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2. Constructing (o-)rings and (o-)algebras

In this section we outline three methods of constructing (o-)rings and
(o-)algebras. It turns out that one can devise some general procedures, which
work for all the types of set collections considered, so it will be natural to begin
with some very general considerations.

DEFINITION. Suppose one has a type © of set collections. In other words, for
any set X, one defines what it means for a collection € C P(X) to be of type ©. The
type O is said to be consistent, if for every set X, one has the following conditions:

e the collection P(X), of all subsets of X, is of type ©;
e if C;, i € I are collections of type @, then the intersection ()
of type ©.

ier Ci is again

ExXAMPLES 2.1. The following types are consistent:

The type R of rings;

The type A of algebras;

The type S of o-rings;

The type X of o-algebras;

The type M of monotone classes.

The reason for the consistency is simply the fact that each of these types is defined
by means of set operations.

DEFINITION. Let © be a consistent type, let X be a set, and let € C P(X) be
an arbitrary collection of sets. Define

Fo(€,X) = {G CP(X): €DE, and Cis of type © on X}.

Notice that the family Fg (€, X) is non-empty, since it contains at leas the collection
P(X). The collection
exE)= () e
eeFo(E,X)
is of type ® on X, and is called the type © class generated by E. When there is no
danger of confusion, the ambient set X will be ommitted.

COMMENT. In the above setting, the class @(&) is the smallest collection of
type ©® on X, which contains €. In other words, if € is a collection of type ® on X,
with € D &, then € D ©(E&). This follows immediately from the fact that € belongs
to 3:@ (8, X)

EXAMPLES 2.2. Let X be a (non-empty) set, and let € be an arbitrary collection
of subsets of X. According to the previous list of consistent types R, A, S, X, and
M, one can construct the following collections.

(i) R(&), the ring generated by &; this is the smallest ring that contains &.
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(il) A(E), the algebra generated by &; this is the smallest algebra that contains
E.

(iii) S(&), the o-ring generated by &; this is the smallest o-ring that contains

&.
(iv) X(€), the o-algebra generated by &; this is the smallest o-algebra that
contains &.

(v) M(€), the monotone class generated by E; this is the smallest monotone
class that contains €.

COMMENT. Assume O is a consistent type. Suppose € is an arbitrary collection

of subsets of some fixed non-empty set X. There are instances when we would like

to decide whether a class € D € coincides with ®(&). The following is a useful test:

(i) check that € is of type ©;
(ii) check the inclusion € C ©(€).

By (i) we must have € D ©(€), so by (ii) we will indeed hav equality.

A simple illustration of the above technique allows one to describe the ring and
the algebra generated by a collection of sets.

PROPOSITION 2.1. Let X be a non-empty set, and let € be an arbitrary collec-
tion of subsets of X.

A. For a set A C X, the following are equivalent:

(i) A€ R(E);
(ii) There exist sets Ay, Aa, ..., Ay, such that A = Ay ANAA ... ANA,,, and each
Ar, k=1,...,n is a finite intersection of sets in E.

B. The algebra generated by & is
AE)=R(&)U {X NA:Ae R(E)} =R(EU {X})
PrOOF. A. Define R to be the class of all subsets A C X, which satisfy property
(ii), so that what we have to prove is the equality
R =R(E).

It is clear that € C R. Since every finite intersection of sets in € belongs to R(€),
and the latter is a ring, it follows that R C R(&). So in order to prove the desired
equality, all we have to do is to prove that R is a ring. But this is pretty clear, if
we think A as the sum operation, and N as the product operation. More explicitly,
let us take II(€) to be the collection of all finite intersections of sets in &, so that

(1) ANBell(f), VA B eII(€).

Now if we start with two sets A, B € R, written as A = A1A...AA,, and B =
BiA...ABy, with Ay,..., Ay, By, ..., B, € II(€), then the equality

ANB=[(AiNB)A...A(Ayn N B)|A[(A1NBa)A ... A(An N Bo)|A L.
LA[(AINBR)A L A(An N By,
combined with (1) proves that AN B € R, while the equality
AAB = A1 ANALABLA L AB,

proves that AAB also belongs to R.
B. Define

A=R(E)U{XA: AR}
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Since we clearly have &€ C A C A(€), all we need to prove is the fact that A is an
algebra. It is clear that, whenever A € A, it follows that X \ A € A. Therefore
(see Section III.1), we only need to show that

A BeA=AUBecA.
There are four cases to examine: (i) 4, B € R(€); (ii) A € R(€) and X\ B € R(¢);
(iii) X NAeR(E) and Be R(E); (iv) X N A€ R(€) and X ~\ B e R(E).
Case (i) is clear, since it will force AU B € R(€).
In case (ii), we use

XN(AUB)=(X~NA)N(X~B)=(X~B)\A,
which proves that X \ (AU B) € R(€).
Case (iii) is proven exactly as case (ii).
In case (iv) we use
XN(AUB)=(X~NA)N(X \B),
which proves that X \ (AU B) € R(€).
The equality A(€) = R(&U{X}) is trivial. O

CoMMENT. Unfortunately, for o-rings and o-algebras, no easy constructive
description is avaialable. There is an analogue of Proposition 2.1 uses transfinite
induction. In order to formulate such a statement, we introduce the following
notations. For every collection € of subsets of X, we define

e ={J(Au~Bn) : A BaeCU{L}, Vn 21},
n=1

Notice that
(2) Cu{w} cC* cs(e).
THEOREM 2.1. Let X be a non-empty set, and let € be an arbitrary collection
of subsets of X. For every ordinal number n define the set
P, = {a : « ordinal number with o < n}.

Let Q denote the smallest uncountable ordinal number, and define the classes €,
a € Pq recursively by €9 = &, and

€a=(J &)", Yae Py~ {0}
BEPa
Then the o-ring generated by & is

sE) = J €a

acPq
PROOF. Denote the union (J,cp, €a simply by U. It is obvious that & C U.
Let us prove that U C S(€). We do this by showing that £, C S(€), Va € Pq.
We use transfinite induction. The case o = 0 is clear. Assume o € Py has the

property that € C S(€), for all § € P,, and let us show that we also have the
inclusion €, C S(&). On the one hand, if we take the class

e=J ¢

BEPo
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then &, = C*. On the other hand, by the inductive hypothesis, we have € C S(&),
which clearly forces S(€) C S(€). Then the desired inclusion follows from (2)

In order to finish the proof, we only need to prove that U is a o-ring. It suffices
to prove the equality U* = U, which in turn is equivalent to the inclusion U* C U.
Start with some U € U*, written as

o0
U= []J(4n\ By),
n=1
for two sequences (A4,)22 ; and (B,)22; in U. For each n > 1 choose a,,, 3, € Paq,
such that A, € &,, and B € €g,. Form then the countable set

Z =A{a, : neN}U{B, : ne N} C Py.

Then we clearly have

ve(lJe)"

vEZ
Since Z is countable, there is a strict upper bound for Z in Pq, i.e. there exists
v € Pq, such that a,, <y and 3, <, Vn > 1. In other words we have Z C P,, so

ve(lJ &) =¢,,

veP,
so U indeed belongs to U. O

COROLLARY 2.1. Given a non-empty set X, and an arbitrary collection € of
subsets of X, with card & > 2, one has the inequality

card S(€) < (card E)NO.

PRrOOF. Using the notations from the proof of the above theorem, we will first
prove, by transfinite induction, that

(3) card &, < (card E)NO, Va € Pq.
The case @ = 0 is clear. Assume now we have a € P ~\ {0}, such that

card€g < (cardS)No, V3 e P,,

and let us prove that we also have the inequality card €, < (Card c",)NO. If we take
c=U seP, €3, we know that € is a countable union of sets, each having cardinality

< (card E)NO, so we immediately get

card € < R - (card €)™ = (card €)™,

Then the collection
D()={A~B: A BeC}

has cardinality at most (card 6)2, so we also have
card D(€) < (card E)NO.
Finally, the collection €, = C* has cardinality at most (card D(G))NO, so we get

card &, < [(card E)NO]NO = (Card E)NO.
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Having proven (3), we now have

card S(€) = card( U Ea) < (Card PQ) . (card E)NO =N - (card E)NO.

o€ Pq
Since Xy < ¢ = 280 < (card E)NO, the above estimate gives
card S(€&) < [(card &)™) = (card €)™. O

COMMENT. Suppose O is a consistent type. There is a very useful technique
for proving results on classes of the form @(&). More explicitly, suppose € is an
arbitrary collection of subsets of X, and (P) is a certain property which refers to
subsets of X. Suppose now we want to prove a statement like:

(x) Every set A € ©(&) has property (P).
In order to prove such a statement, one defines

U= {A€©O(&) : Ahas property (P)},

and it suffices to prove that:

(i) U is of type O;

(ii) U D &, i.e. every set A € € has property (P).
Indeed, if we prove the above two facts, that would force U D ©(&), and since by
construction we have U D ©(&), we will in fact get U = O(E), thus proving ().

As a first illustration of the above technique, we prove the following.

PROPOSITION 2.2. Let X be a non-empty set, and let R be a ring on X. Then

the o-ring generated by R is the same as the monotone class generated by R, that
is, one has the equality

PRrROOF. Since S(R) is a monotone class, and contains R, we have the inclusion
S(R) D M(R).

To prove the other inclusion, using the fact that M(R) contains R, it suffices
to show that M(R) and is a o-ring. Since M(R) is already a monotone class, we
only need to show that it is a ring. In other words, we need to show that whenever
A, B € M(R), it follows that both A~ B and AU B belong to M(R). Define then,
for every A € M(R) the set

My={BeM(R): ANB, ANB, BN AcM(R)},
so that what we need to prove is:
() Ma=M(A), VA € M(R).
Before we proceed with the proof of (), let us first remark that, for A, B € M(R),
one has
(4) BeMy<—= AecMg.

Secondly, we have the following
Claim 1: For every A € M(R), the collection M4 is a monotone class.

To prove this, we start with a monotone sequence (B,)S2; in My, and we prove
that the limit B = lim,,_,, B, again belongs to M 4. First of all, clearly B belongs
to M(R). Second, since the sequences (AN B,)% 1, (AN By)32, and (B, N~ A)22
are all monotone sequences in M(R), and since M (R) is a monotone class, it follows
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that the limits AN B = lim,, (AN B,), A~ Blim,,_.(A\ B,), and B\ A =
lim,, (B, ~ A) all belong to M(R), so B indeed belongs to M 4.
Having proven Claim 1, we now prove (*) in a particular case:
Claim 2: M4 =M(R), VA € R.
Fix A € R. We know that M4 C M(R) is a monotone class, so it suffices to prove
that M4 D R. But this is obvious, since R is a ring.
We now proceed with the proof of (x) in the general case. If we define

U={AeM@®) : M4 = M(R)},

all we need to prove is the equality U = M(R). By Claim 2, we know that U D R, so
it suffices to prove that U is a monotone class. Start then with a monotone sequence
(A,)52, and let us show that the limit A = lim,,_, o, A, again belongs to U. First
of all, A belongs to M(R). What we then have to prove is that M4 = M(R). Start
with some arbitrary B € M(R). We know that B € M4, Vn > 1. Using (4)
we have A,, € Mp, Vn > 1, and using the fact that Mp is a monotone class (see
Claim 1), it follows that A = lim, . A, belongs to M4. Using (4) again, this
gives B € My4. This way we have proven that any B € M(R) also belongs to My,
so we indeed have the equality M4 = M(R). O

COROLLARY 2.2. Let X be a non-empty set, and let € be an arbitrary family
of subsets of X. Then the o-ring, and the o-algebra generated by € respectively, are
given as the monotone classes generated by the ring, and by the algebra generated
by € respectively. That is, one has the equalities:

(i) (&) = M(R(€));
(i) 2(€) = M(A(€)).
ProoF. (i). By the above result, since R(€) is a ring, we have
(5) M(R(€)) = S(R(E)).
Since S(R(€)) is a o-ring, and contains &, it follows that
S(R(€)) D S(8).
Conversely, since S(&) is a ring, and contains &, we get the inclusion
S(€) D R(&),
and since S(€) is a o-ring, we will now get
S(€) > S(R(E)),

so we get
S(R(€)) = S(&).

Using (5), the desired equality follows.
(ii). This follows from Proposition 2.1 and part (i) applied to EU{X}, combined
with the obvious equality 3(€) = S(€ U {X}). O

The o-ring and the o-algebra, generated by an arbitrary collection of sets, are
related by means of the following result.
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PROPOSITION 2.3. Let X be a non-empty set, and let € be an arbitrary collec-
tion of subsets of X. Define the collection

PE(X) = {AC X : there exists (E,)22; C &, with A C U E,}.
n=1
(i) PE(X) is a o-ring on X;
(ii) the o-ring S(€) and the o-algebra 3(E), generated by &, satsify the equality
S(&) = 2(&) N PE(X).

PROOF. Part (i) is trivial.
To prove part (ii), we first observe that the intersection 3(€) N PE(X) is a
o-ring, which obviously contains £, so we immediately get the inclusion

S(&) C B(&) N PE(X).
The key ingredient in proving the inclusion “D” is contained in the following.
Claim: Given a set E € €, the collection

Ap(X)={ACX : ANE€S(&)}
is a o-algebra on X.

To prove this we need to check:

(a) if A belongs to Ap(X), then X \ A also belongs to Ap(X);
(b) whenever (A,)%2, is a sequence of sets in Ag(X), it follows that the union
U2, A, also belongs to Ag(X).

To check (a) we simply remark that, since both E and A N E belong to S(€), it
follows immediately that (X ~ A)NE = E~ (AN E), also belongs to S(&), which
means that X \ A indeed belongs to Ag(X).

Property (b) is clear. Since the fact that A, N E belongs to S(€), for all n,
immediately gives the fact that ({U,—; A,) N E = J;~ (A, N E) belongs to S(&),
which means precisely that (J -, A,, belongs to Ag.

Having proven the Claim, we now proceed with the proof of the inclusion
S(€) D B(&) NPE(X). Start with some set A € B(€) NPE(X), and we will show
that A belongs to S(&). First of all, there exists a sequence (E,)52; C &, such that

(6) Ac | En
n=1
Using the Claim, we know that for each n € N, the collection Ag, is a o-algebra.
This o-algebra clearly contains &, so we have
(&) CAg,, VnelN

In particular, we get the fact that A € Ag, , which means that A N E,, belongs to
S(€, for all n € N. But then the inclusion (6) forces the equality

n?

A= JANE,),
n=1
which then gives the fact that A indeed belongs to S(&). O

The above result motivates the following.
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DEFINITION. A collection € of subsets of X is said to be o-total in X, if
X € PE(X), i.e. there exists some sequence (E,)%%, C & with (J;—, B, = X. By
the above result, this is equivalent to the fact that X belongs to the o-ring S(€)
generated by &, which in turn is equivalent to the equality 3(&) = S(€).

We discuss now two more methods of constructing (o-)rings, (o-)algebras, or
monotone classes.
NOTATIONS. Let f: X — Y be a function, and let £ C P(X) and § C P(Y)
be two arbitrary collections of sets. We define
f&={AePY): YA e &} C P(Y);
frg= {f_l(G) : Ge§} CPX).
DEFINITIONS. Let ® be a type of set collections. We say that © is natural, if
for any map f: X — Y, one has the implications

(i) C of type ® on X = f.C of type ® on Y;
(ii) D of type ® on Y = f*D of type © on X.

ExampLES 2.3. The types R, A, S, 3, and M are natural.
The term “natural” is justified by the following.

FEzercise 1. Let X Ty 2z be maps.

(i) Prove that, for any collection € C P(X), one has the equality g.(f«C) =

(gof)C.
(ii) Prove that, for any collection D C P(Y'), one has the equality f*(¢*D) =

(go f)D.
THEOREM 2.2 (Generating Theorem). Suppose © is a consistent class type,
which is natural. Let X and Y be non-empty sets, and let f : X — Y be a map.
For any collection § C P(Y'), one has the equality

[re(9) = e(f79).

PROOF. On the one hand, by naturality, we know that f*®(9) is of type ©.
On the other hand, it is pretty clear that, since ®(G) D G, we also have the inclusion
f*O(9) D f*9). Since O is consistent, it then follows that we have the inclusion
[70(9) > 6(f9).
To prove the other inclusion, we consider the class
€= f.[0(f°9)] C P(Y).

By naturality, it follows that € is of type ® on Y. For any G € G, the obvious
relation

fHG) e fr§cO(f*9)
proves that G € €. This means that we have the inclusion € D G, and since C is of
class ©, it follows that we have the inclusion

©(9) cc.

This means that, for every A € ©(§), we have f~1(A) € O(f*G), which means
precisely that we have the desired inclusion

() ce(f79). O
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EXAMPLE 2.4. Let © be a consistent class type, which is both covariant and
contravariant. Let Y be some set, and let € be a collection of type ® on Y. Given
a subset X C Y, we consider the inclusion map ¢ : X < Y. The collection +*C is
then of type ® on X. It will be denoted by G‘X. Since 1 1A= ANX,VA e PY),
we have

€, ={AnX : Acc}.
If £ C P(Y) is a collection with € = ©(&), then by the Generating Theorem we
have the equality

(7) 0E)|,=0({EnX : Ecé&}).

COMMENT. The exercise below shows that a “forward” version of the Gener-
ating Theorem does not hold in general. In other words, an equality of the type
£+O(9) = O(f.9) may fail. The reason is the fact that the collection f.G may be
relatively “small.”

Ezercise 2. Consider the sets X = {1,2,3}, Y = {1, 2}, the function f : X —
Y, defined by f(1) = f(2) = 1, f(3) = 2, and the collection € = {{1},{2},2}.
Describe the collection f,.C, the algebra A(C) generated by € (on X), and the
algebra A(f.C) generated by f.C (on Y). Prove that one has a strict inclusion
A(£.€) C [.A(C).

Ezercise 3. Let ©® be a consistent natural type, let f : X — Y be a surjective
map, and let G be a collection of subsets of X. Assume one has the inclusion

(8) S C fO(f.9).
Prove that one has the equality
f+0(§) = 6(f.9).

(One instance when (8) holds is for example when f~!(f(G)) =G, VG € §.)

Exercise 4*. Let © be one of the types A, R, S, X, or M. Let f : X - Y
be an injective map, and let G C P(X) be some arbitrary collection. Prove the
equality

f+0(8) = ©(f.9).

Natural consistent types are useful, because it is possible to construct product
structures.

DEFINITION. Let ©® be a consistent type which is natural. Let (X;);cr be a
collection of non-empty sets. Assume that, for each ¢ € I, a collection &; C P(X;)
of type O is given. Consider the product cartesian product X = [[._; X;, together
with the projection maps m; : X — X, ¢ € I. The collection

0-X¢& = @(Uﬁ&)

icl iel

i€l

is a collection of type ® on X, which is called the ®-product. When there is no
danger of confusion, we use the notation X

REMARK 2.1. Use the notations from the above definition. Assume that, for
each i € I, a collection §; C P(X;) is given. Then one has the equality

X o) = @(U wfsi).

i€l icl



154 LECTURE 19

Indeed, if we define €; = ©(G;), the inclusion D follows from the obvious inclusions
XEi Dﬂ':‘(o,i D?T;Si.
iel

The inclusion C, follows from the inclusions

7 9 C@(Uﬂ;—“&),

iel
which combined with the fact that the right hand side is of type ©, and the Gen-
erating Theorem, give the inclusions

T8 = O(S;) = O(rrS;) C @< U @92-).
i€l
Natural consistent types also allow one to define disjoint union structures.
DEFINITIONS. Let (X;);er be a collection of non-empty sets. Assume that, for
each i € I, a collection €; C P(X;) is given. On the disjoint union X = | |,.; X;
one defines the collection
Ve={CcX:CnX;e¢, Viel}.
icl
Assume now O is a natural consistent, and C; is of type ® on X, for each i € I. If
we consider the inclusion maps ¢; : X; — X, ¢ € I, then one clearly has the equality

\/ Ci = ﬂ €+Ci,
i€l i€l
which means that \/,;
Ezercise 5. Let I be countable, and let (X;);c; be a collection of non-empty
sets. Assume that, for each ¢ € I, a collection €; C P(X;) is given, such that
@ € C;. Prove the equalities

\V/s@)=s(\/€e)and \/=(C)=%(\/¢).

i€l iel iel iel

@, is a collection of type ® on X.

We conclude with a discussion on certain constructions related to topology.

DEFINITIONS. Let X be a topological Hausdorff space. We consider the collec-
tion T of all open sets in X. The o-algebra 3(T) on X, generated by T is denoted
by Bor(X). The sets in Bor(X) are called Borel sets.

Remark that singleton sets are Borel, since they are closed. Moreover

e cvery countable set B C X is Borel.

One also defines the g-algebra Bor.(X) = X(Cx) generated by the class Cx of
all compact subsets of X.

Another class of sets will also be of interest. Its construction uses the following
terminology.

A subset A C X is said to be o-compact, if there exists a sequence (K,,)5; of
compact subsets of X, such that A = J;2 | K,,. A set B C X is said to be relatively
o-compact, if there exists a o-compact set A with B C A. We set

Poe(X) = {B € P(X) : B relatively o-compact },

and we define
Bory.(X) = Bor(X) N P,.(X).
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PROPOSITION 2.4. Let X be a topological Hausdorff space.
(i) Poe(X) is a o-ring on X;
(ii) the o-ring Bory,.(X) coincides with the o-ring S(Cx) generated by the
collection Cx of all compact subsets of X.

ProOF. Using the notations from Proposition 2.3, we have P,.(X) = PSx (X),
so part (i) is a consequence of Proposition 2.3.(i). By Proposition 2.3.(ii) we also
know that

S(Cx) =3X(Cx)NPye(X) = Bore(X) NPye(X),
and since Bor.(X) C Bor(X), we have the inclusion
S(Cx) C Borye(X).
To prove the other inclusion, all we need to show is the inclusion

Borg.(X) C Bore(X).

Start with some arbitrary set B € Bory.(X), and let us prove that prove that
B € Bor.(X). Since B is relatively o-compact, there exists a sequence (K,)52 4
of compact sets, such that B C |J,—; K,. Define, for each integer n > 1, the set
B, = BN K,. Since B =J,. | By, It suffices to show that

(9) B, € Bor.(X), VneN.

Fix n, and let us analyze the inclusion ¢, : K,, — X. Denote by T the collection of
all open sets in X, and denote by Tk, the collection of all sets D C K,,, which are
open in the induced topology, that is,

Tk, ={DNK, : DeT}.

By the Generating Theorem (Example 2.4), we know that

Bor(X)|, =%(T)|; =2k, ({DNK, : DeT}) =32, (Tk,) = Bor(K,).
(Here the notation ¥k, indicates that the o-algebra is taken on K,.) In particular,
we get
(10) B,=BNK, 6B0r(X)|K = Bor(K,), VneN.
Since K, is compact, the o-ring S(Ck,, ), generated by all compact subsets of K, is
a o-algebra on K, (simply because it contains K,,.) Notice that every set D € T,

is of the form K, \ F, with ' C K, compact (in X), therefore D belongs to
S(Ck, ). Since S(Cx) is a o-algebra, which contains Tk, we have

Bor(K,) = XK, (‘J'Kn) - S(GKn) C S(Cx) C Bor.(X), VneN.
Now (9) immediately follows from the above inclusions, combined with (10). O

REMARK 2.2. For a topological Hausdorff space, we always have the inclusions
Bory.(X) C Bor.(X) C Bor(X).
The following are equivalent
(i) Borg.(X) = Bor(X);
(ii) X is o-compact.
The following result exaplains when a minimal set of generators can be chosen
for the Borel sets.
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PRrOPOSITION 2.5. Let X be a topological space which is second countable, i.e.
there is a countable base for the topology. If 8 is any sub-base for the topology
(countable or not), then

Bor(X) = X(8).

PRrROOF. Denote by T the collection of all open sets in X. Denote by V the
collection of all subsets of X, which can be written as finite intersections of sets in
8. It is obvious that 8§ C V C X(8), so we have the equality 3(8) = X(V). This
means that it suffices to prove the equality
(11) 3(T) =32(V).

Notice that V is a base for the topology, which means that every open subset D C X
can be written as a union of sets in V. What we want to prove is
Claim: Fvery open set D C X is a countable union of sets in V.
To prove this fact, we fix an open set D C X, as well as a countable base B =
{Bn}5e, for the topology. For every x € D we define the set
M, ={n € N : there exists V €V, such that x € B, CV C D}.

It is pretty clear that M, # &, Vo € D. (First use the fact that V is a base, to
find V € V such that x € V C D, and then use the fact that B is a base to find n
such that z € B, C V.) If we put M = (J,., M, then it is pretty obvious that
UneM B,, = D. For every n € M we choose some V,, € V with B,, C V,, C D (use
the fact that n must belong to some M,). It is then clear that D = J,,c); Vi, and
the claim follows.

As a consequence of the Claim, we see that any open set D C X automatically
belongs to X(V), and then we have the inclusion 7 C 3(V) C X(T). This clearly
forces the equality (11). O

COROLLARY 2.3. Let I be a set which is at most countable, and let (X;);cr be
a collection of second countable topological spaces. Then one has the equality

(12) Bor(] ] Xi) = 2-X Bor(Xy),
i€l iel
where the product space [[;.; X; is equipped with the product topology.

PROOF. By the definition of the product o-algebra, we know that
»-X Bor(X;) = 2( U W;Bor(Xj)>,
iel jeI

where 7; : Hiel — X, j € I, denote the projection maps. Choose, for each j € I,
a countable sub-base §; for X, so that we have the equalities

Bor(X;) =3%(8;), Vjel.
By Remark 2.1 we have the equality

X Bor(X;) = 2( U ﬂj8j>,

i€l jeI

where 7; : [[,c; — Xj, j € I, denote the projection maps. Since the collection

U,er 7 8i is a countable sub-base for the product topology, the above equality,
combined with Proposition 2.5 immediately gives (12). O
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Ezercise 6. A. Prove that, if X is second countable, and § is a sub-base for its
topology (countable or not), with Jg.g S = X, then we have in fact the equality

Bor(X) = S(8).
B. Prove that, if X is Hausdorff, second countable, with card X > 2, then for any
sub-base 8 (countable or not), we have the equality

Bor(X) = S(8).

HinTs: Follow the proof above. Remark that every open set D C X, which is a countable union
of sets in 'V, belongs in fact to the o-ring S(V) = S(8). So in either case, we only have to show
that X is a countable union of sets in V.

In case A, we trace the proof of the Claim, and we notice that the only property that we
used was the fact that, for every z € D, there exists V € V with x € V C D, i.e. D is a (possibly
uncountable) union of sets in V. Since X itself satisfies this property, it follows that X is also a
countable union of sets in V.

In case B, we use the Hausdorff property to write X = Dy U D2, with D1, D2 C X open.
COROLLARY 2.4. If X is a topological Hausdorff space, which is second count-
able, and X is infinite (as a set), then card Bor(X) = c.

PROOF. First of all, since X is infinite, one can chose an infinite countable
subset A C X. Then A, and all its subsets are Borel, i.e. we have the inclusion
P(A) C Bor(X), thus proving the inequality

card Bor(X) > card P(A) = 2% = ¢.
Secondly, one can choose a base V for the topology, which is countable. We now
have Bor(X) =S(VU{X}), so by Corollary 2.1. we get
card Bor(X) < card(V U {X})NO < NN = ¢,
and the desired equality follows. (]

EXAMPLES 2.5. A. Consider the extended real line [—o0, 00] = RU {—00, o0},
thought as a compact space, homeomorphic to the interval [—7 /2, 7/2], via the map
fi[-m/2,7/2] = [—00,00], defined by

—o0 ift=-m/2
f@) =< tant if —7w/2<t<7/2
oo ift=mn/2

Notice that, when restricted to R = (—o00, 00), this topology agrees with the usual
topology. In particular, this gives the equality Bor([—oo, oo])|]R = Bor(R).
Let A C R be a dense subset. Consider the collections

81:{(%00} ZCLGA}é 822{[61,00] :LLEA};
& = {[-00,a) : a € A}; & ={[-o0,a] : a€ A}.
With these notations we have the equalities
Bor([-00,00]) = X(&1) = B(&2) = B(&3) = X(E4).

First of all, we notice that each set in &, U €5 U €3 U &4 is either open or closed,
which means that

&1 U&EUE3UE, C Bor([—oo,x)]),
thus giving the inclusions

¥(Ek) C Bor([—o0,0)), Yk e {1,2,3,4}.
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Second, we observe that £; U €3 is a sub-base for the topology, and since [—o0, 0o

is obviously second countable, we will have the equality
Bor([—o0,00]) = 3(&1 U E3).

So, in order to finish the proof we only need to show the inclusions

(13) E1U&3 C (&), VEke{l1,2,3,4}.

Since every set in €5 has its complement in €3, and viceversa, we have the inclusions
€y C X(&3) and &5 C X(&9),

which prove the equality

(14) 5(€5) = B(Es).
Likewise, we have the equality
(15) 3(€1) = X(&4).

This means that we only have to prove (13) for k = 2 and k = 4. The case k = 2
amounts to proving that &, C X(&€s). Fix some a € A. For every integer n > 1 we
choose a,, € (a,a+ %) N A. Then the equality
(a,00] = U [an, o0]
n=1
clearly shows that (a,o0] € X(E€2).
The case k = 4 amounts to proving that €3 C X(€4). Fix some a € A. For
every integer n > 1 we choose a,, € (a — 1,a) N A. Then the equality
[7007 a) - U [*OO,CLn]
n=1
clearly shows that [—o00,a) € X(&4).
B. If we work on R, and we consider the collections

EN={ENR: E€cé&}, k=123/4,
then by the Generating Theorem (Example 2.4) we have the equalities
Bor(R) = 2(€) =S(&Y), k=1,2,3,4.

(The fact that the o-algebra £(€?) and the o-ring S(€Y) coincide is a consequence
of the fact that &9 is o-total in R.)

C. Let X be a separable metric space. Let A C X be a dense set, and let
R C (0,00) be a subset with inf R = 0. Then the collection

Sar= {'Br(a) :r€R, ac A}

is clearly a base for the metric topology. Since X is separable, one can choose both
A and R to be countable, which proves that X is automatically second countable.
Then for any choice of A and R, we will have the equality

(16)  Bor(X)=%({B,(a) : r€ R,ac A}) =S({B,(a) : r € R, a € A}).

(The equality between the generated c-algebra and o-ring follows from Exercise
1.A.) As particular cases when the equality (16) holds, one has the metric spaces
which are o-compact.
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Ezercise 7% Let I be an uncountable set, and let (X;);c; be a collection of
topological spaces. Assume that for each ¢ € I, there esists at leas one non-empty
closed subset F; € X,;. (This is the case for example when X; is Hausdorff, and
card X; > 2.) Prove that one has a strict inclusion

Bor(][ Xi) 2 =-X Bor(X,).
el iel
HINT: For every subset J C I, define the projection map m; : HiEI X; — HieJXi' Consider
the collection

A= {A C H X; : there exists J C I countable, such that A = 7r;1 (7rJ(A)) }
iel
Prove that AU {@} is a o-algebra, which contains J;¢;
inclusion Bor([];c; Xi) 2 AU{@}, by contsructing a non-empty closed set F' C []
does not belong to A.

¥ Bor(X;). Prove that one has a strict

se1 Xi, which



