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Preface:

These are the second edition of these lecture notes for MATH 6540 (General
Topology). Consequently, there may be several typographical errors.
However, the goal of these notes is to be fairly self-contained provided one
has the necessary background. If you come across any typos, errors,
omissions, or unclear explanations, please feel free to contact me so that I
may continually improve these notes.
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Chapter 1

Topological Spaces

Topology, from the Greek 76mooc meaning place and \dyoo meaning study,
is the study of properties of spaces and their deformations. As there are
many different branches of topology, such as differential topology, geometric
topology, and algebraic topology, this course will study what is known as
point-set (or general) topology as it is the foundation of all branches of
topology.

Point-set topology has been in existence in various forms for centuries and
has been worked out in great detail and generality. Consequently, although
the base concepts are not difficult by today’s mathematical standards, the
generality and plethora of examples does add some complications as ones
intuition based on Euclidean spaces may fail.

In this chapter, we will begin by defining what this course pertains to;
that is, what is a topology on a space? Subsequently, we will provide several
examples of topological spaces. Of course, this list is nowhere near exhaustive
as one can easily produce various exotic topological spaces if one requires.
We will then proceed by describing simplifications one can use to understand
the topology on a space and how one can construct new topologies from old
topologies. The notion of topology then leads us to the notions of convergence
where we observe sequences are no longer sufficient and the notions of various
types of sets and points in a topological space.

1.1 Topologies

In order to study topologies in this course, we must first mathematically
define what a topology is of course. We refer the reader to Appendix [A] for
definitions and notation regarding sets (e.g. given a set X, P(X) denotes
the power set of X).

Definition 1.1.1. Let X be a set. A set 7 C P(X) is said to be a topology
on X if



2 CHAPTER 1. TOPOLOGICAL SPACES

1) 0,XeT,
(2) (closed under unions) if {Us}aer € 7T, then U,er Ua € T, and

(3) (closed under finite intersections) if {Uny}acr € T and I is finite, then
NactUa €T.

The pair (X, T) is called a topological space and elements of T are called the
open sets of (X, T).

As we will see, there are many topologies we can place on a given set
X so by saying that (X,7) is a topological space means we have fixed T
to be the topology on X. Once a topology is fixed on a set, one can think
of the open sets as the sets that describe how points are related to one
another. In particular, open sets provide some notion of whether two points
are ‘close’ together; that is, given two points z,y € X and a U € T such that
x € U, then y is close to « with respect to U only if y € U. Thus we can
see the above definition and thoughts are motivated by undergraduate real
analysis where the ‘open sets’ on R were the sets that were unions of open
intervals and that two points were ‘close’ only if there was a ‘small” open
interval around open point which contained the other. Consequently, one
hope in this course is to generalize the nice analytical properties of R seen in
undergraduate real analysis (such as convergence and continuous functions)
to as general a setting as possible.

As we desire to study topological spaces, it is useful to have some examples
to keep in mind. Of course the examples presented in this section are not all
the examples in existence and we will continually encounter new topologies
through the course.

Example 1.1.2. Let X be a set. Then 7 = {{), X} is a topology on X
known as the trivial topology. This name derives from the fact that the open
sets do not distinguish any two elements of X and most topological results
become trivial if we consider this topology. We remark that it is trivial to
verify the trivial topology is a topology.

Example 1.1.3. Let X be a set. Then 7 = P(X) is a topology on X
known as the discrete topology. This name derives from the fact that every
set is open so singleton sets are open and thus every point is separated from
the others. We remark that it is trivial to verify the discrete topology is a
topology.

Example 1.1.4. Consider the set X consisting of three distinct points
{a, b, c}. Up-to relabelling these three points to avoid symmetry, there are
20 possible intrinsically different subsets of P(X) containing X and ( for
which only 9 are topologies. Below we represent these subsets of P(X) using
both set notation and a diagram where each circle represents an element of
the subset by the points it its interior.

(©For use through and only available at pskoufra.info.yorku.ca.



1.1. TOPOLOGIES

Diagram Set Notation A Topology?

1) ‘ {0, X} Yes
@

2) ) {0,{a}, X} Yes
@

3) ® {0, {a}, {0}, X} No
@

4) ® O {0,{a},{b},{c}, X} No

5) {0,{b,c}, X} Yes
@

6) {0,{a},{b,c}, X} Yes

7) {0,{b},{b,c}, X} Yes

(©For use through and only available at pskoufra.info.yorku.ca.



CHAPTER 1. TOPOLOGICAL SPACES

Diagram

Set Notation

A Topology?

8) {0,{a}, {b},{b,c}, X} No

9) {0,{b},{c},{b,c}, X} Yes
@

10) {0, {a}, {b},{c}, {b,c}, X} No

11) l {0,{a,b},{b,c}, X} No
(@

12) I (0, {a}, {a, b}, {b, c}, X} No

13) g {0,{b},{a,b},{b,c}, X} Yes
(@

14) g {0,{a},{b},{a,b},{b,c}, X} Yes

(©For use through and only available at pskoufra.info.yorku.ca.




1.1. TOPOLOGIES 5

15) {0,{a},{c}, {a,b},{b,c}, X} No

16) {0,{a}, {b},{c}, {a,b},{b,c}, X} No

)

17) {0,{a,b},{a,c}, {b,c}, X} No

o
55

>

18) {0,{a},{a,b},{a,c},{b,c}, X} No

>

19) {0,{a},{b},{a,b},{a,c},{b,c}, X} No

20) {0, {a}, {b},{c},{a,b},{a,c},{b,c}, X} | Yes

Note sets (3), (4), (8), and (10) are not topologies as {a} and {b} are in
the sets but {a,b} = {a} U {b} is not in the sets. Note (11), (12), (15),
(17), and (18) are not topologies as {a,b} and {b,c} are in the sets but
{b} ={a,b} N {b,c} are not in the sets. Note (16) is not a topology as {a}
and {c} is in the set but {a,c} = {a} U {c} is not in the set. Finally (19) is
not a topology as {a,c} and {b,c} are in the set but {c} = {a,c} N{b,c} is
not in the set. The remaining 9 sets can be verified to be topologies as they
are closed under unions and (finite) intersections.

(©For use through and only available at pskoufra.info.yorku.ca.



6 CHAPTER 1. TOPOLOGICAL SPACES

Example 1.1.5. Let X be any set and let
T={0}U{AC X | X\ A is finite}.

Then T is a topology on X. To see this, we note that clearly () € 7 and
that X € T as X \ X = ). Next, to see that 7 is closed under unions, let
{As}aer € T be arbitrary. Thus X \ A, is finite for all @ € I. Since

X\<UAa>=ﬂ<X\Aa>,

acl ael

we see that X \ (U,es Aa) is a subset of a finite set and thus finite. Hence
Uaer Aa € T by definition. Finally, to see that 7 is closed under finite
intersections, let {Ay}taer € 7 with [ finite be arbitrary. Thus X \ A, is
finite for all « € I. Since

X\(ﬂAa>=U<X\Aa>,

ael ael

we see that X \ (N,er Aa) a finite union of finite sets and thus finite. Hence
Nacr Aa € T by definition.
The topology 7 on X is called the cofinite topology on X.

Example 1.1.6. Let X be any set and let
T={0}U{AC X | X\ A is countable}.

Then 7T is a topology on X. To see this, one need to simply repeat the proof
of Example [[.1.5] with ‘finite’ replaced with ‘countable’ in the appropriate
places.

The topology T on X is called the cocountable topology on X.

Example 1.1.7. Let X be any set and let
T={AC X | Ais finite}.

Notice if X is finite then 7 = P(X) so that 7 is the discrete topology on X.
However, if X is infinite then 7T is not a topology on X as 7T is not closed
under unions (i.e. a countable union of finite sets is not finite).

Since we have seen that there are many possible topologies on a given
set, it is useful to be able to compare the size of these topologies. The
simplest way to compare topologies is based on inclusion and this notion of
comparison has many analytic implications that will be seen throughout the
course.

(©For use through and only available at pskoufra.info.yorku.ca.



1.2. METRIC SPACES 7

Definition 1.1.8. Let 7 and 7’ be two topologies on a set X. It is said
that 7T is finer that 77 or, equivalently, that 7’ is coarser than T if 7/ C T.
In the case the inclusion is strict (i.e. 7/ C T), it is said that T is strictly
finer that T' or, equivalently, that 7" is coarser strictly than T. Finally, it
is said that 7 and 7’ are comparable if T C T or T' C T.

The above terminology is derived from the fact that “if you have more
sets in your topology, you can ‘divide up your space’ more finely”. That is,
the more pixels per square inch, the finer the image.

Example 1.1.9. The discrete topology on a set is always finer than any
other topology on the set and the trivial topology is always coarser than any
other topology on the set. Provided the set is non-empty and not a singleton,
the discrete topology is strictly finer than the trivial topology.

Example 1.1.10. The cofinite topology is coarser than the cocountable
topology and will be strictly coarser provided the set is infinite.

Example 1.1.11. Consider the set X consisting of three distinct points
{a,b,c} and the following topologies on X exhibited in Example

T = {@7 {b}7 {C}v {b7 C}v X}
7-2 = {(2)7 {b}7 {av b}7 {b7 C}, X}

As Ti € Tz and T3 € Ti, 71 and T3 are not comparable topologies on X.
Hence it is possible to have topologies that are not comparable.

Of course, we will see later in this course how having finer/coarse topolo-
gies affect topological properties and object we desire to study.

1.2 Metric Spaces

All of the above topologies are useful examples of topologies. However, the
motivation for the notion of topology was structure of open subsets of R
derived from open intervals. As each finite open interval can be described
as the set of points within a certain distance of the centre of the interval,
perhaps by generalizing the notion of a distance function from R to other
sets will yield particularly nice topologies to study in this course.

Definition 1.2.1. Let X be a non-empty set. A metric on X is a function
d: X x X —[0,00) such that

(1) if 2,y € X then d(x,y) = 0 if and only if z =y,
(2) if z,y € X then d(x,y) = d(y,x), and

(3) (Triangle Inequality) if ,y, z € X, then d(z,y) < d(z, z) + d(z,y).

(©For use through and only available at pskoufra.info.yorku.ca.



8 CHAPTER 1. TOPOLOGICAL SPACES

A metric space is a pair (X, d) where X is a non-empty set and d is a
metric on X.

Of course, our motivating example is a metric space and there are many
other metrics. As many of our results work both for real and complex
numbers, we will use K to denote both R and C.

Example 1.2.2. Consider the function d : K x K — [0,00) defined by
d(z,y) = |z — y|. Then it is elementary to verify that d is a metric on K.
Unless otherwise specified, whenever K is considered as a metric space, we
will assume that K is equipped with this metric.

Example 1.2.3. Let X be any non-empty set and define d : X x X — [0, 00)

by
0 ifx=y
d(z,y) = .
1 ifzx#y

for any x,y € X. It is elementary to verify that d is a metric on X. We call
d the discrete metric on X.

Example 1.2.4. Let X be a non-empty set, let (Y, dy) be a metric space
(e.g. Y = K with the canonical metric), and let F(X,Y") denote the set of all
Y-valued functions with domain X. Define the map d : F(X,Y)xF(X,Y) —
[0, 00) by

d(f,g9) = sup min({dy (f(z), g(x)), 1})

for all f,g € F(X,Y). It is not difficult to verify that d is a metric on
F(X,Y). We call d the uniform metric on F(X,Y).

Of course there are many other examples of metrics. Some of the most
important examples of metrics come from the following structure.

Definition 1.2.5. Let V be a vector space over K. A norm on V is a
function || -] : V' — [0, 00) such that

(1) if ¥ € V then ||#]| = 0 if and only if ¥ = 0,
(2) if « € Kand ¥ € V then ||ad| = |al ||7]|, and

(3) (Triangle Inequality) if ¥, € V then ||v+ @ < ||7]] + |||

A normed linear space is a pair (V, || -||) where V' is a vector space over
K and || -|| is a norm on V.
Given a normed linear space (V| -]|), it is easy to use the norm to

construct a metric on V.

(©For use through and only available at pskoufra.info.yorku.ca.



1.2. METRIC SPACES 9

Proposition 1.2.6. Let (V,||-||) be a normed linear space and define d :
V xV —[0,00) by

d(Z,9) = |7 = 9l
for all 2,97 € V.. Then d is a metric on V.

Proof. First notice that d is clearly well-defined and maps into [0, c0) by the
definition and properties of a normed linear space. To see that d is a metric
on V', we will verify Definition [1.2.1

First notice for all Z, ¢ € V that d(#,7) = 0 if and only if || — ¢|| = 0 if
and only if  — ¢ = 0 if and only if # = . Hence d satisfies the first defining
property from Definition [1.2.1

Next, notice for all Z,y € V that

d(Z,9) = |7 = gll = [(=)(F = Dl = | = 1 ||§ — 7| = d(,7)

by the second property of a norm from Definition and by vector space
properties. Hence d satisfies the second defining property from Definition

CZ1
Finally, notice for all Z, 4, 27 € V that

d(Z, ) = |7 = 9
= [I(# = 2) + (Z =7
< |[|Z =2 + 7 -4l
=d(Z,7) + d(Z,7)

by the third property of a norm from Definition and by vector space
properties. Hence d satisfies the Triangle Inequality and thus is a metric on
V. ]

Definition 1.2.7. Given a normed linear space (V|| -||), the metric d from
Proposition [1.2.6] is called the norm induced metric. Unless otherwise speci-
fied, we will always consider a normed linear space a metric space equipped
with the norm induced metric.

Of course there are many examples of norms. In particular, the canonical
metric on K comes from a norm.

Example 1.2.8. The absolute value function | - | : K — [0, 00) is a norm
on K.

Example 1.2.9. For a natural number n, the map ||-|; : K" — [0,00)
defined by

n

I(z1, 22, .. zn)lly = D il

k=1
is a norm on K" known as the 1-norm. It is not difficult to verify that the
1-norm is indeed a norm on K".

(©For use through and only available at pskoufra.info.yorku.ca.



10 CHAPTER 1. TOPOLOGICAL SPACES

Example 1.2.10. For a natural number n, the map |- ||, : K" — [0, 00)
defined by

||(:E1,$2, s 7xn)||oo = max{|a:1], ‘xQ,v AR ‘In‘}

is a norm on K" known as the co-norm. It is not difficult to verify that the
oo-norm is indeed a norm on K".

Example 1.2.11. For a natural number n, the map |- |, : K* — [0, 00)
defined by

1
n 2
(1, @2, .- s 2n)lly = (Z !wk!2>
k=1

is a norm on K" known as the Fuclidean norm. The fact that the Euclidean
norm is a norm can be verified using the Cauchy-Scwarz Inequality on K" or
by verifying the following examples of norms are indeed norms.

Example 1.2.12. For a natural number n and p € [1, 00), the map ||- |, :
K™ — [0, 00) defined by

n >
(1, @2, )l = (Z :vk\p)
k=1

is a norm on K" known as the p-norm. The fact that the p-norm is actually
a norm is left to Appendix

In fact, the above norms can be extended to certain types of sequences.

Example 1.2.13. For p € [1,00) let

EP(K) = {(3771)7121

o0
Z\xk|p<oo}.

k=1

Then £,(K) is a vector space over K and the map |- ||, : £,(K) — [0, 00)
defined by

l@a)nsll, = (Z mp) '
k=1

is a norm on /,(K) known as the p-norm. The fact ¢,(K) is a vector space
over K and that the p-norm is actually a norm is left to Appendix [B] for
p # 1 and is simple when p = 1.

Example 1.2.14. Let

lo(K) = {(xn)nzl

sup |z, | < oo} .
n>1

(©For use through and only available at pskoufra.info.yorku.ca.



1.2. METRIC SPACES 11

Then (o (K) is a vector space over K and the map || - || : oo (K) — [0, 00)
defined by

1(@n)n>1lloe = sup x|
n>1

is a norm on /o (K) known as the co-norm. It is not difficult to verify that

/5 (K) is a vector space over K and that the co-norm is indeed a norm on
loo (K).

Of course, not all metrics on vector spaces come from norms.

Example 1.2.15. The uniform metric and discrete metric are not norm
induced metrics on any non-zero vector space. To see this, notice that if d
is either the uniform or discrete metric, then the range of d is contained in
[0,1]. However, given any non-zero normed linear space (V,|-||) and the
norm induced metric d on V, the range of d must be all of [0,00). To see
this, fix a non-zero vector v € V. Hence Definition implies that ||¢/]| # 0.
Since for all t € R

d(t7,0) = ||ta]| = |¢] ||7]

and since ||7|| # 0, we obtain that the range of d must be all of [0,00) as
claimed.

Of course, we have defined metrics and norms in order to generalize the
topological structure of R used in undergraduate real analysis. Now that we
have all of these examples, we must understand how we get a topology on
these spaces. To do this, we generalize the idea of an open interval.

Definition 1.2.16. Let (X, d) be a metric space. Given an z € X and an
r > 0, the open d-ball of radius r centred at x, denoted By(x,r), is the set

Bi(z,r)={y e X | d(z,y) < r}.

Using the open balls, we generalize the idea on R that the open sets are
the unions of open intervals.

Theorem 1.2.17. Let (X,d) be a metric space. Let Ty be the set of all
subsets U of X such that for each x € U there exists an € > 0 such that
By(x,e) CU. Then Ty is a topology on X.

Proof. To see that T; is a topology, we must verify the three properties in
Definition It is clear by definition that 0, X € 7j.

Suppose {Uaq }aer is a set of elements of Tg. To see that J,c; Ua € Tg, let
x € Uqer Ua be arbitrary. Then there must be an ag € I such that z € U,,.
Since Uy, € T4, there exists an € > 0 such that By(z,e) C U,,. Hence
Bi(z,€) C Uny € Uner Ua- As @ € Uyer Ua was arbitrary, Uyer Ua € Ta-

(©For use through and only available at pskoufra.info.yorku.ca.



12 CHAPTER 1. TOPOLOGICAL SPACES

Finally, suppose Ui,...,U, € T4. To see that (i_; Uy € Ty, let z €
Ni—1 Uk be arbitrary. Hence x € Uy, for all k so, as each Uy, € Ty, there exists
an € > 0 such that By(z, e;) C Uy for all k. Let € = min<g<, € > 0. Since

By(x,€) C By(x,€er) C Uy

for all k, we see that By(z,€) C (p—; Ur. As z € (j—; Ur was arbitrary, we
obtain that (;_; U € Ty as desired. ]

As the topologies from Theorem are incredibly important examples,
it is useful to give them a name.

Definition 1.2.18. Let (X, d) be a metric space. The topology 7 from
Theorem is called the metric topology on X induced by d. Unless
otherwise specified, we will always view a metric space as a topological space
with the metric topology.

Specifically, as the topology on K induced by the absolutely value is the
most basic example of a topology and thus will be used often, it is also worth
of a name.

Definition 1.2.19. The metric topology on K induced by the absolute value
metric is called the canonical topology on K.

Of course, now that we have a topology on each metric space, we should
actually verify that each open ball is indeed an open set.

Proposition 1.2.20. Let (X, d) be a metric space. For allx € X andr > 0,
By(z,r) € Tg.

Proof. Fix x € X and r > 0. To see that By(z,r) is open, let y € By(x,r)
be arbitrary. Thus d(z,y) < r.

Let § =r —d(z,y) > 0. We claim that By(y,d) C Bg(z,r). To see this,
let z € By(y, d) be arbitrary. Then d(z,y) < d so, by the Triangle Inequality,

d(z,2) < d(z,y) +d(y, ) <+ d(y,z) =
Therefore, since z € By(y,d) was arbitrary, By(y,0) C Bg(z,r). Hence

Bgy(x,¢€) is open as y € By(x, €) was arbitrary. N

Now that we have a nice topology on each metric spaces, we desire to
understand what these topologies look like. For some metric spaces, the
topology is easy to understand.

Example 1.2.21. Let X be a non-empty set and let d be the discrete metric
on X. Then for all z € X we have that

(2} = By (x ;) .

Hence every singleton point is an open set. Since 7y is closed under arbitrary
unions, we obtain that 7; = P(X) so that Ty is the discrete topology. Hence
the name of the metric!

(©For use through and only available at pskoufra.info.yorku.ca.



1.3. BASES 13

However, some metric induced topologies are more difficult to determine.
For example, on R"™ we have several topologies; indeed we have one topology
induced by each p-norm for each p € [1,00]. How can we better understand
what the topologies look like and how can we compare these topologies?

1.3 Bases

In order to have a better understanding and control over topologies, we
desire to describe smaller collections of open sets that determine the entire
topology. For example, we have seen with metric topologies that all open sets
are unions of open balls, so provided we can understand the open balls we
should be able to understand the entire topology. In particular, by distilling
down the proof of Theorem and Proposition we obtain the
following method of constructing a topology from a collection of sets with a
specific properties.

Theorem 1.3.1. Let X be a non-empty set and let B C P(X) be such that
(1) if x € X then there exists a B € B such that x € B, and

(2) if € X and By, By € B are such that © € By N Bag, then there exists a
Bs € B such that x € Bs, B3 C By, and Bs C B>.

Let Tg be the set of all subsets U of X such that for all x € U there exists a
B € B such that x € B and B CU. Then Tg is a topology on X such that
BCT.

Proof. To see that Tg is a topology, we must verify the three properties in
Definition [I.1.1] Tt is clear by definition of Tz that () € T5.

To see that X € Tp recall by property (1) that for each x € X there
exists an B, € B such that z € B,. As B, C X by definition, we obtain that
X € Ti by the definition of 7Tz.

Next suppose {Uq }acr is a set of elements of 7. To see that J,c; Un €
Ts, let © € Uyer Ua be arbitrary. Then there must be an o € I such that
x € Uy,. Since Uy, € T, there exists a B € B such that x € B and B C U,,,.
Hence B C Uy, € Uper Ua- As @ € J,er Ua was arbitrary, we obtain that
Uaer Ua € T by definition.

To complete the proof that Tz is topology, suppose Uy,...,U, € Tz. To
see that Ni_; Ux € Tg, let © € N _; Uy, be arbitrary. Hence x € Uy, for all k
so, as each Uy € Tg, there exists a By, € B such that x € B, and By, C Uy.
By applying property (2) recursively n — 1 times, there exists a B € B such
that ¢ € B and B C By, for all k. Hence B € B, x € B, and B C By, C U}, for
all k so that B C (;;_; Ug. Therefore, as z € X was arbitrary, (i_; U € Tn
as desired.

Finally, the fact that B C 73 follows from the definition of 7. ]
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14 CHAPTER 1. TOPOLOGICAL SPACES

As subsets of the power set of a given set as described in Theorem [I.3.1
are useful in constructing topologies, we define the following.

Definition 1.3.2. Let X be a non-empty set. A basis for a topology on X
is a collection of subsets B C P(X) such that

(1) if z € X then there exists a B € B such that = € B, and

(2) if x € X and By, By € B are such that x € By N By, then there exists a
B3 € B such that B3 C By and Bs C Bs.

The topology 7 on X from Theorem [I.3.1]is called the topology generated
by the basis B. Note that a set U C X is open with respect to 7z if and
only if for every x € U there exists a B € B such that x € B and B C U.
Consequently B C 75.

Here is one example of how we can construct topologies via bases that
turns out not to be a topology we have previously seen.

Example 1.3.3. Let
B ={[a,b) | a,b e R,a < b}.

We claim that B is a basis for a topology on R. To see this, it suffices to
verify the two defining properties of being a basis from Definition [1.3.2] To
being, notice if x € R then = € [x,z + 1) € B. Hence the first property is
satisfied. To see the second property, let [ai, b1), [az,b2) € B and = € R such
that = € [a1,b1) N [az, b2) be arbitrary. Let

a = max({ai,as}) and b = min({b1, ba})

and let B = [a,b). Since x € [a1,b1) N [ag,b2), we see that a < x < b so
B € B and z € B. Furthermore, by construction, B C [a1,b1) N [ag,b2).
Hence, since [a1,b1), [az,b2) € B and = € R were arbitrary, B is a basis for a
topology on R.

The topology 7T, on R generated by the basis B is called the lower limit
topology on R.

The fact that 77, is not the same as the canonical topology on R will come
from material in Section [I.5] where we show that ‘limits’ behave different
in these topologies. In particular, we will see why we call 7 the lower
limit topology. Alternatively, we know that [a,b) is open in the lower limit
topology, but is not open in the canonical topology.

Topologies generated by a basis are particularly nice since it is very simple
to completely understand the entire topology via the basis elements based
on the above and below descriptions of open sets.
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1.3. BASES 15

Theorem 1.3.4. Let X be a non-empty set and let B be a basis for a topology

on X. Then
By C B}

Proof. Notice, since Tp is a topology and since B C Tg, we know that for all
By C B that
U B

BeBy

%z{UB

BeBy

is a union of elements of T and thus in 7z. Hence

B()QB}

To see the other inclusion, let U € T be arbitrary. By the definition
of T, for each x € U there exists a B, € B such that x € B, and B, C U.
Hence we see that

%Q{UB

BeBy

U= J B..

zelU
Therefore, as U € T was arbitrary, we obtain that

7;32{ U B BOQB}

BeBy
as claimed. ]

As bases for a topology give us multiple nice descriptions of the open
sets for that topology, it is useful when given a topology to have a basis that
generates the given topology. Thus to simplify this terminology, we define
the following.

Definition 1.3.5. Let (X, 7) be a topological space. A set B C P(X) is
said to be a basis for (X,T) if B is a basis for a topology on X and Tz = T.

Remark 1.3.6. Of course, as B C T for any basis of a topology B, for a
set B C P(X) to be a basis for a topology 7, it must be the case that B C T.
Furthermore, by Theorem [I.3.1] and Theorem we see that if B is a
basis for (X,7T) then

(1) aset U C X is open if and only if for every x € U there exists a B € B
such that x € B and B C U, and

(2) the open sets in (X, 7)) are exactly the union of elements of B.

Furthermore, it is not difficult to see that every topology is generated by
a basis as the following example shows.
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16 CHAPTER 1. TOPOLOGICAL SPACES

Example 1.3.7. Let (X,7) be a topological space. Then T is a basis for
(X, T). Of course this is not the most useful basis as our goal is to better
understand T by using a basis with as few elements as possible.

Of course, many of our previously discussed topologies have far nicer
bases.

Example 1.3.8. Let X be a non-empty set and let T be the discrete topology
on X. Then
B={{z} | z € X}

is a basis for (X, 7). Indeed clearly B C T as T is the discrete topology. Next
clearly the first property of Definition [I.3:2] holds and the second property
also clearly holds since the only way « € X and B, By € B are such that
x € BiN By is if By = By = {z} € B. Hence B is a basis for (X, 7).

Of course, we have our motivating example.

Example 1.3.9. Let (X, d) be a metric space. Then the set B of all open
balls forms a basis for (X, 7;). Indeed clearly B C 7 and if z € X then
By(x,1) € Ty so the first property of Definition is satisfied. To see the
second property of Definition [1.3.2] is satisfied, let x € X and By,Bs € B
be arbitrary such that x € By N By. Then there exists points z1,z9 € X
and ri,79 > 0 such that By = By(x1,71) and By = By(xe,72). Thus, as
x € B1 N By, we see that

d(z,z1) <711 and d(x,x9) < T2.

Let
r = min{r; — d(z,x1),70 — d(x,22)}.

Then r > 0. By the same argument as in Proposition [1.2.20] we see that
Bg(z,7) C Bg(z1,7m1) and Bg(xz,r) C Bg(x2,r2). Hence, as x € X and
B1, By € B were arbitrary, the second property of Definition [1.3.2]is satisfied
so that B is a basis for (X, 7Ty).

Example 1.3.10. Let (X, d) be a metric space and let e > 0. The set B of
all open balls with radius at most € forms a basis for (X, 7). Indeed the
proof is identical to that of Example [I.3.9) with the additional restraint that
all radii involved are at most e.

Example 1.3.11. Let (X, d) be a metric space. The set B of all open balls
with radius positive rational radii forms a basis for (X, 7). Indeed the proof
is identical to that of Example with the additional restraint that all
radii involved are rational. This is advantageous over Examples [I.3.9] and
as this basis only has a countable number of elements centred at each
point.
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1.3. BASES 17

Of course the above examples were expected as the metric topologies
were our motivating example for how to construct a topology from a basis.
However, when we constructed the metric topologies in Theorem there
was no reference to bases and the topologies were constructed by saying the
open sets were those that for each point in them there was a ‘ball’ around that
point contained in the open set. This leads us to an alternate characterization
for a basis for a topological space. In particular, the following is superior to
Definition in checking that a collection of sets is a basis for a specific
topology and is the converse to fact in Remark

Proposition 1.3.12. Let (X,7T) be a topological space. Suppose B C T has
the property that for all U € T and for all x € U there exists a B € B such
that x € B and B CU. Then B is a basis for (X,T).

Proof. To see that B is a basis for a topology on X, we will simply verify the
two properties in Definition [1.3.2] To begin, let x € X be arbitrary. Then, as
X € T, the assumptions of the proposition imply there exists a B € B such
that x € B and B C X. Hence, as © € X was arbitrary, the first assumption
of Definition has been verified.

To see the second property of Definition holds, let x € X and
Bi, By € B such that © € By N By be arbitrary. As B C T, we see that
By,By € T and thus B; N By € T. Therefore, by the assumptions of the
proposition there exists a Bs € B such that x € Bs and B3 C B1NBy. Hence,
as ¢ € X and B, By € B were arbitrary, the second property of Definition
has been verified. Thus B is a basis for a topology on X.

To see that 7 = Tg, we first note that as B C 7 and as 7T is closed under
unions, Theorem implies that

TB:{ U B BOQB}QT.

BeBy

Conversely, if U € T then the assumptions of the proposition imply that
U € T by Definition Hence 7 = Tp as desired. ]

Using the above, we obtain our final characterization of a basis for a
topological space which acts as a converse to Theorem

Corollary 1.3.13. Let (X,T) be a topological space. Suppose B C T has
the property that for every U € T there exists a subset By C B such that
U = Upep, B- Then B is a basis for (X, T).

Proof. To prove this result, we will verify that the assumption of Proposition
holds. To see this, let U € T and « € U be arbitrary. Then, by
the assumptions of this corollary, there exists a subset By C B such that
U = Upep, B- Hence, as x € U, there exists a B, € By such that z € B,
and By C Ugep, B =U. Therefore, as U € T and = € U were arbitrary, the
assumption of Proposition [I.3.12] holds. Hence the result follows. ]
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18 CHAPTER 1. TOPOLOGICAL SPACES

Throughout this course it will often be useful and more convenient to work
with a basis for a topological space than the topology itself. For example,
the following demonstrates how to use bases to determine when one topology
is finer or coarser than another. In particular, we will often use the case that
one of the bases for one of the topologies is the topology itself, which is valid

by Example [1.3.7]

Theorem 1.3.14. Let T and T’ be topologies on a set X and let B and B’
be bases for T and T’ respectively. Then the following are equivalent:

(i) T is finer than T.

(ii) For every x € X and B € B such that x € B there exists a B’ € B’
such that x € B' and B' C B.

Proof. First suppose that 7' is finer that 7. Thus 7 C 7'. To see that (ii)
holds, let x € X and B € B such that z € B be arbitrary. Since B is a basis
for T, BC T CT'. Thus B € T'. Therefore, as x € B, as B € 7', and as
B’ is a basis for 77, we obtain that there exists a B’ € B’ such that x € B’
and B’ C B. Therefore as z € X and B € B were arbitrary, (ii) follows.
Conversely, suppose that (ii) holds. To see that T” is finer than T, let
U € T be arbitrary. To see that U € T', let € U be arbitrary. AsU € T,
there exists a B € B such that x € B and B C U. Then, by assumption (ii),
there exist a B’ € B’ such that z € B’ and B’ C B C U. Therefore U € T’
as B’ is a basis for 7'. Hence, as U € T was arbitrary, T C T’ so 7' is finer
than 7. [

One important use of Theorem is that we can now compare
topologies using bases.

Example 1.3.15. Fix n € N and for each p € [1,00] let 7, denoted the
topology on K" induced by the p-norm. We claim that all the topologies 7,
for p € [1, 00] are equal. To see this, we will show T, = 75 for all p € [1,00).
Thus, to proceed, let use fix p € [1,00).

Let & = (x1,x2,...,2,) € K" be arbitrary. Then clearly

1
max ({|z1], |zl ..., |znl}) < (Z \xk|p> < nr max({|z1], |x2l,...,|znl}).
k=1

Hence, for all ¥ € K™ we obtain that
- o L,
17| < 1121, < n || 7] -
Therefore, for any » > 0 and § € K" we see that
1 L1
By @) € By (7.n7) € By (G.nor).
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Hence, as the above holds for any r > 0 and § € K", as for any point x in any
open ball By in a metric space there exists a ball By centred at x contained
in By, and as the balls for each norm form a basis for their respective metric
topologies, the first of the above inclusions together with Theorem
implies that 7, C 7 and the second of the above inclusions together with
Theorem implies that 7o, C 7,. Hence the claim follows.

Of course, to generate a topology from a basis, we need a basis. This
leads to the question about how can we construct collections of sets that
satisfy the assumptions of Definition As the second property required
in Definition [T.3:2] relates to the intersection of basis elements containing
basis elements, one way to avoid this problem is by taking all intersections of
the sets we want to use to form a basis. Thus we define the following object.

Definition 1.3.16. Let (X, 7) be a topological space. A subbasis for (X,T)
is a collection of subsets S C 7 such that the set of all finite intersections of
elements of S is a basis for (X, 7).

Of course, for a set S to be a subbasis of some topology 7 on X, it is
necessary that
x=s

Ses

as for each x € X there must be a basis element containing X. In fact, this is
the only restriction for a collection of sets to be a subbasis for some topology
on X.

Theorem 1.3.17. Let X be a non-empty set and let S C P(X) be such that

x=s

Ses

Let B C P(X) be the set of all finite intersections of elements of S. Then B
is a basis for a topology on X for which S is a subbasis.

Proof. To see that B is a basis for a topology on X, we need only check the
two conditions on a basis from Definition [1.3.2] For the first, let z € X be
arbitrary. Since X = [Jgcs S there exists an S, € S such that z € S,. As
S C B, the first property of being a basis holds for B.

For the second property, let x € X and let By, By € B such that x €
B1 N By be arbitrary. Since By, Bo € B, By and B» are finite intersections of
elements of S. Hence By N By is a finite intersection of elements of S so that
B1N By € B. Therefore, as x € X and let By, By € B were arbitrary, the first
property of being a basis holds for B. Hence B is a basis for a topology on
X. The fact that that S is a subbasis is a subbasis for 7z is then trivial. m

Subbases are not as desirable as bases as the description of the entire
topology is far more difficult using subbases than bases and thus make
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20 CHAPTER 1. TOPOLOGICAL SPACES

subbases far more difficult to use thereby limiting their applications. However,
subbases are excellent for constructing topologies as the conditions that are
required are far simpler.

1.4 Constructing Topologies

Since bases and subbases are so great for constructing topologies, let us
examine how we can construct new topologies from old topologies. The first
such example of this comes from restricting a topology on a set to a subset
of the set.

Lemma 1.4.1. Let (X,T) be a topological space and let Y C X be non-
empty. The set
Ty ={YnU |UeT}

is a topology on Y .

Proof. To verify that Ty is a topology on Y, we verify Definition First
clearly Ty C P(Y) by construction. Next, as ), X € 7T, we obtain that
D=YNOeTyandY =Y NX € Ty. The fact that 7y is closed under
unions and finite intersections then follows from the facts that

U(YﬁU@zYﬂ(U Ua> and

acl acl
Y NU.,)=YnN (ﬂ Ua>
acl acl
for all {Ua}aer CT. ]

Definition 1.4.2. Let (X,7) be a topological space and let Y C X be
non-empty. The subspace topology on Y is the topology

Ty ={ANU | UeT}.
In addition, the pair (Y, Ty) is called a subspace of (X, T).

Remark 1.4.3. The subspace topology is very useful when one only wants
to consider a portion of a topological space. For example, we often want to
consider subspaces of R such as Y = [0, 1] for analytical reasons. However,
one should be careful as open subsets of Y need not be open subset of R.
Indeed since [0,1) = [0,1] N (—1,1) we see that [0,1) is an open subset of ¥’
in the subspace topology but is not an open subset of R as 0 € [0,1) yet no
open interval centred at 0 is contained in [0,1). Thus we really do need to
specify the topology and space we are looking at when talking about open
sets!
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1.4. CONSTRUCTING TOPOLOGIES 21

Of course, it is not surprising that a basis for a topological space yields a
basis for any subspace.

Proposition 1.4.4. Let (X,T) be a topological space, let B be a basis for
(X,T), and let Y C X be non-empty. Then

By ={YNB | Be B}
is a basis for (Y, Ty).

Proof. To prove this result, we will verify Proposition As such, first
notice that By C Ty by the definition of the subspace topology. Next, let
U € Ty and x € U be arbitrary. Thus z € Y and, by the definition of the
subspace topology, there exists a V' € T such that U =Y NV. Since z € U
we see that z € V. Therefore, as B is a basis for (X,7), Remark
implies that there exists a B € B such that x € B and B C V. Therefore
YNBeBy,zeYNB,andYNBCYNV =U. Thus, as U € Ty and
x € U were arbitrary, By is a basis for (T, Ty) by Proposition [

Unsurprisingly, we can use Proposition [I.4.4] along with our knowledge
of open balls in metric spaces to understand subspaces of metric spaces.

Proposition 1.4.5. Let (X,d) be a metric space and let Y C X be non-
empty. Then the subspace topology on Y 1is induced by the metric dy :
Y xY — [0,00) defined by

dy (y1,y2) = d(y1,y2)
for all y1,y2 € Y.

Proof. Since d is a metric and restricting the domain of d will yield a metric,
dy is a metric. Notice for all y € Y and r > 0 that

de (y7 7’) =YnN Bd(y7 T)'

Therefore, since {Y N By(y,r) | y € Y,r > 0} is a basis for the subspace
topology on Y induced by (X, d) by Proposition [1.4.4] since {By, (y,r) | y €
Y,r > 0} is a basis for (Y, dy) by definition, and since each basis completely
determines the topology by Remark the result follows. ]

Furthermore, a subspace of a subspace is a subspace. More accurately
put, we have the following.

Proposition 1.4.6. Let (X, T) be a topological space and let AC B C X
be arbitrary non-empty sets. Let Tp be the subspace topology on B inherited
from (X,T), let Ta be the subspace topology on A inherited from (X, Tx),
and let Ta,p be the subspace topology on A inherited from (B,Tg). Then
Tap="Ta.
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Proof. By definitions and since BN A = A, we have that

Tap={ANU | U € T}
={AN(BNV) | VeTx}
={ANV | VeTx}="Ta

as desired. m

Since subspaces create a topology on a smaller set from a topology on
a larger set, it is useful to think of the opposite; that is, can we construct
topologies on larger sets from topologies on smaller sets? The simplest way to
construct a larger set from two sets is to take their product. Unsurprisingly
perhaps, taking the product of the topologies then yields a (basis for a)
topology.

Proposition 1.4.7. Let (X,T) and (Y, T") be topological spaces. Then
By ={UxV |UET,VeT}CPX xY)
is a basis for a topology on X X Y.

Proof. To see that By is a basis for a topology on X X Y, we simply verify
Definition Indeed clearly Bx C P(X x Y'). Moreover, notice for all
re€XandyeY that z xy € X xY and X xY € Byx. Hence the first
condition of Definition [1.3.2] holds.

To see the second condition, let x x y € X x Y and Bi, By € By such
that  x y € By N By be arbitrary. By the definition of By there exists
Ui,Uy € T and Vi, Vo € T’ such that By = Uy x V; and By = U x Va.
Since Uy NUy € T and Vi NVo € T' as T and T’ are topologies, and since
BN By = (U NUy) x (Vi NVa), we see that By N By € By so we may
take B3y = B1 N By in Definition [1.3.2] Therefore, as ¢ x y € X x Y and
By, By € By were arbitrary, By is a basis for a topology on X x Y. ]

Since we are taking the set of Cartesian products of the two topologies
to form a topology on the product, this topology has an unsurprising name.

Definition 1.4.8. Let (X, 7) and (Y, 7”) be topological spaces. The product
topology is the topology generated by the basis

{UxV |UeT,VeT}CPX xY).

Of course, the product of R with itself yields a topology on R? that we
have seen before.

Example 1.4.9. As K? = K x K, we can consider the product topology on
K2 where each copy of K is equipped with the canonical topology. In this
case, we know a basis of K x K consists of open sets of the form

U1><U2
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where Uy and Us are open subset of K with respect to the canonical topology.
As each point in each such product contains a || - || -ball in the product,
and as each || - || -ball is such a product, we easily obtain that the product
topology on K" is the same as the metric topologies seen in Example
by Theorem [1.3.14

Perhaps unsurprisingly, we can repeat the proof of Proposition to
simplify the basis for the product topology.

Proposition 1.4.10. Let (X,T) and (Y,T") be topological spaces with bases
B and B’ respectively. Then the set

By ={BxB'| BeB,B €B}
s a basis for the product topology on X X Y.

Proof. To see that By is a basis for a topology on X x Y, we will apply
Proposition To see this, let U be an arbitrary open subset of X x Y
with respect to the product topology and let x x y € U be arbitrary. By the
definition of the product topology (Definition there exists sets Ux € T
and Uy € T’ such that x x y € Ux x Uy and Ux x Uy CU. Thus z € Ux
and y € Uy. Since B and B’ are bases for (X, T) and (Y, T’) respectively,
there exists B € B and B’ € B such that x € B, y € B’, B C Ux and
B’ CUy. Hence z xy € Bx B"and B x B’ C Ux x Uy CY. Therefore, as
U and x x y were arbitrary, By is a basis for the product topology on X x Y

by Proposition [I.3.12] "

Alternatively, we can consider the product topology via a subbasis.

Proposition 1.4.11. Let (X, T) and (Y,T') be topological spaces. Then
S={UxY |UeT}u{XxV |VeT}
s a subbasis for the product topology on X X Y.

Proof. Since finite intersections of elements of S yields the set
By ={UxV |UeT,VeT}

as T and T’ are topologies and thus closed under finite intersections, and
since By is a basis for the product topology on X x Y by Definition
the result follows. [

The real reason we are considering both the basis and subbasis approaches
to the product topology on X xY above is that if we move to infinite products
of sets, these two approaches actually differ. Therefore, we will obtain two
different topologies on infinite products to study in this course. Thus we
embark on describing these topologies. As such, we refer a reader unfamiliar
with infinite products of sets is to Appendix [A22]
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Lemma 1.4.12. Let I be a non-empty set, let {(Xa, Ta) tacr be a non-empty
indexed family of topological spaces, and let

B:{HUQ

acl

Uaeﬂ}.

Then B is a basis for a topology on [],ecr Xa-

Proof. To see that B is a basis for a topology on [],c; X«, we simply verify
Definition Indeed clearly B C P(I],e; Xa). Moreover, notice for all
(za)aer € [laer Xa that (zq)acr € [Taer Xa and [[,e; Xo € B. Hence the
first condition of Definition [.3.2] holds.

To see the second condition, let (zq)acr € [Tner Xo and By, By € B such
that (z4)acr € B1 N By be arbitrary. By the definition of B there exists
Ua, Vo € T, for all o € I such that By = [[,c; Us and Bs = [],e; V. Since
Uan, Vo € To and since T, is a topology, we see that U, NV, € T, for all
a € I. Hence as B1 N By = [[,e7(Ua N Vy), we see that By N By € B so we
may take B3 = B1 N By in Deﬁnition Therefore, as (za)acr € [laer Xa
and By, By € B were arbitrary, B is a basis for a topology on [[,c; Xo. =

Based on the above, we define the following.

Definition 1.4.13. Let I be a non-empty set and let {(Xa,74)}acr be
a non-empty indexed family of topological spaces. The box topology on
[Ioer Xo is the topology generated by the basis

I

ael

Uae%}.

Of course, the above was derived from the basis approach to the product
topology on X x Y and is equal to the product topology when I has two
elements. We call the above the box topology as we are specifying a basis
of generalized boxes (i.e. the product of open intervals in three dimensions
is box-shaped). However, the subbasis approach to the product topology
on X x Y is the correct approach to generalizing the product topology to
infinitely products.

Definition 1.4.14. Let I be a non-empty set and let {(Xq,7a)}acr be a
non-empty indexed family of topological spaces. The product topology on
[Ioer Xo is the topology generated by the subbasis

S=A{S | pel}

where

SBZ{HYa

ael

Ya:Xaifoz;éB,YgeTg}.

(©For use through and only available at pskoufra.info.yorku.ca.



1.4. CONSTRUCTING TOPOLOGIES 25

Of course, we should note that the set S described in Definition is
actually a subbasis for some topology on [],c; X, but this simply follows
from Theorem Furthermore, defining the subbasis immediately tells
us a basis for the product topology.

Corollary 1.4.15. Let I be a non-empty set and let {(Xa, Ta) tacr be a non-
empty indexed family of topological spaces. The product topology on [ cr Xa
has as a basis the set of all sets of the form [],ec; Ua where Uy € To and
Uy = Xy for all but a finite number of a € 1.

Proof. As the set of all finite intersections of the subbasis for the product
topology described in Definition [1.4.14]is exactly the sets described here as
Ta is closed under finite intersections for all a € I, the result follows by the
definition of a subbasis (Definition [1.3.16]). ]

Before getting to examples, we immediately note that can compare the
box and product topologies and we can form bases for the box and product
topologies in the fashion one would expect.

Corollary 1.4.16. Let I be a non-empty set and let {(Xa, Ta)}acr be a
non-empty indexed family of topological spaces. In general, the box topology
on [laer Xa is finer than the product topology. In the case that I is finite,
these two topologies coincide.

Proof. As each basis element for the product topology is a basis element for
the box topology, the box topology on [[,c; X« is finer than the product
topology by Theorem In the case that [ is finite, the bases for the
product and box topologies agree so clearly these two topologies then coincide

by Definition [T.3.5] "

Corollary 1.4.17. Let I be a non-empty set, let {(Xa, Ta) }acr be a non-
empty indexed family of topological spaces, and for each o € I let By, be a
basis for (Xa,Ta). Then I],cr Ba is a basis for the box topology on [[,er Xa-
Similarly, the set of all sets of the form [[,c; Ba where B, = X, for all but
a finite number of a« € I and B, € By, for all remaining indices is a basis
for the product topology on [],cr Xa-

Proof. To see that [],c; Ba is a basis for the box topology on [],c; Xa,
we simply verify Definition . Indeed clearly [[,c; Ba € P(Ilacr Xa)-
Moreover, notice for all (zq)acr € [laer Xa that x4 € X, so the fact that
B, is a basis for (X,,7,) yields a B, € B, such that z, € B, for all
a € I. Hence (zq)acr € [loper Ba and [],er Ba € [1aer Ba- Hence the first
condition of Definition holds.

To see the second condition, let (zq)acr € [laer Xo and By, By €
[lner Bo such that (zq4)acr € Bi N By be arbitrary. By the definition
of [[oer Ba there exists Bi o, B2 € B, for all a € I such that By =
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[Toer Bi,o and By = [[,e; Bo,o- Thus, as (za)acr € B1 N Ba, we see that
ZTo € B1o N By for all @ € I. Therefore, as By o, Baow € B, and since
B, is a basis for (X,,7s), there exists a B3, € B, such that z, € B3,
and B3, C Bi1 o N By, for all @ € I. Hence B3 = [[,c; B3,a € [laer Bas
(a)acr € Bs, and Bs C By N By. Therefore, as (2q)acr € [loer Xoa and
B1, By € [[oer Ba were arbitrary, [[,c; Ba is a basis for the box topology on
Hael Xa-

For the product topology, let B be the set described in the statement. To
see that B is a basis for the product topology on [[,c; Xa, we simply verify
Definition Indeed clearly B C P(I],e; Xa). Moreover, notice for all
(za)aer € [laer Xa that (zq)acr € [Toer Xa € B. Hence the first condition
of Definition [1.3.2] holds.

To see the second condition, let (zq)acr € [Taer Xo and Bi, By € B such
that (z4)acr € B1 N By be arbitrary. By the definition of B there exists
BLQ,BQ’CX € B, for all o € I such that B; = Hae[ BLQ, By = HaEI Bgﬂ,
and only a finite number of By , and B3, are not equal to X, over all o € 1.
Thus, as (zq)acr € B1 N Ba, we see that x4 € By o N By, for all o € 1. If
Bi,on = Xq or By o = Xg, let B3 o = By o N By, so that either By, = X,
or Bs o € By. Otherwise By o, B2 € By so, since By, is a basis for (X4, 7a),
there exists a B3, € B, such that z, € B3, and B3, C By, N By, for
all « € I. Hence B3 = [[,c;B3,n € B as B, € B, for all but a finite
number of a € I and B, = X, for all remaining indices, (z4)acr € Bs,
and B3 C By N By. Therefore, as (za)acr € [laer Xo and By, By € B were
arbitrary, B is a basis for the product topology on [[,c; Xa- ]

In fact, we have already encountered some product and box topologies in
this course.

Example 1.4.18. Let n € N be arbitrary. Then K" = J[icq,. n) K so
we can consider the product topology on K". In this case, we know from
Corollary that a basis for the product topology on K" is

I xIy x---x1I,

where each I is an open ball in K with respect to the absolute value. As
each point in each such product is contained in a || - || . -ball that is contained
in the product, and as each | -||-ball is such a product, we easily obtain
that the product topology on K" is the same as the metric topologies seen

in Example [1.3.15| by Theorem

In fact, we can show that the box and product topologies can differ in
some cases.

Example 1.4.19. Consider the set F(N,R) of all functions from N to R.
Recall by Example that we can equip F(N,R) with the uniform metric
and thus has a metric topology 7,,. However, F(N,R) = [],,cny R so we can
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consider also consider the box topology 7, and the product topology 7, on
F(N,R). We will show that

Tp G Tm & To.

To see that T, C Ty, let © = (2n)n>1 € [[hen R and U € T, such that
x € U be arbitrary. Then there exists an € € (0,1) and a set of the form
B = [],,en In such that I,, = R for all but a finite number of indices and
I, = (x, — €,z +€) for all other n. However, clearly the uniform ball centred
at « of radius § is contained B. Hence Theorem implies that 7, C Tp,.

To see that 7, # 7, consider the set Y which is the open ball of uniform
metric radius 1 around (0)pen. Thus YV € Tp,. If Y was an element of 7,
then there must be an element of B, that is contained in Y by Remark @
However, it is clear that no element of B, is contained in Y as every element
of By, is of the form [[,cy I, with at least one I, equal to R which yields
an element of [[,cy I, that is distance 1 with respect to the uniform metric
away from (0)pen. Hence T, € Tp.

To see that 7,, C T, recall from Example that the balls with
respect to the uniform norm of radius at most 1 are a basis for 7,,. As a
ball of uniform metric radius at most € € (0, 1) centred at (z,)nen contains
[Then (@0 — §,20 + §5) € Tp, we obtain by Theorem that 7,, C Tp.

To see that T, # Tp, consider the set Z = [],cny(—1,1). Clearly Z € T,
by the definition of the box topology (Definition [I.4.13)). However, Z ¢ T,,.

To see this, consider the element x = (1 — %) N’ Clearly x € Z. However,
n

there is no uniform metric ball around z that is contained in Z. Indeed
for every € > 0, the 2¢ uniform metric ball around x contains the point

(1—%—{—6) o whichisnotinZaslimnHool—%+e:1+e>1. Hence
n
Z & Tm by Remark [1.3.6|s0 Tn, # To.

Of course, a natural question is, "Which is better; the box topology or
the product topology?" The answer unequivocally is the product topology.
The reasons for this will be seen throughout the course in that the product
topology will have incredibly nice properties whereas the box topology will
mainly be used for counter examples. This is because the box topology is
somewhat too fine to exhibit desirable topological properties. Properties of
the product and box topologies will be investigated throughout the course.

1.5 Nets and Limits

Now that we have seen several topologies and how to study them, we return
to the notion that the open sets should yield some information about how
close points are in topological space. In particular, we can ask what it means
for a collection of points to get ‘closer and closer’ to a given point in a
topological space.
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In metric spaces, the answer is the well-known concept of convergent
sequences. In particular, the e-IN notion of a limit of a sequence of real
numbers easily generalizes to metric spaces.

Definition 1.5.1. Let (X, d) be a metric space. It is said that a sequence
(xn)n>1 of elements of X converges to an element x € X if for every € > 0
there exists an N € N such that d(z,z,) < € for all n > N; that is, for any
threshold € > 0 eventually all of the z,, must be within € of z. In this case x
is called a limit of (zy)n>1-

Although the notion of a limit of a sequence in metric spaces is stated in
terms of distances, we can easily translated into topology.

Proposition 1.5.2. Let (X, d) be a metric space, let (z)n>1 be a sequence
in X, and let x € X. The following are equivalent:

(i) The sequence (x,)n>1 converges to z in (X,d).

(ii) For every open set U containing x, there exists an N € N such that
xn €U foralln> N.

Proof. First, suppose that (x,),>1 converges to z in (X, d). To see (ii), let
U be an arbitrary open subset of (X, d) such that x € U. By Theorem
there exists an € > 0 such that x € By(z,e) C U. Therefore, since (zp)n>1
converges to z, there exists an N € N such that d(z,z,) < e for all n > N.
Hence z,, € By(z,e) C U for all n > N. Therefore, as U was arbitrary, (ii)
holds.

Conversely, suppose that (ii) holds. To see that (z,),>1 converges to z in
(X,d), let € > 0 be arbitrary. Since By(z,€) is an open set in X containing
x, (ii) implies there exists an N € N such that x,, € By(x,¢€) for all n > N.
Hence d(x,z,) < € for all n > N. Therefore, as € > 0 was arbitrary, the
proof is complete. n

In fact, convergent sequences completely determine the metric topology
on a metric space as the following result shows.

Theorem 1.5.3. Let X be a non-empty set, let di and do be two metrics
on X, and let T; and Ta be the topologies induced by di and do respectively.
Then the following are equivalent:

(i) If a sequence (xy)n>1 converges to x in (X,dy), then (zn)n>1 converges
to x in (X, da).

(i) Tq is finer than Ta.

Consequently, T1 = T2 if and only if (X,d1) and (X,d2) have the same
convergent sequences with the same limits.
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Proof. First, suppose that (i) holds. To see that (ii) holds, suppose to the
contrary that 77 is not finer that 72. By Theorem [I.3.14] there must exists
an z € X and a U € T3 such that for all V € 77 such that z € V it
must be the case that V' ¢ U. Hence for all n € N there must exists an
Zn € By, (az, %) \ U since = € By, (CL’, %) € Ty for all n. As dy(z,x,) < %
for all n € N, we easily see that (z,),>1 converges to = in (X, d;). Hence,
by the assumption of (i), it must be the case that (x,),>1 converges to z in
(X, dy). However, since U € Ty, since x € U, and since z,, ¢ U for all n € N|
we have a contradiction to the fact that (x,),>1 converges to z in (X, d2) by
Proposition [1.5.2] Hence it must have been the case that (ii) holds.
Conversely, suppose that (ii) holds. To see that (i) holds, let (z,,)n>1 be
a sequence that converges to x in (X,d;). To see that (x,),>1 converges
to z in (X, ds), let U € T3 be an arbitrary set such that z € U. Since 7; is
finer than 73, Theorem implies that there exists a V' € T; such that
z €V CU. Since (xy,)n>1 converges to z in (X, d;), by Proposition
there exists an N € N such that z,, € V C U for every n > N. Hence, as
U was arbitrary, Proposition implies that (z,),>1 converges to x in
(X, do). n

As (ii) of Proposition easily extends to the topological setting, we
can easily discuss convergence of sequences in general topological spaces.
Unfortunately, sequences are not enough to really tackle properties and
results for arbitrary topological spaces. In particular, unlike Theorem [I.5.3]
for metric spaces, sequences are not enough to characterize the topology.
This follows as the proof of Theorem breaks down in that we needed to
construct a sequence when showing (i) implies (ii) and to do this we needed
to use the metric. To be specific, we needed to use something like Example
which implies that there is a basis for any metric space topology
that contains a countable number of balls centred at each point. It is this
countability and the countable number of elements in a sequence that allows
sequences to be useful in metric spaces.

Thus, in order to have a similar notion of convergence in an arbitrary
topological space that is sufficient to deduce properties of the space, we need
to generalize the notion of a sequence. To do this, we first need to generalize
the structure and ordering on the natural numbers.

Definition 1.5.4. A directed set is a pair (A, <) where A is a non-empty
set and < is a relation on A such that

(1) (reflexivity) A < A for all A € A,

(2) (transitivity) if A1, A2, A3 € A are such that A} < A and Ay < A3, then
A1 < Ag, and

(3) (existence of upper bounds) if A\j, Ay € A, then there exists a A3 € A
such that A1 < A3 and Ay < 3.
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The relation < is sometimes called the direction of A.

As we are generalizing the order structure of the natural numbers, our
first example is no surprise.

Example 1.5.5. The pair (N, <) where < is the natural ordering on the
natural numbers is easily seen to be a directed set.

Example 1.5.6. The pair (R, <) where < is the natural ordering on the
real numbers is easily seen to be a directed set.

Example 1.5.7. Let X be any non-empty set and let 7 C P(X) be non-
empty and closed under finite unions. For two sets A, B € F, we define
A < Bifand only if A C B. Then (F, <) is a directed set. Indeed it is clear
that < is reflexive and transitive. Furthermore, if A, B € F, then AUB € F
has the property that A C AUBso A< AUB,and BC AUBso B < AUB.
Hence (F, <) is a directed set by Definition [1.5.4]

Example 1.5.8. Let X be any non-empty set and let 7 C P(X) be non-
empty and closed under finite intersections. For two sets A, B € F, we define
A < Bifand only if B C A. Then (F, <) is a directed set. Indeed it is clear
that < is reflexive and transitive. Furthermore, if A, B € F, then ANB € F
has the property that ANB C Aso A< ANB,and ANBC Bso B < ANB.
Hence (F, <) is a directed set by Definition [1.5.4]

Of course, there are many more directed sets. For notational convenience,
instead of writing (A, <) for a direct set, we will often just say that A is a
directed set provided there is no ambiguity for the direction relation which
will then be denoted by <.

With the generalization of the ordering on N, we can describe a general-
ization of the notion of a sequence.

Definition 1.5.9. A net is a function F' : A — X where A is a direct set
and X is a non-empty set. For notational convenience, we will use (z))xea
to denote the net F': A — X where F|(\) = z).

There are many examples of nets, some of which we are quite familiar
with.

Example 1.5.10. Every sequence is a net. Indeed a sequence (x,,),>1 can
be realized as a net by taking the directed set (N, <) (where < is the usual
ordering of the natural numbers) and defining F' on N by F(n) = zy,.

Example 1.5.11. Consider a closed interval [a, b] and the collection P of
all finite partitions of [a, b]; that is, all finite subsets P = {t;}}_, C [a, D]
such that

a=ty<ti <---<ty,=0.
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For two sets P, Py, € P, if we define P; < P, if and only if P, C Py,
then (P, <) is a directed set by Example as the collection of all finite
partitions is closed under finite unions.

Let f : [a,b] — R be a function. For each partition P = {t;}}_, € P and
each 1 < k < n, choose ¢, € [tx_1, tx] and define

n

Sp =Y fler)(te — tr—1).

k=1
Then (Sp)pep is a net of Riemann sums.

The next example is motivated by trying to take sums over uncountable
sets.

Example 1.5.12. Let I be any infinite (and not necessarily countable)
set. Let F be the set of all finite (non-empty) subsets of I. For two sets
Fi, F, € F, if we define F} < Fy if and only if F} C Fy, then (F,<) is a
directed set by Example as finite unions of finite sets are finite.

For each o € I, let x, € R be non-negative. For each F' € F, define

SF: Zxaa

acF

which is well-defined as F' is finite. Then (Sp)precr is a net of all finite sums
of {zo | @ €I}.

Of course, our interest does not stem from the existence of nets as
generalizations of sequences, but the properties and results that the notion
of the convergence of a net will yield. Thus, building on the idea of using
open sets to describe convergence in metric spaces, we generalize the notion
of a convergent sequence for nets in arbitrary topological spaces.

Definition 1.5.13. Let (X,7) be a topological space. A net (z))yep in
X is said to converge to a point xgp € X (or equivalently, z¢ is a limit of
(xa)aen) if for every U € T such that z¢ € U there exists a Ao € A such that
xy € U for all A > ).

Before we get to examples, the notion of taking a set from the topology
containing a specified point is occurring in greater and greater frequency.
Thus, at this point, it is about time we gave it a name.

Definition 1.5.14. Let (X, 7) be a topological space. A subset U C X is
said to be a neighbourhood of a point x € X if x € U and U € T.

Remark 1.5.15. The term ‘neighbourhood’ comes from the notion that an
open set containing a point x contains all points that are ‘geographically’
close to x. However, one must be careful with the term ‘neighbourhood’ in
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topology as many authors do not require a neighbourhood of a point to be
open; they just require that a neighbourhood contains an open set containing
the specified point. As we will want to be working with mainly open sets in
this course, our definition is preferable.

Now onto examples. Of course, this is nowhere near an exhaustive list.

Example 1.5.16. It is clear that a sequence in a metric space converges to
a point as a net if and only if it converges as a sequence to the same point.

Example 1.5.17. Consider the net (Sp)pep from Example [1.5.11] If f is
Riemann integrable, then (Sp)pep converges and converges to [ f(x) dz.

Indeed suppose f is integrable and let U neighbourhood of |, (f f(x)dx. Hence
there exists an € > 0 such that

(/(lbf(x)dx—e,/(lbf(a:)d:c—&—e) cvu.

By the definition of the Riemann integral, there exists a partition Py € P
such that if U(f, Py) is the upper Riemann sum of f corresponding to P
and L(f, Py) is the lower Riemann sum of f corresponding to Py, then

BB < [ 1) de UG R < LU Ry + e
If PeP and P > Py, then P is a refinement of Py so

L(f,Po) < L(f,P) < Sp <U(f, P) SU(f, Po).
Hence

Sp € (/(lbf(x)dw—e,/(lbf(x)dac—i—e) cvu.

Therefore, as U was arbitrary, (Sp)pep converges to [ ; f(x)dx.

Somewhat conversely, if every net from Example converges and
converges to the same number, then f is Riemann integrable. In fact, it
is only required that the net of upper Riemann sum (Up)pep and the net
of lower Riemann sums (Lp)pep converge to the same number I. To see
this, suppose (Up)pep and (Lp)pep both converge to I and let € > 0 be
arbitrary. Since (Up)pep converges to I, there exists a P, € P such that

€ €
U, I—— 1+ -
re(1-g1+3)
for all P > P;. Similarly, since (Lp)pep converges to I, there exists a P, € P

such that
€ €
L I —=1+-—
Pe( 5’ +2)
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for all P > P». Thus, if Py = P U P,, then Py € P, Py > P, and Py > P5 so
€ €
UPO,LPO S (I_ §,I+ 2) .

Hence, as Lp, < Up,, we obtain that Up, — Lp, < €. Therefore, as € > 0 was
arbitrary, f is Riemann integrable.

Example 1.5.18. Consider the net (Sp)per from Example [1.5.12] Then
(SF)Fer converges if and only if

L =sup{Sr | F € F}

is finite, in which case (SF)per converges to L. Indeed suppose L is finite
and let U be a neighbourhood of L. Then there exists an € > 0 such that

(L—€¢,L+¢ CU.
By the definition of the supremum, there exists an Fy € F such that
L—e<Sp <L
Hence, as x, > 0 for all a € I, we see that for all F' € F with F' > Fy that
L—-—e<Sp <Sp<L.

Hence Sp € U for all F > Fy. Therefore, as U was arbitrary, (Sp)pcr
converges to L.

Conversely suppose that L = co. Hence for any M € R there exists
an Fyr € F such that Sg,, > M. To proceed by contradiction, suppose
(SF)Fer converges to some point K € R. Then there exists an Fjy € F such
that Sp € (K —1,K + 1) for all F' > Fy. Hence, as Fy U Fg11 € F and
FoU F 11 > Fpy, we must have that

Sk, € (K —1,K +1).
However
SFOUFKJ,_l Z SFK+1 2 K+ 1

as £, > 0 for all o € I so Spyury., € (K —1,K +1). Hence we have a
contradiction as desired.

The above is quite useful in summing over uncountable sets. In particular,
we define the sum of {zo | o € I}, denoted -, c; Za, to be

> xq =sup{Sp | F € F} € 0,00].
ael

Furthermore, if ) ;2o < 0o then for all n € N we must have that F,, =

{a €l | zq > %} is finite for otherwise for each m € N we can find a finite
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subset Fp,;, C F, with m elements so that Sg, , > % thereby yielding
> ael Ta = 00. Therefore if ;x4 < 0o then, each F}, is a finite set so

U Fo={ael|z,>0},

n>1

is countable. Thus, after removing all x, that take the value 0, we can
simply add a countable sum of non-negative numbers to determine the value

of > ner Ta-

Of course, as bases determine a topology, we need only check neighbour-
hoods of a point that come from a basis.

Lemma 1.5.19. Let (X,7T) be a topological space and let B be a basis for
(X,T). A net (xx)ren in X converges to xg € X if and only if for every
B € B such that xo € B there exists a \y € A such that x\ € B for all
A >N

Proof. If (z)\)xep converges to xg, then Definition implies that for
every B € B such that xy € B there exists a A\g € A such that x, € B for all
A > g since BC T.

Conversely, suppose for every B € B such that x¢p € B there exists a
Ao € A such that x) € B for all A > \g. To see that (x))\cp converges to zo,
let U be an arbitrary neighbourhood of xy. Then, as B is a basis for (X, 7),
there exists a B € BB such that x € B C U. Thus, by assumption, a A\g € A
such that x) € B C for all A > Ag. Therefore, as U was arbitrary, the proof
is complete. [ |

Of course, in Lemma [1.5.19] we need only information about the neigh-
bourhoods of zy. Consequently, we do not need to consider a basis for the
entire space. In particular, we need only consider the following.

Definition 1.5.20. Let (X, 7) be a topological space and let x € X. A set
B C T is said to be a neighbourhood basis of x if x € B for all B € B and for
all neighbourhoods U of z there exists a B € B such that t € B C U.

Theorem 1.5.21. Let (X,T) be a topological space, let xo € X, and let B
be a neighbourhood basis for xo. A net (xx)xep in X converges to xq if and
only if for every B € B such that xo € B there exists a A\g € A such that
x\ € B for all A > Xg.

Proof. The proof of this result is identical to the proof of Lemma [1.5.19] =
Unsurprisingly, we can construct a basis from neighbourhood bases.

Proposition 1.5.22. Let (X, T) be a topological space and for each x € X
let By be a neighbourhood basis for x. Then Uyex Bz is a basis for (X,T).
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Proof. This follows immediately from the definition of a neighbourhood basis

and Proposition [[.3.12] n

Returning to the notion of convergent nets, we can easily use bases to
describe convergence in the lower limit, subspace, and product topologies. In
particular, the following is the reason the lower limit topology has its name.

Proposition 1.5.23. Let 71, be the lower limit topology on R. A net (x))aea
in R converges to a point x in (R,Tr) if and only if for every e > 0 there
exists an Ag € A such that x < x) < x + € for all A > Ag.

Proof. To begin, suppose a net (z))xca in R converges to a point x in (R, 77).
To see the result, let € > 0 be arbitrary. Since [z, x + €) is a neighbourhood
of x, the definition of a convergent net implies there exists an A\g € A such
that x) € [z,z + €) (that is, x < z) < x + ¢€) for all A > \g. Therefore, as
€ > 0 was arbitrary, the result holds.

Conversely, suppose (z))xea is an net in R and = € R are such that for
every € > 0 there exists an A\g € A such that x < z) < x+eforall A > A\g. To
see that (x))yep converges to z in (R, 7z), let B = [a,b) € B be an arbitrary
element such that x € B. Hence a < x and x < b so there exists an ¢ > 0
such that z < x 4+ € < b. Therefore, by the assumptions on (x))ea, there
exists a A\g € A such that x < x) < x + ¢ for all A > A\g. Hence

z) € [z,x+¢€) Cla,b) = B € B.

Therefore, as B € B was arbitrary, (z))yep converges to x in (R,7z) as
desired. [

Proposition 1.5.24. Let (X,T) be a topological space, let A C X be non-
empty, let Ty be the subspace topology on A, let (ax)rea be a net in A, and
let @ € A. Then (ax)yep converges to a in (A, Ta) if and only if (ax)rea
converges to a in (X,T)

Proof. Since ay € Aforall A € A, the result follows immediately by Definition
1.5.13|as the neighbourhoods of a in (A, T4) are precisely the neighbourhoods
of @ in (X, 7)) intersected with A. n

Theorem 1.5.25. Let I be a non-empty set, let {(Xa, Ta)} acr be a non-
empty indexed family of topological spaces, let (fa)xea be a net in [I,er Xa,
and let (a)act € [lacr Xa- Then (fi)aen converges to (To)acr when
[Toer Xa is equipped with the product topology if and only if (fa())rea
converges to o, n (Xa, Ta) for all a € 1.

Proof. Suppose that (f))rea converges to (q)aecr when [],c; Xq is equipped
with the product topology. To see that (fy(a))xea converges to x4 in (Xq, 7o)
for all a € I, fix ap € I and let U,, be an arbitrary neighbourhood of z,, in
(Xag, Tag)- For each a € I\ {ap}, let Uy = Xo. As [[oer Uq is an element
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of the subbasis for the product topology on [],c; Xo by Definition
and thus open, we easily see that [],c; Uy is a neighbourhood of (4)acr-
Therefore, as (f)xrea converges to (Ta)acr When [],c; Xo is equipped with
the product topology, there exists a A\g € A such that f) € [[,c; Un for all
A > Ao. Hence fa(ag) € Uy, for all X > X\g. Therefore, as ag € I and U,,
where arbitrary, (fy(a))yepa converges to x4 in (Xq, 7a) for all a € 1.

Conversely, suppose (fx(a))rea converges to x4 in (Xq,Ty) for all o € 1.
Recall from Corollary that the product topology on [],c; X« has as
a basis B consisting of all sets of the form [[,c; Uy where U, € 7, and
Uy = X, for all but a finite number of a € I. To see that (fy)aea converges
to (za)aer, let [Toer Ua be an arbitrary element of B that is a neighbourhood
of (z4)aecr. Hence U, is a neighbourhood of z,, for all & € I and

{ael | Uy# Xa} ={a1,00,..., a5}

for some n € N. Since for each k € {1,...,n} we know that (fx(ox))rea
converges to xq, in (Xa,,Tw,), there exists a A\, € A such that f(ax) € U,
for all A > A\;. Luckily, by the properties of a direct set, there exists a
X € X such that X > A for all k € {1,...,n}. Hence fy(ay) € U,, for
all A > X and for all £ € {1,...,n}. Since fi(a) € X, = U, for all
ael\{a,as,...,a,}, we obtain that (fy)rea € [Ioes Ua for all X > N,
Therefore, as [[,c; Ua was arbitrary, Lemma implies the result. =

Remark 1.5.26. One reason the product topology is superior to the box
topology is that ‘if” direction of Theorem fails when the box topology
is used. In fact, it even fails if sequences are used! Indeed consider [],,cyR
equipped with the box topology and consider the sequence (fy)n>1 € [Inen R
where

fn(m):{O ifm<n

1 ifm>n
and the element f € [],,ey R where f(m) = 0 for all m € N. It is elementary

to see that (fn(m))n,>1 converges to f(m) = 0 for every m € N. However,
we claim that (fy)n>1 does not converge f in the box topology. To see this,

consider the set L1
U= ——, =
I (-53)
meN

which is open in the box topology and clearly then a neighbourhood of f.
However, as fp(n) =1 for all n € N, we see that f,, ¢ U for all n € N. Hence
(fn)n>1 does not converge f in the box topology.

An alternative way to show that Theorem [I.5.25] fails when the product
topology is changed to the box topology is to analyze what convergent
nets imply about the topology. In particular, convergent nets completely
determine the topology thereby generalizing Theorem to nets and
non-metric topological spaces.
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Theorem 1.5.27. Let X be a non-empty set and let T and T' be two
topologies on X. Then T is finer than T' if and only if whenever (x))xea 8
a net that converges to x in (X, T), then (xx)xepn converges to x in (X, T).

Consequently, if (X, T) and (X,T") have exactly the same nets converging
to the same points, then T = T'.

Proof. If T is finer than 7', then 7' C 7. It is then clear that if (z))jen is
a net that converges to z in (X, 7)), then (z))rea converges to z in (X, 7”)
by the definition of a convergent net.

Conversely, suppose whenever (z))xcp is a net that converges to z in
(X, T), then (z))xep converges to z in (X, T"). To proceed by contradiction,
suppose there exists a set U € T’ such that U ¢ 7. By Theorem
there exists an xy € U such that for each T-neighbourhood V of zg, V' \ U
is non-empty.

Let

A={V C X | Visa T-neighourhood of x¢}.

As A is closed under finite intersections, if for V7, Vo € A we define Vi3 <V,
if Vo C V1, then (A, <) is a direct set by Example m

For each V € A, let xyy € V' \ U (note we are using the Axiom of Choice
here). We claim that (xy)yep is a net that converges to xo in (X, 7T)
but does not converge to zg in (X, 7’) thereby yielding a contradiction. To
see that (zy)yep is a net that converges to xp in (X, T), let Vj be an arbitrary
T -neighbourhood xy. Then for all V' > V}j we have that zyy € V C Vj. Hence
(xv)ven is a net that converges to zo in (X,7) by Definition To see
that (zy)yep does not converge to zp in (X, 7’), we simply note that U is a
T'-neighbourhood of xg but xy ¢ U for all V € A. Hence we have obtained
a contradiction thereby finishing the proof. ]

Of course Theorem [I.5.27] immediately implies once we know the box
and product topologies differ (one example of which was demonstrated in
Example that there exists a net that converges in the product topology
but not in the box topology. This then implies that the ‘if’ direction of
Theorem [1.5.25] must fail for the box topology.

Now that we have seen that the convergence of nets determine the
topology, we return the our initial claim that sequences are not enough to
understand topological spaces. In the proof Theorem we really needed
to use a net based on the directed set of all neighbourhoods of a point. Of
course, if we were dealing with a metric space we could have used the %—balls
centred at the point in the construction and thus used a sequence instead of
a net. In particular, the following demonstrates that it is enough to consider
sequence in ‘nice’ topological spaces thereby generalizing Theorem [1.5.3| as
much as we can.

Theorem 1.5.28. Let X be a non-empty set and let T and T’ be two
topologies on X . Suppose that for each point x € X that both T and T’ have
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a countable neighbourhood basis of x. Then T is finer than T’ if and only if
whenever (Ty)n>1 is a sequence that converges to x in (X,T), then (xy)n>1
converges to x in (X, T"). Consequently, if (X,T) and (X,T’) have ezxactly
the same sequences converging to the same points, then T = T'.

Proof. It T is finer than 7', then 7/ C 7. It is then clear that if (z,,)n>1
is a sequence that converges to x in (X, 7T), then (z,)n>1 converges to x in
(X, T") by the definition of a convergent sequence.

Conversely, suppose whenever (z,,),>1 is a sequence that converges to x in
(X, T), then (z,)n>1 converges to z in (X, T’). To proceed by contradiction,
suppose there exists a set U € T’ such that U ¢ T. By Theorem
there exists an x¢g € U such that for each T-neighbourhood V of z¢, V' \ U
is non-empty.

By assumption there exists a countable T-neighbourhood basis {W,}5°
of xg. For each n € N, let

Vo= () Wi
k=1

Then clearly V,, is a T-neighbourhood of zy and V,, 11 C V,, for all n € N.
Furthermore, we claim that {V,,}2; is a T-neighbourhood basis for zy. To
see this, suppose that V' is a T-neighbourhood of z¢. Since {W,,}5; is a
T-neighbourhood basis of xg, there exists an m € N such that xg € W,,, C V.
Hence z¢ € V,, C W,,, C V. Thus {V,}52, is a T-neighbourhood basis for
Zo.

For each n € N, let z,, € V,, \ U, which exists as V,, \ U is non-empty
from above. We claim that (z,),>1 converges to xg in (X,7) but does
not converge to xq in (X, 7’) thereby yielding a contradiction. To see that
(xn)n>1 converges to zg in (X,7T), let V be an arbitrary 7-neighbourhood
xo. Since {V,,}22 is a T-neighbourhood basis for xg, there exists an N € N
such that Vy C V. Thus, for all n > N we have that

zn €Vy C VN C W

Therefore, as Vp was arbitrary, (x,),>1 converges to zo in (X,7). To see
that (z,,)n>1 does not converge to xg in (X, 7’), we simply note that U is a
T'-neighbourhood of z¢ but x,, ¢ U for all n € N. Hence we have obtained a
contradiction thereby proving the result. ]

However, in general, the level of abstraction of nets is required as there
are two different topologies on a single space that have the same convergent
sequences.

Example 1.5.29. Consider ¢;(R) and recall that || - ||; is a norm on ¢;(R)
and thus induces a topology, which will be denoted 7,. There is another
topology on ¢1(R) known as the weak topology, which is a topology based on
the dual space of ¢1(R) (namely o (R)). It is possible to show that the weak
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topology is not a topology induced by a norm and thus 7, # 7,. In addition,
it is possible to show that 7, C 7, and that every sequence that converges in
T, converges in T,,. Thus sequences are not enough to determine a topology!
We leave the details of these facts to Appendix

A clever observer at this point would have likely noticed that we have
only defined ‘a limit and not ‘the limit’ of a net when we defined when a net
converges to a point. This is because, in a general topological space, a net
can converge to multiple points so the ‘the’ in ‘the limit’ no longer make
sense. This is even true if we consider sequences in general topological spaces
as the following example demonstrates.

Example 1.5.30. Consider the set X = {a,b,c} and the topology
T = {97 {a}v {b? C}v X}

(i.e. see diagram 6 of Example[1.1.4). It is not difficult to see that a sequence
(Zn)n>1 in X converges to a if and only if there exists an NV € N such that
xy = a for alln > N as {a} is a neighbourhood of a. However, (z;,),>1 in X
converges to b if and only if there exists an NV € N such that z,, € {b, ¢} for all
n > N as the only open sets containing b are X and {b, c}. Similarly (x,)n>1
in X converges to c if and only if there exists an N € N such that z,, € {b, ¢}
for all n > N. Thus there are several sequences in X that converge to both
b and c.

The reason the above example does not yields unique limits is that there
are not enough open sets to distinguish the points. The correct notion in
order for there to be unique limits is the following.

Definition 1.5.31. A topological space (X,7) is said to be Hausdorff
(equivalently (X,7T) is a Hausdorff space) if for all x,y € X where x # y
there exists sets U,V € T such that x € U, y € V,and UNV = (.

Example 1.5.32. The trivial topology on a set with at least two points is
not Hausdorff as the only open sets are the empty set and the entire set.

Example 1.5.33. The discrete topology on any set is Hausdorff as every
singleton is an open set.

Example 1.5.34. Let X be finite. The only topology on X that is Hausdorff
is the discrete topology. Indeed suppose 7 is a Hausdorff topology on X
and fix a point z € X. For each point y € X \ {y} there exists an open set
Uy € T such that « € Uy but y ¢ Uy,. Then, as X \ {z} is finite, we see that

{z} = ﬂ U,eT.
yeX\{z}
Therefore, as x € X was arbitrary, every singleton from X is in 7. Therefore,

as X is finite, 7 must be the discrete topology.
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Example 1.5.35. The cofinite topology on an infinite set is not Hausdorff
as the intersection of any two non-empty open sets in the cofinite topology
on an infinite set must contain an infinite number of points. Similarly
the cocountable topology on an uncountable set is not Hausdorff as the
intersection of any two non-empty open sets in the cocountable topology on
an uncountable set must contain an uncountable number of points. However,
the cofinite topology on a finite set and the cocountable topology on a
countable set are Hausdorff as every singleton is open (and thus the topologies
are discrete in this case).

Example 1.5.36. The metric topology on a metric space (X, d) is Hausdorff.
Indeed given two points z,y € X with z # y, let § = %d(x,y). Then
By(x,0) and By(y, d) are disjoint open sets one of which contains = and the
other of which contains y. Hence the topology is Hausdorff by definition.
Consequently, any non-Hausdorff topology is not induced by a metric.

Example 1.5.37. The lower limit topology on R is Hausdorff. To see this,
let a,b € R be such that a < b. Then U = [a,b) and V = [b,c0) are open
sets in the lower limit topology such that a € U, b€ V,and UNV = ().
Thus, as a,b € R were arbitrary, the lower limit topology is Hausdorff.

Example 1.5.38. A subspace of any Hausdorff space is Hausdorff. This
follows directly from the definition of a Hausdorff space and the description
of the open subsets in the subspace topology (i.e. the open sets are simple
the intersection of open sets with the subspace).

Example 1.5.39. The product and box topologies of Hausdorff spaces are
Hausdorff. This follows directly from the description of the open sets in
these topologies. To be specific, given two elements of the product [[,c; Xa
of Hausdorff spaces, they differ at one value of «, say ag € I. Thus we can
find disjoint open sets in (Xa,, 7a,) that separate these two values and by
taking the product of these open sets with X, for all a # «q, the desired
open sets separating the two elements of the product have been found.

As advertised, Hausdorf spaces have unique limits.

Theorem 1.5.40. Let (X,T) be a Hausdorff space. If a net (x))xen con-
verges to two points x1,x2 € X, then x1 = x2.

Proof. Suppose to the contrary that there exists a net (x))ea that converges
to two points x1,ze € X where x1 # 3. As (X, T) is Hausdorff, there exist
U,V €T such that 1 € U, 2o € V,and UNV = . As (x))rea converges
to x1, there exists a \; € A such that z) € U for all A > Ay. Similarly
as (x))xep converges to xa, there exists a Ao € A such that x) € V for all
A > Xy. However, by the properties of directed sets, there exists a A3 € A
such that A\; < A3 and A2 < A3. Hence the above yields z), € U NV which
contradicts the fact that U NV = (). Hence the result follows. [ |
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In particular, for Hausdorff spaces, we can define limits.

Definition 1.5.41. Let (X, 7) be a Hausdorff space and let (z))xep be a
net in X that converges in X. The unique point that (z))xecp converges to
in X is called the limit of (z))xea and is denoted limyep ).

In fact, the only topological spaces that have unique limits for every
converging net are Hausdorff spaces.

Theorem 1.5.42. Let (X,T) be a topological space such that every conver-
gent net in (X, T) converges to exactly one point. Then (X, T) is Hausdorf}.

Proof. Let (X,T) be a topological space such that every convergent net in
(X, T) converges to exactly one point. Suppose to the contrary that that
(X, T) is not Hausdorff. Then there exist points z,y € X such that for every
neighbourhood U of z and neighbourhood V of y, U NV # ().

Consider the set

A={(U,V) | UV €T are such that z € U and y € V'}..

For (U1, V1), (Ua, Vo) € V, we define (Uy, V1) < (Us, V2) if and only if Uy C Uy
and Vo C Vj. We claim that (A, <) is a directed set. Indeed, clearly < is
reflexive and transitive. Furthermore, if (U, V3), (Us, V2) € V, then by
taking Us = Uy N Uy and V3 = Vi N Vi, we easily see that (Us, V3) € A),
(U1, V1) < (Us, V3), and (U, Va) < (Us, V3). Hence (A, <) is a directed set.
For each (U, V) € A, choose a 2,y € UNV, which exists by assumption
(note we are using the Axiom of Choice here). Hence (2y,v))(w,v)ea 18
a net. We claim that (z(U7V))(U7V)EA converges to both x and y. Indeed if U
is an arbitrary neighbourhood of z, then for all (U’, V') > (U, X) we see that

ZU v cU'nv’ cunX=U.

Hence (z(,v)(w,v)ea converges to z. Similarly, if V is an arbitrary neigh-
bourhood of z, then for all (U, V') > (X, V) we see that

Z(U/J//)EUIQVIQXHVIV

Hence (z,v))w,v)en converges to y. As this contradicts the fact that
every convergent net in (X, 7) converges to exactly one point, the proof is
complete. [ |

In general, asking that a space is Hausdorff is a very mild condition in
that it is simply asking that we can separate any two distinct points with
open sets. However, the fact that nets in Hausdorff spaces have unique
limits is very useful for the study of spaces that are Hausdorff. In particular,
trying to prove results for arbitrary topological spaces can often be difficult
or impossible as they need not have enough structure. Thus, we will often
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impose conditions like being Hausdorff on certain topological spaces in order
to be able to prove certain results, which will then only apply to certain
collections of topological spaces.

If we add the additional assumption that we are in a normed linear space,
then we can even see that limits behave well with respect to the vector space
operations.

Proposition 1.5.43. Let (V, || - ||) be a normed linear space. Suppose (U))rea
and (Wy)rea are two nets indexed by the same directed set such that

lim ¥y =¥ and lim Wy = @
AEA AEA
for some U,wW € V. Then for all a € K,
lim oy + W = o + 0.
AEA
Proof. Fix an o € K and let € > 0. Since
lim ¥y = v and lim Wy = w
there exists A1, Ao € A such that

|7 — O\ < € for all A > g and || — @y || < e for all A > As.

By the properties of directed sets, there exists a A\g € A such that A\g > Ay
and Ay > Ao. Hence, for all A > )\g, we obtain that

(e + @) = (ot + @) || = ([T = ) + (& — @)
< [ |7 = Ol + [ — @ |
< (Ja] + 1)e.
Therefore, as a € K is fixed, the result follows. [ |

To finish off this section, we recall one useful tool in undergraduate
analysis is the ability to take subsequences. For nets, things are a little more
delicate, but will be equally useful.

Definition 1.5.44. Let X be a non-empty set, let (A, <) and (M, <p) be
two directed sets, and let F': A — X be a net. A subnet of F directed by
(M, <p) is the composition F' o ¢ : M — X where ¢ : M — A is such that

(1) (increasing) if py, p2 € M are such that py <g pe, then (1) < o(p2),
and

(2) (cofinal) for each A € A there exists a u € M such that A < ¢(u).
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Remark 1.5.45. Note it is elementary to see that a subnet of a net is a net.
In particular, if the net I is denoted by (zx)xea, we will often use (zx, ), enm
to denote a subnet where p(u) = A,.

Subnets can be a little tricky.

Example 1.5.46. A subnet of a sequence need not be a subsequence. Indeed
consider the sequence (zy,)n>1 and consider the directed set (R, <). Then if
we define ¢ : R — N by

1 fz<l
p(x) = . ,
n ifzxe(n—1,n]

then ¢ is increasing and cofinal. However, clearly (z,,,).cr is not a subse-
quence of (zp,)n>1.

Example 1.5.47. Let (z))xea be a net in a topological space. Choose
A1 € A. Then there exists a Ay € A such that Ao > A;. By repetition, we
can obtain a sequence (A,)n>1 of elements of A that are increasing. However
(x, )n>1 need not be a subnet of (x))xca as it need not be cofinal (even if
A # A+1)- Note this is quite different than the situation with sequences.

However, as with sequences, subnets of convergent nets still converge.

Proposition 1.5.48. Let (X,7T) be a topological space, let (x\)xen be a net
in X, and let (zx,)uem be a subnet of (xx)xen- If (Tx)rea converges to some
point x € (X, T), then (wx,)uenm converges to x in (X, T).

Proof. Suppose (x))aea converges to some point z € (X,7). To see that
(wx,)uenm converges to z in (X, T), let U be an arbitrary neighbourhood of
x. As (x))rep converges to z, there exists an \g € A such that z) € U for
all A > Ag. Due to the properties of subnets, there exists a ug € M such that
Auo = Ao. Hence, by the properties of subnets, if ;1 > po then A, > A,y > Ao
and thus x), € U. Therefore, as U was arbitrary, (z ,\u) ueM converges to x
in (X, 7). ]

1.6 Sets and Points

With the completion of our basic understanding of nets, we can now turn out
attention to types of points and sets inside topological spaces. These various
types of points and sets occur regularly throughout topology and will be of
incredible use in this course. Most of these notions are generalizations of
known types of sets and points in metric spaces. In particular, the following
type of sets are well known.

Definition 1.6.1. Let (X, 7) be a topological space. A set F' C X is said
to be closed it X \ F € T.
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Example 1.6.2. Every closed interval [a, ] is a closed subset of R with its
canonical topology as R\ [a,b] = (=00, a) U (b,00) is the union of two open
sets and thus is open.

Example 1.6.3. The set [0, 1) is neither open nor closed when R is equipped
with its canonical topology. Indeed [0,1) is not open as there is no neigh-
bourhood of 0 that is contained in [0,1). Similarly [0,1) is not closed as
R\ [0,1) = (—00,0) U [1,00) is not open as there is no neighbourhood of 1
that is contained in R\ [0,1). Thus it is possible that sets are neither open
nor closed.

Example 1.6.4. Given a topological space (X, 7)), the sets () and X are
always closed as X \ ) = X and X \ X = () are open.

Example 1.6.5. In the discrete topology, every set is closed as every set is
open so the complement of every set is open.

Example 1.6.6. In the cofinite topology, the closed sets are exactly the
entire space and the set of finite subsets. Similarly, in the cocountable
topology, the closed sets are exactly the entire space and the set of countable
subsets.

Example 1.6.7. Let (X,d) be a metric space. Given an z € X and an
r > 0, the closed d-ball of radius r centred at x, denoted By[z, ], is the set

Bylz,r] ={y € X | d(z,y) <r}.

Any closed ball in any metric space is closed. Indeed to see that By[z, 7]
is closed, let y € X \ By[z,r] be arbitrary. Then d(x,y) > r. Thus
By(y,d(x,y) — r) is an open set in (X,d). Furthermore, notice if z €
By(y,d(x,y) — r) then d(z,y) < d(z,y) —r so

d(z,2) 2 d(z,y) = d(y,z) > d(z,y) — (d(z,y) =) =7

and thus z ¢ By[z,r|. Hence By(y,d(x,y) — r) is an open set containing y
that is contained in X \ By|x,r]. Therefore, as y € X \ By[x, r| was arbitrary,
X \ By[z,r] is open and thus Bylz,r] is closed.

Example 1.6.8. If (X,7) is a Hausdorff space, then every singleton is
closed. Indeed let z € X be arbitrary. As (X, 7) is Hausdorff, for each y € Y
there exists a U, € T such that y € U, but « ¢ U,. Thus

X\{z}= U U eT.

yeX\{z}

Hence {x} is closed.
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As the notion of a topological space immediately invokes properties on
open sets, we immediately have the following properties of closed sets by
taking complements and using De Morgan’s Laws.

Proposition 1.6.9. Let (X, T) be a topological space. Then:
(1) O and X are closed sets.
(2) If {Fuo}acr are closed sets in (X, T), then Nyer Fao is closed in (X, T).

(3) If {Fa}acr are closed sets in (X,T) and I is finite, then Uyer Fo is
closed in (X, T).

Proof. Simply apply Definition and De Morgan’s Laws. |

Example 1.6.10. In any Hausdorff space, any finite union of points is closed
as Example shows singleton points are closed and Proposition [1.6.9
concludes finite unions of closed sets are closed.

Example 1.6.11. Let Py = [0,1]. Construct P; from Py by removing the
open interval of length % from the middle of Py (i.e. P = [0,3] U [3,1]).
Then construct P, from P} by removing the open intervals of length 3% from
the middle of each closed subinterval of P;. Subsequently, having constructed
P, construct P41 by removing the open intervals of length # from the
middle of each of the 2" closed subintervals of P,. Specifically, P, is the

union of the 2™ closed intervals of the form
"a, 1 " ay
- + -
Z k> Z k
k=1 3 an k=1 3

where aq, ..., a, € {0,2}.
The set

C={()Pn

n>1

is known as the Cantor set. The Cantor set is closed by Proposition [1.6.9
being the intersection of finite unions of closed sets. In fact, it can be shown
that C is uncountable.

When we restrict to subspaces of topological spaces, the closed subsets
are easy to understand.

Lemma 1.6.12. Let (Y, Ty) be a subspace of a topological space (X, T). A
subset A CY is closed in (Y, Ty) if and only if A=Y NF where F is a
closed set in (X, T).

Proof. First suppose A =Y N F where F is a closed set in (X,7). As F'is
closed in (X,7),V=X\F €T. Hence U =Y NV is open in (Y, Ty) so

Y\U={yeY |y¢Ut={yeY [y¢gV}=A
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is closed.

Conversely, suppose A C Y is closed in (Y,7y). Then U =Y \ A is open
in (Y,7y). By the definition of the open subsets of a subspace, there exists
aV €T such that U =Y NV. Hence F'= X \ V is closed in (X,7T) and

YNF={yeY [y¢Vi={yeY [y¢U}=A
Hence the result is complete. ]

Example 1.6.13. Consider Y = (0, 2) with the subspace topology inherited
from the canonical topology on R. Then

is closed in the subspace topology even though (0, 1] is not closed in R.

The reason closed sets are awesome is due to their relations with limits
of nets.

Theorem 1.6.14. Let (X,T) be a topological space and let F C X. Then
the following are equivalent:

(i) F is a closed set in (X,T).

(i) Whenever (zx)xep is a net such that xy € F for all X € A that converges
to a point xg € X, then xg € F.

Proof. To begin, suppose F' is a closed set in (X,7) and that (z))ea is a
net such that x) € F for all A € A that converges to a point zg € X. Suppose
to the contrary that zo ¢ F. Then xg € X \ F. As F is closed, X \ F' is open
so zp € X \ F and the definition of a convergent net implies there exists a
Ao € A such that ) € X \ F for all A > \g. As this contradicts the fact that
x) € F for all A € A, we have a contradiction. Hence x¢ € F' as desired.

Conversely, suppose that whenever (z))aea is a net such that x) € F
for all A € A that converges to a point zg € X, then xg € F. To see that F
must be closed, suppose to the contrary that F' is not closed. Then X \ F
is not open. Hence there exists a point zg € X \ F such that for every
neighbourhood U of xg, U N F # ().

Let

A ={U C X | U is a neighourhood of z¢}.

As A is closed under finite intersections, if for Uy, Us € A we define U; < Uy
if Uy C Uy, then (A, <) is a direct set by Example m

For each U € A, let zyy € F NU (note we are using the Axiom of Choice
here). We claim that (zy)pea is a net that converges to xg. This
then leads to a contradiction as xyy € F for all U € A but g ¢ F thereby
completing the proof. To see that (xy)yep is a net that converges to xg in
(X,T), let Uy be an arbitrary neighbourhood z. Then for all U > Uy we
have that xy € U C Up. Hence (zy)pea is a net that converges to zp in
(X,T) as claimed. ]
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Example 1.6.15. Let I be a non-empty set, let {(Xa, 7o) }acr be a non-
empty indexed family of topological spaces, and let Fy, be a closed subset of
(Xa,Ta) for all a € I. We claim that [],c; Fa is closed in [],c; Xo when
equipped with either the product or box topology. Indeed let (fy\)aea be
an arbitrary net in [[,c; Fiy that converges to some element f € [[,c; Xa-
By the ‘if’-direction of Theorem for each a € I the net (fx(a))rea
converges to f(a) in (Xa, To). Therefore, as fy(«) € F, for all A € A and
F, is closed in (X4, 7o), Theorem implies f(«) € F, for all a. Hence

[ € Ilaer Fa- Therefore, as (fy)rea was arbitrary, Theorem [1.6.14] implies
[Taer Fo is closed.

Given a subset of a topological space, there will be potentially lots of
convergent nets contained in a given subset. It would be nice to find a closed
set that contains all the possible points of convergence. In particular, it
would be nice to find the smallest possible set with this property.

Construction 1.6.16. Let (X,7) be a topological space and let A C X.
Note the set

F={FCX | ACF and F is a closed set in (X,7T)}

is non-empty as X € F. Consequently, Proposition implies the set

A= F
FeF
is a closed set in (X,7) that contains A. As clearly A C A, we obtain that
A € F and thus A is the smallest closed set in (X, 7)) that contains A. This
causes us to define the following.

Definition 1.6.17. The closure of a set A in a topological space (X, T) is
the set A obtained by taking the intersection of all closed subsets of (X, 7)
that contain A.

Example 1.6.18. Given R with its canonical topology and a,b € R with
a < b, the closure of each of (a,b), [a,b], (a,b], and [a,b) is [a, b]. Indeed [a, b]
is a closed set containing each of these sets. Furthermore, as every other
close subset of R containing one of these sets must also contain a and b by
Theorem [a, b] is the smallest closed subset of R containing each of
these sets and thus must be the closure of each of these sets.

Example 1.6.19. Let (X, d) be a metric space with at least two points, let
z € X, and let > 0. It is possible that Bg(x,r) # Bg[z,r]. Indeed let d be
the discrete metric on X. Then {z} = By(x, 1) is closed and thus equal to

its own closure. However By[x, 1] = X which does not equal Bg(z,1).

Of course, closures of sets behave well with respect to subspaces and
products.
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Lemma 1.6.20. Let (Y, Ty) be a subspace of a topological space (X,T) and
let A CY. The closure of A in (Y,Ty) is the intersection of Y and the
closure of A in (X, T).

Proof. Let B denote the closure of A in (Y, 7y) and let C' denote the closure
of Ain (X, 7). As Cisclosed in (X,7), Y NC is closed in (Y, 7y) by Lemma
Therefore B C Y N C by definition.

To see the other inequality, recall since B is a closed set in (Y, 7Ty )
that Lemma implies there exists a closed set F' in (X, 7) such that
B=YNF. Howeveras AC B=Y NF C F, and as F' is a closed subset in
(X, T), the definition of the closure of a set implies C' C F. Hence

YnCCYnF=B
as desired. n

Before we show how closures work for the product and box topologies,
we demonstrate the following useful tool.

Theorem 1.6.21. Let (X,T) be a topological space, let A C X, and let
x € X. The following are equivalent:

(i) x € A.
(ii) There exists a net (x\)rep of points in A that converges to x.
(iii) For every neighbourhood U € T of x, UN A # (.

Furthermore, if B is a basis for (X,T) or a neighbourhood basis for x, then
the above are equivalent to

(iv) For every neighbourhood U € B of z, UN A # ().

Proof. First suppose z € A. To see that (iii) holds, suppose to the contrary
that there exists a neighbourhood U € T of x such that U N A = (). Then
X\ U is a closed set containing A so A C X \ U. However x € U and = € A
contradict the fact that A C X \ U. Hence (i) implies (iii).

Next, suppose (iii) holds. To see that (ii) holds, let

A={U C X | U is a neighourhood of z}.

As A is closed under finite intersections, if for Uy, Us € A we define U; < Uy
if Uy C Uy, then (A, <) is a direct set by Example

For each U € A, let zyy € ANU (note we are using the Axiom of Choice
here). We claim that (zy7)yea is a net that converges to . To see this,
let Up be an arbitrary neighbourhood x. Then for all U > Uy we have that
zy € U C Up. Hence (x17)yep is a net that converges to = in (X, 7)) and, as
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zy € A for all U € A, we have constructed an acceptable net. Hence (iii)
implies (ii).

To see that (ii) implies (i), we note that if exists a net (z)yea of points in
A that converges to x, then  must be in every closed subset of X containing
A by Theorem Thus x € A by the definition of the closure of a set.
Hence (ii) implies (i).

Finally, in the case B is a basis for (X, 7) or a neighbourhood basis for
x, i) implies iv) by identical arguments. Furthermore to see that (iv) implies
(ii), consider

A ={U € B | U is a neighourhood of z}.

Then A is a net with the same ordering as above by the properties of bases
and neighbourhood bases. A net (zy)yep is constructed as above and still
converges to x by the properties of bases and neighbourhood bases. ]

Using Theorem [I.6.21] we can describe closure in the box and product
topologies.

Proposition 1.6.22. Let I be a non-empty set, let {(Xa, Ta)tacr be a non-
empty indexed family of topological spaces, and let A, C X, for all o € I.
Then, when [[,cr Xa is equipped with either the box or the product topology,

Proof. By Example [1.6.15( we see that [[,c; Aq is a closed set containing

[loer Aa. Hence

IT A« < ] 4«

aecl acl
by definition.

To see the other inequality we will use Theorem € [aer Aa

be arbitrary and write £ = (24)acr. To see that x € [[,ecr Aa, let V be a
neighbourhood of . Thus, by our knowledge of bases, we can find a set
U = [laer Ua where U, € T, (with Uy = X, for all but finitely many o € I
in the case we are using the product topology) such that z € U C V. Since
z € U we have that z, € U, for all &« € I. Moreover, since z € [[,c; Ao
we know that x, € A, for all & € I by Theorem Therefore, since
zo € U, and since z, € A, there exists an a, € A, NU, for all « € I by a
property of the closure. Thus

(Ga)acr €U N (H Aa> cvn (H Aa> :

acl ael

Therefore, as V' was an arbitrary neighbourhood of x, we obtain that z €

[Ioer Aa by Theorem |1.6.21] as desired. []
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Of course, when studying closures and closed sets via limits, for each
element x in a set A there is clearly a net with elements from A that converges
to z; namely a constant net where every value is . Thus when taking a
closure or asking whether a set is closed, we are more interested in nets that
do not take the value of a specific point in a set. In particular, analysing the
proof of Theorem we easily see the following.

Corollary 1.6.23. Let (X, T) be a topological space, let A C X, and let
x € X. The following are equivalent:

(i) There exists a net (x\)aep of points in A\ {x} that converges to x.
(ii) For every neighbourhood U of x, U N (A \ {x}) # 0.

Proof. The proof that (ii) implies (i) is identical to the proof that (iii) implies
(ii) in Theorem [1.6.21} Conversely, the proof that (i) implies (ii) follows
directly from the definition of a convergent net. [

As being able to determining points of convergence from non-constant
nets is useful in many scenarios, we give said object a name.

Definition 1.6.24. Let (X,7) be a topological space and let A C X. A
point x € X is said to be a cluster point of A if one of the two equivalent
conditions from Corollary hold for z, A, and (X, T).

The set of cluster points of A is denoted cluster(A).

Remark 1.6.25. Note some authors use the term ‘limit points’ instead of
cluster points. However a disjoint set of authors use the term ‘limits points’
to mean the set of all points of convergence. Thus we endeavour to ignore
this ambiguity.

Example 1.6.26. Given R equipped with its canonical topology and a,b € R
with a < b, it is not difficult to see that the set of cluster points for [a, ], (a,b),
[a,b), and (a,b] are all [a, b] as every point in [a, b] is a point of convergence
for some non-constant net from (a,b).

Example 1.6.27. Let A = {% | ne N} viewed as a subset of R with its

canonical topology. Then the only cluster point of A is 0. Indeed clearly the
n

To see that 0 is the only cluster point of A, we first claim that A = A U {0}.

To see this, we note that AU {0} is closed as its complement is a countable

union of open intervals and thus is open. However A is not closed by Theorem

1

1.6.14| as (E) o is a sequence from A that converges to 0, which is not in A.
n

Hence A = A Ui{O}. Therefore, by Theorem |1.6.14} the set of possible cluster
points must be contained in A U {0}. However, it is clear that no point in
A can be a cluster point of A since the distance between % and any other

sequence (1> _, converges to but never equals 0 and thus 0 is a cluster point.
n
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point in A is at least % - ﬁ so it is impossible for a net from A \ {%} to

converge to % Hence the only cluster point of A is 0.

Example 1.6.28. Let C be the Cantor set from Example Then the
set of cluster points of C is precisely C. To see this, note as C is closed that
the cluster points of C are contained in C. To see that every point in C is a
cluster point of C, let z € C be arbitrary. Thus, by the definition of C, for
each n € N there exists a unique closed interval I, of the form [234?, %gj 1}
where k, € {0,1,...,1(3" — 1)}. Choose z,, to be one of the endpoints of
I,, that is not equal to x (as there are two distinct endpoints, such a point
exists). As it is elementary to verify that the endpoints of I,, are elements
of C, we see that z,, € C and |z — x| < 3% Hence (xy,)n>1 is a sequence in
C\ {z} that converges to x. Hence C is equal to its cluster points.

Example 1.6.29. Let A be a non-empty subset of a topological space (X, T).
Then the closure of A in the subspace (A4,74) is A as A is closed in the
subspace topology.

Perhaps unsurprisingly, the only thing that prevents a set from begin
closed is it not containing its cluster points.

Theorem 1.6.30. Let (X,T) be a topological space and let A C X. Then
A = AU cluster(A).

Proof. First, it is clear that A C A and that cluster(4) C A by Theorem
and the definition of a cluster point. Hence

A D AU cluster(A).

To see the other inequality, let z € A be arbitrary. If # € A then x €
A U cluster(A) and there is nothing left to show. Thus we may suppose
that = ¢ A. Since x € A, Theorem implies that U N A # () for every
neighbourhood U of z. Asx ¢ A, UN(A\{x}) # 0 for every neighbourhood U
of x. Hence Corollary implies that « € cluster(A). Therefore, in either
case ¥ € AU cluster(A). Hence, as x € A was arbitrary, A = A U cluster(A)
as desired. n

Corollary 1.6.31. Let (X, T) be a topological space and let A C X. Then
A is closed if and only if cluster(A) C A.

Proof. If A is closed, then A = A = AU cluster(A4) by Theorem and
hence cluster(A) C A. Conversely, if cluster(4) C A, then Theorem
implies that A = A U cluster(A4) = A. Therefore, as A is equal to its closure
and the closure of a set is a closed set, A is closed. ]
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All of the above has been focused on closures and closed sets via describing
points of convergence for nets based on a set. However, it is often useful
to understand just the points inside a set. In particular, it is useful to
understand the set of points in a set that are ‘far away’ from the complement
of the set. These points are described based on the following, which is
constructed in a similar fashion to how we constructed the closure of a set.

Construction 1.6.32. Let (X,7) be a topological space and let A C X.
Note the set
U={UCX |UCAand U eT)

is non-empty as () € A. Consequently, Definition implies the set

int(4)= (J U

veu

is an open set in (X,7) that is contained A. As clearly int(A) C A, we
obtain that int(A) € U and thus int(A) is the largest open set in (X, 7) that
is contained in A. This causes us to define the following.

Definition 1.6.33. The interior of a set A in a topological space (X, T)
is the set int(A) obtained by taking the union of all open subsets of (X, 7))
contained A.

Example 1.6.34. Given R equipped with its canonical topology and a,b € R
with a < b, it is not difficult to see that interior of [a,b], (a,b), [a,b), and
(a,b] is (a,b) as clearly (a,b) is open, is contained in these sets, contains all
points in these sets for except possible a and b, and as the addition of a or b
to (a,b) creates a set that is not open.

Example 1.6.35. Let A = {% | n€ N} viewed as a subset of R with its

canonical topology. Then the interior of A is the empty set as no open
interval is contained in A.

Example 1.6.36. The Cantor set C, viewed as a subset of R, has no interior.
Indeed suppose to the contrary that int(C) is non-empty. Hence there exists
an open interval (a,b) C int(C) C C by the definition of the interior. By
the elementary properties of real numbers, we can choose N € N such that
SLN < b — a. This then implies that (a,b) cannot be contained in Py as
defined in Example [I.6.11] as none of the separated intervals in Py have
length greater than :%N Hence the Cantor set has no interior (even though

it is uncountable and every point is a cluster point).

Example 1.6.37. Let A be the z-axis in R? equipped with its topology
from the Euclidean norm. Then the interior of A is empty as A contains no
open balls from R2.
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Example 1.6.38. Let A be a non-empty subset of topological space (X, T).
Then the interior of A in the subspace (A,74) is A as A is open in the
subspace topology.

Although we do not have any theory here related to the interior like we
did with the closure results seen above, the interior will be useful later in
the course.

As we can see based on these examples, the set of interior points to a set
are those that are ‘far away’ from the complement of the set as there is an
open set containing these points that does not intersect the complement. To
formalize this, we define another type of point for a given set.

Definition 1.6.39. Let (X,7) be a topological space and let A C X. A
point z € X is said to be a boundary point of A if ANU # () and (X \A)NU # 0
for every neighbourhood U € T of .

The set of boundary points of A is denoted bdy(A).

Before we look at examples of boundary points, we first prove two results
which completely describe the set of boundary points based on objects we
have previously studied.

Corollary 1.6.40. Let (X, T) be a topological space and let A C X. Then

bdy(A) = AN (X \ A).

Proof. This result easily follows from Theorem [I.6.2T] and the definition of a
boundary point. [

Theorem 1.6.41. Let (X, T) be a topological space and let A C X. Then
int(A) and bdy(A) are disjoint sets such that

A =int(A) Ubdy(A).

Furthermore

int(A) = A\ (X \ A).

Proof. Clearly if = € int(A), then there exists an open set U containing z
(namely int(A)) such that U N (X \ A) = () and thus = ¢ bdy(A). Hence
int(A) and bdy(A) are disjoint sets.

To see that A C int(A) Ubdy(A), let x € A be arbitrary. Hence Theorem
implies that for every neighbourhood U of x, U N A # (). If there
exists a neighbourhood U of x such that U N (X \ A) =0, then U C A and
hence z € int(A). Otherwise for every neighbourhood U of x, UN A # ()
and UN (X \ A) # 0 so z € bdy(A). Therefore, as z € A was arbitrary,
A Cint(A) Ubdy(A). For the reverse inequality, we note that bdy(A) C A
by the definition of a boundary point and Theorem and similarly
int(A) C A C A trivially.
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Finally, to see that int(A) = A\ (X \ A), note if = € int(A) then there
exists a neighbourhood U of x contained in A and thus z ¢ (X \ A) by
Theorem Furthermore, as int(A) C A by construction, int(A) C
A\ (X \ A). To see the reverse inequality, note as

ANTEVA CX\TTVAC X\ (X\A4) =4,

and as X \ (X \ 4) is the complement of an closed set and thus is open,

A\ (X \ A) C int(A) by definition. Hence int(A) = A\ (X \ A) as desired. =

Example 1.6.42. Given R equipped with its canonical topology and a,b € R
with a < b, it is not difficult to see that boundary of [a,b], (a,b), [a,b), and
(a,b] is {a,b}. Indeed as the closure of each of these sets is [a, b] by Example

1.6.18 and the interior of each of these sets is (a,b) by Example [1.6.34] the
claim follows from Theorem [L.6.41]

Example 1.6.43. Given R equipped with its canonical topology, the bound-
ary of Q is R as every neighbourhood of some point from Q contains an
interval, which must contain a rational and irrational number.

Example 1.6.44. Let (X, d) be a metric space with at least two points, let
x € X, and let r > 0. It is possible that bdy(Bg(x,r)) and bdy(Bg[z,r]) are
not equal to

{yeY €l d(z,y) =r}.

Indeed let d be the discrete metric on X. Then By(x,1) = {z} and By[z,1] =
X have empty boundary sets as they are open sets and thus equal to their
own interior. However the above set is X which is not equal to 0.

The notions of points and sets observed in this section will be seen
throughout the course (less so with the boundary points). As with under-
graduate real analysis, the notions related to closed sets and closures of
sets will be of vital importance when discussing continuous functions and
compact sets; which happen to be the next two chapters.
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Chapter 2

Continuous Functions

With the completion of our introduction to topological spaces, it is natural
to consider the maps between topological spaces. This is a common theme
in mathematics; first one defines objects, then one studies the morphisms
between them. The correct morphisms between topological spaces are known
as continuous functions. These generalizations of the continuous functions
studied in calculus have wide reaching applications throughout mathematics
and are some of the best behave functions in all of mathematics. Consequently,
this chapter is devoted to the development of the theory of continuous
functions. After developing the numerous characterizations of continuous
functions and some basic properties in the first section, we will use continuous
functions to study quotient spaces, connected sets in topological spaces
thereby enabling us to generalize the Intermediate Value Theorem, and other
forms of connectedness.

2.1 Continuous Functions

To begin our study of continuous functions on topological spaces, we recall
a function f : R — R is continuous if for each xg € R and each ¢ > 0 there
exists a § > 0 such that if z € R and |z — x¢| < §, then |f(x) — f(x0)| < e.
Alternatively, this can be rewritten as

(z0 — 6,20 +0) € f'((f(w0) — € f(x0) +€))

(see Definition for the definition of f~!(A) for a set A). As open
intervals form a basis for the canonical topology on R, it is elementary to
generalize the above idea of a continuous function to topological spaces.

Definition 2.1.1. Let (X, Tx) and (Y, 7y) be topological spaces. A function
f: X =Y is said to be continuous if f~1(U) € Tx for every U € Ty; that
is, the inverse image of every open set (from Y') is open (in X).
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To verify that Definition [2.1.1]is indeed a generalization of a continuous
function on R, we demonstrate the following equivalent characterization of
continuous functions between metric spaces.

Proposition 2.1.2. Let (X,d;) and (Y,dy) be metric spaces and let f :
X =Y. Then f is a continuous function from X to Y when equipped with

their metric topologies if and only if for all xyg € X and € > 0 there exists a
0 > 0 such that if x € X and dx(x,x0) < 0 then dy (f(x), f(z0)) < €.

Proof. Let f: X — Y be continuous. To see that f has the desired property,
let zp € X and € > 0 be arbitrary. Consider the set U = By, (f(x0),€). As
U is open in Y and as f is continuous, f~!(U) is open in X. Therefore,
since zg € f~Y(U) as f(z0) € Buay, (f(wg),€) = U, there exists a § > 0
such that By, (70,0) C f~1(U) by the definition of the metric topology.
Thus if z € X and dx(z,2z0) < 6, then © € Bg,(20,8) C f~HU) so
f(z) € U = By, (f(x0),€) hence dy (f(z), f(x0)) < e. Therefore, as 9 € X
and € > 0 were arbitrary, f has the desired property.

Conversely, suppose for all xg € X and € > 0 there exists a § > 0 such
that if z € X and dx(z,z¢) < 0 then dy(f(z), f(zo)) < €. To see that f
is continuous, let U be an arbitrary open set in Y. To see that f~1(U) is
open in X, let xg € f~1(U) be arbitrary. Then f(zg) € U so, as U is open,
the definition of the metric topology implies there exists an ¢ > 0 such that
By, (f(z0),€) C U. By the assumption of this direction of the proof, there
exists a § > 0 such that if z € X and dx (z,z) < 0 then dy (f(z), f(z0)) < €.
Thus, if € By, (20, ) then dx(z,z0) < 0 so dy(f(z), f(z0)) < € and thus
f(z) € Ba, (f(z0),€) C U. Therefore By, (z0,5) C f~1(U). Therefore, as
zg € f~Y(U) was arbitrary, f~1(U) is open by the definition of the metric
topology. Hence, as U was arbitrary, f is continuous as desired. |

Thus Proposition [2.1.2] implies that all the continuous functions on R
seen in undergraduate calculus are continuous functions between topological
spaces. Thus we have already have several examples of continuous functions.
Of course there are many more. Before we get to examples of continuous
functions between general topological spaces, we mention one useful example
in the metric space setting. To do so, we must define the following.

Definition 2.1.3. Let (X,d) be a metric space and let A C X be a non-
empty set. Given z € X, the distance from x to A, denoted dist(x, A), is
defined to be

dist(z, A) = inf{d(x,a) | a € A}.

Example 2.1.4. Let (X, d) be a metric space and let A C X be non-empty.
The function f : X — R defined by

f(z) = dist(x, A)
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is a continuous function from X equipped with the metric topology to R
equipped with its canonical topology.

To see that f is continuous, first let x1,x9 € X be arbitrary. If § > 0,
then by the definition of the distance there exists an a € A such that
d(z1,a) < dist(z1, A) + d. Therefore

dist(x, A) < dist(xe,a) < d(xy, x2) + d(21,a) < d(x1, x2) + dist(x1, A) + 6.

As the above inequality holds for all § > 0, we obtain that f(z2) < f(x1) +
d(xz1,x9). By reversing the roles of x; and x2, we obtain that f(z;) <
f(z2) + d(x1,x2) and hence |f(z1) — f(z2)| < d(x1,x2).

To see now that f is continuous, let o € X and € > 0 be arbitrary. Let
0 = € > 0. Therefore, if z € X is such that d(z, x9) < d then |f(x)— f(z0)] <
d(xz,z9) < § = €. Thus, as g € X and € > 0 were arbitrary, f is continuous
by Proposition [2.1.2]

Now onto some non-metric related examples.

Example 2.1.5. Let (X,7x) and (Y,7y) be topological spaces and let
yo € Y. The constant function f : X — Y defined by f(z) = yo forall z € X
is a continuous function. Indeed for every open set U in Y we have that

_ X ifyeU
L) = .
f ( ) {@ ify0¢U

Therefore, as ), X € Tx by the definition of a topology, f is continuous.

Example 2.1.6. Let (X, 7x) and (Y, 7y) be topological spaces. If Tx is the
discrete topology, then every function f : X — Y is continuous as Tx = P(X)
implies f~1(U) € Tx for every U € Ty.

Example 2.1.7. Let (X, Tx) and (Y, Ty) be topological spaces. If Ty is the
trivial topology, then every function f : X — Y is continuous as f~1(Y) = X,

f71(@) =0, and Ty = {0,Y}.
Example 2.1.8. Let I be a non-empty set and let {(X,, 7o) }acr be a set

of topological spaces. For a fixed ag € I, consider the map

Tao || Xa = Xag
ael

defined by

T ((xa)ael) = Tqy

for all (za)aer € [Taer Xoa- The map 7, is called the projection map onto
the af coordinate.
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Every projection map is continuous when [ [, X is equipped with either
the product topology or the box topology. Indeed notice for all U € 7,, that

Tao (U) =[] Va
acl
where V,, = X, if o # ag and V,,, = U. Thus, as [[,¢; Vo is open in both the
product and box topologies and as U € 7,, was arbitrary, m, is continuous.
In fact, as the collection {7, (U,) | o € I,U, € T4} is a subbasis for the
product topology, the product topology is the coarsest topology for which
each projection map is continuous.

Of course, there are many ways to test whether a function on R is
continuous. In particular, one characterization of continuous functions on
R that is often used as the definition of continuity due to its viability is
the characterization that a function is continuous if and only if it maps
convergent sequences to convergent sequences. In the following result, we
extend all of these characterizations to arbitrary topological spaces.

Theorem 2.1.9. Let (X,Tx) and (Y, Ty) be topological spaces and let f :
X — Y. The following are equivalent:

(i) f is continuous.

(i) For every x € X and every Ty -neighbourhood U of f(x) there exists a
Tx -neighbourhood V of x such that V C f~1(U).

(iii) For any bases Bx of (X,Tx) and By of (Y,Ty), for every x € X
and every neighbourhood U € By of f(x) there exists a neighbourhood
V € Bx of x such that V C f~1(U).

(iv) For some bases Bx of (X,Tx) and By of (Y,Ty), for every x € X
and every neighbourhood U € By of f(x) there exists a neighbourhood
V € Bx of x such that V C f~1(U).

(v) For every net (xx)xea in X that converges to some xqg in (X, Tx), the
net (f(xx))rea converges to f(xo) in (Y, Ty).

(vi) For every A C X, f (Z) C f(A), where the closures are taken in their
appropriate spaces.

(vii) For every closed set Fin (Y, Ty), f~UF) is closed in (X, Tx).

Proof. To see that (i) implies (ii), let f be continuous and let z € X and
U a Ty-neighbourhood of f(z) be arbitrary. Then, as f is continuous,
V = f~YU) is clearly a Tx-neighbourhood of x such that V' C f~1(U).
Therefore, as « and U were arbitrary, (i) implies (ii).
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To see that (ii) implies (iii), let x € X and U € By a Ty-neighbourhood
of f(z) be arbitrary. By ii) there exists a Tx-neighbourhood Vj of = such
that Vo € f~1(U). Since By is a basis for (X, 7x) there exists V € By
such that x € V C V. Hence V € Bx is a neighbourhood of x such that
V C Vo C f71(U). Therefore, as x and U were arbitrary, (ii) implies (iii).

Note (iii) trivially implies (iv).

To see that (iv) implies (v), suppose By is a basis for (X, Tx) and By is a
basis for (Y, Ty) such that for every x € X and every neighbourhood U € By
of f(z) there exists a neighbourhood V € By of x such that V C f~1(U).
Let (z))xep be an arbitrary net in X that converges to some zg in (X, Tx).
To see that (f(x)))aea converges to f(xg) in (Y, Ty), let U € By such that
f(xzo) € U be arbitrary. By assumption there exists a V' € Bx such that
g € V and V C f~Y(U). Thus, as V is an open set containing zo and as
(zx)rea converges to xg in (X, Tx), there exists a A\g € A such that x) € V
for all A > A\g. Hence f(xy) € f(V) CU for all A > \g. Therefore, as U was
arbitrary, (f(zx))xea converges to f(zo) in (Y, Ty) by Lemma[1.5.19] Hence
(iv) implies (v).

To see that (v) implies (vi), fix A C X and let 7y € A be arbitrary. As
1o € A there exists a net (z))xea of points in A that converges to z¢ by

Theorem [1.6.21] Therefore, by v), (f(xx))aea is a net of points in f(A)

that converges to f(zg) in (Y,7y). Hence Theorem [1.6.21] f(xo) € f(A).
Therefore, as g € A was arbitrary, f (Z) C f(A). Hence (v) implies (vi).
To see that (vi) implies (vii), let F' be an arbitrary closed subset of (Y, Ty )

and let A = f~1(F N f(X)). Thus FN f(X) = f(A). Since A C A, (vi)
implies that

FNF(X) = f(A) C f (4) € F(A) = Fn f(X) = F 0 f(X)

as F'N f(X) is closed. Hence f (Z) =FNf(X)so AC fYFNnf(X)) =
A C Aso A= A Thus A is closed. Therefore, as F' was arbitrary, (vi)
implies (vii).

Finally, to see that (vii) implies (i), let U € Ty be arbitrary. Then Y \ U
is closed in (Y, 7y ). By assuming vii) we know that

FYNO) =N 0) =X\ F7HU)

is closed in (X, 7x). Thus f~1(U) € Tx. Hence, as U € Ty was arbitrary, f
is continuous. Thus (vii) implies (i). ]

Of course, alternate characterizations of continuous functions are always
useful in proving results and obtaining examples of continuous functions.

Theorem 2.1.10. Let (X, T) be a topological space, let I be a non-empty
set, let {(Ya, Ta) tacr be a set of topological spaces, and, for each « € I, let
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fa : X = Y,. The function f: X — [],c; Yo defined by

f(z) = (fa(r))acr

for all x € X is continuous when Y =[] c; Yo is equipped with the product
topology if and only if f, is continuous for all a € I.

Furthermore, if {(Xa, T2) }acr is a set of topological spaces, if for each o €
I fo:Xo =Y, if X =]loer Xo is equipped with the product topology, and
if f: X =Y is defined by f((xa)acr) = (fa(Ta))acr, then f is continuous
if and only if fo is continuous for all o € I.

Proof. For the first part, let (z))rea be an arbitrary net in X that converges
to some point xy in (X,7). By Theorem (f(zx))aea converges to
f(zo) when [],c; Xo is equipped with the product topology if and only if
(fa(xA))ren converges to fq(zp) in (Y, 7s) for all @ € I. Hence the result
follows from Theorem

Similarly, for the second part, let (x))xcpa be an arbitrary net in X that
converges to some point g in (X, 7). Hence (z)(c))rep converges to zo(«)
in (Xo,7)) for all @« € I. By Theorem (f(zx))aea converges to
f(xo) when J],c; Xq is equipped with the product topology if and only if
(fa(ziambda(a)))sea converges to fo(xo()) in (Xq,T,) for all o € I. Hence
the result follows from Theorem [2.1.9 n

Remark 2.1.11. Unsurprisingly, Theorem [2.1.10 fails when the product
topology is replaced with the box topology. To see this, consider R equipped
with its canonical topology and consider f : R — J],,cyR defined by

f(m) = (w)nEN

for all z € R. Clearly each entry of f constitutes a continuous function from
R to R (i.e. fn(x) =z for all n € N is clearly continuous). However, we claim
that f is not continuous when [[,cyR is equipped with the box topology.

To see this, for each n € N let I, = (—%, %) Then

U= 1] I

neN

is open in the box topology. However, it is elementary to verify that f~1(U) =
{0} which is not open in R. Hence f is not continuous when [],.yR is
equipped with the box topology.

However, the other direction holds. Indeed if f is continuous, the proof
of Theorem [2.1.10| implies that each f, is continuous as the ‘if’ direction of
Theorem [I.5.25] holds when the box topology is used. Alternatively, to see
that if f is continuous when [],c; X« is equipped with the box topology, let
ap € I and U € 7, be arbitrary. By defining U,, = U and U, = X,, for all
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a €I\ {ap}, we know that [],c7 Us is open in the box topology. Therefore,
as f is continuous,
fil (H Ua) = fojol(UOco)
acl

is open in (X, T). Therefore, as ag € I and U € T, were arbitrary, each f,
must be continuous.

Of course, in generality, we are interested in continuous functions as they
will behave well with respect to any topological property we are interested
in studying. On occasion, it is useful to study a more local property with
respect to continuity. In particular, analyzing the proof of Theorem [2.1.9
yields the following.

Theorem 2.1.12. Let (X, Tx) and (Y, Ty) be topological spaces, let xy € X,
and let f: X — Y. The following are equivalent:

(i) For every Ty -neighbourhood U of f(x) there exists a Tx -neighbourhood
V of zg such that V C f~Y(U).

(i) For any bases Bx of (X, Tx) and By of (Y, Ty), every neighbourhood
U € By of f(xg) there exists a neighbourhood V- € Bx of x¢ such that
vV C ).

(iii) For some bases Bx of (X, Tx) and By of (Y, Ty), for every neighbour-
hood U € By of f(xg) there exists a neighbourhood V- € Bx of xo such
that V. C f~Y(U).

(iv) For every net (xx)xepa n X that converges to xy in (X, Tx), the net
(@ )xcn converges to f(zo) in (Y, Ty).

Proof. The fact that (i) = (ii) = (iii) = (iv) can be obtained by repeating
(ii) = (iii) = (iv) = (v) of Theorem [2.1.9 verbatim.

To see that (iv) implies (i), assume that (iv) holds. Suppose to the
contrary that there exists a Ty-neighbourhood U of f(zp) such that for
every Tx-neighbourhood V' of zg that V' \ f~1(U) # 0. Thus for every
Tx-neighbourhood V' of x( there exists a zy € V such that f(zy) ¢ U (note
we are using the Axiom of Choice here).

Let

A={V C X | Vis a Tx-neighourhood of z¢}.

As A is closed under finite intersections, if for Vi, Vo € A we define V; < V5
if Vo C V4, then (A, <) is a direct set by Example

We claim that (xy)yea converges to zg in (X, Tx) but (f(zy))yea does
not converge to f(xg) in (Y, 7y ). To see that (xy)yep is a net that converges
to zop in (X,T), let Vj be an arbitrary 7-neighbourhood zy. Then for all
V > Vi we have that zy € V C Vj. Hence (zy)yeyp is a net that converges
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to zo in (X, 7T) by Definition Thus (f(xzy))yea does not converge to
f(zo) in (Y, Ty), we simply note that U is a Ty-neighbourhood of f(z¢) but
f(zy) ¢ U for all V € A. Hence we have obtained a contradiction thereby
finishing the proof. |

Due to the above, we define the following.

Definition 2.1.13. Let (X, 7x) and (Y, 7y) be topological spaces, let =g €
X,and let f: X — Y. It is said that f is continuous at x¢ if one of the four
equivalent characterizations in Theorem [2.1.12] hold

Of course, global continuity is exactly local continuity at each point.

Corollary 2.1.14. Let (X,Tx) and (Y,Ty) be topological spaces and let
f: X =Y. Then f is continuous if and only if f is continuous at each
point in X.

Proof. Combine Theorem and Theorem [2.1.12 ]

As mentioned earlier, it is on occasion useful to consider this local
property of continuity due to all of the equivalent characterizations produced
in Theorem[2.1.12] Another useful ability is to be able to construct continuous
functions from other continuous functions. The most well-known way to
do this is the following whose proof trivially follows from the definition of
continuity.

Theorem 2.1.15. Let (X, Tx), (Y, Ty), and (Z,Tz) be topological spaces.
If f: X =Y and g:Y — Z are continuous functions, then go f : X — Z
is a continuous function.

Proof. To see that g o f is a continuous function, let U € Tz be arbitrary.
Then g~ '(U) € Ty as g is continuous thus f~1(¢7}(U)) € Tx as f is
continuous. Hence (go f)~H(U) = f~1(g71(U)) € Tx. Therefore, as U € Ty
was arbitrary, g o f is continuous by Definition [2.1.1 ]

Another way to obtain continuous functions is by taking limits of a
specific form.

Definition 2.1.16. Let (X,7T) be a topological space and let (Y,d) be a
metric space. A net (fy)rea in F(X,Y) is said to converge uniformly to a
function f: X — Y if (f\)aea converges to f with respect to the uniform
metric; that is, for every e > 0 (without loss of generality, € < 1) there exists
a Ag € A such that

dunit(fx, f) = sup min({dy (f(z), f(x)),1}) <€
for all A > Ag.
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Of course, as Definition [2.1.16] is a notion of convergence with respect to
a metric, sequences are enough to determine the topology of convergence.
However, as we often need to deal with nets in topological spaces, we do not
restrict ourselves to sequences in the following essential result.

Theorem 2.1.17. Let (X, T) be a topological space, let (Y,d) be a metric
space, and let (fx)xen be a net of continuous functions from X to'Y. If
(fx)ren converges uniformly to a function f: X — Y, then f is continuous.

Proof. To see that f is continuous, let o € X and U a neighbourhood of
f(zo) be arbitrary. Thus there exists an € > 0 such that By(f(xo),e) C U.
Without loss of generality by choosing a smaller € if necessary, we may
assume that 0 < e < 1. Since (f\)rep converges uniformly to f, there exists
a Ao € A such that dunit(f),, f) < §. Hence d(fxy(z), f(2)) < § forallz € X
by the definition of the uniform metric. However, as fy, is continuous and as
Ba (fx (o), %) is an neighbourhood of fy,(zo), there exists a neighbourhood
V of g such that fr,(V) € By (fr,(z0), §). Hence for all z € V,

d(f(x), f(zo)) < d(f(x), fao(@)) + d(fx (%), Fro (20)) + d(fro (o), f(20)
<gHstz=c

3 3
Thus f(V) C By(f(xo),e) C U. Therefore, as zy and U were arbitrary,
Theorem [2.1.9] implies that f is continuous. n

Another way to construct continuous function is to use inclusions and
restrictions together with the subspace topology.

Lemma 2.1.18. Let (X, Tx) and (Y, Ty) be topological spaces, let A C X,
and let B CY. The following hold:

(1) If A is equipped with the subspace topology, then the inclusion map
i:A— X defined by i(a) = a for all a € A is continuous.

(2) If A is equipped with the subspace topology and f : X —'Y is continuous,
then the restriction fla: A —Y defined by fla(a) = f(a) for alla € A

s continuous.

(8) If B is equipped with the subspace topology and f : X — B is continuous,
then f: X —Y is continuous.

(4) If B is equipped with the subspace topology, f : X — Y is continuous,
and f(X) C B, then f: X — B is continuous.

Proof. To see that (1) holds, notice for all open subsets U of X that i ~1(U) =
ANU is open in the subspace topology on A. Hence i is continuous by

Definition 2111
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To see that (2) holds, notice for all open subsets U of X that f|,'(U) =
AN f7Y(U) is open in the subspace topology on A as f~!(U) is an open
subset of X since f is continuous. Hence f|4 is continuous by Definition
211

To see that (3) holds, notice for all open subset V of Y that f~1(V) =
f~1(BNV) which must be open since f : X — B is continuous and BNV
is open in the subspace topology on B by definition. Hence f: X — Y is
continuous by Definition [2.1.1

Finally, to see that (4) holds, recall that if V' is an open subset of B in the
subspace topology that V' = BNV, for some open subset V{ in Y. Therefore,
since f(X) C B, we see that f~1(V) = f~4(BNVy) = f~1(V) is open in
X as f: X — Y is continuous and Vj is open in Y. Hence f : X — B is
continuous by Definition 2.1.1] n

Instead of trying to restrict or compress a continuous function to obtain a
continuous function, we can combine continuous functions to get continuous
functions. Indeed the first of the following two results says that if we can
cover a topological space with open sets and we have a function that is
continuous on each of these open sets, then the function on the whole space
must be continuous. The second result does the same for closed sets provided
we have a finite number of closed sets with union all of X. Both of these
results have uses in differential geometry.

Lemma 2.1.19. Let (X,7x) and (Y,Ty) be topological spaces and let f :
X =Y. Suppose there exist {Us}acr C T be such that X = J,er Ua and
flu., is continuous for all o € I, then f is continuous.

Proof. To see that f is continuous, let V € Ty be arbitrary. Notice for all
a € I that f |Ei(V) is open in U, equipped with the subspace topology from
X as f|y, is continuous. Hence, by the definition of the subspace topology,
there exists a V,, € Tx such that

Flgh(v) = Ua NV

However, since U, € Tx, we obtain that f |Ei(V) € Tx being the intersection
of two elements of Tx. Therefore, since

7 vy=U flgiov),
acl
we obtain that f~1(V) € Tx as Tx is closed under unions. Hence, as V € Ty
was arbitrary, f is continuous by Definition [2.1.1 ]

Theorem 2.1.20 (The Pasting Lemma). Let (X, Tx) and (Y,Ty) be a
topological spaces, let A, B be closed subsets of X such that X = AU B, and
let f:A—=Y and g: B —Y be continuous functions such that f(x) = g(z)
for allz € AN B. Then the function h: X —Y such that h(a) = f(a) for
all a € A and h(b) = g(b) for all b € B is continuous.
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Proof. To see that h is continuous, let [’ be an arbitrary closed subset of Y.
Notice by construction that

WU (F) = fH(F) Ug™ (F).

However, as f and g are continuous functions, Theorem implies that
f7Y(F) is a closed subset of A when A is equipped with the subspace topology
and g~!(F) is a closed subset of B when B is equipped with the subspace
topology. Thus Lemma implies that there exist closed subsets F}
and F in X such that f~}(F) = AN F, and g~ }(F) = BN Fy. Therefore,
as A and B are closed in X, f~}(F) and g~ !(F) are closed in X. Thus
h=YF) = f~Y(F)Ug '(F) is closed in X. Therefore, as F' was arbitrary, h
is continuous by Theorem [2.1.9] n

2.2 Homeomorphisms

With the construction of the objects and morphisms studied in this course
complete, the next natural progression in mathematics is to define using ones
morphisms when two objects are the same. As topological spaces are the
objects in this course and continuous functions are the morphisms in this
course, we study the following concept in order to determine the notion of
when two topological spaces are the same.

Definition 2.2.1. Let (X, Tx) and (Y, 7y) be topological spaces. A function
f: X — Y is said to be a homeomorphism if f is bijective and both f and

f~1 are continuous. Equivalently, a function f : X — Y is a homeomorphism
if f is bijective and U € Tx if and only if f(U) € Ty.

Due to the above, we define the following notion.

Definition 2.2.2. Two topological spaces (X, Tx) and (Y, 7y) are said to
be homeomorphic if there is a homeomorphism from X to Y.

The reason why two homeomorphic topological spaces are ‘the same’ is
because a bijection means the sets are the same (so X =Y upto relabelling)
and the continuity of the homeomorphism and its inverse implies the open
sets are the same. This probably causes a modern mathematician to ask
why we do not call homeomorphisms isomorphisms and why we do not call
homeomorphic topological spaces isomorphic topological spaces. The only
reason for this is tradition.

Of course, any notion of equality in mathematics must be an equivalence
relation (see Section , we verify the following.

Proposition 2.2.3. Consider a set ® of topological spaces and define a
relation ~ on ® by (X, Tx) ~ (Y, Ty) if and only if (X, Tx) and (Y, Ty) are
homeomorphic. Then ~ is an equivalence relation.
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Proof. First, clearly (X,7Tx) ~ (X,7Tx) via the identity map. Secondly,
if (X,7x) ~ (Y,Ty), then there is a homeomorphism f : X — Y. As
f~1:Y — X is then a homeomorphism by definition, (Y, 7y) ~ (X, Tx).
Finally suppose (X,7x) ~ (Y,7Ty) and (Y, 7y) ~ (Z,7z). Thus there
exists homeomorphisms f : X — Y and g : Y — Z. Consider the map
h=gof:X — Z. We claim that h is a homeomorphism. Indeed as
the composition of bijections is a bijection, h is a bijection. Furthermore,
by Theorem h is continuous being the composition of continuous
functions. Finally, as h™' = f~1og~!, h~! is the composition of continuous
functions (as f and g are homeomorphisms) and thus continuous. Hence h
is a homeomorphism so (X, Tx) ~ (Z,Tz) as desired. ]

Now onto some examples.

Example 2.2.4. Let R be equipped with its canonical topology and let
A = (=%,7%) be equipped with the subspace topology inherited from R.
Then R and A are homeomorphic. Indeed consider the function f: A — R
defined

f(x) = tan(x)
for all x € R. It is well-known that f is a continuous bijective function on A

whose inverse, namely f~!(z) = arctan(z) is also continuous. Hence R and
A are homeomorphic.

As often a topological space is only homeomorphic to a subspace, we
define the following.

Definition 2.2.5. Let (X, 7x) and (Y, Ty) be topological spaces. An func-
tion f: X — Y is said to be a embedding if f: X — f(X) is a homeomor-
phism when f(X) is equipped with the subspace topology.

Example 2.2.6. Let R? and R? be equipped with their Euclidean topologies,
and let
§*={(z,y,2) €R’ | 2 +y* +2° =1}

(that is, S? is the boundary of the unit ball in R?®) equipped with the subspace

topology from R3. Since the Euclidean topologies on R? and R? are product

topologies by Example [[.4.18] Theorem implies a net converges in

either of these spaces if and only if it converges entry-wise. Hence Proposition

implies that a net converges in S? if and only if it converges entry-wise.
Consider the map f : R? — S? defined by

2 2y 22 4+y? -1
2?2+ + 1722+ 2+ 122 +y2 +1

fla,y) = (
for all (z,y) € R% It is not difficult to see that f is continuous by the
net characterization of continuity from Theorem [2.1.9, However, f is not
bijective. Indeed the point (0,0,1) € S? is not in the range of f.
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Consider the function
g: 52\ {(0,0,1)} - R?

defined by

z Y
9(z,y,2) = 1-21—2

for all (z,y,2) € S2\ {(0,0,1)}. Tt is not difficult to see that if the codomain
of f is restricted to S2\ {(0,0,1)}, then f and g are inverses to each
other. Furthermore g is continuous by the net characterization of continuity
from Theorem m Hence f is an embedding of R? into S? and R? and
S%\ {(0,0,1)} are homeomorphic.

Example 2.2.7. Let R and R? be equipped with their Euclidean topologies,
let A =[0,27) equipped with the subspace topology induced by R, and let

Slz{(x,y)€R2 ] $2+y2:1}

equipped with the subspace topology induced by R2. Since the Euclidean
topologies on R and R? are product topologies by Example Theorem
implies a net converges in either of these spaces if and only if it
converges entry-wise. Hence Proposition [I.5.24] implies that a net converges
in S if and only if it converges entry-wise.

Consider the map f: A — S' defined by

f(x) = (cos(x),sin(x))

for all z € A. Tt is elementary to see that f is a bijection. It is not difficult
to see that f is continuous by the net characterization of continuity from
Theorem [2.1.9] However f~! is not continuous. Indeed consider the set
U = [0,1). Since U is an open subset of A as U = AN (—o0, 1), if £~ were
continuous, then (f~1)~1(U)) = f(U) would be open in S, so S'\ f(U)
would be closed in S'. However, the sequence

(el Do),

is a net in S'\ f(U) that converges to (1,0) € f(U) thereby contradicting
the fact that S'\ f(U) was closed. Hence f cannot be continuous.

The reason that the map f in Example fails is that we have not
placed the correct topology on the circle. If one wants a bijective map from
a topological space to be a homeomorphism, we know exactly what topology
to put on the codomain to ensure as the following result demonstrates.
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Proposition 2.2.8. Let (X, Tx) be a topological space, let Y be a non-empty
set, and let ¢ : X — 'Y be a surjective map. Let

Ty ={ACY | ¢"'(4) € Tx}.

Then Ty is the finest topology on'Y such that q is continuous. If q is bijective,
then q is a homeomorphism.

Proof. First, we claim that Ty is a topology. To see this, we note that
0,Y € Ty since ¢~ 1(0) =0 € Tx and ¢ 1(Y) = X € Tx as q is surjective
and as Tx is a topology. Moreover, since for all {U,}acr € P(Y) we have
that

q! (U Uoz) =J¢ (W) and g7 (ﬂ er) = () ¢ ' (Ua),
ael acl ael aecl

it is elementary to see that 7y is closed under unions and finite intersections

since Tx is. Hence Ty is a topology.

To see that q : (X, Tx) — (Y, Ty) is continuous, we know that ¢~ (U) €
Tx for all U € Ty by the definition of Ty. Hence ¢ is continuous by definition.
To see that Ty is the finest topology on T so that ¢ is continuous, suppose
T is a topology on Y for which ¢ is continuous. Then, by the definition of
continuity, ¢~1(U) € Tx for all U € T. Therefore, by the definition of Ty,
we obtain that 7 C Ty. Hence Ty is the finest topology on Y such that ¢ is
continuous.

Finally, to see that ¢ is a homeomorphism when ¢ is bijective, we need
simply check that ¢~! is continuous. To see this, let V € Tx be arbi-
trary. Then (¢~1)~1(V) = ¢(V) will be an element of Ty by definition as
¢ 1 (q(V)) =V &€ Tx. Therefore, as V € Ty was arbitrary, ¢ is a homeomor-
phism as desired. ]

Due to the importance and usefulness of the above topology, we name
this topology as follows.

Definition 2.2.9. Let (X, 7x) be a topological space, let Y be a non-empty
set, and let ¢ : X — Y be a surjective map. The topology

Tv={ACY | ¢'(4) eTx}
from Proposition [2.2.8]is called the quotient topology on Y induced by q.

The reason we call the above the quotient topology is that one is really
identifying all of the points in ¢~ '({y}) as a single point for all y € Y
and placing a topology on these collections of points based on the original
topology; that is, we are taking a ‘quotient’ of a topological space by identify
points. This idea is also motivated from geometry by ‘cutting-and-pasting’
to identify points to create new geometric objects. Before we formalize this
and explore some examples, we first demonstrate, like with all things, how
bases work in the quotient topology.
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Proposition 2.2.10. Let (X, Tx) be a topological space, let' Y be a non-
empty set, let ¢ : X — Y be a surjective map, and let Ty be the quotient
topology on'Y induced by q. If Bx is a basis for (X, Tx), then

By ={ACY | ¢ '(A) € Bx}
is a basis for (Y, Ty).

Proof. To see that By is a basis for (Y,Ty), let y € Y and U € Ty be
arbitrary. By the definition of the quotient topology, ¢~ (U) € Tx. Therefore,
as ¢ (y) € ¢ 1(U), the fact that By is a basis for (X, 7x) implies that
there exists a B € Bx such that ¢~ '(y) € B C ¢ }(U). Therefore, if
B' = ¢(B) C Y, then B’ € By by definition and y € ¢(B) = B’ C U.
Therefore, as y and U were arbitrary, By is a basis for (Y, Ty). N

Example 2.2.11. Let A = [0,27) and let
S'={(z,y) eR* | 2® +¢* =1} CR?

equipped with the subspace topology induced by R2. As the intersection of
open balls in R? with S! yield open arcs on S', the open arcs on S' are a
basis for the subspace topology on S!.

Consider the map ¢ : S — A defined by

¢ ((cos(x), sin(x))) = =

for all z € [0,27) and let 7 be the quotient topology on A induced by g.
By the description of the basis of S! given above and since only arcs of
arbitrarily small length around a point matter in forming a neighbourhood
basis, we see for all z € (0,27) that

{(x —€,x4+¢€) | 0 <e<min{z, 27 —x}}
form a neighbourhood basis of x and that
{[0,e)U(2m —¢,2m) | 0 < e <27}
for a neighbourhood basis of 0 in the quotient topology.

Example 2.2.12. Let R be equipped with its usual topology, let Y =
{a,b,c}, and let ¢ : R — Y be defined by

a ifxz<O0
q(z) =¢b ifz=0.
c ifz>0
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Let 7 be the quotient topology on Y induced by ¢. Notice for all A C Y
that

0 if A=10
(—00,0) if A={a}
{0} if A={b}

1 B (0, 00) if A={c}

A=Y it A= {a,b}

(—=00,0) U (0,00) if A={a,c}
[0, 00) if A={b,c}
R ifA=Y

Therefore, by our knowledge of the open subsets of R, we see that

T = {0, {a}.{c}. {a. ¢}, {a,b.c}}.

Diagrammatically, the topology T is the following.

b

In Example one can think of a as (—o00,0) C R, b as {0} C R,
and c as (0,00) C R. That is, we can think of ¥ as a partition of R and the
quotient topology on Y is then induced by this partition. To formalize this,
we recall the definition a partition and how a partition produces a topological
space.

Definition 2.2.13. Let X be a non-empty set. A partition of X is a
collection {X4}aer € P(X) such that X = U,e; Xo and Xo N X5 = 0 if
a,B €1 and a # 5.

Definition 2.2.14. Let (X, 7) be a topological space, let X* be a partition
of X, and let ¢ : X — X™* be the surjective map that maps each element
x € X to the unique element in X* containing x. The pair (X*,7*) where
T* is quotient topology on X* induced by ¢ is called a quotient space.

Example 2.2.15. Let R be equipped with its usual topology and let
P={{z+2mn | neZ} | xec[0,2m)}.

If (R*,7*) is the quotient space induced by P, then R* is in canonical
bijective correspondence with [0,27) by identifying {x 4+ 27n | n € Z} for
x € [0,27) with z. Under this identification, if ¢ : X — X* is the surjective
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map that maps each element z € R to the unique element in R* containing
x, then we recall that

T*={ACJ0,27) | ¢ '(A) is open in R}.

As the inverse image of every basis element exhibited in Example is a
union of a countable number of open intervals (each of which is a translate
of one fixed open interval by an integer multiple of 27), we see that the
topology from Example must be coarser than 7*. Furthermore, given
a subset A C [0,27) we see that ¢~1(A) is 27-periodic and will be open if
and only if it is a union of open intervals and closed under 27-periodicity.
Hence 7™ is precisely the topology on [0, 27) exhibited in Example

Example 2.2.16. Let R? be equipped with the Euclidean topology, let
A = {(x,y) € R? | 22 4+ 3? < 1} equipped with the subspace topology
induced by R?, and let

P={@y} | 2*+y* <1pU{(a.y) | 2” +y° =1}

Consider the quotient space (A*,7*) and let ¢ : A — A* be the canonical
surjective map. Then A* is canonically in bijective correspondence with the
shell

S ={(w.y.2) eR’ | 2’ +¢* + 2 =1} CR’

via the the map f: A* — S? defined by
f(rcos(0),rsin(f)) = (sin(rm) cos(d), sin(rm) sin(0), cos (1))

for all » € [0,1] and @ € [0,27). If S? is equipped with the subspace topology
inherited from R3, then f is a homeomorphism from A* to S?. To see this,
first notice that a subset of {(z,y) | #2+y? < 1} is open in A* if and only if
it is open in A and thus open in R? by definition. Next, suppose U is an open
set in A* that contains S' = {(z,y) | 2% +y? = 1}. Thus ¢~ !(U) is open in
the subspace topology on A and contains S*. Note for each point (z,y) € S*
there must exist a §(,,) > 0 such that B((z,y),6(,,)) NA C ¢ 1(U). As §*
is compact (see Chapter |3)), we may cover S! with a finite number of these
balls in which case an € > 0 may be found so that {(x,y) | € < 22 +y? <
1} C ¢ Y(U). Consequently, we see that ¢~ (U) is a union of a set of the form
{(z,y) | € <2®+y* <1} and a subset of {(x,y) | 22 +y* < 1} that is open
in A*. It is then not difficult to see that the open sets in A* are in bijective
correspondence with those of S? via f. Hence f is a homeomorphism from
A* to S2.

Example 2.2.17. Let R? be equipped with the Euclidean topology, let
A =10,1]? C R? equipped with the subspace topology induced by R?, and
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let P be the union of

{(@,9)} | =,y € (0, 1)},
{(=,0), (z, 1)} | = € (0, 1)},
{{(0,9),(Ly)} [ y € (0,1)}, and
{(0,0),(1,0), (0, 1), (1, 1)}.

Consider the quotient space (A*, 7*) and let ¢ : A — A* be the canonical
surjective map. Then A* is canonically in bijective correspondence to a torus
in R? in such a way that that 7* corresponds to the subspace topology on
the torus inherited from R3. The details are similar to Example

To better understand functions, continuous functions, and homeomor-
phisms on quotient spaces, we give a name to the maps under consideration
when definition a quotient topology.

Definition 2.2.18. Let (X, 7x) and (Y, 7y) be topological spaces. A map
q: X — Y is said to be a quotient map if q is surjective and a set U C Y is
open if and only if p~1(U) € Tx; that is, if Ty is the quotient topology on Y’
induced by gq.

Clearly quotient maps are continuous maps by the definition of a quotient
map and by the definition of a continuous function. In addition, of course a
quotient of a quotient is still a quotient.

Lemma 2.2.19. Let (X,Tx), (Y, Ty), and (Z,Tz) be topological spaces, let
q: X —Y be a quotient map, and let p: Y — Z be a quotient map. Then
poq: X — Z is a quotient map.

Proof. To see that p o g is a quotient map, we first note that quotient maps
are continuous by definition. Therefore p o ¢ is a composition of continuous
maps and thus continuous. Hence if U € Ty, then (po q)~!(U) is open in
Tx by continuity.

Conversely, let U C Z such that (po q) ' (U) = ¢~ (p~(U)) is open in
(X, Tx) be arbitrary. Since ¢ is a quotient map, ¢~!(p~(U)) being open
in (X, 7x) implies that p~}(U) is open in (Y,Ty) by the definition of a
quotient map. Therefore, since p is a quotient map, p~*(U) being open in
(Y, Ty) implies that U is open in (Z,Tz) by the definition of a quotient map.
Therefore, as U was arbitrary, p o g is a quotient map. ]

One of the main reason quotient spaces are nice is that certain maps
factor over quotients and preserve topological properties.

Theorem 2.2.20. Let (X, Tx), (Y, Ty), and (Z,Tz) be topological spaces,
let q : X — Z be a quotient map, and let g : X — Y be a map that is constant
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on g 1 ({z}) for each z € Z. Then there exists a unique map f : Z — Y such
that g = fogq.

>

Z——Y

f

The map f is continuous if and only if g is continuous. Furthermore, f is a
quotient map if and only if g is a quotient map.

Proof. First, since g is constant on ¢~'({z}) for each z € Z, we define
f:+Z — Y by setting f(z) for each z € Z to be the unique value of g
obtained on ¢~ ({z}), then f is a well-defined function such that g = foq
as desired. Furthermore, as this is clearly the only way to define f so that
g = f oq as q is surjective, uniqueness has been obtained.

Next, clearly if f is a continuous function than ¢ is a continuous function
since quotient maps are continuous and the composition of continuous func-
tions is continuous. Conversely, suppose that g is continuous and let U be an
arbitrary open set in (Y, 7y). Hence g~ 1 (U) = (f o q) " (U) = ¢~ (f~1(U))
must be an open set in X. However, as ¢ is a quotient map, ¢~ 1 (f~1(U)) € Tx
implies f~'(U) € Tz. Hence, as U was arbitrary f is continuous as desired.

Finally, if f is a quotient map, then ¢ is a quotient map as the com-
position of quotient maps is a quotient map. Conversely, suppose that g
is a quotient map. Thus a set U C Y is such that U € Ty if and only if
g U) = (foq) Y U) = ¢ (f1(U)) € Tx. However, as q is a quotient
map, ¢ ' (f~1(U)) € Tx if and only if f~1(U) € Tz. Hence f is a quotient
map by definition. |

Using Theorem [2.2.20, we obtain a better understanding of quotient
spaces obtained by partitioning based on a surjective continuous linear
map. In particular, every surjective continuous linear map factors through a
quotient space.

Corollary 2.2.21. Let (X,Tx) and (Y,Ty) be topological spaces, let g :
X — Y be a surjective continuous linear map, let

X ={g'({y}) lyeY}
equipped with the quotient topology, and let q : X — X* be the surjective map
from Definition that maps each element x € X to the unique element

i X* containing x. Then there exists a unique bijective, continuous map
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f:X* =Y such that g= fogq.

X,
q g
X*—Y

Furthermore X* is Hausdorff if (Y, Ty) is Hausdorff. Finally f is a homeo-
morphism if and only if g a quotient map.

Proof. First, the fact that f exists is unique, and is continuous follows from
Theorem [2.2.20] as ¢ is continuous. Furthermore, since g is surjective and
g = fogq, fis surjective. To see that f is injective, suppose z1,x2 € X* are
such that f(xz1) = f(x2). As ¢ is surjective, there exists 2}, 2}, € X such that
q(z})) = z1 and ¢(x4) = z2. Hence

g(x1) = f(a(@))) = f(z1) = f(x2) = f(q(a)) = g(x5).

Therefore, by the definition of X* we must have z1 = ¢(z}) = q(2}) = x2.
Thus f is bijective.

Next, suppose (Y, Ty) is Hausdorff. To see that X* is Hausdorff, let
x1, T2 € X* be arbitrary points such that z1 # x3. Then, as f is bijective,
f(x1) # f(x2). Hence, as (Y, Ty) is Hausdorff, there exists open sets Uy, Us €
Ty such that f(x1) € Uy, f(z2) € U, and Uy N Uy = (). Therefore, since f is
a continuous bijection, Vi = f~1(U;) and Vo = f~1(Us) are open sets in X*
such that z1 € V4, 29 € Vo, and Vi1 N Vo = (). Therefore, as 1 and x5 were
arbitrary, X* is Hausdorff.

To see the last part of the statement, we note that if g is a quotient map,
then f is a quotient map by Theorem [2.2.20, Therefore, as f is a bijective
quotient map, f is a homeomorphism by definition.

Finally, suppose f is a homeomorphism. To see that g is a quotient
map, we first notice g is surjective and, since ¢ is continuous, that if U € Ty
then ¢g~!(U) € Tx. Thus, to complete the proof that g is a quotient map,
let U C Y be an arbitrary set such that g~ *(U) € Tx. Hence ¢g71(U) =
¢ ' (f~1(U)) € Tx. Therefore, as q is a quotient map, f~(U) is open in X*.
However, since f is a homeomorphism, this implies that U € Ty. Therefore,
as U was arbitrary, g is a quotient map. ]

Of course, one may ask, “Is every quotient space is Hausdorff?” The
answer to this question is of course no as Example 2:2.12]is an example of a
quotient space of R that is not Hausdorff. Thus Corollary is the best
we can do to ensure a quotient space is Hausdorff.
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2.3 Connectedness

Unsurprisingly, continuous functions preserve and play an important role in
many topological properties one may desire to study. The first topological
property we desire to study together with continuous functions is a property
that enables a generalization of the Intermediate Value Theorem from calculus.
Indeed it is not a specific property of the real numbers that enables the
Intermediate Value Theorem but a specific topological property of intervals
in R.

Definition 2.3.1. A topological space (X,7) is said to be connected if
there does not exists U,V € T \ {0} such that UNV =0 and X =UNV.
Equivalently, X is connected if the only subsets of X that are both open and
closed are () and X.

For our first example, we describe all connected subspaces of R.

Theorem 2.3.2. Let R be equipped with its canonical topology and let A C R
be equipped with its subspace topology. Then A is connected if and only if A
is an interval (singletons count as intervals here).

Proof. Suppose that A is not an interval. To see that A is not connected,
note since A is not an interval that there exists z,y € A and z € R\ A such
that x < z < y. Therefore, since U = (—00,z) N A and V = (z,00) N A are
open sets in A such that x e Uso U #0,ye VsoV #(), UNV =, and
UUuV =A\{z} = A, Aisnot connected by definition.

To see the converse, let A be an interval in R. Suppose to the contrary
that A is not connected. Hence there exists non-empty open subsets U and
Vof Asuchthat UNV =0 and UUV = A. As U and V are non-empty,
select a € U and b € V. As UNV # (), it must be the case that a # b. By
exchanging the labelling of U and V if necessary, we may assume that a < b.
Since A is an interval, we must have that [a,b] C A. Therefore, if

U'=UnN]Ja,b] and V' =Vnla,b),

then U’ and V’ are non-empty open subsets [a, b] equipped with the subspace
topology (as a subspace of a subspace is a subspace) such that a € U’, b € V|
UnNnV' =@ and U UV’ = [a,b].

Since U’ # () and U’ C [a, b], the scalar

a = sup(U’)
is an element of [a,b]. Thus, as [a,b] = U' UV’ either « € U’ or a € V.
If & € U’ then by the definition of an open subsets of [a, b] there exists an

€ > 0 such that (¢ —e,a+¢€)Na,b] CU. f a+e < bthen a+e€ U.
However, this contradicts the fact that o = sup(U’). Hence it must be the
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case that b € (& — e, +€)N[a,b] C U’ which contradicts the fact that b € V'
and U' NV’ = (. Hence a ¢ U’ so a € V' by the above paragraph. However,
if @« € V', then by the definition of an open subsets of [a, b] there exists an
e > 0 such that (a« — e,a + €) N [a,b] C V'. Therefore, as U' NV’ = 0, it
must be the case that (o« —¢,a] N U’ = () thereby contradicting the fact that
a =sup(U). Hence a ¢ V'. Therefore we have a contradiction. Hence A is
connected. [

Based on the above, it is important to consider connected subspaces of
topological spaces.

Proposition 2.3.3. Let (X,T) be a topological space and let A C X be
non-empty. Then A is connected when equipped with the subspace topology if
and only if there does not exist UV € T such that UNA#D, VNA#D,
ACUUV,andUNVNA=.

Proof. This follows trivially from the definition of a connected topological
space (Definition[2.3.1)) and the definition of the subspace topology (Definition
1.4.2]). m

Example 2.3.4. The condition U NV N A = ) in Proposition [2.3.3] cannot
be replaced with simply U NV = () in general. Indeed consider X = {a, b, ¢}
together with the topology 7 = {0, X, {b}, {a, b}, {b,c}}.

The set A = {a,c} is not a connected subspace of (X, 7). Indeed notice
the subspace topology on A is Ty = {0,Y,{a},{c}} so clearly U = {a} and
V = {c} imply that (A, T4) is not connected.

Suppose U,V € T are such that UNA # 0, VNA#D,and UNV = (. As
A ={a,c}, by interchanging U and V' if necessary, it must be the case that
a € U and ¢ € V. But by the definition of T, either U = {a,b} or U = A,
and either V = {b,c} or V.= A. Hence b € U NV thereby contradicting the
fact that U NV = (). Hence the U NV N A = () in Proposition cannot
be replaced with simply U NV = () in general.

Before we exhibit more examples of connected and not connected topolo-
gies, we emphasize the fact that the notion of connected topological spaces
behaves well with respect to continuous maps and yields the most general
version of the Intermediate Value Theorem possible.
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Theorem 2.3.5 (The Intermediate Value Theorem). Let (X, Tx) and
(Y, Ty) be topological spaces and let f: X — Y be continuous. If (X, Tx)
is connected, f(X) is connected when equipped with the subspace topology
inherited from'Y .

Proof. Suppose to the contrary that f(X) is not connected. Hence, by
the definition of the subspace topology, there exists U,V € Ty such that
UNfX)£0,VNf(X)£0,UNnVNf(X)=0,and f(X) CUUV. Since
f is a continuous function, U’ = f~1(U) € Tx and V' = f~Y(V) € Tx.
Moreover, by the assumptions on U and V, we must have that U’ and V'
are non-empty, U' NV’ = (), and U’ UV’ = X. However, this contradicts the
fact that (X, 7x) is connected. Hence f(X) must be connected. ]

Using the Intermediate Value Theorem (Theorem , we immediately
obtain the usual Intermediate Value Theorem studied in undergraduate calcu-
lus. In particular, the proof of the undergraduate version of the Intermediate
Value Theorem is very similar to the proof of Theorem [2.3.2] together with
properties of continuous functions.

Corollary 2.3.6. Let (X,T) be a connected topological space (for example
X = [a,b]) and let f : X — R be a continuous map with respect to the
canonical topology R. If a,b € X and y € R are such that f(a) <y < f(b)
or f(b) <y < f(a), then there exists a c € X such that f(c) =y.

Proof. By the Intermediate Value Theorem (Theorem the set f(X)
is connected in R. Hence Theorem implies that f(X) is an interval.
Therefore, a,b € X and y € R are such that f(a) < y < f(b) or f(b) <
y < f(a), then as f(a), f(b) € f(X) and f(X) is an interval, y € f(X) as
desired. []

Although the following Intermediate Value Theorem is stated for con-
tinuous functions from connected topological spaces into R, we can replace
R with any totally ordered set (Y, <) provided (Y, <) has the Least Upper
Bound property and the sets {y € Y | a < y < b} are non-empty for any
a,b € Y and are bases for the topology (i.e. generalize Theorem under
these assumptions).

Using Corollary in connection with Theorem [2.3.2] it is elementary
to develop additional examples of connected sets.

Example 2.3.7. Let R? be equipped with its Euclidean topology and let

A; ={(z,0) | z € R} and Ag:{(;g’l)

X

l’GR,l‘>0}.

Then A; is connected as it is the image of the continuous function f; : R — R?
defined by fi(x) = (z,0) and R is connected. Similarly, A is connected
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as it is the image of the continuous function f5 : (0,00) — R? defined by
fa(z) = (ac, %) and (0, 00) is connected.

However, A = Ay U Ay is not a connected subsets of R? even though
dist(Ay, A2) = inf({||Z — 7|l | £ € A1,5 € Az}) =0.
To see that A is not connected, notice that
F={(z.y) | v €Ry <0}

is closed in R? so Ay = AN F is closed in A by the definition of the subspace
topology. However

v ={()

1
reRy< — }
|z
is open in R? so A; = ANU is open in A by the definition of the subspace

topology. Therefore A; is a non-trivial subset of A that is both open and
closed. Hence A is not connected.

One way to rectify the above in order to combine connected sets to obtain
a new connected set is the following.

Proposition 2.3.8. Let {(Aq, Ta) }acr be a collection of connected subspaces
of a topological space (X, T). If Npcr Aa # 0, then Uyer Aa is a connected
subspace of (X, T).

Proof. Let Y = J,c; Ao and choose y € (,c; Aa- Suppose to the contrary
that Y is not connected. Hence there exists U,V € T such that UNY # 0,
VNY #0,UNVNY =0,and Y C UUV. By exchanging the labelling of U
and V if necessary, we may assume that y € V. Notice for all o € I that the
sets U, = U N A, and V, = V N A, are open subsets of A, when equipped
with the subspace topology (a subspace of a subspace is a subspace) such
that U, NV, = 0 and U, UV, = A,. Therefore, as A, is connected, it must
be the case that U, = @) or V,, = (). However, as y € A, for all & € I and
y € V, it must be the case that y € V,, for all & € I. Thus we must have
that U, = 0 for all a € I and thus

U=UnA=JUnNAy=JUs=0
acl ael

thereby contradicting the fact that U # (). Hence Y is connected. ]

Example 2.3.9. Let R? be equipped with its canonical topology. For each

q € Q, let
Xg={(z,qz) | z eR}.
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Clearly X, is a connected subspace of R? for each ¢ € Q as X, is the
continuous image of R. Therefore, as (0,0) € X, for all ¢ € Q, the set

X=JX,

q€Q
is a connected subset of R.

Requiring a singleton in multiply topological spaces is not the only way the
union of connected topological spaces is connected. As the following example
shows, even the union of two disjoint connected sets may be connected.

Example 2.3.10. The topologist’s sine curve is the set

X ={(0,y) | —1§y§1}U{<x,sin(i)>‘0<m§1}

s

equipped with the subspace topology inherited from the canonical topology
on R2. Clearly X is the union of the disjoint sets

A ={(0,y) | -1<y <1} and Ag—{(x,sin<;)>‘0<x§1}.

77
Furthermore A; and A, are connected being continuous images of connected
sets.

0.5

Ll

-0.5
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We claim that X is connected. However, this does not follow from Proposition

as A1 N Ay = (. To see that X is connected, we first claim that X = Ay

where the closure is computed in R?. Indeed it is trivial that Ay C Ay. To

see that A1 C Ay, for each y € [—1,1] choose z € [0, 7] such that sin(z) = y.
# . . .

Then ((Z +2m,y>)n>1 is a sequence that is eventually in X that converges

to (0,y). Hence A; - As. Finally, the fact that Ay C A; U Ay follows from
the fact that the only possible cluster points of As are contained in Ay U Ao
as the z-terms must converge to a point zg in {O, ﬂ for which the y-term

must converge to sin (%) if o is non-zero and otherwise must be in [—1, 1].

Hence X = Ay as desired.
The fact that X is connected then follows from the following proposition

(Proposition [2.3.11]).

Proposition 2.3.11. Let (X,T) be a topological space and let A C X be
a connected subspace of (X,Tx). If A C B C A (where A is computed in
(X,T)), then B is connected subspace of (X, Tx).

Proof. Suppose that B is not connected. Thus there exists open subsets
UVeTsuchthat UNB#0,VNB#0,UNVNB=0,and BCUUV.
Since A C B, these imply that UNV N A =0 and A C U UV. Therefore,
as A is a connected subsets of (X, 7)), it must be the case that UN A = ()
or VN A= (. By exchanging the labelling of U and V if necessary, we may
assume that UN A = 0. Hence AC V.

Recall that Lemma implies that the closure of A in B is the
intersection of the closure of A in X with B. Hence

B=AnNnB=ANBCVNB

where the first closure is computed in (X,7) and the other two closures are
computed in B. However, V N B is closed in B as (B\ (VNB))=BNU is
open in B. Hence B C (V N B). However, as U NV N B = (), it must be the
case that U N B = () thereby contradicting the fact that U N B # (). Hence,
as we have obtained a contradiction, B must be connected as desired. ]

Going back to Example [2.3.7] it is possible for a topological space to not
be connected but have connected portions. In order for us to find the largest
possible connected portions of a topological space, we use the following which
lets us compare points by the connected sets containing them.

Lemma 2.3.12. Let (X,7T) be a topological space and define a relation ~
on X by defining x1 ~ xo for two points x1,xe € X if and only if there exists
a connected subspace A of X such that x1,x9 € A. Then ~ is an equivalence
relation on X.
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Proof. To see that ~ is an equivalence relation, we first notice for all x € X
that = ~ x since {z} is a connected set by definition. Next, suppose that
x,y € X are such that z ~ y. Thus there exists a connected subspace A of
X such that z,y € A. Hence y ~ = by definition.

Finally, suppose that x,y, z € X are such that x ~ y and y ~ z. Hence
there exists connected subspaces A; and A, of X such that x,y € A; and
y,z € As. Therefore, since y € Ay, y € Ao, and Ay and As are connected,
Proposition implies that A; U Ay is a connected subspace of (X, 7).
Therefore, as x,z € A1 U Ay, © ~ z. Hence, as we have demonstrated that ~
is reflexive, symmetric, and transitive, ~ is an equivalence relation. ]

Using the above equivalence relation, we can define what turns out to be
the largest connected subspaces of a topological space.

Definition 2.3.13. Let (X,7) be a topological space and let ~ be the
equivalence relation from Lemma [2.3.12] The equivalence classes of ~ are
called the connected components of (X, T).

As advertised, the following result shows us that the connected com-
ponents of a topological space are connected and thus the largest possible
connected subspaces as there is no connected subspace containing points
from different connected components.

Proposition 2.3.14. Let (X,T) be a topological space. Then the connected
components of (X,T) are non-empty, pairwise disjoint, connected subspaces
of X whose union is X. Furthermore, if A is a connected subspace of X,
then A lies entirely inside one connected component.

Proof. First, clearly the connected components are non-empty, pairwise
disjoint, and have union X by the properties of equivalence classes. To see
that every connected component of (X, 7)) is a connected subspace of X, let
Y be an arbitrary connected component of X. Thus there exists an x € Y.
For each y € Y we know that x ~ y so there exists a connected subspace X,
of X such that z,y € X,. Since z ~ z for all z € X, we have that X, CY
for all y € Y. Hence
Y =J X,
yey

However, as ¢ € X, for all y € Y, Proposition [2.3.§ implies that Y is
connected. Therefore, as Y was arbitrary, every connected component of Y
is connected.

Finally, suppose that A is as connected subspace of X. If there were two
distinct connected components X; and X5 of X containing points in A, then
there would exist 1 € X1 N A and 9 € Xo N A. Hence z1,29 € A so, as A
is connected, x1 ~ x9. As 21 € X7 and x5 € X5, and as X7 and X5 were two
distinct connected components of X so no element of X7 is equivalent to an
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element of X5, this is a contradiction. Hence A must lie entirely inside one
connected component of X as X is the union of its connected components
by the definition of an equivalence relation. ]

One incredible use of Proposition [2.3.14] is that we can decompose any
topological space into disjoint connected topological spaces. Therefore, if
we want to completely understand a general topological space, we need only
understand connected topological spaces and how the property we wish to
study behaves under taking unions.

For some examples of decomposing topological spaces into their connected
components, we turn to the following.

Example 2.3.15. Let X = [0, 1]U[2, 3] equipped with the subspace topology
inherited from R. Then there are two connected components of X, namely
[0,1] and [2, 3]. Indeed clearly [0, 1] and [2, 3] are connected subsets of X and
thus contained in connected components. Furthermore, if 2 € [0,1], y € [2, 3],

and z,y € A, then A must be disconnected via the open sets U = (—1, %)

and V = (%, 4). Hence [0, 1] and [2, 3] must be the connected components of
X.

Example 2.3.16. Let X = QQ equipped with the subspace topology inherited
from R. Then the connected components of Q are

{{q} | ¢ € Q}.

Indeed clearly {q} is a connected set for all ¢ € Q. However, A C Q is such
that there exist q1, g2 € A such that g1 < go, then there exists an irrational
number r such that ¢; < r < g2 so the open sets (—oo,r) and (r,00) show
that A is not connected. Hence no subset of Q with two points is connected,
so it must be the case that the connected components of Q are {{q} | ¢ € Q}.

Using the idea of connected components, we can show the following.

Theorem 2.3.17. Let {(Xa, Ta) tacr be a collection of connected topological
spaces. Then [],c;r Xa 15 a connected topological space when equipped with
the product topology.

Proof. First, we claim that if * = (za)acr € [loer Xa and ¥ = (Ya)aer €
[loer Xo are two elements that differ in exactly one entry, then x and y
must lie in the same connected component of [],c; X. Indeed, suppose
there exists an ag € I such that x, =y, for all @ € T\ {ap}. Consider the
function f : Xo, — [[aer Xao defined by f(2) = (24)acr where

{:):a if a # ag
Za =

z ifa=a
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It is elementary based on the definition of continuity and the product topology
on [[,er Xo to see that f is continuous. Therefore, since (Xqq, Tag) is
connected, f(Xq,) is a connected subset of [[,c; Xo by the Intermediate
Value Theorem (Theorem [2.3.5)). Therefore, as z,y € f(Xq,),  and y are in
the same connected component of [[,c; Xa.

Consequently, if © = (za)aer € [laer Xa and ¥ = (Ya)aer € [laer Xa
are two elements that differ in a finite number of entries, then x and y must
lie in the same connected component of [[,c; Xq. Indeed if x and y differ
in a finite number of entries, here is a sequence of elements xy = x, x1,
x2, ..., Tn = y such that xj and x4 differ in exactly one entry for each
k €{0,...,n—1}. Hence z} and x4, are in the same connected component
for each k € {0,...,n — 1} so Lemma implies z and y must be in the
same connected component of [],c; Xa.

Now suppose to the contrary that [],.; X, is disconnected. Then there
exist non-empty open sets U and V' in the product topology on [],c; X4 such
that UNV =0 yet UUV =[] c; Xo. Let z € U and y € V be arbitrary. If
x and y were in the same connected component A of [[,c; Xo, then UN A
and V' N A would imply that A is disconnected, which is a contradiction.
Hence x and y must be in different connected components of [[,c; Xa-

Since U is a non-empty open set in the product topology on [],c; Xa,
there exists an open set U’ of the form [],c; Us where U, = X, for all but
finitely many « and U, € T for all a € I such that U’ C U. However, as U’
only has restrictions on the values of its elements at a finite number of o € I,
for each y € V there exists a # € U’ such that z and y differ at only a finite
number of entries (namely at those o € I such that U, # X,). Hence z and
y must then be in the same connected component, which contradicts the
above paragraph since y € V and x € U’ C U. Thus we have a contradiction
to the existence of U and V/, so [[,c; X« is connected. []

Of course, the box topology is not so nice.

Example 2.3.18. Consider X =[], cyR equipped with the box topology.
Clearly R is a connected topological space by Theorem [2.3.2] Let

U = {(:cn)n>1 e X

sup |zp| < oo}
neN
so that if V= X \ U then V is the set of all unbounded elements of X.
Clearly UNV =0 and UUV = X.
We claim that U is open in X. To see this, let (x,,),>1 € U be arbitrary.

Then

[[@n-1a,+1)CU

neN
as every element of this product of intervals is bounded since (zp)p>1 is
bounded Therefore, since [, en(zn — 1,2, + 1) is open in the box topology
and since (z,),>1 € U was arbitrary, U is open in X.
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Similarly, we claim that V' is open in X. To see this, let (z)n>1 € V be

arbitrary. Then

H(xn*1,$n+1) cv

neN
as every element of this product of intervals is unbounded since (x,,),>1 is
unbounded. Therefore, since [, en(2n —1, 2, +1) is open in the box topology
and since (x,,),>1 € V was arbitrary, V' is open in X. Hence U and V imply
that X is not connected by definition.

Not only are connected components useful in showing that the product
topology on the product of connected spaces is connected, but connected
components can be a useful tool in showing that topological spaces are not
homeomorphic via the following result.

Proposition 2.3.19. Let (X, Tx) and (Y, Ty) be topological spaces and let
f: X =Y be a homeomorphism. For any subset A of X, the cardinality
of the set of connected components of X \ A equipped with the subspace
topology from (X, Tx) and the cardinality of the set of connected components
of Y '\ f(A) equipped with the subspace topology from (Y, Ty) must be equal.

Proof. As f: X —Y is a homeomorphism, it is clear that f|x\4: X\ 4 —
Y \ f(A) is a homeomorphism by Lemma By the Intermediate Value
Theorem (Theorem , flx\4 must be a bijection between the connected
components of X \ A and Y \ f(A) thereby yielding the result. [

Here is a couple of examples of how to use Proposition [2.3.19]

Example 2.3.20. Let X = [0,1] and Y = (0,1) be equipped with the
subspace topologies inherited from R . Then X and Y are not isomorphic.
To see this, suppose to the contrary that there exists a homeomorphism
f:X =Y. It is clear that X \ {0} is connected. Therefore, by Proposition
2.3.19) Y \ f(0) must be connected. However, one can easily verify that
Y \ {z} has two connected components, namely (0, z) and (z,1) thereby
yielding a contradiction.

Example 2.3.21. Let X = [0,1] equipped with its subspace topology
inherited from R and let

St={(z,y) | *+¢* =1}

equipped with its subspace topology inherited from R%?. Then X and S!
are not isomorphic. To see this, suppose to the contrary that there exists
a homeomorphism f : X — S'. It is clear that X \ {%} has two connected

components, namely [O, %) and (%, 1]. Therefore, by Proposition [2.3.19, S*\

f (%) must have two connected components. However, one can easily verify

that S'\ {z} is connected for any z € S? thereby yielding a contradiction.
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In the above example, we can verify that S'\ {z} is connected for any
z € S by explicitly showing S\ {2} is homeomorphic to (0, 1) by describing
the homeomorphism. This exact type of function leads us towards other
forms of connectedness.

2.4 Other Forms of Connectedness

As we have seen in the previous section, the notion of a connected topological
spaces has a lot of interesting ideas, such as the Intermediate Value Theorem
and the ability to decompose any topological space into its connected com-
ponents. As the notion of being connected has several uses in the theory of
topology, it is not surprising that there are several variations of this notion
that we will study in this section.

For our first notion, we try to develop an notion of connectedness by
being able to connect any two points in the space via some analogue of a
line.

Definition 2.4.1. Let (X,7) be a topological space and let z1,z9 € X. A
path from x1 to xo in X is a continuous function f : [a,b] — X such that
f(a) = x1 and f(b) = x2.

Remark 2.4.2. Since the composition of continuous function is continuous
and since for any two closed intervals [a,b] and [c,d] of R there exists a
homeomorphism A : [a,b] — [¢,d] (i.e. h is a linear function), if there is a
path from z; to x2 in (X, 7) then for any closed interval [a,b] in R there
exists a continuous function f : [a,b] — X such that f(a) = 1 and f(b) = xs.
Thus we will often take [a,b] = [0, 1] but we can take any other interval we
desired as needed.

Definition 2.4.3. A topological space (X, 7)) is said to be path connected
if for every x1,z2 € X there exists a path from z; to z2 in X.

The first immediate question that must pop into a mathematician’s head
is how does the notion of a path connected topological space relate to the
notion of a connected topological space. One direction is immediate.

Proposition 2.4.4. If (X,T) is a path connected topological space, then
(X, T) is a connected topological space.

Proof. Let (X,T) be path connected. Suppose that (X, 7T) is not connected.
Hence there exists non-empty sets U,V € T such that U NV = ) and
UUV = X. Choose z1 € U and x9 € V. Since (X,7) is path connected,
there exists a continuous function f : [0,1] — X such that f(0) = z; and
f(1) = x9. However, since f is continuous, the assumptions on U and V
imply that f~1(U) and f~!(V) must be non-empty pairwise disjoint open
subsets of [a,b] whose union is [a,b]. Hence [a,b] is not connected, which
contradicts Theorem Thus (X, 7) must be connected. ]
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In terms of a converse to Proposition [2.4.4] we return to a previous
example.

Example 2.4.5. Let X C R? be the topologist’s sine curve from Example
Recall that Example demonstrated that X is a connected space.
We claim that X is not path connected. To see this, suppose f:[0,1] — X
is a continuous function such that f(0) = (%, O) and f(1) = (0,0). For each
t € [0,1], write f(t) = (f1(t), f2(t)). Since f is continuous and since the
subspace topology on X is inherited from the topology on R? = R x R, which
is a product topology, it must be the case that fi, fo : [0,1] — [—1, 1] must
be continuous. As fi(1) =0 and f1(0) = 1, we must have that

tg = inf{t S [0, 1] | fl(t) = 0} S (O, 1]

and fi(tp) = 0 by the continuity of f1. As fi(t) > 0 for all ¢ € [0,%), the
description of X implies that fo(t) = sin (ﬁ) for all t € [0,¢y). However,

as f1 is continuous, as t converges to to from the left, fi(¢) must obtains all
of the values of ﬁ for sufficiently large n € N so fa(t) fluctuates between
2

—1 and 1. Hence lim;_,4, f2(t) does not exist thereby contradicting the fact
that fo was continuous. Hence there is no path in (X,7) that connects
(1 0) and (0,0) so (X, 7T) is not path connected.

)
Often it is significantly easier to verify a topological space is path con-
nected and use Proposition to verify the topological spaces is connected.

Example 2.4.6. Consider the subspace A = R™\ {0} of R*. Then A
is path connected if and only if n # 1. Indeed for n = 1 we see that
A = (—00,0) U (0, 00) is not path connected by Proposition as A is not
connected by Theorem [2.3.2] Otherwise, if n # 1 and z1, 22 € A, then either
the straight line from x; to zp does not pass through 0 and thus exhibits a
path from x1 to zs, or else there exists a third point x5 € A such that the
lines from z1 to z3 and from x3 to x2 do not pass through the origin thereby
giving a path from x; to xe via x3 (see Lemma [2.4.10). Hence A is path
connected when n # 1.

Example 2.4.7. Every open ball in every normed linear space (V, || -||) is
path connected. Indeed consider the ball B).|(Z,r) for some r > 0 and
Te V. If 41,92 € By.|(Z,7), then the function f : [0,1] — V defined by

ft) =t + (1 =)y
is such that

1F(t) = Z|| = 1@ — T) + (1 — ) (G2 — D)
<tlgr =2l + 1 =) [lgz - 7|
<tr+(1-t)r=r
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for all ¢ € [0,1]. Thus f is a path from % to i inside of By.|(Z,). Hence
By (#,r) is path connected.

Example 2.4.8. Consider the unit circle
St ={(x,y) €eR? | 2* +y* =1} C R~
Then S! is path connected since the function f : [0, 47] — S! defined by

F(t) = (cos(t), sin(t))

is a path that passes through any two points of S' in any order one chooses.
Similarly, the unit sphere

S2 = {(z,y,2) eR® | 2® + ¢y + 22 =1} C R

is path connected as any two points in S? lie on a great circle and thus one
may use a path like those used for S*.

As alluded to in the above examples, the notion of points being path con-
nected is very well behaved. In particular, it has some common connections
with the notion of connected topological spaces, such as the Intermediate
Value Theorem.

Proposition 2.4.9. Let (X,Tx) and (Y, Ty) be topological spaces and let
f+ X = Y be continuous. If (X,Tx) is path connected, f(X) is path
connected when equipped with the subspace topology inherited from Y .

Proof. Let y1,y2 € f(X) be arbitrary. Hence there exists x1,x2 € X such
that f(z1) = y1 and f(x2) = y2. Since X is path connected, there exists
a continuous function ¢ : [0,1] — X such that ¢(0) = x; and ¢(1) = 9.
Therefore, if h = fog:[0,1] — f(X), then h(0) = y1, h(1) = y2, and h is
continuous being the composition of continuous functions. Therefore, since
y1,y2 € f(X) were arbitrary, f(X) is path connected. N

Lemma 2.4.10. Let (X,T) be a topological space and define a relation ~
on X by defining x1 ~ xo for two points x1,x2 € X if and only if there exists
a path from x1 to xo. Then ~ is an equivalence relation on X.

Proof. Notice if x € X, then x ~ z via the path f : [0,1] — X defined by
f(t)=aforall ¢t € [0,1].

Next, suppose x1,x2 € X are such that z; ~ x3. Thus there exists a
path f:[0,1] — X such that f(0) = z; and f(1) = z2. Define g : [0,1] - X
by g(t) = f(1 —1t) for all t € [0,1]. As g is a composition of continuous
functions, g is continuous. Therefore since g(0) = x9 and g(1) = x1, 2 ~ o1
as desired.

Finally, suppose z1,z2,x3 € X are such that z1 ~ xo and xo ~ x3. Thus
there exist paths f : [0,1] — X and ¢ : [1,2] — X such that f(0) = z1,
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f(1) =22 =g(1), and ¢g(2) = 3. By the Pasting Lemma (Theorem [2.1.20))
the function h : [0,2] — X defined by

W) = {f(t) ?fte [0,1]
g(t) ifte[1,2]

is continuous. Hence as h(0) = x1 and h(2) = x3 we have that =1 ~ x3.
Therefore, as ~ is symmetric, reflective, and transitive, ~ is an equivalence
relation as desired. |

Definition 2.4.11. Let (X,7) be a topological space and let ~ be the
equivalence relation from Lemma The equivalence classes of ~ are
called the path connected components of (X, T).

Proposition 2.4.12. Let (X,T) be a topological space. Then the path con-
nected components of (X, T) are non-empty, pairwise disjoint, path connected
subspaces of X. Furthermore, if A is a path connected subspace of X, then
A lies entirely inside one path connected component.

Proof. First, clearly the path connected components are non-empty, pairwise
disjoint, and have union X by the properties of equivalence classes. To
see that every path connected component of (X,7) is a path connected
subspace of X, let Y be an arbitrary path connected component of X and let
x1,x2 € Y be arbitrary. Thus x1 ~ 2 so there exists a continuous function
f:0,1] — X such that f(0) = z; and f(1) = z2. However, for all ¢ € (0,1)
we see that flj, :[0,¢] — X is a path from z1 to f(t) so x1 ~ f(t). Hence
f(t) €Y forallt € (0,1). Hence f is a path from z; to x3 in Y. Therefore,
as x1,x2 € Y were arbitrary, Y is path connected.

Finally, suppose that A is as path connected subspace of X. If there were
two distinct path connected components X; and X5 of X containing points
in A, then there would exist x1 € X1 N A and 9 € Xo N A. Hence z1,20 € A
so, as A is path connected, x1 ~ x2. As 21 € X7 and z9 € X5, and as X3
and Xy were two distinct connected components of X so no element of X3
is equivalent to an element of Xo, this is a contradiction. Hence A must lie
entirely inside one path connected component of X as X is the union of its
path connected components by the definition of an equivalence relation. m

Example 2.4.13. The path connected components of Q (equipped with the
subspace topology) are

Ha} | ¢ € Q}.

Indeed clearly each set {¢q} for ¢ € Q is path connected. Furthermore, if
A C Q has two points, then A is not connected as it has elements from two
different connected components of Q by Example and thus cannot be
path connected by Proposition [2.4.4]
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Example 2.4.14. Recall the topologist’s sine curve is the set

X ={(0,y) | —13951}U{<x’sm(i>>‘0<$§717}

equipped with the subspace topology inherited from the canonical topology
on R2. Clearly X is the union of the disjoint sets

A ={0,y) | -1 <y <1} and AQZ{(QJ,SiD(i)) ‘ 0<$§i}.
Furthermore A; and As are path connected being continuous images of
intervals of R. We claim that A; and As are the path connected components
of X. Indeed A; and Ay are path connected and the proof in Example
shows that no element of A; is path connected to an element in As in X.
Hence A; and As are the path connected components of the topologist’s sine
curve.

Analyzing the notion of path connectedness for product spaces is far
easier than analyzing the notion of connectedness was.

Proposition 2.4.15. Let {(Xa, Ta)}acr be a collection of path connected
topological spaces. Then [[,c; Xa is a connected topological space when
equipped with the product topology.

Proof. Let x = (xq)acr € [lacr Xa and ¥ = (Ya)aer € [laer Xa be arbitrary.
Since (Xq, 7o) is path connected for each a € I, there exists a continuous
function f, : [0,1] — X, such that f,(0) = z, and fo(1) = yo. Define
f:10,1] = Tlaer Xa by

f() = (fa()acr

for all t € [0,1]. Then f(0) ==z, f(1) =y, and f is continuous by Theorem
2.1.10, Hence, as x and y were arbitrary, [],c; X« is path connected in the
product topology. ]

Remark 2.4.16. Unsurprisingly, Proposition fails when the product
topology is replaced with the box topology. Indeed consider X = [],cnR
equipped with the box topology. Clearly R is path connected as the identity
function restricted to any closed interval yields a path in R between the
endpoints of the interval. However X cannot be path connected. Indeed X
is not connected by Example and thus cannot be path connected by

Proposition [2.4.4]

To conclude our discussion of the notions of connectedness in topological
spaces, it often is enough for a topological space to only have connected
neighbourhoods bases at each point. Thus the following concept is defined.
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Definition 2.4.17. Let (X, 7) be a topological space and let z € X. It is
said that (X, T) is locally connected at x if there exists a neighbourhood basis
of x consisting of sets that are connected topological spaces when equipped
with the subspace topology.

Definition 2.4.18. A topological space (X, T) is said to be locally connected
if (X, 7T) is locally connected at each point.

Perhaps surprisingly, the notions of connected and locally connected
topological spaces have no relations to one another.

Example 2.4.19. Consider X = [0,1] C R equipped with the subspace
topology. Then X is connected by Theorem [2.3.2] In addition, X is locally
connected. Indeed if x € X is arbitrary, then the sets

{XN(z—ex+e) | e>0}

are a neighbourhood basis of z consisting of intervals, which then are con-
nected by Theorem [2.3.2] Therefore, as x € X was arbitrary, X is locally
connected.

Example 2.4.20. Consider X = [0,1] U [2,3] € R equipped with the
subspace topology. Then X is not connected by Theorem However, X
is locally connected. Indeed if z € X is arbitrary, then the sets

{XN(z—e,x+¢€) | e€(0,1)}

are a neighbourhood basis of = consisting of intervals, which then are con-
nected by Theorem [2.3.2] Therefore, as € X was arbitrary, X is locally
connected.

Example 2.4.21. Consider Q C R equipped with the subspace topology.
Then Q is not connected by Example 2:3.16] Furthermore Q is not locally
connected since for every € > 0, the neighbourhood (—e¢,¢) N Q of 0 is not
connected (by Theorem ) so no neighbourhood of 0 will be connected.
Hence Q is not locally connected.

Example 2.4.22. Let X be the topologist’s sine curve in R?. Then X is
connected by Example However, X is not locally connected. Indeed
note that (0,1) € X. However, for any € € (0,1) we see that Ba((0,1),€)NX
is not connected as there will exists a 0 < § < € such that

Ay = By((0,1),e) N X N{(z,y) €R* | 2 <} and
As = By((0,1), &) N X N{(x,y) € R? | = > §}

are non-empty pairwise disjoint open subsets of X. Hence Ba((0,1),¢) N X
is not connected for all € € (0,1) so no neighbourhood of (0,1) in X can be
connected. Hence X is not locally connected.
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The reason locally connected topological spaces are so nice is the following
result illustrating the relation of connectedness to the connected components
of open sets.

Theorem 2.4.23. A topological space (X, T) is locally connected if and only
if for every U € T, the connected components of U when equipped with the
subspace topology are open in (X, T).

Proof. First assume that (X, 7)) is locally connected. To see the claim, let
U € T be arbitrary and let C' be an arbitrary connected component of U.
Notice for all z € C that x € U so the definition of a locally connected space
implies there exists an open connected subset U, € T such that x € U, C U.
However, since = € U,, U, is connected, U, C U, and C' is the connected
component of U containing x, we must have that U, C C. Hence

C=UeT

zeC

as desired. Therefore, since U and C' were arbitrary, the claim follows.

To see the converse, suppose for every U € T, the connected components
of U when equipped with the subspace topology are open in (X, 7). To see
that (X, 7)) is locally connected, let z € X and U a neighbourhood of = be
arbitrary. If C is the connected component of U containing x, then C' is
open in (X, 7) by assumption, C' is connected, and x € C' C U. Therefore,
since U was arbitrary, x has a neighbourhood basis consisting of connected
sets. Hence, as © € X was arbitrary, X is locally connected. ]
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Chapter 3

Compact Topological Spaces

As we have seen in Chapter [2] the notion of connectedness was intimately tied
to properties of continuous functions via the Intermediate Value Theorem.
In this section, we will develop the property of topological spaces necessary
for an extension of the Extreme Value Theorem; namely the notion of
compactness.

Compact topological spaces are some of the nicest topological spaces in
existence. This stems from the fact that compact spaces enable one to use
only a finite number of open set when describing the entire space. It is this
finiteness that is desirable for many reasons, such as being able to find a
element of a net further along than representatives of the net chosen from a
(now finite) covering a topological space.

In this section, we will delve into the notion of compactness for general
topological spaces. Excluding discussions of compact subsets of K", the
discussion of compactness in metric spaces is worth of its own chapter and will
be postponed until Chapter [l After developing the basic notion of compact
topological spaces, we will analyze various methods and consequences of a
topological space being compact. In addition, we will prove the well-known
theorem of Tychonoff, which is equivalent to the Axiom of Choice (Axiom
, and further emphasizes why the product topology is superior to the
box topology. Finally, we will analyze topological spaces that are locally
compact and demonstrate these spaces are compact up to adding a single
point thereby emphasizing the strength of compactness.

3.1 Compact Topological Spaces

To begin our study of compact topological spaces, we must define the notion
of compactness. As our goal is to be able to cover our topological spaces
with nice finite collections of sets, we define the following.

Definition 3.1.1. Let (X,7) be a topological space and let A C X. Sets
{Ua}acr € P(X) are said to be an open cover of A if each U, € T for all
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94 CHAPTER 3. COMPACT TOPOLOGICAL SPACES

acland AC UyerUa-
A subcover of A from {Ua}aer is any collection {Uy, }acys where J C T
such that A C U,csUa

The notion of compactness then follows by asking that we can extract a
finite open cover of our space from any open cover we may wish to consider.

Definition 3.1.2. A topological space (X, 7)) is said to be compact if every
open cover of (X, T) contains a finite subcover; that is, if {Uy}aer C T are
such that X = (J,c; Ua, then there exists J C I such that J is finite and

X — UCMGJ UOC'
Of course, we have some trivial examples

Example 3.1.3. Technically the empty set is compact as every open cover
has a subcover consisting of one element.

Example 3.1.4. The trivial topology on a set X is always compact as the
only open covers of X will be {X} and {X,0}.

Example 3.1.5. Let (X,7) be a topological space with X finite. Then
(X, T) is compact as T C P(X) is finite.

Example 3.1.6. Let X be an infinite set and let 7 be the discrete topology
on X. Then (X,T) is not compact as {{z}},cx is an open cover with no
finite subcovers.

To obtain more examples of compact topological spaces, we turn our
attention to subsets of R. Of course we have the following.

Example 3.1.7. If R is equipped with its canonical topology, then R is not
compact. Indeed Y = {(n—1,n+1) | n € Z} is an open cover of R with no
finite subcovers as each element of Z is covered by a unique element of U.

In order to determine which subsets of R are compact when equipped
with the subspace topology, we note the following.

Lemma 3.1.8. Let (X,T) be a topological space and let Y be a subspace of
(X,T). Then'Y is compact if and only if every open cover of Y in (X, T)
has a finite subcover.

Proof. For simplicity, let Ty denote the subspace topology on Y inherited
from (X, 7).

To begin, suppose (Y, Ty) is compact. To see the result, let {Uy}aecr be
an arbitrary open cover of Y in (X, 7). Hence {Y NU,}aer is an open cover
of Y in (Y, Ty) so the fact that (Y, 7y ) is compact implies there exists a finite
subset J C I such that {Y NU,}aes is an open cover of Y in (Y, Ty'). Hence
clearly {U,}qcy is a finite open subcover of Y from {U, }qcs. Therefore, as
{Uq}aecr was arbitrary, the claim follows.
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Conversely, suppose that every open cover of Y in (X,7) has a finite
subcover. To see that (Y, Ty ) is compact, let {V,}aer be an arbitrary open
cover of Y in (Y, Ty'). By the definition of the subspace topology there exists
{Ua}aer € T such that V, = Y NU, for all « € I. Hence {U,}qaer is an
open cover of Y in (X, 7), which then must have a finite subcover {U, }acs
of Y by assumption. Hence {V,}acs is a finite open subcover of Y from
{Va}aer- Therefore, since {V, }qer was arbitrary, (Y, 7y) is compact. n

Example 3.1.9. The subset X = {0} U {% | ne N} C R is a compact

subspace of R. To see this, suppose that {U,}aer is an open cover of
X using open subsets from R. Hence there exists an «g € I such that
0 € Uy,. Since U,, is open, there exists an € > 0 such that (—¢,e) C U,,.
Since X contains only a finite number of elements outside of (—¢,€), X
contains only a finite number of element outside of U,,. Thus we can write
X\ Uy = {x1,...,2m} for some m € N. Since {Uy}aer is an open cover
of X, for each k € {1,...,m} there exists an oy € I such that z; € U,,.
Hence {U,, } ", is a finite subcover of X from {Uq,}aecr. Hence, as {Uq }acr
was arbitrary, X is compact.

Example 3.1.10. The subset X = {% | n e N} C R of R is not compact.

Indeed if U,, = (%, 1) for all n € N, then {U,}52; is an open cover of X.
However, clearly {U,,}72; does not have a finite subcover as if ny,...,n, € N

then UJ;, Up, = (M, 1) which does not contain all of X since

limg, oo % = 0.

Remark 3.1.11. It is clear in the above example that the reason why X is
not compact was that X was not closed. However, for a general topological
space (X, T), a subspace A of (X, 7) may still be compact even if A is not
closed in (X, 7). Indeed, if X is finite, then every subspace of (X,7) is
compact as every subspace topology consists only of a finite number of sets.
As there are clearly examples of topologies on finite sets such that not every
set is closed (see Example , we have demonstrated our claim.

The reason why the set in Example [3.1.10] is not compact because it was
not closed follows from the fact that R is Hausdorff. In particular, mixing the
notions of Hausdorff and compactness yields some powerful results. Recall
that a topological space (X,7) is Hausdorff means that (X,7) has a lot
of open sets to separate points (i.e. it is “close” to the discrete topology)
whereas (X, 7)) is compact means that (X, 7) does not have too many open
sets as every open cover has a finite subcover (i.e. it is “close” to the
trivial topology). It is this Goldilocks zone that makes compact Hausdorff
topological spaces some of the nicest topological spaces to study.

In order to study compact Hausdorff topological spaces, we note the
following incredibly useful lemma that lets us separate points from compact
subsets.
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Lemma 3.1.12. Let (X, T) be a Hausdorff space, let Y be a compact subspace
of X, and let z9 € X \'Y. Then there exists U,V € T such that xy € U,
YCV,andUNV =.

Proof. Since (X, T) is Hausdorff and 29 € X \'Y, for each y € Y there exists
Uy, Vy € T such that zg € Uy, y € V}, and Uy NV, = 0. Hence {V, }yey is
an open cover of Y. Therefore, as Y is a compact subspace of X, Lemma
implies there exists an n € N and y1, 92, ...,y € Y such that {V,, }}_,
is an open cover of Y. Let

U=(\U, and V=W
k=1 k=1

Clearly Y C V by construction. Furthermore, as zg € U, for all k ¢
{1,...,n}, 2o € U. Finally, since U, NV, =0 for all y € Y, we obtain that
UNV =0 as desired. n

Using Lemma we can formalize the problem with Example

Theorem 3.1.13. Every compact subspace of a Hausdorff topological space
is closed.

Proof. Let (X,T) be a Hausdorff topological space and let Y be a compact
subspace of X. To see that Y is closed in (X,7), it will be demonstrated
that X \ 'Y is open. To see that X \ Y is open, let g € X \ Y be arbitrary.
By Lemma [3.1.12] there exists open sets U,V € T such that 2o € U, Y CV,
and UNV = (). Hence U is a neighbourhood of z( that is contained in X \ Y.
Therefore, as zg € X \ Y was arbitrary, X \ Y is open in (X,7). Hence Y is
closed in (X, 7)) as desired. n

In fact, Theorem[3.1.13| has somewhat of a converse in compact topological
spaces.

Theorem 3.1.14. Every closed subspace of a compact topological space is
compact.

Proof. Let (X,7T) be a compact topological space and let F' be a closed
subspace of (X, 7). To see that F' is compact, we will verify the conditions
of Lemma Thus let {U, }aer be an arbitrary open cover of F' from
(X, T). Hence, as F'is closed in (X,7T), {X \ F'} U{Ua}aer is an open cover
of (X, 7). Therefore, as (X, 7T) is compact, there exists a finite subset J C I
such that {X \ F'} U{U,}aecs is an open cover of (X, 7). Therefore, since
X\ F is disjoint from F, {U, }aer is a finite subcover F' from {U, }qcr. Hence
Lemma implies that F is a compact subspace of (X, 7). ]

Combining Theorem [3.1.13| and Theorem we can construct new
compact subspaces from other compact subspaces.
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Corollary 3.1.15. The arbitrary non-empty intersection of compact sub-
spaces of a Hausdorff topological space is compact.

Proof. Let (X,T) be a Hausdorff topological space and let {K,}.cr be
compact subspaces of (X,7) with I non-empty. By Theorem K, is
closed in (X, T) for all @« € I. Hence K = (\,c; Kq is closed in (X, 7). As I
is non-empty, K is a closed subset of K, for all « € I and thus a compact
subspace K, for all a« € I by Theorem ]

Remark 3.1.16. Note Corollary [3.1.15| does not extend to (even the finite
intersection) of compact subspaces of non-Hausdorff topological spaces. For
such an example, let X = N and let

T={A| ACN\{1,2}}JU{N}U{N\ {1}} U{N\ {2}}.

It is not difficult to verify that 7 is a topology on X. Furthermore, if
K; =N\ {1} and Ky = N\ {2}, it is not difficult to verify that K; and K»
are compact subspaces of X as any open cover of K7 must include either K
or N (both of which are finite subcovers of K7) and any open cover of Ks must
include either Ky or N (both of which are finite subcovers of K3). However,
K1 N Ky =N\{1,2} is clearly not compact as {{n} | n € N\ {1,2}} is an
open cover of K1 N Ky with no finite subcovers.

Corollary 3.1.17. The finite union of compact subspaces of a topological
space is compact.

Proof. Let {K}}}!_; be compact subspaces of a topological space (X,7) and
let K = U}_; K. To see that K is compact in (X,7), let U = {Uqs}acr
be an arbitrary open cover of K. Hence U is an open cover of K} for all
ke {1,...,n}. Therefore, since K is compact for all k € {1,...,n}, there
exists a finite subset Ji C I such that {U,}acys, is an open cover off Kj.
Thus if J = J{_; Jk, then J is a finite subset of I and {U, }4cs is an open
cover of K. Therefore, as U was arbitrary, K is compact as desired. ]

Remark 3.1.18. Note Corollary [3.1.17] does not extend to arbitrary unions
of compact subspaces. Indeed clearly X = {% | ne N} is a union of compact
subsets of R as every singleton in R is trivially compact. However X is not

compact by Example [3.1.10

However, there more obstructions for a subset of R to be compact.

Example 3.1.19. Let X = Z C R equipped with the subspace topology
inherited from the canonical topology on R. Clearly X is a closed subset
of R since any convergent net from X must eventually be constant as
dist(n, X \ {n}) =1 for all n € N. However, we claim that X is not compact.
Indeed if U,, = (—n,n) for each n € N, then U = {U,,}°2, is an open cover
of X. However, U does not have a finite subcover since U,, C U, for all

(©For use through and only available at pskoufra.info.yorku.ca.



98 CHAPTER 3. COMPACT TOPOLOGICAL SPACES

n € N so that U is closed under unions, and since each element of I/ contains
only a finite number of points in the infinite set X.

It is not difficult to see that the set in Example [3.1.19]is not compact as
its elements get arbitrary far away from 0. To give a name to this issue, we
define the following property for metric spaces.

Definition 3.1.20. A subset A of metric space (X, d) is said to be bounded
if there exists an M > 0 such that

{d(a1,a2) | a1,a2 € A} C [0, M].
There are many ways to characterize boundedness in a metric space.

Lemma 3.1.21. Let (X,d) be a metric space and let A C X be non-empty.
The following are equivalent:

(i) A is bounded.
(ii) For each ag € A, A C By(ao, R) for some R > 0.
(iii) For an ap € A, A C By(ag, R) for some R > 0.

Proof. To see that (i) implies (ii), suppose A is bounded. Thus there exists
an M > 0 such that

{d(al,ag) | ai,as € A} - [O,M]

Hence (ii) follows by taking R = M for each ag € A.
Clearly (ii) implies (iii). To see that (iii) implies (i), let ap € A and R > 0
be such that A C By(ap, R). Hence for all a;,a2 € A,

d(ay,a2) < d(ay,ap) + d(ag,a2) < R+ R = 2R.
Hence
{d(a1,a2) | a1,a2 € A} C[0,2R]
so A is bounded by definition. ]
Using the same idea as Example we have the following.
Theorem 3.1.22. Every compact metric space is bounded.

Proof. Let (X,d) be a compact metric space. To see that (X, d) is bounded,
fix a point zg € X. For each n € N, consider the open set U,, = Bg(zo,n).
Since for all z € X there exists an m € N such that d(z,z¢) < m, we see
that U2, U, = X. Hence {U,}22, is an open cover of (X,d). Therefore,
since (X, d) is compact, there exists ny,...,nq € N such that X = {_, Uy,
If N =max{ny,...,ng}, we clearly obtain that X = B;(z, N). Thus (X, d)
is bounded by Lemma [3.1.21] ]
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Combining Theorem [3.1.13] and Theorem [3.1.22] every compact subspace
of R must be closed and bounded. We desire to prove the converse to this
statement. To simplify notation, we define the following.

Definition 3.1.23. Let (X,d) be a metric space and let A C X be non-
empty. The diameter of A, denoted diam(A), is defined to be

diam(A) = sup({d(a1,a2) | a1,a2 € A}) C [0, o0].
Example 3.1.24. In R equipped with its canonical metric
diam((0,1)) = diam([0,1]) =1
whereas diam(R) = oco.

Theorem 3.1.25 (The Heine-Borel Theorem). Let K C K". Then K
is compact in (K", || ||) if and only if K is closed and bounded.

Proof. First, suppose K is compact. As any subspace of a metric space (X, d)
has topology induced by a metric that was induced from d by Proposition
Theorem [3.1.22] implies that K is bounded in (K", || - || ). Furthermore,
as the subspace of any Hausdorff topological space is Hausdorff, Theorem
3.1.13| implies that K is closed.

Conversely, let K be closed and bounded subspace of (K", || - ||,). Sup-
pose to the contrary that K is not compact. Hence there exists an open
cover {Uy }aer of K that has no finite subcover.

Since K is bounded, there exists an M € R such that

KC[-M,M]x---x[-M,M]
when K =R, and
K C{(a1 +bii,...,an +bpi) | a;,b; C [—M, M]}

when K = C. We will proceed with the proof where K = R as the case where
K = C follows by the same arguments using 2n in place of n.

Divide [—M, M]™ into 2™ closed balls with side-lengths M. To be specific,
for all q1,...,q, € {0,1} let

Jqu---ﬂn = [_M+MQI7MQ1] XX [_M+qu,qu]

Clearly each Jg, . 4, is closed and the union of all possible J, . 4.s contains
K. Therefore, since {Uy}aer does not have a finite subcover of K, there
must exist one of these J;, . 4.s such that {U,}aer does not have a finite
subcover of K N Jy,,.. 4, (as there are a finite number of Jy, _ ,.s). Denote
this Jg,,...q, by Bi and notice diam(By) = M.

Suppose for each k& € N we have constructed closed balls Bi,..., By
such that Bj;1 C By, diam(B;) = %M, and {Ug }aer does not have a finite
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subcover of B;N K for all j € {1,...,k—1}. By repeating the above process
on By, there exists a closed ball Byy1 C By such that diam(Byy1) = ﬁM
and such that {U,}aer does not have a finite subcover of B N K. Thus,
by repeating this process ad infinitum, we obtain a collection {Bj}7, of
closed balls of K" such that Byi1 C By, diam(By) = Z%M, and {Uq }acr
does not have a finite subcover of Vy N K for all k € N (and thus By N K # ()
for all kK € N).

For each k € N, let 3, € B N K. Then, as diam(B; N K) C diam(Bg) <
zikM, we see for all n > m > N that z,, ., € By N K so

1
d(Zp, Trm) < Q—NM
Therefore, since limy oo M QLN = 0, we see that (z,,),>1 is a Cauchy sequence.
Hence, as K™ is complete, there exists an x¢g € K" such that lim,,_,. z,, = g
(see Section for more detail if necessary). Moreover, since x,, € B, N K
for all n > m, the fact that B,, N K is closed implies that zo € B,, N K for
all m € N. Hence -
Y =(IxNK)#0.

k=1

We claim that Y has exactly one element. Indeed if x,y € Y then
x,y € By for all k € N so d(z,y) < diam(By) = %M for all £ € N which
implies d(z,y) = 0, or, equivalently, z = y. Hence Y contains exactly one
point, say z.

By construction z € K. Therefore, as {U,}aer is an open cover of K,
there exists an o € I such that z € U,,. Thus, since U,, is open, there
exists an € > 0 such that B(z,e¢) C U,,. Since diam(By) = 2%M for all
k € N, there exists a kg € N such that diam(By,) < e. Therefore, as z € By,
we obtain for all z € By, that d(z,z) < esox € B(z,€) C Uy, for all x € By,.
This implies By, N K C Iy, C B(z,¢€) C Uy, which contradicts the fact that
{Ua}aer did not have a finite subcover of By, N K. As we have obtained a
contradiction, it must be the case that K is compact. ]

Now that we have the Heine-Borel Theorem (Theorem and thus a
plethora of examples of compact topological spaces, we return to our initial
motivation for compact topological spaces; namely a generalization to the
Extreme Value Theorem to topological spaces. To obtain this characterization
knowing that every finite closed interval in R is compact, we note the following
exemplary property of compact topological spaces.

Theorem 3.1.26 (The Extreme Value Theorem). Let (X,7x) and
(Y, Ty) be topological spaces and let f: X — Y be continuous. If (X, Tx) is
compact, then f(X) is a compact subspace of (Y, Ty).

Proof. To see that f(X) is compact, let {U, }aer be an arbitrary open cover
of f(X) in (Y, Ty). Therefore {f~*(Us)}aer is an open cover of (X, Tx).
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Hence, as (X, Tx) is compact, there exists a finite subset J C I such that
{fY(Ua)}aes is an open cover of (X, Tx). Therefore f(X) C Uyey Ua s0
{Ua}aes is a finite subcover of f(X) from {Uy}aer Therefore, as {Uy tacr
was arbitrary, f(X) is compact. ]

Theorem [3.1.26] has some wide-reaching implications.

Theorem 3.1.27 (The Extreme Value Theorem). Let (X,T) be a com-
pact topological space and let f: X — R be continuous. Then there exists
points x1,x2 € X such that f(x1) < f(x) < f(x2) forallz € X.

Proof. Since f is continuous and X is compact, Theorem [3.1.26] implies
that f(X) is a compact subset of R. Hence f(X) is closed and bounded by
the Heine-Borel Theorem (Theorem [3.1.25). Since f(X) is non-empty and
bounded, sup(f(X)) and inf(f(X)) are finite and we can construct sequences
of elements of f(X) converging to sup(f(X)) and inf(f(X)) respectively.
Since f(X) is also closed, this implies sup(f(X)),inf(f(X)) € f(X). Hence
there exists x1,z2 € X such that f(x;) = inf(f(X)) and f(x2) = sup(f(X))
so f(z1) < f(x) < f(we) for all z € X as desired. ]

Of course, perhaps the notion of being ‘closed and bounded’ would be a
nice metric space property to extend to the general topological setting and
obtain nice results with respect to continuous maps. The following example
shows this is not the case.

Example 3.1.28. Consider the metric space (Z, d) where d : Z X Z — [0, 00)
is defined by

d(n m)_M
T 14 n—m)|

for all n,m € Z. Clearly d is well-defined. To see that d is a metric on
Z, notice d(n,m) = d(m,n) for all n,m € Z and d(n,m) = 0 if and only
if |In —m| = 0 if and only if n = m. To see that d satisfies the triangle
inequality, notice for all a,b € Z that

la+ 0| <|a| + (0]
= la+b| < |a| + [b] + 2|al[b| + |a||b]|a + b|
= |a+b|(1+ |a])(1 + [b]) < [a|(1 + |b])(1 + |a + b])
+ [b](1 4 |a])(1 + |a + b))

la+bl _ la|(+[b]) + [b[(1 + |a])
1+ |a+b — (1+ |al)(1+10])

R I
I+la+0b — 1+]a] 1+1b

Therefore, if n,m,q € Z, by letting a = n — g and b = g — m, we obtain that

d(n,m) < d(n,q) +d(q,m)
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so d satisfies the triangle inequality. Hence d is a metric.
Notice that d(n,m) € [0,1) for all n,m € Z. Hence Z is a closed, bounded
subset of (Z,d). Furthermore, for each n € Z,

inf{d(n,m) | m € Z\ {n}} = min{d(n,n+1),d(n,n—1)} >0

as the function z — {7 is increasing on [0, 00). Hence d induces the discrete
topology on Z and thus every function from Z to a metric space must be
continuous.

Define f : Z — R by

f(n):{n—i—l ifn>0

—% ifn<0

for all n € N. Thus f is continuous. However, as
1
f(Z):NU{ | neN}
n

we clearly see that f(Z) is neither closed nor bounded in R.
Another application of Theorem [3.1.26|is the following.

Corollary 3.1.29. FEvery topological space homeomorphic to a compact
topological space is compact.

Proof. The result easily follows from Theorem [3.1.26] N

To finish off our preliminary study of compact topological spaces, we
further note that the notions of compact and Hausdorff topological spaces
intertwine nicely.

Theorem 3.1.30. Let (X, Tx) be a compact topological space and let (Y, Ty)
be a Hausdorff space. If f : X — Y is a continuous bijection, then f is a
homeomorphism. Thus (X, Tx) is Hausdorff and (Y,Ty) is compact.

Proof. Suppose f: X — Y is a continuous bijection. To see that f~!:Y —
X is continuous, let U € Tx be arbitrary. Then K = X \ U is a closed subset
of (X, Tx) and thus compact by Theorem Hence (f~1)"Y(K) = f(K)
is a compact subset of (Y, 7y) by Theorem Therefore, since (Y, Ty)
is Hausdorff, f(K) is closed by Theorem Thus

(fTH7H0) = f(U) = X\ K) = f(X)\ f(K) =Y\ f(K)

is open in (Y, 7y). Therefore, as U € Ty was arbitrary, f~! is continuous.
Hence f is a homeomorphism.

The facts that (X, Tx) is Hausdorff and (Y, 7y') is compact then follow
as homeomorphisms clearly preserve these topological properties. ]
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3.2 Other Characterizations of Compactness

Now that we have some knowledge of the basics and some examples of compact
topological spaces, we turn our attention to equivalent characterizations of
compact topological spaces in the general topological setting. For example,
in R, the Bolzano-Weierstrass Theorem states (upto a reformulation) that
a set A C R is closed and bounded if and only every sequence of elements
of A has a convergent subsequence to an element of A. As the Heine-Borel
Theorem (Theorem implies the closed, bounded subsets of R are
exactly the compact subsets of R, it is natural to ask whether ‘every sequence
having a convergent subsequence’ is a characterization of compact topological
spaces. Of course, as sequences are insufficient in general topological spaces,
it is more useful to ask whether ‘every net has a convergent subnet’ is an
equivalent characterization of compact topological spaces.

In this section, our main (and only) result will show this is indeed the case.
In addition, there is another incredibly useful characterization of compact
topological spaces using intersections of certain collections of subsets.

Definition 3.2.1. Let (X,7) be a topological space. A collection {Fy }aer
is said to have the finite intersection property if (\,c; Fo # 0 for every finite
subset J C I.

Theorem 3.2.2. Let (X, T) be a topological. The following are equivalent:
(i) (X,T) is compact.

(ii) Whenever {Fy}acr is a collection of closed subsets of (X, T) with the
finite intersection property, Nocr Fa # 0.

(iii) For every net (z))xen, there exists an xo € X such that

xo € {zx | A € A such that X > Ao}
for every \g € A (often xg is called a cluster point of the net ).
(iv) Every net in (X,T) has a convergent subnet.

Proof. To see that (i) implies (ii), let (X,7) be a compact topological
space. Suppose {Fy }aer is a set of closed subsets of (X, 7) with the finite
intersection property yet (,c; Fo = 0. For each a € I, let U, = X \ Fi.
Hence {Uy}acr are open subsets of (X, 7T) as {Fu}aer is a set of closed
subsets of (X, 7). Since

UUa= X\FE :X\(ﬂFa>:X\®:X,

acl acl ael
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we see that {Uy }aer is an open cover of X. Therefore, as (X,7) is compact,
there exists a finite subset J C I such that

X = Ua
acJ

Hence

D=X\X=X\ <U Ua> = X\Us= () Fa
acJ acJ acJ
thereby contradicting the fact that {F, }cs has the finite intersection prop-
erty. Thus, as we have obtained our contradiction, (i) implies (ii).
To see that (ii) implies (iii), suppose (ii) holds. Let (z))xea be an
arbitrary net in (X, 7). For each A € A, let

A)\:{.CC)\/ ’/\/2)\} and FA:TAQX.

Clearly {F)}xca are closed subsets of X. We claim that {F)}yecp has the
finite intersection property. Indeed suppose J C A is finite. Since J is finite,
the existence of upper bounds in directed sets implies there exists a A\g € A
such that A\g > A for all A € A. Hence

Ty € ﬂF)\ SO ﬂF)\;ﬁ@

AeJ AeJ

Therefore, as J C I was an arbitrary finite subset, {Fy} ep has the finite
intersection property. By the assumption of (ii), we know that there exists
an o € (yep £ as desired. Hence, as (x))xep was arbitrary, (ii) implies
(iif).

To see that (iii) implies (iv), let (z))xea be an arbitrary net in (X, 7).
For each )\ € A, let

A,\:{:z:,\/ ’/\/2)\} and FA:TAQX.

By the assumption of (iii), there exists an g € yep Fi-

We claim that there exists a subnet of (z))xca that converges to xg. To
see this, first notice for an arbitrary neighbourhood U of zy that AyNU # ()
by Theorem as xg € F). Hence, for every neighbourhood U of zy and
for every A € A there exists a X' € A such that A’ > X\ and z) € U.

Let

M = {(U,\) | U a neighbourhood of z¢p and A € A such that x) € U},
which is non-empty by previous discussions. For two pairs (Uz, A1), (Us, A2) €
M, define (U, A1) < (Ua, A2) if and only if Uy D Uz and A\ < Ag. We claim

that (M, <) is a directed set. Indeed it is clear (M, <) is reflexive and
transitive since reverse inclusion and the ordering on A are. Finally let
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(U1, \), (U2, A2) € M be arbitrary. Let Us = Uy N Us. Clearly Us is a
neighbourhood of zy as U; and U, are. As (A, <) is a directed set, there
exists a A € A such that A > A\; and X' > \s. By the previous paragraph
there exists a A3 € A such that A3 > X (so A3 > A1 and A3 > )\3) and
Ty, € U;s. Hence (Ug,)\g) e M, (Ug,)\g) > (Ul,)\l), and (Ug,)\g) > (Ug,)\Q).
Therefore, as (Uy, A1), (Ua, A2) € M were arbitrary, (M, <) is a directed set.

We claim that (z))@nen is a subnet of (z))xea- To see this, define
@ : M — A by o((U,\)) = \. Clearly ¢ is increasing by the definition of
the ordering on M. To see that ¢ is cofinal, let A € A be arbitrary. Then
clearly (X,\) € M and o((X,))) = A > A. Hence (z)),n)en is a subnet of
(zx)aea by Definition

Finally, we claim that (x))@,xen converges to xg. To see this, let U be
an arbitrary neighbourhood of zy. From previous discussions there exists
a A € A such that (U,\) € M. Thus for all (U',\) > (U,\) we have
that zy € U' C U. Therefore, as U was arbitrary, (x)w e is a subnet
of (zx)xea that converges to xg. Therefore, as (z))yea was arbitrary, (iii)
implies (iv).

To see that (iv) implies (i), suppose (iv) holds. To see that (X,T) is
compact, suppose to the contrary that there exists an open cover {Up, }aer
of (X,7) that has no finite subcover. We will use {U, }qer to construct a
net that has no convergent subnets.

Let

A= {UQX ‘U: U U, for some finite subset JQU}.
acJ

For two sets Uy, Us € A, define Uy < Us if and only if Uy C Us. Since A is
closed under finite unions, Example implies (A, <) is a directed set.

Since {Uq }aer has no finite subcover of (X, 7T), X \ (Upey Ua) # 0 for
each finite set J C I. Hence, for each U € A we may choose a point
zy € X \U. Thus (zy)yea is a net in (X, 7).

We claim that (zy)pyea has no convergent subnets thereby contradicting
the assumption that (iv) holds and yielding (iv) implies (i). To see this,
suppose to the contrary that (zy)pea has a subnet (x),),enm that converges
to some point zg € X. Since {U, }aer is an open cover of (X, T), there exists
an ap € I such that xg € Uy,. Thus, as (z),)uenm is a subnet of (zv)yea,
there exists a po such that A, > Uy,. Moreover, since (z,)uenm converges
to g, there exists an u; € M such that zy, € Uqg for all u > p1. By the
definition of a directed set, there exists a us € M such that ps > pg and
p2 > p1. Hence Ay, > Uy, and Ty,, € Uy, However, Ay, > Uy, implies that
Aus = U for some open set U in (X, T) such that U D U,, so the definition
of x A, implies that

Ty, U S0 Ty, & Ua,-
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As this contradicts the fact that zy,, € Ua, (zy)uen has no convergent
subnets. Hence (iv) implies (i). ]

3.3 Tychonoff’s Theorem

Theorem [3.2.2] is incredibly useful in verifying topological spaces are compact
using either the finite intersection property or the ‘every net has a convergent
subnet characterization’. Furthermore, once compactness is established, we
can use these characterizations for several useful applications. Consequently,
our current goal is to use Theorem to increase our repertoire of compact
topological spaces.

One common theme throughout this course has been to look at products
of topological spaces either equipped with the box or product topology. The
following elementary result shows us what must be true for a product of
topological spaces to be compact.

Proposition 3.3.1. Let {(Xa, Ta)}acr be a non-empty collection of non-
empty topological spaces. If the product [[,c; Xao s a compact topological
space when equipped with the either the box or product topology, then (Xa, Ta)
is compact for each o € I.

Proof. Suppose X = [],c; X« is compact when equipped with either the
box or product topology. To see that (X,, 74) is compact for each « € I,
fix an arbitrary ag € I. Let m,, : X — X, be the projection map from
Example @L Hence 7, is a continuous surjective map when X is equipped
with the product topology by Example Therefore, since X is compact,
Tao(X) = Xq, is compact as desired. [

Perhaps unsurprising at this point, the box topology is the incorrect
topology to place on a product in order to make the converse of Proposition

B3] hold.

Example 3.3.2. The box topology on a product of compact topological
spaces need not be compact. To see this, for each n € N, let X,, = [0, 1]
equipped with the subspace topology inherited from R. Clearly X,, is a
compact subset of R for each n € N by the Heine-Borel Theorem (Theorem
. Let X = [],eny Xn- To see that X is not compact when equipped
with the box topology, consider the set

uz{an fne{[o,g),(;,l]}forauneN}.

neN

2= (20000 i (L1]= (500

(©For use through and only available at pskoufra.info.yorku.ca.

Since



3.3, TYCHONOFF’S THEOREM 107

are open subsets of X,, with union X, for all n € N, we see that U/ is an
open cover of X when equipped with the box topology. However, since each
element of the infinite set

[[{o.1}cx

neN

is contained in exactly one element of U, it is impossible that &/ has a finite
subcover of X. Hence the box topology on a product of compact topological
spaces need not be compact.

However, the product of compact topological spaces will be compact
when equipped with the product topology! To show this amazing theorem,
we will invoke the finite intersection portion of Theorem [3.2.2] This will be
accomplished by using a maximal collection of sets with the finite intersection
property. Thus we present the following lemma.

Lemma 3.3.3. Let (X,T) be a topological space and let F C P(X) be a
non-empty collection of sets with the finite intersection property. Then there
exists an M C P(X) such that

(1) FC M,
(2) M has the finite intersection property,

(3) if F € P(X)\ M, then MU{F} does not have the finite intersection
property,

(4) if {Fp}i_y €M for somen €N, then ji_; Fi, € M, and
(5) if Y CX and Y N M # 0 for all M € M, then Y € M.
Proof. Let

C={SCP(X)| FCS and S has the finite intersection property}.

Clearly C # () since F C C. For 81,8, € C, define S; < S, if and only if
S1 € 8s. Clearly (C, <) is a partially ordered set.

We claim that every chain in (C, <) has an upper bound. To see this,
suppose that {Sq}aer is a chain in (C, <). Let

5= Sa

acl

We claim that S € C from which it trivially follows that S is an upper bound
for {Sa}acr. To see that S € C, first notice since F C S, for all a € I that
F C S by construction. To see that S has the finite intersection property,
suppose that n € N and S1,.5,...,5, € S. By the properties of a chain,
there exists an ag € I such that Sy € S,, for all k € {1,...,n}. Therefore,
since Sy, has the finite intersection property as S,, € C, we obtain that
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Ni—1 Sk # 0. Therefore, as n € N and Si,...,S, € S were arbitrary, S has
the finite intersection property and thus S € C.

Since (C, <) is a non-empty partially ordered set such that every chain
has an upper bound, Zorn’s Lemma (Axiom implies that there exists
an M € C such that if S € C and M < S, then § = M (i.e. M is maximal
in (C,=)). We claim that M has the desired properties. Indeed F C M and
M has the finite intersection property since M € C. Thus (1) and (2) hold.

To see that (3) holds, let F' € P(X)\ M be arbitrary. If My = MU{F}
had the finite intersection property, then since ¥ C M C Mg we would
have that Mg € C, My # M as F € Mg\ M, and M < M, thereby
contradicting the maximality of M. Therefore (3) holds.

To see that (4) holds, let n € N and {F,}}_; € M be arbitrary. If
F = Ni—; Fk, then clearly M U {F} has the finite intersection property
as M has the finite intersection property. Thus (3) implies that F' € M.
Therefore, as n € N and {F},}}_; € M were arbitrary, (4) follows.

Finally, to see that (5) holds, suppose Y C X is such that Y N M # () for
all M € M. Therefore (4) implies that for all n € N and {F}}}_; € M that
Y N (Nizy Fr) # 0. Thus M U {Y} has the finite intersection property so
(3) implies that Y € M as desired. [

Theorem 3.3.4 (Tychonoff’s Theorem). Let {(Xq, 7o)} acs be compact
topological spaces. Then [[,c; Xa is a compact topological space when
equipped with the product topology.

Proof. Let X = [[,e; Xa and let T denote the product topology on X. To
see that (X, 7)) is compact, we will apply Theorem and verify that any
set of closed subsets of (X, 7") with finite intersection property has non-empty
intersection.

Let F be an arbitrary set of closed subsets of (X,7) with the finite
intersection property. Let M be a set with the finite intersection property
containing F as created via Lemma [3.3.3] Since

NF2 (4

FeF AeM

it suffices to show that M e A # 0.

For each o € I, let m, : X — X, be the projection map from X to X,
from Example 2.1.8] Since M has the finite intersection property, it is clear
that

{ma(A) | A€ M}

has the finite intersection property in (Xq,Ty) so
{7a(A) | Ae M}
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is a collection of closed sets in (X,, T, ) with the finite intersection property.
Therefore, since (X,,74) is compact, Theorem implies for all o € I
there exists an z, € X, such that

To € ﬂ To(A).

AeM

Let © = (z4)acr € X. We claim that z € Nycq A thereby completing
the proof that M ycaq A # 0.

To begin, let ap € I and U € Ty, be such that z,, € U. Since z,, €
Tao(A) for all A € M, Theorem implies that m,,(A) NU # ) for all
A€ M. Hence AN 1(U) # 0 for all A € M. Therefore, the properties of
M from Lemma imply that 7r;01(U) e Mforallag € I and U € T,
such that z,, € U.

Since M is closed under finite intersections from Lemma [3.3.3

{ ﬂ TFEI(U&)

aed

Uq a To-neighbourhood of z for all a€J

JCI finite and }

is both contained in M and is a neighbourhood basis of x in (X, 7). Therefore,
as M has the finite intersection property, every element of M has non-empty
intersection with each element of a neighbourhood basis of . Hence Theorem
implies that © € A for all A € M. Thus z € Ny A thereby
completing the proof. n

Of course, the proof of Tychonoff’s Theorem (Theorem relies
on Zorn’s Lemma (Axiom |A.5.10)). However, it is well-known that Zorn’s
Lemma is equivalent to the Axiom of Choice (Axiom . It is perhaps
unsurprisingly that the Axiom of Choice is required to prove Tychonoff’s
Theorem for otherwise we would not know the product of compact topological
spaces contains a point (although the empty set is technically compact).
However, it is perhaps surprising that the Axiom of Choice is implied by
Tychonoft’s Theorem.

Theorem 3.3.5. Suppose that Tychonoff’s Theorem holds; that is, the
product of compact topological spaces is compact when equipped with the
product topology. Then for any non-empty set I and any set {Xa}acr of
non-empty sets, the product [[,c; Xo s non-empty.

Proof. Let I be an non-empty set and let { X, }aer be a set of non-empty
sets. For each o € I, let Y, = X, U {004} for some symbol oo, and let
Y =[],er Yo We note that Y is automatically non-empty without the use
of the Axiom of Choice (Axiom [A.2.4)). Indeed we already know for all a € I
that oo, € Y,; that is, we do not need to choose an element of Y, for each
a € I as we already know (i.e. have assigned) an element of Y, for each
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a € I. Hence the element co = (004 )aer is an element of Y without the use
of the Axiom of Choice (Axiom [A.2.4).

For each o € I, let T, = {0,Y,, Xa,{00a}}. Clearly 7T, is a topology
on Y,. Furthermore, since 7, only has a finite number of sets, every 7,-
open cover of Y, has a finite subcover (namely the original open cover) so
(Yo, Ta) is compact. Hence Tychonoff’s Theorem implies that Y = [],c; Ya
is compact when equipped with the product topology.

For each ag € I, let

Uao - H Uao,a

acl

where
Ungor = {Ya if a # ag

{ooa} fa=ay

Again, the construction of U,, does not require the Axiom of Choice (Axiom
since we do not need to choose an element of 7, for each o« € I as we
already know an element of 7, for each o € I. Clearly U,, is open in the
product topology on Y by definition.

We claim that U = {U,}qer cannot cover Y. To see this, suppose to
the contrary that U is an open cover of Y. Since Y is compact, there exists
a finite subset J C I such that Y = (J,c;Us. For each o € J, choose
zq € Xqo. Note this does not require the Axiom of Choice (Axiom
since J is finite. For each a € I\ J, let z, = 00,. Again, this does not
require the Axiom of Choice (Axiom [A.2.4). Thus = (za)acr € Y by
definition. However = ¢ (J,c; Un by construction since z, ¢ {00, } for all
«a € J. Hence we have a contradiction so U is not a cover of Y.

Since U is not a cover of Y, there must exist an element y = (Yo )acr € Y
such that y ¢ U, for all @ € I. Then, by the definition of U,, we see that
Yo ¢ {00q} for all o € I. Hence y, € X, for all @ € I so that y € [,c; Xa-
Hence Tychonoff’s Theorem implies the Axiom of Choice. ]

3.4 Local Compactness

Before moving onto discussing the notion of compactness in metric spaces,
we study the notion of being compact near each point. In particular, we
study the notion of a locally compact topological space. Perhaps surprisingly
considering that connected and locally connected topological spaces behave
very differently, the notions of compact and locally compact for Hausdorff
topological spaces differ only by the inclusion of a single point!

Before we get to that, we define what we mean by a locally compact
topological space. The following definition may not seem the correct one
considering how we defined a locally connected topological space. In fact,
there are some discrepancies in the literature on how to define a locally
compact topological space. This is often the case in topology in that different
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authors can use different definitions. However, the definition we provide is
the ‘easiest’ to work with when dealing with topologies and, if we restrict
to Hausdorff topological spaces, Theorem shows the definitions are
equivalent.

Definition 3.4.1. Let (X,7) be a topological space and let x € X. It is
said that (X, T) is locally compact at x if there exists a compact subspace K
of (X,7)and a U € T such that x € U C K.

A topological space (X, 7) is said to be locally compact if (X, T) is locally
compact at each point of X.

Before we discuss examples, we note that the notion of a locally compact
topological space is a good notion to consider for topological spaces since it
is invariant under homeomorphisms.

Theorem 3.4.2. Every topological space homeomorphic to a locally compact
topological space is locally compact.

Proof. As homeomorphisms map open sets to open sets and compact sets to
compact sets by Theorem [3.1.26] the result trivially follows. ]

Example 3.4.3. Clearly every compact topological space is locally compact
by definition.

Example 3.4.4. The real numbers equipped with their canonical topology
is locally compact. Indeed if z € R, thenz € (z — 1,2+ 1) C [z — 1,z + 1]
where (z — 1,z + 1) is open and [z — 1,z + 1] is compact by Theorem
A similar argument immediately implies that K™ is locally compact when
equipped with its Euclidean topology.

Example 3.4.5. Consider R? equipped with its Euclidean topology and the
subspace X of R? given by

X ={(0,0)} U{(z,y) e R? | y > 0}.

We claim that X is not locally compact. To see this, suppose to the contrary
that there exists U, K C X such that U is open in X, K is compact in X,
and (0,0) € U C K. Thus there exists an € > 0 such that B3((0,0),¢e) C U.
Therefore there exists an z # 0 and a § > 0 such that

{(z,y) | 0<y<d} C By((0,0),e) CU CK.

Choose N € N such that % < ¢ and consider the sequence (z,),>y in U C K

where
( 1)
Zn = |z, —
n

for all n > N. We claim that (z,),>n has no convergent subnets in K and
thus K cannot possibly be compact by Theorem Indeed, if (zp)n>N
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has a subnet that converged to z € K, then for every ¢ > 0 there must
exist arbitrary large n > N such that da(z, z,,) < € as the subspace topology
on X is the restriction of the Euclidean metric topology from R? to X by
Propositionm This implies that the subsequence of (2p,),>n converges to
z in R?. However, (z,)n>n converges to (z,0) in R? and thus so does every
subnet as R? is Hausdorff. However, (x,0) ¢ X as x # 0 thereby yielding a
contradiction. Hence X is not locally compact.

Example [3.4.5 raises an interesting question; what subspaces of locally
compact topological spaces are locally compact? The following is not too
surprising considering the connection between compactness and closed sets.

Proposition 3.4.6. Let (X,T) be a locally compact topological space and
let Y be a subspace of (X, T). IfY is closed in (X, T), then Y is locally
compact.

Proof. To see that Y is locally compact, let y € Y be arbitrary. Since X is
locally compact, there exists a compact subset K of (X,7) and a U € T
suchthat t c U C K. Let V=Y NU CY and let K=Y NK CY so
that z € V C Kq. Notice V is open in Y by the definition of the subspace
topology. Thus, to complete the proof, it suffices to show that K is compact.

Notice Ky is a closed subset of K when K is equipped with the subspace
topology as Y is closed in X. Hence Theorem [3.1.14] implies that K is a
compact set. Therefore, as y € Y was arbitrary, Y is locally compact. ]

In fact, Proposition [3.4.6] will hold if ‘closed’ is replaced with ‘open’
provided (X, Tx) is Hausdorff (see Corollary [3.4.12). However, adding the
condition of Hausdorff to a locally compact topological space is incredibly
nice and ‘almost compact’ as the following result demonstrates.

Theorem 3.4.7. A Hausdorff topological space (X, Tx) is locally compact
if and only if there exists a compact Hausdorff topological space (Y, Ty) such
that (X, Tx) is a subspace of (Y,Ty) and Y \ X consists of a single point.
Furthermore, (Y, Ty) is unique topological space (upto homeomorphism) with
the above properties.

Proof. First, suppose (X, Tx) is a Hausdorff space that is a subspace of a
compact Hausdorff topological space (Y,Ty) such that Y \ X = {oco} for
some point co. To see that (X, Tx) is locally compact, let x € X be arbitrary.
Since (Y, Ty) is Hausdorff, there exist U,V € Ty such that v € U, co € V,
and UNV = (. Consider K =Y \ V. Since V € Ty, K is a closed subset of
(Y, Ty) and thus is a compact set by Theorem as (Y, Ty) is compact.
Since 0o € V, we see that K C X and thus is a compact subset of (X, Tx)
as (X, Tx) is a subspace of (Y, 7y ). Furthermore, as U NV = (), we obtain
that U C K. Hence, as x € X was arbitrary, (X, Tx) is locally compact.
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Conversely suppose that (X, Tx) is locally compact, Hausdorff topological
space. Let Y = X U {oo} for some symbol oo and let

Ty =Tx U{Y \ K | K a compact subset of (X, Tx)}.

We claim that 7y is a topology on Y. To see this, first notice that
) € Tx € Ty and that Y € Ty since Y \' Y = () is a compact subset
of (X,Tx). Next, to see that 7y is closed under arbitrary unions, let
{Ua}aer € Tx and {Kpg}ges a set of compact subset of (X, Tx) be arbitrary.
Clearly U = J,e; Ua € Tx C Ty. Notice

U@\ Kp =Y\ (ﬂ Kﬁ)-

BeJ BeJ

However, since (X, 7T) is Hausdorff, K = geg K is compact by Corollary
3.1.15, Thus the above implies that Uge (Y \ K) € Ty. Finally, we see that

<U Ua>u (U(Y\Kﬁ)) =UU((Y\K)=Y\ (K\U).

acl BeJ

However, as we saw above, U is an open set in (X, 7Tx) and K is a compact
subspace of (X, Tx) so K \ U is a closed subset of K and thus compact by
Theorem Hence Y\ (K \ U) € Ty by definition. Thus 7y is closed
under arbitrary unions.

To see that Ty is closed under finite intersections, let {Uy}acr € Tx and
{K3} e a set of compact subset of (X, Tx) be arbitrary with I and J finite.
Clearly U = N,er Ua € Tx € Ty . Notice

Y \EKs) =Y\ (U Kﬁ)-

ped peJ

Since J is finite, K = Jge s Kp is compact by Corollary [3.1.17, Thus the
above implies that Ugze ; (Y \ K) € Ty. Finally, we see that

(ﬂ Ua> N (ﬂ (Y\Kﬂ)) =UN((Y\K).
ael BseJ
However, as K is compact and (X, Tx) is Hausdorff, Theorem implies
K is closed. Hence UN (Y \ K)=UN(X \ K) € Tx as Tx is closed under
finite intersections. Hence 7y is closed under finite unions and thus 7y is a
topology on Y.

We claim (Y, Ty) is the topological space we are looking for. First, to see
that (X, Tx) is a subspace of (Y, Ty), we must show that

Tx ={XNV | VeTy}

(©For use through and only available at pskoufra.info.yorku.ca.



114 CHAPTER 3. COMPACT TOPOLOGICAL SPACES

Indeed if V € Tx C Ty, then X NV =V € Tx. Furthermore, if K C X is
compact then K is closed in (X, 7x) by Theorem so XN(Y\K)=
X \ K € Tx. Hence the equality of the topologies follows so (X, Tx) is a
subspace of (Y, Ty ).

To see that (Y, 7Ty ) is Hausdorff, let y1,y2 € Y be arbitrary points such
that y; # y2. We desire to find U,V € Ty such that y; € U, y2 € V, and
UNV =0. If y;,y2 € X, then the fact that (X, Tx) is Hausdorff implies
there exist U,V € Tx C Ty with the desired properties. Thus we may assume
that y; = oo or y2 = co. By symmetry we may assume that y» = oo without
loss of generality. Since (X, Tx) is locally compact, there exists a compact
subspace K of (X,Tx) and a U € Tx C Ty such that y; € U C K. Hence
ifV=Y\K¢€Ty, then yp € Vand UNV = () as desired. Therefore, as
y1,y2 € Y were arbitrary, (Y, 7y ) is Hausdorff.

Finally, to see that (Y, 7y ) is compact, let {V,}aer be an arbitrary open
cover of (Y, 7y ). Since co € Y and every element of 7Tx does not contain oo,
there exists an o € I such that co € V,,, =Y \ K for some compact subset
K of (X, Tx).

We claim that {X NV }aen fao} is an open cover of K. To see this, recall
that since (X, Tx) is a subspace of (Y, Ty ) that X NV, € Tx for all a € I.
Furthermore, as {V, }aer is an open cover of (Y, Ty) and co € V,, =Y \ K,
it must be the case that

Kc | XnVa.
acl\{ao}

Thus {X N Va}aenfao} is an open cover of K.
Since K is compact, there exists a finite subset J C I\ {ap} such that

Kc|JXnV,.
acJ

Hence, as Vo, = Y\ K, {Va}aesufae} I8 a finite subcover of (Y, 7y) from
{Va}aecr- Therefore, as {V, }aer was arbitrary, (Y, 7y ) is compact as desired.

Finally, to see the uniqueness, suppose (Y, 7y ) and (Z,Tz) are compact
Hausdorff topological spaces such that (X, 7Tx) is a subspace of (Y, Ty) and
(Z,T7), Y\ X = {ooy}, and Z\ X = {coz}. Define f : Y — Z by that
f(x) =x for all z € X and f(ocoy) = ooyz. Clearly f is bijective. To see that
f is a homeomorphism, we claim that f(U) € 7 for all U € Ty. Symmetry
will then imply that f~(V) € Ty for all V € T thereby proving that (Y, Ty)
and (Z,7Tz) are homeomorphic.

To see the claim, let U € Ty be arbitrary. If U C X, then U is open
in (X,7x) as (X,7x) is a subspace of (Y,7y). Hence f(U) = U is open
in (X,7x) as a subspace of (Z,7z). Thus there exists a V &€ Tz such
that U = X NV. However, since (Z,7z) is Hausdorff, {coz} is closed
in (Z,7Tz) by Example and thus X = Z \ {coz} is open in (Z,7Tz).
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Hence U = X NV € Tz as desired. Thus, to complete the proof, we may
assume that ooy € U. However, this implies that C = Y \ U C X is
closed in (Y, Ty) and thus compact as (Y, 7y ) is compact by Theorem
Therefore, since (X, Tx) is a subspace of (Y, 7y) and C C X, C' is a compact
subset of (X, Tx). Hence f(C) = C is compact in (X, Tx) as a subspace of
(Z,Tz). Therefore, since (Z,Tz) is Hausdorff, C is closed in (Z,7z). Thus
Z\C=fY)\f(C)=f(Y\C)= f(U) is open in (Z,Tz) as desired. Thus
we have completed the uniqueness portion of the proof and thus the proof. m

Due to the uniqueness in Theorem [3.4.7] it makes sense to give these
objects a name.

Definition 3.4.8. Let (X, 7x) be a locally compact, Hausdorff topological
space. The unique (up to homeomorphism) compact Hausdorff topological
space (Y, Ty) from Theorem is called the one-point compactification of
(X, Tx).

Example 3.4.9. Consider X = (—m, ) equipped with the subspace topology
inherited from the canonical topology on R. Clearly X is locally compact as
for each x € (—m, ) there exists an € > 0 so that

re(r—ex+e)Clr—ex+eCX.

As [z — €,z + €] is compact in R by the Heine-Borel Theorem (Theorem
3.1.25)), [x — €,z + €] is compact. Hence X is locally compact.
Let
St={(z,y) eR? | 22 +¢* =1}

equipped with the subspace topology inherited from the Euclidean topology
on R2. Then S! is Hausdorff as R? is Hausdorff (see Example and
is a compact subset of R? by the Heine-Borel Theorem. Since the function
f: X — S! defined by

f(2) = (cos(x), sin(z))

for all z € X is an embedding of X, S! is the one-point compactification of
X by definition. Hence, since X and R are homeomorphic by the function

g : X — R defined by
g(z) = tan <>
2)

we see that the one-point compactification of R is S*.

Example 3.4.10. By Example we see that the one-point compactifi-
cation of R? equipped with its Euclidean topology is

S?={(z,y,2) eR® | 2 +y* + 27 =1}

equipped with the subspace topology inherited from the Euclidean topology
on R3.
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Using one-point compactifications, we can obtain a stronger characteri-
zation of locally compact topological spaces, which of course is more useful
for applications, but often more difficult to verify by hand. However, this
characterization only works for Hausdorff spaces.

Theorem 3.4.11. Let (X,T) be a Hausdorff space. Then (X, T) is locally
compact if and only if for every x € X and neighbourhood U of x there exists
a neighbourhood Uy of x such that Uy is a compact subspace of (X, T) and
UoCU.

Proof. Suppose (X, T) is locally compact and let (Y, 7y) be the one-point
compactification of (X, Tx) with Y\ X = {oo}. To see the result, let z € X
and U € Tx such that x € U be arbitrary. By our description of the topology
Ty from Theorem we know that U € Ty. Hence K =Y \ U is a closed
subset of (Y, 7y) and thus compact by Theorem as (Y, 7Ty) is compact.

Since x ¢ K, K is a compact subspace of (Y, Ty ), and (Y, 7y ) is Hausdorff,
Lemma [3.1.12] implies there exists Uy, Vo € Ty such z € Uy, K C Vj, and
Uo N Vy = 0. To complete the proof of this direction, it suffices to show that
Uo € Tx, Uy is compact (where the closure is in (X, Tx)), and Uy C U.

Asoco e K CVhpand UgNVy =0, Uy C X and thus Uy € Ty implies
Up € Tx as (X, Tx) is a subspace of (Y, Ty).

Let Ko =Y \ V. Then Kj is a closed subset of (Y, 7y ) and thus compact
by Theorem Moreover, since oo € Vg and UgNVy =0, Uy C Ky C
X. Hence, as (X, Tx) is a subspace of (Y, 7y), Ko is a compact subspace
of (X,7Tx) and thus closed by Theorem as (X,7Tx) is Hausdorff.
Consequently Uy C Ky so Uy is a closed subset of a compact set in (X, Tx)
and thus compact by Theorem

Finally, as Uy C Ko, Ko =Y \ Vo, K C V, and K =Y \ U, we obtain
that Uy C U. thereby completing the proof of this direction since x and U
were arbitrary.

To see that the converse holds, let z € X be arbitrary. By taking U = X
there exists a neighbourhood Uy of z such that K = Uy is compact. As
x € Uy C K, we obtain that (X, 7) is locally compact at z. Therefore, as z
was arbitrary, (X, 7)) is locally compact as desired. [

Using Theorem [3.4.11], we obtain the ‘open set’ version of Proposition
for Hausdorff spaces. Note the following also shows that removing
a single point from a compact Hausdorftf space yields a locally compact
Hausdorff space as every singleton is closed in a Hausdorff space and thus
the complements of singletons are open.

Corollary 3.4.12. Let (X,7T) be a locally compact Hausdorff topological
space and let Y be a subspace of (X, T). If Y is open in (X,T), then'Y is
locally compact.
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Proof. To see that Y is locally compact, let y € Y be arbitrary. Since Y is a
neighbourhood of y in (X, 7) and (X, 7) is locally compact, Theorem
implies there exists a U € T such that U is compact and U C Y. Thus U is
an open set in Y, U is a compact set in Y, and y € U C U. Therefore, since
y € Y was arbitrary, Definition implies that Y is locally compact. m

Using Corollary [3.4.12] along with the one-point compactification, we
can obtain another characterization of locally compact Hausdorff topological
spaces.

Corollary 3.4.13. A Hausdorff topological space (X,T) is a locally compact
if and only if (X,T) is homeomorphic to an open subspace of a compact
Hausdorff topological space.

Proof. First, suppose that (X,7) is locally compact. Let (Y,7y) be the
one-point compactification of (X,7) with Y \ X = {oc}. As (Y,Ty) is
Hausdorff, {oo} =Y \ X is closed by Example so X is an open subset
of (Y, 7y). Hence, as (Y, Ty) is a compact Hausdorff topological space, this
direction of the result follows.

Conversely, suppose (X, 7)) is homeomorphic to an open subspace of a
compact Hausdorff topological space. since every compact space is locally
compact and since Corollary implies open subspaces of locally compact
Hausdorff topological spaces are locally compact, (X, 7 ) is homeomorphic
to a locally compact space and thus is locally compact by Theorem ]

Moreover, we can completely characterize the locally compact subsets of
a locally compact Hausdorff topological space. Before we prove this result,
we need a quick lemma.

Lemma 3.4.14. Let (X,T) be a topological space, let Y be a subspace of
X,andletV €T. ThenVNY =V NY where the closures are computed
in (X, T).

Proof. Clearly VNY C V NY implies VNY C VNY by definition. To
see the reverse inclusion, let zg € V NY. Then for every U € T such that
xo € U there exists an x € VNY such that z € U. Hence UNV is a T-
neighbourhood of z and x € Y there must exist a y € Y such that y € UNV.
Hence y € U and y € V NY. Therefore, as U was arbitrary, xg € V NY.
Hence for all V € T we have that VNY C VNY where the closures are
computed in (X, 7). n

Corollary 3.4.15. Let (X,T) be a locally compact, Hausdorff topological
space and let' Y be a subspace of (X,T). Then'Y is locally compact if and
only if Y = U N F where U is an open subset of (X,T) and F is a closed
subset of (X, T).
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Proof. First, suppose Y is a subspace of X such that Y = U N F where
U is an open subset of (X,7) and F is a closed subset of (X, 7). To see
that Y is locally compact, by Proposition and Corollary we
know that F' and U are locally compact subspaces of (X,7). To see that
Y = U N F is locally compact, let x € U N F be arbitrary. Since U and
F' are locally compact, there exist Vi,Vo € T, K1 C U, and Ko C F such
that x € Vi NU C Ky, x € VoNF C Ky, K; is a compact subspace of
U, and K is a compact subspace of F'. Let V = Vi NV, € T and let
K =K NKs,. Clearly VN (UNF)isanopensetin UNF, K CUNF,
and z € VN (UNF)C K;N K, Thus it remains only to show that K is a
compact subspace of U N F.

To see that K is compact, note since K1 and K5 are compact subspaces
of U and F respectively, they are compact subspaces of (X, 7). Therefore,
since (X, T) is Hausdorff, K and K5 are closed subsets of (X,7). Hence
K = K1 N K> is a closed subset of (X, 7). However, K C K; so K is a closed
subset of the compact subspace K7 and thus compact as desired. Hence one
direction of the result is complete.

Conversely, suppose Y be a locally compact subspace of (X, 7). Notice
that Y is a Hausdorff space since Y is a subspace of (X, 7) and since (X, T)
is Hausdorff. Since Y is locally compact Hausdorff subspace of (X, T), for
each y € Y there exists a Uy € 7 such that y € Uy, NY C U, NY where
the closure is taken in Y, and Uy, NY is a compact subspace of (X, T).
Therefore, since (X,7) is Hausdorff, U, NY is a closed subset of (X, 7).
Furthermore, by the properties of the closure in a subspace, we know that
U,NY = U,NY NY where the first closure is computed in Y and the
second is computed in (X, 7). Hence Uy NY NY where Uy, NY is computed
in (X,7y) is a closed subset of (X,7y) containing U, NY. Hence for all
yeY,U,NY CU,NY NY where both closures are computed in (X, 7).

Let F =Y, which is a closed subset of (X,7T), and let

U=JU,
yey

which is clearly an open subset of (X, 7). We claim that Y = U N F. To see
this, we first note that Y C U N F since Y C U and Y C F by construction.
For the converse, notice for all y € Y that

u,Ny cu,nNny cU,NY CclU,NYnNnY CyYy

where all of the closures are computed in (X, 7), the first inclusion is trivial,
the second inclusion was demonstrated above, the third inclusion follows as
U, NY is closed in (X, T), and the fourth inclusion is trivial. Hence, as this
holds for all y € Y, we obtain that UNF C Y. Hence Y = U N F as desired.
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As all of the above demonstrates, locally compact Hausdorff topological
spaces are nice since they can be studied inside compact Hausdorff topological
spaces and, as compact topological spaces are very nice, many properties
can be obtained. This raises the question of which topological spaces can
be embedded into compact topological spaces. One answer to this question
will be studied in Section For now, we turn our attention to studying
compactness in metric spaces.
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Chapter 4

Compact Metric Spaces

With Chapter [3] complete, we have a basic understanding of compact topo-
logical spaces. However, a far deeper study persists if we further restrict our
topological spaces. In particular, this chapter will be devoted to studying
compact metric spaces where a far richer and deeper theory occurs.

We begin this chapter by determining a further characterization of com-
pact metric spaces by generalizing the Heine-Borel Theorem. This requires
correcting the notions of ‘closed’ and ‘bounded’ to a general metric space.
This will also lead us to a sequential characterization of compactness in
metric spaces as the metric permits the use of sequences instead of nets.

This study then leads us to examining compactness in functions spaces. In
particular, using the Extreme Value Theorem (Theorem we can place
a supremum norm on the continuous functions from a compact topological
space into the real numbers. Thus we may ask for conditions to determine
when collections of functions from the spaces form compact subspaces. This
also leads to the question of which collections of functions can be used to
approximate other such functions on these spaces.

4.1 Complete Metric Spaces

In this section, we analyze the correct generalization of being a ‘closed set’ to
correctly generalize the Heine-Borel Theorem (Theorem to arbitrary
metric spaces. As the notion of compact topological spaces is connected to
the notion of nets having convergent subnets, and since metric spaces are
characterized by their convergent sequences (see Theorem , perhaps it
is not surprising that we desired a similar notion to that of a closed set to
aid in verifying sequences converge. Thus we begin by analyzing a particular
type of sequence which one would expect to converge as the terms of the
sequence are eventually not too far away from one another.

Definition 4.1.1. Let (X,d) be a metric space. A sequence (z,)p>1 in
X is said to be Cauchy if for all € > 0 there exists an N € N such that
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d(xp, ) < € for all n,m > N.

Remark 4.1.2. It is important to note that there exists sequences (x,,)n>1
such that

nh—>nolo d(ZL‘n, xn+1) =0

that are not Cauchy. Indeed consider R with the canonical metric and let
T =D 1 % for all n € N. Clearly d(xy,, zpt1) = n%rl which tends to 0 as n
tends to infinity, yet (zy)n>1 is not Cauchy as for all m € N

UCRy |
sup d(Zp,Zm) = sup Z 7=

m— 00 m— 00 k

In terms of examples, lots of sequences are Cauchy.
Lemma 4.1.3. Every convergent sequence in a metric space is Cauchy.

Proof. Let (z,)n>1 be a convergent sequence in a metric space (X, d). Let
o = limy, 00 . To see that (x,)n>1 is Cauchy, let € > 0 be arbitrary.
Since xg = limy, 00 T1, there exists an N € N such that d(xy,zg) < § for all
n > N. Therefore, for all n,m > N,

d(xp, Tm) < d(xp, x0) + d(x0, T) < % + % =e.

Thus, as € > 0 was arbitrary, (z,),>1 is Cauchy by definition. N
Of course, there are some obvious restrictions for a sequence to be Cauchy.
Lemma 4.1.4. Every Cauchy sequence in a metric space is bounded.

Proof. Let (x,)n>1 be a Cauchy sequence in a metric space (X,d). Since
(xn)n>1 is Cauchy, there exists an N € N such that d(z,,z,) < 1 for all
n,m > N.

Let M = max{d(z1,zn),...,d(zy_1,2N),1}. Using the above para-
graph, we see that d(z,,zy) < M for all n € N. Hence (xy,),>1 is
bounded. ]

Of course, it would be nice if the converse Lemma were true as this
would enable us to deduce the convergence of a sequence by checking it is
Cauchy without any knowledge of the limit. Thus we make the following
definition.

Definition 4.1.5. A metric space (X,d) is said to be complete if every
Cauchy sequence converges.

As most readers of these notes should already know, R equipped with the
canonical metric is a complete metric space. We quickly remind the reader
of the ingredients of the proof of this fact.
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Lemma 4.1.6. Let (x,)n>1 be a Cauchy sequence in a metric space (X,d).
If a subsequence of (xy)n>1 converges, then (zn)p>1 converges.

Proof. Let (x,,)n>1 be a Cauchy sequence with a convergent subsequence
(2, )n>1 and let z¢g = limy, o0 xg,. We claim that lim, o z, = xo. To
see this, let € > 0 be arbitrary. Since (xy)n>1 is Cauchy, there exists an
N € N such that d(zy,z,) < § for all n,m > N. Furthermore, since
xo = limy, o0 Tk, , there exists an k; > N such that d(xk].,mo) < 5. Hence, if
n > N then

€
d(zn, z0) < d(x”’$kj) + d(xkj’:EO) < 9 + 9 = €.

Thus, as € > 0 was arbitrary, (x,),>1 is converges to zg by definition. N
In addition, recall the following theorem.

Theorem 4.1.7 (Bolzano-Weierstrass Theorem). Every bounded se-
quence of real numbers has a convergent sequence.

Proof. The least upper bound property of R implies the Monotone Conver-
gence Theorem for R which states that every bounded monotone sequence
in R converges. As every sequence in R can be shown to have a monotone
subsequence, the result follows. ]

Consequently, we have our first example of a metric spaces that is complete
but not compact.

Theorem 4.1.8 (Completeness of the Real Numbers). The real num-
bers are complete with their canonical metric.

Proof. Let (x5,)n>1 be a Cauchy sequence of real numbers. Thus (z,,)p>1 is
bounded by Lemma m Therefore (z,,)n>1 has a convergent sequence by
the Bolzano-Weierstrass Theorem (Theorem 4.1.7). Hence (x,,),>1 converges

by Lemma ]
Corollary 4.1.9. For every p € [1,00] and n € N, (K", || - [|,) is complete.

Proof. To see that (R", || -]|,) is complete, let (Z))x>1 be an arbitrary Cauchy
sequence in (R, |[-],). Write &% = (z1,...,2kn). Since for all k,m € N
we have

Tk, — Tl < Tk — Tl »

it is elementary to see that (xj;)r>1 is a Cauchy sequence in R for all

j €{1,...,n}. Since R is complete, for each j € {1,...,n} there exists an
xj € R such that ; = im0 @1 j. If & = (21,...,2y), then & = limy_, o T,
in (R, |- | p) by elementary properties of the norm. Therefore, as (Zj)g>1
was arbitrary, (R™, || -||,) is complete.
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To see that (C™, ||-|,), it suffices by the same arguments to show that
(C,]-|) is complete. To see that (C,|-|) is complete, let (2x)r>1 be an
arbitrary Cauchy sequence in C. For each k, write zp = ax + iby where
ag, b € R. Since for all k£, m € N we have

’ak - am‘a |bk - bm| < |Zk - Zm|a

it is elementary to see that (ay)r>1 and (bg)r>1 are Cauchy sequences in
R. Since R is complete, a = limg_,oo ar and b = limy_,, by exist. Hence
z = a+bi, then z = limy_,, 2x by elementary properties of the norm. Hence,
as (z)k>1 was arbitrary, (C, |-|) is complete. N

For the sake of completeness, we quickly present a simple example of a
metric space that is not complete. In particular R equipped with another
metric need not be complete even if the metric induces the canonical topology
on R. That is, completeness is a metric space property; not a topological

property.
Example 4.1.10. Define d : R x R — [0, 00) by

d(z,y) =le™" —eY|

for all z,y € R. Since the exponential function is injective and since the
absolute value is a metric on R, it is elementary to see that d is a metric on
R.

We claim that (R, d) is not complete. To see this, consider the sequence
of natural numbers (n),>1. We claim that (n),>; is Cauchy in (R, d). To
see this, let € > 0. Since lim,,_.,, e~ = 0, there exists an N € N such that
D<e™< 5 for all n > N. Hence for all n,m > N we have that

din,m)=|le " —e " <e"+e "< % + % =e.
Therefore, as € > 0 was arbitrary, (n),>; is Cauchy in (R, d).

However, we claim that (n),>; does not converge in (R,d). To see
this, we note that a sequence (z,),>1 converges in (R, d) to zg € R if and
only if e™* = lim,,_,oc e~*" in the canonical topology on R if and only if
xo = limy,_yo0 T, in the canonical topology on R. Therefore, as (n),>1 does
not converge in the canonical topology on R, (n),>1 does not converge in
(R,d) as claimed. Hence (R, d) is not complete even though the topology on
R is the canonical topology. Thus the metric is important when it comes to
completeness!

Of course, R equipped with its canonical metric is not a compact metric
space. Thus the notions of compactness and completeness for a metric space
need not agree. However, completeness will be a necessary ingredient for a
metric space to be compact. Although we can prove this directly, we take a
slightly indirect approach to develop a tool needed much later in these notes.
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Theorem 4.1.11 (Cantor’s Theorem). Let (X,d) be a metric space.
Then the following are equivalent:

(i) (X,d) is a complete metric space.

(i) If (Fy)n>1 s a sequence of non-empty closed subsets of X such that
Foi1 CF, foralln € N and lim,,_,o diam(F,) = 0, then 52, F,, # 0.

Proof. First let (X,d) is a complete metric space. Suppose (F},),>1 is an
arbitrary sequence of non-empty closed subsets of X such that Fj, 11 C F,
for all n € N and lim,,_,o diam(F},) = 0. To see that ;> ; F,, # 0, for each
n € N choose z,, € F,,. We claim that (x,),>1 is a Cauchy sequence. To
see this, let € > 0 be arbitrary. Since lim,_,~, diam(F},) = 0, there exists an
N € N such that diam(Fy) < €. As F,,11 C F, for all n € N, we obtain that
x, € Fy for all n > N. Hence d(xy, x,,) < diam(Fy) < € for all n,m > N.
Hence, as € > 0 was arbitrary, (z,)n>1 is a Cauchy sequence.

Since (X, d) is complete, x = lim,,_, &, exists. Since for each m € N we
have z,, € F,, for all n > m, we obtain from Theorem together with
the fact that F, is closed that x € F}, for all m € N. Hence z € (72, F}, so
ﬂ%o:1 F, n 7& @

For the converse direction, let (X, d) has property (ii). To see that (X, d)
is complete, suppose (zp)n>1 is an arbitrary Cauchy sequence. For each
n € N, let

F,={z; | k>n}.

Clearly each F), is a non-empty closed subset of X such that F, 1 C F}, for
all n € N.

We claim that lim,,_,o, diam(F,,) = 0. To see this, let € > 0 be arbitrary.
Since (2 )n>1 is Cauchy, there exists an N € N such that d(xy, rm,) < § for
all n,m > N. We claim that diam(F,) < e whenever n > N. To see this, fix
n > N and let x,y € F,, be arbitrary. By the definition of F},, there exists
k,7 > n > N such that

d(z,zj) < and d(y, z) <

[SCRNeY
Wl o

Hence

d(z,y) < d(z,zj) + d(zj, xr) + d(zg, y) < § + g + % =c
as k,j > N and by our choice of N. Hence diam(F},) < ¢ whenever n > N
by the definition of the diameter of a set. Thus the claim is complete.

By the assumption of property (ii), the above implies that 52, F}, # 0.
Let z € N,2, Fn. We claim that (z,),>1 converges to x. To see this, let
€ > 0 be arbitrary. Since lim,,_,~, diam(F},) = 0, there exists an N € N such
that diam(F,) < € for all n > N. Since z,z,, € F,, for all n € N, we obtain
that

d(z, zy,) < diam(F),) < €
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for all n > N. Therefore, as € > 0 was arbitrary, z = lim,,_, x,,. Hence, as
(n)n>1 was an arbitrary Cauchy sequence, (X, d) is complete. N

Theorem 4.1.12. Every compact metric spaces is complete.

Proof. Let (X, d) be a compact metric spaces. To see that (X, d) is complete,
let (Fy,)n>1 be a sequence of non-empty closed subsets of X such that
Foi1 C F, for all n € N and lim,, o, diam(F;,) = 0. Clearly {F},},>1 has
the finite intersection property as F,,+1 C F}, for all n € N. Hence Theorem

implies that N5, F), # 0. Thus Cantor’s Theorem (Theorem [4.1.11))
implies that (X, d) is complete. N

Of course, not every complete metric spaces is compact as R with its
canonical metric is complete but not compact. However, it is possible to
construct new examples of complete metric spaces from other examples in a
similar fashion to how we constructed new example of compact topological
spaces from other examples. This also provides us with additional examples
of metric spaces that are not complete.

Before we get to this result, we note that the proof of Theorem [1.6.14]
easily adapts from general topological spaces to metric space so that we need
only consider sequences when checking a set is closed..

Theorem 4.1.13. Let (X,d) be a metric and let ' C X. Then the following
are equivalent:

(i) F is a closed set in (X,d).

(i) If (xn)n>1 s a sequence such that x, € F for all n € N that converges
to a point xog € X, then xg € F.

Proof. To begin, suppose F' is a closed set in (X, d) and that (x,,),>1 is a
sequence such that z,, € F for all n € N that converges to a point xg € X.
Suppose to the contrary that xg ¢ F. Then zp € X \ F. As F is closed,
X \ F is open so g € X \ F' and the definition of a convergent sequence
implies there exists a N € N such that xz,, € X \ F for all n > N. As this
contradicts the fact that z,, € F for all n € N, we have a contradiction.
Hence zy € F as desired.

Conversely, suppose that whenever (x,,),>1 is a sequence such that z,, € F
for all n > N that converges to a point zg € X, then 2y € F. To see that F
must be closed, suppose to the contrary that F' is not closed. Then X \ F’
is not open. Hence there exists a point 9 € X \ F such that for every
neighbourhood U of zy, U N F # (). Hence for every n € N there exists an
Ty € By (:co, %) N F. Hence (zy,)n>1 is a sequence in F' such that

1
0 <limsupd(zg,x,) < lim — =0.
n—o00 n—oon
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Hence (z5,)n>1 is a sequence in F' that converges to zo. Hence zo € F' thereby
contradicting the fact that 29 € X \ F. Thus F is closed as desired. [

Theorem 4.1.14. Let (X, d) be a space and let A C X be non-empty. Then
(1) If (A,d) is complete, then A is closed in X.
(2) If (X,d) is complete and A is closed in X, then (A, d) is complete.

Proof. Suppose (A,d) is complete. To see that A is closed in (X,d), let
(an)n>1 be an arbitrary sequence of elements from A that converges to some
element x € X. Since (an)n>1 converges in X, (a,)n>1 is Cauchy in (X, d)
by Lemma [4.1.3]and therefore is Cauchy in (4, d) as (X,d) and (A, d) have
the same metric. Hence (a,)n>1 converges in A to some element a € A as
(A,d) is complete. Since metric spaces are Hausdorff so limits are unique
(Theorem [1.5.40), a = z. Hence z € A so A is closed by Theorem
For the converse, suppose A is closed in (X,d). To see that (A,d) is
complete, let (a,)n>1 be an arbitrary Cauchy sequence in (A, d). Hence
(an)n>1 is a Cauchy sequence in (X,d). Since (X,d) is complete, (an)n>1
converges to some element = € X. Since A is closed in X, Theorem [1.6.14]
implies that € A. Hence as (a,),>1 was an arbitrary Cauchy sequence,
(A,d) is complete. ]

One class of complete metric spaces that are particularly nice are the
following.

Definition 4.1.15. A Banach space is a complete normed linear space.

One reason Banach spaces are superior to complete metric spaces is the
vector space structures allow for us to take sums. In particular, we are
interested in the following notions of series and how they intertwine with
completeness.

Definition 4.1.16. Let (X, || - ||) be a normed linear space. A series > o> @,
is said to be summable if the sequence of partial sums (s,)p>1 (where
Sp = D _p—1 Tx) converges in (X, || -).

A series Y o2 | @y, is said to be absolutely summable if >0° ; ||Z,|| < oco.

The beauty of a Banach space is it is precisely the structure one requires
for a result from undergraduate analysis to hold.

Theorem 4.1.17. Let (X,||-||) be a normed linear space. Then (X, | -])
is complete (i.e. a Banach space) if and only if every absolutely summable
series is summable.

Proof. Suppose (X, || -||) is complete. To see the result, let Y 72 &), be an
arbitrary absolutely summable series. To see that Y oo, Z, is summable,
let € > 0 be arbitrary. Since Y02, ||Z,]| < oo, there exists an N € N such
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that > o2 v |[|Zn]| < €. Therefore, if k,m > N and, without loss of generality,
m > k, then

[8m — sll =

k
_ fﬁ
n=1

T

m
> Tn
n=1
m
>
n=k+1
m

< > Il

n=k+1
[e's)

< Z |Zn|l < e.
n=N

Therefore, as € > 0 was arbitrary, the sequence of partial sums (sy,),>1 is
Cauchy. Hence (sy,),>1 converges as (X, || - ||) is complete. Thus, as > 02, @,
was arbitrary, every absolutely summable series in (X, || -||) is summable.

For the converse, suppose every absolutely summable sequence in (X, || - |)
is summable. To see that (X, || -||) is complete, let (Z),)n>1 be an arbitrary
Cauchy sequence. Since (2, ),>1 is Cauchy, there exists an n; € N such that
| — || < 5 for all m,j > ny. Similarly, since (Z,)n>1 is Cauchy, there
exists an ng € N such that ng > ny and ||, — Z5|| < 2% for all m,j > no.
By repeating the above process, for each k£ € N there exists an n; € N such
that ng < npyq for all k and ||z, — 25| < 2% for all m,j > ny.

For each k € N let g = T, ,, — Tn,. By the above paragraph, we see
that

o0 oo 1

> il < 3 5 <o

k=1 k=1
Hence > 72 ¥ is an absolutely summable series in (X, || -||). Therefore, by
the assumptions on (X, || ||), dp=; ¥k is summable in (X, |- ||).

Let & = @y, + Y72, yx. We claim that (&, )r>1 converges to Z. To see
this, let € > 0 be arbitrary. Then there exists a M € N such that if m > M
then

o m
U= k|| <e
k=1 k=1
Therefore, if m > M,
o m m
|17 = T || | D2 Tk = D || + || s = Fruss + D T
k=1 k=1 k=1
m
<€+ || Ty = Tnpyr + D Frgpy — g
k=1
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Therefore, as € > 0 was arbitrary, (Zp, )x>1 converges to Z. Hence (Z),)n>1
converges to £ by Lemma m Therefore, as (Z,),>1 was an arbitrary
Cauchy sequence, (X, | -]|) is complete. ]

To see uses of Theorem we better have some examples.
Proposition 4.1.18. For each p € [1, 0], ({,(K), [|-||,,)) is a Banach space.

Proof. Note the beginning of this proof appears very much similar to Corol-
lary [1.1.9] However, there are complications due to the fact that £,(K) is
infinite dimensional.

Fix p € [1,00] and let (&,),>1 be an arbitrary Cauchy sequence in
(p(K), || |I,). For each n € N, write Z, = (@, k)k>1. Since for all m, j, k € N,

[Tk — Tl < [ Tm — T,

we see that for each k € N the sequence (x, i )n>1 is Cauchy. Therefore, as
K is complete, y; = lim;, oo oy 1 exists for each £ € N.

Let ¥ = (yn)n>1. To complete the proof, it suffices to verify two things:
that i € £,(K); and that limy, o [ — Zn ||, = 0. We will only discuss the
case p # oo and the case p = oo is similar. For the former, notice for all
m € N that

B =

m 3 m

(Z |y — w1,k|p> = lim (Z |Zn,1 — fﬁl,klp> < limsup [|Z, — 73], -
k=1 k=1

Since (xp k)n>1 is Cauchy, (2 )n>1 is bounded by Lemma Hence

limsup,, o [|Zn — #1[, is finite. Therefore, by taking the limit as m tends
to infinity, we obtain that

. :
(Z‘yk—x17k|p> < limsup |7, — Z1]],,-
k=1 n—oo

Hence Z = (yr, — 11)k>1 € {p(K). Therefore, as ¥ = 2+ &1, we obtain that
y € £p(K) by the triangle inequality.

To see that limy, o0 || — Zn||,, = 0, let € > 0 be arbitrary. Note the above
proof also shows for all j € N that

15 = Zjll,, < Timsup [|Z, — Z5]],-
n—oo

Since (Zn)n>1 is Cauchy in (£,(K), ||-||,), there exists an N € N such
that [|Zm — Z[[, < € for all m,j > N. Hence if j > N, the above im-
plies || — @j[[, < e. Therefore, as € > 0 was arbitrary, we obtain that
limy, o0 | — @n||, = 0. Hence (Z)n>1 converges in (£,(K), |- [|,) so, as
(Zn)n>1 was arbitrary, (£,(K), || ||,) is complete. ]
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It is not difficult to see that Proposition arises as K is complete and
a sequence being Cauchy in ¢,(K) implies the sequence formed by each entry
of the original sequence is Cauchy in K and thus converges. In particular,
this sounds very much like a product of metric spaces. In particular, as
products are really function spaces, this leads us to the question of which
nice functions spaces are complete metric spaces?

4.2 Complete Function Spaces

In this section, we will analyze which function spaces we can place metric on
in order to obtain complete metric spaces. In particular, as functions spaces
with codomain R will be seen to be Banach spaces, we will have a use of
Theorem [£.1.17) as it immediately implies the well-known Weierstrass M-Test.
As function spaces are subsets of product spaces, we prove the following as a
step towards making the product of complete metric space a complete metric
space.

Proposition 4.2.1. Let I be a non-empty set, let {(Xq,dn)}acr be a col-
lection of metric spaces, and let X =[] c; Xa. Define d : X x X — [0, 00)
by

d((Ta)aer; (Ya)aer) = i}éll) min({da(Za; Ya), 1})

for all (xo)acr, (Ya)acr € X. Then d is a metric on X.

Proof. Tt is not difficult to verify for each o € I that the map d,, : X, x X, —
[0,1] defined by
do(z,y) = min({da(z,y), 1})

for all z,y € X, is a metric on X, as d, is a metric on X,. It is then easy to
verify that d is a metric as the supremum of bounded metrics is a metric. ®

Due the future usefulness of the above metric on a product of metric
spaces, we provide it with a name.

Definition 4.2.2. Let {(X4,da)}acr be a non-empty collection of metric
spaces and let X = [],c; Xo. The uniform metric on the product is the
metric d : X x X — [0, 00) from Proposition defined by

d((Ta)act, (Ya)aer) = sup min({da(za;Ya), 1})

for all (za)aer; (Ya)acr € X.

Remark 4.2.3. It turns out we have already seen the uniform metric on a
product of metric spaces. Indeed if X is any non-empty set and (Y, dy) is a
metric space, then the uniform metric on F(X,Y) is the uniform metric on
the product [[,cx Y. In particular, by Example we know that the
topology on a product of metric spaces induced by the uniform metric on
the product need not be the box topology nor the product topology.
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However, there is a relation between the strength of the product topology
and the uniform metric topology on a product of metric spaces.

Lemma 4.2.4. Let {(Xy,da)}acr be a non-empty collection of metric spaces
and let X = [[,c; Xo. Then the uniform metric topology on X is finer than
the product topology on X.

Proof. Let d denote the uniform metric on X. To see that the uniform metric
topology on X is finer than the product topology on X, let (f))aea be an
arbitrary net in X that converges to fo € X with respect to the uniform
metric topology. Let € > 0 be arbitrary. Since (f))xea converges to fo with
respect to the metric topology, there exists an A\g € A such that d(fy, fo) <€
for all A > Ag. Hence for all « € 1

da(fr(a), fola)) < d(fx, fo) <€

for all A > X\g. Therefore, as € > 0 was arbitrary, we obtain that (fx(«))aea
converges to fo(a) in (X4, dq) for all a € I. Therefore (fy)xca converges to
fo with respect to the product topology by Theorem Hence Theorem
implies that uniform metric topology on X is finer than the product
topology on X. ]

One reason the uniform metric on a product is preferred is precisely
makes the product of complete metric spaces complete. Thus the following
uses the same base idea as Proposition [£.1.18| together with some finesse.

Theorem 4.2.5. Let {(Xq,do)} acr be a non-empty collection of metric
spaces, let X = [[,c; Xa, and let d be the uniform metric on the product X.
If (Xo,da)aer is complete for all o € I, then (X,d) is complete.

Proof. Let (fn)n>1 be an arbitrary Cauchy sequence in (X, d). Since for all
m,n € N and o € I we have that

min({da(fn(a)7 fm<0£)), 1}) < d(fm fm)’

we see that for each a € I the sequence (f,(a))n>1 is Cauchy in (X, dy) (note
taking the minimum of d, (f,,(«), fm(@)) and 1 does not affect the sequence
being Cauchy). Therefore, as (X,,dy) is complete, o4 = lim, o0 fr(@) in
(Xa,do) for all a € 1.

Let x = (z4)aer € X. To complete the proof, it suffices to verify that
(fn)n>1 converges to x. To begin, notice for all & € I and n € N that

min({da (o, fo(@)).1}) = lim_ min({da(fm(0). fa(a)). 1})

< limsupd(fm, fn)
m—00
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since T4 = limy, 00 frn(@) in (X4, dy). However, since this holds for all « € I,
we see that

d(l’, fn) <lim sup d(fma fn)

m—ro0

for all n € N. However, since (fy,)n>1 is Cauchy in (X, d), for every € > 0
there exists an N € N such that

d($afn) < hmsupd(fmafn) <€

for all n > N. Hence we obtain that (f,),>1 converges to x in (X,d).
Therefore, as (fn)n>1 was arbitrary, (X, d) is complete as desired. ]

Using Theorem [£.2.5] we can construct some immensely important com-
plete metric spaces. Thus we begin by defining these spaces.

Definition 4.2.6. Let (X, 7x) and (Y, Ty ) be topological spaces. The space
of continuous functions from X to Y, denoted C(X,Y), is the set of all
continuous functions from X to Y. In the case that Y = R equipped with
the canonical topology, we will use C(X) instead of C(X,R). In the case that

X = [a, b] equipped with the canonical subspace topology, we will use C[a, b]
instead of C([a, b]).

Definition 4.2.7. Let (X,7) be a topological space and let (Y,d) be a
metric space. The space of bounded functions from X toY, denoted B(X,Y),
is the set of all functions f : X — Y such that f(X) is a bounded subset of
(Y, d).

Definition 4.2.8. Let (X,7) be a topological space and let (Y,d) be a
metric space. The space of continuous bounded functions from X to Y,
denoted Cp(X,Y), is the set C(X,Y)NB(X,Y).

Theorem 4.2.9. Let (X, T) be a topological space and let (Y, dy) be a metric
space. Then C(X,Y), B(X,Y), and Cp(X,Y) are closed in (F(X,Y),d)
where d is the uniform metric. Consequently, if (Y, dy) is complete, C(X,Y),
B(X,Y), and Cy(X,Y) are complete with respect to the uniform metric.

Proof. To see that C(X,Y) is closed in (F(X,Y),d), let (fa)aen be a net
in C(X,Y) that converges to some element f € F(X,Y) with respect to
d. Hence (f\)aea converges uniformly to f so Theorem implies that
feC(X,Y). Hence C(X,Y) is a closed subset of (F(X,Y),d) by Theorem
L6.14

To see that B(X,Y) is closed in (F(X,Y),d), let (fx)aca be a net in
B(X,Y) that converges to some element f € F(X,Y) with respect to d.
Hence there exists an A\g € A such that

DN |

d(f: f)\o) <
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Therefore dy (f(z), foo(z)) < 3 for all z € X. However, since fy, € B(X,Y)
50 fio(X) is bounded in (Y, dy ), we know there exists an M € R such that

{dy (fao(@1)s fro(z2)) | 21,22 € X} C [0, M].

Thus, for all x1,x2 € X, we see that

dy (f (1), f(22))

< dy (f(21), fao(21)) + dy (fao (1), fao (22)) + dy (o (22), f(22))

1 1
<ot Mi4g=M+lL

[\

Hence
{dy (f(z1), f(22)) | 21,22 € X} C[0,M +1]
so f(X) is bounded and thus f € B(X,Y). Hence B(X,Y) is a closed subset

of (F(X,Y),d) by Theorem
Since Cp(X,Y) = C(X,Y)NB(X,Y), we obtain that Cp(X,Y") is closed by
the above. Finally, if (Y, dy) is complete, then (F(X,Y),d) is complete by
Theorem Therefore, since C(X,Y), B(X,Y), and Cp(X,Y) are closed
in (F(X,Y),d), C(X,Y), B(X,Y), and C,(X,Y) are complete with respect
to d by Theorem ]
Of course, having to take the minimum with 1 inside the uniform metric

is sort of annoying. However, in most circumstances, we can avoid this
minimum. In particular, we note the following.

Lemma 4.2.10. Let (X,T) be a topological space and let (Y, dy) be a metric
space. Define d : B(X,Y) x B(X,Y) — [0,00) by

d(f,9) = sup dy (f(z), g(x)).

Then d is a well-defined metric on B(X,Y'). Furthermore, d defines the same
topology on B(X,Y") as the uniform metric dynit and a sequence is Cauchy in
(B(X,Y),d) if and only if it is Cauchy in (B(X,Y), dunit). Thus (B(X,Y),d)
is complete when (Y, dy) is complete.

Proof. To see that the range of d is contained in [0, 00), let f,g € B(X,Y)
be arbitrary. Hence there exists M;, My € R such that

sup({dy (f(21), f(x2)) | z1,22 € X}) € [0, M;] and
sup({dy (g(z1), 9(x2)) | z1,22 € X}) C [0, My].

Fix an zg € X. Then, for all x € X we see that

dy (f(z),9(x)) < dy (f(2), f(z0)) + dy (f(z0), 9(x0)) + dy (g9(x0), g(x))
< M + dy(f(xo),g(m’o)) + M.
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Hence, as M7, M>, and xg are fixed, we see that

d(f,g) = sup dy (f(x),g(x)) < oo.

Hence, as f,g € B(X,Y) were arbitrary, the range of d is contained in [0, c0).

The fact that d is a metric then trivially follows from the fact that dy is a
metric. Moreover, it is elementary to see that a net converges in (B(X,Y),d)
if and only if it converges in (B(X,Y), dunir) and a sequence is Cauchy in
(B(X,Y),d) if and only if it is Cauchy in (B(X,Y), dunit) as these properties
are defined so that only arbitrary small € > 0 matter and since for e € (0,1)
we see that d(f, g) < e if and only if dunie(f, g) < €. N

As the metric from Lemma [4.2.10]is far easier to use than the uniform
metric on a product, a name is required.

Definition 4.2.11. Let (X,7) be a topological space and let (Y,dy) be
a metric space. The sup metric on B(X,Y) is the metric d : B(X,Y) x
B(X,Y) — [0,00) from Lemma [4.2.10| defined by

d(f,g) = sup dy (f(x),9(x))

for all f,g € B(X,Y).

Remark 4.2.12. Of course, since Cp(X,Y) C B(X,Y), we easily see that
the sup metric defines a metric on Cp(X,Y’) and that Cp(X,Y) and B(X,Y)
are complete with respect to the sup metric by Theorem |4.2.9| provided
(Y,dy) is complete. However, it is not necessary that the sup metric is
well-defined on C(X,Y) as there are easily seen to be examples of continuous
functions that are not bounded.

There is one situation where the sup metric is well-defined on C(X,Y).

Theorem 4.2.13. Let (X,7T) be a compact topological space and let (Y,d)
be a metric space. The sup metric is a well-defined metric on C(X,Y) and
C(X,Y) is complete with respect to the sup metric provided (Y, d) is complete.

Proof. We claim that C(X,Y) = Cy(X,Y) from which the theorem easily
follows by Remark To see this, we note that the inclusion Cp(X,Y) C
C(X,Y) is clearly. For the reverse inclusion, let f € C(X,Y) be arbitrary.
Since (X, 7T) is compact, Theorem implies that f(X) is a compact
subset of (Y,d). Hence Theorem implies that f(X) is bounded in
(Y,d). Thus f € Cp(X,Y) by definition. Therefore, as f € C(X,Y) was
arbitrary, the result follows. n

We can even add a nicer structure to these function spaces provided (Y, d)
is actually a metric space induced by a norm.
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Theorem 4.2.14. Let (X,T) be a topological space and let (Y, | -|y) be a
normed linear space over K. Then B(X,Y) is a vector space over K and the
sup metric d on B(X,Y') is a metric induced by the norm |- || : B(X,Y) —
[0,00) defined by
1£lle = sup [1F@)ly
reX

for all f € B(X,Y). Consequently, if (Y,|-|ly) is a Banach space, then
B(X,Y), || l) and (Co(X,Y), |- ||.) are Banach spaces. Furthermore, if
(X, T) is compact and (Y, || - |ly) is a Banach space, then (C(X,Y), |- |) is
a Banach space.

Proof. Recall F(X,Y) is a vector space over K. To see that B(X,Y) is a
vector subspace of F(X,Y), note by Lemma [3.1.21| that a set A C Y is
bounded in (Y, || - ||y-) if and only if

sup({[ldlly | @€ A}) < oo.
Thus it is elementary to see that if A, B C Y are bounded and « € K, then
A+B={di+b|dcAbeB} and ad={ad|dc A}

are bounded subsets of (Y, |- ||y). Thus it is now elementary to verify that
B(X,Y) is a vector subspace of F(X,Y) by definitions.

It is elementary to verify that | - ||, is indeed a norm on B(X,Y") that
induces the sup metric. Hence the remainder of the statements follow
from Remark [£.2.12] Theorem [.2.13] and the fact that the addition and
scalar multiple of continuous function is continuous by considering the net
characterization of continuity (Theorem and the continuity of addition
and scalar multiplication in vector spaces (see Proposition . ]

The importance of the above norm merits a name.

Definition 4.2.15. Let (X, 7T) be a topological space and let (Y, | -||y) be
a normed linear space over K. The infinity norm on B(X,Y) is the norm
|l : B(X,Y) = [0,00) from Theorem |4.2.14 defined by

1flloe = sup [Lf(2)lly
zeX

for all f € B(X,Y).

There is an additional excellent subset of the continuous functions into a
normed linear space we may wish to consider in regards to the infinity norm.

Definition 4.2.16. Let (X,7) be a topological space and let (Y, |- ||) be a
normed linear space. A continuous function f € C(X,Y) is said to vanish
at infinity if for all € > 0 there exists a compact subset K C X such that
|f(z)|| <eforall z e X\ K.
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The set of continuous functions from X to Y that vanish at infinity is
denoted Cy(X,Y). In the case that Y = R with the canonical norm, we will
use Cp(X) in lieu of Co(X, R).

Example 4.2.17. Let N be equipped with the discrete topology. Hence
every function from N to R is continuous so C(N) may be identified with all
sequences in R. To determine Cy(N), we note that the compact subsets of N
are the finite subsets. Hence an f € C(N) vanishes at infinity if and only if
for all € > 0 the set {n € N | |f(n)| > €} is finite. Thus Cy(N) is the set of
all sequences of elements of R that converge to 0.

As the Heine-Borel Theorem implies the compact subsets of R are
bounded, a similar examination of Cy(R) shows that Co(R) consists of all
f € C(R) such that lim,_, 1+ f(x) = 0. Hence the notation Cy and the name
‘vanish at infinity’.

Of course, to study Co(X,Y), one would like to assume that (X,7) is at
least locally compact in order for there to be a plethora of compact subsets
to consider. If in addition we assume that (X, 7") is Hausdorff, we obtain the
following from which is the true reason we call these the continuous functions
that ‘vanishing at infinity’.

Theorem 4.2.18. Let (X, Tx) be a locally compact, Hausdor(f topological
space and let (Y,||-||) be a normed linear space. Let (Z,Tz) be the one-point
compactification of (X, Tx) with Z\ X = {oo}. Then

Co(X.Y) = {glx | g €C(2.Y). f(00) = T}

Proof. For notational simplicity, let

C={JIx | F€C(ZY),[(00) =T}

To see that Co(X,Y) = C, first let f € C(X,Y) be arbitrary. Define
g:2Z —Y by
flz) ifzeX
o ={ 1 .

0 if z=00

Clearly g|x = f. Thus to show that f € C it suffices to show that g is
continuous on Z. To see that ¢ is continuous, let (z))aca be a net in Z that
converges in (Z,7Tz) to some zy € Z.

If 29 # 00 so 29 € X, then as (Z, Tz) is Hausdorff there exists a U € Tz
such that zp € U and oo ¢ U. Hence U € Tx and, as (z))xep converges
to zg in (Z,Tz) there exists a A\g € A such that z), € U for all A > ).
Hence (z))a>), is a net in (X, Tx). Therefore, since (2))yep converges to
2o in (Z,Tz) and (X, Tx) is a subspace of (Z,Tz), we obtain that (z))a>x,
converges to zp in (X, 7). Hence g(zy) = f(2y) for all A > X so (g(2x))a>,

(©For use through and only available at pskoufra.info.yorku.ca.



4.2. COMPLETE FUNCTION SPACES 137

converges to f(z9) = g(zo) in (Y, || -]|). The existence of upper bounds for
nets then implies that (g(zx))aea converges to g(zo) in (Y, || -||) as desired.

Otherwise suppose zg = 0o. To see that (g(zx))aea converges to g(zp) in
(Y, |- 1), let € > 0 be arbitrary. As f € Co(X,Y), there exists a compact set
K C X such that || f(z)]| < e for all x € X \ K. However, as K is compact
and (Z,Tz) is Hausdorff, K is closed in (Z,Tz) by Theorem so Z\ K
is a neighbourhood of zy. Thus, as (z))xea converges in (Z,Tz) to zo, there
exists a A\g € A such that zy, € Z\ K for all A > A\g. Hence if A > Ao then
either zy = 0050 g(2)) =0 or 2y € X \ K so f(zx) = g(zx) so [|g(zn)] < e
Hence

l9(20) = g(2A)[l = [lg(zx)]| <€

for all A > Ag. Therefore, as e > 0 was arbitrary, (g(zx))aea converges to
9(z0) in (Y,]|-||). Hence g is continuous on Z and the above implies that
Co(X,Y) CC.

To see the reverse inclusion, suppose f € C. Hence f = g|x where
g € C(Z,Y) is such that g(co) = 0. Clearly f = g|x is continuous by Lemma
To see that f € Co(X,Y), let € > 0 be arbitrary. Since g € C(Z,Y)
and since g(co) = 0, there exists a U € Ty such that ||g(z)|| < e for all z € U.
However, due to the properties of one-point compactification, K = X \ U
is a compact subset of (X, Tx) such that ||f(z)|| <eforallz € X\ K CU.
Hence, as € > 0 was arbitrary, f € Cp(X,Y) as desired. n

Remark 4.2.19. Theorem easily implies that if (X, 7x) is a locally
compact, Hausdorff topological space, (Z,7z) is the one-point compactifi-
cation of (X, Tx), and (Y, || -||) is a normed linear space, then Co(X,Y) is a
|| - || -closed subset of C(Z,Y") and thus complete with respect to the infinity
norm. In addition, it is not difficult to verify that Co(X,Y) is then a vector
subspace of B(X,Y) and hence a Banach space. In order to obtain this result
without appealing to the one-point compactification argument required in
Theorem [£.:2.18] we present the following more general argument.

Theorem 4.2.20. Let (X,T) be a topological space and let (Y, | -|y) be a
normed linear space over K. The space Co(X,Y) is a |||, -closed vector
subspace of B(X,Y). Hence if (Y,||-||) is a Banach space, then Co(X,Y") is
a Banach space.

Proof. First, to see that Co(X,Y) C B(X,Y), let f € Co(X,Y) be arbitrary.
Hence there exists a compact set K C X such that ||f(z)||,, <1 for all z €
X\ K. Since f is continuous and K is compact, f(K') is compact in (Y, || - ||y-)
by Theorem and thus bounded in (Y| -||y/) by Theorem Thus
Lemma implies there exists an M € R such that || f(x)[l,, < M for all
z € K. Thus

1F @)y < max({M,1})

for all x € X so f(X) is bounded by Lemma [3.1.21] Hence, as f was arbitrary,
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To see that Co(X,Y) is a vector subspace of B(X,Y), let f,g € Co(X,Y)
and a € K be arbitrary. Clearly f + g,af € C(X,Y) by considering the net
characterization of continuity (Theorem and the continuity of addition
and scalar multiplication in vector spaces (see Proposition . To see
that f+g,af € Co(X,Y), recall since f,g € Co(X,Y) that for all € > 0 there
exist compact subsets K, Ko C X such that

| f(z)|ly <eforallze X\ Ky and lg(z)|ly < e€forall z € X\ K.

Hence
|[(af)(z)|ly < |aleforall z e X\ K

immediately implies af € Co(X,Y) as a was fixed and e was arbitrary.
Moreover, if K = K; U Ko, then K is a compact subset of (X, 7) such that

| f(z)]ly <eforallz e X\ K and lg(z)|ly <eforall ze X\ K.

Hence
| f(x) +g(x)]ly <2eforallz e X\ K

so f+ g € Co(X,Y) as desired. Hence Co(X,Y) is a vector subspace of
B(X,Y).

To see that Co(X,Y) is a || - || -closed subset of B(X,Y), let (f\)xea be
an arbitrary net in Co(X,Y’) that converges to some element f € B(X,Y)
with respect to || - || .. By Theorem we obtain that f € C(X,Y). To
see that f € Co(X,Y), let € > 0 be arbitrary. Since (f\)xep converges to f
with respect to || - ||, there exists a A9 € A such that

€
Hf - f)\ouoo < 5

Moreover, since fy, € Co(X,Y), there exists a compact subset K of (X,7)
such that .
D@y < &

for all z € X \ K. Hence for all z € X \ K we have that

1£ @)y < 1£@) = So@lly + 1@y <1 = Proll+5 < 5+5 =€

Hence f € Co(X,Y) as desired so Co(X,Y) is a || -||-closed subset of
B(X,Y).

Finally, if (Y, -||y-) is a Banach space, then the fact that Co(X,Y) is a
Banach space with respect to the infinity norm then follows from Theorem

[AT1.14 and Theorem [£.2.9 m

To end this section, we desire to address two remaining questions: which
metric spaces are subspaces of the continuous functions on a topological space,
and how far is every metric space from being complete? These questions
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are easily answered with the above knowledge of our function spaces. To
discuss these questions, it is best to have a stronger version of the notion of
homeomorphism for metric spaces.

Definition 4.2.21. Let (X, dx) and (Y, dy) be metric spaces. A function
¢ : X =Y is said to be an isometry if dy (¢(x1), p(z2)) = dx(x1,x2) for all
r1,xe € X.

If in addition to being an isometry ¢ is a bijection, it is said that ¢ is an
isomorphism. Finally, its is said that (X,dx) and (Y,dy) are isomorphic if
there exists an isomorphism from X to Y.

Using isomorphisms, we see that every metric space can be viewed inside
a function space.

Theorem 4.2.22. Let (X,dx) be a metric space. Then (X,dx) is isomor-
phic to a subset of (Cp(X,R), |- ||)-

Proof. Fix a point a € X. For each z € X, define a function f, : X — R by

fo(x) =d(z,2) — d(x,a)

for all z € X. We claim that f, € Cy(X,R). To see this, notice for all z € X
that
[fo(@)| = |d(z, 2) — d(z,a)| < d(z,a).

Hence f, is bounded by d(z,a). Furthermore, to see that f, is continuous,
we notice that the functions z +— d(x,z) and x — d(z,a) are continuous
by the triangle inequality (i.e. |d(y,a) — d(z,a)| < d(x,y) for all z,y € X).
Hence f. € Cp(X,R).

Define the map ¢ : X — Cp(X,R) by

p(2) = [

We claim that ¢ is an isomorphism. To see this, notice for all z1, 29 € X and
x € X that

|1 (2) = [2(2)] = [(d(z, 1) — d(z, a)) — (d(z, 22) — d(z,a))|
= |d(z,z1) — d(z, z2)| < d(z1,22)

by the triangle inequality. Hence [|¢(21) — ¢(22)]o, < d(21, 22) for all 2, 20 €
X. However, since

[f21(22) = [ (22) ] = [(d(22, 21) — d(22, 0)) = (d(22, 22) — d(22,0))| = d(22, 21)

we obtain that ||p(z1) — ¢(22)]|,, = d(z1,22). Hence ¢ is an isometry as
desired. [
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Using Theorem 4.2.22| to embed a metric space (X, d) into a function
space, we can use the completeness of function spaces to get a complete
metric space containing (X, d). This is given the following name.

Definition 4.2.23. Let (X, dx) be a metric space. A completion of (X, dx)
is a complete metric space (Y, dy) such that there exists an isometry ¢ :
X — Y such that o(X) =Y.

Corollary 4.2.24. FEvery metric space has a completion.

Proof. Let (X, d) be a metric space. By Theorem m 2| there exists a subset

A C (Cy(X,R), || |lo) such that X is isomorphic to A. As (Cp(X,R), |- |l-)
is complete by Theorem u A is complete by Theorem |4.1.14} Hence A is
a completion of X by definition. n

Of course, it would be nice if each metric space only had one completion.
The following demonstrates this is the case.

Proposition 4.2.25. Any two completions of a metric space are isomorphic.

Proof. Let (X,dx) be a metric space. Suppose that (), dy) and (Z,dz) are
completions of (X, dy). Therefore there exists isometries ¢y : X — ) and
¢z : X — Z such that py(X) =Y and ¢z(X) = Z. Our goal is to extend
the identity map from X C ) to X C Z to obtain an isometry from ) to Z.
To do this, we will make use of the fact that ) and Z are complete and thus
have convergent Cauchy sequences.

To define an isometry ¢ : Y — Z, let y € ) be arbitrary. Hence, as Y
is the closure of X' there exists a sequence (z,)n>1 of elements of X such
that y = lim, oo @y (zyn). However, as (¢y(z,))n>1 converges in (Y, dy),
(py(zn))n>1 is Cauchy in (Y, dy). Therefore, (x5,),>1 is Cauchy in (X, dx)
as oy is an isometry. Hence (pz(x,))n>1 also must be Cauchy as ¢z is
an isometry. Since (Z,dz) is complete, (¢z(zn))n>1 converges in (Z,dz).
Let z, = lim, o0 ¢z(2,). We would like to define ¢ : J — Z such that
fy) = zy.

There is one technical issue with this definition that we should get out
of the way; that is, we desire to show that if (z],),>1 is another sequence
of elements of X such that y = lim,, o @y(z],), then z, = lim, o pz(z},).
This will demonstrate that the sequence of elements of X we choose converging
to y € Y does not affect the limit in (Z,dz). To see this, notice by the
triangle inequality and properties of limits that

lim dz(pz(y,), pz(rn)) = lim dy(z),, z,)

=00 n—oo
= lim dy(ey(@p), py(zn))
=dy(y,y) =0.
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Hence as 2z, = limy, o0 ¢z (2n), the above easily implies z, = lim,, o @z(z7,).
Hence the claim is complete.

Hence we may define ¢ : Y — Z as follows: for each y € ) choose a
sequence (xy)n>1 of elements of X such that y = lim,, o @y(x,) and define
o(y) = lim, 00 z(x,). We claim that ¢ is an isometry. To see this, let
v,y € Y be arbitrary. Choose sequence (z,,)n>1 and (z),)n,>1 of elements of
X such that y = lim, o @y(zy) and ¥ = lim,_ @y(z),). Then, by the
triangle inequality and properties of limits,

n—oo

dz(p(y), () = lim dz(pz(zn), pz(2),))
(

— 1 /
= g, A (@n, )

= lim dy(py(zn), py(z,))
)

n—oo

=dy(y,y

/

Hence ¢ is an isometry (and therefore injective).

To see that ¢ is surjective (and thus a bijection) let z € Z be arbitrary.
Note as Z is the completion of pz(X'), there exists a sequence (z,,)p>1 of
elements of X such that z = lim,,_,o @z (zy). By similar arguments to those
above, y = lim,,_,~ ¢y (zy) exists and thus ¢(y) = z. Hence, as z € Z was
arbitrary, ¢ is surjective. Hence ) and Z are isomorphic. ]

The above demonstrates everything we could possibly want to know
about completions for metric spaces. However, if we are dealing with normed
linear spaces, we would like our maps to preserve the vector space structures.
In particular, we would like our maps to be linear in order to obtain the
appropriate notion of equality. Thus we make the following definitions.

Definition 4.2.26. Let (X, ||-[|x) and (Y, || -[|)) be normed linear spaces.
A function ¢ : X — Y is said to be an isometry if ¢ is linear and [|p(Z)|;, =
||Z]| y for all ¥ € X.

If in addition to being an isometry ¢ is a bijection, it is said that ¢
is an dsomorphism. Finally, its is said that (&, || y) and (Y, -[],,) are
isomorphic if there exists a isomorphism from X to ).

Note [¢(Z)[|y = [|Z] 5 for all ¥ € X along with the fact that ¢ is linear
implies
l(Z1) = p(@2)lly = 171 = 2l x -

In particular, isometries for normed linear spaces are isometries for metric
spaces.

Of course, when dealing with normed linear spaces, we would like our
completions to behave well with respect to the vector space structures. Thus
we provide an alternate and improved definition for the completion of a
normed linear space.
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Definition 4.2.27. Let (X, | -|/;) be a normed linear space. A completion
of (X,[|- || x) is a Banach space (|| - [y)) such that there exists an isometry

¢ : X — Y such that (X) = ).

Of course Corollary demonstrates that every normed linear space
has a completion as a metric space whereas Proposition shows that
there is only one possible completion for each metric space. As a normed linear
space completion is a metric space completion, the completion in Corollary
is the only candidate for a normed linear space completion. However,
it is not clear whether the function Z'+— fz (where fz(Z) = ||z — Z|| — || — d||
for all ¥ € X and @ € X is fixed) is linear. Thus it is unclear that every
normed linear space has a normed linear space completion.

It turns out that every normed linear space has a completion as a normed
linear space. There are two methods we could take to proving this. The
first is to take the metric space completion of a normed linear space (X, || - )
and define a vector space structure on the completion via the vector space
structure on X'. The difficulty then comes in definition the norm and verifying
the definition does produce a norm.

We will proceed with an alternative description of the completion for
normed linear spaces. This description uses an equivalence relation on Cauchy
sequences (and is one way of constructing R from Q).

Theorem 4.2.28. Every normed linear space has a completion.

Proof. Let (X,||-|ly) be a normed linear space. Let V denote the set of all
Cauchy sequences in X. Note that V is non-empty as every constant sequence
is Cauchy. In fact, the constant sequences will give us the embedding of X
into its completion. Furthermore, since given Cauchy sequences (Zy,)n>1 and
(Jn)n>1 and a € K, the sequences

are Cauchy by the properties of the norm, V is a vector space over K.
However, V is not the normed linear space we want. To construct a normed
linear space, we require a quotient.
Let
W={(@)nz1 €V | lim 7, =0}
n—oo

Clearly W is a subspace of V. Recall an equivalence relation ~ may be
placed on V via ; ~ ¥ if and only if ¥; — o € W. Furthermore, recall if
[0] denotes the equivalence class of ¥ and V/W is the set of all equivalence
classes, then V/W is a vector space with operations [v] + [th] = [U1 + 2]
and «a[?] = [av]. In particular, two elements (Z),)n>1, (¥n)n>1 € V produce
the same element in V/W if and only if

A5, [ = Gnll e =0
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Define || - || : V/W — [0,00) by
[[(Zn)nz1]l] = limsup || 25 |
n—oo

and note that since (Z,),>1 is Cauchy and thus bounded by Lemma
|- || does indeed map into [0,00). However, since we are dealing with

equivalence classes, we must check that |- | is well-defined. To see this,
notice if [(Zy)n>1] = [(¥n)n>1] then
nh—>n<§o an - Zjn”)( =0.
o
lim sup [|Z | = lim sup [|gn]
n—oo n—oo

by the reverse triangle inequality. Hence || - || is well-defined. To see that || - ||
is indeed a norm, note that ||[(Zy,)n>1]|| = 0if and only if lim sup,,_,, ||Zn]|y =

0 if and only if (%)n>1 € W if and only if [(Z)n>1] = Oy)yy. As the other
properties from Definition are trivial to verify, (V/W, | -||) is a normed
linear space.

We will postpone the proof that (V/W,||-||) is complete momentarily
in order to demonstrate some facts in relation to X'. Define ¢ : X — V/W
by ¢(Z) = [(Z)n>1]; that is, map each element of X to a constant sequence.
Clearly ¢ is well-defined, linear, and an isometry. We claim that ¢(X) is
dense in V/W.

To see that p(X) = V/W, let [(#,)n>1] € V/W be arbitrary and let € > 0
be arbitrary. Since (Z)n>1 is Cauchy in X, there exists an NV € N such that
| Zn — Zm||y < € for all n,m > N. Hence

lo(ZN) = [(EFn)nx1]ll < €

by the definition of || - ||. Therefore, as € > 0 was arbitrary, [(Zy)n>1] is in the
closure of ¢(X). Therefore, as [(Z,)n>1] € V/W was arbitrary, p(X) = V/W.

To see that (V/W, || -||) is complete, let (Z,)n>1 be an arbitrary Cauchy
sequence in (V/W, || -||). Since ¢(X) = V/W, for each n € N there exists an
T € X such that

" " 1
— < —.
(@) — Zall <

We claim that (Z,),>1 is a Cauchy sequence of elements of X and thus is an
element of V. To see this, notice for all n,m € N that

an - fm”x = [Jp(%n) — ‘P(fm)H
)

Hga(fn - '?RH + Hgn - gmH + HZm - ‘P(fm)H

IN

IN

—+ — 4z — Znll-
n m
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Therefore, as (Z),),>1 is Cauchy, it is elementary to verify the above inequality
implies (Zy)n>1 is Cauchy. Finally, to see that (2),)n,>1 converges to z =
[(Zn)n>1], we notice that

lim |[o(Z,) — 2| =0

n—o0

as (Zn)n>1 is Cauchy. Hence as

S - S DN | Sy o
170 = 2l < 120 = (@a) | + llp(@n) = 21| < — + llo(@n) = 21,

we obtain that (2),),>1 converges to Z = [(Z,)n>1]. Therefore, as (Z,)n>1
was an arbitrary Cauchy sequence, V/W is complete thereby completing the
proof. [ |

4.3 Compact Metric Spaces

With the discussion of complete metric spaces complete, we turn our attention
to our main goal: understanding compact metric spaces. Of course, we saw
in Theorem that every compact metric space must be complete. Thus
we endeavour to see how close the converse is to being true. Of course, there
are several examples of complete metric spaces that are not compact, such as
R. Consequently, there must be another property on metric spaces related
to compactness. If one believes that being complete is an analogue of being
closed for metric spaces, then, based on the Heine-Borel Theorem, we are
looking for a property related to boundedness. However, this property is not
just ‘be bounded’ as we know the discrete metric on an infinite set produces a
complete (as every Cauchy sequence is eventually constant) bounded metric
space that is not compact.

In order to arrive at the correct notion of boundedness required for a
metric space to be compact, we turn our attention to another problem. Recall
that Theorem [3.2.2] implies that any net in a compact topological space has
a convergent subnet. Thus this must be true of any compact metric space.
As it is enough to discuss convergent sequences in metric spaces by Theorem
1.5.28, we desire an analogue for sequences. As a subnet of a sequence
need not be a sequence, such a result need not be immediately implied by
Theorem Consequently, we give a name to the property we desire to
be equivalent to compactness for a metric space in order to study it.

Definition 4.3.1. A topological space (X,7) is said to be sequentially
compact if every sequence in (X,7T) has a convergent subsequence.

Recall in the realm of metric spaces that sequences suffice to determine
the topology. Thus our goal based on Theorem is to show the notions
of compactness and sequential compactness agree. To begin to demonstrate
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this fact and to provide our first examples of sequentially compact spaces,
we note that compact metric spaces are sequentially compact. To show this,
we quickly adapt one portion of the proof of Theorem to the metric
setting.

Theorem 4.3.2. Fvery compact metric space is sequentially compact.

Proof. Let (X,d) be a compact metric space. To see that X is sequentially
compact, let (z,)n>1 be an arbitrary sequence of elements of X. For each
n € N, let

F,={x; | k>n}.

Therefore {F), }nen is a collection of closed subsets of X which has the finite
intersection property since if n1,...,n, € N, then

q
m an = Fmax{n1,~~~:nq}'
k=1

Hence, as (X, d) is compact, Theorem implies (o2, Fy, # 0.

Let g € (,2 F,, be arbitrary. We claim there exists a subsequence
of (zp)n>1 that converges to xg. To see this, notice since x € Fj that
there exists an k1 € N such that d(zo,zk,) < 1 by Theorem and
the fact that the open balls centred at xy is a neighbourhood basis for z.
Hence since zg € Fj, 11, there exists an ko > k; such that d(zo, xg,) < %
by Theorem By repeating this process ad infinitum, there exists an
increasing sequence (kn)n>1 of natural numbers such that d(z,zx,) < L.
Hence (xg, )n>1 is a subsequence of (x,),>1 that converges to zg. Therefore,
as (xp)n>1 was arbitrary, (X, d) is sequentially compact. N

As we know that nets are required to determine the topology for a general
topological space, it is unsurprising that the notions of compactness and
sequential compactness differ for general topological spaces. The following
two examples illustrate this fact.

Example 4.3.3. Let S denote the set of all increasing sequence of natural
numbers, let Y = {0, 1} equipped with the discrete topology, and let X =
[lses Y. As Y is compact, Tychonoff’s Theorem (Theorem implies
X is compact when equipped with its product topology. However, X is
not sequentially compact. To see this, consider the sequence (z,)p>1 in X
defined as follow: for a fixed n € N and s = (ng)g>1 € S, define

0 if n = ng for some even k € N
Tp(s) = .

1 otherwise

We claim that (xy,),>1 has no convergent subsequences thereby showing that
X is not sequentially compact. To see this, suppose (2, )r>1 is a subsequence
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of (x,)n>1 that converges to some z € X. Hence s = (ng)r>1 € S. Therefore,
by Theorem [1.5.25| it must be the case that (z,, (s))r>1 converges to z(s)

in Y. However
0 if k is even
Ly (5) = . . .
1 ifkisodd

As a sequence in the discrete topology on Y converges if and only if the
sequence is eventually constant, we see that (z,, (s))r>1 cannot possibly
converge to x(s) thereby yielding a contradiction. Hence X is compact but
not sequentially compact.

For our second example, we encapsulate a useful fact via the following
lemma.

Lemma 4.3.4. Let {(X,,,dn)}nen be a countable set of metric spaces and
let X = [l,en Xn. Define dp: X x X — [0,00) by

o0

dp ((xn)nz1, (Yn)nz1) = Zl 2n(1di(§:Eg:,)yn))

for all (xn)n>1, (Yn)n>1 € X. Then d, is a metric on X. Furthermore, a
net (xx)xen converges to a point x € X with respect to d, if and only if
(xA)aen converges to x in the product topology. Hence the metric and product
topologies on X agree by Theorem [1.5.27.

Proof. First, since . € [0,1) for all @ € [0,00) and 772, 5 = 1, we
see that d), is a well-defined map from X x X to [0,1). Furthermore,

dp((Tn)n>1, (Yn)n>1) = 0 if and only if

dn(xn’yn)

for all n € N if and only if d,, (2, y,) = 0 for all n € N if and only if z,, = y,
for all n € N if and only if (2p)n>1 = (Yn)n>1. Hence d,, satisfies the first
property of a metric. Similarly, since clearly

=0

dp((Tn)n>1, (Yn)n>1) = dp((Yn)n>1, (Tn)n>1)

for all (zn)n>1, (Yn)n>1 € X, d, satisfies the second property of a metric.

Since
dn(xnvyn) < dn(xm Zn) dn(zmyn)

1+ dn(xna yn) T 1+ dn(xna Zn) 1+ dn(zny yn)

for all n € N and (xn)n>1, (YUn)n>1, (2n)n>1 € X by the same arguments used
in Example we see that dj, is a metric on X as desired.

To see the second claim, it suffices by Theorem [I.5.25] to prove that a
net (zx)xep converges to a point x € X with respect to d, if and only if
(xA(n))rea converges to z(n) in (X,,d,) for all n € N.
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To begin, suppose that (z))xea is an arbitrary net that converges to a
point € X with respect to d,. For a fixed n € N, notice that

dn(x)\(n)v x(n))

Hence, as (x))xep converges to x with respect to dp,

< dy(an, ).

}\151\ dp(xy,x) =0

SO

and thus
lim dy,(zx(n), z(n)) = 0.
AEA

Hence, as n € N was arbitrary, (xx(n))aea converges to xz(n) in (X, d,) for
all n € N. Thus as (z))xep was arbitrary, the first direction is complete.
Conversely, suppose that (z))xea is a net in X and = € X are such that
(zx(n))rea converges to x(n) in (X,,d,) for all n € N. To see that (z))xrea
converges to a point x € X with respect to d, let € > 0 be arbitrary. Since

[ee]
1
D g <o

there exists an N € N such that

s Lo
n=N+1 2" 2

Furthermore, since (x)(n))xep converges to x(n) in (X,,d,) for each n € N
and since = — 177 is a continuous function on [0, c0) that vanishes at 0, for
each n € {1,..., N} there exists a A, € A such that if A > \,, then

har),2n) e
27(1 + dy(zx(n),z(n))) ~ 2N’

Due to the existence of least upper bounds for nets, there exists a A\g € A
such that A\g > A, for all n € {1,..., N}. Hence for all A > )y we have that

o) = 3 gty g ). o)

o (L dy(aa(n),2(n)

IA
M= 1

€ i 1
— 2N — 2"
n=1 =
< € 4 €
—4+=-=ce
2 2
Hence, as € was arbitrary, (z))xecp converges to z as desired. [ |
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Example 4.3.5. Let Y = [0, 1] equipped with the subspace topology inher-
ited from the canonical topology on R and let X = [[,cg Y = F(R, [0, 1]).
As Y is compact by the Heine-Borel Theorem (Theorem , Tychonoft’s
Theorem (Theorem implies X is compact when equipped with its
product topology. Consider the subspace

Z={feFR,0,1]) | {x € R | f(x)# 0} is countable}.

Then we claim Z is a sequentially compact topological space that is not
compact. To see that Z is not compact, suppose to the contrary that Z is
compact. Therefore, since Y is Hausdorff so X is Hausdorff by Example
[1.5:39 Z is a compact subspace of a Hausdorff space and thus closed in X
by Theorem [3.1.13] To obtain a contradiction, we will use Theorem
to show that Z is not closed in X.
To begin, let
A={F CR | F finite}.

For Fy, Fy € A, define F} < Fy if and only if F; C F,. Then (A, <) is a
directed set by Example For each F' € A, let fr € F(R,][0,1]) be
defined by

1 ifzekF

0 otherwise

fr(z) = {

Hence (fr)rea is a net in Z by definition.

Let fo = (1)zer € X \ Z. We claim that (fr)pep converges fo in X
thereby completing our contradiction. To see this, notice if x € X then if
F, ={z} and F > F then fr(z) =1= fo(z). Hence (fr(x))rea converges
to fo(x) for all x € X so (fr)pen converges fp in X by Theorem .
Thus Z is not compact.

To see that Z is sequentially compact, let (fy,)n>1 be an arbitrary sequence
in Z. Let

G={xeR | f.(x) #0 for some n € N}.

Hence, as the countable union of countable sets is countable, GG is countable
by the definition of Z. Let

Z'={f e FR,0,1]) | {z eR | f(x) #0} C G}

so that (f,)n>1 is a sequence in the subspace Z’ of Z.
Consider the map ® : Z' — [],c[0,1] defined by

(f) = fle-

Clearly @ is a bijection. Furthermore, by Theorem it is elementary
to see that a net (hy)xea in Z’ converges to an element h € Z' if and only if
(®(h))rea in converges ®(h) when [],c4[0,1] is equipped with the product
topology. Hence @ is a homeomorphism.
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Consider the sequence (®(f,))n>1 in [[,cq[0,1]. Since the product
topology on [],c[0,1] is compact by Tychonoft’s Theorem (Theorem
and induced by the metric d,, by Lemma as G is countable, [] [0, 1]
is sequentially compact. Thus there exists a subsequence (®(fn,))r>1 of
(®(fn))n>1 that converges to some element y € [[,c5[0,1]. Thus, as ® is
a homeomorphism, (fy, )r>1 is a subsequence of (fy)n>1 that converges to
®~1(y) in Z' and thus in Z. Thus, as (f,),>1 was an arbitrary sequence in
Z, 7 is a sequentially compact topological space that is not compact.

Of course, our goal now is to prove the converse of Theorem [£.3.2] holds
for metric spaces. To do so leads us again towards developing the correct
notion of boundedness to characterize compactness. In order to develop this
correct notion, we note that we can always cover a metric space with open
balls of a certain radius. Consequently, if a metric space (X, d) is compact
there must be a finite cover of (X, d) using open balls of a specific radii. This
causes us to define the following two terms.

Definition 4.3.6. Let (X,d) be a metric space and let € > 0. A subset
{Za}aer € X is said to be an e-net of (X,d) if X =,er Ba(a,€); that is,
for all z € X there exists an a € I such that d(z, z,) < €.

Definition 4.3.7. A metric space (X,d) is said to be totally bounded if
(X,d) has a finite e-net for all e > 0; that is, for each € > 0 there exists
Z1,...,2y € X such that X = Jj_; Ba(zg,€).

Remark 4.3.8. It may be very tempting to claim that every totally bounded
metric space (X,d) is automatically compact as if one has an open cover
of (X, d) then we would hope that there is an e-net of X where each ball
is contained in a single element of the open cover. However, this argument
clearly has the flaw in the statement ‘where each ball is contained in a single
element of the open cover’. Indeed consider X = (0,1) as a subspace of R
equipped with its canonical metric. Then (0, 1) is totally bounded. Indeed for
every € > 0, choose n € N with % < € and consider the set { %}2:1, which is
clearly an e-net of (0,1). Hence (0, 1) is totally bounded but not compact by
the Heine-Borel Theorem (Theorem as (0,1) is not closed. Moreover,
a similar argument can be used to show that any bounded subset of K™ is
totally bounded.

In theory, checking a metric space (X, d) is totally bounded is easier than
it is to check (X, d) is compact using the definitions of open covers. Indeed
it quite difficult to describe all open covers of a metric space and determine
whether each open cover has a finite subcover. However, checking a metric
space has a finite e-net for every € > 0 is often not too difficult as one need
to simply find a correct set of points in the metric space for a given € > 0.

Thus our goal is to connect the notions of totally boundedness and com-
pactness in metric spaces. To do so, we begin by developing the properties of
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totally bounded metric spaces as the most instructive examples will following
once we have the connection between compactness and total boundedness in
metric spaces. Note only some of these properties will be used in this section
whereas others will be used in the next section.

Proposition 4.3.9. Fvery sequentially compact metric space is totally
bounded. Consequently compact metric spaces are totally bounded by Theorem

49

Proof. Let (X, d) be a sequentially compact metric space. To see that X is
totally bounded, suppose to the contrary that there exists an € > 0 such that
X does not have a finite e-net. Let 1 € X be arbitrary. Since {z;} is not
an e-net, there exists an zo € X \ By(z1,¢€). Since {z1,x2} is not an e-net,
there exists an 3 € X \ (By(x1,€) U Bg(x2,€)); that is, d(z3,z;) > € for all
j € {1,2}. By repeating this process ad infinitum, there exists a sequence
(Zn)n>1 such that d(x,,x,) > € for all n,m € N with n # m. Clearly
the sequence (x,),>1 does not have any convergent subsequences since it
does not have any Cauchy subsequences. Hence X cannot be sequentially
compact, which is a contradiction. Hence sequentially compact metric spaces
are totally bounded. [ |

Proposition 4.3.10. Every totally bounded metric space is bounded.

Proof. Let (X, d) be a totally bounded metric space. Since (X, d) is totally
bounded, there exists a finite 1-net {xy,...,x,} for (X,d). Let

M =max({1 +d(zg,x1) | k,j € {1,...,n}}).

We claim that d(z,z1) < M for all z € X which implies X is bounded by
Lemma [3.1.21] To see this, let © € X be arbitrary. Since {z1,...,2,} is a
1-net for (X, d), there exists a k € {1,...,n} such that d(z,zx) < 1. Hence

d(z,z1) < d(x,zg) + d(zg, 1) < 1+ d(zg, 1) < M,

as desired. Therefore, since © € X was arbitrary, (X,d) is bounded as
desired. ]

Proposition 4.3.11. Let (X,d) be a metric space and let A C X. If (X, d)
is totally bounded, then (A,d|4) is totally bounded.

Proof. The caveat of this proof is that the elements of each e-net for A must
come from A and, a priori, they only come from X.
To see that (A, d|4) is totally bounded, let ¢ > 0 be arbitrary. Since

(X, d) is totally bounded, there exists a finite §-net {z3}7_; of (X,d). Hence

" €
AC B — .
_kL:Jl d(x/mz)
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Let I C {1,...,n} consist of all indices k such that AN By (zy, §) # 0.
For each k € I, choose aj, € AN By (xy, 5). We claim that {ay}rer is an e-net
for A. To see this, note the claim is trivial if A = (). Otherwise, let a € A be
arbitrary. Therefore there exists a ko € {1,...,n} such that a € By (x,, g)
Hence kg € I and

€ €
d(a,ar,) < d(a,zr,) + d(ag,, Tr,) < 3 + 5 =¢

as a,ar, € Bq(xky,5), Therefore, as a € A was arbitrary, {ax}rer is an

e-net for A by definition. Hence as € > 0 was arbitrary, (A, d|4) is totally

bounded. |

Proposition 4.3.12. Let (X, d) be a metric space and let A C X. If (A,d|a)
is totally bounded, then (A, d|3) is totally bounded.

Proof. Let € > 0 be arbitrary. Since (A, d|4) is totally bounded, there exists
a finite §-net {ay}}_, for A. Hence {ax}}_; C A. We claim that {ax}}_, is
an e-net for A. To see this, let x € A be arbitrary. By the fact that open
balls form a neighbourhood basis for each point in a metric space, Theorem
implies there exists an a € A such that d(z,a) < §. As {ap}}_, is
an $-net for A, there exists a k € {1,...,n} such that d(a,a;) < §. Hence
d(z,ar) < € by the Triangle Inequality. Therefore, as © € A was arbitrary,
{ar}?_, is an e-net for A. Since € > 0 was arbitrary, A is totally bounded
by definition. ]

If compactness and sequential compactness are the same notion in metric
spaces, the following lemma should not be surprising.

Lemma 4.3.13. Let (X,dx) and (Y, dy) be metric spaces and let f : X — Y
be continuous. If (X, dx) is sequentially compact, then f(X) is sequentially
compact subspace of (Y,dy). Consequently, if Y = R with the canonical
metric, there exists v1,x2 € X such that f(z1) < f(z) < f(x2) for all
reX.

Proof. To see that f(X) is sequentially compact subspace of (Y,dy), let
(yn)n>1 be an arbitrary sequence of elements of f(X). Hence there exists
a sequence (Z)n,>1 such that y, = f(z,) for all n € N. Since (X,dx) is
sequentially compact, there exists a subsequence (zg, )n>1 that converges
in (X, dx) to some element z € X. As f is continuous, (yg, )n>1 converges
to f(z) in f(X). Therefore, as (yn)n>1 was arbitrary, f(X) is sequentially
compact by definition.

To see the later claim, suppose Y = R. Since f(X) is sequentially
compact, f(X) is totally bounded by Proposition and thus bounded by
Proposition [4.3.10] Hence inf(f(X)) and sup(f(X)) are finite. Since f(X) is
sequentially compact, the limits of any convergent sequences with elements in
f(X) must be elements of f(X). As we may construct sequences of elements
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of f(X) converging to inf(f(X)) and sup(f(X)) and respectively, we obtain
that sup(f(X)),inf(f(X)) € f(X). Hence there exists x1, 22 € X such that
f(z1) = inf(f(X)) and f(z2) = up(f(X)) so f(x1) < f(x) < f(a2) for all

z € X as desired. [ ]

Our next lemma is the last key ingredient we need in order to verify the
equivalence of the notions of compactness and sequential compactness in
metric spaces. In particular, this lemma allows us to choose ‘large’ open
balls inside any open cover. Consequently, once we demonstrate the notions
of compact and sequentially compact sets are the same, we may apply the
following lemma to any open cover of a compact metric space.

Lemma 4.3.14. Let (X,d) be a sequentially compact metric space. If
{Ua}aer is an open cover of (X,d), then there exists an €9 > 0 (called the
Lebesgue number for {Uy}aer) such that for any 0 < 0 < ¢y and any x € X
there exists an ag € I such that By(x,0) C Uy,

Proof. To begin, note (X,d) is totally bounded by Proposition and
thus bounded by Proposition [£.3.10] Hence there exists an zp € X and an
R > 0 such that By(zo, R) = X by Lemma Hence for any x € X,
By(x,2R) = X by the triangle inequality.

Fix an open cover {U,}aer of X and consider a function ¢ : X — R
defined by

o(x) =sup{r € R | r < 2R, By(z,r) C U, for some o € I}

for all z € X. Clearly ¢ is well-defined. Furthermore, we claim that ¢(x) > 0
for all x € X. To see this, notice if x € X then x € |J,c; Us. Hence there
exists an a, € I such that x € U,,. Since U,, is open, there exists an r > 0
such that B(z,r) C U,, and thus p(z) > r

We claim that ¢ is continuous. To see this, let x,y € X be arbitrary. By
definition of ¢, for all r < ¢(x) there exists an « € I such that By(z,r) C U,.
If » € [0,2R] is such that r < ¢(x), then if r — d(z,y) > 0 we must have
By(y,r — d(x,y)) C U, by the triangle inequality so ¢(y) > r — d(z,y).
Otherwise, if r — d(z,y) < 0 then clearly ¢(y) > r — d(z,y). In either case,
o(y) > r —d(z,y) for all r < p(z) so ¢(y) > ¢(x) — d(z,y). By replacing
the roles of x and y, we see that

lp(r) — o(y)| < d(z,y).

Therefore, as x,y € X were arbitrary, ¢ is clearly continuous.

Since (X, d) is sequentially compact, Lemma implies there exists
an xg € X such that p(zg) < p(z) for all x € X. Hence if ¢g = ¢(x¢), then
€9 > 0. Furthermore, for all 0 < § < ¢y and x € X we see that 6 < ¢(z) so by
the definition of ¢ there exists an a, € I with By(z,0) C U,, as desired. =
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Using Lemma we obtain the equivalence of the compactness and
sequential compactness in metric spaces.

Theorem 4.3.15 (Borel-Lebesgue Theorem). A metric space is compact
if and only if it is sequentially compact.

Proof. As compact metric spaces are sequentially compact by Theorem
one direction is complete.

For the other direction, suppose (X, d) is a sequentially compact metric
space. To see that (X, d) is compact, let {U,}aer be an arbitrary open cover
of (X,d). As (X,d) is sequentially compact, Lemma implies there
exists an €y > 0 such that for any 0 < § < ¢g and any « € X there exists an
ay € I such that By(x,6) C U,,.

Since (X, d) is sequentially compact, (X, d) is totally bounded by Propo-
sition m Hence there exists a finite ¢-net {z;}}_; for (X,d). Hence

n
€0
X = B —
kL:Jl d <$k;a 2>

By the above paragraph there exists o, ..., a, € I such that Bg (zj, %) C
Ug, for all k € {1,...,n}. Hence

s0 {Uay, .-, Uy, } is a finite subcover of (X, d). Therefore, as {Uy, }acr was
arbitrary, (X, d) is compact. N

With the connection between compactness and sequential compactness
completed by the Borel-Lebesgue Theorem (Theorem we can obtain
the full version of the Heine-Borel Theorem (Theorem where ‘closed’
is replaced by ‘complete’ and ‘bounded’ is replaced by ‘totally bounded’.

Theorem 4.3.16. Let (X,d) be a metric space. Then the following are
equivalent:

(i) (X,d) is compact.
(i) (X,d) is complete and totally bounded.

Proof. First, suppose (X, d) is compact. Hence (X, d) is complete by Theorem
Furthermore, since (X, d) is sequentially compact by Theorem
(X, d) is totally bounded by Proposition as desired.

For the other direction, suppose (X, d) is complete and totally bounded.
To show that (X, d) is compact, we will demonstrate that (X, d) is sequentially
compact and apply the Borel-Lebesgue Theorem (Theorem .
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To see that (X, d) is sequentially compact, let (x,,),>1 be an arbitrary
sequence of elements of X. Since (X, d) is totally bounded, Fi = {xy, }n>1
is totally bounded by Proposition Hence F has a finite 1-net. This
implies there exists an n; € N such that x,, € F1 and

I ={neN | n>n; and z, € By(xy,,1)}

is infinite. Let Fy = {xy, }ner,. Since (X, d) is totally bounded, F; is totally
bounded by Proposition 4.3.11{and thus F5 has finite %—net. As I is infinite,
there exists a ny € N such that ng € I; (so ng > np) such that x,, € F» and

IQZ{TLEN

1
n > ng and x,, € By (33n2,2> }

is infinite. Let F3 = {xy, }ner,. By repeating this process ad infinitum, there
exists infinite subsets F;, of F; and an increasing sequence (ny)i>1 of natural
number such that z,, € F,, for all &k > m and z,, € By(zp,,, %) for all
k > m. Hence (x,, )r>1 is a Cauchy subsequence of (zy,)p>1. Since (X, d) is
complete, (zp,)r>1 is a convergent subsequence of (xy,),>1. Therefore, as
(n)n>1 was arbitrary, (X, d) is sequentially compact as desired. N

Theorem [4.3.16] is incredibly useful in verifying a metric space is compact.
Indeed verifying that a metric space is totally bounded simply comes down
to fixing an € and picking a bunch of points that forms an e-net. Moreover
we have already seen several methods of verifying a metric spaces is complete
in Section [4.1] and Section such as verifying the metric space under
consideration is a closed subset of a known complete metric space. Verifying
a set is closed is simple by Theorem as we need to check that the point
of convergence of a convergent sequence is actually in the set. This is a far
simpler task than verifying sequential compactness as we need not construct
a convergent subsequence for every possible sequence in the space.

With Theorem we give one example of how to apply Theorem
4.0, 10l

Example 4.3.17. Let

K = {(In)n>1 € (2(R)

oo
Z n?|z,? <1 } .
n=1
Then K is a compact subspace of ¢2(R). To see this, it suffices by Theorem
to show that K is complete and totally bounded. Since ¢2(R) is
complete by Proposition it suffices to show that K is a closed, totally
bounded subspace of /5(R).

To see that K is closed in (¢2(R),||-|l5), let (Ux)r>1 be an arbitrary
sequence of elements of K that converges to some & € ¢2(R). For each k € N
write

—

Vi = (mk,n)nzl and f = (xn)nzl.
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Since
lim ||} — &/, =0 and | Tk — xn| < ||0 — Z||y for all k,n € N,
k—o0 ’

we obtain that limy_,o |2k, — 2| = 0 for all n € N. Furthermore, ), € K
for all k € N, we obtain by the definition of K that

o
Z n2|xk,n\2 <1

n=1

for all k£ € N. Hence for all N € N we see that

N N 00
2 2 . 2 2 . 2 2
n“lr,|* = lim n’|x < lim su n‘|x <1.
ngl |20 ,HOO;:I: |Zrnl|” < ]Hooan:l |z n|® <

Therefore, since the above holds for all N € N, we obtain that >.0° | n?|z,|? <
1 and thus & € K. Thus, as (Uy)r>1 was arbitrary, we obtain that K is
closed.

To see that K is totally bounded, let € > 0 be arbitrary. Without loss
of generality, we may assume that ¢ < 1. To see that K has an e-net, first
notice if ¥ = (z,)n>1 € K then Y00, n?|x,|> < 1 so n?|z,[? < 1 for all
n € N and thus |z,| < 1 for all n € N. To begin to use this, we note since

1 %2 < 0o there exists and N € N such that
i 1 - =
72 I
n=N+1 n 2

Hence, if ¥ = (2,)n>1 € K then the above shows that

Consider the set

Ky = {(ml,...,IN) ERN

N
Zn2|xn|2 < 1} C RY.

n=1

By the same arguments used above, Ky is a closed subset of R”. Furthermore,
if (z1,...,2,) € Ko, then |z,| < % for all n € N and thus

No1\?
[(z1,...,2N)]y < (Z 2> :
n:ln

Therefore Ky is bounded in (R?,|| - ||,) and hence compact by the Heine-Borel
Theorem (Theorem [3.1.25). Thus Ky has a finite $-net.
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Let v1,...,7,, be a finite %—net for Ky. Clearly each ), defines an
element of K by extending the N-tuple to a sequence by letting every term
in the sequence with index greater than N be zero. We claim that o, ..., U,
then forms an e-net of K. To see this, let & = (zy)p>1 € K be arbitrary.
Then

o0 2
(z1,...,2N) € Ko by construction and Z lzn|? < %
n=N+1
Since 7, ..., Un, is a finite %—net for Ky, there exists a k € {1,...,m} such
that
. €
Tk — (z1,...,2N8)|5 < 7
Hence
2 2 -
|15 = 2|5 = 0% — (21, an)lls+ D |l
n=N+1
e € 9
< —+ - =é.
SR
Therefore |0, — Z||, < €. Hence, as & € K was arbitrary, ¢,..., 0, is an

e-net of K. Therefore, since ¢ > 0 was arbitrary, K is totally bounded.
Consequently, K is compact as desired.

4.4 Compact Function Spaces

Now that we have characterized the compact metric spaces as those that
are complete and totally bounded in Theorem [4:3.16] we turn our attention
back to function spaces. Indeed, recall from Theorem that every
metric space is isomorphic to a subset of a function space. Thus by studying
compactness in function spaces, we are studying compactness for all metric
spaces!

In this section, we endeavour to determine when specific collections of
functions in a function space form compact subspaces. This is particularly
useful in deriving properties of functions from other functions. For example,
suppose we have a compact set of functions ® with a specific property. Then,
if we construct a net of functions from ® in a specific way, we know by
Theorem that this net then has a subnet that converges to an element
of ® and thus must have the same properties. Of course, we will want to
study closed set of complete function spaces because Theorem implies
closed sets are complete. As often one desires only to describes a collection
of functions without their closure, we define the following.

Definition 4.4.1. Let (X,7) be a topological space. A subset A C X is
said to be relatively compact if A is compact.
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Remark 4.4.2. Notice that if (X, d) is a complete metric space and A C X,
then A is relatively compact if and only if A is totally bounded by Theorem

Theorem and Proposition

Thus, if we want to study relatively compact subsets of functions space,
we need only study which collections of functions are totally bounded. Of
course, verifying totally boundedness from definition is easier than verifying
compactness from definition, but it still is not simple. Thus we desire to find
simpler conditions to verify a collection of functions is totally bounded.

Of course, if a collection of functions is totally bounded with respect to
the sup metric, every function will be close to another function from a finite
collection. Knowing how each element of this finite collection is continuous at
a point then yields information about how the entire collection is continuous
at a point. This leads us to the following notion of a collection of functions
being ‘equally continuous’.

Definition 4.4.3. Let (X, 7T) be a topological space, let (Y, d) be a metric
space, let g € X, and let F C C(X,Y). It is said that F is equicontinuous
at xg if for all € > 0 there exists a neighbourhood U of zg in (X,7) such
that d(f(x), f(zo)) < eforall z € U and f € F.

It is said that F is equicontinuous if F is equicontinuous at every point
in X.

Of course, examples are easy to come by.

Example 4.4.4. For each n € N let f,, : [-1,1] — R be defined by f,(z) =
z" for all x € [—1,1]. The collection F = { f,}nen is equicontinuous at 0.
Indeed if € > 0 let § = min{e, 1} > 0. Then if |z|] < § so

|fn(z)] = |27 < 6" < e

Hence F is equicontinuous at 0. However, F is not equicontinuous at 1. To
see this, notice for all § > 0,

lim [fa(1) — fu(l = 8) = lim [1 - (1—6)"| =1

n—o0

so no 0-ball cented at 1 can work in Definition for e = %

To emphasize the idea that equicontinuity should stem from total bound-
edness, we note the following lemma.

Lemma 4.4.5. Let (X,T) be a compact topological space, let (Y,dy) be a
metric space, let F C C(X,Y) be totally bounded with respect to the sup
metric. Then F is equicontinuous.

Proof. To see that F is equicontinuous, let ¢ > 0 and xy € X be arbitrary.
Since F is totally bounded with respect to the sup metric on C(X,Y), there
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exists a finite §-net for . Hence there exists ann € Nand fi, fo,..., fn € F

such that .
€
F < | Ba, (fk:, 3> -
k=1
Since fj is continuous at xq for all k € {1,...,n}, there exists a Uy € T such
that

dy (ful@). fulao) <

for all x € Uy. Let U = (—1 Ux € T. We claim that U an open set that
works for € in Definition to show that F is equicontinuous at xg. To see
this, let f € F be arbitrary. Hence, as F C Ug—; Ba,,, (fk, §), there exists a
ke€{1,...,n} such that

dsup(fa fk) < %

Thus dy (f(z), fr(z)) < § for all z € X. Therefore, for all x € U C Uy, we
obtain from above that

dy (f(x), f(zo)) < dy(f(x

(@) + dy (fr(x), fe(20)) + dy (fx(z0), f(20))
% =«
Therefore, as f € F, € > 0, and xg € X were arbitrary, F is equicontinuous
as desired. m

Of course, equicontinuity is a nice property as it passes to closures of sets;
something we expect as we are studying relative compactness of function
spaces.

Proposition 4.4.6. Let (X,7T) be a compact topological space, let (Y,d) be
a metric space, let F C C(X,Y) be equicontinuous. Then F (computed with
respect to the sup metric on C(X,Y) is equicontinuous.

Proof. To see that F is equicontinuous, fix an arbitrary element xo € X and
let € > 0 be arbitrary. Since F is equicontinuous, there exists a neighbourhood
U of z9 in (X, T) such that d(f(z), f(wo)) < § for all x € U and f € F. To
see that U works for € in the definition of equicontinuity for F, let g € F
be arbitrary. By Theorem and the definition of the sup metric, there
exists an f € F such that d(g(z), f(z)) < § for all z € X. Therefore, if
x € U, we obtain that

d(g(x), g(wo))

IN
.

(9(z), f(2)) +d(f(2), f(z0)) + d(f(z0), 9(x0))
+ -+ €.

IN
Wl ™

Wl
SV}

Therefore, as g € F, € > 0, and x¢g € X were arbitrary, we obtain that F is
equicontinuous. [ |
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Unfortunately, equicontinuity does not immediately imply total bounded-
ness.

Example 4.4.7. For each a € R, let f, : [0, 1] — R be defined by f(z) = z+a
for all € [0,1]. Clearly {f,}acr is equicontinuous as

[fa(x) = fa(y)] = [fo(z) = fo(y)|

for all z,y € [0,1]. However {f,}scr cannot be totally bounded with respect
to the co-norm on C([0, 1], R) since || fu|l.o = a+ 1 for all a > 0 so {f,}acr
is not bounded with respect to || - ||, and thus cannot be totally bounded by
Proposition

Thus the problem is that equicontinuity does not yield any information
about a collection of functions behaving like a bounded collection of functions.
Of course we could just ask that the collection of functions is bounded with
respect to the sup metric. However, there is also a much simpler notion of
boundedness we can ask for.

Definition 4.4.8. Let (X, 7T) be a topological space, let (Y, d) be a metric
space, and let F C F(X,Y). It is said that F is pointwise bounded if
{f(z) | f € F}is bounded in (Y, d) for all x € X.

However, there no immediate connection between pointwise boundedness
and boundedness (and hence total boundedness) of collections of functions.

Example 4.4.9. For each n € N let f,, : [0,1] — R be defined by
ifx e

n’x O,%
fo(x) = n? (%—x) ifze|l 2
0

otherwise

for all x € [0,1]. We claim the collection F = { fy, }nen is pointwise bounded.
To see this, notice f,(0) =0 for all n € N so F is bounded at 0. Otherwise,
if 2 € (0,1], choose N € N such that & < z. Then it is easy to see that F is
bounded by

max({f1(2), fo(@), . ., fn-1(), fu () = O}).

Hence F is pointwise bounded.

However, F is not bounded in (C(X,Y),|-|ls) as |fn (%) | = n for all
n € N so || fnl|l,, = n for all n € N. Therefore, as F is not bounded, F is not
totally bounded by Proposition [£.3.10]

Luckily, the reason the example in Example is pointwise bounded
but not imply total bounded is that the collection of functions was not
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equicontinuous at 0. The fact the collection of functions in Example
is not equicontinuous at 0 can be seen by similar arguments to those used
in Example [£.4.4] or via the following lemma. In particular, the following
lemma shows that the union of the ranges of a collection of functions that is
pointwise bounded and equicontinuous is actually bounded in the co-domain.
This is equivalent to the collection of functions being bounded with respect
to the sup metric by consider Lemma and any constant function (i.e.
if a collection of functions is such that the union of the ranges is bounded,
every function is a finite sup metric distance from any constant function,
and if every function is a finite sup metric distance from a constant function,
the range of each function is contained in a fixed open ball centred at the
constant).

Lemma 4.4.10. Let (X, T) be a compact topological space, let (Y,d) be a
metric space, and let F C C(X,Y). If F is equicontinuous and pointwise
bounded, then

o= f(X)

feF
is a bounded subset of (Y,d).

Proof. Let € = 1. Since F is equicontinuous, for each zg € X there exists
a Uy, € T such that d(f(z), f(zo)) < 1 for all x € Uy, and f € F. Thus
{Uz}zex is an open cover of (X, 7). Therefore, since (X,7T) is compact,
there exists an n € N and 1,22, ..., 2, € X such that X = {J;_; U, .

Let

5= () | feFyCY.
k=1

Since F is pointwise bounded, B is a union of bounded subsets of Y and thus
bounded by part (2) of Lemma together with the triangle inequality.
Hence there exists an M € R such that d(by,bs) < M for all by,bs € B.

To see that Yy is bounded in Y, let y1,y2 € Yy be arbitrary. Hence there
exists z1,20 € X and fi, fo € F such that y; = fi(21) and y2 = fa(22).
Since X = Uy, Uy, there exist ki, k2 € {1,...,n} such that z; € Uz, and
z9 € U%. Thus

d(fi(z1), fi(zg,)) <1 and  d(fa(22), fo(or,)) <1

by the construction of {Uy}zex. Therefore, since fi(zk, ), f2(zk,) € B, we
obtain that

d(y1,y2) < d(fi(z1), [i(zn,)) + d(fi(2r), f2(2h,) + d(fa(22), fo(2r,))
<1+M+1=M+2.

Therefore, since y1,y2 € Yy were arbitrary, Yy is bounded as desired. [ |
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As boundedness was our only previous obstruction to a set being totally
bounded, Lemma [£:4.10] says, provided the collection of functions is equicon-
tinuous and pointwise bounded, we no longer have a simple obstruction. In
fact, the following important theorem says we never will provided we have a
nice co-domain!

Theorem 4.4.11 (The Arzela-Ascoli Theorem). Let (X, T) be a com-
pact topological space and let F C C(X,K") for some n € N. The following
are equivalent:

(i) F is relatively compact in (C(X,K"), |- |l)-
(ii) F is equicontinuous and pointwise bounded.

Proof. We will present the proof only in the case that n = 1 and K = R
to simplify notation and the arguments. However, we will emphasize the
necessary changes to deal with the general case when they occur.

To begin, suppose F is relatively compact in (C(X,K"),| -||.,). Hence
F is compact and thus complete and totally bounded by Theorem
Thus F is bounded with respect to | - ||, by Proposition so F is
bounded with respect to || - ||, and hence pointwise bounded. To see that
F is equicontinuous, we note that since F is totally bounded, F is totally
bounded by Proposition Hence F is equicontinuous by Lemma
Hence the first direction of the proof is complete.

For the other direction, suppose F is equicontinuous and pointwise
bounded. Recall that it suffices to prove that F is totally bounded by
Remark To begin this process, recall Lemma implies that

U f(x)

feFr

is a bounded subsets of R. Hence there exists an M € R such that f(z) €
[—M, M] for all z € X and f € F (clearly if we are using R” we would use
[~ M, M]™ here, and for C* = R?" we would use [—M, M]?"). To extend this
form of boundedness for F to total boundedness, our goal is to divide up X
and [—M, M| into suitably small pieces, take one function that maps each
piece of X into a chosen piece of [—M, M] that is actually obtained, and
show this collection of functions is an e-net for F.

Thus, to see that F is totally bounded, let € > 0 be arbitrary. Since F is
equicontinuous, for every xy € X there exists a Uy, € T such that

€
7))l < &

for all x € U, and f € F (for K" we would use the || -||,, on K"). Thus

{U,}zex is an open cover of (X,T). Therefore, since (X,7T) is compact,

there exists an n € N and z1,x2,...,x, € X such that X = U?Zl U,
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Choose numbers {my}7_; such that
~M=mi <mg<---<mg=M

and |mgyy —my| < § forall k € {1,...,¢ — 1} (for K", we would divided
up [-M, M]P into boxes of |- |, radius less than §). For each n-tuple
(k1y... ko) €{1,...,q— 1}, let

Flr,oden) = 1F € F | f(j) € [my;, my; 4] for all j € {1,...,n}}

(for K™ we would divide F into collections based on the boxes constructed
earlier). Clearly
F= U F (et eeeskin)
(k1,...skn)€{1,....,q—1}7

by construction and the fact that Uz f(X) C [-M, M].

For each (ki,...,kn) € {1,...,q — 1}" for which F, . x.) # 0, choose
& fhr,n) € Flhor,kn)- We claim the collection of all fi, .y (which is
a finite set) is an e-net for F. To see this, let f € F be arbitrary. Hence
[ € Flr,.. ) for some (k1,...,kp) € {1,...,q — 1}". To see that

<e€

— )

o0

Hf — Jh1yekn)

let g € X be arbitrary. Hence, as X = (Jj_; Uy, there existsa j € {1,...,n}
such that x € U,,. Hence

Fao) = flapl <5 and [Fpy, b (@0) = Fotr,b @) < 5.

However, as f € F,,. k), the fact that |mgy — my| < § for all k €
{1,...,q — 1} implies that

€
@) = Stk (@) < 5

Hence the triangle inequality implies
|f(20) = fiho,... k) (T0)| < €

Therefore, as zg € X was arbitrary,

’f = flhrooikn)
f € F was arbitrary, we have proven the existence of an e-net for F. Hence,
as € > 0 was arbitrary, F is totally bounded as desired. ]

< €. Therefore, as
o0

Of course, the Arzela-Ascoli Theorem (Theorem as stated above
only applies to functions on compact spaces into K. One may think this is
not too powerful until one realizes that most situations that one desires to
study is for functions into R for which the Arzela-Ascoli Theorem applies. Of
course there are many generalizations of the Arzela-Ascoli Theorem one may
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find in the literature. In fact, the proof of Arzela-Ascoli Theorem given above
immediately implies one of these theorems. Indeed note the only part of the
proof of Theorem where a property of K" was applied was that we
could take a bounded set containing the union of the ranges of the collection
of functions and divide it up into a finite collection of arbitrary small portions.
Thus, if the union of the ranges is contained in a compact subset of a metric
space, then this can be done using a finite collection of g-balls instead of
the box decomposition used above. Consequently, repeating the proof pretty
much verbatim yields the following result.

Corollary 4.4.12. Let (X,T) be a compact topological space, let (Y,dy) be
a compact metric space, and let F C C(X,Y). The following are equivalent:

(i) F is relatively compact in (C(X,Y), dsup)-
(ii) F is equicontinuous and pointwise bounded.

To complete our discussion of the Arzela-Ascoli Theorem (Theorem [4.4.11))
we note it is a powerful tool to verify sets of functions are relatively compact.
Indeed verifying a set of functions is pointwise bounded is generally trivial
and verify a collection of functions is equicontinuous is no more difficult
then verifying a single function is continuous using e-6. Consequently, if one
desires to verify a collection of function is actually compact, one need only
verify the collection is relatively compact and closed. One example of this is
as follows.

Example 4.4.13. Let

K={fecoy \|f<x> ~ 1)1 < le =3l ¥y € 0.1) and £0) =0}

Then one can use the Arzela-Ascoli Theorem (Theorem [4.4.11) to show
without much difficulty that K is a compact subset of C[0, 1].
To prove that K is a compact subset of (C[0,1], | - [|,,), we will show that

K is closed and relatively compact as this implies K = K is compact.

To see that K is a closed subset of (C[0,1],|-|l), let (fn)n>1 be an
arbitrary sequence in K that converges to some f € C[0, 1] with respect to
| - l.o- By the definition of the infinity norm, we see that (fy)n>1 converges
pointwise to f. Therefore, since

[fn(@) = fa(y)] < \/lx —ylforallz,y € [0,1]  and  f,(0) =0

for all n € N due to the defining properties of K, we obtain that

F@) = f@) < \/le—yl forallz,y €0,1]  and  £(0) =0

so f € K by definition. Therefore, since (fy)n>1 was arbitrary, K is closed
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To see that K is relatively compact in (C[0,1], || - ||,), it suffices to show
by the Arzela-Ascoli Theorem (Theorem that K is equicontinuous
and pointwise bounded. To see that K is pointwise bounded, notice for all
f € K and z € [0, 1] that

[f(@)] = f(2) = F(O)] < Vo —0= .

Consequently, K is clearly pointwise bounded. To see that K is equicontinu-
ous, let € > 0 and x € [0,1] be arbitrary. Since the function g : [0,1] — R
defined by g(y) = /|z — y| is continuous and vanishes at xz, there exists a
0 > 0 such that if y € [0,1] and |z — y| < § then ¢g(y) < e. Hence for all
f € K and y € [0, 1] such that |x — y| < J, we obtain that

£@) — f@) < \le —yl <

Therefore, since f € K, € > 0, and x € [0, 1] were arbitrary, K is equicontin-
uous as desired.

4.5 Weierstrass Approximation Theorem

The notion of relative compactness raises the question about how one goes
about taking the closure of a set of functions with respect to the sup metric.
In particular, as an element z is in the closure of a set if and only if there
is a net from the set converging to x by Theorem and as a net of
functions converges with respect to the sup metric if and only if it converges
uniformly, we are asking when one function can be uniformly approximated
by other functions. This is often useful as there may be a nice collection of
functions one understands that approximate all other functions. Hence one
may use this nice collection to understand all functions.

In this section, we will delve into this question by proving the simplest
case of such a theorem. Namely, we will demonstrate the Weierstrass Approx-
imation Theorem (Theorem which states every real-valued continuous
function on a finite closed interval may be uniformly approximated by a
polynomial. As we are often going to want to say a collection of functions
approximate all functions, we given this concept a name.

Definition 4.5.1. Let (X,7) be a topological space. A subset A C X is
said to be dense if A = X.

Of course, to say a set of functions is dense with respect to the topology
induced by the sup metric is to precisely say that the set of functions can
uniformly approximate any other function. Thus this is precisely the notion
we are after.

To prove the Weierstrass Approximation Theorem (Theorem we
need three ingredients plus a delicate proof. The first ingredient says we can
study any particular finite closed interval we choose.
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Lemma 4.5.2. Consider the linear map T : Cla,b] — C[0, 1] by

T(f)(x) = fla+(b—a)x)

for all z € [0,1] and f € Cla,b]. Then T is an isometric isomorphism such
that T'(p) is a polynomial if and only if p is a polynomial.

Proof. Clearly T'(f) is well-defined and a continuous function on [0, 1] for all
f € Cla,b]. It is elementary to see that T is linear and that [|T'(f)||, = [|fll«
for all f € C[a,b]. Therefore, as T~ : C[0,1] — C|a, b], defined by

TP = 1 (52 )

for all z € [a,b] and f € C[0,1], exists, we see that T is an isometric
isomorphism. In addition, it is clear that if p is a polynomial then T'(p) is
polynomial and T~1(p) is a polynomial. Hence the result follows. [

Our second ingredient is a technical result for a function we will encounter
and is proved using elementary calculus.

Lemma 4.5.3. If x € [-1,1] and n € N, then
(1—a2%)" >1—na?

Proof. Clearly it suffices to consider x € [0,1] as (1 — (—z)®)" = (1 — 2"
and 1 — n(—xz)? =1 —na? for all z € [-1,1].
Consider the functions f, g : [0,1] — R defined by

flz)=@Q—zH" and g(z) =1 —na?

for all z € [0,1]. Clearly f(0) = 1 = ¢(0). Furthermore, f and g are
differentiable with

fl(x)=n(1- «Tz)(—QCIJ) and d(x) = —2nx.

As —2nz <0and 0 < 1—22 <1 for all z € [0,1], we see that f/'(x) > ¢'(z)
for all x € [0,1]. Hence it follows that f(x) > g(x) for all x € [0,1] as
desired. -

Our third ingredient is a stronger notion of continuity for functions
between metric spaces.

Definition 4.5.4. Let (X, dx) and (Y, dy) be metric spaces. A function f :
X — Y is said to be uniformly continuous if for all € > 0 there exists a § > 0
such that if z1, 29 € X are such that dx(x1,x2) < 6 then dy (f(x1), f(z2)) <
€.
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Of course, it is elementary to see that the notion of uniform continuity
is stronger than the notion of continuity for metric spaces since the ¢ for a
given € works throughout X; that is, there is one J to rule them all, one §
to find them, one § to bring them all, and in the darkness bind them. To
emphasize these notions are not the same, we consider the following example.

Example 4.5.5. Let f: (0,1) — R be defined by f(z) = 1 for all = € (0,1).
Clearly f is continuous by properties of R. However f is not uniformly
continuous. To see this, for each n € N let x,, = % and y, = % Then

|Tn — yn| < ﬁ yet

£ (@a) = Fon)] = >

n n
— -l =21
’" ’ 2 =

:\»—A‘ =
S| =

Hence, for € < 1, no § > 0 can work in Definition for f. Thus f is not
uniformly continuous as claimed.

However, we want to work with compact domains since that enables the
existence of the sup metric. Consequently, we note the notions of continuity
and uniform continuity are the same on compact spaces.

Theorem 4.5.6. Let (X,dx) and (Y, dy) be metric spaces and let f : X — Y
be continuous. If X is compact, then f is uniformly continuous.

Proof. To see that f is uniformly continuous, let € > 0 be arbitrary. Since
f is continuous at each point in (X,dx), for each z¢p € X there exists a
Uzy € T such that if z € Uy, then dy (f(z), f(x0)) < §. Thus {U},ex is an
open cover of (X, d). Therefore, since (X, d) is compact and thus sequentially
compact by the Borel-Lebesgue Theorem (Theorem , Lemma
implies there exists a Lebesgue number ¢y > 0 for {U, },cx; that is, for any
0 < < ¢y we choose, then for any x € X there exists an xyp € X such that
BdX (1‘, (5) - Ua:o-

We claim that ¢ works for e in Definition for f. To see this, let
x1,x2 € X be arbitrary points such that dx(z1,22) < . Hence, by the
definition of d, there exists an xg € X such that By, (z1,0) C Ug,. Thus,
as dx (x1,22) <, x1,22 € By, (x1,0) C Uy, so the definition of Uy, implies
that

dy (F(@1), f(22)) < dy (F(@r), (@) + dy (F(@0), [(@2)) < 5 + 5 =<

Hence, as x1,z9 € X were arbitrary, § works for € in Definition for f.
Therefore, as € > 0 was arbitrary, f is uniformly continuous as desired. m

With the above notions complete, we can now prove the main theorem
of this section.

(©For use through and only available at pskoufra.info.yorku.ca.



4.5. WEIERSTRASS APPROXIMATION THEOREM 167

Theorem 4.5.7 (Weierstrass Approximation Theorem). The set of
polynomials is dense in (Cla,bl, || -||..)-
Proof. By Lemma we may assume without loss of generality that a = 0
and b= 1.

Let g € C[0, 1] be arbitrary. Define the function f : [0,1] — R by

f(@) = g(x) = (9(0) + (9(1) — 9(0))z)

for all x € [0,1]. Clearly f € C[0,1] and f(0) = f(1) = 0. We will
demonstrate there exists a sequence (pr,)n>1 of polynomials such that

lim |[f — pnll, = 0.

n—o0
This will complete the proof as r,(z) = pn(x) + (9(0) + (g(1) — g(0))x) are
polynomials such that lim, . [|g — /o, = 0.

To see that f is a uniform limit of polynomials on [0, 1], let € > 0 be
arbitrary. First note that as f € C[0,1] and f(0) = 0 = f(1), we can
extend f to be a continuous function on R by defining f(x) = 0 for all
x € (—00,0) U (1,00). Since f is then continuous on [—2,2], f is uniformly
continuous on [—2, 2] by Theorem so there exists a 0 < § < 1 such that
if x € [-1,1] and |¢| < 6 then

Fa+0) ~ @) < ge

Notice for each n € N that
1

/ (1—2®)"dzr >0
—1

as (1 —22?)" > 0 for all x € (—1,1). Hence for each n € N there exists a
¢p, > 0 such that

1
cn/ (1—zH)"dzx = 1.
-1
Therefore, by Lemma [£.5.3]

1 1
— / (1—a?)"da
-1

en
1
:2/ (1—2z*)"dx
0
a
ZZ/ﬁ(l—xz)”dx
0

1
22/ﬁ1—nx2d:1c
0

L
:2(x—n:c3) v
3 =0

4 1

= >,

3/n = Jn
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Hence 0 < ¢, < /n for all n € N.
For each n € N define ¢, : R — R by

gn(z) = cy(1 — 2%)"

for all z € R. Thus g, (z) > 0 for all z € [-1,1] and

/1 gn(z)der =1

-1

by the definition of ¢,,. Notice by the definition of ¢, that if z € [—1, —=d]U]J, 1],
then

4n(2) = a1 = 22)" < en(1 — 82)" < V(1 — 62",

For each n € N, define the function f * ¢, : [0,1] — R by

(f xgn)(z) = /_11 f(z+t)gn(t) dt.

Due to the translation invariance of the Riemann (Lebesgue) integral, for all
x € [0, 1] we see using the substitution u = x + t that

1
(Fra)@) = [ f+0a.0d
= /1_30 flx+t)gn(t)dt f is 0 except on [0, 1]

= /1 f(u)gn(u — ) du.
0

Thus, as ¢,(u — ) is a polynomial in x with coefficients being continuous
functions in u, f(u)g,(u—x) is a polynomial with coefficients being continuous
functions in w. Hence integrating f(u)g,(u — ) is performed by integrating
the coeflicients thereby resulting in a polynomial. Hence f ¢, is a polynomial
on [0,1].

Finally, we claim that lim, o ||(f * gn) — f||.c = 0. To see this, note for
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each x € [0,1] that
|(f * gn)(x) — f(2)]
1
- /_1 flx+t)gn(t) dt — f(x)

= [+ttt ) [

-1

1

1
qn(t)dt’ as/ qn(z)dr =1
—1

=| [ (a0 = santey it

-1

< /_11 |f(x+1t)— f(x)|gn(t)dt as g(x) >0 on [-1,1]
1
- | fa+0 = @l de+ [ 1@+ 1) = F@)lga(0)
[—1,—8]U[8,1]
2
g/[ gy 21l VR =) dt+/ J@+1) = f(2)|ga(t) de
— 4/ fll (1 = 6 (1 = 6) +/ Ja+1) = f(@)lga(t) dt
<AV ||fll (1 —6%)™(1 —6) +/ t)dt by uniform continuity

< avalfl -8 -5)+ 5 [ 11 () dt

= 4y [ fllo (1= 8" (1 = 8) + 3.

Therefore, as 0 < 1 — 62 < 1 so
Tim 4yl (1 - 82)(1 - 5) =0,

we see that for sufficiently large n that ||(f * ¢n) — f||., < €. Hence, as e >0
was arbitrary, the result follows. ]

4.6 Stone-Weierstrass Theorem, Lattice Form

Although the Weierstrass Approximation Theorem (Theorem is power-
ful, it is limited as we need not have the notion of polynomials on arbitrary
compact topological spaces. In this section, we will develop one of two theo-
rems which will produce dense subsets of C(X). The theorem of this section,
the lattice form of the Stone-Weierstrass Theorem (Theorem , will be
motivated by a poset structure on C(X,Y). As such, we will only consider
Y = R as this guarantees the existence of the following poset structure.

Given two functions f,g € C(X) for some compact topological space
(X, T), is it easy to define a poset structure on C(X) by defining f < g if and
only if f(z) < g(z) for all x € X. However this poset structure is something
stronger in that maximums and minimums occur.
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Definition 4.6.1. Let (X,7) be a compact topological space and let f,g €
C(X). The functions f Vg, f A g: X — R defined by

(F v g)(x) = max({f (), g(x)}) = 5./(@) + 39(x) — 5|f(z) — g(a)

(f Ag)(x) = min({f(z),g(2)}) = =((=f) V (=9))(2)

for all x € X are continuous functions (as they are a combination of com-
positions, sums, and scalar multiples of continuous functions) called the
mazximum and minimum functions respectively.

It is elementary to see that f V g is the smallest function in C(X) that
is larger than both f and g and f A g is the largest function in C(X) that
is smaller than both f and g. In particular, we will be interested in the
following subspaces of C(X).

Definition 4.6.2. Let (X,7) be a compact topological space. A vector
subspace F C C(X) is said to be a lattice if fV g € F forall f,g € F.

Example 4.6.3. It is elementary to see that C(X) is lattice of C(X).

Example 4.6.4. Consider the vector subspace F of C|a, b] consisting of all
piecewise linear functions; that is,
_ . f€Cla,b] and there exists a partition {tz}}_
F= {f : [a’ b] — R such that f is linear on [tg_1,tx] for allllcc. ’ } :

It is not difficult to check that F is lattice in Cla, b] (i.e. the max of two linear
functions is piecewise linear and the union of two partitions is a partition).
In fact, it is not difficult to check that F is the smallest lattice in C|a, b] that
contains the functions f(z) =z and g(z) = 1 for all z € [a, b].

Remark 4.6.5. The reason we require a lattice of C(X) to be a vector
subspace is that we know C(X) is a vector space so it would be difficult to
approximate a general function from a set that is not a vector subspace of
C(X). This is not too much of a restriction since we may always take the
span of a given a subset of C(X).

Remark 4.6.6. As it is not difficult to see that (—f) VvV (—g) = —(f A g),
we have that any lattice in C(X) is closed under taking the maximum and
minimum of the functions it contains (as lattices are subspaces and thus
closed under scalar multiplication).

Of course, not every lattice can be dense in C(X) as the constant functions
are clearly a lattice that is closed with respect to the sup metric. To avoid
such lattices, we consider the following property.

Definition 4.6.7. Let (X,7) be a compact topological and let (Y,d) be
a metric space. A collection of continuous functions F C C(X,Y) is said
to separate points if for all x1,xo € X with x1 # x5 there exists a function

f € F such that f(x1) # f(x2).
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Of course, many examples of set of functions that separate points.

Example 4.6.8. The piecewise linear functions on C|[a, b] separate points
as the function f(z) = z is (piecewise) linear and clearly separates points.

Example 4.6.9. If (X,d) is a compact metric space, then C(X) separate
points. Indeed if x1,29 € X are such that xy # xo, then the function
f: X — R defined by f(x) = d(x,z1) for all x € X is continuous, f(z1) =0,
and f(xzg2) = d(x1,22) > 0.

Using the above example, we may obtain the following.

Proposition 4.6.10. If (X,d) be a compact metric space and F be a dense
subset of C(X), then F separate points.

Proof. Let F be a dense subset of C(X). To see that F separate points, let
x1,x2 € X such that z; # x9 be arbitrary. Define the function f: X — R
by f(x) = d(x,z1) for all x € X. Clearly f is continuous, f(z;) = 0 and
f(z2) = d(z1,22) > 0.

Let € = 3d(z1,22) > 0. Since F is dense in C(X), there exists a g € F
such that || f — g/, < e. Hence

3e =d(za,x1) = |f(z1) — f(22)]
< [f(z1) — g(z1)| + |g(z1) — g(@2)| + |g(22) — f(2)]
< 2e+|g(z1) — g(2)|

Hence |g(z1) — g(x2)| > € > 0 so g(x1) # g(x2). Hence, as x1,x2 € X were
arbitrary, we obtain that F separate points. ]

Remark 4.6.11. Of course, not every dense subset of C(X) separate points
for a general compact topological space (X,7). Indeed, C(X) need not
separate points for a general compact topological space (X, 7). To see this,
consider the trivial topology 7 on any set X with at least two points. Then
(X,T) is compact as T is finite so C(X) is precisely the constant functions
and thus does not separate points.

Of course, the reason the C(X) above does not separate points is that the
topology T does not distinguish points; that is, there are points x1, x5 € X
such that the neighbourhoods of 1 and x9 are precisely the same. This raises
the question, “For which topological space (X, 7T) is C(X) point separating?"
Unsurprisingly, we turn to the notion of a Hausdorff topological space.

Proposition 4.6.12. Let (X,T) be a compact topological space. If C(X)
separates points, then (X,T) is Hausdorff.

Proof. To see that (X, 7T) is Hausdorff, let x1,x9 € X be such that x; # xa.
Since C(X) is point separating, there exists a continuous function f € C(X)
such that f(z1) # f(x2). Since R is Hausdorff, there exists neighbourhoods
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Uy and Us in R such that f(x1) € Uy, f(x2) € Uy, and Uy N Uz = ). Hence,
as f is continuous, f~1(U;) and f~1(Us) are disjoint neighbourhoods of z1
and o respectively. Therefore, since z1,z9 € X were arbitrary, (X,7) is
Hausdorff. ]

Remark 4.6.13. Of course Proposition raises the question, “If (X, T)
is a compact Hausdorff topological space, does C(X) separate points?” This
seems like a difficult question. Indeed given two points in X, we know 7 being
a Hausdorff topology on X means we can find disjoint neighbourhoods of these
points, but how would we construct a continuous function that separates these
two points? This very difficult question will be postponed until Chapter
where many different notions of separability for topological spaces are
discussed and many important results are obtained. In particular, Urysohn’s
Lemma (Theorem implies that C(X) separates points provided (X, T)
is a compact Hausdorff topological space thereby completely resolving this
question!

For now, even though we do not know which (X, 7) have the property
that C(X) separate points, we can demonstrate the following collections of
sets are dense in C(X). Of course, if C(X) does not separate points, we
cannot find an F to apply the following theorem. As such, by Proposition
any version of the Stone-Weierstrass Theorem will only be applicable
for compact Hausdorff topological spaces.

Theorem 4.6.14 (Stone-Weierstrass Theorem - Lattice Version).
Let (X, T) be compact Hausdorff topological space and let F C C(X) be a
vector subspace such that

(1) 1 € F (the constant function that is one everywhere),
(2) F separates points, and
(8) F is a lattice.

Then F is dense in (C(X), || - |

o)

Proof. First we claim that for all z1,z9 € X with 21 # x9 and for all o, 5 € R
there exists a function h € F such that

h(z1) = « and h(z2) = B.

To see this, let z1,z9 € X with x1 # x2 be arbitrary. Since F separates
points, there exists a function g € F such that g(z1) # g(z2). Hence if we
define h : X — R by

b — «

o) = ot ey = gt

(9(z) — g(z1)),
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for all x € X, then clearly h € F as F is a subspace and 1 € F, and
h(z1) = a and h(z2) =  as desired. We will use these functions to uniformly
approximate any function f in C(X).

To prove that F is dense in (C(X), |- || ), let f € C(X) be arbitrary and
let € > 0. To begin, we will demonstrate that for each z € X there exists a
function h, € F such that h,(z) = f(z) and h,(z) < f(z) + € for all z € X.

To see this, fix z € X. By the above paragraph for each y € X there
exists a h,, € F such that h,,(z) = f(z) and h.4(y) = f(y). Since the
function h., — f is continuous and h. 4(y) — f(y) = 0, there exists a open
set U, containing y such that h. ,(z) — f(z) < € for all € U,. However,
since {Uy}yex is an open cover of (X,7) and as (X,7) is compact, there
exists an n € N and y1,...,y, € X such that X = ;_, Uy,. Let

he=hagy Nheyy N ANhzy,,

which is an element of F as F is a lattice. In addition, as h,,, (2) = f(2)
for all k € {1,...,n}, we clearly see that h,(z) = f(z). Moreover if z € X
then there exists a kg € {1,...,n} such that « € Uy, and thus

Ba(y) < e, (2) < f(2) + e

Hence, as x € X was arbitrary, h, has the desired properties.

We may now use the h, € F along with a similar technique to obtain
an h € F such that || f — h||,, < e. To see this, notice for each z € X that
h, — f is continuous and h,(z) — f(z) = 0 so there exists an open set V, € T
containing z such that h,(z) — f(z) > —e for all z € V,. However, since
{V.}:ex is an open cover of (X,7T) and as (X, 7T) is compact, there exists
21, .., 2m € X such that X = ;- V,,. Let

h=hy VhyV---Vh,,
which is an element of F as F is a lattice. Furthermore, as h;, (z) < f(x)+e€
for all x € X and for all k € {1,...,m}, we see that h(z) < f(x) + € for all
x € X by the definition of the maximum. Furthermore, if z € X then there
exists a kg € {1,...,m} such that z € V,, and thus

h(xz) > hy, (z) > f(x) —e.
Therefore, as x € X was arbitrary, we have that

flx)—e<h(z) < f(z)+e

for all x € X. Hence ||h — f||,, < €. Therefore, as ¢ > 0 and f € C(X) were
arbitrary, the result follows. ]
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Note Theorem Example and Example imply that the

piecewise linear functions on Cla, b] are dense in C[a, b]. Of course, one could
verify the density of piecewise linear functions in Cla, b] directly using uniform
continuity. Indeed given f € Cla,b] and an e > 0, choose the ¢ from uniform
continuity. Then choose a partition with intervals of length at most ¢ and
define a piecewise linear function g that takes the values that f does at
each end of each interval in the partition. Uniform continuity and piecewise
linearity will then implies that ||f — g, < 2e.

4.7 Stone-Weierstrass Theorem, Subalgebra Form

Of course constructing a subspace that is a lattice in C(X) may not be
an easy task as making a subspace closed under maximum and minimum
may not be an easy task. In this section, we will discuss another version of
the Stone-Weierstrass Theorem (Theorem that is very easy to verify
the conditions for in general. Furthermore, note the lattice version of the
Stone-Weierstrass Theorem (Theorem cannot possibly extend to
complex-valued functions as there is no natural ordering on C. However,
using our new version of the Stone-Weierstrass Theorem (Theorem
we will be able to develop a version of the Stone-Weierstrass Theorem for
complex-valued functions (Theorem . Subsequently, we will also be
able to extend these results to continuous functions that vanish at infinity
on a locally compact topological space (Theorem .

To replace the lattice structure for dense subsets, we will consider the
following structure.

Definition 4.7.1. Let (X,7) be a compact topological space. A vector
subspace A C C(X,K) is said to be a subalgebra of C(X,K) if whenever
f,g € At is the case that fg € A.

Example 4.7.2. Clearly C(X,K) is a subalgebra of C(X,K) and any ideal
of C(X,K) is a subalgebra of C(X,K). Furthermore, it is clear that the
polynomials are a subalgebra of Cla, b].

Example 4.7.3. Let
T={zcC | |z| =1}

The trigonometric polynomials on T is the subset of C(T,C) defined by
Trig(T) = spanc({fn : T = C | n € Z, fu(z) = 2" for all z € T}).

As fofm = fosm for all n,m € Z, clearly Trig(T) is a subalgebra of C(T, C).
To see why these are called the trigonometric polynomials, recall if z € T
then z = €' for some 0 € [0,27). Hence

fa(z) = €™ = cos(nf) + isin(nf)
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for all n € Z. Therefore, as

SUn(e) + fnlz) = cos(nf)  and S (fulz) — fn(2)) = sin(n),
we see that
Trig(T) = spanc({cos(nd),sin(nd) : [0,27] - C | n € NU{0}}).
This is why Trig(T) is called the trigonometric polynomials.

As the closure of a subspace is a subspace and as we appear to want to
show that specific algebras are dense in C(X,K), which is an algebra, it is
not difficult to believe the closure of a subalgebra is a subalgebra.

Lemma 4.7.4. Let (X,T) be a compact topological space and let A be
a subalgebra of C(X,K). Then the closure of A in (C(X,K),|-[)so) s a
subalgebra of C(X,K)

Proof. To begin, notice for all functions f, g € C(X,K) that

1fglloe < 17 lloo llglloo

due to the definition of the infinity norm.
To see that A is a subalgebra, let f,g € A be arbitrary. By Theorem
[[.6:21) n € N there exist f,, g, € A such that

1 1
I~ Sl <+ and g~ gall < -
Hence there exists sequences ( f,)n>1 and (gr)n>1 of functions in A such that
Jim [|f = fulle = 0= lm [lg—gnll-

Clearly for all o € K the sequence (o fy, + gn)n>1 consists of elements of A
as A is a subspace and

lim [[(af +9) — (@fu+ g0l < limsuplal[|lf  full + 9~ galls = 0.
n—o0

Therefore af + g € A so A is subspace. To see that A is a subalgebra, notice
the sequence (fngn)n>1 consists of elements of A as A is subalgebra. Since
sup,>1 || fallse < 00 as 0= limy oo || f — fullo, We obtain that

Jim |[fg = fugnlloo < limsup||fg = fagllo + 1fng = fagnllo
n—oo
< limsup |[f = fallo 19lloo + [ falloo |19 = 9nll
n—oo
= 0.

Therefore fg € A so A is a subalgebra. |
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Using nothing but Lemma [£.7.4] the Weierstrass Approximation Theorem
(Theorem [4.5.7)), and the lattice version of the Stone-Weierstrass Theorem
(Theorem @, we obtain the following Stone-Weierstrass Theorem with
next to no difficulty.

Theorem 4.7.5 (Stone-Weierstrass Theorem - Algebra Version).
Let (X, T) be compact Hausdorff topological space and let A C C(X) be
a subalgebra such that

(1) 1€ A and
(2) A separates points.

Then A is dense in (C(X), || - ||

Proof. By Lemma it is clear that A is a closed subalgebra of C(X) that
contains one and separates points. Our goal is to prove A = C(X).

First we claim that if f € A then |f| € A. To see this, consider
the function a : [~ || f||., [Ifll] — R defined by a(x) = |z| for all = €
(= I flls s 1 flloc)- As a € C[— || fll o s I fllo], the Weierstrass Approximation
Theorem (Theorem implies there exists a sequence of polynomials p,
such that lim,_, ||pn — a||, = 0 as continuous functions on [— || || . , | ]l -
Hence, as [ : X — [— || fll | fllo); We see that

as continuous functions on X. Clearly a o f = |f|. Moreover, notice for any
polynomial p(r) = apa™+am,_12™ 4+ - -+ajx+ag where ag, ay, . .., a, € R
that

pof=amfM+am1f" 4+ +aft+alecA

as 1,f € A and A is a subalgebra. Hence we see that p, o f € A for all
n € N and hence |f] € A.

Next let f,g € A be arbitrary. Then f+g, f —g € A as A is subspace so
|f — g| € A by the above paragraph. Hence, as A is a subspace, we see that

fVg=5(f+a)+ 5l gl €A

Hence A is a lattice that contains one and separates points. Therefore the
lattice form of the Stone-Weierstrass Theorem (Theorem implies that
A is dense in C(X). Therefore, as A is closed, we obtain that A = C(X) so
A is dense in (C(X), | -||,) as desired. ]

To emphasize the simplicity of applying Stone-Weierstrass Theorem
(Theorem , we note the following.
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Example 4.7.6. As it is not difficult to verify that
A = span{z" | n €{0,3,6,9,...}}

is a subalgebra of C[0, 1] that separates points and contains 1, the Stone-
Weierstrass Theorem (Theorem [4.7.5)) implies that A is dense in C[0, 1].

It is not difficult to develop a version of the Stone-Weierstrass Theorem
(Theorem for complex-valued functions now. To do so, recall that
if f € C(X,C), then the function f : X — C defined by f(z) = f(z) (the
complex conjugate) is a continuous function being the composition of two
continuous functions.

Theorem 4.7.7 (Stone-Weierstrass Theorem - Complex Version).
Let (X, T) be compact Hausdorff topological space and let A C C(X,C) be a
subalgebra such that

(1) 1 € A,
(2) A separates points, and

(3) f € A whenever f € A.
Then A is dense in (C(X,C), | -||,)-
Proof. Consider the set

Ao ={fe A f(X) SR}

Clearly Ay is a subalgebra of C(X,R) that contains the constant function 1.
We claim that Ay separates points. To see this, let x1,x2 € X with x1 # x4
be arbitrary. Since A separates points, there exists an f € A such that
f(z1) # f(z2). Hence it must be the case that either Re(f)(x1) # Re(f)(x2)
or Im(f)(z1) # Im(f)(z2). Since Re(f),Im(f) € Ag as A is a subspace
closed under complex conjugates, we obtain that Ag separates points.

By the algebra version of the Stone-Weierstrass Theorem (Theorem
[L.7.5)), we obtain that A is dense in (C(X,R), | -[|,,). To see that A is
dense in (C(X,C), || |l), let f € C(X,C) and let € > 0 be arbitrary. Since
Re(f),Im(f) € C(X,R) and since Aj is dense in (C(X,R),|-|), there
exists g1, g2 € Ap such that

€ €
IRe(f) g1l < 5 and  [Im(f) — gallc < 5.

As A is a subalgebra over C, we see that g1 + igs € A and

If = (g1 +ig2)ll oo = I(Re(f) 4 ilm(f)) — (91 + i92)[l

. € €
< IRe(f) = g1l + il Tm(f) = g2l < 5+ 5 =

Hence, as f € C(X,C) and € > 0 were arbitrary, we obtain that A is dense
in (C(X,C), |- |l) as desired. ]
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Again Theorem [£.7.7]is simple to use.

Example 4.7.8. The trigonometric polynomials are a dense subset of
(C(T,C), || - loo)- Indeed by Example[4.7.3| we know that Trig(T) is a subalge-
bra of C(T,C). Since 2 =1 for all z € T, clearly 1 € Trig(T). Furthermore,
as every z € T can be written as z = % for some 6 € [0,27], we see that

for all n € Z and z € T. Hence Trig(T) is closed under complex conjugates.
Finally, to see that Trig(T) is point separating, we note that the function
f(z) = z for all z € T is an element of Trig(T) and clearly separate points.
Hence, by the Stone-Weierstrass Theorem (Theorem , we obtain that
Trig(T) is dense in C(T, C).

Finally, if we want to obtain a version of the Stone-Weierstrass Theorem
for continuous functions that vanish at infinity for a locally compact Hausdorff
topological space (X, 7T), by Theorem we should simply be able to
study collections of functions on a compact topological spaces that vanish at
a single point. Thus the following lemma should lead us to the answer.

Lemma 4.7.9. Let (X, T) be a compact Hausdorff topological space and let
A C C(X,K) be a subalgebra such that

(1) there exists an xo € X such that f(xzg) =0 for all f € A,
(2) A separates points, and
(3) f € A whenever f € A.
Then the closure of A in (C(X,K)

Axo = {f € C(X’ K) | f(xO) = O}'

Proof. Notice that A, is closed in (C(X,K), | -||,) as if a net (f\)xea
from A,, converges to a function f € C(X,K) with respect to |- ||, then
(fx(zo))ren converges to f(xp) in K and thus f(z9) = 0 as fy(z¢) = 0 for
all A € Aso f € Agy. As clearly A C A, by definition, the fact that Az, is
closed implies that A C A,,.

To see the other direction, first consider

B={al+f | aeKand f € A} C C(X,K).

Since A is a subalgebra of C(X,K) (and thus a vector subspace), it is clear
that B is a subalgebra of C(X,K) that contains 1 (as 0 € A as A is a vector
subspace). Furthermore, since 4 separates points and is closed under complex
conjugation, B separates points and is closed under complete conjugation.
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Hence the Stone-Weierstrass Theorem (Theorem for R and Theorem
for C) implies that B is dense in (C(X,K), || - |l)-

To see that A, C A, let g € A, and let € > 0 be arbitrary. Since B is
dense in (C(X,K), || ||) there exists an f € A and an « € K such that

€
o= (01 + Nl < 5
Since g(xzg) = 0 = f(xg), the definition of the infinity norm implies that

€
laf = lg(z0) = (a+ f(z0)| < llg = (al + flll < 5
Hence, by the triangle inequality, we obtain that

€ €
9= Flla < llg — (@1 + /)l ol < 5 + 5 =

Therefore, as g € Ay, and € > 0 were arbitrary, A,, C A. Hence A,, = A

as desired. n

Thus our knowledge of locally compact Hausdorff topological space im-
mediately implies the following.

Theorem 4.7.10 (Stone-Weierstrass Theorem - Locally Compact
Version). Let (X,T) be a locally compact Hausdorff topological space and
let A C Co(X,K) be a subalgebra such that

(1) for all x € X there exists a f € A such that f(x) # 0,
(2) A separates points, and
(3) f € A whenever f € A.

Then A is dense in (Co(X,K), |- ||

Proof. Let (Y, Ty) be the one-point compactification of (X,7) with Y\ X =
{oo}. By Theorem we can view (Co(X,K), |- |l) as a subspace of
(C(Y,K),| - ||,)- However, inside of (C(Y,K),| ||, ), A is a subalgebra that
separates points, is closed under complex conjugation, and has the property
that f(oco) =0 for all f € A. Hence Lemma implies that the closure of
Ain (C(Y,K), | - ||o) is precisely Co(X,K). Hence, as (Co(X,K), |- |) as a
subspace of (C(Y,K) ), the result follows. ]

A oo

Of course, the locally compact version of the Stone-Weierstrass Theorem
(Theorem has many potential applications. We note the following,
which is actually easier to prove by hand using uniform continuity on compact
sets but the following argument can be upgraded to other topological spaces
with the material from Chapter [5]
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Example 4.7.11. Let

C(R) = {f ECR) | {xeR | f(x) #0}is compact}.

The elements of C.(R) are called the continuous, compactly supported func-
tions. Clearly C.(R) C Cy(R) by our knowledge of Co(R). It is not difficult
to see that C.(R) is a subalgebra of Cy(R) as the union and intersection of
two compact subsets of R are compact.

For each zp € R, let f;, : R — R be defined by

(x—29+1) ifxelxg—1,x0]
fao(@) =<1 — (z — ) if z € [x0, 70 + 1]

0 otherwise

for all x € R. Then clearly {fz, }z,er have the properties that f,,(zo) =

1, foo(z) # 1 for all © # xo S0 {fz,}zeer separates, and {fz,}zoer <
Cc(R). Hence C.(R) satisfies the assumptions of Stone-Weierstrass Theorem

(Theorem [4.7.10)) and thus is a dense subset of Cy(R).
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Chapter 5

Separability Axioms and
Theorems

The main question that remains from our study of the Stone-Weierstrass
Theorems is whether or not C(X) separates points for an arbitrary compact
Hausdorff topological space (X, T). Of course the Stone-Weierstrass Theo-
rems developed in Chapter [4 required a collection of functions to separate
points in order for us to conclude they are dense in (C(X), || - || .,) and knowing
that C(X) separates points for an arbitrary compact Hausdorff topological
space (X, 7) would make it necessary for a collection of functions to separate
points in order to be dense in (C(X), |- ||,,). Thus, one of the main goals of
this chapter is to show that C(X) separates points for an arbitrary compact
Hausdorff topological space (X, T).

To show that C(X) separates points causes us to delve into the world
of constructing separation axioms on topological spaces. The idea of a
separation axiom is to use various topologically motivated concepts, such
as open sets or continuous functions, to separate out different points in a
topological space. Each of these separation axioms has various strengths
and thus raises the questions of which set of axioms is stronger and which
topological spaces satisfy which axioms. This inevitably raises the questions
of trying to ‘classify’ topological spaces by developing some sort of axioms and
invariants that distinguish topological spaces upto isomorphism. However, it
has been mathematically proven that the problem of classifying topological
spaces with simple invariants is impossible. As such, our goal is not to try
and classify topological spaces, but use the properties of specific topological
spaces to obtain as much information and useful results as possible on these
spaces.

After developing some basic separation axioms, we will demonstrate that
C(X) separates points for an arbitrary compact Hausdorff topological space
(X, T) via specific properties of (X, 7). This will lead to a discussion of a
more general class of topological spaces that are particularly nice in that
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182 CHAPTER 5. SEPARABILITY AXIOMS AND THEOREMS
they have well-behaved compactifications.

5.1 Some Separability Axioms

As mention in the introduction to this chapter, our first objective is to study
various ways to separate out points in a topological space. In particular,
our goal is to develop and study these property so we can use the correct
separation axiom strength to obtain the most general results when possible.
As such, we will often need to exhibit examples of topological spaces that
satisfy one set of axioms and not the others in order to know we have the
weakest assumptions as possible on our topological spaces in order for a
result to hold.

In order for there to be some structure to the naming of our separations
axioms, we will generally denote each separation axiom by ‘T,,’ for some
natural number n € N. The ‘T’ comes from the German work “Trennungsax-
iome” which translates to “separation axiom" and the n € N is to denote the
relative strength of the separation axiom. In particular, we endeavour to go
from weakest separation axioms to the strongest while increasing n along the
way. Of course, this clearly means that some topological spaces (e.g. metric
spaces, compact Hausdorff topological spaces) will satisfy many of the first
separation axioms although we will not mention them until we arrive at later
separation axioms. In addition, we note that the study of separation axioms
is notorious for conflicts with naming conventions used so the names used in
these notes may or may not agree with the conventions other authors use in
the literature (the axioms in this section are really standard; some in later
sections not so much).

To being our study of separation axioms, we define the easiest way to
separate two distinct points with an open set in a topological space.

Definition 5.1.1. A topological space (X,7) is said to be a Ty space if
for all z1,xs € X such that x1 # x4 there exists a U € T such that either
x1 €U and 29 ¢ U or 1 ¢ U and x4 € U.

Remark 5.1.2. Clearly requiring a topological space (X,7) to be Ty is a
very weak assumption thereby causing most spaces are Ty. The one main
reason for requiring a topological space to be Ty is that distinct points are
topologically distinguishable in the sense that distinct points do not have the
same neighbourhoods. This is a good property to have for otherwise there
would exist two distinct points in X for which no aspect of the topology (e.g.
continuous functions, cluster points, closed sets, etc.) distinguish.

Of course, not all topological spaces are Ty.

Example 5.1.3. Let X be a set with at least two points and let 7 denote
the trivial topology on X. Then (X,7) is not a Ty space.
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Instead of giving examples of a Ty space (of which there are clearly
numerous), we will instead strengthen the notion of separation used to define
a T space by making sure that we can separate both points using an open set
and provide examples of this topological spaces with this stronger property.

Definition 5.1.4. A topological space (X, 7)) is said to be a T} space if for
all x1,x2 € X such that z1 # xo there exists a U € T such that 1 € U and
x2 ¢ U.

Example 5.1.5. It is trivial to see based on definitions that every Ty space
is automatically a Ty space. However, the converse need not be true. Indeed
consider the set X = {0, 1} and the topology

T:{@,{l},X}

on X. Clearly 7 is indeed a topology on X. Furthermore, (X,7) is a Tg
space since if we take two distinct points in X, the points must be 0 and 1 in
which case the open set U = {1} € T has the property that 1 € U and 0 ¢ U.
However, (X, T) is not a Ty space since there does not exists a U € T such
that 0 e U and 1 ¢ U.

Of course, as we will later strengthen the notion of a T; space, we hold
off giving examples of T spaces until later. However, there is an alternate
characterization of a Ty space that gives particularly good insightful into
why having a topological space be T is desirable.

Lemma 5.1.6. A topological space (X, T) is a T1 space if and only if every
singleton in X is a closed set in (X, T).

Proof. To being, suppose (X,7) is a T} space and let € X be arbitrary.
To see that {z} is closed in (X, 7), note for every y € X \ {z} the assumption
that (X,7) is Ty implies there exists a Uy € T such that y € U, but = ¢ U,.
Hence
X\ {z} = U U,eT
yeX\{z}

and thus {z} is closed in (X, 7).

Conversely, suppose that every singleton in X is a closed set in (X, 7).
To see that (X, 7T) is a Ty space, let z,y € X be arbitrary points such that
x # y. Notice since {z} is closed in (X,7T) that U = X \ {z} is an open
set in (X,7) such that y € U and = ¢ U. Therefore, since z,y € X were
arbitrary, (X,7) is a Ty space. ]

Of course, we have already seen that Hausdorff topological spaces are
T1 (so we have examples of Ty spaces). In particular, if we re-examine the
definition of a Hausdorff topological spaces, we can see the definition is very
similar to the separation axioms we have seen above and seemingly one step
above the notion of a Ty space. Consequently, we define the following.
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Definition 5.1.7. A topological space (X, T) is said to be a Ty space if
(X, T) is Hausdorff; that is, for all z1, 29 € X such that x; # xo there exist
Uy,Uy € T such that 21 € Uy, 29 € Uy, and U1 NU, = 0.

Remark 5.1.8. Of course, we have already seen the importance and useful
properties of Hausdorff topological spaces in this course. For example, we have
already seen a topological space is Hausdorff if and only if every convergent
net has a unique point of convergence (Theorem and Theorem [1.5.42)).
Moreover, we have seen that subspaces of Hausdorff spaces are Hausdorff,
products of Hausdorff spaces are Hausdorff with respect to both the box and
product topologies, and metric spaces are Hausdorff.

Of course, we now need to examine how the T and Ts separation axioms
compare to each other.

Example 5.1.9. Clearly every Hausdorff topological space is T1 by definition
(or Example and Lemma . However, not every T, topological
space is Hausdorfl. Indeed recall if X is an infinite set and 7 is the cofinite
topology on X, then (X,7) is not Hausdorff as the intersection of any two
non-empty subsets from 7 will be non-empty. However (X, 7)) is clearly T
by Lemma as finite subsets of (X, 7) are closed being the complements
of cofinite sets.

Of course, we can ask for stronger forms of separation. We know that a
Hausdorff space allows us to separate points using disjoint neighbourhood of
the points. Since Hausdorff spaces are T spaces so points are closed, this
means we are separating points from specific closed sets (namely points).
This is very similar to what we saw in Lemma [3.1.12]in that we could separate
a point from a compact set inside a Hausdorff space. However, as compact
sets need not be closed inside Hausdorff spaces, we define the following in
hopes that it is a stronger form of separation.

Definition 5.1.10. A topological space (X,7T) is said to be regular if
whenever F' is a closed subset of (X,7) and « € X \ F' there exist U,V € T
such that z € U, F CV,and UNV = (.

Example 5.1.11. Unfortunately, a regular topological space need not be
Hausdorff. Indeed if X is any non-empty set with at least two points and
T is the trivial topology on X, then (X, T) is clearly not Hausdorff but is
regular since, in Definition either F' = X so there isno z € X \ F, or
F = so one can take U = X and V = () for any =z € X.

As the above example is undesirable and as we would like a nice linear
ordering on our separation axioms, we define the following to ensure that we
have a stronger separation axiom than Ts.

Definition 5.1.12. A topological space (X, 7)) is said to be a T3 space (also
called a regular Hausdorff space) if (X, T) is regular and Hausdorff.
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It is clear by construction that every Tg topological space is Hausdorff
by construction. In fact, one can weaken the Hausdorff requirement in the
definition of a T3 space.

Proposition 5.1.13. A topological space (X, T) is a T3 space if and only
if (X,T) is a regqular Ty space.

Proof. Let (X, T) be a Tg space. Hence (X,T) is regular and Hausdorff.
Since every Hausdorff space is a T space and every T4 space is a T space,
clearly (X, T) is a regular Ty space as desired.

Conversely, suppose that (X, 7T) is a regular T space. To see that (X, T)
is a T3 space, it suffices to prove that (X, 7) is Hausdorff. To see that (X, 7))
is Hausdorff, let 1,22 € X be arbitrary points such that x; # x3. Since
(X, T) is a Ty space, there exists a U € T such that ;1 € U and zo ¢ U, or
x1 ¢ U and z9 € U. By exchanging the labels if necessary, we may assume
that 21 € U and xo ¢ U. Hence FF = X \ U is a closed set in (X,7) such
that 1 ¢ F and z9 € F. Since (X,T) is regular, there exists Vi,Vo € T
such that 1 € V4, 29 € ' C V5, and V4 N V5 = (. Hence, as x1, 72 € X were
arbitrary, (X,7) is Hausdorff as desired. [

To indeed demonstrate that T3 is a stronger axiom than T and that
we cannot replace ‘compact’ with ‘closed’ in Lemma [3.1.12] we examine the
following example.

Example 5.1.14. Clearly every T3 topological space is Ty (i.e. Hausdorff)
by definition. However, not every Hausdorff topological space is T3. To see
this, let 7r be the canonical topology on R, let K = {%}nzl CR, let

K={U\C|Ué&TCCK}

and let 7 = Tr UK. We claim that 7 is a topology on R. Indeed clearly
0,R € Tr C R. Since both 7g and K are closed under arbitrary unions and
finite intersections as Tgr is a topology, since the union of an element of Tg
and K is an element of I or an element of Tr, and since the intersection of
an element of 7g and K is an element of IC, we obtain that 7 is a topology
on R.

We claim that (R, 7)) is a Hausdorff space that is not a T3 space. To
see that (R,7) is Hausdorff, we note that 7g C 7T so as Tg is a Hausdorff
topology and as topologies finer than Hausdorff topologies are Hausdorff by
the definition of a Hausdorff topology, we obtain that (R, 7") is Hausdorff. To
see that (R, 7)) is not a T3 space, we will show that (R, 7) is not regular. To
see this, suppose to the contrary that (R,7) is regular and consider the point
r =0 € R and the set K CR. Clearly R\ K € Tg C 7 so K is closed in
(R, 7). Thus, as we are assuming (R, 7') is regular, there must exist U,V € T
such that 0 € U, K C V,and UNV = (). As this implies K N U = (), we
must have that U = U’ \ K for some U’ € Tg. As 0 € U = U’ \ K, there
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exists an € > 0 such that (—e, ) C U’. However, there exists an n € N such
that 1 € (—e,€) N K. Moreover, since K C V and V € T, the definition of

T implies there exists a 6 > 0 such that (l — 0, % + 5) C V. However, as

n

L e (—€,6) C U, we see that U NV # () thereby yielding a contradiction.
Hence (R, 7T) is not regular and thus is a Hausdorff space that is not a T3

space.

One incredible use of knowing a topological space is regular is the ability
to find neighbourhoods with closures inside other neighbourhoods.

Lemma 5.1.15. Let (X, T) be a topological space. Then (X,T) is reqular
if and only if for every x € X and neighbourhood U of x there exists a
neighbourhood V' of x such that V C U.

Proof. First, suppose (X, T) is a regular topological space. To see the desired
properties, let z € X and let U be an arbitrary neighbourhood of x. Since
F = X\U is closed in (X, T) and since « ¢ F, the fact that (X, T) is regular
implies there exists Vi, V5 € T such that x € V4, FF C V,, and Vi, N Vo = 0.
Clearly V1 is a neighbourhood of z. Furthermore, we claim that V; C U. To
see this, we note since ' C Vo and Vi N Va = () that F N'V; = 0 by Theorem
Hence V; C X \ F = U. Therefore, since x and U were arbitrary, the
result follows as desired.

Conversely, suppose (X,7T) is a topological space such that for every
x € X and neighbourhood U of x there exists a neighbourhood V' of x such
that V C U. To see that (X,7) is regular, let F' be an arbitrary closed
subset of (X,7) and let z € X \ F' be arbitrary. Since U = X \ F is then a
neighbourhood of z, the assumptions imply there exists a neighbourhood V'
of x such that V C U. Let Uy = X \ V which is open in (X, T) as V is closed.
Therefore V,Uy € T are such that z € V, F C Uy since V C U = X \ F,
V NUy =0 since V C V. Therefore, as x and F were arbitrary, (X,7) is
regular as desired. ]

Lemma [5.1.15| along with definitions immediately enables us to show
that T3 is a separation axiom that behaves well with respect to our usual
operations on topological spaces.

Theorem 5.1.16. Any subspace of a reqular space is reqular. Consequently,
a subspace of a T3 space is a T3 space.

Proof. Since subspaces of Hausdorff spaces are Hausdorff, the second claim
will follow from the first. To see the first claim, let (X,7) be a regular
topological space and let Y C X be an arbitrary subspace. To see that
Y is regular, let FF C Y be an arbitrary closed set and let y € Y \ F be
arbitrary. By Lemma there exists a closed subset C' of (X,7T) such
that F = CNY. Since y € Y, we know that y € X \ C so, since (X,7) is
regular, there exists Uy, Vo € T such that y € Uy, C' C Vg, and Uy NV = 0.
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Hence if U =UpNY and V =1V, NY, then U and V are open subset of Y’
such that y € U, F C V, and U NV = (). Therefore, since F' and y were
arbitrary, Y is regular by definition. ]

Theorem 5.1.17. Let {(Xq, Ta) }acr be a non-empty collection of non-empty
reqular spaces. Then [[,c; Xa is regular with respect to both the product
and box topologies. Hence if {(Xa,Ta)}acr is a non-empty collection of
non-empty T3 spaces, then [[,c; Xo is T3 with respect to both the product
and box topologies.

Proof. Since products of Hausdorff spaces are Hausdorff with respect to both
the box and product topologies, the second claim will follow from the first.
To see the first claim, we will use Lemma proceeding with the box and
product topologies simultaneously and making the necessary refinements to
deal with the coarser product topology.

Let f € [[oer Xoa and U a neighbourhood of f be arbitrary. Due to the
definition of the box and product topologies on [],c; Xq, for each o € I
there exists a U, € T, such that if

U' =] Ua

acl

then U’ is open and f € U’ C U (where, in the case of the product topology,
only a finite number of o € I have the property that U, # X,). Since
(Xa, To) is regular for all a € I and since U, is a neighbourhood of f(«),
Lemma [5.1.15] implies that there exists a V,, € T, such that

fla) € Vo C Vo C UL,

Furthermore, in the case that U, = X, we can clearly take V, = X, and we
do so to handle the proof for the product topology. Therefore, if we define

V=]]Va

ael

then V is open in the topology under consideration (the product topology
is why we take V, = X, so that only a finite number of o € I have the
property that V,, # X, by construction) and thus V is a neighbourhood of
f. Furthermore, by Proposition we see that

V=[[VacvU cu
ael

Therefore, as f and U were arbitrary, Lemma, [5.1.15{implies that [],c; Xo
is regular as desired. |
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As we could see, many of the spaces we have studied in this course, such
as metric spaces and compact Hausdorff topological spaces, are T3 spaces.
However, we can go one small step further thereby strengthening the notion
of a T3 space. Indeed why should we only ask for points to be separated
from closed sets? Why don’t we ask for pairs of closed sets to be separated?

Definition 5.1.18. A topological space (X,7T) is said to be normal if
whenever F} and F» are non-empty closed subsets of (X,7) such that
Fy N Fy, = () there exists Uy;,Us € T such that [y C Uy, Fy C Us, and
Uy NnUy = 0.

Remark 5.1.19. To aid in keeping track of the notions of Hausdorff, regu-
lar, and normal and how these notions compare, we provide the following
diagrams:

X
Uy
Us
@ Hausdorff
X
Uy
Us
@ regular
X
Ux
Us
@ normal

Remark 5.1.20. Of course, it is easy to see by definitions that if points are
closed, then every normal topological spaces is automatically regular and
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Hausdorff. However, when points are not closed, a topological space can be
normal but not regular nor Hausdorff. To see this, let X = {0,1} and let
T = {0,{0,1},{0}} which is clearly a topology on X. To see that (X,T)
is normal, note the closed subsets of (X,7) are (), X, and {1}. Hence as
there does not exist non-empty closed sets F; and F» in (X, 7) such that
FinFy =10, (X, T) is normal by definition. However (X, T) is not Hausdorff
as the point {0} is not closed. Furthermore, (X,7) is not regular since
F = {1} is a closed set, 0 € X \ F, and clearly there do not exists U,V € T
such that 0 e U (soU ={0}or U=X), FCV (soV=X),andUNV =0
(as 0 € U NV for all of the possible cases).

As we can see that a topological space being normal is a stronger property
than a topological space being being regular provided points are closed, we
can easily define a separation axiom that is stronger than being a T3 space.

Definition 5.1.21. A topological space (X, T) is said to be a Ty space (or
a normal Hausdorff space) if (X,T) is normal and Hausdorff.

As discussed above, clearly every T4 topological space is Ts. Furthermore,
instead of requiring that a topological space is Hausdorff and normal in order
to be T4, we could have relaxed the conditions.

Proposition 5.1.22. A topological space (X, T) is Ty if and only if (X,T)
is a normal Ty space.

Proof. First suppose (X, 7) is a T4 topological space. Then clearly (X, 7)
is normal and Hausdorff. Since every Hausdorff space is automatically Ty,
(X,T) is a normal T; space.

Conversely, suppose (X, 7) is a normal T, space. To show that (X,7T)
is a T4 space, it suffices to show that (X,7) is Hausdorff. To see this, let
x1,x2 € X such that z1 # zo. Since (X,7) is Ty, Lemma implies that
{z1} and {x2} are closed in (X, 7). Therefore, since (X,7T) is normal and
{z1} and {z2} are disjoint closed in (X, T), there exists Uj,Us € T such
that {x1} C Uy, {2} C U, and Uy N Uy = (. Thus, as z1,22 € X were
arbitrary, (X, 7T) is Hausdorff and thus a Ty space. ]

Of course, some of the nicest topological spaces we have studied in this
course are T4 spaces.

Theorem 5.1.23. Every metric space is a Ty space.

Proof. First, as every metric spaces is Hausdorff by Example it suffices
to prove that every metric spaces is normal. To see this, let (X,d) be an
arbitrary metric space and let A and B be arbitrary non-empty closed subsets
of (X,d) such that AN B = (. We claim for all a € A that

dist(a, B) = inf({d(a,b) | b € B}) > 0.
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To see this, suppose otherwise that dist(a, B) = 0. Then for all n € N there
exists a b, € B such that d(a,b,) < % Therefore, (by)n>1 is a sequence
in B that converges to a. Hence, as B is closed, a € B by Theorem
thereby implying a € AN B contradicting the fact that AN B = (). Hence
dist(a, B) > 0.

For each a € A, the above shows us that we may choose an ¢, €
(0, %dist(a, B)) Similarly, by reversing the roles of A and B, for each

b € B we may choose an ¢, € (0, %dist(b, A)) Let
U= U By(a,€,) and V= U By(b, ).
acA beB

Clearly U and V are open sets in (X,d) such that A C U and B C V.
Furthermore, we claim that U NV = (). To see this, suppose otherwise there
exists a x € U N V. By the definition of U and V, this implies there exists
an a € A and b € B such that

d(a,z) < €, and d(b,z) < €.
Hence
d(a,b) <d(a,z)+ d(x,b)

1 1
< idist(a, B) + 5dist(b, A)
1 1
< §d(a, b) + §d(b, a) = d(a,b)
thereby yielding a contradiction. Hence U NV = () as desired. Therefore,
since A and B were arbitrary, (X, d) is normal as desired. N

Our next goal is to show that compact Hausdorff topological spaces are
T, spaces. To show this, we need to improve upon Lemma |3.1.12

Theorem 5.1.24. Let (X,T) be a Hausdorff topological space. If K1, Ko C
X are compact subspaces of (X, T) such that K1 N Ko = (), then there exists
UV eT such that K1 CU, Ko CV, and UNV = (.

Proof. By Lemma [3.1.12] for all y € K there exists Uy, V,, € T such that
K, CUy, y €V, and U,NV, =0. Clearly

{Vy | y e Ky}

is an open cover of Ko. Hence, as K is a compact subspace of (X, 7T ) there
exists an m € N and y1,y2, ..., ym € K1 such that {V,;}7", is an open cover
of Ky. Let

U=y and V=V,
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Clearly U,V € T as T is a topology, K1 C U by construction, and Ko C V
as {Vy,}72; is an open cover of K. Furthermore, since U,; NV, = () for all
j €{1,...,m}, we see that U NV = (). Hence, as K7 and K5 were arbitrary,
the result holds. |

Corollary 5.1.25. Every compact Hausdorff topological space is a Ty space.

Proof. Let (X,T) be a compact Hausdorff topological space. As (X, T) is
Hausdorff, to show that (X, 7) is T4 it suffices to prove that (X, 7) is normal.
To see that (X, 7) is normal, let F} and F, be arbitrary non-empty closed
subsets of (X, 7) such that F; N F, = (). Since (X, T) is closed, Theorem
implies that F} and F, are compact subspaces of (X, 7). Hence since
FyNFy, =0 and (X,7) is Hausdorff, Theorem implies there exists
U,V € T such that F; CU, F, CV,and UNV = (. Therefore, since I}
and Fy were arbitrary, (X, 7)) is normal as desired. n

Example 5.1.26. Let 77, be the lower limit topology on R. Then (R, 77) is
a T4 space. As (R, 7r) is Hausdorff by Example it suffices to show
that (R, 7z) is normal.

To see that (R, 77) is normal, let A and B be arbitrary non-empty closed
subsets of (R, 7r) such that AN B = (). Hence R\ B and R\ A are open
subsets of (R, 77) that contain A and B respectively. Since A C R\ B, since
R\ B is open in (R, 77), and since for all z € R,

5= {for 1)

is a neighbourhood basis of = , for each a € A there exists an ¢, > 0 such
that if U, = [a,a + €,), then a € U, C R\ B. Similarly, for each b € B there
exists an €, > 0 such that if V;, = [b,b+ ¢), then b€ V, CR\ A

Let

nGN}

U=JU, and V=V
acA beB
Clearly U,V € T, A C U, and B C V by construction. We claim that
UNV = (. To see this, suppose to the contrary that UNV # (). Therefore, by
the definition of U and V there exist a € A and b € B such that U, NV, # 0.
Thus

[a,a+ €,) N [b,b+ ep) # 0.

Thus it must be the case that b < a + €, and a < b+ €. Since AN B = (),
a#b. If a <b, then as b < a+ ¢, we have that b € U, C R\ B contradicting
the fact that b € B. However, if b < a, then as a < b + ¢, we have that
a € V, € R\ A contradicting the fact that a € A. As we have a contradiction,
it must be the case that U NV = (). Therefore, as A and B were arbitrary,
(R, 7z) is normal as desired.
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Of course, unlike when discussing the other separation axioms, we have
yet to given an example of a T3 space that is not T4. In particular, the
following shows that a simple example on a finite set does not exist.

Proposition 5.1.27. Let (X, T) be a regular space with a countable basis.
Then (X,T) is normal.

Proof. To see that (X,7) is normal, let B be a countable basis for (X, 7)
and let A and C' be non-empty closed subsets of (X, 7T) such that ANC = 0.
To construct our disjoint open sets containing A and C', first note since
(X,T) is regular and C is closed in (X, 7) that for all a € A there exists a
neighbourhood U, of a such that U, N C' = (. Furthermore, since (X, 7)) is
regular, Lemma [5.1.15] implies there exists V, € T such that

aevagvagUa-

Since B is a basis of (X, T), for each a € A we can choose a B, € B such
that a € B, C V,. Hence, by Theorem [1.6.21| we see that

B, CV,CU,

so that B,NC =0 as U, N C = (. Hence, as B is countable, we can find a
countable set {WW,,},>1 of elements of B such that

AQUWn and W, NC =0 for all n € N.
n=1

By using identical arguments and by reversing the roles of of A and C,
there exists a countable set {Z,},>1 of elements of B such that

C C Zn and ZnNA=10forall n € N.

P

Of course, we would like to take the union of {W,},>1 and the union of
{Z,}n>1 in order to obtain open subsets of (X,7) that contain A and C.
However, this need not due the trick since we do not know that the unions
will be disjoint. To solve this problem, we need to correct these sets.

For every n € N, let

W=\ (Ozk) and 7 = 7\ (Owk>
k=1 k=1

Clearly {W,},>1 and {Z,},>1 are collections of closed subsets of (X,7) so
{Ur—1 Wi}tn>1 and {Uf_; Zk}n>1 are closed subsets of (X, 7). Therefore,
since {Wy,}n>1 and {Z,}n>1 are collections of open subsets of (X,7) and
since D\ E = DN (X \E) for all D,E C X, we see that {W)},>1 and
{Z] }n>1 are collections of open subsets of (X, 7).
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Let
o0 oo
w=Uw, ad 2zZ=1JZ,

n=1 n=1
which are open subsets of (X, 7) by the above discussions. We claim that
ACW,C CZ,and WNZ = (. To see this, first notice since Z, N A = 0 for
all n € N that W) N A=W, N A for all n € N. Hence, since A C |Jo2; W,
we obtain that A C W. Furthermore, similar arguments show that C' C Z.
Finally, suppose to the contrary that W N Z # () so that there exists an
x € WNZ. By the definition of W and Z, there must exists n,m € N so
that x € W) and z € Z/,. If n > m, then z € Z/ implies that z € Z,,, and
x € W/ implies that

k=1

which is an obvious contradiction. Similarly, if m > n then z € W, and
x € Zy \ Wy, which is also a contradiction. Hence is must be the case that
wnz=49.

Therefore, since A and C' were arbitrary, (X, 7) is normal as desired. n

So, if there is an example of a Ts space that is not a T4 space, it is not a
straightforward example. Of course, some subspaces of T4 spaces are clearly
automatically T4 and thus can aid us in our search.

Proposition 5.1.28. Fvery closed subspace of a Ty space is a Ty space.

Proof. Let Y be a closed subspace of a T4 topological space (X, 7). To see
that Y is T4, we note that Y is Hausdorff being a subspace of a Hausdorff
space. To see that Y is normal, let F; and F5 be non-empty closed subsets
of Y such that Fy N Fy = (). By the definition of the subspace topology, there
exist closed subsets C7 and Cy in (X, T) such that

Fi=YnC; and Fyo =Y NC{Cs.

Therefore, since Y is closed in (X,7), F} and F, are non-empty closed
subsets of (X, 7) such that F; N Fy = (). Therefore, since (X, 7) is T4, there
exist open sets U', V' € T such that Fy CU’, F, C V', and U NV’ = 0.
Hence if

U=YNU and V=YNV,

then U and V are open subsets of Y such that £y C U, Fy, C V, and
UNV = (0. Therefore, as F; and F, were arbitrary, Y is a T4 space as
desired. ]

We are now situated to show an example of a T3 topological space that
is not T4.
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Example 5.1.29. Let R be equipped with its canonical topology. Consider
F(R,R) = [[,er R equipped with the product topology. Since R is a metric
space, R is a T4 space and thus a T3 space. Hence, as the product topology
on a product of Tg spaces is a Tg space by Theorem F(R,R)isa Ty
space.

However, F(R,R) is not a T4 space.

X=FRN)=][N
a€R

equipped with the product topology. Clearly X is a closed subset of F(R,R)
being a product of closed sets. Therefore, if (R, R) is normal, then X would
be normal by Proposition [5.1.28] Hence it suffices to show that X is not
normal.

To see that X is not normal, we will require some structures. Namely
we will require neighbourhood bases and some specific sets. Given f € X =
F(R,N) and I C R finite, let

U(f,I)={g9g € FR,N) | g(a) = f(«) for all a € I}.

Since {{n} | n € N} is a basis for the topology on N, we know that the
collection of sets of the form
I Va

a€R

where U, = N for all a except in a finite set I/ C R and U, € {{n} | n € N}
for all a € I is a basis for X. Therefore, as

B={U(f,I) | f € X,ICR finite}

is precisely the collection of all of the above sets, B is a basis for X.
For each n € N, let

P, ={f € X | fisinjective on R\ f~1({n})}.

The sets P,, will be instrumental in showing that X is not normal. To do so,
we first need some properties of P,.

First, we claim that P, is closed for all n € N. To see this, let (f))xea be
an arbitrary net in P, that converges to some element f € X. To complete
the proof that P, is closed, it suffices to show that f € P, by Theorem [1.6.14
Therefore, by the definition of P, it remains only to show that f is injective
on R\ f~t({n}). To see this, let x1,22 € R\ f~}({n}) such that z1 # xo
be arbitrary. Hence f(x1) # n and f(z2) # n. Since (f))xea converges to
f in X and the product topology has been placed on X, it must be the
case that (fx(z1))aea converges to f(x1) in N and (fa(x2))rea converges
to f(z2) in N. Recall that since N is equipped with the discrete topology,
a net converges in N if and only if it is eventually constant. Hence there
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exists A1, A2 € N such that fy(x1) = f(x1) for all A > A\; and fy(z2) = f(x2)
for all A > As. By the properties of nets, there exists a A\g € A such that
)\0 > )\1 and )\0 > )\2. Hence f)\o (:El) = f(:l)l) and f)\o (1‘2) = f(IEQ) Thus, as
f(z1) #n and f(x2) #n, x1,22 € R\f/\_ol({n}) Therefore, since fy, € P,
so that f), is injective on R\ f~({n}), we obtain that

f(@1) = fag(21) # fao(22) = f(22)

as desired. Hence P, is closed.

Next we claim that PyN P, = (). To see this, let f € P; be arbitrary. Hence
f is injective on R\ f~({1}). However, as f : R — N and N is countable,
f being injective on R\ f~1({1}) implies that R\ f~({1}) is countable.
Therefore, since R is not countable, f~!({1}) must be uncountable. Hence,
as f~1({1}) is an uncountable subset of R\ f~1({2}), we see that f is not
injective on R\ f~1({2}) as it maps an uncountable subset of R\ f~1({2})
to 1. Hence f ¢ P». Therefore, since f was arbitrary, P N P, = ().

To proceed with showing that X is not normal, let U be an arbitrary
open subset of X containing P;. We claim that there exists distinct elements
(am)n>1 of R and an increasing sequence of natural numbers (ky)n>1 such

that if kg = 0, if for each ¢ € N we define I, = {ozn}kq

ntq, and if for each
q € N we define f;, € F(R,N) by

j if a=aq; for some j € {1,...,ks—1
fq(a) — 'J { q } ’
1 otherwise

then U(fy, 1) C U. To see this, let f; € F(R,N) be the constant function
1. Hence f; € P, C U. Therefore, as {U(f,I) | f € X,I C R finite} is a
basis for the topology on X, there exists a finite subset I; C R such that
U(f1,11) CU. Since I is finite, we can write

Il = {al,ag,...,akl}

for some distinct oy, g, ..., a, € R and some k1 € N.
Let fo € F(R,N) be defined by

j if a =a; for some j € {1,...,k1}
faa) = { 7 :
1 otherwise

Clearly fo is injective on R\ f5'({1}) and hence fo € P; C U. Therefore, as
{U(f,I) | feX,ICR finite} is a basis for the topology on X, there exists
a finite subset Jo C R such that U(fa, J2) C U. Choose an element x9 € R
such that z9 ¢ I and let Iy = I; U JyU{x2} which is a finite subset of R such
that I; C I. Since Jo C I, we see that U(f2,I2) C U(fe,J2) C U. Since I
is finite and since I1 C I, we can find distinct ag, 41, o, 42, ..., ok, € R for
some ko € N with k9 > k1 such that

IQ = {al,ag, v ,OékQ}
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and a1, a9, ..., qy, are distinct.

To proceed by recursion, suppose for some g € N we have found natural
numbers {ky,}1_, such that k,, < kp41 for alln € {1,...,q — 1} and distinct
elements [, = {an}iq:l in R. Let f;41 € F(R,N) be defined by

Jj ifa=aq; for some j € {1,... k;}
Jori(a) = . :
1 otherwise

Clearly fy+1 is injective on R\ f +11({ 1}) and hence f,11 € P1 C U. Therefore,
as {U(f,I) | f € X,I CR finite} is a basis for the topology on X, there
exists a finite subset Jy11 € R such that U(fq41,Jg+1) € U. Choose an
element x441 € R such that x4 ¢ I; and let Ij11 = I, U Jypq U {zg41}
which is a finite subset of R such that I, C I,41. Since Jy11 C Ipy1, we
see that U(fy4+1,1q+1) € U(fq+1,Jg+1) € U. Since I44q is finite and since
I, € Iy41, we can find distinct ag, 41, Qg 42, - - -5 g,y € R for some kg1 € N
with kg1 > kg such that

Iq+1 = {041,042, e ,Oqu+1}

and a1, ag,...,qx, ., are distinct.

Hence, by the above recursive process, the desired objects have been
constructed. Note that we indeed get an infinite collection {ay, 22 of distinct
elements of R since kg1 > k4 for all ¢ € N so we are always adding at least
on «,, at each step.

Finally, to see that X is not normal, let V' be an arbitrary open subset
of X containing Py. Define g € F(R,N) by

n if @« = ay, for some n € N
g(a) =

2  otherwise

for all @« € R. Clearly g € P, C V so there exists a finite subset J C R
such that U(g,J) C V. As J is finite, there exists a ¢ € N such that
JN{an}y, C I,

Define h € F(R,N) by

n if @ = a, for some a, € I
forr(e) if o€ lgpn\ 1y
3 otherwise

for all & € R. Since J N {ay}oe; C I, so

(J\ {antnz) N (Lg+1\ 1g) = 0,

h is well-defined. We claim that h € U(fg4+1,14+1) NU(g,J). To see this,
first we demonstrate that h € U(fy41,14+1). To see this, let o € I,y be
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arbitrary. Hence a = ay, for some n € {1,...,k;}. If oy, € I, C Iyyq,
then n € {1,...,kg—1} s0 fgy1(an) = n = h(ay) as desired. Otherwise, if
an € Igy1 \ 1y, then h(ay,) = fy41(ay,) by construction. Hence, as a € I
was arbitrary, h € U(fg4+1,1q+1). Next, we demonstrate that h € U(g, J).
To see this, let a € J be arbitrary. If o € J N {ay,}32; C Iy, then o = oy,
for some a,, € I; and thus h(a) = n = g(«) by construction. Otherwise
a € J\{an}2; so h(a) = g(a) by construction. Hence, as a € J was
arbitrary, h € U(g,J). Hence h € U(fy41,14+1) NU(g,J) as desired.

Thus U(fg41,1g+1)NU (g, J) # 0. Combining the above, we have obtained
that it must be the case that U NV # () for any open sets U and V of X
containing P; and P, respectively. Hence (X, 7T) is not normal as desired.

Remark 5.1.30. Of course, as R equipped with its canonical topology is a
metric space and thus a T4 space, Example [5.1.29| implies that the product
topology on a product of T4 spaces need not be T4. Of course Example
requires an infinite product. It turns out that there does exist a pair of
T, spaces with product being not T4, but as describing all possible flaws for
T, spaces is not our focus, and as a simple example exists with the material
from Chapter |§|, we postpone the example (see Example .

Example also yield another fact related to T4 spaces. In particular,
since R is homeomorphic to (0, 1), we know that J[,cr R is homeomorphic to
[1.er(0,1). Hence [],cg R can be viewed as a subspace of [],cg[0, 1]. Since
[1.er[0,1] is a product of compact Hausdorff topological spaces, [[,cr[0,1]
is a compact Hausdorff topological space by Tychonoff’s Theorem (Theorem
3.3.4). Hence, as every compact Hausdorff topological space is a T4 space
by Corollary and since the notion of a T4 space is invariant under
homeomorphism (as homeomorphisms preserve closed and open sets), we
have an example of a subspace of a T, space that is not Ty.

As metric spaces and compact Hausdorff topological spaces are T4 spaces,
we know we have not gone too far in creating separation axioms as these
major spaces still satisfy these axioms. Of course, we do not want to go
too much farther as we have already seen that T, spaces do not behave
particularly well with respect to taking subspaces and products. Thus we
complete this section by exhibiting an alternative characterization of a normal
space in the same flavour as Lemma In fact, the following result is of
surprising vital importance for the subsequent section.

Lemma 5.1.31. Let (X, T) be a topological space. Then (X,T) is normal
if and only if for every closed subset F' of (X,T) and every U € T such that
F C U there exists a V€T such that FCV andV CU.

Proof. First, suppose (X, T) is a normal topological space. To see the desired
properties, let F' be an arbitrary closed subset of (X,7) and let U € T be
an arbitrary open set such that FF C U. Since C' = X \ U is closed in (X, 7))
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and since F'N C = (), the fact that (X, 7) is normal implies there exists
Vi,Vo € T such that I C V4, C C V5, and Vi N Vo = (. We claim that
Vi C U. To see this, we note since C C Vo and ViNVe =0 that CNV; =0
by Theorem Hence V; C X \ C = U. Therefore, since z and U were
arbitrary, the result follows as desired.

Conversely, suppose (X,7T) is a topological space such that for every
closed subset F' of (X,T) and every U € T such that F' C U there exists a
V € T such that F CV and V C U. To see that (X,7) is normal, let F}
and F» be arbitrary closed subset of (X, 7). Since U = X \ F» is an open
set in (X, 7)) such that F; C U, the assumptions imply there exists a V € T
such that F; C V and V C U. Let Uy = X \ V which is open in (X,7)
as V is closed. Therefore V,Uy € T are such that Fy C V, Fy C Uy since
VCcU=X \ Fy, VNUy =0 since V C V. Therefore, as F; and F» were
arbitrary, (X,7) is normal as desired. n

5.2 Urysohn’s Lemma

With our knowledge of the above separation axioms, we turn our attention
back to showing that if (X, 7)) is a compact Hausdorff topological space, then
C(X) separates points. In particular, as we know points are closed subsets of
Hausdorff spaces, the following theorem immediately implies we can separate
points inside a compact Hausdorff topological space. In fact, the reason
we had to wait until how to demonstrate this result in its full generality is
that it is the property that compact Hausdorff topological spaces are normal
along with Lemma that make this result possible.

Theorem 5.2.1 (Urysohn’s Lemma). Let (X, T) be a normal topological
space (e.g. a Ty space) and let A and B be disjoint closed subsets of (X, T).
Then for every finite closed interval [a,b] in R there exists a continuous
function f: X — [a,b] such that f(z) =a for allz € A and f(x) = b for all
r € B.

Proof. Clearly as every finite closed interval [a,b] in R is homeomorphic to
[0, 1], it suffices to prove the result for [a,b] = [0,1]. As motivation for the
proof, notice that for a function f : X — [0, 1] such that f(z) = 0 for all
x € Aand f(x) =1 for all x € B to exist, we must have for all ¢ € (0,1)
that f71([0,#)) is an open set in (X, 7) that contains A and is disjoint from
B. Consequently, our goal is to build up a continuum of open subsets of
(X,T) containing A and culminating in X \ B.

To begin this construction, let V"= X \ B. Since B is a closed subset
of (X, 7T) that is disjoint from A, V is an open subset of (X,7) such that
A C V. Consequently, as (X,7) is normal, Lemma implies there
exists a U% € T such that

ACU, CU.L CV.

NI
NI
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Moreover, since A is a closed subset of (X,7) and U. is an open subset of
2
(X, T) such that A C Ui, and since U is a closed subset of (X,7) and V is
2 2

an open subset of (X, 7) such that Us C Ui, Lemma |5.1.31| implies there
2 2
exists U1,Us € T such that
4 4

ACU, CULCUL CULCUs CUs CV.

NS
I
Nl-
Nl
W
IS

By repeating this process ad infinitum, if

m
g
t:

then there exists {Uy}qer € T with Uy = X such that

neN,mE{l,...,Z”}}

ACU, STy CULCV

for all g1, qo € I with g1 < ¢qo < 1.
Define f: X — [0,1] by

flz)=inf({gel | zcU})

for all z € X. Clearly f is a well-defined function into [0, 1] by construction
as Uy = X and I C [0,1]. We claim that f is the function we are looking
for. To see this, first we note since A C U, for all ¢ € I that f(x) < ¢ for all
x € Aand q € I and thus f(z) =0 for all x € A. Furthermore, if b € B then
b¢Vsob¢U,forall ge I\ {1} and thus f(b) =1 by definition. Thus it
remains only to show that f is continuous.

To see that f : X — [0, 1] is continuous, we must show that if U is an
open subset of [0,1] then f~1(U) is open in (X, T). To begin to show this,
we consider a few subcases.

First, we claim that if t € (0,1) then

o= U u

qel g<t

thereby showing that f~1([0,¢)) € 7. To see the claim, we note that if
z € Uyerg<tUq then z € Uy, for some qo € I with go < t and thus the
definition of f implies that f(z) < g9 < t so x € f71(]0,¢)) as desired. Hence
F710,£)) 2 Uyes g<t Ug- To see the other inclusion, let 2 € f~1([0,)) be
arbitrary. Since f(z) < t, the definition of f implies there exists a gy € I
such that x € Uy, and go < t. Hence x € Uyes 4 Uy as desired. Thus
f~0,t)) = Uger,g<t Uq as claimed.
Secondly, we claim that if ¢ € (0,1) then

)= U x\0;

qel,g>t
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thereby showing that f~1((¢,1]) € 7. To see this, first suppose that = €
f71((t,1]). Hence f(x) > t. By the density of I in [0, 1], there exist q1, g2 € T
such that t < ¢1 < ¢2 < f(x). As ¢2 < f(z) we know that x ¢ U,, by
the definition of f. Furthermore, as ¢ < g2 we know that Uiq1 C Uy, and
thus = ¢ U,,. Therefore, as t < g1, we obtain that 2 € Uyes o0 X \ Uy
Hence f~'((£,1]) € Uyerg>t X \ Ug. To see the other inclusion, let x €
Uger.g>¢ X \ Uy. Hence there exists a go € I such that go > ¢ and z € X\ Uy,.
Hence z ¢ Uy, so x ¢ U,,. Furthermore, since U, C Uy, for all ¢ € I with
q < qo, we see by the definition of f that f(z) > qo > t. Hence x € f~1((¢,1]).
Thus f~((¢,1]) = Uger.g>t X \ Uy as claimed.

Combining the above, we see for all t1,%2 € (0,1) such that ¢; < ty that

FH(t ) = 0 t2)) N fH (0 1) € T

However, since every open subset of [0, 1] is the intersection of an open subset
of R with [0, 1] and as every open subset of R is a countable union of open
intervals by Proposition every open subset of [0, 1] is a countable union
of set of the form [0,t) for some ¢ € (0,1), (¢,1] for some t € (0,1), and
(t1,t2) for some t1,ts € (0,1) such that ¢; < ta. Consequently if V' is an open
subset of [0, 1] then f~1(V) is a countable union of sets of the form f~1([0,¢))
for some t € (0,1), f~1((¢,1]) for some t € (0,1), and f~1((t1,t2)) for some
ti,t2 € (0,1) such that ¢; < t2, and thus open in (X, 7T) by the above cases.
Hence f is continuous by definition thereby yielding the proof. ]

Of course, one natural question is whether a topological space being
normal is a requirement for the conclusion of Urysohn’s Lemma (Theorem

5.2.1]) to hold. Indeed it is.

Proposition 5.2.2. Let (X,7T) be a topological space such that for any
disjoint closed subsets A and B of (X, T) there exists a continuous function
f:X —[0,1] such that f(a) =0 for alla € A and f(b) =1 for allb € B.
Then (X,T) is a normal topological space.

Proof. To see that (X,7) is normal, let A and B be non-empty disjoint
closed subsets of (X, 7). By the assumptions, there exists a continuous
function f: X — [0, 1] such that f(a) =0 for all « € A and f(b) =1 for all
be B. Let

oo (o)) e v ()

Since f is continuous, we easily see that U and V are disjoint open subset
of (X, T) such that A C U and B C V. Therefore, since A and B were
arbitrary, (X,7) is normal as desired. n

Urysohn’s Lemma (Theorem [5.2.1) immediately lets us conclude our
investigations related to the Stone-Weierstrass Theorems.
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Corollary 5.2.3. Let (X, T) be a compact Hausdorff topological space. Then
C(X) separates points. Consequently, if F C C(X) is dense in (C(X), || |loo);
then F separates points.

Proof. To see that C(X) separates points, let 1, x2 € X be such that x1 # zo
be arbitrary. Since (X, 7) is Hausdorff so {z;} and {x2} are closed subsets
of (X, T), and since (X, 7T) is normal by Corollary Urysohn’s Lemma
(Theorem implies there exists a f € C(X) such that f(x;) = 0 and
f(xz2) = 1. Hence, as x1 and x5 were arbitrary, C(X) separates points.

To see the second claim, let F be dense in (C(X), || - || ) and let 1,22 € X
be such that x1 # x2 be arbitrary. By the above arguments there exists
a f € C(X) such that f(z1) = 0 and f(x2) = 1. Since F is dense in
(C(X), || |lo) there exists a g € F such that ||f — g||, < 1. Hence, since
f(z1) =0 and f(x2) = 1, the definition of the infinity norm implies that

11 35
g(z1) € (—4, 4) and g(x2) € (4, 4) .
Hence g(z1) # g(z2). Hence, as x; and x2 were arbitrary, F separates

points. |

Urysohn’s Lemma (Theorem |5.2.1)) has other uses in regards to function
spaces. One example of this is the following.

Theorem 5.2.4. Let (X, T) be a locally compact Hausdorff space. If

C(X)={f€eCy(X) | {xe X | f(x)#0} is compact.},
then C.(X) is dense in (Co(X), |- |lo)-

Proof. To see that C.(X) is dense in (Co(X), || - ||oo), let f € Co(X) and € > 0
be arbitrary. Recall since (X, 7)) is a locally compact Hausdorff space, (X, T)
has a one-point compactification (Y, 7y') (Theorem [3.4.7) where Y = X U{o0},

Ty =T U{Y \ K | K C X compact},

(Y, Ty) is a compact Hausdorff space and thus a normal topological space

(Corollary [5.1.25), and
Co(X) ={geC(Y) | g(oo) =0}

(Theorem |4.2.18). Thus f extends to a function g € C(Y') by g(z) = f(x) for
all x € X and g(o0) = 0.
Let

U={yeY | |g(y)| <e}.
We claim that U is open in Y. To see this, we will show that

F=Y\U={yeY ||g(y) > ¢}
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is closed in Y. To see this, let (yx)rca be a net in F' that converges to some
point y € Y. Since g is continuous, we know that (g(yx))rea converges to
g(y). Since |g(yx)| > € for all A € A, we obtain that |g(y)| > e¢. Hence y € F
so F'is closed by Theorem and thus U is open.

Since U is an open neighbourhood of co and since (Y, 7y) is normal,
there exists a neighbourhood V' C Ty of oo such that

eV CVCU

where the closure of V is taken in Y. Therefore, as F =Y \ U, F and V
are disjoint closed subsets of the normal topological space (Y, 7y). Hence
Urysohn’s Lemma (Theorem implies there exists a function A : Y —
[0,1] such that h(a) =1 for all a € F and h(b) =0 for all b € V.

Consider the function fy: X — R defined by

for all z € X. We claim that fy € C.(X) and ||f — fo|lo < €. To see the
former, first note that if gg : Y — R is defined by

for all y € Y, then go € C(Y) is such that go(co) = 0 and go(x) = fo(x) for
all x € X. Hence fy € Co(X). Furthermore, notice as h(b) =0 for all b € V
that

{reX | folx) #0} C X\ V.

However, since V' was a Ty-neighbourhood of co, by the definition of Ty we
see that K = X \ V is a compact set. Therefore, as (Y, 7y) is a compact
Hausdorff space so that K is closed in (Y, 7y), we see that

{reX | fol) #0} C K

where the closure is computed in X. Therefore, as {z € X | fo(z) # 0} is a
closed subset of a compact space and thus compact, we have that fo € C.(X).
To see that || f — foll,, <€, notice for all z € F' that

[f(@) = fo(@)] = |f(2) = f(2)h(z)| = [f(2) = f(z)| =0 < e
as h(z) =1 for all z € F. Moreover, for all z € X \ F = U, we see that
[f(@) = fo(x)| = [1 = h(@)[[f(2)| < [f(2)] = lg(x)] <e.

Hence |f(z) — fo(z)| < € for all z € X so ||f — fo|lo < €. Therefore, as
f € Cop(X) and e > 0 were arbitrary, the proof is complete. ]
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5.3 Tychonoff Spaces

Of course Corollary was what we were after since it shows that C(X)
separates points for any compact Hausdorff topological space (X, T). How-
ever, the way we showed C(X) separates points was to use that (X,7T) was
Hausdorff so points were closed and show that (X, 7T) was normal and there-
fore separated closed subsets via Urysohn’s Lemma (Theorem [5.2.1]). This is
a little bit of an overkill because Urysohn’s Lemma implies we can separate
closed subsets of (X,7) with continuous functions whereas we only needed
to separate points with continuous functions. Thus, it is natural to ask. “for
which topological spaces (X,7T) does C(X) separate points?” This leads us
to some new notions of separations axioms.

Before we begin, we remind the reader that the study of separation axioms
is notorious for conflicts with naming conventions used. Consequently, one
need always be clear in their definitions when reading or writing about these
topics.

The first separation axiom we desire to look at is the one that precisely
implies that C(X) separates points.

Definition 5.3.1. A topological space (X, 7) is said to be a functionally
Hausdorff space if for all x1,z9 € X such that x1 # xo there exists an
f € C(X) such that f(x1) # f(x2).

Before investigating the relation of functionally Hausdorff spaces to other
separation axioms developed earlier, we note functionally Hausdorff spaces
are given their name as the same ideas as Proposition [5.2.2|show that any two
points can be separated via disjoint open sets coming from a function (hence
the name). Using that same idea, functionally Hausdorff spaces actually
have a stronger form of Hausdorffness.

Definition 5.3.2. A topological space (X, 7) is said to be Urysohn space if
for all 1, x9 € X such that 1 # 9 there exist Uy, Us € T and closed subsets
F1, Fy of (X, T) such that zy € Uy C Fy, 29 € Us C Fy, and Fy N Fy = ().

We note a Urysohn space receives its name as the sets described in
Definition [5.3.2] that can be used to separate points are very reminiscent of
the sets used in the proof of Urysohn’s Lemma (Theorem [5.2.1)).

Remark 5.3.3. It is essential to note that some authors use ‘Urysohn space’
to mean what we have defined above to be a ‘functionally Hausdorff space’
and use ‘functionally Hausdorff space’ to mean what we have defined above
to be a ‘Urysohn space’. Thus using these terms in the literature can be
quite problematic.

Remark 5.3.4. It is not difficult to see that every functionally Hausdorff
space is automatically a Urysohn space. Indeed to see this, suppose (X, 7))
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is a functionally Hausdorff space and let x1,z2 € X such that x; # xo
be arbitrary. As (X,7) is a functionally Hausdorff space, there exists a
continuous function f : X — [0, 1] such that f(a) = 0 for all a € A and
f(b) =1forall b e B. Let

e (ol)) e e ()
fer (o)) w ner ()

Since f is continuous, we easily see that U; and Uy are disjoint open subset
of (X,7T) and F; and F, are disjoint closed subsets of (X,7) such that
x1 € Uy C Fy and z9 € Uy C Fy. Therefore, as x1 and xo were arbitrary,
(X,T) is a Urysohn space.

and let

Remark 5.3.5. Of course, one question immediate from Remark
is whether there are topological spaces that are Urysohn spaces but are
not functionally Hausdorff spaces. Indeed there are examples of such
spaces. As we have not stumbled upon a particularly simple example,
we omit this example at this time. Perhaps we will include this exam-
ple into a future iteration of these notes. For those that are curious, the
simplest example we have found is the ‘corrected Arens square’. A curi-
ous reader may Google the Arens square to find details on said example,
but should be mindful of https://math.stackexchange.com/questions/
1715435/is-arens-square-a-urysohn-space.

Remark 5.3.6. Clearly every Urysohn space is Hausdorff. Furthermore,
every T3 topological space is automatically a Urysohn space. To see this, let
(X,T) be a Ty space and let x1,x9 € X with z1 # z2 be arbitrary. Since
(X,T) is a T3 space and thus Hausdorff, there exists Uy, Us € T such that
r1 € Uy, 3 € Uz, and Uy NUy = 0. By Lemma [5.1.15] there exists V4, Va2 € T
such that

1€V CVICU; and z2 € Vo C Vo CUs.

Therefore, U; and Us are disjoint, V4 and V3 are closed disjoint subsets of
(X, T) that contain the neighbourhoods V; of 21 and Vs of x5 respectively.
Therefore, since z1 and x were arbitrary, (X,7) is a Urysohn space.

In addition, the following two examples will illustrate that there is a
topological space that is Hausdorff but not a Urysohn space and there is a
topological space that is a Urysohn space but not T3. Hence Urysohn spaces
are sometimes called T, 1 spaces.

Example 5.3.7. In this example, we will illustrate that there exists a
Hausdorff topological space that is not a Urysohn space. To begin, for each
neNlet I, = (n,n+1) CR. Let X =R U {00, 000}
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To define a topology on X, let T denote the set of all subsets U C X such
that U N'R is open in canonical topology on R, if oo, € U then U contains
all but finitely many of I,, with n even, and if co, € U then U contains all
but finitely many of I,, with n odd. Some moments thought shows that T is
indeed a topology on X as clearly (), X € T, the arbitrary union of sets of
this form also has this form, and the finite intersection of sets of this form
also has this form (as intersecting a finite number of sets that are missing a
finite number of I,, with n even or a finite number of I,, with n odd also has
this property).

We claim that (X,7) is Hausdorff. To see this, let 1,22 € X with
1 # 2 be arbitrary. We claim there exists Uy,Us € T such that x1 € Uy,
29 € Uy, and Uy NUy = 0. If 1,29 € R such U; and U, exist since R
is Hausdorff with its canonical topology. If 1 = oo, and z2 = o0,, then
Ui = Upen I2n and Uz = U,,ey f2n+1 are open sets in (X, T) that have the
desired properties. Hence, by relabelling z; and zs if necessary, it remains
only to consider the case that z; € R and z9 € {o0,, 00,}. Suppose x9 = 00e.
If 21 <0, we may take Uy = (z1—1,21+1) and Uy = U,y 2, which are open
sets in (X, T) that have the desired properties. Otherwise z; € (n—1,n+1)
for some n € N. Hence taking Uy = (n—1,n+1) and Uz = U,y L2, \ Ur are
open sets in (X, 7T) that have the desired properties. As the case z9 = 0o,
proceeds in a similar fashion, (X,7) is Hausdorff as desired.

Finally, we claim that (X, 7) is not a Urysohn space. To see this, let U;
be an arbitrary neighbourhood of co., let Us be an arbitrary neighbourhood
of 00,, and let F} and F» be arbitrary closed subsets of (X,7) such that
Uy C Fy and Uy C Fy. As clearly [n,n + 1] C I,, when the closure of I,, is
taking in R equipped with the canonical topology, [n,n + 1] C I,, when the
closure of I,, is taking in (X,7) by Theorem Hence by the defining
properties of Uy and Uy, Uy C Fy and Uy C Fy contain all but a finite number
of the natural numbers. Hence F} N F5 must contain an infinite number of
the natural numbers and thus is not empty. Hence, as Uy, Us, F1, and Fb
were arbitrary, (X,7) is not a Urysohn space.

Example 5.3.8. In this example, we will illustrate that there exists a
Urysohn space that is not T3. Indeed our example is the same as Example

In Example a topology 7 was constructed on R that was finer
than the canonical topology on R and it was shown that (R,7) was not Ts.

However, the the canonical topology on R is a Urysohn space. Indeed for all
x1,x2 € R with £1 < x5 one can take

U = (21— 9,21 +6), Fy =z1 — 96,21+ 0],
Uy = (x2 — 9,22+ 0), Fy = [xz9 — §, 29 + ]

where 0 < § < k9 — x1 in Definition [5.3.2] Therefore, since T is finer than
the canonical topology on R, we immediately obtain that (R,7") is a Urysohn
space by Definition [5.3.2]
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We also the (corrected) Arens square we omitted earlier is a Urysohn
space but not Ts.

Instead of just reducing the closed subsets in Urysohn’s Lemma (Theorem
down to points in order to obtain a separation axiom, we can instead
take a similar thought pattern to our notion of regularity by simply reducing
one of the closed sets to a point. Thus we define the following. Please note
that we have not adopted one of the many unstandardised names used in the
literature for the following property and instead decided to adopt our own
which seems by far more rational than any other name seen in the literature.

Definition 5.3.9. A topological space (X, 7) is said to be a functionally
reqular space if whenever F' is a closed subset of (X,7) and z¢p € X \ F there
exist an f € C(X) such that f(zg) =1 and f(y) =0 forall y € F.

Remark 5.3.10. Of course, a topological spaces (X,7T) is functionally
regular if and only if for any closed subsets F of (X,7), zp € X \ F, and
a,b € R with a # b there exist an f € C(X) such that f(xp) =aand f(y) =b
for all y € F. That is, we can replace 0 and 1 in Definition [5.3.9 with any
distinct selection of real numbers by composing with certain functions on R.

Remark 5.3.11. It is not difficult to see that every functionally regular
space is automatically regular. Indeed to see this, suppose (X,7T) is a
functionally regular space space. To see that (X, 7)) is regular, let F' be an
arbitrary closed subset of (X, 7T) and xg € X \ F' be arbitrary. As (X,7) is
a functionally regular space, there exists a continuous function f : X — [0, 1]
such that f(z9) =0 and f(x) =1 for all x € F. Let

() v ()

Since f is continuous, we easily see that U and V are disjoint open subset of
(X, T) such that zp € U and F C V. Therefore, as ¢ and F' were arbitrary,
(X, T) is a regular topological space.

Of course the trivial topology on any set with at least two points is
automatically functionally regular as one will not be able to find a non-empty
closed set whose complement contains a point. Thus, as we are investigating
for which topological spaces (X, T) does C(X) separate points, we desire to
add in the property we all know and love to functional regularity in order to
deduce that points are closed.

Definition 5.3.12. A topological space (X,7) is said to be a Tychonoff
space if (X,7T) is a functionally regular, Hausdorff space.

Of course, we do not need to add the full power of Hausdorff to functionally
regular spaces in order to obtain a Tychonoff space.
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Proposition 5.3.13. A topological space (X,T) is Tychonoff if and only if
(X, T) is a functionally reqular Ty space.

Proof. Clearly every Tychonoff space is a functionally regular T space. To
see the converse, suppose that (X, 7) is a functionally regular Ty space. To
show that (X, 7)) is Tychonoff, it suffices to prove that (X, 7)) is Hausdorff.
To see that (X,7T) is Hausdorff, let 1,29 € X with 21 # x9 be arbitrary.
Since (X, T) is Ty, by relabelling z1 and x5 if necessary, there exists a U € T
such that z1 € U and a9 ¢ U. Let F' = X \ U which is a closed subset of
(X, T) such that zo € F and x; ¢ F. Therefore, since (X, 7)) is functionally
regular, there exist an f € C(X) such that f(x1) = 1 and f(y) = 0 for
all y € F. In particular, f(z1) # f(x2). Therefore, since x; and zo were
arbitrary, (X, 7)) is Urysohn and thus Hausdorff by Remark and Remark
as desired. m

Remark 5.3.14. Of course, in order to get examples of Tychonoff spaces,
Urysohn’s Lemma (Theorem automatically implies every T4 topological
space is Tychonoff. Hence metric spaces and complete Hausdorff spaces are
Tychonoft.

In addition, clearly Remark implies that every Tychonoff space is a
T3 space. In fact, as there are examples of T3 spaces that are not Tychonoff
and examples of Tychonoff spaces that are not Ty spaces, Tychonoff spaces
are often called T51 spaces.

In fact, Tychonoff spaces are automatically functionally Hausdorff spaces
since every point is a closed set in a Tychonoff space.

As the relations between our separation axioms are probably getting
more and more difficult for the reader to follow as we add more and more
definitions, we note the following diagram where a A = B means that
every space that satisfies axiom A satisfies axiom B too.

unctionally
Ty :>T3 % :>F

Hausdorff
I

T3 —Urysohn—Ty—T1—T

In fact, all of the = in the above diagram are strict. However, some of
these implications have not been demonstrated via examples. In particular,
we have not given an example of a topological space (X,7) that is

(1) Urysohn but not functionally Hausdorff;

(2) T3 but not Tychonoff;

(3) functionally Hausdorff but not Tychonoff;
)

(4) T3 but not functionally Hausdorff;
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(5) functionally Hausdorff but not T's;
(6) Tychonoff but not Ty.

Of course, we could spend time to demonstrate six examples (or less if there
are repeats) thereby completing our complete picture of these few separation
axioms that we have listed. This of course is useful material for those that
want a plethora of examples, but not so important for understanding the
theory of topology.

Instead, we shall go and study Tychonoff spaces. One reason for this is
that they are just a step weaker than T, spaces and thus particularly nice
spaces. In fact, by studying Tychonoff spaces, we will quite quickly see that
there must be a Tychonoff space that is not T4 because Tychonoff spaces
are far better behaved than T4 spaces under the topological operations we
have seen in this course as the following result shows.

Lemma 5.3.15. Any subspace of a Tychonoff space is Tychonoff.

Proof. Let (X, T) be a Tychonoff space and let Y be a subspace of X. To see
that Y is Tychonoff, first note that Y is Hausdorff since (X, 7T") is Hausdorff.
Thus it suffices to show that Y is functionally regular. To see this, let I’ be
an arbitrary closed subset of Y and let y € Y\ F' be arbitrary. Since F' is
closed in Y, there must exists a closed set C'in (X, T) such that F =Y NC.
Since y € Y\ F, we see that y € X \ C. Therefore, since (X, 7T) is Tychonoff,
there exists an f € C(X) such that f(y) = 1 and f(x) = 0 for all z € C.
Since g = fly € C(Y') by Lemma since g(y) = 1, and since g(xz) =0
for all x € F =Y NC, we have obtained the necessary continuous function
on Y. Therefore, since F' and y were arbitrary, Y is a Tychonoff space. =

Corollary 5.3.16. There exists a topological space (X, T) that is a Tychonoff
space but not a Ty space.

Proof. By Remark every T4 space is a Tychonoff space. Hence Lemma
[5.3.15] implies every subspace of a Ty space is a Tychonoff space. Therefore,
if every Tychonoff space were a T4 space, then every subspace of a T4 space
would be a T4 space. However, this contradicts Remark [5.1.30] thereby
proving the result. ]

Not only do Tychonoff spaces play well with respect to subspaces, they
also play well with respect to products.

Lemma 5.3.17. Let {(Xa, Ta) }acr be a non-empty collection of non-empty
functionally regular spaces. If T denotes the product topology on X =
[loer Xa, then (X, T) is a functionally regular space. Consequently, the
product of Tychonoff spaces is a Tychonoff space with respect to the product
topology.
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Proof. We first note that if (X, 7,) is Hausdorff then (X, 7) is Hausdorff is
Hausdorff. Hence the second claim easily follows from the first. To see that
(X, T) is functionally regular, let F' be a non-empty closed subset of (X, 7))
and let 9 € X \ F be arbitrary. If F = (), then there is nothing to prove
since one may take a constant function f € C(X) to satisfy the definition of
a functionally regular topological space. Hence we will assume that F' # ().

Consider U = X \ F which is a neighbourhood of zy in (X,7) such
that U # X. Therefore, due to our knowledge of a neighbourhood basis of
xo in the product topology, there exists a set V = [[,c; Vo € T such that
xo €V CU, V, €7, for all « € I, and there exists a finite subset J C [
such that V,, = X, if and only if « € I\ J. Furthermore, since VC U # X,
it must be the case that J # 0.

For each o € J, let F, = X, \ V. Hence F,, is a non-empty closed subset
of (X4, Ta) for all @ € J. For each § € J, let

Cp =[] Carp

ael

where
Cap = A %fa#ﬁ-
F, ifa=p

Thus Cp is closed in (X,7) by Example for all 8 € J. Hence, as J
is finite, F’ = Upes Cp is closed on (X, T). Furthermore, it is elementary
to see that F' = X\ V D F and thus 2o ¢ F' as xp € V. Thus it suffices
to construct a function f € C(X) such that f(zg) =1 and f(z) = 0 for all
x € F.

For each o € J, note Fy, is a closed subset of (X4, 7o) and zg(a) € X, \ Fa.-
Therefore, since (X, T4) is functionally regular, for each o € J there exists
an fo € C(X4) such that f,(xo(a)) =1 and fo(y) =0 for all y € F,,. Define
f:X =R by

f@) = 11 falz(a))

acJ
for all x € X; that is

f = H f a © Ty
acJ
where 7, : X — X, is the projection map from Example Since the
projections maps are continuous and the composition of continuous maps are
continuous, f is a finite product (as J is finite) of continuous functions in R
and thus a well-defined continuous function from X into R. Furthermore,
since fo(zo(a)) = 1 and fo(y) = 0 for all y € F,, and a € J, we see that
f(zo) =1 and f(xz) =0 for all x € F’ (as each x € F’ has an entry in F,
for some a € J) as desired. Hence, as F' and ¢ were arbitrary, (X,7) is a
Tychonoff space. |
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Of course, Lemma immediately allows us to explicitly give an
example of a Tychonoff space that is not a T4 space thereby removing the

abstraction of Corollary [5.3.16

Example 5.3.18. Recall from Example that F(R,R) = [[,er R
equipped with the product topology is not a T4 space. However, since R is a
metric space, R is a T4 space by Theorem Hence R is a Tychonoff
space by Remark so Lemma implies that F(R, R) is a Tychonoff

space.

Of course, the proof of Lemma [5.3.17] breaks down if the product topology
is replaced with the box topology since we cannot easily take the infinite
product of a collection of continuous functions and get a continuous function.
This may seem surprising since the box topology is finer than the product
topology. However, knowing the box topology is finer than the product
topology not only causes each function constructed in Lemma [5.3.17] to be
continuous from the box topology (which is good because we have functions
that separate some closed sets from points), it causes there to be a greater
number of closed sets that need to be separated from points. Unfortunately,
the above is not a proof that Lemma fails for the box topology. In
fact, Lemma holds for the box topology on our favourite product space
[I.cr R. Thus, as we have seen time and time again that we are interested in
the product topology and not the box topology and as we are really interested
in understanding Tychonoff spaces, we will ignore this question and get on
with what we want to study.

In particular, an engrossed reader is probably wondering why Tychonoff
spaces are called Tychonoff spaces. Perhaps they were just named after
Tychonoff who happened to have be the first to study them? Well, a better
reason relates to Tychonoff’s Theorem (Theorem . In particular, we
endeavour to show that Tychonoff spaces are precisely the topological spaces
that are subspaces of topological spaces studied in Tychonoff’s Theorem. To
do so, we first prove the following theorem that will aid us in this and future
goals.

Theorem 5.3.19 (Embedding Theorem). Let (X,T) be a Ty space and
let {fatacr € C(X,R) be such that for each o € X and neighbourhood
U of xy there exists an g € I such that fao,(x0) # 0 and f(z) = 0 for
all x € X \ U (this automatically implies that (X, T) is Tychonoff). If
Y =J],er R is equipped with the product topology, then function F': X —Y
defined by

F(z) = (fa(2))acr
is an embedding of (X, T) into Y.

Proof. To begin to show that F' is an embedding of (X,7) into Y, we
first show that F' is injective. To see this, let x1,20 € X with 1 # a9
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be arbitrary. Since (X,7) is T space, up to relabelling x; and zo there
exists a neighbourhood U of x; such that zo € X \ U. Thus, by the above
construction, there exists an « € I such that f,(x1) # 0 = fo(z2). Hence
F(z1) # F(x2). Therefore, as x; and z3 were arbitrary, F' is injective.

Next, notice that F' is clearly continuous by Theorem [2.1.10] as each f,
is continuous. Thus to show that F' is an embedding of X into Y, it suffices
to show that if Z = F(X) and if U € T then F(U) is open in Z.

To see the above, let U € T be arbitrary. To see that F'(U) is open in Z,
let z9 € F(U) be arbitrary. Our goal is to show there is a neighbourhood of
2o from Z contained in F(U). Thus, as zg € F(U), choose zp € U such that
F(x9) = z0. By the above construction, there exists an ag € I such that
fao(xo) # 0 and fo,(z) =0 for all z € X \ U. Let

V=rlR\{0})nZ

where 74, is the projection map from Example 2.1.8] Clearly zp € V by
construction and V' is open in Z as Z is a subspace of Y and 7} (R \ {0})
is open in Y as 7, is a continuous function from the product topology to
R. To see that V' C F(U), let y € V be arbitrary. Then y € Z by definition
so y = F(x) for some x € X. Since y = F(x) € V, it must be the case that
fao(z) # 0. Hence the defining property of f,, implies that ¢ X \ U. Thus
x e Usoy= f(x) € F(U) as desired. Hence zg € V C F(U). Therefore,
since zp € F(U) was arbitrary, F/(U) is open in Z. Hence, as U € T was
arbitrary, F' is an embedding of X into Y as claimed. ]

Theorem 5.3.20. A topological space (X, T) is Tychonoff if and only if there
exists a non-empty collection of non-empty compact Hausdorff topological
spaces {(Xa, Ta) }aer such that (X,T) is homeomorphic to a subspace of
(ITaer Xa, Tp) where Ty, is the product topology. In fact, if (X, T) is Tychonoff,
one may take X, = [0, 1] with its canonical topology for all o € I.

Proof. First, suppose there exists a non-empty collection of non-empty com-
pact Hausdorff topological spaces {(Xa, Ta) tacr such that (X, 7)) is homeo-
morphic to a subspace of ([],e; Xa, Tp) where 7, is the product topology. By
Tychonoft’s Theorem (Theorem [3.3.4), (I],c; Xas7p) is a compact Hausdorff
topological space. Hence ([],e; Xa,Tp) is normal by Corollary and
thus a Tychonoff space by Remark Alternatively, one can instead
claim that (X, 7a) is normal by Corollary and thus a Tychonoff
space by Remark [5.3.14] and appeal to Lemma [5.3.17] to bypass Tychonofl’s
Theorem (Theorem . Either way, ([T,er Xa» Tp) is a Tychonoff space
so Lemma implies that a subspace of ([[,c; Xa,7p) is a Tychonoff
space. Hence (X, 7T) is homeomorphic to a Tychonoff space and thus easily
seen to be Tychonoff.

Conversely, suppose that (X, 7) is a Tychonoff space. By the defining
properties of a Tychonoff space, there exists a set {fo }aer € C(X) such that
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for each zy € X and neighbourhood U of xg there exists an ag € I such that
fao(xo) #0 and f(z) =0 for all z € X \ U. Hence the Embedding Theorem
(Theorem implies there exists an embedding of X into Y =[], R.
Since R is homeomorphic to (0, 1), we know that Y is homeomorphic to
[1.er(0,1) equipped with the product topology. As clearly [],;(0,1) is a
subspace of [],¢7[0, 1] equipped with product topology, we see that (X, 7T) is
homeomorphic to a subspace of [],¢;[0, 1] as the composition of embeddings
is an embedding. Hence the proof is complete. ]

5.4 Stone-Cech Compactification

The beauty of Tychonoff spaces is that they are are precisely the topological
spaces that embed directly into a product of compact Hausdorff topological
spaces. This is very reminiscent of the result that every metric space is
isomorphic to a subspace of a complete metric space and thus has a completion.
We desire to use Theorem to show that every Tychonoff space has
some form of compactification similar to how we showed that every locally
compact Hausdorff topological space has a one-point compactification. In
fact, there will be a very special form of compactification we desire to study.
Before we get to that point, we should formally define what we mean by a
compactification.

Definition 5.4.1. A compactification of a topological space (X,Tx) is a
compact Hausdorff topological space (Y, 7y ) with the property that there
exists an embedding f : X — Y such that f(X) =Y.

Two compactifications (Y1,71) and (Y2,72) of (X, 7x) are said to be
equivalent if there exists a homeomorphism h : Y7 — Y5 such that h(fi(x)) =
fa(x) for all x € X where f; : X — Y7 and fy: X — Y5 are the embeddings

of (X,7) into (Y1,71) and (Y3, 72) respectively such that fi(X) =Y; and
fo(X) =Y.

Of course, by our above work, we already know exactly which topological
spaces have compactifications.

Theorem 5.4.2. A topological space (X,T) has a compactification if and
only if (X,T) is a Tychonoff space.

Proof. Suppose (X, T) is a topological space with a compactification (Y, 7y).
Hence (Y, 7Ty) is a compact Hausdorff topological space and thus a Tychonoff
space by Corollary and Remark Since every subspace of a Ty-
chonoff space is a Tychonoff space by Lemma (X, T) is homeomorphic
to a Tychonoff space and thus is a Tychonoff space.

Conversely, suppose that (X, 7)) is a Tychonoff space. By Theorem
there exists a non-empty index set I such that if [0, 1] is equipped with
the canonical subspace topology inherited from R and 7, is the product
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topology on Y = [],¢/[0,1], then there exists an embedding f : X — Y.
Let Yy = f(X) equipped with the subspace topology inherited from (Y, 7,).
Therefore, since (Y,7,) is a compact Hausdorff topological space, Yj is a
compact Hausdorff topological space by Theorem [3.1.14] Hence Yj is a
compactification of (X, 7) by definition. "

Immediately we can increase our known collection of topological spaces
that are Tychonoff.

Corollary 5.4.3. Let (X,T) be a locally compact Hausdorff topological
space that is not compact. Then the one-point compactification of (X,T) is
a compactification of (X, T). Consequently, every locally compact Hausdorff
topological space is a Tychonoff space.

Proof. First suppose (X, T) is a locally compact Hausdorff topological space
that is not compact and let (Y, 7y ) be the one-point compactification of
(X,T). We claim that (Y, 7y) is indeed a compactification of (X,7) in the
sense of Definition To begin, we note (Y, Ty) is a compact Hausdorff
topological space so it suffices to show that X =Y. Let Y \ X = {oc} and
recall that from Theorem [3.4.7] that

Ty =T U{Y \ K | K a compact subset of (X, T)}.

Hence, as X is not compact, every neighbourhood of co in (Y, 7y) contains
an element of X. Thus Theorem implies that X =Y as desired.

For the second claim, suppose (X,7T) is a locally compact Hausdorff
topological space. Clearly if (X, 7)) is a compact, then (X, 7T) is a Tychonoff
space by Corollary and Remark Otherwise, if (X, 7T) is not
compact, the above shows that the one-point compactification of (X, T) is
indeed a compactification of (X,7) in the sense of Definition thereby
implying that (X, 7) is Tychonoff by Theorem [5.4.2] n

Of course, the above begs the question of whether the one-point com-
pactification of a compact Hausdorff topological space is actually a compact-
ification?

Proposition 5.4.4. Let (X, Tx) be a compact Hausdorff topological space.
Then the only compactification of (X,T) up to homeomorphism is (X, T).

Proof. Let (Y,Ty) be a compactification of a compact Hausdorff topological
space (X,T). Hence there exists an embedding f : X — Y such that
f(X) =Y. However, since (X, T) is compact and f is continuous, Theorem
implies that f(X) is a compact subset of (Y, 7y). However, since
Y, Ty) is Hausdorff, this implies that f(X) is closed in (Y, 7y) by Theorem
3.1.13 Hence f(X) = f(X) =Y so f is a homeomorphism as desired. ~ m
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Remark 5.4.5. Of course, Proposition still doesn’t immediately imply
that the one-point compactification of a compact Hausdorff topological
space is not a compactification because it may be possible that the one-
point compactifications of compact Hausdorff topological spaces are always
homeomorphic to their original spaces. Unfortunately this is not the case.
To see this, suppose (X, T) is a compact Hausdorff topological space and
let (Y, 7y ) be the one-point compactification of (X, 7). Let Y\ X = {oc}.
Since X is compact and thus closed in (Y, 7y) by Theorem as (Y, Ty)
is Hausdorff, we see that {oo} is an open subset of (Y, 7y). Hence, if {x} is
not open in (X, 7) for every x € X, then it is impossible that (X,7) and
(Y, Ty) are homeomorphic. Clearly this is the case when X = [0, 1] equipped
with the canonical subspace topology. For another example, X = {0} then
Y = {0, 00} which cannot be homeomorphic to X as homeomorphisms must
be bijections and we have a cardinality restriction.

Clearly this is not an issue. Indeed if (X,7) is a compact Hausdorff
topological space, then it is already a compact Hausdorff topological space
and its own unique completion by Proposition That is, why would we
ever want to consider the one-point compactification of a compact Hausdorff
topological space anyways?

Of course, if we do not have a compact Hausdorff topological space, there
are many possible compactifications that may occur. This is even true for
locally compact Hausdorff topological spaces, such as (0, 1).

Example 5.4.6. Let (0, 1) be equipped with the subspace topology inherited
from the canonical topology on R. Then Example [3.4.9] implies the one-point
compactification of (0, 1) is

St={(z,y) | 2* +y*=1}.
Hence S' is a compactification of (0,1) by Corollary

Example 5.4.7. Let (0, 1) be equipped with the subspace topology inherited
from the canonical topology on R. If Y = [0, 1] equipped with the subspace
topology inherited from the canonical topology on R, then clearly Y is a

compact Hausdorff topological space that contains (0, 1) such that (0,1) =Y.
Hence [0, 1] is a compactification of (0, 1).

Example 5.4.8. Let (0, 1) be equipped with the subspace topology inherited
from the canonical topology on R. Consider the topologist’s sine curve

Z={(0,y) | —1§y§1}U{<x,sin<i>)’O<x§1}.

™

Clearly Z is a compact Hausdorff subspace of R? by the Heine-Borel Theorem
as Z is closed by Example [2.3.10, We claim Z is a compactification of (0, 1).
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To see this, define f:(0,1) — Z by

0= (2 (2))

It is elementary to see that f is an embedding of X into

= {(ren () o<e<2)

Since the closure of A in Z is Z by similar arguments to those used in
Example [2.3.10] we obtain that Z is a compactification of (0, 1).

Remark 5.4.9. Let S!, Y, and Z be the compactifications of (0,1) from
Examples [5.4.6] [5.4.7], and [5.4.§] respectively. We claim these compactifi-
cations of (0,1) are pairwise non-homeomorphic. To see this, we note by
Example that Z is not path connected whereas it is trivial to see that
S1 and Y are path connected. Therefore, as the notion of path connectedness
is invariant under homeomorphisms, Z is not homeomorphic to S* nor to
Y. To see that Y and S' are not homeomorphic, suppose to the contrary
that f : Y — S! is a homeomorphism. Hence if y = f (%), then f|y\{l}
2

is a homeomorphism from Y \ {%} to S'\ {y}. However Y \ {%} is not a

connected set whereas S1\ {y} is connected. Hence the Intermediate Value
Theorem (Theorem i applied to 1 s\{y} vields a contradiction. Hence
S and Y are not homeomorphic.

Since there are multiple compactifications of a Tychonoff space, which
one should we take? Well, one avenue towards this question is to consider
the continuous function functions. In particular, given a continuous function
f on a Tychonoff space (X, T), wouldn’t it be awesome if we could extend f
to the compactification? This would then mean we could comprehend all
of the continuous functions on Tychonoff spaces as continuous functions on
compact Hausdorff topological spaces which are incredibly well understood
by our previous chapters! Of course, we would only be able to handle the
bounded continuous functions on the Tychonoff space due to functions on
compact Hausdorff topological spaces being bounded, but there should be
lots of such functions by the definition of a Tychonoff space. In addition, we
do not need to worry about having multiple ways of extending a continuous
function to a compactification as the following lemma shows.

Lemma 5.4.10. Let (X,Tx) and (Y, Ty) be topological spaces with (Y, Ty)
Hausdorff. If A C X and if g1,92 : A — Y are continuous functions such
that gila = g2|a, then g1 = go.

Proof. To see that g; = g, let a € A be arbitrary. By Theorem [1.6.21| there
exists a net (ay)aep of elements of a that converge to a in (X, 7x). Hence,
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since g1 and go are continuous functions on A, Theorem [2.1.9] implies that
(91(ax))rea comverges to g1(a) in (Y, Ty) and (ga(ax))aen converges to gs(a)
in (Y, 7y). Therefore, since g1(ay) = g2(ay) for all A € A since ay € A and
g1la = g2|a, we obtain that g;(a) = g2(a) as (Y, Ty) is Hausdorff so points
of convergence are unique by Theorem Thus, as a € A was arbitrary,
g1 = 92. |

Of course, for certain compactifications, only certain bounded continuous
functions will extend.

Remark 5.4.11. Let S, Y, and Z be the compactifications of (0, 1) from
Examples [5.4.6] [5.4.7] and [5.4.8 respectively. Let f : (0,1) — R be a
bounded continuous function. It is elementary using the embedding x —
(cos(27x),sin(27z)) of (0,1) into S! to see that f extends to a continuous
function on S' if and only if lim, ¢ f(z) and lim,_,1 f(z) exist and are equal.
However, using the canonical embedding of (0,1) into [0, 1], f extends to a
continuous function on [0, 1] if and only if lim,_,¢ f(x) and lim,_,1 f(z) exist
but need not be equal.

It is not difficult to see that if lim, ¢ f(x) and lim,_,; f(x) exist, then
f also extends to a continuous function on Z by setting f to be equal to
lim,_,0 f(x) on all points in Z that lie on the y-axis. However, if f(z) =
sin (Z), then f also extends to a continuous function on Z even though
lim,_,0 f(x) does not exist. To see this, simply note that Z is a subspace
of R? and the projection map 73 : R? — R defined by m((x,y)) = v is a
continuous map so mz|z is continuous by Lemma It is elementary to
then see via the embedding of (0,1) into Z from Example that |z
extends f as desired.

The topologist’s sine curve embedding above yielded a compactification
of (0,1) so that f(z) = sin (Z) extended to a continuous function. This was
done by placing this function inside one part of a product space to which
(0,1) embedded into. In fact, this is how we can construct a compactification
of any Tychonoff space so that every continuous bounded function extends
to the compactification.

Theorem 5.4.12. Let (X,T) be a Tychonoff space. For every f € Cp(X,R)
let
Iy = [inf(f(X)),sup(f(X))],

which is a closed interval of R of finite length. Then, if ercb(X,R) Iy is
equipped with the product topology, there exists a compact Hausdorff subspace
Y of [lrec,(x.r) Iy that is a compactification of (X,T). Moreover, Y has
the property every element of Cy(X,R) has unique extension to a continuous
bounded function on'Y .

Proof. Let {fa}acr = Co(X,R). We claim {f,}ocs satisfies the assumptions
of the Embedding Theorem (Theorem [5.3.19). To see this, let zp € X and
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U a neighbourhood of zy be arbitrary. Since (X,7) is a Tychonoff space,
there exists a function g € C(X,R) such that g(xo) # 0 and g(z) = 0 for all
x € X \ U. As the only problem is that g is not bounded, we will make g
bounded. Let [a,b] be any closed interval of finite length that contains g(x¢)
and 0. Define ¢ : R — [a, b] by

z if z € [a, b
polr)=<a ifz<a
b ifx>b

Then is is clear that f = ¢ o g is a continuous bounded function on (X, 7T)
such that f(z¢) # 0 and f(z) =0 for all z € X \ U. Hence, as zo and U were
arbitrary, {fa}aer = Cp(X,R) satisfy the assumptions of the Embedding

Theorem (Theorem [5.3.19)).
By the Embedding Theorem (Theorem|5.3.19)), if [] fec,(x,r) R is equipped
with the product topology, the function F': X — [];ce, (x,r) R defined by

F(x) = (f(#)) rec,(x.r)

is an embedding of (X, T) into []rec,(x )R- As clearly the range of F' is
[Iec,(xr) Iy, We can view F' as an embedding of (X, 7)) into []rec,(xr) Is-

Since Iy is a compact subset of the Hausdorff space R by the Heine-Borel
Theorem, Tychonoff’s Theorem (Theorem implies that [[rcc, xr) L7

is a compact Hausdorff topological space. Therefore, if Y = F(X), then
Y is a closed subset of a compact Hausdorff topological space and thus
a compact Hausdorff topological space by Theorem Hence Y is a
compactification of (X, 7)) by construction.

To complete the proof, let fy € Cp(X,R) be arbitrary. To see that fy
extends to a continuous function on Y, let 7y, : [1ce,(xr) Ir — If, be the
projection map defined in Example Clearly g = mg,|y is a continuous
bounded function on Y. Furthermore, for all x € X we see that

g(F (@) = 75, ((F(@)) ec,xm) = fo(w)

thereby showing that g is a continuous extension of fy up to identifying
(X, T) with its homeomorphic image F'(X) in Y. Hence the proof is complete
as Lemma [5.4.10] shows that any continuous extension to a compactification
must be unique. ]

Due to the use of the compactification in Theorem [5.4.12 we give it a
name.

Definition 5.4.13. Let (X,7) be a Tychonoff space. The Stone-Cech
compactification of (X,7T) is the compactification of (X,7) produced in
Theorem [5.4.12, The Stone-Cech compactification of (X, 7T) is denoted by

BX).
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Of course, we only know that the Stone-Cech compactification of a Ty-
chonoff space enables us to extend real-valued bounded continuous functions.
In fact, we can extend far more.

Lemma 5.4.14. Let (X, Tx) be a Tychonoff space and let (Y,Ty) be a
compactification of (X, Tx) such that every element of Cy(X,R) has unique
extension to a continuous bounded function on (Y, Ty) (e.g. Y = p(X)). If
(Z,Tz) is a compact Hausdorff topological space and f : X — Z is continuous,
then f extends uniquely to a continuous function g:Y — Z.

Proof. Let (Z,Tz) be a compact Hausdorff topological space. Therefore
(Z,Tz) is a Tychonoff space (by Theorem for example). Hence Theorem
5.3.20] implies there exists a non-empty index set I and an embedding
@ : Z — [laer(0,1] where [,c;[0, 1] is equipped with the product topology.
Consequently ®(Z) is a compact subset of [],c;[0,1] by Theorem
and thus a closed subset of [],¢;[0,1] by Theorem as [Jaer[0,1] is
Hausdorff.

For each o € I, let 7y : [],e7[0,1] — [0, 1] be the continuous projection
map from Example[2.1.8] Therefore, for all a € I the function f, = mo0®Pof :
X — [0,1] is a composition of continuous functions and thus a continuous
bounded function. Hence the assumptions on (Y, Ty) implies there exists a
unique function g, € Cp(Y,R) such that go|x = fa.

Define go : Y — [[,er R by

gO(y) = (ga (y))ael

forally € Y. As fo, = mqo®of and as go|x = fa, we see that go(x) = ®(f(z))
for all x € X. Moreover, since gg is continuous, we see that

90(Y) = 90 (X) € 90(X) = B(F(X)) € (Z) = @(2).

Hence go : Y — ®(Z). Therefore, if we define g = ® 1og:Y — Z, then
g is a continuous function such that g(x) = f(z) for all x € X. Hence the
proof is complete as Lemma [5.4.10] shows that any continuous extension
to a compactification of a function valued in a Hausdorff space must be
unique. ]

In fact, not only does Lemma extend the known properties of the
Stone-Cech compactification, it enables us to demonstrate the Stone-Cech
compactification is the unique topological space with this property.

Theorem 5.4.15. Let (X, Tx) be a Tychonoff space and let (Y, Ty) be a
compactification of (X,Tx) such that every element of Cy(X,R) has unique
extension to a continuous bounded function on (Y,Ty). Then (Y,Ty) is
homeomorphic to the Stone-Cech compactification of (X, T).
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Proof. To simplify discussions and avoid a lot of homeomorphisms floating
around, we may assume without loss of generality that X C Y and X C g(X).

Consider the inclusion map i; : X — Y and i2 : X — [(X). Since
(Y, Ty) and 5(X) are compact Hausdorff topological spaces, Lemma
implies there exists unique continuous functions f; : S(X) — Y and fs :
Y — B(X) such that fi(z) = x = fa(z) for all x € X. Consequently, if
g1=fiofe:Y =Y and go = fao f1: B(X) — B(X), then g; and go are
continuous functions such that g;(z) = x = ga(x) for all x € X. Therefore,
since Y = X and $(X) = X, continuity of g; and go implied that g;(y) =y
for all y € Y and go(z) = 2 for all z € B(X) by Theorem [2.1.9] Hence f;
and fs are continuous functions which are inverses of each other and thus
homeomorphisms. Hence (Y, 7y) is homeomorphic to 5(X) as desired. n

Unfortunately, even the simplest Stone-Cech compactifications are diffi-
cult (read as near impossible) to describe in a simpler way than what was
done in Theorem [5.4.12] However, the case of N equipped with the discrete
topology is of particular importance. The description of this space (with
proofs) is given in Appendix

5.5 Tietz Extension Theorem

Of course, while we are on the topic of extending continuous functions to
compactifications, it is also useful to discuss when we can extend a continuous
function on a closed subset of a topological space to the entire space. In
particular, the following show that if we are in a normal topological space,
then we can always do such an extension for bounded continuous functions.

Theorem 5.5.1 (Tietz’s Extension Theorem - Bounded Version).
Let (X, T) be a normal topological space (e.g. a Ty space), let F' be a closed
subspace of (X,T), and let f € Cyo(F,R) be continuous. There exists a
g € Co(X,R) such that glp = f and ||g]l ., = || fllo-

Proof. Since f € Cy(F,R), we know that

£l =sup({|f(z)| | = € F}) < c0.

Clearly if || f|| .. = 0, we can take g to be the zero function thereby completing
the claim. Hence we may assume that ||f|| ., > 0. Therefore, by scaling f if
necessary, we can assume without loss of generality that || f|| ., = 1. Thus
|f(z)] <1forall z €F.

To proceed with the proof, our goal is to Urysohn’s Lemma (Theorem
to get several elements of C,(X,R). We will construct these functions
in a specific way so that their sum closer and closer approximates f on F.
We will then take a limit of these functions to obtain the desired extension

of f.
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To begin, let

= frer e[} ()
o= frer e[ ()

Therefore, since f is continuous on F'; A1 and B disjoint closed subsets of
F. Therefore, since F' is closed in (X,7) and since closed subsets of F' are
the intersection of F' with a closed subset of (X,7) and therefore closed
in (X,T), we see that A; and B; disjoint closed subsets of (X,7). Since
(X, T) is normal, Urysohn’s Lemma implies there exists a continuous function
hi: X — {—%, %} such that hi(a) = —% for all a € Ay and hy(b) = £ for all
b e Bj.

We claim that |f(z) — hi(z)| < 2 for all z € F. To see this, notice if
x € Aj then —1 < f(z) < —% so the fact that hy(z) = —% as ¢ € Ay implies
|f(z) — h1(2)| < 2. Similarly, if z € By then § < f(z) <1 so the fact that
hi(z) = % as x € By implies | f(z) — hi(z)| < 2. Finally, if 2 € F'\ (41 U By),
then the definitions of Ay and B; imply that —% < f(z) < % so,as hy : X —
{—%, %}, we obtain that |f(z) — hy(z)| < 2. Hence |f(z) — hy(z)| < 2 for all
x €l

Let a = 2. We claim that there exists a sequence (f,)n>1 in Cp(X,R)
such that

—_

hp(z)] <" forallz € F

M=

w

Il < 50"~ and ‘f(x) -

B
Il

1

for all n € N. To see this, we proceed by induction on n with the base
case n = 1 completed by the above arguments. Thus, to proceed with the
inductive step, suppose there exist (hy)}_; in Cp(X,R) such that

hp(z)| < o™ forallz € F

NE

[Pl <

W =
B
Il
-

am 1 and |f($) -
for all m € {1,...,n}.

An+1={9€€F|f($

[_an,_;an]} and
-]}

Since hy, € Cp(X,R) for all k € {1,...,n} and since F is a closed subspace
of (X,7T), we see that z +— f(z) — > ;_; hx(z) is a continuous function on
F and thus A, and B, are disjoint closed subsets of F'. Therefore,

)3 hua) €
k=1

) =3 hi(x) €
k=1

Bn+1:{ﬂf€F‘f(37
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since F' is closed in (X, 7)) and since closed subsets of F' are the intersection
of F' with a closed subset of (X,7) and therefore closed in (X,7), we see
that A,4+1 and Bj,11 disjoint closed subsets of (X, 7). Thus, since (X,T)
is normal, Urysohn’s Lemma implies there exists a continuous function
hni1: X — [—%a”, %a"} such that hy,y1(a) = —%a” for all a € A, 41 and
hnt1(b) = o™ for all b € Byiq.

Clearly [hpi1]lo < 3™ by construction. To see that

n+1
< O[TL+1

F@) = ()
k=1

for all z € F, we will proceed as we did in the n = 1 case. Indeed, if x € A, 41
then

hrsala) =—ga” and  f(o) = 3 hu(e) € | ~a", ~za"]
k=1

SO

1 2

n+1
< — Za" = n n+1
p— 3 .

fa) = ()
k=1

Similarly, if z € By 41 then

hni1(z) = %a” and f(z) — Z hi(z) € {104", a"}

SO

1 2

n+1
<a"—-a"=-a"=«
‘ - 3 3

fla) = ()
k=1

Finally, if z € F'\ (An4+1 U Bp+1), then the definitions of A, 41 and Bp41
imply that

n 1 1
‘f(m) - Z hi(x)| < ga" and |1 (z)] < ga”
k=1
so
s, 1 1 2
‘f(m) - ;::1 hi(x)| < ga” + ga” = ga” ="t
Hence
n+1
‘f(m) =D h(z)| <™
k=1

for all z € F. Therefore, the inductive step is complete so there exist (hy,)n>1
in Cp(X,R) with the desired properties.
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Of course, by construction we know that

o0

> Nhnlle < EOO }anfl—l ! =1<o0
— lee = £ 3 S 3l—a ‘
n=1 n=1
Hence )72 hy, is an absolutely summable series in (Cp(X,R), || -|,)- There-

fore, since (Cy(X,R), || - ||o) is a Banach space by Theorem (4.2.14} Theorem
4.1.17) implies that > ;2 h,, is summable. Hence

o

n=1
is a well-defined element of Cp(X,R). We claim that g is the function we
seek.

To begin to see that g has the desired properties, we note since the norm
is a continuous function on any normed linear space that

> hy
k=1

n
< limsup Z 17k |l oo

lglloe = Jim_

o0

n
1
< limsup Z gak_l

1
1l -«

=1

_1
3

s0 |lg]lo, < 1. Hence, provided we can show that g|p = f, we will then be
able to use the fact that || f||,, = 1 to obtain that ||g||,, = 1 = || fl|, as
desired. Hence, all that remains to be shown is that g|p = f.

To see that g|p = f, let x € F be arbitrary. Then the definition of g
implies that

<limsupa™ =0
n—oo

/() — g()] = lim ’f(w) =3 hua)
k=1

n—oo

as a = 2. Hence g(z) = f(z). Therefore, since x € F was arbitrary, g|r = f

3
as desired. [

With Theorem [5.5.1] it is not too difficult to extend these results to
unbounded functions.

Theorem 5.5.2 (Tietz’s Extension Theorem - Unbounded Version).
Let (X,T) be a normal topological space (e.g. a Ty space), let F' be a
closed subspace of (X,T), and let f: F — R be continuous. There exists a
continuous function g : X — R such that g|p = f.
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Proof. Our goal in this proof is to use a homeomorphism to reduce the result
to the bounded case studied in Theorem [5.5.9] Indeed consider the function
¢:R — (—1,1) defined by

X

A =T

for all x € R. It is elementary to see that ¢ is a homeomorphism with inverse
¢~ 1:(~1,1) — R defined by

-1 Y
vy =1 o
for all y € (—1,1). Hence, if fo : FF — (—1,1) is defined by fo = ¢ o f, then
fo € Cp(F,R) is such that | fo||, < 1. Hence the bounded version of Tietz
Extension Theorem (Theorem implies there exists an hy € Cy(X,R)
such that |\hol|, = [|follo, < 1 and ho|lr = fo.

Of course, if ho(x) # +1 for all x € X, then one can immediately take
g = ¢! o hg thereby completing the proof. Therefore, as we only know that
|hol| o < 1 so it is possible that ho(z) = £1 for some z € X, we must correct
ho.

Let C = hy'({—1,1}). Since hy € Cp(X,R), C'is a closed (possibly empty
subset) of X. We claim that C N F = (). To see this, notice if x € F then
ho(z) = fo(z) € (—1,1) so x ¢ C by definition. Hence C'N F = ().

Since (X, 7)) is normal and C' and F' are pairwise disjoint closed subsets of
(X,T), Urysohn’s Lemma (Theorem implies there exists a continuous
function h : X — [0, 1] such that h(z) =0 for all z € C and h(x) = 1 for all
x € F. Define gp : X — R by

go(x) = ho(x)h(z)

for all z € X. Since gp is a product of elements of Cy(X,R), it is elementary
to see that gy € Cp(X,R). Furthermore, we claim that g(X) C (—1,1). To
see this, notice if x € C then |ho(x)| = 1 and h(zx) = 0so0 go(x) =0 € (—1,1).
Furthermore, if x € X\C then |ho(z)| < 1 and h(z) € [0, 1] so go(x) € (—1,1).
Hence g(X) C (—1,1) as claimed.

Define g : X — R by

9(z) = ¢~ (g0(2))

for all x € X, which is well-defined as ¢g(X) C (—1,1). Furthermore
g € C(X,R) as g is the composition of two continuous functions and thus
continuous. Finally, to see that g|p = f, let © € F' be arbitrary. Then

9(z) = ¢ (g0(2)) = ¢ (ho(2)h(2)) = ¢! (fo(2)1) = ¢~ (fo(2)) = f(z)

as desired. ]
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However, in some cases, one wants to have complex value functions and
be sure that the same bound is retained. The following corollary does the
trick.

Corollary 5.5.3. Let (X,7T) be a normal topological space (e.g. a Ty space),
let F' be a closed subspace of (X,T), and let f : F — B be continuous
where B is a closed ball centred at the origin in (K", | -||5). There exists a
continuous function g : X — B such that g|p = f.

Proof. Since (C™,]| -||,) is isomorphic as a normed linear space to (R?", || - |,)
(i.e. there is a linear bijection from C" to R?" that preserves the norm), it
suffices to consider the case K = R. Furthermore, by scaling, we may assume
without loss of generality that B = By[0, 1].

Since f : F' — B is continuous, there exists fi, fo, ..., fn € Cp(F,R) such
that

f(@) = (fi(@), fa(z), ..., ful2))

for all © € F. Hence Tietz Extension Theorem (Theorem [5.5.2)) implies there
91,92, - - > gn € Cp(F,R) such that gi|p = fi for all k € {1,...,n}. Define
h: X — R"™ by

h(.%') = (gl(x)v gQ(w)v R 7971('7;))

for all z € X. Clearly h is continuous by Theorem and hlp = f by
construction. However, it by the above construction, it is not necessarily the
case that h(z) € B for all z € X.

Define ¢ : R™ — B by

=17 19]l, <1
(V) = L e
”171”211 if [|v]], > 1

for all ¥ € R". As z +— % is a continuous function on [1,00) and since the
norm in any normed linear space is continuous, it is elementary to verify
that ¢ is a continuous function that maps into B. Furthermore, it is clear
that if v € B, then ¢(¥) = v.

Define g : X — B by g = ¢ o h. Hence ¢ is a continuous function that
maps into B. Thus, it remains only to show that g|p = f. To see this, notice
for all x € F that

as f(z) € B for all x € F. Hence the claim and proof is complete. ]

Of course, at this stage it is natural to ask whether the assumption that
our topological spaces are normal in the Tietz Extension Theorem is actually
required or whether we can weaken the assumption. It turns out we can not.

(©For use through and only available at pskoufra.info.yorku.ca.



5.5. TIETZ EXTENSION THEOREM 225

Proposition 5.5.4. Let (X,T) be a topological space such that whenever F
is a closed subspace of (X, T) and f € Cy(F,R) there exists a g € C(X,R)
such that g|lp = f. Then (X, T) is normal.

Proof. To see that (X, 7T) is normal, let A and B be non-empty closed subsets
of (X,T) such that AN B = (. Let F = AU B which is a closed subset of
(X,T) since X \ FF = (X \ A) N (X \ B) which is open in (X,7). Define

frF—[0,1] by
0 ifzeA
f<$):{1 ifreB’

Hence f is clearly continuous since the inverse image of any closed subset of
[0,1] is either (), F, A, or B, all of which are closed subsets of F. Hence the
assumptions imply there exists a g € C(X,R) such that g|p = f. Let

s () v ()

Hence, by construction U and V' are open subsets of (X, 7") such that A C U,
B CV,and UNV = (. Therefore, as A and B were arbitrary, (X,7T) is
normal as desired. |
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Chapter 6

Metrizations

As Chapter [5] demonstrates, normal topological spaces are among the nicest
topological spaces due to the plethora of results that hold. In particular,
Urysohn’s Lemma (Theorem and Tietz’s Extension Theorem (Theorem
hold in every normal topological spaces and T, topological spaces
embed into the product of compact Hausdorff topological spaces and have
Stone-Cech Compactifications (Theorem . Therefore, as every metric
spaces is a T4 space, all of these results hold for metric spaces.

However, metric spaces are particularly nice. For example, Theorem
implies sequences are enough to determine the topology and thus many
topological properties in metric spaces. Moreover, it is very easy to prove
Urysohn’s Lemma (Theorem for metric spaces and, in fact, one has an
explicit formula for the function f in Theorem that is

dist(z, A)

f(l') = diSt(l', A) + dist(z, B) '

Consequently, as metric spaces are some of the nicest T4 spaces, it is natural
to ask, “Which topologies are induced by metrics?” Thus the focus of this
chapter is to answer this question in some general settings.

To begin this chapter, we will focus on the simplest requirement for a
topology to be induced by a metric; having a countable neighbourhood basis
of each point. Countability also plays a major role in the Baire Category
Theorem (Theorem and Theorem which holds for compact
Hausdorff topological spaces and complete metric spaces. From there we will
generalize the idea of the Embedding Theorem (Theorem to develop
Urysohn’s Metrization Theorem (Theorem which provides the simplest
method of checking certain topologies are induced by metrics. Finally, we
will complete this chapter with two characterizations of when a topology is
induced by a metric.

227
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6.1 The Countability Axioms

To begin our study of determining when a topology is induced by a metric,
we begin with the simplest requirement; that every point has a countable
neighbourhood basis. Of course this is a requirement of a topology being
induced by a metric since {Bd (m, %) }::1 is clearly a countable neighbour-

hood basis of a point z in a metric space (X, d). Before we begin this study,
we first desire to simplify our terminology in saying that “7 is induced by a
metric”.

Definition 6.1.1. A topological space (X,7) is said to be metrizable if
there exists a metric d : X x X — [0, 00) such that 7 is the topology induced
by d.

Remark 6.1.2. It is necessary to point out that there is a difference between
a metrizable topological spaces and metric spaces; that is, a metric space
is a topological space with a fixed metric whereas a metrizable topological
space where there is a metric that induces the topology. This distinction is
not when it comes to topological properties, but when it comes to properties
that are characterized by the metric. For example, if T is the canonical
topology on R, then 7T is induced by the metrics di(z,y) = | — y| and
da(z,y) = |e7® — e Y|. Thus (R,7) is metrizable. However (R,d;) and
(R, dg) are very different metric spaces as, for example, we know that (R, d;)
is complete but (R, ds) is not complete by Example

Remark 6.1.3. As every metric space is a T4 space, every metrizable
topological space must also be a T4 space. Hence we immediately obtain
that [[,cr R is not metrizable as it is not normal by Example [5.1.29,

Clearly any subspace of a metrizable spaces is metrizable by the definition
of the subspace topology and by restricting the metric. Thus, for a normal
topological space to be metrizable, every subspace must also be normal.
Furthermore, some products of metrizable spaces are metrizable.

Lemma 6.1.4. The product topology on a countable product of metrizable
spaces is metrizable.

Proof. Let I be a countable set and for each a € I, let (X,,7T,) be a
metrizable topological space. Hence for each a € I there exists a metric
do : Xo X Xo — R such that the metric topology on (X, d,) is exactly Ty.
Since Lemma implies there exists a metric on [],c; X that induces
the product topology, the proof is complete. ]

To be sure our terminology from the introduction of this chapter and
section are clear, we define the following.
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Definition 6.1.5. A topological space (X, 7)) is said to have a countable
neighbourhood basis at a point v € X if there exists a collection {B,}5,
of neighbourhoods of x such that if U is a neighbourhood of z, then there
exists an N € N such that By C U.

Definition 6.1.6. A topological space (X, T) is said to be first countable if
every point in X has a countable neighbourhood basis.

Example 6.1.7. Clearly every metric space (X, d) is first countable since
given ¢z € X, {Bd (x,%
of z. Consequently, every metrizable topological space must be first count-

able whereas every topological space that is not first countable cannot be
metrizable.

)}OO . is clearly a countable neighbourhood basis
e

Example 6.1.8. Let 77, be the lower limit topology on R. Then (R, 77) is
first countable. To see this, let x € R be arbitrary. Consider

S

Clearly B, C 71 and B, is countable. Moreover, if B = [a,b) € B is such
that z € [a,b), then a < x and = < b so there exists an n € N such that
z + % < b. Hence

neN}.

1
T € [:U,:E—I—) C [a,b).
n

Therefore, as [m,x + %) € B, and B € B was arbitrary, B, is a countable

neighbourhood basis for x. Therefore, as x € R was arbitrary, (R, 77) is first
countable.

Of course, metrizable spaces are particularly nice because, as with metric
spaces, sequences characterize the topology (see Theorem and other
nice topological properties. To see these nice properties, we first establish
the following useful lemma.

Lemma 6.1.9. Let (X, T) be a topological space, let zog € X, and let {Up}>>;
be a countable neighbourhood basis of xg. Then there exists a countable
neighbourhood basis {Vy,}22, of xo such that V41 C Vy, for all n € N.

Proof. For each n € N, let
n
Vo= Uk
k=1

Clearly V,, is a neighbourhood of g and V11 C V,, for all n € N. To see that
{Vh}22, is a neighbourhood basis for xg, let U be an arbitrary neighbourhood
of xg. Since {U,}52; is a neighbourhood basis of zg, there exists an m € N
such that xg € U,,, C U. Hence zy € V,,, C U,, C U. Therefore, as U was
arbitrary, {V,,}52; has the desired properties. ]
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Theorem 6.1.10. Let (X,T) be a first countable topological space. Then
the following hold:

(1) If AC X, then xo € A if and only if there exists a sequence (ap)n>1 of
elements of A that converge to x.

(2) If (Y, Ty) is a topological space, then f : X — Y is continuous if and
only if for every sequence (x,)n>1 in (X, T) that converges to a point
xo € X, the sequence (f(xyn))n>1 in (Y, Ty) converges to f(xo).

Proof. To see (1), let A C X be arbitrary. If there exists a sequence (an)n>1
of elements of A that converge to xg, then xg € A by Theorem as
sequences are nets. Conversely, let 79 € A be arbitrary. As (X, T) is first
countable, Lemma implies there exists a countable neighbourhood basis
{U,}22, of zg such that U,.; C Uy, for all n € N. As xp € A, Theorem
implies there exists an a, € U, N A for all n € N. We claim that
(an)n>1 converges to xo thereby completing the proof. To see this, let U
be an arbitrary neighbourhood of z. Thus as {U,}72; is a neighbourhood
basis of xg, there exists an N € N such that Uy C U. Hence for all n > N
we have that
an, €U, CUN CU.

Therefore, as U was arbitrary, (a,)n>1 converges to xg as desired.

To see (2), let f: X — Y be arbitrary. If f is continuous and (xy,)n>1 is
a sequence in (X, 7) that converges to a point zg € X, then (f(z))n>1 con-
verges to f(zo) in (Y, 7y') by Theorem [2.1.9)as sequences are nets. Conversely,
suppose that whenever (z,),>1 is a sequence in (X,7) that converges to
xo € X, the sequence (f(zp))n>1 in (Y, Ty) converges to f(xg). To verify
that f is continuous, it suffices by Theorem to show that if A C X then
f (Z) C f(A). To proceed in this direction, let A C X and let 29 € A be

arbitrary. As xg € A part (1) of this proof implies there exists a sequence
(an)n>1 of points in A that converges to xg. Therefore, by the assumptions
of this direction of the proof, (f(xy))n>1 is a sequence of points in f(A) that
converges to f(xg) in (Y, 7y). Hence as sequences are nets, Theorem

implies that f(xg) € f(A). Therefore, as o € A was arbitrary, f (Z) C f(A)
as desired.

Often it is much easier to use Theorem [6.1.10 to demonstrate that a
topological space is not first countable (and thus not metrizable) than it is to
explicitly demonstrate that a point does not have a countable neighbourhood
basis.

Example 6.1.11. Let R be equipped with its canonical topology, let X =
[Ioen R equipped with the box topology, let

A= {(xn)n21 ‘ Tp > 0} - X,
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and let 0 = (0)p>1. We claim that 0 € A but no sequence of elements of
A converges to 0. This then shows that X is not first countable Theorem
[E.1.10 and thus not metrizable.

To see that 0 € A, let U be an arbitrary neighbourhood of 0. By the
definition of the box topology there exists a sequence (€,)n>1 of real numbers
with €, > 0 for all n € N such that

H (—€n,en) CU.

neN

Hence, if @ = (%en) o then @ € A and
n>

dc [[(—en.en) C

neN

Therefore, as U was arbitrary, 0 € A by Theorem

To see that no sequence of elements of A converges to 0, suppose to the
contrary that there exists a sequence (&, )m>1 of elements of A that converge
to 0 in the box topology. For each m € N, write

C_im - (am,n)n21

where a, , > 0 for all n,m € N by the definition of A. Consider the set

U= H —GQn,n, 0n, n
neN

which clearly is a neighbourhood of 0 in the box topology as an,n > 0 for all
n € N. However, since amm ¢ (—@mm,@mm) for all m € N, we have that
am §Z U for all m € N thereby contradicting the fact that (@ )m>1 converges
to 0 in the box topology. Hence no sequence of elements of A converges to 0.

Of course the box topology is known for producing examples. Here is an
example on the product topology that fails due to cardinality issues.

Example 6.1.12. Let R be equipped with its canonical topology, let X =
F(R,R) = [I,er R equipped with the product topology, let

=

and let 0 € X be the unique element such that 0(a) = 0 for all &« € R. We
claim that 0 € A but no sequence of elements of A converges to 0. This then
shows that X is not first countable Theorem [6.1.10] and thus not metrizable.
Alternatively X is not metrizable by Theorem [6.1.3]

To see that 0 € A, let U be an arbitrary neighbourhood of 0. By
the definition of the product topology there exists a finite set J C R and

z(a)€{0,1} for all a€R, and CX
{a€R | z(a)=0} is finite ’
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neighbourhoods V,, of 0 in R for all & € J such that if V,, = R for all « € R\ J

and if
V=] Ve
acR

then V is a neighbourhood of 0 contained in U. Let @ € X be the unique

element such that
. 0 faedJ
dla) = .
1 ifaeR\J

Clearly @ € V C U by construction. Furthermore, since J is finite, we see
that @ € A so that @ € ANU. Therefore, as U was arbitrary, 0 € A by
Theorem [1.6.27]

To see that no sequence of elements of A converges to 0, suppose to the
contrary that there exists a sequence (@, ),>1 of elements of A that converge
to 0 in the product topology. Let

I=|J{a€eR | an(a) =0} CR.

n>1

By the definition of A we see that I is a countable union of finite subsets of
R and thus finite. Hence there exists an ap € R\ I. For each a € R let

Va:{R if a # ag

11\
<—§,§> if a = g

and let V = [[,cg Va- Hence V is a neighbourhood of 0. However, as
an(ap) =1 for all n € N as ag ¢ I, we see that a,, ¢ V for all n € N thereby
contradicting the fact that (@,)n>1 converges to 0 in the product topology.
Hence no sequence of elements of A converges to 0.

The above demonstrates that topological spaces that are Hausdorff and
‘too large’ are generally not going to be metrizable because having a plethora
of points and being Hausdorff means there are going to be a ton of open
sets thereby making it difficult for the topological space to be first countable.
As such, one may often want to restrict to topological spaces that are
closer to being countable. In particular, we can also consider the following
strengthening of first countability. Note this strengthening is particularly
nice as it is the condition used in Proposition [5.1.27] that enabled us to show
that a certain regular topological spaces are normal. Thus, as a topological
space must be normal to be metrizable by Remark [6.1.3] the following
strengthening of first countability is often desired.

Definition 6.1.13. A topological space (X, T) is said to be second countable
if (X,7T) has a countable basis.
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Example 6.1.14. Let X be a non-empty set. The discrete topology on X
is second countable if and only if X is countable. Indeed if X is countable,
{{z} | * € X} is clearly a countable basis for X. However, if X is uncount-
able, any basis for the discrete topology on X must be uncountable as there
needs to be an element of the basis that is contained in {x} for all z € X.

Example 6.1.15. The canonical topology on R is second countable. To see
this, consider the set

B={(p,q9) | p,acQp<q}

which is clearly a countable set of open subsets of R as QQ is countable. To
see that B is a basis for the topology on R, let z € R and U be an arbitrary
neighbourhood of z. Hence there exists a,b € R such that = € (a,b) C U.
The density of Q in R (which is part of the definition of R) implies that there
exists p,q € Q such that

a<p<zr<g<hb

so that (p,q) € Band z € (p,q) C U. Hence, as x and U were arbitrary, B
is a basis for R by Proposition [1.3.12

Example 6.1.16. Let 77, be the lower limit topology on R. Then (R, 77) is
not second countable. To see this, suppose that By is a basis of (R, 77). For
each x € R, consider the neighbourhood [z,x + 1) of z. Since By is a basis
of (R, 7z), there exists a B, € By such that @ € By, C [z,2+ 1). Clearly this
implies that B, = [z,x + €,) for some ¢, > 0. Hence

X ={[z,x+e¢) | xR}

is an uncountable collection of elements of By as R is uncountable and no two
elements in X are equal. Thus By must be uncountable. Therefore (R, 77,)
cannot have a countable basis and thus is not second countable.

Proposition 6.1.17. Any subspace of a first (second) countable topological
space is first (second) countable, and the product topology on a countable
product of first (second) countable topological spaces is first (second) countable.

Proof. The fact that a subspace of a first countable topological space is first
countable follows from the definition of the subspace topology; Definition
The fact that a subspace of a second countable topological space is
second countable follows from the description of a basis for the subspace
topology; Proposition

The fact that the product topology on a countable product of first
(second) countable topological space is first (second) countable follows from
the description of a basis for the product topology (Corollary , the
fact that a finite product of countable sets is countable, and the fact that
the countable union of countable sets is countable. |
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Of course, not every metrizable space need be second countable.

Example 6.1.18. Let X = F(N,R) = [[,cyR equipped with the uniform
topology. Recall from Example that the topology on X is strictly
finer than the product topology but strictly coarser than the box topology.
Clearly X is first countable as X is metrizable. However X is not second
countable. To see this, we note that F(N, {0,1}) is a subspace of X and the
subspace topology on F(N,{0,1}) is the discrete topology (i.e. all of the
open balls of radius % contain a single point). Therefore, as F(N, {0, 1}) is
uncountable, F(N, {0,1}) is not second countable by Example Hence
Proposition implies that X cannot be second countable.

Of course, the problem with the topological space in Example [6.1.18|
being second countable is that the topological space was ‘too large’.

Proposition 6.1.19. Let (X,7T) be a second countable topological space.
Then:

(1) There exists a countable dense subset of (X,T).
(2) Every open cover of (X, T) has a countable subcover.

Proof. To see (1), as (X, T) is second countable, there exists a basis B =
{Bn}2, of (X,T) with B,, # 0 for all n € N (unless X = (). For each
By, # 0, choose a point x,, € B,,. We claim that A = {x,,}5°; is a countable
dense subset of (X, 7). To see this, first we note that clearly A is countable.
To see that A is dense in X, let x € X and U a neighbourhood of x be
arbitrary. As B is a basis for (X,7), there exists an N € N such that
x € By CU. Hence xy € U. Therefore, as  and U were arbitrary, z € A
for all x € X by Theorem Hence A is dense in (X, 7)) as desired.

To see (2), as (X, T) is second countable, there exists a basis B = { B, }52;
of (X, T). Let {Uq}aer be an arbitrary open cover of (X, 7). To see that
{Ua}aer has a countable subcover, first note we may assume without loss of
generality that U, # 0 for all « € I and B,, # 0 for all n € N (i.e. remove
every such set that is empty - this is no problem unless X = () in which case
the result is trivial). Next for each n € N for which B,, C U, for some « € I,
choose an «a, € I such that B,, C U,,,. Let

J={an | n €N, q, exists} C I.

Clearly J is countable.

We claim that {U,}aes is a subcover of (X, 7). To see this, let z € X
be arbitrary. As {U,}acr is an open cover of (X, T), there exists an o, € T
such that = € U,,. Moreover, since B is a basis of (X, 7T), there exists an
n, € N such that z € B,, C U,,. Hence z € B, C Uy, by the definition
of ay,,. Hence, as ay,, € J, we have that x € (J,c;Us. Therefore, as x € X
was arbitrary, {U, }aes is a countable subcover of (X, 7). ]

(©For use through and only available at pskoufra.info.yorku.ca.



6.1. THE COUNTABILITY AXIOMS 235

As ‘having a countable dense subset’ is a very useful property in analysis,
a name should be given.

Definition 6.1.20. A topological space (X,7T) is said to be separable if
(X, T) has as countable dense subset.

Example 6.1.21. It is well known that R equipped with its canonical
topology is separable as QQ is dense in R. Furthermore, the lower limit
topology on R is also separable as Q is also dense in R with respect to the
lower limit topology. In fact, Q is dense in (R, 7). To see this, note for all
[a,b) € B that there exists a ¢ € Q such that ¢ € [a,b) by the properties of
the real numbers. This immediately implies that Q = R so that Q is dense
in (R, 7z). Therefore, since Q is countable, (R, 77) is separable by definition.

In fact, in metrizable topological spaces, there is a converse to Proposition
0.1.19

Proposition 6.1.22. Let (X,7) be a separable, metrizable topological space.
Then (X,T) is second countable.

Proof. By assumption there exists a metric d : X x X — [0, 00) that induces
T and there exists a countable dense subset {x,}5°; of (X, 7). To see that
(X, T) is second countable, consider the set

B:{Bd<xn,l) ’ n,mEN}.
m

We claim that B is a countable basis for (X, 7).

Clearly B is a countable set of open subsets of (X, 7). To see that B is a
basis for (X,7T), let z € X and U a neighbourhood of x be arbitrary. Since
T is the topology induced by d, there exists an € > 0 such that By(x,e) C U.
Choose N € N such that § < e. Since {2, }52, is dense in (X, T), there
exists an m € N such that

1

Thus d(z, Tm) < 5% $0 d(y, 2m) < + for all y € By (ac, ﬁ) by the triangle

inequality. Hence if
1
=B —
Vv d <xm> 2N> )

1
reV C By (x,N> C By(z,e) C U.

then

Therefore, since x and U were arbitrary, B is a basis for (X, 7) as desired. n

As a result of Proposition [6.1.22] we have the following.
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Corollary 6.1.23. The lower limit topology on R is not metrizable.

Proof. Recall that (R, 77) is not second countable by Example [6.1.16] How-
ever, (R,7z) is separable by Example [6.1.21] Hence Proposition [6.1.22

implies (R, 77) is not metrizable. [

6.2 The Baire Category Theorem

As Proposition [6.1.19] just showed, second countable topological space are
separable and thus have nice dense subsets. It turns out that complete metric
spaces and compact Hausdorff topological spaces are also well-behaved with
respect to dense sets. In particular, this section is devoted to demonstrating
the amazing Baire Category Theorems for compact Hausdorff topological
spaces (Theorem and for complete metric spaces (Theorem
which describe what happens when we take the countable (after all, countabil-
ity is nice) intersection of open dense subsets. These results are particularly
useful when it comes to discussing discontinuities of functions.

Before we get to our main results, we require some background terminol-

ogy.

Definition 6.2.1. Let (X,7) be a topological space. A subset A C X is
said to be

e nowhere dense if int(A) = (.

o first category in (X, T) if A =72, A, where each A,, C X is nowhere
dense.

o second category in (X,T) if A is not first category.
e residual if X \ A is first category

Remark 6.2.2. It is important that A is considered as a subset in each part
of Definition [6.2.1] instead of considering the subspace topology on A as the
notion of the interior of a set can change. For example, equip R? with the
usual Euclidean topology and consider the set

A={(z,0) | z €][0,1]}.

Clearly A is closed in R? and it is not difficult to see that int(A) = () with
the interior computed in R%2. However the interior of A as a subset of A
equipped with the subspace topology is A. Hence A is nowhere dense in R?
but is dense in A when equipped with the subspace topology.

Remark 6.2.3. In the literature, first category subsets of a topological
space are often called meagre sets as they are thought of as sets that do not
have much size. Consequently, second category subsets of a topological space
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are often called non-meagre sets. We will stick with the first and second
category definitions for historical reasons and as the word ‘category’ is used
in the name of the main theorem we desire to prove in this section.

Onto some examples!

Example 6.2.4. Consider X = R equipped with the canonical topology.
Clearly for each z € R the set {x} is nowhere dense. Furthermore, from this
it is clear that Q is of first category in R and their complements are residual
in R.

Example 6.2.5. The Cantor set Example is nowhere dense. Indeed
the Cantor set is closed being the intersection of closed sets. Furthermore, if
x is a point in the Cantor set and [ is an open interval centred at z, then
I cannot be contained in P, (as defined in Example for sufficiently
large n as P, does not contain an interval of length exceeding 3% for all
n € N. Hence the Cantor set has no interior and thus is of first category in
R.

Remark 6.2.6. Of course, one natural question is, “Is R of first or of second
category in of itself?” More generally, given a topological space (X, 7)), we
are often interested in when (X, 7T) is of first or second category in itself.
Notice that if

X=|JA, then X=|J4,.
n=1 n=1

Therefore, as the closure of a nowhere dense set is clearly nowhere dense,
(X,T) is of first category in itself if and only if X is a countable union of
closed nowhere dense sets. Of course, a closed nowhere dense subset of X
is the same as a closed subset of X with empty interior. The simplification
of this later condition is that one no longer needs to take the closure of the
closed sets and need only consider their interiors.

Instead of considering closed sets with empty interior, the following
enables us to flip things around.

Lemma 6.2.7. Let (X, T) be a topological space and let A C X. Then A
has empty interior in (X, T) if and only if X \ A is dense in (X,T).

Proof. Suppose A has empty interior. Hence () = int(A). To see that X \ A
is dense in (X, 7)), let x € X and U a neighbourhood of x be arbitrary. Since
int(A) = (), we know that U is not a subset of A so there exists a y € X \ A
such that y € U. Therefore, as U was arbitrary, x € X \ A. Hence, as z € X
was arbitrary, X \ A is dense in X.

Conversely, suppose X \ A is dense in (X, 7). To see that A has empty
interior, let a € A and U a neighbourhood of a be arbitrary. Since X \ A is
dense in X, there exists an x € X \ A such that z € U. Hence U is not a
subset of A. Hence, as U was arbitrary, a ¢ int(A). Therefore, as a € A was
arbitrary, int(A4) = () as desired. ]
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As the complement of closed sets are open sets, we have the following.

Lemma 6.2.8. Let (X,T) be a topological space. Then (X, T) is of first
category in itself if and only if there exists a sequence (Uy,)n>1 of open dense
subsets of (X, T) with Moy Uy = 0.

Proof. The result follows directly from Lemma [6.2.7] and Remark [6.2.6] m

Of course Remark and Lemma [6.2.8 give nice characterizations
of when a topological space is of first category in itself and thus when a
topological space is of second category in itself; that is, when the countable
union of closed sets with empty interior is not all of X and when the
intersection of open dense subsets is non-empty. Of course, we can take both
of these concepts to the extreme.

Definition 6.2.9. A topological space (X, 7) is said to be a Baire space if
one of the following equivalent (by Lemma |6.2.7)) conditions holds:

o If {F,}>2, are closed subsets of (X,7) with empty interior, then
Un F,, has empty interior.

o If {U,}52, are open dense subsets of (X, 7), then (o2, U, is dense in
(X, 7).

Clearly every Baire space is of second category in itself by Remark
or Lemma [6.2.8] In fact, being a Baire space is a priori much stronger than
being second category in itself (it is possible to construct a topological space
that is second category in itself that is not a Baire space).

It turns out that some of the nicest spaces we have studied are Baire
spaces.

Theorem 6.2.10 (Baire’s Category Theorem - Compact Hausdorff
Spaces). Every compact Hausdorff topological space is a Baire space.

Proof. Let (X,T) be a compact Hausdorff topological space. To see that
(X, T) is a Baire space, let {U,}52; be a countable set of open dense subsets
of (X,T). To see that N2, U, is dense in (X,7T), let zp € X and U
a neighbourhood of zg be arbitrary. We desire to show that there U N
(Mo, Uy) # 0. To do this, we will use regularity and the finite intersection
property.

Since compact Hausdorff topological spaces are T4 and thus T3, Lemma
implies there exists a neighbourhood Vj of g such that

zo € Vo C Vo CU.

Since U is dense in (X, 7T ), there exists an element a; € Uy N Vp. Since
compact Hausdorff topological spaces are T4 and thus T3, and since Uy NV}
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is a neighbourhood of a1, Lemma [5.1.15|implies there exists a neighbourhood
V1 of ay such that
apr €V CVICUIN,.

Since Us is dense in (X,7T), there exists an element as € Uy NVi. By
repeating this process ad infinitum, there exists a sequence of points (an)n>1
in X and open sets {V,,}°2, C T such that a1 € Upt1 NV, for alln € N
and

i1 € Vo1 SVt CU 1NV,

for all n € N.
From the above construction, we see that

anp41 € Vn+1 - Vn+1 - Un+1 Nnv,CcV,C 711

for all n € N. Hence it is trivial to see that {V},}°°; has the finite intersection
property. Therefore, since (X, 7)) is compact, Theorem implies that

Vo # 0.

i

Let y € N2 V. We claim that y € U N (M52, Uy). To see this, notice
that V,, C U, for all n € N. Hence as y € V,, for all n € N, y € U, for all
n € Nsoy e Ne, U,. Similarly, as V,,11 €V, for all n € N and as

ViCcUinVyCVWyCpCU,

we see that y € (021 V,, CU so y € U as desired. Hence U N (02, Uy,) # 0.
Therefore, as U was arbitrary, xo € (=, Un. Hence, as o € X was arbitrary,
Ny Uy, is dense in (X, T) as desired. "

Remark 6.2.11. By Theorem [6.2.10} the Cantor set is a Baire space even
though Example showed that the Cantor set is of first category in R.

By using the proof of Theorem, [6.2.10] as a roadmap, we can obtain that
every complete metric space is a Baire space where compactness is replaced
with dwindling diameters.

Theorem 6.2.12 (Baire’s Category Theorem - Metric Spaces). Ev-
ery complete metric space is a Baire space.

Proof. Let (X, d) be a complete metric space. To see that (X, d) is a Baire
space, let {U,, }>2; be a countable set of open dense subsets of (X, d). To see
that ;2 Uy, is dense in (X, d), let xg € X and U a neighbourhood of z( be
arbitrary. We desire to show that there U N (N2, Uy,) # (). Due to the fact
that (X, d) is a metric space, we may assume without loss of generality that
U= Bd(.CC(), 6).
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To show that UN(N2, Uyp) # 0, we will use an analogue of regularity that
enables us to invoke Cantor’s Theorem (Theorem . For our analogue
of regularity, we note that if y € X and r > 0 then for any 0 < 7’ < r we
have that

Bd[yv T/] - Bd(ya T)'

Let r = %e. Since Uj is dense in (X, d), there exists an element a; € Uy
such that d(a1,z9) < r;. Since U; is open, by using the above comment
there exists an 0 < ry < ie such that By[aq,r2] C U (i.e. choose an open
ball around a; contained in U; and then decrease the radius of the ball).

Since Us is dense in (X, d), there exists an element ay € Us such that
d(ag,a1) < ro. Hence ag € By(ay,r2) so ag € Uz N By(ay,r2). Hence, since
Us N By(ay,r2) is open, there exists an 0 < o < %e such that

Bgjlaz, 3] € Ua N Bg(ay,r2).

By recursion, for each n € N there exists an a,, € U,, N By(ap—1,m,) and
an 0 < rpy1 < 271%6 such that d(an,an—1) <, and

Bd[am Tn—&-l] cU,N Bd(an—b Tn)-

For each n € N, let F,, = Bglay, rm+1]. Clearly (Fy,),>1 is a sequence of
non-empty closed subsets of X such that F,, ;1 C F,, and lim,_,~ diam(F},) =
0 (as diam(F,,) < 2ry,41). Hence Cantor’s Theorem (Theorem [4.1.11)) implies
that N>, F,, # 0.

Let y € N2y Fr. We claim that y € N2, U, and d(zo,y) < €. To see
this, notice that F,, C U, for all n € N. Hence as y € F,, for all n € N,
y € Uy, for all m € Nsoy € N2, Up. To see that d(zo,y) < €, we note that
y € Fy = Byla1,r2] so d(y,a1) < re. Hence

d(zo,y) < d(z,a1) +d(a1,y) <ri+r <e.

Thus y € Bgi(z,e) = U so U N (Ny2y Un) # 0. Therefore, as U was arbitrary,
xo € Moz Uyn. Hence, as xp € X was arbitrary, (,—, Uy is dense in (X, d)
as desired. ]

Of course for non-complete metric spaces may or may not be Baire spaces.

Example 6.2.13. Let Z be equipped with the discrete topology. Since the
only open dense subset of Z is Z as every singleton is open, Z is clearly a
Baire space.

Example 6.2.14. Let Q be equipped with the subspace topology inherited
from the canonical topology on R. Then Q is not a Baire space. Indeed for
each ¢ € Q let U; = Q\ {¢}. Clearly U, is an open subset of Q which is
dense in Q. However, as Q is countable and (\,cq Uy = () by construction,
we see that Q is not a Baire space and not second countable in itself.
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As R is a Baire space, Example demonstrates a subspace of a Baire
space need not be a Baire space. However, certain subspace of Baire spaces
are Baire spaces thereby increasing our repertoire of Baire spaces.

Proposition 6.2.15. Every open subspace of a Baire space is a Baire space.

Proof. Let (X,T) be a Baire space and let Y be an open subset of (X, 7).
To see that Y is a Baire space when equipped with the subspace topology,
let {F,,}>2, be arbitrary closed subsets of Y with empty interior in Y. We
desire to show that (J;—; F}, has empty interior in Y.

Suppose to the contrary that |J;>, F;, does not have empty interior in Y.
Hence there exists a non-empty open subset V of Y such that V C |72 F,.
By the definition of the subspace topology, there exists a W € T such that
V=WnNY.Hence VeTasY eT.

For each n € N, let C), be the closure of F}, in X. Hence, as F;, is closed
in Y, Lemma implies that C,, NY = F,,. We claim that C,, has empty
interior in (X, 7). To see this, suppose to the contrary that there exists a
non-empty open set U € T such that U C C,,. Since U C (), and C,, is the
closure of F,, in X, it must be the case that U N F,, # (. Thus, as F,, C Y,
UNY # 0. Hence U NY is a non-empty open subset of Y such that

UnyY CC,NY =F,.

As this contradicts the fact that F, has empty interior in Y, C}, has empty
interior in (X, 7) for all n € N.

Since (X,7) is a Baire space, ;2 C,, has empty interior in (X,7).
However V € T is non-empty and

velJFR.clUG
n=1 n=1

thereby contradicting the fact that (J;2; C,, has empty interior in (X, 7).
Hence, as we have obtained a contradiction, |, F}, has empty interior in
Y. Thus, as {F,}5°; were arbitrary, Y is a Baire space. N

Corollary 6.2.16. Every locally compact Hausdorff topological space is a
Baire space.

Proof. As every compact Hausdorff topological space is a Baire space by
the Baire Category Theorem (Theorem and as every locally compact
Hausdorff topological space is an open subspace its one-point compactification,
which is a compact Hausdorff topological space, the result follows from
Proposition [6.2.15 [ ]

For closed subspaces, we are not so lucky.
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Example 6.2.17. Let 7 be the subspace topology on Q inherited from the
canonical topology on R. Choose g € R\ Q, let X = QU {z¢}, and let

To=A{0y U{U U{zo} | U T}

Clearly Ty is a topology on X as T is a topology on Q. Furthermore, by
construction (Q,7) is a subspace of (X, 7p).

We claim that (X, 7p) is a Baire space. To see this, first note that since
{zo} is open in (X, 7y) that every dense subset of (X, 7) must contain x.
Furthermore, by the definition of Ty we see that {z¢} is dense in (X, 7p) as
xo is contained in every non-empty open subset of (X, 7j). Thus as every
dense subset of (X, 7o) contains zg, the intersection of any collection of dense
subsets of (X, 7y) contains zy and thus is dense in (X, 7p) as {xg} is dense
in (X,7p). Hence (X, 7p) is a Baire space as desired.

Since Q = X \ {zo} is closed in (X, Tp), (Q,T) is a closed subspace of
(X, 7To). However (Q,7) is not a Baire space by Example Hence a
closed subspace of a Baire space need not be Baire.

To conclude this section, we note there are numerous applications of
the Baire Category Theorem. To illustrate one such example related to
continuous functions, we first develop some technology that will be useful in
subsequent sections.

Definition 6.2.18. Let (X,7) be a topological space. A subset A C X
is said to be Gjy if there exists a countable set of open subsets {U,}52; of
(X,T) such that A =02, Up.

Similarly, a subset B C X is said to be F, if there exists a countable set
of closed subsets {F,}52; of (X,T) such that A =J72, F,.

Remark 6.2.19. It is not difficult to see using De Morgan’s Laws that A is
Gy if and only if X \ A is F,.

Of course we do not really need to give examples of G5 and F, sets as
clearly every open set is Gg, every closed set is F,, and the notions are not
that complicated. However, the following is quite useful to note.

Lemma 6.2.20. Every closed subset of a metric space is Gjs.

Proof. Let F be a closed subset of a metric space (X,d). If F = () then, as
0 is open and as (2, @ = 0, we obtain that F is G;.
Otherwise, suppose F' is not empty. For each n € N, let

1
Un= | Ba <x>
n
zeF
Clearly each U, is an open subset such that F' C U,. Hence

e 9]
FC () Un.

n=1
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For the other inclusion, let z € X \ F' be arbitrary. Therefore, as F is closed,
dist({z}, F') > 0 (for otherwise there would exist a sequence of elements of
F that converge to x thereby implying = € F'). Choose n € N such that

dist({z}, F) > — > 0.

1
n
Hence d(z,y) > 1 for all y € F so z ¢ U,, and thus z ¢ (52, U,. Therefore,
as x € X \ F was arbitrary,

F =) U,
n=1

Hence F' is Gg as desired. ]
One useful example of a set that is not Gy is as follows.

Proposition 6.2.21. Let R be equipped with its canonical topology. The
rational numbers are not a Gs subset of R and the irrational numbers are
not an F, subset of R.

Proof. As Q is a G subset of R if and only if R \ Q is an F, subset of R, it
suffices to prove the former.

Suppose to the contrary that Q is a Gs subset of R. Hence there exists
a countable set {U,}5°; of open subsets of R such that Q = N>2, U,.
Therefore Q C U, for all n so each U, is dense in R. Hence each R\ U, is
closed and nowhere dense by Lemma Thus int(R\ U,) =0 so R\ Uy,
contains no open intervals for all n € N.

Since Q is countable, we may write Q = {r,}5° ;. For each n € N, let

F, =R\ U,) U{r,}.

Clearly each F), is closed being the union of two closed sets and F), does
not contain an open interval since R \ U,, does not contain an open interval.
Hence int(F),) = () as F' was closed and thus F), is nowhere dense.

Since
R\Q=R\ (ﬂ Un> =UR\U.C | Fn
n=1 n=1 n=1
and since
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Therefore R is a countable union of nowhere dense sets and thus R is of
first category. However, as R is complete, the Baire Category Theorem
(Theorem implies that R is not of first category thereby providing a
contradiction. Hence Q is not a G set. n

Using Proposition [6.2.21] and the following characterization of the dis-
continuities of a function between metric spaces, we can demonstrate that
certain sets cannot be the discontinuities of a real-valued function.

Lemma 6.2.22. Let (X,dx) and (Y,dy) be metric spaces, let f: X =Y,
and let
D(f)={x € X | f is not continuous at x}.

For each n € N let

for every 6 > 0 there exists x1,x9 € X such that
D,(f)=<zeX dx(z,z1) < 6,dx(z,x2) <9, and
dy (f(z1), fz2)) > L

Then Dy(f) is closed for alln € N and D(f) = Uy>y Dn(f). Hence Dy, (f)
is an F, subset of (X,d;).

Proof. Fix n € N. To see that D, (f) is closed, let (z))xea be an arbitrary
net of elements of D, (f) that converges to some x € X. To see that
x € Dy(f), let 6 > 0 be arbitrary. Since (x))xep converges to z, there
exists a A\g € A such that dx(z,z),) < %5. Furthermore, since xy, € Dy (f),
there exists x1,z2 € X such that dx(zy,,z1) < %5, dx(zy,,r2) < %5, and
dy (f(z1), f(z2)) > 2. As dx(z,21) < § and dx(z,22) < & by the Triangle
Inequality, and as dy (f(z1), f(z2)) > L, we obtain that z € D, (f) as § > 0
was arbitrary. Hence as (x))xcp was arbitrary, D, (f) is closed.

To see that D(f) = Up=; Dn(f), first suppose = € U;2; D, (f). Hence
x € Dy(f) for some n € N. To see that f is discontinuous at x, sup-
pose to the contrary that f is continuous at z. Notice by the definition
of D,(f) that for each m € N there exists points xj,,22,m € X such
that dx(z,x1m) < %, dx(x,z2m) < %, and dy (f(z1,m, f(x2m)) > %
Since (x1,m)m>1 and (z2m)m>1 converge to x, the continuity of f im-
plies limy,—yo0 dy (f(2), f(z1,m)) = 0 = limy—o0 dy (f(z), f(z1,m)), which,
together with the Triangle Inequality, contradicts the fact that

Ay (@1 m), f ) 2

for all m > 1. Hence we have obtained a contradiction so x € D(f). Hence
%\ Dulf) € D(J).

For the other inclusion, notice if x € D(f) then f is discontinuous at z.
Therefore there exists an € > 0 such that for all § > 0 there exists a 1 € X
such that dx(z,x1) < d yet dy (f(z), f(x1)) > €. Choose n € N such that
% < e. By taking z9 = z in the definition of D, (f), we see that = € D,(f).
Hence, as x was arbitrary, D(f) C U2 D,(f) as desired. [
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Theorem 6.2.23. There does not exists a function f : R — R that s
continuous at each point in Q yet discontinuous at each point in R\ Q.

Proof. Let f:R — R. By Lemma the set of discontinuities of f are
F,. Thus the points where f is continuous must be a Gs set. As Q is not
Gs by Proposition [6.2.21], f cannot be continuous at each point in Q yet
discontinuous at each point in R\ Q. [ |

Furthermore, we can use the fact that the irrational numbers are not a
F, subset of R to finally demonstrate an example of a product of two normal
topological spaces that is not normal.

Example 6.2.24. Let 71, be the lower limit topology on R, let X =R x R
equipped with the product topology where both copies of R are equipped
with 7z, and let

A={(z,—2) | z € Q} and B ={(z,—z) | x € R\ Q}.

Our goal is to show that A and B are closed subsets of X such that whenever
U and V are open subsets of X such that A C U and B C V, then UNV # 0.
This then shows us that X is not normal. Therefore, as the lower limit
topology is T4 by Example [5.1.26] we have an example of a product of two
T, topological spaces that is not normal.

To see that A and B are closed subsets of X, first suppose (yx)xea is
a net of elements of A U B that converge to some element y € X. By the
definition of AU B, for each A € A we can write y) = (z), —x)) for some
r) € R. Furthermore, write y = (y1,y2) € R%.

Since (yx)xea converges to y, we know Theorem that (zx)xea
converges to y; in (R,77) and (—z))aep converges to yo in (R,77). By
Proposition [1.5.23] we know that this implies for every € > 0 there exists
A1, A2 € A such that z) € [y1,y1 +¢€) for all A > A\ and —x) € [y2,y2 + €)
for every A > Ao. As there exists a A\g € A such that A\g > Ay and A\g > Ao
by the properties of a directed set, we have that z), € [y1,y1 + €) and
—Zx, € [y2,y2 +€). Hence

1,91 +€) N (—y2 —e—y2] #0

for every e > 0. This is only possible if yo = —y;. Hence y = (y1, —y1) for
some y; € R.

We now claim that (y))yea converges to y only if there exists a Az € A
such that yy =y for all A > A3. Indeed consider the set

U=y, gy +1)U[~y1,—y1 +1).

Clearly y € U and U is open in X by the definition of the product topology.
However, we notice that (z,—x) € U if and only if z = y;. Hence, by the
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definition of a convergent net, (y))aca converges to y only if there exists a
A3 € A such that y) = y for all A > As.

By the above, we see that if a net in A converges to an element y € X,
then y € A and if a net in B converges to an element y € X, then y € B.
Hence A and B are closed by Theorem

Next, let V' be an arbitrary open subset of X such that B C V. For each
x € R\ Q, we notice since (x, —z) € B C V, since V is open in X, and since
a neighbourhood basis for the product topology is the Cartesian product of
bases for the respective topologies, there exists a,b € R with a,b > 0 such
that [z,z 4+ a) X [—x, —x +b) C V. Hence for each x € R\ Q we may choose
a d; > 0 such that [z,2 +6,) x [-z,—x + ;) C V.

For each n € Nlet X, = {x e R\ Q | §, > 2}. We claim there exists
az € Qand an n € N such that z € X,, where the closure is taken in the
canonical topology on R. To see this, notice by construction, we clearly
have R\ Q = |JS%; X,,. Suppose for all n € N that X,, N Q = () where
the closures are taken in the canonical topology on R. Then we have that
R\ Q = US>, X,, where X, are closed subsets of the canonical topology
on R. This implies that R\ Q is an F, subset of R. As this contradicts
Proposition the proof is complete.

Now, we claim that (2, —z) € V where the closure is in X. To see this,
let Up be an arbitrary neighbourhood of (z, —z) in X. By the same argument
as above, there exists an € > 0 such that [z,z +€) X [—z,—2 + €) C Up.
Furthermore, we may assume without loss of generality that ¢ < %

Since z € X,, with the closure being with respect to the canonical topology,
there exists an x € X,, such that |z — x| < §. Therefore

z<x+§<z—|—e and —z<—x+§<—z—|—e.

Hence if c=x + § and d = —x + §, then
celz,z+e)Nz,z+¢) and de[—z,—z+¢€)N[—z,—x +e€).

Clearly this implies that (¢, d) € Uy. Moreover, as
1 1
(c,d) €r,z+¢€) X [-x,—x+€)C |z,x+— ) X |—z,—x+— ),
n n

we see that (¢,d) € V by the definition of X,,. Therefore, as Uy was arbitrary,
we see that V intersects every neighbourhood of (z, —2) and thus (z, —2) € V.

To conclude the proof that X is not normal, suppose to the contrary
that X is normal. Therefore, as A and B are closed subsets of X, there
exists open subsets U and V of X such that ACU, BCV,and UNV = .
By the above we know that there exists an element (z, —z) € A such that
(2,—z) € V. Therefore, since (z,—2) € A C U and U is open, the properties
of the closure implies that U NV # (). As this is a contradiction, the proof
that X is not normal is complete.
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6.3 Urysohn’s Metrization Theorem

As the Baire Category Theorem provides additional proof that metric spaces
are awesome (and an additional property topological spaces must have in
order to be metrizable), it is about time we have a way of verifying that certain
topological spaces are metrizable. Our main result of this section, Urysohn’s
Metrization Theorem (Theorem does exactly that. In particular,
Urysohn’s Metrization Theorem can be thought of as the continuation of
Proposition as, after all, every metrizable topological space must be
Hausdorff, first countable, and normal by Remark [6.1.3] so strengthening
first countable to second countable allows us to weaken normal to regular.
Furthermore, Urysohn’s Metrization Theorem is exactly why Urysohn’s
Lemma (Theorem is called a lemma.

Theorem 6.3.1 (Urysohn’s Metrization Theorem). If (X, T) is a sec-
ond countable, Ts topological space, then (X,T) is metrizable.

Proof. By Proposition (X,7T) is normal. Hence, as (X,7T) is Tj
and thus Hausdorff, (X, 7) is a Tychonoff space. Thus (X, 7) embeds into
[1.erl0, 1] equipped with the product topology by Theorem However,
if I is uncountable, [],c7[0,1] is probably not metrizable as, for example,
[Ioer R is not normal and thus not metrizable. However, if I is countable,
Lemmaimplies that the product topology on [],<;[0,1] (or even [],c7 R)
is metrizable. This would then complete the proof as every subspace of a
metrizable topological space is metrizable. Hence we need only analyze the
proof of Theorem [5.3:20] to see if we can take I to be countable.

Reviewing the part of the proof of Theorem that we need, only the
Embedding Theorem (Theorem was used to construct the embedding.
As the Embedding Theorem produces an embedding of (X, 7 into a product
of copies of R indexed by a collection a functions { fo}aer € C(X,R) with
the properties that for each zg € X and neighbourhood U of xg there exists
an oo € I such that fu,(z9) # 0 and f(z) =0 for all x € X \ U, we need
only verify that we can take I to be countable in this context. This is where
(X, T) being second countable and Urysohn’s Lemma (Theorem comes
into play.

To construct the desired countable collection of functions, recall that since
(X, T) is second countable that there exist a countable basis B = {B,}>2
of (X,T). Let

I ={(n,m) eN? | B, C B,} CN*.
Clearly I is a countable set. Moreover for each (n,m) € I we have by
definition that B, and X \ B, are disjoint closed subsets of (X,7) by
construction. Therefore, since (X, 7)) is normal, Urysohn’s Lemma implies
that for each (n,m) € I there exists an fq,.,) € C(X,[0,1]) such that
fnmy(x) =1 for all x € By, and f(, m)(x) = 0 for all z € X \ By,.
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We claim that {f(,m)}m,m)er has the desired properties to invoke the
Embedding Theorem to embed (X, 7) into a countable product of copies of
R which is then metrizable by Lemma To see this, let zop € X and U a
neighbourhood of zy be arbitrary. Since B is a basis for (X, 7T), there exists
an n € N such that

x9 € B, CU.

Since (X, T) is regular, Lemma [5.1.15| implies there exists a V € T such that
roeVCVCB,CU.
Since B is a basis for (X, T), there exists an m € N such that
x9 € By, CV.

Hence by Theorem [I.6.21] we have that

z90€ B, CB, CVCB,CU.

Hence (n,m) € I. Since z9 € By, we see by the definition of f, ) that
fnm)(w0) = 1. Furthermore, since B, C U so that X \ U C X \ B, we
see by the definition of f, ;,,) that f(, ,,)(z) = 0 for all # € X \ U. Hence,
as x and U were arbitrary, we have verified the necessary assumptions for
the Embedding Theorem hold for {f(, m)}n,m)er thereby completing the
proof. |

Remark 6.3.2. Of course, it is natural to ask, “How useful is Urysohn’s
Metrization Theorem (Theorem [6.3.1))?” After all, how often can one see a
topological space (X, T) is second countable, regular, and Hausdorff without
easily seeing that there is a metric that induces 77 In terms of analysis, the
answer is Urysohn’s Metrization Theorem is not that useful. This is due to
the fact that in analysis topologies are often defined via norms, seminorms,
or in other natural ways (such as weak and weak* topologies) which either
are obviously metrizable topologies or are not second countable.

However, one important use of Urysohn’s Metrization Theorem comes
from differential topology. One main focus of differential topology is topo-
logical manifolds, which are Hausdorff topological spaces (X, 7T) for which
there exists an n € N such that every point x € X has a neighbourhood
that is homeomorphic to R™ equipped with the Euclidean topology. One
can eagsily see that topological manifolds are locally compact Hausdorff topo-
logical spaces by definitions. Hence as Corollary [5.4.3] implies that every
locally compact Hausdorff topological space is Tychonoff and thus regular
by Remark [5.3.11] every topological manifold is regular. Thus, provided a
topological manifold is not too large and thus second countable, Urysohn’s
Metrization Theorem automatically implies that a metric exists.
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Of course, it is natural to ask whether provided (X, 7) is normal, can
the assumption that (X, 7) is second countrable in Urysohn’s Metrization
Theorem (Theorem be reduced to the assumption that (X, 7) is first
countable? After all, it is a lot easier to demonstrate a topological space
is first countable than it is to show a topological space is second countable.
Unfortunately, this is not the case. In particular, the lower limit topology is
such an example. Indeed, to summarize, we have the following.

Corollary 6.3.3. Let Ty, be the lower limit topology on R. Then (R,Tr) is
a first countable, separable Ty topological space that is not second countable
and thus not metrizable.

Proof. The fact that (R,77) is a first countable, separable T4 topological
space that is not second countable follows from combining Examples [[.5.37
15.1.26} 16.1.8] 16.1.16, and |6.1.21] Moreover, (R,77) is not metrizable by

6.1.23 ]

6.4 Local Finiteness

Although Urysohn’s Metrization Theorem (Theorem is useful to some
in order to show that certain topological spaces are metrizable, we have seen
that we cannot simply weaken the assumption of second countability to first
countability in the Urysohn’s Metrization Theorem due to the lower limit
topology on R. Thus, as we know from Example [6.1.1§] that the uniform
metric topology on F(N,R) is not second countable, we have no hope in
directly improving Urysohn’s Metrization Theorem to obtain necessary and
sufficient conditions for a topological space to be metrizable. Thus, a new
concept is needed in order to progress in this direction.

As second countability is too strong an assumption on a topological space
in order to prove metrizability as there are metrizable topological spaces
that are not second countable, we need a weaker assumption. Of course first
countable is a possibility, but we want better control over the neighbourhoods
of a point in a metrizable topological space. Thus we take some motivation
from compact topological spaces and try to invoke some notion of finiteness
of the neighbourhoods near a point. In particular, we want to make sure
that we can find neighbourhoods that do not have too much overlap.

Definition 6.4.1. Let (X,7T) be a topological space. A set A C P(X) is
said to be locally finite in (X, T) if every point in X has a neighbourhood
that intersects only finitely many elements of A.

Example 6.4.2. Given a topological space (X, T), clearly every finite subset
of P(X) is locally finite. Consequently, every topology on a finite number of
points has a locally finite basis.
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Example 6.4.3. Consider the canonical topology on R. The set
A={(n,n+2) | n€Z}
is locally finite open cover of R. However, the collection
{42
n'n

is not locally finite in R as every neighbourhood of 0 intersects infinitely
many elements of B.

nGN}

Locally finite sets of a topological space clearly behave well under certain
operations. Furthermore, they are particularly well-behaved when it comes
to taking closures of their unions as the following result demonstrates.

Lemma 6.4.4. Let A be a locally finite set of subsets of a topological space
(X,T). Then the following hold:

(1) Any subset Ay C A is locally finite in (X,T).

(2) The collection A. = {Z | Ae .A} is locally finite in (X, T).

(8) UneaA=Unsca A

Proof. Clearly (1) holds due to the definition of a locally finite set.

To see that (2) holds, let x € X be arbitrary. Since A is locally finite,
there exists a neighbourhood U of x such that U intersects only finitely
many elements of 4. However, if A€ Aand UNA # (), then UN A # () by
Theorem [I.6.21] Hence, as U intersects only finitely many elements of A, U
is a neighbourhood of x that intersects only finitely many elements of A..
Thus, as x was arbitrary, A, is locally finite in (X, 7).

To see that (3) holds, first note that for all A; € A that A1 C Jyeyq A C
Uaea A- Therefore, since |J e 4 A is closed, the definition of the closure of a
set implies that A; C [Jyc 4 A4 for all A; € A. Hence

UAac | 4
AeA

AeA

To see the reverse inclusion, suppose to the contrary that there exists an
a € Uyeq A such that a ¢ Jge 4 A. Since A is locally finite in (X, 7), there
exists a neighbourhood U of a such that U intersects only finitely many
elements of A. Let Aj, Ag,..., A, € A be precisely the elements of A that
have non-empty intersection with U. As a ¢ (J e 4 4, for each k € {1,...,n}
there exists a Uy € T such that a € Uy yet U, N A = 0. Let

VzUﬂ(ﬁlUk>.
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Clearly V is a neighbourhood of a such that VN A, =0 for all k € {1,...,n}.
However, since UN A = () for all A € A\ {Ax}}_;, VN A = 0 for all
A e A\ {A;}}_,. Hence VN (Ugeu A) = 0 thereby contradicting the fact
that V' is a neighbourhood of a and a € [Jc 4 A. Thus, as we have obtained
a contradiction, the reverse inclusion holds as desired. ]

If our goal is to use locally finite sets to help describe a given topology,
obtain a property that is weaker than second countable but stronger than
first countable, and prove to metrizability of a topological space, then we
would likely want locally finite collections of open sets that describe a basis;
that is, we would like a locally finite basis of a topological space. However,
given a metrizable topological space, it is unlikely that we will be able to find
a locally finite basis since, as Example [6.4.3] shows, the requisite of having
arbitrary small neighbourhoods around each point is an immediate obstacle
to having a locally finite basis. However, as we can consider balls of a fixed
radius at a given time and as we only need to consider rational radii, the
following is not out of reach.

Definition 6.4.5. A set A of subsets of a topological space (X, 7) is said to
be o-locally finite if A is a countable union of locally finite subsets of (X, 7).

Remark 6.4.6. The term ‘c-locally finite’ comes from the common notation
in mathematics that ‘o’ refers to ‘countable sums’. Thus o-locally finite is
often called ‘countably locally finite’, but we prefer the o-notation.

Example 6.4.7. Consider the canonical topology on R. For each n € N, let

o { () mes).
n n

It is elementary to see that A, is a locally finite set of open subsets of R for
every n € N. Hence A = J,2 A, is a o-locally finite subset of R consisting
of open sets. Moreover, it is not difficult to see that A is a basis for the
canonical topology on R due to the density of Q in R and the description of

A.

If a topological space having a o-locally finite basis is the property we
are searching for in order to obtain a better a necessary requirement for a
topological space to be metrizable, we better show that every metrizable
topological space as a o-locally finite basis. However, as we will see through
several proofs, it is important to be able to extract a o-locally finite set from
a collection of sets. This notion of refinement is formalized below.

Definition 6.4.8. Let A; and A2 be sets of subsets of a topological space
(X, T). It is said that Ay is a refinement of As if for each A; € Ay there
exists an Ay € Ay such that Ay C Ay. If every set in A; is open in (X, 7),
we call Ay an open refinement of A,. Similarly, if every set in A; is closed
in (X,7T), we call A; a closed refinement of As.
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As an example of obtaining a o-finite refinement, we demonstrate the
following lemma. Note this is the best analogue of ‘every open cover of a
compact topological space has a finite subcover’ that we can possibly obtain
for a metrizable topological space. Therefore, as compactness is such a nice
property, we are perhaps on the right track to study metrizable topological
spaces.

Lemma 6.4.9. Let (X,T) be a metrizable space and let A be an open cover
of (X, T). Then there exists an open refinement A" of A that is o-locally
finite and covers (X,T).

Proof. To see the result, let A = {U,}aer be an arbitrary open cover of
(X,T). By the Well-Ordering Theorem (Theorem , there exists a
well-ordering < on I.

Since (X, 7T) is metrizable, there exists a metric d : X x X — [0, 00) that
induces 7. To construct one portion of the o-locally finite refinement that
covers (X, T), for each n € N we will use d to first shrink each element of A
by %, then we will disjointify the resulting sets resulting in sets with positive
separation, and then we will expand these sets slightly in order to obtain a
locally finite open refinement of U.

Fix a natural number n € N. For each o € I, let

Sn(a):{a:EX ‘Bd(x,i) QUa}

and let

D, (a) = Sp(a)\ U Us.

pei\{a}
BLla

We claim that if «, 8 € I are such that a # 5, then

dist(Dy (), Dn(B)) = inf({d(a,b) | a € Dy(a),b € Dy(B)}) >

S |-

To see this, let «, 8 € I such that a # 8 be arbitrary. As < is a well-ordering
on I, by interchanging o and ( if necessary, we may assume that 8 < a. Let
a € Dy(a) and b € D, (B) be arbitrary. Hence b € S,,(5) so By (b, %) C Us.
Since Dy (a) € X \ Ug by construction, a ¢ By (b, %) so d(a,b) > L. Since
a and b were arbitrary, dist(Dy(c), Dy, (8)) > L as desired.

Unfortunately, {Dy(a)}aer are not the droids... I mean sets we are
looking for (as it is possible to check that S, («) is closed and thus D, («) is
also closed). To rectify the situation, for all a € I let

E,(a) = {:U eX

dist(z, Dn(a)) < ;n} - U B (a, 1) eT.

a€Dy () 3n
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Thus clearly E,(«) is open for all « € I. We claim that if «, 8 € I are such
that « # [, then .

Aist(Bn(a), En(0)) > 5
To see this, let a, f € I such that a # § be arbitrary. Let a € E,,(«) and
b € E,(B) be arbitrary. By the definition of F,(«) and E,(8) there exists
a' € Dyp(a) and V' € D,,(B) such that

1 1
d ! — d d(b, v/ —.
(a,a)<3n an (b, )<3n

Hence, as dist(D, (), D,,(3)) > L, we obtain that

n?

2
<d(d,b) <d(d,a)+ d(a,b) +d(b,V) < 3T d(a,b)

n

SRS

so that d(a,b) > % Hence, as a and b were arbitrary, the claim holds.

For each n € N, let A, = {E,(a) | a € I} and let A" = ey An. We
claim that A’ is the set we are looking for. To begin to see this, first notice
that E,(a) € T for all & € I and n € N so A consists of open sets. To see
that A’ is a refinement of A, consider an arbitrary E,(«) € A’ for some
n € N and a € I. By construction

E,(a) C U By (a, 31n> c U,

a€Sn(a)

by the definition of E,(«), D,(«), and Sy, («) (i.e. E,(a) is a union of open
balls of radius 5~ centred at the elements of Dy, () which are elements of
Sp(a) and thus have the property that the open ball of radius % centred at
them is contained in U,). Hence A’ is an open refinement of A.

To see that A’ is o-locally finite, it suffices to show that A,, is locally
finite for all n € N. To see that A,, is locally finite, let z € X be arbi-
trary. Since the open ball of radius % can intersect at most one E,(«) as
dist(E, (), En(B)) = 5= for all o, 8 € I with a # 3,  has a neighbourhood
that intersects a finite number of elements of A,,. Hence, as x was arbitrary,
A,, is locally finite for all n € N and thus A’ is o-locally finite.

Finally, it remains only to show that A’ is a cover of (X,T). To see this,
let z € X be arbitrary. Since A is a cover of (X, 7)), there exists an o € T

such that € U,. Since < is a well-ordering on I and as
J={ael | zeUy} #0,

there exists a least element of J. Hence there exists an «a, € I such that
x € Uy, and z ¢ Ug for all 8 < a.
Since z € U,, and U,, is open, there exists an n, € N such that

By (ac, i) C U,,. Hence z € S, (ay) Therefore, as « ¢ Ug for all 8 < ay,
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we have that z € D, («a;) by definition. Thus x € E,,_(«,) by definition.
Therefore, as E,, (o) € A’, we have that

T € UA.

AeA

Therefore, as x € X was arbitrary, A’ is a cover of (X, 7) thereby completing
the proof. n

Using Lemma [6.4.9] we can actually prove that metrizable spaces have
nice bases thereby showing that having a o-locally finite basis is a requirement
of being metrizable.

Corollary 6.4.10. Every metrizable topological space has a o-locally finite
basis.

Proof. Let (X, T) be a metrizable topological space and let d be a metric
that induces 7. For every n € N, let

- fnfed)

Since A,, is clearly an open cover of (X, 7), Lemma implies that there
exists an open refinement B,, of A, that is o-locally finite and covers (X, T).

Since B, is a refinement of A,, notice if B € B,, then B C By (a:, 1) for

n
some z € X and thus diam(B) < 2.
Let B = ;2 B,. We claim that B is a o-locally finite basis of (X, 7).
To see this, note B is clearly o-locally finite being the countable union of
o-locally finite subset of (X,7). To see that B is a basis for (X,7T), let
x € X and € > 0 be arbitrary. Choose n € N such that % < §. Since
B,, covers (X, T), there exists a B € B, C B such that € B. Therefore,

since diam(B) < 2, it must be the case that z € B C By {x, %} C By(x,e€).
Therefore, since z € X and € > 0 were arbitrary and since d induces T, B is
a o-locally finite basis of (X, 7) as desired. ]

xeX}.

6.5 The Nagata-Smirnov Metrization Theorem

As Corollary shows that every metrizable topological space must have
a o-locally finite basis, it is natural to ask whether we can obtain a converse
to Corollary Of course we must add the condition that the topological
space under investigation is normal as every metrizable topological space is
normal by Remark However, as verifying a topological space is normal
is often difficult, we desire to replace the assumption of being normal with
being regular as Lemma [5.1.15| provides a simpler method for verifying a
topological space is regular.

(©For use through and only available at pskoufra.info.yorku.ca.



6.5. THE NAGATA-SMIRNOV METRIZATION THEOREM 255

Thus the main goal of this section is to prove the Naga-Smirnov Metriza-
tion Theorem (Theorem showing that every regular topological space
with a o-locally finite basis is metrizable. To proceed, we begin by developing
additional properties of regular topological spaces with o-locally finite bases.

Lemma 6.5.1. Let (X,7T) be a regular topological space with a o-locally
finite basis. If V. € T, then there exists {U,}o>y C T such that

V= U1 Un = Un.
n= n=1

Proof. By assumption there exists a basis B of (X, 7") such that B = J;2; B,
where each B,, is a locally finite subset of (X, 7). For each n € N, let

A,={BeB, | BCV).

Since clearly A,, C B, A, is a locally finite subset of (X, 7T) for all n € N.
For each n € N, let

U.= |J B
BeA,

Clearly U, € T for all n € N. Furthermore, by Lemma and the
definition of A,,, we see that

BeA,

for all n € N. Hence
U, CV.

3
s

Un C

1 n=1

n

To see the reverse inclusion, let x € V be arbitrary. Since (X,7) is
regular and B is a basis for (X, 7), Lemma implies that there exists a
B € B such that

reBCBCV.

Hence B € A, for some n € N, so x € U, for some n € N, and thus
z € UpZ; Uy. Therefore, as © € V was arbitrary, the result follows. [

If our goal is to prove that every regular topological space with a o-locally
finite basis is metrizable, we must be able to prove such topological spaces
are normal. The following lemma does just this. Note the idea of the proof
of this lemma is to follow the ideas of Proposition [5.1.27] Indeed we can
repeat the proof once we bypass the second countability assumption using
our o-locally finite basis.

Lemma 6.5.2. Let (X,T) be a regular topological space with a o-locally
finite basis. Then (X,T) is normal.
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Proof. Let A and B be arbitrary closed subsets of (X, T') such that ANB = ().
Since X \ B and X \ A are open sets in (X, 7 ), Lemma implies that
there exists {Up}o2q, {Va}o2, C 7 such that

X\B=JU,=JU, and X\A= Vo=V
n=1 n=1 n=1 n=1

By taking complements, we see that {U,}>2, is an open cover of A such
that BNU, =0 for all n € N, and {V},}°°, is an open cover of B such that
ANV, =0 for all n € N. As this is precisely what was originally constructed
in Proposition to obtain the desired open subsets of (X, 7) in that
context, we need only repeat the proof to ensure that {U,}>2; and {V,,}22,;
are pairwise disjoint.

For every n € N, let

UL, =Up,\ (U Vk> and V) =V,\ (U Uk>.
k=1 k=1
Clearly {U,}n>1 and {V,,},>1 are collections of closed subsets of (X,7) so
{Ur—1 Ug}n>1 and {Ug_ Vi }n>1 are closed subsets of (X, T). Therefore,
since {Uy, }n>1 and {V,},>1 are collections of open subsets of (X,7) and
since D\ E = DN (X\E) for all D,E C X, we see that {U)],},,>1 and
{V,'}n>1 are collections of open subsets of (X, T).
Let

U= L_JlU,g and V= L_JIV,{,

which are open subsets of (X, 7) by the above discussions. We claim that
ACU,BCV,and UNV = (. To see this, first notice since V,, N A =
for all n € N that U, N A = U, N A for all n € N. Hence, since A C U2, U,
we obtain that A C U. Furthermore, similar arguments show that B C V.
Finally, suppose to the contrary that U N'V # () so that there exists an
x € UNV. By the definition of U and V', there must exists n,m € N so that
zx e U, and z € V. If n > m, then x € V,), implies that 2 € V;;, and = € U,
implies that

k=1
which is an obvious contradiction. Similarly, if m > n then z € U, and
x € Vi, \ Uy, which is also a contradiction. Hence is must be the case that
unv=4.
Therefore, since A and B were arbitrary, (X,7) is normal as desired. =

In fact, regular topological spaces with o-locally finite bases share another
topological property with metric spaces. Indeed recall Lemma [6.2.20] showed
that closed subset of a metric spaces is Gg and the following shows the same
is true for regular topological spaces with o-locally finite bases.
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Lemma 6.5.3. Let (X,T) be a regular topological space with a o-locally
finite basis. Then every closed subset of (X, T) is a G subset of (X,T).

Proof. Let F be an arbitrary closed subset of (X, 7). Since X \ F' is open,
Lemma implies there {V,,}52; C 7 such that

o

X\F=JVu=U"u
n=1 n=1

For each n € N, let U, = X \ V,, € T. We claim that F = \>2, U,, thereby
showing that F' is a Gs set. Indeed this follows directly from the above set

equality due to De Morgan’s laws. Therefore, as F' was arbitrary, every
closed subset of (X, T) is Gs. n

Going back to our main goal of proving metrizability, in order to prove
that every regular topological space with a o-locally finite basis is metrizable,
we either need to explicitly construct a metric (which is likely a daunting
task) or we must embed our topological space into a metrizable space. Using
Lemma [6.5.3| we can obtain functions that look very similar to those required
in the assumptions of the Embedding Theorem (Theorem .

Lemma 6.5.4. Let (X, T) be a normal topological space and let A be a closed
G5 subset of (X, T). There exists an f € C(X,|0,1]) such that f(a) =0 for
allae A and f(x) >0 for allz € X \ A.

Proof. Let A be an arbitrary closed Gs subset of (X,7). Since A is Gs,
there exists a countable set {U,}72; of open subsets of (X,7) such that
A =N U, Since A C U, for all n € N, A and X \ U, are disjoint
closed subsets of (X,7T) for all n € N. Therefore, since (X,7T) is normal,
Urysohn’s Lemma (Theorem implies that for all n € N there exists
an f, € C(X,[0,1]) such that f,(a) =0 for all a € A and f,(x) = 1 for all
z € X\ U,.

Since (Cp(X,R), || - ||o) is a Banach space by Theorem |4.2.14] and since

00 o 1
> <D 5=
n=1 o n=1

Theorem implies the function f : X — R defined by

1
27nfn

hE
3] =

Il
i

n

for all x € X is an element of Cy(X,R). Furthermore, the above norm
estimate implies that f(z) < 1 for all z € X and clearly f(x) > 0 for all
x € X by construction.
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To see that f is the function we are looking for, first notice for all « € A

that -
(@)= yfal@) =0
n=1

by construction. To see that f has the second desired property, let z € X \ A
be arbitrary. Since A = (o2, Uy, © € Uney X \ U,. Thus there exists an
n, € N such that @ € X \ U,,. Therefore f,, (z) = 1 by construction so that

1= 3 0@ 2 g @) >

as desired. Hence, as © € X'\ A was arbitrary, f has the desired properties. m

Now we have all the tools to prove our main result. The motivation and
idea of the proof are described as we begin the proof below.

Theorem 6.5.5 (Nagata-Smirnov Metrization Theorem). A topolog-
ical space (X, T) is metrizable if and only if (X,T) is Ty, reqular, and has a
o-locally finite basis.

Proof. First, suppose that (X, 7)) is metrizable. Hence (X, T) is a T4 space
by Theorem and thus regular. Moreover, (X, 7T) has a o-locally finite
basis by Corollary Hence one direction of the proof is complete.

Conversely, suppose that (X, 7)) is regular and has a o-locally finite basis.
Our goal is to use the same idea as the Embedding Theorem (Theorem
to embed (X, 7T) into (I],e7[0, 1], Trm) where 7y, is the uniform metric
topology. This will complete the proof as a subspace of a metric space is a
metric space.

By Lemma and Lemma we know that (X,7) is normal and
that every closed subset of (X, 7)) is Gs. Hence Lemma implies that for
each closed subset A of (X, T) that there exists an f € C(X,[0,1]) such that
f(a)=0forall a € A and f(x) > 0 for all z € X \ A. These are precisely
functions we desire to use to build our embedding into a product of metric
spaces equipped with the uniform topology. Of course, we desire to use our
o-locally finite basis in order to have greater control over the functions we
are using.

Since (X, 7T) has a o-locally finite basis there exists a basis B of (X, T)
such that B = |J;2; B,, where each B, is a locally finite subset of (X, 7). B
the previous paragraph, for each n € N and each B € B,, we obtain as X \ B
is closed that there exists an f, gy € C(X, [0, 1]) such that f(, gy(z) > 0 for
all z € B and f(, py(x) = 0 for all z € X \ B. By scaling f(, ) by + if
necessary, we may assume that

fem e (o]
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for all B € B,, and n € N.
Let

1
I={n,B) | neN,BeB,} and Y= [] [0]
(n,B)el n

and define F': X — Y by
F(l’) = (fn,B(x))(n,B)EI

for all z € X. We claim that {f(, )}, B)er satisfy the assumptions of the
Embedding Theorem (Theorem [5.3.19) so that F' is an embedding from

(X, T) into Y equipped with the product topology. Of course, this is not the
desired topology we want on Y as we wanted the uniform metric topology.
However, since the uniform metric topology is finer than the product topology
by Lemma [.2:4] this will immediately imply that F is injective and if U € T
then F'(U) is open with respect to the product and thus with respect to the
uniform metric topology.

To see that {f(,, B)}(n,B)er satisfy the assumptions of the Embedding
Theorem, let zg € X and U a neighbourhood of xy be arbitrary. Since B is a
basis of (X, 7), there exists an n € N and a B € B,, such that xo € B C U.
Hence by the definition of f(,, gy, f(n,B)(z0) > 0 and f(, p)(z) = 0 for all
x € X\Uas X \U C X\ B. Therefore, as zp and U were arbitrary, the
claim is complete. Hence, by previous discussions, the proof will be complete
once it has been demonstrated that F' is continuous from (X,7) into Y
equipped with the uniform metric topology.

Let d:Y xY — [0,00) denote the uniform metric on Y. Therefore, due
to the explicit descriptions of Y and the uniform metric on Y, we know that

dg, ) = sup lg((n, B)) — h((n, B))| <1
(n,B)el

for all g,h € Y (i.e. taking the minimum with 1 is not required as every
term in the sup is at most 1).

To see that F' is continuous from (X, 7) into (Y,d), let zgp € X and € > 0
be arbitrary. To complete the proof, it suffices to construct a neighbourhood
V of zy such that if x € V, then d(F(z), F'(z0)) < e.

Choose N € N such that % <. Since 0 < frnp)(7) < % for all n € N,
we see that for all n > N and for all B € B,, that

1
|f(n,B)(Z) = fn,B)(w0)] < N S€

for all x € X. Thus we will need only consider (n, B) € I such that n < N
when analyzing the values of d(F(x), F(zo)) for z € X.
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For a fixed n € N, we recall that B, is locally finite. Hence there exists a
neighbourhood U, of xg such that U, intersects a finite number of elements
of B,,. Let

{Boptiei={BeB, | BNU, # 0}.

Since f(n,B, ,) € C(X) for all k € {1,...,m}, there exists a neighbourhood
Vi of 2o such that

|f(n,Bnk)(x) - f(n,Bnk)(x0)| <€

for all z € V,, 1. Let

Vn = Un N (n Vn,k)

k=1

so that V,, is a neighbourhood of xg. We claim that

| fon,3)(T) = fin,By(0)| < €
for all x € V;, and B € B,. Indeed if B € {B,, }}"_; then the claim follow

from the definitions of V,, and V,, ;. Otherwise B ¢ {B, i}},. Hence
BnNU, =0 so that U, C X \ B and thus

fin,B)(®) = fin,B)(x0) =0

for all z € V,, as xy € V,,. Hence the claim follows.
Let

=

V = Vs

n=1

which is an open neighbourhood by construction. Furthermore, by construc-
tion, if n € N is such that n < N, if B € B,,, and if x € V then

| f(n,B)(Z) = fn,B)(w0)| < e

Hence as

foralln > N, B € B,,, and x € X, we obtain by the definition of the uniform
metric that

d(F (), F(zo)) <€
for all x € V thereby completing the proof. [ |
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6.6 Paracompactness

Of course the Nagata-Smirnov Metrization Theorem (Theorem has one
limitation in that one needs to verify that a topological space has a o-locally
finite basis, which is often not an easy task. As the idea of a o-locally finite
basis was motivated by trying to weaken second countability via an idea
similar to compactness, in this section we will introduce a generalization of
compactness called paracompactness. It turns out that paracompactness
is particularly useful for applications in topology and differential geometry.
However, our only goal will be to relate paracompactness to the existence of
o-locally finite bases.
Onto the definition.

Definition 6.6.1. A topological space (X, T) is said to be paracompact if
every open cover of (X,7) has a locally finite open refinement that covers

(X, 7).

Clearly every compact topological space is paracompact as every finite
subcover of an open cover U is clearly a locally finite open refinement of ¢ that
covers the space. However, additional topological spaces are paracompact.

Example 6.6.2. Let (X,7) be a Hausdorff topological space such that
there exists a sequence (V},),>1 of open subsets of (X, T) such that K, =V,
is compact for all n € N, K, C V,4q for all n € N, and X = ;2 K,
(e.g. X = R" equipped with the Euclidean topology). Then (X, 7) will be
paracompact. To see this, let & be an arbitrary open cover of X. For each
n € N, we note since K,, is compact and since U is an open cover of (X,T)
and therefore K, that there exists a finite subset U,, C U such that U,, covers
K,,. Let
A, ={UN Vo \ K1) | U €Uy}

where Ky = (). Since K, is compact in (X, 7T) and thus closed by Theorem
BLI3 A, C T.

Let A =y, A,. We claim that A does the trick. To see this, note since
A, is an open refinement of U, C U for all n € N that A is an open refinement
of U. Moreover, since U,, covers K,, we see that A, covers K,, \ K, _; for
all n € N. Therefore, since X = ;2 ; K,,, we obtain that A covers (X, T).

Finally, to see that A is locally finite, let x € X be arbitrary. Hence
x €V, for some n € N. Since no element of A,, intersects V,, for all m > n,
we see that the set of elements of A that intersect V,, is contained in Jp_; A
which is finite since U}, and thus A;, is finite for all k¥ € N. Therefore, as x
was arbitrary, A is locally finite as desired.

Since paracompactness is very similar to compactness in that locally
finite replaces finite, we can prove some results for paracompact topological
spaces that we had only for compact topological spaces. For example, the
following result is similar to Lemma [3.1.12] and is proved in a similar manner.
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Lemma 6.6.3. Every paracompact Hausdorff topological space is reqular.

Proof. Let (X,T) be a paracompact Hausdorff space. To see that (X, 7) is
regular, suppose A is a non-empty closed subset of (X,7) and z € X \ A.
Since (X, 7T) is Hausdorff, for each a € A there exists U,, V, € T such that
a €U, x € Vy,and U,NV, = (. Thus {X \ A}U{U, }aca is an open cover of
(X, T). Therefore, since (X,7) is paracompact, there exists a locally finite
open refinement U of {X \ A} U {U,}sca that covers (X, T).
Let
C={CelUd| CnA#D}

and let

uv=_Jc

ceC

Clearly U is an open subset of (X, 7). Moreover, since U was a cover of
(X,T), C is an open cover of A and thus A C U. Furthermore, since U is
locally finite, C is locally finite and thus

v=-cC

ceC

by Lemma [6.4.4]

We claim that x € X \ U. To see this, suppose to the contrary that x € U.
Hence there exists an C, € C such that z € C,. Since C, € C, C, N A # ()
so Cp € X \ A. However, since U was a refinement of {X \ A} U{U,}qea,
it must be the case that there exists an a € A such that C, C U,. Hence
C.NV, C U,NV, = 0 thereby contradicting the fact that = € C, by Theorem
as V, is a neighbourhood of . Thus z € X \ U.

Since U and X \ U are disjoint open subset of (X, 7T) such that A C U
and z € X \ U, we have demonstrated the desired separation. [

Thus, as Theorem used Lemma [3.1.12] to show that compact
Hausdorff topological spaces are normal, so too may we use Lemma [6.6.3]in
a similar way to show the following.

Theorem 6.6.4. FEvery paracompact Hausdorff topological space is normal.

Proof. Let (X, T) be a paracompact Hausdorff space. To see that (X, 7) is

normal, let A and B be arbitrary disjoint non-empty closed subset of (X, 7).

Since (X, T) is regular by Lemma for each a € A there exists U,,V, € T

such that a € U,, B C V,, and U, NV, = (). Thus {X \ A} U{U,}aca is an

open cover of (X, 7). Therefore, since (X, 7T) is paracompact, there exists a

locally finite open refinement U of {X \ A} U{U,}aeca that covers (X, T).
Let

C={Celd|CNA#D
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and let
v=\Jc
ceC
Clearly U is an open subset of (X, 7). Moreover, since U was a cover of
(X,T), C is an open cover of A and thus A C U. Furthermore, since U is
locally finite, C is locally finite and thus
v=\JC

ceC

by Lemma [6.4.4]

We claim that B C X \ U. To see this, suppose to the contrary that
there exists a b € B such that b € U. Hence there exists an C}, € C such that
be C,. Since C, €C, Chb,NA#Dso Cp, ¢ X\ A. However, since U was a
refinement of {X \ A} U {U,}eca, it must be the case that there exists an
a € A such that C, C U,. Hence C,NV, C U,NV, = () thereby contradicting
the fact that b € C, by Theorem as V, is a neighbourhood of b. Thus
BCX\U.

Since U and X \ U are disjoint open subset of (X, T) such that A C U
and B C X \ U, we have demonstrated the desired separation. [

Moreover, in a similar fashion to how Theorem [3.1.14] shows that a closed
subspace of a compact space is compact, we can prove the following.

Theorem 6.6.5. Fvery closed subspace of a paracompact topological space
18 paracompact.

Proof. Let (X,T) be a paracompact topological space and let A be a closed
subspace of (X,7). To see that A is paracompact, let {Uy}aer be an
arbitrary open cover of A. By the definition of the subspace topology, for
each « € I there exists a V,, € T such that

Uy =ANV,.
Since A is a closed subset of (X,7) and {Uqy }aer is an open cover of A,
V={X\A}U{Votaer

is an open cover of (X,7T). Therefore, as (X,7T) is paracompact, there
exists a locally finite open refinement Vy of V that covers (X, 7). It is then
elementary to see that

Uy={ANV | V €V}

is a locally finite (by Lemma and as intersecting with a fixed set
preserves being locally finite) open (because V € Vy €T so ANV is open
in A) refinement (reductions of refinements are refinements) of ¢ that covers
A (as Vy covered (X, T)) as desired. [
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Let’s return to our motivation of using the idea of paracompactness to
simplifying the task of finding o-locally finite bases. In particular, our goal
in a regular topological space is to relate paracompactness and the existence
of a o-locally finite basis. Thus the equivalence of (i) and (ii) in the following
lemma is of particular interest. Although we are not interested in (iii) and
(iv) in these notes, we include them out of interest and the fact that the
proof that (ii) implies (i) must go through (iii) and (iv) anyways, so we might
as well break down the proof as much as possible.

Lemma 6.6.6. Let (X, T) be a regular topological space. The following are
equivalent:

(i) Every open cover of (X, T) has an open refinement that is locally finite
and covers X (i.e. (X,T) is paracompact).

(ii) Every open cover of (X, T) has an open refinement that is o-locally
finite and covers X.

(iii) Every open cover of (X,T) has a refinement that is locally finite and
covers X .

(iv) Every open cover of (X,T) has a closed refinement that is locally finite
and covers X.

Proof. To being, clearly (i) implies (ii).

To see that (ii) implies (iii), let U be an arbitrary open cover of (X, 7).
By the assumption of (ii), there exists an open refinement A of U that
o-locally finite and covers X. Since A is o-locally finite, there exists locally
finite sets {A,}p2; € P(T) such that A = ;2 A,.

In order to obtain a refinement of I/ that is locally finite and covers X,
we will systematically modify each A4,, to make sets from different .4, disjoint
in order to improve o-locally finite to locally finite at the cost of no longer
having open sets. To begin this process, for each m € N let

Vm = U Aa
AeA,,
for each n € Nand A € A, let
Sn(A) = A\ ( U Vm> :
m<n

for each n € N let
B, ={S.(4) | Ae A,},

and let
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Since B, is a refinement of A, for all n € N as S,,(A) C A for all A € 4,,
clearly B is a refinement of .4 and thus a refinement of ¢ by definition. Hence
it remains only to show that B is locally finite and covers X.

To see that B is locally finite and covers X, let x € X be arbitrary.
Our goal is to show that x € B for some B € B and that there exists a
neighbourhood of x that intersects only finitely many elements of B. To
begin, recall since A covers X, there exists an n € N and an A € A,, such
that € A. Choose n, € N such that there exists an A, € A,, such that
x € Ay but x ¢ A for all A € A, with n < n,. Thus =z ¢ V,, for all
m < n,. Hence z € A, € A,, and x ¢ V,, for all m < n, implies that
xr €Sy, (Az) € By, C B. Therefore, as x was arbitrary, B covers X.

To construct the desired neighbourhood of x, note for each n < n, that
A, is locally finite so there exists a neighbourhood W,, of z that intersects
only finitely name elements of A,. Therefore, since S,(A) C A for all
A € A, we see that W, intersects only a finite number of elements of B,

for all n < ng,. Let
V:Amm<ﬂwﬁ,

n=1

which is a neighbourhood of x being a finite intersection of neighbourhoods
of z. As V C W, for all n < n,, we see that V intersects only a finite
number of elements of B, for all n < n,. However, as A,, C V,, so that
Sm(A) N A, =0 for all A€ A, and m > n,, we obtain that V' does not
intersect any element of B,, for all n > n,. Hence, as a finite union of finite
sets is finite, V intersects only as finite number of elements of B. Therefore,
as x was arbitrary, B is locally finite as desired. Hence (ii) implies (iii).

To see that (iii) implies (iv), let U« be an arbitrary open cover of (X, T).
Let

A={V eT | VCU for some U € U}.

Clearly A is an open refinement of . Furthermore, since (X, 7) is regular,
Lemma |5.1.15 implies that A covers X. Hence by the assumption of (iii)
there exists a refinement B of A that is locally finite and covers X. Let

c={B | BeB)}.

Clearly C is a collection of closed subset of (X, 7) that cover (X, 7) since B
covers X. As C is locally finite by Lemma to complete the proof, we
claim that C is a refinement of U. To see this, let C' € C be arbitrary. Hence
there exists a B € B such that C = B. However, since B is a refinement of
A, there exists a V' € A such that B C V. Hence, by the definition of A,
there exists a U € U such that

C=BCVCU.
Therefore, as C' € C was arbitrary, C is a refinement of &/. Hence (iii) implies

(iv).
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To see that (iv) implies (i), let & be an arbitrary open cover of (X, 7).
By the assumption of (iv), there exists a (closed) refinement A of U that
is locally finite and covers X. To obtain our open refinement of I/ that is
locally finite and covers X by using (iv), we will need some nice closed sets
to take complements of.

Let

B={V €T | V intersects at most a finite number of elements of A}.

Since A is locally finite, for each x € X there exists a B € B such that z € B.
Hence B is an open cover of (X, 7). By the assumption of (iv), there exists
a closed refinement C of B that is locally finite and covers X. Since C is a
refinement of B, the definition of B implies that each element of C intersects
at most a finite number of elements of A.

For each A € A, let

Ca= |J Cccx\4
ceC
CCX\A
and let
U(A) = X\ Cya.

Since C is locally finite so any subset of C is locally finite, and since every
element of C is closed, Lemma implies that C4 is a closed subset
of (X,T) for all A € A. Hence U(A) is open in (X,7T) for all A € A.
Furthermore, since A C U(A) for all A € A by construction, and since A
covers X,

Uy = {U(A) | Aec A}

is an open cover of X.

Unfortunately Uy need not be a refinement of U. To rectify the situation,
note since A is a refinement of U, for each A € A there exists a V(A) e U
such that A C V(A). Let

D={UA)NV(A) | Ac A}

Clearly D is a refinement of A by construction and thus a refinement of U/.
Moreover, since U and Uy are open covers of X, it is elementary to see that
D is an open cover of X.

We claim that D is locally finite thereby completing the proof. To see this,
let z € X be arbitrary. Since C is locally finite, there exists a neighbourhood
W of x such that W intersects only a finite number of elements of C. Therefore,
since C covers X and thus W, there exists a finite set {Cj}}_; C C such that

W C Gk
k=1
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We claim that each Cy for k € {1,...,n} intersects only a finite number
of elements of D thereby completing the proof. To see this, let C' € C be
arbitrary. If C intersects U(A) NV (A) for some A € A, then CNU(A) # 0
which implies C' is not a subset of C'4 and thus implies C' is not contained in
X \ A thereby yielding that C' intersects A. Since C is a refinement of B and
since each element of B intersects only a finite number of elements of A, C
can only intersect a finite number of elements of A. Hence as C intersects A
whenever C' intersects U(A) NV (A), C can only intersect a finite number of
elements of D. Hence D is a locally finite open refinement of I/ as desired. m

Lemma [6.6.6] now easily enables us to show the following using o-locally
finiteness as a stopping point.

Lemma 6.6.7. Every metrizable topological space is paracompact.

Proof. Let (X, T) be a metrizable topological space. Hence (X, T) is regular.
Moreover, Lemma implies that ever open cover of (X, 7) has a o-locally
finite open refinement that covers (X, 7). Hence Lemma implies that
every open cover of (X,7) has an open refinement that is locally finite and
covers X. Thus (X, 7)) is paracompact as desired. [ |

6.7 Smirnov Metrization Theorem

To conclude our discussion of metrizability, we improve on the Nagata-
Smirnov Theorem (Theorem [6.5.5) by replacing having a o-finite basis
with paracompactness provided our topological space also has the following

property.

Definition 6.7.1. A topological space (X, T) is said to be locally metrizable
if every point in X has a neighbourhood that is metrizable in the subspace
topology.

Recall from Remark [6.3.2] that one use of Urysohn’s Metrization Theo-
rem (Theorem was to imply the existence of metrics on topological
manifolds. By definition topological manifolds are locally Euclidean and thus
locally metrizable. Thus the following theorem is by far an improvement as
paracompactness is more general than second countability (i.e. a topological
manifold need not be second countable, although some authors make this
assumption) and often paracompactness is not difficult to check.

Theorem 6.7.2 (Smirnov Metrization Theorem). A topological space
(X, T) is metrizable if and only if it is a locally metrizable, paracompact,
Hausdorff topological space.

Proof. To begin, suppose that (X, 7) is a metrizable topological space. Then
clearly (X, 7) is locally metrizable and Hausdorff. Furthermore, (X,7T) is
paracompact by Lemma [6.6.7] Hence one direction of the proof is complete.
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Conversely, suppose that (X,7T) is a locally metrizable, paracompact,
Hausdorff topological space. To see that (X, 7) is metrizable, it suffices by
the Nagata-Smirnov Metrization Theorem (Theorem to show that
(X, T) is regular and has a o-locally finite basis. Notice (X, T) is regular by
Lemma

To see that (X,7) has a o-locally finite basis, recall since (X,7T) is
locally metrizable that for each x € X there exists a U, € T such that U, is
metrizable. Hence U = {U, },ex is an open cover of (X, 7). Therefore, since
(X, T) is paracompact and regular, Lemma implies that there exists an
open refinement A of U that is locally finite and covers (X, 7). Since A is
a refinement of U, for each A € A there exists an z € X such that A C U,.
Thus, as a subspace of a metrizable space is metrizable, every element of A is
metrizable. Hence for each A € A there exists a metric d4 : A x A — [0, 00).

For each n € N let

A, = {BdA (a,1>
n

Clearly A, is clearly an open cover of (X,7) as A is a cover of (X, 7).
Therefore, since (X,7) is paracompact and regular, Lemma implies
that there exists an open refinement 5, of A, that is o-locally finite and
covers (X, 7).

Let B = ;2 B,. We claim that B is a o-locally finite basis of (X, T).
To see this, note B is clearly o-locally finite being the countable union of
o-locally finite subset of (X, T).

To see that B is a basis for (X,7), let z € X and V a neighbourhood
of x be arbitrary. Since A is locally finite, there exists a finite subset
{Ar}in, € Asuch that Ay NV # @ forall ke {1,...,m}and ANV =10
for all A € A\ {Ax}},. Since A, NV C Aj is a neighbourhood of z for all
ke {1,...,m}, there exists an ¢; > 0 such that

aeAandAE.A}.

BdAk (LU, Gk) - Ak Nnv.

Let € = min({e1, €2, ..., €6, }) and choose n € N such that = < §.

Since B, covers (X,7), there exists a B € B, C B such that x € B.
Since B, is a refinement of A,,, there must exist an A € A, and ana € A
such that B C By, (a, %) Therefore x € V' and

1
l‘EBgBdA (a,) CA,
n

so A = Ay, for some ko € {1,...,m}. Moreover, since B C BdAk (a, %)7 we
0

have that diamgy A (B) < % Therefore, since x € B, we have that
0
2
re BC BAkO "T’ﬁ C BAkO(x,e) CA, NV CV.
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Therefore, as  and V were arbitrary, B is a basis for (X, 7) thereby com-
pleting the proof. |
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Appendix A

Basic Set Theory

All mathematics must contain some notation in order for one to adequately
describe the objects of study. As such, we begin the notation for the most
basic structures in this course.

A.1 Sets

One of the most natural mathematical objects is the following:
Heuristic Definition. A set is a collection of distinct objects.

The following table list several sets, the symbol used to represent the set,
and a set notational way to describe the set.

Set Symbol | Set Notation

natural numbers | N {1,2,3,4,...}

integers Z {0,1,-1,2,-2,3,-3,...}
rational numbers | Q {¢ ] a,beZ,b#0}

real numbers R {real numbers}

complex numbers | C {a+bi]| abeR}

Notice two different types of notation are used in the above table to describe
sets: namely {objects} and {objects | conditions on the objects}. Further-
more, the symbol () will denote the empty set; that is, the set with no
elements.

Given a set X and an object x, we say that x is an element of X, denoted
x € X, when z is one of the objects that make up X. Furthermore, we will
use x ¢ X when z is not an element of X. For example, v/2 € R yet v2 ¢ Q
and 0 € Z but 0 ¢ N. Furthermore, given two sets X and Y, we say that ¥
is a subset of X, denoted Y C X, if each element of Y is an element of X;
that is, if a € Y then a € X. For example N C Z C Q C R. Furthermore,
note the empty set is a subset of all sets, and if X C Y and Y C X then
X=Y.
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One important question that has not been addressed is, “What exactly
is a set?” This questions must be asked as we have not provided a rigorous
definition of a set. This leads to some interesting questions, such as, “Does
the collection of all sets form a set?”

Let us suppose that there is a set of all sets; that is

Z={X | X is a set}

makes sense. Note Z has the interesting property that Z € Z. Furthermore,
if Z exists, then
Y={X| Xisasetand X ¢ X}

would be a valid subset of Z. However, we clearly have two disjoint cases:
either Y € Y or Y ¢ Y (that is, either Y is an element of Y or Y is not an
element of Y).

If Y € Y, then the definition of Y implies Y ¢ Y which is a contradiction
since we cannot have both Y € Y and Y ¢ Y. Thus, if Y € Y is false, then
it must be the case that Y ¢ Y.

However, Y ¢ Y implies by the definition of Y that Y € Y. Again this is
a contradiction since we cannot have both Y ¢ Y and Y € Y. This argument
is known as Russell’s Paradox and demonstrates that there cannot be a set
of all sets.

The above paradox illustrates the necessity of a rigorous definition of a
set. However, said definition takes us in a different direction than desired in
this course. That being said, a rigorous definition of a set would provide us
with the ability to take subsets of a given set and would permit the following
operations on sets.

Definition A.1.1. Let X be a set. The power set of X, denote P(X), is
PX)={A ] AC X}
Note ) € P(X) and X € P(X).

Definition A.1.2. Let {X,}aer denote a collection of subsets of a set X
indexed by a set I.

e The union of {X,}acr, denoted J,c; Xa, is the set

U Xo={a | a € X, for at least one o € I}.
a€el

e The intersection of {X4}acr, denoted N,e; Xa, is the set

ﬂXa:{a | a € X, for all o € I}.
acl
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Definition A.1.3. Given two sets X and Y, the set difference of X and Y,
denoted X \ Y, is the set

X\Y={a|aecXanda¢Y}

In this course, we will often have a set X and will be considering subsets
of X. Consequently, given a subset Y of X, the set difference X \ Y will be
called the complement of Y (in X') and will be denoted Y for convenience.

To conclude this section, we note the following set inequalities that will
be used surprisingly often in this course.

Theorem A.1.4 (De Morgan’s Laws). Let X and I be non-empty sets
and for each a € I let X,, be a subset of X. Then

(Ux) =N me x Q)= Yo

aecl acl acl ael
Proof. Notice that

xE(UEXQC¢¢x¢UX;

i€l i€l
< x¢ X;foralliel
< xe X foralliel
= aze()Xf
icl
which completes the proof since we have shown that x € (U;c; X;) if and

only if x € ;c; X{ (which implies the sets are the same).
We can play a similar game to prove that

OWXJC:LJXﬁ

iel iel
Alternatively, we can use the first result to prove the second. To do this,
we must first show that if £ C X and F = E€, then F° = E. Indeed notice
x € F¢if and only if x ¢ F if and only if = ¢ E° if and only if z € E. Hence
Fc=F.
To prove this new equality using the old, for each i € I let F; = X{. By
applying the first equation using the F;’s instead of the X;’s, we obtain that

C
(UE):HW.
i€l i€l
Since F; = X{ so Ff = X; by the above proof, we have that
[
(Uﬁ):ﬂ&
i€l i€l
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Hence .

UXf:<ﬂX0

i€l el
by taking the complement of both sides and using the proof in the above
paragraph. ]

A.2 Functions

In any analysis course, functions will play a fundamental role. The most
useful and accurate method for defining functions is to use the following
operation on sets (which is also valid by the actual definition of what a set
is).

Definition A.2.1. Given two non-empty sets X and Y, the Cartesian
product of X and Y, denoted X x Y, is the set

XxY ={(z,y) | re X,y Y}

Definition A.2.2. Given two non-empty sets X and Y, a function f from
X to Y, denoted f : X — Y, is a subset S of X x Y such that for each
x € X there is an unique element denoted f(z) € Y such that (z, f(z)) € S
(that is, a function is defined by its graph).

Example A.2.3. Given two non-empty sets X and Y, there is a natural
way to view

XxY={f:{L,2} 5> XUY | f(1) € X, f(2) €Y}

Indeed, a function f: {1,2} — X UY is uniquely determined by the values
f(1) and f(2). Consequently, an f: {1,2} — X UY as defined in the above
set can be viewed as the pair (f(1), f(2)). Conversely a pair (z,y) € X x Y
can be represented by the function f: {1,2} — X UY defined by f(1) ==z

and f(2) =y.

The above example can be extended from a pair of sets to a finite number
of sets. Let X1,..., X, be non-empty sets. We define the product of these
sets to be

Xix-xXp={(x1,...,25) | xj € Xjforall j € {1,...,n}}.

IfX=X,=---=X,, we will write X" for X1 x --- x X,,.
Notice we can view X7 X - -- x X, as a set of functions in a similar manner

to Example Indeed

X1><><Xn:{f{1,,n}—) LnJXk f(j)EXj V]E{l,,n}}
k=1

(©For use through and only available at pskoufra.info.yorku.ca.



A.3. BIJECTIONS 275

But what happens if we want to take a product of an infinite number of sets?

Given a non-empty set I and a collection of non-empty sets { X, }acr, we
define the product

HXa:{f:I—>UXa

acl ael

f(i) € X; forallie[}.

However, we must ask, “Is the above set non-empty?” That is, how do we
know there is always such a function? The answer is, because we add an
axiom to make it so.

Axiom A.2.4 (The Axiom of Choice). Given a non-empty set I and
a collection of non-empty sets {Xo | a € I}, the product [],c; Xo is non-
empty. Any function f € [[,er Xo is called a choice function.

One may ask, “Why Mr. Anderson? Why? Why do we include the
Axiom of Choice?” The short answer is, of course, “Because I choose to.”

It turns out that the Axiom of Choice is independent from the axioms
of (Zermelo—Fraenkel) set theory. This means that if one starts with the
standard axioms of set theory, one can neither prove nor disprove the Axiom
of Choice. Thus we have the option on whether to include or exclude the
Axiom of Choice from our theory. We will allow the use of the Axiom of
Choice (and almost surely you have made use of it in a previous analysis
course and didn’t even know it!).

A.3 Bijections
As we will be using functions throughout the remainder of the course, we
will need some notation and definitions.
Given a function f: X — Y and A C X, we define
f(A) ={f(z) | ze A} CY.

Definition A.3.1. Given a function f: X — Y, the range of f is f(X).

Using the notion of the range, we can define an important property we
may desire our functions to have.

Definition A.3.2. A function f : X — Y is said to be surjective (or onto) if
f(X) =Y that is, for each y € Y there exists an x € X such that f(z) = y.

To illustrate when a function is surjective or not, consider the following
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diagrams.

f is surjective f is not surjective

X 7 Y X ? Y

Example A.3.3. Consider the function f :[0,1] — [0, 2] defined by f(x) =
x2. Notice f is not surjective since f(z) # 2 for all z € [0, 1]. However, the
function ¢ : [0,1] — [0,1] defined by g(z) = 22 is surjective. Consequently,
the target set (known as the co-domain) matters.

One useful tool when dealing with functions is to be able to describe all
points in the initial space that map into a predetermined set. Thus we make
the following definition.

Definition A.3.4. Given a function f: X — Y and a B C Y, the preimage
of B under f is the set

f(B)={reX | flx) e By C X.

Note the notation used for the preimage does not assume the existence
of an inverse of f (see Theorem [A.3.8)). Using preimages, we can define an
important property we may desire our functions to have.

Definition A.3.5. A function f: X — Y is said to be injective (or one-to-
one) if for all y € Y, the preimage f~!({y}) has at most one element; that
is, if #1, 29 € X are such that f(x1) = f(z2), then z1 = z9.

To illustrate when a function is injective or not, consider the following
diagrams.

f is injective f is not injective

X 7 Y X ? Y
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Example A.3.6. Consider the function f : [—1,1] — [0,1] defined by
f(x) = x2. Notice f is not injective since f(—1) = f(1). However, the
function g : [0,1] — [0,1] defined by g(x) = 22 is injective. Consequently,
the initial set (known as the domain) matters.

We desire to combine the notions of injective and surjective.

Definition A.3.7. A function f: X — Y is said to be a bijection if f is
injective and surjective.

Using the above examples, we have seen several functions that are not
bijective. Furthermore, we have seen that f : [0,1] — [0,1] defined by
f(x) = 22 is bijective. One way to observe that f is injective is to consider
the function g : [0,1] — [0,1] defined by g(x) = /z. Notice that f and g
‘undo’ what the other function does. In fact, this is true of all bijections.

Theorem A.3.8. A function f: X — Y is a bijection if and only if there
exists a function g :' Y — X such that

e g(f(z)) =x forallx € X, and

e f(gly)) =y forallycY

Furthermore, if f is a bijection, there is exactly one function g : Y — X that
satisfies these properties, which is called the inverse of f and is denoted by
f~1:Y — X. Notice this implies f~' is also a bijection with (f~1)~1 = f.

Proof. Suppose that f is a bijection. Since f is surjective, for each y € Y
there exists an z, € X such that f(z,) = y. Furthermore, note z, is the
unique element of X that f maps to y since f is injective.

Define g : Y — X by g(y) = 2. Clearly g is a well-defined function.

To see that g satisfies the two properties, first let z € X be arbitrary.
Then y = f(x) € Y. However, since f(z,) =y = f(x), it must be the case
that z, = x as f is injective. Therefore

as desired. For the second property, let y € Y be arbitrary. Then

fla(y) = f(zy) =y

by the definition of z,. Hence g satisfies the desired properties.
Conversely, suppose g : Y — X satisfies the two properties. To see that
[ is injective, suppose z1, 22 € X are such that f(z1) = f(x2). Then

r1 = g(f(z1)) = g(f(22)) = 72

as desired. To see that f is surjective, let y € Y be arbitrary. Then g(y) € X
SO

y = flg(y)) € f(X).
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Since y € Y is arbitrary, we have Y C f(X). Hence f(X) =Y so f is
surjective. Therefore, as f is both injective and surjective, f is bijective by
definition.

Finally, suppose f is bijective and g : Y — X satisfies the above properties.
Suppose h : Y — X is another function such that h(f(z)) =« for all x € X,
and f(h(y)) =y for ally € Y. Then for all y € Y,

(where we have used ¢(f(z1)) = z1 when z1 = h(y) and f(h(y)) = y).
Therefore g = h as desired. ]

Remark A.3.9. If f: X — Y is injective, consider the function g : X —
f(X) defined by g(x) = f(x) for all z € X. Clearly g is injective since f is,
and, by construction, g is surjective. Hence g is bijective and thus has an
inverse g~! : f(X) — X. The function g~! is called the inverse of f on its
image.

A.4 Equivalence Relations

Using the same idea as we used for defining functions (i.e. as subsets of a
Cartesian product), we can define another useful notion in mathematics.

Definition A.4.1. Given two non-empty sets X and Y, a relation is a subset
of the product X x Y. Given a relation R, we write xRy if (z,y) € R.

Given a non-empty set X, by a relation on X we will mean a relation on
X x X.

Using a specific type of relation, we can generalize the notion of equality.

Definition A.4.2. Let X be a set. A relation ~ on the elements of X is
said to be an equivalence relation if:

(1) (reflexive) x ~ z for all x € X,
(2) (symmetric) if z ~ y, then y ~ x for all z,y € X, and
(3) (transitive) if x ~ y and y ~ z, then x ~ z for all z,y, z € X.

Given an x € X, the set {y € X | y ~ z} is called the equivalence class of x
and is denoted [z].

Notice that [z] N [y] # 0 if and only if z ~ y. Thus by taking an index
set consisting of one element from each equivalence class, the set X can be
written as the disjoint union of its equivalence classes.
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Example A.4.3. Let V be a vector space and let W be a subspace of V. It
is elementary to check that if we define & ~ ¢ if and only if ¥—¢ € W, then ~
is an equivalence relation on V. Note that the equivalence classes of V' then
become a vector space, denoted V/W, with the operations [Z] + [§] = [Z + 7]
and «[Z] = [aZ]. Note the necessity of checking that these operations are
well-defined; that is, for addition to make sense, one must show that if

Ty ~ Ty and yi ~ i then &1 + 41 ~ To + ¥o.

One of the most useful examples of equivalence relations is to characterize
the open subsets of R. Recall a subset U C R is said to be open if for every
x € U there exists an € > 0 such that (z — €,z 4+ ¢€) C U. We refer the reader
to Section more on the definition of an open subset of R based on the
metric induced by the absolute value.

Proposition A.4.4. FEvery open subset of R is a countable union of open
intervals

Proof. Let U be an arbitrary non-empty open subset of R. Define a relation
~ on U by x ~ y if and only if whenever x < z <y or y < z < x then z € U.
We claim that ~ is an equivalence relation on U.

To see this first notice that if z € U, then = ~ x trivially. Furthermore,
clearly if x ~ y then z € U whenever z < z < y or y < z < z, and thus
y ~ x. Finally, suppose z,y,w € U are such that x ~ y and y ~ w. To see
that © ~ w, we divide the discussion into five cases:

Case 1: z <y < w. In this case, we have x < z < y implies z € U and
y < z < w implies z € U. If z is such that x < z < w, then either z < z < ¥,
y < z<w,ory=z Asall of these imply z € U, we have z ~ w in this
case.

Case 2: w <y < z. This case follows from Case 1 by interchanging x and
w.

Case 3: y < x < w. In this case, we have y < z < w implies z € U. Thus
if x <z<wtheny<z<wsoz&€U. Hence z ~ x in this case.

Case 4: y < w < z. This case follows from Case 3 by interchanging x and
w.

Case b: z <w <y or w<x <y. This case follows from Cases 3 and 4
by reversing the inequalities.

Thus, in any case x ~ w. Thus ~ is an equivalence relation.

Next we claim that each equivalence class is an open interval. To see
this let « € U be arbitrary and let E, denote the equivalence class of z with
respect to ~. To see that E, is an open interval, let

o, = inf(E;) and B = sup(Ey).
We claim that E, = (ag, fz)-
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First, we claim that o, < .. To see this, notice that z € E, C U. Hence,
as U is open, there exists an € > 0 such that (xr — e,z 4+ ¢) C U. Clearly
y~axforally e (z—e€x+€)so

a <zr—€e<x+e<pf,.

To see that (o, By) C Ey, let y € (ag, Bz) be arbitrary. Since a, < y <
Bz, by the definition of inf and sup there exists z1, zo € E, such that

ap <21 <y <2< f.

Since z1, 292 € E,, we have 21 ~ z and z3 ~ z. Thus 21 ~ 23 S0 [z1,22] C U.
Hence y € [z1, 22] C U. Therefore, as y € (ay, B;) was arbitrary, (ay, fz) C
E,.

To see that E, C (ag, ), note that E, C (o, fz) U {ag, Bz} by the
definition of «a, and (.. Thus it suffices to show that ay, S, ¢ E,. Suppose
Bz € Ey (this implies 3, # 00). Then 8, € U so there exists an € > 0 so
that (B, — €,8; +€) C U. Hence 5, + %e ~ By ~ x (as By € E;). Hence
Bz + %6 € E,. However (8, + %e > B, so B + %6 € FE, contradicts the fact
that 8, = sup(E,;). Hence we have obtained a contradiction so 5, ¢ Ej.
Similar arguments show that a, ¢ E,. Hence E, = (o, 3,) as desired.

To complete the proof, first notice that clearly

U=J E.
zelU

so U is a union of open intervals. It remains to be verified that the above
union can be made countable. Since each E, is an open interval, E, NQ # (.
Hence, as each E, N Q is non-empty, by the Axiom of Choice there exists a
function f: {E; | z € U} — Q such that f(E;) € E, for all x € U. Hence,
as B, NE, =0if E, # E,, f is an injective function. Hence {E, | z € U} is
countable. Thus the union U = |J, ¢y E» can be made into a countable union
by choosing one representative from each equivalence class (or, alternatively,

U =Ugeo [~ ({a}))- u

A.5 Zorn’s Lemma

In this section, we will briefly review Zorn’s Lemma, which is a necessary
step in order for us to prove Tychonoff’s Theorem (Theorem (3.3.4). We
begin with the basics.

Definition A.5.1. Let X be a set. A relation < on the elements of X is
called a partial ordering if:

(1) (reflexivity) a = a for all a € X,

(2) (antisymmetry) if @ < b and b < a, then a = b for all a,b € X, and
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(3) (transitivity) if a,b,c € X are such that a < b and b < ¢, then a < c.
Clearly < is a partial ordering on R. Here is another example:
Example A.5.2. Given a set X, the relation < on P(X) defined by
Z =Y if and only if ZCY
is a partial ordering on P(X).

The partial ordering in the previous example is not as nice as our ordering
on R. To see this, consider the sets Z = {1} and Y = {2}. Then Z A Y
and Y £ Z; that is, we cannot use the partial ordering to compare X and
Z. However, if z,y € R, then either x <y or y < x. Consequently, a partial
ordering is nicer if it has the following property:

Definition A.5.3. Let X be a set. A partial ordering < on X is called a
total ordering if for all z,y € X either z <y or y < = (or both).

Of course, we desire to equip a set with a partial ordering. Thus we give
the following name to such an object.

Definition A.5.4. A partially ordered set (or poset) is a pair (X, <) where
X is a non-empty set and < is a partial ordering on X.

Our main focus is a ‘result’ about totally ordered subsets of partially
ordered sets:

Definition A.5.5. Let (X, <) be a partially ordered set. A non-empty
subset Y C X is said to be a chain if Y is totally ordered with respect to =<;
that is, if a,b € Y, then either a < b or b < a.

Clearly any non-empty subset of a totally ordered set is a chain. Here is
a less obvious example.

Example A.5.6. Recall that the power set P(R) of R has a partial ordering
< where
A=<B <«— ACB.

IfY ={A,}52, CP(R) are such that A, C A4 for all n € N, then Y is a
chain.

Like with the real numbers, upper bounds play an important role with
respect to chains.

Definition A.5.7. Let (X, <) be a partially ordered set. A non-empty
subset Y C X is said to be a bounded above if there exists a z € X such that
y < z for all y € Y. Such an element z is said to be an upper bound for Y.
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Example A.5.8. Recall from Example that if Y = {4,}72; € P(R)
are such that A, C A, for all n € N, then Y is a chain with respect to the
partial ordering defined by inclusion. If

A= G A
n=1

then clearly A € P(R) and A, C A for all n € N. Hence A is an upper
bound for Y.

Recall there are optimal upper bounds of subsets of R called least upper
bounds which need not be in the subset. We desire a slightly different object
when it comes to partially ordered sets as the lack of a total ordering means
there may not be a unique ‘optimal’ upper bound.

Definition A.5.9. Let X be a non-empty set and let < be a partial ordering
on X. An element z € X is said to be maximal if there does not exist a
y € X \ {z} such that = < y; that is, there is no element of X that is larger
than x with respect to <.

Notice that R together with its usual ordering < does not have a maximal
element (by, for example, the Archimedean Property). However, many
partially ordered sets do have maximal elements. For example ([0, 1], <) has
1 as a maximal element (although ((0, 1), <) does not).

For an example involving a partial ordering that is not a total ordering,
suppose X = {x,y, z,w} and < is defined such that a < aforalla € X,a <b
for all a € {z,y} and b € {z,w}, and a £ b for all other pairs (a,b) € X x X.
It is not difficult to see that z and w are maximal elements and x and y
are not maximal elements. Thus it is possible, when dealing with a partial
ordering that is not a total ordering, to have multiple maximal elements.

The result we require for the next subsection may now be stated using
the above notions.

Axiom A.5.10 (Zorn’s Lemma). Let (X, =) be a non-empty partially
ordered set. If every chain in X has an upper bound, then X has a mazimal
element.

We will not prove Zorn’s Lemma. To do so, we would need to use the
Axiom of Choice. In fact, Zorn’s Lemma and the Axiom of Choice are
logically equivalent; that is, assuming the axioms of (Zermelo—Fraenkel) set
theory, one may use the Axiom of Choice to prove Zorn’s Lemma, and one
may use Zorn’s Lemma to prove the Axiom of Choice.

As a simple example of the use of Zorn’s Lemma, we present the following.

Example A.5.11. Let V be a (non-zero) vector space. We claim that V'
has a basis; that is, a linearly independent spanning set. To see this, let

(©For use through and only available at pskoufra.info.yorku.ca.



A.6. THE WELL-ORDERING THEOREM 283

L denote the collection of all linearly independent subsets of V' (which is
clearly non-empty) and define a partial ordering on £ by A < B if and only
if A C B (clearly this is a partial ordering on £).

To invoke Zorn’s Lemma (Axiom [A.5.10]), we need to demonstrate that
every chain in £ has an upper bound. Let {A,}acr be an arbitrary chain in
L and let

A= U Aq.
aecl
We claim that A € L£. To see this, suppose v1,...,U, € A and a1 +
- anU, = 0 for some scalars ag. By the definition of A and the fact that
{A4}aer is a chain, there exists an i € I such that v1,...,4, € A; (that is,
each 7 is in some A, and as the A, are totally ordered, take the largest).
Hence, as A; is a linearly independent set, a1t} + - --a,¥, = 0 implies
ap = -+ =a, = 0. Hence A € L. As A is clearly an upper bound for
{A4}aer, ever chain in £ has an upper bound.

By Zorn’s Lemma there exists a maximal element B € £. We claim that
B is a basis for V. To see this, suppose to the contrary that span(B) # V.
Thus there exists a non-zero vector ¥ € V \ span(B). This implies that
B U {#} is linearly independent. However, as B < BU {0} and B # B U {¢},
we have a contradiction to the fact that B is a maximal element in £. Hence
it must have been the case that span(B) = V and thus B is a basis for V.

A.6 The Well-Ordering Theorem

Zorn’s Lemma (Axiom has another application that is useful in
topology; namely the existence of ‘nice’ orderings of arbitrary sets. To
describe these orderings and the desired result, we require the following
strengthening of total orderings.

Definition A.6.1. A total ordering < on a set X is said to be a well-ordering
if for all non-empty Y C X there exists an yg € Y such that yg < y for all
y € Y; that is, every subset of X has a least element.

Example A.6.2. The canonical ordering < on R is not a well-ordering since
R has no least element with respect to <. However, < is a well-ordering on
N by Peano’s Axioms.

Although the canonical ordering on R is not a well-ordering, R does have
a well-ordering as the following result demonstrates.

Theorem A.6.3 (Well-Ordering Theorem). A well-ordering can be
placed on every non-empty set.

Proof. Let X be a non-empty set. Let

ZT={(A,<4) | AC X,<,4 is a well-ordering of A}.
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Note that Z # () as X # () and every singleton in X has a trivial well-ordering
to be equipped with.

Given (A,<4),(B,<p) € I, define (4,<4) = (B,<p) if and only if
A C B, <plaxa =<4, and if a € A and b € B are such that b <p a
then b € A. We claim that < is a partial ordering on Z. To begin to see
this, we note clearly if (A, <4),(B,<p) € Z, then (A, <4) < (4,<4) and if
(A, <4) X (B,<p) and (B,<p) < (A,<4) then (A,<4) = (B,<p). Lastly,
suppose (A,<4),(B,<p),(C,<¢) € T are such that (A,<4) X (B,<p)
and (B,<p) = (C,<¢). Clearly this implies that A C C' and <¢|4 =<a.
Finally, suppose a € A and ¢ € C are such that ¢ <g a. Asa € AC B
and (B, <p) X (C,<¢), we have that ¢ € B. Thus ¢ <¢ a implies ¢ <p a.
Hence, as (A,<4) = (B, <p), we have that ¢ € A as desired. Hence (Z, <)
is a partially ordered set.

To invoke Zorn’s Lemma (Axiom we need to demonstrate that
every chain in Z has an upper bound. Let C = {(Aa, <a)}acs be an arbitrary
chain in Z. Let

A=[J A CX
acJ
For a,b € A, define a < b if and only if there exists an ag € J such that
a,b € Ay, and a <o, b. We claim that < is a well-ordering on A thereby
showing that (A, <) € Z.

To see this, we first note that < is trivially reflexive as each (4, <n)
is reflexive. To see that < is antisymmetric, let a,b € A be arbitrary
elements such that a < b and b < a. By the definition of <, there exists
ap,a9 € J such that a,b € Ay, a <4, b, a,b € Ay, and b <,, a. As C
is a chain, by reversing the roles of a and b if necessary, we may assume
that (Aays <ay) = (Aays <a,). Hence, by the definition of < we have that
a,b € Au,y, a <4, b,and b <,, a. Therefore, as (Aq,, <a,) is a total ordering,
a = b. Hence, as a and b were arbitrary, < is antisymmetric.

To see that < is transitive, let a,b,c € A be arbitrary elements such
that a < b and b < ¢. By the definition of <, there exists a1, as € J such
that a,b € An,, a <4, b, a,c € A,,, and b <,, c¢. As C is a chain, if
a = max({a1,as}) (which is either a; or ay, we have by the definition of
=< that a,b,c € Ay, a <, b, and b <, c¢. Therefore, as (A,, <,) is a partial
ordering, a <, c thereby showing that a < c¢. Hence, as a,b,c € A were
arbitrary, < is transitive.

To see that < is a total ordering, let a,b € A be arbitrary elements. Since
C is a chain, there exists an « € J such that a,b € A,. Hence, as (Aq, <a)
is a total ordering, either a <, b and thus a < b, or b <, @ and thus b < a.
Hence, as a,b € A where arbitrary, < is a total ordering.

To see that < is a well-ordering, let B C A be an arbitrary non-empty
set. Due to the definition of A, there exists an o € J such that BN A,, # 0.
Hence, as (Aay, <ay) is @ well-ordering, there exists an element z € BN A, C
B such that z <,, y for all y € BN A,. We claim that z is a least
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element of B with respect to <. To see this, let b € B be arbitrary. By
the definition of A, there exists an oy, € J such that b € BN A,,. Since
C is a chain, either (Aqy, <ap) = (Aays <ay,) OF (Aays <o) = (Aags <ao)- If
(Aags <ag) = (A, <a,), then if b <,, z, the definition of < implies that
be Ay, and thus x <,, b so z < b. Otherwise, if (Aq,, <a,) = (Aags <ao)s
then b € BN A,, € BN Ay sox <4, bby the definition of x and thus
x < b. Hence, as b € B was arbitrary, x is a least element of B. Therefore,
as B C A was arbitrary, < is a well-ordering on A. Hence (A,<) € 7 as
desired.

By the definition of < is it is clear that (A, <) is an upper bound for C.
Therefore, as C was arbitrary, every chain in Z has an upper bound. Hence
Zorn’s Lemma implies there exists a maximal element (M, <js) of Z.

We claim that M = X. To see this, suppose to the contrary that there
exists an ¢ € X \ M. Let M’ = M U {z} and for a,b € M’, define a <¢ b if
and only if a,b € M and a <p; borif a € M and b = x. Clearly < is a well-
ordering on M’ as <, is a well-ordering and as a < x for all a € M. Thus
(M',<p) € Z. Moreover, it is clear by construction that (M, <ps) < (M’', <p)
by the definitions of < and <g. As (M, <p) # (M’, <), it contradicts the
fact that (M, <ps) is a maximal element of Z. Hence it must have been the
case that M = X.

Since M = X, <,y is a well-ordering on X by the definition of Z. Thus
the result holds. |

Although we will not demonstrate it here, the Well-Ordering Theorem
(Theorem is logically equivalent to Zorn’s Lemma and thus the Axiom
of Choice; that is, assuming the axioms of (Zermelo—Fraenkel) set theory, one
may use the Well-Ordering Theorem to prove Zorn’s Lemma, and one may
use Zorn’s Lemma to prove the Well-Ordering Theorem as we did above.

(©For use through and only available at pskoufra.info.yorku.ca.



286 APPENDIX A. BASIC SET THEORY

(©For use through and only available at pskoufra.info.yorku.ca.



Appendix B

{p Spaces

In this chapter, we will look at some topological properties of ¢, spaces.

B.1 p-Norms

To see that ¢,(K) is a vector space on K and the p-norms as described in
Examples|1.2.12|and [1.2.13| are indeed norms, it suffices to verify the Triangle
Inequality for these p-norms. This will be done by verifying Minkowski’s
Inequality (Theorem [B.1.3).

To do so, we will need to develop some additional inequalities. First
fix p € (1,00) and consider the function f : (1,00) — (1,00) defined by
f(z) = -%5. Using elementary calculus, f is a bijection between these two
sets. In particular, for each p € (1,00) there exists a ¢ € (1,00) such that
p= qfql. Thus

Hence for each p € (1, 00) there exists a ¢ € (1,00) such that % + % =1.

Lemma B.1.1 (Young’s Inequality). Let a,b > 0 and let p,q € (1,00)
be such that % + % =1. Then ab < %ap + %bq.

Proof. Notice 1 = ;1) + % = % implies p + ¢ — pg = 0. Hence ¢ = -£5.

Fix b > 0. Notice if b = 0, the inequality easily holds. Thus we will
assume b > 0.

Define f : [0,00) = R by f(z) = jaP + ;b? — bz, Clearly f(0) > 0
and lim, o f(z) = 0o as p > 1 so aP grows faster than x. We claim that
f(z) > 0 for all z € [0,00) thereby proving the inequality. Notice f is
differentiable on [0, c0) with

[SAS]
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1
Therefore f/(x) = 0 if and only if x = br—T. Moreover, it is elementary to
1
see from the derivative that f has a local minimum at b»—1 and thus f has a

global minimum at brll due to the boundary conditions. Therefore, since
f(b77) = Lyt ¢ Lye it Lo Ly e
p q p q
we obtain that f(x) > 0 for all x € [0,00) as desired. ]

Using Young’s Inequality, we have a stepping stone towards the Triangle
Inequality.

Theorem B.1.2 (Holder’s Inequality). Let p,q € (1,00) be such that
% + % = 1. For any sequences (Tn)n>1 and (Yn)n>1 with complex entries,

i |lzryr| < (i |xk|p>; <§: !ykI‘I);.

k=1 k=1 k=1

Proof. Let a = (352, |$k’p)% and let 8 = (3°52, |yk|q)$ It is clear that
a = 0 implies x; = 0 for all k£ which implies > 72, |zxyx| = 0 and thus the
inequality will hold in this case. Similarly if 8 = 0, then the inequality holds.
Subsequently, if &« = oo or § = oo the result holds. Hence we may assume
that 0 < a, 8 < 0.

Since 0 < a, f < 00, we obtain that

oo o T
> lmryrl =aB =k %k
k=1 =1 &
<af i}ﬁp E by Lemma [B.1.0]
- opla qlp
SUVTELIS PR ST
paP i b ;=
1 1
oft
p q
= aIB
as desired. m

Theorem B.1.3 (Minkowski’s Inequality). Let p € (1,00). For any
sequences (Tn)n>1 and (Yn)n>1 with complex entries,

o0 v 00 g o0 g
<Z |2k, + yk\p> < (Z l‘k\p) + <Z \yk\p> .
k=1 -1 =1
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Proof. Choose ¢ € (1,00) so that %—}—% =1. Thus g = p%l. Since p € (1, 00),
notice by Hélder’s Inequality that

Z |z + vk l®

k=1
o0
= (lzx + weD) (Jzr + yel )P
k=1
o0
< (awl + lyel) (zr + yel )P~
k=1
o0 o0
=3 lakl(ze +w )P+ D lurl (lzx + we)?
k=1 k=1
1 1 1
D E oo D [oe) a
< <Z!xk!p> (Z(\wk—i-ykp b ) (Z\yk\p> (Z |z + kP >
=1 k=1 k=1

()« Eme) ) )

If 372 |2k + yi|P = 0, the result follows trivially. Otherwise, we may divide
1
both sides of the equation by (3-;2; |z + yx|?) 7 to obtain that

<i ’wkw’“’p); ) (i‘“* yk“”)l; < (i mrpf " (i\ykpy

k=1 k=1 k=1 k=1

as desired. n

B.2 The Weak Topology on /(R)

In this section, we will demonstrate that sequences are not enough to distin-
guish topologies as there are distinct topologies on ¢1(R) that have the same
convergence sequences.

Consider £ (R) and recall from the previous section that || - ||; is a norm on
¢1(R) and thus induces a topology, which will be denoted 7,,. To construct
another topology on /¢1(R), for each & = (zy)p>1 € 1(R), for each Z =
(zn)n>1 € loo(R), and each € > 0, define

< e} .

The collection of all Sz >, form a subbasis for a topology 7y, on ¢1(R) known
as the weak topology.

Of course, it is more interesting to know the neighbourhood basis sur-
rounding each point in a topological space.

o0

yn Zn

S:E',",e = {(yn)nZI € El
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Lemma B.2.1. For every & = (xy)n>1 € (1(R), for every m € N, for every
Zr = (Zkn)n>1 € loo(R) for k € {1,...,m}, and for every e > 0, define
Bga{gk};cnzy6 to be the set

o0

Z (xn - yn)zk,n

n=1

{(yn)n>1 € 61 (R)

<6f0rallk:€{1,...,m}}.

The collection over m, {Z;}1-,, and € of all Bf’{gk}zz:vf is a Ty-neighbourhood
basis for .

Proof. Fix & = (xy)n>1 € £1(R). To see that the set over m, {2}, and
e of all B57{5k}2n:175 is a Ty-neighbourhood basis for Z, we must show that
every Ty-neighbourhood of & contains one of these sets. Thus let U be an
arbitrary 7,-neighbourhood of x. Since the collection of all Sz 3z o+ forms a
subbasis for 7y, there must exist {Zx};"; C 1(R), {Zk}11; € ¢o(R), and
€1,---,€Em > 0 such that

ky€k
k=1
Consider a fixed k € {1,...,m}. As & € Sz, 2., if T = (Tpn)n>1 and
gk = (Zk,n)nZh then
o
T = Z(xn — Zon) 2| < €k-
n=1

We claim that Bz z ¢, —r, €S

5k,5k7€k‘ Indeed) let :lj: (yn)n21 6 B:f,gk,
be arbitrary. Then

€k—Tk
00

— Yn) Zkn| < € — Tk-

Therefore, since every sequence in ¢1(R) is absolutely summable and as
scaling each entry in an absolutely summable series by a bounded sequence
preserves the absolute summability, we are dealing with absolutely summable
series so we can rearrange the series as desired to obtain that

[e.9] o0

— Thon)Zkn n)Zkn + (Tn — Thn)2kn

e}

Z *xn Zk,n

[e.e]

xkn Zk,n

< € — Tk +TE = €.

Hence, as § € Bgz, ¢, —r, Was arbitrary, Bzz o —r. C Sz 5., [Or every
Ee{l,...,m}.
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Finally, let 6 = min{ex —r | K € {1,...,m}} > 0. Then, as

Bz z.6 © B ge—r
for all k, we see that
m
xEBaﬁ{zk}k 10— ﬂ Ba:zk,zSC n szk,ek Tk - m T 21,k cuU.
k=1 k=1 k=1

Therefore, as U was arbitrary, the proof is complete. [ |

Using Lemma along with a version of Holder’s inequality (Theorem
B.1.2)) for ¢1(R) and ¢+ (R), we obtain the following.

Proposition B.2.2. The norm topology on ¢1(R) is finer than the weak
topology on £1(R).

Proof. To see that Tw C T, let U € Ty and & = (z)n>1 € U be arbitrary.
By Lemma 1| there exist an m € N, 2, = (2xn)n>1 € loo(R) for k €
{1,...,m}, and ¢ > 0 such that # € Bz (5ym . CU. Let

M =max{||Z| | k€ {1,...,m}} > 0.

We claim that the [| - [|;-ball V" of radius 777 centred at 7' is contained in
Bf,{fk}gﬂzl,e- Indeed if y = (yn)n>1 € V, then

o €
- < —.

Hence for all k£ € {1,...,m} we see that

o (o.9)
yn Zkmn < Z ‘l'n ynsz,n| < Z |wn _yn’M < M 1M <e.
= n=1 n=1 +
Thus § € B RERVIS Therefore, as i is arbitrary, we obtain that V' C

zv{zlﬂ};n:p Hence ~
reVcCc Bfa{zk}zn:lﬁ cU.

Therefore, as & € U was arbitrary, U € T, and thus, as U € T, was arbitrary,
Tw C Tn. N

To emphasize that the weak topology is not the norm topology, we note
the following.

Proposition B.2.3. The weak topology on ¢1(R) is not a topology induced
by a norm. Hence the weak and norm topologies on ¢1(R) differ.
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Proof. Suppose T, was a topology induced by a norm || - ||,,. Let U be the
|- |I,,-ball of radius 1 centred at the zero vector 0. By Lemma there
must exist an m € N, 2 = (2kn)n>1 € loo(R) for k € {1,...,m}, and € > 0
such that Bj (B e cU.

A2k s

For each k € {1,...,m} let

S +1
Vg = (Zk,h 2k 25y Zk,m+1) e R™T,
Then the set {7, | k € {1,...,m}} is a set with m vectors in R™*!. Hence
there exists a non-zero vector ¥ = (21,2, ..., Zm+1) € R™"! such that
m+1
0=v- v, = ijz;w
=1

for all k € {1,...,m}.
Since ¥ € R™*! is non-zero, if we define xzj = 01if j > m + 1, then the
sequence ¥ = (T, )n>1 is a non-zero element of /o (R) such that for all t € R

o0
Z txnzgm =0
n=1

for all k € {1,...,m}. Hence ti € By C U. Hence, as U is the

7{516}’],:‘:175
|| - ||,,-ball of radius 1 centred at the zero vector 0, tz € U for all t € R implies

that |t|||Z]| = ||tZ|| < 1 for all t € R. However, this is impossible as & # 0
so ||Z]| > 0. Thus we have a contradiction so 7, cannot be induced by a
norm. n

Although the weak and norm topologies on ¢1(R) are different topologies,
they do have the same convergent sequences. Hence sequences are not enough
to discuss convergence in topological spaces!

Theorem B.2.4. A sequence (Zp)n>1 converges to a point & in (£1(R),Tp)
if and only if (Zy)n>1 converges to & in (¢1(R), Ty).

Proof. Let (Z)r>1 be a sequence in ¢1(R). By Proposition we know
that if (#),)n>1 converges to a point Z in (¢1(R), 7,) then (&,),>1 converges
to & in (41(R), To).

To see the converse, notice that (Z)r>1 converges to a vector Z € £1(R)
in the norm topology if and only if limy_, |24 — Z||; = 0 if and only if
the sequence (&) — Z);>1 converges to 0 in the norm topology. Similarly,
due to the basis of the weak topology considered in Lemma (Zr)k>1
converges to a vector & € ¢1(R) in the weak topology if and only if the
sequence (T — Z)g>1 converges to 0 in the weak topology. Thus, for the
purposes of this question, we need only consider sequences that converge
to zero in the weak topology. Therefore, to proceed, suppose (Zx)r>1 is a
sequence in £1(R) that converges to 0 in the weak topology.
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To see that (Z)r>1 converges to 0 in the norm topology, suppose to the
contrary that (Z)r>1 does not converge to 0 in the norm topology. Thus

there exists an € > 0 and a subsequence (7}, );>1 such that kaj H . > ¢ for
j>

all j € N. Therefore, by replacing (Z)r>1 with (Zk;);>1 if necessary, we may

assume that (Z)r>1 converges to 0 in the weak topology (i.e. a subsequence

of a convergent sequence still converges) and that there exists an 6 > 0 such
that [|Zk|| > 6 for all k € N.

Write @ = (2 n)n>1 for all & € N. We claim for each m € N that
limy, 00 Ty, n, = 0. Indeed fix m € N and let €, = (€ n)n>1 Where

1 ifn=m
e = .
o 0 otherwise

Notice for any € > 0 that Bj . _ is a neighbourhood of 0. Thus, as (Zk)k>1

converges to 0 in the weak topology, there exists an N € N such that
T € Bﬁém . for all k> N. Hence

‘xk,m| = <€

[e'e)
§ Lkn€m,n
n=1

for all k > N. Therefore, as € > 0 was arbitrary, lim,_,oc T, n = 0 as desired.

Using the facts that ||Zx|| > 6 for all £ € N and that lim, o zp, , = 0 for
all m € N, we will obtain a contradiction to the fact that (Z%)r>1 converges
weakly to 0 by constructing a subsequence that does not converge weakly
to 0. Let k; = 1 and let n; € N be such that D1 1T | < %; which is
possible since Zy, € ¢1(N). As limy, o0 Zm n = 0 for all m € N, there exists a
ko > k1 such that 301, |z 5] < % for all k > ko. Thus, as Tk, € ¢1(R), there
exists an ng > ny such that 3°72, 4 |zk, ;| < %.

By repeating the above construction inductively, we obtain increasing
sequences (kp)m>1 and (N, )m>1 such that Z?’:"fl g 5| < % for all k > k,,
and 300, 1 |2, 5] < 8

Consider the subsequence (T, )m>1. As (Z)k>1 converges weakly to 0,

(Zk,, )m>1 converges weakly to 0. However, consider y = (yn)n>1 € loo(R)
defined by

_ Jsen(r1,)  ifn<m
n = sgn(xg,, n) whenever np,_1+1<n<n,

where

1 ifz>0
=1 a0
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We claim that T, ¢ ij s for all m € N thereby contradicting the fact that
b 73

(Zk,, )m>1 converges weakly to 0. Indeed notice by construction that

Nm—1 o0
6 < &k, Il = Z [Tk g+ Z Tl + D [Tkl
5 Nm, 5
S—+ D Tkl =
6 . 6
]*nm—l'i‘l
SO
am 26
Z |:Ek?m7.7| =g
J=nm-1+1
However, notice that
Nm—1 [e’)
i ¥i| = Z Tho Y + Z Tl F D Tk Y
Jj=nm-1+1 J=nm-+1
Nm, Nm—1 [e'e]
> Y kgl = D Tkl = Y [Tkl
J=nm—1+1 j=1 J=nm+1
20 6 o6 6
> - =2
-3 6 6 3

Hence 7y, ¢ B; 7.2 for all m € N thereby yielding a contradiction and the
K 73
proof. [ |

As an immediate corollary, we have the following.
Corollary B.2.5. The weak topology on ¢1(R) is not metrizable.

Proof. Suppose the weak topology on ¢1(R) is induced by a metric. Then
Theorem along with Theorem implies that 7, = 7,,. However
this contradicts Proposition Hence the weak topology on ¢1(R) is not
induced by a metric. |
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Appendix C

The Stone-Cech
Compactification of N

In this chapter, an explicit description of the Stone-Cech Compactification of
N will be constructed which is useful for many applications. This description
requires us to delve into an alternative approach to topology where the
concepts of nets is replaced with the concepts of filters and ultrafilters. As
there exists a notion of taking a limits along ultrafilters, it is possible to
obtain analogous results to those obtained with nets. The reason nets were
used throughout these notes instead of ultrafilters is that we feel nets behave
in a far more similar fashion to sequences than ultrafilters do thereby enabling
an easier progression from undergraduate real analysis to this graduate level
topology course. However, ultrafilters do have their uses.

C.1 Ultrafilters

To begin, we define the notions of a filter and an ultrafilter in the most
general setting possible.

Definition C.1.1. Let (X, =) be a partially ordered set (see Definition
A.5.1). A subset F C X is said to be a filter on (X, =) if the following
conditions hold:

« F£0,

e (existence of lower bounds) for every z,y € F there exists a z € F
such that z < x and z <y, and

e (upper set) if y € F and = € X are such that y < x, then z € F.

A proper filter is a filter F on (X, <) such that F # X.

An ultrafilter is a maximal proper filter; that is, a proper filter Fy on
(X, %) is said to be an ultrafilter if whenever F is a proper filter on (X, <)
such that Fy C F, then F = Fy.

295
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For topological applications, only certain filters and ultrafilters are re-
quired. The collection of such objects is given by the following definition.

Definition C.1.2. Let X be a non-empty set. For A, B C X, define A < B
if and only if A C B so that (P(X), <) is a partially ordered set. A filter on
X is a filter on (P(X), ). An ultrafilter on X is a ultrafilter on (P(X), C).

In the specific setting of filters and ultrafilters on a set, we have the
following equivalent formulations.

Lemma C.1.3. Let X be a non-empty set. A set F C P(X) is a filter on
X if and only if

« 40,
e fACBC X and A € F then B € F, and
o if A\ B€ F then ANB € F,
Proof. This trivially follows from Definition [C:1.1] ]

Lemma C.1.4. Let X be a non-empty set. A set F C P(X) is an ultrafilter
on X if and only if

(A) if ACBC X and A € F then B € F,

(B) if A\B € F then ANB € F,

(C) if AC X then either A€ F or X \ A€ F, and
(D) 0 ¢ F.

Note properties (B), (C), and (D) together immediate imply that if A C X
then either A € F or X\ A € F but not both (for otherwise ) = AN(X\A) €
F).

Proof. First suppose that F has the four properties on set inclusions listed.
We desire to prove that F is an ultrafilter. To begin this process, we first
note that property (C) implies that F is non-empty. This fact together with
properties (A) and (B) immediately imply that F is a filter on X by Lemma
Moreover, by property (D), 0 ¢ F so F # P(X) and thus F is a
proper filter on X.

To see that F is an ultrafilter on X, suppose to the contrary that Fy is a
proper filter on X such that 7 C Fjy. Hence there exists an A € Fy \ F. As
A ¢ F, property (C) on F implies that X \ A € F C Fy. Hence X \ A € Fy
and A € Fy. Since Fy is a filter on X, § = AN (X \ A) € Fy. Therefore,
since Fy is an upper set and () C A for all A € P(X), Fo = P(X) thereby
contradicting the fact that Fy was a proper filter of X. Hence is an ultrafilter
on X as desired.
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Conversely, suppose that F is an ultrafilter on X. We desire to show
that F has the four properties. To begin, Lemma [C.1.3] immediately implies
properties (A) and (B). Next, note that if () € F, then the fact that F is an
upper set implies that F = P(X) thereby contradicting the fact that F is
an ultrafilter and thus a proper filter. Hence () ¢ F so F satisfies property
(D). Thus all that remains is to show property (C).

To see property (C), let A C X be arbitrary. We claim that either
every element of F intersects A or every element of F intersects X \ A.
To see this, suppose to the contrary that there exists C, D € F such that
CNA=0and DN (X \ A) =0. As F has the lower bound property, there
exists a Z € Fsuch that Z C C C X\ Aand Z C D C A. Hence Z =)
thereby contradicting the fact that () ¢ F. Therefore, the claim must be true.
Therefore, by interchanging A with X \ A if necessary, we may assume that
every element of F intersects A.

Let

I={ANF | FeF}CP(X) and
J ={G C X | there exists a I € Z such that ] C G} C P(X).

We claim that Fop = FUZ U J is a filter on X. To see this, we note that
F # 0 as F is a filter so Fy # (). Next, to see that Fy has lower bounds let
B, C € Fy be arbitrary. Notice since F is closed under finite intersections by
property (B), Z is closed under finite intersections and the intersection of an
element of 7 with an element of F is an element of Z. Hence if B,C € FUZ,
then BNC € FUI C Fyis such that BNC C B and BNC C C. Otherwise,
if BeJ orCe€J,wecan replace B and C respectively with an element of
7 in order to prove the existence of lower bounds with respect to C. Hence
Fo has lower bounds. Finally, to see that F{ is an upper set, let B € Fy and
C C X besuch that BC C. If B € F, then C € F C Fy as F is a filter.
Next, if B € Z, then C' € J C Fp by definition. Finally, if B € J, then there
exists an I € Z such that I C B C C thereby showing that C' € J C Fy by
definition. Hence Fy is a filter on X.

Since () ¢ F and since AN F # () for all F' € F, we see that () ¢ F UZ.
Hence ) ¢ J by definition. Thus Fy is a proper filter on X. However,
as F C Fp and F is an ultrafilter, it must be the case that F = Fy.
Therefore, since X € F as F # () and F is an upper set, we see that
A=ANX eI C Fy=F as desired. ]

Of course, we have not explicitly given examples of ultrafilters on a set.
Before doing so, it is useful to divide the examples of ultrafilters into two
classes.

Definition C.1.5. An ultrafilter F on X is said to be a principal ultrafilter
if F has a least element; that is, there exists an A € F such that A C B for
all B € F (and thus F = {B C X | A C B} by the upper set property of
filters). Any ultrafilter that is not principal is said to be a free ultrafilter.
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Describing and constructing examples of principal ultrafilters is easy.

Proposition C.1.6. Let X be a non-empty set. For each x € X, let
Foe={ACX | ze€ A}
Then {Fy}zex is precisely the collection of all principal ultrafilters on X.

Proof. Fix x € X. We claim that F, is a principal ultrafilter on X. To see
this, first it must be demonstrated that F, is an ultrafilter. To begin this
process, first note that if A C B C C are such that A € Fx,thenz € AC B
so B € F, by definition. Similarly, if A, B € F,, then x € A and x € B so
x € AN B and thus AN B € F, by definition. Next, if A C X, then either
x € Aor x € X\ A and thus either A € F, or X \ A € F, by definition.
Finally, as « ¢ 0, 0 ¢ F,. Hence F, is an ultrafilter on X. To see that F, is
a principal ultrafilter, we note that

Foe={ACX | {z} C A4}

thereby showing that F, is a principal ultrafilter.
To see that {F;}.ex is exactly the set of principal ultrafilters on X, let
F be an arbitrary principal ultrafilter of X. Hence there exists an A C X
such that
F={BCX | ACB}.

If A =0 then ) = A € F thereby contradicting the fact that F is an
ultrafilter. Next, suppose that there exist z,y € A such that x # y. Thus
as A is not a subset of {z} and not a subset of X \ {z}, we obtain that
{z} ¢ F and X \ {z} ¢ F. However, as this contradicts the third property
of F being an ultrafilter on (P(X), C), it must be case that A is a singleton.
Thus A = {z} for some = € X so F = F,. Therefore, as F was arbitrary,
{Fs}zex is exactly the set of all principal ultrafilters on X. ]

Free ultrafilters are a more complicated beast then principal ultrafilters
as they will not be so easy to describe. In fact, it is impossible to given an
explicit description of a free ultrafilter on the natural numbers! However, we
can exhibit the existence of free ultrafilters by constructing a free filter and
using maximality.

Theorem C.1.7. Let X be a non-empty set and let Fo be a proper filter on
X. Then there exists an ultrafilter U on X such that Fo CU.

Proof. Note since Fy is a proper filter, Lemma implies that () ¢ Fy for
otherwise Fy being an upper set would imply Fy = P(X) contradicting the
fact that Fy was a proper filter on X.

Let

Y={FCP(X) | Fis afilter on X such that Fy C F and () ¢ F}.
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Notice that (Y, C) is a non-empty poset since Fy € ). Thus we desire to

apply Zorn’s Lemma (Axiom to obtain a maximal element of ).
To see that the assumptions of Zorn’s Lemma hold for (Y, C), let C be a

non-empty chain in ). To see that C has an upper bound in (Y, C), let

B=]JcC
ceC
Clearly C' C B for all C' € C. Hence, provided B € Y, C has an upper bound
in Y.

To see that B € Y, first note since Fy C C for all C € C that Fy C B.
Furthermore, since () ¢ C for all C € C, () ¢ B. To see that B is a filter on
X, we will verify that B satisfies the conditions of Lemma [C.1.3] To begin,
we note since Fy is a filter on X and thus non-empty, B is non-empty as
Fo € B. Next, let A C B C X be arbitrary elements such that A € B. By
the definition of B, there exists a C € C such that A € C'. Hence, since C is
a filter, A € C and A C B C X implies that B € C C B as desired. Finally,
let A, B € B be arbitrary elements. By the definition of B and since C is a
chain, there exists a C' € C such that A, B € C. Therefore, since C is a filter,
AN B e C C B as desired. Hence B is a filter on X by Lemma

Therefore, Zorn’s Lemma implies that there is a maximal element U of ).
Clearly this implies Fy C Y. Thus, to complete the proof, it suffices to show
that U is an ultrafilter on X. To see this, we first note by the definition of Y
that () ¢ U. Hence U is a proper filter on X. To see that U/ is an ultrafilter,
let F be an arbitrary proper filter of (P(X), C) such that & C F. Clearly as
Fo C U, this implies Fy C F. Moreover, since F is a proper filter, Lemma
implies that () ¢ F for otherwise F being an upper set would imply
F = P(X) contradicting the fact that F was a proper filter on X. Hence
F € Y by the definition of ). Therefore, since I/ is a maximal element of
Y and since U C F € )Y, it must be the case that &/ = F. Hence U is an
ultrafilter on X containing Fy as desired. ]

Using Theorem we can demonstrate the existence of free ultrafilters.
Example C.1.8. Let X be an infinite set and let
F={ACX | X\ Ais finite}.

We claim that F is a proper filter on (P(X), C). Indeed clearly F # () and
F # P(X) by construction. Next let A C B C X be arbitrary sets such that
A e F. Thus X \ A is finite so A C B implies that X \ B is finite and hence
B € F as desired. Finally, let A, B € F be arbitrary. Thus X \ A and X \ B
are finite sets. Since

X\(ANB)=(X\A)U(X\B)

is finite, AN B € F as desired. Therefore, F is a proper filter on (P(X), Q).
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By Theorem there exists an ultrafilter / on X containing F. We
claim that U is a free ultrafilter. To see this, we note by Proposition [C.1.6]
that if for each x € X we let

Fr={ACX | ze A},

then {F,}.ex are the set of all principal ultrafilters on X. We claim that
U # F, for all x € X thereby proving that U is a free ultrafilter on X. To see
this, suppose to the contrary that U = F, for some z € X. Let A = X \ {z}.
As X \ A = {z} is finite, A € F C U = F, thereby contradicting the fact
that A ¢ F, by the definition of F,. Hence U is a free ultrafilter as desired.

To complete this section, we note the useful fact that property (C) in
Lemma can be extended further.

Lemma C.1.9. If X is a non-empty set, if F is an ultrafilter on (P(X), C),
and if {Ar}r_; € P(X) are subsets such that Uy, Ax € F, then Ay € F
for some k € {1,...,n}.

Proof. To proceed, suppose to the contrary that Ay ¢ F forallk € {1,...,n}.
Hence property (C) of Lemma implies that X \ Ay € F for all k €
{1,...,n}. Thus, by using property (B) n — 1 times, we see that

)(\ ((].Ak> Ziﬁﬁ()(\44k)€.Fi

k=1 k=1

Hence U;—; Ax, € F and X\ (Uj—; Ax) € F thereby contradicting the remark
in Hence we have a contradiction so it must be the case that Ay € F
for some k € {1,...,n}. [

C.2 Limits Along Ultrafilters

As alluded to in the introduction to this chapter, ultrafilters give us an
alternate approach to limits that we now describe.

Definition C.2.1. Let (X,7) be a topological space, let I be a non-empty
set, and let F be a proper filter on I. For each « € I, chose a point z, € X.
It is said that the collection (z4)aer converges along F to a point x € X if
for every neighbourhood U of z in (X, 7T) the set {a € I | o, € U} is an
element of F.

As Definition may seem unnatural to any analyst, we provide the
simplest example.

Example C.2.2. Let (X,7) be a topological space and let (z,)n,>1 be a
sequence of points in X. For an m € N, let

Fm={ACN | me A}
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which is a principal ultrafilter on N. We claim that (z,),>1 converges to x,,
along F,,. To see this, we note if U € T is an arbitrary element such that
Tm € U, then

me{neN |z, cU}

SO
{neN |z, U} e F.

Hence as U was arbitrary, (x,),>1 converges to x,, along F,.

Based on the above example, it is natural to ask whether ‘limits’ along
ultrafilters are unique. Of course, the answer is yes if we are in a Hausdorff
space just as in Theorem In fact, unique limits along ultrafilters is
equivalent to Hausdorflness just like the result for nets in Theorem
To show this, we will show a little of the connection between nets and filters.
We will not go too far into the depth of the connection as this is an appendix
section after all!

The following shows the very natural way to get a filter from a net.

Lemma C.2.3. Let (x))aen be a net in a set X and let
F ={F C A | there exists a \g € A such that {\ € A | A\> \o} C F}.
Then F is a proper filter on A.

Proof. To begin to see this, we note that for any \g € A that
F={\| A>X}eF

by definition. Hence F # (). Next let A C B C X be arbitrary sets such
that A € F. Since A € F, there exists a A\g € A such that A € A for all
A > Xg. Thus, as A C B, we see that A € B for all A > )\g. Hence B € F
by definition as desired. Finally, let Fy, F5 € F be arbitrary. Hence there
exists A1, Ao € A such that A € Fy for all A > A1 and A € F5 for all A > Xs.
As A is a directed set, there exists a A\g € A such that A\g > Ay and Ag > Ao.
Hence the above implies for all A > A\g that A € Fy N Fy. Thus FiNFy € F
by definition as desired. Hence F is a filter by Lemma [C.1.3] Furthermore,
as ) ¢ F, F is a proper filter. ]

It is useful to give a name to the above net.

Definition C.2.4. Let (z))xea be a net in a set X. The filter
F ={F C A | there exists a A\g € A such that {A € A | A > N} C F'}.
from Lemma is called the filter derived from (zx)xen-

With the above definitions complete, we can connect the convergence of
nets and the converges along the filter derived from a net easily.

(©For use through and only available at pskoufra.info.yorku.ca.



302 APPENDIX C. THE STONE-CECH COMPACTIFICATION OF N

Lemma C.2.5. Let (X, T) be a topological space and let xo € X. If (xx)ren
is a net in (X,T) and F is the filter derived from (xx)aen, then (zx)xea
converges to xg as a net if and only if (xx)xen converges along F to xg.

Proof. This easily follows from the definition of a convergent net, from the
definition of convergences along a filter, and the definition of the filter derived
from a net. ]

Using the above, we easily obtain the filter version of Theorem [1.5.40
and Theorem [1.5.42)

Theorem C.2.6. A topological space (X,T) is Hausdorff if and only if for
every proper filter F on a non-empty set I and every collection (xq)acr in
X, (za)acr converges to at most one point along F.

Proof. First suppose that (X, 7) is Hausdorff. To see the result, suppose to
the contrary that there exists a proper filter F on a non-empty set I and
a collection (z4)aer in X such that there exists two points x,y € X with
x # y such that (z4)qer converges to both x and y along F. As (X,7T) is
Hausdorff and x # y, there exists U,V € T such that x € U, y € V, and
U NV = (. By the definition of convergence along a filter, we obtain that

{aoel | z,eUeF  and {a€el |z,eV}ieF.
However, as F is a filter, this implies that
D={aecl|zocUNV}={acl|zacU}nN{aecl|z,eV}eF.

Hence, as F is filter and thus an upper set, F = P(I) thereby contradicting
the fact that F was a proper filter. Hence we have a contradiction so the
result holds.

To see the converse, suppose for every proper filter F on a non-empty
set I and every collection (z4)acr in X, (Za)acr converges to at most one
point along F. As this implies every net in (X,7) has at most one point

of convergence by Lemma Theorem |1.5.42] implies that (X,7T) is
Hausdorff. ]

In fact, we can add to our characterization of compact topological spaces
seen in Theorem [3.2.2] with limits along ultrafilters.

Theorem C.2.7. Let (X,T) be a topological space. The following are
equivalent:

(i) (X,T) is compact.

(i) For every non-empty set I, every ultrafilter F on I, and every collection
of points (ra)acr € X, the collection (xq)aecr converges along F in

(X, 7).
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Proof. To begin, let (X, 7T) be a compact topological space. Suppose to the
contrary that there exists a non-empty set I, an ultrafilter F on I, and a
collection of points (4 )acr € X such that (z4)acr does not converges along
F. Hence for every x € X there exists a U, € T such that x € U, and

{a€l | zqo€Us}t ¢ F.

Clearly {Us}zex is an open cover of (X,7). Therefore, since (X,7T) is
compact, there exists an n € N and z1,22,...,2, € X such that X =
Uk—1 Uy,,. Hence

Ufael|zaeU,}=1€F.
k=1

Therefore, by Lemma there exists a kg € {1,...,n} such that
{ael | zq €Uy, }eT.

Since this contradicts the defining property of Uz, » we have a contradiction.
Thus one direction of the proof is complete.

To prove the converse, suppose for every non-empty set I, every ultrafilter
F on I, and every collection of points (z4)aecr € X, the collection (x4 )aer
converges along F in (X, 7). To see that (X,7) is compact, suppose to the
contrary that (X,7) is not compact. Thus by Theorem there exists
a collection {Fy }qer of closed subsets of (X, 7) with the finite intersection
property such that ey Fo = 0.

Let

j: { ﬂ Fozk
k=1
F ={G C X | there exists a J € J such that J C G} C P(X).

nEN,al,...,anEI} CP(X) and

We claim that F is a proper filter on X. To see this, we first note that J # ()
so X € F by construction. Next, let A C B C X be arbitrary sets such that
A € F. Hence there exists an J € J such that J C A. Hence J C B so
B € F by definition as desired. Finally, let A, B € F be arbitrary. Hence
there exists Ji,Jy € J such that J; C A and Jo C B. However, since J
is closed under finite intersections since {F,}.cs has the finite intersection
property, we see that J; N Js € J has the property that J1NJy, C J; C A
and J1 NJy € Jy C B. Hence AN B € F as desired. Hence F is a filter on
X. Finally, we note that () ¢ 7 by the previous paragraph and thus () ¢ F.
Hence F is a proper filter on X.

By Theorem there exists an ultrafilter 4 on X. We claim that the
collection of points X in X does not converge along U to any point in (X, 7).
To see this, suppose to the contrary that the collection of points X in X
converges along U to a point zg € X. Since

mFa:@7

ael
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there exists an ag € I such that zg € X \ Fy,. Let Uy, = X \ Fy,, which is
an open subset of (X,7) containing xg. Thus, as X converges along U to

xg, the set
Uy ={reX | 2 €U, } €U.

However, as F,, € J C F C U, we have that F,, € Y and X \ F,,, € U
thereby contradicting the fact that I/ is an ultrafilter on X by Lemma
Hence we have a contradiction thereby showing that the collection of points
X in X does not converge along U to any point in (X, 7). As this contradicts
the assumptions of this direction of the proof, the result is complete. ]

C.3 The Stone-Cech Compactification of N

With the above complete, we can now finally develop the descriptions of the
Stone-Cech Compactification of N (equipped with the discrete topology of
course). This is due to the fact that the Stone-Cech Compactification of N
can be identified by placing a topology on all ultrafilters on N. As such, we
will let U(N) denote the set of all ultrafilters on (P(N), C). To described the
topology on U(N) in order to make U (N) the Stone-Cech Compactification
of N, we have the following.

Theorem C.3.1. Let
B={{FeU(N) | Ae F} | ACN}
Then B is a basis for a topology T on U(N).

Proof. To see that B is a basis for a topology on U(N), we need only verify
the two defining properties for a basis for a topology from Definition [1.3.2]
For the first, property, let o € U(N) be arbitrary. As Fy is an ultrafilter,
we easily see that N € Fj so

Foe{FeU(N) | Ne F}.

Hence the first property has been verified. To see the second property, let
B1,Bs € B and Fy € By N By be arbitrary. By the definition of B, there
exists Ay, Ao C N such that

Bi={FecU(N) | AyeF} and By={FecU(N)| Ay e F}.
Let A3 = A1 N Ay and let
Bs={Fc€U(N) | A3 € F} eB.

To see that Bjs is the desired element of B, first note since Fy € Bj and
Fo € By that A1 € Fy and Ay € Fy. Therefore, since Fy is an ultrafilter,
A1 N Ay € Fy and thus Fy € Bs. To see that Bg C By N By, let F € By
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be an arbitrary. By the definition of B3 we know that A3z € F. Therefore,
since F is an ultrafilter, since A3 C A;, and since A3 C Ay, we have that
F € By and F € By so F € By N Bs. Therefore, since F € Bs was arbitrary,
Fo C B3 C B1N By as desired. Hence B is a basis for a topology on U(N). m

Now that we have a topology on U(N), in order to show that the Stone-
Cech Compactification of N can be identified with U (N) we have to show
that the topology on U(N) as the desired properties. In particular, we
must show (among other things) that ¢(N) is Hausdorff, compact, and a
compactification of N. Thus we begin with the following.

Theorem C.3.2. Let T be the topology on U(N) from Theorem|C.3.1. Then
(U(N),T) is a Hausdorff space.

Proof. To see that (U(N),T) is a Hausdorff space, let Fi, Fo € U(N) be
arbitrary elements such that F; # F5. Hence there exists an element Ay C N
such that Ag is in one of F; or F5 but not the other. Therefore, since F;
and F; are ultrafilters (so Lemma implies exactly one of A and N\ A
is in a given ultrafilter), there exists an element A C N such that A € Fj,
N\A%fl,A¢f2, andN\AEfg. Let

U={FeUNN) | Ae F} and V={FelU(N) | N\AeF}

As U and V are elements of B, U and V are open subsets of (U(N),7T) that
contain F; and JFj respectively. Moreover U NV = () as the properties of an
ultrafilter imply exactly one of A and N\ A is in a given ultrafilter. Therefore,
since F1, Fo € U(N) were arbitrary, (U(N),T) is Hausdorff. ]

Theorem C.3.3. Let T be the topology on U(N) from Theorem|C.3.1. Then
(UN),T) is compact.

Proof. To see that (U(N),T) is compact, let {Uq}aer be an arbitrary open
cover of (U(N),T). Since B is a basis for (U(N),T), each U, is a union of
elements of B by Theorem Let

J={BeB| BCU, for some a € I} C B.

Therefore, as each element U, is a union of elements of {B}pgecs, since
{B}pes C B are open sets, and since {Uy, }oer is an open cover of (U(N),T),
{B}Beys is an open cover of (U(N),T'). Furthermore, notice if we can show
that {B}pes has a finite subcover of (U(N),7T), then so too will {Uy}aer
as each element of the finite subcover of { B} e is contained in one of the
elements of {U, }acr and combining these finite number of elements yields
a finite subcover of (U(N),T) from {Ua}aecr. Hence it suffices to show that
{B} ey has a finite subcover of (U(N),T).
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Suppose to the contrary that { B} e has no finite subcovers of (U(N), T).
Note by the definition of B, for each B € J there exists an Ag C N such that

B={FcUN) | Ap € F).

Thus, as {B}pes has no finite subcovers of (U(N),T), for every n € N and
every By, Bs,..., B, € J there exists an F € U(N) such that Ap, ¢ F for
all ke {1,...,n}.

Let

C={N\Ap | BeJ} CPN)
I:{ﬂC’k

k=1
Fo ={D C N | there exists an I € Z such that I C D} C P(N).

n €N, {Cy}i_, C C} C P(N)

We claim that Fy is a filter on N. To begin, we note that C # ) for otherwise
J = () thereby contradicting the fact that {B}pey is an open cover of U (N).
Hence, as C # (), we obtain that Z # () and thus Fy # (). Next, suppose
A C D C N are arbitrary sets such that A € Fy. Hence there exists an I € 7
such that I C A. Thus I C D so D € Fy as desired. Finally let A, D € F
be arbitrary. Hence there exists Iy, Is € Z such that I; € A and I, C D.
However, since 7 is closed under finite intersections by construction, we see
that 11 NIy € 7 has the property that 1 NIs C 1y C Aand [1 NI, C I, C D.
Hence AN D € Fy as desired. Hence Fy is a filter on N.

Next we claim that Fy is a proper filter on N. To see this, it suffices to
show that () ¢ Z by the definition of Fy. Thus, suppose to the contrary that
0 € Z. Hence there exists an n € N and {Bj}?_; C J such that

(IN\4p, =0.

k=1

Hence
n n
N=N\ (ﬂ N\A3k> = | 43,

k=1 k=1
However the above equation, the fact that every ultrafilter contains N by
Lemma and Lemma imply that for every F € U(N) that there
exists a k € {1,...,n} such that A, € F. However, this contradicts the
previous claim that we obtained from the assumption that {B}pcs has no
finite subcovers of (U(N), 7). Hence we have obtained a contradiction so
() ¢ T and thus Fy is a proper filter on N.

Since Fy is a proper filter on N, there exists an ultrafilter 7, € U(N)
such that Fy C F, by Theorem [C.1.7] However, as C C Z C Fy C F, by
construction, we see that N\ Ap € F, for all B € J. Hence Lemma
implies that Ap ¢ F, for all B € J. Hence F, ¢ B for all B € J thereby
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contradicting the fact that {B}pcs is an open cover of (U(N),7T). Hence we
have obtained a contradiction to the assumption that { B} e has no finite
subcovers of (U(N),T). Hence (U(N),T) is compact as desired. "

With the following, we are getting close.

Theorem C.3.4. Let T be the topology on U(N) from Theorem|C.3.1. Then
(UN),T) is a compactification of N.

Proof. First, by Theorem and Theorem (U(N), T) is a compact

Hausdorff space and thus potentially a compactification of N. Thus, to show
that (U(N),7) is a compactification of N, we must find an embedding of N
equipped with the discrete topology into (U (N),7) with dense range.

For each n € N let

Fno={ACN | neA}

which is a principal ultrafilter on N by Proposition [C.1.6] Define ® : N —
UN) by &(n) = F, for all n € N. As F,, # F,, for all n,m € N with n # m,
we see that ® is an injective function. Furthermore, as for all n € N we know
that

B, ={F cU(N) | {n} € F}

is a basis element in (U(N), T') that contains F,, but not F,,, for all m € N\{n},
we see that each singleton in ®(N) is open in the subspace topology inherited
from (U(N),T). Hence ® is an embedding as desired.

Finally, it suffices to show that ®(N) is dense in (U(N), 7). To see this,
let Fo € U(N) and U € T such that Fy € U be arbitrary. By Theorem
there exists an A C N such that if

B={FecU(N) | Ae F},

then B € T and Fp € B C U. As () is not an element of any ultrafilter
on N by Lemma [C.1.4] we obtain that A # ) for otherwise B = () thereby
contradicting the fact that Fy € B. Thus there exists an n € A. Hence, as
{n} CACN, as {n} € F,, and as F, is an ultrafilter, A € F,, by Lemma
C.1.4. Hence F, € d(N)N B C ®(N)NU so ®(N)NU # (. Therefore,
as U € T was arbitrary, we obtain that Fy € ®(N) for all Fy € U(N) by
Theorem Hence ®(N) = U(N) thereby completing the proof that

(U(N),T) is a compactification of N. n

Finally, we have arrived at the following.

Theorem C.3.5. Let T be the topology on U(N) from Theorem|[C.5.1. Then
(U(N),T) is the Stone-Cech compactification of N.
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Proof. Recall from Theorem that if for each n € N we let

and we define ® : N — U (N) by ®(n) = F,, then ® is an embedding of N into
(U(N), T) such that ®(N) = U(N). Therefore, by Theorem it suffices
to prove that if (X, Tx) is a compact Hausdorff space and if f € C(N, X),
then there exists a g € C(U(N), X) such that go ® = f (as every element of
Cp(N,R) has range contained in a compact subspace of R).

Let f € C(N,X) be arbitrary. To extend f to an element of C(U(N), X),
let 7 € U(N) be arbitrary. Therefore, since F is an ultrafilter on N and
since (f(n))nen is a collection of points in (X, Tx), Theorem and
Theorem implies there exists a unique point g(F) € X such that
(f(n))nen converges to g(F) along F. Furthermore, Example implies
that g(F,) = f(n) for all n € N. Hence g € F(U(N), X) is such that go® = f.
Hence it remains only to show that g is continuous.

To see that g is continuous, let Fy € U(N) and let U € Tx be such that
g(Fo) C U be arbitrary. Since (X, Tx) is a compact Hausdorff space, (X, Tx)
is a normal space by Corollary [5.1.25]and thus a regular space. Hence Lemma
5.1.15] impli there exists a V' € Tx such that

g(F)eVCVCU.

Let

A={neN| f(n)eV} CN
so that

B={FeclU(N)| AecF}eT.
We claim that Fy € g~ 5(V) € B C g~ }(U) thereby showing that B is a
neighbourhood of Fy in (U(N),T) contained in g~*(U). Therefore, as Fo
and U were arbitrary, this claim will complete the proof that ¢ is continuous
thereby completing the proof.

Clearly Fy € g~'(V) by construction. To see that g~ (V) C B, let

F € U(N) be such that F € g~1(V). Since (f(n))nen converges to g(F)
along F and since g(F) € V, we obtain that

A={neN | f(n)eV}eF

by definition of convergence along an ultrafilter. Hence, as F was arbitrary,
g (V) C B as desired.

Finally, to see that B C ¢g~(U), suppose to the contrary that there exists
an F' € B such that 7' ¢ g~ *(U). Hence g(F') € X \ V. Let

C={neN| fn)eX\V}ICN

and let
B ={FeUlN) | CeF}eT.
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As X\ V is open, the same arguments used above imply that
Fleg(X\V)CB.

Hence A € ' and C € F' as F' € B and F' € B’ respectively. However,
as VN (X \V) =0, we see that ) = AN C thereby contradicting the fact
that A € ', C € F', and F' is an ultrafilter. Hence, as we have obtained a
contradiction, we have that B C g~(U) and thus the proof. ]

To conclude this appendix, we note two things. First we notice that we
did not use any properties of N in the above results; that is, the above easily
generalizes to show that the Stone-Cech compactification of any infinite set
X equipped with the discrete topology is the set of ultrafilters on X equipped
an analogous version of the ‘contains a set’ topology from Theorem

Secondly, we end with one application of the Stone-Cech compactification
of N. First we claim that ¢ (N) = C(BN). To see this, first notice if
f € C(PN), then the range of f is bounded and thus the values of f on the
principle ultrafilters yield an element of ¢ (N). Conversely, if g € o (N),
then g is a continuous bounded function on N and thus extends to a unique
element of C'(AN). As this bijection between (o (N) and C(AN) is linear
and an isometry, £ (N) and C(ON) are equal as Banach spaces. This then
means that ¢ (N) and C(SN) have the same dual space. As the Riesz
Representation Theorem immediately tells us that dual space of C(SN)
is isomorphic to the finite regular Borel measures on SN, we have now
determined the dual space of £ (N).
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1-norm, tuple, [9
e-net, [I49]

oo-norm, sequence, [I7]
oo-norm, tuple,
o-locally finite, [251
p-norm, sequence, [I0]

p-norm, tuple,

absolutely summable, [127]
Alzela-Ascoli Theorem, [161
Axiom of Choice, 277

Baire space, [238

Baire’s Category Theorem - Compact Hausdorff Spaces, 238
Baire’s Category Theorem - Metric Spaces, [239
Banach space,

basis,

basis, for a given T,

Bolzano-Weierstrass Theorem,
Borel-Lebesgue Theorem, (153

boundary point, [53]

bounded above, general,

bounded subset of metric space, [98]

box topology,

canonical topology on K, [12]
Cantor set,

Cantor’s Theorem, [125
Cartesian product, [274]
Cartesian product, multiple,
Cauchy sequence, [12]]

chain, [28]]

closed ball, metric space, [44]
closed refinement,

closed set, [43]
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closure of a set, [47]

cluster point, [50]

cluster point of a net,

coarser topology,

cocountable topology, [0]

cofinite topology, [0]

compact set, [94]

compactification, topological space, 212
compactly supported function on R, [I80]
comparable topologies, [7]

complete metric space, [122]
Completeness of R,

completion, metric space, @
completion, normed linear space, [142
complex numbers, [271]

connected components,

connected topological space,
continuous function, [55]

continuous function, vanishing at infinity, [135
continuous, at a point, [62]

converge, net, [31]

convergence along an ultrafilter, [300]
convergent sequence, metric space, [2§]
countable neighbourhood basis, 229]

De Morgan’s Laws, 273]
dense subset,
diameter, [99]

directed set,

direction, directed set,
discrete metric, [§]
discrete topology,
distance to a set, [50]

embedding, [66]

empty set, [277]

equicontinuous, [I57]

equivalence class,

equivalence relation, 27§]
equivalent compactifications, 212
Euclidean norm, [10]

Extreme Value Theorem,

F, set,
filter, 295]
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filter derived from a net,
filter on a set, [290]

finer topology, [7]

finite intersection property, @
first category set,

first countable topological space, 229
free ultrafilter,

function, 274

function, bijection,

function, co-domain, [276
function, domain, [277]

function, injective,

function, maximum, [I70]
function, one-to-one,
function, onto, 275

function, preimage,

function, range,

function, surjective,
functionally Hausdorff space, [203]
functionally regular space, [206

Gy set, [242]

Holder’s Inequality, 288
Hausdorff space, [39]
Heine-Borel Theorem,
homeomorphic, [65]
homeomorphism,

infinity norm, functions, [135]

integers, 271]

interior of a set, 52|

Intermediate Value Theorem, [77]
isometry, metric spaces, [I39]

isometry, normed linear spaces, 141
isomorphic, metric spaces, @
isomorphic, normed linear spaces, [141
isomorphism, metric spaces, fﬁ_@
isomorphism, normed linear spaces, [141

lattice, continuous functions, @
Lebesgue number,

limit of a net, [41]

limit of a sequence, metric space,
limit, net, [37]
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locally compact at a point,
locally compact space, [IT]]
locally connected at a point,
locally connected space, [90]
locally finite,

locally metrizable,

lower limit topology,

maximal element, [282
meagre set, [230]

metric, [7]

metric space,

metric topology,
metrizable, 22§
Minkowski’s Inequality,

Nagata-Smirnov Metrization Theorem,
natural numbers, 271]
neighbourhood, [31]
neighbourhood basis,
net, [30]

non-meagre set, [237]

norm,

norm induced metric, [9]
normal Hausdorff space, [I89]
normal space, [188

normed linear space,
nowhere dense, 236

one-point compactification, [I15]
open ball, metric space,
open cover, [93]

open refinement,
open sets, [2]

paracompact, [26]]
partial ordering, [280]

partially ordered set,

partition, [70]

Pasting Lemma, [64]

path, [8H

path connected,

path connected components,

pointwise bounded collection of functions, [159

poset, [287]
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power set, [272]

principal ultrafilter, [297]
product topology,
product topology, X x Y,
projection map, [57]

proper filter,

quotient map, [72]
quotient space, [70]

quotient topology,

rational numbers, [271]

real numbers,

refinement,

regular Hausdorff space, [184]
regular topological space,
relation, 278

relatively compact,

residual, 230]

second category set, [236]
second countable topological space, [232
separable topological space, [235]

separate points, [I70]
sequentially compact, [144]

set, [277]

set, compliment, [273
set, difference, 273]

set, element,
set, intersection, [272]
set, subset,

set, union, [272]

Smirnov Metrization Theorem,

space of bounded functions, [132]

space of continuous bounded functions,
space of continuous functions, [132]
Stone-Cech compactification,
Stone-Weierstrass Theorem, algebra,
Stone-Weierstrass Theorem, complex, [I77]
Stone-Weierstrass Theorem, lattice, [172
Stone-Weierstrass Theorem, locally compact, [I79]
strictly coarser, [7]

strictly finer, [7]

subalgebra, continuous functions,
subbasis, [19]
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subnet,
subspace of a topological space, [20]

subspace topology,
sum over uncountable sets,

summable, [127]
sup metric, [I34]

Ty space, [182
T space, [183
T, space,
T3 space,
T4 space, [18Y
T, 1 space, 204

T51 space, [20
2

Tietz’s Extension Theorem - Bounded Version, [219
Tietz’s Extension Theorem - Unbounded Version, 222]
topological space,

topologist’s sine curve, [79]

topology,

topology, generated by a basis, [T4]

total ordering, [281

totally bounded, [T49]

Triangle Inequality, metric, [7]

Triangle Inequality, norm,

trigonometric polynomials, [174]

trivial topology,

Tychonoff space, 206]

Tychonoft’s Theorem, [108

ultrafilter,
ultrafilter on a set,

uniform convergence, [62]

uniform metric,

uniform metric on the product,
uniformly continuous, [165

upper bound, arbitrary, 281]
Urysohn space, [203

Urysohn’s Lemma, [T98|

Urysohn’s Metrization Theorem,

vanish at infinity, continuous function,

weak topology on /1 (R),
Weierstrass Approximation Theorem,
well-ordering, 283]
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Well-Ordering Theorem, [283

Young’s Inequality,

Zorn’s Lemma, [282
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