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Limsups, Liminfs and Extended Limits

Notation 1.1 The extended real numbers is the set R := RU{+o0}, i.e. it
is R with two new points called oo and —oo. We use the following conventions,
+00:-0=0, £o0-a = Fo0 if a € R with a > 0, +00-a = Foo if a € R with
a<0,oo+a==x0 for any a € R, co + o0 = 00 and —o0o — o0 = —o0 while
o0 — 00 is not defined. A sequence a, € R is said to converge to 0o (—oo) if for
all M € R there ezists m € N such that ap, > M (a, < M) for all n > m.

Lemma 1.2. Suppose {a,},—, and {b,},. | are convergent sequences in R,
then:

1. If a, < by, meI a.a. n then lim,,_, oo a, < lim,,_, oo bn.
2. If c € R, limy, o0 (cap) = climy, o0 ay.
3. If {an, + b, },— | is convergent and

lim (a, +b,)= lim a, + lim b, (1.1)

n—oo n—oo n—oo

provided the right side is not of the form oo — co.
4. {anby },2, is convergent and

lim (apb,) = lim a, - lim b, (1.2)

provided the right hand side is not of the for £00-0 of 0 (£00).

Before going to the proof consider the simple example where a,, = n and
b, = —an with a > 0. Then

o ifa<l1
lim (ay, + by) = 0 fa=1
—ocoifa>1
while
lim a, + lim b,“="00 — o0.

n—oo n—oo

This shows that the requirement that the right side of Eq. (1.1)) is not of form
00— o0 is necessary in Lemma[l.2] Similarly by considering the examples a,, = n

! Here we use “a.a. n” as an abreviation for almost all n. So an < b, a.a. n iff there
exists N < oo such that a, < b, for all n > N.

and b, = n~% with a > 0 shows the necessity for assuming right hand side of
Eq. is not of the form oo - 0.

Proof. The proofs of items 1. and 2. are left to the reader.
Proof of Eq. . Let a :=lim, .« a, and b = lim,,_. o, b,. Case 1., suppose
b = oo in which case we must assume a > —oo. In this case, for every M > 0,
there exists NV such that b, > M and a,, > a — 1 for all n > N and this implies

ap +by, > M+a—1foralln > N.

Since M is arbitrary it follows that a, + b, — 0o as n — oco. The cases where
b = —oo or a = £oo are handled similarly. Case 2. If a,b € R, then for every
€ > 0 there exists N € N such that

la —ap| <eand |b—1b,| <eforalln>N.
Therefore,
la+b—(an+bn)|=|a—an+b—by| <|a—ay|+1|b—0,| <2

for all n > N. Since n is arbitrary, it follows that lim,, . (@, + b,) = a + .

Proof of Eq. (|1.2)). It will be left to the reader to prove the case where lim a,,
and lim b,, exist in R. I will only consider the case where a = lim,, o, a, # 0
and lim,_, . b, = oo here. Let us also suppose that a > 0 (the case a < 0 is
handled similarly) and let o := min (%, 1) . Given any M < oo, there exists
N € N such that a,, > o and b, > M for all n > N and for this choice of N,
anby > Ma for all n > N. Since o > 0 is fixed and M is arbitrary it follows
that lim, o (anby) = 0o as desired. [

For any subset A C R, let sup A and inf A denote the least upper bound and
greatest lower bound of A respectively. The convention being that sup A = oo
if oo € A or A is not bounded from above and inf A = —o0 if —co € A or Ais
not bounded from below. We will also use the conventions that sup ) = —co
and inf ) = +oo.

Notation 1.3 Suppose that {x,}.., C R is a sequence of numbers. Then

liminf z, = lim inf{zy : k > n} and (1.3)
limsup x,, = lim sup{xy : k > n}. (1.4)

We will also write lim for liminf, ., and lim for limsup,, .
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Remark 1.4. Notice that if ay := inf{zy : £k > n} and by := sup{z; : k >
n}, then {ax} is an increasing sequence while {b;} is a decreasing sequence.
Therefore the limits in Eq. (1.3) and Eq. (1.4) always exist in R and
liminf x,, = supinf{zy : £ > n} and
n—oo n
limsup z,, = inf sup{zy, : k > n}.
n

n—o0

The following proposition contains some basic properties of liminfs and lim-
sups.

Proposition 1.5. Let {a,,}22; and {b,}32, be two sequences of real numbers.
Then

1. liminf, o an <limsup,,_, . an and lim, .o a,, exists in R iff

liminf a,, = limsupa,, € R.
n—oo n— o0
2. There is a subsequence {an, }32, of {an}S2, such that limg .o apn, =
limsup,, . an. Similarly, there is a subsequence {an, }32, of {an}32, such
that limy_, o0 Gy, = liminf, . ay,.
3.
lim sup(a,, + b,) < limsup a,, + limsup by, (1.5)

n— oo n—oo n—00

whenever the right side of this equation is not of the form oo — co.
4. If ap, >0 and b, > 0 for all n € N, then

lim sup(anby,) < limsup a,, - lim sup by, (1.6)

provided the right hand side of @ is not of the form 0 - oo or oo - 0.

Proof. Item 1. will be proved here leaving the remaining items as an exercise
to the reader. Since

inf{ay : k > n} <sup{ap: k >n} Vn,
liminf a,, < limsup a,.
n— 00 n—00

Now suppose that lim inf,,_,~ a, = limsup,,_, ., a, = a € R. Then for all € > 0,
there is an integer N such that

a—ce<inf{ag: k> N} <supfar : k> N} <a+e,
i.e.

a—e<ap<a+eforall k> N.
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Hence by the definition of the limit, limg .o ax = a. If liminf,, . a, = oo,
then we know for all M € (0,00) there is an integer N such that

M <inf{ay : k> N}

and hence lim,,_, a,, = co. The case where limsup,,_, ., a, = —oo is handled
similarly.

Conversely, suppose that lim, .., a, = A € R exists. If A € R, then for
every € > 0 there exists N(¢) € N such that |A — a,| < ¢ for all n > N(e), i.e.

A—ce<a, <A+e¢eforalln> N(e).
From this we learn that

A — e <liminfa, <limsupa, < A+e¢.

n—0o0 n— oo

Since € > 0 is arbitrary, it follows that

A <liminfa, <limsupa, < A4,

n—0o0 n— oo

ie. that A = liminf,,_,. a, = limsup,,_, ., a,. If A = oo, then for all M > 0
there exists N = N(M) such that a, > M for all n > N. This show that
liminf, .. a, > M and since M is arbitrary it follows that

oo < liminf a,, < limsup a,,.

n—oo n— o0
The proof for the case A = —oo is analogous to the A = oo case. [

Proposition 1.6 (Tonelli’s theorem for sums). If {ak,},,_; is any se-
quence of non-negative numbers, then

D) ST 9) SIS
k=1n=1 n=1k=1
Here we allow for one and hence both sides to be infinite.
Proof. Let
K N N K
M = sup{ZZakn :K,N € N} :sup{ZZakn :K,N € N}
k=1n=1

and
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Since

0o 0o K o K N
L:ZZQ- = lim ZZCL- = lim lim ZZa
ken K—oo ken K—o00 N—oo kn

k=1n=1 k=1n=1 k=1n=1

and Zle Zﬁle apn < M for all K and N, it follows that L < M. Conversely,

K N K oo oo
Zzakngzzakngz
k=1

k=1n=1 k=1n=1

0o
Qfen, = L
n=1

and therefore taking the supremum of the left side of this inequality over K
and N shows that M < L. Thus we have shown

o0 o0
E E Afn = M.
k=1n=1

By symmetry (or by a similar argument), we also have that Y07 | >°7° | ap, =
M and hence the proof is complete. [
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Basic Probabilistic Notions

Definition 2.1. A sample space {2 is a set which is to represents all possible
outcomes of an “experiment.”

Example 2.2. 1. The sample space for flipping a coin one time could be taken
to be, 2 ={0,1}.
2. The sample space for flipping a coin N -times could be taken to be, 2 =
{0, 1}N and for flipping an infinite number of times,

Q={w=(w,ws,...) rw; €{0,1}} = {0,1}".
3. If we have a roulette wheel with 40 entries, then we might take
2 ={00,0,1,2,...,36}

for one spin,
2 =1{00,0,1,2,...,36}"

for N spins, and
2 ={00,0,1,2,...,36}"

for an infinite number of spins.
4. If we throw darts at a board of radius R, we may take

2 =Dp:={(z,y) ER*:2” +y* < R}

for one throw,
2 =D¥

for N throws, and
N
for an infinite number of throws.

5. Suppose we release a perfume particle at location z € R? and follow its
motion for all time, 0 < ¢ < oco. In this case, we might take,

2 ={weC(0,0),R*:w(0)=2a}.
Definition 2.3. An event is a subset of 2.

Ezample 2.4. Suppose that 2 = {0, 1}N is the sample space for flipping a coin
an infinite number of times. Here w,, = 1 represents the fact that a head was
thrown on the n'® — toss, while w,, = 0 represents a tail on the n*" — toss.

1. A={w € 2 : w3 =1} represents the event that the third toss was a head.

2. A=U2, {w e N:w; =w;41 = 1} represents the event that (at least) two
heads are tossed twice in a row at some time.

3.A=NF_; Up>n {w € 2:w, =1} is the event where there are infinitely
many heads tossed in the sequence.

4. A = UF_y N>y {w € 2:w, =1} is the event where heads occurs from
some time onwards, i.e. w € A iff there exists, N = N (w) such that w, =1
for all n > N.

Ideally we would like to assign a probability, P (A), to all events A C (2.
Given a physical experiment, we think of assigning this probability as follows.
Run the experiment many times to get sample points, w (n) € (2 for each n € N,
then try to “define” P (A) by

P(A):A;iinoo%#{lgng:w(k)eA}. (2.1)

That is we think of P (A) as being the long term relative frequency that the
event A occurred for the sequence of experiments, {w (k)} -, -

Similarly supposed that A and B are two events and we wish to know how
likely the event A is given that we now that B has occurred. Thus we would
like to compute:

. #{k:1<k<nandw, € AN B}
P(AB)=1
(4]B) o #{k:1<k<nandwy € B} ’
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which represents the frequency that A occurs given that we know that B has
occurred. This may be rewritten as

%#{k:lgkgnandwkeAﬁB}
%#{k:lgkgnandwkeB}
P(ANB)
P(B)

P(A|B) = lim

n—oo

Definition 2.5. If B is a non-null event, i.e. P(B) > 0, define the condi-
tional probability of A given B by,

P(ANB)

PAIB) = =5

There are of course a number of problems with this definition of P in Eq.
including the fact that it is not mathematical nor necessarily well defined.
For example the limit may not exist. But ignoring these technicalities for the
moment, let us point out three key properties that P should have.

1. P(A) €[0,1] for all A C 0.

2. P(@)=1and P(N2) =1.
3. Additivity. If A and B are disjoint event, i.e. AN B = AB = (), then

P(AUB) = lim %#{1§k§N:w(k)eAuB}
:]\}iixlm%[#{lgng:w(k)eA}+#{1§k§N:w(k)eB}]
— P(A)+P(B).

Example 2.6. Let us consider the tossing of a coin N times with a fair coin. In
this case we would expect that every w € 2 is equally likely, i.e. P ({w}) = k.
Assuming this we are then forced to define

P(A)= oo# (4).

Observe that this probability has the following property. Suppose that o €
{0, 1}]c is a given sequence, then
1 1
P({w:(wla"wwk)zo—}):27N'2N :27
That is if we ignore the flips after time k, the resulting probabilities are the
same as if we only flipped the coin k times.
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Ezxample 2.7. The previous example suggests that if we flip a fair coin an infinite
number of times, so that now £2 = {0,1}", then we should define

P({we 2: (w,... (2.2)
for any k > 1 and o € {0, 1}k. Assuming there exists a probability, P : 22 —
[0,1] such that Eq. (2.2) holds, we would like to compute, for example, the

probability of the event B where an infinite number of heads are tossed. To try
to compute this, let

Ap ={w € 2 :w, =1} = {heads at time n}

By :=Up>nA, = {at least one heads at time N or later}

and
B = ﬁ}’voleN = {An 10} = ﬂ})vozl UnZN An

Since
va = mnzNA% C ﬂMZnZNAfL = {w cEN:wny=-=wy = 1},

we see that

P (BY) —0as M — oo.

S QM—N

Therefore, P (By) = 1 for all N. If we assume that P is continuous under taking
decreasing limits we may conclude, using By | B, that

P(B) = lim P(By)=1.

Without this continuity assumption we would not be able to compute P (B).

The unfortunate fact is that we can not always assign a desired probability
function, P (A), for all A C 2. For example we have the following negative
theorem.

Theorem 2.8 (No-Go Theorem). Let S = {z € C: |z| =1} be the unit cir-
cle. Then there is no probability function, P : 25 — [0,1] such that P (S) = 1,
P is invariant under rotations, and P is continuous under taking decreasing
limats.

Proof. We are going to use the fact proved below in Lemma , that the
continuity condition on P is equivalent to the o — additivity of P. For z € S
and N C S let

zN :={zneS:neN}, (2.3)

that is to say ¢’ N is the set N rotated counter clockwise by angle 6. By
assumption, we are supposing that
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P(zN) = P(N) (2.4)

forall z€ Sand N C S.
Let 4 '
Ri={z=¢e?":tcQ}={z=¢""":tc[0,1)NQ}

— a countable subgroup of S. As above R acts on S by rotations and divides S
up into equivalence classes, where z,w € S are equivalent if z = rw for some
r € R. Choose (using the axiom of choice) one representative point n from each
of these equivalence classes and let N C S be the set of these representative
points. Then every point z € S may be uniquely written as z = nr with n € N
and r € R. That is to say

S=1] N (2.5)

reR

where [ A, is used to denote the union of pair-wise disjoint sets {Aq}. By

Eqgs. and ,
1=P(S)=>_ P(rN)=>_ P(N). (2.6)

r€ER rcR

We have thus arrived at a contradiction, since the right side of Eq. is either
equal to 0 or to co depending on whether P (N) =0 or P(N) > 0. |

To avoid this problem, we are going to have to relinquish the idea that P
should necessarily be defined on all of 2. So we are going to only define P on
particular subsets, B C 22. We will developed this below.
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Preliminaries

3.1 Set Operations

Let N denote the positive integers, Ny := NU{0} be the non-negative integers
and Z = Ny U (—=N) — the positive and negative integers including 0, Q the
rational numbers, R the real numbers, and C the complex numbers. We will
also use F to stand for either of the fields R or C.

Notation 3.1 Given two sets X and Y, let YX denote the collection of all
functions f : X — Y. If X = N, we will say that f € YN is a sequence
with values in'Y and often write f, for f(n) and express f as {fn}rry. If
X ={1,2,..., N}, we will write YV in place of Y112N}t and denote f € YN
by f = (f1, f2,..., fn) where fr, = f(n).

Notation 3.2 More generally if {X, : « € A} is a collection of non-empty sets,

let X4 = [] Xa and 7o : Xq4 — X, be the canonical projection map defined
acA
by mo(z) = zo. If If Xo = X for some fized space X, then we will write || X,
acA
as X4 rather than X 4.

Recall that an element x € X4 is a “choice function,” i.e. an assignment
ZTo = z(a) € X, for each @ € A. The axiom of choice states that X4 # 0
provided that X, # ) for each a € A.

Notation 3.3 Given a set X, let 2% denote the power set of X — the collection
of all subsets of X including the empty set.

The reason for writing the power set of X as 2% is that if we think of 2
meaning {0, 1}, then an element of a € 2% = {0, 1}X is completely determined
by the set

A={re X :a(zx)=1} C X.

In this way elements in {0,1}~ are in one to one correspondence with subsets
of X.
For A € 2% let
A =X\A={zeX:z ¢ A}

and more generally if A, B C X let
B\A:={zxeB:x¢ A} = An B°.

We also define the symmetric difference of A and B by
AAB:=(B\A)U(A\B).
As usual if {A4},,; is an indexed collection of subsets of X we define the union
and the intersection of this collection by
Ugerda ={z€X:F3a€l 3 x€ A,} and
NactAa ={zeX:z € A Vael}.

Notation 3.4 We will also write Hael A, for UgecrAy in the case that
{Aa} e are pairwise disjoint, i.e. Aq N Ag =0 if o # .

Notice that U is closely related to 3 and N is closely related to V. For example
let {A,},~, be a sequence of subsets from X and define

inf A, == Ni>nAgk,
k>n -

sup A, = UanAk,
k>n

limsup A, :={A, l0.} ={z e X :#{n:xe€ A} =}

and
liminf A, := {A, a.a.} :={z € X : 2 € A, for all n sufficiently large}.

n—oo

(One should read {A,, i.0.} as A, infinitely often and {A,, a.a.} as A, almost
always.) Then = € {A, i.0.} iff

VNeNdn>N>ze€A,
and this may be expressed as

{4, 1.0.} =Ny Un>n An.
Similarly, z € {4,, a.a.} iff

dNeN>3VYn>N, z€ A,
which may be written as

{An a.a.} = U?\?:l ngN An



14 3 Preliminaries

Definition 3.5. Given a set A C X, let

wo={o s

be the characteristic function of A.

Lemma 3.6. We have:

{A, i.0.}° = {A¢ a.a.},

limsup,, oo Ap ={x € X :3° 14, (z) = oo},
liminf, .o Ay = {z € X : 307 14c (2) < 00},
SUPy>y, La, (z) = LupsnAr = Lsup,o, Aps

inf1a, () = 1n,2, 4, = linfes, Ars

Liim SUP,, oo An lim SUpP,, 00 ].An, and

111m infr, oo An — lim infnﬁoo 1An'

NOo Ot W=

Definition 3.7. A set X is said to be countable if is empty or there is an
injective function f: X — N, otherwise X is said to be uncountable.

Lemma 3.8 (Basic Properties of Countable Sets).

If A C X is a subset of a countable set X then A is countable.

. Any infinite subset A C N is in one to one correspondence with N.

. A non-empty set X is countable iff there exists a surjective map, g : N — X.

Af X and Y are countable then X X Y is countable.

. Suppose for each m € N that A,, is a countable subset of a set X, then
A =U_1 Ay, is countable. In short, the countable union of countable sets
is still countable.

6. If X is an infinite set and Y is a set with at least two elements, then Y X

is uncountable. In particular 2% is uncountable for any infinite set X.

Grds Lo o~

Proof. 1. If f: X — N is an injective map then so is the restriction, f|a4,
of f to the subset A. 2. Let f (1) = min A and define f inductively by

fn+1) = min (A\{f(1),...., f(n)}).

Since A is infinite the process continues indefinitely. The function f : N — A
defined this way is a bijection.
3. If g : N — X is a surjective map, let

f(z) =ming™' ({z}) = min{n e N: f(n) = z}.

Then f : X — N is injective which combined with item

2. (taking A = f(X)) shows X is countable. Conversely if f : X — N is
injective let 79 € X be a fixed point and define g : N — X by g(n) = f~1(n)
for n € f(X) and g(n) = xy otherwise.
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macro: svmonob.cls

4. Let us first construct a bijection, h, from N to N x N. To do this put the
elements of N x N into an array of the form

(1,1) (1,2) (1,3) ...
(2,1) (2,2) (2,3) ...
(3,1) (3,2) (3,3) ...

and then “count” these elements by counting the sets {(i,5): i+ j =k} one
at a time. For example let h (1) = (1,1), h(2) = (2,1), h(3) = (1,2), h(4) =
(3,1), h(5) = (2,2), h(6) = (1,3) and so on. If f : N—=X and g : N =Y are
surjective functions, then the function (f x g) oh : N =X x Y is surjective
where (f x g) (m,n) := (f (m),g(n)) for all (m,n) € N x N.

5. If A = () then A is countable by definition so we may assume A # ().
With out loss of generality we may assume A; # @ and by replacing A,, by
Ay if necessary we may also assume A,, # @ for all m. For each m € N let
am : N —A,, be a surjective function and then define f: NxN — U>®_, A, by
flm,n) := a,(n). The function f is surjective and hence so is the composition,
foh:N—UX_ A, where h : N — N x N is the bijection defined above.

6. Let us begin by showing 2N = {O,I}N is uncountable. For sake of
contradiction suppose f : N — {0,1}N is a surjection and write f(n) as
(fi(n), f2(n), f3(n),...). Now define a € {0,1}" by a, := 1 — f,(n). By
construction f,, (n) # a, for all n and so a ¢ f(N). This contradicts the as-
sumption that f is surjective and shows 2V is uncountable. For the general
case, since Y7 C YX for any subset Yy C Y, if Y5¥ is uncountable then so
is YX. In this way we may assume Y is a two point set which may as well
be Yy = {0,1}. Moreover, since X is an infinite set we may find an injective
map z : N — X and use this to set up an injection, i : 2V — 2X by setting
i(A) := {z, :n €N} C X for all A C N. If 2% were countable we could find
a surjective map f : 2% — N in which case foi : 28 — N would be surjec-
tive as well. However this is impossible since we have already seed that 2V is
uncountable. [

We end this section with some notation which will be used frequently in the
sequel.

Notation 3.9 If f: X — Y is a function and € C 2Y let
JIE = FNE) = (U B)E € €.
If G C 2%, let
f.G:={Ae2"|f(4) € G}.
Definition 3.10. Let £ C 2% be a collection of sets, A C X, is : A — X be
the inclusion map (is(z) = x for allx € A) and

Ea=i"(&)={ANE:Ec¢&}.
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3.2 Exercises

Let f: X — Y be a function and {4;};cs be an indexed family of subsets of Y,
verify the following assertions.

Exercise 3.1. (N;erA;)¢ = U;er AS.

Exercise 3.2. Suppose that B C Y, show that B\ (U;er4;) = Nier(B\ A;).
Exercise 3.3. f~1(UjerA;) = Uier fH(A).

Exercise 3.4. f 1 (NierA;) = NierfH(A).

Exercise 3.5. Find a counterexample which shows that f(C N D) = f(C)n
f(D) need not hold.

Ezample 3.11. Let X = {a,b,c} and Y = {1,2} and define f (a) = f(b) =1
and f (¢) = 2. Then ) = f({a} N{b}) # f({a}) N f({0}) = {1} and {1,2} =
f{a}?) # f({a})" = {2}

3.3 Algebraic sub-structures of sets

Definition 3.12. A collection of subsets A of a set X is a 1 — system or
multiplicative system if A is closed under taking finite intersections.

Definition 3.13. A collection of subsets A of a set X is an algebra (Field)
if

1.0, Xec A

2. A € A implies that A° € A

3. A is closed under finite unions, i.e. if Ay,..., A, € A then A1U---UA, € A.
In view of conditions 1. and 2., 3. is equivalent to

g. A is closed under finite intersections.

Definition 3.14. A collection of subsets B of X is a 0 — algebra (or some-
times called a o — field) if B is an algebra which also closed under countable
unions, i.e. if {A;};o, C B, then U, A; € B. (Notice that since B is also
closed under taking complements, B is also closed under taking countable inter-
sections. )

Example 3.15. Here are some examples of algebras.

1. M = 2% then M is a o — algebra.
2. M ={0, X} is a o — algebra called the trivial o — field.
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3. Let X = {1,2,3}, then A = {0, X,{1},{2,3}} is an algebra while, S :=
{0, X,{2,3}} is a not an algebra but is a 7 — system.

Proposition 3.16. Let £ be any collection of subsets of X. Then there exists
a unique smallest algebra A(E) and o — algebra o(E) which contains &.

Proof. Simply take
A(€) = ﬂ{A : A is an algebra such that & C A}

and

(&) := ﬂ{./\/l : M is a o — algebra such that £ C M}.

Ezample 3.17. Suppose X = {1,2,3} and £ = {0, X, {1,2},{1,3}}, see Figure
3] Then

GRS

Fig. 3.1. A collection of subsets.

A(E) = a(&) = 2%,
On the other hand if £ = {{1,2}}, then A (&) = {0, X, {1,2},{3}}.

Definition 3.18. Let X be a set. We say that a family of sets F C 2% is a
partition of X if distinct members of F are disjoint and if X is the union of
the sets in F.

Ezample 3.19. Let X be a set and £ = {A;,...,A,} where Ay,..., A, is a
partition of X. In this case

AE) = 0(€) = {Uicadi: A C{1,2,...,n}}
where U;e 1 A; := 0 when A = (). Notice that
# (A(g)) _ #(2{1,2,...,n}) —9n
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Example 3.20. Suppose that X is a finite set and that A C 2% is an algebra.
For each x € X let
A, =n{AcA:zc A} € A,

wherein we have used A is finite to insure A, € A. Hence A, is the smallest
set in A which contains z. Let C = A, N A, € A. I claim that if C' # 0, then
Ay = A,y. To see this, let us first consider the case where {z,y} C C. In this case
we must have A, C C and A, C C' and therefore A, = A,. Now suppose either
x or y is not in C. For definiteness, say x ¢ C,i.e. z ¢ y. Thenxz € A, \ A, € A
from which it follows that A, = A, \ 4y, i.e. A, N A, = 0.

Let us now define {Bi}f:1 to be an enumeration of {A,} .y . It is now a
straightforward exercise to show

A={UieaB;i : AC{1,2,... k}}.

Proposition 3.21. Suppose that M C 2% is a o — algebra and M is at most
a countable set. Then there exists a unique finite partition F of X such that
F C M and every element B € M is of the form

B=U{AeF:AcCB}. (3.1)
In particular M is actually a finite set and # (M) = 2™ for some n € N.
Proof. We proceed as in Example [3.20] For each z € X let
A =nN{AeM:xe€ A} e M,

wherein we have used M is a countable o — algebra to insure A, € M. Just as
above either A;NA, = 0 or A, = A, and therefore F = {A, : 2 € X} C Misa
(necessarily countable) partition of X for which Eq. holds for all B € M.

Enumerate the elements of F as F = {P,})_, where N € Nor N = co. If
N = oo, then the correspondence

ae{O,I}NHAQ:U{Pn:anzl}EM

is bijective and therefore, by Lemma[3.8] M is uncountable. Thus any countable
o — algebra is necessarily finite. This finishes the proof modulo the uniqueness
assertion which is left as an exercise to the reader. ]

Ezample 8.22 (Countable/Co-countable o — Field). Let X = I = R and & :=
{{z} : x € R}. Then o () consists of those subsets, A C R, such that A is
countable or A€ is countable. Similarly, A (£) consists of those subsets, A C R,
such that A is finite or A€ is finite. More generally we have the following exercise.
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Exercise 3.6. Let X be a set, I be an infinite index set, and £ = {4, }icr be a
partition of X. Prove the algebra, A (£), and that o — algebra, o (£), generated
by & are given by

A(E) = {Uiead; : A C I with # (A) < 0o or # (A°) < 0}

and
(&) = {UicaA; : A C I with A countable or A° countable}

respectively. Here we are using the convention that U;e 4 A; := @ when A = ().

Definition 3.23. The Borel o — field, B, on R is the smallest o -field containing
all of the open subsets of R.

Exercise 3.7. Verify the o — algebra, Bg, is generated by any of the following
collection of sets:

1. {(a,00):a € R}, 2. {(a,00) :a € Q} or 3. {[a,00):a€Q}.

Exercise 3.8. Suppose f : X — Y is a function, F C 2¥ and M C 2¥. Show
f71F and f. M (see Notation are algebras (o — algebras) provided F and
M are algebras (o — algebras).

Lemma 3.24. Suppose that f : X — Y is a function and £ C 2¥ and ACY
then

a(f_l(é')) = fYo(&)) and (3.2)
(0(E)a=0(a ), 3.3

where My == {BNA:Be€ M}. (Similar assertion hold with o (-) being re-
placed by A(-).)

Proof. By Exercise f~1(o(€)) is a o — algebra and since £ C F,
FHE) C f~Ho(€)). Tt now follows that

o(f~1(&) C fH(a(€)):
For the reverse inclusion, notice that
fs0 (f_l(c‘f)) = {B cY:fYBeco (f_l(é’))}
1

is a o — algebra which contains £ and thus (&) C f.o (f7'(£)). Hence for

every B € o(€) we know that f~!(B) € o (f71(£)), i.e.

FHeE) ca(f1E).
Applying Eq. (3.2) with X = A and f = i4 being the inclusion map implies

(0())a = i3 (0(&)) = a(ix'(£)) = o(Ea)-
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Ezample 3.25. Let € = {(a,b] : —00 < a < b < oo} and B = o (£) be the Borel
o — field on R. Then

Eo ={(a,b]:0<a<b<1}

and we have

By =0 (5(0,1]) .
In particular, if A € B such that A C (0,1], then A € o (£0,17) -
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