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ABSTRACT. These are lecture notes for my lecture “Topology I” which I taught in the winter
term 2023/24 at LMU Munich.
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The purpose of this lecture is to give an introduction to the field of algebraic topology, that
is, the study of topological spaces by means of algebraic tools such as homotopy groups and
homology groups. Of course, in order to do so, we must first define and study basic properties
of topological spaces — this will be our first section on point-set topology. Next, we will define
homotopy groups, and in particular the fundamental group and derive some basic properties
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including the theorem of Seifert and van Kampen. We will then discuss covering spaces and
describe the intricate relationship between coverings of a given space X, a purely topolog-
ical notion, and sets equipped with an action of the fundamental group of X. Finally, we
will introduce the notion of a homology theory on topological spaces and construct the first
non-trivial example: Singular homology. We will derive some standard applications, prove
all relevant properties of singular homology (also known as the Eilenberg—Steenrod axioms),
discuss the homology of CW complexes (i.e. that singular and cellular homology agree) and
finish with some applications of the Euler characteristic.

This course will be followed by a course “Topology II” in the summer term 2024. There, we
will discuss singular cohomology, its multiplicative structure and prove Kiinneth and universal
coefficient theorems. We will move on and discuss the (co)homology of smooth/topological
manifolds and prove Poincaré duality. If time permits, we will also discuss vector bundles
and Thom isomorphisms. After this, we will go back to homotopy theory: We will discuss
the notion of fibrations and associated long exact sequences in homotopy groups, simplicial
sets, the relation between topological spaces and simplicial sets and in particular the theorem
that a weak equivalence induces an isomorphism on singular homology, and representabilty
of singular cohomology.

1. POINT-SET TOPOLOGY

We begin with the definition of a topological space. For a set X, we denote by P(X) its
power set, i.e.

PX)={A| AC X}.
1.1. Basic definitions.

1.1. Definition Let X be a set. A topology on X consists of a set O C P(X), whose elements
are called open sets, satisfying the following axioms:
(1) X,2 €0,
(2) ¥ Uy,...,U, €0, then U1N---NU, € 0O,
(3) If I'isaset and U; € O for all i € I, then |J U; € O.
i€l
A pair (X, O) consisting of a set X and a topology O on X is called a topological space.

We begin with trivial examples.

1.2. Example Let X be a set. Then

(1) {0, X} is a topology on X. It is called the indiscrete topology.
(2) P(X) is a topology on X. It is called the discrete topology.

We refer to the following basic (but useful) observation as the self-indexing trick:

1.3. Observation Let (X, O) be a topological space. Then U C X is open if and only if for
all x € U, there exists U, € O such that x € U, C U.

Proof. If U is open and z € U, we mau simply choose U, = U. Conversely, note that

U= U Uy, soU is open. O
zelU

1.4. Notation We will use the following terminology. Let (X, O) be a topological space.



TOPOLOGY I 3

(1) A subset A C X is called closed if its complement X \ A is open. We write C for the
collection of closed subsets of (X, O).

(2) For a point z in X, a subset N C X containing z is called a neighborhood of x, if
there exists an open set U such that z € U C N.

(3) A subcollection B of a topology O is called a basis for O if every element in O is a
union of elements in B.

(4) A subcollection 8 of a topology O is called a subbasis for O, if every element in O is
a union of finite intersections of elements in 8.

1.5. Remark Let (X, O) be a topological space. Then O is determined by the set of closed
subsets of X: Indeed, the elements of O are precisely the complements in X of closed sets in
X. One can therefore also describe a topology by specifying a subset € C P(X) of closed sets
of X satisfying the axioms

(1) &,X €¢C,

(2) If Ay,..., A, € C, then A;U---UA, €C,

(3) If I is a set, and A; € € for all 4 € I, then (),c; 4; € C.

1.6. Example Let X be a set. Set € = {A C X | A finite or equal to X } defines the closed
sets of a topology on X, called the cofinite topology.

Next, we explain how to obtain many more examples of topologies.

1.7. Lemma Let X and I be sets and for every i € I, let O; be a topology on X. Then the
intersection O = [ O; is again a topology on X .
el

Proof. If I is empty, then O = P(X) is indeed a topology. So let us assume that [ is not
empty. By assumption, (), X € O; for all i € I. Hence, (), X € O. Likewise, if for j =1,...,n
we have U; € O, then U; € O; for all i € I. Consequently, Uy N---NU, € O; for all i € I,
and hence Uy N---NU, € O as needed. The same argument applies for arbitrary unions of
elements of O. O

1.8. Definition Let X be a set and 7' C P(X) a set of subsets of X. There exists a unique
smallest topology Or containing T'. It is called the topology generated by T'. The set T is a
subbasis for the topology Or.

Proof. We define
Or = m{O C P(X) | O is atopology on X and T' C O}.

We note that this set over we take an intersection is non-empty since it contains P(X). Orp
is a topology by Lemma If O is any topology on X containing 7', then by definition
Or C O, as O appears as one of the sets over which we form intersections. Hence Op is the
smallest topology which contains T. Now consider the set 87 consisting of arbitrary unions
of finite intersections of elements of T'. In formulas

n
ST:{UA,- | [ is a set and Vi € I 3T7y,...,T,, € T such that 4; = mT]}
i€l j=1
Then 87 is contained in O because O is a topology. So it suffices to show that St is a
topology as well. O
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1.9. Example A metric space (M, d) gives rise to a topological space (M,O4). A subbasis
for the topology O4 on M is given by the open balls of radius ¢ < 1 around arbitrary points:

§={Be(m)={zeM|dx,m)<e} | meMe<l}

In fact, § is a basis, not only a subbasis and whenever x € U with U € Oy, there exists € > 0
such that Be(x) C U (Exercise). Oy is called the metric topology on M.

In particular, for any n > 0, euclidean space R™ with its norm induced metric d(z,y) =
|lx—y/|| is a metric space. Moreover, any subset of a metric space is again a metric space (simply
restrict the metric), and consequently any subset of R™ is a metric, and hence topological
space. There are many different kinds of such subspaces, we consider the following two
extreme cases:

(1) ™ = {z € R""! | ||z|| = 1}, the n-dimensional sphere.

(2) The Cantor set C' C [0,1] or Q C R.
We will later argue in which sense these examples are of different nature, based on the
notion of connectedness (the sphere is connected, whereas the Cantor set and Q are totally
disconnected).

1.10. Remark A topological space (X, O) is called metrizable, if there is a metric d on X such
that O is the metric topology of d. Not all topological spaces are metrizable as we discuss in
an Exercise. Metrizable spaces will not play an important role in this course.

We come to the notion of continuous maps.

1.11. Definition Let (X,0x) and (Y,Oy) be topological spaces. A map f: X — Y is
called continuous with respect to Ox and Oy if f~1(Oy) C Oy, that is, if for all U € Oy,

the preimage f~!(U) lies in Ox. We denote the set of continuous maps from X to Y by
C((X,0x), (Y,0y)).

1.12. Remark Equivalently, f is continuous if f~1(A) is closed in X whenever A is closed in
Y.

In what follows we will often write “Let X be a topological space”. When doing so, we mean
that X denotes a set equipped with a topology O which we leave implicit in the notation.
In this case, we shall also simply say that f: X — Y is continuous and denote the set of
continuous maps by C'(X,Y’). We record the following obvious fact:

1.13. Lemma Let f: X — Y and g: Y — Z be continuous maps between topological spaces.
Then go f: X — Z is continuous.

Since also the identity of any topological space is continuous, we obtain a category Top
whose objects are topological spaces and whose morphisms are continuous maps.

1.14. Lemma Let (X,0x) and (Y,Oy) be topological spaces and let 8§ be a subbasis for Oy .
Then f is continuous if and only if for any U € 8, we have f~Y(U) € Ox.

Proof. If f is continuous, then f~'(U) € Ox for all U € Oy, so the only if follows from the
inclusion 8 C Oy. To see the converse, let U € Oy. Since 8§ is a subbasis, there is a set I and
for each i € I there is a finite set J; and a map A: J; — 8 such that

U=J) A4

icl jed;
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Since taking inverse images commutes with unions and intersections, we obtain

rtoy=U N .
icl jeJ;
By assumption, for all ¢ € I and all j € J;, we have that f~1(4;) € Ox. Since Ox is a
topology, we conclude that f~!(U) € Ox and hence f is continuous. O

Most likely you remember the e-d-criterion for continuity from Analysis. The following
shows that the a priori different notions of continuous maps agree.

1.15. Lemma Let (M,d) and (M',d") be metric spaces. A map f: M — M’ is continuous
with respect to the metric topologies if and only if f is e-0-continuous.

Proof. We recall that f is called e-d-continuous, if for all x € M and all € > 0, there exists
d > 0 such that d(z,y) < ¢ implies that d'(f(z), f(y)) < €, in other words that Bs(z) C
[ B (@),

By Lemma f is continuous if and only if f~1(B.(z)) is open for all ¢ > 0 and
z € M'. This is only a condition when f~!(B(z)) is non-empty. By the self-indexing trick
of Observation [I.3] and the exercise alluded to in Example f is therefore continuous if
and only if for all x € f~1(Bc(z)), there exists § > 0 such that Bs(z) C f~1(B.(2)), in other
words, precisely when f is e-d-continuous. O

We come to first examples of constructing new topological spaces from old ones:

1.16. Definition (1) Let (X, 0) be a topological space and i: Y — X an injection. The
restricted topology Oy on Y is given by the collection of sets i~Y(U) for U € O.
(2) Let (X, 0) be a topological space and p: X — Z a surjection. The quotient topology
on Z is given by those sets V C Z such that p~1(U) is open.
When ¢ as above is the inclusion of a subset Y C X, we refer to the resulting topological
space as as a subspace of (X, O).

1.17. Lemma Let (X,0) be a topological space, i: Y — X an injection and p: X — Z a
surjection. Then the restricted topology on Y and the quotient topology on Z are in fact
topologies. Moreover, when (X', Q) is another topological space, then f: X' — Y is con-
tinuous if and only if the composite if: X' — X 1is continuous. Likewise, g: Z — X' is
continuous if and only if the composite gp: X — X' is continuous.

Proof. That the putative topologies are indeed topologies follows from the fact that preimages
commute with intersections and unions. If f and g are continuous, then so are if and gp.
Let us conversely assume that if and gp are continuous. To see that f is continuous, let
V =i Y(U) be an open of Y. Then f~1(V) = f~1(i~1(U)) = (if)~1(U) which is open since
U is and if is continuous. Likewise, let U’ C X’ be open. Then g~!(U’) is open if and
only if p~1(g~1(U")) is open which is the case because it is given by (gp)~1(U’) and gp is
continuous. ([l

1.18. Corollary Let f: X — Y be a continuous map between topological spaces. Equip the
image f(X) CY of f with the subspace topology. Then f restricts to a continuous surjective

map f: X — f(X).

1.19. Remark Let p: X — Z be a surjection. The relation z ~ 2z’ if p(z) = p(2’) is an
equivalence relation on X, and the resulting map X/ ~— Z is a bijection. In particular, any



6 MARKUS LAND

surjection is given as the quotient of X by an equivalence relation. The above then shows that
if X is a topological space equipped with an equivalence relation ~ and given a continuous
map f: X — Y which is compatible with the equivalence relation in the sense that x ~ 2’
implies that f(xz) = f(2), the resulting map of sets X/ ~— Y is continuous with respect to
the quotient topology on X/ ~. There are two typical examples for such equivalence relations
to keep in mind:

(1) For A C X a subset, the relation z ~ 2’ if and only if x and 2’ are contained in A
generates an equivalence relation. The quotient by this relation will be denoted X/A.

(2) For X a topological space, whose underlying set X is equipped with an action of a
group G, the relation z ~ 2’ if there exists g € G such that gz = 2’ is an equivalence
relation. The quotient will be denoted by X/G. In an exercise, we show that the
quotient map X — X/G is open if the action of G on X is by continuous maps, i.e.
that for all g € G, the map x — gz is continuous.

1.20. Example Let K € {R, C,H}. Consider the set
LK™ = {V C K" | V is a one-dimensional subspace of K"*1}

of lines in K", Then L(K"*!) is the quotient of K"\ {0} by the equivalence relation
x ~ ' if there exists A € K such that 2/ = \z. Since K = R* for k = 1,2,4, we find that
K™\ {0} is canonically a topological space. With the quotient topology, L(K"*!) therefore is
also a topological space, called n-dimensional projective space over K, and is written KP".

1.21. Example Let n > 1. Then the map = — —z on R""! restricts to a self-map of S™.
This determines an action of Co on S™. The quotient S™/C9 is homeomorphic to RP", see
??7. A convenient way to prove this will be outlined later.

1.22. Example Actions on R? by linear transformations: Z? acts with quotient given by 7.
7 x 7. acts with quotient a Klein bottle. Z? C Z x Z is an index 2 subgroup. In particular,
we have an induced map R?/Z? — R?/Z x Z.

1.23. Example Representations: Let p: G — U(n) be a unitary complex representation
of a finite group. Then G restricts to an action on S(C™). For instance one can look at
G = 7Z/p a finite cyclic group of order p. Given ¢ coprime to p, one can consider the
automorphism Z/pZ — 7Z/pZ given by multiplication with ¢. One writes C(gq) for the 1-

dimensional representation given by the composite Z/pZ A Z/pZ C U(1). For qi,...,qn
we obtain an action of Z/pZ on S(C(q1) @ ...C(g,)). Exercise: This action is free (i.e. if
gr = x then g = e) if all ¢; are coprime to p. The quotient space L(p;qi,...,qn) is called an
2n — 1-dimensional lens space. Lens spaces are examples of smooth manifolds (which we will
not define in this course) which have a beautiful classification and history.

The question which finite groups can act freely on the sphere is a very intriguing one, and
has been solved by a combination of a number of magical results. The whole problem is
called the spherical space form problem. We will see the first tiny part in the course of these
lectures: The only non-trivial finite group that can act freely on S?" is the group Co (this
uses an invariant called the Euler characteristic).
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1.24. Definition Let X be a topological space. A set {U,};cr of open sets of X is called an

open cover of X, if X = |J U;.
1€l

The following lemma says that continuity of a map f: X — Y is a local property on X:

1.25. Lemma Let f: X — Y be a map between topological spaces and {U;};cr an open cover
of X. Then f is continuous if and only if the restrictions fiy,: Ui — Y are continuous for all
1 € I, where we endow U; with the subspace topology.

Proof. If f is continuous, then so are all restrictions since the inclusion of an open set U C X
is continuous when U is endowed with the subspace topology. The converse follows from the
observation that a set A C X is open if (and only if) ANU; is open for all ¢ € I, which follows

from the fact that |J ANU; = ANX = A together with the fact that unions of open sets are
iel
open. ]

Lemma also implies that for a topological space X, the association U — C(U,Y") forms
a sheaf of sets on X. If you have not heard about sheaves, just ignore that this is so.

1.26. Definition Let X and Y be topological spaces. A map f: X — Y is called a homeo-
morphism, if it is continuous and there exists a continuous map g: ¥ — X such that gf = idx
and fg = idy.

By definition, a homeomorphism is precisely an isomorphism in the category Top.

1.27. Remark Equivalently, a homeomorphism is a continuous bijection f: X — Y, whose
set-theoretic inverse f~!: Y — X is continuous. The latter is in turn equivalent to the
condition that f(U) is open whenever U is open. Such maps are called open. In other words,
a homeomorphism is an open and continuous bijection.

1.28. Example A continuous bijection need not be a homeomorphism, contrary to what we
are used to from linear algebra, where for instance a linear map of vector spaces which is
bijective is an isomorphism. Indeed, consider a set X and a strict inclusion of topologies
O C O’ on X, e.g. the indiscrete and discrete topology for a set with more than one point.
Then the identity (X,0’) — (X, O) is continuous and bijective but not open.

1.29. Example Let a < b be real numbers. Then the open interval (a,b) C R is homeomorphic
to R. Indeed, the map

m(x—a) 7
r)=tan (—— — —
f(z) (="~ 3)
is a homeomorphism. Indeed, this map is the composite of an affine linear homeomorphism
(a,b) = (=3, %) and the homeomorphism tan: (-3, 5) — R. Here, the inverse of tan is the

function arctan, and the continuitiy of tan and arctan is usually shown in a first course in
Analysis. We refrain from reproducing it here.

1.30. Example Similarly, let n > 2, x € R™ and € > 0. Then B.(z) is homeomorphic to R™.
To see this, by an affine linear homeomorphism we may assume that x = 0. Then we perform
the function of the previous example radially.
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1.2. Basic constructions. The purpose of this subsection is to show that the category Top
is bicomplete, i.e. it admits all small colimits and limits. We will first show this abstract
statement and then discuss several very important examples of such limits and colimits. See
Appendix [A] for the basics in category theory we will use here. First, we record the following:

1.31. Lemma The forgetful functor Top — Set, sending (X,0) to X, admits both a left and
a right adjoint. In particular, it commutes with all limits and colimits.

Proof. The associations X — (X, {0, X}) and X — (X, P(X)) are readily seen to be left and
right adjoints, respectively. O

Now let I be a small category and X : I — Top, ¢ — X; a functor. Lemma implies
that the underlying set of a colimit or a limit of this functor is the colimit and limit of the
underlying sets. In particular, to construct a colimit and limit of X, we really need to endow
the colimit and limit of the underlying set with an appropriate topology. We begin with the
most basic case, that of products and coproducts of topological spaces.

1.32. Lemma Let I be a set and let X; € Top for alli € I.
(1) The set of subsets of [1,c; Xi given by

{4;(U) C HXi | U € O(Xj) for someie I}
i€l
for a subbasis of a topology which we call the coproduct topology. The family of
inclusions vj: X; C [l;c; Xi is continuous and exhibits [],.; Xi, equipped with the
coproduct topology, as a coproduct of the X;’s.
(2) The set of subsets of [[;,c; Xi given by

{pj_l(U) C HXi | U € O(X;) for some j € I}
el
forms a subbasis for a topology which we call the product topology. The family of
projections pj: [[;c; Xi — Xj is continuous and exhibits [[,.; Xi, equipped with the
product topology, as a product of the X;’s.

Proof. (1). First we note that the open sets for the coproduct topology is given by the sets
V' C [lies Xi such that V. N X; € O(X;) for all 7 € I. Indeed, this is a topology, and
every such V is the union U;c;V N X; and V N X; lies in the claimed subbasis. Moreover,
the inclusions ¢j: X; — [[;c; Xi are continuous for all j € I by construction. We need to
show that a map f: [[,.; X; = Y, corresponding to maps f;: X; — Y is continuous if and
only if all f; are continuous. First suppose that f is continuous. Then f; = ¢;f is also
continuous. Conversely, assume that all fj: X; — Y are continuous. For U € O(Y'), we have
that f~H(V)N X, = fj_l(U) € O(X;). Hence, f~1(U) is open as needed.

(2). First, we note that the projections p;: [[,c; X; — X, are continuous by definition
(open sets of X; are mapped to elements of the subbasis). Again, we need to show that a
map f:Y — [[,c; Xi, corresponding to a family of maps f;: ¥ — X; continuous if and only
if all f; are continuous. If f is continuous, then so is f; = p; f. Conversely suppose all f; are
continuous. By Lemma it suffices to show that f~(V) is open for V = pj_l(U ) for all

j € Iand all U € O(X;). But then f~1(V) = (p; f)~1(U) which is indeed open. O

1.33. Remark Unlike the case of the coproduct topology, where the defining subbasis is a
basis and the coproduct topology can be described very explicitly, the defining subbasis for
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the product topology is not a basis. However, a concrete basis is given by “finite-block-open”
subsets: That is, in finitely many coordinates, we choose an open subset, and in all others we
take the whole space. As a result, both the inclusions ¢;: X; — Il;crX; and the projections
pj: [Lier Xi = X are open maps.

Exercise. Let I be a set. Show that there is a canonical homeomorphism X x [0 = [Lic; X.

As a consequence of what we have done so far, we arrive at the following result. We will
discuss examples right after the proof.

1.34. Proposition The category Top is bicomplete.

Proof. Let I be a small category and X : I — Top. Then X admits a colimit and a limit. [
Proof. Recall that the limit of the functor I — Top — Set is given by

hnIlX = {(z;) € HX | Vf € Homy (i, j) we have X¢(z;) = x5}
1€
iel

We give this set the subspace topology Definition 1) of the product topology obtained in
Lemma The universal property of a limit then follows immediately from Lemma
Likewise, we have that the colimit of the functor I — Top — Set is given by

coth (HX) (Vf € Homg(i, j) we set Xg(x;) ~ x;)
i€l

In particular, the colimit admits a canonical surjection from the coproduct. We then equip
the colimit With the quotient topology Definition [1.16{2) of the coproduct topology obtained
in Lemma[1.32] The universal property of a cohmlt is again immediate from Lemma ([l

1.35. Example An important “indexing” category I is given by e < e — e. It is made
so such that a functor X: I — Top is simply given by two maps with common domain:

Y i X f—> Y’. A colimit of such a diagram is called a pushout, we will sometimes denote it
by C(f, f"). Concretely, we have

=Y [[Y)/(f(@) ~ f'(2)vz € X)

This is most geometric in case f and f’ is the inclusion of a subspace in Y and Y’. In this
case, we image that C(f, f) is given by taking the disjoint union of Y and Y’ and then glue
them together along the common subset X. In general, a pushout is perhaps less geometric,
but its universal property tells us precisely what it means to give a continuous map out of it:
Any commutative diagram

x 1,y

7
Y — 7
gives rise to a unique map from C(f, f') — Z making all induced diagrams commute.

As an exercise, calculate the limit of the diagram Y I x L Y’ either by definition or by
abstract means.
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1.36. Example Let X be a topological space and A C X a subset. Then the evident diagram

A—— X

|

* —— X/A
is a pushout diagram. Here, X/A is the quotient space from Remark Exercise: what is
X/o?

1.37. Example Let X be a topological space. Then the cone C(X) on X is given by the
pushout

X x {1} —— X x[0,1]
F 5 C(X)
Likewise, the suspension (X)) of X is given by the pushout
X x {0} —— C(X)
C(X) —— X(X).
Exercise: It is also given by the pushout * IIx C(X).

The following example will become somewhat relavant later. Exercise:

1.38. Example Let X be a topological space and for i = 1,2, let U; C X; C X with U; open
such that U; U Uy = X. Then the diagram

XiNXy — Xy

| |

Xg — X

is a pushout.

1.39. Example For pointed spaces (X, z) and (Y, y) define their wedge product (X, z)V (Y, y)
as the pushout X II, Y. Note that the category of pointed spaces is the slice category Top, .
Hence, the wedge sum is the coproduct of pointed topological spaces.

1.40. Example For pointed spaces (X, ) and (Y, y), define their smash product (X, z)A(Y,y)
to be the quotient X x Y/X VY. Here, the map along which we take the quotient is the
universal map obtained via the commutative diagram

 — X x {y)

o |

{z} xY —— X xY
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The smash product endows the category Top, of pointed topological spaces with a symmetric
monoidal structure.

1.41. Observation There is a functor Top — Top, given by X = X — X II {x}. It is a left
adjoint to the forgetful functor. Exercise: It satisfies that there is a canonical homeomorphism
(X xY)r =2 X, AY,. In more categorical terms, the functor Top — Top, is symmetric
monoidal with respect to the cartesian product on Top and the smash product on Top,.

1.42. Example The indexing category I°P = e — e < e is equally important. A functor

from it to Top is then given by two maps with common codomain: X i> Y <f— X'. A limit
of this diagram is called a pullback, sometimes denoted by L(f, f’). Conceretely, we have

L(f, ') ={(z,2") e X x X" | f(z) = f'(«)}

The universal property then gives that any commutative diagram

Z —— X

Ll
x Ly
gives rise to a unique map Z — L(f, f') making all induced diagrams commute. As an

exercise, calculate the colimit of the diagram X Loy Lx

Exercise. Let A C B C X. Then the canonical map B/A — X /A is injective and the topol-
ogy on B/A is the subspace topology. Moreover, (X/A)/(B/A) is canonically homeomorphic
to X/B.

1.3. Connected spaces.

1.43. Definition A non-empty topological space X is called

(1) connected, if the only non-empty open and closed subset of X is X itself.

(2) locally connected, if for all z € X and all open sets U containing x, there is a connected
and open subspace x € V C U.

(3) weakly locally connected, if for all x € X, there exists a connected and open subspace
zeV.

(4) path-connected, if for any z,y € X, there exists a continuous map f: [0,1] — X such
that f(0) =z and f(1) =y.

(5) locally path-connected, if for all x € X and all open sets U containing x, there is a
path-connected open subspace x € V C U.

(6) weakly locally path-connected, if for all x € X, there exists a path-connected and open
subspace x € V.

1.44. Remark (1) A (path)-connected space X is in particular weakly locally (path)-
connected: simply choose X as (path)-connected open subspace V. A space is lo-
cally (path)-connected spaces if and only if any open subset is weakly locally (path)-
connected.

(2) A locally (path)-connected space need not be (path)-connected: Consider the coprod-
uct of two (path)-connected spaces.
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To shorten notation we will refer to spaces which are both locally (path)-connected and
(path)-connected as locally and globally (path)-connected spaces.

1.45. Example For all n > 0 euclidean space R" is locally and globally path-connected.
As a result, any space which is locally euclidean, i.e. which admits an open cover U; with
U; homeomorphic to R™ for some n, is locally path-connected. A topological manifold is a
topological space which is locally euclidean in this sense plus some further assumptions which
we have not defined yet. But it follows that any topological manifold including any smooth
manifold (whatever precisely this is) is a locally path-connected space. Another important
class of locally path-connected spaces are CW-complexes, which we will introduce later (these
are not locally euclidean in the above sense in general).

1.46. Definition A connected component of X at a point € X is a maximal connected
subspace containing z, there is a unique such which we denote by C(z), see Lemma
below. A connected component of X is simply a maximal connected subspace. We write
(X)) for the set of connected components of X.

Clearly, X is the set theoretic union of all connected components of X.

1.47. Remark A topological space is connected if it has exactly one connected component.
Indeed, the map = — C(z) is a surjection from X — w(X). We conclude that 7(@) = @, so
& has 0 connected components and is therefore not connected. This is to be seen in analogy
to the fact that 1 is not a prime number: Prime numbers are the natural numbers which are
divisible by precisely 2 numbers.

1.48. Definition The relation on a topological space X given by x ~ z if and only if there
exists a continuous map f: [0,1] — X (henceforth called a path) with f(0) = z and f(1) = 2
is an equivalence relation on X. We denote by 7y(X) the set of equivalence classes, and call
the equivalence classes the path-connected components of X.

Exercise. Show that X +— 7p(X) is a functor Top — Set. Show that it commutes with
products.

1.49. Observation Let f: X — Y be a homeomorphism. Then X is (locally) (path) con-
nected if and only if Y is.

As a consequence of the above, we can deduce that many spaces are not homeomorphic:

1.50. Proposition The spaces [0,1],[0,1], and (0,1) and R™ for n > 2 are pairwise non-
homeomorphic.

Proof. We begin to show that [0, 1] is not homeomorphic to any of the other spaces, here
denoted X. Indeed, assume a given homeomorphism f: [0,1] — X. Then (0,1) is home-
omorphic to X \ {zg,x1} for zy # z1 elements of X. Since (0,1) is path-connected, so is
X \ {zo,z1}. However, removing two distinct points from [0,1] or (0,1) results in a non
path-connected space. This shows that [0, 1] is not homeomorphic to [0, 1] or (0,1). Likewise
[0,1] \ {3} is not path-connected. However, for n > 2, R™ \ {z} is path connected for any
x € R%: Pick any two points y, z € R™ \ {z}. If the straight line is contained in R™ \ {x} we
are done. If not, pick any point w outside the straight line. Then the straigth line between
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w and y as well as between w and z do not contain z. Again, we are done. Likewise [0, 1] is
not homeomorphic to (0, 1) since [0, 1[\{0} is path-connected, unlike (0,1)\ {z}, and it is not
homeomorphic to R because [0,1[\{3} is not path-connected. The same argument shows
that (0,1) is not homeomorphic to R™. O

We begin with the following important basic example of a connected space:
1.51. Lemma The interval [0,1] is connected.

Proof. Let A C [0,1] be non-empty open and closed and assume without loss of generality
that 0 € A (else replace A by [0,1] \ A). Let a = sup{z € A}. Since A is closed, we know
from Analysis that &« € A. Assume that o < 1. Then since A is open and e-balls form a
basis of open sets of [0, 1], we deduce that there exists an € > 0 such that B.(a) C A. This
implies that a + § € A, contradicting the defining property of o. Hence a = 1 and A = [0, 1]
as needed. O

We can use this result to produce many examples of connected spaces:

1.52. Corollary A path-connected space is connected. In particular

(1) A weakly locally path-connected space is weakly locally connected, and
(2) A locally path-connected space is locally connected.

Proof. We show that a non-connected space X is not path-connected. This is clear if X = &.
Else, write X = AU X \ A with A closed and open and different from () and X. Given a
continuous map f: [0,1] — X with f(0) € A, we find that f~!(A) is a non-empty closed and
open subset of [0,1] and hence equal to [0,1]. We deduce from Lemma that f(1) € A,
showing that there is no continuous path from elements in A to elements in X \ A. The “in

particular” follows readily. O

1.53. Remark The argument above shows that two points x, 2’ which lie in the same path
component must also lie in the same component. Therefore, there is a canonical surjection
7mo(X) — 7(X) from the path-connected components of X to the connected components.

1.54. Lemma Let f: X — Y be a continuous map and A C X a connected subspace. Then
f(A) CY is also connected (in the subspace topology).

Proof. Let B C f(A) be a non-empty, open and closed subspace of f(A). Recall that f: A —
f(A) is continuous (as follows from the definition of the subspace topology). Therefore f~!(B)
is open and closed in A, and it is non-empty since B is non-empty. Hence, f~!(B) = A since
A is connected. But then B = f(f~(B)) = f(A) and therefore, f(A) is connected. O

Next, we investigate connected components of a topological space.

1.55. Lemma The union of all connected subspaces containing x is connected. It is therefore
the (unique) connected component containing x, we write C(x) for it.

Proof. Let A be a non-empty open and closed subset of the union 7" of all connected subspaces
C containing x. As A is non-empty, there is such C' with C' N A # & and this intersection
is a closed and open subset of C. Since C is connected, we find C N A = C and therefore
that C C A. In particular, we have that z € A. We conclude that the intersection C’' N A
of every connected subspace C’ containing x is non-empty (as it contains x) and therefore,
by the same reasoning as before, C’ C A. We conclude that T'C A. Moreover, by definition
A C T and therefore A =T. We conclude that T is connected. O
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1.56. Lemma Let X be a topological space and x,y € X. If y € C(x), then C(y) = C(x). In
particular, the relation x ~ y if and only if y € C(x) is an equivalence relation, and the set
of equivalence classes is m(X).

Proof. Since y € C(z) and C(z) is connected, we find that C(z) C C(y) by Lemma [1.55]
and hence z € C(y). The same argument with roles of = and y reversed shows that also
C(y) C C(x). The “in particular” follows readily. O

1.57. Definition Let Y C X be a subspace. The closure of Y, denoted Y, is given by
Y = ﬂ{A C X |Aclosed and Y C A}.

Likewise we define the open interior of Y, denoted f/, by
}O’:U{UQX\UOpenandUgY}.

The open interior will only play a role later in the course.
1.58. Lemma Let C C X be a connected subspace. Then C is also connected.

Proof. First we note the following: Let U C X be an open subspace and C' C X any subspace.
If UNC = @, then UNC = & as well. Indeed, the assumption implies that C C X \ U
and X \ U is closed. The definition of C' then implies that C C X \ U as well. Therefore
UNC = @ as claimed.

Now let C' be connected and A C C non-empty, open and closed. Then AN C is open and
closed in C' and non-empty by what we just argued. We deduce that AN C = C since C is
connected, and therefore that C' C A. By definition of C' we then find that C C A, since A is
closed. Therefore A = C and hence C is connected. U

1.59. Lemma Let X be a space.

(1) Connected components of X are closed.

(2) If X is weakly locally connected, then connected components of X are open.
In particular, the inclusions of the connected components of a weakly locally connected space
exhibit X as the coproduct over its connected components.

Proof. (1). Let C be a connected component of X. Then C' C C and C is again connected
by Lemma Since C' is a maximal connected subspace, C' = C and is therefore closed.
(2). Let C be a connected component. For any x € C, we deduce that C = C(z). Since
X is weakly locally connected, there is an open and connected set V containing z. By
Lemma V C C(x) = C. By the self-indexing trick, C' is open. The “in particular”
follows from Exercise 5 Sheet 1. U

1.60. Remark If X is such that 7(X) is a finite set, then it follows directly that all components
of X are also open (because the complement is a finite union of closed sets). We deduce that
X is weakly locally connected, because one can choose the connected component of any point
as the required V. In particular, part (2) of Lemma is in fact an “if and only if”.

1.61. Corollary Let X be a weakly locally path connected space. Then the map mo(X) — 7(X)
is a bijection, i.e. the path-connected components are precisely the connected components.

Proof. X is weakly locally connected by Corollary Hence by Lemma [I.59] X is the
coproduct of its components. Moreover, as an exercise, we showed that the canonical map
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[Licr m0(Xs) — mo(II;c; Xi) is a bijection. Hence, it suffices to show that a weakly locally
path-connected space which is connected is in fact path-connected. To do so, let z € X.
Consider the set A = {y € X | 3f:[0,1] — X such that f(0) = =z, f(1) = y}. Then A
contains . Moreover, since X is weakly locally path-connected this space is open and closed.
Indeed, for y € X, there exists an open and path-connected neighborhood V,, of y. Hence, if
y € A, we find V}, C A showing that A is open by the self-indexing trick. Likewise, if y ¢ A,
we find VN A = &, showing that A is also closed. Since X is connected, A = X and therefore
X is path-connected. ]

We briefly mention the drastic opposite of connected spaces (those where C'(z) = X for all
x € X), the totally disconnected spaces:

1.62. Definition A topological space X is called totally disconnected if for all z € X, we
have C(z) = {z}, or equivalently, if every connected subspace of X is of the form {z} for
some z € X.

1.63. Example The Cantor set and Q are totally disconnected. Any discrete space is totally
disconnected. The p-adic integers Z, with their canonical inverse limit topology are totally
disconnected. Indeed, it follows from Exercise 7 Sheet 3 that totally disconnected spaces are
closed under limits in topological spaces, that is, given a functor I — Top taking values in
totally disconnected spaces, the limit is again totally disconnected. One can also prove this
directly by showing that: Products of totally disconnected spaces are totally disconnected
and subspaces of totally disconnected spaces are totally disconnected. In particular, profinite
spaces (inverse limits of discrete finite spaces) are totally disconnected. Profinite topologies
arise in number theory in various ways: On the one hand side, Galois groups of non-finite
Galois extensions are canonically profinite groups (and in this case, the Galois correspondence
needs to take the profinite topology into account) and on the other hand, via the notion of
completions of commutative rings at places or prime ideals. A special case of this is how one
arrives at Z, and similar topological rings like Q.

1.4. Compact spaces.

1.64. Definition A topological space X is called compact, if for every open cover X = (J;c; U;
there exists a finite subcover, that is, a finite subset J C I such that X = UjeJ U;. It is
called

(1) locally compact if for every z € X and open set z € U C X, there is an open subset
V and a compact subset K such that z € V C K CU.

(2) weakly locally compact if for every x € X, there exists an open subset V and a compact
subset K such that x €¢ V C K.

1.65. Remark As in the case of connected spaces, a compact space X is weakly locally
compact. However, it need not be locally compact. We will discuss an example on an exercise
sheet.

1.66. Lemma (1) Let f: X — Y be a continuous map and K C X a compact subspace.
Then f(K) CY is compact.
(2) Closed subspaces of compact spaces are compact.
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Proof. Let {U;}ics be an open cover of f(K). Since f: K — f(K) is continuous, { f~1(U;) }ses
forms an open cover of K. Since K is compact, there exists a finite subset J C I so that
K = UjeJ f~Y(U;). Then we find f(K) C f(UjGJ ~YUy)) = UjEJ U; proving (1). To see
(2), let A C X be a closed subspace of a compact space X. Let {U;};cr be an open cover
of A. Then {U;}ier U{X \ A} is an open cover of X. There is then a finite subcover given
by a finite subset J € I and we find that {U;}cs is a finite subcover, showing that A is
compact. ]

The following is an equivalent formulation of compactness which we will use later.

1.67. Lemma Let X be a compact space, {Z;}icr a collection of closed subspaces such that
each intersection of finitely many Z;’s is non-empty. Then the intersection of all Z;’s is
non-empty.

Proof. Exercise. 0
An important theorem about compact spaces is Tychonoff’s theorem.

1.68. Theorem An arbitrary product of compact spaces X; is compact. If all X; are non-
empty, the converse holds as well.

To prove this, we will make use of the notion of (ultra)filters.

1.69. Definition A filter ¥ on a set X is a collection of subsets of X, i.e. § C P(X), satisfying
the following axioms:

(1) XeTFand @ ¢ 7,

(2)ifUeFand U CV, then VeJ.

(3) if Uy,...,U, € F, then U =NU; € F.
We write F C F if U € F implies that U € F’. An ultrafilter is a maximal filter with respect
to C.

1.70. Lemma Let A be a collection of subsets of a set X such that each finite subcollection
has non-empty intersection. Then

(AY={BCX | 3An,....,AveA, A N---NA, C B}
is a filter (the smallest filter containing A). We call (A) the filter generated by A.

Proof. The axioms of a filter are immediate. It is also clear that (A) is the smallest filter
containing A. O

1.71. Remark If A is a collection of subsets such that there is a finite subcollection with
empty intersection, then A is not contained in any filter (else that filter would contain the
empty-set). The assumption in Lemma can therefore not be dropped.

1.72. Lemma Let X be a set.

(1) A filter F on X is an ultrafilter if and only if for all A C X, either A€ F or X\ A € F.
(2) For an ultrafilter § we have the following. If AUB € F, then A€ F or B J.

Proof. (1) Let ¥ be an ultrafilter and let A C X so that X \ A ¢ F. We aim to show that
A € F. Now, for B € F we find that B is not a subset of X \ A (else X \ A € F). Hence,
BN A # @ for all B € F. Consequently, the collection of subset FU{A} has the property that
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each finite subcollection has non-empty intersection. By Lemma m it generates a filter F
with F C F. Since J is an ultrafilter, we find F = F and therefore that A € F (since A € F).

Conversely, let us assume that JF is a filter such that for all A C X, either A or X \ A is
contained in F. Let ¥ C G for some filter § and A € §. We deduce that X \ A ¢ G and
therefore also that X \ A ¢ F. Hence A € F and therefore ¥ = §. Consequently, F is an
ultrafilter.

(2) Let AUBeFand AC X. If A€ F we are done. If A ¢ F, then X \ A € JF since J is
an ultrafilter. We also have

B\A=X\AnN(AUB).

Therefore, B\ A € F. Since B\ A C B, we find that B € . O
1.73. Lemma FEvery filter F is contained in an ultrafilter J.

Proof. This follows from Zorn’s Lemma, as soon as we show that the filtered colimit F =
colim;c; &F; of filters &F;, indexed over a totally ordered set I, with injective transition maps,
i.e. where for ¢ < ¢’ the map F; — F, is an inclusion of filters, is again a filter. This, however,
is again immediate from the definitions. O

1.74. Definition Let f: X — Y a map of sets and G a collection of subsets of X. We denote
by f«(G) the collection of subsets B C Y such that f~(B) € G.

1.75. Lemma Let f: X — Y be a map of sets and F an (ultra)filter on X. Then f.(F) is an
(ultra)filter on'Y'.

Proof. From f~1(Y) = X and f~}(9) = @ we get axiom (1). Now let B € f.(F) and B C B'.
Then f~1(B) C f~1(B’) so that f~1(B’) € F and therefore B’ € f.(F), giving axiom (2).
Likewise, for By, ..., By € f«(F). Since f~1(N, B;) =, f~'(Bi), we find that (), B; € f(F),
giving axiom (3). Assume now that F is in addition an ultrafilter. By Lemma [1.72]it suffices
to show that for B C Y, we have B € f.(F) or Y \ B € f.(F). By definition this means that
fYB) € For f7Y(Y \ B) € F which is true since f~}(Y \ B) = X \ f~1(B) and F is an
ultrafilter. 0

1.76. Definition Let X be a topological space and x € X a point. The neighborhood filter
U(x) consists of the neighborhoods of x, that is all subsets N C X with x € N and such that
there exists an open U C N with x € U - this is also the filter generated by the collection A
of open subsets containing . We say that a filter F converges to a point z if U(x) C F. We
then also say that z is a limit point of F and that F is convergent.

Compact spaces can be characterized using filters as follows.

1.77. Theorem A topological space is compact if and only if every ultrafilter has at least one
limit point.

Proof. Let U = {U; }ier be an open cover of X and assume that every ultrafilter on X has at
least one limit point. Consider the set A = {A;};c; with A; = X \ U;. If there is no finite
subcover of U, then the collection A has the property that every finite intersection of elements
in A is non-empty by the argument used in the proof of Lemma Consequently, A is
contained in an ultrafilter &, by Lemma and Lemma[I.73] J then has a limit point x for
which we can find ¢ € I such that x € U;. Since F converges to x, we have U; € F. However,
by construction also A; € F which is a contradiction, so a finite subcover of U must exist,
hence X is compact.
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Conversely, let & be an ultrafilter on X which has no limit point. For z € X consider an
open U, which is not contained in F. Then U = {U,},ecx is an open cover of X. Suppose
there is a finite subcover indexed by zi,...,x,, then we obtain U, U---UU,, = X € J.
By Lemma part (2) we deduce that there is an ¢ € {1,...,n} such that U,, € F,
again a contradiction. Therefore, there is no finite subcover of U and consequently, X is not
compact. O

Exercise. Let X be a topological space and A C X a subset. Show that a point z lies in A
if and only if there is a Filter ¥ on A which converges to x in the sense that U(z) N A C &.

We now come to the proof of Tychonoff’s theorem.

Proof of Theorem[1.68 Let {X;}icr be a collection of compact spaces. We wish to show
that [[; X; is compact. So let F be an ultrafilter in [[; X; and let p;: [[; Xi — X; be the
projection. By Lemma (pj)«(F) is an ultrafilter on X, so there is a limit point z; € X
for (pj)«(F) by Theorem We claim that the sequence x = (z;) ;e is a limit point of F (to
form this sequence, we make use of the axiom of choice). For this, it suffices to show that any
element U of a subbasis of the topology on [[; X; with « € U is contained in F. A subbasis
is given by pj_l(Uj) for j € I and U; C X; open. So we need to show that pj_l(Uj) e
which is the case if and only if U; € (p;j)«(F) by definition of (p;).«(F). This is the case by
the assumption that z; is a limit point of (p;).(F). O

1.78. Addendum Let X and Y be locally compact. Then also X x Y is locally compact.
Indeed, pick (z,y) € X xY and U C X x Y which contains (z,y). Then by the definition
of the product topology there are open sets U, C X containing = and U, C Y containing y
such that U, x Uy, C U. Since X and Y are locally compact, we can find z € V, C K, C U,
and y C V, C K, C U, such that V,,V, are open and K,, K, are compact. Then we have
(x,y) e Va x V, C Ky x K, CU, x Uy, CU and V, x V, is open and K, x K, is compact by
Tychonoff. Consequently, X x Y is locally compact.

1.5. Hausdorff spaces.

1.79. Definition A topological space is called

(1) Hausdorff (T2), if for all z # 2’ € X there are disjoint open sets U,U’ with z € U
and 2’ € U'.

(2) regular (T3), if for all closed subsets A C X and x € X \ A, there are disjoint open
sets U,V with ACU and x € V.

(3) normal (T4), if for all A, A’ C X disjoint closed, there are disjoint open sets U, U’
with A C U and A’ C U".

1.80. Remark Sometimes, it is required that normal and regular spaces are Hausdorff.

1.81. Example Any metrizable space is Hausdorff. Every subspace of a Hausdorff space is
Hausdorff. In particular, every subspace of euclidean space R™ is Hausdorff. Quotients of
Hausdorff spaces are not Hausdorff, for instance [0,1]/[0, 1) is not Hausdorff. see e.g. Exercise
4 Sheet 1.
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1.82. Example Any bounded and closed subset of R" is a compact Hausdorff space. Com-
pactness indeed follows from the Heine-Borel property of R™. In particular, the interval [0, 1]
and the cube [0,1]" are compact Hausdorff spaces, as is the Cantor set C' C [0, 1].

Exercise. A space X is Hausdorff if and only if the diagonal A(X) C X x X is closed.
More generally, given a map p: X — Y, show that the diagonal A(X) C X xy X is closed if
and only if for all y € Y and all z,2” € p~!(y) with 2 # 2’ there are disjoint open subsets U,
and U of X containing x and ’, respectively.

Hausdorff spaces, just as compact spaces, can be characterized using filters.

1.83. Theorem A topological space X is Hausdorff if and only if every Filter F on X has at
most one limit point.

Proof. Suppose X is Hausdorff. Then for x # y, there are disjoint open sets U, and U,
containing x and y, respectively. Hence, if x is a limit point of & we have U, € F. Therefore,
Uy ¢ F (else @ € J) and hence y is not a limit point of F. Conversely, suppose X is
not Hausdorff and pick z and y such that any two opens around z and y have non-trivial
intersection. Then the collection {U C X | U open and = € U or y € U} generates a filter by
Lemma This filter has both x and y as limit points. O

1.84. Corollary A topological space is compact Hausdorff if and only if every Ultrafilter con-
verges to precisely one limit point.

Proof. The only if is immediate from Theorem and Theorem [1.83] For the “if” part,
it remains to show that any filter converges to at most one limit point. However, any limit
point of a filter is also a limit point of any ultrafilter it is contained in. So there is at most
one limit point for any filter. O

1.85. Lemma Let X be a Hausdorff space.
(1) For K C X compact and y € X \ K, there are disjoint open sets U O K and V > y.
(2) Compact subsets of X are closed.

In particular, points are closed in X.

Proof. Let K C X be compact. Since X is Hausdorff, for y € X \ K and = € K we can find
disjoint open sets U, > x and Vj,, 2 y. Then {U,},ck is an open cover of K. Since K is
compact we can find a finite subcover, indexed by z1,...,z,. Set V.=V, ., N---NV, ;. and
U=Ug U---UU,,. ThenUNV =@, K CU and y € V, showing (1). For (2), let K C X be
compact. For y ¢ K we find V;, >y and U C K with U,V open and UNV = @, in particular
VyNK = 0. But then we have X \ K = [J,cx\ g Vy so that K is closed. Clearly, points are

compact and hence closed by (2). O
1.86. Corollary A finite space is Hausdorff if and only if it is discrete.
1.87. Lemma Compact Hausdorff spaces are normal.

Proof. Let A, A’ C X be disjoint closed subsets and let x € A. Since A’ is closed and X is
compact, A’ is also compact by Lemma m By part (1) of Lemma there are disjoint
opens V, D A’ and U, > x. We then get that A D U:UEA U., and since A is also compact,
there is again a finite subcover indexed by z1,...,x, € A, so we have A C U, , U---UU,, =U.
Defining similarly as before V.=V, N---NV,, we find that A/ CVand UNV = 2. O
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Later we will make use of the following result.
1.88. Corollary Compact Hausdorff spaces are locally compact.

Proof. Let X be a compact Hausdorff space and U C X an open subset containing a point z.
Since X is normal, the two closed subsets {x} and X \ U can be separated by disjoint open
sets V1 containing x and V3 containing X \ U. Then z € V3 C X \ Vo C U. Since X \ V3 is
closed and X is compact, X \ V5 is itself compact, so X is indeed locally compact. O

1.89. Lemma Let f: X = Y be a continuous map with X compact and Y Hausdorff.
(1) The map f is closed.
(2) If f is surjective, it is a quotient map.
(3) If f is bijective, it is a homeomorphism.

In other words, (3) implies that the forgetful functor CH — Set is conservative.

Proof. (1) Let A C X be closed. By Lemmall.66]part (2), A is compact. Hence by Lemmal[l.66]
part (1), f(A) is also compact, and hence by Lemma f(A) is closed. (2) We recall that
f is a quotient map if a subset U € Y is open if and only if f~'(U) C X is open. One
implication follows from the continuity of f. For the other, assume U C Y is such that
f~YU) C X is open. Then X \ f~}(U) is closed, and hence by (1) f(X)\U = f(X\ f~1(U))
is also closed. Since f is surjective, X \ U is closed, therefore U C Y is open as needed. (3)
For a bijection f: X — Y, the map f is closed (or open) if and only if the (set-theoretically
defined) map f~': Y — X is continuous. O

1.90. Lemma Let X be a compact Hausdorff space and x € X. The connected component
C(z) of x is the intersection of all open and closed subsets of X containing x.

Proof. Exercise. 0

1.6. Mapping spaces. Let X,Y be topological spaces. We wish to endow the set C'(X,Y")
of continuous maps from X to Y with a topology. There are many topologies one could
consider, the one most suitable for us is the following one.

1.91. Definition Let X,Y be topological spaces. For K C X and U C Y, define Oxy =
{feC(X,Y) | f(K) CU}. Then the set

{Oku | K C X compact and U C Y open}

forms the subbasis of the compact-open topology on C(X,Y’). We denote the resulting topo-
logical space by Map(X,Y).

1.92. Lemma Let 8 be a subbasis for the topology on'Y and X be a Hausdorff space. Then
the set

{Okuv | K C X compact and U C 8}
is a subbasis for the compact-open topology on Map(X,Y).
Proof. Let U C'Y open and K C X compact and let f € Og,y. Write U = J;c; U; where
U, = ﬂ’f:ll A;; with A;; € 8. Then K C U, f~YU;). For x € K, pick i(z) € I such that

r € f~Y(U;) and pick z € V, C K, C Kﬂfﬁl(Ui(x)) with V, open and K, compact. This can
be done since K is compact Hausdorff and hence locally compact by Corollary Since K
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is compact, there are z1,...,z, € K such that K C |J;_, V;,. We note that f € Ok,, U,
for all k= 1,...,n. Recall now that Uj(,,) = ;2 A;; with 4;; € 8. Then we have

()

n  mg n
e N Ok, .4;;, = N Ok, Ui, S Ok U
k=1j=1 k=1
showing that Oy is open in the topology generated by the O y’s with V' € 8. O

1.93. Lemma Let f: X' — X andg: Y — Y’ be continuous map. Then the maps Map(X,Y) £>

Map(X',Y) and Map(X,Y) % Map(X,Y") are continuous.

Proof. We have (f*)"'(Ogv) = Opu)v and (g.) (Okyv) = Ok g-1(v)- The lemma then
follows from the fact that f(K) is compact if K is and that g~!(U) is open if U is. O

1.94. Corollary The association (X,Y) — Map(X,Y) refines to a functor Top°® x Top —
Top.

1.95. Example Let X be a topological space. Then Map(x, X) is homeomorphic to X via
the evaluation map. More, generally, for any set I, we have Map(I°, X) is homeomorphic to
[I; X again via the evaluation maps. Here, I 9 denotes I equipped with the discrete topology.
Indeed, in both cases the maps are clearly bijections, and it is elementary to check that both
sides have the same subbasis for the respective topologies.

1.96. Notation Let X be a topological space. We write L(X) for Map(S*!, X) for the free
loop space in X. Given a point x € X, we denote by Q.(X) = Map,(S!, X), the based loop
space, i.e. the subspace of Map(S', X) consisting of those maps v: S! — X sending 1 € S!
to x, see Definition More generally, for z,y € X, we denote by €, ,(X) the pullback

€y,(X) —— Map([0,1], X)

| !

{(z,y)} ——— X x X

Exercise: Show that € ;(X) is homeomorphic to ©,(X). Hint: Show that [0,1]/0 ~ 1 is
homeomorphic to S!.

1.97. Remark Based loop spaces play an important role in homotopy theory, as they are
topological versions of groups (under concatenation of based loops). We will come to some
aspects of this later when discussing homotopy groups of spaces. Free loop spaces (in partic-
ular of manifolds) play a fundamental role in differential topology and mathematical physics.
The algebraic structure obtained from free loop spaces (via e.g. homology — an invariant we
will introduce at in the second half of this course) even has its own name: It is called string

topology.

1.98. Remark Let f: (X,z) — (Y,y) be a pointed map. Then f induces a canonical pointed
map Q(X) — Qy(Y). This map gives the association (X,z) — Q,(X) the structure of a
functor Top, — Top,.
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We come to another important structure the set of continuous maps has: For spaces X, Y
and Z, there is a well-defined composition map:

CY,Z)xC(X,)Y) —C(X,Z), (g9,f)—gof.

One may wonder whether this map is continuous with respect to the compact open topologies
on the set of continuous maps, and the product topology on the domain of the above map. It
is a somewhat annoying fact that this is not the case, however it is so under mild assumptions,
often satisfied in practice.

1.99. Proposition Let X, Y and Z be topological spaces and let'Y be locally compact. Then
the map

Map(Y, Z) x Map(X,Y) = Map(X, Z), (g,f) —~gof
18 continuous.

Proof. Pick K C X compact and U C Z open, and (g, f) such that gf € Ok y, i.e. such that
f(K) C g7!(U). Since Y is locally compact, for each y € f(K), we can find K,, C g~ }(U)
compact and U, C ¢~1(U) open such that y € U, C K,. Then Uye sy Uy 2 f(K), so by
compactness of f(K) we find yi,...,y, € f(K) such that U; := Uy, satisfy f(K) CV =
U1U---UU,. Let L =K{U---UK, which is a compact subset of Y and V C L. Then we
find that Oy x Ok, C o*I(OK,U) as needed. O

1.100. Remark A special case of the above is when X = %. Under the homeomorphisms
Map(*, X) =2 X and Map(x,Z) = Z of Example the composition map becomes the
evaluation map ev: Map(Y,Z) x Y — Z. It follows that this map is continuous when Y is
locally compact.

Finally, we discuss the relationship between the functors X x — and Map(X, —). Recall
that in the category of sets, we have that A x — is left adjoint to Homge (A4, —). We would
like to have the same be true in topological spaces. However, again this is true only under
additional assumptions. A convenient one is the following.

1.101. Proposition Let X, Y and Z be topological spaces. Then the map
¢: Map(X x Y, Z) — Map(X,Map(Y, Z)), f— f:(z— f(z,—))
is well-defined. In addition it is
(1) continuous if X is Hausdorff,

(2) bijective if Y is locally compact, and
(3) a homeomorphis if X and Y are locally compact.

Proof. To see well-definedness, we need to show that if f: X x Y — Z is continuous, then
sois f. Let U C Z be open and K C Y be compact. Let z € f_l(OKU) and consider
7Y (U) € X x Y. By assumption {z} x K C f~}(U). Since products of open sets form
a basis of the topology on X x Y, for each £ € K we find opens V;, C X containing x
and W), C Y containing k such that U, x V;, C f~1(U). Since K is compact, there are
ki,...,kn such that K C Wy U---UW,. Let V=V, N---NV,, which is open in X. Then
VxK C f~1(U), and therefore V C fA_l(OKyU). The self-inedxing trick shows that f‘l(OKU)
is open and so f is continuous. (1) Since X is Hausdorff, we find that Map(X, Map(Y, X)) has
a subbasis consisting of Ok 0, , where K C X compact, L C Y compact and U C Z open.
Then cfl(OKoL’U) = Ogx v which is open in Map(X x Y, Z) since K x L is compact by



TOPOLOGY I 23

Tychonoff’s theorem. (2) To see that the map c is bijective if Y is locally compact, we need
to show that f is continuous if f is. To see the this, note that f is given by the composite

X x Y Y Map(v, 2) x ¥ <% 2.

This composite is continuous since each individual map appearing in it is continuous. In-
deed, the evaluation map is continuous by the assumption that Y is locally compact, see
Remark (3) To see that the map ¢ is a homeomorphism if X and Y are locally com-
pact, we first show that ¢ is continuous. By the previously established results (applied twice),
this is equivalent to the adjoint map

Map(X xY,Z) x X xY — Z

being continuous. This map is the evaluation map and hence continuous since X and Y, and
therefore by Tychonoff, also X x Y is locally compact, see Addendum [I.78 It remains to
show that the inverse of ¢

Map(X,Map(Y, Z)) — Map(X x Y, Z)

is also continuous. Again, we use the previously established results and the fact that X x Y
is continuous, to see that it suffices to show that the adjoint map

Map(X,Map(Y,Z)) x X xY — Z
is continuous. This map factors as the composite
Map(X,Map(Y,Z2)) x X xY - Map(V,Z) xY — Z

where the first map is the evaluation map for X times the identity on Y and the second map
is the evaluation map for Y. Both of these maps are continuous since X and Y are locally
compact. 0

1.102. Remark In fact, Map(X x Y, Z) — Map(X,Map(Y, Z)) is a homeomorphism if X is
Hausdorff and Y is locally compact Hausdorff. We leave this as an exercise for the interested
reader.

1.103. Corollary Let Y be a locally compact space. Then'Y x — is left adjoint to Map(Y, —).
Proof. By Proposition [1.101}, the canonical map
Map(X x Y, Z) — Map(X,Map(Y, Z))

is a bijection when Y is locally compact. The underlying set of the mapping spaces are just
the continuous maps, so the corollary follows. ]

1.104. Corollary LetY be a locally compact space. Then the functor'Y X — preserves colimits.
In particular, it preserves quotient maps.

We have observed earlier that pointed spaces also come with the smash product of spaces.
There is then also the pointed version of the mapping space:

1.105. Definition For pointed spaces (X, z) and (Y, y) we denote by Map, ((X, z), (Y,y)) the
subspace of Map(X,Y’) on pointed continuous maps.
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As a consequence of Lemma[1.93] we also find that Map, (—, —): Topy® x Top, — Top, is a
functor (all maps are simply restricted from the unpointed case). Moreover, we find that the
composition of unpointed mapping spaces restricts to the composition of pointed mapping
spaces

Map, (Y, Z) x Map,(X,Y) — Map,(X, Z)
and is therefore continuous when the underlying unpointed space of Y is locally compact. As
a result of these arguments, we find the following.

1.106. Corollary Let X, Y and Z be pointed topological spaces. Then the map
Map, (X AY, Z) = Map, (X,Map, (Y, 2)), f— f:(z— flxzA-))

is well-defined and continuous if X is Hausdorff. It is bijective if Y is locally compact and a
homeomorphism if X and Y are locally compact. In particular, the functor Y N — is a left
adjoint whenever the underlying space of Y is locally compact.

Finally, we will use the following basic result.

1.107. Lemma Let X, X;, Y, and Y; be families of topological spaces indexed over a set I.
Then the canonical maps

Map(] ] X, V) = [ [ Map(X;,Y)
il icl
as well as
Map(X, [[ Vi) = [ [ Map(X, V)
il ici
are continuous bijections. The first one is a homeomorphism and the second one is a homeo-
morphism if X is locally compact.

Proof. The maps are continuous, simply because Map(X, —) and Map(—Y) are functors. The
maps are bijections by the universal properties of coproducts and products, respectively. It
remains to see that the inverses are continuous. So let K C [],.; X; be compact. Then
K; = KN X; is non-empty in at most finitely many cases (since K is compact). For U C Y
open, consider O . The image oder this map above is then given by the product of the
sets O, v of which only finitely many are not all of Map(X;,Y) and all are open. This is an
open subset for the product topology, so the first claim is shown. To see the second case, we
wish to show that the canonical bijective map

[ Map(X,Y;) = Map(X, [[ 3)
icl icl
is continuous. Since X is locally compact this is the case if and only if its adjoint map
[[Map(X, Vi) x X = [V
icl icl
is continuous. By the universal property of the product, this map is continuous if and only

if it is so after postcomposition with the projections. Such a composite is readily seen to be
given by the composite

[[Map(X, Vi) x X = Map(X,Y;) x X —Y;

el
which is continuous as a composition of continuous maps, we use again that X is locally
compact for the latter map to be continuous. ]
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1.108. Remark Again, the similar result is true in the pointed case: Here we find that the
maps
Map, (\/ X;,Y) = [ [ Map,(X;,Y)
il il
as well as
Map, (X, [[Y) = [[ Map.(X,Y))
i€l 1€1
are continuous bijections. The first one is a homeomorphism if 7 is finite and the second one
is a homeomorphism if X is locally compact.

1.109. Example Recall that the forgetful functor Top, — Top has a left adjoint given by
sending X to X; = X II {#}. We conclude that there is a canonical homeomorphism
Map, (X+,Y) = Map(X,Y). Therefore, statements about unpointed mapping spaces can
often be reduced to statements about pointed mapping spaces.

2. A PRIMER ON HOMOTOPY THEORY
2.1. Basic definitions. We begin with the basic definitions of homotopy theory.

2.1. Definition Let A C X and Y be topological spaces. Fix a map ¢: A — Y and denote
by Ca(X,Y) C C(X,Y) the subset of continuous maps X — Y whose restriction to A is
given by ¢. We say that two such maps f and g are homotopic rel A, if there exists a map
H:[0,1] x X — Y such that

(1) H(t,a) = ¢(a) for all t € [0, 1],

(2) H0,—) = f, and

B) H(l,-) =g
A map H as above is called a homotopy rel A. An important special case is when A = &,
and when A = {z} consists of a basepoint. In this case we say based or pointed homotopy
rather than homotopy rel {z}.

2.2. Lemma The relation “homotopy rel A” is an equivalence relation on Cy(X,Y).
Proof. Exercise. O

We write [X,Y]4 for the set of rel A homotopy classes of maps X — Y. In case A = &, *,
we write [X,Y] and [X,Y],.

2.3. Remark In the situation of Definition [2.1] suppose that X is locally compact and denote
by Map 4(X,Y) the subspace of Map(X,Y’) on the elements of C'4(X,Y’). Then a homotopy
rel A is the same datum as a continuous map [0,1] — Map,4(X,Y). In particular, the
equivalence classes of the homotopy rel A relation [X, Y] 4 is bijective to mo(Map 4(X,Y)). If
X is not locally compact, this need not be the case.

Indeed, since X is assumed to be locally compact, a homotopy H: [0,1] x X — Y is
equivalently given by a continuous map H : [0,1] — Map(X,Y). The three conditions in the
definition of a homotopy rel A translate the following properties:

~

(1) H(t) € Map,(X.Y),
(2) H(0) = f, and
(3) H(1) =g
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as claimed.

2.4. Definition Let f: X — Y be a continuous map. f is called a homotopy equivalence if
there exists g: Y — X continuous and homotopies H; from fg to idy and Hs from ¢ f to idx.
Such a map g is called a homotopy inverse of f. Two spaces X and Y are called homotopy
equivalent if there exists a homotopy equivalence f: X — Y. A space X is called contractible
if it is homotopy equivalent to *.

2.5. Remark Likewise, one defines the notion of a pointed homotopy equivalence. This is a
continuous pointed map f: (X, z) — (Y,y) such that there exists a pointed map g: (Y,y) —
(X, z) and pointed homotopies gf ~ idy and fg ~ idy. Two pointed homotopy equivalent
spaces are also homotopy equivalent as unpointed spaces. Then converse is not true in general,
see Example below, but it does hold under additional assumptions on the basepoints
(namely that {z} — X and {y} — Y are cofibrations, a notion we will introduce soon).

2.6. Remark Unlike for homeomorphisms, a homotopy inverse (if it exists) need not be
unique. However: (1) Let f: X — Y be a homotopy equivalence and g,¢" be homotopy
inverses. Then g and ¢’ are homotopic as we will show next. (2) A space X is contractible if

and only if it is non-empty, and idx is homotopic to the constant map at any given basepoint
of X.

2.7. Lemma Let f, f': X =Y and g,9": Y — Z and A C X with f4 :f"A and B CY with
9B = 9\/3' If f and f' are homotopic rel A, then so are gf and gf'. Likewise, if g and g are
homotopic rel B, then gf and ¢'f are homotopic rel f~*(B). In particular,

(1) If f and f" are homotopic and g and g are homotopic, then gf and ¢'f’ are homotopic.
(2) If f and f' are pointed homotopic and g and g’ are pointed homotopic, then gf and
g [’ are pointed homotopic.

if both are true, gf and g’ f' are homotopic.

Proof. Pick H a homotopy rel A from f to f’. Then the map gH: [0,1] x X — Z is a
homotopy rel A as required. Likewise pick H' a homotopy rel B from g to g’. Then the
composite

0,1 x X 2L 01yxy 2 2
is a homotopy rel f~1(B) from gf to ¢'f. (1) is then the special case where A = B = @. (2)
follows from the special case where A = {z} and B = {y}. O

2.8. Remark The above implies that one can define categories h'Top and hTop,,, the homotopy
category of (pointed) topological spaces whose objects are (pointed) topological spaces and
whose morphisms are given by (pointed) homotopy classes of (pointed) maps. Lemma
implies that defining composition on representatives of homotopy classes is well-defined. There
are canonical functors Top,) = hTop,) which are the identity on objects and the canonical
projection on morphism sets. Exercise: A functor hTop(,) — € is equivalently described by
a functor Top(,) — € having the property that (pointed) homotopic maps are sent to equal
maps. Such functors are henceforth called (pointed) homotopy invariant functors. Indeed,
more is true: the functor Fun(hTop,),C) — Fun(Top,),C) is fully faithful with essential
image the (pointed) homotopy invariant functors.
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Note that a (pointed) homotopy invariant functor sends (pointed) homotopy equivalences
to isomorphisms.

2.9. Example The functor mp: Top — Set is homotopy invariant. Indeed, we first observe
that the two inclusion {0} — [0,1] and {1} — [0, 1] induce the same map on 7y since ([0, 1])
consists of a single point. Now suppose f,g: X — Y are homotopic and pick a homotopy
H from f to g. Then H induces a map mo(X x [0,1]) — mo(Y). Since mp commutes with
products, this is equivalently a map mo(H): mo(X) x mo([0,1]) — mo(Y). Restriction along
mo(X) = mo(X) x mo({i}) gives mo(f) for i = 0 and my(g) for i = 1, so the claim follows from
the previously established fact.

2.10. Lemma Let f, f': X — X' be (pointed) homotopic maps and let Y be a further (pointed)
topological space. Then the induced maps

Map, (X', V) 205 Map(, (X, ¥)  and  Map( (Y, X) 2255 Map,, (v, X')

are (pointed) homotopic. Likewise, the maps

YAFYNf!
—

Y ox X DIV v X and Y AKX Y A X

are (pointed) homotopic.

Proof. Pick a homotopy H: X x [0,1] = X’ from f to f’ and consider the map

Map(X’, V) x[0,1] 25 Map(X x[0, 1], Y)x[0, 1] — Map([0, 1], Map(X, Y))x[0, 1] — Map(X,Y)

of which the second map is continuous by Proposition [1.101] and the latter is continuous by

Remark [1.100 It is readily checked to be a homotopy between f* and f’*. Likewise, consider
the map

Map(Y, X) x [0,1] = Map(Y, X x [0,1]) 2= Map(Y, X’)
of which the first map sends (f,¢) to the map y — (f(y),t). This map is continuous (see
Exercise below). The above composite is again readily checked to be a homotopy from fi
to fi. If H is a pointed homotopy, simply observe that the above two composites restrict to
(consequently continuous) pointed homotopies
Map, (X',Y) x [0,1] = Map,(X,Y) and Map,(Y,X) x [0,1] — Map, (Y, X’).

The case of products and smash products follows from considering idx x H: Y x X x [0,1] —
Y x X’ and using that this map descends to a continuous map on smash products in case H
is a pointed homotopy. ]
Exercise. Let X, Y and Z be topological spaces. Then the map

Map(X,Y) x Z — Map(X,Y x Z), (f,2)— (z— (f(x),2))

1S continuous.

2.11. Definition Let A C X be topological spaces. We say A is a deformation retraction of
X if there exists a map ¢ € C4(X, A) and a homotopy rel A from ¢ to id4.

2.12. Example (1) {0} is a deformation retraction of R". Indeed, the map [0, 1] x R" —
R™ given by (t,x) — tx provides a homotopy rel {0} from the map constant at 0 to
the identity of R".
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(2) 87—t C R™\ {0} is a deformation retraction. Indeed, the map z ﬁ is a continuous
map R\ {0} — S~ ! and the map [0,1] x R\ {0} — R™\ {0} given by (¢,z)
W provides a homotopy rel S*~! as needed.

2.13. Example A deformation retraction A C X is a homotopy equivalence. There are

examples of subspace inclusions A C X which are homotopy equivalences, but not deformation

retractions. For instance, let us examine the special case A = {z} C X. Then {z} — X

being a homotopy equivalence means that X is contractible and that {z} is a deformation

retraction simply means that X is pointed contractible (i.e. that there is a pointed homotopy
from the identity of X to the constant map at x). Without proof, we mention here that the
space

S = {(z,y) CR? |y = xm for some m € Q}
is contractible (the map H(t, (z,y)) = (tx,ty) is a homotopy between the identity and the
constant map at (0,0)), but S does not deformation retract to the point (1,0).

We come to the following fundamental geometric structure. I thank Tyrone Cutler (and
his online available notes) for having written down the explicit formulas we use here.

2.14. Lemma The pointed space (S, 1) is canonically endowed with the structure of a comonoid
up to homotopy in Top*ﬂ. That is, there are the following maps:

(1) the counit map t: St — %, and

(2) the comultiplication map p: S* — St v St
These satisfy counitality and coassciativity up to homotopy, that is, the following diagrams
commute up to homotopy:

st P, gly g6l gt P L glygl
\tvlduldvt lp lide
Sty gt PV g1y g1y gl

Moreover, the so defined comonoid (S',1) is in fact a cogroup. That it is, the following
equivalent conditions are satisfied:
(1) The map pV t,: St v St — St v S! is a pointed homotopy equivalence,
(2) There exists a pointed map coinv: S' — S, called the coinversion map, such that the
composites
1 1 1 coinvV 1 1 1
st L slvs lﬁvs vst Y8
are pointed homotopic to the constant map. Here, V is the fold map, i.e. the map
which is the identity on each of the two wedge summands.

Proof. First, we recall that the map t — exp(t) = €2™ induces a homeomorphism [0,1]/0 ~
1 — St We will from now on identity S* with [0,1]/0 ~ 1 via this map without further
notation. We define the pinch map p: S — S' Vv 8! to be induced by

1
[0,1] >t ur(2t) for 0 <t<i
u(2t —1) forf<t§1

1Equivalen‘cly, the image of (S t 1) under the functor Top, — hTop, is canonically endowed with a comonoid
structure.
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Here, ¢, and ¢; are the canonical right and left inclusions of S' into S' Vv S'. Geometrically,
p is the quotient map S' — S'/{#1} obtained by collapsing S° C S! to a point.
Let us now consider the above diagrams. First, we consider the composite (id vV t)p: S* —

S1. It is induced by the map
2t for 0 <
0,1] 5t~ { 1z

where * = [0] is the basepoint of S'. The map H: [0,1] x [0,1] — S given by

o for0<t< e
Hist) = * for L5 <t <1

induces the desired pointed homotopy from (idV¢)p to idgi. That (¢Vid)p is pointed homotopic
to idg1 is a similar argument.

Now we work out the second diagram. We denote by ¢, the middle inclusion of S' into
S1v Stv St With this in mind, we have

1(2t) foro<t<1i 1 (4t) foro<t<i
(dVp)p(t) =S (@t —2) for 3 <t <2 (pVid)p(t) =S 14t —1) for 1 <t <3
w4t —3) for 2 <t<1 w(2t—1)  for F<t<1
We claim that both these maps are pointed homotopic to
1(3t) for0<t< %
t=p(t) =< tp(3t—1) for 3 <t <2
w(3t—2) for2<t<1

For this, we consider the map

‘ -

u((4 = s)t) for 0 <t < 12

(4—s s s s

[0,1] x [0,1] > (¢, 8) — Lm( = 8)(2118; ((22;))). for - <t< 5“
((2—|—s)t—(1+s)) for 722 <t <1

which induces a pointed homotopy from (p V id)p to .

That the conditions (a) and (b) are equivalent appears on Exercise Sheet 5. We show that
condition (b) is satisfied. To do so, we define coinv to be induced by the map [0, 1] — [0, 1]
which sends t to (1 —t). Geometrically, this is the the loop on S which runs around S* once
clockwise. Then the composites V(coinv V id)p and V(id V coinv)p are induced by the maps

0.1] 5 1-2t for0<t<i d t s ot for0 <<l
) R n
2t—1 forz<t<1 2-2t fors<t<l1

We need to show that both are homotopic to the constant map at the basepoint. To do so,
we consider the map

,_.

2t for 0 <t <52
1
[0,1] x [0,1] 5 (t,s) —» {1 —s  for 12 <t < Es
2-9t for HFE<t<1

2
which provides a pointed homotopy from V(id V coinv)p to the constant path. A similar
homotopy exists for V(coinv V id)p. O
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2.15. Remark It turns out (we might come back to this later) that the cogroup structure on
(81,1) € hTop, is unique. Moreover, it does not come from a strict cogroup structure on S*,
i.e. (S1,1) € Top, does not admit the structure of a cogroup. This means that a) there was
really no choice other than the pinch map for the comultiplication, and b) we really have to
introduce some non-trivial homotopies which witness the counitality and coassociativity of
the comultipliaction up to homotopy.

2.16. Corollary Let (X, x) be a pointed space. Then S* A X is a cogroup up to homotopy in
Top,.

Proof. For all pointed spaces X,Y and Z, there is a canonical homeomorphism (X VY )AZ =
(X VZ)AN(Y V Z) (this is not completely trivial to show, but we will not give the details
here). Consequently, the cogroup structure on S defines maps

SIAX — (STVSHAX 2 (SPAX)V(STAX), STAX 5 xAX 2«

which satisfy counitality and coassociativity up to homotopy since the functor —A X preserves
pointed homotopies, see Lemma Hence S' A X is a comonoid up to homotopy. To see
that this is a cogroup, it suffices to see that coinv A X: ST A X — S' A X is a coinversion
map for the comonoid structure just defined. Again, this follows from the fact that — A X
preserves pointed homotopies. ]

Similarly, we have the following;:

2.17. Corollary Let (X,x) be a pointed space. Then Qz(X) is a group up to homotopy in
Top,.

Proof. We recall that ,(X) = Map,(S!, X). The cogroup structure on S' induces the
following maps

Map, (S, X) x Map, (S', X) = Map,(S' v 5!, X) — Map,(S', X)

as well as * = Map, (*, X) — Map, (S*, X). These maps satisfy unitality and associativity up
to homotopy since the functor Map, (—, X) preserves pointed homotopies, see Lemma
We have used Remark for the above homeomorphism. Hence §,(X) is a monoid up
to homotopy. Moreover, the map coinv*: Map, (S*, X) — Map, (S*, X) provides an inversion
map for ,(X), so this is indeed a group up to homotopy. O

2.18. Definition Let X be a topological space. For any basepoint x € X, we define the
fundamental group of X at x, m (X, x) as mo(Qz(X)).

2.19. Lemma The association (X,z) — m1(X,x) refines to a pointed homotopy invariant
functor Top, — Grp.

Proof. If G is a group up to homotopy in Top, then mo(G) is an ordinary group: This follows
from the fact that mp commutes with finite products and sends * to *. Hence m (X, z) is
a group as a consequence of Corollary Then we recall that a based map f: X — Y
induces a map Map, (S*, X) — Map, (S1,Y), i.e. a map ,(X) — Q,(Y). This map is one of



TOPOLOGY I 31

groups up to homotopy since the diagram

Map, (S!, X) x Map, (5%, X) «—— Map, (S v S!, X) —— Map, (5', X)

lf*xf* lf* if*

Map, (S*,Y) x Map, (S',Y) — Map, (S' v S$1Y) —— Map,(S',Y)

commutes (and similarly for the map defining the unit of the monoids Map,(S*, X) and
Map, (S!,Y)). Hence the induced map 71(X, x) — 71(Y,y) is a group homomorphism. Func-
toriality of these maps follows from the fact that mo(Map,(S!, —)) is a functor with values in
Set and the fact that 71 is pointed homotopy invariant follows from Lemma [2.10 O

We will need the following observation about the behaviour when changing the basepoint
x via a path in X.

2.20. Lemma Let v: [0,1] — X be a path from x to x'. Then v induces a pointed homotopy
equivalence Q(X) — Qv (X), natural in X.

Proof. We define a map ®~: Map, ((S',1), (X,z)) — Map,((S*, 1), (X,2')) by sending a loop
a at x to the loop yxa %7~ ! at 2/, that is, the concatenation of a with « and its reverse vy~ 1.
The same argument that shows that concatentation with a fixed loop defines a continuous
map 2, (X) — Q,(X) shows that the so defined map ®, is continuous. For 4 a path from z’
to x, the composite ®, o ®, is then homotopic to ®,/,, - simply by reparametrising the path
appropriately. Moreover, for any loop 8 at z, the map ®3 is homotopic to the conjugation by
B map of the group (up to homotopy) Q,(X). In particular, this map is a pointed homotopy
equivalence: To see this, it suffices to show that the map is an isomorphism in hTop,. But
now in general, given a group G in a category C, and an element g € GG, then conjugation by
g defines an automorphism of G (with inverse given by conjugation by g~!). It follows that
®., is a homotopy equivalence with homotopy inverse given by ®,-1.

Finally, to see the naturality of the construction, it suffices to note that for a continuous
map f: X — Y, the diagram

Map, (S, 1), (X, 2)) ——— Map,((S%,1),(X, "))

s [

Map, (51, 1), (Y, £())) —%5 Map, (S, 1), (Y, f(z')))
commutes strictly

fOyxaxy™) = f() * fla)x fF(y71) = fF(y) xax f(9) 7"
0

The notation m; and my suggest that there might be variants m, for any n > 0. In what
follows, let n > 1 and consider the element (1,0,...,0) € R**!. For k < n we have RF! C
R"™*! via the inclusion in the first k& + 1 coordinates. This gives a series of inclusions S° C
Sl C ... C 8™ and we consider 1 as an element of S™ via these inclusions.

2.21. Remark These inclusions can also be thought of as follows: We have S* C S' as
the subspace {£1}. Applying the functor — A S! we obtain an inclusion S C S' A S! and
inductively inclusions S'A---ASY — STA---ASTASL. The claim then follows from a canonical
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homeomorphism S™ A §™ =2 §"t™  We will discuss this homeomorphism on Exercise Sheet 5
in light of the one-point compactification.

2.22. Definition Let (X, z) be a pointed space and n > 0. We define its nth homotopy group
at x to be
7Tn(X7 LZZ) = WO(Map*((Sna 1)7 (X7 IB))

Strictly speaking, we have not seen that m, (X, x) is a group for n > 2. However, it follows
from our earlier results:

2.23. Corollary For all n > 1, the association (X, x) — m,(X,x) refines to a pointed homo-
topy invariant functor Top, — Grp.

Proof. T, is a homotopy invariant functor as the composite of the functors my and Map, ((S™, 1), —).
To see that it canonically takes values in groups, we note that S™ = S¥ A S"=* and S* and
S™~F are compact. This together with Corollary[1.106/implies that there are homeomorphisms

Map, (5", 1), (X, z)) 2 Map, ((S*, 1), Map, (5", 1), (X, 2))).
In particular, we find for n > 1 bijections 7, (X, z) = 71 (Map, ((S™ 1, 1), (X, x)). O

2.24. Lemma Let (X, z) and (Y,y) be pointed spaces.

(1) mo(X,z) = mo(X)

(2) For all n > 0, the canonical map m,(X X Y, (x,y)) = m(X,z) x mp(Y,y) is an
isomorphism.

(3) If (X,x) is a monoid up to homotopy in Top,, then the group structure on 71 (X, x)
s abelian.

(4) A path v from x to x’ in X induces an isomorphism (X, z) = 7, (X, 2") for all
n>1.

In particular, for n > 2, m,(X,x) is abelian.

Proof. (1) The evaluation at the non-base point —1 of S° gives a homeomorphism Map, (S°, X) —
X, so the claim follows. (2) The canonical map Map,(S", X x Y) — Map,(S™, X) x
Map, (S™,Y) is a homeomorphism since S™ is locally compact, see Remark The claim
then follows from the fact that mp commutes with finite products. (3) Since the forgetful func-
tor Grp — Set commutes with finite products and is conservative, we see that m : Top, — Grp
commutes with finite products. It follows that the image of a monoid up to homotopy in Top,
is sent to a monoid in Grp. The Eckmann-Hilton argument below shows that this makes the
group structure on m; commutative. The “in particular” follows from the above observed
isomorphism 7, (X, z) = m (Qx(Map*(Sn_27 X)) (4) (X, x) = mp—1(024(X)), so the claim
follows from the fact that m,_1 is a pointed homotopy invariant functor together with the
pointed homotopy equivalence Q,(X) ~ Q,/(X) from Lemma O

2.25. Addendum The Eckmann-Hilton argument is a slight generalisation of what we have
used above. It says the following. Suppose M is a set equipped with unital binary operations
o and * with units e, and e, and which satisfy that the diagram

M x M x M x M &0

Mx M ° s M
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commutes. Then o = x and both operations are associative and commutative. Indeed, the
commutativity of the diagram says that for all z,y,z,w € M we have (x xy) o (z xw) =
(xoz)*(yow). Then we get

€x = (o 0€y) * (Ex0€5) = (€6 % €4) 0 (€4 % €5) = €5
S0 e5x = e, =: e. In addition,
zow=(x*e)o(exw)=(roe)x(eow)=xxw
so o = x. Moreover,
zow=(x*xe)o(exw)=(exx)o(wxe)=(exw)o(r*xe)=wox
so o is commutative. Finally,
(xoy)ow=(roy)*x(woe)=(xxe)o(yrxw)=zo0(yow)

So o is associative.

2.26. Remark The definition of homotopy groups we have given can also be done by replacing
(S™,1) with the pair (D", 0D™) and can also be phrased as follows: m,(X,x) is the set of
based homotopy classes of based maps (S™,1) — (X, z) or equivalently of homotopy classes
rel 0D™ of maps D™ — X sending dD™ to x. Indeed, this follows from Remark since
S™ and D" are locally compact. The latter formulation is a frequently used definition of
homotopy groups.

2.27. Definition Let f: X — Y be a continuous map between topological spaces. Then f
is called a weak homotopy equivalence if for each x € X and n > 0 it induces a bijection
(X, ) = m (Y, f(2)).

2.28. Example A pointed homotopy equivalence is a weak homotopy equivalence. Indeed,
this follows simply from the fact that 7, is a pointed homotopy invariant functor.

2.29. Lemma A homotopy equivalence f: X — Y is a weak homotopy equivalence.

Proof. The map my(f) is a bijection, so it remains to show that for all x € X, the map
Tn(f): m (X, 2) — o (Y, f(x)) is a bijection. To do so, we first consider the following general
fact. Let H: X x [0,1] = Y be a homotopy from f to f’. The path {z} x [0,1] — X x [0,1]
induces a commutative diagram

(X, 2) T (X x (0,1, (2,0)) — 70 (Y, £(2))

|= E

(X, 2) 7= m(X x [0,1], (z,1)) —2= m, (Y, f/(2))

whose vertical arrows are the isomorphisms obtained in an earlier exercise, induced from the
path {z} x [0,1] in X x [0, 1] and its image under H in Y. The left square (with horizontally
left pointing maps) is the same square as the right square with the map H replaced by the
projection. Since the projection induces isomorphisms on 7, and ig and ¢; are sections of the
projection, the left square with right pointing maps is also commutative. Finally, observe that
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the horizontal composites are given by 7, (f) and m,(f"). We deduce that if f is a homotopy
equivalence and g a homotopy inverse, then the triangle

(X, x) —>7rnXx)

o~

(X, 9 (2))

commutes. With the same argument, we deduce that in the composite

(X, ) L5 10 (Y, (F(2) 25 ma(X, 9F(2)) L5 7Y, faf (@)

any two composable maps are bijections. We deduce that the map in the middle is bijective,
and hence also the first map is bijective. O

2.30. Example There are weak homotopy equivalences which are not homotopy equivalences.
For instance, consider the space of a converging sequence, i.e. the set CS = {0} U{L | n >
1} equipped with the subspace topology of R. This set is weakly homotopy equivalent to
[1,>0{n}, but not homotopy equivalent to it, see Exercise Sheet 6.

So far, we know very little about homotopy groups. Let me mention the following very
basic questions:

(1) What is m(S™)?

(2) What is 7 (S™) for k < n?
(3) What is m,(S™)?

( (5")

4) What is 7 (S™) for k > n?

2.31. Addendum Note that the answer to (2) wants to be 0: Indeed, given a representative
f: S¥ — S™ we surely hope that f is homotopic to a map which is not surjective (this is
automatic if the map f extends to a smooth map in the sense of analysis 2 from an open
neighborhood of S* C R¥*! to an open neighborhood of S C R™"*!). Given x € S™ which
is not in the image of f, we find a factorization S* — S™\ {z} C S™. But the stereographic
projection determines an homeomorphism S™ \ {z} = R™ (which appears on Exercise Sheet
5), and R™ is pointed contractible. It follows that f is pointed null-homotopic.

The answer to (1) and (3) will be given in this (and possibly the following) course: It turns
out that m,(S™) = Z via an explicit invariant called the degree (more precisely, there is a
canonical map Z — m,(S™) sending 1 to [idgn]| which is an isomorphism with inverse given
by an invariant called the degree). We will show this by induction over n. To prove the case
n = 1, we will make use of a theorem allowing us to calculate the fundamental group of a
space by means of the fundamental groups of an open cover, known as a theorem of Seifert
and van Kampen — this will also prove that 71 (S™) = 0 for n > 1.

Possibly surprisingly (at first glance) is that we will not be able to say much about 7 (S™)
when k£ > n. In the beginning of the rise of algebraic topology, there were some thoughts that
these groups might also be trivial, a thought that could not be further from the truth. In fact,
calculating these groups is one of the major tasks of homotopy theory and our knowledge of
these groups (though by now very impressive) is on a large scale still tiny, and the tools that
go into calculations are very intricate and sometimes indirect.
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2.2. CW complexes. Before moving to the theorem of Seifert and van Kampen, we briefly
introduce CW complexes.

2.32. Definition Let X be a topological space and A C X a subspace. A CW structure on the
pair (X, A) consists of a filtration {sk,(X)},>_1 by subspaces, called the skeletal filtration,
with sk_1(X) = A such that the following holds. First, the canonical map colim,, sk, (X) — X
is a homeomorphism. Second, for each n > —1, there is a set I,, and for each i € I,, there are
maps «a;: S™ — sk, (X) such that there is a pushout diagram

T 5" —2% 5 sk (X)

1o

1T D+ 2% gk (X)

i€ln

Here, S~! = @. A CW complex (X, A) is short hand for a CW structure on the pair (X, A);
often A is taken to be empty in which case we simply refer to X as a CW complex.

It is important to remember that a CW structure is a space equipped with a filtration,
such that some property holds (colimit topology and existence of pushouts). The pushouts
are not part of the data, only the existence is required. A space can have no or many CW
structures. We will often refer to a CW complex X, and then mean that X is a topological
space equipped with a CW filtration {sk,,(X),>0} which we leave implicit.

2.33. Example (1) The spheres S™ are CW complexes via the filtration

{z} if —1<k<n

ski (") = {S” itk >n

Here, x is an arbitrary basepoint. Indeed, this follows from the homeomorphism
Dn/sn—t =~ gn,

(2) The disk D" is a CW complex with filtration () C {#} C S*~! C D™. Here, as above
Sl = sk, 1 (D).

It turns out that many more spaces are CW complexes, we shall construct more examples
later and on the exercise sheets.
We introduce the following terminology.

2.34. Definition Let X be a CW complex with filtration {sky(X)},>_1. Then X is called

(1) N-dimensional if sky/(X) = sky(X) for all N > N.

(2) finite-dimensional if it is N-dimensional for some N > —1.

(3) of finite type, if for all n > —1, sk, 41(X) is obtainable from sk, (X) by attaching
finitely many cells, i.e. there exists a pushout as in Definition with I, finite.

(4) finite, if it is finite dimensional and of finite type, i.e. there exists pushouts as in
Definition 2.32] such that the total number of cells is finite.

(5) locally finite, if there exists pushouts as in Definition such that each cell of X
(i.e. a subset of the form 3;(D"*1) C X) is disjoint from all but finitely many cells of
X.



36 MARKUS LAND

The following proposition lists some of the point-set theoretic properties of CW complexes.
We will not prove it in this course.

2.35. Proposition Let X be a CW complex. Then

1) Every compact subset of X lies in a finite sub complex of X.

2) X is compact if and only if X is finite.

3) X is locally compact if and only if X is locally finite.

4) X is paracompact (we have not introduced this notion yet, but it means that any open
cover admits a locally finite subcover. A cover is called locally finite if for every point,
there is an open neighborhood of it whose intersection with the members of the covering
is empty in all but finitely many cases).

(5) X is normal and Hausdorff. (In fact, for paracompact spaces, Hausdorff and normal

are equivalent conditions).

(6) X s locally path connected (in fact, it is locally contractible, that is, for every point

and every open, there exists a smaller open which is contractible).

(7) if Y is another CW complex which is locally compact, then X x'Y admits a CW

structure with

(
(
(
(

sk (X x V) = | skp(X) x sky(Y).
k+l=n

We move on to maps between CW complexes.

2.36. Definition Let X and Y be CW complexes. A map f: X — Y is called cellular if
f(skn (X)) Csky(Y) for all n > —1.

Again, whether or not a map is cellular very much depends on the CW filtration one has
chosen. In particular, (somewhat obviously) not every map is cellular. The following result,
called cellular approzimation, is technically important and will be proven most likely in the
next course.

2.37. Theorem (Cellular Approximation) Let X and Y be CW complexes. Given a map
f: X = Y satisfying f(ski(X)) C skp(Y) for some k > —1, there exists a homotopy rel
skx(X) from f to a map f' satisfying f'(skn (X)) C sk, (Y) for alln > k. In particular, every
map between CW complezes is homotopic to a cellular map.

Let us draw a number of useful consequences of this theorem.
2.38. Corollary For k < n we have m,(S™) = 0.

Proof. Represent an element by a pointed map (S*,z) — (S™,y). We Give S* and S™ the
CW structures from Example By cellular approximation, f is homotopic rel {z} to a
cellular map. But sk (S*) = S* and sk (S™) = {y}, showing that f is pointed homotopic to
the constant map. O

More generally we have the following:

2.39. Corollary Let X be a CW complex. Then for all © € sko(X), the induced map
7k (skn(X), ) = 7 (X, ) is an isomorphism for k <n —1 and a surjection for k =n.

Proof. Surjectivity for k < n: Consider a pointed map f: (S¥,1) — (X, z) representing an
element of 7 (X, z). By cellular approximation there is a homotopy rel {z}, i.e. a pointed
homotopy, from f to a cellular map f’. In particular f’: (S*,1) — (ski(X), z), so surjectivity
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follows. To see injectivity when k < n, assume given pointed maps f,g: S* — sky(X) and a
pointed homotopy H: S¥ — X from f to g. Recall from Proposition (7) that S* x [0, 1]
has a CW structure with sk (S* x [0,1]) = S* x {0,1} U {1} x [0, 1] and that H1yxo,) 18
constant at x. In particular, with respect to the just mentioned CW structure on S* x [0, 1],
the map H sends sk (S* x [0,1]) to sky(X). By cellular approximation, H is homotopic rel
Sk x {0,1} U {1} x [0,1] to a map with image contained in skj,1(X). Since k + 1 < n,
injectivity of the map under investigation follows. O

2.40. Corollary For every space X, there exists a weak homotopy equivalence A — X where
A is a CW complez.

Proof. We argue for each path component of X that there is a connected CW complex with
a weak homotopy equivalence to that path component. Then we obtain a map from the
coproduct of all these CW complexes to X which is a weak homotopy equivalence. The result
follows then from the observation that coproducts of CW complexes are CW complexes.

So let us assume that X is path connected and choose a basepoint x € X. Choose generators
{a;}ier of m (X, z). They induce a pointed map

fie /ST X
el

whose composite with the canonical inclusion ¢;: S L Vier St is given by ;. We deduce
that f; induces a bijection on 7y and a surjection on m;. We now assume inductively that we
have constructed a map fy,: sk,(A) — X from an n-dimensional CW complex sk, (A) which
induces an isomorphism on 7 for £ < n and a surjection for £ = n. For the induction start,
we take ski(A) = V.¢s S! with its map fi to X. Pick a set of generators of the kernel of
the map m,(A,a) = m,(X,z) and represent these generators by maps f;: S* — A. Since
Bj € ker(mp(A, a) = (X, x)), there exists a null homotopy H of f,/3;. Such a null homotopy
H is in particular a map S™ x [0, 1] whose restriction to S™ x {1} is constant. H therefore
induces a map Hj: D" — X whose restriction to the boundary S™ is given by f,3;, since
S™ % [0,1]/8™ x {1} = D"*L. Consequently, there exists a commutative diagram

Il 5" L kn(A)
Jje

Lol
H pntl 11, s X
JjeJ
Define sk;,,+1(A)" to be the pushout of the upper-left part of the above diagram. Then
skp+1(A) is an (n + 1)-dimensional CW complex with skg(sk,+1(A)") = skx(A) for k < n
and we obtain a unique map f;,; — X extending the map f,, by the universal property of
the pushout. We claim that f; ; induces an isomorphism on m;, for k¥ < n. To see this, we
consider the composite

r(skn(A), @) 25 m(skns1(AY, @) 25 mo(X, )

which is given induced by f,. Hence, for k& < n, the composite is an isomorphism by the
inductive hypothesis and the first map is an isomorphism by Corollary For k = n,
the composite is surjective by the inductive hypothesis, so the latter map is also surjective.
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Again by Corollary 2.39] the first map is also surjective. Moreover, the kernel of the composite
is contained in the kernel of the first map (by construction). This implies that the second
map is also injective and hence an isomorphism. Now choose a set of generators {7 }rex of
Tn+1(X, x) and define the space

sknt1(A) = skpy1(4) v \/ ™
keK
Then sky,11(A) is again an (n+1)-dimensional CW complex with sk (sky,+1(A)) = skx(A) for
k < n. The map f, ,, together with the maps ~; induce a unique map fy,41: skpy1(A) = X.
This map is surjective on 7,41 (this is clear by construction) and an isomorphism on 7 for
k < n. Indeed, the composite

m(5knt1(A), @) = m(skns(A), @) 2 mu(X, z)

is an isomorphism by what we have just argueed, showing that the second map is surjective.
The first map is also surjective by Corollary and injective because it has a retraction
induced by the unique map \/ S"*! — . Hence, the first map is an isomorphism, as well
as the composite, and hence so is the latter map. This finishes the inductive step. Then
we let A = colim,, sk, (A) and obtain a unique continuous map f: A — X restricting to the
previously constructed f, on sk,(A). Then, for any & > 0, we choose n > k and then have
that of the following maps

7k (skn(A),a) = (A, a) = (X, x)

the composite and the first map are isomorphisms. Hence the latter map is also an isomor-
phism, showing that f is a weak homotopy equivalence. (|

2.41. Remark In this course, and in fact also the following courses, we will almost exclusively
investigate invariants of topological spaces which are not only homotopy invariant but in fact
invariant under weak homotopy equivalences, like homotopy groups and also the singular
(co)homology groups which we will introduce in due time. The previous corollary hence
implies that we may replace any topological space by a weakly equivalent CW complex without
changing its invariants, or in other words, through the eyes of this invariant, we may restrict
our attention to CW complexes to begin with.

The typical invariant that distinguishes weakly equivalent spaces which are not homotopy
equivalent (hence spaces necessarily not homotopy equivalent to CW complexes) is sheaf
cohomology (rather than singular cohomology). While itself a very interesting invariant with
many applications, we will not discuss it in this course. Perhaps one can have a seminar
about sheaf cohomology at some point, and its relation to singular cohomology for suitable
spaces.

The following theorem says that the relation of weak homotopy equivalences restricted to
CW complexes is indeed the relation of homotopy equivalences. We will prove it next term
when we introduce a further important notion in homotopy theory, namely that of a fibration.

2.42. Theorem (Whitehead) Let f: X — Y be a weak homotopy equivalence and A a CW
complex. Then f induces a bijection [A, X| — [A, Y] on homotopy classes of maps out of A.
In particular, if X andY are CW complezes, then f is a homotopy equivalence.

The in particular follows readily from Yoneda’s lemma in the full subcategory of hTop on
objects represented by CW complexes.
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We will introduce one aspect which is relevant for the proof of Whitehead’s theorem, which
is that CW pairs have the homotopy extension property. The notion of homotopy extension
properties makes sense in many other contexts as well (as soon as there is some notion of
a homotopy) and we will see such a property in action in the category of groupoids when
discussing the theorem of Seifert van Kampen.

2.43. Definition Let i: A — X be a map of topological spaces. We say that ¢ is a cofibration
if it has the homotopy extension property, i.e. given amap f: X — Y and H: Ax [0,1] =Y
such that fj4 = H(—,0), there exists a map H: X x [0,1] — Y extending H.

2.44. Remark The data of f and H are given by a map A x [0,1] 40y X x {0} — Y.
Being a cofibration then says that there exists a dashed arrow rendering the following diagram
commutative:

A 0,1 Ty oy X x {0} £ v
X x [0,1]

Considering Y = A x [0, 1] 4 {0y X x {0}, we find that i: A — X is a cofibration if and only
if the vertical map in the above diagram admits a retraction.

Yet another equivalent way of formulating this is that there exists a dashed arrow rendering
the following diagram commutative (this uses that [0, 1] is locally compact):

A —— Map([0,1],Y)

T
rad evo

x—7 Ly

N

This second perspective shows the following result: Given a pushout diagram of spaces

A —— A

bl

X — X

such that ¢’ is a cofibration, then ¢ is also a cofibration. Also, it follows that if i;: A; — X
is a family of cofibrations, then the map (Il;c;Aj — I;c7X;) is also a cofibration.

2.45. Example (1) For all n > 1, the map S"~! — D" is a cofibration.

(2) Ifi: A— X and j: X — X' are cofibrations, then ji: A — X’ is a cofibration.

(3) For all spaces X and Y, the inclusion Y — X II'Y is a cofibration.

(4) For all spaces X, the map X x {0,1} — X x [0,1] is a cofibration.

(5) If i: A — X is a cofibration and Z is a locally compact space, then A x Z — X x Z

is a cofibration.
The proof is an exercise on Sheet 6. I will insert a proof here myself after the sheet has

been discussed in the exercise sessions.

2.46. Theorem (Homotopy extension property) Let (X, A) be a CW pair. Then the inclusion
A C X is a cofibration.
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Proof. The pairs (D", S"~!) satisfy the homotopy extension property by Example It
follows from Remark that for all n > —1, the pairs (sk,(X),A) have the homotopy
extension property. Then, it follows from the fact that X = colim,, sk, (X) that also (X, A)
has the homotopy extension property. O

2.47. Corollary Let i: A — X be a cofibration, for instance the inclusion of a CW pair
(X,A). Assume that A is contractible. Then the projection map X — X/A is a homotopy
equivalence.

Proof. Since A is contractible, there exists a € A and a map H: A x [0,1] — A such that
H(—,0) =id4 and H(—,1) is the map which is constant at a € A. Then we have a map

A x [0, 1] HAX{O} X x {0} - X

induced by H and the identity of X. By the homotopy extension property this map extends to
a homotopy H: X x[0,1] — X from the identity to a map H(—,1). This map has the property
that it sends A to a € A, and hence induces a continuous map h: X/A — X. Moreover, the

composite X — X/A X is A (—,1) and hence homotopic to idy via H itself. Moreover,
H induces a map X x [0,1] - X — X/A which in turn induces a map X/A x [0,1] — X/A
(since A x [0,1] € X x [0,1] — X /A is constant at the equivalence class of A). This map is a

homotopy between the identity and the composite X/A hx X/A. O

We finish this section with some constructions that allow us to replace an arbitrary map
by a cofibration, up to homotopy equivalence.

2.48. Definition Let f: X — Y be a map. We define Cyl(f) and maps XIIY — Cyl(f) - Y
via the following pushout squares

X s xmx M xox0,1] 2 x

lf lfﬂid | f

Y 45 yInx 2 oyl(f) —2— v

2.49. Remark Let i: A — X be a map of spaces. Then Cyl(i) = A x [0,1] H 4,0y X X
{0}. Hence, we can rewrite the condition that ¢ is a cofibration by the condition that the
tautological map Cyl(i) — X x [0, 1] has a retraction.

2.50. Lemma Let f: X — Y be a map of spaces. Then the map f factors as the composite
X X Cyl(f) LY and the maps tx and vy are cofibrations. Moreover, the map p is a
homotopy inverse of the map vy. In particular, Cyl(f) and Y are canonically homotopy
equivalent.

Proof. The first part follows from the definitions together with Example By construc-
tion, the composite Y — Cyl(f) — Y is the identity. It hence suffices to show that the compos-
ite Cyl(f) — Y — Cyl(f) is homotopic to the identity. To do this, let H: [0, 1] x [0, 1] — [0, 1]
be a map with H(—,0) = id and H(—,1) constant at 0, e.g. H(t,s) = (1 — s)t. Since [0,1] is



TOPOLOGY I 41

locally compact, the following two squares are pushout diagrams

X x {0} x[0,1] —— X x [0,1] x [0,1] X x {0} —— X x[0,1]
Y x [0,1] —— Cyl(f) x [0,1] Y — Cyl(f)

Consider the following maps from each term of the left (upper part) of the square to the right
one: X x {0} x [0,1] — X x {0}, the projection, ¥ x [0,1] — Y the projection, and the map
idxy x H: X x[0,1] x [0,1] = X x [0,1]. These maps induce, by the universal property of
pushouts, a map H: Cyl(f) x [0,1] — Cyl(f). Then H(—,0) is the identity of Cyl(f), and
H(—,1) is given by p. Indeed, to see this, it suffices to show that H(—,1) and p agree upon
restriction along 1y and X X [O 1] — Cyl( f) which is true by constructlon O

2.51. Definition Let f: X — Y be a map. Then we define its mapping cone C(f) together
with maps Cyl(f) — C(f) and C(f) — X(X) via the pushout diagrams

X 25 Cyl(f) —— C(X)

| !

* C(f) %(X)

where the map Cyl(f) — C(X) is obtained by collapsing the image of Y inside Cyl(f).

2.52. Remark We note that the map ¢x factors as the composite X x {1} — X x [0,1] —
Cyl(f). Consequently, we have the following diagram of pushout squares.

X x {0} !

L]

X x {1} — X x[0,1] — Cyl(f) — C(X)

| | | l

« —— C(X) —— C(f) ——

In particular the middle vertically combined square is a pushout square, showing that C(f)
is obtained by gluing C(X) on Y along the map f.

2.53. Lemma Let i: A — X be a map. Then there is a canonical map C(i) — X/A. This
map is a homotopy equivalence if i is a cofibration.

Proof. The previous remark says that the left of the following two squares is a pushout
diagram.

A—— CA) — *

I

X (i) X/A

The combined square is also a pushout, hence so is the right square. Consequently, we obtain
the wanted map C(i) — X/A. If i is a cofibration, then the left square being a pushout
implies that C(A) — C(7) is also a cofibration. The right square being a pushout means
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that there is a homeomorphism X/A = C(i)/C(A) such that the map C(i) — X/A becomes
the tautological map C(i) — C(i)/C(A). Since C(A) is contractible, the lemma follows from

Corollary 2.47] O

2.54. Corollary Let i: A — X be a cofibration. Then there exists a map X/A — 3(A),
natural up to homotopy.

Proof. There are natural maps X/A < C(i) — X(A) of which the first is a homotopy equiva-
lence. Choosing a homotopy inverse (which is unique up to homotopy) of this map provides
the desired map. ]

2.3. Seifert van Kampen. We now come to the theorem of Seifert van Kampen. We will
first prove a version of it where we replace the fundamental group introduced above by a
slightly more flexible object, the fundamental groupoid of X. It is defined as follows.

2.55. Definition Let X be a topological space. Its fundamental groupoid 7<;(X) is the
groupoid whose objects are the points of X and where

Hongl(X) (SL‘, y) = WO(Qx,y(X))

is given by homotopy classes rel endpoint of paths [0,1] — X from x to y. Composition
is defined by concatenation of paths and appropriate reparametrisation. Units are given by
constant paths. Inverses of paths are given by the same path run in opposite direction.

2.56. Remark For X a topological space and x € X, we have an isomorphism of groups
7 (X,z) = Hom,_, (x)(x,z). Moreover, in a groupoid §, any morphism f: x — y induces
an isomorphism of groups Autg(z) = Autg(y). For a choice of path v from z to 2/, viewed
as element of Hom,_, (x)(z,2’), the associated isomorphism (X, z) = Hom,_, (x)(z,r) =
HomTSl(X)(y, y) = m(X,y) equals the one which is obtained from Lemma by applying
0.

The theorem we aim to prove is the following.

2.57. Theorem (Seifert van Kampen - Groupoid version) Let X be a topological space and
let A, B C X be subspaces such that AU B = X. Then the induced diagram

7<1(ANB) —— 7<1(A)
| /
7<1(B) —— 1<1(X)
is a pushout in Gpd.
Proof. Consider a commutative diagram of groupoids as follows:
7<1(ANB) —— 1<1(4)
l [
7<1(B) s g

Then we need to show that there exists a unique functor F': Tgl(X ) — G whose restriction
to 7<1(A) is F4 and whose restriction to 7<1(B) is Fp. To define F' we need to evaluate
it on objects and morphisms. Evaluating on objects is easy: pick x € X. If z € A, then
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define F'(x) = Fy(x). If x € B, define F(z) = Fp(z). If z € AN B, then Fy(x) = Fp(z) by
the commutativity of the above diagram, so this association is well-defined. So let us try to
define F' on morphisms, i.e. on a path : [0,1] — X from z to z’. Consider the open cover
[0,1] = v~ 1(A) N y~(B). By definition of the topology on [0,1], for each t € [0,1] there
exists an ¢, > 0 such that the closed ¢ ball (aka interval) around ¢ is contained in y~1(A) or
v~Y(B). Since [0, 1] is compact, we can find finitely many such intervals which cover [0, 1]. As
a consequence, we can find 0 = tg < t; < --- <t, =1 such that y([t;, t;+1]) is contained in A
or B. In particular, v = 7, * - - x 1, where ~; is y restricted to [t;—1,t;] and reparametrized
appropriately. Since F' is supposed to be a functor we must define F'(y) = F(v,)o---0 F(v1).
Since ~; is a path in either A or B, and F restricted to 7<1(A) is supposed to be equal to Fa,
and restricted to 7<;(B) is supposed to be Fp, F(v) is determined by these properties. It
remains to show that this definition is well-defined and indeed gives a functor F': 7<1(X) — §.
For well-definedness, we need to show that F(v) = F(v') if 4 is homotopic rel endpoints to 7.
Pick a homotopy rel endpoints H: [0,1] x [0,1] — X from 7 to 7/. By a similar argument as
above, we can find an N > 0 such that [0, 1] x [0,1] is the union of N? many small squares of
side length % (in the obvious fashion) and such that H sends each such small square to A or
to B. Since F4 and Fg are well-defined, we see that so is F. Finally, we need to see that the
so defined F is a functor. Let » € A. Then F(id;) = idp(,) since id, is the constant path at
x, hence contained in A so that F(id,) = Fa(id;) = idp,(z) = idp(z). Similarly one argues
when z € B. Now suppose v and /' are composable paths. Write v and 7/ as compositions
of paths which lie in A or B. Then «/ x 7 is the composition of these many small paths all
of which lie in A or in B. Hence, F (7' *~) is given by applying F to all small pieces and
composing. The same is true for F(v') o F'(vy), showing that F' is indeed a functor.

O

We will show that 7<1(X) has a further universal property which we intend to exploit in
the following. To formulate it, we need one bit of notation.

2.58. Construction Given functors Gy A, Co il Ca, let us define a category €1 xe,Co as
follows. The objects are triples (X1,Y7, ) where X; € C; and a: F1(X1) — F(X3) is an
isomorphism. A morphism from (X7, X9, @) to (Y1, Y2, 5) consists of a morphism f;: X; — Y;
such that the diagram

Fl(Xl) L> FQ(XQ)
lFl(fl) lF2(f2)
Y —2 By(v)

commutes.

Note that the full subcategory of C; X ¢,C2 on triples (X1, X», id F1(x,)) canonically identifies
with the pullback in the category of categories Cat of the diagram C; — €y < Ca.

The construction (31>2@0 G, is often called the 2-categorical pullback of the diagram €C; —
(‘30 — Cs.
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2.59. Lemma Suppose given a commutative diagram of functors

F1 I3

61 > ('30 < (’32
b o
Dl G > 'Do G2 DQ

It induces a canonical functor Cq >A<@0 Gy — Dy %DODQ. This functor is
(1) fully faithful if L; is fully faithful for all i =0,1,2,,
(2) essentially surjective if Ly and Lo are essentially surjective and Lg is fully faithful.

In particular, it is an equivalence of categories if L; is an equivalence of categories for all
1=0,1,2.

Proof. Exercise. O

2.60. Definition A functor F': € — €’ is called an isofibration if for all objects X € €
and isomorphisms a: F(X) = X' in €’ there exists an isomorphism a: X — X such that
F(a) = a.

2.61. Example Let G9 — G; be a functor between small groupoids which is injective on
objects and let § be another groupoid. Then the restriction functor Fun(9;,9) — Fun(So, 9)
is an isofibration. Indeed, unwinding the definitions, we need to show that any functor
Gy x Al Mg, 01 91 ¥ {0} — G can be extended to a functor §; x A! — G, i.e. that Go — G;
satisfies a version of a homotopy extension property. This is left as an exercise.

2.62. Lemma Let C; ﬂ) Co & Co be functors and assume that Fy is an isofibration. Then
the canonical functor C; xe, Co — C‘31>A<e0 Co is an equivalence of categories.

Proof. We have already observed that the canonical functor is fully faithful. To see essential
surjectivity, consider an object (X7, Xo, a: F1(X71) = F5(X3)). Since F} is an isofibration, we
find an isomorphism @: X; — X{ with F(@) = «, in particular we find F}(X]) = F»(X2).
Consider then the object (X7, Xa,idp (x,)). Moreover, pair (&,idx,) defines an isomorphism
from (X1, X2, ) to (X7, Xo,id). O

2.63. Corollary For any groupoid G, the diagram appearing in Theorem[2.57 induces a natural
equivalence of groupoids

Fun(Tﬁl(X)7 9) — Fun(Tﬁl(B)? 9) >A<Fun('rgl(AOB),S)FHH(TSI(‘4)7 9)

Proof. First, we claim that the pushout diagram of Theorem induces an isomorphism of
functor categories

Fun(Tﬁl(X)’ 9) = Fun(Tﬁl(B)7 9) XFun(’rSl(AﬂB),S) Fun(Tﬁl(A)’ 9)

On the level of objects, this follows immediately from Theorem [2.57] For morphisms, we
use that the functor — x Al preserves pushouts (it has a right adjoint given by Fun(A!, —)).
Hence the square of Theorem remains a pushout upon applying — x A'. This shows that
natural transformations between functors Tgl(X ) — G are also as claimed. Finally, we use
Lemma together with Example observing that 7<1(A N B) — 7<1(B) is injective
on objects. ([l
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2.64. Corollary (Seifert van Kampen - Group version) Let X be a topological space and let
A, B C X be subspaces such that AU B = X. Assume that AN B, A, B are path connected
and choose a basepoint x € AN B. Then the induced diagram

m(ANB,z) —— m (A, x)
m(B,z) — m(X, )

is a pushout in Grp. Equivalently, the canonical map 71(B, ) %, (AnB) T1(A, ) — m (X, 7)
is an isomorphism of groups.
Proof. It suffices to show that the composite

B(Trl(B7 33') *Bri (ANB,z) 7Tl("éla 1.)) — Bm (X7 CL‘) - Tﬁl(X)

is an equivalence of categories. To do this, we consider the commutative diagram

BWI(B,{B) — B’/Tl(AﬂB,x) — B7T1(A,.I')

| | |

Tgl(B) — Tgl(AﬁB) e Tgl(A)

whose vertical arrows consist of equivalences by the assumptions that all spaces appearing
are path-connected. For each groupoid G, we then obtain that the canonical functor

Fun(BTrl(B’ ﬂ?), 9) >A<Fun(B7r1 (AﬁB,x))Fun(Bﬂ-l (Aa li)a 9) — Fun(Tﬁl(B)a 9) >A<Fun(TSl(AﬁB),S:)Fun(TSl (A)’ 9)

is an equivalence of categories, see Lemma Corollary and its variant for the pushout
diagram

Bmi (AN B, ) » Bmi(A,x)

| !

B?Tl(B,x) e B(ﬂ'l(B,(I}) *ﬂ.l(AmBJ;) 7T1(A, x))

hence gives a natural equivalence of categories
Fun(B(m1(B, ) *Br, (AnB,z) BT1(A,7),9) ~ Fun(r<1(X), 9).
The Yoneda lemma then shows that the functor
B(m1(B, %) *Br, (AnBz) T1(4, 2)) — 7<1(X)
is indeed an equivalence of categories as needed. O

2.65. Corollary There is an isomorphism 71 (St) = Z.

Proof. First, we calculate 7<1(S*) as follows. We cover S* by two intervals with intersection
given by the disjoint union of two intervals. Using the above results, we then obtain a natural
equivalence
Fun(7<1,G) ~ Fun(x, S)QFHH(*H*’g)Fun(*, G) ~ GXgxg§

since 7<1((0,1)) ~ %, and 7<1((0,1) IT1 (0,1)) ~ * IT . In the last formula, the functors that
appear are the diagonal functors. Now, let us calculate this final term: It is a groupoid whose
objects are given by triples (z,y, (o, 3)) where a, 8: * — y are isomorphisms, and where a
morphism to (z/,y/, (¢, 8’)) are given by tuples (f,g) where f: x — 2’ and g: y — ¢/ are
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isomorphisms intertwining «, o/ and 3, /. Now consider the category Fun(BZ, G). Its objects
are given by pairs (z,7) where v: x — x is an automorphism, and where morphisms from
(x,7) to (2',") are given by isomorphisms f: x — 2 intertwining v, 4'. We claim that there
is a natural equivalence

Fun(BZ,9) ~ G gxg9
given by sending (z,7) to (z,z, (7,id)). (Exercise: the inverse is given by sending (x, y, («, 3)
to (z,a~13)). In total, we obtain a natural equivalence

Fun(BZ,9) ~ GXgx5G ~ Fun(r<1(S), 9)

so that again the Yoneda lemma implies that BZ and 7<1(S') are equivalent. In particular,
m(SY) 2 Z. O

2.66. Remark We will later see that one can make this a priori abstract isomorphism 71 (S1) =
Z explicit in two ways: First, we claim that the map Z — 7 (S!) given by sending 1 to [idg1]
is an isomorphism. Furthermore, we will construct an invariant deg: 71(S') — Z which
implements an inverse to this isomorphism. The degree, or the winding number of a loop
simply counts (with signs) how often the loop passes the basepoint of S' — one can arrange
up to homotopy that v: S' — S! has the property that the preimage of 1 is a discrete, and
hence finite subset of S*.

Before finishing, let us use the Seifert van Kampen theorems to calculate fundamental
further spaces.

2.67. Example (Suspensions) Let X be a path connected topological space and recall that
Y (X) denotes its suspension. Then 71 (3(X),z) = 1. In particular, m1(5™,1) = 1 for n > 2.
Indeed, we may cover ¥(X) by ¥(X) \ {N} and X(X)\ S where N and S are the north and
south poles of the suspension, respectively. We claim that X(X) \ {N} is homeomorphic to
C(X) which is contractible (Exercise). Moreover, (X )\ {N}N3(X)\ {S} is homeomorphic
to X x (0,1) and hence homotopy equivalent to X. Since X is path connected, the group-
version of Seifert van Kampen, Corollary [2.64] applies and gives a pushout diagram of groups
as follows:
m(X,x) —— m(C(X), z)

m(C(X),z) — m(Z(X),z)
Since m1(C(X),z) = 1, we deduce that m(X(X),z) =1 as well.

2.68. Example (Wedges) Let (X, z) and (Y, y) be pointed spaces. Assume that there exist
open and contractible subsets U C X and V C Y containing x and y, respectively, which
deformation retract onto x and y, respectively. Then the canonical map m (X, z)*m1(Y,y) —
m1(X VY, [z]) is an isomorphism. Indeed, we consider the open cover of X V'Y given by

UvV — UVY

| |

XVvV —XVY

to which we want to apply Seifert van Kampen. Since U and V deformation retract to x and
y, we find that UV Z and Z V V are pointed homotopy equivalent to Z, for any pointed space



TOPOLOGY I 47

Z. Consequently, by applying 7 to the above pushout diagram and using Corollary we
obtain that the square

1 ——— m(Yy)

| |

m(X,z) —— m (X VY, [z])

is a pushout.

2.69. Remark CW complexes satisfy the assumption of the previous example for any base-
point. This is a slight refinement of Proposition m (6). In practice, one can also verify
this condition by hand. In particular, for CW complexes X and Y, the canonical map
m(X) *m (V) — m (X VY) is an isomorphism.

2.70. Example (Punctured complex line) Consider C \ {S} for a finite set S of cardinality
n. This space is homotopy equivalent to \/, S (Exercise). Note that 1 € S! indeed has
a neighborhood which deformations retracts onto 1. Hence by the previous example and
Corollary we obtain m1(C \ {S}) = F,, the free group on n generators.

2.71. Example (Punctured complex projective line) Consider CP! \ {S} where again S is a
set of cardinality n. Since CP' 2 S2, the stereographic projection implies that CP! \ {S} =
C\{S\ {s}}. We deduce that

7 (CP'\ {S}) =T, ;.

2.72. Example (Presentation complex) Let S be a set and let R C Fg be a set of words in
the free group Fg on the elements of S. The group G(S, R) = Fg/(R), where (R) denotes
the smallest normal subgroup of Fg containing R, is called the group presented by (S, R).
Concretely, G(S, R) is generated by the elements of S and has relations precisely the ones
generated by R. The pushout

HreRSI % \/SGS Sl

! |

I,crD? ——— C(S,R)

is called the presentation complex for the presentation (S, R) of G(S, R). Consider for each
r € R the point 7(0) € C(S, R). Then we may consider the open cover of C(S, R) given by

C(S,R)= | JrD>uc(s, R\ {0}

reR reR

Its intersection is given by [[.cp D27(D? \ {0}. These spaces are homotopy equivalent to
the three pieces defining C'(S, R), in a compatible way. The groupoid version of Seifert van
Kampen implies then that the map Fg = m1(\/ g S') — 71(C(S, R)) is surjective with kernel
generated by R. Consequently, there is a canonical isomorphism Fg/(R) — m1(C(S, R)),
hence the name presentation complex.

2.73. Remark The presentation complex for Z/2Z with its obvious presentation is given by
RP?. We will see later, that for n > 2, m,(RP?) is not necessarily trivial. In particular,
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presentation complexes can have interesting higher homotopy groupsﬂ Suppose given a pre-
sentation (S, R) with |R| = 1, generalizing the case of Z/27Z. Such presentations are called
one-relator presentations. If Fg/(R) admits non-trivial torsion, e.g. if R = T* for some k > 1
and T € Fg\ 1, then one can show that C(S, R) must again have non-trivial higher homotopy
groups (we might see arguments that go into such a proof in the next terms). Conversely,
it is known that if Fg/(R) is torsionfree (such groups are then called torsionfree one-relator
groups) the presentation complex C(S, R) does not have non-trivial higher homotopy groups.

Furthermore, it is a conjecture (currently still open) of Whitehead that if (S, R) is a pre-
sentation such that m,(C(S, R)) = 0 for all n > 2 and R’ C R, then 7, (C(S,R’)) = 0 for all
n > 2 as well. When R consists of a single element and is such that Fg/(R) is torsionfree, the
conjecture predicts that C(S,0) = \/4 S' has trivial higher homotopy groups. We will show
that this is indeed the case in the next section on covering theory.

2.74. Example (Closed orientable surfaces) Let g > 0 be a natural number. Consider a
regular 4¢g-polygon in the plane. Identify the edges of the polygon according to the following
picture to obtain the orientable genus g surface ¥,.

On the exercise sheet, you are asked to show that there exists a pushout

RN Va, St

L]

D — %,

with a = xlylelyflxgygxglygl . ..mgygxglygl, thereby giving ¥, the structure of a 2-

dimensional CW complex. In other words, 3, is the presentation complex of the canonical

presentation of the group Fo,/(z1y127 'yt ... xgygxgly;1>, and in particular, we have
m1(Eg) = Hj29/<f’31?/1a‘lilyfl . 'xgyggcg_lyg_l>-

Note that ¥; = T% = S x S!. Hence m(T?) = Fo/(xyzly™!) = 22 2 Z x Z = my(S') x

71(S1), in line with the previously established fact that m; commutes with products.

3. COVERING THEORY

3.1. Definition A continuous map p: E — B between topological spaces is called a covering
map if there exists an open cover {U; };er of B such that for each ¢ € I there are homeomor-
phisms 0;: p~1(U;) =2 [[U; where F; is a set, such that the diagram

F,

p_l(Ui) 0; IFI
Ui;

commutes, where pr denotes the canonical map which is the identity on each disjoint factor.
Such an open cover is called a trivializing open cover for p. For each b € U;, the map 6; induces

U;

2Furthermore, it turns out that m,(C(S,R)) # 0 for some n > 2 is equivalent to the condition that
m2(C(S, R)) # 0.
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a bijection between p~!(b) and F;. We will also write Fib? (or Fib, is p is understood) for
p~1(b) and refer to it as the fibre of p over b.

3.2. Remark We allow that fibres are empty. In other words, the map @ — B is a covering
map in the above sense. As a consequence, a covering map need not be surjective. Moreover,
recall that Iz, U; is homeomorphic to U; x F;. Under this homeomorphism what we have
called pr above is indeed the projection. Therefore, we may equivalently require that 6; is a
homeomorphism p~!(U;) — U; x F;.

3.3. Example The map B x F' — B is a covering map. It is called the trivial covering, whose
fibres are isomorphic to F.

3.4. Definition Let G be a group and X a topological space. We say that a continuous action
of G on X is covering-like if for all x € X there is an open subset U C X containing x such
that gU NU = @ for all g # e.

3.5. Lemma Let G act continuously and freely on a space X. Then for any choice of basepoint
x € X, the action of G on p~t(p(x)) is free and transitive. Moreover, the quotient map
p: X = X/G is a covering map if and only if the action is covering-like.

Proof. To begin, we first observe that the action of G on p~!(p(z)) is always transitive, by
definition of the quotient space X/G. Hence if the action G action on X is also free, then the
action of G on p~1(p(z)) is free and transitive as claimed.

Now assume that the action is covering-like. To see that p is a covering map, for x in X pick
an open U containing x such that gU NU is empty unless g = e. Since p~!(p(U)) = Ugea qgU,
we see that p(U) is open. The assumption that gU N U is empty unless g = e shows that
p~1(p(U)) is homeomorphic to U x G, compatible with the projection to U. Hence p is a
covering map.

Conversely, assume that p is a covering map. For z € X pick an open set U C X/G
containing p(x) such that p~1(U) = U x F for some set F, compatible with the map p.
Choose f € F such that z € U x {f}. Now let g € G and assume that g(U x {f})NU x {f}
is not empty, say x is in the intersection. Then there exists y € U x {f} such that x = gy. In
particular, we have p(x) = p(gy) = p(y). Since p is injective when restricted to U x {f}, we
deduce that z = y, and consequently that y = gy. Since the G-action is assumed to be free,
we find g = e. This shows that the action is covering-like. O

3.6. Remark One cannot drop the assumption that the action of G on X is free in Lemma/[3.5]
Indeed, a covering-like action is always free, but there are group actions such that X — X/G
is a covering map without the action being free: For instance, consider the trivial action of G
on X. Then X/G is homeomorphic to X, and p is a homeomorphism, in particular a covering
map.

3.7. Example (1) The action of Z on R by translation is covering-like. Consequently,
we obtain a covering map R — R/Z. Combined with the canonical homeomorphism

R/Z — S*, this shows that exp: R — S is a covering map.
(2) The actions of Z x Z and Z? on R from Exercise 3 Sheet 2 are covering-like. Con-
sequently, we obtain covering maps R? — T2 and R? — K. Likewise, the residual
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action of Cy on R?/Z? = T? is covering-like, so the induced map 72 — K is again
covering map.

3.8. Definition We define a category Cov(B) whose objects are the covering maps p: £ — B
and where a morphism from p: £ — Btop': B/ — B is given by a continuous map f: £ — E’
such that p’f = p. In other words, we define Cov(B) to be the full subcategory of the slice
category Top,p whose objects are covering maps. The morphisms in Cov(B) will be called
maps of coverings.

The main goal of this section is to give an algebraic description of the category Cov(B),
whenever possible. We will deviate slightly from the usual way this is done and spell out the
classical results later.

3.9. Lemma Let p: E — B be a covering map and let f,g: Z — E be continuous maps such
that pf = pg. Assume that Z is connected and that there exists z € Z such that f(z) = g(2).
Then f =g.

Proof. Consider the set {z € Z | f(z) = g(2)}, i.e. the equalizer Eq(f,g) of f and g, which
is non-empty by assumption. We have that Eq(f,g) = (f,9) ' (A(E)), where (f,9): Z —
E xp F and A: E — E xpg E is the diagonal. Since (f, g) is continuous, Eq(f, g) is closed if
A(E) is closed. We have shown in Exercise 5 Sheet 3 that this is the case since two distinct
points in a fibre p~!(b) can indeed be separated by open subsets of E, simply by picking an
neighborhood U of b such that p~}(U) = U x F. We now show that Eq(f,g) is also open.
Indeed let z € Eq(f, g). Then there exists an open neighborhood V of f(z) = g(z) in E such
that pjy is injective. Consider V' = FY(V)ng Y (V) C Z, which is an open neighborhood
of z. For any 2z’ € V', to see that f(z') = g(2’) we may post compose with the injective map
p|v, Where it is true by the assumption that pf = pg. Hence, Eq(f,g) C Z is closed, open
and non-empty and hence equal to Z since Z is connected. ]

The following theorem is fundamental to almost all applications and results on covering
maps:

3.10. Theorem (Unique path lifting) Let p: E — B be a covering map.
(1) Let v:[0,1] — B be a path and e € Fib,. Then there exists a unique path 7. : [0,1] —
E such that %(0) = e and py = . B
(2) If v and v are homotopic rel endpoints, and e € Fiby, then the lifted paths 5. and ',
are homotopic rel endpoints.

Proof. (1) Uniqueness follows from Lemma So let us show existence. Pick a trivializing
open cover {U;} for p. Then {V;} = v~1({U;}) is an open cover of [0,1]. We may therefore
write [0,1] = [0,a1]U a1, a2]U---Ulan—1, 1] as a union of closed intervals I; = [aj_1, a;], such
that y(I;) is contained in U; for some i € I. Consequently, v can be written as a concatenation
of paths 7y, x - - - xy1 such that 7; has image in U;. Inductively, it suffices to find a lift ¥;,: Its
endpoint ey is contained in the fibre over ;1 (1) and serves as the new e, the starting point for
a lift y2,, of 2. Since {U;} is a trivializing open cover for p, we find a neighborhood V' of e
in F such that pjy: V' — U is a homeomorphism. So we define 71, to be p‘_v1 °o1.

(2) Let H: [0,1] x [0,1] — B be a homotopy rel endpoints from v to 7. By a similar
argument as above, we can find an € > 0 such that [0, 1] x [0, 1] is the union of small squares
of side-length €, and each of these small squares is sent via H to one of the open sets U;. Again,
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we wish to lift the map H inductively over all the small squares to H: [0,1] x [0,1] — E.
We start with the square which contains (0,0). Using again that there is a neighborhood
of e restricted to which p is a homeomorphism, we can lift H to H on this small square.
This determines in similar fashion lifts of H to all squares which intersect the first one non-
trivially. We observe that the so lifted pieces indeed combine to a continuous map since any
two restrictions to the intersection of two neighboring squares are lifts of the same path in B
with same start (or end) point, and hence agree by the uniqueness part of (1). In total, we
obtain a lift H of H with H(0,0) = e. Now, H(—,0) is a lift of the constant homotopy at b and
H(—,1) is a lift of the constant homotopy at b’ since H is relative endpoints (again using the
uniquenss of lifts). Therefore, H is a homotopy relative endpoints from H (0, —) to H(1,—).
These are lifts of H(0,—) and H (1, —) which are vy and v/, respectively. Moreover, H(0,0) = e
by construction, and H(1,0) = e since H is relative endpoints. Again by uniqueness, H is
then a homotopy rel endpoints between 7, and 7/,.. ]

3.11. Corollary Let p: E — B be a covering map and e € E. Then the map py: m1(E,e) —
m1(B,p(e)) is injective. Its image consists of the loops v at p(e) whose (uniquely) lifted path
Ye 18 again a loop.

Proof. The subset of 71(B,p(e)) consisting of those loops which lift to closed paths is a
subgroup. On this subgroup, we find an inverse by lifting. O

3.12. Lemma Let G be a group which acts covering-like on a path connected space X and let
x € X. Then there is a short exact sequence of groups as follows.

1 — 7T1(X,$) &> 71'1(X/G, [1‘]) l) G — 1.
In particular, if m(X,z) = 1, then m(X/G,[z]) = G.

Proof. By Corollary we know that p, is injective. We write p: X — X/G for the
projection and define a map m: 71 (X/G, [z]) — G as follows: Let v: [0,1] — X/G be a closed
path at [z]. We may lift it to a path 4: [0,1] — X with 4(0) = . Then ¥(1) = g(y)z
for a unique g(v) € G by Lemma Sending [v] to this g(y) is then a well-defined group
homomorphism m. Now for g € GG, we may choose a path connecting z and gz since X is
path connected. The image of this path is then a closed path in X/G and hence represents an
element of 71 (X/G, [z]). Its image under m is then given by g, showing that m is surjective.
Moreover, the kernel of m consists of those loops [y] which lift to a closed loop at z in X.
Again by Corollary we find that the kernel of m equals the image of p, as needed. [

As promised, we reprove the calculation of the fundamental group of S*:

3.13. Example We have 71(S*,1) = Z. Indeed, we have seen earlier that the exponential
function defines a homeomorphism R/Z = S', and Z acts covering-like on R. Moreover, we
find that a concrete isomorphism is given by lifting a loop 7 at 1 in S* to a path in R starting
at 0. Its endpoint is then some integer, called the degree of the loop ~. Hence, the degree
defines an isomorphism (S, 1) — Z. Since deg(idg1) = 1, we also see that the inverse to
the degree isomorphism is the map Z — 71 (S!) sending 1 to [idg1]. Moreover, this map sends
n to the map = + 2™ on S*.

Similarly, we have 7 (K, [0]) = Z x Z, as the Klein bottle was defined as the quotient
R?/Z x 7, and again the action of Z x Z on R? is covering-like.

The subgroup p«(m1(E,e)) C mi(B,p(e)) is called the characteristic subgroup of p at e.
These subgroups serve the following purpose:
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3.14. Proposition Let p: E — B be a covering map and let f: X — B be a continuous map
with X locally and globally path connected. Then there exists a continuous map f: X > E
with pf = f if and only if for some basepoint x € X, we have f.(m1(X,z)) C p.(m1(E, e)) for
some e € Fib’}(m).

Proof. If there exists f with p f = f, then the composite

m(X,2) 25 m (B, f() 2 (B, ()

is given by f., showing that f.(m1(X,2)) C p«(m(E, f(z))). Conversely, assume given an

e € Fib?(z) such that f,(m1(X,x)) C p«(m1(E,e)). We define f as follows. Let 2/ € X and

pick a path v from = to 2. The define f(z') = f(v),(1). First, we argue that the so defined
map f is well-defined, i.e. independent of the Choice of 7. So let 4/ be another path from x
to 2. Then /=1 x v is a loop at = and f(y~! %) is therefore an element of f,(m1(X,x)).
By assumption, this loop lifts to a closed path in E, starting (and ending) at e. This 1mphes
that f(y~ ) )(1) = ¢, and hence that f(v), = f(x). We note that, by construction, pf = .

It remains to show that f : X — F is continuous. So let U C F be open, since any such
open is the union of opens of the form §=1(V x {f}) for some open V C B, we may assume
that U is itself of this form, and in particular that p: U — V' is a homeomorphism. In
this case, we find f~1(U) C f~1(V). Pick 2’ € f~'(U) and an open and path-connected set
V' C f~Y(V) containing x. For y € V', we may calculate f(y) by choosing a path ~ from 2’
to y in X, and then taking f(y ) . Since f(V') C V, alift of f(v) is given by p|_U1(f('y))

This shows that V' C f~1(U), and hence that f is continuous. O

3.15. Remark We note that the proof above shows that if fi(m1(X, z)) C p«(m1(E,e)), then
the constructed map f satisfies f (x) = e. By Lemma [3.9, the map f is uniquely determined
by this property together with the requirement that p f f.

3.16. Corollary Let p: E — B be a covering map and e € E. Then the induced map
pi: T (E,e) = mp (B, p(e)) is an isomorphism for all n > 2.

Proof. We begin with surjectivity. So let «a: (S™,1) — (B,p(e)) be a pointed map. By
Example m1(S™,1) = 1 since n > 2. Therefore, Proposition implies that « lifts to a
pointed map a: (S™,1) — (E, e) as needed. To see that p, is injective, assume o, o’ : (S™,1) —
(E, e) are pointed maps and that p(«) and p(«) are pointed homotopic. Choose such a pointed
homotopy H: S™ x [0,1] — B. Since m1(S™ x [0,1],(1,0)) = 1, Proposition gives a lift
H: S™ x [0,1] — E with H(1,0) = e. Since H(1,—) is constant at p(e) and H(1,—) is a lift
of H with startpoint e, we deduce from the uniqueness of the lift that H (1, —) is constant at
e. In particular H(1,1) = e. Then we find that H(—,0) and a both lift p(a) and agree on
1 € S™. Likewise, H(—, 1) and o’ both lift o/ and agree on 1 € S™. Therefore, H is a pointed
homotopy between o and o’ (by the uniqueness of lifts yet again). ([l

3.17. Corollary For n > 2, we have 7,(S,1) = 0, m,(T?,[0]) = 0 and 7,(K,[0]) = 0.
Indeed, this follows from Corollary since R and R? are contractible and hence have

trivial homotopy groups. Likewise, we can define T¢, the d-dimensional torus as R?/Z¢ for
all d > 1. Then we find that T* = (S1)*¢ and in particular we find 7,(T<,[0]) = 0 for n > 2.

3.18. Example The upper half plane H = {z € C | Im(z) > 0} in the complex plane
is endowed with a canonical metric, the hyperbolic metric. We do not spell this out here.
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However, we wish to say that the isometry group of H is given by PSLy(R), i.e. the quotient
of SLa(R) by the subgroup Cy generated by the matrix

(_01 _01> € SL(R).

The quotient topology endows PSLy(R) with a topology making it a topological group (in fact,
a Lie group). The action of PSLo(R) on H is given by what are called M6bius transformations:

a b _az+b

(C d) T e rd
Any discrete subgroup of PSLg(R), that is a subgroup whose subspace topology is the
discrete topology, therefore still acts on H and one can show that this action is proper in the
sense of Exercise 3 Sheet 8 [Khal2, Theorem 3.17]. In particular, it is covering-like if it is free.
Discrete subgroups of PSLa(R) have a name, they are called Fuchsian groups. Consequently,
whenever a Fuchsian group I acts freely on H (this turns out to be equivalent to the condition
that T is torsionfree), we obtain a topological space H/I" with a covering map H — H/ Iﬂ The
quotient spaces H/T" then have fundamental group isomorphic to I and all higher homotopy
groups vanish (since H is contractible). Many interesting groups arise in this form (this is,

however, not obvious from what we have discussed so far): For instance the surface groups
m1(2g) for g > 2 are of this kind, as well as the free groups F,, for n > 1.

3.19. Remark The above type of example is not restricted to 2-dimensional hyperbolic space.
For any n > 2 one can consider n-dimensional hyperbolic space H", euclidean space R” and
for the spheres S™. These are examples of what are called Riemannian manifolds of constant
curvature, the curvatures being —1 in the hyperbolic, 0 in the euclidean and 1 in the spherical
case. Any discrete subgroup I' of such isometry groups acting covering-like on these spaces
therefore give rise to covering maps, whose quotients have fundamental group I', and whose
higher homotopy groups are trivial (in case of H" and R") or that of S™ in the remaining
case.

3.20. Example We deliver here on the promise to show that \/ 4 S1 has no higher homotopy
groups. Indeed, to show this, it suffices to construct a covering of \/¢ S ! whose higher ho-
motopy groups vanish. An appropriate tree does covers \/¢ S 1 as we work out on Exercise
Sheet 9. We may then use that trees are contractible to deduce the result. Using such tricks
to calculate fundamental groups is a prominent tool in geometric group theory, and the above
ideas are vastly generalized by what is called Bass—Serre theory.

We continue towards describing the category Cov(B). First, we note that path lifting for
coverings gives the following construction.

3.21. Notation For a covering map p: E — B, and a path v from b to ' in B, we obtain a
map 7, : Fib, — Fiby by sending e to 7.(1). We call 7, the monodromy action on +.

3The quotient spaces H/I" therefore locally look homeomorphic to 2-dimensional euclidean space and are
consequently examples of 2-dimensional manifolds. For a general Fuchsian group I' the topological spaces H/T’
are still relatively nice: They are manifolds away from isolated points of singularities and the singularities can
be explicitly described in terms of the isotropy groups which appear in the I'-action on H. These quotient
spaces H/T" are called orbifolds.
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3.22. Lemma Let p: E — B be a covering map. The association sending b € B to 1, :=
Fibé7 =p~1(b) and a path v from b to b to its monodromy action 7, : Fiby, — Fiby assembles
into a functor T,: T7<1(B) — Set.

Proof. In Theorem (2), we have shown that 7, depends only on the homotopy class rel
endpoints of v, and hence gives a well-defined function on the set of morphisms in 7<;(B).
We need to check that the axioms of a functor are satisfied, that is, that 74, = id,, and that
Tyxy = Ty © Ty, both of which follow from the uniqueness of path-lifting. O

We call the functor 7, the monodromy functor of p.

3.23. Lemma For i = 0,1, let p;: E; — B be a covering map and let f: Eg — E1 be a
morphism in Cov(B). Then the canonical maps f: Fib)® — Fibl" are the components of a
natural transformation ny: T, — Ty

Proof. We need to show that for each path v from b to b, the following diagram commutes.

gt () —— pr' ()

I |

_ f _
Po 1(b,) — DN 1(b,)

So let e € pal(b). Then the top right composite is given by e + 7y(.)(1), whereas the lower
left composite is given by e — f(7.(1)). Both of these are the evaluation at 1 of a lift of 7 in
E; with starting point f(e), hence they agree by uniqueness of path lifting. O

3.24. Corollary Let B be a space. There is a functor Fib: Cov(B) — Fun(7<1(B), Set)
sending a covering map p to its monodromy functor 7, and a map f of coverings to the
natural transformation ny.

Proof. We need to check that Fib is compatible with identities and composition of maps of
coverings. Both follow immediately from the definitions. O

To formulate the fundamental theorem of covering theory, we need one more definition:

3.25. Definition A topological space X is called semi-locally simply-connected if for every
point x € X there exists an open subset V' C X containing x such that the map =1 (V,z) —
m1(X, x) is trivial.

3.26. Theorem (Fundamental theorem of covering theory) Let B be a locally path connected
space. Then the functor

Fib: Cov(B) — Fun(7<i(B), Set)
is fully faithful. It is essentially surjective (and hence an equivalence of categories) if and only
if B is semi-locally simply connected.

The proof will be divided into two parts: A reduction to the path connected case (which we
explain in the following remark) and then a proof of an equivalent formulation of Theorem
in this case.

3.27. Remark Suppose B is weakly locally connected. Then B is homeomorphic to the
coproduct of its components B’ € w(B). We note that in this case, B is semi-locally simply
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connected if and only if all the components are semi-locally simply connected. The inclusions
of these components induce a commutative diagram

Cov(B) ——— Fun(7<;1(B), Set)
[I Cov(B') —— [] Fun(r<1(B’),Set)
B'en(B) B'em(B)

of which the vertical maps are isomorphisms of categories (Indeed, a covering over a coproduct
of spaces is the same datum as a covering over each of the spaces). Consequently, to prove
Theorem [3.26, we may assume that B is globally and locally path connected. In this case, the
choice of a basepoint b € B provides an equivalence Fun(r<;(B), Set) ~ Fun(Bm;(B,b), Set)
and the latter is the category m(B,b)-Set of sets equipped with an action of 71(B,b), see
Observation [3.29] for a recollection and some properties about sets equipped with an action
of a group. Under this equivalence, the functor Fib is explicitly given as follows. It sends
a covering map p: £ — B to Fib] = p~Y(b). This set is acted upon by m1(B,b) by lifting
loops to paths. A map of covering spaces is then sent to the induced map on fibres which is
m1(B, b)-equivariant as we have established before. Theorem is therefore equivalent to
the following special case of it:

3.28. Theorem (Fundamental theorem of covering theory, path connected case) Let B be a
locally and globally path connected space and b € B. Then the functor

Fiby: Cov(B) — m(B,b)-Set, (p: E — B) — Fib}
1s fully faithful, and essentially surjective if and only if B is semi-locally simply connected.

Proof of fully faithfulness. We first note that since B is locally path connected, given any
covering p: £ — B, then F is also locally path connected. In particular F is the disjoint union
over its path connected components. Moreover, the restriction of p to any path connected
component is again a covering map (Exercise). So E is a disjoint union of covering maps.
We first show that Fiby is faithful. So let f, f': E — E’ be two maps between p: E — B
and p': B’ — B such that their restriction to p~!(b) agree. It suffices to show that f, f/
agree on each component Ey of . As we have just said, pg: Ey — B is a covering. Since B
is connected, pg is surjective, and hence p~1(b) N Ey is non-empty. We then find that f, f/
restrict to two maps Ey — E’ such that p'f = p'f’ = p and they agree on a non-empty set.
By Lemma they agree on all of Fy. Since Ey was an arbitrary connected component,
faithfulness follows. Now, let us show that Fiby is full. So assume given two covering maps
p: E — Band p': E' = B and a m(B,b)-equivariant map f: p~1(b) — p'~(b). . We aim
to use Proposition to lift the map p: E — B along p': E' — B. To do so, we pick
basepoints e; € p~1(b), i € mo(F) for each component E; of E. For each such e, we claim that

p(mi(E,e)) C pl(mi(E, f(e)))
so that Proposition gives a map F;: E; — E' sending e to f(e). Indeed, let v € 71 (F, €).
To see that p() lies in pl (71 (E’, f(€))), it suffices to show that a lift of p(y) with start point
f(e) is a closed path. By definition, the endpoint of such a lift is given by the action of p(7)
(as an element of 71 (B,b)) on f(e). In formulas, we need to show that p(v) - f(e) = f(e). By
equivariance of the map f, we have p(v) - f(e) = f(p(7y) - €) = f(e), where the latter equality
holds because ~ is a lift of p(y) and ~ is a loop at e. Together, the maps F; assemble into a



56 MARKUS LAND

map F: E — E’ of coverings and it remains to show that Fp-14) = [. By construction, this
is true for all e; € p~!(B). In general, an element e € p~!(B) lies in some component E; of
E. Then e and e; lie in the same component. They are therefore connected by a path v in
E. Then we find e = v - ¢;. Hence,

fle)=f(v-e) =7 [flei) = Flei) = F(v-ei) = Fe)

where we have used that F induces a (B, b)-equivariant map on p~!(b). This finishes the
proof of fully faithfulness. O

We now aim towards proving that the functor Fiby is essentially surjective.

3.29. Observation Let G be a group, for instance G = 71 (B, b). Recall that a G-set is a set
M equipped with an action of G, i.e. a map G x M — M, (g,m) — gm, such that em = m
for all m € M and g(hm) = (gh)m for all g,h € G and all m € M. Equivalently phrased,
that the map G — Homge (M, M), g — (m — gm) is a monoid homomorphism. A map of
G-sets (also called an equivariant map) is a map f: M — M’ such that f(gm) = gf(m) for
all g € G and all m € M. It is a good exercise to show that the category of G-sets is indeed
isomorphic to the functor category Fun(BG, Set), where BG is the category with one object
x and Hompg(x, %) = G.

Now we recall that any G-set M is a disjoint union of transitive G-sets. To do so, we first
recall that a G-set M is called transitive if for some (and hence any) m € M, we have that
the induced map G — M, given by g — g - m is surjective. In this case, M is isomorphic to
G /Stabg(m) where Stabg(m) = {g € G | g- m = m} is the stabilizer subgroup at m of the
action of G on M. Hence, transitive (G-sets are non-canonically isomorphic to orbits spaces
G/H, for H C G a subgroup.

Now for a general G-set M, denote by M,, the G-orbit of m, i.e. the image of the map
G — M, g — gm. Then clearly M = J,,c); Mm and M,, is transitive for each m € M. The
decisive property is then the following: If M,, N M,,, # () then M,, = M/, . Indeed, suppose
x € M,, N M,,. Then x = gm = g'm/ for some g,¢’ € M. But then m’ = ¢""tgm € M,,.
It follows that M, C M,, and by symmetry that also M,, C M,,. Consequently, M is the
disjoint union of subsets of the form M,,.

3.30. Corollary The functor Fiby: Cov(B) — m(B,b)-Set is essentially surjective if and
only if for all subgroups H C 71(B,b) the orbit space m1(B,b)/H is in the image of Fiby,.

Proof. The only if part is clear. To see the if part, let M be a w1 (B, b)-set. By Observation
we can find a set I and subgroups H; C 71(B,b) for i € I such that M is isomorphic to
[1,e; ™1 (B,b)/H;. Pick p;: E; — B such that Fibgi.% m1(B,b)/H;. Then p =[],c;pi: E =
[1;c; Es — B is a covering map with Fibj = [[Fib}* = M as needed. O

We characterize the stabilizers appearing here in terms of the covering space:

3.31. Lemma Let p: E — B be a covering map with E path connected. Let b € B and
let e € p~L(b). Then the canonical map p.: m(E,e) — 1 (B,b) induces an isomorphism
m1(E, ) = Stab,, gy (e) C m(B,b). In particular, p~(b) = m(B,b)/m1(E,e) as m1(B,b)-
set.

Proof. The first part follows readily from the previously established fact that p, is injective
with image the loops which lift to closed loops at e in E. For the “in particular”, note that
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since E is path connected, we find that p~!(b) is a transitive m(B,b)-set. The claim then
follows from Observation [3.29) O

3.32. Corollary Let B be locally and globally path connected space. The m1(B,b) set m(B,b)
is in the image of the functor Fiby if and only if there exists a simply connected covering
m: B — B.

Before continuing to address the essential surjectivity of the functor Fiby, we introduce the
following terminology.

3.33. Definition An automorphism of a covering p: F — B is called a Deck-transformation
of p. We therefore write Deck(p) = Autcoy(p)(p). For any choice of basepoint b € B, the
group Deck(p) acts on p~1(b). A covering map p: E — B is called a Galois covering or a
normal covering if for all b € B, the action of Deck(p) on p~1(b) is transitive.

3.34. Remark Let p: E — B be a covering map and let e € p~1(b) be a basepoint of E.
Assume that F is connected. Then the action of Deck(p) on p~1(b) is free, i.e. the induced
map Deck(p) — p~1(b) given by f — f(e) is injective. Indeed, suppose given f, f’ € Deck(p)
such that fe = f’e. Then Lemma shows that f = f’. Consequently, for connected E,
p: E — B is a Galois covering if and only if the action of Deck(p) on p~1(b) is free and
transitive, or again equivalently, if the map Deck(p) — p~1(b), f — f(e) is bijective for all
e €pt(b).

Considering for any covering map p: £ — B the canonical covering map pllp: EIIE — B
we find the following. Namely we have Deck(p) x Deck(p) C Deck(pII p) induced by sending
(f,g9) to fllg: EIE — EIE. The subgroup Deck(p) x 1 C Deck(p) x Deck(p) C Deck(pIlp)
fixes all points in the second copy of E. Hence, if Deck(p) # 1, we find that the action of
Deck(pIlp) on E is not free. Therefore, in general, we cannot drop the assumption that FE is
connected in the above argurment.

3.35. Lemma Letp: E — B be a covering map with E connected. Then the action of Deck(p)
on E 1is covering-like.

Proof. Let e € E and pick an open U C E containing e such that p restricts to a homeomor-
phism on U. Let f € Deck(p) and assume that z € f(U) NU. Then there exists y € U such
that fy = x. In particular, py = pfy = px since pf = p. Since p is injective on U, we deduce
that x = y and therefore that fo = z. But we have just recorded that the action of Deck(p)
on E is free, so f = idg and Deck(p) acts covering-like on E. O

3.36. Example Let p: E — B be a covering map with £ connected. Then the tautological
action of Deck(p) on F is covering-like as we have just argued. Moreover, the map p: £ — B
factors through the quotient map

E — E/Deck(p) — B

of which the first map and the composite are covering maps. This implies that E/Deck(p) —
B a covering map (we leave this as an exercise, but note that this statement uses that £ —
E /Deck(p) is surjective). Now let B be locally and globally path-connected. Then p: £ — B
is a Galois covering if and only if the induced map E/Deck(p) — B is a homeomorphism.
Indeed, to show this, it suffices to show that the map on fibres over points in b is an bijection
if and only if p: F — B is Galois. Now, by construction, the fibres of B are one point sets.
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The fibre of E/Deck(p) over b € B is given by p~!(b)/Deck(p). This is a singleton if and only
if the action is transitive, i.e. if and only if F is Galois.

3.37. Example Let B be a locally and globally path-connected space and let p: E — B be
a covering map with E connected. For any e € E we obtain an isomorphism Deck(p) =
Ny, (Bpe)) (m1(E,€))/m1(E, e)). Indeed, in general for a group G and a subgroup H of G, we
obtain an isomorphism Autg(G/H) = Ng(H)/H. Here, Ng(H) denotes the normalizer of H
in G, i.e. the largest subgroup of G which contains H as a normal subgroup, concretely given

by Ng(H) ={g € G | gH = Hg}.

The following corollary explains why Galois coverings are also called normal coverings.

3.38. Corollary Let B be locally and globally path connected and p: E — B a connected
covering. Then E is Galois if and only if for any e € E, the characteristic subgroup
p«(m1(E,e)) C m(B,b) is a normal subgroup.

Proof. Let b = p(e). By Lemma we have p~1(b) = m1(B,b)/m(E,e) as a m1(B,b)-
set. By definition, E is Galois if the action map Deck(p) — p~1(b), f — f(e) is surjective.
By Example we have that Deck(p) = Ny, () (m1(E,e))/m1(E,e). Under this isomor-
phism, and the isomorphism p~1(b) = 71 (B, b)/m1(E, €), the action map is given by the map
Ny By (m(E,e))/mi(E,e) — m(B,b)/m1(E,e) induced by the inclusion (that this is so of
course requires some unravelling of definitions). This map is surjective if and only if the
inclusion N, gy (m1(E,e)) € m1(B,b) is surjective, i.e. precisely when 7 (E,e) is normal.
Since e was arbitrary the lemma follows. O

3.39. Remark One can also give a direct proof of Corollary as follows. Let e, e’ € p~1(b)
and let v be a path from e to ¢’ in E. Then p(vy) € m1(B,b) and we have

pe(mi(E,e)) = p(y) ™" - pu(mi(E, €)) - p().
Hence, if all characteristic subgroups are normal, we may use Proposition to obtain a
map f: E — FE in Cov(B) sending e to €’. Likewise, we can find f': E — E’ sending €’ to e.
Both composites ff" and f’f are then, by uniqueness, the identity of E so that f € Deck(p).
Consequently, Deck(p) acts transitively on p~!(b). Conversely, suppose that Deck(f) acts
transitively on p~1(b). Pick a € m(B,b) and e € p~1(b). It suffices to show that

pe(m(E,e)) = a-pu(mi(E,e))-a L.
Let @& be a lift of o with start point e and let €’ be its endpoint. Then as observed before, we

have a - py(m1(E, e))-a~! = p.(m1(E,€')). Now let f € Deck(p) be such that f(e’) = e. Then
p«(m1(E, €")) = pu(fu(m1(E, €)) = pi(m1(E, €)) since f is an isomorphism.

We continue with reduction steps towards essential surjectivity of the fibre functor.

3.40. Corollary Let B be a locally and globally path connected space and b € B. Then the
functor Fiby: Cov(B) — m(B,b)-Set is essentially surjective if and only if there exists a
simply connected covering of B.

Proof. If Fiby, is essentially surjective, then there exists a connected covering p: £ — B
with Fib] = m(B,b) and hence with 7m;(E,e) = 1. Conversely, if m: B — B is a simply
connected covering, then 7 is a Galois covering by Corollary and Deck(m) = m1(B,b)
by Example Since Deck(w) acts covering-like on B by Lemma any subgroup
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H C Deck(w) = 71 (B, b) also acts covering-like on B. Hence, for any subgroup H C m1(B,b),
we may form the quotient B/H whose canonical map to B is again a covering map. By
construction, the fibres of this quotient map are isomorphic to 71 (B,b)/H. O

To finish the proof of the fundamental theorem of covering theory we therefore only need
to show the following result:

3.41. Proposition Let B be a locally and globally path connected space. Then there exists a
simply connected covering m: B — B if and only if B is semi-locally simply connected.

Proof. Let 7: B — B be a simply connected covering. Let b € B and let U C X be a
trivializing open subset containing x. Consider v € 71 (U, x). Since 7 is trivial on U, we can
lift v to a loop 7/: S* — 771 (U). Moreover, the diagram

Y U) — B

|

U— B

commutes. Since 71(B, b) is trivial for all b we see that the map (U, b) — w1 (B, b) is trivial,
so B is semi-locally simply connected.

The converse is of course more elaborate: We need to construct a simply connected covering.
We define B as follows. Its underlying set is given by

{7:10,1] = B | 7(0) = b}/homotopy rel endpoints = H Hom,_, ()(b; z)
z€eB

and the projection map B — B is given by [v] = ~(1). We topologize B as follows. A subset
U C B is open if for each [v] € U, there exists a path connected open V' C B containing (1)
such that for every path 4/: [0,1] — V with 7/(0) = v(1), we have [y x~] € U. This is indeed
a topology on B: Obviously @ is open, and B is also open. Indeed, for the required path
connected neighborhoods of (1) we can choose B since B is globally path connected. That
the union of opens is open is tautologically true. To see that finite (equivalently by induction
binary) intersections of opens are open, one uses the local path connectivity of B: Suppose
[v] € Uy NUs with Uy, Us open. Choose Vq, V, path connected neighborhoods of Uy and Uj as
in the definition of the open sets. Then choose a path connected open V' C V; N V5 containing
~(1). It has the desired properties.

To see that  is continuous, let U C B open. To see that 7—!(U) is open, pick [y] € 7~1(U).
By local path connectivity of B, we may choose a path connected open subset V' C U with
v(1) € V. Consequently, for all /: [0,1] — V with 7/(0) = (1), we find [y x+] € 7~1(U), so
7~ 1(U) is open.

Next, we wish to show that m: B - Bisa covering map. To do so, consider a point
b’ € B and an open path connected subset V containing " with the property that m (V') —
m1(B,b) is trivial. This can be done since B is locally path connected and semi-locally
simply connected. We will construct a homeomorphism 7=(V) — V x F for a discrete set F,
compatible with the projections to V. So first, we need to construct £’ and a continuous map
71 (V) = F°. We let F = Hom,_, p)(b,b'). Now let [y] € 7= 1(V), i.e. 7(1) € V. Choose
an arbitrary path a from (1) to b’ inside V. Then define 0([y]) = [a* 7] € Hom,_, (p)(b,0').
First, we note that this map is independent of the choice of a: Indeed, since o/~ 'xa € 71(V, b),
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its image in 71 (B, b) is trivial. Hence, the paths o/ xy and « * 7 represent the same element
in Hom,_, ()(b,'). We claim that the resulting map 71 (V) = V x F? is a homeomorphism.

To see that it is bijective, we note that an inverse is given by sending the pair (v,7) to
[ xy] where again « is a path from ' to v in V. It remains to show that the so constructed
bijection 77 1(V) = V x F 9 is continuous and open. To see continuity, consider V! C V open,
and [y] € F. Then

(mx )7 (V! x {3}) = {01 | v(1) € V', [ax~] = [7]}

where « is a path in V' from (1) to z. To see that this is open, consider an element [y] in
it. Choose a path connected open subset V' C V' and let 3 be a path from (1) to v’ € V.
To see that [Bx ] € (m x )~1(V’' x {[§]}) (and hence that the latter set is open) note that
m(B*v) = p(1) € V! C V. Moreover, to calculate 0([3*7]), we may choose an arbitrary path
from B(1) to x inside V. First, pick a a path from v(1) to 2 in V. Then consider ax/3~!, which
is a path from (1) to z inside V', showing that 6([8*]) = [a* ] = [7] as needed. It follows
that 7=1(V) is given by the coproduct of the subsets (7 x 8)~1(V x {f}). Consequently, it
suffices to show that the restricted maps (7 x 0): (7 x 0)"Y(V x {f}) = V x {f} =V are
open. Solet U C (7 x 0)71(V x {f}) be open. For [y] € U, there is then a path connected
open subset W C V such that for any path 5 from (1) to w, we have that 8 x~ € U. This
implies that W C w(U), so that w(U) is open by the self-indexing trick.

Finally, we need to show that B is path connected and simply connected. So consider an
element [y] € B. We consider the map ®,: [0,1] — B sending s to [y(s-—)]. To see that it is
continuous, let U C B be open with ®,(s) € U. This means that there exists a path connected
open subset V' C B containing «y(s) such that for all a: [0,1] — V with «(0) = v(s), we have
[axv(s—)] € U. Since «: [0,1] — B is continuous and 7y(s) € V, we find that v(¢) € V for
|t — s| < € for some €. Now notice that [y(¢t-—)] = [v(s,t) *y(s- —)] where v(s,t) is the path
«y restricted to the interval [s,¢] when ¢ > s and its inverse restricted to [t, s] when ¢ < s. We
deduce that [y(t- —)] € U for |t — s| < € and hence that ®, is continuous. Moreover, it is a

path in B from [const,] to [v], so B is path-connected.

Likewise, let v: [0,1] — B be a closed path at [consty]. By Corollary [3.11} it suffices to
show that 7o+ is homotopic to the constant path at b. Now, wo-~ is the path sending ¢ € [0, 1]
to y(t)(1). It is therefore homotopic rel endpoints to the path sending ¢ to (t)(0), which, by

construction of B is given by the constant path at b. O

We now briefly mention what we like to refer to as a universal cover (rather than a simply
connected cover):

3.42. Definition Let B be a space. For b € B we may consider the functor
Fiby: Cov(B) — Set

We say that B admits a universal cover at b if Fiby, is representable, and call any representing
object a universal cover at b.

Unravelling the definitions, a universal cover at b is therefore a covering map p: £ — B
equipped with an isomorphism Homegy(p) (E,—) ~ Fiby. Such an isomorphism in particular
determines (by Yoneda) an element e in Fib{. That the resulting natural transformation
Te: Homggy(p)(E, —) — Fiby is an isomorphism concretely means that for any other covering



TOPOLOGY I 61
map p': £/ — B and any element ¢’ € Fibf/, there exists a unique map of coverings f: F — FE’
with f(e) = €.

3.43. Lemma Let p: E — B be a covering map with E simply connected and locally and
globally path connected. Then p: E — B is universal at b for all b € p(E).

Proof. Let e € p~1(b) and let p’: E' — B be another covering and ¢’ € p'~!(b). Consider the
following diagram

El
/;T
A
E-’5 B
Then by Proposition a dashed arrow sending e to €’ exists (uniquely) if and only if
p«(m(E,€e)) C pl(m(E',€')). This is tautologically true since 71 (F, €) is trivial. O

In other words, for appropriate B (e.g. locally and globally path connected), any simply
connected covering is a universal covering at all points of B. The converse is not true.
Thinking about precise relationships is a nice topic for a bachelor’s thesis. However, for
locally and globally path connected, as well as semi-locally simply connected spaces, the
notion of universal and simply connected coverings agree.

Finally, we record the following characterizations of universality:

3.44. Lemma Let B be locally and globally path connected and p: E — B a covering map.
Then the following are equivalent:

(1) p is universal at all points b € B,

(2) p is universal at some b € B, and

(3) E is connected and Galois and for any covering map p': E' — B, there exists a map
of coverings E — E'.

Proof. Clearly, (1) implies (2). Let us now assume (2). First, we show that E is connected.
So let e € p~1(b) and let E, be the component of e. Then p.: E. — B is a covering map. Con-
sequently, there exists a unique map E — E. sending e to e. The composite £, —» F — E,
is then a self-map of a connected covering map which fixes the point e. By Lemma [3.9]
it is the identity. Likewise, the composite £ — E. — FE is a self-map of E which fixes
the point e. By universality of p at b, it is again the identity. In particular, E is homeo-
morphic to E. and hence connected. Now we show that E is Galois. Again, universality
implies that Deck(p) acts transitively on p~!(b). Therefore, for any point e € p~1(b), the
subgroup p.(m1(E, e)) is normal in m1(B,b). We need to show that for any ¢’ € E, the sub-
group ps(mi(E,€')) C m(B,p(e')) is normal. To see this, we pick a path v from e to €.
This induces an isomorphism 7 (F,¢e') = 7 (F,e). Moreover, p(vy) induces an isomorphism
m(B,p(e)) = m(B,p(¢/)). Under these isomorphisms p.(71(E,€’)) C (B, p(€’)) corre-
sponds to ps(m (F,e)) C m(B,p(e)), so is again normal. Now let us consider a covering map
p': E' — B. Then p'~!(b) is non-empty, so we may choose €’ in it. By universality of E at b
there is a unique map E — E’ of coverings sending e to €¢’. In particular, there exists a map
of coverings from E to E’. Therefore, (2) implies (3). Now assume (3). To show that E is
universal at b € B, it suffices to show that for all e € p~1(b), all coverings p’: E' — B and
e’ € p'~1(b), there exists a map f: E — E’ with f(e) = ¢’ (by Lemma [3.9| and connectedness
of E, such a map is unique). We may assume that E’ is also connected since the inclusion
of any connected component of E’ is a map of coverings. By assumption, there is a map
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g: E — E’ of coverings. Pick a path v from g(e) to €' and left  be a lift of p'() along p
with startpoint e. Then € = (1) € p~1(b) and g(€) = ¢’. Since E is Galois, there exists a
Deck transformation ¢ of E sending e to €. The composite f = go ¢ is then a map F — E’
sending e to €. O

The following is a nice and purely group theoretic application of all we have seen so far.
3.45. Theorem Any subgroup of a free group is free.

Proof. Let H C F be a subgroup of a free group F. Choose a generating set S for F, so
that there is an isomorphism Fg = F. We now show that Fg = m1(\/¢ S'). Indeed, we have
already seen this in case S is finite using Seifert van Kampen, see Example and In
general, we claim that the canonical map

cSollciglySl — \S/S1

where S’ runs through the finite subsets of S is a homeomorphism. To see this, we consider
the pushout of the diagram

colim D' «+— colim SO — 5 colim *
S'CS s S/CS s S'cS

Since colimits commute with each other and since colim’s [[¢ X = [[¢ X for any topological
space, as well as colimg * = *, we obtain the claimed homeomorphism

colim \/ St = \/ st
olim\/ 5" =/

S’ S
We now use that the canonical map

. 1 . 1y ~ 1

cglglrglm(\/S ) — 7T1(C§1g11§1\/5 ) 771(\/5 )
S’ S’ S

is an isomorphism. This is not trivial (in the sense that in general 7;(—) does not commute

with arbitrary filtered colimits) and follows essentially from the fact that S* is compact, so

that the image of any continuous map S' — \/4S! is contained in \/g S' for some finite

subset S’ C S, see Proposition (1). Hence, we obtain an isomorphism

~ T ~ 1
fTrS = CS(')’IQHSH?SI = 71'1(\S/S )
The first isomorphism holds since the functor S’ — Fg/ commutes with colimits (it is a left
adjoint) and colimg/cg S’ = S.

We observe that \/g S1 is locally and globally path connected and semi-locally simply
connected, in fact, every point has a contractible neighborhood, see Proposition m (6). In
particular, by Theorem there exists a covering space X — \/¢ S such that 7 (X, z) = H.
Now on Exercise Sheet 11 we show that a covering space of a 1-dimensional CW complex
(such as \/4S!') again admits the structure of a 1-dimensional CW complex. In Exercise 3
Sheet 6, we have shown that any 1-dimensional CW complex is homotopy equivalent to \/, .S 1
for some set 7. Hence, by the previous reasoning, we have H = m(\/7- S') = Fr, so H is a
free group. 0
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4. SINGULAR HOMOLOGY

4.1. A first glance at homology. We have now seen that understanding the fundamental
group and covering theory allowed us to deduce some nice consequences, e.g. that subgroups
of free groups are free and that S! is not homotopy equivalent to S™ for n > 2. In particular,
we can extend Proposition to one further case, namely that R? is not homeomorphic to
R* for k # 2. Indeed, if R? is homeomorphic to R", then S' ~ R2\ {0} = R"\ {z} ~ S"~L.
In particular, we get n = 2. The main geometric reason here is that 7;(—) is able to see that
S1 has a hole, but S™ for n > 2 does not have a hole. In some sense, however, S™ has an
n-dimensional hole and we would like to have an invariant which detects that this is so. We
have already indicated that 7, (—) in fact does the job (though actually proving this requires
some work), but it would be nice to have an invariant which sees that S™ has precisely one
n-dimensional hole an no holes of other dimension. It will turn out that singular homology is
good invariant which does this. This invariant is extremely useful for many other purposes,
too, so it is time that we introduce it. Before giving a definition of singular homology and
establishing its properties, let us list some desirable properties of homology.

Any form of homology should consist of abelian group valued functors X — H,(X) for all
n > 0, called the homology groups of a topological space X. These functors should satisfy a
number of properties:

(1) They should be non-trivial but as easy as possible. In particular, they should satisfy
H,(0) =0 for all n > 0 and Hy(*) = Z and H,(x) = 0 for n > 0.

(2) They should be homotopy invariant in the sense of Remark that isif f,g: X - Y
are homotopic maps, then H,(f) = H,(g) as maps H,(X) — H,(Y).

(3) They should be additive in the sense that H,(X)® H,(Y) = Hn(XHY)ﬁ for allm > 0
and H,(X)® H,(Y) =2 H, (X VY) for n > 0.

(4) They should detect n-dimensional holes in that its values on spheres are given by

Hn(S’k) ~ {Z forn =0,k
0 else

4.1. Remark It is worthwile to note that the family of functors m,(—) does not give rise to
homology in the above sense. First and foremost, it doesn’t take values in abelian groups.
One could remedy this fact by replacing mo(X) by Z[mo(X)] and 71 (X) by its abelianization
) ( X)abﬂ

But also, 7, (S*) is often non-zero when n > k (this is not at all clear, but a true statement),
mn(—) is not additive on disjoint unions of spaces (it sees only the component of a chosen
basepoint) and not additive on wedge sums of spaces (again, this is not clear, but a true
statement). In addition, m,(—) simply is not a functor on topological spaces (as it requires
the choice of a basepoint).

In any case, as a consequence of the above properties (2) and (4) above we obtain a well-
defined map

deg: [S", S"] — Hom(H,(S"), H,(S™)) & Z, [f]— Hup(f) < deg(f)

A fact, they should send arbitrary coproducts of topological spaces to sums of abelian groups.
5Tt will turn out that singular homology looks precisely like this in degrees 0 and 1.
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where deg(f) is called the homological degree of f. By definition, it records the effect of f on
the top-dimensional homology of S™.

We will establish a number of key results about the homological degree below. In order to
do so, we will introduce an improved version of (4) which gives not only the same answer,
but also a reason for why it should be true. To put it into perspective, recall that there is
a canonical homeomorphism S™ = ¥(S"~1). For a pointed space (X, ) let us set Hy(X) =
coker(Hp(x) — Hg(X)). The improved version of (4) then reads as follows:

(47) For every topological space X and every n > 0, there is a natural isomorphism
Ha(X) 2 Hpr (3(X)

called the suspension isomorphism.

Exercise: Property (4’) implies property (4) above.

Property (4’) shows that in a homology theory, the functors H,(—) for different values of
n are not unrelated to each other. Later, we will see another form of this relation which is a
(vastly) improved version of both (3) and (4) above. With (4’) at hand, we can prove that
the homological degree has the following properties.

4.2. Proposition Let n > 1 be a natural number and f: S™ — S™ be a continuous map. The
homological degree has the following properties.

1) If f is homotopic to a constant map, then deg(f) =0 and deg(idg1) =1
deg(g o f) = deg(g) - deg(f),
(3(f)) = deg(f)
(r) = —1, whenever r: S™ — S™ is a reflection along any hyperplane.
(—ldSn) ( ].)n+1.

de
de
de
deg: [S™, S"] — Z is surjective.

(

(2)
(3)
(4)
()
(6)

Proof. (1) follows from the fact that H,(—) is homotopy invariant, H, () = 0 and H,(—) is
a functor. (2) follows from the fact that H, (—) is a functor. The naturality of the suspension
isomorphism gives rise to the following commutative diagram, showing (3).

[Sn’ Sn] ) [Sn—I—l’ Sn+1]

deg deg
Z

To see (4), note that for any reflection r, there is a isometric homeomorphism ¢: R — R +1
such that ore~! is given by the map (z1,...,2,11) — (z1, —T2,,23...,2p41). This map is
an (n — 1)-fold suspension of the map (x1, z2) + (21, —2), which restricted to S! is the map
x+ T =2 . Hence we deduce from (1)—(3) that

deg(r) = deg(p) - deg(r) - deg(p) " = deg(pre™") = deg(z > 27!) = —1.
For (5), simply note that —idgn is an (n + 1)-fold composite of reflections:
(X1, ey Tpg1) = (X1, @2, oy Tp) = (—X1, =Ty ooy X)) > o (=X, —T).

Hence, deg(—idgn) = (—1)"*! by (2). Finally, we show (6). By (3), it suffices to show that
deg: [St, S'] — Z is bijective. We will show that the map deg(x + ") = n. To do so, we
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first note that deg(idg1) = 1, by functoriality of Hy(—). Now let f,g € [S*, S'], = m1(S1).
Recall that f + g € m1(S') is represented by the composite

st 2 sty st 1Y g
Applying Hy(—) to this diagram and using that homology is additive on wedge sums, we

obtain a diagram

AN N deg(f)@deg(f) 7

where the first map is the diagonal by the counitality of the pinch map p. Hence the composite
is given by deg(f) + deg(g) so we obtain the formula

deg(f + g) = deg(f) + deg(g).

Since [z — 2" = [id] + - - - + [id], we find that deg(z — 2™) = n for all n > 0. Now, for n < 0,
we have (x — 2) is the composite of a reflection with x + 27". The result then follows from
(4). O

4.3. Remark Let us consider the composite
7 25 8%, 8Y, — [SY, S X8 7.

Part of Exercise 3 Sheet 11 is to show that this composite is the identity. Since the middle
map is surjective (Exercise), we deduce that it is also bijective. Consequently, all maps in the
above display are in fact bijective.

Moreover, one can show that the map X: [S™, S?] — [S"T1, §"H1] is surjective for all n > 1.
This is for istance a consequence of Freudenthal’s suspension theorem which we will discuss
at some point next term. In particular, with this at hand, it follows that the degree map
deg: [S™, S™] — Z is bijective for all n > 1 (this, a generalization of this result was proven by
Hopf and is therefore often referred to as the theorem of Hopf).

4.2. Applications of homology. Before explaining how one could try to construct an ho-
mology theory in the above sense, we want to give several applications which make only use
of the above listed properties. Hopefully, these will motivate us to go through the (rather
lengthy and partly technical) construction of homology and the verification of its basic prop-
erties (which includes more than the above mentioned properties).

4.4. Theorem (Invariance of dimension) If R™ is homeomorphic to R™, then n = m.

Proof. Let f: R™ — R™ be a homeomorphism. Then f restricts to a homeomorphism
R™ \ {0} — R™\ {f(0)}. In particular, f induces a homotopy equivalence S" 1 ~ S§m~1,
Consequently we find that

Hy, 1(S™ Y ~H, (S" =7

By the properties of homology alluded to above, this implies that n =1 orn =m. If n =1
we may appeal to Proposition to see that m = 1 as well (recall that R is homeomorphic
to (0,1)). O

4.5. Theorem (Brouwer’s fixed point theorem) Let f: D™ — D™ be a continuous function.
Then there exists x € D™ such that f(z) = xﬁ

6Such a point is called a fixed point for f.
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Proof. Assume that f is such that there is no fixed point. Then we consider a function
g: D™ — S"~1 given by sending  to the intersection of {tz + (1 —t)f(z) | t > 3} with S"~1.
Then g is a continuous function whose restriction to S™~! is the identity. Applying homology
we obtain that the composite

Hn_l(Sn_l) — Hn_1<Dn) g_*> Hn—l(Sn_l)

is the identity (because H,,_1(—) is a functor). This is a contradiction: For n > 1 the above
is isomorphic to the composite Z — 0 — Z (which is not the identity) and for n = 1 it is the
composite Z? — Z — 7?2 (which is also not the identity). O

4.6. Theorem (The Surjectivity theorem) Let f: S™ — S™ be a continuous function. If
deg(f) # O then f is surjective. Likewise, let g: D™ — D™ be a continuous function such that
g(S™=1) € S"~1 and the resulting map f = gjsn—1 has non-trivial degree. Then g is surjective.

Proof. Exercise 4 Sheet 11. O

4.7. Theorem (The fundamental theorem of algebra) E| FEvery non constant complex polyno-
mial P € C[X] has a Tootﬁ

Proof. Let P be a polynomial of degree n with n > 1. Assume that P does not have a root.
Then also P divided by its leading coefficient does not have a root, so we may assume that

P is monic. The map f given by x — % is a continuous map C — S* (here we have used

that P does not have a root). Its restriction to S! is therefore null homotopic. However, we
will show that the restricted map f: S' — S is also homotopic to = — 2", which induces the
multiplication by n map on Hi(S') 2 Z, a contradiction. Let P = > ja; X" and consider
the family of polynomials P, = Y"1 a;t" ‘X" with t € [0,1]. We have P, = P and Py = X"
(recall that P is monic). Moreover, for ¢ > 0, P;(z) = t"P(%) and hence has no zero. We

may therefore consider (z,t) — ”]}28” as a continuous function on S x [0,1] — St. Tt gives
a continuous homotopy from f to x — ™, showing that fig1 has degree n as claimed. O

4.8. Theorem (The hairy ball theorem) There exists a continuous function s: S™ — R\
{0} such that (z,s(x)) = 0 if and only if n is odd. In particular, it does not exist for n = 2.

In case n = 2, one imagines that this says that we cannot comb hair on a head (which
we picture as S?) in a continuous way as to lie nicely on our head. The set {(z,v) € S™ x
R | (x,v) = 0} of pairs of perpendicular vectors in R"*!, one of which is in S™ also has
a name: it is called the tangent bundle T'S™ of S™. The hairy ball theorem therefore says
that there is no section of the tangent bundle of an even dimensional sphere which does not
attain the value 0 somewhere. Tangent bundles are topological spaces one can associate to
smooth manifolds, and they allow for many more interesting invariants of smooth manifolds
other than their homology groups. For instance, they often give rise to functionals on the
homology groupsﬂ

Proof. Suppose n is odd. For x = (xg,...,x,) € S™ consider the element

S(l’) = (_:Clv o, —T3,X2,..., " Tn, xnfl)-

"Thanks to Panagiotis Papadopoulos for suggesting to improve the earlier proof.
8In other words, the field C is algebraically closed.
9These functionals are induced by what are called characteristic classes.
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Then (z,s(z)) = 0 and s(z) # 0 for all x € S™. Moreover, the so defined function s is
continuous. Now assume that n is even and there exists a function s: S™ — R™ \ {0} such
that (z,s(z)) = 0 for all z € S™. Consider the map

s(z)
Is(@)II
which is well-defined since z and s(z) are perpendicular and sin(a)? + cos(a)? = 1 for any

a € R. Then H is a homotopy from idgn to —idgn. This contradicts that deg(idgn) = 1 #
(—1)"*! = deg(—idgn) since n is even. O

H:S"x[0,1] = S", (x,t) > cos(wt) - x + sin(7t) -

4.9. Theorem (The Borsuk—Ulam theorem) Let n < 2. For every continuous map f: S™ —
R™ there exists x € S™ such that f(z) = f(—z).

For n = 2, this is often pictured as saying that there are always two antipodal points on
the surface of the earth (i.e. two points that lie on the line through the centre of the earth)
where the temperature and air pressure agree (one thinks that the temperature and the air
pressure are continuous functions and one thinks that the surface of the earth is S?).

Proof. Assume that for all z € S™, we have f(x) # f(—x). Then the function

o) — S0 = FC)

[f(z) = f(==)]
is a continuous function S™ — S"~!, equivariant with respect to the antipodal actions on
both sides, i.e. g(—r) = —g(x). For n = 1 this is a contradiction since S! is connected so the

image of g must be a connected subset of S°. For n > 2, by taking quotients with respect to
the Cy-actions, we consider the induced map §: RP® — RP"!. Consider the diagram

My

1l — 7T1(Sn) EE— ﬂl(R]Pm) 02 > 1
bk
1 —— m(S™ 1) —— m@®RP ) 222 oy > 1

with rows as in Lemma It is a direct check that the diagram commutes (it is clear for the
left hand side, see Exercise 2 Sheet 9 for the right square). In particular, the middle vertical
map is non-trivial (in fact an isomorphism if n > 2). When n = 2, the middle vertical map
is isomorphic to Z/2 — Z which is the trivial map, a contradiction. ]

4.10. Remark The Borsuk-Ulam theorem also holds for n > 3. Following the above proof,
one can try show that there does not exist a continuous map RP® — RP"~! which induces
an isomorphism on 71. This will be shown next term making use of singular cohomology and
its structure of a graded ring.

4.3. Singular homology - Definitions and first examples. Recall that homology ought
to detect n-dimensional holes in the sense that it ought to have a particular value on spheres
S™. We recall that the sphere S™ is the boundary of the disk D"*!. To define singular
homology, it turns out to be useful to approximate spheres (and in fact all spaces) by simpler
combinatorial spaces: In our case we wish to replace disks by simplices. Let us recall their
definition.
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4.11. Definition Let n > 0. The topological n-simplex Af, is the following topological space
n
?op = {(:L‘o, e ,l’n) S (Rzo)n—’—l | Z:L‘Z = 1}
i=0

4.12. Example We have AOTOP = {1} € R. Moreover, AlTop is homeomorphic to [0, 1] via the
parametrization ¢ +— (t,1 —t) € R A?FOP looks like a filled triangle in R?, and A%’bp like a
solid tetrahedron. In general, A’ is homeomorphic to D" as well as to [0, 1]".

4.13. Definition Let n > 0. Then the boundary 0A%,  of the topological n-simplex is given
by
OATy, = {(%0, - -, mp) € Afpoy, | 30 € {0,...,n} s.th. x; = 0},

4.14. Example We have 8A0Top =, 0AL = {a,b}. In general OA%,, is the topological

Top
boundary in the technical sense, i.e. 8A%Op = A%Op \ A%Op. It is homeomorphic to S™ !, as
follows from Example and the fact that a homeomorphism between topological spaces

induces a homeomorphism of their respective boundaries.

It will turn out that it is convenient to think of simplices rather than disks. We record the

following structure that the association n +— A’Tlop has.

4.15. Observation Let n > 0 and let 0 <7 < n and 0 < j < n — 1. Then there canonical
maps

(1) &;: A’Tlgpl — A%Op, sending (zg, ..., xn—1) to the point (zg,...,x;—1,0,z;,...,2,), and
(2) o;: A%Op — A%gpl sending (g, ..., %n) 10 (L0, .., Tic1, Ti + Tit1, Tit2y .., Tn)-
We note that AL = 5i(A’{:gp1). Moreover, the above maps satisfy the following
0<i<n
relations:
(1) 0;65 = d;419; as maps A’%gpl — A%;rpl whenever i < 7,

(2) 0j0; = 040541 as maps A%jpl — A%:pl whenever ¢ < 7,

dijoj—1  whenever ¢ < j
(3) 0j6; = idﬁ%op whenever 1 = 5,5 + 1

di—10; whenever j+1 <1

It will also be convenient to gather the above data into compact categorical language. To
this end, we define a category A, the simplex category, to have objects [n] for n > 0 and
whose morphisms are generated by maps d;: [n —1] — [n] and o;: [n] — [n — 1] satisfying the

above relations. With this, we obtain a functor Arep: A — Top, sending [n] to A% .

4.16. Lemma The category A is concretely given by the category whose objects are the non-
empty finite linearly ordered sets [n] = {0,...,n} and whose morphisms f: [n] — [m] are
monotone maps, that is, f(a) < f(a') whenever a < a'.

Proof. Any monotone map f: [n] — [m] is uniquely given by a surjection followed by an
injection. Any surjection is a composite of o;’s and any injection is a composite of §;’s, where
oj: [n] = [n—1] is the unique surjective map with o;(j) = 0j(j+1) = j and J; is the unique
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injective map [n — 1] — [n] such that i ¢ 6;([n — 1]). The so constructed maps §; and o;
satisfy the above observed relations. O

4.17. Notation Let C be a category. An object of Fun(A, €) is called a cosimplicial object in
C, and an object of Fun(A°P, @) is called a simplicial object in C. In particular, the collection
of the topological n-simplices A%Op form a cosimplicial topological space, i.e. a cosimplicial
object in the category of topological spaces.

The idea now is to use simplices to measure to what extent a topological space admits holes
of dimension n. Since singular homology ought to take values in abelian groups, we simply
consider the following abelian group:

4.18. Definition Let n > 0. We define the abelian group Cj"8 (X) of singular n-simplices in
X to be .

CR"8(X) = Z[Hompop (A, X)),
i.e. the free abelian group generated by all continuous maps o: A
Cim8(X) = 0.

TOP%X. For n < 0, we set

An element in C3"#(X) is therefore a finite linear combination (with integer coefficients)
of maps o: A, — X. Since we wish to detect n-dimensional holes and since GA%:I} ought
to have such an n-dimensional hole, we will not be too interested in all singular n-simplices,

but rather only those, which look like AT, is the following way. We note that for 0 <i <n,

the maps 9;: A%Opl — Af,, induce maps 47 : CSME(X) — Csmg( ) sending o to o o §;.

4.19. Definition For n > 0, we define a map d,,: Ci"8(X) — C2"¢(X) as d, = Y7, (—1)707.
A singular n-simplex z € Ci"$(X) is called closed if d,(x) = 0. The collection of closed

singular n-simplices Z,(X) forms an abelian subgroup of C5"8(X) called the abelian group
of singular n-cycles.

4.20. Example Since C_;(X) = 0, we may set dp: Cging(X) — C*™&(X) to be the zero map.
The map d; : Csmg(X) — Cy"8(X) sends o: Aflrop =10,1] = X to 0(0) —o(1). Hence d; sees
whether or not a path in X is closed. Similarly, dy: C5"8(X) — C"8(X) takes o Af,, = X
to the 019 — g2 + 0g1, where the subscripts refer to the restriction of o to the interval between

the two indicated edges of ATOp

We then note that a closed singular n-simplex is an abstract way to see a potential n-
dimensional hole in X. But we do not want to measure potential n-dimensional holes in X,
but rather actual such holes. To do so, we wish to discard closed singular n-simplices if they
can be filled in the following sense.

4.21. Definition For n > 0, we say that the image B,(X) of dpi1: C57%(X) — Ch"8(X)
consists of boundary singular n-simplices.

4.22. Lemma For any n > 0, the composite

O3 () 7 e (x) s 0% (x)

is the zero map.
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Proof. Tt suffices to show that this is true on generators of the free abelian group Cf’liigl (X),
which are given by o: A — X. By definition, we have

Top
n+1 n n+l A
dn(dnJrl(U)) = dn(Z( 0'05 ZZ H_]O'O(Sioéj.
=0 7=0 i=0

Now, we recall the relations among the §;’s observed in Observation We then have

n n+l A
dp(dps1(o ZZ H']Godio(sj

7=0 =0

= > (=DModisi+ Y. (1),
0<i<j<n 0<j<i<n+1

= (—1)i+j05j+1(5i + Z (—1)i+j0(5i5j
0<i<j<n 0<j<i<n+1

= (—1)i+j+10'(5j5i + Z (—1)i+j0(5i(5j
0<i<j<n+1 0<j<i<n+1

=0

as needed. O

With this at hand we define the singular homology of a space X as follows.

4.23. Definition Let X be a topological space and n € Z. Define H,(X) = Z,(X)/Bn(X)
as the quotient abelian group of the inclusion B, (X) C Z,(X).

We gather the following immediate consequences of the definition.

4.24. Remark (1) The association X — H,(X) is a functor Top — Ab.

(2) Hp(0) =0 for all n € Z.

(3) For n < 0, we have H,(X) = 0.

(4) For n = 0, we have Hy(X) = Z[ro(X)]. Indeed, Zy(X) = C;"8(X) = Z[X] is the
free abelian group on the set X and By(X) consists of the elements of the form = —y
whenever there is a path between x and y. Therefore Hy(X) is the quotient of Z[X]
by the equivalence z ~ y whenever [z] = [y] € mo(X). Since Z[—|: Set — Ab is a
left adjoint, it preserves quotients by equivalence relations, and we obtain Hy(X) =2
Z[mo(X)] as claimed.

(5) Hy(¥) = 0 for n # 0. Indeed, we have Cp,"8(x) = Z for all n > 0. Moreover, the
map d,,: Cp"8(x) — Cn "8 (%) is given Y i ,(—1)"d; where each d; is the identity map.
In particular, the map d,, is an isomorphism for n > 0 even and the zero map for
n > 0 odd. Therefore Z,(x) = 0 if n > 0 is even and B, (x) = Z,(x) if n > 0 is odd.
Consequently, H,(x) = 0 for all n > 0.
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Indeed, the decisive part for (1) is that the maps d,,: CR"(X) — C"8(X) are natural in
X. That is, given f: X — Y, the square

Coms(X) —— M8 (X)

n—1

! |

C?sling(y) Csing (Y)

n—1

commutes. This follows essentially from the fact that for o: A’%Op — X and 0 <17 < n, we
have (foo)od; = fo(o0d;).

4.25. Proposition Let X be a path connected topological space and x € X. There is a
canonical group homomorphism h: m(X,z) — H1(X). This map induces an isomorphism
(X, )™ = Hy(X).

Proof. Recall that w1 (X, x) is the set of homotopy rel endpoint classes of paths v: [0,1] - X
with v(0) = z = 7(1). Recall that [0, 1] = A%op. Under this homeomorphism, we can send ~y

to v € C7"8(X) and observe that it lies in Z1(X) since dq () = 7(0) —v(1) = 0. We wish to
show that its class in H;(X) is independent of the choice of representative 7 of [y] € m (X, z)
and that the resulting association is a group homomorphism. First, we note that for v and ~/
composable paths, there is a continuous map o': A?rop — X such that dy(0) =7/, d1(0) = v
and dy(o) = 7. We deduce that y—+'xy++" = 0 in H1(X) so that [y]+[y] = [y *7] € H1(X).
This applies in particular to closed paths v and 7/ at x € X. In particular, we deduce that
[const,] = 0 € H1(X) since const, *const, = const,. Moreover, suppose [v] = [/] € m1(X, x).
Pick a homotopy rel endpoints H: [0,1] x [0,1] — X between v and 7/. There is then a
quotient map [0,1] x [0,1] — AQTOP which collapses the subspace {1} x [0,1]. Since H is a
pointed homotopy, it factors through this quotient map and the resulting map o: Agrop - X
has the property that its boundary 1-simplices are given by 7, ' and const,. We deduce
that v — ' + const, = 0 € H1(X) and therefore that v = 4/ in H;(X). In total, this shows
that there is a well-defined map m1 (X, x) — H;(X) which sends a 71 (X, z) representative vy
to the image of v in Hq(X), and that this map is a group homomorphism. Since H;(X) is
abelian, we obtain a canonical induced map (X, z)* — H;(X). We now show that this
map is an isomorphism. To do so, we simply construct an inverse as follows. For any point
y € X, we fix a path oy from z to y, and we choose a;, = const,. For a singular 1-simplex

f: AITOP — X, we may consider the loop a;(ll) * [ * apq). Since C’iing(X) is a free abelian

group on 1-simplices, these choices give a group homomorphism ¢: C’fing(X ) = m(X, )P,

We now claim that the composite

Csins(x) &y ooe(x) B (X, )
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is the trivial homomorphism. To see this, it suffices to show it on generators of the source.

So consider o: Agfop — X and let 0; = 0 06;). Then we get

p(d2(0)) = p(oo + 02 — 01)
= (a;()l(l) * 00 % Qg (0)) * (a;;m X 02 % Qgy(0)) * (O‘;ll(o) * 01_1 * Qg (1))

= a;()l(l) * 0Q * 09 % 0'1_1 * Qg (1)
= const,

in 1 (X, ). Here, the third equality holds since o(0) = o2(1), 72(0) = 71(0), and oo(1) =
o1(1), and the last equality holds since o witnesses that the two paths og * 02 and o; are ho-
motopic rel endpoints. Consequently, ¢ descends to a well-defined map Hy(X) — (X, 2)2P.
The composite 71 (X, z)* — Hy(X) — 7 (X, )2 is the identity by construction. It there-
fore suffices to show that 71 (X, z) — Hi(X) is surjective. So let t € Z,(X) be an arbitrary
element, written as ), n; f; with f;: AITOP — X. That d;(t) = 0 means that the image of the
fi’s give rise to several closed loops in X. For each of such closed loops, we can choose some
i and a path from z to f;(0). Conjugating the loop by this path doesn’t change the class in
Hy(X) and shows that each such path is in the image of the map h, and since h is a group

homomorphism, we finally deduce that h is surjective and hence an isomorphism. ([l

4.26. Remark The homomorphism h: 7 (X,z) — H;(X) is called the Hurewicz homo-
morphism. It exists more generally for all n > 1, i.e. there are group homomorphisms
hy: (X, 2) = Hp(X). The above proposition is then part of the Hurewicz theorem which
we will prove later. In addition to Proposition it states the following. Suppose X is
a simply connectedlﬂ topological space and n > 2. If m;(X,z) =0 forall 1 <i <n-—1,
then H;(X) = 0 for all 1 < ¢ < n — 1. Moreover, in this case, the Hurewicz homo-
morphism h,: m,(X,x) — H,(X) is an isomorphism and the Hurewicz homomorphism
hni1: Tpe1 (X, 2) = Hyp1(X) is surjective.

In general, the Hurewicz homomorphism mo(X,x) — Ha(X) is not surjective, even if
71(X,x) — Hi(X) is an isomorphism. For instance, this is the case for X = T? the 2-torus:
We have seen already that 7o (72) = 0, but we will show later that Hy(T?) = Z.

4.27. Corollary We have that Hy(S') 2 Z, H1(S") = 0 forn > 2, H{(RP") = Z/2Z for n >
2, H{(CP") = 0 and Hy(HP") =0 forn > 1, Hi(T?) = 7%, H{(K) = (Z x Z)** 2 Z. & 7./27,
Hy(%,) =7%, Hi(\V4S') =75

Proof. This is an exercise in calculating abelianizations of groups with explicit presentations.
The only group where we have not discussed a presentation is Z x Z which has the follow-
ing presentation Z x Z = (a,b | abab™'). This shows that (Z x Z)*® has a presentation
{a,b| aba='b~!,2a) showing the claim. O

4.28. Corollary Let X be a path connected space. Then Hi(3(X)) = 0. For X and Y path
connected CW complezes, we have H1(XVY) = Hi(X)®H(Y). For X andY path connected
spaces, we have H1(X xY) = H(X) x H1(Y).

Proof. The first follows from 7 (X(X),x) = 0, see Example For the second, recall from
Example that 71 (X VY) 2 71(X) 1 (Y). The functor (—)*: Grp — Ab is left adjoint
to the inclusion and hence preserves colimits, in particular coproducts. Now use that in Ab

10Recall that this means that X is path connected and m (X, z) = 1 for some z € X.
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coproducts are given by the direct sum of abelian groups. For the final claim, recall from
Lemma (2) that m (X x Y) 2 71 (X) x 71(Y). Then we can use that (—)P: Grp — Ab
also commutes with finite products (Exercise), and that finite products in Ab are also given
by the direct sum. O

The following is essentially the only computation we can do using the definition of singular
homology.

4.29. Proposition Let X CR" be a star-shaped subset with x € X a star. Then H,(X) =0
forn > 0.

Proof. Being star-shaped with star x means that for all y € X, the straight line between x
and y (inside R") is contained in X. Note that A"*! consists of all straight lines between

A™ and (1,0,...,0) € R"*2. Hence, given an n-simplex o: A’T‘Op — X, we obtain a map
hn(0): A"ﬂ'pl — X by requiring that its restriction along dg to A, is o, that the opposite
vertex (1,0...,0) is sent to z, and straight lines between two points in A%jpl are sent to

straight lines in X. Sending o to hy, (o) defines homomorphisms hy,: C5"8(X) — CZ{?%(X )
which for n > 0 satisfy the relation

dps1hn + hp—1d, = id
as one readily calculates. Hence, if 0 € Z,,(X) and n > 0, we find
0 =dpt1hn(0) + hp_1dy(0) = dpy1hn(0) € Bp(X)
so that H,(X) = 0 as claimed. O

4.30. Example Typical examples of star-shaped sets are the spaces A%Op for n > 0 or other
convex subsets of R™. The product of any two star-shaped subsets of R” and R™ is canonically

a star-shaped subset in R”™. In particular, AZ}OP X A%p is star-shaped.

In order to formulate all properties that singular homology enjoys, it is beneficial to intro-
duce a relative version of singular homology.

4.31. Definition Let A C X be a subspace of a topological space X. We define the rel-
ative singular n-simplices Cn"8(X, A) of the pair (X, A) to be the quotient abelian group
Cr8(X)/CR"8(A).

4.32. Lemma The abelian group Cfling(X, A) is free abelian. There is a unique map d,, : C’TsLing(X, A) —
CY8 (X, A) making the diagram

sin dn sin,

sin dn sin,
Coing (x| 4) Iy csng (X )

commute. It again satisfies dp o dp+1 = 0.

Proof. 1t is not hard to check that C’,sfng(X , A) is the free abelian group on those simplices

o: A%Op — X whose image is not contained in A, simply because this is the complement of
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all n-simplices whose image does lie in A. Now we consider the commutative diagram

CSME(A) —— CEM8(X) —— C™8(X, A)

| |

CR(4) — CE(X) —— CRM5(X, A)

n—1 n

in which the left square commutes by naturality of the map d,,. Hence, there exists a dashed
arrow making the right square commute. In addition, it is uniquely determined by the commu-
tativity since the upper horizontal map is surjective. To see that it again satisfies d,od,+1 = 0,
we again use this surjectivity to deduce from the case of X. O

4.33. Definition Let (X, A) be a pair of spaces and n > 0. We define the relative singular
homology H, (X, A) to be the quotient ker(d,)/Im(d,1).

Note that Hy(X,0) = H,(X) by definition since C5"()) = 0 for all n > 0. We are now
ready to state all properties singular homology enjoys.

4.4. Singular homology - Properties.

4.34. Theorem The association (X, A) — {Hp(X, A)}nez satisfies the following properties.

(1) Hy(0) =0 for alln € Z and H,(x) =0 for all 0 # n € Z and Hy(*) = Z.

(2) If f and g are homotopic maps of pairs (X, A) — (Y, B), then they induce the same
map Hy(X,A) — H,(Y, B).

(3) For any family of topological spaces {X;}icr and all n € Z, the evident map

P H.(Xi) - Hu(J] X0)
il el
18 an isomorphism.

(4) For anyn € Z and pair (X, A) there ezists a boundary map O,: Hp(X,A) - Hp—1(A)
making the following sequence exact.

Hu(A) 5 Ho(X) 25 Hy(X, A) 25 Hyoy(A) ™ Hyo(X)

(5) For a pair (X, A) and U C A such that U C A and all n € Z, the evident inclusion
induces an isomorphism

H, (X \U,A\U) = Hy(X,A).

(6) For a space X and subspaces A, B C X such that AUB =X and any n € 7, there is
a natumﬂ boundary map Oy : Hy(X) — Hp—1(AN B) making the following sequence
exact.

LA LB -A_ ;B
Ho(ANB) Y2 gy Hy(B) Y22 1 (x) 2 Hy 1 (ANB) = Hyo1(A)® Hp1(B

Y

(7) For non-empty X, there is a natural suspension isomorphism Hy41(3(X),N)
H,(X,x).

Hgee Warning |4.59| for a discussion of the naturality that O satisfies.
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4.35. Corollary Let (X, x) and (Y,y) be pointed spaces such that the respective basepoints have
pointed contractible open neighborhoodﬂ and n > 0. Then there is a canonical isomorphism
H,(X)® H,(Y)= H,(XVY).

Proof. Exercise. 0

We will now move towards proving the above properties, then continue with calculations
of various homology groups as well as a description of singular homology for CW complexes
called cellular homology. To address the first properties, it will be convenient to discuss
the notions of chain complexes and general statements therein. We formulate everything for
modules over a fixed base ring, the main case of interest being the case of the integers.

4.36. Definition Let R be a ring. A chain complex (M,,d,) of R—moduleslﬂ consists of a
sequence of R-modules { M, } ez together with maps d,,: M,, — M,,_1 such that d,,od,+1 =0
for all n € Z. We often write

dnt1 d
oo My /5 My, S5 My — ...

for such a chain complex.

We define the homology of (M,,ds) to be the family of R-modules given by {H,, (M., ds) =
ker(dy)/Im(dy+1) }nez. We say that a chain complex is exact at place n if H,(Ms,de) = 0,
and simply exact if it is exact at every n € Z. An exact chain complex is also called a long
exact sequence.

4.37. Remark An exact chain complex of the form
0>M 5 ML M 0

is called a short exact sequence. Concretely, this means that ¢ is injective, p is surjective and
ker(p) = Im(¢). An even shorter exact sequence, i.e. an exact chain complex of the form

oML M o
is one where f is an isomorphism. An extremely short exact sequence, i.e. one of the form
0—-M-—0

is one where M = 0.

4.38. Example (1) Let X be a topological space. Then (C¢"®,d,) is a chain complex of
abelian groups (i.e. Z-modules). The homology of this chain complex is precisely the
singular homology He(X) of X.

(2) Likewise, for a pair (X, A), we have that (Ce"®(X, A), ds) is a chain complex of abelian
groups. Its homology is the relative singular homology He(X, A) of (X, A).

As always, we shall be interested not only in chain complexes, but also in morphisms of
chain complexes.

12E.g. CW complexes.
13We work with left R-modules.
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4.39. Definition Let (M,,ds) and (M, d,) be chain complexes of R-modules. A chain map
feo consists of R-linear maps f,: M, — M/ for all n € Z such that for all n € Z, the squares

commute. We write Ch(R) for the category of chain complexes of R-modules and chain maps.
An isomorphism in Ch(R) is equivalently a chain map f, such that f, is an isomorphism of
R-modules for all n € Z.

4.40. Lemma For every n € 7Z, the association (M, de) — Hp(M,,ds) refines to a functor
H,(—): Ch(R) — Mod(R).

Proof. By definition, a chain map fe: (Me,ds) — (M, d,) induces maps ker(d,) — ker(d),)
and Im(d,,41) — Im(d}, ;). Consequently, it also induces a map H,(f): H,(M,) = H,(M,).
It then follows readily from the definitions that H,,(id) = id and H,(gof) = Hp(g9)oH,(f). O

4.41. Definition Let fo: My — MLE] be a chain map. Then f is called a quasi-isomorphism
if it induces an isomorphism on all homology groups, i.e. if H,(f) is an isomorphism for all
n € 7.

4.42. Example Any isomorphism is a quasi-isomorphism, but the converse is not true: For
instance, the unique map from the chain complex

s 0o MY M0

to the 0-chain complex is a quasi-isomorphism for any R-module M.

4.43. Definition Let f,g: M — M’ be two chain maps. A chain homotopy between f and g
consists of maps hy,: M, — M), for all n € Z satisfying the relation
dny1hn + hp—1dn = fr — gn-

A chain homotopy equivalence is a map f: M — M’ such that there exists a map g: M’ — M
such that fg and gf are chain homotopic to idys and id,y, respectively.

4.44. Lemma Chain homotopic maps induce the same map on homology. In particular, a
chain homotopy equivalence is a quasi-isomorphism.

Proof. Let x € ker(dy,) represent an element of H, (M). Then we have

Jn(®) = gn(2) + dng1hn(2) + hyo1dn(z) = gn(x) + dpy1hn(z)
so indeed [fy(x)] = [gn(x)] € Hp(M'). The second claim then follows immediately. O

4.45. Example There are chain maps which are quasi-isomorphisms but not chain homotopy
equivalences: For instance, the chain complex

s 02Z B2 50— ...

g usual, we start being slightly sloppy in notation and don’t always add the differentials explicitly.
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with non-trivial terms in degree 1 and 0 is quasi-isomorphic to the chain complex concentrated
in degree 0 and given by Z/pZ there. However, every chain map in the other direction is the
zero map. This implies that the two complexes are not chain homotopy equivalent.

4.46. Example Let X C R" be a starshaped subset with star x € X. Then the canonical
map C’fing(X ) — Z, where we view the latter as a complex concentrated in degree 0, induced
by the map C’Sing(X ) — Ho(X) = Z is a chain homotopy equivalence. Indeed, consider the
map Z — C3™(X) given by sending 1 to the 0-simplex {z} C X. Then the composite
Z — C3™(X) — Z is the identity. We claim that the maps hy,: C5"8(X) — C’f:ﬁ (X) from
Proposition form a chain homotopy between the identity and the composite Cfing(X ) —
Z — C3™8(X). Indeed, we have verified in Proposition that for n > 0, we have

dnt1hp + hp_1d, =id =id — 0
and dihg is the map sending a point y to the difference y — x which is the difference between

the identity of C3™(X) and the above described composite C5"8(X) — Z — C3"8(X) as
needed.

After this small digression on chain complexes, we come back to singular homology:

4.47. Lemma The association (X, A) — C’fing(X, A) refines to a functor from pairs of topo-
logical spaces to Ch(Z).

Proof. The argument from Remark shows that X — C5™(X) refines to a functor Top —
Ch(Z). It follows that a map of pairs (X, A) — (Y, B) induces a commutative square

S8 (A) —— CIME(X)

| |

Cs8(B) —— C3M8(Y)

and hence induces a canonical map C3"8(X, A) — C3"4(Y, B) which one readily checks to be
functorial. O

Let us now introduce homology with coefficients in an arbitrary abelian group M.

4.48. Definition Let (X, A) be a pair of spaces and M an abelian group. We define Cfing(X, A M) =
C" (X, A) @z M and He(X, A; M) as its homology.

4.49. Remark Note that for any chain complex M,, the tensor product with any abelian
group is indeed again a chain complex. Moreover, if M is an R-module for some ring R, then
CJ"8(X, A; M) is a chain complex of R-modules and its homology groups are therefore also
R-modules. In particular, if K is a field like F,, or Q, then H,(X, A; K') consists of K-vector
spaces. Moreover, the formation of the singular chain complex with coefficients in M gives
rise to a functor Pairs — Ch(R) whenever M is an R-module.

4.50. Remark In fact, for a commutative ring R like the integers Z, there is a canonical
symmetric monoidal structure on Ch(R) given as follows: For chain complexes Co and D
one defines a double complex (i.e. an chain complex of chain complexes) with (p, q) entry given
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by Cp, ®r D, and horizontal and vertical maps given by the respective differentials. For a
double complex one can construct its total complex which sums up terms of fixed total degree:
Concretely, we obtain

(C®r D)= P Cp@r D,
ptg=n
The differential 9% on C®@p D is determined by its restriction to C, ® g D, and on elementary
tensors is given by
O (@ ®@y) = du(z) @ y + (~1)"lz @ dn(y).

This squares to zero as one checks directly (it is here that the introduction of some signs
is necessary). Moreover, the symmetry isomorphism for the claimed symmetric monoidal
structure also adds a sign: on elementary tensors, it is given by 7(z ® y) = (=1)#IVy @ .
These sign conventions are often referred to as the Koszul sign rule. With these conventions,
the tensor product of a chain complex of R-modules C' with an R-module M is the same as
the tensor product of C' with the chain complex M[0] consisting of M in degree 0 and 0’s
everywhere else.

4.51. Definition A short exact sequence of chain complexes of R-modules consists of chain
maps

0— M. My 2% M/ =0
such that the induced sequence of R-modules

0— M, M, 2% M7 — 0

n

is a short exact sequence in the sense of Remark for every n € Z.

4.52. Example Let (X, A) be a pair of spaces. Then the sequence
0— Cfing(A) — Cfing(X) — C’fing(X, A)—0

is a short exact sequence of chain complexes. We have already see that the evident maps are
maps of chain complexes, and by definition, for all n € Z, the sequence

0 — CSME(A) — CSME(X) — CM8(X, A) — 0

is short exact. Moreover, since all abelian groups appearing above are free for, we also obtain
that for any abelian group M, the sequence

0 — CSM8(A; M) — CSM8(X; M) — CS8(X, A; M) — 0

is a short exact sequence.

4.53. Example Let (X, A) be a pair of spaces and let
0—-M —-M-—M"—0
be a short exact sequence of abelian groups. Then
0— C38(X, A, M) — C™8(X, Ay M) — C3M8(X, A, M") = 0
is a short exact sequence of chain complexes. This uses again that for all n € Z, the abelian

groups Ci"8(X, A) are free.

Short exact sequences of chain complexes play an important role.
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4.54. Lemma For a short exact sequence in Ch(R)
0 — M, = My 2% MY — 0
and every n € 7 there is defined a natural boundary map On: Hp(M.) — Hy,_1(M,). The
associated sequence
Ho (M) — Hy(M) — Hoy(M") 2% Hy (M) — Hyoy (M) — . ..
is long exact.
Proof. We apply the snake lemma Lemma three times (Exercise 1 Sheet 13). Once, to

see that the upper and lower sequence in the following diagram are exact, and then a final
time to the following diagram itself:

M, /Tm( ;’L—‘rl) — My, /Im(dyy1) —— M/ /Im( Z—I—l) — 0

I s J

0 — ker(d, ;) —— ker(d,—1) ——— ker(d;,_,)

Then we use that the kernels of the vertical maps are isomorphic to H,(M'), H,(M) and
H,(M"), respectively and that the cokernels are isomorphic to H,_1(M"), H,—1(M), and
H,_1(M"). Naturality of the boundary operator follows from the naturality of the snake
lemma. ]

4.55. Remark Naturality of the bounday operator in Lemma simply means that given
a map f between two short exact sequences of chain complexes, i.e. a commutative diagram
of chain complexes

M,

2

No

M 0

|
N/

\
>

~

M/
|
N| >

0
then for all n € Z, the square

~

Hy (M)~ Hyoa (M)
(12 [0
Hy(NY) 2 Hy1(N)
commutes.
4.56. Corollary Let (X, A) be a pair of spaces and k € Z an integer. Then there ezists a

natural map Bi: He(X, A;Z/kZ) — He_1(X, A), called the Bockstein operator. It sits inside
a long exact sequence

S Ho (X, A) B B (X A) = Ho (X, A Z R D H (X, A) R H (X A)
4.57. Remark It follows that for each n € Z, we obtain a short exact sequence
0— Hp(X,A) )k — Hy (X, A; Z/KZ) — Hp—1(X, A)[k] — 0

where the first and last term denote the cokernel and kernel of the multiplication by k map
on the respective abelian group. Later, i.e. next term, we will show that
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(1) this sequence splits, i.e. the middle term is the direct sum of the outer two terms, and

(2) there exists a variant for Z/kZ replaced by an arbitrary abelian group M, in which
the outer terms have to be replaced with terms involving the functors — ® M and
Tor(—, M).

Proof of parts of Theorem[{.3] (1) was already shown in Remark [4.24] For (3), we note that
the evident map

Pcirexi) - o X0

il el
is a chain map on general categorical grounds. Furthermore, this map is in fact an isomor-
phism of chain complexes, and in particular induces an isomorphism on homology. (4) follows

from Example together with Lemma

For (6), use the excision property (5) for the pair (X, B) with U = X \ A. Note that indeed
X\A=X\ACBsince AUB = X and that we have B\ (X \ A) = AN B. We obtain a
commutative diagram as follows.

;A
*

- Hut (A, ANB) —— Hy(ANB) — Hy(A) —"— Hy(A,ANB) —" ...

I o, ek

. —— Hy1(X,B) ——— Hp(B) —2— H,(X) —>— H,(X,B) — ...
The map 0: H,(X) — H,—1(AN B) is given by the composite
Ho(X) — Ho(X,B) < Ho(A,ANB) 2 H, 1(AnB).

It is then an exercise in diagram chasing that this map fits into a long exact sequence as
claimed; let us show only some of the required things. For instance, assume x € ker(d,).
Then its image in H,(A, AN B) lies in the kernel of 0,,: H,(A,ANB) — H,_1(AN B) and
hence is of the form p(y) for some y € H,,(A) by exactness of the top row. Then ¢(j2(y)—) =0
and hence there exists z € H,(B) such that = = j2(y) — j2(2) as needed. Similarly, suppose
that = € H,_1(A N B) satisfies i () = iZ(x) = 0. Then there exists z € H,(A, AN B) with
On(2) = x and its image in H,, (X, B) lies in the kernel of the map to H,_1(B). Consequently,
it lifts to H,(X), showing that = is in the image of the map H,(X) — H,_1(AN B). All
other cases are similar or easier.

For (7), cover ¥(X) by the contractible open subsets £(X) \ {N} and X(X) \ {S}. The

intersection is homotopy equivalent to X. The long exact Mayer-Vietoris sequence reads as
= Hy({5}) @ Ho({N}) = Ho(E(X)) = Hp1(X) = Hoa({S}) © Hna({N}) — -
from which the claim follows immediately. O

(7) above can also be proved using the following lemma (applied in the case Y = %) which
we will need later.

4.58. Lemma Let f: X — Y be amap. Then CS™8(Cyl(f), X) is canonically quasi-isomorphic
to CS"8(C(f),*). In particular, there is a long exact sequence

o= Hy(X) = Hy(Y) = Ho(C(f) = Hy1(X) = Hy (YY) — ...

Proof. Consider the pair (C(f),CT (X)) where C*(X) denotes the upper half part of the cone
on X which is glued onto Y to form C(f). This pair is quasi-isomorphic to (C(f), *) since
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C*(X) is contractible. By excision, i.e. Theorem [4.34] (5), there is a further quasi-isomorphism
Co"8(C(f),CH(X)) 2 Ce™8(C(f) \{oc}, CT(X)\ {o0}) where oo is the cone point of CT(X).
The latter is in turn quasi-isomorphic to the pair (Cyl(f), X) as needed. O

4.59. Warning We issue a warning about the naturality of the boundary operator in the
Mayer-Viertoris long exact sequence. Note that we have in fact made a choice when defining
it: Essentially, given A, B covering X, we consider the triple (X, B, X \ A) and used excision
for X \ A C B to define the boundary map 9,,: H,(X) — H,—1(A N B). To emphasize that
we have chosen this triple (as opposed to the triple (X, A, X \ B)), let. us write more carefully
928 for this map. Then, as just indicated, there is also a map 95: H, (X) = Hp—1(ANB),
which uses excision for X \ B C A instead. We will argue in Addendum “ 3| that we have
B 4 — 8‘4 B particular, the boundary map in the Mayer-Vietoris long exact sequence
is natural with respect to covers of X by ordered pairs (A, B). If one is uncareful about the
order of (A, B) used to define the boudary map, then the diagrams involving 0,, will only
commute up to a sign. You will find such statements (diagrams of long exact Mayer-Viertoris
sequences which commute possibly only up to a sign) in many places in the literature.

The properties we have left open are then homotopy invariance and excision. Both of these
require a technical argument in chain complexes which we will have to provide. We will do
so by proving a suitable abstract form of the “fundamental theorem of homological algebra”
which in the literature is often referred to as (in similar form) the theorem of acyclic models.
We first phrase the following general result and then specialize to the case we care about
later. It will be convenient to introduce the following construction.

4.60. Notation Let M € Ch(R) be a chain complex and let n € Z. Then we define a new
chain complex o<, (M) with o<, (M) = My, if K < n and o<,(M); = 0 if & > n. There is
an evident chain map o<, (M) — M which is the identity whenever possible.

4.61. Lemma Let A be an abelian category, P € Ch(A) a chain complex in A consisting of
projective objects and let M € Ch(A) be a further chain complex.

(1) Assume given n € Z and a chain map o<, (f): 0<n(P) — o<pn(M). Then o<y (f)
extends to a chain map o<pi+1(P) — o<pt1(M) if and only if the canonical map
Py+1 — Hy(M) induced by fndf;l 1s the zero map. Diagrammatically:

P
n+1 dn
Pn+1 > P > n 1 —> ...
I
}fn«l»l ifn Jrfn 1
N dM dM

1
o —— My —= M, —— M,y — ...

(2) Assume givenn € Z, chain maps f,g: P — M and for k < n—1 maps hy: Py — M1
satisfying

Al by, + hy—1df = fr — gk
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Then there exists hy: Pp — Mu41 satisfying the analogous relation if and only if the
map P, — H,(M) induced by f, — gn — hn_1dY is zero. Diagrammatically:

dP dp dP
. —— Py » Py
l hn—1 l hV l
K d%_l dM dM
L/ My > M, > M, 1*>Mn2*>...

In particular, given maps f,g: P — M such that o<, (f) = 0<n(g) and Homy (Py, H,(M)) =
0 for allk >n+1, then f and g are chain homotopic.

Proof. (1) Consider as written above the diagram

b, dP
Py —= P, —=~

|
} lfﬂ lfn 1
~ dM d]\/[

n—1

n+1
Mn+1 n

Note that the composite P11 — P, — M, — M, _1 is zero by commutativity of the diagram
and the fact that the top composite is zero. Therefore, we obtain a canonical map P11 —
ker(dM) induced by f,,. The assumption that the map P,.1 — H, (M ) is zero implies that
fn in fact induces a map P,11 — Im(d%l). Since dpy1: Mp11 — Im(dnH) is surjective and
P, 41 is projective, a dashed map f,41 making the left square commute exists.

(2) Again, we note that

dN (fr = gn — hnrdl) = dM £ — d¥ g, — (AN hyy—1)dE

= fao1dh — gn1dl — (fao1 — g1 — hp2dl_))db
=0

so that the assumptions imply that f, — g, — h,_1d~ induces a map P, — Im(d%l). Hence,
the projectivity of P, again implies the existence of a map h, with the required properties.
The in particular is an immediate consequence of (2). O

Before coming to applications in topology of Lemma[£.61] we record the following important
applications in homological algebra.

4.62. Corollary (The fundamental theorem of homological algebra) Let P € Ch(A)>o be a
non-negatively graded chain complex consisting of projective objects in an abelian category A
and let M € Ch(A) be an exact chain complex. Suppose given fo: Py — ker(dy) C My. Then
fo extends to a chain map f: P — M which is unique up to chain homotopy.

Proof. By Lemma (1), fo extends to a chain map f: P — M since H, (M) = 0 for all
n € 7Z by assumption. Now suppose f and f’ are two such extensions. For k < 0, define
0=hg: Py = My,1. Then d]k\ﬁlhk + hk_ldf: = fr — f}, holds true since fo = f;. Since M is
exact, Lemma (2) implies that there exists a chain homotopy between f and f’. 0

4.63. Corollary Any object in Mod(R) admits a projective resolution P € Ch(R)>o, unique
up to chain homotopy equivalence and an injective resolution I € Ch(R)<¢ again unique up
to chain homotopy equivalence.
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Proof. Pick M € Mod(R). Then there exists a surjection Py — M with Py surjective.
Inductively, there exists a surjection P,+1 — ker(P, — P,_1) with P,y; projective. The
resulting sequence
oiPpy1 > Py =Py — - = Fp—0

is a projective non-negatively graded chain complex P with Hy(P) = 0 for k # 0 and Hy(P) =
M. Such a chain complex is called a projective resolution of M. It remains to show that such
a projective resolution is unique up to chain homotopy equivalence. To see this, suppose P’
is another such resolution. Then a dashed arrow in the diagram

exists since Py is projective and the vertical lower map is surjective. By Lemma [4.61] (1),
the obstructions to extending fy to a chain map f: P — P’ vanish since Hi(P') = 0 for
k > 0. Similarly, we can construct a chain map g: P’ — P such that the composites fg and
gf induce the identity on Hy. We will now show that given ¢: P — P a chain self-map of a
projective resolution of Hy(P) which induces the identity on Hy(P) is chain homotopic to the
identity. To do so, we apply Lemma (2): For k < 0 we have maps h; = 0 satisfying all
we want. Then we can construct hg since the composite Py — Hy(P) induced by id — ¢ is
trivial. Inductively, we can then construct h, for n > 0 simply because H,,(P) = 0 for n > 0.

The argument with injective resolutions is similar, or can formally be deduced from the
above fact by arguing in Mod(R)°P. In this abelian category, projective objects are the
injective objects of Mod(R). Therefore, in order to run the above argument, we only need to
know that for every M € Mod(R), there exists an injection M — I with I injective. This is
a classical result which we will not argue here (perhaps we’ll have it in the appendix at some
point). O

4.64. Remark The argument above is an easy case of the following more general result which
we will treat in Exercise 1 Sheet 14: Suppose P and () are non-negatively graded chain
complexes of projective modules and suppose given a quasi-isomorphism f: P — ). Then
f is a chain homotopy equivalence. Note that for projective resolutions, the first step above
produces a quasi-isomorphism between projective resolutions, and the second one then shows
that this quasi-isomorphism is in fact a chain homotopy equivalence.

We move towards the topological applications of Lemma First, we prove homotopy
invariance of singular homology.

4.65. Lemma Let X be a topological space and denote by z'é( and z{( the evident inclusions

X — X x [0,1]. Then Cfing(z'g() and C’fing(i{() are chain homotopic, naturally in X. That
is, there exists a chain homotopy h™ from C3®(ig) to Ce 8(iX) such that for any map
f: X =Y and alln € Z, the diagram
. hf .
CR8(X) —— G5 (X x [0,1])
O?f“g(f)l lciiigl(fxid)

sin, hﬁ sin,
Cine(y) sy CME(y < [0,1])
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commautes.

Proof. We will pretend that Fun(Top, Mod(Z)) is an abelian category (it only not so up to the
set theoretic problem that it is not a category - for our applications, however, this does not
play a role). Then X — C5"8(X) is an object of Ch(Fun(Top, Mod(Z)), which we claim to
consist of levelwise projective objects. Indeed, C5"8(—) = Z[Homrop (A%, —)]. To see that
this object is projective, consider a surjection a: F' — G in Fun(Top, Mod(Z)), i.e. a natural
transformation of functors which is objectwise surjective, and a morphism g: C’fling(—) - G.
To show projectivity, we need to show that there exists a dashed arrow in the diagram

F

fﬂl

(Gl (e pu—

making it commute. By definition of free abelian groups and the Yoneda lemma, the morphism

g corresponds to an element § € G(A%Op) and the putative morphism f to an element f €

N

F(A%,,). That the diagram commutes translates to the condition that a(f) = g. Hence, the
required f exists since « is objectwise surjective. .

We will apply Lemma (2) in the following way: We let P = Cg"8(—) and M =
C3™8(— x [0,1]) viewed as objects of Ch(Fun(Top, Ab)). For n = 0, we consider the map
ho: C’Smg(—) — C$™8(— x [0,1]) which corresponds under the Yoneda lemma to canonical
homeomorphism Al — [0, 1]El Then the composite

sin; sin d sin
Co (=) — CT™8 (= x [0,1]) = C5™8 (= x [0, 1])

is given by C5™(ig) — C5™(i1). We now want to argue inductively that kg can be extended to
a natural chain homotopy between Cq"#(ig) and Ce " #(i1). This amounts to showing that for

n > 0 certain maps Cy"8(—) — H,(— x [0, 1]) vanish. By Yoneda, such maps are equivalently

described by elements in Hn(A%Op x [0,1]) which is the trivial group by Proposition O

4.66. Remark The naturality of the above chain homotopy implies (by the Yoneda lemma
yet again) that the homotopies h;X are induced by elements Cziigl(A%Op x [0,1]) satisfying
certain relations. We have argued the existence of such elements by envoking the fact that
Hy 1 (A, % [0,1]) = 0 for all n > 0 since A%, x [0,1] is star-shaped, but we have not
made explicit choices for such elements. This can, however, be done: Indeed, such elements
are given by subdividing a prism A% x [0,1] into (n + 1)-simplices, and then adding up
(with appropriate signs) these (n + 1)-simplices of A%, x [0,1]. To obtain the relevant
(n + 1)-simplices of A% x [0,1] denote for k € {0,...,n} and € € {0,1} by v the point
in At % [0,1] € R"*2 which has for 1 < i < n + 1 its (k — 1)st coordinate equal to 1, its
n + 2nd coordinate equal to € and all other components equal to 0. Then the convex hull of
1

{08,...,v), v}, ... oL} is an (n + 1)-simplex inside Al % [0,1] which, added up (with signs

determined by i) gives rise to the Prism operator P,: Ci"8(—) — Cf:ﬁ(— x [0,1]), see e.g.
[?] for the details.

5Concretely, ho sends a O-simplex {x} C X of a space X to the 1-simplex {z} x [0,1] — X x [0,1].
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4.67. Corollary Let f,g: (X, A) — (Y, B) be homotopic maps of pairs. Then C’fing(f) and
Ce"8(g) are chain homotopic maps Ce"8(X, A) — CJ"8(Y, B). In particular, for all n € Z,
we have Hy(f) = Hu(g).

Proof. By Lemma there exists for each n € Z a commutative diagram

. A . .
ComB(A) — O34 x [0,1]) —— CSM8(B)

! | |

. hX . .
Ch'8(X) —— CZ&%(X x [0,1]) —— Ciligl(Y)
witnessing compatible chain homotopies between the maps induced on C’fing(—) by the maps
fiasg9a: A— Band f,g: X — Y. Passing to vertical cokernels, we obtain a map

C3ne(X, A) — C2U3(Y, B)

which one checks to be a chain homotopy between the maps
CJMe(f),CM8(g): CIM8(X, A) — CJM8(Y, B).
O

4.68. Remark Since for each abelian group M, the functor —® M : Ch(Z) — Ch(Z) preserves
chain homotopies, one formally deduces that if f,g: (X, A) — (Y, B) are homotopic maps of
pairs, then H,(f; M) = Hy,(g; M) as maps H,(X,A; M) — H,(Y,B; M) for all n € Z.

To finish the verification of all properties of singular homology, it remains to prove excision.
To do so, we need a procedure to make represent a given singular homology class by (sums
of) simplices which are so small that they are contained in suitable subspaces of the given
space. This motivates the following construction.

4.69. Construction Let n > 0 and let bsd,, € Cfling(A%op) be given inductively as follows.

First, we define the barycenter b, = %H(l,...,l) e AL of AT We note that it is

Top Top*

a star for the starshaped (in fact convex) set A’ . Now to the construction: We define
—; sing ¢ A 0
bsdg = 1dAoTop e C, (A

Top). Inductively, for n > 1 we then define

n

bsd,, = Z(—l)ihn—l[(6i)*(b8dn—1)]

=0
where we use hy,_1: CZT%(A%OP
ter by, and (0;)x: CZiE%(Anfl) — CSE%(A”

Top Top
by 6;: Al — A",

) — C’ng(A%op) as in Proposition with star the barycen-

) is the map on singular (n — 1)-simplices induced

4.70. Lemma (Barycentric subdivision) The elements {bsdy}n>0 give rise to a chain map

bsd: C3"8(—) — C3"8(—) called the barycentric subdivision map. This map is naturally chain
homotopic to the identity.
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Proof. By Yoneda, bsd,, gives rise to a map C5"8(—) — C5n8 (—) That this map is a chain
map is equivalent means that for all n > 0, the diagram

CTsLing (_) bsd, CTsLing ( _)

[ [

. b d _ .
CRl(-) === G (-)

commutes. For n = 0 this is true tautologically, and for n > 1, by Yoneda yet again, this is
equivalent to the equality

n

dn(bsd,) = > (=1)"(6;)<(bsdn—1) € Cp28 (Ayp)-
=0

We then simply calculate

n

dn(bsdn) = > (=1)"dnhn—1[(3:). (bsdp-1)]

=0

= (1) | (G0) (b5d1) = B2 (8i)u(dn-1(bsdp-1)|
=0

= 31 (E)u(bsdn1) = a3 (1) (6) (o1 (bsd )]
=0 1=0

where we have used the relation d,h,,—1 = id — h,,_ad,,—1 established in the proof of Proposi-
tion It then suffices to prove that

n

S (~1)%6i(dn-1(bsdy-1)) = 0.

1=0

For n = 0,1 this is tautologically true. By induction, we then have

n—1
dp—1(bsdp_1) = Y (=1)76;(bsdn_1).
j=0
Inserting this we obtain
n n n—1
D (=1)6i(dn-1(bsdp-1)) =D > (=1)H5;6;(bsd,—2) =0
1=0 =0 j=0

Indeed, the same argument as in Lemma [4.22| (proving d?> = 0) shows that the latter terms
cancel out as needed. To see that the resultlng chain map bsd is homotopic to the identity,
we note that its degree 0 part is the identity. As a consequence of Lemma (2), there is
no obstruction for constructing a natural chain homotopy between bsd and id. O

4.71. Theorem Let (X, A) be a pair of spaces and let U C A such that U C A. Then for all
n € Z, the canonical map Hp,(X \ U, A\ U) — H,(X, A) is an isomorphism.

16Concretely, it sends o A, — X viewed as element in C5"8(X) to the element o (bsd,) € C58(X),
i.e. it restricts o to the barycentrically defined subsimplices in A™ and adds those up with appropriate signs.
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Proof. Let us denote by C5™8(X | X \ U, A) the image of the map of chain complexes
CIME(X \U) @ CJ"8(A) — C3¢(X)

and by He(X | X \ U, A) its homology. First, we note that the commutative diagram of chain
complexes

CSM8(A) N CSM8(X \ U) —— CEM8(X \ U)

| |

OO (A) ————— CI(X | X\ U, A)

induces an isomorphism on horizontal cokernels, as follows from the first isomorphism theorem
in group theor Moreover, the top left term is simply given by Cg"®(A \ U). Next we will
argue that the canonical inclusion C3"8(X | X \ U, A) — C3™8(X) is a quasi-isomorphism.
Given this, for all n € Z, in the composite

Ho(X\U,A\U) — Ho(CJ"8(X | X\U, A)/CI"8(A)) — Hp(CJM8(X)/CIM8(A)) = Ha(X, A),

the first map is an isomorphism by the observation about horizontal cokernels in the above
square of chain complexes, and the second map is an isomorphism by the 5-lemma.

Let us therefore show that the map C¢"#(X | X \ U, A) — C¢"(X) is a quasi-isomorphism.
To show surjectivty, let o € C58(X) represent an element of H,(X). By a Lebesgue lemma
argument and the fact that the simplices in the barycentric subdivision of A’Tlop become

successively smaller, there exists a k > 1 such that bsd*(c) € C5™8(X|X\U, A). Here, we have
used that X \U, Ais an open cover of X and applied the Lebesgue lemma to the open cover of
A, given by o1 of this open cover. Since CsM8(X | X \U, A) is a subcomplex of C5"8(X), we
find that bsd* (o) represents an element of H,, (X X \ U, A). Its image in H, (X) is represented
by bsdk(a), but by Lemma bsd induces the identity on homology, showing surjectivty
of the map in question. Now assume that o € C3"(X | X \ U, A) represents an clement

in homology whose image in H,(X) vanishes. Then there exists p € Ciiigl (X) such that

dn41(p) = o. Similarly as above, there exists k > 1 such that bsd®(p) € C’Zi_r;gl (X | X\UA).

Moreover, dp41(bsd®(p)) = bsd*(dpi1(p)) = bsd*(s). Now we note that bsd: C5"8(X) —
CJ"8(X) restricts to a self map of Cg"8(X | X \ U, A) and that this map is again homotopic
to the identity, which follows from the naturality of the map bsd and its chain homotopy to
the identity. Consequently, we have 0 = [bsd*(0)] = [0] € H,(X | X \ U, A) and the map
under investigation is injective. O

4.72. Remark You can go through the above argument and convince yourself that also for
any abelian group M and all n € Z, the canonical map H, (X \U, A\U; M) — H,(X, A; M)
is an isomorphism. Alternatively, one can use the following approach: Theorem shows
that Ce"#(X \ U, A\ U) — Ca"8(X, A) is a quasi-isomorphism. Since both chain complexes
are levelwise projective and non-negatively graded, we can deduce from Remark (see
Exercise 1 Sheet 14) that it is in fact a chain homotopy equivalence. Hence it remains so
after applying — ® M, and consequently, H,(X \ U, A\ U;M) — H,(X,A; M) is also an
isomorphism.

L7Recall that this says that for subgroups M, N of an abelian group A, there is a canonical isomorphism
(M+N)/N=M/(MNN).
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4.73. Addendum We finish the argument in Warning about the two boundary maps
H,(X)— H,—1(ANB) for A,B C X with AUB = X. To compare the two maps, we may
represent an element of H,(X) by a cycle x € Csmg( ). Using the barycentric subdivision
as in the proof of Theorem we may assume that z = a+b where a € C3"8(A) and
be Cne (B). Now let us recall the definition of 95°%: It is given by the composite

H,(X) = Hn(X,B) < Hn(A,ANB) = H,_1(AN B).

The first map sends z = a+b simply to a which is already in the image of the map Cfling(A, AN
B) — C3"8(X, B), and hence z is sent under the first two maps to the element represented
by a. The final map is given by the boundary map in the long exact sequence of the pair
(A, AN B). Recall that this is concretely given choosing e.g. a € C"®(A) as a lift of its image
in C7,"8(A, AN B), applying d,, to it and observing that d,(a) € C;"®(A N B) is a cycle and
hence represents an element in homology. Hence, we get

OB () = [dn(a)] € Hy_1(AN B).
Analogously, we obtain

OBA(z) = [dn(b)] € Hp—1(AN B).
Therefore, we have

(077 + 07 (@) = [dn(@)] + [d(b)] = [dn(a +b)] = [du(2)] = 0

since x is a cycle. As x was arbitrary, we deduce P4 = —9B as claimed.

4.74. Proposition Theorem is true for the functors (X, A) — {Hn(X,A; M)}pez for
any abelian group M.

Proof. (1) follows from the definitions: We have C;"8(x; M) = M for each n > 0 and the
differentials are id and 0 in turn. (2) was argued in Remark (3) follows formally from
the fact that — ® M is a left adjoint and hence commutes with coproducts. (4) follows from
Example and Lemma just as before. (5) is the content of Remark (6) formally
follows from (5) and (4), just as we have proved (6) earlier. (7) formally follows from (6). O

4.75. Lemma Let (X, A) be a pair of spaces. Then for all n € Z there is a commutative
triangle

Hp(X,A) —— Hp(X(A), %)
\ l
H,_1(A, %)

whose diagonal arrow is the boundary map of the pair (X, A), whose vertical map is the
suspension isomorphism and whose horizontal map is induced by the map C(i) — X(A) under
the isomorphism H, (X, A) = H,(C(i), *) from Lemmal[.58

Proof. We consider the following commutative diagram of pairs of spaces:

(C(1), CT(A)) — (E(4),C7(4))

J J

(Cyl(i), A) ——— (C(A), 4)



TOPOLOGY I 89

Here, we picture the vertical maps as inclusions, the left being where we attach C*(A) on
top of Cyl(i) to obtain C(i), and the right where C~(A) is the southern hemisphere of the
suspensions. Applying the functor H, we obtain the top part of the following commutative
square

lo | lo
Hn—l(Aa *) | Hn—l(A7 >|<) ——— Hn—l(A7 >|<)
of which the top to vertical maps are isomorphism by excision and the lower vertical maps are
boundary maps for pairs. In particular, the lower square commutes by the naturality of the
boundary map for pairs. Then we recall that the suspension isomorphism ¢ is by construction

given by the right vertical composite. Finally we may use that C*(A) is contractible so that
the whole diagram gives a commutative square

H,(C(i), %) —— H,(3(A),*)

E =|o

Hp(X,4) —2— H, 1(A,%)

The claim then follows from the observation that the left vertical isomorphism in this square
is indeed the one considered in Lemma [4.58 O

4.5. Singular homology of CW complexes. Having now verified all properties of singular
homology, we can perform more calculations. First, we investigate the effect in homology of
a cell attachement and general properties of homology of CW complexes. In the following,
H, (—) refers to homology with arbitrary (but not in the notation fixed) coefficients.

4.76. Corollary Consider a pushout diagram

[Tie; 5"t —— 4

Lo b
[Lic; D" —— X
Then there exists a canonical exact sequence
0 — Hy(A) = Ho(X) = @ Hao1 (") = Hyo1(A) = Hoa(X) =0
el
and Hi(A) — Hg(X) is an isomorphism for k # n — 1,n. In particular, if Y is an n-

dimensional CW complez, we have Hy(Y) =0 for k > n and H,(Y') is torsionfree. Moreover,
for any CW complex Y, we have that the canonical map

col>i6n C5M8 (sk, (Y)) — C5M8(Y)

s an isomorphism. In particular, for each k > 0, the canonical map

col>i6n Hy(sk,(Y)) = Hi(Y)
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is an isomorphism.

Proof. Recall from Lemma that C(i) ~ X/A = \/,c; S". It then follows from Lemmam

that C3"#(X, A) is quasi-isomorphic to @,c; Cs "#(S™, *) since reduced homology commutes
with (arbitrary) wedge sums of CW complexes (Exercise). Consequently, for Y an n-dimensional
CW complex, we find inductively that 0 = Hy(0) — Hi(Y) is an isomorphism for k& > n.
Moreover, considering A = sk, _1(Y), the above exact sequence implies that H,(Y) is a sub-
group of a free abelian group and hence itself free abelian. The first displayed isomorphism
follows from the fact that A%, is compact: By Proposition (1) it follows that the image
of any continuous map o: A%Op — Y is contained in sk, (Y) for some n > 0. The final part
follows from the fact that a filtered colimit is an exact functor and hence commutes with
taking homology (it preserves kernels and cokernels of maps). O

4.77. Example In this example, we use the above to calculate H,(—) for all n > 1 for all
the spaces we have previously calculated H, that is RP", CP", HP", T2, K, ¥, (notice that
T? = %1. We will revisit these calculations more systematically later.

We recall that there are pushouts

st L, gtvst St 1y, St
D? —— K D? —— %,
where f = zyzy™! € m (S v SY) and oy = [z1,91] - [g4,yg]. By Corollary and the

fact that H(—) is abelian, we get an exact sequence

0 — Ho(K) — Hy(SY) L5 Hi(S v §Y) — Hy(K) — 0

and the map f, identifies with the map (2,0) under the isomorphism H;(S*Vv S') = H;(SY) @
Hy(S') 2 Z ® Z. This map is injective and has cokernel isomorphic to Z/2Z @ Z. Hence,
Hy(K) =0 and Hi(K) = Z/27 & Z.

For X 4, we get an exact sequence

0— Hy(%,) = Z — 7% — Hi(3,)

where now the middle map is induced by a4 and vanishes as a consequence of the Hurewicz
theorem: the element oy € 71(\/ S') lies in the commutator, i.e. the kernel of the map to the
abelianization. Hence Hy(3,) 2 Z and H;(3,) = Z%.

We move on to the projective spaces and treat the cases KP" for K = C,H. Let k denote
the real dimension of K, i.e. 2 in case K = C and 4 in case K = H. In Exercise 2 Sheet 6 we
have seen that there are pushouts

Snk—l K[Pm_l

! |

Dk KP?

Consequently, by induction and the facts CP! = §? and KP' 2 %, we deduce that H;,(CP") =
0if k is odd, Hoi(CP") =2 Z for 0 < k < n, Hp(CP") = 0 for k > 2n, and likewise H(HP") =0
unless k£ = 4a with 0 < a < n in which case Hy,(HP") = Z.



TOPOLOGY I 91

Finally, we move to the more complicated case of RP". Here, we have pushouts

Sn—l RPnfl

| |

D" — RP"
and RP! = S'. Since Hy(RP") = 0 for k > n we obtain an exact sequence
0 — H,(RP") = Z — H, (RP"™') = H, {(RP") — 0

so we need to make the second map explicit. To do so, we can use Lemma to see that
this map is induced by the canonical map

S™ = RP"/RP"! — YRP"!
under the suspension isomorphism. We may then consider the composite of this map with
the projection SRP" 1 — S(RP"~! /RP"?) =2 §”. We will show later that the degree of the
resulting self map of S™ is given by 1+ (—1)", see Example 4.83]|'"
Inductively, we then deduce that
Z if k=0o0r k=n and n is odd
Hp(RP") = ¢Z/2 if0<k<nandkis odd
0 else

4.78. Remark Note that the same argument shows that Hy(RP";Z/2Z) = 7Z/2Z for all
0 < k < n, compatible with the inductive proof of this result using Exercise 2 Sheet 14.

We have seen above that we can inductively calculate the homology of a cell attachment,
provided we understand the effect of the attaching map on homology. This suggests that we
should be able to calculate the homology of CW complexes in general. However, we have
seen that concretely, we need to calculate degrees of self-maps of spheres in order to calculate
homology. Often, the following local formula for the degree will allow us to do this.

4.79. Definition Let f: S™ — S™ be a map and n > 1. Let x € S™ and assume that f
restricts to a homeomorphism U — V where U is an open neighborhood of z and V is an
open neighborhood of f(x). The composite

Ho(S™) = Ho(S",S™\{z}) < Hy(U,U\{z}) = Ho(V,V\{f(2)}) = Ha(S", S"\{f(2)}) < Hn(S")

is given by multiplication by a unique integer which we denote by deg,(f), the local degree
of f at x.

4.80. Remark All maps appearing in the definition of the local index are isomorphisms.
Hence deg, (f) € {£1}.

4.81. Proposition Let f: S™ — S™ be a map and n > 1. Assume that there exists y € S™
such that f~1(y) = {x1,..., 21} for some k > 0 and assume that for each 1 < i < k, there

18Wwe will argue later that the map under investigation is the suspension of the map S"~! — RP"~! —
RP"~! /RP"~2, where the first map is the canonical projection (which is also the attaching map of the n-cell of
RP"). In Examplewe calculate the degree of this unsuspended map, and hence also that of its suspension
by Proposition
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exists an open neighborhood U; of x and that f restricts to a homeomorphism U; — V; for
some open neighborhood V; of y. Then we have

k
deg(f) = deg,,(f).
=1

4.82. Remark Before giving the proof, we remark on the assumptions in Proposition [4.81
Without explaining in detail what this means, assume that f is a smooth map. Then a
point y € S™ is called a regular value if for each z € f~!(y), the differential at x is surjective
(and hence an isomorphism for dimension reasons). In this case, the implicit function theorem
implies that f restricts to a diffeomorphism in a neighborhood of = (onto a neighborhood of y).
In particular, f~!(y) is discrete and compact (since it is a closed subset of the compact space
S™) and therefore finite. In other words, the assumptions in Proposition are satisfied
for all regular values y € S™. It is a theorem of Sard that regular values exist in abundance
(more precisely, the set of regular values is dense in S™). Moreover, any continuous map is
homotopic to a smooth map, so the required data exist for in all situations we care about.

Proof. By passing to possibly smaller open sets, we may assume that all U; are pairwise
disjoint. Consider the triple (S™,S™ \ {z1,...,zx},S™ \ UUi). Then excision implies the
isomorphism

k

Hy (8", 8™\ (a1, a}) = Ho((J Ui Ui\ {2:})) = €D Ha (U3, Ui \ {a:})

=1

where the last isomorphism follows from the fact that the U;’s are pairwise disjoint. Moreover,
the map H,(S™) — H,(S™, S"\ {y}) = H,(V;,V; \ {y}) is an isomorphism, and there is a
commutative diagram

H,(S™) S Ho(S™)

| I

] |
k k
@H"(Ui’ Ui\ {zi}) — @Hn(‘/%, Vi{y})

in which all so labelled morphisms are isomorphisms and the morphism labelled & is the one
which is an isomorphism on each summand. Since the lower horizontal map is determined by
the sum of the local degrees of f, the proposition follows. U

4.83. Example The degree of the map f: S™ — RP" — RP"/RP"! = §7 is 1 + (—1)"*1,
Indeed, from its explicit description we see that N and S, the north and south pole of 7!
are points as needed in order to apply Proposition Hence we obtain

deg(f) = degn(f) + degs(f) = degn(f) + degs(f o (—idsn))

where the latter equality stems from the fact that f = f o (—idgn). Now just as the degree,
the local degree satisfies a compatibility formula in composites (when it makes sense, but in
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particular for compositions with homeomorphisms). In our case this reads as follows:

degg(f o (—idgn)) = degyn(f) - degg(—idgn).

Here, we have used N = —S = —idgn(S), of course. Proposition and Proposition
give degg(—idgn) = deg(—idgn) = (—1)"*!. Finally, we note that f restricted to the upper
hemisphere D"} C S™ is concretely given by the canonical projection D’} — D' /0D" = S™.
In particular, degy(f) = 1, finishing the calculation.

Continuing towards calculating homology for general CW complexes, we make the following
definition. In what follows, for a CW complex X, let us write X, := sk, (X) for its n-skeleton
to shorten notation.

4.84. Definition For a CW complex X, an abelian group M, and n > 0, let CS(X; M) =
Hy(Xp, Xp_1; M) and let 9M: C<(X; M) — C< (X; M) be the boundary map associated
to the short exact sequence of chain complexes

0— CSM8(X, 1, X, 90; M) — C58(X,,, X,,_o; M) — C508(X,,, X,,_1; M) — 0.

4.85. Theorem Let X be a CW complex. Then (CSV(X; M), 0M) is a chain complex, the
cellular chain complex of X with coefficients in M. We have C¢N(X; M) = C¢N(X; Z)®z M.
Its homology HSN(X; M) is canom’callﬂ isomorphic to the singular homology He(X; M) of
X. In particular, cellular homology does not depend on the choice of a CW structure.

Proof. We claim that there is a commutative diagram

LM
Hn(Xn> Xn71§ Z) Kz M —— anl(anly Xn72§ Z) ®z M

| |

Hn(Xna Xn—l; M) _— Hn—l(Xn—ly Xn—2; M)

whose vertical maps are induced by sending (o ® m) to my(«) where we view m € M also
as a map m: Z — M. As such, it induces a map H,(Y;Z) — H,(Y; M) which we call m,.
One checks directly that this map is an isomorphism for Y = S™, using that the suspension
isomorphism is natural in coefficients. This reduces the claim to n = 0 where it is immediate.
It follows that the above vertical maps induce a map CS*(X;Z) ®z M — C¢(X; M) which
is levelwise an isomorphism.

Now we show that 029Z,, = 0, which by the above implies that (CS(X; M),0M) is a
chain complex for all M, and that this is isomorphic to C¢(X;Z) ®z M. To do so, we
observe that the above defined boundary maps 0,, factor as the composite

Hn(Xnan—l) — Hn—l(Xn—l) — Hn—1<Xn—1a Xn—2)

whose first map is the boundary map in the long exact sequence of the pair (X,,, X,,—1) and
the second map is induced by the canonical projection. The composite 8%8% 1 therefore
factors through the composite

Hn(Xn) — Hn(Xn; Xn—l) — Hn—l(Xn—1>

which is zero by exactness of the long exact sequence of pairs.

ONMore precisely, naturally in cellular maps.
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Let us now consider the following commutative diagram consisting of exact rows and
columns:

Hn-l—l(Xn-i—th;M) 0= Hn—l(Xn—Q;M)

— |
«

0= Hp(Xp_1; M) —— Hp(Xn; M) —— Hp(Xn, Xp1; M) —— Hp_1(Xp_1; M)

g
" |

n

H,(Xpy1; M) Hy1(Xn—1, Xp—2; M)

~

0=H,(Xnt1, Xn; M)

Then ker(921)/Im(0M ) = HE(X; M) by definition. All groups which are equal to 0 are so
as a consequence of Corollary Since the top most right term is zero, we have ker(9)) =
ker(v) = Im(B) = H,(X,; M) since 3 is injective. Under this isomorphism, Im(927 ) corre-
sponds to Im(a). Hence we deduce that HS(X; M) =2 H,(X,; M)/Im(a) = H,(Xpy1; M)
by exactness of the left vertical sequence. Moreover, the map X, ;1 — X induces an isomor-
phism H,41(X,; M) — Hp+1(X; M) by Corollary finishing the proof of the theorem as

all maps appearing in the above diagram are natural in cellular maps of CW complexes. [

4.86. Remark We recall that if X,, is obtained from X,_; by attaching |J,| many cells,
then CSM(X; M) = @, M as we have argued in the proof of Corollary for the case of
M = Z. The general case follows from the isomorphism C<M(X; M) = CN(X;7Z) @7 M.
In particular, the cellular chain complex of a CW pair of finite type with coefficients in Z
consists of finitely generated free modules in each degree, and is hence much smaller than the
singular chain complex.

All of the following results can also be (in part, we have already done so) proven using
Corollary

4.87. Corollary Let X be a CW compler with X,, = X,_1, t.e. in which no n-cells are
attached. Then H,(X;M) = 0.

Proof. We have H,,(X; M) = H:(X; M) which is a subquotient of C<?'(X; M) which van-
ishes. O

4.88. Corollary Let X be an n-dimensional CW complex. Then H,(X;Z) is free abelian, in
particular torsionfree.

Proof. We have H,(X;Z) = HSY(X;Z) which is a subgroup of the free abelian group
Cel (X Z) since CS (X;Z) is trivial. The claim then follows from the fact that subgroups
of free abelian groups are free abelianm O

4.89. Corollary Let X be a CW complex with the following property, for J, the set of n-cells
which are attached to X,,_1: If J, # 0 then Jo41 = (0. For instance, if X has only even
dimensional or only odd dimensional cells (of positive dimension). Then for n > 1, we have

H,(X;M) =P, M.

20For finitely generated groups this follows immediately from the classification, but the result is true in
general, see e.g. [?].
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Proof. The differentials in C®'(X; M) are trivial because their source or target is trivial. [

4.90. Example Complex and Quaternionic projective spaces have the above property. Much
more deep is the following wonderful result of Bott: Let G be a compact and simply connected
Lie group. Then QG admits a CW structure with only even dimensional cells. In particular,
mo(G) = m (QG) = H(QG) = 0. Since any Lie group is homotopy equivalent to a compact
Lie group (a maximal compact subgroup) and my(G) 2 m5(G) where G is a simply connected
cover of G, in fact my(G) = 0 for all Lie groups)*| There are various other proofs of this fact,
and in general the topology of Lie groups is a wonderful topic.

We finish this part by describing the differentials in the cellular chain complex. To do so,
let X be a CW complex and consider for n > 2 the composite

©n . HS”_I — Xn,1 — anl/ang ~ \/ Sn_l.
Jn Jnfl

This map induces a map

(pn)«: @Z o Hn—l(HSn_l) s Hpi( \/ gn1) @ 7.
JIn

Jn Jn—l Jn—l

with preferred isomorphism on source and target coming from the suspension isomorphism
(and a once in life fixed choice of isomorphism Hy(S°) = Z).

4.91. Lemma For n > 2, the differential 0%: C<N(X) — C\ (X) is given by (¢n)« under
the isomorphisms C¢N(X) 2 Z[Jy] discussed above. For n = 1, it is induced by sending a

1-cell o to the difference of its boundaries.

Proof. For n = 1, the differential is simply the boundary map H; (X, Xo) — Ho(Xo) =
Z[Xo] = Z[Jo) of the pair (X1, Xo). The claim then follows from the fact that the 1-cells of X
give rise to particular elements in C]"%(X;) whose images in C]"#(X1, Xo) define a basis for
H;(X1, Xp). On these particular elements, the boundary map indeed has the claimed form.

For n > 2, it follows from Lemma, that the differential is induced by the composite

\/ 8"~ X0 /Xn1 = B(Xn1) = B(Xn1/Xn2) = \/ 5™
Jn Jn—l

Since the degree is unchanged upon passing to suspended maps, it then suffices to argue that
restricted to a single sphere, the first map is homotopic to the suspension of the attaching map
Sl — X, _1. To show this, we may assume that X,, is obtained from X,_; by attaching
a single cell. In this case, the result follows from the naturality (up to homotopy) of the
map B/A — X(A) for a cofibration A — B: Indeed, we apply it to the square of vertical
cofibrations

gn-l 2 Xn_1

I

D" — X,

217 Lie group is a smooth manifold which is a topological group and all of whose structure maps (multi-
plication, inversion) are smooth maps. Examples are the usual matrix groups you know from linear algebra,
like GL, (R), SL, (R), orthogonal and unitary groups as well as Spin and Spin® groups and various exceptional
Lie groups. See e.g. [Kir08| [Hal03] for introductions to Lie groups, their relation to Lie algebras and their
classification and representation theory, and [DW98] for basic results on the topology of compact Lie groups.
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which in turn gives a square (commutative up to homotopy)

Dn/sn—l = E(Sn_l)

| [

Xn/Xn,1 —_— E(anl)
where the vertical maps are as constructed in Corollary O

4.92. Example For instance, we obtain that the cellular chain complex for RP" is given as

follows:

0z 7 o %2275

which has homology as inductively calculated in Example [£.77] where the essential ingredient
was also to identity a certain map via the local degree formula.

4.93. Example Similarly, there is a CW structure on L(p;qi,...,qn), a (2n — 1)-dimensional
lens space with fundamental group C),, having a single cell in each dimension 0 < d < 2n —1
and where, as in the case of RP", the projection maps S**~' — L(p;qi,...,qs) appear as
attaching maps for the CW structure on L(p;q,...,¢,) and the local degree formula allows
to determine CS(L(p; q1,. .., qn)) to be given by:

0-2%25%75...5725%72%7.

In particular, Hi(L(p;q1,...,qn)) is independent of the choice of ¢;’s. This, however, is no

coincidence: Any lens space L(p;qi,...,qn) admits a map to a space called BC), and this
map induces an isomorphism on homology in degrees 0 < d < 2n — 2. Furthermore, the top
dimensional homology is isomorphic to Z simply because L(p;qi, .. ., ¢,) are orientable closed

manifolds (we will see this homological behaviour of manifolds next term).

4.6. The Euler characteristic.

4.94. Definition Let X be a homologically finite topological space, i.e. such that Hy(X) is
finitely generated for all £ and zero for all but finitely many k. We define its homological
Euler characteristic x(X) as follows:

Xhom (X) =Y _(=1)"rkH,,(X).
n>0
When X is a finite CW complex, we can also define its combinatorial Euler characteristic
Xew (X) =D (=1)"|Jn]
n>0

where J,, denotes the set of n-cells of the CW structure.

4.95. Theorem Let X be a finite CW complex and k any field. Then
Xhom (X) = xow(X) =Y (=1)" dimy(Hn(X; k))
n>0

i.e. the combinatorial and homological Fuler characteristic agree and can be computed from
homology with field coefficients for an arbitrary field.
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Proof. Let D = CSN(X; k) = C¢N(X; Z) @7 k. We will show

S (1) dimD, = Y (~1)" dim H, (D).

Note that the LHS is equal to xcw(X) and that H,(D) = H,(X; k) by Theorem The
above equality follows readily from the dimension formula for maps of k-vector spaces applied
to all differentials in the chain complex:

> (~1)"dim D, =Y (~1)"[dimker(dy) + dimIm(d,)]
= (—1)"[dimker(dy) — dim Im(dp1)]
= (~1)"dim H,(D)

as needed. This shows the second of the two equalities in the statement of the theorem. To
see the first, we note that

Xhom(X) = Z(_l)n dim Hn(X7 Q)
and the latter term is by the first argument equal to xcw (X). O

4.96. Remark Note that Theorem implies that the term Y (—1)"dim H,(X; k) is inde-
pendent of a chosen field k. The individual dimensions appearing, however, do very much de-
pend on k: For instance, for all n > 1, we have H,,(RP?"; Q) = 0 whereas H,(RP?*";F,) = Fs.

Consequently, we will from now on write x(X) for the (unambigious) Euler characteristic
of a finite CW complex. Note that the above says that the combinatorial Euler characteristic
is an invariant under homotopy equivalences of CW complexes. An example of this kind is
Euler’s polyeder formula, which we phrase here as follows.

4.97. Corollary Let ¥4 be an orientable surface of genus g which is triangulated by vertices,
edges, and triangles. Then we find

2 — 2g = |vertices| — |edges| + |triangles|.

Proof. The LHS is Xhom(24) and the RHS is xcw(24) for a CW structure associated to the
triangulation. O

4.98. Corollary Let X be a finite CW complex and Y — X an n-sheeted cover. Then
x(Y) =n-x(X).

Proof. In Exercise 1 Sheet 11 we have shown that ¥ admits a CW structure with |J,,(Y)| =
n - |Jn(X)]. O

4.99. Corollary Let G be a finite group which acts freely (and hence covering-like) on S*".
Then |G| < 2.

Proof. We will not give a full proof. The main fact we will assume is that the quotient space
S?1 /G admits a finite CW structure@ Then we find that |G| - x(S?"/G) = x(5?") = 2,
proving the claim. O

Exercise. Give a proof of the above Corollary without making use of Euler characteristics.

22The quotient $%" /G is a topological manifold. Unless the dimension of it is 4, it admits a CW structure
(in dimension 4, the statement is not known) but in any case it is homotopy equivalent to a finite CW complex
— this is in fact sufficient for our purposes and much easier than the existence of CW structures on the nose.
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4.100. Corollary Suppose given a covering map Xy, — X4 between orientable surfaces. Then
there is ann > 1 such that h=ng —n + 1.

To finish, we apply Euler’s polyeder formula and study platonic solids. Recall that a
platonic solid is a convex polyhedron P embedded in R? all of whose faces are congruent
regular n-gons, all of whose vertices have the same number d of edges which touch the vertex,
and where any two faces meet in precisely one edge (along which we think the surface of the
polyhedron to be glued together). Note that with these assumptions and notations, we have
n,d > 3.

4.101. Corollary There are only 5 platonic solids: The cube, the tetrahedron, the octahedron,
the icosahedron and the dodecahedron.

Proof. A platonic solid P has a CW structure with faces given by regular polygons which are
glued together at single edges. Let us denote by n the number of edges in such a face and d
the number of edges that meet a fixed vertex. Let v be the number of vertices, e the number
of edges and f the number of faces of the platonic solid. Then we find nf = 2e = dv (each
edge lies in exactly two faces and each edge meets exactly two vertices). Moreover, since the
surface of the platonic solid 1s homotopy equivalent to a sphere, we obtain v — e + f = 2.
Substituting e = d—” and f = %¥, we obtain

dv d
2—v—€+f—v—fv+fv
2 n

< 4n = v(2n — dn + 2d)
=0<2n—dn+2d=—-(n—2)(d—2)+4
4> (n—2)(d—2)
In total, we deduce that the only possible pairs for (n,d) are the pairs

,3) which is the tetrahedron

) which is the octahedron,

) which is the icosahedron,

) which is the cube, and

) which is the dodecahedron
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APPENDIX A. CATEGORY THEORY

A.1. Definition A category € consists of a class of objects ob(C), and for any two objects x
and y a set Home(x,y) of morphisms between them, equipped with composition maps

Home(z,y) x Home(y, z) — Home(z, 2)

and identities * — Home(z,x) for all objects x, satisfying associativity and unitality. A
morphism f: ¢ — ¢ is called an isomorphism if there exists g: ¢ — ¢ such that gf = id. and
fd =idy. In this case we write f~! for g (note that g is uniquely determined if its exists).

A category as defined above is sometimes also called a locally small category. A category
is called small if the class of objects is a set. It is called essentially small if the class of
isomorphism classes of objects is a set.

A.2. Definition Let C be a category. Then C°P denotes the category with ob(C°?) = ob(C)
and
Homeop (¢, ¢') = Home(c, ¢)

with same identities and obvious composition structure.

A.3. Example Sets, (abelian) groups, rings, vector spaces, modules, topological spaces all
canonically form categories with morphisms set map, group homomorphisms, ring homomor-
phisms, linear maps, linear maps, and continuous maps.

A.4. Example Let C be a category with a single object *. Then € is equivalently described by
the monoid (under composition) Ende(x). Conversely, any monoid M gives rise to a category
denoted BM which has one object * and M = Endpgps(x).

A.5. Definition A functor F': ¢ — D consists of a map ob(€) — ob(D), ¢ — F(c), and for a
pair of objects ¢, € ob(€) a map Home(c, ') — Homp (F(c), F(¢')) which is

(1) compatible with identities: F'(id.) = idp() € Homp(F(c), F(c)), and

(2) compatible with composition: F(go f) = F(g) o F(f) € Homp(F(c), F(c")) for each
pair of composable morphisms ¢ ENPENPS

A natural transformation between funtors F,G: € — D is a functor 7: € x [1] — D such
that 7(—,0) = F and 7(—,1) = G. Here, [1] denotes the category with two objects 0 and 1
and exactly one non-identity morphism which goes from 0 to 1.

A.6. Remark Concretely, a natural transformation between F' and G consists of a map
7.: F(¢) = G(c) for all objects ¢ € ob(€) such that for each map f: ¢ — ¢ the diagram

F(c) ——— G(c)
F(f) |ew

F(d) —= G(c)

commutes. The maps 7. are called the components of 7.

A.7. Definition A natural transformation 7: F' — G is called a natural isomorphism if there
exists a natural transformation 7/: G — F such that To7’ = idg and 7/o7 = idp. Equivalently,
if each map 7. is an isomorphism (Exercise).
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A.8. Example There is a category Cat whose objects are small categories and whose mor-
phisms are functors. Note that the restriction to small categories is necessary, for if € is not
small, the collection of functors from € to D form a proper class.

A category is called a groupoid if all its morphisms are isomorphisms. We denote by Gpd
the full subcategory of Cat consisting of small groupoids.

A.9. Example Let € and D be categories.

(1) There is a category € x D whose objects are pairs (¢,d) with ¢ € € and d € D, and
where Homeyp((c,d), (¢/,d")) = Home(c, ) x Homqp(d, d").

(2) If € is small, there is a category Fun(C,D) whose objects are functors and whose
morphisms are natural transformations.

If €@ and D are groupoids, then so is € x D. If D is a groupoid, then so is Fun(C, D).

A.10. Example (1) Let K be a field. Then association V — V¥ = Hom (V, K) canoni-
cally is a functor (Vect)°? — Vecty. The evaluation map V +— (VY)V, v — f+— f(v)
is a natural transformation id — ((—)V)V.

(2) Let G be a group, let F, F': BG — Set be two functors. Then F and F’ are equiv-
alently described by the sets M = F(x) and M’ = F’(x), which are acted upon by
G. Indeed, part of the functor F' is a map G = Endpg(x) — Endge;(F'(*)) which
is a monoid homomorphism (by the compatibility of functors with composition). A
natural transformation 7: F — F’ is then the same thing as a G-equivariant map
f: M — M’ ie. a map such that f(gm) = gf(m) for all ¢ € G and all m € M
(Exercise).

(3) Consider the functor CRing — Groups from commutative rings to groups given by
GL,, n > 1, sending R to GL,(R). Then the determinant is a natural transformation
GLn — GLl.

(4) The canonical maps 7y(X) — 7(X) for topological spaces X are the components of a
natural transformation wy — 7 as functors Top — Set.

A.11. Definition A functor F': € — D is called

(1) full, faithful, and fully faithful, respectively if for all pairs of objects ¢, € ob(€) the
induced map

Home(c, ') — Homqp (F(c), F('))

is surjective, injective, and bijective, respectively.

(2) essentially surjective, if for all d € ob(D) there exists ¢ € ob(€) and an isomorphism
F(c) 2 d.

(3) conservative, if F' detects isomorphisms, that is, if f is an isomorphism if F'(f) is an
isomorphism.

A.12. Definition A functor F': € — D is called an equivalence of categories if there exists
G: D — € such that FG ~ idp and GF ~ ide (here, ~ refers to the existence of a natural
isomorphism).

A.13. Definition A (co)limit of a functor F': I — C consists of an object of €, written
colim; F' equipped with maps F'(i) — colim; F' for every i which are compatible in the sense
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that for every morphism ¢ — j in I, the diagram

e

commutes (such a datum is also called a cone over F'). This datum is required to satisfy the
following universal property: Whenever given a further object X € €, also equipped with
maps F'(i) — X which are compatible in the above way, then there exists a unique morphism
colim; F' — X making the diagrams

F(i) — colim F

F(j)

F(i) —— X

|

colimy F'

commute (we then say that this is a colimit cone).

Dually, a limit of F' is an object lim; F', equipped with maps lim; F' — F'(i), which are
again compatible, satisfying the dual universal property: Whenever we are given an object X
equipped with compatible morphisms X — F'(i) for all ¢ € I, there exists a unique morphism
X — limy F making the obvious diagram commute.

A.14. Remark Notice that such a universal property specifies an object up to unique isomor-
phism. Notice also that the universal property refers to more than just the object colimj F'.
The reference maps are part of the data, and this is what makes the object unique up to
unique isomorphism.

A.15. Definition A category is called (co)complete, if it admits (co)limits indexed over arbi-
trary small categories. It is called bicomplete if it is both complete and cocomplete.

A.16. Example (1) A colimit of the empty diagram () — € is an initial object: It is an
object which admits a unique morphism to any other object. Dually, A limit of the
empty diagram () — € is a terminal object: It is an object which admits a unique
morphism from any other object.

(2)
(3) A limit of the diagram e — e < e is called a pullback.

(4) A colimit over a discrete category (no non-identity morphisms) is called a coproduct.
(5) A limit over a discrete category is called a product.

(6) A colimit of the identity functor € — € is a terminal object (this is a great exercise!)

A.17. Observation One can phrase general (co)limits via inital and terminal objects. Given
a functor F': I — € we can consider the category of (co)cones of this functor. Given a category
I we consider a new category I< and I”, which are constructed from I by adding an initial
respectively a terminal object. There is an obvious functor I — < and I — I*. We can thus
consider the functor categories

Fung (79, €) and Fung(I”, C)
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of functors which restrict to F' along the above mentioned inclusion. These are called the
categories of cones and cocones over I, respectively. A colimit is then an initial cone and a
limit is a terminal cocone.

A.18. Lemma Let C be a category which admits coproducts and coequalizers. Then € is
cocomplete. Dually, when € admits products and equalisers, it is complete.

Proof. The second part follows from the first by considering C°P. Let F': I — € be a diagram.

Then
Coeq[ H F(i) = H F(k)]
(f:i—7)€Arr(C) keob(C)

is a colimit as one checks by the universal property. Here, the maps are as follows: Restricted
to the component F'(i) indexed over f: i — j, the one map is the canonical inclusion F(i) —

II F(k) and the other map is the map F(f): F(i) — F(j) followed by the canonical
keob(C)
inclusion to  [[ F(4). O

1€ob(C)

A.19. Lemma The category Set is bicomplete.

The following lemma is immediate from the definition of (co)limits, and the just established
fact established that the category Set is bicomplete.

A.20. Lemma Let C be a category and let F': I — C be an I-shaped diagram in C. Then, for
every object x € C, there are canonical bijections

(1) Home(colimy F, z) = lim; Home(F' (), z), and

(2) Home(z,lim; F') = lim; Home(z, F(7)).
Moreover, this property characterizes (co)limits uniquely.

A.21. Example The category Cat has binary products given (C, D) — € x D.

A.22. Definition An adjunction consists of a pair of functors (F': € — D, G: D — C) together
with a natural isomorphism 7 between the two functors C°P x D — Set given by

Homq (F(—), —) and Home(—, G(—)).

If f: F(X) — Y, then we refer to 7(f): X — G(Y) as the adjoint of f. We also refer to
771(g) as the adjoint of g: X — G(Y).

A.23. Remark Equivalently, adjunctions can be described by unit and counit transformations
satisfying the triangle equalities. In more detail, the maps nx: X — GF(X) adjoint to the
identity of F'(X) and the maps ey: FG(Y) — Y adjoint to the identity of G(Y) are the
components of natural transformations n: ide - GF and €: FG — idp. n is called the unit
of the adjunction and ¢ is called the counit of the adjunction. These maps satisfy the following
relations, often called the triangle equalities: Namely, the composite

F(x) 2" p(aR(X)) = FG(F(X)) 9% F(X)
and the composite

() 2% GRG(Y)) = GFG(Y)) £&7

are the identities (this is somewhat of a fun exercise).

G(Y)
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Given two functors F': € — D and G: D — € and natural transformations n: ide - GF
and e: F'G — idp satisfying the above triangle equalities, then there exists a unique natural
isomorphism 7: Homp (F(—),—) = Home(—, G(—)) making F' and G adjoint to each other
such that the associated unit and counit are given by n and e, respectively.

A.24. Example (1) Let € be a small category. Then the functors € x — is left adjoint to

the functor Fun(C, —).

(2) Let K be a field. The forgetful functor Vectx — Set has a left adjoint. It sends a set
M to a vector space @,,; K with basis given by M.

(3) The forgetful functor CRing — Set has a left adjoint. It sends a set M to a polynomial
ring Z[X,,; m € M] with one variable for each element in M.

(4) The inclusion functor Group — Monoid has both left and right adjoint (Exercise).

(5) The inclusion td — spaces C Top of totally disconnected spaces inside all topological
spaces has a left adjoint (Exercise).

A.25. Lemma Suppose given a functor F: C — D. Specify for each object d € ob(D) an
object Gd together with a map F(Gd) — d such that the maps

Home (¢, Gd) —— Homop (F(c), F(Gd)) — Homop (F(c), d)

are isomorphisms. Then the association d — Gd assembles into a functor G: D — C which
s right adjoint to F'. There is an obvious dual statement for the existence of left adjoints.

A.26. Remark The above condition is equivalently phrased as follows. Namely, that a functor
F': ¢ — D admits a right adjoint if and only if for all d € D, the functor Homp (F(—),d): CP —
Set is representable. I recommend trying to spell out why these two notions are equivalent.

A.27. Lemma Let F': C — D be a functor which admits right adjoints G and G'. Then there
is a specified natural isomorphism between G and G'. (Adjoints, if they exist, are unique up
to unique isomorphism,).

Proof. Consider the following two natural bijections
Home (G, G'z) = Homyp (FGx, z) = Home(Gz, Gz).

Then the identity of Gz corresponds to a natural transformation G — G’. Applying the same
trick for Home(G'x, Gz) shows that this must be a natural isomorphism. O

A.28. Lemma For an adjunction (F,G,n,e) we have
(1) F is fully faithful if and only if the unit n is an isomorphism,
(2) G is fully faithful if and only if the counit £ is an isomorphism,
(3) F is an equivalence of categories if and only if n and £ are isomorphisms.

Moreover, F is an equivalence (with inverse G) if F is fully faithful and G is conservative
(and vice versa,).

A.29. Lemma If C is bicomplete, then (co)lim is left/right adjoint to the constant diagram
functor. In particular, forming (co)limits determines a functor
Fun(I,C) — C.

Proof. Let’s spell out the colimit case. Consider the constant functor const: ¢ — Fun(Z, C).
Now we specify, for each functor F': I — € an object, namely colim; F'. Part of the datum of
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a colimit are compatible maps {F'(i) — colim; F'}1;cry which are easily seen to assemble into
a natural transformation

F— const(collim F).

Then we consider the composite

Home(collim F, X') — Hompyy(z,e) (const(collim F), constX) — Hompyy(z,e) (F, const X))

which is a bijection by the universal property of a colimit. The lemma thus follows from
Lemma The case of limits is completely analogous. ]

A.30. Lemma Given an adjunction with F: C — D being left adjoint to G: D — C, and
given a further auziliary small category I, then the functors

F,: Fun(I,€) —/— Fun(I,D): G,
again form an adjoint pair (with F left adjoint to G.).

Proof. The adjunction is determined by a counit map €: FG — idp and a unit map n: ide —
GF that satisfy the trinagle identities. We now use these to construct counit and unit maps
for the pair of functors (Fy, G,) as follows: Let ¢ € Fun(Z, D). We need to specify a natural
map e,: Fi(G«(p)) = ¢ of functors I — D, so let x € E. We define the new counit ¢, to be
the map

Eo(x)
F(G(p(x))) = ¢(a).
It is easy to see that this is natural in ¢, since ¢ itself is a natural transformation. Similarly
we define a natural transformation 7,: ¥ — G, Fy (1) to be given by

Y(y) "W G(F(y))).

It is then easy to see that the snake identities are satisfied, because (g,7) satisfy the snake
identities. O

A.31. Proposition Let C be a bicomplete category, then Fun(I,C) is bicomplete as well. A
(co)limit of a diagram X : J — Fun(I, C) is given by the functor sending i € I to colim X (j)().

Proof. Let us argue that Fun(7,C) is cocomplete. The completeness argument is similar
(or can be formally deduced from this case by applying op correctly). We claim that the
composite
Fun(J, Fun(Z, €)) 2 Fun(Z, Fun(J, €)) <4 Fun(I, €)
is a colimit functor we wish to show exists. By Lemma[A.30] this functor has a right given by
const, : Fun(/, €) — Fun(I, Fun(J, €)) = Fun(J, Fun(Z, ©))

it the proposition is shown once we convince ourselves that this is itself the constant functor
(which is immediate from the definition), as then we allude to Lemma O

A.32. Definition Let € be a category. We denote the category of functors Fun(C°P, Set) by
P(C) and call it the category of presheaves on €. An object x € € determines a representable
presheaf, namely the presheaf Home(—, z) which sends y € € to the set of morphisms from y
to x. This determines a functor € — P(€) which is called the Yoneda embedding.
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A.33. Lemma The Yoneda lemma: Let F: C°P — Set be a functor and x € C an object. Then
the map

Homgp ) (Home(—, x), F') — F(x)
given by sending n to n(idy) is a bijection. Moreover, the Yoneda embedding C¢ — P(C) is
fully faithful.

Proof. The inverse is given by sending an element s € F'(z) to the function Home(y, z) — F(y)
sending f to f*(s). It is an explicit check to see that this is a natural transformation and
an inverse the the above described map. The fully faithfulness follows immediately from the
Yoneda Lemma: The effect of the Yoneda embedding on morphisms is the map
Home (LU, y) — Homf]’((‘f) (Hom@(—, CC), HOIH@(—, y))
given by sending f to
Home(z, z) LN Home(z,y).

We claim that this map is inverse to the map described in the Yoneda lemma, which is given
by sending a map f: Home(x,y) to the function Home(z,z) — Home(z, y) given by sending

p to ©*(f) = fep O
A.34. Lemma Left adjoints preserve colimits, right adjoints preserve limits.

Proof. Let F': € — D be a functor which admits a right adjoint, say G. Let X: I — C be a
diagram which has a colimit colim; X € €. We claim that F' sends that colimit to a colimit
of the diagram I — € — D. In formulas, we claim that the canonical map colim; F'(X (7)) —
F(colimy X (7)) induced from the compatible maps F'(X (7)) — F(colim; X (7)) that are part

of the datum of the colimit (and then applying F’) is an isomorphism. To see this, it suffices
to show that it induces a bijection on hom sets for all other objects y € D:

Homsp (F (colim X (i), ) = Home(colim X (i), Gy)
o li}n Home(X (7), Gy)
o li}n Homq (F(X (7)), y)
=~ Homqp (colIim F(X(i)),y)

so we are done by the Yoneda lemma, see Lemma The argument for the claim that
right adjoints preserve limits is similar. O
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APPENDIX B. SOME HOMOLOGICAL ALGEBRA

B.1. Modules.

B.1. Definition Let R be a ring. A (left) R-module consists of an abelian group M together
with a ring map R — Endyz(M) written r — (m — rm), and called the scalar multiplication.
Equivalently, the scalar multiplication is determined by a map R x M — M, (r,m) — rm
satisfying the following axioms:

(1) r(m+m') =rm+rm/,

(2) (r+r"Ym=rm-+1r'm,

(3) (rs)m =r(sm), and

(4) Im =m.
From now on, an R-module refers to a left R-module. A right R-module is then given by an
R°P-module. If R is commutative, R = R°P? and the notions agree. An R-submodule N of an
R-module M is a subgroup N C M closed under the scalar multiplication, that is: for r € R
and n € N, one has rn € N. An R-module homomorphism f: M — M’ between R-modules
is a map of abelian groups, such that for all » € R and m € M, one has f(rm) = rf(m), i.e.
that f is R-linear. We write Homp (M, N) for the set of R-linear maps from M to N and
Mod(R) for the category of R-modules. Forgetting the scalar multiplication and the abelian
group structure gives forgetful functors Mod(R) — Ab — Set.

B.2. Example (1) Let K be a field. Then a K-module is precisely a K-vector space.

(2) Let R be a ring. Then R is an R-module via the multiplication map of R. An
R-submodule of R is precisely a left ideal of R.

(3) Let f: S — R be a ring map. Then there is a canonical restriction of scalars functor
Mod(R) — Mod(S), sending an R module (M,R — Endz(M)) to the S-module
(M,S - R — Endz(M)). In particular, R is canonically an S-module with module
multiplication given by s -7 = f(s)r.

(4) The forgetful functor Mod(R) — Ab is conservative (that is, it detects isomorphisms).
Indeed, if f: M — N is R-linear and bijective, then its inverse f~! satisfies

FUH ) = =r(ff7H(n) = f(rf~(n))
so that the bijectivity of f implies that f~!(rn) = rf=1(n).

(5) The forgetful functor Mod(Z) — Ab is an isomorphism of categories (Exercise). Under
this isomorphism, the forgetful functor Mod(R) — Ab corresponds to the restriction
of scalars functor Mod(R) — Mod(Z) along the unique map of rings Z — R.

(6) Given an R-linear map f: M — N, the kernel of f, ker(f) = {m € M | f(m) = 0}
is an R-submodule of M and the Image 3(f) = f(M) C N is canonically an R-
submodule of N.

(7) Given an R-module M and an R-submodule N C M, the quotient of abelian groups
M/N is canonically an R-module vie r[m] = [rm]. It satisfies the expected universal
property: For any other R-module L, the quotient map induces an injection

Homp(M/N, L) — Hompg(M, N)

whose image consists precisely of those R-linear maps f: M — N whose kernel is
contained in N.

(8) Given an R-linear map f: M — N, we define its cokernel coker(f) to be the quotient
R-module N/Im(f). Kernel and cokernel then have the expected universal properties:
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the maps
Homp(L,ker(f)) — Homp(L, M) and Hompg(coker(f),L) — Hompg(N, L)

are injective with image given by those maps L — M or N — L respectively, whose
composite with f is the zero map.

(9) Given a commutative ring R, an R-module M and an ideal a C R, we let aM =
{3 ;aim; | a; € aand m; € M}. This is an R-submodule of M. Then quotient
R-module M/aM is in the image of the restriction of scalars functor Mod(R/a) —
Mod(R), that is, the scalar multiplication map R — Endyz(M/aM) factors through
the projection R — R/a.

(10) Given a family of R-modules {M;}icr indexed over a set I, then the abelian groups
@D, M; and [[, M; canonically admit the structure of R-modules via componentwise
scalar multiplication. We have that @, M; C [[, M; is an R-submodule. These
constructions are coproducts and products in the categorical sense, that is, they satisfy
the following universal properties: For each j € I, the canonical maps M; — @, M;
and [ [, M; — M; are R-linear and or another R-module N, one has that the canonical
maps

Homp(EP M;, N) — [[Homp(M;, N)  and  Hompg(N, [ [ M;) — [ [ Homg (N, M;)

are bijections. We write R\ for @ ; R and R! for []; R. Modules isomorphic to R
are called free (on the set I), and finitely generated free if I is finite (in which case
RU) = Ry,

(11) Given a commutative ring R and R-modules M and N, the set of R-linear maps
Homp(M, N) is naturally an R—modulﬂ Indeed, first we note that it is an abelian
group with monoid structure given as followﬂ For f,g € Homp(M, N), define the
map f + g via (f + g)(m) = f(m) + g(m). Immediately from the definitions, we
find that f + ¢ € Hompgr(M,N). The neutral element is the zero map 0 sending
all elements of M to 0. The inverse of a map f is then given by —f, defined via
(=f)(m) = —f(m). This shows that Hompg(M, N) is indeed an abelian group. We
define a scalar multiplication as follows: For » € R and f € Homp(M,N) we set
(rf)(m) =rf(m). Since R is commutative, one checks that rf is again R-linear and
that this defines an R-module structure on Hompg(M, N).

(12) Given a commutative ring R and an R-linear map f: M — M’ and another R-module
N, the canonical maps

Homp(N, M) 55 Homp(N,M’) and Homp(M’, N) &5 Homp(M, N)

given by postcomposition and precomposition with f respectively, are R-linear. In
particular, the bijections appearing in the display in (10) are isomorphisms of R-
modules. These maps induce functors

(a) Hompg(M, —): Mod(R) — Mod(R), and

(b) Hompg(—, M): Mod(R)°® — Mod(R),

which can in fact be combined to a single functor Homp(—, —): Mod(R)°? xMod(R) —
Mod(R). Composing this functor with the forgetful functor Mod(R) — Set gives the
usual Hom functor of the category Mod(R).

23The same is not generally true if R is not commutative.
24This is true also when R is not commutative.
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Exercise. The category Mod(R) admits all small limits and colimits and the restriction of
scalar functors Mod(R) — Mod(5), for ring maps S — R, commute with all small limits and
colimits. Hint: It suffices to consider equalizers and coequalizers.

Exercise. Let R be a commutative ring and M be an R-module. Then the scalar multi-
plication map R — Endz (M) factors through the forgetful map Endr(M) — Endz (M), that
is, scalar multiplication by a fixed element of R on M is an R-linear map.

B.3. Definition An R-module M is called

(1) finitely generated, if there exists a finite set I and a surjection R — M. In other
words, if M is a quotient of a finitely generated free R-module,

(2) finitely presented, if there exists a finite set I and a surjection R! — M whose kernel
is again a finitely generated R-module.

In what follows we will discuss tensor products of R-modules which we do for convenience
in the case where R is commutative (so that we do not have to talk about left and right
modules at the same time).

B.4. Definition Let R be a commutative ring and M, N and L be R-modules. A map
f: M x N — L is called R-bilinear if for all m,n’ € M, n,n’ € N and r € R, one has:

(1) f(m + mlan) = f(ma n) + f(m/7n)7

(2) flm,n+n') = f(m,n) + f(m,n'), and

(3) f(rm,n) =rf(m,n) = f(m,rn).
We denote by Homp (M x N, L) the set of R-bilinear maps. Note again, that it is canonically
an R-module via (rf)(m,n) =1r- f(m,n).

A~ o~

B.5. Remark For R-modules M, N and L, the map
Homp r(M x N,L) — Hompg(N,Hompg(M, L))

sending f to the map n — f(—,n) is R-linear and a bijection, hence an isomorphism of
R-modules.

B.6. Definition Let R be a commutative ring and let M and N be R-modules. A tensor
product of M and N consists of an R-module M ®pr N equipped with a R-bilinear map
M x N - M ®g N satisfying the following universal property: For every R-bilinear map
w: M x N — L, there exists a unique R-linear map ¢: M ®r N — L making the diagram

MxN 4L
|
M®@r N
commute. In other words, the universal property says that the canonical map
Homp(M ®r N,L) — Homp r(M x N, L)
is a bijection.

B.7. Remark If a tensor product exists, it is specified up to unique isomorphism by its
universal property. The question thus really is, do tensor products exist. The answer is yes:
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B.8. Lemma Let R be a commutative ring and M and N be R-modules. Then a tensor
product (M @ g Ny,M x N — M ®r N) ezists.

Proof. We define M ®pg N by brut-force: First we consider F/(M,N) = RWMXN) “the free R-
module on the set M x N. This comes with a map of sets t: M x N — F(M, N). The universal
property says that the map ¢: M x N — L extends uniquely to a map ¢: F(M,N) — L
of R-modules. The map ¢ is not R-bilinear: For instance, t(rm,n) # ri(m,n), and likewise
tm,n+n') # 1(m,n) + t(m,n’). So consider the sub R-module V of F(M, N) generated by
the set

{L(m—i—m/, n)—t(m,n)—c(m’,n), c(m,n+n")—c(m,n)—c(m,n’), c(rm,n)—re(m, n), t(m, rn)—ri(m, n) }

where m,m’ € M,n,n’ € N,r € R are arbitrary elements. Then define M ®r N as the
quotient R-module F'(M,N)/V. By construction, the composite

M x N - F(M,N) — F(M,N)/V =M ®g N

is R-bilinear. Moreover, since ¢ is R-bilinear, the map ¢ extends uniquely to the quotient
M ®pg N, showing that this object satisfies the required universal property. ]

B.9. Remark The image under the map M x N — M ®pr N of an element (m,n) is often
written m ® n and called an elementary tensor. It is important to keep in mind that not all
elements of M @ N are of this form (but they form a generating set, that is, every element is
of a sum of elementary tensors). For instance, m ® n+m’®n' is in general not an elementary
tensor. But the tensor product is bilinear, so that

men+men =m@nm+n) and men+m @n=m+m')n.

The R-module structure is then given by 7 - (m ® n) = rm ® n = m ® rn, that is, we are
allowed to move scalars from R through the tensor sign.

B.10. Example Let p and ¢ be different prime numbers. Then Z/pZ ® Z/qZ = 0. Indeed, it
suffices to show that any biadditive map f: Z/pZx7Z/qZ — M, for an arbitrary abelian group
M, is the zero map. Since f(m,n) = mn - f(1,1), this map is determined by = = f(1,1).
Moreover, this element satisfies pr = gz = 0 since pf(1,1) = f(p,1) = f(0,1) = 0 and
likewise ¢f(1,1) = f(1,q) = f(1,0) = 0. But since p and ¢ are coprime, there exists n,m
such that np + mq = 1, and consequently that

x = (np + mq)x = npx + mqgx = 0.

B.11. Example Let p be a prime number. Then Z/pZ ®7 Q = 0. Indeed, by the same
argument as above, any biadditive map f: Z/pZ x Q — M is determined by m = f(1,1).
Then we have

m = pf(1,1/p) = f(p,1/p) = f(0,1/p) = 0.

B.12. Lemma There are canonical isomorphisms oy n,r: (M QrN)®rL = M®pr(N®grL)
and canonical isomorphisms Tyyn: M @r N — N @g M. Furthermore, there are canonical
isomorphisms R@pr M = M = M ®pr R. These isomorphisms make (Mod(R), ®g, R) into a
symmetric monoidal category, that is, they satisfy various coherence axioms.

Proof. The isomorphisms « and 7 are inherited from the corresponding isomorphisms for
the cartesian product. Finally, the scalar multiplication map R x M — M is R-bilinear
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and satisfies the universal property of a tensor product. The coherence axioms for the 7 is
that 7ar v o 7v v = idngza for all N, M and that 7g ) interchanges the two isomorphisms
R®pr M =2 R and M ®p R =2 R. There is also a coherence axiom for the interplay of 7 and
a. Furthermore, there is a coherence axiom for « involving 4 objects. Have a look at the
wikipedia page for (symmetric) monoidal categories. All of these coherence axioms follow
from the versions for the cartesian products. O

Recall that an adjunction of categories consists of functors F: € — D and G: D — C
together with a natural isomorphism

7: Homp (F(—), —) =2 Home(—, G(—)): € x D — Set.

Given a functor G: D — C, recall also that it admits a left adjoint if and only if for each
c € €, the functor

Home(c, G(—)): D — Set

is corepresentable, i.e. isomorphic to Homqp (F'(¢), —) for some object F'(¢) € D which is called
a corepresenting object. If this is the case, choices of corepresenting objects F'(c) assemble
into a functor F': ¢ — D which is then left adjoint to G. This says that checking whether
or not a given functor admits an adjoint is a “pointwise” question. Moreover, left adjoints
commute with colimits and dually, right adjoints commute with limits. See chapter 6 in my
lecture notes “Algebra” for further details. We will freely use these notions in what follows.

B.13. Corollary Let R be a commutative ring and M an R-module. Then the functor
Homp(M, —): Mod(R) — Mod(R) admits a left adjoint M @ —: Mod(R) — Mod(R).

Proof. The bilinear map M x N — M ®gr N part of the tensor product corresponds to a
unique linear map N — Hompg(M, M ®pr N). Consider the composite

HOm(M@RN, L) — HomR(HomR(M, M®RN),HOII1R(M, L)) — HOmR(N, HOmR(M, L))

Postcomposing the final term with the canonical bijection to Hompg r(M x N, L) from Re-
mark the composite becomes restriction along the bilinear map M x N — M ®r N and
is therefore a bijection by the universal property of the tensor product. Consequently, the
above composite is also a bijection, and natural in L by inspection. This precisely says that
sending N to M ®pr N assembles into a left adjoint of Homp(M, —). O

B.14. Remark Given a map f: N — N’, the resulting map id x f: M x N — M x N —
M ®p N is R-bilinear and therefore extends uniquely to an R-linear map id® f: M Qp N —
M ®g N'. Unravelling the definitions, this map is indeed the effect of the functor M ®p —
on the morphism f.

B.15. Corollary Let R be a commutative ring and M an R-module. Then the functor
M ®pr —: Mod(R) — Mod(R) preserves colimits, and the functor Hompg(M, —): Mod(R) —
Mod(R) preserves limits.

Exercise. The functor Homp(—, M): Mod(R)°® — Mod(R) also preserves limits.

B.16. Remark One says that a symmetric monoidal category is closed if for all objects M,
the tensor product functor M ® — admits a right adjoint. Consequently, (Mod(R), ®g, R) is
a closed symmetric monoidal category.
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B.17. Lemma Let f: R — S be a morphism in CAIgIﬁ and M an R-module. Then the R-
modules S®@r M and Hompg(S, M) are canonically the restriction of S-modules with the same
name.

Proof. We need to construct S-module structures on S @ M and Hompg(S, M) giving rise to
the canonical R-module structures via the map f. We first, consider S ®r M. For this we
consider the following composite:

SXx(S@rM) — SQr(S@rM)=(S®RrS)®rM — S®r M

where the last map is given by the multiplication map of S (note that it is R-bilinear). On
elementary tensors, this map sends (s,s’ ® m) to ss’ ® m. One then checks that this indeed
defines an S-module structure on S® g M whose restricted R-module structure is the canonical
one since 7 - (s ® m) = rs ® m by definition of the tensor product. Likewise, we define a map
SxHomp(S, M) — Hompg(S, M) by sending (s, f) to the map sf defined by (sf)(s") = f(ss).
Again, one checks that this is well-defined and gives an S-module structure on Homp(S, M).
The restricted R-module structure is then the canonical one, since (rf)(s) = f(rs) =7 f(s)
by R-linearity of f. O

B.18. Proposition Let R — S be a map of commutative rings. Then the restriction of scalars
functor Mod(S) — Mod(R) admits left and right adjoint, given by S ® g — and Hompg(S, —).

Proof. Tt remains to verify natural (in S-modules N and R-modules M) bijections
Homg(S ®p M,N) = Hompg(M,N) and Hompg(N,M)= Homg(N,Hompg(S,M)).

The first bijection is induced by sending a map f: S ®zg M — N to its restriction along

M L(l—’;) S ®pr M. An inverse is given as follows: Let g: M — N be R-linear. Then the map

Sx M — N, (s,m)— s-g(m) is R-bilinear, and therefore descends to a map S ®r M — N,
which, on elementary tensors sends s ® m to s - g(m). This map is evidently S-linear. The
second bijection for instance is given by sending f: N — M to the map N — Hompg/(S, M),
n +— (s — f(sn)). Its inverse is given by postcomposing with the evaluation at 1 map
Homp(S, M) — M (sending g to g(1)). It is a direct check to see that these maps are natural
in N and M. g

Exercise. Let M be an R-module and a an ideal of R. There is a canonical isomorphism
R/a®@pr M — M/aM of R/a-modules.

The terms appearing in the statement of the following lemma will be explained in the proof.

B.19. Lemma Let f: R — S be a map of commutative rings. Then the extension of scalars
functor Mod(R) — Mod(S) canonically admits the structure of a symmetric monoidal functor.
In particular, given a commutative R-algebra A, the tensor product S ®g A is a commutative
S-algebra.

Proof. Giving the functor S ®p — a symmetric monoidal structure amounts to specifying
isomorphisms S ®r R = S and pyyn: (SO M) ®s (S®@rN) = S®r (M ®r N) compatible
with the associativity and symmetry isomorphisms in Mod(R) and Mod(.S), respectively, see
again the Wikipedia page for the exact compatibilities that are required. For the first, we use
the multiplication map S x R — S, (s,r) — sf(r), note that it is R-bilinear and satisfies the

25The category of commutative rings and ring homomorphisms.
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universal property of the tensor product. The isomorphism pys n is given by the composite
The isomorphism is given as follows:

(S@rM)®s (S®@rN)=(M®rS)®s(S®r M)
~ Mo (S®s8) @ M
“MOrSOr M
~2S®r(M®RN).

where all isomorphisms are associativity isomorphisms and symmetry isomorphisms (and the
unitality isomorphism S ®g S = S we have also seen earlier). It then follows that (S ®r A)
is a commutative ring with multiplication given by

(S®rA)®s (S®rA) = S@r(A®RA) > S®R A

where the first is the isomorphism just discussed and the second is the multiplication map
of A: Note that the multiplication map A x A — A is R-bilinear since A is an R-algebra.
Moreover, the R-algebra structure map R — A induces a ring map S 2 S®r R — S ®r A,
making the latter an S-algebra. g

Exercise. The category of commutative R-algebras CAlgp admits pushouts. A pushout of
B+ A— (Cisgiven by B®jy C.

B.20. Definition Let R be a commutative ring and M an R-module. Then M is called

(1) flat, if..

(2) projective, if..

(3) free, if...
Moreover, free modules are projective and projective modules are flat. See Exercise 4 Sheet
12.

B.21. Definition Let R be a commutative ring and M an R-module. A resolution of M
is a non-negatively graded chain complex R, together with a quasi-isomorphism R, — M.
Equivalently, if the chain complex

=Ry —-- >R >Ry —- M

is exact. Such a resolution is called flat, projective, or free if all modules R,, are flat, projective,
or free, respectively. It is called of finite length if there exists NV > 0 such that R,, = 0 for all
n > N and finite if it is of finite length and all terms R,, are finitely generated R-modules.

B.2. Abelian categories. We will now single out several properties the categories Mod(R)
enjoy:

B.22. Definition An category is called pointed if it has an initial object () and a terminal
object * and the canonical map () — * is an isomorphism. It is called semiadditive if it
is pointed, has finite coproducts and products, and for all finite sets I and objects {X;}ier
the canonical map [[;.; Xi = [Lics Xm is an isomorphism. We then write @,.; for the
formation of finite (co)products. It is called additive if it is semiadditive and all objects are
grouplike, that is the canonical map (pr;,V): X & X — X & X is an isomorphism.

26Exercise: Think about what this canonical map is, and that its existence uses the fact that the category
is pointed.
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B.23. Definition Let f: M — N be a morphism in an additive category. Then ker(f) :=
Eq(f,0), coker(f) := Coeq(f,0), Im(f) := ker(N — coker(f)), Coim(f) := coker(ker(f) —

B.24. Definition A category is called abelian if it is additive and satisfyies the following
further properties:

(1) every morphism has a kernel and cokernel, and
(2) the evident map Coim(f) — Im(f) is an isomorphism.

B.25. Remark Standard definitions say that (2) above is replaced by the following condition.
Let f: M — N be a morphism. If f is a monomorphism, the canonical map M — Im(f) is an
isomorphism, and if f is an epimorphism, the canonical map Coim(f) — N is an isomorphims.

That our definition implies this condition follows easily from the observation that coker(f) =
0 if f is an epimorphism and ker(f) = 0 if f is a monomorphism. The converse is left as an
exercise, but see e.g. [Prol §12.5].

B.26. Example Let R be a ring. Then Mod(R) is an abelian category. Indeed, Mod(R) is
additive and bicomplete, and property (2) in Definition is a consequence of the homo-
morphism theorems (perhaps it is called the 2nd isomorphism theorem?!).

B.27. Example Let A be an abelian category and K a small category. Then the category
Fun(K,A) is an abelian category.

B.28. Definition An object X of an abelian category is called projective, if Homy (X, —) is
an exact functor, or equivalently, if for all maps f: K — L with coker(f) = 0 and maps
X — L, there exists a lift X — K along f.

B.29. Definition Let A be an abelian category. Then Ch(A) is the category of chain com-
plexes in A. Homology is defined as we are used to: H,(Ce) = ker(d,)/Im(dy+1). This is
indeed an object of A by the axioms of abelian categories.

B.30. Remark For A an abelian category, we have that Ch(A) is again abelian. In particular,
one may formally form Ch(Ch(A)). Objects therein are also called double complexes.

B.31. Definition The notion of quasi-isomorphisms, chain homotopies extend from Ch(R) to
Ch(A) Verbatimﬂ The notion of projective resolutions/projective chain complexes extends
verbatim.

The following are two important lemmata whose proofs go under the name of diagram
chasing. Both apply to a general abelian category A, but it turns out that it is sufficient to
prove them in the case A = Mod(R).

2"Note that in any abelian category, Hom, (X,Y") is an abelian group, so there is a well-defined notion of
sum and difference of maps f,g: X — Y.
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B.32. Lemma (Snake Lemma) Let A be an abelian category and

0 —— M M M" » 0
lf’ lf lf{/
0 N’ N N"( —— 0)

a commutative diagram. Then there exists a natural map dker(f") — coker(f’) making the
sequence

(0 =) ker(f") — ker(f) — ker(f") 9, coker(f") — coker(f) — coker(f”)(— 0)

ezxact.

B.33. Lemma (5 Lemma) Let A be an abelian category and let

A > B y C D E
L
A B c’ D’ £

be a commutative diagram.

(1) If b and e are surjective and e is injective, then c is surjective.
(2) if b and e are injective and a is surjective, then c is injective.
(3) Ifb and e are isomorphisms, a is surjective and e is injective, then c is an isomorphism.
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