1. We apply the Euclidean algorithm.:
A= @+ 1)@ —2*+2+1).

Therefore, the greatest common divisor of A and B is gcd(A, B) = 2* + 1.

Since ged(AP, Q) = ged(P, Q) for any A € F with A\ # Op, we can replace one of the

remainder Ry obtained with AR,, where \ # Op.

Example 5.10.
We apply the Euclidian algorithm to determine the greater common divisor of the polyno-

maals
A(z) = 2* +42® + 2% — 16 and B(z) = 2° + 32° — 3z + 4.

The division steps are as follows:
e A(z) = B(x)(z + 1) + (2% — z — 20),
o B(z)=(2*—2—20)(z+4)+21(z + 4),
e Fuctorizing the remainder: (z? —x — 20) = (v + 4)(z — 5),

Therefore, the greater common divisor of A and B is ged(A, B) = z + 4.

Let A and B be two polynomials of F[x] not both zero, we say that A and B are
coprime polynomials if ged(A, B) = 1.

& J

Let A and B be two no zero polynomials of F[z]. The quotients of A and B on their
greater common divisor are coprime polynomials.

-~
.
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Proof.

Let D = ged(A, B) and Dy = ged(Ay, By), where Ay = % and B; = % Since both D and
D; are monic polynomials, their product DD, is also a monic.

Because Di|A;, then DD divide DA; = A. Similarly, since D;|By, then DD, divide
DB, = B.

Therefore, DD, is a common divisor of A and B.

By definition of the greatest common divisor, the degree of any common divisor of A and
B cannot exceed deg(D). hence,

deg(DD;) < deg(D).

But
deg(DD;) = deg(D) + deg(Dy),

so we must have deg(D;) = 0. Therefore, D; is a constant polynomial. Since D; is a
monic, it follows that D; = 1. O

Let A and B be two non zero polynomials of Flz]. If D = gcd(A, B), then there exists
polynomials U and V' such that D = AU + BV.

Example 5.11. Consider these polynomials:
A(x) = 2* + 42% + 2* — 16 and B(z) = 2* + 32° — 3z + 4.

Their greatest common divisor is given by ged(A, B) = © + 4.
From the euclidian algorithm, we obtain:

21(x +4)= B— (2> —z —20)(x +4)

— B—(A—(z—1)B)(x+4)
= (22 +52+5)B(x +4)A

Consequently, we obtain the Bézout formula:
(z* + 42 + 2% — 16)U + (2* + 32° = 32 + 4)V =z + 4

where . .
_ e g
U= 21(£C+4) and V 21(:17 + 5z +5).

T e
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5.4 Roots of a polynomial

Let P € Flz] and A € F, we say that A is the zero (root) of the polynomial P in F if
and only if P(a) = 0.

Example 5.12.
1. P(z) = 2?4+ 2z — 3, the value 1 is a zero of the polynomial P in R because
P(1)=1*+2(1) -3 =0.
2. i 1s a zero of the polynomial Q(x) = 2> + 1 in C because
Q)= +1=-1+1=0.
3. 1 is not a zero of the polynomial R(x) = 2* + 3x — 5 in C because

R(1)=1*+3(1) - 5=—1#0.

4

4. S(x) = 52% — 252 + 30 is a polynomial in Rlz] it has the following factorization
P(z) = 5(x —2)(x — 3), then P has two roots A\ = 2 and Ay = 3, since S(2) =0 and

5. The polynomial P(x) = x? + 1 in R[z| has no roots in R.

Let P € F[z] and A € F.
The remainder of the euclidian division of P over x — A is equal to P(A).

Proof.
The euclidian division of P over x — A is in the form

P(z) = Q(x)(x — \) + R(z), with deg(R) < deg(Q).

Since deg(z — A) = 1, then deg(R) = —oo or deg(R) = 0. In any case, the polynomial
R(xz) = ¢, with ¢ € F.
In the other hand,

P(A) =

Therefore, P(A\) = R(\). O
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Let P € Flz] and A € F. The element A\ € F is a zero (root) of the polynomial P if and
only if (x — \) divides P. In other terms

P(\) =0« 3Q € Flz], P(z) = (z — \)Q(x).

- J

Let n € N. If P € F[z] is a polynomial of degree n, then P has at most n roots in F.

-
A

Proof.
We prove this result by induction on n.

e If n =1, there exist a,b € F such that P = ax + b and a # Op. The polynomial P
has then exactly one root %b

e If n > 2, then either P has no roots in F (and in this case there is at most n roots),
or P has at least one root in F. Suppose that the element a € F is a root of P. By
the previous corollary, there exists a polynomial ¢ € F[x] such that P = (z — a)Q.
The polynomial @) is pf degree n — 1, then from induction hypothesis, ) has at most
n — 1 roots. It follows that P has at most n roots.

O
Example 5.13.

1. The polynomial P(x) = x* — 2 has no roots in C, but it has two real roots, that are

V2 and —/2.

2. The polynomial Q(x) = x* + 1, has no real roots, but it has four complexe roots:

1+ 1—2 —=1—1¢ —1+4:

~Definition 59

Let P € Flz] and let k € F\ {Op}. We say that A € F is a root of multiplicity (or order
) k of P if (x — \)* divides P, while (z — X\)*™! does not divide P.
When

e k=1 we say that ) is a simple root of P or is a root of multiplicity 1.

e k =2 we say that ) is a double root of P or is a root of multiplicity 2.

e k=3 we say that A is a triple root of P or is a root of multiplicity 3.

-
.
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1. If Ay, Mg, . . ., Ay are distinct roots of p, then (x — A1) (z—A2) - - - (x— Ag) divides P.
2. If deg(P) = n, then P has at most n distinct roots.

3. If X\ is a root of multiplicity k, then P(\) = P'(\) = --- = PF1()\) =
0 and P (\) # 0.

-
-

Every non constant polynomial in C[z] has at least one root in C.

. J

Example 5.14. Consider the following polynomial with real coefficients of second order
P(x) = ax?® + bx + ¢ with a # 0, then the polynomial P has exactly two roots in C.
Let A = b? — 4ac be the discriminant of P.

o [f A >0, then P has two distinct real roots.

o [f A <O, then P has two distinct complexe roots.

o [f A =0, then P has a real double root.

A polynomial that has more zeros, then its degree is necessary zero.
(&

(.

The zero polynomial is the only polynomial which admits an infinity of zeros.

.

.

5.5 Factorization into a product of irreducible factors

For every polynomial P € F|z] and every nonzero element A € K, we have P = (i) AP.
There are polynomials for which there is no other factorization: irreducible polynomials.
The corresponding notion in arithmetic is that of a prime number.

A non constant polynomial P € F[z] is irreductible, if its only divisors are constant

polynomials and polynomials of the form AP with A € F\ {0g}.
Otherwise, we say that P it is irreductible if the polynomial is not irreductible.
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Example 5.15.
1. Every polynomial of degree 1 is irreductible over F.

2. The polynomial of the form ax?® + bx + ¢ in R[z] are irreductible over R if and only
if b2 — ac < 0.

3. The polynomials of the form ax?® + bx + ¢ in C[z| are reductible over C.
For example,
o P(x)=x?+1= (z—1i)(z+1) is reductible in Clx] and irreductible in R|z].

o Let Q(x) = z* — 2, the the polynomial Q is reductible in R[x] since x — /2 as
divisor, but Q is irreductible in Q|x].

Let @ be a non zero polynomial and P is an irreductible polynomial. Then either P
divides @ or P and (@) are relatively prime.

Proof. Let D = ged(P, Q). In particular, D is a monic divisor of P, therefore,

1
D=1orD=(<|P

if A is the leading coefficient of the polynomial P. Then, P divides Q. ]

Let A and B be two nonzero polynomials and P is an irreductible polynomial. If P
divides AB then P divide A or P divides B.

-

J/

For any monic polynomial P € F[z] with deg(P) > 1, there exist a unique positive

natural number r and monic irreductible polynomials Py, Ps, ..., P, pairwise distinct
in F[x], and positive natural numbers a1, as, . .., a, as well as a unique element A € F*
such that §
P= M[]P"
i=1

= )\_F;lalPSQ...Pra”'

-

Proof.
We prove the existence of such a factorization by induction on the degree of P.

e [f deg P =1, then P is irreducible and monic, so the result holds.
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e Suppose that deg P > 2.
Let P, be a non-constant monic divisor of P of minimal degree among all non-constant
monic divisors of P. Any monic divisor of P; also divides P, hence its degree is either
1 or equal to deg P,. Therefore, P is irreducible.

If deg P = deg P;, then P = P, and we are done.

If deg P > deg Py, let () be the quotient of P over P;. The polynomial () is non-
constant, monic, and of strictly smaller degree than P. By the induction hypothesis,
() admits a factorization into monic irreducible polynomials. Hence,

P =PQ
is a factorization of P into monic irreducible polynomials.

We now prove uniqueness, again by induction on deg P.
Suppose
P=P---P. and P:Ql"'Qsa

where 7, s are positive integers and the FP;, (); are monic irreducible polynomials.

By Euclid’s lemma, P; divides at least one of the );. After reordering the );, we may
assume that P; divides );. Since ) is irreducible and P; is non-constant, there exists
A € K such that

P = )Q.

Because both P, and (), are monic, it follows that A = 1, hence P, = ;.

If deg P = deg P, then P = P, and r = s = 1. If deg P > deg Py, we cancel P, = )y
and apply the induction hypothesis to the quotient 1-% to conclude that the remaining
factors coincide up to permutation.

This completes the proof. ]

Let P € F[x] be a polynomial of degree 2 or 3. Then the polynomial P is irreductible
if and only if P has no roots in F.

Proof.
If P has a root X\ in F, then X — X\ divides P, and the quotient () is a nonconstant
polynomial, by the hypothesis on the degree of P. It follows that P is not irreducible.
Conversely, suppose that P is not irreducible. Then there exist nonconstant polynomials
() and R such that
P=QR.

Thus,
deg P = deg @) + deg R.
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Since deg P is equal to 2 or 3, and since deg@ > 1 and deg R > 1, it follows that one of
the polynomials ) or R must have degree 1.
Suppose, for example, that () has degree 1. Then

Q=aX+b a#0.

We have @) (%b) = 0. Moreover,

Therefore, P has a root in F. O

Let P € C[z] be a polynomial of degree n > 1. The factorization of P is given by
P=X\z—0a)"(@— o) (x — )™,

where A € C\ {0}, ay,as,...,q, are the distinct roots of P, and ki, ko, ..., k, are
positive integers denoting their respective multiplicities. Moreover, ky+ko+- - -+k, = n.

J

Let P € R[z] be a polynomial of degree n > 1. The factorization of P is given by

Vs

P= Az —a)h (e — ) (- ) QU QE - Qb

where:
e A e R\ {0},
® a4, ,q, are the distinct real roots of P, with multiplicities kq, ..., k. > 1,

e each @;(z) is an irreducible polynomial over R of degree 2,

e cach @) is of the form
Qij(@) =a*+ Bz +;,  with A; =57 —4y; <0,

and /; > 1.

(S

.

Example 5.16.
Let
P(z) =22z — 132 + D*(2* + 2+ 1).
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The polynomial P is already factored into irreductible factors over Rlx]. To factor P(z)
over Clz|, we decompose each quadratic factor into linear factors. We have

-1+ -1+
?+1=(x—i)(x+i) and 2’ + 2+ 1= (x—%\/g) (x—l—%\/g)

Therefore, the factorization of P(x) over Clz| is

5.6 Exercises

Exercise 5.1.

1. Let n € N*. Determine the remainder of the Euclidean division of

A= +3(x+1)"+2 by B=a(z+1).

2. Determine a polynomial P of degree 3 in R[x| such that the remainder of the Euclidean
division of P by x® — 2z + 1 is 3z — 3 and the remainder of the Euclidean division of
P bya?—4isdr —1.

Exercise 5.2.  Determine the greater common divisor of these polynomials:
1. Pl@)=a8 —a2* — 22 +1; Q(z) =%+ 223 — 220 — 1.
2. Plx)=a2° —a* + 223 - 222+ 20— 1; Qz)=2°— o'+ 222 — 20 + 1.
3. Plx)=a"—-1;, Qz)=(z—-1)", n>1.
Exercise 5.3.
1. Factorize the following polynomials in R|x]:
Px)=2*-1, Q(z)=2*—1.
Determine the least common multiple lem(P, Q).
2. Factorize the following polynomials in Clx]:
R(z) =2* —iz, S(z)=2*+1.

Determine the least common multiple lem(R, S).
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Exercise 5.4.
Let the polynomial:
P(r) =2+ 222 — 2 — 2.

1. Show that the polynomial P has three roots in 7, then determine their values.
2. Deduce a factorization of P.

Exercise 5.5.
Consider the polynomial

P(x) =2° + 2" + 22° + 22* + o + 1.
1. Determine the ged(P, P’).

2. Determine the common roots of P and P'. Deduce the multiple roots of P in Clx]
and their multiplicities.

3. Show that (x + 1)* divide P.
4. Factorize P in Rlz].
Exercise 5.6.

1. Do there exist polynomials P,Q € Q[z] such that
(2 —DP+ @ -1)Q =2 +17
If Yes, determine all such polynomials P, Q) € Q[z| satisfying this equation.
2. Do there exist polynomials P,Q € Q|x] such that

(- DP+ @ -1DQ=2+2>—2—1.

5.7 Solution of exercises

Solution of exercise 5.1.

1. Let n € N*. Determine the remainder of the Euclidean division of

A= +3(x+1)"+2 by B=a(z+1).

We perform the Euclidean division of A by B:

A=BQ+ R with deg(R) < deg(B) = 2.
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Thus, deg(R) < 1, that is, R = ax + b. Then,
e 43z 4+ 1" +2=a(z+1)Q + azx +b.

For X =0, we obtain b = 5.
For x = —1, we obtain a = 2. Finally,

R =2x+5.

Solution of exercise 5.2.

1. Plz)=ab -2t =22+ 1; Q(z) =2+ 223 — 22— 1.
We apply the Euclid’s algorithm. The last non-zero remainder gives a ged of the two
polynomials.
The successive divisions gives

-t -2+ 1= (2t 4+22% — 22 — 1)(2? — 22 + 3) + (—423 — 4% + 4 + 4)
4223 -2 — 1= (-4 —da® +dx +4)(—iz — D)+ (—z+1)
—43 — A +dr+ 4= (—x+1)(42? + 8z + 4)

Therefore, ged(P, Q) = —x + 1.

2. Plx)=a2° —2* + 223 - 222+ 2z — 1; Qz)=2°— 2+ 222 — 20 + 1.
We apply the Euclid’s algorithm. The last non-zero remainder gives a ged of the two
polynomials.
The successive divisions gives

=2t 422 — 202+ 2 — 1= (2 — a2t 4+ 227 — 20+ 1)(1) + (22° — 42? + 4o — 2)
-zt 4207 -2+ 1= (2% —42? +42 - 2)(32% + Lo) + (2P — 2z + 1)
203 — 4 +4x —2= (2P —x+1)(2x —2)

Therefore, ged(P, Q) = 22 — x + 1.

3. Plz)=a"—-1;, Qz)=(z—-1)", n>1.
All the non constant divisors of the polynomial Q are of powers of (x — 1), that is

(.2?—1), (x_1)2"”’(x_1)n
. We check which of these divisors also divide the polynomial P. We know that
" —1l=(r—D@" " +a2" 2+ 1)

then (z — 1) divides the polynomial P.
But the polynomial (x —1)? does not divide P, because 1 is a simple root not a double
root, then both polynomials contain the factor (x — 1), but only once in P.

Therefore, ged(P,Q) = = — 1.
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Solution of exercise 5.3.
1. We factorize the polynomials P and @ in R[z], we have:
Pl)y=z'—-1=@*-1)@*+1) =(x—-1)(z+1)(a*+1)
Qz)=2*—-1=(z—1)(z+1)

The the least common multiple takes each irreducible factor with the highest power

appearing. Therefore,

lem(P, Q) = (z — 1)(x 4+ 1)(2* + 1)

2. We factorize the following polynomials in Clx]. We have:

Sx)=2*4+1=(z—1i)(z +1)

The the least common multiple takes each irreducible factor with the highest power

appearing. Therefore,
lem(R, S) = x(x —i)(z + 1)

Solution of exercise 5.4.

Let the polynomual:
P(z) =2 +22° —x — 2.

1. Show that the polynomial P has three roots in 7, then determine their values.
Let m € 7Z be a root of P, then

Pm)=0& m*+222—2—-2=0
& mP+2mP—m=2
< m(m?*+2m—1)=2.

Since m and m? 4+ 2m — 1 are integers, their product is 2. The integer divisors of 2
are +1,+£2. We examine the possible cases:

em=1m>+2m—-1=1+2—-1=2, product 1 x 2 =2
em=2m>+2m—1=4+4—-1=7, product 2 x 7 = 14

em=—1:m*+2m—1=1-2—-1= -2, product (—1) x (=2) =2
em=-2:m*+2m—1=4—4—1=—1, product (—2) x (=1) =2
The possible integer roots are therefore m = 1, m = —1 and m = —2. A quick

verification:

P1)=142-1-2=0, P(-1)=-142+1-2=0, P(-2)=-8+8+2-2=0.
Thus, P has three integer roots: 1, —1 and —2.
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2. Deduce a factorization of P.
Since —1,—2 and 1 are the three roots of the polynomial P, then its factorization is
given by
Px)=(z+1D(z+2)(z—1).

Solution of exercise 5.5.
Consider the polynomial

P(z) = 2° + 2* + 22° + 227 + 2 + 1.

1. Determine the ged(P, P’).
The first deriwvative of P is

P'(z) = 5x* + 42° + 627 + da + 1.

We apply the Euclid’s algorithm. The last non-zero remainder gives a gecd of the
polynomials P and P’.
The successive divisions gives

P+t + 208 + 22+ + 1= Pla)(3x+ 1) + 5 (22° + 322 4 22 + 3)
Sat + 42 + 62t +dr+ 1= (2234327 +22+3)(Sx — D)+ £(2? +1)
203 + 322 + 22 +3= (22 +1)(22 + 3)
Therefore, ged(P, Q) = 2% + 1.
2. The common roots of P and P’ are the roots of the gcd:

24+1=0=x=1orx=—i.

Multiple roots of P in Clx] are exactly the roots of the gcd. Therefore, the multiple
To0ts are:

r=1 and ¥ = —1i.

Each has multiplicity 2.

3. Show that (x*1)* divide P.
Since P 1s divisible by (x —i)*(x +1)? = ((z — i) (z +1))* = (z* + 1)%

4. Factorize P in R[x].
We divide P by (2 +1)* = 2* + 222 + 1 and we obtain

P(z) = (z +1)(2* + 1)

Solution of exercise 5.6.
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1. We compute the greater common divisor of the polynomials (z® — 1) and (z'° — 1),
using the Euclide Algorithm. We have

(@0 —1) = (28 4
(26— 1) = (x‘; —1)a* + (x; -1)

Therefore, ged(21® — 1,25 — 1) = 2% — 1.
Then 22 — 1|2'° — 1 and 2* — 1|2% — 1, thus
2 —1=(*-1D(* +22+1)

and
20— 1= (2> = D(a® + 2%+ 2* + 27+ 1)

Consequently, every polynomial P,Q € Q|z], z* — 1 is a divisor of
(2° - 1)P+ (2" = 1)Q.

On the other side, we have ged(x? + 1,22 — 1) = 2 and 2% — 1 is not a divisor of
22 + 1. Therefore, there is no polynomials P,Q € Q|x] such that

(2° =P+ (2 - 1)Q = 2* + 1.

2. We have that ged(2'® — 1,2° — 1) = 2% — 1, then from Bezout theorem there exists
two polynomials U,V € Q|x] such that

(2° = 1D)U + (2 = 1)V =27 — 1.
On the other side, we have
Pt —r—1="-1)(z+1).
Therefore there exist polynomials QQ € Q[z] such that
(- 1DP+ @’ -1D)Q=2"+2>—2—1.
For example, we take:

P=(z+ 1)U and Q = (x + 1)V.
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