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ABSTRACT. This is a set of lecture notes for a series of introductory courses in
Topology for undergraduate students at the University of Science, Vietham Na-
tional University—-Ho Chi Minh City. It is written to be delivered by myself, tai-
lored to my students. I did not write it with other lecturers or self-study readers in
mind.

In my experience many things here are much better explained in oral form
than in written form. Therefore in writing these notes I intend that more expla-
nations and discussions will be carried out in class. I hope by presenting only the
essentials these notes will be more suitable for classroom use. Some details are left
for students to fill in or to be discussed in class.

Since students in my department are required to take a course in Functional
Analysis, I try not to duplicate material in that course.

A sign / in front of a problem notifies the reader that this is an important
one although it might not appear to be so initially. A sign * indicates a relatively
more difficult problem.

This is a draft under development. The latest version is available on my web
page at

http:/ /www.math.hcmus.edu.vn/~hqvu.
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General Topology

1. Set

In General Topology we often work in very general settings, in particular we
often deal with infinite sets. We will not define what a set is. That means we will
work on the level of “naive set theory”. We will use familiar notions such as maps,
Cartesian product of two sets, ... without giving precise definitions. We will not
go back to definitions of the natural numbers or the real numbers.

Even so we should be aware of certain problems in naive set theory. Until
the beginning of the 20th century, the set theory of George Cantor, in which set is
not defined, was thought to be a good basis for mathematics. Then some critical

problems were discovered.

Example (Russell’s paradox). Consider the set S = {x | x ¢ x} (the set of all sets
which are not members of themselves). Then whether S € S or not is undecidable,
because answering yes or no to this question leads to contradiction. E]

Axiomatic systems for the theory of sets have been developed since then. In
the Von Neumann-Bernays-Godel system a more general notion than set, called
class (16p), is used ([Dug66) p. 32]). In this course, in occasions where we deal with

“set of sets” we often replace the term set by the terms class or collection (ho).

Indexed collection. Suppose that A is a collection, [ isa setand f : I — Ais
a map. The map f is called an indexed collection, or indexed family (ho dugc danh
chi s6). We often write f; = f(i), and denote the indexed collection f by {f;}ics.
Notice that it can happen that f; = f; for some i # j.

Example. A sequence in a set A is a collection of elements of A indexed by the set

Z™ of positive integer numbers.

Relation. A relation (quan hé) R on a set S is a non-empty subset of the set S x S.
When (a,b) € R we often say that a is related to b.
A relation is:
(a) reflexive (phan xa) if Va € S, (a,a) € R.
(b) symmetric (d6i xing) if Va,b € S, (a,b) € R = (b,a) € R.

IDiscovered in 1901 by Bertrand Russell. A famous version of this paradox is the barber paradox: In
a village there is a barber; his job is to do hair cut for a villager if and only if the villager does not cut
his hair himself. Consider the set of all villagers who had their hairs cut by the barber. Is the barber
himself a member of that set?
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(c) antisymmetric (phan dbi xung) if Va,b € S, ((a,b) € RA (b,a) €R) =
a="b.
(d) transitive (bac cau) if Va,b,c € S, ((a,b) € RA (b,c) € R) = (a,c) € R.
An equivalence relation on S is a relation that is reflexive, symmetric and transitive.
If R is an equivalence relation on S then an equivalence class (16p tuong duong)
represented by a € S is the subset [a] = {b € S| (a,b) € R}. Two equivalence
classes are either coincident or disjoint. The set S is partitioned (phan hoach) into
the disjoint union of its equivalence classes.

Equivalent sets. Two sets are said to be equivalent if there is a bijection from one
to the other.

Example. Two intervals [a, b] and [c, d] on the real number line are equivalent. The
bijection can be given by a linear map x Z%; (x — a) + c. Similarly, two intervals

(a,b) and (c,d) are equivalent.
The interval (—1, 1) is equivalent to R via a map related to the tan function:

X —

X
NS

Countable sets.

Definition. A set is called countably infinite (v han dém dugc) if it is equivalent
to the set of all positive integers. A set is called countable if it is either finite or
countably infinite.

Intuitively, a countably infinite set can be “counted” by the positive integers.
The elements of such a set can be indexed by the set of all positive integers as a

sequence ai,as,43, . . . .
Example. The set Z of all integer numbers is countable.
Proposition 1.1. A subset of a countable set is countable.

PROOF. The statement is equivalent to the statement that a subset of Z* is
countable. Suppose that A is an infinite subset of Z*. Let a; be the smallest
number in A. Let a,, be the smallest number in A\ {a1,42,...,4,_1}. Thena, 1 <
a, and the set B = {a,| n € Z" } is a countably infinite subset of A.
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We show that any element m of A is an a, for some 1, and therefore B = A.

Let C = {a, | a, > m}. Then C # @ since B is infinite. Let a,, = minC.
Then a,, > m. Further, since a,,_1 < ay, we have a,,_1 < m. This implies
m e A\ {ay,ay,...,4,_1}. Since ay, = min (A\ {ay,a2,...,a,,-1}) we must
have a,;, < m. Thus a,, = m. O

Proposition 1.2. If there is a surjective map from Z* to a set S then S is countable.

PROOF. Suppose that there is a surjective map ¢ : Z* — S. For eachs € S
the set ¢! (s) is non-empty. Let n; = min¢~!(s). The map s + 75 is an injective
map from S to a subset of Z ", therefore S is countable, by O

Theorem 1.3. The union of a countable collection of countable sets is a countable set.

PROOF. The collection can be indexed as A1, Ay, ..., A;,... (if the collection
is finite we can let A; be the same set for all i starting from a certain index). The
elements of each set A; can be indexed as a;1,4;2,...,4;j,... (if A; is finite we can
let 4; ; be the same element for all j starting from a certain index).

This means there is a surjective map from the index set Z* x Z™ to the union
Uier Aiby (i,]) — ai.

Thus it is sufficient for us, by[L.2} to prove that Z* x Z* is countable.

We can index Z* x ZT by the method shown in the following diagram:

(1,1) —— (1,2) (1,3) — (1,4)

(2,1) (2,2) (2,3)
e

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

e

4,1) (4,2)

e

(5,1)

Theorem. The set Q of all rational numbers is countable.

PROOF. One way to prove this result is to write Q = U4 {% | p € Z}, then
use[l.3

Another way is to observe that if we write each rational number in the form
% with g > 0 and ged(p,q) = 1 then the map % — (p,q) from Q to Z x Z is
injective. U

Theorem 1.4. The set R of all real numbers is uncountable.
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PROOF. The proof uses the Cantor diagonal arqument.
Suppose that set of all real numbers in decimal form in the interval [0, 1] is
countable, and is enumerated as a sequence {4; | i € ZT }. Let us write

a = 0.a1,1ﬂ1,2a1,3 -

a; = 0.612/1612[2&2,3 .

a3 — 0.&13/1&3[2&3]3 .

There are real numbers whose decimal presentations are not unique, such as
% = 0.5000... = 0.4999.... Choose a number b = 0.b1bybs3... such that b, #
0,9 and b, # au,. Choosing b, differing from 0 and 9 will guarantee that b #
a, for all n (see more at [1.20). Thus the number b is not in the above table, a
contradiction. O

Theorem 1.5 (Cantor-Bernstein-Schroeder). If A is equivalent to a subset of B and B
is equivalent to a subset of A then A and B are equivalent.

PROOF. Suppose that f : A — Band g : B — A are injective maps. Let
Ay = g(B), we will show that A is equivalent to A;.

Let Ag = A and By = B. Define B,.1 = f(A,) and A, ;1 = g(By). Then
Ap4+1 C Ay. Furthermore via the map g o f we have A,, |, is equivalent to A;, and
Ap\ Aps1isequivalent to A1\ Aygo.

Using the following identities

A:(A\Al)u(A1\Az)u...u(An\AnH)u...u(ﬁ Ap),
n=1

A1 = (A1 \ A2) U (A2 \ 43) U+ U (An \ Ay1) U-. U ([ An),
n=1

we see that A is equivalent to A;. O

Order. An order (thw tu) on a set S is a relation R on S that is reflexive, anti-
symmetric and transitive.

Note that two arbitrary elements 2 and b do not need to be comparable; that is,
the pair (4, b) may not belong to R. For this reason an order is often called a partial
order.

When (a,b) € R we often write a < b. When a < b and a # b we write a < b.

If any two elements of S are related then the order is called a total order (thi tu
toan phan) and (S, <) is called a totally ordered set.

Example. The set R of all real numbers with the usual order < is totally ordered.



1. SET 5

Example. Let S be a set. Denote by 25 the collection of all subsets of S. Then
(25,C) is a partially ordered set, but is not totally ordered if S has more than one

element.

Example (Dictionary order). Let (S1,<1) and (S, <) be two ordered sets. The
following is an order on S; x Sy: (a1,b1) < (ap,by) if (a1 < ap) or ((a; = az) A
(by < by)). This is called the dictionary order (thi tu tir dién).

In an ordered set, the smallest element (phan ti nhé nhat) is the element that is
smaller than all other elements. More concisely, if S is an ordered set, the smallest
element of S is an element a € S such that Vb € S,a < b. The smallest element, if
exists, is unique.

A minimal element (phan t cuc tiéu) is an element which no element is smaller
than. More concisely, a minimal element of S is an element a € S such that Vb €
S,b < a = b = a. There can be more than one minimal element.

A lower bound (chan dudi) of a subset of an ordered set is an element of the set
that is smaller than or equal to any element of the subset. More concisely, if A C S
then a lower bound of A in S is an element a € S such thatVb € A,a < b.

The definitions of largest element, maximal element, and upper bound are

similar.

Cardinality. A genuine definition of cardinality of sets requires an axiomatic treat-
ment of set theory. Here we accept that for each set A there exists an object called
its cardinal (luc lugng, ban sd) |A|, and there is a relation < on the set of cardinals
such that:

(a) If a set is finite then its cardinal is its number of elements.

(b) Two sets have the same cardinals if and only if they are equivalent:

|A| = |B| <= (A~ B).

(c) |A| < |B|if and only if there is an injective map from A to B.
Theorem [L.5]says that (|A| < [B| A |B| < |A]) = |A| = |B.
The cardinal of Z™" is denoted by R EI while the cardinal of R is denoted by ¢
(continuum). Since any infinite set contains a countably infinite subset, ¥ is the

smallest infinite cardinal. Since R is uncountable, we have R < CEI

Theorem (No maximal cardinal). The cardinal of a set is strictly less than the cardinal
of the set of all of its subsets, i.e. |A| < [24].

This implies that there is no maximal cardinal. There is no “universal set”,

“the set which contains everything”, or “the set of all sets”.
PROOF. Let A # @ and denote by 2/ the set of all of its subsets.

(@) |A| < |24|: The map from A to 24: a — {a} is injective.
p ]

2% is read “aleph”, a character in the Hebrew alphabet.
3Georg Cantor put forward the Continuum hypothesis: There is no cardinal between X and c.
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(b) |A| # |24]: Let ¢ be any map from Ato24. Let X = {a € A|a & ¢(a)}.
Suppose that there is x € A such that ¢(x) = X. Then the question
whether x belongs to X or not is undecidable. Therefore ¢ is not surjec-
tive.

O
The Axiom of choice.

Theorem. The following statements are equivalent:

(a) Axiom of choice: Given a collection of non-empty sets, there is a function defined
on this collection, called a choice function, associating each set in the collection
with an element of that set.

(b) Zorn lemma: If any totally ordered subset of an ordered set X has an upper bound
then X has a maximal element.

Intuitively, a choice function “chooses” an element from each set in a given
collection of non-empty sets. The Axiom of choice allows us to make infinitely
many arbitrary choices in order to define a function. EI

The Axiom of choice is needed for many important results in mathematics,
such as the Tikhonov theorem in Topology, the Hahn-Banach theorem and Banach-
Alaoglu theorem in Functional analysis, the existence of a Lebesgue unmeasurable
set in Real analysis, ....

There are cases where this axiom could be avoided. For example in the proof
of [1.2|we used the well-ordered property of Z* instead. See for instance [End77,
p. 151] for further material on this subject.

Zorn lemma is often a convenient form of the Axiom of choice.

Cartesian product. Let {A;};c; be a family of sets indexed by a set I. The Carte-
sian product (tich Decartes) [ ];c; A; of this family is defined to be the collection of
allmapsa : I — U;c; Aj such thatifi € I thena(i) € A;. The statement “the Carte-
sian product of a family of non-empty sets is non-empty” is therefore equivalent
to the Axiom of choice.

An element a of [;c; A; is often denoted by (4;);c;, with a; = a(i) € A; being
the coordinate of index i, in analog to the finite product case.

Problems.
1.6. Check that (Uiel Az) N (U]€] B]) = UiEI,jE] AN B]

1.7. Which of the following formulas are correct?

@) (Uier A1) N (Uier Bi) = Uier(Ai N B;).
() Nicr(Ujey Aij) = Uier(Njey Aij)-

“4Bertrand Russell said that choosing one shoe from each pair of shoes from an infinite collection of
pairs of shoes does not need the Axiom of choice (because in a pair of shoes the left shoe is different
from the right one so we can define our choice), but if in a pair of socks the two socks are same, then
choosing one sock from each pair of socks from an infinite collection of pairs of socks needs the Axiom
of choice.
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1.8. Let f be a function. Show that:
@ f(U;Ai) = U; f(A)).
(b) f(N; A;) CN;f(A;). If f is injective (one-one) then equality happens.
© fHUiA) = Ui fH(A).
(@) f7HN: A = M f7H(A).
1.9. Let f be a function. Show that:

@) f(f~1(A)) C A.If f is surjective (onto) then equality happens.
(b) f1(f(A)) D A.If f is injective then equality happens.

1.10. Show that a union between a countable set and a finite set is countable.
1.11. If A is finite and B is infinite then A U B is equivalent to B.
1.12. Show that two planes with finitely many points removed are equivalent.

1.13. Give another proof of[.3]by checking that the map Z* x Z+ — Z7, (m,n) — 23"

is injective.

1.14. Show that the set of points in R” with rational coordinates is countable.
1.15. Show that if A has 1 elements then |2| = 2".

1.16. Show that the set of all functions f : A — {0,1} is equivalent to 24.

1.17. A real number « is called an algebraic number if it is a root of a polynomial with
integer coefficients. Show that the set of all algebraic numbers is countable.

A real number which is not algebraic is called transcendental. For example it is known
that 77 and e are transcendental. Show that the set of all transcendental numbers is uncount-
able.

1.18. Show that the intervals [a, b], [2,b) and (a, b) are equivalent.

1.19. A continuum set is a set whose cardinal is c¢. Show that a countable union of contin-

uum sets is a continuum set.

1.20. Show that any real number could be written in base d withany d € Z, d > 2. However
two forms in base d could represent the same real number, as seen in[1.4} This happens only
if starting from certain digits, all digits of one form are 0 and all digits of the other form are
d — 1. (This result is used in[T.4])

1.21 2% = ¢). We prove that 2N js equivalent to R.
(a) Show that 2N is equivalent to the set of all sequences of binary digits.
(b) Using[1.20] deduce that [[0,1]] < [2N].
(c) Consider a map f : 2N — [0,2], for each binary sequence a = ajaa3 - - - define
f(a) as follows. If starting from a certain digit, all digits are 1, then let f(a) =
l.ayapas - - - . Otherwise let f(a) = 0.a1a5a3 - - -. Show that f is injective.

Deduce that [2N| < |[0,2]].

1.22 (R? is equivalent to IR). * Here we prove that R? is equivalent to R, in other words, a

plane is equivalent to a line. As a corollary, R" is equivalent to IR.
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(a) First method: Construct a map from [0,1) x [0,1) to [0,1) as follows. In view of
we only allow decimal presentations in which not all digits are 9 starting
from a certain digit. The pair of two real numbers 0.a14; ... and 0.b1b, ... corre-
sponds to the real number 0.a1b1a5b; . . .. Check that this map is injective.

(b) Second method: Construct a map from 2N x 2N to 2N as follows. The pair of
two binary sequences aja; ... and byb, ... corresponds to the binary sequence
aibyagb, . . .. Check that this map is injective. Then use|1.21

Note: In fact for all infinite cardinal w we have w? = w, see [Dug66), p- 52], [Lan93] p. 888].

1.23 (Transfinite induction principle). An ordered set S is well-ordered (dugc sap tot) if
every non-empty subset A of S has a smallest element,i.e. 31 € A, Vb€ A, a <b.

For example with the usual order, IN is well-ordered while RR is not.

Ernst Zermelo proved in 1904 that any set can be well-ordered, based on the Axiom of
choice.

The following is a generalization of the Principle of induction.

Let A be a well-ordered set. Let P(a) be a statement whose truth depends ona € A. If

(@) P(a) is true when a is the smallest element of A
(b) if P(a) is true for all a < b then P(b) is true

then P(a) is true forall a € A.
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2. Topological space

Briefly, a topology is a system of open sets.

Definition. A fopology on a set X is a collection T of subsets of X satisfying:

(a) The sets @ and X are elements of T.
(b) A union of elements of T is an element of T.

(c) A finite intersection of elements of T is an element of 7.

Elements of T are called open sets of X in the topology .

In short, a topology on a set X is a collection of subsets of X which includes @
and X and is closed under unions and finite intersections.

A set X together with a topology 7 is called a topological space, denoted by (X, T)
or X alone if we do not need to specify the topology. An element of X is often called
a point.

Example. On any set X there is the trivial topology (t6p6 hién nhién) {@, X }. There
is also the discrete topology (t6pd roi rac) whereas any subset of X is open. Thus on
a set there can be many topologies.

Remark. The statement “intersection of finitely many open sets is open” is equiv-
alent to the statement “intersection of two open sets is open”.

Metric space. Recall that, briefly, a metric space is a set equipped with a distance
between every two points. Namely, a metric space is a set X withamap d : X X
X +— Rsuch that forall x,y,z € X:

(a) d(x,y) > 0 (distance is non-negative),

(b) d(x,y) = 0 <= x = y (distance is zero if and only if the two points

coincide),

(c) d(x,y) = d(y, x) (distance is symmetric),

(d) d(x,y)+d(y,z) > d(x,z) (triangular inequality).
A ball is a set of the form B(x,r) = {y € X | d(y,x) < r} wherer € R, r > 0.

In the theory of metric spaces, a subset U of X is said to be open if for all x in
U there is € > 0 such that B(x, €) is contained in U. This is equivalent to saying
that a non-empty open set is a union of balls.

To check that this is indeed a topology, we only need to check that the in-
tersection of two balls is a union of balls. Let z € B(x,ry) N B(y, ry), let r, =
min{ry —d(z,x), r, —d(z,y)}. Then the ball B(z, ) will be inside both B(x,y)
and B(y, ry).

Thus a metric space is canonically a topological space with the topology gen-
erated by the metric. When we speak about topology on a metric space we mean this

topology.

Example (Normed spaces). Recall that a normed space (khong gian dinh chuan) is

briefly a vector spaces equipped with lengths of vectors. Namely, a normed space
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is a set X with a structure of vector space over the real numbers and a real function
X — R, x — ||x||, called a norm (chuén), satisfying:

(@) ||x|| > 0and ||x|| = 0 <= x = 0 (length is non-negative),
(b) |[|ex|| = |c|||x]| for ¢ € R (length is proportionate to vector),
(@ llx+yll < [13]] + |lyl| (riangle inequality).

A normed space is canonically a metric space with metric d(x,y) = ||x —y||.
Therefore a normed space is canonically a topological space with the topology
generated by the norm.

Example (Euclidean topology). In R" = {(x1,x2,...,%,) | x; € R}, the Euclidean
norm of a point x = (x1,xz,...,%,)is [|x|| = [ x?] 1/2. The topology generated

by this norm is called the Euclidean topology (topd Euclid) of IR".
A complement of an open set is called a closed set.

Proposition (Dual description of topology). In a topological space X:

(a) @ and X are closed.
(b) A finite union of closed sets is closed.
(c) An intersection of closed sets is closed.

Bases of a topology.

Definition. Given a topology, a collection of open sets is a basis (co s6) for that
topology if every non-empty open set is a union of members of that collection.
More concisely, let T be a topology of X, then a collection B C 7 is called a
basis for 7 if for any @ # V € t thereis C C B such that V = Jpec D.
So a basis of a topology is a subset of the topology that generates the entire
topology via unions. Specifying a basis is a more “efficient” way to describe a

topology.

Example. In a metric space the collection of all balls is a basis for the topology.

Definition. A collection S C 7 is called a subbuasis (tién co sd) for the topology T if
the collection of finite intersections of members of S is a basis for 7.

Clearly a basis for a topology is also a subbasis for that topology.
Briefly, given a topology, a subbasis is a subset of the topology that can gener-
ate the entire topology by unions and finite intersections.

Example. Let X = {1,2,3}. The topology T = {©®,{1,2},{2,3},{2},{1,2,3}} has
abasis {{1,2},{2,3} {2}} and a subbasis {{1,2},{2,3}}.

Example 2.1. The collection of all open rays, that are, sets of the forms (a,0) and
(—o0,a), is a subbasis for the Euclidean topology of R.
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Comparing topologies.

Definition. Let 7y and T, be two topologies on X. If 7 C 1, we say that 7, is
finer (min hon) (or stronger, bigger) than 7y and 77 is coarser (th6é hon) (or weaker,
smaller) than 1.

Example. On a set the trivial topology is the coarsest topology and the discrete

topology is the finest one.

Generating topologies. Suppose that we have a set and we want certain subsets
of that set to be open, how do find a topology for that purpose?

Theorem. Let S be a collection of subsets of X. The collection T consisting of @, X, and
all unions of finite intersections of members of S is the coarsest topology on X that contains
S, called the topology generated by S. The collection S U { X} is a subbasis for this topology

Remark. In several textbooks to avoid adding the element X to S it is required that
the union of all members of S is X.

PROOF. Clearly T is closed under unions. We only need to check that 7 is
closed under intersections of two elements, that is, to check that the intersection of
two unions of finite intersections of members of S is a union of finite intersections
of members of S. Let A and B be two collections of finite intersections of members
of 5. We have (Ucea C) N (Upep D) = Ucea, pep(CN D). Since each CN D is a
finite intersection of elements of S we get the desired conclusion. g

By this theorem, given a set, any collection of subsets generates a topology.

Example. Let X = {1,2,3,4}. The set {{1},{2,3},{3,4}} generates the topol-
ogy {2, {1},{3},{1,3},{2,3},{3,4},{1,2,3},{1,3,4},{2,3,4},{1,2,3,4} }. A ba-
sis for this topology is {{1}, {3}, {2,3}, {3,4} }.

Example (Ordering topology). Let (X, <) be a totally ordered set. The collection
of subsets of the forms {f € X | B < a}and {B € X | B > a} generates a topology
on X, called the ordering topology.

Example. The Euclidean topology on R is the ordering topology with respect to
the usual order of real numbers. (This is just a different way to state[2.1})

Problems.

2.2 (Finite complement topology). The finite complement topology on X consists of the empty
set and all subsets of X whose complements are finite. Check that this is indeed a topology.

2.3. Let X be asetand p € X. Show that the collection consisting of @ and all subsets of X
containing p is a topology on X. This topology is called the Particular Point Topology on X,
denoted by PPX,. Describe the closed sets in this space.

2.4. A collection B of open sets is a basis if for each point x and each open set O containing

x there is a U in B such that U contains x and U is contained in O.
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2.5. Show that two bases generate the same topology if and only if each member of one

basis is a union of members of the other basis.

2.6. Let B be a collection of subsets of X. Then BU {X} is a basis for a topology on X if and
only if the intersection of two members of B is either empty or is a union of some members
of B. (In several textbooks to avoid adding the element X to B it is required that the union

of all members of B is X.)
2.7. In a metric space the set of all balls with rational radii is a basis for the topology.
2.8. In a metric space the set of all balls with radii 2%1, m > 11is a basis.

2.9 (R" has a countable basis). |/ The set of all balls each with rational radius whose center

has rational coordinates forms a basis for the Euclidean topology of R".

2.10. In R" let x = (x1,X2,...,X;) and consider the norms |x||; = Y, |xil, x|, =
(X", x2)2, and ||x||, = maxj<j<,|x;|. Draw the unit ball for each norm. Show that

these norms generate same topologies.

2.11. Let d; and d; be two metrics on X. If there are «, 8 > 0 such that for all x,y € X,
ady(x,y) < da(x,y) < Bdy(x,y) then the two metrics are said to be equivalent. Show that
two equivalent metrics generate same topologies.

Hint: Show that each ball in one metric contains a ball in the other metric with the same center.

2.12. Let (X, d) be a metric space. Let dq(x,y) = min{d(x,y),1}. Show that d; is a metric
on X generating the same topology as that generated by d.

2.13. Let (X,d) be a metric space. Let dq(x,y) = 1_'?_(;7(;/;) Show that dq is a metric on X

generating the same topology as that generated by d.
2.14 (All norms in R" generate the Euclidean topology). In R” denote by ||-||, the Eu-
clidean norm, and let ||-|| be any norm.

(a) Check that the map x — ||x|| from (R”, ||-||,) to (R, ||-]|5) is continuous.
(b) Let S" be the unit sphere under the Euclidean norm. Show that the restriction
of the map above to S” has a maximum value § and a minimum value «. Hence
a < Hﬁ“ < Bforall x #0.
Deduce that any two norms in IR” are equivalent, hence all norms in IR"” generate the Eu-

clidean topology.

2.15. Is the Euclidean topology on IR? the same as the ordering topology on R? with respect
to the dictionary order? If it is not the same, can the two be compared?

2.16. Show that an open set in R is a countable union of open intervals.

2.17. The collection of all intervals of the form [a,b) generates a topology on R. Is it the
Euclidean topology?

2.18. On the set of all integer numbers Z, consider all arithmetic progressions
Sa,b =a+ bZ ,

wherea € Zand b e Z™.

(a) Show that these sets form a basis for a topology on Z.
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(b) Show that with this topology each set S, , is closed.

(c) Show that if there are only finitely many prime numbers then the set {+1} is
open.

(d) Conclude that there are infinitely many prime numbers. (This proof was given by
Hillel Furstenberg in 1955.)
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3. Continuity

Continuous function.

Definition. Let X and Y be topological spaces. We say amap f : X — Yis
continuous at a point x in X if for any open set U of Y containing f(x) there is an
open set V of X containing x such that f(V) is contained in U.

We say that f is continuous on X if it is continuous at every point in X.

A neighborhood (lan cén) of a point x € X is a subset of X which contains an
open set containing x. Note that a neighborhood does not need to be open. H

Equivalently, f is continuous at x if for any open set U containing f(x), the set
f~1(U) is a neighborhood of x.

Theorem. A map is continuous if and only if the inverse image of an open set is an open
set.

PROOF. (=) Suppose that f : X — Y is continuous. Let U be an open set in
Y. Let x € f~(U). Since f is continuous at x and U is an open neighborhood
of f(x), there is an open set Vy containing x such that Vy is contained in f~1(U).
Therefore f~1(U) = Uxref1(u) Vx is open.

(«=) Suppose that the inverse image of any open set is an open set. Let x €
X. Let U be an open neighborhood of f(x). Then V = f~1(U) is an open set

containing x, and f (V) is contained in U. Therefore f is continuous at x. O

Example. Let X and Y be topological spaces.
(a) The identity function, idx : X — X, x — x, is continuous.

(b) The constant function, with given a € Y, x — g, is continuous.

Proposition. A map is continuous if and only if the inverse image of a closed set is a
closed set.

Example (Metric space). Let (X,d1) and (Y,d,) be metric spaces. Recall that in
the theory of metric spaces, amap f : (X,d1) — (Y, dy) is continuous at x € X if
and only if

Ve >0,36 > 0,d1(y,x) <6 =da(f(y), f(x)) <e.

In other words, given any ball B(f(x),€) centered at f(x), there is a ball B(x, )
centered at x such that f brings B(x, d) into B(f(x), €).

It is apparent that this definition is equivalent to the definition of continuity
in topological spaces where the topologies are generated by the metrics.

In other words, if we look at a metric space as a topological space then continu-
ity in the metric space is the same as continuity in the topological space. Therefore
we inherit all results concerning continuity in metric spaces.

5Be careful that not everyone uses this convention. For instance Kelley [Kel55] uses this convention but
Munkres [Mun00] requires a neighborhood to be open.
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Homeomorphism. A map from one topological space to another is said to be a
homeomorphism (phép dong phoi) if it is a bijection, is continuous and its inverse
map is also continuous.

Two spaces X and Y are said to be homeomorphic (dong phdi), sometimes writ-

ten X = Y, if there is a homeomorphism from one to the other.

Example. Any two open intervals in the real number line R under the Euclidean
topology are homeomorphic.

Proposition. If f : (X, tx) — (Y, Ty) is a homeomorphism then it induces a bijection
between Tx and Ty.

PROOF. The map

f:TX — Ty
O = f(O)

is a bijection. O

Roughly speaking, in the field of Topology, when two spaces are homeomor-
phic they are the same.

Topology generated by maps. Let (X, Tx) be a topological space, Y be a set, and
f: X — Y be amap. We want to find a topology on Y such that f is continuous.

The requirement for such a topology Ty is that if U € 7y then f~1(U) € x.

The trivial topology on Y satisfies that requirement. It is the coarsest topology
satisfying that requirement.

On the other hand the collection {U C Y | f~1(U) € tx} is actually a topology
on Y. This is the finest topology satisfying that requirement.

In another situation, let X be a set, (Y, T7y) be a topological space, and f : X —
Y be a map. We want to find a topology on X such that f is continuous.

The requirement for such a topology T is that if U € 7y then f~1(U) € .

The discrete topology on X is the finest topology satisfying that requirement.
The collection Tx = {f~}(U) | U € 1y} is the coarsest topology satisfying that
requirement. We can observe further that if the collection Sy generates Ty then Tx
is generated by the collection {f~1(U) | U € Sy}.

Problems.
31. If f: X = Yand g: Y — Z are continuous then g o f is continuous.

3.2. \/ Suppose that f : X — Y and S is a subbasis for the topology of Y. Show that f is

continuous if and only if the inverse image of any element of S is an open set in X.

3.3. Define an open map to be a map such that the image of an open set is an open set. A
closed map is a map such that the image of a closed set is a closed set.
Show that a homeomorphism is both an open map and a closed map.

3.4. A continuous bijection is a homeomorphism if and only if it is an open map.

3.5. Show that (X, PPX,) and (X, PPX,) (see are homeomorphic.
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3.6. \/ Let X be asetand (Y, T) be a topological space. Let f; : X — Y, i € I be a collection
of maps. Find the coarsest topology on X such that all maps f;, i € I are continuous.

Note: In Functional Analysis this construction is used to construct the weak topology on a normed
space. It is the coarsest topology such that all linear functionals which are continuous under the norm

are still continuous under the topology. See for instance [Con90].

3.7. Suppose that X is a normed space. Prove that the topology generated by the norm is
exactly the coarsest topology on X such that the norm and the translations (maps of the

form x — x + a) are continuous.
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4. Subspace

Subspace topology. Let (X, 7) be a topological space and let A be a subset of
X. The subspace topology on A, also called the relative topology (t6p6 tuong dbi), is
defined to be the collection {ANO | O € 7}. With this topology we say that A is
a subspace (khong gian con) of X.

Thus a subset of a subspace A of X is open in A if and only if it is a restriction

of aopensetin X to A.

Proposition. A subset of a subspace A of X is closed in A if and only if it is a restriction
of a closed set in X to A.

Remark. An open or a closed subset of a subspace A of a space X is not necessarily
open or closed in X. For example, under the Euclidean topology of R, the set
[0,1/2) is open in the subspace [0, 1], but is not open in R.

When we say that a set is open, we must know which space we are talking about.

Example. For n € Z™" define the sphere S" to be the subspace of the Euclidean
space R"™! given by {(x1,x2,...,%y41) € R [xd + 2+ + 22 =1}

Proposition 4.1. Suppose that X is a topological space and Z C'Y C X. Then the relative
topology of Z with respect to Y is the same as the relative topology of Z with respect to X.

Embedding. An embedding (or imbedding) (phép nhing) from the topological
space X to the topological space Y is a map f : X — Y such that its restriction
f : X — f(X) is a homeomorphism. This means f maps X homeomorphically
onto its image. If there is an imbedding from X to Y, i.e. if X is homeomorphic to

a subspace of Y then we say that X can be embedded in Y.

Example. The Euclidean line R can be embedded in the Euclidean plane R? as a
line in the plane.

Example. Suppose that f : R — R? is continuous under the Euclidean topology.
Then R can be embedded into the plane as the graph of f.

Example (Stereographic projection). The space S" \ {(0,0,...,0,1)} is homeo-
morphic to the Euclidean space R" via the stereographic projection (phép chiéu néi).
Each point x on the sphere minus the North Pole corresponds to the intersection
between the straight line from the North Pole to x with the plane through the

equator. We can easily find the formula for this projection to be:

5"\ {(0,0,...,0,1)} — R"x {0}
(xl,JCz,...,anrl) — (yl,yz,...,yn,O)

1 2y; )
where y; = ————x;. The inverse map is givenby x; = ——2+—— 1 <i <,
i T— X1 P Y T+y "
-1+ anl yz
and x,11 = ——— 3. Both maps are continuous. Thus the Euclidean space

1+ Yy
R" can be embedded onto the n-sphere minus one point.
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FIGURE 4.1. The stereographic projection.

Interior — Closure - Boundary. Let X be a topological space and let A be a subset
of X. Let x be a point in X.

The point x is said to be an interior point of A in X if there is a neighborhood
of x that is contained in A.

The point x is said to be a contact point (diém dinh) (or point of closure) of A
in X if any neighborhood of x contains a point of A.

The point x is said to be a limit point (diém tu) (or cluster point, or accumu-
lation point) of A in X if any neighborhood of x contains a point of A other than
X.

Of course a limit point is a contact point. We can see that a contact point of A
which is not a point of A is a limit point of A.

A point x is said to be a boundary point (diém bién) of A in X if every neighbor-
hood of x contains a point of A and a point of the complement of A.

In other words, a boundary point of A is a contact point of both A and the
complement of A.

The set of all interior points of A is called the inferior (phan trong) of A in X,
denoted by A or int(A).

The set of all contact points of A in X is called the closure (bao dong) of A in X,
denoted by A or cl(A).

The set of all boundary points of A in X is called the boundary (bién) of A in X,
denoted by dA.

Example. On the Euclidean line R, consider the subspace A = [0,1) U {2}. Its
interior is intA = (0,1), the closure is clA = [0,1] U {2}, the boundary is 0A =
{0,1,2}, the set of all limit points is [0, 1].

Remark. Itis crucial to understand that the notions of interior, closure, boundary,
contact points, and limit points of a space A only make sense relative to a certain
space X containing A as a subspace (there must be a “mother space”).

Proposition. The interior of A in X is the largest open subset of X that is contained in
A. A subspace is open if all of its points are interior points.
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Proposition. The closure of A in X is the smallest closed subset of X containing A. A
subspace is closed if and only if it contains all of its contact points.

Problems.

4.2. Let X be a topological space and let A C X. Then the subspace topology on A is exactly

the coarsest topology on A such that the inclusion map i : A — X, x — x is continuous.

4.3. \/Let X and Y be topological spaces and let f : X — Y.
(a) If Z is a subspace of X, denote by f|7 the restriction of f to Z. Show that if f is
continuous then f|z is continuous.
(b) Let Z be a space containing Y as a subspace. Consider f as a function from X to
Z, thatis, let f : X — Z, f(x) = f(x). Show that f is continuous if and only if f is

continuous.

4.4 (Gluing continuous functions). \/ Let X = A U B where A and B are both open or
are both closed in X. Suppose f : X — Y, and f|4 and f|p are both continuous. Then f is
continuous.

Another way to phrase this is the following. Let g: A — Y and h : B — Y be continu-
ous and g(x) = h(x) on AN B. Define

_Jslx), xeA
fi = {h(x), x € B.

Then f is continuous.
Is it still true if the restriction that A and B are both open or are both closed in X is

removed?
4.5. \/ Any two balls in a normed space are homeomorphic.

4.6. \/ A ball in a normed space is homeomorphic to the whole spacei.

—X.
VI=|[x]]?

4.7. Two finte-dimensional normed spaces of same dimensions are homeomorphic.

Hint: Consider a map from the unit ball to the space, such as: x —

4.8. Is it true that any two balls in a metric space homeomorphic?
2
4.9. In the Euclidean plane an ellipse Z—; + Z—z = 1is homeomorphic to a circle.

4.10. In the Euclidean plane the upper half-plane {(x,y) € R? | y > 0} is homeomorphic
to the plane.

4.11. In the Euclidean plane:

(a) A square and a circle are homeomorphic.
(b) The region bounded by a square and the region bounded by a the circle are home-

omorphic.

412. \/If f : X — Y is a homeomorphism and Z C X then X\ Z and Y \ f(Z) are

homeomorphic.

4.13. On the Euclidean plane IR?, show that:

(@) R?\ {(0,0)} and R?\ {(1,1)} are homeomorphic.
(b) R?\ {(0,0),(1,1)} and R?\ {(1,0), (0,1)} are homeomorphic.
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4.14. Show that N and Z are homeomorphic under the Euclidean topology.
Further, prove that any two discrete spaces having the same cardinalities are homeo-
morphic.

4.15. Among the following spaces, which one is homeomorphic to another? Z, Q, R, each

with the Euclidean topology, and R with the finite complement topology.

4.16. Show that any homeomorphism from $"~! onto S"~! can be extended to a homeo-
morphism from the unit disk D" = B(0,1) onto D".

4.17. Show that A is the disjoint union of A and 9A.
4.18. Show that X is the disjoint union of A, 9A, and X \ A.

4.19. Theset {x € Q| — V2 < x < v/2} is both closed and open in Q under the Euclidean
topology of R.

4.20. The map ¢ : [0,271) — S! given by t + (cost,sint) is a bijection but is not a homeo-
morphism, under the Euclidean topology.

4.21. Find the closures, interiors and the boundaries of the interval [0,1) under the Eu-

clidean, discrete and trivial topologies of R.

4.22. /In a metric space X, a point x € X is a limit point of the subset A of X if and only if
there is a sequence in A \ {x} converging to x.

Note: This is not true in general topological spaces.

4.23. In anormed space, show that the boundary of the ball B(x, r) is the sphere {y | d(x,y) =
r}, and so the ball B (x,7) = {y | d(x,y) < r} is the closure of B(x, 7).

4.24. In a metric space, show that the boundary of the ball B(x, r) is a subset of the sphere
{y|d(x,y) =r}. Istheball B (x,r) = {y | d(x,y) < r} the closure of B(x,7)?

4.25. Suppose that A C Y C X. Show that A" = 2% N Y. Furthermore show that if Y is
closed in X then A" = A™.

4.26. Let O, = {k € Z" | k > n}. Check that {®} U{O, | n € Z*} is a topology on Z*.
Find the closure of the set {5}. Find the closure of the set of all even positive integers.

4.27. Verify the following properties.
(@ X\A=X\4.
b) X\A=x\A
(c) If A C Bthen A C B.

4.28. Which of the following equalities are correct?
(@) AUB=AUB.
(b) ANB=ANBE.
() AUB=AUB.
(d ANB=ANB.
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5. Connectedness

A topological space is said to be connected (lién thong) if it is not a union of two
non-empty disjoint open subsets.

Equivalently, a topological space is connected if and only if its only subsets
which are both closed and open are the empty set and the space itself.

Remark. When we say that a subset of a topological space is connected we implic-
itly mean that the subset under the subspace topology is a connected space.

Example 5.1. The Euclidean real number line minus a point is not connected.

Proposition (Continuous image of connected space is connected). If f : X — Y
is continuous and X is connected then f(X) is connected.

PROOF. Suppose that U and V are non-empty disjoint open subset of f(X).
Since f : X — f(X) is continuous , f~1(U) and f~1(V) are open in X, and are
non-empty and disjoint. This contradicts the connectedness of X. O

Connected component.

Proposition 5.2. If a collection of connected subspaces of a space has non-empty intersec-
tion then its union is connected.

PROOF. Consider a topological space and let F be a collection of connected
subspaces whose intersection is non-empty. Let A be the union of the collection,
A = Uper D. Suppose that C is subset of A that is both open and closed in A. If
C # @ then thereis D € F suchthat CN D # @. Then CN D is a subset of D, both
open and closed in D (we are using[4.1here). Since D is connected and CND = @,
we must have C N D = D. This implies C contains the intersection of F. Therefore
CND # @forall D € F. The argument above shows that C contains all D in F,
thatis, C = A. We conclude that A is connected. g

Let X be a topological space. Define a relation on X whereas two points are
related if both belong to a connected subspace of X (we say that the two points are
connected). Then this relation is an equivalence relation, by[5.2]

Proposition. Any equivalence class under the above equivalence relation is connected.

PROOF. Consider the equivalence class [a] represented by a point 4. By the
definition, b € [a] if and only if there is a connected set O containing both a and
b. Thus [a] = Upea) Op- By [a] is connected. O

Definition. Under the above equivalence relation, the equivalence classes are called
the connected components of the space.

Thus a space is a disjoint union of its connected components.
The following is another characterization of connected components:
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Proposition. The connected component containing a point x is the union of all connected
subspaces containing x, thus it is the largest connected subspace containing x.

Theorem 5.3. If two spaces are homeomorphic then there is a bijection between the col-
lections of connected components of the two spaces. In particular, if two spaces are homeo-
morphic and one space is connected then the other space is also connected.

For the above reason we say that connectedness is a topological property. We also
say that the number of connected components is a topological invariant. If two spaces
have different numbers of connected components then they must be different (not

homeomorphic).

onnected, we

(x))] = [x]. Ap-
[f(x)]. Similarly

PROOF. Let f : X — Y be a homeomorphism. Since f([x]) i
have f([x]) C [f(x)]. For the same reason, f~1([f(x)]) C [f~(f
ply f to both sides we get [f(x)] C f([x]). Therefore f([x]) =
FY([f(x)]) = [x]. Thus f brings connected components to connected compo-
nents, inducing a bijection on the collections of connected components. g

Proposition 5.4. A connected subspace with a limit point added is still connected. As a
consequence the closure of a connected subspace is connected.

PROOF. Let A be a connected subspace of a space X and let a ¢ A be a limit
point of A, we show that A U {a} is connected. Suppose that AU {a} = UUV
where U and V are non-empty disjoint open subsets of A U {a}. Suppose that
a€ U Thena ¢ V,so V C A. Since a is a limit point of A, U N A is non-empty.
Then UN A and V are open subsets of A, by 4.1} which are non-empty and disjoint.
This contradicts the assumption that A is connected. O

Corollary. A connected component must be closed.
Connected sefts in the Euclidean real number line.
Proposition. A connected subspace of the Euclidean real number line must be an interval.

PROOF. Suppose that a subset A of R is connected. Suppose that x,y € A
and x < y. If x < z < y we must have z € A, otherwise theset {n € A |a < z} =
{a € A |a < z} will be both closed and open in A. Thus A contains the interval
[x, y].

Let a = inf A if A is bounded from below and 2 = —co otherwise. Similarly
let b = sup A if A is bounded from above and b = oo otherwise. Suppose that A
contains more than one element. There are sequences {4, },cz+ and {by, },cz+ of
elements in A such thata < a, < b, < b, and a, — a while b, — b. By the above
argument, [a,,b,] C A forall n. So (a,b) = U5_1[an, bu] C A C [a,b]. It follows
that A is either (a,b) or [a,b) or (a,b] or [a, b]. O

Proposition 5.5. The Euclidean real number line is connected.
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PROOF. Suppose that R contains a non-empty, proper, open and closed subset
C.

Letx ¢ Candlet D = CN(—oco,x) = CN (—o0,x]. Then D is both open and
closed in IR, and is bounded from above.

If D # @, consider s = sup D. Since D is closed and s is a contact point of D,
s € D. Since D is open s must belong to an open interval contained in D. But then
there are points in D which are bigger than s, a contradiction.

If D=Qwelet E=CnN(x,00), consider t = inf E and proceed similarly. O

Theorem. A subspace of the Euclidean real number line is connected if and only if it is
an interval.

PROOF. We prove that any interval is connected. By homeomorphisms we
just need to consider the intervals (0,1), (0,1], and [0,1]. Note that [0,1] is the
closure of (0,1),and (0,1] = (0,3/4) U [1/2,1].

Or we can modify the proof of 5.5/to show that any interval is connected. [

Example. The Euclidean line R is connected. Since the Euclidean R” is the union
of all lines passing through the origin, it is connected.

Path-connected space. Let X be a topological space and let a and b be two
points of X. A path (duong di) in X from x to y is a continuous map f : [a,b] —
X such that f(a) = x and f(b) = y, where the interval [4, b] has the Euclidean
topology.

If « is a path defined on [a,b] then there is a path B defined on [0, 1] with
the same images (also called the traces of the paths), we can just use the linear
homeomorphism (1 — t)a + tb from [0,1] to [a,b] and let B(t) = a((1 — t)a + tb).
For this reason for convenience we often assume the domains of paths to be [0, 1].

The space X is said to be path-connected (lién thong duong) if for any two dif-
ferent points x and y in X there is a path in X from x to y.

Example. A normed space is path-connected, and so is any convex subspace of
that space: any two points x and y are connected by a straight line segment x +
t(y —x), t €[0,1].

Example. In a normed space, the sphere S = {x | ||x|| = 1} is path-connected.
One way to show this is as follow. If two points x and y are not opposite then they
%, t € [0,1]. If x and y are opposite, we can
take a third point z, then compose a path from x to z with a path from z to y.

can be connected by the arc

Lemma. Let X be a topological space. Define a relation on X whereas a point x is related
to a point y if there is a path in X from x to y. Then this is an equivalence relation.

PROOF. If thereis a path a : [0,1] — X from x to y then there is a path from y
to x, for example B : [0,1] — X, B(t) = a(1 —t).
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If o : [0,1] — X is a path from x toy and B : [0,1] — X is a path from y to z
then there is a path from x to z, for example
a(2t),

0<t
B2t—1), 3<t<

IN
—_ Nl

7

This path follows « at twice the speed, then follow B at twice the speed and at half
of a unit time later. It is continuous by [4.4] O

An equivalence class is called a path-connected component.

Proposition. The path-connected component containing a point x is the union of all path-
connected subspaces containing x, thus it is the largest path-connected subspace containing
X.

Theorem 5.6. A path-connected space is connected.

PROOF. This is a consequence of the fact that an interval on the Euclidean
real number line is connected. Let X be path-connected. Let x,y € X. There is a
path from x to y. The image of this path is a connected subspace of X. That means
every point y belongs to the connected component containing x. Therefore X has
only one connected component. O

A topological space is said to be locally path-connected if every neighborhood of
a point contains an open path-connected neighborhood of that point.

Example. Open sets in a normed space are locally path-connected.
Generally, the reverse statement of [5.6]is not correct. However we have:
Proposition 5.7. A connected, locally path-connected space is path-connected.

PROOF. Suppose that X is connected and is locally path-connected. Let C be
a path-connected component of X. If x € X is a contact point of C then there is a
path-connected neighborhood U in X of x such that UNC # @. By uuc
is path-connected , thus U C C. This implies that C is open and C is closed in X.
Hence C = X. g

Topologist’s sine curve. The closure in the Euclidean plane of the graph of the
function y = sin %, x > 0is often called the Topologist’s sine curve. This is a classic
example of a space which is connected but is not path-connected.

Denote A = {(x,sin1) | x > 0} and B = {0} x [—1,1]. Then the Topologist’s
sine curve is X = AU B.

Proposition. The Topologist’s sine curve is connected but is not path-connected.

PROOF. By[5.12]the set A is connected. Each point of B is a limit point of A,
so by[5.4] X is connected.

Suppose that there is a path y(t) = (x(t),y(t)), t € [0,1] from the origin (0,0)
on B to a point on A, we show that there is a contradiction.
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FIGURE 5.1. Topologist’s sine curve.

Let tp = sup{t € [0,1] | x(t) = 0}. Then x(tp) = 0, tp < 1, and x(¢) > O for
all t > tg. Thus t( is the moment when the path 7 departs from B. We can see
that the path jumps immediately when it departs from B. Thus we will show that
() cannot be continuous at ty by showing that for any 6 > 0 there are t1,t, €
(to, to +0) such that y(t;) = 1 and y(t,) = —1.

To find f1, note that the set x([fo, tg + %]) is an interval [0, xo] where xy > 0.
There exists an x1 € (0, xp) such that sin xl—] = 1: we just need to take x; = ﬁ
with sufficiently large k. There is t; € (o, ¢t + %} such that x(#;) = x;. Then
y(t) = sin ﬁ = 1. We can find t, similarly. O

The Borsuk-Ulam theorem. Below is a simple version of the Borsuk-Ulam theo-

rem:

Theorem (Borsuk-Ulam theorem). For any continuous real function on a sphere S"
there must be two antipodal points on the sphere where the values of the function are same.

B

PROOF. Let f : 5" — R be continuous. Let g(x) = f(x) — f(—x). Then g
is continuous and g(—x) = —g(x). If there is an x such that g(x) # 0 then g(x)
and g(—x) have opposite signs. Since 5" is connected (see5.10), the range g(5")
is a connected subset of the Euclidean IR, and so is an interval, containing the
interval between g(x) and g(—x). Thererfore 0 is in the range of g (this is a form
of Intermediate value theorem). O

Problems.

5.8. A space is connected if whenever it is a union of two non-empty disjoint subsets, then

one of them must contain a contact point of the other one.

5.9. Here is a different proof of Suppose that A and B are non-empty, disjoint subsets
of (0,1) whose union is (0,1). Leta € Aand b € B. Letag = a, by = b, and for each n > 1

®0On the surface of the Earth at any moment there are two opposite places where temperatures are
same!
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consider the middle point of the segment from a;, to by,. If @ € Athenleta, 1 = %b”

and b, .1 = by; otherwise leta, 1 = a, and b, = "”TH’” Then:
(a) The sequence {a, | n > 1} is a Cauchy sequence, hence is convergent to a number
a.
(b) The sequence {b, | n > 1} is also convergent to 4. This implies that (0,1) is
connected.

5.10. Show that the sphere S" is connected.

5.11 (Intermediate value theorem). If X is a connected space and f : X — R is continuous,
where R has the Euclidean topology, then the image f(X) is an interval.

A consequence is the following familiar theorem in Calculus: Let f : [a,b] — R be
continuous under the Euclidean topology. If f(a) and f(b) have opposite signs then the
equation f(x) = 0 has a solution.

5.12. /If f : R — R is continuous under the Euclidean topology then its graph is con-
nected in the Euclidean plane. Moreover the graph is homeomorphic to R.

5.13. Let X be a topological space and let A;, i € I be connected subspaces. If A; N A; # @
foralli,j € I then ;e A; is connected.

5.14. Let X be a topological space and let A;, i € Z™ be connected susbsets. If A; N A; 1 #
@ foralli > 1 then [J2 A; is connected.

5.15. Is an intersection of connected subspaces of a space connected?

5.16. Let A be a subspace of X with the particular point topology (X, PPX},) (see . Find
the connected components of A.

5.17. Let X be connected and let f : X — Y be continuous. If f is locally constant on
X (meaning that every point has a neighborhood on which f is a constant map) then f is

constant on X.

5.18. Let X be a topological space. A map f : X — Y is called a discrete map if Y has the
discrete topology and f is continuous. Show that X is connected if and only if all discrete

maps on X are constant.
5.19. What are the connected components of IN and Q on the Euclidean real number line?
5.20. What are the connected components of Q? as a subspace of the Euclidean plane?

5.21. Show that if a space has finitely many components then each component is both open

and closed. Is it still true if there are infinitely many components?

5.22. Suppose that a space X has finitely many connected components. Show that a map
defined on X is continuous if and only if it is continuous on each components. Is it still true

if X has infinitely many components?

5.23. If a collection of path-connected subspaces of a space has non-empty intersection then
its union is path-connected.

5.24. If f : X — Y is continuous and X is path-connected then f(X) is path-connected.
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5.25. If two space are homeomorphic then there is a bijection between the collections of
path-connected components of the two spaces. In particular, if one space is path-connected

then the other space is also path-connected.
5.26. The plane with a point removed is path-connected under the Euclidean topology.

5.27. The plane with countably many points removed is path-connected under the Eu-
clidean topology.

5.28. / The Euclidean line and the Euclidean plane are not homeomorphic.

5.29. Show that R with the finite complement topology (see and IR? with the finite comple-

ment topology are homeomorphic.
5.30. Find as many ways as you can to prove that S” is path-connected.

5.31. A topological space is locally path-connected if and only if the collection of all open

path-connected subsets is a basis for the topology.
5.32. The Topologist’s sine curve is not locally path-connected.

5.33. * Classify the alphabetical characters up to homeomorphisms, that is, which of the

following characters are homeomorphic to each other as subspaces of the Euclidean plane?
ABCDEFGHIJKLMNOPQRSTUVWXYZ
Note that the result depends on the font you use!

Do the same for the Vietnamese alphabetical characters:
AAABCDPEEGHIKLMNOOOPQRSTUUVXY
Hint: Use[4]to modify each letter part by part.

Further readings

Invariance of dimension. That the Euclidean spaces R? and IR? are not homeomorphic is

not easy. It is a consequence of the following difficult theorem of L. Brouwer in 1912:

Theorem 5.34 (Invariance of dimension). If two subsets of the Euclidean IR" are homeomorphic
and one set is open then the other is also open.

This theorem is often proved using Algebraic Topology, see for instance [Mun00, p.
381], [Vic94, p. 34], [Hat01) p. 126].

Corollary. The Euclidean spaces R™ and R" are not homeomorphic if m % n.

PROOF. Suppose that m < n. It is easy to check that the inclusion map R” — R",
(x1,%0,..., %m) — (x1,x2,...,%m,0,...,0) is a homeomorphism onto its image A C R". If
A is homeomorphic to R” then by Invariance of dimension, A is open in IR”. But A is clearly

not open in R". O
This result allows us to talk about topological dimension.
Jordan curve theorem. The following is an important and deep result of plane topology.

Theorem (Jordan curve theorem). A simple, continuous, closed curve separates the plane into
two disconnected regions. More concisely, if C is a subset of the Euclidean plane homeomorphic to

the circle then R* \ C has two connected components.

Nowadays this theorem is usually proved in a course in Algebraic Topology.
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Space filling curves. A rather curious and surprising result is:

Theorem 5.35. There is a continuous curve filling a rectangle on the plane. More concisely, there
is a continuous map from the interval [0,1] onto the square [0,1]> under the Euclidean topology.

Note that this map cannot be injective, in other words the curve cannot be simple.
Such a curve is called a Peano curve. It could be constructed as a limit of an iteration of
piecewise linear curves.
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6. Separation

Definition. We define:

Ty: A topological space is called a T1-space if for any two points x # y there
is an open set containing x but not y and an open set containing y but not
x.
T,: A topological space is called a T,-space or Hausdorff if for any two points
x # y there are disjoint open sets U and V such thatx € Uand y € V.
Ts: A Ti-space is called a T3-space or regular (chinh tac) if for any point x
and a closed set F not containing x there are disjoint open sets U and V
suchthatx €e Uand F C V.E]

Ty A Ty-space is called a Ty-space or normal (chuan tac) if for any two dis-
joint closed sets F and G there are disjoint open sets U and V such that
FclUandGCV.

These definitions are often called separation axioms because they involve “sep-

arating” certain sets by open sets.

Proposition. A space is a Ty space if and only if any subset containing exactly one point
is a closed set.

Corollary (Ty = Tz = T, = Ty). Ifaspaceis T; thenitis T;_q, for2 < i < 4.
Example. Any space with the discrete topology is normal.
Example. Let X = {a,b} and T = {®, {a}, {a,b}}. Then X is Tj but is not T;.

Example 6.1. The real number line under the finite complement topology is T; but
is not Tp.

Remark. There are examples of a Tp-space which is not T3, and a T3-space which
is not Ty, but they are rather difficult, see 11.11} [Mun00, p. 197] and [S]J70].

Proposition. Any metric space is normal.

PROOF. We introduce the notion of distance between two sets in a metric
space X. If A and B are two subsets of X then we define the distance between
Aand B as d(A,B) = inf{d(x,y) | x € A,y € B}. In particular if x € X then
d(x,A) = inf{d(x,y) | y € A}. Using the triangle inequality we can check that
d(x, A) is a continuous function with respect to x.

Now suppose that A and B are disjoint closed sets. Let U = {x | d(x,A) <
d(x,B)}and V = {x | d(x,A) > d(x,B)}. Then A C U, B C V (using the fact that
A and B are closed), U NV = @, and both U and V are open. O

Proposition 6.2. A Tj-space X is regular if and only if given a point x and an open set
U containing x there is an open set V such that x € V.C V C U.

"We include T; requirement for regular and normal spaces, as in Munkres [Mun00]. Some authors
such as Kelley [Kel55] do not include the T} requirement.
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PROOF. Suppose that X is regular. Since X \ U is closed and disjoint from {x}
there is an open set V containing x and an open set W containing X \ U such that
V and W are disjoint. Then V C (X \ W), soV C (X\ W) C U.

Now suppose that X is T; and the condition is satisfied. Given a point x and
a closed set C disjoint from x, let U = X \ C. There is an open set V containing x
such that V. C V C U. Then V and X \ V separate x and C. O

Similarly we have:

Proposition 6.3. A Ty-space X is normal if and only if given a closed set C and an open
set U containing C there is an open set V such that CC V C V C U.

Problems.

6.4. If a finite set is a T}-space then the topology is the discrete topology.

6.5. Is the space (X, PPX}) (see a Hausdorff space?

6.6. Prove directly that any metric space is a regular space.

6.7. A subspace of a Hausdorff space is a Hausdorff space.

6.8. Let X be Hausdorff and let f : X — Y be continuous. Is f(X) a Hausdorff space?
6.9. A closed subspace of a normal space is normal.

6.10. Show that the set R with the topology generated by all the subsets of the form (a,b)
and (a,b) N Q is Hausdorff but is not a regular space.

6.11. * Let X be normal, let f : X — Y be a surjective, continuous, and closed map. Prove
that Y is a normal space.



7. CONVERGENCE 31

7. Convergence

In metric spaces we can study continuity of functions via convergence of se-
quences. In general topological spaces, we need to use a notion more general than
sequences, called nets. Roughly speaking, sequences (having countable indexes)
might not be sufficient for describing the neighborhood systems at a point, we
need something of arbitrary index.

A directed set (tdp dugc dinh hudng) is a (partially) ordered set such that for
any two indices there is an index greater or equal to both. In symbols: Vi,j €
I,dke Lk>iNk>j.

A net (ludi) (also called a generalized sequence) is a map from a directed set to
a space. In other words, a net on a space X with index set a directed set I is a map
x : I — X. Itis an element of the set [];c; X. Thus, writing x; = x(i), we often

denote the net as (x;);c;. The notation {x; };c; is also used.
Example. Nets with index set I = IN with the usual order are exactly sequences.

Example. Let X be a topological space and x € X. Let I be the family of open
neighborhoods of x. Define an orderon I by U < V <= U D V. Then I
becomes a directed set.

Convergence.

Definition. A net (x;);c; is said to be convergent (hoi tu) to x € X if for each
neighborhood U of x there is an index i € I such that if j > i then x; belongs to U.
The point x is called a limit of the net (x;);c; and we often write x; — x.

Example. Convergence of nets with index set I = IN with the usual order is exactly

convergence of sequences.

Example. Let X = {x1,x2, x3} with topology {@, X, {x1,x3}, {x2, x3}, {x3}}. The
net (x3) converges to x1, X, x3. The net (x1, x) converges to x5.

Example. If X has the trivial topology then any net in X is convergent to any point
in X.

Proposition 7.1. A point x € X is a limit point of a subset A C X if and only if there is
anetin A\ {x} convergent to x.

This proposition allows us to describe topologies in terms of convergences.
With it many statements about convergence in metric spaces could be carried to

topological spaces by simply replacing sequences by nets.

PROOF. (<) Suppose that there is a net (x;);c;in A\ {x} convergent to x. Let
U be an open neighborhood of x. There is an i € I such that for j > i we have
xj € U, in particular x; € UN (A \ {x}).

(=) Suppose that x is a limit point of A. Consider the directed set I consisting
of all the open neighborhoods of x with the partial order U < Vif U D V.
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For any open neighborhood U of x there is an element x;; € UN A, xiy # x.
Consider the net {x{;} e Itis anetin A\ {x} convergent to x. Indeed, given an
open neighborhood U of x, forall V > U, xy € V C U. O

Remark. When can nets be replaced by sequences? By examining the above proof
we can see that the term net can be replaced by the term sequence if there is a
countable collection F of neighborhoods of x such that any neighborhood of x con-
tains a member of F. In this case the point x is said to have a countable neighborhood
basis. A space having this property at every point is said to be a first countable space.
A metric space is such a space, where for example each point has a neighborhood
basis consisting of balls of rational radii. See also

Similarly to the case of metric spaces, we have:

Theorem. Let X and Y be topological spaces. Then f : X — Y is continuous at x if and
only if whenever a net n in X converges to x, the net f o n converges to f(x).

In more familiar notations, f is continuous at x if and only if for all nets (x;), x; —
x = f(xi) = f(x).

PROOF. The proof is simply a repeat of the proof for the case of metric spaces.

(=) Suppose that f is continuous at x. Let U is a neighborhood of f(x). Then
f~1(U) is a neighborhood of x in X. Since (x;) is convergent to x, there isan i € I
such that for all j > i we have x; € f~!(U), which implies f(x;) € U.

(<=) We will show that if U is an open neighborhood in Y of f(x) then f~1(U)
is a neighborhood in X of x. Suppose the contrary, then x is not an interior point of
f~1(U), so itis a limit point of X \ f~1(U). Bythere isanet (x;)in X\ f~1(U)
convergent to x. Since f is continuous, f(x;) € Y \ U is convergent to f(x) € U.
This contradicts the assumption that U is open. O

Proposition 7.2. Suppose that T and T, are two topologies on X. If for all nets x; and all
points x, x; B x = x; 3 x, then T, C 1. In other words, if convergence in Ty implies
convergence in Ty then Ty is finer than 1,. As a consequence, if convergence are same then

topologies are same.
PROOF. Consider the identity map on X. g
Proposition 7.3. If a space is Hausdorff then a net has at most one limit.

PROOF. Suppose that a net (x;) is convergent to two different points x and y.
Since the space is Hausdorff, there are disjoint open neighborhoods U and V of x
and y. There is i € I such that for v > i we have x, € U, and there is j € I such
that for v > j we have x,, € U. Since thereisa ¢ € I such thaty > iand y > j, the
point x, will be in U NV, a contradiction. O

Problems.

74. Let ] = (0,00) C R. Fori,j € I, definei <j jif i >R j (i less than or equal to j as
indexes if i is greater than or equal to j as real numbers). On R with the Euclidean topology,

consider the net (x; = i);c;. Is this net convergent?
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7.5. On R with the finite complement topology, consider the net (x; = i);cr. Where does

this net converge to?

7.6. Reconsider Problems and .13} using[7:2}

7.7. Let X be a topological space, R have the Euclidean topology and f : X — R be contin-
uous. Suppose that A C X and f(x) = 0 on A. Show that f(x) = 0 on A, by:

(a) using nets.

(b) not using nets.

7.8. Let Y be Hausdorff and let f,g : X — Y be continuous. Show that the set {x €
X | f(x) = g(x)} is closed in X, by:

(a) using nets.

(b) not using nets.
Show that, as a consequence, if f and g agree on a dense (trit mat) subspace of X (meaning

the closure of that subspace is X) then they agree on X.

7.9. The converse statement of is also true. A space is Hausdorff if and only if a net has

at most one limit.

7.10 (Sequence is not adequate for convergence). * Let (A, <) be a well-ordered uncount-
able set (see[1.23). If A does not have a biggest element then add an element to A and define
that element to be the biggest one. Thus we can assume now that A has a biggest element,
denoted by co. For a,b € A denote [a,b)] ={x € A|la<x<b}and [a,b) ={xe A|a<
x < b}. For example we can write A = [0, co].

Let Q) be the smallest element of the set {a € A | [0,4] is uncountable} (this set is non-

empty since it contains o).

(a) Show that [0, Q)) is uncountable, and for alla € A, a < Q) the set [0, a] is countable.
(b) Show that every countable subset of [0, 2) is bounded in [0, ()).
(c) Consider [0, Q)] with the order topology. Show that () is a limit point of [0, (].

(d) However, show that a sequence in [0, )) cannot converge to Q).

7.11 (Filter). A filter (loc) on a set X is a collection F of non-empty subsets of X such that:

(a) if A, Be Fthen ANB € F,
(b) if AC Band A € FthenB € F.

For example, given a point, the collection of all neighborhoods of that point is a filter.

A filter is said to be convergent to a point if any neighborhood of that point is an ele-
ment of the filter.

A filter-base (co s& 1oc) is a collection G of non-empty subsets of X such thatif A,B € G
then there is C € G such that G C (AN B).

If G is a filter-base in X then the filter generated by G is defined to be the collection of
all subsets of X each containing an element of G: {A C X |3B € G, B C A}.

For example, in a metric space, the collection of all open balls centered at a point is the
filter-base for the filter consisting of all neighborhoods of that point.

A filter-base is said to be convergent to a point if the filter generated by it converges to
that point.

(a) Show that a filter-base is convergent to x if and only if every neighborhood of x

contains an element of the filter-base.
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(b) Show that a point x € X is a limit point of a subspace A of X if and only if there
is a filter-base in A \ {x} convergent to x.
(c) Show thatamap f : X — Y is continuous at x if and only if for any filter-base F

that is convergent to x, the filter-base f(F) is convergent to f(x).

Filter gives an alternative way to net for describing convergence. For more see [Dug66, p.
209], [Eng89, p. 49], [Kel55, p. 83].
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8. Compact space

A cover of a set X is a collection of subsets of X whose union is X. A cover
is said to be an open cover if each member of the cover is an open subset of X. A

subset of a cover which is itself a cover is called a subcover.
Definition. A space is compact if every open cover has a finite subcover.

Example. Any finite space is compact. Any space whose topology is finite (that is,
the space has finitely many open sets) is compact.

Example. On the Euclidean line R the collection {(—n,n) | n € Z"} is an open

cover without a finite subcover. Therefore the Euclidean line R is not compact.

Remark. Let A be a subspace of a topological space X. Let I be an open cover of A.
Each O € [ is an open set of A, so it is the restriction of an open set Up of X. Thus
we have a collection {Up | O € I} of open sets of X whose union contains A. On
the other hand if we have a collection I of open sets of X whose union contains A
then the collection {UN A | U € I} is an open cover of A. For this reason we often
use the term open cover of a subspace A of X in both senses: either as an open

cover of A or as a collection of open subsets of the space X whose union contains
A.

Theorem (Continuous image of compact space is compact). If X is compact and
f: X — Y is continuous then f(X) is compact.

In particular, compactness is preserved under homeomorphism. We say that
compactness is a topological property.

Proposition. A closed subspace of a compact space is compact.

PROOF. Suppose that X is compact and A C X is closed. Let I be an open
cover of A. By adding the open set X \ A to I we get an open cover of X. This open
cover has a finite subcover. This subcover of X must contain X \ A, thus omitting
this set we get a finite subcover of A from I. O

Proposition 8.1. A compact subspace of a Hausdorff space is closed.

PROOF. Let A be a compact set in a Hausdorff space X. We show that X \ A
is open.

Let x € X\ A. For each a € A there are disjoint open sets U, containing x
and V, containing a. The collection {V, | a € A} covers A, so there is a finite
subcover {V, |1 <i<n}.LetU =N, Uz and V = UL V4. Then U is an open
neighborhood of x disjoint from V, a neighborhood of A. g

Example. Any subspace of R with the finite complement topology is compact.
Note that this space is not Hausdorff (6.1).
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Characterization of compact spaces in terms of closed subsets. In the defi-
nition of compact spaces, writing open sets as complements of closed sets, we get a
dual statement: A space is compact if for every collection of closed subsets whose
intersection is empty there is a a finite subcollection whose intersection is empty.

A collection of subsets of a set is said to have the finite intersection property if
the intersection of every finite subcollection is non-empty.

Theorem 8.2. A space is compact if and only if every collection of closed subsets with the
finite intersection property has non-empty intersection.

Compact metric spaces. A space is called sequentially compact if every sequence
has a convergent subsequence.

Theorem 8.3 (Lebesgue’s number). In a sequentially compact metric space, for any
open cover there exists a number € > 0 such that any ball of radius € is contained in a
member of the cover.

PROOF. Let O be a cover of a sequentiallly compact metric space X. Suppose
the opposite of the conclusion, that is for any number € > 0 there is a ball B(x, €)
not contained in any of the element of O. Take a sequence of such balls B(x,,,1/n).
The sequence {x;},cz+ has a subsequence {xy, }cz+ converging to x. There is
€ > 0 such that B(x, 2¢) is contained in an element U of O. Take k sufficiently large
such that ny > 1/€ and x,,,_is in B(x,€). Then B(xy,,,1/n;) C B(xp,€) C U, a
contradiction. O

Theorem. A metric space is compact if and only if it is sequentially compact.

PROOF. (=) Let {x,},cz+ be a sequence in a compact metric space X. Sup-
pose that this sequence has no convergent subsequence. This implies that for any
point x € X there is an open neighborhood Uy of x and Ny € Z* such that if
n > Ny then x,, ¢ U,. Because the collection {Uy | x € X} covers X, it has a finite
subcover {Uy, |1 < k < m}. Let N = max{Ny, |1 < k < m}. If n > N then
xu & Uy, for all k, a contradiction.

(<) First we show that for any € > 0 the space X can be covered by finitely
many balls of radii € (a property called fotal boundedness or pre-compact (tién com-
pac)). Suppose the contrary. Let x; € X, and inductively let x,, 1 & Uy<i<, B(x;,€).
Since d(x, x4) > € if m # n, the sequence {x,},>1 cannot have any convergent
subsequence, a contradiction.

Now let O be any open cover of X. By[8.3|there is a corresponding Lebesgue’s
number € such that a ball of radius € is contained in an element of O. The space X
is covered by finitely many balls of radii €. The collection of finitely many corre-

sponding elements of O covers X. Thus O has a finite subcover. U

The above theorem shows that compactness in metric space as defined in pre-
vious courses agrees with compactness in topological spaces. We inherit all results

obtained previously on compactness in metric spaces. In particular we have the
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following results, which were proved using sequential compactness (it should be
helpful to review the previous proofs).

Proposition. If a subspace of a metric space is compact then it is closed and bounded.

PROOF. We give a proof using compactness. Suppose that X is a metric space
and suppose that Y is a compact subspace of X. Let x € Y. Consider the open
cover of Y by balls centered at x, that is, {B(x,r} | r > 0}. Since there is a finite
subcover, there is an r > 0 such that Y C B(x,r), thus Y is bounded. That Y is
closed in X follows from O

Theorem (Heine-Borel). A subspace of the Euclidean space R" is compact if and only
if it is closed and bounded.

PROOF. It is sufficient to prove that the unit rectangle I = [0,1]" is compact.
Suppose that O is an open cover of I. Suppose that no finite subset of O can cover
I. Divide each dimension of I by half, we get 2" subrectangles. Let I; be one of
these rectangles that cannot be covered by a finite subset of O. Inductively, divide
I to 2" equal subrectangles and let I; ;1 be a subrectangle that is not covered by
a finite subset of O. We have a family of descending rectangles {I};cz+. The
dimension of I is 1/2F, going to 0 as k goes to infinity.

We claim that the intersection of this family is non-empty. Let I = [T\, [a;;, b;c]
For each i, the sequence {ai-‘}kez+ is increasing and is bounded from above. Let
X = limy_, e a;'( = sup{a;; | k € Z"}. Then a;; <yl < b,i( for all k > 1. Thus the
point x = (x');<;<, is in the intersection of {; }rcz+-

Thereis U € O that contains x. There is a number € > 0 such that B(x,e) C U.
Then for k sufficiently large I, C B(x,e) C U. This is a contradiction. O

Example. In the Euclidean space R" the closed ball B’ (4, ) is compact.
Problems.

8.4. A discrete compact topological space is finite.

8.5. In a topological space a finite unions of compact subsets is compact.

8.6. In a Hausdorff space an intersection of compact subsets is compact.

8.7 (An extension of Cantor lemma in Calculus). Let X be compactand X D A} D Ay D
-+ D Ay D ... be adescending sequence of closed, non-empty sets. Then ;_; A, # @.

8.8 (The extreme value theorem). /If X is a compact space and f : X — (R, Euclidean) is

continuous then f has a maximum value and a minimum value.

8.9 (Uniformly continuous). / A function f from a metric space to a metric space is uni-
formly continuous if for any € > 0, thereis é > 0 such thatifd(x,y) < dthend(f(x), f(y)) <
€. Show that a continuous function from a compact metric space to a metric space is uni-

formly continuous.

8.10. ./ If X is compact, Y is Hausdorff, f : X — Y is bijective and continuous, then f is a

homeomorphism.
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8.11. In a compact space any infinite set has a limit point.
8.12. In a Hausdorff space a point and a disjoint compact set can be separated by open sets.

8.13. In a regular space a closed set and a disjoint compact set can be separated by open

sets.
8.14. In a Hausdorff space two disjoint compact sets can be separated by open sets.
8.15. A compact Hausdorff space is normal.

8.16. The set of n x n-matrix with real coefficients, denoted by M(n;R), could be naturally
considered as a subset of the Euclidean space R" by considering entries of a matrix as

coordinates, via the map

(ﬂi,j) — (a1,1,821, - -+ An1, 812,822, -+ -, An 2,813, - - -, Bn—1, Anyn) -
The General Linear Group GL(n;R) is the group of all invertible n x n-matrices with real
coefficients.
(a) Is GL(n;R) compact?
(b) Find the number of connected components of GL(#; R).
(c) Show that the product of two matrices is a continuous map.

(d) Show that taking inverse of a matrix is a continuous map.

A set with both a group structure and a topology such that the group oper-
ations are continuous is called a topological group. Thus GL(n;R) is a topological
group.

8.17. The Orthogonal Group O(n) is defined to be the group of matrices representing orthog-

onal linear maps of R”, that is, linear maps that preserve inner product. Thus
O(n)={Aec MmR)|A-AT = I,,}.
The Special Orthogonal Group SO(n) is the subgroup of O(n) consisting of all orthogonal

matrices with determinant 1.

(a) Show that any element of SO(2) is of the form

cos(p) —sin(e)
(sin(go) cos(¢p) ) '
This is a rotation in the plane around the origin with an angle ¢. Thus SO(2) is
the group of rotations on the plane around the origin.
(b) Is SO(2) path-connected?
(c) How many connected components does O(2) have?
(d) Is SO(n) compact?
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9. Product of spaces

Finite products of spaces. Let X and Y be two topological spaces, and consider
the Cartesian product X x Y. The product topology on X x Y is the topology gener-
ated by the collection F of sets of the form U x V where U is an open set of X and
V is an open set of Y.

Since the intersection of two members of F is also a member of F, the collection
F is a basis for the product topology. Thus every open set in the product topology
is a union of products of open sets of X with open sets of Y.

Similarly, the product topology on [T ;(X;, 7;) is defined to be the topology
generated by the collection {TT" ; U; | U; € 7;}.

Remark. Note that, as sets:

(@) (AxB)N(CxD)=(ANC)x (BND).
(b) (AxB)U(CxD) & (AUC)x (BUD) = (AxB)U(AxD)U(Cx
B)U(C x D).

Proposition. If each b; is a basis for X; then TT}'_; b; is a basis for the product topology on
n
11 X
i=1 1

Example (Euclidean topology). Recall that R” = R X R x --- x R. Let R have

n copies of R
Euclidean topology, generated by open intervals. An open set in the product topol-

ogy of R" is a union of products of open intervals.

Since a product of open intervals is an open rectangle, and an open rectangle
is a union of open balls and vice versa, the product topology on R" is exactly the
Euclidean topology.

Infinite products of spaces.

Definition. Let {(Xj, ;) };c; be a family of topological spaces. The product topology
on the set ] ;¢ X; is the topology generated by the collection F consisting of all sets
of the form [];c; U;, where U; € 1; and U; = X; for all except finitely many 7 € I.

Notice that the collection F above is a basis of the product topology. The sub-
collection of all sets of the form [];c; U;, where U; € 7; and U; = X; for all except
one i € I is a subbasis for the product topology.

Recall that an element of the set [ T;c; X; is written (x;);c;. For j € I the projec-
tion to the j-coordinate p; : TTjc; X; — X is defined by p;((x;)) = x;.

The definition of the product topology is explained in the following:

Theorem 9.1 (Product topology is the topology such that projections are continu-
ous). The product topology is the coarsest topology on [ 1;c; X; such that all the projection
maps p; are continuous. In other words, the product topology is the topology generated by
the projection maps.
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PROOF. Notice that if O; € X; then pj_l(O]-) = [Tie; U; with U; = X; for all i
except j, and U; = O;. The topology generated by all the maps p; is the topology
generated by all sets of the form p;l (O;) with O; € T, see O

Theorem 9.2 (Map to product space is continuous if and only if each compo-
nent map is continuous). A map f : Y — [l;c; X; is continuous if and only if each
component f; = p; o f is continuous.

Remark 9.3. However continuity of a map from a product space is not the same
as continuity with respect to each variable, as we have seen in Calculus.

Theorem 9.4 (Convergence in product topology is coordinate-wise convergence).
Amnetn: ] — [lie; X is convergent if and only if all of its projections p; o n are conver-
gent.

PROOF. (<) Suppose that each p; o n is convergent to a;, we show that n is
convergent to a = (a;)je].

A neighborhood of a contains an open set of the form U = [];c; O; with O; are
open sets of X; and O; = X; except for i € K, where K is a finite subset of I.

For each i € K, p; o n is convergent to a;, therefore there exists an index j; € |
such that for j > j; we have p;(n(j)) € O;. Take an index jj such that jo > j; for all
i € K. Then for j > jo we have n(j) € U. O

Tikhonov Theorem.
Theorem (Tikhonov theorem). A product of compact spaces is compact. ﬁ

Example. Let [0, 1] have the Euclidean topology. The space [T;cz+[0,1] is called
the Hilbert cube. By Tikhonov theorem the Hilbert cube is compact.

Applications of Tikhonov theorem include the Banach-Alaoglu theorem in
Functional Analysis and the Stone-Cech compactification.

Tikhonov theorem is equivalent to the Axiom of choice. The proofs we have
are rather difficult. However in the case of finite product it can be proved more
easily (9.19). Different techniques can be used in special cases of this theorem

and[9.7).

PROOF OF TIKHONOV THEOREM. Let X; be compact for all i € I. We will show
that X = [];c; X; is compact by showing that if a collection of closed subsets of X
has the finite intersection property then it has non-empty intersection (see ﬂ
Let F be a collection of closed subsets of X that has the finite intersection prop-
erty. We will show that Nscr A # @.
Have a look at the following argument, which suggests that proving the Tikhonov
theorem might not be easy. If we take the closures of the projections of the collec-

tion F to the i-coordinate then we get a collection {p;(A), A € F} of closed subsets

8Proved by Andrei Nicolaievich Tikhonov around 1926. The product topology was defined by him.
His name is also spelled as Tychonoff.

A proof based on open covers is also possible, see [Kel55, p. 143].
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of X; having the finite intersection property. Since X; is compact, this collection

has non-empty intersection.

From this it is tempting to conclude that F must have non-empty intersection

itself. But that is not true, see the figure.

In what follows we will overcome this difficulty by first enlarging the collec-

tion F.

(a)

(b)

(©

(d)

We show that there is a maximal collection F of subsets of X such that F
contains F and still has the finite intersection property. We will use Zorn
lemma for this purposem

Let K be the collection of collections G of subsets of X such that G
contains F and has the finite intersection property. On K we define an
order by the usual set inclusion.

Now suppose that L is a totally ordered subcollection of K. Let H =
Uger G. We will show that H € K, therefore H is an upper bound of L.

First H contains F. We need to show that H has the finite intersection
property. Suppose that H; € H,1 <i < n. Then H; € G; for some G; € L.
Since L is totally ordered, there is an iy, 1 < iy < 1 such that G;; contains
all G;, 1 <i < n. Then H; € Gj, forall 1 <i < n, and since G;, has the
finite intersection property, we have ' ; H; # @.
Since F is maximal, it is closed under finite intersection. Moreover if a
subset of X has non-empty intersection with every element of F then it
belongs to F.
Since F has the finite intersection property, for each i € I the collection
{pi(A) | A € F} also has the finite intersection property, and so does the

collection {p;(A) | A € F}. Since X; is compact, 4. pi(A) is non-empty.
Let x; € ﬂAEF pI(A) and let x = (xi)iel € Hiel[mAeﬁ pz(A)] We will
show that x € A for all A € F, in particular x € A forall A € F.

We need to show that any neighborhood of x has non-empty intersec-

tion with every A € F. It is sufficient to prove this for neighborhoods of x
belonging to the basis of X, namely finite intersections of sets of the form
p;l (O;) where O; is an open neighborhood of x; = p;(x). Forany A € F,
since x; € p;(A) wehave O; N p;(A) # @. Therefore p; *(0;) NA # @. By
the maximality of F we have pl-_l (O;) € F, and the desired result follows.

10This is a routine step; it might be easier for the reader to carry it out instead of reading.
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Problems.

9.5. Check that in topological sense (i.e. up to homeomorphisms):
(@ RPR=RZxR=R xR xR.
(b) More generally, is the product associative? Namely, is (X x Y) x Z = X x (Y x
ZNIs(XXY)XxZ=XxYxZ?

9.6. Show that the sphere S? with the North Pole and the South Pole removed is homeo-
morphic to the infinite cylinder S* x R.

9.7. Let (X;,d;), 1 <i < nbe metric spaces. Let X =[] ; X;. For x = (x1,x2,...,%,) € X
andy = (y1,42,---,Yn) € X, define

01(x,y) = max{d;(x;,y;) | 1 <i<n},

" 1/2
o (x,y) = (Z di(xiryi)z) ~
i=1
Show that 4y and J, are metrics on X generating the product topology.

9.8. Show that a space X is Hausdorff if and only if the diagonal A = {(x,x) € X x X} is
closed in X x X, by:
(a) using nets,

(b) not using nets.

9.9. Show that if Y is Hausdorff and f : X — Y is continuous then the graph of f (the set
{(x, f(x)) | x € X})isclosedin X x Y.

9.10. If for each i € I the space X; is homeomorphic to the space Y; then [];; X; is homeo-
morphic to [T Vi.

9.11. ./ Show that each projection map p; is a an open map, mapping an open set onto an

open set.
9.12. Is the projection p; a closed map?

9.13. Is it true that a map on a product space is continuous if it is continuous on each
variable?

9.14 (Disjoint union). ,/ Let A and B be topological spaces. On the set (A x {0}) U (B x
{1}) consider the topology generated by subsets of the form U x {0} and V x {1} where U
is open in A and V is open in B. Show that A x {0} is homeomorphic to A, while B x {1}
is homeomorphic to B. Notice that (A x {0}) N (B x {1}) = @. The space (A x {0}) U (B x
{1}) is called the disjoint union (hoi roi) of A and B, denoted by A LI B.

We use this construction when for example we want to consider a space consisting of

two disjoint circles.
9.15. Fix a point O = (0O;) € [T;cs X;. Define the inclusion map f : X; — [[;c; X; by
O ifj#i

x ifj=i

x = f(x) with f(x); = {
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Show that f is a homeomorphism onto its image X; (an embedding of X;).
Thus X; is a copy of X; in [T;c; X;. The spaces X; have O as the common point.

This is an analog of the coordinate system Oxy on R?.

9.16. Show that

(a) Ifeach Xj, i € Iis a Hausdorff space then [];c; X; is a Hausdorff space.
(b) If [T;e; X; is a Hausdorff space then each X; is a Hausdorff space.

9.17. Show that

(a) IfTT;e; X; is path-connected then each X; is path-connected.
(b) If each X;, i € I is path-connected then [];c; X; is path-connected.

9.18. Show that

(@) If[T;es X is connected then each X; is connected.
(b) If X and Y are connected then X x Y is connected.
(c) *Ifeach X;, i € I is connected then ;< X; is connected.

9.19. Show that

(@) IfTT;e; X; is compact then each X; is compact.
(b) *If X and Y are compact then X x Y is compact.

9.20. Consider PP]R%0 0) (the plane with the particular point topology at the origin, see l .

Is it homeomorphic to PPRRy X PPRRy? In other words, is it true that PPIR%O’O) = (PPRy)*?

9.21. Consider the Euclidean space R". Check that the usual addition (x,y) — x+yisa
continuous map from R” x R" to R”, while the usual scalar multiplication (¢, x) — ¢ - x is

a continuous map from R x R" to IR". This is an example of a topological vector space.

9.22 (Zariski topology). *LetF =RorF =C.
A polynomial in # variables on [F is a function from F" to [F that is a finite sum of terms

of the form ax}" x5"

-+~ xy", wherea, x; € Fand m; € N. Let P be the set of all polynomials
in n variables on IF.
If S C P then define Z(S) to be the set of all common zeros of all polynomials in S, thus

Z(S)={xe€F"|V¥p €S, p(x) = 0}. Such a set is called an algebraic set.
(a) Show that if we define that a subset of [F” is closed if it is algebraic, then this gives
a topology on F", called the Zariski topology.
(b) Show that the Zariski topology on [F is exactly the finite complement topology.
(c) Show that if both IF and F” have the Zariski topology then all polynomials on [F"
are continuous.

(d) Is the Zariski topology on IF” the product topology?
The Zariski topology is used in Algebraic Geometry.

9.23. Using the characterization of compact subsets of Euclidean spaces, prove the Tikhonov

theorem for finite products of compact subsets of Euclidean spaces.

9.24. Using the characterization of compact metric spaces in terms of sequences, prove the
Tikhonov theorem for finite products of compact metric spaces.

Further readings
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Strategy for a proof of Tikhonov theorem based on net. The proof that we will out-
line here is based on further developments of the theory of nets and a characterization of

compactness in terms of nets.

Definition 9.25 (Subnet). Let I and I’ be directed sets, and let i : I’ — I be a map such
that
Vke LK eI, (i’ >k = h(i") > k).

If n: I — Xisanetthen n o his called a subnet of n.

The notion of subnet is an extension of the notion of subsequence. If we take n; € Z™*
such that n; < n;y1 then (xy,) is a subsequence of (x,). In this case the map h : Z+ — Z+
given by h(i) = n; is a strictly increasing function. Thus a subsequence of a sequence is a
subnet of that sequence. On the other hand a subnet of a sequence does not need to be a
subsequence, since for a subnet the map # is only required to satisfy lim;_,, 1(i) = co.

A net (x;);e; is called eventuallyin A C X if thereis j € I such thati > j = x; € A.

Definition 9.26. Universal net A net n in X is universal if for any subset A of X either # is

eventually in A or n is eventually in X \ A.

Proposition 9.27. If f : X — Y is continuous and n is a universal net in X then f(n) is a universal
net.

Theorem 9.28. The following statements are equivalent:
(a) X is compact.
(b) Every universal net in X is convergent.

(c) Every net in X has a convergent subnet.

The proof of the last two propositions above could be found in [Bre93].

Then we finish the proof of Tikhonov theorem as follows.

PROOF OF TIKHONOV THEOREM. Let X = [];c; X; where each X; is compact. Suppose
that (x;);c; is a universal net in X. By the net (x;) is convergent if and only if the
projection (p;(x;)) is convergent for all i. But that is true since (p;(x;)) is a universal net in
the compact set X;. g
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10. Compactification

A compactification (compdac héa) of a space X is a compact space Y such that X

is homeomorphic to a dense subspace of Y.

Example. A compactification of the Euclidean interval (0,1) is the Euclidean in-

terval [0,1]. Another is the circle S!. Yet another is the Topologist’s sine curve
{(x,sin1)]0<x<1}U{(0,y) | —1 <y <1} (see[5.1).

Example. A compactification of the Euclidean plane IR? is the sphere S2. When R?
is identified with the complex plane C then S? is often called the Rienann sphere.

One-point compactification. In some cases it is possible to compactify a non-
compact space by adding just one point, obtaining a one-point compactification. For
example the Euclidean interval [0,1] is a one-point compactification of the Eu-
clidean interval [0, 1).

Let X be a space, let oo be not in X, and let X* = X U {oo}. Let us see what
a topology on X* should be in order for X* to contain X as a subspace and to be
compact. If an open subset U of X* does not contain oo then U is contained in
X, therefore U is an open subset of X in the subspace topology of X, which is the
same as the original topology of X. If U contains oo then its complement X® \ U
must be a closed subset of X*°, hence is compact, furthermore X* \ U is contained

in X and is therefore a closed subset of X.

Theorem (Alexandroff compactification). The collection consisting of all open sub-
sets of X and all complements in X* of closed compact subsets of X is the finest topology
on X* such that X* is compact and contains X as a subspace. If X is not compact then X
is dense in X*°, and X is called the Alexandroff compactification of X. EI

PROOF. We go through several steps.

(a) We check that we really have a topology.
Let I be a collection of closed compact sets in X. Then Jcer(X* \
C) = X*\ Ncer C, where Nc¢; C is closed compact.
If O is open in X and C is closed compact in X then OU (X®\ C) =
X*®\ (C\ O), where C\ O is a closed and compact subset of X.
AlsoON(X®\C)=0nN(X\C)isopenin X.
If C; and C; are closed compact in X then (X®\ C;) N (X®\ Cp) =
X\ (C1 UCy), where C; U C;y is closed compact.
So we do have a topology. With this topology X is a subspace of X*.
(b) We show that X* is compact. Let F be an open cover of X*. Then an
element O € F will cover co. The complement of O in X* is a closed
compact set C in X.
Then F \ {O} is an open cover of C. From this cover there is a finite
cover. This finite cover together with O is a finite cover of X*.

Hproved in the early 1920s by Pavel Sergeyevich Alexandrov. Alexandroff is another way to spell his
name.
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(c) Since X is not compact and X* is compact, X cannot be closed in X%,
therefore the closure of X in X* is X*.

O

A space X is called locally compact if every point has a compact neighborhood.
Example. The Euclidean space R" is locally compact.

Proposition. The Alexandroff compactification of a locally compact Hausdorff space is
Hausdorff.

PROOF. Suppose that X is locally compact and is Hausdorff. We check that
oo and x € X can be separated by open sets. Since X is locally compact there is a
compact set C containing an open neighborhood O of x. Since X is Hausdorff, C
is closed in X. Then X* \ C is open in the Alexandroff compactification X*. So O
and X* \ C separate x and oo. O

The need for the locally compact assumption is discussed in|10.11

Proposition. If X is homeomorphic to Y then a Hausdorff one-point compactification of
X is homeomorphic to a Hausdorff one-point compactification of Y.

In particular, Hausdorff one-point compactification is unique up to homeo-
morphisms. For this reason we can talk about the one-point compactification of a
locally compact Hausdorff space.

PROOF. Suppose that i : X — Y is a homeomorphism. Let X U {a} and
Y U {b} be Hausdorff one-point compactifications of X and Y. Let i1 : X U {a} —
Y U {b} be defined by h(x) = h(x) if x # a and h(a) = b. We show that  is
a homeomorphism. We will prove that /1 is continuous, that the inverse map is
continuous is similar, or we can use[8.10|instead.

Let U be an open subset of Y U {b}. If U does not contain b then U is open
in Y, so h~1(U) is open in X, and so is open in X U {a}. If U contains b then
(YU {b}) \ Uis closed in Y U {b}, which is compact, so (YU {b})\U = Y\ U is
compact. Then =1 ((Y U {b}) \ U) = h=1(Y \ U) is a compact subspace of X and
therefore of X U {a}. Since X U {a} is Hausdorff, i~1((Y U {b}) \ U) is closed in
X U {a}. Thus h~1(U) must be open in X U {a}. O

Example. The Euclidean line R is homeomorphic to the circle S! minus a point.
The circle is of course a Hausdorff one-point compactification of the circle minus a
point. Thus a Hausdorff one-point compactification (in particular, the Alexandroff
compactification) of the Euclidean line is homeomorphic to the circle.
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Stone-Cech compactification. Let X be a topological space. Denote by C(X)
the set of all bounded continuous functions from X to R where R has the Eu-
clidean topology. Define
©:X — ] linff,supf]
fec(x)
x = (f(x¥)fec(x)

Thus for each x € X and each f € C(X), the f-coordinate of the point ®(x) is
®(x)s = f(x). This means the f-component of @ is f, i.e. pfo @ = f, where p is
the projection to the f-coordinate.

Since [Trec(x)[inf f, sup f] is compact, the subspace ®(X) is compact.

Definition. A space is said to be completely reqular (also called a T, 1 -space) if it is
a Ti-space and for each point x and each closed set A with x ¢ A there is a map
f € C(X) such that f(x) =aand f(A) = {b} wherea # b.

Thus in a completely regular space a point and a closed set disjoint from it can

be separated by a continuous real function.

Theorem 10.1. If X is completely regqular then ® : X — ®(X) is a homeomorphism, i.e.
D is an embedding. In this case ®(X) is called the Stone-Cech compactification of X. It is
a Hausdorff space.

PROOF. We go through several steps.

(a) @isinjective: If x # y then since X is completely regular thereis f € C(X)
such that f(x) # f(y), therefore ®(x) # ®(y).

(b) @ is continuous: Since the f-component of ® is f, which is continuous,
the result follows from[0.2]

(c) @' is continuous: We prove that ® brings an open set onto an open set.
Let U be an open subset of X and let x € U. There is a function f €
C(X) that separates x and X \ U. In particular there is an interval (a,b)
containing such that f~!((a,b)) N (X \ U) = @. We have f~1((a,b)) =
(pso ®)~((a,b)) = @*1(;7]71((11,17))) C U. Apply @ to both sides, we
get p;l((a,b)) N®(X) C ®(U). Since pj?l((a,b)) N ®(X) is an open set
in ®(X) containing ®(x), we see that ®(x) is an interior point of ®(U).
We conclude that ®(U) is open.

That ®(X) is a Hausdorff space follows from that Y is a Hausdorff space, by
andl6.7 a

Theorem. A bounded continuous real function on a completely reqular space has a unique
extension to the Stone-Cech compactification of the space.
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More concisely, if X is a completely reqular space and f € C(X) then there is a unique
function f € C(®(X)) such that f = f o ®.

X — 9(X)
fl /
f
R
PROOF. A continuous extension of f, if exists, is unique, by [7.8]
Since py o ® = f the obvious choice for f is the projection p Iz 0
Problems.

10.2. Find the one-point compactification of (0,1) U (2, 3) with the Euclidean topology, that

is, describe this space more concretely.
10.3. Find the one-point compactification of {1 | n € Z*} under the Euclidean topology?

10.4. Find the one-point compactification of Z7T under the Euclidean topology? How about
Z?

10.5. Show that Q is not locally compact (under the Euclidean topology of R). Is its Alexan-

droff compactification Hausdorff?

10.6. What is the one-point compactification of the Euclidean open ball B(0,1)? Find the

one-point compactification of the Euclidean space R".

10.7. What is the one-point compactification of the Euclidean annulus {(x,y) € R? |1 <
X2 +y? <22

10.8. Define a topology on R U {£o0} such that it is a compactification of the Euclidean RR.

10.9. Consider R with the Euclidean topology. Find a necessary and sufficient condition
for a continuous function from R to IR to have an extension to a continuous function from

the one-point compactification R U {0} to R.
10.10. If a subset of X is closed will it be closed in the Alexandroff compactification of X?

10.11. If there is a topology on the set X® = X U {oo} such that it is compact, Hausdorff,
and containing X as a subspace, then X must be Hausdorff, locally compact, and there is

only one such topology — the topology of the Alexandroff compactification.

10.12. We could have noticed that the notion of local compactness as we have defined is
not apparently a local property. For a property to be local, every neighborhood of any
point must contain a neighborhood of that point with the given property (as in the cases of
local connectedness and local path-connectedness). Show that for Hausdorff spaces local
compactness is indeed a local property, i.e., every neighborhood of any point contains a
compact neighborhood of that point.

10.13. Any locally compact Hausdorff space is a regular space.

10.14. In a locally compact Hausdorff space, if K is compact, U is open, and K C U, then
there is an open set V such that V is compact and K C V C V C U. (Compare with )
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10.15. A space is locally compact Hausdorff if and only if it is homeomorphic to an open

subspace of a compact Hausdorff space.
10.16. Any completely regular space is a regular space.
10.17. Prove[10.Tjusing nets.

10.18. A space is completely regular if and only if it is homeomorphic to a subspace of a
compact Hausdorff space. As a corollary, a locally compact Hausdorff space is completely

regular.

Further readings
By if a space has a Hausdorff Alexandroff compactification then it also has a
Hausdorff Stone-Cech compactification.
In a certain sense, for a noncompact space the Alexandroff compactification is the
“smallest” Hausdorff compactification of the space and the Stone-Cech compactification

is the “largest” one. For more discussions on this topic see for instance [Mun00, p. 237].
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11. Real functions and spaces of functions
Urysohn lemma. Here we consider real functions, i.e. maps to the Euclidean IR.

Theorem 11.1 (Urysohn lemma). If X is normal, F is closed, U is open, and F C U,
then there exists a continuous map f : X — [0,1] such that f(x) =0on Fand f(x) =1
on X\ U.

Equivalently, if X is normal, A and B are two disjoint closed subsets of X, then there
is a continuous function f from X to [0,1] such that f(x) = 0on Aand f(x) = 1on B.

Thus in a normal space two disjoint closed subsets can be separated by a con-
tinuous real function.

Example. It is much easier to prove Urysohn lemma for metric space, using the

function
d(x, A)

f&) = G Ay +d By
PROOF OF URYSOHN LEMMA. Recall[6.3} Because X is normal, if F is closed, U
is open, and F C U then there is an open set V such that FC V C V C U.

(a) We construct a family of open sets in the following manner.
Let U; = U.
n=0: FCUycC Uy C Uj.
n=1: ﬁocu% CLT%CUL
n=2= U()CU%CU%CU%IU%CU%CU%CU%CU%:UL
Inductively we have a family of open sets:

FclUycUycU, cU; cU, cU, cUs cUsz C---C
b oM o1 21 2n 2n

CUwy CUm 4 C Ul = Uj.
2}‘[

21 21

Let] = {zﬂn | m,n € N;0 < m < 2"}. We have a family of open sets
{U, | r € I} having the property r < s = U, C Us.
(b) We can check that I is dense in [0, 1] (this is really the same thing as that
any real number in [0, 1] can be written in binary form, compare .
(c) Define f: X — [0,1],

inf{rel|xel} ifxel,

f(X): 1 ifx & U.

In this way if x € U, then f(x) < r, while if x ¢ U, then f(x) > r. So f(x)
gives the “level” of x on the scale from 0 to 1, while U, is like a sublevel
set of f.

We prove that f is continuous, then this is the function we are look-
ing for. It is enough to prove that sets of the form {x | f(x) < a} and
{x| f(x) > a} are open.

(d) If a < 1then f(x) < aif and only if there is r € I such that r < a and
x € Uy. Thus{x | f(x) <a}={xe U, |r<a}=U,, U isopen.
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(e) If 2 < 1 then f(x) > a if and only if there is r € I such thatr > a and
x & Uy Thus{x | f(x) >a}={x e X\U; |r>a} =U,~, X\ U
Now we show that J,~, X \ U, = U,~, X \ Uy, which implies that
Ur>a X \ Uy is open. Indeed, if r € I and r > a then there is s € I such
that 7 > s > a. Then U; C U, therefore X \ U, C X \ Us.

O

Uniform convergences. Let X and Y be two topological spaces. We say that a
net (f;);er of functions from X to Y converges point-wise to a function f : X — Y if
for each x € X the net (f;(x));c; converges to f(x).

Now let Y be a metric space. Recall that a function f : X — Y is said to be
bounded if the set of values f(X) is a bounded subset of Y. We consider the set
B(X,Y) of all bounded functions from X to Y. If f,¢ € B(X,Y) then we define
a metric on B(X,Y) by d(f,g) = sup{d(f(x),g(x)) | x € X}. The topology gen-
erated by this metric is called the topology of uniform convergence. If a net (fi)icy
converges to f in the metric space B(X,Y) then we say that (f;);c; converges to f

uniformly.

Proposition. Suppose that (f;)ic; converges to f uniformly. Then:

(@) (fi)ies converges to f point-wise.
(b) Ifeach f; is continuous then f is continuous.

PROOF. The proof of part (2) is the same as the one for the case of metric
spaces. Suppose that each f; is continuous. Let x € X, we prove that f is continu-
ous at x. The key step is the following inequality:

d(f(x), f(y)) <d(f(x), fi(x)) +d(fi(x), fi(y)) +d(fi(y), f(¥))-

Given e > 0, fixan i € I such that d(f;, f) < e. For this i, there is a neighborhood
U of x such that if y € U then d(fi(x), fi(y)) < e. The above inequality implies
that for y € U we have d(f(x), f(y)) < 3e. O
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Let X and Y be two topological spaces. Let C(X, Y) be the set of all continuous
functions from X to Y. The topology on generated by all sets of the form

S(AU) ={feCX,Y)|f(A) CU}

where A C X is compact and U C Y is open is called the compact-open topology on
C(X,Y).

Proposition. Let X be compact and Y be a metric space, then on C(X,Y) the compact-
open topology is the same as the uniform convergence topology.

Tiestze extension theorem. We consider real functions again.

Theorem (Tiestze extension theorem). Let X be a normal space. Let F be closed in
X. Let f : F — IR be continuous. Then there is a continuous map g : X — R such that

gle=f.
Thus in a normal space a continuous real function on a closed subspace can be ex-
tended continuously to the whole space.
PROOF. First consider the case where f is bounded.

(a) The general case can be reduced to the case when infr f = 0 and sup, f =
1. We will restrict our attention to this case.
(b) By Urysohn lemma, there is a continuous function g1 : X — [0, 4] such

'3
that
0 ifxe f1([0,1])
six) =9, .
3 ifxe fH((51)).
Let fi = f — 1. Thensupy g1 = 3, supy f1 = %, and infr f; = 0.
(c) Inductively, once we have a function f, : F — R, for a certain n > 1 we

will obtain a function g,, 1 : X — [0, (%)n] such that
0 ifxe f,71(0,1 (3
gn+1(x) = 1 onn ! 23 (3)

(3" e

Let fur1 = fn — gnt1. Then supy gni1 = % (%)n/ Supr fut1 = (%
and infr f, 41 = 0.

)n+1

7

(d) The series Y ; gn converges uniformly to a continuous function g.

(e) Since f, = f — Y} gi, the series }.;|_; ¢u|r converges uniformly to f.
Therefore g|r = f.

(f) Note that with this construction infx ¢ = 0 and supy ¢ = 1.

Now consider the case when f is not bounded.

(a) Suppose that f is neither bounded from below nor bounded from above.
Let  be a homeomorphism from (—o0, 00) to (0,1). Then the range of f; =
ho f is a subset of (0,1), therefore it can be extended as in the previous

case to a continuous function g7 such thatinf,cx g1(x) = infyer f1(x) =0
and sup, .y 1(x) = sup, . fi(x) = 1.
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If the range of g1 includes neither 0 nor 1 then ¢ = h~! o g1 will be
the desired function.

It may happens that the range of g1 includes either 0 or 1. In this case
let C = g, 1({0,1}). Note that CN F = @. By Urysohn lemma, there is
a continuous function k : X — [0,1] such that k|c = 0 and k|p = 1. Let
g2 = kg1 + (1 —k)3. Then g|r = g1|r and the range of g is a subset
of (0,1) (g2(x) is a certain convex combination of g1(x) and }). Then
¢ = h™1 o0 g» will be the desired function.

(b) If f is bounded from below then similarly to the previous case we can use
a homeomorphism I : [a,00) — [0,1), and we let C = g ' ({1}).
The case when f is bounded from above is similar.

Problems.

11.2. A normal space is completely regular. So: normal = completely regular = regular.
In other words: Ty = T51 = Ts.
2

11.3. A space is completely regular if and only if it is homeomorphic to a subspace of a
compact Hausdorff space. As a corollary, a locally compact Hausdorff space is completely

regular.
11.4. Show that the Tiestze extension theorem implies the Urysohn lemma.
11.5. The Tiestze extension theorem is not true without the condition that the set F is closed.

11.6. Show that the Tiestze extension theorem can be extended to maps to the space [ J;c; R
where R has the Euclidean topology.

11.7. Let X be a normal space and F be a closed subset of X. Then any continuous map
f : F — S" can be extended to an open set containing F.

11.8. Prove the following version of Urysohn lemma, as stated in [Rud86]. Suppose that X
is a locally compact Hausdorff space, V is open in X, K C V, and K is compact. Then there
is a continuous function f : X — [0,1] such that f(x) = 1 for x € K and supp(f) C V,
where supp(f) is the closure of the set {x € X | f(x) # 0}, called the support of f.

Hint: Use[[0.13land[8.13

11.9 (Point-wise convergence topology). Now we view a function from X to Y as an ele-
ment of the set YX = [T,cx Y. In this view a function f : X — Y is an element f € YX, and
for each x € X the value f(x) is the x-coordinate of the element f.
(@) Let (fi)ics be a net of functions from X to Y, i.e. a net of points in YX. Show that
(fi)ie1 converges to a function f : X — Y point-wise if and only if the net of points
(fi)ic1 converges to the point f in the product topology of YX.
(b) Define the point-wise convergence topology on the set YX of functions from X to Y

as the topology generated by sets of the form
S(x,U) = {f e Y*| f(x) e U}

with x € X and U C Y is open. Show that the point-wise convergence topology is
exactly the product topology on YX.
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11.10. Let X and Y be two topological spaces. Let C(X, Y) be the set of all continuous func-
tions from X to Y. Show that if a net (f;);c; converges to f in the compact-open topology of

C(X,Y) then it converges to f point-wise.

11.11 (Niemytzki space). * Let H = {(x,y) € R? | y > 0} be the upper half-plane. Equip H
with the topology generated by the Euclidean open disks (i.e. open balls) in K = {(x,y) €
R?| y > 0}, together with sets of the form {p} U D where p is a point on the line L =
{(x,y) € R?*| y = 0} and D is an open disk in K tangent to L at p. This is called the
Niemytzki space.

(a) Check that this is a topological space.

(b) What is the subspace topology on L?

(c) What are the closed sets in H?

(d) Show that H is Hausdorff.

(e) Show that H is regular.

(f) Show that H is not normal.

Further readings
Metrizability. A space is said to be metrizable if its topology can be generated by a metric.

Theorem 11.12 (Urysohn Metrizability Theorem). A regular space with a countable basis is

metrizable.

The proof uses the Urysohn lemma [Mun00].
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12. Quotient space

In this section we consider the operation of gluing parts of a space to form
a new space. For example when we glue the two endpoints of a line segment
together we get a circle.

Mathematically, gluing points mean to let them be equivalent. For a set X
and an equivalence relation ~ on X, the quotient set X/ ~ is exactly what we get
byidentifying equivalent elements of X into one element.

We also want the gluing to be continuous. That means we equip the quotient
set X/ ~ with the finest topology such that the projection map (the gluing map)
p: X — X/ ~, x — [x] is continuous. Namely, a subset U of X/ ~ is open if
and only if the preimage p~!(U) is open in X (see [3.6). The set X/ ~ with this
topology is called the quotient space of X by ~.

In a special case, if A is a subspace of X then there is this equivalence relation
onX: x ~xifx ¢ A, and x ~ y if x,y € A. The quotient space X/ ~ is often
written as X/ A, and we can think of it as being obtained from X by collapsing the
whole subspace A to one point.

Theorem 12.1. Let Y be a topological space. Amap f : X/ ~— Y is continuous if and
only if f o p is continuous.

PROOF. The map f o p is continuous if and only if for each open subset U
of Y, the set (fo p)~1(U) = p~'(f~1(U)) is open in X. The latter statement is
equivalent to that f~1(U) is open for every U, that is, f is continuous. g

The following result will provide us a tool for identifying many quotient spaces:

Theorem. Suppose that X is compact and ~ is an equivalence relation on X. Suppose
that Y is Hausdorff, and f : X — Y is continuous and onto. Suppose that f(x1) = f(x2)
if and only if x1 ~ xo. Then f induces a homeomorphism from X/ ~ onto'Y.

PROOF. Defineh : X/ ~— Y by h([x]) = f(x). Then h is onto and is injective,
thus it is a bijection.

Notice that f = h o p (in such a case people often say that the above diagram is
commutative, and the map f can be factored). By h is continuous. By his
a homeomorphism. O
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Example (Gluing the two end-points of a line segment gives a circle). More pre-
cisely [0,1]/0 ~ 1 is homeomorphic to S!:

0,1 —>[0,1]/0 ~ 1

\l’*

sl
Here f is the map t — (cos(27tt), sin(27t)).

Example (Gluing a pair of opposite edges of a square gives a cylinder). Let X =
[0,1] x [0,1]/ ~ where (0,t) ~ (1,t) forall 0 < t < 1. Then X is homeomorphic
to the cylinder [0,1] x S'. The homeomorphism is induced by the map (s,t) —
(s, cos(27t), sin(27t)).

Example (Gluing opposite edges of a square gives a torus). Let X = [0,1] x
[0,1]/ ~ where (5,0) ~ (s,1) and (0,) ~ (1,f) forall 0 < s,t < 1, then X is
homeomorphic to the torusEl (mat xuyén) T? = st x sl

FIGURE 12.1. The torus.

The torus T2 is homeomorphic to a subspace of R3, in other words, the torus
can be embedded in R®. The subspace is the surface of revolution obtained by
revolving a circle around a line not intersecting it.

FIGURE 12.2. The torus embedded in R3.

Suppose that the circle is on the Oyz-plane, the center is on the y-axis and the
axis for the rotation is the z-axis. Let a be the radius of the circle, b be the distance

127he plural form of the word torus is tori.
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from the center of the circle to O, (@ < b). Let S be the surface of revolution, then
the embedding can be given by

[0,27t] x [0,271] —= T? = ([0,27]/0 ~ 27t) x (]0,27]/0 ~ 27)

where f(¢,0) = ((b+acosf)cos¢, (b+ acosb)sin¢,asinb).
We can also obtain an implicit equation: (1/x2 +y2 — b)? + z2 = a2.

Example (Gluing the boundary circle of a disk together gives a sphere). More
precisely D?/9D? is homeomorphic to S?. We only need to construct a continuous
map from D? onto S? such that after quotient out by the boundary dD? it becomes

injective.

Example (The Mobius band). Gluing a pair of opposite edges of a square in oppo-
site directions gives the Mobius band (dai, 14 Mobius). More precisely the Mobius
band is X = [0,1] x [0,1]/ ~ where (0,t) ~ (1,1 —¢) forall0 < ¢t < 1.

The Mobius band could be embedded in IR3. It is homeomorphic to a subspace
of R3 obtained by rotating a straight segment around the z-axis while also turning
that segment “up side down”. The embedding can be induced by the map (s, t) —
((a+ tcos(s/2))cos(s), (a+ tcos(s/2))sin(s),tsin(s/2)), with 0 < s < 27 and
-1<t <1,
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FIGURE 12.4. The embedding of the Mobius band in R.

Example (The projective plane). Identifying opposite points on the boundary of a
disk (they are called antipodal points) we get a topological space called the projective
plane (mat phang xa anh) RP?. The real projective plane cannot be embedded in
IR3. It can be embedded in R*.

More generally, identifying antipodal boundary points of D" gives us the pro-
jective space (khong gian xa anh) RP". With this definition RP! is homeomorphic

to S1. See also|1Z_1Ql

Example (Gluing a disk to the Mobius band gives the projective plane). In other
words, deleting a disk from the projective plane gives the Mobius band. See Figure

1251

Example (The Klein bottle). Identifying one pair of opposite edges of a square
and the other pair in opposite directions gives a topological space called the Klein
bottle . More precisely it is [0,1] x [0,1]/ ~ with (0,¢) ~ (1,t) and (s5,0) ~ (1 —
s, 1).

This space cannot be embedded in R3, but it can be immersed in R3. An im-
mersion (phép nhung chim) is a local embedding. More concisely, f : X — Y is an
immersion if each point in X has a neighborhood U such that f|;; : U — f(U) isa
homeomorphism. Intuitively, an immersion allows self-intersection (tu cat).

Problems.
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a c
a a —>
c b a
a c
b
c a a c -
b
c a
b l b
¢ c
C a c ——
b
b b b
b b

FIGURE 12.5. Gluing a disk to the Mobius band gives the projec-
tive plane.

FIGURE 12.6. The Klein bottle.

12.2. Describe the space [0,1]/1 ~ 1.
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FIGURE 12.7. The Klein bottle immersed in IR®.
12.3. On the Euclidean R define x ~ y if x —y € Z. Show that R/ ~ is homeomorphic to
S!. The space R/ ~ is also described as “R quotient by the action of the group Z”.

12.4. On the Euclidean R?, define (x1,y1) ~ (x2,y2) if (x1 — x2,y1 — y2) € Z x Z. Show
that R?/ ~ is homeomorphic to T2.

12.5. Show that the following spaces are homeomorphic (one of them is the Klein bottle).
b a

12.6. Describe the space that is the sphere S? quotient by its equator S.
12.7. If X is connected then X/ ~ is connected.

12.8. The one-point compactification of the open Mobius band (the Mobius band without
the boundary circle) is the projective space RP2.

12.9. Show that the projective space RP" is a Hausdorff space.

12.10. * Show that identifying antipodal boundary points of D" is equivalent to identify-
ing antipodal points of §". In other words, the projective space RP" is homeomorphic to

S"/x ~ —x.

12.11. In order for the quotient space X/ ~ to be a Hausdorff space, a necessary condition

is that each equivalence class [x] must be a closed subset of X. Is this condition sufficient?
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Guide for further reading

The book by Kelley [Kel55] has been a classics and a standard reference al-
though it was published in 1955. Its presentation is rather abstract. The book
contains no figure!

Munkres’ book [Mun00] is presently a standard textbook. The treatment there
is somewhat more modern than that in Kelley’s book, with many examples, figures
and exercises. It also has a section on Algebraic Topology.

Hocking and Young’s book [HY61] contains many deep and difficult results.
This book together with Kelley’s and Munkres’ books contain many topics not
discussed in our lectures.

For General Topology as a service to Analysis, [KF75] is an excellent textbook.
[Cai94] and [VINKO8] are other good books on General Topology.

A more recent textbook by Roseman [Ros99] works mostly in R” and is more
down-to-earth. The new textbook [AF08] contains many interesting applications
of Topology.

If you want to have some ideas about current research in General Topology
you can visit the website of Topology Atlas [Atl], or you can browse the journal
Topology and Its Applications, available on the web.






Algebraic Topology

13. Structures on topological spaces

Topological manifold. If we only stay around our small familiar neighborhood
then we might not be able to recognize that surface of the Earth is curved, and
to us it is indistinguishable from a plane. When we begin to travel farther and
higher, we can realize that the surface of the Earth is a sphere, not a plane. In
mathematical language, a sphere and a plane are locally same although globally
different. Briefly, a manifold is a space that is locally Euclidean.

Definition. A topological manifold (da tap top6) of dimension # is a topological
space each point of which has a neighborhood homeomorphic to the Euclidean
space R".

Remark. In this chapter we assume R” has the Euclidean topology unless we men-
tion otherwise.

An equivalent definition of manifold is:

Proposition. A manifold of dimension n is a space such that each point has a neighbor-
hood homeomorphic to an open subset of R".

We can think of a manifold as a space which could be covered by a collection
of open subsets each of which homeomorphic to R".

Remark. By Invariance of dimension R" and R™ are not homeomorphic un-

less m = n, therefore a manifold has a unique dimension.

63



64 ALGEBRAIC TOPOLOGY

Example. Any open subspace of R" is a manifold of dimension #.

Example. If f : R — R is continuous then the graph of f is a one-dimensional
manifold. More generally, let f : D — IR be a continuous function where D C R"
is an open set, then the graph of f, the set {(x, f(x)) | x € D} as a subspace of
R"*! is an n-dimensional manifold.

Example. The sphere 5" is an n-dimensional manifold. One way to show this is to
cover S" with two neighborhoods 5" \ {(0,0,...,0,1)} and S"\ {(0,0,...,0,—1)}.
Each of these neighborhoods is homeomorphic to R” via stereographic projec-
tions. Another way is covering S" by hemispheres {(x1,x2,...,x,11) € S" | x; >
0} and {(x1,x2,...,x541) € S" |x; <0},1<i<n+1

Example. The torus is a two-dimensional manifold. Let us consider the torus as
the quotient space of the square [0, 1]? by identifying opposite edges. Each point
has a neighborhood homeomorphic to an open disk, as can be seen easily in the

following figure, though explicit description would be time consuming. We can

FIGURE 13.1. The sets with same colors are glued to form a neigh-
borhood of a point on the torus. Each such neighborhood is home-
omorphic to an open ball.

also view the torus as a surface in R3, given by the equation (1/x2 +y2 —a)? +
z2 = b?. As such it can be covered by the open subsets of R3 corresponding to
z2>0,z<0,x*>+y* <a? x*+y* > a’

Remark. The interval [0,1] is not a manifold, it is a “manifold with boundary”.
We will not give a precise definition of manifold with boundary here.
A two-dimensional manifold is often called a surface.

Simplicial complex. For an integer n > 0, an n-dimensional simplex (don hinh) is
a subspace of a Euclidean space R™, m > n, which is the convex linear combination
of (n+ 1) points vy, vy,...,v, where v1 — v, V2 — Vp, ...,y — gy are n linearly
independent vectors (it can be checked that this condition does not depend on the
order of the points). As a set it is given by {tovg + t101 + - - - + ty0n | to, t1, ..., tn €
[0,1], to +t; + - - - + t, = 1}. The points vy, vy, ..., v, are called the vertices of the

simplex.



13. STRUCTURES ON TOPOLOGICAL SPACES 65

Example. A 0-dimensional simplex is just a point. A 1-dimensional simplex is
a straight segment in R, m > 1. A 2-dimensional simplex is a triangle in R™,
m > 2. A 3-dimensional simplex is a tetrahedron in R", m > 3.

In particular, the standard n-dimensional simplex (don hinh chuan) A, is the con-
vex linear combination of the (n + 1) vectors (1,0,0,...), (0,1,0,0,...), ... in the
standard linear basis of R"*1. Thus

A, = {(to,tl,...,tn) | to,t1,...,tn € [0,1], to+t1+---+ty :1}

The convex linear combinations of any subset of the set of vertices of a simplex
is called a face of the simplex.

Example. For a 2-dimensional simplex (a triangle) its faces are the vertices, the
edges, and the triangle itself.

An n-dimensional simplicial complex (phttc don hinh) in R™ is a finite collection
S of simplexes of dimensions at most # in R such that:
(a) any face of an element of S is an element of S,
(b) the intersection of any two elements of S is a common face,
(c) at least one element of S is of dimension n.
The union of all elements of S is called its underlying space, denoted by |S|. Such a

space is called a polyhedron (da dién).
Example. A 1-dimensional simplicial complex is a graph.

Triangulation. A triangulation (phép phén chia tam gidc) of a topological space X
is a homeomorphism from the underlying space of a simplicial complex to X, the
space X is then said to be triangulated.

For example, a triangulation of a surface is an expression of the surface as a
union of finitely many triangles, with a requirement that two triangles are either

disjoint, or have one common edge, or have one common vertex.

FIGURE 13.2. A triangulation of the 2-dimensional sphere.

It is known that any two or three dimensional manifold can be triangulated,
and that there exists a 4-dimensional manifold with no triangulation. The situa-

tions in higher dimensions are still being studied.
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FIGURE 13.3. A triangulation of the torus.
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FIGURE 13.4. Another triangulation of the torus.
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FIGURE 13.5. A triangulation of the projective plane.
A simplicial complex is specified by a finite set of points. If a space can be

triangulated then we can study that space combinatorially, using constructions
and computations in finitely many steps.

Cell complex.

Definition. A 0-dimensional cell (6) is a point. For n > 1 an n-dimensional cell is
an open ball in the Euclidean space R".
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By an n-dimensional disk we mean a closed ball in the Euclidean space R". In
particular the unit disk centered at the origin B’(0,1) is denoted by D". Thus the
boundary dD" is the sphere 5" ! and the interior int(D") is an n-cell.

Definition. Let X be a topological space and let. By attaching a cell to a space X we
mean taking a continuous function f : D" — X then forming the quotient space
(XuD")/(x ~ f(x), x € 0D™). Intuitively, we glue a disk to the space by gluing
each point on the boundary of the disk with a point on the space. We can attach
many cells simultaneously in the same way.

A (finite) cell complex (phttc 6) or CW-complex X is a topological space built as
follows:

(@) XY is a finite discrete space.
(b) Foreach 1 <i < n € Z*, X! is obtained from X'~! by attaching finitely
many i-cells.
(c) X =X".
Briefly, a cell complex is a topological space which can be built by attaching cells.
The subspace X" is called the n-dimensional skeleton (khung) of X.

Example. A topological circle has a cell complex structure as a triangle with three
0O-cells and three 1-cells. There is another cell complex structure with only one
0-cell and one 1-cell.

Example. The 2-dimensional sphere has a cell complex structure as a tetrahedron
with four O-cells, six 1-cells, and four 2-cells. There is another cell complex struc-
ture with only one 0-cell and one 2-cell.

Example. The torus has a cell complex structure with one 0-cells, two 1-cells, and
one 2-cells.

It’s intutively easy to be convinced that a simplicial complex gives a cell com-
plex:

Proposition. Any polyhedron is a cell complex.

PROOF. Let X be a simplicial complex. Let X' be the union of all simplexes
of X of dimensions at most i. Then X'*! is the union of X’ with finitely many
(i 4 1)-dimensional simplexes. Let Ai*1 be such an (i 4 1)-dimensional simplex.
The faces of Ait! are simplexes of X, so the union of those faces, which is the
boundary of Ai*1, belongs to X'. There is a homeomorphism from an (i + 1)-disk
to A1, bringing the boundary of the disk to the boundary of A'*!. Thus including
A1 means attaching an (i + 1)-cell to X'. g

The example of the torus indicates that cell complexes may require less cells
than simplicial complexes. On the other hand we loose the combinatorial setting,
because we need to specify the attaching maps.
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It is known that any compact manifold of dimension different from 4 has a cell
complex structure. Whether that is true or not in dimension 4 is not known yet
[Hat01), p. 529].

Problems.

13.1. Show that if two spaces are homeomorphic and one space is an n-dimensional mani-

fold then the other is also an n-dimensional manifold.

13.2. Show that IRP" is an n-dimensional topological manifold.
13.3. Draw a cell complex structure on the torus with two holes.
13.4. Find a cell complex structure on IRP".

Further readings
Bernard Riemann proposed the idea of manifold in his Habilitation dissertation. A
translation of this article is available in [Spi99].
Two conditions are often added to the definition of a manifold: it is Hausdorff, and it
has a countable basis. The first condition is useful for doing Analysis on manifolds, and the

second condition guarantees the existence of Partition of Unity.

Theorem 13.5 (Partition of Unity). Let U be an open cover of a manifold M. Then there is a
collection F of continuous real functions f : M — [0, 1] such that

(a) Foreach f € F, thereis V € U such that supp(f) C V.

(b) For each x € M there is a neighborhood of x such that there are only finitely many f € F
which is non-zero on that neighborhood.

(c) Foreachx € M,

Y flx)=1

feF

A Partition of Unity allows us to extend some local properties to global ones, by “patch-
ing” neighborhoods. It is needed for such important results as the existence of a Riemann-
ian metric on a manifold in Differential Geometry, the definition of integration on manifold
in Theory of Differential Forms. It is also used in the proof of the Riesz Representation
Theorem in Measure Theory [Rud86].

13.6. Check that R" has a countable basis.

13.7. Any subset of R” is Hausdorff and has a countable basis.
With the above additional assumptions we can show:

13.8. A manifold is locally compact.

13.9. A manifold is a regular space.
By the Urysohn Metrizability Theorem[11.12)we have:

13.10. Any manifold is metrizable.



14. CLASSIFICATION OF COMPACT SURFACES 69

14. Classification of compact surfaces

In this section by a surface (mat) we mean a two-dimensional manifold (with-
out boundary).

Connected sum. Let S and T be two surfaces. From each surface deletes an
open disk, then glue the two boundary circles. The resulting surface is called the

connected sum (t6ng lién thong) of the two surfaces, denoted by S#T.

S\ D? T\ D? SHT

It is known that the connected sum does not depend on the choices of the
disks.

Example. If S is any surface then S#5% = S.
Classification.

Theorem (Classification of compact surfaces). A connected compact surface is home-
omorphic to either the sphere, or a connected sum of tori, or a connected sum of projective
planes.

We denote by T, the connected sum of g tori, and by M, the connected sum of
¢ projective planes. The number g is called the genus (giéng) of the surface.

The sphere and the surfaces Ty are orientable (dinh hudng dugc) surface , while
the surfaces Mg are non-orientable (khong dinh hudng dugc) surfaces. We will not
give a precise definition of orientability here.

FIGURE 14.1. Orientable surfaces: S2, Ty, Ty, ...

Notice that at this stage we have not yet been able to prove that those surfaces
are distinct.

The Classification theorem is a direct consequence of the following:

Theorem 14.1. A connected compact surface is homeomorphic to the space obtained by
identifying the edges of a polygon in one of the following ways:
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(@) aa 1,
(b) alblaflbflazbzaglbgl - ~agbgag’1b

2.2 2
(c) cic3 -+ - cq.

-1
g

Proof of [T4.1] Let S be a triangulated surface. Cut S along the triangles. Label the
edges by alphabet characters and mark the orientations of each edge. In this way
each edge will appear twice on two different triangles.

Take one triangle. Pick a second triangle which has one common edge with
the first one, then glue the two along the common edge following the orientation
of the edge. Continue this gluing process in such a way that at every step the
resulting polygon is planar. This is possible if at each stage the gluing is done in
such a way that there is one edge of the polygon such that the entire polygon is on
one of its side. The last polygon P is called a fundamental polygon of the surface.

The boundary of the fundamental polygon consists of labeled and oriented
edges. Choose one edge as the initial one then follow the edge of the polygon in a
predetermined direction. This way we associate each polygon with a word w.

We consider two words equivalent if they give rise to homeomorphic surfaces.

In the reverse direction, the surface can be reconstructed from an associated
word. We consider two words equivalent if they give rise to homeomorphic sur-
faces. In order to find all possible surfaces we will find all possible associated
words up to equivalence.

Theorem is a direct consequence of the following:

Proposition 14.2. An associated word to a connected compact without boundary surface

is equivalent to a word of the forms:

(@) aa 1,

(b) arbyay 'by tagbyay byt - - agheag

22 2
(c) cfey - -+ Cq-

-1
g

We will prove through a series of lemmas.
Let w be the word of a fundamental polygon.

1

Lemma 14.3. A pair of the form aa™" in w can be deleted, meaning that this action will

give an equivalent word corresponding to a homeomorphic surface.
PROOF. If wisnotaa~! then it can be reduced as illustrated in the figure. [

Lemma 14.4. The word w is equivalent to a word whose all of the vertices of the associated
polygon is identified to a single point on the associated surface (w is “reduced”).

PROOF. When we do the following operation, the number of P vertices is de-
creased.

When there is only one P vertex left, we arrive at the situation in Lemma m

]

Lemma 14.5. A word of the form —a — a— is equivalent to a word of the form —aa—.
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FIGURE 14.2. Lemma[14.3]
P P

FIGURE 14.3. Lemma (144

Lemma 14.6. Suppose that w is reduced. Assume that w has the form —axa='— where
w is a non-empty word. Then there is a letter b such that b is in « but the other b or b~ is
not.

PROOF. If all letters in & appear in pairs then the vertices in the part of the
polygon associated to a are identified only with themselves, and are not identi-
fied with a vertex outside of that part. This contradicts the assumption that w is
reduced. O

Lemma 14.7. A word of the form —a — b —a~! — b~'— is equivalent to a word of the

form —aba='b=1—.

Lemma 14.8. A word of the form —aba='b=1 — cc— is equivalent to a word of the form
2_ 22
—a® —b" —c"—.
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FIGURE 14.5. Lemma[I4.7]

PROOF. Do the operation in the figure, after that we are in a situation where
we can apply Lemma three times.
O

PROOF OF The proof follows the following steps.

1. Bring w to the reduced form by using[14.4finitely many times.
2. If w has the form —aa~!— then go to 2.1, if not go to 3.
2.1. If w has the form aa~! then stop, if not go to 2.2.
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FIGURE 14.6. Lemmal[l4.8

2.2. w has the form aa~'a where & # @. Repeatedly apply finitely many

times, deleting pairs of the form aa~!

in w until no such pair is left or w has the
form aa~!. If no such pair is left go to 3.

3. w does not have the form —aa~!—. Repeatedly apply finitely many
times until w no longer has the form —ana— where & # @. Note that if we apply
[14.5]then some pairs of of the form —axa— with & # @ could become a pair of the
form —a —a~!—, but a pair of the form —aa— will not be changed. Therefore
could be used finitely many times until there is no pair —ana— with a = @ left.

Also it is crucial from the proof of that this step will not undo the steps
before it.

4. If there is no pair of the form —aaa~! where a # @, then stop: w has the
form a2a3 - - -a‘%.

5. w has the form —aaa~! where a # @. By w must has the form —a —
b—a! — b !—, since after Step 3 there could beno —b —a~! — b—.

6. Repeatedly apply finitely many times until w no longer has the form
—aabBa~1yb~!— where at least one of &, B, or 1 is non-empty.

7. If wis not of the form —aa— then stop: w has the form a;bya; b1 - - - aghgag by .

8. w has the form —aba=1b=1 — cc—. Usefinitely many times to transform

2,2

2
w to the form aja; - - - ag. O

Euler Characteristics. The Euler Characteristics (dac trung Euler) x(S) of a trian-
gulated surface S is the number V of vertices minus the number E of edges plus
the number F of triangles (faces):

x(S)=V—E+F.

Theorem 14.9. The Euler Characteristics with respect to two triangulations of the same
sutface are equal.
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By this theorem the Euler Characteristics of a surface is defined and does not
depend on the choice of triangulation. Since the Euler Characteristics does not
change under homeomorphisms, just like the number of connected components,
it is said to be a topological invariant (bat bién topo). If two surfaces have different

Euler Characteristics, then they are not homeomorphic.

Example. By Theorem we have x(S?) = 2. A consequence is the famous
formula of Leonhard Euler: For any convex polyhedron, V — E + F = 2.

Example. From any triangulation of the torus, we get x(T?) = 0. For the projective
plane, x(RP?) = 1. As a consequence, the sphere, the torus, and the projective
plane are not homeomorphic to each other: they are different surfaces.

Problems.
14.10. Show that T?#RP2 = K#RP2, where K is the Klein bottle.

14.11. Show that gluing two Mobius bands along their boundaries gives the Klein bottle.
In other words, RP?#RP? = K. H

14.12 (Surfaces are homogeneous). A space is homogeneous (dong nhat) if given two points

there exists a homeomorphism from the space to itself bringing one point to the other point.

(a) Show that the sphere S2is homogeneous.
(b) Show that the torus T2 is homogeneous.

It is known that any manifold is homogeneous, see

14.13. (a) Show that Tg#T) = T, .
(b) Show that Mg#M), = M.
(c) What is Mg#T},?

14.14. Show that x(S1#S>) = x(51) + x(S2) — 2.

14.15. Compute the Euler Characteristics of all connected compact without boundary sur-
faces.
Deduce that the orientable surfaces S and Ty, for different g, are distinct, meaning not

homeomorphic to each other. Similarly the non-orientable surfaces M are all distinct.

14.16. From describe a cell complex structure on any given compact without boundary
surface.

13There is a humorous poem:

A mathematician named Klein
Thought the Mobius band was divine
Said he, “If you glue

The edges of two,

You'll get a weird bottle like mine.”
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15. Homotopy

Homotopy of maps. Let X and Y be topological spaces and f,g: X — Y. We say
that f and g are homotopic (ddng luan) if there is a continuous map

F:Xx[0,1 — Y
(x,£) +— F(x,1)

such that F(x,0) = f(x) and F(x,1) = g(x) for all x € X. The map F is called a
homotopy (phép dong luan) from f to g.

We can think of t as a time parameter and F as a continuous process in time
that starts with f and ends with g. To suggest this view F(x, t) is often written as

Ft(x).

Proposition. Being homotopic is an equivalence relation on the set of continuous maps
between two given topological spaces.

Homotopic spaces.

Definition. Two topological spaces X and Y are homotopic if there are continuous
maps f : X — Yand g: Y — X such that g o f is homotopic to Idx and f o g is
homotopic to Idy. Each of the maps f and g is called a homotopy equivalence.

Immediately we have:
Proposition. Homeomorphic spaces are homotopic.

So being homotopic is a weaker notion than being homeomorphic.

We can check that homotopy between spaces is a relation with these proper-
ties: reflective, symmetric, and transitive.

A space which is homotopic to a space containing only one point is called a
contractible space (that dugc).

Example. Any ball in a normed space is contractible.

Let X be a space, and let A be a subspace of X. We say that A is a retract (rit)
of X if there is a continuous map r : X — A such thatr|4 = id4, called a retraction
(phép rat) from X to A. In other words A is a retract of X if the identity map id 4
can be extended to X.

A deformation retraction (phép rut bién dang) from X to A is a homotopy F on
X that starts with idx, ends with a retraction from X to A, and fixes A throughout,
ie, Fp =idy, Fi(X) = A,and F;| 4 = id4, Vt € [0, 1]. If there is such a deformation
retraction we say that A is a deformation retract (rit bién dang) of X.

In such a deformation retraction each point x € X \ A “moves” along the path
F;(x) to a point in A, while every point of A is fixed.

Example. A normed space minus a point has a deformation retraction to a sphere.
Indeed a normed space minus the origin has a deformation retraction F;(x) =

(1—-t)x+ trry to the unit sphere at the origin.
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Example. An annulus S' x [0,1] has a deformation retract to one of its circle
boundary S! x {0}.

Proposition. If a space X has a deformation retraction to a subspace A then X is homo-
topic to A.

PROOF. Suppose that F; is a deformation retraction from X to A. Consider
F; : X — A and the inclusion map g : A — X, g(x) = x. Then idx is homotopic to
goF via F, while Fj o g =idg4. O

Example. The letter A is homotopic to the letter O, as subspaces of the Euclidean

plane.

Example. The circle, the annulus, and the Mobius band are homotopic each other
but are not homeomorphic to each other.

Example. A subset A of R" is called star-shaped if there is a point xy € A such that
for any x € A the straight segment from x to x( is contained in A. Since A has a
deformation retraction to x, it is contractible.

Homotopy of paths. Recall that a path (duong di) in a space X is a continuous
map « from the Euclidean interval [0, 1] to X. The point «(0) is called the initial
end point, and «(1) is called the final end point. In this section for simplicity of
presentation we assume the domain of a path is the Euclidean interval [0, 1] instead
of any Euclidean closed interval as before.

Definition. Let « and f be two paths from a to b in X. A path-homotopy (phép dong
luan duong) from « to B is a continuous map F : [0,1] x [0,1] — X, F(s,t) = F(s),
such that Fy = &, F; = B, and for each t the path F; goes fromato b, ie. F; (0) =a,
F(1) =b.

If there is a path-homotopy from a to B we say that a is path-homotopic (dong
luédn duong) to B.

Remark. A homotopy of path is a homotopy of maps defined on [0, 1], with the fur-
ther requirement that the homotopy fixes the initial point and the terminal point. To em-
phasize this we have used the word path-homotopy, but some sources (e.g. [Hat01}
p- 25]) simply use the term homotopy, taking this further requirement implicitly.

Example. In a normed space any two paths « and  with the same initial points
and end points are homotopic, via the homotopy (1 — f)a + tf. This is also true
for any convex subset of a normed space.

Proposition. Homotopic relation on the set of all paths from a to b is an equivalence
relation.

PROOF. If a is path-homotopic to f via a path-homotopy F then we can easily

find a homotopy from S to «, for instance G; = F;_;.
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F():IX

=8

FIGURE 15.1. We can think of a path-homotopy from « to B as a
way to continuously brings « to 8, similar to a motion picture,
keeping the endpoints fixed.

We check that if « is homotopic to § via a homotopy F and f is homotopic to
7 via a homotopy G then « is homotopic to . Let

thl OStS

1
G2t—1/ 7>

H; =

RN

A\
IA

t

Note that continuity of a map is not the same as continuity with respect to each
variable (see(9.3). To see the continuity of H it is better to write it as

F(s,2t), 0<s<1,0<t<}i
H(s, t) = (s:28) - - =2
G(s,2t—1), 0<s<1,3<t<1
then use[d.4] So H is a homotopy from a to 7. a

A loop (vong) or a closed path (duong di dong) based at a point 2 € X is a path
whose initial point and end point are 4. In other words it is a continuous map
«:[0,1] — X such that a(0) = a(1) = a. The constant loop at a is the loop a(t) = a
forallt € [0,1].

A space is said to be simply connected (don lién) if it is path-connected and any

loop is path-homotopic to a constant loop.

Example. As in a previous example, any convex subset of a normed space is sim-
ply connected.

Problems.
15.1. Show that the Mobius band has a deformation retract to a circle.

15.2. Show that the homotopy type of the Euclidean plane with a point removed does not
depend on the choice of the point.

15.3. Show that contractible spaces are path-connected.
15.4. Show that deformation retract to a point = contractible.

15.5. Let X be a topological space, and Y be a subspace of X.

(a) Show that if Y is a retract of X then any map from Y to a topological space Z can
be extended to X.

(b) Show that a subset consisting of two points cannot be a retract of R?.
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Note: This shows that the Tiestze extension theorem cannot be automatically generalized to maps

to general topological spaces.
15.6. Show that if B is contractible then A x B is homotopic to A.

15.7. Classify the alphabetical characters according to homotopy types, that is, which of the
characters are homotopic to each other as subspaces of the Euclidean plane? Do the same
for the Vietnamese alphabetical characters. Note that the result depends on the font you

use.

Further readings

One of the most celebrated achievements in Topology is the resolution of the Poincaré

conjecture:

Theorem (Poincaré conjecture). A compact manifold that is homotopic to the sphere is homeo-
morphic to the sphere.

The proof of this statement is the result of a cumulative effort of many mathematicians,
including Stephen Smale (for dimension > 5, early 1960s), Michael Freedman (for dimen-
sion 4, early 1980s), and Grigory Perelman (for dimension 3, early 2000s).
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16. The fundamental group

Let a be a path from a to b. Then the inverse path of « is defined to be the path
a1(t) =a(l—t) from b to a.

Let « be a path from a to b, and  be a path from b to ¢, then the composition
(hop) of & with B is defined to be the path

p2t—1), ;<t<

[
\
—
2
—~
N
-
}/
- O
IN
-
IN
—_ NI

The path v is often denoted as « - B. By f.4} « - B is continuous.

Lemma 16.1. If « is path-homotopic to a1 and B is path-homotopic to B then a - B is
path-homotopic to a1 - 1.

PROOF. Let F be the first homotopy and G be the second homotopy. Consider
Hy =F -Gt O

Lemma 16.2. If a is a path from a to b then « - =1 is path-homotopic to the constant loop
at a.

PROOF. Our homotopy from a - a ! to the constant loop at a can be described
as follows. At a fixed ¢, the loop F; starts at time 0 at a, goes along « but at twice the
speed of «, until time % — é, stays there until time % + %, then catches the inverse
path a~1 at twice its speed to come back to a.

More precisely,

a(2s), 0§s§%—§
)= u(z=2) 3-32<s<3+3
a”l(2s), Ll4l<s<i

O

Lemma 16.3 (reparametrization). If ¢ : [0,1] — [0,1] is a continuous map such that
@(0) = 0and ¢(1) = 1 then for any path « the path a o ¢ ( a “reparametrization” of )
is path-homotopic to «.

Roughly speaking, a reparametrization does not change the homotopy class.

PROOF. Let F; = (1 —t)¢ +tldj,). Then a - F; gives a path-homotopy from
xo@toa. g

The fundamental group. Consider the set of loops based at a point xp under the
path-homotopy relation, denoted by 711 (X, xo). On this set we define a multiplica-
tion operation [«] - [B] = [« - B]. By this operation is well-defined.

Theorem 16.4. The set of all path-homotopy classes of loops of X based at a point xg is a
group under the above operation.
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This group is called the fundamental group (nhém co ban) of X at xg, denoted
by 71 (X, x0). The point xj is called the base point.

PROOF. Let’s write 1 as the constant loop at xg. By Lemma 1. ais path-
homotopic to &, thus [1] - [a] = [a]. So [1] is the identity in 711 (X, x0).

We define [«] ! = [a~!]. It is easy to check that this is well-defined. By
[] 7! is indeed the inverse element of [«].

Since (a - B) - 1y is a reparametrization of « - (B - 7v), we have associativity: ([a] -

[B]) - [7] = [a] - ([B] - [7])- O

Example. If X is a convex subset of a normed space then 711 (X, x) is trivial.
A simply connected space is precisely as path-connected space with trivial

fundamental group.

The dependence of the fundamental group on the base point is explained in

the following proposition.

Proposition 16.5 (dependence on base point). If there is a path from xy to xq then
111 (X, xo) is isomorphic to 111 (X, x71).

PROOF. Let & be a path from x to x1. Consider the map
he: m(X,x1) — m(X, xo)
] = faeyea
Using we can check that this is a well-defined map, a group homomorphism

with an inverse homomorphism:

h;li 7T1(X,X1) — nl(X,xO)
] = ety
[l

For a path-connected space the fundamental group is the same up to group
isomorphism for any choice of the base point. Therefore if X is a path-connected

space we often drop the base point in the notation, and write 711 (X).

Induced homomorphisms on fundamental groups. Let X and Y be topological
spaces, and f : X — Y. Then f induces the following map

ferm(X,x0) — (Y, f(x0))
[v] = [for]

It can be checked that this is a well-defined map. Furthermore f.([11] - [72]) =
f([r1-72]) = [f o (71 - 72)]. It can be checked directly that fo (y1-72) = (fom)-
(f o 12), thus fi([11] - [12]) = fe([11]) - fx([72]), therefore f. is a homomorphism.

Proposition (g0 f)x = g«of ). If f: X = Yand g : Y — Z then (go f)« =
8«0 fr: m(X,x0) = m(Z,8(f(x0)))-
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PROOF. (g0 f)«([7]) = [(gof) o] = [go(fon] = g:([for)]) = g«(f«([7]))-
g
Lemma. If f : X — X is homotopic to the identity then f, : 711(X, x9) — 1 (X, f(x0))
is an isomorphism.

PROOF. We will show that f.([y]) = [fo] = [« -7 -a~!], where a is a path
from f(xp) to xg. In other words f. = h,, where h, is the map used in the proof of
which was shown there to be an isomorphism.

X0

Fe(7)
a(t) = F(xo)

Bt

Flxo) o

From the assumption there is a homotopy F from f to idx. Then Ft(xo), 0<
t < 1is a continuous path from f(xp) to xp. Denote this path by . For each fixed
0 <t <1, let B be the path that goes along « from a(0) = f(x¢) to a(t), namely
Bi(s) = a(st),0 < s < 1. Let Gt = B¢ Fe(7) - ,8;1. That G is continuous can be
checked by writing down the formula for G explicitly. Then G is a path-homotopy
from f(y) toa-v-a" L. O

Theorem. If f : X — Y is a homotopy equivalence then f : 11(X, x9) — m1(Y, f(x0))
is an isomorphism.

PROOF. Since f is a homotopy equivalence there is ¢ : ¥ — X such that
g o f is homotopic to idx and f o g is homotopic to idy. By the above lemma, the

composition

(X, x0) B (Y, f(x0)) & (X, g(f(x0)))

is an isomorphism, which implies that g is surjective. Similarly the composition

(Y, £(x0) £ m(X,g(f(x0))) & (Y, F(g(f(x0))))

is an isomorphism, which implies that g, is injective. Since g is bijective from the

first composition we see that f is bijective. O

Corollary (homotopy invariance). If two path-connected spaces are homotopic, then
their fundamental groups are isomorphic.

We say that for path-connected spaces, the fundamental group is a homotopy

invariant.



82 ALGEBRAIC TOPOLOGY

Problems.

16.6. If Xy is a path-connected component of X and xy € X then 711 (X, x¢) is isomorphic
to 711 (Xo, x0)-

16.7. Show that a topological space is simply-connected if and only if it is path-connected

and its fundamental group is trivial.

16.8. Let X and Y be topological spaces, f : X — Y, f(xg) = yo. Show that the induced
map
ferm(X,xg) — m(Y, )
(V] = [fenl
is a well-defined.

16.9. Suppose that f : X — Y is a homeomorphism. Show that the induces homomorphism
fie: (X, x0) = m1(Y, f(x0)) is an isomorphism.
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17. The fundamental group of the circle

Theorem (771 (S') = Z). The fundamental group of the circle is infinite cyclic.

Let v, be the loop (cos(n2rt),sin(n27t)), 0 < t < 1, the loop on the circle S*
based at the point (1,0) that goes n times around the circle at uniform speed in
the counter-clockwise direction if # > 0 and in the clockwise direction if n < 0.
Consider the map

®©:Z — m(st(1,0))
no [’Vn]-

This map associates each integer n with the path-homotopy class of ;. We will
show that ® is a group isomorphism, where Z has the usual additive structure.
This implies that the fundamental group of the circle is generated by a loop that
goes once around the circle in the counter-clockwise direction, and the homotopy
class of a loop in the circle corresponds to an integer representing the “number of
times” that loop goes around the circle, with the counter-clockwise direction being
the positive direction.

PROOF. First we check that ® is a group homomorphism. This means ;4
is path-homotopic to 7, - ;. This is true because the two paths are reparametriza-
tions of each other. This is not difficult, the details can be given as follows.

Letp: R — S!, p(t) = (cos(27t),sin(27tt)), a map that wraps the line around
the circle countably infinitely many times in the counter-clockwise direction. This
is related to the usual parametrization of the circle by angle. Then 1, is the path
p(nt),0 <t <1.Let

—

Ymtn 2 [0,1]  — [0,m +n]
t = (m+n)t,

then Yy4+n = P © Yman- Let

Yo qn:[0,1] = [0,m+n]

m2t,

IN
IN

7

t

N~ O
IN
-
IN
—_ NI=

n(2t —1)+m,

4

then Y - Yn = PO Tm - Yn- Let @ = Tmin 0 Tm - 7u (here 7min - denotes the

inverse map), then 11 © @ = Y - Y

Ym—+n

[0,1] ——= [0, m + n]

T ¢ /v
Ym - Yn

[0,1]
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This implies p o (Yu1n© @) = (PO Tumrn) ©P = Ymtn©P = Tu* Yu = PO (Tu - 1n)-
Thus 7, - v is a reparametrization of ¥4y.

Now we prove that ® is surjective. This means every loop <y on the circle based
at (1,0) is path-homotopic to a loop 7,,. Our is based on the fact that there is a path
4 on R starting at 0 such that y = p o §. This is an important result in its own right
and will be proved separatedly below at[17.1} Then (1) is an integer n. Since RR is
simply-connected, ¥ is path-homotopic to the path 7, () = nt, 0 < t < 1, namely
through a path-homotopy such as F(s,t) = (1 —s)¥(t) +syx(t),0 < s < 1. Then
¥ = p o ¥ is path-homotopic to 7, through the path-homotopy G = po F.

Finally we check that & is injective. This is reduced to showing that if v,
is path-homotopic to 7, then m = n. Our proof is based on another important
result below, which claims that if 7, is path-homotopic to 7y, then 7, is path-
homotopic to ;. This implies the terminal point m of 7;; must be the same as the
terminal point 7 of ;. O

Covering spaces. The map p : R — S, p(t) = (cos(27t),sin(27t)) is called the
covering map associated with of the covering space R of S'. For a path v : [0,1] —
S!,apath 4 : [0,1] — R such that p o 4 = v is called a /ift of 7.

Sl

1
0,1] ——

Lemma 17.1 (existence of lift). Every path in S' has a lift to R. Furthermore if the
initial point of the lift is specified then the lift is unique.

PROOF. Let us write S' = UUV with U = S'\ {(0,—-1)} and V = S!\
{(0,)}. Then pH(U) = Unez(n — L+ 3) and p1(V) = Unez(n + 1n +
2). The key observation is that the preimage p~!(U) consists of infinitely many
disjoint open subsets of R, each of which is homemorphic to U via p, i.e. p :
(n— }I' n+ %) — U is a homeomorphism, in particular the inverse map exists and
is continuous. The same thing happens with respect to V.

Let v : [0,1] — S', 4(0) = (1,0). We can divide [0, 1] into sub-intervals with
endpoints 0 = t) < t; < --- < t, = 1 such that on each sub-interval [t;_1,t;],
1 < i < n, the path 7 is either contained in U or in V. This is guaranteed by
the existence of a Lebesgue number [8.3{ with respect to the open cover ¢~ 1(U) U
v~ 1(V) of [0,1].

Suppose a lift 4(0) is chosen (which is an integer). Suppose that 4 has been
constructed on [0,¢; 1] for a certain 1 < i < n. If y([t;_1,t]) C U then there
is a unique n; € Z such that ¥(t;_1) € (n; — 41;,”1' + %) There is only one way
to continuously extend ¥ to [t;_1,t;], that is by defining ¥ = p'(_ri—%,nﬁ%) o7.

Similarly, if 7 ([t;_1,t]) C V thereis n; € Z such that ¥(t;_1) € (n; + 1,1, + 3),
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n; niyp R pt (U)

then on [t;_1,t;] we define 7 = p| ! o 7. In either case we obtain a unique

(ni+gmi+3)
continuous lift § on [0, t;]. In this way 7 is ‘extended continuously to [0, 1]. O

Examining the above proof we can see that the key property of the covering
space p : R — S! is the following: each point on the circle has an open neighbor-
hood U such that the preimage p~!(U) is the disjoint union of open subsets of R,
each of which is homeomorphic to U via p. This is the defining property of general

covering spaces. This is also the property used in the next proof.

Lemma 17.2 (homotopy of lifts). Lifts of path-homotopic paths with same initial points
are path-homotopic.

PROOF. The proof is similar to the above proof of [17.1} Let F : [0,1] x [0,1] —
S! be a path-homotopy from the path Fy to the path Fy. If the two lifts Fy and F;
have same initial points then that initial point is the lift of the point F((0,0)).

As we noted eatlier, the circle has an open cover O such that each U € O we
have p~1(U) is the disjoint union of open subsets of R, each of which is homeo-
morphic to U via p. The collection F~1(O) is an open cover of the square [0,1] x
[0,1]. By the existence of Lebesgue’s number, there is a partition of [0,1] x [0,1]
into sub-rectangles such that each sub-rectangle is contained in an element of
F~1(O). More concisely, we can divide [0,1] into sub-intervals with endpoints
0=ty <t < - <ty =1suchthatforeachl <i,j <nthereis U € O such that
F(ltia ] % 1, 4]) © UL

We already have F((0,0)). Suppose that F((t;_1,tj_1)), 1 <i,j < nis already
defined. Suppose that F((t;_1,t;-1)) € F([t;—1,t;] X [tj_1,tj]) C Uforsome U € O.
We can write p~1 (U) = Ugex Uy with Uy NU; = @ if k # 1, and each Uy is an open
subset of R such that p[y, : Ux — U is a homeomorphism. Suppose that the
known lift of the point F((t;_1,tj_1)) is in Uy for some k € K. Then we define F on
the sub-rectangle [t; 1, t;] x [tj_1,t;] tobe ;a|&k1 oF.
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We need to check F is continuous on the extended domain. Since we extend
one sub-rectangle at a time in this way, the intersection of the previous domain
of F and the sub-rectangle [t;_1,#;] X [tj_1, ;] is connected. That implies F must
bring the entire common domain to a unique Uy, for some k € K, therefore on this
common domain F is p| &kl o F, agreeing with the new definition.

Thus we obtained a continuous lift F of F. Since the initial point is given, by
uniqueness of lifts of paths in the restriction of F to [0,1] x {0} is Fy while the
restriction of F to [0,1] x {1} is F;. Thus F is a path-homotopy from Fy to F;.  [J

Applications.

Corollary. The circle is not contractible.

Corollary. The plane minus a point is not simply connected.
Problems.

17.3. Find the fundamental groups of the Mobius band and the cylinder.
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18. Van Kampen theorem

Van Kampen theorem is about giving the fundamental group of a union of
subspaces from the fundamental groups of the subspaces.

Example. Two circles with one common point (the figure 8) is called a wedge
product S v S. Let x be the common point, let a be a loop starting at xo going
once around the first circle and let b the a loop starting at x( going once around
the second circle. Then a and b generate the fundamental groups of the two circles
with based points at x(. Intuitively we can see that 711 (S Ly st Xg) consists of path-

_1LZ_1

homotopy classes of loops like a, ab, bba, aabab—'a , ... This is a group called

the free group generated by 4 and b, denoted by (a, b).

. b

X0

Free group. Let S be a set. Let S~! be a set having a bijection with S. Correspond-
ing to each element x € S is an element in S~! denoted by x~1. A word with letters
in S is a finite sequence of elements in S or S~!. The sequence with no element is
called the empty word. In a word, if two elements x and x~! are consecutive then
they can be cancelled, i.e. they can be replaced by the empty word. Given two
words we form a new word by juxtaposition (dat ké): (sys2- - -sp) - (5]5h - - sh,) =
§152 - - - Spsysh - - - sy, With this operation the set of all words with letters in S be-
comes a group. The identity element 1 is the empty word. The inverse element
of a word s1s - - - s, is the word s;lsﬁl e sl_l. This group is called the free group

generated by the set S, denoted by (S).

Example. The free group ({a}) generated by the set {a} is often written as (a). As

n m+n

a set (a) can be written as {a" | n € Z}. The product is given by a™ - a" = a
The identity is a’. Thus as a group (a) is an infinite cyclic group, isomorphic to

(Z,+).

Let G be a set and let R be a set of words with letters in G, i.e. a finite subset of
the free group (G). Let N be the smallest normal subgroup of (G) containing R.
The quotient group (G) /N is written (G | R). Elements of G are called generators
of this group and elements of R are called relators of this group. We can think of
(G | R) as consisting of words in G subjected to the relations r = 1 for all r € R.

Example. (a|a?) = {a°,a} = Z,.
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Free product of groups. Let G and H be groups. Form the set of all words with
letters in G or H. In such a word, two consecutive elements from the same group
can be reduced by the group operation. For example ba?ab’b—a* = ba*b~2a*. In
particular if x and x~! are next to each other then they will be cancelled. So the
identities of G and H can be reduced. For example abb~!c = alc = ac.

As with free group, given two words we form a new word by juxtaposition.
233

For example (a2b%a~!) - (a®ba) = a’ba~'aba = a’b3a®ba. This is a group op-

eration, with the identity element 1 being the empty word, the inverse of a word
5152 - - - Sy is the word s;lsrﬂl e s;l. This group is called the free product of G with

H.

Proposition. If

G=1(81,8 - 8m | 1,72, -, Tny)
and

H=(hy,hy, ..., 0, | 51,52, ..., Sn,)

then
GxH=1(91,8, -, §m, M, N2, ..., by | 11,72, ..., 0y, 51,52, -, Sy ) -
Example (G * H # G x H). We have
(g) x (h) = (g, h) = {g™MNW"g"h" - .. "W | my,my, ..., mp,nx €Z, k€ ZT}.

Compare that to (g) x (h) = {(¢",h") | m,n € Z} with component-wise multi-
plication. This group can be identified with (g,/ | gh = hg) = {¢"h" | m,n € Z}.
Thus Z «xZ # Z x Z.

For more details on free group and free product, see textbooks on Algebra
such as [[Gal10] or [Hun74].

Van Kampen theorem.

Theorem (Van Kampen theorem). Suppose that X = U UV with U, V open, path-
connected, U NV is path-connected, and xo € UNV. Letiy : UNV — U and
iy : UNV — V be inclusion maps. Then

m (U, xo) x 1 (V, Xo)
((u)«(a)(iv)s (@) [« € m(UNV, x0))
Corollary. If X = U UV with U, V open, path-connected, U NV is simply connected,
and xog € UNV, then 11 (X, x0) = (U, xg) * 11 (V, xp).

m(UUV,xy) =

Example. Consider the sphere S”, n > 2. Let A = "\ {(0,0,...,0,1)} and B =
S$"\ {(0,0,...,0,—1)}. Then A and B are contractible. By Van Kampen theorem,
7(82) 2 1y (A) % (B) = 1.

Thus we obtain:
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Corollary.
Z, n=1

1%

1 (S")
1, n>1.

Corollary. The spheres of dimensions greater than one are simply connected.

Example. Consider the wedge of two circles. Let U be the union of the first circle
with an open arc on the second circle containing the common point. Similarly let
V be the union of the second circle with an open arc on the first circle containing
the common point. Clearly U and V have deformation retractions to the first and
the second circles respectively, while U NV has a deformation retraction to the
common point. Applying the Van Kampen theorem we get

m (St v S = m(SY x m(SY) = Z « 2.

The fundamental group of a cell complex. A simple application of the Van
Kampen give us:

Theorem 18.1. Let X be a topological space and consider the space X Ly D" obtained by
attaching an n-dimensional cell to X via the map f : D" = S"~! — X. Let the base
point xg € f(0D™"). Then

m (X, x0)/[f(9D")], n =2,

7T1(X|_Jf D”,xo) =
(X, x0) n>2.

Intuitively, gluing a 2-disk destroys the boundary circle of the disk homotopi-
cally, but gluing disks of dimensions greater than 2 does not affect the fundamental
group.

PROOF. In view of we can assume X is path-connected, otherwise we
can focus on the path-connected component containing xo. Let Y = X U¢ D". Let
U=XUp{xeD"| |lx| >3} CY. LetV ={xeD"| |lx| <1} C Y. Then
UNV ={xeD"|}<|x| <1} CY.Letyg € UNV. We apply Van Kampen
theorem to the pair (U, V).

Consider the case n = 2. Let ¥ be a loop starting at yy going once around
the annulus U N V. Then [v] is a generator of 711(U NV, ). In V the loop 7 is

~

homotopically trivial since V has a deformation retraction to yo. Thus 711 (Y, yo) =
(U, y0)/([y] = 1). Since there is a path from x to yo, we have 11 (Y,yo) =
11 (Y, x0). Since U has a deformation retraction to X we have 7ty (U, o) = 71(X, xp).
Under this deformation retraction, the image of 7 becomes f(9D?). Therefore
(Y, x0) = m(X, x0)/([f(9D?)] = 1).

When n = 2 the space U NV is contractible, therefore 71 (Y, yo) = 71 (U, yo)
S| (X ’ Xo). [l

1%

This result shows that the fundamental group only gives information about
the two-dimensional skeleton of a cell complex, it does not give information on

cells of dimensions greater than 2.
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The fundamental groups of surfaces. By the classification theorem, any com-
pact without boundary surface is obtained by identifying the edges of a polygon
following a word as in As such it has a cell complex structure with a two-
dimensional disk glued to the boundary of the polygon under the equivalence
relation, which is a wedge of circles. An application of[I8.1]gives us:

Theorem. The fundamental group of a connected compact surface S is isomorphic to one
of the following groups:
(a) trivial group, if S = S?,
(0) (a1,b102,bs, .., g, by | mbyay by Masboay by - agbear Tbg 1), if S is the
orientable surface of genus g,

(c) <cl, €2, ,Cq | C%C% .- ~c§>, if S is the unorientable surface of genus g.
Problems.

18.2. Find the fundamental groups of the following spaces:
(a) The Mobius band.
(b) The cylinder.
(c) A wedge of finitely many circles.
(d) Stv 2.
(e) S%v S5
(f) The plane minus finitely many points.

(g) The Euclidean space R® minus finitely many points.

18.3. Give a rigorous definition of the wedge product of two spaces. For example, what
really is S! v §1?

18.4. Is the fundamental group of the Klein bottle abelian?

18.5. Show that the fundamental groups of the one-hole torus and the two-holes torus are

not isomorphic. Therefore the two surfaces are different.
18.6. Find a space whose fundamental group is isomorphic to Z3.

18.7. Find a space whose fundamental group is isomorphic to Z * Zs.
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19. Simplicial homology

Oriented simplex. Consider the relation on the collection of ordered sets of ver-
tices of a simplex whereas two order sets of vertices are related if they differ by
a even permutation. This is an equivalence relation. Each of the two equivalence
classes is called an orientation of the simplex. If we choose an orientation, then the
simplex is said to be oriented.

Example. A 1-dimensional simplex in R” is a straight segment connecting two
points. Choosing one point as the first point and the other point as the second
gives an orientation to this simplex. Intuitively, this is the same as to give a direc-
tion to the straight segment.

Chain. Let X be a simplicial complex in a Euclidean space. For each integer 1, let
5,:(X) be the free abelian group generated by all n-dimensional oriented simplexes
in X modulo the relation that if o and ¢’ are the same simplex with opposite orien-
tations, then ¢ = —¢’. Each element of S,,(X), called an n-dimensional chain (xich),
is a finite sum of integer multiples of n-dimensional oriented simplexes, i.e. of the
form " | njo; where 0; is an n-dimensional oriented simplex of X and n; € Z. If
n is less than 0 or bigger than the dimension of X then S, (X) is assigned to be the
trivial group 0.

Boundary. Let ¢ be an n-dimensional oriented simplex, i.e., a convex hull of (n +
1) ordered points vy, vy, ...,v, where v1 — vy, v2 — vy, ..., Uy — Vg are n linearly
independent vectors. Denote such a convex hull by [vg,vy,...,v,]. Define the
boundary of o to be the following (n — 1)-dimensional chain, the alternating sum
of the (n — 1)-dimensional faces of ¢

n .
ano' = 2(71)1[001 D1+, 0i-1,91,0i41, -+ -, Uﬂ]r
i=0
where the notation 7; is traditionally used to indicate that this point is dropped.
This map is extended linearly to become an operator from S, (X) to S,,_1(X),

namely
m m
an <Z 7’1{0}) = Zn,«anai.
i=1 i=1

Remark. When n = 0, we assign dg = 0. This is consistent with the convention
that S_1(X) = 0. Similarly if n is bigger than the dimension of X then 9,, = 0.

Example. An oriented 1-dimensional simplex in IR" is a straight segment vgv;. Its
boundary of this simplex is the 0-dimensional chain v; — vy.

Example. An oriented 2-dimensional simplex in IR" is a triangle with three vertices
Vo, 1, U2 in this order. The boundary of this simplex is the 1-dimensional chain
VU3 — U103 + 010y = 003 + U301 + U105
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Example. From the previous two examples, if [vg, v1, v3] is a an oriented 2-simplex,
then

91(92([00,01,v3])) = 01(v203 + 0301 +v102) = (v3 —v2) + (v1 —v3) + (V2 —01) = 0.
This example illustrates that intuitively “a boundary has empty boundary”:
Proposition 19.1 (boundary of boundary is zero). 0,,_1 09, =0 foralln > 2.

PROOF. Leto = [vg,v1,...,Vn], an oriented n-simplex. As defined,

n

(o) = Z(—l)i[vo,vl,...,Ui,l,ﬁi,viﬂ,. oo, Unle
i=0
Then
n .
an—lan(a) = Z(—l)lan_l([vo,vl,...,0171,171',01'“,...,0”})
i=0
n Ci—1 )
= Y V(=100 By By 0n]
i=0 =0

n—1 .
+ 2(—1)][00,...,@,...,v]-H,...,vn])
j=i

= ) (—1)i+j[vo,...,z?]',...,ﬁi,...,vn]+

0<j<i<n
+ Z (—1)i+j[vo,...,@,...,zﬁ,...,vn]
0<i<j<n—1
= ) (—1)i+j[vo,...,z7j,...,z7i,...,vn]+
0<j<i<n
+ Z (1) vy, ..., 55,..., 0 ...,04]

0<i<k<n, (k=j+1)

= Z (—1)i+j[vo,...,z?},...,z?i,...,vn]+
0<j<i<n

+ 2 —(—1)i+j[vo,...,77]',...,2?1-,...,2)”]
0<j<i<n

= 0.

The above result can be interpreted as
Im(9d,41) C ker(9,), ¥n > 0.
In general, a sequence of groups and homomorphisms
O P O = U

satisfying Im(9,41) C ker(9,), Vn > 0 is called a chain complex (phuc xich). If
furthermore Im(9,,41) = ker(d,), Vn > 0 then the chain complex is called exact

(khép).
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Notice that if the group S, are abelian then Im(0,,;1) is a normal subgroup of
ker(9dy).

Definition. The n-dimensional simplicial fomology group (nhém dong diéu) of a
simplicial complex X is defined to be the quotient group

_ ker(ay)
) = )

For more on simplicial homology one can read [Mun84]. In [Hat01] Hatcher

used a modified notion called A-complex, different from simplicial complex.
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20. Singular homology

A singular simplex (don hinh suy bién, ki dj) is a continuous map from a stan-
dard simplex to a topological space. More precisely, an n-dimensional singular
simplex in a topological space X is a continuous map o : A, — X.

Let S, (X) be the free abelian group generated by all n-dimensional singular
simplexes in X. As a set

m
Su(X) ={)_nioj | 0;: Ay = X, me Z7, k € Z}.
i=1
Each element of S, (X) is a finite sum of integer multiples of n-dimensional singu-
lar simplexes, called a singular n-chain .

Boundary. Let ¢ be an n-dimensional singular simplex in X, i.e., a map
c:N, — X
(to,t1, .. tn) = (b b, tn).
For 0 < i < n define the ith face of o to be the (n — 1)-singular simplex
6io:N,1 — X
(to,t, - tn1) +— o(to bty tit, Ot ta1).

This map is extended linearly to become an operator from S,(X) to S,_1(X),

namely
m m
51‘ (Z leUj) = Zl’l](Sl(T]
j=1 j=1

Define the boundary of ¢ to be the singular (1 — 1)-chain 9,0 = Y_I' ,(—1)i5;0.
More generally, 9, is defined on S,(X) by 9, = Y"_(—1)'6;. Clearly 9, is a group
homomorphism from S, (X) to S,_1(X).

Example. A 1-dimensional singular simplex in IR” is a continuous map o (o, t1)
with to,t; € [0,1] and to + t; = 1. Its image is a curve between the points A =
0(1,0) and B = ¢(0,1). Its boundary is —A + B.

A 2-dimensional singular simplex in R" is a continuous map o (to, t1, t,) with
to,t1,t2 € [0,1] and tg + t; + t, = 1. Its image is a “curved triangle” between the
points A = ¢(1,0,0), B = 0(0,1,0), and C = (0,0,1). Intuitively, the image of the
face Jy is the “curved edge” BC, the image of J; is CA, and the image of , is AB.
The boundary is 59 — J1 + J2.

Similar to the case of simplicial complex we have
Proposition. 9, 109, =0,Vn > 2.

So like the case of simplicial complex we make the following definition:
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Definition. The n-dimensional singular homology group (nhém dong diéu) of a
topological space X is defined to be the quotient group

ker(9y)
Hy(X) = ——%.
" @)
Induced homomorphism. Suppose X and Y are topological spaces and f : X —

Y is continuous. Then f induces the following group homomorphism:
fe:Sn(X) — Su(Y)
c — foo.
It can be checked straightforwardly that
Proposition. d(foo) = f o (d0).
A consequence of this result is that f4 induces a group homomorphism f; :
Hy(X) — Hu(Y).
Proposition. (go f). = g« o fu.

Theorem. If f : X — Y is either a homeomorphism or a homotopy equivalence then
fv : Hy(X) — Hy(Y) is an isomorphism.

Thus the homology groups are not only topological invariants, they are hormio-

topy invariants of topological spaces.
Mayer-Vietoris sequence.

Theorem. Let X be a topological space. Suppose U,V C X and int(U) Uint(V) = X.
Then the following chain complex, called the Mayer-Vietoris sequence, is exact:

= H,Uunv) S W) e H,(v) B Hy(uuv) A H,(UNV) > -

— Hy(UUV) —0.

The Mayer-Vietoris sequence allows us to study the homology of a space from
the homologies of subspaces, in a similar manner to the Van Kampen theorem.
Using the Mayer-Vietoris sequence we get:

Theorem.

14

Hy (5™ {Z, ifn=0m

0, otherwise.

Corollary 20.1. For n > 2 there cannot be any retraction from the disk D" to its boundary
sl

PROOF. Suppose there is a retraction r : D" — S"~1. Leti: S""! — D" be
the inclusion map. From the diagram S"~! 4 Dt Ly sl we have roi = idgu-1,
therefore on the (n — 1)-dimensional homology groups (r o). = idy (g1
is non-trivial. On the other hand (r 0i). = r. oi., where r. : H, 1(D") —

H,_1(S" 1) is trivial for n > 1, since D" is contractible. This is a contradiction. [J
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A proof of this result in differentiable setting using Differential Topology is

presented in

The important Brouwer fixed point theorem follows from that simple result:

Theorem 20.2 (Brouwer fixed point theorem). A continuous map from the disk D"
to itself has a fixed point.

PROOF. Suppose that f : D" — D" does not have a fixed point, i.e. f(x) # x
for all x € D". The straight line from f(x) to x will intersect the boundary dD" at
a point g(x). Then g : D" — dD" is a retraction. That is impossible. O

For more on singular homology, one can read [Vic94].
Problems.

20.3. If X is a path-connected space then Hy(X) = Z. If X has k path-connected compo-
nents then Hy(X) = Zk.

20.4. Show that if X has two connected components A and B then H;(X) = H;(A) @ H;(B)
foralli > 0.

20.5. Show that if A N B is contractible then H;(A U B) = H;(A) & H;(B) for i > 1. Is this
trueifi = 0?

20.6. Compute the homology groups of S? x [0,1].

20.7. Compute the fundamental group and the homology groups of the Euclidean space
R? minus a straight line.

20.8. Compute the fundamental group and the homology groups of the Euclidean space

R? minus two intersecting straight lines.

20.9. Compute the fundamental group and the homology groups of R? \ S'.
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21. Cellular homology

Degrees of maps on spheres. A continuous map f : S — 5" induces a homo-
morphism f, : H,(5") — H,(S"). We know H,(S") = Z, so there is a generator
a such that H,(S") = (a). Then f.(a) = ma for a certain integer m, called the
topological degree of f, denoted by deg f.

Example. If f is the identity map then deg f = 1. If f is the constant map then
deg f =0.

Relative homology groups. Let A be a subspace of X. Viewing each singular
simplex in A as a singular simplex in X, we have a natural inclusion S,(A) —
S7(X). In this way S, (A) is a normal subgroup of S,(X). The boundary map 9,
induces a homomorphism d,, : S, (X)/Sn(A) = S;—1(X)/Su—1(A), giving a chain
complex

e Su(X)/Sn(A) 2 S, 1 (X)/Sn 1 (A) "5 Sy 2 (X)/Sn_a(A) = - -

The homology groups of this chain complex is called the relative homology groups
of the pair (X, A), denoted by H, (X, A).

If f: X — Y is continuous and f(A) C B then as before it induces a homo-
morphism f, : Hy,(X, A) — H,(Y, B).

Homology of a cell complex. Let X be a cellular complex. Recall that X" denote
the n-dimensional skeleton of X. Suppose that X" is obtained from X" ! by attach-
ing the n-dimensional disks DY, D7, ..., D{. Letef, e3,.. ., ¢} be the corresponding
cells. Then

k
Huy(X", X" 1Y) = (el e5,... e}y = {)_mel | m; € Z}.
i=1

Consider following sequence
dy, _ _ N
C(X) = - ™5 Hy(x", X" 1) & g, (xn, xm2) st
B X0 B Hy (0.
Here the map d,, is given by
du(e) = ) dijef ",
i
where the sum is taken over all (n — 1)-dimensional cells and the integer number
d; is given as the degree of the map on spheres:

Spt=0D] = X" o X"/ X" =51 vsy v st

Theorem. The sequence C(X) is a chain complex and its homology coincides with the
homology of X.

Homology groups of surfaces. As an application we get:
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Theorem. The fundamental group of a connected compact orientable surface S of genus
g>0is

Z, ifn=0,2

Z8 ifn=1

H,(S) =

For more on cellular homology one can read [Hat01) p. 137].
Problems.

21.1. Using cellular homology compute the homology groups of the following spaces:

(a) The Klein bottle.
(b) Stvsh
(c) S1v sz
(d) $%2vS3.
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Guide for further reading

The book [Vas01] gives a modern overview of many aspects of both Algebraic
and Differential Topology, aims at undergraduate students. Although it often only
sketch proofs, it introduces the general ideas very well.

The book of Munkres [Mun00], also aims at undergraduate students, has a
part on Algebraic Topology, but stops before homology.

For homology the book of Hatcher [Hat01] is very popular, but it aims at grad-
uate students, and sometimes one needs to read other sources too.

Recently Algebraic Topology has begun to be applied to science and engineer-
ing. One can read the book [EH10].






Differential Topology

22. Smooth manifolds

In this chapter we always assume that R” has the Euclidean topology.
Roughly, a smooth manifold is a space that is locally diffeomorphic to R™. This
allows us to bring the differential and integral calculus from R™ to manifolds.

Smooth maps on R". Recall that for a function f from a subset D of R to R/
we say that f is smooth (or infinitely differentiable) at an interior point x of D if all
partial derivatives of all orders of f exist at x.

If x is a boundary point of D, then f is said to be smooth at x if f can be extended
to be a function which is smooth at every point in an open neighborhood in R of
x. Precisely, f is smooth at x if there is an open set U C R containing x, and
function F : U — R/ such that F is smooth at every point of U and F|ynp = f.

If f is smooth at every point of D then we say that f is smooth on D, in other
words f € C®(D).

Let X C RFand Y € R%. Then f : X — Y is a diffeomorphism if it is bijective
and both f and f~! are smooth. If there is a diffeomorphism from X to Y then we
say that they are diffeomorphic.

Example. Any open ball B(x, r) in R" is diffeomorphic to R".
Smooth manifolds.

Definition. A subspace M C RF is a smooth manifold of dimension m € Z* if
every point in M has a neighborhood in M which is diffeomorphic to R"™.

Recall that by Invariance of dimension R™ cannot be homeomorphic to
R" if m # n, therefore a manifold has a unique dimension.

Remark. A diffeomorphism is a homeomorphism, therefore a smooth manifold
is a topological manifold. In this chapter unless stated otherwise manifolds mean
smooth manifolds.

The following is a simple but convenient observation:

Proposition. A subspace M C RF is a smooth manifold of dimension m if every point in
M has an open neighborhood in M which is diffeomorphic to an open subset of R™.

Although this proposition seems to be less intuitive than our original defini-
tion, it is technically more convenient to use, therefore from now on we will usually

take it as the definition.

101
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PROOF. Suppose that (U, ¢) is a local coordinate on M where U is a neighbor-
hood of x in M and ¢ : U — R" is a diffeomorphism. There is an open subset U’
of M such that x € U’ C U. Since ¢ is a homeomorphism, ¢(U’) is an open neigh-
borhood of ¢(x). There is a ball B(¢(x),r) C ¢(U’). Let U” = ¢~ (B(¢p(x),7)).
Then U” is open in U, so is open in M. Furthermore ¢|» : U" — B(¢p(x),r) isa
diffeomorphism.

We have just shown that any point in the manifold has an open neighborhood
diffeomorphic to an open ball in IR™. For the reverse direction, we recall that any
open ball in R™ is diffeomorphic to R™. O

By this result, each point x in a manifold has an open neighborhood U in M
and a diffeomorphism ¢ : U — V where V is an open subset of R™. The pair
(U, @) is called a local coordinate at x. The pair (V, ¢~ !) is called a local parametriza-
tion at x.

Example. Any open subset of R™ is a smooth manifold of dimension m.

Example. The graph of a smooth function y = f(x) for x € (a,b) (a smooth curve)

is a 1-dimensional smooth manifold.
More generally:

Proposition. The graph of a smooth function f : D — R!, where D C R is an open set,
is a smooth manifold of dimension k.

PROOF. Let G = {(x,f(x)) | x € D} C R¥! be the graph of f. The map
x — (x, f(x)) from D to G is smooth. Its inverse is the projection (x,y) — x. This
projection is the restriction of the projection given by the same formula from R¥*!
to ]Rk, which is a smooth map. Therefore D is diffeomorphic to G. O

Example (The circle). Let S' = {(x,y) € R? | x> + y?> = 1}. It is covered by four
neighborhoods which are half circles, each corresponds to points (x,y) € S! such
thatx > 0, x < 0,y > 0and y < 0. Each of these neighborhoods is diffeomorphic
to (—1,1). For example consider the projection from U = {(x,y) € S* | x > 0} —
(—1,1) given by (x,y) + y. The map (x,y) + y is smooth on IR?, so it is smooth
on U. The inverse map y +— (1/1—y%y) is smooth on (—1,1). Therefore the
projection is a diffeomorphism.

Remark. By convention, a manifold of dimension 0 is a discrete subspace of a
Euclidean space.

Remark. We are discussing smooth manifolds embedded in Euclidean spaces.

There is a notion of abstract smooth manifold, but we do not discuss it now.
Problems.

22.1. From our definition, a smooth function f defined on D C R¥ does not necessarily have

partial derivatives defined at boundary points of D. However, show that if D is the closure



22. SMOOTH MANIFOLDS 103

of an open subspace of R then the partial derivatives of f are defined and are continuous
on D. For example, f : [4,b] — R is smooth if and only if f has right-derivative at a and

left-derivative at b, or equivalently, f is smooth on an open interval (c, d) containing [a, b].
22.2. If X and Y are diffeomorphic and X is an m-dimensional manifold then sois Y.

22.3. The sphere S" = {(x1,x2,...,%41) € R [ 23 424+ + xﬁ_H = 1} is a smooth
manifold of dimension #, covered by the hemispheres.

There is a another way to see that S” as a manifold, by using two stereographic projec-
tions, one from the North Pole and one from the South Pole.

22.4. Show that the hyperboloid x? 4+ y? — z2 = 1 is a manifold. Is the surface x> + y> — 22 =
0 a manifold?

22.5. The torus can be obtained by rotating around the z axis a circle on the xOz plane not

intersecting the z axis. Show that the torus is a smooth manifold.

22.6. Consider the union of the curve y = sin %, x > 0 and the segment {(0,y)| -1 <y <
1} (the Topologist’s sine curve, see Section. Is it a manifold?

22.7. Consider the union of the curve y = x3 sin %, x # 0 and the point (0,0). Is it a smooth

manifold?

22.8. Is the trace of the path (t) = (4 sin(2t),cos(t)), t € (0,27) (the figure 8) a smooth
manifold?

22.9. A simple closed regular path is a map 7y : [a, ] — R™ such that v is injective on [a, b),
7 is smooth, y(¥) (a) = v (b) for all integer k > 0, and 7/ (t) # 0 for all t € [a, b]. Show that

the trace of a simple closed regular path is a smooth 1-dimensional manifold.

22.10. The trace of the path((2 + cos(1.5t)) cost, (2 + cos(1.5t)) sin t,sin(1.5¢)), 0 < t < 471
is often called the trefoil knot. Draw it (using computer). Show that the trefoil knot is a
smooth 1-dimensional manifold (in fact it is diffeomeorphic to the circle S 1 but this is more
difficult).

22.11. Show that any open subset of a manifold is a manifold.
22.12. Show that a connected manifold is also path-connected.

22.13. Show that any diffeomorphism from $" ! onto $"~! can be extended to a diffeomor-
phism from D" = B/(0,1) onto D".

22.14. Show that our definition of smooth manifold coincides with the definitions in [Spi65|
p- 109] and [Mun91] p. 196].
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23. Tangent spaces and derivatives

Derivatives of maps on IR”. We summarize here several results about derivatives
of functions defined on open sets in IR"”. See for instance [[Spi65] or [Lan97] for
more details.

Let U be an open set in RF and V be an open set in R. Let f : U — V be
smooth. We define the derivative of f at x € U to be the linear map df, such that

dfy :RE — R/

h H>dﬁuo:hmmmf“+ﬂ?_fwf

Thus d fy (h) is the directional derivative of f at x in the direction of h.
The derivative dfy is a linear approximation of f at x.

Because we assumed that all the first order partial derivatives of f exist and
are continuous, the derivative of f exists. In the canonical coordinate system of R"
. . . of;
the derivative map dfy is represented by an I x k-matrix [ fy = [a% (0)]1<i<t, 1<j<ks
called the Jacobian of f at x, thus dfx(h) = ] fx - h.

Theorem (The chain rule). Let U, V, W be open subsets of R¥, R!, RP respectively, let
f:U—Vandg:V — W be smooth maps, and let y = f(x). Then

d(go f)x =dgyodfs.

In other words, the following commutative diagram
Vv
N
Uu——Ww
gof
induces the commutative diagram

TV,

A
TUx W)

d(gof)x

Proposition. Let U and V be open subsets of RK and R respectively. If f : U — Visa
diffeomorphism then the derivative dfy is a linear isomorphism, and k = 1.

Remark. As a corollary, R¥ and R! are not diffeomorphic if k # 1.
Tangent spaces of manifolds.

Example. To motivate the definition of tangent spaces of manifolds we recall the
notion of tangent spaces of surfaces. Consider a parametrized surface in R® given
by ¢(u,v) = (x(u,v),y(u,v),z(u,v)). Consider a point ¢(ug,vy) on the surface.
Near to (19, vg) if we fix v = vy and only allow u to change then we get a parametrized
path ¢(u,vg) passing through ¢(uo, vg). The velocity vector of the curve ¢(u,vp)
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is a “tangent vector” to the curve at the point ¢(,v9), and is given by the partial
derivative with respect to u, that is, 3—(5 (19, v0). Similarly we have another “tan-
gent vector” 3—2}’ (19, vp). Then the “tangent space” of the surface at ¢(uo, vp) is the
plane spanned the above two tangent vectors (under some further conditions for

this notion to be well-defined).

We can think of a manifold as a multi-dimensional surface. Therefore our

definition of tangent space of manifold is a natural generalization.

Definition. Let M be an m-dimensional manifold in R¥. Let x € M and let ¢ :
U — M, where U is an open set in IR", be a parametrization of a neighborhood
of x. Assume that x = ¢(up) where u € U. We define the tangent space of M at
x, denoted by TMy, to be the vector space in R* spanned by the vectors %(uo),
1<i<m.

Since g—i(uo) = d¢(up)(e;), we can see that TMy = d¢,(TU,) = de,(R™).

Example. Consider a surface z = f(x,y). Then the tangent plane at (x,y, f(x,y))
consists of the linear combinations of the vectors (1,0, fx(x,y)) and (0,1, f,(x,v)).

Example. Consider the circle S. Let (x(t),y(t)) be any path on S'. The tangent
space of S at (x,y) is spanned by the velocity vector (x/(t),y'(t)) if this vector
is not 0. Since x(t)2 + y(t)? = 1, differentiating both sides with respect to t we
get x(£)x'(t) + y(t)y'(t) = 0, or in other words (x'(t),y'(t)) is perpendicular to
(x(t),y(t)). Thus the tangent space is perpendicular to the radius.

Proposition. The tangent space does not depend on the choice of parametrization.

PROOF. Consider the following diagram, where U, U’ are open, ¢ and ¢’ are

parametrizations of open neighborhood of x € M.
M
9 ‘\q)’
u/
g lop

Notice that the map ¢’'~! o ¢ is to be understood as follows. We have that ¢(U) N
@' (U’) is a neighborhood of x € M. Restricting to ¢~ 1(p(U) N ¢'(U’)), the map
¢'~! o ¢ is well-defined, and is a diffeomorphism. The above diagram gives us,

with any v € R™:

u

Au(0) = @144, (A(@"" 0 @)u(0)).

Thus any tangent vector with respect to the parametrization ¢ is also a tangent
vector with respect to the parametrization ¢’. We conclude that the tangent space
does not depend on the choice of parametrization. O

Proposition (Tangent space has same dimension as manifold). If M is an m-
dimensional manifold then the tangent space T My is an m-dimensional linear space.
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PROOF. Since a parametrization ¢ is a diffeomorphism, there is a smooth map
F from an open set in R* to R" such that F o ¢ = Id. So dFy(0) © dgo = Idgn. This
implies that the dimension of the image of d¢ is m. O

Derivatives of maps on manifolds. Let M € RF and N ¢ R be manifolds of
dimensions m and 7 respectively. Let f : M — N be smooth. Let x € M. There is
a neighborhood W of x in R¥ and a smooth extension F of f to W. The derivative
of f is defined to be the restriction of the derivative of F. Precisely:

Definition. The derivative of f at x is defined to be the linear map

dfx : TMX — TNf(X)
b dfe(h) = dE(h).

Observe that dfy = dFy|rpm, -
We need to show that the derivative is well-defined.

Proposition. dfx(h) € TN, and does not depend on the choice of F.

PROOF. We have a commutative diagram

w-—LsN
=
u——y
y~ofop
Let us explain this diagram. Assume that ¢(u) = x, ¢(v) = f(x), h = dou(w).
Take a parametrization (V) of a neighborhood of f(x). Then f~1(¢(V)) is an
open neighborhood of x in M. From the definition we can find an open set W in
R¥ such that W N M is an open neighborhood of x in M parametrized by ¢(U),
and f has an extension to a function F defined on W which is smooth.
The diagram induces that if w € R™ then dfy(dg,(w)) = dF,(deu(w)) =
d, (d(p~1 o f o @)u(w)). From this identity we get the desired conclusion. O

Thus, although as noted in the previous section a smooth map defined on a
general subset of R¥ may not have derivatives, on a manifold the derivative can
be defined, in a natural manner as the restriction of the derivative of the extension
map to the tangent space of the manifold.

Proposition (The chain rule). If f : M — Nand g : N — P are smooth functions
between manifolds, then

d(gof)x= dgf(x) o dfx.

PROOF. There is an open neighborhood V of y in R and a smooth extension
G of g to V. There is an open neighborhood U of x in R¥ such that U ¢ F~1(V)
and there is a smooth extension F of f U. Then d(go f)x = d(Go F)x|tm, =
(dGy o dFy)|rm, = dGy|rN, © dFx|Tm, = dgy o dfx. O
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Definition. If M and N are two smooth manifolds in R¥ and M C N then we say
that M is a submanifold of N.

Proposition. If f : M — N is a diffeomorphism then dfy : TMy — TNy (y) is a linear
isomorphism. In particular the dimensions of the two manifolds are same.

PROOF. Let m = dimM and n = dim N. Since dfy o df;(i) = IdTNf(x) and
d ff?}c) odfy = Idrp, we deduce, via the rank of dfy that m > n. Doing the same

with d fjf(}c) we get m < n, hence m = n. From that df, must be a linear isomor-
phism. g

Problems.

23.1. Calculate the tangent spaces of S".

23.2. Calculate the tangent spaces of the hyperboloid x? + y*> — z2 = a,a > 0.

23.3. Show thatif Id : M — M is the identify map then d(Id)y is Id : TMy — TM,.
23.4. Show that if M is a submanifold of N then TM), is a subspace of TNj.

23.5. In general, a curve on a manifold M is a smooth map c from an open interval of R to
M. The derivative of this curve is a linear map % (to) : R = TM_,), represented by the
vector ¢(tg) € R¥, this vector is called the velocity vector of the curve at t = tg.

Show that any vector in T My is the velocity vector of a curve in M.
23.6. Show that if M and N are manifolds and M C N then TM, C TNy.

23.7 (Cartesian products of manifolds). If X € RFand Y C R/ are manifolds then X x Y C
R**! is also a manifold. Furthermore T(X x Y)(xy) = TXx x TYy.

23.8. (a) Calculate the derivative of the map f : (0,271) — S, f(t) = (cost,sint).
(b) Calculate the derivative of the map f : Sl 5 R, flx,y) =év.
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24. Regular values

Let f : M — N be smooth. A point in M is called a regular point (diém thuong,
diém chinh qui) of f if the derivative of f at that point is surjective. Otherwise the
point is called a critical point (diém ding, diém tdi han) of f.

A point in N is called a critical value of f if it is the value of f at a critical point.
Otherwise the point is called a regular value of f.

Thus y is a critical value of f if and only if f~!(y) contains a critical point. In
particular, if f~!(y) = @ then y is considered a regular value.

Example. If f : M — N where dim(M) < dim(N) then every x € M is a critical
point and every y € N is a critical value of f.

Example. Let U be an open set in R” and let f : U — R be smooth. Then x € U is
a critical point of f if and only if Vf(x) = 0.

The Inverse function theorem and the Implicit function theorem. First we
state the Inverse function theorem in Multivariables Calculus.

Theorem 24.1 (Inverse function theorem). Let f : R — R* be smooth. If dfy is
bijective then f is locally a diffeomorphism.

More concisely, if det(]Jfx) # O then there is an open neighborhood U of x and an
open neighborhood V of f(x) such that f|y: U — V is a diffeomorphism.

Remark 24.2. For a proof, see for instance [Spi65]. Usually the result is stated
for continuously differentiable function (i.e. C1), but the result for smooth func-
tions follows, since the Jacobian matrix of the inverse map is the inverse matrix
of the Jacobian of the original map, and the entries of an inverse matrix can be
obtained from the entries of the original matrix via smooth operations, namely
A7l = ﬁA*, where A7; = (—1)"*J det(A/"), and Al is obtained from A by
omitting the ith row and jth column.

Theorem 24.3 (Implicit function theorem). Suppose that f : R"*" — R" is smooth
and f(x) = y. If dfy is onto then locally at x the level set f~'(y) is a graph of dimension
m.

More concisely, suppose that f : R™ x R" — R" is smooth and the matrix [D"1 f:(xo, vo)],
1 <i,j < nis non-singular, then there is a neighborhood U x V of (xg, o) such that for
each x € U there is a unique g(x) € V satisfying f(x,g(x)) = 0. The function g is
smooth.

The Implicit function theorem is obtained by setting F(x,y) = (x, f(x,y)) and
applying the Inverse function theorem to F.

Theorem 24.4 (Inverse function theorem for manifolds). Let M and N be two man-
ifolds of the same dimensions, and let f : M — N be smooth. If x is a reqular point of f
then there is a neighborhood in M of x on which f is a diffeomorphism onto its image.
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PROOF. Consider

M#N

of e

u ey
Since dfy is surjective, it is bijective. Thend(y =1 o f o ¢), = dzp]?&) odfyode,isan
isomorphism. The Inverse Function Theorem can be applied to ¢~ o f o ¢, giving
that it is a local diffeomorphism at u, so f is a local diffeomorphism at x. O

Preimage of a regular value.

Proposition 24.5. If dim(M) = dim(N) and y is a reqular value of f then f~1(y) isa
discrete set. In other words, f~1(y) is a zero dimensional manifold. Furthermore if M is
compact then f~1(y) is a finite set.

PROOF. If x € f~!(y) then there is a neighborhood of x on which f is a bi-
jection. That neighborhood contains no other point in f~!(y). Thus f~!(y) is a
discrete set.

If M is compact then the set f~!(y) is compact. If it the set is infinite then
it has a limit point xp. Because of the continuity of f, we have f(xp) = y. That
contradicts the fact that f~1(y) is discrete. O

The following theorem is the Implicit function theorem for manifolds.

Theorem 24.6 (Preimage of a regular value is a manifold). If y is a reqular value of
f: M — N then f~1(y) is a manifold of dimension dim(M) — dim(N).

PROOF. Let m = dim(M) and n = dim(N). The case m = n is already
considered in Now we assume m > n. Let xo € f !(yy). Consider the
diagram

M#
d
O

where g = o f o p and $(wp) = yo.
Since dfy, is onto, dg,-1(,,) is also onto. If needed we can change g, O and ¢ by

I

— > W
8

permuting variables appropriately such that the matrix [D/g; (¢ (x0))], 1 < i <
n,m—n+1 < j < misnon-singular. Denote ¢! (x0)) = (up,vp) € R" " x R™.
By the Implicit Function Theorem applied to g there is an open neighborhood U of
1 in R”~" and an open neighborhood V of vy in R" such that U x V is contained
in O and on U x V we have g¢(u,v) = wy if and only if v = h(u) for a certain
smooth function /1 : U — V. In other words, on U x V the equation g(u,v) = wy
determines a graph (u, h(u)).
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Now we have ¢(U x V)N f~Y(yo) = {e(u,h(u)) | u € U}. Let ¢(u) =
@(u,h(u)) then @ is a diffeomorphism from U onto (U x V) N f~1(yg), a neigh-
borhood of xg in f~1(yo). O

Example. To be able to follow the proof more easily the reader can try to work
it out for an example, such as the case where M is the graph of the function z =
x? +y?, and f is the height function f((x,y,z)) = z defined on M.

Example. The n-sphere S" is a subset of R"*! determined by the implicit equa-
tion Z;’J“ll xl2 = 1. Since 1 is a regular value of the function f(x1,xp,...,%,41) =
Z?:ll x? we conclude that S" is a manifold of dimension 7.

Lie groups. The set M, (IR) of n x n matrices over R can be identified with the
Euclidean manifold R".

Consider the map det : M, (R) — R. Let A = [4;;] € My(RR). Since det(A) =
Yoes, (1)1 0(1)82,0(2) **  Ano(n) = Zj(—l)iﬂai,j det(A™), we can see that det is
a smooth function.

Let us find the critical points of det. A critical point is a matrix A = [a; ] at
which %%?(A) = (=1)"* det(A") = 0 for all i, j. In particular, det(A) = 0. So 0 is
the only critical value of det.

Therefore SL, (R) = det (1) is a manifold of dimension 12 — 1.

Furthermore we note that the group multiplication in SL, (R) is a smooth map
from SL,(R) x SL,(R) to SL,(RR). The inverse operation is a smooth map from
SL, (R) to itself. We then say that SL, (R) is a Lie group.

Definition. A Lie group is a smooth manifold which is also a group, for which
the group operations are compatible with the smooth structure, namely the group
multiplication and inversion are smooth.

Let O(n) be the group of orthogonal n x n matrices, the group of linear trans-
formation of R” that preserves distances.

Proposition. The orthogonal group O(n) is a Lie group.

PROOF. Let S(n) be the set of symmetric n x n matrices. This is clearly a
manifold of dimension ”2%
Consider the smooth map f : M(n) — S(n), f(A) = AA!. We have O(n) =
F~1(I). We will show that I is a regular value of f.
We compute the derivative of f at A € f~1(I):

We note that the tangents spaces of M(n) and S(n) are themselves. To check
whether df, is onto for A € O(n), we need to check that given C € S(n) there is a
B € M(n) such that C = BA' + AB'. We can write C = 1C + 1C, and the equation
%C = BA" will give a solution B = %CA, which is indeed a solution to the original

equation. g
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Problems.

24.7. Let f : R? = R, f(x,y) = x% — y2. Show that if a # 0 then f~!(a) is a 1-dimensional
manifold, but f~1(0) is not. Show that if @ and b are both positive or both negative then
f~1(a) and f~1(b) are diffeomorphic.

24.8. Let f : R® — R, f(x,y) = x%>+y*> — 2% Show that if a # 0 then f~(a) is a 2-
dimensional manifold, but f~1(0) is not. Show that if @ and b are both positive or both
negative then f~!(a) and f~!(b) are diffeomorphic.

24.9. Show that the equation x° + y* + z3 = 1 determine a manifold in R3.

24.10. Ts the intersection of the two surfaces z = x? + y? and z = 1 — x? — y a manifold?

24.11. Show that the height function (x,y,z) + z on the sphere S? has exactly two critical

points.
24.12. Show that if f achieves local extremum at x then x is a critical point of f.

24.13. Show that a smooth function on a compact manifold must have at least two critical

points.

24.14. Let dim(M) = dim(N), M be compact and S be the set of all regular values of
f:M — N. Fory € S, let |[f~1(y)| be the number of elements of f~!(y). Show that the
map

S - N

y = Il
is locally constant. In other words, each regular value has a neighborhood where the num-

ber of preimages of regular values is constant.

24.15. Let M be a compact manifold and let f : M — IR be smooth. Show that the set of

regular values of f is open.
24.16. Use regular value to show that the torus T2 is a manifold.

24.17. Find the regular values of the function f(x,y,z) = [4x*(1 —x2) — %] +22 — } (and

draw a corresponding level set).

24.18. Find a counter-example to show that is not correct if regular value is replaced

by critical value.

24.19. /If f : M — N is smooth, y is a regular of f, and x € f~1(y), then kerdfy =
T (y)x.
24.20. Show that S! is a Lie group.

24.21. Show that the set of all invertible n x n-matrices GL(n;R) is a Lie group and find its

dimension.

24.22. In this problem we find the tangent spaces of SL, (R).
(a) Check that the derivative of the determinant map det : M, (R) — R is repre-
sented by a gradient vector whose (i, j)-entry is (—1)"*/ det( A).
(b) Determine the tangent space of SL,,(R) at A € SL,,(R).
(c) Show that the tangent space of SL, (IR) at the identity matrix is the set of all n x n

matrices with zero traces.
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25. Critical points and the Morse lemma

Partial derivatives. Let f : M — R. Let U be an open neighborhood in M
parametrized by ¢. For each x = ¢(u) we define the first partial derivatives:

(52:5) 0 = s Fo )0,

In other words, (% f ) (p(u)) = %( fog@)(u). Of course this definition depends
on local coordinates.
If f is defined on R then this is the usual partial derivative.

To understand (aix, f ) (x) better, we can think that the parametrization ¢ brings

the coordinate system of R” to the neighborhood U, then (a% f ) (x) is the rate of
change of f(x) when the variable x changes along the path in U which is the com-
position of the standard path te; along the ith axis of R with ¢.

We can write

(aaf) (3) = a(fop)u) =d(fog)u)(e)
= (df(x) o dg(u)) (e;) = df (x)(dp(u)(er)).

Thus ( 2f ) (x) is the value of the derivative map df(x) at the image of the
unit vector ¢; of R™.

Gradient vector. The tangent space TMy inherits the Euclidean inner product
from the ambient space R¥. In this inner product space the linear map df; :
TMy; — R is represented by a vector in TM, which we called the gradient vec-
tor V f(x). This vector is determined by the property (Vf(x),v) = dfy(v) for any
v € TM,. Notice that the gradient vector V f(x) is defined on the manifold, ot
depending on local coordinates.

In a local parametrization the vectors dg(u)(e;) = %ﬁ(u) , 1 < i < m consti-
tutes a vector basis for TMy. In this basis the coordinates of V f(x) are

(Vf(x), do(u)(e;)) = dfx(de(u)(ei)) = gj;(x}
of of . ofy

E, E, ey axm
This formula depends on local coordinates. It implies that Vf : M — R" is a

In other words, in that basis we have the familiar formula V f =

smooth function.

We have several simple observations:

Proposition. A point is a critical point if and only if the gradient vector at that point is

zero.
Proposition. At a local extremum point the gradient vector must be zero.

Second derivatives. Since ;2 f is a smooth function on U, we can take its partial
derivatives. Thus we define the second partial derivatives:
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2
@&m—i&%ﬁu»

In other words,

a2f _ 0 d _ ) af
axox, P = 5 <8x]f> (p(0) = 51 (E)x] ogo) ()

2
=£KGUWQM=B (f o 9)(u).

au]' au,‘au]'

Non-degenerate critical points. Consider the Hessian matrix of second partial

derivatives:
82f
e = (axiax]« (x)>1<ij<m.

If this matrix is non-degenerate, then we say that x is a non-degenerate critical point

of f.

Lemma 25.1. The non-degeneracy of a critical point does not depend on choices of local
coordinates.

PROOF. We can see that the problem is reduced to the case of functions on
R™. If f : R" — R and ¢ is a change of variables (i.e. a diffeomorphism) of R"”
then we have

Xk
Then
2 2 ’

—

In other words: H(f o ¢)(u) = Jo(u)! [Hf (¢(u))]]@(u). This formula immediately
gives us the conclusion. O

Morse lemma.

Theorem (Morse’s lemma). Suppose that f : M — R is smooth and p is a non-
degenerate critical point of f. There is a local coordinate ¢ in a neighborhood of p such that
¢(p) = 0 and in that neighborhood

f)=f(p) —p(x) —@(x)5— - — e(); + (X)i 1 + P(X)ein + - + @(x)7

In other words, in a neighborhood of 0,
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(Foo ™)) = (fop ™) (0) —uf — 15— —uf + Uy + g+ 107

If we abuse notations by using local coordinates and write x; for u; = ¢(x); then
2_ .2 2, .2 2 2
f)=flp)—x—x3— - =X+ X T Xo + -+ X
The number k does not depend on the choice of such local coordinates and is called the

index of the non-degenerate critical point p.

Example. Non-degenerate critical points of index 0 are local minima, and the ones

with maximum indexes are local maxima.

PROOF. Since we only need to prove the formula for f o 91, we only need to
work in R™.

First, we write
F@) = FO) + [ ) d
= f(0) + i/l <i{l(tx)) x; dt

i=170
—fO)+Yox | <t )dt.
£+ L [ (50
A result of Analysis (see for example [Lan97, p. 276]) tells us that the functions
gi(x) = f01 (%f(tx)) dt are smooths. Notice that g;(0) = 3871(0) = 0. Further-

more

i, \_ [t Pf
a—xj(x =/, ax]'axj(i,‘x)tdt,

. 2
therefore %(0) = %agafxv (0).
j jo%i
Apply this construction once again to g; we obtain smooth functions g; ; such

32
that g; ;(0) = %foj(o) and

£ = FO) + Y xirgi(x):

ij=1

92
Set hi,j = (gl-’]- =+ g],l)/z then hi,j = hj,ir hi,j (O) = %axing (0), and

m
f(x) = £(0)+ ) xixjhy(x).
iji=1
The rest of the proof is a simple completing the square. Since the matrix
(hi,j(O)) is non-degenerate by a permutation of variables if necessary, we can as-
sume that /11 1(0) # 0. Then there is a neighborhood of 0 such that /11 1 (x) does not
change its sign. In that neighborhood, if /11 (0) > 0 then
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f(x) =fO0)+ ha(x)xg+ Y (hi(x) +hia(x)xx;+ Y hj(x)xx;

1<] 1<ij
:f(0)+ h1/1(x)x%+22h1,j( x1x1+ Z ]’l1] xxj
1<j 1<i,j

Z1<;h1]
= f(0)+ (\/hll X1) +24/h1(x hll Zhl] xxj

1<iyj
2
:f(0)+ [\/hll X1‘|‘2\/h;1117 ‘|

1<j

- h .
(L i) + o

Similarly, if 117 1(0) < 0 then
fx) =0 |y han - ¥ ’“f”r
v ! 1<j V *hl,l(x) !

2
ha,j )
xi| + hi i (x)x;x;.
(QT L i

Combining both cases, we define the new variables:

U = |h11( )|X] +51gn hll 2 hl] ]/
1<) \/|h11
v = x;,1>1
Since 3
01
—(0) = hy1(0 0
T (0) = /I (0)] £

the Jacobian matrix (%(0)) is non-singular. By the Inverse function theorem,
]

there is a neighborhood of 0 where the correspondence x — v is a diffeomorphism,

that is, a change of variables. With the new variables we have

f(©) = f(0) + sign(h1, (0 Uﬁlzh
<i,j

By a direct calculation, we can check that in these variables
sign(h1,1(0)) 0
0 (2h; ;(0))1<ij<m

Using we conclude that the matrix (hg,j (0))1<i,j<m must be non-singular. Thus

Hf(0) = (

the induction process can be carried out. Finally we can permute the variables such
that in the final form of f the negative signs are in front.
O

Problems.



116 DIFFERENTIAL TOPOLOGY

25.2. Show that the gradient vector is always normal to level surfaces.
25.3. Give a generalization of the method of Lagrange multipliers to manifolds.

25.4. For the specific case of f(x) = Y <i,j<m @jXiXj where a; ; are real numbers, to prove
the Morse’s lemma we can use a diagonalization of a quadratic form or a symmetric matrix,
considered in Linear Algebra. The change of variables corresponds to using a new vector

basis consisting of eigenvectors of the matrix.

25.5. Recover the classification of critical points from Calculus.



26. FLOWS 117

26. Flows

Vector fields.

Definition. A smooth tangent vector field on a manifold M C R* is a smooth map
V : M — R such that V(x) € TM, for each x € M.

Example. If f : M — R is smooth then the gradient Vf is a smooth vector field
on M.

An integral curve at a point x € M with respect to the vector field V is a smooth
path v : (a,b) — M such that0 € (a,b), 7v(0) = x, and 9/(t) = V(7(t)) for all
t € (a,b). Itis a path going through x and at every moment taking the vectors of
the given vector field as velocity vectors. In picture, an integral curve is tangent to
the vector field. Integral curves are also called solution curves, trajectories, or flow
lines.

In a local coordinate around x, a vector field on that neighborhood corre-
sponds to a vector field on R™, and an integral curve in that neighborhood cor-
responds to an integral curve on R™. Thus, by using local coordinate, we can
consider a local integral curve as a solution to the differential equation /(t) =
V((t)) in R™ subjected to the initial condition ¢(0) = x.

Flows. Foreachx € M, let ¢(t, x), or ¢¢(x), be an integral curve at x, with t belongs

to an interval J(x). We have a map
p:D={(t,x)|xeM, te]J(x)]CRxM — M
(tx) = ¢(x),
with the properties ¢o(x) = x, and % (¢)(t,x) = V(¢(t,x)). This map ¢ is called a
flow (dong) generated by the vector field V.

Theorem. For each smooth vector field there exists a unique smooth flow, in the sense that
any two integral curves at the same point must agree on the intersection of their domains.
The domain of this flow can be taken to be an open set.

This theorem is just an interpretation of the theorem in Differential Equations
on the existence, uniqueness, and dependence on initial conditions of solutions to
differential equations, see for example [HS74], [Lan97].

Theorem (Group law). Any flow satisfies
Pr+s(x) = Pr(s(x)).

PROOF. Define y(t) = ¢r4s(x). Then 7(0) = ¢s(x), and 7/ (t) = L(¢)(t +
s,x) = V(¢(t+s,x)) = V(y(t)). Thus (t) is an integral curve at ¢5(x). But
¢t(ps(x)) is another integral curve at ¢s(x). By uniqueness of integral curves, y(t)
must agree with ¢;(¢s(x)) on their common domains. O
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When every integral curve can be extended without bound in both directions,
in other words, for all x the map ¢;(x) is defined for all t € R, we say that the flow
is complete.

Theorem. On a compact manifold any flow is complete.

PROOF. Although generally each integral curve has its own domain, first we
will show that for compact manifolds all integral curves can have same domains.
Since the domain D of the flow can be taken to be an open subset of R x M, each
x € M has an open neighborhood U, and a corresponding interval (—ex, ex) such
that (—ey, €x) x Uy is contained in D. The collection {U, | x € M} is an open
cover of M therefore there is a finite subcover. That implies there is a positive real
number € such that for every x € M the integral curve ¢;(x) is defined on (—¢, €).

Now ¢ (x) can be extended by intervals of length €/2 to be defined on R. For
example, if t > 0 then there is n € IN such that n§ <t < (n + 1)5, then define

$1() = Prns (905 (%)),

where ([)n%(x) = ¢ (4’(n—1)§(x)) ifn>1. O
Theorem. If the map ¢y : M — M is defined then it is a diffeomorphism.

For example, if the flow is complete then ¢; is defined for all t € R, we can
think of ¢; as moving every point along integral curves for an amount of time ¢.

PROOF. Since the flow ¢ is smooth the map ¢; is smooth. Its inverse map ¢_;
is also smooth. O

Theorem. Let M be a compact smooth manifold and f : M — R be smooth. If the
interval [a, b] only contains reqular values of f then the level sets f~1(a) and f~'(b) are
diffeomorphic.

PROOF. The idea of the proof is to construct a diffeomorphism from f~1(a) to
f~1(b) by pushing along the flow lines of the gradient vector field of f. However
since V f(x) can be zero outside of f~!([a, b]) we need a modification to Vf.

Suppose that a < b. By P4.15|there are intervals [a,b] C (c,d) C [c,d] C (k)
such that (I, k) contains only regular values of f. Thus on f~((h,k)) the vector
V f(x) never vanish.

By there is a smooth function ¢ that is 1 on f~!([c,d]) and is 0 outside
f1((hk)). Let F = IP%, then F is a well-defined smooth vector field on M.
Notice that F is basically a rescale of Vf.

Let ¢ be the flow generated by F. We have:

G 00 = dfy oy () = (T7@0), Flu(3) = plu().

Fix x € f~1(a). Since ¢ (x) is continuous with respect to t and ¢ (x) = x, there is
an € > 0 such that ¢;(x) € f~1((c,d)) for t € [0,€). Let € be the supremum (or
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o0) of the set of such €. Then for t € [0,€g) we have ¢ (x) € f~1((c,d)), and so

d
S @) = plgi() = 1.

This means the flow line is going at constant speed 1. We get f(¢:(x)) =t + a for
t € [0,e0). If g < b — a then by continuity f(¢e,(x)) = €9 +a < b < d. This
implies there is €’ > € such that f(¢:(x)) < d fort € [ep, €'), a contradiction.
Thus €y > b — a. We now observe that f(¢,_,(x)) = b. Thus ¢;_, maps f~1(a) to
f~1(b), so it is the desired diffeomorphism. O

Theorem 26.1 (Homogeneity of manifolds). On a connected manifold there is a self
diffeomorphism that brings any given point to any given point.

PROOF. First we can locally bring any point to a given point without outside
disturbance. That translates to a problem on IR": we will show that for any ¢ €
B(0,1) there is a diffeomorphism h : R" — R" such that |gn () = 0 and
h(0) =c.

By there is a smooth function f : R" — R such that f|p (o) = 1 and
flrmB(0,1) = 0. Consider the vector field F : R" — R", F(x) = f(x)c. Thisisa
smooth vector field with compact support. The flow generated by this vector field
is a smooth map ¢ : R x R" — IR" such that

Po(x) = x,
d
0 (x) = F(¢r(x)).

Problems.

26.2. / The following is a common smooth function:
e VX, ifx >0
f(x) = ,
0, if x <0.

(a) Show that f(x) is smooth.
(b) Leta < bandlet g(x) = f(x —a)f(b— x). Then g is smooth, g(x) is positive on
(a,b) and is zero everywhere else.

(c) Let
hx) = o8
Jo8(x)dx
Then h(x) is smooth, i(x) = 0if x <a,0 < h(x) < lifa < x <b,and h(x) = 1if
x> b.
(d) The function
k(x) — f(x — lZ)

for—a)+ f(b—x)
also has the above properties of i(x).
(e) In R", construct a smooth function whose value is 0 outside of the ball of radius
b, 1 inside the ball of radius a, where 0 < a < b, and between 0 and 1 in between
the two balls.
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26.3 (Smooth Urysohn lemma). Let A C U C IR" where A is compact and U is open. We
will show that there exists a smooth function ¢ : R" — R such that 0 < ¢(x) <1, ¢|a =1,

4"]1{"\1,[ =0.
26.4 (Smooth Urysohn lemma for manifolds). Let M be a smooth manifold, A C U C M

where A is compact and U is open in M. Show that there is a smooth function ¢ : M — R
such that 0 < ¢(x) <1, 9[a =1, ¢[pny = 0.
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27. Manifolds with boundaries

The closed half-space H" = {(x1,x2,...,xn) € R™ | x,, > 0} C R™ whose
topological boundary is 0H" = {(x1,x2,..., %) € R™ | x,, = 0} is our model for
a manifold with boundary.

Definition. A subspace M of R is called a manifold with boundary of dimension m
if each point in M has a neighborhood diffeomorphic to either R™ or IH", where
in the second case the point is sent to dIH™. The set of all points of the first type
is called the interior of M. The set of all points of the second type is called the
boundary of M, denoted by oM.

A point belongs to either the interior or the boundary, not both, because of the
following;:

Lemma. H" is not diffeomorphic to R™.

PROOF. Suppose f : R" — H™ is a diffeomorphism. For any x € R", dfy
is non-singular, therefore by the Inverse function theorem f is a diffeomorphism
from an open ball containing x onto an open ball containing f(x). Thus f(x) must
be an interior point (in topological sense) of H". This implies that f cannot be
onto IH™, a contradiction.

Alternatively we can use Invariance of dimension [5.34] O

Remark. The boundary of a manifold is generally not the same as its topological
boundary.

Remark. On convention, when we talk about a manifold we still mean a manifold
as earlier defined, that is, with no boundary. A manifold with boundary can have
empty boundary, in which case it is a manifold.

Proposition. The interior of an m-manifold with boundary is an m-manifold without
boundary. The boundary of an m-manifold with boundary is an (m — 1)-manifold without
boundary.

PROOF. The part about the interior is clear. Let us consider the part about the
boundary.

Let M be an m-manifold and let x € dM. Let ¢ be a diffeomorphism from a
neighborhood U of x in M to H”. We can check that if y € U then ¢(y) € oH"
if and only if y € M. Thus the restriction ¢|nyp is a diffeomorphism from a
neighborhood of x in M to 9H", which is diffeomorphic to R 1. O

The tangent space of a manifold with boundary M is defined as follows. It x is an
interior point of M then T My is defined as before. If x is a boundary point then
there is a parametrization ¢ : H™ — M, where ¢(0) = x. Notice that by continuity
¢ has well-defined partial derivatives at 0. This implies that the derivative dgy :
R™ — Rk is well-defined. Then TM, is still defined as dgo(IR”). The Chain rule

still holds. The notion of critical point is defined exactly as for manifolds.
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Theorem 27.1. Let M be an m-dimensional manifold without boundary. Let f : M — R
be smooth and let y be a reqular value of f. Then the set f~1([y, ©)) is an m-dimensional
manifold with boundary f=1(y).

PROOF. Let N = f~1([y,)). Since f~((y, o)) is an open subspace of M, it
is an m-manifold without boundary.

The crucial case is when x € f~1(y). Let ¢ be a parametrization of a neigh-
borhood of x in M, with ¢(0) = x. Let g = fo¢. As in the proof of 4.6} by
the Implicit function theorem, there is an open ball U in R"~! containing 0 and
an open interval V in R containing 0 such that in U x V the set ¢~(y) is a graph
{(u,h(u)) | u € U} where h is smooth.

U

Since (U x V) \ ¢~ !(y) consists of two connected components, exactly one of
the two is mapped via g to (y, ), otherwise x will be a local extremum point
of f, and so dfy = 0, violating the assumption. In order to be definitive, let us
assume that W = {(u,v) | v > h(u)} is mapped by g to [y,c0). Then ¢(W) =
(U x V)N f~1([y,)) is a neighborhood of x in N parametrized by ¢|. On
the other hand W is diffeomorphic to an open neighborhood of 0 in IH". To show
this, consider the map ¢(u,v) = (u,v — h(u)) on U x V. Then ¢ is a smooth
bijection on open subspaces of IR™, whose Jacobian is non-singular, therefore is
a diffeomorphism. The restriction |y is a diffeomorphism to (U x V) N H™.
Thus x is a boundary point of N. O

Example. Let f be the height function on S? and let y be a regular value. Then the
set f~1((—oo,y]) is a disk with the circle f~!(y) as the boundary.

Example. If y is a regular value of the height function on D? then f~1(y) is a
1-dimensional manifold with boundary on 9D?.

Example. The closed disk D" is an n-manifold with boundary.

Theorem 27.2. Let M be an m-dimensional manifold with boundary, let N be an n-
manifold with or without boundary. Let f : M — N be smooth. Suppose that y € N is
a regular value of both f and f|yp. Then f=1(y) is an (m — n)-manifold with boundary
oM N f1(y).
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PROOF. That f~1(y) \ M is an (m — n)-manifold without boundary is al-

ready proved in
We consider the crucial case of x € IM N f~1(y).

: - .
N g O
Ta ()

FIGURE 27.1.

FIGURE 27.2.

The map g can be extended to § defined on an open neighborhood U of 0 in
R™. As before, §~!(y) is a graph of a function of (m — n) variables so it is an
(m — n)-manifold without boundary.

Let p : $'(y) — R be the projection to the last coordinate (the height func-
tion). We have ¢~1(y) = p~1([0,0)) therefore if we can show that 0 is a regular
value of p then the desired result follows from applied to §'(y) and p. For
that we need to show that the tangent space T¢ !(y), at u € p~1(0) is not con-
tained in dH™. Note that since u € p~1(0) we have u € 9H™.

Since § is regular at u, the null space of d§,, on TU, = R™ is exactly T¢ ' (y)y,
of dimension m — n. On the other hand, §|yyn is regular at 1, which implies that
the null space of d§, restricted to T(0H"), = dH™ has dimension (m — 1) — n.
Thus T§!(y)y is not contained in 9IH™. g
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Problems.
27.3. Check that R cannot be diffeomorphic to H".
27.4. Show that the subspace {(x1,x2,...,xm) € R™ | x;y, > 0} is diffeomorphic to R™.

27.5. A simple regular path is a map 7 : [2,b] — R™ such that v is injective, smooth, and
) (t) # 0 forall ¢ € [a,b]. Show that the trace of a simple closed regular path is a smooth

1-dimensional manifold with boundary.

27.6. Suppose that M is an n-manifold without boundary. Show that M x [0,1] isan (n+1)-
manifold with boundary. Show that the boundary of M x [0, 1] consists of two connected

components, each of which is diffeomeorphic to M.

27.7. Let M be a compact smooth manifold and f : M — R be smooth. Show that if
the interval [a, b] only contains regular values of f then the sublevel sets f~1((—co,a]) and
F~1((—o0,b]) are diffeomorphic.
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28. Sard theorem

Sard theorem. We use the following result from Analysis:

Theorem (Sard Theorem). The set of critical values of a smooth map from R™ to R" is
of Lebesgue measure zero.

For a proof see for instance [Mil97]. Sard theorem also holds for smooth func-
tions from H™ to R". This is left as a problem.
Since a set of measure zero must have empty interior, we have:

Corollary. The set of reqular values of a smooth map from R™ to R" is dense in R".
An application of Sard theorem for manifolds is the following;:

Theorem. If M and N are two manifolds with boundary and f : M — N is smooth then
the set of all reqular values of f is dense in N. In particular f has a regular value in N.

PROOF. Consider any open subset V of N parametrized by ¢ : V! — V. Then
f~1(V) is an open submanifold of M. We only need to prove that f]| s1(vy has a
regular value in V. Let C be the set of all critical points of f| V)

We can cover f~1(V) (or any manifold) by a countable collection I of parametrized
open neighborhoods. This is possible because a Euclidean space has a countable
topological basis (see[2.9).

For each U € I we have a commutative diagram:

U4f>V
A
u ——v

where U’ is an open subset of H" and V' is an open subset of H". From this
diagram, x is a critical point of f in U if and only if cpal (x) is a critical point of g;.
Thus the set of critical points of gy is (p&l (cnu).

Now we write

:Uf(CmU):UIP(gu Lcnuy)) <Ugu Cﬁll)))

uel uel uel

By Sard Theorem the set g;(¢,,' (CNU)) is of measure zero. This implies that the
set D = Uyer gu(@y'(CNU)) is of measure zero, since a countable union of sets
of measure zero is a set of measure zero. As a consequence D must have empty
topological interior.

Since ¥ is a homeomorphism, (D) = f(C) must also have empty topological
interior. Thus f(C) & V, so there must be a regular value of f in V. g

If NC Mand f : M — N such that f|y = idy then f is called a retraction
from M to N and N is a retract of M.
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Lemma 28.1. Let M be a compact manifold with boundary. There is no smooth map
f M — oM such that f|yp; = idyp. In other words there is no smooth retraction from
M to its boundary.

PROOF. Suppose that there is such a map f. Let y be a regular value of f.
Since f|p is the identity map, y is also a regular value of f|y5s. By Theorem
the inverse image f~!(y) is a 1-manifold with boundary f~!(y) N9M = {y}. But
a 1-manifold cannot have boundary consisting of exactly one point. This result is

contained in the classification of compact one-dimensional manifolds. O

Theorem 28.2 (Classification of compact one-dimensional manifolds). A smooth
compact connected one-dimensional manifold is diffeomorphic to either a circle, in which
case it has no boundary, or an arc, in which case its boundary consists of two points.

See [Mil97] for a proof.
Brouwer fixed point theorem.

Theorem 28.3 (Smooth Brouwer fixed point theorem). A smooth map from the disk
D" to itself has a fixed point.
This is a repeat of the proof for the continuous case using Algebraic Topology

in[20.2]

PROOF. Suppose that f does not have a fixed point, i.e. f(x) # x for all
x € D". The straight line from f(x) to x will intersect the boundary dD" at a point
g(x). Then g : D" — 9D" is a smooth function which is the identity on 0D". That

is impossible, by O

Actually the Brouwer fixed point theorem holds true for continuous maps. A
proof can start by approximating a continuous function by smooth ones then use

the smooth version of the theorem, see for instance [Mil97].
Problems.
28.4. Show that Sard theorem also holds for smooth functions from IH” to R".

28.5. Show that a smooth loop on S? (i.e. a smooth map from S! to S?) cannot cover S2.
Similarly, there is no smooth surjective maps from R to R” with n > 1. In other words,

there is no smooth space filling curves, in contrast to the continuous case (compare 5.35).
28.6. Prove the Brouwer fixed point theorem for [0, 1] directly.

28.7. Check that the function g in the proof of 28.3]is smooth.

28.8. Is the Brouwer fixed point theorem correct for open balls?

28.9. Is the Brouwer fixed point theorem correct for spheres?

28.10. Is the Brouwer fixed point theorem correct for tori?

28.11. Show that the Brouwer fixed point theorem is correct for any space homeomorphic
to a disk.
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28.12. Let A be an n x n matrix whose entries are all nonnegative real numbers. We will

derive the Frobenius theorem which says that A must have a real nonnegative eigenvalue.

(a) Suppose that A is not singular. Check that the map v — Hﬁzl\ brings Q =
{(x1,x2,...,%5) €S 1| x;>0,1<i<n}toitself.

(b) Prove that Q is homeomorphic to the closed ball pr1,

(c) Use the continuous Brouwer fixed point theorem to prove that A has a real non-

negative eigenvalue.
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29. Orientation

Orientation on vector spaces. On a finite dimensional real vector space, two
vector bases are said to determine the same orientation of the space if the change
of bases matrix has positive determinant. Being of the same orientation is an equiv-
alence relation on the set of all bases. With this equivalence relation the set of all
bases is divided into two equivalence classes. If we choose one of the two classes
as the prefered one, then we say the vector space is oriented and the chosen equiv-
alence class is called the orientation (or the positive orientation).

Thus any finite dimensional real vector space is orientable (i.e. can be oriented)
with two possible orientations.

Example. The standard positive orientation of IR" is represented by the basis
{e1=1(1,0,...,0),ep = (0,1,0,...,0),...,e, = (0,...,0,1)}.
Unless stated otherwise, IR" is always oriented this way.

Let T be an isomorphism from an oriented finite dimensional real vector space
V to an oriented finite dimensional real vector space W. Then T brings a basis of
V to a basis of W. There are only two possibilities. Either T brings a positive basis
of V to a positive basis of W, or T brings a positive basis of V to a negative basis
of W. In the first case we say that T is orientation-preserving, and in the second case

we say that T is orientation-reversing.

Orientation on manifolds. Roughly, a manifold is oriented if at each point an
orientation for the tangent space is chosen and this orientation should be smoothly
depended on the point.

Definition. A manifold M is said to be oriented if at each point x an orientation for
the tangent space T My is chosen and at each point there exists a local coordinate
(U, ¢) such that for each x in U the derivative dpy : TM; — R™ is orientation-

preserving.

Thus in this local coordinate the orientation of TMy is given by the basis
{(%Pl(x), (-?Tq;(x), e, ;Tq:n(x)} where g%(x) = dgo;(lx) (e;). Roughly, the local coor-
dinate brings the orientation of R” to the manifold.

If a manifold is oriented then the set of orientations of its tangent spaces is
called an orientation of the manifold and the the manifold is said to be orientable.

Another approach to orientation of manifold is to orient each parametrized
neighborhood then require that the orientations on overlapping neighborhood
agree. Concisely, suppose that ¢ : U — M is a parametrization of a neighborhood
in M. At each point, the orientation on TMy is given by the image of the standard
basis of R" via d¢y, i.e. it is given by the basis {aa%(u), 887(,92(”), e, a%(u)} where
g—z(u) = d¢u(e;). Suppose that ¢ : V — M parametrizes an overlapping neigh-
borhood. Since dy, = d(y o ¢~ 1), o0 dgy, the consistency requirement is that the
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map d(¢ o ¢~ 1), must be orientation preserving on R”. In other words, we can
say that the change of coordinates must be orientation preserving.

Example. If a manifold is parametrized by one parametrization, that is, it is cov-
ered by one local coordinate, then it is orientable, since we can take the unique
parametrization to bring an orientation of IR” to the entire manifold. In particular,
any open subset of R¥ is an orientable manifold.

Example. The graph of a smooth function f : D — R/, where D C R* is an open
set, is an orientable manifold, since this graph can be parametrized by a single
parametrization, namely x — (x, f(x)).

Proposition. If f : R — R is smooth and a is a reqular value of f then f~'(a) is an
orientable manifold.

PROOF. Let M = f~1(a). If x € M then kerdf, = T My, so the gradient vector
V f(x) is perpendicular to TM,. In other words the gradient vector is always per-
pendicular to the level set. In particular, V f(x) does not belong to TMy. Choose
the orientation on TMy represented by a basis b(x) = {bi(x),...,bx_1(x)} such
that the ordered set {b;(x),...,bx_1(x), Vf(x)} is a positive basis in the standard
orientation of RF. That means det (by(x), ..., bx_1(x), Vf(x)) > 0.

We check that this orientation is smoothly depended on the point. Let ¢ :
R*1 — U C M be a local parametrization of a neighborhood U of x, with
¢(0) = x. We can assume that basis {387"’1(0), %(0), e, 33i1 (0)} is in the same
orientation as b(x), if that is not the case we can interchange two variables of ¢. We

can check that {i—j’; (u), aaTj’; (u),..., ajk—(’il (1)} is in the same orientation as b(¢(u))

for all u € R, Indeed, consider det (%Pl(u) EL(P(u),...,Eh‘?%(u),Vf(go(u))).

7 duy

This is a continuous real function on u € R¥~! whose value at 0 is positive, there-

fore its value is always positive. 0
Example. The sphere is orientable.

Example. The torus is orientable.

Proposition. A connected orientable manifold has exactly two orientations.

PROOF. Suppose the manifold M is orientable. There is an orientation o on
M. Then —o is a different orientation on M. Suppose that o7 is an orientation on
M, we show that o0 is either 0 or —o.

If two orientations agrees at a point they must agree locally around that point.
Indeed, from the definition there is a neighborhood V of x and a local coordinates
@ : V. — R™ that brings the orientation 07 to the standard orientation of IR",
and a local coordinates i : V — R* that brings the orientation o to the standard
orientation of R™. Assuming ¢(x) = ¢(x) = 0, then det J( ! o ¢) is smooth on
R™ and is positive at 0, therefore it is always positive. That imples 01 and o0 agree
onV.
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Let U be the set of all points x in M such that the orientation of TM, with
respect to 0; is the same with the orientation of TM, with respect to 0. Then U is
open in M. Similarly the complement M \ U is also open. Since M is connected,
either U = Mor U = @. g

Orientable surfaces. A two dimensional manifold in R is called a surface. A
surface is fwo-sided if there is a smooth way to choose a unit normal vector N(p)
at each point p € S. That is, there is a smoothmap N : S — R3 such that at each
p € S the vector N(p) has length 1 and is perpendicular to TS,,.

FIGURE 29.1. The Mobius band is not orientable and is not two-sided.

Proposition. A sutface is orientable if and only if it is two-sided.

PROOF. If the surface S is orientable then its tangent spaces could be oriented
smoothly. That means at each point p € S there is a local parametrization r(u,v)
such that {r,(u,v),7,(u,v)} gives the orientation of TS,. Then the unit normal
ru(u,v) X ry(u,v)

[|ru(u, 0) X 19 (u, )|
Conversely, if there is a smooth unit normal vector N on the surface then we

vector is defined smoothly on the surface.

orient each tangent plane TS, by a basis {vy, v} such that {v1, v, N(p)} is in the
same orientation as the standard orientation of R3. For each point p take a local
parametrization r : R> — S,7(0,0) = p, such that {r,(0,0),7,(0,0)} is in the orien-
tation of TS, (take any local parametrization, if it gives the opposite orientation at
p then just switch the variables). Since (r,(u,v) X r,(u,v), N(r(u,v))) is smooth,
its sign does not change, and since the sign at (0,0) is positive, the sign is always
positive. Thus {ry(u,v),ro(1,v)} is in the orientation of TS, (,, ). That means the

orientation is smooth. O

Orientation on the boundary of an oriented manifold. Suppose that M is a
manifold with boundary and the interior of M is oriented. We orient the boundary
of M as follows. Suppose that under an orientation-preserving parametrization ¢
the point ¢(x) is on the boundary oM of M. Then the orientation {by, bs,...,b,}
of dH" such that the ordered set {—ey, b, b3, ..., b, } is a positive basis of R" will
induce the positive orientation for TOM,,(, through d¢(x). This is called the outer
normal first orientation of the boundary.
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Problems.

29.1. Show that two diffeomorphic manifolds are are either both orientable or both unori-
entable.

29.2. Suppose that f : M — N is a diffeomorphism of connected oriented manifolds with
boundary. Show that if there is an x such thatdfy : TMy — TN F(x) is orientation-preserving

then f is orientation-preserving.

29.3. Let f : RF — R! be smooth and let a be a regular value of f. Show that f~1(a) is an

orientable manifold.

29.4. Consider the map —id : " — S" with x — —x. Show that —id is orientation-

preserving if and only if 7 is odd.
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30. Topological degrees of maps

Let M and N be boundaryless, oriented manifolds of the same dimensions m.
Further suppose that M is compact.

Let f : M — N be smooth. Suppose that x is a regular point of f. Then
dfy is an isomorphism from TMy to TNy (y). Let sign(dfx) = 11if dfx preserves
orientations, and sign(dfy) = —1 otherwise.

For any regular value y of f, let

deg(f.y) = ). sign(dfy).
xef(y)

Notice that the set f~!(y) is finite because M is compact (see .

This number deg(f,y) is called the Brouwer degree (bdc Brouwer) EL] or topolog-
ical degree of the map f with respect to the regular value y.

From the Inverse Function Theorem 24.4} each regular value y has a neighbor-
hood V and each preimage x of y has a neighborhood U, on which f is a diffeo-
morphism onto V, either preserving or reversing orientation. Therefore we can
interpret that deg(f,y) counts the algebraic number of times the function f covers the

value y.

Example. Consider f : R — R, f(x) = x2. Then deg(f,1) = 0. This could
be explained geometrically from the graph of f, as f covers the value 1 twice in
opposite directions at x = —1 and x = 1.

Example. Consider f(x) = x3

— x with the regular value 0. From the graph of f we

see that f covers the value 0 three times in positive directionat x = —land x =1

and negative direction at x = 0, therefore we see right away that deg(f,0) = 1.
On the other hand, if we consider the regular value —1 then f covers this value

only once in positive direction, thus deg(f,1) = 1.

Homotopy invariance. In this section we will show that the Brouwer degree
does not depend on the choice of regular values and is invariant under smooth
homotopy.

Lemma. Let M be the boundary of a compact oriented manifold X, oriented as the bound-
ary of X. If f + M — N extends to a smooth map F : X — N then deg(f,y) = 0 for
every reqular value y.

PROOF. (a) Assume that y is a regular value of F. Then F~!(y) is a 1-dimensional
manifold of dimension 1 whose boundary is F~'(y) " M = f~!(y), by Theorem
RZ1]

By the Classification of one-dimensional manifolds, F~!(y) is the disjoint union
of arcs and circles. Let A be a component that intersects M. Then A is an arc with
boundary {a,b} C M.

147 g, J. Brouwer (1881-1966) is a Dutch mathematician. He had many important contributions in the
early development of topology, and founded Intuitionism.
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We will show that sign(det(df,)) = — sign(det(df;)). Taking sum over all arc
components of F~1(y) would give us deg(f,y) = 0.

An orientation on A. Let x € A. Recall that TA, is the kernel of dFy : TX, —
TNy. We will choose the orientation on TA, such that this orientation together
with the pull-back of the orientation of TN, via dFy is the orientation of X. Let

(v2,03,...,0y41) be a positive basis for TN,,. Letv; € TAx such that {vy, dF; ' (v2), ...

is a positive basis for TX,. Then v; determine the positive orientation on TA,.

At x = aor at x = b we have dfy = dFy|rp,. Therefore dfy is orientation-
preserving on TMy oriented by the basis {df; 1 (v2),...,df;y H(vui1)}-

We claim that exactly one of the two above orientations of TMy at x = a or
x = b is opposite to the orientation of TM, as the boundary of X. This would
show that sign(det(df,)) = — sign(det(dfy)).

Observe that if at a the orientation of TA, is pointing outward with respect to
X then b the orientation of T'A; is pointing inward, and vice versa. Indeed, since
A is a smooth arc it is parametrized by a smooth map () such that y(0) = a and
7(1) = b. If we assume that the orientation of TA, ;) is given by 7(t) then it is
clear that at a4 the orientation is inward and at b it is outward.

(b) Suppose now that y is not a regular value of F. There is a neighborhood
of y in the set of all regular values of f such that deg(f,z) does not change in this
neighborhood. Let z be a regular value of F in this neighborhood, then deg(f,z) =
deg(F,z) = 0 by (a), and deg(f,z) = deg(f,y). Thus deg(f,y) = 0. O

Lemma. If f is smoothly homotopic to g then deg(f,y) = deg(g,y) for any common
reqular value y.

PROOF. Let I = [0,1] and X = M x I. Since f be homotopic to g there is a
smooth map F : X — N such that F(x,0) = f(x) and F(x,1) = g(x).

The boundary of X is (M x {0}) U (M x {1}). Then F is an extension of the
pair f, g from 0X to X, thus deg(F|yx,y) = 0 by the above lemma.

Note that one of the two orientations of M x {0} or M x {1} as the boundary
of X is opposite to the orientation of M (this is essentially for the same reason
as in the proof of the above lemma). Therefore deg(Flyx,y) = £(deg(f,y) —

deg(g,y)) = 0, so deg(f,y) = deg(g,y)- O

Lemma 30.1 (Homogeneity of manifold). Let N be a connected boundaryless manifold
and let y and z be points of N. Then there is a self diffeomorphism h : N — N that is
smoothly isotopic to the identity and carries y to z.

We do not present a proof for this lemma. The reader can find a proof in
[Mil97, p. 22].

Theorem 30.2. Let M and N be boundaryless, oriented manifolds of the same dimensions.
Further suppose that M is compact and N is connected. The Brouwer degree of a map from
M to N does not depend on the choice of reqular values and is invariant under smooth
homotopy.

/dF;l(Un-&-l)}
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Therefore from now on we will write deg( f) instead of deg(f, ).

PROOF. We have already shown that degree is invariant under homotopy:.

Let y and z be two regular values for f : M — N. Choose a diffeomorphism h
from N to N that is isotopic to the identity and carries y to z.

Note that & preserves orientation. Indeed, there is a smooth isotopy F : N X
[0,1] — N such that Fy = hand F; = id. Letx € N, and let ¢ : R"” — N be
an orientation-preserving parametrization of a neighborhood of x with ¢(0) = x.
Since dF;(x) odgp : R™ x R is smooth with respect to ¢, the sign of dF;(x) does not
change with .

As a consequence, deg(f,y) = deg(ho f,h(y)).

Finally since h o f is homotopic to id o f, we have deg(ho f,h(y)) = deg(id o

fil(y)) = deg(f, h(y)) = deg(f, 2). 0

Example. Let M be a compact, oriented and boundaryless manifold. Then the
degree of the identity map on M is 1. On the other hand the degree of a constant
map on M is 0. Therefore the identity map is not homotopic to a constant map.

Example 30.3 (Proof of the Brouwer fixed point theorem via the Brouwer de-
gree). We can prove that D"*! cannot retract to its boundary (this is for the
case of D"*1) as follows. Suppose that there is such a retraction, a smooth map
f: D" — S" that is the identity on S”. Define F : [0,1] x S" by F(t,x) = f(tx).
Then F is a smooth homotopy from a constant map to the identity map on the

sphere. But these two maps have different degrees.

Theorem (The fundamental theorem of Algebra). Any non-constant polynomial

with real coefficients has at least one complex root.

PROOF. Let p(z) = z" +a;z" ' + apz" 2 + -+ +a,_1z + a,, with a; € R,
1 < i < n. Suppose that p has no root, that is, p(z) # Oforallz € C. Asa
consequence, a4, 7 0.

For t € [0,1], let

gi(z) = (1= 8)"2" +a;(1 = )" 2" - gy (1= )" Lz 4 a, "

Then g¢(z) is continuous with respect to the pair (t,z). Notice that if t # 0
then g¢(z) = t"p((1 — t)t~'2z), and go(z) = z" while q1(z) = a,.

If we restrict z to the set {z € C | |z| = 1} = S! then g;(z) has no roots, so %
is a continuous homotopy of maps from S to itself, starting with the polynomial
z" and ending with the constant polynomial ‘Z—Z‘ But these two polynomials have
different degrees, a contradiction. O
Example. Let v : S — R?, v((x,y)) = (—y,x), then it is a nonzero (not zero
anywhere) tangent vector field on S'.

Similarly we can find a nonzero tangent vector field on S” with odd #.

Theorem 30.4 (The Hairy Ball Theorem). If nn is even then every smooth tangent vector
field on S™ has a zero.
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PROOF. Suppose that v is a nonzero tangent smooth vector field on S”. Let

w(x) = %, then w is a unit smooth tangent vector field on S”.

Notice that w(x) is perpendicular to x. On the plane spanned by x and w(x)
we can easily rotate vector x to vector —x. Precisely, let F;(x) = cos(t) - x + sin(#) -
w(x) with 0 < t < 7, then F is a homotopy on S" from x to —x. But the degrees of
these two maps are different, see O

Problems.

30.5. Find the topological degree of a polynomial on IR. Notice that although the domain

R is not compact, the topological degree is well-defined for polynomial.

30.6. Let f : S' — S, f(z) = 2", where n € Z. We can also consider f as a vector-valued
function f : R? — R?, f(x,y) = (fi(x,y), fa(x,y)). Then f = f; +ifo.
(@) Recalling the notion of complex derivative and the Cauchy-Riemann condition,
check that det(J f) = |f'(z)|?.
(b) Check that all values of f are regular.
(c) Check that deg(f,y) =nforally € S’

30.7. Show that deg(f,y) is locally constant on the subspace of all regular values of f.

30.8. What happens if we drop the condition that N is connected in Theorem [30.2f Where

do we use this condition?

30.9. Let M and N be oriented boundaryless manifolds, M is compact and N is connected.
Let f : M — N. Show that if deg(f) # 0 then f is onto, i.e. the equation f(x) = y always

has a solution.
30.10. Letr; : S" — S" be the reflection map
ri((x, X0, .o X, o, Xp41)) = (X0, X0, o, —Xiy oo s, Xppg1)-
Compute deg(7;).
30.11. Let f : S — S" be the map that interchanges two coordinates:
f((xl,xz,...,xi,...,x]-,. c Xpy1)) = (xl,xz,...,x]-,...,xi,...,xn+1).
Compute deg(f).

30.12. Suppose that M, N, P are compact, oriented, connected, boundaryless m-manifolds.

Let M % N % P. Then deg(go f) = deg(f)deg(g).

30.13. Let M be a compact connected smooth manifold. Let f : M — M be smooth.

(a) Show that if f is bijective then deg f = £1.
(b) Let f2 = f o f. Show that deg(f?) > 0.

30.14. Letr: S" — S" be the antipodal map
r((xy,x2, ..., xp41)) = (—=x1, =X, .., —Xp11)-
Compute deg(r).

30.15. Let f : st - S4,f((x1,x2,X3, X4,%5)) = (X2, X4, —x1, X5, —x3). Find deg(f).
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30.16. Find a map from S? to itself of any given degree.

30.17. If f,g : S" — S" be smooth such that f(x) # —g(x) for all x € S" then f is smoothly
homotopic to g.

30.18. Let f : M — S" be smooth. Show that if dim(M) < n then f is homotopic to a

constant map.

30.19 (Brouwer fixed point theorem for the sphere). Let f : S" — S" be smooth. If
deg(f) # (—1)"*! then f has a fixed point.

30.20. Show that any map of from S” to S” of odd degree carries a certain pair of antipodal

points to a pair of antipodal point.
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Guide for further reading

We have closely followed John Milnor’s masterpiece [Mil97]. Another excel-
lent text is [GP74]. There are not many textbooks such as these two books, pre-
senting differential topology to undergraduate students.

The book [Hir76] is a technical reference for some advanced topics. The book
[DFNS85] is a masterful presentation of modern topology and geometry, with some
enlightening explanations, but it sometimes requires knowledge of many topics.
The book [Bre93] is rather similar in aim, but is more like a traditional textbook.

An excellent textbook for differential geometry of surfaces is [dC76].






Suggestions for some problems

[LIT There is an infinitely countable subset of B.

Use[L11]

Uiy [nn +1) = [1,09).

[L23t Proof by contradiction.

[@8 Consider a metric space with only two points.

Compare the subinterval [1,27) and its image via ¢.

Let A be countable and x € R?\ A. There is a line passing through x that does
not intersect A (by an argument involving cardinalities of sets).

Delete a point from R. Use[f.12]and [5.3]

Consider the set of all irrational numbers.

Suppose that there are two points x and y that could not be separated by open
sets. Consider the directed set whose elements are pairs (Uy, V) of open neigh-
borhoods of x and y, under set inclusion. Take a net n such that n(Uy, Vy) is a
point in Uy N V4,

(b) Let C be a countable subset of [0, ()). The set U.cc[0, ¢) is countable while
the set [0, 2) is uncountable.

Use Lebesgue’s number.

See the proof of

Usel812

Usel814

Look at their bases.

Only need to show that the projection of an element of the basis is open.

Use[9.2)to prove that the inclusion map is continuous.

Use[0.151

017k Let (x;) and (y;) beinT;c; X;. Let v;(t) be a continuous path from x; to y;. Let
7(8) = (ri(h))-

(b) Use (c) Fix a point x € [Jic; X;. Use (b) to show that the set Ay
of points that differs from x at at most finitely many coordinates is connected.
Furthermore Ay is dense in [ ;< X;.

Use[9.15} It is enough to prove for the case an open cover of X x Y by open sets
of the form a product of an open set in X with an open set in Y. For each “slice”
{x} X Y there is finite subcover {U,; x Vy; | 1 < i < ny}. Take Uy = %, Uy.
The collection {Uy | x € X} covers X so there is a subcover {Uy, | 1 < j < n}. The
collection {Uxi,,- X Vx/,,- |[1<i< Ny, 1< j < n} is a finite subcover of X x Y.

M0.2& UsdI0.3

UseB.12]

Use[[0.12

015 (<) Use[8:15]and[6.2]
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018t (<) Useand the Urysohn lemma

013 () Useand the Urysohn lemmam

IL7Z Use[Ild

See@.Iland[0.4]

IIIT Any real function on L is continuous. The cardinality of the set of such func-
tion is c¢. A real function on H is continuous if and only if it is continuous on the
dense subset of points with rational coordinates, so the cardinality of the set of
such functions is at most ¢®0. Since ¢ > ™, the space IH cannot be normal, by
Tiestze Extension Theorem.

The idea is easy to be visualized in the cases n = 1 and n = 2. Let ST =
{x = (x1,%2,...,%,41) € S" | x; > 0}, the upper hemisphere. Let SO = {x =
(x1,%x0,...,x541) € S" | x; = 0}, the equator. Let f : S" — ST be given by
f(x) = xif x € ST and f(x) = —x otherwise. Then the following diagram is

commutative:

S"/x~—x—>St/x~—x, xe8°

Then it is not difficult to show that ST/x ~ —x, x € S0 is homeomorphic to
RP" =D"/x ~ —x, x € 0D".

[I3.6t The set of all balls with rational radius whose center has rational coordinates
forms a basis for the Euclidean topology of IR".

By[[0:13}

[[41& Deleting an open disk is the same as deleting the interior of a triangle.

See [Hat01) p. 52].

20.5 Use Mayer-Vietoris sequence.

First take a deformation retraction to a sphere.

Show that IR\ S! is homotopic to Y which is a closed ball minus a circle inside.
Show that Y = S! v $2, [Hat01} p- 46]. Or write Y as a union of two halves, each
of which is a closed ball minus a straight line, and use the Van Kampen theorem.

The torus is given by the equation (1/x2 + y2 — b)? + 22 = a? where 0 < a < b.

Consider a neighborhood of a point on the y-axis. Can it be homeomorphic to
an open neighborhood in IR?

2212t Seeb.Z

2213t See[f16and26.2]

Use the Implicit function theorem.

Each x € f~!(y) has a neighborhood Uy on which f is a diffeomorphism. Let
V= [Nxep1(y) f(U)]\ fF(M\ Uyesr(y) Ux). Consider VN S.

Use Problem 24.19

Show that f(") (x) = e~1/*P,(1/x) where P,(x) is a polynomial.

Cover A by finitely many balls B; C U. For each i there is a smooth function ¢;
which is positive in B; and is zero outside of B;.

If f does not have a fixed point then f will be homotopic to the reflection map.
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Note that f(x) and g(x) will not be antipodal points. Use the homotopy

(1=t f(x) +tg(x)
Fy(x) = [[(1—#)f(x)+tg(x)|]

[30.18 Using Sard Theorem show that f cannot be onto.
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You may say I'm a dreamer
But I'm not the only one
I hope someday you’ll join us ...

John Lennon, Imagine.
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