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Introduction

The document Algebra I covers the algebra program of the first year of university. The reader will
find a part of the course that has been taught and, at the end of each chapter, a part of corrected
exercises, most of which have been proposed in the context of supervised work or have been the
subject of knowledge control. It is mainly intended for first-year computer engineers and also L.M.D.
students, as well as anyone needing basic algebra tools. We hope that this handout meets the
expectations of the students and that it will help them succeed.



Chapter 1
Logic

Introduction:

The language used in mathematics is the same all over the world, we can say that it’s a universal
language. Logic is the science of thinking in the correct way.

Mathematical statements form the basis of logical reasoning in math. Mathematical statements are
also called propositions.

Definition 1.0.1. A proposition is a mathematical statement that is either true or false, but cannot
be both true and false at the same time.

Example 1.0.2. 1. The number 2 is smaller or equal to 3, this proposition is true.
2. V2¢Q, this proposition is true.
3. x+1is not a proposition. This is only a mathematical expression, it isn’t an equation.
4. It’s a beautiful day, this isn’t a proposition, it’s just someone’s personal opinion.

Definition 1.0.3.
A theorem is a proposition or statement that is demonstrated (for example
Pythagoras’ theorem, Thales’s theorem...)

1.1 Operations

In this section, we are going to give a way to form new statements from old ones. For example, we
have P,Q two abstract statements, using the English expression: "and", "or", "not", "if", "then", "if
and only if"', we will get a new statement like P and Q.

1.1.1 Negation < (notP)>,< P >:

Let P be a proposition, the negation of P denoted by P.
P is true when P is false.

Truth table : _
P|P
1(0
0|1

Example 1.1.1. 1. P:v2¢Q, then P:V2¢€Q.
2. P:the function f is positive, then P : the function f is not positive.

3. P:x+2=0,thenP:x+2#0.



1.1.2 Conjunction < and >,< A >

Let P,Q be propositions, The conjunction of P and @, denoted << A >>.
(P AQ) is true if both of P and @ are true.

Truth table :
P|Q|PAQ
11 1
10 0
0|1 0
0|0 0
Example 1.1.2. 1. 2is an even number and 3 is a prime number, this proposition is true.

2. 3<2and 4 =2, this proposition is false.

1.1.3 Disjunction < or >, < Vv >

Let P,Q be propositions. The disjunction of P and @, denoted by < v >.

P v Q is true if at least one of P or @ is true.

Truth table :
P|Q|PveQ
11 1
10 1
01 1
0|0 0
Example 1.1.3. 1. 2is an even number or 3 is a prime number, this proposition is true.

2. 3<2o0r 4<2, this proposition is false.

1.1.4 Implication

Let P,® be propositions. The proposition "if P then @," or "Pimplies @," denoted by P = @ is called
implication or conditional statement.
P = @ is false, if P is true and @ is false.

Truth table :

P Q| P=>Q
1)1 1
10 0
01 1
00 1

The statement P is called the hypothesis (or premise) of the conditional statement, and the
statement @ is called the conclusion (consequence) of the conditional statement.

Example 1.14. 1. 0<sx<4>/x<2. True

2. The car is out of gaze = the car won’t run. True

Converse

The converse of (P = ) is (Q = P).



Example 1.1.5. 1. The converse of: (0<x<4= /x<2),
is: (/x<2=>0<x<4).

2. The converse of: (The car is out of gaze = the car won’t run),

is : (The car won’t run = the car is out of gaze).

Contrapositive L
The contrapositive of (P = ) is (@ = P).

Example 1.1.6. is : (If I don’t get a party then it isn’t my birthday).

1. The contrapositive of : (The car is out of gaze = the car won’t run),
is : (The car will run = the car is not out of gaze).

Inverse o
The inverse of (P = Q) is (P = Q).

Example 1.1.7. The inverse of : (The car is out of gaze = the car won’t run),
is : (The car isn’t out of gaze = the car will run).

1.1.5 Equivalence

Let P,@ be propositions, the proposition "P if and only if @, denoted by P < @ is called equivalence
or bi conditional statement.That means that the two propositions are equivalent if they always have
the same truth values.

Truth table :
P|Q|Peq
11 1
10 0
01 0
0|0 1
Theorem 1.1.8. Let P,Q be propositions, we have :
Po@RQ)eoP=>Q)A(Q@=>P).
Proof.
P|Q | P=>Q | @=>P |(P=>QQ)An(Q@=>P) Po
11 1 1 1 1
10 0 1 0 0
01 1 0 0 0
00 1 1 1 1

1.1.6 Properties
Let P,Q and R be propositions. Then we have

1. I:’c)P.
2. PAPsPand PVP &P
3. PAQoQNAP.

4. PvQ o QVP.



(PAQIANRSPAQAR.
(PVQIVR < PV(QVR).
PvP s P.

PV @AR)(PVQ)AN(PVR).

© ® N o

PAQVR)o(PAQ)V(PAR).
10. PA(PVQ@)<P.
11. Pv(PAQ) e P.

12. PAQ & PvQ@Q. De Morgan’s Law
13. PvQ ©PAQ. De Morgan’s Law
14. P=>Q)o PVvQ).

15. (@ > P) o (P> Q).

Proof. (12)
P|Q |P|Q |PAQ | PAQ |PVQ
11|00 1 0 0
10|01 0 1 1
0/1]11]0 0 1 1
0,011 0 1 1
(15)

Pl Q| P|Q | PvQ | P>Q|Q=>P
1/1/0]0 1 1 1
10|01 0 0 0
0/1(11]0 1 1 1
0,011 1 1 1

Let P,Q be propositions, then
P=>Q) < @PArQ).
Example 1.1.10. 1. The negation of :(0<x<4=/x<2)is:(0<x<4A/x>2)

2. The negation of : The car is out of gas = the car won’t run,
is: The car is out of gas A the car will run.

Definition 1.1.11.
A tautology is a statement that is always true.

Example 1.1.12. Let P,Q be propositions :
1. P v P is tautology.

Truth table : _ _
P|P|PvP
10 1
0|1 1
2. (P = Q) AP)=Q is tautology.
Truth table :
P Q| P=>Q | (P>Q)AP | (P=>Q)AP)>Q
1|1 1 1 1
1|0 0 0 1
0|1 1 0 1
0|0 1 0 1




A contradiction is the statement that is always false, (it’s the opposite of tautology).
For example : P A P is contradiction.

Truth table : _ _
P|P |PAP
1|0 0
0|1 0

1.2 Quantifiers

The statement P(x) it’s called a predicate it may be true or false depending on the value of variable x.

1.2.1 The universal quantifier

The universal quantifier is denoted V and it reads "for all".
The statement: "Vx, P(x)" is true if P(x) is true for all values of x

1.2.2 The existential quantifier

The existential quantifier is denoted 3 and it reads "there exists". The statement: "Jx, P(x)" is true
if P(x) is true for at least one value of x.

There exists a unique x,P(x) is denoted by 3!x € E, P(x).
Example 1.2.2.

1. P(x):VxelR, f(x)=0, it means that f is the zero function.
2. P(x):3ce IR, such that f(c) =0, that means c is zero of f.

We can also define predicates with multiple free variables such as P(x,y), if we are using the
same quantifier, then the ordering does not matter. But if we are using mixed quantifiers, then the
ordering does matter.

For example: Vx,3y,P(x,y) and Jy, Vx,P(x,y) are different, For the first y is dependent of x, but for
the second y is independent of x.

Vx,Vy,P(x,y) © Vy,Vx,P(x,y).

dx,3y,P(x,y) < Ay,3x,P(x,y).
Example 1.2.3. 1. (a) All humans have a blood group. (True)

2. (b) All humans have the same blood group. (False)
3. (VxelR,AyelR:x+y=0). (True) Vxe IR,y =—-x€IR,x+(—x) =0.

4. yeIR,VxeR,x2=y. (True) 3y =0,Vx IR, x% = 0.

Negation Rules:
When we negate a quantified statement, we negate all the quantifiers first,

from left to right (keeping the same order), and next we negative the statement. Let P(x) be a
proposition,

1. Vx€E,P(x) © 3x € E,P(x).



2. Ax€ E,P(x) © Vx € E,P(x).

3. VxeE,dyeF, P(x,y) ©xcE,VyeF, P(x,y).

4. IxeE,VyeF, P(x,y) © VxeE,Aye F, P(x,y).

Example 1.2.4. 1. Vxe€lR,IyelR:x+y=0<3IxclR,VyelR:x+y #0.

2. 3yelR,VxeR,x22y o VyeR,IxcR,x%> < y

3. Ve>0,3g€eQ*,0<g<e<Ie>0,VgeQt, g<0vg=ec

1.3 Proof Methods

1.3.1 Direct Proof

To prove an implication P = @, we assume that the premise P is true and conclude that @ must be
true.

2

Example 1.3.1. Vn € IN, if n is even = n” is even. We assume that n is even, which means that,

3k € IN, such that n = 2k, hence,
n.n=22k%) = n? =2k,

where k' = 2k% € IN. Then 3k’ € IN,n2 = 2%/, thus n? is even.

1.3.2 Proof by Contrapositive

We have that (P = @) « (Q = P), therefore, instead of proving P = @ we > may prove its contrapositive
@ = P, since it is an implication, we could use a direct proof: Assume @ is true and show that P is
true.

Example 1.3.2. For any n € IN, if 5n + 3 is even then n is odd.
By contrapositive, we must prove that: for any n € IN, if n is even then 5n + 3 is odd.
We assume that n is even, which means that, 3k € IN, such that n = 2k, hence

5n+3=10k+3=10k+2+1=20k+1)+1=2k"+1,

where k' =5k + 1, then n is odd.

1.3.3 Proof by Contradiction

The idea of proof by contradiction is to suppose that the statement which we want to prove is false,
that means, we suppose that P is true. Then we show that this assumption leads to a logical contra-
diction (to nonsense). Then we conclude that we were wrong to suppose the statement P is true, so

the statement P = P is true.

Now let us use the proof by contradiction, to prove the implication P = @ :
So we suppose that (P = Q) © P AQ is true, that assume that P is true and @ is false. Argue until
we obtain a contradiction, which could be any result that we know is false.

Example 1.3.3. 1. Show that V2 is an irrational number.
By contradiction: we suppose that V2 € Q, then Ja,b € Z,b # 0 such that V2 = %, we assume
that ¢ is irreducible (a,b are co-prime integers). Hence 2 = Z—z this imply that a® is even then a
is itself even, 3k € IN,a = 2k, we obtain that b2 =282 = b is even, this contradicts the fact that
7 is irreducible . That is to say, V2¢Q.



2. nis even = n2is even, by contradiction: we suppose that n is even and n? is odd.

n is even, which means that, 3k € IN, such that n = 2k, hence,
n.n=22k%) = n? =2k,

thus 3k’ = 2k% € IN,n? = 2&', n? is even this contradicts the fact that n? is odd.

1.3.4 Proof by giving counterexamples

To show that a proposition P is false, we must find a counterexample which shows that the proposi-
tion P is false.

Example 1.3.4. (n is even)= (n® + 1 is even), this statement is false because for n =2,4+1=5 is odd,
then this is a counterexample.

The proof by given example is invalid. For example:
1. To show that :¥n € IN if. n is even = n?
We can not say for n =2 is even = n? =4 is even, so the statement is true, but we have to prove it for
any n € IN.
2. VxeIR,(x+1)%2 =x2 + 1, we can not say that is true because for x = 0 we have 12 = 1, (we all know
that this statement is false), but we can give a counterexample for x =1 then (1+1)? =4 #2. It’s show
that statement is false.

1S even.

1.3.5 Proof by Induction

Let P(n) be statement for each n € IN. The principle of mathematical induction states that P(n): is
true Vn € IN,n = ng,P,(x) if :

1. P(ng) is true, and
2. Assume that the statement P(n) is true.
3. Show that the statement P(n +1) is true.
Example 1.3.6. Show that VneIN*:1+2+..+n = %

1. For n=1,P(1) it true. 1= %

n(n+1)
2

2. Assume that 1+2+...+n= is true.

3. Show that 1+2+...+n+1:w is true,

142+, +n+1=1+2+..+n+(n+1)=""221 4 (n + 1) = 2HNn+2)

Then P(n+1) is true.

10



1.4 Solved Exercises

1.4.1 Exercises

Exercise 1.4.1. Let P,Q and R be propositions, using the truth table prove the following logical
equivalence

1. PV(QAR)o (PVQ)A(PVR).
2. (PAQ)VR & (P> Q)=>R.
3. PoQ)o(PAQ)V(QAP).

Exercise 1.4.2. Let P,Q and R be propositions, using the truth table prove the following logical
statements are tautologies:

1. P=>Q)AN(Q@=>R)=>(P=>R).
2. (P>@Q)r(P=Q)=P.

Exercise 1.4.3. Let f : IR — IR be a function. Give the negation of the following propositions:

1. (x=0)v(x#-1).

2. 0=sx=<1.

3. B=<x<4)=>(x%2=1Ax=0).

4. For all € >0, there exist g € Q** such that : 0< g <e.
5. Ve>0,In>0,Y(x,y) e IR, (Ix —y| <n = |f(x) - fF(¥)| <€)

Exercise 1.4.4. Use quantifiers to express each of the following statements and prove them if they
are true, or give a counterexample when they are false.

1. The product of two even numbers is always an even number.

The product of two odd numbers is always an odd number.

The product of an even number and an odd number is an even number.
An natural number is even if and only if its square is even pair.

The sum of rational and irrational number is irrational.

S & kR b

The sum of two irrationals number is irrational.
7. The product of rational and irrational number is irrational.
8. The product of two irrationals number is irrational.
Exercise 1.4.5. Find if the following propositions are true or false.
1. IxelR,VyelR:x+y>0.
2. VxelR,VyeR:x+y>0
3. IxelR,dyeR:x+y>0.
4. IxeR,VyeIR:y?>x.
5

. VxeR,AyeR:y=x2+1.

11



6. VxeR,AyeIR:y2 =x+1.
7. IxeR,VyeIR",x<y.
8. dyelR,VxeIR",x<y.
9. VxelR,VyelR:(x+y<O0Ovx+y=0).
10. VxeIR,VyeIR:(x+y<0Ax+y=0).
Exercise 1.4.6. By using the proof by contrapositive, show that:
1. Vx,yeIR,xy #0=>x#0Ay #0.
2. Vx,yeIR,x#Zy=>x+1)(y—1)#(x—1)(y+1).
3. (Ve>0,lx|<e)=>x=0.
Exercise 1.4.7. By using the proof by contradiction, show that:
1. VneIN,n? is even = n is even.

2. V2¢Q, deduce that vV2+v3¢ Q.

In2
3. n3¢Q.
X Yy
4. Vx,yeIR", = =>x=Y.
Y y+1 «x+1 Y

Exercise 1.4.8. By using the proof by induction, show that:

1. VneIN-{0,1,2,3},n2 < 2",

9 VnelN ik2_n(n+1)(2n+1)
’k=1 6

3. Vn =1, 6 divide 7" — 1.
4. VneIN*, 4" + 6n — 1 is multiple of 9.
5 Vn=1,x>-1,(1+x)*=1+nx.
Exercise 1.4.9. Show that:
1. VneIN,n(n+1) is even.
2. Let n€IN, n?2—1isn’t divisible by 8 = n is even.
3. VYneIN,n3 —n is divisible by 6.
Exercise 1.4.10. Give a counterexample to the following statements:
1. Vx,yeIR, (x+y)? =x2 +y2.
Let n€Z, if n? is divisible by 4, then n is divisible by 4.
Let f : I — IR be a continuous function then f is derivable on I. (Where I is an interval of IR. )

Let f,g:IR — IR be two functions, f(x).g(x)=0=>f(x)=0vgx)=0

U N

Every bounded sequence is convergent.

12



1.4.2 Solutions

Solution 1.4.11. 1. PV(QAR) o (PVvQ)A(PVR).

Truth table :

PIQIRIQAR|PVQAR [(PvQ) [(PVR) | (PVvQA(PVR)
1111 1 1 1 1 1
1101 0 1 1 1 1
0l1]1 1 1 1 1 1
0lo0]1 0 0 0 1 0
1170 o 1 1 1 1
1lolo] o 1 1 1 1
ol1]o0] o 0 0 0 0
ololo] o 0 0 0 0
2.(PAQ)VR & (P> Q)= R. Truth table :
P|Q|R|Q|PrQ|(PAQVR |(P=Q)| P=>Q)=>R
11110 1 1 0 1
1lo]1]1] o 1 1 1
ol1]1]l0] o 1 1 1
olol1]1] o 1 1 1
1l1]olo] 1 1 0 1
1lolol1] o 0 1 0
ol1]lo]o] o 0 1 0
ololo]1] o 0 1 0
3.PoQ)o(PAQ)V(QAP).
P|Q | P|Q | PAQ | QAP | (PAQ)VIQAP) | PoQ | (Po®)
111100 o 0 0 1 0
1lolo]1] 1 0 1 0 1
ol1]l1]0] o 1 1 0 1
olo|1|1] o 0 0 1 0

Solution 14.12. 1. H;:(P=>Q)A (@ > R)=> (P = R).

Truth table :

P|Q R | (P>Q) @=>R)| P=>2@Q)A@>R) | P>R | Hi
11111 1 1 1 1 1
1101 0 1 0 1 1
0111 1 1 1 1 1
01]0]1 1 1 1 1 1
11110 1 0 0 0 1
1lo]o 0 0 0 0 1
o110 1 0 0 1 1
ololo 1 1 1 1 1
2.Hy:(P=>Q)A(P=Q))=P Truth table :

Pl Q| P Q P=>Q P=>Q | P>@)rP=>Q)| H,
11100 1 1 1 1
11001 1 1 1 1
ol1]1]0 1 0 0 1
olol1]1 0 1 0 1

Solution 1.4.13.
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3
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5

P:(x#0)A(x=-1).

O<sx<leO<xAx<1),then: P:(0>xvx>1).
B=x<HA@*#1vx<O0).

The negation is: there exists € >0, for all ¢ € ** such that: 0=q Vv q =¢.

P:3e>0,Yn>0,3(x,y) € R, (lx — y| < n A If () - F ()] > €).

Solution 1.4.14.

1.

The product of two even numbers is always an even number

Let 2?2 = {2k/k € IN} be the set of even number, the proposition P is N\nme P nxme?, P is
true.

Letn,me P, sodk1 € IN/n=2k1,3ko € IN/m =2kg so nxm = 2(2k1ko) = 2k3, then kg = 2k1ko €
IN/nxm=2kg=>nxmeP.

The product of two odd numbers is always an odd number.

Let I ={2k + 1/k € IN} be the set of odd number. The proposition P is: Vn,mel,nxmel, P is
true.

Letn,mel,so3dk1 € IN/n=2k1+1,3kg € IN/m =2kg+1so nxm =22k1ko+k1+ko)+1=2k3+1,
then 3ks =2k1ko+k1+ko€eIN/nxm=2ks+1=>nxmel.

The product of an even number and an odd number is an even number.

The proposition P is : YVne P, mel,nxme P nxmel, Pistrue Let ne P mel, so
Jk1 € IN/n =2k1,3ko € IN/m =2ko+1 so n xm = 2(2k1ko + k1) = 2k3, then k3 = 2k1kg+ k1 €
IN/nxm=2kg=>nxmeP.

An natural number is even if and only if its square is even pair. The proposition P is: [ Vn € IN,n
is even < n? is even], P is true. Now we are going to show that: if n is even = n? is even.
LetneP,sodk1€IN/n=2k1,s0n?2=n.n= 2(2k%), then kg = 2k% € IN/n? = 2k9 = n? is even.
Now we are going to show that: if n? even = n is even.

By contrapositive, we must prove that n is odd = n? is odd, it’s true using the second question of
the current exercise, then n? is even = n is even and n is even = n? is even so we have Vn € IN,n

is even < n2 is even.

The sum of rational and irrational numbers is irrational.

The proposition P is NmeQ,n¢ Q,m+n¢Q, P is true

Ja,b€Z,b#0,anb=1,m=%,and n¢Q, b=1,we suppose by contradiction that n+m € Q so
there exists c,d € Z,c Ad =1,n+ 5 = =>n =5 - (you must know that the sum and difference
between two rationales is rational) then we conclude that n € Q but n ¢ Q so contradiction then
the supposition that n+m € Q is false so n+m ¢ Q.

The sum of two irrational numbers is irrational.
The proposition P is: Vm,n¢ Q,m+n ¢ Q, P is false.
In=vV2,m=1-vV2,n+m=1€Q.

The product of rational and irrational number is irrational.

The proposition P is: VmeQ,n¢ Q,m.n ¢ Q, P is true

Ja,beZ*,anb=1,m =7, and n ¢ Q, we suppose by contradiction that n.m € Q so there exists
c,deZ,ecnd=1,ng=g=>n= %.2 (you must know that the product and division between two
rationals is rational) then we conclude that n € Q but n ¢ Q so contradiction then the supposition

that n.m € Q is false so n.m ¢ Q.
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8. The product of two irrational numbers is irrational.
The proposition P is: YVm,n ¢ Q,m.n ¢ Q, P is false.
In=v2,m=v8,nm=4€qQ.

Solution 1.4.15.

1. P:3xeR,VyeIR:x+y >0, is false because, P : Yx € IR,y e IR: x+y < 0, is true, in fact
VxelR,Jy=—x€IR;x+y <0

2. P:VxeR,VyeIR:x+y >0, is false because P :3x € IR,Ay € R : x+y < 0 is true , in fact:
Jdx=0,3y=0;0<0.

dxelR,d3yeR:x+y>0,is true, in fact: 3x=0,3y=1;1>0.
IxeR,VyeIR:y?>xis true, in fact: Ix=—-1€IR,VyeIR:y? > x.

VxeIR,Iye IR:y=x2+1,is true, in fact: Vx € IR, 3y =x2 + 1 € IR.

S & AW

P:VxeIR,dyeIR:y2 =x+1, is false because P is true: P :3x=-2€ IR,Vy e IR, y2 # —1.

7. 3xeIR,Vy € IR*,x < y is false because P is true: P :Vx € IR,y = —x? -1 € IR*,

x=>-x2-1.

8. P:3yeIR,VxeIR*,x <y.is false because P is true: P:Vy e IR,3x = y2+1 e IR*,
Y2 +1zy.

9. VxeR,YyeIR:(x+y <0Vx+y=0),is false because P is true:
Jx=1,3y=0,(1+0=0A1+0#0).

10. VxeIR,VyeIR:(x+y <0Ax+y=0)is false because P is true:
Jx=1,3y=0,(1+0=0Vv1+0#0).

Solution 1.4.16.

1. VneIN,n?is odd = n is odd.

The contrapositive is given by: n is even = n? is even, it’s true see the exercise 4.1). Then the

proposition P = @ is true because we have proved that contrapositve @ = P is also true.

2. By contrapositive we are going to prove that Vx,y € IR, (x+1)(y—1)=(x—1)(y+1) = x = y is true,
in the fact :

x+Dy-D=-1)(y+1)=>xy—-x+y—-l=xy+x—y—-1=>2x=2y=>x=1y.

3. By contrapositive we are going to prove that:

(xZ0=>(3e>0,|x| >¢€))is true. Let x #0, there exist € = Izl

5 >0 such that |x| > ';—I because x #0.

Solution 1.4.17.

1. VneIN,n? is even = n is even. By contradiction, we are going to prove that :
Let n € IN by contradiction, we suppose that n? is even and n is odd, then 3k € IN such that
n=2k+1son?=22k%2+2k)+1=2k"+1,k' =(2k%?+2F) € IN,n? is odd, here the contradiction
because n? is even. Then our supposition is false so Vn € IN, n? is even = n is even, it’s true.
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2. By contradiction, we suppose that: V2€Q, so da,be IN,b#0 anb=1,/V/2= % = ‘;—3 = 2b2 =
a2, then a is even 3k € IN/n = 2k, so

262 = 4k? o b? = 282,

we deduce that b is even too or a A b =1 here the contradiction, Then our supposition is false so

V2¢Q.
By contradiction, we suppose that vV2++v3€Q, so Ja,beIN*, anb=1,V2+3= %

a? a a? b a?-b? oo
then V3 = %—\/§:> 3=(=+2)-2-V2=>V2=[(—=+2)-3]1—. S0 V2 = € Q contradiction
b2 b b2 2a 2ab
with the V2 ¢ Q. Then our supposition is false, so V2+ V3 ¢ Q
3. By contradiction we suppose that iﬁ—g €Q,:3a,beIN,b#0 anb= 1,{‘;—% = % so bln2=aln3 =
2b = 32 the 3% is even contradiction. Then our supposition is false so {E—g ¢ Q.
4. Vx,y€IR*, By contradiction we suppose that LI ANX#Y,so:
y+1 x+1
x y 9

2 2 2
= S>xitx=y'+y=>x"—y' +x-y=0
y+1 «x+1 yory Y Y

>@-y)x+y+1)=0=>x+y+1=0=>x+y=-1.
such that x,y € IR". then the contradiction.
Solution 1.4.18. By induction we show that:
1. VneIN-{0,1,2,3},n% < 2".

(@) For n =4 we have: 42 < 2% P(4) is true.

(b) We suppose that: n? < 2", P(n) is true.

(c) We prove that: (n+1)? <2"*1, P(n+1) is true.
We have: (n+12=n2+2n+1<n?+n?2<2n?2<22" <2n*1,
Since n=4=2n <n.n, then 2n<n?-1.

Or we can prove that n®>—2n-1=0,Yn = 4.
Then P(n+1) is true, so Vne IN—{0,1,2,3},n2 < 2".

9 VnelN ik2_n(n+1)(2n+1)
’k:1 6

(@) Forn=1,P(1) it true. 1=12%),
(b) Assume that: 12 +22 + ..+ n? = 2O D@D g 4y e

(¢c) Show that: 12+22+ .. +(n+1)2= %62)(2’”3) is true,

ntl n +1)(2n+1
S K=Y R rme =" ;(” )ttt 12
k=1 k=1

ntl +1)(n+2)2n+3

Z = (n+1)in 5 N2n ),then P(n+1)is true, so P(n)is true.

k=1

3. Vn =1, 6 divide 7" — 1.

(a) Forn=1, P(1)ittrue. 7—-1=6=6.1.
(b) Assume that: 6 divide 7" — 1 is true, so there Ak € Z such that 7" —1 = 6k.
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(¢c) Show that: 6 divide 7"*1 -1 is true,

T 1= —1+1)-1=T.(6k)+7-1=6(Tk+1)=6k" k' =6k +1€ Z.

Then P(n +1) is true, so P(n) is true.
4. VneIN*, 4" +6n —1 is multiple of 9.

(a) For n=1,P(1) it true. 4+6—-1=9.
(b) Assume that: 4" + 6n — 1 is multiple of 9 is true, so there 3k € Z such that 4" +6n —1 = 6k.
(¢c) Show that: 41 +6(n +1)— 1 is multiple of 9 is true,

4714 6(n+1)-1=4[4"+6n-1+(1-6n)]+6n+6-1
=4[9%]1+4(1-6n)+6n +5=4[9k]—24n+4+6n +5=9[4k —3n + 11 = 9%’
Where k' =4k —3n+1€Z. Then P(n+1) is true, so P(n) is true.
5 Vn=1,x>-1,(1+x)*=1+nx..

(a) For n=1,P(1) it true. (1+x)=1+x.

(b) Assume that: (1+x)" =1+ nx is true.

(¢) Show that: (1+x)"*1 =1+ (n+ 1x is true,
1+x)"=1+nx=>1+2)"" =1 +x)(1 +nx)

Now we have to prove that (1+x)1+nx)=21+(n+1x=1+nx+x+nx?=1+nx+1, which is
true because nx?=0. Then P(n+1) is true, so P(n) is true.

Solution 1.4.19.

1. VneIN,n(n+1)is even.
If n is even then n+ 1 is odd using the exercise 4) the product of even and odd numbers is an
even number, then n(n +1) is even.
If else n is odd then n + 1 is even, with the same way we conclude that n(n + 1) is even.

2. By contrapositive we show that the proposition :( n is odd = (n? — 1) is divide by 8) is true.
Let n be an odd number there 3k € IN such that n = 2k+1=n2 = 4k2+4k+1=>n2-1=4k%2+4k =
4k(k +1), Since k(k +1) is even k' e IN/k(k +1) =2k', so n? —1=4(2F") = 8k’ = n? — 1 is divide
by 8.

3. By induction, we are going to show that: Vn € IN,n3 —n is divisible by 6,

(@) For n =0 we have: 03 -0 is divisible by 6, P(0) is true.
(b) Assume that: n® —n is divisible by 6, P(n) is true.
(¢c) Show that: (n+1)3 —n -1 is divisible by 6, P(n + 1) is true.

n+12-n-1=n3+3n2+3n+1-n-1=n2-n+3n(n+1),
since dke IN,n® —n=6k,3k' e IN,n(n+1) = 2k,
so(n+12-n-1=6k+3.2k' =6(k+k')=6k" k" € IN.

Then P(n +1) is true, so P(n) is true too.

Solution 1.4.20.
1. P:Vx,yeIR, (x+y)? =x2+y2, P is false, because Ix = 1,y = 2 such that (1+2)> =9 #£5=12+22,

2. Let n€Z, P:if n? is divisible by 4, then n is divisible by 4, the proposition is false, because for
n =2 we have n? =4 is divisible by 4 but 2 isn’t.
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3. Let f : I — IR be a continuous function, then f is derivable on I. (Where I is an interval of IR.. )
This proposition is false because for f(x) = |x| a continuous function on IR but f isn’t derivable
on IR, for xo =0, f'(0) doesn’t exist.

4. Let f,g:IR — IR be two functions, f(x).g(x)=0= f(x)=0v g(x) =0. This proposition is false
because for
x, ifx=0 0, ifx=0
f(x)Z{ ,g(x)Z{

0 ifx<O. 1+x ifx<0.
We remark that f(x)g(x) =0 and f(x)#0,g(x) #0.

5. Every bounded sequence is convergent. This proposition is false because for x, = (=1)" is
bounded, but it doesn’t converge (we know that if the limit exists it’s unique) but the sequence
admits two limit different, so the limit doesn’t exist.
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Chapter 2

Set Theory

2.1 Basic definition and notation

Definition 2.1.1. A set is a collection of objects called elements.
Definition 2.1.2. The emptyset is the set with no elements, denoted by @.

We often use capital letters as A to denote sets, and lower letters as a to denote the elements.
Notation :

1. a€ A (ais an element of A).
2. a¢ A (aisnot an element of A).
3. IN is the set of all natural numbers.
4. 7 is the set of all integers numbers.
5. Q is the set of all rational numbers.
6. IR is the set of all real numbers.
Example 2.1.3. 1. A ={a}is a singleton set is a set containing one element a.
2. E=1{2,4,6,8,...} is the set of all even numbers.
3. 0={1,3,5,7,...} is the set of all odd numbers.

4. B={x€ Z,x is divisible by 3}.

2.1.1 Subsets

Definition 2.1.4. 1. A set B is a subset of A, if every element of B is also an element of A. We
denote this by B c A : this means that

AcB e (Vx,(xe A= x€B)).

Negation:
A¢ZB <o (3x,(xe Anx¢B)).
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2.1.2 Equal Sets

We say that A equals B, if have the same elements. We denote this by A = B : this means that
A=B < (AcB)and (AcB)) < (Vx,(x€ A © x€B))
Example 2.1.5. 1. INcZcQclR.

2. A=1{0,1,2,3,5,8}, B=1{8,1,5,0,3,2}, C = {0,1,2,5},D = {1,2,3,4} then we have that : A =B,C #
A,CcA,D#A,D#C.

The empty set @ is a subset of every set.

2.1.3 Power sets

The set of all subsets of a set E is called the power set of E and denoted by 22(E). 22(E) = {X/X c E}.
The empty @ and E are elements of P(E).

Example 2.1.8. E = {a}, 2(E) = {@,{a}}, P(P(E)) = {,{8,{a}}, {2}, {{a}}.

2.2 Stets Operations

Let A,B be any two sets.

2.2.1 Union

The union of A and B is the set of elements in either A, or B, it is denoted by A uB. This means
that :
xeAUBo(xeAvxeB).

Negation:
x¢AUBo (x¢ Anx¢B).

2.2.2 Intersection
The intersection of A and B is the set of elements in both A and B, it is denoted by A nB. This
means that :

xeEANBo(xeAAxeB).

Negation :
x¢AnBo(x¢Avxé¢B).

Two sets A,B are said disjoint if AnNB = @.

2.2.3 Set Difference

The set difference between A and B is the set of elements ib A but not in B, it is denoted by A —B or
A\B. This means that :
A-B={x/xe ANx¢B]}.

If A < B then B — A is called the complement of A (denoted by A€ or Cg). This means that :

ng{x/xEB/\erA}.
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2.2.4 Symmetric difference

Let A,B be two subsets of £
The symmetric difference of A and B is the set(A — B) U(B — A) denoted by AAB. Hence

AAB:(A—B)U(B—A):(AﬂCg)U(BﬂCg):(AUB)—(A N B).
x€AAB o {x/xe (A-B)vxe(B-A)}.
Example 2.2.2. Let E =1{1,2,3,4,5,6,7,8},A ={1,2,3,4,5,6},B ={2,4,6,8}

1. AcE,BcE.
A & B because 1€ An1¢B.
B¢ A because S8e BA8¢ A.

2. AnB=1{2,4,6},AUB=1{1,2,3,4,5,6,8}.
3. A—-B={1,3,5},B— A =1{8}.

4. AAB=1{1,3,5,8}.

2.3 Some properties

Let A, B and C be subsets of a suitable universal set E, then
1. AUA=AAnA=A.
2. AnB=BnA
3. AuUB=BUA
4. AnBnC)=(AnB)NC,
5. AuBuUuC)=(AuB)uC.
6. AuBNC)=(AuB)N(AuUC)
7. AnBuC)=(AnB)UANCQC).
8. (AUuB)¢ =A°nB°. De Morgan’s Law
9. (AnB)°=A°UB°. De Morgan’s Law

Proof. Let us prove that: (A UB)¢ = A° N B¢, then we must show that:
(AuB)cA°nNnB°f and A°NB¢c(AuB)-.

(AUuB) cA°NnB¢: let xe (AuB)*
x€(AuBY =>x¢(AuB)=>x¢ AANx¢éeB>xeA°Ax € B, hence x € (AUB)’ = x € (A°NnB°), then
(AUB)¢ c(A°nNB°).

A°NB°c(AUuB): let xe (A°NnB°)
x€(A°NB)>x€eA°ANxeB*=>x¢ Anx¢B=>x¢(AUB), hence A°NnB° c(AUB)‘, then (AUB)‘ =
A°NnB°.
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2.4 Partition of a set

Let E be finite set and A; € 22(E),i =1,...,n, then {A{,A9,...,A,} is a partition of E if :
1. AJjUAgU...UA, = ?zlAi =E.
2. AinAj=9,fori#j.

Example 2.4.1. Let E ={0,1,2,3,4,5,6,7,8,9}, A ={0,1,3},B ={2,4},
C=1{5,7,D =1{6,8,9}, since AUBUCUD =E,and AnNB=BnNnC=CnD=AnC=AnD=...=@. Then
{A,B,C,D} is a partition of E.

2.5 Product Cartesian

Let A and B be sets, a € A,b € B, we can form the ordered pair (a,b).
We denote by A x B the Cartesian product of A and B defined by :

AxB={a,b),acA,beB}
Example 2.5.1. A ={1,2},B={1,2,3}
A xB={(1,1),(1,2),(1,3),(2,1),(2,2),(2,3)},

B xA={(1,1),(1,2),(2,1),(2,2),(3,1),(3,2)},
AxB#BxA, because (3,2)e Bx A, and (3,2)¢ A x B.

2.6 Cardinal

Definition 2.6.1. the Cardinal of a set A is the number of elements of A. We note the cardinal
number by n(A), or |A|. If n(A) is finite, then A is said to be finite, Otherwise, A is said to be infinite.

1. n(¢) =0, n({g}) = 1.
2. Let & be an nonempty set, then
n(P2&)) =2".

Proposition 2.6.3. Let A,B be finite sets then :
1. n(AxB)=n(A)xn(B).

2. n(AuB)=n(A)+n(B)-n(AnB).

Example 2.6.4. Let A =1{0,1,2},B ={1,2,3,4}, then :
n(P(A)) = 23, n(2(B)) = 24

2(A) ={p,{0},{1},{2},{0,1},{0,2},{1,2},A}.

2(B)=1{p,{1},{2},{3},{4},{1,2},{1, 3},{1,4},{2,3},{2,4},{3,4},{1,2,3},{1,2,4},{1, 3,4},{2, 3,4}, B}.
n(A xB)=12=n(B x A) = n(A)n(B).

A xB =1{(0,1),(0,2),(0,3),(0,4),(1,1),(1,2),(1,3),(1,4),(2,1),(2,2),(2,3),(2,4)},

BxA={(1,0),(1,1),(1,2),(2,0),(2,1),(2,2),(3,0),(3,1),(3,2),(4,0),(4,1),(4,2)},

AxB#BxA, because (3,2)e Bx A, and (3,2)¢ A xB.
AuB=1{0,1,2,3,4},AnB=1{1,2},n(AuB)=n(A)+n(B)—-n(AnB)=3+4-2=5.
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2.7 Solved Exercises

2.7.1 Exercises

Exercise 2.7.1. Let us consider the following sets:
A={1,2,3},B=1{{1,2},3},C ={{1,2,3}},D ={9,1,2,3},
E =1{3,1,2},F = {{1,3},{2}},G = {{1,3},{2},2,{o}}, H = {1,{2},{3}}.

1. Find all equality and inclusion between these sets.
2. Find AnB,BNnF,AnH,AuB,DuG,D—-A,G-F,AAB, GAD.
3. Find the complement of A on D, and the complement of A on G.
4. Find 2(B),2(Q).
Exercise 2.7.2. Let A,B,C and D be sets defined by :
A={0,1,2},B={{0,1},2},C ={0,{0, 1}, {2}, »},D = {0, 1}.

1) Tell if the following propositions are true.
a)0eB,b){0,1}cB,e)peC,d)p cC,e){p}tcC.

2. Find : AnB,AnC,A-B,C—-B,AxD,?A), ?(PD)).
3. Let E,F be two sets. Prove that P(E)=P(F)=>E=F.

Exercise 2.7.3. Let A, B and C be subsets of a suitable universal set E,
a) Show that:

1. (AnB)uUB°=AUB".

2. (A-B)-C=A-BUO().

3. AuB)-C=A-C)uB-0)

4. (AnB)-C=A-C)nB=B-C)nA.
5. A-BnC)=(A-B)u(A-0C)

6. A°~B°=B-A.

b) Simplify the following:
1. (AUB)N(CUA).

2. (AnB)U(CNA).
3. (A-C)u(B-C)U(A° =B uUC.
4. (A-B‘UC)uAuB‘uUC.

Exercise 2.7.4. Let A, B and C be subsets of a suitable universal set E, show that

1. AnB)uC=LAulC)n(BUL)
2. AuBINC=ANC)uBNC)
3. AnB)-(AnC)=(AnB)NnC*®

Exercise 2.7.5. Let A, B be subsets of a suitable universal set E, show that:
AcB=>BcA°.

Deduce that :

1. (AnB)=A°UB°.

2. (AUB)*=A°NnB°.
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Exercise 2.7.6. Let A, B be subsets of a suitable universal set E, show that
1. 6¢gAAN6EB =AAB.
2. 6g(AAB)=%6gAAB = AA6gB.
3. Evaluate : ANA°,BAE,BA®.
Exercise 2.7.7. Let A, B and C be subsets of a suitable universal set E, prove that:
1. AuUB=AnCsBcAcC.
2. [AUBcAUC)A(ANBcANnC)]=BcC.
Exercise 2.7.8. Let A, B and C be subsets of a suitable universal set E, prove that:
1. (AxB)n(CxD)=(AnC)x(BnD).
2. AxC)-(BxC)=(A-B)xC

Exercise 2.7.9. 1. Let us consider the following sets: E ={0,1,2,3,4,5}, and A ={(i, ) € E?/i < j},

B ={(i,j) € E%i> j}, C ={(i,j) € E*/i = j}. Draw A,B et C, and prove that {A,B,C} is a partition of
ExE.

2. Let a,b,c € IR, with a =0. Find a condition for which the following subsets 10,al,] — oo, bl, and
[c,+ool form a partition of IR.
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2.7.2 Solutions

Solution 2.7.10. Let us consider the following sets:
A={1,2,3},B=1{{1,2},3},C ={{1,2,3}},D ={9,1,2,3},
E=1{3,1,2},F ={{1,3},{2}},G = {{1,3},{2},2,{p}}, H = {1,{2}, {3}}.

1. AcD,A=E,F cQ@G.

2. AnB={3},BnF=¢,AnH={1},AuB={1,2,3,{1,2}},
DuG=1{¢,1,2,3,{2},{s},{1,3}},D - A = {¢},G - F ={2,{}},
AAB=(A-B)u(B-A)=1{1,2,{1,2}},

GAD =(G-D)u(D -G)={{1,3},{2},{2},2,1,3}.

3. AL =1{a}, A;, ={{1,3},{2},{a}}.

4. The set B has two elements that mean that Card(B) = 2, then card(?(B)) =22 = 4, so 2(B) has
4 elements, which are : 22(B) = {®,{{1,2}},{3},B},
The set G has 4 elements so Card(G) =4, then card(P(R)) = 2* = 16, so P(G) has 16 elements,
which are :
2(G) ={p,{1,3}}, {{2}}, {2}, {a}}, {{1, 3}, {2}}, {{1, 3}, 2}, {{1, 3}, {®}},
{{2}, 2}, ({2}, {2}},{2,{2}}, {{1, 3},{2}, 2}, {{1, 3}, 2, {@}}, {{1, 3}, {2}, {®}},
{{2},2,{a}},G}.

Solution 2.7.11. Let A,B,C and D be sets defined by :
A ={0,1,2}, B ={{0,1},2},C ={0,{0,1},{2}, 8},D = {0, 1}.

1) a)0€eB, true.
b){0,1} c B, false because {0,1} € B.
c)p € C, true.
d)@ < C, true because @ is part of any set.
e){@} c C, true because ¢ € C.
2. AnB={2}, AnC={0},,A-B={0,1},C -B ={0,{2}, 8},
A xD ={(0,0),(0,1),(1,0),(1,1),(2,0),(2, 1)},
The set D has two elements so Card(A) = 2, then card(P(D)) = 22 =4, so (D) has 4 elements, which
are : (D) ={g,{0},{1}, D},
The set (D) has four elements so Card(2(D)) = 4, then card(P(P2(D))) = 2* = 16, so Z(P(D)) has
16 elements, which are :
P(P(D)) ={o,{o},{{0}},{{1}},{D},{®,{0}},{2,{1}},{8,D},{{0}, {1},
{{0}, D},{D,{1}} {®,{0},{1}},{®,{0},D},{{0},{1},D},{®,{1},D},22(D),}.
3. Let E,F be two sets. Prove that P(E)=?F)=>E=F.
At first time we are going to prove that E c F':
Let xe E
xeEE=>{xlcE>{xlePE)>{xle PF)>{x}cF>xeF.

Now let us prove that F c E:

xeF>{xlcFo>{xle2F)=> x}le P(E)=>{x}cE=>x€ckKE.
Then E =F.

Solution 2.7.12. Let A, B and C be subsets of a suitable universal set E,
a) Show that :
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1. (AnB)uB®=AUB°".
a) Let us prove that (ANnB)uB¢c AUB¢

x€(ANB)uB°

LUl

=

(xeAAxeB)V(x¢B)
(xeAvx¢e¢B)A(xeBvx¢B)
x€(AuUB°)Axe(BUB®)
x€E(AUB°)NE

x€AUB°.

Since E =B°UB and A UBE€ is subset of E.

b) Let us prove that AUB¢ c(AnB)UB¢

xe AUB®

Lo v Ul

2. (A-B)-C=A-BuU().
x€e(A-B)-C

3. AuB)-C=A-C)uB-0)

xe(AuB)-C

¢ ¢ 09

4. (AnB)-C=(A-C)nB=(B-C)nA.

¢ ¢ 0 ¢ ¢ ¢

(xeANxeB)Vv(x¢B)
(xeAvx¢B)A(xeBvx¢B)
x€(AuB°)Axe(BUB)
x€(AUB)NE
x€(AnB)uUB°.

(xeAAx¢B)A(x¢C)
xeAN(x¢eBAxeC)
x€EAN(xeB*AxeCC)
x€EAN(xeB°NCC)
xeAAx¢(BuUO),
xeA-(Bu().

(xeAvxeB)A(xeO)
(xeAAx¢eC)v(xeBAx¢C)
x€(A-c)vxe(B-C)
xe(A-C)uB-C)

a) Let us proof that ( AnB)-C=A-C)nB

x€(AnB)-C

<

i=4

<

<

(xeAAxeB)A(x¢O)
xeAN(x¢eCAxEB)
(xeAANxeC)AxEB
xe(A-C)nB

b) Now we are going to proof that : (A—-C)nB=(B-C)nA

x€(A-C)nB

i=4

<>

<

<

(xeANx¢C)N(x¢B)
x€eAN(xeBAx¢B)
xeAnxe(B-0C)
xeB-C)nA

Then we have : (ANB)-C=(A-C)nB=(B-C)nA.
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5 A-BnC)=(A-B)u(A-0)

xe€A-BnC)

6. A°~B°=B-A.

xeA¢ - B¢

b) Simplify:

=N
2N
& o
2N

<

xeAAnx¢e(BnNCO)
x€EAANxE(BUC)
xeAAN(xeB°vCY
(xeAANxeB)V(xe AnxeCF)
xe(A-B)u(A-0_).

x€A°ANx ¢ B
x¢ANxeB
xeEBAx¢A
x€(A-B)

¢ ¢ ¢ ¢

1.(AUB)N(CUA)=(ANB)n(CNA)=(AnA)NBNC)=3nBnNC)=g.

2(ANB)U(CNA)=(AUuB)U(CUA)=(AUA)UBUC)=EUBUC)=E.

3. (A-C)uB-C)u(A°-B°)uC.

(A-C)uB-C)u(A°-B)uC

4. (A-(B°UC)UAcUB°UC.

(A-(B°UC)UA®UB‘UC

Solution 2.7.13.

x€e(AnB)uC

¢ ¢ 0 ¢ ¢

[(AUuB)-CI(AuB)‘uC
[(AUuB)NC°TU(AuUB)‘uUC
[(AUB)UAUB)IN[C°U(AUB)‘JuC
En[C°U(AuB)‘JuC
[C°UAUB)‘luC

C°UuCuU(AuUB)°

Eu(AuB)‘ =E.

(ANn(BUC)UAUB‘UC
(ANBUC))UA“UBUC)
(ANBNCY)IU(A°UBUO))
(ANBNCHUANBUC)Y) =E.

1. AnB)uC=AulC)nBUC).

xe(AnB)vxeC
(xeAAxeB)vxeC
(xeAvxeC)n(xeBvxe()
xe(AuC)Axe(BUC)
xe(AuC)NnBU(O).
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2. AuB)NC=ANCYuBNC(C).

xe(AuB)nC xe(AuB)AxeC
(xeAvxeB)AxeC
(xeAnxeC)v(xeBAxe()
x€E(AnC)vxe(Bn(C)

xeE(ANCYuBNC).

¢ ¢ 000

3. (AnB)-(AnC)=(AnB)nC°".

xe(AnB)—(AnC(C) xe(AnB)Ax¢(ANC)

x€E(ANB)Axe(ANC)°
(xeAANxeB)Axe(A°UCY)
[(xeAAxeB)|Al(xe A°vxe C]
[(xeAAxeB)Axe A°lv[(xe AnxeB)AxeC]
xe[(ANB)NA°lvxe[(AnB)NC*]
[xed]lVI(ANB)NC]

xe[(AnB)NnC].

L e e

Now the other side :

xe[(AnB)NnC*] xe[(ANB)NC°luy
xe[(ANB)NCIU(ANA°)nB]
[xe(ANB)AxeClvixe(AnB)Ax e A°]
x€E(ANB)Axe(C°UA®)
xE(ANB)Axe(CNA)°
xe(AnB)Ax¢(ANC)

= x€(AnB)-(AnC).

L

Solution 2.7.14. We suppose that AcB,sox€e B =>x¢B=>x¢A=>xe€A°. Then B¢ c A, deduce

that:
(ANnB)cA = A°c(ANnB)° c c ¢
1. Wehavethat{ (ANB)cB = B°c(ANB) , thus A°UB°c(AnB)°..(1)

Nowxe(AnB)Y=>x¢(AnB)=>x¢Avx¢B>xcA°vxe B =>xec A UB°.
Then, (ANB)¢ c A°UB°...(2).
By (1) and (2) we deduce that A°UB¢ =(ANB).

Ac(AuB) =>(AUB)‘cA° ¢ ACARC
2. Wehavethat{ Bc(AUB) = (AUB) B , thus (AUB) c A°nB°..(1)

Now xeA°NB*=>x¢ AANx¢B=>x¢(AuB)=>xec(AuB)-.
Then, A NB° c (A UB)°...(2).
By (1) and (2) we deduce that (A UB)‘ = A°nB¢.

Solution 2.7.15. 1. 6€gAA€gB=AAB.

x€(€EAAC€EB < (xE%EA—CgEB)V(x(-:‘gEB—(gEA)
(x€e6gANxE EEB)V(xeEgBAx ¢ EgA)
(x¢AnxeB)v(x¢BAxeA)
(xeB-A)v(xeA-B)oxe(B-A)U(A-B)
x € AAB.

¢ ¢ 09
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2. 6g(AAB) =6 AAB = AAN6gB, using the precedent question: €gAAN6gB = AAB
then €gAAB = AA6gB. Now must to proof that:

x € (AAB)° x€[(A-B)u(B-A)°

x€(A-B)XN(B-A)f

x€E(ANBY)Axe(BNA®)S
x€(A°UB)Axe(B°UA)
x€EANA)Vxe(A°NBY)vxe(BNB)vxe(BnA)
x€(A°NBY)vxe(BnA)

x€E(A°-B)vxe(B-A°)

x€(A°—B)u(B-A°)

x € €gAAB © AN€EB.

¢ ¢ 006 ¢ ¢ 0 OGO

3. Evaluate: ANA°=(A-A°)U(A°-A)=AUA°=E,
BAE =(B-E)U(E-B)=¢9UB°=B¢,
BA¢g=B-@¢)u(@—-B)=BUug@=B.

Solution 2.7.16. Let us show that:

1. AUB=AnCsBcAcC(C.
(=) We suppose that AuUB=AnNC:

let xeB=>x€eAUB=>xceAnC=>x€eAANxeC>x€A, then BCc A,

let xeA>xeAUB=>xeAnC=>xeANxeC>xeC,AcC,

so BcAcC.
(<) We suppose that Bc AcC, then AUB=A=AnC.

2. [AUBcAUC)A(ANBcANQC)|=>BcC.

xeB = xe(AuUB)
= x€(An0C)
=> x€eAvxeC

Case 1:ifxe Aand xe Bthenxe AnNB=>xeAnC=>xeAAxeC=>xeCsoBcC.
Case 2:if x€ C then BcC.

Solution 2.7.17. I. 1 2 3 4 5 {A,B,C}, is a partition of E x E, because :
AnNnB=¢9,BNC=CnA,AuBUC=E.
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2. Let a,b,c € IR, with a =0. {10,al,]—o00,bl,[c,+ool} form a partition of IR, if b =0,a = ¢, then
10,alu]l —oo0,b]Ulc, +oo[= IR.
If b<0=]0,aln]—o00,b] =@, for b <c=]-00,b]Ulc,+ool= @, and for a < ¢,]0,alUlc, +ool= @.
Then {]0,al,]—o0,bl,[c,+ocol} form a partition of IR, if b =0,a = c.

Solution 2.7.18. Let AxB ={(x,y)e R,x€ A,y € B}.

1. (AxB)n(CxD)=(ANC)x(BND).

(x,y)e(AxB)N(C xD) (x,y)E(AxB)A(x,y)e(C xD)
(xeAANyeB)A(xeCAyeD)
(xeAANxeC)AN(yeBAyeD)
(xeAnC)A(yeBND)

(x,y)E(ANC)x(BnD).

¢ ¢ 0 ¢ ¢

2. AxC)-BxC)=(A-B)xC.
(,)€E(AxC)-(BxC)=(x,y) €(AxC)A(x,y) ¢ (B xC).
Note that (x,y) ¢ (B x C) means that: x¢ BV y ¢ C but y€ C, thus x ¢ B.

(x,y)E(AxC)-(B xC) (x, ) E(AxC)A(x,y) ¢ (B xC)
(xeAANyeC)A(x¢BAye()
(xeAAxéB)A(yeC)
(xe(A-B)A(ye(C)

(x,y)€e(A-B)xC.

L

(x,y)e(A-B)xC x€(A-B)AyeC
(xeAnx¢gB)AyeC
(xeANyeC)A(x¢BAye()
(x,y) (A xC)A(x,y) ¢ (BxC)

(x,)e(AxC)—=(BxC).

L v
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Chapter 3

Relations and mapping

In mathematics, we study relations between two sets of numbers, where members of one set are
related to the other set by a rule. Relations are also described as mappings. When we map a set of
numbers onto another set of numbers, we often express the rule for the mapping using mathematical
relationships instead of words.

PARTE I : RELATIONS

3.1 RELATIONS

3.1.1 Definition

Definition 3.1.1. A Relation % from a nonempty set E to a nonempty set F is a subset of the
Cartesian product E x F. Then % is a set of ordered pairs (x,y) where xe E,y € F. x is Z%-related to
y, written xRy.

If E =F the relation Z it called a binary relation.

The set of all first elements in a relation X, is called the domain of the relation X, and the set of all
second elements called images, is called the range of .

Example 3.1.2. 1. Vx,yeIR,xZy & x=1y.
2. Vx,ye IN,xZy < x divi y.
3. Vx,yeIR,xZy ©x=y.
4 AcE,BcF,A%B < A cB.

3.2 Types of Relations

Let Z be a relation on a nonempty set E.

1. Reflexive Relation: We say that Z is reflexive if:

Vx e E, (xRx).

2. Symmetric Relation: We say that % is symmetric if:
VxeE,VyeE,(xRy = yRx).
3. Anti-symmetric Relation We say that #Z is anti-symmetric if:
Vxe E,NyeE,(xRy NyRx) = (x = y).
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4. Transitive Relation: We say that # is Transitive if:

Vx,y,z€ E,(xRy N yRz) = (xRz).

Example 3.2.1. 1. Vx,yeIR,xZy & x2 = y2.
a) R is reflexive : Vx € IR, x? = x2.
b) R is symmetric : Vx,y € IR, xRy © x2 = y2 & y2 =22 & yRx.
¢) R is not anti-symmetric : Ix =1,y = 1 such that xRy < x> = y% and yRx but x # y.
2

d) R is transitive : Vx,y,z € R (xRy) A (yRz)) = (xRz), x% = y2 A y? = 22 implies x? = 22.

2. Vx,yeIR,xTy & x<y.
T is reflexive, anti-symmetric, transitive (it is simple to verify).
But T is not symmetric : 3x =1,y = 2,122 because 1 <2 but it doesn’t imply that 2%1.
1. If a relation X isn’t symmetric it doesn’t mean that it is anti-symmetric:

Let be a relation defined on a nonempty set E, the negation for symmetric is : Ax,y € E such that
xRy and vy isn’t &-related to y this is completely different form the definition of anti-symmetric
which is Vx,y e E,xBy NyRx =>x =Y.

2. A relation can be neither symmetric or anti-symmetric : For instance the relation X defined on

n+2m
IN by e IN.
. . . 2 m+2n
Z isn’t symmetric because there exists n = 2,m = 1 such that nZm < e N, but 7 =
248

— ¢ IN. And Z isn’t anti-symmetric because there exists n = 2,m = 4 such that nZm < —5 =

4+4
4€N,andT:4€]Nbutn;ém.

3. A relation can be symmetric and anti-symmetric at the same time, for example the relation %
defined by xRy < x = y is symmetric and anti-symmetric simultaneously.

3.3 An equivalence relation

Definition 3.3.1. Let E be a nonempty set. A relation X defined on the set E is called an equiva-
lence relation on E when Z is : reflexive, symmetric and transitive.

Example 3.3.2.
1. Vx,y e IN,xZy < x =y is an equivalence relation on IN.
2. Vx,ye IR, xRy & x% —x = y% —y,R is an equivalence relation. Indeed :

2

a VxeR,x?—x=x%—x & x%x o R is reflexive.

b Vx,yeIR,xRy & x’—x=y°—yo y?—y=x°—x © yRx, R is symmetric.

2 2 2 2

—zox"—x=2z"—2© zRx,R is transitive.

c Vx,y,zeIRxBy o x> —x=y2—yny’—y=z

3.3.1 Equivalence class

Let Z be an equivalence relation defined on the nonempty set E and let x € F. The set of elements
in E that are related to x is called equivalence class of x, or class of x modulo &%, and denoted by
X or x.

x=Cy=x={yeE/xRy}

Definition 3.3.3. The set of equivalence classes is called the quotient set of E modulo %, denoted

by E %,
Ep={x/xeE}, E; c PE).
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Proposition 3.3.4. Let % be an equivalence relation on the nonempty set E. Then we have :
1. Vx,yeE,x=y < xRy.

2. Vx,yeE,x#yeoxny=9.

Example 3.3.5. Vx,y € IR, xRy © x2 —x = y2 — y, % is an equivalence relation.
Let us determine: Cy, 1,2,C%.

1. Co={y€E/0ZY},0Ry < y>—y =0, hence Cy=1{0,1}.
2. 1={yeE/1Ry},y>—y=1-1=0, hence 1 ={0,1}.
3. 2={y € E/2Ry},y>—y=2, hence 2 =1{-1,2}.

- 1 2_,-1_1__1 =l
4. C%—{yeE/zﬁy},y Yy=41—3 4,henceC% {5}

3.3.2 The quotient set Z/nZ

On Z we consider the congruence relation modulo n, which is an equivalence relation. When a
is related to b, we write
a=blnle JkeZ,a-b=nk.

And we read this as "a is congruent to b modulo n".
The quotient set is denoted by Z/nZ. Then, the quotient set is given by
Z/nZ =1{0,1,...,(n - 1)}.

Where : 0={nk,kecZ},i={nk+1,k€Z}.....n-1)={nk+(n-1),ke 7}

Example 3.3.6.
1.7/27 ={0,1},0 : set of the even numbers, 1 : set of odd numbers.
2. 7/47 =1{0,1,2,3}.

3.4 Order Relation

Definition 3.4.1. Let E be a nonempty set. A relation % defined on the set E is called an order
relation on E when Z is: reflexive, anti-symmetric and transitive.

Example 3.4.2. 1. VA,Be P(E),AZ%ZB < A c B is an order relation, Indeed.:

(a) VAeP(E),AcA o R is reflexive.
(b) VA,Be P(E),(AcB)A(BcA))= A =B < Z is anti-symmetric.
(c) VA,B,Ce P(E),(AcB)A(Bc(C))=>AcC o X is transitive.

2. Vx,ye IR, xRy & x <y, is an order relation.

3.4.1 Partial and total order

Definition 3.4.3 (Total Order).
Let E be a nonempty set. And < be an order relation defined on E, < is a total order relation if and
onlyif x,ye E, x <y ou y=<x. That means every pair of elements is comparable.

Definition 3.4.4 (Partial Order).
When the order is not total, we say it is partial. That means there exist an elements (x,y) € E, that
may be incomparable. Neither x <y nor y <x.
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Example 3.4.5. e Vx,yeIR,xZy < x <y, is an order relation.

1. R is reflexive: Vx€IR,x <x © x%x.
2. X is anti-symmetric: Yx,y € IR,(xZy) N(yZx)) & (x < yIN(y<x)=>x=1y.
3. R is transitive : Vx,y,z € IR,(xZy) N(yRz)) © (x < yIAN(y<z)oy<z>x<zoxRz.

4. Z is a total order relation, indeed : Vx,ye IR,x <V y <«x.

* VA, Be P(E),ARB < A c B is partial order relation.
Indeed let E =1{1,2,3,4,5}, A ={1,2},B = {3,4,5}, then we have A ¢ B and B ¢ A.

o V(x,y),,y) e IR%(x,y) < (x',y") © (x <x') A(y < ¥') is partial order relation, indeed :
3(1,2),(3,0) e IR?%, (1,2) £ (3,0), and (3,0) £ (1,2).

3.4.2 Special Elements of Partially Ordered Sets
Let E be a partially ordered set which respect to £, and let A a subset of E.

Upper and Lower Bounds

Definition 3.4.6.
1. An element M € E is called an upper bound (or majorant) of A if Nxe€ A, xZM.
2. An element m € E is called a lower bound (or minorant) of A if Nxe€ A, m%x.

Least Upper and Greatest Lower Bounds

Definition 3.4.7.

1. The least upper bound of A is called supremum of A, denoted by sup(A).

2. The greatest lower bound of A is called infimum of A, denoted by in(A).

The least upper bound and the greatest lower bound do not always exist. However, if they exist, they
are unique.

Maximal and Minimal

Definition 3.4.8.

1. The maximal (the greatest) element of A is an upper bound of A which belongs to A, denoted by
max(A).

2. The minimal(least) element of A a lower bound of A which belongs to A, denoted by min(A).
The greatest and least elements are unique when they exist.

Example 3.4.9. 1. Consider the usual (total) order < on IR.
The subset A =la,bl, has many upper bounds (any real =b.)
A has many lower bounds (any real < a). However, the element a is the greatest lower bound of
A, inf(A). And the element b is the least upper bound of A, sup(A)=">.
A has neither a maximum nor minimum element, because a,b ¢ A. However, B = [a,b] has
min(B)=a,max(B)=b.

2. Let E = 272({1,2,3}) equipped with the order relation " " the maximal is {1,2,3}, and minimal
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s @
{1,2,3}

{1,2} {1,3} {2,3}
> >
/ \
{1}\{T}/{3}

()

Let A ={{1,2},{2,3},{1,3},{1},{2},{3}}, then sup(A)=1{1,2,3},inf(A) =@,
but min(A),max(A) doesn’t exists.

3.4.3 Solved Exercises

Exercises
n+m

Exercise 3.4.10. 1. Is the relation X defined on IN by : nZm <

anti-symmetric? Is it transitive?

€ IN reflexive ? Is it

+
2. Is the relation % defined on by: nZm < nrm

is even, anti-symmetric?

3. Is the relation X defined on Z by: ngZm < n = —m reflexive? Is it anti-symmetric?

4. Is the relation # defined on IR by : xRy < sin®(x) + cos?(y) = 1 reflexive? Is it symmetric? Is it
anti-symmetric? Is it transitive ?

Exercise 3.4.11. Let E = 1R.

1. YVA,B € P(E),AZB © A c B. R is it reflexive? Is it symmetric? Is it anti-symmetric? Is it
transitive ¢

2. VA, BeP(E),AZB <> AUB =@. X is it reflexive? Is it symmetric?

3. VA,Be P(E),AZB © AnNB # @. R is it reflexive? Is it symmetric?ls it anti-symmetric? Is it
transitive ?

4. VA,Be P(E),AZB < AnNB =@¢. R is it reflexive? Is it symmetric?ls it anti-symmetric? Is it
transitive ¢

5 VA BePE),AZB & AAB # ¢. Z is it reflexive? Is it symmetricéls it anti-symmetric? Is it
transitive ?

Exercise 3.4.12. Let a relation % defined on IR by :
Vx,y € IR, x%’y@x?’—x:yS—y,
a) Show tha Z is an equivalence relation on IR.

b) Determine the equivalent classes of 0, and deduce the equivalent classes 1.

Exercise 3.4.13. Let a relation X defined on 11, +o0ol by :
1 1

>
1+x2  1+y2

xRy &

1. Show that £ is an order relation.
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2. Is it a total order relation ?
Exercise 3.4.14. Let a relation Z defined on IR? by:
(x,NR(',y)ox+y=x"+y
1. Show that X is an equivalence relation.
2. Find the equivalence classes of (0,0).
Exercise 3.4.15. Let a relation % defined on IR? by: (x1,y1)%(x2, y2) < x% +y% = x% + y%
1. Show that % is an equivalence relation.

2. Find the equivalence classes of (a,b).

Exercise 3.4.16. Let a relation X defined on IR by: xZy < xe” = ye*.
a) Show that Z is an equivalence relation.
b) For x € IR, determine the cardinal of equivalence classes of x.

Exercise 3.4.17. Let a relation < defined on IR? by: (x,y)<(x',y") & (x—x'=0ety=7y)
1. Show that < is an order relation.
2. Is it a total order relation?
Exercise 3.4.18. Let a relation T defined on IR? by :
e, NTE, Yo lx—2 <y -y
1. Show that T is an order relation.
2. Is it a total order relation ?
3. Let (a,b) € IR?, give a representation of the set {x,y) € ]RZ/(x,y)T(a,b)}.

Exercise 3.4.19. Let E be a set and A,B € ZP(E), we define the relation X by :
AZB ©3IX e P(E),XNA=XnNB

1. Prove that X is an equivalence relation on E.
2. Determine the equivalence classes : ¢,E.
Exercise 3.4.20. Let X a relation defined on IN*, by: n®m < n divides m
1. Show that X is an order relation.
2. Is it a total order relation?

3. Let A ={1,2,3,4,6,12}. Determine the upper and lower bounds . Is there a maximum and
minimum element ?

Exercise 3.4.21. Let % a relation defined on IN* defined by : n® < 3k € IN:n =m*
1. Show that % is an order relation.
2. Is it a total order relation?

3. Determine the least upper and greatest lower bounds of A ={2,4,8}, min(A), max(A) exists ?
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Solutions
n+m

Solution 3.4.22. 1. A relation Z defined on IN by : nZm < e IN.

n+n
a) Vn e IN, —5 = n €N, thus Vn € IN,n%n, the Z is reflexive.

b) X isn’t anti-symmetric :3n = 2,m = 4 € IN such that 2%4 because 2%4 =3 € IN and 4%2
because 4%2 =3€IN but 2 #4.
¢) Z is it transitive if and only if: Vn,m,l € IN,nZm A mRl => nZRl indeed:

+

nZm @n me]N

A :>n+m erle]N:>n—+l+2me]N
m+l1 2 2 2

mzl o eIN

+1
= nT e IN © mZl, because m € IN.

+
2. Is the relation X defined on by: nZm < nTm is even.

1S not even.

a) Z isn’t reflexive : An =2, and

b) X isn’t anti-symmetric :3n = 12,m = 6 € IN such that 12926 because % =6=2.3iseven and

62%12 because % =6=23isevenbutn=12#6=m.

3. R defined on Z by: nAm < n =—-m.
a) Z isn’t reflexive : An =1, such that 1 # —1. We have (Yne Z,n # —n.)
b) R isn’t anti-symmetric : An=1,m=-1/nZm Sn=-m o m=-n < m%n but n # m.

4. The relation Z defined on IR by: xRy < sin’(x) + cos>(y) = 1.
a) Z reflexive if and only if: Vx € IR,x%x that is true because Vx € IR, cos?(x) + sin?(x)=1. So #
is reflexive
b) R is symmetric if and only if: Vx,y € IR, xRy = yZ%x.
As,
Vx,y€lR, sin®(x) + cos?(x) = 1 A sin2(y) + cosz(y) =1.

Then
sin?(x) + cos?(x) + sinz(y) + cosz(y) =2

and xRy < cos?(x) +sin?(y) = 1, so sin?(y) + cos2(x) + 1 = 2 & sin®(y) + cos2(x) = 1 © y%x. i.e R
is symmetric.

¢) R is anti-symmetric isn’t symmetric: 3x =0,y = 1 € IR, xRy because sin?(0) + cos2(0) = 1 and
yRx because sin?(w) +cos®(n) =1 but x=0#m =y.

¢) R is it transitive if and only if: Vx,y,z € IR, xRy N yRz = xRz. Indeed :

xRy < sin?(x)+cos?(y) =1
A
yRz < sin?(y)+cos?(z) =1

= sin®(x) + cos2(y) + sin2(y) +cos2(z) = 2 = sin?(x) + cos?(z) = 1.
Then xRz, thus X is transitive.

Solution 3.4.23. 1. VA,Be P(E),A%ZB < A cB.
a) Z is reflexive if and only if: VA € 2P(E),AZA it’s simple because A c A. Then X is reflexive.
b) R isn’t symmetric indeed 3A = ¢,B = E,AZB because ¢ c E, but AZB because E ¢ @.
¢ is anti-symmetric if and only if : VA,B € PP(E),AZB NBZA = A = B it’s simple because if
AcBABcA then A=B.So % is anti-symmetric.
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d)Z is transitive if and only if: VA,B,C € P(E),ARXB ANBZC = AZC it’s simple because
AcBABcC=AcC.Then Z is transitive.

2. VA,BE P(E),AZB > AuUB = ¢.
a) Z isn’t reflexive because IA = E € P(E) such that AUA =A # @, so AZRA.
b) Z is symmetric because U is commutative indeed : VA,B € P(E),A%ZB & AUB =@ = BUA =
@ © BZA. Then X is symmetric.

3. VA,Be P(E),AZB < AnB # ®.
a) R isn’t reflexive because 1A = € P(E),AnA = @.

b) R is symmetric because VA,Be P(E),AZB < AnNB#@¢=>BnNA#® < BZA.

¢) Z isn’t anti-symmetric because 3A =[0,11,B =[1,2]1 € P(E),A%ZB © AnB = {1} A\BZA &
BnA={1}but A #B.

d) & isn’t transitive :3A =[0,1],B =[1,2],C =[2,31€ PP(E), AZBANBZC > A%ZC, AnB={1} #
Pand BNC={2}#@,but AnC =@, so AZC.

4. VA,Be P(E),AZB < AnNB = 9.
a) Z isn’t reflexive because VA € P(E), ifA # @, then AZA, it’s simple indeed ANA # @.

b) R is symmetric it’s simple because VA,B € P(E),AZB < AnNnB=¢p=>BnNA=9¢p < BZA.
c) R isn’t anti-symmetric because 4A =[0,1],B =[2,31€ Z?(E),A%2B NBZA but A # B
d) X isn’t transitive A =[0,1],B =1[2,3],C =[-1,1] € L2(E),

A

AZB ©AnB=9¢
BZC ©BnC=9¢

but AnC=1[0,11# @.

5. VA,Be P(E),A%ZB < AAB # ¢.
a) Z isn'’t reflexive VA,AZA = ¢.
b) R is symmetric ARB < (AUB)—-(AnNB)#3=>(BUA)—-(BNA)# @ < BZA.

c) X isn’t anti-symmetric 3A =E,B=9,A%ZB NBZA, but A # B.
d) R isn’t transitive if A = C, indeed AZB NBRA but AZ%C because ANC = @.

Solution 3.4.24. 1.Vx,y e IR,xZy © x3 —x = y3 — y, R is an equivalence relation indeed :
1. VxeR,x® —x=x%—x © x%x © R is reflexive.

2. Vx,yeIR, xRy o x3—x=y3—yo y3—y=x3—x © yRBx, % is symmetric.

3. Va,y,ze R, xZyox®—x=y2—yayl—y=22—zox®—x =23 -2z © 2%x, & is transitive.

2. Co={y€E/0Ry},0%y & y>—y =0, s0 Co=1{0,1,-1}. We deduce 1=1{0,1,—-1}.
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1 1
>——. So Z is reflexive
1+x2  1+x2 fl

Solution 3.4.25. a) Z is reflexive © Vx €]1,+ool,xZ%Zx, x%x <
b) R is anti-symmetric < Vx,y €]l,+oo,x Ry NyRx =>x =y

1 1
=
1+x2 ~ 1+ y2
1 1
XRy N yRx=>4 A = 5 = 5
1 1 1+y 1+x

2—
1+y2  1+42
= |x| = |y| = x =y, because x,y €]1,+oo[.

So X is anti-symmetric.

¢) Z is transitive © Vx,y,z €]1,+o0l, xRy N yRz = xRz
1 1

=

1+ .’)C2 1+ y2 1 1

XRYy N YRz=>4 A

o xRz.

= >

1 1 1+x2  1+22
> _ -
1+y2 1422

So Z is transitive, then X is an order relation .

< is a total order relation, then Z is a total order relation < xZy VvV yZx, Indeed.:
1 1 x y

= = =
1+x2  1+y%2  1+x2 1+y?

Ifx<y=>1+x2<1+y’=>

= yRX.
Otherwise x =y = xRy.

Solution 3.4.26. Z is an equivalence relation if and only if it is reflexive, symmetric and transitive.

1. a) R is reflexive if and only if: V(x,y) € IR2, (x, y)%(x, y)

(x,V)Z(x,y)ox+y=x+Yy.

So Z is reflexive.

2. b) R is symmetric if and only if:
V(x,y), (', ") € R%, (x, DR, y) = (', )R (x, )

(x, R, y) = x+y=x+y
> x'+y =x+y
=> (,y)%(x,y)

then X is symmetric.

3. R is transitive if and only if:
V(x,y), (', ¥, (x", y") € R?, (x, ) R(x', ') A, y )R (2", y'") < (2, 7)) R(x", y")
x+y=x'+y
(x, VR YIN G, Y R(x",y") = { A
x'+y =x"+y"
= x+y=x"+y"
< (x,y)ZR(x",y").
Then Z is transitive, so % is an equivalence relation.
Let us determine the equivalent classes of (0,0).
C((0,0) = {(x,y) € IR*/(x,y)%(0,0)}
= {x,y) e R%*x+y=0}
= {(x,y) e R%y=—x}
= {(x,—x)/x e IR}.
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Solution 3.4.27. Z is an equivalence relation if and only if it is reflexive, symmetric and transitive.

1. a) R is reflexive if and only if: ¥(x,y) € IR, (x, y)R(x, y)

(6, )R (x,y) < x°+y* = 2%+ y°.
So Z is reflexive.
b) R is symmetric is and only if: Y(x,y),(x1,y1) € IR?, (x, y) %R (x1,y1) = (x1,y1)Z(x, y)
(x,9)R@1,y) = 22+y*=x}+y]
= x2+y?=x?+y?

< (x1,y1)%(x,y)

So X is symmetric.
¢) R is transitive if and only if: ¥(x,y),(x1, y1), (x2, y2) € IR?,
(2, )% (x1,y1) A (x1, y1) R (x2, y2) = (x, y)%(x2, y2)

(e, R(x1,y1) N (x1,y1)%(x2,y2)
x?+y?=ul+y7
= A
{ x2+y2=x2+ys
= x2+yi=xltyl
< (x,5)%(x2,y2)

So Z is transitive, then X is an equivalence relation.

2. Determine equivalence of (a,b).

{(x,y) € IR*/(x, y)%(a, b)}
{(x,y) € R%/x? + y2 =a?+b?

C((a,d))

Ifa? +b%2=0=a=>b=0then C(a,b) ={(0,0)} is the point O = (0,0) the origin.
Ifelse a® + b2 #0,C(a,b) = {(x, y) € IR%/x2 + y% = a? + b?} is a circle with center (0,0) and radius

V(a2 + b2).

Solution 3.4.28. On IR is an equivalence relation % by: xRy < xe” = ye*.
a) R if and only if it is reflexive, symmetric and transitive.

1. R is reflexive if and only if: Vx € IR,x%x

XxRx < xe* =xe*. So R is reflexive.

2. R is symmetric if and only if: Vx,y € IR,xRy = y%x

xRy = xe’ =ye*
= ye* =xe”
= yRx

So X is symmetric.
3. Z is transitive if and only if: Vx,y,z € IR, xRy N yRz = xRz

XRy xeY = ye* xe ¥ =ye™V
A = A =><{ A = xe? =ze* o xRz.
yRx ye? =ze? ye ¥ =ze?

SO Z is transitive, so Z is an equivalence relation.
b) For x € IR, determiner le cardinal de an equivalence classes of x with respect relation %:
C,={yeR/xZy}={y e IR/ye* = xe”}. So we get: ye™ =xe™*.

40



Let the function f : IR — IR be defined by f(t) =te ! = f'(t) = (1 —t)e L. f strictly increasing function
on 1—o00,1] and strictly decreasing function on [1,+ool.

Following the graph we deduce that:
for x €]0,1[U]1, +ool then f €10,e [ and f has two antecedents, Card(C,) = 2.
For x €] —00,0[U{1} then f €]—o00,0lu{e™1} and f has one antecedent, Card(Cy,) = 1.

Solution 3.4.29. a) < is reflexive if and only if: ¥(x,y) € IR?,(x,y) < (x,y)
(x,y)<(@x,y)ox—x=0Ay=y. Then <is reflexive.

b) < is anti-symmetric if and only if: Y(x,y),(x',y") € IRZ,((x,y) < (', ¥) A (&', y") < (x,y)) = (x,y) =
(', ")

(x, ) < (x',5") x—x'=20ny' =y
A = A
(', y") < (x, ) X' —x=0ny=y

!/ !/
= X=X,y=Yy.

So (x,y)=(x',y"), then < is anti-symmetric.
¢) < is transitive if and only if: ¥(x,),(x',y"),(x",y") € IR?,
((, y) < (&', yN A, ) < (", y" N (x, ) < (x",5")

(x,y) < (', 5" x—x'20ny =y

{ ! N { .

(x',y) < (x",y") X' —x"=0ny" =y
= x-x"=0Ay"=y

o (x’y) < (xn’yn)
So < is transitive, then < is an order relation.

the order isn’t a total order because (x,y) = (2,5) and (x',y') = (4,3) such that (x,y)<(x',y’), because
2-4>0A3=5itis false and (x',y")<(x,y) because 4—2=>0A5 =3 is false too.

Solution 3.4.30. On IR? we define a relation T by
(x, NI, y) o lx—x'|<y -y

1. T is an order relation if and only if T is reflexive, anti-symmetric and transitive.
a) R is reflexive if and only if: Y(x,y) € IR%, (x, y)%(x, y)

(x,V)Z(x,y) e |lx—x|<y-y=0<0.

So T is reflexive.
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b) T is anti-symmetric if and only if:
V(x,y),(x', ") € IR?, ((x, T (', y") A, y)T(x, ) = (x, ) = (', ")

lx-x'l<y'~y
, VT Y YN, YT (x,y) = {/\
' —xl<y—y
2lx—x'|<0
lx—x'|=0
x=x'
Y —y=0Ay—-y'=20
Yy —y=20Ay' —y<0
y-y=0=>y=y.

A 2

So (x,y)=(x',y"), the T is anti-symmetric.
¢) T is transitive if and only if:

V(x,y), &, y), (", y") € IRZ, ((x, )T(x', ¥ ) A, y)T(x", ")) = (x, v)T(x", ")

lx—x'|<y -y
, T, Y)YA & YT "y = { A

' — 2" < y" =~y

-y +ysx-x'<sy -y
By { .

—y'"+y' <x'—x"<y"—y

= _yn+ysx/_xusyn_y
= |x_xn|5yn_y

< (,NT(x",y")

So T is transitive, then is an order relation.

2. the order isn’t total order, indeed : 3(x,y) =(2,3) and (x',y") = (4,3) such that (x, y)T(x',y"), because
|2 —4| <0 it is false and (x',y )T (x,y) because |4 —2| <0 it is false too.

3. Let (a,b) € IR?, let us determine the following set {x,y) € IRQ/(x,y)T(a,b)}.

(x,y)T(a,b) lx—al<b-y

(x-a)—(y-b)*=<0
[(x—a)+(y—-b)ll(x—a)-(y—b)I<0
[(x—a+y—-b)=0A(x—a)—(y—-b)<0]

[(x—a+y-b)<0A(x—a)—(y—-0b)=0].

< ¢ ¢ ¢ O

We get:

DP1
DP2
DPS

So

:is a closed half-plane of equation (x—y—a+b)=0.
. is an open half-plane of equation (x+y—a—>b)<O0.
:is an open half-plane of equation (x —y—a +b) <0.
Dy, :

a closed half-plane of equation (x+y—a—>b)=0.

(a,b) = {(x,y) € IRZ/(x,y)T(a,b)} =WDp, NDp,)uDp,NDp,)

Solution 3.4.31. Let E be a set and A,B € P(E), we define the relation £ by :
AZB 31X e P(E),XNA=XnB
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1. Prove that Z is an equivalence relation on E R if and only if it is reflexive, symmetric and
transitive.
a) R is reflexive if and only if: VA € P(E),AZA
ARA ©IAX =EcPE),XNA=XnNA.So Z is reflexive.
b) X% is symmetric if and only if: VA,B € P(E),A%B = BZA
AZB=>3X e PE) ,XNA=XNB=>3I1XecPE),XNnB=XNA=>BRA So X% is symmetric.
¢) Z is transitive if and only if VA,B,C € P(E),AZB ABZC > AZ%C
XePE), XNnA=XnNnB
AZBNBZC = { A
X' e#E), X' nB=X'nC
SX'nNnX)NA=X'"nXnA)=X'nXnB)=XnX'nB)=XnX'nC)=XnX)nC
AX"=XnX'/X"NnA=X"NnC o ARC. So R is transitive, thus X is an equivalence relation.

2. Determine the equivalence classes : ¢,E:
=Y ePEVNYRP}, 50 YRPp<>IAX e PE), XNp=XNY =>¢=XnY =Y cXC then
@={Y e Z(E)Y cX°}.
G)E ={Y e P(E)YRE}, so YRE 31X e P(E), XNY =XNE=>XnNY=X=>XcCY then
E={YePE)/X Y}

Solution 3.4.32. On IN*, we define a relation Z by : nZm < n divides m.
R is an order relation if and only if R is reflexive, anti-symmetric and transitive.

1. R is reflexive if and only if: Vn € IN*,n%Zn
nZ%n < n divides n, because n =1 xn. So X is reflexive.
2. R is anti-symmetric if and only if Nn,m e IN*, nZm AmEZn=>n=m
nZm < 3IkeIN*m==kn
m#Zn <3k elN‘n=Fk'm
>m=kn=kk'm=>kk'=1=>k=F'=1 =>n=m.
So X is anti-symmetric.

Then X is an order relation.
2. R is transitive if and only if : Vn,m,h e IN*,nZm A mAZh = nRh

nZm<odkeclN" m==Ekn
A >l=km=kk'n=>1=k"n=>nRl,k"cIN".
m&Zle Ik ceIN*I=k'm

So Z is transitive.

2. the order isn’t total order it’s partial order because 33,5 which aren’t comparable.

3. Letset A =1{1,2,3,4,6,12}.
m = 1 lower bound with respect the relation % because Vne A,Adk=neIN* n=Fk x 1.
The possible upper bound is 12 because Vn € A,n divides 12. So min(A)=1=inf(A),sup(A) =
12 =max(A).

Solution 3.4.33. Let & a relation defined on IN* defined by : n®& < 3k € IN:n =m*
1. X is an order relation if and only if Z is reflexive, anti-symmetric and transitive.
) is reflexive if and only if: Vn € IN* ,n%Zn
nZ&n < n=nl,so % is reflexive.
b) R is anti-symmetric if and only if Nn,m e IN*, nZm AmAZn=>n=m
n&m < ke IN*m=n"
m%&n < Ik € IN*n=m*

sm=nf=m" skt =1=2k=Fk =1 >n=m.

43



So X is anti-symmetric.
¢) R is transitive if and only if : Vn,m,h € IN*,nZm AmRBh = nZh

n&m < 3k € IN*m =nk

A s>l=mF =n** = =n*" > nRl k" = kk' € IN*.

mRl < 3k € IN*[ = m*’

So X is transitive.

Then X is an order relation.
Show that Z is an order relation.
2. The order is partial because In = 2,m = 3 such that 2%3 N\ 3K2.
3. Let set A =1{2,4,8},
m = 2 lower bounds with respect the relation % because Vn € A, 2%n, indeed Yn € A,3k € IN,n =
2k 2=91 4=92 8=293
M =8 is a upper bounds because Yn € A,nZM, indeed ¥Yn € A,3k € IN,8 = 23 =42. So min(A) =2 =
inf(A),sup(A)=8=max(A).

PARTE II : Mapping

3.5 Mappings

3.5.1 Definition

Definition 3.5.1. A relation [ from a set E to a set F is said to be mapping or function if every
element of set E has one and only one image in set F.

In other words, a function f is a relation such that no two pairs in the relation has the same first
element.

E is called the domain of f and F is called the co-domain of f.

fi: IN—IN fo: R—1IR

Example 3.5.2. o An 49, x — Bx+3.

3.5.2 Image and inverse image
a) Image

Let f:E+— F and A c E, the image of A is:
fA)={f(x)eF/xe A}, f(A)cF.
b) Inverse image
Let f:E+— F and B c F, the inverse image of B is
f{(B)={xeE/f(x)eB},f (B)cE.
Example 3.5.3. 1. Let f a mapping defined by
f :10,31—1[0,4]

x— fx)=2x+1

Then f([0,1]) = {f(x)/x €[0,1]} = {2x + 1/0 < x < 1}, we have:
0<x<1=>0<2x<2=>1<2x+1<3, hence f([0,1])=[1,3]1<[0,4].

2. Let f a mapping defined by
g:10,2]—10,4]

x — f(x)=(2x - 1)%.
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Then :
F1H0}) = {x € [0,21/f (x) € {0} = {x € [0,21/f (x) = O} = {x € [0,2]/(2x — 1)® = 0} = {%}.

£7110, 10 = {x € [0,2)/f (x) €10, 1[} = {x € [0,2]/0 < (2x — 1)® < 1}.

Since (2x —1)% > 0 is true VxEIR—{%},xe[O,Q].
Let us pass to :
2x-12<1=>2x-1<1>-1<2x-1<1=>0<x<1,

hence x €]0,11[, thus

B _ o Lol _10 Yt
£710,1D = ([0, 2[u] 5 ,21)n10,1[=10, 2[u] 3’ 1[.

3.6 Injectivity, Surjectivity, Bijectivity

1) Surjection

Definition 3.6.1. The mapping [ : E — F is called surjective (or onto mapping) if :Ny € F,3x €
E/f(x) = y. Equivalently if and only if (iff) f(E)=F.

Example 3.6.2. The following maps are they surjectives?

1. f1:IN—-IN
n—4n+2.
f1 is not surjective. If we suppose that f is surjective : Vye€ IN,ane€ IN/dn+1=y=—=n= y;l, or

n= yT_l ¢ IN contradiction f1 isn’t surjective.

2. fo:IR—1R
x — bx+3.
fo is surjective indeed: VyeIR,Ax e IR/bx+3 =y = x = % e IR.

2) Injection

Definition 3.6.3. The mapping f : E — F is called injective (or one-one mapping) if :
Vx1,x9 € E,x1 # x9 = f(x1) # f(x2), or we can use the contrapositive

fis injective < Vx1,x9 € E,f(x1) = f(x2) = x1 = x2.

Example 3.6.4. The following maps are they injectives ?

1. f1:IN—-IN
n—4n+2.
f1is injective indeed:Yni,ne € IN, f(n1) =f(ng) >4n1+2=4x9+2=>4n1=4n9 > ni = na.

2. fg :IR— 1R
n—5x+3.
fa is injective(one to one) indeed:Vni,ng € IN, f(x1) = f(x2) = 5x1 +3 =5x9+3 = 5x1 = bxg =
X1 = X9.

3. f3 :IR—1R
x — x2+3.
fo is not injective. If we suppose that fo is injective :Vx1,x9 € IR,
f(x1) = f(x2) > x% +3 = x% +3 = |x1| = lx9. Then Ax1 = 1,x9 = —1, such that f(-1) = f(1) but
X1 # X9.
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Injection Surjection Bijection

X .Y X ——— Y X ——— ¥

3) Bijection

A function that is both injective (one to one) and surjective(onto) is said to be bijective(one-to-one
correspondence) if and only if:
(VyeF),3\x € E),(f(x) =y).

Example 3.6.5. 1. f1,f3 are not bijectives.

2. fo is bijective.

Remark 3.6.6. When a mapping [ is bijective we conclude that ' exists. f~! is bijective too form
FtoEand (f 1) 1=f.

Example 3.6.7. f is bijective and the inverse mapping is given by:

;L R—1R

4) Composition

Let E,F,G be sets and f, g be mappings such that :
f:E—-F,g.F—-G

x—f@)=y,y—8)==z

We define the mapping
gof:E—-QG

x—gof(x)=z.
Example 3.6.8. 1. Identity, idg : E — E is defined by id(x) = x.

2. if f:10,+o00[—10,00l, g :10, +oo[—10, +ool,

1 1
x— — xX—x+—,
x x
1 1 1 x
then gof(x)=—+==g(x), foglx)=——== .
gof@=—+7=8k), fogl) 1= 1.2
x x

Proposition 3.6.9. 1. If f and g are injectives = go [ is injective.

2. If f and g are surjectives = go f is surjective.
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Proof. 1. We suppose that f and g are injectives, we are going to show that go f is injective:
Vx1,x92€ E,g0f(x1) =go[f(x2), hence g is injective we have:

g(f(x1)) = g(f(x2)) = f(x1) = f(x2)

and f is injective. Then:
gof(x1)=gof(x2)=x1=xg,

gof is injective.

2. We suppose that f and g are surjectives : f(E)=F, g(F) =G, we are going to prove that gof
is surjective:

gof(E)=g(f(E)=g(F)=G

Let f : E — F be bijective mapping, then f Yof =Idg,fof 1 =1dp.

¢) Proprieties of Mappings
I. Let f :E—F, and A,B € P(E),C,D € 2(F) we have:

1. AcB= f(A)c f(B).

2. f(AUB) = f(A)UF(B).

3. f(ANB)c f(A)Nf(B).

4. AcfU(f(A)).

5. CcD=fYC)cfUD).

6. f~H(CuD)=f"HC)ufHD).

7. fACnD)=FHC)nFD).

8. f(f L) cc.

II. Let I be a nonempty set and let (A;);c; be a family of sets indexed by I, A; c E, and let (B;) ;e be
a family of sets indexed by J, B;c F, and f : E — F we have :

L. f(Uier Ai) =Uier f(A)),
2. f(Nier A <Nier f(A)).
3. [T UjesBj)=Ujes 1B,
4. fHNjesBj) =Njes [ 1B)).
Proof. L1. Let ye€ f(A) then dx € A/f(x) = y, or A c B= x € B hence y = f(x) € f(B) so f(A) < f(B).
2. Let

yef(AUB) Ixe AUB/f(x)=y

Ax e A/f(x)=yvIxeB/f(x)=y
ye f(A)V ye F(B)
yef(A)Uf(B),

¢ ¢ 09

Hence f(AUB) = f(A)U f(B).
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3. Let

yef(AnB) IxeAnB/fx)=y
JxeA/f(x)=yAIxeB/f(x)=y
yef(A)Aye f(B)

yef(A)n f(B),

LU vl

Hence f(AnB)c f(A)n f(B).
5. Let x € f~1(C) hence, 3y € C/y = f(x) or C <D = y = f(x) € D Hence x € f (D) the f~1(C) c f~1(D).
6. Let

xef Y (CuD) fx)eCuD
fx)eCVFfx)eD
xefHC)vxefHD)

xefHC)uF (D),

¢ ¢ ¢ ¢

Hence f1(CuD)=f~"NC)uf~1(D).
7. Let

xefY(CND) fx)eCnD
fX)eCAf(x)eD
xef N C)Axe fHD)

xef L C)nF D),

¢ ¢ 0 ¢

Hence f1(CnD)=f"XC)nf1(D).
1.1
yef(UA) o FIxel|JAily=[f(x)
1el 1el
o diel,Ixe€A;ly=[f(x)
Jdiel,yef(A))
< Y€ Uf(Az)

el

¢

Hence f(U;er A;) =U;er f(A)).
11.2
yef(A) < Fxe[Aily=[f(x)
el el
= Viel,AxeA;/y=f(x)
Viel,yef(A))
= ye(fA.

iel

U

Hence f(Mjer Ai) < Nier f(A)).

Example 3.6.11.

f(x)=x*A=[-1,01,B=[0,11,AnB ={0},(A) =[0,1],/(B) =[0,1],
f(A)nf(B)=10,1], f(AnB) = f({0}) ={0} #[0,1]1 = f(A)n f(B).

The equality :f(ANB)=f(A)n f(B) holds when f is injective.
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Proposition 3.6.12. Let f :E— F, g : F — G we have:
1. gof isinjective, then f is injective.
2. gof is surjective, then g is surjective.
3. gof is bijective, then f is injective and g is surjective.

Proof. 1. Let x1,x0 € E/f(x1) = f(x9), then :
g(f(x1)) = g(f(x2)) since go f is injective hence x1 = x9 in conclusion, [ is injective.

2. f(E)cF=>gof(E)cg(F)cQG,since gof is surjective , then go f(E) =G, hence G c g(F) then
G =g(F), g is surjective.

3.7 Solved Exercises

3.7.1 Exercises

Exercise 3.7.1. The followings mappings are they injectives? Are they surjectives? Are they bijec-
tives?

I f1:IR—Z,x— f1(x) =[x].

2. f2:IR?2 - R2 (x,y) — falx,y) = (x +y,x— ¥).

2x+1
3. f3:IR—{-1} = R,x — falx) = —"~
x+1

4. f4:72-7,(n,m)— fa(n,m)=nm?.

Exercise 3.7.2. Let f :IR — IR, a map defined by f(x) =x%+1. and A =[-2,1],B =[0, 3] two parts
of IR

1. Compare f(A)Nn f(B) with f(AnB).

2. For which condition do we have: f(A)Nf(B)=f(AnB).
3. f is-it surjective ?

4. Give the restriction g of f such that g will be bijective and give its bijection.
2

Exercise 3.7.3. Let [ :[0,2[U]2, +oo[—]—00,0]U]l, +ool, a map defined by : f(x) = "1
x2—

1) f is it injective? Is it surjective? What can we deduce.
2) Determine the following sets : f‘l({2}),f_1([%, 1D, £([0,2[u]2, +ool).

X if x€[0,11nQ

1-x if . Show that fof =

Exercise 3.7.4. Let f :[0,1] — [0,1] a map defined by : {
id.
Exercise 3.7.5. Let E =[0,11,F =[-1,1], et G =[0,2] be tree parts of IR. and f be a map form E to
G defined by:

f(x)=2-x,

and g a map from F to G defined by:
gx) = x2+1

1. Determine f({1/2}), f~1({0}), g([-1,11), g~ 1[0,2]).
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2. f is it bijective?
3. g is it bijective?

Exercise 3.7.6. Let f : IR — IR be a map defined by

fx)=

x2+1
1) f is it injective? f is it surjective?
2
2) Determine the following sets : f({0}), f ~1({0}), f‘l({ﬁ}).
Exercise 3.7.7. Let f : IR — IR, g : IR — IR are two maps defined by

F)=x2+x, gx)=x®+x+1.

1. f is it injective ? Evaluate f~1({—1}). What can you deduce ?
2. g is it injective ¢ is it surjective ¢ If g isn’t bijective so give injective restriction h1 of g, a surjective
restriction hg of g and a bijective restriction hs of g.

Exercise 3.7.8. I. Let f : IR — IR be a map defined by f(x) = T 2
X

1. a) f is it injective ¢ b) f is it surjective?

2. Determine f([-1,11), f~1({0}).
II. On IR we define a relation Z by : xRy < f(x) = f(y).

1. Show that X is an equivalence relation.

2. Evaluate the equivalence classes of 0.

3. For which condition on f, R becomes an order relation.
Exercise 3.7.9. Let f :E — F, be a map, let AcE,BcF. Show that:

1. f(f~1(B))c B, Do we have equality ?

2. Ac f~U(f(A)), Do we have equality ?

3.7.2 Solutions

Solution 3.7.10. 1. f1:IR— Z,x — f1(x) =[x],
(f1ins’t injective because) < (Ax1 =0,x9 =0.5€ IR, f(x1) = f(x2)) = 0 A x1 # x92),
f1 is surjective because Vy e Z,3x =y € Z/y =[x].

2. fo :IR? — IRZ,(x,y) — folx,y)=(x+y,x—y),
(fais injective) < (V(x1,y1),(x2,y2) € IR, fo(x1,¥1) = falxg, y2) = (x1,y1) = (x2, y2).
x1t+tYy1=x2+tYy2
fo(x1,y1) = falxa, y2) = (x1 + y1,%1 — y1) = (x2 + y2,%2 — y2) = { A =>x1 = x>
X1—y1=%2— Y2

y1=Y2.
fo is surjective V(X,Y) € IRZ,EI(x,y) € IRQ/fz(x,y) =(X,Y).
+Y
x+y=X =
folx,y)=(x+y,x—y)=X,Y)=>< A =< A
x—y=Y _X-Y
y—T
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2x+1
3. f3s:IR-{-1} - IR,x — f3(x) =
oxi+1 2w il
f3(x1) = f3(x2) = p— = o

f3 is surjective Vy € IR,3x € IR — {—1}/, f3(x) = y.
2x+1 1-y
>xy+y=2x+1=>x(y-2)=1-y=>x= 2

. f3 is injective < f3(x1) = f3(x2) = x1 = x9.

= 2x1x9 +x9+2x1+1=2x1x0 +x1+ 1+ 2x0 = x1 = x9.

y = , X isn’t defined for y = 2. So f3 isn’t
x+1

surjective.

<

1. f4:72—7Z,(n,m)— fa(n,m)=nm?. fs isn’t injective In,m) =(1,-1),(n’,m') = 1,1)/f(n,m) =
f(n',m") but (n,m) #(n',m’).
f is surjective Vy =k € Z,3(n,m) = (k,1) such that y =k = nm?2.

Solution 3.7.11. I. Let f : IR — IR, be a map defined by f(x) =x2 +1.
A=[-2,11,B=10,3]

1.f(A) = {f(x),xeA}
= [1,5]ul1,2]=I[1,5],
fB) = {f(x)xel0,3]}=[1,10]

AnB=[0,1]1=> f(AnB)=[1,2]
f(ANB)c f(A)Nf(B)
= [1,5]n[1,101=[1,5].

2. We have: f(AnB)c f(A)Nnf(B).

Let ye f(A)Nf(B)=yef(A)Ayef(B) = 3Ix1 € Aly = f(x1) AIxg € Aly = f(x2)
=>y=f(x1)=flxg)=>"x1=x2€ AAx;=22€B

x1€ANB, so f(A)Nnf(B)c f(ANB). f must be injective.

3. F is surjective : Vy € IR,Ax € IR/y = f(x).

x=++/y—1, for y=—-1,x doesn’t exist f 1({—1} = @, y = —1 hasn’t antecedent. Thus f isn’t surjective.
4. Let g :[0,+00] — [1,+o0[ be a restriction of f, its bijection is given by g 1(y) = /y—1.

Solution 3.7.12. Let f :[0,2[U]2, +oo[—]—00,0]ull, +ool, f(x)= x;‘:
1)fis injective < Vx1,x0 € E, f(x1) = f(x2) = x1 = x2.
Let x1,x2 € E such that, f(x1) = f(x2) we have that:
2 2
x x
(1) =f(xg) = ———=—2—x2=x>
Fler) = f (e x% -4 x% -4 172
=  |x1] = lxg| > x1 = x2,%1,x2 = 0.
2)fis surjective & Vye F,Ax € E/f (x) = y.

Let y €] —00,0]Ull, +ocol/y = f(x)

2
X 2 4y .
y= 2 2 =>x _—y—l’ with y # 1.
4y . L
Moreover 4y(y—1)=0, F =]—00,0]ull, +ocl, so x = T thus f is surjective.
y_

Conclusion : f is bijective.
2) Determine the following sets : £ 1({2}), f (3, 11), £([0,2[U]2, +ool).

F7H{2)) = {x € [0, 2[U]2, +ool, y = 2} = {2V/2}.
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Or f is bijective f~1(2) = \/% ={2V/2}.

1 1
f‘l([é, 1) = {x €[0,2[U12, +ool,y € [, 11} = @,
because [3,1] ¢1- 00,0]u]1, +ool

f([0,2[U]2,+00]) = f(E) =F =]-00,0]U]1, +oo[

Hence f is surjective.
Other to prove it : f([0,2[U]2,+ool) = f£([0,2)) U £ (12, +o0l) with f is decreasing

(f (x)=(

T4:)2 and f is bijective
x

£([0,2D) =] lim f(x), f(0)[=]-00,0],

£12,+00D) =] lim f(x), lim f()[=11,+co],

SO

£(10,2[u]2, +ool) =] - 00,0]U]1, +ool

x if x€[0,11nQ
1-x if :
Let us evaluate fof:f(f(x)):{ ;Ei)_x) ;}i x€[0,1]1NnQ :{ ;Eglc)_:xg)c Z: x€[0,11nQ .

Moreover 1—x ¢1[0,11NQ, because if 1l —x=m e Q=x=1-—m € Q it’s a contradiction, so f(1—-x) =
1-(1—-x)=x.Then fof(x)=1I1d(x).

Solution 3.7.13. Let f :[0,1] —[0,1] such that {

Solution 8.7.14. 1. (@) f({1/2})={f(x)€[0,2)/x = 1/2},
£(1/2)=3/2€10,2], so : fF{1/2}) = {3/2}.

®) 710D = {x €[0,1V/f(x) = O}.
we have f(x)=2-x=0=>x=2¢[0,1], so: f~1({0}) = @.

(c) g([-1,1D ={g(x) €[0,2)/x € [-1, 1]}, we have x €[-1,0]U]0, 1].

-1<x<0
0<x®<1
1<x®+1<2
gx)e[1,2]1<0,2]

x€[-1,0]

LU Ul

so g([-1,0D) =1[1,2]

O<x=<1
0<x’<1
1<x?+1<2
g(x)€l1,21 < [0,2]

x€]0,1]

LU Uy

so g(10,1D) =11,2],g([-1,1]) =[1,2].
d) g71([0,2]) = {x € [-1,1V/g(x) € [0,2]}, we have

g(x)€[0,2] = 0=<x’+1<2
= —1§x2§1
= (-1<x2<0)v(0=<x®<1)
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This inequality (-1 < x% < 0) doesn’t have a solutions.
0<x’<lol<|x|<le-l<x<l.

So
g 1([0,2)) = pu[-1,11=[-1,1].

2. Since f~1({0}) = @ that means that 0 € [0,2] hasn’t antecedent with respect f on [—1,1], then f
isn’t surjective so isn’t bijective.

3. giseven map so g(—1)=g(1) or —1 # 1 then g isn’t injective so g isn’t bijective, moreover
g([-1,1D) =1[1,2] #10,2] so g isn’t surjective, hence isn’t bijective.

Solution 3.7.15. Let f be a map defined by f :IR - IR, f(x)=
1) f is it injective? Is it surjective?
a) fis injective © Vx,yeIR,f(x)=f(y)=>x =y Let x,y € E such that f(x) = f(y) we have:

2
X =f(y)=> )= Va2+1l=4/y2+1=>x°=y">
flx)=f(y = \/y—+ x y % = y% = |x| = lyl.

Hence, f isn’t injective on IR because Ix = —-1#y=1/f(1) = f(-1).
fis surjective © Vy e IR,Ax € IR/f(x) =y Let y € IR/y = f(x):

2 2 4
y= :—:\/x2+1:>—2:x2+1
y y

x2+1

2
VaZ+1

so f isn’t surjective because x isn’t defined for y =0

2
2) FHOD ={f(x)eIR,x =0}, f({O}) ={ @ eIR,x =0} = {2}
Fron ={x e R,y =0}, f~1({0}={x€eR, =0)=¢
x2+1 0 2
Fla2/ivey =ixelR,y = —} eV =ixe R, ——

Va2 +1=v2=>x%2=1. :>f lqe/v/2h =1{1,-1}.

Solution 3.7.16. Let f : IR — IR, g : IR — IR are two maps defined by f(x)=x%+x,g(x) =x>+x+ 1.

1. a)f isn’t injective indeed dx1 = 0,x9 = —1 such that f(x1) = f(x2) =0, but x1 # x9.

b)f({—-1}) = @ because Iy = -1,Vx € IR, f(x) # —1, so f isn’t sujective, the [ isn’t bijective.

2. a) g isn’t injective indeed Ax1 = 0,x9 = —1 such that g(x1) = g(x2) =1, but x1 # xo.

b)g isn’t sujective because 3y = 0,Vx € IR, f(x) # 0.

Now let us determine a restrictions of g:

(@) hy :[—%,+oo) IR or A1 :]—o0, ——] — IR. Indeed h1 is injective © Vx1,x9 € [—— +00), f(x1) = f(x2) =
x%+x1+1:x§+x1+13(x1+ 1)2+——(DC + 1)2+ = X1 =X2.

(ii) ho : IR — [2,+ool. Indeed hs is surjective < Vy €[, +ool,3x € IR/y =f(x)=>(x1 + %)2 + % —y>x=
T\ y— % - %
At least hg : [—%, +00) — [3, +oo[ is bijective.

Solution 3.7.17. I.Let f : IR — IR be a map defined by f(x) =

1+x2

1. a) f is injective if and only if: Vx,x' e IR, f(x) = f(x') > x =«
f isn’t injective because Ix=1#x'=-1€IR,f(1)=f(-1)=1/2.
b) f is surjective if and only if: VyeIR,Ix € IR,y = f(x):
f isn’t surjective because 3y =0, such that x isn’t defined
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2. f(-L1D={fx)eIRxe[-1,1]}, so :

O<sx=<1

1
2 J—
-1<x<0 =0=x Slﬁf([_l,l])—[g,l]

—1Sx$1:>{

f7H{0h = {x € R/f(x) = 0} = @,
II. On IR we define a relation £ by : xRy < f(x) = f(y).
1. R is reflexive if and only if: Vx € IR,xRx xRx < f(x)=f(x) it’s clear.
2. R is symmetric if and only if: Vx,y € IR, xRy = yZ%x :
xRy < fX)=f(y)=fy)=fx) o yRx

3. Z is transitive if and only if: Vx,y,z € IR, xRy N yRz = xRz

xRy < @) =£() B
{ YRz < f(y)=f(2) = f(x)=f(2) & xRz.

2. 0={y e IR/0Zy}
=>y= 0,0: {0}.

1
0y < f(0)=f(y)=>1= 157

3. Z is an order relation if it is anti-symmetric: Vx,y € IR, xRy N yZx = x =y, then
{ xRy < f(x)=f(y)
yRx < f(y)=f(x)

Solution 3.7.18. Let f :E — F, be a map, let AcE,BcF. Show that :

= x=y. So f must be injective.

1. f(fY(B)cB,let ye f(f YB))= Ix € fN(B) such y = f(x), on the other hand x € f"{(B)= 3y e

B/y=f(x)eB.

We don’t have the equality, here the counterexample :

let f:IR — IR be a map, defined by f(x) = x?, and let B = {-1},f1({-1}) = {x e R/x% = -1} =

o, f(f 1{=1)) = f(p) = @.
Moreover B={-1}¢ ¢ = f(f "X(B)).

Another counterexample: let [ :{0,1} — {0,1,2} be a map such that f(0)=1,f(1) =2,

B={0Lf 10 ={x e IR/f(x) =0} = @, F(f1{OD) = f(®) = @.
Moreover B=1{0}¢ ¢ = f(f~1(B)).
Remark : B = f(f1(B)) if f is surjective.

2. AcfHf(A)), let x € A; we have f(x)€ f(A)= x € f"Hf(A)).
We don’t have the equality, here the counterexample :

Let f:IR — IR be a map, defined by f(x) =2, let A ={1}, fF{1) ={f(x) e R/x =1} = {1},

FAFA)) = xe Rix® =1} ={-1,1}.
Moreover f1(f(A)) ={-1,1} ¢ {1} = A.

Another counterexample: let f :{0,1} — {0,1,2} be a map such that f(0)=1,f(1)=1,

A={1},f{) ={fx)eR/x=1}={1}, FL(FU1)) = {x {0, 1}/y = 1}
Moreover f~1(f(A))=1{0,1} ¢ {1} = A.
Remark: f~1(f(A)) = A, if f injective.
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Chapter 4

Algebraic Structures

4.1 Binary Operations

Definition 4.1.1. Let G be a nonempty set. Any map * form G xQG into G is called binary operation
on G or binary composition in G.

Example 4.1.2. 1. Addition is binary operation on IR
+:IRxIR - 1R
(a,b) —a+b.

2. The map
1 1 1
*.IR—{g}XIR—{E}'—’]R—{E}
(a,b)—a+b—-2ab

is binary operation on IR — {%}.

Va,b € IR — {%}, we have to show that a+b—2ab € IR - {%} more precisely that a +b —2ab #
%, because a+ b —2ab € IR, we are going to use the proof by contradiction, we suppose that
a+b—2ab:%, with a;é%,et b # %

1 1 1 1 1
a+b-2ab=—=a(1-2)+(b-=)=0=>(=-b)2a-1)=0=>a=-Vvb=-
2 2 2 2 2

contradiction then a+b —2ab # %, soaxbelR - {%}, * is binary operation .

3. The map
&:1-1,1[x]-1,1[—]1-1,1[
x+y
(x,7) 1+xy’

is binary operation on 1—1,1[.

Definition 4.1.3. Let G be a set and * binary operation.

1. % is called commutative if and only if :

Ve, yeG,xxy=1y*x.

2. x is called associative if and only if :

Va,y,z€EG,xx(y*x2z)=(x *xy) % z.
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. % has a neutral element if and only if :
JeeG,VxeG,x*e=e*x=x.
(The element e is also called the identity element of G.)

. For any element x € G, there is an element x' € G est satisfying : x xx' =x' xx = e, where e € G.
(We denote this element x' by x~1, and call it the inverse of x.)

Example 4.1.4. a) the law
1 1 1
*:IR-{=}xIR-{=}—IR-{=
{2}>< {2} {2}
(a,b)— a+b—2ab.

. * is commutative :
Va,belR - {%},a *x b =b xa, because the sum and product are commutative.

. * IS associative:
Va,b,ce R—{3},ax(b*c)=(a*b)c,

ax(b*xc)=a*x(b+c—-2cb)=a+b+c—2cb—-2ab—-2ac+4abec...(1)
(axb)*xc=(a+b—-2ab)*xc=c+a+b-2ab—-2ac—2cb+4abc...(2)
(2)=(1).

. % has a neutral element :

JeeIR- {%}, VaelR - {%},a *e =e*xa =a, however x is commutative then let us resolve just this
equation:

a*e:a+e—2ae:a:e(l—Za):O:e:OEIR—{%}.

. for any element a € IR — {%} there exists an element a’ € IR — {%} such thataxa' =a' xa=e=0,
—a

axa'=a+a' -2aa'=0=>a' =

by contradiction a' = % = 1=0, contradiction, then a’' € IR — {%}.

, now we are going to prove a' € IR — {%} that means a' # %,

b)
&:1-1,1[x]-1,1[—]-1,1[
x+y
()= 1+xy

. & is commutative if and only if :
Va,y€l—1,1[,xdy = ydx, however the sum and product are commutative.

. & is associative if and only if:
Vx,y,2 €] =1, 1[,xd(ydz) = (xdy)dz,

y+z

1+yz x+xyz+y+z
145V At yztay+ex

X+

(1)

_ ytz . _
xdo(ydoz) = xe( 1erz)—

1+yz
X+
+ z+1+y + +x+
x+y xy z+xyz+x+y
x *z= z = = (2
(xdy) 1+xy* 1+zx+zy l+xz+zx+zy @

1+xy
2=
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3. Existence of neutral element:
Jee]l-1,1[,Vxel—1,1[,edx =ecdx = x,
since & is commutative then let us resolve just this equation :

+
xhe= — zxmxie=x+xle>e(l-x)=0=e=0€]-1,1[.

1+xe

4. Existence of inverses :
For any element x €] —1,1[ there exist an element x' €]1—1,1[ such that :
xdx' =x'&x=e=0,
x+x'

xdox' = n -=0=>x"=-x€]-11[
xx

i) The neutral element if it exists is unique.
ii) The neutral element is always invertible, and we have e 1 xe=exe 1 =e.

Proposition 4.1.6. Let G be a set and * binary operation which is associative and has a neutral

element e, let x,y € G two invertible element under x, then x % y is invertible under *, and (x * y)™1 =
-1 -1

y T okx .

Proof.
(y_l*x_l)*(x*y):(y_l*(x_l)*x)*y:(y_l*e)*y:y_l*y:e.
(x*y)*(y_l*x_l):(ac*(y*y_l))akx_1 =(x*xe)xx T=xxx l=e.
4.2 Groups

Definition 4.2.1. Let G be a set and x be a binary operation. G is called a group if and only if :
1. % is associative.
2. % has a neutral element.
3. Every element of G has an inverse in G.

If x est commutative, then (G, %) in called commutative or Abelian group.

Example 4.2.2. 1. (Z,+),(Q,+),(IR,+) and (C,+) are commutative groups.
2. (IR, x) is not a group because the element 0 does not have an inverse element.
3. (IR}, x) is a commutative group.
4. Let % be binary operation defined by :
1 1 1
*:IR—{E}XIR—{g}—JR—{E}
(a,b) >a+b—-2ab,
G=IR- {%}, so (G, %) is an Abelian group.
5. (1-1,1[, &) is commutative group, with

&:1-1,1[x]-1,1[—]-1,1[

x+y
1+xy

(x,y)—

6. (Z/nZ,+) is Abelian group, with Z/nZ =1{0,1,2,...,n-1},n=1.a=b<a=b[nl,or Ik Z,a =
b+ kn. We define the addition in Z/nZ by G+b =a +b.
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4.2.1 Subgroup

Definition 4.2.3. Let (G, *) be a group, and H be a part of G. We say that (H,*) is a subgroup of
(G, %) if (H,*) is a group.

Definition 4.2.4. H c (G is a subgroup of G if :
1. ecH.
2. Forall x,yeH, xxy€eH.

3. Foreach xeH,x 'eH.
Where e neutral element G, x~1 is an inverse element of x on G.

Proposition 4.2.5. Let H be a part of a group (G, %), then :

eeH

(H,x) is subgroup of (G,%) < { VayeH:xxy leH
Example 4.2.6. 1. (Z,+) is a subgroup of (Q,+), indeed:

0eZ Vx,yeZ,x+(-y)e”Z.
2. (Q,+) is subgroup of (IR, +).
3. (IR**, x) is a subgroup of (IR*, x) indeed :

1
leIR*",Vx,ye IR* ', x x — € IR*".
Yy

4. the subgroups of (Z,+) are nZ, for n € Z, where nZ ={k.n/k € 7}.

Proposition 4.2.7. Let G be a group, and (H;);c; be a family of subgroups of G, so NicrH; is a
subgroup of G.

Proof. Let (H;);c; be a family of sets indexed by I, N;c; H;, so e € H, because Vi€ I,ee€ H;, Vx,y €
H,Viel,xeH;,yecH;, thus xy 'e H; = xy ! € H. Then N;e; H; is a subgroup of G.

We deduce from the precedent result that the intersection of two subgroups H,K c G
of a group G is a subgroup of G. But the union of subgroups of G is not necessarily a subgroup of G.

Generated subgroups

Let (G, %) be a group and A < G be a subset of G. The subgroup generate by A is the smallest
subgroup of G containing A, denoted < A > or gr(A).
The subgroup generate denoted {a}, denoted by <a >.

Example 4.2.9. 1. If A is subgroup of G then <A >=A.
2. On(Z,+), <2>={...,-4,-2,0,2,4,6,..} =27,<{3,5} >=Z.

3. 0n(G,.), ifacG,so<a>={.,a%,a11,a,a%,..)={a",nez.

Cyclic group

Definition 4.2.10. A cyclic group G is a group that can be generated by a single element a € G that
mean <a>=QG ={a",n € Z}.
(For addition G ={na, n€ 7}.)

Example 4.2.11.
The group Z under addition is a cyclic group and 7 =<1>=<-1>.

The group 27 under addition is a cyclic group and 27 =<2 >=< -2>.

Any cyclic group can be generated by more than one generator.
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4.2.2 Group homomorphisms

Definition 4.2.13. Let (G, *),(G’,¢) be two groups, and f : G — G' is a map, we say that f is group
homomorphism if :

Va,yeG,fx*xy)=f(x)of(y).

If f is bijective, so f is called an isomorphism .
If G =G/, f became an endomorphism of G, and if plus f is bijective, so f is called an automorphism.

Example 4.2.14. 1. The map f1: IR — IR™*, defined by fi(x) = e* is an isomorphism from group
(IR, +) to the group (IR™*, x).
Indeed :

filx+y) =™ =e%e” = f1(x) x f1(y).

2. The map fo:IR™™ — IR, defined by fo(x) = In(x) is an isomorphism from group (IR™*,x) to the
group (IR, +).
Indeed :

fo(x x y) =In(xy) = In(x) + In(y) = fo(x) + fa(y).

Proposition 4.2.15. Let a map f : G — G' be a group homomorphism from group (G,*) to a group
(G',0), s0 :

1. fle)=¢
2. VxeG,(fx) = Ffx ).
Where e,(resp ¢') is the neutral element of G(resp G).
Proof. 1. f(e)=flexe)=f(e)of(e)= fle)o(f(e))t = fle)of(e)o(f(e)) ™ =e = fle).

2. f@oflx H=FfaxxH=Ffle)=¢',and F(x Dof(x)=FflxTxx)=fle)=¢', so (fF(x)) L =fx1).

Proposition 4.2.16. 1. Let f:G — G' et g:G' — G" be two groups homomorphism.
Then gof :G — G" is group homomorphism

2. IF f :G — G' is a bijective homomorphism, then f~1:G' — G is a group homomorphism too.

4.2.3 kernel and image

Let (G, %),(G',¢) be two groups, and f : G — G’ be a group homomorphism.
Definition 4.2.17. 1. The kernel of f, denoted by ker(f):

ker(f) = {x € G/f(x) = e} = fF1({e'}).
Where €', is the neutral element of (G',o).
2. the image of f, denoted by Im(f):
Im(f)={f(x)/x€G}.

Proposition 4.2.18. Let f : G — G' a group homomorphism, then

1. ker(f)is a subgroup of G.

2. Im(f)is a subgroup of G'.
Proof. 1. Let us show that ker(f) is a subgroup of G:

i) f(e)=¢€, so e’ € ker(f).

ii) Let x,x' e ker(f), f(x *xx') = f(x)o f(x') =e'0e’ = €', then x x x’ € ker(f).
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iii) Let x € ker(f), so f(x™ 1) =(f(x)) 1 =e' "1 =¢/, then x~! € ker(f).
2. Let us show that Im(f) is a subgroup of G':

1) f(e)=¢€',s0 e’ € Im(f).

i1) Let y,y' € Im(f), so 3x,x’ € G such that f(x) =y, f(x') = y', Moreover yoy' = f(x)o f(x') =
f(xxx'), then yoy' € Im(f).

iii) Let y e Im(f),x € G/y = f(x), so y 1 = f(x) "L = f(x~1) € Im(f).

Proposition 4.2.19. Let f : G — G' be a group homomorphism, then :
1. f is injective (one-to-one) if and only if ker(f) = {e}.
2. f is surjective (onto) if and only if Im(f) =G’

Definition 4.2.20. A group (G, %) is isomorphic to a group (G',o) if and only if there exist an isomor-
phism from (G, %), to (G',o).

Example 4.2.21. (IR**, x) is isomorphic to (IR, +) because there exist an isomorphism : In: IR} — IR.
Definition 4.2.22. We say (G, %) is a finite group, if the cardinal of G is finite.

Group Tables :
we can represent a finite group (G, %) where G = {a1,...,a,} set using a table, called group table (of
dimension n x n) composed of a; xa;, fori,j=1,..,n.

Definition 4.2.23. Let (G, %) be a finite group. The cardinal of G is called the order of the group and
it’s denoted by ord(G), or |G|.

The second notion of order, for a group element a € G, the least (positive) integer such that x* = e, k is
called the order of the element a. We write it |x|.

Theorem 4.2.24. (Lagrange’s Theorem) Let H be a subgroup of a finite group (G, %) Then the order
of H divides the order of G.

4.3 Examples of groups

4.3.1 The group Z/n7Z

Let n € Z*, let = be an equivalence relation on Z, defined by :
Va,beZ o a=bln]loJkeIN/a—b=nk.

Read as a is congruent to b modulo n. The set of equivalence clils_se_s of integers modulo »n is called
the integer modulo n. We denote it Z,, the quotient set, Z/nZ ={0,1,2,...,n —1}.

Example 4.3.1. 7/2Z ={0,1},2/3Z ={0,1,3}.
We define the addition and multiplication operation on Z/nZ by :

1. The addition is given by : Va,be€ Z/nZ,a+a =a+b.
2. The multiplication is given by: Va,b € Z/nZ,a xa =a x b.

Example 4.3.2. Let us give the table of addition and multiplication, on Z/3Z,
7/37 ={0,1,3}

+]0|1[2] [x|0[1]2
0/{0/1/2| |0/0|0|0
1/1(2/0| |1|/0]|1]2
2/2(0(1] |2|0]2]1

Proposition 4.3.3. The set (Z/nZ,+) is a commutative group.
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4.3.2 Permutation group .¥,

Definition 4.3.4. Let E be a nonempty set. A permutation of E is a map [ : E — Ethat is bijective(one
to one and onto).

A permutation group of E denoted by S is a group under map composition.

Sz is called the symmetric group on E.

Definition 4.3.5. For any n =1, if E has n elements, E ={1,...,n}. We denote by ., the symmetric
group corresponding to E.

Proposition 4.3.6. (%,,0) is non-commutative group, where o is the map composition law, with
e = Idg the identity element.

Proposition 4.3.7. %, is a finite group and |%,| = nl.

Notation and examples

A permutation 0 :{1,2,...,n} — {1,2,...,n} maps the elements
1,...,n to o(1),...,0(n), defined by:

_ 1 2 ... n
7o) 0@ .. o) )
For example on .#; we give the following permutation:

(12 3 4
9711 3 4 2/

o it’s bijection from {1,2,3,4}to {1,2,3,4} defined by :
0(1)=1,02)=3,03)=4,0(4) =2.
Neutral element of a group %, is the identity id, given by :
(1 2 .. n
7Tl1 2 .. af
The composition of two permutations 01,09 it’s the composition of maps og001(n) = o2(c1(n)).
For example :

12 3 4 12 3 4
9111 3 4 29273 4 2 1
12 3 4 L9 3 4
02001:1342:32149
321 4
12 3 4 L9 3 4
0'1002:342124231
4 2 31

Observe that g90071 #01009.

Inverse element of o denoted by o1 can be found just by reading ¢ upside-down or by doing a
permutation of the two lines.

For example :
(123 4) 4 (1342
9Tl1342)% T|l12 34

Proposition 4.3.8. Let 01,...,0,,y,7 € %,. Then
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. (oY)t = a(y7) (Associativity).
. Ido=o0ld=o.

1
2
3. (01,...,0p) 1= 0;1...0510I1.
4

. OYy=0T=>Yy=T.
5. yo=10=>y7=T1.
Definition 4.3.9. 1. The transposition is a permutation that swaps two elements and leaves every-

thing else fixed.

For example, (i, ) is the transposition that swaps i and j given by :

1 2 ... j .. i
2. The cycle is a permutation which maps a finite subset {1,2,3,...,n} by

Tij:( ' J Z)Z(L,]),lfl,i_]ﬁn.

1-2-3—-..—-(n-1)—n—-1.

The cycle is denoted by (1,2,3,...,n).
The cycle (1,2,3,...,n) has length n.
1 2 3 45

For example, the cycle (1,2,3) = ( 2 3 1 4 5

) of length 3.

1 2 3 45

A”d(23154

) =(1,2,3)(4,5) is a product of a cycle of length 3 and another of length 2.

Note that a cycle of length n has order n as an element of #,.
The transposition is a cycle of length 2.
Example 4.3.11. Let us give the six elements of (#3,0), S has 3! = 6 elements :

g1 23 (12 3 (123 (123
=1 923 |P"17l1 32 ’27l3 21 ]’7|2 1 3

1 2 3 1 2 3 .
01:(2 31 ),02:(3 1 2 ),5”3={zd,r1,rz,r3,al,az}-

T10T9,T90T1 are given by :

1 2 3 1 2

1 2
T10T2=( 3 2 1 :(2 3 ?)201?51'20‘[1: 1 3
2 31 31

1 2 3
2 31

3
2
2

R

The cycle 01 = ( ) =(1,2,3) has length 3.

Theorem 4.3.12. All permutations of %, may be written as a product of disjoint cycles.

Example 4.3.13. 1. Let f =(12)0(234),g =(234)0(12)

1 2 3 4
f=l13 4 2 :(; g 2 i):(1,2,3,4)
2 3 4 1
1 2 3 4
f¢g=(2 13 4)=(§ 2 ‘2‘)=<1,3,4,2>
3 1 4 2
2. Let f = (12)0(34), g = (34) 0 (12),
1 2 3 4 1 2 3 4
f:(l 2 4 3):(; f i §)=(2 13 4 (=g
2 1 4 3 2 1 4 3



4.4 Ring

Definition 4.4.1. Let R be a nonempty set equipped with two binary operation *,5, we say that
(R,*,0) is a ring if:

1. (R,*)is commutative group.
2. Vx,y,z€R, x0(y *xz) = (x0y) *x (x6z)and (x x y)dz = (x0z) x (yd2).
3. 0 is associative.

If 6 is commutative, then (R, %,0) is commutative ring.
If 6 has neutral element, then (R, *,0) is ring with unity.

Example 4.4.2. 1.(Z,+,-) is commutative ring with unity.

2. Let I be an interval of IR, we denote by C(I,IR) the set of continuous functions f : I — IR equipped
with the addition and product between functions, so (C(I,IR),+, x) is a commutative ring with unity.
3. (Z/nZ,+, x) is a commutative ring with unity.

4.4.1 Calculus rules of ring

Let (R, +,-)be a ring. Where 0 is a neutral element of the addition, and —x is the symmetric element
of x € R and +, 1 = 1p is the neutral element of the product, the following hold:

1. VxeR,0.x=x.0=0.
2. Vx,yeR,(—y)x=(-x).y=—xy
3. Vx,v,zeR,(x—y)z=xz—yz.

4. Vx,y,zeR,z(x—y)=2zx—2zy.
Proof. 1. LetxeR:
2.0=x(0+0)=x.0+[x.0+(—(0.x))] = x(0 + 0) + (—(0x)) = x.0 + (—(0.x)) = 0.

2. Let x,y € R ,using 1):
y)x+xy=(-y)+y)x=0x=0,(—x)y+xy=((—x)+x)y=0.

3. Let x,y,z € R, using 2):
x—yz=@+(—y)z=xz+(—y)z=xz—xz,z(x—y)=z(x+(-y)) =zx+z(-y) =zx — 2y.

4.4.2 Subring

Let (R,+,.) be aring, B € Z(R). B is called a subring of A if and only if :
1. B is subgroup of (R, +).
2. For each x,y € B, we have xy € B.

3. 1p € B.

Proposition 4.4.3. Let (R,+,.) be aring, B€ P(R). B is called a subring of A if and only if :
1. Vx,yeB,x—y€eB.
2. For each x,y € B, we have xy € B.

3. Ogp,1p € B.
Example 4.4.4. 7 is a subring of Q which is a subring of R.
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4.4.3 Ring homomorphism

Let (R, +,.),(R’,+,.) be two rings with unity, let f : R — R’ be a map. f is called ring homomoprhism
if and only if :

1. Vx,yeR,f(x+y)=f(x)+ f(y).
2. Vx,yeR, f(x.y)=f(x).f(y).
3. f(Ar)=1g.

The notions of isomorphism, endomorphism, and automorphism are the same as those to a group.

Proposition 4.4.5. If f :R — R’ et g: R' — R" are two rings homomorphisms, then gof is ring
homomorphism.

Example 4.4.6. Let Z[v/2] = {a + bv/2/(a,b) € 72}
1. Z[V2]is a subring of (IR, +,.) indeed:

(@) Vx,yeZIV2], x—yeZ[V2]:
x,y€Z[vV2], Ja,b,a’,b'€Z, x=a+bvV2and y=a' +b'V2, so:

x—y=a+bV2-a' -b'V2=(a-a)+(b-b)W2e7[V2].

(b) For each x,y € Z[V/2], we have xy € Z[v/2].
x,y€Z[V2], Ja,b,a’,b'€Z, x=a+bv2and y=a'+b'V2, so:

x.y=(@+bV2)a' +b'V2)=(aa' +bb")+(ab +a'b)V2 e 7[V2]

(¢c) 0,1€7[V2]:
It’s simple since : 0=0+0v2€Z[v2], 1=1+0v2€ Z[V2].
Then, (Z[V2],+,.) is a subring of (IR, +,.).

2. Let f be a map defined by f : Z[V2] — Z[V2] f(a +bv2)=a—bV2.
f is ring automorphism (Z[V21,+,.) if f is ring homomorphism and f is bijective.
f is ring homomorphism Z[V2] if and only if :

(@) Vx,y€Z[V2], f(x+y)=Ff)+f(y):
fax+y)=fla+bvV2+a +b'V2)=(@+a)—(b+b)V2=Ffla+bV2) +fla'+b'V2).

(b) Vx,y € Z[V2],f(x.y) = f(x).f():
fxy) = fa+bV2)a+b'V2) = f((ad' +bb)+(a'b+ab)V2)
=(aa' +bb)—(a'b+ab" V2= f(a+bV2)f(a' +b'V?2).
© f=1

f is bijective because for each a +b\/2 there exist a unique a —bv/2.
Then f is a ring automorphism (ZIV2],+,.).
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4.4.4 An integral domain

Definition 4.4.7. Let R be a commutative ring with unity, r € R.
r is called a zero divisor in R if and only if :

r#0,3a € R,(b #0 and ra =0).
Example 4.4.8. 1. Z hasn’t a zero divisor.

2. On Z/6Z, the zero divisor are : 2,3,4.

Definition 4.4.9. A commutative ring with unity R is an integral domain if and only if it doesn’t
have non-zero divisors.

Example 4.4.10. (Z,+,.) is an integral domain.

Proposition 4.4.11. [The cancellation law] If R is an integral domain and a,b,c € R such that a #0
and a.b =a.c then b =c.

Definition 4.4.12. Let R be a ring. A nilpotent element of R is an element r, such that there exists
an n € IN such that r* = 0. Note that 0 is allowed to be nilpotent.

Proposition 4.4.13. Let R be a ring and let r € R be nilpotent. Then r is a zero divisor.

Proposition 4.4.14. For n > 1, Z/nZ is an integral domain if and only if n is prime.

4.4.5 Ideals

Let R be a commutative ring.
Definition 4.4.15. A subring I of a ring R is an ideal if Vr e R,Vxel,rxel.

Definition 4.4.16. 1.Vn € IN,nZ is an ideal of Z.
2. Zisn’t an ideal of IR, because 1€ Z,v/2€IR,V2¢ Z.

Proposition 4.4.17. A nonempty set I of a ring R is an ideal if and only if, the following properties
hold:

1. OR el.
2. Ifx,yel,thex—ye€l.

3. IfreRand xel,thenrxel.

4.5 Field

Definition 4.5.1. Let F be a nonempty set equipped by two binary operations *,0, (I, *,0) is called
a field if :

1. (K,%,0) is ring with unity.
2. (K—{e},0) is a group , where e is a neutral element of *.

If 6 is commutative, (K, %,06) is called a commutative field.

Example 4.5.2. (IR, +,-) is a commutative field.

Proposition 4.5.3. Any finite integral domain is a field.

Definition 4.5.4. Let (K,+,.) be a field, L € 2(K). L is called a sub-field

1. Lisa sub-ring K
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2. VxeL-{0hxleL.
Example 4.5.5. (Q,+,.) is a sub-field of (IR, +,.) which is a sub-field of (C,+,.)
Proposition 4.5.6. Z/nZ is a field if n is prime .

4.6 Solved Exercises

4.6.1 Exercises
Exercise 4.6.1. 1. On IR we define the binary operation % by :
Vx,yeIR,x xy=xy +(x? - 1)(y2 —1).

* 18 it associative? Does it have a neutral element ?
2. On IR we define the binary operation * by :

Va,ye IRT* x % y=1/x2 +y2.

* has it a neutral element ?
The inverse element exist ?
On IR we define the binary operation * by :

Vx,yeIR,x*y:x+y+x2y.

* 18 it commutative, associative ¢ Does it have a neutral element ?

Exercise 4.6.2. On G =IR" x IR we define the binary operation * by :
Y(x,y), ',y eG,(x,y) % (x,y) = (xx',xy" + y).
1. Show that (G, *) is non-commutative group.
2. Show that IR** x IR is a sub-group of G.
Exercise 4.6.3. Are the following sets subgroups of (G,+):
1. Hi={(x,y,2)€ IRS/x+2y+32 =0A2x—-y+2z=0},G = IR3.
2. Hy= {(x,y,z)eIR3/x+y:OVx—y+z =0},G = IR®.
3. H3=Z[v2]={a+bv2/a,b) € 7%,G =IR.
Exercise 4.6.4. Let (G, *) be group and (H,x),(K, %) two subgroups of (G, %).
1. Show that K NH is a subgroup
2. Show that K UH is a subgroup if and only if K< H or K c H.
Exercise 4.6.5. On G = IR? we define the binary operation * by:
V(x,y),(x',y) € G, (x,y) % (&', y") = (x +a', y +¥)

1. Show that (G, %) is a commutative group.
2. Show that H = (Q?, %) is a subgroup of G.
3. Show that
f (2% %) —(Z%%)
(x,y) — (x,3)

is group homomorphism.
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Exercise 4.6.6. On G = IR x IR* we define the binary operation * by:
V(x, ), y) € G, (x,9) % (&', y) = (x + 2, yy")

1. Show that (G, *) is commutative group.
2. Show that H ={(x,1)/x € Z} is a subgroup of G.

Exercise 4.6.7. On IR — {1} we define the binary operation * by:
Vx,yelR-{1}L,x*y=x+y—xy.
1. Show that * is binary operation.
2. Show that (IR — {1}, *) is an commutative group.

3. We define the map f by:
f:(R*,x)— (IR - {1}, %)

1
x—1——.
X

a) Show that f is an isomorphism.
b) Determine le Ker(f).

Exercise 4.6.8. On IR — {1} we define an operation * by:
Ve, yeIR-{1},xxy=xy—-x—y+2.
1. Show that * is binary operation.
2. Show that (IR — {1}, ) is commutative group.

Exercise 4.6.9. On IR we define the binary operation * by :

Vx,y e IR, x %y = y/x3 +y3.

1. Show that (IR, %) is a commutative group.
2. H=1{-3,-2,-1,0,1,2,3} is a subgroup of (IR, %)?

3. Let f be a map define from IR to IR by f(x) = ¥/x.
Show that f is an isomorphism from f(IR,+), to f(IR, ).

4. Show that (IR, %), is isomorphic to (IR, +),.
Exercise 4.6.10. Let GG be a group :

1. Amap f:(G,.) — (G,.) defined by f(x) =x"1 is a group homomorphism if and only if G is
commutative.

2. Let a € G show that the map [ :(G,.) — (G,.) defined by : f(x)=axa™! is an automorphism.
Determiner Ker(f).

3. Letamap f:(IR,+) — (IR*,.) defined by : f(x) = 2* show that f is group homomorphism.
Determiner its kernel.

Exercise 4.6.11. 1. Determine the elements of (#3,0), and its group table.
1 2 3

2 3 1 )

3. Determine the generated group of o.

2. Determine the inverse of o = (
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Exercise 4.6.12. On 72 we define two binary operations &, by:
Vix, ),y e 22 (x, ) 0 () = (e + 2,y + 5,

V(x,y), (&', y") e 72, (x,y) 0 (', y)) = (xx’, xy" + yx').

1. Show that (Z2,®,0) is a commutative ring.
2. Show that A ={(a,0)/a € Z} is a subring of (Z2,,0).

Exercise 4.6.13. Let a set Z[/5] defined by Z[V/5] = {a + b\/5/(a,b) € Z?}
1. Show that Z[V5] is a subring of (IR, +,.)

2. Let f : Z[V/5] — Z[V5] be a map defined by f(a+bv5)=a—bV5.
Show that f is an automorphism of the ring (Z[V/5],+,.)

Exercise 4.6.14. 1. 7/27,7/57 are they fields ?¢

II. a) Determine the elements of Z/8Z and the invertible elements of 7/87.

b) Determine the zero divisors of Z/87, 7/87 is it a field ¢

II1. 7/37,7/6Z are they fields?

IV. a) Determine the elements of 7/10Z and the invertible elements of Z/10Z.
b)Determine the zero divisors of Z/10Z, 7Z/10Z is it a field ?

Exercise 4.6.15. Any finite integral domain is a field.
Exercise 4.6.16. Let x,y € IR, we define the binary operations T, * by :

xTy=x+y—-1l,xxy=xy—x—y+2.

Show that (IR, T, %) is a field.

4.6.2 Solutions

Solution 4.6.17. 1. On IR we define the binary operation * by :
Vx,yeIR,x xy=xy +(x? - 1)(y2 —1).
* 1s associative if and only if:

Vx,y,z€IR, (x xy)*kz=x%*(y % 2)

(x*xy)*x = (xy+(x2—1)(y2—1))*z
= xyz+z( - D2 -1 +[(xy+ &2 - D2 -1)2 - 11(z% - 1)......(1),

xx(yxz) = xx(yz+(2-1(E2-1)
= xyz+x(y?-1DE2-D+ @2 - Di(yz + (2 - 12 -1))2 - 1].......(2).

(1) #(2) so * isn’t associative.
* has a neutral element if and only if :

JeelR,VxelR,xxe=e*xx=x.

~ 2 V02 1) =
{x*e—x vet(w-Dle”~D=x (2 Da®-1)==x

ekxx=x = ex+@2-1)x2-1)=x«

>e=1€R.

vxelR 1+e)x2+x—(1+e)=0
Ve—1=0 =>e=1
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Indeed : (1+e)x®+x—(1+e) #0, Vx € IR it’s different from zero polynomial : P =0 = (0x2 + 0x + 0)
where all coefficients are zero, the coefficient of x is equal to 1 # 0.
2. On IR™* we define the binary operation x by :

Vx,ye IRY* x*y =1/x2 + y2.

* has a neutral element if and only if:

JecIR**,VxeIR™ ,xxe=e*xx=x.

{x*e:x Va2+el=x

2,2 _ _ +x
= > Vxc+et=x=>e=0¢IR"".
ekxx=x Ve2+x2=y

So x hasn’t a neutral element, the, the inverse element also doesn’t exist.
3. On IR we define the binary operation x by :

Vx,yeIR,x*y:x+y+x2y.

* isn’t commutative because Ix =2,y =3 and x*y=2+3+(22x3)=17#3+2+(8%2x2) =y *x.
* 1s associative si if and only if:

Vx,y,z€IR, (xxy)*kz=x%*(y % 2)

(x % y)* (x+y+x2y)*z
= x+y+x2y+z+z(x+y+xzy)2 ...... 1),
xx(ykxz) = x*(y+z+y2z)

= x+y+z+y2z+x(y+z+y22)2 ....... (2).

(1) #(2) so x isn’t associative.
* has a neutral element if and only if:

JeelR,VxelR,xxe=e*xx =x.
{x*e:x - x+e+xle=x e(1+x2)=0

9 = =e=0€lR
ekxx=x etx+e‘x=x e(1+ex)=

e =0 1is a neutral element .

Solution 4.6.18. (G, %) is a group if and only if:

*1S associative
xhas a neutral element
Every element of G has its inverse element of G

1. * is associative if and only if: V(x,y),(x',y),(x",y") € G,
[(x,y) * (', ¥)]* (2", ¥") = (x, ) * [(], ') * (", y")]

(xxl’xy/ + y) % (xn’yn)
(xx'x", 2" y" + xy" + y)......(1),
(x’y) * (x/x ,x/yn +y/)

" ! on

(xx'x", xx’y" +xy" + y).....(2).

[Cx, ) * (x', y")] % (x", y")

"

(x,y) = [(x', y") * (x", "]

(1) =(2), so * is associative.
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2. * has a neutral element G if and only if:

J(e,e) e, Y(x,y)€G,(x,y) *(e,e') =(e,e’) * (x,y) = (x, y)

(x,y) * (e,e’) = (x,) - (xe,xe’ +y)=(x,y)
(e,e')x (x,y) = (x,y) (ex,ey+e)=(x,y)
xe=x
xe'+y=y
ex=x
eyte =y
e=1elR*, x#0
e=0elR,
So (e,e’)=(1,0) € G is the neutral element.

3. Y(x,y)eG,Ax',y)e@G, (x,y)x(x',y)=(x',y") * (x,y) = (e,e') = (1,0).

{ (x, ) * (x',y") = (1,0) - { (xx',xy" +y)=(1,0)
(', y") * (x,y)=(1,0) (x'x,x'y+y")=(1,0)

xx' =1
!/
xy +y=0
= ©x=1
“y+y =0

x'=1/xeIR*, x#0
vy =—y/xelR, x#0

So the inverse of (x,y) € G is (x',y") = (1/x,—y/x) € G, Then (G, *) is a group.

4. * isn’t commutative because :

Ax,y) =(2,0)€G,3x’,y) =(1,1) € G, (x,y)*(x',y") # (', y) * (x, y).

{(2,0)*(1,1):(2,2) ..(1)
(1,1)%(2,00=(2,1) ...(2)

we remark that (1) # (2), so (G, *) is non-commutative group.

2. R"* x IR = H is a subgroup if and only if :

{ (1,00eH
V(x, ), (', y") € H,(x,y) % (', y") L e

1. (1,0) e IR** x IR = H is satisfied.
2. V(x,y),(x',y)e H,

(xy)*(x,y)l—(xy)*(— ——) (— —ﬂ+y)€lR+* IR.

So IR"* x IR = H is a subgroup of IR* x IR.
Solution 4.6.19. 1. Hi={(x,y,2)€eIR,x+2y+32=0A2x—y+2z =0}, G = IR®.
i) (0,0,0)e Hy = H1 # @.
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it) Let X =(x,y,2) e H1,Y =(x',y',2")e H1,X -Y € H;
Where X -Y =(x—x',y—y',z—2') we have that:
(x—x)+2(y-yN)+3(z-2")=E; ,
{A
2 —x")—(y-yN)+(z-2")=E,
Ei=x+2y+3z—-(x'+2y'+32')=0-0=0 ,
3{ .
Eo=2x—-y+2z-(2x' -y +2')=0-0=0
= X -Y € Hy, H; is a subgroup of (IR?, +).

2. Ho={(x,y,2)e R, x+y=0vx—y+2z=0},G =1R3.

1) (0,0,00e Hy = Hqy # .
1) Ho isn’t a subgroup of(IR3,+), 3X =(1,0,-1)€ Hy,3Y =(-1,1,0)€ Hq, and
X-Y=2,-1,-1)¢ Ho.
3. H3=27[V2]={a+bv2/(a,b)€ 7%},G = TR.

i) 0€ Hs, because 3a=0,b=0€7Z,0=0+0v2 = Hs # ¢.

1) Let x€e H3,ye H3,x—y€e€ Hg
a,b),(@’,b") € Z such that x=a+bv2 and y=a' +b'V/2, so:

x—y=(a—a')+(b-b)V2.

Thus da" =a—-a' € Z, 3" =b-b' € Z,x—y=a"+b"V2=>x—yec Hs.
Then Hg is a subgroup of (IR, +).

Solution 4.6.20. Let G be a group and H,K are two subgroups of G.

1. Sow that K nH is a subgroup:
DegeHMNegeK,soege HNK > HnK # @.
i) Let x,ye HNG => x,y € H et x,y € G, so using the fact that they are subgroups of G, hence
xxy leH, et xxy 1e@,then xxy e HNK, that means that HNK is a subgroup of (G,*).

2. When K cH or HcK, let us show that K UH is a subgroup:
We observe that when K < H, so K UK = H which is a subgroup, as same for H c K, then
KUK =K which is a subgroup too.
Now let us suppose that K UH is a subgroup and H isn’t a subset of K and H isn’t a subset of
H so:

There exists x € H but x ¢ K, and there exists y€ K but y ¢ H, then x,ye HUK,xxye HUK,
otherwise

\Y

If xxyeH =>x 1x(x*xy)=yeH contradiction,
IfelsexxyeK = (x*y)xy l=xeK contradiction.

Then we have that Hc K or K< H.

Solution 4.6.21. (G, %) is a group if and only if:

xhas a neutral element

*1S associative
Every element of G has an inverse of G

* [s commutative if and only if:
V(x, ), ',y €G, (x,) % (', y) = (x, ) * (', 5)
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(c, ),y )=(x+x,y+y) =" +x,5 +y) = (x,5) (', 5)

then the result.
* 1S associative if and only if:

Y(x,y), &, ¥, (", y") € G, [(x,y) * (', ¥y ) *(x",y") = (x,y) «[(x',y") = (x", y")]

(x+x',y" +y)*(x",y")
(x+x"+x",y+y +y"....(0),
(e, ) * (" +x", 5y +y")
(+x +x",y+y +9".....(2).

[(x, ) * (&, y")] % (x", y")

(2, ) * [, 5") * (x", )]

(1) =(2) then the result.
* has a neutral element of G if and only if:

J(e,e") € G,V (x,y) €G,(x,y) * (e,e') = (e,e) * (x,y) = (x, )
We observe that * is commutative, so we are going to resolve just the following equation:
(x,y)*(e,e)=(x+e,y+e)=(x,y) > (x+e=x)A(y+e' =y)=>e =0, =0.

so (e,e’)=(0,0) € G is a identity element (neutral element).

V(x,y)€G,Ax,y)eQG, (x,y)*(x',y)=(',y)x (x,y) = (e,e’) =(0,0).

We observe that * is commutative, so we are going to resolve just the following equation:
(x,y)*(x',¥)=(0,0)=> (x+x',y+y)=(0,0)=>x' = —xny = —y.

Then the inverse of (x,y) € G is (x',y') = (-x,—y) € G.
Thus (G, *) is a commutative group.
H =Q? is a subgroup of G if :

VX, YeH, XxYeH

(0,0) € Q?
VXeH, X 'eH

Where X = (x,y),Y =(x',y") € Q2.
i) (0,0) € Q2 it’s clear:
i) Y(x,y),(x,y) e Q?, (x,y) x (x',y) = (x +x', y + y') € Q2.
iii) V(x,y) € H,(x,y) L = (—x,—y) € Q.
Then (Q2, %) is a subgroup of(IRz, *).
f (2%, %) — (22, %)

(x,) = (x,5)

group homomorphism if and only if :
VX =(x,y),Y =,y e 2%, fF(X +Y) = f(X) % f(¥)

fX*Y)=flx+x,y+y)=@x+x,y+y)=(x,y) = (', y) = F(X) = F(Y).

Solution 4.6.22. * is commutative if and only if:
V(x, ), &', y) € G, (x, ) * (', ") = (x,9) % (x',5)

e, ) = (', ) = e+ o, yy) = (0 +2,5y) = (e, 3) = (', ).
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* is associative if and only if:

Y(x,y), (', ¥),(x",y") € G, [(x,y) = (x', y)]* (x", ") = (x,y) = [(x', ') * (x", y")]

(xx’, y'y) = (x", y")

(x+x +x",yy'y"....(1),
(2, ) % (x"+x",y'y")
(x+x +x",yy'y".....(2).

[Cx, ) * (', ") * (", y")

(x,y) * [(x', ") * (x", y")]

(1) = (2), thus * is associative.
* has a neutral element of G if and only if:

Ae,e") € G,V(x,y) € G,(x,y) % (e,e') = (e,e") * (x,y) = (x, ).
We observe that * is commutative, so we are going to resolve just the following equation:
(x,y)*(e,e)=(x+e,ye')=(x,y) = (x+e=x)A(ye' =y)=>e=0,¢' = 1.

so (e,e’)=(0,1) € G is the neutral element.
V(x,y)€G,A,y)e G, (x,y) = (x',y) =, y) x(x,y) = (e,e’) = (0, 1).
We observe that * is commutative, so we are going to resolve just the following equation:

(x,y)* &, y)=(1,00=> (x+2',yy) =0, =>x" =—xny' = 1y.

Then the inverse element of (x,y) € G is (x',y") = (-x,1/y) € G, so (G, *) is a commutative group.
H ={(x,1)/x € Z} is a subgroup of G if :

VX,YeH, X*xYeH

0,1)eH
VXeH, X 'eH

Where X =(x,1),Y =(x',1)e H,x,x' € Z.
1. (0,1) e H, it’s simple.
2. V(x,1),(x',1)e H, (x,y)*x(x',y)=(x+x',1) e H.
3. V(x,1)eH,(x,1) ' =(-x,1) e H.
Hence, H is a subgroup of IR x IR*.

Solution 4.6.23. 1. Let us show that x * y € IR—{1}, By contradiction:
we suppose that x+y—-xy=1,x#1, y#1:
x+y—xy=1=>y1-x)+x—-1=0

=>1-x)(y—-1)=0=>x=1vy=1

contradiction, so x +y—xy # 1, then x * y € IR — {1}, * is a binary operation.

x 1s commutative if and only if : Vx,y € IR—{1},x xy = y * x, since the addition and the product are
commutative operations.

* 18 associative if and only if: Vx,y,z€e IR—{1},(x x y) xz =x * (y * 2)

(xxy)xz=(+y—xy)*xz=x+y—xy+z—x2—-yz+xy2

(xxy)xz=x+y+z—xy—xz—yz+xyz..(1)
xx(yxz)=x*x(y+z—yz)=x+y+z—yz—xy—xz+xy2

xx(y*z)=x+y—xy+z—xz—yz+xyz...(2)
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(2) = (1), thus * is associative.
* has a neutral element if and only if: de€ IR —{1},Vx € IR —{l},x *e=e*xx =x.
We observe that * is commutative, so we are going to resolve just the following equation:

x+¥e=x+e—xe=x=>e(l-x)=0.

Since x #1, so e =0€ IR —{1}, is a neutral element.
Every element has an inverse element < Vx € IR — {1}, 3x' € IR — {1} such that x *x' =x' *x = e = 0.
We observe that * is commutative, so we are going to resolve just the following equation :

—-X

x*xx =x+x' —xx'=0=>x'= .
-x
Show that x' € IR — {1} then x' # 1, by contradiction we suppose that x' =1=1=0, so x' € IR —{1}.
Then (IR — {1}, %) is commutative group.
f is an isomorphism if and only if :
1.f is a group homomorphism :

Va,y € IR*, f(xy) = f(x) * f().

1
flxy)=1-——_.(0).
xy
1 1 1 1 1 1
f*f(y=01--)x0--)=1--+1---1--)1--)
X y X y X y

f(x)*f(y):2+1—1—1—1_1+1+1_i
x y X y xy
1
f@) = f(y)=1-—..@10).
xy

(1) = (ii) then f is a group homomorphism.
f is bijective if and only if: f is injective (one to one) and surjective(onto):
fisonetoone: Vx,x' eIR*, f(x)=f(x)=>x=x'.

Fo=fe)m1-2=1-L spay!
X X

fisontoVyeIR—{1},3x € IR*,y = f(x).
1 1 1
y=l-—-=sy-1l=-——>x=——.
x x 1-y
So f is bijective, then f is an isomorphisme.

b) f:E —F where E=IR*,F =IR—{1}, Ker(f)={x € R*/f(x) =er =0},

1 x—1
1-—-=0=>
X X

=>x=1, Ker(f)=1{1}.

Solution 4.6.24. 1. Show that x = y € IR — {1} by contraction :
we suppose that xy—x—y+2=1, where x #1,and y # 1:

xy—x—y+2=1=>x(y-1)—-y+1=0

>@-Dy-D=0=>x=1vy=1

contradiction, so xy—x—y+2#1, then x xy € IR — {1}, * is binary operation.
* 1s commutative if and only if: Vx,y € IR —{1},x * y = y * x, because addition and the product are

74



commutative operations.
* 18 associative if and only if: Vx,y,z€e IR—{1},(x x y) x z = x * (y % 2).
(xxy)xz=(xy—-x—y+2)xz=xyz—xz2—yz+2z+xy+x+y—2—2+2
(xxy)xz=xyz—xz—-yz—-xy+x+y+2z..(1)
xx(yx2)=x*(yz—y—-2z+2)=xyz—xy—-xz+2x—yz+y+z—-2—-x+2
xx(y*z)=xyz—xz—-yz—-xy+x+y+2z..2)

(2) = (1), thus * is associative .
* has a neutral element if and only if : de€ IR —{1},Vx € IR — {1}, x xe=e*xx =x.
We observe that * is commutative, so we are going the resolve just the following equation:

xxe=xe—x—e+2=x>x(—-2)—-(e—2)=0=>(—-2)(x—-1)=0

Since x #1, so e =2 € IR —{1}, is a neutral element.
Every element has an inverse element if and only if: Vx € IR—{1} 3x’ € IR — {1} such that xxx' = x'xx =
e =2 We observe that * is commutative, so we are going to resolve just the following equation:

xxx =xx' —x—-x'+2=2=4"= .
x_

Let us show that x' € IR — {1} that mean x' # 1, by contraction, we suppose that x' =1=> -1=0, then
x' e IR—{1}
Then (IR — {1}, %) is commutative group.

Solution 4.6.25. On IR we define the binary operation * by :

fVx,yelR,x*xy= \3/x3+y3.

*is commutative

*is associative

xExistence of neutral element
Existence of en inverse element
* is commutative if and only if: Vx,y € IR,x *xy =y % x.

1. (IR, %) is a commutative group

xky=1 x3+y3:€/y3+x3:y*x.

So * is commutative.
* is associative if and only if : Vx,y,z € IR,(x x y) %k z = x % (y % 2).

(Va3 +y3 ) xz
\/( Va3 +y3)3 +23 = /a3 +y3 +23..(1)
x*({/m)

i/x3 + (V34238 = /a3 +y3+23..(2)
(1) =(2), thus * is associative.

* has a neutral element if and only if: Je€ IR, VxelR, x xe=exx =x.
As x is commutative we are going to resolve just the following equation :

(x*xy)xz

xx(y*x2z)

3
xxe=Vad+ed=x=>x3+e=x3=>e=0€IR.

Every element has its symmetric element Vxe€IR,3x e R:xxx '=x"1xx=e=0.
We observe that * is commutative, so we are going the resolve just to following equation :

— 3 — —
L 1:\/x3+(x_1)3:0:(x 1)3:—x3:>x - _xelR.
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e=0eH
2. H={-3,-2,-1,0,1,2,3} is a subgroup of (IR, %) if and only if : { Vx,yeH,x*xyeH
VxeH,x1eH
Moreover : 0e HNxeH,x ' eH,
Jx=1,y=38,x%y=V13+3% ¢ H. Then H isn’t a subgroup of (IR, %).

3. fisa map from IR to IR given by ff(x) = ¥x.
f is a group isomorphism from (IR,+), to (IR, %) if and only if f is a group homomorphism and
bijective:
f a group homomorphism if and only if :

Vx,yeIR, f(x+y)=f(x)* f(y).
flx+y)=Jx+y.
F@)* f(9) = (Vo) % (¥3) = \/ (V2B + (/3% = {xFy = fla + ).
f is bijective if and only if f is injective and surjective:
f is injective if and only if : Vx,x' e IR, f(x) = f(x') => x =«'.
f@)=fa)= Va=Vi'=>x=x"
f is surjective if and only if: VyeIR,3x € IR,y = f(x).
y=Vx=>x=y5%
Then f is bijective, so f is an isomorphism.
4. [Since f is an isomorphism from the group (IR,+), to (IR, %), and its bijection f~ is an isomor-
phism too from (IR, %), to (IR, +)], f~Y(y) = y3. Then (IR, %) is isomorphic to (IR, +)
Solution 4.6.26. Let G be a group :

1. Amap f:(G,.) — (G,.) given by : f(x) =x"1 is a group homomorphism if and only if G is
commutative.
a) We suppose that f is a group homomorphism, so :

flxy)=Ff@f(y) o xy)y t=x"1y?
Va,yeGay=((xy) D) =Gty ™) =) @) =y
Because (ab) ! =b7la™1. Then G is commutative.
We suppose that (G,.) is commutative, let us prove that f is homomorphism :

flay) =@y =y =27y = FOF ().
2. Let a € G show that the map f :(G,.) — (G,.) given by : f(x) =axa™! is an automorphism .
fxy)=axya t=axataya™l = fF(x)f(y),aa t=e

Then f is a homomorphism, [ is bijective:
VyeG,AxeG:y=f(x)=axa™l, since x =a " 'ya is unique.
Other way:

f is injective(one to one) Vx,x' € G, f(x) = f(x' ) =>x=x":
f@)=f@N=>axa l=axr'a '=a laxa l=alax'a la=>x =«

f is surjective(onto) Yy € GAx € G : y = f(x) = axa™ !, Indeed, x = a Yya € G, because (G,.) is a

group.
The kernel: ker(f) ={x € G/f(x) =eg} = {x € Glaxa ™l = e}, so

a taxa la=a tea=>x=atea=a lea=a la=e
ker(f)={e}.

Another way : since f is bijective, then ker(f) = {e’G =eqg =e}.
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3. f is homomorphism if and only if : Vx,y € IR, f(x+y) = f(x).f ().
flx+y) =2 =2%2Y = fF(x)f (y).

Ker(f)={xeIR/f(x) =1} ={0}.

so [ is one to one because Ker(f)=1{0}.

Solution 4.6.27. Let us give the six elements of (¥3,0), the group table, #3 has 3! = 6 elements :
(123 (12 3 (12 3 (12 3
“=l1 23 )T l132 2Tl 21 )BT 21 3

(12 3 (12
915l g2 31 927 (3 1
T10T7T9,T20T7 :

1 2 3
Ti0T9=| 3 2 1 :(; 2 3):(717612011:
2 31

The group table is : H3:

)#SpS = {id7T17T2’T3a01,02}-

DN W

w
—
W ==
— W N

o |id |11 | T9 | T3 | 01| 029
id | id T1 T2 T3 | 01 | 02
T1 | 71 |id |01 |09 | T2 | T3
T9 T | 09 id o1 | T3 T1
T3 T3 | 01 | O9 id T1 T2
01|01 | T3 | T1 | T2 | 02| id
09 | 02 | T9 T3 T1 id 01

1 2 3
2 31
12 3). 1 2 3

2 3 1)‘3" :(3 1 2)'
The subgroup generated by o is given by H = {id,o,071}.

Le cycle 01 = ( ) =(1,2,3) has length 3.

The inverse of o = (

Solution 4.6.28. (Z2,®,0) is a commutative ring if and only if :
(Z2,®) is a commutative

{ o} is associative and distributive .
o} is commutative

1. (Z2,) is commutative group:

a @ is commutative:
V(x, ), (', y") € IR?,

(x,e@,y)=@+x,y+y)="+x,y" +y) =, y) @ (x, ).

b @ is associative:
V(x,y),(x',y"),(x", y") € IR?,
[,y y)Nex",y)=(x+x,y+y)e(x",y)=(x+x' +x",y+ 5" +y")...(1)
x,el,y)ex",yN=(,y)e +x",y +y)=(x+x' +x",y+y +y")...(2).
(1) =(2), thus & is associative.

¢ Je=(e1,es) € Z2 such that:
(e1,e2)@(x,y)=(x,y)®(e1,e2) =(x,y)

We observe that @ is commutative, so we are going to resolve just the following equation:
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(x,y)@®(e1,e2) =(x,y) = (x+e1,y+e2)=(x,y)

{x+e1: X {elz 0
S0 =
ytes= y eg= 0

d Every element 72 has its inverse element on 72, ¥(x,y) € 72,3(x',y') e 72

e =(0,0) € Z2 is the neutral element of ®.

(x,y) @ (x',y") =(0,0),(x',y") @ (x,7) = (0,0),

then x' = —x,y = —y so (—x,—y) € Z2 is the inverse element (x,y) € Z2.
Using a,b,c,d we deduce that (Z?,®) is a commutative group.

2. * 0isassociative : Y(x,y),(x,y"),(x",y") € IR?,
[, )o@, yNe ", y") = (xx',xy + yx) o (x",y") = (xx'x", xx'y" + xy'x" + yx'x")...(1)

(x,y)oll,y)o",y)=(,yol'x",x'y" +y'x") = (xx'x", xx'y" + xx"y" + yx'x")...(2).cc (1) =
(2), thus © is associative.

o 0 is distributive : Y(x,y),(x’,y"),(x",y") € IR?,

(x,y)olx,y)e ",y =[x,y o y)Nellx,y) o " y"],
[(x,p) &, y)Ne ",y =[(x,y) 0", y)Nelx,y)o ",y
Let us show that :

(c, el y)e ",y =[x,y o, y)elx,y) o ", y",

We have :
(x,y) ol ,yNe "y )=,y ol +x",y +y']
So
(x,y) o[,y e x", y")] = (xx' +xx",xy" +xy" + yx' + yx")...(3)
[(x,y)o @, y)elx,y)o",y"]1=(xx',xy + yx") & (xx", xy" + yx").
Moreover

[(x,y) o,y el(x,y)o ", y"]= (xx' +xx",xy" + yx' +xy" + yx")...(4)

Then (3) = (4).
Let us show that :
[(x,p) &, y)Ne ", y") =[(x,y)o ", y)Nelx,y)o ",y

We have that: [(x,y)® (x',y)]o(x",y")=(x+x,y+y)ox",y") = (xx"+x'x,xy" +x'y" + yx" +

y'x")...(5)
[(x, y)olx", yel(x', y)olx",y")] = (xx", xy"+yx")&(x'x", x'y"+y'x"), [(x, y)o(x", y")el(x', y) o IR
(x",y"]=(xx"+x'x",xy" + yx" +x'y" + y'x")...(6).
So (5) = (6).
3. © is commutative: ¥(x,y),(x',y') € IR?,
(x,y) o, y)=(xx',xy + yx)...(T)
(", yNo(x,y) = x, 2y +y'x) = (xx', x5 + yx')..(8) = (7).

(Z2,8,0) is a commutative ring.
A is a sub-ring of (Z2,®,0) if and only if :
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1. VX, YeA,XaoY lecA:
X,YeA Ja,a' €7,X =(a,0),Y =(a’,0), so :

XeY=X-Y=(-d,00€A, because a—a'€Z.

2. VX, YeA,XoY€eA:
X,YeA Ja,a' €7,X =(a,0),Y =(a’,0), so :

XoY =XY =(ad’,00€ A, because aa' €Z.

3. ez2=(0,0)€ A It’s clear that : 0€ Z,
the neutral element of (a,b) with respect the operation ©:
Ha,b) € 7%, Y¥(x,y) € Z2%,(x,y) 0 (a,b) = (a,b) @ (x,y) = (x,).

xa= RN a=1 = (a,b)=(1,0) € Z2. We observe (1,0)€ A.
xb+ya= y b=0
Then, (A, ®,0) is a sub-ring of (Z2,®,0).
Solution 4.6.29. Let Z[\/5] = {a + b\/5/(a,b) € 7%}
1. Z[V/51is a sub-ring of (IR, +,.) if and only if :

(@) Vx,y€Z[V5],x—yeZ[V5]:
x,y€Z[V5],3a,b,a’,b'€eZ,x=a+bV5et y=a'+b'V5, so :

x-y=a+bV5-a' -b'V5=(a-a)+(b-b)5eZ[V5]

(b) For each x,y € Z[\/5], we have xy € Z[V/5].
x,y€Z[v5],3a,b,a',b' € Z,x=a+bvV5et y=a'+b'V5, s0 :

x.y=(a+bV5)a' +b'V5)=(aa' +bb")+(ab +a'b)V5 € Z[V5]

(c) 0,1€Z[V5]:
It’s clear that : 0=0+0v5 € Z[V5],1 =1+0v5 € Z[\V5]. Then, (Z[V/5],+,.) is a sub-ring of
(IR, +,.).

2. Let f : Z[V/5] — Z[V5] be a map defined by f(a+bv5) =a—bV5. f is an automorphisme de
Uanneau (Z[V/5],+,.) is  a ring homomorphisme and f is bijective:
f is a ring homomorphism Z[v/5] if and only if :

(@) Vx,y€Z[V5], flx+y)=fx)+f(y):
fx+y)=f@+bV5+ad +b'VB)=(a+a)-(b+bW5=f(a+bV5)+f(a' +b'V5).
(b) Vx,y€,f(x.y)=f(x).f(y):
f(xy) = f((a+bV5)a+'b'V5) = f(aa’ +bb') +(a'b +ab')V5)
=(aa' +bb")—(a'b+ab W5 =fla+bVBE)f(a'+b'V5E).
© f(H=1.

f is bjective because for all a + b5 thee exist a —bV/5. So f is an automorphisme .
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Solution 4.6.30. 13:
1. 7/27,Z/57 are fields because 2,5 are prime numbers.

II. @) /87 =1{0,1,2,3,4,5,6,7}

The inverse elements of Z/8Z are the element k such that k A8 =1 then:
1,3,5,7. o
b)The zero divisors of Z/87 are : 2,4,6, because

4x2=0=2x4=0=6x4.

then Z/87 isn’t a field.
I11.7/37 is a field because 3 is a prime number , Z/6Z isn’t a field 6 isn’t a prime number.
IV.a)2/10Z ={0,1,2,3,4,5,6,7,8,9}
The inverse elements of de Z/10Z are : 1,3, 7,9

b)The zero divisors of Z/10Z are : 2,4,5,6,8, because
2x5=0=5x4=0=6x5=0=8x5.
Then 7Z/10Z isn’t a field.

Solution 4.6.31. A finite integral domain is a field if it doesn’t have a zero divisor, so:

Let a € A — {04} we define a group homomorphism f :(A,+) — (A,+) by = f(x) = ax which is one
to one because ker(f) ={04}, since A is finite so f is bijective, then 14 there exist an antecedent x € A
such that ax = 14 by commutativity of A, xa =14, so a admits an inverse, then A is a field.

Solution 4.6.32. 1. Let us show that (IR,T) is a commutative group:
T is commutative if and only if :
Vx,yeIR,xTy=yTx,

since the addition is commutative operation.
T is associative if and only if:
Vx,v,z€e IR, (xTy)Tz=xT(yTz)

«TY)Tz=x+y-1DTz=x+y—-1+z-1=x+y+2z-2...(1)
xT(yTz)=xT(y+z-1)=x+y+z-1-1=x+y+2z—-2...(2)
(2) = (1), thus T is associative.
T has a neutral element if and only if:

JeelR,VxeIR,xTe=eTx=x.

Since T is commutative so we are going to resolve just the following equation :
xTe=x+e—1=x=e=11is the neutral element.
Every element has its inverse if and only if:

Vxe, v eIR, xTx' =x'Tx=e=1.

Since T is commutative so we are going to resolve just the following equation :
xTx'=x+x'—1=1=>x'=2-x€ IR is the inverse element of x.
2. Distributivity: Vx,y,z€ IR, x x (yTz) =(x *x y)T(x x2) and (xTy)*xz=(x*2)T(y x z),

x*x(yTz) xkxk(y+z-1)=xy+xz-x—x—-y—z+1+2+1-1

(xy—x—-y+2)+(xz—-x—2+2)-1=(xy—-x—-y+2)T(xz—x—2+2)
(x* )T (x*z)
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xTy)*z (x+y—-D*xz=xz+yz—z-x—y+1—-2z+2+1-1

(xz—x-2+2)+(yz—z-y+2)-1
(x*2)T(y % 2)

3. Let us show that (IR — {1}, %) is group.
* is associative if and only if:

Va,y,zeIR—{1},(x xy) *xz=x%(y *x 2)

(x*xy)*kz = (xy—x—y+2)xz
= xyz—xz+yz—2z—-xy+x+y—-2—-z+2
= xyz—xy—xz—-yz+x+y+z..(1)
xk(yxz) = x*x(yz—y—zz+2)

= xyz—Xxy—-xz+2x—-yz+y+z—-2—-x—2
= xyz—xy—xz—-yz+x+y+z..(2).

(2) = (1), thus * is associative.
* is commutative if and only if :
Vx,yeIR—{1},x xy =y *x,

since the addition is commutative operation.

* has a neutral element if and only if:
JeeIR—-{1},VxelR—-{l},xxe=e*xx=x

xke=xe—x—e+2=ekxx=x=2e(x—1)+2(1-x)=0=>=0

Where x #1, so e =2 € IR — {1}, is a neutral element.
Every element ha its inverse element if and only if: Vx € IR — {1} 3x' € IR — {1} such that

xxx' =x'xx=e=0

Since x is commutative, we are going to resolve just the following equation :
X
xxx' =xx' —x—x'+2=2=x'= —— , now let us prove that x' € IR — {1} that means x' # 1, by
x f—
contradiction we suppose that x' =1=-1=0, then x' € IR —{1}.
Then (IR — {1}, %) is a group.
Since * is commutative, so (IR, T, %) is a commutative field.
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Chapter 5

Polynomial and Rational Functions

5.1 Polynomials ring

Let R be a commutative ring with unity it can be IR or C, X be an indeterminate.

Definition 5.1.1. A polynomial in X over a ring R is an expression of the form :

n
PX)= Zaixi :a0+a1X+a2X2+...+anX”.
i=0

Where n € IN,aq,a1,...,a, € R they are called coefficients of P.

We denote by R[X], the set of all polynomials in the indeterminate X with coefficients in R.

If a, # 0 then the degree of P is n, we write deg(P) =n.

A zero polynomial is given by P=0=0+0.x+x.x%+....+ 0x*,a, = 0Vn, the degree of P is undefined,
but for convenience we say that deg(0) = —oo.

A constant polynomial is a polynomial with a single term P =ao€ R, deg(P)=0.

A monic polynomial or unitary polynomial of order n is a polynomial P = x" +amn — D 14+ +
a1x +ag in which the coefficient of the highest order term is 1.

Example 5.1.2. 1. P(X)=X3+2X-v2X+1,R=1IR, deg(P)=3.
2. QX)=X2+iX+1,R=C, deg(P)=2.

3. PX)=1,R=1R, deg(P)=0.

Two polynomials P,@ € A[X], P(X)=ao+a1X+asX+...4a,X",Q(X)=bo+b1 X +bo X +...4+4bnX",
are said to be equal if Vi,a; = b;

5.2 Operations on Polynomials

5.2.1 Addition and product

Consider polynomials P(X) =ag+a1 X +as X +...+a, X" +...,.Q(X)=bg+ b1 X + b X +...+b,, X"+ ...,
over the ring R.
The sum P + @ € R[X] is defined by :

PX)+QX)=(ag+bo)+(a1+b)X +(ag+b)X%+ ... +(a; +b)X +...

deg(P +Q) < max(deg(P),deg(Q)).

Proposition 5.2.1. (R[X],+) is a commutative group.
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Let P,Q € R[X] such that:
PX)=ap+a1X+asX+..+a, X" QX)=bg+ b1 X +bo X +...+ b, X™.
The product P.Q is defined by :
PX)xQX)=co+c1X +coX?+ ...+ cpemX™™,

where ¢, = Z a;b;,Vke{0,1,...,n+m}.

i+j=k
For example : co = Z a;bj=agbo,c1= Z a;bj=aob1+aiby,
i+j=0 i+j=1
c9 = Z aibj:a0b2+a1b1+b0a2.

i+j=2
Le dngF(P.Q) =deg(P)+deg(@Q).

Let A€ A, AP(X) is defined by:
AP(X) = Aag+Aa1 X + AaoX +...+ Aap, X"
Example 5.2.2. Let P(X)=X2+2X -5,Q(x) = 2X3 +5X2%2 —4X — 1, let us evaluate: P +Q,:P,PQ.

1 1 5
PX)+Q(X)=2X%+6X>-2X -6, §P(X):§X2+x_§

PX)RQX)=2X°+(B+4)X*+(-4+10-100X3+(-1-8-25)X2+(-2+20)X +5
PX)QX)=2X°+9X*-4Xx3-34X%+18X +5

5.2.2 Composition
Let P,Q € A[X]:
1. If P=0,then Po@ =0.
2. IfP#0,neIN,P(X)=ap+a1X +ag+...+a,X". Then
PoQ=0a0Q°+a1Q +a2Q% +...+a,Q",deg(PoQ) = deg(P)deg(Q).
Example 5.2.3. Let P(X)=2X2+X2+2X -5,Q(X)=4X — 1, then
Po@Q)X)=PQ(X))=24X -1 + 4X - 1) +2(4X - 1) - 5.

Proposition 5.2.4. (R[X],+,.) is commutative ring with unity.

Proof. 1. (R[X],+) is a group:
a) The addition is a binary operation on R[X], and it’s associative and commutative.
b) 0is a neutral element of R[X].

¢) Every P € R[X] has an inverse element —P on R[X].

2. The product is a binary operation on R[X], and it’s commutative and associative:

VP,Q,R € RIX],(PQ)R = P(QR)
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where P(X)=ag+a1X+asX+..+a, X", QX)=byg+b1 X +bX +...+bmX™,
RX)=co+c1 X +coX +...+¢c, X"

PX)QX)=do+d1 X +doX?+...+dpimX™™,

dp = Z a;b;,Vk€{0,1,...,n+m},
i+j=k

PXIQENR®) = fo + f1X + foX?+ .+ framer X o= Y. aibjdy,

i+j+i=k

Vke{0,1,...n+m+r}

QX)RX)=eo+e1X +ea X%+ ...+ epmX™,

ep = Z bjc;,VRke{0,1,....m+r},
JjHi=k

PX)QX)RX)=ho+h1 X +hoX%+ ...+ hpsmar,

hyp = Z a;b;jd;,Vke€{0,1,...,n+m+r}
i+j+l=k

(PX)QX)NR(X)=PX)QRX)R(X)) they have the same coefficients .

3. The distributive law is satisfied as well.

4. The ring R is with unity eg = 1. Then (R[X], +,.) is a commutative ring with unity.

Proposition 5.2.5. If R is an integral domain, then (R[X]1,+,.) is an integral domain.

Proof. :
IfP#0,and @ #0, then deg(PQ) =deq(P)+deg(Q) # —oo, so PQ #0.

We denote by K the field IR or C.

5.2.3 Divisibility of polynomial over a field

Let P,Q € K[X], we say that @ divides P or @ is divisor (factor) of P, if there exist B € A[X] such
that P = BQ. Denoted by @/P.

Example 5.2.6.
1. Every element a € K divides every polynomial P of K[X].
2. All polynomial divides a zero polynomial.
3. x+1divides X2 1.
4. x—idivides X%+ 1.
Proposition 5.2.7. Let P,Q and R are polynomials in K[X], the following proprieties hold:
1. VP e K[X],P/P.
2. P/Q, so deg(P)=<deg(Q).
3. If P/Q and Q/P so 3da e K —{0},P = aQ.
4. If P/Q and Q/R so P/R.
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Proof. 1. It’s simple.
2. P/Q, so 3B € K[X] such that @ = PB,deg(Q) =deg(P)+deg(B), so deg(P) < deg(Q).

3. If P/Q, so 3B € K[X] such that @ = PB, and @/P so 3B’ € K[X] such that P = B'Q, then P =

B'BP.
IfP=0s0Q =0.Ifelse P #0 so B'B =1 then deg(B) = deg(B') = 1, Hence there exist a €
K—1{0},P = aQ.

4. If P/Q then 3B € K[X] such that @ = PB, and Q/R so 3B’ € K[X] such that R = B'Q, then
R =BB'P = P/R.

Proposition 5.2.8. Let P,Q and R, T are polynomials in K[X], the following proprieties hold:
1. VPe A[X],P/Q = P/QR
2. P/Q AP/R, then P/Q +R.
3. if P/Q and R/T then PR/QT.
4

. YneIN*, P/Q then P™"/Q"

5.2.4 Euclidean division over a field

Theorem 5.2.9. Let A € K[X1,B € K[x]— {0}, there exist (Q,R) € (R[X1)? such that :

A=BQRQ+R
deg(R)<deg(B)

The polynomial Q is called the quotient, the polynomial R is called the remainder.

When R =0 that means B/A.
Example 5.2.10. 1.
w—x?—dx+4|x-1
—x3 +x2 x2—4
—4x+4

4x—4
0

xt+ 203 +5x%+3x+1 |2 +x+1
—xt —x® —a? x2+x+3
x3 +4x% + 3x
—x3 —x2 —X
3x%+2x+1
-3x2-3x-3

-x—2
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X
—x3 + 52
x2
—x%+x
x—1
-x+1
0
4.

x? +4i|x+i
—x%—ix }E
—ix +41
ix +1i2

(1i2 +4i)

obtained by the division according to the increasing degrees to order n of the polynomial

5.2.5 Division according to the increasing degrees

Theorem 5.2.11. Let K be a commutative field, A et B be two polynomials of KIX] and n =0 fixed

integer. We suppose that B(0) # 0. Then there exist a unique (Q,S) satisfying the following condition :
A=BQ+X""'S and deg@ <n.

The division according to the increasing degrees to order n of the polynomial A by the polynomial
B. The method consist of writing the polynomials A,B to write the polynomials in increasing order,
from the smallest order to the largest, then proceed with the division until you obtain the order
requested, because this division does not stop.

Example 5.2.12. 1. We stop to the order 3:

1+X 1-X
-1+X 1+2X +2X%2+2X3
2X
-2X +2X2
2X2
—2X2 4 9Xx3
2Xx3
—2X3 +2Xx4
2Xx4

2. We stop to the order 2:

1+X2+3X3+Xx4 1+X +X2
-1-X-X? 1-X+X2
-X+3X3+X*4
X+X2+X3
X2+4X3+ X4
-X2-x3-x*
3X?3

86



GCD, LCM

Now we consider [K as a commutative field.

Definition 5.2.13. GCD

Let A,B € K[X], be two polynomials with A # 0 or B # 0. The greatest common divisor called GCD
of two polynomials is a polynomial, of the highest possible degree, that is a factor of both the two
polynomials A,B. This polynomial is unique and denoted by gcd(A,B).

Definition 5.2.14. LCM
Let A,B € K[X]—{0}, The least common multiple called LCM of two polynomials which is a multiple
of A and B. This polynomial is unique and denoted by lcm(A,B)=M.

Example 5.2.15.
1. ged(X?+3X +2,X%2-1)=pgcd((X +1)(X +2), X -1)X +1))=X +1.
2. gedX?2+X+1,X2+2X+1)=1.
3 lemXX +1)X +2)%,(X +1)2(X?+1) = XX + 12X +2)%(X? + 1).
4. lem(X?+1,X2-1)=X*-1.

Euclidean algorithm
Let A,B € K[X],B # 0. Repeated Euclidean division gives:
A=BQi+Ri,deg(R1)<deg(B)

B= Rng +R2,deg(R2) < deg(Rl)
R1=RoQ3+R3,deg(R3) <deg(R2)

Ry 92=Rp 1Q +Rp,deg(Ry) <deg(Rp-1).
Rp1=RpQr+1+ R+ =RpQr+1,Rr+1=0.

We stop when the remainder is equal to zero R;,1. Then the gcd is the last non-zero remainder:
gcd(A,B) =Ry, Using the iterative division we can find U,V such that pgcd(AB) =AU +BV.

Example 5.2.16. 1. Let A=X?+3X+2,B=X2-1we have :
X2+3X+2=(X?-1) 1 +3X+3,
=~ =

Q1 R

1
X2-1=(B8x+3)=x+ 0 .
3 v

“~~ Re
Q2

So the gcd(A,B) = %Rl = %(3X +3)=X + 1. The GCD is unitary polynomial.
2 Let A=X?2+X+1,B=X2+2X +1 we have :
X?2+X+1=(X%+2X+1) 1 +(-X),

=~ =
Q1 Ry
X249X +1=(-X)(-X-2)+ 1 .
—_——
Q2 Ry
-X=1.(-X)+ 0 .
——
Q3 R3

So the gcd(A,B)=Rg=1.
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3. Let A=X?+X*-X3+X2+4,B=X%+X2+1 we have :
XO+X* =X+ X +4= (X3+X*+1) - (X*~1) +(X?+5)
X3+X2+1= (X2+45) - (X+1) +(-5X-4)
X245 (=5X-4)- (- 3X + )+ 5

_ 141 125 100
-5X —-4= 95 (—mX—m) +0

So the gcd(A,B) = 22R3 =1.

4. Let A=2X*-3X3+4X2-3X+2,B=X3+X%2+X +1 we have :

2X*-3X3+4X?-3X+2=(X3+X2+X +1)-(2X -5)+ (7TX2+7).
X3+X%2+X+1= (7X2+7) - (3X+3) +0

So the pgcd(A,B) = %Rl =1+X2

Prime polynomial

Definition 5.2.17. Let A,B € K[X]. We say that A and B are coprime if gcd(A,B) =1.
We write AANB = 1.

Theorem 5.2.18. ( Bezout theorem)
Let A,B € K[X] two polynomials A #0 or B #0. D = gcd(A,B). there exist U,V € K[X] such that :
AU +BV =D

Example 5.2.19. Let A = X% +3X +2,B=X? -1 we have :

1 1 1 1
3(U,V)—(§,—§) / A§+(—§)B =X+1.

Theorem 5.2.20. Let A,B € K[X]. A and B are coprime if and only if there exist U,V € K[X] such
that: AU +BV =1.

Theorem 5.2.21. Let A=X?+X+1,B=X2+2X+1s0:
U, V)=(X+2,-X-1) /| AX+2)+B(-X-1)=1.

Corollary 5.2.22. Let A,B,C e K[X] with A#0VvB #0.
If C/A and C/B then C/pgcd(A,B).

Corollary 5.2.23. Let A,B € K[X] be non-zero and M =1lcm(A,B). If C € K[X] satisfy A/C and B/C,
then M/C.

Lemma 5.2.24. ( Gauss Lemma)
Let A,B,C e K[X]-{0}. If A/BC and gcd(A,B)=1then A/C.

5.2.6 Derivative polynomial and Taylor’s formula.

Definition 5.2.25. Let P € R[X], we denote by P’ the derivative polynomial of P it’s defined by :
P'X)=(ap+a1X +asX?+..+a,X") =ai +2a2X +..+nX" L.
Proposition 5.2.26. Let P,Q € R[X],A € R we have :
1. (P+AQ) =P +1Q’.
2. (PQ) =P'Q+Q'P,(P") =nP'P" ' neN*.

3. (Po@)=Q'(PoQ).
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Definition 5.2.27. ( polynomial function)
N

ForallP=Y a,X" e K[X], we associated the function P : K — K defined by :
n=0

y N
P(x)= Z a,x".
n=0

P it is called a polynomial function.

Proposition 5.2.28. (Leibniz’s formula)
For every P,Q e K[X],neIN, :

n
(PQ)(n) — CZP(k)Q(n_k).
k=0
Proposition 5.2.29. ( Taylor’s formula)
For each n e IN,P e K[X],deg(P)<n,acl,:

n pk)
pioy- § 2V
izo n!

(x—a)k.

5.3 Zeros of polynomials
Definition 5.3.1. Let P € K[X],a € K. We called a a zero (or root) of polynomial P if and only if
p(@)=0

Proposition 5.3.2.
P(a)=0e (X —a)/P.

Definition 5.3.3. Let P € K[X]—{0},« is a zero of P there exist n € IN" such that (X —a)"/P. n is
called multiplicity of a.

If n =1, P has a root of multiplicity 1, or a simple root.

Si n =2, P has a root of multiplicity 2

Si n =3, P has a root of multiplicity 2

Proposition 5.3.4. Let ag,aq,...,a, a distinct root of P € K[X] and
ng,n1i,...,Nm, their multiplicities respectively, then

X -ag)""X —ap)"... X —ap)*™/P.
Example 5.3.5. 1. 1,—1 are simple roots of the polynomial X2 —1.
2. i,—i, are simple roots of the polynomial X2+ 1.
3. 1is a root of multiplicity 2 of the polynomial X? -2X +1.

4. 1is a root of multiplicity 3 of the polynomial X3 +3X2+3X +1.

Theorem 5.3.6. (Alembert-Gauss) Every non-constant polynomial with complex coefficients has at
least one complex root. C an algebraically closed field.

Definition 5.3.7. (Split polynomial) A polynomial P € K[P] is a split polynomial in K if and only
if Ae K—{0},ne IN*,a1,..,a, € K such that :

P =" (X —a)).

Proposition 5.3.8. Every non-constant polynomial in C[X]is split in C.
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5.4 Rational functions

54.1 Irreducible polynomials

Definition 5.4.1. A non-constant polynomial P € K[X] is irreducible over a field if P cannot be
expressed as a product of two polynomials A and B in K[X], where the degrees of A and B are both
smaller than the degree of P.

Example 54.2. 1. On K=C:P(X)=X —1isirreducible.
2. OnK=1R:P(X)=X2+1isirreducible.

3. OnK=1R:P(x)=X2-X +1isirreducible.

Lemma 5.4.3. Met P € K[X] be an irreducible polynomial and A,B € K[X]. If P/AB then P/A or
P/B..

Theorem 5.4.4. Every non-constant polynomial A € K[X] can write as the product of monic and

irreducible polynomials :
_ pk1pk kr
A=APT'P,*..P,".

where A e K*,r e IN*,k; € IN* and P; are distinct irreducible polynomials.
Theorem 5.4.5. The irreducible polynomials in C[X] are polynomials of degree 1. Then P € C[X] of
degree n > 1 is given by :
P=AMX - a) (X —ag)®?..(X —a,)kr
Where ay,...,a, are distinct root of P and k1,...,k, are their multiplicities respectively.

Example 5.4.6.
1. PX)=X?+1=X-i)X +1) here (X —i),(X +1i) are irreducible polynomials.

1+ivil ;m)()n—l - ”/ﬁ), here (X +1), (X+—1 al lz‘/ﬁ

2. PX)=X3+2X2+4X+3=X+1)(X + 5

1-iv11
2

), (X +

) are irreducible polynomials.

1+iv3, . 1-iv3 1+iv3
3. P(X)=X*+3X3+4X2+3X+1= (X +1)2(X + +2”/_)(X+ ;f),here(X+1)2,(X+ +2L\/_),(X+-
1-iV3
2

) are irreducible polynomials.

4 X*-1=(X?-1DX%+1D)=X?2-1DX2+1) =X -DX + DX +i)(X —i), here X-1),(X+1),(X +
i1),(X —1) are irreducible polynomials.

Theorem 5.4.7. The irreducible polynomials in IR[X] are polynomials of degree 1, and polynomials
of degree 2 that haven’t roots ( A <0). Then P € IR[X] of degree n > 1 is given

P=AX - a)" (X - a)f2..(X -a)" Q" ..QL.

Where aq,...,a, are real distinct roots of P and k1,...,k, are their multiplicities, respectively, @;
are polynomials of degree 2 with 6 < 0.

Example 5.4.8.
1. PX)=X?+3X+2=(X+2)(X +1).
2. QX)=X?+2X+1=(X+1>2

3. PX)=X2%2+1
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4 PX)=X*+3X3+4X2+3X+1=(X+12(X2+X +1)

5 X4-1=(X?-1DX?%+1D)=X?2-DX%2+1D=X-DX +1DX2%2+1)

5.4.2 Rational Fractions

Definition 5.4.9. A rational fraction with coefficient on K is expression given by :

F:g, ou P,Q eK[X], Q#O0.

Example 5.4.10.
X+1

X2+3X+1
Rational fraction operations:
Let (P,Q),(R,S)e K[X]xK[X]-{0},1 € K, then we have :

P AP
1. A—="—.
@ Q
o 5 R _PS+RQ
Q N QRS
g, PE_PR
Q'S @S’
P P'Q-Q'P
4. F=—,thenF/=—> %
Q Q?

Definition 5.4.11. (Degree)
P
Let (P,Q) e KIX] xK[X]-{0},F = 6, the degree of F is defined by :

deg(F)=deg(P)—deg(Q).

Lemma 5.4.12. Let (P,Q) € K[X]x K[X]—-{0},F = g on K[X], so 3(E,R) € (KIX1)? such that

F=E+ g,deg(R) <deg(@).

IfPAQ=1,then RAQ =1.
If E =0 then deg(P)<deg(Q.)
Example 54.14. 1.

X3-X2_4X +4 0
=X2-4+ .
X-1 X-1
= 4 3 2
X*+2X°+5X“+3X +1 -X-2
=X? X+3+—
X2+X+1 X2+X+1
3.
X4-1 X4-1
=0+ .
X5-1 X5-1
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5.5 Partial fractional decomposition

Theorem 5.5.1. (Partial fractional decomposition over IR).
P
Let F = a be a rational fraction with P,Q € IR[X],pgcd(P,Q) = 1. Then F is given by the unique

expression as :
a; b;X+ci

+ .
X —a;))ki (X2+bX +c)hi
Where X —a; and X2 +bX + ¢ are irreducible factors of Q(X) and exponents k;,h; are the multi-
plicities.

P=EX)+

1 1

E le 55.2. 1. F;= = ,A=0.
rampre "X X2 X+D(X-2)
The partial fraction decomposition is given by :
1 a b

= + .
X+DH)X-2) X+1 X-2
Now let us determine a,b :
To find a, we multiply each side by (X + 1), so we get :

1 N b(X+1)
xX-2 T x-2
we tend x — —1 so 1
— =a.
3
To get the valued of b, we multiply each side by (X —2), so we get :
1 X-2
- ) +b.

X+1) X+1

We tend x — 2 so

1

—=b.

3
(Or by identification)

1 . a N b _X(a+b)+b—2a
X+DX-2) X+1 x-2 X+DX-2)
a+b=0, B B B
{ b_9g =1 =>3a=-1,a=-1/3,b =1/3.
-1 1
Fi=-2—+-2
X+1 X-2

X2-2X-5
2. Fy = YT oX%_X 3’ we observe that 1 is a root denominator, using Euclidean division we get

oo X3+2X2 -X-2/X-1 )
~-X3 +X? W
3X? -X
-3X2+3X
2X -2
-2X+2
0

X3+2X2-X-2=(X-1DX +1)(X +2).
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3. F3

4. F

Then the partial fraction decomposition of Fo is given by : :

X2-92X -5 _a N b N c
X+DX-DX+2 X+1 X-1 X+2

Let us determine a,b,c :

. X?2-92X-5
a = hm —_ =
X—1(X-1)(X+2)
. X?2-92X-5
b=llm —M = —
X1 X+1D)(X+2)
. X2_-92X-5
C = hm —21
X-——2X+1)(X-1)
X2-2X-5 -1 1 1

F2: = + + .
X+DX-DX+2) X+1 X-1 X+2

1

= XX 1) The partial fraction decomposition is given by :

1 _a N b N C
X+1)2(X-1) X+1) (X+1)2 X-1)

Let us determine b,c using the limit method.:

¢ XI—IP1(X+1)2’b xoh1-x’

But it does not work for finding a, so we select X =0, we obtained.:

4

Since A < 0,x2 + 1. The partial fraction decomposition of F is given by :

1 1
—l=a+b-c=>a=-1-b+c=-1+—-+-

2 4
1 1 1
a=—-—-,b=——,c=
4 2
1 1 1
1 R —_= =
Fs= = I 2 _ 4 4
(X+1)2(X-1) X+1) (X+1)2 X-1
X%+l The Euclidean divisi ve : X*+1=XX3+X)+(1-X2),s0 F4 =X + 1-X
. e uclraean ailvision give . = - , SO = .
X3+ X £ 4 X3+ X
F

3 1-X2 _a+bX+c
CX(X2+1) X X2+1°

Let us determine a,b,c :

1-X?2

a=lim——=1.
x—0(X2+1)
For b,c we set two valued of x such that F(x) is well-defined

Forx=1, weget: 0=1+5%¢

A =>b=-2,c=0.
_ . _ -b
For x=-1, weget: 0=-1+-5%<
1 2
Fy=X+—-- .
‘ X X2+1
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1

= —————— the partial fraction decomposition of F5 is given by :
XX x+1y ep fr D f Fsis g y

5. Fs

1 a bX +c
Fp=————————— = —+ ————.
XX2+X+1) X X2+X+1
1
— =1
X2+ X+1 ‘
To determine b, we multiply each side by X, we get
X X(bX +c)
—_— =t .
X2+X+1 X2+X+1

a=1lim,_.q

We tend X — oo, then b =—a =—1.
To determine ¢ we set X =1so c=—1.

1 X+1

Fs=——-—on
"X X2+X+1

Theorem 5.5.3. (Partial fractional decomposition over C).

P
Let F = 6 be a rational fraction P,Q € C[X],gcd(P,Q) = 1. Let ay,ag,...,a, € C are roots of @, and

ki,k2,....kp, are their multiplicities respectively, € = (X — a1 (X —ag)k2. (X - ap Yer. Then F is given
by unique expression as :

a1 as ar b1 bo ai
F=E+ + +...+ + + +...+
X-a; (X-—ay)? X-ar)r X-as (X -ap)? (X —ag)k
+...+ 21 + 22 +...+z—k.
X-a, X-ap)? (X—ap)kp
Example 5.5.4.
X34+4X2+X+2
1. Fi1= , we start by Euclidean division, and we get :
X?%2+1
X3+ X2 i X+2=(X2+1DX +1)+1
S0

1 1
Fi=1+X+——=1+X+——"—
! 1+X2 X + (X 1)

The partial fractional decomposition is given by:

1 a b
F = : ~ = -+ -
X+D)X-1) X+1 X-i

We use the same method to determine the constant a,b :

1 i 1 i
=i :—b:l' = ——.
xS T T i x T 2

i -1
F= 2,+ 2
X+i -1
i -1
Fi=1+X+ 2 ,_2
+1 X-1
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2.
1 1

F2 -_— —_— .
X(X2+X+1) 1+iv3 1-iv3
x(x+ LY (¢, 121V3,
2 2
The partial fractional decomposition is given by :
1 a b c
FZ = 1 \/g 1 \/g = )_( + 1 \/g + 1 \/g
+ - + -
X(x+ 2 (x + 249 X+ x 2t
2 2 2 2
-3+iV3 -3-iV3
1 1 2 2
Fy = =—+ +
1+iv3 1-iv3, X 1+iv3 1-iv3
X(X+ ZL\/_)(X+ 2‘[) x LHV3 o 1-iV3
3.
_AX?+4X+4  4X%+4X +4
PTUX2H1? (XX -2
The partial fractional decomposition is given by:
4X2+4X +4 a b c d
3= : 5 = -t - t -t -
X+i)2X-i)2 X+i X+i)2 X-i X-i)2
4X? +4X +4 2i i 2i i
F3= . - = -+ =~ - .
X+i)2(X-i)2 X+i X+i)2 X-i X-1)?
X X
4. Aq

XAl (X2+V2X +1)(X2-vV2X +1)

On 1R the partial fractional decomposition is given by:

A= aX+b N cX +d
X2 veX 11 (X2—vRX+1)
-V2 V2
4 4

A=
T X2 vaX+ D (X2 vaX+ D)

On C the partial fractional decomposition is given by:

d

A a + b + ¢ +
1= .
2(1+1 2(1-: 2(1+1 2(1—-1:
X_\/_( i) X_\/_( i) X+\/_( i) X+\/_( i)
2 2 2 2
We have also :
X a b c d
Al 4 = in+ 3m+ z5n+ iTn
X+l X T X-ed X-ed X-et
Sincee't =e %,eﬂTH:e_l?Tn Then
.1 .1 1 1
X —i— i— —i— i—
Ay 4 4i + 43m + 4m + 4 i31
X%+1 x o7 X-ef X-e7T X-e 't



5.6 Solved Exercises

5.6.1 Exercises

Exercise 5.6.1. Find the quotient and the remainder of the following divisions using
Euclidean division, Divide A by B:

1. A=X°+X3-X+1,B=X%2-X-2.

2. A=X3+4X?+5X+2, B=X?+2X +1.
3. A=X3+X?+X+1,B=X+1.

4. A=X%+X5+X3+1, B=X3+1.

Exercise 5.6.2. Find the quotient and the remainder of the following divisions
according to the increasing degrees :

1. A=X3-X+1, B=X?+X +1 stop to degree 2.
2. A=X2%+1, B=X +1 stop to degree 3.
Exercise 5.6.3. Determine the ged=D, and find U and V such that AU + BV =D.
1. A=X3-X?2-X+1,B=X%2-3X+2.
2. A=X*+2X3%+2X?+2X +1, B=2X3+3X%2+2X +2.
3. A=X%+1 B=X?2+1.
4. A=X%-1, B=X%2-1.

Exercise 5.6.4. For which values of a € IR the polynomial (X +1)"-X" -a
admits a real root of multiplicity 2?

Exercise 5.6.5. Let P =X*+2X3+2X?+2X +1.
a) Determine GCD(P,P").
b) Factorize P over IR[X].

Exercise 5.6.6. Factorize the following polynomials over IR[X] and C[X] :
I X3+X2+X+1.

X4+-1.

X4+1.

X6-1.

X6+1.

S & A L b

X7+ X6+ X3+1.
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Exercise 5.6.7. Decompose the following rational fraction over IR[X] :
1
X2-X-2
X2+1
X3+4X2+5X +2
X2+1
(X2-3X+2)(X +2)

X2+X+1
X2(X +1)%

1.

4.

Exercise 5.6.8. Decompose the following rational fraction over IR[X],C[X] :

X+2

1.
X4-1

2. 6 .
X2+1)(X2+4)
—4
X4+1
1+2Xx2
T (X +1DX2+1)%

Exercise 5.6.9. Let P(x) = x*+6x3 + 1322 + 12x +4,Q(x) = x® + 3x% + 3x + 1.
1. Determine GCD(P,Q).

2. Factorize P(x).

D e 2x+3
3. Decompose F = m over IR .

5.6.2 Solutions

Solution 5.6.10. 1. X° +X3 -X +1|X*-X-2
- X5+ X*+2X3 X3+ X%2+4X +6
X4+3x3
-X* +X3+2Xx2
4X3+2X% -X
-4X3+4X2%+8X
6X2+7X +1
-6X2+6X +12
13X +13

X+ X3 - X+1=(X®+X2+4X+6)(X2-X-2)+13(X +1).

2. X3+4X2+5X+2|X%2+2X+1
-X3-2Xx2 -X X+2
2X2+4X +2

—2X2-4X-2
0

X3 +4X2 45X +2=(X +2)(X?+2X +1).
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3. X3+X2+X+1|X+1
—-X3-Xx2 X2+1

X+1

-X-1

0

X3+X2+4X+1=(X?+1)(X +1).

4. X9+X8+X3+1|X3+1
-X9-Xx6 X6+1

X341

-X3-1

0

X2+X6+xX3+1=X3+1)(X%+1)
Solution 5.6.11.
1-X+3Xx3 1+ X +X2
-1-X-X? 1-2X +2X°?
—2X +3X3
1. 2X+2X2+2X3
2X2+5X3
—2X2-2X3_2x4
3X3-2Xx*

1+X2 1+X
-1-X 1-X +2X%2-2X3
-X + X2
X + X2
2. 2X72
-2X2%2_2x3
—2X3
2Xx3 +2Xx4
2X*

Solution 5.6.12.
1 ged(X3-X?2-X+1,X2-3X+2):
A=X3-X2-X+1=(X2-3X+2)(X+2)+(8x-3).
—— =
Q1 R,
9 1 2
B=X2-3X+2=0Bx-3)(=X-2)+ 0 .
3 3 v
N———r Ry

Q2
Then the gcd(A,B)=1R1 = 3(3X —-3)=X — 1. Since A=BQ1+3D =D = A - 1BQ, so
1 1 2
U=-,V=2X-Z.
37 3" 3

2. ged(X*+2X3+2X2+2X +1,2X3+3X%+2X +2):
A:X4+2X3+2X2+2X+11 L L
A:(2X3+3X2+2X+2)(§X+Z)+(ZX2+—X+§).

2
Q1 R
B=2X%+3X2+2X +2=(}X?+ X +H(8X -4)+ 4 .
—_——
Q2 Ry

1 1 1. 1 1 1
=(CX24+ X+ )(—=X2+ =X +2)+0.
R4 (4 +2 +2)(16 +8 +8)+O
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Then the gcd(A,B) = Ry = 1. Since
A=BQ1+R1=>@2A=BQ1Q2+ Q2R

> Q2A=BQ1Q2+B-Ry=>Rs=4=-Q2A—-(Q1Q2+1) so
1 2
U:ZQZ:—2X+1,V:X .
3. A=B(X*-X2+1)+0, then gcd(X%+1,X2+1)=X2+1,U =0,V =1.
4. A=B(X*+X?+1)+0, then ged(X6-1,X2-1)=X%2-1,U=0,V =1.

Solution 5.6.13. Let P(X)=(X +1)" — X" —a has a root x € IR of multiplicity 2,
if and only if P(X)=0and P'(X)=0:

P(X):P'(X):O:{(X+1)7_X7_a:0 {(X+1)6—X7—a:0

(X +1)%-7X6=0 (X +1)8=Xx6

X+1)3=+Xx3 X+1=+X
1
(-2)8°

{ X+1-X)X6-a=0 :{ Xb=qa

1
Then P admits a zero X = ~5 of multiplicity 2 for a =

Solution 5.6.14. Let P = X*+2X3+2X?+2X + 1.
a) Determine GCD(P,P'): P=P'3X+3)+1X%2+ X +2.

P'=R1(16X —40) + (32X + 32).

1
R1=Ry(335X + 155)+0. Then ged(P,P') = FRi=X+1
b) Factorize P over IR[X]: since gcd(P,P')=x+1 then x = —1 a zero of multiplicity 2,

by Euclidean division we get :
X44+2X34+2X24+2X +1|X2+2X +1
-X*-2Xx° -Xx? X?+1

X?2+2X +1
-X%2-2x-1
0
Then the factorization is given by : P(X) = (X + 1)2(X% +1).
Solution 5.6.15.

1. Over R[Xlweget : P(X)=X?+X2+X+1=(X+1)(X2+1) using ex01 ¢)
Over C[X] we get : P(X)=(X + 1)(X +i)(X —i).

2. Over R[XJweget : X*-1=X?-1DX?2+1)=X+DX -1DX%+1).
Over Cwe get : X*-1=X+1)X - 1DX +i)(X —i).

3. C[X]we get : X* = —1 let us express z = —1 if polar form :
—1=r(cos(@) + isin(0)) = 1.(cos() + i sin()).
Here, r is the modulus (magnitude) of z = —1, and 0 is its argument (angle).

Then X* = z = cos(n).
Remark :

99



To find the n—th complex root of z, solve the equation:
2" = w where w is the desired complex root.
The solutions for w are given by:

00 2kn

wp, where 0<k<n-1.

in 3ix 5in Tin .
Soxi=e4,x0=e4 ,x3=e 4 ,x4=e 4 . Then here the algebraic form :

Xtel=(X- V2A+i), o V2A-D) o VRAED VR0

2 2 2 2 >

We can also write it as :

4 iny sin isn i
X' +1=(X-et'X-e1)X-et)X-e1).

il _isxm

ibn  _in  iTx
We have that e @ =e " 4,e 4 =e 4.

Over IR[X]: Let us find a,b,c,a’,b,c” € IR : such that :
X4+1=(aX?2+bX +c)a'X%2+b'X +¢')or let us find b,b’ € IR such that

X4+ 1=(X2+bX +DX2+b0'X+1)=X*+1+X2(bb' +2)+ X(b + D)

™ bb'+2=0 =>bb =-2 N bb'+2=0 = -b%2=-2
"V b+b'=0 =b=-b b+b' =0 =b=-b
=>b=v2,b'=-2V2

X*+1=(X%2+V2X +1)(X?-V2X +1).

4. Over IR[X]: X5-1=(X3-1)(X3+1) moreover X3 +1|X+1
-X3-Xx2 X2-X+1

—X?2
X2+X
X+1
-X-1
0
X3 -1]Xx-1
-X3+ X2 X2+X+1
X2
-X2+X
X-1
-X+1
0
So
X 1=(X+1DX-DX%2-X+DX%+X +1).
Over C[X]:
1+3i 1-/3i ~1+V3i ~1-3i
X6_1=(X+1)(X - 1)(X — +2‘/_‘)(X— 2\/_1)(X— +2\/_l)(X— 2‘“).

5. Over IR[X]: we observe that i,—i are roots of X6 + 1, by Euclidean division we get :

X0 4+1=(X2+ DX -X2+1D)=(X?+D(X%2+V3X + )(X?-V3X +1).
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Over C[X]: let us find 6—th complex root of z = —1, they are given by the formula :
rl/Gei(0/6+2k7r/6), O0<k<5

Xp =
in 3in 5im Tin 9in 11
herer=10=m,s0x1=e6,x9=¢€e6 ,x3=e6 ,x4=€6 xXx5=¢€ 6 Xg= T Then :
X041=(X—e®)X—eF)X—e )X et )X -e3T)X —e6).

6. Over IR[X]: we get using ex01 4) and the precedent problem
PX=X"+X+X3+1=X*+DX"+1)
X9+ X54 X341 =X+ DX?2-X +DXZ+ DEX2+V3X + 1)(X2 - V3X +1).
Over C[X] we get :

1lin

PX)=(X+1D)X -e3)X-eF)X-et)X-e?)X-ebt)X-et)X-e3T) X —-e0).

The algebraic form est given by :

1 1-v3i
X+ X0+ X3 +1=(X+ DX - +\/_L)(X— z\/gl)(X—i)(Xﬂ')
XT3 TVBZh Y ‘f“)(X— v3-i,
2 2 2
Solution 5.6.16.
1. The decomposition is given by:
1 _a b

= + :
X2-X-2 X-2 X+1
Let us find a,b:

1 _a N b
X+DX-2 X+1 X-2
To find a, we multiply each side by (X + 1), we get
1 b(X +1)
=a+
X-2) X-2

on tend X — —1 Then

-1
— =a.
3
To find b,we multiply each side by (X —2), we get
1 aX-2) b
X+1)  X+1
we tend X — 2 so
1
—=b.
3
(we can use identification too )
1 a b X(a+b)+b- 2a
X+1D)(X-2) T X+1 X 2 X+DX-2) °
a+b=0, B B B
{ b_9g=1 =>3a=-1,a=-1/3,b=1/3
-1 1
Fl— 3 + 3 s
X+1 X-2



5 X?+1 X%+
" X34+4X245X+2 (X +DAX+2)
The decomposition is given by:

X2+1 a b c
= + + .
X+1D)2X+2 X+2 X+1 (X+1)2

Let us determine a,b,c:

X2+1 o X?%+1

= — =h¢= =
Ty x e T X2 ©

To find b we select X =0 we get:

1
=2 ibtemb=-4
2 2

X2+1 5 -4 2
= + + .
X +12(X+2) X+2 X+1 (X+1)2

X2+1 X2+1

3. =
(X2-3X+2)(X+2) (X-1D(X-2)(X+2)
The decomposition is given by:

X%2+1 _a N b N c
X+1DX-2)(X+2 X+1 X-2 X+2

Let us determine a,b,c:

. X2+1 2 _ X241 5
a= hm—:——’b:hm—:_,
X—--1(X-2)(X+2) 3 X2 X+1)X+2) 12

X2+1 5

Ty XX -2 4’

X?2+X+1
4. The decomposition XX 1?2 is given by
X2+X+1 a b c d

—— ==t + +
X2(X+12 X X2 X+1 (X+1)2

Let us determine a,b,c,d:

X2+X+1 X2+X+1
b=1lm —————= = —
X—-0 (X +1)2 X—-1 X2

We multiply each side by X and we tend oo, we set X =1 then we get the following equations :

2 a+1+84 3=4a+4+2c+1 c=3
4 2" 4

Solution 5.6.17.
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1. Over IR[X]:

X+2 X +2
the decomposition of

X421 X+DX-DX2+1)

is given by:

X+2 B a N b +cX+d
X+DX-1D(X2+1) X+1) X-1) X2+1
a= lim X+2 §b i X+2 _1

= 5 = llm = .
X—1(X-1D)(X2+1) 4 X—+1(X+1D)(X2+1) 4
Let us find c?:

XX +2) aX bX  cX?+dX
X-DX+DX%+D) X+D) X-1) X2+1°
wetendX—»oosoc:—l.

Let us find d?: we set X =0, then :

1
—g=a-b+d=d=-1.

Over C[X1:

X+2 X+2
the decomposition of =

X4-1 X+DX-DX+DX-1)

is given by:

X+2 a b C C
= + + -+ :
X+DX-DX2%2+1) X+1) X-1) X+i X-i

3 1
a="b=-=,
4
X+2 1 X+2 1
C= lim — =—(1+2i),D = lim — = —(1-21).
X—-i(X2-1) X —i) 2 X—i(X2-1)(X+i) 2
2. O IR[X]: the d 11 f 6 IS g1 b
. ver N e decompostiion o LS given N
p (XZ+1)(X2+4) S 8wen oy
6 3 ax+b cx+d 2 2

= + = —
X2+1D)(X2+4) X241 X2+4 X2+1 X244

6

Over CLX1: the decomposition of ==~ rrs s

is given by

6 _a N b N c N d
X+)X-DX+2)(X-2i) X+i X—-i X+2i (X-2i)

6 i —i > <

X+DX -DX12)X-2) X+i X-i X+2i X-20)

3. Over IR[X]: the decomposition of F = Xi:1 is given by
7o -4 B aX+b N cX+d
X2+V2X+1D(X2-V2X+1) X2+V2X+1 X2-V2X+1
—4 V2 -2

F: = + .
X2+V2X +1)(X2-vV2X +1) X2+V2X+1 X2-vV2X+1
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Over C[X]: the decomposition of F is given by :

—4
F= in 3ix ir 3ix
X-et)X-et)X+et)X+e 1)
b
F = am+ sz T Cin+ a3in
X-e14 X-e1t X+ed X+ed
1 -1 1 -1
F: in + 3in + in + 3in
X—-e14 X-et X+e+1 X+es
1+2X2
4. Over IR[X]: the decomposition of G = XX+ 12 is give by :

a bX+c dX +e

CExTxEa e
1 -X X
G==+ - .
X X2+1 (X2+1)2
1+2X2
Over C[X]: the decomposition of G = m is give by :
G=2+ b TR d P
X X+i X-i X+ X-)¥
G 1 1/2 1/2 —-i/4 —-i/4

==+ -+ -+ — + —.
X X+i X-i X+i)2 X-i?
Solution 5.6.18. Let P(x)=X3+5X2+7X +3

1. P(x)= P’(x)(%(3X +5)) - S(X +1),
P'(x) :Rl(%X + %)+ 20.

3 2 2 N
R, _RZ(EX E)+O’ Then GCD(P,P')=(X+1)

2. Since PGCD(P,P')=(X +1), then X =1 is a root with multiplicity 2, so (x + 1) divides P(x),
P(X)=(X+1)*(X +3).

3. Decomposition is given by :
X?2+1 a b c

= = + + :
X+1D2(X+3) X+1 (X+12 X+3

c:§,b:1,a:1—c:—§.
2 2
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