LECTURE 1: AUGUST 23

Introduction. Topology grew out of certain questions in geometry and analysis
about 100 years ago. As Wikipedia puts it, “the motivating insight behind topology
is that some geometric problems depend not on the exact shape of the objects
involved, but rather on the way they are put together. For example, the square
and the circle have many properties in common: they are both one dimensional
objects (from a topological point of view) and both separate the plane into two
parts, the part inside and the part outside.” In other words, topology is concerned
with the qualitative rather than quantitative aspects of geometric objects.

The fundamental objects in topology are “topological spaces” and “continuous
functions”; both were defined in more or less their current form by Felix Hausdorff
in 1914. Like the concept of a group in algebra, topological spaces are very useful
for unifying different parts of mathematics: they show up naturally in analysis,
geometry, algebra, etc. Most mathematicians therefore end up using both ideas and
results from topology in their research. On the other hand, topologist nowadays
do not study all possible topological spaces — instead, they focus on specific classes
such as 3-dimensional manifolds.

In the course, we will look at the most important definitions and results from
basic point set topology and elementary algebraic topology. Our textbook will be
the second edition of Topology by James Munkres, but I will not present things in
exactly the same order. Most of the homework questions, however, will be from
the textbook.

Metric spaces. The goal of today’s class is to define topological spaces. Since
it took people some time to find a good definition, let us try to retrace at least
a small portion of this process. One concern of 19th century mathematics was to
create rigorous foundations for analysis. This lead to the study of continuous and
differentiable functions on subsets of the real line R and of Euclidean space R™.
Here the notion of “distance” between points plays an important role: for example,
a function f: R — R is continuous if, for every z € R and every real number ¢ > 0,
one can find another real number § > 0 such that

|f(y) — f(z)] < € for every y € R with |y — z| < 4.

By abstracting from the properties of distance in Euclidean space, people arrived
at the idea of a “metric space”.

Definition 1.1. Let X be a set. A metric on X is a function d: X x X — R with
the following three properties:

(a) One has d(z,y) > 0 for every z,y € X, with equality if and only if z = y.

(b) d is symmetric, meaning that d(z,y) = d(y, ).

(¢) The triangle inequality: d(z,z) < d(z,y) + d(y, z) for every z,y,z € X.
The pair (X, d) is then called a metric space.

The name of the triangle inequality comes from the fact that, in a triangle in
Euclidean space, the length of each side is smaller than the sum of the lengths of
the two other sides. Drawing pictures in the plane can be useful to visualize what
is going on — but keep in mind that things like “straight line” or “triangle” do not
make actually make sense in a general metric space. The only notions that make
sense are those that can expressed in terms of distances between points. One such
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notion, which is also useful in Euclidean space, is that of an “open ball”: if xg € X
is a point, and r > 0 a positive real number, the open ball of radius r and center
To is the set

B, (zg) = {x cX ‘ d(xo,z) < 7“}.
We can get some idea of what a given metric space looks like by visualizing open
balls of different radii. Here are some examples of metric spaces:

Ezxample 1.2. Euclidean space R™ with the usual notion of distance. Denote the
points of R™ in coordinates by = = (21,22, ..., 2, ), and define the length

2]l = \/2F + -+ 2.
Then the distance between two points x,y € R" is given by
d(z,y) = |lo —yll = V(z1 —y1)? + - + (20 — yn)?-
It may seem pretty obvious that this satisfies the axioms for a metric, but let us
make sure. In the first condition, d(z,y) > 0 is clear from the definition; moreover,
d(z,y) = 0if and only if ; —y; =0 for every i = 1,...,n if and only if z = y. The
second condition is also clear since (z; — y;)? = (y; — ;).

Checking that the third condition holds requires a little bit more work. We first
prove the following inequality for lengths:

(1.3) 4+ yll < [lzll + [yl
After taking the square and expanding, we get
lz +yl* = (@ +y) - (@ +y) = llz]* + 22 -y + [yl

where = -y = x1y1 + -+ + TpY, is the dot product. From the Cauchy-Schwarz
inequality in analysis, we obtain

z-y < [lzfl[lyl,
and therefore
2

2+ gl < 1+ 20|zl + llyl* = (=l + ly])",

which proves (1.3). Returning to the third condition, we now have
d(z,2) = llz = 2| = |(z —y) + (y = 2)|| < ll& =yl + ly - 2]l = d(z,y) + d(y, 2),
and so the triangle inequality holds and d is a metric.
Example 1.4. Another metric on R"™ is given by setting
d = i — Yil-
(@,y) = max |2; —yi|

Unlike before, it takes almost no effort to verify all three axioms. The “open balls”
in this metric are now actually open cubes.

Example 1.5. Let X C R2 be the union of all the vertical lines z; = n and all the
horizontal lines o = n, for n € Z. The “taxicab metric” on X is defined by setting

d(z,y) = |z1 — y1| + |22 — yal.
Here is the proof of the triangle inequality:
d(z,z) = |x1 — 21| + |22 — 29|

<oy =yl + |y — 21| + |22 — ya| + |y2 — 22| = d(z,y) + d(y, 2).
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Ezample 1.6. Another interesting example is the “railroad metric” on R2?. Choose
a point P € R? in the plane, and define

d(z, ) |z —y| if the three points x,y, P are collinear,
:I;, = .
|z — P||+ |ly — P|| otherwise.

To see the analogy with railroads, think of P as being the capital city of a country,
in which all railroad lines go through the capital. I will leave it as an exercise to
show that this defines a metric.

Ezample 1.7. On an arbitrary set X, one can define the trivial metric
0 ifx=y,
d(z,y) = .
1 ifzx#uy.
In this case, open balls of radius 0 < r < 1 consist of only one point.

The usual e-§-definition of continuity carries over to the setting of metric spaces.
Suppose that (X,dx) and (Y, dy) are two metric spaces.

Definition 1.8. A function f: X — Y is said to be continuous if, for every point
x € X and every real number ¢ > 0, one can find a real number > 0 such that

dy (f(z), f(z')) < e for every 2’ € X with dx(z,2’) < 4.

More graphically, the condition says that f should map the entire open ball
Bj(x) into the open ball B, ( f (x)) Equivalently, we can look at the preimage

FH(Bo(f@) = {a' € X | f') € B-(f(@) }.

and the condition is that it should contain an open ball of some radius § > 0 around
the point x. Sets that contain an open ball around any of their points are called
“open”; this is the same use of the word open as in “open intervals”. The precise
definition is the following.

Definition 1.9. Let X be a metric space. A subset U C X is called open if, for
every point x € U, there is some r > 0 such that B, (z) C U.

Note that the empty set is considered to be open: the condition in the definition
is vacuous in that case. It is also obvious that X itself is always open. The following
lemma shows that open balls — as defined above — are indeed open.

Lemma 1.10. In a metric space X, every open ball B.(xo) is an open set.

Proof. By picture. If x € B,.(x0) is any point, then d(x, zg) < r, and so the quantity
0 =r — d(z, o) is positive. Intuitively, ¢ is the distance from the point zg to the
boundary of the ball. Now Bs(z) C B, (z0); indeed, if y € Bs(z), then we have

d(y,zo) < d(y,z) + d(z,x0) < § +d(z,z0) =71
by virtue of the triangle inequality. [

It is clear from the definition that if {U;};cr is any family of open subsets of X,
indexed by some set I, then the union

UUi:{x€X|m€Uif0rsomei€I}
iel



is again open. Similarly, given finitely many open subsets Ui,...,U, C X, the
intersection

Uin---NU,={zeX|zeUforeveryi=1,...,n}

is also open. In fact, if z € Uy N---NU,, then x € U;; but U; is open, and so
B,,(z) C U; for some r; > 0. Now if we set r = min(rq,...,7,), then

B.(z) CUL N---NU,,

proving that the intersection is again an open set.
Open sets can be used to give a criterion for continuity that does not depend on
the actual values of the metric.

Proposition 1.11. Let f: X — Y be a function between two metric spaces. Then
f is continuous if and only if f~1(U) is open for every open subset U CY .

Proof. The proof is straightforward. Suppose first that f is continuous. Given an
open set U C Y, we need to show that the preimage f~*(U) is again open. Take
an arbitrary point z € f~1(U). Since f(x) € U, and U is open, we can find € > 0
with B.(f(z)) C U. By definition of continuity, there exists § > 0 such that

f(Bs(x)) € B:(f(x)) € U;
but then Bs(z) C f~1(U), and so f~1(U) is an open set.
To prove the converse, suppose that f satisfies the condition in the statement.
Given zgp € X and € > 0, the open ball B, (f(a:o)) is an open subset of Y by
Lemma 1.10; its preimage

17 (B(f (o))

is therefore an open subset of X. Since it contains the point x(, it has to contain
an open ball around xg; but this means exactly that

f(Bs(z0)) € Be(f(z0))

for some d > 0. In other words, f is continuous. O

The proposition shows that we can decide whether or not a function is continuous
without knowing the metric; all we have to know is which subsets of X and Y are
open. This makes continuity a topological notion, in the sense we talked about at
the beginning of class.

Topological spaces. We now come to the definition of topological spaces, which
are the basic objects in topology. Rather than by a metric (which is something
quantitative), a topological space is described by giving a collection of “open sets”
(which is something qualitative). These “open sets” should behave in the same way
as open sets in a metric space with respect to taking unions and intersections, and
so we use those properties as axioms.

Definition 1.12. Let X be a set. A topology on X is a collection .7 of subsets of

X with the following three properties:

(a) P e T and X € 7.
(b) If {U;}ier is a family of subsets of X with U; € 7 for every i € I, then

UUZGQ
iel
(c) fUe T andV e T, thenUNV e T,



The sets in 7 are called open, and the pair (X, ) is called a topological space.

By induction, the property in the third condition can easily be extended to all
finite intersections: if Uy,...,U, € 7, then also Uy N---NU, € 7.

Ezample 1.13. Every metric space (X, d) is naturally a topological space: the so-
called metric topology consists of all subsets that are open in the sense of Defini-
tion 1.9. We have already checked that all three conditions in the definition are
satisfied. Note that different metric spaces can give rise to the same topological
space.

We will see many additional examples of topological spaces next time.
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Today, we are going to look at many additional examples of topological spaces,
to become familiar with the definition from last time. Let me first point out that
Hausdorff’s original definition contained the following additional condition, known
as the Hausdorff aziom.

Definition 2.1. A topological space (X,.7) is said to be Hausdorff if, for every
pair of distinct points x,y € X, there are open sets U,V € 7 withx e U, y € V,
and UNV = 0.

One often says that the two points x and y can be “separated by open sets”.
The metric topology on a metric space (X, d) is always Hausdorff: if z,y € X are
two distinct points, then d(z,y) > 0; now the open balls of radius r» = d(z,y)/2
around z and y are disjoint open sets separating x and y. (Indeed, if there was
a point z € B.(z) N B.(y), then we would have d(z,z) < r and d(y,z) < r; by
the triangle inequality, this would mean that 2r = d(z,y) < d(z,2) + d(z,y) < 2r,
which is absurd.) Since most of our intuition is derived from metric spaces such
as R™, the Hausdorff axiom looks very natural. The reason for not making it part
of the definition nowadays is that certain classes of topologies — most notably the
ones used in algebra — do not satisfy the Hausdorff axiom.

Now on to some examples of topological spaces. We first observe that any set X
can be made into a topological space in the following way.

FEzample 2.2. Let X be a set. The trivial topology on X is the topology {0, X }; in
view of the conditions, it is the smallest possible topology. The discrete topology
on X is the topology in which every subset of X is open; it is the largest possibly
topology. Neither of these is very interesting.

Here is a small example of a topological space where the Hausdorff axiom does
not hold.

Ezample 2.3. The Sierpiriski space is the two-element set {0,1}, with topology

given by
{0, {1}, {0, 1}}.
It is not a Hausdorff space, because the two points 0 and 1 cannot be separated by

open sets — in fact, the only open set containing the point 0 is {0, 1}.

Every subset of a topological space can itself be made into a topological space;
this is similar to the fact that every subset of a metric space is again a metric space.

Ezample 2.4. Let (X,.7) be a topological space. Given a subset Y C X, we can
put a topology on Y by intersecting the open sets in 7 with the subset Y. More
precisely, the subspace topology on Y is defined to be

fy:{UﬂY]UE?}.

You will easily be able to verify that this really is a topology. Note that unless
Y € 7, the sets in 9y are not usually open in X; to avoid confusion, people
sometimes use the expression “open relative to Y for the sets in Jy-.

So for example, the sphere
S*={(z,y,2) eR® | 2* +¢y* + 2> =1}

is a topological space (in the subspace topology coming from R?); the Cantor set
C C R is a topological space (in the subspace topology coming from R).



The notion of basis. In the examples above, we described each topological space
by saying which sets belonged to the topology. Since this can be a little cumbersome,
people often use a more efficient way of presenting this information: a basis. Here
is the definition.

Definition 2.5. Let (X, .7) be a topological space. A basis for the topology is a
collection Z of subsets of X with two properties: (1) Every set in 2 is open, hence
B C T. (2) Every set in 7 can be written as the union of sets in %.

This usage of the word “basis” is different from the one in linear algebra, because
a given open set is allowed to be a union of sets in % in many different ways.

Ezample 2.6. Let (X, d) be a metric space. The collection of all open balls
<93={BT.(370) | xoeXandr>0}

is a basis for the metric topology: by definition, every open set can be written as a
union of open balls; conversely, every open ball is an open set. Someone raised the
question of whether the empty set is a union of open balls. The answer is yes: it
is the union of zero many open balls. Another (and more efficient) choice of basis
would be

P ={ B, (%) | zo € X and r € QN (0,00) },

using only those open balls whose radius is a rational number.

Ezxample 2.7. Let X be a set. The collection of all one-point subsets of X is a basis
for the discrete topology.

If we are given only the basis, we can recover the topology by taking all possible
unions of sets in A. Here the following notation is convenient: given a collection

% of subsets of X, define
Ue=Juvcx

Ue¥%
to be the union of all the members of €. If € is empty, let us agree that |J¥ is
the empty set. The following result allows us to specify a topology on a set X in
terms of a basis.

Proposition 2.8. Let Z be a collection of subsets of X with the following proper-
ties: (1) \UB = X; (2) for every U,V € B, the intersection U NV can be written
as a union of elements of . Then

y(@){ug‘%g,@}
is a topology on X, and A is a basis for this topology.

Proof. Let us verify that 7 (4) is a topology on X. Since X =|J % and 0 = |J0,
both the empty set and X itself are open. Moreover, any set in 4 is open, because
U = U{U}. Tt is obvious from the definition that arbitrary unions of open sets
are again open. To check the condition on intersections, observe first that the
intersection of any two sets in 4 is open: by assumption, it can be written as a
union of sets in Z. Now let

Ulzucglz U V  and UQZU(KQZ U w

Veeér We€s



be two arbitrary open sets; then

hnUy= |J vow
Veé:
We€

is a union of open sets, and therefore open. This shows that 7 (£) is a topology;
that £ is a basis is obvious, because every set in A is open, and every open set is
a union of sets in 4. O

The topology 7 (%) is sometimes called the topology generated by the basis A.
From now on, we will usually describe topologies in terms of bases.

Ordered sets and the order topology. A nice class of examples comes from
linearly ordered sets.

Definition 2.9. A relation < on a set X is called a linear order if it has the
following properties:

(a) For any pair of z,y € X with © # y, either z < y or y < z.
(b) The relation x < x is never satisfied for any = € X.
(c) fz <yandy< z, then z < z.

Given a linear order on X, we define z < y to mean “x <y or x = y”.

The three conditions together imply that, for every pair of elements x,y € X,
exactly one of the three relations

r<y, y<w, =y

holds. We can therefore visualize a linear order by thinking of the elements of X
as being lined up in increasing order from left to right.

Example 2.10. The usual order relation x < y on R is a linear order.

Ezample 2.11. The set {A, B, ..., Z} of all uppercase letters is linearly ordered by
the alphabetic order relation.

Ezample 2.12. The dictionary order on R? = R x R is the following relation:
(1, 22) < (y1,¥2) © x1 < y1, or &y =y and 2 < Yo
You can easily check that this is a linear order.
Given a linear order < on a set X, we can define open intervals
(a,b)={zeX|a<z<b}
and open rays
(a,00)={zeX|a<z}, (-oca)={zeX|z<a}

just as in the case of the real numbers. As the word “open” suggests, they form
the basis for a topology on X, the so-called order topology.

Proposition 2.13. Let < be a linear order on a set X, and let B be the collection
of all open intervals, all open rays, and X itself. Then A is a basis for a topology
on X.



Proof. We have to check that the assumptions of Proposition 2.8 are satisfied. Since
X € B, we have | JZB = X. Moreover, it is easy to see that the intersection of
any two sets in 4 is again in 4. According to Proposition 2.8, £ is a basis for a
topology on X. After class, somebody asked me whether we really needs the set X
in #. The answer is yes, but only when X has exactly one element; as soon as X
has at least two elements a < b, one has X = (—o00,b) U (a, 00). O

FEzample 2.14. Since R is both a metric space and a linearly ordered set, it has
two topologies: the metric topology and the order topology. In fact, both have the
same open sets, and are therefore equal. Let us prove this. If a set U is open in the
metric topology, then it is a union of open balls; but every open ball B, (xg) is also
an open interval (zg —r, o +7), and so U is open in the order topology. Conversely,
all open intervals and open rays are clearly open sets in the metric topology, and
so every open set in the order topology is also open in the metric topology.

Example 2.15. What do open sets look like in the dictionary topology on R2?

The product topology. Let X and Y be two topological spaces. Their cartesian
product

XxY={(z,y)|[zr€eXandyecY}

can again be made into a topological space in a natural way.

Proposition 2.16. The collection of all sets of the form U x V', where U is an
open subset of X and V is an open subset of Y, is a basis for a topology on X X Y.

Proof. Note that X x Y belongs to our collection of sets, and that we have
(U1 X ‘/i) N (Ug X va) = (U1 ﬂUg) X (V1 ﬁVé)

The assertion therefore follows from Proposition 2.8. O

The topology in the proposition is called the product topology on X x Y.

Ezample 2.17. Consider the real line R with its standard topology. The product
topology on R X R is the same as the metric topology; this can be proved in the
same way as in Example 2.14

Lemma 2.18. If & is a basis for the topology on X, and if € is a basis for the
topology on Y, then

BxE={BxC|BecRBandCeC}
s a basis for the product topology on X x Y.

Proof. By definition, every open set in X x Y is a union of open sets of the form
U x V, with U open in X and V open in Y. It is therefore enough to show that
U x V can be written as a union of sets in & x ¥. Since A is a basis for the

topology on X, we have
U=JU

i€l
for some collection {U; };er of sets in %; for the same reason,

v=V

jeJ



for some collection {V}};es of sets in €. This means that

UxV=JUxV
iel
jeJ
is a union of sets in & x ¥, as required. O

Closed sets, interior, and closure. Here are a few additional definitions that
are useful when talking about general topological spaces.

Definition 2.19. Let X be a topological space. A subset A C X is called closed
if its complement X \ A is open.

The word “closed” is used in the same way as in “closed intervals”, and is
supposed to mean something like “closed under taking limits”; this usage comes
from analysis, where a subset A C R is called closed if the limit of every convergent
sequence in A also belongs to A. We shall come back to this point at the beginning
of next class.

Obviously, # = X \ X and X = X \ 0 are closed sets — which makes those two
sets both open and closed. The basic rules of set theory also imply that arbitrary
intersections and finite unions of closed sets are again closed. The reason is that

iel iel
and that a union of open sets is again open. In fact, one could define topological
spaces entirely in terms of closed sets.

Definition 2.20. Let Y C X be a subset. The interior of Y is defined to be
intY = U U;

UCYy
open

it is the largest open subset contained in Y. The closure of Y is defined to be
A= ﬂ A,

ADY
closed

it is the smallest closed set containing Y.

Intuitively, when we take the interior of a set, we are throwing away all points
that lie at the edge of the set; when we take the closure, we add every possible
point of this kind.
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Let me begin today’s class by talking about closed sets again. Recall from last
time that a subset A C X of a topological space is called closed if its complement
X \ A is open. We also defined the closure of an arbitrary subset Y C X to be the
smallest closed subset containing Y; more precisely,

Y=1{)A4
ADY
closed

is the intersection of all closed sets containing Y. Intuitively, taking the closure
means adding all those points of X that lie “at the edge of Y”; the goal is to
understand this operation better.

Ezample 3.1. In a Hausdorff space X, every one-point set {x} is closed. We have
to convince ourselves that X \ {z} is an open set. Let y € X \ {z} be an arbitrary
point. Since X is Hausdorff, we can find two disjoint open sets U and V with z € U
and y € V. Clearly, V C X \ {x}; this shows that X \ {«} is a union of open sets,
and therefore open.

Ezample 3.2. Let Y be a subset of a topological space X. Then a set A C Y is
closed in the subspace topology on Y if and only if A =Y N B for some closed set
B C X. Note that this is not a definition, but a (very easy) theorem. Here is the
proof: A is closed relative to Y if and only if Y\ A is open relative to Y if and only
ifY\A=YNU for some open set U C X if and only if A=Y N (X \U). (The
last step is easiest to understand by drawing a picture.) But if U is open, X \ U is
closed, and so we get our result.

As T mentioned last time, the word “closed” comes from analysis, where it means
something like “closed under taking limits”. To help make the definition more
concrete, let us now discuss the relationship between closed sets and limit points.
If x € X is a point in a topological space, an open set containing x is also called a
neighborhood of x. We usually think of a neighborhood as being a “small” open set
containing = — but unless X is a metric space, this does not actually make sense,
because we do not have a way to measure distances.

Definition 3.3. Let Y be a subset of a topological space X. A point z € X is
called a limit point of Y if every neighborhood of z contains at least one point of
Y other than z itself.

Note that a point x € Y may be a limit point of Y, provided that there are
enough other points of Y nearby. An isolated point, however, is not considered to
be a limit point. The following theorem describes the closure operation in terms of
limit points.

Theorem 3.4. Let'Y be a subset of a topological space X. The closure of Y is the
union of Y and all its limit points.

Proof. Let us temporarily denote by Y’ the union of Y and all its limit points. To
prove that Y/ =Y, we have to show two things: Y/ C Y, and Y is closed. Since
Y’ contains Y, this will be enough to give us Y/ =Y.

Let us first prove that Y’ C Y. Of course, we only have to argue that every limit

point x of Y belongs to Y. The proof is by contradiction: if 2 ¢ Y, then the open
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set X \ 'Y is a neighborhood of x, and therefore has to contain some point of Y;
but this is not possible because Y N (X \Y) = 0.

Next, let us show that Y is closed, or in other words, that X \ Y is open. Since
a union of open sets is open, it will be enough to prove that for every z € X \ Y,
some neighborhood of z is contained in X \ Y’. Now z is clearly not a limit point of
Y, and because of how we defined limit points, this means that some neighborhood
U of z does not contain any point of Y other than possibly x itself. Since we also
know that * € Y, we deduce that U N'Y = . But then no point of U can be a
limit point of Y (because U is open), and so U C X \ Y. O

Sequences and limits. In metric spaces, the property of being closed can also be
expressed in terms of convergent sequences. Let X be a metric space, and suppose
that x1,x2,... is a sequence of points of X. We say that the sequence converges
to a point x € X, or that x is the limit of the sequence, if for every € > 0, one can
find an integer N such that

d(xn,x) <e for every n > N.

Note that a sequence can have at most one limit: if 2’ is another potential limit of
the sequence, the triangle inequality implies that

d(z,2") < d(z,z,) + d(x,, 2);

as the right-hand side can be made arbitrarily small, d(x,z’) = 0, which means
that 2’ = .

In view of how the metric topology is defined, we can rephrase the condition
for convergence topologically: the sequence x1, xs,... converges to x if and only if
every open set containing x contains all but finitely many of the x,. This concept
now makes sense in an arbitrary topological space.

Definition 3.5. Let z1,x2,... be a sequence of points in a topological space. We
say that the sequence converges to a point x € X if, for every open set U containing
x, there exists IV € N such that x,, € U for every n > N. In that case, x is called
a limit of the sequence.

You should convince yourself that if z is a limit of a sequence x1,xs, ..., then
it is also a limit point of the subset {z1,z2,...}. (Question: What about the
converse?) Unlike in metric spaces, limits are no longer necessarily unique.

FEzample 3.6. In the Sierpinski space, both 0 and 1 are limits of the constant
sequence 1,1, ..., because {0,1} is the only open set containing the point 0.

In a Hausdorff space, on the other hand, limits are unique; the proof is left as
an exercise.

Lemma 3.7. In a Hausdorff space X, every sequence of points has at most one
limit.

The following result shows that in a metric space, “closed” really means “closed
under taking limits”.
Proposition 3.8. Let X be a metric space. The following two conditions on a
subset Y C X are equivalent:

(a) Y is closed in the metric topology.



(b) Y is sequentially closed: whenever a sequence x1,x2,... of points in'Y
converges to a point x € X, one has x € Y.

Proof. Suppose first that Y is closed. Let x1,zs3,... be a sequence of points in
Y that converges to a point x € X; we have to prove that x € Y. This is pretty
obvious: because Y is closed, the complement X \Y is open, and if we had x € X\Y,
then all but finitely many of the x,, would have to lie in X \ Y, which they don’t.

Now suppose that Y is sequentially closed. To prove that Y is closed, we have to
argue that X \Y is open. Suppose this was not the case. Because of how we defined
the metric topology, this means that there is a point € X \ Y such that no open
ball B, (x) is entirely contained in X \ Y. So in each open ball By /,(x), we can

find at least one point x,, € Y. Now I claim that the sequence z1,xs,... converges
to x: indeed, we have d(z,,x) < 1/n by construction. Because x € X \ 'Y, this
contradicts the fact that Y is sequentially closed. O

This also gives us the following description of the closure: if Y C X is a subset
of a metric space, then the closure Y is the set of all limit points of convergent
sequences in Y.

Unfortunately, Proposition 3.8 does not generalize to arbitrary topological spaces;
you can find an example in this week’s homework. Closed sets are always sequen-
tially closed — the first half of the proof works in general — but the converse is
not true. What made the second half of the proof work is that every point in a
metric space has a countable neighborhood basis: for every point x € X, there are
countably many open sets Uj(x),Us(x),..., such that every open set containing
x contains at least one of the U, (x). In a metric space, we can take for example
Un(xz) = By/n(x). Topological spaces with this property are said to satisfy the
first countability axiom. So Proposition 3.8 is true (with the same proof) in every
topological space where the first countability axiom holds. If this axiom does not
hold in X, then there are simply “too many” open sets containing a point z € X
to be able to describe closed sets in terms of sequences (which are by definition
countable).

Note. If X is first countable, then the collection
B={Un(z)|z€Xandn>1}

is a basis for the topology on X. A stronger version of this condition is that X
should have a basis consisting of countably many open sets; such spaces are said to
satisfy the second countability axiom.

Continuous functions and homeomorphisms. As suggested in the first lec-
ture, we define continuous functions by the condition that the preimage of every
open set should be open.

Definition 3.9. Let (X, Ix) and (Y, Z3) be two topological spaces. A function
f: X =Y is called continuous if

[TFU)={zeX | fx)eU} e Ix

for every U € Jy.



If the topology on Y is given in terms of a basis %, then it suffices to check the
condition for U € %; the reason is that

! ( U U) = U o).

vew vee

We could have just as well defined continuity used closed sets; the reason is that

FFlvNA) ={zeX [ fe) g A} =X\ fH(A).
We have already seen that the topological definition is equivalent to the £-§ one
in the case of metric spaces; so we already know many examples of continuous
functions from analysis. To convince ourselves that the topological definition is
useful, let us prove some familiar facts about continuous functions in this setting.
The first one is that the composition of continuous functions is again continuous.

Lemma 3.10. If f: X =Y and g: Y — Z are continous, then so is their compo-
sition go f.
Proof. Let U C Z be an arbitrary open set. Since g is continuous, ¢g~*(U) is open
in Y; since f is continous,

(go f)THU) = FHg™H(V))
is open in X. This proves that g o f is continuous. O

In analysis, we often encounter functions that are defined differently on different
intervals. Here is a general criterion for checking that such functions are continuous.

Proposition 3.11 (Pasting lemma). Let X = AU B, where both A and B are
closed sets of X. Let f: A—Y and g: B — Y be two continuous functions. If
f(z) = g(x) for every x € AN B, then the function

h: X =Y, h(x):{f(fﬂ) z:f:ceA,
g(z) ifreB

is well-defined and continuous on X.

Proof. We can prove the continuity of h by showing that the preimage of every
closed set in Y is closed. So let C C Y be closed. We have

Wi(C)={zeX|h(x)eC}
={zecA|fxeClu{zeB|glx)eC}=fHC)Uug ' (C).

Now f is continous, and so f~1(C) is closed in the subspace topology on A; but
because A is itself closed in X, this means that f~1(C) is also closed in X. The
same goes for g~1(C), and so h=1(C) is a closed set. O

FEzample 3.12. Let us consider the example of a product X x Y of two topological
spaces (with the product topology). Denote by

p1: X XY —->X and p: X XY =Y

the projections to the two coordinates, defined by pi(z,y) = x and pa(z,y) = y.
Then both p; and ps are continuous. This is easy to see: for instance, if U C X is
an open subset, then p~}(U) = U x Y is open by definition of the product topology.



Proposition 3.13. A function f: Z — X XY is continuous if and only if the two
coordinate functions

fi=piof:Z—=X and fo=pof:Z =Y
are continuous.

Proof. One direction is easy: if f is continous, then f; and f; are compositions of
continous functions, hence continuous. For the other direction, we use the defini-
tion. A basis for the product topology is given by sets of the form U x V, with
UC X and V CY both open. Then

FFRUxV)={z€Z| fi(z) €U and fo(z) eV } = i U)N f31(V)

is the intersection of two open sets, hence open. ([l



LECTURE 4: SEPTEMBER 6

Homeomorphisms. As I mentioned in the first lecture, the purpose of topology
is to look at qualitative properties of geometric objects that do not depend on the
exact shape of an object, but more on how the object is put together. We formalized
this idea by definiting topological spaces; but what does it mean to say that two
different topological spaces (such as a circle and a square) are really “the same”?

Definition 4.1. Let f: X — Y be a bijective function between topological spaces.
If both f and the inverse function f~!: Y — X are continuous, then f is called a
homeomorphism, and X and Y are said to be homeomorphic.

Intuitively, think of X as being made from some elastic material (like a balloon),
and think of stretching, bending, or otherwise changing the shape of X without
tearing the material. Any Y that you get in this way will be homeomorphic to the
original X. Note that the actual definition is both more precise and more general,
since we are allowing arbitrary functions.

Suppose that f: X — Y is a homeomorphism. For each open set U C X, we
are assuming that its inverse image under f~!: Y — X is open in X; but because
f is bijective, this is the same as the image of U under f. In other words, a
homeomorphism is a bijective function f: X — Y such that f(U) is open if and
only if U is open. We therefore get a bijective correspondence not only between
the points of X and Y, but also between the open sets in both topologies. So any
question about the topology of X or Y will have the same answer on both sides; we
may therefore think of X and Y as being essentially the same topological space.

Ezample 4.2. The real numbers R are homeomorphic to the open interval (0, 1).
One possible choice of homeomorphism is the function
e

FR= O, f@) =2

Both f and the inverse function f~!(y) = log(y) — log(1 — ) are continuous.

X

Example 4.3. Consider the function
f:00,1) =S, f(t) = (cost,sint)

that takes the interval (with the subspace topology from R) to the unit circle
(with the subspace topology from R?). It is bijective and continuous, but not a
homeomorphism: [0,1/2) is open in [0, 1), but its image is not open in S*.

FEzample 4.4. Let us classify the letters of the English alphabet
ABCDEFGHIJKLMNOPQRSTUVWXYZ

up to homeomorphism. Here we think of each letter as being made from line
segments in R?; the topology is the subspace topology. By inspection, there are
eight homeomorphism classes, depending on the number of loops and line segments
in each letter:

B AR PQ DO CGIJLMNSUVWZ EFTY HK X

For example, W can be bent to make |, and so the two are homeomorphic. On the
other hand, there is no homeomorphism between T and I: if we remove the crossing
point, we are left with three intervals in the case of T, but removing one point from
| produces at most two intervals. (Think about how one can say this in terms of
the topology on each letter.)



Topological manifolds. In the remainder of today’s class, I want to introduce
three additional examples of topological spaces. The first one is topological mani-
folds. A manifold is a space X that “locally” looks like Euclidean space: if you sit
at any point of X, and only look at points nearby, you may think that you are in
R"™. Here is the precise definition.

Definition 4.5. An n-dimensional topological manifold is a Hausdorff topological
space X with the following property: every point x € X has a neighborhood that
is homeomorphic to an open subset in R"™.

In geometry, people look at other classes of manifolds that are obtained by
working with a smaller class of functions. For example, if a function and its inverse
function are both differentiable, it is called a diffeomorphism; differentiable man-
ifolds are defined by replacing “homeomorphic” by “diffeomorphic” in the above
definition. In algebraic geometry, there is a similar definition with polynomials.

At this point, somebody asked why we need the Hausdorff condition; the answer
is that we do not want to allow something like taking two copies of R and gluing
them together along R\ {0}. (More about this example later on, when we discuss
quotient spaces.) Later in the semester, we will show that an open subset in R™
can never be homeomorphic to an open subset in R™ for m # n; this means that
the dimension of a manifold really is a well-defined notion.

FEzample 4.6. The square and the circle are both one-dimensional manifolds; a
homeomorphism between them is given by drawing the square inside the circle and
projecting one to the other from their common center.

Ezxample 4.7. The n-sphere
S" — {(mo,xl,...,xn) €R7"+1 | ;1';34—1;%4__’_1% _ 1},

with the subspace topology coming from R”*!, is an n-dimensional manifold. Intu-
itively, this is clear; let me prove it for n = 2 by using stereographic projection. The
plane z = —1 is tangent to the sphere at the south pole; given any point (z,y, 2)
not equal to the north pole (0,0,1), we can see where the line connecting (0,0, 1)
and (z,y, z) intersects the plane z = —1. In this way, we get a bijection

f:8°\{(0,0,1)} - R*.

It is easy to work out the formulas to see that f and its inverse are continuous.
The points on the line are parametrized by (0,0, 1) + t(z,y,z — 1), with t € R; the
intersection point with the plane has

2
1+¢tz—1)=-1 t =
+i(z=1) or t=-—,

f(x,yw):( S )

which means that

1—2"1-2
One can show in a similar manner that f~! is continuous. Since we can also do
stereographic projection from the south pole, every point of S? has a neighborhood
that is homeomorphic to R2.

FEzample 4.8. The implicit function theorem from analysis gives us one way to define
manifolds. Suppose that f: R? — R is a continuously differentiable function. The
implicit function theorem says that if f(xg,yo) = 0, and if the partial derivative



0 f /0y does not vanish at the point (xg, yo), then all nearby solutions of the equation
f(z,y) =0 are of the form
y = ¢(z)

for a continously differentiable function ¢: (zg — &,z + &) = R with ¢(z0) = yo.
This function ¢ gives us a homeomorphism between a small neighborhood of the
point (xg,yo) in the set f~1(0) and an open interval in R. This shows that f~1(0) is
a one-dimensional manifold, provided that at least one of the two partial derivatives
df /0x or Of /Oy is nonzero at every point of f~1(0).

Ezample 4.9. If M; and M, are manifolds of dimension n; and ns, respectively,
then their product M; x My (with the product topology) is a manifold of dimension
n1 + ng. The proof is left as an exercise. For instance, the product S' x S! is a
two-dimensional manifold called the torus.

An important general problem is to classify manifolds (or more general topolog-
ical spaces) up to homeomorphism. In general, this is only possible if we impose
sufficiently many other conditions (such as connectedness or compactness) to limit
the class of topological spaces we are looking at. We will come back to this problem
later in the semester.

Quotient spaces and the quotient topology. In geometry, it is common to
describe spaces by “cut-and-paste” constructions like the following.

Ezample 4.10. If we start from the unit square and paste opposite edges (with the
same orientation), we get the torus. If we start from the closed unit disk in R?
and collapse the entire boundary into a point, we obtain S2. To make a Md&bius
band, we take a strip of paper, twist one end by 180°, and then glue the two ends
together. We can make a torus with two holes by taking two copies of the torus,
removing a small disk from each, and then pasting them together along the two
boundary circles.

In each of these cases, the result should again be a topological space. To formalize
this type of construction, we start with a topological space X and an equivalence
relation ~ on it; intuitively, ~ tells us which points of X should be glued together.
(Recall that an equivalence relation is the same thing as a partition of X into
disjoint subsets, namely the equivalence classes; two points are equivalent if and
only if they are in the same equivalence class.) What we want to do is to build a
new topological space in which each equivalence class becomes just one point. To
do this, we let X/~ be the set of equivalence classes; there is an obvious function

p: X = X/~,

which takes a point x € X to the equivalence class containing x. Now there is a
natural way to make X/~ into a topological space.

Proposition 4.11. The collection of sets
T ={UC X/~ |p'(U) is open in X }
defines a topology on X/~, called the quotient topology.

Proof. We have to check that the three conditions in the definition of topology are
satisfied. First, p~1(0) = 0 and p~!(X/~) = X, and so both §) and X/~ belong



to . The conditions about unions and intersections follow from the set-theoretic
formulas

v <U Ui) =Upr™ @) and pTH@NV) =pTHU)NpTH(V)

and the definition of 7. O

With this definition, p becomes a continuous function. In fact, the quotient
topology is the largest topology with the property that p is continous. Even when
X is Hausdorff, the quotient X/~ is not necessarily Hausdorff.

Example 4.12. Let us go back to the example of the line with two origins, made by
gluing together two copies of R along R\ {0}. Here we can take X = {0,1} x R,
and define the equivalence relation so that (0,t) ~ (1,t) for every t # 0. Most
equivalence classes have two points, namely {(0,t),(1,t)} with ¢ # 0, except for
{(0,0)} and {(1,0)}. The quotient space X/~ is not Hausdorff (because the two
equivalence classes {(0,0)} and {(1,0)} cannot be separated by open sets), but
every point has a neighborhood homeomorphic to R.

In fact, it is an interesting problem of finding conditions on X and ~ that will
guarantee that X/~ is Hausdorff. This does happen in real life: I work in algebraic
geometry, but in one of my papers, I had to spend about a page on proving that a
certain quotient space was again Hausdorff.

The most useful property of the quotient topology is the following.

Theorem 4.13. Let f: X — Y be a continous function that is constant on equiva-
lence classes: whenever x1 ~ x2, one has f(x1) = f(x2). Then f induces a function
f: X/~—=Y, which is continuous for the quotient topology on X /~.

Proof. The proof is left as an exercise. O

Product spaces and the product topology. We have already seen that the
product of two topological spaces is again a topological space. Now we want to deal
with the general case where we allow an arbitrary (and possibly infinite) number of
factors. So let (X;, Z;) be a collection of topological spaces, indexed by a (possibly
infinite) set I. Consider the cartesian product

X = HXi = { (zi)ier | x; € X; for every i € I},
i€l
whose elements are all (generally infinite) families of elements z; € X;, one for each
i € I. It is not completely obvious that X has any elements at all — at least, this
does not follow from the usual axioms of set theory. In addition to the Zermelo-

Fraenkel axioms, one needs the so-called aziom of choice, which says that if X; # ()
for every i € I, then X # ().

Note. The axiom of choice claims that one can simultaneously choose one element
from each of a possibly infinite number of nonempty sets. The problem is that we
cannot just “choose” the elements arbitrarily, because we do not have enough time
to make infinitely many choices. This axiom may seem very natural, but it has a
large number of strange consequences. For example, you may have heard of the
Banach-Tarski paradox: the axiom of choice implies that one can divide the three-
dimensional unit ball into finitely many pieces, and then put them back together



in a different way and end up with a ball of twice the radius. This kind of thing
lead to many arguments about the validity of the axiom, until it was proved that
the axiom of choice is logically independent from the other axioms of set theory.
Nowadays, most people assume the axiom of choice since it makes it easier to prove
interesting theorems.

We want to make X into a topological space. There are two different ways of
generalizing the definition from the case of two factors.

Definition 4.14. The box topology on X is the topology generated by the basis

it

el

U; € J; for everyiel}.

It is not hard to see that this is indeed a basis for a topology: it contains X, and

since
(Hm) 8 (m) luav
il i€l i€l
the intersection of any two basic open sets is again a basic open set. It it clear from
the definition that the coordinate functions

pi: X = Xj, pj((wi)ier) = =
are continuous functions. The box topology is a perfectly good topology on X, but
when [ is infinite, it has a very large number of open sets, which leads to certain
pathologies. (For example, it usually does not satisfy the first or second countability

axiom.)
We can get a better topology by putting some finiteness into the definition.

Definition 4.15. The product topology on X is the topology generated by the basis

it

el

U; € J; for every i € I, and U; = X; for all but finitely many i € }

The difference with the box topology is that we are now allowed to specify only
finitely many coordinates in each basic open set. The idea behind the product
topology is that every set of the form p}l(U ) should be open (since we want p;
to be continuous), and that finite intersections of open sets need to be open (since
we want to have a topology). In fact, one can show that the product topology is
the smallest topology on X that makes all the coordinate functions p;: X — X
continous.

Theorem 4.16. If we give X the product topology, then a function f:Y — X is
continuous if and only if f; =p;o f: Y — X, is continous for every i € I.

Proof. The proof is the same as in the case of two factors. O

This nice result fails for the box topology. For that reason, we almost always use
the product topology when talking about infinite products of topological spaces.

Example 4.17. Let X be the product of countably many copies of R, indexed by
the set {1,2,...}. The function

RS X, f(t)=(tt,...)



is not continuous for the box topology, because

s (ﬁ (—ii)) -

n=1

is not open in R.

Next time, we will talk about connectedness, §23 to §25 in the textbook.



LECTURE 5: SEPTEMBER &

Now that we have seen several examples of topological spaces, it is time to begin
our study of topology. The definition of a topological space is very broad, and
there is not much that one can say in general. Instead, topologists focus on certain
additional properties of topological spaces and try to prove interesting results about
spaces that have those properties.

The first two important properties that we are going to consider are connect-
edness and compactness. In a sense, they are generalizations of two important
results from calculus, namely the intermediate value theorem and the maximum
value theorem. Both have to do with a continuous function f: [a,b] — R defined
on a closed interval [a,b] C R. The intermediate value theorem says that f takes on
every value that lies between the values at the two endpoints: for every r between
f(a) and f(b), there is some x € [a,b] with f(x) = r. The mazimum value theorem
says that f has a maximum value: there is some xy € [a, b] such that f(z¢) > f(z)
for every x € [a,b]. In calculus, these results are usually viewed as properties of
continuous functions; but they also reflect two properties of closed intervals in R,
namely connectedness and compactness.

Connectedness. Let X be a topological space. A pair of open sets U, V' C X with
UUV =X and UNV = () is called a separation of X, because it separates the
points of X into two groups that have nothing to do with each other. Note that
U = X\ V is both open and closed; a separation of X is therefore the same thing
as a subset U C X that is open and closed and not equal to () or X.

Definition 5.1. A topological space X is called connected if it has no separation.

Equivalently, X is connected if the only subsets that are both open and closed
are ) and X itself. Connectedness depends only on the topology of X; if two
topological spaces are homeomorphic, then they are either both connected or both
not connected.

Ezample 5.2. The three-point space {a, b, c} with the topology

{0.{a} {0}, {0, b}, {a,b,c}}
is connected, because {a, b, c} is the only open set containing the point c.

Ezample 5.3. The space R\ {0} is not connected, because (—oo,0) and (0, c0) form
a separation.

Ezample 5.4. The rational numbers Q (with the subspace topology coming from
R) are not connected. In fact, the only connected subspaces of Q are the points,
and so QQ is what is called totally disconnected. To see why, suppose that X C Q
contains at least two points a < b. Let ¢ be an irrational number with a < ¢ < b;
then X N (—o0,¢) and X N (¢, 00) form a separation of X.

Example 5.5. The Cantor set is also totally disconnected.

The real numbers R are an important example of a connected topological space.
This is the content of the following theorem.

Theorem 5.6. R is connected.



Proof. The argument we are going to give depends on the following important
property of real numbers: If a set of real numbers A C R is bounded from above,
then there is a well-defined least upper bound sup A. By definition, sup A is the
smallest real number with the property that < sup A for every z € A.

Now let us assume that R is not connected and derive a contradiction. Let
R = AU B be a separation, and choose a point @ € A and b € B; without loss of
generality, we may suppose that a < b. Now we will find a point s in the interval
[a, b] where A and B touch each other, and get a contradiction by studying what
happens at that point. Using the least upper bound property, define

s =sup(ANJa,b]).

Since R = AU B, the point s should lie either in A or in B, but we will see in a
moment that neither s € A nor s € B can be true.

Let us first consider the case s € A. Then s < b, because b € B; now A is open,
and so it has to contain an open interval of the form (a1, as) with a; < s < as < b.
This contradicts the fact that s is an upper bound for the set A N [a, b].

The other possibility is that s € B. Here a < s, because a € A; now B is open,
and so it has to contain an open interval of the form (b1, bs) with a < by < s < ba.
Now any x € AN [a,b] satisfies < s, and therefore s < by. This shows that by is
also an upper bound for the set A N [a, b], contradicting the fact that s is the least
upper bound. O

The same proof shows that any interval (closed or open) and any half-interval
(closed or open) is also connected. Note that the argument breaks down for Q
precisely because the rational numbers do not have the least upper bound property.

General results about connectedness. We will now establish a few general
results about connected spaces. They all agree with our intuition of what connect-
edness should mean. The following simple lemma will be a useful tool.

Lemma 5.7. Let X = C U D be a separation of a topological space. If Y C X is a
connected subspace, then Y C C orY C D.

Proof. We have Y = (Y N C) U (Y N D), and both sets are open in the subspace
topology and disjoint. Since Y is connected, one of them must be empty; but then
we either have Y =Y N C, which means that Y C C; or Y =Y N D, which means
that Y C D. O

The first result is that if we join together any number of connected subspaces at
a common point, the result is again connected.

Proposition 5.8. Let {Y;};cr be a collection of connected subspaces of a topological
space X. If the intersection ();,c; Y; is nonempty, then the union'Y = J,c;Y; is
again connected.

icl

Proof. We argue by contradiction. Suppose that Y = C' U D was a separation.
Choose a point x € [;c; Y;; without loss of generality 2 € C. Since each Y; is
connected, and since Y; and C have the point x in common, Lemma 5.7 tells us
that Y; C C. This being true for every i € I, we get Y C C, which contradicts the
fact that D is nonempty. |

Similarly, the closure of a connected subspace is again connected.



Proposition 5.9. Let Y be a connected subspace of a topological space X. If
Y CZCY, then Z is again connected.

Proof. Suppose that there was a separation Z = C' U D. By Lemma 5.7, the
connected subspace Y has to lie entirely in one of the two sets; without loss of
generality, we may assume that ¥ C C. Now C = Z N A for some closed set
A C X, because C is closed in the subspace topology of Z. Since Y C A, we
also have Z C Y C A, and therefore Z = C. This contradicts the fact that D is
nonempty. (]

The most interesting result is that the image of a connected space under a
continuous function is again connected.

Theorem 5.10. Let f: X — Y be a continous function. If X is connected, then
the image f(X) is also connected.

Proof. Suppose that there was a separation f(X) = CUD. Then C is a nonempty
open subset of f(X), and because f is continuous, f~!(C) is a nonempty open
subset of X; the same is true for f~(D). But then

X=fHC)uf (D)
is a separation of X, contradicting the fact that X is connected. ([l

One can show quite easily (see Exercise 10 in §23) that an arbitrary product
of connected spaces is connected in the product topology. The following example
shows that this is not true for the box topology.

Example 5.11. Let X = RN be the set of all infinite sequences xg, 1, ..., in the box
topology. Let B be the set of all bounded sequences, and U the set of all unbounded
sequences. I claim that X = BUU is a separation. B and U are clearly disjoint
and nonempty; they are also open in the box topology. Indeed, if zg,z1,... € B is
a bounded sequence, then

(3’]071,5004’1))((13171,$1+1)X“'

is an open set contained in B; if xg,x1,... € U is unbounded, then the same set is
contained in U.

Since we began our discussion of connectedness by talking about the intermedi-
ate value theorem in calculus, let us now prove a version for arbitrary connected
topological spaces.

Theorem 5.12 (Intermediate value theorem). Let f: X — Y be a continuous
function from a connected space X to a linearly ordered set (Y, <) in the order
topology. If a,b € X, and if r € Y is any element lying between f(a) and f(b), then
there is a point x € X with f(x) =r.

Proof. We know from Theorem 5.10 that f(X) is a connected subspace of Y. Now
consider the two open sets f(X) N (—oo,r) and f(X) N (r,00). They are obviously
disjoint, and since r lies between f(a) and f(b), both are nonempty. If r ¢ f(X),
then we would get a separation of f(X), which is not possible because f(X) is
connected. The conclusion is that there is a point € X with f(x) = r. O



The usual intermediate value theorem is of course the special case when X is
a closed interval in R, and Y = R. By splitting up the proof into two parts —
closed intervals in R are connected; connected spaces satisfy the intermediate value
theorem — we get a better understanding of this calculus theorem, too.

Paths and path connectedness. We defined connectedness in a negative way,
by saying that a space is connected if it cannot be separated into two disjoint
chunks. There is another possible definition, namely that it should be possible to
go from any point to any other point. This leads to another notion called “path
connectedness”. Let X be a topological space. A path from a point z € X to a

point y € X is simply a continuous function f: [a,b] — X from a closed interval in
R to the space X, such that f(a) =z and f(b) = y.

Definition 5.13. We say that X is path connected if any two points in X can be
joined by a path in X.

The advantage of this definition is that it is more intuitive. The disadvantage is
that for many topological spaces, every continuous map from a closed interval in R
is constant; this limits the usefulness of the definition in terms of paths. We will
see later that the two definitions are equivalent when X is sufficiently nice; but in
general, we only have the following implication.

Proposition 5.14. If X is path connected, then it is connected.

Proof. Suppose that there was a separation X = C'UD. Since closed intervals in R
are connected, the image of any path is a connected subspace of X by Theorem 5.10;
according to Lemma 5.7, it has to be contained entirely inside C' or entirely inside
D. This means that there are no paths connecting C' and D, contradicting the path
connectedness of X. O

FEzample 5.15. Let n > 2, and consider R™ with the origin removed. This space is
path connected: any two points on the unit sphere S*~! can be joined by a path
going along a great circle; and any point of R™ \ {0} can be joined to a point on
S"~! by a radial path. In particular, the space is connected.

FEzample 5.16. The rational numbers Q are not path connected. Since they are
not even connected, this follows from the proposition; but one can also prove it
directly by showing that any continuous function from a closed interval to Q must
be constant.

FEzample 5.17. Here is an example of a topological space that is connected but not
path connected. Let

S={(zsin(l/z)eR*|2>0}
denote the graph of the function sin(1/z). Being the continuous image of the
connected space (0,00), it is connected; therefore its closure

S=Su{(0,yeR?*| —1<y<1}

is also connected. It is known as the topologist’s sine curve. 1 claim that S is not
path connected. To see why, suppose there was a path connecting the point (0,0)
to a point in S. Because S is open in S, we can assume without loss of generality
that the path is of the form

F:00,1 - 8
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with f(0) € S\ S and f(t) € S for t > 0. If we write f(t) = (z(¢),y(t)), then
the coordinate functions x and y are continuous; we also have z(t) > 0 and y(t) =
sin(1/z(t)) for t > 0, and 2(0) = 0. But now the fact that sin(1/z) oscillates wildly
leads to a contradiction: we can find a sequence of positive real numbers ¢, — 0
with y(t,) = (—1)", whereas y was supposed to be continuous. To construct such
a sequence, we first choose for every n = 1,2,... a real number 0 < z,, < x(1/n)
such that sin(1/z,) = (—1)". Because z(0) = 0, we can then use the intermediate
value theorem to find some point 0 < ¢, < 1/n with z(t,) = x,.
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Connected components. If a topological space X is not connected, it makes
sense to investigate the maximal connected subspaces it contains. Given a point
r € X, we define

C(z) = U{ C C X | Cis connected and z € C'}
as the union of all connected subspaces of X that contain the point x.

Proposition 6.1. These sets have the following properties:

(a) Each subspace C(x) is connected and closed.
(b) If z,y € X, then C(x) and C(y) are either equal or disjoint.
(¢) Every nonempty connected subspace of X is contained in a unique C(x).

Proof. C(x) is a union of connected subspaces that all contain the point z, and
therefore connected by Proposition 5.8. Now Proposition 5.9 shows that the closure
C(z) is also connected; since it contains z, it must be contained in C(x), and
therefore equal to C(x). This proves (a).

To prove (b), suppose that C(x) and C(y) are not disjoint. Take any z €
C(z) N C(y). We shall argue that C(x) = C(z); by symmetry, this will imply that
C(z) = C(z) = C(y). We have z € C(x), and since C(x) is connected, we get
C(z) C C(z). Hence x € C(z), and for the same reason, C(z) C C(z).

To prove (c), let Y C X be nonempty connected subspace. Choose a point
x €Y; then Y C C(z) by construction. Uniqueness follows from (b). O

The set C(x) is called the connected component of x; the proposition shows that
it is the maximal connected subspace of X containing the point z. Since any two
connected components of X are either equal or disjoint, we get a partition of the
space X into maximal connected subsets.

Example 6.2. The connected components of a space are always closed, but not
necessarily open. In the case of Q, the connected component of x € Q is {z},
because no subspace with two or more points is connected. So the connected
components of X do not give us a separation of X in general.

Example 6.3. If X has only finitely many connected components, then each con-
nected component is open (being the complement of a finite union of closed sets).

There is a similar definition for path connectedness: given a point z € X, we set
P(z) = U{ P C X | P is path connected and z € P }
= {yEX | x and y can be joined by a path inX},

and call it the path component of x. The following result can be proved in the same
way as Proposition 6.1.

Proposition 6.4. The path components of X have the following properties:

(a) FEach subspace P(x) is path connected.

(b) If z,y € X, then P(x) and P(y) are either equal or disjoint.

(c) Every nonempty path connected subspace of X is contained in a unique
P(z).

Since P(x) is connected by Proposition 5.14, it is contained in C'(x); but the two
need not be equal.



FEzample 6.5. The topologist’s sine curve is connected, but it has two path compo-
nents.

Path connectedness and connectedness. I mentioned last time that in suffi-
ciently nice topological spaces (such as open subsets of R™) connectedness and path
connectedness are equivalent. The point is that R™ contains lots and lots of paths,
whereas a random topological space may not contain any nonconstant path at all.
This suggests looking at spaces where at least any two nearby points can be joined
by a path.

Definition 6.6. A topological space X is locally path connected if for every point
x € X and every open set U containing x, there is a path connected open set V'
withz e Vand V CU.

Open balls in R™ are obviously path connected. Consequently, every open set in
R™ is locally path connected; more generally, every topological manifold is locally
path connected. Note that in order to be locally path connected, every point
needs to have arbitrarily small path connected neighborhoods. Note that a path
connected space may not be locally path connected: we can get an example by
taking the topologist’s sine curve

{(y | —1<y<1}u{(z,sinl/z)|0<z<1}CR?

and joining the two points (0, 1) and (1, sin 1) by a path that is disjoint from the rest
of the set. The resulting space is path connected, but not locally path connected
at any point of the form (0,y) with —1 <y < 1.

Proposition 6.7. Let X be a locally path connected topological space. Then P(x)
is open, and P(x) = C(x) for every x € X. In particular, the connected components
of X are open.

Proof. You will remember a similar result from one of last week’s homework prob-
lems. We first prove that P(z) is open for every € X. Since X is locally path
connected, there is a path connected neighborhood U of z; we have U C P(z), be-
cause P(z) is the union of all path connected subspaces containing z. If y € P(x)
is any point, then P(y) = P(x), and so P(z) also contains a neighborhood of y,
proving that P(z) is open.

Next, we show that P(z) = C(x). The union of all the other path components
of X is open, and so their complement P(x) must be closed. Now P(z) C C(z) is a
nonempty subset that is both open and closed; because C(z) is connected, it must
be that P(z) = C(x). O

The last step in the proof is a typical application of connectedness: to prove that
a nonempty subset Y of a connected space X is equal to X, it is enough to show
that Y is both open and closed.

Compactness. The second important property of closed intervals in R is compact-
ness. Perhaps you know the definition that is used in analysis: a subset A C R™
is called compact if every sequence in A has a convergent subsequence. As with
closed sets, definitions involving sequences are not suitable for general topological
spaces. We therefore adopt the following definition in terms of open coverings.



Definition 6.8. An open covering of a topological space X is a collection % of
open subsets with the property that

x=u

Ucu

We say that X is compact if, for every open covering %, there are finitely many
open sets Uy,...,U, € % such that X =U; U---UU,.

Compactness is a very important finiteness property of the topology on a space.
In fact, every topological space with only finitely many points is trivially compact;
in a sense, compact spaces are thus a generalization of finite topological spaces.

Note that compactness is a topological property: if X is compact, then any space
homeomorphic to X is also compact. You should convince yourself that when the
topology of X is given in terms of a basis, it suffices to check the condition for open
coverings by basic open sets.

FEzample 6.9. R is not compact: in the open covering

R = U (—Tl, TL),
n=1

no finite number of subsets is enough to cover R.

Ezample 6.10. Q N [0,1] is also not compact. This is obvious using the analyst’s
definition in terms of sequences; here is one way of proving it with our definition.
We enumerate all the rational numbers between 0 and 1 in the form a1, as, ..., and
also choose an irrational number 3 € [0, 1]. For every k, let Ij, be the open interval
of length ¢;, = %|ak — B3| centered at the point ay. Obviously, the sets

I,nQNIo,1]

form an open covering of Q N [0, 1]; I claim that no finite number of sets can cover
everything. Otherwise, there would be some integer n > 1 such that every rational
number between 0 and 1 lies in Iy U --- U I,,. But then the open interval of length

min £
1<k<n

centered at $ would not contain any rational number, which is absurd.
These examples illustrate an important point: it is usually pretty easy to show
that a space is not compact, because all we have to do is find one offending open

covering. On the other hand, it can be quite hard to show that a space is compact,
because we need to consider all possible open coverings.

Ezample 6.11. The closed unit interval [0,1] is compact; we will prove this next
time.

General properties of compactness. The following lemma is an easy conse-
quence of the definitions (of compactness and of the subspace topology).

Lemma 6.12. Let X be a topological space, and let Y C X be a subspace. The
following two conditions are equivalent:

(a) Y is compact (in the subspace topology).



(b) Whenever % is a collection of open sets in X with

yc Ju
Uecu

there are finitely many sets Uy, ..., U, € % withY CULU---UU,.
We can use this lemma to prove some general properties of compact spaces.
Proposition 6.13. Fvery closed subspace of a compact space is compact.

Proof. Let X be compact and Y C X closed. Given an open covering % of Y, we
get an open covering of X by throwing in the open subset Uy = X \ Y. Since X
is compact, there are finitely many sets Uy, ...,U, € % such that X = Uy U U; U
---UU,. But then Y CU; U---UU,, proving that Y is compact. ([

Proposition 6.14. If X is compact and f: X — Y is continuous, then f(X) is
again compact.

Proof. Let % be an arbitrary open covering of f(X). Then
()| ven)
is a collection of open sets that cover X; because X is compact, there must be
finitely many sets Uy, ..., U, € Z with
X=f1U)U---Uf 1 (Un).
Since Uy, ..., U, C f(X), we now get f(X)=U; U---UU,, proving that f(X) is
also compact. (I
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Closed sets and compact sets. Last time, we defined compactness in terms of
open coverings: a topological space X is compact if, for every open covering %,
there are finitely many open sets Uy,...,U, € % such that X = U; U--- U U,.
To prove that a given space is not compact is usually not difficult: we just have to
find one open covering that violates the condition in the definition. To prove that
a given space is compact can be quite difficult: we have to verify the condition for
all possible open coverings. (This task becomes a little easier when the topology
on X is given by a basis, because we only need to consider coverings by basic
open subsets.) Since compactness is a strong requirement, compact spaces have a
lot of wonderful properties. The following theorem about continuous functions on
compact spaces shows this effect at work.

Theorem 7.1. Let f: X = Y be a continous function. If X is compact and Y is
Hausdorff, then the image f(X) is closed.

Recall from last time that the image of a compact space under a continuous
function is again compact; this was an easy consequence of the definitions. The-
orem 7.1 requires a little bit more work to prove. Let me first note the following
surprising corollary.

Corollary 7.2. Let f: X = Y be a bijective continous function. If X is compact
and Y is Hausdorff, then f is a homeomorphism.

Proof. Let us see how this follows from Theorem 7.1. We have to prove is that
the inverse function f~': Y — X is continous; this is equivalent to saying that the
preimage of every closed set A C X is closed in Y. The preimage of A under f~1! is
exactly f(A), and so we need to argue that f(A) is closed. As a closed subset of a
compact space, A is compact (Proposition 6.13); therefore its image f(A) is again
compact by Proposition 6.14. Since Y is Hausdorff, Theorem 7.1 implies that f(A)
is closed. (]

Now let us start proving the theorem. By Proposition 6.14, the image f(X) is
a compact subspace of the Hausdorff space Y. The following proposition explains
why f(X) must be closed.

Proposition 7.3. Let X be a Hausdorff topological space. If Y C X is a compact
subspace, then'Y is closed in X.

Proof. We shall argue that X \ Y is a union of open sets, and hence open. Fix a
point z € X\ Y. For any y € Y, we can find disjoint open sets U(y) and V (y) with
x € U and y € V; this is because X is Hausdorff. Therefore

yclJv,
yel

and because Y is compact, there are finitely many points y1,...,y, € Y with
Y CV(y1)U---UV(y,). But then the open set

Uy) 0 ---NU(yn)

is disjoint from V(y;) U--- U V(y,), hence contained in X \ Y; because it is a
neighborhood of z, and because € X \ Y was arbitrary, X \ Y must be open. O



Note that this result is false when X is not Hausdorff; a simple example is given
by the Sierpiriski space. More generally, let X be any finite topological space; then
all compact subsets of X are closed if and only if the topology on X is discrete if
and only if X is Hausdorff.

Note. The proof of Proposition 7.3 shows that we can separate points and compact
subspaces in a Hausdorff space by open sets. More precisely, given a compact
subspace Y C X and a point « ¢ Y, there are disjoint open sets U and V with
x €U and Y CV — in the notation used during the proof,

U=Uy)N---NU(yn) and V =V(y)U---UV(yn).

If X is both compact and Hausdorff, so that every closed subspace is compact, we
can even separate points and arbitrary closed subspaces by open sets. We shall
investigate results of this type in more detail later.

Examples of compact spaces. Let us now look at a few topological spaces that
are compact. The first example is closed intervals in R. You probably already know
that closed intervals are “compact” in the analysis sense — every sequence has a
convergent subsequence — but we need to do some work to prove that they are also
compact in the topology sense.

Theorem 7.4. The closed interval [0,1] is compact.

Proof. Let %/ be an open covering; we have to show that the interval can be covered
by finitely many open sets in %. The idea of the proof is very simple: 0 belongs
to some open set Uy € %, which contains some interval of the form [0,a); then a
belongs to some open set Us € %, which again contains a maximal interval [a, b);
and so on. Of course, the situation could be like in one of Zeno’s paradoxes, with the
points a, b, ... converging to some limit inside the interval. To avoid this problem,
we have to take a slightly less direct approach. Let us introduce the set

S = {x € [0,1] | [0, z] can be covered by finitely many open sets in % }

We want to show that 1 € S, because this will mean that [0,1] can be covered
by finitely many sets in %. Using the least upper bound property of R, define
s =supS. Now the argument proceeds in three steps:

Step 1. Every point ¢t with 0 <t < s has to belong to S. Suppose that we had
t ¢ S. Then every point z € S has to satisfy x < ¢: the reason is that [0, z] can
be covered by finitely many open sets in %/, and if ¢ < x, then the same open sets
would cover [0,¢]. This means that ¢ is an upper bound for S, contradicting our
choice of s. Consequently, we have [0,s) C S.

Step 2. We show s € S. Since % is an open covering, there is an open set U € %
with s € U. If s = 0, this shows that s € S. If s > 0, then U contains an interval of
the form (a, s] with 0 < a < s. By Step 1, a € S, and so [0, a] is covered by finitely
many open sets in % ; throwing in U, we get a finite open covering of [0, s].

Step 3. We prove that s = 1. Suppose that s < 1. We already know that [0, s]
is covered by finitely many open sets in %/. Their union is a neighborhood of s,
and therefore contains an interval of the form [s,b) with s < b < 1. Because % is
an open covering, b € U for some U € % ; but now we have finitely many open sets
covering [0, b], contradicting our choice of s. O

In fact, every closed interval of the form [a,b] is compact: this follows either by
adapting the above proof, or by noting that any (nontrivial) closed interval in R is



homeomorphic to [0, 1]. In the proof, we only used the ordering of R and the least
upper bound property; for that reason, the theorem is true is any linearly ordered
set with the least upper bound property.

The next example is R™ and its subsets. If you are taking analysis, you may
already know that a subspace of R™ is compact if and only if it is closed and
bounded (in the Euclidean metric). Here bounded means that it is contained in a
ball Br(0) of some radius R. I want to explain why this result is also true with
our definition of compactness. The following general result about products will be
useful for the proof.

Proposition 7.5. If X and Y are compact, then X XY is compact.

Proof. Recall that the product topology has a basis consisting of all open sets of
the form U x V, with U open in X and V open in Y. Let % be an open covering
of X xY; as I explained earlier, it suffices to consider the case that % consists of
basic open sets.

Step 1. Fix a point € X, and consider the vertical slice p; *(z) = {2} x Y. Tt
is homeomorphic to Y, and therefore compact; one way of seeing this is to consider
the continuous function i: Y — X xY, i(y) = (z,y), and to apply Proposition 6.14.
Since it is covered by the union of all the open sets in %, we can find finitely many
open sets Uy x Vi,...,U, xV, € % such that pl_l(x) CU xViU---UU, xV,.
Now define U(z) = Uy N---NUy; then the entire set U(x) x Y is covered by finitely
many open sets in % .

Step 2. The collection of open sets U(z) from Step 1 is an open covering of X.
By compactness, there are finitely many points x1, ...,z € X with

X =U(x)U---UU(zp).
This means that
XxY=U(x1)xYU---UU(xy,) XY,
and because each these m sets is covered by finitely many sets in 7%/, the same is

true for the product X x Y. O

More generally, any finite product of compact spaces is again compact; this can
easily be proved by induction on the number of factors. We will see later in the
semester that arbitrary products of compact spaces are compact (in the product
topology); this is an extremely powerful result, but the proof is not that easy.

Theorem 7.6. A subset A C R" is compact if and only if it is closed and bounded.

Proof. Let us first check that every compact subset A C R™ is both closed and
bounded. As R" is Hausdorff, Proposition 6.13 implies that A is closed. To prove
boundedness, observe that

AC G B (0)

is an open covering; because A is compact, we must have A C B, (0) for some n.
The really interesting part is the converse. Suppose that A C R™ is closed and
bounded. Choose some R > 0 with the property that A C Br(0); then also

AC[-R,R".



We know from Theorem 7.4 that the closed interval [—R, R] is compact; the space
on the right-hand side is therefore compact by Proposition 7.5. Being a closed
subset of a compact space, A is therefore compact as well. O

What about more general metric spaces? The proof above shows that a compact
subset of a metric space must be closed and bounded; but the converse is not true
in general. (The homework for next week will ask you to find an example of a
subset in a metric space that is closed and bounded but not compact.) However,
just as with closed sets, it is still true that compactness in metric spaces can be
detected by sequences.

Theorem 7.7. For a metric space X, the following two properties are equivalent:
(a) X is a compact (in the metric topology).

(b) X is sequentially compact, meaning that every sequence in X has a conver-
gent subsequence.

You can find the proof in §28 of the book by Munkres; I decided not to present
this in class because it is more about choosing sequences and subsequences than
about general topology.

Next time, we will look at some other results about compact spaces, and at one-point
compactifications.
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Baire’s theorem. Here is a cute problem. Suppose that f: (0,00) — R is a contin-
uous function with the property that the sequence of numbers f(z), f(2z), f(3z),...
converges to zero for every x € (0,00). Show that

lim f(z) =0.

Tr—r00

This problem, and several others of a similar nature, is basically unsolvable unless
you know the following result.

Theorem 8.1 (Baire’s theorem). Let X be a nonempty compact Hausdorff space.

(a) If X = Ay UA3U--- can be written as a countable union of closed sets A,
then at least one set A,, has nonempty interior.

(b) If Uy,Us, ... C X is a countable collection of dense open sets, then the
intersection Uy NUx N - -+ is dense in X.

Here a subset Y C X in a topological space is called dense if its closure Y is
equal to X, or equivalently, if Y intersects every nonempty open subset of X. In
analysis, there is another version of Baire’s theorem for complete metric spaces: the
assumption is that X is a complete metric space, and the conclusion is the same as
in Theorem 8.1.

Ezample 8.2. The problem from above uses the version for complete metric spaces.
Pick some ¢ > 0. By assumption, for every x > 0, there is some integer n > 1 such
that | f(kx)| < e for all k > n. This means that (0, c0) is the union of the countably
many closed sets

An:{x>0 ’ | f(kx)]| Seforkzn}.
Baire’s theorem ensures that at least one A, contains an open interval; and from
that, one can deduce that |f(z)| < e for > 0.

In the first half of today’s class, we are going to prove Theorem 8.1. The second
portion of the theorem is actually stronger than the first one, so let me begin by
explaining why (b) implies (a). Let X be a compact Hausdorff space, and suppose

that we have countably many closed subsets Ai, Ao, ... with
o0
X =] A
n=1

If the interior int A,, = @, then the open complement U,, = X \ A,, must be dense
in X: the reason is that X \ U, C X \ U, = A, is an open subset of A, hence
empty, which means that U,, = X. Now if (a) was false, we would have a countable
collection of dense open sets; since we are assuming that (b) holds, the intersection

o0
U
n=1
is dense in X, and therefore nonempty. But since

X\ﬁU,: DX\U = GA,,,:X,
n=1 n=1 n=1

this contradicts our initial assumption that X is the union of the A,,. This argument
also shows in which sense (b) is stronger than (a): it tells us not only that the



intersection of countably many dense open sets is nonempty, but that it is still
dense in X.

The proof of Baire’s theorem requires a little bit of preparation; along the way,
we have to prove two other results that will also be useful for other things later on.
As a first step, we restate the definition of compactness in terms of closed sets. To
do that, we simply replace “open” by “closed” and “union” by “intersection”; we
also make the following definition.

Definition 8.3. A collection o7 of subsets of X has the finite intersection property
if Ayn---NA, #0 for every Ay,..., A, € &.

The definition of compactness in terms of open coverings is great for deducing
global results from local ones: if something is true in a neighborhood of every point
in a compact space, then the fact that finitely many of those neighborhoods cover
X will often imply that it is true on all of X. The following formulation emphasizes
a different aspect of compactness: the ability to find points with certain properties.

Proposition 8.4. A topological space X is compact if and only if, for every col-
lection <7 of closed subsets with the finite intersection property, the intersection

M A
Acd
18 nonempty.
If we think of each closed set A € &7 as being a certain condition on the points
of X, and of the finite intersection property as saying that the conditions are con-

sistent with each other, then the result can be interpreted as follows: provided X is
compact, there is at least one point x € X that satisfies all the conditions at once.

Proof. Let us first show that the condition is necessary. Suppose that X is com-
pact, and that o7 is a collection of closed sets with the finite intersection property.
Consider the collection of open sets

%z{X\A!AEM}.
The finite intersection property of &/ means exactly that no finite number of sets
in % can cover X: this is clear because
(X\NADU- UXN\NAp) =X\ (AN NAy) # X

for every Aj,..., A, € &/. Because X is compact, it follows that %/ cannot be an
open covering of X; but then

X\ (4= x\4#x,
Acod Aced

which means that the intersection of all the sets in &7 is nonempty. To see that the
condition is also sufficient, we can use the same argument backwards. (I

The next step in the proof of Baire’s theorem is the following observation about
compact Hausdorff spaces.

Proposition 8.5. Let X be a compact Hausdorff space and let x € X be a point.
Inside every neighborhood U of x, there is a smaller neighborhood V of x with
Vcu.



Proof. This follows easily from our ability to separate points and closed sets in a
compact Hausdorff space (see the note after the proof of Proposition 7.3). The
closed set X \ U does not contain the point x; consequently, we can find disjoint
open subsets VW C X with x € V and X \ U C W. Now X \ W is closed, and so

VCX\WCcCU,
as asserted. O

The property in the proposition is called local compactness; we will study it in a
little more detail during the second half of today’s class. But first, let us complete
the proof of Baire’s theorem.

Proof of Theorem 8.1. Let Uy, Us, ... be countably many dense open subsets of X.
To show that their intersection is again dense in X, we have to prove that

o0
UN(\Un#0

n=1
for every nonempty open set U C X. It is not hard to show by induction that all
finite intersections U NUy N---NU, are nonempty: UNU; # () because U is dense;
UNU;NUs, # () because U, is dense, etc. The problem is to find points that belong
to all of these sets at once, and it is here that Proposition 8.4 comes into play.

First, consider the intersection UNU;. It must be nonempty (because U is dense

in X), and so we can find a nonempty open set V; with V; C U N U; (by applying
Proposition 8.5 to any point in the intersection). Next, consider the intersection
ViNU,. Tt must be nonempty (because Us is dense), and so we can find a nonempty
open set V5 with Vo CViNU, (by applying Proposition 8.5 to any point in the
intersection). Observe that we have

VoCV, and Vo, CViNnU, CUNUNUs.

Continuing in this way, we obtain a sequence of nonempty open sets V1, Vs, ... with
the property that V,, C V,,_1 N U,; by construction, their closures satisfy

VidVaDV3D -

and so the collection of closed sets V;, has the finite intersection property. Since X
is compact, Proposition 8.4 implies that

N7 40,

n=1

But since V,, CUNU; N---NU, for every n, we also have
oo [ee]
(N VaCUN()Ua,
n=1 n=1

and so the intersection on the right-hand side is indeed nonempty. [l

If you like a challenge, try to solve the following problem: Let f: R — R be an
infinitely differentiable function, meaning that the n-th derivative f(™) exists and
is continous for every n € N. Suppose that for every x € R, there is some n € N
with f(")(z) = 0. Prove that f must be a polynomial! (Warning: This problem is
very difficult even if you know Baire’s theorem.)



Local compactness and one-point compactification. In Proposition 8.5, we
proved that every compact Hausdorff space has the following property.

Definition 8.6. A Hausdorff topological space X is called locally compact if for
every x € X and every open set U containing x, there is an open set V' containing
x whose closure V' is compact and contained in U.

Note that this definition is different from the one in the textbook: Munkres calls
a topological space “locally compact” if every point x € X has some neighborhood
whose closure is compact. In fact, several other definitions are in common use,
too; in a sense, Munkres’ definition is the least restrictive one, and the one I gave
is the most restrictive one. When X is Hausdorff, however, Munkres’ definition is
equivalent to the one above; all interesting theorems involving local compactness are
about locally compact Hausdorff spaces anyway. (I prefer this formulation because
it is similar to the definition of “locally path connected”.)

Of course, there are many examples of topological spaces that are locally compact
but not compact.

FEzample 8.7. R™ is locally compact; in fact, we showed earlier that every closed
and bounded subset of R™ is compact. It follows that every topological manifold is
also locally compact.

The reason why R"™ is not compact is because of what happens “at infinity”. We
can see this very clearly if we think of R™ as embedded into the n-sphere S™; recall
that the n-sphere minus a point is homeomorphic to R™. By adding one point,
which we may think of as a point at infinity, we obtain the compact space S™: the
n-sphere is of course compact because it is a closed and bounded subset of R?t!.
The following result shows that something similar is true for every locally compact
Hausdorff space: we can always build a compact space by adding one point.

Theorem 8.8. Fvery locally compact Hausdorff space X can be embedded into a
compact Hausdorff space X* such that X*\ X consists of exactly one point.

Proof. To avoid confusion, we shall denote the topology on X by the letter 7.
Define X* = X U {o0}, where oo is not already an element of X. Now we want to
put a topology on X* that induces the given topology on X and that makes X*
into a compact Hausdorff space. What should be the open sets containing the point
at infinity? The complement of an open subset containing oo is a subset K C X;
if we want X* to be compact, K must also be compact, because closed subsets of
compact spaces are compact. So we are lead to the following definition:

ﬂ*zﬂu{X*\K’Kchompact}

Keep in mind that since X is Hausdorff, any compact subset K C X is closed (by
Proposition 7.3), and so X \ K is open in X. In particular, X itself is an open
subset of X*.
It is straightforward to check that .77* is a topology on X*:
(1) Clearly, § and X* = X* \ 0 belong to .7*.
(2) For unions of open sets, we consider three cases. First, an arbitrary union
of sets in 7 again belongs to .7 (because 7 is a topology on X). Second,

Ux \Ki=X"\[K,

icl iel



and the intersection of all the K is a closed subspace of a compact space,
and therefore again compact (by Proposition 6.13). Third,

UUX*\K)=X*\ (Kn(X\U))

and because X \ U is closed, the intersection K N (X \ U) is compact.
(3) For intersections of open sets, there are again three cases. First, a union of
two sets in 7 again belongs to .77; second,

(X" \Kj)U(X*\ K2) = X"\ (K1 UK>),
and K7 U K5 is obviously again compact; third,
UN(X*\K)=Un(X\K)
is the intersection of two open sets in X, and therefore an element of 7.

It is also easy to see that the function f: X — X* defined by f(z) = z is an
embedding: it gives a bijection between X and its image in X*, and because of
how we defined 77*, the function f is both continuous and open.

Finally, we show that X* is a compact Hausdorff space. Consider an arbitrary
open covering of X* by sets in .7*. At least one of the open sets has to contain
the point oco; pick one such set X* \ K. Then K has to lie inside the union of the
remaining open sets in the covering; by compactness, finitely many of these sets will
do the job, and together with the set X*\ K, we obtain a finite subcovering of our
original covering. This proves that X* is compact. To prove that X* is Hausdorff,
consider two distinct points z,y € X*. If z,y € X, they can be separated by open
sets because X is Hausdorfl. If, say, y = oo, we use the local compactness of X to
find a neighborhood U of & whose closure U C X is compact; then U and X*\ U
are disjoint neighborhoods of the points = and y, respectively. O

When X is not already compact, the space in the theorem is called the one-
point compactification of X. In the homework for this week, you can find several
examples of one-point compactifications.



LECTURE 9: SEPTEMBER 22

Our topic today is Tychonoff’s theorem about the compactness of product spaces.
We showed some time ago that the product of two compact spaces is again compact;
by induction, it follows that the same holds for any finite product.

Theorem 9.1 (Tychonoff’s theorem). Let {X;};cr be a collection of topological
spaces. If each X; is compact, then the product

x=][x

icl
is compact in the product topology.

For a product X x Y of two spaces, we were able to prove compactness by looking
at the fibers of the projection to X, and then at X; obviously, this kind of argument
will not work in the case of an infinite product. Instead, the proof of Tychonoff’s
theorem relies heavily of the axiom of choice. We noted earlier that it is needed to
show that infinite products of nonempty sets are nonempty: in fact, one formulation
of the axiom of choice is that

X;#Qforeveryiel = HXZ-;A(Z).
iel
But since the empty set is still compact, this is not the only reason why we need the
axiom of choice: as explained in one of this week’s homework problems, Tychonoff’s
theorem is actually equivalent to the axiom of choice.

Zorn’s lemma. Constructions with infinite sets often involve making an infinite
number of choices that are not independent from each other. To deal with such
problems, set theorists have come up with several other results that, although log-
ically equivalent to the axiom of choice, are more convenient in practice. Probably
the most useful among these is Zorn’s lemma about partially ordered sets.

Definition 9.2. A partial ordering on a set E is a relation < with the following
properties:

(1) Symmetry: x < x for every x € E.

(2) Reflexivity: z <y and y < z imply = = y.

(3) Transitivity: < y and y < z implies = < z.

Note that we do not assume that every two elements of E' are comparable; recall
from earlier in the semester that a linear ordering is a partial ordering in which
x <yory<czis true for every z,y € E.

Example 9.3. The power set of a set S is the collection of all subsets of S; it is
partially ordered by inclusion. More generally, we can consider any collection of
subsets of S; except in very special cases, this is not a linear ordering.

Zorn’s lemma gives a condition under which a partial ordering (F, <) has max-
imal elements. As some of the elements of £ may not be comparable, it does not
make sense to look for a maximum (= an element m € F with @ < m for every
x € E); instead, we settle for the following.

Definition 9.4. An element m € FE is called mazimal if m < x for some x € F
implies m = .



Note that there may be more than one maximal element; it is easy to find
examples in the case of subsets of a set. At this point, someone objected that
not every partially ordered set has maximal elements: for example, there are no
maximal elements in R, because for every m € R, the number m + 1 € R is strictly
greater; equivalently, the sequence 1,2,3,... is unbounded. Interestingly, it turns
out that the existence of increasing families of elements without upper bound is the
only obstacle.

Theorem 9.5 (Zorn’s lemma). Let (E, <) be a partially ordered set. If every well-
ordered subset of E has an upper bound in E, then E has at least one maximal
element.

Here a subset W C F is said to be well-ordered if W is linearly ordered by <, in
such a way that every nonempty subset of W contains a minimum; an upper bound
for W is an element b € E such that z < b for every x € W. In the textbooks,
Zorn’s lemma is often stated with the condition that every linearly ordered subset
of E should have an upper bound in E; our version is due to Kneser (1950).

Let me first explain very roughly how the axiom of choice comes into play.
An obvious strategy for proving Zorn’s lemma is the following. Pick an arbitrary
element zg € E. If ¢ happens to be maximal, we are done; otherwise, the set of
strictly larger elements is nonempty. Pick one such element 1 # x¢ with xg < xq; if
21 is maximal, we are done; etc. If we continue this process until we can no longer
add new elements, we ought to end up with a (possibly uncountable) increasing
family of elements of E. (If the family is countable, we can index it by the natural
numbers; if not, we need to use a larger ordinal number than w.) The family is
well-ordered, and therefore has an upper bound; by construction, any upper bound
must be a maximal element in E. Of course, this is not rigorous: one problem is
that each choice in the construction depends on all the preceding ones, whereas the
axiom of choice is about making independent choices.

In case you want to know exactly how the axiom of choice implies Zorn’s lemma,
let me now describe Kneser’s proof (which is written in German). To shorten the
notation, let us agree that = < y stands for x < y and « # y. For each z € F
that is not maximal, the set of y € E with x < y is nonempty; using the axiom of
choice, we obtain the existence of a function f: E — F with the property that

x < f(z) if z € E is not maximal,
x = f(z) if z € E is maximal.

By another application of the axiom of choice, we can choose for every well-ordered
subset W C E an upper bound b(WW); here b is a function from the set of well-
ordered subsets of F to the set E. Having made these two choices, Zorn’s lemma
is now evidently a consequence of the following fixed point theorem.

Theorem 9.6. Let (E,<) be a partially ordered set in which every well-ordered
subset W has an upper bound b(W). If f: E — FE is a function with the property
that © < f(z) for all x € E, then there is some element m € E with m = f(m).

Kneser’s observation is that Theorem 9.6 can be proved without further appeals
to the axiom of choice. Before we can get into the proof, we have to introduce one
item of notation and one definition. Given a well-ordered subset W C E and an
element © € W, the set

Wy={yeW|y<az}



is called a section of W; it is again a well-ordered subset of E.

From now on, we consider a partially ordered set (E, <) that satisfies the as-
sumptions in Theorem 9.6. The following definition formalizes the construction of
increasing families of elements that I sketched above.

Definition 9.7. A well-ordered subset C' C FE is called a chain if every x € C
satisfies 2 = f(b(Cy)).

We observe that in any pair of chains, one of the two contains the other.

Lemma 9.8. If C and D are two chains in E, then either C C D or D = C, for
some c € C.

Proof. It C' € D, the set C'\ D is nonempty, and because C is well-ordered, there
is a unique smallest element ¢ € C'\ D. Of course, this means that

Ccz{xeC’x<c}§D.

I claim that D = C.. Suppose that this was not the case; then D\ C. is nonempty,
and because D is well-ordered, there is a unique smallest element d € D\ C,; as
before, the minimality of d means that

-Dd c Cc c D.
Now we cannot have Dy = C., because then the chain property would give

d= f(b(Da)) = f(b(Ce)) =,
contradicting our choice of ¢. So there must be some element of C, that does not
belong to Dy; let 2 € C. \ Dy be the unique smallest one. Since x is in D but not
in Dy, it must satisfy d < x; in particular, we have Dy C C,. Since z is minimal,
it is clear that Dy = C,; but now the chain property gives

d= f(b(Dd)) = f(b(C’x)) =z,
and since x € C., this contradicts our choice of d. The conclusion is that D = C.,
and hence that D C C. [l

It is now a relatively easy matter to show that there is a unique maximal chain.
Lemma 9.9. Let K be the union of all the chains in E. Then K is again a chain.

Proof. We first argue that K is again well-ordered. By Lemma 9.8, any two elements
x,y € K are contained in a single chain C; because C' is linearly ordered, = and y
are comparable, and so K is also linearly ordered. Now let S C K be an arbitrary
nonempty subset. Take any element s € S; it is contained in a chain C, and since
C is well-ordered, the intersection S N C has a smallest element sg. I claim that sg
is the minimum of S. To see why, take any z € S. If z € C, it is clear that sy < x;
if not, x belongs to another chain D. Now D is not entirely contained in C, and so
Lemma 9.8 shows that C = Dy for some d € D. Because x is not an element of C,
it must be that d < z; but then

sp <d<w,

proving that sg is indeed the minimum of S.

To verify that K is a chain, we have to show that z = f(b(K,)) for every z € K.
Let C be a chain containing x. A similar argument as above shows that C, = K,
and hence that



proving that K is also a chain. O

We can now finish the proof of Theorem 9.6 by showing that m = f(b(K)) is
the desired fixed point. The properties of f guarantee that

b(K) < f(b(K)) =m,
and so m is an upper bound for K. If we had m ¢ K, then the set K U {m} would

be a chain in F; this is not possible because of how we defined K. The conclusion
is that m € K, and therefore

m < b(K) < f(b(K)) =m.
These inequalities show that m = b(K), and hence that m = f(m).

Proof of Tychonoff’s theorem. Now we come back to Tychonoff’s theorem
about the product
x =[x,

il
of a family of compact topological spaces X;. To show that X is compact, we have
to argue that every open covering of X has a finite subcovering. Recall that the
product topology has a basis

@:{Hm

i€l

U; C X; open and U; = X; for all but finitely many ¢ € T };

as we observed earlier, it is enough to prove that every open covering % C % has
a finite subcovering. If we denote by p;: X — X the projection to the i-th factor,
and consider the smaller collection of open sets

% = {pﬁwz-)

then every open set in 4 is the intersection of finitely many open sets in €. This
makes ¥ a “subbasis” for the product topology, in the following sense.

1 €1 and U; C X open},

Definition 9.10. A family of open sets % in a topological space is called a subbasis
if the collection of all finite intersections of sets in € is a basis for the given topology.

As a first step towards proving the compactness of X, let us show that every
open covering by sets in % has a finite subcovering.

Lemma 9.11. Let % C % be an open covering of X by subbasic open sets. Then
there are finitely many open sets Uy, ..., U, € € such that X =U; U---UU,.

Proof. For each i € I, we consider the collection of open sets

U ={UCX;|p;'(U)e%}.
If %; does not cover X; for any 7 € I, then the axiom of choice would allow us to
choose, for every index i € I, an element z; € X; \ |J%. Now consider the point
x = (2i)ier. By construction, it does not lie in any open set of the form p; '(U)

with U € %;; but this is absurd because % was supposed to be an open covering
of X by sets in €. The conclusion is that there must be some index i € I with

&:LJU
Ue;

Because X; is compact, finitely many open sets in %; suffice to cover X;; now their
preimages under p; give us the desired finite subcovering of % . (]



Now we have the following general result, which says that in order to check
whether a space X is compact, it suffices to look at coverings by open sets in a
subbasis.

Theorem 9.12 (Alexander’s subbasis theorem). Let X be a topological space and
let € be a subbasis for the topology. If every open covering % C € has a finite
subcovering, then X is compact.

Proof. We shall prove the contrapositive, namely that if X is not compact, then
there must be an open covering ¥ C ¥ without finite subcovering. Let & be the
basis generated by the subbasis ¢’; every element of £ is an intersection of finitely
many open sets in €.

Since X is not compact, there is at least one open covering Z C % without
finite subcovering. Now the idea is to look for a maximal open covering with this
property, in the hope that it will contain enough sets from the subbasis 4. This
obviously requires Zorn’s lemma. Consider the collection E of all open coverings
% C % without finite subcovering. It is partially ordered by inclusion: % C %
means that the covering %4 contains more open sets than the covering %4. If
W C E is a well-ordered subset, then the open covering

{U€@|U€%forsome%€W}

again belongs to F, and is therefore an upper bound for W: indeed, any finite
number of open sets in this covering will be in one % € W (because W is linearly
ordered), and therefore cannot cover X (because % does not have any finite sub-
covering). Now Zorn’s lemma guarantees the existence of a maximal open covering
¥ C % without finite subcovering. Maximality translates into the following re-
markable property: for every basic open set V € %, either V € ¥ or ¥ U {V'} has
a finite subcovering.

Now let U be an arbitrary open set in ¥'; since U € £, it must be of the form
U=U;n---NnU, for certain Uy,...,U, € €. I claim that for some i = 1,...,n,
we must have U; € . If this was not the case, then U; € ¥, and by maximality,
¥ U {U;} has a finite subcovering for every ¢ = 1,...,n. This means that finitely
many open sets in ¥ cover the complement X \ U;; but since

(X\Ul)U"'U(X\Un):X\(Ulm"'mUn)a

this would produce a finite covering of X by open sets in ¥, which is not allowed.
So every set U € ¥ is contained in a larger open set U; € ¥ N %. The conclusion
is that ¥ N & is still an open covering of X; since it cannot contain any finite
subcovering either, we get the desired result. O

Taken together, Lemma 9.11 and Alexander’s subbasis theorem prove Tychonoff’s
theorem. Note that the axiom of choice was used twice: once during the proof of
Lemma 9.11 and once in the form of Zorn’s lemma.

Connected sums. We can join two manifolds of the same dimension together to
make another manifold with a more complicated topology. This construction gives
us other interesting examples of compact connected surfaces.

Suppose that X and Y are two connected n-dimensional manifolds. In each of
the two manifolds, we remove a small open set homeomorphic to a ball in R™, and
then we paste the two pieces together along the boundaries of the two balls, which
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are homeomorphic to the (n — 1)-sphere S"~!. The resulting manifold is called the
connected sum of X and Y and is denoted by the symbol X#Y .

N/

Here is a more careful description of the construction. Choose two points z € X
and y € Y. Since X is a manifold, some open neighborhood of z is homeomorphic
to an open subset of R™. If we let B = {2 € R" | [#] < 1} be the open unit ball
inR", and B = {z € R" ’ |z| <1} its closure, we can therefore choose a function

f:B—>X
such that f(0) = x and such that f is a homeomorphism between B and its image.

The complement X \ f(B) is now a manifold with boundary, the boundary being
homeomorphic to S*~! via f. Similarly choose g: B — Y. On the disjoint union

(X\F(B) U (Y\g(B)),
we get an equivalence relation by declaring that f(z) ~ g(x) for every z € S*~1.

The connected sum X#Y is then defined as the quotient by this equivalence rela-
tion, together with the quotient topology.

Note. The construction of the connected sum depends on the choice of x € X and
y € Y (and of the functions f and g), but one can show that different choices lead
to spaces that are homeomorphic. The key point is the following fact: If z1,25 € X
are two points on a connected manifold, then there is a homeomorphism ¢: X — X
with the property that ¢(z1) = z2. (In other words, the group of homeomorphisms
acts transitively on X.) Here is a sketch of the proof. First, one shows that for any
two points x1, 22 € B in the closed unit ball, there is a homeomorphism f: B—B
such that f(z1) = x5 and such that f acts as the identity on the unit sphere S"~1.
(One can actually write down such a homeomorphism explicitly.) By the pasting
lemma, this means that if the two points z1,zo € X are contained in a subset
homeomorphic to B, then there is a homeomorphism of X taking x; to zs. To
deal with the general case, we use the fact that X is path-connected to find a path
joining x; and x2; by compactness, this path can be covered by finitely many open
sets whose closures are homeomorphic to B. We can then construct the desired
homeomorphism in steps, by moving x; from the first ball into the second ball,
then into the third ball, and so on.

You should convince yourself that X#Y is again an n-dimensional manifold. It
is also easy to see that if X and Y are connected (or compact), then X#Y is again
connected (or compact).

Ezample 9.13. Recall that the torus is defined as T = S! x S!. The connected sum
T#T is called the 2-holed torus; similarly, the connected sum of n copies of T is
called the n-holed torus. It is a compact and connected 2-dimensional manifold.
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Ezample 9.14. The projective plane is the space of lines in R3. As a topological
space, we can define it for example as the quotient space of the closed unit disk

{(z,y) eR* |2 +y* <1}

by the equivalence relation (x,y) ~ (—z,—y) for (z,y) € S'. It is another example
of a compact and connected 2-dimensional manifold; like the Klein bottle, it is not
orientable. We denote the projective plane by the symbol P.

Here is a nice exercise: Describe the connected sum P#P. (Hint: What do you
get if you remove an open disk from P?)



LECTURE 10: SEPTEMBER 27

Countability axioms. Today, I am going to introduce several additional condi-
tions — called “axioms” for historical reasons — that a topological space may or may
not satisfy. All of these conditions are saying that the topology on a given space
X is “nice” in some way; for example, we will see that R™ satisfies all of them. By
assuming one or several of these conditions about a topological space X, we can
usually prove more interesting theorems about X.

The first set of conditions is known as the countability azioms.

Definition 10.1. Let X be a topological space.

(a) X is said to be first countable if every point € X has a countable neigh-
borhood basis: there are countably many open sets Bi(x), Ba(z),... such
that every open set U containing the point = contains at least one B, (x).

(b) X is said to be second countable if X has a countable basis: there are
countably many open sets By, Bs, ... that form a basis for the topology.

The second countability axiom is saying that the topology on X can be described
by countably many conditions; the first countability axiom is saying that this is true
locally at each point of X. Note that a second countable space is automatically first
countable, since all those B,, with x € B,, will be countable neighborhood basis at
the point x. Both conditions tell us that there are not too many open sets in X: for
instance, if X is second countable, then every open set must be a union of certain
B,,, and so the cardinality of the topology is at most that of the power set of N.

Ezample 10.2. R™ is second countable: the collection of all open balls B, (z¢) with
2o € Q" and r € QN (0,00) is a countable basis for the topology.

Ezample 10.3. Every metric space is first countable: at every point x, the collection
of open balls By, (x) is a countable neighborhood basis. On the other hand, a
metric space does not have to be second countable: we have seen before that the
discrete topology on a set X always comes from a metric; when X is uncountable,
the discrete topology is obviously not second countable.

Example 10.4. The infinite product RY in the box topology is not first countable;
this was the content of a homework problem earlier in the semester.

FEzample 10.5. Here is another interesting example of a space that is not second
countable. Let R, denote the set of real numbers with the lower limit topology: a
basis for the topology consists of all half-open intervals [a, b) with a < b. Since

(a,b) = le:b),
c>a
this topology is finer than the usual topology on R. It is not second countable, for
the following reason: Suppose that 4 is any basis for the topology on R,. For each
x € R, the set [z, 4+ 1) is open, and so there would have to be a basic open set
B, € # with
x € By Clz,z+1).

But now we have B, # B, for  # y, because we have = inf B,. This means that
the cardinality of 2 is at least that of R, and so there is no countable basis.

Ezample 10.6. Any subspace of a first/second countable space is again first/second
countable.



Second countable spaces are nice because many properties such as closedness or
compactness can be checked using sequences. We have already proved that in a
first countable space, a subset is closed if and only if it is sequentially closed (see
the remark just after Proposition 3.8). In a second countable space, the same is
true for compactness.

Proposition 10.7. Let X be a topological space that is second countable. Then X
is compact if and only if it is sequentially compact, that is if every sequence in X
has a convergent subsequence.

For the proof, we need the following lemma about the existence of convergent
subsequences. Note that we are not assuming that X is Hausdorff, and so a sequence
may have more than one limit.

Lemma 10.8. Let x1,x3,... be a sequence of points in a first countable space X .
Let x € X be a point such that for every neighborhood U of x, one has x,, € U for
infinitely many n. Then a subsequence of x1,x2,... converges to x.

Proof. X has a countable neighborhood basis B;(z), Ba(x),... at the point z; by
successively intersecting these open sets, we can arrange that

Bi(z) 2 Ba(z) 2 -+

The set of n with z,, € By(z) is infinite; let n; be the smallest element. The set
of n with z,, € Ba(x) is also infinite; let ny be the smallest element with ny > n.
Continuing in this way, we obtain an increasing sequence of integers n; < ng <

-+, such that z,, € By(x) for every k. In particular, every By(z) contains all
but finitely many points of the subsequence x,,, Tn,,...; since the By(x) form a
neighborhood basis, this implies that z is a limit of the subsequence. O

Proof of Proposition 10.7. We first show that compactness implies sequential com-
pactness; this part of the proof only uses the fact that X is first countable. Let
T1,%2,... € X be an arbitrary sequence. Suppose that it does not have convergent
subsequence; then Lemma 10.8 tells us that every point x € X must have some
neighborhood U, that only contains x,, for finitely many values of n. Now the open

covering
x=JU
zeX

has a finite subcovering (because X is compact), and so at least one of the open
sets in this finite subcovering should contain infinitely many terms of our sequence.
This is a contradiction, and so there must be a convergent subsequence after all.

Next, we show that sequential compactness implies compactness. Let % be a
basis for the topology on X. Recall that compactness of X is equivalent to saying
that every open covering by basic open sets has a finite subcovering. So let % C %
be an open covering by basic open sets; since there are countably many open sets
in the covering, we can enumerate them as Uy, Us, . ... To show that X is compact,
we have to show that

vu---ul, =X
for some n. Suppose this was false; then for each n, we can choose a point
Tp € X\UL1U---UU,.

By assumption, a subsequence of this sequence has a limit x € X; because % is an
open covering of X, there must be some m with « € U,,, and so Uy, has to contain



x,, for infinitely many values of n. But by construction, z,, & U, for n > m, and
so we have arrived at a contradiction. O

Another useful property of second countable spaces is the following; in analysis,
spaces with this property are called “separable”.

Proposition 10.9. If X is second countable, then it contains a countable dense
subset.

Proof. Let By, B, ... be a countable basis for the topology; without loss of gener-

ality, each B,, is nonempty. For every n, choose a point x,, € By; then {z1,z2,...}
is countable and dense, because by construction, every nonempty open subset of X
contains at least one x,,. U

Separation axioms. The second set of conditions are the so-called separation
axioms; they are generalizations of the Hausdorff axiom. Each of these conditions
is saying that there are sufficiently many open sets in X to “separate” certain kinds
of subsets of X; we will see later how they can be used to construct interesting
nontrivial continous functions on X.

Definition 10.10. Let X be a topological space in which every one-point set is
closed.

(a) X is called Hausdorff if any two distinct points can be separated by open
sets: given two points x # y, there are disjoint open sets U,V C X with
zeUandyeV.

(b) X is called regular if any point and any closed set not containing the point
can be separated by open sets: given a point x € X and a closed set A C X
with z € A, there are disjoint open sets U,V C X with z € U and A C V.

(¢) X is called normal if any two disjoint closed sets can be separated by open
sets: given two closed sets A, B C X with AN B = (), there are disjoint
open sets U,V C x with AC U and BC V.

The condition that sets of the form {x} are closed is also called T7; the Hausdorff
axiom is 7o, regularity is T3, and normality is Ty. This terminology comes from the
German word “Trennungsaxiom”, which translates as “separation axiom”. Note
that every Hausdorfl space is automatically T7; the other two conditions no longer
imply that one-point sets are closed, and so we include this in the definition. (There
is also a condition called Tjy; if I remember correctly, it says that for two distinct
points, there is an open set containing one but not the other. In addition, there are
various intermediate notions, but those are mostly just used by specialists.)

Example 10.11. Here is an example of a non-Hausdorff space where all one-point sets
are closed: take any infinite set X with the finite complement topology. Here any
two nonempty open sets intersect each other, and so we obviously cannot separate
anything.

As suggested by the words “regular” and “normal”, regular or normal spaces are
closer to our intuition: for example, regularity means that if A is a closed set and
x &€ A, then x is a certain distance away from A. We will also see next week that
normality in particular has very interesting consequences. For now, let us look at
a few examples from earlier in the semester.



FEzample 10.12. We already know that every compact Hausdorff space X is regular
(see the comments after Proposition 7.3). We can use essentially the same proof
to show that X is also normal. Let A and B be disjoint closed subsets of X. For
every x € A, we have x ¢ B, and since X is regular, we can find disjoint open sets
U, and V,, with x € U, and B C V. Now A is closed, and therefore compact; since
we have

Ac | U,

z€A

there are finitely many points z1,...,2, € A with A C U, U---U U, . If we now
define

U=U,,U---ul,, and V=V, Nn---NV,,
then U and V are open, disjoint, A C U, and B C V.

Example 10.13. Metric spaces are another interesting class of examples: every met-
ric space is normal. Since we already know that one-point sets are closed, it suffices
to show that any two disjoint closed sets A and B can be separated by open sets.
The main point is that X \ B is open, and so for every a € A, we can find a small
positive number r(a) > 0 such that the open ball B,(,)(a) € X \ B. Likewise, for
every b € B, we can find some 7(b) > 0 such that B, )(b) € X \ A. Now consider
the two open sets

U=|J By and V=[] By,
acA beB
Evidently, A C U and B C V; but in fact, U and V are also disjoint. For suppose
that there was a point © € U N'V. Then we would have

1 1
d(z,a) < ir(a) and d(z,b) < ir(b)
for some a € A and some b € B; by the triangle inequality,

1 1
d(a,b) <d(a,z)+d(z,b) < ir(a) + ir(b).
Now if 7(a) < r(b), we get d(a,b) < r(b), which means that a € B,)(b); but this
contradicts that fact that B, (b) € X\ A. Similarly, r(b) < r(a) would imply that
b€ Byq)(a) € X \ B. The conclusion is that U and V must be disjoint after all.

The following result, which we did not discuss in class, shows how the countability
axioms and separation axioms work together.

Theorem 10.14. FEvery regular space with a countable basis is normal.

Proof. Let X be a regular topological space with a countable basis 8. We have to
prove that every pair of disjoint closed sets A, B C X can be separated by open
sets. We will first use regularity to construct countable open coverings for A and
B, and then explain how to produce disjoint open sets containing A and B.

For any x € A, the open set X \ B contains z; because X is regular, there is
a neighborhood of  whose closure does not intersect B. Now £ is a basis, and
so inside this neighborhood, we can certainly find a basic open set containing x
whose closure does not intersect B. Since £ is countable, the collection of all basic



open sets obtained in this way must also be countable; let us enumerate them as
Uy,Us,.... We then have

o0
Ac U,
n=1
and the closure of every U, is disjoint from B. By the same argument, we can find
basic open sets Vi, Vs, ... with

and V,, N A = (). In this way, we obtain two open sets containing A and B. There is
no reason why they should be disjoint, but we can use the following trick to make
them so. Consider the collection of open sets

n n
U,=U\|J Vi and V) =V,\ |J T
k=1 k=1

Since every V}, is disjoint from A, we have ANU! = AN U,, and therefore

o0
Ac U, =u;
n=1
for the same reason, B is contained in V', which is the union of the V. T claim that
U and V are disjoint. Indeed, any point z € U NV would have to belong to some
U], and some V}); if m < n, then

€U, CUy, and zeV,=V,\J U,
k=1

which is clearly a contradiction. Since n < m also leads to a contradiction, we
conclude that X must be normal. O

Before we discuss some additional examples, let us first investigate which of the
separation axioms are preserved under taking subspaces and products. Since many
constructions in topology involve looking at subspaces or products of known spaces,
this is very useful in practice.

Proposition 10.15. If a topological space X is Hausdor(f/regular, then every sub-
space of X is also Hausdor(f/reqular. If (X;)icr is a collection of topological spaces
that are all Hausdorff/regular, then their product

1~

il
is also Hausdorff/regular.

Proof. We already know that every subspace of a Hausdorff space is again Haus-
dorff, and that an arbitrary product of Hausdorff spaces is again Hausdorff. We
will therefore concentrate on proving the same results for regular spaces.

First, let us consider a subspace Y of a regular space X. Obviously, every point
x €'Y is closed relative to Y, since it is the intersection of Y and the closed set {z}.
Now suppose we are also given a subset B C Y that is closed relative to Y, such
that x ¢ B. By definition of the subspace topology, there is a closed set A C X
such that B =Y N A. Because z € Y, we have « ¢ A, and so we separate = and



A by disjoint open sets U,V C X. But then Y NU and Y NV are disjoint, open
relative to Y, and separate x and B.

Second, let us consider an arbitrary product of regular spaces X;, indexed by a
set I. We shall use the other formulation of regularity in Proposition 11.1, because
it is easier to check. Given a point z = (z;);es and an open set U containing x, we
can certainly find inside U a basic open set of the form

[1v:
iel
containing z; recall that U; = X, for all but finitely many ¢ € I. If U, = X, we

define V; = X;; otherwise, we use the regularity of X to find an open subset V; with
z €V, and V; C U;. Now
IIv

icl
is a neighborhood of z whose closure
IIv
i€l
is contained inside the original open set U. (I

This result is no longer true for normality: subspaces of normal spaces need not
be normal. The proof breaks down in the case of two disjoint closed subsets of Y,
because their extensions to closed sets in X may no longer be disjoint.

Counterexamples involving normal spaces. Unlike in the case of regular spaces,
products of normal spaces need not be normal. The simplest example of this in-
volves the lower limit topology.

Ezample 10.16. The lower limit topology Ry is normal. Since the topology is finer
than the usual topology on R, it is clear that every one-point set is closed. To prove
normality, let A and B be disjoint closed subsets of R,. Every a € A belongs to the
open set Ry \ B, and so there must exist a basic open set of the form [a,z,) that
is disjoint from B. Similarly, there must exist a basic open set of the form [b, x)
that is disjoint from A. If we now define

U= U la,zq) and V = U [b, zp),
a€A beB
it is easy to see that U and V are disjoint open sets with A C U and B C V.

Ezxample 10.17. The product space Ry x Ry is not normal. This example shows
that a product of two normal spaces need not be normal; since R, is regular, and
since the product of two regular spaces is again regular, it is also provides us with
an example of a regular space that is not normal.

The proof that R, x Ry is not normal is surprisingly tricky. Since the basic
open sets in Ry are half-open intervals, the product space has a basis consisting of
half-open squares of the form

Sp(w,y) = [v,x +7) X [y,y + 7).
The idea is to consider the line

L:{(:c,fx)|x€R}§Rngz.



Observe that L is closed (because its complement is open), and that the subspace
topology on L is discrete (because LN Sy (z, —x) = {(x, —x)} is open relative to L).
This means that every subset of L is actually closed in Ry, x Ry. In particular, the
two sets

A:{(w,—m) ‘ xEQ} and B:{(x,—x) | x&@}
are disjoint closed subsets; we shall argue that whenever we have A C U and B C V),
the two open sets U and V' must intersect.

What does it mean to have A C U and B C V? Simply that for every x € Q,
some basic open set S,.(z, —x) with » > 0 is contained in U, and that for every
x ¢ Q, some basic open set S,.(x,—x) with r > 0 is contained in V. Since A and
B are extremely interwoven, it looks very likely that some of the basic open sets
around the points of A would have to intersect some of the basic open sets around
the points of B, and hence that U NV # {); the only problem is that we do not
have much control over how big each basic open set is.

In a situation like this, where something is true for every real number, it is often
useful to think of Baire’s theorem. In fact, we can write R as a countable union

oo
R=QU | J En,
n=1
where FE,, = {x ZQ ’ Sin(x,—x) CV } The reason is that every x ¢ Q has to
belong to E,, for sufficiently large n, simply because B C V. Of course, the F,, will
not be closed; but we also have

R=QuU GETL
n=1

and now Baire’s theorem gurantees that some E,, contains an open interval I. What
this means is that the points of E,, N I are dense in I.

We now have a uniform bound on the size of the basic open sets, and so we can
easily show that UNV # ). Let y € I be any rational number; then (y, —y) € A,
and so there exists some r > 0 with S, (y, —y) C U. On the other hand, I contains
a dense subset of points x € I N E,, with Sy, (x,—2) C V. If we choose one such
point with |z — y| < min(r, 1/n), then

0 # Sr(y,—y) N S1/p(z,—x) CUNV.
This shows that R, x Ry is not normal.

The second example is a subspace of a normal space that fails to be normal. It
involves the minimal uncountable well-ordered set S, which you may remember
from the homework. Let me first recall the definition of well-ordered sets.

Definition 10.18. A linear ordering < on a set X is called a well-ordering if every
nonempty subset of X contains a least element.

A typical example of a well-ordered set is (N, <). In fact, any well-ordered set
X looks like the natural numbers “at the beginning”: being well-ordered, X has
a unique smallest element, a unique second-smallest element, etc. It is not easy
to imagine well-ordered sets of larger cardinality, but in fact, the axiom of choice
implies that every set can be well-ordered in some way.

Theorem 10.19 (Well-Ordering Theorem). Every nonempty set has at least one
well-ordering.



In particular, there are well-ordered sets of every possible cardinality. When
Zermelo announced this result, nobody really believed it could be true. A closer
examination of his proof showed that it involved choosing elements from infinitely
many nonempty sets, and thus the axiom of choice was introduced into set theory.
In fact, the Well-Ordering Theorem is another result that is logically equivalent to
the axiom of choice.

Example 10.20. Here is how one can use Zermelo’s theorem to prove the existence
of an uncountable well-ordered set in which every section is countable. Let S be
any uncountable set (such as R), and let < be a well-ordering on S; as usual, we
shall use the notation x < y to mean x < y and = # y. For every = € S, we consider
the so-called section

Sg;:{yES’y<x}.

If it happens that S, is countable for every x € S, then (5, <) is the desired minimal
uncountable well-ordered set. Otherwise, the subset

{x es | S, is uncountable}

is nonempty, and because (5, <) is well-ordered, it contains a smallest element m.
But then every section of S,, must be countable, and so (S,,, <) has the properties
we want.

We denote the minimal uncountable well-ordered set by the symbol Sq; we also
let Sq = Sq U {Q}, with the ordering in which Q is the largest element. The
well-ordering on Sq has the following curious property.

Lemma 10.21. FEvery countable subset of Sq has a least upper bound in Sq.

Proof. Let C' C Sq be a countable subset. Since every section of Sq is countable,
the set
{zeSq|az<yforsomeyecC}= U{xESQ |z <y}
yeC
is countable, and therefore a proper subset of the uncountable set Sq. Every element
of Sq not in this subset is an upper bound for C; because Sq is well-ordered, there
is a unique smallest element, which is a least upper bound for C. [

Example 10.22. The order topology on Sq is compact Hausdorff, and therefore
normal. Recall that Sq has both a largest element € and a smallest element; being
well-ordered, it also has the least upper bound property. The proof of Theorem 7.4
shows that Sq is compact in the order topology; on the other hand, every order
topology is Hausdorff.

Ezample 10.23. The product Sq x Sq is not normal. Since it is a subspace of
Sa x Sq, which is again compact Hausdorff and therefore normal, this example
shows that a subspace of a normal space does not have to be normal.

The proof is again not easy. Recall that because Sq is Hausdorff, the diagonal
in Sq x Sq is closed; consequently,

A:{(:mx) |:c€SQ}
is a closed subset of Sq x Sq. Likewise, the set

B:{(:L',Q|:C€SQ}



is also closed, and clearly disjoint from A. We shall prove that it is not possible to
separate A and B by disjoint open sets in Sq x Sq.

Suppose to the contrary that we had A C U and B C V with U NV = (. For
every point x € Sq, the vertical line

{(x,y) | ye gsz}
contains the point (z,x) € A. Since U is a neighborhood of (z,z), and V is
a neighborhood of (z,Q), it is clear that there exists an element y € Sq with
r<y<Qand (x,y) € U. Since Sq is well-ordered, we can define f(x) to be the
smallest element for which this holds; thus we obtain a function

f: Sq — Sa

with the property that < f(z) and (x, f(x)) ¢ U. Now choose any 1 € Sq and
consider the increasing sequence

Tl < XTo <Xz < ---

defined by setting x,4+1 = f(x,) for n = 1,2,.... According to Lemma 10.21, the
sequence has a least upper bound b € Sq; being increasing, it is forced to converge
to b. We now obtain a contradiction by looking at the sequence of points

(’I’n, f(xn)) = (znaxn+1)-
On the one hand, it converges to the point (b,b) € U; on the other hand, none of

the points (xn, f(xn)) belongs to U. Since U is open, this is absurd, and so Sq x Sq
cannot be normal.



LECTURE 11: SEPTEMBER 29

We can formulate the definition of regularity and normality differently, in a way
that emphasizes separating subsets inside an open set from the “boundary” of the
open set.

Proposition 11.1. Let X be a topological space in which one-point sets are closed.

(a) X is regular if and only if for every x € X and every open set U containing
x, there is a smaller open set V withx € V and V C U.

(b) X is normal if and only if for every closed subset A C X and every open
set U containing A, there is a smaller open set V with ACV and V C U.

Proof. We will only prove (a), since (b) is very similar. Let us first show that
regularity implies the condition above. Any point x € U does not belong to the
closed set X \ U; since X is regular, we can find disjoint open sets V and W with
xz €V and X \U CW. Now V is contained in the closed set X \ W, and so

Vox\wcr,
as claimed. To prove the converse, we can use the same argument backwards. [

Urysohn’s lemma. Our topic today is the following useful theorem about normal
spaces — which, for historical reasons, is known as Urysohn’s lemma.

Theorem 11.2 (Urysohn’s lemma). Let X be a normal topological space, and let
A, B C X be disjoint closed subsets. Then there is a continuous function

£ X = 10,1]
with the property that f(x) =0 for every x € A, and f(x) =1 for every x € B.

Urysohn’s lemma tells us that when X is normal, there are many continuous
functions from X to R. This is very useful, because one can then try to use such
functions to embed X into a product of copies of R; as we will see later, applications
of this idea include a sufficient condition for a topological space to be metrizable,
and an embedding theorem for abstract compact manifolds.

Ezample 11.3. Before we try to prove Urysohn’s lemma in general, let us first
consider the example of metric spaces; as we know, every metric space is normal.
When X is a metric space, one can actually write down a function f explicitly
in terms of distances. First, given any closed set A C X, we can easily create a
continuous function that vanishes on A and is positive everywhere else: simply take

X —[0,00), z~d(z,A).
Here the distance from the point x to the set A is by definition
d(z,A) = inf{d(z,y) | y € A};

note that the infimum may not be achieved (for example when X = Q and A is the
set of all rational numbers greater than ﬂ) One can show that this function is
continuous on X (see the homework for this week). Note that d(z, A) = 0if z € A.
If x ¢ A, then we have B,.(z) C X \ A for some r > 0, and so d(z, A) > r > 0.

Now suppose that we are given two disjoint closed sets A and B. Consider the
function

d(z, A)

d(z,A) +d(z,B)’

f: X—=10,1], f(z)=
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which is well-defined and continuous because, due to the fact that AN B = (), the
denominator is always positive. By inspection, f(z) = 0 for x € A, and f(z) =1
for x € B.

Proof of Urysohn’s lemma. Now we return to the case where A, B are disjoint
closed sets in an arbitrary normal space X. Since we do not know any R-valued
continuous functions on X, constructing the desired function f will be more in-
volved. Note that continuity of f is the main point: otherwise, we could just define
f tobe 0 on A, to be 1 on B, and to be something else on X \ (AU B). In a
nutshell, the idea for the construction is the following: using the normality of X,
we will construct very many open sets in X, and then we use the position of x € X
with respect to these open sets to decide what the value of f(z) should be.

One way to approach the problem is the following. Suppose we already had a
continuous function f: X — [0, 1] with the desired properties. For each t € [0, 1],
the sublevel set

U=f10tcXx
would then be open. Moreover, for s < t, we would have not only Us; C U, but
actually
U, C Uy,

due to the fact that f~1[0,s] is a closed set containing U, and contained in U.
These containments look very similar to the alternative definition of normality in
Proposition 11.1: whenever we have A C U with A closed and U open, we can find
V open with A C V C V C U. So what we will do is to construct a collection
of open sets that have the same property as the sublevel sets of our hypothetical
function f; and then we will use these open sets to actually define the function f.

Now we begin the actual proof. The first step is to choose a countable dense
subset of R; for the sake of convenience, we shall use the set of dyadic rationals

D:{k
on

We order the set of dyadic rationals in [0, 1] as follows:

Dno,1]={0,1,4,%,3,1,2 ...}

kEZananl}.

For every a« € D N [0,1], we now select an open set U, C X by the following
recursive procedure. To start, define U; = X \ B and note that A is a closed subset
of the open set Uj; using normality, we can find an open set Uy with

ACUy CUy CUs.

1

The next dyadic rational on the list is 3,

normality to find an open set U 1 with

which lies between 0 and 1; we use

Up CUy CU, CUL
Next comes %, which lies between 0 and %; accordingly, we choose

(TOQU%QU%QU%;

and for %, we choose

Uy CUs CU; CUL
Continuing in this way, we obtain a family of open subsets U,, indexed by the set
DnNJ0,1]. Since it will simplify the proof later, we extend the definition to all dyadic
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rationals by putting U, = 0 for &« < 0 and Ug = X for 8 > 1. The resulting family
of open sets has the following properties:

(1) ACUpand U; = X \ B.

(2) Uy =0for a <0and Uz = X for B> 1.

(3) If a < B, then U, C Us.
Although this is not going to be quite exactly true, think of the sets U, as the
sublevel sets of the function f that we are trying to construct.

The second step of the proof is to define a suitable function f: X — [0,1]. For

any z € X, we consider the set

Dx)={aecD|zeclU,}

that keeps track of which U, the given point belongs to. If our open sets were
actually sublevel sets of a function f, the condition z € U, would mean that
f(x) < «; this observation suggests the following definition:

f: X —10,1], f(z)=infD(x)

Why does this make sense? Since Ug = X for every 5 > 1, the set D(z) contains
all dyadic rationals greater than 1; on the other hand, U, = @) for @ < 0, and so
D(x) contains no dyadic rationals less than 0. In particular, D(x) is nonempty and
bounded from below; using the properties of R, it has a well-defined greatest lower
bound in [0, 1]. It is not obvious that f is continuous, but we can easily show that
it has the correct values on A and B. Indeed, if x € A, we have z € Up, hence
0 € D(z), which shows that f(x) = inf D(x) = 0. On the other hand, z € B implies
that « & U, for any o < 1; but then f(x) = inf D(x) = 1.
The following lemma will help us prove that f is continuous.

Lemma 11.4. With notation as above, the following is true:
(a) If x € Uy, then f(x) < «a; equivalently, if f(x) > a, then v € U,.
(b) If X & Ug, then f(x) > B; equivalently, if f(xz) < 8, then x € Ug.

Proof. For (a), suppose that x € U,. Then z € Ug for every 3 > «, which means
that D(z) contains every dyadic rational S > a. Because D is dense in the unit
interval, this can only happen if f(z) = inf D(xz) < «a: otherwise, we could find
some (€ D(z) with o < 8 < f(z), contradicting the definition of f(x).

For (b), suppose that @ ¢ Ug. Then = ¢ U, for any a < 8, which means that
D(z) does not contain any a < §; this clearly makes 8 a lower bound for D(z) and
so f(z) =inf D(z) > B. O

Now we argue that f is continuous. Since [0, 1] has the subspace topology, it
will be enough to show that f is continuous as a function from X to R. Given any
point g € X, and any open interval (¢, d) containing the point f(xg), we have to
show that there is a neighborhood U of ¢ with f(U) C (¢,d). Using the fact that
D is dense, we choose «, 8 € D with

c<a< flzg) <p<d.

I claim that the open set

U=Us\Ua
contains the point z¢ and satisfies f(U) C I. To see why, observe that we have
f(zo) < B, and therefore zy € Ug by the lemma; likewise, f(x¢) > «, and therefore
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xo & U,. To show that f(U) C (c,d), take an arbitrary point x € U. Then x € Ug,
and so f(z) < 8 by the lemma; likewise, & U, and so f(x) > «. This yields

fU) Cla, B € (e, d)

and shows that f is continuous.

Urysohn’s lemma versus normality. Urysohn’s lemma shows that any two
disjoint closed subsets in a normal space can be separated by a continuous function,
in the following sense.

Definition 11.5. Let X be a topological space and let A, B C X be disjoint closed
sets. We say that A and B can be separated by a continuous function if there is a
continuous function f: X — [0,1] with f(x) = 0 for every € A and f(z) =1 for
every x € B.

This condition looks a lot more useful than being normal, because it is more
useful to have a lot of continuous functions that to have a lot of open sets. But in
fact, it is precisely equivalent to normality.

Corollary 11.6. Let X be a topological space in which all one-point sets are closed.
Then X is normal if and only if every pair of disjoint closed sets can be separated
by a continuous function.

Proof. Urysohn’s lemma shows that every normal space satisfies this condition.
Conversely, suppose that every pair of disjoint closed sets A, B C X can be sepa-
rated by a continuous function f: X — [0,1]. Then

U=f"00,4) and V=f"(31]

are disjoint open sets containing A and B, respectively. ([l



LECTURE 12: OCTOBER 4

Midterm. The midterm will be held in class on Tuesday, October 18. It can
include all the material from point set topology up until the end of this week.

Urysohn’s metrization theorem. Today, I want to explain some applications
of Urysohn’s lemma. The first one has to do with the problem of characterizing
metric spaces among all topological spaces. As we know, every metric space is also
a topological space: the collection of open balls B,.(z) is a basis for the metric
topology. A natural question is exactly which topological spaces arise in this way.

Definition 12.1. A topological space X is called metrizable if it is homeomorphic
to a metric space (with the metric topology).

In fact, the answer is known: the Nagata-Smirnov metrization theorem gives a
necessary and sufficient condition for metrizability. If you are interested, please
see Chapter 6 in Munkres’ book; to leave enough time for other topics, we will
not discuss the general metrization theorem in class. We will focus instead on the
special case of second countable spaces, which is all that one needs in practice.

Recall from last week that every metric space is normal. It turns out that if we
restrict our attention to spaces with a countable basis, then normality is equivalent
to metrizability; this is the content of the following theorem by Urysohn. In fact,
it is enough to assume only regularity: by Theorem 10.14, every regular space with
a countable basis is normal.

Theorem 12.2 (Urysohn’s metrization theorem). Every reqular space with a count-
able basis is metrizable.

Example 12.3. For example, every compact Hausdorff space with a countable basis
is metrizable: the reason is that every compact Hausdorff space is normal.

There are two ways to show that a given space X is metrizable: one is to construct
a metric that defines the topology on X; the other is to find an embedding of X into
a metric space, because every subspace of a metric space is again a metric space.
To prove the metrization theorem, we first show that the product space [0,1]“ is
metrizable (by constructing a metric), and then we show that every regular space
with a countable basis can be embedded into [0,1]* (by using Urysohn’s lemma).

Proposition 12.4. The product space [0,1]* is metrizable.

Proof. We write the points of [0, 1]* in the form = = (21,22, ...), where 0 < zj, < 1.

Recall from our discussion of the product topology that the collection of open sets
{yel0, )| |zr —ye| <rpfork=1,....,n}

is a basis for the topology .7; here z € [0,1]“ is any point, n > 1 is an integer,
and rq,...,r, are positive real numbers. Each of the basic open sets only imposes
conditions on finitely many coordinates; our task is to find a metric in which the
open balls have the same property.

We define a candidate metric on the product space by the formula

1 1
d(z,y) = SI;P E|xk — Ykl = m]?XEWk — Ykl

Because |2y — yi| < 1, the numbers |z, — yx| approach 0 as k gets large; the
supremum is therefore achieved for some k. It is an easy exercise to check that d is



indeed a metric. To prove that the metric topology 7; is the same as the product
topology 7, we have to compare the basic open sets in both topologies.

Let us first show that every open ball B,.(z) is open in the product topology. By
definition, we have

B.(x) = {y €[0,1]* | d(z,y) <7}
={yel0,1]¥ ‘ |z, — yi| < kr for every k }
= {y € [0,1]¥ | |zx — yi| < kr for every k <! };

the last equality holds because |z —yi| < kr is automatically satisfied once kr > 1,
due to the fact that zx, yx € [0,1]. So the open ball B, (z) is actually a basic open
set in the product topology, which means that J; C 7.

To prove that the two topologies coincide, let U € J be an arbitrary open set
in the product topology. For any point € U, some basic open set

{yel0, )| |zr —ye| <rpfork=1,....,n}

must be contained in U. If we now define
. Tk
r= min —
1<k<n k'’

then we have kr < ry for every k= 1,...,n, and so the open ball
B, (z) ={y €0,1]° | |zx — yx| < kr for every k }

is contained in U. This is enough to conclude that U € .7, and hence that F; = 7;
thus the product space [0, 1]* is indeed metrizable. |

One consequence is that R¥ is also metrizable: it is homeomorphic to (0,1)“,
which is a subspace of the metrizable space [0, 1]“. You can see from the proof that
the index set really had to be countable in order to define the metric; in fact, one
can show that the product of uncountably many copies of R is no longer metrizable.

Proof of Urysohn’s metrization theorem. We are now ready to prove The-
orem 12.2. Let X be a regular space with a countable basis; let me remind you
that X is automatically normal (by Theorem 10.14). The idea of the proof is to
construct an embedding

F: X —=[0,1* F(z) = (fi(z), f2(z),...).

Recall that an embedding is an injective function f: X — Y that induces a homeo-
morphism between X and the subspace f(X) of Y. Since a function into a product
space is continuous if and only if all the coordinate functions f,, = p, o F' are con-
tinuous, we have to look for countably many continuous functions f,: X — [0, 1].
There are two other requirements: (1) F' should be injective, meaning that when-
ever x # y, there should exist some n with f,(z) # fn(y). (2) F should induce
a homeomorphism between X and F(X), meaning that whenever U C X is open,
F(U) should be open in the subspace topology on F(X).

Lemma 12.5. There are countably many continuous functions f,: X — [0,1] with
the following property: for every open set U C X and for every point xoy € U, there
is some index n such that fn(xo) =1, but f,(x) =0 for allz ¢ U.



Proof. Since X is normal, we can easily find such a function for every U and every
xo: we only have to apply Urysohn’s lemma to the two closed sets {zo} and X \ U.
The resulting collection of functions is not going to be countable in general, but we
can use the existence of a countable basis to make it so.

Let Bi, Bo,... be a countable basis for the topology on X. For every pair of
indices m, n such that B,, C B, the two closed sets B,, and X \ B,, are disjoint;
Urysohn’s lemma gives us a continuous function g, ,,: X — [0, 1] with

1 ifz € By,
gm,n(x) = .
0 ifx¢ B,.

In this way, we obtain countably many continuous functions; I claim that they have
the desired property. In fact, suppose that we have an open set U C X and a point
rg € U. Because the B, form a basis, there is some index n with x € B, C U.
Now X is regular, and so we can find a smaller open set V' with

xr €V CV CBy;

we can also choose another index m such that z € B,,, CV. Then B,, CV C B,
and the function g, , from above satisfies gm n(zo) = 1 (because zy € B,,), and
gmn(z) =0for z € X\U (because X \U C X\ B,,). This shows that the countably
many functions gy, , do what we want. O

Using the functions from the lemma, we can now define a function
F: X —[0,1*, F(z)= (fl(x),fQ(z),...);

because all the individual functions f,, are continuous, the function F' is also con-
tinuous (by Theorem 4.16). Our goal is to show that F'is an embedding. Injectivity
is straightforward: Suppose we are given two points z,y € X with x # y. Then z
belongs to the open set X \ {y}, and so Lemma 12.5 guarantees that there is some
index n for which f,(z) =1 and f,(y) = 0. But then F'(z) # F(y), because their
n-th coordinates are different.

This already proves that F' is a continuous bijection between X and F(X); the
following lemma shows that it is even a homeomorphism.

Lemma 12.6. F is a homeomorphism between X and the subspace F(X) of [0,1]%.

Proof. We have to show that for any nonempty open set U C X, the image F(U)
is open in the subspace topology on F(X). Consider an arbitrary point tg € F(U);
note that tog = F'(z¢) for a unique x¢ € U. According to Lemma 12.5, there is some
index n with f,(z9) =1 and f,,(z) = 0 for every x ¢ U. Now consider the set

W=F(X)n{te[0,1]*]|pa(t) >0}.
It is clearly open in F(X), being the intersection of F(X) with a basic open set in
[0,1]“. T claim that tc € W and W C F(U). In fact, we have

pn(tO) = Pn (F(l’o)) = fn(I'O) >0,
which shows that t5 € W. On the other hand, every point ¢ € W is of the form
t = F(x) for a unique z € X, and
fa(@) = pu(F(z)) = pa(t) > 0.

Since f, vanishes outside of U, this means that z € U, and so t = F(z) € F(U). It
follows that F(U) is a union of open sets, and therefore open. O



The conclusion is that X is homeomorphic to a subspace of [0,1]“; because
the latter space is metrizable, X itself must also be metrizable. We have proved
Theorem 12.2.

Embeddings of manifolds. The strategy that we used to prove Theorem 12.2 —
namely to embed a given space X into a nice ambient space, using the existence
of sufficiently many continuous functions on X — has many other applications in
topology and geometry. One such application is to the study of abstract manifolds.
Recall the following definition.

Definition 12.7. An m-dimensional topological manifold is a Hausdorff space with
a countable basis in which every point has a neighborhood homeomorphic to an
open set in R™.

Earlier in the semester, I left out the condition that manifolds should have
a countable basis. The integer m is called the dimension of the manifold; it is
uniquely determined by the manifold, because one can show that a nontrivial open
subset in R™ can only be homeomorphic to an open subset in R” when m = n.
One-dimensional manifolds are called curves, two-dimensional manifolds are called
surfaces; the study of special classes of manifolds is arguably the most important
object of topology.

Of course, people were already studying manifolds long before the advent of
topology; back then, the word “manifold” did not mean an abstract topological
space with certain properties, but rather a submanifold of some Euclidean space.
So the question naturally arises whether every abstractly defined manifold can
actually be realized as a submanifold of some RY. The answer is yes; we shall
prove a special case of this result, namely that every compact manifold can be
embedded into RY for some large N.

Remark. One can ask the same question for manifolds with additional structure,
such as smooth manifolds, Riemannian manifolds, complex manifolds, etc. This
makes the embedding problem more difficult: for instance, John Nash (who was
portrayed in the movie A Beautiful Mind) became famous for proving an embedding
theorem for Riemannian manifolds.

Of course, every m-dimensional manifold can “locally” be embedded into R™;
the problem is how to patch these locally defined embeddings together to get a
“global” embedding. This can be done with the help of the following tool.

Definition 12.8. Let X = U; U --- U U, be an open covering of a topological
space X. A partition of unity (for the given covering) is a collection of continuous
functions ¢1,...,¢,: X — [0, 1] with the following two properties:

(1) The support of ¢y, is contained in the open set Uy.
(2) We have >°;_; ¢x(z) =1 for every z € X.
Here the support Supp ¢ of a continuous function ¢: X — R means the closure
of the set =1 (R\ {0}); with this definition, x ¢ Supp ¢ if and only if ¢ is identically
zero on some neighborhood of z.
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Embeddings of manifolds (continued). Recall from last time the definition of
a partition of unity. Given a finite open covering X = Uy U---UU,, of a topological
space, a partition of unity is a collection of continuous functions ¢1,...,¢,: X —
[0,1] with the following two properties:

(1) The support of ¢y, is contained in the open set Uy.

(2) We have Y, _; ¢x(x) =1 for every z € X.

FEzample 13.1. Partitions of unity are useful for extending locally defined functions
continuously to the entire space. For example of how this works, suppose that
X =U; UUs,, and that we have a continuous function f;: U; — R. Assuming that
there is a partition of unity ¢; + ¢ = 1, we can consider the function

fi(@)o1(x) if x € Uy,

f: X =R, f(x):{o if z € X \ Supp ¢.

Since the two definitions are compatible on the intersection of the two open sets Uy
and X \ Supp ¢1, the function f is continuous. Now every z € X \ Supp ¢2 belongs
to Supp ¢1 C Uy, because of the relation ¢1(z) = ¢1(z) + ¢2(z) = 1, and so

f(@) = fi(@)gr(x) = fi(x).

As you can see, we have obtained a continuous function on X that agrees with the
original function f; on the smaller open set X \ Supp ¢s.

We can use Urysohn’s lemma to construct a partition of unity for every finite
open covering of a normal space.

Lemma 13.2. If X is normal, then every finite open covering X =U; U---UU,
admits a partition of unity.

Proof. Let me first explain the general idea. This is easier to follow if you draw
a picture. Consider one of the open sets in the covering, say U;. Since we want
Supp ¢1 to be contained inside Uy, the function ¢; should presumably be equal to
1 somewhere inside of U7, and then continuously go down to 0 near the boundary
of U;. One way to make sure that this happens is to choose two open sets W; and
V1 with the property that

Wi CViCVi CUy,

and then arrange that ¢; is equal to 1 on W7, and equal to 0 on X \ V5. To construct
¢1, we can of course use Urysohn’s lemma. Here are the details:

Step 1. We can find an open covering X = V; U--- UV, such that V;, C Uy for
every k=1,...,n. To get started, consider the set

A=X\(UU---UU,).

It is closed and contained in the open set Uy, because X = U; U---UU,. Since
X is normal, we can find an open set V; with A C V; C V5 C Uy; by construction,
V1,Us, ..., U, is still an open covering of X.

To get the remaining open sets, we proceed by induction. Suppose that we
already have Vq,..., Vi1 with X =V, U--- UV UUU---UU,. Then

B=X\(ViU---UVie1 UUpp1 U---UU,)



is closed and contained in the open set Uy. Since X is normal, we can find an open
set Vi with B C V}, C V}, C Uy; now Vi, .. Vi, Ugs1, ..., Uy, still cover X, and so
we can continue the process until we reach k = n.

Step 2. We construct the desired partition of unity ¢, +-- -+ ¢, = 1. Repeating
the argument in Step 1 for the open covering X = V3 U--- UV, we can find an
open covering X = Wy U---UW,, by even smaller open sets with

Wi C Vi C Vi C Uy

Now the closed sets W}, and X \ Vj, are disjoint, and so Urysohn’s lemma tells
us that there is a continuous function ¢y : X — [0, 1] with

1 ifze Wy,
W@y_L)ﬁxeX\w.

Because 1)y, is identically zero on X \ Vj, the support of vy, is contained in Vj, C Uy,.
To turn these functions into a partition of unity, we now consider their sum

Y1+t P

At every x € X, the value of the sum is at least 1: indeed, we have ¢y (x) = 1 for
x € Wy, and the open sets Wy, ..., W, cover X. Therefore

_ (0
GRS,

is a continuous function from R into [0, 1], with the property that Supp ¢ C Uy.
Since ¢1 + -+ + ¢, = 1 is clear, we have found the desired partition of unity. [

We can use the existence of partitions of unity to prove the following embedding
theorem for compact manifolds.

Theorem 13.3. Every compact manifold can be embedded into Euclidean space.

Proof. Let X be a compact manifold of dimension m; we will construct an em-
bedding F: X — RY for some large integer N. By definition, every point of X
has a neighborhood homeomorphic to an open set in R™; since X is compact,
finitely many of these neighborhoods will cover X. We thus get an open covering
X=U,U---UU, as well as embeddings

Gk : Uk — R™.
Let ¢1 + -+ 4+ ¢, = 1 be a partition of unity; it exists by Lemma 13.2 because X
is compact Hausdorff, hence normal. For every k =1,...,n, consider the function

or(7)gr(x) if x € Uy,

fr: X 2> R™, fi(z) = {0 if 2 € X \ Supp ¢x.

The two definitions are compatible on the intersections of the open sets U and
X \ Supp ¢, and so fj is continuous.

Now it is an easy matter to obtain the desired embedding. Set N = n + mn,
and consider the function

F: X 5 RY =R"x (R™)", F(z) = (¢1(z),...,0n(2), fi(2),. .., fal2)).

Clearly, F' is continuous; we want to show that it defines an embedding of X into
RY. Because X is compact and RY is Hausdorff, all we have to do is prove that F'



is injective: a continuous bijection between a compact space and a Hausdorff space
is automatically a homeomorphism!

So suppose that we have two points z,y € X with F(z) = F(y). This means that
or(x) = dr(y) and fr(z) = fir(y) for every k =1,...,n. Since ¢1+---+¢, = 1, we
can find some index k for which ¢y () = ¢x(y) > 0. This forces z,y € U, (because
Supp ¢ C Ug); but then

or(z)gr(z) = fr(®) = fu(y) = ox(y)gr(v)-

After dividing by ¢r(z) = ¢r(y), we see that gr(z) = gr(y); but gr: Uy — R™ was
injective, and so z = y. ([

The choice of N is far from optimal: with some additional tricks, one can show
that every compact manifold of dimension m can actually be embedded into R?™.

The Tietze extension theorem. Another important application of Urysohn’s
lemma is the following extension theorem for continuous real-valued functions. This
result is very useful in analysis.

Theorem 13.4 (Tietze extension theorem). Let X be a normal topological space,
and A C X a closed subset.

(a) Let I C R be a closed interval. Any continuous function f: A — I can be
extended to a continuous function g: X — 1.

(b) Similarly, any continuous function f: A — R can be extended to a contin-
wous function g: X — R.

Saying that g extends f means that we have g(a) = f(a) for every point a € A.
The assumption that A be closed is very important: for example, the function
f:(0,00) = R with f(z) = 1/ cannot be extended continuously to all of R.

Proof of Tietze’s theorem. We did not discuss the proof of Theorem 13.4 in
class; I am including it in the notes for people who want to see how it works.
Roughly speaking, it goes like this. Using Urysohn’s lemma, we construct a se-
quence of continuous functions s,: X — I that approximates f more and more
closely as n gets large. The desired function g will be the limit of this sequence.
Since we want g to be continuous, we first have to understand under what con-
ditions the limit of a sequence of continuous functions is again continuous. The
keyword here is “uniform convergence”.

Consider a sequence of functions f,: X — R from a topological space X to the
real numbers (or, more generally, to a metric space). We say that the sequence
converges (pointwise) to a function f: X — R if, for every x € X, the sequence of
real numbers f,(z) converges to the real number f(x). More precisely, this means
that for every x € X and every € > 0, there exists N with | f,(z) — f(x)| < € for all
n > N. Of course, N is allowed to depend on z; we get a more restrictive notion of
convergence if we assume that the same N works for all z € X at the same time.

Definition 13.5. A sequence of functions f,: X — R converges uniformly to a
function f: X — R if, for every & > 0, there is some N such that |f(z) — fn(x)] <&
for all n > N and all z € X.

The usefulness of uniform convergence is that it preserves continuity.

Lemma 13.6. The limit of a uniformly convergent sequence of continuous func-
tions 1s continuous.



Proof. Suppose that the sequence of continuous functions f,: X — R converges
uniformly to a function f: X — R. We have to show that f is continuous. Let V' C
R be an arbitrary open set; to show that f~1(V) is open, it suffices to produce for
every point zo € f~1(V) aneighborhood U with f(U) C V. This is straightforward.
One, f(xg) € V, and so there is some r > 0 with

Two, the sequence converges uniformly, and so we can find an index n such that
|fr(x) — f(x)] < r/3 for every x € X. Three, f, is continuous, and so there is an
open set U containing xy with

Now we can show that f(U) C V. Let € U be any point; then
r

(@)= I (@0)| < 17(@) = Ful@)| +1Fu@) = Fulwo) |+ Falwo) = F(w0)| < 54545 =
and so f(x) € By (f(z0)) C V. O

T,

We will do the proof of Theorem 13.4 in three steps. Throughout, X denotes a
normal topological space, and A C X a closed subset.

The first step is to solve the following simpler problem. Given a continuous
function f: A — [—r,r], we are going to construct a continuous function h: X — R
that is somewhat close to f on the set A, without ever getting unreasonably large.
More precisely, we want the following two conditions:

1
(13.7) |h(z)] < 3" for every z € X

2
(13.8) |f(a) — h(a)] < 3" for every a € A

To do this, we divide [—r,r] into three subintervals of length %r, namely

I = [—r,;r] , I = {—;r, ;r} , Is= [;r,r} .

Now consider the two sets B = f~1(I;) and C = f~!(I3). They are closed subsets
of A (because f is continuous), and therefore of X (because A is closed); they are
also clearly disjoint. Because X is normal, Urysohn’s lemma produces for us a
continuous function h: X — [—%r, 37] with

h(z) = {:ér for x € B,
gr  forzeC.
Since | f(z)| < r, it is clear that (13.7) holds. To show that (13.8) is also satisfied,
take any point a € A. There are three cases. If a € B, then f(a) and h(a) both
belong to I1; if a € C, then f(a) and h(a) both belong to I3; if a ¢ B U C, then
f(a) and h(a) both belong to I5. In each case, the distance between f(a) and h(a)
can be at most Zr, which proves (13.8).

The second step is to use the construction from above to prove assertion (a) in
Theorem 13.4. If I consists of a single point, the result is clear. On the other hand,
any closed interval of positive length is homeomorphic to [—1,1]; without loss of
generality, we may therefore assume that we are dealing with a continuous function
f+ A —[-1,1]. As I said above, our strategy is to build a uniformly convergent
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sequence of continuous functions s, : X — [—1,1] that approximates f more and
more closely on A.

To begin with, we can apply the construction in the first step to the function
f+ A —[—1,1]; the result is a continuous function h;: X — R with

@) < 3r and [f(@) (@) < or

Now consider the difference f — hq, which is a continuous function from A into the

closed interval [—2r, 2r]. By applying the construction from the first step again

(with r = 2), we obtain a second continuous function hy: X — R with

2
|h2(:v)|§é.§ and |f(a)—h1(a)—h2(a)|<(§> .

Notice how hy + ho is a better approximation for f than the initial function h;. We
can obviously continue this process indefinitely. After n steps, we have n continuous
functions hq,...,h,: X — R with

(@) = ha(a) = -+ — hn(a)] < (;)

By applying the construction to the function f — h; — --- — h,, and the value
r = (2/3)", we obtain a new continuous function h,41: X — R with

1 2 n 2 n+1
@l <5 (5)  and (@)= hi(@) = — (@) ~ b (@] < (5)
Now I claim that the function
g(x) = hn(z)
n=1

is the desired continuous extension of f. To prove this claim, we have to show that
the series converges for every x € X; that the limit function g: X — [-1,1] is
continuous; and that g(a) = f(a) for every a € A.

To prove the convergence, let us denote by s, (x) = hi(x) + -+ + h,(z) the n-th
partial sum of the series; clearly, s,,: X — R is continuous. If m > n, then

@) sl = 3 mel<h 3 (2) < (2)

k=n+1 k=n-+1

This proves that the sequence of real numbers s, (x) is Cauchy; if we define g(x) as
the limit, we obtain a function g: X — R. Now we can let m go to infinity in the
inequality above to obtain

960) - sulol < (3)

for every z € X. This means that the sequence s,, converges uniformly to g, and so
by Lemma 13.6, g is still continuous. It is also not hard to see that g takes values
n [—1,1]: for every z € X, we have

o)< S m@l <53 (5) =1
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by evaluating the geometric series. It remains to show that g(a) = f(a) whenever
a € A. By construction, we have

@) = 50(@)] = 1£@) = ha(a@) =+~ ha(a)] < (3)

letting n — oo, it follows that |f(a) — g(a)| = 0, which is what we wanted to show.
The third step is to prove assertion (b) in Theorem 13.4, where we are given a
continuous function f: A — R. Evidently, R is homeomorphic to the open interval
(—1,1); the result of the second step therefore allows us to extend f to a continuous
function g: X — [—1,1]. The remaining problem is how we can make sure that
g(X) C (—1,1). Here we use the following trick. Given g, we consider the subset

D=g'Y-1,1} CX.

Because g is continuous, this set is closed; it is also disjoint from the closed set
A, because g(A) C (—1,1). By Urysohn’s lemma, there is a continuous function
w: X — [0,1] with (D) = {0} and ¢(A) = {1}. Now consider the continuous
function ¢ - g. It is still an extension of f, because we have

p(a) - g(a) = g(a) = f(a)
for a € A. The advantage is that ¢ - g maps X into the open interval (—1,1): if

x € D, then ¢(z) - g(z) = 0, while if z ¢ D, then |p(z) - g(x)| < |g(z)| < 1. This
completes the proof of Tietze’s extension theorem.
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Complete metric spaces. Our topic this week is the space C'(X,Y") of continuous
functions between two topological spaces X and Y. Understanding the space of all
continuous functions can be very useful, for example to find interesting examples of
continuous functions. This topic actually belongs more to analysis than to topology,
but since it involves several results from general topology as well, it seems like a
good way to finish our discussion of general topology. Before we get to the space
of continuous functions, however, we have to return for a moment to the subject of
metric spaces and introduce the important concept of completeness.

Let (X,d) be a metric space. We saw earlier that the metric topology on X is
first countable — the open balls with radius in Q form a neighborhood basis at every
point — and that many properties of subsets can therefore be detected by looking
at sequences: a subset A C X is closed iff it is sequentially closed; a subset A C X
is compact iff it is sequentially compact; etc.

In analysis, an important problem is to decide whether a given sequence in a
metric space converges. Typically, one does not know ahead of time what the limit is
— more often than not, the whole point of trying to show that the sequence converges
is so that one can be sure that there is a limit. The notion of a “Cauchy sequence”,
which you have probably already seen in your analysis course, was introduced to
deal with this problem: proving that a sequence converges without knowing what
the limit is.

Definition 14.1. A sequence of points x, € X is called a Cauchy sequence if, for
every € > 0, one can find an integer N such that

d(xp,zm) <e forall m,n > N.

Intuitively, a Cauchy sequence is one where the points x,, huddle closer and closer
together as n gets large. Of course, not every Cauchy sequence actually converges:
in the metric space QQ, any sequence that converges to an irrational number in R is
a Cauchy sequence without limit in Q.

Definition 14.2. A metric space (X, d) is called complete if every Cauchy sequence
in X has a limit in X.

So R is complete, but Q is not; this is the reason why analysts prefer to work
with real numbers instead of rational numbers. There is a general construction for
“completing” a metric space, similar to the way is which R can be obtained from
Q. The result is that, given an arbitrary metric space (X, d), there is a complete
metric space (X ,ci) that contains X has a dense subset. Roughly speaking, the
idea is to define an equivalence relation on the set of Cauchy sequences in X: two
Cauchy sequences x,, and y,, are equivalent if d(x,,y,) — 0 as n — oo. The points
of X are the equivalence classes of Cauchy sequences; there is a natural metric d
on X, and after some checking, one finds that (X , ci) is complete. If you have not
seen this construction in a course on analysis, have a look at Theorem 43.7 or at
Exercise 43.9 in Munkres’ book.

FEzample 14.3. Completeness of a metric space is a property of the metric, not of
the topology: R and (0,1) are homeomorphic as topological spaces, but whereas R
is complete, (0,1) is not.



FEzample 14.4. Every compact metric space is complete. To see why, suppose that
x, € X is a Cauchy sequence. Being a metric space, X is also sequentially compact,
and so the sequence has a convergent subsequence ;) with

o= Jim e
Now that we have a potential limit, we can easily show that the entire sequence x,
converges to x. Fix € > 0; then since z,, is a Cauchy sequence, we can find N such
that d(zn,z,,) < § for every n,m > N. Using the triangle inequality, we get

d(Tn, ) < d(Tn, Tp(k)) + d(Tpk), ) < g + % =€

for n > N, by choosing k large enough so that n(k) > N and d(z,y),z) < §.

The converse of this last result is not true: in the Euclidean metric, R is complete
but not compact. Let us try to figure out what extra condition (besides complete-
ness) is needed to ensure that a metric space is compact. From the definition of
compactness in terms of open coverings, we know that every compact metric space
has to be bounded; in fact, the following stronger form of boundedness holds.

Definition 14.5. A metric space (X, d) is called totally bounded if, for every r > 0,
it is possible to cover X by finitely many open balls of radius r.

Ezample 14.6. Let X be an infinite set, with the metric d(x,y) = 1 if z # y, and
d(z,y) =0 if x = y. Then X is bounded, but not totally bounded.

Theorem 14.7. A metric space is compact if and only if it is complete and totally
bounded.

Proof. We have already seen that every compact metric space is complete and
totally bounded. Let us prove that the converse holds. Suppose that (X,d) is a
complete metric space that is totally bounded. In a metric space, compactness is
equivalent to sequential compactness, and so it suffices to show that every sequence
in X has a convergent subsequence. Since X is complete, it suffices moreover to
find a subsequence that is Cauchy.

Let x,, € X be a sequence of points. By assumption, we can cover X by finitely
many open balls of radius 1; evidently, at least one of these balls must contain z,,
for infinitely many n € N. Call this ball U, and let

Ji={neN|z, el },

which is an infinite set. Similarly, we can cover X by finitely many open balls of

radius %; since the set Ji is infinite, at least one of these balls must contain x,, for

infinitely many n € J;. Call this ball Uy, and let
Jo={ned |z, €U},

which is again infinite. Continuing in this way, we obtain a nested sequence J; 2
Jo D J3 D -+ of infinite subsets of N, such that xz,, € UyN---NU, whenever n € Jj.

Now we can choose a suitable subsequence z,,(;) of our original sequence. Pick
any element n(1) € Jy; then pick an element n(2) € Jy with n(2) > n(1), which
exists because Jo is infinite; then pick an element n(3) € Js with n(3) > n(2); and
so on. In this way, we obtain a subsequence z,,() of the original sequence, with the
property that

Tn(k) € Uin---NU



for every kK = 1,2,.... This sequence is obviously Cauchy: whenever k£ < ¢, both
Tpn(k) and z,(p) belong to the open ball Uy of radius %, and so

2
d(Tp (), Tn(r)) < e

This subsequence converges because X is complete; the conclusion is that X is
sequentially compact, and therefore compact. ([

Function spaces. Given two nonempty sets X and Y, we can consider the space
Fun(X,Y) of all functions f: X — Y. Since a function is uniquely determined by
its values f(z) for x € X, it is clear that

Fun(X,YV)=Y* =[] v
zeX
is simply the Cartesian product, indexed by X, of several copies of Y: a function
f: X — Y corresponds to the element (f(x))xex of the product.
Now suppose that X and Y are topological spaces; we are interested in the subset

C(X,Y)={f: X =Y | fis continuous } C Fun(X,Y’)

of all continuous functions. There are several ways of making Fun(X,Y) and
C(X,Y) into topological spaces; each is useful in certain situations. The simplest
way is to use the product topology on Y. The product topology is given by a
basis; let us see what the usual basic open sets look like in terms of functions. Take
finitely many points z1,...,z, € X, and finitely many open sets Uy,...,U, CY;
the corresponding basic open set is

B(:cl,...7xn,U1,...7Un):{f:X—)Y ‘ f(z;) CU; foreveryi:l,...,n}.

Ezample 14.8. When does a sequence of functions f,: X — Y converge to another
function f: X — Y in this topology? For every x € X and every neighborhood
U of f(x), the basic open set B(x,U) is a neighborhood of f, and therefore has
to contain all but finitely many of the f,. In other words, f,(z) € U for all but
finitely many n, which means that the sequence f,(z) € Y converges to f(z) € Y.
So convergence in this topology is the same as pointwise convergence.

Definition 14.9. The product topology on Fun(X,Y) = YX is called the topology
of pointwise convergence.

The disadvantage of this topology is that the subspace C(X,Y") is not closed,
because the pointwise limit of continuous functions may fail to be continuous.

Ezample 14.10. Let X = [0,1] and Y = R, and consider the sequence of functions
fn:[0,1] — R, fn(x) = a™. Since z™ — 0 for < 1, the sequence converges
pointwise to the function
0 ifzx<1,
[0, =R, f(z)= .
1 ifz=1,

which is no longer continuous.

Another choice of topology on Fun(X,Y") is related to the notion of uniform
convergence. Here we assume that (Y, d) is a metric space. Given two functions
fyg € Fun(X,Y), we define their uniform distance to be

p(f,9) = sup d(f(z),g(z))
rxeX
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if the right-hand side is < 1, and p(f, g) = 1 otherwise. (This slightly odd definition
is to make sure that p takes values in R.) Intuitively, p(f,g) is a measurement of
the “distance” between the graphs of f and g. You should convince yourself that
p is in fact a metric on the space Fun(X,Y'); for obvious reasons, it is called the
uniform metric.

Definition 14.11. The metric topology on Fun(X,Y") defined by p is called the
uniform topology.

The basic open sets in this metric are balls of some radius: if 0 < e < 1, then
B(fo)={f: X =Y | d(f(z), fo(z)) <ecforallze X }.

So a neighborhood of a given function fy consists of all functions whose graphs lie
in a strip of width 2e around the graph of fp.

Example 14.12. When does a sequence of functions f,,: X — Y converge to another
function f: X — Y in the uniform topology? For every 0 < € < 1, the open ball
B:(f) is a neighborhood of f, and therefore has to contain all but finitely many of
the f,. In other words, there should exist some N such that

d(fal@), f(2)) <e

for every n > N and every « € X; but this is saying exactly that f,, — f uniformly.
Lemma 14.13. In the uniform topology, C(X,Y) is a closed subset of Fun(X,Y).

Proof. The uniform topology is a metric topology, and so it is enough to show
that C(X,Y) is sequentially closed. Suppose a sequence of continuous functions
fn € C(X,Y) converges to a function f € Fun(X,Y’). Then f, — f uniformly, and
we know from Lemma 13.6 that f is also continuous. Thus f € C(X,Y), and so
C(X,Y) is closed. O

In analysis, people are most interested in the case when (Y,d) is a complete
metric space (such as R™). Let me end today’s class by showing that the space of
(continuous) functions inherits this completeness property.

Proposition 14.14. If (Y,d) is complete, then both Fun(X,Y) and C(X,Y) are
complete with respect to the uniform metric.

Proof. We first show that Fun(X,Y’) is complete with respect to p. Let f, €
Fun(X,Y’) be an arbitrary Cauchy sequence. For every ¢ > 0, we can therefore find
some NN such that

(14.15) d(fm (), fn(2)) <€

for every x € X and every m,n > N. If we fix a point € X, this implies that the
sequence f,(z) € Y is a Cauchy sequence; but Y is complete, and so it converges
to some limit that we shall denote by f(x) € Y. In this way, we obtain a function
f: X =Y. For given € > 0, we can now let m go to infinity in (14.15) to obtain

d(f(2), fa(2)) < e
for every x € X and every n > N. Therefore p(f, f,) < e whenever n > N, which
means that f is the limit of the Cauchy sequence f,.
Completeness of C(X,Y) follows from the fact that it is closed: any Cauchy
sequence in C'(X,Y) has a limit in Fun(X,Y"), because Fun(X,Y") is complete; the
limit actually belongs to C'(X,Y’), because C(X,Y’) is sequentially closed. O
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Let X be a topological space, and (Y, d) a metric space. Last time, we defined
two topologies on the space of functions from X to Y: the topology of pointwise
convergence, which is just the product topology on Y and the uniform topology,
which is the metric topology induced by the uniform metric. In both cases, we also
get a topology on the subspace C(X,Y) of all continuous functions. In the uni-
form topology, C(X,Y") is a closed subspace, because uniform limits of continuous
functions are again continuous; in the topology of pointwise convergence, this is
generally not the case.

Today, we are going to study compact subspaces of C(X,Y) in the uniform
topology. This question is of some importance in analysis: because C(X,Y) is a
metric space, compactness means that every sequence has a convergent subsequence.
We shall only look at the special case where X is compact. In that case, the uniform
metric that we defined last time is equivalent to the sup metric

p(f,9) = sup d(f(x),g(x));
xeX

note that the supremum is achieved at some point, because z — d(f(z), g(x)) is a
continuous function on the compact space X.

Equicontinuity. Consider a subset F C C(X,Y), that is to say, a collection of
continuous functions from X to Y. Under what conditions is F compact? From
Theorem 14.7, we know that a metric space is compact if and only if it is complete
and totally bounded. We should therefore try to understand what total bounded-
ness of F says about the functions in F.

Definition 15.1. We say that F C C(X,Y) is equicontinuous if, for every xg € X
and every € > 0, there is a neighborhood U of the point zy such that
d(f(x), f(z0)) <e
for every z € U and every f € F.
For a single function f, this condition is just saying that f is continuous; the

point of the definition is that the same open set U should work for all the functions
in F at the same time.

Ezample 15.2. The collection of functions f,: [0,1] — R, f,(z) = z™, is not
equicontinuous at the point xy = 1.

Roughly speaking, total boundedness is equivalent to being equicontinuous. This
is the content of the next two lemmas.

Lemma 15.3. If F C C(X,Y) is totally bounded, then it is equicontinuous.

Proof. Let € > 0 be an arbitrary positive number. Since F is totally bounded, it
can be covered by finitely open balls of radius 5:
FCB:(f1)U---UBs(fn),
for certain f1,..., f, € C(X,Y). Since
B.(f)={f:X—=Y | d(f(z), fi(x)) <r for every z € X },

this means concretely that the graph of every f € F stays within £ of the graph of
one of the f;.



Now let ¢y € X be any point. Each f; is continuous, and so there is an open set U;
containing xq, such that d(fi(x), fi(xo)) < gforallz € U;. DefineU = UiN---NU,;
then U is still a neighborhood of the point xy, and we have

d(fi(), filao) < 5

for every z € U and every i = 1,...,n. Now I claim that

d(f(2), f(z0)) < e

for every x € U and every f € F, which is enough to conclude that F is equicon-
tinuous. Indeed, for any f € F, there is some 7 such that f € Bz (f;); but then

d(f(x), f(z0)) < d(f(x), fi(z)) + d(fi(x), fi(zo)) + d(fi(zo), f(z0)) <e,

which is what we wanted. O

During the proof, we did not use the fact that X is compact. If we add this
assumption, we can get the following better version of equicontinuity.

Lemma 15.4. Suppose that X is compact and that F C C(X,Y) is equicontinuous.
Then for every € > 0, there is a finite open covering X =U; U---UU, such that

d(f(z), f(2') <e

for every x,x' € U; and every f € F.

Proof. Since F is equicontinuous, every point zg € X has a neighborhood U such
that d(f(z), f(zo)) < § for every « € U and every f € F. Using the compactness
of X, finitely many of these open sets cover X; if we denote the points by z1, ..., x,
and the open sets by Uy,...U,, we get X =U, U---UU, and

d(f(@), f(2") < d(f (), f(2)) +d(f(z2), f(2')) <e

whenever z, 2’ € U;. O
Example 15.5. If F is equicontinuous, then every subset of F is also equicontinuous.

Ezxample 15.6. One way of proving equicontinuity is by using the derivative. Sup-
pose we are looking at a family F of continuous functions from X = [0,1] to R. If
each f € F is differentiable, then by the mean value theorem,

[f(@) = fWI < 1O |z -yl
for some ¢ in the interval between x and y. So if we happen to know that the

derivatives of all the functions in F are uniformly bounded, then we can say that
F must be equicontinuous.

Ascoli’s theorem. The main result about compact subsets of C(X,Y) is Ascoli’s
theorem. This is really a theorem in analysis, but the proof relies on many of the
abstract concepts in topology that we have studied this semester.

Theorem 15.7. Let X be a compact space, let (Y,d) be a metric space, and let
F CC(X,Y) be a family of continuous functions. Then F is contained in a compact
subspace of C(X,Y) if and only if F is equicontinuous and, for every x € X, the
closure of the set

Fo={f(@)|zeX}CY

is compact in'Y .



So in particular, F is compact iff it is closed in the uniform topology on C(X,Y)
and satisfies both conditions in the theorem.

Let us begin by proving the easy half of the theorem. We first consider the case
where F is compact. Then F is a compact metric space, hence totally bounded
(by Theorem 14.7), hence equicontinuous (by Lemma 15.3). To prove that F, is
compact in Y, consider the function

eve: F =Y, evy(f) = f(x).

Since d(f(x),g(x)) < p(f, g) for every f,g € F, this function is clearly continuous.
As F is compact and Y is Hausdorff, the image

Fe=ev (F)CY

is compact. Now suppose that F is contained in a compact subspace G of C(X,Y).
By the above, G is equicontinuous, and so F is also equicontinuous; moreover, we
have F, C G,, and because G, is compact, the closure of F, is also compact. This
proves the easy half of Theorem 15.7.

The other half of the proof requires several steps, so let me first give an outline.
We denote by YX the space of all functions with the product topology, and by
C(X,Y) the space of all continuous functions with the uniform topology. We will
prove compactness with the help of Tychonoff’s theorem; this is why we also need
the product topology. Keep in mind that the topology on F is induced by the
uniform topology on C(X,Y"). Here is the outline of the proof:

(1) Let G be the closure of the set F in YX. We use Tychonoff’s theorem to
prove that G is compact (in the product topology).

(2) We show that G is also equicontinuous; in particular, all the functions in G
are continuous.

(3) We show that the uniform topology coincides with the topology on G.

(4) We conclude the proof by noting that G is a compact subspace of C'(X,Y)
containing F.

Step 1. Let G be the closure of F, considered as a subset of YX. More precisely,
we have an injective (but not continuous) function

FoYy, fo(f@),cx

and we let G denote the closure of the image. Since the product topology is the
topology of pointwise convergence, each function g € G is a pointwise limit of a
sequence of functions in F; a priori, the functions in G could therefore be pretty
crazy. But in return, it is easy to show that G is compact. Indeed, for each = € X,
we have f(z) € F,, and so G is contained in the subspace

=

reX

Since the closure of each F, is compact, Tychonoff’s theorem tells us that the
product is compact; being a closed subspace, G is therefore also compact.

Step 2. Now we prove that G is equicontinuous, which means in particular that all
the functions in G are continuous; this is not at all obvious, because they are only
pointwise limits of continuous functions. Let x¢p € X be an arbitrary point. Since
F is equicontinuous, we can find a neighborhood U of z( such that

d(f(@). f(0)) <



for all x € U and all f € F. I claim that with this choice of U, we also have

d(g(x),g(aco)) <e

forall x € U and all g € G. To see why, let x € U and g € G be arbitrary. Consider
the basic open set

{f: XY ‘ d(f(z),9(z)) < § and d(f(w0), g(z0)) < £ }

in YX. It is a neighborhood of the function g, and therefore has to contain some
f € F (because G is the closure of F). Then we have

d(g(x), g(xo)) < d(g(2), f(x)) +d(f(x), f(x0)) +d(f(x0), g(20)) <€
from the triangle inequality, and so G is equicontinuous.

Step 3. Since all the functions in G are continuous, G is a subset of C'(X,Y’). Our
next task is to show that the topology on G is the same as the subspace topology
coming from the uniform topology on C'(X,Y). Since every open set in the product
topology is also open in the uniform topology, it is enough to prove that the inter-
section of an arbitrary open set in C(X,Y) with G isopenin G. Solet U C C(X,Y)
be an arbitrary open set; for any gg € U NG, we shall find a neighborhood of gg
in the product topology whose intersection with G is contained in 4 N G. To get
started, observe that U is open, and therefore contains a ball of some radius r» > 0
around go; hence

B (g0)NG={g€eg | d(g(z),go(z)) <rforallze X} CUNG.

Now X is compact and G is equicontinuous, and so we can apply Lemma 15.4.
This gives us a finite open covering X = Uy U---UU, and points z; € U; with the
property that

d(g(x), g(xs)) < =

3
whenever x € U; and g € G. Now consider the set
(15.8) {g9€G|d(g(xi),g0(xi)) <% foreveryi=1,...,n}.

It contains go; it is also open in G, being the intersection of G with a basic open
set in the product topology on YX. I claim that this entire open set is contained
in the intersection B,.(go) N G, and therefore in & N G. To show this, let g € G be
any function in (15.8). Every x € X belongs to some U;, and so

d(g(x), go(x)) < d(g(x), g9(x:)) + d(g(:), go(x:)) + d(go(ws), go(w)) < r.

Here the first and third term are less than g because g,go € G; the second term
is less than % because g belongs to the open set in (15.8). We conclude that
g € B,(g0), and hence that & NG is open in G.

Step 4. Now we can easily conclude the proof of Ascoli’s theorem. From Step 1,
we know that G is compact in the product topology; from Step 3, we know that it
is also compact in the uniform topology. Therefore F is contained in the compact
subspace G, as claimed. [

Note. Let me briefly explain how Ascoli’s theorem is used in analysis. Consider a
sequence of continuous real-valued functions f,,: X — R on a compact space X; in
the notation of Theorem 15.7, we are looking at the countable subset

F= {flaf27"'} g C(X,R)



Ascoli’s theorem tells us that if F is equicontinuous and pointwise bounded, then
the closure of F is compact; in particular, there is a subsequence that converges
uniformly to a continuous real-valued function on X. (Note that a subset of R is
compact if and only if it is closed and bounded.)
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Algebraic topology. In the remainder of the semester, we shall be talking about
algebraic topology. A basic problem in topology is to decide whether two given
topological spaces X and Y are homeomorphic or not. To show that X and Y
are homeomorphic, we have to find a continuous bijection whose inverse is also
continuous; this comes down to being able to construct continuous functions. On
the other hand, to show that X and Y are not homeomorphic, we have to prove
that there does not exist any homeomorphism between them. This can be diffi-
cult or even impossible: it requires a lot of work to show that R™ and R™ are
not homeomorphic for n # m. In practice, one tries to do this with the help of
certain “invariants”: for example, topological properties such as connectedness or
compactness or countability that are the same for homeomorphic spaces.

Ezample 16.1. In this way, we can distinguish R? from the two-sphere (because one
is compact and one is not), or R from R? (because removing a point disconnects
one but not the other). But none of the topological properties we have introduced
can tell R” from R™ for n,m > 2.

Another useful property of this type is that of being simply connected; roughly
speaking, X is simply connected if every closed loop in X can be contracted con-
tinuously to a point. You may have seen this notion in complex analysis when
discussing line integrals.

Ezample 16.2. R? is simply connected, but R? \ {(0,0)} is not: for example, any
circle around the origin cannot be contracted to a point. For the time being, this
statement is only based on our geometric intuition; we shall prove it rigorously
later.

More generally, we shall associate to every topological space X (and to a choice
of point zg € X) a certain group m (X, zo), called its fundamental group. Roughly
speaking, the size of this group is related to how many essentially different closed
loops there are in X; in particular, X is simply connected if and only its fundamental
group is the trivial group with one element. If X and Y are homeomorphic, then
their fundamental groups are isomorphic as groups; this means that if two spaces
have different fundamental groups, they cannot be homeomorphic. In this way,
the fundamental group can serve as an “algebraic invariant” of a topological space.
There is also a whole set of higher homotopy groups m, (X, xg); closed loops, which
are the same as continuous functions from S' into X, get replaced by continuous
functions from S™ into X.

This then is the general idea behind algebraic topology: to a topological space
X, one associates various algebraic objects such as groups or vector spaces that
can serve as invariants. Examples are the fundamental group (first introduced by
Poincaré) and various homology and cohomology groups. Algebraic topology also
provides various tools for computing the groups of vector spaces in question. Very
often, one can obtain a huge amount of information about a space just by knowing
its homotopy groups; for that and other reasons, algebraic topology has become
one of the most important branches in topology.

Paths and homotopies. Recall that a path in a topological space X is simply
a continuous mapping f: I — X from the closed unit interval I = [0,1] to X.
The point f(0) is called the starting point of the path, and the point f(1) its



endpoint. Before we can define the fundamental group correctly, we first have to
make sense of things like “deforming one path into another” or “contracting a path
to a point”. The correct notion is that of a homotopy, which roughly means a
continuous deformation of one continuous function into another.

Definition 16.3. Let f: X — Y and f': X — Y be two continuous functions. A
homotopy between f and f’ is a continuous function

F: XxI—>Y

such that F'(z,0) = f(z) and F(z,1) = f'(z) for every x € X. If such a homotopy
exists, we say that f and f’ are homotopic; we often abbreviate this as f ~ f’.

A homotopy gives us a family of continuous functions f;(z) = F(z,t) from X to
Y, depending continuously on ¢ € I, that interpolates between f = fy and [/ = f;.
In the case of paths, we usually impose that conditions that all the paths in the
family should have the same starting point and endpoint.

Definition 16.4. Let f: I — X and f’: I — X be two paths with f(0) = f/(0) =
xo and f(1) = f'(1) = x1. A path homotopy between f and f’ is a continuous
function

F:IxI—X
such that F(s,0) = f(s) and F(s,1) = f/(s) for every s € I, and such that
F(0,t) = o and F(1,t) = z; for every t € I. If such a path homotopy exists, we
say that f and f’ are path homotopic; we often abbreviate this as f ~, f’.

It is not hard to see that being (path) homotopic is an equivalence relation.
Lemma 16.5. Both ~ and ~, are equivalence relations.

Proof. We shall prove this in the case of ~; you should convince yourself that the
same argument works for ~,, too. There are three things to be checked:

(1) For every f: X — Y, we have f ~ f: for the homotopy F': X x I = Y,
one can take F(z,t) = f(x).

(2) If f ~ g, then also g ~ f. Indeed, if F': X x I — Y is a homotopy between
f and g, then G(z,t) = F(x,1 —t) is a homotopy between g and f.

(3) If f ~ g and g ~ h, then also f ~ h. Indeed, suppose that F' is a homotopy
between f and g, and that G is a homotopy between g and h. We can then

define a homotopy between f and h by setting
F(z,2t iftelo,

H:XxI—-Y, H(zt) = (,2t) 1 6[1’2}7

G(z,2t—1) ifte[3,1].

Since F(x,1) = g(x) = G(z,1), the pasting lemma shows that H is well-
defined and continuous. O

We usually denote the (path) homotopy class of f by the symbol [f].

Ezxample 16.6. Any two functions f,g: X — R™ are homotopic. For the homotopy,
we just move the point f(x) to the point g(z) along the straight line joining them;
more formally,

F:XxI—>R", F(z,t)=(1-1t)f(z)+tg(z)

is a homotopy between f and g. More generally, we could replace R™ by any
convex subset Y C R™, since the entire line segment between f(x) and g(z) will
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still be contained in Y. When f and g are paths with the same starting points and
endpoints, F' is clearly a path homotopy.

Example 16.7. The two paths
f(s) = (cosms,sinws) and g(s) = (cosms, —sinms)

in R?\ {(0,0)} are not path homotopic; this should be pretty obvious, although we
cannot prove it at the moment.

Composition of paths. To make it clear which continuous functions are paths,
I will start using lowercase Greek letters like «, 3, 7, ... for paths. If « is a path
from a point zg to a point x1, and 3 is a path from x; to x5, we can obviously joint
the two paths together into a path from zy to x5. This operation is where we start
to see some algebra.

Definition 16.8. Given two paths a: I — X and 5: I — X with a(1) = 5(0), we

define their product
2 if i
axf:1—-X, te a(2t) ?te[?’QL
B2t —1) ifte[z,1].

Note that this is well-defined and continuous by the pasting lemma.

The notation should be read from left to right: « x 8 is the path obtained by
first going along « and then along S. In fact, the product only depends on the path
homotopy classes of a and (.

Lemma 16.9. If a ~, o' and B8 ~, (', then a*  ~, o/ x (3.

Proof. If A is a path homotopy between o and o, and B a path homotopy between
B and 3, then

A(2s,t if 1
CiIxI—X, Clst)={ACs0 ifscls)
B(2s —1,t) if s € [5,1],
is a path homotopy between a * 3 and o' * §'. 0

It therefore makes sense to define the product for path homotopy classes by
the formula [a] * [f] = [a * £]; the lemma shows that even if we use different
representatives in each class, the result is the same. Keep in mind that the product
is only defined when (1) = 5(0).

Proposition 16.10. The operation * has the following algebraic properties:

(a) It is associative:

o

[ad * (18] = 1) =
whenever a(1) = B(0) and B(1) = ~(0).
(b) The class of the constant path e,(s) = x acts as an identity element:

] [8]) = [7]

[a] * [eay] =[] and [eq(o)] * [o] = [a].
(c) The class of the opposite path a(s) = a(l — s) acts as an inverse element:

[a] x[a] = [eaqq)] and [a]x[a] = [ea()]:



Proof. One can prove everything by writing down suitable path homotopies: for
example, a path homotopy between a * e,(1) and « is given by

a(1) ift<2s—1,

a(ﬁ) 1> 25— 1.

H:IxI—X, H(s,t){
1+t

Writing down all of these formulas is too much work, though, so let me present a
different argument. Observe that in each identity, the two paths go through the
same set of points of X, but at different speeds. So we only have to find homotopies
that adjust the speed of each path. More precisely, we will make use of the following
two simple observations:

(1) fa~p o, and if f: X — Y is continuous, then
foar~, fod.
This is obvious, because if F' is a path homotopy between o and o/, then
f o F is a path homotopy between f o« and focd/.
(2) If a(1) = B(0), and if f: X — Y is continuous, then
folaxp)=(foa)x(fop).
Again, this is easy to see from the definition of *.

Now let us get going with the proof. For (b), we have to show that a x e (1) ~p .
Observe that

axeqqy =ao(ixe;) and a=aoi,
where i: I — I is the identity path i(s) = s, and e;: I — I is the constant path
e1(s) = 1. Now i x ey and ¢ are two paths in I that start and end at the same
points; since I is convex, they must be path homotopic. But then i * e; ~; 4, and
by the observation above,
axeqq) =ao(ixe)) ~paoi=a.
The same argument proves that e, gy * a ~;, @, and hence (b). To get (c), note that
a=qo1,

where 7: I — I is the path 7(s) = 1 — s. For the same reason as above, i %7 ~, eg
and 7 %14 ~, e1, and then (c) follows by composing with a.

It remains to prove (a). Both paths in question are running through «, 3, and
v is the same order, but at different speeds. Let us define

a(3s) if s € [0, 3],
I =X, 7(s)=4B@Bs—1) ifse[} 2]
Y(3s—2) ifse[2,1]

Then you can check that a x (8 *~) = m o £, where ¢ is the continuous function

2 ~ 1
11, g =3t | Feellal
3s—3 ifse(s, 1]

Likewise, (a* ) * v = w o r, where r is the continuous function

4
r: I — 1, r(s):{g’
3



Now r and ¢ are paths in I that both start at the point 0 and end at the point 1,
and so £ ~, r; as before, we conclude that

ax(Bry)=mol~ymor=(axp)sr,

which is what we needed to show. O

The fundamental group. We can now define the fundamental group. Let X be
a topological space, and let g € X be a point. A path a: I — X is called a loop
based at xg if it starts and ends at the point xg, in the sense that a(0) = a(1) = xo.
We define

m1(X,20) = {[a] | @: I — X is a path with a(0) = (1) = 20 }

by considering all loops based at xg, up to path homotopy. In fact, 71 (X, o) is not
just a set, but a group; the group operation is given by composition by paths. More
precisely, any two loops based at xg can be composed, and so we have a well-defined
operation

#:m (X, z0) X M (X, 20) = (X, m0), [a] *[B] = [axf].

The properties in Proposition 16.10 are exactly the axioms for being a group. Recall
the following definition from algebra.

Definition 16.11. Let GG be a set with a binary operation o: G x G — G. Then
(G,0) is called a group if it has the following three properties:
(a) The operation is associative: for every g1, g2, g3 € G, one has g10(ga20g3) =
(91 092) 0 gs.
(b) There is an element e € G such that goe =eo g = g for every g € G.
(c) For every g € G, there is an element g~ € G with gog ! =g log=e.
The element e € G is called the unit, and for given g € G, the element g~ € G
is called the inverse of g; one can show that both are uniquely determined. In
practice, the group operation is denoted by juxtaposition: gh means g o h.
In the case of 71 (X, zg), all three group axioms for the operation * are proved
in Proposition 16.10.

Definition 16.12. Let X be a topological space and zg € X. Then (X, xg),
together with the operation x, is called the fundamental group of X (for the given
base point xg).

The fundamental group does depend on the base point; we shall investigate this
dependence next time.

Definition 16.13. Let X be a path connected topological space. We say that X
is simply connected if, for every point zy € X, the fundamental group 71 (X, ) is
the trivial group (with one element).

This makes our earlier definition precise: a path connected space is simply con-
nected if every loop in X can be contracted to a point.

Example 16.14. Our earlier example of the straight line homotopy shows that R™,
or any convex subset of R™, is simply connected.
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Last time, we defined the fundamental group 71 (X, z¢) of a topological space.
Its elements are paths in X that start and end at the base point x(, taken up to
path homotopy equivalence. Thus a typical element looks like [a], where a: T — X
is a continuous function with «(0) = a(1) = x¢. The group structure is defined as
[a] x [8] = [a* (], where a x § is the path obtained by transversing « followed by .

Dependence on the base point. Let us first investigate how the fundamental
group depends on the choice of base point. Since any path in X has to stay inside
the path component of xg, it makes sense to assume that X is path connected. Let
xg,z1 € X be two candidates for the base point. Since X is path connected, we
can choose a path ¢: I — X with ¢(0) = 2 and (1) = 1. We obtain a function

¢: m (X, m0) = m(X, 1),  @la] = [@] * [a] * [#];
in other words, given a path « based at zg, we build a new path based at z; by

moving from x; to xg along the path ¢, then transversing «, and then moving back
from xg to x; along (.

Lemma 17.1. The function @: m1 (X, z¢) — 71(X, 1) is an isomorphism of groups.

Proof. Recall that a function ¢: G — H between two groups is called a homomor-
phism if ¢(gh) = ¢(g)d(h) for every g, h € H; from this condition one can deduce,
with the help of the group axioms, that ¢(e) = e and that ¢(g~!) = ¢(g)~* for
every g € G. A bijective homomorphism is called an isomorphism; if ¢ is an isomor-
phism, then the inverse function ¢~1': H — G is automatically a homomorphism
as well. (Can you prove this?)

Now let us prove the statement. It is easy to see that ¢ is a homomorphism.
Indeed, given two elements [«] and [8] in 71 (X, x), we have

(la] = 8]) = [@] = [a] = [B] * [¢]
= (@] * [o] * [¢¢] * [@] * [B] = [«e] = (&le]) = (218])
due to the identity [¢] * [¢] = [e4,]- If we denote by ¢ = @ the reverse path from
x1 to xg, we get another homomorphism
’L[)Z 7T1(X,£L’1) — 7T1(X,£L'0),

and it is clear from the definitions that 1& is the inverse function of ¢, which is
therefore an isomorphism. O

Functorial properties. The fundamental group was supposed to be an invariant
of a topological space X, and so we should also convince ourselves that homeomor-
phic spaces have isomorphic fundamental groups. Suppose we have a continuous
function f: X — Y. If « is a path in X starting and ending at the point x(, then
foais apath in YV starting and ending at the point yo = f(z¢); moreover, if
a~y, o, then foa ~, fod. In this way, we obtain a well-defined function

f*:ﬂ.l(X7x0)_>ﬂ-1(Y?y0)a f*[a]:[foa]
This function is actually a group homomorphism.
Lemma 17.2. If f: (X, 2z0) — (Y, y0) is continuous, fi«: m1(X,20) = m (Y, 90) is a
homomorphism of groups. Given a second continuous function g: (Y, yo) — (Z, z0),
one has (go f)« = g« 0 fu.



Here the notation f: (X, z9) — (Y, yo) means that f: X — Y is a function with
the property that f(xzg) = yo.

Proof. The first assertion holds because

Fe(la] % [B]) = fulax Bl = [f o (axB)] = [(f o a)  (f 0 B)] = (f.[ad) = (f+[8])-

The second assertion holds because
(9o fslal =[(go floa]l =[go(foa)] = g.[foa] = g.(fd]). O

In the language of category theory, the above construction is an example of a
functor from the category of topological spaces to the category of groups. The
most basic example of a category is the category of sets: a typical object is a set
X, and a morphism between two sets X and Y is simply a function f: X — Y.
One can add extra structure and consider for example the category of topological
spaces or the category of groups; in each case, the right notion of morphism is
one that preserves the extra structure: a morphism between topological spaces is a
continuous function, and a morphism between groups is a group homomorphism.

Ezample 17.3. One can also consider the category of topological spaces with base
point: its objects are pairs (X,xg), and its morphisms are continuous functions
f (X, 20) = (Y, 50).

In that sense, sending a continuous function f: (X, z¢) — (Y, yo) to the group
homomorphism f,: 7 (X, z0) — m1(Y,y0) is a functor: it takes morphisms in the
category of topological spaces with base point to morphisms in the category of
groups, in a way that is compatible with composition.

Corollary 17.4. If f: X = Y is a homeomorphism with f(xo) = yo, then
f* : 7T1(X, xo) — 7T1(Y7 yO)
s an isomorphism of groups.

Proof. Let g: Y — X denote the inverse function; since g(yo) = o, it induces a
homomorphism

g m(Y,y0) = m1(X, xo)
in the opposite direction. From the lemma, we get f.og, = (fog). = id, = id and
g« 0 fu = (go f)« =idx = id, and so f, is an isomorphism. O

Note. To make the notation less cumbersome, let us agree on the following con-
ventions. If « is a path in X that starts and ends at the point xg, we denote the
corresponding element of 1 (X, zg) also by the letter «, instead of the more correct
[a]. For the product, we write o instead of the more correct [a] * [3]; for the unit
element, we simply write e instead of the more correct [ez,].

An example. Now let us compute our first nontrivial example, namely the fun-
damental group of the circle S!. For convenience, we use the point by = (1,0) € S*
as the base point; if we think of S as the set of all complex numbers of modulus 1,
then by is nothing but 1 € C. Suppose we have a path « in the circle that starts and
ends at the point by. At least intuitively, the only thing that matters is how many
times the path winds around the circle — with a plus or minus sign, depending on
the orientation — and so the answer should be the following.

Theorem 17.5. 71(SY, by) is isomorphic to (Z,+).



The goal is to prove that this is indeed the case. We could try to define some sort
of “winding number” for paths in S!, but the following approach is easier. Consider
the continuous function

p:R—=SY plx) = (cos 27rx,sin27rx).

Clearly, p is locally a homeomorphism: every sufficiently small neighborhood of
x € R is mapped homeomorphically to its image in S!. The preimage of our base
point by is exactly the set of all integers Z. We can picture p by imagining an
infinite spiral in R3, winding around the cylinder S! x R and projecting down to
the circle in R2.

Here is the idea for the proof of Theorem 17.5. We first show that every path
a: I — S with a(0) = by can be uniquely lifted to a path &: I — R with &(0) =0
and po & = «; we also show that homotopic paths have homotopic liftings. The
endpoint &(1) of the lifted path belongs to the set Z € p~1(0), and it turns out
that the function

m(8'b) = Z, o] = a(1),

is an isomorphism of groups.

Covering spaces. The function p: R — S! is an example of a covering space, and
for later use, we will work in this more general setting.

Definition 17.6. Let p: E — B be a surjective and continuous function. An open
subset U C B is said to be evenly covered by p if its preimage p~1(U) is a disjoint
union of open subsets of E, each of which is homeomorphic to U (via p). We say
that p: F — B is a covering space if every point of B has a neighborhood that is
evenly covered by p.

In symbols, the condition on p is that
p ' U) = Vi
iel
should be the disjoint union of open sets V; C F, in such a way that
ply,: Vi=U

is a homeomorphism for each ¢ € I. The sets V; are usually called the sheets of the
covering space. In particular, p is a local homeomorphism: every point in E has a
neighborhood that is mapped homeomorphically (under p) to its image in B.

Ezample 17.7. The function p: R — S! is a covering space: the preimage of the
open set U = S\ {bp} is

p ) =R\Z = | (mm+1),
meZ

and the restriction of p to each open interval is a homeomorphism with U. Likewise,
the preimage of V =S\ {—bg} is

p V) =R\ (3+2) = {J (m—3.m+3),
MEZL

and the restriction of p to each open interval is a homeomorphism with V. In this
example, every point of S! has infinitely many preimages, and quite naturally, one
says that p is an infinite-sheeted covering space.
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Ezample 17.8. To get an example with finitely many sheets, think of S* as being
a subset of C, and consider the function z — z™ from S! to itself. Each point has
exactly m preimages, and one can show that this is a covering space.

Note that in a covering space, the fiber p~1(b) over any point b € B is a discrete
subspace of E; this is clear because some neighborhood of b is evenly covered by p.

Lifting paths and homotopies. Now let p: E — B be a covering space. Fix
a base point by € B; since p is surjective, we can choose a base point ey € F
such that p(eg) = bp. An important property of covering spaces is that paths (and
homotopies) in B can be lifted uniquely to E, once we decide where the starting
point should go.

Theorem 17.9. Let o: I — B be a path with a(0) = by. Then there is a unique
path &: I — E with &(0) = eg and po & = «.

For every s € I, the point &(s) € E lies over the corresponding point a(s) € B,
and so one says that & is a lifting of the path a. The assertion in the theorem is
known as the path lifting property of covering spaces.

Proof. To get the idea of the proof, suppose first that () lies entirely inside an
open set U C B that is evenly covered by p. Then p~1(U) is a disjoint union of
open sets; because p(eg) = by = a(0) € U, exactly one of these open sets contains
the point eg. If we denote this open set by V' C E| then

p’vz VU
is a homeomorphism. It therefore makes sense to define
0= (p|V)71 oa: I — E.

This is a path in E with po& = «; because eg is the unique point of V' that lies over
bo, we also get @(0) = eg. Uniqueness is clear: any path lifting o must be contained
in p~1(U), and because we are assuming that the lifting starts at the point e,
actually in V; but p|V is a homeomorphism, and so & is uniquely determined.

Now let us deal with the general case. The idea is to subdivide I into smaller
intervals Iy,...,In that are each mapped into an evenly covered open set, and
then construct the lifting & in NV steps. By assumption, every point of B has a
neighborhood that is evenly covered by p. Since «(I) is compact, it is contained
in the union of finitely many such open sets; thus we can find evenly covered open
subsets Uy, ...,U, C B such that

I= 0 a N (Uy).
k=1

Lemma 17.10 below shows that if we choose a sufficiently large integer N and
divide I into subintervals Iy, ..., Iy of length %, then each subinterval is contained
entirely in one open set a~!(Uz). By applying the argument from above to the
restriction of « to the first subinterval I;, we obtain a unique lifting

6&2]1—)E

with &(0) = eo; it ends at some point &(3 ) € E, which lies over the point a(+) €
B. One the second subinterval I, there is again a unique lifting of a: Iy — B that
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maps the left endpoint % € I, to the point d(ﬁ); by the pasting lemma, we obtain
a continuous function

a: Il U IQ — F
with poa = a on I; U I,. Continuing in this manner, we obtain the desired lifting
of @ (and its uniqueness) after N steps. O

During the proof, we used the following lemma,; note that the same result is true
(with the same proof) for finite open coverings of arbitrary compact sets in R™.

Lemma 17.10. Let I = Uy U---UU, be a finite open covering of the closed unit
interval I C R. Then there exists € > 0 such that for every x € I, the open ball
B.(z) is contained entirely in some Uy,.

Proof. For each k =1,...,n, consider the function
fr: I —[0,00),  fi(x) =sup{r >0 | B.(z) C Uy }.

We have fr(x) = 0 if x & Uy, and fi(x) > 0 if € Uy; it is also not hard to see
that fj is continuous. If we define

fiI— [O’OO)’ f($) = k-irllax fk(x)a

IR

then the pasting lemma shows that f is continuous; we have f(x) > 0 for every

x € I because the open sets Uy, ..., U, cover I. Because I is compact, f achieves a
minimum on 7, and so we can find some e > 0 such that f(x) > ¢ for every z € I.
This gives us what we want. O

A very similar construction also allows us to lift homotopies; the following result
is known as the homotopy lifting property of covering spaces.

Theorem 17.11. Let H: I x I — B be a homotopy with H(0,0) = by. Then there

is a unique homotopy H: I x I — E with H(0,0) = ey and po H = H.

Proof. When H (I xI) is contained entirely in an evenly covered open subset U C B,
this can be proved by exactly the same argument as before. In the general case,
we subdivide I x I into N2 little squares of side length %; in the notation from
above, these little squares are of the form I; x I}, for 1 < j,k < N. If we choose IV
sufficiently large, then each a(I; x Ij) is contained in an evenly covered subset of
B; we can now construct the lifting H (and prove its uniqueness) in N? steps, by
going through the set of pairs (4, k) in lexicographic order. O
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We are in the middle of computing the fundamental group of S! with the help
of the covering space R — S!. With that goal in mind, we showed last time
covering spaces have the path lifting property (and the homotopy lifting property).
Let p: E — B be an arbitrary covering space, and choose base points by € B and
eo € E with the property that p(eg) = by. Last time, we showed that any path
a: I — B with a(0) = by can be uniquely lifted to a path &: I — E with &(0) = eo;
here the word “lifting” means that po & = «. If « is a loop based at the point by,
then G (1) must belong to the fiber p~*(by), because p(a(1)) = (1) = bo.

The homotopy lifting property implies that the endpoint of a lifted path only
depends on the path homotopy class of the path. Let o, 8: I — B be two paths with
a(0) = B(0) = by. Denote by @&, 3: I — E the liftings constructed in Theorem 17.9,
subject to the condition that &(0) = 5(0) = eq.

Corollary 18.1. Suppose that o(1) = 5(1) and that o ~, . Then we also have
a(l) =6(1) and & ~, B.

Proof. Let H: I x I — B be a path homotopy between « and f; if we define
b1 = a(1) = (1), then

H(s,0) =a(s), H(s,1)=p(s), H(0,t)=by, H(1,t)=10b

for every s,t € I. Theorem 17.11 shows that there is a unique lifting H: I x I — F
with H(0,0) = eg. I claim that H is a path homotopy between & and B.
To prove this claim, we have to analyze what H does on the four edges of I x I:
(1) To begin with, H(—,0): I — F is a lifting of the path o with H(0,0) = eq;
the uniqueness statement in Theorem 17.9 shows that H(s,0) = a(s).
(2) Likewise, H(0, —): I — E is a lifting of the constant path by; by uniqueness,
we must have H(0,t) = eg.
(3) Since H(0,—): I — E is a lifting of the constant path b, we also have
H(1,t) = e, for some e; € E.
(4) Lastly, H(—,1): I — E is a lifting of the path 8 with H(0,1) = eg; for the
same reason as before, H(s,1) = ((s).

The conclusion is that a(l) = B (1) = ey, and that H is a path homotopy between
& and B. O

The corollary shows that the following lifting correspondence is well-defined:
0: w1 (B,by) = p t(by), L(a)=a(l)
In certain cases, one can use it to compute the fundamental group.

Theorem 18.2. If E is path connected, the lifting correspondence £ is surjective.
If E is simply connected, ¢ is bijective.

Proof. Let e € p~!(bg) be an arbitrary point of the fiber. Since E is path connected,
there is a path &: I — F with &(0) = eg and &(1) = e. Obviously, & is a lifting of
the path @« = po &: I — B; moreover, a(0) = a(1) = bg. Now the definition of the
lifting correspondence shows that £(a) = @(1) = e, and so ¢ must be surjective.

If F is simply connected, we can prove moreover that ¢ is injective (and therefore
bijective). Suppose we have two elements «, 8 € w1 (B, bg) with £(a)) = ¢(5). This
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means that the liftings & and B end at the same point. Since £ is simply connected,
it follows that & ~,, 3; but then « =poa ~, po 8 = S. O

We can now finish the computation of the fundamental group of S*.
Proof of Theorem 17.5. The covering space p: R — S! has the property that p=*(bg)
Z. Since R is simply connected, the lifting correspondence
l: Wl(Sl,bo) — 7

is bijective by Theorem 18.2. To conclude the proof, we have to show that £ is an
isomorphism of groups, which is to say that

Lax ) =L(a)+L().
Let & denote the unique lifting of o with &(0) = 0; likewise for B. If we add the
number &(1) to the path §, we obtain a new path
B+a(l): I =R, s B(s)+a(l).
Since &(1) € Z, this new path is still a lifting of 5, but now starting at the point
@(1). The composition
ax (f+a(1))

is therefore well-defined, and clearly a lifting of the path a* j3; since it starts at the
point 0 and ends at the point &(1) 4+ 8(1), we get

tlaxB) =a(l) + B(1) = L) + £(B),

which is the result we were after. O

Applications. The fact that the fundamental group of the circle is nontrivial
has several useful consequences. One is a topological proof for the fundamental
theorem of algebra; for that, see this week’s homework. Another one is Brouwer’s
fixed point theorem for the closed unit disk. Before we get to that, let me first
recall the following definition.

Definition 18.3. Let A C X be a subspace of a topological space X. A retraction
is a continuous function r: X — A such that r(z) = z for every x € A. If such a
retraction exists, one says that A is a retract of X.

If A is a retract of X, it is somehow an essential part of X; the following lemma
shows how this manifests itself in the fundamental group.

Lemma 18.4. If A is a retract of X, then the fundamental group of A embeds into
the fundamental group of X.

Proof. Let j: A — X denote the inclusion; a retraction is a continuous function
r: X — A with r oj = id. If we choose a base point ag € A, we obtain two
homomorphisms

g m(A a9) = m1(X,a0) and  7.: m (X, a0) = 71 (4, ap).

By Lemma 17.2, we have r, o j, = id, which of course means that j, is injective
(and that r, is surjective). O

We can use this to show that the circle is not a retract of the closed disk BZ2.

Corollary 18.5. There is no retraction of B2 onto S*.
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Proof. The group 71(S!,bg) is nontrivial, whereas the group (B2, bg) is trivial
(because B? is a convex subset of R?). In particular, there is no embedding of the
former into the latter. O

We can now prove the following fixed point theorem for the closed unit ball
B*"={zeR" ||z <1}
in Euclidean space, at least in the special case n = 2.

Theorem 18.6 (Brouwer’s fixed point theorem). Every continuous function
f:B" — B"
has a fized point: there is a point x € B™ with the property that f(x) = x.

Proof for n = 2. Let f: B2 — B? be an arbitrary continuous function; our goal is
to prove that f must have a fixed point. Suppose that it does not; then f(z) # x
for every € B2, We can exploit this to construct a retraction r7: B> — S! as
follows. Given any = € B2, consider the ray emanating from the point f(z) and
passing through the point . Let r(x) be the unique point where this ray meets
the boundary of B?; since f(x) # z, one can easily check that r is well-defined and
continuous. For z € S, we obviously have r(z) = x, and so r is a retraction. This
contradicts what we proved above, and so f must have a fixed point after all. [

Let me briefly describe how one uses algebraic topology to prove Brouwer’s
fixed point theorem for other values of n. Given a continuous function f: B"™ —
B" without fixed points, one obtains a retraction 7: B® — S"! by the same
construction as for n = 2; so the point is to show that such retractions cannot exist.
It is here that the homology groups H,_1(X,Z) come in: just as in the case of the
fundamental group, the existence of a retraction would mean that H,_1(S"~1,Z)
embeds into H,,—1(B",Z); but this is not possible, because one can show that the
first group is isomorphic to Z whereas the second group is trivial.

The fundamental group of the n-sphere. Our next example is the n-sphere
S* ={zeR"! ’ i+ Hai =1}

in R**!. For n > 2, it looks like every closed loop in S™ can be contracted to a
point, and indeed, we have the following theorem.

Theorem 18.7. For n > 2, the n-sphere is simply connected.

For the proof, we will exploit the fact that S™ can be covered by two open sets
that are homeomorphic to R™. This is of course true for every n; what makes the
case n = 1 special is that the intersection of these two open sets has two connected
components. For n > 2, the intersection is path connected, and so Theorem 18.7 is
a consequence of the following more general result.

Theorem 18.8. Suppose that the topological space X is the union of two open sets
U and V whose intersection UNV is path connected. If xg € UNV, then the image
of m (U, x0) and m1(V,x0) together generate w1 (X, zo) as a group.

Recall that a nonempty subset S C G generates the group G if every element
g € G can be written (not necessarily in a unique way) as a product of elements of
S and their inverses:

g=s1"""5n,
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where each s; € SU S

Proof. What we have to show is that every element « € 71 (X, zy) can be written
(not necessarily uniquely) in the form

Q= qQq %% Qp,

where the image of each path ai € m1(X,xp) is contained entirely inside U or
entirely inside V. This is actually not very difficult.

The two open sets a1 (U) and a1 (V) cover I. According to Lemma 17.10 from
last time, there is a subdivision

O=s9p<s51<--<s,=1

of the interval I, in such a way that each little interval [s;_1, s;] lies entirely inside
a~}(U) or entirely inside a1 (V). Moreover, we can arrange that each of the points
s; actually belongs to a~1(U N V). Indeed, if say s; ¢ a~*(V), both intervals
[si_1,si] and [s;, s;11] are forced to lie entirely inside a~!(U). But then the same
is true for their union [s;_1,s;4+1], and so we can get rid of the point s;. After
thus removing finitely many points of our original subdivision, we end up with a
subdivision where s; € a1 (U) Na™(V) for every i = 0,...,n.
Choosing a subdivision of I with the above properties, we now define

ﬂil I — X, Bz(t) = Ck(sifl =+ t(Si — Sifl)).

Each f; is a path in X that starts and ends at a point of U NV and whose image
lies entirely inside U or entirely inside V'; moreover,

o~y Bk ek By

This is almost what we want, except that the ; are not elements of (X, o)
because they do not start and end at the point xy. But this we can achieve with
the following trick. For each point x; = a(s;), choose a path

’}/,LI—>U0V

with ;(0) = z¢ and v;(1) = x;; such a path exists because UNV is path connected.
For ~y and 7, we can choose the constant path e,,, which is okay because x,, = zo.
The path B; starts at the point x;_; and ends at the point x;; therefore

;= Y1 % Bi
is a loop based at the point xg. The image of each «; is still contained entirely
inside U or entirely inside V'; since one can easily show that

Q oy O %0 % Qi

the theorem is proved. [l

Theorem 18.8 is a special case of the Seifert-van Kampen theorem, which com-
putes the fundamental group of X from that of U, V, and U N V. We will talk
about the more general result next time. For the remainder of today’s class, let
us look at some more examples of fundamental groups of surfaces. Recall that a
surface is the same thing as a (compact and connected) two-dimensional manifold:
a second countable Hausdorff space that is locally homeomorphic to R2.
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Ezample 18.9. Everyone’s favorite example of a surface is the torus T = S* x S!.
Its fundamental group can be computed with the help of one last week’s homework
problems: if we use the point to = (bo, by) as a base point,

7T1(T,t0) ~ Wl(Sl,bo) X Wl(Sl,bo) ~ 7 X 7.

Note that this group is abelian: for any two elements g, h, one has gh = hg. On a
picture of the torus, the two generators of the fundamental group are represented
by loops going around the torus and around the hole in the center.

Ezxample 18.10. Another example is the torus with two holes To = THT. It is
defined as the connected sum of two copies of T: from each of the two tori, we
remove a small open disk, and then we glue the two spaces together along the
boundary circles. After smoothing out the edges, we obtain a new surface T5.

Since T> has two holes, it seems pretty obvious that 75 is not homeomorphic
to T. How can we prove this? One thing that distinguishes the two surfaces from
each other is the fundamental group: for T, it is abelian, whereas for 75, it is not
abelian. This can be seen by the following geometric argument. T, contains a
subspace X homeomorphic to the figure 8; the two circles in X go around the two
holes in T5. By drawing a picture, you can convince yourself that T5 retracts onto
X. This means that the fundamental group of X embeds into that of T5, and so it
is enough to show that m (X, z¢) is not abelian (where xy denotes the center of the
figure 8). In fact, if @ and g are the two obvious loops in X, then « * 8 and 8 * «
are not path homotopic: the reason is that there is a covering space of X where
the liftings of a * 8 and [ * « have different endpoints. One of the exercises on this
week’s homework will tell you more.
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Another example. Let us look at one more example of a fundamental group,
namely that of the projective plane P2. The projective plane is obtained from the
2-sphere S? by identifying antipodal points; more precisely,

P =8/ ~,

where 2 ~ —x for every 2 € S?. The topology on P? is the quotient topology, of
course. We can obtain P? by taking a closed disk and identifying antipodal points
on the boundary circle. A short cut-and-paste argument shows that one can also
get P? by gluing together a Mobius band (whose boundary is a circle) and a disk
(whose boundary is also a circle).

Theorem 19.1. P? is a compact surface, and the quotient map q: S> — P2? is a
two-sheeted covering space.

Proof. Let us denote by a: S? — S? the antipodal map a(z) = —z; it is a home-
omorphism of S? with itself. The equivalence class [z] of a point x € S? is of
course exactly the two-point set {z,a(x)}. Because of how the quotient topology
is defined, ¢ is continuous; let us show that it is also open. If U C S? is open, then

¢ ' (a(U)) =U Ua(U),

which is open in S?; but this means exactly that ¢(U) is open in P2. It follows
that P? is a Hausdorff space: for any two points [z] # [y], we can choose small
neighborhoods = € U and y € V such that the four open sets U, V, a(U),a(V) are
disjoint; then ¢(U) and ¢(V') are open sets separating [x] and [y].

Now we can show that S? is a two-sheeted covering space. Given any point
x € S?, we can choose a small neighborhood U such that U Na(U) = @; then

ql,: U —q(U)

is bijective, continuous, open, and therefore a homeomorphism; the same is true for
the restriction of ¢ to a(U). This means that the neighborhood ¢(U) of the point
[x] € P? is evenly covered by two open sets; thus g is a two-sheeted covering space.

This argument also proves that P? is locally homeomorphic to R?, because
q(U) ~ U is homeomorphic to an open set in R%. We already know that P? is
Hausdorff; since S? is compact and second countable, it follows that P? is also com-
pact and second countable, and therefore a compact two-dimensional manifold. [J

Since S? is simply connected, Theorem 18.2 shows that the fundamental group
of P? is isomorphic to the cyclic group of order 2.

Deformation retracts. One can sometimes compute the fundamental group of
a space X by deforming the space continuously into another (hopefully simpler)
space A. Let me describe one particular case of this idea in detail.

Definition 19.2. Let X be a topological space. A subspace A C X is deformation
retract of X is there exists a homotopy

H: XxI—=X

with the following properties: for every x € X, one has H(x,0) = x and H(z,1) €
A; for every a € A and every t € I, one has H(a,t) = a.



For every point € X, we get a path I — X, t — H(x,t), that starts at the
point z and ends at a point of A. If we define r: X — A by r(z) = H(z,1), then
r is clearly a retraction of X onto A. What H does is to give a homotopy between
the identity function id and the retraction » — more precisely, between id and the
composition j o r, where j: A — X is the inclusion. Note the subspace A has
to stay fixed during the homotopy. A homotopy with these properties is called a
deformation retraction of X onto A.

Ezample 19.3. The n-sphere S" is a deformation retract of R"*1\ {0}. The reason
is that we can move any point x # 0 in a straight line to a point on the S";

H: (R {0}) % [0,1] » R™1\ {0}, H(z.t) = (1 - )z + tﬁ

is a formula for this deformation retraction.
Example 19.4. If we remove one point from the torus T = S' x S, the resulting

space deformation retracts onto the union of two circles; this can be most easily
seen by thinking of the torus as the square with opposite sides identified.

Deformation retractions do not change the fundamental group.

Theorem 19.5. Let X be a topological space, A C X a subspace, and ayg € A a
base point. If A is a deformation retract of X, then

Js: m (4, a0) = m (X, ao)
is an isomorphism of groups.
Proof. Let H: X x I — X be a deformation retraction. We already know that
the function r: X — A given by r(z) = H(x,1) is a retraction; according to
Lemma 18.4, the group homomorphism

s 71'1(14, a()) — 7T1<X, $0)
is thus injective. It remains to prove that j, is also surjective — concretely, this
means that every loop in X (based at the point ag) can be deformed continuously
until it lies inside A. In fact, if o: I — X is a path with a(0) = a(1) = ag, we can
easily show that o ~, 7 o . Indeed, since H is a homotopy between id and j o r,
the composition

F:IxI— X, F(st)=H(as),t)

is a homotopy between a and joroa; it is even a path homotopy because F(0,t) =
F(1,t) = H(ap,t) = ag. Thus

[o] =[jeroal =jilroal
which shows that j. is surjective. O

This means for example that R™ \ {0} is simply connected for n > 3 (because

it deformation retracts onto S"~!). The same argument with homotopies that we
just gave also proves the following useful lemma.

Lemma 19.6. Let f,g: (X,20) = (Y,y0) be two continuous functions. If f and g
are homotopic by a homotopy H: X x I —Y with H(xo,t) = yo, then

ferm(X,z0) = m(Yoyo) and gz mi(X,20) — (Y, y0)

are equal.



Free products of groups. One of the most useful tools for computing fundamen-
tal groups is the Seifert-van Kampen theorem: it gives us a complete description
of the fundamental group of X when X = U UV is covered by two open sets such
that U, V, and U NV are all path connected. We have already seen (in Theo-
rem 18.8) that w1 (X, o) is generated as a group by the images of m1 (U, zo) and
m1(V, 2p), which means that every element of 71 (X, z¢) can be written as a product
of elements in 71 (U, xo) and m1(V, x0); the Seifert-van Kampen theorem will tell us
exactly what the ambiguity is.

The statement of the theorem involves the free product of two groups, and so we
have to discuss that idea first.

Example 19.7. Let X be the figure-eight space, meaning two circles touching in
one point zg. The fundamental group of each circle is Z, and is generated by
a loop going around the circle once. Let us denote by « and § the generators
corresponding to the two circles. Any product of powers of o and [ represents an
element of (X, z¢): for instance,
Oé2 ﬂaﬁ_g

is the loop that goes twice around the first circle, once around the second circle,
then once around the first circle, and then three times around the second circle
in the opposite direction. We can always write the product in the above form,
where powers of « alternate with powers of 3. We can therefore describe elements
of m (X, x0) by such words in o and . In fact, the set of all such words forms
a group, usually denoted by Z x Z and called the free group on two generators.
Multiplication in this group is defined by juxtaposing two words and simplifying
the result:

(@?Baf™?)(F%a) = a®Baf ™ a.
The unit element is the empty word (J; the inverse of a word is obtained simply by
reverting the order of the letters and flipping the signs of the exponents, because

(a?BaB?) (BB a™?) = 0.

It would be nice if the fundamental group of the figure-eight space was exactly this
group; the Seifert-van Kampen theorem will say that this is the case.

Now let me introduce the free product in general. Suppose that (G;):cr is a
family of groups, indexed by a (maybe infinite) set I. From the homework, we
know that the Cartesian product

e

i€l
is again a group; when I is infinite, we can also consider the much smaller subgroup

ED Gi C H Gi,

iel i€l
consisting of all elements (g;);c; such that g; = e for all but finitely many i € I.
Both groups contain all the original groups G; as subgroups (by looking at those
elements that are equal to e except in the i-th coordinate). Note that the elements
of G; and G; commute with each other when ¢ # j; sometimes, we may not want
that. The free product

X Gi

iel



is also a group that contains all the GG; as subgroups, but in such a way that elements
of G; and G; do not commute. Here is the construction.
As a set, the free product consists of all words of finite length

9192 Gn;

where each g belongs to some Gj(i). We also allow the empty word () (for n = 0).
We insist that adjacent letters should belong to different groups, meaning that
i(k) # i(k+ 1), and that none of the gy is equal to the unit element e. Words with
this property are called reduced: the idea is that we can take an arbitrary word and,
by replacing grgr+1 by their product in G, if i(k) = i(k + 1) and by removing
possible appearances of e, turn it into a reduced word in finitely many steps. Let
W be the set of all reduced words.

Note. We could introduce an equivalence relation that does the same thing, but it
is somehow easier to work with actual words instead of equivalence classes.

Now we define the product of two words

(91 .. ~gn)(h1 R hm)

by concatenating them and reducing the result: if g,, and h; happen to belong to the
same group G, multiply them together; if the answer is e, remove it and continue
with g,_1 and ho. Note that there can be a lot of cancellation: for example,

(g1 gn)gnt-gr") =0

produces the empty word. This procedure defines a binary operation on the set
W; evidently, the empty word acts as the unit element, and every word g; - - - gy
has a unique inverse g, - gy ! To show that W is a group, it remains to prove
associativity. Because of the reduction involved in computing the product of two
words, trying to prove this directly is very painful; fortunately, there is a nice trick
that gives us associativity almost for free.

Lemma 19.8. The product on W is associative.

Proof. The trick is to embed W into a space of functions, where associativity be-
comes obvious. For every g € G, left multiplication by g defines a function

Ly: W = W.

Concretely, Ly(g1 - - - gn) is reducing the word ggi - - - g,; convince yourself that there
are five possibilities for what can happen (depending on whether n =0 or n > 1,
on whether g = e or g # e, and so on). If g, h € G;, one can easily show that

Lg e} Lh = Lgh§

the point is that (gh)(g1-- - gn) and g(hgy - - - gn) reduce to the same word, because
multiplication in the group G; is associative. Since L. is the identity on W it follows
that L is bijective with inverse Lg-1, and therefore a permutation of W. Note that
since composition of functions is associative, the set P(W) of all permutations of
W forms a group under composition.

Now we show that W can be embedded into the group P(W). Define a function

L:W—=PW), g1 Gn+>Lgo---0L

Gns



of course, we use the convention that L()) = id. The function L is injective, because
if we evaluate L(g; - - - g,) on the empty word, we get

(L91 0"'0Lgn)(®) =g1- Gn.
Moreover, L takes the product of two words to the composition of the correspond-
ing functions. To see that this is true, recall how the product was defined: we
concatenate
(g1 gn) (1~ hu)

and reduce the result. During the reduction, we either multiply two elements of
the same group, or we eliminate an occurrence of e; but since Ly o Ly, = Lgp, and
L. = id, this does not change the value of

Ly o--oLg, 0Lp 0-0Lp,.

Since the composition of functions in P(W) is associative, we conclude that the
product in W must also be associative. ([

In the case of finitely many groups Gy, . . ., G, we usually denote the free product
by the symbol
Gi*--xG,.

Ezxample 19.9. The free product of a certain number of copies of Z is called the
free group on so many generators; for instance, Z * --- * Z (with n copies) is the
free group on n generators. Of course, we have to use different symbols for the
generators, such as a,b,c, ...

Example 19.10. Another interesting example is the free product Zs *Zs. If we write
a and b for the two generators, then a? = b? = e; consequently, the elements of the
free product are

@, a, b, ab, ba, aba, bab, abab, baba, . . .
Even though both factors have only two elements, the free product contains a
subgroup isomorphic to Z, namely the image of the homomorphism

Z — Lo * Lo, m+ (ab)™.

In fact, the entire group is generated by the two elements ab and a, subject to the
two relations a?> = e and a(ab)a = ba = (ab)~!. If we also had (ab)™ = e, this
would be exactly the description of the dihedral group; for that reason, Zs % Zs is
also called the infinite dihedral group.
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Let X be a topological space, and suppose that X = U UV is the union of two
open sets such that U, V', and UNV are path connected. In this situation, one can
describe the fundamental group of X in terms of the fundamental groups of the
three open sets; this is the content of the Seifert-van Kampen theorem, the topic
of today’s class. Fix a base point zg € U N V; to simplify the notation, we put

7T1(X):71'1(X,£E0), 7T1(U)=7T1(U,1‘0), etc.
Recall from Theorem 18.8 that m(X) is generated, as a group, by the images of

the group homomorphisms m (U) — 71(X) and 71 (V) — m1(X). Concretely, this
means that every element [a] € m1(X) can be written as a product

[a] = [aa] - [om],

where each «; is a loop based at the point x¢ and contained entirely inside U or
entirely inside V. We can restate this fact using the free product construction from
last time.

Lemma 20.1. We have a surjective homomorphism ®: w1 (U) * w1 (V) — m1(X).

Proof. Let us start by defining ®. The unit element in the free product is the empty
word, so we define ®((})) = e, the homotopy class of the constant loop at xy. The
other elements of the free product are reduced words of the form g - - - g;, where
each g; belongs either to m1(U) or to m1(V), and is therefore represented by a loop
a; in U or V. We then define ®(g; - -- g¢) = [o * - - - % o). It is an easy exercise to
show that ® is a group homomorphism. The result in Theorem 18.8 says that ® is
surjective. [l

It remains to figure out by how much the groups 71 (U) 71 (V') and 71 (X) differ
from each other. This requires another small interlude on group theory.

Normal subgroups. Let ¢: G — H be a homomorphism between two groups G
and H. On the one hand, we can consider the image

imp={¢(g)|geG} CH
It is a subgroup of H, in the following sense:
(1) It contains the unit element of H: indeed, e = p(e) € im .
(2) For every h € im¢, we also have h™! € im¢: indeed, if h = ¢(g), then
=t =o(g™).
(3) If hy,ho € imy, then also hihy € im: indeed, if hy = p(g1) and hy =
©(g2), then h1he = ©(g192).
On the other hand, we can consider the kernel

kerp={geG|plg)=ec} CG.
For the same reasons as above, it is a subgroup of G; in fact, it is a normal subgroup.

Definition 20.2. A subgroup K C G is called normal if gkg~! € K for every
g € G and every k € K. In symbols, K < G.

To see that ker ¢ is normal, note that if (k) = e, then we have

e(gkg™") = e(9)e(k)e(9) ™ = plg)plg) " =e,
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which means that gkg=! € ker ¢. Now let me cite, without proof, two basic results
from group theory. The first says that one can take the quotient of a grouy by a
normal subgroup.

Proposition 20.3. Given K 4 G, let G/K be the set of all left cosets
gK ={gk | ke K}.

Then we have gK - hK = ghK, and this operation makes G/K into a group with
unit element eK and inverse (gK)~' = g7 1K.

The second result is the so-called first isomorphism theorem, which relates the
kernel and the image of a group homomorphism.

Proposition 20.4. Let ¢: G — H be a homomorphism with K = ker ¢. Then
G/K —ime, gK — ¢(g)
is a well-defined isomorphism of groups.

Analysis of the kernel. Recall that we have a surjective homomorphism ®: 71 (U)*
71 (V) — m(X). By Proposition 20.4,
m1(U) * w1 (V)

ker
and so the remaining task is to compute the kernel of ®. Certain elements of
m1(U) * 71 (V) are obviously contained in ker ®: a loop « in the intersection U NV
gives rise to two elements

o]y € m(U) and [ao]y € m(V),

m(X) ~

and because both have the same image in 7 (X), we see that [o]y[a];," € ker ®.
Since ker @ is a normal subgroup of the free product, this proves one half of the
following theorem.

Theorem 20.5. ker ® is the smallest normal subgroup of w1 (U) *m1 (V') containing
every element of this kind.

Let N < 71 (U) = w1 (V) be a normal subgroup containing every element of the
form [a]ir[a];!. To prove Theorem 20.5, we have to show that ker ® C N.

Suppose that g1 - - - g¢ is a word in ker ®; we shall argue that g; --- g, € N. Each
g; is represented by a loop «; based at xzg and contained entirely inside one of the
two open sets U or V. If we denote by

ark-xap - X

the path obtained by transversing a;,...,ay at equal speed, i.e.,
_ . i—1j
(g *--xap)(s) =a;(ls—j+1) forse it
then [ * -+ ap] = [a1] % -+ - x [ag] = e, and S0 aq * -+ - x o is path homotopic to

the constant path at xg. Thus there exists a path homotopy H: I x I — X from
aq * -+ - % oy to the constant path; it satisfies

(20.6) H(s,1)=H(0,t) = H(1,t) =29 and H(s,0)= (ay*-- *xayg)(s)

for every s,t € I. Just as in the proof of Theorem 18.8, we divide the unit square
Ix I into m? smaller squares of side length %; if we choose m sufficiently large, then



H maps every little square entirely into one of the two open sets (by Lemma 17.10).
For the sake of convenience, we shall assume that m is a multiple of ¢.
Now we have a total of (m + 1)? points of the form

Tap=H <a,b> € X.
m m

For each 0 < a,b < m, we choose a path v, ; from the base point z( to the point
Zqb, in the following manner: if 24, = x¢, we let v, be the constant path; if the
point x4 belongs to U, V, or UNV, we choose 74, in U, V, or UNV, respectively.
This is possible because zg € U NV and all three open sets are path connected.

From the homotopy H, we now construct a large number of loops based at xg.
If we restrict H to the horizontal line segment

I—1xI, sw(“ﬂ b),

m - m
we obtain a path from the point z, 4 to the point 2441 4. By our choice of subdivi-
sion, this path stays inside U or V' the whole time. We can compose it with 7, and
Ya+1,» to obtain a loop based at the point xo; we shall denote it by hgp: I — X.
Because of how we choose the paths 7,5, the loop hg, also stays inside U or V' the
whole time. Similarly, we can restrict H to the vertical line segment

I—1xI, t»—>(a,b+t),

m - m

and by composing with ¥, 5 and 7,,4+1, obtain a loop v4,5: I — X based at xo that
stays inside U or V the whole time.

Lemma 20.7. For each 0 < a,b < m — 1, the two loops
ha,b * Va+1,b and Va,b * ha,b+1
are contained in the same open set U or V, and are path homotopic there.

Proof. Consider the restriction of H to the small square

(5,1) > (a—l—s’b—i-t).

m m

By construction, the image lies inside one of the two open sets, say U. The four
points Zgp, Tat1,by Ta,b+1, aNd Tay1p41 therefore all lie in U, and so the same is
true for the four paths va5, Ya+1,65 Ya,b+1, and Ya41,5+1. This clearly implies that
Ra,bs Vat1,bs Va,b, and hgpyq are all contained in U as well. From the restriction of
H, one can easily build a path homotopy in U between hg p xvq+1,5 and vgp * Ra b1,
and so the lemma is proved. O

Since our homotopy H satisfies (20.6), we have
[ha,m] = [vo,p] = [vmp] =€
for every 0 < a,b < m — 1. As an element of 71 (X), the product
wo = [vo,0] * -+ * [V0.m—1] * [Fo.m] * * % [Am—1,m]

is thus equal to the unit element e. By applying Lemma 20.7 for each of the m?
small squares, we can gradually rewrite this product until it becomes equal to

Wm2 = [h0,0] E SR 3 [hm—l,O] * [Um,O} ECIRICHE 3 [Um,m—l]'



In the first step, we use the relation [ho m—1] * [V1,m—1] = [V0,m—1] * [ho,m] to show
that wq is equal to the product

w1 = [UO,O] Kook [UO,m—Q] * [hO,m—l] * [vlﬂn—l] * [hl,m] Kook [h7n—1,m]~

In the second step, we use the relation [v1 ,—1] * [R1,m] = [h1,m—1] * [V2,m—1] tO
show that w; is equal to the product

wy = [vo,0] * - - - * [Vg,m—2] * [ho,m—1] * [R1,m=1] * [V2,m—1] * [R2,m] * - - - * [Fm—1,m],

and so on. After m? steps, we finally arrive at the expression for w,,>.

Now each loop hqp and v, p stays inside one of the two open sets, and so we can
consider the words wg, w1, ..., wy2 (after reduction) as elements of the free product
m1(U) w1 (V). In going from wg_; to wy, we performed the following operations:

(1) If hgp (or vgp) lies inside U NV, we may have viewed it as an element of
one of the groups m1(U) or 71 (V) in the word wy_1, and are viewing it as
an element of the other group in the word wy.

(2) We use the relation from Lemma 20.7, which holds in the group 71 (U) or
m1(V), depending on where H takes the k-th small square.

What this means is that the composition wk_lwk_l is the conjugate of an element
of the form [ha,b]U[hmb]‘_,l or [vmb]U[va,b]‘_,l, and therefore contained in the normal
subgroup NN. Since wq reduces to the empty word, it follows that the reduction
of w,,2 belongs to N. But because the homotopy H satisfies (20.6), the reduction
of w,,2 is equal to the word ¢; - - - g¢, and so we conclude that g; ---g, € N. This
finishes the proof of Theorem 20.5.

Example 20.8. The following special case may help you understand the proof. Sup-
pose that we have a single element g € m (U) such that ¥(g) = e. It is represented
by aloop a: I — U. Our goal is to prove that the word [«]y belongs to the normal
subgroup IV; we use subscripts to indicate whether a given loop is to be viewed as
an element of 71 (U) or w1 (V).

Let H: I xI — X be a path homotopy between o and the constant path e = e,
and suppose that m = 2, meaning that if we subdivide I x I into four squares, the
image of each small square is contained entirely in U or V. The following schematic
picture of the homotopy H shows the loops that we constructed during the proof:

e e
e Vv Vi1 U e
ho1 hi
e U Vo,1 V e
/Z,(),() hl,()
«

To be specific, let us suppose that each of the four squares maps into the open set
indicated by the label. Since « is contained in the open set U, we have

la]u = [ho,olu[h10]u
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as elements in the group 71 (U). The square in the bottom-right corner maps into
V', and by Lemma 20.7, this gives us the relation
[h1olv = [volv(hia]v.

Now hy ¢ is a loop in U NV, and so the word [hy o]ir[h1 0]y, belongs to the normal
subgroup N. In the free product 7 (U) * 71 (V'), we then get

[ = [hoolulhiolu - [hioly [hiolv
= [hoo)ulh1,0lu[hi0]y [hooly - [hooluvoa]v b aly.

Since the first factor is an element of the normal subgroup N, it will be enough to
show that [hO,O]U['UO,l]V[hl,l]V € N.
The square in the bottom-left corner maps into U, and therefore

[ho,oluvo]u = [hoalu-

Since vg1 is a loop in U NV, the word [vo1];'[vo,1]v belongs to N. In the free

product, we can then rewrite the word from above as
[hooluvo1]vhiily = [holulvelyt volvibhaly
= [hoaluvoaly vodlvikodlg! - Thoalulhialv.

This further reduces the problem to showing that [ho 1]y [h1,1]y € N.
The square on the top-right gives [h1 1]y = [v1,1]u; we can use this to rewrite
the word from the previous step as

[hoalulhialv = [hoalulhaalvbialy Tha]u
= [ho]ulhyilvPialy [hoals! - [hoalulvi]u
The first factor belongs to N, and so it suffices to show that [ho1]u[vi1]u € N.
Finally, the square on the top-left gives [ho 1]y = [v11]}'; once again, we use
this to rewrite the word from the previous step as
[hoalulvialu = [hoalulhoaly' - o]y [vialu,

and now both factors belong to N. This proves that our original element g € ker ¢
lies in the normal subgroup N; in fact, we have shown that

g =[hoolulhiolulhioly [Roolg! - [hoaluvoaly  [voi]vikols!
[hololhalvibialy Thoalg" - [hoalolhoaly' - [vraly! [viao
is the product of five elements in V.

The Seifert-van Kampen theorem. Let me now give the Seifert-van Kampen
theorem in its final form. Suppose that X is the union of two path connected open
sets U and V whose intersection U NV is also path connected. Choose a base point
zoeUNV,andleti: UNV — U and j: UNV — V denote the two inclusions.

Theorem 20.9. We have an isomorphism of groups
m (X, xg) =~ (711(U, xo) *x w1 (V, :L'O))/N7

where N is the smallest normal subgroup of the free product containing all elements
of the form (i.g)(j.g)~t, for g € m (U NV, x0).

There are two very useful special cases.
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Corollary 20.10. If the intersection U NV is simply connected, then m (X, xg) ~
7T1(U,’I0) * 7r1(V,x0).

Example 20.11. The corollary shows that the fundamental group of the figure 8 is
isomorphic to Z x Z. More precisely, let X be the union of two circles meeting in a
point zy. Note that we cannot take U and V' to be simply the two circles, because
U and V are supposed to be open sets. We can get around this problem with the
following trick. Let U be the open set consisting of the first circle and a small open
neighborhood of the point z( in the second circle; similarly, let V' be the open set
consisting of the second circle and a small open neighborhood of the point zg in
the first circle. Then U deformation retracts onto the first circle, V' deformation
retracts onto the second circle, and U NV deformation retracts on the one-point
set {xo}, and so we get

m (X, x0) 2 m (U, x0) xm1(V,20) ZZ * Z.

Corollary 20.12. If V is simply connected, then m (X, xo) ~ 71 (U, zo)/N, where
N is the smallest normal subgroup of m1 (U, xo) containing the image of m1 (UNV, x0).

Ezample 20.13. We can use the corollary to compute the fundamental group of the
torus in a different way. The torus T can be covered by two open sets U and V,
such that U deformation retracts onto the figure 8, and V' deformation retracts to
a point; the intersection U NV deformation retracts to a circle. If we denote by a
and b the two generators of m1(U) ~ Z x Z, the image of w1 (U N'V') consists of all
powers of the element aba~'b~'. In the quotient group, the two cosets aN and bN
commute, and so m1(7") is isomorphic to Z x Z.



LECTURE 21: NOVEMBER 10

Surfaces and their fundamental groups. Our topic today is surfaces. We are
going to compute the fundamental groups of all surfaces, and sketch the proof of the
classification theorem. To begin with, a surface will mean a (usually compact and
connected) 2-dimensional topological manifold. Surfaces can be either orientable
(such as the sphere or the torus) or non-orientable (such as the Klein bottle or the
Mobius band). Let us first define this notion more precisely. One way to see that
the Mobius band is non-orientable is by looking at the circle in the center: if we
draw an arrow that is pointing up, and then we slide it along the circle, it will come
back pointing down. This circle is an example of a one-sided curve: if we take a
small neighborhood of the circle, and then remove the circle from it, the complement
stays connected. Compare this with what happens to a small neighborhood of a
circle going around the torus, for example.

Definition 21.1. Let S be a surface, and C C S a curve homeomorphic to S'. We
say that C is one-sided if for every path connected open set U containing C, the
complement U \ C is path connected. Otherwise, we say that C' is two-sided.

We can use this to define orientability.

Definition 21.2. A surface S is called orientable if every curve on S is two-sided.
Otherwise, S is called non-orientable.

So any surface that contains a one-sided curve is non-orientable; a small neigh-
borhood of such a curve will then be homeomorphic to a Mébius band. With this
definition, it is not trivial to check that S? or the torus are orientable, but we are
going to ignore this technical point.

Ezample 21.3. We can construct orientable surfaces by taking the connected sum
of g > 1 copies of the torus; for ¢ = 0, we just take the sphere. An equivalent
description is to start from the sphere S? and to attach g handles: for each handle,
we remove two small open disks from the surface, and then attach a cylindrical tube
that joins the two boundary circles (in a way that keeps the surface orientable).
A third description (for g > 1) is to take a regular 4g-gon and to glue the edges
together in pairs, as in the following picture (for g = 3):

by

Here we glue together edges with the same label (such as a1 and a;); the bar means
that we use the opposite orientation, as indicated by the arrows. All 4g corners



of the polygon therefore become a single point in the quotient space, and the 4g
edges give us 2¢g different loops based at this point. It is easy to see that adding the
region above the dashed line is the same thing as taking the connected sum with a
copy of the torus; the quotient space is therefore another model for the connected
sum of g copies of the torus. We denote the resulting surface by the symbol X,.

The Seifert-van Kampen theorem makes it easy to compute the fundamental
group of the surface ¥,. We view ¥, as the quotient of a regular polygon with
4g edges. Let x¢ € X, be the image of 4g vertices (which all become one point in
Y,). Let V be a small open disk in the center of the polygon, and let U be the
complement of a slightly smaller closed disk. Then V' is simply connected; U NV
deformation retracts onto a circle; and U deformation retracts onto the boundary
of the polygon, hence on the union of 2¢ circles joined along the point z¢. It follows
that 71 (U, x) is isomorphic to the free group on 2¢ generators; we shall call these
generators ai,...,aq,b1,...,by, because they are the images of the 2¢g edges with
those labels. The fundamental group of U NV is isomorphic to Z, and is generated
by a circle going around the center of the polygon once in clockwise direction; in
Yg, this is homotopic to the loop

—1;—1 —1p—1
arbiai "b; ~-~agbgag bg .

With the notation [x,y] = xyz~ly~! for the commutator, we can abbreviate this
loop as [a1,b1] - [ag,bs]. According to Corollary 20.12, the fundamental group
of ¥, is isomorphic to the quotient of m1(U) by the smallest normal subgroup
containing the image of 1 (UNV'). (The point z( is not contained in the intersection
U NV, but this does not cause any problems because, up to isomorphism, the
fundamental group does not depend on the choice of base point.)

We conclude that 71 (X,) is isomorphic to the quotient of the free group on the 2¢
letters ai,...,aq,b1,...,by by the smallest normal subgroup containing the element

[a1,b1] -+ [ag, by] = arbyay oyt - - agbgaglbgl.

So we have 2¢g generators and a single relation. In group-theoretic notation, we can
express the result as follows.

Proposition 21.4. We have m(Z,) = <a1, s ag, b, by | [a1,b1] - - [ag, by) >

From this description of the fundamental group, we can read off the number of
handles g, and thereby show that the number of handles is uniquely determined
by the surface. For any group G, we can consider the abelianization, which is
the quotient of G' by the smallest normal subgroup containing all the commutators
[z,y] = xzyz~ty~'. Since [a1,b1] - - - [ag, by] is a product of commutators, the effect of
this operation on 7 (3,) is to make the 2g generators a1, . .., a4, b1, ..., b, commute;
the abelianization of 71 (3,) is therefore isomorphic to the product group Z?9. The

conclusion is that ¥, and ¥; are not homeomorphic for g # h.

Ezample 21.5. To construct a non-orientable surface, we can take a connected sum
of n > 1 copies of the projective plane P?. An equivalent description is to start
from the sphere S? and to attach n cross-caps: to attach a cross-cap, we remove a
small disk and identify opposite points on the resulting circle. Since P? with a disk
removed is homeomorphic to the Mobius strip, this is the same thing as attaching
n copies of the Mobius strip. A third description is to take a regular 2n-gon and
glue the edges together in pairs, as in the following picture (for n = 5):



ay
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as Q4
as

Again, all 2¢g corners of the polygon become a single point in the quotient space, and
the 2g edges give us ¢ different loops based at this point. It is also easy to see that
adding the region above the dashed line is the same thing as taking the connected
sum with P?. We denote the resulting non-orientable surface by the symbol Y.

The same argument as before proves the following result.
Proposition 21.6. We have ﬂl(f]n) = <a1, R, | at---a? >
Can you see how to read off the number n from this group?

The classification of surfaces. The main result in the theory of surfaces is that
every (compact and connected) surface is homeomorphic to one of the examples
constructed above.

Theorem 21.7. Let S be a compact and connected 2-dimensional topological man-
ifold. If S is orientable, then it is homeomorphic to X4 for a unique g > 0; if S is
non-orientable, then it is homeomorphic to ¥, for a unique n > 1.

This is a pretty deep theorem. All known proofs have two parts: first one shows
that a compact and connected surface has some additional structure; and then
one uses this additional structure to classify the surfaces. The first part is always
difficult; the second one is easier. The proof that I am going to present relies on
the fact that any surface can be triangulated. This is fairly difficult, and so I am
not going to talk about the proof; instead, I will show how one can classify surfaces
given a triangulation. (The best reference for the existence of triangulations is the
1992 article “The Jordan-Schoenflies Theorem and the Classification of Surfaces”
by Carsten Thomassen, see Amer. Math. Month. 99, 116-131.)

What do we mean by a triangulation? Imagine a finite number of triangles that
are glued together along their edges in order to make a compact and connected
surface; at each edge, we are only allowed to glue together two triangles. The fact
is that every (compact, connected) surface is homeomorphic to a surface made by
gluing together finitely many triangles.

Ezample 21.8. The sphere is homeomorphic to a tetrehedron (which consists of 4
triangles) or to an octahedron (which consists of 8 triangles), and also to a cube in
which we divide every face into two triangles (so that we get 12 triangles in total).
Here is a triangulation of the torus:



In this picture, we need to identify opposite sides of the square in the usual way.

Let S be a (compact, connected) surface, and fix a triangulation. The triangu-
lation gives us finitely many points and paths joining these points; it divides S into
regions that are homeomorphic to a standard triangle in the plane. Let us say that
the triangulation consists of ¢ triangles, and that we get a total of e edges and v
vertices. We can then define the Euler characteristic of the triangulation as

xX=v—e+teZ.

The name comes from Euler’s formula, which says that for any triangulation of a
convex polyhedron, the numbers v, e, and ¢ are related by the equation v—e+t = 2.
We will show in a little while that x is actually the same for every triangulation of
S, and is therefore an invariant of the surface itself.

Ezample 21.9. If we triangulate the sphere using the tetrahedron, we have (v, e, t) =
(4,6,4), and therefore x = 2. The triangulation of the torus has (v, e, t) = (4,12, 38),
and therefore x = 0. Let us also compute the Euler characteristic of the projec-
tive plane P2. Here we first triangulate the sphere using an octahedron, so that
(v,e,t) = (6,12,8). To get P2, we take the quotient by the equivalence relation
x ~ —z. This identifies every vertex/edge/triangle with the vertex/edge/triangle
on the opposite side, and therefore gives us a triangulation of P? in which (v, e, t) =
(3,6,4). Consequently, we get x = 1 for the projective plane.

We now use the triangulation to draw two graphs on the surface. The first graph
T is a maximal tree in the triangulation, meaning a connected graph that contains
all the vertices of the triangulations but has no cycles. This tree will have v vertices
and some number e; < e of edges. The second graph G is a sort of dual graph to
the tree: we put one vertex in every triangle of the triangulation, and join two
vertices by an edge if the two triangles have a common edge that is not contained
in the tree T'. The graph G will therefore have ¢ vertices and some number es < e
of edges; clearly, e; + es = e. Here is what this looks like in the case of the torus:




Now we observe that the graph G is connected, due to the fact that .S is connected
and T is a tree. Indeed, suppose that G had more than one connected component.
If we look at the union of all the triangles that are touched by a given component of
G, then the outside boundary of this region would have to consist entirely of edges
in T (because G cannot have any edges that cross this boundary), and this would
mean that T’ contains a cycle; but this is not allowed because T is a tree.

For any graph G with v vertices and e edges, we define the Fuler characteristic
as X(G) = v—e. It is a simple exercise in graph theory to show that any connected
graph satisfies x(G) < 1, and that x(G) = 1 happens if and only if G is a tree. We
can therefore rewrite the Euler characteristic of the triangulation as

x=v—e+t=(v—e)+(t—e2)=x(T)+x(G)=1+x(G) <2
Now there are two cases:

(1) The first case is x = 2. We will argue that .S is homeomorphic to the sphere.
From the inequality above, we get x(G) = 1, and so G is also a tree. It is easy to see
that the tree T has a neighborhood U that is homeomorphic to the disk B2. Since
T and G are disjoint, we can also find a neighborhood V' of G that is homeomorphic
to B? and disjoint from U. Now we enlarge U and V until they fill up the entire
surface and meet exactly along their boundaries. This sounds complicated, but it
can easily be done by working in one triangle at a time. The conclusion is that S
is the union of two disks glued along their boundary circles, and so S = S2.

(2) The second case is x < 0. Now x(G) < 1, and so G has to contain a
cycle. Pick any cycle v in G, and suppose that v has k vertices and k edges. Since
v is contained in GG, the complement of v in S is connected: by construction, this
complement contains 7', and we can walk along 7" to any vertex of the triangulation.

Let us first assume that S is orientable. Then the curve described by « is two-
sided, and so if we make a cut along 7, we get a surface with boundary, whose
boundary consists of two copies of . To each of these two boundaries, we attach a
cap homeomorphic to the disk, consisting of k£ triangles meeting in one additional
vertex. Let us call the new surface that we obtain in this way S’; it is still compact,
connected, and orientable, and still has a triangulation. The new triangulation has
t' = t + 2k triangles; and since all the edges and vertices in v got duplicated, it
has v' = v + k + 2 vertices and ¢’ = e + 3k edges. The Euler characteristic of the
triangulation on S’ is therefore

X' =v - +t'=w+k+2)—(e+3k)+(t+2k)=v—e+t+2=x+2.

By induction (on the value of x), we conclude that S” is homeomorphic to ¥, for
some g > 1. But S is obviously obtained from S’ by attaching a single handle, and
consequently S = 3,. This argument also shows that y = 2 —2g. We already know
that the number of handles is an invariant of the surface (up to homeomorphism),
and so we may conclude that all triangulations of the surface ¥, have the same
Euler characteristic, namely 2 — 2g. (Euler’s formula is the special case g = 0.)
The analysis in the non-orientable case is basically the same. If the curve de-
scribed by ~y is two-sided, then we cut along + and obtain a new surface S’ with
X' = x + 2 that is still non-orientable; S is obtained from S’ by attaching a single
handle. If the curve described by ~ is one-sided, then cutting along ~ results in a
surface with a single boundary consisting of a cycle with 2k edges and 2k vertices.



After gluing on a cap homeomorphic to the disk, consisting of 2k triangles meet-
ing in one additional vertex, we get a new surface S”. The new triangulation has
t"” =t + 2k triangles, ¢’ = ¢ + 3k edges, and v/ = v + k + 1 vertices, and therefore
Euler characteristic
X'=v"—€e"+t"=@w+k+1)—(e+3k)+ (t +2k) = x + 1.

Moreover, S is obtained from S” by attaching a single cross-cap. Note that S”
could be orientable or non-orientable. Either way, by induction (on the value of x),
we find that S is homeomorphic to S? with a certain number of handles (possibly
zero) and a certain number of cross-caps (at least one) attached.

We can use a trick to transform each handle into two cross-caps. Since S is
non-orientable, it contains a one-sided curve. For each handle, we take one of the
two attaching circles, move it until it meets the one-sided curve, and then slide it
along that one-sided curve until it comes back to the starting point. This has the
effect of reversing the orientation of the attaching circle, and therefore transforms
our handle, which is really the connected sum with a torus, into the connected
sum with a Klein bottle. Because we know that the Klein bottle is homeomorphic
to P2#P2, this allows us to replace each handle by two cross-caps, and therefore
proves that S = f]n for some n > 1. From the formulas that we used during the
proof, we can again see that x = 2 — n, and hence that every triangulation of the
non-orientable surface f)n has the same Euler characteristic 2 — n.



LECTURE 22: NOVEMBER 15

Covering spaces. We have already seen that there is a close relationship between
covering spaces and the fundamental group. Recall that a covering space of a
topological space B is a surjective continuous function p: E — B such that every
point in B has a neighborhood U that is evenly covered by p. Under some relatively
mild assumptions on B, one can classify all possible covering spaces in terms of the
fundamental group m (B, bg); today and next time, I am going to explain how this
classification works.
The starting point is the following simple observation.

Lemma 22.1. Let p: E — B be a covering space. If by € B and ey € E are base
points satisfying p(eg) = bo, the the induced homomorphism

Px: 7T1(E,€0) — 7T1(B,b0)
1s injective.
Proof. Since p, is a group homomorphism, it is enough to show that ker p, = {e}.
Suppose that [a] € 71(E, ep) is an element of ker p,, which means that po « is path
homotopic to the constant path at by. Now obviously « is a lifting of po «, and the
constant path at eq is a lifting of the constant path at by; therefore Corollary 18.1

shows that « is path homotopic to the constant path. But this means exactly that
[a] = e, which is what we wanted to show. O

From a covering space p: E — B with p(eg) = by, we therefore obtain a subgroup
HO = D« (7T1(E, 60)) g 7T1(B7 b())

isomorphic to w1 (F, eg); we will see below that knowing this subgroup is more or
less equivalent to knowing the original covering space. In fact, our goal will be to
prove that there is a one-to-one correspondence between covering spaces of B (up
to equivalence) and subgroups of 71(B, bg) (up to conjugacy).

The lifting lemma. In order to get a satisfactory theory, we shall assume from
now on that the space B is locally path connected. Now B is a disjoint union of
path connected open subspaces: indeed, we proved earlier in the semester that the
path components of a locally path connected space are open. Without any loss of
generality, we may therefore assume in addition that B is path connected.

Definition 22.2. A topological space is called nice if it is path connected and
locally path connected. A covering space p: E — B is called nice if E is nice; since
p is surjective and a local homeomorphism, B is then automatically nice as well.

Some time ago, we showed that paths and homotopies can be uniquely lifted to
a covering space. Those were special cases of the following lifting lemma.

Proposition 22.3. Let p: E — B be a nice covering space with p(eg) = by. Sup-
pose that Y is a nice topological space, and that f: Y — B is a continuous function
with f(yo) = bg. Then the following two statements are equivalent:

(a) There exists a (unique) lifting f: Y — E with f(yo) = e and po f = f.
E
o J(p

_f



(b) One has f. (71'1(Y, yo)) C p. (Wl(E,eo)).

The proof that (a) implies (b) is a straightforward consequence of the fact that
the fundamental group is a functor. Suppose we have a lifting f: Y — E with

f(yo) =eg and po f = f. We obtain a commutative diagram

1 (E7 60)

L
71(Y,%0) LN 71(B, bo)

of groups and group homomorphisms. Since p, o f, = f., it is clear that
fe(m1(Y,90)) = (ps o f) (Y. y0)) € pa (m1(E, €0)).

It is also not hard to see that the lifting f is uniquely determined by f. Indeed,
given y; € Y, we can choose a path « from the base point yg to the point y;; then
v = foais a path from the base point e to the point f(y1). Now ~ is clearly a
lifting of the path f o a; since p: F — B is a covering space, Theorem 17.9 tells
us that the path f o a has a unique lifting with this property. This means that
f (y1) = (1) is uniquely determined by the path f o a, and so f can have at most
one lifting f.

Now let us deal with the more interesting implication, namely (b) implies (a).

The first step is to construct a function f: Y — E with f(yo) —epand pof = f.
Here we take hint from the comments above, and define f by lifting paths. Given
y1 € Y, choose a path « from gy to y1; such a path exists because Y is path
connected. The image f o« is a path from by = f(yo) to f(y1); by Theorem 17.9,
it admits a unique lifting to a path v: I — E with

v(0)=¢€y and povy= foa.

We would like to define f(y;) = y(1). This only makes sense if we can show that
this point is independent of the path a.

Lemma 22.4. If &’ is another path from yg to yi, then v/'(1) = v(1).

Proof. The composition o’ * & is a loop based at the point g, hence represents an
element of m1 (Y, yo). Since we are assuming that (b) holds, we have

f*[o/ *a) € f*(ﬂ'l(Y,yo)) gp*(ﬂ'l(Ean))?

consequently, there is an element [3] € w1 (F,eg) such that fi[o/ * a] = p.[F].
Concretely, 3 is a loop based at the point eg and

(foa)x(foa)~, (poh);
by the general properties of composition of paths, it follows that
(foa')~p (poB)(foa).

Now ~ and + are the unique liftings of foa and foa/, and § is obviously a lifting
of po 8; by Corollary 18.1, we get 7 ~, 5%y and

V(1) = (Bx7)(1) =~(1),

which is what we had set out to show. O
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As a result, we have a well-defined function f:Y — E. It is clear from the
construction that f(yg) = e (take « to be the constant path at yo); since

(po fy) = (pe)(1) = (foa)l) = f(n),

we also obtain without difficulty that po f = f. What is less clear is that f is
actually continuous — note that this is the only place where the assumption about
local path connectedness is used.

Lemma 22.5. The function f: Y — E is continuous.

Proof. Let V be an arbitrary open set containing the point f (y1); to prove that f is
continuous, we have to find a neighborhood W of the point y; such that f(W) cVv.
Since p: E — B is a covering space, some neighborhood of f(y1) is evenly covered
by p; inside of this neighborhood, we can find a smaller neighborhood U of f(y1)
that is also path connected (because B is locally path connected). Then p=1(U) is
a disjoint union of open subsets of F; let V{y be the one containing the point f(yl)
After shrinking U, if necessary, we may assume that Vo C V. On the other hand,
f is continuous, and so f~1(U) is an open set containing the point y;; since Y is
locally path connected, we can find a path connected neighborhood W of y; with
fW)cu.

Now I claim that f(W) C V. To prove this, let y € W be an arbitrary point.
Since W is path connected, there is a path 8: I — W with 5(0) = y; and (1) = y;

then « * 8 is a path from yg to y. To compute f(y), we have to lift

folaxp)=(foa)x(fop)

to a path in E. Recall that « is the unique lifting of f o « with v(0) = ep. It is
also not hard to find a lifting of the path f o 3: since U is evenly covered by p, the
restriction

Do =p]VO: Vo = U
is a homeomorphism, and so § = po_1 ofof:I— Vjis a lifting of the path fo g
with §(0) = v(1). The composition 7 * ¢ is defined, and
po(yxd)=(pon)*(pod)=(foa)x(fop)
hence ~ * § is the desired lifting of f o (« * 3). But then

fly)=(=*6)(1)=46(1) e o CV,

as claimed. 0

Covering spaces and subgroups, Part 1. With the covering lemma in hand,
we can now start looking at the correspondence between covering spaces of B and
subgroups of m1 (B, by). If p: E — B is a covering space with p(eg) = by, we denote
by

HO = Px (7T1(E,60)) Q 7T1(B7b0)

the resulting subgroup of the fundamental group; note that it depends on the choice
of base point eg € E.



Definition 22.6. Two covering spaces p: £ — B and p': E/ — B are called
equivalent if there exists a homeomorphism h: £ — E’ with p = p’ o h.

h B

N

With this notion of equivalence, we are allowed to replace E by a homeomorphic
space E’, provided we also replace p by the function p’ = p o h~!. Here is a first
result that relates covering spaces and subgroups.

Theorem 22.7. Let p: E — B and p': E' — B be two nice covering spaces, with
base points eg € E and ey € E’ satisfying p(eo) = p'(e,) = bg. Then the following
two statements are equivalent:
(a) There exists a homeomorphism h: E — E' with p’ o h = p and h(eg) = e}.
(b) The two groups Hy = p.(m1(E, eo)) and Hy = pl(m1(E',ef)) are equal.

Proof. Asin the case of the lifting lemma, one implication is straightforward. Given
a homeomorphism h: E — E’ as in (a), we get the following commutative diagram
of groups and group homomorphisms:

m(E, eq) "y m (B eh)
P=
\,4 v
™ (Ba bO)

Now p’, o hy = ps, and because h is a homeomorphism, h, is bijective. From this,
one easily deduces that Hy = Hj,.

To prove the converse, we shall use the lifting lemma — as it turns out, four
times. We are trying to find a continuous function h: E — E’ with h(eg) = €{, and
p’ o h = p, or in other words, a lifting of p to the covering space p’: E' — B.

E/

h 7 J/ ’

p
E—-2+.B

Since F and E’ are both nice, Proposition 22.3 shows that a necessary and sufficient
condition is that

HO = P« (7T1(E,60)) c p; (7T1(E/,66)) = H(,)

Because Hy = H{,, this condition is clearly satisfied, and so there is a (unique)
lifting h: E — E’. Since we also have H| C Hy, a similar argument shows that
there is a (unique) lifting k: E' — E with k(e{) = ep and pok =p'.

Now I claim that both koh and hok are equal to the identity, which means that
h is a homeomorphism with inverse k. This follows from the uniqueness statement
in Proposition 22.3. Indeed, both k o h and id are liftings of p: E — B to the
covering space p: E — B; since there can be at most one lifting, k o h = id.

E
koh=id _ 7 lp

E-*,B
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The same argument shows that h o k = id, and so & is a homeomorphism. O

This result shows that if Hy = H{, then the two covering spaces p: E — B
and p’: £/ — B are equivalent. The equivalence in the theorem was not arbitary,
however, but was supposed to be compatible with a fixed choice of base points. We
should therefore figure out what happens when we change the base point. Suppose
that e; € E is another point with p(e;) = bg. Since E is path connected, the
two groups 71 (F, eg) and w1 (E, e1) are isomorphic. This does not mean that their
images Hp and H; in 71 (B, by) have to be equal; but they are related in the following
way.

Definition 22.8. Two subgroups Hy and H; of a group G are conjugate if there
is an element g € G such that H; = gHpg™!; said differently, the isomorphism
G — G, x + gxg~ ', should take one subgroup to the other.

With this definition, we can state an improved version of Theorem 22.7.
Theorem 22.9. Let p: E — B and p': E' — B be two nice covering spaces, with
base points eg € E and e, € E' satisfying p(eo) = p'(el) = bo. Then the following
two statements are equivalent:

(a) There exists a homeomorphism h: E — E' with p’ o h = p.
(b) The two subgroups Hy and H{y of 71(B,bo) are conjugate.

We begin the proof by analyzing how the group Hy depends on the choice of
base point eq € p~1(bp).
Lemma 22.10. Let p: E — B be a nice covering space with p(eg) = by, and define
Hy = p. (771 (E, 60)) .
(a) If ey € p~Y(bo), then the subgroup Hy = p, (71'1(E,61)) is conjugate to Hy.
(b) Conversely, if H C G is any subgroup conjugate to Hy, then there is a point
e € p~Y(by) such that H = p,(m(E,€)).
Proof. To prove (a), choose a path ¢: I — E with ¢(0) = ep and ¢(1) = e;. We
already know from Lemma 17.1 that the function
¢ mi(E,e0) = mi(Eye1), [a] = [p*axy]
is an isomorphism of groups. Since p(eg) = p(e1) = bo, the path 8 = pop is a loop
based at the point by. Now we compute that
(peo@)la] = pufpraxyg]=[pog]*[poal[poy]=[B]""* (p[a]) * 6],
and because ¢ is an isomorphism, it follows that

Hy = p.(mi(B,e1)) = (pe 0 @) (mi(E,e0)) = [B]~" * Ho * [B].
Because [(] € m1(B,bg), this means that H; and Hy are conjugate subgroups.
To prove (b), let [a] € m1(B,bg) be some element with the property that
H = [o]™! * Hy * [a].

By Theorem 17.9, a can be uniquely lifted to a path &: I — E with &(0) = eg, and
if we set e = &(1), the same argument as above shows that H = p, (71 (E,e)). O

Proof of Theorem 22.9. Let us first show that (a) implies (b). The given homeo-
morphism h: E — E’ may not take eg to ef), so put ¢, = h(eg). Then Theorem 22.7
shows that

Hi :P; (7T1(Ela€/1)) = Hp.



By Lemma 22.10, H} and Hj are conjugate subgroups of 71 (B, bp), and (b) follows.

To prove the converse, we apply Lemma 22.10 to the subgroup Hy to conclude
that there is a point e € E with Hy = p.(m1(E, e)). Now Theorem 22.7 shows that
there is a homeomorphism h: F — E’ with p’ o h = p and h(e) = e}; in particular,
the two covering spaces are equivalent. ([l

Now an obvious question is whether every subgroup of 71(B, bg) corresponds to
some covering space. Under an additional minor assumption on B, the answer is
yes; in particular, there is a simply connected covering space corresponding to the
trivial subgroup {e}, called the universal covering space. Next time, I will explain
how to construct covering spaces from subgroups.
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Last time, we showed that a nice covering space p: F — B is uniquely determined
(up to homeomorphism) by the subgroup

Ho = p.(m1(E, e0)) € m1(B, bo).

If we change the base point ey € E, the subgroup may change, but only to another
subgroup that is conjugate to Hy. Now the natural question is whether every
subgroup of 71 (B, by) is actually realized by some covering space.

Ezample 23.1. Since p, is injective, the trivial subgroup {e} would correspond to
a simply connected covering space. Such a covering space, if it exists, is unique up
to homeomorphism, and is called the universal covering space of B.

In this generality, the answer to the question is negative: not every nice (= path
connected and locally path connected) space has a universal covering space. The
following lemma shows that there is another necessary condition.

Lemma 23.2. If a nice topological space has a simply connected covering space
p: E — B, then every point b € B has a neighborhood U such that the homomor-
phism 71 (U, b) — 71(B,b) is trivial.

Proof. Let U be any neighborhood of b that is evenly covered by p. Let V C p~1(U)
be one of the disjoint open subsets homeomorphic to U, and let e € V Np~1(b) be
the unique point mapping to b. We get the following diagram of groups and group
homomorphisms:

m(V,e) —— m(E,e)
[
m (U, b) —— m(B,b)

Since U and V are homeomorphic, the vertical arrow on the left is an isomorphism.
Given that 71 (E, e) is the trivial group, the image of m (U,b) — 71 (B,b) must be
the trivial subgroup, too. O

Ezample 23.3. Here is an example of a space where this property fails to hold.

Let B C R? be the union of the circles

On {(xay) GRQ

(i) =)
Tr— — +y:7
n n

forn =1,2,.... Since every one of these circles gives a different nontrivial element
in (B, (0, O))7 the point (0,0) does not have any neighborhood as in the lemma,
and therefore B cannot have a universal covering space.



Fortunately, it turns out that the property in Lemma 23.2 is also sufficient for
the existence of a universal covering space.

Definition 23.4. A nice topological space B is called semi-locally simply connected
if every point b € B has a neighborhood U such that 71 (U,b) — m1(B,b) is the
trivial homomorphism.

Of course, every neighborhood of b that is contained in U will have the same
property. This notion is weaker than being locally simply connected (which would
mean that U itself is simply connected).

Existence of covering spaces. The main existence result for covering spaces is
the following.

Theorem 23.5. Let B be nice and semi-locally simply connected. Then for every
subgroup H C 71(B,by), there is a nice covering space p: E — B and a point
eo € p*(bo) such that p.(mi(E,eo)) = H.

The proof is somewhat long, but not very difficult. Given a subgroup H, we
have to construct a suitable covering space p: F — Bj; the main idea is to use the
path lifting property of covering spaces. Suppose for a moment that we already
had p: E — B. Since FE is supposed to be path connected, every point e € E can
be joined to ey by a path a. Its image a = p o & is a path in B that starts at the
base point by and ends at the point a(1) = p(e). Now we observe two things:

(1) The path & is uniquely determined by «, according to the path lifting
property of covering spaces in Theorem 17.9.
(2) If we choose a different path B from eq to e, then B = po 3 ends at the
same point p(e); moreover [a * 3] is an element of the subgroup H, because
& followed by the inverse of 3 is an element of 7, (E, ).
This means that points in E are in one-to-one correspondence with paths that start
at the point by, subject to the equivalence relation

(23.6) a~pB <= «al)=p5(1)and [a*p] € H.

We now use this idea to construct p: £ — B from the subgroup H; for the sake of
clarity, I shall divide the proof into eight steps.

Step 1. We define p: E — B on the level of sets. Let Cy(I, B) be the set of all
paths a: I — B with «(0) = by. It is easy to see that the conditions in (23.6)
define an equivalence relation on Cy(I, B); we let af denote the equivalence class
of the path a. Now let

E={da"|aeCyI,B)}
be the set of equivalence classes. Since equivalent paths have the same endpoint,
the function

p: E—= B, p(a®)=a(l),
is well-defined; it is also surjective, due to the fact that B is path connected.

Step 2. We put a topology on E. There are two ways of doing this. One is to give
the space C(I, B) and its subspaces Cy(I, B) the compact-open topology, and then
to give E = Cy(I, B)/ ~ the quotient toplogy. A more concrete way is by writing
down a basis. For any path a € Cy(I, B) and for any path connected neighborhood
U of the point (1), let

B(U,a) ={ (o % 6)F | 6 is a path in U with §(0) = a(1) }.
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Taking 6 = e, (1) shows that of € B(U, a). We shall argue in a moment that these
sets form a basis for a topology on E; to make that easier, let us first prove a small
lemma.

Lemma 23.7. If 3% € B(U, ), then B(U,a) = B(U, B).

Proof. By assumption, 8% = (a % §)* for some path 6: I — U with §(0) = a(1).
Since ¢ * 0 is path homotopic to the constant path at a(1), we have

(8% 8)F = ((ad)«5)" = of,

which means that of € B(U,3). Whenever v is a path in U starting at the point
B(1), we compute that

(Bx7)" = ((a*8) * 'y)ﬁ = (o= (6% ’y))ti € B(U,a),
and so B(U, 8) C B(U, «); the other inclusion follows by symmetry. O

Step 8. We show that the sets B(U,«) form a basis for a topology on E. Since
af € B(U,a) and since B is locally path connected, it is clear that the union of all
basic sets is E. It remains to show that B(Uy, a1) N B(Us, a2) is covered by basic
sets. If 8% € B(Uy, 1) N B(Us, az) is an arbitrary point in the intersection, let V'
be a path connected neighborhood of B(1) contained in Uy N Us. Then

B(V,B) € B(U, ) N B(Uz, B) = B(U1, 1) N B(Uz, ),

where the last equality is due to the lemma. The criterion in Proposition 2.8 shows
that E has a topology in which the B(U, ) are basic open sets.

Step 4. We argue that p: E — B is continuous and open. Openness is easy: it is
enough to show that the image of every basic open sets is open, and p(B(U, a)) =U
because U is path connected. To prove that p is continuous at the point of € E,
let V' C B be an arbitrary neighborhood of p(af) = a(1). Since B is locally path
connected, we can find a path connected neighborhood U C V; then p(B (U, a)) =
U CV, and so p is continuous.

Step 5. We show that p: E — B is a covering space. Given any point by € B, let
U be a path connected neighborhood with the property that 1 (U, b1) — 71 (B, b1)
is trivial. We shall argue that U is evenly covered by p. First, we have

pH(U) =JBU, ),

where the union is over all paths a: I — B with a(0) = by and «(1) = b;. Since
p(B(U, a)) = U, one inclusion is clear. To prove the other one, suppose that
B(1) = p(B*¥) € U. Because U is path connected, we can choose a path ¢ in U from
the point by to the point §(1); then

a=pFx0
is a path from by to by, and B* = (a*6)* € B(U,a). By the lemma, distinct sets of
the form B(U, «) are disjoint; thus p~1(U) is a disjoint union of open sets.
Lemma 23.8. p induces a homeomorphism between B(U,«) and U.

Proof. We already know that p is continuous and open; moreover p(B (U, a)) =U.
It remains to show that the restriction of p to B(U, ) is injective. Suppose that

p((a * 51)ﬁ) = p((a * 52)ﬁ).



Then d1(1) = d2(1), and so &y * 6 is a loop in U based at the point by. Because
w1 (U, b1) — w1 (B, by) is the trivial homomorphism, we have [§; * d2] = e; but then
[(a % 81) % 0o % @) = [a] % [61 * 0o] x [@] = [a] * [a] = e,
which proves that (o * 0;)% = (a % §2)%. O

We conclude that p: E — B is a covering space. Let ey be the equivalence class
of the constant path at by; obviously, p(eg) = bo.

Step 6. We give a formula for the lifting of paths from B to E. Suppose that
«a: I — B is a path with «(0) = bg. Since p: E — B has the path lifting property,
we know that there is a unique lifting &: I — E with &(0) = eg. We shall validate
the original idea for the construction by showing that this lifting ends at the point
af. For any c € I, define

ac: I — B, a.(t) = alct);

it is simply the portion of the path a between a(0) and a(c). Note that g is the
constant path at by, whereas oy = a. Now define

a:I—E, a(c)=al.

Then &(0) = e, and since p(&(c)) = (1) = a(c), this must be the desired lifting
of a, provided we can prove continuity.

Lemma 23.9. & is continuous.

Proof. To show that & is continuous at the point ¢ € I, let B(U, ) be one of the
basic open sets containing the point af. Since «a is continuous, we can certainly
choose some € > 0 so that a(d) € U whenever |c¢ — d| < €; now it is not hard to see
that aﬁl € B(U, a.) for every such d. O

Step 7. We conclude that p: E — B is a nice covering space. This is immediate,
because for any of € E, the lifting & from Step 6 is a path that connects the base
point eg to the point of. Consequently, E is path connected; it is also locally path
connected (because it is locally homeomorphic to B by Step 5).

Step 8. We show that H = p,(m1(E, ep)). Let a be an arbitrary loop in B based
at by, and let a: I — E be the lifting constructed in Step 6. By the uniqueness
of liftings, we have a € p, (7r1 (E, eo)) if and only if & starts and ends at the point
eo. Because @(1) = of, this is the same as saying that af = eg, which by (23.6) is
equivalent to [o] € H.

This concludes the proof of Theorem 23.5. In the case H = {e}, the equivalence
relation is just that of path homotopy; in the model we have constructed, the points
of the universal covering space are therefore path homotopy classes of paths starting
at the point by. Note that p~1(bg) is exactly the set (B, bg), as it should be.

Corollary 23.10. If B is nice and semi-locally simply connected, then we have a
bijective correspondence between nice covering spaces of B (up to equivalence) and
subgroups of w1 (B, by) (up to conjugacy).

FEzample 23.11. The description of the covering space in terms of paths can be used
to visualize the universal covering space. If X is the union of two circles a and b,
touching at a single point x(, the universal covering space has the following shape:



a” ?&Fﬁ_
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Every horizontal line goes around the circle a, every vertical line around the circle
b, with left /right and up/down corresponding to the two possible orientations. The
crossing points are naturally labeled by the elements of the free group on two
generators; since these are exactly the points that map to the base point zg, this
shows again that the fundamental group of X is Z x Z.
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Deck transformations. When we studied the correspondence between subgroups
of the fundamental group and covering space, we introduced the notion of equiva-
lence for covering spaces. Our goal today is to describe all possible self-equivalences
of a given covering space.

Definition 24.1. Let p: E — B be a nice covering space. A deck transformation
is a homeomorphism h: F — E with po h = p.

FE—"» o F

N4

The set of all deck transformations of a given covering space is a group under
composition; the unit element is the identity idg: E — E. We denote this group
by Autg(E). Our goal is to describe Autp(F) in terms of the fundamental group.

Deck transformations on the universal covering space. Let us begin by
looking at the special case where p: E — B is the universal covering space of B.
As usual, we choose base points by € B and eg € E such that p(eg) = by. Since E
is simply connected, the subgroup

Hy = p.(m(E,e0)) € m(B,bo)

is of course trivial.
Now if e; € E' is a second point with p(e;) = by, then the subgroup

Hl = P« (WI(E761)) g 7"-I(BvlJO)

is also trivial, and so Hy = H;. According to Theorem 22.7, there is a unique
homeomorphism h: E — E such that po h = p and h(eg) = e;. Thus for every
point e; € p~1(bp) in the fiber over by, there is a unique deck transformation that
takes the base point ey to the point e;. Said differently, the function

co: Autg(E) — p~*(bg), h > h(eg)
is a bijection. The lifting correspondence in Theorem 18.2 gives us another bijection
0: (B, bo) — p t(bo), L(a)=a(l);

here « is any loop based at the point by, and & is its unique lifting to a path
starting at ey. By composing ¢y and £~1, we get a bijection between the group of
deck transformations and the fundamental group:

AutB(E) L p_l(bo)

Proposition 24.2. The bijection
~to €0 AutB(E) — 7'('1(B7 bo)

is an isomorphism of groups.
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Proof. Tt suffices to show that £~ o ¢y is a group homomorphism. Let hi, hy €
Autp(FE) be two deck transformations, and put

e1 =¢eo(h1) = hi(eg) and ez =eg(ha) = ha(ep).
Choose paths &; from eg to e; and as from eg to es; then &; is a lifting of the loop
ap =poap and as is a lifting of as = p o ag; consequently,

(7ey) =[] and £71(ep) = [l
To prove that £~ ! o gg is a homomorphism, we have to show that
(67" ogg) (h1 o ho) = a1 * aa].

Now go(h1ohg) = (hyohs)(eg) = hi(ez), and so we will be done once we show that
(24.3) L(ay * ag) = hy(ea).

We already have a path as from the base point eg to the point es; if we apply the
deck transformation hi: E — E to it, we obtain a path h; o as from the point
e1 = hi(eg) to the point hj(ez). The composed path

O~é1 * (hl o} 6&2)
is still a lifting of the loop a; * as because
po(dyx(hyody)) = (poday)*(pohiods) = x(pods)=ay*as.

Since it starts at the point eg and ends at the point hi(es), the definition of the
lifting correspondence shows that (24.3) is satisfied. O

To summarize: The group of deck transformations of the universal covering space
is isomorphic to the fundamental group; moreover, for any two points in the same
fiber, there is a unique deck transformation taking one to the other. (One says that
the group of deck transformations acts simply transitively on the fibers.)

Ezample 24.4. The universal covering space of the circle is p: R — S!; here the
fundamental group is Z, and since p(x+n) = p(z), the group of deck transformations
is also Z.

Ezample 24.5. The real projective plane P2 was the quotient of S? by the equiv-
alence relation x ~ —z. Here the fundamental group is Zs, and there are exactly
two deck transformations: the identity and the antipodal map = — —x.

The fundamental group (B, bg) therefore acts on the universal covering space
by homeomorphisms; you can find some more information about this on the home-
work for next week.

Deck transformations and regular covering spaces. Now let us return to the
general case where p: ¥ — B is a nice covering space and by € B and ey € F are
base points with p(eg) = by. Let

Ho = p.(m1(E, e0)) € m1(B, bo)

be the corresponding subgroup. We would like to relate the group of deck transfor-
mations to Hy, only this time, the relationship will not be quite as straightforward.
We again consider the function

go: Autp(E) — p~'(by), eo(h) = h(ep).
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The uniqueness statement in Theorem 22.7 means that a deck transformation is
completely determined by where it takes the point eg; thus g is injective. As
before, we also have the lifting correspondence

l: 7T1(B,b0) %pil(bo),
which is surjective since F is path connected.

Lemma 24.6. Let o be a loop based at by. The point £(«) belongs to the image of
go if and only if [a] * Hy x [a]~! = H,.

Proof. Let & denote the unique lifting of v to a path starting at ep; then e; = &(1) =
() belongs to the fiber p~1(by). By Theorem 22.7, there is a deck transformation
h with eg(h) = h(eg) = e if and only if
D (7r1 (E, el)) = H,
Since @ is a path from eg to ey, we have
[a] x 1 (F,e1) = m(E,e) * [a];
after applying the homomorphism p,, this becomes
[a] * ps (m(E, 61)) = Hy * [a],
and so a suitable deck transformation exists if and only if [a] * Hy = Ho * [o]. O

The property in the lemma already has a name in group theory.

Definition 24.7. Let H be a subgroup of a group GG. The subgroup
NH)={geG|gHg '=H}
is called the normalizer of H in G.

Note that H is a normal subgroup of N(H); in fact, it is not hard to see that
N(H) is the largest subgroup of G that contains H as a normal subgroup. For
example, H is normal in G if and only if N(H) = G.

Returning to the case of covering spaces, Lemma 24.6 tells us that

€0: AutB (E) — e(N(Ho))
is a bijection. To complete our description of the group Autp(FE), it remains to
compute ¢(N(Hy)) in terms of the subgroup H.
Lemma 24.8. The lifting correspondence £ induces a bijection

(: N(Hy)/Ho — ¢(N(Hp)).
Proof. Recall that the elements of the quotient N (Hy)/Hy are the left cosets [a]* Hy
for [a] € N(Hy); since Hy < N(Hyp) is normal, the quotient is itself a group.

Obviously, ¢: N(Hy) — ¢(N(Hp)) is surjective; thus it suffices to show that two
elements [a], [8] € N(Hy) have same image under ¢ if and only if [o]* Hy = [8]* Ho.

Let & and 8 be the unique liftings to paths starting at ey; then
K(Otl) = E(Oég) = d(l) = B(l)
If @(1) = B(1), then the composition of & and the inverse of f is a loop based at
eo, and so [a] * [3]71 € Hy. That being the case, we compute that
[a] ¥ Hy = Ho * [a] = Ho * [a] % [B] 7" % [8] = Ho = [8] = [5] * Ho,
where the first and last equalities hold because [a],[3] € N(Hp). To prove the
converse, run the same argument backwards. ([



We can now consider the composition
(toey: Autg(E) — N(Hp)/Ho,

and for the same reason as in Proposition 24.2; this bijection is actually a group
isomorphism. Let me state the final conclusion in the form of a theorem.

Theorem 24.9. Let p: E — B be a nice covering space. If Hy = p. (7T1(E,€0))
denotes the corresponding subgroup of w1(B,by), then

AutB(E) ~ N(Ho)/HO

In words, the group of deck transformations is isomorphic to the quotient of the
normalizer of Hy by its normal subgroup Hy.

Unlike for the universal covering space, the group of deck transformations no
longer acts transitively on the fibers in general. For example, if N(Hy) = Hyp, then
the only deck transformation of the corresponding covering space is the identity.

Definition 24.10. A nice covering space p: E — B is called regular if the group
of deck transformations acts transitively on the fibers: for every two points eg, e €
p~1(bo), there is a deck transformation taking e to e;.

This use of the word “regular” is different from the separation axioms, of course.
The proof of the theorem shows that there is a deck transformation taking eg
to ey if and only if e; € K(N(Ho)). If the subgroup Hp is normal in G, then
N(Hp) = m1(B,bo), and so £(N(Hp)) = p~*(bo); the proof of the converse is an
easy exercise.

Corollary 24.11. A nice covering space p: E — B is a reqular covering space if
and only if the corresponding subgroup Hy of m1(B,bg) is normal. In that case, the
group of deck transformations is isomorphic to the quotient group m (B, bg)/Hy.

In particular, the fundamental group acts on any regular covering space.

Note. The correspondence between covering spaces and the fundamental group is
basically the same as the correspondence between field extensions and subgroups
of the Galois group. Since you may already know some Galois theory, let me
briefly summarize what happens there. Given a field k, let k denote its (separable)
algebraic closure; its analogue in topology is the universal covering space. The
Galois group G = Gal(k/k) consists of all field automorphisms of k that fix k; its
analogue in topology is the group of deck transformations of the universal covering
space (which, as we have seen, is isomorphic to the fundamental group). The
Galois correspondence is a bijection between (separable) algebraic field extensions
and subgroups of G: a field extension £k C L C k corresponds to the subgroup
H = Gal(k/L) of all those field automorphisms that fix L. A field extension is
called “normal” if every automorphism of & maps L into itself; in that case, L/k
is itself a Galois extension. In terms of G, this is equivalent to H < (G, and one
has the isomorphism Gal(L/k) ~ G/H. All of these facts have their analogues in
topology.



LECTURE 25: NOVEMBER 29

Scheduling. On December 6 (Tuesday), we are going to have an additional lecture
(at 9:45 in P-117), to make up for the lecture I had to cancel due to COVID. The
final exam is scheduled for the morning December 13 (Tuesday); more details about
that to follow.

Homology. Our last topic this semester is homology theory. 1 will use the re-
maining three lectures to give a brief introduction to homology and discuss some
applications (such as Brouwer’s fixed point theorem and the Jordan curve theorem).

The most basic object in algebraic topology is the fundamental group. The prob-
lem with the fundamental group is that it is not that easy to compute, and that
it only detects certain “low-dimensional” features of a space, basically because we
are using loops (= images of S!) to probe the space. For instance, the fundamental
group cannot distinguish spheres of dimension > 2 from each other, because they
are all simply connected. There is a higher-dimensional generalization of the funda-
mental group, the so-called higher homotopy groups; these are defined by looking
at maps from S™ into a given space, up to homotopy. While relatively easy to
define, the higher homotopy groups are very hard to compute: for example, people
still do not know all the higher homotopy groups of spheres. The homology groups
of a space are another invariant that is relatively easy to compute and that still
contains a lot of higher-dimensional information about the space. (The drawback
is that the definition of homology is more complicated.)

Today, I am going to describe how homology theory works, and what sort of
properties it has, without saying anything about how it is defined. Next time, I
will try to sketch the construction and the proofs of one or two of the basic theorems;
and in the final lecture next week, I will give a few interesting applications.

Six properties of homology. Homology theory assigns to every topological space
X a sequence of abelian groups H,(X), indexed by n € N, called its homology
groups. The general idea is that the n-th homology group H,(X) contains some
information about the n-dimensional features of X. I am now going to list six
important properties of homology groups; when we talk about the definition of
homology next time, we will see that each of these properties is really a (sometimes
quite long) theorem.

The first property is functoriality. This is something that we already know from
the fundamental group. It says that if f: X — Y is a continuous function, then
one has induced group homomorphisms

one for each n € N. This assignment is compatible with composition: if f: X — Y
and ¢g: Y — Z are two continuous functions, then (g o f). = g« o fi. Moreover,
the homomorphism assigned to the identity function id: X — X is the identity
homomorphism: id, = id. (In other words, H,, is a functor from the category of
topological spaces to the category of abelian groups.)

Example 25.1. Functoriality implies that homeomorphic spaces have isomorphic
homology groups. Indeed, suppose that f: X — Y is a homeomorphism with
inverse g: Y — X. Then go f =id and f o g = id, and therefore

gso fy =idy, =id and fyog, =1id, =1id.



This means that f.: H,(X) — H,(Y) and g.H,(Y) — H,(X) are inverse to each
other, and so they are both isomorphisms.

The second property is a sort of mormalization, to make sure that the theory
does what it is supposed to do. It says that if X is the one-point space, then

Hy(X) = 7 ifn=0,
U100 ifn#£0.

Here 0 means the trivial group (with one element). This is sensible because a point
is a 0-dimensional space with no higher-dimensional features.

FEzxzample 25.2. The second property implies that any nonempty topological space
X has nontrivial 0-th homology. To see why, let x € X be an arbitrary point, and
consider the inclusion i: {z} — X and the constant function r: X — {z}. Then
r o =1id, and so by functoriality r, o i, = id. Consequently, the homomorphism

must be injective, and so Hy(X) always contains a subgroup isomorphic to Z.

The third property is called additivity. It says that if a topological space X is a
disjoint union of open subspaces X;, indexed by some set I, then

il
for every n € N. The isomorphism is not just an abstract one, but it is given as
follows: for each i € I, the homomorphism H, (X;) — H,(X) is the one associated
to the inclusion X; — X by functoriality, and the statement is that the sum of all
these homomorphisms is an isomorphism.

Example 25.3. If X is a space with the discrete topology, we get

D7 ifn=0,

Hn(X) = {0 if n # 0,

by combining the second and third property.

The fourth property is homotopy invariance, which is again something that we
have seen already in the case of the fundamental group. It says that if f,g: X = Y
are two continuous functions such that f ~ g, meaning f and g are homotopic,
then f, = g.. Just like the fundental group, homology groups therefore only see a
space up to homotopy.

Example 25.4. A contractible space has the same homology as a point. Recall that
X is contractible if it there is a deformation retraction to a point 2y € X. If we
let i: {xo} — X be the inclusion, and r: X — {x¢} the retraction, then ¢ o r ~ id.
Combining the first and fourth property, we get

ixor, = (ior), =id, =id,

and so i.: H,({zo}) — H,(X) must be surjective. At the same time, r is a
retraction, which means that roi¢ = id. By the first property, this implies r, 0, = id,



and so 7, is also injective, hence an isomorphism. Since we know the homology of
a one-point space from the second property, we conclude that

H(X) =~ Z ifn=0,
100 ifn#£0.

This applies for example to R?, or to any convex subset of R%.

The remaining two properties are more complicated to state. They both involve
the so-called “relative” homology groups. Let X be a topological space, and A C X
an arbitrary subset. In that situation, one also has a sequence of abelian groups
H,(X,A), indexed by n € N, and called the relative homology groups of the pair
(X, A). Roughly speaking, the relative homology groups only see the part of X
that lies outside of A, and completely ignore what is happening inside the set A.
(This is not the same as looking at the homology of the complement X \ A, though;
a better approximation is to think of relative homology as the homology of the
quotient space X /~, where the equivalence relation ~ identifies all points of A with
each other.)

Relative homology is again functorial: if we have two pairs (X, A) and (Y, B),
and if f: X — Y is a continuous function with f(A) C B, then we get a sequence
of group homomorphisms

fer Ho(X,A) —» H, (Y, B),

compatible with composition. The relative homology groups include the usual (or
“absolute”) homology groups because H,(X) = H,(X,{). In particular, functori-
ality for the identity function (X,0) — (X, A) gives us homomorphisms

H,(X)— H,(X,A)

from homology to relative homology.

The fifth property is called excision. It says that if A, B C X are two subsets
such that X = int A U int B, then the inclusion i: (B,AN B) — (X, A) induces
isomorphisms on relative homology, meaning that

iv: Hy(B,ANB) — H,(X, A)

is an isomorphism for every n € N. Let me try to explain the intuition behind this.
Since X = int A U int B, we have

X\BCX\intBCintAC A.

Excision is saying that we can excise (or cut out) the subset X \ B from both A
and X without changing the relative homology. This makes sense because relative
homology is supposed to ignore what is going on inside the subset A. For technical
reasons, we are not allowed to remove an arbitrary subset of A though — for example,
removing all of A is forbidden because H, (X \ A) # H,(X, A) in general. Instead,
the chain of inclusions from above shows that the closure of the set X \ B that we
are removing needs to be contained in the interior int A, and must therefore stay
away from the boundary of A.

The sixth and final property relates the homology groups of X and A to the
relative homology groups of the pair (X, A), but in a way that mixes together
homology in different degrees. To state it properly, we first need to introduce
“exact sequences”, which is a very important concept in algebraic topology.



Definition 25.5. Suppose we have a sequence of homomorphisms of abelian groups

- —— Chta %Cn L>Cn,1 _

meaning that each C, is an abelian group, and each f,: C,, — C},_1 is a group
homomorphism. We say that such a sequence is ezact if ker f,, = im f,,;1 for all n.

In other words, if we have an element x € C,, with f,(z) = 0, then there should
exist some element y € C),41 such that © = f,4+1(y). Exactness implies also that
compositions of successive homomorphisms are trivial: f, o f, 41 = 0.

Example 25.6. Exactness can be used to restate many properties of group homo-
morphisms. For instance, consider a sequence of the form

0—>AL>B.

As the image of the trivial homomorphism 0 — A is the trivial subgroup, exactness
means that ker f = 0, hence that f is injective. Similarly, a sequence of the form

B2+ C—0
is exact iff g is surjective, and a sequence of the form
0 A5 B 0

is exact iff f is an isomorphism.

Ezxzample 25.7. A exact sequence of the form

0 A-tsp—2sc 0
is called a short exact sequence. Exactness means that f is injective, g is surjective,
and that ker g = im f. By the first isomorphism theorem, A is isomorphic to the

subgroup f(A) C B, and B/f(A) = C, and so the short exact sequence expresses
the fact that C' is isomorphic to the quotient of B by a subgroup isomorphic to A.

The sixth property of homology is the long exact sequence. It says that if X is
a topological space, and A C X any subset, then the homology groups of X and A
are related to the relative homology groups of (X, A) by an exact sequence

<= Hp(A) - Hy(X) = Hy(X,A) = Hy 1 (A) > Hyp (X)) — -+

This sequence is called a long exact sequence because it extends infinitely in both
directions, with the convention that the (relative) homology groups are 0 for n < 0.
Here H,(A) — H,(X) is induced by the inclusion A — X (by functoriality), and
H,(X)— H,(X, A) is the homomorphism from absolute to relative homology. The
remaining morphism 6: H, (X, A) — H,_1(A) is new, and is called the connecting
homomorphism. The connecting homomorphisms is functorial, in the sense that if
f+ (X, A) — (Y, B) is continuous function with f(A) C B, then d o f, = f, o 4.
This makes the entire long exact sequence functorial: in the diagram

- —— Hy(A) —— Hyp(X) — Ho(X,A) —2— H,_1(A) — -
| | |+ |
. —— H,(B) — H,(Y) —— H,(Y,B) —>— H,_{(B) — ---

all squares “commute”, meaning that any compositions that start at the same group
and end at the same group are equal.
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Homology groups of spheres. We will see the definition of homology next time.
In the remainder of today’s class, I want to show you how to use the six properties
to compute the homology groups of spheres. Here is the result.

Theorem 25.8. Let S be the unit sphere in R4, and let B¢ be the closed unit
ball in R%. Then for d > 1, the following is true:

Z ] = =
(a) Hy(s%) = ifn 0 orn=d,
0 otherwise.

Z ifn=d,
0 otherwise.

(b) Hy(B*,S"7") = {

In (a), the case d = 0 is of course special: the 0-sphere has just two points, and
so Ho(SY) = Z @ Z (by properties two and three from above).

Proof. The proof is by induction on d > 1, using the long exact sequence and
excision. We really care only about (a), but (b) is needed along the way to make
the induction work out.

Let us start by showing that (a) in dimension d — 1 implies (b) in dimension d.
Consider the long exact sequence for the pair (B%,S%1). It reads

<o = Hy(SY - H,(BY — H,(B*,S* ') - H, 1(S* ') - H,_1(BY) — ---

By induction on d > 1, we may assume that we already know all the homology
groups of S4~1. Let us first consider the portion

oo = Ho(S% 1) — Hy(B?) — Hy(B4, S = 0

of the long exact sequence. As B is contractible, we know that Ho(B?) = Z. If we
choose the point in the deformation retraction to lie on the boundary S?~!, then
the argument we gave above shows that

Ho(S*™") — Ho(BY)

must be surjective. The exactness of the squence now implies that the image of the
homomorphism Hy(B?%) — Ho(B%,S%1) must be trivial; since it is also surjective
(because of the 0 at the right end), it follows that Hy(B¢,S%1) = 0.

Next, we consider the portion

H,(BY) — H{(B,S%1) = Hy(S* 1) = Hy(B?) — Hy(B?, sS4

of the long exact sequence. The two groups on the outside are both trivial, and
we have Hy(B%) = 7Z and Hy(S% ') 2 Z ifd > 2, and Z® Z if d = 1. In the first
case, exactness of the sequence implies that H;(B¢,S?~!) = 0; in the second case,
it implies that H;(B',S%) = Z. This already proves (b) when d = 1.

To complete the proof of (b), we now consider (for n > 2) the portion

H,(B%) — H,(B%s" 1) — H,_(S*') - H,_,(BY)

of the long exact sequence. The two groups on the outside are again trivial, and so
exactness, together with the inductive hypothesis, gives us

7Z ifn=d,

H, (B, S Y~ H, {(S% 1) =
( ) i ) 0 otherwise.

We are done with the proof of the implication from (a) to (b).



The second half of the proof consists in showing that (b) in dimension d implies
(a) in dimension d. We cover S? by two closed sets A and B that are homeomor-
phic to B¢ and that contain open neighborhoods of the upper respectively lower
hemisphere. Since S% = int A U int B, excision gives us

H,(S%,A) = H,(B,AN B).

The intersection A N B deformation retracts onto the boundary of B, which is
homeomorphic to S?~!. This means that we can use exactly the same argument as
in the proof that (b) implies (a) to show that

Z ifn=d,

H,(SY,A) =~ H,(B,ANB) = i
0 otherwise.

Now consider the long exact sequence for the pair (S%, A), namely
o= Hy(A) = Hy(S%) — Hy(SY A) = Hyoq(A) = Hyq(SY) — -+
Suppose first that d = 1. In that case, for n > 2, the sequence
H,(A) — H,(S") — H,(S', A)

is exact, and because the two groups at the end are trivial, we get H, (S!) =20 for
n > 2. The rest of the long exact sequence reads

0 — Hi(SY) — Hi(S', A) — Hy(A) — Ho(S') — 0,

using the fact that H;(A) and Hy(S?, A) are trivial. We know that Ho(A) = Z,
and that Hy(S') contains a subgroup isomorphic to Z. Since the homomorphism
Ho(A) — Ho(S') is surjective (because of the 0 at the right end), it is then forced
to be an isomorphism. By exactness, this means that H;(S!, A) — Hy(A) must
be the zero homomorphism; but then H;(S') — H;(S', A) is also surjective, and
therefore also an isomorphism. This proves (a) when d = 1.

The remaining case d > 2 is much easier. The long exact sequence reads in part

H,1(SY A) — H,(A) = H,(S%) — H,(S%, A) — H,_1(A)

For n = 0, both groups on the outside are trivial, and since Hy(S%, A) = 0, we get
Hy(S%) = Hy(A) = Z. For n = d, both groups on the outside are again trivial, and
since Hy(A) =0, we get Hy(S?) = Hy(S? A) = Z. For all other values of n, both
H,(A) and H,(S%, A) are trivial, and therefore H,(S%) must also be trivial. This
concludes the proof of (a) in all cases. O

Topological consequences. The computation of the groups H,,(S%) has several
nice consequences. First, it shows that homology is strong enough to distinguish
spheres of different dimensions from each other. Even though R™ has no interesting
homology, we can also use this fact to distinguish R™ for different values of n.

Corollary 25.9. If R" Z R™, then n = m.

Proof. If R™ and R™ are homeomorphic, then their one-point compactifications S™
and S™ are also homeomorphic; by Theorem 25.8, this is only possible if n = m. O

Another application is that there are no retractions from the unit ball to its
boundary; we had proved this earlier (in Corollary 18.5) for d = 2 with the help of
the fundamental group.

Corollary 25.10. There is no retraction of B% onto S*~1 for d > 1.
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Proof. This is true for d = 1 because B* is connected. Assume now that d > 2. The
homology group Hy_1(S%~1) = Z is nontrivial, whereas the group Hy_;(B%) =0 is
trivial. If we had a retraction 7: B* — S?~ ! then roi = id, and so by functoriality,
74 014 = id. This would mean that the homomorphism

re: Hg_1(BY) — Hy_1(S7Y)
is surjective, which is clearly impossible. ([

The same argument as in Lecture 18 now proves Brouwer’s fixed point theorem
in all dimensions.

Theorem 25.11 (Brouwer’s fixed point theorem). Every continuous function
f: B — B4
has a fived point: there is a point x € B with the property that f(x) = .



LECTURE 26: DECEMBER 1

Definition of homology. Today, I want to show you the definition of (singular)
homology and explain how some of the properties from last time are proved. Very
vaguely, the idea is that the n-th homology group H,(X) is looking at continuous
functions from n-dimensional shapes into X, but where we only use those shapes
that can be assembled from simplices. For example, I mentioned in Lecture 21 that
every compact surface can be triangulated; instead of mapping arbitrary compact
surfaces into X, it is therefore enough to consider only triangles. As with the
fundamental group, we also want to ignore those n-dimensional shapes that arise
as the boundary of an (n 4 1)-dimensional shape.

Now let us see how homology theory makes this vague idea precise. We first
define the standard n-simplex A™ C R™*! as the convex hull of the n + 1 unit
vectors eg, €1, . ..,e,. We use the notation A" = [eg, e1,...,e,] to indicate that we
are taking the convex hull, but that we are also remembering the order of the n+1
vectors; this gives us something like an orientation of the simplex.

€1 €2

€0 €1
Al 0 A2

The boundary of A™ consists of n + 1 copies of the (n — 1)-dimensional simplex
A" 1 up to identifying each of the n + 1 coordinate hyperplanes with R™. If we
use the induced ordering on each simplex in the boundary, we can write the i-th
boundary simplex concisely as

[60,...,éi,...,€n]
where the hat means that we drop the vector e; from the list.

Definition 26.1. A singular n-simplex in a topological space X is just a continuous
function o: A™ — X.

The word “singular” comes from the fact that the image o(A™) may not look
at all like a simplex: for example, a singular 1-simplex can be something like the
Peano curve (that fills a whole square).

For each n € N, we then define S, (X) as the free abelian group generated by all
singular n-simplices in X. In symbols,

Sp(X) = @ Zo,
o: An—X
and so elements of S, (X) are finite sums of the form ajo; + -+ + axor where
ai,...,a are integers and o1, ...,0; are singular n-simplices. The idea is that if
we have an n-dimensional space Y that is made by gluing together n-simplices, and
a continuous function f: Y — X, then the restriction of f to each simplex is a
singular n-simplex in X, and instead of the function f, we consider the sum of all
these singular n-simplices in the group S, (X).



Next, we have to deal with boundaries. Let o: A™ — X be a singular n-simplex.
Restricting the function o to the boundary of A™ gives us an element

n

o = Z(fl)iﬂ[eo,i..,éi,.i.,en] € Sp-1(X).

i=0
Extended linearly, this defines the so-called boundary operator

For example, the boundary of a singular 1-simplex o: [eg,e;] — X is just the
difference do = o(e1) — o(ep) between the two end points; this is the reason for
putting the sign factor (—1)*. The key point is that the composition

Sn(X) 2= Spo1(X) —2= S, 2(X)
of two boundary operators is equal to zero (because of the signs).
Lemma 26.2. We have 000 = 0.

Proof. Since 9 is a homomorphism, it is enough to show that 9(do) = 0 for any

singular n-simplex o: [eg,...,e,] — X. But
n
0(90) =0 <Z(—1)’LU’[€O ,,,,, iy en]>
i=0
n i—1 n
_ ; j j—1
- Z(_l)l Z(_I)JU’[eo’m,éj,-wéz‘,m,en] + Z (_I)J a|[eo,myéi’m,éj,-~-~,€n]
i=0 §=0 j=it1
_ i+ i+3j _
= Z(_l)l ]U|[eo,...,éj,...,éi,...,en] - Z(_l)l ]0|[eo,.“,éi,...,éj,...,en] =0,
J<i i<j
because the two sums are equal to each other. O

Definition 26.3. A sequence of homomorphisms of abelian groups

fri2 Cn+1 frnt1 Cn fn Cnfl fno1
is called a complex if f,, o f,41 = 0 for all n. The individual homomorphisms f,
are called the differentials in the complex, and we use the abbreviated notation
C, or (C,, fs) to refer to the complex. The condition f, o f,+1 = 0 means that
im fn+1 C ker f,,, and we define the n-th homology group of the complex as

ker f,: Cp, = Cpy

H,(Co) = Hy(Ch, fo) = ker fr/im fry1 = i frs1: st — Ch'

In particular, H,,(C,s) = 0 if and only if the complex is exact at C,,.

The singular chain complez of a topological space X is the complex
c D 8 (X) D S (X)) S D 8 (X) D So(X) — 0,

usually abbreviated as Se(X). The n-th singular homology group of X is defined
as the n-th homology group of this complex:

kerd: S, (X Sp—1(X
Hy (X) = Hp(84(X),0) = imQ: Sn-i(-l())(T—> S:((X))




The elements in the kernel of @ are called n-cycles, and the elements in the image
of 0 are called n-boundaries.

Example 26.4. Tt is often easy to find elements in homology. For example
o: AY =S, o((1—t)eg +ter) = (cos(2mt),sin(2nt))

is a singular 1-simplex with do = (1,0) — (1,0) = 0, and so it defines an element
in H;(S'). Similarly, the two-sphere S? is homeomorphic to the surface of a cube,
and if we decompose the six sides of the cube into a total of 12 triangles, we get a
2-cycle o1 + -+ + 012 € S2(S?), and therefore an element in Ho(S?). Of course, it
is less easy to show that these elements are nonzero!

Even though the individual groups in the singular chain complex are gigantically
large, the (singular) homology of reasonably nice spaces (such as manifolds) tends
to be quite small. For nice spaces, singular homology is also very computable in
practice, and often turns out to contain a lot of information. Very often, one can
also find a much smaller complex whose homology groups are isomorphic to the
singular homology groups: for example, if X can be triangulated, meaning glued
together from simplices, then it is enough to use only the simplices that actually
show up in the triangulation. The big advantage of the above definition is that it
works for arbitrary topological spaces, which makes the theory very flexible.

About the only thing that we can compute directly from the definition is the
0-th homology group. It is related to the path components of the space X.

Lemma 26.5. A topological space X is path connected iff Hy(X) = Z.

Proof. For the purposes of this proof, we are going to replace the 1-simplex Al by
the unit interval I = [0,1]. Then Sp(X) is the free abelian group generated by the
points of X, and S7(X) is the free abelian group generated by paths o: I — X.
The boundary operator is

0: S1(X) = So(X), Oaror+ -+ aror) = Y _a;(0i(1) — 05(0)),
i=1
and the 0-th homology group is therefore Ho(X) = So(X)/0(S1(X)). Let us first
reformulate the condition that Ho(X) = Z. Adding the coefficients of a 0-cycle
defines a group homomorphism

e: 5(X)—=2Z, elarxi+---+arry) =a1+ -+ ax,

and it is easy to see that e is surjective, and that € 0 9 = 0. It therefore induces
a surjective homomorphism Hy(X) — Z. Now if Ho(X) = Z, then this surjective
homomorphism must be an isomorphism, which means that for any two points
x,y € X, the difference y — x is zero in Hy(X). But then

y—x =Y a;(0i(1) - 0;(0))
i=1
for some element ayo1 + - -+ + aror € S1(X), and this implies that there is a path
(made by joining some of the paths ;) connecting z and y. The converse is proved
by running the same argument backwards. [



Functoriality. Let us now take a look at some of the six properties from last time.
The first property that we used was functoriality: A continuous function f: X — Y
gives rise to group homomorphisms f.: H,(X) — H,(Y) in a way that respects
composition. This is very easy. If we have a singular n-simplex o: A™ — X, then
the composition foo: A" — Y is a singular n-simplex in Y. This defines

fo: Sn(X) = Sp(Y), filo)=foo,
and it is easy to see from the formula for the boundary operator that d o fy =
fs 0 0. Because of this identity, f; takes n-cycles to n-cycles, and n-boundaries to
n-boundaries, and so it descends to a group homomorphism
fo: Ho(X) — H,(Y).

The identity (f o g)x = fs« o g« is then just a consequence of fact that composition
of functions is associative: (fog)oo = fo(goo).
In fact, f; is an example of a morphism of complexes.

Definition 26.6. Let (A4,,0) and (B,,d) be two complexes. A morphism of com-
plexes (or chain map) is a collection of group homomorphisms f,: A, — B, that
commute with the differentials in the two complexes: do f,,11 = f,, 00 for every n.
If this is the case, one says that the diagram

0 2] o o
: > An—i—l ” An ” An—l >

lf'n#»l lfﬂ lf’nfl
o 2]

: a>Bn—i—l >Bn >Bn—1 8""

is commutative, meaning that the result of composing homomorphisms only de-
pends on the source and the target group.

Any morphism of complexes f: Ay — B, induces a homomorphism
f: Hy(As) = H,(B,)

between the homology groups of the two complexes, again because f(ker 9) C ker d

and f(im0) C im 0.

The long exact sequence. I also want to talk about the sixth property from last
time, namely the long exact sequence in homology. For that, we first need to define
the relative homology groups H,, (X, A), where X is a topological space and A C X
a subset. Let i: A — X be the inclusion. The induced homomorphism

ig: Sp(A) = Sp(X)
is injective (because A C X), and we define
Su(X, A) = 8,(X) s (Su(A)

as the quotient group. Since 0 o iy = iy o 0, the boundary operator 0 induces
homomorphisms

9: Sn(X,A) = Sp_1(X,A),

and of course we still have 9o = 0. The singular chain complex of the pair (X, A)
is the complex

8 (X, A) D S, (X, A) D D 51X, 4) D So(X,A) — 0,



and the n-th relative homology group is defined to be
Hy(X, 4) = Hy (So(X, 4),0).

Because S,,(X, A) is defined as the quotient of S, (X) by the subgroup ix(S,(4)),
the sequence of group homomorphisms

0 —— Sn(A) —F 8§, (X) — Sp(X,A) —— 0

is a short exact sequence for every n € N. Together with three boundary operators,
this gives us a big commutative diagram

in which all the rows are short exact sequences, and in which the three columns
are the three complexes Se(A), Se(X), and Se(X, A). This is called a short ezact
sequence of complexes, and is usually abbreviated as

0 —— Su(A) — Su(X) —— Su(X,A) — 0.

The long exact sequence in homology is now a consequence of the following algebraic
fact about complexes.

Theorem 26.7. A short exact sequence of complexes

0 —— A —3 Be —25 Cy —— 0

induces a long exact sequence
C— Hy(Ad) —2s Ho(Ba) —2 H,(Co) —2— Hypoqy(Ag) — -+

among the homology groups of the three complezes.

Proof. The homomorphisms i, : H,(As) — Hp(Bse) and ps: H,(Be) — Hp(C,) are
induced by the morphisms of complexes i: Aq — Be and p: B, — Cs. Let me start
by explaining the construction of §: H,(Cs) — H,_1(As), which is again called
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the connecting homomorphism. For that, we need to draw another big diagram:

0 —— Api1 —— Bpy1 —2 Chis 0
| [ [

0 A, —— B, —>— C, 0
| [ s

0 —— Ap1 —— By —2 Chy 0
& [ [

0—— Ap o —3 By g —25 Chs 0

I repeat that the diagram is commutative, and that all the rows are short exact
sequences. We need to construct a homomorphism

5 kerd: C,, — Cy,_1 kerd: A,,_1 — An_o
" imd: Cpyq — Cy imd: A, = A,_1

This is done by a method called “diagram chasing”. Let ¢ € C), be an element such
that dc¢ = 0. Since p: C,, — B,, is surjective, we can find b € B,, with p(b) = ¢;
because the n-th row is exact at B,,, the choice of b is unique up to elements of the
form i(a) for a € A,,. Now 9b € B,,_; satisfies

p(9b) = 9p(b) = dc = 0,
and by exactness of the (n — 1)-th row, there is a unique element o’ € A,,_; with
the property that i(a’) = 9b. We have
i(0a’) = di(a’) = O(9b) = 0,
and since i: A,_9 — B, _o is injective, it follows that da’ = 0, and so a’ gives us
an element in H,,_1(A,). We now want to set
dld] = [a'],

where the brackets stand for homology classes. Why is this well-defined? There are
two choices involved in the construction. First, we can change the element b € B,,
to something of the form b + i(a), where a € A,,. But then

d(b+i(a)) = b+ i(0a) =i(a + da),
and as [a'] = [@’ 4+ Oa], the resulting homology class is the same. Second, we could
choose a different representative in the homology class [c], adding to ¢ € C,, any

element of the form ¢’ € Cp41. As before, ¢’ = p(b”) for some b’ € B, 11, and
since

p(b+ ") =c+ op(b") = c+ 0",
we need to change b € B,, into b+ 9b”. But 9(b+ V") = 0b, and so the element
a’ € A,_1 is unchanged. This shows that § is independent of any choices.
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One then has to check that the sequence of homology groups is exact in every
place. As an example, let me show why

ker 6 = im p,.

Suppose that we have a homology class [¢] € H,(C,) for which d[c] = [a'] = 0. This
means that ¢’ = da for some a € A,,. We then have

0b =i(a) = i(da) = 9i(a),

and so the element b — i(a) € B, is in the kernel of 9, and therefore defines a
homology class [b —i(a)] € H,(B.). But

p(b—i(a)) =p(b) =<,
and this gives us pe[b — i(a)] = [¢], as required. O

The diagram chasing in the proof is typical for what is called “homological alge-
bra”, which studies algebraic properties of complexes and their homology groups.

Homotopy invariance. In class, I did not have enough time to talk about the
fourth property of homology, namely homotopy invariance. Recall that if f,g: X —
Y are homotopic, then f, = g.. The idea of the proof is quite simple. By as-
sumption, there is a homotopy H: X x I — Y such that H(z,0) = f(z) and
H(z,1) = g(x). Now for any singular n-simplex o: A™ — X the function

A" x I =Y, (zt)— H(o(z),1),

continuously deforms f oo (at ¢ =0) into g oo (at ¢ = 1), and this process should
not change homology classes. But homology is defined in terms of simplices, and so
we need to subdivide A™ x I into (n+ 1)-simplices. This can be done as follows. In
the product A x I C R"*! xR, we label the n+1 vertices of A" x {0} as eg, . .., ey,
and the n+1 vertices of A™ x {1} as ey, ..., e,,. We then get a subdivision of A™ x [

into n + 1 copies of A™*! which look like

fori=0,...,n.

[€0s -y €iyChyenyen]

Here are two pictures of what this looks like for n =1 and n = 2:

e
€o
(&

Using this subdivision of the prism A™ x I, we can now define the prism operator
P: Sp(X) = Sp1(Y)
with the help of the homotopy H: X x I — Y by the formula

n

P(O) = Z(—I)IHO (0’ X id)’[eg ei,eh, ..., el

----- €5 n
=0
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Here H o (o x id) is the composition A" x I — X x I — Y. A slightly lengthy
computation then gives the fundamental identity

8oP=gﬁ—fﬁ—P08.
Roughly speaking, the left-hand side represents the boundary of the prism, and the
three summands on the right-hand side represent the top, bottom, and sides of the

prism. The identity is saying that the two morphisms of complexes fy, gy: Se(X) —
Se(Y) are chain homotopic, in the following sense.

Definition 26.8. Let f: A, — B, be a morphism of complexes. We say that
f is null homotopic, in symbols f ~ 0, if there is a collection of homomorphisms
P: A, — Bj4+1 with the property that

f=00P+ Pod.

We say that two morphisms of complexes f and g are chain homotopic if their
difference f — g is null homotopic, meaning that f — g ~ 0.

Schematically, a null homotopy looks like the following:

: > An—i—l 9 ” An 9 ” An—l >
Il ol
2] o

So the existence of a homotopy between f, g: X — Y means that the two morphisms
of complexes fy, gg: Se(X) — S¢(Y) are chain homotopic. The identity f. = g, is
then a consequence of the following algebraic lemma.

Lemma 26.9. Let f: Ay — Bo be a morphism of complexes. If f ~ 0, then the
induced homomorphism on homology satisfies f. = 0.

Proof. Let [a] € H,,(A,) be an arbitrary homology class, represented by an element
a € A, with da = 0. Since f ~ 0, there are homomorphisms P: A, — By for
which f =00 P+ P od. Consequently,

f(a) = 0P(a) + P(da) = P(a),
and on the level of homology, this gives f.[a] = [f(a)] = [0P(a)] = 0. O



LECTURE 27: DECEMBER 6

The Jordan curve theorem. In this final lecture, I want to show you how ho-
mology can be used to prove two classical results from topology: the Jordan curve
theorem and Brouwer’s theorem on the invariance of domain. Let us start with the
Jordan curve theorem. I am sure all of you have heard about this result at some
point: any closed curve in R? divides the plane into two regions, one inside the
curve, the other outside the curve.

More precisely, a closed curve in the plane is a continuous function f: [0, 1] — R?
with f(0) = f(1); if we identify the two endpoints of the interval, we obtain a
circle, and so we can just as well say that a closed curve is a continuous function
f:S' — R2. This definition includes space-filling curves: the image of the Peano
curve, for example, would be the entire unit square, which obviously fails to divide
R? into two regions. Jordan discovered that this problem goes away if we consider
simple closed curves (also called Jordan curves), where the function f: St — R? is
injective. Note that for such curves, the image f(S') is homeomorphic to S!, due
to the compactness of S'. Jordan curves are closer to our intuitive notion of curve.

Theorem 1 (Jordan). If C C R? is a simple closed curve, then R?\ C has exactly
two connected components, each of which has C as its boundary.

This theorem was proved by Jordan in the late 19th century. One often reads
that his proof was unsatisfactory and that the first correct one is due to Veblen; but
Hales, who wrote the first computer-checkable proof of the Jordan curve theorem,
says that: “In view of the heavy criticism of Jordan’s proof, I was surprised when
I sat down to read his proof to find nothing objectionable about it.”

The tricky thing is that most simple closed curves do not look at all like a circle.
There are fractal curves (like the Koch snowflake, pictured above), and even for
curves that are not fractals, it can be very hard to decide by looking at the curve
whether a given point lies inside or outside the curve.

Here are some basic observations. Let h: S — R? be a simple closed curve, and
denote by C' = h(S!) its image in R2.

(1) The curve C is compact, and h is a homeomorphism between S! and C;
in particular, we can forget about the parametrization and remember only
the subset C' C R?. This follows immediately from Corollary 7.2.

(2) The complement R?\ C'is open and locally path connected; every connected
component of R? \ C'is thus open and path connected (Proposition 6.7).

(3) Exactly one of the connected components of R? \ C' is unbounded. The
reason is that C' is contained in a large disk, whose complement is path
connected, hence contained in exactly one connected component of R? \ C.



(4) After replacing R? by its one-point compactification S?, we may assume
that h: ST — S? is a simple closed curve on the sphere; the unbounded
component of R? \ C then becomes the component containing the point at
infinity.

The Mayer-Vietoris sequence. The proof I am going to present uses the so-
called “Mayer-Vietoris sequence”, which is an analogue of the Seifert-van Kampen
theorem for homology groups. Let X be a topological space, and let U,V C X be
two open subsets such that X = UUV. Let us denote by ¢:: U — X and j: V — X
the two inclusions. The excision property for homology says that

i H (U, UNV) 2 H,(X,V)

is an isomorphism for every n > 0. From the two pairs (U, U NV) and (X,V), we
also get two long exact sequences

S H(UNV) D Hy(U) — H(U,UNV) S Hy (UNV) — -

Lo I

coo —— Ho (V) =I5 Hy(X) — Ho(X,V) —2— Hy (V) — -+

in homology; here I am using the same letters i: UNV — V and j: UNV — U for
the inclusions of U NV into U and V. The diagram above is again commutative,
because of the functoriality of the long exact sequence.

Theorem 27.1. In the situation above, one gets a long exact sequence

S Hy(UNV) % Hy(U) @ Hy(V) 2 Hy(X) D Hy ((UNV) — -+

where the individual morphisms are
a: H,(UNV)— H,(U)® H,(V), az)= (j*(a:),z*(x)),
B: Hy(U) & Ho(V) = Hn(X),  B(y,2) = ju(y) —ix(2),
and where v: Hp(X) — H,—1(U NV) is another connecting homomorphism.
The exact sequence in the theorem is called the Mayer-Vietoris sequence.

Proof. This is another general result in homological algebra. Suppose that we have
a commutative diagram of abelian groups

i’ B p ' s’ A’

A, — B, -1
ol
A, —1

B, -2sC, 2% A, — ...

S e

in which both rows are long exact sequences, and in which all the homomorphisms
h: C! — C,, are isomorphisms. In this situation, we get a long exact sequence

(27.2) e AL S A eB 5B, LA —

in which a(z) = (f(z),7(z)) and B(y,z) = i(y) — g(z). The proof is another
application of “diagram chasing”.

Let me explain how the connecting homomorphism v: B,, — A/, _; is constructed
in this case. Take an element b € B,,. Then p(b) € C,, and since h: C/, — C,, is
an isomorphism, one has p(b) = h(c’) for a unique element ¢ € C/,, and we define
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v(b) = ¥ (c) € A The rest of the proof consists in checking that the sequence

n—1-*
in (27.2) is exact in all places.
For the sake of illustration, let me show you why kery = im 3. Suppose that
b € B,, satisfies v(b) = §'(¢) = 0. Since the top row is exact, we have ker ¢’ = imp/,
and so there is an element &’ € B], with p/(V') = ¢/. The difference b — g(b’) satisfies

p(b—g®)) =pb) —p(gt)) =c—h(E'®)) =c—h() =0,

and therefore lies in kerp = imi (by exactness of the bottom row). This gives us
an element a € A, such that b — g(b') = i(a); but then

b=i(a) +g(t) = Bla,-V')
belongs to the image of 3, as claimed. O

The generalized Jordan curve theorem. We can use the Mayer-Vietoris se-
quence to prove the following generalization of the Jordan curve theorem.

Theorem 27.3. Let n > 1 be an integer.

(a) If h: B! — S™ is injective and continuous, then

Z fori=0,
0 otherwise.

Hi(S"\ h(B") = {

(b) If h: S*=1 — S™ is injective and continuous, then

n i ~ | ZBZ  fori=0,
Hi(S"\h(s™™)) = {0 otherwise.

Since S" ! is compact and S” is Hausdorff, every injective continuous function
h: S*~1 — S™ is a homeomorphism between S*~! and its image h(S"~1). The
image h(S"~1) is therefore a higher-dimensional version of a Jordan curve, and
the theorem is saying that the complement of h(S"~!) has exactly two connected
components (by Lemma 26.5).

Proof. In the interest of time, I will give the proof only for n = 2; the general case
is similar. Let us first prove (a). When n = 2, the closed unit ball is B* = [-1,1].
Consider then an injective continuous function h: [~1,1] — S2. The image h(B?)
is an arc, and the main point is that the complement of an arc in S? remains
connected.

The proof uses a nice trick. By dividing the interval [—1, 1] into the two halves
[—1,0] and [0, 1], we get two open sets

U=S?\h([~1,0]) and V =S*\A([0,1]).

The intersection is U NV = S$?\ h(B'), and the union is UUV = §?\ {h(0)} = R2.
For 7 > 0, the Mayer-Vietoris sequence gives us an exact sequence

Hi+1(U @] V) — HZ(U N V) — HZ(U) D Hl(V),
and since we know the homology of R?, this becomes

0 — H;(S*\ h(B')) = H;(S* \ h([-1,0))) & H;(S*\ h([0,1])).
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In other words, the homomorphism in the center is injective. If z € H;(S*\ h(B*))
is an arbitrary element, then its image under at least one of the two homomorphisms

H;(S*\ h(B")) — H;(S*\ h([-1,0]))
H;(S*\ h(B")) — H;(S*\ h([0,1]))

must be nonzero, unless x = 0.
We can repeat this process, and in this way, we obtain a nested chain

Iy=[-1,1]2L 22
in which I, is a closed interval of length 2'~*  such that the image of our fixed

element x € H;(S?\ h(B')) under the homomorphism
H;(S*\ h(B")) — H;(S*\ h(Ix))

is nonzero for every k > 0, except if z = 0. Let ¢t € I be the unique point in the
intersection of all the intervals Ij,. Note that S? \ h(t) is homeomorphic to R?.

We can now use what we know about homology groups to deduce (a). Consider
first the case ¢ > 0. Our homology class z is represented by an i-cycle z € S; (82 \
h(B"')). Since H;(R?) 20, the image of = under the homomorphism

H;(S*\ h(B")) — H;(S* \ k(1))

is zero, and so there is some y € S;;1(S?\ h(t)) such that z = dy. But the image of
y is compact, and since S \ h(t) is the union of the open sets S \ h(I}), it follows
that y € S;41(S?\ h(I)) for some k > 0. But then z = dy means that the image
of z in H;(S?\ h(I;)) is zero, and by construction, this implies that = 0. The
conclusion is that H;(S? \ h(B')) =0 for i > 1.

In the remaining case i = 0, we know from Lemma 26.5 that the 0-th homology
of S%\ h(B*) is always at least Z. After subtracting from z € Sy(S? \ h(B')) a
suitable multiple of the homology class of a point, we may therefore assume that
the coefficients of the O-cycle = add up to zero. Now Hy(R?) = Z, and so the image
of z under the homomorphism

Ho(S*\ h(B")) = Ho(S*\ h(2))

is equal to zero. We can then argue as before to show that x = 0, and hence that
Ho(S*\ h(B')) = Z. This proves (a) for n = 2.

Now let us deal with (b). Suppose that h: St — S? is continuous and injective,
and denote by C' = h(S') the image curve. Pick two distinct points p,q € C, and
let A be the portion of the curve from p to ¢, and B the remaining portion from ¢
to p. Then C = AU B and AN B = {p, q}. This gives us two open sets

U=S’\A and V=S*\B

with UNV =$§2\C and UUV = §?\ {p, ¢}. Observe that U UV is homeomorphic
to R? minus a point, and therefore deformation retracts onto S'. From the Mayer-
Vietoris sequence, we get an exact sequence

Hi(U)®H(V) = H(UUV) = Hy(UNV) — Hy(U)® Ho(V) — Ho(UUV) = 0,
and since we know the homology of U and B by part (a), this becomes
0—7Z— Hy(S*\C) - ZSZ — 7 — 0.
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It is then a simple algebra exercise to deduce that Hy(S?\ C) =2 Z & Z. For i > 0,
the Mayer-Vietoris sequence gives the exactness of

Hi+1(U @] V) — HZ(U N V) — HZ(U) ©® HI(V),

and since the two groups on the outside are trivial by (a), we get H;(S?\ C) = 0
for ¢ > 0. O

The two connected components in the Jordan curve theorem are therefore ex-
plained by the fact that Hy(S?\ C) = Z @& Z. Homology theory gives a very natural
proof of this fact.

Invariance of domain. Another classical result that can be proved in this manner
is Brouwer’s theorem about the invariance of domain. It is a generalization of the
fact that R™ and R™ are not homeomorphic when m = n, but Brouwer’s result is
much stronger.

Theorem 27.4 (Invariance of Domain). Let U C R™ be an open subset. If h: U —
R™ is injective and continuous, then h(U) is also an open subset of R™.

Proof. After replacing R™ by its one-point compactification, we may assume that
h: U — S™ is injective and continuous. It is enough to show that for any point
x € U, the image h(U) contains an open neighborhood of h(z). Let B C U be
a closed ball of positive radius containing the point z, and let S = 9B be its
boundary; then B = B and S = S"~!. We have

S*\ h(S) =h(B\ S)US™\ h(B).
Now h(B\ S) is path connected (because B\ S is path connected), and S™\ h(B) is
path connected (because Ho(S™ \ h(B)) = Z). Therefore S" \ h(S) has exactly two
path connected components, and since S™ is locally path connected, both of them

must be open. Therefore h(B\ S) is an open neighborhood of the point h(x) that
is contained in h(U), and so h(U) is open. O

Recall that the word “domain” is used in analysis to refer to open subsets of R™.
Brouwer’s result tells us that if we take an open subset in R™ and embed it into R™
in a possibly different way, the image will again be an open subset.

Corollary 27.5. If U C R" is a nonempty open subset, then U is not homeomor-
phic to a subset of R™ for m < n.

Proof. Suppose to the contrary that we had a homeomorphism h: U — V for some
V C R™. Now R™ is a proper linear subspace of R™, and so we obtain an injective
continuous function

f:U =R, f@)=(h(z),...,hn(z),0,...,0).

The image is obviously not an open subset of R™, in contradiction to Brouwer’s
theorem. (]



EXTRA LECTURE: INVARIANCE OF DOMAIN

Invariance of domain. The next topic I wish to discuss is a famous result called
the invariance of domain; roughly speaking, it says that R™ and R™ are not homeo-
morphic unless m = n. This result is of great importance in the theory of manifolds,
because it means that the dimension of a topological manifold is well-defined. Re-
call that an m-dimensional manifold is a (second countable, Hausdorff) topological
space in which every point has a neighborhood homeomorphic to an open subset of
R™. If an open set in R could be homeomorphic to an open set in R", it would
not make sense to speak of the dimension of a manifold.

The first person to show that this cannot happen was the Dutch mathematician
Brouwer (who later became one of the founders of “intuitionist mathematics”); in
fact, he proved the following stronger theorem.

Theorem 2 (Invariance of Domain). Let U C R™ be an open subset. If f: U — R
is injective and continuous, then f(U) is also an open subset of R™.

Recall that the word “domain” is used in analysis to refer to open subsets of R™.
Brouwer’s result tells us that if we take an open subset in R™ and embed it into R™
in a possibly different way, the image will again be an open subset.

Corollary 3. If U C R"™ is a nonempty open subset, then U is not homeomorphic
to a subset of R™ for m < mn. In particular, R™ is not homeomorphic to R™ for
m < n.

Proof. Suppose to the contrary that we had a homeomorphism h: U — V for some
V C R™. Now R™ is a proper linear subspace of R™, and so we obtain an injective
continuous function

f:U—=R" f(x)= (hl(x),...,hm(x),O,...,O).

The image is obviously not an open subset of R™, in contradiction to Brouwer’s
theorem. 0

Intuitively, it seems quite obvious that there cannot be a continuous injective
function from R™ to R™ when m < n; the problem is that it is equally obvious
that there cannot be a surjective continuous function from R™ to R™, but the
Peano curve in analysis does exactly that! (The moral is that there are a lot more
continuous functions than one might expect.)

We know how to prove that R is not homeomorphic to R™ unless n = 1, using
connectedness. Traditionally, the invariance of domain theorem in higher dimen-
sions is proved by using methods from algebraic topology; but my plan is to present
an elementary proof that only requires the theorems and definitions that we have
talked about so far. I learned the details for some of the steps from Terry Tao’s
blog. The broad outline is the following:

(1) We prove a combinatorial result about triangulations of simplices, called
Sperner’s lemma.

(2) From Sperner’s lemma, we deduce Brouwer’s fixed point theorem: every
continuous function from the closed ball in R” to itself has a fixed point.

(3) The fixed point theorem can then be used to prove the invariance of domain
theorem.



Sperner’s lemma. Our starting point is a combinatorial result about colorings of
simplices, due to Sperner. Let A™ be an n-dimensional simplex: a closed interval
if n = 1, a triangle if n = 2, etc. Such a simplex has n + 1 vertices vy,..., V541,
and n + 1 faces Fi,..., F,11; we label the faces in such a way that Fj is the face
opposite the vertex v,. We also take n+1 different colors, and color the k-th vertex
using the k-th color. Now we consider a triangulation, that is to say, a subdivision
of A™ into smaller n-simplices. The following picture shows an example with n = 2:
the first color is red, the second color green, the third color blue.

Suppose that all the vertices in the triangulation are also colored, in such a way
that on every face, we only use the colors from the n vertices on that face; another
way to say this is that we do not use the k-th color for vertices that lie on the face
Fy. The following picture shows an example of such a coloring.

Theorem 4 (Sperner’s lemma). In this situation, there is at least one small simplex
all of whose vertices have different colors; in fact, the number of simplices with this
property is always odd.

In the example above, there are five such simplices.

Proof. The proof is by induction on n > 0; because a 0-simplex is just a single
point, the case n = 0 is trivial. Suppose then that we already know the result in
dimension n — 1 > 0, and let us prove it in dimension n. Given a triangulation of
A™ and a coloring as above, let N be the number of small simplices all of whose
vertices have different colors. Our goal is to show that N =1 mod 2.



Put a dot in every simplex of the triangulation, and connect two dots by an edge
iff the two simplices in question have a common face whose n vertices are colored
using each of the colors 1,...,n exactly once. Also put an additional dot outside
of A™, and connect this dot with a dot in a small simplex iff one of the faces of
the small simplex lies on the boundary of A™ and the n vertices of that face are
colored using each of the colors 1,...,n exactly once. (By our assumptions on the
coloring, every such face has to lie on F,,.) In this way, we obtain a graph; here is
what it looks like in the example from above.

The degree of a dot is by definition the number of edges going into the dot. In our
graph, every dot inside a small simplex has degree 0, 1, or 2, because a simplex can
have at most two faces whose vertices use all the colors 1,...,n exactly once; the
degree is 1 precisely when all vertices of the corresponding simplex have different
colors. What this means is that IV is congruent, modulo 2, to the sum of the degrees
of all the dots inside A™.

Now a basic fact in graph theory is that, in every graph, the sum of all the
degrees must be an even number; this is due to the fact that every edge has exactly
two endpoints. Consequently, N is also congruent, modulo 2, to the degree of the
outside dot. That degree is nothing but the number of (n — 1)-simplices on F,,
all of whose vertices have different colors. Since F,, also satisfies the assumptions
of Sperner’s lemma (in dimension n — 1), the inductive hypothesis shows that the
number of such simplices is odd; but then N must be an odd number, too. ([l

The case n = 1 of Sperner’s lemma is a sort of discrete version of the intermediate
value theorem: it says that if the two endpoints of an interval have different colors,
then there must be at least one small interval where the color changes from one
endpoint to the other. In fact, for many purposes in topology, Sperner’s lemma can
serve as a replacement for results that can otherwise be proved only with the help
of algebraic topology.

Brouwer’s fixed point theorem. Now we come back to topology: with the help
of Sperner’s lemma and some basic analysis, we can prove the following fixed point
theorem for the closed unit ball

B"={zeR" ||z <1}

in Euclidean space.



Theorem 5 (Brouwer’s fixed point theorem). FEvery continuous function
f:B" — B"
has a fized point: there is a point x € B™ with the property that f(x) = x.

Somebody asked whether there are fixed point theorems in infinite-dimensional
spaces. The answer is yes: there is a generalization of Brouwer’s theorem, due to
Schauder, for closed unit balls in arbitrary Banach spaces.

The fact that every continuous function from B™ to itself has a fixed point is
a purely topological property of B™; any topological space homeomorphic to B™
(such as the closed unit cube or a closed n-simplex) has exactly the same property.

Proof. Let A™ denote the closed convex hull of the n41 coordinate vectors in R*+!;
this is of course an n-dimensional simplex. To prove the fixed point theorem, it is
enough to show that every continuous function f: A™ — A™ has a fixed point; this
is because A™ and B" are homeomorphic.

If we use coordinates = (x1,...,Z,41) on R"T1 points x € A™ are character-
ized by the conditions z; > 0 for all ¢, and 1 + --- + x,+1 = 1. These also hold
for the coordinates fi(x),..., fn+1(x) of the point f(z). Writing F for the face
opposite the vertex ey, points x € F}, satisfy the additional equation z; = 0.

The idea of the proof is to consider subdivisions of A™ and to apply Sperner’s
lemma to them. To begin with, let 7 be an arbitray triangulation. We color its
vertices with n + 1 colors, taking care to use the i-th color for a vertex v only if it
satisfies f;(v) < v;. This requirement can always be satisfied: it cannot be the case
that f;(v) > v; for every i, because then

n+1 n+1

1=Zf¢(v) > Z”izl-
=1 =1

We are also allowed to use the k-th color for the vertex ey, because the k-th coor-
dinate of e; is equal to 1. In fact, it is possible to choose the coloring in such a
way that the assumptions of Sperner’s lemma are satisfied: if v € F}, a vertex on
the k-th face, then v, = 0, and because

n+1 n+1

Z fi(v) = Z%

we must have f;(v) < v; for at least one i # k. Sperner’s lemma therefore guarantees
the existence of a small simplex in 7, all of whose vertices have different colors.

To find the desired fixed point of f, we now apply this result to triangulations by
smaller and smaller simplices. To be precise, let us define the mesh of a triangulation
to be maximum of the diameters of all the simplices in the triangulation. Pick a
sequence 7™ of triangulations of A™ whose mesh converges to zero. For each
triangulation, we choose an arbitrary coloring subject to the condition above; let
6™ be a small simplex in 7™, all of whose vertices have different colors. Inside
each 6™, choose a point ™. These points form a sequence in A™; because A™ is
compact, we may pass to a convergent subsequence (that we denote by the same
symbol) with limit z € A™.

Now I claim that z is a fixed point of f. By our choice of coloring, the simplex
0™ has, for each ¢ = 1,...,n + 1, at least one vertex v with f;(v) < v;. Since we
assumed that the mesh of the triangulations goes to zero, the vertices of 6™ converge
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to the point x as well; because f is continuous, this implies that f;(x) < x; for all

1. But since
n+1 n+1

> fila) =
i=1 i=1
all those inequalities must be equalities, and so f(x) = . O

Proof of the invariance of domain theorem. It is pretty easy to see that
Theorem 2 is a consequence of the following result.

Theorem 6. If f: B™ — R™ is continuous and injective, then f(0) is an interior
point of f(B™).

Indeed, to show that f(U) is an open subset whenever f: U — R" is continuous
and injective, we have to prove that f(z) is an interior point of f(U) whenever

x € U. For some r > 0, the closed ball B,.(z) is contained in U; by applying the
theorem to the restriction of f to this closed ball (which is clearly homeomorphic to
B™), we obtain that f(z) is an interior point of f(B,(z)), and hence also of f(U).

The proof of Theorem 6 takes several steps; the fixed point theorem will make
an appearance in the second step.

Step 1. By assumption, the function f: B® — f(B") is continuous and bijective.
Since B™ is compact and R™ is Hausdorff, f must be a homeomorphism (by Corol-
lary 7.2). In other words, the inverse function f~1: f(B™) — B™ is also continuous.
Now the set f(B™) may be very complicated, and so we don’t really know what the
domain of f~! looks like — but we can always extend f~! to a continuous function
G: R™ — R"™ by appealing to the Tietze extension theorem! Indeed, each of the
n components of f~1 is a continuous function from f(B™) to the closed interval
[—1, 1]; because f(B™) is compact Hausdorff and hence normal, Theorem 13.4 al-
lows us to extend them to continuous functions from R™ to [—1,1]. Putting these
n functions together, we obtain the desired extension G. By construction, we have

G(f(@) = 1 (f@) =«
for every x € B™.

Step 2. Next, we observe that the function G has precisely one zero on the com-
pact set f(B™), namely at the point f(0). This is a consequence of the identity
G(f(z)) = . We can use the fixed point theorem to prove that this zero is “stable”
under small perturbations of G, in the following sense.

Proposition 7. If G: f(B™) — R" is a continuous function such that
IG(y) =Gl <1 for every y € f(B"),
then G also has at least one zero on the compact set f(B™).

What this means is that, even if we jiggle the function G slightly, the zero of G
cannot disappear into nowhere.

Proof. Consider the continuous function
B" = B", x~—ux-— C;’(f(:v)) =G(f(2)) - G’(f(x)),

the assumptions on G guarantee that it maps B"™ into itself. According to Theo-
rem 5, there must be at least one fixed point x € B™; but then
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which obviously means that the point f(z) is a zero of G. O

Step 3. Let me now explain the strategy for proving Theorem 6. Suppose that
the result was false, in other words, suppose that f(0) was not an interior point
of f(B™). Then f(0) has to lie on the boundary of f(B™), and so the function
G has a zero on the boundary. The idea is that a zero on the boundary is un-
stable: by jiggling things slightly, one can push the zero outside of f(B™), which
then contradicts Proposition 7. More precisely, we would like to construct a small
perturbation G that no longer has any zeros on f(B"). Let us start turning this
idea into a rigorous proof.

Recall that G(f(O)) = 0; because G is continuous, we can choose € > 0 such that
|G(y)|| < 15 whenever |ly — f(0)|| < 2. Since we are assuming that f(0) is not an
interior point of f(B"™), there has to be some point ¢ € R™ with |jc — f(0)| < e but
¢ & f(B™). We can translate the whole picture so that ¢ gets moved to the origin,

which allows us to assume that ¢ = 0. We have arranged that

0¢f(B"), fOl<e  IGWI < iflyll <e.

The third item is because ||y|| < e means that ||y — f(0)|| < |ly|]|+/f(0)| < 2. The
picture above should help you visualize what is going on.

Step 4. Let me now explain how to push the set f(B™) away from the point f(0).
Define two closed sets

Si={yef(B")[lyl>e} and Sp={yeR"|[|[ly|=c}.

Here Y5 is the boundary of the ball of radius € around the origin, and ¥; is the
part of f(B™) that lies outside that ball; since f(B™) is compact, both ¥; and
are also compact. Note that the function G has no zeros on the compact set X.
The important thing is that we can write down a continuous function that maps
f(B™) into the set ¥ U 3o, namely

6: f(B") - $1 U, oly) — max (Z” 1) .

This function is well-defined and continuous, due to the fact that 0 ¢ f(B™). For
a point y € X1, we have ||y|| > ¢, and so ¢(y) = y; therefore ¢ does nothing to the



points of f(B™) outside the e-ball. For a point y € f(B™) with |ly|| < e, we get

Y
(Zs(y):gi 6227
lyl
and so ¢ takes those points to the boundary of the e-ball. Intuitively, the effect
of ¢ is to push the part of f(B™) that lies inside the e-ball to the boundary. In
particular, the point f(0) does not belong to the image of f(B™) under ¢.

Step 5. We would like to use the continuous function G o ¢: f(B™) — R™ as our
perturbation of G. For y € 31, we have (Go¢)(y) = G(y) # 0, and so this function
has no zeros on ;. It is however possible that G o ¢ might vanish at some point of
f(B™) inside the e-ball; this can happen for instance if G has zeros on ¥5. There
is not much we can do about this: G was an arbitrary continuous extension of f~!,
and so we have no control over its zeros on 5. Now the idea is to replace G by
a function that is better-behaved: a polynomial function. This can be done with
the help of the Weierstrass approximation theorem and some measure theory, both
results from analysis. (The homework for this week explains a purely topological
argument for achieving the same thing.)

Recall that G has no zeros on the compact set 31, which means that |G(y)|| > 0
for every y € ¥1. By compactness, we can therefore find a real number ¢ > 0 such
that [|G(y)|| > 0 for every y € Xy; without loss of generality, we may assume that
6 < %. According to the Weierstrass approximation theorem, there is a polynomial
function P: R™ — R"™ with the property that

IG(y) — P(y)|| <0 for every y € 1 U Xs.

Observe that P still does not have any zeros on f(B™): if we had P(y) = 0,
then ||G(y)|| < J, contradicting the fact that |G(y)|| > d. If we are unlucky, it
may happen that P has a zero somewhere on Y5, but we can easily fix this by
the following measure-theoretic argument. The set Y5 obviously has measure zero;
because P is a polynomial function, one can prove that the image P(32) also has
measure zero. By choosing a sufficiently small vector v € R™ \ P(3X3), and by
replacing P by the polynomial function P — v, we can arrange that P does not have
any zeros on >p U Xo.

Step 6. Now we are basically done. Let us define a function
G: f(B") = R", Gly)=P(s(y)).

This function is continuous, and by what we said above, has no zeros on the compact
set f(B™). Let us show that G is a small perturbation of G. Let y € f(B™) be an
arbitrary point; there are two cases. (1) If ||ly|| > €, then ¢(y) = y, and so

~ 1
IG(y) = G = IG(y) = Pl <6 < 3-
(2) If |ly|| < e, then ¢(y) € Xg and ||é(y)|| = €, and so we get

IG(y) = Gl = IG(y) — P(6u))]| = IG(y) — G(6(y)) + G(o(y)) — P(6(y))|

<G+ 116G + 1G(o(y)) = P

<i+i+5<i
— 10 10 — 10
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In both cases, the distance between G(y) and G(y) is less than 1, and so Proposi-
tion 7 says that G(y) has a zero somewhere on f(B™). This is a contradiction, and
so we have proved Theorem 6.

Exercises.

1. Use the invariance of domain theorem to show that an n-dimensional manifold
can never be homeomorphic to an m-dimensional manifold with m # n.

2. This exercise will tell you how, in proving the invariance of domain theorem,
one can bypass the use of Weierstrass approximation.

Theorem (Kulpa). Let f: X — R™\ {0} be a continuous function defined on a
compact subset X C R™. Then for each € > 0 and every compact subset Y C R"
with empty interior, there is a continuous function F': X UY — R™\ {0} such that
|1E(z) — f(x)|| <e forallz e X.

Convince yourself that this result can take the place of Weierstrass approximation
in our proof of the invariance of domain theorem. (Hint: In the notation from class,
take X = ¥; and Y = X5.) Then prove the following lemma.

Lemma. Let A CR™ be an n-dimensional simplex with vertices vy, ...,v,. Given
a continuous function g: A — R™, show that the formula

n n
h(z) = Ztig(vi), where x = Ztivi,
i=1 i=1
defines a continuous function h: A — R™. We call it the linearization of g on A.

The idea behind the proof of Kulpa’s theorem is to approximate the given func-
tion by piecewise linear functions instead of by polynomials. Now prove Kulpa’s
theorem in the following steps.

(a) Since X UY is bounded, it is contained in the n-dimensional box I™ =
[-R, R]™ for some R > 0. Show that f can be extended to a continuous
function g: I — R™.

(b) Choose 6 > 0 with 26 < e such that f(X)N Bzs(0) = 0. Show that one can
subdivide I" into n-dimensional simplices Ay, ..., Ay, in such a way that
the image g(Ayg) of every simplex Ay has diameter at most 4.

(¢) Let h: I — R™ be the piecewise linear function whose restriction to each
Ay is the linearization of g on Ag. Show that h is continuous, and that
| f(x) — h(x)|| < ¢ for every x € X.

(d) Show that h(Y) C R™ is a compact set with empty interior. Conclude that
there is a point ¢ € Bs(0) \ h(X UY).

(e) Now define F': X UY — R™ as F(z) = h(z) — ¢, and prove that it has all
the required properties.



EXTRA LECTURE: THE JORDAN CURVE THEOREM

The Jordan curve theorem. Instead of homology, one can also use some of the
ideas about paths and fundamental groups to prove the Jordan curve theorem. I
am sure all of you have heard about this result at some point in your life: any
closed curve in R? divides the plane into two regions, one inside the curve, the
other outside the curve.

More precisely, a closed curve in the plane is a continuous function h: [0, 1] — R?
with h(0) = h(1); if we identify the two endpoints of the interval, we obtain a
circle, and so we can just as well say that a closed curve is a continuous function
h:S' — R2. This definition includes space-filling curves: the image of the Peano
curve, for example, would be the entire unit square, which obviously fails to divide
R? into two regions. Jordan discovered that this problem goes away if we consider
simple closed curves (also called Jordan curves), where the function h: S — R? is
injective. Note that for such curves, the image h(S') is homeomorphic to S!, due
to the compactness of S'. Jordan curves are closer to our intuitive notion of curve.

Theorem 27.1 (Jordan). If C C R? is a simple closed curve, then R?\ C has
ezactly two connected components, each of which has C as its boundary.

This theorem was proved by Jordan in the late 19th century. One often reads
that his proof was unsatisfactory and that the first correct one is due to Veblen; but
Hales, who wrote the first computer-checkable proof of the Jordan curve theorem,
says that: “In view of the heavy criticism of Jordan’s proof, I was surprised when
I sat down to read his proof to find nothing objectionable about it.”

The tricky thing is that most simple closed curves do not look at all like a circle.
There are fractal curves (like the Koch snowflake, pictured above), and even for
curves that are not fractals, it can be very hard to decide by looking at the curve
whether a given point lies inside or outside the curve.

Some observations. The argument I am going to present uses basic algebraic
topology, and especially some ideas from our proof of the Seifert-van Kampen the-
orem. Let f: S' — R? be a simple closed curve, and denote by C' = f(S!) its image
in R2. To get started, here are some observations:

(1) The curve C is compact, and f is a homeomorphism between S and C;
in particular, we can forget about the parametrization and remember only
the subset C' C R2. This follows immediately from Corollary 7.2.

(2) The complement R?\ C' is open and locally path connected; every connected
component of R?\ C' is thus open and path connected (Proposition 6.7).



(3) Exactly one of the connected components of R? \ C' is unbounded. The
reason is that C' is contained in a large disk, whose complement is path
connected, hence contained in exactly one connected component of R? \ C.

Let us first show that C' is the common boundary of every connected component
of R?\ C. For the time being, we assume that the complement of C' has at least
two connected components; we will show later that this is always the case.

Lemma 1. Let C C R? be a simple closed curve. If R?\ C is not connected, then
every connected component has C as its boundary.

Proof. Let U C R?\ C be one of the connected components. Since the other
connected components are open, we have U = U \ U C C. Suppose that oU # C;
we shall argue that this leads to a contradiction. Since C' is homeomorphic to a
circle, QU is homeomorphic to a proper closed subset of the circle, and therefore
contained in a subset homeomorphic to a closed interval. In other words, we have
OU C A, where A C C is a closed subspace homeomorphic to [0,1]; a subspace
homeomorphic to the closed unit interval is called an arc.

By assumption, R?\ C has at least two connected components, and so at least one
of its connected components must be bounded. After translating C' by some finite
distance, if necessary, we can arrange that the origin lies in a bounded component;
if U itself happens to be bounded, we may assume that 0 € U. Let D be a closed
disk of sufficiently large radius centered at 0, such that the curve C is contained in
D; its boundary 9D is clearly contained in the unbounded component of R? \ C.

Now we use the Tietze extension theorem to extend the identity id4: A — A to
a continuous function g: D — A. Recall that A is homeomorphic to [0, 1]; since D
is normal, Theorem 13.4 says that any homeomorphism h: A — [0, 1] extends to
a continuous function h’: D — [0,1], and then g = h=! o A’ does the job. So far,
nothing seems to be wrong — but in fact, such a function g cannot exist, because
one can use it to build a retraction from the disk D onto its boundary circle!

There are two cases. If U is bounded, define

| Jglx) ifzel,
r: D — D\ {0}, TW—{x if 2 € R2\ U;

this is continuous because both sets are closed and g(x) = « for every z € 9U C A.
If U is unbounded, define

; 2
r:D— D\ {0}, r(z)= {g(x) fee R,
T ifxeU,

which is continuous for the same reason. Because 0D is contained in the unbounded
component of R? \ C, we have r(z) = z for every x € dD. If we now compose 7
with the obvious retraction of D \ {0} onto its boundary, we obtain a retraction of
D onto dD; but such a retraction cannot exist by Corollary 18.5.

The conclusion is that JU = C, which is what we wanted to show. ([

If you look at the proof carefully, you will see that we have actually proved the
following additional result.

Corollary 27.2. The complement of any arc A C R? is path connected.



Proof. The complement is open and locally path connected; if it has more than one
connected component, we can use the same argument as above to build a retraction
from a disk onto its boundary. O

The complement is not connected. The next step is to show that the com-
plement R? \ C is not connected. It will be more convenient to replace R? by its
one-point compactification S2. Tt is easy to see that R?\ C' and S?\ C have exactly
the same number of connected components: the unique unbounded component of
R?\ C corresponds to the unique component of S? \ C' containing the extra point
at infinity. We may therefore look at a simple closed curve C' on the sphere.

Choose two points p, g € C; they divide C into two arcs A and B, both of which
have p and ¢ as their endpoints. Consider the two open sets U = S? \ A and
V = §%\ B; since they are both complements of arcs, Corollary 27.2 shows that
they are both path connected. Now

Unv =8s?\C
Uuv =8\{p,q}

and so if S?\ C' was connected (and hence path connected), the fundamental group
of X = U UV would be governed by the Seifert-van Kampen theorem. But X is
just the complement of two points on the sphere, and so

m(X,x0) =7
for any choice of base point zo € UNV.

Lemma 2. The homomorphisms w1 (U, xo) = m1(X,x0) and m1(V,x9) = m1(X, zo)
are both trivial.

Proof. Given any loop a: I — U based at the point xg, we have to show that it is
path homotopic, in X = S?\ {p, ¢}, to the constant path at zq. Let g: S' — U be
the induced continuous function from the circle; then [a] € 71 (X, zg) is the image
of the generator of 71 (S, by) under the homomorphism g,; by Lemma 19.6, it will
be enough to show that f is homotopic to a constant function.

By construction, g(S!) is disjoint from the arc A; because p,q € A, this means
that p and ¢ belong to the same connected component of S? \ g(S'). Now S? \ {¢}
is homeomorphic to R?, and so we may assume without loss of generality that
g: St — R%\ {p} is a continuous function with the property that p € R? lies in the
unbounded component of R? \ g(S!). After translating everything by —p, we can
arrange furthermore that p = 0.

Now let D be a disk of sufficiently large radius containing g(S!), and choose a
point v € R?2\ D. Let v: I — R?\ ¢g(S') be a path from the origin to the point v;
such a path exists because the origin lies in the unbounded component. Consider
the homotopy

G:S' x I - R2\ {0}, G(z,t)=g(x)—~(t);

note that G(z,t) # 0 because the path v is contained in the complement of g(S*').
This shows that g is homotopic to the function g — v; the point is that the image
of g — v stays far away from the origin. We can then use a second homotopy

H:S''xT—-R*\{0}, H(xt)=tg(z)—v

to deform g — v continuously into the constant function —v. This shows that g is
homotopic to a constant function, as needed. [



The lemma shows that 71 (U, 2) and 71 (V, z¢) generate the trivial subgroup of
m1 (X, zg). If UNV was path connected, Theorem 18.8 would imply that m (X, zo)
is itself trivial; since this is not the case, it follows that U NV = S? \ C must have
at least two connected components.

Exactly two connected components. The remainder of the proof consists in
exploiting the fact that 71 (X, x¢) =~ Z to prove that S? \ C' can have at most two
connected components. The idea is that each additional component gives a new
element in 71 (X, xo); since the group has rank 1, there can be only 2 components.

Let me first explain how the existence of more than one connected component
produces nontrivial elements in the fundamental group of X. We already have a
base point g € UNV; let 1 € UNV be a point in a different connected component.
Since U and V are both path connected, we can choose a path « in U and a path
B in V that join the two points ¢ and 1. Then a * 3 is a loop in X based at the
point zg.

Lemma 3. The element [a x 3] € w1 (X, x0) is nontrivial.

Proof. Suppose to the contrary that the element was trivial. Then there would be
a path homotopy H: I x I — X from « * (8 to the constant path at zy. As in
the proof of the Seifert-van Kampen theorem, we choose a sufficiently large even
integer N and divide I x I into N2 little boxes, each of which is mapped by H into
one of the two open sets U or V. We then label each box either with the letter
U or the letter V, depending on whether its image under H lies in U or V; if the
image happens to lie in U NV, we simply choose one of the two. Since a(I) C U,
we can clearly arrange that the first N/2 boxes in the topmost row are labeled U;
similarly, we can arrange that the remaining N/2 boxes are labeled V.

« T B
uvuuuvuuvuujvvvyvyvy

Zo Zo

Zo

Now we construct a graph whose vertices are the (N + 1)? points on the grid;
we include only those edges into the graph whose two adjacent boxes have different
labels. Tt is easy to see that the degree of any vertex inside (= not on the boundary
of) the square has degree 0, 2, or 4. By construction, there is exactly one vertex
of degree 1 on the top boundary, namely the midpoint (which is mapped to the



point 1 by H). Consider the connected component of our graph containing this
vertex. For degree reasons, it has to meet the boundary of the square in an even
number of vertices, so it has to contain at least one vertex on the left, bottom, or
right boundary of the square (which are mapped to the point z¢ by H). But then
the image of this component under H is a connected subset of U NV containing
the two points xg and 1, contradicting the fact that these two points belonged to
different connected components. (I

We can use the same strategy to prove that U N’V = §? \ C can have at most
two connected components. Suppose by way of contradiction that there were three
or more components. We could then choose a point x5 € UNV so that g, x1, and
x2 belong to three different connected components; if v and § are paths in U and
V connecting the two points x¢ and 2, then v * § is a second loop based at .
The two classes [ 3] and [y * 6] are linearly independent, in the following sense.

Lemma 4. If [a* B]™ = [y % 6]" in 71 (X, x0), thenm =n = 0.

Proof. Suppose that there was such a relation with m,n # 0. Then there would be
a homotopy H: I x I — X from the loop

axfBx---xaxp,

1

where each of the 2m individual loops is parametrized by an interval of length 5,

to the loop

’y*g*u«*'y*g,
where each of the 2n individual loops is parametrized by an interval of length %
As before, we choose a sufficiently large integer IV that is divisible by both m and
n, and subdivide I x I into N? little boxes that we label either with U or with
V, depending on where they are mapped under H. We also construct a graph by
exactly the same procedure.

T Zo X1 xo X1
uulv viu ujv/ viju u|v v

Zo Zo

uuujvyvVvVviuuujv vyv
T2 i) T2

Again, every vertex inside the square has even degree, and so any connected com-
ponent of the graph has to meet the boundary of the square in an even number of
vertices. Now there are two cases. If m is even (as in the picture above), there is



an odd number of vertices of degree 1 that get mapped to the point z1; for degree
reasons, at least one of the connected components containing these vertices has to
meet the boundary of the square in a vertex that gets mapped to the point zq or to
the point x5; but then we get a path in U NV joining these points, contradiction.
The same argument works of course when n is even.

If n is odd (as in the picture above), there is an even number of vertices of degree
1 that get mapped to the point 2. We get the same contradiction as above, except
in the case where all such vertices belong to one connected component of the graph.
But then every vertex of degree 1 on the bottom boundary has to belong to that
same component, because a connected component that starts at such a vertex still
has to meet the boundary of the square in an even number of vertices. We thus get
a path in UNYV joining the point x( to the point x5, which is again a contradiction.
The same argument works when m is odd. [

Since 7 (X, xg) ~ Z, both elements [a * 8] and [y * 6] are nonzero multiples of
the generator; this means that there is a relation of the form

o B]™ = [y + 3"
for some (m,n) # (0,0). Since the lemma tells us that this is not possible, the

only conclusion is that U NV must have exactly two connected components. This
finishes the proof of Theorem 1.
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