CHAPTER 1

SETS AND FUNCTIONS

In this chapter we review the foundations and notations of naive set theory. We
will define sets and the notions of functions, relations and operations on sets
that are required in this text. The reader who is well acquainted with basic
mathematics can browse through the present chapter.

1.1 Sets

1.1.1 Set, element, inclusion

Let F be a set and e an element. e € E means that e is a member of the set
and is read ‘e is in E’. The negation of this relation (i.e. e is not in E) is denoted
by e ¢ E. The empty set is a set containing no elements; it is denoted by ().

Let A, B be two sets. A is said to be a subset of B, or contained in B, if and
only if any member of A is a member of B, and this is denoted by A C B. The
negation of A C B is denoted by A € B, and this does not mean that B C A.
We notice that A = B if and only if A C B and B C A (i.e. if and only if A and
B have the same elements). If A C B, but A # B, we will write A C B. Finally,
the set of subsets of F is denoted by P(E); hence A C F if and only if A € P(F).
Note that the sets () and E are elements of P(E).

EXAMPLE 1.1 Let E = {0,1}. P(E) = {0,{0},{1},{0,1}}.

REMARK 1.2 Some authors, mainly French, among them Bourbaki, denote in-
clusion by C; so, to avoid ambiguities, strict inclusion is denoted by C.

The Cartesian product of two sets E and F' is the set of all ordered pairs
consisting of an element of E and an element of F:

ExF={(z,y)/zre Eandye F}.
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2 1. Sets and functions

The Cartesian product can be generalized to a finite family of sets:
El X XEn:{<x1,...,$n)/l'1 EEl,...,an EEn} .

Lastly, the Cartesian product of E by itself n times, for n > 1, is denoted by
E™ = E x --- x E. E™ can be recursively defined by (see Chapter 3): E' = E
and E" = E x E"~ 1,

1.1.2 Union, intersection, difference, complement, partition
Assume that a universal set F is given. Let A, B be two subsets of . We define:

e the intersection of A and B: ANB={e€ E/ec A and e € B},

e the union of Aand B: AUB={e€ E/ec Aorec B},

e the difference of A and B: A\B={e€ F/e€ A and e¢ ¢ B},

e the complement of A with respect to E, denoted by A or A°:
A=FE\A={ec E/e¢ A},

e the symmetric difference of A and B: AAB = (A\ B)U(B\ A).

Two subsets A and B of E are said to be disjoint if and only if AN B = (.

ExAMPLE 1.3

e E=0,and 0 =E.

e ANO=0, AUE=E, AAE=A.

o ANA=AUA=AUD=ANAD=ANE=A=A.
° A\B:Aﬂg.

o A\A=AANA=0.

De Morgan’s laws enable us to compute the complement of a union and of an
intersection: AUB=ANBand ANB=AUB.

Union and intersection are associative and commutative operations (see Section
1.4.1). Moreover, they distribute over each other (see Section 1.4.1), i.e.

AN(BUC)=(ANB)U(ANC) and

These properties are to be found again in the study of lattices (see Chapter 2,
Section 2.5) and in the study of Boolean algebras (see Chapter 4).

NOTATIONS
— (resp. <=) stands for ‘implies’ (resp. ‘if and only if’).
de € E (resp. Ve € E) stands for ‘there exists an e in E’ (resp. ‘for any e in E’).
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EXERCISE 1.1 Let A, B and C be three subsets of E. Show that
ANB=ANC<«= AnB=AnNnC. &

EXERCISE 1.2 Let A, B and C be three subsets of E. Show that
(AUBCAUC and ANBCANC)= BCC.

When does the equality B = C hold? &

EXERCISE 1.3 Let A, B and C be three subsets of E. What is the relationship between
(i) AA(BNC)and (AAB)N(AAC) and

(il) AA(BUC)and (AAB)U(AAC)?

When are they equal? &

Union and intersection can be generalized to any family of subsets of a set E. A
family (x;);er of elements of a set X is a mapping from I to X (see Section 1.2).
I is called the set of indices, and the image by this mapping of the element 7 of
I is denoted by z;. When we consider a family of subsets of a set F, it means
that the elements of the family are subsets of E, i.e. X = P(E). Let (4;)icrs
be a family of subsets of E. Recall that V (resp. 3) means ‘for all’ (resp. ‘there
exists’). We define:

JAi={ecE/Ticlecc A},
iel
(Ai={ecE/VicleccA}.

i€l

Note that (J,cp Ai = 0 and ;.4 Ai = E. On the other hand, if I = {1,...,n},
the family (A;);cr is finite, and these two operations are just the finite union
and intersection, denoted by A; U---U A, and A; N---N A, respectively. This
generalization enables us to define the notion of partition of a set E. A finite or
infinite family (A;);es of subsets of E is a partition of E if it satisfies

(i) A; #0 for any i € I,

(ii) A; N A; =0 for all pairwise distinct ¢,j in I and
(iii) E = U,es As-

EXAMPLE 1.4 The three sets

e Ap={n €N /nisa multiple of 3},

e A ={n+1/n¢€ Ay} = {(multiples of 3)+1} and
e Ay={n+2/ne As} = {(multiples of 3)+2}
form a partition of IN.

EXERCISE 1.4 Let A be a subset of E and (B;):cr be a family of subsets of E. Show
that
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L aU(NeB) =Ny (40 82),
2 Aﬂ(UiEI Bi) ~User (40 B.). o

1.2 Functions

1.2.1 Definitions

Intuitively, a mapping f from E to F assigns to each element z of E a unique
element f(z) of F. The slightly more general notions of correspondence and
function will also be of use. Formally, the definitions are as follows.

Let EF and F be two sets. A correspondence from E to F is a triple
f=(FE,F,T'), where I' is a subset of £ x F. We say that E is the pre-domain of
f, Fis the co-domain of f and T is the graph of f. The set

Dom(f) ={z € E/Jy € F,(x,y) €T}
is the domain of f and the set
Im(f)={yeF/3xeE, (z,y) €I}

is the range of f. Let x € E. Any element y of F' such that (z,y) € I is an image
of z by f. Let X C E. We denote by

f(X)={ye F/3x e X, (z,y) €T}

the set of images by f of the elements of X. Similarly, any element x € E such
that (z,y) € T is called a preimage by f of y € F. For Y C F', we denote by

ffY)={zcE/WecY,(x,y) €T}

the set of preimages by f of the elements of Y. We have Dom(f) = f~1(F) and
Im(f) = J(E).

A correspondence f = (FE, F,T') is said to be a function if it assigns at most
one image to each element of E; for any element x of E this image is denoted
by f(z). The function f is denoted by f:E — F. A function f: F — F' is
said to be a mapping if its domain is the whole set E: Dom(f) = E. The set of
mappings from E to F is denoted by F¥.
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ExXAMPLE 1.5

e  The identity mapping on E defined by f(z) = x for any x of F is denoted
by idg: E — E.
e  The function xy4: E — {0, 1} defined by:

(e) = 1 ifee A,
XAl =10 ife¢ A,

is called the characteristic function of the subset A of F.

A mapping f: E — F is said to be one-to-one or injective (resp. onto or
surjective, bijective or a one-to-one correspondence) if any element y € F has at
most (resp. at least, exactly) one preimage by f. We thus have:

e fisinjective if and only if Va,y € E, f(zx) = f(y) = x =y.

e [ issurjective if and only if Vy € F, 3z € E,y = f(x).

e [ is bijective if and only if Vy € F, 3z € E,|y = f(x), i.e. if f is both
injective and surjective. (The symbol 3! means ‘there exists a unique’.)
EXERCISE 1.5 Let f: E — F be a mapping and let (A4;);er be a partition of F. Note:
f(E) = {f(e) /e € E}. Show that (f_l(Ai))iE] is almost a partition of E, by which
we mean that some f~'(A;) may be empty, thus preventing (f_l(A,-))iGI from being a
partition of E. Give a sufficient condition for all the sets f~'(A;) to be non-empty. <

EXERCISE 1.6 Let f: E — F be a mapping. Find a necessary and sufficient condition
for ensuring that the image by f of any partition of E is a partition of F. Assume that
if f is injective, then f(AN B) = f(A) N f(B) (see Exercise 1.8), and recall that the

image of a partition (A;)icr of E is defined by f((Ai)iez): (f(Ai)iel). O

Let f:E — F and g: F — G be two mappings. The composition of f and
g is the mapping g o f: E — G defined by g o f(z) = g(f(x)). For instance,
if f:E — F is a mapping, we have f oidg = idp o f = f. The composition
of mappings is associative; hence, parentheses can be omitted and we can write
hogo f.
1.2.2 Properties

We present some useful properties of sets and mappings.
Let f: E — F be a mapping, let A and B be two subsets of F and let C and
D be two subsets of F'. We have:

f(AUB) = f(A)U f(B) and f(ANB)C f(A)Nf(B),
fFiCuD)=fH(C)ufHD) and fHCND)=fHC)NfTHD).

If, moreover, f is injective, then f(AN B) = f(A) N f(B). These properties are
easily proved and can be generalized to arbitrary unions or intersections.
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EXERCISE 1.7 Let f: A— B be a mapping. Show that

1. finjective <= VX C A, f 1 (f(X)) =X,
2. fsurjective <= VY C B, f(f'(Y)) =Y. &

EXERCISE 1.8 Let f: A — B be a mapping. Show that
f injective <= VXY CA, f(XNY)=f(X)Nnf(Y). &

EXERCISE 1.9 Let E be a set and let A and B be two subsets of E. Consider the
mapping
f:P(E) — P(A) x P(B)
X+— (XNAXNB),

where X — (X N A, X N B) means that f assigns to each X in P(F) the pair (X N
A, XNB) in P(A)xP(B). Find necessary and sufficient conditions on A and B ensuring
that f will be

1.  injective,
2.  surjective and
3. Dbijective. &

Proposition 1.6 Let f: E — F and g: F — G be two mappings.

(i) f and g injective => g o f injective.
(ii) f and g surjective = g o f surjective.
(iii) f and g bijective => g o f bijective.

EXERCISE 1.10 Prove these properties. &

EXERCISE 1.11 Consider two mappings f: A — B and g: B — C.

1.  Show that
(i) g o f injective = f injective,
(ii) g o f surjective = g surjective.
2.  Find an example for which g o f is bijective, f is non-surjective and g is non-
injective.
3. Show that
(i) g o f injective and f surjective = ¢ injective,
(ii) g o f surjective and g injective = f surjective. &

EXERCISE 1.12 Consider three mappings f: A — B, g: B — C and h: C — A.

1. Show that if hogo f and go f o h are injective and if f o h o g is surjective then
f,g and h are bijective.

2. Show that if hogo f and g o f o h are surjective and if f o h o g is injective then
f,g and h are bijective. &
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Proposition 1.7 Let f: E — F be a mapping.

(i) If E # 0 then f is injective if and only if f has a left inverse, i.e. if there
exists a mapping r: ' — FE such that r o f = 1dg. The mapping r is surjective
and is called a retraction of f.

(ii) f is surjective if and only if f has a right inverse, i.e. if there exists a
mapping s: F — FE such that f o s = idrp. The mapping s is injective and is
called a section of f.

(iii) f is bijective if and only if f has an inverse, i.e. if there exists a mapping
f~Y%:F — E such that fo f~! =idp and f~' o f = idg. The mapping f~! is
a bijection and is called the inverse bijection of f.

EXERCISE 1.13 Prove these properties. &

1.3 Cardinals

1.3.1 Finite sets
For any integer n, let [n] be the set {1,...,n} of integers between 1 and n.

Proposition 1.8 Ifn < m, there is no injection from [m| to [n].

EXERCISE 1.14 Prove this proposition by induction (see Chapter 3). O

We easily deduce from this proposition that two integers n and m are equal if
and only if there exists a bijection from [n] to [m]. A set E is finite if there exists
an integer n and a bijection from E to [n]. This integer n is unique and is called
the cardinality of F; it is denoted by |E|.

Let E and F be finite sets and f: E — F be a mapping. With these notations,
we have

f injective < Vy € F, |f7'({y})| < 1,
f surjective <= VyeF, |f~'({y})] > 1 and
f bijective < vy € F, |[f7'{y})| =1.

Moreover, if F is finite and |E| = |F| then,
f injective <= f surjective <= f bijective.

If E is not finite, these equivalences do not hold; for instance, f:IN = IN defined
by f(n) = 2n is injective, but not surjective.
Finally, the following properties are quite useful.
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Proposition 1.9 Let E and F' be two finite sets.

(i) IfE and F are disjoint then |E'U F| = |E| + |F|.

(ii) If (Ai)ien) is a partition of E then |E| = [A1| + -+ + |A,|.

(iii) |E x F| = |E| x |F|.

(iv) |FE| = |F|/®l, where F¥ denotes the set of mappings from E to F.
(v) |P(E)] = 2"l

EXERCISE 1.15 Prove these properties. &

EXAMPLE 1.10 Let n be the number of strings that can be coded with sixteen
bits. Each string is a sequence of Os and 1s of length 16 and can be viewed as a

mapping from [16] to IB = {0,1}. Hence, n = 2'¢ = 65 536.

EXERCISE 1.16 A more picturesque way of stating Proposition 1.8 is the ‘pigeonhole
principle’. If n < m and a flock of m pigeons flies into n pigeonholes then there must
be at least one pigeonhole with two or more pigeons in it. More precisely, show that a
pigeonhole will contain at least p pigeons, where p is an integer p > m/n. &

1.3.2 Countable sets

The notion of cardinality can be generalized to infinite sets in such a way that
the following properties are verified for any two sets £ and F"

(i) |E|<|F| <= there exists an injection from E to F.
(ii) |E| > |F| <= there exists a surjection from E to F.
(iii) |[E| =|F| <= there exists a bijection from E to F.

EXERCISE 1.17 From the above relations, we deduce that if there exists both an injec-
tion and a surjection from E to F' then there exists a bijection from F to F'. Prove this
result directly. O

A set E is countable if it is either finite or in a one-to-one correspondence with
the set IN of natural numbers. We denote by w the cardinality of IN. A union
U,es Ai is said to be countable if the set I of indices is countable.

The countable sets satisfy the following properties:

e Any subset of a countable set is countable.
e Any finite Cartesian product of countable sets is countable.
e Any countable union of countable sets is countable.

EXERCISE 1.18 Show that the set IN x IN is countable. &

Lastly, notice that there exist uncountable sets. This follows from the following
result.
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Proposition 1.11 Let E be a set and let P(E) be the set of subsets of . We
have
[E| <|P(E)].

Proof. We show by contradiction that there exists no bijection between E and
P(E). Assume that f: E — P(E) is a bijective mapping, and let A = {z €
E/xz & f(x)}. Assume that there exists an a € F such that A = f(a):

e Ifae A we deduce from the definition of A that a ¢ A: contradiction.
e Similarly, the hypothesis a ¢ A leads to a contradiction.

Hence, A has no preimage by f, and this proves that f is not surjective and hence
not bijective.

Hence, there exists no bijective mapping from F to P(FE), and the sets E and
P(E) thus have different cardinalities. The result is then deduced from the fact
that the mapping f: B — P(FE) defined by f(z) = {z} is injective. O

We deduce that P(IN) is uncountable.

EXERCISE 1.19 Consider the set U of sequences (un)new with values ranging over
{0,1}, i.e. Yn € IN, u,, € {0,1}. (Sequences are studied in Chapter 7.) Show that U is
uncountable. &

1.4 Operations and relations

An operation ® on a set E is a mapping ®: E” — FE. n is called the arity, or
the degree, of ®. We also say that ® is an n-ary operation, and this is denoted
by a(®) = n. We will mainly study operations of arity two, or binary operations.

1.4.1 Binary operations

A binary operation or binary relation x on a set E is a mapping *x: E X ' — FE.
The image of a pair (z,y) by this operation is denoted by z * y (infix notation).
We define the following properties:

(i) = is associative if Ya,b,c € E, ax (bxc) = (a*b) * c.
(ii) = is commutative if Va,b € E, ax b= bx*a.
(iii) * has the element 1 for unitif Ve € E, ex 1= 1xe =e.

If an operation * is associative, we will denote by a * b x ¢ (without parentheses)
the product of the three elements a, b and ¢ that can be computed either as
(axb)xcorasax(bxc). More generally, we will denote by e % eg * - -+ x e, the
product of n elements.

EXERCISE 1.20 Show that if * has a unit, this unit is unique. &
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Definition 1.12 A set E together with an associative operation * is a semi-
group. If, moreover, E has a unit e for %, (F,*,e) is said to be a monoid. If
the operation * is commutative, the semi-group (resp. the monoid) is said to be
commutative.

EXAMPLE 1.13 The set IN together with addition + and its unit 0 is a commu-
tative monoid. The set IN together with multiplication x and its unit 1 is also a
commutative monoid.

EXAMPLE 1.14 The set P(FE) equipped with intersection (or union) is a commu-
tative monoid. The set of mappings from E to itself equipped with the compo-
sition of mappings is a non-commutative monoid if £ has at least two elements.
The set of square n X n matrices with real-valued entries in IR is a monoid,
non-commutative if n > 1, for the operation of multiplication of matrices.

A special case of monoids, discussed in more detail in Chapter 11 because of
their importance in computer science, consists of the free monoids.

Definition 1.15 Let A be a finite set called the alphabet, whose elements are
called letters. The free monoid over A, denoted by A*, is the set of strings written
with letters of the alphabet A. A string w is just a finite sequence of letters.

Given a string u, the number of elements of its sequence is called the length of u
and is denoted by |u|. If the string u of length n is the sequence (uy,us, ..., uy), it
is simply denoted by u = ujus - - - u,. For instance, aaba, acebdacebd, a,b, aa and
aaa are strings over the alphabet A = {a, b, ¢, d, e}. The empty string, denoted by
g, is a special string of A* containing no letters (the empty sequence). The oper-
ation of the monoid A* is called concatenation. The concatenation of two strings
U = UU2 * Uy, and v = V1V - - - Uy, IS the string u - v = wiug - - - URVIVY - - - Uy
For instance, aaba - cde = aabacde. The unit for concatenation is of course the
empty string €.

Definition 1.16 A set E equipped with an operation x is a group if it is
a monoid and every element has an inverse, i.e. Ye € FE,3Je’ € E such that
exe’ = e'xe = 1 (where 1 denotes the unit for x). If, moreover, x is commutative,
the group is said to be commutative.

EXAMPLE 1.17 The set Z of integers equipped with the addition operation is a
commutative group. If E and operation * form a monoid then the set of invertible
elements of F is a group. In particular, the set of invertible n X n square matrices
with real-valued entries in IR is a group, non-commutative if n > 1, for the
operation of multiplication of matrices.
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Let T and L be two operations on a set E. T is distributive over L if Va,b,c €
E

Y

aTble)y=(@Tb) L(aTec)
and

(ald)Te=(a@Te)L(bTec).

If the operation T is commutative, either of the above two conditions alone is of
course enough.

ExAMPLE 1.18 In IR, multiplication is distributive over addition. In P(FE),
intersection and union are distributive over each other.

1.4.2 Relations

Definition 1.19 A relation on a set E is a subset R of E x E. To denote that a
pair (e, e’) of E x E is in this subset R, we will use one of the following notations:
(e,e) € R, e R e, R(e,e€).

EXAMPLE 1.20
1. The following sets define relations on £ = IN:

. the set {(n,m) /n < m},
. the set {(n,m)/n <m < 2n},
. the set {(n,m)/n <m and 3k : n? + m? = k?}.

2. For any set A, inclusion is a relation on F = P(A).
1.4.3 Set-theoretic operations on relations
Because a relation is a set, we can easily define:

e the complement R of a relation R; R is the complement of R in E x E:
(e,)ER = (e,¢)¢R,
e the union Rq1 U R5 of two relations R and Ra:
(e,e) ERIURy <= (e,e/) eRyor(ee€)eRy,
e the intersection Rq1 N Rs of two relations Ry and Ro:
(e, ERINRy <= (e,€)€Ry and (e,¢') € Ra .

We can also define three special relations:

e the empty relation, denoted by 0g: Ve,e’ € E, (e, e) & 0g
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e the full relation, denoted by Ilg: Ve,e’ € E, (e, e') € Iy,
e the identity relation, denoted by Idg: Ve,e' € E, (e,e’) € Idp <= e=¢.

Because R1 and R4 are sets, the property
Ve,e' € E, (e,e/)eR1 = (e,€') € Ry

can be expressed by writing R C Ro.
1.4.4 Other operations on relations

Let R be a binary relation on E. The inverse relation, denoted by R, is defined
by
eR e <= € Re.

Let R1 and Ry be two binary relations on E. Their product, denoted by
R1.Ra2, is the relation defined by

e (Rl.Rg) e <« 3Fe":eRie" ande’ Rye€.

This product is associative; its unit is Idg.
Let R be a binary relation. The relation R* is equal to

Idg URU(RR)U(RRR)U -

or ;> R with R? = Idg, R*T! = R.RY, for i > 0. The relation R* is defined
by Rt =,~q R, and hence R* = Idp UR™.
We claim that Vi,j < 0,R**7 = R*.RI. This result will be proved later (see
Exercise 3.5).
EXERCISE 1.21 Let R be a binary relation on E. Show that
(RiUR2) ' =R;'URS.
(RiNR2) ' =R{'NR;.
(R) " =RT.
RiCR: = R;'CR;'.
(R°H ™ =R.
If Idg C R then RT = R*. Is the converse true? &

SOt W

EXERCISE 1.22 Let R be a binary relation on E.

1. Show that

(a) (R1.R2)'=R;'R{',

(b) (R1 U R2>.R = (RlR) U (RQR) ,

(C) R.(R1 U RQ) = (RRl) U (RRQ) .
2. Show that (Ri NR2).R = (R1.R) N (R2.R) does not necessarily hold, but that
(R1 N R2).R ; <R1R) N (RQR) holds. &
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1.4.5 Some properties of binary relations

A relation R is said to be

o left complete if VeeE, de/e€E:eRe,
e right complete if Ve’ e E, Jee E:eRe .

The relation R is said to be

e reflexive if VeeF, eRe,

o irreflexive if Ve,e € FE, eRe =— e#¢€,

e  symmetric if Ve,e € E, eRe = € Re,

e antisymmetric if Ve,e € E, eRe ande’ Re — e=¢€,
e transitive if Ve,e,e!cE, eReande Re’ =— eRe.

EXERCISE 1.23
1. Show that if R is left (resp. right) complete then R is right (resp. left) complete.
2. Show that

(1) Idg € R.R™" if and only if R is left complete ,

(ii) Idg € R™'.R if and only if R is right complete .
3. Show that RNR™* and RUR ™! are symmetric.
4.  Show that if R and R’ are transitive, then R N'R’ is transitive, but R UR’ is not
necessarily transitive.
5. Show that R is transitive.
6. Show that if R is transitive then R = R, and that if R is reflexive and transitive
then R = R*. &

EXERCISE 1.24 Is the relation R defined on IN by n R m if and only if m = n + 1
symmetric? reflexive? transitive? What are the relations R and R*? &

EXERCISE 1.25 Is the relation ‘n R m if and only if n and m have a common divisor
different from 1’ transitive? &

EXERCISE 1.26 Let E be the finite set {e1,...,en}, and let R be a binary relation on
E. We represent R by an n x n matrix, Mg, with entries ranging over {0, 1} as follows:

M s — {1 ifeiRej,
I 0 otherwise.

1. What property of Mz characterizes the fact that the relation R is symmetric?
reflexive? irreflexive? antisymmetric?

2. Assuming My and My are known, how can we compute Mz -1, Mz and Mg r'?7 <
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1.4.6 Equivalence relations

Definition 1.21 An equivalence relation is a reflexive, symmetric and transitive
relation.

EXAMPLE 1.22

(i) The equality on a set E is an equivalence relation, denoted by both = and
Idg (see Section 1.4.3).

(ii) Let n be an integer greater than or equal to 2. The relation on Z: ‘x and
y have the same remainder when divided by n’ is an equivalence relation. It
is denoted by both z = y[n] and = y mod n, and we say that ‘z and y are
congruent modulo n’.

The intersection R NR’ of two equivalence relations is also an equivalence
relation, but the union R U R’ and the product R.R’ need not be equivalence
relations.

Proposition 1.23 If R is an arbitrary relation, (R UR™1)* is an equivalence
relation, and it is the least equivalence relation containing R.

Proof. By definition, (R U R™1)* is reflexive and transitive. Since R UR ™! is
symmetric, (R UR™1)* also is symmetric.

Clearly, (R UR™1)* contains R. Let R’ be an equivalence relation containing
R. Since R’ is symmetric, it also contains R UR !, and since it is reflexive and
transitive, it contains (R UR™1)*. O

EXERCISE 1.27 Show that if R and R’ are two equivalence relations, the least equiva-
lence relation containing R and R’ is (RUR')T. &

Definition 1.24 Let R be an equivalence relation on FE and e be an element of
E. Theset {e’ € E'/e R €'}, denoted by |e|r, is called the equivalence class of e.

Proposition 1.25

1. VYeeFE ,e€ler,

2. Ve, € E,eRe = le]r =€]r,

3. IfleJgN[elr # 0, then [e]gr = [¢/]r -

Proof. The first point is obvious because e R e. To show the second point,
consider e’ € [¢/]r; then ¢/ R €’ and, as e R €/, we also have e R €” and
e’ € [e]r. Hence, [¢'|r C [e]r. Conversely, [e]r C [¢/]g for the same reasons.
Lastly, if ¢” € [e]gr N [¢/|r, then e R €” and €’ R €', and hence e R € and

lelr = [¢']»- 0
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The set {[e]r /e € E} of subsets of E, called the factor set of E by R and
denoted by E/R, is hence a partition of E. Conversely, if A C P(F) is a partition
of E (ie. VE1,E; € AJE1 # By = EiNEy=0andVee E,3E. € A: e € E,),
we can define an equivalence relation R4 by ¢ R4 €' if and only if e and ¢’
are in the same subset of the partition. It is easy to see that this is indeed an
equivalence relation.

EXERCISE 1.28 Let P and P’ be two partitions of a set E. P is said to be a refinement
of PlifVvpe P,3p' e P: pCyp.

Let R and R’ be two equivalence relations on E. Show that R C R’ if and only if
E/R is a refinement of E/R’. &

EXERCISE 1.29 Let F be a set and let F be a set of subsets of F, i.e. F C P(FE). For
x € E, denote by F, the set {X € F/x € X}. Let R be the relation defined on E by

TRy<= F CFy.

1. Show that F is reflexive and transitive.

2. Show that R is antisymmetric if and only if: Vz,y € F, if x # y then there exists
X € F such that | X N{z,y}| = 1.

3. Show that if VX € F, X € F, then R is symmetric.

4. Assuming that the union and the intersection of any family of elements of F are
elements of F, prove the converse of 3. &

1.4.7 Congruences

Definition 1.26 An equivalence relation R on a set endowed with an operation
x is said to be a congruence if it is compatible with the operation %, or, in other
words if

Ve,e',d,d € B, (eRe anddRd) = (exd) R (ex*d).

EXAMPLE 1.27 Let n be an integer greater than or equal to 2. The relation on
Z: ‘x = y[n]’ is a congruence for addition and for multiplication.

If R is a congruence on the set E equipped with the operation %, then the
operation * ‘can be factored through’ R, i.e. the factor set E/R can be endowed
with an operation [*] defined by [e][*][e/] = [e % €/], and this operation [*] is well
defined. (It does not depend on the chosen representatives of the equivalence
classes.) The operation [x] will simply be denoted by *.

Proposition 1.28 Let R be a congruence on a monoid (resp. group) (E,x*).
The factor set E/R equipped with * is a monoid (resp. group).
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ExXAMPLE 1.29 Let n be an integer greater than or equal to 2. The factor of Z
by the relation z = y[n] is denoted by Z/nZ. 1t is a group for addition and a
monoid for multiplication.

EXERCISE 1.30 On the set E = Z x (Z \ {0}) we define the operations + and x by

—~

a,b) + (¢,d) = (ad + be, bd) ,
(a,b) x (¢,d) = (ac,bd) .

1. Show that (E,+) and (E, x) are commutative monoids.

We define on E a relation ~ by: (a,b) ~ (¢,d) <= ad = bc.

2. Show that ~ is an equivalence relation on F and that it is a congruence for +
and X.

3. Show that (E/ ~,[+]) is a group, show that [x] is distributive over [+] and char-
acterize the elements of F/ ~ having an inverse for [x].

Note: (E/ ~,[+],[X]) is just the field @ of rational numbers. &



