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Preface

Topology is the study of continuous deformations. It is an abstract geometry which
is not concerned with properties such as area, length, or shape, which may change
as an object is continuously deformed, but rather with more fundamental properties
such as connectedness. As the study of continuous deformations, topology includes
the study of continuity, limits, and convergence. Thus, topology may be viewed as the
formal study of nearness.

While topological concepts can be identified in much earlier work, the develop-
ment of topology as a separate discipline was strongly influenced by the push in the
mid-1800s by Karl Weierstrass, Georg Friedrich Bernhard Riemann, and others to put
mathematics on a solid formal foundation, and later that century, by Georg Cantor
and Richard Dedekind. The foundations of the specific areas of general topology pre-
sented in this book were started in the early 1900s by Felix Hausdorff and Maurice
Fréchet and continued by Pavel Alexandroff, Pavel Urysohn, and Nicholas Bourbaki,
among many others.

Topology has developed into a broad and useful area encompassing far too much
to be included in any single book. This book provides a solid introduction to basic
concepts and applications of general topology and lays the foundation for continued
study in topology. Much of early topology was developed to put analysis on a solid
foundation, and introductory topology is often presented as a handmaiden of analy-
sis and an introduction to algebraic topology. A distinguishing feature of this text is
the additional emphasis on the connections between topology and order, which are
fundamental to applications in computer science. Many of the techniques introduced
in the latter half of the book are part of the growing area of asymmetric topology, which
addresses topological spaces in which a point x having a neighborhood disjoint from
y does not imply that y has a neighborhood disjoint from x (spaces which are not T;),
or distance functions (quasi-metrics) g which may allow the distance from x to y to be
different from the distance from y to x.

After the preliminaries in Chapter 0, Chapters 1-7 contain a classical introduction
to general topology, motivated and developed from intuitive ideas. Boundary points
are used to introduce open and closed sets. The quotient topology is developed as the
topology of saturated open sets relative to an equivalence relation. Before continuity is
defined, homeomorphisms are introduced as bijections between the points and open
sets of two topological spaces. Most of this material should be covered in an introduc-
tory topology course. The topics after the Chapter 7 provide some traditional and some
modern applications of introductory general topology.

An equivalence relation on a set X is essentially equality of some specified at-
tribute of the elements of X. A partial order on some attribute of the elements of X
gives a quasiorder on the elements of X. That is, a partial order on the equivalence
classes from an equivalence relation on X gives a quasiorder on X. Such constructions
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VI —— Preface

clearly fall in the area of discrete mathematics, and with the traditional focus of topol-
ogy applied to the continuous mathematics used in analysis, it may be surprising to
find that this construction yields a topology on X. Indeed, if X is finite, every topol-
ogy arises from a quasiorder, so the study of topology on finite sets may be rephrased
as the study of quasiorders. This is done in Chapter 8. Computers only deal with fi-
nite sets: 7 can only be represented by a finite rational decimal approximation, and
line segments contain only finitely many points (pixels). Convergence, continuity, and
nearness in computer applications thus require topologies on finite sets. The discrete
techniques needed for these applications are a recurring theme of this book.

After viewing topologies as (quasi-)orders in Chapter 8, Chapter 9 investigates
some classical results about orders on collections of topologies. Chapter 10 considers
topologies on ordered sets. Further connections between topology and order are given
in Chapters 11 and 12, particularly in the sections on quasi-metrics, quasi-uniformities,
and partial metrics. Distance functions, or metrics, are extremely useful in defining
nearness, convergence, and topologies. Typically distance functions are assumed to
satisfy properties of the familiar Euclidean distances between points in the real line or
in the Euclidean plane. Variations of distance functions which do not behave exactly
as the Euclidean distance function occur in many natural ways and are the topic of
much research. For example, the distance from a to b may differ from the distance from
b to a when driving in a city with one-way streets. Or, motivated by loss of resolution
situations, the distance from one pixel to itself (or from New York to New York) may be
greater than zero. Some variations of distance functions are introduced in Chapter 11.
Chapter 12 introduces uniform spaces, which provide a global approach to specifying
nearness to points. Chapter 13 formally returns to the classical topological idea of con-
tinuous deformation applied not only to points, but to curves or sets in the plane. This
chapter lays the groundwork for further study in algebraic topology and is motivated
by the question of whether two disjoint planar sets moving continuously may go from
being disjoint to having overlapping interiors without first having their boundaries
touch.

Another important part of this book is the assortment of exercises. There are over
740 exercises designed to reinforce the concepts, illustrate further applications, and
suggest areas for continued investigation.

Course outline

For an introductory one-semester course at the upper undergraduate or beginning
graduate level, a traditional course may start with a day or two of review in Chap-
ter 0, then cover at least Sections 1.1 through 7.2, omitting Sections 1.4.1 (Neighbor-
hood bases), 1.6 (Limit points), 5.2 (Compactness in metric spaces), and 6.3 (The co-
countable topology). Additional topics from Chapters 8, 11, or 13 may be added as time
permits. For one-semester courses with more advanced students, Chapters 1-7 may
be covered entirely, with additional topics selected from the remaining chapters. All



Preface =— VII

sections may be covered in a two-semester course. Though the connections between
Sections 8.1-8.3, 11.2, and 12.4 provide an elegant motivating cohesion for the top-
ics of these chapters, the chapters after Chapter 7 may be largely presented indepen-
dently. Section 9.3 depends on Section 8.1, Theorem 11.2.12 depends on Section 8.3,
Section 12.4 depends on 11.1, and Section 12.5 depends on Sections 8.3 and 11.2.

The selection of topics reflects my personal interests, which have been greatly
influenced by many students and colleagues. In particular, the works of Hans-Peter
Kiinzi and his collaborators and students have been a major influence, as well as the
works of Darrell Kent, Ralph Kopperman, and Marcel Erné. Thanks to Filiz Yildiz,
Anneliese Schauerte, Hans-Peter Kiinzi, and many students for their comments on
drafts of this book. Their comments have greatly improved the text, but I am solely
responsible for any remaining errors.

Tom Richmond
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0 Preliminaries

Most of the concepts of this chapter should be familiar to the reader. We present them
here briefly as a refresher and to clarify the terminology. More details can be found,
for example, in [41].

0.1 Real numbers

Mathematics involves logic and patterns, often in quantitative settings requiring
numbers. The natural numbers N = {1,2,3,4,5,...} are those that occur naturally in
counting, and are sometimes called the counting numbers. Historically, zero came
much later than the counting numbers. Numbers were used to count things. If you
had no things, you would not need to count, and would not need a number to
quantify nothing to count. The natural numbers together with zero form the set
of whole numbers. Negative numbers came into widespread usage even later. The
whole numbers together with their negatives form the set of integers, denoted Z =
{...,-4,-3,-2,-1,0,1,2,3, 4,...}. The symbol Z comes from the German word for num-
bers, Zahlen. Ratios of integers give us the set of rational numbers Q = {% :a,b ez,
b + 0}. The symbol Q is used to signify quotients of integers. The Greeks were very
adept at using positive integers and ratios of positive integers. They were not happy
to discover that some numbers they encountered—such as the length of the diagonal
of a unit square—were not ratios of integers. Such numbers are irrational numbers. If
we visualize the set of real numbers R as all the distances on a number line, then the
irrational numbers are the real numbers which are not rational.
We list some well-known facts about rational and irrational numbers.

Theorem 0.1.1.

(@) Ifn € N, then /n s either an integer or irrational.

(b) The product or quotient of two nonzero rational numbers is rational.

(c) The product or quotient of a nonzero rational number and an irrational number is
irrational.

(d) The product or quotient of two irrational numbers may be rational or irrational.

(e) Every nonempty open interval (a, b) contains rational numbers and irrational num-
bers.

Proof. Suppose n € N. (a) can be rephrased as: if v/n is rational, then it is an inte-
ger. Suppose Vn = % where a, b € N. Squaring and clearing the denominators gives
nb? = a®. Since nb? is a perfect square, all of its prime factors appear with even multi-
plicities, and thus all of the prime factors of n appear with even multiplicities, so n is
a perfect square and v/n € N.

https://doi.org/10.1515/9783110686579-001



2 = 0 Preliminaries

(c) Suppose to the contrary that (%)a = g, where a, b, ¢, d are nonzero integers
and a is irrational. Solving for a gives a = 2—2, contrary to a being irrational. Similar
arguments apply for the other half of (c) and (b).

(d) V2v2 and % are rational; V6v3 = V18 and % = /2 are irrational.

(e) Given an open interval (a, b) with a < b, let n be a positive integer with 1/n less
than the length b — a of (a, b). Now all multiples of % are rational, and some multiple
% must fall in (a, b), or else (a, b) falls between two consecutive multiples of % This
cannot happen: two consecutive multiples of % form an interval of length %, which
cannot contain the interval (a, b) of length greater than % By choosing n € N large
enough to make % < b-a, asimilar argument shows that some multiple of % must fall
in (a, b), and all multiples of 7 are irrational. O

0.2 Sets

Suppose we have several objects under consideration, and we wish to specify some
list of these objects for further consideration. The objects under consideration make
up the universal set U, and a well-define list of selected objects gives a set A in U. The
objects included in a set A are the elements of the set A. If a is an element of A, we
write a € A. If A and B are two sets in U and every element of A is an element of B,
then A is a subset of B and B is a superset of A, denoted by A c BorB2 A.IfA ¢ B
and A # B, then A is a proper subset of B, denoted A c B. The set with no elements is
called the empty set, denoted @ or {}. A set {a} with a single element is called a singleton
set. The union of two sets A and BisAU B = {x : x € Aorx € B}. The intersection of
Aand BisANnB = {x : x € Aand x € B}. The complement of A in the universal set
UisA° = U-A = {x € U : x ¢ A. If A and B are sets, the set difference A — B is
{x:xeAandx ¢ B} = AnB° = An (U - B). The set difference A — B is also called the
complement of Bin A. If A € B ¢ U, then U - B ¢ U - A; that is, a smaller set has a
larger complement. Two sets A and B are disjoint if AN B = @. The number of elements
in a finite set A is the cardinality of A, denoted |A]|.

A collection is a set whose elements are themselves sets. Elements of sets are
denoted by lower case letters, sets are denoted by upper case letters, and collec-
tions are denoted by upper case script letters. The collection of all subsets of U
is the power set of U, denoted P(U). For example, if U = {1,2,3}, then P(U) =
{0, {1}, {2}, {3}, {1, 2}, {1, 3}, {2, 3}, {1, 2, 3}}. If U has n elements, then the power set P(U)
has 2" elements—that is, U has 2" subsets. This follows since any subset of U is ob-
tained by making a binary decision for each of the n elements to include the element
or exclude it. Note that A ¢ U is equivalent to A € P(U).

Example 0.2.1. For U = {1,2,3,4}, let D be the collection of all subsets of U which
contain an odd number of elements, and let £ be the collection of all subsets of U
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which contain an even number of elements. That is,

D={AePU):|Alisodd} ={AcU:|A|lisodd}, and
E={AecPU):|Aliseven} = {A c U : |A|is even}.

Thus,

D = {{1},{2}, 3}, {4}, {1,2,3},{1,2,4},{1,3,4},{2,3,4}} and
€=1{0,{1,2},{1,3},{1,4},{2,3},{2, 4}, {3,4},{1,2,3,4}}.

Now D and £ are disjoint subcollections of P(U), and D u £ = P(U). Observe that

2¢ D,
{2} € D,
{2 D,
{{BtcD,
{12}, {41,{1,3,4}} < D,
D cPU),
D e P(P(V)),
{D,&} < P(P()),
{D,&} € P(P(P(U))),
D - {31 {13} {241} =D - {{3}},
DuU{{1,2},{1,2,3},{2,3,4}} =D U {{1,2}}.
Often we will need to give each element of a collection C a label, and we may write
C = {A; : i € I} = {A;}j¢;. Here, the subscript i is an index, the set I is the index set,

and C is thus an indexed collection. Operations on indexed collections are defined as
expected. If C = {4, : i € I}, then

UC:UAl- ={x:x e A; for somei ¢ I},
iel
ﬂC:ﬂAi ={x:x e A;foreveryi e I}.
iel
If the index set I is finite, then the intersection ();; 4; is called a finite intersection.
That is, a finite intersection is an intersection of a finite collection of sets. Similarly,
the adjectives in infinite intersections, countable intersections, and uncountable inter-
sections refer to the cardinality of the index set. If no restriction whatsoever is given
on the index set, we may refer to an arbitrary intersection. In practice, arbitrary inter-
section should suggest intersecting a finite or infinite collection. Similar terminology
applies to unions.
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Occasionally, we may consider a collection of subsets of a universal set U indexed
by the empty set. In this case, we take

(Ai=U and [ J4; =0

iep ie@
Intuitively, the more sets you intersect, the smaller the intersection gets, so the fewer
sets you intersect, the larger the intersection gets, so intersecting no sets gives the
largest possible set U. Similarly, the fewer sets you union, the smaller the result, so
unioning no sets gives the smallest possible set, .

A collection C = {4; : i € I} is mutually disjoint if for i,j € I, A; # A; implies
A;nA; =0, and is nested if for every i,j € I, either A; € A; or A; € A;.

Rules for taking complements of unions or intersections are named for the British
mathematician Augustus De Morgan (1806-1871). De Morgan’s Laws state that the
complement of an intersection is the union of the complements, and the complement
of a union is the intersection of the complements. That is,

U-(Ai=JU-4) and U-|]JA4 = \U-4.
iel iel iel iel

Another often-used property involves containments. If A; € B; for eachi € I, then
Uier Ai € Uier Bi and iy A; € (Nier By

Given two sets A and B, their Cartesian product is the set A x B = {(a,b) : a € A,
b € B} of all ordered pairs whose first coordinate is an element of A and whose second
coordinate is an element of B. If {4;};; is a collection of sets, the Cartesian product
[ Lies A; of the collection consists of all the vectors (x;);c; Where x; € A; for eachi € I.

It may not be easy to recognize when a set is infinite or finite. Mathematicians do
not know whether the set of twin primes (that is, primes which differ by two, such as
17 and 19) is finite or infinite. However, the concepts of finite and infinite are still well-
defined. One must be precise when discussing infinite sets, paying careful attention
to what the adjective “infinite” quantifies. It is incorrect to say C = {{n,n + 1}},,cy has
infinite elements. Every element of C has form {n, n + 1}, so every element of C is finite.
We could properly say that C has infinitely many elements.

0.3 Quantifiers and logic

A statement is a sentence which is either true or false. If S and T are statements, the
implication “S implies T” will be denoted S = T. The implication S = T is true if,
whenever S is true, T is also true. If S = T, then we say S implies T, T is implied by S,
S is a sufficient condition for T, or T is a necessary condition for S. In words, S = T may
appear as “if S then T”, “T if S”, or “S only if T”.

IfS=Tand T = S, then we write S & T and say S and T are logically equiv-
alent statements (or simply equivalent), or S occurs if and only if (or iff) T occurs. In
this case S is a necessary and sufficient condition for T.
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The negation of a statement S, denoted ~ S, is the statement “not S”. That is, S is
true if and only if ~ S is false.

The converse of an implication S = T is the implication T = S. If an implication
is true, its converse may be true or false, as illustrated in Example 0.3.1.

The contrapositive of an implication S = T is the implication ~T = ~S. An im-
plication and its contrapositive are logically equivalent: either both are true or both
are false.

Example 0.3.1. The implications below illustrate that the converse of a true implica-
tion may be true or false. Also note that an implication and its contrapositive have the
same truth value.

Implication: x=-2 = x’=4, True
Converse:  x*=4 = x=-2. False
Contrapositive: X*E4 = x#-2 True
Implication: x=3 = x+1=4. True
Converse: x+1=4 = x=3. True
Contrapositive: x+1+4 = x#3. True
Implication: sinx=0 = x=0. False
Converse: x=0 = sinx=0. True
Contrapositive: x+0 = sinx#0. False

The conjunction S A T of statements S and T is the statement “S and T”. The dis-
junction S v T of statements S and T is the statement “S or T”. The following facts are
also called De Morgan’s Laws:

~(SAT)=~Sv~T and
~SVvT)=~SA~T.

The only way an implication S = T may fail is if S occurs but T does not. Thus,
~SE=>T)=SA~T.

The universal quantifier V means “for every”. The existential quantifier 3 means
“there exists”. For example, (;i;4; = {x : Vi € Lx € Aj} and | 4; = {x : 3i €
I'such that x € 4;}.

The only way the statement “there exists x for which S is true” could fail is if for
every x, S is false. Similarly, the statement “for every x, S is true” fails if and only if
there exists an x for which S fails. That is,

~(Vx,S) = Ix such that~S and
~ (3x such that S) = Vx, ~S.

Example 0.3.2. Some statements and their negations are given.
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S: VxeR x*-1>0,
~S: 3dxeRsuchthatx’—1%0,

T: 3x € Nsuch thatx? =x+3,
~T: \-/xe]N,xzqu+3,

P: Vy € [0,1] 3x € [0,2m) with sinx =y,
~P: 3Fy € [0,1] such that ~ (3x € [0,27) with sinx = y)
= (3y € [0,1] such that Vx € [0,2m),sinx # y),

Q: 3y eRsuchthatvxeR, % =0,
~Q: VyeR~(VXxeR,2=0)
= (Vy € R 3x € Rsuch that £ # 0).

We note that S, T, and Q are false and P is true. Had the statement T started with
Jx € R, then it would have been true. Statement Q fails precisely for one point x = 0.

0.4 Functions

If X and Y are sets, a function from X to Y is a rule that assigns to each element of X a
unique element of Y. To denote that f is a function from X to Y, we writef : X — Y.
The set X is the domain and the set Y is the codomain of the function. If f : X — Yisa
function and x € X, then the unique element of Y which f assigns to x is denoted f(x)
and is called the value of f at x or the image of x under f. While f must assign a value to
each point x of its domain, not every point of the codomain must be used as an output
value. The set f(X) = {f(x) : x € X} € Y is called the image or range of f. A function
f : X — Y is onto or surjective if f(X) = Y, that is, if for every y € Y, there exists x € X
with f(x) = y. A function f : X — Y is one-to-one or injective if w + x = f(w) # f(x), or
equivalently, f(w) = f(x) = w = x. Note that f : X — Y fails to be one-to-one if there
exist two distinct elements w # x in X which map to the same one element f(w) = f(x)
in Y. A one-to-one onto function may be called a bijection. If f : X — Y is a bijection,
then, for any y € Y, there exists x € X with f(x) = y since f is onto, and there is a
unique x € X with f(x) = y since f is one-to-one. Thus, f : X — Y is a bijection if
and only if there exists a function f! : Y — X called the inverse function of f with
fYy) = xif and only if f(x) = y.

Functions are rules denoted by f or by the rule of assignment y = f(x); technically,
f(x) represents the value of a function and not the function itself. By widespread abuse
of notation, “the function f(x)” is sometimes used as a shortened version of “the func-
tion y = f(x)”. Of course, it would be even shorter to simply say “the function f”, but
often it is important to know the independent variable (that is, the “input” variable).

Suppose f : X — Y isa function, A € X,and B ¢ Y. The set f(A) = {f(a) : a € A}
is the image of A under f. The set f'(B) = {x € X : f(x) € B} is the inverse image of
B under f. Note that the inverse image of a set B is defined whether or not f has an
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inverse function. In this notation, f 1 denotes the inverse relation, which may or may
not be a function.

For example, consider f : R — R defined by f(x) = sin x. The image of {"7" :neZ}
under f is {f(%) : n € Z} = {0,1,-1}. The inverse image of {0} under f is f *({0}) =
{xeR:f(x)e{0}} ={nm:nez}. Likewise,f’l([o, 00)) = Upez[2nm, 2n + 1)m].

The behavior of images and inverse images of unions, intersections, and comple-
ments is described in the next theorem.

Theorem 0.4.1. Suppose f : X — Y is a function.

(@ f(AuB)=f(A)uf(B)forall A,BcX.

(b) fANB) c f(A)Nf(B) forallA,B < X andf(AnB) = f(A)nf(B) forall A,B c X if
and only if f is one-to-one.

(c) fA-B)2f(A)-f(B)forall A,B < X andf(A-B) = f(A) - f(B) forall A,B c X if
and only if f is one-to-one.

(d fYcub)=fYCc)uf D) forallC,DcY.

(e) ficnD)=fXC)nf YD) forallC,D Y.

) Fi«c-p)=fYC)-f YD) forallC,DcY.

The proof is left as an exercise.

Iff : A > Band g : B — C are functions, then the composition of f and g is
gof:A — Cdefined by (gof)(a) =g(f(a)) foralla € A.

A sequencein Ais a function f : N — A. The nth term of the sequence is f (n). If we
write f(n) = a,, then we may specify the sequence by (f(n)),en = (@n)nens O Simply
as (ay).

If X and Y are subsets of R, a function f : X — Y is increasing ifa < bin X
implies f(a) < f(b) in Y, and is strictly increasing if a < b in X implies f(a) < f(b)in Y.
Decreasing and strictly decreasing functions are defined dually.

Intuitively, a subsequence of a sequence (a,),¢n iS @ sequence obtained by (pos-
sibly) omitting some of the terms of (a,),cn- For example, for (a,,)en = (1,4,9,16,25,
36,...) = (M)pen> We have (b)en = (4,25,64,121,...) = (ay, as, ag, ayy, .. .) is a sub-
sequence of (a,),cn- The nth term of (b)), is the (3n — 1)st term of (a,),n. That
is, for everyn € N, b, = a3,y = ay, where 0 : N — N is the strictly increasing
function o(n) = 3n - 1. In general, (b,)),cn i @ subsequence of (a,),cy if and only if
(bpnen = (@g(n))nen for some strictly increasing function 0 : N — N. The sequence
(o(n)),en tells which terms of (a,,) .« to retain in the subsequence (b,) -

0.5 Countable and uncountable sets

To count the objects in a finite set, we set up a one-to-one correspondence (that is, a
bijection) between the objects and a set {1,2,3,...,n}. We say sets A and B have the
same cardinality, denoted |A| = |B|, if there exists a bijection from A to B. A set A is
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countably infinite it has the same cardinality as the set IN of counting numbers. That
is, A is countably infinite if and only if there exists a bijection f : N — A. Thus, A is
countably infinite if and only if the elements of A can be listed as a sequence (a,)pen
of distinct terms. A set is countable if and only if it is finite or countably infinite. A set
is uncountable if it is not countable.

For example, the set {1,4,9,16,25,...} = {n® :n e N}is countably infinite since
f:N - {1,4,9,16,25,...} defined by f(n) = n’ is a bijection.

Theorem 0.5.1.

(a) Every subset A of a countable set B is countable.

(b) Iff : A — Bis one-to-one and B is countable, then A is countable.

(c) Iff : A — Bisonto and A is countable, then B is countable.

(d) If A and B are countably infinite sets, then A U B is countably infinite.

(e) If A and B are countably infinite sets, then A x B is countably infinite.

() If {A}uew IS a countable collection of countably infinite sets A,, then the union
Unen An is countably infinite.

Proof. (a) Since every countable set B is in one-to-one correspondence with a subset
of IN, it suffices to show that every subset of (a subset of) IN is countable. If A is finite,
clearly A is countable, so suppose A is an infinite subset of N. Definef : N — A
by f(1) = the smallest element of A, f(2) = the smallest element of A — {f(1)}, and in
general f(n) = the smallest element of A — {f(1),...,f(n—1)}. Since f is a bijection, A is
countable.

(b) follows from (a) since A has the same cardinality as f(A) < Bif f is one-to-one.

(c) Suppose f : A — Bis onto and A is countable. Since f is onto, for every b € B,
there exists (at least one) a,, € f'({b}). Thus, we may define a function g : B — A by
taking g(b) to be one element a;, € f ~1(b). This function is one-to-one from B into the
countable set 4, so by (b), B is countable.

(d) Suppose A and B are countably infinite. Then there exist bijections f : N — A
and g : N — B.Defineh : N - AuUBby h(2n) = f(n) and h(2n — 1) = g(n). Now h is
clearly onto, so by (c), A U B is countable.

(e) Suppose A = {a,}pen and B = {b,},cn are countably infinite. List the ele-
ments (a;, b;) of A x B in a rectangular array as shown at the top of Figure 0.1. Define
f1),f(2),f(3),... in the diagonal pattern suggested in the second part of Figure 0.1.
This will provide a bijection between IN and A x B. The details are left to the reader.

(f) is similar to (e). List all the elements of |, 4, in an array with the elements
Ay 15 Ay, Ay 3, . .. Of Ay on the nth row. Define £(1),f(2),f(3), ... in the diagonal pattern
as suggested in Figure 0.1. This function will not be one-to-one if the sets A, are not
mutually disjoint, but by (c), the union will be countable. O

Theorem 0.5.2. The set Q of rational numbers is countable. The set R of reals is un-
countable.
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(ay, by) (ay,by) (ay, b3) (ay, by)
(ay, by) (ay, by) (ay, b3) (ay, by)

AxB (aby) (@b (asby)  (a5by)
(a,, by) (a4, by) (a4, bs) (@4 bs)

(a3, b1
f) (a (az by,)
f2,f3) (a3, bs) (az, by)
f(@).£(5).f(6) (a,, b))  (a,b3)  (a,b,)

f(7).£(8),£(9),f(10)

Figure 0.1: The procedure for enumerating the elements of A x B.

Proof. Forn € N, the set Q, = {ﬁ : a € 7} is a countable set: it is indexed by Z,
which is the union of the countable sets N U {0} and ~IN. Now Q = | J,en Q,» and by
Theorem 0.5.1(f), Q is countable.

To see that R is uncountable, we will show that [0, 1) is uncountable. Suppose to
the contrary that [0, 1) is a countable set {r;};cy indexed by IN. Express each of these
real numbers r; in its decimal representation, avoiding repeating nines. (So, % is repre-
sented as 0.50, and not as 0.49.) Let di,]- be the jth digit in the decimal expansion of r;,
as suggested in Figure 0.2.

rn=0dyd,dizdyy--
ry=0.dydyydyzdyy -
r3=0d3,d3yd33d3,
ry=0.dy1dyod,3dy,

Figure 0.2: An alleged enumeration of the real numbers in [0, 1).

We will find a contradiction by producing a real number x € [0, 1) which is not in the
countable list {r;,1,,75,...}. We will give the decimal expansion of x. Let x; represent
the jth digit of the decimal expansion of x, and take x; to be any digit different from
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0, dj,]-, and 9. Thus, the decimal expansion of x differs from that of r in the jth digit. Be-
cause we have avoided zeros and nines in the decimal expansion of x, this means that
x # r; forany j € N, giving the desired contradiction. (Note that the decimal numbers
0.50 and 0.49 are equal even though they differ in every digit of their decimal expan-
sions. Avoiding zeros and nines in the decimal expansion of x prevents this potential

problem.) O

0.6 Equivalence relations and partitions

If A and B are sets, a relation from A to Bis a subset R of A x B. If (a, b) € R, we say a is
related to b by the relation R, denoted aRb. Thus, a relation from A to B is just a set of
ordered pairs telling which elements of A are related to which elements of B.

A relation from a set A to the same set A is called a relation on A.

Definition 0.6.1. An equivalence relation R on set A is a relation which is
reflexive: aRa for every a € A,

symmetric: aRb = bRa for every a,b € A, and

transitive: aRb and bRc imply aRc for every a, b, c € A.

The prototype for an equivalence relation on a set A is equality. For every a, b,
c € A,clearlya = a,ifa = bthenb = a,andifa = band b = ¢, thena = c,
so equality is an equivalence relation. In general, an equivalence relation on a set A
will be equality of some attribute of the elements of A. For example, a prospector may
use an equivalence relation on gold nuggets defined by taking two gold nuggets to be
equivalent if and only if their weights are equal.

Given an equivalence relation, it is not always easy to recognize it as equality of
some attribute. For example, define a relation ~ on N by taking a ~ b if and only if
ab is a perfect square. It is easy to verify that = is an equivalence relation, but it may
not be immediately obvious what attributes of @ and b are equal if a = b. In fact,
a = b if and only if their square-free parts are equal. Any natural number a may be
factored into the largest factor m? that is a perfect square and a square-free factor n
which only has prime factors of multiplicity one. For example, the square-free part
of a = 223°5°7 = (2-3%5%7)%(2-5-7)is 2- 5 - 7. Now if ab is a perfect square, then
the prime factorization of b must have odd multiplicities on precisely the same prime
factors as a, namely 2,5, and 7. Thus, the square-free parts of a and b must be equal.

A partition of a set A is a collection P = {B;};; of nonempty, mutually disjoint
subsets of A whose union is A. The elements B; of a partition are called the blocks of
the partition. If P = {B;};; is a partition of set A and some of the blocks B; are further
partitioned into “subblocks”, the resulting collection of subblocks is also a partition
of A called a refinement of P, or a finer partition than P. Formally, if P and R are
partitions of set A, R is a refinement of P (or R is finer than P, or P is coarser than R)
if for every block By € R, there exists Bp € P with By < Bp. If partition R is finer than
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P and R # P, then we say R is strictly finer than R (or P is strictly coarser than R).
Subsets of A which are unions of blocks of a partition of A are said to be saturated with
respect to the partition. Thus, partition R is finer than partition P if and only if each
block of P is R-saturated.

Example 0.6.2. Pixelate the square S = [0,5) x [0, 5) into the set of pixels P = {[m,
m+1)x[n,n+1) : m,n € {0, 1,2, 3, 4}}, as suggested in Figure 0.3. Now P is a partition of S.
A saturated set and a non-saturated set relative to P are also shown there. The collec-
tions V = {{m,m+1)x[0,5) : m € {0,1,2,3,4}} and H = {[0,5)x[n,n+1) : n € {0,1,2,3,4}}
partition S into vertical and horizontal strips, respectively. Since each block of V is
‘P-saturated, P is a refinement of V, and similarly, P is a refinement of . Note that V
is neither finer nor coarser than #: these two partitions are non-comparable.

Partition P A P-saturated set A non-saturated set

Partition V Partition H

Figure 0.3: Partitions and Saturated Sets. P is finer than V and .

If =~ is an equivalence relation on A and a € A, the equivalence class of a is the set
[a] = {x € A : x = a} of all elements of A which are equivalent to a.

The following result shows the fundamental connection between equivalence re-
lations and partitions.

Theorem 0.6.3. Every partition P of a set A determines an equivalence relation = on
A defined by a =~p b if and only if there exists a block B; € P with {a, b} < B;.

Every equivalence relation =~ on set A determines a partition P, = {[a] : a € A}
whose blocks are the equivalence classes.

Furthermore, 73:7) =P and =p ==

It is easy to transfer terminology about partitions into the language of equivalence
relations. For example, if ~ is an equivalence relation on set A, we say aset B ¢ A is
saturated with respect to = if x € B implies [x] < B.
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0.7 Partial orders

Order relations are used to determine preference. In any optimization problem, an
order relation is required to determine which solutions are better than which.

Definition 0.7.1. A partial order on set A is a relation < which is
reflexive: a < aforeverya € A,

antisymmetric:a < band b < aimplya = bforalla,b € A, and
transitive: a < band b < cimply a < c forevery a, b, c € A.

A set A with a partial order < is called a partially ordered set, or poset, denoted
(4,<).

A total order (or linear order) on set A is a partial order < on A with the additional
property that, for every a,b € A, eithera<borb < a.

Note that equivalence relations and partial orders are both special kinds of reflex-
ive, transitive relations. Reflexive, transitive relations are called quasiorders and are
studied in Chapter 8.

Partial orders allow us to define monotone functions. A function f : (X,<x) —
(Y, <y)isincreasing ifa < bin X implies f(a) < f(b) in Y. Itis strictly increasing ifa < b
in X implies f(a) < f(b) in Y. Decreasing and strictly decreasing functions are defined
dually. A function is (strictly) monotone if it is either (strictly) increasing or (strictly)
decreasing. Increasing functions are sometimes called order preserving functions, and
decreasing functions are called order reversing functions. As a special case, we see that
a sequence (dy)ne Of real numbers is increasing if i < j in N implies g; < g; in R.

If (A,<,) and (Z, <) are posets, we may define a partial order < on the Cartesian
product A x Z by taking

(a,y) < (b,z) ifandonlyif a<,bandy<,z.

This order on A x Z is called the product order (or coordinate-wise order).

If (A, <) is a poset, an element a € A is maximum if a > x for all x € A, and is
maximal if x € A and x > a implies x = a. Thus, a is maximum (or largest) if it is larger
than every element and is maximal if there is no element strictly larger than it. In
totally ordered sets, these concepts agree. Minimum elements and minimal elements
are defined dually. The distinction between maximal and maximum is illustrated in
the following example.

Example 0.7.2. Consider the poset (P({1,2,3}) - {{1,2,3}}, ©) of all proper subsets of
{1,2,3}, ordered by set inclusion. Finite posets such as this may be represented by a
Hasse diagram (see Figure 0.4) showing each point and upward line segments from
each point leading to the larger points.

The sets {1, 2}, {1, 3}, and {2, 3} are maximal, since there are no larger proper subsets
of {1,2,3}. However, these maximal sets are not maximum since none is larger than



0.7 Partial orders = 13

{1,2} {2,3} {1,3}

{ {3}

0

Figure 0.4: The proper subsets of {1, 2, 3}, ordered by inclusion.

every element of the poset. There is a minimum element, namely 0, which is contained
in (below) every other element of the poset. Furthermore, there is no element below @,
so @ is also minimal.

In the Hasse diagram shown in Figure 0.4, 0 is below {1, 2}, but there is no line
segment directly connecting these two points of the diagram. A direct line segment is
not needed (and should not be included in the Hasse diagram) since there is a point
{1} strictly between 0 and {1, 2}. The segments from ¢ to {1} and from {1} to {1, 2} show
0 c {1} ¢ {1,2}, and by transitivity, we can determine ¢ < {1,2} from the diagram
without a direct segment connecting them. In a Hasse diagram, a line from a up to b
should be drawn if and only if a < b and there is no point strictly between a and b. In
this case, we say a is covered by b or b covers a. Formally, we say b covers a in a poset
(X,<)ifa < b and whenever a < x < b, eitherx = aorx = b.

If B is a subset of a poset (4, <), an element a € A is an upper bound of Bifa > b
for every b € B. If it exists, the least element in the set of upper bounds of B is called
the least upper bound of B or the supremum of B, denoted lub B = sup B. Lower bounds
of a set B are defined dually, as are the greatest lower bound or infimum of B, denoted
glb B = inf B. A set B is bounded above (below) if it has an upper (lower) bound, and
is bounded if it has both an upper and a lower bound. A set B in a poset is convex (or,
for emphasis, order convex) if a,b € Band a < x < b imply x € B. You may have
encountered the definition of convexity of a set B in the plane or a vector space. The
definition of convexity in any setting is as follows. B is convex if whenever a and b
are in B and x is between a and b, then x must be in B. The variability lies in how
“between” is defined. A proper subset of a poset A is an interval if it has one of the
following forms:

[a,bl)={xeA:a<x<b} [ab)={xeA:a<x<b}
(a,b]={xeA:a<x<bh} (ab)={xecA:a<x<b}
[aa—=)={xeA:x>a} (a,—-)={xeA:x>a}
(—bl={xeA:x<b} (—b)={xeA:x<b}
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If A is a totally ordered set, A = (<, —) is also be considered to be an interval.
If b < a, then [a,b] = {x € A: a < xandx < b} = 0. From the definition, we see
that [a, b] is defined to be the smallest convex set containing a and b. Intervals of any
form in a poset are always convex. The converse does not hold; a poset may have a
convex set which is not an interval. In any totally ordered set, such as the real line R
with the usual order, I is an interval if and only if I is convex. That is, an interval in a
totally ordered set may be defined to be any set I with the property thatif a,b € I and
a<x<b,thenxel.

Example 0.7.3. Give each of the following subsets of R x R the product order. Note
that (x,y) < (z,w) if and only if (x, y) is south and west of (z, w). The sets are depicted

BN
D N

X=AUB Y=AuC

E

Figure 0.5: Subsets of the plane with the product order. Note that £ and F are (order) convex, but D
and G are not.

A ={(xy) €[0,1] x [0,1] : ¥y <1 - x} has no maximum element. For each x € [0, 1], the
point (x,1 - x) is maximal. The minimum point of A is (0, 0), and any minimum point
is also necessarily minimal.

Let B ={(x,y) € [1,2] x [1,2] : y > 3—-x}and X = A U B. In X, every point of B is
an upper bound of A, but A has no least upper bound. For every x € [1,2], the point
(x,3 - x) is a minimal upper bound of A. The point (0, 0) is the greatest lower bound
(infimum) of A.

LetC={(xy)€[1,2] x[1,2]:y<3-x}andY =AuC.InY,infA = (0,0) € A and
supA = (1,1) ¢ A. Y has no maximum element, but infinitely many maximal elements.
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Let D = {(x,x) : x € [0,1)}. D has no maximum element and no maximal elements.
D is not convex in R?: (0,0) < (0.3,0.5) < (0.8,0.8) and both (0, 0) and (0.8,0.8) are
in D, but (0.3,0.5) is not in D.

Let E = ([0,1] x [1,2]) U ([1,2] x [0,1]). E is convex in R?, but is not an interval.
However, E is the union of the two intervals [(0, 1), (1,2)] and [(1, 0), (2, 1)].

Let F = ([0,2] x[0,2]) - ([0,1) x [0,1)). The maximum point of F is (2, 2), and F has
two minimal points (1,0) and (0, 1). F is convex in R2.

Let G = {(x,y) € [0,1] x R : x <y < x + 1}. The point (0, 0) is the minimum point of
G and the infimum of G, and (1, 2) is the maximum point and supremum of G. G is not
convex in R%: (0,0) and (1, 1) are both in G and (0, 0) < (0.5,0) < (1,1), but (0.5,0) ¢ G.

Note that in the space X = A U B of the previous example, A was a nonempty set
bounded above which had no supremum. Such an example cannot occur in the real
line R with the usual order. This is called the completeness property of the real line,
which we will assume without proof.

Axiom 0.7.4 (Completeness of R). Every nonempty set of real numbers which is bound-
ed above has a supremum in R. Equivalently, every increasing sequence of real numbers
bounded above has a limit. Dually, every nonempty set of real numbers which is bounded
below has an infimum in R, and every decreasing sequence of real numbers bounded
below has a limit.

The completeness of the reals is one way to say that there are no holes in the real
line. The set X = [0,1) U (1, 2] contains a nonempty set A = [0, 1) bounded above which
has no supremum, since there is no least element among the upper bounds (1, 2] of A.
Thus, X is not complete; there is something missing at the upper end of [0, 1), namely
lub A.

Exercises

1. Find the union, or state that the notation is not defined.
(@) {0,1,2}u3 (d) {{o}, {1, {2}}u3
(b) {0,1,2} u {3} (e) {{o} {1} {2} u {3}

(0) {0,1,2} u{{3}} () {{o}, {1}, {21 u {31}
2. True or false: {4, B} U 0 = {A, B} U {#}. Justify your answer.
3. Fill in the blank to make a true statement. Is your answer unique?
(@ {{1h{23u_—— ={1},{23}}
() {1, {231 u = {{1},{2,3}, 0}
4. For each of the following, find all solutions A < {1, 2, 3, 4}.
(a) {L2JUA =1{1,2,4} (b) {1,2,4}-A=1{1,2}
5. For each of the following, find the number of solutions for C ¢ P({1,2,3,4}), and
give three solutions.
(@ {{1L{23ucC=1{{1},{2,3}1{23,4}}
() {11,{2,31{2,3,4}} - C = {{1},{2,3}}
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11.

12.

13.
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Let W, ={(x,y) € R?>:x>0,0 <y<kxtandS§, = [%,2+ %) X (%,3— %]. Sketch the
sets indicated.

(@) w, ) S;nS; B S5-8

() S; ®) S~ W, ®) UiW,:k e N}
(© S;nw, (h) w,-S, D U{S,:neN}
@ Suw, M wy-w, (m) (S, : 1€ N
(e) SuS,

Determine whether the statements are true or false. For those that are false, ex-

plain and correct the errors.

(a) The set N has infinite points.

(b) {N} is an infinite set.

() {N, R} has infinite elements.

(d) {N, R} has infinitely many elements.

Give a proof or counterexample: {4,};c; is a collection of mutually disjoint sets if

and only if for every pairi # j in I, A; and A; are disjoint.

Suppose {4;};; and {B;};¢; are collections of subsets of set X, and a € X. Fill in the

blanks below with the appropriate symbol ¢, 2, or =. Provide counterexamples for

any inclusions that fail.

@ MNierA; UB) — (Nier A) U (Nier B)-

(b) Nies({at UBy) {a} U (Nier By)-

Consider the collection C = {(—o0, —a)u(a, o) : a > 0}u{(-oo0,—ajula, oo) : a > 0}.

(@) Find(NCand|JC.

(b) Is C nested? Is it a collection of mutually disjoint sets?

(c) Which of the following are members of C? A = 3,00),B = 0,C = R, D =
(-00,-2) U (2,0), E =R - (-3,3), F = [1,00)

For each implication below, give its converse and contrapositive. Determine the

truth value of each.

(@ neN=4n+3)eN.

(b) xye N=>xeNandy € N.

() xeR=>x>#-1.

For each statement below, give its negation. Determine the truth value of each.

(@) Jy € RsuchthatVvx € R, xy = 0.

(b) Vx € (0,00) 3n € N such that % < X.

(c) 3y € (0, 0) such that Vx € (0, ), xy = 1.

(d) Vy € (0,00) Ix € (0, 00) such that xy = 1.

(e) Vx e R 3(n,a) € N x [O,%] suchthatx =n+aorx=n-a.

For each statement below, give its negation. Determine the truth value of each.

(a) Yne N, nisodd orn+1is odd.

(b) 3n € NsuchthatVm € N, n > m.

(c) Ym e NN, 3n € N such thatn > m.

(d) Im,M € Rsuch thatVx € R, m < sinx < M.

() Vn e N and Vx € (0,0.5), 3m € N such that m = n + 2x.
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Complete the sentences:

(@) f:A — Bisonto if and only if for every b € B, f‘l({b}) ...

(b) f: A — Bis one-to-one if and only if for every b € B, f *({b})....

Prove parts (a), (c), and (e) of Theorem 0.4.1.

Prove parts (b), (d), and (f) of Theorem 0.4.1.

Suppose f : X — X is a function. Prove:

(@) ForalUcX,Ucf *1(f (U)), and equality holds if and only if f is one-to-one.

(b) Forall V c X, f(f 1(V)) c V, and equality holds if and only if f is onto.

Supposef : A — Band g : B — C are functions. Show

(a) gof isone-to-one = f is one-to-one.

(b) gofisonto= g isonto.

Suppose f : A — B is a function. Recall that there exists a functiong : B —» A

suchthatf o g =idgzand g - f = id, if and only if f is one-to-one and onto. Such a

function g is called the inverse of f.

(a) Show that there exists a function g : B — A such that f - g = idg if and only if
f is onto. Such a function g is called a right inverse of f.

(b) Show that there exists a function h : B — A such that ho f = id, if and only if
f is one-to-one. Such a function g is called a left inverse of f.

(c) Ifgisarightinverse of f and h is a left inverse of f, show thatg = h = f ..

Consider the sequence (a,)en = (1,2,3,1,2,3,1,2,3,1,2,3,...). Determine whether

the sequences (b,) < below are subsequences of (a,) - If so, identify a strictly

increasing function 0 : N — N such that b, = a,. If not, justify your an-

swer.

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

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

(© (1,1,1,1,1,..)

(d G,2,1,3,2,1,3,2,1,...)

(e) (1,4,1,1,1,1,1,...)

Consider the sequence (a,),en = (1,2,3,2,3,4,3,4,5,4,5,6,5,6,7,...). Determine

whether the sequences (b,,),n below are subsequences of (a,) - If S0, identify

a strictly increasing function o : N — IN such that b, = a, . If not, justify your

answer.

(@ 1,2,3,4,5,6,7,8,...)

(b) (3,3,2,4,4,3,5,5,4,6,6,5,...)

(o (1,1,1,1,1,...)

(d (3,2,1,4,5,6,9,8,7,...)

(e (3,2,5,4,7,6,9,8,...)

Consider the sequence (a,)pen = (1,2,1,2,3,1,2,3,4,1,2,3,4,5,...). Notice that

a, = 1if and only if n belongs to the sequence (t,),n = (1,3,6,10,15,21,...) of

triangular numbers, where t,, = 1+2+---+n = n(n+1)/2. Show that every sequence

in N is a subsequence of (a,),en-

Determine whether the following sets are countable or uncountable.
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24.

25.

26.

27.

28.

29.

30.

31

32.

= 0 Preliminaries

a) Forne N, C,=1{A c{1,2,3,...,n}: Ais finite}

b) C = {A c N: Ais finite}

c) D={AcR:Aisfinite}

d) Any mutually disjoint collection F = {(q;, b;)};¢; of open intervals in R. (Hint:

Consider Theorem 0.1.1(e).)

(a) Show thatiff : A — Bis onto and B is uncountable, then A is uncountable.

(b) Foreachi € N, let D; be the countable set {0,1,2,3,...,9}. Consider the map
f : [liew Di — [0,1] defined by f((d;);cn) = 0.d;d,d5 - - -, the number whose ith
decimal digit is d;. Show that f is onto.

(c) Show that a countable product of countable sets need not be countable.

A real number a is an algebraic number if and only if a is a zero of a polynomial

p with integer coefficients. A real number is transcendental if it is not algebraic.

Show that the set of algebraic numbers is countable and the set of transcendental

numbers is uncountable.

Define an equivalence relation ~ on R by x ~ y if and only if x* = y.

(a) Find a saturated set (relative to this equivalence relation) with four elements.

(b) Find a saturated set with five elements.

(c) Find a countably infinite saturated set.

(d) Find an interval of positive length which is saturated.

Let V, H, and P be the partitions of Example 0.6.2. How many saturated sets does

each have? Give a general result about the number of saturated sets with respect

—~ o~ o~ o~

to a finite partition.

Note that the partition P of Example 0.6.2 of [0,5)* arises from the equivalence

relation (a, b) ~ (x,y) if and only if ([a], |b]) = (|x], ly]) where |z] is the greatest

integer less than or equal to z. The function f(z) = |z] is called the floor func-

tion of z. Use the floor function to describe equivalence relations on [0, 5)? which

generate the partitions ¥ and H given in Example 0.6.2.

Consider the partition P = {ID, E} of Zwhere D = {2n+1: n € Z}isthe set of odd in-

tegersand E = {2n : n € Z} is the set of even integers. Give two partitions of Z finer

than P. How many partitions of Z are strictly coarser than P? Justify your answer.

Define a relation ~ on IN by taking a = b if and only if ab is a perfect square. Show

that = is an equivalence relation.

A relation R on a nonempty set A is irreflexive if for every a € A, (a,a) ¢ R.

(a) Exhibit an example to prove that irreflexive is different from “not reflexive”.

(b) Does either of “irreflexive” or “not reflexive” imply the other?

(c) If Aisa finite set, show that the number of reflexive relations on A is equal to
the number of irreflexive relations on A.

Suppose P and R are partitions of A. Recall that R is a refinement of P if for every

block By € R, there exists Bp € P with By € Bp. Show that this is equivalent to: for

every block Bp of P, there exists a subcollection {B;};; of R which partitions Bp.
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34.

35.

36.

37

38.

39.

40.

Exercises =— 19

Define a relation <l on the power set P({1,2,3,4}) by A < B if and only if the sum
of the elements of A (listed without repetition) is less than or equal to the sum of
the elements of B (listed without repetition).

(a) Which of the defining properties of a partial order does < satisfy?

(b) Let D be the collection of subsets of {1, 2,3, 4} which contain an odd number
of elements, as in Example 0.2.1. Which of the defining properties of a partial
order does < satisfy when restricted to D?

Rephrase the statements of Exercise 13(b) and 13(c) in terms of maximal and

maximum elements.

Give a proof or counterexample for each statement below about a partially ordered

set (X, <).

(@) If mis minimum in X, then m is minimal.

(b) If bis alower bound of A ¢ X and ¢ < b, then c is a lower bound of A.

(c) If X has a maximum element, then it is unique.

(d) IfA c Bc X, theninfA < infB.

Suppose C ¢ X is convex and a is maximal in C. Must C — {a} be convex? Give a

proof or counterexample.

Consider the collection C = {{1}, {2}, {1, 2}, {1, 3}, {2, 3}, {1, 3, 4}, {5, 6}} ordered by set

inclusion <.

(a) Draw the Hasse diagram for (C, <).

(b) Find all maximum, maximal, minimum, and minimal elements.

(c) Find a nonconvex set in (C, <).

Order each collection below by set inclusion. Discuss the maximum, maximal,

minimum, and minimal elements.

(@ {[0,x] cR:x¢€[0,1)}

() {x,x+1] cR:x€[0,1)}

Consider the poset (P(U),<). Suppose A; € P(U) for every i € I. What are

supf{4; : i e I} and inf{4; : i € I}?

Shown are three subsets X, Y, and Z of R? with the product order, each of which

contains A = {(x,y) € R’ : x > 0,y > 0,y < 1 - x}. Find the set of upper bounds of

A and discuss the supremum of A in each poset X, Y, and Z.

N N

X=A Y z
(a) X=A

() Y=4U([1,3]x[23)u(23]x[1,3])

() Z=Au{(x,y) e R>:y >15-x}






1 Topologies

1.1 The Euclidean metric

A metric onaset X is a distance function, giving the distance d(x, y) between two points
x,y € X. The familiar Euclidean distance formula between points in the plane R? is the
prototype of a metric, and the properties we expect from Euclidean distances are the
basis for our definition of a metric. We will see that there are many other ways to mea-
sure distances between points in R?, and metrics may be applied to sets other than R".
For example, if you misspell a word, your word processor spell-check application may
present suggestions based on the distance between the “word” you typed and a word
in its dictionary. In Chapter 6, we will introduce two metrics to measure distances be-
tween continuous functions.

Definition 1.1.1. A metric on a set X is a function d : X x X — R satisfying
(@) d(x,y) = 0forall x,y € X (nonnegativity);

(b) d(x,y) = Oifand onlyifx = y;

(c) d(x,y) =d(y,x) forall x,y € X (symmetry);

(d) d(x,y) <d(x,z) +d(z,y) for all x,y,z € X (triangle inequality).

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

The first three defining conditions of a metric are easily understood: distances
are never negative, two points are equal if and only if the distance between them is
zero, and the distance from x to y always equals the distance from y to x. The triangle
inequality is easily illustrated using our usual concept of distance in the Euclidean
plane. If x, y, and z are three points in the plane, then d(x, y) is the length of the straight
line segment between x and y. Since the shortest distance between two points in the
Euclidean plane follows a straight line, d(x,y) is less than or equal to the length of
the polygonal path from x to z and on to y. Thus, the triangle inequality says that the
length of one side of a triangle is less than or equal to the sum of the lengths of the
other two sides, as suggested in Figure 1.1

d(x.y)
d(zy)

¥4

x d(x,z)
Figure 1.1: The triangle inequality: d(x,y) < d(x,2) + d(z,y).

https://doi.org/10.1515/9783110686579-002
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Vectors in R" will be denoted by x = (x;,X5,...,x,). We are most familiar with the
Euclidean metric d : R" x R" — [0, co) given by

dx,y) =yJx-y)?=|x-y| forx,yeR,

dix,y) = \/(x1 — Y12+ (6 -y,)? forx,y e R?,

d(x,y) = \/(X1 —Y2+ -y + (-3 forxy e R,

dx,y) = \/(X1 — Y2+ 00 —y)2 4+ (g —yp)? forx,y e R

The sets R and R? with the Euclidean metric are called the Euclidean line and
the Euclidean plane, and in general, R" with the Euclidean metric is called the
n-dimensional Euclidean space. While it is intuitively clear that the Euclidean metric
on R" satisfies the triangle inequality, a formal proof of this is not trivial. One such
proof is outlined in Exercise 15.

If dis a metricon X and Y ¢ X, then since d tells us the distance between any two
points in X, it tells us the distance between any two points in Y ¢ X. It is easy to show
that this inherited distance on Y obeys all the conditions defining a metric. Formally,
ifd: X xX — Risametricon X and Y ¢ X, then the restriction d|y,y of dto Y x Y is
a metric on Y. Thus, we may speak of a subset of R" with the Euclidean metric.

A metric allows us to determine which points are near a given point x. This near-
ness can be characterized by the “balls” centered at x.

Definition 1.1.2. Suppose (X, d) is ametric space. Forx € Xand € > 0, the ball centered
at x with radius ¢, or simply the e-ball centered at x, is

B(x,e) ={y e X : d(x,y) < &}.

Note that our definition of B(x, €) requires € > 0. This convention guarantees that
x € B(x, ), so every ball is nonempty.

In the Euclidean line R, the e-ball centered at x consists of all points on the real
line within € of x, and thus B(x, €) is the open interval (x — £,x + €). For example,
B(5,0.2) = (4.8,5.2). In the Euclidean plane R?, the ball B(x, €) is the disk centered at x
with radius &, not including the boundary of the disk. In the 3-dimensional Euclidean
space R?, the ball B(x, €) is the solid inside the sphere centered at x with radius ¢, not
including the boundary sphere.

The balls are used to define important concepts such as convergence of sequences
and continuity of functions.

Definition 1.1.3. A tail of sequence (x,) ¢ is @ subsequence (x,,),s; obtained from the
original by deleting the initial terms x;, x5, ..., X_1.

A sequence (X,,),¢n is eventually in a set S if there exists an integer k € N such that
x, € Sforalln > k. Thatis, (x,),c is eventually in S if some tail of the sequence is con-
tained in S. A sequence (x,,),c iS eventually constant if it is eventually in a singleton
set {a}.
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A sequence (x,),c is frequently in a set S if for any k € N, there exists n > k such
that x,, € S.

Clearly if (x,,),¢n is eventually in a set S, it is frequently in S.

Example 1.1.4.

(a) In the Euclidean line R, the sequence (%)nElN is eventually in B(-1,1.02) =
(-2.02,0.02), sinceforn > k = 51, x,, = % € (-2.02,0.02). However, the sequence
is not eventually in B(2,2) = (0,4) since no tail of the sequence is contained in
B(2,2). This sequence is eventually in B(0, ) = (-¢, €) for any € > 0.

(b) In the Euclidean line R, the sequence (z,),en = (0,5,0,5,0,5,0,5,...) is fre-
quently in B(0,.3) and frequently in B(5,.02), but is not eventually in either of
these balls. It is eventually in the ball B(2,7) = (-5,9) and eventually in the set
S ={0,7,V7,5,12.6}.

Definition 1.1.5. A sequence (x,),¢ in a metric space (X, d) converges to a € X if for
every € > 0, (X,)nen 1S eventually in B(a, €). If (x,),en CcOnverges to a, we say a is the
limit of the sequence, and write lim X, =aorx, — a.

n—oo

Referring to the previous example, in the Euclidean line R, the sequence ( (_rll)" JneN
is eventually in every e-ball around 0, so the sequence converges to 0. The sequence
(Zpnen = (0,5,0,5,0,5,0,5,...) does not converge to any limit. To see this, suppose to
the contrary that lim,_, x,, = a. Consider the ball B(a,1) = (a -1, a + 1), an interval of
length 2. Now this ball may contain O or 5, but cannot contain both. Thus, the sequence
is not eventually in B(a, 1), contrary to the definition of lim,,_,, x,, = a. The sequence
(0,5,0,5,0,5,...) is frequently in every e-ball B(5, €) around 5. This occurs since there
is a subsequence (consisting of the even-indexed terms) which converges to 5. This
idea is investigated in Exercise 4.

Our next result is that a sequence in Euclidean space cannot converge to two dif-
ferent limits. Our familiarity with limits of sequences from calculus, which is based
on the Euclidean metric, makes this result not surprising. The surprise will come later
when we examine topological spaces in which a sequence might converge to more
than one point.

Theorem 1.1.6. If a sequence (x,,),cn in a metric space (X, d) converges, then the limit
is unique.

Proof. Suppose (x,) e 1S @ sequence converging to a in a metric space (X,d), and
b # a. We will show that (x,,),,cn does not converge to b. Since b + a, € = %d(a, b) is
greater than zero. First, we will show that, as Figure 1.2 suggests, B(a, €) and B(b, ) are
disjoint. Suppose to the contrary that there exists x € B(a, &) N B(b,¢). Then d(a,x) < €
and d(x, b) < &, and adding gives d(a, x)+d(x, b) < 2e = d(a, b), contrary to the triangle
inequality. So, B(a, €) and B(b, €) are disjoint.
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, .7 S N , .7 - =~ ~ N
J dah N, ‘%b)/z \
]

a A b
/ N\

I \
\ l
\ /
\ /
Figure 1.2: Potential distinct limits a and b of a sequence in a metric space.

Since (x,,),en CONVerges to a, it is eventually in B(a, €), which is disjoint from B(b, €).
Thus, no tail of the sequence is in B(b, ), so the sequence does not converge to b. [

The following property of metric spaces will be used frequently.

Theorem 1.1.7. If (X, d) is a metric space, x € X, andy € B(x, €), then there exists g >0
such that B(y, €,) € B(x,€).

Proof. Figure 1.3 suggests the appropriate value of ¢,,.

Figure 1.3: If B(x, €) contains y, then it contains a ball B(y, ay) around y.

Under the hypotheses, take g =€~ d(x,y). Since y € B(x,¢), g, > 0.Now z € B(y,¢,)
implies d(y,z) < ¢, = € - d(x,y). Adding d(x,y) to both sides of the equation and
applying the triangle inequality, we have d(x,z) < d(x,y) + d(y,z) < €, s0 z € B(x,¢€).
Since z was an arbitrary point of B(y, &), we have B(y, g,) € B(x, ). O

Now we present another metric on R? to illustrate that, while our intuition from
Euclidean geometry will often provide the correct motivation for metric arguments,
we may need to be careful in the details.

Example 1.1.8 (Sup-metric). Define m : R* x R?> — R by

m((x;, 1) (X2,¥2)) = sup{lx; = x,l, ly; = yal}.

Thus, the distance between two points in the plane is the larger of the horizontal dis-
tance |x; — x,| separating them and the vertical distance |y, — y,| separating them. For
example, to get from (-2, 3) to (5,1), werisebyy, -y; = —2and run by x, - x; = 7, soin
the supremum metric, m((-2, 3), (5,1)) = sup{| - 2|, |7|} = 7.
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We will confirm that the function m is indeed a metric. As the supremum of
two nonnegative numbers, m((xy,y;), (x3,¥,)) is always nonnegative. Also, m((xy,;),
(%5,¥7)) = sup{lx; — x5, ly; — ¥»I} = 0if and only if both of the nonnegative numbers
|x; — Xx,| and [y; —y,| are zero, which happens if and only if (x;,y;) = (x5, ¥,). Symmetry
follows since m((x;, 1), (X2,¥2)) = sup{lx; — x,l, [y1 = yal} = sup{lx, — xil,ly, - yil} =
m((xy, ¥,), (x1,y7)) for all (x3,y1), (X2, ¥,) € R It only remains to check the triangle
inequality. Since the sup-metric is defined in terms of the Euclidean metric d(x;, x,) =
|x; —x,| on R, it is not surprising that the triangle inequality for the sup-metric will be
based on that for the Euclidean metric on R. For any x;, X5, X3,¥1,¥>,¥3 € R, we have

X1 = x50 < Ixq = Xl + Ix; — x5
< sup{lx; — X1, lyy = ¥al} + sup{lx, — x3l, ly, - y3l}
= m((x;, 1), (X2, 1)) + m((x2,¥2), (X3, 3)).

Similarly, [y; - y3l < m((x3,y1), (%, ¥2)) + m((x2, ¥2), (X3, ¥3)), 50 m((x1,¥1), (X3, ¥3)) =
supilx; — x3l, ly1 = y3l} < m((x1, 1), (X3, ¥)) + m((x3,¥,), (x3,¥3)). This shows that m sat-
isfies the triangle inequality.

In R? with the sup-metric, B((0,0),e) = {(x,y) € R : sup{lx - O,y - 0|} =
sup{lx|, [y|]} < &}, which is the set of all points in the plane such that the vertical dis-
tance |y| and horizontal distance |x| from the origin are both less than ¢. This is the
square (¢, €) x (=€, €). Similarly, in this metric, the ball B((a, b), €) is the square region
(a-¢ea+e)x(b-¢b+e¢), as depicted in Figure 1.4.

Figure 1.4: The sup-metric ball B((a, b), €).

Exercises

1. Supposed : X x X — [0, 00) is a function with d(x, x) = 0 for all x € X. Show that
if x,y,z € X are not all distinct, then d(x,y) + d(y,z) > d(x, z). Thus, in confirming
that d is a metric, if the other conditions are verified first, one need only confirm
the triangle inequality for distinct points x,y,z € X.

2. Inametric space (X, d), show thatif 0 < 6 < g, then B(x, §) € B(x, €).

3. In ametric space (X, d), show that if x € B(y, a) n B(z, 8), then there exists € > 0
s.t. B(x,&) € B(y,a) N B(z, B).
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10.

11.
12.

13.

14.

15.

Show that a sequence (x,,),, in Euclidean space is frequently in every ball B(a, €)

centered at a if and only if there is a subsequence (x,,)) converging to a.

(Taxicab metric) The taxicab metric (or Manhattan metric) on R? is given by

d((x,y),(a,b)) = |x — a| + |y — b|. Thus, the distance from one point to another is

the sum of the vertical and horizontal (Euclidean) distances between them. Show

that the taxicab metric really is a metric.

In the taxicab metric defined in Exercise 5, draw the balls B((0, 0),2) and B((2,

3),1).

Suppose d : X xX — Ris a metric on a set X and k is a positive real number. Show

that kd : X x X — R is also a metric on X. If d measures Euclidean distances in

units of meters, what value of k would give a metric kd which measures Euclidean

distances in millimeters?

In the metric spaces described below, find all points x € X such that B(x,15) =

B(5,15). Carefully justify that you have found all answers.

(a) X = R with the Euclidean metric.

(b) X ={1,5,10,50} ¢ R with the Euclidean metric.

Under what conditions does the intersection B(x, €) N B(y, 6) of two balls equal a

ball in

(a) the Euclidean metric on R?

(b) the Euclidean metric on R??

(c) the sup-metric on R??

Describe all points x,y,z in the Euclidean plane for which equality holds in the

triangle inequality, that is, for which d(x,y) + d(y,z) = d(x, z).

In the Euclidean plane, show that a = b if and only if B(a, 1) = B(b,1).

Suppose d : X x X — R is a metric on X. Show that f : X x X — R defined by

f(x,y) = +/d(x,y) is also a metric on X.

Letf : R — R be any one-to-one function. Define d; : Rx R — R by ds(x,y) =

If(x) - f(y)| forallx,y € R.

(a) Show that dy is a metric on R.

(b) For f(x) = x, find the d;-ball B(0,1) centered at 0 with radius 1.

(c) For g(x) = arctan x, find the dg-ball B(0,1).

(d) For h(x) = x ! for x # 0 and h(0) = 0, find the dp-bhall B(0,1).

Let df, d, and d), be the metrics on R defined in Exercise 13. Discuss the conver-

gence of the sequences (n),¢ and (%)nelN in each of the metric spaces (R, dy),

(R,d,), and (R, dp).

Forx,y € R", letx-y = x;y; + X)5 + - - + Xy, and [ x|| = v/x - x. Then the Euclidean

metric d on R" is given by d(x,y) = |x - y|. To prove that d satisfies the triangle

inequality, it suffices to show |x + y|| < |lx|| + [ly| for any x,y € R. Complete the

steps below to do this.

(@) Givenx,y € R",letz = |ly|lx~|x|ly and show thatz-z > 0 implies x-y < ||x||[|y|.
This is the Cauchy—Schwarz inequality.

(b) Show that0 < [lx +yl = (x +y) - (x +y) < (Ix]| + lly])?, so [x + ylI < lIx]| + llyll.
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1.2 Open sets in metric spaces

In the Euclidean line R familiar from calculus, an interval (a, b) which contains neither
of its endpoints is called an open interval and an interval [a, b] which contains both of
its endpoints is called a closed interval. Similarly, an open set in Euclidean space R" is
aset which contains none of its boundary points and a closed set is one which contains
all ofits boundary points. See Figure 1.5. These definitions of open and closed sets hold
not only in Euclidean space, but in all metric spaces (and, indeed, in all topological
spaces). Thus, we need a formal definition of boundary points.

Figure 1.5: An open set, a closed set, and a set that is neither.

Definition 1.2.1. Suppose A is a subset of a metric space (X, d). A boundary point of A
is a point x € X such that every ball around x (with arbitrary radius € > 0) intersects
both A and X — A. The set of all boundary points of A is called the boundary of A and
is denoted 0A.

We note that an immediate consequence of the definition is that 04 = o(X — A).
Now we may formally define open and closed sets in metric spaces.

Definition 1.2.2. A set A in a metric space (X, d) is open (or, for emphasis, d-open) if it
contains none of its boundary points, and is closed (or d-closed) if it contains all of its
boundary points.

In the case d is the Euclidean metric on R", d-open and d-closed sets may be called
Euclidean open and Euclidean closed sets.

Example 1.2.3. Consider the following sets in Euclidean space.

(a) ForA = (0,1] € R, 0A = {0,1}. For every € > 0, B(0,€) = (-¢,¢) intersects both
A = (0,1] and (-00,0] € R — A, so O € 04, and similarly, 1 € dA. Furthermore,
for x ¢ {0,1}, x is not a boundary point: for € = min{|x|, |1 — x|}, B(x, €) is either
completely contained in A or completely contained in R — A. Since A contains
some, but not all, of its boundary points, A is neither open nor closed.

(b) ForA = (0,1] U {2}, we have 0A = {0, 1,2}, and A is neither open nor closed.

(c) ForA = (3,00) € R,wehavedA = {3},andoANA =0, so0A = (3,00) is open.

(d) For A = R in the Euclidean space R, the complement of A is empty, so no ball
around any point x intersects the complement of A. Thus, we have dR = @. Now R
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contains none of its boundary points (since it has none), but also contains all of
its boundary points since 0R = 0 < R. Thus, R is both open and closed.

(e) For the set Q of rational numbers, 0Q = R. For every real number x and every
£ >0, B(x,€) = (x - & x + €) contains some rational numbers and some irrational
numbers, so x € dQ. Since 0Q ¢ Q, the set Q is not closed. Since 0Q N Q # 0, the
set Q is not open.

(f) ThesetA = (0,1) x R € R? has boundary 04 = {(x,y) : x = Oorx = 1}. Since A
contains none of its boundary points, A is open. Furthermore, since A does not
contain all of its boundary points, A is not closed.

The open sets and closed sets are fundamentally related by the following theorem.

Theorem 1.2.4. In a metric space (X,d), A is open if and only if X — A is closed; A is
closed if and only if X — A is open.

Proof. Recalling that the boundary of A equals the boundary of its complement, B is
openifand only if BnoB = 0, and Bis closed if and only if 0B ¢ B, we note the following
equivalences in a metric space X:

Aisopen & AN0JA=0
— OJAcX-A
— J0X-A)cX-A

< X - Aisclosed.

Thus, A is open if and only if its complement is closed. Replacing A by X — A shows
that A is closed if and only if its complement is open. O

We will focus on the open sets in this section. The closed sets and open sets are the
extremes—they contain either all or none of their boundary points. Most sets would
fall somewhere between these extremes, including some but not all of their boundary
points. That is, most sets would be neither open nor closed. In particular, notice that
“not open” does not imply closed, and “not closed” does not imply open. The third set
shown in Figure 1.5 is simultaneously not open and not closed.

Theorem 1.2.5. U is open in a metric space (X, d) if and only if for every x € U, there is
a ball B(x, €) contained in U.
That is, U is open if and only if

Vx e U, 3¢ >0 suchthat B(x,e)cU.
Proof. (=) Suppose U is open in X. Then

xeU=>x¢0U

= ~ (every ball around x intersects both U and X — U)
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= there exists a B(x, €) which does not intersect both U and X — U
= there exists a B(x, €) which does not intersect X — U
(since x € U, every B(x, €) must intersect U)

= there exists a B(x, &) ¢ U.

(<) Suppose that for every x € U there exists €, > 0 such that B(x,e,) € U. Now
for every x € U, B(x, €,) does not intersect X — U, so x ¢ oU. Thus, U contains none of
its boundary points, so U is open. O

This theorem is suggested in Figure 1.6.

Figure 1.6: U is open if and only if it contains balls centered at each of its points.

Corollary 1.2.6. In a metric space, every ball B(x, €) is open.
Proof. Apply Theorems 1.2.5 and 1.1.7. O
Corollary 1.2.7. U is open in a metric space (X, d) if and only if U is a union of balls.

Proof. By “union”, we mean an arbitrary union, allowing unions of infinite collec-
tions, finite collections, or even the empty collection of balls. The union of an empty
collection is @, so U = @ is a union of balls.

If U is a nonempty open set in X, by Theorem 1.2.5, for each x € U, there exists ¢,
with {x} < B(x,&,) ¢ U. Taking the union over all x € U gives

U=Jixc|JBxe)c|JU=U,

xeU xeU xeU

and thus U is a union | J,.y B(x, €,) of balls.

Conversely, suppose U is a union | J;.; B(x;, ¢;) of balls and x € U. Then there exists
jelIsuchthatx e B(x;, &). By Theorem 1.1.7, there is a ball B(x, €) centered at x which
is contained in B(x;, &;) € U. Now by Theorem 1.2.5, U is open in X. O

Definition 1.2.8. An open neighborhood of x is an open set containing x. A neighbor-
hood of x is any set which contains an open neighborhood of x.

Some introductory textbooks in topology define all neighborhoods to be open.
Because arbitrary neighborhoods of x are defined in terms of open neighborhoods, in
many applications this is adequate; there are enough open neighborhoods to define
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nearness. However, in applications involving nesting of neighborhoods and supersets
of neighborhoods, the more general definition is helpful.

The collection of all neighborhoods of x will be used to quantify nearness to x.
The nicest neighborhoods of x in a metric space are the balls centered at x. Indeed,
Theorem 1.2.5 shows that any neighborhood of x contains a ball centered at x. The
definitions of boundary and sequential convergence given above in terms of balls can
in fact be restated using “every neighborhood” instead of “every ball.” So, even if we
do not have a metric to generate balls, these concepts can be equally well utilized if we
only know which sets are open—and consequently, which sets are neighborhoods of
any given point. A topology on a set X will be a collection of subsets of X which serve as
the open sets. The theorem below lists fundamental properties of open sets in a metric
space which we will wish any topology—that is, any collection of open sets—to satisfy.

Theorem 1.2.9. In a metric space (X, d):

(a) 0andX are open.

(b) Finite intersections of open sets are open.
(c) Arbitrary unions of open sets are open.

Proof. (a) @ and X have no boundary points, and thus are open.

(b) Suppose U, U,, ..., U, are openin X and x € U;nU,N---nU,. By Theorem 1.2.5,
thereexistey, €,,...,e, suchthat B(x, g;) € U;fori =1,...,n. Takee = min{g, &,,...,&,}
Thene > Oand B(x,¢) < U nU,N---NU,. Thus, Theorem 1.2.5 implies U; nU,N---nU,
is open.

(c) By Corollary 1.2.7, a union of open sets in X is a union of unions of balls, which
is again a union of balls, and is thus open. O

Note that arbitrary intersections of open sets need not be open: If U,, = (0,1+ %) in
the Euclidean line R, then U, is open for each n € N, but the intersection (¢ U, =
(0,1] is not open.

Exercises

1. The proof of Theorem 1.2.9(b) cannot be modified to show that arbitrary intersec-
tions of open sets are open. Why not? Which step of the proof fails to generalize
to arbitrary intersections?

2. Recall that in a metric space (X, d), x is a boundary point of A if and only if every
ball B(x, €) centered at x intersects both A and X — A. Show that this statement is
equivalent: In a metric space (X, d), x is a boundary point of A if and only if every
neighborhood U of x intersects both A and X — A.

3. For each given subset of the Euclidean plane R?, (a) determine the boundary
points, (b) determine whether the set is open, (c) write each set that is open as a
union of balls, and (d) determine whether the set is closed.
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A=R?
B=(-1,1) xR
C={(xy) e R:x>0}
D={xy) eR*:y=x}
E={(x,y) € R? :x >0,y >0}
F:{(x,y)elRZ:y<x}
4. From the sets given in Exercise 3, determine all that are
(a) aneighborhood of (3,2);
(b) aneighborhood of (1,1);
(c) aneighborhood of (0,1);
(d) aneighborhood of (-2,0);
(e) aneighborhood of (0, -1).
5. Some open sets U in the Euclidean plane R? are given below. For every point
(x,y) € U, find an € > 0 such that B((x,y),&) € U.
(a) U =B((0,0),1) UB((1,1),2)
(b) U=(-1,1)x(-1,1)
() U={(xy)eR*:y<x}
6. Sketch each given subset of the Euclidean plane R? and determine whether it is
(a) open, (b) closed, (c) not open, (d) not closed, and (e) a neighborhood of (1, 0).
A= B(0,0),1+ 1)
B=[2,B((0,0),1+1)
C =1 B((n,0),3)
D=U;-,B(n,0),3)
E=Ulp3-qlx[53-7]
F=400,3-21x[0,3- 1]
7. Suppose X is a metric space.
(a) Show that X — {a} is open for each a € X.
(b) Show that every subset A of X is an intersection of open sets.
8. Suppose A is a subset of a metric space X. Show that x € 0A if and only if there
exists a sequence (a,),cn in A converging to x and a sequence (b,),en in X — A
converging to x.

1.3 Topologies

In a metric space, open sets were defined in terms of boundaries of sets, which were
defined in terms of e-balls, which were defined using a distance function. Thus, open
sets were defined in terms of the distance function. But there are ways to determine
nearness—which is the goal of topology—which cannot be measured by a metric. All
that is needed is a suitable collection of open sets. The open sets may then be used
to define neighborhoods, convergence, and continuity, among other topological con-
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cepts. The characteristic properties of open sets allowing the quantification of near-
ness are those given for open sets in a metric space in Theorem 1.2.9. This is the basis
for the definition below.

Definition 1.3.1. A topology on a nonempty set X is a collection 7 of subsets of X,

called the open sets, satisfying:

(@ peTandX e 7.

(b) IfU,, Uy,..., U, € T, then ()L, U; € T (T is closed under finite intersections).

(c) IfIisan arbitrary index set and U; € T foralli € I, then | J;; U; € T (T is closed
under arbitrary unions).

A topological space is a pair (X, T) where X is a nonempty set and 7 is a topology on X.

If the topology 7 is understood, we may refer to “the topological space X” just
naming the underlying set of the topological space (X, 7). If we wish to emphasize the
topology, an element of a topology 7 may be called a 7-open set.

The condition (b) that a topology 7 must be closed under finite intersections can
be replaced by the condition (b') that if U;, U, € 7, then Uy n U, € T (thatis, 7 is
closed under binary intersections). Clearly (b) implies (b'). Suppose (b’) holds and
Uy, U,,..., U, € T. Proceeding inductively, if U; n--- n U, € T, then, by (b'), (U; n
- N U) NUy € T. Thus, T is closed under finite intersections if and only if it is
closed under binary intersections.

If (X, d) is a metric space, then the collection of d-open sets is a topology on X
called the metric topology generated by d. In the special case of R" with the Euclidean
metric, the resulting topology is the Euclidean topology T, and (R", 7) is called the
n-dimensional Euclidean space.

While a metric on X gave us one way to generate open sets, the concept of a topol-
ogy is that we start by specifying the open sets and use them to characterize near-
ness, convergence, and continuity. Metric spaces are concrete examples of topological
spaces which are easy to visualize, but not every topological space is a metric space.

We note that the open sets in a metric space were all generated by a nicer collection
of open sets, the balls, in the sense that every open set was a union of balls. Such a
collection of open sets will be called a basis for the topology. Bases will be studied in
the next section.

Now, we will give the natural extensions of some metric space concepts to topo-
logical spaces.

Definition 1.3.2. If (X, 7) is a topological space and x € X, an open neighborhood of x
is an open set containing x. A neighborhood of x is a set containing an open neighbor-
hood of x.

To emphasize the topology, a neighborhood of x in (X, 7)) may be called a 7 -neigh-
borhood of x. (As noted earlier, some elementary textbooks initially require all neigh-
borhoods to be open, which is adequate for an elementary development.)
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Definition 1.1.5 of convergence of a sequence in a metric space carries over easily
to convergence in an arbitrary topological space.

Definition 1.3.3. A sequence (x,),¢ in a topological space X converges to a € X if and
only if (x,,),¢n is eventually in every neighborhood of a. That is, lim,_,, x,, = a if and
only if for any neighborhood U of x, there exists k € N such that n > k implies x,, € U.

Checking sequential convergence to a point a requires checking something for
every neighborhood of a, with the idea that as the neighborhoods get “smaller and
smaller” the sequence still eventually gets in the neighborhoods. The formal way to
quantify the “smaller and smaller” concept is to require the condition to hold for every
possible neighborhood.

We note that “every neighborhood” in Definition 1.3.3 could be replaced by “every
open neighborhood”. Clearly if (x,,) .y is in every neighborhood of a, then it is in every
open neighborhood of a. Conversely, since every neighborhood of a contains an open
neighborhood of a, if (x,,),c is in every open neighborhood of a, it must be in every
neighborhood of a.

The next examples illustrate some topologies and how they may be used to quan-
tify nearness.

Example 1.3.4 (The discrete topology). IfX is any nonempty set, the discrete topology
onXis 7y = P(X) = {U : U ¢ X}. Every subset of X is open in the discrete topology
(so it is easily confirmed that 7y is in fact a topology). Any topology is a collection
of subsets of X; the discrete topology is the collection of all subsets of X and thus is
the largest possible topology on X. In the discrete topology on X, each singleton set
{x} is open and is therefore a neighborhood of x. This suggests that x is not near any
other points. If a sequence (x,,),cn COnverges to a, then the sequence is eventually in
every neighborhood of a, and thus is eventually in the neighborhood {a}. Thus, the
only convergent sequences are those which are eventually constant.

The discrete topology models discrete situations. To model the Euclidean plane
by a finite set of pixels on a computer screen, we might stipulate that an open set in
the plane should illuminate an open set of pixels on the screen. If the point (0, 0) is
centered in a pixel occupying a square [-r,r] x [-1,r], then the open Euclidean ball
B((0, 0),r) is contained in [-r, 7] x [-r, r] and thus would illuminate the single pixel, so
this single pixel should be open. Similarly, every pixel should be open, and we have the
discrete topology on the set of pixels. This natural model is in many ways inadequate.
A better way to model pixels is suggested in Example 1.4.6, which incorporates the
boundaries between pixels.

The discrete topology on a set X is metrizable, that is, it arises as the metric topol-
ogy for some metric on X. Indeed, there are many metrics which generate the discrete
topology. The most common one is the discrete metric

| o ifx=y,
d(X’y)_{l ifx #y.
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The discrete metric is used in instances where exact precision is needed, such as in
comparing an input ‘password’ to the actual password. If the entered password is not
exact, then you will not be permitted partial access based on entering something “al-
most correct.” Any entry other than the exact password has distance 1 to the password,
which is not considered close.

Example 1.3.5 (The indiscrete topology). The indiscrete topology on X is 7; = {6, X}.
Thus, the only open sets in the indiscrete topology are those required by the definition
of a topology. If x € X, the only neighborhood of x is the whole space X. Every point x
is close to every other point in the space. In the indiscrete topology on R, consider the
sequence (0,1,0,1,0,1,0,1,...). The sequence is eventually in (in fact, always in) every
neighborhood of 7, and thus (0,1,0,1,0,1,0,1,...) converges to 7. There was nothing
special about 7, or the sequence (0,1,0,1,0,1,0,1,...). Every sequence (x,),cn in R
with the indiscrete topology converges to every point a € R. If X has more than one
point, every sequence converges to more than one limit, so by Theorem 1.1.6, (X, 7;) is
not metrizable.

The discrete topology and the indiscrete topology are the extremes. In the discrete
topology, every set is open, each {x} is a neighborhood of x, no point is close to any
other, and the only convergent sequences are the eventually constant sequences. In
the indiscrete topology, every point is close to every other, and every sequence con-
verges to every point.

Example 1.3.6. Consider the set X = {a,b,c} and the collections of subsets 7; =
{ﬂa {aa b}’ {b}a {b> C}} and 73 = {0, {a, b}, {b, C}, X} as ShOWn belOW.

@ Tz[@]

Ty

a b c

77 is not a topology on X since X ¢ 7;. The collection 7, is not a topology on X since it
is not closed under finite intersections: {a, b} and {b, c} are in 7, but their intersection
{b} is not.

Consider the set Y = {a, b,c,d} and the collections of subsets 73 = {8,{a}, {c},
{c,d},Y}and 7, = {0,{a, b, c}, {c}, {c,d}, Y} as shown below.

(6~ @) [é @ )

b
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7T is not a topology on Y since it is not closed under arbitrary unions. The sets {a} and
{c} are in 73, but their union {a, c} is not.

The collection 7, is a topology on Y. The 7,-neighborhoods of a are {a, b, c} and
{a, b, c,d}. The constant sequence (b, b, b, b, b,...) is eventually in (in fact, entirely in)
every neighborhood of b and in every neighborhood of a. Thus, the constant sequence
(b,b,b, b, b, ...) converges to a and to b. The sequence (¢, d, c,d, c,d, ¢, d,...) is eventu-
ally in both open neighborhoods {c,d} and {a, b, c,d} of d and thus (c,d,c,d,c,d,c,
d,...) converges to d. This sequence is not eventually in the neighborhood {c} of c.
Thus, (c,d,c,d,c,d,c,d,...) does not converge to c.

Example 1.3.7 (Single transmitter topology). LetX = [-1,1] and let 7 be the collection
of subsets of X satisfying

0eU=(-11)cU.

Thus, 7 contains any subset of X which does not contain 0, and the supersets of (-1, 1),
all of which do contain 0.

We will confirm that 7 is a topology on X. Clearly ¢ and X are in 7. Suppose
U,...,Uparein T.If0 e Uyn---nU, then0 € Uy forall k € {1,...,n},s0(-1,1) < Uy
forall k € {1,...,n}, and thus (-1,1) < U; n--- n U,,. Thus, 0 € U; n--- n U, implies
(-1,1) < U, n--- n Uy, which is the definition of the finite intersection U; n--- n U,
being open. Finally, suppose U; € T for alli € I, where I is an arbitrary index set.
If 0 € J;je; U;, then there exists k € I such that 0 € Uy. Since Uy is open, we have
(-1,1) € Uy € Uje; Ui Thus, 0 € | J;; U; implies (-1,1) € | J;¢; U;, so the arbitrary union
Uier U; is open. Thus, T is a topology.

In this topology, if x # 0, then {x} is a neighborhood of x, so points different from
x are not close to x. However, every neighborhood of 0 contains (-1,1), and thus O is
close to all the points in (-1,1). For example, this topology may represent the trans-
mission reach from any point in X = [-1, 1] if there is a single functioning transmitter
at 0 which reaches every point in (-1, 1). Transmitters at every other point x # O are
not functioning, so “transmissions” from x # 0 do not reach any other point.

The sequence (.2,.2,.2,.2,.2,...) converges to .2 and to 0, and to no other points.
Clearly the sequence is in every neighborhood of .2, since any neighborhood of .2
must contain .2. Also, .2 is in every neighborhood of 0 since every neighborhood of
0 contains (-1, 1). Furthermore, if a ¢ {0, .2}, then the sequence is not eventually in the
neighborhood {a} of a, so the sequence does not converge to any a ¢ {0, .2}.

In the indiscrete topology on R, 7, of Example 1.3.6, and the single transmitter
topology on [-1, 1], we saw sequences which converged to more than one limit. Theo-
rem 1.1.6 showed that in a metric space no sequence can have more than one limit. Ex-
amining the proof of Theorem 1.1.6, the crucial property which prevented a sequence
in a metric space from converging to distinct points a and b was that a and b had
disjoint neighborhoods. To ensure that no sequence ever has two distinct limits, we
could impose the condition that every pair of distinct points a and b possess disjoint
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neighborhoods, that is, every pair of distinct points a and b are “separated” by disjoint
neighborhoods. This separation property is named for Felix Hausdorff (1868-1942). It
is also called the T, property, short for the original German terminology Trennungsax-
iom 2, which means “separation axiom 2”.

Definition 1.3.8. A topological space (X, 7) satisfies the Hausdor{f property (or the
T,-property) if for every a,b € X with a + b, there exist N,,N, € T witha € N,
b € Ny, and N, n N, = @. (See Figure 1.7.) If X satisfies the Hausdorff property, we say
X is a Hausdorff space, or is a T, space.

Figure 1.7: The Hausdorff property: distinct points have disjoint neighborhoods.

We have already noted the first benefit of this property, stated below. Its proof is
similar to that of Theorem 1.1.6 and is left to the exercises.

Theorem 1.3.9. If (X, T) is a Hausdorff topological space, then every convergent se-
quence in X has a unique limit.

The indiscrete topology on R is clearly not Hausdorff. Given a # b in R, the only
neighborhood of a or of b is R, so distinct points do no have disjoint neighborhoods.
This is manifested by sequences with more than one limit. In the single transmitter
topology, a = 0 and b = .2 do not have disjoint neighborhoods, so this topology is not
Hausdorff. Since any metric topology is Hausdorff, the indiscrete topology on R and
the single transmitter topology are not metric topologies for any metric. That is, these
topologies are not metrizable.

In Section 6.3 we will see that the converse of Theorem 1.3.9 holds under certain
conditions, but not in general.

Example 1.3.10. Let X be the interval (0, 1).

The collection 7; = {(0,b) : 0 < b <1} U {(a,1) : 0 < a < 1} of intervals having 0 or
1 as an endpoint is not a topology on X. It contains ¢ = (0, b) for b = 0 and X = (0, b)
for b = 1, but is neither closed under arbitrary unions nor finite intersections. The sets
(0, %) and (%, 1) are in 7; but their union is not. The sets (O, %) and (%, 1) are in 7; but
their intersection is not.

The collection 7, = {(0, D) : % <b<1liu{(a,1):0<ac< %} is not a topology on X.
It contains X = (0,1), and is closed under arbitrary unions. Indeed, arbitrary unions
of a collection of sets in 7, all of the form (0, b) or all of the form (a, 1) are again of that
form and are in 75, and if a collection of sets from 7, contains a set of form (0, b) and a
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set of form (a, 1), then since a < % < % < b, the union is (0,1) = X € 7,. However, 7, is
not a topology since it does not contain ¢ and is not closed under finite intersections.
The sets (O, %) and (%, 1) are in 7; but their intersection is not.

The collection 75 = {(0,b) : % <b<1tlu{(a,1):0<acx< %}U{(a,b) :0<ac< % <

b < 1} u {#} is a topology on X. The verification is omitted.

Example 1.3.11 (The cofinite topology). The cofinite topology (or finite complement
topology) on a set X consists of the empty set together with all subsets of X which
have a finite complement. That is 7. = {6} U {U < X : X - U is finite}. The details of
confirming that this is a topology are left to the exercises.

Exercises

1. Some collections of subsets 7; of {1,2,3,4} are shown below. Assume that each
collection contains the empty set. Which are topologies? For all that fail to be a
topology, state each condition of the definition which does not hold.

A I
e e (e
5G e D e n ([ @ )
5 (G o ® )

2. (Right ray topology) The right ray topology on R is the collection {(a,oco0) :
a € R}uU {0, R}.
(a) Verify that this is a topology.
(b) Find all limits of the sequence (2,3,2,3,2,3,2,3,...) in this topological space.
(c) Is this topology Hausdorff? Justify your answer.
(d) Is the collection 7 = {[a,00) : a € R} U {#, R} a topology on R? Justify your
answetr.
3.  Which of the following collections are topologies on X = [0, 1]? For those that are
not topologies, state every condition of the definition which does not hold.
(@ 7;={A c X : Ais finite}
(b) T,={A<cX:{0,3,1} cA}u {0}
(©) 73={0,b]: 5 <b<1}u {0}
@ 7, ={0,b) : 3 <b<Buf@l]:0<a<Hiui@ab) :0<acx
b<1}u{e X}

1
5 <
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10.

11.

12.

13.

14.
15.

16.

For k > 0, let W, be the wedge {(x,y) € R?>:x > 0,0 < y < kx}. For each set X;
and collection 7 of subsets of X; below, determine whether 7 is a topology on X;.
For those that are not topologies, identify every condition of the definition which
does not hold.
(@) X, ={(xy) e R*:x>0,y>0}and T = {0, W, W, X,}.
(b) X, ={(6y) e R?: x>0,y >0}and T = {0, Wy, Wy, W5 — W, X,}.
(© X;={(xy)e€ R?:x>0,y>0}land T = 0, X;}u{W,_1 :neN}L
d) X, ={(x,y) e R®:x>0,y>0}and 7 = {W, : k > 0}.
(e X,={(xy) e R:x>0,y>0}and T = (W, nX, : k >0}.
) X;3={xy) eR?:x>0,0<y<x}and T = {WenX;:0<k<1}
Suppose U is a subset of a topological space X. Show that U is open if and only if
for every x € U, there exists a neighborhood of x contained in U.
(@) Show that a point x in a topological space X has a smallest neighborhood N,
ifand only if (){U : U is a neighborhood of x} is a neighborhood of x.
(b) Which of the following topological spaces contain a point with a smallest
neighborhood?
i. R with the Euclidean topology.
ii. R with the discrete topology.
iii. R with the cofinite topology.
iv. The space (Y, 7,) given in Example 1.3.6.
Consider this property P which a topological space X might satisfy: For any three
distinct points a, b, ¢ € X, there exist mutually disjoint neighborhoods N,, N}, and
N, of a, b, and c. Does the T, property imply property P? Does property P imply the
T, property? Give a proof or counterexample for each question.
Prove Theorem 1.3.9: A convergent sequence in a Hausdorff space has a unique
limit.
Show that every metric space is Hausdorff.
Verify that the cofinite topology is indeed a topology.
Show that the cofinite topology on R is not Hausdorff by:
(a) exhibiting distinct points a and b which do not have disjoint neighborhoods;
(b) exhibiting a sequence which has more than one limit.
Show that the discrete topology is the only Hausdorff topology on a finite set X =
X1, X}
Describe all nonempty sets X for which the indiscrete topology on X is Hausdorff.
Describe all nonempty sets X for which the cofinite topology on X is Hausdorff.
(Particular point topology) Let X be any nonempty set and a € X. The particular
point topology on X determined by ais P, = {U <€ X : a € U} U {#}. Show that this is
a topology.
(Excluded point topology) Let X be any nonempty set and a € X. The excluded
point topology on X determined by ais E, = {U € X : a ¢ U} U {X}. Show that this
is a topology.
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18.

19.

20.

21.
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What can be said about the set X if

(@) the particular point topology P, on X equals the excluded point topology E,?

(b) the particular point topology P, on X equals the discrete topology?

(c) the particular point topology P, on X equals the indiscrete topology?

(d) the cofinite topology on X equals the discrete topology?

(e) the discrete topology on X has 64 open sets?

(f) the particular point topology is Hausdorff?

(Nested collections)

(@) Forn e N, letl, = [0,n] € R. Show that {I,, : n € N} U {0, [0, c0)} is a topology
onX = [0, 00).

(b) Suppose U; c U, € U; € --- ¢ U, ¢ X. Show that the finite nested collection
{0,U,U,,...,U,, X} is a topology on X.

(c) Isevery infinite nested collection of subsets of X = R which contains @ and R
a topology? Give a proof or counterexample.

Suppose X is a finite set and |X| = n. Since every topology on X is a collection of

subsets of X, the number of collections of subsets of X will be an upper bound

for the number of topologies on X. How many subsets does X have? How many

collections of subsets of X are there?

A topology T on X is called a finite topology on X if the collection 7 of open sets

is finite.

(a) Which of these topologies on R are finite topologies?
T; = the discrete topology
T, = the indiscrete topology
7T; = the Euclidean topology
T4 ={0,Z, R}
75 = the right ray topology = {(a, c0) : a € R} U {0, R}.

(b) If T is a finite topology on X and a € X, show that a has a smallest neighbor-
hood.

(c) Inthe Euclidean topology on R, does 0 have a smallest neighborhood?

Suppose X is a set, A € X, and p, g are distinct points in X.

(@) Show that {0, A, X} is a topology on X. (Note that the only topology strictly
contained in this topology is the indiscrete topology.)

(b) Show that 7y, s ={U <X :p € Uor {p,qg}nU = 0} is a topology on X. (We will
see in Section 9.3 that the only topology which strictly contains this topology
is the discrete topology.)

1.4 Basis for a topology

We saw that all the open sets in a metric space were generated by the balls in two ways:

A set U is open if and only if it is a union of balls (Corollary 1.2.7).
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A set U is open if and only if for every x € U, there exists a ball B(x, &) which is
contained in U. (Theorem 1.2.5).

A nice collection of open sets which can be used in these ways to generate the
topology is called a basis for the topology.

Definition 1.4.1. If 7 is a topology on X, a basis for 7 is a collection B < T of open
subsets of X such that every open set is a union of elements of 5. The open sets in B
are called basic open sets with respect to B, and if B € B and x € B, we say B is a basic
neighborhood of x with respect to B. If 53 is a basis for 7, we say 7 is generated by B,
and write T = Tgor T = [B].

When we refer to an open set, we must know which topology is being used. When
referring to a basic open set, we must also know which basis is being used. When the
topology 7 and basis B are understood, we may simply say “open” or “basic open”
instead of the more precise “7-open” or “basic open with respect to 5”.

Recall that the union of an empty collection is 0, so the open set ¢ will always be
realized as a union (namely, the empty union) of elements of a basis B. To avoid the
case of the empty union, we could equivalently define a basis for a topology 7 to be a
collection B ¢ T such that every nonempty open set is a union of elements of 5.

To reiterate our motivating example, if (X, d) is a metric space, the collection B =
{B(x,€) : x € X,e > 0} of all balls is a basis for the metric topology on X generated by
the metric d.

Every topology 7 has a basis: B = T is a basis for 7. A topology may have many
different bases, as the following example illustrates.

Example 1.4.2. Let 7 be the Euclidean topology on R. Consider the collections

B, ={(x-gx+¢e):xeR,e> 0}
62:7:5',

83:{<X—1,X+1>:XER’nEN}’ and
n n
B, ={(x-&x+€)-{x} : x e Re >0}

Each is a collection of open sets. B, is the collection of balls in the Euclidean met-
ric, and thus is a basis for 7. Clearly every open set in 7¢ is a union of sets in 7¢, so
B, is a basis for 7.

Note that every e-ball (x — €,x + €) is a union of %-balls: foreachz € (x —&,x + &),
there exists a %-ball B, centered at z and contained in (x — &, x +€), and (x — &, x + €) =
U{B, : z € (x — &,x + €)}. Thus, every open set is a union of %-balls, so B is a basis.

The elements of 5, are balls with their center points removed; such sets are called
deleted balls. Any e-ball (x — &,x + €) is the union of the two deleted balls ((x - &,
x+&)-{xHully- g,y + %) —{y}) wherey = x + %, S0 every open set is a union of deleted
balls, and thus 5, is a basis.
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The balls in a metric space are the prototype of a basis. We used the property of
balls given in Corollary 1.2.7 to form our definition. Now we will also show that the
property of balls in a metric space given in Theorem 1.2.5 carries over to any basis for
any topological space.

Theorem 1.4.3. Suppose T is a topology on set X and B < T is a collection of open sets.

The following are equivalent.

(a) Bisa basis for T.

(b) Uisopenifand only if U is a union of elements of B.

(c) Uis open if and only if for every x € U, there exists a basic open set B € B which
contains x and is contained in U.

We note that (c) could be formally written as:
(c") U e T ifand only if Vx € U 3B € Bsuch thatx e Band B ¢ U.

Proof. The definition of B being a basis for 7 was that U is open only if U is a union
of elements of B. The converse also holds: U is open if U is a union of elements of 5.
Indeed, since B < T, any union of elements of B is a union of open sets, which is open.
Thus, (a) and (b) are equivalent.

To see (b) and (c) are equivalent, it suffices to show that (b2) U is a union of el-
ements of B is equivalent to (c2) for every x € U, there exists a basic open set B € B
which contains x and is contained in U. Suppose (b2). Express U as the union | J{B; :
i € I} of basic open sets B; € B. For any x € U, there exists j € I such that x € B,.
Furthermore, B; < J{B; : i € I} = U, proving (c2). Now suppose (c2). Then, for every
x € U, there exists a basic open set B, € Bwith {x} ¢ B, ¢ U. Taking the union over all
x e Ugives U = Uyey{X} € Uxer Bx € Uyey U = U, so U is a union of basis elements,
proving (b2). O

Note that Theorem 1.4.3(c) may be interpreted as saying every neighborhood U
of x contains a basic neighborhood of x, that is, a basic open set B € B which con-
tains x. In the discrete topology 7 on X, every point x has a smallest neighborhood {x}.
Since {x} must contain a basic neighborhood of x, it follows that {x} must be a basic
open set in any basis B for 7p. Furthermore, since every set is a union of singleton
sets, the collection B = {{x} : x € X} of singleton sets in X is a basis for the discrete
topology. Similarly, if a point x in a topological space (X, 7) has a smallest neighbor-
hood N,, then N, € B for any basis 5 for 7. If every point x € X has a smallest neigh-
borhood N,, then {N, : x € X} is a basis for 7 by the equivalence of (a) and (c) in
Theorem 1.4.3.

Recall the single transmitter topology 7 = {U ¢ [-1,1] : 0 € U = (-1,1) ¢ U}
on X = [-1,1] given in Example 1.3.7. In this topology, if x # 0, then {x} is open, and
U is a neighborhood of 0 if and only if (-1,1) ¢ U. Thus, every point has a smallest
neighborhood, and the collection of these smallest neighborhoods {{x} : x € [-1,1],
x # 0} U {(-1,1)} is a basis for 7.
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Of course, generally a point will not have a smallest neighborhood. In the Eu-
clidean topology on R, B(x, %) =(x - %,x + %) is a neighborhood of x for every n € IN.
If there were a smallest neighborhood N, of x, it would have to contain x and be con-
tained in each B(x, 1), giving {x} € N, € ({{B(x, 1) : n € N} = {x}, so N, = {x}. But this
is a contradiction, since {x} is not a neighborhood of x in the Euclidean topology.

We will see several topological concepts such as convergence of sequences or
boundary points of a set, which are defined in terms of arbitrary neighborhoods of
a point, with an unwritten emphasis on “no matter how small”. Since any neighbor-
hood of x contains a basic neighborhood of x, such properties may be characterized
or confirmed by using only the basic neighborhoods of the point.

In our discussion so far, we have started with a given topology 7 and considered
bases generating that topology. We may ask, if we start with a collection of subsets
of X, when might it be a basis for some (as yet unknown) topology on X? Suppose that
Bis abasis for a topology 7 on X. Since X is an open set, condition (b) of Theorem 1.4.3
implies that | J B = X. If B;, B, € B, then B, and B, are both open, so B; N B, is open. If
X € B; N B,, then the neighborhood B; N B, of x must contain a basic neighborhood B;
of x. Thatis, there exists B; € Bwith x € By and B; € B;NB,, as suggested in Figure 1.8.
In fact, these properties are all that is needed to guarantee that a collection 3 is a basis
for some topology on X.
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Figure 1.8: If B;, B, € B and x € B; N B,, then there exists B3 € Bwithx € B3 € B; N B,.

Theorem 1.4.4. A collection B of subsets of X is a basis for some topology on X if and
only if

(@ UB=X,and

(b) if B;,B, € Band x € B; N B,, then there exists By € Bwithx € B; € BiNB,.

Proof. 1f B is a basis for some topology on X, the discussion before the statement of
the theorem shows that (a) and (b) are satisfied.

Suppose B satisfies (a) and (b) above. If B is to be a basis for a topology, then that
topology must consist of all unions of elements of 5. Let 75 be the collection of all
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unions of elements of B. We will show that 75 is a topology. By condition (a) above,
X € T, and @ € Tg since @ is the union of the empty collection of elements of 5.
An arbitrary union of elements of 75 is a union of unions of elements of 53, which is
just a larger union of elements of B, so 75 is closed under the formation of arbitrary
unions. For finite intersections, suppose U;, U, € Tg. lf Uy n U, = @, then U; N U, € Tg.
Otherwise, suppose x € U; n U,. Since U, is a union of sets in 5, there exists B; € B
with {x} ¢ B; ¢ U;. Similarly, there exists B, € B with {x} ¢ B, ¢ U,. By condition (b),
there exists B, € B with {x} ¢ B, < B; n B, ¢ U; n U,. Now taking the union over all
x € U; n U, shows that

Uunl,= |J e | Bec |J Uinl,=U;n0,

xeU;nU, xeU;nU, xeU;nU,

so U; N U, = Uyep,nu, Bx is a union of elements of 5 and thus is in 7. Having shown
the result for intersections of two open sets, the result follows for finite intersections
inductively. O

Example 1.4.5. Let X = {1,2,3,4}, and consider the collections A = {{1, 2}, {2}, {2, 3}},
B ={{1,2},{2},{2,3},{4}}, and C = {{1,2,3},{2}, {2, 3, 4}}, as depicted in Figure 1.9.

C® > - C® » © C @ > >

A B C

Figure 1.9: Which collections are bases?

A is not a basis for a topology on X since | J A + X. A defines no neighborhood of the
point 4.

The union of B is X. To check the second defining condition of a basis for 3, we
must verify an implication for every x € B;nB,, where B; and B, are arbitrary members
of B. Furthermore, the implication is always true if B; = B, (for then we may take
B; = B; = B,), so we only need to verify the implication for distinct sets B;,B, € B
with nonempty intersection. There is only one such pair in B, and their intersection
contains only one point, namely 2 € {1,2} n {2,3}. Now B3 = {2} € B contains 2 and is
contained in {1, 2} N {2,3}, so B is a basis for a topology on X. The topology generated
by Bis Tg = BU{0,{1,2,3},{1,2,4},{2,4},{2,3, 4}, X}.

C is not a basis for a topology on X. Indeed, {1,2,3},{2,3,4} e Cand 3 € {1,2,3} n
{2,3,4}, but thereisno C; e Cwith3 € C5 € {1,2,3} n{2,3,4}.

Many topologies are defined in terms of a basis, as the next two examples illus-
trate.

Example 1.4.6 (The digital line). Consider a line of pixels. As discussed after Exam-
ple 1.3.4, each pixel should be open since it is illuminated by an open set contained
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in the pixel. Considering only the pixels, this gives the discrete topology, which does
not adequately model closeness of pixels. To remedy this, we will also consider the
boundaries between pixels. Suppose the pixels correspond to the odd integers, with
the even integers representing the boundaries between adjacent pixels, as suggested
in Figure 1.10. Each boundary between pixels is close to its two neighboring pixels.
This suggests the topology 7p; on Z whose basis is shown in Figure 1.10. With this
topology, Z is called the digital line. The basis for 7p; is B = {{n} : nis an odd integer}u
{fn-1,n,n+ 1} : nis an even integer}.
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Figure 1.10: The digital line topology.
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Example 1.4.7 (Partition topologies). Let P be a partition of a set X. Then |JP = X,
and because the blocks of P are mutually disjoint, x € P, n P, for P;, P, € P implies
P, = P,,so with P; = P;, we have P; € P and x € P; ¢ P; nP,. Thus, P is basis
for a topology on X. The topology 71> generated by a partition is called a partition
topology.

Recall that a partition R is a refinement of partition P if R is obtained by parti-
tioning the blocks of P, as illustrated in Figure 1.11. If R is a refinement of P, then
R has smaller blocks than P, and thus 71 has smaller neighborhoods than 75. This
suggests the terminology of one topology being finer than another.

S Garan1av-rD
S CEENREDIQROND

Figure 1.11: Partition R is a refinement of partition . Basis R generates a finer topology than ba-
sis P.

Definition 1.4.8. If 7 and C are topologies on the same set X, then we say F is finer
than C (or C is coarser than F) if and only if C ¢ F. Thus, F is finer than C if F contains
all the C-open sets and possibly more.

Example 1.4.9 (Lower limit topology). The lower limit topology (also called the Sorgen-
frey topology) on R is the topology 7; generated by the basis B = {[a,b) € R : a < b}.
R with the lower limit topology is denoted R;. It is easy to check that B is a basis for
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a topology. Taking unions of basis elements will produce sets such as [0,1) U [2,3),
Un>7[5-n) = [5,00), and even [ J{[5 + % 8) : n € N} = (5, 8). Similarly, every interval
(a, b) with a < b is open in the lower limit topology. Thus, every union of intervals of
form (a, b) is open in the lower limit topology. That is, any set open in the Euclidean
topology 7T is open in the lower limit topology. This proves that 7z < 7;, so the lower
limit topology is finer than the Euclidean topology on R. The lower limit topology mod-
els situations in which you need “close, but no less than”. For example, if you need a
log to cross from one side of a gorge to the opposite side 4 meters away, logs of length
1 € [4,b) will be of interest.

By defining a topology on a set X, we specify which sets are open, and these open
sets are then used to define neighborhoods and sequential convergence. We cannot
answer the question “Does the sequence (%)2‘:’1 converge in R?” until we know which
topology on R we are using. In the Euclidean topology familiar from calculus, this se-
quence converges to 0. In the indiscrete topology, this sequence converges to every real
number r. In the discrete topology, this sequence does not converge. In the lower limit
topology, the sequence converges to 0, but ( ’71)2‘;1 does not converge: If a < 0, then
("71 ey is eventually out of the neighborhood [a, a/2) of a, and if a > 0, the sequence is
never in the neighborhood [a, a + 1) of a. The lower limit topology captures the usual
convergence we expect from the Euclidean topology for decreasing sequences, but not
for arbitrary sequences.

Terminology: If S ¢ T is a collection of open sets, by an S-neighborhood of x we
mean a neighborhood of x which is an element of S. In particular, if B is a basis for 7T,
a B-neighborhood of x will be a basic open set from B containing x.

Since a basis determines the topology, we should be able to tell when one topology
is finer than another by comparing the bases. The finer topology should have smaller
basic neighborhoods at each point. This result is formally stated now.

Theorem 1.4.10. Suppose Br and B are bases for topologies F and C on X. Then
F is finer than C (and C is coarser than F) if and only if for every x € X, every
B.-neighborhood of x contains a B r-neighborhood of x.

Proof. Suppose F is finer than C, x € X, and B, € B, with x € B;. Since B; € B, <
C ¢ F, B is an F-neighborhood of x, so by Theorem 1.4.3(c), B, must contain a
B r-basic neighborhood of x, as needed.

Conversely, suppose that, for every x € X and every B, € B, with x € B., there
exists Br € Bx withx € Bx < B.. Toshow C ¢ F, suppose U € C. Now foreachx ¢ U,
there exists B, € B, with x € B, < U. By our hypothesis, there exists B, € B with
x € B, € B, ¢ U. Taking the union over all x € U, we find that U = [ {B, : x € U}, and
as a union of basic open sets in B < F, U € F, as needed. O

We have seen that the lower limit topology on R is finer than the Euclidean topol-
ogy. The theorem above allows us to confirm this as follows: Since every basic Eu-
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clidean neighborhood (x — &, x + €) of an arbitrary x € R contains a basic lower limit
neighborhood [x, x + €), the lower limit topology is finer than the Euclidean topology.

For another example, consider R? in the metric topology T¢ from the Euclidean
metric and in the metric topology 7, from the sup-metric. The balls form a basis for
any metric topology. In the Euclidean metric the balls B¢ (x, €) are circular regions,
but the sup-metric produces square balls B, (x,€). It is easy to see that Bg(x,€) ¢
BSup (x, €), so by the previous theorem, the Euclidean metric topology is finer than the
sup-metric topology. However, every round &-ball B¢ (x, €) contains a square %-ball
Byyp(x, %) as shown in Figure 1.12, so the sup-metric topology is finer than the Eu-
clidean metric topology. Thus, 7, € 7¢ < Tgyp, S0 the topologies are the same. A sub-
set of the plane is a union of open disks if and only if it is a union of open squares. This
shows that different metrics may generate the same topology.
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Figure 1.12: By, (X, £) € B (X, €) € Bgyp (X, €), 50 Toyp € T € Toup-

The prototype of a basis for a topological space are the open intervals (a, b) (that is, the
balls) in R, giving the Euclidean topology. The open intervals (a, b) may be generated
from open rays (a, co) and (—oo, b) by taking intersections. The collection S = {(a, co) :
a € R} U {(-o0,b) : b € R} is not a basis, since, for example, S; = (-1,00) and S, =
(-00,1) arein S and 0 € S; N S,, but thereisno S5 € S with S5 € S; N S,. The collection
S of open rays in the Euclidean topology on R is the prototype of a subbasis for a
topology.

Definition 1.4.11. A collection S of subsets of X is a subbasis for a topology 7 on X
if the collection Bg = {S;n---nS, : n € N,S,,...,S, € S} of finite intersections of
elements of S is a basis for 7.

If S is a subbasis for 7, then the open sets in 7 are generated as arbitrary unions
of finite intersections of elements of S. The result below tells us when a collection is a
subbasis for some topology.

Theorem 1.4.12. A collection S of subsets of a set X is a subbasis for a topology on X if
andonly if | S = X.

The proof is left as an exercise.
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1.4.1 Neighborhood bases

The Euclidean topology on R? has a basis of balls. Then, a basic neighborhood of
aeRis any ball containing a, whether the ball is centered at a or not. But, every
ball B(x, €) containing a contains a ball B(a, §) centered at a. Thus, if we are checking
some condition which should hold for every neighborhood of a, then it would suffice
to check the condition for every ball centered at a. The collection {B(a,¢) : € > 0} of
balls centered at a in the Euclidean topology is the prototype for a neighborhood base
at a point a.

Definition 1.4.13. If (X, 7) is a topological space, a neighborhood base at a € X is a
collection N'(a) of neighborhoods of a such that every neighborhood of a contains a
neighborhood of a from N'(a). That is, a neighborhood base at a € X is a collection
N(a) ¢ T such that, for any neighborhood U of a, there exists N € N (a) with a €
NcU.

Every point of a topological space (X, 7) has a neighborhood base: taking N (a)
to be the collection of all basic neighborhoods of a from any basis B for 7 gives a
neighborhood base. In particular, all neighborhoods of a form a neighborhood base
at a, as do all open neighborhoods of a. As with bases, the usefulness of this concept
will be in choosing neighborhood bases which simplify matters.

To show that a sequence (x,,) converges to x in Euclidean space, from the defini-
tion, we should check that (x,) is eventually in every open set containing x. However,
it suffices to check that (x,,) is eventually in every open ball B(y, €) containing x (that
is, every neighborhood from the standard basis), and furthermore, it suffices to check
that (x,,) is eventually in every open ball B(x, ) centered at x. That is, we need only
check the neighborhoods from a neighborhood base at x to determine whether (x,)
converges to x.

The result below shows that we may check when one topology is finer than an-
other by comparing the neighborhood bases at every point.

Theorem 1.4.14. Suppose F and C are topologies on X, Bx is a basis for F, B; is a

basis for C, and for each x € X, N'z(x) is a neighborhood base for x in F and N;(x) is a

neighborhood base for x in C. Then the following are equivalent.

(a) FisfinerthanC.

(b) Forevery x € X, every C-neighborhood of x contains a F-neighborhood of x.

(c) Forevery x € X, every B.-neighborhood of x contains a Br-neighborhood of x.

(d) Forevery x € X, every N(x)-neighborhood of x contains a N r(x)-neighborhood
of x.

(e) Forevery x € X, every C-neighborhood of x contains a B x(x)-neighborhood of x.

Proof. The equivalence of (a) and (c) is Theorem 1.4.10. The equivalences (¢) < (b)
and (b) < (e) follow since every neighborhood of x contains a basic neighborhood
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of x, and (c) & (d) follows since every neighborhood of x contains a neighborhood
of x from a neighborhood base at x. O

Definition 1.4.15. A topological space X is first countable if every x € X has a countable
neighborhood base.

Every metric space M is first countable since every point x € M has a countable
neighborhood base {B(x, %) :n e N}

Example 1.4.16. R with the cofinite topology is not first countable. Suppose to the con-
trary that it is first countable, and A (0) = {B; : i € N} is a countable neighborhood
base at 0. For every y # 0, R - {y} is a neighborhood of 0, so there exists B, € N(0)
with {0} ¢ B, ¢ R - {y}. Taking the intersection over all y # 0, it follows that

{0} <[\ N(0) =()iB;:ie N} < [ B, < {O}.
y#0
Thus, R— {0} = R—[\{B; : i € N} = [J{R - B; : i € N}, which is a countable union of
finite sets, and thus is countable. But if R — {0} is countable, then R is countable, and
this contradiction shows that there is not a countable neighborhood base at 0, so the
cofinite topology is not first countable.

Exercises

1. Which collections below are a basis for a topology on R? Justify your answers.
(@) B, ={[a,b]:a< b}

(b) B,={(a,b)u(c,d):a<b<c<d}
() By={(a,a+2):aeR}

(d) B,={AcR:0€cAorleA}

() Bs={AcR:0¢Aorl¢A}

(f) Bg={AcR:0¢Aand1¢eA}

2. Ofthe collections depicted in Exercise 1 of Section 1.3, which are bases for a topol-
ogyon {1,2,3,4}?

3. Suppose (X, 7T) is a topological space and B is a basis for 7. Prove that (x,)n,
converges to a in X if and only if the sequence is eventually in every basic neigh-
borhood B of a.

4, Which collections below are bases for the right ray topology 7 = {(a,c0) :
a € R} U {0, R} on R? Justify your answer.

(@) {(a,00):a € R}
(b) {(@,00):aecQ}
(¢) {(a,00):a e N}
(d) {(a,00):aeR}uU{(0,1)}
5. LetB={x,x+¢&):x€Q,e>0u{(x-—&x]:xeR-Q,e > 0}.
(@) Show that B is a basis for a topology on R.
(b) Is T finer, coarser, or incomparable to the Euclidean topology 7¢?
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(c) Discuss the convergence of these sequences in (R, 73): (71/n)52;, (-7/N)ey,
(m+1/n);2;, (m—1/n)52,.

(Multiples topology on IN) For n € NN, let M,, = {kn : k € N} be the set of positive

multiples of n.

(a) Show that B = {M,, : n € N} is a basis for a topology on IN. This topology is
called the multiples topology on IN.

(b) In the multiples topology, give six distinct neighborhoods of 10.

(c) In the multiples topology, does every k € IN have a smallest neighborhood?
Explain.

(d) Prove or disprove: The multiples topology on N is Hausdorff.

In the multiples topology on N (see Exercise 6), find the following or explain why

they do not exist.

(a) Alllimits of the sequence (6,12,18,24,30,36,42,48,...) = (6n),2;.

(b) All limits of the sequence (2,3,2,3,2,3,2,3,2,3,...).

(c) All limits of the sequence (2,4,2,4,2,4,2,4,2,4,...).

(d) All limits of the sequence of digits to the right of the decimal in the decimal

: 13579
expansion of 555o5.

(e) A sequence with no limit.

Find a characterization of all constant sequences in N with the multiples topology
(see Exercise 6) which converge to exactly three limits. Prove that your character-
ization is true.

Suppose C is a collection of subsets of X which is closed under finite intersections
and has [ JC = X.

(a) Give a proof or counterexample: C must be a topology.

(b) Give a proof or counterexample: C must be a basis for a topology.

Give a proof or counterexample: If B is a basis for a topology, then 5 is closed
under finite intersections.

Suppose B is a basis for topology 7 on X, and C is any larger collection of open
sets. (That is, suppose B ¢ C ¢ T.) Show that C is also a basis for 7.

Suppose B is a basis for a topology on X, and C is any larger collection of subsets
of X, that is, B € C € P(X). Must C be a basis for some topology on X? Give a proof
or counterexample. (Compare to Exercise 11.)

Among all the topologies on a set X, is there always a finest topology? Is there
always a coarsest one?

On X = [-1,1], consider the discrete topology 7j and the single transmitter topol-
ogy 7. Carefully justify which (if either) of these topologies is finer than the other.
On X = R%, consider the metric topology T;.,; generated by the taxicab metric of
Exercise 5 of Section 1.1 and the Euclidean topology 7¢. Carefully justify which (if
either) of these topologies is finer than the other.

Discuss sequential convergence in the digital line. Find the limits of all constant
sequences. Describe all convergent sequences which are not eventually constant.
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Ifd : X x X — Ris ametric on X and k is a positive real number, then kd : X x

X — Ris also a metric on X. If 7; and 7, are the metric topologies generated by

these metrics, carefully justify which (if either) of these topologies is finer than

the other.

Consider X = {1, 2, 3, 4} with the topology generated by the basis {{1, 2, 3}, {3}, {4}}.

(a) To which point or points of X, if any, does the sequence (2,3,2,3,2,3,2,3,...)
converge?

(b) To which point or points of X, if any, does the sequence (1,1,1,1,1,...) con-
verge?

(c) Find a sequence in X which does not converge.

(d) Find a convergent sequence in X which has a unique limit.

Can an increasing sequence (x,,)n-, of real numbers converge in the lower limit

topology? What about a strictly increasing sequence?

Find a sequence (y, ), which is not decreasing and not eventually decreasing but

converges to O in the lower limit topology.

LetX = [0,1], B, = {(a,b) : 0 <a<b<1},B,={{0u(al):0<a<1}and

B3 ={(0,b)u{l}:0<b <1}

(a) Show that B = B, U B, U B; is a basis for a topology on X.

(b) Is 7g finer, coarser, neither, or equal to the Euclidean topology 7; on X, which
has a basis {B(x,e) N X : x € X, & > 0}.

(c) Find the limit of the sequence ( oy in (X, T) and in (X, Tg).

(d) Find a nonconstant sequence in (X Tg) which converges to 0.

(e) Give a geometric discussion of how (X, 7z) and (X, 7¢) are related.

Prove: If (x,,);; converges to a in a topological space (X, 7) and 7 is a topology

on X coarser than 7, then (x,);2, converges to a in (X, 7¢).

Exercises 23-27 refer to these topologies. The bow-tie topology Tz on R? has a basis

consisting of sets of form
BT((a,b),e) ={(x,y): ly - bl < Ix —al| < e} u{(a, b)},
and the deleted radius topology T, on R has a basis consisting of sets of form
DR((a, b),€) = (Bg((a, b), &) — {(x,y) : x = a}) u{(a, b)},

where B (x, €) is the Euclidean metric ball, as suggested in Figure 1.13.
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Figure 1.13: Basic open sets in the Euclidean, bow-tie, and deleted radius topologies.
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Which of the topologies 7T¢, Tzr, and Tpg are finer than which? If one of these

topologies is finer than another, prove it. If one is not finer than another, prove

it.

Verify that the basis indicated for the bow-tie topology is indeed a basis for a topol-

ogy.

Verify that the basis indicated for the deleted radius topology is indeed a basis for

a topology.

Consider the bow-tie, deleted radius, and Euclidean topologies on R2. Give ex-

amples of the sequences in R? described or show that no such sequence can ex-

ist.

(a) A sequence (x,);2, which converges in the Euclidean topology but not in the
bow-tie topology.

(b) A sequence (x,),2, which converges in the deleted radius topology but not in
the bow-tie topology.

(c) A sequence (x,),; which converges in the bow-tie topology but not in the
deleted radius topology.

(d) Asequence (x,);, which converges to two distinct limits in the bow-tie topol-
ogy.

(e) A sequence (x,);2, which is not eventually constant and converges to the
same limit in all three topologies.

(f) A sequence (x,),; which converges in one of the three topologies and con-
verges to a different limit in another of the three topologies.

(g) A sequence (x,),2, which diverges in all three topologies.

Let A = DR((0,0),5) U ({0} x [-1,1)] € R?, where DR((0, 0),5) is a basic open set

in the deleted radius topology. Determine whether A is open in (a) the Euclidean

topology, (b) the deleted radius topology, and (c) the bow-tie topology. For each

of these topologies in which A is open, write A as a union of basis elements from

that topology.

Show that if two Hausdorff topologies on X are comparable (that is, one is finer

than the other) and (x,);2, is a sequence in X, then (x,);2; cannot converge to

different limits in the different topologies. Why are the assumptions of Hausdorff

and comparability necessary?

Prove Theorem 1.4.12 by showing that if S is a collection of subsets of X with

US =X,thenBg ={S;n---nS, : neN,S,,...,S, € S}is a basis for a topol-

ogy.

Determine which of the following collections of subsets of R is a subbasis for a

topology on R. For those that are subbases, give the associated basis and topol-

ogy.

@ S = {(-00,-3),(0,c0)}

(b) S, = {(~00,3),(0,c0)}

(€) S5=1{(-00,3),(0,00),(1,5)}

(d) 84 = {(-00,-3),(0,00), (-4, 4)}
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1.5 Closure and interior

In our earlier discussion of metric spaces, we defined the boundary points of a set A
to be those points x such that every ball B(x, €) centered at x laps into A and laps out
of A. Then we defined a set to be open if it contains none of its boundary points, and
closed ifit contains all of its boundary points. We immediately noted that, in the metric
space setting, a set is open if and only if its complement is closed. In this section, we
will extend these concepts to topological spaces.

A topology on X is a collection of subsets of X which we call the open sets. We
could, in a natural extension, define boundary points in terms of neighborhoods (tak-
ing the place of balls in our Euclidean metric approach), then define closed sets in
terms of boundary points. However, because closed sets play a more fundamental role
than boundary points, here we will define closed sets directly, without reference to
boundary points.

Definition 1.5.1. Suppose X is a topological space. A subset F of X is closed if and only
if its complement X - F is open.

An extremely important fact to recognize immediately is that closed does not
mean “not open”. A set may be open, closed, neither, or both. In the Euclidean topol-
ogy on R, the set [0, 1) is not open and not closed, showing that “not open” is different
from “closed” and “not closed” is different from “open”. The sets § and R are both
open and closed.

Open sets are frequently denoted by the letters U or V, from the German word
Umgebung and the French word voisinage for “neighborhood”. Closed sets are fre-
quently denoted by the letter F, from the French word fermé for “closed”.

By taking complements, statements about open sets can be transformed into
statements about closed sets. For example, we know that if U;, ..., U, are open in X,
then the finite intersection U; n --- n U, is open. That is, if X - U;,...,X — U, are
closed in X, then X — (U; n---n U,) is closed, and applying De Morgan’s law we have
X-Upu---u (X -U,isclosed. That is, if Fy,..., F, are closed, then F; U--- UF, is
closed, proving that finite unions of closed sets are closed.

In short, taking complements toggles open sets to closed sets, unions to inter-
sections, and intersections to unions. In a similar manner, the statement that arbi-
trary unions of open sets are open toggles to the fact that arbitrary intersections of
closed sets are closed. Thus, the collections 7 of open sets and F of closed sets are
each closed under finite unions and finite intersections, but generally only one (7)
is closed under arbitrary unions and only one (F) is closed under arbitrary intersec-
tions. To help remember which is which, keep in mind the counterexamples from the
Euclidean topology on R of the infinite intersection of open sets ﬂﬁil(%l, 1+ %) =[0,1]
which is not open, and the infinite union of closed sets Ug‘;’z[%, 1- %] = (0,1) which is
not closed.
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In the Euclidean space R, the set A = [0,1) U (3,5) U {7} is not closed, but we may
obtain a closed set by adding some points. We could add all the points of [1, 3] U [5, 6]
to get the closed set [1, 6]u{7}, but we could have obtained a closed set by adding fewer
points. The minimal way we could obtain a closed set by adding points would be to
add {1,3,5} to A to get [0,1] U [3, 5] U {7}, which is the smallest closed set containing A.
There is no smallest open set containing A, since there is no smallest neighborhood
of 7. However, there is a largest open set contained in A, namely (0, 1) U (3,5). This
discussion prompts our next definition.

Definition 1.5.2. Suppose A is a subset of a topological space X. The closure of A, de-
noted cl 4, is the intersection of all closed sets containing A. The interior of A, denoted
int A, is the union of all open sets contained in A.

Note that because arbitrary intersections of closed sets are closed, the closure of
A is a closed set which contains A. Furthermore, cl A is the smallest closed set which
contains A, for if F is any closed set containing A, then cl A is the intersection of F with
the other closed sets containing A, so cl A ¢ F. Similarly, the interior of A is open, and
is the largest open set contained in A.

We always have intA ¢ A < clA, and these inclusions could be equality. Note
that A is closed if and only if A = clA. (If A = clA, then A is closed since clA is a
closed set. Conversely, if A is closed, then A is the smallest closed set containing A, so
A = clA.) Similarly, A is open if and only if A = int A. Thus, intA = cl A if and only if
A =int A = cl A is both open and closed.

Furthermore, if A € B, thenclA c clBand intA ¢ intB.

Example 1.5.3. Let X = {a, b, c,d} with the topology 7 = {0, {a, b}, {b}, {b,c,d}, X}, as
shown on the left in Figure 1.14. Since the interior of set A is the largest open set con-
tained in A, we see that int{b, ¢, d} = {b, ¢, d}, int{b, c} = {b}, and int{c, d} = 0. The clo-
sure of a set A is the smallest closed set containing A, and to recognize these for this
simple example, we may draw all the closed sets, as seen on the right of Figure 1.14.
Now we can recognize that cl{b, c,d} = X, cl{c,d} = {c,d}, and cl{c} = {c, d}.

(o - ) B E=

a b c d a b c d

Figure 1.14: The 7-open sets and the 7 -closed sets.

The following theorem provides one of the most powerful characterizations of clo-
sure and interior.

Theorem 1.5.4. Suppose X is a topological space and A < X.
(a) x € clAif and only if every neighborhood of x intersects A.
(b) x € intA if and only if there exists a neighborhood of x contained in A.
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Proof. For (a), we will show the equivalent statement that x ¢ cl A if and only if there
exists a neighborhood of x which does not intersect A. If x ¢ clA, then X —clAisa
neighborhood of x which does not intersect A. Conversely, if there exists a neighbor-
hood N of x which does not intersect A, let N’ be an open neighborhood of x contained
in N. Now X — N’ is a closed set containing A but not containing x. Thus, the smallest
closed set containing A does not contain x, so x ¢ clA.

For (b), if x € int A, then int A is a neighborhood of x contained in A. Conversely, if
there exists a neighborhood U of x contained in A, there exists an open neighborhood
U’ of x with U’ ¢ U ¢ A. Since int A is the union of all open sets contained in 4, x € U’
implies x € int A. O

Since every open set is a union of basic open sets, it should be no surprise that the
results hold if we only consider basic neighborhoods.

Corollary 1.5.5. Suppose X is a topological space with a specified basis and A ¢ X.
(@) x € clAif and only if every basic neighborhood of x intersects A.
(b) x € intA if and only if there exists a basic neighborhood of x contained in A.

Proof. For (a), if every neighborhood of x intersects A then, in particular, every basic
neighborhood of x intersects A. Conversely, since every arbitrary neighborhood of x
contains a basic neighborhood of x, if all the basic neighborhoods of x intersects A,
then so must every arbitrary neighborhood. The proof of (b) is similar. O

Corollary 1.5.6. If X is a topological space and A € X, then X — cl A = int(X - A).

Proof. Applying both parts of Theorem 1.5.4, we see that the following are equivalent:
(a) x € X — cl A. (b) there exists a neighborhood U of x which does not intersect A. (c)
there exists a neighborhood U of x with U ¢ X — A. (d) x € int(X - A). O

Example 1.5.7. In R with the Euclidean topology, int@ = ¢ = clg, intR = R = clR,
int((1,2] U [3,4)) = (1,2) U (3,4), and cl((1,2] U [3,4)) = [1,2] U [3, 4]. For the set Q of
rational numbers,

int Q = the union of all open subsets of Q
= the union of all basic open subsets of Q
= the union of all intervals (x — &, x + €) contained in Q
=0.

Furthermore, x € clQ if and only if every basic neighborhood (x — €, x + €) of x inter-
sects Q. Since every interval (x — &, x + £) contains rational points, every real number x
is in the closure of Q. That is, cl Q = R. This is sometimes stated by saying Q is dense
inR.

Definition 1.5.8. In a topological space X, aset D € X isdensein X ifc1 D = X.



1.5 Closure and interior =—— 55

Thus, D is dense in X if and only if every nonempty (basic) open set in X inter-
sects D. Since every open interval in R intersects the irrationals, the irrationals are
dense in R with the Euclidean topology.

Example 1.5.9. Consider the right ray topology 7 = {0, R} U {(a, c0) : a € R} on R. The
closed sets are IR, §§, and rays of form (-co, a]. The set A = (0, 1) contains no nonempty
open set (a, 00), so the largest open set it contains is int(0, 1) = @. The smallest closed
set (—oo, a] containing A is clA = (-o0,1]. The set B = {1,2,3} U [, 00) does contain
nonempty open sets of form (a, co); the largest one it contains is int B = (51, 00). Since
Bis not contained in any closed set of form (—co, a], the smallest closed set containing
Bis cl B = R. The set Q contains no nonempty open sets (a, co) and is contained in no
proper closed set (—00, a], so int Q = ¢ and cl Q = R. Thus, the sets B and Q are dense
in R with the right ray topology.

Example 1.5.10. Consider the cofinite topology on R. Recall that U is open if and only if
R - U is finite or U = 0. Here, the open sets are defined in terms of their complements,
the closed sets. Thus, in the cofinite topology, F is closed if and only if F is finite or
F = R.If A is infinite, the only closed set containing A is R, so clA = R. Thus, any
infinite subset of R is dense in R with the cofinite topology.

For interiors, int(0, 7] = ¢ since the interval (0, 7] contains no set whose comple-
ment is finite. Since int A is an open set contained in A, if int A is nonempty, then A
contains a cofinite set and thus A is cofinite. That is, in R with the cofinite topology,
the only sets with nonempty interiors are the nonempty open sets.

The points of metric spaces, and in particular Euclidean spaces R", have count-
able neighborhood bases {B(x, %) : n € N}. This allows us to characterize the closure
of a set in terms of sequences.

Theorem 1.5.11. If (X, d) is a metric space and A < X, then x € clA if and only if there
exists a sequence in A converging to x.

Proof. Suppose (X, d) is a metric space, A € X, and x € cl A. Then, for any n € N, the
basic neighborhood B(x, %) intersects A, so we may choose x,, € A n B(x, %). Now the
sequence (X,)n; is a sequence in A and converges to x, for every neighborhood U of x
contains a basic neighborhood B(x, %), and x,, € U for all n > k. Conversely, suppose
there is a sequence in A converging to x. Then every neighborhood of x contains some
tail of that sequence, and thus contains points of A. Thus, x € cl A. O

Closure may be thought of as a function cl : P(X) — P(X) which maps a subset
A < X toits closure cl A € X. Union and intersection are operations on P(X). If Sis a
set and * an operation on S, recall the algebraic terminology that a function¢ : S —» S
preserves the operation = if p(a + b) = @(a) = @(b) for all a, b € S. The closure function
does not preserve the operation of intersection. That is, in general, cl(AnB) # cl Ancl B.
For example, in the Euclidean line R, with A = (0,1) and B = (1, 2), note that cl(AnB) =
cl® = @, which does not equal clA nclB = [0,1] n [1,2] = {1}. While the closure
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function does not preserve the operation of intersection, it does preserve the operation
of union. The interior function int : P(X) — P(X) which maps a subset A ¢ X to
intA ¢ X preserves intersections. The interactions between closure and interior with
unions and intersections are given below. The proofs are left to the exercises.

Theorem 1.5.12. Suppose X is a topological space, and A,B € X.
(@ cl(AnB)cclAnclB.

(b) cl(AuB)=clAuclB.

(c) int(ANnB) =intAnintB.

(d) int(AuB) 2intA uintB.

1.5.1 Boundary points

In a metric space, we defined x to be a boundary point of A if and only if every ball
centered at x intersects both A and X — A. This suggests the definition of boundary
points in an arbitrary topological space.

Definition 1.5.13. If A is a subset of a topological space X, then x € X is a boundary
point of A if and only if every neighborhood of x intersects both A and X — A. The set
of all the boundary points of A is called the boundary of A, denoted 0A.

Again we note that an equivalent definition would be that x € X is a boundary
point of A if and only if every basic neighborhood of x with respect to a given basis
(and in particular, every open neighborhood) intersects both A and X — A. Clearly if
every neighborhood intersects A and X — A, then every basic neighborhood does. If
every basic neighborhood intersects A and X — A, then every neighborhood does, since
every neighborhood of x contains a basic neighborhood of x.

From Definition 1.5.13, Theorem 1.5.4, and Theorem 1.5.11, we have the following
corollary.

Corollary 1.5.14. If A is a subset of a topological space X, then 0A = clA n cl(X - A).
Furthermore, if X is a metric space, then x € 0A if and only if there exist sequences (a,) o,
in A and (b,)y, in X — A which both converge to x.

The following result confirms our expectations.

Theorem 1.5.15. Suppose A is a subset of a topological space X.
(@) Aisopenifand only if it contains none of its boundary points.
(b) Ais closed if and only it contains all of its boundary points.

Proof. (a) Suppose A is open and b € 0A. Then every neighborhood of b intersects
X - A, sono neighborhood of b is contained in the open set A. Thus, b ¢ A. Conversely,
suppose that A contains none of its boundary points, and a € A. Since a is not a bound-
ary point of A, there exists a neighborhood N of a which does not intersect both A and



Exercises = 57

X — A. Because N contains a € A, N intersects A and thus N does not intersect X — A.
That is, N ¢ A. We have shown that, for every a € A, there exists a neighborhood N of
awith N ¢ A, which shows that A is open.

(b) Suppose A is closed and b € 0A. Then every neighborhood of b intersects A,
sob € clA = A. Thus, A contains all of its boundary points. Conversely, suppose A
contains all of its boundary points. If x € cl A, then either there exists a neighborhood
of x contained in A, in which case x € A, or every neighborhood of x intersects X — A,
in which case x € 0A € A. Thus, clA € A, so A = cl A is closed. O

The following theorem is similar. Its proof is left to the exercises.

Theorem 1.5.16. Suppose A is a subset of a topological space X.
(a) intA = A -0A.

(b) clA =intA U 0A.

(c) 0A =clA -intA.

Example 1.5.17. For each n € Z, suppose a metal rod fills the interval (n,n + 1), and
the rods are connected by insulated couplings at each n € Z. For the transfer of heat
or electricity, the usual Euclidean nearness applies between the couplings, but if an
electrical current is applied to a coupling at x = n € Z, the current does not transfer
to any other points. This situation is modeled by the topology 7 on R having basis
B = {(a,b) < R:a < blu{{n}:n e Z}. (Another basis for this topology would be
{(a,b) € R : 3n € Zwith (a,b) < (n,n+ 1} u{{n}:nez}.)

In this topology, A = [0,1] = {0} U (0,1) U {1} is a union of basis elements, and
therefore is open. The complement of A can also be expressed as a union of open sets,
so A is also closed. Thus, A must contain all of its boundary points and none of its
boundary points, so 0A = 9[0, 1] = . For example, 0 ¢ 0[0, 1] since the neighborhood
{0} of 0 does not intersect X — A = R - [0,1]. Formally, since A is open and closed,
A =intA = cl A, so Theorem 1.5.16 tells us 0A = clA —int A = 0.

For B = [0,m), we have 0B = 0[0,m) = {m}. Applying Theorem 1.5.16, we see
int[0,) = [0,7) — 0[0, ) = [0,7) — {m} = [0,7), so [0,m) is open. Also, cl[0,7) =
[0,m) U O[O, m) = [0,m) U {mr} = [0, rT].

In general, in this topology, the boundary of an interval I of form (a, b), [a, b),
(a, b], or [a, b] is oI = {a, b} — Z. Thus, the closure clI = T udl of such an interval keeps
the included endpoints but only adds non-integer endpoints. The interior intI = I —oI
only removes the non-integer endpoints.

Exercises

1. Use De Morgan’s laws to prove that arbitrary intersections of closed sets are
closed.

2. Find a set that is neither open nor closed in the cofinite topology, showing that
“not open” does not imply closed and “not closed” does not imply open.
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10.

11.

12.

Suppose A ¢ B. Carefully justify that cl1A < c1Band int A < intB.

Show that U is a neighborhood of x if and only if x € int U.

In the proof of Theorem 1.5.4, we state “If x ¢ cl 4, then X — cl A is a neighborhood
of x which does not intersect A.” Carefully justify this statement.

Show that both parts of Corollary 1.5.5 fail if the basis and basic neighborhoods
are replaced by a subbasis and subbasic neighborhoods.

Sketch the subsets of the Euclidean plane R? below and find the interior, clo-
sure, and boundary of each. B¢ ((x,y), €) represents a ball in the Euclidean metric
on R%.

(@ A=1[0,1)x(0,2)

(b) B=B((0,0),1) U ([-2,2] x {0})

(c) C=(Qu(0,1)x(Qu(0,1))

(d) D={(x,y) e R?>:y = sinx}

(e) E:{(%,%)GIRZ:ne]N}

() F = Ukejo Be((x,0),1)

In the topology on X = {1, 2, 3, 4, 5} whose basis is shown, find the interior, closure,
and boundary of each set below.

(@ {1,2,3} (b) {4,5} (© 3,4} (d) {5}
C® + D
1 2 3 4 5

In the topology on X = {1, 2, 3, 4, 5} whose basis is shown, find the interior, closure,
and boundary of each set below.

(@) {1,2,3} (b) {4,5} (©) {3,4} (d) {5
© (* ®
1 2 3 4 5

In the digital line, find the interior, closure, and boundary of the following
sets.

(@ A=1{1,23}

(b) B=1{2,3,4}

(c) D={2n+1:nez}

d E={2n:nez}

Give IN the multiples topology having basis B = {M,, : n € N}, where forn € N,
M, = {kn : k € N} is the set of positive multiples of n.

(a) Find the interior, closure, and boundary of A = {3, 4,5}.

(b) Find the interior, closure, and boundary of P = {p € N : p is prime}.

In R with the right ray topology 7 = {6, R} U {(a,00) : a € R}, find the interior,
closure, and boundary of the sets below.
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(a) A =(-00,0)U][1,00)

(b) B=(~-00,2)

(¢) C=N

Consider R with the right ray topology 7 = {0, R} U {(a, ) : a € R}.

(a) Give necessary and sufficient conditions for a subset to be dense.

(b) Give necessary and sufficient conditions for a subset to have empty interior.

Consider R with the right ray topology 7 = {6, R} U {(a,c0) : a € R}.

(a) Give a proof or counterexample: If clA # R then intA = 0.

(b) Give a proof or counterexample: Ifint A = ¢ then clA # R.

In R with the cofinite topology, find the interior, closure, and boundary of the sets

A={1,2,n}and B = IN.

Let X = [-1,1] have the single transmitter topology 7 = {U < X

0 € U = (-1,1) ¢ U}. Find the interior, closure, and boundary of the sets A = {1},

B =1[0.2,0.3),and C = {0}.

Let X = [-1,1] have the single transmitter topology 7 = {U € X : 0 ¢ U =

(-1,1) c U}

(a) Show that a nonzero point x is never in the boundary of any set, so dA < {0}
forevery A c X.

(b) Find all sets A < X which have empty boundary.

Show thatif A ¢ B ¢ clA, thenclB = cl A.

In R with the Euclidean topology, let S = Q n (-1,1).

(a) Show that 0(dS) # 0S. (Note: In any topological space X, closure and interior
are idempotent operators; that is, cl(clA) = clA and int(intA) = intA for
every A ¢ X. This shows that the boundary operator is not idempotent.)

(b) ForthesetA = [0,1) in the Euclidean line (or A = [0,1)x (0, 2] in the Euclidean
plane), if intA ¢ B ¢ cl A, then A and B have the same interior, closure, and
boundary. This need not be true in general. With S as above, find a set B in
R with intS ¢ B ¢ clS whose interior, closure, and boundary are all distinct
from the interior, closure, and boundary of S.

Prove: If x is any point in a Hausdorff space X, then {x} is closed.

Show that if Dis dense in X and D € E ¢ X, then E is dense in X.

A topological space X is resolvable if it has two disjoint dense subsets. Consider

the Euclidean, discrete, indiscrete, cofinite, and right ray topologies on R. Which

of these topologies make R a resolvable space?

Provide a proof or counterexample: If A € B, then 0A < 0B.

(a) Find two sets A and B for which d(A n B) is a proper subset of 0A N 0B.

(b) Find two sets C and D for which oC n oD is a proper subset of o(C n D).

Prove Theorem 1.5.12(a): For any sets A and B in a topological space, cl(A N B) ¢

cl A n cl B. Give an example where equality fails.

Prove Theorem 1.5.12(b): For any sets A and B in a topological space, cl(A U B) =

cl A u cl B. (Hint: Use the contrapositive for one direction.)
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Prove Theorem 1.5.12(c): For any sets A and B in a topological space, int(A N B) =

intA nintB.

Prove Theorem 1.5.12(d): For any sets A and B in a topological space, int(A U B) 2

int A U int B. Give an example where equality fails.

Prove Theorem 1.5.16(a): For a subset A of a topological space X, intA = A — 0A.

Prove Theorem 1.5.16(b): For a subset A of a topological space X, cl A = int A U 0A.

Prove Theorem 1.5.16(c): For a subset A of a topological space X, 0A = cl A —int A.

Then show that 0A is always a closed set.

Suppose A is a subset of the Euclidean line R and inf A exists. Show thatinf A € 0A

(and hence, infA € cl A).

Determine which statements below are true. Prove those that are true and give

counterexamples for those that are false.

(a) 0A =09(clA)

(b) cl(X-A) =cl(X-clA)

(c) o(clA) coA

Suppose X is a topological space, a € X, {a} is not open, and U is a neighborhood

of a. Show that a € o(U - {a}), and thus a € cl(U - {a}).

Consider the topology on R having basis {(a,b) ¢ R : 3n € Zwith(a,b) ¢

(n,n+ 1} u {{n} : n € Z}, discussed in Example 1.5.17. Give a metric d on R which

generates this topology, and prove that d is indeed a metric.

Give the appropriate topology which models the situation described.

(@) A packaging facility can set its equipment to pack rice in bags to be sold as “x
pound” bags, for any x € [.25,15.25]. Bags are close to x-pounds in the usual
sense, except that underweight bags cannot be shipped, and thus are not
considered close to the correct weight.

(b) Nearness to a point in the plane is determined by remote imaging from a cam-
era mounted on a north—-south cable positioned at that point. The mounting
prevents a camera angle of due north or due south.

(c) An app checks your password and allows access based on the closeness of
your input to the correct password. Describe the topology used to measure
closeness.

(d) An app asks the user to “press any key to proceed”. Describe the topology
used to measure closeness of the entry to the correct response.

(e) At a security gate of Bill Gates’ compound, a nonempty set of people are
permitted to enter if and only if they are accompanied by Bill Gates.

(f) A game has nine levels, which must be completed sequentially. Describe the
topology on the set of possible fully-completed levels attainable.

(2) A building has eight rooms, each with one light which illuminates the entire
room and only that room. On the set of points in the building, describe the
topology of all possible sets which may be simultaneously illuminated.

(The infinitude of primes) In 1955, H. Fiirstenberg [18] gave the topological proof

outlined below that there are infinitely many primes. (See [35] for other proper-
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ties of this topology.) For integers a and d with d # 0, the arithmetic progression
containing a with common difference d is

AP(a,d)={a+nd:neZ}={meZ:m=amodd}.

(a) Show that B = {AP(a,d): a,d € Z,d #+ 0} is a basis for a topology 7 on Z.
(b) Show that

z\{,-1= ] APQ@.p).

p a prime

(c) Show that if p is prime, AP(p, p) is T-closed.
(d) Show that if there are only finitely many primes p, then (b) implies {1, -1} is a
T-open set. Explain why this is a contradiction.

1.6 Limit points

Consider the set A = {% :n € N} U [2,3) U {4} in the Euclidean line R. The closure of A
isclA = Au{0,3}. Since 4 € cl A, every neighborhood of 4 intersects A, but some just
barely intersect A. For example, B(4,0.1) N A = (3.9,4.1) n A = {4}. Similarly, for any
given n € IN, every neighborhood of % intersects A (so % € clA), but the neighborhoods
of % which are contained in (%, ﬁ) intersect A only in the one point % Other points,
suchasx = 0,x = 2.5, or x = 3 have the property that not only does every neighborhood
of x intersect A, but every neighborhood of x intersects A in a point other than x itself.
These are the limit points of A.

Definition 1.6.1. Suppose X is a topological space and A ¢ X. A limit point of A is a
point x € X such that every neighborhood of x intersects A in a point other than x. The
set of limit points of a set A is called the derived set of A, denoted A'.

More formally, we could say x is a limit point of A if and only if for every neigh-
borhood N of x, (N N A) — {x} # 6. Now (N n A) — {x} = (N - {x}) n A. A set of the form
N - {x} where N is a neighborhood of x is called deleted neighborhood (or punctured
neighborhood) of x. With this terminology, we see that x is a limit point of A if and only
if every deleted neighborhood of x intersects A. Also, since (NNA) - {x} = Nn(A - {x}),
we see that x is a limit point of A if and only if x € cl(A - {x}). Limit points are also
called accumulation points or cluster points.

One of the motivations for limit points is the fundamental result that the closure
of a set is obtained by adding the limit points.

Theorem 1.6.2. IfX is a topological space and A ¢ X, thenclA =AU A'.

Proof. Clearly A < clA, and if x € A, then every (deleted) neighborhood of x inter-
sects A, sox € clA. Thus AU A’ c clA. Toshow clA ¢ AU A’, we need only show that



62 —— 1 Topologies

clA-A c A'.Ifx € clA - A, then every neighborhood of x intersects A and x is not in
this intersection, so every neighborhood of x intersects A in a point other than x. This
says x € A', as needed. O

The previous theorem says clA = A U A’, and Theorem 1.5.16 says clA = A U 0A.
Unfortunately, there is little correlation between limit points and boundary points. For
A = (0,1)u{2} in the Euclidean line, the boundary 0A of A is the three point set {0, 1, 2},
while the derived set A’ is the infinite set [0,1]. In particular, a limit point such as %
need not be a boundary point, and a boundary point such as 2 need not be a limit
point.

Limit points are related to limits of sequences, at least for metric spaces, as we
see next. (More generally, limit points are related to limits, but there are non-metric
spaces in which convergence cannot always be determined by sequences—the count-
able indexing of a sequence may be inadequate in such spaces.)

Theorem 1.6.3. In a metric space (X, d), x is a limit point of A ¢ X if and only if x is the
limit of a sequence (a;);%; of distinct points in A.

One may ask whether a limit point of the set of limit points of A is a limit point
of A. That s, is A" ¢ A'? This need not be true, but is true in certain spaces, including
all Hausdorff spaces. These concepts are investigated in Exercises 9 and 10.

Exercises

1. Prove Theorem 1.6.3.
In the finite topological space X of Exercise 8 of Section 1.5, find the derived set of
each subset of X given there.

3. Inthe finite topological space X of Exercise 9 of Section 1.5, find the derived set of
each subset of X given there.

4, Consider R with the cofinite topology. Suppose A ¢ Ris finite and B € Ris infinite.
Find A’ and B'.

5. Consider the digital line Z.
(@) Describe all sets A which have 2 as a limit point.
(b) Describe all sets A which have 3 as a limit point.
(c) Find the set of all limit pointsof D={2n+1:n€ Z}and E = {2n: n € Z}.

6. Show that if the singleton set {x} is open in X (that is, x is an isolated point of X),
thenx ¢ A’ forany A ¢ X.

7. Suppose X is a topological space and A, B ¢ X. Prove the following. Compare the
results to the analogous statements about closures.
(@ o =g0.
(b) IfAcB,thenA’ cB'.
(c) (AnB) ¢ A' nB', and equality may fail.
(d) (AuB) cA’uUB'.
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(a) Show that if X is a Hausdorff space and a € X, then {a}’' = 0.

(b) Find a set A in a topological space X with A” # A’, proving that unlike the
closure operator, the derived set operator is not idempotent.

Suppose X is a topological space with the property that every singleton set {x} in

X is closed. (Hausdorff spaces, including metric spaces, have this property. See

Exercise 20 of Section 1.5.)

(a) Show that x is a limit point of A ¢ X if and only if every neighborhood of x
intersects A in infinitely many points.

(b) IfA c X, showthat A" c A’.

(c) Show that A’ is closed for every A ¢ X.

Let X = {1, 2, 3} with the indiscrete topology.

(a) Find the derived set A’ for each of the eight subsets of X.

(b) FindasetA < X with A" ¢ A’.

(c) For which subsets A is A’ closed?






2 New topologies from existing topologies

2.1 Subspaces

If we know how to add real numbers then, since Q ¢ R, we know how to add rational
numbers. The operation of addition on Q is “inherited” from the larger set R. Simi-
larly, if we know a topology on a set X and Y < X, then Y should inherit a topological
structure from X. The inherited topology is the subspace topology on Y.

Definition 2.1.1. Suppose (X, 7) is a topological space and Y < X. The subspace topol-
ogyonY is

Ty={UnY:UeT}

Thus, the open sets in the subspace Y ¢ X are open sets in X restricted to (that
is, intersected with) Y. The subspace topology on Y ¢ X is also called the topology
inherited from X. By saying Y is a subspace of X, we imply that Y carries the subspace
topology inherited from X.

Itis easy to show that 0, Y € Ty, NiL,(U;nY) = (N, U;)nY, and for arbitrary index
sets I, ;i (U; N Y) = (Uje; U;) N Y, showing that 7y is indeed a topology.

As always, in determining whether a set is open or not, the answer depends on the
topological space (X, 7) involved. This is easy to overlook in dealing with subspaces.
The interval [0, 1) is not open in R with the Euclidean topology, but [0, 1) is open in
the subspace Y = [0, co) of R with the Euclidean topology, since [0,1) = (-1,1) n Y is
realized as the restriction of an open set (-1,1) in R to Y. If [0,1) is open in Y, then it
contains none of its boundary points. The point 0 is not a boundary point of [0, 1) in
the subspace Y since, for example, [0, %) = (—%, %) N Y is a neighborhood of 0 which
does not intersect Y — [0, 1).

The following theorem tells us that closed sets in the subspace Y are also recog-
nizable from the topology on X in a natural way.

Theorem 2.1.2. Suppose Y is a subspace of X. Then C is closed in the subspace topology
onY if and only if C has the form F nY for some set F closed in X.

Proof. Figure 2.1 suggests the proof, which formally follows from the equivalence of
the following statements.

C is closed in the subspace Y.

C=Y-(UnY)where U isopeninX.

C=Y-U=Yn(X-U)where UisopeninX.

C=YnFwhereF =X -Uisclosed in X. O

If Y is a subspace of X, then the open sets in Y are determined by the open sets
in X, which are determined by the basic open sets from any basis B. Thus, the open
sets in the subspace Y are determined by the basic open sets in X. The theorem below
makes this relation precise.

https://doi.org/10.1515/9783110686579-003
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Figure2.1: C=Y - (UnY)ifandonlyifC=(X-U)nY.

Theorem 2.1.3. If B is a basis for a topology T onset X and Y € X, then
By ={BNnY:BeB}
is a basis for the subspace topology Ty on'Y.

Proof. Recall that By is a basis for 7y if and only if By is a collection of 7y-open sets
such that every set open in 7y is a union of sets in By. Clearly By is a collection of
Ty-open sets. If Uy is open in Ty, then Uy = U NY for some U € 7. Since B is a basis
for 7, we may write U as a union | J;; B; of basis elements B; € B.Now Uy =UNnY =
(Uier B) N'Y = J;;(B; N Y), which is a union of elements from By. O

Example 2.1.4. Consider the plane R? with the deleted radius topology, having a basis
of sets of form DR((a, b),€) = (B¢ ((a, b),&)—{(x,y) : x = a}) U{(a, b)}, where B¢ ((a, b), €)
is the Euclidean &-ball centered at (x,y). We may view any line in R? as a copy of R
embedded in the plane, and as a subset of the plane, the line inherits the subspace
topology. If the line is not vertical, the basic neighborhoods in the deleted radius topol-
ogy intersect the line in an open interval (a, b) or the union (a, b) U (b, ¢) of two open
intervals sharing an endpoint, as suggested on the left in Figure 2.2. These form a ba-
sis for the Euclidean topology on the line, so the subspace topology for a non-vertical
line is the Euclidean topology. If the line is vertical, the basic deleted radius neighbor-
hoods intersect the line in singletons and open intervals, as suggested on the right in
Figure 2.2, and these sets form a basis for the subspace topology. Since every singleton
is a basic open set, the subspace topology for a vertical line is the discrete topology.

The results below follow immediately from the definitions.

Theorem 2.1.5. Suppose X is a topological space and A Y € X.
(@) IfAisopeninthe subspace Y and Y is openin X, then A is open in X.
(b) IfAis closed in the subspace Y and Y is closed in X, then A is closed in X.

Proof. Suppose A is open in the subspace topology on Y and Y is open in X. From the
definition of the subspace topology, A = UNY for some U open in X. Now U and Y are
both openin X, so UNnY = Ais open in X. A similar argument shows (b). O
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Figure 2.2: Basic open sets for non-vertical and vertical lines as a subspace of the plane with the
deleted radius topology.

While an open set in a subspace Y of X is obtained by intersecting an open set of
X with Y, the same cannot be said for the interior of a set. Consider X = R with the
Euclidean topology and Y = [0, 00). The set A = [0,1) = (-1,1) n Y is open in Y and
thus inty A = A. However, inty(4) N Y = intr([0,1)) N [0, 00) = (0,1) N [0,00) = (0,1) #
A = inty A. Furthermore, 0y[0,1) = {1} # dx([0,1)) N Y = {0,1}. The following theorem
shows the containments which do hold.

Theorem 2.1.6. Suppose Y is a subspace of Xand A c Y.
(a) intg(A)NY cinty A.

(b) clx(A)nY =cly A.

(c) ox(A)nY 2 0yA.

Proof. (a) Since inty A € A € Y, intx(A) = intyx(A) N Y is an open set in Y contained
in A, and thus inty(A) N Y < inty A since inty A is the largest open set in Y contained
in A.

(b) clx(A) N Y is a closed set in Y containing A, so cly A ¢ cly(A) NnY since cly A
is the smallest such closed set. Conversely, if y ¢ cly A, then there exists an open
neighborhood Uy of y in Y which does not intersect A ¢ Y. Now Uy = U n Y for some
openset UinX,and UnA = Un(AnY) = (UnY)nA = UynA = 0, so U is aneighborhood
of y in X which does not intersect A, soy ¢ cly A,and thusy ¢ cly(A)nY.Thusy e cly A
ifand only ify € cly(A)nY.

(c) follows from the equations

oyA=clyA-inty A
= (clg(A)nY) —inty A (by (b))
=cly An (Y - inty A)
ccyAn(Y —inty A) (by(a))
= (clyA-inty A)nY
=0x(A)NY. O
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Subspaces allow us to easily define the concept of an isolated point of a set A in a
topological space X.

Definition 2.1.7. If X is a topological space and A ¢ X, then x € A is an isolated point
of A if {x} is open in the subspace topology on A. In particular, if A = X, x is an isolated
point of X if {x} is open.

Thus, a point x of (X, T) is an isolated point of A if there exists a neighborhood N €
T of x such that NnA = {x}. For example, consider the subset A = {2}U[3, 4)U{5}u(7, c0)
of the real line. If R is given the Euclidean topology, then 2 and 5 are the only isolated
points of A. If R is given the discrete topology, then every point of A is isolated. If
X = R with the Euclidean topology, then X has no isolated points, but if X = R with
the discrete topology, every point of X is isolated.

Exercises

1. Suppose 7 is a topology on X and Y ¢ X. Show that 0,Y € Ty, (L,(U;nY) =
(N, Up nY, and for arbitrary index sets I,  J;e;(U;NY) = (Uje; U NY, confirming
that the subspace topology 7y really is a topology.

2. Suppose (X,7T) is a topological space and Z ¢ Y ¢ X. Now Z may be given the
subspace topology 7 it inherits from X or the subspace topology 7y, it inherits
from the subspace (Y, 7y) of X. Show that these topologies on Z are equal.

3. Let X be the real line with the Euclidean topology, and Y = [0, 5) U {10} U [12,15).
For each set below, determine whether it is open, closed, neither, or both in the

subspace Y.
A =10,5)

B ={10,12}
C=(1,2)

D = {10} U [12,13)
E = {10} U [12,13]
F = {10} U [13,14)
G =[0,5) u {10} U [12,15)

4. Describe the subspace topology N inherits (a) from R with the Euclidean topology,
(b) from R with the cofinite topology, (c) from R with the discrete topology, and
(d) from R with the indiscrete topology.

5. Give Z the digital line topology. Describe the subspace topology on the set D of
odd integers and on the set E of even integers.

6. For any natural number n > 2, let P, = {1‘%1 € IN : pis prime and p > n} with the
subspace topology from the digital line.
(a) Is P;; Hausdorff? Justify your answer.
(b) What is the twin primes conjecture? Rephrase it in terms of P, being Haus-

dorff.

7. Prove that every subspace of a Hausdorff topological space is Hausdorff.
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Find a topology on X = {1, 2,3, 4,5} which is not Hausdorff, but has the property

that every subspace of X which does not contain 5 is Hausdorff.

Find a finite topological space X with the property that X is not Hausdorff, but

every proper subspace of X is Hausdorff.

Consider the plane R? with the bow-tie topology, defined above Figure 1.13.

(a) What topology does a horizontal line inherit? Which other lines inherit the
same topology?

(b) What topology does a vertical line inherit? Which other lines inherit the same
topology?

Shown is a basis for a topology on X = {a, b, ¢, d}.

(€D - o

a b c d

(a) Which points of X are isolated?

(b) Which one-point subsets of X are closed?

(c) Listall subspaces Y of X in which a is an isolated point.

(d) List all nonempty subspaces Y of X which are Hausdorff.

Suppose A is a subset of topological space X and a is an isolated point of A. Show

that any sequence in A which converges to a is eventually constant.

A set A is regular closed if A = cl(int A).

(a) Among the closed subsets A = N2, B =[0,1]°U ({0} x[-2,2]),and C = {(x,y) €
R% : x* + y* < 4} of R? with the Euclidean topology, which are regular closed
sets?

(b) If X = R? with the Euclidean topology, show that if a subset A ¢ X has an
isolated point, then A is not regular closed.

(c) Give an example to show that the converse of (b) does not hold.

(d) Give an example to show that the result of (b) does not always hold if X is a
subspace of R? with the Euclidean topology.

If S is a subbasis for a topology 7 onset Xand Y ¢ X,is Sy = {SnY :

S ¢ S} a subbasis for the subspace topology 7y on Y? Justify your answer. (Com-

pare Theorem 2.1.3.)

2.2 Finite products of spaces

Given topologies on sets X and Y, we should be able to define a topology on the Carte-
sian product X x Y. From our experience with the Euclidean space R’ = R x R, we
would expect a point (x,y) to be close to a point (a, b) if and only if it is close in both
coordinates. That is, a (basic) neighborhood of (a, b) should consist of points (x,y)
where x is in a (basic) neighborhood of @ and y is in a (basic) neighborhood of b. This
prompts our definition of the product topology.
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Definition 2.2.1. Foreachi =1,...,n, suppose (X;, 7;) is a topological space and B; is
any basis for 7;. The product topology on X; x - - - x X,, is the topology generated by the
basis

B={B;x---xB,:B;eB;foreveryi=1,...,n}.

It is routine to check that 5 is a basis for a topology on the product X; x --- x X,,.
Since the product topology was defined in terms of arbitrary bases B; for the topolo-
gies 7T;, to see that the product topology is well-defined, we should also confirm that
every collection of bases B; will generate the same topology. That is, we will not get
a different “product topology” by choosing a different set of bases for the coordinate
factors. For each i = 1,...n, suppose B5; and C; are bases for the topology 7; on X;. Let
B ={B;x---xB, : B; € B;foreveryi=1,...,n}and C = {C;x---xC,, : C; € C; for every i =
1,...,n} be bases for 7z and 7, respectively. If B; x --- x B, is a B-neighborhood of
(X1, ...,Xp), then each B; is a 7;-neighborhood of x;, and since (; is a basis for 7;, there
exists C; € C; with x € C;and C; € B;. Now C; x --- x C, is a T neighborhood of
(X1, ...,Xy) contained in the 7; neighborhood B; x - - - x B, of (xy,...,X,), so 7; is finer
than 7. Interchanging 5 and C shows that 75 is also finer than 7, so 7 = 7. Thus,
the product topology is unique, regardless of the bases B; or C; used on the coordi-
nates.

Since the choice of basis for the topology 7; on the factor X; is irrelevant, we may
choose B; = T; for each i = 1,...,n. This shows that the product topology on (X;, 77) x
-+ % (X, T,) has basis

{Uyx---xUy,:U; e Tforeveryi=1,...,n}.
In short, a basis for the product topology has the form
(open set) x (open set) x - - - x (open set),
or indeed,
(basic open set) x (basic open set) x - - - x (basic open set).

The product topology of two copies of the Euclidean line (R, 7¢) would have a
basis of sets of form (x — €,x + €) x (y — €,y + €). Such sets are just the square balls
generated by the sup metric on R%. However, we have seen that the sup metric topology
is precisely the Euclidean topology on R%.

The example of the product (R, 7¢) x (R, 7¢) also points out that the basis for the
product topology given in Definition 2.2.1 is, in general, not a topology. The standard
basis on each factor generates open squares in R%. An open circular disk (that is, a
Euclidean metric ball) is a union of such open squares, but is not itself the product of
two (basic) open sets.
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Cartesian coordinates allows us to visualize basic open sets in R> by drawing the
three mutually perpendicular copies of R as the coordinate axes. Since we have only
three spatial dimensions, we cannot represent R* with mutually perpendicular axes.
To allow the representation of higher dimensional products of R, we may draw our
axes parallel. Figure 2.3 shows a basic open set in the Cartesian coordinate system
and the same set in a parallel coordinate system, and it shows the representation of a
basic open set in the product topology on R*.

Figure 2.3: (a) (-1,0) x (1, 4) x (1, 3) in perpendicular coordinates. (b) (-1, 0) x (1, 4) x (1,3) in parallel
coordinates. (c) (-1,0) x (1,4) x (1,3) x (=2, 2) in parallel coordinates.

Example 2.2.2 (The digital plane). Computer graphics try to represent sets in the Eu-
clidean plane, which may contain infinitely many points, by a finite set of square pix-
els. Since there are tiny Euclidean open sets which illuminate a single pixel, every pixel
should be open. When applied just to the set of pixels, we get the discrete topology,
in which every set is open. To better model which pixels are near, we will introduce
“boundaries” between pixels. Every pixel will have a horizontal boundary line above
and below and a vertical boundary line on its left and right, each shared by two adja-
cent pixels. Furthermore, every pixel has four corner boundary points, each shared by
four pixels. To model this, we may place the pixels on the points (2n + 1,2k + 1) € Z>.
Then the vertical boundary lines fall at points (2n, 2k + 1) € 7?2, the horizontal bound-
ary lines fall at points (2n + 1, 2k), and the corner boundary points fall at (2n, 2k) € 72,
Each object has a smallest neighborhood, as represented in Figure 2.4. Every pixel
is open. The smallest neighborhood of a boundary line consists of that line and the
two adjacent pixels. The smallest neighborhood of a corner point contains the corner
point, four adjacent pixels, and four adjacent boundary lines. Z? with this topology is
called the digital plane.

Notice that the basis of smallest neighborhoods of the points of the digital plane
7? are all rectangular, of form B, x B, where B, and B, are of form {2n - 1,2n,2n + 1} or
{2k +1}. Thus, the digital plane topology on Z has a basis of form {B; xB, : B;, B, € B}
where B is the basis for the digital line topology on Z. This shows that the digital plane
is the product of two copies of the digital line, given the product topology.
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Figure 2.4: The digital plane and some basic open sets.

Example 2.2.3. Let S be the two-element set {0, 1} with the indiscrete topology, and
let T be the same set {0, 1} with the discrete topology. Give R the Euclidean topology.

Since {0, 1} is the only nonempty open set in S, the basic open sets in the product
topology for R x S are of form (a, b) x {0, 1}, as shown in Figure 2.5(a). The open sets
are unions of such basic open sets, so the space R x S consists of two mirror image
copies of R. This product is not Hausdorff: For any x € R, (x,0) # (x,1) but every
neighborhood of (x, 0) contains (x, 1).

Since T = {0,1} with the discrete topology has a basis {{0}, {1}} consisting of the
singletons in T, basic open sets in the product topology for Rx T are of form (a, b) x {0}
or (¢, d) x {1}, as shown in Figure 2.5(b).

(a) (b)

Figure 2.5: (a) A basic open setin R x S. (b) Two basic open setsin R x T.

The underlying sets for RxS and Rx T are equal, and consist of two copies R x {0} and
R x {1} of the real line. In R x S, in effect we have one copy of the Euclidean line and
a carbon copy, mirror image of it. The two copies are inseparably linked. An open set
in R x S has the form U x {0, 1} where U is open in R, and thus consists of two copies
U x {0} and U x {1} of the set U ¢ R. In R x T we have two copies of the Euclidean line
which are not linked in any way. An open set in R x T consists of a Euclidean open set
in the first copy of R and an independent Euclidean open set in the second copy of R.

If X and Y are disjoint sets with topologies 7y and 7y, respectively, then a natural
topology on the union X UY is the union topology generated by the basis 7y U7y. Thus,
open sets in the union have the form Uy U Uy where Uy is open in X and Uy is open in
Y (including the possibility that Uy, Uy, or both are empty).
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The previous example of the product of the Euclidean line R with the discrete
space T = {0,1} gave two independent copies of R, with open sets consisting of an
open set from each copy. Thus, this was the union topology on two “disjoint” copies
of R, that is, on the disjoint union of R with R. To distinguish the two copies of R,
the product construction essentially indexed them, obtaining disjoint copies R x {0}
and R x {1}. The same process works for combining any two topological spaces (X;, 7;)
and (X,, 7,). We relabel each x € X as (x,1) and relabel each x € X, as (x,2). Now
if X; and X, are not disjoint, each x € X; n X, appears as (x,1) when viewed as an
element of X; and as (x, 2) when viewed as an element of X,. This technical indexing
trick allows us to treat the sets X; and X, as being disjoint, and is the basis of our formal
definition.

Definition 2.2.4. Suppose (X;,7;) and (X;, 7,) are topological spaces. Their disjoint
union, denoted X; 0 X,, is the set (X; x {1}) U (X, x {2}) with the topology {(U; x {1}) U
(Uyx{2}): U; € 71, Uy € Toh

We note that the definition of the disjoint union of topological spaces can be ex-
tended in a natural way to arbitrary unions of topological spaces.

Example 2.2.5. Consider the coordinate axes A, = {(x,0) € R’ : x € R} and A, =
{(0,y) e R? :y € R} in R If A, and A, each have the subspace topology, B = {(x,0) €
A, : x| <1}isopenin A, U A, . Notice that the definition of B ¢ A, implies B only
contains the copy of (0, 0) on the x-axis, and not the copy on the y-axis, and (0, 0) €
A, has neighborhoods which do not contain any points of 4, in the disjoint union.
However, in the subspace of A, UA, of R?, Bis not open, since (0,0) € A, isalsoin A,
and B contains no neighborhood of (0, 0). See Figure 2.6.

(a) (b) (c)

Figure 2.6: (a) B < A, isopenin A, U Ay. (b) A neighborhood of (0,0) € A, in A, U A,. (c) A neighbor-
hood of (0,0) in A, UA,.

Exercises

1. Verify that the collection B given in Definition 2.2.1 of the product topology really
is a basis for a topology on X; x - -+ x X,,.
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10.

11.

12.

Prove that (x,,y,) — (x,y) in the product space X x Y if and only if x, —» x in X
andy, - yinY.

If A is closed in X and B is closed in Y, show that A x B is closed in the product
space X x Y.

Carefully describe the open sets in the product of the Euclidean line R with the
two-point set {0, 1} with the nested topology 7 = {0, {0}, {0, 1}}.

Recall that a topology 7 is nested if for every U,V € T, either U ¢ VorV c U.
Give a proof or counterexample: If 7; is a nested topology on X; and 7, is a nested
topology on X,, then the product topology on X; x X, is a nested topology.

Let X = {0,1} with the nested topology {0, {0},{0,1}} and Y = {0,1,2} with the
nested topology {0, {0}, {0,1}, {0, 1, 2}}. Sketch the basic open sets in the product
X x Y and find the total number of open sets in the product.

Describe the subspace topology inherited by the following linear subsets of the
digital plane, when viewed as a copy of Z in the digital plane.

(a) ThediagonalD = {(n,n):n € Z}.

b)) L={n,2n-1):n € Z}.

If X and Y are topological spaces, prove that the product X x Y is Hausdorff if and
only if X and Y are both Hausdorff.

Suppose X and Y are topological spaces with A € X and B ¢ Y. There are two
natural ways to obtain a topology on A x B: either as a subspace of the product
X x Y, or as the product of the subspaces A of X and B of Y. Show that the two
ways yield the same topology.

Let R; denote the real line with the lower limit topology. Which of the sets below
are open in Rj; x R; with the product topology?

A =10,1)x(0,1)

B=(0,1] x [0,1)

C={xy):x<y<x+1}

Consider the octagonal region D in the plane, as shown below. The Euclidean
boundary of this set consists of eight line segments N, S, E, W, NE, NW, SE, and
SW, labeled according to the compass directions.

N
NWwW NE
w E
sw SE
S

Which edges (including or excluding which endpoints) may be added to D to get
an open set in (a) R; x R, (b) R; x R, and (c) R x R, where R; is the real line with
the lower limit topology, R is the real line with the Euclidean topology, and each
product has the product topology?

The particular point topology on R determined by the particular point p = 1is the
collection P; = {U € R : 1 € U} U {0}. Thus, a nonempty set is open in (R, P;) if
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14.

15.

16.

17.

18.

19.
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and only if it contains the particular point p = 1. Let 7¢ be the Euclidean topology
on R. Which of the sets shown below are open in (R, 7¢) x (R, P;) with the product
topology? Justify your answers.

A B C D E F G H

Find the boundary of each of the subsets of (R, 7¢) x (R, P;) given in Exercise 12.

Consider R; xR, with the product topology, where R, is the real line with the lower

limit topology.

(a) Describe the subspace topology inherited by the line y = x.

(b) Describe the subspace topology inherited by the line y = —x.

(c) Describe the subspace topology inherited by an arbitrary line y = mx + b or
x=k.

Consider the two topologies on R x {0, 1} given in Example 2.2.3. Is either topology

finer than the other?

Suppose Ty is a topology on Y and 7, 7 are topologies on X with 7 finer than 7.

Prove that the product topology (X, 7¢) x (Y, Ty) is finer than the product topology

X, Te) x (Y, Ty).

If X and Y are Hausdorff topological spaces, is their disjoint union X U Y Haus-

dorft? Give a proof or counterexample.

Let X = (-00,0], Y = (0,00), and Z = [0, o), each with the Euclidean topology.

(@) Is(-1,0] openinX UY?

(b) Is (0,1] closed in X UY?

(c) Is(0,1] closedin X O 2Z?

(d) Is(-1,0] < X openin X U Z?

(e) IsfxeX:xe (—1,0]}U{zeZ:z:O}openinXCJZ?

(@) Suppose (A,7,) and (B, 7p) are disjoint topological spaces, and (x,,) e iS @
sequence in A U B with the union topology. Show that if (x,,),c converges to
a € A, then (x,,) e is eventually in A and cannot converge to any b € B.

(b) If (A, 74) and (B, 7p) are not disjoint, carefully state the property analogous to

(a) for sequences in the disjoint union A UB= (Ax{1H)uBx{2}).

2.3 Quotient spaces

If we view the interval [0, 1] with the Euclidean topology as a piece of a rubber band,
we may bend or stretch the rubber band, and the open sets of [0, 1] bend and stretch
along with the points in a natural way. Furthermore, we may bend the interval into a
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circle and glue the endpoints together, with a natural topology defined on the circle in
terms of the open sets from [0, 1]. The bending and twisting of the line is accomplished
by a homeomorphism, and the gluing is accomplished by a quotient space, as we will
see in this section.

The function h : [0,1] — [0, 1] defined by h(x) = mx is a bijection, and thus gives a
one-to-one correspondence between the points of [0, 1] and of [0, 7r]. If these intervals
have the Euclidean topology, h also gives a one-to-one correspondence between the
basic open sets (a, b) N [0,1] of [0, 1] and the basic open sets (7za, tb) n [0, 7] of [0, 7],
and thus between the open sets of [0, 1] and [0, 77]. As a one-to-one correspondence be-
tween the points of the spaces which also gives a one-to-one correspondence between
their open sets, the function h shows that the spaces [0, 1] and [0, 7] are topologically
equivalent.

Definition 2.3.1. Topological spaces X and Y are homeomorphic or topologically equiv-
alent if there exists a one-to-one onto function h : X — Y which also provides a one-
to-one correspondence between the open sets of X and Y, in the sense that U is open
in X if and only if h(U) is open in Y. Such a function h is a homeomorphism.

The identity function on X shows X is homeomorphic to X. If h : X — Y and
g :Y — Z are homeomorphisms, thengoh : X — Z is a homeomorphism.Ifh: X - Y
is a homeomorphism, then K™} : Y — X is a bijection and V = h(U) is open in Y if and
onlyif U = h™}(V) is open in X, so h™! is a homeomorphism. Thus, “is homeomorphic
to” is an equivalence relation on the set of all topological spaces.

The function g : [0,71] — {(r,0) € R? :r = 1,0 € [0,71]} from the interval to the
upper half of the unit circle in R? in polar coordinates defined by g(6) = (1, ) is easily
seen to be a homeomorphism, providing a one-to-one correspondence between the
points and open sets of the interval and those of the semicircle. If h : [0,1] — [0, 7]
is the homeomorphism h(x) = nx, then the composition g - h is a homeomorphism
showing that [0, 1] is homeomorphic to the semicircle.

Figure 2.7 shows several subspaces of the Euclidean plane which are homeomor-
phic to the interval [0, 1]. While all of these are topologically equivalent, they do not
have the same length, shape, or curvature. Length, shape, and curvature are geomet-
ric properties, but are not topological properties. A property is a topological property
if whenever a topological space X has the property, every topological space Y homeo-
morphic to X also has the property. The Hausdorff property is a topological property.
We will study other topological properties such as connectedness and compactness
later.

A NG I EAVAVACH

Figure 2.7: Some subsets of R? homeomorphic to [0, 1].
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Homeomorphisms allow us to bend or twist topological spaces into topologically
equivalent spaces. Now let us turn to gluing points together.

Suppose we wish to glue together the endpoints 0 and 1 of the Euclidean interval
[0,1]. That is, we wish to glue together distinct points 0 and 1 to make them into one
identical point p. This process is called identifying the points 0 and 1, or forming an
identification space or a quotient space. It is easy to see that we would want a neighbor-
hood of p to contain p and a neighborhood of each point 0 and 1 which was identified
to form p. This is suggested in Figure 2.8. This is the simplest possible example of a
quotient space, identifying only one pair of distinct points. We turn to a more general
discussion.

= O
0 I

Figure 2.8: Identification of the endpoints of [0, 1] to form a circle.

To form a quotient space from (X, 7'), we must specify which points are to be identified.
This is done by giving an equivalence relation on X, with x = y if and only if x and y
are to be identified (along with all other elements of the equivalence class [x]). Now
the collection of identified points will be the set Y = {[x] : x € X} of all equivalence
classes. There is a natural function f : X — Y defined by f(x) = [x]. To define the
topology on Y in terms of the topology on X, we want a set V to be open in Y if and
only if it was made up of an open neighborhood of each point of x that was collapsed
to a point [z] € V. That is, V should be open in Y if and only if (V) is an open
neighborhood of each of its points, which occurs if and only if f (V) is open in X. Not
every open set U in X collapses to an open set f(U) in Y; only those open sets of form
fY(V) for some V ¢ Y do. Open sets of form f (V) cannot split an equivalence class:
Iflzl e VCVY={x]:xeX}thenf([z]) c fLV).Butf(z]) = {x e X : f(x) =
[z]} = {x € X : [x] = [z]} = [z] € X. Thus, every set W in X of formf’l(V) has the
property that x € W if and only if [x] ¢ W. Recall that such sets are called saturated
sets with respect to the equivalence relation. Conversely, any saturated set W < X has
the form W = |,y [x] = f~1(V) where V ¢ Y has the form V = {[x] : x € W}. Thus,
f71(V)is open in X if and only if it is a saturated open set in X. We also note that, since
f:X - Yisonto, f(f 1(V)) = V, so f collapses the saturated open sets W < X to open
setsVinY.

In summary, to form a quotient space, we start with a topological space (X, 7), de-
fine an equivalence relation on X telling which (equivalent) points will become equal
in the quotient space Y, collapse each equivalence class of X to a single point of Y,
and collapse each saturated open set of X to an open set of Y.

This discussion provides the motivation for the formal definition of a quotient
space.
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Definition 2.3.2. If (X, 7) is a topological space, Y is any set, and f : X — Y is an onto
function, then the quotient topology on Y induced by fis Ty = {V < Y : i) eTh
The space (Y, 7y) is a quotient space of X, and f is the associated quotient map.

This definition did not specifically start with an equivalence relation on X. The
equivalence relation is implicitly defined by x = y if and only if f(x) = f(y), so that the
equivalence classesin X are of form f ! ({y}) fory € Y.In most elementary applications,
a set X and an equivalence relation will be given, f will be defined f(x) = [x], and
Y = {[x] : x € X} will be the set of equivalence classes.

It is easy to verify that 7; is indeed a topology on Y using the facts that
F Uier &) = User S @A) and 7 (Nier A = Nier f ' (A9).

By the definition, V' is open in the quotient topology on Y induced by f : X — Y if
and only if f}(V) is open in X. Furthermore, since f is onto and f (Y — A) = f(Y) -
f‘l(A) =X- f‘l(A), it follows that A is closed in the quotient space Y if and only if
f(A) is closed in X.

Example 2.3.3. Let X = {a,b,c,d, e} have the topology 7 with basis B = {{a, b}, {b},
{c,d, e}, {d}}. To form the quotient space identifying b and c, we consider the equiva-
lence relation defined by x = x for all x € X and b = c. The associated quotient space
is the set Y = {{a}, {b, c}, {d}, {e}} of all equivalence classes, and the associated quo-
tient map f : X — Y mapping each point of X to its equivalence class is f(a) = {a},
f(b) = {b,c} = f(c), f(d) = {d}, and f(e) = {e}, as suggested in Figure 2.9. Since
f(x) = [x], the equivalence classes in X are the subsets of form f ‘1(y) foryeY.

@7 ¢ G o 3

w N — e e— .
(a) (& c) (d) [e) equivalence classes, as subsets of X

[«] {a} {b,c} fd} {e} equivalence classes, as points of Y
(Y, T7) @ the quotient topology on Y’

Figure 2.9: The quotient space identifying b and c.

Since X is a finite topological space, each point has a smallest neighborhood, so it suf-
fices to describe the minimal neighborhoods in X and in Y. In the quotient space Y, if V
is the minimal neighborhood of [b] = [c] = {b, ¢}, then f}(V) is the minimal saturated
open set in X and containing {b, c}, namely {b, ¢, d, e}. Now f collapses this saturated
open set to f({b,c,d,e}) = {{b,c},{d},{e}}, and this is the minimal neighborhood of
{b, c} in the quotient.

The minimal neighborhood of {a} in the quotient space Y corresponds to the min-
imal saturated open set in X containing {a}. Every open set containing a contains b,
every saturated set containing b contains c, and every open set containing ¢ contains
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{c,d, e}. Thus, the minimal saturated open set containing a is X, so the minimal neigh-
borhood of {a}in Yis f(X) =Y.

Similarly, the minimal neighborhood of [e] = {e} € Y is the minimal saturated
open set in X containing e. Every open set containing e contains {c, d, e} and every
saturated set containing ¢ contains [c] = {b,c}, so the minimal saturated open set
containing e contains {b, c, d, e}, and indeed {b, c, d, e} is a saturated open set, so the
minimal neighborhood of {e} in Y is f({b, ¢, d, e}) = {{b, c}, {d}, {e}}.

It is easy to see that {d} is the minimal open neighborhood of {d} in Y.

Example 2.3.4. Let X = [0,2m] x [0, 1] with the Euclidean topology, and let ~ be the
equivalence relation on X defined by (x,y) ~ (x,y) for all (x,y) € X and (0,y) ~ (271,y)
forally € [0,1]. The quotient space Y determined by this equivalence relation (that is,
by the quotient map f(x) = [x]) identifies points (0, y) on the left edge of the rectangle
with the corresponding point (271, y) on the right edge. We may view the quotient space,
formed by gluing the left and right edges of the rectangle together, as a cylinder in R
with the subspace topology, as suggested by Figure 2.10.

Figure 2.10: A quotient space producing a cylinder.

To be precise, the quotient space Y of the last example is not equal to a cylinder Z
in R?, but is homeomorphic to Z. The points of the quotient space are equivalence
classes like {(2, %)} or {(0, %), (2m, %)}, while the points of the cylinder in R> have the
form (x,y,z). However, the function h from the quotient space Y to the cylinder Z =
{(cosx,sinx,y) : x € [0,2m],y € [0,1]} in R> defined by h([(x,y)]) = (cosx,sinx,y) is
a homeomorphism. Note that this is a well-defined function: If [(x,y)] = [(z, w)], then
x=zorx=z+2mandy = w, so h([(x,y)]) = h([(z, w)]).

Example 2.3.5. Let X = [0,5] x [0, 1] with the Euclidean topology.

(a) Identify the points (0, y) with (5,1 —y) for all y € [0, 1]. This can be visualized by
putting a half twist in the band X and gluing the ends together. The quotient space
is homeomorphic to a Mdbius strip (see Figure 2.11).

Figure 2.11: The Mobius strip.
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(b) Identify the points (x,0) with (x, 1) for all x € [0, 5], and identify the points (0, y)
with (5,y) for all y € [0, 1]. Note then, that [(0, 0)] = {(0, 0), (0,1), (5, 0), (5,1)}. This
glues the top and bottom edges of the rectangle X to get a cylinder, and by making
two u-turn bends in the cylinder, we may then glue the ends of the cylinder to
obtain a torus. The quotient space is homeomorphic to a torus (see Figure 2.12).

Figure 2.12: The torus.

(c) Identify the points (x,0) with (x,1) for all x € [0, 5], and identify the points (0, y)
with (5,1 -y) for all y € [0,1]. Note then that [(0,0)] = {(0,0), (0,1), (5,0), (5,1)}.
This glues the top and bottom edges of the rectangle X to get a cylinder, but after
two u-turn bends to bring the ends of the cylinder close together, the orientation
on the ends do not match. We must glue the ends of the cylinder after only one u-
turn in the cylinder. This quotient space is called the Klein bottle. It cannot be re-
alized in 3-dimensional real space, but a suggestive model is shown in Figure 2.13.
In the figure, the neck of the bottle appears to pass through the side of the bottle.
A point at this apparent intersection in R> would have a neighborhood which is
topologically equivalent to two open disks glued along a diameter. However, no
such point exists in the quotient topology where every point has a neighborhood
topologically equivalent to an open disk.

Figure 2.13: The Klein bottle.

In effect, we want to pass the neck of the bottle through the 2-dimensional wall
of the bottle without intersecting that 2-dimensional barrier. Considering similar
scenarios in lower dimensions is instructive. If you live in a 1-dimensional world
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R and wish to get from one side of a 0-dimensional barrier (a point) to the other
side—say you wish to get from 1to —1 and avoid the barrier 0—it is impossible in R,
but by adding a second dimension, it is easily accomplished, as seen in Figure 2.14.

. ’ VAR

Barrier

. A
Barrier ‘

e

Barrier Barrier

Figure 2.14: A 0-dimensional point creates a barrier in 1-dimensional line. A 1-dimensional line cre-
ates a barrier in a 2-dimensional plane. Adding a dimension allows us to cross the barrier.

Similarly, in R?, we may not cross from one side of a 1-dimensional barrier (a line)
to the other side without crossing the line, but by adding a third dimension, we
can hop over the line. The suggestive figure for the Klein bottle involves the next
higher dimensional analog. We wish to get from one side of a 2-dimensional bar-
rier to the other in 3-dimensional space. This is impossible in R?, but by adding a
dimension, which cannot be visualized, we can easily hop over the barrier in the
new dimension.

In the example of the Klein bottle, the quotient topology allows us to easily de-

scribe a space which cannot be accurately visualized in R?. For another such quotient
space, start with a sphere with an open circular disk removed. The boundary of this set
is a circle. Glue onto this circle the circular boundary of a M&bius strip. The resulting
space is called the projective plane.

Exercises

1.

Consider Z with the topology 7 having basis {{2n, 2n+1} : n € Z}. Find three home-
omorphisms from (Z, T) to (Z, T) other than the identity function id. Include at
least one homeomorphism h; with h; o h; = id and at least one homeomorphism
h, with h, o h, # id.

On the set X = [0, 1], consider the Euclidean topology 7¢ and the topology 75 de-
scribed in Exercise 21 of Section 1.4. Find a homeomorphism h : (X, 7¢) — (X, Tg).
Let X = {a, b, ¢, d, e} have the topology described in Example 2.3.3.
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(a) Give a basis for the quotient space formed by identifying b and d to a single
point.
(b) Give a basis for the quotient space formed by identifying a and e to a single
point.
4, Consider the topology on X = {a, b,c,d,e,f} having basis B = {{a,b,c,d, e}, {b},
{b, c},{d, e}, {e}, {e,f}} as shown below.

Leo>cal»

Give a similar sketch showing a basis for the quotient spaces determined by the
identifications described.
(a) dand f are identified.
(b) b and c are identified, and e and f are identified.
(c) aand b are identified, and d, e, and f are identified.
(d) b and e are identified.

5. Describe partitions or equivalence relations on the square X = [-1,1]? in the Eu-
clidean plane which produce quotient spaces homeomorphic to (a) a cylinder, (b)
a cone, (c) a sphere, (d) two parallel cylinders intersecting along a line segment,
and (e) a cylinder with a slit half way, as shown.

(a) (b) () (d) (e)

6. LetX =1{1,2,3,4,5,6,7,8} with the subspace topology from the digital line. Sketch
the quotient topology obtained by:
(a) Identifying all the odd points in X to a point.
(b) Identifying all the even points in X to a point.
(c) Identifying all the even points in X to a point and all the odd points in X to a
point.
(d) Identifying 1 with 7, and 2 with 8.
7. Consider the cylinder X = {(x,y,z) € R> : x*+y*> = 1,0 < z < 2} in Euclidean space.
Describe the quotient space obtained by:
(a) Identifying the set {(x,y,z) € X : z = 0} to a point.
(b) Identifying the sets {(x,y,z) € X : z = 0} and {(x,y,z) € X : z = 2} to points.
(c) Identifying the sets {(x,y,z) € X : z = O}, {(x,¥,2) € X : z = 1}, and {(x,y,2) €
X : z = 2} to points.
(d) Identifying the sets {(1,0,z), (-1, 0,z)} to a point for every z € [0, 2].
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Consider the circle S* = {(x, y) € R?: X+ y2 = 1} in the Euclidean plane. Describe

the quotient space resulting from the following equivalence relations or partitions

given.

@ {y), -y} (xy)eS'

(b) {6} : (x,y) € S',x # 0} U {{(0,1),(0,-1)}}

© {0y} (xy) e Shxy #0}u{{(0,1),(0,-1)}{(1,0),(-1,0)}}

(d) Forx <0, (x,y) = (z,w) if and only if x = z, and for x > 0, (x,y) = (z,w) if and
onlyif (x,y) = (z,w)

(e) (x,y) = (z,w)if and only if {x,z} € {%, ’71} or (x,y) = (z,w)

Consider the topological space X = {a,b,c,d,e,f} having basis B = {{a, b, c},

{b,c},{b,c,d,e,f},{e,f}} as shown below. Give a similar sketch showing the quo-

tient space resulting from the equivalence relation on X defined by x = y if and

only if cl{x} = cl{y}.

Describe all equivalence relations on X whose associated quotient maps are home-
omorphisms.

Below is a rectangle with identification of edges indicated to produce the Klein
bottle, as in Figure 2.13. Split the rectangle horizontally into two rectangles, as
shown below, and (a) on each rectangle, perform the identification indicated by
the vertical ends, and (b) perform the remaining identification indicated by the
horizontal lines. The result will be the Klein bottle. Explicitly describe the result
of step (a) and the subsequent identification occurring in step (b).

Quotients of Hausdorff spaces need not be Hausdorff. Let X = {(%,1) e R :

neNjU{(3,-1) € R® : n € N} U{(0,1),(0,-1)} with the subspace topology from

the Euclidean plane. Let Y be the quotient space resulting from the equivalence

relation (x,y) = (x,y) for every (x,y) € X and (%, 1) = (%, -1) for every n € IN.

(a) Sketch X and give a suggestive sketch for Y.

(b) Explain why X is Hausdorff.

(c) Show that Y is not Hausdorff by exhibiting distinct points which cannot be
separated by disjoint open sets.

(d) Show that Y is not Hausdorff by exhibiting a sequence in Y which does not
have a unique limit.






3 Continuity

3.1 Continuity

You may recall a definition of continuity of a function f : R — R from calculus. In
calculus, a pointwise definition is given, first defining continuity at a point, then say-
ing f is continuous if it is continuous at every point of its domain. Loosely speaking,
f : R — Ris continuous at a point x = a of its domain if, as input values get closer and
closer to a, the corresponding output values get closer and closer to f(a). Specifically,
f is continuous at a if, for any € > 0 to specify closeness of f(x) to f(a), there exists
a6 > 0, specifying closeness of x to a such that f(x) is within € of f(a) whenever x is
within § of x. In symbols, f is continuous at a if

Ve >036 >0 suchthat|x—al<6§= |f(x)-f(a)<e.

The statement |x—a| < § simply says x is within 6 units of a, or x € B(a, §). With a similar
interpretation of the second absolute value inequality, the displayed line above can be
phrased as

Ve >036 >0 suchthatx e B(a,6) = f(x) € B(f(a),¢),
or
Ve > 036 >0 suchthatf(B(a,6)) < B(f(a),e).

The same phrasing would define continuity of f at a for a functionf : (X, dy) — (Y, dy)
from any metric space X to any metric space Y. To define continuity at a point for
a function between two topological spaces, we note that the balls in the displayed
line above represent neighborhoods of the points a and f(a). The last statement of
continuity above says: for every e-ball neighborhood V of f(a), there exists a §-ball
neighborhood U around a with f(U) ¢ V. In an arbitrary topological space (that is,
ones which may not be metrizable), we simply drop the reference to the balls and use
neighborhoods.

Definition 3.1.1. If (X, 7x) and (Y, 7y) are topological spaces and f : X — Y is a func-
tion, then f is continuous at a € X if and only if for every 7y-neighborhood V of f(a),
there exists a 7x-neighborhood U of a with f(U) c V.

Figure 3.1(a) suggests the e—6 definition of pointwise continuity. Figure 3.1(b) sug-
gests the topological definition of pointwise continuity.

Note that it is equivalent to say f is continuous at a € X if and only if for every basic
Ty-neighborhood V of f(a), there exists a 7x-neighborhood U of a with f(U) c V.

Our goal will be to give a global definition of continuity of a function f : (X, 7x) —
(Y, 7y) between topological spaces in terms of the open sets in X and Y, rather than

https://doi.org/10.1515/9783110686579-004
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Figure 3.1: (a) Pointwise continuity from R to R. (b) Pointwise continuity between two topological
spaces. (c) Global continuity.

a pointwise definition. Of course, we would anticipate that f should be continuous if
and only if it is continuous at every point of its domain.

Suppose f : (X, 7x) — (Y, 7y) is continuous at every point of its domain and V is
openin Y. Foranyx € f{(V), Visa Ty-neighborhood of f(x). Since f is continuous
at x, there exists an open 7x-neighborhood U, of x with f(U,) ¢ V, so

x}cU, cf ).

Taking the union over all x € ffl(V) shows that f ) = UiU, : x € ffl(V)} and, as
a union of Tx-open sets, f (V) is Tx-open. This shows that if f is continuous at every
point of its domain, then the inverse image of every open set in Y is open in X.

Conversely, if the inverse image of every open set in Y is open in X, then, for any
x € X and any open neighborhood V of f(x), U = f}(V) is an open neighborhood of x
with f(U) € V, so f is continuous at x.

This gives the global characterization of continuity in terms of open sets, which we
will take as the definition of continuity of a function between two topological spaces.

Definition 3.1.2. If (X, 7x) and (Y, 7y) are topological spaces and f : X — Y is a func-
tion, then f is continuous if and only if

VeTy=f V) eTy

That is, f is continuous if and only if the inverse image of every open set in Y is open
in X.

Figure 3.1(c) suggests this global definition of continuity. The discussion above
proves that our concepts of continuity defined globally and defined pointwise coin-
cide, and we state this as our next theorem.

Theorem 3.1.3. If (X, Tx) and (Y, Ty) are topological spaces and f : X — Y is a function,
then f is continuous if and only if f is continuous at every point of X.

Note that the topological definition of continuity in terms of inverse images of
open sets is a rather more elegant statement than the pointwise definition of continu-
ity of a function between topological spaces, and, in particular, is more elegant than
the -6 definition of continuity from calculus.
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Since continuity was defined in terms of open sets, it should not be surprising
that it may be characterized in terms of basic open sets. Also, taking complements,
we should be able to characterize continuity in terms of closed sets. We give these
characterizations in the following theorem.

Theorem 3.1.4. Suppose X and Y are topological spaces, and f : X — Y is a function.
Then the following are equivalent.

(a) f is continuous.

(b) The inverse image of every open set in Y is open in X.

(c) The inverse image of every basic open set in Y (relative to any basis) is open in X.
(d) The inverse image of every closed set in Y is closed in X.

Proof. The equivalence of (a) and (b) is the definition of continuity. (b) clearly implies
(c) since every basic open set is open. If the inverse image of every basic open set is
open and V is an arbitrary open set in Y, then we may write V as a union | J;.; B; of
basic open sets, and f (V) = f ' (Uie; B) = Uietf '(B;), which is open in X since
each f7!(B;) is open. Thus, (c) implies (b). The equivalence of (b) and (d) is left as an
exercise. O

In part (c) of the theorem above, we must be careful to observe what the theorem
does not say. It does not say that, for continuity, the inverse image of every basic open
set in Y has to be a basic open set in X. Indeed, given the standard basis of open in-
tervals in the Euclidean line R, the function f(x) = sin x is continuous, but the inverse
image of the basic open set (0, 2) is | .z (2nm, (2n+1)m), which is open, but not a basic
open set.

We list some immediate facts about continuous functions, whose proofs are left
as exercises.

Theorem 3.1.5. Suppose X,Y, and Z are topological spaces.

(a) Any constant functionf : X — Y defined by f (x) = c, where c is a fixed element of Y,
is continuous.

(b) The identity function f : X — X is continuous.

(¢c) Iff : X > Yandg : Y — Z are continuous, the compositiong of : X — Zis
continuous.

(d) Any quotient map q : X — Y where Y has the quotient topology is continuous.

(e) IfX has the discrete topology and Y has any topology, then every functionf : X — Y
is continuous.

(f) IfX has any topology and Y has the indiscrete topology, then every functionf : X —
Y is continuous.

(g) Iff : X - Yis continuous and A < X has the subspace topology, then the restriction
fla of f to A (defined by f|,(x) = f(x) for all x € A) is continuous.

Generally, your familiarity with Euclidean space will provide good motivation and
intuition for the proper definitions in terms of open sets. However, once the definitions



88 —— 3 Continuity

are clarified, your intuition from Euclidean space regarding which sets are open—and
therefore which functions are continuous and which sequences converge—cannot be
extended to general topological spaces. The point of defining other topologies is to
characterize other sorts of continuity and convergence. The example below shows one
continuous function and one discontinuous function, but determining which is which
will depend on the given topologies.

Example 3.1.6. Let R denote the real line with the Euclidean topology and RR; denote
the real line with the lower limit topology. Consider the map f : R — R; defined by
f(x) = x and the function g : R; — R defined by g(x) = 1ifx > 0O and g(x) = -1
if x < 0, shown in Figure 3.2. Note that the domains and codomains of f and g are
interchanged.

R, R

Figure 3.2: Two functions. Which is continuous?

As a function between distinct topological spaces R and R, f is not the identity func-
tion since the domain is a different topological space from the codomain. As a function
on the underlying sets, f : R — R would be the identity function, but without speci-
fying the topologies, we cannot ask whether f is continuous since continuity depends
on the open sets. The function f : R — RR; is not continuous: [1,2) is open in the lower
limit topology but f “1([1,2)) = [1,2) is not open in the Euclidean topology.

The function g : R; — R is continuous. Suppose V is an open set in the
codomain R. If V n {1,-1} = {1,-1}, then g"}(V) = R, which is open in the domain
R,. If V n{1,-1} = {-1}, then gil(V) = (-00,0), which is open. If V n {1,-1} = {1},
then g7(V) = [0, c0), which is open. If V n {1,-1} = 0, then g"}(V) = 0, which is
open. Considering all cases, the inverse image of an arbitrary open set is open, so g is
continuous.

You may recall from calculus that a function f is continuous at x = aif lim,_,, f(x)
exists, f(a) exists, and lim,._, , f(x) = f(a); in other words, if lim,_,, f(x) = f(lim,_,, x).
That is, the limit can be brought inside a continuous function. In terms of sequences,
f is continuous if and only if x,, — a implies f(x,) — f(a), so f “preserves limits.”
This result remains true for functions f between any two metric spaces. Indeed, the
result that continuous functions are those that preserve limits remains true for arbi-
trary topological spaces, if we can define convergence without reference to sequences.
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The inadequacy of sequences in arbitrary topological spaces hinges on the fact that
sequences are indexed by a countable set, and there are topological spaces which re-
quire an uncountable indexing set to achieve convergence to some points. See Sec-
tion 6.3 for further discussion of this topic.

Theorem 3.1.7. Suppose X and Y are metric spaces. A functionf : X — Y is continuous
if and only if whenever a sequence (x,),-, converges to x in X, the sequence (f(x,))n4
converges to f(x) in Y. That is, f is continuous if and only if it preserves limits.

Proof. Suppose f : X — Y is a continuous function between metric spaces X and Y,
and x, — x in X. To see f(x,) — f(x), let V be any open neighborhood of f(x). By
continuity of f, f (V) is an open neighborhood of x. Since x,, — x, (x,,) is eventually
infY(V), so (f (x,)) is eventually in V. This proves that f(x,,) — f(x).

Conversely, suppose x,, — x implies f(x,,) — f(x). To see f is continuous, suppose
V is open in Y. We will show f~}(V) is open. Suppose to the contrary that f (V) is
not open. Then f ~1(V) contains one of its boundary points x. For every n € IN, B(x, %)
intersects both f (V) and X - f (V). Pick x,, € B(x, 1) n (X - f (V). Now (x,,)5; is a
sequence in X — f (V) converging to x € f~1(V). Applying the function f, we see that
f(x,) ¢ V forevery n € N, and f(x) € V. But by the hypothesis, x,, — x should imply
f(x,) — f(x). However, the sequence (f(x,)),; is never in the neighborhood V of f (x),
so f(x,) does not converge to f(x). This contradiction completes the proof. O

This theorem shows that continuity between metric spaces is equivalent to the
implication x,, — ximpliesf(x,) — f(x). Continuity is not equivalent to the converse of
the implication. That is, if f is continuous, it need not be true that f(x,,) — f(x) implies
x, — x. For example, consider f : R — R defined by f(x) = sinx, and x,, = (-1)"7.
Now f(x,) — f(0) but x,, + 0. Or, with y,, = %,f(y,,) — f(3m) buty, + 37.

Suppose X and Y are topological spaces, X = A U B, and functionsf : A — Y and
g : B — Y are continuous. May we use f and g to define a continuous function on
X = AuB? Thatis, is

fx) ifxeA,

h(x) = { g(x) ifxeB,

continuous? It is immediately obvious that, for h(x) to be a well-defined function, we
must have f(x) = g(x) for all x € A n B. This necessary condition is not sufficient. If
X = Y = R with the Euclidean topology, A = (-00,0), B = [0,00), f(x) = -1, and
g(x) =1, then h(x) is not continuous. Further assumptions on A and B are needed.

Theorem 3.1.8 (The pasting lemma). Suppose X and Y are topological spaces, X =
A UB, functionsf : A — Yand g : B — Y are continuous, f(x) = g(x) forallx e AnB,
and h : X — Y is defined by

_ | f0) ifxeA,
h(x)_{ gx) ifxeB.

Then h is continuous if A and B are both open or are both closed in X.
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Proof. Suppose A and B are both open. To see h is continuous, suppose V is openin Y.
We wish to show k™ {(V) is open in X. But hYv) = f‘l(V) u g‘l(V). Sincef :A > Y
is continuous, f~}(V) is open in A. Since A is open in X, we have f (V) is open in X
(by Theorem 2.1.5). Similarly, g~'(V) is open in B and Bis open in X, so g (V) is open
in X. Thus, K }(V) = fY(V) ug (V) is open in X, so h is continuous. If A and B are
both closed, then a similar argument using the characterization of continuity in terms
of inverse images of closed sets and the second part of Theorem 2.1.5 applies. O

The theorem below characterizes continuity in terms of closures.

Theorem 3.1.9. A function f : X — Y is continuous if and only if f(cl1 A) < cl(f(A)) for
everyA c X.

Proof. Suppose f : X — Y satisfies f(clA) < cl(f(A)) for every A ¢ X. To show f is
continuous, we will show that, for any closed set F in Y, the set D = ffl(F ) is closed
in X. Recalling thatf(f‘l(F)) Cc F, we have f(clD) c cl(f(D)) = cl(f(f‘l(F))) CclF =F,
and thus c1D c f~(F) = D. This shows c1D = D, so D is closed.

To see the converse, suppose to the contrary that it fails. Thatis, supposef : X — Y
is continuous, but there exists a set A ¢ X with f(clA) ¢ cl(f(A)). Then there exists
x € clAwithf(x) ¢ cl(f(A)),and V = Y—cl(f(A4)) is an open neighborhood of f (x). Note
in particular that V is disjoint from f(A). By continuity of f, f (V) is an open set, and
it contains x € cl A. Thus, the neighborhood f (V) of x intersects A. Ifa € An f L),
then f(a) € f(A)nV, contrary to V being disjoint from f(A). Thus, the converse cannot
fail. O

Exercises

1. Show that f : X — Y is continuous at a € X if and only if for every basic
Ty-neighborhood V of f(a), there exists a Tx-neighborhood U of a with f(U) c V.
That is, show that it suffices to consider basic neighborhoods of f(a) in Defini-
tion 3.1.1.

2. Show by example that if f : X — Y is a continuous function and U is open in X,
then f(U) need not be openin Y.

3. The functions f;, f,, and f; from the Euclidean line to the Euclidean line given be-
low are not continuous.

x ifx+0, X2 ifx <2,
fl(X)_{ 1 ifx=0, fz(x)_{ X+l ifx>2
2 ipl2
x° ifx° < 4,
f3(x)—{ 1 ifxX’ >4

For each, find:
(a) an open set V whose inverse image is not open;
(b) aclosed set C whose inverse image is not closed;
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(c) asequence (x,),en cOnverging to x for which (f;(x,,)),cn does not converge to
fix).

Shown below are some bases for topologies on {1,2,3,4} and {1,2,3} and some

functions f, g, h, j. Determine which of the functions shown are continuous.

Complete the proof of Theorem 3.1.4 by showing that f : X — Y is continuous if
and only if the inverse image of every closed set in Y is closed in X.
If R has the Euclidean topology, consider the function f : R — {1, 2, 3} defined by

1 ifx € (~00,1]
f)=1 2 ifxe(1,2)
3 ifx € [2,00).

(a) Find the finest topology on {1, 2, 3} which makes f continuous.
(b) Find all topologies on {1, 2, 3} which make f continuous.
Give X = {1,2,3, 4} the topology having basis B = {{1,2,3},{2,3}, {3}, {3, 4}}. Show
that there is no continuous function f from X to the Euclidean line which maps
the closed set A = {1,2} to 0 and maps the closed set B = {4} to 1.
Suppose f : X — Y is continuous and B ¢ Y. Show
(@) c(f™(B) < f(clB)
(b) fX(intB) ¢ int(f (B))
Suppose f : X — Y is a continuous function, A ¢ X,and BC Y.
(a) Show thatif aisaboundary point of A, then f(a) need not be a boundary point
of f(A).
(b) Show that if a is a boundary point of f }(B), then f(a) is a boundary point of B.
Thatis, show that 9f (B) < f1(dB). Hint: You may use the result of Exercise 8.
Let X = Y = R with the cofinite topology. Plot the functions from X to Y given
below and determine which are continuous.
@ fx)=x
(b) g(x) =sinx
(¢c) h(x)=4sinx+x
(d) The floor function j(x) = | x| = the greatest integer less than or equal to x
x  if [x] is even
() kb0 = { “x if|x]isodd
Characterize the continuous functions f : R — R where each copy of R has the
cofinite topology.
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Recall that, for any a € R, the particular point topology on R determined by a is
P, ={U ¢ R: a € U} u {8}, and the excluded point topology on R determined by
aisE, ={U c R:a ¢ U} U {R}. Describe

(a) all continuous non-constant functions f : (R, P;) — (R, P3);

(b) all continuous non-constant functions f : (R, E;) — (R, E3);

(c) all continuous non-constant functions f : (R, P;) — (R, E3);

(d) all continuous non-constant functions f : (R, E;) — (R, P3).

Let X = R with the right ray topology 7 = {0,R} U {(a,00) : a € R}. Plot the
functions from X to X given below and determine which are continuous.

(@ f)=x

(b) g(x) = —x

() h(x) =-[-x]

(d) s(x) =sinx

Let X = R with the right ray topology 7 = {#, R} U {(a, 00) : a € R}. Show that if
f : X — X is continuous then it is increasing. Is the converse true?

(a) Prove part (a) of Theorem 3.1.5.

(b) Prove part (b) of Theorem 3.1.5.

(c) Prove part (c) of Theorem 3.1.5.

(d) Prove part (d) of Theorem 3.1.5.

(e) Prove part (e) of Theorem 3.1.5.

(f) Prove part (f) of Theorem 3.1.5.

(g) Prove part (g) of Theorem 3.1.5.

Give R the Euclidean topology generated by the standard basis B = {(a,b) € R :
a < b}. Suppose f : R — R is continuous and there exist a < b < ¢ with f(a) =
f(c) + f(b). Show that there exists a basic open set B € B whose inverse image is
not a basic open set in 5.

Suppose T and 7. are two topologies on the set X. Show that 7 is finer than 7,
if and only if the function f : (X, 7¢) — (X, 7¢) defined by f(x) = x is continuous.
If X = R with the Euclidean topology, the function f : X — X defined by

1 ifx>0

f) = { -1 ifx<0
is not continuous, yet for the sequence (x,,) = (1+ %), it is true that x,, — 1implies
f(x,) = f(1). Why does this not contradict Theorem 3.1.7?
Show that if D is dense in X and f : X — Y is continuous and onto, then f(D) is
densein Y.
Suppose f and g are continuous functions from a topological space X to a Haus-
dorff space Y.
(a) Show that the set {x € X : f(x) = g(x)} is closed.
(b) Show that if f(x) = g(x) for all x in a dense subset D of X, then f(x) = g(x) for

all x € X.
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21. Suppose R has the Euclidean topology, f : R — R is continuous, and f(x + y) =
f(x)+f(y) forall x,y € R. Use Exercise 20(b) to show f is a linear function of form
f(x) = mx.

22. Suppose R has the Euclidean topology.

(a) Show thatiff : R — Risa continuous function with f(x) = f (’3‘) forall x € R,
then f(x) is constant.

(b) Show that continuity is necessary in part (a) by finding a non-constant, dis-
continuous function f : R — R with f(x) = f (’5‘) forallx € R.

(c) Iff : R — Ris a continuous function with 2 fg ftydt = jjx f(t) dt for every
x € R, show that f is constant.

23. Show that with the usual topologies, addition is continuous. That is, show that
the function Add : R*> — R defined by Add(x, y) = x +y is continuous, where R
and R carry the Euclidean topologies.

24. Show that the addition function Add : R* — RR; defined by Add(x,y) = x +y is not
continuous, where R? has the Euclidean topology and R; is the real line with the
lower limit topology.

25. Suppose f : X — Y is a function, I is an arbitrary index set, X = | J;.; 4;, and f is
continuous on each 4;.

(@) Ifeach 4; is open, must f be continuous on X? What if I is finite?
(b) If each 4; is closed, must f be continuous on X? What if I is finite?

3.2 Special continuous functions

3.2.1 Homeomorphisms

Recall that a homeomorphism is a function h : X — Y between two topological spaces
which is a bijection between the points and provides a bijection between the open sets
of X and the open sets of Y in the sense that U is open in X if and only if h(U) is open
in Y. Topological spaces X and Y are topologically equivalent, or homeomorphic (de-
noted X = Y), if there exists a homeomorphism h from X to Y. Such a homeomorphism
essentially relabels each point x of X as h(x) in Y, and relabels each open set U of X
as the open set h(U) in Y. If h : X — Y is a homeomorphism, then k™! : Y — X gives
a bijection between the points of Y and X and between the open sets of Y and those
of X, so h ™! is also a homeomorphism.

The following important observation is often given as the definition of a homeo-
morphism.

Theorem 3.2.1. A functionh : X — Y is a homeomorphism if and only if h is one-to-one,
onto, continuous, and has a continuous inverse h™".

Proof. Suppose h : X — Y is a bijection. Now h is a homeomorphism if and only if (a)
if U is open in X then h(U) = (h"})"}(U) is open in Y, and (b) if h(U) = V is open in Y
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then U = h™\(V) is open in X. But (a) is the definition of the continuity of h™* and (b)
is the definition of the continuity of h. Thus, a bijection h is a homeomorphism if and
only if h and h™! are continuous. O

Example 3.2.2. Consider the topological spaces X = {a,b,c,d} and Y = {1,2,3,4}
whose topologies (excluding the empty set) are shown in Figure 3.3. The represen-
tation for Y could be rearranged, repositioning the points in the plane but keeping
their neighborhoods the same, to obtain the representation for X. Thus, X and Y are
homeomorphic. Note that X and Y each have exactly one open set of cardinality n for
each n = 1,2,3, 4. Since a homeomorphism from X to Y must map an n-element open
set to an n-element open set, there is a unique homeomorphism h : X — Y defined by
h(a) = 2, h(b) =1, h(c) = 4, and h(d) = 3.

(@@= 0 ([ W)
a b c d
Figure 3.3: Two homeomorphic topological spaces.

We note that since a homeomorphism h : X — Y gives a bijection between the
open sets of X and Y, it also gives a bijection between the closed sets of X and Y. That
is, if h : X — Y is a homeomorphism, F is closed in X if and only if h(F) is closed in Y.
This observation also follows from the characterization of the continuity of h and h™*
in terms of inverse images of closed sets being closed.

If h : X — Y is a homeomorphism and A € X has the subspace topology, then
the restriction k|4 of h to A is one-to-one, onto h(A4), and continuous. Now (h| A)’1 =
(h Y| fa) 18 also continuous (as the restriction of the continuous function h™1), so A 4
A — h(A) is a homeomorphism.

Since a homeomorphism h : X — Y is a bijection, just from the set-theoretic prop-
erties of bijections (without using the topologies), we have h((;c; 4;) = e h(4)),
h(Uier A1) = Uier h(4;), and h(A - B) = h(A) — h(B) for any 4, B, A; < X. Since his essen-
tially a relabeling of the points and open sets, the following topological results should
be anticipated.

Theorem 3.2.3. Suppose h : X — Y is a homeomorphism and A ¢ X.
(a) h(clA) = cl(h(A)).

(b) h(intA) = int(h(A)).

(c) h(0A) = o(h(A)).

Proof. Since his a homeomorphism, F is a closed set if and only if h(F) is a closed set.
Since his abijection, A ¢ Fifand onlyif h(A) ¢ h(F), and h((;e; F;) = ;s h(F;) for any
index set I. Now since cl A = ({F : F is closed and A ¢ F}, we have h(clA) = ({h(F) :
h(F) is closed and h(A) < h(F)}, and the latter set is cl(h(4)). Thus, h(cl A) = cl(h(4)).
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The corresponding result for interiors can be shown similarly, or by using the result
for closures after noting that int A = X — cI(X — A) (Corollary 1.5.6), and recalling that
h(C-D) = h(C)-h(D) for bijections. Then h(int A) = h(X)—cl(h(X-A)) = Y-cl(Y-h(4)) =
int(h(A)). The result for boundaries follows from the characterization of boundaries in
terms of closures: 0A = cl(A) ncl(X - A). Applying h and using properties of bijections
gives h(0A) = h(cl(A) n cl(X — A)) = h(cl(A)) n h(cl(X — A)) = cl(h(A)) n cl(h(X - A)) =
cl(h(A)) ncl(Y — h(A)) = o(h(A)). O

If topological spaces X and Y are homeomorphic, we write X =~ Y. In the Euclidean
line R, the open interval (0, 1) is homeomorphic to any other nonempty open interval
(a,b). Indeed, if h(x) is the linear function with h(0) = a and h(1) = b, then h|, :
(0,1) — (a,b) is a homeomorphism. Using the properties of the equivalence relation
=, we see that any two nonempty open intervals (a, b) and (c, d) in the Euclidean line
are homeomorphic. Furthermore, since h : (-71/2,7/2) — R defined by h(x) = tanx
is a homeomorphism, (-1/2,1/2) and every other nonempty open interval (a, b) are
homeomorphic to the real line R. We may visualize the homeomorphism tan x from
(-m/2,71/2) to R by bending the interval into the right half of a unit circle, as shown in
Figure 3.4, and mapping a point on this arc to its shadow from a light source placed at
the origin. This is an example of a stereographic projection.

Figure 3.4: The interval (-m/2,m/2) is homeomorphic to R.

Technically, the function f : (-7/2,7/2) — {(x,y) € R? : x > 0,x*> + y* = 1} defined
by f(x) = (cos x, sin x) is a homeomorphism, which we follow by the homeomorphism
mapping (cos x, sin x) on the unit circle to tan x on RR. The function f gives us a home-
omorphic copy of (-m1/2, 1/2) appearing as a subspace of the Euclidean plane. That is,
f embeds the interval (-m1/2, 1/2) into the plane.

Definition 3.2.4. If X and Y are topological spaces, a function e : X — Y is an embed-
dingof Xinto Y ife : X — e(X) is a homeomorphism, where e(X) ¢ Y has the subspace
topology. In this case, we say e(X) is a homeomorphic copy of X embeddedin Y.

An embedding of X into Y is sometimes called a homeomorphism into Y.

Other examples of stereographic projection showing (a, b) =~ R involve embedding
(a, b) into R? as a circle with the north pole missing, placing a light source at the north
pole, and projecting onto a line in R? parallel but not equal to the tangent at the north
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pole on the same side of the tangent as the circle. The ray from the light source to a
point x on the circle crosses the line at f(x). Two common illustrations of this (where
the line is tangent at the south pole or includes a diameter), and one uncommon one,
are shown in Figure 3.5.

Figure 3.5: Stereographic projection showing that an interval (a, b) is homeomorphic to the real line.

A similar stereographic projection in a higher dimension shows that an open disk
in R?, which, by “drawstringing” the boundary, can be bent into the surface of a sphere
with the north pole missing, is homeomorphic to the plane R? (see Figure 3.6).

Figure 3.6: Stereographic projection showing that an open disc is homeomorphic to the plane.

Often in practice, we will simply need to recognize when bending, stretching, embed-
ding, or projecting gives a homeomorphism, without actually exhibiting the functions
doing these contortions. We should recognize, for example, that the interval [0, 277] in
the Euclidean line is homeomorphic to the set of points {(x,sinx) € R? : x € [0,27]},
which is the graph of one period of the sine function. Embedding an interval in R
into a higher dimensional Euclidean space by viewing it at the graph of a continuous
function is an important and useful technique.

Theorem 3.2.5. Suppose X and Y are topological spaces, and f : X — Y is a continuous
function with domain X. Then X is homeomorphic to G = {(x,f(x)) : x € X} as a subspace
of X x Y. The set G is called the graph of f.
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Proof. We will show that h : X — G defined by h(x) = (x,f(x)) is a homeomorphism.
Clearly h is one-to-one and onto. h~!is continuous since, if U is openinX, (" HY(U) =
h(U) = {(x,f(x)) : x € U} = (Ux Y) NG, which is open in G with the subspace topology.
To see that h is continuous, we will show that it is continuous at every point x € X by
showing that, for any neighborhood W of h(x) in G, there exists a neighborhood U’ of
x in X with h(U') ¢ W. Suppose x € X is given and W is a neighborhood of h(x) in the
subspace G of X x Y. Then W contains a neighborhood of form (U x V)N G where U is a
neighborhood of x in X and V is a neighborhood of f(x) in Y. By the continuity of f at x,
there exists a neighborhood U’ of x in X with f(U’) ¢ V. Without loss of generality, we
may assume U’ ¢ U, for otherwise, replace U’ by U’ n U. Now h(U') = {(y,f(¥)) : y €
U'YcU xf(U)YcUxV,and h(U') < G,soh(U') c(UxV)NnG < W, asneeded. 0[O

If a property is defined in terms of the topology, relabeling the points and open sets
(by running the space through a homeomorphism) should not destroy the property.
This prompts the following definition.

Definition 3.2.6. A property P is a topological property if whenever a topological space
X has the property, h(X) also has the property for every homeomorphisms h. That is,
a property P is a topological property if it is preserved by homeomorphisms.

Topological properties can be used to show that two topological spaces are not
homeomorphic. If X has the property and Y does not, then X and Y cannot be topo-
logically equivalent. Of course, if two topological spaces both satisfy some topologi-
cal property, they need not be homeomorphic. The property of having exactly seven
elements is a topological property: If X has exactly seven elements, anything homeo-
morphic to X also has exactly seven elements. However, it is not the case that any two
topological spaces with exactly seven elements are homeomorphic.

In the Euclidean plane, we know many metric or geometric properties which are
not topological properties. The homeomorphic image of a right triangle need not be
a right triangle, so the property of being a right triangle is not a topological property.
Indeed, the geometric property of being a triangle is not a topological property. We
may stretch a triangular rubber band into a circle or square through a homeomor-
phism. Boundedness is not a topological property. The bounded space (0, 1) with the
Euclidean topology is homeomorphic to the unbounded space R. Boundedness is de-
fined in terms a metric, and not a topology. Properties which depend on measurements
of lengths or measurements of angles will not be topological properties.

Generally, properties defined in terms of open sets, closed sets, and the cardinality
of certain subsets of a topological space will be topological properties since homeo-
morphisms provide bijections between the open sets, the closed sets, and the points
of two spaces. The next example combines closed sets and cardinality considerations.

Example 3.2.7. A topological space is said to be separable if it has a countable dense
subset. For example, the Euclidean line R is separable since Q is a countable dense
subset. We will show that separability is a topological property. If X has a countable
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dense subset D and h : X — Y is a homeomorphism, then h(D) is countable since h is
a bijection. Since X = cl D, by Theorem 3.2.3, Y = h(X) = h(cl(D)) = cl(h(D)), so h(D) is
dense in Y. Thus, h(D) is a countable dense subset of Y, so Y is separable.

3.2.2 Projection functions

An element of a finite product [T}, X; is a vector (x;, X, . .., x,,) whose ith coordinate x;
is an element of the ith factor X; of the product. Given a vector (x;,X,, ..., X)) in [[1, X;,
we may wish to only focus on the jth coordinate, discarding the other coordinates.
This process is called projecting the vector onto the jth coordinate. The function 7; :
[Tie;Xi — X; defined by 75;((x;);¢) = X; is the projection function onto the jth coordinate.
For example, in R® = [Tiepn23R, we have m,((3,-1,5)) = 3, m,((3,-1,5)) = -1, and
m3((3,-1,5)) = 5.

Ifeach X; (i = 1,...,n) is a topological space and Z = []_,X; has the product topol-
ogy, then projection functions are continuous. For example, to see thatrr, : Z — X, is
continuous, suppose U, is open in X,. The inverse image 77, l(Uz) consists of all vectors
whose projection onto the second coordinate falls in U,. Since there is no restriction on
the other coordinates, 71, (U,) = {(x;, Xy, ... X) € [111X; : X5 € U} = Xy xUpyxX3x- - -xXp,
which, as a product of open sets, is open in the product topology on Z. Thus, m, is con-
tinuous.

Continuous functions are those for which inverse images of open sets are open.
Functions for which the forward images of open sets are open also have a name.

Definition 3.2.8. If X and Y are topological spaces, a function f : X — Y is an open
mapping or open function if and only if f(U) is open in Y for every open set U in X.
Similarly, f : X — Y is a closed mapping or closed function if and only if f(F) is closed
in Y for every closed set F in X.

Note that any homeomorphism is both an open mapping and a closed mapping.

If an open mapping f : X — Y is bijective, then it has an inverse function f! :
Y — X, and saying f(U) is open for every open U simply says (f 1) "}(U) is open for
every open U, which is the definition of f ! being continuous. That is, if an open map-
ping has an inverse function, then the inverse is continuous. The result below provides
an example of open mappings which are not invertible.

Theorem 3.2.9. IfX; (i = 1,...,n) are topological spaces and Z = [[}L,X; has the product
topology, then the projection functions are continuous open mappings.

Proof. The continuity of the projection functions was justified above Definition 3.2.8.
To show m; : Z — X; is open, suppose W is open in Z and x € m;(W). Now x =
m(wy, ..., w,) for some (wy,...,w,) € W.Since W is open, it contains a basic neighbor-
hood B = U;x---xU, of (wy, ..., w,), where each U; is open in X;. Now U; = m;(B) < m;(W)
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is a neighborhood of x contained in 77;(W). Since x was an arbitrary element of 7z;(W),
this shows that 1;(W) is open, as needed. O

We note that projections need not be closed maps: The set F = {(x, )1() eR?: x>0}
is a closed set in R?, but m,(F) = (0, 00) is not closed.

3.2.3 Coordinate functions

In multivariable calculus, you study vector valued functions of a real variable such
asf : R — R defined by f(t) = (t,cost,sint). For this function, we may write
f@®) = (fi(0), /), f5(t)) where fi(t) = t, ,(t) = cost, and f5(t) = sint are the coordi-
nate functions of f. You may recall that f : R — R" is continuous if and only if each
of its coordinate functions is a continuous function from R to R. This result holds in
the more general setting of a function f from any topological space to a product of
topological spaces.

Theorem 3.2.10. IfX,Y,,...,Y, are topological spaces, Y = Y; x---x Y, has the product
topology, and f : X — Y is a function, then f(x) = (fy(x),...,f,(x)) is continuous from X
to Y if and only if each of the coordinate functions f; : X — Y; is continuous (i =1,...,n).

Proof. Suppose f : X — Y is continuous. Since each projection function rz; : Y — Y; is
continuous, the composition 7; - f = f; is continuous. Thus, each coordinate function
is continuous.

Conversely, suppose each coordinate function is continuousand V = V; x---x V,
isabasicopensetinY. Nowf’l(V) ={xeX:f(x)eV}={xeX:fi(x)eV;foreachi=
L....nt =L, fi"l(Vi), which, as a finite intersection of open sets, is open in X. Thus,
f is continuous. O

Thus, the function f : R — R’ defined by f(t) = (t,cost,sint) is continuous
since each of its coordinate functions is. Recalling that the domain of a function is
homeomorphic to the graph of the function (Theorem 3.2.5), we can now conclude
that the real line R is homeomorphic to the helix H = {(¢,cost,sint) : t € R} in R>,
since H is the graph of f.

Exercises

1. Give Rthe Euclidean topology. Which of the following maps from R to R are home-
omorphisms? Among those that are not homeomorphism, which are open map-

pings?
(@ i(x)=x
(b) fx)=x

© gx)=x
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(d) h(x)=x>-4x
(e jo)=x+3

2. LetX ={a,b,c,d,e},Y ={1,2,3,4,5} and Z = {r,s, t,u, v} have the topologies gen-
erated by the bases shown. Which spaces are homeomorphic? Exhibit a homeo-
morphism for each homeomorphic pair.

a b c d e

@) - i
12 3 4 5[-s @Ej

3. For the functions between the finite topological spaces given in Exercise 4 of Sec-
tion 3.1, determine which are open mappings, which are closed mappings, and
which are homeomorphisms.

4. Prove:
(@ IfX=1{1,2,3}and Y = {a, b, ¢, d} have any topologies, X and Y are not homeo-
morphic.

(b) The subspaces Q and R — Q of the Euclidean line are not homeomorphic.

(c) If X = {a,b,c} has the discrete topology and Y = {a, b, c} has the topology
{0, {a}, {a, b}, {a, b, c}, {c}, {a, c}}, then X and Y are not homeomorphic.

5. Suppose that A, B, and C are topological spaces.

(a) Showthatif B~ C,thenAxB=AxC.

(b) If A x B = A x C, then it does not follow that B =~ C. (Cancellation does not
hold for products of topological spaces.) Prove this using A = N, B = {0}, and
C = {0,1} with the usual Euclidean topologies.

6. Recall that x € X is an isolated point if and only if {x} is an open set. Show that if
X has exactly k isolated points and X =~ Y, then Y has exactly k isolated points.
That is, show that “has exactly k isolated points™ is a topological property.

7. Prove that the following are topological properties.

(a) Has a set A whose boundary has exactly two points.
(b) Hasaset A withclA = intA.
(c) Has an open set which intersects exactly three other open sets.

8. Prove that the following are topological properties.

(a) Has a nested topology. (Recall that a topology 7 is nested if U,V € T implies
UcVorVclU.)
(b) Has an open set U with exactly two open sets properly contained in U.

9. A topological space X has the fixed point property if every continuous function
f : X — X has a fixed point (that is, a point x € X such that f(x) = x.) Show that
the fixed point property is a topological property.

10. For which of the spaces X given below is X = X x X? Justify your answers.
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12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.
24.
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(@) X = {1,2,3} with the discrete topology.

(b) X = N with the discrete topology.

(c) X = R with the right ray topology {(a, c0) : @ € R} U {@, R}.

Find a necessary and sufficient condition on Y to guarantee that X x Y = X for

every topological space X. Justify your answer.

Provide figures to illustrate the steps of proof of Theorem 3.2.5 that h and h™* are

continuous, in the case X = Y = R with the Euclidean topology.

Suppose X and Y are topological spaces, XxY has the product topology, andy € Y.

Show that X x {y} is a homeomorphic copy of X embedded in X x Y.

If the north pole of a circle is removed and a light source is placed there, explain

why stereographic projection does not provide a homeomorphism to a line ¢ not

parallel to the tangent at the north pole.

Use stereographic projection to explain why the unit sphere in R? is homeomor-

phic to the surface of a cube and to the surface of a pyramid.

Suppose f : X — Y is an open mapping and A < X has the subspace topology. Is

the restriction of f to A an open mapping? What if A is open in X?

Let X be the real line with the cofinite topology. Which of the functions from X to

X given below are open? Which are closed? Justify your answers.

(@ f)=7

(b) g(x) = arctanx

Let X be the real line with the cofinite topology.

(a) Show that every surjection f : X — X is a closed mapping.

(b) Must every surjection f : X — X be an open mapping? Give a proof or coun-
terexample.

If P, ={U < R:a e U}u {0} is the particular point topology on R determined by

aand E, = {U c R: b ¢ U} U {R} is the excluded point topology on R determined

by b, describe:

(a) all open functions f : (R, E;) — (R, Ep);

(b) all closed functions f : (R,E,) — (R, Ep);

(c) all open functions f : (R,E;) — (R, Pp);

(d) allclosed functions f : (R,E,) — (R, Py).

Show that any bijective open mapping is a closed mapping.

Suppose f : X — Y is continuous and Y is Hausdorff. Show that the graph G =

{06, f(x)) : x € X} of f is closed in the product X x Y.

The remark before Theorem 3.2.9 suggests that projection functions 7; : [T, X; —

X; need not be invertible. Under what circumstances would such a projection func-

tion be one-to-one? onto?

Sketch three different sets A in R? with m(A) = my(A) = (-1,1).

Let h : R — R be defined by h(x) = ’é, andletf : R — R® be the function fx) =

(h(x), (h o h)(x), (h ° h o h)(x)). Describe the set A = f([0, 4]) and give m;(A), m,(4),

and 13(A).



102 — 3 Continuity

25.

26.

27.

28.

29.

The ellipse x*+ yzz = lisrevolved around the line x = 2to get a surface of revolution
Sin R>. Find 7,(S), m,(S), and 115(S).

In R>, consider the sets A = Usxeo,2 B((x,0,0),1) and B = B((0,0,0),3) U ([0,1] x
(0,5] x {3}), where B((x, Y, z), €) represents a ball in the Euclidean metric. Find the
projections m;(A) and 7;(B) fori = 1,2, 3.

Suppose X, Y, and Z are setsand f : X — Y x Z has coordinate functions f; and f,,
so f(x) = (fy(x),f>(x)). Consider the statements () f : X — Y x Z is onto, and (b)
fi: X > Yandf, : X - Z are both onto. Does either statement imply the other?
Give proofs or counterexamples.

Suppose X, Y, and Z are sets and f : X — Y x Z has coordinate functions f; and f,,
so f(x) = (fy(x), f,(x)). Consider the statements (a) f : X — Y xZ is one-to-one, and
(b)f, : X > Yandf, : X — Z are both one-to-one. Does either statement imply
the other? Give proofs or counterexamples.

Separate vs. joint continuity. A function f : X x Y — Z is separately continuous if
for every a € X and every b € Y, the functions f(a,y) : Y > Zand f(x,b) : X —» Z
are continuous. Separate continuity is not equivalent to f being continuous. To
emphasize the difference, if f continuous we may say it is jointly continuous.

(a) Show that (joint) continuity implies separate continuity.

(b) Show that the real-valued function of two variables f : R? - R defined by

22, if (x,y) # (0,0)
fm”_{oy if (x,y) = (0,0)

is separately continuous but not (jointly) continuous. (This is a standard ex-
ample to illustrate that both partial derivatives f, and f, of a function f may
exist at (0, 0) even though f is not differentiable at (0, 0).)
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4.1 Connectedness

Here is a brief True/False quiz to check your knowledge of functions from calculus.
__ True __ False 1.Iff'(x) = 0 on its domain, then f(x) is constant on its domain.

___True __False 2.If f(x) is continuous on its domain, f(-2) < 0, and f(2) > 0, then
f(x) = 0 for some x € (-2,2).

On first inspection, these seem to be believable. If a function has zero rate of
change, then one may expect it to be constant. The second statement should bring
to mind the intermediate value theorem. However, both statements are false, as seen
by the function f : (-00,-1) U (1,00) — R defined by f(x) = -1ifx < -land f(x) = 1
if x > 1. The problem with these statements is that they have no restrictions on the
domain. The statements do not hold if the domain is not a solid interval. The correct
statements are:

1. Iff’(x) = 0 on an interval, then f(x) is constant on that interval.
2. If f(x) is continuous on the interval [-2,2], f(-2) < 0, and f(2) > 0, then f(x) = 0
for some x € (-2,2).

The important thing about an interval which makes these statements true is that an
interval is connected—it is all in one piece. The domain (-0, —1) U (1, co) of our coun-
terexample above is not connected: It separates into two disjoint open sets (—oo, —1)
and (1, c0).

Definition 4.1.1. A separation of a topological space X is a pair (U, V) of disjoint
nonempty open subsets U and V of X such that X = U u V. A topological space X
is connected if it has no separation. A subset A of X is a connected subset if it is a
connected topological space when given the subspace topology.

Thus, X is connected if and only if it cannot be partitioned into two open sets.
Since the complement of an open set is closed, we have the following immediate result.

Theorem 4.1.2. For a topological space X, the following are equivalent.

(@) X is connected.

(b) X cannot be written as the union of two disjoint nonempty open sets U and V.
(c) X cannot be written as the union of two disjoint nonempty closed sets V and U.
(d) X has no nonempty proper subset U which is both open and closed.

Example 4.1.3. Consider the following subsets of R with the usual topology.
(a) X =(0,1)U[2, o) is not connected since U = (0,1) and V = [2, co) are open sets in
X which partition X.

https://doi.org/10.1515/9783110686579-005
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(b) Z is not connected since, for example, U = {1} and V = Z - {1} form a separa-
tion of Z. Indeed, since Z has the discrete topology, if U is any nonempty, proper
subset, then (U, Z — U) is a separation of Z.

(c) Qs not connected since U = (-oco,7m) N Q and V = (51, 00) N Q form a separation

of Q.
Example 4.1.4. The real line with the lower limit topology is not connected since, for
example, U = [0, 1) is nonempty, proper, closed, and open.

Our next example illustrates a subtlety in dealing with connected subsets of a
topological space X.

Example 4.1.5. Let X = {1,2,3,4,5} with the topology 7 = {0,{1,2,3}, {3}, {3, 4,5}, X},
and let A = {1,2,4,5} € X as shown in Figure 4.1.

(J (;C; )

Figure 4.1: There is no ‘separation’ (U, V) of A = {1,2, 4,5} where U and V are disjoint open sets in
X =1{1,2,3,4,5}, but there is a separation of Ain A.

Clearly A is not connected, and (U, V) = ({1, 2}, {4, 5}) is the only separation of A. Now U
and V are open in A and thus they were the intersection of open sets U’, V' in X with A.
The only choices for U’ and V' in this example are U’ = {1,2,3} and V' = {3,4,5}, and
U’ and V' are not disjoint.

This example emphasizes the point that in testing a proper subset A of X for con-
nectedness, any separation must be by disjoint open sets in the subspace. We could
provide an alternate definition of connectedness of a subspace A ¢ X by saying (U, V)
isaseparation of Aif U and V are open in X, UnA and VNA are nonempty and disjoint,
andAcUUV.

The result below will confirm that connectedness is preserved by homeomor-
phisms and thus is a topological property. In fact, we prove the much stronger result
that connectedness is preserved by any continuous function.

Theorem 4.1.6. Iff : X — Y is continuous and X is connected, then f(X) is connected.
That is, the continuous image of a connected set is connected.

Proof. Supposef : X — Y is continuous and X is connected. We wish to show that f(X)
is connected. Suppose to the contrary that (U, V) is a separation of f(X). Now f’l(U)
and f (V) are disjoint nonempty open subsets of X and f {(U)uf 1(V) = f {(UuV) =
FHY) = X, so (f }(U),f1(V)) is a separation of X, contrary to X being connected.
Thus, f(X) must be connected. O
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To prove that a set A is connected in a topological space, we must show that it
has no separation. It is common to argue by contradiction, assuming to the contrary
that there is a separation of A. Proof by contradiction is very useful for proving some-
thing is infinite (not finite), uncountable (not countable), connected (no separation),
or prime (no nontrivial factorization), since each of these concepts is defined in terms
of a negation, that is, in terms of something failing.

The theorem below confirms our intuition about which sets are connected in the
real line.

Theorem 4.1.7. A is connected in R with the usual topology if and only if A is an interval
(including rays and R = (-o0, c0)).

Proof. If A is not an interval, then there exist points a,c e Aand b ¢ Awitha < b <c.
Now U = (-oo,b)nAand V = (b, co)nA provide a separation of A, so A is not connected.

If A is an interval, to see that A is connected, suppose to the contrary that (U, V)
is a separation of A. Picku € U and v € V. Either u < v or v < u. Without loss of
generality, assume u < v. (If v < u, we may interchange the labels on U and V, making
u < v.) Consider theset S = {y € R : [u,y] < U}. Now S is nonempty since u € S, and S
is bounded above by v. Thus, by the completeness of the reals, b = sup S exists. Now
u < b <vand A is an interval containinguand v,sob € A = Uu V. If bis in the open
set U, then there exists a basic neighborhood B(b, €) = (b—¢, b+¢€) of b contained in U.
Then [u,b + /2] € U,so b +¢€/2 € S, contrary to b = sup S. If b is in the open set V,
then there exists a basic neighborhood B(b, €) = (b—¢, b+¢) of b contained in V. Since
b-¢/2 € V,wehave [u,b — /2] ¢ U, sob - ¢/2is an upper bound of S, contrary to
b =supS. O

The previous two theorems have a significant interpretation for calculus-type
functions.

Corollary 4.1.8 (The intermediate value theorem). Suppose [a,b] < R, [a,b] and R
have the Euclidean topology, f : [a,b] — R is continuous, and z is any value between
f(a) and f (b). Then there exists a point c € [a, b] with f(c) = z.

Proof. The interval [a, b] is connected, so f([a, b]) is connected in RR. That is, f([a, b])
is an interval. Thus, since f(a) and f(b) are in f([a, b]), any point z between f(a) and
f(b)isin f([a, b]), so z = f(c) for some c € [a, b]. O

As a topological property, connectedness (and variations of it) may be used to
tell when two topological spaces are not homeomorphic. The intervals [0, 1] and (0, 1)
are both connected, but we would not expect them to be homeomorphic. We should
expect that there is no point in (0, 1) which is topologically like the point 1in [0, 1]. To
see this, consider what happens when we remove 1 from [0, 1]. Now if h : [0,1] — (0, 1)
were a homeomorphism, then removing h(1) from h([0, 1]) = (0,1) should give a space
homeomorphic to [0,1]-{1} = [0, 1), which is connected. However, removing any point
h(1) from (0, 1) leaves a disconnected space. This shows that [0, 1] # (0, 1). Technically,
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we used the fact that if h : X — Y is a homeomorphism, then h : X - {a} —» Y - {h(a)}
is a homeomorphism.
This discussion motivates the following definition.

Definition 4.1.9. Suppose X is a connected topological space. An element a € X is a
cut point if X — {a} is not connected. Otherwise, x is a non-cut point. A subset A ¢ X
such that X — A is not connected is called a cut set of X.

Itis easy to see that a homeomorphism carries cut points to cut points and non-cut
points to non-cut points, so the cardinality of the set of cut-points (or non-cut points)
in a connected topological space is a topological property. Similar remarks apply to
cut sets. Thus, since [0, 1] has exactly two non-cut points 0 and 1, and (0, 1) has no
non-cut points, these spaces are not homeomorphic. Viewed as subspaces of the Eu-
clidean plane, the letter H is not homeomorphic to the letter T since H has a subset of
cardinality 4 which is not a cut set, but every subset of T with cardinality 4 is a cut set.

Our next result shows that if A is a connected subset of a topological space, then
adding any boundary points of A results in a connected set.

Theorem 4.1.10. If A is a connected set in a topological space X and A € B C cl A, then
B is connected.

Proof. Suppose A is connected in X and A ¢ B ¢ cl A. To see B is connected, suppose
to the contrary that there exists a separation (U, V) of B. Now U n A and V n A are
disjoint open sets in A whose union is A4, so if they are both nonempty, then they would
provide a separation of A, contradicting the connectedness of A. Since U # 0, there
existsx € U € clA = AUOA, so either x € A or x € dA. In either case, the neighborhood
U of x must intersect A. Similarly, VN A # 0. O

Note in particular that this theorem says that the closure of a connected set is
connected.

Next we will show that the product of two connected spaces is connected. We will
need the two nice results below.

Lemma 4.1.11. IfAis a connected subset of Band (U, V) is a separation of B, then either
AcUorAcV.

Proof. If UnA and VNA are both nonempty, then they form a separation of A, contrary
to the connectedness of A. Since A ¢ B= UuV,ifUnNA = 0,thenA c V,andif VNnA =0
thenA c U. O

Theorem 4.1.12. Suppose I is an arbitrary index set and for eachi € I, A; is a connected
subset of a topological space X. If (;c; A; # 0, then |J;; 4; is connected.

Proof. Under the hypotheses, suppose a € [;; 4; and | J;¢; 4; has a separation (U, V).
Without loss of generality, say a € U. By Lemma 4.1.11, each A4; is either contained in
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Uorin V. Sincea € U, we have | J;;; A4; € U and thus V' n|J;¢; 4; = 0, contrary to (U, V)
being a separation of | J;.; 4;. Thus, | J;; A; can have no separation. O

Theorem 4.1.13. A finite product X; x X, x - - - x X,, of topological spaces is connected if
and only if each factor X; (i = 1,...,n) is connected.

Proof. If X; x --- x X, is connected, then each factor X; = m;(X; x - - - x X},) is the image
of a connected set under the continuous projection function and thus is connected.
To show the converse, we will show that X; x X, is connected if X; and X, are.
The result for any finite number of factors would then follow by iteratively applying
this result. Suppose X; and X, are connected. Select a point (a, b) € X; x X,. Now by
the previous theorem, the union of all connected subsets of X; x X, containing (a, b)
is connected. Thus, it suffices to show that, for any (x,y) € X; x X,, there exists a
connected set containing (a, b) and (x,y). Now (a, b) is in the set Sy = {a} xX) u
(X x {y}). Since {a} x X, is homeomorphic to X,, it is connected. Similarly, X; x {y}
is connected. These two connected sets intersect at the point (a,y), and thus Sy is
connected by Theorem 4.1.12. Now X; x X, = Uy ex, S(ay) is connected. O

An important consequence of Theorem 4.1.12 used in the proof above is that, for
any point a in a topological space X, there exists a largest connected set containing a,
namely the union of all connected sets in X which contain a.

Definition 4.1.14. If ais an element of a topological space X, the largest connected set
containing a is called the connected component of a.

Clearly every x € X is in the connected component determined by x, so each con-
nected component is nonempty and the union of all connected components is X. If C
and D are connected components and ¢ € CNn D, then both C and D are the largest con-
nected set containing c, so C = D. Thus, the connected components of X are mutually
disjoint. This proves the following result.

Theorem 4.1.15. The connected components of a topological space X form a partition
of X.

Every partition generates and is generated by an equivalence relation. The equiv-
alence relation generating the connected components of X is a = b if and only if there
exists a connected set C in X which contains both a and b.

It should also be clear that a homeomorphism carries connected components
to connected components, so the number of connected components is a topological
property. We may use this to show, for example, that the polar graphs of r = sin(36)
and r = sin(260), depicted in Figure 4.2, are not homeomorphic subsets of the Eu-
clidean plane. Each has exactly one cut point, but removing the cut point leaves a
space with three connected components in one case and a space with four connected
components in the other case.
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Figure 4.2: Two roses.

Exercises

1.
2.

10.

11.

12.

Is the empty set connected? Justify your answer.

Show that if A is a connected subset of X and X is a subspace of Y, then A is a
connected subset of Y.

Show that X is not connected if and only if there exists a continuous onto function
f : X — {0,1} where {0, 1} has the discrete topology.

Show that (X, 7) is not connected if there exists a nonempty proper subset A with
0A = 0.

Find all the nonempty connected subsets in each of the topological spaces given
below. Justify your answers.

(a) R with the discrete topology.

(b) R with the indiscrete topology.

(c) R with the right ray topology {(a, 0c0) : a € R} U {#, R}.

(d) R with the cofinite topology.

Describe all connected subsets of R;. If X is a connected topological space, char-
acterize all continuous functions f : X — R;.

Prove or give a counterexample: If f : X — Y is continuous and B is a connected
subset of Y, then f ~1(B) is connected.

Prove or give a counterexample: If f : R — R is increasing, then the inverse image
of every connected set in f(RR) is connected.

(One-point connectification) Suppose (X, 7) is a topological space and Y = X u
{w} for some point w ¢ X. Give Y the topology 7y = 7 U {Y}. Show that (Y, 7y) is
connected. (Y, 7y) is called the one-point connectification of X.

Prove that a homeomorphism carries cut points to cut points and non-cut points
to non-cut points.

Viewing the letters A, E, O, P and W as subspaces of the Euclidean plane, how
many cut points and non-cut points does each have?

Identify the cut points and non-cut points in the connected subspaces of the Eu-
clidean plane given below. Are any of these topological spaces homeomorphic?
@ {y):xX*+y* <1}

() {06y : X+ <BUley): (x=2°+y’ <1

© {06y) 2+ <u{ty): x-32+y* <1} u{(x,0):x € [0,3]}

(d) {(x,y):—|sinx| <y < |sinx|}



13.
14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

4.2 Path connectedness — 109

Provide a proof or counterexample: The interior of a connected set is connected.
Give examples to show that the neither the intersection of connected sets nor the
union of connected sets must be connected.

Suppose X is a topological space with the property that, for every a,b € X with
a # b, cl{a} n cl{b} #+ 6. Show that X is connected. Does the converse hold? Justify
your answer.

Suppose that 4; is a connected subset of topological space X fori = 1,...,n, and
AjnAj, #0fori=1,...,n -1 Show that |, 4; is connected.

Show that every connected component of a topological space is a closed set.
Show that the homeomorphic image of a connected component is a connected
component.

Use the connected components to show that the following topological spaces are
not homeomorphic.

(@ A={(x,y) e R*:0<x < 47,0 <y < sinx}

(b) B={(x,y) e R>: 0 < x < 4m,-2 < y < sinx}

() C={(x,y) e R>: 0 <x<4m0<y<cosx}

With A =B =[0,1) and C = (0,1), show that A x B ~ A x C does not imply B =~ C.
Viewing the letters T, H, i, and X as subspaces of the Euclidean plane, use the
concept of connected components to show that no two are homeomorphic.

For a topological space (X, T), show that the following are equivalent:

(a) Every nonempty open set in X is dense in X.

(b) Every pair of nonempty open sets in X has a nonempty intersection.

(c) Every open set in X is connected.

A topological space satisfying these conditions is called hyperconnected.

If X is a topological space, show that the relation a ~ b if and only if there exists a
connected set C in X which contains both a and b is an equivalence relation and
the equivalence classes are the connected components.

If Ais a closed, connected cut set of a connected space X and (U, V) is a separation
of X — A, show that U U A is connected.

Show that every open set in the Euclidean line R is the union of countably many
mutually disjoint open intervals.

Prove that if f : R — R is continuous and one-to-one, then f is strictly increasing
or strictly decreasing. (Note that f is strictly increasing if and only if x < y < z
implies f(x) < f(y) < f(2).)

4.2 Path connectedness

Consider the subsets A = B((0,0),2) U ([1,4] x [-3,0]) and C = B((0,0),2) U ([3,4] x
[-3,0]) of R?, as shown in Figure 4.3. Given any two points a and b in the subset A,
we can connect the points with a continuous path which stays entirely in the set A.
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However, the set C does not have this property. We will say A is path connected and C
is not. The following definition makes this precise.

\\_/—“\- oA

A cC

Figure 4.3: A is path connected. Cis not.

Definition 4.2.1. Suppose X is a topological space and [0, 1] has the Euclidean topol-
ogy. For points a, b € X, a path from a to b in X is a continuous function f : [0,1] — X
with f(0) = a and f(1) = b. The topological space X is path connected if, for every
pair of points a,b € X, there is a path in X from a to b. A subset A ¢ X is said to be
path connected if it is a path connected topological space when given the subspace
topology.

Iff : [0,1] » XisapathfromatobinX,theng : [0,1] — X definedbyg(t) = f(1-t)
is a path from b to a obtained by tracing the path of f backwards. Thus, if there is a path
from a to b, we may simply say there is a path connecting a and b, without specifying
which is the initial point and which is the final point.

The Euclidean space R" is path connected. For points a, b € R", the straight-line
pathf :[0,1] — R" defined by f(t) = tb + (1 - t)ais a path in R" fromatob. IfA ¢ R"
and a,b € A, the straight-line path from a to b may or may not lie in A. A set A ¢ R"
is (vector-space) convex if, for every a,b € A, all points th + (1 - t)a (t € [0,1]) of
the straight-line path from a to b are contained in A. Clearly any vector-space convex
subset of R" is path connected, but not every path connected subset of R" is vector-
space convex.

The subset A = B((0,0),2) U ([1,4] x [-3,0]) of R? shown in Figure 4.3 is easily
seen to be not vector-space convex. We formally prove that it is path connected. Given
any two points (a, b) and (c,d) in A, we need a path in A from (a, b) to (c, d). If (a, b)
and (c, d) are both in the ball B = B((0, 0), 2) then, by the convexity of the ball, the
straight-line path f : [0,1] — B defined by f(t) = t(c,d) + (1 - t)(a, b) connecting (a, b)
and (c, d) stays within B, and thus within A. A similar argument applies if both points
were in the rectangle R = [1, 4] x [-3, 0]. Now suppose (a, b) and (c, d) are not both in
B and not both in R. Without loss of generality, suppose (a, b) € Band (c,d) € R.

Suppose (y, z) is any point in BN R. Now the straight-line paths f connecting (a, b)
to (v,z) and g connecting (y, z) to (c, d) lie within B and R, respectively. Tracing these
paths consecutively will give a path from (a, b) to (c, d) inside A, but we must adjust
the parameters to make this fit our definition of a path. The paths f and g are param-
eterized by
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f:10,1] - B < A defined by f(t) =t(y,z) + (1-t)(a,b)
g:[0,1] - R c A defined by g(t) = t(c,d) + (1 - t)(y,2).

Now to getapath p : [0,1] — A from (a, b) to (c, d), we would like to trace f during the
time interval [0, %] and trace g during the time interval [%, 1]. The functionp : [0,1] —
A defined by

o - { f2t) ift € [0,1],
| set-v ifterd,

does this. Furthermore, by the pasting lemma, p is continuous.
We will next consider how path connectedness is related to connectedness.

Theorem 4.2.2. If a topological space X is path connected, then it is connected.

Proof. Suppose to the contrary that the implication fails. Then there exists a topolog-
ical space X which is path connected but not connected. Let (U, V) be a separation
of X. Since U and V are nonempty, there existu € Uandv € V. Letf : [0,1] —» X bea
path in X connecting u and v. Now f([0, 1]) is the continuous image of a connected set
and is thus connected. But (U, V) is a separation of ([0, 1]). O

Connectedness and path connectedness are not equivalent, however, as seen by
the following example.

Example 4.2.3. In the Euclidean plane, let C = {(x,y) : x* + y* = 4} be the circle of
radius 2 and let S be the set described in polar coordinates by {(r,0) : r = 2 - 1 ,0>1}.
The graph of S spirals out, approaching C in the limit. Let A = Su C.

Now A is connected since A = cl S, and, as the continuous image of the connected
set [1, co) under the polar mapr =2 - %, S is connected.

The set A is not path connected. Intuitively, a path that starts on the circle C cannot
jump to the spiral S.

Suppose that A is path connected. We will first show that thereisa pathf : [0,1] —
A from some point ¢ on the circle C to some point s on the spiral S with f(0) = c and
£((0,1]) ¢ S. Indeed, suppose ¢’ € C, s € S, and g is a path from ¢’ to s in A. Since C is
closed and g continuous, g"}(C) is closed in [0, 1]. Let ty = sup g 1(C). Any closed set in
[0,1] contains its supremum, so ¢, € g’l(C), and thus g(t;) € C and g((t,,1]) < S. Now
¢ = g(ty) is the “last point” on the path g which is in C, and we may rescale the domain
of gl(;, 1) to make it a path. Specifically, the functionf : [0,1] — A definedbyf =goh
where h is the linear function mapping [0, 1] to [t,, 1] has the desired properties.

Now f is continuous at the point ¢t = 0, so for the neighborhood V = B(f(0),1) n A
of f(0) = c, there exists a basic neighborhood U = [0, &) of 0 with f(U) < V. Now the
neighborhood V of ¢ € C has infinitely many connected components: one on C and
infinitely many arcs of the spiral. But f(U) is a connected subset of ¥V and thus must
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be contained in a single component of V. But f(U) contains ¢ € C and f (%") € S, which
are not in the same component of V. This contradiction shows that A = C U S is not
path connected.

The closure of a connected set is connected, but the example above illustrates that
the closure of a path connected set need not be path connected.
Path components will be defined similarly to connected components.

Definition 4.2.4. If X is a topological space, the equivalence classes under the equiva-
lencerelation x ~ y ifand only if there is a path in X from x to y are the path components
of X.

The path component of x is the largest path connected set containing x.

Exercises

1. Show that the continuous image of a path connected space is path connected (and
thus, path connectedness is a topological property).

2. Let X be the subset of the Euclidean plane described in polar coordinates by
{(r,0) : v € [1,2],6 € [-3m/4,3m/4]}. Give explicit equations for paths to prove that
X is path connected.

3. Let Y be the subset of the Euclidean plane ([-1, 0] x [0, 1]) U ([1,2] x [0, 2]) U{(x, x) :
x € [0,1]}. Give explicit equations for paths to prove that Y is path connected.

4, The comb space is the subspace of the Euclidean plane

C= H%} x[0,1] :ne ]N} U ([0,1] x {0}) U ({0} x [0, 1]}).

The deleted comb space is the subspace of the Euclidean plane

C* = H%} x[0,1]:n¢ ]N]» u ([0,1] x {0}) U {(0, 1)}

obtained by removing {0} x [0, 1) from the comb space.
(a) Draw the comb space and determine whether it is connected or not and
whether it is path connected or not.
(b) Draw the deleted comb space and show that it is connected but not path con-
nected.
5. Give examples of the following, or show that no such example can exist.
(a) Two path connected spaces X and Y such that X n Y has three path compo-
nents.
(b) Two path connected spaces X and Y such that X u Y has three path compo-
nents.
6. Consider the following subspaces of the Euclidean plane.
S={(xsin(3)) e R: 0 <x < 1}U{(0,0)}



10.

11.
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T =Su{(0,1)}

U=Su{0,y)eR:3<y<1}

V=Su{0,y) e R*:y € [0,1] n Q}

W=Su{0,y)eR*:ye[0,1] - Q}

The set S is the topologist’s sine curve. Sketch the sets S, T, U, V, and W, determine
the connected components and the path components of each, and show that no
two of these are homeomorphic.

Show that if A and B are two path connected sets in a topological space X and
AnNB # 0, then A U Bis path connected.

Suppose X is a topological space and ~ is the relation on a topological space X
defined by x ~ y if and only if there is a path in X from x to y. Prove that ~ is an
equivalence relation.

Prove that the path component P of x is the largest path connected set containing x
by showing (a) P is path connected, and (b) if Q is path connected and contains x,
then Q c P.

If A is an open set in the Euclidean space R", show that A is connected if and only
if it is path connected.

If [0, 1] has the Euclidean topology and X is any topological space, an arc from a to
bin X is a continuous one-to-one functionf : [0,1] — X withf(0) = aand f(1) = b.
Thus, an arc is a one-to-one path. X is arc connected if, for any pair of distinct
points a, b € X, there exists an arc from a to b. Consider the space X = {1, 2, 3} with
the topology generated by the basis {{1}, {3}, X}. Show that X is path connected but
not arc connected.






5 Compactness

5.1 Compactness

The spaces X = (0,1) and Y = [0, 1], each with the Euclidean topology, are not topo-
logically equivalent: every point of (0,1) is a cut point, while [0, 1] has two non-cut
points. However, cut points and other elementary connectedness arguments are not
adequate to distinguish between the open ball B = {(x,y) € R? : x> + y* < 1} and the
closed ball C = {(x,y) € R?: x%+ y2 < 1} as subspaces of the Euclidean plane, since
both sets have no cut points. So, let us consider other ways to show that the topologi-
cal space X = (0, 1) is not topologically equivalent to the space Y = [0, 1], which might
generalize to show B and C are not homeomorphic.

In terms of the order, [0, 1] contains a largest element, while (0, 1) does not, but
this only shows that these sets are not “order equivalent”. From our intuition with the
real line, we are tempted to say [0, 1] contains its boundary points, but (0, 1) does not.
This argument requires external knowledge (outside of X or Y) of how these intervals
are embedded in a larger space R, which was not originally mentioned. Indeed, stay-
ing within the sets given, neither topological space X = (0,1) or Y = [0,1] has any
boundary points.

The concept of compactness provides a purely internal way to capture the idea
that a space like [0, 1] is not “missing any limits”. A space like (0, 1) is “missing some
limits”, and will not be compact. The idea of compactness is suggested by the follow-
ing example.

Example 5.1.1. Let X = (0,1) and Y = [0, 1], each with the topology generated by the
Euclidean metric. We will show that X and Y are not homeomorphic. Consider the
open subsets U, = (%, 1) of X. We say that the collection {U,, : n = 2,3,...} covers
X = (0,1) since | J;2, U, = X. Furthermore, there is no finite subcollection of the open
sets U,, whose union gives (0, 1). This is an internal way to capture the idea that the
sequence (%);";1 in (0,1) “converges to the missing boundary point 0” (and thus, (0, 1)
is not compact). Now suppose h : X — Y is a homeomorphism. Since {U, : n=2,3,...}
is a collection of nested connected open subsets of X whose union is X, it follows that
{h(U,) : n = 2,3,.. .}is a collection of nested connected open subsets of Y whose union
is h(X) = Y. Furthermore, since there is no finite subcollection of {U,, : n = 2,3,...}
which covers X, there is no finite subcollection of {h(U,) : n = 2,3,...} which covers Y.
Since 0 € Y = |J;2, h(U,), there exists j > 2 with 0 « h(U;), and similarly, since
leY = U;";z h(U,), there exists k > 2 with 1 € h(Uy). Because h(U]-) and h(U,) are
nested, {0,1} < h(U,,) where mis either j or k. Since h(U,,) is a connected set containing
{0,1}, it contains [0, 1]. Thus, {h(U,,)} is a finite subcollection of {h(U,) : n = 2,3,...}
which covers Y = [0, 1], a contradiction.

While this example includes the crux of the concept of compactness, it also used
some unnecessary restrictions which allowed us to easily illustrate the idea. Indeed,
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the open sets {U,, : n = 2,3,...} covering X need not be nested: given any collection
of open subsets, by taking the union of successively more and more of them, we get a
nested collection. Also, the use of countable indexing on our collection of open sets
was an unnecessary convenience. Furthermore, connectedness plays no role in the
definition of compactness. In this specific example, we simply used to our advantage
the fact that the topologies in question have bases of connected sets. We are now ready
for the definition of compactness.

Definition 5.1.2. Suppose X is a topological space and A € X. An open cover of A is
a collection C of open sets in X whose union contains A. If C is an open cover of A,
a finite subcover of A from C is a finite subcollection of C which is an open cover of
A. The set A ¢ X is compact if and only if every open cover of A has a finite sub-
cover.

Not only is compactness a topological property (preserved by homeomorphisms),
it is preserved by any continuous function.

Theorem 5.1.3. The continuous image of a compact set is compact. That is, iff : X > Y
is a continuous function and A < X is compact, then f(A) is compactin Y.

Proof. Suppose f : X — Y is a continuous function, A ¢ X is compact, and C is an
open cover of f(A). Then f 1) = {if vy:vec }is an open cover of A, so there exists
a finite subcover {f '(V}),...,f }(V,)} covering A. Now {V,,..., V,} is a finite subcover
from C covering f(A). O

In Example 5.1.1, we saw that C = {U, : n=2,3,.. .} = {(%, 1)}, is an open cover of
(0, 1) which has no finite subcover, so (0, 1) with the Euclidean topology is not compact.
That example did not show that [0, 1] is compact. We only showed that one particular
open cover of [0,1], namely {h(U,) : U, € C}, had a finite subcover. The compactness
of [0, 1] requires showing that every open cover has a finite subcover, and will be ad-
dressed in the next theorem. The collection C; = {(x - %,x + %) : % <x< %} is another
open cover of (0, 1) which has no finite subcover, again showing that (0, 1) is not com-
pact. Of course, some open covers of (0,1), such as C, = {(0,1)}, C3 = {(0, 2), (%,1)},
orC, = {(0,b) : % <b<1u{al): % < a < 1} will have finite subcovers. Note that
C; is a finite subcover of C; and of C,. Typically, a topological space will have so many
open sets that it will be impossible to list every open cover, so compactness cannot be
verified by an exhaustive check for finite subcovers. Techniques such as those in the
result below will be helpful.

Theorem 5.1.4. If a < b in R, the closed interval [a, b] is a compact subset of the Eu-
clidean line.

Proof. Since every closed interval [a, b] is homeomorphic to [0, 1], it suffices to show
that [0,1] is compact. Suppose C is an arbitrary open cover of [0,1]. Our goal is to
show that we can cover the entire interval [0, 1] with a finite subcollection from C.
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Now there exists at least one open set C; € C which contains 0. This set will contain
a basic neighborhood of 0, so the finite subcollection {C,} of C covers [0, €) for some
£ > 0. Our strategy will be to see how far from 0 we can extend to the right and still be
covered by a finite subcollection. Let

y = sup{x € [0,1] : [0, x) can be covered by a finite subcollection of C}.

As the supremum of a nonempty set bounded above by 1, y exists by the completeness
property of R. Choose C, € C withy € C,. If y < 1, since C, is open, there exists € > 0
such that (y —¢,y+¢) € Cy < (0,1). By the definition of y, there is a finite subcollection
{Ci,C,,...,C,} from C which covers [0,y — £/2). Now {C;,...,C,, Cy} covers [0,y + €),
contrary to the definition of y. Thus, y = 1. Now since C, is an open neighborhood of
y = 1, there exists € > 0 with (1 - ¢&,1] ¢ C,. By the definition of y, there is a finite
subcollection {C;, C5, ..., C,} from C which covers [0,y - €/2) = [0,1 - €/2), and thus
{Cy,...,Cy, Cy}is a finite subcollection of C which covers [0, 1]. O

Thus, since (0, 1) is not compact and [0, 1] is compact, these spaces are not home-
omorphic.

Note that compactness of A ¢ X was defined in terms of covers of A by sets open
in X having finite subcovers. If Cy is a cover of A by sets open in X, thenC, = {CNA:
C € Cy} is a cover of A by sets open in the subspace A of X. Conversely, if C4 is a cover
of A by sets open in the subspace A, then each C € C, is of form C n U for some set
Ucopenin X, and Cx = {U. : C € C4} is a cover of A by sets open in X. Furthermore, in
either case, Cy has a finite subcover if and only if C4 does.

This proves the following important result.

Theorem 5.1.5. A is a compact subset of a topological space X if and only if A with the
subspace topology is a compact topological space.

This shows that compactness of A is an absolute property, not dependent on
whether we view A as a subspace of a larger space or not. Openness and closedness are
not absolute properties: A = [0, 1] is open in A with the subspace topology from the
Euclidean line R, but A = [0, 1] is not open in R. B = (0, 1) is closed in the subspace B
of R, but not closed in R. However, if A ¢ X, the subspace A is compact if and only if
A is a compact subset of X. We may iterate this to subspaces of subspaces. [3, 4) is not
closed in R, but is closed in the subspace (0, 4) of R. However, [3, 4) is not compact
in R, in (0, 4), nor in [3, 4).

Below is another important result about compact sets.

Theorem 5.1.6. IfAisacompactsetin a Hausdorfftopological space X, then A is closed.

Proof. Suppose A is a compact set in a Hausdorff topological space X. We will show
that X—Ais open. If x € X—A, then, for every a € A, there exist disjoint open neighbor-
hoods U, of a and V,, of x, as suggested in Figure 5.1. Now {U, : a € A} is an open cover
of A, so there exists a finite subcover {U, : a € F} where F is some finite subset of A.
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Figure 5.1: {U, : a € A} is an open cover of A.

Now U = [J{U, : a € F}is an open set containing 4, and V = (\{V,, : a € F} is an open
set containing x. Furthermore, UnV = @, fory e UnV would implyy € U;nV € U;nV;
for some i € F, contrary to U; N V; = @. In particular, V is an open neighborhood of x
contained in X — U ¢ X — A. Since x was an arbitrary point of X — A, this shows X - A
is open. O

In general, compactness is not a hereditary property. That is, if X is compact and
Y ¢ X, then the subspace Y need not be compact. The example of (0,1) ¢ [0,1] in the
Euclidean line shows this. However, compactness is hereditary to closed subsets.

Theorem 5.1.7. IfAis a closed set in a compact topological space X, then A is compact.

Proof. Suppose A is a closed set in a compact topological space X and C is an open
cover of A. The collection C U {X — A}, suggested in Figure 5.2, is an open cover of X
which has, by the compactness of X, a finite subcover 7. Now F — {X — A} is a finite
subcollection of C which covers A. Thus, A is compact. O

Figure 5.2: If Ais closed, an open cover C of A gives an open cover C U {X — A} of X.

The previous two results are often stated as “compact in Hausdorff is closed” and
“closed in compact is compact”. While compactness is not generally hereditary, it is
productive. That is, a product of compact spaces is compact. This result holds for ar-
bitrary products, but the proof for infinite products is much more complicated and
will be presented in Section 7.4. We present the proof for finite products. To simplify
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the proof, we would like to work with covers by basic open sets, and will need the
following results.

Theorem 5.1.8. A topological space X is compact if and only if every open cover of X by
basic open sets has a finite subcover.

Proof. If every open cover of X has a finite subcover, then every open cover consisting
of basic open sets has a finite subcover. Conversely, suppose every cover of X by basic
open sets has a finite subcover. If C is an open cover of X, then consider the collection
B = {B : Bis abasic open set and B ¢ C for some C € C}. Now since each C € C is the
union of the basic open sets it contains, we see that | JC = | BB, so B is a cover of X by
basic open sets. Let {B;, ..., B,} be a finite subcover from 5, and pick C; € C such that
B; ¢ C;. Now {C;, ..., C,} is a finite subcollection of Cand X ¢ B;U---UB, < C;U---UC,,
so {C;, ..., Cy,} is a finite subcover of X from C. Thus, every open cover of X has a finite
subcover. O

Theorem 5.1.9. If X, X,,...,X,, are compact topological spaces, then the product X; x
--- x X, is compact.

Proof. We will prove that if X and Y are compact, then X x Y is compact. The result for
finite products will then follow from iterative applications of this result.

Suppose X and Y are compact and C is an open cover of X x Y by basic open sets of
form U x V where U and V are open in X and Y, respectively. For any given x € X, the
set {x} x Y is a homeomorphic copy of Y embedded in X x Y. Thus, C is an open cover of
the compact set {x}xY.IfC, is a finite subcover of {x} x Y from C, then C, actually covers
not just the “line” {x} x Y but an open band U, x Y for some open neighborhood U,
of x. (This is often called the tube lemma.) To see this, if C, = {U; x V;,..., U, x V. } € C
covers {x} x Y, then without loss of generality, we may assume each U; x V; intersects
{x} x Y; those that do not intersect {x} x Y are not needed in a cover of {x} x Y and may
be discarded. Now if U, = U;n---n Uy, then U, x V; € U; x V; foreachi =1,...,n, so
Cy =1{U; x V3,..., U, x V,,} covers the open band U, x Y, as depicted in Figure 5.3. So
far, we have used only the compactness of Y. Now we will use the compactness of X.

UxY
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: ] |
leyl : : :
i |
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Figure 5.3: A covering of the line {x} x Y by a finite number of basic open sets {U; x V;,..., U, x V,,}
actually covers a band U, x Y.
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Consider the open cover {U, : x € X} of X, where U, is as constructed in the previous
paragraph. Since X is compact, there exists a finite subcover {U, : x € F} where F
is a finite subset of X. But each U, corresponds to an open band which is covered by
finitely many members of C, so this will result in a finite subcollection of C covering
X x Y. Specifically, [ J{C, : x € F}is a finite subcover of X x Y from C since it is a finite
subcollection of C, C, covers U, x Y, and {U, : x € F} covers X. O

Before presenting a criterion to easily recognize compact sets in Euclidean space,
we give a definition.

Definition 5.1.10. A subset A of a metric space (X, d) is bounded if there exists a real
number M such that d(a, b) < M forall a, b € A.

It is easy to see that a subset A of a metric space X is bounded if and only if for any
x € X, there exists a finite radius N with A € B(x, N). Indeed, if A < B(x,N), then, for
any a, b € A, the triangle inequality gives d(a, b) < d(a,x)+d(x,b) < N+N = 2N,s0Ais
bounded. Conversely, if A is a nonempty bounded set with d(a, b) < M foralla,b € A,
fix a point b, € A. Then d(a, by) < M foralla € A, so A € B(b,, M). Furthermore, given
any x € X, A € B(by,M) € B(x,N) where N = d(x,b,) + M. If A is empty, then it is
trivially bounded and contained in any ball B(x, N) with positive radius.

Theorem 5.1.11. In R" with the Euclidean topology, A is compact if and only if it is closed
and bounded.

Proof. Suppose A is compact in Euclidean space R". Let 0 € R" be the zero vector.
Since R" is Hausdorff, A is closed by Theorem 5.1.6. Furthermore, since the nested
open cover {B(0,n) : n € N} of A has a finite subcover, A ¢ B(0,N) for some N > 0,
so A is bounded. Conversely, suppose A ¢ R" is closed and bounded. Then there ex-
ists N > 0 such that A ¢ B(0,N). Furthermore, B(0,N) < [-N,N]". (Since |x;| > N
implies \x +---+x2 > N, x ¢ [-N,N]" implies x ¢ B(0,N).) Thus, A is a closed sub-
set of [-N, N]". Since [-N, N] is homeomorphic to [0, 1], it is compact, and [-N, N]" is
compact by Theorem 5.1.9. Now A is a closed subset of a compact space, so by Theo-
rem 5.1.7, A is compact. O

This immediately gives the following result from calculus.

Corollary 5.1.12 (The extreme value theorem). If[a, b] and R have the Euclidean topol-
ogy andf : [a,b] — R is a continuous function on a closed and bounded interval [a, b],
then f has a maximum value and a minimum value over [a, b]. That is, there exist points
c,d e [a,blwithf(c) < f(x) <f(d) forallx € [a,b].

Proof. The domain [a, b] is a closed and bounded interval in R, and thus compact and
connected. Since f is continuous, f([a, b]) is compact and connected. That is, f([a, b])
is a closed and bounded interval [m, M]. Now the minimum value m € f([a, b]) must
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equal f(c) for some c € [a, b], and similarly, the maximum value M = f(d) for some
de[a,b]. O

Example 5.1.13. As subspaces of the Euclidean plane, the open ball B = {(x,y) € R?:
X+ y2 < 1} and the closed ball C = {(x,y) € R?:x* + y2 < 1} are not homeomorphic. C
is closed and bounded in the Euclidean plane, so it is compact. But B is not compact,
since the open cover {B((0,0),1 - %) :n = 2,3,...} of Bhas no finite subcover. Or, B is
not a compact set in the Hausdorff space R? since it is not closed.

Compactness is defined in terms of collections of open sets. Taking complements,
we should be able to characterize compactness in terms of closed sets. A (finite or
arbitrary) collection C of open sets covers X if and only if | JC = X, which occurs if and
onlyif X —(J{C:CeC}=|{X-C:C €C} = 0. Thus, a collection C of open sets covers
X if and only if the associated collection F = {X — C : C € C} of closed sets has empty
intersection.

Now the following are equivalent:

(a) X iscompact.
(b) IfCisa collection of open sets and every finite subcollection fails to covers X, then

C fails to cover X.

(c) If Fis a collection of closed sets such that every finite subcollection {F;,...,F,}

has nonempty intersection, then (| F # 0.

After introducing some terminology, the equivalence of (a) and (c) above is stated in
the next theorem.

Definition 5.1.14. A collection F of closed subsets of a topological space X has the
finite intersection property if every finite subcollection of 7 has nonempty intersection.

Theorem 5.1.15. A topological space X is compact if and only if every collection F of
closed sets with the finite intersection property has (| F # 0.

Exercises

1. Each set below is noncompact. Exhibit an open cover which has no finite sub-
cover.
(@) A =[0,1] in R with the discrete topology.
(b) B =[1,00) in the Euclidean line.
(¢) C={(x,y) € R?:x > 0} in the Euclidean plane.
(d) D= ([0,2] x [-1,1]) - {(0,0)} in the Euclidean plane.

2. For X = (0,3) in the Euclidean line, find open covers with the indicated property.
(@) C has exactly one finite subcover.
(b) Disaninfinite collection, and has exactly one finite subcover of cardinality 3.
(c) & has no finite subcover.
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10.

11.

12.

13.

14.

Suppose X is a set. Describe the compact subsets of X if

(@) X has the discrete topology.

(b) X has the indiscrete topology.

(c) X has the cofinite topology.

(d) X is finite and has any topology.

(e) X = R with the right ray topology.

Give (0,1) and [0,1] the Euclidean topologies. Find the functions described or
prove that no such function can exist.

(a) A continuous surjection f : (0,1) — [0, 1].

(b) A continuous surjection g : [0,1] — (0, 1).

Show that no two of subsets of the Euclidean plane shown below are homeomor-
phic.

A B C D E

Give an example of a compact set which is not closed.

Give an example of a Hausdorff topological space X and a nonempty proper subset
A which is open and compact. Can such an example be connected? Explain.

Let d be the Euclidean metric on R? and define the post office metric p on R? by

0 ifa = b,
p(ab) = { d(a,0)+d(0,b) ifa+b.
(@) Which subspaces of (R?, p) inherit the discrete topology?
(b) Discuss the limits of the sequences ((%, 1));2; and ((%, (0)) e
(c) Show that the subset [-1,1]? is closed and bounded, but not compact in

(R% p).

(a) Prove that the union of finitely many compact sets is compact.
(b) Show that the union of arbitrarily many compact sets need not be compact.
Prove that the intersection of arbitrarily many compact subsets of a Hausdorff
space is compact.
Let X = [0,1] be the unit interval in R with the topology having basis {{x} : 0 <
x < 1} u{[0,1]}. Find two compact subsets of X whose intersection is not compact.
Suppose 7 and T are topologies on X with 7. coarser than 7. Show that if (X, 75)
is compact, then 7. is compact.
Does the converse of Theorem 5.1.9 hold? That is, if X; x - - - x X, is compact, must
each X; (i = 1,...,n) be compact? Provide a proof or counterexample.
Prove that any continuous bijection f from a compact space X to a Hausdorff space
Y is a homeomorphism.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
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Suppose A is a compact subset of the Euclidean line R. Show that every sequence
(x,) in A has a subsequence converging to a point of A.
Suppose A is a compact subset of X, B is a compact subset of Y, and W is an open
set in the product X x Y which contains A x B. Show that there exist open sets
UcXandVcYwithAxBcUxVcW.
Show that every compact metric space is separable. That is, show that every com-
pact metric space has a countable dense subset.
Suppose the sets X; and X, are countably infinite and (X;, 77) and (X,, 7,) are com-
pact Hausdorff topological spaces with exactly one point which is not isolated.
Show that X; and X, are homeomorphic.
(@) Show that the assumption that (X;, 7;) and (X,, 7;) are Hausdorff is necessary
for the result of Exercise 18.
(b) Show that the assumption that (X;, 7;) and (X,, 7;) are compact is necessary
for the result of Exercise 18.
The extreme value theorem was stated for real valued functions whose domain
was a compact and connected set in R. Prove the following more general version:
A is a compact subset of the Euclidean space R" if and only if every continuous
function f : A — R has a maximum value and a minimum value over A.
If X is any topological space and Y is compact, show that the projection function
m : X x Y — Xis a closed mapping.
Use the result of Exercise 21 to show that if Y is compactand f : X — Y isa
function, then f is continuous if its graph G = {(x,f(x)) : x € X} isclosedin X x Y.
(Compare to Exercise 21 of Section 3.2.)
Prove that the converse of Exercise 22 holds if Y is also assumed to be Hausdorff.
That is, prove the closed graph theorem: If Y is compact and Hausdorffand X is any
topological space, f : X — Y is continuous if and only if its graph G = {(x,f(x)) :
x € X}isclosedinX x Y.
Suppose X is a nonempty compact Hausdorff space and f : X — X is contin-
uous. If f™ represents the composition of f with itself n times, show that 7 =
FX),f2X),fP(X),.. .} has the finite intersection property, and show that there
exists a nonempty closed set A with f(A) = A.
(The Cantor set) The Cantor set is the subspace of the Euclidean line defined as
follows. Let C; = [0,1]. Remove the open middle third to get C, = [0, %] u [%, 1].
Remove the open middle thirds of the two intervals in C, to get C; = [0, %] U
[é, %] u [%, %] U [8,1]. Having defined C,, we remove the open middle thirds of
each interval in C, to form C,,;. Now the Cantor set (or Cantor middle-thirds set)
is C = Npen Cn- Note that in ternary (base 3) notation, a number in [0, 1] has rep-
resentation 0.d;dyd;--- = d; - 37" +d, - 3% +d; - 37 + ---. Removing the mid-
dle third (%, %) of C; removes the numbers with d; = 1, leaving those with d; =
0 or 2. Removing the middle thirds of C, removes those numbers with d, = 1,
and so on. Thus, the Cantor set (or Cantor ternary set) consists of the real num-
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bers in [0, 1] which can be represented in base 3 as Y.y d,,37" where d,, € {0,2}

for all n. (Note that non-uniqueness of representation allows that some of these

numbers might be represented using 1’s as well. For example, in base 3, 0.02 =

0.10.)

(a) Show that the Cantor set C is compact.

(b) Show that C is uncountable.

(c) IfL,is the combined length of the intervals in C,, show that lim,_, L, = 0.
(This shows that the Lebesgue measure of the Cantor set is zero.)

(d) Show that the connected components of C are the singletons.

(e) Show that C is homeomorphic to the product [],n{0,2} with the product
topology, where {0, 2} has the discrete topology.

26. Let B={(a,b)U(3,2):0<a<b}u{[0,b)U(3,00):b >0}

(a) Show that B is a basis for a topology 7 on X = [0, c0).

(b) Show that (X, 7)) is not Hausdorff by exhibiting distinct points which cannot
be separated by disjoint neighborhoods and by exhibiting a sequence which
has more than one limit.

(c) Which convergent sequences have unique limits?

(d) Determine whether (X, 7") is compact or not. Prove your answer.

5.2 Compactness in metric spaces

In the previous section, compactness was motivated as one way to quantify that a
topological space has no “missing points”. The open cover definition of compactness
is a powerful tool developed over time. It is perhaps no surprise that historically, the
open cover definition was not the first attempt to quantify that a space has no missing
points. Many of the first instances motivating the need to quantify compactness oc-
curred in metric spaces, and particularly in Euclidean spaces. In this section, we will
investigate some other useful characterizations of compactness in metric spaces.

In Section 1.6, we defined a limit point of a subset A of a topological space X to be
a point a € X such that every neighborhood of a intersects A in a point other than a.
Thus, a is a limit point of A if and only if a € cl(A - {a}).

Definition 5.2.1. A subset Y of a topological space X is limit point compact if every infi-
nite subset of Y has alimit pointin Y. A subset Y of a topological space X is sequentially
compact if every sequence in Y has subsequence converging to a point of Y.

Both of these new versions of compactness may be interpreted as conditions to
eliminate missing “limits”. For example, let Y = (0, 1) with the Euclidean topology.
The infinite subset A = {1/n : n € N,n > 2} is an infinite set in Y with no limit point
in Y, so (0,1) is not limit point compact. Similarly, the sequence (1/n),c in Y has no
subsequence converging to a point of Y, so Y is not sequentially compact. We will see
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that in a metric space, limit point compactness, sequential compactness, and com-
pactness are equivalent. Before turning to metric spaces, we note some implications
which hold in arbitrary topological spaces.

Theorem 5.2.2.
(a) Ifatopological space X is compact, then it is limit point compact.
(b) Ifatopological space X is sequentially compact, then it is limit point compact.

Proof. (a) We will show the contrapositive. If X is not limit point compact, then there
exists an infinite subset A of X which has no limit points. Then, for every x € X, there
exists an open neighborhood U, of x with U, N A ¢ {x}. Now C = {U, : x € X} isan
open cover of X. Since each U, covers at most one element of A, any finite subcollec-
tion of C cannot cover the infinite set A, so C has no finite subcover. Thus, X is not
compact.

(b) Suppose X is sequentially compact and A is an infinite subset of X. Now
A must contain a countably infinite sequence (a,) of distinct terms. If a is a limit
of a subsequence of (a,), then every neighborhood of a contains a tail of the se-
quence (a,) and thus intersects A in a point other than a. Thus, a is a limit point
of A. O

Example 5.2.3 (Limit point compactness does not imply compactness). Give Z the
topology having basis B = {{2n,2n + 1} : n € Z}. The basis B is an open cover of Z with
no finite subcover, so this space is not compact. However, given any infinite subset A
of Z,if 2n € A, then 2n + 1is a limit point of A and if 2n + 1 € A, then 2n is a limit point
of A. Thus, the space is limit point compact.

Theorem 5.2.4. A metric space X is limit point compact if and only if it is sequentially
compact.

Proof. By Theorem 5.2.2, we need only show that limit point compactness in a met-
ric space implies sequential compactness. Suppose the metric space X is limit point
compact and (x,,) is a sequence in X. If the set of terms {x,,} is a finite set, then by
the pigeonhole principle, one term must be repeated infinitely often, and this gives a
constant subsequence, which must converge. So, suppose the set of terms A = {x,}
is infinite. Then A has a limit point a. Not only does every neighborhood U of a in-
tersect A — {a}, but this intersection must be infinite, for otherwise, if € is the dis-
tance from a to the closest point of U n (A - {a}), then we have the contradiction
that U n B(a,e) n (A - {a}) = 0. Pick a; € B(a,1) n (A — {a}). Since a; € A, we have
a; = Xp, for some m; € N. Among the infinitely many elements of B(a, 1/2) n (A - {a}),
pick one a, such that a, = x,,, for some m, > m;. Continuing inductively, picking
a; € (B(a, 1/))n(A—-{a})) - {x, X3, ..., a3, ..., @y, ..., a;_1}, we define a subsequence (a,)
of (x,,) which clearly converges to a. O
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By Theorems 5.2.2 and 5.2.4, to show that limit point compactness, sequential
compactness, and compactness agree in a metric space, it only remains to show that
sequential compactness implies compactness. For this step, we present a definition
and some lemmas.

Definition 5.2.5. A metric space X is totally bounded if for every € > 0, the open cover
{B(x,€) : x € X} of X has a finite subcover.

Lemma 5.2.6. Every sequentially compact metric space is totally bounded.

Proof. Suppose to the contrary that X is a sequentially compact metric space and there
exists € > 0 such that the open cover {B(x, €) : x € X} of X has no finite subcover. Select
asequence (x,,) in X by choosing x; € X, x, € X-B(x,¢€), x3 € X—(B(x;, €)UB(x,, €)), and
in general, x,, € X—(J{B(x;,€) : i = 1,...,n—1}. Note that, since the cover {B(x, €) : x € X}
of X has no finite subcover, we are guaranteed that X — [ J{B(x;,€) :i=1,...,n—-1} #
@. Furthermore, by the selection, x,, is not within ¢ of any of the points x;,...,x,_1,
and thus d(x]-,xk) < gif and only if j = k. Now we claim that the sequence (x,,) has
no convergent subsequence. If (x,) has a subsequence converging to a € X, then the
ball B(a, £/2) should contain distinct terms x;, x; of the sequence (x,,). Then d(x;, x;) <
d(x;,a) + d(a,x;) < €/2+¢&/2 =g, contrary toj + k. O

Lemma 5.2.7. If X is a sequentially compact metric space and C is an open cover of X,
then there exists a number § > O such that, for any x € X, there exists U € C with
B(x,6) € U. The number 6 is called the Lebesgue number of C.

Proof. Assume to the contrary that X is sequentially compact, C is an open cover of X,
but for any § > O there exists x € X with B(x,6) ¢ U for any U € C. In particular, for
any n € N, we may select x,, € X with B(x,,1/n) ¢ U for any U € C. Let a be a limit
of a subsequence of (x,), and pick U, € C with a € U,,. Since U, is open, it contains
B(a,1/k) for some k € IN. Now B(a, 1/(2k)) must contain a tail of the subsequence of
(x,) converging to a. Pick n > 2k with x,, € B(a,1/(2k)). Now y € B(x,,1/n) implies
d(y,x,) < 1/n < 1/(2k) and x,, € B(a,1/(2k)) implies d(x,,a) < 1/(2k). It follows that
d(y,a) < d(y,x,) + d(x,,a) < 1/k,soy € B(a,1/k) ¢ U,. Thus B(x,,1/n) ¢ U,, contrary
to the choice of x,,. O

Theorem 5.2.8. In a metric space X, compactness, limit point compactness, and se-
quential compactness are equivalent.

Proof. With Theorems 5.2.2 and 5.2.4, it remains to show that sequential compactness
implies compactness. Suppose the metric space X is sequentially compact. To show
X is compact, suppose C is an open cover of X. By Lemma 5.2.7, there exists 6 > 0
such that, for any x € X, B(x,6) ¢ U for some U € C. Since X is totally bounded
(Lemma 5.2.6), the open cover {B(x,§) : x € X} has a finite subcover {B(x;, 8)}.-,. For
eachi = 1,...,n, pick U; € C with B(x;,8) ¢ U;. Now {U;}L, is a finite subcover of C.
Thus, X is compact. O



5.2 Compactness in metric spaces = 127

The three notions of compactness discussed all say that, in some sense, the space
has nothing missing. The three notions of compactness were topological properties,
and they were equivalent in metric spaces. We now turn to the notion of completeness,
which is also way to say that, in another sense, no points are missing from a metric
space. Completeness is only defined for metric spaces, and requires the following def-
inition.

Definition 5.2.9. A sequence (x,) in a metric space X is a Cauchy sequence if for every
€ > 0, there exists n € N such that d(x;, x;) < e forallj, k > n.

For comparison, recall that a sequence (x,) in a metric space converges to a limit
L if for every € > 0, there exists n € N such that d(x]-, L) < eforj > n. Thus, the terms of
a convergent sequence are eventually arbitrarily close to the limit L, while the terms
of a Cauchy sequence are eventually arbitrarily close to each other.

Theorem 5.2.10. Every convergent sequence in a metric space is a Cauchy sequence.

Proof. Suppose the sequence (x,,) converges to L in a metric space. Given € > 0, there
exists n € IN such that j > n implies d(x]-,L) < g/2. Now for j, k > n, we have d(x]-,xk) <
d(x;, L) + d(L,x;) < €/2 + ¢/2 = €. Thus, (x,) is a Cauchy sequence. O

The converse of Theorem 5.2.10 fails: A Cauchy sequence may not converge. For
example, in the set Q of rational numbers with the Euclidean metric, consider the
sequence (p,)ne; = (3.1,3.14,3.141, 3.1415, 3.14159, . . .) whose nth term p,, is the value of
7 truncated n places to the right of the decimal. Now as a sequence in the Euclidean
line R, (p,) converges to 7, and thus by Theorem 5.2.10, (p,,) is a Cauchy sequence in RR.
Since Q carries the same metric as R, (p,) is a Cauchy sequence in Q. However, (p,)
does not converge in Q; its “limit” 77 is not an element of Q.

This example is typical. If a Cauchy sequence does not converge in a metric
space X, then in some sense the “intended limit” is missing from the metric space.
This prompts the following definition.

Definition 5.2.11. A metric space X is complete if every Cauchy sequence in X con-
verges to a point of X.

The discussion above shows that Q with the Euclidean metric is not complete.

We have already discussed completeness of the real line in order-theoretic terms.
Axiom 0.7.4 stated that every nonempty set of real numbers bounded above has a least
upper bound, and dually. This result was called completeness of the real line, and
was given without proof. The theorem below shows that the order-theoretic concept
of completeness of the real line is equivalent to the Euclidean metric concept of com-
pleteness of the real line.

Theorem 5.2.12. The following are equivalent characterizations of the completeness of
the real line with the Euclidean topology.
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(a) Every nonempty subset of R bounded above has a least upper bound, and dually,
every nonempty subset of R bounded below has a greatest lower bound.
(b) Every Cauchy sequence in R converges.

Proof. Suppose (). If (x,,) is a Cauchy sequence, the set {x, : n € IN} of terms is
bounded above and below (see Exercise 8). For n € N, let b, = lub{x,, X;.1, Xps2> - - -}-
The sequence (b,) is a decreasing sequence, since each successive term is the supre-
mum of a smaller set. The set of terms {b,, : n € N} are bounded below, so L = glb{b,, :
n € N} exists. We will show that (x,) converges to L. Given € > 0, there exists m ¢ N
such that j, k > m implies |x; — x;| < €/4, SO {Xp, Xy, - - -} € [Xp — €/4, X,y + €/4]. Now
forj > m, we have x,,, — €/4 < X < bj < X + €4, 50 |x; - bjl < &/2. Furthermore,
since L = glb{b,, : n € N}, and (b,)) is a decreasing sequence, there exists s € N such
thatj > s implies bj € [L,L +¢€/2), so |b]- —L| < €/2. Now for j > max{m, s}, we have
IX; — L| < |x; = bj| + |b; — L| < &/2 + &/2 = &. Thus, (x,,) converges to L.

Suppose (b). Let A be nonempty set bounded above. We wish to show that A has
a least upper bound. Pick a; € A and b; € ubA. (Note that if a; = b, then b; =
lub A.) Having defined an interval [a,, b,] with endpoints a,, € A and b,, € ubA, if
[%b",bn] NA + 0, chosea ¢ [M b,] N A and set [a,1,b,,1] = [a, b,]. Otherwise,
take [y, bpy) = [ay, “322]. Either way, we have a,,; € 4, by,; € UbA, a, < @y, <
b1 < by, and by, — Ayl < b 12,,‘11 , and consequently, |by — g;| < lb 1_“1

| forallj, k > n.
We will show (a,,) is a Cauchy sequence. Given e > 0, pickm € ]Nsuch that 2 lzmall < g/
Now for j, k > m, we have la; — ail < la; - bpstl + 1bpar — axl < €/2 + €/2 = €. Thus,
(ay,) is a Cauchy sequence, and similarly, (b ) is Cauchy. Thus, both sequences (a,)
and (b,) converge, and |b,,; — ay.4] < b ==t il implies lim,,_,, |b,, — a,| = 0, so (a,,) and
(by,) converge to the same limit, which we will call L. Now if x < L < y, then there are
points a, € A, b, e ubAwithx <a, <L <b, <y,sox ¢ ubAandy # lubA. Thus,
L = lub A. Dually, every nonempty set of real numbers bounded below has a greatest
lower bound. O

Note that we have not proved that the real line is complete; we have merely shown
that the two descriptions of this property are equivalent. The proof that R is com-
plete would require a formal construction of the real numbers. The rational num-
bers are easily constructed from N by introducing an additive identity, additive in-
verses, and multiplicative inverses of non-zero elements. In one formal construction,
the real numbers are defined to be equivalence classes of Cauchy sequences of ratio-
nal numbers under the equivalence (x,) = (y,) if and only if lim,_, [y, — x,| = O
in Q. Thus, the real number 7/8 is defined to be the collection of equivalent Cauchy
sequence of rationals, including (7/8),, and (7/8 — 1/n)s2;, which converge to 7/8,
and 7 is defined to be the collection of equivalent Cauchy sequence of rationals, in-
cluding (3.1,3.14,3.141,3.1415, ...), which after having defined R, would be described
as “converging to ”. With much effort, it can be shown that this construction of the
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real numbers satisfies condition (a) of Theorem 5.2.12, and the topology arises from
the expected metric.

The connection between completeness and compactness in a metric space is given
by the following result.

Theorem 5.2.13. A metric space is compact if and only if it is complete and totally
bounded.

Proof. Suppose the metric space X is compact. Then it is sequentially compact (The-
orem 5.2.8) and thus is totally bounded (Lemma 5.2.6). To see that the sequentially
compact metric space X is complete, suppose (x,,) is a Cauchy sequence in X. This se-
quence must have a subsequence (x,(,) converging to a limit L (where g : N — Nisa
strictly increasing function). We will show that the sequence (x,,) itself must converge
to L. Given € > 0, there exists n € IN such that k > n implies d(xs), L) < &/2. Also,
there exists m € IN such that j, k > m implies d(x]-,xk) < g/2. Now for j, k > max{m, n},
d(xj,L) < d(xj,xo(k)) +d(Xga, L) < €/2 + €/2 = €. Thus, (x,) converges to L and X is
complete.

Conversely, suppose X is complete and totally bounded. To see that X is compact,
we will show that it is sequentially compact. Suppose (x,) is a sequence in X. By to-
tal boundedness, the open cover {B(x,1) : x € X} by balls of radius 1 has a finite
subcover {B(x;, 1)}1',. By the pigeonhole principle, at least one element of this finite
subcover, say B(x;,1), contains x,, for infinitely many values of n. Thus, B(x;,1) con-
tains an infinite subsequence (Xg,(n)) of (x,). Now the open cover {B(x,1/2) : x € X}
by balls of radius 1/2 has a finite subcover {B(x;, 1/2)}[",, and one element of this sub-
cover must contain an infinite subsequence (X, (m)) of (Xg,(n))- Iterating, the open cover
{B(x,1/3) : x € X} by balls of radius 1/3 has a finite subcover {B(x;, 1/3)}ff:1, one ele-
ment of which contains an infinite subsequence (x,,,)) of (X,,(,)). Continuing in this
manner, consider the subsequence (X, (1), Xq,(2)» X, (3)> - - )- BY the construction, for any
j, k = 2n, both Xg,() and Xg, (k) lie in a ball B(x;,1/(2n)) so d(Xa,.(j)> X, () < 1/n. Thus, the
subsequence (xoj(j)) of (x,,) is a Cauchy sequence, and by the completeness of X, it con-
verges. Thus, X is sequentially compact. O

Exercises

1. Let X be an infinite set with the cofinite topology. Is X limit point compact? Is X
sequentially compact? Prove your answers directly from the definitions.
2. Compactness does not imply sequential compactness. Find the flaw in this
“proof” that compactness implies sequential compactness:
Suppose X is not sequentially compact. Then there exists a sequence (x,) in X which has
no convergent subsequence. In particular, the sequence (x,,) itself does not converge to any

x € X,soforany x € X there exists an open neighborhood U, of x which contains only finitely
many terms of (x,,). Now {U, : x € X} is an open cover of X, but any finite subcollection only
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10.

11.

12.
13.

14.

15.
16.

17.

covers finitely many terms of the sequence (x,,) and thus is not a cover of X. Thus, X is not
compact.

Show that every closed subset of a sequentially compact topological space is se-

quentially compact.

Suppose X is a sequentially compact metric space and A € X. Show that A is se-

quentially compact if and only if A is closed.

Show that every closed subset of a limit point compact topological space is limit

point compact.

Suppose X is a limit point compact metric space and A ¢ X. Show that A is limit

point compact if and only if A is closed.

Show that the continuous image of a limit point compact topological space is limit

point compact.

Suppose (x,,) is a Cauchy sequence in a metric space X. Show that the set {x,, : n ¢

IN} of terms is bounded.

(a) Show that the Euclidean line R is complete if and only if [a, b] is complete for
every compact interval [a, b] € R.

(b) Together with (a), Theorem 5.1.4 and Theorem 5.2.13 may seem to prove that
the Euclidean line is complete. Looking over the proofs of those theorems,
explain why this does not give a valid logical proof that the Euclidean line is
complete.

Suppose X is a metric space in which every closed and bounded subset is compact.

Show that X is complete.

(a) Show that every totally bounded metric space is bounded.

(b) Find an example of a metric space which is bounded but not totally bounded.

(c) Show that a subset of Euclidean space R" is bounded if and only if it is totally
bounded.

Prove that (0, 1) with the Euclidean metric is totally bounded but not compact.

(a) Prove that (0, 1) with the Euclidean metric is not sequentially compact directly
from the definition of sequentially compact.

(b) Prove that (0,1) with the Euclidean metric is not sequentially compact by
showing that the conclusion of Lemma 5.2.7 fails.

Let X = [0, 1] with the Euclidean metric. For the each open cover of X below, find

a Lebesgue number.

(@ C={1/n1]}32; u{[0,1/4)}

(b) D ={[0,1/2+1/n)}>, U {(1/2-1/n, 1},

Give an example of a complete metric space which is not totally bounded.

Let X = (0,1) with the discrete metric, Y = (0, 1) with the Euclidean metric, and

f : X — Y be the function f(x) = x. Complete the details that this shows the

continuous image of a complete metric space need not be complete.

Suppose X is a complete metric space and A ¢ X. Must A be complete? If A is

closed, must A be complete?
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18. Suppose (x,,) and (y,) are Cauchy sequences in Q. Without appealing to the fact
that (x,,) and (y,,) must converge to real numbers which may not be in Q, show
(@) (x, —y,) is a Cauchy sequence in Q.
(b) (Ix,]) is a Cauchy sequence in Q.

19. Repeat Exercise 18, appealing to the fact that (x,,) and (y,,) must converge to real
numbers which may not be in Q.






6 Metric spaces and real analysis

6.1 Metric spaces

The Euclidean metric topology generated by a basis of balls is the most basic motivat-
ing example for the study of topology. We start with a brief review of some results on
metric spaces. Recall that a metric on a set X is a function d : X xX — [0, co) such that
(@) d(x,y) = 0forall x,y € X (nonnegativity);

(b) d(x,y) = 0ifand onlyifx = y;

(c) d(x,y) =d(y,x) for all x,y € X (symmetry);

(d) dix,y) <d(x,z) +d(z,y) forall x,y,z € X (triangle inequality).

The pair (X, d) is a metric space. The e-ball B(x, €) consists of all points y € X which are
less than € away from x. If (X, d) is a metric space, the collection B = {B(x,¢€) : x € X,
€ > 0} of all balls is a basis for the metric topology on X.

Metric spaces were introduced by Maurice Fréchet in his Ph. D. thesis in 1906.

In the discussion and exercises of Section 1.1, we defined three metrics on the

plane:
the Euclidean metric ~ d((x,y),(a, b)) = \/(x — a)? + (y - b)?,

the sup metric  m((x,y),(a, b)) = sup{lx —al,ly - bl}, and
the taxicab metric ~ t((x,y),(a, b)) = [x —a| + |y - b|.

The &-balls in these three metrics on R? are shown in Figure 6.1.

______________

Figure 6.1: B(x, €) in the Euclidean, sup, and taxicab metrics.

Recall (Theorem 1.4.10) that one topology 7 on X is finer than another 7 if for each
basic 7. neighborhood V' of x € X, there exists a basic 7 neighborhood of x contained
in V. Since each round (Euclidean) ball around x contains a square (sup-metric) ball,
which contains a diamond (taxicab-metric) ball, which contains a round ball, we see
that these three metrics on R? generate the same topology.

In Section 5.1, we defined a bounded subset of a metric space X to be a set A such
that A is contained in some ball B(x, N). It is easy to show that A is bounded if and only
if theset S = {d(x,y) : x,y € A} is a bounded subset of R, that is, if there exists M € R

https://doi.org/10.1515/9783110686579-007
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with S ¢ [-M, M]. If (X, d) is a metric and the set X itself is bounded, then we say d is a
bounded metric on X. The Euclidean metric d on R is not a bounded metric. Given any
potential bound M > 0, we can find points such as x = 0 and y = 2M which are farther
than M units apart. However, if we truncate all distances greater than 1 by taking

d(x,y) = min{d(x,y), 1},

then one can verify that d is a bounded metric. (Only the triangle inequality is non-
trivial to verify.) This metric d is called the standard bounded metric associated with d.
Furthermore, if € < 1, then the e-balls in d and d agree. Since it is the balls with small
radii which are most important in defining the basis for a topology, d and d generate
the same topology. (See Exercise 2.)

Thus, metrics with very different properties may generate the same topology.

A significant question in topology has been the question of which topological
spaces are generated by some metric; that is, which topological spaces are metrizable.
Since every metric space is Hausdorff, any topological space which is not Hausdorff
will not be metrizable. The idea of the taxicab metric provides the basis for the proof
of the next result.

Theorem 6.1.1. If (X,dy) and (Y,dy) are metric spaces, then X x Y with the product
topology is metrizable.

Proof. Consider the function d : (X x Y)? — [0,00) defined by d((x,y),(a, b)) =
dx(x,a) + dy(y,b). It is easy to see that d is nonnegative, symmetric, and d((x,y),
(a,b)) = 0if and only if (x,y) = (a, b). The triangle inequality follows by applying the
triangle inequality in both coordinates: for any (x,y), (a, b), (z,w) € X x Y,

d((x,y),(a,b)) +d((a, b), (z,w)) = dx(x,a) + dy(y,b) + dx(a,z) + dy(b,w)
> dx(x,z) + dy(y,w)
=d((x,y), (z,w)).

For (x,y) € X x Y, a basic neighborhood of (x,y) in the product topology has form
Bx(x,€) x By(y,€). Now (z,w) € B((x,y),¢) implies z € Bx(x,&) and w € By(y,€), so
B((x,y),€) € Bx(x,&) x By(y, €), so the metric topology on X x Y is finer than the prod-
uct topology. However, (z,w) € Bx(x,&/2) x By(y, &/2) implies d((x,y), (z,w)) < &, so
Bx(x,€/2) xBy(y,€/2) € B((x,y),€), showing that the product topology is finer than the
metric topology. Thus, the topologies agree, and this shows that the product topology
is metrizable. O

In any interpretation of sequential convergence, x,, — x should occur if and only
if the terms x,, are getting close to x. Thus, the following result is expected.

Theorem 6.1.2. If (x,,),en iS a Sequence in a metric space (X, d), then x,, — x if and only
ifd(x,,x) — 0.
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Proof. The following statements are equivalent:
Xy = X.
For any € > 0, there exists N € N with x,, € B(x, ) foralln > N.
For any € > 0, there exists N € N with d(x,,,x) < eforalln > N.
For any € > 0, there exists N € N with d(x,,,x) € B(0,¢) foralln > N.
d(x,,x) — 0. O

Thus, if (x,, x) = (x,x), then d(x,,x) — d(x,x). In the proof of the next result, we
show that a metric d preserves limits of all sequences and thus (by Theorem 3.1.7) is a
continuous function.

Theorem 6.1.3. Suppose (X, d) is a metric space and (x,,y,) — (x,y) in X x X. Then
d(x,, yn) — dx,y), and thus the metricd : X x X — [0, co) is continuous, where [0, co)
carries the Euclidean metric.

Proof. Suppose (x,,y,) — (x,y)in XxX. Since the projection functions are continuous,
X, — xandy, — yin X. Thus, given € > 0, there exist N;, N, € N such thatn > N;
implies d(x,,,x) < €/2and n > N, implies d(y,;,y) < €/2. Now for n > N = max{N;, N,},

d(x,, ¥p) < d(xp, x) +d(x,y) + d(y, yp) < €/2+d(x,y) + £/2.

Subtracting d(x, y) from both sides of this inequality shows d(x,,y,) - d(x,y) < €. Sim-
ilarly, forn > N,

dx,y) < dx,x,) + d(Xp V) + A Y) < €/2+ d(Xy, Yy) + €/2,

which gives d(x,,y,) — d(x,y) > —¢. Together, this shows that, for every € > 0, there
exists N € N such that |d(x,,,y,) — d(x,y)| < € forall n > N. Thus, d(x,,,y,) — d(x.,y),
and since d preserves limits, d is continuous. O

Most of the metrics we have seen have described distances between points of R".
We now look at metrics on sets of other kinds of objects.

Example 6.1.4 (The Hamming metric). Let X = {0, 1}" be the set of all binary n-tuples.
An element of X has form (x;,x,, .. .,x,) where each x; is either O or 1, and is called a
binary word of length n. The Hamming distance between two binary words of length n
is the number of places in which the words differ. That s, if x,y € X withx = (x;,...,x,)
andy = (yy,....yp), thendy(x,y) = |{i € {1,...,n} : x; # y;}|. For example, on the set of
binary words of length 11, comparing

x = (1, 1, 1, 1, 0, O O, 1, 1, 1, 1) and
y =0 1 0 1 0 1 0 1 0 1 1,
X X X X

we see that x and y differ in four places, so dg(x,y) = 4.
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The Hamming metric is the basis for error-correcting codes. Suppose we wish to
transmit combinations of the letters A, B, C, D, and E. We may agree beforehand to rep-
resent these letters by the binary words

A=(1,11,11,111111)
B=(1,11110,0,0,0,0,0)
¢=(0,0,0,0,0,1,1,1,1,1,1)
D=(1,110,0,0,0,0,1,1,1)
E=(0,0,0,1,1,1,1,1,0,0,0).

Since we will only send these letters, we are restricting our attention to the
subspace Y = {A,B,C,D,E} of X = {0,1}!'. Now it is easy to check that the small-
est distance between any distinct pair of these binary words is 5, so for distinct
words y,z in our subspace Y, we have B(y,3) n B(z,3) = 0. That is, for any y € X,
we have B(y,3) N Y = {y}. If a received message includes the binary word w =
(1,0,0,0,0,1,1,1,1,0,1) ¢ Y = {A,B,C,D,E}, we would observe that w differs from
C in two positions, so w € B(C,3). Since B(C,3) n' Y = {C}, if we assume that the
received word has fewer than three incorrect binary digits, we must conclude that the
incorrect w should have been C.

We present an application of the Hamming metric to the mathematical study of
social choice. Suppose several individuals each rank k options. For example, fellow
travelers may rank points of interest to visit on a 3-day trip to Paris, employees may
rank items for budgetary preference, or voters may rank candidates. For our purposes,
aranking will be a strict total order <, so each individual specifies the first choice, sec-
ond choice, and so on until the last choice, with no ties. Such a ranking P on k options
{a;,a, . ..,a;} can be specified by the binary vector (P) formed by going through the
(’2‘) distinct pairs (a;, ¢;) in a specified order and recording 1if a; < a; and 0 otherwise.
Then, we may use the Hamming metric to measure the distance between two rankings.
Formally, if P is a ranking of {a;, a,, ..., a;}, we take

(P) =(P(ay,ay), P(aj,a3), P(ay,a,), , P(ay, ay),
P(a2> a3)’ P(a2) a4)’ e ’ P(a2> ak)’

P(ay_y ax_y), Play_y ar),
P(aj_y, ay)),

where P is viewed as the strict total order < and

1 ifag;<gq

P iy : = .
(@, a) { 0 ifa ¢ a.
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Given two rankings P, Q of the k options, the Kemeny distance (or Kendall tau distance)
between them is K(P,Q) = dy({P),{(Q)). Table 6.1 shows the six strict total orders
Py,...,Pg on {a,, a,,as} and their associated binary vectors.

Table 6.1: Binary vectors associated with the six rankings of {ay, a,, as}.

Label Order ( Pi(ay,ay), P;(ay, a3), P;(ay,as3) )
Py ai <a, <das ( 1, 1, 1 )
P, ai; <as <a, ( 1, 1, 0 )
P3 a, <aq <das ( 0, 1, 1 )
P, a, <as <da, ( 0, 0, 1 )
Ps a3 <a; <d, ( 1, 0, 0 )
Pe as; <a,<a, ( 0, 0, 0 N

Now we see, for example, that
K(PZ)PS) = dH(<P2>) <P5>) = dH((L 1) 0>: <1: 0) 0)) =1

If eight individuals place their ranking of three candidates into a ballot box,
the contents of the ballot box might be: P;, P, P5, P3, P,, Pg, Pg, Pg. This collection
of rankings, with appropriate multiplicities, is called a profile, and is denoted m =
{{Py, Py, P3, P35, P, P, Pg, Pt} or 1 = {Pilicymys where {{I}} = {{1,1,3,3,4,6,6,6}}. The
double set-brackets indicate that we are not merely denoting a set of elements, but a
set of elements listed with the appropriate multiplicities; that is, a multiset. A stan-
dard goal would be to take the rankings of all individuals, that is, a profile &, and
aggregate them into a single societal ranking which is “most acceptable”. Since the
distance K(R, P;) gives a measure of how unhappy someone who prefers the ranking
P; would be with the ranking R, we may say that a ranking R is the most acceptable
societal ranking from a profile 71 = {P;};c(y; if the sum u(R, ) = ¥y K(R, Py) of the
unhappiness is minimum. Such a ranking R is called a Kemeny ranking for the profile.

Example 6.1.5. Given the rankings of {a;, a,, a;} listed in Table 6.1 and the profile 7 =
{{Py, P, P3, P3, P,,, Pg, Pg, Pg}}, we note that, fori = 1,..., 6, if m; is the multiplicity of P;,

u(P;, 1) = mK(P;, P,) + myK(Py, Py) + - -+ + mgK(P;, Py)
=2K(P,, P,) + 2K(P;, P;) + K(P;, P,) + 3K(P;, Py).

Calculating the distances K(P;, P;) from Table 6.1, we find

u(Py,m)=2(0)+2(1)+2+33) =13,
u(Py,m) =2(1)+22) +3+3(2) =15,
u(P3;,m)=2(1) +2(0) +1+3(2) =9,
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uP,,m)=22)+21)+0+3(1) =9,
U(Ps,m) =2(2) +2(3) + 2+ 3(1) = 15,
u(Pg,m) =23) +2(2) +1+3(0) = 11.

Since P; and P, produce the minimum value of the unhappiness sum u(P;, ), each
of them is a Kemeny ranking for the profile 7. In particular, we note that a Kemeny
ranking need not be unique.

It is known that Kemeny rankings are NP-hard to compute, even for profiles of four
rankings.

The Hamming metric measured the distance between words of the same length
formed from a binary alphabet {0, 1}. We turn to a metric which measures distances
between words of arbitrary finite length formed from larger alphabets.

Example 6.1.6 (The Levenshtein metric). If you misspell a word in a word processor,
the spell-checking software may suggest words in its dictionary which it thinks are
close to what you typed. One way to measure closeness of two words is to find the
minimal number of insertions, deletions, and replacements to get from one word to
the other. For example, if you intended to transmit “CAT” but “CAGE” was received,
then the error introduced one replacement (“G” for “T”) and one insertion (“E”). There
are other sequences of errors which could have resulted in the transformation of CAT
to CAGE, such as changing T to N, changing N to G, inserting Z and changing Z to E. The
minimal number of insertions, deletions, and replacements to transform CAT to CAGE
is 2, and this will be the Levenshtein distance between the words. The Levenshtein
distance between finite words x and y is

d; (x,y) = the minimum number of (deletions, insertions, and replacements)

required to change x to y.

For example, d;(CAT,CAGE) = 2, d;(CAT,HAT) = 1, d;(CAT,AT) = 1, and
d; (CAT,IT) = 2.

Vladimir Levenshtein introduced this metric in a 1966 paper in Russian [33]. In
1964, Fred Damerau [12] introduced a very similar metric in which the distance be-
tween two words is the minimum number of deletions, insertions, replacements, or
transpositions of adjacent letters. In a trial for his paper, Damerau found that 80 % of
misspelled words had distance 1 from the intended word using his metric.

A more classical usage of metrics is to measure the distance between two func-
tions. The study of functions from subsets of R to R, both with the Euclidean topol-
ogy, is an important part of real analysis. Let C[a, b] be the collection of continuous
functions f : [a, b] — R, where the compact interval [a, b] and R carry the Euclidean
topology. For the three functions f,g,h € C[a, b] shown in Figure 6.2, is g or h closer
to f?
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Figure 6.2: Which function, g or h, is closer to f?.

Suppose f represents a heating element in a windshield. Since heat disperses uni-
formly from f, the function g will be completely defrosted before h, so g would be
considered closer to f. However, if the functions represent boundary fences of a lawn,
the region between f and h can be mowed faster than the region between f and g, so
in this interpretation, h would be considered closer. In the latter interpretation, we are
simply taking the distance between two curves to be the area between them. We are
using the areawise metric (or the L' metric) metric d on C[a, b] defined by

b
df,g) = j F(x) - g(x0)| dx.

In the former interpretation, the distance between two functions is the greatest
vertical distance between them, which is the sup metric p on C[a, b] defined by

p(f.g) = sup {|f(x) - g0}
x€la,b]
Note that by considering continuous functions over the compact interval [a, b], the
extreme value theorem implies that the supremum indicated exists and is actually
realized at a point in [a, b], so in this case, the supremum is in fact a maximum. In
the sup metric, g is close to f if it is uniformly close; indeed, the e-ball B,(f,€) = {g €
Cla,b] : f(x) —€ < g(x) < f(x) + e for all x € [a, b]} consists of all functions g € C[a, b]
whose graph lies in the band between f(x) — € and f(x) + €, as suggested by Figure 6.3.

Figure 6.3: B,(f, ) consists of all functions like g, whose graph falls within the £-band above and
below f.

The sup metric is well-defined on the collection of bounded real-valued functions
on R. For classes of functions which contain unbounded functions, sup{|f(x) — g(x)| :
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x € R} may not exist (that is, may “= 0o”). Still, we should be able to recognize when
two functions f,g : R — R are uniformly close. We can do this with the bounded sup
metric p on the set of all functions from R to R defined by

p(f.g) = min{1,sup{|f(x) - gx)[}}
Xe€R

= sgﬂg{min{l, If0) —g)|}} = sgﬂg{&(ﬂx),g(x))},

where d is the standard bounded metric associated with the Euclidean metric on R,
and where we take min{l, 00} = 1. For € < 1, the e-balls in p and p agree, so these
metrics generate the same topology.

A sequence of functions f,, : R — R converges uniformly to a function f if it con-
verges to f in the metric space of all functions from R to R with the bounded sup metric.
The topology generated by the bounded sup metric is called the uniform topology. For
this reason, the bounded sup metric is also called the uniform metric.

Example 6.1.7. The sequence (f,),cn Where f, (x) = x*+cos(nx)/n converges uniformly
tof(x) = x2. Given any € > 0, pick N € N such that 1%, < €. Then, for n > N, we have

S|
A
=z~

sup{|f,(x) - f(x)| : x € R} = sup{|cos(nx)/n| : x € R} =

That is, for n > N we have f,, € B(f, €). Thus, (f,,),en cOnverges uniformly to f(x) = X2,
Some terms of the sequence are shown in Figure 6.4.

1

Figure 6.4: f,(x) = x> + cos(nx)/n forn = 1,5,9.

Exercises

1. Show that if A is a bounded subset of a metric space (X, d), then cl A is bounded.
2. Suppose (X,d) is a metric space and § > 0. Show that Bs = {B(x,€) : x € X,
0 < € < 6} is a basis for the metric topology on X.
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11.

12.

13.

14.

15.

16.
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If d is a metric on X, prove that the associated standard bounded metric d defined

by d(x,y) = min{1, d(x,y)} is a metric on X.

Suppose (X, d) is a metric space, x € X, and € > 0. The closed ball centered at x

with radius € is B(x, &) = {y € X : d(x,y) < €}.

(a) Show that the closed ball B(x, ¢) is a closed set in the metric topology on X.

(b) Show that cl(B(x,€)) < B(x, €), and give an example of a metric space (X, d) in
which cl(B(x, €)) # B(x, €) for some x € X and some € > 0.

Suppose d; and d, are two metrics on a set X.

(a) Give a proof or counterexample: The sum d; + d, is always a metric.

(b) Give a proof or counterexample: The product d,d, is always a metric.

Consider the function p : R?> — [0, co) defined by p(x,y) = max{|x - y|, |x + y|}.

Which properties of the definition of a metric are satisfied by p?

Show that an infinite connected metric space must be uncountably infinite.

Using the error-correcting code given in Example 6.1.4, decode the following erro-

neous messages.

(@ (1,1,1,1,0,1,1,0,1,1,1) (0,0,0,1,1,1,1,1,1,1,1) (0,1,0,1,0,1,1,1,0,0,0)

(b) (1,1,1,1,1,0,1,0,0,1,0) (0,0,0,0,0,1,1,1,0,0,0) (1,1,0,1,1,1,1,1,0,0,0)

Label the binary 5-tuple (d,, d;,d,,d;,dy) € X = {0, 1P by the base 10 integer

n =d,2"* +d; 2% + dyd® + d,2" + d,2° having binary digits d,, ds, dy, d;, d,. With these

labels, X = {0,1,...,31}. In the Hamming metric, find B(31, 2), B(20, 2), and B(0, 3).

With the orders on {a;, a,, a3} as in Table 6.1, find all Kemeny rankings for the pro-

file m = {{P;, P3, P3, Ps, Pg, Pg}}. Is each Kemeny ranking an element of the profile?

With the orders on {a;, a,, a3} as in Table 6.1, find all Kemeny rankings for the pro-

file = {{P;, P;, P, P,, Py, P5,P,, P, P,, P5, P, Pg}}.

If Pis aranking of {a,, ..., a;}, let P be the ranking obtained by reversing P. That

is, P’s ranking of the elements from best to worst is P”’s ranking of the elements

from worst to best; a; < @; in P if and only if a; < a; in P™. Show that if 7 is a

profile on {a, ..., a;} in which the multiplicity of P; equals the multiplicity of P;~

for every P; € m, then every ranking of {a,, ..., a;} is a Kemeny ranking.

Suppose 7 is a profile of rankings of {a;, a,, a3} and i,j are distinct elements of

{1,2,3}. If 7 only includes rankings which place g; < g;, show that any Kemeny

ranking forralsohas g; < a;. (Thatis, the Kemeny ranking of a profile of {a;, a,, a5}

satisfies the Pareto condition.)

In the Levenshtein metric, find a word whose distance from COUNC is one, and

find five words in B(COUNG, 3).

In the Levenshtein metric,

(a) IsSIXTY closer to SEVENTY or EIGHTY?

(b) Is TOPOLOGY closer to TOPOGRAPHY or BIOLOGY?

(c) Is CONNECTED closer to COMPACT or COUNTABLE?

(The prefix metric) Let S = {(x;){5 : x; € {0,1} foralli € IN} be the set of all

binary sequences. Two sequences x = (x;)i5 and y = (y;); are said to have a

common prefix of length n, denoted pre(x, y) = n, if the two sequences agree in the
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17.

18.

19.

20.

21.
22.
23.

first n terms and differ in the (n + 1)st term. The prefix metric p on X is defined by
p(x,y) = 0if x = y, and for distinct sequences x and y with a common prefix of

length n € N u {0}, p(x,y) = 1L _1

n= ey ¢

Suppose a = (1,0,1,1,1,1,1, 1? 1,.. .2), b=(10,1110,0,0,0,...),c =(1,1,0,1,0,1,
0,1,0,...),andd = (0,0,1,1,1,1,1,1,1,...).
(a) Find p(a, b), p(a, ¢), and p(a, d).
(b) Ifx = (1);2,, describe the points y with p(x,y) = %.
(c) Ifzis an arbitrary element of S, and n € N U {0}, give a verbal description of

B(z, ).
(d) Show that, for every x,y,z € S, pre(x,z) > min{pre(x, y), pre(y,z)}.
(e) Show that the prefix metric is indeed a metric on S.
An isometry is a distance-preserving function from one metric space to another.
That is, if (X, dy) and (Y, dy) are metric spaces, an isometry from X to Y is a func-
tionf : X — Y suchthat, forevery a, b € X, dx(a, b) = dy(f(a),f(b)). Show that if f
is an isometry from (X, d) onto (Y, m), then f is a homeomorphism and f 1.y oXx
is an isometry.
Letf : R*> — R? be the function which rotates a vector (x,y) € R? around the origin
through a fixed angle a. That is, in polar coordinates, f((r,8)) = (1,6 + a). Is f an
isometry (see Exercise 17) if:
(a) The domain and codomain R? carry the Euclidean metric?
(b) The domain and codomain R? carry the taxicab metric?
Forr > 0,letS, = {(x,y) € R?: x* +y* =% = {(1,0) : 6 € [0,21)} be the circle of
radius r. Let d : S, x S, — R be the function that gives the length of the shortest
arc of S, between two points. Show that d is a metric on S,.
If (X, d) is a metric space, we say that {x, y, z} € X is a degenerate triangleif d(x,z) =
d(x,y) + d(y,z). If every triangle in a metric space is degenerate, one might ex-
pect that the metric space is isometric to a subspace of the Euclidean line (see
Exercise 17). This is true except for one class of 4-point spaces. (For more details,
see [40].)
Let d be the arc length metric on the unit circle S; defined in Exercise 19. Consider
the 4-point subspace X = {(r,0) : r = 1,0 € {0, 1/4,7,5m/4}} of S;.
(a) Show that every triangle in (X, d) is degenerate.
(b) Show that (X, d) cannot be realized as a subspace of the Euclidean line.
Confirm that d(f,g) = j: If (x) — g(x)| dx defines a metric on C[a, b].
Confirm that p(f, g) = sup{|f(x) - g(x)| : x € [a, b]} defines a metric on C[a, b].
The bounded sup metric p on the set of functions from R to R was defined by

p(f.g) = min{l,su];R){[f(x) - g(x)|}} = su];R){min{l, [f(x) = g)|[}}.

Confirm that these two expressions for p(f, g) are equal.
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24. Consider the function h : R — R defined by

1 ifxeqQ,

h("):{ 1 ifx¢ Q.

(a) Give two continuous functions in B,(h,1.25).
(b) Prove that there is no continuous function in B,(h, 1).
25. Consider the functions f(x) = x%, g(x) = x°, and h(x) = x in C[0, 1].
(a) Determine whether f or h is closer to g in the sup metric p.
(b) Determine whether f or h is closer to g in the areawise metric d defined by
d(f.g) = [} If(0) - g0ol dx.
(c) Isf closer to g in the sup metric or in the areawise metric?
26. (Metric-preserving functions) A function f : [0,00) — [0, co) is metric-preserving
if for any metric d on X, f o d is also a metric on X.
(a) Show that f : [0,00) — [0, c0) is metric preserving if f is increasing, f(x) = 0
ifand onlyif x = 0, and f(x +y) < f(x) + f(y) for any x,y € X.
(b) If f meets the hypotheses of (a) and is continuous, show that the metrics d
and f o d generate the same topology on X.
(c) Show that f(x) = % meets the hypotheses of (a) and is continuous, so f o d
is a metric for any metric d on X. Note that (f - d)(a,b) = 15&‘&2)
bounded metric generating the same topology as the metric d.

defines a

6.2 Infinite products and functional analysis

In the Cartesian coordinate system, to visualize a point of Z>, we draw three perpen-
dicular copies of Z and find (a, b, ¢) € Z> by finding the coordinates a in the first copy,
b in the second copy, and c in the third copy. This technique will not work for products
of more than three factors since we have only 3 spatial dimensions in which to draw
perpendicular axes. For a visual interpretation which can generalize to products of
more than three factors, we may draw three parallel copies of Z and find (a, b, ¢) € Z°
by finding the coordinates a in the first copy, b in the second copy, and c in the third
copy, as suggested in Figure 6.5.

We may write the product Z’ in various forms, including [ ;. 1231 Z= 73, Now
a point of 72 has form (X1, X2, x3) = (f(1),f(2),f(3)) where x; = f(i) € Z for each i in the
index set {1,2,3}. Thus, we may view Z> = z"3 as the collection of all functions
f:{1,2,3} - 2.

For another example, the product [, R = RN consists of a copy of R for each
natural number n € N. An element of [], . R may be viewed as a vector (a,)pcn, @
sequence (a,),ens Of a function f : N — R defined by f(n) = a,, where a,, € R for
every n € N. This is the usual interpretation of a sequence (a,),j of real numbers as
afunctionf : N — R, and we graph such functions by finding the nth coordinate a,, in



144 —— 6 Metric spaces and real analysis
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Figure 6.5: The point (3,4,1) in Z x Z x Z visualized with perpendicular coordinate axes and parallel
coordinate axes.

the nth parallel copy of R. That is, given n € N to specify the coordinate in question,
we plot (n,f(n)) = (n, ay).

Similarly, [],.g[0,1] = [O, 1]® provides a copy of [0,1] for each x € R, and a
point of this product may be viewed as a vector (a,)ycg = (f(X))yer OF @ function
f : R — [0,1], where for x € R, f(x) represents the xth coordinate a,. Notice that,
since the indexing set R is uncountable, we may not think of this vector as a sequence.
Sequences are indexed by countable sets.

We formally define our notation.

Definition 6.2.1. If X is any set and I is any index set, then the Cartesian product

[Tic; X = X! of I copies of X is the collection {f : I — X} of all functions from I to X. A
function f € X! = [Lic; X may be thought of as a vector [[;.; f(i) = (f(i));c; whose ith
coordinate is f (i) = m;(f).

Our discussion of infinite products so far has been purely set-theoretic. We now
turn to topology and introduce the product topology on an infinite product. While the
notation of the previous definition considered products with all factors equal, we now
consider arbitrary products which may have different factors.

The fundamental topological property that we wish to preserve for arbitrary prod-
ucts is that the projection maps should be continuous.

Definition 6.2.2. The product topology on an arbitrary product [[;.; X; of topological
spaces (X;, 7;) is the smallest topology on [];.; X; which makes the projection maps
7; : [ ;1 Xi — X; continuous for every j € I. That is, the product topology on [];¢; X; is
the coarsest topology which includes S = {n]-’l(Uj) :jelLUje 7}}.
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Now S = {nj’l(U}-) :jeLU; €T need not be a basis for a topology on [[;; X;, but
it is a subbasis since, for any givenj € I, [ S includes nj‘l(Xj) = [1jes X;- Any topology
which makes each projection function continuous must contain S. If U; is open in X;;,
then nj‘l(U]-) has form [[;; W; where W; = X; if i # j, and W; = U;. To project into
U < X, the other coordinates are completely unrestricted; only the jth coordinate
must fall in Uj.In [Lien R, Figure 6.6 shows n;l((l, 2)).

o3
02 02
L] Ll V2
R, R, Ry R, Ry R, R, R, R, Ry R, R R¢ R, Ry Ry
(@ (b)

Figure 6.6: (a) Subbasic element rr;l((l, 2)) in [T;en R. (b) Basic element rr;l((l, 2)N n;l((\/f, 3))in
His]N R.

Now a basis is obtained by taking finite intersections of the subbasis elements from S.
This gives the following result.

Theorem 6.2.3. The product topology on [];c; X; has a basis consisting of sets of form
[Lic; W; where W; is openin X; for every i € I and W; = X; for all but finitely many indices
iel

Many familiar properties for finite products remain true for infinite products. We
list some of them here.

Theorem 6.2.4. Suppose (X;, T;) is a topological space for each i in an arbitrary index

setl,and Y = [];; X; with the product topology.

(@) Notethat a functionf : Z — Y = [[;; X; has form f(z) = [];¢; fi(z) where, fori € I,
the function f; : Z — X is the ith coordinate function. A functionf : Z — Y is
continuous if and only if each of its coordinate functions f; = m; - f is continuous.

(b) Y is Hausdorffif and only if X; is Hausdorff for every i € I.

(c) Y isconnected if and only if X; is connected for every i € I.

(d) Y is path connected if and only if X; is path connected for every i € I.

Proof. Most of these results are straightforward generalizations of the case for finite
products and are left as exercises. We will only give one of the more involved proofs,
to show that a product of connected spaces is connected.

Suppose X; is connected for every i € I. Fix a vector (a;);c; € X = [[;¢; X;. For each
finite set F € I, let Zp = {{x;);; € X : X; = a; Vi € I — F} be the set of vectors in x which
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agree with (a;);.; except possibly in the finite number of coordinates determined by F.
Now each Zj is connected since Zp = [[;cr Xi%{@j)ier—r = [ [ier Xi» Which is a finite prod-
uct of connected spaces (see Theorem 4.1.13). Let Z = | J{Z : F is a finite subset of I}.
As a union of connected spaces with a point (a;);c; in common, Z is connected (The-
orem 4.1.12). Since the closure of a connected set is connected (Theorem 4.1.10), c1Z
is connected. We will complete the proof by showing clZ = X, that is, by showing Z
is dense in X. For this, it suffices to show that every basic open set in X intersects Z.
Suppose B = [];¢; B; is a basic open set in X with B; # X; only for indices i in a finite
set F ¢ I. Pickz; € B; fori € Fand setz; = a; fori e I - F. Now (z;);c; € BNZpr CBN Z,
as needed. O

We mention one other result in this vein separately. In Theorem 5.1.9 we saw that
a finite product of compact sets is compact. A. N. Tychonoff (1906-1993) proved that
this result holds for arbitrary products.

Theorem 6.2.5 (The Tychonoff theorem). A product [];; X; of topological spaces is
compact if and only if every factor X; is compact.

Tychonoff proved a special case of the theorem in 1930 [48], and stated the gen-
eral case in a 1935 paper. Indeed, it was his 1935 paper that introduced the definition
of the product topology on infinite products. Besides being a deep theorem, the Ty-
chonoff theorem has many ramifications and applications. We will prove this theorem
in Section 7.4.

An easier way to define a topology on a product [[;; X; of topological spaces X; is
to take the collection {[] U; : U;is open in X;} as a basis, without requiring any U; to
be X;. This gives the box topology on [];.; X;. Now every basic open set in the product
topology is a product of open sets (with all but finitely many of them being the entire
coordinate), so the product topology is contained in the box topology. Unfortunately,
many of the expected results of Theorem 6.2.4 do not hold if the product is given the
box topology, as we see in Exercises 11-12 and the next example.

Example 6.2.6. Consider Y =[], . R, and f : R — Y defined by f(x) = (x,x,x,x,...),
where R has the Euclidean topology and Y has the box topology. The nth coordinate
function of f is f,,(x) = x, which is continuous. However, f is not continuous. The set
W = [Tnen(~3, 1) is an open neighborhood of (0,0,0,0,...) in the box topology. Now
f’l(W) ={xeR:fx)eW}={xeR:x¢ (—%, %) for every n € N} = {0}, which is not
openin RR.

We will now discuss a basic topic from functional analysis: convergence of se-
quences of functions from D to R, where the domain D is a subset of the Euclidean
line, and the codomain R also has the Euclidean topology. A sequence (f,,) ;i Of func-
tionsf,, : D — Risjustasequence of elementsf, € RP = [T4ep R. Now any topology on
the product R? will allow us to define convergence of such sequences (f,) . Before
pursuing this, we introduce a more elementary approach to defining convergence of
sequences of functions f,, : D — R.
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For the remainder of this section, R and all subsets of R will carry the Euclidean
topology.

Definition 6.2.7. Suppose D ¢ R. A sequence (f,),n Of functions f, : D — R con-
verges pointwise to a function f : D — R if for each point x, € D, the sequence
(f(x0))nen Of real numbers converges to f(x;).

We illustrate this definition with an example.

Example 6.2.8. Consider the functions f, : [0,77] — R defined by f,(x) = sin" x. The
first five terms of this sequence are shown in Figure 6.7.

0.8 2

Figure 6.7: The first five terms of (f,,) pen> (f2(0.8)) nens> @and (£,(2)) pen-

For the point x, = 7/2 € D, the sequence (f,(Xo))pen = SIN" (/2 e = (IMpen €ON-
verges to the real number 1. For any point x, € D — {rr/2}, we have O < sin x; < 1, so the
sequence (f,,(Xo)pen = (sin"(xo))ndN is a geometric sequence with ratio r = sinx, ¢
[0,1), and converges to 0. Thus, for any point x,, in the domain D of the functions f,, the
sequence of real numbers (f,,(x,)),cn COnverges, so the sequence of functions (f,,) e
converges pointwise. The pointwise limit of (f,,) ¢ is the function f : [0,7] — R de-
fined by f(x) = 0 for x € D — {m/2} and f(11/2) = 1.

The theorem below provides another important property of the product topology.
It says that pointwise convergence of a sequence (f;,) iy Of functions f, : R — Dis just
convergence in R with the product topology.

Theorem 6.2.9. If D C R, a sequence (f,),en Of functions f,, : D — R converges point-
wise to a function f if and only if (f,)) ,e converges to f in RP with the product topology.

Proof. Suppose the sequence (f,),cn converges pointwise to f. To see that the se-
quence converges to f in the product topology, let V = [],p V, be a basic neighbor-
hood of f = (f(X))yep € RP. Thentheset F={x € D : V, # R} is finite. For each z € F,
pointwise convergence implies (f,(z)),cn CcOnverges to f(z), so there exists N, ¢ N
such that f,,(z) € V, forn > N,.If N = max{N, : z € F}, then n > N implies f,(x) € V,
for all x € D, so the sequence (f,,),cn is eventually in the neighborhood V of f.
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Conversely, suppose f, — f in RP with the product topology. Given an arbitrary
z € D, we want to show that f,(z) — f(z) in R. Suppose U, is an arbitrary neigh-
borhood of f(z). Now in R?, the sequence (f,),cy is eventually in the neighborhood
V = [liep Vi of f, where V, = Rif x # z and V, = U,. Projecting onto the zth coordi-
nate, we see that (f,(2)),cn is eventually in U,. Thus, f,(z) — f(z), as needed. O

Pointwise convergence of functions from R to R can be compared with uniform
convergence of functions, that is convergence of functions in the uniform topology,
generated by the bounded sup metric and having a basis of balls B(f,&) = {g : R —
R: f(x) —€ < g(x) < f(x) + }. Thus, the basic neighborhoods B(f, €) in the uniform
topology consist of those functions g which, for every x € R, pass through the hoop
(X} x (f(x) — &,f(x) + €). In the product topology on R¥, a basic neighborhood V of f is
determined by a finite set F ¢ R of indices and a neighborhood Uy, of f (x) for each x €
F. The neighborhood V consists of all the functions g which pass through the hoops
{x} x Up for each x in the finite set F. Figure 6.8 illustrates this. Indeed, for a basis,
we may take every neighborhood Ur to be a basic neighborhood (f(x) — &,,f(x) + &)
centered at f(x) for each x € F. Now for € = min{g, : x € F}, the basic neighborhood
B(f, €) in the uniform topology is clearly contained in the basic neighborhood V of f
in the product topology. This proves the following result.

= fix)+ & U .
B T %y =)
P y=fx)
_-Vy=fix)-&
iy -
i e .
X, X, X
Basic neighborhood B(f, €) of f in the Basic neighborhood V of f in the product
uniform topology on R®: All functions topology on R®: All functions passing
passing through {x} x (f(x) — &,f(x) + €) through {x;} x U; fori = 1,...,n where U; is
for every x € R. a neighborhood of f (x;).

Figure 6.8: Uniform vs. product neighborhoods of f.

Theorem 6.2.10. The uniform topology is finer than the product topology on RP. That
is, the topology on R? generated by the bounded sup metric is finer than the product
topology.

It is easy to see that if a sequence converges in one topology, then it converges
in any coarser topology. (See Exercise 22 of Section 1.4.) This provides the following
corollary.

Corollary 6.2.11. Ifasequence of functions (f;)pen in R? converges uniformly tof in R?,
then it converges pointwise to f.
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In Example 6.2.8, we saw that the sequence of functions f,, : [0, 7] — R defined by
f,(x) = sin" x converged pointwise to the function f defined by f(x) = 0 forx € D-{m/2}
and f(rr/2) = 1. If the sequence of functions f,, converges uniformly, then the “uniform
limit” must equal the “pointwise limit” f. But, the sequence does not converge uni-
formly to f since, for example, the uniform ball B(f, }‘) contains no functions with
y-values in [%, %] and thus contains no f,,.

Example 6.2.12. Consider the sequence of functions g,, : R — R where g,(x) is zero
for x outside [n—1,n+1] and on [n-1,n + 1], g,(x) is the linear function from (n -1, 0)
to (n, 1) followed by the linear function from (n, 1) to (n + 1, 0), as shown below.

(n,1)

(0,'0) n : 1 n+1 &)

Now (g,,) converges pointwise to g(x) = 0, since given any x € R and any neighborhood
U of 0 = g(x), g,(x) = 0 € U for all n > x + 1. However, this sequence does not converge
uniformly. If it converges uniformly, it would have to converge to the pointwise limit
g(x) = 0. But, for € < 1, the functions g,,(x) never fall in the e-ball (-¢, €) x R around
gx)=0.

The product topology is the topology of pointwise convergence. The bounded sup
metric topology is the topology of uniform convergence (and thus, is called the uni-
form topology). Uniform convergence implies pointwise convergence, but not con-
versely.

We close this section with two very important theorems.

Theorem 6.2.13. Ifasequence of continuous functionsf, € RP converges uniformly tof,
then f is continuous.

Proof. Suppose f, is a sequence of continuous functions in R? converging uniformly
tof. To show f is continuous at each x; in its domain D, suppose a basic neighborhood
B(f(xg),€) of f(xy) € Ris given. We need to find a neighborhood U of x,, € D such that
f(U) < B(f(xg), €). That is, we need a neighborhood U of x,, such that |[f(x) - f(x,)| < €
forall x € U. Since f,, converges uniformly to f, there exists k € N such that f; € B(f, %)
in the uniform metric on R”, and thus Ifix) = f)] < % for all x € R. Since f; is
continuous, for the neighborhood B(f} (x;), %), there exists a neighborhood U of x,
with f(U) € B(fi (o) 5), 50 [fi () — fi(Xo)| < 5 forall x € U. Now for x € U, the triangle
inequality gives

If ) = f(xo)| < |[F () = fir 0O] + [fie(0) = fie(xo)| + [fie (xo) — £ (x0)]

£ € ¢
<—4-+-
4 2 4
=&

Thus, f(U) < B(f(xp), €), as needed. O
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The next theorem was published in 1885 by the prolific German mathematician
Karl Weierstrass (1815-1897).

Theorem 6.2.14 (Weierstrass approximation theorem). If [a, b] is a compact interval
in R, then the collection P[a, b] of polynomials over [a, b] is dense in the set C[a, b] of
continuous functions over [a, b] with the uniform topology.

The Weierstrass approximation theorem says that any continuous function f :
[a, b] — R is in the closure of P[a, b], so every neighborhood B(f, €) contains a point
of P[a, b]. That is, given any continuous function f : [a,b] — R and any € > 0, there
exists a polynomial p with f(x) —€ < p(x) < f(x) +&forall x € [a, b]. Thus, any continu-
ous function over a compact interval is uniformly approximated to any desired degree
of accuracy by a polynomial. For a continuous function f : [a,b] — R which has
derivatives of all orders, if the Taylor series for f converges to f on [a, b], then it con-
verges uniformly and a Taylor polynomial may be used as the uniform approximation.
However, the Weierstrass approximation theorem applies to any continuous function,
including those which are not differentiable. Indeed, in 1872, Weierstrass exhibited a
class of functions, including

S cos(5"mx
W =y, 0T,
n=0

which are continuous but nowhere differentiable. Weierstrass’s example was perhaps
the first such example to be published, but the Czech mathematician Bernard Bolzano
knew of such an example around 1830. The proof that this function W is continuous
is based on the fact that W is the uniform limit of a sequence of continuous functions,
namely, the sequence of partial sums of the infinite series. Indeed, most examples of
continuous nowhere differentiable functions are defined as a limit of a sequences of
functions.

The proof of the Weierstrass approximation theorem is lengthy and may be found
in [3].

Exercises

1. IsXxY-(AxB)=(X-A)x(Y-B)?Provide a proof or counterexample.
2. (a) IfY = []; X has the product topology and F; is closed in X; for everyi € I,
show that F = [];¢; F; is closed.
(b) More generally, show that if ¥ = [];.; X; has the product topology and 4; € X;
foreveryi eI, then cl[];c; A; = [ ;e cl4;.
3. If [[ie; X; has the product topology, prove that a function f : Z — [[;; X; is con-
tinuous if and only if each of its coordinate functions f; = m; » f is continuous.
4. 1fJ < I, then we may consider the projection function 71; : [[;; X; — [ligf Xi
defined by 71;({x;);c;) = {X;);¢;- If both products have the product topology, show
that every projection function 77; is continuous.
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ForJ ¢ I, consider the projection function 71; as in Exercise 4. Must 77; be an open

mapping? Give a proof or counterexample.

Suppose I is infinite and (qg;);¢; is an isolated point in [];.; X; with the product

topology. What can be said about the topological spaces X;?

If I is an infinite index set, prove that [];c; X; with the product topology is Haus-

dorft if and only if X; is Hausdorff for everyi € I.

If I is an infinite index set, prove that if [];.; X; with the product topology is con-

nected, then X; is connected for every i € I.

If I is an infinite index set, prove that [[;.; X; with the product topology is path

connected if and only if X; is path connected for everyi € I.

Give {0,1} the discrete topology and let 7 be the product topology on S =

[Then{0, 1} = {0, 11N, The prefix metric topology Tpre (see Exercise 16 of Section 6.1)

gives another topology on the set S.

(a) Isone of these topologies finer than the other, are they equal, or are they non-
comparable?

(b) Is S compact in none, one, or both of these topologies? Justify your answer.

If {0, 1} has the discrete topology, and Y = {0, 1} has the box topology, show that

Y is not compact. Does this violate the Tychonoff theorem?

A product of connected spaces need not be connected if the product has the box

topology. Let R have the Euclidean topology and consider the product RN with

the box topology. Each factor R is connected, but the (box) product is not. Prove

this by showing that the set B of bounded real valued sequences is a nonempty,

proper, closed and open subset of RN with the box topology.

Suppose D; is dense in X; for i € I. Is [];; D; dense in [];; X; with the product

topology? Is [ [;c; D; dense in [[;.; X; with the box topology?

Suppose D is dense in [ [;; X; with the product topology. Must r7;(D) be dense in X;

for alli e I? What if [ [;; X; has the box topology?

If X is a topological space and I an index set, consider the product topology 7, the

uniform topology 7,, and the box topology 7, on X'. Which of these topologies are

finer than which, and which are not finer than which? Justify your answers.

Forn € N, definef,, : R - Rbyf,(x) = % Determine whether the sequence (f,),en

converges:

(@) in R® with the product topology.

(b) In R® with the box topology.

(c) In R® with the uniform topology.

Let Cla, b] be the set of continuous functions f : [a,b] — R. Show that Cla, b]

is not compact in the uniform topology by finding an open cover with no finite

subcover.

Let C be the set of continuous bounded functions f : [0,1] — [0,1]. That is, C =

{f € 0,11V ; f is continuous}.

(a) Show that, as a subspace of [0,1]!%! = [Txejo,1[0, 1] with the product topol-
ogy, C is not compact.
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19.

20.

21.

22.

23.

24,

25.

26.

27.

(b) Use part (a) to show that, as a subspace of [0,1]!%! = [Txejo,1)[0, 1] with the
uniform topology, C is not compact.

(c) Show directly that C is not compact in the uniform topology by finding an
open cover with no finite subcover.

Consider the sequence (f,,),n Of functions f, : [0,27] — R defined by f,(x) =

cos™ x. Find the largest subset D of [0, 2] on which the sequence converges point-

wise and determine whether the sequence converges uniformly on D. Give the

pointwise and uniform limits, if they exist.

Consider the sequence (g,,) e Of functions g, : (0,1) — R defined by g,(x) = x".

Determine whether the sequence converges pointwise and whether the sequence

converges uniformly. Give the pointwise and uniform limits, if they exist.

In the areawise metric (or L! metric) d(f,g) = fzo If(x) — g(x)| dx on the set of all

continuous functions h : R — R with J’_i)o h(x) dx < oo, consider the functions g,

and g of Example 6.2.12. Does the sequence (g,) converge to g areawise?

Find a sequence of functions in C[-1,1] which converges pointwise to f(x) = 0,

but does not converge in the areawise metric d(f,g) = j_ll If(x) — g(x)| dx.

Prove or give a counterexample: If f, converges uniformly to f in C[a, b], then f,

converges to f in the areawise metric d(f,g) = Jf If (x) — g(x)| dx on Cla, b].

Prove or give a counterexample: If f, converges to f in C[a, b] with the areawise

metric d(f,g) = _[: If (x) — g(x)| dx on C[a, b], then f,, converges uniformly to f.

Definem : RN x RN — R by

min{l, x; - yl}
M((Xy)pes Vn)pet) = SUP T"y"
kelN

(a) Show that mis a metric.

(b) Show that the metric topology 7, is the product topology on RN

Exercise 25 showed that RN with the product topology is metrizable. Complete the

steps below to show that RN with the box topology is not metrizable.

(a) Show that 0 =[], O is in the closure of A = (R - {oh™.

(b) Show that there is no sequence in A converging to 0, and invoke Theo-
rem 1.5.11.

The Lagrange remainder theorem states that if a function f(x) has derivatives of

all orders and is approximated by its nth-degree Taylor polynomial,

frfoe-c? - fPu-o

2! n!

T,(x) = f(c) +f' () (x - ¢) +

>

then the error f(x) — T, (x) is equal to

f(n+1) (Z) (X _ C)n+l

1D for some z between x and c.
n+1)!

Rn(x) =

This error function R, (x) is called the Lagrange remainder.
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(@) Use the Lagrange remainder theorem to show that the series > ’r‘l—',' (that is,
the sequence of partial sums of the series) converges uniformly to e for all
x € [-1,1].

(b) Show that if the Lagrange remainders R,(x) for f converge uniformly to
z(x) =0 on an interval I, then the sequence (T,(x))n; of partial sums of
the Taylor series for f converges uniformly to f on the interval I.

6.3 The cocountable topology

Since this section is neither about metric spaces nor real analysis (that is, analysis on
R™ with the Euclidean metric), its placement in this chapter may need an explanation.
To appreciate the good things that happen in metric spaces, this section provides an
example which serves as a reminder that many of those good things need not happen
in arbitrary topological spaces.

Recall that in a metric space (X, d), x € clA if and only if there exists a sequence
in A converging to x (Theorem 1.5.11), and a function f between two metric spaces is
continuous if and only if it preserves limits of sequences, that is, if and only if (x,)5,
converges to x in the domain of f implies (f(x,));2; converges to f(x) in the codomain
(Theorem 3.1.7).

These facts do not hold in arbitrary topological spaces. That is, in arbitrary topo-
logical spaces, “sequences do not suffice”. These sequence-based facts work in a met-
ric space (X, d) since every point x € X has a countable neighborhood base {B(x, %) :
n € N}, that is, since X is first countable.

In Example 1.4.16, we have seen that R with the cofinite topology is not first count-
able. We introduce a similar topology with is also not first countable.

Definition 6.3.1. The cocountable topology (or countable complement topology) on a
set Xis 7., = {U ¢ X : X — U is countable} U {@}.

If X is countable, then every set has a countable complement and the cocountable
topology is the discrete topology. Thus, in our further consideration of the cocountable
topology, we will generally assume the underlying set is uncountable. The verification
that 7. is a topology and the proof of the following result are straightforward and are
left to the exercises.

Theorem 6.3.2. If X is uncountable, (X, 7..) is not Hausdorff, and thus not metrizable.

Recall that if (X, 7') is Hausdorff, then every convergent sequence in X has a unique
limit. We next show that the Hausdorff condition is not necessary for unique limits.

Suppose X is uncountable and carries the cocountable topology 7., and
(Xnenw — a- Then (x,),en is eventually in every neighborhood of a. Now X - {x,, :
n € N} is an open neighborhood of any point a which is not a term x; of the sequence,
and the sequence is never in this neighborhood. Thus, if (x,,),cn cOnverges, it must
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converge to a term of the sequence. Furthermore, if (x,),¢ converges to x;, then the
sequence is eventually in the neighborhood X - {x, : n € N,x, # x;} of x;, and thus
the sequence is eventually constantly x;. In particular, every convergent sequence in
the cocountable topology on an uncountable set has a unique limit, even though the
topology is not Hausdorff.

The theorem below shows that in a first countable space, the Hausdorff condition
is not only sufficient for uniqueness of limits of sequences, but also necessary.

Theorem 6.3.3. If X is a first countable space and every convergent sequence has a
unique limit, then X is Hausdorff.

Proof. Suppose X is first countable. We will show the contrapositive: if X is not Haus-
dorff, then there exists a convergent sequence with distinct limits a # b. Suppose X
is not Hausdorff. Then there exist distinct points a # b in X such that every neigh-
borhood of a intersects every neighborhood of b. Suppose {N;, N,, ...} is a countable
neighborhood base at a and {M;, M,, ...} is a countable neighborhood base at b. Pick
x; € NynMy, x, € NynM; n N, N M,, and in general, x, € (L;(N; N M;). Now for
any neighborhood U of a, there exists N; ¢ U, and for k > j, we have x; € N; ¢ U,
SO (X,)nen is eventually in U. Since U was arbitrary, (x,,),cn converges to a. Similarly,
(X )nen coOnverges to b + a. O

Having seen that an uncountable set with the cocountable topology has unique
limits, Theorems 6.3.2 and 6.3.3 give the following result.

Corollary 6.3.4. The cocountable topology on an uncountable set is not first countable.

Now we return to showing that sequences do not suffice in spaces which are not
first countable.

In a metric space, x € cl(B) if and only if there exists a sequence (b,),cn Of points
in B which converges to x. We show that this fails in (X, 7.) if X is uncountable.

Suppose X is uncountable and A is a countable subset of (X, 7). Then A is closed.
Any nonempty open set must be uncountable, so the largest open set contained in the
countable set A is 0. Thus, 0A = clA-intA=A-0 = A.Since A = 0A = clAncl(X - A),
every element a € A is an element of cl(X — A). However, there is no sequence in X — A
converging to a € A, since every convergent sequence of terms in X — A is eventually
constant and has a unique limit, and thus converges to a point in X — A and cannot
convergetoa € A.

Finally, we show that, for arbitrary topological spaces X and Y, the continuity
of f : X — Y is not equivalent to f preserving limits of sequences. If (x,,),cn CON-
verges to a in (R, 7..), then (x,,),n iS eventually constantly a, so for any function f
from (R, 7,.) to any topological space (Y, T), (f(x,))qen iS eventually constantly f(a)
and thus converges to f(a). Thus, every function f with domain (R, 7..) preserves lim-
its of sequences. However, not every such function is continuous. For example, if 7,
is the discrete topology, f : (R, T..) — (R, 7p) defined by f(x) = x is not continuous,
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since {0} € 7p but f “1({o}) ¢ Tec- Specifically, this shows that if a function f between
two arbitrary topological spaces preserves limits of sequences, then f need not be con-
tinuous.

The following theorem gives a more precise link between continuity and preser-
vation of limits of sequences.

Theorem 6.3.5.

(@) Continuous functions always preserve limits of sequences.

(b) If X and Y are topological spaces, X is first countable, and f : X — Y preserves
limits of sequences, then f is continuous.

The proof is almost identical to the proof of Theorem 3.1.7.

Exercises

1. Prove that the cocountable topology 7.. = {U < X : X - U is countable} u {0} is
indeed a topology on X.

2. Given a set X, are either of the collections 7; = {U < X : X — U is infinite} U {0} or
T, ={U < X : X - U is finite or infinite} a topology on X?

3. Among the functions from R to R given below, which are continuous if the do-
main and codomain have the cocountable topology? Which are continuous if the
domain and codomain have the cofinite topology?

(a) f(x)=arctanx

[ Ix] ifxeQ
o) s ={ oo

[ x ifxe@Q
@ 0= ) insa

_ [ sin(1/x) ifx+0
@ s(x)‘{ 0 ifx =0

4. Suppose X is uncountable.
(@) Show thatif U, V are nonempty sets in 7., then UNV # 0. (That is, (X, 7.) is
hyperconnected.)
(b) Prove Theorem 6.3.2: If X is uncountable, (X, 7..) is not Hausdorff.
(c) If (Y,7)is a Hausdorff space and f : (X, 7..) — (Y, T) is continuous, show
that f is constant. (In particular, every continuous real-valued function f :
(X,7.) = (R, Tg) is bounded, which is the definition of (X, 7..) being pseu-
docompact.)
5. If X has the cocountable topology 7., show that A ¢ X is compact if and only if
A if finite. (In particular, every compact subset of (X, 7..) is closed, even though
(X, 7<) is not Hausdorff.)
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6. Provide a proof of Corollary 6.3.4 without appealing to Theorems 6.3.2 and 6.3.3 by
showing that if {B;};c\ is a countable 7 .-neighborhood base at x in an uncount-
able set X, then X — {x} = X — (ien Bi = Uien& — B;). Why is this a contradic-
tion?

7. Describe the modifications of the proof of Theorem 3.1.7 required to give a proof
of Theorem 6.3.5.



7 Separation axioms and compactifications

7.1 Separation axioms

We have seen the Hausdorff separation axiom: X is Hausdorffif and only if every pair of
distinct points in X can be separated by disjoint neighborhoods. In 1914, before the def-
initions of topology had become standardized, Felix Hausdorff required what is now
known as the Hausdorff separation axiom in his definition of a topology. In their 1935
book Topologie, written in German, Pavel Alexandroff and Heinz Hopf listed the Tren-
nungsaxioms (that is, the separation axioms) which became known as Ty, T;, T,, T3,
and T,. They associated the names Kolmogorov, Fréchet, Hausdorff, Vietoris, and Ti-
etze, respectively, with these axioms.

Definition 7.1.1. Suppose X is a topological space.

(@) Xis T, if for every pair of distinct points x,y in X, there exists a neighborhood U
of x which does not contain y OR there exists a neighborhood V of y which does
not contain x.

(b) X is T, if for every pair of distinct points x,y in X, there exists a neighborhood U
of x which does not contain y AND there exists a neighborhood V of y which does
not contain x.

(c) Xis T, or Hausdorff if for every pair of distinct points x,y in X, there exist disjoint
open sets U and V withx e Uand y € V.

(d) X is T; if for every closed set A and every x ¢ A, there exist disjoint open sets U
and Vwithx e Uand A c V.

(e) XisregularifXis T;and T;.

(f) Xis T, if for every pair of disjoint closed sets A, B ¢ X, there exist disjoint open
setsUand VwithAcUandBc V.

(g) XisnormalifXis T, and T;.

Figure 7.1 suggests these separation axioms.

Not Tj

To T3
T 7
1;

Figure 7.1: The separation axioms.

Caution: Topologists universally agree that the definitions of regular and T; and the
definitions of normal and T, are identical except that one includes the hypothesis of

https://doi.org/10.1515/9783110686579-008
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T, and the other does not. Unfortunately, there is not universal agreement on which is
which. We define regular and normal to include T;. Some authors define T5 and T, to
include T;. Thus, whenever you encounter these separation axioms, carefully check
the author’s definitions to see whether the T; condition is included or not.

Also, these separation axioms are unrelated to the use of the word separation for
a pair of sets U and V which shows that a topological space is not connected.

In Definition 7.1.1(b) for the T, property, the “AND” condition is unnecessary: If x
and y are distinct points, so are y and x, and applying the condition before the “AND” to
the pair y, x gives the second condition. The redundant second condition was included
for emphasis to contrast it with the definition of Tj,.

The separation axioms involving only points (namely, T,, T;, and T,) are called the
lower separation axioms and those involving closed sets are called higher separation
axioms. For the T condition, it is sufficient to check that, for every nonempty closed
set A and every point x ¢ A, there exist disjoint open sets U and V separating them,
forif A = 0, the sets U = X and V = 0 are open sets separating x and A. Similarly, in
checking the T, condition it suffices to consider disjoint closed nonempty sets A and B.

Example 7.1.2. The real line R with the right ray topology is T, but not T;. Given x <
y in R, there is a neighborhood of y excluding x, but there is no neighborhood of x
excluding y.

The real line R with the cofinite topology is T; but not T,. Given x # y in R, R — {y}
is a neighborhood of x excluding y and R — {x} is a neighborhood of y excluding x. The
cofinite topology on R has no disjoint nonempty open sets, so it is not T,.

If Xis T; and y # x in X, then there exists a neighborhood of y which does not
intersect x, soy ¢ cl{x}. Thus, if X is T;, then singleton sets {x} are closed. Conversely,
if every singleton set is closed, then, for x # y, y ¢ cl{x} and x ¢ cl{y}, so there ex-
ists a neighborhood of y not containing x and there exists a neighborhood of x not
containing y, and thus X is T;. This proves the following result.

Theorem 7.1.3. A topological space X is T, if and only if every singleton set {x} is closed.

As an immediate consequence, we note the following implications between the
separation axioms:

Normal = Regular =T, = T; = T,.

There are fairly simple spaces to show that T, does not imply regular (see Exer-
cise 13), and there are fairly complicated examples to show that regular does not imply
normal. Every separation axiom is a topological property. We introduce some termi-
nology.

Definition 7.1.4. A topological property is hereditary if whenever X has the property,
then every subspace of X has the property. A topological property is productive if ar-
bitrary products of spaces with the property have the property.
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For example, the Tychonoff theorem says that compactness is a productive prop-
erty. Theorem 6.2.4 shows that Hausdorff, connected, and path connected are produc-
tive topological properties.

Theorem 7.1.5. The properties Ty, Ty, T,, T3, and regularity are hereditary and produc-
tive.

Proof. Suppose X is T;fori=0,1,0r2, Yisasubspaceof X,andx # yin Y. Thenx # y
in X. If U and V are neighborhoods of x and y in X guaranteed by the definition of X
being T;, (only U is needed for T;) then UNY and V n'Y are neighborhoods of x and y
in Y showing that Y is T;. Suppose X is T3, Y is a subspace of X, A is closed in Y, and
xeY-A NowA = A’ nY for some closed set A’ in X. If x were in A’, it would be
inA'nY = A,sox ¢ A'. Now if U and V are the disjoint open sets in X separating x
and A’, then UnY and V nY are disjoint open sets in Y separating x and A. Regularity
is hereditary since T; and T; both are.

The proof that these properties are productive is left to the exercises. O

Normality is neither productive nor hereditary, but we have the following result
regarding subspaces.

Theorem 7.1.6. If X is T, and Y is a closed subset of X, then Y is T,,. Thus, T, and nor-
mality are hereditary to closed subspaces.

The proof is left as an exercise.
The next theorems tell us some spaces which are normal.

Theorem 7.1.7. Every metric space (X, d) is normal.

Proof. Suppose (X, d) is a metric space and A, B are disjoint closed sets in X. For each
a € A, sincea ¢ cl B = B, there exists a basic neighborhood B(a, ¢,,) of a which does not
intersect B. Similarly, for each b € B, there exists a neighborhood B(b, €;,) of b which
does not intersect A. Let U = | J{B(a, %“) cacAyand V = |J{B(b,2) : b € B}. Now U
and V are open sets containing A and B, respectively. It only remains to show that U
and V are disjoint. Suppose x € U n V. Then x € B(a, &) n B(b, ) for some a € A and
some b ¢ B. Either ¢, < g, or g, < g,. Without loss of generality, assume ¢, < &;,. Now
d(a,b) < d(a,x) + d(x,b) < 87“ + %” < g, s0 a € B(b,g,), contrary to B(b,g,) N A = 0.
Thus, U n V must be empty. Since A and B were arbitrary disjoint closed subsets of X,
it follows that X is T,,.. Since metric spaces are Hausdorff, they are also T}, and thus are
normal. O

Theorem 7.1.8. Every compact Hausdorff space is normal.

Proof. Suppose X is compact and Hausdorff. Since Hausdorff implies T;, to show X is
normal we need only check that X is T,. We will first show that X is T;. Recall that a
closed subset of a compact space is compact. If A ¢ X is closed and b ¢ A, then, for
each a € A, by the Hausdorff property, there exist disjoint open neighborhoods U, of
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aand V, of b. Now {U, : a € A} is an open cover of the compact set A. If {U, : a € F} is
a finite subcover, then U = | J{U, : a € F} is an open set containing A and V = (\{V, :
a € F}is an open set containing b. Furthermore, U NV = @, for x € U n V would give
the contradiction that x € U, NV, forsomeq, € F.Thus, X is T5. Now suppose A and
B are disjoint closed sets in X. For every b € B, we apply the T; property to find disjoint
open sets Uy, and V, with A € U, and b € V. Now {V}, : b € B} is an open cover of the
compact set B, so there exists a finite subcover {V}, : b € F}. With U = (\{U}, : b € F}
and V = [ J{V}, : b € F}, we find that U and V are disjoint open sets containing A and B,
respectively. Thus, X is T, as needed. O

The previous results support the argument that metric spaces and compact Haus-
dorff spaces are some of the nicest, most well-behaved topological spaces you will ever
meet.

We now give characterizations of T; and T, spaces.

Theorem 7.1.9.

(a) A topological space X is T if and only if for every x € X and every neighborhood U
of x, there exists a neighborhood V of x withclV ¢ U.

(b) A topological space X is T, if and only if for every closed set A in X and every open
set U containing A, there exists an open set VwithAcV cclV c U.

Proof. We will prove the first part. The second part is similar. Suppose X is a T5 space,
x € X, and U is a neighborhood of x. Let U’ be an open neighborhood of x contained
in U. To find the desired neighborhood V of x, note that X — U’ is a closed set not
containing x, so there exist disjoint open sets V and W withx € Vand X - U’ ¢ W.
Since V is disjoint from W, we have V is contained in the closed set X — W, and thus
cdlVcX-W.NowX-U' ¢ Wimplies X - W < U’ ¢ U, and thus V is a neighborhood
of x whose closure is contained in U.

Conversely, suppose every neighborhood U of an arbitrary point x € X contains
a neighborhood V of x with c1 V' ¢ U. To see that X is T3, suppose A is a closed set in
X and x ¢ A. The neighborhood U = X — A of x contains a neighborhood V of x with
V ¢ clV ¢ U. Taking complements, weget A=X-U c X—-clV ¢ X-V.Thus,X-clV
is an open set containing A which is disjoint from the neighborhood V of x. This shows
that X is T5. O

A collection NV(x) of neighborhoods of x is a neighborhood base at x if every neigh-
borhood of x contains a neighborhood of x from A (x). By definition, the open neigh-
borhoods of x form a neighborhood base at x for any point x. The condition in Theo-
rem 7.1.9 characterizing the T; property says that, for every x € X, every neighborhood
U of x contains a closed neighborhood cl V. That is, Theorem 7.1.9(a) states that a topo-
logical space X is T; if and only if every point x € X has a neighborhood base of closed
sets.
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Itis of general interest when every point of a topological space has a neighborhood
base of special kinds of sets.

Definition 7.1.10. A topological space X is locally compact (respectively, locally con-
nected, locally path connected) if every x € X has a neighborhood base of compact
(respectively, connected, path connected) neighborhoods.

For example, even though the Euclidean line R is not compact, it is locally com-
pact since any neighborhood of an arbitrary x € R contains an open neighborhood
(x — &,x + £) which contains a compact neighborhood [x — £/2, x + £/2]. The same argu-
ment shows that the Euclidean line is locally connected and locally path connected.
The set Q of rationals with the Euclidean topology is neither compact nor locally com-
pact: any neighborhood U of 0 must contain an interval (-¢,&) N Q, and if a is an
irrational in (-¢, €), the open cover {(-co, a) NQ} U{(8,00)NQ : B > a} is an open cover
of U which has no finite subcover, so U is not compact. Thus, in Q, no neighborhood
of 0 is compact.

Exercises

1. For the topological spaces below, determine which of the separation axioms T,

T,, and T, are satisfied.

(a) The digital line topology on Z.

(b) The particular point topology P, = {U c R: 0 € U} U {0} on R.
(c) The excluded point topology E, = {U € R: 0 ¢ U} U {R} on R.

2. Show that if X is not T, then there exists a convergent sequence in X which does
not have a unique limit. Show that the converse fails.

3. Show that a topological space X is T, if and only if for all x,y € X, cl{x} = cl{y}
implies x = y.

4. Show that the following are equivalent:

(@) YisT,.
(b) Iff : X — Y is a function with f}(V) = 0 or X for every open set V in Y, then
f is a constant function.

5. Suppose (X, T)is a T, topological space and V € 7. Show that 7' ={U e T : U ¢
V or V ¢ U} is a topology on X and is Tj,.

6. Show that a topological space (X, 7) is T, if and only if for every x € X, N{U € T :
x e U} = {x}.

7. Show that the only T topology on a finite set is the discrete topology.

8. Inthe definitions of T,, T, and T,, replace each reference to a “neighborhood” by
a “basic neighborhood”, relative to some fixed basis. Are the resulting statements
equivalent to the original definitions? What if “neighborhoods” are replaced by
“subbasic neighborhoods”?
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Show that X is Hausdorff if and only if the diagonal A = {(x,x) : x € X} is a closed

subset of the product X x X with the product topology.

Let X be an infinite set with the indiscrete topology. Which separation axioms

(Ty, Ty, Ty, T3, T, regular, normal) does X satisfy?

Which separation axioms (T, T;, T, T, T,, regular, normal) does R, satisfy?

Give X = {1,2,3} the topology having basis {{1, 2}, {3}}. Which of the separation

axioms T3, regular, T,, and normal does X satisfy?

Give X = R? the deleted radius topology defined before Exercise 23 of Section 1.4.

(a) Show that F = {(0,y) : y € R,y # 0} is a closed set not including the point
(0,0).

(b) Show that X is T, but not T5.

(c) Is R? with the bow-tie topology T5?

If (X, 7c) is a T, space and 7Ty is a finer topology on X, then (X, 7¢) is T, since 7T

has more than enough open sets to separate points. Show that this result does not

hold if T, is replaced by T;. (Hint: see Exercise 13.) Why would having more open

sets prevent the finer topology from being T5?

Determine which of the following topological properties are productive and which

are hereditary. Justify your answers.

(a) Is finite.

(b) Has cardinality 10.

(c) Isinfinite.

(d) Has exactly two connected components.

(e) Has an isolated point.

Show that [];; X; is Ty if and only if X; is T, for every i € I. Show that the statement

remains true if T is replaced by T;.

Show that T3 is productive.

Consider Y = [],.g R, where R, is the real line with the cofinite topology and for

x # 0, R, is the real line with the Euclidean topology. By Theorem 6.2.4, Y isnot T,

since R is not T,. Find two elements of Y which have no disjoint neighborhoods.

From the definition, X is regular if and only if it is T; and T,. Show that X is regular

ifand only ifitis T; and T,.

Show that if X is T, and Y is a closed subset of X, then Y is T,. Show the same

result with T, replaced by normal.

Atopological space X satisfies the R, separation axiom if, for every x € X and every

neighborhood U of x, cl{x} ¢ U. Prove that X is T, if and only if it is T, and R,,.

Consider the R, separation axiom defined in Exercise 21. Show that the following

are equivalent.

(@) XisR,.

(b) Foreveryx € X, cl{x} = N{U : U is a neighborhood of x}.

(c) {clfx}:x € X} is a partition of X.

Show that any compact Hausdorff space is locally compact.
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24, In general, a compact space need not be locally compact. Let 7 be the Euclidean
topology on Q. Let Y = Q U {7} and give Y the topology {Y} U 7¢,. Show that Y is
compact but not locally compact.

25. Suppose A is a subset of a locally connected topological space, x € intA, and A,
is the connected component of x € A. Show that x € intA,.

26. (a) LetX = {(x,sin(1/x)) € R? : x € (0,4]} U d([0, 4] x [-2,2]) with the Euclidean
topology. Is X connected? path connected? locally connected? locally path
connected?

(b) Show that neither connectedness nor locally connectedness implies the other.
(c) Show that neither path connectedness nor locally path connectedness im-
plies the other.

27. If X is T}, connected, and |X| > 2, prove that there exists a connected subset B of
X with 1 < |B| < |X|. (Hint: If the result fails, fix a € X, and for a separation (U, V)
of X - {a}, consider closed sets (E, F) which give a separation of cl U.)

7.2 Separation by continuous functions

The definitions of the separation axioms T; (i = 0,1,2,3,4) used separation by open
sets. We now consider separation by a continuous function.

Definition 7.2.1. Let X be a topological space and R the Euclidean line. Two sets A
and B in X are separated by a continuous function if there exists a continuous function
f:X - Rwithf(A) = 0and f(B) = 1.

Now if sets A and B in a topological space X are separated by a continuous func-
tion, then they are separated by open sets, for f -1 ((-0.25,0.25)) and f _1((0.75, 1.25)) are
disjoint open sets containing A and B. However, if A and B are separated by open sets,
they need not be separated by a continuous function, as Example 7.2.3 below illus-
trates. Before that, we make a quick observation about the range of a function which
separates two sets.

Theorem 7.2.2. Two sets A and B in a topological space X can be separated by a con-
tinuous function f : X — Rif and only if they can be separated by a continuous function
f:X - [0,1].

Proof. If A and B are separated by f : X — [0, 1], then f : X — R defined by f(x) = f(x)
is a continuous real-valued function separating A and B. If f : X — R is a continuous
function separating A and B, define

1 if fox) > 1,
f=1 foo ifo<fx) <,
0 iff(x)<o.
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Clearly f separates A and B, and f is continuous by the pasting lemma, since it is ob-
tained by pasting together f|¢-1(q ;) and the constant functions 0 and 1 on the closed
sets £71([0,1]), f (=0, 0]), and f~1([1, 0)), and the functions agree on the intersec-
tions. O

Example 7.2.3 (Simplified Arens square). LetS = (-1,1) x (0,1), a = (-1,0), b = (1,0),
and X = Su {a, b}. For (x,y) € S, take the Euclidean neighborhoods having a base of
sets of form (x—1/n,x+1/n)x(y—1/n,y+1/n)NS. Take the basic neighborhoods of a and
b to be sets of form {a}u(-1, 0)x(0, 1/n) and {b}u(0, 1)x (0, 1/m), respectively. It is easily
verified that this is a basis for a topology, and the topology is Hausdorff. However, there
is no continuous function f : X — R with f(a) = 0 and f(b) = 1. If there were such
a function, then U = f ~1((~.25,.25)) would be a neighborhood of a containing a set of
form (1,0) x (0,1/n)and V = f ~1((.75,1.25)) would be a neighborhood of b containing a
set of form (0, 1) x (0, 1/m). With k = max{m, n}, the point ¢ = (0, 1/(2k)) is in the closure
of U and the closure of V. Now the sequence y; = (-1/5,1/ (2k))]-E]N converges to ¢ from
within U and the sequence v; = (1/j,1/(2k))jen converges to ¢ from within V. Since f
preserves limits (see Theorem 6.3.5) f(1;) is a sequence in f(U) < (-.25,.25) converging
to f(c), and thus f(c) € [-.25,.25]. Similarly, f(vj) is a sequence in f(V) < (.75,1.25)
converging to f(c), so f(c) € [.75,1.25], contrary to f(c) € [-.25,.25]. Thus, there can be
no continuous function f separating a and b. See [45] for more details on this example.

Thus, using continuous functions rather than open sets for our separation will
give stronger separation axioms. We define these separation axioms below.

Definition 7.2.4. A topological space X is functionally Hausdorff if for every pair of
distinct points x, y € X, there exists a continuous function f : X — R with f(x) = 0 and
fy)=1

A topological space X is T ; if for every closed set A in X and every x ¢ A, there
exists a continuous function f : X — R with f(4) = 0and f(x) = 1.

A topological space X is completely regular if it is T; and T; 5.

Thus, X is functionally Hausdorff if distinct points are separated by continuous
functions, and is completely regular if it is T; and disjoint points and closed sets are
separated by continuous functions. The example of the simplified Arens square shows
that functionally Hausdorff is a strictly stronger property than the Hausdorff property.
Similarly, complete regularity is strictly stronger than regularity. Completely regular
spaces are also called Tychonoff spaces.

Suppose X is completely regular and Y ¢ X has the subspace topology. If A is a
closed setin Y and b € Y — A, then there exists a closed set A’ in X withA'nY = A and
b ¢ A'. If f is a continuous function separating A’ and b in X, then the restriction f|y
of f to Y is a continuous function separating A and b in Y. Thus, complete regularity
is hereditary. Similarly, functionally Hausdorff is a hereditary property.

A version of normality based on separation by continuous functions was conspic-
uously missing from Definition 7.2.4. It is missing due to the following theorem by
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Pavel S. Urysohn, which says closed sets can be separated by open sets if and only
if they can be separated by a continuous function. Urysohn was a brilliant Russian
mathematician who, with Pavel Alexandroff, first defined compactness in terms of
open covers. In 1924, at the age of 26, Urysohn drowned while swimming in rough
seas in Brittany, France.

Theorem 7.2.5 (Urysohn’s lemma). A T, topological space X is normal if and only if for
every pair of disjoint closed sets A, B in X, there exists a continuous functionf : X —» R
with f(A) =0 and f(B) = 1.

Sketch of proof. If a T; topological space X has the property that disjoint closed sets
A and B can be separated by a continuous function f, then f~!((-0.25,0.25)) and
£71((0.75,1.25)) are disjoint open sets separating A and B, so X is normal.

Suppose A and B are disjoint closed sets in a normal space X. We must create from
nothing a continuous function f : X — Rwith f(4) = 0 and f(B) = 1. How do we define
f(x) for x ¢ AuB? We will use Theorem 7.1.9(b) repeatedly. Since U; = X — Bis an open
set containing A, by Theorem 7.1.9, there exists an open set U, with

AcUyccU,cU.

Now we insert an open set U; ,, between Uy and U;. Focusing on the fact that cl1 U, < U,
we may apply Theorem 7.1.9 to find an open set Uy, with

Now having defined Uy, U; 5, and U;, we apply Theorem 7.1.9 to the first and third in-
clusions in Equation 7.1 to get an open set U, ,, between U, and U;, and an open set
Us,, between U, , and U; with

clUy € Uy, €Uy, € Uy S lUyyy € Uy S lUsy, € UL

Having defined open sets U, for all values of r which are multiples of 1/4 in [0, 1], we
repeat the process, inserting open sets U, for the missing multiples of 1/8, then for the
missing multiples of 1/16, and so on. Continuing in this manner, we will obtain open
sets U, for every r {2ﬂ,1 € [0,1] : m,n € N U {0}} = D. The set D is called the set of
dyadic fractions in [0, 1] and is dense in [0, 1]. Furthermore, for p < g in D, we have

AcUy,cU,ccdl,cU,clU =X-B.
Now we are ready to define our function f : X — [0,1] € R. For x € X, take

infreD:xeU,} ifxeX-B=U,

f(x):{ 1 if x € B.

Now A ¢ U, implies f(x) = 0 for x € A, and clearly f(B) = 1.
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It remains to show that f is continuous at each x € X. Given x € X, suppose first
that f(x) € (0,1). Now any neighborhood U of f (x) contains a basic open neighborhood
(p,q) of f(x), where p,q € D. Furthermore, there exist points p’,q' ¢ Dwithp < p’ <
f(x) < q' < q. Now it can be checked that V = Uy - clU, is a neighborhood of x
with f(V) < [p'.q'] € (p,q) < U, so f is continuous at x. Continuity at points x with
f(x) € {0,1} can be shown similarly. O

We give two immediate consequences of Urysohn’s lemma.
Corollary 7.2.6. If X is normal then it is completely regular.

Proof. Normal spaces are T, so singletons are closed. If any disjoint closed sets can
be separated by a continuous function, then taking one of those sets to be a singleton
proves that X is completely regular. O

Thus, we have
normal = completely regular = regular = T, = T; = T,.

Corollary 7.2.7. Every subspace of a compact T, space is completely regular.

Proof. Any compact T, space is normal, and thus completely regular. Complete regu-
larity is hereditary. O

Besides the Urysohn lemma, another very significant result on separation axioms
is that the converse of Corollary 7.2.7 also holds. Every completely regular space is a
subspace of a compact T, space. This is shown in the next section.

Exercises

1. A zero set in a topological space X is a set of form f1({0}) for some continuous
function f : X — R (where R has the Euclidean topology). A cozero set in X is the
complement of a zero set. Show that a T; space X is completely regular if and only
if the collection B of all cozero sets of X is a basis for the topology on X.

2. Complete the missing details from Example 7.2.3, showing that the basis for the
topology describe there really is a basis, and that the topology is Hausdorff.

3. Is the simplified Arens square given in Example 7.2.3 completely regular or nor-
mal? Justify your answer.

4. Give a proof or counterexample for this statement: Functionally Hausdorff is a
productive property.

5. Give a proof or counterexample for this statement: Completely regular is a produc-
tive property.

6. Let 7 be the topology on R generated by the basis B = {[x,x + &) : x € Q,
> 0U{(x-¢&x]:x € R-Q,e > 0}. Which of the following properties does
(R, 7) have? T, T,, T, T3 5, compactness. Justify your answers.
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7. Show that R with the right ray topology is not T5; by exhibiting a point and a
closed set which cannot be separated by a continuous function.

8. Show that the digital line is not T; ; by exhibiting a point and a closed set which
cannot be separated by a continuous function.

9. Give a proof or counterexample for this statement: If X is a T5; space, U is open
in X, and x ¢ U, then there exists a continuous function f : X - R with f(U) = 0
and f(x) = 1.

10. Define (X, T) to be R;-T5 5 if for every closed A € X and every x ¢ A, there exists a
continuous function f : X — R; with f(A) = 0 and f(x) = 1.

(@) Show that Q with the Euclidean topology is R;-T 5.
(b) Does R;-T; 5 imply T;5? Justify your answer.

(c) Does T3 imply R;-T;5? Justify your answer.

(d) Characterize the connected R;-T; 5 spaces.

11. Complete the proof of Urysohn’s lemma by showing that the function f defined
there is continuous.

7.3 Compactifications

A (Hausdorff) compactification of X is a compact T, space aX which contains a home-
omorphic copy of X as a dense subspace. The subspace X = (0,1) of the Euclidean
line is not compact, but we may add the points 0 and 1 to make it compact, forming
the compactification aX = [0,1] of X = (0,1). Adding points—in some minimal way—
to get a compact space is the concept of forming a compactification. Since (0,1) is a
homeomorphic copy of R, the compact T, space [0, 1] contains a homeomorphic copy
of R as a dense subspace, so [0, 1] may also be viewed as a compactification of R. To
help recognize the homeomorphic copy of X embedded in a compactification aX of X,
we will include the homeomorphism as part of the formal definition of a compactifi-
cation.

Definition 7.3.1. A compactification of a topological space X is a pair (aX, a) where aX
is a compact T, space and a : X — aX is a homeomorphic embedding of X into aX,
such that the homeomorphic copy a(X) of X is a dense subspace of aX. The subspace
aX — a(X) is the remainder associated with this compactification. If the embedding a
is understood, we may simply refer to the compactification aX.

Now aX = [0,1] is a compactification of X = (0,1), or more formally, (aX, a) is a
compactification of X where a : (0,1) — [0,1] is the inclusion map a(x) = x. Sim-
ilarly, ([0,5],y) is a compactification of X = (0,1), where y : (0,1) — (0,5) is the
homeomorphism y(x) = 5x. In this case, yX = [0,5] and y(X) = (0,5). The space
6X = [0,5] U {6} is also a compact T, space which contains a homeomorphic copy of
(0,1), but 6X is not a compactification of (0, 1) since no homeomorphic image of (0, 1)
is dense in 6X.
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Example 7.3.2.

(a)

(b)

The real line R is homeomorphic to (-7, 5) by the homeomorphism a(x) =
arctan(x), and [-5, 7] is a compact T, space containing a(R) = (-5,%) as a
dense subspace, so [—%, %] is a compactification of R. The remainder consists of
the two point set {-7, 7} added to make (-5, ) =~ R compact, so this is called a
two-point compactification of R. As noted above, [0, 1] is another two-point com-
pactification of R. In Exercise 14 we will see that every two-point compactification
of R is equivalent to these in a natural way. Essentially, one point must compact-
ify the open left end and one point must compactify the open right end of R. The
two-point compactification of R is sometimes denoted R U {+oo} and called the
extended real line.

The real line R is homeomorphic to (0, 277). The function f : (0,27) — R? defined
by f(x) = (cosx, sinx) is an embedding of the interval (0, 277) into the plane R?,
suggested by Figure 7.2.

Figure 7.2: f : (0,2m) — R? defined by f(x) = (cosx, sinx).

This tells us that the unit circle with one point missing is a homeomorphic copy
of R. To compactify this copy of R, since it is embedded in the Euclidean space R?
as a bounded set, we need only take its closure to obtain a closed and bounded
set, which will be compact. Taking the closure adds the missing point of the circle,
giving the one-point compactification of R. In effect, the one-point compactifica-
tion wraps the two open ends of R around to the same “limit”.

The technique of the last example may be used to find other compactifications

of R. We may embed R into Euclidean space R? or R® as a bounded set, then sim-
ply take the closure. The copy of R will be dense in its closure, and as a closed and
bounded set in Euclidean space, the closure will be compact and T,. The example be-
low illustrates this technique further. To simplify the illustrations, we will consider
[0,1) = [0, c0) so we have only one end of the line to compactify.

Example 7.3.3. Consider the interval [0,1) with the Euclidean topology. Note that
[0,1) = (0,1] = [a, 00) = (—00, b], so a compactification of any of these homeomorphic
spaces will give a compactification of [0, 1).
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(a) Embed (0,1] in R? as the set A = {(x, sin )1() : x € (0,1]}, as suggested by Fig-

0.5

-0.5

ure 7.3(a). Taking the closure of A gives a compactification of [0, 1) obtained by
adding an interval {0} x [-1,1]. Thus, (0, 1] has a compactification whose remain-
der is an interval.

Figure 7.3: Compactifications of (0, 1] which add (a) an interval and (b) a circle.

(b) Embed (0,1] = [1,00) into R? as the spiral B given in polar coordinates byr =

(c)

1- é for 0 € [1, ), as suggested by Figure 7.3(b). Taking the closure of B gives a
compactification of [0, 1) obtained by adding a circle.

Embed (0, 1] into R® by the cylindrical coordinate function g(t) = (r(t), 6(t), z(t)) =
2+ sin(%), % t). We claim that taking the closure of g((0, 1]) will give a compact-
ification whose remainder is the annulus 1 < r < 3 in the plane z = 0. For this,
it suffices to show that given any € > 0, for t € (0,¢€), the points (r(t),6(t)) =
2+ sin(%), %) are dense in the annulus. Given ry € [1,3], thereis a t, € [0, €) such
that 2 + sin(%) =1y, and thus ry is realized by r(t) for % € {% +2nn : n € N}, or,
since 0(t) = %, for 6 € { % + 271(mn) : n € IN}. It is well known (see Exercise 21) that
if yis an irrational number and k € N, then {ny : n > k} is dense in [0, 1] modulo 1.
(That is, the fractional parts {ny — [ny] : n > k} are dense in [0, 1].) Thus, if y is
irrational, the set {2r(yn) : n > k} will be dense in [0, 277] mod 27, as will any fixed
translation {a + 271(yn) : n > k} of such a set of angles. Applied in our situation,
this tells us that each r, € [1,3] is realized by t € [0, ) on a dense set of angles
{% +2n(mmn) : n e N}, so (r(t),0(t)) = 2 + sin(%), %) is dense in the annulus.

The example above showed that (0, 1] has compactifications with remainders of

an interval, a circle, and an annulus.
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Not every topological space has a compactification. If X has a compactification
aX, then aX is a compact T, space, and thus is normal and completely regular. Since
completely regular is a hereditary property, X must be completely regular. Thus, com-
pletely regular is a necessary condition for a topological space to have a compactifica-
tion. In fact, completely regular is necessary and sufficient. This significant result was
given in different degrees of generality in papers by A. N. Tychonoff in 1930 and 1935.
In these same papers, Tychonoff defined the product topology for infinite products
and proved that with this topology, products of compact spaces are compact.

Theorem 7.3.4. A topological space X has a compactification if and only if it is com-
pletely regular.

Proof. We have proved one direction of implication above. Suppose that X is com-
pletely regular. Let C*(X) be the collection of continuous, bounded real valued func-
tions f : X — R. Foreach f € C*(X), there exists a closed and bounded interval I with
f(X) ¢ Ir. Consider the product

[T < ] R=R“®.
feC*(X) feC*(X)
An element of this product is an element of RS @ and is thus a function from C* X)
to R. Such a function e from C*(X) to R must give a real number for each f € C*(X).
One obvious way to define such a function is to pick an x,, € X, and for eachf € C*(X),
take the real number f(x,). Furthermore, we may do this for each x, € X. This gives
the evaluation function

e:X— H If
feC*(X)
defined by
e(o) = f0)recr = [ foo) e [] I

feC*(X) feC*(X)

For a given x,, € X, the evaluation function evaluates every f € C*(X) at x, to get an
element of [ [rece x) If-
We will need the following technical detail about the evaluation function.

Lemma 7.3.5. If X is completely regular, then the evaluation function is an embedding
of X into [[rece x) If-

We continue with the main argument before proving this lemma. We now have

e:X—>eX)cclex)c [] I
feC*(X)

Now e(X) is a homeomorphic copy of X by the lemma, and it is dense in its closure. By
the Tychonoff theorem, [[¢cc-(x) I; is compact, and is T, since products of T, spaces
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are T,. As a closed subset of a compact T, space, cl(e(X)) is a compact T, space. Thus,
cl(e(X)) is a compactification of the completely regular space X. O

The compactification cl(e(X)) described above is called the Stone—Cech compact-
ification and is denoted fX. Though the construction is due to Tychonoff, the com-
pactification bears the names of Marshall Stone and Eduard Cech, who independently
published papers in 1937 exhibiting useful properties of the compactification.

Any completely regular topological space is a dense subspace of its Stone—Cech
compactification. Together with Corollary 7.2.7, we have the following result.

Corollary 7.3.6. A topological space is completely regular if and only if it is a subspace
of a compact T, space.

The proof of Theorem 7.3.4 was incomplete for two reasons. We must prove the
lemma used, and we must prove the Tychonoff theorem. The first of these is an easy
task and is given here. The proof of the Tychonoff theorem is a deep result and is given
in Section 7.4.

Proof of Lemma 7.3.5. The fth coordinate function of e(x) = [[f¢c-x) f(X) is f (x). Since
each coordinate function is continuous, e is continuous. Suppose x # y in X. Since X is
completely regular, there exists a bounded continuous function g : X — [0,1] which
separates the point x from the closed set {y}. It follows that e(x) # e(y) since they
differ in the gth coordinate. This shows that e is one-to-one. Thus, e is continuous,
one-to-one, and onto its range e(X). It only remains to show that e lis continuous, or
equivalently, that e is an open map. Suppose U is open in X. Now e(U) will be open
in e(X) if and only if for each e(u) € e(U), there exists an open neighborhood V of
e(u) contained in e(U). Suppose u € U. Since X is completely regular, there exists a
bounded continuous function g : X — [0,1] with g(u) = O and g(X — U) = 1. Let
V= rrg‘l([O, 1)) N e(X). Since n;([o, 1)) is open in []s¢c+(x) Iy and e(X) is a subspace of
this product, V is open in e(X). The gth coordinate of e(u) = l_[feC*(X) fu)is g(u) =
0 € [0,1), so e(u) € V. Finally, we will show that V' ¢ e(U). Suppose p € V. From the
definition of V, p = e(z) for some z € X and g(z) € [0,1). Now we must have z € U, for
z € X — U would imply g(z) =1 ¢ [0,1). Thus, p = e(z) for some z € U, sop € e(U), as
needed. O

Many nice properties of the Stone—Cech compactification have been studied ex-
tensively, including the following two nice extension properties.

First, we consider extending a continuous function on X to its compactification.
Note that the continuous bounded function f : (0,1) — R defined by f(x) = sin}(
cannot be continuously extended to the compactification [0, 1] of (0, 1). A continuous
bounded function f : (0,1) — R can be extended to [0, 1] if and only if both limits
lim,_ o+ f(x) and lim,_,;- f(x) exist. The theorem below shows that the f(x) = sin )l( on
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(0,1) can be extended to the Stone—Cech compactification (0, 1), as can any continu-
ous bounded real-valued function on (0, 1). First, we must understand what is meant
by an extension of a function on X to a compactification Y.

Recall thatif A ¢ Band f : A — Ris a continuous function, then f; : B —» Risan
extension of f if the restriction of f; to A equals f; that is, if fz(x) = f(x) for all x € A.

Definition 7.3.7. Suppose X and Z are topological spaces, (aX, @) is a compactification
of X,and f : X — Z is a continuous function. A continuous extension of f to aX is a
continuous function f, : aX — Z with f,(a(x)) = f(x) for all x € X.

Thus, a function f, defined on aX is an extension of f defined on X if, for each
x € X, f, maps the homeomorphic copy a(x) of x to f(x). In the diagram of Figure 7.4,
starting from any point in X and following either path along the indicated arrows from
X to Z gives the same result. A diagram showing maps between several sets with this
property that following any of the arrows from one set to another gives the same result
is called a commutative diagram, or we may say that the diagram commutes.

X ——aX
fa

Z

Figure 7.4: An extension of f : X — Z to aX is a function f, which makes the diagram commute.

Theorem 7.3.8. If X is a completely regular space, then any continuous bounded real-
valued function f € C*(X) has a continuous extension to BX.

Proof. Suppose g € C*(X). We want to find a continuous function 8p : BX — Rwith
gg(e(x)) = g(x) for all x € X. The proof is based on the fact that X = cle(X) ¢
[Ifec: (x) I contains a copy of g in the gth coordinate of this product. Indeed, the pro-
jection function 71, : [[fec+x) Ir — I, is continuous, and the restriction of 77, to X is
also continuous. Furthermore, for x, € X, e(xy) = (f (X)) fec x)» SO Mg (€(Xg)) = 8(xo),
and thus gg = 71, is an extension of g. O

This result tells us that if X is completely regular, any continuous function f from
X into a compact subspace cl f(X) of R can be continuously extended to SX. The next
theorem is stronger.

Theorem 7.3.9. If X is a completely regular space, K is any compact Hausdorff space,
and f : X — K is continuous, then f has a continuous extension to X.

Proof. Under the hypotheses, consider the evaluation mapse : X — e(X) ¢ X ¢
[gec oxy Igand e’ : K — €' (K) < BK < [Tpec: iy In- Since K is compact, e’ : K — K isa
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homeomorphism. Note that, forany h € C*(K), hof € C*(X). We will define a function
G which maps a vector in [[g¢c-(x) I to the vector in [ [¢c+ k) I, whose hth coordinate
is the (h o f)th coordinate of the input vector. Specifically, define G : [[gecxy g —

[Thec @ In bY
G((Xgdgec x)) = Xnof Ynec )+

Now for any h € C*(K), i, G = Tlhef s which, as a projection function, is continuous.
Since every coordinate function 71, - G of G is continuous, G is continuous. Given x € X,

G(e(x)) = G(<g(x)>g€c*(x)) =(h °f(X)>hEc*(1<) =e'(f(x)) € e'(K),

so e'(K) is a closed set containing G(e(X)). Since e(X) is dense in X, G(e(X)) is dense
in G(BX) (see Exercise 19 of Section 3.1), and thus cl G(e(X)) = G(BX) < e'(K). Now
consider F = e’ ' o Glgx : BX — K. As the composition of continuous functions, F is
continuous, and for any x € X,

Foe(x) =€ 7' (G(e(x)) = € '(e'(f(x))) = fx),

so F o e = f, showing that F : X — K is a continuous extension of f : X — K. O

Let us consider an arbitrary compactification aR of the Euclidean line R. Intu-
itively, the “middle part” [-M, M] of the real line is already compact, so any point co
in the remainder aR — R should have neighborhoods which, when restricted to the
homeomorphic copy a(R) of R, should correspond to unbounded sets of R. The fol-
lowing result confirms this.

Theorem 7.3.10. Suppose aR is a compactification of R and co € aR — a(R) is a point
in the remainder. If U is a neighborhood of co in aR, then a” (U) is unbounded in R.

Proof. Suppose aR is a compactification of R, co € aR — a(R) is a point in the remain-
der, and U is neighborhood of co in aR. First, we will show that co € o(Una(R)). Given
any neighborhood V of co, VN U is a neighborhood of co € cla(R), so VNnUna(R) + 0.
Also, co € V n (aR - (U n a(R))), and thus co € a(U N a(RR)). Now suppose a }(U) is
bounded. Then there exists a compact set K in R containing a}(U) = a” (U n a(R)).
Now applying a to these sets gives a(a  (U)) = a(a ' (U n a(R))) = U n a(R) < a(K).
Now a(K) is compact in the Hausdorff space aR and thus is closed. Now we have
o0 € (U na(R)) € cl(Una(R)) € a(K) < a(R), which is a contradiction since co
was a point of the remainder aR — a(R). Thus, a }(U) must be unbounded in R. O

The description of the one-point compactification of R in Example 7.3.2 should
suggest that the neighborhoods of the remainder point correspond to very particular
unbounded sets—those whose complements are compact. Indeed, if any space X has
a one-point compactification X U {w}, then w has a neighborhood base of sets of form
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U U {w} where X — U is compact. This is the basis for the Alexandroff one-point com-
pactification explored in the exercises.

Theorem 7.3.10 can be used to prove that R has no 3-point compactification. This

is left to the exercises.

Exercises

1.

In advanced studies, the requirement that a compactification be T, may be
dropped to get a non-Hausdorff compactification. If (X, T) is a topological space,
let wX = XU{w} where wisa pointnotin X, and give wX the topology 7, = TU{wX}.
Show that wX is a non-Hausdorff compactification of X. It is called the trivial one-
point compactification of X, or the one-point connectification of X.

Let X be the subspace [0, 1] of R;, let aX = [0,1] U [2, 3] with the topology having
basis B = {[x,x+&)nX : x € [0,1],0 < e < JU{((x -, x+E)U(X-2—-&,x-2)U(x -2,
x-2+¢€)NX:xe[23],0<e<1},and define a : X — aX by a(x) = x. Show that
(aX, a) is a non-Hausdorff compactification of X. That is, show that (aX, a) meets
all the requirements of a compactification except the T, condition.

(Alexandroff one-point compactification) A topological space X is locally com-
pact if for every x € X, every neighborhood U of x contains a compact neigh-
borhood V of x, that is, a compact set V with x € int V. The Alexandroff one-
point compactification of a locally compact noncompact space (X,7) is wX =
X U {w} where w is a point not in X and the topology on wX is 7 U {U U {w} :
X — U is compact in (X, 7)}. Show that this construction does give a compactifica-
tion of X. Why is local compactness of X needed? Why is the noncompact condi-
tion needed?

Suppose aX = aX U {a} is a one-point compactification of a locally compact
space X. If X U {w} is the Alexandroff one-point compactification, show that there
is a homeomorphism h : X U {w} — aX with h(x) = a(x) for all x € X. This shows
that all one-point compactifications of X are equivalent.

Give a geometric description of the Alexandroff one-point compactification (see
Exercise 3) of the spaces X = [0,1), Y = (0,1),Z = (0,1) U (2,3),and W = (0,1) U
(2,3) U (4,5),U(6,7], where each space carries the Euclidean topology.

In Example 7.3.3 we saw that f : (0,1] — R? defined by f(x) = (x,sin )l() is an
embedding which gives a compactification of (0, 1] whose remainder is an inter-
val. Describe the remainder of the compactifications of (0, 1] obtained by taking
the closure of the homeomorphic copy of (0, 1] under the embeddings described
below.

(@) The embedding g : (0,1] — R> defined by g(x) = (x,sin %,sin %).

(b) The embedding h: (0,1] — R> defined by h(x) = (x, sin %,cos %).

(c) The embedding s : (0,1] — R’ defined in cylindrical coordinates by s(t) =

(r(6), (1), z(t) = (1 + ¢, %,sin }).



10.

11.

12.

13.

14.
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(d) The embedding u : (0,1] — R’ defined in cylindrical coordinates by u(t) =
(r(0), 6(t), z(t)) = (sin 1, 2, 1).

Give an embedding f : [1,00) — R such that clf([1, c0)) is a compactification of

[1, co) whose remainder is a sphere.

Let X be the subspace ((—1, 1)x{0})uU({0}x(~1, 1)) of R? with the Euclidean topology.

(a) Describe 1-point, 2-point, 3-point, and 4-point compactifications of X.

(b) Prove or give a counterexample: If aX and yX are 2-point compactifications of
X, then aX is homeomorphic to yX.

(c) Prove or give a counterexample: If aX and yX are 3-point compactifications of
X, then aX is homeomorphic to yX.

Describe a compactification of [1, co) obtained by adding a torus.

Describe compactifications of R having the remainder described.

(a) A closed interval and a point.

(b) A closed interval.

(c) A point and a circle.

(d) Two intervals intersecting at their midpoints.

Characterize the functions f € C*(RR) which have a continuous extension to the

one-point compactification of the Euclidean line R.

Consider the compactification Y of X = (0, 1] formed by taking the closure in R?

of the homeomorphic copy a(X) = {(x, cos %) : x € (0,1]} of (0,1]. The remainder

of this compactification is the interval {0} x [-1, 1]. Since a(X) is dense in Y, every

point of Y is a limit of a sequence of points in a(X). For example, the remainder

point p = (0,1) € {0} x [-1,1] is the limit of the sequence (a,,)en = ((2,+71,1)),1€]N of

local maxima of the curve a(X) = {(x, cos %) : x € (0,1]}. Find two other sequences

(b nen and (¢,)pen in a(X) which also converge to the remainder point p = (0,1),

with the terms of (a,)nens (Pr)nens and (¢,)nen all mutually disjoint.

Suppose aX is a compactification of X and a, b are distinct points in the remainder

aX — X. Show that the quotient space formed by identifying a and b is a compact-

ification of X. (This shows that if X has a n-point compactification, then X has

k-point compactifications for 1 < k < n.)

Suppose aR = a(R) U {a, b} is a 2-point compactification of the real line R and a is

the limit point of the set {a(-n)};2,. Let U, and U, be disjoint open neighborhoods

of aand b in aR.

(@) Show that there exist m,n € N with a((—oco, —-m)) U a((n, 00)) € U, U U,,.

(b) Show that U, intersects the connected set a((—oo, -m)), so Uy, does not inter-
sect a((—oo, —m)), and thus {a} U a((—oco,-m)) ¢ U, and {b} U a((n, 00)) € U,,.

(c) Show {a} U a((—co,-m)) and {b} U a((n, co)) are open in aR, so a has a neigh-
borhood base {{a} U a((—oco,—-m)) : m € N} and b has a neighborhood base
{{b} Ua((n,00)) : n € N}.

(d) Show that for any two 2-point compactifications aRR and a’R of R there exists
a homeomorphism 4 : aR — @’ Rwithhoa = a’.
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15.

16.

17.

18.

19.

20.

21.

Prove that R has no 3-point compactification. Does your proof generalize to
n-point compactifications for n > 2 in IN? Does your proof generalize to com-
pactifications with infinite remainders?

(@) Suppose that, for everyi € I, a;X; is a compactification of topological space X;.
Prove that [ [;¢; a;X; is a compactification of [ [;.; X;.

(b) Use part (a) to show that the completely regular axiom is productive.

If X is a completely regular space, show that X is connected if and only if SX is

connected.

If X and Y are completely regular spaces and f : X — Y is continuous, show that

there exists a continuous function f : X — BY with f|x = f.

Given two compactification aX and yX of a completely regular space X, we say

aX > yX if and only if there exists a continuous function f : aX — yX withy = fea.

That is, aX > yX if there is a continuous function from aX to yX which leaves X

fixed, if we consider X = a(X) ¢ aX and X = y(X) < yX.

(@) Show thatif aX > yX and yX > aX, then there is a homeomorphism h : aX —
yX with ho a = y. (In this case, we say aX and yX are equivalent compactifica-
tions.

(b) Show that the Stone—Cech compactification X is the largest compactification
of X, in the sense that fX > aX for every compactification aX of X.

Witha,y : N — R? defined by a2n) = (1/n,-1), a@2n - 1) = (1/n,1), y(3n) =

(1/n,-1),yBn-1) = (1/(2n),1), y3n-2) = (1/(2n - 1),1) for all n € N, taking the

closures in R? of a(IN) and y(IN) gives compactifications (aN, a) = {{1/n};2, U{0}} x

{-1,1} = (yN,y). Show that aX and yX are homeomorphic, but not equivalent in

the sense of Exercise 19(a).

Let [a]; = a—|a] denote the fractional part of a € R. Complete the missing details

below to prove that, for any irrational number y, {[ny]; : n € N} is dense in [0, 1].

Given any basic open set (x,y) < (0,1], pick j, k € N such that (x,y) contains the

interval (i,;, j%l).

(a) Show that some interval (%, mT“] (form = 0,...,k — 1) contains two points
lay]y, [by]; for integers a < b.

(b) Show that [(b - a)y]; € (0, 1) U (X2,1). (That is, modulo 1, |[(b - a)y],| < 1.)

(c) Show that, for some natural number m, [m(b-a)y]; € (x,y). Thus, every open
interval (x,y) contains a point of {[ny]; : n € N}.

7.4 Proof of the Tychonoff theorem

In mathematics, one must start with certain axioms or postulates. Euclid based his ge-
ometry on five postulates. Most mathematics courses start with the assumption that
we know what the real numbers are, but some analysis courses may start with a formal
construction of the reals as a completion of the rationals. One much-studied axiom in
mathematics is the axiom of choice, which states that, for any collection of nonempty
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sets, it is possible to form a new set consisting of one element from each member of the
collection. This axiom was proposed by Ernst Zermelo in 1904. While it seems rather
innocuous and believable, it produces some rather unbelievable results. One conse-
quence of the axiom of choice appeared in a paper by Stefan Banach and Alfred Tarski
in 1924, and is now called the Banach-Tarski paradox [2]. It states that a solid ball in
R® of radius 1 can be decomposed into a finite number of subsets which can be re-
arranged through rigid motions (that is, translations, rotations, and reflections, but
no compressions or expansions) and reassembled into two disjoint solid balls of ra-
dius 1. This is certainly less believable than the statement of the axiom of choice, and
has caused some mathematicians to shun the axiom of choice and its applications.
We will freely assume the axiom of choice and its consequences.

We will start with an assumption equivalent to the axiom of choice, given by Max
Zorn (1906-1993) in 1935, and now known as Zorn’s lemma.

Theorem 7.4.1 (Zorn’s lemma). Suppose (X, <) is a nonempty partially ordered set and
every totally ordered subset of X has an upper bound in X. Then X has a maximal ele-
ment.

Zorn’s lemma is employed in the proof of the Alexander subbase theorem, proved
by James Waddell Alexander II (1888-1971). Alexander is also known for the discovery
of the first “knot polynomial”, which now bears his name, in 1923.

Theorem 7.4.2 (Alexander subbase theorem). Let X be a topological space with sub-
basis S. Then X is compact if and only if every open cover of X by subbasic sets from S
has a finite subcover.

Proof. If X is compact, then every cover by arbitrary open sets has a finite subcover,
so every cover by subbasic open sets has a finite subcover.

For the converse, we argue by contradiction. Suppose every open cover of X by
subbasic sets from S has a finite subcover but X is not compact. Let @ be the collection
of open covers of X which do not have a finite subcover, partially ordered by set inclu-
sion. If {C;};¢; is a totally ordered subset of @, then, foreveryj € I,C; < C = J{C; : i € I},
so C is an upper bound of @. If C € @, then Zorn’s lemma would apply. Now C is clearly
an open cover of X. If C has a finite subcover U;,...,U, € C = [J{C; : i € I}, then
each Uy is contained in some C;, (k = 1,...,n), and because C; ,C; ,...C; are totally or-
dered by set inclusion, their union (or maximum) is C,, for some m € {i,,...,i,}. Now
U,...,U, € Cp, contrary to C,, having no finite subcover. Thus, C € ®, and Zorn’s
lemma implies that @ has a maximal element D.

Now D is an open cover with no finite subcover. If DN S covered X, as a cover of X
by subbasic elements, it would have a finite subcover, contrary to D having no finite
subcover. Thus, D N S does not cover X, so there exists x € X — [ J(D n S). Now there
exists U € D with x € U, and since S is a subbasis, there exist S;,...,S, € S with
x €S n---nS, ¢ U.Since x was not covered by DN S, S; ¢ Dforanyi = 1,...,n.
Foranyj e {1,...,n},Du {Sj} is an open cover of X, and by the maximality of D in @,
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DU{S;} has a finite subcover FjU{S;}. Now {FHL u{S n---nS,} is a finite open cover
of X.Since S;n---nS, c Uand U € D, [ J{F}, U {U} is a finite subcover of X from D,
contrary to D € @. O

Now we present the Tychonoff theorem, which was already stated as Theo-
rem 6.2.5.

Theorem 7.4.3 (The Tychonoff theorem). A product [];; X; of topological spaces is
compact if and only if every factor X; is compact.

Proof. If X = [];¢; X; is compact, since each projection function r1; : X — X; is contin-
uous and onto, the image m;(X) = X; is compact for every i € I.

Conversely, suppose (X;, 7;) is compact for every i € I, and let X = [[;;; X;. Now
S = {m; WU)y:ielLU e 7} is a subbasis for X. Suppose C is an open cover of X by
subbasic sets from S. Foreachi e I, letC; = {U € 7T; : n{l(U) € C}. Next, we show that
there must exist i, € I such that C;, covers Xio. If not, then, for each i € I, there exists
a; € X; not covered by C;, and (a;);; € X is not covered by C = | J{C; : i € I}, contrary
to C being a cover of X. Now if C; covers X; , then X; is covered by a finite subcover
{Uy,..., Uy} € C; . The collection {; ' (Uy), ..., ;' (Up)} € C;, € Cis a finite subcover of
X from C. Thus, any cover of X by subbasic open sets has a finite subcover, so by the
Alexander subbase theorem, X is compact. O

We have thus proved that the Tychonoff theorem follows from the axiom of choice
(in the form of Zorn’s Lemma). In 1950, John Kelley [25] proved that the axiom of choice
follows from the Tychonoff theorem, so the Tychonoff theorem is equivalent to the
axiom of choice.

Exercises

1. Identify the exact point where the axiom of choice is used in the proof of
(a) Theorem 0.5.1(c).

(b) Exercise 19(a) of Chapter O.
(c) Theorem 3.1.7.

(d) Theorem 1.5.11.

(e) Theorem 5.1.4.

(f) Theorem 5.1.8.

2. In the Euclidean line, (0,1) is not compact. Find an open cover by sets from the
standard subbasis S = {(-0o,b) : b € R} U {(a,00) : a € R} which has no finite
subcover.

3. (a) Show thatS = {(a,00) x (b,00) : a,b € R} U {(-00,a) x (—o0o,b) : a,b € R}isa

subbasis for the Euclidean topology on R?.
(b) Find an open cover of the noncompact set (0, 1) x (0, 1) by elements of S which
has no finite subcover.
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(c) Find an open cover of the noncompact set {(x,y) € R?: x° +y2 < 1} by elements
of S which has no finite subcover.

(@) Fora,b € R, let S(a, b) be the strip (a, b) x (—00, c0) in R? and let D(b, £) be the
diagonal strip {(x,y) € R>:x+b< y < x+ b+ €}. Show that S = {S(a, b) :
a,b € R,a < b} u{D(b,e) : b € R,e > 0} is a subbasis for the Euclidean
topology on R%.

(b) Find an open cover of the noncompact set [0, 1] x (0, 1) by elements of S which
has no finite subcover.

Show that A = {f : [-1,1] — [-1,1] : [f(x)| < |x|} is a compact subset of [-1, 1]V

with the product topology.

By Exercise 25 of Section 6.2, [0, 1]]N is metrizable, so by Theorem 5.2.8, it is com-

pact if and only if every sequence in [0, 1]™ has a convergent subsequence. Prove

that every sequence in [0, 1]™ has a convergent subsequence. Note that this shows

[0,1]N is compact without using the Tychonoff theorem.






8 Alexandroff spaces

Most of the material covered to this point was motivated by classical analysis, and was
studied extensively in the first half of the 20th century. The fundamental concepts driv-
ing the development of the material were nearness, convergence, and continuity. In
Chapters 8-11, we present some more recent material. The two fundamental concepts
driving the development of these topics might be summarized as loss of resolution aris-
ing in computer applications and topology and order.

The decimal expansion of 7 has an infinite number of digits, but computer arith-
metic with 77 necessarily replaces 77 by a finite (rational) representation. The Euclidean
plane contains infinitely many points, but any computer screen representation of the
plane must be done with only a finite number of pixels. Thus, convergence, nearness,
and continuity on a computer screen must be characterized by topologies on the finite
set of pixels. The only T, topology on a finite set is the discrete topology, in which the
only convergent sequences are those which are eventually constant, and since each
singleton set {x} is open, nothing is “near” x other than x itself. Thus, meaningful con-
vergence on finite topological spaces can only be accomplished by non-T; (and thus,
non-Hausdorff) topologies.

T, topological spaces have a certain symmetry to them: If there is a neighbor-
hood of x excluding y, then there is a neighborhood of y excluding x. The study of
non-T; spaces is thus part of asymmetric topology. Perhaps the most obvious example
of asymmetric topology is the study of quasi-metrics (Section 11.2), which are distance
functions g which do not require that g(x, y) = q(y, x). In a more general setting, quasi-
uniformities (Section 12.5) continue the study of asymmetric topology.

The study of spaces which are not Hausdorff has its drawbacks, such an non-
uniqueness of limits, but such problems naturally arise in the loss of resolution sit-
uations where we must represent an infinite set by a finite set. For example, two dis-
tinct points in the Euclidean plane determine a unique line, but two distinct pixels
on a screen may not determine a unique line, as suggested in Figure 8.1. Section 8.1
investigates a class of topological spaces which includes all topologies on finite sets.

Figure 8.1: Two distinct pixels do not determine a unique line.

https://doi.org/10.1515/9783110686579-009
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When using a finite set of pixels to represent a rectangular subset R of the Euclidean
plane, each pixel corresponds to infinitely many points in the rectangle. This intro-
duces an equivalence relation on the rectangle R: two points of R are equivalent if and
only if they are represented by the same pixel. Now any work on the set of pixels is ac-
tually work on equivalence classes of R. In Section 8.2, we investigate partial orders on
equivalence classes on a set X, or equivalently, on the blocks of a partition of X. In Sec-
tion 11.1, we investigate metrics on blocks of a partition (i. e., equivalence classes) of X.
The study of topologies on finite sets can be approached nicely with techniques
from discrete mathematics, especially including the theory of ordered sets. The rich
interaction between topology and order is investigated in the next few chapters.

8.1 Alexandroff topologies

Given a set X and a point p € X, recall that the particular point topology P, = {0} U
{A € X : p € A} on X determined by p consists of the empty set and all subsets of X
which contain the particular point p. The closed sets in this topology are thus X and
the subsets which exclude p. That is, the closed sets in P, are precisely the open sets
in the excluded point topology E,, = {X} U{B € X : p ¢ B} determined by p. Thus, P,
(and also E)) is a topology whose collection of closed sets forms a topology. Such a
topology is called an Alexandroff topology.

By De Morgan’s laws, the closed sets of any topology on X include ¢ and X are
closed under arbitrary (and thus finite) intersections. The only remaining condition
needed to ensure that the closed sets form a topology is that arbitrary unions of closed
sets must be closed, or equivalently, arbitrary intersections of open sets must be open.

Definition 8.1.1. An Alexandroff topology is a topology in which arbitrary intersections
of open sets are open.

Alexandroff topologies are sometimes called principal topologies. When P.S.
Alexandroff introduced these spaces in 1937, he called them “Diskrete Raume”, or
“discrete spaces”.

The following theorem lists some important and immediate properties of Alexan-
droff spaces.

Theorem 8.1.2. Let X be a set.

(a) Alexandrofftopologies on X occur in pairs: If T is an Alexandroff topology on X, then
the collection {X — U : U € T} of T-closed sets is also an Alexandroff topology on X.

(b) Atopology T onX is an Alexandroff topology if and only if every x € X has a smallest
neighborhood N (x) (that is, a minimal neighborhood with respect to set inclusion).

(c) Every finite topology on X is Alexandroff. In particular, if X is finite, every topology
on X is Alexandroff.

(d) The only T, Alexandroff topology on X is the discrete topology.
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Proof. (a) follows immediately from De Morgan’s laws.

(b) If (X, T) is an Alexandroff topological space and x € X, then the intersection of
all neighborhoods of x must be a neighborhood N(x) of x, and clearly it is contained
in every neighborhood of x. Conversely, suppose every point x in (X, 7) has a smallest
neighborhood N(x). If U; € T for everyi € I, we wish to show B = [;; U; is open. If
B =@, then Bis open. If x € B, then x € U, for eachi € I, and since each U; is open, we
have {x} € N(x) € ;s U; = B. Taking the union over all x € Bgives B < | J,.g N(x) < B,
so B equals a union of open sets, and thus is open.

(c) If T is a finite topology, then there are only finitely many open sets, so “arbi-
trary” intersections of open sets are actually finite intersections, which must be open.

(d) If 7 is a T; Alexandroff topology on X, then, for y # x, there exists a neighbor-
hood of x excluding y, so the intersection N(x) of all neighborhoods of x excludes y.
This holds for every y # x, so N(x) = {x} is open for every x € X and thus 7 is dis-
crete. O

We consider some examples of Alexandroff topologies.

Example 8.1.3. If T is a partition topology on X, that is, if 7 has a basis B = {B};c;
which is a partition of X, then 7 is an Alexandroff topology. The minimal neighbor-
hood of x € X is the block B; of the partition which contains x. For any j € I, B; =
X - U{B; € B : B; # Bj}, so each block B; is closed. It follows that the topology of
T-closed sets is again 7. Since the discrete topology is a partition topology, the dis-
crete topology is an Alexandroff topology.

Example 8.1.4. The topology 7 on R generated by the basis B = {[-a,a] € R : a > 0}
is an Alexandroff topology. Note that this topology contains the open intervals (-a, a)
as well as the closed intervals [—a, a]. We can see directly that arbitrary intersections
of open or closed intervals centered at the origin are again such intervals, or we can
see 7 is Alexandroff by noting that every x € R has a minimal neighborhood [-a, a]
where a = |x|. The Alexandroff topology of 7-closed sets is {#} U {(—co, —a) U (a, o) :
a >0} U{(-oo,—a] U [a,o0):a = 0}.

As noted above, the particular point topology on X determined by a point p is
an Alexandroff topology. It consists of ¢ and all the supersets of {p}. Its associated
topology of closed sets, the excluded point topology, consists of X and all sets disjoint
from {p}. Replacing the singleton set {p} in the particular point topology by an arbi-
trary set provides the foundation for other Alexandroff topologies, which we define
below.

Definition 8.1.5. Suppose X is a set and S is a fixed subset of X. The collections
Super(S) ={U cX:S cU}u {0},

Disjoint(S) ={UcX:UnS=0}u{X}, and
Sub(S) ={U cX:U < Stu{X}
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are Alexandroff topologies on X, respectively known as the topology of supersets of S,
the topology of sets disjoint from S, and the topology of subsets of S.

It is easy to see directly that each of these collections is an Alexandroff topology
and that they are closely related.

Since U is a subset of S if and only if U is disjoint from X — S, we have Sub(S) =
Disjoint(X — S).

For any set S, the Alexandroff topology of the Super(S)-closed sets is Disjoint(S),
since X — U is a superset of S if and only if S is disjoint from U. The nonempty
Sub(S)-closed sets are sets F with X — F ¢ S, or equivalently, with X — S ¢ F. Thus, the
Alexandroff topology of Sub(S)-closed sets is Super(X — S).

In any Alexandroff topology on X, the collection {N(x) : x € X} of minimal neigh-
borhoods of the points is a basis for the topology. In Super(S), the minimal neighbor-
hood of x is N(x) = {x} U S. In Sub(S), if x € S, then {x} is a subset of S, so N(x) = {x};
if x ¢ S, then there is no subset of S containing x, so N(x) = X. Loosely speaking, this
says that Sub(S) is discrete on S and indiscrete on X — S. The minimal neighborhoods
in Disjoint(S) = Sub(X — S) are determined similarly.

Table 8.1 shows the associated topology of closed sets and the minimal neighbor-
hoods of points in these topologies.

Table 8.1: Super(S), Disjoint(S), and Sub(S).

T T -closed sets
Super(S) Disjoint(S)
Disjoint(S) Super(S)
Sub(S) Super(X - S)

Disjoint(S) = Sub(X - S)

T minimal neighborhoods N(x)
Super(S) Nx)={x}usS
L X ifxeS
Disjoint(S) Nx) = {{x} ifxes
_ [Ix} ifxeS
Sub(S) N(x) = {X ifxes

Example 8.1.6. Consider the Alexandroff topological space (R, Super((-1,1))). Since
(-1,1) and [-1, 3] u{m, 4} are supersets of (-1, 1), they are open sets in this space. Since
the Super((-1, 1))-closed sets are the members of Disjoint((-1, 1)), the closure cl((0, 2))
is the smallest set containing (0, 2) which is either disjoint from (-1, 1) or equal to R. No
set containing (0, 2) is disjoint from (-1, 1), so cl((0, 2)) = R. Since this is an Alexandroff
topology, every point has a minimal neighborhood N(x). If x ¢ (-1,1), the smallest
superset of (-1, 1) containing x is N(x) = (-1, 1)u{x} and ifx € (-1,1),then N(x) = (-1,1).
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The sequence (2 + %)ggl is not eventually in the minimal neighborhood N(x) = (-1,1)
or (-1,1) U {x} of any x € R, so this sequence does not converge. The sequence (%);";1
is eventually in (-1, 1), and therefore is eventually in every open set in Super((-1, 1)).
Thus, (%);,";1 converges to every point x € R. With non-unique limits, this topological
space is not Hausdorff. Furthermore, for the distinct points x = 0 and y = %, neither
has a neighborhood which excludes the other, so this space is not even T,. The space
is connected since any two nonempty open sets contain (-1, 1) and cannot be disjoint.
The open cover C = {N(x) : x ¢ (-1,1)} of R has no finite subcover, so the space is not
compact.

The next example is a subtle extension of the Sub(S) topology.

Example 8.1.7. Let Z = R® be the collection of all functions {f : R — R}. Define a
topology 7 on Z by saying a set U < Z of functions is open if and only if U = Z or for
each f € U, the graph of f is contained in the closed upper half-plane. That is, U # Z
is open if and only if

fe U=>Gf={(x,f(x))e]RZ:xe]R}gle[O,oo).

Clearly Z € T, and @ € 7 vacuously. Suppose U; € T fori € I where I is an arbi-
trary index set. Now | J;¢; U; is a union of sets U; of functions whose graphs are in the
upper half-plane, and this union will only contain functions whose graphs are in the
upper half-plane, so the union is in 7. Similarly, (;¢; U; is either empty, Z, or a set
of functions whose graphs are in the upper half-plane, so 7 is closed under arbitrary
intersections. Thus, 7 is an Alexandroff topology.

The set U = {f,(x) = 3+n+sinnx : n € N} is an open set in 7. The set A =
{fx) = —x*-2, gx)=4+ x%} is not open since the graphs of the functions of A are not
all contained in the upper half-plane. Also, since Z — A is a proper subset of Z which
contains functions like h(x) = x whose graph is not in the upper half-plane, Z - A is
not open, so A is not closed.

Suppose (), is a sequence of functionsin Z = RR. If g is a function whose graph
is not contained in the closed upper half-plane, then the sequence is eventually in the
minimal neighborhood N(g) = Z, so every such g is a limit of the sequence. If g is a
function whose graph is contained in the closed upper half-plane, then the sequence
is eventually in N(g) = {g} only if the sequence is eventually constantly f,, = g. Thus,
the convergence of sequences are completely characterized by saying all eventually
constant sequences converge to the constant term and every sequence converges to
every function g whose graph is not contained in the closed upper half-plane.

Another nice class of Alexandroff topologies are the functionally Alexandroff
topologies which were explicitly introduced independently in 2011 as functional
Alexandroff spaces [1] and in 2012 as primal spaces [14].

If X is a nonempty set and f : X — X is a function, let

Tr={UcX:f'(U)cUL
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Since ffl((b) C ¢ and ffl(X) c X, wehave §,X € Tr- IfU; € Tr for all i in an arbitrary
index set I, then

F(Uu)-Ur'ane Yo,

iel iel iel

s0 i1 U; € 7. Replacing each | J by [, these statements remain valid, so (;¢; U; € 7;.
Thus, 7; is an Alexandroff topology on X.

Definition 8.1.8. A topology on X which arises as 7y = {U € X : f~Y(U) ¢ U} for some
function f : X — X is a functionally Alexandroff topology (or a primal topology).

The following results about functionally Alexandroff spaces are routine to verify,
and are left to the exercises. In what follows, fz(x) = f(f(x)) and for n > 2, f"”(x) =

F(F ).

Theorem 8.1.9. Suppose 7; is the functionally Alexandroff topology on X arising from

f:X-X

(@ Cis Ts-closed if and only if f(C) < C. That is, the T¢-closed sets are the f-invariant
subsets of X.

(b) Forx € X, clix} = {f"(x)};2- That is, cl{x} is the orbit O(x) = {f" (x)},>, of x under f.

(c) Forx € X, the smallest neighborhood of x is Ny (x) = {y € X :fM(y) = x forsomen €
{0,1,2,.. .}

For example, suppose f : N — N is the function defined by taking f(n) to be the
sum of the digits of n. Now f(42613) = 4+ 2+ 6 + 1+ 3 = 16, f2(42613) = f(16) = 7,
and for n > 3,f"(42613) = 7. Thus, cl{42613} = {42613,16,7}. It is well-known that the
remainder when n is divided by 9 is the same as the remainder when f(n) is divided
by 9. Thus, N¢(4) = {m € N : m = 4 mod 9}.

Exercises

1. Every point x in an Alexandroff topological space X has a minimal neighborhood
N(x) = (\{U : U is a neighborhood of x}. If (X, 7) is an Alexandroff space, show
that B = {N(x) : x € X} is a basis for 7.

2. If T is an Alexandroff topology on X, let 7* denote the Alexandroff topology of
T-closed sets. For x € X, describe the minimal 7*-neighborhood N*(x) of x in
terms of 7.

3. Show that a collection B of subsets of X is a basis for an Alexandroff topology on
X if and only if | J B = X and whenever x is in the intersection (){B; : i € I} of an
arbitrary collection of sets B; € B, there exists B € Bwithx € B< (|{B;:i € I}.

4. Show that the digital line topology 7p;, on Z is an Alexandroff topology and de-
scribe the topology of 7Ty -closed sets.
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11.

12.

13.

14.

15.

16.

17.

18.
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Describe the topologies Super(S), Disjoint(S), and Sub(S) on X (a) if S = ¢ and (b)
ifS = X.

Let X = [0,6] x [0,2] and S = [0, 3] x [0, 2]. Give X the topology Super(S). Find the
interior, closure, and boundary of the following sets.

A=1[0,1]x[0,1] B=[24]%x[0,1] C=[5,6]x[0,1]
D =1[0,5] x[0,2] E=1[1,6]x][0,2]

Repeat Exercise 6 using the topology Disjoint(S) instead of Super(S).

Repeat Exercise 6 using the topology Sub(S) instead of Super(S).

Suppose X is a set and S is a fixed subset of X which is nonempty and proper.

Give X the topology Disjoint(S). For an arbitrary nonempty subset A € X, describe

intA, cl A, and 0A.

Suppose X is a set and S is a fixed subset of X which is nonempty and proper. Give

X the topology Sub(S). For an arbitrary nonempty subset A ¢ X, describe int A4,

clA, and 0A.

Suppose X is a set and S is a fixed subset of X which is nonempty and proper. Give

X the topology Super(S). For an arbitrary subset A ¢ X, give rules to determine

int A and cl A.

Suppose X is a set containing distinct points p and g. Let 7y, ;; = Super({p}) U

Disjoint({p, g}). Thus, U € Ty, 4 if and only if U contains p or excludes both p and

g. Show that 7y, ,, is an Alexandroff topology on X and describe the topology of

T {p,q}-closed sets. (In Section 9.3, we will see that the only topology on X which is

strictly finer than 7, ;, is the discrete topology.)

Two topologies 7; and 7, on the same set X are said to be (lattice) complements if

the only topology finer than both 7; and 7, is the discrete topology and the only

topology coarser than both 7; and 7 is the indiscrete topology.

(a) Show that topologies 7; and 7, on X are complements if and only if (i) for
every x € X there exists a 7;-neighborhood U of x and a 7,-neighborhood V
of x with U n V = {x}, and (ii) the only sets which are open in both 7; and 7,
are ¢ and X.

(b) If S c X, show that Sub(S) and Disjoint(S) are complements.

Suppose S is a nonempty proper subset of X. Discuss the connectedness of X under

the topologies Super(S), Disjoint(S), and Sub(S). What if S is allowed to be ¢ or X?

Suppose S is a nonempty proper subset of X. Discuss the compactness of X under

the topologies Super(S), Disjoint(S), and Sub(S). What if S is allowed to be @ or X?

Let 7 = {U < R* : m(U) < [0,1]} U {R?}, where 7, is the projection function onto

the first coordinate. Show that 7" is an Alexandroff topology on X = R>.

Suppose (X, T) is an Alexandroff topology and Y ¢ X. If 7y is the subspace topol-

ogy on Y, must (Y, 7y) be an Alexandroff space?

Suppose (X, 7) is an Alexandroff space, g : X — Y is a surjection, and 7' = {V ¢

Y : ¢ (V) € T} is the quotient topology on Y. Is the quotient space (Y, 7') neces-

sarily an Alexandroff space?
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19. Prove Theorem 8.1.9.

20. If 7; is the functionally Alexandroff topology arising from f : X — X, show that
f: (X, T) — (X, Tf) is a continuous closed mapping.

21. (a) How are the fixed points of f : X — X recognizable in the functionally Alexan-

droff topology 7;?
(b) Characterize the functions f : X — X for which 7 is T;.

22. Show that the indiscrete topology on X is functionally Alexandroff if and only if X
is finite.

23. Suppose 7; is the functionally Alexandroff topology arising from f : X — X. For
x,y € X, define x = y if and only if there exist m,n € N uU {0} with f™(x) = f*(y).
Show that =~ is an equivalence relation on X and that the =-equivalence classes are
the connected components of (X, Tf)-

24. Show that the Alexandroff topology depicted is not functionally Alexandroff.

‘

8.2 Quasiorders

In this section, we momentarily abandon topology to introduce an elementary topic
from discrete mathematics: quasiorders. Recall that a partial order on a set X is a rela-
tion < on X which is reflexive, transitive, and antisymmetric, and an equivalence rela-
tion on X is a relation ~ which is reflexive, transitive, and symmetric. An equivalence
relation ~ on X partitions X into equivalence classes [x] = {y € X : x ~ y}, and every
partition P = {B; : i € I} of X into blocks B; (i € I) gives an equivalence relation defined
by x ~ y if and only if x and y fall in the same block B; of P. Equivalence relations are,
in effect, equality of some attribute of the elements of X. If a farmer sells pumpkins by
the pound, his accountant may say that pumpkin a is equivalent to pumpkin b if and
only if their weights are equal.

Every partial order and every equivalence relation is a reflexive, transitive relation.
Such relations are called quasiorders.

Definition 8.2.1. A quasiorder on a set X is a reflexive, transitive relation < on X. That
is, a relation < on set X is a quasiorder if x < x for every x € X, and for every x,y,z € X,
ifx<yandy <z thenx < z.

Quasiorders are like partial orders without antisymmetry. If we interpret a < b to
mean b is as good as or better than a, then applications abound where we could have
a < band b < awith a # b. To a farmer’s accountant, any two different six-pound
pumpkins a and b would satisfy a < band b < a but a # b. If a professor is grading
essays, two different essays a and b may each be as good as or better than the other,
even though they are different essays. Two such essays would receive the same grade,
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and thus a < b and b < a defines an equivalence relation based on equality of the
essay grades.

If a < b and b < a, then our experience with partial orders leads us to expect that
a should equal b; if < is a quasiorder which is not a partial order, then they may not
be equal, but we may declare them to be equivalent. This introduces antisymmetry,
but on the equivalence classes of X instead of the points of X. Thus, a quasiorder on X
gives a partial order on the equivalence classes of an equivalence relation. Conversely,
a partial order on the blocks of a partition of X (that is, on the equivalence classes of
some equivalence relation on X) produces a quasiorder in a natural way. The following
theorem explicitly gives this important connection.

Theorem 8.2.2.

(a) Ifsisaquasiorder on X, the relation =~ on X defined by a =~ b ifand only ifa < b and
b < ais an equivalence relation on X.

(b) If [x] is the equivalence class of x € X with respect to the equivalence relation = as
in (a), then taking [a] < [b] if and only if a < b defines a partial order < on the set
X /=~ of equivalence classes.

(c) If<is any partial order on the blocks {B; : i € I} = {[a] : a € X} of a partition P
of X, then the relation < defined on X by a < b if and only if [a] < [b] is a quasiorder
onX.

Proof. (a) It is easy to see that ~ as defined above is reflexive, transitive, and symmet-
ric, and thus is an equivalence relation.

(b) To see that this gives a partial order on the equivalence classes, we first note
that the definition [a] < [b] if and only if a < b is well-defined. If [a] = [a'] and
[b] = [b'], then [a] < [b] if and only if [a'] < [b'], and these two different choices for
the equivalence class representatives lead to different—and possibly contradictory—
defining conditions, namely a < b and a’' < b’. However, if [a] = [a'] and [b] = [b'],
thena < a',a <a,b<b',andb’ < b,soifa < b,thenwehavea’ <a<b < b, so
a' < b’ by transitivity of <. Similarly, if a’ < b’ then a < b. Now for any equivalence
classes [a], [b], and [c], it is easy to see that reflexivity, transitivity, and symmetry fol-
low for the equivalence classes from the corresponding properties of the representa-
tive elements a, b, and c.

(c) Suppose < is a partial order on the blocks {[a] : a € X} of a partition P of X,
and < is defined by a < b if and only if [a] < [b]. Fora € X, [a] < [a] and thus a < a.
Ifa < band b < c, then [a] < [b] and [b] < [c], so [a] < [c] and thus a < c. Thus, < is
reflexive and transitive, as needed. O

While an equivalence relation on X partitions X into equivalence classes based
on equality of some attribute, a quasiorder on X focuses on some attribute of the ele-
ments, partitions X into the corresponding equivalence classes, and provides a partial
order on the equivalence classes.
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We may iterate the parts of Theorem 8.2.2: a quasiorder < on X produces a partial
order on the blocks of a partition, which then produces a quasiorder. It is easy to see
that the resulting quasiorder is the original. Similarly, starting with a partial order
on the blocks of a partition, finding the associated quasiorder, and then the partial
order on the blocks of a partition using the process in the theorem, we cycle back to
the original partial order on blocks of the original partition. This proves the following
corollary.

Corollary 8.2.3. There is a one-to-one correspondence between quasiorders on X and
partial orders on blocks of partitions of X.

Example 8.2.4. Let C, = {(x,y) € R?:x* + y2 = r?} be the circle of radius r centered at
the origin. Partition R? into {C, : r > 0}. Partially order the blocks of the partition (that
is, the circles) by C, < C, if and only if r < s. By Theorem 8.2.2(c), this structure gives a
quasiorder on R? defined by (a, b) < (x,y) if and only if the circle C, containing (a, b)
has radius less than or equal to the circle C; containing (x,y). That is, (a, b) < (x,y) if

and only if Va2 + b? < \/x2 + y2, or equivalently, if and only if a® + b* < x* + 2.

Example 8.2.5. On R?, define (a,b) < (x,y) if and only if a < x. It is easily seen that
< is reflexive and transitive, and thus is a quasiorder on R?. The equivalence relation
(a,b) = (x,y) ifand only if (a, b) < (x,y) and (x,y) < (a, b) is (a, b) = (x,y) if and only if
a = x. The =~-equivalence class of (a, b) is [(a, b)] = {(x,y) : x = a}, which is the vertical
line L, = {a} x R. The partial order on set of equivalence classes {L, : a € R} from
Theorem 8.2.2(b) is given by L, < L, if and only ifa < b in R.

Example 8.2.6. Define < on R by x < y if and only if x = y or x € Z. Thus, besides
the reflexivity condition that each point is below itself, we have each integer is be-
low everything. This is a quasiorder. Reflexivity follows from the definition. To show
transitivity, suppose x < yand y < z.If x € Z, then x < z since integers are below
everything. If x ¢ Zand x <y, thenx =y,soy < zsaysx < z.

To find the associated equivalence relation =, suppose x < yandy < x. If x ¢ Z,
then x < y implies x = y, so the =-equivalence class of x ¢ Z is {x}.If x € Z, thenx <y
foreveryy e R,andy s xifx =yory € Z. Thus, forx € Z, x = yifand only ify € Z.

Now the associated partial order < on the equivalence classes {Z}U{{x} : x ¢ R-Z}
includes the natural reflexivity Z < Z and {x} < {x} for all x € R-Z, and the condition
thatn < x for any n € Z and any x € R implies [n] < [x], so we have Z < {x} for any
x € R — Z. The Hasse diagram for this partial order is suggested in Figure 8.2.

<—0 OoO— ]R—Z

*z

Figure 8.2: The partial order on the =-equivalence classes for Example 8.2.6.
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Example 8.2.7. On the set of words, define a relation < by word1 < word? if and only if
the set of consonants used in word1 is a subset of the set of consonants used in word2.
Now < is a quasiorder since it is reflexive (the set of consonants in word1 is a subset
of the set of consonants in word1) and transitive (if the set of consonants in word1
is contained in the set of consonants in word2 and the set of consonants in word?2 is
contained in the set of consonants in word3, then the set of consonants in word1 is
contained in the set of consonants in word3). The associated equivalence relation is
wordl = word?2 if and only if the set of consonants of each word is contained in the
set of consonants of the other, which happens if and only if they have the same set of
consonants. Then, for example,

cool < calculus < class < calculus < school
since
{c,l} c{c,I,s} c{c,I,s} c{c,I,s} < {c,L,s, h}.

Furthermore, calculus = class. If we assume the set C of consonants has 21 elements,
and if we allow nonsense words like bcdfghyz, then the set of ~-equivalence classes
with the partial order induced by <is P(C), the power set of C, ordered by set inclusion.

Example 8.2.8 (Simplex combination locks). A simplex combination lock is a push-
button lock with n buttons. To open the lock, the proper sequence of buttons must be
pressed. Buttons may be pressed simultaneously, but no button can be pressed more
than once. A standard configuration uses n = 5 buttons. One possible combination
might be ({1, 4}, {2}, {3, 5}), requiring that buttons 1 and 4 be pressed simultaneously
first, then button 2, then buttons 3 and 5 simultaneously. This combination gives a
partition of the buttons pressed, and a partial order (in fact, a total order) on the blocks
{{1, 4}, {2}, {3, 5}} of the partition, and thus a quasiorder on X = {1,2, 3, 4, 5}.

The number of combinations L,, on an n-button lock which use all n buttons is
called the nth Fubini number. L, is the number of total quasiorders on X, where a total
quasiorder is a quasiorder whose associated partial order on the equivalence classes is
a total order. By convention, L, = 1, and it is easy to see that L, = 1. There is a recursive
formula for the numbers L,,. Having defined Ly, L, ..., L,_; for n > 2, on the first press,
we must press k buttons (k = 1,...,n). There are (z) ways to do this. Then, we are left
with the (n - k)-button problem, which can be solved in L,_;, ways. Summing over all
k gives

L /n
Ln=). (k)L"‘k'
k=1

The initial conditions for L, and L, give (Ln)i:O =(1,1,3,13,75,541), and in particular,
there are 541 combinations on a 5-button lock which use all five buttons.
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Since combinations on a 5-button lock need not use all five of the buttons, to find
the total number of combinations, there are more combinations to count. If a combi-
nation uses j buttons for j = 0,...,5. There are (?) choices for which j buttons to use,
and summing over all values of j gives the total

> (5
7= Y () = 1082
j=0

Note that the total number T = 1082 = 2(541) = 2L;, and in general T,, = 2L,,. Thus,
a 5-button Simplex lock has 1082 possible combinations, making it only slightly more
secure than a bike lock with three rotors with 10 possible positions for each rotor,
which has 10° = 1000 possible combinations. Further analysis of this example is given
in [49].

Given a subset B of a partially ordered set or a quasiordered set, it is natural to
consider all the points in B or above an element of B. The next definition provides our
terminology.

Definition 8.2.9. Given a subset B of a quasiordered set (X, <), the increasing hull of B
isi(B) = {x € X : b < x for some b € B}, and Bis an increasing set if B = i(B). Dually, the
decreasing hull of Bis d(B) = {x € X : x < b for some b € B}, and B is a decreasing set
if B = d(B). The increasing and decreasing hulls i({x}) and d({x}) of a singleton set {x}
will be denoted i(x) and d(x), respectively. A set is monotone if it is either increasing
or decreasing.

Thus, the increasing hull of B contains everything in B and everything above any
point of B. Our notation and terminology follows that of the seminal monograph Topol-
ogy and Order [38] by Leopoldo Nachbin, which appeared in Portuguese in 1950 and in
English translation in 1965. Increasing sets appear in the literature under many names,
including upper sets, upward closed sets, or upsets, and the increasing hull i(4) may
be called the upward closure and be denoted TA. In the natural dual terminology, the
decreasing hull of A may be called the downward closure, denoted | A, and decreasing
sets may be called lower sets, downward closed sets, or downsets.

When we are dealing with more than one quasiorder on a set, we may need to
include the order < in our terminology, saying B is <-increasing if and only if B = i_(B).
For example, a quasiorder < on X always produces the dual quasiorder > defined by
x z yifand only if y < x. Then, it is clear that i_(B) = d.(B).

We present some facts about monotone sets.

Theorem 8.2.10. Suppose B is a subset of a quasiordered set (X, <).
(@) The increasing hull of B is the smallest increasing set containing B.
(b) Bis increasing if and only if B = | J{i(x) : x € B}.

(c) The complement of an increasing set is a decreasing set.
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The dual statements about decreasing sets also hold. That is:

(@") The decreasing hull of B is the smallest decreasing set containing B.
(b') Bis decreasing if and only if B = | J{d(x) : x € B}.

(c') The complement of a decreasing set is an increasing set.

The straightforward proofs are left as exercises. We note that given a statement
about an ordered set (X, <), the dual statement is obtained by reversing < and any
terms defined using < to > and the corresponding terms defined using >.

Example 8.2.11. Consider the quasiordered space R? of Example 8.2.4 with (a,b) <
(x,y) if and only if the distance from (a, b) to the origin is less than or equal to the
distance from (x, y) to the origin. Now the decreasing hull of the singleton set {(3, 4)} is
d((3,4) = {(x,y) € R?: (x,¥) < (3,4)}, which is the closed disk of radius 5 centered at
the origin. Similarly, i((3, 4)) is the set of all points in the plane 5 units or further from
the origin. Note that i((3,4)) n d((3, 4)) is the circle C; of radius 5.

For B = {(1,1), (2,0)}, d(B) consists of B and every point (x,y) € R? with (x, y) <
(1,1) or (x,¥) < (2,0), so d(B) = {(x,y) € R? : x> + y* < 4} is a closed disk of radius 4.
Similarly, i(B) = {(x,y) € R?: (x,y) = (a,b) for (a,b) = (1,1) or (a, b) = (2,0)} = {(x,y) €
R? : x* + y* > 2}, which is the complement of an open disk of radius V2.

For C = {(x,y) € R?: X%+ y2 < 3}, d(C) consists of all points in the plane which
are in C or are closer to the origin than some point of C. Thus, d(C) = C, and C is a
decreasing set. Every open disk centered at the origin and every closed disk centered
at the origin is a decreasing set, and indeed, every nonempty proper decreasing set is
of this form.

Exercises

1. Define a relation < on R by x < y if and only if x* < y?, where < is the usual order
onR.
(a) Show that < is a quasiorder on R.
(b) Describe the associated equivalence relation a = b if and only if a < b and
b<a.
(c) Describe the partial order on the =-equivalence classes associated with the
quasiorder <.
(d) Findi(-3),i({2,3}), d({6,15}), i({3 + % :neNp,andd(fx e R: -4 <x < 3}).
2. Define arelation<son X = R- {nm : n € Z} by x < y if and only if cotx < coty,
where < is the usual order on R.
(a) Show that < is a quasiorder on R.
(b) Describe the associated equivalence relation a = b if and only if a < b and
b<a.
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(c) Describe the partial order on the =-equivalence classes associated with the
quasiorder <.
(d) Find i(%), and d((%, %’)).

3. The“divides” relation | on the set Z—{0} of positive and negative integers is defined

by a|b if and only if there exists n € Z with b = na.

(a) Show that | is a quasiorder on Z - {0}.

(b) Describe the associated equivalence relation a = b if and only if a|b and b|a.

(c) Describe the partial order on the =-equivalence classes associated with the
quasiorder |.

(d) Findi(3),i({2,3}), d(12), and d({6,15}).

4. IfXisaset, (Y,<)isaposet,and f : X — Y is a function, show that defining x; <5
x, if and only if f(x;) < f(x,) gives a quasiorder <f on X. Describe the associated
equivalence relation ~; on X. Among the quasiorders of the previous exercises in
this section, which are defined in this manner?

5. LetX = {(),(1),(2),...,(15)} represent a standard set of billiard balls, with their
standard colors and numbers. Define a quasiorder on X by (x) < (y) if and only if
the set of colors on ball (x) is a subset of the set of colors on ball (y).

(a) Sketch the Hasse diagram for (X, <).
(b) Findi((8)), i({(2),(13)}), and d({(1), (7), (12)}).
(c) How many increasing sets and how many decreasing sets are there in (X, <)?

6. Repeat Exercise 5 using the quasiorder < on X defined by (x) < (y) if and only if
the number of colors on ball (x) is less than or equal to the number of colors on
ball (y).

7. In a quasiordered set X, if B ¢ X, show that i(B) is an increasing set, and is the
smallest increasing set containing B.

8. Inaquasiordered set X, show that ¢ and X are increasing.

9. Inaquasiordered set, show that the complement of an increasing set is a decreas-
ing set.

10. Inaquasiordered set X, show that Bis increasing if and only if B = [ J{i(b) : b € B}.

8.3 Alexandroff topologies as quasiorders

After having introduced quasiorders in the last section, the next theorem brings us
back to topology.

Theorem 8.3.1. Suppose (X, <) is a quasiordered set.

(a) 0and X are increasing sets.

(b) Arbitrary intersections of increasing sets are increasing sets.
(c) Arbitrary unions of increasing sets are increasing sets.
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That is, the increasing sets in the quasiordered set (X, <) form an Alexandroff topology
T[<] on X called the specialization topology from <. The smallest neighborhood of x is
the smallest increasing set containing x; that is, N(x) = i(x).

The Alexandroff topology of T [<]-closed sets consists of the complements of the
increasing sets, that is, the decreasing sets in (X, <). Since the smallest closed set con-
taining A € X is the smallest decreasing set containing A, we have c1 A = d(A).

The proofs are left to the exercises.

Example 8.3.2. Inthe space Rwith x < yifand onlyif x = y or x € Z considered in Ex-
ample 8.2.6, the open sets of the specialization topology 7 [<] are the increasing sets.
Since an integer n € Z is below everything in R, i(n) = R is the minimal neighborhood
N(n)ofn € Z.Forx ¢ Z, i(x) = {x}, so N(x) = {x}. The minimal neighborhoods form
a basis for the Alexandroff topology, so the 7[<]-open sets other than R are unions of
singletons {x} for x ¢ Z. Thatis, the proper open sets are those that are disjoint from Z.
Thus, 7[<] = Disjoint(Z).

Our previous theorem showed that any quasiorder < on a set X produces an
Alexandroff topology 7 [<] consisting of the increasing sets. The theorem below shows
that the converse holds as well. Every Alexandroff topology on X is the specialization
topology generated from some quasiorder on X. Indeed, either of the observations in
Theorem 8.3.1 that i(x) = N(x) and d(x) = cl({x}) provides a link both ways between
quasiordered sets and Alexandroff topologies, shown in Table 8.2.

Table 8.2: The link between quasiorders and Alexandroff topologies.

Order Theory Topology

xXsy & xedy < xecy}

i i

yzx & yecix) & yeNk

For completeness, we state both directions in the theorem.

Theorem 8.3.3. Every quasiorder < on X produces an Alexandroff topology T <] con-
sisting of the <-increasing sets in (X, <).

Every Alexandroff topology T on X produces a quasiorder < on X defined by x <ty
if and only if x € cl{y}; that is, defined by x € d(y) if and only if x € cl{y}.

Furthermore, if T is an Alexandroff topology on X, then <, =<, and if < is a quasi-
orderonX, then T[sr]=T.

Proof. The first statement is Theorem 8.3.1.
Suppose T is a topology on X and <+ is defined by x <+ y if and only if x € cl{y}.
For any x € X, x € cl{x}, so x <y x, and thus < is reflexive. Suppose for x,y,z € X
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we have x < yandy <7 z. Thenx ¢ cl{y} and y € cl{z}. Every open neighborhood
U of x must intersect {y}, and thus is a neighborhood of y, and every neighborhood of
y must intersect {z}. It follows that every neighborhood of x intersects {z}, so x € cl{z}
and thus x <+ z, showing transitivity. Thus, <+ is a quasiorder on X.

If we start with a quasiorder < on X, convert to the associated Alexandroff topology
T1<], then convert this topology to the associated quasiorder <7, because the con-
versions are as described in the circular loop of equivalences in Table 8.2, we return
to the original quasiorder <. Similarly comments apply to the situation of iterating the
conversions when starting from an Alexandroff topology. O

This theorem shows that there is a one-to-one correspondence between qua-
siorders and Alexandroff topologies on a set X. In particular, if X is a finite set, every
topology on X is Alexandroff, so there is a one-to-one correspondence between topolo-
gies on a finite set X and quasiorders on X.

Just as the Alexandroff topology corresponding to a quasiorder is called the spe-
cialization topology, the quasiorder < produced by topology 7 is called the special-
ization order produced by 7.

In Theorem 8.3.3, the proof that an Alexandroff topology 7 on X defines a qua-
siorder < on X by x <+ y if and only if x € cl{y} did not require that 7 be Alexan-
droff; any topology 7 on X produces a quasiorder <, on X. We restricted our atten-
tion to Alexandroff topologies to obtain the one-to-one correspondence with qua-
siorders. Quasiorders arising from non-Alexandroff topologies are investigated in
Exercise 14.

Example 8.3.4. The Hasse diagram for a quasiordered set (X, <) is depicted as the
Hasse diagram for the partial order on the ~-equivalence classes. Figure 8.3(a) shows
the Hasse diagram for a quasiordered set X = {a,b,c,d,e,f,g, h,i}. For example, we
havea < b,a < ¢,b < ¢,c < b, and thus b = c. The specialization topology from
< is the collection of increasing sets. A basis for the specialization topology is B =
{N(x) : x € X} = {i(x) : x € X}. For example, i(b) = {b,c} is the smallest increas-
ing set containing b and thus is the smallest neighborhood of b. Some other basic
open sets are N(a) = i(a) = {a,b,c}, N(e) = i(e) = {e}, N(d) = i(d) = {b,c,d, e}, and
N(h) = i(h) = X — {a}. The basis B for the specialization topology is shown in Fig-
ure 8.3(b).

bc e

'ﬂ Ei@j.@. o . ]
a d a b cde f g h i
Xy
hi
(a) (b)

Figure 8.3: (a) The Hasse diagram for a quasiorder and (b) a basis for its specialization topology.
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In Chapter 0, we defined several order-theoretic properties, such as upper bounds,
minimal elements, and minimum elements, for partially ordered sets. Those defini-
tions apply to quasiordered sets as well. In particular, a function f : (X, <y) — (Y, <y)
is increasing (or order-preserving) if forall a, b € X, a <x b implies f(a) <y f(b).

The following results reinforce the strong link between Alexandroff spaces and
quasiordered sets.

Lemma 8.3.5. A functionf : (X,<x) — (Y, <y) between quasiordered spaces is increas-
ing if and only if for every increasing set V in Y, the inverse image f (V) is an increasing
setinX.

Proof. Suppose (X,<y) and (Y, <y) are quasiordered sets, f : (X,<x) — (Y,<y) is an
increasing function, and V is an increasing set in Y. To see f (V) is increasing in X,
suppose a € f‘l(V) and a sy b. Then f(a) <y f(b). Since f(a) € V and V is an increas-
ing set, f(b) € V. Thus, b € f (V). This shows f (V) is an increasing set in X.
Conversely, suppose f : (X,<x) — (Y,<y) has the property that (V) is an in-
creasing set in X for every increasing set V in Y. To show f is an increasing function,
suppose a <y b. We want to show f(a) <y f(b), or f(b) € isy (f(a)). Since isy (f(a)) is
an increasing set in Y containing f(a), f ‘1(isy (f(a))) is an increasing set in X contain-
ing a, and thus containing b >y a. Now b ¢ f’l(isy (f(a))) implies f(b) € isy (f(a)), as
needed. O

Theorem 8.3.6. Suppose (X, Tx) and (Y, Ty) are Alexandroff spaces having specializa-
tion quasiorders <y and <y, respectively, and f : X — Y is a function. Thenf : (X, Tx) —
(Y, Ty) is continuous if and only if f : (X, sx) — (Y, <y) is increasing.

Proof. The result follows immediately from Lemma 8.3.5 and the fact (Theorem 8.3.3)
that open sets in an Alexandroff topology are the increasing sets in the specialization
quasiorder. O

In an Alexandroff space X, cl{x} = d(x), where the decreasing hull is taken in the
specialization quasiorder on X. In a functionally Alexandroff space, cl{x} = {f"(x)};2,.
In particular, f(x) € cl{x} = d(x), so f(x) < x. Loosely, this tells us that to draw a Hasse
diagram for a functionally Alexandroff topology 7; determined by f : X — X, we start
with x € X, put f(x) < x, and repeat.

Example 8.3.7. Consider the function f : {1,2,...,7} — {1,2,...,7} defined by f(1) =
f(2) =3,f(3) =4,f(4) =5,f(5) = 4,f(6) = 7,f(7) = 7. In the specialization order for the
functionally Alexandroff topology 7;, we have f(x) < x, and this allows us to generate
the Hasse diagram, as shown in Figure 8.4(a). Since the smallest neighborhood of x ¢
Xis Ny (x) = i(x), we take the increasing hulls of singletons to get the basis for Tr shown
in Figure 8.4(b).

Note that the Alexandroff topology depicted in Figure 8.3 is not functionally
Alexandroff. If it were 7 for some function s, then intuitively, s(b) should be a,c,
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(a) (b)

Figure 8.4: (a) The function diagram for f and (b) a basis for the functionally Alexandroff topology 7;.

and d simultaneously, which violates the definition of function. Formally, sup-
pose the topology is 7; for some function s. Since b € d(c) and ¢ € d(b), we have
b = s'c) and ¢ = s™b) for some mn € N, sob = s"™(b) = s°(b) and thus
cl{b} = {sk(b)},?;() = sk (b)}pi]" is a finite cycle which contains c. Since the closure
of b is the decreasing hull of b, we must have a € cl{b} = {s* (b}t But if a is in this
cycle with b and c, then b and c are each of form s (a), and thus b and c should be be-
low a in the diagram. This is false, so the topology of Figure 8.3 cannot be functionally
Alexandroff.

The argument of the preceding paragraph really only depended on the points
a, b, c from Figure 8.3, which form a subspace as depicted on the left in Figure 8.5.
This is essentially half of the proof of the following result. The other half is left to the
exercises.

Theorem 8.3.8. If a topology on a finite set X contains either of the subspaces shown in
Figure 8.5, then the topology is not functionally Alexandroff.

(G0 CGE:s

Figure 8.5: Forbidden subspaces for a finite functionally Alexandroff space.

In fact, the converse of Theorem 8.3.8 holds, so a topology on a finite set is func-
tionally Alexandroff if and only if it contains no subspace as shown in Figure 8.5.
Proofs of this may be found in [1] or [37]. Further connections between Alexandroff
topologies and quasiorders are surveyed in [43].

Exercises

1. In a quasiordered set, show that arbitrary intersections and arbitrary unions of
increasing sets are increasing. That is, prove Theorem 8.3.1(b) and (c).
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11.

12.
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A quasiordered set (X, <) is totally quasiordered if for every x,y € X, either x <

y or y < x. Show that (X, <) is totally quasiordered if and only if the associated

Alexandroff topology is a nested topology.

Suppose < is a quasiorder on X which produces the Alexandroff topology 7. De-

scribe the Alexandroff topology on X produced by the dual quasiorder .

Consider the multiples topology on N, having basis {M,, : n € N} where M,, =

{kn : k € N}. Show that this is an Alexandroff topology and find its specialization

quasiorder.

Forn e N, let X, = {1,2,3,...,n} and consider the subspace (X,,, 7,,) of the digital

line.

(a) Sketch the Hasse diagram for the specialization quasiorder for X;,X,, X,
Xy, X5, and Xg.

(b) List all eight open sets in (X,, 7).

(c) Show that, foranyn € N, |7,| = F,,,, where F; = F, = 1and for k > 2,
Fi = Fi_; + F)_, are the Fibonacci numbers.

Shown are bases for some finite (and thus Alexandroff) topologies. For each one,

draw the specialization quasiorder.

X1 X2 X3
o o [o . @]o] [o o) o o o]
a b ¢ d a b c d a b c d e

- -

a b ¢ d e f a b ¢ d e

G Q]]] @e e ) G . D)

e o o
a b ¢ d e

Determine which of the topological spaces given in Exercise 6 are functionally
Alexandroff and for those that are, give a function f generating them.

Suppose 7T is a topology on X and < is its specialization quasiorder defined by
x < yifand only if x € cl{y}. Show that < is a partial order if and only if 7 is T.
Show that every finite T, space X has at least one closed singleton set {x} and at
least one isolated point. (You may use Exercise 8.)

Suppose (X, Tx) and (Y, 7y) are Alexandroff spaces with specialization orders <y
and <y, respectively. Show that X x Y with the product topology is an Alexandroff
space. Describe the specialization order < on X x Y in terms of <y and <y.
Definef : {2,3,...,12} — {2,3,...,12} by taking f(n) to be the largest prime factor
of n. Draw the quasiorder diagram for the functionally Alexandroff topology 7¢
and give a basis for 7.

Define f : Z — Z by f(n) = n’. Consider the functionally Alexandroff topology Tr
and its specialization quasiorder.

(a) Find all fixed points of f.

(b) Find all isolated points.

(c) Find all maximal and all minimal points in the quasiorder.
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13.

14.

15.

16.

(d) Find cl{-2}, Ny(~16), and N;(256).

(e) Is(z,Ts) connected?

Suppose f : X — X, n € N, and 7}* represents the Alexandroff topology of
Tr-closed sets.

(@) Show that 7; € Tpn.

(b) Iff is onto, show that TN 7}* < 7.

Let 7 be a topology (not necessarily Alexandroff) on X, and let < be the asso-
ciated quasiorder defined by x <+ y if and only if x € cl{y}. Show that 7 is an
Alexandroff topology if and only if every <,-increasing set is 7-open.

Given a topological space X, define x =~ y if and only if cl{x} = cl{y}. Let g de-
note the quotient map from X to X/~. With the quotient topology, X/~ is called
the T,-reflection (or, in older literature, the Kolmogorov quotient), denoted T, (X).
Show that T, (X) is a T, topological space and if f : X — Y is any continuous
function from X to any arbitrary T, space Y, there exists a continuous function
f To(X) — Y such that fo q = f, that is, such that the diagram below commutes.
(You may use Exercise 8.)

X/~ = To(X)

af
Y (arbitrary T, space)

Prove that if a topology 7 on a finite set X contains a subspace as shown on the
right in Figure 8.5, then 7 is not functionally Alexandroff.



9 Lattice properties

9.1 Lattice theory

We recall some order theoretic definitions. Suppose (X, <) is a poset. An element a € X
is maximum if x < a for every x € X, and is maximal if a < x implies a = x. For A ¢ X,
x € X is an upper bound of A if x > a for all a € A. If the set ub(4) of upper bounds
of A has a least element y, then y is called the least upper bound of A or supremum
of A, denoted lub A4, sup A, or \/ A. In discussions involving more than one poset, we
may add an identifier to the notation by writing supy A or \/x A. If A = {x,y} is a two-
element set, sup A = sup{x, y} may be written x v y and called the join of x and y. In
general, the supremum of a set may not exist.

Any partial order < on a set X has a dual order > defined by x > y if and only if
y < x. Any term or statement defined in terms of < has an associated dual obtained
by replacing the partial order < by >. The dual concepts to those of the preceding
paragraph are minimum element, minimal element, lower bound of a set, and great-
est lower bound. The greatest lower bound or infimum of a two-element set {x, y} is
denoted glb{x, y} = inf{x,y} = A{x,y} = x Ay, and is called the meet of x and y.

Elements a, b in a poset (X, <) are incomparable, denoted a||bifa £ band b £ a.
Infima and suprema may be called infs and sups. A function f : (X,<) — (Y,<y)
between two posets is order preserving or increasing if a < b implies f(a) <y f(b).
An order isomorphism is a bijection f : (X, <) — (Y, <y) between two posets with the
property that a < b if and only if f(a) <y f(b).

Definition 9.1.1. A lattice is a poset (L, <) in which every pair of elements x,y has a
supremum and an infimum.

A complete lattice is a poset (L, <) in which every nonempty subset has a supre-
mum and an infimum.

If a lattice has a minimum element, it is denoted L, and called the bottom ele-
ment. If a lattice has a maximum element, it is denoted T and called the top element.
A bounded lattice is a lattice with T and L.

An inf-semilattice (sup-semilattice) is a poset (X, <) in which every pair of ele-
ments x,y has an infimum (supremum). A complete inf-semilattice (complete sup-
semilattice) is a poset (X, <) in which every nonempty subset has an infimum (supre-
mum). An inf-semilattice may also be called a lower semilattice, a meet semilattice,
or an A-semilattice. Sup-semilattices are defined dually and may be called upper
semilattices, join semilattices, or v-semilattices.

If (L, <) is a lattice, every pair of elements has a supremum and an infimum. Iter-
ating, it is easy to show that every finite subset has a supremum and infimum. Thus,
finite suprema and infima exist in a lattice, while arbitrary suprema and infima exist
in a complete lattice. (By arbitrary suprema and infima, we mean suprema and infima
of arbitrary nonempty subsets.) It is immediately clear that every totally ordered set
(X, <) is a lattice, but need not be a complete lattice. For example, the interval (0, 1)

https://doi.org/10.1515/9783110686579-010
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with the usual order is not a complete lattice since, for example, {% : n € N} has
no infimum, or (0, 1) has no supremum. Indeed, if (L, <) is a complete lattice, then L
must have an infimum and a supremum, and thus L must have a least element 1 and
a greatest element T. In the literature, 0 and 1 are often used for 1 and T, respectively.

Example 9.1.2. Let X = {0,{a},{b},{c},{a, b}, {b,c}} ordered by set inclusion as de-
picted in Figure 9.1. X is not a lattice since, for example, {a} v {c} does not exist.

{a, b} {b,c} I
{a} {c}
((),())l l(l,O)
0 X Y

Figure 9.1: Posets X and Y are not lattices.

Let Y = ({0} x ([-1,0] U (1,2])) U ({1} x [-1,0]) € R? have the order (a, b) < (c,d) if (a = c
and b < d)or(a =1andd € (1,2]), as suggested in Figure 9.1. Y is not a lattice since
(0,0) v (1, 0) does not exist. Note that (0, 0) and (1, 0) have upper bounds, but no least
upper bound.

If (L, <) is a lattice, then we have two well-defined functions v : L x L — L and
A: LxL — L. That is, the partial order of a lattice defines two binary operations v and
Aon L. Some properties of v and A are given in the next theorem.

Theorem 9.1.3. If (L, <) is a lattice, then, for all a,b,c € L,

(avb)vc=av(bvc) and (anb)nc=an(bnc) (associativity)

avb=bva and anb=bAa (commutativity)
ava=a and ana=a (idempotency)
av(@anb)=a and an(avb)=a. (absorption)

Furthermore, if v and A are binary operations on a nonempty set L satisfying the eight
properties above, then taking x < y if and only if x Ay = x gives a partial order < on L
which makes (L, <) a lattice.

The details of the proof are routine and are omitted. The result says that a lattice
(L, <) may be viewed as an algebraic structure (L, v, A). In particular, when looking at
lattice isomorphisms and lattice substructures, rather than considering functions that
preserve the order and subsets that inherit the same order, we will require functions
that preserve suprema and infima and subsets which inherit the same suprema and
infima. Thus, it is not (merely) the order structure which characterizes a lattice, but
the sups and infs.
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If (X, <) is a poset and A ¢ X, then (4, <), where < is the order inherited from X, is
a subposet of (X, <). If (L, <) is alattice and A ¢ L, then the subposet (4, <) need not be
a lattice, and if (4, <) is a lattice, the suprema and infima in (4, <) may not agree with
those in (L, <). For example, consider the power set lattice (P({1, 2, 3}), €). The subset
A =1{0,{1,2},{2,3},{1,2,3}}, given the order < inherited from P({1, 2, 3}), is a lattice and
isasubposet of P({1,2,3}), but {1, 2}A{2, 3} = 6in A while {1, 2}A{2,3} = {2} in P({1, 2, 3}).
Since the infima do not agree, the subposet (4, <) is not a sublattice of (P({1, 2, 3}), ©).

Definition 9.1.4. A sublattice (complete sublattice) of a lattice (L, <) is a subposet (4, <)
of (L, <) which is a lattice with the property that, for any finite (arbitrary) subsets S c A,
the supremum \/, S and infimum /\ ; S of S taken in A agree with the supremum \/; S
and infimum /\; S takenin L.

Based on this definition, the following result is immediate.

Theorem 9.1.5. If L is a lattice and A < L, then A is a sublattice (complete sublattice)
if and only if A is closed under finite (arbitrary) suprema and infima. That is, A is a
sublattice (complete sublattice) of L if and only if for any finite (arbitrary) nonempty
subsetS c A, \/;SeAand \S € A.

Definition 9.1.6. If L and M are lattices, a lattice isomorphism is a bijective function
f : L —» M which preserves v and A, that is, with f(x Vy) = f(x) Vf(y) and f(x A y) =
fx)Af(y) forallx,y, e L.

To check whether a poset X is a complete lattice, we must check for the existence of
arbitrary suprema and arbitrary infima. If X is a complete lattice, then it has a bottom
element L. If we know in advance that X has a bottom element, to show X is a complete
lattice, the next result shows that it suffices to check only for the existence of arbitrary
suprema.

Theorem 9.1.7. If (X, <) is a poset with a bottom element L, then (X, <) is a complete
lattice if and only if sup A exists for every nonempty A c X.

Proof. From the definition, if X is a complete lattice, then sup A exists for every
nonempty A ¢ X.

Suppose (X, <) has bottom element 1 and arbitrary suprema exist in X. To show X
is a complete lattice, we must show arbitrary infima exists. Suppose A is a nonempty
subset of X. The set Ib A of lower bounds of A is nonempty, since L is a lower bound
of A. From our hypothesis, b = sup(lb A) exists. We will show b € 1b A. Suppose a € A.
If x € Ib A, then x < a. Thus a is a upper bound of Ib A, so b = lub(Ib A) < a. This holds
forall a € A, so b is a lower bound of A. Since b = sup(Ib A), clearly b is greater than
every other lower bound of A. Thus, b = sup(lb A) is indeed glb A = inf A. O

We mention that the dual statement is also true. That is, if X is a poset with top
element T in which arbitrary infima exist, then X is a complete lattice.
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Our next result is a fixed-point theorem. If f : X — X is a function from a set to
itself, a fixed point of f is a point x € X with f(x) = x. Fixed-point theorems are an active
area of research and have broad applications. Alfred Tarski lectured on the theorem
below in 1939 and published it in 1955. He and Bronistaw Knaster gave the result in
the special case of (P(X), <) in 1927, and the result is also called the Knaster-Tarski
fixed-point theorem.

Theorem 9.1.8 (Tarski fixed-point theorem). If (L,<) is a complete lattice and f
(L,<) — (L, <) is an order-preserving function, then f has a fixed point. Furthermore, the
set of fixed points of f is a complete lattice.

Proof. To see that the set FP of fixed points of f is a complete lattice, suppose A ¢ FP.
At this point, we do not know that FP + 0. Let V = {x ¢ L : a < f(x) < x Va € A}.
Whether A is empty or nonempty, T € V, so V # 0. Notice that V is the set of upper
bounds of A which satisfy f(x) < x (since a < x implies a = f(a) < f(x) fora € A  FP).
Let z = inf; V. We claim that z € FP and z = supgp A. Foreveryv ¢ V,z < v, so
f(2) < f(v) <v, and thus f(z) is a lower bound of V, so f(z) < z. Furthermore, for each
a € A, ais alower bound of V, so a < inf; V = z, so z is an upper bound of A. As an
upper bound of A with f(z) < z, wehavez € V.Nowa < zforanya € A ¢ FP, so
a =f(a) < f(z) forany a € A, and thus f(z) is an upper bound of A. Since f(z) < z, we
have f(f(z)) < f(z),sof(z) € Vand z = inf; V < f(z) < z. Thus, z = f(z), so z € FP,
and in particular, FP # §. It remains to show that z is the least upper bound of A in FP.
Suppose b is an upper bound of A in FP. Then, foranya € A,a < f(b) = b,sob e V
and thus z = inf; V < b, so z is the least upper bound of A in FP. The dual argument
shows that infpp A exists, and is sup; {x € L : x < f(x) < a}. O

Note that this theorem does not say that the fixed points form a complete sub-
lattice; generally this is not the case. The examples below illustrate this and give an
indication of the broad utility of this theorem in areas other than topology.

Example 9.1.9. Recall that the power set P(X) ordered by set inclusion is a complete

lattice.

(a) Let (X, 7) be a topological space. Let int : (P(X),<) — (P(X), <) be the function

that maps A ¢ X to its interior. Now A ¢ B implies int A ¢ int B, so int is an order-
preserving function on P(X). The Tarski fixed-point theorem implies that the fixed
points of int form a complete lattice. But the fixed points of int are those sets A with
A = int A, which are precisely the open sets. Thus, if 7 is any topology on X, (7, <)
is a complete lattice, called the complete lattice of 7-open sets.
Given any collection {U; : i € I} € T, \/{U; : i € I} = Y{U; 1 1 € I} = \/pxy{U; ¢
i € I}, but \{U; : i € I} need not equal \px){U; : i € I} = ({U; : i € I}, since
({U; : i e I} need notbe open.In 7, \{U; : i € I}is the largest open set contained
in every U;, which is int("{U; : i € I}). Thus, unless 7 is an Alexandroff topology,
(T, <€) is not a sublattice of (P(X), €).
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(b) Let V be a vector space. Recall that A ¢ V is (vector-space) convex if for every
a,b € Aand foreveryscalart € [0,1],a+t(b—a) € A.Letc : (P(V),c) — (P(V),<)
be the map that takes A € V to the smallest convex set containing A4, that is, to
the convex hull of A. For example, to find the convex hull of a finite set F in R?,
drive a nail at each point, and stretch a rubber band around the nails. The rubber
band encloses the convex hull of F. Now clearly A ¢ B implies c(A) < c¢(B), and
the fixed points of ¢ are the convex sets. Thus, the convex sets in a vector space
form a complete lattice ordered by <.

(c) Let G be a group. Consider the function from (?(G), <) to itself which maps A < G
to the smallest subgroup [A] containing A. Clearly this map is order-preserving
since A ¢ Bimplies [A] ¢ [B], and the fixed points of the map are the subgroups
of G. Thus, the subgroups of a group G are a complete lattice ordered by c.

If (X, <) is a poset, we say a covers b and b is covered by aif b < aand b < x < a
implies x € {a, b}. In drawing the Hasse diagram for a finite poset (X, <), the points of
X are represented by dots, and a line is drawn downward from a to b if and only if a
covers b. In a lattice with L, an atom is an element which covers L. Dually, in a lattice
with T, a coatom or dual atom is an element covered by T. A lattice L is atomic if L has
a least element 1 and every other element x + 1 is greater than or equal to an atom.
Dually atomic lattices or coatomic lattices are defined dually.

If L is a bounded lattice and a € L, a (lattice) complement of a is an element b € L
suchthatav b = Tanda A b = 1. An element of a bounded lattice may have no
complement, or may have many complements. A bounded lattice in which every ele-
ment has a complement is a complemented lattice. A bounded lattice in which every
element has a unique complement is a uniquely complemented lattice.

Alattice (L, v, A) is distributive if for any a, b, c € L,

avbnac)=(avb)n(avc) and an(bvc)=(anb)v(anc).

In fact, it is enough to assume only one of the conditions above; each implies the other.
The next result is an important characterization of distributive lattices. The proof may
be found in any text on lattice theory, such as [13].

Theorem 9.1.10. A lattice L is distributive if and only if it contains no sublattice isomor-
phic to the “diamond lattice” or the “pentagon lattice” shown in Figure 9.2.

Figure 9.2: A lattice is distributive if and only if it contains no sublattice isomorphic to either of these
lattices.



206 —— 9 Lattice properties

Exercises

1.

10.

11.

12.

13.

14.

15.

Suppose (X, <) is a poset in which x Vv y exists for every x,y € X. Show that \/ F

exists for every finite set F € X.

Describe arbitrary sups and infs in the posets below.

(a) P(X), the power set of X, ordered by inclusion.

(b) P={(a,c0) : a € (0,1) U {2}}, ordered by inclusion.

Example 9.1.9 used the Tarski fixed-point theorem to show that a topology 7 on a

set X is a complete lattice, called the lattice of 7-open sets. Show that (7, <) is a

complete lattice using Theorem 9.1.7.

The convex subsets of a vector space V form a complete lattice. (See Exam-

ple 9.1.9.) Is this a sublattice of (P(V), <)?

A poset (X, <) is directed if every pair of elements of X has an upper bound. Exhibit

a finite directed set which is not a v-semilattice.

For each poset below, determine whether it is a lattice, a complete lattice, a A-semi-

lattice, a complete A-semilattice, a v-semilattice, or a complete v-semilattice.

(More than one may apply.)

(@) B={AcR*:Aisbounded}, ordered by c.

(b) (N,]), where n|m if and only if m = nk for some k € IN.

(c) The poset F([0,1]) of functions f : [0,1] — R, with the order f < g if and only
if f(x) < g(x) forall x € [0,1].

With F([0,1]) as in Exercise 6, consider the subposet C([0,1]) = {f € F([0,1]) :

f is continuous}. If they exist, find \rqq 1)) X" : n € N} and Ao X" : 1 € N}

Show that every lattice isomorphism is an order isomorphism.

Let 7 be a topology on X, and letC = {X - U : U € T} be the collection of T-closed

sets in X. Show that (C, 2) is a complete lattice which is isomorphic to the lattice

(T, <) of T-open sets.

If X + 0, show that the power set lattice (P(X), €) is a uniquely complemented

lattice. Identify 1, T, and the unique complement of each A ¢ X.

For the diamond and pentagon lattices shown in Figure 9.2, label the points and

find all complements of each point.

Suppose L is a lattice. Show thata Vv (b Ac) = (aV b) A(aV c) for every a,b,c € L

impliesaA (bvc)=(anb)Vv(anc)foreverya,b,c € L.

Suppose P is a poset and F is the collection of all increasing functions from P to

P which are strictly below the diagonal. Thatis F = {f : P > P:x <y = f(x) <

fly) < y¥x,y € P}. Suppose there exist f,g € F with f(x) < gog(x) forall x € P.

Show that a does not cover f(a) for any a € P.

Suppose f : N — NN is defined by taking f(n) to be the sum of the digits of n.

In the quasiorder associated with the functionally Alexandroff topology 7; on N,

describe the set S of integers m which cover 2.

Show that the diamond and pentagon lattices shown in Figure 9.2 are not distribu-

tive lattices.
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16. Show that in a distributive lattice, any element with a complement has a unique
complement.

17. Show that every totally ordered set is a distributive lattice.

18. For the bounded lattices below, identify all atoms and coatoms and find all com-
plements of each labeled element.
X is the finite poset whose Hasse diagram is shown.
Y = ({-1} x[0,1]) u ({0} x (0, 2]) U ({1} x [0, 1]) U {(0, 1)} with the order (a, b) < (c,d)
ifand onlyifa = cand b < d, together with (0,-1) < (a, b) < (0,2) forall (a,b) € Y.

b c b !(1 c
oy

h X g

o

9.2 Compact and Hausdorff topologies in T(X)

We know several topologies on the plane R?, including the Euclidean topology T¢, the
cofinite topology 7, the particular point topologies, the discrete topology 7p, and the
indiscrete topology 7;. For any topology 7 on R?, we have 7; € 7 < 7p. In R?, every
finite subset is 7¢-closed, and thus every 7 -closed set is 7¢-closed. Taking comple-
ments shows 7 € T¢. Such considerations are part of the general study of the collec-
tion of all topologies on a set (like R?) and how they are ordered by <.

Definition 9.2.1. If X is a nonempty set, T(X) will denote the poset of all topologies on
X ordered by set inclusion <.

Recall that if 7, 7z € T(X) and 7 < Tr, we say 7 is coarser than 75 and 7 is finer
than 7.

Theorem 9.2.2. T(X) is a complete lattice.

Proof. Given a collection of topologies {7; : i € I} < T(X), (;; 7; is a topology, and is
the largest topology contained in every 7;. Thus, A;¢; 7; = ie; 7;- The topology [ e 7;]
generated by the subbasis | J;; 7; is the smallest topology containing every 7;, and thus
is \/ieI ;- O

With this result, T(X) will be called the lattice of topologies on X.

Note that 7; v 75, the smallest topology containing 7; and 7, has 7; U 7; as a
subbasis and thus has a basis of finite intersections of elements of 7; U 7,. Because 7;
and 7, are closed under finite intersections, it follows that 7; v 7, has a basis {U;n U, :
U €T, U, € T}

Suppose (X, 7) is Hausdorff (or T}, or T,). Since T already has enough open sets
to achieve the required separation of points, any finer topology 7 2 7 will also be
Hausdorft (or Ty, or T,). This says that the Hausdorff (or T;, or T,) topologies on X
form an increasing set in the lattice T(X).
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Similarly, if (X, 7") is compact and 7. € T is a coarser topology on X, any 7.-open
cover is a 7-open cover, and thus has a finite subcover. Thus, the compact topologies
on X form a decreasing set in T(X).

If X admits a compact Hausdorff topology, then the decreasing set of compact
topologies intersects the increasing set of Hausdorff topologies. The next result shows
that the set of compact topologies and the set of Hausdorff topologies can barely inter-
sect; the intersection contains no pair of distinct topologies 7" ¢ 7', with one strictly
finer than the other.

Theorem 9.2.3. If T is a compact Hausdorff topology on X, then T is maximal in the set
of compact topologies on X and is minimal in the set of Hausdorff topologies on X.

Proof. Suppose T is a compact Hausdorff topology on X and 7 > 7 is a strictly finer
compact topology on X. Then there exists a 7¢-closed set A which is not 7-closed. But
since A is closed in the compact space (X, 7r), it is compact relative to 7. This implies
that A is compact relative to the coarser topology 7. As a compact subset of a Hausdorft
space (X, 7), A must be T-closed. This contradicts our choice of A. Thus, there exists
no compact topology 7 strictly finer than a compact Hausdorff topology 7.

Suppose 7 is a compact Hausdorff topology on X and 7 ¢ 7 is a strictly coarser
Hausdorff topology on X. Then there exists a 7-closed set A which is not 7¢-closed.
As a closed subspace of the compact space (X, 7), A is compact. Thus, A is compact
as a subspace of the coarser space (X, 7). But a compact set in a Hausdorff space is
closed, so A is 7¢-closed, contrary to our choice of A. Thus, there exists no Hausdorff
topology 7 strictly coarser than a compact Hausdorff topology 7. O

Figure 9.3 suggests the intersection of the decreasing set of compact topologies
and the increasing set of Hausdorff topologies on a set X. This figure also suggests that
there are maximal compact topologies which are not Hausdorff and minimal Haus-
dorff topologies which are not compact. This is indeed the case, as seen by the Exam-
ples 9.2.7 and 9.2.8 below.

Hausdorft topologies

compact topologies

Figure 9.3: Compact Hausdorff topologies are maximal compact and minimal Hausdorff topologies in
T(X).
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To get a topology finer than 7', we must add open sets. The smallest topology obtained
by adding a specified set A is defined below.

Definition 9.2.4. If 7 is a topology on X and A ¢ X, the simple extension of T by A is
the topology 7(A) having subbasis 7 U {A}. Thus, T(A) ={Uu(VNnA): U,V e T}

Intuitively, if A is added to 7 as a new open set and the result is a compact topol-
ogy, then open covers of form {A} UC should have finite subcovers, which means open
covers C of X — A should have finite subcovers, and thus X — A must be compact. This
fact and its converse are our next lemma.

Lemma 9.2.5. If (X, T) is compact, then (X, T (A)) is compact if and only if X — A is a
compact subspace of (X, T).

Proof. Suppose (X,7) and (X, 7 (A)) are compact. Since A is open in 7(A), X — A is
closed in the compact space (X, 7(4)), and thus X — A is compact in 7(A). Since T ¢
T(A), it follows that X — A is compact in (X, 7).

Conversely, suppose (X, 7) is compact and X — A is compact in (X, 7). To show
(X,7T(A)) is compact, suppose C = {U; U (V; nA) : i € I} is a T(A)-open cover of X,
where U;,V; € T foralli € I. Now {U; : i € I} and {U; U V; : i € I}, respectively,
are 7-open covers of X — A and X, so there exist finite index sets F;, F, ¢ I such that
{U; :i € Fi} covers X—A and {U;UV; : i € F,} covers X. In particular, {U;U(V;NA) : i € F,}
covers A, so {U; U (V;nA) : i € F; UF,} is a finite 7(A)-subcover of X. Thus, (X, 7(4))
is compact. O

Theorem 9.2.6. If (X, T) is a compact topological space, then the following are equiva-

lent.
(@) (X,7)is maximal compact.

(b) A subset of X is compact if and only if it is closed.
(c) Every continuous bijection from a compact space (W, Ty) to (X, T) is a homeomor-
phism.

Proof. (a) = (b): Since every closed subset of the compact space (X, 7') is compact, we
only need to show that (a) implies every compact subset of X is closed. Assuming (a),
suppose A is compact but not closed. By Lemma 9.2.5, the simple extension 7(X — A)
of 7 by X — A is a strictly finer compact topology on X, contrary to the maximality of 7.

(b) = (c): Assuming (b), suppose (W, Ty) is compact, and f : (W, Ty) — X, T)
is a continuous bijection. To see that f is a homeomorphism, it suffices to show that
f is a closed map. If K is closed in the compact space W, then K is compact, so f(K) is
compact and, by (b), is closed. Thus f is a closed map, as needed.

(c) = (a): If (X, T) is not maximal compact, then there exists a strictly finer topol-
ogy 7' > T which is compact. Now id : (X,7') — (X,7) is a continuous bijection
which is not a homeomorphism. O

If (X, 7) is Hausdorff, then both (b) and (c) of Theorem 9.2.6 hold. (See Theo-
rem 5.1.6 and Exercise 14 of Section 5.1.) Thus, this provides an indirect proof that com-
pact Hausdorff spaces are maximal compact spaces, which is half of Theorem 9.2.3.
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We conclude this section with examples showing that a maximal compact topol-
ogy on X need not be Hausdorff, and a minimal Hausdorff topology need not be com-
pact.

Example 9.2.7. Maximal compact topologies need not be Hausdorff. Let X = N*>U{a, b}
where a,b ¢ N Given a sequence (a,),cn Of natural numbers, define U(a,) = {a} U
{(n,y) € N°:ne N,y > a,}. Thus, U(a,) consists of the point a and every point of
IN? on or above the graph {(n,a,) : n € N} of the sequence (a,),en- Given k € N, let
V(k) = {b} U ([k, 00) x IN). Let 7 be the topology on X having basis

B={(mn):(mn)e NZ}
U {U(ay) : (@,)nen is @ sequence in N}
u{V(k): k e N}.

Now a and b cannot be separated by open sets in X, so X is not Hausdorff. Any open
cover C of X contains sets W,, W, covering a and b, and these two sets cover all but
finitely many points of X, which can be covered by finitely many members of C. Thus,
X is compact.

We will show X is maximal compact by showing that every compact set must be
closed, or equivalently, every non-closed set is non-compact. Suppose H < X is not
closed. Then clH - H # @ and, since X is T;, H is infinite. If (m,n) € clH n N?, the
neighborhood {(m,n)} of (m, n) intersects H, so (m,n) € H. Thus, the only possible
points in c1H — H are a and b. Suppose a € clH — H. There must be some column
{k} x N which contains infinitely many elements of H: otherwise, with a,, = max({1} u
({n} x N) n H), the neighborhood U(1 + a,,) of a would not intersect H, contrary to
a € clH. Now V(k + 1) and all the singletons of N? give an open cover of H with no
finite subcover, so H is non-compact. If b € cl H-H, then every neighborhood V (k) of b
intersects H, so we may choose an infinite sequence ((n, a,)),¢; in H, where J ¢ N. For
n € N-J, take a,, = 1. This defines a sequence (a,),cn- Now U(1+a,) and the singletons
in N? form an open cover of H with no finite subcover, so in all cases, a non-closed set
H is non-compact.

Example 9.2.8. Minimal Hausdor{f topologies need not be compact. Let X = R U {a, b}
where a, b ¢ R. Let T be the topology on X having basis

B={x-&x+¢):xcRe>0}

U {{a}u U 2n,2n+1):neN,M € Z}
[n|>M

u {{b} u U 2n-1,2n):ne N,M € Z}.
|n|>=M
It is easily seen that (X, 7)) is Hausdorff. Since A = {a,b} U {(n,n+1):neZ}=X-Z

is open, {A} U {(n - % n+ %) :n € Z}is an open cover of X with no finite subcover, and
thus (X, 7)) is not compact.
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To see that (X, 7) is minimal among the Hausdorff topologies on X, suppose 7' isa
Hausdorff topology on X with 7/ < 7. We will show that B < 7/, and thus 7 < 7' < 7.

Notice that the subspace topology 7T|i on R as a subspace of (X, 7) is the Eu-
clidean topology 7¢. Thus, any closed interval [a,b] € R ¢ X is compact in 7, and
thus is compact in the coarser topology 7. Since the Hausdorff property is hered-
itary, [a, b] is compact T, in both 7|, and T4, and T'ligp) € Tliap) = Teliap)-
Since the compact T, topologies are minimal among the Hausdorff topologies on [a, b]
(Theorem 9.2.3), T'liap) = Tliap) = Tel(ap)- Given an interval (c, d) in R we will show
(c,d) € T'. Suppose x ¢ (c,d). Since (X, 7') is Hausdorff, there exist mutually disjoint
7'-open neighborhoods N,, N, and N}, of x, a, and b, respectively. Now N, € 7' < T
implies there exists m € Z with ((—oco, -m)u(m, co))NN, < Z. But the restriction of 7 to
Ris the Euclidean topology, so N, can have no isolated points, and thus N, < [-m, m].
On any interval [z, w], the topologies 7, 7' and 7 agree, and now having N, € [-m, m]
essentially tells us that nothing can go wrong outside the bounded interval. In par-
ticular, N, U (c,d) ¢ [z,w] = [-m A c,m Vv d], so (c,d) is T'I[Z’W]-open, and thus
(c,d) = Un[z,w] for some U € T'.Now U n N,isa T'-neighborhood of x contained
in (c,d), so (c,d) is T'-open. In particular, the sets of form (x — £,x + £) € Barein 7.

Next, suppose B = {a} U {Jy-p(2n,2n + 1) is a basic T-open neighborhood of a.
To show B ¢ 7, for any x € B we must find a 7'-neighborhood of x contained in B.
This is immediate for any x € B N R, since the paragraph above shows (c,d) € 7" for
any ¢,d € R. It remains to show the existence of a 7' neighborhood of a contained
in B. Since 7' is Hausdorff, there exist disjoint 7'-open neighborhoods N, and N, of
a and b, respectively. Now 7' ¢ 7 implies that there exists M € N such that N, is
disjoint from (J{(2n — 1,2n) : n € N, |n| > M}. Furthermore, the open set N, cannot
contain 2n—1or 2n for |n| > M and still be disjoint from | J{(2n—-1,2n) : n € N, |n| > M}.
Thus, N, - Bmust be bounded, say N,—B < [c, d]. Now [c, d] is compact and Hausdorff
in (X, 7"), and thus is 7'-closed. It follows that N, n (X - [c,d]) is a 7' -neighborhood
of a. Since N, — B ¢ [c,d] and N, is the disjoint union of N, — B and N, n B, it follows
that N, n (X - [c,d]) € N,n B ¢ B. Thus, N, n (X - [c,d]) is a 7'-neighborhood of a
contained in B, as needed.

A similar argument shows that any basic 7-neighborhood of b is 7' open, so
T =7, and thus 7" is a minimal Hausdorff topology on X which is not compact.

Some of the results of this section are drawn from [7, 9, 10, 23, 24, 30, 32, 34, 44,
46].

Exercises

1. Given topologies 77, 7, on X, it follows from the definitions that 7; v 7, has a basis
{UynU, : U € T,U, € T}. Suppose B; is a basis for 7; (i = 1,2). Show that
{B; N B, : By € By, B, € B,} is a basis for some topology 7;on X and 75 = 7; V 7,.
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10.
11.

12.

Use the Tarski fixed-point theorem to prove that the collection T(X) of topologies
on X, ordered by inclusion, is a complete lattice.

Suppose (X, 7;) and (X, 7,) are connected. Must either of (X, 7; V 7;) or (X, T{ A T3)
be connected? Provide proofs or counterexamples.

Shown below are bases for three topologies 7;, 75, and 73 on X = {1,2,3,4,5}. Find
bases for 7; v 7y and 7; A T for all distinct i,j € {1,2,3}.

D (EDHv0 (oo
T T 73

Let (X, 7) be the interval [-2, 2] with the Euclidean topology. Since this is compact

and Hausdorff, any strictly finer topology on [-2, 2] cannot be compact. Let 7 be

the smallest topology on [-2, 2] for which each member of D = {(a,b) N [-2,2] :

a,b € R,a < b} U{(-1,0]} is open. Note that 7 ¢ 7.

(@) Is D abasis for the topology 7z? If not, describe a basis for 5.

(b) Show that 7 is not compact directly by exhibiting an open cover which has
no finite subcover.

Suppose T, Tr € T(X) with T ¢ T.

(@) Is the complete lattice of T-open sets a sublattice of the complete lattice of
Tr-open sets? Give a proof or counterexample.

(b) Is the complete lattice of 7-open sets a complete sublattice of the complete
lattice of Tz-open sets? Give a proof or counterexample.

Suppose T is a topology on X and A ¢ 7. Show that the simple extension 7(A) of

T by A need not cover 7 in T(X).

Suppose 7 is a T; topology on an infinite set X.

(a) Suppose A ¢ T.Pickanelementa e AnoA,andlet B = {{x} : x e X - {a}} U
{{a}u(U -A):a e U ¢ T}. Show that B’ is a basis for a Hausdorff topology 7'
onXwith7 c 7' andA ¢ 7.

(b) Show that 7 is the intersection of all T, topologies on X finer than 7.

Given a topological property P, show that the following are equivalent:

(a) Property P is preserved under continuous bijections. That is, if (X, 7) has
property Pand f : (X,7) — (Y,7y) is a continuous bijection, then (Y, 7y)
has property P.

(b) ForanysetX, {T € T(X) : (X, T) has property P} is a decreasing set in T(X).

(Hint: Given a continuous bijection f : (X, 7) — (Y, 7y), consider 7' = {f(U) c Y :

UeT})

Show that every nonempty set X admits a compact T, topology.

For X = R U {a, b} where a,b ¢ R, give three non-homeomorphic minimal T,

topologies in T(X) besides the one given in Example 9.2.8.

Show that T(X) has a minimum T, topology if and only if X is a nonempty finite

set.
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13. Suppose (X,7) is maximal connected (that is, maximal among the connected
topologies in T(X)). Show that if A and X — A are both connected in X, then either
Aor X - Ais open.

14. 1f T is a minimal Hausdorff topology in T(X) and A < X is open and closed, show
that the subspace topology 714 on A is minimal Hausdorff in T(A).

9.3 Sublattices and complements in T(X)

The atoms in T(X) are topologies {0, A, X} with exactly three open sets, 0 ¢ A c X.
Every topology other than the indiscrete topology is above an atom, so T(X) is atomic.
Indeed, every T € T(X) other than L is the supremum of the atoms below it. An atomic
lattice with this property is called an atomistic lattice.

We will describe some of the coatoms in T(X). For distinct elements p,q € X, let
Tip.qy = Super({p}) u Disjoint({p, g}). Thus, the Ty, ;,-open sets contain p or miss both
p and g. To see Ty, ,, is a coatom, suppose 7 "S> {p.q) 1S @ strictly finer topology on X.
Then 7' contains a set U ¢ 7 (p.qp> @nd thus U contains g but not p. As the union of
two 77-open sets, (X — {p,q}) UU = X — {p} is T'-open. Any sets containing p are
T'-open and, intersecting such sets with X — {p}, we see that any sets not containing
p are T'-open. This shows 7" is the discrete topology, so Tip,q) 1S @ coatom.

A full description of the coatoms in T(X) would require a discussion of ultrafilters
beyond the scope of our presentation. Omitting the details, we remark that coatoms in
T(X) of form Ty, ,, are called principal ultratopologies, and each is generated by a prin-
cipal ultrafilter on X. All the other coatoms are called non-principal ultratopologies,
and each is generated by a non-principal ultrafilter.

We have seen that the set of T, topologies in T(X) is an increasing set whose min-
imal elements include the compact T, topologies on X. Every infinite set admits many
compact T, topologies (see Exercises 10 and 11 of the previous section), and the infi-
mum of any distinct pair of these in T(X) is not a T, topology. Thus, the T, topologies
on X do not form a sublattice of T(X). The situation is different for T; topologies.

Theorem 9.3.1. The set of T, topologies in T(X) is a complete sublattice of T(X).

Proof. If T;is a T, topology on X foralli € I, \/;; 7; is finer than each of the T; topolo-
gies 7;, and thus is T;. Foreachi e Iandeachx € X, X — {x} € T;, s0 X — {x} € ;e T; =
Nier Ti» 50 Nier Tiis Ty O

Below, we find some other sublattices of T(X).

Theorem 9.3.2. The collection A(X) of Alexandroff topologies on X is a sublattice of
T(X) and a complete lattice, but not a complete sublattice of T(X).

Proof. If T; € A(X) fori € I, then Apx){T; : i € I} = ({7; : i € I}. Since [{7; :
iel} c T, for any i, € I, it is closed under arbitrary intersections and thus is in A(X).
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If 7,7, € AX), then 7; vV 7, = [T; U T,] consists of unions of finite intersections of
members of 7; U 7, (where Vv is taken in T(X)). If N;(x) is the smallest 7;-neighborhood
of x, then, for every x € X, N;(x) N N,(x) € T; vV T,. Since there is no way to obtain
a smaller neighborhood of x as a union of finite intersections of members of 7; U 75,
N;(x) N N,(x) is the smallest 7; v 7,-neighborhood of x, so 7; v 7, € A(X). This shows
that A(X) is a lattice and a complete A-semilattice. Since A(X) has a largest element
(the discrete topology), A(X) is a complete lattice by (the dual of) Theorem 9.1.7.
Unless every topology on X is an Alexandroff topology, T(X) is not a complete
sublattice: If 7 € T(X) is not an Alexandroff topology, then it is the supremum of all
the atoms below it, and these atoms are all Alexandroff topologies. Thus, the set of
Alexandroff topologies is not closed under arbitrary suprema. O

Recall that a relation R on X is a subset of X x X, and we write xRy if (x,y) € R. In
particular, any set of relations on X can be partially ordered by set inclusion as sub-
sets of X x X. Thus, if QO(X) is the set of quasiorder relations on X, then (QO(X), <)
is a subposet of (P(X x X), ©). In the light of the one-to-one correspondence between
Alexandroff topologies and quasiorders (Theorem 8.3.3), the next result is not surpris-
ing.

Theorem 9.3.3. The complete lattice (A(X), €) of Alexandroff topologies on X is isomor-
phic to the complete lattice (QO(X), 2) of quasiorders on X, ordered by reverse inclusion.

Recall that every equivalence relation is a quasiorder. The corresponding Alexan-
droff topologies are the partition topologies. Let I1(X) be the set of all partitions of X.
If P,R e II(X), recall that P is finer than R if and only if [x] < [x] for every x € X,
so [x]r = U{lylp : ¥ € [x]}. Thus, a finer partition in II(X) produces a finer topology
in A(X).

Theorem 9.3.4. The set I1(X) of partitions of X is a complete lattice, and is isomorphic
to the complete lattice of partition topologies in T (X).

The T, Alexandroff topologies correspond to the partial orders on X (see Exer-
cise 8 of Section 8.3). The poset of partial order relations, considered as a subposet of
(P(X x X), ) fails to be a lattice. This fact and the proofs of the two previous theorems
are left to the exercises.

We now turn to the question of complementation in T(X). A complement of 7 €
T(X)isatopology 7' with 7V 7' =T=PX)and TAT =L ={0,X}.Now T AT' =
T nT' = Lifand only if the only sets open in both 7 and 7" are ¢ and X. The condition
that 7v 7' = T = P(X) occurs if and only if for every x € X, there exist U € 7 and
UeT'withix}=UnU".

Example 9.3.5 (The lattice of T, topologies on an infinite set X is not complemented).
Let X = A U B, where A and B are infinite disjoint sets, and give X the T, topology
T ={U : U c Bor A — U is finite}. Thus, X is the disjoint union of A with the cofinite
topology and B with the discrete topology. Suppose 7~ is a complement of 7. Now 7'
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restricted to A cannot be discrete, orelse A € T AT’ = L = {@,X}. Thus, there exists
ag € Asuch that {ag} ¢ 7'.Since 7v 7' = T = P(X), there exist U € 7, V € 7' with
UnV = {ay}. As a T-neighborhood of a,, U contains all but finitely many elements
of A, so V contains at most finitely many elements of A, say {a,, a;, . .., a,}. Because 7'
is T;, we may separate a; (i = 1,...,n) from 7'-neighborhoods of a,, and intersecting
these with V gives a 7'-neighborhood V' ¢ V of a, with V' n A = {a,} ¢ T'. Thus,
V' must contain a point b € B. If V" is the intersection of V' with a 7’-neighborhood
of b excluding a,, then V"' € 7" is a nonempty subset of B. This gives the contradiction
that V"' € T AT’ = {0, X}. Thus, 7 has no T; complement.

Next we will consider complementation in the lattice A(X) of Alexandroff topolo-
gies on X. We say a quasiordered set (X, <) is connected if for every pair of points
X,y € X, there exists a sequence of points x = xg, X;,..., X, =y € X with x;_; < x; or
Xx < X1 for k = 1,...,n. The maximal connected subsets of (X, <) are the connected
components. This graph-theoretic definition of connectedness of a quasiordered set
is equivalent to topological connectedness in the specialization topology on X. The
details are left as an exercise.

For the next theorem, we will need two constructions involving quasiordered sets.
The first involves splitting points into several clones, each of which has the same po-
sition in the poset as the original. Suppose (Y, <) is a partially ordered set. For each
y € Y, let D, be an arbitrary nonempty index set, and consider D[y] = {(y,1) : i € D, } to
be the set of duplicates of y. Let Y’ = [ J{D[y] : y € Y}, and give Y’ the order (y,i) <p (2,j)
if and only if (y,i) = (z,j) ory < zin (Y, <). It is easy to see that (Y', <p) is a poset.
If (X, <) is a quasiorder set, consider the associated partial order < on the set Y of
~-equivalence classes, where x ~ y ifand only if x < yandy < x. Foreachy € Y, let
D, = [y] be the ~-equivalence class of y. Performing the duplication of points as above
results in a partially ordered set on X obtained by retaining the order < between non-
equivalent points and making x||y for distinct points x and y which are =~-equivalent.
(Recall that x||y means x « yandy ¢ x.) We call the resulting poset the parallel division
of the quasiorder on X into a partial order on X. (Informally, this process may be called
cloudbusting.) An example of this is illustrated in Figure 9.4(a) and (b).

(@) (X, =) (b) (X', <) (o) (X', =¢)

Figure 9.4: (a) A quasiordered set X. (b) The parallel division of X into a partial order X'. (c) The con-
nection of X’ at the indicated points from each component.
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The second construction involves gluing together quasiordered sets. Given a collection
{(X;,<;) : 1 € I} of quasiordered sets, for each i € I, pick a point g; € X;. We will definea
quasiorder < on the disjoint union X = | J{X; : i € I} which puts the points {a; : i € I} in
an =-equivalence class, and retains transitivity. Specifically, for x,y € X, define < by
x syifand onlyif x <; y in some X; or x <; a; and g; <; y for some i,j € I. We call this
construction the connection of the quasiordered sets X; at the points {q;}. Clearly, this

produces a connected quasiordered set. Figure 9.4(b) and (c) illustrate this.

Theorem 9.3.6. The lattice A(X) of Alexandroff topologies on X is a complemented lat-
tice.

Proof. Suppose 7 is an Alexandroff topology on X with associated specialization
quasiorder <. Form the parallel division X’ of (X, <) into a partial order < on X. Let
{(X;, <;)};er be the set of connected components of (X, <). Foreachi € I, pick g; € X; and
form the connection (X', <) of the sets X; at the points a;, as suggested in Figure 9.4.
Let 7' be the Alexandroff topology consisting of the decreasing sets of (X', <.). (This
is the specialization topology for Y with the dual order =.) We will show that 7’ is a
complement of 7.

Given x € X, within the connected component of x, i_(x) N d () is the =-equiva-
lence class [x] of x. N--(x) = i.(x) is contained in the component of x. Since N+ (x) =
dSC (x) and, within the component of x, dSC (x) = {x} U (d.(x) - [x]), it follows that
N7(x) N N7 (x) = {x} for every x € X.

Now suppose U € T n T, x € U, and x is in the connected component X;. For
any y in the same component X;, there is a path from x which proceeds up and down
repeatedly in (X, <), reaching y, and this path can be chosen to use no more than one
point from each =-equivalence class. Since U is <-increasing and <.-decreasing, if
follows that y € U, and thus U contains the entire component X; containing x. But for
any other component X;, since a; < a; and U is <¢-decreasing, U contains the point g;
and thus contains the entire component X; of a;. Since this holds for everyj € I, U = X
and thus 7 n7’ = {0, X}. O

Note that the proof above was constructive: given an Alexandroff topology 7 on X,
it described an explicit algorithm to produce an Alexandroff complement 7. The algo-
rithm required an arbitrary choice of a point g; from each connected component of X.
Different choices will yield different complements, so generally, A(X) is not uniquely
complemented.

Corollary 9.3.7. If X is a finite set, T(X) is a complemented lattice.

Juris Hartmanis proved Corollary 9.3.7 directly in 1958. As a generalization,
Anne K. Steiner proved Theorem 9.3.6 in 1966. In the same paper, Steiner proved
the following important theorem.

Theorem 9.3.8 (A. K. Steiner). The lattice T(X) of topologies on X is complemented.
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Her proof used the 1966 result of Haim Gaifman that if every T; topology on X
has a complement in T(X), then every topology on X has a complement, and showed
that certain spaces have complements which are Alexandroff topologies. Questions
of when a certain kind of topology has a certain kind of complement have been the
basis for much subsequent research. Alternate proofs of Theorem 9.3.8 were given by
A.C. M. van Rooij in 1968 and Paul Schnare in 1972 (with a minor correction in 1977).
Further details of this development are given in [31].

The following theorem provides a remarkable reason for studying sublattices of
T(X).

Theorem 9.3.9. Every lattice L is a sublattice of T(X) for some X.

This is a corollary to the 1946 theorem of Philip Whitman that every lattice is a
sublattice of the lattice of partitions II(X), since the lattice of partition topologies is a
complete sublattice of T(X).

Exercises

1. Show that the coatoms in the lattice of T; topologies are precisely the coatoms in
the lattice of T, topologies.

2. Showthat 7 € T(X) is not T; if and only if 7 is below a coatom of form Tip.a+

3. If X is a nonempty set, show that T(X) has a minimum T; topology, namely, the
cofinite topology 7.

4, If (L,<)is acomplete lattice and a € L, show that i(a) is a complete sublattice of L.

Use this to show that the set of T;-topologies on a set X is a complete sublattice of

T(X), giving a second proof of Theorem 9.3.1.

Prove Theorem 9.3.3.

Prove Theorem 9.3.4.

Show that the lattice I1(X) of partitions of X is not distributive if |X| > 3.

If PO(X) is the collection of partial orders on X ordered by set inclusion of the par-

tial order relations, as subsets of X x X, then PO(X) corresponds to the T, Alexan-

droff topologies. Show that PO({a, b}) is not a lattice.

9. The proof of Theorem 9.3.2 showed that A(X) is not a complete sublattice of T(X)
if A(X) + T(X). State and prove a characterization of the sets X for which every
topology on X is an Alexandroff topology.

10. Show that a quasiordered set (X, <) is connected if and only if the associated spe-
cialization topology 7 makes X a connected topological space.

11. LetX ={1,2,3,4,5} and definef,g: X - Xbyf(1)=2,f(2) =3,8(1) =3,8(2) =1,
and f(x) = g(x) = x for all other points.

(@) Sketch the functionally Alexandroff topologies Tr and Tq and their associated
quasiorders.
(b) Find 7y A T in T(X) = A(X).

® N oW
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12.

13.

14.

15.

16.

17.

(¢) Find Tr NTg in the poset FA(X) of functionally Alexandroff topologies on X.
If 7 is a minimal T, topology in T(X) and A < X is open or closed, show that
the subspace topology 74 on A is minimal T, in T(A). (Compare to Exercise 14 of
Section 9.2.)

Find a complement of the topology whose basis is depicted in Figure 8.3.

Find a complement of the topology 7 on X = {a,b,c,d,e,f,g, h} whose basis is

{{a, b}, {a,b,c,d}, {e.f, g, h}, {h}}.

Let 7 be the topology on X = {a, b, ¢, d} having basis {{a, b, c}, {c}, {d}}.

(@) Find all complements of 7 which arise from the construction given in the
proof of Theorem 9.3.6.

(b) Find other complements of 7 besides those found in part (a).

Show that the lattice A(X) of Alexandroff topologies on a nonempty set X is

uniquely complemented if and only if [X]| < 2.

(The Hartmanis complement) Suppose 7 is a topology on a finite set X. Let

< be the specialization quasiorder and let (X/=, <) be the partial order on the

~-equivalence classes, where a ~ bifand onlyifa < band b < a. Let M_ be
the set of maximal equivalence classes in (X /=, <), let M € X be the union of the
maximal equivalence classes, and let A be a complete set of equivalence class

representatives from M_. Let 7" be the topology on X having N(x) = {x} for x ¢ 4,

and N(a) = Au (X - M) for a € A. That s, 7" is the Alexandroff topology whose

specialization order <" is Ay U{(a,x) : a € A, x e AU (X - M)}.

(a) Show that 7 is a complement of 7 in T(X).

(b) Using the example of (R, 7) where 7 = {0, R} U {(a,00) : a € R} U {[a,0) : a €
R}, explain why the Hartmanis complement construction does not generally
work for Alexandroff topologies on infinite sets. Find a complement of (R, 7).

(c) Find a Hartmanis complement of the Alexandroff topology whose specializa-
tion order is given in Figure 9.4(a).
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10.1 Partially ordered topological spaces

A partially ordered topological space is a triple (X, 7, <) where X is a nonempty set,
T is a topology on X, and < is a partial order on X. A partial order provides a means
to quantify preference, with a < b meaning b is preferable to a. Thus, partially or-
dered topological spaces are useful in situations where nearness and preference are
required.

Notice than any topological space (X, 7)) can be viewed as a partially ordered topo-
logical space (X, T, =) ordered by the trivial order or discrete order of equality. Thus,
topological spaces may be viewed as partially ordered topological spaces having the
trivial order.

The next example shows that in general, the topology and order of a partially or-
dered topological space may not interact well. Specifically, it shows that the increasing
hull of a closed set need not be closed, and the closure of an increasing set need not
be increasing.

Example 10.1.1. Let X be the closed upper half-plane with an open ball of radius 1/2
around the origin deleted, and the origin added, as seen in Figure 10.1. Give X the Eu-
clidean topology as a subspace of plane, and the product order (a,b) < (c,d) if and
onlyifa < cand b < d.Let A = {(x,-x) : x < 0}. Now 4 is closed, but i(4) is
the set of all points of X in the open upper half-plane, which is not closed. Also, i(4)
is increasing, but its closure is not increasing, since, for example, (-2,0) € cl(i(4)),
(-2,0) < (0,0), and (0,0) ¢ cl(i(A)). The set B = {(0,0)} is open, but i(B) is not open:
(0,5) € i(B) but i(B) contains no neighborhood of (0, 5). Furthermore, i(B) is increas-
ing, but its interior is not: int(i(B)) = i(B) — ({0} x [1/2, 00)) contains (0, 0) but not
(0,1) = (0,0).

Figure 10.1: The interior or closure of an increasing set need not be increasing; the increasing hull of
a closed (open) set need not be closed (open).

Since the topology and order of a partially ordered topological space may not inter-
act well, frequently some forms of compatibility between the topology and order are
assumed. The first compatibility condition we will consider is convexity.

https://doi.org/10.1515/9783110686579-011
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Definition 10.1.2. In a poset (X, <), a set A is convex (or for emphasis, order convex)
ifa,c e Aand a < b < cimply b € A. Equivalently, A is convex if A = i(A) n d(A).
A partially ordered topological space (X, 7, <) has a convex topology if T has a basis
of convex sets.

If 7 is an Alexandroff topology on (X, <), the convexity of 7 would say that if z is
in the smallest neighborhood N(x) of x and x < y < z, then y € N(x). That is, if z is in
every neighborhood of x and y is “closer” (in the order sense) to x than z, then y must
also be close to x in a topological sense.

Any ordered topological space (X, T, <) produces two associated topologies:

T'={UeT:U=iU)} and
T ={UeT:U=dU).

That is, 7* consists of the <-increasing 7-open sets, and T ® consists of the <-de-
creasing 7-open sets. It is easy to show directly that these are both topologies. For an
indirect proof that 7% is a topology, recall that the <-increasing sets form a topology 7
onX,andnotethat 7* =T AZ =T nT.

In a poset (X, <), it is immediate from the definitions that the intersection of any
increasing set with any decreasing set is a convex set. In particular, every monotone
set is convex.

Theorem 10.1.3. If T is a topology on (X,<) and T = T* v T?, then T is convex.

Proof. If T = 7* v T?, then T has basis {UnV : U € T%,V e T’}. This basis contains
only convex sets, so 7 is convex. O

Other compatibility conditions between the topology and order of a partially or-
dered topological space include the ordered separation axioms. Recall that a topolog-
ical space (X, T) is T; if and only if for every x # y in X, there exists a neighborhood of
x excluding y (and thus, with x and y interchanged, a neighborhood of y excluding x).

Definition 10.1.4. A partially ordered topological space (X, T, <) is T;-ordered if for ev-
ery x £ y, there exists an increasing neighborhood of x which excludes y and there
exists a decreasing neighborhood of y which excludes x.

Note that if x < y, then it would be impossible to find an increasing neighborhood
of x which excludes y or a decreasing neighborhood of y which excludes x. Thus, the
definition says for any distinct points x and y, there is a monotone neighborhood of
one which excludes the other except when the order absolutely prohibits it.

From the definition of the terms used, Definition 10.1.4 may be rephrased to say
(X, T,<)is T;-ordered if for every x ¢ y in X, there exists a neighborhood U, of x with
y ¢ i(Uy) and there exists a neighborhood U, of y with x ¢ d(U,). Then i(U,) is an in-
creasing neighborhood of x and d(U, ) is a decreasing neighborhood of y. In general,



10.1 Partially ordered topological spaces =— 221

if U, is open, i(U,) need not be open. Thus, as stated, the separating monotone neigh-
borhoods i(U,) and d(Uy) cannot be assumed to be open neighborhoods. However, the
next theorem says that indeed they may be assumed to be open.

Theorem 10.1.5. For a partially ordered topological space (X, T, <), the following are

equivalent:

(@) Xis T;-ordered.

(b) For every x ¢ y in X, there exists an open increasing neighborhood U, of x with
y ¢ U, and there exists an open decreasing neighborhood U, of y with x ¢ U,,.

(c) Foreveryx € X, i(x) and d(x) are closed.

(d) Forevery x « yin X, there exists an increasing neighborhood U, of x withy ¢ U,
and there exists a decreasing neighborhood U, of y with x ¢ U,.

The proof of the theorem is left as an exercise. Thus, for the T;-ordered prop-
erty, “strengthening” the definition to require separation by monotone open neigh-
borhoods does not give a new separation axiom.

A useful characterization of T; topological spaces is that they are the spaces in
which every singleton is closed. Theorem 10.1.5(c) gives the ordered version of this.

If a topological space (X,7) is viewed as a trivially-ordered topological space
(X, T,=), then i(x) = {x} = d(x), and thus (X, T, =) is T;-ordered if and only if (X, T)
is Tj.

A topological space is T, if and only if for every x + y, there exist disjoint neigh-
borhoods of x and y. Ordered versions of this are given below.

Definition 10.1.6. A partially ordered topological space (X, 7T, <) is T,-ordered if for
every x ¢ y, there exists an increasing neighborhood U, of x disjoint from a decreasing
neighborhood U, of y. (X, T, <) is strongly T,-ordered if for every x £ y, there exists an
open increasing neighborhood U, of x disjoint from an open decreasing neighborhood
U, ofy.

If (X, T, <) is T,-ordered and x # y, then both statements x < y and y < x cannot
be true, and the inequality that fails guarantees disjoint neighborhoods U, and U, of x
andy. Thus, if (X, T, <) is T,-ordered, then (X, 7) is T,. Similarly, T;-ordered implies T;.
Also, it is clear that strongly T,-ordered implies T,-ordered, which implies T;-ordered.

While the use of monotone neighborhoods or open monotone neighborhoods
made no difference in the definition of T;-ordered, the following example shows that
a T,-ordered topological space need not be strongly T,-ordered.

Example 10.1.7. In the plane, take a copy of the rationals at y = —1, a copy of the reals
aty = 0, and a copy of the irrationals at y = 1 with the order (a, b) < (c, d) if and only if
a = cand b < d. Remove (0,0) and add (0, 1), with (0, 1) incomparable to every other
element. With the Euclidean subspace topology, call this space (X, T, <).

We will show that this space is T,-ordered, but (0,-1) and (0,1) cannot be separated
by oppositely directed open monotone neighborhoods.
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If (x,m) £ (y,n) € X and x # y, then there exist disjoint neighborhoods U, and U,
in R of x and y, respectively, and since all the order present is “vertical”, there is an
increasing neighborhood of (x, m) contained in U, xR and a decreasing neighborhood
of (y,n) contained in U, x R. Such neighborhoods must be disjoint.

If (x,m) £ (y,n) € X and x = y, then n < m, except in the case of (0,-1) £ (0,1).
Except for the case (0, -1) £ (0, 1), if U is a neighborhood of x in R, then (Ux{m, m+1})n
X is an increasing neighborhood of (x, m) disjoint from the decreasing neighborhood
(Ux{n,n-1})n X of (y,n).

Now in the case (0, -1) £ (0, 1), let U be a neighborhood of Oin R. (UnQx{-1,0}) -
{(0,0)} is an increasing neighborhood of (0, —1) disjoint from the decreasing neighbor-
hood (U - Q x {0,1}) U {(0,1)} of (0, 1).

This shows that X is T,-ordered. However, note that any increasing neighborhood
of (0,-1) contains (U n Q x {0}) — {(0,0)} and any decreasing neighborhood of (0, 1)
contains (V - Q x {0}), where U and V are neighborhoods of 0 in R. By the denseness
of Q in R, any open increasing neighborhood of (0, —1) must contain irrational points
near the origin, and thus must intersect any decreasing neighborhood of (0, 1). Thus,
(0,-1) and (0, 1) cannot be separated by disjoint monotone open neighborhoods, so X
is not strongly T,-ordered.

It is a standard exercise (Exercise 9 of Section 7.1) to show that a topological space
(X, T)is T, ifand only if Ay = {(x,x) : x € X} is a closed subset of the product X x X.
Viewing Ay as the graph of the trivial order =, this suggests the following result.

Theorem 10.1.8. A partially ordered topological space (X, T, <) is T,-ordered if and only
if the graph G = {(x,y) € X? : x < y} of the partial order is a closed subset of the product
X xX.

Proof. Suppose (X, T, <) is T,-ordered. To see X? - G is open, suppose (x,y) ¢ G. Then
X £y, so there exists an increasing neighborhood U of x disjoint from a decreasing
neighborhood V of y. Now U x V is a neighborhood of (x,y) in X2. If G n (U x V) # 0,
then there exists (a,b) € GN (Ux V),soa < b,a € U = i(U),and b € V. Thus,
b € i(U) = U, contrary to U n V = 0. Thus, U x V ¢ X? — G. This shows X* - G is
open.

Conversely, suppose X? — G is open. Then, for any (x,y) ¢ G, there exists a basic
neighborhood U x V of (x, y) contained in X?-G.Ifz € i(U)nd(V), then Uy <z < v, for
some ug € U, vy € V, and thus uy < vy, so (uy,vy) € (Ux V) NG, contrary to the choice
of U x V. Thus, i(U) n d(V) = 0, so i(U) is an increasing neighborhood of x disjoint
from the decreasing neighborhood d(V) of y. This holds for any (x,y) ¢ G, that is, for
any x £y, so X is T,-ordered. O

Corollary 10.1.9. Ina T,-ordered topological space (X, T, <), if x, <y, foralln € N and
the sequence (X, Yp)nen CONverges to (x,y) in X x X, thenx <y.
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Proof. Suppose x,, < y, foralln € N and (x,,,¥,)nen cOnverges to (x,y). This says
(X Yn)nen 1S @ convergent sequence in the closed set G ¢ X?, and thus G contains the
limit (x,y). O

The theorem below is an ordered version of the fact that a compact subset of a
Hausdorff space is closed.

Theorem 10.1.10. Suppose (X, T, <)is a T,-ordered space. IfK < X is compact, theni(K)
and d(K) are closed.

Proof. Suppose K is compact. To show i(K) is closed, suppose a ¢ i(K). Then x ¢ a for
all x € K. By the T,-ordered condition, for each x € K, there exist open neighborhoods
N, of x and M, of a with i(N,) n d(M,) = 0. Let {in :i=1,...,n} be a finite subcover
of the open cover {N, : x € K} of K. Now M = ﬂ{Mxi :1=1,...,n}is a neighborhood
of a. If there exists z € M Ni(K), thenz > k forsome k € K ¢ U{in :i=1,...,n}. Thus,
ke N, forsomeje{l,...,n},s0z € i(Ny) N My, contrary to the choice of M, and N, .
Thus, for an arbitrary a ¢ i(K), we have found a neighborhood M of a contained in
X - i(K), so X —i(K) is open and thus i(K) is closed. A similar argument shows d(K) is
closed. O

Theorem 10.1.11. Suppose (X, T, <) is a compact T,-ordered space. For any increasing
set A ¢ X and any open set U containing A, there exists an open increasing set V with
A ¢ V ¢ U. In other words, in a compact T,-ordered space (X, T, <), every open neigh-
borhood of an increasing set A contains a T*-neighborhood of A.

Proof. Suppose X is compact T,-ordered, A ¢ X is increasing, and U is an open set
containing A. Now X — U is closed and thus compact in X. By Theorem 10.1.10, d(X - U)
is closed and decreasing, so V = X — d(X - U) is open and increasing. Now X — U ¢
d(X - U)implies V =X - d(X — U) c U. To see A € V, suppose not. Then there exists
a € And(X - U), so there exists x € X — U with a < x. Since A is increasing, x ¢ A ¢ U,
which contradicts x € X — U. O

The previous theorem has a natural application to ordered separation axioms.

Theorem 10.1.12. Every compact T,-ordered space is strongly T,-ordered. That s, if x £
y in a compact T,-ordered space, then there exists an open increasing neighborhood of
x disjoint from an open decreasing neighborhood of y.

Proof. Suppose x ¢ y in a compact T,-ordered space (X, 7,<). Then i(x) and d(y)
are disjoint, and since X is T;-ordered, these sets are also closed. Now (X, 7)) is com-
pact and T,, and thus is normal, so there exist disjoint open sets U, and U, with
i(x) ¢ Uy and d(y) < U,. Now applying Theorem 10.1.11 and its dual, there exist an
open increasing set V, and an open decreasing set V, with i(x) ¢ V, ¢ U, and d(y) <
V, € U,. Thus, V, and V, are the desired oppositely directed open monotone neigh-
borhoods of x and y. O

Now we give another nice property of compact T,-ordered spaces.
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Theorem 10.1.13. If (X, T, <)is a compact T,-ordered topological space, then T is a con-
vex topology.

Proof. Suppose (X, T, <) is compact and T,-ordered. To show 7 is convex, it suffices
to show that every open neighborhood of a € X contains a convex neighborhood of a.
Suppose U is an open neighborhood of a. Then X — U is compact. Forany x € X — U,
either a £ x or x ¢ a, so there exist disjoint sets M, and N, one in 7 ' and one in Tb,
with a € M, and x € N,. The open cover {N, : x € X - U} of X — U has a finite
subcover {N, : x € F} where F ¢ X - U is finite. Now W = {M, : x € F} is disjoint
from [ J{N, : x € F},and since X - U < | {N, : x € F}, wehavea ¢ W ¢ U.But W
is a finite intersection of open monotone neighborhoods of X, and thus is a convex
neighborhood of a contained in U. O

Exercises

1. Suppose (X, T, <) is a partially ordered topological space. Show that 7 has a basis
of convex open sets if and only if for every x € X and for every neighborhood U
of x, there exists a convex open neighborhood W of x with W ¢ U. That is, 7 is a
convex topology on (X, <) if and only if it is a locally convex topology on (X, <).

2. Given a partially ordered topological space (X, T, <), let 7' be the topology on X
whose closed sets are the <-increasing sets. In Example 10.1.1, we noted that in a
partially ordered topological space, the increasing hull of a closed set need not be
closed and the closure of an increasing set need not be increasing. Interpret this
statement in terms of 7”-closures and 7 -closures, and in terms of how 7 and 7’
compare in the lattice T(X) of topologies on X.

3. Let (X, <) be [0, 1] with the usual order. For € > 0, define U(0,¢) = {0} U (1 -¢,1),
Ul,e) = {11 u (0,e),and for 0 < x < 1, U(x,e) = (x — &,x + €). Let T be the
topology on X having basis {U(x, €) : x € [0,1],& > 0}. Determine whether (X, 7, <)
is T;-ordered or T,-ordered, and whether 7 is convex.

4. Suppose < is a partial order on X, and 7_ is the associated Alexandroff (special-
ization) topology on X. Must the partially ordered topological space (X, 7_, <) be
T,-ordered? Must 7_ be convex?

5. If A is a subset of a partially ordered topological space (X, 7T, <), let I(A) denote
the smallest closed increasing set containing A. I(A) is called the closed increasing
hull of A. The closed decreasing hull D(A) of A ¢ X is defined dually. We have seen
examples to show that I(A) + cl(i(A)) and I(A) # i(cl(A)). Describe I(A) and D(A)
in terms of 7% and 7.

6. Prove Theorem 10.1.5.

7. Give a proof or counterexample: For points x, y in an ordered topological space,
there exists an open increasing neighborhood of x excluding y if and only if there
exists a neighborhood U of x with y ¢ i(U).
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Show that (X, T, <) is T;-ordered if and only if i(x) = O{U € 74 . x € U} and
d(x)={U e T" :x e U} forall x € X.

Determine whether the T;-ordered and T,-ordered properties are hereditary and
productive (where a product [[{X; : i € I} carries the product topology and product
order (x;);c; < (Vi)ier if and only if x; < y; in X; for every i € I).

The definitions for ordered separation axioms in a partially ordered topological
space may also be used to define the T,-ordered and T;-ordered properties for any
quasiordered topological space (X, 7, <). Of the following implications which hold
for partially ordered topological spaces, which still hold for quasiordered topolog-
ical spaces? Justify your answers.

T,-ordered = T;-ordered

il U
T, = T;

Determine whether each partially ordered topological space (X, 7, <) below is

T,-ordered. If it is T,-ordered, prove it. If it is not T,-ordered, then (i) find x £ y in

X which cannot be separated by monotone neighborhoods, (ii) find a sequence

(X Yn)nenw converging to (x,y) with x,, < y,, for every n € N, but x ¢ y, and (iii)

sketch the graph of the partial order in X? and show that it is not closed.

(@) X = R, T is the Euclidean topology, and < is the usual order on the positive
reals and is equality on (-0, 0], with positive numbers and nonpositive num-
bers not related. (Thus, x < yifand onlyifx =yor0 < x <y.)

(b) X = R, T is the Euclidean topology, and < is the usual order on the non-
negative reals and is equality on the negative reals, with negative numbers
and nonnegative numbers not related. (Thus, x < y if and only if x = y or
0<x<y.)

A bitopological space is a triple (X, 7;, 7,) where X is a set and 7; and 7, are topolo-

gies on X. A bitopological space (X, 7;,7,) is pairwise T, if for any pair of dis-

tinct points x,y € X, either there exists a 7;-neighborhood of x excluding y or

a T,-neighborhood of x excluding y.

(@) If (X,7,<) is a T;-ordered topological space, show that (X, 74 7°) is pair-
wise T;.

(b) Let (X, 7,<) be the interval [0,1] with the usual topology and order from
the real line, except with O noncomparable to all other points. Show that
(X, 7%, 7°) is pairwise T, but (X, T, <) is not T;-ordered.

Exercise 12 shows that the definition given for the T,-ordered property is not

aligned with the bitopological concept of pairwise T;. Here is an alternate defini-

tion of T;-ordered which remedies this: (X, T, <) is TIK -ordered if for every x € X,

=MUeT*uT" :x U}

(a) Show that (X,7,<)is T{(-ordered if and only if (X, 7%, 7?) is pairwise T;.

(b) Show that T;-ordered implies T{( -ordered.
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(c) Show that (X,7,<)isa T{(—ordered if and only if, for every x € X, {x} = I(x) n
D(x), where I(x) and D(x) are as defined in Exercise 5.

(d) Show that if the order on (X, 7, <) is a total order, then X is T;-ordered if and
only if X is TX-ordered.

(For other shortcomings of the original definition of T,-ordered, see [28].)

10.2 Normally ordered topological spaces

Recall that a topological space is T, if disjoint closed sets can be separated by open
sets, and is normal if it is T; and T,. The ordered versions of T, and normality involve
separating disjoint monotone closed sets.

Definition 10.2.1. A partially ordered topological space (X, T, <) is T,-ordered if, for
any closed increasing set A and any closed decreasing set B disjoint from A, there exist
open sets U, and Ug with A ¢ Uy, B € Uy, and i(Uy) N d(Ug) = 0. A partially ordered
topological space (X, T, <) is strongly T,-ordered if, for any closed increasing set A and
any closed decreasing set B disjoint from A, there exists an open increasing set Uy
containing A disjoint from an open decreasing set Uy containing B. A partially ordered
topological space is normally ordered (strongly normally ordered) if it is T;-ordered and
(strongly) T,-ordered.

Thus, a T,-ordered space is one in which disjoint oppositely directed monotone
closed sets can be separated by disjoint oppositely directed monotone neighborhoods,
and is strongly T,-ordered if in addition, the separating monotone neighborhoods may
be chosen to be open. (Here we use the convention that an open neighborhood of a set
A is an open set containing A, and a neighborhood of A is any set containing an open
neighborhood of A.)

Since any compact T, space is normal, the following result is not surprising.

Theorem 10.2.2. Any compact T,-ordered topological space is strongly normally or-
dered.

This theorem shows that the compact T,-ordered spaces are among the best be-
haved ordered topological spaces. The proof is analogous to the proof of the corre-
sponding result Theorem 7.1.8 for (trivially ordered) topological spaces.

Total orders are particularly nice partial orders, and with the right topology de-
fined in terms of the order, they give another class of strongly normally ordered spaces.
First, we present a natural way to define a topology from any partial order.

Definition 10.2.3. If (X, <) is a partially ordered set, the order topology on X is the
topology generated by the subbasis of open rays (a,—) = {x € X : a < x} = i(a) - {a}
and («,b) = {x € X : x < b} = d(b) — {b}. If < is a total order on X, then (X, <) with the
order topology is called a linearly ordered topological space, or a LOTS.
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Though a linear order is another name for a total order, note that a LOTS is more
than an ordered topological space whose order is linear: a LOTS must carry the order
topology.

Clearly the collection S = {(a,—) : a € X} U {(«,b) : b € X} of all open rays
is a subbasis for a topology on X. If X = {x} has only one element, then the empty
intersection gives {x} and the empty union gives 0. If X has a smallest element a and
at least one other element x > a, then (a, —), (<, x) € S and thus | /S = X. If X has no
smallest element, then, for any x € X, there exists x™ < x, sox € (x_,—) € S and thus
Us=Xx.

The intersection of two oppositely directed open rays (a, —) N (<, b) in (X, <) will
be denoted (a, b) and called the open interval with endpoints a and b. Open rays and
the whole space X = (<, —) are also considered to be open intervals which have fewer
than two endpoints. In general, the open intervals in a poset (X, <) are not closed under
finite intersections and do not form a basis for the order topology. The example below
illustrates this.

Example 10.2.4. Let X = {a, b, ¢, d, e, f} with the partial order depicted in Figure 10.2.
Now (a, e) = {b,c} and (a,f) = {c,d}, but (a,e) n (a,f) = {c} is not an open interval and
contains no open interval around c. Thus, the open intervals do not form a basis for
any topology on X.

a

Figure 10.2: The open intervals are not a basis for a topology.

If it is surprising to find that the intersection of two intervals need not be an inter-
val, it is perhaps because most of our experience with intervals occurs in R, which is
a LOTS. The next theorem addresses this situation.

Theorem 10.2.5. The order topology on a totally ordered set (X,<) has a basis B =
{(a,b) : a,b € X} U {(a,—) : a € X} U {(«,b) : b € X} U {X} consisting of the open
intervals (with 0, 1, or 2 endpoints) in X.

The proof is left as an exercise. Due to this result, the order topology on a totally
ordered set (that is, the topology on a LOTS) is sometimes called the interval topology.
The proof of the next result is also left to the exercises.

Theorem 10.2.6. Every LOTS is strongly normally ordered.
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We now turn our attention to another large class of normally ordered spaces in-
troduced in [42].

Definition 10.2.7. A (partially) ordered metric space is a triple (X, m, <) where X is a
set, m is a metric on X, and < is a partial order on X. If n is a natural number, the
ordered metric space (X, m, <) is %-ball transitive if x < y implies B(x, %) c d(B(y,¢€))
and B(y, %) C i(B(x, €)) for all € > 0. We will say a metric space X with a partial order is
ball transitive if it is %-ball transitive for some natural number n.

Example 10.2.8. Let X = R x {0, 1} with the Euclidean metric m. Define < by (x,y) <
(z,w) if and only if (x,y) = (z,w) ory = O,w = 1, and z = 2x. Thus, besides (x,y) <
(x,y) for every (x,y) € X, we have only (x,0) < (2x,1) for all x € R, as suggested in
Figure 10.3. The increasing hull of a ball B((x, 0), &) on the lower segment contains
the ball B((2x,1), 2¢), and thus B((2x,1), ﬁ) for any natural number n. The decreasing
hull of a ball B((x, 1), €) on the upper segment contains the ball B((%,0), %), and thus
X,m,<)is %-ball transitive (and not 1-ball transitive).

F
o
4

Ji

o

Y

Figure 10.3: X is %-ball transitive. Y is not ball transitive.

Let Y = [-1,1]% - (0,1]? be the subset of R? shown in Figure 10.3, with the Euclidean
metric m and the product order (a,b) < (x,y) ifand only ifa < x and b < y. Now
(0,0) <(0,1), butforanye < 1, d(B((0, 1), €)) contains no ball of positive radius around
(0,0). Thus, Y is not ball-transitive. Note that Y is compact, T,-ordered (and hence
normally ordered), and convex, so none of these properties implies ball transitivity.

Next, we will show that with the natural product construction, a product of ball
transitive spaces is ball transitive.

Theorem 10.2.9. If (X, my, <x) is a +-ball transitive space and (Y,my, <y) is a 3-ball
transitive space, then X x Y with the metric my + my and the product order is a Flk-ball
transitive space.

Proof. Suppose (a,b) < (s,t) in X x Y and (x,y) € B((a,b),€). Then my(x,a) +
my(y,b) < € 50 x € By(a,e) andy € By(b,¢). From the hypotheses, it follows that
x € d(Bx(s,ng)) and y € d(By(t,ke)). Thus, there exist points s' € By(s,ne) and
t' € By(t,ke) with (x,y) < (s, t"). Since (s',t') € Bx,.y((s, 1), (n + k)¢), it follows that

B((a,b),e) c d(B((s,t),(n+k)e)) inXxY.

With the dual argument, this proves X x Y is n—ik-ball transitive. O
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Given the usual metric and order, it is easy to see that the real line R is 1-ball
transitive. It may be geometrically clear that the Euclidean spaces R? and R> with the
product order are also 1-ball transitive. While our visualization is limited for higher
dimensions, the previous theorem shows that, for any n € NN, the space R" with the
taxicab metric m((xy, ..., %,), (V1,-.-,¥n)) = Yy 1% — y;| and the product order is ball
transitive. It is left as an exercise to show that this implies R" with the Euclidean topol-
ogy and product order is ball transitive.

Since R? is ball transitive, the space Y of Example 10.2.8 shows that ball transitive
is not hereditary, even to convex compact T,-ordered subspaces. In that space Y, with
€ < 1note that B((0, 1), €) is open but d(B((0, 1), €)) is not open. This cannot happen in
a ball transitive space.

Theorem 10.2.10. If (X, m, <) is a ball transitive ordered metric space and U is openin X,
then i(U) and d(U) are open in X.

Proof. Suppose U is open in X and x € i(U). Then there exists y € U such thaty < x.
Choose € > 0 so that B(y,e) < U. Since X is ball transitive, there exists a natural
number n such that B(x, %) C i(B(y,€)) € i(U). Thus, i(U) is open. The dual argument
shows that d(U) is open. O

If F is closed in a ball transitive space, i(F) and d(F) need not be closed, as seen
by considering F = {(—x, %) € R? : x > 0} in R%. However, we have the following result.

Theorem 10.2.11. In a ball transitive space, the closures and interiors of decreasing sets
are decreasing, and the closures and interiors of increasing sets are increasing.

Proof. Suppose A is a decreasing set in a ball transitive space X, y € cl(A), and z < y.
We want to show z € cl(4). Suppose there exists € > 0 such that B(z,e) N A = 0.
Noting that A = d(A), it follows that i(B(z,€)) N A = @. But y € i(B(z,¢€)), and, by The-
orem 10.2.10, i(B(z, €)) is open. Thus, i(B(z, €)) is an open neighborhood of y that does
not intersect A, contrary to y € cl(A). This shows that the closure of a decreasing set A
is decreasing. The dual argument shows the closure of an increasing set is increasing.

If A is decreasing, X — A is increasing, and by the previous paragraph, cl(X — A) is
alsoincreasing. Thus, int(A) = X—cl(X-A) is decreasing. The dual argument completes
the proof. O

Theorem 10.2.12. Every ball transitive ordered metric space (X, m, <) is strongly T,-or-
dered.

Proof. Suppose A and B are disjoint closed subsets of a %-ball transitive space X, with
A increasing and B decreasing. For any a € A, a is an element of the open increasing
set X — B, so there exists €, such that i(B(a, ¢,)) N B = 0. Similarly, for any b € B, there
exists g, such that d(B(b, e;,)) N A = 0. Put

U, = U i<B<a,§—;’l>>, and

acA
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Up = d<B<b, s—b>>
B bLG% 2n
By Theorem 10.2.10 and properties of open and monotone sets, U, is an open increas-
ing neighborhood of A and Uy is an open decreasing neighborhood of B. To show that
U, and Uj are disjoint, suppose to the contrary that x € Uy n Ug. Then there exist
points a € Aand b € B such that x € i(B(a, 52)) N d(B(b, 5%)). Thus, there exist points
a' € B(a,5t)and b’ € B(b, 52) with a' < x < b'. In the case &}, > ,, we have

ac B<a', %’1) c B<a’, %) c d<B<b’, %)) c d(B(b,gy)),

contrary to A N d(B(b,gp,)) = 0. In the case g, > g, we have

be B<b’, 8—”) c B(b', 8-“) c i(B(a’, g-“)) ci(B(a,e,)),
2n 2n 2

contrary to B n i(B(a,g,)) = 0. Now U, and Uy are the desired monotone open sets
separating A and B. O

This gives the following immediate corollary.

Corollary 10.2.13. R" with the Euclidean topology and product order is strongly nor-
mally ordered.

Proof. Itis an easy exercise to show that R" with the Euclidean topology is T;-ordered.
Since the Euclidean topology is generated by the taxicab metric m, (R",m,<) is
T,-ordered and, by the previous theorem, strongly T,-ordered. Thus, (R",m,<) is
strongly normally ordered. But strongly normally ordered is a topological property,
independent of the metric, and since m generates the Euclidean topology, the Eu-
clidean space R" is strongly T,-ordered. O

Exercises

1. Prove Theorem 10.2.2.

2. Show that every (strongly) normally ordered space is (strongly) T,-ordered.

3. Which of the properties T,-ordered, strongly T,-ordered, normally ordered, and
strongly normally ordered are satisfied by the space of Example 10.1.7? Justify your
answers.

4, (A subspace of a LOTS need not be a LOTS.) Consider the subspace Y = [0,1)U[2, 4]
of the LOTS R. Show that Y is not a LOTS, even though Y inherits the total order
from R. A subspace of a LOTS is called a generalized ordered space, or a GO-space.

5. Prove Theorem 10.2.5: the order topology on a totally ordered set (X, <) has a basis
of open intervals (including intervals with 0, 1 or 2 endpoints).

6. Prove Theorem 10.2.6: every LOTS is strongly normally ordered.
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An immediate consequence of Theorem 10.2.9 is that R" with the product order
and taxicab metric m((x,....,Xp), V1. > ¥Yn) = Z;’:l Ix; — y;l is %-ball transitive.
Give a detailed proof that R" with the product order and Euclidean metric m, is
ball transitive.

Which of the properties T;-ordered, T,-ordered, and ball transitive are satisfied by

the spaces below? Justify your answers.

(a) Let X = [0,1] with the usual Euclidean metric and the usual order on [0, 1),
with 1 < 1and 1||x for all x € [0,1).

(b) Let Y = [0,1] x {0,1} ¢ R? with the Euclidean metric and the order Ay U
{((x,0), (x,1)) : x € (0,1]}. That is, besides (x,y) < (x,y) for every (x,y) € Y, we
have (x,0) < (x,1) for x € (0,1].

(c) Let Z = [1,00) x {0,1} ¢ R’ with the Euclidean metric and the order A, U
{((x,0),(®x%1)) : x € [1,00)}. That is, besides xy) < (x,y) for every (x,y) € Y,
we have (x,0) < (x2,1) for x € [1, 00).

Show that R" with the Euclidean metric and product order is T;-ordered.

Let X = R - (0,1) with the Euclidean metric and the usual order, except 0 ¢ 1.

Show that X is ball transitive but not T;-ordered.

Let X be a copy of R embedded in R? as shown, with (-co, —1) bent to lie on the

graph of y = 1/x and (1, 0o) lying on y = 0. Keep the linear order from R and give X

the Euclidean metric from R?. Show that this linearly ordered metric space is not

ball transitive.

—_—

A lattice L is a metric lattice if there exists a strictly increasing functionf : L - R
withf(xX)+f(y) =f(xVvy)+f(xny)forallx,y € L; then m(x,y) = f(x Vy) - f(x Ay)
defines a metric on L. Metric lattices are discussed in Garrett Birkhoff’s Lattice
Theory [6], where it is shown that, for any a, x, y in a metric lattice, m(avx,avy) +
m(a A x,a Ay) < m(x,y). Use this to prove that every metric lattice (L, m, <) is ball
transitive.






11 Variations on metric spaces

11.1 Pseudometrics

In this chapter, we will consider distance functions which may not meet all of the re-
quirements of a metric. We have seen that on the set C[a, b] of continuous functions
from [a, b] to R, we may define a metric d(f,g) = j: If (x) — g(x)| dx, with the distance
between f and g being the area between them. This function d is not a metric on the set
of integrable functions over [a, b]. For example, if f(x) = x on [a, b] = [0,1], g(x) = x
on [0,1), and g(1) = 5, then f and g are integrable, and d(f,g) = j; f(x)-g)|dx =0,
but f # g. Thus, the property of a metric that d(f,g) = O implies f = g fails. If we
relax the definition of a metric to omit this condition, then we obtain a pseudomet-
ric.

Definition 11.1.1. A pseudometric on a set X is a functiond : X x X — [0, co) such that
(@) p(x,y) = 0forall x,y € X (nonnegativity);

(b) p(x,x) =0forall x € X;

(o) p(x,y) =p(y,x) forall x,y € X (symmetry);

(d) p(x,y) < p(x,z) +p(z,y) for all x,y, z € X (triangle inequality).

The pair (X, p) is a pseudometric space. As in a metric space, B(x,e) = {y € X :
p(x,y) < €} is the ball of radius € centered at x, and the collection B = {B(x,€) : x € X,
€ > 0} of all balls is a basis for the pseudometric topology on X.

The proof that the collection of balls in a metric space forms a basis for a topology
remains valid for the collection of balls in a pseudometric space.

When we drop the metric condition that d(x,y) = 0 implies x = y to get a pseudo-
metric, we should ask what we lose. One consequence of that condition was that every
metric space was Hausdorft: if x # y, then with € = %d(x, y), the balls B(x, €) and B(y, €)
were disjoint neighborhoods separating x and y. This proof of the Hausdorff property
is not valid in a pseudometric space, and for good reason: pseudometric spaces need
not be Hausdorff. The next example illustrates this.

Example 11.1.2. On a nonempty set X, definep : X x X — [0,00) by p(x,y) = O for
all x,y € X. It is easy to see that p satisfies all the conditions of a pseudometric. For
any x € X and any € > 0, we have B(x,&) = X, so the pseudometric topology is the
indiscrete topology on X. This pseudometric is called the trivial pseudometric.

This example shows that pseudometric spaces need not be T,, T;, nor even T,.
However, pseudometric spaces satisfy the higher separation axioms which do not
require T;. We first present a useful technique. If we can measure the distance be-
tween points, there is a natural way to measure the distance between a point and a
set.

https://doi.org/10.1515/9783110686579-012
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Definition 11.1.3. Suppose (X, p) is a pseudometric space, @ + A € X, and x € X. The
distance from x to A is

d,(x) =inf{p(x,a) : a € A}.

Theorem 11.1.4. If (X, p) is a pseudometric space and A is a nonempty subset of X, then
ds(x) = Oif and only if x € clA. Furthermore, if A € X is nonempty and closed, then
d, : X - Ris a continuous function.

Proof. The first statement follows since

dy(x) =0 = inf{p(a,x):ac A} =0
— Ve>0 ZFacApkxa<e
— Ve>0 Bx,e)nNA+0

& x eclA.

Suppose A is a nonempty closed subset of X. To see that d is continuous, for any
€ > 0, we will show that, for § = €, y € B(x,6) implies |d,(x) — d4(y)| < €. Suppose
y € B(x, 6). By the triangle inequality,

p(a,x) <p(a,y) +p(y,x) and p(a,x)=p(ay)-pxy).

Taking the infimum over a € A, and noting that inf{p(a,y) + ¢ : a € A} = inf{p(a,y) :
a € A} + ¢ for the constant ¢ = +p(x,y), we have

dy(x) <ds(y) +p(x,y) and  dy(x) > ds(y) - p(x.y).
Now y € B(x, §) = B(x, &) implies p(x,y) < &, which leads to
dp(x) —dy(y) <& and dy(x) —dy(y) > -«
Together, this gives |d,(x) — d4(¥)| < €, as needed. O

If A is closed in a pseudometric space X and x ¢ A, the result above implies that
dy is a continuous real-valued function which maps A to 0 and x to d4(x) > 0. Thus, X
is T35, and therefore is T5. The proof given in Theorem 7.1.7 that every metric space is
T, remains valid for pseudometric spaces. This gives the following result.

Theorem 11.1.5. Every pseudometric space is T3, T5 5, and T,,.

Example 11.1.6. Consider the set R of functions f : R — R. Define p : RR x RR —
[0, 00) by p(f,g) = If(0)—g(0)], so the distance between functions f and g is the vertical
distance between their graphs atx = 0. In other words, forf, g € [[;cg R, we take p(f, g)
to be d¢ (715 (f), 71y (8)) where d; is the Euclidean metric on 714 (] [jeg R) = R. Since the
distance between functions is measured only in the Oth coordinate by a metric on that
factor, p clearly satisfies the conditions of a pseudometric. It is not a metric, however,
since p(sin(x), x?) = 0 even though the functions sin(x) and x? are not equal.
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The crux of the example above is applied in the next example.

Example 11.1.7. Consider the set X = C(R) ¢ RR of continuous real-valued functions
f : R - R with domain R, and let [a, b] be a compact subset of R. Now the set C[a, b]
of continuous real-valued functions f : [a, b] — Ris obtained from C(R) essentially by
discarding part of the graph of each f € C(RR). Now we know metrics on C[a, b], such as
the sup-metric or the areawise metric. For f, g € C(R), we may use the metric distance
between their restrictions to [a, b] in any specified metric on C[a, b] as the pseudo-
metric distance between f and g as functions on R. Again, because the distances are
defined in terms of an existing metric, this gives a pseudometric p. But again, because
there are distinct functions f, g on R which agree on [a, b], p(f,g) = 0 does not imply
f and g are equal.

Recalling that an equivalence relation on a set X specifies equality of some at-
tribute of the elements of X, the previous two examples suggest a connection between
pseudometrics, equivalence relations, and metrics. In Example 11.1.6, the distance be-
tween two functions in R® is completely determined by their values at 0, so for the
purpose of finding distances, we may ignore all other values of the functions, and de-
clare two functions to be equivalent if and only if they agree at 0. Now, the metric
on R = 71y([[jer R) gives a metric on the equivalence classes from this equivalence
relation. In terms of the pseudometric, the following are equivalent: (a) p(f,g) = O,
(b) d¢(f(0),8(0)) = 0,and (c) f = g.

Similar remarks apply to the Example 11.1.7, using the equivalence relation on
C(R) defined by f = g if and only if f(x) = g(x) for all x € [a, b].

We now formalize this link.

Theorem 11.1.8. Suppose p is a pseudometric on X with pseudometric topology T,.

(@) TherelationonX defined by x = y ifand only if p(x,y) = 0 is an equivalence relation.

(b) IfY = {[x] : x € X} is the set of =-equivalence classes, then the functiond : Y x Y —
[0, 00) defined by d([x], [y]) = p(x,y) isa metricon Y.

(c) The metric topology T, onY is the quotient topology Tr wheref : (X,p) — Y = {[x] :
x € X} is the function defined by f (x) = [x].

Proof. (a) The reflexivity and symmetry of = follow from p(x, x) = O and p(x,y) = p(y, x)
for all x,y € X. Transitivity follows from the other two defining properties of a pseu-
dometric, for if p(x,y) = 0 and p(y,z) = 0, then 0 < p(x,z) < p(x,y) + p(y,z) = 0+0, so
pix,z) =0.

(b) Suppose Y and d are as in the statement of (b). First, we must show that d
is well-defined. Suppose [x] = [x'] and [y] = [y']. Then p(x,x') = 0 = p(y,y'). To
see d([x], [y]) = d([x], [y']), we must show p(x,y) = p(x',y"). Now p(x,y) < p(x,x") +
p(,y") + p(y'y) = p(d,y") and p(x',y") < p(X'.x) + p(x.y) + p(v.y') = p(x.y), so
p(x,y) = p(x',y"), and thus d is well-defined.
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Because d([x], [y]) = p(x,y), d clearly is a pseudometric on X; the defining prop-
erties hold for d since they hold for p. To show d is a metric, it only remains to show
that d([x], [y]) = O implies [x] = [y]. But d([x], [y]) = p(x,y) = O if and only if x = y, so
[x] = [yl.

(c) Recalling that V € 7 if and only if YV e Ty, we want to show V € 7; if and
onlyiff (V) e T,-Now V € 7, ifand only if V can be written as a union { J;¢; B([x;], &)
of d-balls and f (V) ¢ T, if and only if it can be written as a union of p-balls. Now

z ef"l(B([x],s)) = f(z) = [z] € B([x],¢)
= d([x],[z]) =px,2) < €

— z¢€ Bp(x,e),

so f1(B([x],€)) = B,(x,€). Since f ! (Uje; B(x;),&)) = User f~ B((x:),€)) = User Bo (%5
&;), it follows that V € 7 if and only if f (V) € Tp- O

By the theorem above, every pseudometric on X gives a metric on a partition of X.
Our next result shows the converse: every metric on a partition of X gives a pseudo-
metric on X. Furthermore, these operations are “inverses” in the sense that iterating
them will return the original structure.

Theorem 11.1.9. Suppose = is an equivalence relation on X, Y = {[x] : x € X} is the
set of ~-equivalence classes, and d is a metricon Y. Then p : X x X — R defined by
p(x,y) = d([x], [y]) is a pseudometricon X, and if f : X — Y is the map f(x) = [x], then
the d-metric topology on X is the T quotient topology.

Proof. The pseudometric properties of p follow easily from the metric properties of d,
and the equivalence of the topologies follows from the last argument of the proof of
Theorem 11.1.8 that f ' (B([x], €)) = B, (x; €). O

Combined, the two previous results say that pseudometrics on X are precisely met-
rics on equivalence classes (or partitions) of X. Doing mathematics on equivalence
classes is an important recurring theme that arises in loss-of-resolution situations. If
the Euclidean plane is represented by a computer screen consisting of m x n pixels,
the overlaid pixel grid provides a partition of the plane, so working with the pixels
is an example of working with equivalence classes. Similarly, if demographic data is
collected from a sampling of locations in the USA but is then summarized by state, in
effect we have a loss of resolution from the entire USA to a “pixelated” version con-
sisting of equivalence classes Alabama, Alaska, Arizona, Arkansas, ..., Wisconsin,
Wyoming.

This situation is analogous to quasiorders on X being partial orders on equiva-
lence classes. Pseudometrics are metrics on equivalence classes. Both may be used to
model a loss of resolution.

Sometimes it is of interest to consider more than one pseudometric on a set X.
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Definition 11.1.10. A gauge on a set X is a collection P = {p; : i € I} of pseudometrics
p;on X. A gauge P on X generates a topology 7, having a subbasis consisting of all
balls from all the pseudometrics p; (i € I). Thatis, 7p = \/pep T, Where 7, is the
pseudometric topology on X generated by p;. A gauge space is a topological space
(X, T) where T = Tp is generated by some gauge P on X. A gauge space (or a gauge)
is separating if for every pair of distinct points x # y in X, there exists p; € P with
pi(x,y) # 0. Depending on the emphasis, we may denote a gauge space by (X, P),
(X, Tp), or (X, 7).

Theorem 11.1.11. Suppose P = {p; : i € I} is a gauge on X.

(@) P is separating if and only if Tp is a Hausdor(ff topology on X.

(b) (X,Tp)is Tss.

(c) IfAcX, then{p;lax, : 1 € I} is a gauge on A which generates the subspace topology
on A, as a subspace of (X, Tp).

(a) and (c) follow easily from the definitions. (b) follows from the fact that 7, =
Vp,ep Tp,» and the supremum of T; ; topologies in the lattice of topologies must be T5 5.
Details are left to the exercises. While (c) shows that the property of being a gauge
space is hereditary, the next result shows that it is also productive.

Theorem 11.1.12. Suppose (X;, P;) is a gauge space for each j in an index set ]. Then
]_[1-e s X; with the product topology is a gauge space.

Proof. Suppose (Xj, P;) is a gauge space for eachj € J, with P; = {p;; : i € [;}. Each pseu-
dometric p;; on X; defines a pseudometric p;; on [ [;; X; by taking the p; ;-distance be-
tween two vectors in [ [;¢; X; to be the p; ;-distance between the projections of those vec-
tors onto the jth coordinate X;. Now P= {pij : 1 € I,j € J} is a family of pseudometrics
on [[j; X; which generates the gauge topology 77 having subbasis {Bpu((Xﬂ jepp€) 1€
I;,j € ],& > 0}. But for a fixed (i,j) € I; xJ, observe that Bﬁw_(<xj>]~g,£) = [xej Ux» Where
Up = Xy fork # jand U; = Bp.-,,- (x;,€), is a P;-subbasic neighborhood of x;. Thus, the
gauge topology 75 has the same subbasis as the product topology on [ [;¢; (X;, Tp, ). O

Theorem 11.1.13. (X, 7) is a separating gauge space if and only if T is completely regu-
lar.

Proof. By Theorem 11.1.11(a) and (b), a separating gauge space is T, and T; 5, and thus
is completely regular. Suppose (X, 7) is completely regular. Then X may be embed-
ded in its Stone—Cech compactification SX. Recall that 8X is a subspace of [I{L : f €
C*(X)}, where C*(X) is the collection of bounded continuous real-valued functions on
X and Iy is a compact interval in R containing f (X). Now Ris T, and pseudometrizable,
and thusis a T, gauge space. Since subspaces, products, and homeomorphic images of
T, gauge spaces are T, gauge spaces, it follows that X and X are T, gauge spaces. [
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Exercises

1.

Definep : R x R? - R by p((a, b), (x,y)) = |a — x|. Show that p is a pseudomet-

ric. Discuss the associated metric space on the equivalence classes of R? from the

equivalence relation (a, b) = (x,y) if and only if p((a, b), (x,y)) = O.

Suppose p is a pseudometric on X generating the topology 7,,. Prove that p is a

metric if and only if (X, 7)) is Tj. (Thus, any non-metrizable pseudometric space

is T3, T35, and T,, but is neither regular, completely regular, nor normal)

LetF={:R - R: f;f(x) dx exists and is finite}. For f, g € F, taking p(f,g) =

fzo If(x) — g(x)| dx defines a pseudometric on IF.

(@) If (f,)nen is @ sequence in IF which converges pointwise to f, must (f;) e COD-
verge to f in (F, 7,,)?

(b) Forn € N, let g,(x) = sin"(x) for x € [-271,27] and g,(x) = O otherwise. In
(IF, T,), does (g,)nen converge? If so, find all of its limits.

Suppose X isasetand f : X — R is a function. Definep : X x X — R by

px.y) = If(x) — f(y)| for every x,y € X. Show that p is a pseudometric on X and

find necessary and sufficient conditions on f to make p a metric.

Determine whether the topological spaces below are pseudometrizable.

(a) (X,7)whereX =1{1,2,3,4}and 7 = {0,{1, 2}, X}.

(b) (X,7)whereX ={1,2,3,4}and 7 = {0, {1,2}, {3, 4}, X}.

() (R, 7T)where T ={(a,o0):a e R}uU{d, R}

Show that every partition topology on X is pseudometrizable.

If d is the Euclidean metric on R?, we may define the distance between two

nonempty subsets A, B € R? by D(A,B) = inf{d(a,b) : a € A,b € B}.

(a) Show that D(A, B) = 0 does not imply A = B.

(b) Show that D does not satisfy the triangle inequality.

(c) Give an example of two disjoint nonempty closed sets A,B in R*> with
D(A,B) = 0.

Prove Theorem 11.1.11(a): A gauge space (X, P) is separating if and only if 75 is a

Hausdorff topology on X.

In the lattice T(X) of topologies on X, if 7; is T5 5 for each i € I, show that \/{7; :

i € I} is T5 5. (Note that this proves Theorem 11.1.11(b).)

10. Prove Theorem 11.1.11(c): A subspace of a gauge space is a gauge space.

11.2 Quasi-metrics

It is not uncommon to hear an answer to “How far is it?” given in hours rather than in
kilometers or miles. Measured in hours or in energy exerted, the distance by boat from
St. Louis downstream to New Orleans will be different from the distance upstream
from New Orleans to St. Louis. In a city with one-way streets, the driving distance
from x to y may be different from the driving distance from y to x. These examples
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can be modeled by distance functions which are not symmetric. A quasi-metric drops
the symmetry condition.

Definition 11.2.1. A quasi-metric on a set X is a function g : X x X — [0, co) such that
(@ gq(x,y) = 0forall x,y € X (nonnegativity);

(b) x = yifand only if g(x,y) = q(y,x) = 0;

(©) qx,y) <q(x,z) +q(z,y) forall x,y,z € X (triangle inequality).

The pair (X, q) is a quasi-metric space. As in a metric space, B(x,e) = {y € X :
q(x,y) < g€} is the ball of radius € centered at x, and the collection B = {B(x,¢€) :
x € X, e > 0} of all balls is a basis for the quasi-metric topology on X.

Since distances need not be symmetric in a quasi-metric space, generally y €
B(x, €) does not imply x € B(y, ). The example below is a prototypical quasi-metric.

Example 11.2.2. On R, define

y-x ifx<y,

q(x,y)z{ 0 ify <x.

It is routine to confirm that q is a quasi-metric. Now g(x, y) tells how far to the right of x
the point y is, where “how far” is measured in the usual Euclidean metric. Considering
R as a vertical line, ¢ may be used to model the distance over which an external force
must be applied to move from x to y. If y < x, then no external force must be applied
since gravity will move the object downward; only upward distances require external
force. Now B,(x,€) = (-00,x +€), 50 the topology on R generated by this quasi-metric
is the left ray topology7j] ={(-00,a) : a € R} U {0, R}.

If q is a quasi-metric on X, then the opposite of q is the function g°° defined by
q°®(x,y) = q(y,x). It is easy to see that ¢°° is a quasi-metric. In the example above,
q(x,y) tells how far y is to the right of x and g°?(x, y) tells how far y is to the left of x.
Since at least one of these is zero, their sum will give the Euclidean distance between
x and y. The next theorem shows that this is typical.

Theorem 11.2.3. Ifqis a quasi-metric on X, thend : X xX — [0, co) defined by d(x,y) =
q(x,y) + q°°(x,y) is a metric on X called the symmetrization metric from q. The sym-
metrization metric topology T, on X is finer than the quasi-metric topology T, on X.

Proof. Clearlyd(x,y) > 0, d(x,y) = d(y,x), and d(x,x) = 0. If d(x,y) = O, then q(x,y) =
qly,x) = 0,s0x = y.Ifx,y,z € X, then d(x,y) = q(x,¥) + ¢°°(x,y) < q(x,2) + q(z,y) +
q°* (%, 2)+q°®(z,y) = d(x,z)+d(z,y). From q(x, y) < d(x,y), it follows that, forany x € X
and any € > 0, B;(x,¢€) € B,(x,¢), and thus 7 is finer than T O

In the quasi-metric g of Example 11.2.2, we had ¢°®(x,y) = O ifand only if x < y in
the usual order on R. Again, this is no coincidence, as seen in the next theorem. This
theorem illustrates another striking connection between topology and order.
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Theorem 11.2.4.

(a) Every quasi-metric q on X defines a partial order <, on X by taking x <, y if and
onlyifq(x,y) = 0.

(b) Every partial order < on X defines a quasi-metric q. on X by g_(x,y) = 0ifx <y and
g-(xy) =1ifx £y.

The straightforward proof is left as an exercise. Starting with a quasi-metric g,
iteratively applying parts (a) and (b) of the theorem may not return the original quasi-
metric. Indeed, applying (b) only returns a quasi-metric with values O or 1, while the
original quasi-metric was arbitrary. However, starting with a partial order <, iteratively
applying (b) and (a) will return the original partial order.

If < is a partial order and q_ is the associated quasi-metric given in (b) of the the-
orem above, then B(x, &) = X if¢ > 1and B(x, €) = i(x) if € < 1. Thus, the T4.-open sets
are the increasing sets in (X, <). That is, 7,_ is the Alexandroff specialization topology
generated by the partial order <.

Given the partial order of equality on a set X, the quasi-metricqg_on Xisq_(x,y) = 0
ifx =yand g_(x,y) = 1if x # y. This is the discrete metric on X. For an arbitrary partial
order <, the quasi-metric g. may be viewed as a generalization of the discrete metric.

We now introduce some topological properties involving cardinalities of sets.

Definition 11.2.5. Suppose (X, T) is a topological space.

A neighborhood base for x € X is a collection B, of neighborhoods of x such that
every neighborhood of x contains a neighborhood from B, .

(X, T) is first countable if every point has a countable neighborhood base.

(X, T) is second countable if there is a countable basis B for the topology 7.

(X, T) is separable if there exists a countable dense subset D ¢ X.

In any metric, pseudometric, or quasi-metric space X, if U is a neighborhood of
x € X, then U must contain B(x, %) for some n € N. That is, B, = {B(x, %) :n € N}is
a countable neighborhood base at any point x € X. Thus, every metric, pseudometric,
or quasi-metric space is first countable. The crucial properties guaranteeing that such
spaces are first countable are that the topologies are generated by the e-balls B(x, €)
where the £’s are from (0, c0), and (%)ne]N is a countable sequence in (0, co) converging
to 0.

In general, metric spaces need not be second countable nor separable. For ex-
ample, the discrete metric on an uncountable set X is neither second countable nor
separable.

Theorem 11.2.6. If (X, T) is metrizable and separable, then it is second countable.

Proof. Suppose (X, T) is metrizable and separable. Let D be a countable dense subset
of X. Forevery x € X, B, = {B(x, %) : n € N}is a countable neighborhood base for x. Let
B = | J{B, : x € D}. Now as a countable union of countable collections, B is countable.
To show B is a basis for 7, suppose U € 7. For any x € U, there exists B(x, %) cU.



11.2 Quasi-metrics = 241

Since D is dense in X, there exists a € B(x, ﬁ) NnD.Now x € B(a, ﬁ), and we will show

B(a, im) < B(x, %). Supposey € B(a, im). Thend(x,y) < d(x,a)+d(a,y) < ﬁ + ﬁ = %,
soy € B(x, %). Thus, for each x € U, we can find B(a, ﬁ) € Bwithx € B(a, ﬁ) cU,so

B is a countable basis for 7. O

We will now present a familiar Hausdorff space which is quasi-metrizable but not
metrizable. Recall that the lower limit topology on R is the topology generated by the
basis {[x,x + &) : x € R, & > 0}.

Example 11.2.7. Let X = R and define

y-x ifx<y,
q(x,y):{ 5 ify <x.
It is routine to confirm that g is a quasi-metric. If y is to the right of x, then g(x, y) gives
the usual Euclidean distance between them. Nothing to the left of x is close to x, if we
take “close” to mean less than 5 units away. For € < 5, B,(x,€) = [x,x +¢) and if e > 5,
B, (x,€) = (-00,x + &). Since the rays (-o0o, x + £) and intervals [x,x + €) with € > 5 are
unions of sets [y,y + &') with radii less than 5, the collection {[x,x + €) : x € X,& > O} is
a basis for the topology 7, on R. Thus, 7, is the lower limit topology on R.

Since g(3,m) = .14159 and q(m,3) = 5, we have 7 € B(3,1) but 3 ¢ B(m, 1).

Every nonempty open set in (R, 7,) contains a rational number, so Q is a count-
able dense subset of (R, 7;), and thus the space is separable. Suppose B is a basis
for 7,. For each x € R, pick a neighborhood B, ¢ B with x € B, ¢ [x,x + 1). Now
consider the collection B’ = {B, : x € R} € B.Ifa < bthena ¢ B, € [b,b+1) so
B, # By, and thus x # y implies B, # B,. Now B’ is indexed by an uncountable set
R and contains no duplicates, so ', and therefore the arhitrarily chosen basis B, are
uncountable. This shows Tq has no countable basis, and thus is not second countable.
Now if the separable space (R, 7,) were metrizable, by the previous theorem, it would
be second countable. Since it is not second countable, the lower limit topology on R
is not metrizable.

Hemimetrics. If we drop the condition that g(x,y) = g(y,x) = 0 implies x = y
from the definition of a quasi-metric, we get a hemimetric.

Definition 11.2.8. A hemimetric on a set X is a function h : X x X — [0, co) such that
(@ h(x,y) = 0forall x,y € X (nonnegativity);

(b) h(x,x)=0forallx € X;

(¢) h(x,y) < h(x,z) + h(z,y) for all x, y, z € X (triangle inequality).

The pair (X, h) is a hemimetric space. As in a metric space, B(x,€) = {y € X : h(x,y) < &}
is the ball of radius € centered at x, and the collection B = {B(x,¢€) : x € X,& > O} of all
balls is a basis for the hemimetric topology on X.
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Recall that a pseudometric dropped the metric condition that d(x,y) = d(y,x) =0
implies x = y, and a quasi-metric dropped the symmetry condition. Since a hemimetric
drops both of these conditions, in the literature, hemimetrics are also called quasi-
pseudometrics or pseudo-quasi-metrics.

The theorem below was given by W. A. Wilson in 1931.

Theorem 11.2.9. Every second countable topological space is hemimetrizable.

Proof. Suppose (X, T) is second countable. Let 3 be a countable basis for 7. To set up
the idea of the proof, we will first consider the case that B is finite. For x,y € X, define
h(x,y) to be the number of elements of B which contain x but not y. (Loosely speaking,
h(x,y) is the vote count when the elements B € B are asked if they think y is not close
to x.) Clearly h(x,y) = O forall x,y € X and h(x, x) = 0. Suppose x, y, z € X are given. To
see h(x,y) < h(x,z) + h(z,y), suppose B is one of the elements of B counted by h(x,y);
that is, suppose x € Band y ¢ B. Now eitherz € Borz ¢ B.If z € B then B will be
counted by h(z,y), and if z ¢ B then B will be counted by h(x, z). Thus, every B € B
counted by h(x,y) is counted either by h(x, z) or h(z,y), so h(x,y) < h(x,z) + h(z,y).

Now suppose the countable basis B = {B,, : n € N} is countably infinite. Defining
h(x,y) to be the number of elements of B which contain x but not y may not give a
function h : X xX — [0, 00), since h(x, y) might be infinite. We will perform a weighted
count to ensure that the result is finite. Given x,y € X,letM,, = {n € N : x € B,,
y ¢ B,}, and define

ifx#y,

1
hix,y) = { OZHEMx,y s

It is easy to see that, for any x,y € X, 0 < h(x,y) < Y,on2 " = 1. For any given
x,y,z € X,ifn € M, thenx € B, andy ¢ B,.1fz € B, thenn € M, ,and if z ¢ B, then
so the sums associated with h(x, z) + h(z,y) contain

neM,,. Thus, M, cM,,UM,,,
all the terms included in the sum for h(x,y), so h(x,y) < h(x,z) + h(z,y). O

The proof of the following theorem is left to the exercises.

Theorem 11.2.10. A hemimetric h on X is a quasi-metric if and only if the hemimetric
topology is T,.

The following corollary gives a sufficient condition and a necessary condition for
a topological space to be quasi-metrizable.

Corollary 11.2.11. Every second countable T, space is quasi-metrizable.
Every quasi-metrizable space is T, and first countable.

Proof. By Theorem 11.2.9, second countable implies hemimetrizable, and by Theo-
rem 11.2.10, the additional T, hypothesis implies the hemimetric is in fact a quasi-
metric. Any quasi-metrizable space X is clearly first countable, and Theorem 11.2.10
shows that it is also T,. O
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Theorem 11.2.10 shows that the quasi-metrics are the T, hemimetrics. Alexandroff
topologies arise from quasiorders <, and the T, Alexandroff topologies arise from par-
tial orders. Loosely speaking, a partial order may be thought of as a T, quasiorder.
The connections between quasi-metrics, partial orders, and their Alexandroff special-
ization topologies given in Theorem 11.2.4 and the discussion following it are thus
connections between the T, hemimetrics, T, quasiorders, and T, Alexandroff topolo-
gies. Dropping the T, hypothesis gives the analogous connection between hemimet-
rics, quasiorders, and Alexandroff topologies, stated below.

Theorem 11.2.12.

(@) Every hemimetric h on X defines a quasiorder <;, on X by taking x <y, y if and only if
h(x,y) = 0.

(b) Every quasiorder < on X defines a hemimetric h, on X by h_(x,y) = 0 ifx <y and
h (x,y) = 1if x £ y. Furthermore, the topology generated by the hemimetric h is
the Alexandroff specialization topology 7.

Further results on quasi-metrics and hemimetrics can be found in [19, 20, 21, 29].

Exercises

1. Suppose k is a nonnegative real number. Define g : R x R — [0, co) by

y-Xx ifx<y,

q06y) = { kix-y) ify<x.

The function g models the time required to travel between two points on the real
line if there is a constant headwind which slows travel in one direction. Show
that g is a quasi-metric on R. (Note that the quasi-metric of Example 11.2.2 is of
this form, for k = 0.)

2. Suppose g and r are quasi-metrics on X and a, b are nonnegative real numbers,
not both zero. Show that m(x,y) = aq(x,y) + br(x,y) defines a quasi-metric on X.

3. Suppose g isaquasi-metricon X and a, b are positive real numbers. Find necessary
and sufficient conditions for the quasi-metric m = aq(x,y) + bq°®(x,y) to be a
metric.

4. Suppose the points of Z? are connected by the following grid of one-way streets:
for n € Z, streets at y = 2n run east, streets at y = 2n + 1 run west, streets at x = 2n
run north, and streets at x = 2n + 1 run south. Let d((m, n), (a, b)) be the length of
the shortest route along these streets from (m, n) to (a, b). Find d((0, 0), (a, b)) for
all (a, b) € Z°.

5. Prove Theorems 11.2.4 and 11.2.12.

6. Is the continuous image of a first countable topological space first countable? Is
the continuous image of a second countable topological space second countable?
Give a proof or counterexample.



244 — 11 Variations on metric spaces

10.

11.

12.

13.

14.

15.

16.

Let g be the quasi-metric generating the lower limit topology on R, as given in

Example 11.2.7.

(@) Confirm that g satisfies the triangle inequality.

(b) Identify the metric topology from the symmetrization metric d(x,y) = q(x,y) +
g (x,y).

The topology 7 on R generated by the basis B = {[x,x+¢€) : x € Q,& € (0, 1)} U{(x—

&,x]:x e R-Q,¢ € (0,1)} suggests the distance function g : R x R — R given by

qx.y) = {

(a) Withe € (0,1) and B(x,&) = {y € R : q(x,y) < &}, find B(x,¢) if x € Q and if
x ¢ Q.

(b) Is g a quasi-metric that generates 72 Prove your answer.

If g is a quasi-metric on X such that <, is a total order on X and d(x,y) = q(x,y) +

q°°(x,y) is the symmetrization metric, show that

-x ify=x, xeqQ,
-y ifxzy, xe¢Q,
otherwise.

-

0 ifx<gy,

q(x,y)={ divy) ifx 1, y,

and furthermore, x V<42 implies d(x,y) v d(y,z) < d(x, z).

If g is a quasi-metric on X, show that the closed ball B,(x,€) = {y € X : q(x,y) < €}

is closed in the topology generated by ¢q°P. Give an example to show that B,(x,€)

need not be closed in the topology generated by q.

Suppose q is a quasi-metric on X. Show that m(x,y) = q(x,y) v ¢°°(x, y) is a metric

on X which generates the same topology on X as d(x,y) = q(x,y) + ¢°*(x, y).

Suppose q is a quasi-metric on X and m(x, y) = q(x,y) v ¢°°(x, y) is the metric on X

defined in Exercise 11. Show that every ball B,,(x, €) is order convex with respect

to the order <,.

Prove Theorem 11.2.10: a hemimetric h on X is a quasi-metric if and only if the

hemimetric topology is T.

Suppose h is a hemimetric on X. Show that the hemimetric topology 7}, is T; if and

only if for x,y € X, h(x,y) = 0 implies x = y.

Let F be the collection of finite subsets of a set X. Determine whether or not the

functions below are metrics, pseudometrics, quasi-metrics, or hemimetrics.

(a) ForA,B e F,definer(4,B) = |A - B|.

(b) For A,B € F, define s(4,B) = |A - B| + |B — A|. (Thus, s(4, B) is the cardinality
of the symmetric difference (A - B) U (B - A) of A and B.)

Determine whether the topological spaces below are quasi-metrizable or not. For

those that are quasi-metrizable, exhibit a quasi-metric generating the topology.

(@) The digital line topology 7T, generated by the basis {{2n+ 1} : n € Z} u {{2n -
1,2n,2n+1}:ne€ Z},on Z.

(b) The cofinite topology on RR.
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(c) The single transmitter topology 7 on X = [-1,1], where T has basis B = {{x} :
x e X -{0}}u{(-1,1)}.

17. Prove that every compact metric space is separable (and thus, second countable,
by Theorem 11.2.6). Explain whether or not the proof you give would hold if “met-
ric” is replaced by “pseudometric”, “quasi-metric”, or “hemimetric”.

18. Fori = 1,2, suppose ; is a quasiorder on X, 7 is the associated specialization
topology, and h; is the associated hemimetric defined in Theorem 11.2.12(b).

(a) Show that <; N <, is a quasiorder on X.

(b) Show that 7_ ., =T, VT,

(c) Show that h = hy v h, is a hemimetric on X, and the associated quasiorder, as
in Theorem 11.2.12(a), is <; N <,.

19. Itis widely known thatif (X, ||-||) is a normed vector space, d(x,y) = ||x-y|| defines

a metric on X. An asymmetric norm on a vector space X is a function || - | : X —
[0, co) with

(@) ||x]>0forallx e X

(b) Ix] = || - x| = O implies x = 0

(c) |lax| = al|x| for all x € X and all positive a € [0, co)
@) lIx+yl <|lx]+ |yl forallx,y € X.
(See the book Functional Analysis in Asymmetric Normed Spaces [11] for more on
asymmetric norms.) If || - | is an asymmetric norm on the vector space X, show that
q(x,y) = |Ix — y| is a quasi-metric on X.

20. One the collection F = {f € R : fis continuous and f; f(x)dx = 0}, define
[If] = max{f(x) : x € [0,1]}.
(a) Show that || - | is a asymmetric norm, as defined in Exercise 19.
(b) Show that it is not true that ||af| = |a|||f| foralla € R,f € F,so||-|is nota

normon F.

11.3 Partial metrics

In Euclidean geometry and the theory of metric spaces, a point x has no length or
width, and the distance from x to x is zero. In practice, particularly in computer ap-
plications, we must use representations of points which are not exact, and one ap-
proximation (whether a single pixel on a screen, or a truncated decimal such as 3.14)
may represent many different exact values. The distances between these exact values
represented by a single approximation a suggest the consideration of metrics allowing
nonzero distances from a to a. The self-distance d(a, a) essentially gives a measure of
the ambiguity of the point a. In 1994, Steven Matthews [36] quantified these notions
by introducing partial metrics which relax the metric restriction that d(x,x) = 0 and
adjust the triangle inequality accordingly.!

1 Reprinted with permission from [22].
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Definition 11.3.1. A partial metric on a set X is a functionp : X x X — [0, co) such that
(@) p(x,y) = p(x,x) =0 forall x,y € X (small self-distances);

(b) x =yifand onlyif p(x,x) = p(x,y) = p(y,y);

(©) p(x,y) =p(y,x) forall x,y € X (symmetry);

(d) p(x,y) <plx,z) +p(z,y) - p(z,z) for all x,y, z € X (triangle inequality).

The pair (X,p) is a partial metric space. As in a metric space, B(x,e) = {y € X :
p(x,y) < &} is the ball of radius € centered at x, and the collection B = {B(x,¢€) : x € X,
€ > 0} of all balls is a basis for the partial metric topology on X.

Note that B(x,p(x,x)) = {y : p(x,¥) < p(x,x)} = @, and in particular, x € B(x,¢) if
and only if € > p(x, x). Thus, {B(x,€) : € > 0} may not be a collection of neighborhoods
of x, and thus may not be a neighborhood base at x. To ensure that x € B(x, ¢) for all
€ > 0, we could redefine the &-ball centered at x to be B (x,&) = {y € X : p(x,y) <
px,x) + €}

Another important point that should immediately be addressed is that the collec-
tion B of all balls really is a basis for a topology. In the topology generated by a metric
(or quasi-metric, or pseudometric) d, the proof that the balls form a basis depends
on the standard triangle inequality to show that if z € B(x, ), then B(z,€ — d(x,z)) <
B(x,¢); then, for z € B(x,&) N B(y,€') and § = min{e — d(x,2),&' - d(y,2)}, z € B(z,6) €
B(x,€) NB(y,€"). In a partial metric space, the triangle inequality has been altered and
these arguments will also need to be altered. To this end, we will show that if p is a
partial metric on X,

forz e B(x,e) and 6=¢e-p(x,2)+p(z,2z), ze€B(z,6)<Bx,¢).

If z € B(x,€), then p(x,z) < €506 = € — p(x,2) + p(z,z) > p(z,z) and thus z €
B(z,6). If w € B(z,08), then p(w,z) < § = € — p(z,x) + p(z,2z). Rearranging terms gives
p(w,z)+p(z,x)-p(z,z) < & and by the triangle inequality for partial metrics, this gives
p(w,x) < e. Thus, B(z,8) < B(x,¢). Now as in the metric case, if z € B(x,€) n B(y,€'),
then B(z, u) < B(x,&) N B(y, ') for U = min{e - p(x,z) + p(z,2), e - p,z) +p(z,2)}.

Another consequence of the fact that B(x, €) contains a §-ball around each of its
points is that {B(x, €) : € > p(x, x)} is a neighborhood base at x.

A partial metric in which all self-distances p(x, x) are zero is easily seen to be a
metric.

We present some examples of partial metrics.

Example 11.3.2. On [0, 0c0), define p(x,y) = x Vv y. To confirm the triangle inequality,
note that for any x,y,z € [0,c0) we have x < (x Vz)and (zVYy) - (zVz) > 0, so
X< (xVvz)+(zVy) —-(zVvz).Smilarly,y < xVvz)+(zVYy)-(zVvz),s0(xVy) <
(xvz)+(zVvy)-(zVz),asneeded. It is easily seen that p satisfies the other properties
of a partial metric. In this example, the self-distances are p(x, x) = x. The balls are

0 ifx > ¢,

B(x,e) ={y:xVvy<e}= { [0,6) ifx<e.
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To a mathematician, 77 and 4/7 are exact numbers. Since the decimal expansions
of m and 4/7 do not terminate, computers can only approximate these numbers. If 7
and 4/7 are approximated by 3.14 and 0.571, respectively, then allowing for rounding,
this really tells us that 77 is a number in the interval [3.135, 3.145] and 4/7 is a number in
the interval [0.5705, 0.5715]. With only these approximations, we could conclude that
the distance between 77 and 4/7 is at most 3.145—-0.5705, which is the greatest distance
between two points of [0.5705, 0.5715]U[3.135, 3.145]. Thus, machine numbers actually
represent intervals, so it is important to be able to measure the distance between two
intervals. This situation, described more carefully in the next example, was one of the
initial examples motivating partial metrics.

Example 11.3.3. Let Z be the collection of nonempty compact intervals [a, b] in R. De-
fine a partial metric on Z by p([a, b}, [c, d]) = max{b, d}—-min{a, c}. Thus, p([a, b], [c, d])
is the length of the smallest interval containing [a, b] U [c,d] (that is, the length of
the convex hull of [a,b] U [c,d]). The verification that p is a partial metric is left
as an exercise. Note that the self-distance p([a, b], [a, b]) is the length of the in-
terval [a, b]. For example, when rounding all decimals to the nearest hundredth,
1 ~ 3.14, so m is identified as a number in an interval [3.135, 3.145] with self-distance
1/100.

The ball B([a, b],€) consists of all the intervals [x,y] such that the distance x
extends to the left of a plus the distance y extends to the right of b is less than .
Note that p([a, b], [x,y]) = p([a, b], [a, b]) if and only if the length of the convex hull
of [a,b] U [x,y] equals the length of [a, b]. This occurs if and only if [x,y] < [a,b].
In particular, the partial order < on the collection of nonempty compact intervals is
characterized by [x,y] <€ [a, b] if and only if p([a, b], [x,y]) = p([a, b], [a, b]).

Partial metrics are richly connected to many of the other structures we have stud-
ied. We have noted that in a partial metric space (X, p), the basis {B(x,¢) : x € X,& > 0}
generates the same topology as {B(x,p(x,x) + €) : x € X,& > 0}, since the latter collec-
tion consists of the nonempty balls from the first collection. This suggests considering
q(x,y) = p(x,y) — p(x,x); then g(x,x) = 0 but g(x,y) may not equal g(y, x), and q is in
fact a quasi-metric.

Theorem 11.3.4. Suppose p is a partial metric on X.

@) q(xy) = pxy) - p(x,x) is a quasi-metric on X which generates the same topology
as p.

(b) d(x,y) =2p(x,y) — p(x,x) — p(y,y) is a metric on X.

(c) Takingx <,y if and only if p(x,y) = p(x, x) defines a partial order <, on X.

Proof. The routine verification of (a) is left to the exercises. Since q is a quasi-metric,
q(6,y)+q°(x,y) = d(x,y) = 2p(x,y) —p(x,x)—p(y,y) is the symmetrization metric for q.
The relation <, is the partial order <, defined from the quasi-metric g by x <, y ifand
only if 0 = g(x,y) = p(x,y) = p(x, X). O
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Notice that in Example 11.3.3, we had p([a, b], [x,y]) = p([a, b], [a, b]) if and only if
[x,y] < [a,b], so <, is reverse inclusion 2. If these intervals represent approximations
of a fixed real number, a smaller interval (“c”) is a better approximation (“zp” .

Partial metrics are also linked with weighted metrics.

Definition 11.3.5. A weighted metric space is a metric space (X,d) together with a
weight function | - | satisfying |x| > 0 forall x € X, and d(x,y) > |x| — |y| forall x,y € X.
If (X,d,|-]) is a weighted metric space, we may simply say d is a weighted metric.

Theorem 11.3.6. Every partial metric p on X gives a weighted metric space (X,d,| - |)
where d(x,y) = 2p(x,y) — p(x,x) — p(y,y) and |x| = p(x, x). Every weighted metric space
(X,d,| ) gives a partial metric p(x,y) = (x| + ly| + d(x,y))/2 with p(x, x) = |x|.

Proof. Suppose p is a partial metric on X. By the previous theorem, d(x,y) = 2p(x,y) —
p(x,x) - p(y,y) is a metric. With |x| = p(x, x), clearly |x| > 0 for all x € X. Since p(x,y) >
p(x,x), we have d(x,y) > 20(x,x)—p(x,x)—p(y,y) = |x|-|yl. Thus, (X, d, |]) is a weighted
metric space.

Conversely, if (X, d, |-]) is a weighted metric space and p(x, y) = (|x|+|y|+d(x,y))/2,
then clearly p(x,x) = |x| and p(y,x) = p(x,y) = p(x,x) = |x|] > O for any x,y € X.
Suppose p(x,y) = p(x,x) = p(y,y). The first of these equations implies |x|+|y|+d(x,y) =
[x]+1x], so d(x,y) = |x|-|y|. Similarly, interchanging x and y shows d(x, y) = —(|x|-y|),
and it follows that d(x,y) = 0, so x = y. Finally, for any x,y,z € X, we have 2(p(x,z) +
p(zy) -p(z,2)) = dx,z) + x| + |z + d(z,y) + |z| + |y| - 2|z| = d(x,z) + d(z,y) + x| + |y >
d(x,y) + |x] + [yl = 2p(x,y), so the partial metric triangle inequality holds. O

We remark that the transitions from partial metric to weighted metric and from
weighted metric to partial metric given in the theorem above are inverses; iterating
them will return the original structure. This follows since both transitions have |x| =
p(x,x), and then the defining equations d(x,y) = 2p(x,y) - p(x,x) —p(y,y) and p(x,y) =
(Ix] + [yl + d(x,y))/2 are equivalent. Thus, the weighted metric spaces are precisely the
partial metric spaces.

Exercises

1. If dis a metric on X and k € [0, c0), show that p = k + d is a partial metric and
describe the associated partial order <,,.
2. Let p be the partial metric on [0, co) defined by p(x,y) = x Vv y.
(a) Describe all sequences which converge to 2.
(b) Find all limits of the constant sequence (@) cy-
(c) Find all limits of the sequence (2 + (-1)"),,en-
(d) Describe the non-convergent sequences in ([0, 00), p).
(€) If (Xp Ypnen cOnverges to (x,y) in ([0, 00), p) x ([0, 00),p), does (0(Xy, ¥n)neN
converge to p(x,y) in R with the Euclidean metric?
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3. Verify that p defined on the set 7 of nonempty compact intervals in R by p([a, b],
[c,d]) = max{b,d} — min{a, c} (as in Example 11.3.3) satisfies the partial metric
triangle equality.

4. Letpbe the partial metric on the set Z of nonempty compact intervals in R defined
by p([a, b], [c, d]) = max{b, d} - min{a, c}. Describe the subspace {[a,a] : a € R}.

5. If C[0,1] is the collection of continuous real-valued functions on [0, 1], define p :
C[0,1]xC[0,1] — R by taking p(f, g) to be the area of the smallest rectangle [0, 1] x
[a, b] which contains the graphs of f and g. Which properties of a partial metric
does p satisfy?

6. Prove Theorem 11.3.4(a): If p is a partial metric on X, then q(x,y) = p(x,y) — p(x, )
is a quasi-metric on X which generates the same topology as p.

7. Letp be a partial metric on X and let <, be the associated partial order defined by
x <, y ifand only if p(x,y) = p(x,x). Let Ts,, be the specialization topology, con-
sisting of the <,-increasing subsets of X, and let 7, be the partial metric topology
generated by p.

(@) Show 7, ¢ Tgp.
(b) Show Tgp ¢ 7, if and only if for every x € X, there exists € > p(x,x) with
i(x) = B(x,€).

8. If(X,p)isa partial metric space and k € [0, c0), show that A = {x € X : p(x,x) < k}
and B = {x € X : p(x,x) < k} are increasing sets in (X, sp).

9. From Exercise 8, if (X, p) is a partial metric space then M = {x € X : p(x,x) = 0}
is an increasing set in (X, <,). Show that every point of M is a maximal point in
(X, sp).

10. Consider the function p : R?> - [0, 00) defined by p(x,y) = max{|x - y|,|x + y|}.
(See Exercise 6 of Section 6.1.) Determine whether p is a partial metric.

11.4 Other variations of metrics

We end this chapter with a brief listing of some other forms of metrics.
Recall that a metric on X is a function d : X x X — [0, co) satisfying

(M1) d(x,y) = 0 for all x,y € X (nonnegativity);

(M2) d(x,x) =0forall x € X;

(M3) d(x,y) = 0 implies x = y;

(M4) d(x,y) = d(y,x) for all x,y € X (symmetry);

(M5) d(x,y) < d(x,z) + d(z,y) for all x,y,z € X (triangle inequality).

A pseudometric dropped condition (M3). A quasi-metric dropped condition (M4) and
then revised condition (M3) to d(x,y) = 0 = d(y,x) implies x = y. Dropping both
conditions (M3) and (M4) gives a hemimetric (also known as a quasi-pseudometric
or pseudo quasi-metric). There is not universal agreement on these definitions. Some
authors require quasimetrics to be T}, as characterized by Exercise 14 of Section 11.2;



250 — 11 Variations on metric spaces

what we call a quasi-metric, they would call a T, quasi-pseudometric. Our terminology
follows that most commonly used by computer scientists.

All of the forms of metrics mentioned so far have included the triangle inequality.
Dropping the triangle inequality (M5) gives a semimetric.

A partial metric dropped condition (M2), which then required rewording of con-
ditions (M1), (M3), and (M5).

The condition (M1) is actually redundant, since a metric is a function d with
codomain [0, co). In most practices, metrics are used to measure distances in some
sense, and distances should not be negative. However, taking distances only from
[0, c0) imposes the notable restriction that any metric topology has a countable neigh-
borhood base {B(x, %) : n € N} at each point. This follows since in the codomain [0, co)
with the Euclidean topology, 0 has a countable neighborhood base. If we wish to ob-
taining any topology which is not first countable, then we must allow the distances to
come from some set A other than [0, co). What properties should A have? The triangle
inequality requires that A have an additive structure. Many metric arguments require
forcing things to be less than &/2, or choosing € to be the infimum of two values. Thus,
A should be an algebraic structure with a set of positive elements P (to serve as radii)
which is closed under finite infima and halving, among other technical properties.
Replacing the condition (M1) in the definition of a metric by d(x,y) € A for a suitable
structure A (called a value semigroup, or value quantale), we get a generalized metric.
The significance of generalized metrics was made clear in Ralph Kopperman’s 1988
paper “All topologies come from generalized metrics” [27].

Thus, besides the vast amount of mathematics devoted to metric spaces, mean-
ingful research has been done in spaces in which any one of the conditions (M1)—(M5)
have been dropped. Furthermore, conditions are sometimes added, as well. We men-
tion only one.

An ultrametric on X is a metric d on X which satisfies the following strengthened
version of the triangle inequality:

d(x,y) < max{d(x,z),d(z,y)} forallx,y,z € X.

Thus, in an ultrametric space, the triangle inequality d(x,y) < d(x,z) + d(z,y) does not
require the sum of both terms on the right; the larger term on the right already suffices.

The prefix metric on the set of binary sequences (Exercise 16 of Section 6.1) and
the discrete metric on any set X are ultrametrics. Some interesting properties of ultra-
metric spaces are given in the exercises.

Exercises

1. Prove these properties of ultrametric spaces:
(@) Every triangle has at least two equal sides.
(b) Ify € B(x,¢€), then B(x,€) = B(y, €).
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(c) If two balls intersect, then they are nested, with the ball of smaller radius
contained in the other.

(d) Every ball B(x, ) is closed.

Defined : Rx R —» Rbyd(x,x) = 0 forall x € R, and d(x,y) = max{|x|, |y|} for all

x # y in R. Show that d is an ultrametric.

Suppose (x,,) is a sequence in an ultrametric space (X, u). Show that the following

are equivalent.

(@) There exists N such that m,n > N imply u(x,, x,,) < €.

(b) There exists N such that n > N implies u(x,, x,,;) < €.

Define m : C[0,1] x C[0,1] — R by m(f,g) = min{|f(x) — g(x)| : x € [0,1]}. Which

of the properties (M1)-(M5) of a metric are satisfied by m?

Let X be the closed upper half-plane R x [0, c0) and let p = (-1, 0). Let d be the Eu-

clidean metric on R?. Definem : XxX — Rbym(x,y) = max{d(x,y),d(x,p),d(y, p)}.

Which of the properties (M1)—(M5) of a metric are satisfied by m? Is m any of the

named versions of metrics we have encountered?

Let 0 represent the point (cos 8, sin 6) on the unit circle, and let X = {0 : 8 € [0, ]}

be the upper half of the unit circle in R?. Define the “surplus length” s : X xX — R

by taking s(0, &) to be the circular arc length in X between 8 and a@ minus the

length of the line segment in R? between 6 and &. Which of the properties (M1)-

(M5) of a metric are satisfied by s? Is s any of the named versions of metrics we

have encountered?

Let G be the collection of bounded nonempty open subsets of the Euclidean plane.

Defined : G x G — R by taking d(4, B) to be the percentage of B not covered by A.

(Technically, d(A, B) = m(B - A)/m(B) where m represents the Lebesgue measure.)

Which of the properties (M1)-(M5) of a metric are satisfied by d?

A function u : X x X — R satisfying the properties (M1)-(M4) of a metric is a

k-ultrametric on X if there exists k > 1 such that, for any x,y,z € X, u(x,y) <

k max{u(x, z), u(z,y)}. Show that if d is a metric on X, then d is a 2-ultrametric and

in general, for n € N, d" is a 2"-ultrametric.

Alarge city C ¢ R? has subway stations at the points of S = {s;,s,,...,s,} < C.Letd

be the Euclidean metric on R%. Determine which of the defining properties (M1)-

(M5) of a metric are satisfied by the following functions. Justify your answers.

(a) The function D : F(X) x F(X) — R, where F(X) is the collection of all
nonempty finite subsets of R?, defined by D(A, B) = min{d(a,b) : a € A, b € B}.

(b) Define an equivalence relation on R? by x = y if and only if x = y or {x,y} ¢
S, and let R?/~ be the set of equivalence classes. Define m : R%’/~ > R by
m([x], [y]) = D([x], [yD).

(c) Thewalking distance w on R? defined by w(x,y) = min{D(x, S)+D(S, y), d(x,y)}
(where D(z,S) = D(S, z) is understood to be D({z}, S)).






12 Uniform structures

12.1 Uniform continuity in metric spaces

Recall that if X and Y are metric spaces, a function f : X — Y is continuous if and only
if

VaeXVe>036,, >0 suchthat xeB(a,é,.) = f(x)€B(f(a),e),
or equivalently,
VaeXVe>036,,>0 suchthat d(x,a) <6, = d(f(x).f(a))<e.

This is the standard pointwise definition of continuity given in Section 3.1. The point-
wise approach says that, for each point a in the domain, given any tolerance level € to
specify the closeness of f(x) to f(a), we may find a § (specifying closeness of x to a) to
guarantee that if x is within 6 of a, then f(x) is within € of f(a). For a given tolerance
level g, the choice of § clearly depends on &, but because we are verifying the continu-
ity of f pointwise, it also depends on the point a in the domain at which we are testing
the continuity. This dependence is emphasized in the notation §, . above.

For certain continuous functions, given an € > 0 to specify the tolerance level,
there is a single §, dependent on ¢ alone, which ensures that fluctuating the input
by less than 6 will always guarantee that the output fluctuates less than ¢, indepen-
dent of the location a of the input in the domain. Such functions are called uniformly
continuous.

Definition 12.1.1. If X and Y are metric spaces, a function f : X — Y is uniformly
continuous if and only if

Ve >036, >0 suchthat VaceX, x € B(a,6,) = f(x) € B(f(a),€).
Equivalently, f is uniformly continuous if and only if
Ve > 036, >0 suchthat Vx,yeX, dx,y) <68, = d({f(x),.f(y) <e.

In the first definition above, notice the placement of the quantified statement
“Ya € X”, which distinguishes continuity from uniform continuity. The subscripts on
6 emphasize the dependence of § only on ¢ for uniform continuity, and on both € and
the point a in the domain for continuity. Generally, these subscripts will be omitted.
Clearly, uniform continuity implies continuity. The examples below will illustrate the
distinction between continuity and uniform continuity.

Give R and the interval [0, co) the usual Euclidean metric d(x,y) = |x — y| and
consider the function f : [0,00) — R defined by f(x) = x*. We will show that f is
continuous, but not uniformly continuous.

https://doi.org/10.1515/9783110686579-013
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To show that f is continuous, given a € [0,00) and € > 0, we must find § > 0,
which may depend on both a and &, such that x € B(a, §) implies f(x) € B(f(a), €), that
is, such that

Ix-al<6=|f(x)-fla)| = |x2—a2| <€

Because we get to choose the §, we control the size of |x — a|. Thus, we hope to find
a copy of |x — a| hiding in the term |x*> — a?| we wish to force to be small. By simple
factoring, |x% — a?| = |x + al|x — a|. To know how small we should make |x — a|, we need
a bound on the remaining factor |x + a|. Recall that our choice of § specifies closeness
of x to a € [0, ), and thus specifies closeness of |x + a| to |2a| = 2a. To get an exact
bound on |x + al, let us stipulate that § < 1. Since |x — a| < §, we are stipulating that x
will always be within 1 unit of a, and thus |x + a| is within 1 unit of 2a. Formally,

x-al<b<1= -1<x-ax<1
= 2a-1<x+a<22a+1
=>-2a-1<x+a<2a+1 since —2a<2a

= |x +al <2a+1.
Now if |x — a| < 8, we have
If ) - f(a)| = |x2 — a2| =[x +allx —al < 2a+1)b.

Since we wish to have |f(x) - f(a)| < &, from the previous line we simply choose § so
that (2a+1)6 = ¢; that is, we choose § = ﬁ, subject to the stipulation that § < 1. That
is, we choose 6 = min{ﬁ, 1}.

We have worked backwards from the desired conclusion |x* - @?| < € to find a
suitable choice of 6. While this is the difficult part, one may now write a concise direct
proof working forwards, as Carl F. Gauss would have preferred. Gauss believed that
just as scaffolding used to construct a building would be unsightly after the comple-
tion, so too are the constructive tools unsightly to a proof. Niels Abel said of Gauss,
“He is like the fox, who effaces his tracks in the sand with his tail.” Historian W. W.
Rouse Ball said of Gauss, “he removes every trace of the analysis by which he reached
his results, and studies to give a proof which while rigorous shall be as concise and
synthetical as possible.” Such a proof that f : [0,c0) — R defined by f(x) = x? is
continuous is given below.

Given a € [0,c0) and e > 0, let § = min{ﬁ,l}. Now |x — al < 6 < 1implies

-1 < x-a < 1,s0-2a-1 < 2a-1 < x+a < 2a+1, and in particular, [x+a| < 2a+1. Thus,
Ix—al < §implies |f(x)-f(a)| = [x*-a’| = [x+allx-al < 2a+1)6 < 2a+1)55 =&,
as needed.

For f to be uniformly continuous, for any € > 0 we would need to find a § indepen-
dent of a which gives the desired inequalities. The dependence of § on a was evident
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in the proof given, so our proof fails to show that f is uniformly continuous. Logically,
we have not shown that there is no way to choose § independent of a; we have merely
shown that our first proof was not sufficient. To show that f is not uniformly continu-
ous, we need more.

We will show f(x) = x? is not uniformly continuous by showing for € = 1, for any
6 > 0, there exist x,a € [0,00) with [x — a| < 6, but with |[f(x) — f(a)| = € = 1. Given
6>0,letx = (1—5+§anda: %.Now|x—a| < §yet

F0) - Fl@)] = ‘(% . g>2_ (%)

Figure 12.1 illustrates that, for a fixed tolerance level € in the codomain, we may
find a é,.-ball around any a € [0, co) which maps into the £-ball around f(a). Observe
that, as the values of a increase to infinity and the slopes f’(a) increase to infinity, the
widths of the §, .-balls must decrease to zero. Thus, there is no § > 0 which will serve
for every a € [0, ).

2 2
=1+5—>1=£.
4

62,2 65,5

Figure 12.1: For a fixed ¢, the value of §, . shrinks to 0 as a — oo.

The geometric interpretation of this example should suggest that, for calculus-type
functions, that is, functions whose domain and codomain are subsets of the Euclidean
line R, there should be some connection between unbounded derivatives and uniform
continuity. Loosely speaking, a steeper slope will require a smaller 6. If the slopes are
bounded by M, then perhaps the § which works for the steepest slopes will work for
all cases. The next theorem confirms this.

Theorem 12.1.2. If Dis an interval in the Euclidean line R, f : D — R s a differentiable
function, and |f' (x)| < M for all x € D, then f is uniformly continuous.

Proof. By the mean value theorem from calculus, for any a,x € D, there exists ¢ be-
tween a and x in D with
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If x) - f(a)]

Xl =|f'(o] <M,

so [f(x) - f(a)| < M|x — al. Take &, = %.Now
X-al <8, =~ = |f)-f@|<M-= =¢ O
e M M7

The converse is not true. That is, a uniformly continuous differentiable function
from an interval D to R may have an unbounded derivative. The function g(x) = vx on
the interval (0, co) is such a function. As x approaches zero through positive values,
g'(x) approaches infinity. However, the problematic unbounded derivatives occur in
a very restricted location, and a given tolerance level € will allow enough fluctuation
to encompass the location of the unbounded derivatives. The details are left as an
exercise.

The theorem above gives a way to recognize certain functions as uniformly contin-
uous, but they must necessarily be differentiable real-valued functions of a real vari-
able. That is, the theorem above was more of a real analysis result than a topological
one. The next theorem is an important topological result.

Theorem 12.1.3. Suppose X and Y are metric spaces and f : X — Y is a continuous
function. If X is compact, then f is uniformly continuous.

Proof. Suppose € > 0 is given. Under the hypotheses, the continuity of f guarantees
that, for every c € X, there exists §. > Osuchthatx € B(c, §,.) impliesf(x) € B(f(c), £/2).
Now {B(c, 8./2) : ¢ € X}is an open cover of the compact space X, so there exists a finite
subcover F = {B(cl-,6ci/2) :i=1,...,n}of X. Take § = min{6ci/2 :i=1,...,nkL

Suppose a,x € X and x € B(a, §). Since F covers X, there exists j € {1,...,n} with
a € B(c;, 6Cj /2),sod(a,c;) < 59. /2.Sinced(x,a) < 6 < 661,/2, the triangle inequality gives

5. 6,
d(x,c;) <d(x,a) +d(a,c;) < 7’ + 7’ = 6Cj.

Also, d(a,c;) < (SC}, /2 < 861,. Thus, both x and a are in B(c;, 80},). This implies f(x) and
f(a) are both in B(f (¢;),€/2). Again applying the triangle inequality, we get
+-==c

d(f (). f(@) < d(F (0. £ () + d(f (), f(@)) <

N M
NI M

This shows that, for any a € X, x € B(a,§) implies f(x) € B(f(a),€), and thus f is
uniformly continuous. O

We close this section with a necessary condition for uniform continuity. Recall
that a sequence (x,,) in a metric space (X, d) is Cauchy if for any € > O there exists
n € N such that d(x;, x;) < e forallj, k > n.

Theorem 12.1.4. If X and Y are metric spaces, (x,,) is a Cauchy sequence in X, and f :
X — Y is uniformly continuous, then (f(x,)) is a Cauchy sequenceinY.
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Proof. Suppose f is uniformly continuous and (x,,) is a Cauchy sequence in X. Given
€ > 0, the condition on f guarantees there exists a § > 0 such that d(f(x;),f(x;)) < &
for any XX € X with d(xj,xk) < 8. The condition on (x,) guarantees an n € N such
that d(xj,xk) < 6 for j,k > n. Now we have

jk>n=dx,x) < 6= d(f(x).f(x)) <&,

and since € > 0 was arbitrary, (f,) is a Cauchy sequence in Y. O
Exercises
1. Consider the function f : (0, 00) — R defined by f(x) = )1(, where the domain and

codomain have the Euclidean metric.

(a) Show that f is continuous.

(b) Show that f is not uniformly continuous.

Let g : (0,00) — R be defined by g(x) = +/x, where the domain and codomain

have the Euclidean metric. Prove that g(x) is uniformly continuous, even though

the derivative g’ (x) is not bounded on (0, co).

Show that f : R — R defined by f(x) = ¥/x is uniformly continuous. Is f differen-

tiable on R? Is the derivative f'(x) bounded?

Which of the following functions are uniformly continuous? Prove your answers

using the -6 definition (rather than any theorems).

. x ifx<O0

(@ f:R - Rgivenbyf(x) = { 3 ifx >0

x ifx<1

3x ifx>1

(c) h:[1,00) — [1,00) where h is the piecewise linear function connecting (n, A,,)
to (n + 1,A,,,) foreachn € N, where A, =1+ --- + n = n(n + 1)/2 is the nth
triangular number.

Suppose X is a metric space and f and g are uniformly continuous functions from

XtoR.

(a) Show that f +g : X — R is uniformly continuous.

(b) Show that, for any constant k € R, kf : X — R is uniformly continuous.

Suppose X, Y, and Z are metric spaces,andf : X — Yandg : Y — Z are uniformly

continuous. Show that g o f : X — Z is uniformly continuous.

For each part below, give an example satisfying the conditions, or prove that no

such example can exist.

(a) Continuous functions f,g : R — R which are not uniformly continuous, but
whose product fg is uniformly continuous.

(b) Continuous functions f,g : R — R which are not uniformly continuous, but
whose sum f + g is uniformly continuous.

(b) g:R — Rgivenbyg(x) = {
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(c) Uniformly continuous functions f,g : R — R whose product fg is not uni-
formly continuous.

(d) A continuous function f : [0,1] — R such thatg : [0,2] — R defined by
g(x) = f(2x) is not uniformly continuous.

8. Showthatiff : R — Ris continuous and is uniformly continuous on A ¢ R, then
f is uniformly continuous on cl A.

9. Suppose f : R — Ris continuous, R = A U B, and the restrictions f|, and f|g
are uniformly continuous. Must f be uniformly continuous? Give a proof or coun-
terexample.

10. Suppose f : R — R is a continuous nonnegative function with f_o; fx)dx =
a < oo.

(@) Show that if f is uniformly continuous, then lim,_, f(x) = 0.
(b) Show by example that if f is not uniformly continuous, then lim,_,  f(x) need
not be 0.

11. Find a continuous function f between two metric spaces X and Y and a Cauchy
sequence (x,) in X such that (f(x,,)) is not a Cauchy sequence. That is, show that
uniform continuity is required for the result of Theorem 12.1.4.

12. Suppose f : R — Ris defined by f(x) = x*. Show that if (x,) is a Cauchy sequence
in R, then (f(x,,)) is a Cauchy sequence. Since we have seen that f is not uniformly
continuous, this shows that the converse of Theorem 12.1.4 fails.

13. Prove thatf : (a,b) — R is uniformly continuous if and only if f can be extended
to a continuous function f* : [a, b] — R.

12.2 Uniformities

In this section, we will define a uniformity on a set X. A set equipped with a uniformity
is called a uniform space. We will see that uniform spaces fall between metric spaces
and topological spaces. More precisely, every metric gives a uniformity, and every uni-
formity gives a topology. One motivation for the development of uniform spaces was
to extend the notion of uniform continuity to a larger class of topological spaces than
the metric spaces.

Uniform continuity was defined for functions between metric spaces X and Y. The
fundamental idea that made the continuity uniform was that, for a given € > 0, there
was a single 6 > 0 for which the balls B(x, §) were of interest, for every x € X. That is,
instead of considering balls around each individual point x € X, uniform continuity
involves determining neighborhoods around every point of X in one fell swoop. One
way to graphically depict the §-neighborhood of x € X for every x € X, as shown in
Figure 12.2(a), is to draw the neighborhood vertically over a copy of x on a horizontal
axis. (Of course, such graphical depictions work well when X ¢ R; for other sets X,
such figures are only suggestive tools.)
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The concept of uniform continuity involved giving a neighborhood of every x ¢
X all at once. If we relax our metric condition that the neighborhood of every point
x € X is a ball of the same radius §, we might consider sets such as U depicted in
Figure 12.2(b). Such a set U is a subset of X x X and thus is a relation on X. Topologies
can be defined by the collection of neighborhoods of every point. Uniformities will be
defined by a collection of relations U on X, each of which provides a neighborhood of
every point x € X. We start with some terminology.

Figure 12.2: The shaded sets specify, in one fell swoop, a neighborhood of every point x € X.

12.2.1 Relations

Recall that a relation from a set X to aset Y isa subset of X x Y. If R € X x Y is a relation
from X to Y and (x,y) € R, we say x is related to y by R and write xRy. A relation from
X to X is called a relation on X. The diagonal relation Ay on X is {(x,x) : x € X}. The
diagonal relation is sometimes called the identity relation or equality: x is related to y
by Ay if and only if x = y. Every relation R on X has an inverse relation R'={(y,x) e
XxX:(x,y) €R}.

A function f : X — Y may be viewed as the relation Gy = {(x,y) e XxY : y =
OO} ={(x,f(x)) e Xx Y : x € X} from X to Y. The relation Gy may be called the graph
of the function. Just as we may compose functionsf : X —» Yandg: Y — Z to get
gof : X —» Z with Goof ={(x,2) e X xZ : 3y € Y with (x,y) € Gy, (y,2) € Gg}, we may
compose relations. Specifically, if R is a relation from X to Y and S is a relation from Y
to Z, then their composition S - R is the relation from X to Z defined by

SoR={(x,z) € X xZ: 3y € Y with xRy, ySz}.

As suggested by function terminology, if R is a relation from X to Y and A ¢ X, the
image of A under Ris R(A) = {y € Y : Ja € A with aRy}. If A is a singleton {x}, the
image of {x} under R is called the slice of R determined by x, and is denoted R(x). In
Figure 12.2(b), a relation U, a point x, and the slice U(x) determined by x are labeled.
If R is a relation on X, then we denote R - Rby R?, R R - R by R, and so on.
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Familiar properties of relations may be phrased using this terminology.

Definition 12.2.1. Let R be a relation on X.
Ris reflexive if and only if Ay € R.
R is symmetric if and only if R = R
R is antisymmetric if and only if RN R™! ¢ Ay.
Ris transitive if and only if Ro R C R.

Recall that a reflexive, transitive, symmetric relation is an equivalence relation and
a reflexive transitive, antisymmetric relation is a partial order.

12.2.2 Filters

Just as a topology on X is a collection of subsets of X satisfying certain properties, a
filter on X is a collection of subsets of X satisfying certain properties. Filters may be
used to study convergence and are particularly useful in topological spaces in which
some point has no countable neighborhood base, so convergence to the point cannot
be accomplished with sequences (which are countable).

Definition 12.2.2. A filter on X is a nonempty collection F of subsets of X such that
(F1) 0¢F;

(F2) Ae Fand A c Bimply B € F, and

(F3) A,...,A, € FimpliesA;n---NA, € F.

That is, a filter on X is a collection of nonempty subsets of X which is closed under the
formation of supersets and is closed under finite intersections.

The most common filters encountered in topology are the neighborhood filters.

Definition 12.2.3. If X is a topological space and x € X, the neighborhood filter at x is
the collection

V= {V <X :x eint(V)}

of all neighborhoods of x.

We have noted that some introductory textbooks require neighborhoods to be
open sets. If neighborhoods are required to be open, then the (open) neighborhoods
of x do not form a filter, since supersets of an open neighborhood of x need not be an
open neighborhood of x. Since the open neighborhoods of a point x form a neighbor-
hood basis for x, in many cases open neighborhoods are adequate. However, for filter
considerations, the more general definition of neighborhoods is required.

The traditional use of the letter V for neighborhood filters arises from the French
word voisinage for neighborhood.
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Example 12.2.4.

(a) Ifo # A c X, then the collection F = {S ¢ X : A ¢ S} of supersets of A is easily
seen to be a filter.

(b) InR,let G = {€C € R : R - C is finite} be the collection of cofinite subsets of R.
Since R - ¢ is infinite, § ¢ G. If C is any cofinite set, any superset of C will have
a smaller complement, and thus is also cofinite. Since G is a subcollection of the
cofinite topology on R (indeed, G U {0} is the cofinite topology), G is closed under
finite intersections. Thus, G is a filter on R.

(c) LetH ={ANQ:A <R, € inty A} be the collection of all neighborhoods of 7 in
the Euclidean line R restricted to Q. It is easy to check that # is a filter on Q.

A filter 7 on X is free if (| F = @, and is fixed otherwise. In the example above, F is
fixed, while G and # are free filters. Filters must be closed under finite intersections;
free filters show that they need not be closed under arbitrary intersections.

12.2.3 Uniformities

Now let us return to the concept of a uniformity on a set X. The idea is that we will use
a single relation like U in Figure 12.2(b) to give a neighborhood of every point of x € X.
Such a set U will be called an entourage. In most topologies, every point will have
many different neighborhoods, and similarly, in most uniform space there will be a
large collection of different entourages U. The properties of neighborhoods of a point
will dictate the properties needed for the collection of entourages. The neighborhoods
of x form a filter on X, so the entourages should form a filter on X x X. A neighborhood
of x must contain x, so any entourage U should contain Ay. That is, each entourage is
a reflexive relation on X. This motivates the topological aspects of a uniformity, which
we now define.

Definition 12.2.5. A uniformity (or uniform structure) on a nonempty set X is a collec-
tion U of subsets of X x X such that

(U1) UisafilteronX x X;

(U2) Ay c U forevery U € U;

(U3) U e 4 implies U™! € u;

(U4) For every U € U, there exists V € U with VZcU.

The members U of a uniformity are called entourages. If U is a uniformity on X, the
pair (X, /) is a uniform space.

An entourage U may be loosely thought of as a collection of neighborhoods U(x)
of each point x € X, or as a “neighborhood of the diagonal” in X x X.

While conditions (U1) and (U2) arose from topological properties we would expect
of neighborhoods, conditions (U3) and (U4) arise as generalizations of metric space
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properties. If (x,y) € U for some entourage U € U/, we say x is U-close to y. Thus, (U3)
says x is U-close to y if and only if y is U'-close to x. A metric version of this would
say x is e-close to y if and only if y is £'-close to x for some &’. (Indeed, by the metric
symmetric condition that d(x,y) = d(y,x), we may take &' = ¢, that is, x € B(x,¢) if
and only if y € B(x, €).) Many proofs in metric spaces involve showing a distance, say
from x to z, is less than € by showing the distances between the pairs (x,y) and (y, z)
are each less than £/2 and then using the triangle inequality. The condition (U4) is
a generalization of splitting a closeness measure (& for metric spaces, U for uniform
spaces) in half and linking two parts (by the triangle inequality for metrics, by V2
for uniformities) to get something as close or closer. Condition (U4) says that given a
closeness measure U € U, we can find a V € U/ such that if x is V-close to y and y is
V-close to z, then x is V?-close, and thus U-close, to z.
Next, we show that every uniformity produces a topology.

Definition 12.2.6. Suppose I/ is a uniformity on X. The uniform topology on X induced
by U is

Ty ={AcX:VxeAIU eU with U(x) c A}.

If (X, 7)) is a topological space whose topology 7 equals the uniform topology 7;, from
some uniformity on X, then we say X is uniformizable and U is compatible with the
topology 7.

To verify that 7;, is indeed a topology on X, we first note that clearly # and X are
members of 7;,. Suppose A; € T;, fori € I, where I is an arbitrary index set. For x €
Uier Ai» there exists i, € I with x € A; . Since A;  is open, there exists U € U with
Ux) ¢ Ay € User 4> and thus (e, A; € 7y, Finally, suppose 4;,..., A, are T;,-open
andx € (), A;. Foreachi = 1,...,n, there exists U; € & with U;(x) € A;.LetU = N, U;.
Sincel/ isafilter, U € . Now foreachi=1,...,n,wehave U € U;,so U(x) < U;(x) € 4;,
and thus U(x) € (L, 4;. This shows that 7;, is closed under finite intersections.

From the definition, it is easy to see that every open set A in 77, is a union of slices
U(x) < A. It does not follow that the collection B = {U(x) : x € X, U € U} of all slices of
entourages is a basis for 7;,, since the slices U(x) are not all 7;,-open.

Next, we show that every metric produces a uniformity.

Example 12.2.7. Suppose (X, d) is a metric space. For § > 0, let

Us={(x,y) e Xx X :d(x,y) < 6}
= U{x} x B(x, 8).

xeX

Note that Figure 12.2(a) depicts Us. Then U4y = {W € X x X : 36 > O with Us ¢ W}is a
uniformity on X called the metric uniformity induced by d. Note that ¢/; consists of the
supersets of the sets Uy (§ > 0). It is easily seen that conditions (U1), (U2), and (U3)
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from the definition of a uniformity are satisfied by ¢4,. For (U4), suppose W ¢ U,;. Then
there exists § > 0 with Us ¢ W. Let V = Uy,. For any (x,2) € V2 = U§/2, there exists
y € X with (x,y) € Us), and (y,2) € Ug),. Thus, d(x,y) < §/2and d(y,z) < 6/2. By the
triangle inequality, d(x,z) < 8, so (x,z) € Us € W. This shows V?= Ug/z c W, so (U4)
holds. It is immediate from the definitions that the uniform topology on X generated
by the metric uniformity induced by d is simply the metric topology on X induced by d.

12.2.4 Base for a uniformity

The metric uniformity was defined to be all the supersets of the §-neighborhoods Uy
of the diagonal Ay in X xX. The neighborhood filter V, at x was defined to be all the su-
persets of open neighborhoods of x. Such constructions using supersets are common
and prompt the following definitions.

Definition 12.2.8. If F is a filter on X, a subcollection B of F is a base (or filter base)
for the filter F if F consists of all supersets of elements of B.

If U is a uniformity on X, a subcollection B of i/ is a base for the uniformity ¢/ if ¢/
consists of all supersets of elements of 5.

Thus, the collection of open neighborhoods of x is a filter base for the neighbor-
hood filter V,, and the collection {Uy : § > 0} is a base for the metric uniformity 4.

Theorem 12.2.9. Every uniformity U has a base of symmetric entourages.

Proof. Suppose U is a uniformity on set X. For U € i/, let US = U n U™'. Note that
(x,y) € US> = UnU'ifand onlyif (y,x) € U nU = U®, so U is symmetric. U®
is called the symmetrization of the entourage U. Let 4* = {U° : U € U}. For U € U,
U™! € 4 by (U3), and ¢ is closed under finite intersections by (U1), so U® € 4/, and thus
U® ¢ U. Furthermore, every entourage U ¢ U is a superset of U° € /°. Thus, ¢/° is a
base for I/ which consists of symmetric entourages. Indeed, 1/° is the collection of all
symmetric entourages in U{. O

When dealing with bases for topologies, you may recall results to recognize when
B is a basis for a given topology 7 (namely, B < 7 and every element of 7 is a union
of elements of B), and results of a different flavor to determine whether a collection B
of subsets of X is a basis for some unknown topology on X (namely, | J B = X, and for
any By, B, € Band any x € B; N B,, there exists B; € B with x € B; ¢ B; N B,). Similar
situations apply for filter bases and bases for uniformities.

Theorem 12.2.10. A nonempty collection B of subsets of a set X is a filter base if and
only if @ ¢ B and whenever By, ...,B,, € B, there exists B e BwithB< B;n---NB,,.

Proof. If B is a base for a filter 7, then since B ¢ F, @ ¢ 5. Whenever B,,...,B, € B,
B=B;n---NB, € F,sowehave Be BwithB<B;n---NB,.



264 —— 12 Uniform structures

Conversely, suppose B satisfies the conditions given. To show that B is the base
for some filter F, from the definition of filter base, ¥ = {F ¢ X : 3B € B,B ¢ F}. Thus,
it only remains to show that 7 = {F € X : 3B € B,B ¢ F} is indeed a filter. Clearly
0 ¢ F.GivenF,,...,F, € F,foreachi =1,...,n, there exist B; € B with B; < F;. From
the assumptions, there exists B € BwithB< B;n---NB,,soB < F;N---nF,, and thus
Fin---nF, € F.Thus, Fis a filter. O

Recall that a uniformity on X is a filter on X x X and filters (uniformities) are gen-
erated from a filter base (uniformity base) by taking all supersets of the elements of
the base. Thus, it should be expected that a filter base which satisfies enough of the
properties of a uniformity should be a base for a uniformity.

Theorem 12.2.11. If X is a nonempty set, a collection B of subsets of X x X is a base for
some uniformity on X if and only if

(B1) Bisafilter base on X x X.

(B2) A, < BforeveryB e B.

(B3) B € Bimplies there exists C € Bwith C < B

(B4) For every B ¢ B, there exists C € B with C> ¢ B.

The conditions (B1)-(B4) above should be carefully compared to the defining con-
ditions (U1)-(U4) of a uniformity. The essential differences are that a base for a uni-
formity need only be a filter base, and in (B3), the symmetric relation B~ need not
be in the base to imply B! is in the uniformity induced by the base. The proof of this
theorem is left to the exercises.

We end this section with some examples.

Example 12.2.12. Given X # 0, let B = {Ax}. Now B is a base for the uniformity ¢/ of
all supersets of the diagonal. For every x ¢ X, the slice Ay(x) = {x} < {x}, so from
Definition 12.2.6, {x} € T;. Thus, the induced topology 7;, is the discrete topology
on X. Another base for this uniformity is C = {U, : € > 0} where U, = {(x,y) e X x X :
d(x,y) < €} and d is the discrete metric. In particular, B and C = {Ay, X x X} are distinct
bases for the same uniformity.

Example 12.2.13. Givenn € N, let U, = {(a, D) € 7? : a = bmod 3"}. We will show that
B = {U, : n € N}is a base for a uniformity on Z. Clearly (a, a) € U, for everya € Z and
everyn € N, so (B2) holdsand ¢ ¢ B.If m > nin N and 3" divides b—a, then 3" divides
b - a, so U,, < U,.Thus, B is a nested collection, and is therefore closed under finite
intersections and is a filter base. Clearly U, = U, ! for each n € N, so (B3) holds. For
(B4), note that if (a,c) € U,ZI, then there exists b € Z with (a, b) € U, and (b, c) € Uy, so
a = b = cmod 3", and thus (a, ¢) € U,. Thus, U,zl c U, for every U,, € B. The prime base
3 in this example may be replaced by any prime p; the resulting uniformity is called
the p-adic uniformity on Z.
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Exercises

1.

10.

11.

12.

13.

14.

15.

16.

Suppose U and V are relations on X with V ¢ U. Show (a) V2 ¢ U? and (b) for any
xeX,V(ix) cUX).

Show that if U is a reflexive relation on X, then U ¢ U™ for any n € N.

If U and V are relations on X and a € X, show that (U n V)(a) = U(a) n V(a).
Suppose U < R x R is a relation on R and x € RR. Describe a visual algorithm to
find the slice U%(x).

Suppose V is a relation on a topological space (X, 7). Consider the statements:
(a) Visopen in the product (X, 7) x (X, T).

(b) For every x € X, the slice V(x) is open in (X, 7).

Are (a) and (b) equivalent, or does either statement imply the other? Justify your
answers with proofs or counterexamples.

Suppose (X, 7) is a topological space, V is arelation on X, and V is open in (X, 7)?.
Show that V o V = V?is open in (X, 7).

In a poset (X, <), an order filter is a nonempty increasing subset F such that every
pair of elements in F has a lower bound in F. Show that F is a filter on X if and
only if F is an order filter in the poset (P(X) — {0}, ).

If ¢/ is a uniformity on X and U € 4/, show that the symmetrization U = U n U™}
of U is the largest symmetric entourage contained in U.

Suppose U is a uniformity on X. Show that (]/ is an equivalence relation on X.
Let X be the unit interval [0,1] and B = (0, 1]2U{(0, 0)}. Show that B = {B} is a base
for a uniformity ¢/. Describe the topology induced by /.

Fora € R, let U, = Ax U [a, 00)2. Show that B = {U, : a € R}is a base for a
uniformity /. Describe the topology induced by /.

Find all possible uniformities on a two-point set X = {a, b}. List all uniformizable
topologies and all non-uniformizable topologies on X = {a, b}.

Suppose U/ is a uniformity on X and U € ¢/. Show that, for every n € N, there exists
V ey with V" c U.

Suppose X is a topological space and x € X is not an isolated point. Show that the
collection Bfel ={U - {x} : U € V,} of deleted neighborhoods of x is a filter base.
Is Bfel every a filter? The filter generated by B is called the deleted neighborhood
filter at x.

Show that the collection of open intervals B = {(a,1) : 0 < a < 1} is a filter base on
X = (-1,1) ¢ R. Is the filter generated by B a neighborhood filter of any x € X? Is
the filter generated by B a deleted neighborhood filter (see Exercise 14) for any x
in the compactification Y = [-1,1] of (-1,1)?

Suppose B is a base for a uniformity ¢/ on a set X.

(a) If B < C c U, mustC be abase for 4?

(b) If B cC c P(X), must C be a base for ¢4?

Prove your answers.
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17.

18.

19.

20.
21.

Find two uniformities ¢/ and WV on a set X such that ¢/ u W is neither a uniformity
nor a base for a uniformity on X.

A nonempty collection S of subsets of X x X is a subbase for a uniformity on X if
and only if the collection of finite intersections of members of S forms a base for
a uniformity on X. Show that if &/ and W are uniformities on a set X, then &/ u W
is a subbase for a uniformity on X.

For € > 0, let W, be the relation on R whose slices are given by

x-gx+e/QUx+ex+2) ifl<x<2
Wex) =1 (x-3e,x-2]JUux—-¢&x+2) if3<x<4
(x —&,x +2¢€) otherwise,

as suggested in the figure below.

Show that W = {W, : € > 0} is a base for a uniformity on R which induces the
usual topology on R.

Prove Theorem 12.2.11.

(Filter convergence) A filter 7 on a topological space X is said to converge to
x € X, denoted F — x, if and only if V, < F. In R with the Euclidean topology,
let F = {A € R : there exists m € N with {% : n > m} € A} be the collection of
supersets of tails of the sequence (%)221- Show that F is a filter converging to O.

12.3 The uniform topology

In this section, we investigate properties of the topology induced by a uniformity.

12.3.1 Closure and interior

Theorem 12.3.1. Suppose U is a uniformity on X and A < X. Then in the induced topol-
ogy Ty onX,

intA={aeA:U(a) c AforsomeU € U}.
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Proof. LetB=1{a € A:U(a) c Aforsome U € U}.

Since intA € 7y, the definition of 7;, tells us that if x € int A, there exists U € U
with U(x) € intA ¢ A, and thus x € B. This shows intA ¢ B ¢ A. Toshow intA = B, we
will show B is open.

To see that B is open, from the definition of 7;, we must show for any a € B, there
exists V € U with V(a) < B. Given a € B, there exists U € i/ with U(a) € A. Pick V € i
with V2 ¢ U. We will show V(a) c B. Suppose y € V(a). For any z € V(y), we have
(a,y),(y,z) € V,s0(a,z) € Vi orz e Vz(a). Thus, V(y) ¢ Vz(a). Nowy € V(y) ¢
Vz(a) ¢ U(a) ¢ A, and from the definition of B, y € B. Since y was an arbitrary element
of V(a), this shows V(a) ¢ B, as needed. O

From Theorem 12.3.1, it is easy to see that x € int U(x) forany x € X and U € U, so
U(x) is a neighborhood of x. Furthermore, if N is any open neighborhood of x, N € 77,
implies that, for any y € N, there exists U € ¢/ with U(y) ¢ N. In particular, since
x € N, there exists U € & with U(x) € N. Thus, every neighborhood N of x contains a
neighborhood of form U(x) for some U ¢ ¢/. This formally proves the entirely expected
result that {U(x) : U € U} is a base for the neighborhood filter V, at x. Indeed, our
motivation for the definition of a uniformity was that the slices U(x) should form a
basis for the neighborhoods at x. We state this formally, in a strengthened form.

Corollary 12.3.2. IfU{ is a uniformity on X, then, for each x € X, the T;,-neighborhood
filteratxisV, ={U(x) : U € U}.

Proof. In the discussion above, we saw that {U(x) : U € U} is a basis for the neighbor-
hood filter V,, so every neighborhood V of x contains a basic neighborhood U(x) for
some U € 4. But since i/ is a filter, U’ = U U ({x} x V) € U, and U’ (x) = V. Thus, every
neighborhood V of x has form U’ (x) for some U’ € 4. O

Note that B = {U(x) : x € X, U € U} is the union of neighborhood bases for each
x € X, but Bis not generally a basis for the topology 7;,. The problem is that members
of the neighborhood filter need not be open, while members of the topology, and thus
of any basis, must be open. We note that the converse of Corollary 12.3.2 fails. Exercise 1
of Section 12.5 presents a collection ¢/ such that, for each x € X, {U(x) : U € U} isa
base for the 7-neighborhood filter V, at x, where 7 is a uniformizable topology but ¢/
is not a uniformity.

With these results, the following theorem about subspaces should be expected.

Theorem 12.3.3. IfU/ is a uniformity on X and Y is a nonempty subset of X, then Uy =
{Un(Y xY):U e U}is auniformity on Y, and the uniform topology T, from Uy is the
subspace topology which Y inherits from (X, T;).

The proof is left to the exercises.
Theorem 12.3.4. Suppose U is a uniformity on X and A ¢ X. Then in the induced topol-
ogy T,y onX,

A= ){U@): U eul.
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Proof. From the definition of a uniformity, note that U € U/ if and only if U 1eu,so
forany x € X, {U™'(x) : U € U} is a base for the neighborhood filter V,. Now

x € clA < every neighborhood of x intersects A
= VU e, U'()NA#0
— VU € U,3a € Asuch that (x,a) € Ut
& VYU € U,3a € Asuch that (a,x) e U
— VU eU,x € U(4),

which gives the desired equality. O

12.3.2 The square of a uniform space

Suppose U/ is a uniformity on X. The entourages U € U are subsets of X x X. Since U
gives a topology 77, on X, it is natural to consider the product space (X, 7;,) x (X, T;,)-
With this product topology, X x X is called the square of the uniform space X. If X is
a uniform space, we will assume X x X carries this product topology if not explicitly
stated otherwise.

Theorem 12.3.5. If U is a uniformity on X and R ¢ X x X is a relation on X, then the
closure of R in the product space (X, Ty;) x (X, Ty;) is

clR=(){U-RU:U eu}.
Proof. First we note that if B is any base for ¢/, then
(YU-R-U:Ueu}=(){B-R-B:BeB.

Indeed, “2” holds since every U € U contains a B € B, and “c” holds since B ¢ U.
By Theorem 12.2.9, the collection ¢/° of symmetric entourages in ¢/ is a base for /.
Now for R ¢ X x X, we have

(x,y) eclR = VU € U°,U(x) x U(y) intersects R
= VYU e’ 3(r,s) e (Ux)xUy))NR
& YU el 3r,s e X with (x,r) € U, (y,s) € U,(r,s) €R
& YU €U, 3r,s e Xwith (x,r) € U,(r,5) € R, (s,y) € U
e YU U’ (x,y) €U eRoU=UoRoU
= y) e[ [UR-U:U e},

and the result follows from the observation above. O
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Theorem 12.3.6. Suppose U is a uniformity on X. Then the collections

V={UeU:UisopeninX x X} and
C={UeU:Uisclosedin X x X}

of open entourages and of closed entourages are each a base for the uniformity U.

Proof. Suppose U € 14° is a symmetric entourage in ¢/. We claim U < int(U>). Suppose
(a,b) € U. Since (a,a),(a,b),(b,b) € U, (a,b) € U>. To see (a,b) € int(U>), we will
show that the neighborhood U(a) x U(b) of (a, b) is contained in Us. Suppose (x,y) €
U(a)xU(b). Then (a,x), (b,y) € U = U, s0(x,a)(a b),(b,y) € U, and thus (x,y) € Ul.
This shows U ¢ int(U>).

To show that the collection V of open entourages is a base for i, given an arbitrary
U e U, wemust find V € V with V ¢ U. Given U € U, there exists W € ¢ with W> ¢ U
(see Exercise 13 of Section 12.2). We may further assume W is symmetric, for if not,
replace W by W = W n W~! and note that W® ¢ W implies (W®)> ¢ W> < U. Now
by the preceding paragraph, W c int(W>) c intU ¢ U. Now since I is closed under
the formation of supersets and W € i/, we have int U € U/. Thus, every entourage in U/
contains an open entourage, so V is a base for /.

To show that the collection C of closed entourages is a base for ¢/, suppose U € U
and let W € ¢/ be an entourage with w3 cU. By Theorem 12.3.5, W c cl W ¢ w3 cu,
and as a superset of W € U, cl W is a closed entourage contained in U. Thus, C is a
base for U4. O

We have two important corollaries which follow immediately.

Corollary 12.3.7. If (X,U) is a uniform space, every entourage U € U is a (not necessar-
ily open) neighborhood of the diagonal. That is, for U € U, Ay € int U and int U € U.

Corollary 12.3.8. If (X,U) is a uniform space, then (X, T;) is Ts.

Proof. Recall (Theorem 7.1.9) that X is T; if and only if for every x € X, every neigh-
borhood of x contains a closed neighborhood. (That is, every neighborhood filter V,
has a filter base of closed neighborhoods, or every point has a neighborhood base of
closed neighborhoods.) The crux of the proof is that V, = {U(x) : U € U}, and since
has a base of closed entourages, V, will have a base of slices C(x) of closed entourages
C € U, and these slices will be closed. Formally, any 7;,-neighborhood of x € X has
form U(x) where U € U. We may view the neighborhood U(x) as U n ({x} x X). By
Theorem 12.3.6, there exists a closed entourage C € ¢/ with C ¢ U. In particular, C(x)
is a neighborhood of x and C(x) ¢ U(x). Furthermore, since C is closed in X x X, the
intersection C n ({x} x X) = C(x) € U(x) is closed in the copy {x} x X of X embedded in
X xX. O

The next theorem provides further connections between separation axioms in a
uniform space.
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Theorem 12.3.9. Suppose (X,U) is a uniform space. Then the following are equivalent.
(@ X, Ty)isT;.

(b) (X,T,)is Hausdorff.

(c) (X, Ty)isregular.

(d) Nu = Ay.

Proof. Since X is regular if and only ifit is T5 and T, by Corollary 12.3.8 we have (a) =
(c) = (b) = (a), showing the equivalence of (a), (b), and (c). The proof that (d) is also
equivalent is left to the exercises. O

The final theorem of this section is an elegant result. The proof is more intricate
than the proofs of our other results on uniform spaces.

Theorem 12.3.10. Every compact Hausdorff topological space (X, T) is uniformizable,
and there is a unique uniformity compatible with T, namely the collection U of all neigh-
borhoods of the diagonal Ay.

Proof. Suppose (X, T) is a compact Hausdorff topological space. First, we show that
the collection i/ = {U ¢ X x X : Ay < intU} of neighborhoods of the diagonal is
a uniformity compatible with 7. Clearly, i/ satisfies conditions (U1) and (U2) of the
definition of a uniformity. Since the function h : X* — X? defined by h(x,y) = (y,x) is
a homeomorphism which maps U to U™, (U3) is satisfied.

It remains to check (U4). Suppose U € U is a neighborhood of Ay. Then, for any
(x,x) € Ay, there exists a basic open neighborhood N, xN,, of (x, x) contained in U. Now
{N, : x € X} is an open cover of the compact space X, so there exists a finite subcover
{N; :i e F},whereF = {X{,X;,..., Xy} is a finite subset of X. With U' = U{N; xN; : i € F},
we have U’ c U, so it suffices to show the existence of V € ¢/ with V2 ¢ U’. For any
subset] c F,setX; = [J{N; : i € Jtand Y; = J{N; : i € F - J}. Now X; and Y; are open
and X;UY; = |J{N; : i € F} = X. Thus, X - X; and X - Y} are disjoint closed subsets of X.
Since every compact Hausdorff space is normal, there exist disjoint open sets G;, H; in
X with X -X; <G and X — Y; c Hj. Taking complements, we see that X;2X-Gy2H
and similarly Y; 2 G;. Thus, for every ] € F, C; = {Gy, H}, X; nY}} is an open cover of X.
Consider the collection

D= {ﬂ Q :Q eC =1{G,H, X, n Y,}}.
J<F

Every element D € D has form (){Q; : J < F}, and as a finite intersection of open sets,
is open. Furthermore, given any x € X and anyJ ¢ F, by choosing Q; to be an element
of the cover C; which contains x, we see that there exists an element D = ﬂ{Q] :J CF}
which contains x, so D is a finite open cover of X. Let V = ( {D x D : D € D}. Now V is
an open neighborhood of Ay (so V ¢ 1), and we claim V2 ¢ U’. Suppose (x,z) € V2.
To see (x,z) € U' = | J{N; x N; : i € F}, suppose to the contrary {x,z} ¢ N; foranyi € F.
Since (x,z) € V?, there exists y € X with (x,y) € V and (y,z) € V. Thus, there exist
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D,,D, € D with (x,y) € D; x D; and (y,z) € D, x D,. In particular, y € D; n D,. For
Jo=1{k € F:x € Ni},wehave X; = [J{N;: x € N}, sox € X; -V, andz € ¥} - X .
Now x ¢ X; nY), and x ¢ GIO cY ,soxeD = ﬂ{Q} : J € F} implies Q}O = Hj, .
Similarly, y € D, = ({Q] : J < F} implies Q; = G;.Since D; < Q; = H;, < X,
D, ¢ Q}o =Gy, c Y, ,and X; nY; =0, wehaveD; nD, =0, contrary toy € D; N D,.
This completes the proof that V2 ¢ U’ < U, and thus ¢/ is a uniformity.

Having shown that / is a uniformity, we next show that it is compatible with 7,
that is, 7;, = 7. Suppose A € T and x € A. Then U = X? - (fx} x (X — A)) is an open
neighborhood of Ay in (X, T )?> with U(x) = A. Since U € U, this shows that A Tu-
Conversely, suppose A € T;,. Then, for any x € A, there exists U € ¢/ with U(x) < A.
Without loss of generality (by Theorem 12.3.6), we may take U to be open in (X, 7).
Now U(x) = U n ({x} x X) is open in the subspace {x} x X of (X, 7)?, and since {x} x X
is homeomorphic to (X, 7)), it follows that B = U(x) is open in 7. This shows that, for
any x € A, there exists B=U(x) € T withx e BC A,s0A € T.

Finally, we show that ¢/ is the unique uniformity compatible with 7. Suppose that
W is a uniformity with 7,,, = 7. By Corollary 12.3.7, W < U. To see Y < W, by Theo-
rem 12.3.6, it suffices to show that every open member of / is an element of W. Suppose
U € U is an open neighborhood of the diagonal. Then U and X? - Ay cover X2. Since
(X, T) = (X, Thy) is Hausdorff, we have [\W = Ay, and furthermore, since W has a
base of its closed entourages (again Theorem 12.3.6), we have Ay = ({clW : W € W},
soX? - Ay = U{X2 —clW : W e W}. Thus, {U} U {X*> = clW : W € W} is an open cover
of the compact space X x X, so there exist W, ..., W, € W with

X =UuX*-cW)u(X>-clW,)u---u(X*-clW,).
It follows that

X-Uc(X—cdW)u(X*—clW,y)u---U (X* - clW,)
UoclWnclW,n---nclW,
lenWZO"'anEW.

As a superset of an entourage in W, we have U € W, as needed. O
An important corollary follows.

Corollary 12.3.11. Every completely regular space is uniformizable.

Proof. This follows from the theorem since uniformizability is a hereditary property,
and every completely regular space X is a subspace of its Stone-Cech compactification
BX, which is compact and Hausdorft. O

In Section 12.4, we will see that, for T; spaces, the converse of the corollary above
holds. This gives the significant result that a T; space is completely regular if and only
if it is uniformizable.
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Example 12.3.12. Consider the topology 7 on R generated by the basis B = {[x,
X+€&:xe€Qe>0Uu{x—¢gx]:x € R-Q,e > 0} Itis easy to verify that (R, 7) is
completely regular (Exercise 6 of Section 7.2), and thus is uniformizable. Furthermore,
(R, T) is separable but not second countable (Exercise 13 below). By Theorem 11.2.6,
metrizable and separable imply second countable, so this uniformizable space (R, 7)
is not metrizable. (Exercise 1 of Section 12.5 also addresses this example.)

12.3.3 Uniform continuity

Suppose (X, dx) is a metric space with metric uniformity ¢/ having a base {U, : € > 0} of
e-neighborhoods of the diagonal, and (Y, dy) is a metric space with metric uniformity
V having a base {V, : € > 0} of e-neighborhoods of the diagonal. Recall that (x,y) € Uy
if and only if dy(x,y) < 8. Now the definition of f : (X,dy) — (Y, dy) being uniformly
continuous between the metric spaces,

Ve >036 >0 suchthatdy(x,y) <8 = dy(f(x).f(y)) <&,
can be restated as
Ve >036 >0 suchthat (x,y) € Us = (fx).f(y)) € V..

Since every entourage in a uniformity contains a basic entourage, these statements
are equivalent to

VYV eV3U eU suchthat (x,y) e U= (f(x),f(y)) e V.

We will take this last statement as the definition of uniform continuity between
two uniform spaces.

Definition 12.3.13. A function f : (X,U/) — (Y, V) between two uniform spaces is uni-
formly continuous if for every V € V), there exists U € U such that (x,y) € U implies

(f).f(y)) e V.

Our discussion above shows that if X and Y are metric spaces with the metric
uniformity, the concept of uniform continuity of f : X — Y is identical whether f is
viewed as a function between two metric spaces or as a function between two uniform
spaces. However, since not all uniform spaces are metrizable, the definition extends
the metric definition of uniform continuity.

A function between topological spaces is continuous if and only if inverse im-
ages of open sets are open. Our next result will show that a function between uni-
form spaces is uniformly continuous if and only if inverse images of entourages are
entourages. However, if f : X — Y, the entourages in question are subsets of Y x Y
and X x X, so we must adjust the function f before we can discuss images or inverse
images of entourages. For a function f : X — Y, we define

(Fxf):XxX>YxY by xf)0,x) = (f(x).f()
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Theorem 12.3.14. f : (X,U) — (Y, V) is uniformly continuous if and only if for every
Vev (fxf) (V) eu.

Proof. The result follows from the equivalence of the statements

FxfHY(V)eu & 3FUeU suchthatU c (f xf) (V)
< U €U suchthat(fxf ) UCV

& JU eU suchthat(x,y) e U= (f(x).f(y)) e V. O
Exercises
1. Prove Theorem 12.3.3.
2. Suppose B is a base for a uniformity ¢/ on a set X. In the induced topology, the

10.

11.

12.

neighborhood filter of x € X is V, = {U(x) : U € U}. Is {B(x) : B € B} a filter base
forv,?

Suppose (X,U) is a uniform space. Show that the collection V* = {U e Y : U =
U!and U is open in X x X} of open symmetric entourages and the collection C° =
{Ueu:U=U"'andUisclosed in X x X} of closed symmetric entourages are
both bases for U1.

Suppose (X, /) is a uniform space, U € U, and x € X.

(@) Show that cl(U(x)) € U*(x).

(b) If U is symmetric, show that cl(U(x)) < U(y) for any y € U(x).

Suppose (X,U) is a uniform space, U € U, and x € X. Must cl(U(x)) = (clU)(x)?
Does either inclusion hold?

Suppose (X, ) is a uniform space and R is a relation on X. Show that R ¢ [\{int(U»
RoU):U elf}.

If (X, U) is a uniform space, Corollary 12.3.7 shows that every entourage U € U is a
neighborhood of the diagonal. Show that the converse fails by exhibiting a neigh-
borhood of the diagonal Ay which is not an entourage in the metric uniformity on
R induced by the Euclidean metric.

Suppose (X, ) is a uniform space. Prove that (X, 7;,) is T, if and only if (U = A.
Suppose (X, /) is a uniform space. Without appealing to Theorem 12.3.9 and with-
out using the defining condition (U4) of a uniformity, prove that (X, 7;,) is T; if and
only if U = Ay.

Let D, be the diamond {(x,y) € R*: |x| +|y| < &}, U, = {(x,y) e R*: [x —y| < €} and
V. = Dy, U U,. Show that B = {V, : € > 0} is a base for a uniformity on R which
generates a topology which is not T;.

Consider (R, 7,), where 7, is the cofinite topology. Find a uniformity ¢/ on R which
induces 7, or prove that 7 is not uniformizable.

Give a proof or counterexample to this statement: Every compact T; topological
space is uniformizable.
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13. Show that the topological space (R, 7) of Example 12.3.12 is separable but not sec-
ond countable.

14. Suppose Bis a basis for a uniformity V on Y. Provef : (X,U/) — (Y, V) is uniformly
continuous if and only if for every B € B, (f x f) '(B) € U.

15. Let U be the Euclidean metric uniformity on X = (0, o). Show that f : (X, T;,) —
(X, T;;) defined by f(x) = 1/x is not uniformly continuous by finding V, € U/ such
that (f x f)"(V,) ¢ U.

12.4 Uniformities and pseudometrics

Given a pseudometric p on X and € > 0, we may define the “c-neighborhood of the
diagonal”

U, ={x,y) e XxX:px,y) < &} = U{x}xB(x,s),

xeX

just as we did for a metric. Exactly as for the metric case given in Example 12.2.7, {U, :
€ > 0} is a base for a uniformity on X, called the pseudometric uniformity generated
by p. The pseudometric uniformity induces the pseudometric topology on X. We have
seen in Section 6.1 that every metric d : X x X — [0, 0o) is continuous, where X carries
the metric topology, X x X the product topology, and [0, co) the Euclidean topology.
Those proofs remain valid for pseudometrics.

If 4/ and W are uniformities on X and ¢/ € W, then we say W is finer than I/ and U
is coarser than W. Clearly, a finer uniformity has more entourages and thus produces
a finer uniform topology.

Iff: (X,7) — Y is continuous and 7 is a topology on X finer than 7, then f :
(X,T) — Y is continuous. Combining these observations gives the following result.

Theorem 12.4.1. Supposep is a pseudometric on X and U is a uniformity on X. If the uni-
form topology T, is finer than the pseudometric topology T, on X, then p : (X, 7’u)2 -
[0, 00) is continuous. In particular, if U is finer than the pseudometric uniformity gener-
ated by p, thenp : (X, 724)2 — [0, 00) is continuous.

The hypotheses of the last sentence above are commonly used and are named:
given a uniformity ¢/ on X, a pseudometric p on X is uniform with respect to U if and
only if ¢/ is finer than the pseudometric uniformity generated by p. That is, p is uniform
with respect to ¢/ if and only if for every € > 0, U, € U.

Our next goal will be to show that every uniformizable space is T5 ;. We will use
the following lemma.

Lemma 12.4.2. Suppose U is a uniformity on X and V,,V,,V,,... is a nested sequence
of symmetric entourages in U such that

SV SV eV e VeV VeV V= X xX.
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Then there exists a pseudometric p on X such that
V,c{xy) e X2 p(x,y) < 2" ¢V, , foreveryneN.
Proof. Forx,y € X, put

0 if(xy) €My Ve

foy) = { o n if(x,y) e V, = Vg

In particular, if f(x,y) = 27", then (x,y) € V,, Vy,..., V,, but (x,y) ¢ V,,;. Thus, (x,y) €
V, if and only if f (x,y) < 27". Now for x,y € X, define

poxy = N\ D fnx).

XooXpseXm€X i=1

X=Xg:Xm=y
It is easy to see that p(x,x) = 0 and p(x,y) = p(y, x). The triangle inequality follows
immediately from the definition of p(x,y) as an infimum over all paths from x to y.
Thus, p is a pseudometric. Next, we will prove

%f(x,y) <pxy) <f(x,y) forallx,yeX. (12.1)

The result will follow quickly from these inequalities: Assuming (12.1), (x,y) € V,, im-
plies f(x,y) < 27", sop(x,y) < f(x,y) < 27" Also, if p(x,y) < 27", then %f (x,y) <px,y)
implies f(x,y) < 2™V so (x,y) € V,_,.

The second inequality in (12.1) is immediate from the definition of p(x,y) as an
infimum of a set containing f(x,y). For the first inequality, we will show that given
any path x = x¢,x,..., X, =y of length m from x toy in X,

%f(x, y)<a wherea= i;f(xi,l,xi). (12.2)

Ifa> %, then (12.2) holds since f(x,y) < 1.

Next, we consider the case a = 0. Note that
a=0=f(x_1,x)=0 fori=1,...,m,
[ee]
= (Xi_1,X;) € ﬂ VvV, fori=1,...,m,

n=1

= (xy) eV foralln € N.

By the nested assumption V; ¢ Vf ¢ Vi, it follows that ka € Vi andifm=3k-r
forr € {0,1,2}, then

y) eVt =v*Tcvkcv,  cV, c--cVicV, foralln>k.

Thus, (x,y) € V,, foralln € N, so f(x,y) = 0 and (12.2) holds.
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Finally, suppose a € (0, %). We will use induction on m. For m = 1, we have
%f(x, y) < f(x,y) so the inequality holds. For m = 2 we have a = f(x,x;) + f(x;,y), so
both terms are less than or equal to a. Let k € IN be the smallest natural number with
7K <affox)=2"<a< %, then 2 < k < n. The definition of f implies (x,x;) € V;
for all j < n, so in particular, (x,x;) € V.. If f(x,x;) = O, then (x, x;) € V}. Thus, in both
cases (x,x;) € Vi. The same argument shows (x;,y) € V.. Thus, (x,y) € V,f C V,? < Vi,
sof(x,y) < 27&D and thus %f (xy) < 27% < q, proving (12.2) when m = 2.

Now suppose (12.2) holds for chains of length 1,2,...m — 1 and suppose x =
Xp> X1+ --» Xy =y is a chain of length m > 3 from x to y. In this case, we will break the
chain into three subchains x, .. ., X;j; Xj, Xj,1; and x;,, . . . x,,, where j is the smallest nat-
ural number which makes the partial sum Z’; f(x;_1,x;) exceed half of the total sum
Y fi1x) = a.Now Y1 f(x;_4,;) < a/2and 3i%,, f(X;_1,X;) < a/2. Applying (12.2)
to these subchains of length less than m gives %f (6. x) < 5 and %f (Xj+1, %) < 5. Thus
f(x,x;) < aand f (x;,1, ) < a. Clearly f(x;, X;,;) < a, since the sum a contains f (x;, X;,.1)
as one term. Now (mirroring the case for m = 2), let k € N be the smallest natural num-
ber with 27% < a. Iffx,x)=2"<ac< %, then2 < k <nand (x,x;) € V.. If f(x,x;) = 0,
then (x,x;) € V. In either case, we have (x,x;) € V;. Similarly, (X5, X141)> (X511, Y) € Vje
Thus, (x,y) € V? € Vi1, 50 f(x,y) < 2%, and thus Fxy) < 27% < q, proving (12.2)
for paths of length m. By mathematical induction, (12.2) holds for every m € N. O

The lemma above allows us to prove the following important theorem.

Theorem 12.4.3. A T, topological space (X, T) is uniformizable if and only if it is com-
pletely regular.

Proof. Corollary 12.3.11 showed that every completely regular space is uniformiz-
able. Suppose (X,7) is uniformizable and T;. To see X is completely regular, we
must show it is T55. Suppose A is a closed set in X not containing the point b.
Let ¢ be a uniformity on X inducing 7, and let V' € U/ be an open symmetric en-
tourage with V(b)nA = 0. Take V, = X% and V; = V. From the properties of a
uniformity (see Exercise 13 of Section 12.2), we can construct a sequence of sym-
metric entourages V,, V3, ... satisfying the hypotheses of Lemma 12.4.2. Let p be the
pseudometric guaranteed by Lemma 12.4.2. Given any ¢ > 0, for 27" < &, we have
V, c{xy) : px,y) < 27" c U, = {(x,y) : p(x,y) < €}, so U, € U for every € > 0. Thus,
by Theorem 12.4.1, p is continuous. Now {(x,y) : p(x,y) < 27"} ¢ V,_, forany n € N,
and with n = 2we have {(x,y) : p(x,y) < 1/4} < {(x,y) : p(x,y) < 1/4} c V; = V. Thus,
4p(x,y) < 1implies (x,y) € V, and thus y ¢ V(b) implies 4p(b,y) > 1. Defineg : X - R
by g(y) = min{4p(b,y), 1}. Now g is continuous, and y € Aimpliesy ¢ V(b),sog(y) = 1.
Furthermore, g(b) = 0. Thus, g is a continuous function separating A and b. O

The proof above actually shows that any uniformizable topological space is T,
without the use of the T; property. Our proof that completely regular implies uni-
formizable used the Stone—Cech compactification, which required the T, property im-
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plied by complete regularity. Thus, in that proof, we cannot drop the T; condition to
show that T; 5 implies uniformizable. This is a shortcoming of the proof; other proofs
can be used to show that T; ; implies uniformizable, so the uniformizable spaces are
precisely the T; 5 spaces.

Collecting some previous results, we have the following characterization of com-
pletely regular spaces.

Theorem 12.4.4. Let (X, T) be a topological space. The following are equivalent.
(@) (X,T)is completely regular.

(b) (X, T)is asubspace of a compact Hausdor{f space.

(c) (X,T)is aseparating gauge space.

(d) (X, T) is uniformizable by a uniformity U with (U = Ax.

Proof. See Corollary 7.3.6 and Theorems 11.1.13, 12.3.9, and 12.4.3. O

Exercises

1. Suppose U and W are uniformities on X inducing the uniform topologies 7;;, 7y,
on X. We have noted that if W is finer than ¢/, then 7y, is finer than 7;,. Give proofs
or counterexamples for the following statements. (Hint: Consider the uniformity
of Exercise 11 of Section 12.2.)

(@) If Wis strictly finer than ¢/, then 7y, is strictly finer than 7.
(b) If 7y, is finer than 7;,, then W is finer than i/.

2. The function p((x,y), (a, b)) = |x — a| is a pseudometric on R?. Determine whether
it is uniform with respect to the uniformities given below.

(@) The metric uniformity U¢ from the Euclidean metric on R>.
(b) The metric uniformity 2/ from the taxicab metric on R2.
(c) The metric uniformity U" from the discrete metric on R>.

3. Let X be the set of integrable functions from [0, 1] to R. The function p(f,g) =
j; If(x) — g(x)| dx is a pseudometric on X. Determine whether p is uniform with
respect to the sup-metric uniformity on X.

4. Let X betheset of integrable functions from [0, 1] to R. The functionr(f, g) = |[f(0)-
g(0)| is a pseudometric on X. Determine whether r is uniform with respect to (a)
the sup-metric uniformity on X, and (b) the pseudometric uniformity from the
pseudometric p(f,g) = I; If (x) — g(x)] dx.

5. IfK ={1/n:n e N}, the collection B = {(a,b) CR:a < b}u{(a,b)-K <R:a< b}
is a basis for a topology on R called the K-topology. Determine whether or not this
topology is uniformizable.

6. LetX = [0,1])* with the topology having basis Te U {{(0,0)} U (O, €)?: & > 0} where
7T¢ is the Euclidean topology on [0, 1]°. Determine whether or not this topology is
uniformizable.
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7. Suppose U and W are uniformities on X. If U = W, is Ty, = Ty)?
8. Suppose U/ and W are uniformities on X. If 7, = Ty, is (U = (\W?

12.5 Quasi-uniformities

We have seen applications requiring asymmetric distances. Quasi-metrics dropped the
symmetry condition from the definition of a metric. Quasi-metrics are clearly a part of
the study of asymmetric topology. The T, property has a certain symmetry to it: given
x #y, there is a neighborhood of x excluding y and a neighborhood of y excluding x.
The T, property did not have this symmetry: there may be a neighborhood of x ex-
cluding y but no neighborhood of y excluding x. Thus, T, spaces and generally spaces
which are not T; are also a part of asymmetric topology. For classical applications of
topology to real analysis, spaces are usually considered to be T,. In application to com-
puter science, spaces of machine numbers or pixels are finite, and the non-discrete
topologies on finite sets are not T;. Thus, applications of topology to computer sci-
ence constitute a significant motivation for and a significant part of asymmetric topol-
ogy.

Uniform spaces have a built-in symmetry condition. If U is in a uniformity ¢/, then
so is U™, If we drop this condition, we get a quasi-uniformity. Quasi-uniformities are
also important for modeling asymmetric situations.

Definition 12.5.1. A quasi-uniformity on a nonempty set X is a collection ¢/ of subsets
of X x X such that

(Q1) UisafilteronX x X.

(Q2) Ax c U forevery U € U.

(Q3) For every U € U, there exists V € U with VZcU.

The quasi-uniform topology on X induced by a quasi-uniformity ¢/ is
Tyu={AcX:vxeA3IU e U with U(x) c A}.

A collection B is a base for the quasi-uniformity ¢/ if B ¢ ¢/ and every U € U contains

some B ¢ B.

The proof of Corollary 12.3.2 (and Theorem 12.3.1) did not use the symmetric prop-
erty of the uniformity, so the result holds for quasi-uniform spaces. For reference, we
state it here.

Theorem 12.5.2. Ifl{ is a quasi-uniformity on X, then, for each x € X, the T;;-neighbor-
hood filter at x is V, = {U(x) : U € U}.

Exercise 1 shows that the converse of Theorem 12.5.2 fails.
The proof of the following result is straightforward and is left to the exercises.
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Theorem 12.5.3. A collection B of subsets of X* is a base for some quasi-uniformity if
and only if B is filter base and for every B € B, there exists C € B with Ay C*cB.

Recall that a quasiorder dropped the antisymmetry condition from the definition
of a partial order. That is, a quasiorder on X is a reflexive, transitive relation R < X°.
Every quasiorder < on X gives an Alexandroff topology 7, on X consisting of the in-
creasing sets, and (see Exercise 8 of Section 8.3.) 7 is T, if and only if < is a partial
order.

The next result includes some interesting connections between quasiorders and
quasi-uniformities.

Theorem 12.5.4.

(a) IfRis a quasiorder on X, then {R} is a base for a quasi-uniformity on X.

(b) Ifu is a quasi-uniformity on X, then (U is a quasiorder on X.

(c) A quasi-uniform topology Ty, is Ty, if and only if (\U is a partial order on X.
(d) A quasi-uniform topology T,, is T if and only if U = Ay.

Proof. (a) follows directly from the definitions and Theorem 12.5.3.

(b) If U is a quasi-uniformity on X, then Ay ¢ U for any U € U, so Ay < (U, SO
(U is reflexive. To see it is transitive, suppose (x,y), (y,z) € [\U. For any U € U, pick
V e U with V2 ¢ U. Now (x,y), (y,2) € V, s0 (x,z) € V2 c U. Thus, (x,y) € (U.

(c) Suppose Ty, is Ty and (x,y) € (YU -Ax. Thenx # yandy € U(x) forevery U € U.
By the T, condition, there must exist V € U/ giving a basic neighborhood V(y) with
x ¢ V(y). Thus, (y,x) ¢ V,so (y,x) ¢ [\U. Thus, the quasiorder [/ is antisymmetric
and therefore a partial order.

Conversely, suppose [\ is a partial order and x # y. If (x,y) ¢ (U, then there
exists U € U with (x,y) ¢ U, so U(x) is a 7;,-neighborhood of x which excludes y.
If (x,y) € (U, then antisymmetry implies (y,x) ¢ (U, and, as above, there exists a
neighborhood U(y) of y which excludes x. Thus, 7;, is T,.

(d) Suppose T;,is T;. Given x # y, there exists U € Y withy ¢ U(x). Thus, (x,y) ¢ U,
so (x,y) ¢ (U. Since Ay € (U, it follows that (U = Ay.

Conversely, suppose (YU = Ax. Now if x # y, then (x,y) ¢ (U, so there exists
U € U with (x,y) ¢ U, and U(x) is a neighborhood of y which excludes x. O

Recall that every quasi-metric g on X generates a T, topology on X and a partial
order < on X defined by x < y if and only if g(x, y) = 0. The connection between quasi-
metrics and quasi-uniformities is given in the theorem below. The proof is left to the
exercises.

Theorem 12.5.5. Suppose q is a quasi-metricon X. Fore > 0, let U, = {(x,y) € X x X :
q(x,y) < &}. Then the collection B = {U, : € > 0} is a base for a quasi-uniformity U on X,
and (U is the partial order < defined by x <y if and only if q(x,y) = 0.
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Recall that a topology is uniformizable if and only if it is T ;. The next theorem,
proven by William Pervin in 1962, gives us a remarkable result on which topologies
are quasi-uniformizable: Every topology is quasi-uniformizable. The quasi-uniformity
introduced in the proof is called the Pervin quasi-uniformity.

Theorem 12.5.6. Every topology is induced by a quasi-uniformity.

Proof. If T is a topology on X, for A € T, let Uy = (A x A) U (X — A x X), as shown in
Figure 12.3, and let S = {U, : A € T}. We will show that S is a subbasis for a quasi-
uniformity I/; that is, the collection B of finite intersections of elements of S is a basis
for a quasi-uniformity ¢/, and then we will see that 7;, = 7.

Figure 12.3: Subbasic elements of the Pervin quasi-uniformity.

Clearly Ay < U, for every Uy € S, and thus Ay < BforeveryB € B,and 0 ¢ B. B
is closed under finite intersections, since a finite intersection of finite intersections of
elements of S is a finite intersection of elements of S. Thus, B is a filter base. To see
B is a base for a quasi-uniformity, by Theorem 12.5.3, it only remains to show that, for
any B € B, there exists C € B with C? C B. We first show that if A € 7, then Ufl = Uy.
Every reflexive relation U has U < U?, so we only need to show Uf1 ¢ Uy. Suppose
(x,y) € Uj. If x € X — A, then {x} x X € Uy, so (x,y) € Uy.If x € A, then (x,y) ¢ Uf1
implies (x,z), (z,y) € Uy for some z € X. But x € A and (x,z) € Uy implies z € A, and
thenz € Aand (z,y) € Uy implies y € A. Thus, (x,y) € Ax A ¢ Uy, and this completes
the proof that U; = U,. Now if B € B, then B= Uy n---nUy, forA,,...,A, € T,and

2 2 2
B cUyn---nUy =Uy N---nUy =B

Thus, for C = B € B, we have C’cB.

Having shown that B is a base for some quasi-uniformity ¢/ (called the Pervin
quasi-uniformity), it remains to show that the topology 7;, induced by this quasi-
uniformity is 7. Given any nonempty A € 7 and any a € A, Uy € U so the slice
Uy(a) = Aisin T;;. Thus, T € T,,. Now suppose A € T;, and a is an arbitrary point
in A. To see A € 7, we must find a 7-neighborhood of a contained in A. In 7;,, a has
a neighborhood base {B(a) : B € B}, so there exists B € B with a € B(a) ¢ A. Now
B =1Uy n---nUy whereA;,...,A, € T,s0B(a) = Uy (a) n--- N Uy (a). For each
i=1,...,n,theslice Uy, (a) is either X or 4;, and thus is 7-open. It follows that B(a) is a
T-neighborhood of a contained in A. Since a € A was arbitrary,A € 7,s0 T, 7. O
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Quasi-uniformities are explored in depth in [17]. There are many excellent sources

on uniform spaces, including [8, 16].

Exercises

1.

Consider the topology 7 on R generated by the basis B = {[x,x +€) : x € Q,
€ > 0lu{(x—&,x] : x € R - Q, € > 0}. In Example 12.3.12, we saw that this topology is
uniformizable. Finding a uniformity (or even a quasi-uniformity) which generates
T is not as simple as one might expect. For € > 0, define

USZ<U{X}X[X,X+S)>U< U {x}x(x—e,x]),

xXeQ xeR-Q

and let/ = {W < R? : 3¢ > O with U, ¢ W}. Note that {U(x) : U € U} is a basis

for 7.

(@) Show that, for any € > 0, UE2 contains the Euclidean &/2 neighborhood of the
diagonal | J,ex{x} x (x — €/2,x + €/2).

(b) Show that Z/ is not a quasi-uniformity.

(Compare to Exercise 8 of Section 11.2.)

Prove Theorem 12.5.3: A collection B of subsets of X is a base for some quasi-

uniformity if and only if B is filter base and for every B € B, there exists C € B

with Ay ¢ C* ¢ B.

Describe a quasi-uniformity on R whose induced topology is the lower limit topol-

ogy R,. Verify that this really is a quasi-uniformity.

Suppose U is a quasi-uniformity on X.

(@) Show that/™! = {u 1.U € U} is also a quasi-uniformity on X (called the
conjugate quasi-uniformity).

(b) Show that the quasi-uniformity U is a uniformity if and only if 2/ = 2/~

(c) Show that{ U/ is a subbasis for a uniformity ¢4° on X.

Exercise 9 of Section 12.2 showed that if a quasi-uniformity ¢/ is a uniformity,

then (U is an equivalence relation. Does the converse hold? That is, give a proof

or counterexample to the statement: If ¢/ is a quasi-uniformity and (¢ is an

equivalence relation, then i/ is in fact a uniformity.

Prove Theorem 12.5.5.

Given a topology 7 on X, with U, = (A x A) U (X - A x X), the collection

S = {Uy : A € T} is a subbasis for the Pervin quasi-uniformity on X. If B is

a basis for 7, is S = {Up : B € B7} a subbasis for the Pervin quasi-uniformity?

For each topology below, draw some typical subbasic elements U, for the Pervin

quasi-uniformity, as suggested in Figure 12.3.

(@) The cofinite topology 7. on [0, o).

(b) The discrete topology on R.

(c) The right ray topology on R.






13 Continuous deformation of sets and curves

13.1 Continuous deformation of closed sets in R?

Using some suggestive terminology we will define below, Figure 13.1 shows two dy-
namic closed sets A and B in the plane which move from being disjoint to meeting
and then to overlapping. Would it be possible for dynamic closed sets A and B in the
plane to move from being disjoint directly to overlapping, without first meeting? Such
questions require a careful definition of meeting, overlapping, and continuous defor-
mation, and the answers may depend on what kinds of sets (closed, compact, con-
nected, etc.) are permitted.

A and B are disjoint A and B meet A and B overlap

Figure 13.1: A transition from disjoint to meets to overlaps.

Applications to geography have motivated much research on how pairs of planar sets
may be related. In geographical studies, pairs of sets may represent the habitats of
a predator and of its prey, or a wheat growing region and a drought region. Keeping
with these geographical motivations, throughout this section we will mainly consider
pairs of closed sets of the plane, although many of our definitions are stated in more
generality.

The nature of the intersection between two sets A and B may be classified accord-
ing to whether their boundaries intersect, their interiors intersect, and whether the
boundary of either set intersects the interior of the other. (See [4, 15].)

Definition 13.1.1. Forsets arbitrary X;, X,, X3, X,,, definey (X, X5, X5, X,) = (X1, X5, X3, X4)
where x; = 0ifX; = 0and x; = 1ifX; + 0 (i = 1,2,3,4). Given two sets A, Bin a
topological space, their 4-intersection value is the binary 4-tuple

X(0ANOB,intAnintB,0A nintB,int A N dB).

The 4-intersection values realized by subsets of the Euclidean plane which are
homeomorphic to closed disks have suggestive names, given in Table 13.1.

For arbitrary closed sets A and B in the plane, all 16 possible 4-intersection values
may be realized. The 4-intersection value (0, 1,1, 1) is realized by connected sets A =
[0,2] x Rand B = [1,3] x R, and by disconnected sets C = [-2, 2]2 U ([5,7] x [-1,1])
and D = B((6,0),2) U B((0,0),1), where B(x,€) = {z € R? : d(x,z) < €}, as depicted in
Figure 13.2. The setsE = F = R? have 4-intersection value (0, 1,0, 0).

https://doi.org/10.1515/9783110686579-014
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Table 13.1: 4-intersection values realized by homeomorphic copies of closed disks.

X(@ANoB,intAnintB,0AnintB,intAn oB)

Disjoint (0,0, 0,0) Meet (1,0,0,0) Overlap (1,1,1,1) Equal (1,1,0,0)

OOROOMIP

Covers (1,1,0,1) Covered by (1,1,1,0) Contains (0,1,0,1) Inside (0,1,1,0)

(0,1,1,1) (0,1,1,1) (1,0,1,0)

Figure 13.2: More 4-intersection values.

The 4-intersection value (1,0, 1, 0) is realized with G = [-1,1]? U ([1,3] x {0}) and H =
[2,4] x [-1,1], as seen in Figure 13.2. Note that the set G has a “whisker” which intro-
duces boundary points of G which are not boundary points of int G. We may wish to
prohibit sets with whiskers.

Definition 13.1.2. A subset A of a topological space X is a regular closed set if A =
cl(intA).

A regular closed set in the plane can have no “whiskers”. It is left to the exercises
to show that, for a regular closed set A, 0A = d(int A) and (1, 0, 1, 0) and several other
4-intersections values cannot be realized with regular closed sets A and B.

Let us return to the idea of dynamically changing closed sets A(t) and B(t) in the
Euclidean plane. Figure 13.1 shows that it is possible for disjoint sets A and B (with
value (0,0, 0,0)) to morph to sets which meet (with value (1,0, 0,0)) without pass-
ing through any other intermediate values. In this situation, we will say the values
(0,0,0,0) and (1,0, 0, 0) are adjacent. Explicitly, 4-intersection values (x,y, z, w) and
(',y',z',w') are adjacent if there exist dynamic sets A(t) and B(t) moving continu-
ously over a time interval (a, b) containing ¢, with A(t), B(t) having value (x,y,z,w)
fort € (a,ty), having value (x',y’,z',w') for t € (ty,b), and either value (x,y,z,w)
or (x',y',z',w') at to. Figure 13.1 also shows that the 4-intersection value (1,0, 0, 0)
(meets) is adjacent to (1,1,1,1) (overlaps). The question presented there was whether
disjoint (0, 0, 0, 0) is adjacent to overlaps (1,1,1,1).
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Before we formally define what is meant by sets A(t) and B(t) moving continu-
ously, we will present some motivating examples and questions.

First, we present some dynamic sets A(t) and B(t) which move directly from dis-
joint to overlapping, skipping the meets stage.

Example 13.1.3. (a) Let A be the stationary set [-1,1]%. For t < 0, let B(t) = [2,4]%. For
t >0, let B(t) = [0, 2]2. Now A(t) and B(t) are disjoint for ¢t < 0 and overlap for t > 0O,
but the set B(t) hardly appears to be moving continuously.

(b) Let A be the stationary set {(x,y) € R*> : x > 1,y > 1/x} and for time t € R,
let B(t) = R x (-0, t]. In any reasonable definition of continuous motion, we would
expect that A(t) = A and B(t) are moving continuously. For t < 0, A(t) and B(t) are
disjoint. For t > 0, A(t) and B(t) overlap. There is no instant when the boundaries of
A(t) and B(t) intersect but their interiors do not.

(c)Forallt € R,letA(t) = A = [2,4]x[-1,1], and let B(t) = [-1,1]2U([1, 3] xcl(~t, t)).
Note that, for t < 0, the interval (-t,t) is empty, so B(t) = [-1, 1% is disjoint from
A(t). For t > 0, B(t) contains [1,3] x [-t,t], which causes the boundary and interior
of B to intersect the boundary and interior of A. Thus, A(t) and B(t) are disjoint for
t < 0 and overlap for t > 0. Note the importance of using cl(-t, t) instead of [, t]
in this construction. At t = 0, cl(-t,t) is empty, while [-t,¢] is not. Had we used
[=t, t] in the definition of B(t), then at t = 0, B(t) would have a whisker and A(0) and
B(0) would meet. Using cl(-t, t), however, A(t) and B(t) are regular closed sets at all
times.

One might try to use continuity of the area of closed sets A(t) and B(t) to help
quantify continuous motion. However, note that in Example 13.1.3(a), the area a(t) of
A(t) and b(t) of B(t) are constantly 4 and thus are continuous functions. However,
the area ab(t) of A(t) n B(t) is not continuous. It jumps from O for t < 0 to 1 for
t>0.

Example 13.1.3(b) clearly depends on the asymptotic unbounded nature of the
sets. That is, this example clearly depends on the non-compactness of A(t) and B(t),
and brings up the question of whether examples exist using compact sets. (Not only
are A and B unbounded, but they have infinite area.)

The sets A(t) and B(t) of Example 13.1.3(c) are regular closed and compact for all
t € R, and not only are the areas a(t) and b(t) of A(t) and B(t) continuous, but the area
ab(t) of A(t) n B(t) is also continuous. While these areas are continuous, the sudden
appearance of the extension [1,3] x cl(-t,t) for t > 0 suggests some form of discon-
tinuous morphing. For t = 0, B(t) is contained in the open set (-2,2)?, but there is
no neighborhood of t = 0 over which B(t) remains in (-2,2). This motivates our next
definition.

Definition 13.1.4. A function B : R — P(R?) is upper semicontinuous (or u.s.c., or
upper Vietoris continuous) at t if for every open set U ¢ R? with B(ty) < U, there
exists 6 > 0 such that |t — t,| < § implies B(t) € U.
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A function B : R — P(R?) is lower semicontinuous (or L.s. c., or lower Vietoris
continuous) at t, if for every open set U ¢ R? with B(ty)NU # 0, there exists § > 0 such
that |t — t,| < 6 implies B(t) N U + @.

IfB: R — P(R?) isbothu.s.c.andl.s. c. at ty, then it is said to be Vietoris contin-
uous at t,. A function B is upper semicontinuous (lower semicontinuous, Vietoris con-
tinuous) if it is upper semicontinuous (lower semicontinuous, Vietoris continuous) at
each point of its domain.

Now from our discussion above, the set B(t) of Example 13.1.3(c) is not u.s. c. at
t = 0. Upper semicontinuity prevents a set from expanding suddenly outside any given
neighborhood of the set. Lower semicontinuity prevents a set from suddenly shrink-
ing. For example, the function

[-3,3)% ift<o0,
B(t) =
© { [-1,1]* ift >0,
isu.s.c.ateverypointt € R, butisnotl.s.c.att = 0. The openset U = (2, 4)? intersects
B(0) but there is no neighborhood of t = 0 over which B(t) always intersects U.
Our next example shows that even if A(t) and B(t) are Vietoris continuous, they
may go directly from disjoint to overlapping without first meeting.

Example 13.1.5. A(t) will be a comb space, starting (at t = 1) with just the base of the
comb A(1) = [0,1] x{0}. As t decreases from 1 to %, A(t) grows three teeth from the base
ofthecombatx = 0,x = %, and x = 1. The heights of the teeth grow continuously from
Oto1l,so A(%) =A(1) u{o, % 1} x [0, 1]. This initial step of tooth growth grows not only
the interior tooth atx = %, but also the two outer teeth atx = O and x = 1. As t decreases
fromt = % to }', A(t) grows two new teeth from the base, at the midpoints of the bases
of the existing teeth. As t decreases from t = % to é, A(t) grows four new teeth from
the midpoints of bases of existing teeth, and so on. When t < 0, set A(t) = [0, 1%

Formally, A(t) is given by

A(t) = [0,1] x {0} fort>1,
A" =AMu({2"m:m=0,1,...,2"} x[0,1]) forne N,
A =A™ U2 'm:m=0,1,...,2""} x [0,2- 2""¢])
fort e [27"7,2"],n e Nu{0},
A(t)=[0,1]* fort<O.

It is easy to visualize that A(t) is both u.s.c. and l.s. c., but has a discontinuous
jump in area at t = 0.

Let B(t) be the reflection of A(t) over the line y = % translated to the left by s(t)
where s(t) is the piecewise linear function with s(t) = 0 for t < 0, s(t) = % fort > 1,
and s(2™") = 27" = half the distance between existing teeth at time t = 27", forn € N.
Now A(t) and B(t) are compact-valued u. s. c. and 1. s. c. functions with A(t) N B(t) = 0
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fort > 0 and A(t) n B(t) = [0,1] x [%, 1] for t < 0. In particular, A(t) and B(t) transform
from disjoint to overlapping without “meeting” first.

Fort > 0, the sets A(t) and B(t) are never regular closed, but it is easy to visualize
that by adding positive shrinking width to the base and teeth of the combs, we can
achieve the same results with regular closed sets, each homeomorphic to a closed disk.

Another illustrative example can be constructed using spirals.

Example 13.1.6. For t € [0,1), let A(t) = {(.0) : r = 1-1)6,0 < 6 < (1-t)'} and
let Bt) = {(r,0) : 7= (1-6)0+m),0 <0 <(1-t)'—m}.Fort > 1, put A(t) =
B(t) = {(r,0) : r < 1}. For t € [0,1), A(t) and B(t) are disjoint Archimedian spirals,
winding tighter around the origin with an increasing number of coils in the unit circle
as t approaches 1, as suggested in Figure 13.3. It is easy to see that the functions A(t)
and B(t) are u. s. c. and 1. s. c. and assume compact values for ¢t > 0, with A(t) and B(t)
disjoint for t € [0,1) and equal for ¢ > 1. Thus, disjoint and equal are adjacent using
u.s.c. and L. s. c. compact-valued functions. Again, these sets are not regular closed
for t € [0,1), but it is easy to see that the spirals could be thickened slightly to make
each homeomorphic to a closed disk.

<
>

Figure 13.3: Spirals A(t) and B(t) for t = .95,.965, and .975.

In the transformations from disjoint to overlapping or equal, we pass instantly
from int Anint B = 0 to int Anint B + @. Two ways this may occur are that the interior of
B may instantly appear inside int A, as in Example 13.1.3(c), or int A may engulf int B as
in Examples 13.1.5 and 13.1.6. In the former case, B(t) was not upper semicontinuous,
and in the latter, the areas of A(t), B(t), and A(t) n B(t) were not continuous. If A(t)
and B(t) are disjoint, upper semicontinuity will prevent int B from instantly appearing
inside int A, and continuity of the areas will prevent int B from being engulfed by int A.
This is our next theorem.

Theorem 13.1.7. Suppose A and B are u.s. c. functions on R, with values A(t) and B(t)
which are closed subsets of R? with finite areas, and suppose the area of A(t) n B(t) is
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a continuous function of t. Then the 4-intersection value disjoint (0,0, 0, 0) is not adja-
cent to 4-intersection values of form (x,1,z,w). That is, the 4-intersection value disjoint
(0,0,0,0) is not adjacent to any 4-intersection value with int A n int B # 0.

Proof. 1f (0,0, 0, 0) is adjacent to (x, 1, z, w) by closed subsets A(t), B(t) changing upper
semicontinuously with the area of A(t) n B(t) continuous, then, by restricting, rescal-
ing, and possibly reversing the time interval, we may assume that one of the following
two cases hold:

(a) intA(t) nintB(t) + @ fort < 0 and A(t) N B(t) = 0 for t > 0, or

(b) intA(t) nintB(t) #+ 0 fort < 0 and A(t) n B(t) = @ for t > 0.

That is, either there is a first instant of being disjoint or there is a last instant of int A(¢)n
int B(t) + 0.

In case (a), since A(0) and B(0) are disjoint closed sets in the normal space R?,
there exist disjoint open sets G, and Gg with A € G, and B < Gg. By the u.s. c. con-
dition, there exists § > O such that t € (-6,0] implies A(t) < G, and B(t) < Gg. This
contradicts the hypotheses of (a), so (a) cannot occur.

In case (b), if a(t) is the area of A(t) n B(t), then we have a(t) = O for t > 0 and
a(0) # 0. Thus the inverse image a *({0}) of the closed set {0} contains (0, co) but
not 0, and therefore is not closed. This contradicts the continuity of a, and thus case
(b) cannot occur. O

Exercises

1. Find all 4-intersection values which are possible between A = R? and B ¢ R%.
Prove that your list is complete and give examples for each 4-intersection value
which is realized.

2. If Ais asubset of a topological space, show that d(int A) < 04, and equality holds
ifand only if A ¢ cl(int A). In particular, note that equality holds if A is open or is
regular closed.

3. Show that 4-intersection values of form (x,0,1,w) and (x, 0, z,1) (where x,z,w €
{0,1}) cannot be realized with regular closed sets A and B.

4. Illustrate pairs of sets in the plane which have 4-intersection values (0,0, 0, 1),
(0,0,1,0),(0,0,1,1),(1,0,0,1), and (1,0,1,1).

5. Describe modifications of the spiral spaces given in Example 13.1.6 to show the
4-intersection value (0, 0,0, 0) (disjoint) is adjacent to the 4-intersection values
(1,1,0,1) (covers) and (0, 1,0, 1) (contains) using compact sets A(t) and B(t) which
are Vietoris continuous.

6. Show that if A(t) and B(t) are regular closed sets for all t € R and the areas of
A(t), B(t), and A(t)nB(t) are continuous, positive functions, then the 4-intersection
values (0, 0, 0, 0) (disjoint) and (1,1, 0,1) (covers) are not adjacent.
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7. In any topological space X, show that if C is connected and C n 0A = 0, then
CcintAorCnclA =4.
8. Use Exercise 7 to show that if A and B are nonempty connected subsets of the
plane, then they have 4-intersection value (0, 1,0, 1) if and only if B c int A.
9. (a) Use Exercise 7 to show that if A and B are subsets of R?> which are homeo-
morphic to the closed unit disk and have 4-intersection value (1, 1, 0, 0), then
A=B.
(b) Give an example of distinct closed sets A, B of R? with 4-intersection value
(1,1,0,0).

13.2 Continuous deformation of planar curves

In Examples 13.1.3(c) and 13.1.5 of dynamically changing sets which go directly from
disjoint to overlapping, the lengths of the boundaries of the sets are discontinuous.
The length of the boundary of a set may not be a good measure of the convergence
of the sets. The triangular region A = {(x,y) € [0, 1? - y < x} may be approximated
by the region A, obtained by replacing the diagonal side of A by a staircase of n steps
with height and width 1/n. It is reasonable to say that in some sense, (4,,);,2; converges
to A, but the length of the boundary of 4,, is 4 for every n € N, while the length of the
boundary of A is 2 + V2.

We now introduce a method for describing continuous deformation of curves in
the plane.

Definition 13.2.1. The interval [0, 1] with the Euclidean topology will be denoted by
I. In a topological space (X, 7), a path (or curve) from a to b is a continuous function
f : 1 — Xwith f(0) = aand f(1) = b. A path from a to a is called a closed curve or loop
based at a. A curve f is a simple curve if f is one-to-one. A closed curve f is a simple
closed curve if f is one-to-one on [0, 1). A simple closed curve in the Euclidean plane
is a Jordan curve.

In practice, a curve or path in (X, 7)) may be thought of either as the function f from
I to X or as the image f(I) as a subset of X. Simple curves do not intersect themselves.
An important theorem about simple closed planar curves was given by Camille Jordan
in 1887. While the result is entirely expected, the proof is surprisingly difficult and is
omitted.

Theorem 13.2.2 (Jordan curve theorem). A simple closed curve in R divides the plane
into three regions: the curve C, the bounded region In(C) inside the curve, and the un-
bounded region Out(C) outside the curve. Furthermore, the region In(C) is homeomor-
phic to an open ball in R%.

Jordan only gave the first sentence of the theorem above. The second sentence
was shown by Arthur Schonflies in 1906. The combined results are often called the
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Jordan—Schonflies theorem. In particular, note that the region inside a Jordan curve is
open and path connected. A Jordan curve together with the region inside (or outside)
of it is a regular closed set.

IfF : I — R?is a continuous function, then, for each fixed to e, F(ty,x): 1 — R?
is continuous, and thus is a path in R%. As t, ranges from O to 1, the paths F(t,, x)
move continuously in the plane, since F is continuous. Thus, a function F : I 2 L R?
provides a continuous morphing of the path F(0, x) to the path F(1, x). Such a function
F is a homotopy between the paths.

Definition 13.2.3. Suppose Y is a topological space. Two paths f,g : I — Y in Y are
path homotopic if there exists a continuous function F : I’ - Y with F(0,x) = fx)
and F(1,x) = g(x) for all x € I. The function F is a path homotopy from f to g. More
generally, if X and Y are topological spaces and f and g are continuous functions from
X to Y, then f is homotopic to g if there exists a continuous function F : I x X —» Y
(called a homotopy) with F(0,x) = f(x) and F(1,x) = g(x) for all x.

Clearly, path homotopies are special cases of homotopies; since we will only con-
sider path homotopies, we refer to them as simply as homotopies. Figure 13.4 depicts
a homotopy between two paths.

| PN R -
R —

I —

Figure 13.4: A homotopy.

In the plane, any paths f and g are homotopic. This can be shown by the straight-line
homotopy H : I - R? defined by H(t, x) = (1-t)f (x)+tg(x). Note that, for a fixed x, € I,
H(t, x,) traces the straight line from f (x,) to g(x,) as t goes from O to 1. Figure 13.5 shows
the straight-line homotopy from the unit circle f(x) = (cos(2mx), sin(271x)) to the line
segment g(x) = (2 - 4x,2) forx € I.

The next theorem is a fundamental result on homotopies.

Theorem 13.2.4. On the set C of paths in a topological space (Y, T), the relation f ~ g
if and only if f is homotopic to g is an equivalence relation.

Proof. Note thatf ¢ Cifand onlyiff : I — (Y, T) is continuous. Define F : I — Y by
F(t,x) = f(x). Forany openset V c Y, Flwvy=1 xf‘l(V), which is open in I%,s0Fis
a homotopy from f to f, and thus = is reflexive.

IfF:I? > Yisa homotopy with F(0,x) = f(x) and F(1,x) = g(x), then G(t,x) =
F(1-t,x) is a homotopy with G(0, x) = g(x) and G(1, x) = f(x), so = is symmetric.
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\__,/:

Figure 13.5: The straight-line homotopy from the unit circle to a line segment.

Suppose f =~ g and g = h. Then there exist homotopies F from f to g and G from
g to h. To get a homotopy H : I> — Y from f to h, we should trace the homotopy F for
t € [0,0.5] and trace G for t € [0.5,1]. The function that does this is

F(2t,x) ift € [0,0.5],

H(t,x) = { G2t —-1,x) ifte[0.5,1].

As the composition of continuous functions, F(2t,x) and G(2t — 1, x) are continuous,
and H is continuous by the pasting lemma. Thus, f = h, so = is transitive. O

With the “is homotopic to” equivalence relation, the equivalence class of a curve
f:I - YinY is called the homotopy class of f.

IfF : I — R?isa homotopy from f (x) = F(0,x) tog(x) = F(1,x)and F(t, 0) = F(t,1)
forallt € I, then eachslicet = t, defines a closed curve F(t,, x), which bounds a region
A(ty) in the plane. If additionally F is one-to-one on each {¢,} x [0, 1), then each slice
t = t, defines a simple closed curve, which by the Jordan curve theorem, bounds a
well-defined region homeomorphic to an open ball. The union of the bounding curve
and the enclosed region gives a closed and bounded region in the plane. Such sets are
Lebesgue measurable, so they have a well-defined finite area. Thus, such a homotopy
provides a continuous deformation of planar sets whose boundaries are simple closed
curves.

Definition 13.2.5. If A : I — P(R?) and A(¢t) is compact and 0A(t) is a simple closed
curve for every t € I, we say the sets A(t) are changing homotopically if there is a ho-
motopy F : I — R? with F(t, x) = 0A(t) for every t € I.

Our next result says that if sets A(t) are changing homotopically, x is in the interior
of A(0), and x never intersects the boundary of any A(t), then x is in the interior of all
the sets A(t).
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Lemma 13.2.6. IfA : I — P(R?) is changing homotopically, x is inside A(ty), and x ¢
0A(t) for t € (ty — 8,ty + 0), then x is inside A(t) for all t € (t, — 6,ty + 6). Thus, if a
set S is inside A(t,) and S N 0A(t) = 0 fort € (t, — 6.t + 6), then S is inside A(t) for all
te(ty—06,ty+6).

Proof. A transition from x inside A(¢,) to outside A(t) on an interval is possible if and
only if a transition from outside to inside is possible on an interval, so it suffices to
show that a point starting outside A(t;) remains outside. Suppose F : I’ > R’isa
homotopy with F(t,x) = 0A(t) for all t € I, x is outside A(t,), and x ¢ F(t,I) = 0A(t)
fort € (t, — 6.ty + 8). Let U be a neighborhood of x contained in Out(dA(t,)). Now
IR? is a subspace of its one-point compactification R? U {oo}, which, by stereographic
projection, is homeomorphic to the sphere S? = {(x,y,2) € R> : x? + y* + 22 = 1}, where
oo corresponds to the north pole p = (0,0,1) € S°. Thus, we may view F as a map from
I? to S%. Compose F : I> — S* with a homeomorphism h on S? which translates x to
the pole p and note that h preserves the set of outside points of each boundary curve.
Now the neighborhood h(U) of the point p at infinity avoids the boundaries h(dA(t))
fort e (ty - 6,ty + 6), and thus is contained in the unbounded outside of those curves.
Translating back through h ' shows that x remains outside all the curves dA(t) = F(t,I)
fort e (¢, - 6,ty + 0). O

For the following result, we will use the fact that if C is a closed subset of the plane
R? and € > 0 is given, then there exists an open set G with C < G such that the area of
G - Cis less than . This believable result follows from the fact that every closed set in
IR? is Lebesgue measurable, and a set C ¢ R? is Lebesgue measurable if and only if for
every € > 0, there exist a closed set F and an open set G with F ¢ C < G such that the
measure of G — F is less than €. We may apply this result to any Jordan curve C, since
the continuous image C ¢ R? of the compact set I is compact and thus closed.

Theorem 13.2.7. If sets A(t) in the plane are changing homotopically, then A is u.s. c.
and l. s. c., and has continuous area.

Proof. Suppose F : I> — R’ is a homotopy with F(t,x) = 0A(t) for every t ¢ I. To
see A is u.s.c., suppose U ¢ R? is an open set containing A(ty). By the hypotheses,
A is compact-valued, so we may assume U is bounded, for otherwise, we may replace
U by U n B((0,0), N) where A ¢ B((0,0),N). Now F(t,,I) = 0A(ty) € A(ty) € U, so
V = FY(U) is an open set in I containing the slice {to} x I. By the compactness of I,
the tube lemma implies V contains an open tube (¢, — &, t, + €) x I around the slice
{to} x I. Thus, for t € (¢t; — &, ¢y + &), F(t,I) = 0A(t) ¢ U. Since 0A(t) ¢ U is bounded
and Out(0A(t)) is unbounded, it follows that In(dA(t)) < U. That is, if the boundary of
A(t) remains in the bounded open set U, then the closed bounded region A(t) remains
inside U for t € (ty — &, ¢ty + €). Thus, Ais u.s.c.

The proof that A is L. s. c. is left to the exercises.

To show that the area a(t) of A(t) is continuous at each ¢, € I, suppose a neigh-
borhood (a(ty) — €, a(ty) + €) of a(ty) is given. Let U, be an open set of area less than
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€ which contains 0A(ty) = F(ty,I). Now F ’1(U8) is open in I? and, as above, contains
a tube (¢, — 6,ty + 6) x I. For t € (ty — 6,ty + 0), we have 0A(t) = F(t,I) < U, so
A(ty) - U, C A(t) € A(ty) U Uy, and thus |a(t) — a(ty)| < €. O

Our next result shows that sets moving homotopically cannot go directly from dis-
joint to overlapping.

Theorem 13.2.8. If A and B are changing homotopically, then the 4-intersection value
(0,0,0,0) (disjoint) is not adjacent to any 4-intersection value of form (x,1,z, w).

Proof. The proof is similar to that of Theorem 13.1.7. Suppose to the contrary that dis-
joint is adjacent to (x,1,z, w). With a restriction, rescaling, and possible reversing of
the time interval, we reduce the problem to one of the two following cases:

(a) intA(t) nintB(t) # 0 fort € [0,1/2) and A(t) N B(t) = @ for t € [1/2,1]

(b) intA(t) nintB(t) # @ for t € [0,1/2] and A(t) N B(t) = 0 for t € (1/2,1].

That is, either there is a first instant t = 1/2 when A(t) and B(t) are disjoint or there
is a last instant t = 1/2 of intA n intB # 0. The case (a) follows as in the proof of
Theorem 13.1.7, using the normality of R? and the upper semicontinuity of A and B.
In case (b), since intA(1/2) n intB(1/2) + 0, there exists x € intA(1/2) n int B(1/2).
Since x is not in the closed set 0A(1/2) U 0B(1/2), by regularity of the plane, there exist
disjoint open sets U and V with x € U and 0A(1/2) u 0B(1/2) ¢ V. If F is a homotopy
with F(t,I) = 0A(t), since V is an open neighborhood of 0A(1/2) = F(1/2,1), FY(V)isan
opensetinl 2 containing {1/2} xI, and thus containing a tube (1/2-6,1/2+6)xI. Hence,
fort e (1/2-6,1/2+ 6), F(t,I) = 0A(t) ¢ V and it follows that 0A(t) is disjoint from U.
Since U starts in the interior of A(1/2) and does not cross 0A(t) for t € [1/2,1/2 + 6), U
remains in the interior of A(t) for t € [1/2,1/2 + §). The same argument applies for B,
showing that U remains in the interior of B(t) for t € [1/2,1/2+6') for some §' > 0. Now
for all ¢ strictly between 1/2 and 1/2 + min{6, '}, we have ¢ + U ¢ intA(t) n int B(t),
contrary to the choice of ¢t = 1/2 as the last instant when the interiors intersected. [

Exercises

1. The depiction of the straight-line homotopy in Figure 13.5 suggests that the point
(1,0) is mapped by straight lines to both (-2, 2) and (2, 2). Explain why this does
not contradict the definition of the homotopy being a function.

2. Consider the unit circle f(x) = (cos(2mx),sin(2rx)) and the line segment g(x) =
(2-4x,2) for x € I, as depicted in Figure 13.5. If f and g are considered to be paths
in R? - {(0, 1.5)}, explain why the straight-line homotopy from f to g in R? is not a
homotopy F : I - R? - {(0,1.5)} from f to g in R? - {(0, 1.5)}. Prove that f and g
are homotopic in R? - {(0, 1.5)} by exhibiting a homotopy.
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3. Show that the boundary of the square [0,1]? is homotopic to the boundary of the
triangle having vertices (0, 0), (1, 0), (1,1).

4, Suppose f and g are paths in (X, 7) from a to b. Show that f and g are homotopic.
(Compare with Exercise 4 of Section 13.3.)

5. Suppose F : I’ > Risa homotopy.

(@) Define G : I’ - I x Rby G(t,x) = (x,F(t,x)). Thus, G(ty,x) maps I onto the
graph of F(t,, x). Show that G is continuous.

(b) Show that the sequence of functions f, = F(1/n,x) converges uniformly to
F(0,x).

6. SupposeF:I*> > Risa homotopy and for ¢, € I, A(t,) = j; F(ty, x) dx. Show that
this defines a continuous function A : I — R.

7. Suppose C is a rectifiable Jordan curve of length L parametrized by arc length, so
C = f([0, L)) for a continuous length-preserving function f : [0,L] — R?. Without
appealing to Lebesgue measure, show that, for any € > 0, there exists an open set
G of area less than € with C ¢ G.

8. Exhibit homotopies which show that the sets A(t) and B(t) of Figure 13.1 are mov-
ing homotopically.

9. Suppose a unit circle is moving in the plane so that its center traces a semicircular
arc of radius 4 units. Exhibit a homotopy showing that the unit circles are moving
homotopically.

10. Prove that if sets A(t) are changing homotopically, then 4 : [0,1] — P(R?) is lower
semicontinuous.

13.3 The fundamental group

In this section, we will associate to any given topological space a group, called the fun-
damental group. Homeomorphic topological spaces will produce isomorphic funda-
mental groups, so the fundamental group is a topological property. In particular, two
topological spaces whose fundamental groups are not isomorphic cannot be homeo-
morphic. The fundamental group is based on curves in the topological space.

Suppose X is a topological space and a € X. Recall that a loop in X based at a is a
continuous function f : I — X with f(0) = f(1) = a. We say two loops f, g based at a
are homotopic with fixed base point if there is a homotopy F : I — X from f to g with
F(t,0) = F(t,1) = aforallt € I. As in Theorem 13.2.4, it is easy to show that among
the loops in X based at a, “homotopic with fixed base” is an equivalence relation. An
equivalence class in this relation will be called a homotopy class of loops based at a,
or simply a homotopy class. The collection of all homotopy classes of loops in X based
at a will be denoted m; (X, a).

Iff,g : I — X are loops in X based at a, we define the product fg : I — X by

FQ28) ift € [0,0.5],

g2t -1) ifte[0.5,1]. (13.1)

fett)- |



13.3 The fundamental group =—— 295

Thus, fg traces f at double speed for t € [0, 0.5], then traces g at double speed for
t € [0.5,1]. By the pasting lemma, fg is continuous, and thus is a loop in X based at
a. It is easy to show that, for any loops f, g, h based at a, (fg)h is homotopic (with the
same fixed base) to f(gh).
Recall that a group is a set G with an operation - such that
(@ (a-b)-c=a-(b-c)foralla,b,c € G (associativity);
(b) there exists e € Gsuchthata-e = e-a = aforall a € G (existence of an identity
element);
(c) foreverya € G, there existsa™! € Gsuchthata-a™ = a™!-a = e (existence of
inverses).

Two groups (G, -) and (H, =) are isomorphic, denoted G = H, if there exists a bijection
h : G — H which preserves the operation, that is, such that h(a - b) = h(a) = h(b) for all
a,b € G. The trivial group is the group {e} consisting of one element. A group (G, -) is
abelian if and only if the operation is commutative (thatis,a-b = b-aforalla,b € G).

Theorem 13.3.1. The collection m;(X, a) of homotopy classes of loops in X based at a,
with the operation [f] - [g] = [fg], is a group, called the fundamental group of X based
at a.

Proof. First we will show that the operation [f] - [g] = [fg] is a well-defined operation
on 11;(X, a). Suppose [f] = [f'] and [g] = [g']. Then there is a homotopy F based at a
from f to f' and a homotopy G based at a from g to g'. Define H : I — X by

F(t, 2x) ifx € [0,0.5],

Hit.x = { G(t,2x-1) ifx € [0.5,1].
Note that H restricted to Ix[0, 0.5] traces the homotopy F with each path F(¢,, x) traced
at double speed, while H restricted to I x[0.5, 1] similarly provides a copy of G. Since H
is a homotopy based at a from fg to f'g’, we have [fg] = [f'g’]. Now ([f]- [g])- [h] traces
fand g for t € [0,0.5], and h for t € [0.5,1], while [f] - ([g] - [h]) trace f for t € [0, 0.5],
thengand hfor ¢t € [0.5,1]. It is straightforward to rescale the time parameters to show
that the two resulting loops based at a are homotopic, and thus determine the same
homotopy class in 71, (X, a).

The identity element in 77;(X, a) is the homotopy class of the constant path e(x) =
a. Given [f] € m(X, a), fe traces f in the first half second and remains constant for the
last half second. The homotopy
f(&) ifxefo ],

a ifx € [%,1],

F(t,x):{

traces f for the first half second and a for the last half second when t = 0, and as ¢
increases, it traces f on a longer interval and a on a shorter interval until ¢t = 1, when
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it traces f once for t € [0,1]. This homotopy based at a shows [fe] = [f]. Similarly,
lef] = [f].

Given a loop f : I — X based at a, we claim that the inverse of [f] € m(X,a)
is the homotopy class of f~(t) = f(1 — t). Note that f is simply f traced in reverse.
Now ff traces the loop f from a to a then retraces that path in reverse direction back
to a. To see the constant function e(x) = a is homotopic to ff~, we use the continuous
function F : I? — X such that, for t ¢ I, the loop F(t,I) traces the first 100t % of
f for x € [0,0.5], then retraces that path in reverse for x € [0.5,1], as suggested in
Figure 13.6. The homotopy that does this is

f(2tx) if x € [0,0.5],

Ftx) = { f@t(1-x) ifxe[05,1]. -

Figure 13.6: A homotopy from a to ff.

If f € m(X,a) is a loop in X based at a, observe that the straight-line “homotopy”
from ff ~ to a will not generally show that ff~ is homotopic to a. If f is as shown in
Figure 13.6 and X is a subset of R? which excludes some points inside the loop f, then
the straight lines from f(x) to a are not all contained in X, and thus the straight-line
“homotopy” is not a function from I to X, and thus not a homotopy into X. Since
f1=1f1"inm(X,a), f~ is sometimes denoted f .

Paths, such as ff~ for f € m (X, a), which can be continuously shrunk to a point
have a special name.

Definition 13.3.2. A path in (X, 7)) which is homotopic to a constant path e(x) = a is
said to be null homotopic. In particular, f € m;(X, a) is null homotopic if and only if [f]
is the identity element [e] in m1;(X, a).

Example 13.3.3.

(@) Any two paths in R? are homotopic by the straight-line homotopy, so every loop
based at a € R? is null homotopic, and thus nl(IRZ, a) is the trivial group {[e]}.

(b) IfA ={(x,y) € R?:1<x*+y? <3},and a = (2,0) € X, it is not the case that every
loop in A based at a is null homotopic. The path fi(x) = (2cos(2nx), 2 sin(27x))
loops once around the hole of the annulus A, and cannot be shrunk to the base
point a, staying in A. Figure 13.7 shows three members of [f;], that is, three loops
in A based at a = (2, 0) which are homotopic to f;. Any two loops in A which circle
the origin exactly n times in the same orientation are homotopic. The homotopy
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classes of (A, a) are characterized by the orientation (positive is counterclock-
wise, negative is clockwise) and how many times the loops circles around the ori-
gin. Thus, m;(4, a) is the additive group of integers (Z, +). For any choice of the
base point a in the annulus, the fundamental group based at a will be Z. We can
conclude that the annulus A is not homeomorphic to R? since, for every base point
aeR? nl(]Rz, a) is the trivial group and is not Z.

Figure 13.7: The loop (2 cos(2nx), 2 sin(2mx)) and two paths homotopic to it in the annulus.

()]

(d)

IfS' = {(x,y) € R? : x> +y? = 1}, then as in (b), forany a € S}, 7,(S',a) = (Z,+).
Clearly S! is not homeomorphic to the annulus, even though they have the same
fundamental group.

Recall that a torus is a surface homeomorphic to S' x S'. If a is any point on a
torus T, then the homotopy classes of paths based at a are determined by how
may radial and how many axial loops are made, and in which orientation. To see
that 77;(T, a) is an abelian group, it suffices to show that an axial loop a and a
radial loop r commute. A homotopy from ar to ra is easily seen when viewing T
as a quotient of [0, 2] x [0, 1], as suggested in Figure 13.8. Thus, m;(T, a) = Z x Z.

Figure 13.8: The fundamental group of the torus is Abelian.

In the examples above, the base point of the fundamental group was not im-

portant: any base point gave the same fundamental group. This is not always the
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case. For example, let X be the union of an annulus A and a unit disk D in the plane,
with A n D = @. Now for any a € A, loops based at A must be contained in A, and
m(X,a) = (Z,+). However, for any d € D, m;(X, d) is the trivial group. The base point
chosen is significant in this example since loops based at a € A cannot reach points
in D and loops based at d € D cannot reach points in A. This suggests the following
result.

Theorem 13.3.4. Ifthereis a path from a to b in the topological space X, then my(X, a) =
m (X, b).

Proof. Letp : I — X be a path from a to b. If f is a loop in X based at a, tracing p~
from b to a, then tracing f, then tracing p from a to b gives a loop based at b. This
suggests the isomorphism needed. Define h : m;(X, a) — m(X, b) by h([f]) = [p™ (fp)].
By associativity, we may define h([f]) = [p”][f][p] = [p]*1 [f1lp]. Given [g] € m(X, b),
[g] = h(lpgp™1), so his onto. If h([f]) = h([g]), then [p]'[f][p] = [p]"'[g]lp], and
multiplying by [p] on the left and [p]™! on the right gives [f] = [g] and thus h is one-
to-one. To see that h preserves the operation, note that h([f][g]) = [p]*1 [fllgllp] =

[p1”'[f1[plIp1 " [g][p] = A(FDA((E)). O

Corollary 13.3.5. If (X, T) is path connected and a, b € X, then m;(X, a) is isomorphic to
m (X, b).

As a consequence, in a path connected topological space (X, 7)), we may speak of
the fundamental group m;(X), omitting any reference to the base point for the loops.
The following definition is frequently used in complex analysis.

Definition 13.3.6. A topological space (X, T) is simply connected if it is path connected
and every loop is null homotopic.

Thus, a simply connected space is a path connected space with trivial fundamen-
tal group. The trivial fundamental group condition is loosely described as “having no
holes”.

Exercises

1. Provide explicit details to show that the operation - on the fundamental group
m(X, a) is associative.

2. For an arbitrary n € N, give a parametrization of a loop f,,(8) based at (2,0) in
the annulus X = {(x,y) € R>:1<x*+ y2 < 3} which circles the origin n times
counterclockwise and crosses itself no more than n times.

3. Does the converse of Theorem 13.3.4 hold? That is, if a and b are points in a topo-
logical space (X, 7) with (X, a) = m;(X, b), then is there a path from a to b in X?
Prove your answer.
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4. Pathsfandgin (X, 7)from a to b are said to be homotopic by based paths if there
is a homotopy F from f to g with F(t,0) = a and F(t,1) = b for all t € I. Show that
if for every a, b € X, every pair of paths f, g from a to b in (X, 7) are homotopic by
based paths, then every loop in (X, 7) is null homotopic. Does the result hold if
for every a # b in X, every pair of paths f, g from a to b in (X, 7) are homotopic by
based paths? (Compare to Exercise 4 of Section 13.2.)

5. Is the fundamental group of the figure-eight space Y = {(x,y) : x> +y? = 1}u{(x,y) :
(x — 2)? + y* = 1} isomorphic to the fundamental group of the torus? Justify your
answer.

6. Discuss the fundamental groups of the following path connected subsets of the
Euclidean plane.

@ X ={0cy): X +y < Buitey): (=27 +y’ <1}
(b) Y={(x,y,2) e R : x> +y* +2* =1}

© Z={xyz) eR:x*+y*+22 <1}

(d) W={(xy2) eR:1<x’+y*+2° <4}

(e C={(x,y,2) e R :x*+y’=1,0<z<1}

7. Suppose X and Y are topological spaces, x € X, and y € Y. Show that m(X x Y,
(x,y)) = m(X,x)xm;(Y,y). Recall that, for groups (G, -) and (H, *), G x H has group
operation (g1, h,)(8, hy) = (81 - 82, Iy * hy).

13.4 The Vietoris topology and the Hausdorff metric

In Section 13.2, we discussed ways to quantify continuous deformation of nonempty
closed sets A(t) € P(R?). A dynamically changing set A(t) is a function 4 : I — P(R?),
where the time interval I € R carries the Euclidean topology. To formally define con-
tinuity of the function A, we must define a topology on the codomain P(R?) of the
function A.

Dynamically changing sets are examples of set-valued functions or multifunctions,
that is, functions f : X — P(Y) for some sets X, Y. For example, if ¢/ is a uniformity
on X, then every entourage U € U defines a set-valued function U : X — P(X) where
U(x) ={y € X : (x,y) € U}; that is, U(x) is the slice of U determined by x.

If (X, T) is a topological space and C ¢ P(X) is a collection of subsets of X, a topol-
ogy on C is called a hyperspace topology.

Here we introduce one of the most common hyperspace topologies, the Vietoris
topology. Extensions of the results in this section can be found in the books Theory of
Correspondences by E. Klein and A. C. Thompson [26], Topologies on Closed and Closed
Convex Sets by G. Beer [5], and Hyperspaces of Sets by S. Nadler [39].

Definition 13.4.1. Given a set X, P, (X) is the collection P(X)— {0} of nonempty subsets
of X. If (X, T) is a topological space, F,(X) is the set of nonempty closed subsets of X,
and Ky (X) is the collection of nonempty compact subsets of X.
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Recall that a function A : R — P(R?) is Vietoris continuous if and only if it is
simultaneously upper Vietoris continuous and lower Vietoris continuous (that is, si-
multaneously upper semicontinuous and lower semicontinuous). This suggests that
the Vietoris topology on P,(X) will be defined in terms of an upper topology and a
lower topology.

A : R — P(R?) is upper Vietoris continuous at t, € Rif for every open set U R?
with A(ty) < U, there exists a neighborhood of ¢, over which the values of A remain
inside U. This suggests that the collection {B < R? : 0 # B ¢ U} of nonempty subsets
of R? which are contained in an open set U < R? should be an open set in the upper
Vietoris topology on 730(]R2).

Similarly, the definition of lower Vietoris continuity suggests that collections {B ¢
R? : BN U # 0} for any open set U ¢ R? should be open sets in the lower Vietoris
topology on PO(]RZ).

This motivates the following definition.

Definition 13.4.2. If (X, 7) is a topological space, the upper Vietoris topology T;, on
Po(X) is the coarsest topology on Py(X) in which each collection

{BePy(X):BcU}, UeT,

is 7;,-open. The lower Vietoris topology T, on P,(X) is the coarsest topology on Py (X)
in which each collection

(BePy(X):BNU 0}, UeT,

is 7,-open. The Vietoris topology T,, on Py(X) is the supremum 7;, v 7, of the upper
and lower Vietoris topologies.

Thus, 7;, has a subbasis
Sy={BePyX):BcU}:UeT}
and 7, has a subbasis
Sp={{BePyX):BnU+0}:UeT}

Since being contained in each of U;, U,, ..., U, € T is equivalent to being contained in
Uin---nU, € T, 8, is closed under the formation of finite intersections, so S, is in fact
already a basis 5,, for the upper Vietoris topology 7;,. However, B intersecting each of
Ui,..., U, € T is a weaker condition than B intersecting U; n --- n U, and is stronger
than Bintersecting U; U- - -UU,, so the subbasis S is not a basis for a topology. A basis
for 7 is given by

Br={{BePy(X):BNU;#0(i=1,...,n)}:Uy,...,U, € T}.
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The Vietoris topology 7y, = T;; vV 7, has subbasis B;, UB,. Because B, and
By = &, are each closed under finite intersections, 7, has basis elements of the
form

[U; Vi, V..., Vy] = {B € Py(X) : B < U}
N{BePyX):BNV;#0(i=1,...,n)}
={BePy(X):BcUBNV,#0(i=1,...,n)}

where U, V,,...,V, € T. Thus,
B={U;V,,....,V,]: U, Vy,....,V, € T}

is a basis for the Vietoris topology 7.
Another basis for 7y, is

B ={(Viy.., Vi) : Vi Vy € T}

where

n
(Vy. V) = {BePO(X):BgUVn,BmVi;eo(i:l,...,n)}.
i=1

It is left to the exercises to verify that B' really is a basis for a topology on Py(X). To
see that B and B’ generate the same topology, note that

<V1,...,Vn>:[X;Vl]n---ﬂ[X;Vn]ﬂ[ Vis V1:| €T

n n
i=1 i=1

and
(U Vy,..., V] = Uy n{X, V..., V) € T

Thus, B' ¢ Tgand B € Ty, s0 T = Tp-

Using the basis B’ for the Vietoris topology 7;,, a basic open neighborhood of A €
Py(X) is determined by a finite open cover C = {V;,...,V,} of A such that each V;
intersects A. The basic neighborhood of A is then the collection of all sets B € Py(X)
covered by C such that B intersects each V; € C.

The Vietoris topology was introduced in 1922 in one of the first publications of
the Austrian mathematician Leopold Vietoris. Vietoris continued to publish papers
for over 70 years, to the age of 103. Before his death at the age of 110 in 2002, he was
the oldest man in Austria.

Most applications of the Vietoris topology occur when X is a metric space and
Po(X) is replaced by F,(X) or Ky (X).
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We will show that if (X,d) is a metric space, the Vietoris topology on Kq(X) is
metrizable.

The Hausdorff metric. In his 1914 text Grundziige der Mengenlehre, Felix Haus-
dorff introduced a distance function on the collection F,(X) of nonempty closed sub-
sets of a metric space (X, d).

Definition 13.4.3. Let (X, d) be a metric space.

(@) Fora € X and B € F,(X), d(a, B) = infy.g d(a, b).

(b) For A,B € Fy(X), d(A,B) = sup,e, d(a, B).

(c) The Hausdorff metric on Fy(X) is the function h : F,(X)> — R U {oo} defined by
h(A,B) = max{d(A, B),d(B,A)}.

The next definition and theorem provide a geometric characterization of the Haus-
dorff metric.

Definition 13.4.4. Let (X, d) be a metric space. For € > 0, the e-enlargement (or the
e-fattening, or the e-collar) of B € F(X) is

B, ={x € X :3b ¢ Bwithd(x,b) <&} = | | B(b,e),
beB

where B(b, ) = {x € X : d(b, x) < €}.

Theorem 13.4.5. If(X,d)is a metric space and A, B € F(X), thend(A, B) < eif and only
if A € B,. Thus,

h(A,B) =infle >0: A CB,,BCA,}.

This result is suggested by a careful consideration of Figure 13.9. The proof is left
to the exercises.

d(4.8)/ |dB4)  dA4.C)/

A / A

Figure 13.9: h(A,B) = d(A, B); h(A,C) = co = d(C,A).

Since the Hausdorff metric may assume the value oo, it does not officially satisfy the
definition of a metric. There are two approaches to remedy this. One could consider
the Hausdorff metric only on closed subsets of a bounded metric space so h(4,B) is
never oo, or one could allow distances to be infinite. An extended metric on Y is a
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function h : Y — R U {oo} satisfying all the properties of a metric. Given any extended
metric h, ﬁ(x, y) = max{h(x,y), 1} defines a bounded metric which produces the same
topology as h, so there is little harm in allowing extended metrics.

Theorem 13.4.6. If (X, d) is a metric space, the Hausdorff metric h on Fy(X) is an ex-
tended metric.

Proof. Since the other properties are straightforward, we will only verify the triangle
inequality. Suppose A, B, C € F(X). Given a € A, c € C, we have

d(a,B) = %ng d(a,b)
€
< inf(d(a, ¢) + d(c, b))
beB
=d(a,c) + infd(c, b)
beB

=d(a,c) + d(c,B)
<d(a,c) + supd(c,B)

ceC

=d(a,c) +d(C,B).
Since this holds for every ¢ € C, we have
d(a,B) < infd(a,c) + d(C,B)
ceC

=d(a,C) +d(C,B)
<supd(a,C) +d(C,B)

acA

=d(4,C) +d(C,B).

Since this holds for every a € A, d(A,B) = sup,4 d(a,B) < d(4,C) + d(C,B). Now it
is easy to show that if d satisfies the triangle inequality, then h defined by h(4,B) =
max{d(4, B), d(B, A)} satisfies the triangle inequality. O

Lemma 13.4.7. If A is a compact subset of a metric space (X,d) and U is an open set
containing A, then there exists € > 0 such that A, < U.

Proof. For each a € A, there exists €, > 0 such that B(a,&,) < U. The open cover
{B(a,£,/2) : a € A} has a finite subcover {B(a;,&,/2) : i = 1,...,n}. Let € = min{e, /2 :
i=1,...,n}. Nowif b € A, there exists a € A such that d(b,a) < ¢. Pick g; such that
a € B(a;&,,/2). Now db,a;) < d(b,a) +d(a,a;) < €+ €q,/2 < &g, Thus, b € Bl(a;,
&) € U. O

Theorem 13.4.8. On the collection Kq(X) of nonempty compact subsets of a metric
space (X, d), the metric topology Ty, from the Hausdorff metric h is the Vietoris topol-

ogy TV .

Proof. First we will show that each 7, ball B,(4,¢) around A € Ky (X) contains a 7,
neighborhood of A. Suppose A € Ky(X) and € > 0 is given. The open cover {B(a, £/4) :
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a € A} of A has a finite subcover {B(a;,&/4),...,B(a,,&/4)}, and (B(a;,€/4),...,B(a,,
€/4)) € T,.Nowclearly A € (B(ay,€/4),...,B(ay, €/4)).1fB € (B(ay, €/4),...,B(a,, €/4))
and b € B, then b € B(a; e/4) for some i € {1,2,...,n}, so d(b,a;) < €/4 and
thus b € A,/,. This shows B ¢ A, < A,p. Furthermore, if a € A, there exists
je{l,...,n}witha e B(a;, €/4), and since B € (B(a;,&/4),...,B(ay, £/4)), there exists
b € B(aj,e/4) N B. Now {a,b} < B(a;,¢/4) implies d(a,b) < €/2,s0 A € B,p,. Thus,
h(A,B) = inflfe > 0: A ¢ B,,B C A} < €/2 < ¢&,50B € By(4,¢). Thus, (B(a;,e/4),. ..,
B(ay,,e/4)) < By(A,¢€), so Ty, is finer than 7j,.

Now suppose (U;,...,U,) € Ty, and A € (Uj,...,Uy,). Foreachi = 1,...,n, pick
a; € AnU; and pick & > 0 such that B(a;, &;) < U;. By Lemma 13.4.7, we may choose
& > OsuchthatA, < Uy U---UU,. Lete = min{ey,&/2,...,€,/2}. We will show
By(A,¢€) < (Uy,...,Uy). To this end, suppose B € By(A,¢€). Then h(A,B) = inf{y > 0 :
A cB,BcA)} <e Inparticular, B < A, € A, € U U--- U Uy,. Now it only remains
toshow BN U; # 0 foreachi = 1,...,n. Giveni, A ¢ B, € B ),, so for every a € 4,
there exists b € B with d(a, b) < ¢;/2. In particular, for a; € A there exists b € B with
d(a;,b) < €;/2 < &. Now b € Bn B(a;, €;) € BN U;, showing BN U; # 0, as needed. [

Exercises

1. Verify that B’ given after Definition 13.4.2 really is a basis for a topology on Py (X).
. Given A,B € Fy and € > 0, verify that d(4, B) < eif and only if A € B,.

3. Iff : R> > R?is continuous, define f : (ICO(IRz), Ty) — (ICO(IRZ), Tv) byf(A) =
f(A). Show that f is continuous.

4. InR? let U; = B((0,0),2) and U, = B((2,0),2). Suppose the rectangle A = [a, b] x
[c,d] is in the 7y,-open set (U;, U,). How many corners of A can lie in U;? More
specifically, for which k € {0, 1, 2, 3, 4} is it possible to find a rectangle A = [a, b] x
[c,d] in (U, U,) with exactly k of its corners in U;? Justify your answers.

5. Suppose A is a closed set in a metric space and &,§ > 0. Show that (4,)s € A..s
and that equality need not hold.

6. Under what conditions does [, 4, = 4¢?

7. (a) If Aisa compact subset of a metric space (X, d) and C is an open cover of A,
prove that there exists anumber § > 0 such that, forany a € A, the ball B(a, 6)
is contained in some U € C. The number § is called the Lebesgue number of
the cover.

(b) Show that (a) implies Lemma 13.4.7.

8. Let hbe the Hausdorff metric on ]-‘0(]R2). For the pairs of sets A and B given below,

find d(A, B),d(B,A), and h(A, B).

(@) A=[0,11%B=[4,1] x [5,3]

() A={(xy) e R>: x>+ (y-2? =1}, B ={(x,y) e R®: x> +y* = 16}

(€ A={(xy) e R?:x*+y* <1},B = ([-4,-3] x [-1,1]) U ([1, 2] x [-1,1])

9. Complete the following characterizations. Justify your answers.
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(a) The Hausdorff distance between two lines L and M in the Euclidean plane R’
is finite if and only if .. ..

(b) The Hausdorff distance between two closed half-planes A and B in the Eu-
clidean plane R? is finite if and only if . . ..

If (X, d) is a metric space, show that f : (X,d) — (Fy(X), h) defined by f(x) = {x} is

an isometry, so (by Exercise 17 of Section 6.1), X is homeomorphic to the subspace

{{x} : x € X} of (Fy(X), h).

If (X, d) is a metric space, the Hausdorff metric on F,(X) is defined by h(4,B) =

max{d(A, B),d(B,A)}, where d(A,B) = sup,s d(a,B). Show that d : Fy(X) x

Fo(X) — Ris a hemimetric. (Hint: See the proof of Theorem 13.4.6.)

If (X,d) is a metric space and h : Fy(X) x Fo(X) — R is the Hausdorff metric

h(A, B) = max{d(A, B), d(B, A)}, the proof of Theorem 13.4.6 showed that d satisfies

the triangle inequality. Complete the missing steps there to show that h satisfies

the triangle inequality.
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set-valued function 299
simple curve 289

Simplex combination lock 191
simplified Arens square 164
simply connected 298

single transmitter topology 35
singleton set 2

slice 259

Sorgenfrey topology 44
specialization order 196
specialization topology 195
square of a uniform space 268
square-free part 10

standard bounded metric 134
Steiner, Anne K. 216
stereographic projection 95, 101
Stone, Marshall 171
Stone—Cech compactification 171
straight-line homotopy 290

Index = 311

strictly decreasing function 12
strictly increasing function 7, 12
strictly monotone function 12
strongly T,-ordered 221
strongly T,-ordered 226
subbase for a uniformity 266
subbasis 46

subcover 116

sublattice 203

subset 2

subspace topology 65, 66
sufficient condition 4

sup metric 24,133,139
superset 2

supremum 13

surjective 6

symmetric 10

symmetric difference 244
symmetrization 263, 265
symmetrization metric 239

T, 157

Ty-reflection 200

T, 157

T,-ordered 220
TK-ordered 225

T, 36,157

T,-ordered 221

T, 157

T35 164

T, 157

T,-ordered 226

Tarski, Alfred 177, 204
Tarski fixed-point theorem 204
Tarski paradox 177

taxicab metric 26, 133
Tietze, Heinrich 157
topological property 76, 97
topological space 32
topologically equivalent 76
topologist’s sine curve 113
topology 30, 32

topology of sets disjoint from S 184
topology of subsets 184
topology of supersets 184
total order 12

total quasiorder 191
totally bounded 126, 129
totally quasiordered 199
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transcendental number 18
transitive 10, 12
Trennungsaxioms 157
triangle inequality 21, 133, 233, 239, 241, 246
triangular number 257
trivial group 295

trivial order 219

trivial pseudometric 233
tube lemma 119, 292

twin primes 4

twin primes conjecture 68
Tychonoff, A.N. 146, 170
Tychonoff space 164
Tychonoff theorem 176, 178

u.s.c. 285

ultrafilter 213

ultrametric 250
ultratopology 213
Umgebung 52

uncountable 8

uniform continuity 253, 272
uniform convergence 140
uniform metric 140

uniform space 258, 261
uniform structure 261
uniform topology 140, 148, 262, 266
uniformities 258
uniformity, subbase 266
uniformizable 262

uniformly continuous 253, 272
union 2

union topology 72

universal set 2

upper bound 13

upper semicontinuous 285
upper set 192

upper Vietoris continuous 285
upper Vietoris topology 300
upset 192

upward closed set 192
Urysohn, Pavel S. 165
Urysohn’s lemma 165

van Rooij, A.C. M. 217
Vietoris, Leopold 157, 301
Vietoris topology 300
voisinage 52, 260

Weierstrass, Karl 150

Weierstrass approximation theorem 150
weighted metric space 248

Whitman, Philip 217

whole numbers 1

Wilson, W. A. 242

Zermelo, Ernst 177
zero set 166

Zorn, Max 177
Zorn’s Lemma 177
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