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Preface

This book introduces the reader to the two most fundamental concepts of algebraic
topology: the fundamental group and homology. We shall take a modern viewpoint
so that we begin the course by studying basic notions from category theory. The
fundamental group is afterwards treated as a special case of the fundamental
groupoid. Accordingly, we first prove van Kampen’s theorem in a categorical
version due to R. Brown and then explain how to actually compute the fundamental
group of an attaching space. We move on to present homology. To convey the idea,
we construct simplicial homology and motivate the Eilenberg—Steenrod axioms
of a homology theory. Next, we construct singular homology and show that it
satisfies the axioms. Afterwards, we develop machinery for computing homology
theories, give example calculations, and see some applications such as the Brouwer
fixed point theorem and the Borsuk—Ulam theorem. Finally, we introduce cellular
homology for CW complexes. As the concluding result, we show that the Eilenberg
Steenrod axioms determine ordinary homology on CW complexes.

We assume the reader has taken an introductory course on topology and is
familiar with point set topological concepts, the definition of the fundamental
group, and covering theory. Such a course will certainly have covered the quotient
topology, but since this concept is of fundamental importance for our purposes, we
have decided to include a recap in Appendix A. Elementary algebra will likewise
be applied throughout the text. In particular, we will work with modules over
commutative rings and on rare occasions also with their tensor products. Each
chapter ends with a couple of exercises. Some of them are not only meant to provide
a test ground for working with the new concepts but they also establish additional
facts and terminology which are helpful to know in the given context.

A myriad of excellent books on algebraic topology are available in the market.
Some texts, for example, [29], choose a formal presentation and are well suited
to continue one’s curriculum with a course on homotopy theory. Others, like [8]
are more geometrically minded and might be a better choice for subsequent
specialization in low-dimensional topology. What this text tries to accomplish is
to neither shy away from abstract concepts nor from providing geometric intuition
or doing easy calculations, and at the same time do justice to the series and be a
compact textbook: We present only as much material as we found reasonable to
cover in a first semester graduate course on algebraic topology. The six chapters
are divided into five sections each, so that in a typical 15-week semester with two
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meetings a week, one should cover one section per lecture on average. This is
however a rough estimate as some sections are more substantial than others so that
the blackboard presentation will need some shortcuts. However, we urge the lecturer
not to try and skip the technical appearing Sect. 2.3 on cofibrations and homotopy
pushouts. It secretly provides as much homotopy theory as we deem necessary for
the correct presentation of the results in the ensuing chapters.

As another remark to the lecturer, let me point out a well-known dilemma when
aiming for the uniqueness theorem of ordinary homology. At some moment, one
will have to know that 7,,(S") = Z or more precisely that [S”, $"] = Z meaning
homotopy classes of maps " — S" are classified by degree. This theorem just
has no quick and easy proof. It is interesting to see how other introductory texts
on algebraic topology circumvent this problem. For example, tom Dieck in his
monograph [29] develops homotopy theory first, before introducing homology, so
that the fact 7, (S") = Z is available once it is needed. Hatcher in [8] takes the
more classic route of treating homology first and simply waits with the proof of
the uniqueness theorem until after developing homotopy theory [8, Theorem 4.59].
Liick advances quickly to the uniqueness theorem [18, Satz 3.53] by taking the
Freudenthal suspension theorem for granted. In this text, we suggest yet another
road to resolve the issue and prove the simplicial approximation theorem as part
of the chapter on simplicial homology which allows us to show 7, (S") = Z by
a lemma given in [4, Lemma 11.13]. This has the virtue that the introduction of
simplicial complexes serves more than only a didactic purpose.

The used background sources are as follows: Chaps. 1 and 2 loosely follow the
presentation in [19, Chapter 2], though Chap. 1 gives a more extensive introduction
to categorical concepts, and Sect. 2.3 incorporates material appearing in [4,26,29].
Chapter 3 is partly based on [8] with the section on simplicial approximation
drawing from [20]. The material of Chap. 4 follows the default treatment and can for
example be found in [8]. References for Chap. 5 are again [4] and [8], though some
proofs are adapted to the more formal notion of cofibration instead of Hatcher’s
“good pairs.” The main reference for the final Chap. 6 is [18], but some proofs have
been revised considerably.

Additionally, I want to thank Roman Sauer for providing me with his handwritten
lecture notes [21] which have served as an overall fundament of the course. I am
moreover indebted to David Biickel for taking live I&TgXnotes when I first taught
the material of this course so that I could thereafter simply extend his notes to the
text at hand. Finally, I am grateful to Moritz Kerz for suggesting the inclusion of
these notes into the Birkhduser Compact Textbooks in Mathematics series. Without
any one of these three, the book would not have come into being.

Diisseldorf, Germany Holger Kammeyer
December 5, 2021

The original version of the book has been revised. A correction to this book can be found at https://
doi.org/10.1007/978-3-030-98313-0
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Basic Notions of Category Theory

Let us start the text with an easy question: Is the two dimensional sphere S2
homeomorphic to the two dimensional torus T?? Both spaces are connected,
compact 2-dimensional manifolds, and hence indistinguishable from the point set
topological point of view. But there are compelling intuitive ideas why these spaces
should be distinct: Consider a rubber band in T? fixed at some point xo € T?. If this
rubber band is embedded in such a way that it winds once around the “hole” in the
torus, as pictured on the right in Fig. 1.1, there seems to be no way whatsoever to
continuously deform this band within T? to the point xo. In the sphere, however, it
appears to be an easy task to contract a rubber band to a point, no matter how it is
initially embedded.

Algebraic topology is the art of making these thoughts precise. If S was
homeomorphic to T2, then we would have T (Sz, x0) = 711(’}1‘2, xo). However,
71(82, x0) = {1} and 77 (T2, x0) = Z x Z. So §2 is not homeomorphic to T2. Here,
the fundamental group defines a functor from the category of (pointed) topological
spaces to the category of groups. To a large extent, algebraic topology is about
constructing functors from categories of topological spaces to algebraic categories
like groups, abelian groups, K-vector spaces, and R-modules.

Category theory provides vocabulary to formulate the transition of topological
questions into algebraic problems in a precise and consistent manner. This is why
it has long become the gold standard to develop algebraic topology in its terms. In
this first chapter we present precisely as much of this language as we shall employ
in the course.

1.1 Categories

In the first few semesters of studying math, one realizes that many constructions
and arguments pop up repeatedly in different contexts. For instance, products are
defined in virtually the same way, no matter whether we are dealing with products of
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Fig. 1.1 Rubber bands embedded in % and T?

groups, rings, or vector spaces. This raises the desire to explain the term “product”
once and for all in an abstract fashion that would specialize to all the particular
cases needed in mathematics. But to come up with a meaningful abstract definition
of “X x Y.” it is indispensable to first convey in one way or another that “X” and
“Y” should be two “instances” of the same “type”; or we had better say two objects
in the same category.

Definition 1.1
A category C consists of a class of objects ob(C) and a class of morphisms Hom¢ (X, Y)
associated with any two objects X, Y € ob(C). Morphisms are also called arrows

(f: X —>Y) eHomg(X,7Y)
from the domain X to the codomain Y. They are subject to two conditions.

(i) Two morphisms can be composed if the codomain of the former is the domain of the
latter. Given f: X — Y and g: Y — Z, we obtain g o f: X — Z and composition is

associative: for X L vyS z ﬁ) W,wehave ho(go f)=(hog)o f.
(ii) For every object X € ob(C), there exists an identity morphism idy € Hom¢ (X, X),
such thatforall f: X — Aand g: B — X wehave foidy = fandidyog = g.

Remark 1.2

The reader might be confused by the word “class” in the definition. How come we
cannot use the familiar term “set”? The reason is that also sets themselves are supposed
to form a category, and talking about the “set of all sets” is logically troublesome. It
admittedly looks shaky to try and overcome this issue by using a different word. But
for our purposes, we merely think of “class” as a manner of speaking. Saying “Let
X be from the class of sets” shall be equal in meaning to saying “Let X be a set”; a
phrase that no one would ever complain about. A more foundational discussion would
leave the realm of algebraic topology.
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Table 1.1 Examples of categories and their objects and morphisms

Category  Objects Morphisms Isomorphisms
Set Sets Maps Bijections
K-vect K -vector spaces K -linear maps K -isomorphisms
R-mod R-modules R-linear maps R-isomorphisms
Group Groups Group homomorphisms Group isomorphisms
Ab Abelian groups Group homomorphisms Group isomorphisms
Top Topological spaces Continuous maps Homeomorphisms
Top, Pointed topological Continuous base point Base point preserving
spaces preserving maps homeomorphisms
HoTop Topological spaces Homotopy classes of Homotopy classes of
continuous maps homotopy equivalences
HoTop, Pointed topological Pointed homotopy classes of ~ Pointed homotopy classes
spaces continuous base point of base point preserving
preserving maps homotopy equivalences
Top® Pairs (X, A) of a Continuous maps that restrict Homeomorphisms that

topological space X
and a subspace A

to a map of the subspaces

restrict to a
homeomorphism of the
subspaces

Morphisms whose domain coincides with the codomain are called endomor-
phisms. A morphism f: X — Y in a category C is called an isomorphism if there
is a morphism g: ¥ — X, called the inverse of f, such that g o f = idx and
f og =1idy.If f is an isomorphism and g1, g, are two inverses, then

g2=goidy =gro(fog)=(g20f)og =idxog = gi1.

So inverses, if they exist, are unique. An endomorphism that is also an isomorphism
is called an automorphism. Examples of categories abound. We gather the exam-
ples that are most relevant for algebraic topology in Table 1.1.

Let us make sure we understand the arrows in the homotopy category HoTop
and the pointed homotopy category HoTop,. We have

HompgTop(X, Y) = {f : X — Y, f continuous}/~

where the equivalence relation f ~ g is called homotopy. It means there exists
a family of maps H;: X — Y fort € I = [0, 1] defining a continuous map
H: X x I — Y such that Hy = f and H; = g. The composition is given by
Hom(X, Y) x Hom(Y, Z) — Hom(X, Z), ([f],[g]) — [g o f] where now “o”
denotes the composition of maps (the composition in Set). One easily checks this
is well-defined. Any representative f: X — Y of an isomorphism [f] in HoTop
is called a homotopy equivalence. So a homotopy equivalence f: X — Y hasa
homotopy inverse, meaning a continuous map g: ¥ — X such that g o f ~ idy
and f o g ~ idy. In the special case that f is the inclusion of a subspace and that



4 1 Basic Notions of Category Theory

g is a retraction, meaning g o f = idx holds on the nose, the subspace X is called
a deformation retract of Y and the homotopy H from f o g to idy is called a
deformation retraction. If H fixes the subspace X pointwise throughout, then H
is called a strong deformation retraction and X is called a strong deformation
retract of Y. A space is called contractible if it contains one of its points as
a deformation retract (and is in particular nonempty). Equivalently, a space is
contractible if it is homotopy equivalent to a one point space “e”. There exists a
contractible space that does not strongly deformation retract onto any of its points [8,
Ex. 0.6]. Morphisms in the pointed homotopy category are given by

Hompotop, (X, X0), (Y, y0)) = {f: X — Y | f continuous}/=~

where now f ~ g means there exists a family of continuous maps H; for t € [
defining a continuous map H: X xI — Y suchthat Hy = f, H] = g,and H;(xg) =
yo for each ¢ € I. Compositions are as above. Representatives of isomorphisms in
HoTop, are called pointed homotopy equivalences. Frequently, we will use the
notation e € X for a fixed chosen base point. Note that arrows in the homotopy
categories cannot be evaluated in points. In other categories, it does not even make
sense to ask about evaluating arrows. A category consists of objects and arrows only,
but arrows have a direction: from domain to codomain. Therefore every category has
an “opposite” obtained by flipping all arrows.

Definition 1.3

Let C be a category. Then the oppeosite category is the category with reversed arrows:
ob(C°P) = ob(C) and Homgop (X, Y) = Homg (Y, X). Composition of arrows f o g in
COP is defined by g o fin C.

1.2 Functors

A category has objects and arrows with composition and identities. Functors relate
one category to another. As such, they should preserve all available structure so that
there is no alternative to the following definition.

Definition 1.4

A (covariant) functor 7: C — D from a category C to a category D assigns to every
X € ob(C) an object F(X) € ob(D) and to every morphism f: X — Y with X, Y €
ob(C) a morphism F(f) € Homp (F(X), F(Y)) such that

(i) F(go f)=F(g) oF(f)forall f € Homg(X,Y) and g € Hom¢ (Y, Z).
(i) F(idy) =idr(x) forall X € ob(C).

A contravariant functor f from C to D is a covariant functor from C°P to D. Thus F
satisfies the above properties, except that F'(f) € Homp(F(Y), F(X)) and F(go f) =
F(f) o F(g).
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Example 1.5 The more abstract the definition, the more examples must be given.

(i)
(i)
(iii)

@iv)
v)

(vi)

(vii)

(viii)

(ix)

Every category C comes with an identity functor id¢.

Still not very inspiring but theoretically of utmost importance are the forgetful
functors that drop either some part of the structure or some information on the objects,
like K-vect — Ab, Ab — Group, and Group — Set.

The fundamental group defines a functor 7y : Top, — Group. On objects, a pointed
space (X, xq) gives rise to the fundamental group 71 (X, xg). On morphisms, an arrow
(X, x9) — (¥, yp) in Top, induces the group homomorphism 71 (f): 71 (X, xg) —
1 (Y, yo) defined by pushing loops, [y] — [f o y].

We have functors Top — HoTop and Top, — HoTop,, which leave objects
untouched and place morphisms in their homotopy classes.

Let f,g : (X,x9) — (Y, yp) be homotopic pointed maps and let H be a pointed
homotopy. For a loop y: (1, {0, 1}) — (X, xo) representing an element of 71 (X, xq),
the map (s, t) — H(y(s), t) defines a pointed homotopy H: I x I — Y from the path
f oy tothe path g o y. Hence 7 (f) = 7 (g). Thus the functor | factorizes over the
pointed homotopy category

HoTop,

N

- Group .

Top,

Here we understood implicitly that functors 7: C — D and G: D — & can be
composed to a functor Go F: C — £.

Abelianization is a functor (—),, : Group — Ab , which takes a group G and forms
the quotient group G +— G/[G, G] where [G, G] is the derived subgroup generated
by all commutators glgzgfl 8 ! for 81.82 € G. Since a group homomorphism
sends commutators to commutators, every group homomorphism f: G — H induces
a homomorphism of abelian groups fyn: Gap — Hap. We will sometimes write the
equivalence class of an element g € G as [glp € Ggp.

The free vector space construction F: Set — K-vect takes a set X and forms the
vector space F(X) of all formal K-linear combinations rex Axx with Ay € K
different from zero for only finitely many x € X. It is clear how addition and scalar
multiplication are defined. Hence by construction, X is a basis of F'(X). A map of sets
X — Y gives a K-linear map F(X) — F(Y) by unique K-linear extension.

Forming the dual vector space V* = Homg (V, K) of a K-vector space V gives a
contravariant functor D: K-vect — K-vect. A K-linear map f: V — W defines a
K -linear map D(f): W* — V* by precomposing linear forms, ¢ > ¢ o f.

Fixing a K-vector space W, the tensor product (-) ®x W is a covariant functor
K-vect — K-vect.

Recall the construction of the tensor product V ® ¢ W in the last example. One
starts with the free vector space F'(V x W) and mods out the linear subspace spanned
by all elements (Au + pv, w) — A(u, w) — u(v,w) for ., u € K, u,v € V, and
w € W, and similarly in the other variable, to enforce the familiar distributivity and
bilinearity properties of tensors. To be pedantic, we should have applied the forgetful
functor K-vect — Setto V and W before forming the free vector space F(V x W).
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At a first encounter, the uninitiated might wonder why one works with this quotient
of intimidatingly large spaces when one could instead pick bases {e;} and { f;} of V
and W to define V @ ¢ W as the free vector spaces spanned by {e; ® f;}. The reason
is now apparent. We want (-) ®x W to be a functor, and a functorial construction
must not depend on arbitrary choices.

1.3 Natural Transformations

“It is not too misleading, at least historically, to say that categories are what one must define
in order to define functors, and that functors are what one must define in order to define
natural transformations.”

(Peter J. Freyd)

Certainly long before the definition of category was given, mathematicians were
aware that some isomorphisms were better than others. For example, if V is a finite
dimensional vector space, one can pick a basis and map it to the dual basis of
V*. The unique linear extension gives an isomorphism from V to V*. However,
this isomorphism comes at the cost of a choice: We had to select a basis of V to

begin with. In contrast, we get an isomorphism V — V** for free: map a vector
v € V to the linear form on V* given by evaluating linear forms from V* at v.
One might say this isomorphism arises naturally, and natural transformations
seek to capture what this naturality should mean mathematically. As an important
advantage, a “naturally defined” isomorphism will automatically be compatible with
homomorphisms. In our example, this means that for all linear maps f: V — W,
the diagram

v w

L

Vo W

commutes. This observation is the basis for the following definition.

Definition 1.6
A natural transformation n : 7 — G of functors 7, G : C — D assigns a morphism
na : F(A) = G(A) in D to each A € ob(C) such that

commutes for all f € Homg (A, B). The morphism 74 is called the component of 7 at
A € ob(0).
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Example 1.7 Let us first check that our example from the above discussion meets this
definition. We consider the double dual space functor DD : K-vect — K-vect, which
maps a K-linear map f: V — W to the K-linear map

G:V* > K)—> (o 8(pof)).

We claim we have a natural transformation 7 : idg.yect = D D with components

evy: V¥ > K

ny:V — V¥ 0>
@ = o).

So for every f: V — W, we have to check that

v ow
7IV\L inw
3k k f** kK
Ve ——=W

commutes. Indeed, let v € V and ¢ € W*. Then we obtain

Fony (@) = f*(ew)(p) =ew(p o f) = ¢(f (V) = evru) (@) = nwo f(v)(@).

Example 1.8 Every group G can be interpreted as a category G with only one object, denote
it by “e”, and morphism set Homg (e, ®) = G with composition given by multiplication
in G:

81082 = 8182-
Then a functor : G — Set is the same as a G-set. The set is X r = F (o) and the action is

given by g - x := F(g)(x) for g € G and x € X. To convince ourselves that this defines an
action, we have to check

() g1-(g2-x) =(g182) - x,
(i) e-x =x.

To see (i), we note that g1 - (g2 - x) equals

F(g1)(F(g2)(x)) = F(g1) o F(g2)(x) = F(g1 082)(x) = F(g182)(x) = (g182) - x.

To see (ii), we calculate e - x = F(e)(x) = F(ide)(x) = idr(q)(x) = idx,(x) = x.
A natural transformation n : F — G of functors F,G : G — Set is then the same as a
G-equivariant map of G-sets. Indeed, naturality gives n(g - x) = g - n(x) forx € X r and
geq.
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Definition 1.9
A natural transformation n : F — G of functors 7,G : C — D is called a natural
isomorphism, if all components 74 are isomorphisms for A € C.

Be aware that the two functors idx.yect and DD from K-vect to K-vect are
not naturally isomorphic because V is not isomorphic to V** if V is infinite-
dimensional. But they are naturally isomorphic as functors on the category of finite
dimensional K-vector spaces by the natural transformation we defined. In contrast,
the functors idk.vect and D do not even have a chance to be naturally isomorphic
because idk.yect 18 covariant while D is contravariant. For an example of two
covariant functors that give isomorphic objects but not naturally so, see Exercise 1.2.
With the notion of natural isomorphisms at hand, we can now define what it should
mean that two categories are equivalent.

Definition 1.10
An equivalence of categories C and D consists of functors F : C - Dand G : D — C
such that 7 o G and G o F are naturally isomorphic to idp and id¢, respectively.

Requiring F o G = idp and G o F = id¢ leads to the notion of isomorphism of
categories, which for most practical purposes is too much to ask for. We say that C
is dually equivalent to D if C is equivalent to D°P.

Example 1.11 Let (X, xg) be a pointed, path connected, locally path connected, and semi-
locally simply connected space. We introduce the category Cov(x y,) whose objects are
path connected pointed covering spaces p: (Y, y9) — (X, xg) and whose morphisms are
commutative triangles

<Y> yO) (Y/7 y6>

(X,J}()).

We introduce a second category Suby,(x x,) Whose objects are subgroups of the
fundamental group 7(X, xg) and whose morphisms are inclusions. We have a functor
Char: Cov(x,x,) — Subyz,(x,x,). Which on objects associates the characteristic subgroup
Char(p) = imm(p) with a covering map p. On morphisms, a commutative triangle of
covering maps induces an inclusion of characteristic subgroups as we see by applying the
m1-functor. The classification theorem of covering spaces now takes the elegant form that
Char is an equivalence of categories that maps regular coverings to normal subgroups.
Constructing the inverse functor basically amounts to the existence part of the proof of
the classification theorem. Given a subgroup G € (X, xg) we construct a covering space
X by first forming the set of all paths in X starting at xg. Then we identify two such paths
if they have the same end point, resulting in a loop whose pointed homotopy class lies in G.
The end point map defines a covering map X — X sending the constant path to the base
point xq. This map can be used to lift the topology from X to X and the awkward “semi-
locally simply connected” property is necessary to ensure that fibers are discrete. It is a good
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exercise to find the natural isomorphism from X cpar(.) to idcoy Ko (Hint: unique path and
homotopy lifting).

Note that no two distinct objects in Suby, (x y,) are isomorphic and the functor X.)
selects precisely one object from each isomorphism class of objects in Covx ,). Rephrasing
this, the functor X .y gives an algebraic description of a skeleton of Cov(x y,). To some
extent, finding algebraic skeleta of topological categories is the big hairy audacious goal of
algebraic topology.

Example 1.12 A similar construction is familiar from field theory. The category of interme-
diate fields of a Galois extension L/K is equivalent to Subgyy(z/k)- The equivalence sends
K C Z C L to the subgroup of automorphisms in Gal(L/K) fixing each element of Z.
Galois extensions Z/K correspond to normal subgroups of Gal(L/K). The inverse functor
maps G C Gal(L/K) to the fixed subfield LS.

1.4  Adjunction

Every forgetful functor asks a question. What is the most general and most efficient
construction in the reverse direction? For example, take the forgetful functor
K-vect — Set. How can we efficiently turn a set into a vector space in always the
same way, without using any knowledge on the particular set? Well, we apply the
free vector space construction from Example (vii) in Sect. 1.2! We take a set and just
artificially form linear combinations of elements of the set with coefficients from K.
As another example, for the forgetful functor Ab — Group, the general efficient
reverse (reverse, not inverse!) construction is the abelianization from Example (vi)
in Sect. 1.2.

The mathematically rigorous formulation of the vague question for a “general,
efficient construction” is: Given a functor F: C — D, what is the left adjoint
functor G: D — C? Of course, we can also start with a functor G and ask for
a functor F so that G provides the most general and most efficient construction
in the reverse direction. Or in mathematical terms: “Given a functor G: D — C,
what is the right adjoint functor 7: C — D?” Similarly as in the case of natural
transformation, the key to the definition is to consider all relevant morphisms at the
same time:

Definition 1.13
Let F : C — Dand G : D — C be functors. We call F left adjoint to G (and G right
adjoint to F) if for all A € ob(C) and B € ob(D) we have a bijection
Homp (F(A), B) = Homg(A,G(B), fr f
which is natural in A and B.

“Natural in A” means that for each fixed B € ob(D) the two functors

Homp(F(—), B), Homc(—, G(B)): C°® — Set



10 1 Basic Notions of Category Theory

are naturally isomorphic. Here and elsewhere, we assume C and D are locally small,
meaning that morphisms from one object to another form a set and not a proper
class. Decoding the definition, naturality in A means

@o f=g¢oF(f) for ¢ € Homp(F(A), B), f € Homg(A', A).
Similarly, naturality in B gives
G(g)op =gog for ¢ € Homp(F(A), B), g € Homp(B, B').

The word adjoint goes back to the formal similarity of the morphism set adjunction
to the defining equation of adjoint operators on Hilbert space (fx, y) = (x, f*y).
The concept of adjunction is not reserved for forgetful functors. For these, it is
however particularly enlightening to figure out the left adjoints.

Example 1.14 The free vector space functor F: Set — K-vect is left adjoint to the
forgetful functor G: K-vect — Set. The natural isomorphism defining the adjunction

Homg.vect(F (S), V) = Homget(S, G(V)). [ f = fls

is just given by restriction. Restriction is injective because linear maps are uniquely
determined by the values on a basis. Restriction is surjective because any map S — G(V)
can be linearly extended to a K-linear map F(S) — V. Naturality is clear from the above
formulas.

Example 1.15 Let G : Group — Set be the forgetful functor. It has a left-adjoint
F : Set — Group, which associates with a set S the so-called free group on the alphabet
S. As a set F(S) consists of all “words” such as a3b2aab™3b3¢ on letters a,b,c € S,
where we identify two such words if they can be obtained from one another by the obvious
cancellations and expansions, for example aa b =b,*e3 =71, Composition is given

by concatenation of words. The unit element is the empty word, sometimes called “e” or

Note that no two letters s1, sp € S commute in F(S5): We have 5157 # 5751 unless s; = 5.

f
Every map S —f> S> has a unique extension to a group homomorphism F(S7) —(>f )

F(S2), which one obtains as in the example
F(f)abe3b) = f(@) f(B) fe) 7 fb).
Given any group H, the adjunction yields a unique morphism e : F(G(H)) — H, which

restricts to the identity on the set H. In fact, ¢ defines a natural transformation from F o G to
idGroup- called the counit of the adjunction. Since ¢y is surjective,

&7 - F(G(H))/kereyy —> H

is an isomorphism. So the upshot is that every group is isomorphic to a quotient of a free
group. This is what makes free groups useful to describe general groups.
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Definition 1.16

Let S be a set and let R be a subset of F(S). The pair (S, R) is called a presentation of
the group G, if G = F(S)/N(R), where N (R) is the smallest normal subgroup of F(S),
which contains R.

The above shows that every group G has a presentation (S, R) and we use the
notation G = (S|R). Elements of S are called generators and elements of R are
called relators. So every relator r € R gives rise to a relation r = ¢, which holds
true in G. Of course, taking the whole group as set of generators as above is rarely
a good idea. One should rather aim for efficient presentations with S and R as small
as possible. A group G is called finitely generated, if there exists a presentation
G = (S|R) with a finite set S. It is called finitely presented, if there is G = (S|R)
with both § and R finite.

Example 1.17 We claim that 72 = (a,b]la, b]). By the adjunction, requiring a
(1,0) and b +— (0, 1) defines a unique surjective homomorphism p: F(a,b) — 72
We have [a, b] € ker p, hence N'([a,b]) C kerp. So p descends to a homomorphlsm
7: F(a,b)/N(la,b]) — 72 and it remains to show that p is 1n]ect1ve Let a,b €
F(a, b)/N ([a, b]) be the images of a and b and let x = @™ b™ ...a"b™ e ker(p).
Then p(x) = 0 gives

0,00)=n1-1,00+my -0, 1) +---+ng-(1,0) +my - (0, 1).

Thusny +---+nr =0and my + - - - + my = 0, whence

ampm L gk ik — an1+~-+nkbm1+~-+mk —e.

1.5 Limits and Colimits

We now return to the problem we used to motivate the introduction of categories
in Sect. 1.1: the abstract construction of products. The key observation is that every
product (of sets, groups, topological spaces, ...) comes with projections

X xY

Definition 1.18

Let C be a category and let X, Y € ob(C). A product of X and Y consists of an object
P € ob(C) and morphisms pry: P — X and pry: P — Y, which are required to
be universal in the following sense. For any other object O € ob(C) with morphisms
fx: QO — X, fy: O — Y, there exists a unique morphism f: Q@ — P such that

fx =pryofand fy =pryof.
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Q
|
fi
fx Y Iy
P
X Y

Since the unique morphism f is completely determined by fx and fy, it is also
customary to write f = fx x fy or f = (fx, fr). Products might not exist in C
(think of the category of fields), but if they do, they are unique up to a unique
isomorphism, which transforms the projections into one another. This can be seen

as follows. Say
P and P’
py Yy py Y;y
X Y X Y

are products of X and Y. Since P is a product, we have a unique morphism g: P’ —
P such that

P/
|
gl
pr'y Y pry
P
X Y.

Similarly, since P’ is a product, there exists a unique morphism f: P — P’ with

P
\
y

Prx Pry
P/
X Y.

We can compose the two diagrams as follows:
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Prx PTy
g

prx P opry

X Y.

For the outer part of the diagram, uniqueness in the universal property of P says
that we must have g o f = idp. Composing the diagrams in reverse order, we get
f og = idpr. Norman Steenrod has coined the term abstract nonsense for this type
of purely categorical arguments. So the universal property determines a product
uniquely in the strongest possible sense. It is however conceptually important to
keep in mind that the product of objects X and Y is a concrete object P with
projection maps px and py (not an isomorphism class of objects).

Example 1.19 In Set, K-vect, Group, R-mod, Top, and HoTop, the categorical product
of objects X and Y is the ordinary product X x Y with the usual projections. A little caution
is necessary in Top(z). The categorical product of (X, A) and (Y, B) is (X x Y, A x B) but
some authors use the notation (X, A) x (Y, B) toreferto (X x Y, (X x B)U(A x Y)) instead.

The notation f x g is often also used for arrows f: A — X and g: B — Y
with different domain in a category C with products. In that case, it should be read
as shorthand notation for what would categorically be (f o pr,) x (g o prg). In the
categories from Example 1.19, this just means that f X g: A X B - X x Y is
defined by (f x g)(a, b) = (f(a), g(b)). To avoid any potential for confusion, it is
best practice to always state the domain of f x g explicitly.

It turns out that products are only one special case of a more general construction,
which goes by the name of pullbacks.

Definition 1.20
A pullback of a diagram

Y
|
VA

in a category C consists of an object P € ob(C) and morphisms px: P — X and
py: P — Y such that the square

X S



14 1 Basic Notions of Category Theory

P2y
l t
X—)Z

commutes and satisfies the following universal property. For every other O € ob(C)
with morphisms fx: Q — X and fy: Q — Y such that

|

commutes, there exists a unique morphism f: Q — P such that fy = px o f and
fr=rpyrolf.

Iy
— Y

l

Tl

The same abstract nonsense as above shows that pullbacks, if they exist, are
unique up to a unique isomorphism that mediates between the pullback squares.

[

Example 1.21 1In Set the pullback of any diagram
Y

|

always exists. It can be constructed as
P={xy)eXxY:s(x)=1(}

together with the morphisms py and py given by restricting the projections of the product

X x Y. Given a second diagram X {1 0 ﬁ; Y as above, the required morphism f: Q — P
is given by

f@ = (fx@, fr@)

forg € Q.
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Example 1.22 In Top, the pullback is the same as above set-theoretically and P carries the
subspace topology of the product topology.

Let B be a topological space. Dropping base points from the category introduced
in Example 1.11, we obtain the category Cov g of covering spaces over B. So objects
are covering spaces £ — B and morphisms are commutative triangles

Pullback along a continuous map ¢: B’ — B defines a functor Covg — Covp.
On objects, the functor assigns £, — B’ to E — B where E, — B’ sits in the
pullback square

[ ]

B-Y.B

(1.23)
which is obtained as in Example 1.22. On morphisms we obtain
E o E E E
® ®
\ / o \ /
B B

where the arrow f,, is defined by the universal property of the pullback square that
occurs as the front face of the commutative cube

E, E ;
AN
E, J, E'
B —|%~B
id
}AB’ “”\B

We have to check that E, — B’ is indeed a covering space. If ¢ happens to
be the inclusion of a subspace, E, = p~1(B) is the restricted covering. You will
handle the general case in Exercise 1.4 where a hint is given.
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The notion of pullback allows for yet another generalization that we introduce
over three definitions. First, we still owe a formal definition of a diagram, a notion
that we already employed several times. A category is called small if both all objects
and all morphisms form a set and not a proper class.

Definition 1.24
Let C be a category and let I be a small category. A functor D: I — C is called a diagram
of shape 1.

Other authors would call this a “small diagram,” but we will have no reason to
consider any other diagrams so that we require smallness right away. The category
I in the diagram is also called index category. It is irrelevant how objects and
morphisms are concretely realized in /, all that matters is the directed graph of all
morphisms it defines, which thus forms the “shape” of the diagram.

Example 1.25 The above triangle of covering maps would be a diagram in Top

f

NSNS

° B.

E/

Here the left hand diagram is a complete description of the category /. The category consists
of three objects, hence also three identity morphisms that are left out in the picture, and three
more arrows where two of them compose to the third.

Definition 1.26
A cone on the diagram D: I — C consists of an object C € ob(C) and morphisms

L5 D(iicoir)

such that the triangle

C
N
D(i) ———— = D(j)

commutes for all morphisms i — j in /.

The terminology is self-explanatory. One should think of the diagram as lying
out flat on a table top, whereas the cone object C hovers in some distance above
the table top and comes with arrows to all objects in the diagram so that the whole
formation looks like a cone.
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Definition 1.27
A limit (L —5 D(i));eob of a diagram D: I — C is a cone on D which is universal

in the following sense. For every other cone (C i) D(i));icob there exists a unique
morphism f: C — L such that f; = p; o f foralli € ob(/). Thus the diagram

commutes for all morphisms i — j in /.

As a concept defined by a universal property, also limits are unique up to a unique
isomorphism mediating between the cones. We introduce the notation L = lim D.

Example 1.28 The product of X, ¥ € ob(C) is the limit of the diagram

° ° L) X Y.
More generally, possibly infinite products can be formed by taking any small discrete

category (with only identity morphisms) as index category /. The pullback of X Lylz
in C is the limit of the diagram

° Z
E— t
°o—>e X 2.V
Example 1.29 The limit of the diagram
D f
" Y— ) — X—=Y

is called the equalizer e: E — X of f and g. The universal property is captured by the
diagram

E—Ss>X—=Y.
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In words, for every morphism h: Z — X, there exists a unique arrow /1: Z — E such that
h = e o h. In Set, the equalizer of f and g is just the inclusion e: E C X of the subset

={x e X: f(x) = g(x)}. Indeed, any cone h: Z — X satisfies f oh = g o h, so h maps
to E, hence factorizes uniquely through the inclusion e. In Top, the same argument shows that
the equalizer is the inclusion e: E € X as subspace, meaning E carries the subspace topology
of X. If moreover Y is Hausdorff, then the equalizer e: E C X is a closed embedding. To
see that, just note that the Hausdorff property of Y says that the diagonal subspace D =
{(y,¥):y € Y} €Y x Y is closed in the product topology, hence so is KYD)y=Ecx
where k: X — Y x Y is the continuous product map defined by k(x) = (f(x), g(x)).
Of course the equalizer concept generalizes in a straightforward manner to more than two
arrows.

Unraveling the concepts, we see that the pullback in Example 1.28 is nothing but
the equalizer of s opry: X x Z — Y andtopry: X x Z — Y. It turns out that
this gives the correct intuition for general limits, too. If a category C has all binary
equalizers and arbitrary products, then the limit of a diagram D: I — C can be
constructed as the equalizer of the two arrows

II p&y== [] b

i€ob(I) f:i—k

where the second product ranges over all morphisms in / and at the morphism
[ J = k, the arrow s has component D(f) oprp ;) while 7 has component pr ).
This construction shows that a category has all limits if and only if it has all products
and binary equalizers.

Categorical notions have dual notions obtained by reversing arrows. Dual to the
notion of a cone on D: I — C is the notion of a cocone from D where the diagram

C D(i) —— =D
. / \D(' dualizes to L
i) ———— D(j) C

Definition 1.30
A colimit (D (i) — L);¢y is a cocone that is universal in the sense that every other cocone
(D(i) = C)jeob 1 of D factorizes uniquely through L as indicated in the diagram

Nl

Q< - —t~
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Colimits are unique up to a unique isomorphism mediating between cocones. We
write L = colim D. The colimit of the diagram

° ° L> X Y

is called the coproduct X LI Y of X and Y. Thus X LI Y comes with morphisms
XE XxUyandy 2 x1y satisfying the universal property

Again, products with several, including infinitely many factors can be formed by
means of larger discrete index categories.

Example 1.31 1In Set, the coproduct of X and Y always exists and is given by the disjoint
union of X and Y. In Top and HoTop, the coproduct of X and Y is the familiar topological
sum of X and Y. In Top, and HoTop,, the coproduct of (X, e) and (Y, e) is the one point
union or wedge sum (X V7, o).

Example 1.32 In R-mod, the coproduct of M and N is the direct sum M & N with the
inclusions given by ips(m) = m @ 0 and iy (n) = 0 @ n. As objects we have M @ N =
M x N but be aware that for an infinite index category I, coproducts €p; ¢ ., ; M; and products
[Ticob 7 Mi are not isomorphic in general. Coproducts consist only of finite formal sums of
elements x; € M;.

We will write fx ][ fy for the unique arrow X [[Y — Q determined by fx
and fy and correspondingly “fx V fy” or “fx @ fy” when working in concrete
categories like Top, or K-vect. Dually to the case of products, these notations are
sometimes also used for arrows with different codomains f: X — Aandg: ¥ —
B in which case f | [ g denotes what would categorically be (i4 o f) [[(ip 0 &).

Example 1.33  For morphisms fj;: M — Q and fy: N — Q in R-mod, we have (fy; ®
fn)mén) = fyr(m)+ fy(n). Indeed, taking this formula as the definition of the morphism
fM® fN: M N — Q, wehave

(fm ® [Ny (m) = (fpu @ fy)(m @ 0) = fyr(m) + fn(0) = fpr(m)
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and similarly for iy, so the required commutativity relations hold true. This proves the
existence part of the universal property. If h: M & N — Q is another morphism satisfying
the commutativity relations of the coproduct, we have

hm@®n) =h(m ®0+0®n) =h(m S0)+h(0&n) =h(iym)+hiiymh) =
= fum)+ fnm) = (fu @ fn)(m ®n)

which proves the uniqueness part of the universal property. These considerations also justify
the notation f3; + fy instead of fyy @ fy and accordingly fps — fn for what would
categorically be fy ® (—fn)-

Lemma 1.34
Coproducts exist in Group. The coproduct of G and H is called the free product G+ H
of Gand H.If G = (Sg|Rg) and H = (Sg|Rp), then GxH = (SgUSy|RGURE).

Proof We have to verify the universal property. To this end, consider the commutative
diagram

]:(Sg)%-]:(‘g(;ﬂshr) ]:(SH)

| | l

Sg‘RG SgﬂSH‘Rc;HRH SH|RH

~_ i

The two curved arrows ending in K are given. From these we need to construct the lower
vertical arrow ending in K and show that it is unique. To do so, we precompose the curved
arrows with the canonical projections F(Sg) — (SgIRg) and F(Sg) — (SylRy) to
obtain the two morphisms f: F(Sg) — K and g: F(Sy) — K. Following the forgetful-
free adjunction Group <— Set, the arrows f and g in Group restrict to arrows Sg —
K and Sy — K in Set. These two factorize over a unique map S LI Sy — K by the
universal property of the coproduct in Set. Again by the forgetful-free adjunction, this map
extends uniquely to a group homomorphism u: F(Sg U Sy) — K through which f and g
factorize. Since f and g also factorize over the groups (Sg|Rg) and (Sg|Rp ), respectively,
the morphism u factorizes over a morphism u: (Sg U Sy|Rg U Ry) — K. Since u and
hence u are determined on the generating sets Sg and Sy by f and g, the morphism u is
uniquely determined. O
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The colimit of a diagram

e— >oeo A——=Y
o X

is called a pushout in C. Thus the pushout consists of an object Z € ob(C) with

morphisms X X Z,Y LN Z such that
Aty

X ——>

JIx
commutes and such that for any other Q € ob(C) that sits in a commutative square

Aty

XHQ?
fx

there exists a unique morphism f: Z — Q with fx = f o jx and fy = f o jy.

A—tsoy

Lemma 1.35
Pushouts exist in Top and are given by

A
X

where “~” is the finest equivalence relation on X 11'Y such that s(a) ~ t(a) for all
a € A and X 1 Y/~ is endowed with the quotient topology with respect to “~".

t
—_

|

— > XY/~

“«



22 1 Basic Notions of Category Theory

Proof We have to construct the dashed arrow in

and show it is unique. The coproduct map fx LI fy : XLIY — Q sends equivalent points in
X L1Y to the same point in Q, hence it descends to a continuous map f: X IY/~ — Q by
the universal property of the quotient topology in Appendix A, so f provides such a dashed
arrow. On the other hand, any dashed arrow as above factorizes fx LI fy through X I Y/~,
so it is equal to f by the uniqueness statement of the universal property. O

In typical situations, the map s will be the inclusion of a subspace in which
case we call X [[Y/ ~ an attaching space or adjunction space. Some particular
examples of adjunction spaces in Top are of fundamental importance in algebraic
topology, so let us study them in some detail.

Example 1.36 (Collapsing a Subspace) For a subspace A € X we define the collapsed
space X /A by the pushout

A— o

|

X—=X/A
(1.37)
The subspace A becomes a single point in the collapsed space X /A, which can serve as a
base point. Hence collapsing the subspace defines a functor Top(z) — Top,. Note that for
A = (J, we obtain X/A = X ] e. So X/@ is the space obtained from X by adding a disjoint
base point. In particular, ¥/ = e. Another important example is the cone CX of a space X
defined by

CX=Xx[0,1]/X x {1}.
The new base point in C X is the “cone tip.” It is a strong deformation retract of CX. So by

the base inclusion X — CX sending x € X to [(x,0)] € CX, every space embeds in a
contractible one. We have D" /S"~! = §" and C§" = p*t!.
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Example 1.38 (Mapping Cylinders) For a morphism f: X — Y in Top, we define the
mapping cylinder M ¢ of f by the pushout

x—! .y

1l

X % [0,1] —L= M

where ig(x) = (x,0). The map if: X — M defined by i (x) = f(x, 1) includes X as a
closed subspace of M ¢. This is intuitively clear but let us not get sloppy early on and give
a formal argument instead. Since i ¢ is a continuous injection, we only need to show every
closed C € X has closed image i f(C) S M. By construction, the map fUjo: X x
[0,1110Y — Mf is a quotient map. Since C C X is closed, so is the subset C x {1} =
(fu jo)_l(if(C)) of X x [0, 1] LI Y. Hence i (C) € My is closed by Lemma A.1. The
universal property of the defining pushout yields a retraction

such that r¢ o jo = idy and jo ory ~pg ide with H: My x I — My defined on im f
by H(([x,t],s)) = [x,s - ¢] and on im jy by H([y],s) = [y]. Hence rf is a homotopy
equivalence (in fact, H is a strong deformation retraction) and for x € X, we have

relip()) =rp(f(x, ) = fprx(x, D) = f(x).

Thus we have proven that the category Top has the peculiar property that every arrow is the
composition of a closed inclusion and a homotopy equivalence,

Example 1.39 (Mapping Cones) Combining the last two constructions, we obtain the
mapping cone of f: X — Y defined by

Cy=My/imiy.
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Equivalently, we can execute the two identifications in the other order and define C ¢ by the
pushout

!

X——Y

L

CX —Cf

where the left vertical arrow is the base inclusion. Again, the cone tip, given by the collapsed
space imi ¢ in the first definition, can serve as a base point so that C ¢ becomes an object of
Top,. One may think of the mapping cone C s as a homotopy theoretically better behaved
version of the collapse space Y/im f.

Example 1.40 (Attaching an n-Cell Along f) An attaching map f: $"~! — Y defines
the pushout

f

Sn—l L S Y

o

D" — 7.
We say Z is obtained from Y by attaching an n-cell along f. For example

Snfl > D"

]

D" — 5™,

Pushouts in Top have the following permanence property with respect to products.

Proposition 1.41
If K is a locally compact space and

ATy
ik
x 2>z
is a pushout square in Top, then so is
Ax K25y o g

f1><idKi lngidK
g1 Xid g

XxK—-7xK.
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Proof By Lemma 1.35, the coproduct map g1 U g1: X I Y — Z is an identification map.
Hence by Proposition A.2(ii), the map

g1 xidg gy xidg: X XKUY XK —— ZxK

is an identification map, too. Therefore Lemma A.1 shows that the map

h=gy xidgUg xidg: X x KUY XxK)/~———>ZxK

is a homeomorphism where (x, k1) ~ (y, k) if and only if g1 (x) = go(y) and k| = kp. This
in turn is equivalent to the existence of some a € A with f](a) = x, fo(a) = y and again
k1 = ky. Thus the homeomorphism # is precisely the unique arrow in the pushout diagram

faxidk

AXxK——— s>Y x K

leidK\L \L

XxK—=(XxKIY x K)/~

g1xidk Zx K,
showing that the outer square is a pushout itself. O

Corroborating the intuition that pushouts in Top describe gluings of spaces, they
exhibit the following three convenient properties.

Theorem 1.42
Consider a pushout square in Top

A4f>Y
zJ{ lj
x—t.z

(i) The map f descends to a homeomorphism X [i(A) = Z/j(Y).
(ii) Ifi is the inclusion of a closed subspace, then so is j. In that case f restricts to a
homeomorphism X \ i(A) = Z \ j(Y).
(iii) Ifi is the inclusion of a strong deformation retract, then so is j.
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Proof Part (i). By commutativity of the square, the map f descends to a map of sets
f X/i(A) — Z/j(Y). The universal property of the quotient space X/i(A) implies that
f is continuous. To construct the inverse of f consider the diagram

Y
I
Z

<

N
X/i(A).

in which ¢ is the quotient map and p is the constant map with value the base point i (A) €
X/i(A) (which also exists if A = ¢J). Clearly, g and p form a cocone on i and f so we get
a unique map g: Z — X/i(A) such that the entire diagram commutes. Since p = g o j, the
map g descends to amap of sets g: Z/j(¥Y) — X/i(A), which is continuous by the universal
property of the quotient space Z/j (Y). The identities g o f: idy/;(a) and fog =idz/j(r)
hold by construction.

Part (ii). First we observe that j is injective because two different points in ¥ only get
identified in Z if both lie in the image of f and if their preimages are mapped to the same
point in X via i. But this does not happen because i is injective. To see that j is the inclusion
of a closed subset, it remains to show that j is a closed map. So let C C Y be closed. Then
(fu j)_l(j(C)) = i(f_l(C)) L C is closed in X LI Y because f is continuous and i is a
closed map. Since f I j is an identification map, it follows from Lemma A.1 that j(C) is
closed.

Knowing that both i and j are inclusions of closed subspaces, we can now treat them as
such and suppress the letters i and j in the notation. To prove the second statement of (ii),
we infer from (i) that X/A \ A/JA = Z/Y \ Y/Y. From this the assertion follows once we
verify that the bijections X \ A — X/A \ A/Aand Z\Y — Z/Y \ Y/Y, arising as
restrictions of p: X — X/A and q: Z — Z/Y, are open maps. To do so, note that an
openset U € X \ A is also open in X because A is closed. Since p is an identification map
and U = p_l(p(U)), it follows from Lemma A.1 that p(U) is open in X /A, hence also in
X/A\ A/A. The same argument appliesto Z\ Y — Z/Y \ Y/Y.

Part (iii). Let r: X — A be a retraction and let H: X x I — X be a homotopy with
Hy =idy, Hy =ior,and H;(i(a)) = i(a) for a € A. The pushout

L

~

Sl
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gives a retraction 7’: Z — Y of j. Using Proposition 1.41, the pushout

AxT—1% vy g

ixidl ijxid
Fxid

XXx]——=7x1

yields a homotopy H’. Indeed, the bent arrows form a cocone because the deformation
retraction H is strong. We check that H' is a deformation retractionidy ~g j or’. Indeed,
each z € Z either lies in im f or in im j (or in both) and

Hy(G () = jpry (v, 0) = j(»),  Hy(f(x)) = f(Hy(x)) = f(x),
H{(G(») = jpry (3. D) = i) = j @' G ().
H{(f(x) = fF(H (x)) = f((r(x) = j(frx) = j" (F)).

Finally, H' is strong: H'(j(y), 1) = H'((j x id)(y, 1) = j(pry (y, 1)) = j (). =

We remark that pushouts in HoTop do not always exist. Instead, one works
with a non-categorical substitute called “homotopy pushouts” (and more generally
“homotopy colimits”) as we discuss later in Sect. 2.3. In the category Group,
however, pushouts exist and are constructed as quotients of coproducts much like in
the category Top.

Lemma 1.43
Pushouts exist in Group and are given by

_t og

|

Q=<

where N = N({s(a)t(a)_l: a € A}) is the smallest normal subgroup of G x H
containing s(a) - If(a)_1 foralla € A.
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Proof We have to show existence and uniqueness of the dashed arrow in

The arrow G « H — Q from the universal property of the coproduct descends to (G « H)/N
by commutativity of the diagram. Uniqueness follows from the universal property of the
quotient group that is formally the same as the universal property of the quotient topology
used in Lemma 1.35. O

In the special case that s and ¢ are injective, the pushout group (G * H)/N is
called the free product of G and H with amalgamation over A and is denoted by
G4 H.If G = (S1|R1) and H = (S>2|R»), then a presentation of the pushout group
(G = H)/N is given by

(S US> | Ry U Ry U {s(a)t(a)~': a € A}).

To complete the picture, let us now consider the diagram

Y — ) -0, X—=Y
g
whose colimit is called the coequalizer g: ¥ — Q of f and g. The universal
property is captured by the diagram

X—=Y L Q

9 s

Ve

h% e

Z

In words, for every morphism /: ¥ — Z, there exists a unique arrow h:Q— Z
such that &7 = h o g. In other words,

f
X:>>Y*q>Q
g

is a coequalizer diagram if and only if
xux -y
idx idx l q

X—>Q
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is a pushout diagram. From this we see that in Set, the coequalizer of f and g is
the quotient map g: ¥ — Q where Q = Y/~ is the set of equivalence classes for
the finest equivalence relation on Q, which asserts that f(x) ~ g(x) holds true for
all x € X. In Top, the coequalizer has the same description as in Set where now Q
carries the quotient topology with respect to “~.

The pushout of X AL Yina category C is the coequalizer of the arrows
ixos: A— X][Yandiyot: A— X]]Y and the general description of colimits
should by now be apparent. If C has all binary coequalizers and all coproducts, then
the colimit of the diagram D: I — C is just the coequalizer of

I1 D(i)# IT b

fri—g keob(I)

where the cocomponent of s at the morphism f: i — j is the inclusion i p(;y while
the cocomponent of  is ip(j) o D(f). Hence a category has all colimits if and only
if it has all coproducts and binary coequalizers.

In the category Top, we thus see that not only a pushout but also a general colimit
of a diagram D: I — Top is given by a quotient space of the topological sum
[Hicob(ry P(@)- In particular, the proof of Proposition 1.41 carries over to general
colimits so that we have the following result.

Proposition 1.44

Let K be a locally compact space and consider the functor Tl g : Top — Top, which
sendsamap f: X — Y to f xidg: X Xx K — Y X K. Then Il is cocontinuous:
for every diagram D: I — Top, we have

colim;c; Mg (D(i)) = Mg (colim;c; D(i)).
As an alternative proof, one can show that the mapping space functor (—)X,

which takes a space X to the space of continuous maps XX = {f: K — X} with
the compact open topology, is right adjoint to I[Tgx and apply Exercise 1.5 below.

Exercises

1.1 Let G be a group and denote by G-Set the category of left G-sets. Recall that
objects are functors from G to Set and morphisms are natural transformations. Find
the left adjoint to the forgetful functor G-Set — Set.

1.2 Let Fin-Bij be the category whose objects are finite sets and whose morphisms
are bijections. For a finite set X, let B(X) be the set of bijections X — X and let
O(X) be the set of total orders on X. Turn 53 and O into functors Fin-Bij — Set.
Show that there is no natural transformation B — O.
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1.3 Let R be a commutative ring and let M be an R-module. Show that (—) @ g M
is left adjoint to Homg (M, —). Hint: Recall the universal property of the tensor
product in terms of bilinear maps.

1.4 Let pgp: E — B be a covering space and let ¢ : B’ — B be continuous. Show
that the morphism pp : E, — B’ in the pullback square of pp along ¢ is again a
covering space. Hint: Recall the definition of pp: E — B being a covering space:
for each x € B we have an open neighborhood U C B of x, a discrete space

D, and a homeomorphism g : pgl (U) = D x U, which fits into the commutative

triangle

g DxU

Out of this data construct corresponding triangles for pg : E, — B’.

1.5 Let C and D be categories and let G: D — C be a functor with left
adjoint F: C — D.Let D: I — D be a diagram and suppose it has the limit

(an Ll D(i))
G o D has limit

. In this exercise we will show step by step that the diagram

ieobl

G(pi
(G(lim p) 4% G(D(i))) . (1.45)
ieobl
(a) Show that 1.45 defines a cone on G o D.
(b) Let <C ﬁ) G(D(i))) be any other cone. Show that naturality of the
icob/

adjunction implies that the adjunct morphisms form a cone on D.

(c) Conclude that there is a unique arrow F'(C) — lim D factorizing the cone F (C)
over the universal cone lim D and show that its adjunct gives the desired unique
arrow factorizing the cone C over the cone G (lim D).

Remark: We thus have shown that a right adjoint functor G is continuous: It
preserves all (small) universal cones and in particular we have

G(lim D) = lim(G o D).

Dually, a left adjoint functor F is cocontinuous: It preserves all (small) universal
cocones and in particular we have

F(colim D) = colim(F o D).
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1.6 Let G: Top — Set be the forgetful functor. Show that the pullback in Top
corresponds to the pullback in Set under G by constructing a left adjoint to G.
Does G also have a right adjoint?

1.7 An object I in a category C is called initial if for every X € ob(C) there exists
a unique morphism I — X. An object T is called terminal if for every X € ob(C)
there exists a unique morphism X — 7. An object 0 is called a zero object if it
is both initial and terminal. A category C is called pointed if it has a zero object.
For any two objects X, Y € ob(C) in a pointed category C, there exists a unique
zero morphism Oyy : X — Y defined as the composition Oxy: X — 0 — Y. We
define kernel and cokernel of a morphism f: X — Y in C as the equalizer and
coequalizer of f and Oxy, respectively.

(a) Convince yourself that in Group, Ab, K-vect, R-mod, categorical kernels and
cokernels describe the usual notions. Find kernels and cokernels in Top,.

(b) Ponder why one should not expect kernels and cokernels to exist in HoTop,.

(c) Let F: C — D be a functor of pointed categories. Show that F preserves zero
objects and zero morphisms if F' is left or right adjoint. Show that F' preserves
kernels if it is right adjoint and preserves cokernels if it is left adjoint.

1.8 A subspace A C X is a retract of X if there exists a retraction r: X — A.
Show that retracts of Hausdorff spaces are closed. Construct a non-closed strong
deformation retract A € X of a T1-space X (meaning points in X are closed). Hint:
Consider a suitable quotient space of 1 x I.

1.9 We saw at the end of the chapter that coequalizers can be described by
pushouts. Find the dual description of equalizers in terms of pullbacks.
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Fundamental Groupoid and van Kampen'’s
Theorem

In many geometrically relevant situations, a space can be decomposed into smaller
spaces. This might either mean that one has a suitable cover by subspaces or the
space arises as a gluing of subspaces right away. Our first goal is to find means
that in both cases allow to compute the fundamental group of the space in terms of
the fundamental groups of its constituents. We should keep in mind, however, that
the fundamental group 71 (X, xo) of a topological space X with base point xo € X
depends and informs on the path component of x¢ in X only. Consequently, any
decomposition theorem on the fundamental group that we endeavor to come up with
will have to include assumptions on path connectedness. The proof would moreover
involve some cumbersome juggling with base points. To avoid these nuisances,
we generalize the concept of fundamental group to the notion of fundamental
groupoid for which we obtain a clean statement and proof of a decomposition result:
the van Kampen theorem in the groupoid version due to R. Brown.

Now that our journey through algebraic topology is about to really begin, let us
once and for all adopt the convention that spaces are topological spaces and all
occurring maps of spaces are meant to be continuous maps unless otherwise stated.
The notation X = Y shall indicate that the space X is homeomorphic to Y, whereas
the notation X =~ Y shall mean that X is homotopy equivalent to Y.

2.1 The Fundamental Groupoid

A groupoid is a small category in which all arrows are isomorphisms. The pivotal
example is the fundamental groupoid of a space.

Definition 2.1

Let X be a space. The fundamental groupoid is the small category I1(X) whose objects
are the points in X and whose morphisms are homotopy classes of paths relative end
points. So for x, y € X, we have
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Hompxy(x, ) ={y: I —> X: y(0) =x, y(1) = y}/x

where y| =~ y, if and only if there is H: I x I — X such that Hy = y| and H| = y» as
well as H;(0) = x and H;(1) = y for all # € /. Composition is given by concatenation of

paths: for x ﬂ y ﬂ z, we set [y2] o [¥1] = [y1y2] where

1
=7
<1

y1(21) for 0
1
¥ (2t — 1) for 3

t

2@ = ,

=
=

Note that identity morphisms in TT(X) are represented by constant paths and indeed, all
morphisms in IT(X) are invertible: [y] has inverse [y], where ¥ is the reverse path of y
given by Y (t) = y (1—t). The endomorphism set of any object in a groupoid forms a group
under composition. In the case of the fundamental groupoid, we have Hompy(x) (xq, xo) =
w1 (X, xq)-

Definition 2.2
A category is called connected if every two objects A and D can be connected by a
sequence of arrows as in

A<«—B— C<«—D.
It is not required that there are any morphisms from A to D.

The reason for the terminology is now apparent: IT(X) is connected if and only
if X is path connected. The two fundamental groups of a path connected space with
respect to two different base points are isomorphic, but not canonically so. One
obtains an isomorphism after picking a relative homotopy class of paths between
the base points. This phenomenon can now be formulated entirely categorically.
Recall from Example 1.8 that every group G gives rise to a small category G with
one object @ and Homg (e, @) = G.

Lemma 2.3
Let G be a nonempty connected groupoid, and let x € obG be any object. Then the
inclusion functor

Iy : Autg(x) = Homg(x, x) — G

is an equivalence of categories.

Proof Since G is small, the axiom of choice allows us to pick isomorphisms fy: x — y for
all y € ob@G and for simplicity we choose fx = idy. We define a functor R : G — Autg(x)
on objects by R(y) = x and on morphisms by:

Iy 8 f 7_1

R(yiz)zx—>y—>z‘—>x.
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We have Ro I, =id Autg - It remains to show that 7 o R is naturally isomorphic to idg. We

claim that the arrows fy are actually the components of such a natural isomorphism. Indeed,
let g: y — z be any arrow in G. Then the diagram

I, o R(y) _ faoRlg) I, o R(2)

‘| -
id(g)

id(y) ——————=id(z)

in G is just given by:

fy g £
x Y z T
fl lfz
9
Y 2,
hence it commutes and all arrows fy are isomorphisms. O

Applying the lemma to the fundamental groupoid gives the following result.

Corollary 2.4
Let X be a nonempty path connected space, and let xy € X be any base point. Then
the inclusion functor

71 (X, x9) — TI(X)

is an equivalence of categories.

In this sense, the fundamental groupoid is an enhancement of the fundamental
group designed for possibly disconnected spaces.

2.2 Van Kampen'’s Theorem

We can now explain how the fundamental groupoid of a space can be expressed in
terms of the fundamental groupoids of a suitable open cover. Let Groupoid be the
category of groupoids, morphisms being functors. We have an inclusion functor

Group — Groupoid

which views a group G as the groupoid G. It is moreover clear that the fundamental
groupoid defines a functor I1: Top — Groupoid.



36 2 Fundamental Groupoid and van Kampen’s Theorem

Theorem 2.5 (van Kampen—Groupoid Version)

Let X be a space, and let O be an open cover of X, which is closed under finite
intersections. Consider O as a small category with morphisms given by inclusions.
Then restricting Tl to O defines a diagram T1|¢: O — Groupoid such that TI(X) =
colim IT| .

We can use the alternative notation IT(X) = colimy o IT(U) for the conclusion
of the theorem to stress that IT(X) is built up from IT(U) for U € O. The
inclusion functor In: O — Top satisfies X = colim I, which we may write
as X = colimy¢p U. Thus the theorem says that IT has the “cocontinuity” property

IT (colimycp U) = colimycp IT (U) .

For the proof of the theorem, we need the following point-set topological
consideration, which will also be convenient at a later point in the text.

Lemma 2.6 (Lebesgue)
Let X be a compact metric space with an open cover U. Then there exists 5 > 0 such
that every subspace A C X of diameter less than § is contained in some U € U.

Such a constant ¢ is called a Lebesgue-5 of the cover /.

Proof We cover X = |J,cx Bg(x)(x) by open balls of varying radius &(x) around x such
that for each x € X the ball By (y)(x) is contained in some U; € U. By compactness of X,
this cover has a finite subcover X = U?:l Bg(x;)(x;) and we set § = min{e(xy), ..., e(xp)}.
Now suppose there was a ball B € X of radius §, which was not contained in any of the
balls Byg(y,)s - - - » Bog(x,)- Then the midpoint of B would lie outside [ J?_; Be(x;)(x;) = X,
which is absurd. O

Proof of Theorem 2.5 Clearly, the inclusions (IT(U) — TI(X))yep define a cocone on
IT|p. To see it is universal, let (Fy: TI(U) — G)yee be any other cocone. We have to

. . F .
show that there exists a unique functor IT(X) — G such that the diagram
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commutes for all U € O. We define F on objects by F(x) = Fy(x) for any U € O with
x € U. To see that this is well-defined, note that for any other V € O with x € V, we have
the diagram

thus Fy(x) = Fyny(x) = Fy(x). To define F on morphisms, let [y: x — y] €
Hompx)(x, y) be a relative homotopy class represented by a path y: I — X from x
to y. We choose a Lebesgue-8 for the open cover {y ! (U )lueo of the compact metric
space I = [0, 1]. Subdividing [0, 1] into n subintervals of length less than §, we see that
y = y| - - - Yn is the concatenation of n paths y; each of which is contained entirely in some
U € O.Set F([y]) = Fy, (lyn]) o - -+ o Fy,([y1]). To see that this construction is well-
defined, we have to check it is independent of:

(i) The chosen subdivision of y into y1, ..., ¥, and the chosen sets Uy, ..., Uy
(i) The representative in the relative homotopy class [y]

(i). Any two subdivisions have a common refinement. It is therefore enough to show that
F([y]) is unaltered when refining the subdivision and possibly replacing the chosen sets U;.
To see that, it is in turn enough to discuss the case that y = y;y, with the images of y,
y2, and y contained in Uy, Uj, and Uy, respectively. Using the commutativity of the cocone
diagram (Fy: TI(U) — G)yee and the functoriality of F,, we compute

Fy, ([y2D) o Fy, (1D = Fu,nu, ([v2D o Fu,nuy(v1D) = Fy,([y2]) o Fy,([r1D) =
= Fy,(lr1yv2D) = Fy, (v D-

(ii). Let H: I x I — X be a homotopy relative end points from y to y’. So H restricts to
y on the bottom edge and to ¥’ on the top edge of the square I x I, while it restricts to the
constant map with value x on the left edge and to the constant map with value y on the right
edge. Pick a Lebesgue-6 of the open cover { H “lw Vueo of I x I. We subdivide the square
I x I into little squares of diameter less than §. Then one by one we can move the path y
to y’ by homotopies relative end points through little squares as indicated in the following
picture.
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In doing so, when moving through left most little squares, we can move the initial point
vertically upwards during the homotopy and still obtain a homotopy relative end points.
Similarly, when moving through right most little squares, we can move the end point
vertically upwards during the homotopy. From one step to the next, two paths y; and y;
differ only by a little square, so y; is a concatenation y; = Vinitial)’éﬁ ddleYend With i = 1,2.
Using the same sets in O for the subdivisions of y; and y; induced by the little squares, it
follows that

F(yi) =0 Fy(ytqqeD 0 - = -0 Fu(¥2iqqeD © - - = F([y2D)

because Vr:ﬁ adle = 7/1%11 ddle relative end points. We conclude F([y]) = F([y']).

F
By construction, F' is a functor that factorizes the cocone (IT(U) i G)yeco over the
cocone (IT(U) — TI(X))yce and it is unique with this property. O

The groupoid version of van Kampen’s theorem has an elegant statement and
a slick proof. It is however not apparent how it can be employed for actual
computations of fundamental groups. Therefore, we will now make the transition
back from groupoids to groups and derive the group version of van Kampen’s
theorem from the groupoid version.

Theorem 2.7 (van Kampen—Group Version)

Let X be a nonempty space, and let O be a cover by open path connected subsets
that all contain a given point xo € X. Suppose in addition that O is closed under
finite intersections. Consider O as a small category with morphisms given by pointed
inclusions. Then the diagram 7ty | : O — Group satisfies w1 (X, xg) = colim 7y |p.

Similarly as before, the inclusion functor In: O — Top, is a diagram with
(X, x9) = colim I» so that we can restate the assertion of the theorem as

mi(colimy e (U, xp)) = colimyco 71 (U, xp).

Proof Since every point in X can be joined by a path to xg within some U € O, we see that
X is path connected. It follows from Corollary 2.4 that the inclusion functor 7 : 71 (X, xg) —
[1(X) is an equivalence of categories. The proof of Corollary 2.4 also reveals that we obtain
the inverse functor R: TT(X) — (X, x) by picking paths yy: xg — y foreachy € X
and setting

-1
Y. Yy Yz
R(ly:y—z) = [xg = y = z —> xql.

Let us first assume that the cover O is finite. Then we can pick the paths yy cleverly within
Nus y U and again we agree that yy, is the constant path. This choice has the effect that we
also obtain inverse functors Ry : I1(U) — w1 (U, xg) and these satisfy the commutativity
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(U)LY 70 (U, 20)

L

(V) —%> 1 (V, 20).

Now let (fy: m1(U,x9) — G)yeo be any cocone on the diagram m1|pn. We obtain an
induced cocone (fy: 71 (U, x9) = G)yee on the diagram of groupoids | |¢. The above
commutative squares express that the compositions

Ry fu
<H(U) — 71 (U, x9) — Q) (2.8)
UeO

form a cocone on the diagram IT|¢. By the groupoid version of van Kampen’s theorem, there
exists a unique functor F': I1(X) — G such that the diagram

f
M(U) 2% 7y (U, 20) —== G

|

I(X) "

commutes for all U € O. We extend this diagram on the left by inclusion functors.

Iy R(U) fv
71 (U, 20) () m (U, 20) —=G
l / l/ -
m (X, xg) ——=II(X)
Since we have Ry o Iy = idg (v, xy), the morphism f := F o [ is simply a group
homomorphism f: m1(X,x9) — G that satisfies fy = f o iy for the inclusion

iy: mU,xg) — m(X,xg) as required. To see uniqueness, let g: w1 (U, xg9) — G be
another morphism satisfying fiy = g o iyy for all U € O. Then we have the diagram

fu
(U) > 7y (U, 20) —— G

L4/

I(X) —=m(Xm) =
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in Groupoid. This shows that the morphism g o R factorizes the cocone (2.8) over the
cocone (IT(U) — TI(X))yey. The latter cocone is universal by the groupoid version of
van Kampen’s theorem, so we have g o R = F by uniqueness. Precomposing both sides of
this equality with I, we get g = F oI = f,hence g = f.

Let us now assume that () is a possibly infinite cover and again let the family
(fu: m1(U,x9) — G)yeo be a cocone on mi|p. For every finite intersection stable
subcover S € O, let Us = (Jyeg U. The restricted cocone (fy: w1 (U, x9) = Gyes
defines a unique factorization map Fg: m1(Us, x9) — G by what we have proven so
far. By compactness of / and I/ x I, any given loop y and any homotopy H in X lies
in a suitable Ug as above. From this, it follows that setting F([y]) = Fg([y]) gives
the well-defined and unique required factorization map F': w1 (X, xg) — G of the cocone
(fu:m U, x0) > Gyeo- O

Van Kampen'’s theorem is most commonly applied in the following situation. We
pick a base point xgp € X in a nonempty space, and we decompose X = U; U Uz
with Uy, U open and Uy, U, Uy N U, path connected such that xo € Uy N Us. In
that case, the group version says that

m (U1 N Uz, x0) — m1 (U, o)

| |

71 (U2, 20) ——— m1(X, 20)
is a pushout square in Group.
Example 2.9 For the n-dimensional sphere S” with n > 2, we choose a base point xg € S"

on the equator and define U as the complement of the south pole and U, as the complement
of the north pole. Then U; and U, are contractible so that the pushout square looks like

771(U1 n UQ, .130) —— {1}

| |

(1} ——— 1 (5™, 20).
It follows that S” is simply connected for n > 2.

Example 2.10 Consider the figure eight S 1'v 8!, and let Uy, U, consist of one loop each
together with a little open overlap into the other loop. Then the intersection U N U; looks

like the letter “X,” hence U1 N Uy =~ e. So the pushout square

{1} ——7Z

|

7 ———m (St Vv St e)
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reduces in fact to a coproduct diagram and nl(Sl v st o) =2Zx7 = F({a,b}) = Fpis
the free group on two letters a and b from Example 1.15. The letters a and b correspond to
loops that wind around one of the circles once. Inductively, the fundamental group of the one
point union of n copies of the circle is isomorphic to Fj,, the free group on n letters. More
generally, for any (possibly infinite) index set /, the full version of van Kampen’s theorem
shows that 71 (\/; ¢; st o) = F () is the free group on the alphabet /.

In the last example, the overlaps of the subsets U; and U, are somewhat irritating
and it would have felt more natural to decompose the space S' v S! just into the
two circles. Similarly, in the preceding example, it would have been more efficient
to subdivide the sphere S” into the closed upper hemisphere and the closed lower
hemisphere. The intersections would then be closed subspaces, namely the point e
for S' v S! and the equatorial S”~! for $”. However, we had to require that the
subspaces U; have some overlap to make sure we work with an open cover of the
space so that the assumptions of van Kampen’s theorem are met. But in the end, it
does not matter how these thickenings actually look like. It only matters that one
can choose an open neighborhood that contains the closed subspace of interest as
deformation retract. Subspaces with this property will be of increasing interest as
one advances through algebraic topology, which is why we will dedicate the next
section to their study. Afterwards, we can give another version of van Kampen’s
theorem that is most suitable for applications.

2.3  Cofibrations and Homotopy Pushouts

A mapi: A — X of spaces has the homotopy extension property (HEP) for a
space Y if for each homotopy H: A x I — Y and foreachmap f: X — Y
with f(i(a)) = H(a,O0) for all @ € A, there exists a homotopy H': X x [ — Y
such that H'(i(a),t) = H(a,t) and H'(x,0) = f(x) foralla € A, x € X, and
t € I. The homotopy H' is called an extension of H with initial condition f. A
map i: A — X is called a cofibration if it has the HEP for all spaces Y. Setting
i(f‘ (a) = (a, 0) and ié( (x) = (x, 0), we can express the definition by the diagram

iA
A40>A><[

2l 'I:XidI\L
X

X 2> XxI

@2.11)
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in which we require only existence of H’, not uniqueness. The definition of
cofibration is of course impractical to verify directly. Therefore it is good to know
that if i has the HEP for its own mapping cylinder M;, then i has the HEP for all
spaces. To prove this, we first observe that the pushout diagram

X

= M

N

EN
i X x1TI

uniquely defines the map s: M; — X x [.If i is the inclusion of a subspace, then
s is a continuous bijection onto the image X x {0} U A x I. But the topology of
M; might be finer than the subspace topology within X x /. However, we see that s
is a homeomorphism onto the image, hence a subspace inclusion, if i and thus also
i x id is the inclusion of a closed subspace. By Proposition 2.12 (iii) below, s is also
a homeomorphism onto the image if i is a cofibration.

Proposition 2.12
Consider amap i: A — X. The following are equivalent:

(i) The map i is a cofibration.
(ii) The map i has the HEP for M,;.
(iii) The map s has a retractionr: X x I — M; so thatr os = idyy,.

Proof (i) = (ii). Trivial. (ii) = (iii). By the HEP of i for M;, we obtain the (non-unique)
arrow r: X x I — M; from the diagram

’iA
AHO-AXI
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The defining diagrams of s and r unify to the diagram

L

—>A><I

}

H

hence r o s = idyy; follows from the uniqueness statement in the universal property of the
pushout defining M;.

(iii) = (i). This is formally similar, swapping HEP and pushout diagrams. Given H: A x
I —>Yand f: X > Y with foi=H oi6‘, we obtain the pushout

g

*>A><I

;

which unifies with the defining diagram of r to the diagram

it
A——s Ax 1T

hence g o r provides an extension of H with initial condition f. O
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It is immediate from the definition that the composition of two cofibrations is
a cofibration. Not quite immediate but very helpful for the right intuition is the
following lemma.

Lemma 2.13
Ifi: A — X is a cofibration, then it is the inclusion of a subspace. If in addition X is
Hausdorff, theni: A C X is closed.

Proof Let iIX: X — X x I be the inclusion iIX(x) = (x, 1). For the end map i of the
homotopy i : A x I — M; in the mapping torus M; of i, we have

i1(@) =i, 1) =r(s@@, 1)) =ro( xid)(a,1) =r@i),1)=ro ilx oi(a) (2.14)

for all a € A. We already saw in Example 1.38 that i| is a homeomorphism onto the image,

+—1 . . . . . . .
soiy; oro 11X|im,- is the continuous inverse of i : A — i(A). This proves the first part of the
lemma. More than that, we get that

i soroif<
A— X —=X x1

X
1

is an equalizer. Indeed, applying s to the equation in (2.14) shows that the parallel arrows
agree on imi. Conversely, if x € X satisfies if((x) =soro if((x), then (x, 1) € ims. As

the second coordinate is one, we must have in fact (x, 1) € im(s o ) so x € imi. Now the
second part of the lemma follows from Example 1.29. O

Thus it comes with no loss of generality to always view cofibrations as pairs
(X, A) with the HEP for all spaces. This justifies the word “extension” in the
HEP. One can moreover show that equalizers of continuous maps of compactly
generated weakly Hausdorff spaces are closed [24, Proposition 2.15]. So if X is
compactly generated weakly Hausdorff, one can still conclude that the subspace
A in a cofibration (X, A) is closed. The upshot is that non-closed cofibrations can
safely be considered pathological. We will now give a constructive characterization
of closed cofibrations.

Theorem 2.15
Let (X, A) be a pair of spaces. The following are equivalent:

(i) The pair (X, A) is a closed cofibration.
(ii) There exists a retraction R: X x I — X x {0} U A x [ and A C X is closed.

(continued)
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(iii) There exists amap u: X — I and a homotopy h: X x I — X such that:
(1) u='0) = A.
(2) h(x,0) =x forall x € X.
(3) h(a,t) =aforalla e Aandt € I.
(4) h(x,1) € Aforallx € X withu(x) < 1.

So the map u in (iii) describes the closed subset A = u= 1) as a strong
deformation retract of the open neighborhood U = u~'([0, 1)). In view of
this characterization, a closed cofibration (X, A) is also called a neighborhood
deformation retract or for short an NDR pair or just an NDR.

Proof (i) = (ii). Setting Y = X x {0}U A x I, f(x) = (x,0),and H(a,t) = (a,t) in the
HEP (2.11), we obtain a retraction R: X x I —> X x {0} U A x [I.

(i) = (i). Let H: A x I — Y be a homotopy, and let f: X — Y be an initial condition.
As we observed above Proposition 2.12,

A—"" S AxT

zl iiXid
%

X
X 2> Xx{0lUAxI

is a pushout square because A € X is closed. By the universal property, H and f define a
map F: X x {0}UA xI — Y and H = F o R is an extension of H with initial condition f.

(ii) = (iii). Define h: X x I — X by h = pry o R. Then (iii) and (iii) are clear. Define
u: X — I by u(x) = maxseq|t — prj(R(x,t))|. Then clearly A € u L. 1If conversely
u(x) = 0, then pry (R(x, (0, 1])) € A. Since A is closed, this shows that also pry (R(x, 0)) €
A by continuity, so we have verified (iii). To see (iii), suppose u(x) < 1. Then in particular
I — pry(R(x,1))| < 1, which shows R(x, 1) = (a,t) for some a € A and some ¢ > 0.
Therefore h(x, 1) = pry(R(x, 1)) = pryx(a,t) = a € A, which gives (iii). It remains to
show that u is continuous. To this end, we consider the continuous functionsd: X x I — I
given by d(x,t) = |t — prj(R(x,t))| and d;: X — [ given by d;(x) = d(x,t). Then for
s € I, both the sets

w10, s = () d;'(10.5D) and u™'(Is. 1) = pry (@~ (Is. 11))

tel

are closed in X, the latter by Proposition A.2 (i). The complements (s, 1] and [0, s) for s € 1
form a subbasis of the topology of I, so u is continuous.

(iii) = (ii). By continuity of u and (iii), the subset A C X is closed. We define a map
R: X xI— Xx{0JUA x I by:

R(x,t) = (h(x, ﬁ), 0)ifu(x) >tand R(x,t) = (h(x, 1), t —u(x)) ifu(x) <t.
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Continuity of R only needs proof on the subset A x {0} € X x [. Let U € X be a
neighborhood of a € A. As wehave h(a, t) = aforallt € I, continuity of 4 and compactness
of I imply that there exists a neighborhood V C X of a such that 2(V x I) € U. Hence
for t > 0, we have R(V x [0,¢)) € U x [0, t], which shows R is continuous at (a, 0). By
construction, R is a retraction: it fixes all points in X x {0} U A x I. O

Remark 2.16

Assertions (i) and (ii) in the theorem remain equivalent if one drops the closedness
condition from both statements. The proof requires a tricky point-set topological
argument that was found by Strgm [25, Theorem 2].

Remark 2.17

If we have a retraction R: X x I — X x{0}UA x [ as occurring in the theorem, then
X x {0}U A x I is automatically a strong deformation retract of X x /. Indeed, setting
R(x,t) = (R (x,1), Ry(x, 1)), a strong deformation retraction H: X x [ x [ —>
X x Iisgivenby H(x,t,s) = (Ry(x, (1 —s)), st + (1 —s)Ry(x,1)).

Most notably, for every map of spaces f: X — Y, theinclusionis: X — My
into the mapping cylinder constructed in Example 1.38 is a closed cofibration. This
can be inferred from the NDR characterization in the theorem because with the help
of Proposition 1.41, we obtain the required homotopy 4 from the pushout

id
XxI—29 oy

ifxidl joxidl

(X % [0,1]) x T 225 0y w1

Joopry

N h
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where m(x,t) = min{2(1 — #), 1}. We can now repeat our remark from Exam-
ple 1.38 in the more informed manner that in the category Top, every arrow is the
composition of a cofibration and a homotopy equivalence. Even better, every arrow
is the composition of a closed cofibration and a strong deformation retraction.

M;
N
;

Example 2.18 It is probably fair to say that the pair (D", s"=1) is the single most important
example of a closed cofibration. To see the NDR property, just notice that the inclusion
§"=1 _ D" can be identified with the mapping cylinder inclusion i ¢ for the unique map

X Y.

f: s"=1 5 o. More generally, for every space X, the pair (CX, X) is an NDR because the
base inclusion X C CX is the mapping cylinder inclusion i ¢ for f: X — e.

A cofibration (X, A) is called trivial or acyclic if the inclusioni: A C X is a
homotopy equivalence. It turns out that then A is a strong deformation retract of X.
So a trivial closed cofibration can also be described as a DR pair, meaning an NDR
pair for which the function u can be chosen with u(x) < 1 forall x € X.

Proposition 2.19
Let (X, A) be a trivial cofibration. Then A is a strong deformation retract of X.

Proof By assumption, the inclusion i: A — X has a homotopy inverse r: X — A so that
roi ~pg idg andi or ~g idy. Using r as initial condition, the HEP of i for A gives an
extension H': X x I — Aof H: A x I — A.Wesetr' = H{, hence r’ oi = id4 and
ior Sjon , i o1 =g idy. So the concatenation G’ of i o H{_, and G is a deformation

retraction i o ¥’ ~¢ idy. It remains to turn G’ into a homotopy that fixes A pointwise
throughout. To this end, we define a homotopy of homotopies g: A x I x I — X by:

G'(a,1-21) fortel0,— 31,
g(a1,5)=1G'@2—1) forrel}+35.11,
G'(a, s) otherwise

The homotopy g is well-defined and continuous because the two line segments {(¢,s) €
I x I: s ==(1-—"2t)} where the definitions overlap are closed subsets of the square I x 1.
On the edge {(¢,s) € I x I : s = 0} of the square / x I, the map g is the restriction to A x [
of the homotopy G”: X x I — X given by:

G'(i(r'(x)),1—=2t) fort € [0, %],

G'(x,1)= .
D= G- fort € [4,1]
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which is well-defined and continuous because for t = % we have

G'G(r'(x)),0) =i(r' (' () = i(r'(x)) = G'(x, 0).

On all points of the other three edges, g restricts to i. The pair (X x I, A x I) is a cofibration
by the criterion in Proposition 2.12 (iii) because Proposition 1.41 gives a homeomorphism
M;wid, = M; x I. Hence we can extend the homotopy g: (A x I) x I — X to a homotopy
g1 (X x I) x I — X with initial condition g’(x, ¢, 0) = G”(x, t). Following g’ along the
three edges from (0, 0) to (0, 1) to (1, 1) to (1, 0) gives a homotopy from i o ' to idy fixing
A pointwise at all times. O

Corollary 2.20
The map f: X — Y is a homotopy equivalence if and only if iy: X — My is the
inclusion of a strong deformation retract.

Proof Consider the factorization f = ry o iy in HoTop. We see that f is a homotopy
equivalence if i ¢ is. Conversely, if f is a homotopy equivalence, then the cofibration i ¢ is
trivial, hence it is the inclusion of a strong deformation retract. O

The converse of Proposition 2.19 is wrong by Exercise 2.2. Cofibrations behave
nicely with respect to pushouts. This is the content of the next two theorems.

Theorem 2.21
Consider a pushout square in Top

At
(i) Ifi is a cofibration, then j is a cofibration.
(ii) Ifi is an NDR, then j is an NDR.

N<—l’~<

H

Proof Let H: Y x I — W be ahomotopy, and let g: Z — W be an initial condition so that
goj = Hy. From the HEP of i, we obtain a homotopy H': X x I — W extending H o (f x
id;) with initial condition g o f. Hence H and H’ form a cocone on the diagram consisting
of f x id; and i x id; so that from Proposition 1.41, we get a homotopy H”: Z x I — W
as the unique dashed arrow in the diagram
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id
Ax T8y o1
ixid;l jxid;i
fxidr H
Xx]——7xI1
\\ H//
~N
~N
A
H' w.

By the upper triangle, H” is an extension of H. Moreover, for z € Z \ im j, there exists
x € X with f(x) = z and by the lower triangle we have H{(2) = Hy(x) = g(f(x)) =g@).
So H" extends H with initial condition g, which shows (i). Part (ii) is just the combination
of part (i), Theorem 2.15, and Theorem 1.42 (ii). O

Theorem 2.22
Leti: A — X be a cofibration, let f: A — Y be a map, and let

if rf
A— My —Y

be the decomposition of f into cofibration and homotopy equivalence. Consider the
two pushout squares

A4f>Y ALMJ:
zl lj li ijf
x—1.7 x—1.7

)

There exists a unique homotopy equivalence c: Z =z completing the diagram

l

Proof The maps j o ry and f form a cocone on the upper pushout so that the universal
property gives a unique map c: Z — Z such that the right and the front cube face commute. It
remains to see that c is a homotopy equivalence. To find the homotopy inverse, we would like
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to use the canonical inclusion jo: ¥ — My from Example 1.38 (where X = A). The idea is
to apply the universal property of the lower pushout to the cocone formed by jf o jo and i ¢.
The problem is that these maps do not form a cocone in Top: we do not have jr o joo f =
if oi. Nonetheless, they do form a cocone in HoTop: we have js o jo o f ~pg/ iy oi.
The homotopy H’ is obtained from the deformation retraction jj o r F~pid My via H' =
JfoHo(iy xidy). So visually, H' slides A along the cylindrical part of Z from Y toward
X. By the HEP of 7, the reverse homotopy Hj_, extends to a homotopy H": X x I — Z
with H) = iy.Lete = H{ be the end map of the homotopy. We now have

eoi=H{'oi=Hy=jfojoo f.

so e and jr o jy are a cocone in Top on the diagram consisting of i and f. We obtain
the map d: Z — Z from the universal property of the lower pushout. Finally, using again
Proposition 1.41, we find the homotopies ¢ o d >~ idz and d o ¢ = id; as the unique dashed
arrows in the pushout diagrams

i i xid
Ax Ty Ax TS My 1

Given two maps X </—2 A ﬂ) Y in Top, the pushout of X <}(—2 AL My, can

more symmetrically be described by the pushout

f2 (a,lft)

Ax T —2270 5 My,

fl(aﬁt)l i

My, My, 1,

and is known as the double mapping cylinder of f; and f>. For every square

ALY
fli ifm
x-2.7z
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in Top, which is homotopy commutative, meaning g| o f] >~y g2 o f2, the maps g;
and H(a, t) induce amap c¢1: My, — Z, while the maps g> and H(a, 1 —t) induce
amap c: My, — Z. Finally c| and c; give a comparisonmap c: My, r, — Z.

Definition 2.23
A homotopy commutative square

fa

[

A
/

Y

i 92
X ——=7
in Top is called a homotopy pushout if there exists a homotopy g1 o fi ~g g2 o f» such
that the comparison map ¢: M ¢, ¢, — Z is a homotopy equivalence.

Categorical pushouts in Top may or may not be homotopy pushouts: the pushout
of the diagram D?> <« S! — D? is a homotopy pushout, whereas the pushout
of ¢ < S! — e is not. In fact, the notion of homotopy pushout is designed to
remedy the defect that categorical pushouts of homotopy equivalent spaces need not
be homotopy equivalent. Theorem 2.22 says that a pushout square

A
in Top is a homotopy pushout if either i or f (by symmetry) is a cofibration. The

unique homotopy equivalence c in the theorem is precisely the comparison map for
the constant homotopy from f oi to j o f.

l\

N-%’{

H

Theorem 2.24
Consider a pushout square in Top

|

Suppose that i is a cofibration and that f is a homotopy equivalence. Then also f is a
homotopy equivalence.

f
e
i
E——

N<—"<
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Proof Since i is a cofibration, we can revisit the commutative cube from Theorem 2.22. Since
S is a homotopy equivalence, the map i s is the inclusion of a strong deformation retract by
Corollary 2.20. Hence i ¢ is the inclusion of a strong deformation retract by Theorem 1.42(iii)
whence f is a homotopy equivalence by commutativity of the front face of the cube. O

Corollary 2.25
Let (X, A) be a cofibration and assume that A is contractible. Then the collapse map
q: X — X/A is a homotopy equivalence.

Proof Apply the theorem to the pushout (1.37). O

Remark 2.26

We still owe the reader an explanation of the strange terminology “cofibration.” To
demystify the word, let us first observe that the HEP of i: A — X for a space Y can
also be expressed by the diagram

f
A

Y
7/
ol
/ (2
y2
A

evo
H
YI <

where Y is the space of maps I — Y with the compact-open topology and ev is
the evaluation map in zero, evg(g) = g(0) for g: I — Y. An element in ¥ I'isa
continuous choice of elements y € Y, one for each i € /. So we may think of the
space Y/ as a “continuous product” of copies of ¥ parameterized by the interval I.
The dual concept should thus be the “continuous coproduct” Y x I of copies of Y
parameterized by / because an element (y, t) € ¥ x [ is a choice of a single element
y € Y in the ¢-th copy of Y. The dual of the HEP is thus encoded by the diagram

f

Y E
’ /1
i{l 7, J{p

Y x I —H»

Reflecting on it, one realizes that it asserts a homotopy lifting property (HLP) of
the map p. The homotopy H' should be a lift of the homotopy H along the map p
with initial condition f. A map p: E — B with the HLP for all spaces Y is called a
fibration because the main examples of fibrations are fiber bundles. These are defined
by a local triviality condition much like covering spaces though fibers are not required
to be discrete. In fact, the statement from (1.23) that pullbacks of covering maps are
covering maps extends to the statement that pullbacks of fibrations are fibrations. As

(continued)
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such, it is dual to Theorem 2.21 (i) stating that pushouts of cofibrations are cofibrations.
In a similar vein, not only is every arrow in Top a composition of a cofibration and
a homotopy equivalence, it is also a composition of a homotopy equivalence and a
fibration. These facts form a key point in modern axiomatic approaches to homotopy
theory built on so-called model categories. Duality statements as in this remark are
loosely subsumed under the term Eckmann-Hilton duality.

24  Computing Fundamental Groups

As a reward for the hard work of the previous section, we obtain the following
version of van Kampen’s theorem, which is a powerful tool to carry out actual
computations of fundamental groups.

Theorem 2.27 (van Kampen—Pushout Version)
Let

fa

A——=Y
f1i lgz
x-2.7

be a pushout of nonempty path connected spaces such that f1 or f is a cofibration.
Pick ag € A and set xo = f1(ap), yo = f2(ao), 20 = 81(f1(a0)) = 82(f2(ap)). Then

1 (f2)
(A, ag) —=> 1 (Y, o)

771(f1)l l‘”l(gz)
m1(91)

T (X, o) — m1(Z, 20)

is a pushout in Group.

Proof Let us set A;Ifj = ij \ im{ £ for j = 1, 2. We have a commutative diagram

A x (0,1) My,
Mfl Njfhfz
Ax]T 7\L—> My, \L
Pra ‘]\/{fl 4)]\/[](17&
v |
\ \
X—=7
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whose lower part comes from Theorem 2.22 and the discussion below. All downward pointing
arrows are homotopy equivalences. The point (ag, %) € A x (0, 1) determines base points
in all other spaces. The top face is the pushout in Top of an open cover. Applying the ;-
functor turns it into a pushout in Group by the group version of van Kampen’s theorem
(Theorem 2.7). Hence also the bottom face becomes a pushout in Group after applying 7.
]

As the easiest application of the theorem, the collapse space of a cofibration
i: A — X of path connected nonempty spaces has fundamental group

T1(X/A, AJA) = m1(X, x0) /N (im 1 (i)).

For a similar application, let us examine the effect on the fundamental group if
one attaches an n-cell to a nonempty space Y as we did in Example 1.40. So let
f:(S""! @) = (Y, yo) be a pointed map and consider the pushout

f

Snfl LN Ve

D" —— Z.

By Example 2.18, the inclusion i is a closed cofibration so Theorem 2.27 and
Lemma 1.43 prove the following result.

Theorem 2.28

(i) Ifn = 3, then 1 (j): w1 (Y, yo) i w1(Z, zo) is an isomorphism of groups.
(ii) If n = 2, then w((j) is surjective and kerm((j) is the normal subgroup of
m1(Y, yo) generated by the loop [ f] € w1 (Y, yp)-

Example 2.29 The (closed connected) orientable surface of genus g is defined by the
pushout

st Lo, st

D2 5,
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where the attaching map f is determined by the surface word Hig=1 [a;, bi] as follows. We
subdivide the circle S! into 4g equal segments and label them (say counterclockwise) by the
surface word. We pick orientations of the 2g circles in the wedge V,zi 1S 1 and label them by
ai,by,...,ag,bg. Now f is given by mapping segments according to their labels where the
exponent £1 describes whether the map preserves or reverses orientation. The fundamental
group 771 (Xg, @) is called the surface group of genus g. By Theorem 2.28 and Example 2.10,
it has the presentation

Hl(Eg, °) = <a1,b1, ...,ag,bg Hle[ai,bi]>.

In particular, we have Xg = 52 and ¥ = T2, hence b8 (T2, 0) = 72 by Example 1.17. The
(closed connected) nonorientable surface of genus g is defined by the pushout

st s Vi 8

L

D? — N,
where f is determined by the surface word ]_[;.gz1 al.z. So we obtain
71 (Ng, ®) = (al,...,ag ’ ]_[;.g:1 al.2>.

In particular, N1 = RP? is the real projective plane, which has fundamental group
nl(RIP’Z, e) = Z/27. The nonorientable surface Ny is also known as the Klein bottle to
be discussed in Exercise 2.4. The classification theorem of closed surfaces asserts that the
families Xz with g > 0 and Ny with g > 1 exhaust all closed connected 2-dimensional
manifolds up to homeomorphism.

The method of attaching cells can conversely be used to realize any given
group G as the fundamental group of a path connected space. To see this, pick a
presentation G = (S|R) and consider the pushout

Hslif>vsl

reR seS

[l D? —— X¢.
reR

Again we have chosen orientations of the circles in \/ ¢ S! and the map f wraps

the copy of S! corresponding to r € R along Vies S I"according to the word r. In
doing so, we always start and end at a fixed base point € S', which is mapped
to the wedge point @ € \/ ¢S I, Let us denote the image of this point in X by
xo = j(e).
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Theorem 2.30
We have 71 (X g, x9) = G.

Proof The pushout defining X ; factors into two pushouts

11 s Vst —Lsys

reR reR ses
ii \Lk Lj

11 D? \/ D? Xe.

reR reR

Clearly coproducts in Top of cofibrations are cofibrations. So i is a cofibration by Exam-
ple 2.18. Hence £ is a cofibration by Theorem 2.21 (i). We apply Theorem 2.27 to the right
pushout and conclude with Example 2.10 and Lemma 1.43. O

The space X is called the presentation complex associated with the presen-
tation (S|R) of G. We will learn later in Chap. 6 that X is an example of a
“2-dimensional CW complex.” The presentation complex X is compact if and only
if the presentation (S|R) is finite.

2,5 Higher Homotopy Groups
The fundamental group of a pointed space
(X, x0) ={y: (1, {0, 1}) — (X, x0)}/~

is defined in terms of pointed homotopy classes of one-dimensional loops and hence
encodes primarily low-dimensional data. It is therefore good at distinguishing low-
dimensional spaces, for example we have

7T1(S!, @) 2 71 (52, o).

At the same time, it can have trouble distinguishing high-dimensional spaces as
is already visible in the fact 7{(S", o) = {1} for n > 2. A possible cure is the
consideration of higher homotopy groups consisting of relative homotopy classes

(X, x0) ={f: ", 0I") — (X, x0)}/=

where 91" = I" \ (0, 1)" is the boundary of the n-dimensional cube. In the first
coordinate, the multiplication in this group is defined by the same formula as in
the case of the fundamental group and all other coordinates are left untouched: for
[£1, [g] € 7 (X, x0), we set [ £1- [g] = [ f¢] with
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fg(xl,...,xn)z{f(le’xz""’x") for?fxlgé}.

g2x1 —1,x0,...,%x,) f0r§ <x <1

This has the effect that the same proof as for the fundamental group shows that we
obtain a well-defined group structure on the set 7, (X, xg) for n > 1 and that 7,
is a functor on Top, that factorizes through HoTop, . For n = 0, we formally have
(19, 81% = (e, ), so that o (X, x0) = 7mo(X) is independent of the base point and
can be interpreted as the set of path components of X.

For an alternative picture of the group structure on m,(X, xg), we consider
the homeomorphism 7”/91" = S" that maps the midpoint of /" to the south
pole of S” and stretches I" straight upward over the sphere. So the planes
{xi = %} C I" become mutually orthogonal and equatorially embedded spheres
§"=1 c 8" and 31" maps to the north pole. With this identification, a map
(I",0I") — (X, xq) is the same as a map (5", e) — (X, xp) and 7,(X, x9) =
HompgTop, (8", @), (X, x0)) as sets. In this visualization, the group multiplication
takes the form

Lf]-[g] = [8" — 8" v 5" L& gn

where the first map " — S§" v §" arises from collapsing the equator in S”
corresponding to {x; = %} C I" followed by a homeomorphism from the resulting
quotient space to S Vv §", which is defined similarly as above by stretching each of
the two hemispheres with collapsed equator over all of S”.

Higher homotopy groups behave quite differently than the fundamental group.
The most striking difference is that for n > 2, the n-th homotopy group is abelian,
so that 7, is in fact a functor 7, : HoTop, — Ab. The following picture describes
a relative homotopy from fg to gf in case n = 2. The idea carries over to higher
dimensions but not ton = 1.

7 Z

. 7 Z 77 7 7

s I 0l o n . | s
/7 %7/'
.

The shaded areas and all boundary lines map to the base point xo. The good news is
that higher homotopy groups do distinguish the spheres. We have

Z, k=n
Sn’ ; ’ El
(57, @) {O,k<n}

as we will see later in Theorem 5.41. Determining the groups 7% (S", @) for k > n
is however a hard problem. In fact, the only simply connected spaces for which
all homotopy groups are known are the contractible ones—when all these groups
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are trivial. The problem is that higher homotopy groups are not well-behaved
with respect to homotopy pushouts. There is no immediate generalization of van
Kampen'’s theorem and in fact, the abelian group 74(S> Vv §2, e) is infinite though
74(S?, ) is not, and the abelian group 75(S?>V S!, e) is even infinitely generated. So
it is desirable to have an invariant capable of distinguishing high-dimensional spaces
that at the same time would be practically computable. This is what “homology”
accomplishes. In all its variants and disguises, homology shall be the topic of the
remainder of the book.

Exercises

2.1 Show that a space X is contractible if and only if the base inclusion X C CX
embeds X as a strong deformation retract of the cone.

2.2 Let X = [y I be an uncountable product of copies of 7, and let 0 € X be the
point that maps to zero under all projections. Show that {0} C X is a closed strong
deformation retract but not the zero locus of any map u: X — I.

2.3 Letx € S leti: S' — S! x S! be the inclusion given by i (y) = (x, y), and
let X be the pushout of the diagram S' x §' < §' 5 §1 x s!.

(a) Find a presentation for 71 (X, e) by applying van Kampen’s theorem.

(b) Instead of describing X as a pushout of two spaces along a common subspace
as above, one can alternatively describe X as the product of two spaces. Find
such a description and use it to compute 71 (X, e) again. Convince yourself that
the two results define isomorphic groups.

2.4 We obtain the Klein bottle K from [0, 1] x [0, 1] by identifying one pair of
parallel edges preserving the orientation and the other pair of parallel edges revers-
ing the orientation. Apply van Kampen’s theorem to obtain a group presentation
G1 = {(a,b|R;y) of m(K) by observing that K can be obtained from gluing a
2-cell to S' v S'. Explain that the Klein bottle can also be obtained from gluing
two Mobius strips along their boundaries. Now obtain a second group presentation
Gy = (c,d | Ry) of m1(K) via van Kampen’s theorem applied to this description.

2.5 Of course the two group presentations resulting in Problem 2.4 define iso-
morphic groups. Give an explicit isomorphism and its inverse by writing down the
images of a and b as words in ¢ and d and vice versa.

2.6 Let C C R2 be the union of circles of radius % with center (%, 0) forn € N.
Show that (C, (0, 0)) is not a cofibration. Is C homeomorphic to \/,, .y S'?
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Homology: Ideas and Axioms

After discussing the challenges and chances of working with higher dimensional
generalizations of the fundamental group, we are now ready to give an overall idea
of homology as an alternative and more accessible topological tool. We begin with
the introduction of simplicial homology, a variant of homology that is only defined
for a special type of spaces but for which the original, combinatorial idea still shines
through. The basic properties of simplicial homology will make apparent that there
should be an axiomatic approach to homology theory that we present in the last
section.

3.1 The Idea of Homology

The basic building block of homology is the standard r-simplex defined by

n
A" = {(xo,...,xn)eRn+l: in =1, x; >0foralli =0,...,n
i=0

This means the O-simplex consists of a single point, the 1-simplex is a closed edge,

the 2-simplex is a solid equilateral triangle, the 3-simplex is a solid tetrahedron,
and so on. If {vg, vy, ..., v,} denotes the standard basis of R"L then A" can
equivalently be described as the convex hull of this basis, denoted by

An :[U()’ vli"'vvn]

So the basis vectors form the vertices of the simplex: v; is called the i-th vertex.
Dropping the i-th vertex from the convex hull construction gives the i-th face

[v05"'71’);9'~'7vn] C [v09'-'7vl’l]
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Fig. 3.1 Triangulation of a surface of genus two

Fig. 3.2 Two homologous 1-cycles in the torus

of A" that opposes v;, where the “hat” decoration means the corresponding vertex

is omitted. Of course, this procedure can be iterated, faces have faces again, until
finally O-simplices have the empty space as the only face by agreement. Various
simplices can be glued along faces to form topological spaces known as simplicial
complexes or, more generally, A-complexes.

Let X be a space that comes with such a “triangulation” by simplices as in
Fig. 3.1.! We consider n-chains of n-simplices in X. For the moment, we think of
them as a choice of finitely many n-simplices in X. This would later correspond to
working with coefficients in Z/2Z. Now it is not hard to make explicit the intuitive
notion of boundary of an n-chain. It is the (n — 1)-chain consisting of the faces of
the n-simplices in the n-chain, which are not the common face of an even number
(usually two) of adjacent simplices of the chain. The so obtained boundary might be
empty, in which case the n-chain is called an n-cycle. In particular, the boundary of
an (n + 1)-chain is always an n-cycle. We only have to observe that the boundary
of the boundary of any simplex is empty. The n-th homology H, (X) of X consists
of n-cycles up to boundaries of (n 4 1)-chains: We identify two n-cycles if they are
homologous: if their union forms the boundary of an (n+1)-chain. The construction
is illustrated in Fig. 3.2.!

! The image has previously appeared in [16].
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3.2  Simplicial Homology

In this section we make the above program precise though we do it right away for
integer coefficients. Let 0 A" = U?:o [vo, ..., Vi, ..., v,] be the boundary of A"

and let (A™) = A"\ 0 A" be the interior of A”".

Definition 3.1
A A-complex is a topological space X with a family of maps

{oy : A" — X}
for each n > 0 such that

(i) Each map o |AO" is injective.
(ii) Each point x € X lies in im(o |Aon) for exactly one o7 .

(iii) Each restriction ojl[y,. ..4;...v,] 1S equal to some Ugfl where we identify

[0, -, Diy ..., vp] with A"™1 = [vg, ..., v,_;] by the unique linear homeomor-
phism that preserves the order of the vertices.
(iv) A subspace A € X is open if and only if (ao’t’)_1 (A) € A" is open for all 0.

We refer to a map o : A" — X as an n-simplex of the A-complex X. A A-
complex X comes with a filtration by skeleta X0c...c xkcC... C X where
the k-skeleton X* is the union of all images of simplices of dimension at most k. A
A-complex X is called k-dimensional if X¥ = X and X*~! # X and it is called
infinite dimensional if there is no such k. We say that X is of finite type if for each
k > 0, it has only finitely many k-simplices. We say X is finite if it has only finitely
many simplices altogether.

A simplicial complex is a A-complex X in which each simplex is uniquely
determined by its vertices. It follows that simplicial complexes have a convenient
and entirely combinatorial description as an abstract simplicial complex. One
starts with a set of vertices and specifies for each finite subset if it spans a simplex
or not. In doing so one only has to make sure that for each simplex also all of
its faces are simplices. The combinatorial simplicity comes at a price. Even for very
simple spaces, one needs a large number of simplices: The 2-torus T2 as a simplicial
complex needs at least 14 triangles, 21 edges, and 7 vertices! To endow T? with a
A-complex structure, two triangles, three edges, and one vertex suffice.

Definition 3.2
Let X be a A-complex. The n-th simplicial chain module CnA(X ) is the free Z-module
with basis

{ol . A" —> X}
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Accordingly, the n-th chain module consists of formal Z-linear combinations
Z kqoll € CR(X)
o

with finitely many nonzero coefficients. We call them simplicial n-chains in X.

Definition 3.3
The boundary homomorphism (also known as differential)
I CRX) = CB (%)

for n > 1 is defined on the basis by

i=0

The sign ensures that the boundary of a boundary of an n-chain is trivial as we verify
in the following lemma. For n < 0, we formally set CnA(X ) = 0 and hence 9, = 0
forn < O.

Lemma 3.4
We have 9,,_1 o 9, = 0.

Proof Leto =0} € CnA (X) be any basis element. Then

n
=10 (@) =0yt | Y (=D’ lg i1l | =

i=0
= Z(_l)l(_l)ja|lvo,.-.‘ﬁj,m,ﬁi,...,vnl +
j<i
_ni_1yJj—1 . . —
+ D D T ] = O
Jj>i
because the two sums have the same summands with opposite signs. O

The lemma shows that (C*A(X ), 9x) is a chain complex in the algebraic sense:
A sequence of R-modules over a commutative ring R (in our case R = Z)

On+1 O
Cn “+1 C’n

Cn -1



3.2 Simplicial Homology 63

indexed over n € Z and connected by homomorphisms 9, satisfying the condition
dp 0 dy41 = 0. The latter property can be restated as im 9,41 < ker 9, or in words:
“every n-boundary is an n-cycle”. Homology captures the defect as to whether the
converse is true.

Definition 3.5
The n-th homology of a chain complex (Cy, d«) is the R-module

Hp(Cy) =kerd,/imo, 4.

Definition 3.6
The n-th simplicial homology of a A-complex X is the Z-module

HA(X) = Ha(C2(X)).

Thus two cycles z1, 22 € Z,(X) := ker 9,, represent the same element in HnA (X)
(““are homologous”) if they differ by a boundary z; — z> € B, (X) :=im 9,,4+1. Note
that a Z-module is the same as an abelian group. More precisely, the categories
of abelian groups and the category of Z-modules are isomorphic by the forgetful
functor Z-mod — Ab and the functor Ab — Z-mod, which sends an abelian group
(G, +) to the module that is G itself as abelian group and has scalar multiplication
defined byn-g = (g + ---+ g) forn € Z, which forn < O means n - g =
—g -+ — g. Hence for our choice of coefficients in Z, we can interchangeably talk
about homology modules or homology groups.

Example 3.7 Let us consider the circle X = S! with the A-complex structure given by
one O-simplex v and one 1-simplex e glued to v at both ends. The simplicial chain complex
(CA(X), 84) looks like

-~-—>0—>0—>Zei>Zv—>0

and we have 91 (e) = v — v = 0. Therefore all differentials in the chain complex are trivial,
which has the effect that the homology groups agree with the chain groups

HA(SY = Z k=01

0 otherwise
Example3.8 Let X = RP? be the real projective plane with the A-complex structure
pictured schematically in Fig. 3.3. The lower left O-simplex is the same as the upper right
one and we denote it by v. The upper left O-simplex is the same as the lower right one and
we denote it by w. The left and right hand 1-simplices are identical and are denoted by a
whereas the upper and lower 1-simplices are likewise identical and are denoted by b. The
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Fig. 3.3 A A-complex structure of the real projective plane RP?. Same arrows describe the same
1-simplex. The curved arrows refer to the orientations of the two 2-simplices that determine the
signs of the faces under the boundary map

diagonal 1-simplex is called c. The upper left 2-simplex is called U while the lower right
2-simplex is called L. The arrows point from lower to higher vertex indices. Hence we have

hU)=—a+b+c
H(L)y=a—-b+c
d1(a) =w—v
b)=w-—-v
d1(c)=v—v=0

Thus identifying

CEX)=Zve Zw=17?
CPMX) = Za ® Zb ® Ze = 73

CHX) = 2U @ ZL = 77
the simplicial chain complex C*A (X) can be described by matrix multiplication as
—1+1

+1 -1 (—1 —1 0)
+1 +1 3 +1+10 2

We see that the differential 9, is injective, hence Z(X) = ker d, = 0, which gives

e 0—0— 72

— 0.

H{ (RP?) = 0.
k
For the first differential we compute that 91 | [ | = O is equivalent to k 4+ / = 0 so that

m
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k
kerd; = —k|:kmeZ
m
—r+s
To identify the image of the second differential we compute 9; (r) =] r—s |.Setting
s r+s
p
p = —r+s, therefore r +s = p+2r givesimdr = —p : p,q € Z ¢ . Substituting
p+2q

m = k + m’ above, we see that

HP (RP?) = 7/27.

| (39

HORP?) = 7

Finally we have

and thus

generated by either ((1)) + By(X) or ((1)) + By(X). To sum up, we computed

Z k=0
HERPY) = 727k =1
0 otherwise

For the sake of quick illustration, we set up an ad hoc computation of the
homology of the real projective plane. To compute the homology of a chain complex
of free finite rank R-modules over a principal ideal domain R algorithmically, one
adheres to the following algebraic lemma.

Lemma 3.9

a ad
Let Cy 2 Cq LN Co be a chain complex of free finite rank R-modules over a
principal ideal domain R. Then

H(C) = R" ® R/(a) ® -+ & R/(an)
where ay, ..., a, € R are the invariant factors of 9, and where

b = rank ker9; — n.
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Recall that the invariant factors of a homomorphism of free R-modules over a
principal ideal domain R are the up to associatedness uniquely defined nonzero
elements a; | a» | --- | a, € R such that there exist bases of the domain and
codomain with respect to which the homomorphism has a transformation matrix A
in Smith normal form: A;; = a; and all other entries zero. There are well-known
algorithms that turn a matrix over R into Smith normal form. The reader can find
a worked out example computation for a (3 x 3)-matrix over R = Z in [7, I11.7.8].
Of course rank ker d; and n = rankim 9, can likewise directly be inferred from the
Smith normal forms of 9; and 9,, respectively.

Proof Since R is a principal ideal domain and since C and Cy are free of finite rank, the
nullspace C? = ker d; is complemented. So we obtain a direct sum decomposition C; =

C? G C 11 with free summands. Replacing the codomain of 9, by C(l)’ we can find bases

of Cp and C?, which put 9, in Smith normal form. Picking any basis of Cll, the Smith

normal form of the original 0, is then obtained by extending the matrix with zero rows.
Since H|(Cx) = C?/ im d,, the lemma is now clear. O

3.3  Relative Simplicial Homology with Coefficients

It is a common theme in topology, and actually in all of mathematics, to explicitly
disregard any information that is not of interest for the problem at hand. For
example, one might only want to capture topological properties or phenomena of
a A-complex X, which are not already produced by a given subcomplex A C X.
This leads to the notion of relative simplicial homology HnA (X, A). Additionally,
the ring Z on which we based our construction of simplicial homology so far,
might not always be the best choice to work with. For instance, we saw that
H2A (RP?) = 0, which one might find unfortunate in the sense that our current
definition of homology does not seem to recognize the projective plane as a two-
dimensional object. The objective of this section therefore is to define relative
simplicial homology HA (X, A; R) with coefficients in any commutative ring R
such that we recover the previous definition for A = ) and R = Z.

Definition 3.10
Let X be a A-complex. A sub-A-complex (or simply subcomplex) is a subspace A C X
given by a union of simplices in X.

Observe that subcomplexes are always closed because (00'})_1 (A) is a union of
subsimplices of A" and A" has only finitely many subsimplices. We call (X, A) as
above a A-pair.

Definition 3.11
The relative simplicial chain module of a A-pair (X, A) is the factor module

CR (X, A) = CE(X)/CL(A)
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Note that chains in A are trivial in C2(X, A) and the differential on C/(X)
satisfies 8,1(C,1A(A)) - CnA 1 (A). Thus it descends to a new differential

3 CH(X, A) — C2 (X, A)

and we still have 9,,—1 009, = 0. This shows that the relative simplicial chain modules
form a chain complex (C*A (X, A), 04). A cycle from ZnA (X, A) :== ker 9, is now a
relative cycle, meaning a chain whose boundary lies in A. Two such relative cycles
are relatively homologous if their difference becomes a boundary in BnA (X, A) =
im 9,41 after adding a chain from A if need be.

Definition 3.12
The n-th relative simplicial homology of a A-pair (X, A) is the Z-module

H2(X, A) = Hy(C2 (X, A)).

Example 3.13 We consider the case X = A", A = dA". Then CnA(A", 0A") = Z whereas
CP (A", 9A™) = 0 for k # n, hence

HE (A", 9A™) = Z ifk =n,
0 ifk#n
More generally, let R be any commutative ring (with unit element 1 € R) and let
CnA(X ; R) be the free R-module with basis {¢/: A" — X}. Correspondingly, we
obtain C2(X, A; R) = C2(X; R)/C2(A; R), called the relative simplicial chain
complex with coefficients in R. The differential 9, is defined as in Definition 3.3,
noting that —1 € R because 1 € R. The homology of this chain complex is denoted
by H2(X, A; R) and is called relative simplicial homology with coefficients in
R. Setting C2(X; R) :== C2(X, #; R) and H>(X; R) := H(X, #; R), we recover
the previous absolute definitions from Sect. 3.2 in the case of R = Z.

Example 3.14 Recall from Example 3.8 that the differential

CARP% 7) 2> CARP?; 7)

-1 +1

+1 —1
) +1 +1 3
7" —— 7

If we replace the ring Z by R = Z/2Z, then the equality —1 = 41 has the effect that
)
C4 (RP?; Z/27) —> C{(RP?; Z/2Z) is of the form

has the form
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11
11

11
2)22)* —5 (2)27)3

which is a rank-1 linear map of Z/2Z-vector spaces. By the rank-nullity theorem, also the
kernel is one-dimensional whence

HP RP?; 2/27) = 7.)21.

Intuitively, relative homology HnA (X, A; R) quantifies how much HnA (X5 R)
differs from H2 (A; R). To make this statement algebraically precise, we introduce
some terminology that will turn out to be useful throughout the course.

Definition 3.15

A sequence A l—) B-% cof objects and morphisms in R-mod is called exact at B if
kerg =im f.

Observe that in this case g is injective if and only if f = 0, and f is surjective if
and only if g = 0. A long exact sequence (LES) in R-mod is a sequence

> Appl — Ay — A — -

of objects and morphisms that is everywhere exact.

Theorem 3.16 (LES)
Let (X, A) be a A-pair. We have a long exact sequence

I HA(4; R) <~ HA(X; R) % HA(X, A; R) > HA (A4;R) =% ...

in Zi(A; R) — Zp (X3 R)
where { j, isinduced by the map ZB(X:R) —> Z2(X, A R)
dp ZM(X, A; R) 5 Z58 (A R)

with ZJ (X, A; R) = ker(d, : C2(X, A; R) — C2 (X, A; R)) and so forth.

Proof In this condensed proof, we drop the coefficient ring from the notation.

Exactness at HnA (A). Let z + BnA (A) € keriy. Then z € BnA (X), which means there
exists ¢ € anH(X) with 8, 1c = z. But z € Z2(A) € C2(A), 50 ¢ € ZM(X, A), hence
z+BnA(A) € imd,, 1. Conversely, letz—f—BnA(A) € imdy, 1. Then there exists ¢ € CnA_H (X)
with 0,4 1¢ = z. Therefore z € BnA(X), hence z + BnA (A) € keriy,.

Exactness at HnA(X). Let z + B,,A(X) € ker j,. Then z € BnA (X, A), which means
there exists ¢ € CJY((X) with z — d,41¢ € C(A) and in fact z — B, 1¢ € Zp(A)
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because 3, (z — d,41¢) = 0. We obtain iy(z — d,11¢ + BN (A)) = z + BL(X) and so
z+ B”A(X) € imiy. Conversely, let z + BnA (X) € imij,. Then there exists b € BnA (X) and
7/ € ZL(A) such that 2/ = z + b. Therefore z — 2/ = —b € B2 (X), hence z € B2 (X, A),
which shows z + BnA (X) € ker jy.

Exactness at Hy* (X, A). Let z + B2 (X, A) € kerdy,. Then 8,z € B/ | (A). Hence there
isc € C2(A) with dy¢ = dpz.So z—c € Z2(X) and j, ((z— )+ BR (X)) = z+ BN (X, A)
whence z + BnA(X, A) € im j,. Conversely, let z + BnA (X, A) € im j,. Then there is 7’ €
ZnA(X) and ¢ € CnA(A) with z/ = z + ¢. It follows that 9, (z) = 9,(z — ¢) = 9,(—c) €
B2 [(A)soz+ BJ(X, A) € kerd),. O

The long exact homology sequence captures precisely in how far HnA (A; R),
HnA (X; R), and HnA (X, A; R) interrelate. We single out an important special case.

Corollary 3.17
The relative homology H A(X A; R) vanishes for all n if and only if all inclusions

HA (A) HA (X) are isomorphisms.

Proof In an exact sequence, only the trivial R-module fits between two adjacent zero
morphisms. With the above observation, this gives the “if”” part of the corollary. Conversely,
the zero morphisms are the only morphism from and to the trivial R-module. Using the
observation again, this gives the “only if” part. O

In view of the corollary, one could wonder if we have in general HnA(A; R) C
HA(X; R) and HA(X,A; R) = HA(X; R)/H”(A; R). This is however not

always true. In fact, it is true if and only if in the long exact sequence

n+l

5 HA(A; R) - HA(X; R) - H2(X, A; R) LN nA_l(A;R)i>

the differentials d,, 41 and d,, are zero. In this case, the three terms of order n form
what is called a short exact sequence (SES)

0 — H2(A; R) =% H2(X; R) > H2(X, A; R) — 0,
meaning a five term exact sequence starting and ending in the trivial module. It is
then still not necessarily true that i, and j, can be identified with the canonical
inclusion and projection of a direct sum decomposition

H2(X; R) = H(A; R) @ H>(X, A; R).

In fact, this holds true if and only if the SES splits.



70 3 Homology: Ideas and Axioms

Lemma 3.18 (Splitting Lemma)

Let0 — A - B L5 € —> 0 be a short exact sequence of R-modules. The
following are equivalent:

(i) There exists a homomorphism p: B —> A such that p oi = id4.
(ii) There exists a homomorphism s: C —> B such that j o s = idc.
(iii) There exists an isomorphism B = A @ C fitting into the diagram

0——=A C——0

Z/’i:\].
\ /
A C

where the lower arrows are the canonical inclusion and projection.

Proof Statement (iii) is formally the strongest. It clearly implies (i) and (ii). To see that (ii)
implies (iii), we note that i is injective while j vanishes on imi and restricts to an
isomorphism on ims. So it is enough to show that B is the internal direct sum of imi
and ims. To see that, we decompose b € B as b = (b — s(j(b))) + s(j(b)) with
b—s(j(b)) € ker j = imi.If b € imiNim s, then by surjectivity of j there exists b’ € B with
b =s(j(b")). Sinceimi = ker j, we have 0 = j(b) = j(s(j (b)) = j (') sob = s(0) = 0.
Similarly, to see that (i) implies (iii), we show that B is the internal direct sum of imi and
ker p. For b € B, we decompose b = i(p(b)) + (b — i(p(b))) with b — i(p(b)) € ker p.
If b € imi N ker p, then there is @ € A such that b = i(a) and 0 = p(b) = p(i(a)) = a,
so b = i(0) = 0. Since imi = ker j, it follows that j restricts to an isomorphism on ker p
whence (iii) follows. m|

The SES is called split if it satisfies one (then all) of the above conditions.
By the characterization in (ii), a SES always splits if C is a free R-module. The
splitting lemma can be stated and proven in a purely categorical manner for so
called abelian categories. In contrast, the splitting lemma fails in Group because
non-abelian groups can decompose as semidirect products. For example, the sign
of permutations gives a SES

1 —> Ay — 83 5 (+1) — 1

for the symmetric group on three letters S3. This SES satisfies (ii) but not (i) because
{=£1} does not lift to a normal subgroup of S3.

Even in those cases when the LES for relative homology does not decompose into
split SESes, it is still a valuable tool to reduce the computation of homology groups
to previously obtained results. The second powerful method to compute relative
homology uses that homology remains unaffected if one excises a subcomplex.
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Theorem 3.19 (Excision)
Let X be a A-complex and let A C Y C X be subcomplexes, such that A C Y. Then
the inclusion of A-pairs

(X\A, Y\A) EN (X,Y)

induces isomorphisms

HA(X\A, Y\A; R) — HA(X,Y; R)

wg

for all n, where the “o”-decoration indicates the interior as subspace of X.

Proof We show the stronger statement that the inclusion induces an isomorphism
CAX\A, Y\A; R) L5 CA(X,¥: R)

of chain complexes. To see that ji is surjective, we can write ¢ + C, (Y R)eC A(X Y; R)
asc —I—CA(Y R) where ¢’ has no nonzero coefficients for 51mphces inY. Since X\Y < X\A
the element ¢ +CA(Y\A R) is a preimage ofc—}—C (Y; R)in CA(X\A Y\A R) under j.
To see injectivity, let i (c—i—CA(Y\A R)) =0. Then ¢ € CA((X\A)HY R).Since A C Y,
we have (X\A) ny c Y\A thus ¢ € CA(Y\A R), which shows that ¢ + C (Y\A R)
is trivial in C A(X\A Y \A R). Since jy is induced by the inclusion J of A -pairs, it
is clear that j, commutes with the boundary homomorphisms in CA(X \A Y\A R) and
CA(X,Y:R). O

3.4 TheEilenberg-Steenrod Axioms for Homology

The most obvious disadvantage of simplicial homology is that unlike homotopy
groups, it is only defined for A-complexes, not for general topological spaces. One
might not feel too discouraged about this as examples of A-complexes abound. In
particular, all smooth manifolds admit a A-structure as one can see with quite some
effort. However, A-complexes are difficult to handle as category. Even defining
morphisms in such a way that HnA(—, —; R) becomes a functor A-pairs — R-mod
is troublesome though it is much easier for simplicial complexes as we shall
see in the next section. It would then moreover not be clear whether homotopic
morphisms f =~ g satisfy H>(f; R) = H2(g; R). This however is a desirable
feature as it would allow the conclusion that homotopy equivalent A-complexes
have isomorphic homology. So ideally, we want homology to be a family of functors

H,: Top® — R-mod
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indexed over integers n € Z such that we have
(1) A factorization

HoTop(Q)

IR

Top? - R-mod,

(2) A LES for every pair (X, A). .
(3) An excision isomorphism for triples (X, Y, A) with A C Y.

Here it is apparent how to define the category HOTOp(2). The Eilenberg—Steenrod
axioms for homology make the above wish list precise.

Definition 3.20
A homology theory with values in R-mod consists of a family (H,),,cz of functors

Hy,: Top® — R-mod
and a family of natural transformations
On : Hy —> Hy_q0J,
where J : Top(z) — Top(z) is the functor that sends a pair (X, A) to (A, ¥) and restricts a

map of pairs f: (X, A) — (Y, B)to f|a: (A, ?) — (B, ?). The functors and the natural
transformations are required to satisfy the following set of axioms:

(1) Homotopy invariance: If two maps of pairs f, g: (X, A) — (Y, B) are homotopic by a
homotopy 4 with h;(A) € B forallt € I, then H,(f) = H,(g).

(2) Long exact sequence: Let the pair (X, A) determine the inclusions i: (A, ¥) — (X, )
and j: (X, ¥) — (X, A). Then the sequence

H,( H,(j o (X,A
oo Hy (A, ) D g x2S g x Ay KA g Ay

is exact.
(3) Excision: Let A, Y € X be subspaces with AC Y. Then the inclusion

X\A, \4) L (X, 1)
induces isomorphisms

Hy(j)
Hp(X\A, Y\NA) —— Hp(X,Y)

foreach n € Z.
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We say that a homology theory satisfies the dimension axiom if in addition
(4) Hp(e,¥) =0forn #0.

We will write H,(X) for H,(X,?). The R-modules H,(e) are called the
coefficient modules of the homology theory. A homology theory is called ordinary
if it satisfies the dimension axiom and generalized otherwise. Naturality of 9, says
explicitly that for every map of pairs f: (X, A) — (Y, B), the diagram

On
H,(X,A)——= H,_1(A)
Hn(f)l \LH'nl(fA)
H,(Y, B) i n—1(B)
commutes. It follows that H,(f) maps the LES of (X, A) to the LES of (Y, B) so
that we obtain a commutative horizontal ladder with exact rows
o——>H,(A)——H,(X) ——=H,(X,A) ——=H, 1(A) —— -+
Hn(flA)l Hn(f)l Hn(f)l Hnl(flA)l
—>=H(B) —= Hn(Y) ——H,(Y,B) —=H, 1 (Y) —— -

The leftmost square commutes because the underlying square in Top commutes

(A,0) —= (X,0)

al |1

and similarly for the middle square.

The goal suggests itself to construct an ordinary homology theory with values in
R-mod and we will do so in the next chapter. In the chapter after that, we verify
that this homology theory is isomorphic to simplicial homology for A-complexes
and naturally so for simplicial complexes.

3.5 Simplicial Approximation

To make the last naturality statement meaningful, we need to discuss in what sense
also simplicial homology is functorial. First we describe the morphisms in the
category of simplicial complexes.
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Definition 3.21
A map f: X — Y of simplicial complexes X and Y is called simplicial if it restricts to a
map of the O-skeleta f 0. X9 - ¥0 such that

(i) Whenever v, ..., v, € x0 span a simplex in X, so do f(vg), ..., f(vy)inY.
(ii) The restriction of f to a simplex [vg, ..., v,] is the unique affine linear extension of f 0

sothat f(Q 7 tiv) = Dot f(v)).

The two conditions ensure that a simplicial map f is determined by its restriction
£ to the vertices so that not only simplicial complexes but also simplicial maps
have an entirely combinatorial description. A simplicial map f: X — Y induces a
homomorphism C2(f): C2(X) — C2(Y) as follows. Given an n-simplex ¢! =
[vo, ..., v,]in X, we set CnA(f)(oo'}) = (0 whenever the vertices f(vg), ..., f(vy)
span a simplex of dimension less than n. Otherwise, let o = [wy, ..., w;,] be the
n-simplex in Y spanned by f(vg), ..., f(v,). We set CnA (Hel) = —i—ag if the
(n 4 1)-tuples (wy, ..., wy) and (f(vy), ..., f(v,)) differ by an even permutation
and C nA( Hl) = —og if they differ by an odd permutation. Note that here we
use that our definition of simplicial complex gives a little more than just an abstract
simplicial complex. The maps o7 : A" — X induce an ordering of the vertices and
hence an orientation of the simplex defined as an ordering of the vertices up to even
permutations. We check that the family of homomorphisms C2(f): C2(X; R) —
C2(Y; R) is a chain map of chain complexes, meaning the diagram

CMX;R) —2>C2 | (X:R)
Cf(f)l lCS_lm
o

CR(Y;R) ——C& | (Y;R)

commutes for every n. The only critical case to consider occurs when f maps an n-
simplex o) = [vp, ..., v,] to an (n — 1)-simplex in Y. Then f maps precisely two
of the vertices vy, ..., v, to the same vertex in Y and so Cn{1 (f)(90)}) consists
of precisely two summands that differ by sign, either because of the definition of
d or because of the definition of Cn{1 (f) depending on whether the indices of
the two vertices are an odd or an even number apart. So both compositions in
the diagram are zero on o/ as required. For a simplicial map of simplicial pairs
f:(X,A) — (Y, B) with subcomplexes A and B such that f(A) € B, the map
CnA (f) descends to a chain map CnA(X, A; R) — CHA(Y, B; R) of relative chain
complexes. By definition, a chain map sends cycles to cycles and boundaries to
boundaries. Hence a simplicial map f: (X, A) — (¥, B) induces a homomorphism
HnA(f): H”A(X, A;R) — HnA(Y, B; R) in simplicial homology. The functor
relations HnA (gof) = HnA (g)oHnA(f) and HnA (id(x,4)) = idHnA(X’A;R) are readily
verified.

The condition for a map f: X — Y to be simplicial is topologically quite
restrictive. It is therefore reassuring to know that any continuous map f: X — Y
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Fig. 3.4 Barycentric subdivision of a 1- and a 2-simplex

from a finite simplicial complex to any simplicial complex is homotopic to a
simplicial map on some repeated barycentric subdivision of X. To explain this,
let v, = # Z?:o v; be the barycenter (center of mass) of the standard n-simplex

A" = [vg, ..., vy]. The barycentric subdivision of A" consists of the simplices
[vp, wi, ..., w,] where [wy, ..., w,] runs through the (n — 1)-simplices in the
barycentric subdivision of the n + 1 faces [vo, ..., 1;, ..., v;] of A", This inductive

definition ends with the agreement that the barycentric subdivision of [vg] shall be
just [vg] itself. A visualization for n = 1 and n = 2 is given in Fig. 3.4.

The barycentric subdivision X!!! of a A-complex X has the same underlying
topological space as X, but each n-simplex o : A" — X is replaced by the (n+1)!
restrictions to the simplices of the barycentric subdivision of A”. Here again, we
identify the simplex [vp, wy, ..., wy] in the subdivision with the standard simplex
[vo, ..., v,] by the unique linear homeomorphism that preserves the order of the
vertices. Inductively, we set X1 = (XI"=1)[1l and x0T = x.

Theorem 3.22 (Simplicial Approximation)

Let X and Y be simplicial complexes and assume that X is finite. Then for every
continuous map f: X — Y, there exists r > 0 and a simplicial map g: xll 5y
such that f ~ g.

It is clear that the iterated barycentric subdivision in the theorem is necessary.
For there are only finitely many simplicial maps from the triangle to itself, but there
are infinitely many homotopy classes of maps S' — S since 7{ (S, ) = Z. The
proof of the simplicial approximation theorem needs some preparation. To begin,
let us endow the finite simplicial complex X with any metric d in which each n-
simplex of X is isometric to some embedded n-simplex in R"*!. A possible such
choice comes from realizing X as subcomplex of AXT c RIXOHL

Lemma 3.23
Let o be an n-simplex in X and let T be an n-simplex from the subdivision of o in xU1,

Then diam(t) < nnﬁ - diam(o).
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Proof 1t is apparent that the diameter of a simplex is the maximal distance of any two of its

vertices. If neither of two vertices of 7 is the barycenter of o, then these two points lie in

one of the faces of o, so we are done by induction. The distance from the barycenter b of o

to any of the vertices v occurring in 7 is maximal if v is a vertex of o = [vg, ..., vn], sO

say v = v;. The line through v; and b intersects the i-th face [vg, ..., ¥;, ..., vy] of o inits

barycenter b; = %(vo 4+ 0+ +vy) and hence b = ;17b; + ﬁvi. So the line
n

segment from v; to b forms the m—th part of the line segment from v; to b;. This shows

b —vill = ;25 16 — vill < 7 diam(o). o

For a point x € X, we define the carrier carr(x) as the unique simplex in X of
which x is an interior point. We say that a simplicial map g: X — Y is a simplicial
approximation to the continuous map f: X — Y if g(x) € carr(f(x)) forall x €
X. The condition makes it possible to define a homotopy by the formula H (x, t) =
tg(x)+ (1 —1) f(x), which shows f =~ g. We define the open star st(v) of a vertex
v € X0 as the subset of X consisting of all x € X whose carrier contains v. To
see that st(v) € X is indeed open, it is enough to observe that the complement is a
union of simplices, hence closed by Definition 3.1 (iv). So we show that x ¢ st(v)
implies that carr(x) is disjoint from st(v). Indeed, the carrier of a given point is
the smallest simplex containing it, so for y € carr(x), we have carr(y) C carr(x).
Since v ¢ carr(x), this implies v ¢ carr(y) whence y ¢ st(v) which is what we
wanted to show. Finally, we observe that an intersection of open stars ﬂ?zo st(v;) is
nonempty if and only if [vo, ..., v,] is a simplex in X. For the carrier of a point x €
ﬂ;‘zo st(v;) contains each vertex vy, ..., vy, hence [vy, ..., v,] is a subsimplex of
carr(x). Conversely, each interior point of [vp, ..., v,] is contained in ﬂ:’zo st(v;).

Proof of Theorem 3.22 By the above, we are left with the task of constructing a simplicial
approximation g of f on some repeated barycentric subdivision X "], Since a finite
simplicial complex is apparently compact, we can pick a Lebesgue-6 for the open cover
{f_l(st(wi)): w; € Yo} of X. By Lemma 3.23, there is r > 0 such that all simplices in
X1 have diameter less than %. For every fixed vertex v € (X Ir ])O and every x € st(v), we
have v € carr(x), hence d(x, v) < % By the triangle inequality, this gives diam(st(v)) < §.
This shows that there is w; € Y9 such that f(st(v)) € st(w;). So we set g(v) = w; and
verify that this choice defines a simplicial map. Let [v, ..., v,] be a simplex in X (], Then
(7_ st(v;) is nonempty. Since

(Vo sti)) S Mizg f6tw)) S Mg stg i),

it follows that ﬂ?:o st(g(v;)) is nonempty, too, hence [g(vp), . .., g(vy)]is asimplex in Y, as
required. Write a given element x € X "] with carrier carr(x) = [vg, ..., vy] in barycentric
coordinates x = Z?:O tivi withrg+---+1, = 1. Foreachi = 0, ...,n, we have v; €

carr(x) so x € st(v;), thus f(x) € st(g(v;)), which means g(v;) € carr(f(x)). This shows
glx) = Z?:() tig(v;) € carr(f(x)) as well. So g: x5 yisa simplicial approximation
of f. O
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Exercises

3.1 Show that the minimal simplicial structure on the n-sphere S" has (Zﬁ) k-
simplices fork =0, ..., n.

3.2 Find A-complex structures for the torus T and the Klein bottle K and compute
the simplicial homology.

3.3 Let G be a group with presentation G = (S|R) and let X be the associated
presentation complex. Endow X with the structure of a A-complex and show that
H{(Xg) is isomorphic to the abelianization of G.

3.4 Prove or disprove the following assertions.

(a) If the sequence of Z-modules 0 - M — N —> 7Z — 0 is exact, then
N=EM®aZ.

(b) If the sequence of Z-modules 0 - M — N —> Z/2 — 0 is exact, then
NEM@Z/2.

(c) If the sequence of Z/2-modules 0 - M — N — Z/2 — 0 is exact, then
NEM@Z/2.

3.5 Let R be a principal ideal domain (e.g., R = Z) and let C be an R-module.
Show that if every SES 0 — A LB N C —> O splits, then C is free.

3.6 Let R be a commutative ring and let M be an R-module.

(a) Show that the functor (—) ® g M is right exact: It preserves exactness of A —
B— C— 0.

(b) Show that the functor Hompz (M, —) is left exact: It preserves exactness of 0 —
A— B — C.

Hint: Review Exercises 1.3 and 1.7(c).

3.7 Consider the A-complex K given by
b

N

(a) Explain that K is the Klein bottle and that the subcomplex given by the 2-
simplex M and its subsimplices is an embedded Mobius strip.
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(b) Compute the absolute and relative simplicial homology H2(M; R), H2(K; R)
and H*A(K, M; R) for R =7 and R = Z/27.

(c) Your results make the objects in the long exact sequence of the A-pair (K, M)
explicit. Find all the homomorphisms for both coefficient rings.

3.8 Let (Hy, d5) be ahomology theory with values in R-mod. Let (X, A) be a pair
of spaces and suppose that X retracts onto A. Show that the component at (X, A) of

the natural transformation 9, is trivial for all n.

3.9 Let X be a A-complex. Show that X!?! is a simplicial complex.
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Singular Homology

In this chapter, we construct singular homology, an ordinary homology theory with
values in R-mod in the sense of Eilenberg—Steenrod. To do so, we would like to
adhere to our previous idea of constructing homology by considering chains of
simplices and define homology as cycles up to boundaries. To make this program
work for a general topological space X, it seems that the only chance to come up
with a functorial construction—involving no choices—is to audaciously consider all
possible “simplices” at once. In other words, the n-th chain module C,(X) should
be the free R-module with basis the set of all continuous maps A" — X. Of course,
continuous maps can be alarmingly irregular, just think of space filling curves.
Moreover, we do not require that A" — X would be injective, so the image can
be pinched and distorted in various ways. This explains the word singular: every
continuous map A" — X defines a simplex, as singular as it may be. For a typical
space X, like a manifold, the chain module C, (X) will be uncountably generated
and the same goes for its submodule of cycles Z, (X). However, also the submodule
of boundaries B, (X) will be humongous. So one may still hope that the quotient
H,(X) = Z,(X)/B,(X) has something useful to say.

41 The Definition of Singular Homology

As we just alluded, the construction of singular homology, like simplicial homology,
is a two step procedure of defining functors

Cy«(—;R . H,
Top@® &8 Rchain 5 R-mod

Here a morphism fi: (Cy, cx) — (Dy,dy) in the category R-chain of chain
complexes of R-modules is a chain map, a family of homomorphisms f,: C, —
D, such that d, o f, = fu—1 0c, forall n € Z. So a chain map gives rise to a
commutative ladder
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Cn+1 Cn Cn—1

Cy

Cn—l—l

fn+1l/ f’n,i fnll
d d, d

n+1 n—1
. > Dn+1

Dn - Dn—14>"'

To construct the second functor, we observe again that f, maps cycles in C, to
cycles in D,, and boundaries in C,, to boundaries in D,, so a chain map f, induces
morphisms

H, (f+): Ho(Cy) — Hp(Dy)

and we clearly have H,(fx o g+«) = H,(fx) o Hy(g+) and H,(idc,) = idg,(c,)- To
construct the first functor, let X be any topological space.

Definition 4.1
The n-th singular chain module C,, (X; R) is the free R-module with basis {c": A" —
X, o' continuous}.

Sometimes we will add a superscript and write Ci"8(X; R) to stress we are
dealing with the singular chain module if otherwise confusion is likely. Let us
moreover agree that C,(X; R) = 0 for n < 0. The same formula as for simplicial
homology defines the singular boundary homomorphism or singular differential

n
Ot Ca(X; R) —> Co 1 (X: R). 90(0™) =D (=1 0" [yl
i=0

It is again understood that we identify [vo, ..., Ui, ..., v,] with A1 by the unique
linear homeomorphism that preserves the order of the vertices. The same calculation
as before gives d,—1 o 9, = 0. The transition from the absolute to the relative case
is now similar to what we did for simplicial homology so that we walk through the
process at a swift pace.

* For a pair of spaces (X, A), we define C, (X, A; R) = C,,(X; R)/C,(A; R).
* A map of spaces f: (X, A) — (¥, B) induces a homomorphism

C,(f;R):Ch(X,A;R) —> C,(Y,B;R), [6": A" - X]+— [foo"]

because f o c” mapsto B if 0" maps to A.
¢ By construction, C,,(—; R): Top(z) — R-mod is a functor.
¢ The differential 9, descends to d,,: C,,(X, A; R) — C,,—1(X, A; R).
e Clearly 9, o C,(f; R) = C,—1(f; R) 0 9y, s0 C(f; R) is a chain map.
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The last point verifies that C.(—; R): Top(z) — R-chain is a functor. So we are
now in the position to make our proposed definition official.

Definition 4.2
The n-th singular homology with coefficients in R of a pair of spaces (X, A) is the R-
module

HYM (X, A R) = Hp(C4(X. A; R)).

Being a composition of functors, H,fing: Top® — R-mod is itself a functor. To
show that it defines a homology theory, we still have to produce the components

9.(X, A): H"8 (X, A; R) —> H*"(A; R)

n—1

of a natural transformation. It turns out that this is merely a task of algebra, and the
construction will give the long exact sequence of a pair at one fell swoop.

4.2 The Long Exact Sequence of a Pair of Spaces

The beginning of the field of homological algebra is the following lemma that
also has applications outside topology. The somewhat sophisticated appearance has
made it feature prominently in the opening scene of the 1980 American movie “It’s
my turn” starring Jill Clayburgh and Michael Douglas.

Lemma 4.3 (Snake Lemma)
A diagram in R-mod

0 ~A—'"sp—.(C 0
T
0 LAy R S

with exact rows induces a natural exact sequence
[
0> ker f — ker g — ker h —— coker f — coker g —— coker i > 0

which appears in the diagram

(continued)
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0 > ker f ker g ker h
0 ~A—"' >p— 1 -C 0
f ) h
)
0 a—r s p T e =0
coker f —— coker g —— coker h > ().

Proof Here is the task list for the proof: Construct the connecting homomorphism § as a
map, check it is a homomorphism, show exactness of the sequence, and show naturality. We
will do the first two steps, exemplify exactness at ker g, and skip naturality.

To construct §, let ¢ € kerh. Since j surjective, there exists b € B such that j(b) = ¢
and b is unique up to adding an element i(a) for some a € A by exactness at B. We have
j'(g(b)) = h(j (b)) = h(c) = 0. Hence g(b) € ker j/ = imi’ by exactness at B’. Since i’
is injective, there exists a unique a’ € A’ with i’(a’) = g(b). We set 8(c) = a’ +im f €
coker(f). In this fashion, § is a well-defined map because g(i(a)) = i’(f(a)), thus f(a) is
the unique preimage of g(i(a)) under i’ and f(a) is trivial in coker f.

To check that § is a homomorphism, let §(c1) = a} +im f, 8(cz) = a} + im f, and
8(c1 + ¢2) = aj + im f with a] defined via elements b/ as above. We have to show that
ay+ah—adj € im f.Indeed, we have i’ (a} +a, —a}) = g(by+by—b3) and j(by +by—b3) =
c1+cp—(c1+c2) = 0. Exactness at B yields an element a € A such thati(a) = by +by —b3.
For this element, we compute

i'(f(@) = g(i(@) = g(by + by — b3) = i'(a] +dj — d}).

Since i’ is injective, it follows that f(a) = a| + a} — d}.

Next we show exactness at ker g. Let x € ker(j|kerg). Then x € ker(j) N ker(g). By
exactness at B, we have ker j = imi, so x € imi, meaning there exists a € A withi(a) = x.
It remains to show that a € ker f. Now by injectivity of i’, we have f(a) = 0 if and only if
i"(f(a)) = g(i(a)) = 0. But g(i(a)) = g(x) = 0, so indeed a € ker f, hence ker(jlkerg) €
im(i|ker 7). Conversely, let x € i(ker(f)). Then x = i(a) for some a € ker f, hence g(x) =
g(i(@)) =i'(f(a)) =i’(0) = 0. Therefore x € ker g butalso x € ker j = im(i) by exactness
at B. It follows that x € ker(j[ker g), Which shows im(i|ker ) S ker(jlker g)- O
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Recall that an exact sequence of R-modules of the form
0-A—>B—->C—0

is called a short exact sequence (SES). A short exact sequence of chain complexes
of R-modules is a sequence of chain maps

00— A, —>B,—>Cy—0

which gives a short exact sequence of R-modules in every degree.

Theorem 4.4
Let0 — Cy — Dy — Ey« — 0be a SES of chain complexes of R-modules. Then we
obtain a natural LES in homology

= Hy(Cy) —> Hn(Ds) —> Hp(Ex) = Hy_1(Cy) —> Hy_1(Dy) — -+

Proof Applying the snake lemma to

0 C71,+1 Dn+1 En,+1 O
Cn+1l dn+1l 67l+ll
0 C, D, E, 0

gives that C,/ B;,(Cx) —> Dy /Bn(Dx) — E,/Bn(Ey«) —> 0 is exact. From

O Cnfl anl E’nfl O
0 Cn—2 Dn—2 En—? 0

we getthat 0 — Z,,_1(Cx) — Z,,_1(Dx) —> Z,,_1(Ex) is exact. Hence

Cv/Bp(C,) — Dy /Bp(Dy) — Ep /B (E.) — 0

l l i

Oi)anl(C*) anl(D*) I nfl(E*)

is a diagram with exact rows. Applying the snake lemma one more time gives a six term
natural exact sequence in homology with the connecting homomorphism in the middle and
the remaining arrows induced by chain maps. Every six term sequence overlaps in three
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terms both with the predecessor and the successor. So they all unify to an infinite natural
exact sequence as required. O

Let (X, A) be a pair of spaces. Applying the theorem to the SES
0—> C3"8(A; R) — CS™8(X; R) — CE™8(X, A;R) —0 (4.5)

of singular chain complexes, we finally obtain the missing natural transformations
dn: H, ' — H ™ o J as connecting homomorphisms and we have proven the
following result.

Theorem 4.6
The pair (H:mg, 0x) satisfies the LES axiom of a homology theory with coefficients in
R-mod.

Remark 4.7
For a triple B € A C X, we can more generally consider the SES

0 —> C3"8(A, B; R) — Cy™8(X, B; R) —> C{™8(X, A;R) ——0
and obtain the natural LES of a triple

. H:ing 0 . Hsing q . 3,
oo HI2A, B R) 2D, gsing(x g gy Y psingx A p) B
wherei: (A, B) — (X, B) and j: (X, B) — (X, A) are the inclusions. The LES of a

pair is then just the case B = (.

4.3 Homotopy Invariance

To prepare the verification of the axiom of homotopy invariance, we introduce
another notion from homological algebra.

Definition 4.8
An R-chain homotopy of R-chain maps fx, g«: (Cx, cx) — (Dx, dy) is a family of
R-homomorphisms

hp: Cpn = Dpyq

such that f, — gn = hy—1 0 cn +dy41 0 hy.
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We will indicate chain homotopic chain maps symbolically by fi >, g«. As the
terminology suggests, we have the following lemma.

Lemma 4.9
If fx =p, &x then Hp(fx) = Hpn(gx) for alln € Z.

Proof For acycle z € Z,(Cy), the chain homotopy relation gives

Jn(2) = gn(2) + hp—1(cn(2)) + dpy1(hn (2)).

The second summand vanishes because ¢, (z) = 0 while the third summand is a boundary in
D.. Hence Hp (fi)(z + Bn(Cs)) = Hp(gx)(z + Bn(Cy)). m

It is easily confirmed that chain homotopy defines an equivalence relation on
the set of chain maps Cx — D,. Chain homotopy is moreover compatible with
composition in the sense that for two pairs of chain maps

f*l,giC*—)D*, ff,giD*ﬁE*

such that f*1 o~ gi and f*2 i~ gi, we have f*2 o fl ~ gi o gi. A question that
could come to one’s mind is whether the converse of Lemma 4.9 holds true. So if
s 8x° (Cy, cx) = (Dy, dy) satisfy Hy(fyx) = Hy(g4«), can we conclude f, >~ g.?
The answer is “no,” and it remains “no” even if Cy and D, are free over Z. You will
construct a counterexample in Exercise 4.1.

A chainmap f: (Cy, cx) = (Dx, dy) is called a chain homotopy equivalence if
it has a chain homotopy inverse g, : (D, dy) — (Cyx, c4), which satisfies g, o fi =~
id(c,,c,) and fx o g« = id(p, q,). In this case we write (Cx, cx) >, (Dy, dy).

Lemma 4.10
A chain homotopy equivalence (Cy, cy) =~ f (Dx, dx) induces homology isomor-
phisms Hy(fy) in all degrees.

Proof Apply Lemma 4.9 and functoriality of Hy, : R-chain — R-mod. O

We only mention that this lemma does have a partial converse: If a chain map
fie: (Cy, cx) = (Dy, dy) of chain complexes (Cy, cx) and (D, dy) consisting of
free modules over a principal ideal domain induces isomorphisms H,(fy) in all
degrees, then (Cy, c,) and (Dy, d,) are chain homotopy equivalent.
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After these algebraic preliminaries, let us now come to the proof of homotopy
invariance for singular homology. First we attack the absolute case when A, B = (/.
Solet F: X x I — Y be a homotopy from Fp = f to F; = g. We have to show

H™ (f; R) = H"(g: R).
By Lemma 4.9, it is enough to construct a chain homotopy

Po: CY"¥(X; R) — CS"(Y; R)
from Ciing(f, R) = fi to Ciing(g; R) = g.. Leto": A" — X be a singular n-
simplex. We obtain a composition

A Ly By,

Geometrically, we think of “A” x [ as a prism, which we subdivide into (n + 1)-

simplices to define the prism operator P, : C,S,ing(X i R) — Cfliﬁ (X; R) by

n
Pa(0™) =Y (=1)'F o (6" xidD){vg.....vp.w...s1-
i=0

where vy, ..., v, are the vertices of the “bottom” simplex A" x {0} and wy, ..., w,
are the vertices of the “top” simplex A” x {1}. Such a subdivision is indicated in
Fig. 4.1. Note that

[vo, -, vis wiy oo wp] = [vo, - vil * [wi, . wal,
is the join obtained by joining each point of the first space to each point of the
second space by a line segment. Thus it is a non-degenerate (n + 1)-simplex that we

identify with A”*! again by the unique linear homeomorphism that preserves the
vertex order. We claim that f,, >~p_ g, so that we have to show

8n+1°Pn:gn_fn_Pn—loan'

Geometrically, the formula asserts that the boundary of the prism shaped singular
chain P,(c™) consists of the top simplex g, o ¢”, the bottom simplex f, o ¢”, and

Fig. 4.1 The prism A% x I
subdivided into three
3-simplices
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the vertical walls P,_1(9,(c")). To verify the formula, we split the sum in two parts
according to whether the vertex gap occurs in the bottom or the top simplex

,,,,,

O<j<i=n

+ Y DD o (0" xidD g,

0<i<j<n

The summands with i = j cancel except for the summand with i = 0 from the first
sum and the summand with i = n from the second sum. Hence the term equals

j<i i<j

The first summand equals g,(c"), the second summand equals — f;,(6"), and the
remaining term is equal to

— | D DD F o (0" X idD g,y )

i<j

j<i
which is just —P,_1(d,(c")) separated into two lines according to whether the
switch from bottom to top simplex happens before or after the vertex gap coming
from the boundary homomorphism. So the proof of the claim and therefore the proof
of homotopy invariance of singular homology in the absolute case are complete. For
general maps of pairs f, g: (X, A) — (Y, B) that are homotopic through maps of
pairs we obtain

P.(CY™(A; R)) € CI7(B; R).

Thus P, descends to a homomorphism

Py: CY"(X, A; R) —> C2"%(Y, By R)
and the relation g,, — f;, = 9,+1 © P, + P,—1 o 9, remains valid because it holds for
representatives. This shows that also the relative chain maps f, and g, induce the
same homomorphism in homology and we have proven the following theorem.

Theorem 4.11
The pair (H:mg, 0x) satisfies the homotopy invariance axiom of a homology theory
with coefficients in R-mod.
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4.4 Excision

Recall that excision for simplicial homology as stated in Theorem 3.19 was straight-
forward to prove because an isomorphism can actually be implemented on the level
of chain complexes. There is however no hope to obtain a similar isomorphism of
singular chain complexes “Cy S(X \ A, Y \ A) = C;"8(X, Y)” because singular
simplices might neither be contained in X \ A nor in Y. Nonetheless, we can
subdivide a given singular simplex in X into a singular chain that respects the
decomposition X = (X\A)UY. As an outcome of this technique, we will construct a
chain homotopy equivalence Cy $(X\ A, Y\ A) ~ C3"8(X, Y) which, as discussed
in the previous section, is enough to obtain isomorphisms in homology.

To make this program precise, let us now assume more generally that our space
X comes with a family of subspaces &/ = {U,} such that |J j U i = X. Let

C,%{ (X; R) C C,ang (X; R) be the submodule generated by all ”: A" — X with
o (A") C U; for some j. An element ¢ € C,%{(X; R) is called a U/-small chain.
Clearly, CY(X; R) is a subcomplex of C;"¢(X; R), meaning

ACHX; R) € CL (X R)
for all n and the inclusion i, : C*U(X; R) — Ciing(X; R) is a chain map. Since
for each j, singular simplices in U; are {{/-small, we have further inclusions of

subcomplexes Cimg(U i) < CS:’(X ) forall j.

Proposition 4.12 _
The inclusion iy: C*M(X;R) — Cimg(X;R) has a chain homotopy inverse
Iy Cimg(X; R) — Ci’[(X; R) such that ry o iy = idCU(X-R) and such that

sing

ixory ~p, id, with Fx(C3"™¥(Uj)) € C, 15 (U;) for all j.

" (X R)

So the chain homotopy inverse r, makes singular chains ¢/-small without touch-
ing those chains that are already {/-small. Once we have proven the proposition, the
excision axiom is readily verified.

Theorem 4.13
The pair ( H:mg , 0x) satisfies the excision axiom of a homology theory with coefficients
in R-mod.
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Prool" Gi\ien atriple (X, Y, A) such that AC )3, lettd = {X\A, Y}. We have (XiA) Uy =
(X\A) UY = X. So Proposition 4.12 provides us with a chain homotopy inverse

re: CSM(x; R) — CU(X; R)

of the inclusion iy : C*U(X; R) — Ciing(X; R) such that ry o iy = idC“(X~R) and such
sne (. gy Wit Fe(C"8() € CIY
are U-small, Cimg(Y; R) is a common subcomplex of both Cﬁj’ (X; R) and Cimg(X; R). The

relation ry o iy = idcu( X;R) ensures that not only i, but also ry restricts to the identity on
¢(X;

that iy o ry ~f, idC (Y). Since singular chains in Y

the subcomplex Ciing(Y ; R). Thus ix and r4 descend to chain maps

CU(x: R)/CM8(v; Ry «— CS™(X; R)/CI™(Y; R). (4.14)

The latter chain complex is just Ciing(X, Y; R). Since F*(Cimg(Y)) - Cili‘ci’
sing

F descends to a chain homotopy from iy o ry to the identity on C, °(X, Y; R). Hence the
two chain complexes in (4.14) are chain homotopy equivalent. The first chain complex is by
definition a quotient of a non-direct sum of subcomplexes

(Y), also

U X R/ CEME(rs Ry = (GO0 43 R) + I (rs R) /CIME (s B,

hence isomorphic to CS"€(X\ A; R)/CSM(Y\ A; R) = CS™(X\ A, Y\ A; R) because both
chain complexes are free on the set of singular simplices in X \ A, which are not contained
in Y. Lemma 4.10 completes the proof. O

The idea of the proof of the proposition is to construct a chain homotopy inverse
ry by subdividing simplices to make them {/-small. We already encountered the
technique to do so in Sect. 3.5: barycentric subdivision. Recall that barycentric
subdivision is defined inductively as follows. A 1-simplex is subdivided into two 1-
simplices by adding the midpoint as another vertex. An n-simplex is subdivided into
the (n+1)! different n-simplices formed by the cones whose common tip point is the
barycenter of A" and whose bases are the (n — 1)-simplices in the (n+ 1) subdivided
faces of A". As a first naive approach, we can try and define r, by subdividing each
simplex precisely as many times as necessary to make it /-small. The problem is
that this will not define a chain map in general because it can happen that one has
to subdivide a given simplex to make it /-small while it would not be necessary
to subdivide the faces as is illustrated in Fig. 4.2. Therefore certain simplices could
map to different chains along the two compositions in the square

Ciin(X; R) —" Ci™(X: R)

Tnl J{T’n—l

CY(X;R) —2~ CY_|(X;R).
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Fig. 4.2 Barycentric
subdivision transforms this
2-simplex into a /-small
chain but the faces are already
U-small to begin with

So to enforce that r,, becomes a chain map, we will need to “undo” unnecessary
subdivisions at the boundary. With these ideas in mind, let us now begin the formal
proof of Proposition 4.12.

As a first step, we give a formal treatment of barycentric subdivision. Any
p + 1 points vy, ..., v, € A7 define an affine linear map A” — A9. We shall
allow ourselves an abuse of notation and denote this map by o = [vp, ..., vp].
Considering the g-simplex A? itself as the topological space under investigation,
let L,(AY; R) C C;mg (A%; R) be the free R-module with basis the affine linear p-
simplices in A?. We agree L, (A%; R) = O for p < 0so that L(A%; R) is clearly a
subcomplex of C3 "¢(A9; R). Any fixed point v € A? defines the “cone simplex”

vo =[v, v, ..., vpl: APTL 5 A,
Forming cones vo on affine linear p-simplices o yields an R-homomorphism
v: Ly(AY; R) — L,p11(A7; R).

Foro = [vo, ..., vp], let ob = ﬁ(vo + -+ 4 v)) be the barycenter of .

Definition 4.15

The homomorphism Bp: L,(A9; R) — L, (A%; R) defined inductively by By(o) = o

and By(o) = o®B p—1(3p(0)) is called the barycentric subdivision operator.
So for p = 1 and o = [vy, v1], we obtain

Bi(0) = 6®(Bo(31(0))) = 0" (Bo([v1] — [vo])) = o ([v1] — [wo]) =
= [%(vo + 1), Ul] - [%(vo + 1), vo]

and for p = 2 and o = [vp, v1, V2], we get accordingly
By(0) = o(Bj 0 d([vo, v1, v2])) = 6 (B1([v1, v2] — [v0, v2] + [vo, v1])) =

=oP ([%(m + v7), vz] — [%(Ul + v2), Ul] - I:%(UO +v2), vz] +

+ [%(vo + v2), vo] + [%(vo + o), Ul] - [%(vo + v1), vo])
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= [Gb, T + ), vz] - [Ub, T + ), Ul] - [Gb, Tvo + v2), vz] +
b 1 b 1 —|ob 1
+ (0, 3o+ v2),v0 [+ [07, 5(vo + V1), Vi 0, 5(vo +v1), vo

with o® = %(vo + v1 + v2). A visualization was given in Fig. 3.4.

Lemma 4.16
Setting Bp = 0 for p < 0O, the family of barycentric subdivision operators defines a
chain map By: Lx(A9; R) —> L4« (AY; R).

Proof We show the equality dp o Bp = Bj,_1 0 dp by induction on p. For p < 0, equality is
trivial. For the induction step, we observe that for p > 0, every o = [vg, ..., vp] and every
v € A1 satisfy the relation

p
dpy1wo) =0+ Y (=D, v, ... T vpl =0 — w0
i=0

Geometrically, this means the boundary of a cone simplex consists of the base simplex and
the cone of the faces of the base simplex with suitable signs. Combining the formula with
dp—10Bp_| = Bp_2 09,1 by induction hypothesis, we obtain

0p(Bp(0)) = 3p (0 (Bp—1(3p(@))) = Bp—1(3p(0)) = 6@ p_1 (Bp—1(3p(0))) =

= Bp_1(3p(0)) — 0 (Bp_2(@p_1(3p(0))) = Bp_1(8p(0))

because 9,1 0 dp = 0. O

Lemma 4.17
The diameter of the simplices in Bp(o) is at most # - diam(o’).

Proof Since the simplices in B, (o) are affine linearly embedded in A? C RY +1, the lemma
has the same proof as Lemma 3.23 O

Lemma 4.18

The homomorphisms hy: Ly(A9; R) — L1 1(AY; R) defined inductively by hj, = 0
for p < 0and hp(o) = ab(a — hp_1(0p(0))) for p = 0 form a chain homotopy
idr, a0 R) ~h, Bx
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Proof We show the equality ide(Aq;R) —Bp = hp_100p + dpy1 0 hp by induction on
p. For p < 0, equality is trivial. For p = 0, equality is clear because hg([v]) = [v, v]. For
p > 0, we use the identity 9,11 (vo) = 0 — vdpo from above to compute
0ps1(hp(0)) = dpi1(0°(0 — hp_1(Bp(0)))) =
=0 —hp_1Bp(0)) —Pdp(c —hp_1(3p(0))) =

=0 —hp 1(0p(0) = op(@) + P (hy_1(3p(@))).
By the induction hypothesis, we have

dphp—1(0p(@)) = 8p(@) = Bp_1(3p(0)) — hp_2(p—1(8p(0))) =

= 0p(0) — Bp_1(0p(0)).
Substituting this above, we obtain

pr1(hp(@) =0 —hp 1(3p(0)) = 0p(0) + () =By 1(3p(0) =

=0 —hp_1(0p(©)) — Bp(o). :

The chain homotopy %, in degree one and two is pictured in Fig. 4.3. The
homomorphism % transforms each 1-simplex into a chain of three 2-simplices.
The homomorphism /A, transforms each 2-simplex into a chain of ten 3-simplices.
Next we elegantly transport the barycentric subdivision procedure from affine linear
chains on A to singular chains on any topological space X. To do so, we define
a natural transformation B(—)s: Cy 8(—; R) —> C3"8(—:; R) as follows. The
component at X is defined by

B(X),: CY"™(X; R) — C)"™8(X; R)

o? — C3"(0”; R)(B,(idar)).

In words, we apply the functor C;mg(—; R) to the continuous map o?: A, —

X and evaluate the resulting homomorphism on the barycentric subdivision of the

Fig. 4.3 Tllustration of the chain homotopy 4. in degree one and two. To make the geometric
structure visible, we shifted all occurring barycenters below their actual position. In fact, the
vertical dimension is compressed to zero
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singular simplex id: A, — A,. Similarly, the chain homotopy /. gives rise to the

natural transformation A (—), : Cimg(—; R) — Cilﬁ (—; R) defined by

h(X)p: C)"™8(X: R) —> COE (X3 R)

o? > CO¥E (07 R)(hp(idar)).

Lemma 4.19
The homomorphisms B(X)x : Cslng(X R) — Csmg(X; R) form a chain map and
ldCimg(X;R) ~p(x), B(X)x.

Proof In degree p < 0, the asserted relations are clear. For fixed p > 0, we refer to the
inclusion f;: [vg,..., Vi, ..., vp]l — [vg, ..., vp] of the i-th face into the standard p-

simplex as the i-th face map of Ap. For oP e C;ing(X; R), we have

B,_1(X)(3p07)= Z( DICIE (07 o fi)(Bp_1(ida, ) =
i=0

—Z( DICI @P)(CO™ (i) (Bp-1(ida,_ ) =

—Z( 1 C““g(anBp 1(fi)= C“‘"g(af’) - Z( D' f;
i=0

which is just csmg  (0P)(By_1(3pidar)) = 3,C smg(ap)(Bp(ldAp)) = 3pBp(X)(aP)

because C* g((rf”) is a chain map and so is By on affine linear chains by Lemma 4.16.
Using Lemma 4.18, a similar computation shows idCSi"g(X'R) ~p(x), B(Xx. O
* 5

By compatibility of chain homotopy and composition, we obtain inductively that
also the k-th iteration Bf: (X) of barycentric subdivision

B*(X)y ~ B(X)so0 B '(X), ~ BF'(X), ~ idcsine . )

is chain homotopic to the identity. An explicit chain homotopy from id csin
BX(X), is given by

e (x:R) b

k—1

=) _h(X).0 B (X).

i=0



94 4 Singular Homology

Fig. 4.4 The chain homotopy G2 connects a 1-simplex to its twofold subdivision. Again, in fact
the vertical dimension is compressed to zero

with B%(X), = id, because we have the telescope sum calculation

k—1
0u1GE+ G0, = (9es1h (0w 0 B (X0 + h(X)m1 B (X)s10,)

i=0
k—1 '

=D @urth(X)s + h(X)s185) B! (X)s
i=0
k—1 ‘

=D (ids —B(X).) B'(X),
i=0
k—1

-3 (Bl'(X)* - B(X)fjl) = id, —B*(X),. (4.20)
i=0

A picture of how G% acts on a 1-simplex is given in Fig. 4.4.

Lemma 4.21 .
For any family of subspaces U = {U;} with | JU; = X and for all 6P : AP — X,
there exists an integer k > 0 such that Bk(X)p(ap) is U-small.

Proof Pick aLebesgue-§ associated with the open cover {(c” LU i)} of the compact metric
space Ap. Then for any integer k > 0 with ﬁ(%)k < 8, Lemma 4.17 shows that the
diameter of the simplices in the chain Bf,(idAp) is bounded from above by é and hence
B¥(X) p(aP) is U-small. o

After all these preliminaries, we can now finally tackle the proof of Proposi-

tion 4.12. So fix a family of subspaces U« = {U;} with U Ui = X. We define a
homomorphism F,: C),"*(X; R) — C;:igl(x; R) on the basis as follows. For a
given singular p-simplex o ”, let k(o ”) be the minimal k as in Lemma 4.21 and set

Fp(o?) = G];,(Gp)(ap). Using this, we define an endomorphism r, of C;ing(X) by

rp(a?) i= BX(X),(07) + G (0, (07)) — Fpo1(8p(0)).
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The formula might look intimidating but it makes the idea precise that we tried to
convey in the beginning. The first summand subdivides the singular simplex o as
many times as necessary to make it {{-small. The second summand adds a chain
of p-simplices to the boundary of o? such that the boundary of this chain is the
difference of the undivided boundary and the k(o 7)-times subdivided boundary of
o . So the second summand undoes the subdivision of the boundary produced by the
first summand: The boundary of the sum of the first two terms is just the boundary
of o?. Finally, the third summand adds a p-chain at each face of o? that connects
the undivided face to a copy of itself that is subdivided as many times as necessary
to make it {/-small. i

‘We first observe that r*(Cimg(X i R)) C C*u (X; R) because this is true for the
first summand by construction and because all but the Z/-small simplices cancel out

in the difference G*'°/ (3, (67)) — F._1(d,(c)). From (4.20), we get
k(oP 2
8,GX " (0?) + GA) 8, (07) = o7 — BXD(X) (7).
Using the definition of r,, we can rewrite this equation as
0pFp(a?)+ Fp_10,(0?) =P —r,(a?).
This shows firstly that
dprp(o?) = 0,07 —03,Fp_10,(0?) =rp_19,(c?)

as we see by applying the relation twice. So ry: Cii“g(X; R) — C?(X; R)isa
chain map. Secondly, the relation says precisely that id oo (x. gy F ixory. Finally,

we have r, o i, = id, because k(c”) = 0 for every o? € C%’(X; R) and we have

Fu(CI™(WU;)) € C3(U;)) for all j because the (p + 1)-chain F,(oP) has the

same image in X as o”. This completes the proof of Proposition 4.12 and hence of
Theorem 4.13.

We now turn to the dimension axiom that is by far the easiest to verify for singular
homology. Actually, the singleton space will be the only space whose singular
homology we will ever compute by considering the singular chain complex.

Theorem 4.22
The pair (H:mg, 0s) satisfies the dimension axiom of a homology theory with values
in R-mod and has coefficient module Hy(e) = R.

Proof The singleton “e” is a terminal object in the category Top. So for each n > 0, there
exists precisely one map A" — e. Thus the singular chain complex Cimg (e; R) has the form

3 2 1 0 -1
R
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where the upper line indicates the degree. The differentials alternate between the trivial
homomorphism and the identity homomorphism because

n n—1

i n— if n is even
") = —ign—1 =17 ! .
@ Z( ) 0 if n is odd
i=0

From this description the assertion is clear. O

Theorem 4.23

The pair (H:mg(—, —; R), 0x) is an ordinary homology theory with values in R-mod

and coefficient module Hy(e) = R.
Proof This is just the triumphant summary of the last four theorems. O

We conclude this section with a mild generalization. Given an arbitrary R-
module M, we define singular homology with coefficients in M by the homology
H,"8(X, A; M) of the chain complex Cy ¢(X, A; M) = Cy"8(X,A; R) Qg M
with differentials d, ® idys. Let us check that this defines an ordinary homology
theory with values in R-mod and coefficient module Hy(e) = M. For the dimension
axiom, the given proof applies without change. For the LES axiom, one has to keep
in mind that the (—) ® g M-functor, which on morphisms acts by (—) ®g idyy, is not
necessarily left exact. So it is not a priori clear that it will turn the SES in (4.5) into
a SES again. However, the SES splits by the splitting lemma (Lemma 3.18) because
C.(X, A; R) is free so that we do obtain a SES after applying the functor and the
rest of the proof goes through as before. In view of the chain homotopies P, and F
constructed above, the homotopy invariance and excision axioms follow because the
(=) ® g M-functor takes chain homotopies to chain homotopies. Since (—) Qg R
is (naturally isomorphic to) the identity functor, we recover the old definition for
M = R. We have thus shown existence of an ordinary homology theory with an
arbitrarily prescribed coefficient module Hy(e). Later in the course (Theorem 6.40),
we will complement this result by a uniqueness theorem for ordinary homology
theories on a reasonable subcategory of Top(2) .

4.5 Singular Homology in Degree Zero and One

From the definition of singular homology it is intuitively apparent that two cycles
in a space X only have a chance to be homologous if they lie in the same
path component of X. Moreover, two points in the same path component define
homologous 0-simplices because a path joining them can be interpreted as a 1-
simplex. So the zeroth singular homology informs about the number of path
components of a space. In a similar vein, after taking another glance on Fig. 3.2,
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it is conceivable that the first integral singular homology of a path connected space,
albeit always abelian, should be related to the fundamental group. In this section, we
will clarify this relationship. Let us fix an R-module M. Note thatamap f: X — Y
induces a map of sets wo(f): moX — mpY by continuity.

Theorem 4.24
We have a natural isomorphism

H" = @ HY " (Xe: M.
Xo€mpX

Proof Forallc” € C:,ing (X; R), the space " (A") is path connected. Thus

sing
n—1

xR = @ ™ XaiR)  and  3(C " (Xa:i R) S C
Xo€mpX

(Xo; R)

so that we obtain the asserted decomposition already on the chain complex level. The functor
(—) ® g M preserves this decomposition. The statement and proof of naturality are clear. 0O

The same proof shows that singular homology with any coefficient module
preserves coproducts. Let us express this property as a separate axiom as follows.

Theorem 4.25 )
Singular homology (H:mg, 0x) satisfies the additivity axiom: the inclusions X ; —
X = [l;e; Xi induce isomorphisms @, c; Hy(X;) = Hy (X) for all n.

Be aware that every homology theory (H,, d,) satisfies finite additivity:
@le H,(X;) = H, (]_[f-c:1 X;). This holds because the inclusion i: X — X[][Y
is split injective (unless X is empty and Y is nonempty in which case we swap the
roles of X and Y), so that the LES of (X || ¥, X) splits up into split SESes

0 — Hy(X) — H (X]]Y) — H (X][Y.X) — 0

and H. (X ] Y, X) = H.(Y) by excision. So the value of the theorem is that H"¢
also preserves infinite coproducts. However, it does not preserve general colimits in
Top, not even general pushouts. Instead, for homotopy pushouts one obtains a long
exact sequence, the Mayer—Vietoris sequence, as we will see later in Sect. 5.3.
For short we will say a homology theory is additive if it satisfies the additivity
axiom.
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Theorem 4.26 )
We have an isomorphism Hgmg X; M) = @n’oX M.

Proof By Theorem 4.25, we only have to show Hging (X; M) = M if X is path connected
and nonempty. Consider the augmentation homomorphism

sin,
e: Cy g(X; R) — R, Zmioio —> er’
i i

which sums the coefficients of a singular O-chain. It is clearly surjective and we claim that
kere = im 9. Indeed, we have im d; C ker ¢ because 8(31(01)) = e(all[vl] — all[vo]) =

1—1=0.Toseekere Cimaq, lete (Zl rio'i()) = 0sothat ) ; r; = 0. Fix a point xg € X
and pick paths y;: I — X with y;(0) = xo and y;(1) = aio(vo) for all i. Each y; can

be interpreted as a 1-simplex al.l : Al — X and we can form the singular 1-chain doiri ail
whose singular boundary is

1 1 1 1 0
D rioi o = D i0} ot = Do rio o = | 2ot | o lwor = iy
i i i i i
Thus we have shown that the sequence

o F) .
C"(X: R) — Cy"¥(X: R) = R — 0

is exact. Since the (—) ® g M-functor is right exact by Exercise 3.6, the sequence remains
exact after applying (—) ® g M. This proves Hgmg(X M) =M. O

Let X be a nonempty space. If we consider a path f: I — X as a singular
lI-simplex f: A! — X, then this 1-simplex forms a I-cycle if and only if the

path f is a loop, meaning f(0) = f(1). This observation leads to the Hurewicz
homomorphism in degree one on which we have the following theorem.

Theorem 4.27 (Hurewicz Theorem in Degree One)
The assignment

Hur: 71 (X, x0) — H"8(X;Z), [f1— [+ B"(X; Z)

yields a well-defined group homomorphism, which is natural with respect to pointed
maps. If X is path connected, then Hur descends to an isomorphism

Huryy : 711 (X, X0)ap —> H, (X, Z).

Thus ker Hur = [ (X, xq), 71 (X, x0)] is the commutator subgroup of w1 (X, xq)-
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Fig. 4.5 The 2-simplex o2
restricts to f and g on the 8
boundary as shown

Proof To show well-definedness, we give an alternative description of the Hurewicz homo-
morphism. The fundamental class [S heHn lsmg(S 1. 7) is the homology class represented
by the singular 1-cycle given by wrapping the standard 1-simplex Al once around the
circle, say counter-clockwise at constant speed, starting and ending at 1 € st we identify
1/01 = st so that given [f] € 71 (X, xp), we obtain an induced map f: S — X. Then
Hur([f]) = Hlsmg(f; Z)([Sl]), so Hur is well-defined as a map by Theorem 4.11.

To see that it is a homomorphism, let [ /], [g] € 71 (X, xg). We consider the singular 2-
simplex o2 given by the orthogonal projection [vg, vy, v2] — [vg, v2] composed with the
map fg: [vg, va] — X that follows the path f on the line segment from v to the barycenter
of [vg, vp] and follows the path g on the line segment of [vg, vo] from the barycenter to
vp. The map is indicated in Fig. 4.5. We have 82(02) =g—fg+f,sof+g— fgisal-
boundary. Identifying [v(, v] with the unit interval 7, the pointed homotopy class [ fg] is just
the composition of [ f] and [g] in 1 (X, x(), so we have Hur([ f][g]) = Hur([ f]) +Hur([g])
as claimed.

Naturality of the Hurewicz homomorphism for a pointed map g: (X, xg) — (¥, yp) is
easily verified by means of the above description of Hur. Indeed, we have

H}™ (g)(Hur([f]) = H}"8 () (H} ™ (H) (IS = H™ (g 0 PH(IS'D) =
= Hur([g o 1) = Hur(r; (§)(Lf])-

Now assume X is path connected. To see that Huryp is an isomorphism, pick paths yx
from x( to x for all x € X. Using these, we define a homomorphism v : C ?mg (X;2) —
71 (X, x0)ab oOf abelian groups on the generating 1-simplices by ¥ (f) = [v £ (vy) S V() lab-
We verify that ¢ descends to a homomorphism 1 : Hfing(X; Z) — m(X,x0)ap- SO
let 02: A2 = [vg, v1,v2] — X be a singular 2-simplex. We have to show that
1//(802) = 0. Let f, g, and h be the zeroth, first, and second face of o2. Then
w(az(az)) =Y(f —g+h) = ¥(f) — ¥(g) + ¥(h) is represented by the concate-

nation Yo2(v)) f Vo2 (02) Vo2 (v2) & Yo (vg) Yo (vo) h Vo2 (u))" which is pointed homotopic to
Yo2u) [ & hy2 ) and hence pointed null-homotopic because the loop f g & can be shrunk

to the constant loop at vy through the interior of o2. Hence v (9,02) = 0 as required. We
claim that v is the inverse of Hur,p. Indeed, on the one hand, we have

¥ (Huras ([f1ab)) = ¥ (f + B1) = Vo) f Vil = [Veolab + [flab — [Vxolab = [f v

for all [flap € 71 (X, x0)ap With By = B]Sing (X; Z). Next we observe that the assignment

sending x € X to the l-simplex yy extends to a homomorphism y : C(s)mg(X, 7) —
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Ciing(X; Z). For a singular 1-chain ¢ € Ciing(X; 7Z), we then have Hurypo ¥(c) =
¢ + y(dc) + Bj. It follows that on the other hand

Hury, (W (z + B1) =z +y@z) + By =z+y(©0)+ B =z+ By
forall z + By € H "(X; Z). 0

In the example (X, x9) = (S1, 1), let f:I— S! be the generator of 1 (X, xq)
1 (X, xp)ap given by f(¢) = exp(2mwit). We then have

Hur(f) = H} " (idgi; Z)([S']) = id e 1., ([S'D = [S],

so the fundamental class [S 11 is actually a generator of the infinite cyclic group
HlS e85t 7). Similarly, we have fundamental classes [S"] generating H,"8(S": 7))
for all n > 1. Correspondingly, we obtain the higher Hurewicz homomorphisms
Hur, : 7,(X, x0) — H, £(X;Z) given by Hur,(f) = H, S(f; Z)([S"]). We just
inform the reader that for these, one can prove the Hurewicz theorem in higher
degrees, which asserts that if mx(X, xo) is trivial for k¥ < n, then Hur, is an
isomorphism and Hur, 1 is surjective.

Witold Hurewicz, born 1904 in £.6dz, was an influential Polish—American
mathematician. He proved the Hurewicz theorem on the first homology group
as well as the generalization to higher homotopy groups. While being a
brilliant thinker, the “Dictionary of Scientific Biography” [6] also describes
him as notoriously absentminded and suggests that this trait might have
been the reason for the sudden end of his life. On an excursion during the
International Symposium on Algebraic Topology at the National Autonomous
University of Mexico, he tragically fell off the top of a Mayan step pyramid in
Uxmal on the peninsula of Yucatdn on September, 4th, 1956 and died two days
later in a hospital in Mérida from his severe injuries [17]. His mathematics,
however, will live forever on.

Exercises

4.1 This exercise is based on an example appearing in [10, p. 106]. Consider the
following diagram in Ab (equivalently Z-mod).

0 7—2 57 0
Pow e
-HOHZ@Z(Ql)Z 0
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(a) Explain that the rows define chain complexes (Cy, cx) and (Dxy, dy) and that the
vertical arrows form a chain map ¢y : (Cy, cx) = (Dx, dy).

(b) Show that H,(¢) =0 foralln € Z.

(c) Show that ¢, is not chain homotopic to the zero chain map.

4.2 A chain complex (Cy,c,) of R-modules is called exact (also acyclic) if
kerc, = imcy,4 for all n € Z. It is called contractible if the identity chain map
idc, is chain homotopic to the zero chain map. Let C, be the exact chain complex
given by a short exact sequence of R-modules filled up with trivial modules in
all remaining degrees. Show that C, is contractible if and only if the short exact
sequence splits.

4.3 Show that setting h, (X, A) == [[, H;"* (X, A; Z) | B H;"*(X, A; Z) inde-
pendent of n with boundary map dy: h,(X, A) — h,_1(A) induced from the
singular differential in the apparent way defines a homology theory satisfying
h,(e) = 0 for all n € Z. Show that (h, d,) is not additive and hence in particular
not zero.

4.4 Give an example of a nontrivial covering map ¥ — X with Hging Y;2) =7
and H,""(X; Z) = 0.
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Homology: Computations and Applications

Now that we have verified the Eilenberg—Steenrod axioms for singular homology
and analyzed what it has to say in low degrees, the rules of the game are to avoid
any more arguments with simplices. Instead, we derive conclusions from the axioms
only, to make sure that the results will be valid for all homology theories. So until

further notice, in this chapter (Hy, d«) denotes a homology theory with values in
R-mod.

5.1 Relative vs. Absolute Homology

We motivated the definition of relative homology H, (X, A) in the simplicial context
of Sect. 3.3 by saying that sometimes one wants to disregard the homology produced
by the subspace A. However, it seems that the same can be achieved by just
considering the absolute homology H, (X/A) of the quotient space X/A in which A
is collapsed to point. So the question arises if we have an isomorphism H,(X/A) =
H,(X, A). The answer is “typically yes,” but “generally no.” In fact, we will show
that the answer is yes if the homology theory (Hy, dx) is ordinary, if (X, A) is a
cofibration, and if n > 1.

To start, recall that in Remark 4.7 we encountered the triple sequence of singular
homology. We want to see that this more general long exact homology sequence is
not intrinsic to singular homology but can in fact be deduced from the axioms of
any homology theory. The key argument is another diagram chase.
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Lemma 5.1 (Braid Lemma)
Consider the commutative diagram

/\B/—\ R BN

N
/

consisting of four interwoven sequences of R-modules. If each of the three solid
sequences is exact and the dotted sequence is a chain complex, then also the dotted
sequence is exact.

Proof 1t will hardly cost more effort to do the chase yourself than to read this proof. Every
object in the diagram is the domain of two arrows, an upper one and a lower one. To refer to
these arrows, we write u for the upper and / for the lower arrow and we add the domain as
an index. By the chain complex condition on the dotted sequence, we only need to verify the
“ker € im” inclusion at I, F, and C.

Exactness at 1. Leti € kerujy. Then l;(i) = lp(u;(i)) = [p(0) = 0, hence there exists
e € E withlg(e) = i.Sincelg(ug(e)) = uj(lg(e)) = uy(@i) = 0, there exists a € A such
that up(a) = ug(e). Thus ug(e — lg(a)) = ug(e) — up(a) = 0. Therefore, there exists
h € Hsuchthatup (h) = e —14(a). It follows that Iy (h) = g (ug (h)) =lg(e —ls(a)) =
i—lg(a(a)) =i.

Exactness at F. Let f € kerup. Then uj(Ip(f)) = lcwup(f)) = Ic(0) = 0, so there
existsi € [ withl;(i) =Ip(f). Thuswehavelp(f—u;(i)) =Ip(f)—Ilpui@)) =1p(f)—
1) =1 (f) —1p(f) = 0. This shows that there exists b € B such thatlg(b) = f —uj(@i).
We have ug(b) = up(pb)) = up(f —uj(@i)) = —up(u@)) = 0, so there exists e € E
with ug(e) = b. Thus we have uj(Ig(e) +i) = uj(g(e)) +u;(@) =lgug(e)) +uy@) =
Ip) +up(i) = f —up() +upGi) = f.

Exactness at C. Let ¢ € keruc. Then ug(lc(c)) = 0, so there exists j € J withuj(j) =
lc(c). We have [5(j) = lg(uy(j) = Ig(Uc(c)) = 0, thus we obtain f € F such that
IF(f) = j.Since Ic(c — up(f) = lc(e) — lcup(f) = le(e) —uyUp(f) = le(e) —
uy(j) =lIc(c) —Ilc(c) = 0, there exists b € B such that ug(b) = ¢ — up(f). This shows
thatup(Ip(D)+ ) =up(p®)+up(f) =up®)+up(f) =c—up(HH+up(f)=c 0O

Theorem 5.2 (Triple Sequence)
For every triple (X, A, B) of spaces, we have a natural LES

Hy (])

o Ho(A,B) 2L g (x, B) Y i (x, 4) 2 H, (A, B) ——

wherei: (A, B) — (X, B) and j: (X, B) — (X, A) denote the inclusions.
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Proof We define the boundary homomorphism 9, by the composition

X,A h—1(
Hox, 4) 25 gy 2O AL B)

with the inclusion /: (A, #) — (A, B) so that we get a commutative braid diagram

Hyy1(X, A) Hn(A, B) H,_1(B) H,—1(X)
H, (A) H,(X,B) H,_1(A)
H,(B) H,(X) H,(X,A) H, 1(A, B)

in which three strings are exact, to wit the LESes of (A, B), (X, B), and (X, A). The fourth
string is the triple sequence of interest. In this sequence, the composition of two arrows is
zero. That is clear in two of the three relevant cases because the composition factors through
a composition in one of the exact sequences by commutativity. The remaining composition
is trivial because we have the factorization

(A, B) — H,,( A)

\/

and the LES of (A, A) has the form

o Ha(A) S 1,4 S HyAA) S Hy(A) S Hy(4) > -

so that H,, (A, A) = 0. We conclude from the braid lemma that the triple sequence is exact.
Naturality follows from naturality of 04 and functoriality of H. O

The category Top, of pointed (hence nonempty) spaces has a zero object: The
one point space “e” whose only point also serves as base point. Our homology
theory H, restricts to a family of functors on Top,, taking the value H, (X, xo) on
the pointed space (X, xo). We observe the welcome property that the zero object
(e, @) has zero homology H,(e, ) = 0 in all degrees as is immediate from the LES
of the pair (e, ¢). When dealing with unpointed but exclusively nonempty spaces X,
it is often desirable to have a slight modification H,(X) of the absolute homology
H,(X) that would behave similarly as homology relative to a point, so that we still
have H, () = 0. But H, ought to be functorial so that no choices of base points are
allowed. Therefore we agree on the following definition.
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Definition 5.3
The reduced homology of a nonempty space X is given by

Hy (X) = ker(Hn(X) —> Hn(9))
where H,(X) — H, (e) is induced by the unique map X — e.

To see that reduced homology is indeed a functor, we observe that every map
f: X — Y gives rise to a commutative triangle

HW,
H,y(X) ()

Hy(Y)

H,, (o)

so that H, (f) maps the kernel of the left arrow to the kernel of the right arrow and
we can define H (f) by the restriction of H,(f) to the kernel of the left arrow. It
then clearly remains true that H ()= H (g) if f =~ g and we see that H (o) =
keridg, ) = 0 for all n € Z. Consequently, we have Hy(f) = Oforalln € Z
if f: X — Y is null-homotopic (homotopic to a constant map) because in the
homotopy category HoTop, we obtain a factorization

X S Y
[ ]
To clarify the exact relationship between reduced and unreduced homology, let

us now pick a base point xg € X. We obtain the map j: (X, #) — (X, xp) and the
retraction 7: X — {xo}, so the LES of (X, x¢) consists of split SESes

Hn(5)

0—— H,,L({:L’g})\_/H"(X)
H,(r)

H,(X,z9) —0.

We saw in the proof of Lemma 3.18 that H,(j) restricts to an isomorphism on
ker H,(r) = H, (X), so we obtain isomorphisms

H,(X) = H,(X, x0) and H,(X) = H,(X) ® Hy(e) (5.4)

for all n € Z and these are natural with respect to pointed maps. If H, is ordinary,
the latter isomorphism takes the form
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{ Ho(X) = Ho(X) & Ho(s), } (5.5)

H,(X) = H,(X) forn #0
Now we are finally prepared to spell out the exact relationship between relative

homology and absolute homology of the collapse space as promised at the beginning
of this section.

Proposition 5.6
Let (X, A) be a cofibration. Then the collapse map
q: (X, A) — (X/A, A/A)

induces isomorphisms

1R

Hi(X, A) —> H.(X/A, AJA) = Hy(X/A)

Proof Recall from Example 1.39 that the mapping cone C; of i: A C X is constructed out
of the mapping cylinder M; by the pushout

A— > oo

L

where the left hand arrow is the inclusion into the end of the cylinder with coordinate one.
By Theorem 1.42 (ii), we thus have a homeomorphism M; \ A = C; \ e and hence a
homeomorphism of pairs (M; \ A, A x [0,1)) = (C; \ e, CA\ e). The strong deformation
retraction H from Example 1.38 restricts to a strong deformation retraction on M; \ A,

showing that (X, A) >~ (M; \ A, A x [0, 1)). The collapse map ¢q thus factorizes as

(X, A) —— (X/A, A/A)

:l CT:

(Ci\o,CA\ o) —— (C;,CA)

and the vertical arrows are homotopy equivalences, the right hand one being the comparison
map from Theorem 2.22 corresponding to the pushout (1.37) defining X/A. Applying the
functor Hy, we thus see that Hy (g) factorizes through isomorphisms by homotopy invariance
and excision. O
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Note that the proposition remains true if A is empty in which case it asserts
H,(X) = H,(X ][] ). In the next theorem, however, we have to assume A # .

Theorem 5.7
Let (X, A) be a nonempty cofibration. We have a natural LES

s = Hy(A) — Hy(X) — Ho(X/A) 2> H, 1 (A) —> -

Proof Pick ay € A and use (5.4) and Proposition 5.6 to replace relative homology in the
triple sequence of (X, A, ag) with reduced homology. O

A pointed space (X, xp) is called well-pointed if (X, xp) is a cofibration. The
condition is fairly mild but recall Exercise 2.6 for a non-well-pointed space. If
(X, xo) is any pointed space and (Y, yo) is well-pointed, then Theorem 2.21 (i)
shows that (X VY, Y) is a cofibration. The inclusion iy : ¥ — X VY has the collapse
mapqgy: X VY — X VY /X =7 asaleft inverse. Hence the splitting lemma
(Lemma 3.18) implies that the LES in reduced homology of (X Vv Y, X) consists of
split SESes and the product maps (H.(gx), H«(gy)) provide isomorphisms

A(XVY) = H.(X)® H(Y) (5.8)

whose inverses are the coproduct maps ﬁ*(i x) D ﬁ* (iy). Inductively, it follows
that reduced homology preserves finite coproducts in the category Topfvell of well-
pointed spaces. A little later (Theorem 5.31) we shall see that if H, satisfies the
dimension axiom, then H, also preserves infinite coproducts in Topfveu.

Theorem 5.7 gives moreover rise to the so-called suspension isomorphism in
homology as we discuss next. The suspension of a space X is the space SX =
CX / X where X C CX embeds by the base inclusion. Alternatively, the suspension
can be thought of as the pushout

X——CX

L

CX —S5X

so that the two cone tips form the “mounting points” of the suspension. For example
suspending the (n — 1)-sphere we obtain the n-sphere, S §"~! = $”. The double
meaning of the letter “S” thus becomes a fortunate notational collision. To be more
rigorous, we have § §"~! = C§"~1/5"~!, which can be canonically identified with
D"/S"~!. We then identify D" /S"~! with S” by means of the homeomorphism

uy: DS =5 g (5.9)

[(tx1, ..., txp)] —> (uxy, ..., ux,, 2t —1)
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where t € [0, 1], (x1,...,x,) € S"landu = /11— (2t — 1)2. Geometrically,
this map sends rays from the center of the disk to meridians from the south pole
to the north pole. These remarks make the identification S §”~! = §" precise. The
identification also holds for n = 0 noting that S™' = ¢, thus CS™' = e so that
§S~! = SO where we agree that ug: D°/S~! — S is the bijection sending the
additional base point in D°/f to the base point —1 € S°. Suspension clearly defines
a functor S: Top — Top.

Theorem 5.10
We have a natural isomorphism H,1(SX) = H,(X) for every nonempty space X
and alln € Z.

Proof We saw in Example 2.18 that (CX, X) is an NDR pair. The boundary maps in the
corresponding LES of Theorem 5.7 give the desired natural isomorphisms because CX is
contractible. O

As an application, we obtain the homology of the spheres just from the axioms.

Corollary 5.11 _
We have Hy (D", S"~1) = H; (") = H;_, (e) and hence

Hi(8") = Hy—n (o) ® Hy (o)

Assuming the dimension axiom, this gives

Hy(e) ifk =n, H(S") = Hy(e) ifk =0o0rk =n,

Hi(D", s"~1) = . .
0 otherwise, 0 otherwise

Proof By Example 2.18, the pair (D", $"~!) is an NDR, so Proposition 5.6 and the
homeomorphism in (5.9) show that Hk(D” sn—ly = Hk(S") The suspension isomorphism
in Theorem 5.10 gives Hk(S”) = Hk n(SO) = Hy_, (o). O

The suspension functor S has a reduced version X on Top, defined by collapsing
the arc xo x I C SX of the base point. If (X, xg) is well-pointed, then the inclusion
xo X I C SX is a cofibration (Exercise 5.2). Hence Corollary 2.25 shows that the
collapse map is a homotopy equivalence SX =~ XX, which is clearly natural for
pointed maps. Thus we also have a natural suspension isomorphism

Hy1(EX) = Hy(X) (5.12)
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for well-pointed spaces. Reduced suspension is left adjoint to the loop space functor
2 on Top, given by 2(X, xp) = HomTop.((S‘, e), (X, x0)) with the compact open
topology and the constant loop as base point. The adjunction relation

Hommop, (X(X, x0), (¥, yo)) = Hommop, ((X, x0), £2(¥, y0))

can be visualized as follows. Given a map f: X (X, x9) — (Y, yp) and a point
x € X, we can restrict f to the arc x x I in X (X, xp) to obtain a loop in (Y, yp) and
thus a point in (Y, yo). The adjunction descends to HoTop, where in the special
case (X, xg) = (§", @), it gives the natural isomorphism

Ta1(Y, yo) = ma (2(Y, yo)) (5.13)

One may view the suspension isomorphism (5.12) and the “adjoint” loop space
isomorphism (5.13) as a first indication of the intricate interrelation of homology
and homotopy, giving an idea as to why the suspension and loop space constructions
become all the more important the farther one advances in the theory.

5.2  Simplicial and Singular Homology Agree

The purpose of this section is to show that singular and simplicial homology
coincide on A-complexes. For simplicity, we will drop the coefficient ring R
from our notation. So Hy °(X, A) means H, *(X, A; R) and H*(X, A) means
HA(X, A; R). Since (A, dA,) and (D", $"~1) are homeomorphic pairs, we just
saw in the last corollary that H,"8 (A", dA") = R is free of rank one. It is an
important additional information that the homology class of the relative cycle ida»
is a generator.

Proposition 5.14
We have H,fmg(A", 0A™) = R, generated by the class of idan.

Proof This is clear for n = 0. Assuming the assertion for n — 1, we now argue that it also
holds true for n. Let A = (dA™)\[vy, ..., vy] be the 0-th horn. Then

HY"8(A", 9A™) = HI"8 (A", A) (.15)
= " @A /A) (5.16)
= A" A A (5.17)
= H"E (A ganh (5.18)

n—1
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Here (5.15) holds by the triple sequence of (A", dA”", A), since (A", A) =~ (A, A).
Step (5.16) holds by Proposition 5.6 because the horn A C A" is both a strong deformation
retract and the zero set of a continuous function to /, so it is a (trivial) cofibration by the char-
acterization in Theorem 2.15 (iii). Step (5.17) is true because the spaces are homeomorphic
and (5.18) follows again from Proposition 5.6 because (A"‘l, gan—ly = (pn—1 gn-2y
is an NDR. The singular simplex ida» maps to the chain 9, (ida») along (5.15) which is
relatively homologous to the inclusion an=1 [vi, ..., vs] of the 0—'th face. Following the
remaining isomorphisms, it thus maps to id y»—1, which generates H;lf‘(f (an=1 gan—1y by

induction assumption. So the relative cycle ida» generates H,"8 (A", 9A"). O

Before we can conclude the equality of simplicial and singular homology from
this proposition, we need another diagram chase to obtain the following convenient
tool from homological algebra. You are once more strongly advised to do the chase
yourself and only look at the proof in case you get stuck.

Lemma 5.19 (Five Lemma)
Suppose the diagram

in R-mod has exact rows, where « is surjective, € is injective, and B and & are
isomorphisms. Then y is an isomorphism, too.

Proof To see that y is injective, let ¢ € kery. Then §(k(c)) = k'(y(c)) = k/(0) = 0 and
since § is injective, we have k(c) = 0. By exactness of the upper row, there is b € B with
j(b) = c. We have j'(B(b)) = y(j (b)) = y(c) = 0 so that by exactness of the lower row, we
obtain a’ € A’ with i’(a’) = B(b). Since « is surjective, there exists a € A with a(a) = a’.
We compute B(i(a) — b) = i’ (a(a)) — B(b) = 0. As B is injective, it follows that i (a) = b,
thus ¢ = j(b) = j(i(a)) = 0 because imi = ker j.

To see that y is surjective, let ¢’ € C’. Since § is surjective, there exists d € D with §(d) =
k'(c"). Since I'(k’(¢")) = 0 by exactness at D’, the commutativity of the right most square
gives e(I(d)) = 0, so [(d) = 0 because ¢ is injective. Exactness at D provides an element
¢ € C such that k(c) = d. We have k'(y (¢c) — ') = 8§(k(c)) — k'(c)) = 8(d) —k'(¢') =0,
so exactness at C’ gives an element b’ € B’ with j'(b’') = y(c) — ¢’. Since B is surjective,
there exists b € B such that 8(b) = b'. Using this, we finally obtain y(c — j (b)) = y(c) —
yG®) =y —j'BB) =y —j®)=yc) -y +=c. m

Now let (X, A) be a A-pair. We have a canonical homomorphism

HA(X, A) — HE"8(X, A)
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induced by the chain map
CAX, A) — CI™(X, A) (5.20)

which views an n-simplex 6} : A, — X in the A-complex X as a singular simplex.

Theorem 5.21 .
The homomorphisms HnA (X, A) — H,fmg (X, A) are isomorphisms for all n and all
A-pairs (X, A).

Proof First suppose that A = . Let Xk C X be the k-skeleton of X consisting of all
simplices of dimension at most k. We obtain a commutative ladder of LESes

ce s HP(XEY) ——— H (X)) ——— Hp (XF, XA ) ——

l | |

. H;ing(kal) H;ng(Xk) H;ing(Xk, kal) .

We show that the right vertical map is an isomorphism. For the underlying relative simplicial
chain complex we obtain

®oi Rog ifn =k,

A vk k—1\ ~
Cr( X", X" H=
" { 0 otherwise

Therefore all differentials in the chain complex are zero so that the homology is equal to the
chain modules,

@D, « Rok ifn =k,
0

HAxk X =
" otherwise

Let ® = ][, oX be the unique map from the coproduct | | ok AF to X through which each

Gé‘ factors. The map & becomes a homeomorphism after collapsing the boundaries of the
k-simplices as indicated in the diagram

(I, Ak TT, 0Ak) —2—— (x*, X1

ql l

(11, A5/ 1T, Ak, o) —== (X*/X 1 0).
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The pair (]] Ak,]_IBA]&) is an NDR and so is (X*, X¥=1) by Theorem 2.21 (ii).
Indeed, property (iv) in the definition of A-complexes effects by Lemma A.l1 that
(1L, A) 11 x*=1 — X* is an identification map, so

1L, aAfx — > Xk-1

.

is a pushout square. It thus follows from Proposition 5.6 that H:ing(GJ) is an isomorphism in
relative homology. Additivity gives isomorphisms H:mg(]_[a A/&) = P, H:mg(AI&) and
Hy " (], 08%) = @, H:"8(0AK). Mapping the LES of the pair (][, AK, [1, 94aK)

to the direct sum over all o of the LESes of (A{;, 8Af§), the five lemma thus gives us

isomorphisms
H ™ (g AG. 11y 925) = D He ™ (A, 04¢)

and by Proposition 5.14 the summands are generated by id o« . So the morphism

HAXR, X571 — M (xk, Xk

of free R-modules restricts to a bijection of generating sets whence is an isomorphism.
Therefore applying the five lemma to the commutative ladder above gives the step of an

induction showing H,LA(X k) = H;ing(Xk) for all kK > 0 where the beginning £ = 0 is clear.
Since H2 (X) = H2 (X¥) for k > n, we have

H2(X) = colimy HA (x%)

Using that a singular simplex o : A" — X has compact image, one sees that every singular
n-chain in X already lies in some k-skeleton X k This implies that we also have H"8(X) =

colimy, H:ing (X k ) from which we conclude
HA(X) = colimy HA (XK) = colimy HEME(x%) = 1™ (x)
The general case A # ) follows again from the five lemma. O
Corollary 5.22
Suppose a pair of spaces (X, A) admits a A-pair structure with finitely many n-

simplices outside A and assume R is a principal ideal domain. Then H:ing (X, A; R)
is finitely presented.
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Proof Over a principal ideal domain, submodules of finite rank free modules are finite rank
free. By assumption we have that CnA (X, A; R) is free of finite rank, thus so is the submodule
ZnA (X, A; R) and so is the submodule BnA (X, A; R). The above theorem completes the proof.

[m}

Recall the definition of the chain map C2 (f) for a simplicial map of simplicial
pairs f: (X,A) — (¥, B) given in Sect. 3.5. Since Cimg(f) is always given
by composing simplices with f, the chain map (5.20) is not natural in (X, A).
But one checks that the induced map in homology is. So the isomorphisms from
Theorem 5.21 are natural in the simplicial setting. More precisely, if F : Simp(z) —
Top(z) is the forgetful functor, then the functors

HA, HY" o 7: Simp® — R-mod

are naturally isomorphic. By simplicial approximation (Theorem 3.22), it follows
that any continuous map f: (X, A) — (Y, B) of simplicial pairs induces a well-
defined morphism HA (X1, Al"ly — H2(Y, B) on any fine enough barycentric
subdivision of X. If for an R-module M we define H*A (X, A; M) by the homology
of C*A (X, A; R) ®g M as in the case of singular homology, then Theorems 5.21
and naturality still hold for singular and simplicial homology with coefficients in
M. The proof of Corollary 5.22, however, only carries over if one requires that M is
finite rank free.

5.3 The Mayer-Vietoris Sequence

The Mayer—Vietoris sequence is to homology as van Kampen’s theorem is to the
fundamental group. It allows to work out the homology of a space by decomposing
it into smaller spaces with known homology. Such a decomposition can either be a
suitable cover by two subspaces or a homotopy pushout. In either case, we derive
yet another LES that under favorable circumstances computes the homology of the
space from the homology of its pieces. Still (H, d,) denotes a homology theory
with values in R-mod.

Definition 5.23
Let X be the union of two subspaces X1, Xo € X. Then we call (X; X1, X7) an excisive
triad if the inclusion (X1, X; N X») — (X, X3) induces isomorphisms H, (X1, X N

X) —> Hy(X, X5) foralln € Z.

It turns out that a triad (X; X1, X») is excisive if and only if (X; X5, X1) is
excisive, but this is not completely trivial and involves some diagram chasing [29,
Proposition 10.7.1]. If X; and X, are open, then (X; X1, X») is excisive by the
excision axiom applied to the subspaces A = X\ X; and ¥ = X».
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Theorem 5.24 (Mayer-Vietoris Sequence)
Let (X; X1, X») be an excisive triad and let A € X1 N Xy =: X be a subspace. Then
we have a natural LES

Hy(iy), Hy (i Hy, (j1)—Hy (j:
= Hy(Xg, A) EnO @)y M@ H (X, A) ZLITED) x4y 2

where iy : (Xg, A) & (X, A) and ji: (Xi, A) — (X, A) are the inclusions.

Proof The triples (X1, X¢, A) and (X, X», A) give rise to a commutative ladder

e H (X0, A) Y g (x4 Y (X, X o) — 2 H (X, A) ——

H"(iz)l Hn(jl)l Ei Hw,l(iz)l

e HL (X, A) L e a) U (X X)) 2 Hy (X, A)

by naturality of the triple sequence. We define the morphism 9 by the composition

H, >~ 4
Ho(X, A) 222 (X, Xa) < Hu(X1. Xo) S Hy1(Xo. A)

appearing in the diagram. Naturality of the differential in the Mayer—Vietoris LES follows
then likewise from naturality of triple sequences and is clear for the other arrows. Exactness
is the usual diagram chasing:

Exactness at Hy(Xg, A). Take an element z € H; (X, A) with H,(i1)(z) = 0. By
exactness, there exists z; € Hy,41(X1, Xo) with 8’(z1) = z. If in addition H,(i)(z) = 0
holds, then viewing z| as an element of H,, (X, X7) by the isomorphism, we have 8’ (z]) =
0 by commutativity, hence exactness in the lower sequence gives z € H,41(X, A) with
Hy11(2)(z2) = 271,50 3(z2) = d’(z1) = z. This shows ker(Hy(i1), Hy(i3)) € im3a.
Suppose z € Hp(X(, A) has a preimage under 9. Then z also has a preimage under d’, so
Hy,(i1)(z) = 0 by exactness of the upper sequence. Similarly, H; (i7)(z) has a preimage
under 8’ o Hy, (I) but this composition is zero by exactness of the lower sequence whence
Hy (i2)(z) = 0. This shows im0 C ker(H, (i1), Hy, (i2)).

Exactness at Hy(X1,A) & H, (X, A). Suppose the pair (z1,22) € Hp(X(,A) &
H, (X7, A) satisfies H,(j1)(z1) = Hn(j2)(z2). Then H, (I})(z1) maps under the isomor-
phism to H,(lp)(Hy(j1)(z1)) = Hn(2)(Hy(j2)(z2)) = 0 by exactness in the lower
sequence. Hence, there exists z € H,(Xg, A) such that H,(i1)(z) = z1. Moreover, we
have Hy (j2)(Hn (i2)(2) — 22) = Hn (j1)(Hn(i1)(2)) — Ha(j1)(z1) = 0. By exactness in the
lower sequence, there exists z3 € Hy41(X, X7) such that 8’(z3) = Hp(i2)(z) — z3. Viewing
73 € Hy11(X1, Xo) via the isomorphism, we have Hy(i1)(z — 3'(z3)) = Hp(i1)(2) = z1
by exactness of the upper sequence. In addition, we have H, (i)(z — 3'(z3)) = Hy(i2)(z) —
(Hn(i2)(2) — z2) = z2. This shows ker(H, (j1) — Hn(j2)) S im(Hu(i1), Hn(i2)). The
reverse inclusion is immediate from commutativity of the first square in the above ladder.



116 5 Homology: Computations and Applications

Exactness at H,(X, A). For z1 € Hy(Xy,A) we have (3 o Hy(j1))(z1) = (@ o
H,(11))(z1) = 0 because the latter is a composition of two maps in a LES. Similarly,
(0 0o Hy(jo))(z2) = 0 for zp € Hy (X3, A) because the composition involves a composition
of two arrows in a LES right away. Thus also every difference H, (j1)(z1) — Hn(j2)(z2)
lies in ker 0. This shows im(H, (j1) — H,(jo)) € kerd. Let z € kerd. Then Hy,(l7)(z)
followed by the (reversed) isomorphism gives an element z; € kerd’ = im Hy(l).
Thus there is zp € Hu (X1, A) with H,(I1)(z0) = z1. Let z3 = Hp(j1)(z2). Then
H, (Ip)(z — z3) = 0 because both z and z3 map to z; under the reversed isomorphism.
Therefore by exactness z — z3 € im H,(jp). Let z4 € H,(X,, A) be an element with
Hu(j2)(z4) = z — 3. Then (Hy(j1) — Hn(j2))(z2 ® (~24)) = 23 + (z — z3) = z. This
shows kerd C im(Hy, (j1) — Hn(jn)). O

Theorem 5.25 (Mayer-Vietoris Sequence for Homotopy Pushouts)
Let
A
.
X

be a homotopy pushout. Then we have a natural LES

= Hy(a) Iy ovem, () L8R 7y L H_A) -

Proof From Sects. 2.3 and 2.4, we have a homotopy commutative diagram

A x (0,1) My,
Pra Mfl v Njfhfz
A—|——Y
v

Z (5.26)

in which all downward pointing arrows are homotopy equivalences. The upper square is the
pushout of an open cover, so the triad (M ¢, ¢,; M fis M ) is excisive. Therefore the upper
row in the induced diagram

— %> H, (A x (0,1)) — H,(Mj,) ® Hy(My,) — H,(My, 5,) —>>

T

H,(X) @ Hy(Y) H,(Z)
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is exact by the previous theorem. If one homotopy pushout maps to another to form a
homotopy commutative cube, we obtain an up to homotopy defined map of the double
mapping cylinders preserving the open covers. This shows naturality. O

Recall from Sect. 2.3 that our main example of a homotopy pushout is a pushout
A .

in Top where i is a cofibration. Then also j is a cofibration by Theorem 2.21 (i) so
that all front pointing arrows in diagram 5.26 are inclusions and the diagram com-
mutes strictly. Since the triad (M ¢, £, ; M fis M £,) 1s excisive, also the pushout (5.27)
is excisive in the sense that the map f induces relative homology isomorphisms

7
—_—

(5.27)

H,(X,A)=H,(Z,Y) (5.28)

Using these, we can prove a relative version of the Mayer—Vietoris sequence for the
pushout (5.27).

Theorem 5.29
Consider the pushout (5.27) in which i (hence j) is a cofibration. Let B € A and
B’ C Y be subsets with f(B) C B'. Then we have a natural LES

(Hn (D), Ha (£))

/ Hn(?)_Hn(])
- Hy(A,B) ————— > Hn(X, B)® Hy(Y, B) ————

Hy(Z,B') — .

Proof Similarly as in the proof of Theorem 5.24, the boundary homomorphism 9 is now
contained in the diagram

o H(AB) L (X, B) —— Ho (X, A) — 2 H,_1(A,B) ——

Hn(f)l Hn(f)lﬁ Hn—l(f)l
— o m,,B) Y g2, BY) —— HA(Z,Y) — > Hy 1 (Y, B) ——

and exactness and naturality of the LES follow exactly as above. O
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If X1 N X7 is not empty in Theorem 5.24, we choose A = {xo} for some xy €

X1 N X, and get the reduced Mayer-Vietoris LES for excisive triads
~ ~n.>Nn' ~ ~ ﬁn'fﬁn' ~

s Hy(Xo) PO ) @ (%) P ) s
Foramap f: (X; X1, X2) — (Y; Y1, Y2) of excisive triads, we pick xg € X1 N X,
and use yo = f(xp) € Y1 NY> to identify reduced homology with homology relative
to a point so that naturality in Theorem 5.24 and naturality of the isomorphism (5.4)
gives naturality of the reduced Mayer—Vietoris LES for excisive triads. Replacing
homology with reduced homology in the proof of Theorem 5.25, we thus also obtain
a natural reduced Mayer-Vietoris LES for homotopy pushouts

(Hy(f1), Hy(f2) Hy(g)—Hy(g2)
_ _

~ ~ ~ ~ 3
oo —> Hy(A) H,(X) @ Hy(Y) Hy(Z) — -~
Example 5.30 Let us see what happens if we apply the reduced Mayer—Vietoris sequence

to the homotopy pushout given by the cell attaching pushout in Top

Sn—l f Y
il ij
T .z

Dt ———
from Example 1.40. Since ﬁ*(D”) = 0 throughout, the sequence takes the form

_ B o o ) e B Burth =
= s D ooy 2D oz DA 2 f

We see that ﬁk( j) is an isomorphism, meaning the k-th reduced homology of Y remains
unchanged when attaching an n-cell, if and only if Hy(f) is trivial and Hy_ (f) is injective.
If (H, 04) satisfies the dimension axiom, this is automatic whenever k ¢ {n,n — 1}. Hence
attaching an n-cell only has an effect on ordinary homology in degree n and n — 1. Here
the relevant portion of the Mayer—Vietoris sequence says that the n-th homology can only
grow while the (n — 1)-st homology can only diminish when attaching an n-cell. In fact,
the n-th homology remains unchanged if and only if ﬁn_ 1(f) is injective and the (n — 1)-st
homology is unaffected if and only if I—NIn_l (f) is trivial. These are mutually exclusive options
(unless Hp(e) = 0). Our observations are in accordance with the rough intuition that ordinary
homology “counts holes in a space”: The n-cell can introduce a new “(n + 1)-dimensional
hole,” which for example always happens if f is null-homotopic. On the other hand, the n-
cell can cover an n-dimensional hole if f attaches the cell along the (n — 1)-dimensional
“boundary” of the hole.

We conclude this section with the verification that additivity of H, for topological
sums implies additivity of H, for wedge sums.
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Theorem 5.31

Suppose that the homology theory (Hy, 0x) satisfies the additivity axiom and let
(X;, xi)ieq be any family of well-pointed spaces. Then the inclusions X; — \/jel X;
induce an isomorphism

P Hxp = He | \/ xi

iel iel

Proof Combining the additivity axiom with the five lemma, we obtain

iel iel iel iel

P H;(xi) = P Ha(X;. x;) = Hy (]_[ X;. | Jixi)
Since all (X;, x;) are well-pointed, the left hand arrow of the pushout

[Lic/{zi} ———

|

Hie[ Xi = vie[ Xi

is a cofibration, so the isomorphism in (5.28) gives

H, ]_[X,-,]_[{x,-})EH* \ Xio| = H |\ X

iel iel iel iel

Leopold Vietoris, born 1891 in Bad Radkersburg, was an Austrian mathe-
matician not only known for his contributions to topology but also for being a
supercentenarian. With a life span of 110 years and 309 days, he still remains
the oldest confirmed male Austrian that has ever lived [12]. Vietoris married
his first wife Klara Riccabona in 1928 [14]. The couple had six children, all of
them girls [27]. Klara died from childbed fever after giving birth to their sixth
daughter [28] in 1935. In 1936, Vietoris married Klara’s sister Maria [13].
Vietoris passed away in April 2002, only a few days after Maria’s death at the
age of 100 years and 249 days. He wrote his last article [31] on trigonometric
sums at the age of 103.
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5.4 Degree

According to our computation in Corollary 5.11, we have ﬁ,‘fing(S”; Z) = 7.
Therefore the endomorphism ring of ﬁ;mg (8™; Z) is canonically isomorphic to Z so
that we can define an interesting invariant of self-maps f: S* — S” of the n-sphere.

Definition 5.32
The degree of a map f: §” — S" is the unique integer deg f € Z such that

A (. 7)(2) = deg f -  forall z € HS"E(S": 7).
A couple of observations on the degree of a map f: S — S” are immediate:

o If f ~ g, thendeg f = degg.

If f is null-homotopic, then deg f = 0 (hence deg f = 0 if f is not surjective).
¢ The composition of f, g: " — S” satisfies deg(f o g) = deg f - degg.

e If f is a homotopy equivalence, then deg f = +1.

* We have deg(idg») = 1.

Not at all obvious is however the fact that multiplication with deg f also
describes the induced endomorphism for any other reduced homology theory.

Theorem 5.33

Let (Hy, d) be any homology theory with values in R-mod and let f: S" — S" be
any map. Then the endomorphism ﬁn (f) of ﬁn (8™) is given by multiplication with
the integer deg f.

This result will be key for a uniqueness theorem in the next chapter showing that
the Eilenberg—Steenrod axioms determine ordinary homology on a large class of
spaces. The proof of Theorem 5.33 will occupy the rest of this section though we
allow ourselves to include an amusing application along the way. So still let (Hy, 9)
denote any homology theory with values in R-mod (ordinary or not).

Proposition 5.34

Forn > 0, let rp: S — S" be the reflection through the coordinate plane
{xp41 = 0} C R"*t! 50 that (X1, ..y Xp41) = (X0, ..., Xn, —Xp4+1). Then we
have ﬁn (rp) = — idﬁ,,(S”) and hence in particular degr, = —1.

Proof We prove the proposition by induction on n. To begin, we note that r defines a map
of excisive triads

ro: (8% (=1}, (+1) — (8% (+1}, (=1}
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Consider the inclusions i_1: {—1} — $9 and iy1: {+1} — S9 as well as the unique map
s: {—1} — {41}, which induces a canonical isomorphism o = Hy(s) from Hy({—1}) to
Hy({+1}). Naturality of the Mayer—Vietoris sequence in Theorem 5.24 yields a commutative
square of isomorphisms

Ho(i-1)—Ho(i4+1)

Ho({-1}) & Ho({+1) Ho(S°)
Ti iHo(To)
Ho({-1}) & Ho({+1}) — 0 g (50)

with t(a ®b) = o1 (b)®o(a).Let D € Hy({—1}) @ Hy({+1}) be the diagonal submodule
consisting of all elements a @ o (a) for a € Hy({—1}). The upper isomorphism Hy(i_1) —
Hy (i) restricts to an 1som0rph1sm 8: D — HO(SO) on D whereas 7 restricts to idp on D.
Thus H()(ro) = (=8)oidpod™ HO(SO)

For the induction step, let n: Hn(S (s 1)) h—1(8" ]) be the natural suspension
isomorphism from Theorem 5.10. We identify r,, = S (”n—l) to see that

Hy(rn) = Hy(S(ra—1)) =0~ o Hy_i(r—p) o =0~ o (i) o = —id
by induction assumption. O

Note that any two reflections of R”*! along n-dimensional linear subspaces differ
by a rotation and thus are homotopic. So the reflection hyperplane in the above result
is as good as any other.

Theorem 5.35
For any map f: 8" — S, there is x € S¥" with f(x) =

Proof Otherwise there are homotopies idg2, ~f f and f ~G —idg2. given by

A =x+1tf(x)

1A =Dx +tfOl
A-=0f(x) +1(=x)
(A —0)f(x) + (=0l

F(x, 1) =

G(x,t) =

hence idg2n =~ —idgn. But —idg, is the composition of the 2n + 1 reflections through
the 2n + 1 coordinate hyperplanes of R2"+1 hence 1 = deg(idgon) = deg(—idgn) =
(=11 = —1, which is absurd. o
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Theorem 5.36 (Hairy Ball Theorem)

A continuous tangential vector field on an even dimensional sphere has a zero: If
v: §2n 5 R2n+l satisfies (v(x), x) = 0 forall x € S2 then there is X0 € S with
v(xg) = 0.

Proof 1f not, then f: §2" — §2" x 1> Mggii;u has xo € 52" with f(xo) = %xq, so
_ {v(x0), x0)

= (f(x0), Xo) = {E£xq, x0) = 1
lvxo)ll

which again is absurd. O

The theorem says that one cannot comb a hairy ball without leaving a cowlick.
Also, wind direction on earth at a fixed time is an example of a continuous tangential
vector field on S2. Thus at any time there exists a windless location on earth. In the
next proposition, consider the circle S' as the complex numbers of modulus one.

Proposition 5.37 _
Fork € Z, the map fy: st — sl given by fr.(z) = Pod satisfies Hy (f) = k~idﬁ1(31)
and hence in particular deg fi = k.

Proof By means of complex conjugation, we write f_;(z) = fr(z) = r1(frx(z)), so
Proposition 5.34 enables us to assume k > 0. Let O = {z € stk = 1} be the set of
k-th roots of unity. Then the map fj factors as either of the outer compositions in the diagram

k 1
Vi:1 S
9k T V?:l idg1

o

PSR o MR LR

The vertical homeomorphism carries the circle in the bouquet S 1 / Oy parameterized by ¢
27 . .

[eTt] fort € [j—1, j]to the j-th copy of Slin \/{»‘:1 st by the map ¢ — e27it=j+1) The

map gy is just defined as the composition so that the left part of the diagram commutes. The

map f, is induced from fj by the universal property of the quotient topology. For the collapse

map q; \/{»‘:1 st - sl that maps all but the j-th copy of St to the base point, we have

gjogr = idg1. Thus the composition of I-Nll (gx) with the product map of ﬁ] @q1)s---» ﬁ] (qx)
is given by

(Hi(q), - Hi(gr) o Hi(g1) = (g, 51y, - 1d g, (s1))
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Similarly, if i;: st — \/{»‘:1 $1 denotes the inclusion of the j-th copy of S I, we have
(\/f.‘:1 idg1) o i; = idg1. Thus the composition of the coproduct map of ﬁ] @), ..., I-11 (ix)
with H; (\V/5_, idg1) is given by

Hi(Vi_yidg) o (Hi(1) @ -~ & Hi (i) = id g 1) @ @ id g, g1

As we saw in (5.8), the product and coproduct maps appearing on the left of these equations
are mutually inverse. Hence we can insert their composition in between the composition
Hi(fi) = Hy (\/é‘:1 idg1) o Hy(gk) so that Example 1.33 yields

H\(fo) = (idg, 51y ® - ®idg 1)) 0 (djg s1)s--- g (1)) =

=idg 1)+ Hidg gy =k-1dg 1) O

The (n — 1)-fold suspension of f; is a map S"™1(fo): §* — S", which by
naturality of the suspension isomorphism in Theorem 5.10 still has degree k. Hence
maps of arbitrary degree exist in all dimensions. The point is that degree is a
complete invariant of homotopy classes of self-maps of spheres: if deg f = deg g
for f,g: S" — S§", then f ~ g. The hard step in the proof is the following
proposition.

Proposition 5.38
Let f: 8" — S™ have deg f = 0. Then f is null-homotopic.

Proof We endow the n-sphere with a simplicial structure by fixing a homeomorphism
sn = gartl = k. By simplicial approximation (Theorem 3.22), the map f: K — K is
homotopic to a simplicial map on some iterated barycentric subdivision K ] of the domain
K. Since degree is homotopy invariant, we can thus assume f: K "l & K is simplicial to
begin with.

Fix a vertex v in the codomain K. Since K is the boundary of a simplex, v has a unique
opposing face 7. We consider a map &: (K, K\t) —> (K, v), which stretches t over the
whole sphere K and maps the complement of the interior 7 to v. Thus ® =~ idg and ®

restricts to a homeomorphism ®|; = K\{v}. Sowe have f ~ g := ® o f and since f
is simplicial, the map g sends each simplex o in K" either to v or it maps do to v and &
homeomorphically to K \ {v}. In the former case, we call the simplex ¢ ordinary, in the
latter case we call it special. Thus g factors as

g KU — \/ gn Yate,

o special
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A |
N V-

Fig. 5.1 By scaling, translating, rotating, and rescaling we can move a special simplex (white) to
an adjacent ordinary simplex. The shaded area is mapped to the base point throughout

|
-1 —t

\
t ]

Fig. 5.2 The embedding o U o, C R™+!. The first axis represents R, the second axis R”. The
homotopy F; equals h(f, y) = h(—t, y) constantly along horizontal lines in the area between —¢
and . Whenever (=£¢, y) lies outside o U o, the horizontal line thus maps to v so that in the end
F) is the constant map to v

with pointed homeomorphisms g, : (5", 8) — (K, v) for each special simplex o. As in the
proof of Proposition 5.37, it follows that

degg= ) deg(go) (5.39)

o special

with deg(gs) = =+1. The assumption deg = 0 effects that there are as many “+1”s as
“—1”s in this sum. By moves as indicated in Fig. 5.1 we can form “special pairs” (o—, o)
of simplices sharing precisely one face and satisfying deggo_ = —1 and deggo, = I.
Since the maps g5, have opposite degree and come from simplicial homeomorphisms of n-
simplices, we can scale, rotate, and rescale one of the two maps to achieve that the two maps
are obtained from one another by reflection at the common face. We embed the union of the
two simplices 0_Uo 4 in Rt a5 indicated in Fig. 5.2 and extend gls_uo, tOh: Rt o
by setting & constantly equal to v outside o— U 0. We then have h(—x, y) = h(x, y) for all
(x,y) € R""!. The homotopy

F(x,y, 1) = {h(xyy), [x] 2,}

h(t,y), Ix|=<t
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turns o— and o4 into ordinary simplices. By repeating this process we can cancel out all
special simplices, which shows that g, thus f, is null-homotopic. O

Remark 5.40

The formula (5.39) computes the “global degree” as a sum of “local degrees.” As such,
it has a differential topological version. Let f: $” — S” be smooth and let ¢ € S” be
a regular value with f_l(q) ={p1,..., pr}- Then

k
afi
deg f = E sgn det (—f (pl)>
=1

0x;

afi
ax J
are mapped to one another by rotations in the orientation preserving isometry group
SO(n + 1) of S". For a proof, see [4, Corollary 7.5, p. 192].

where the Jacobian

(py) is computed with respect to charts around p; and g, which

Now we are ready to prove that the notion of degree distinguishes all pointed
homotopy classes of pointed self-maps of spheres.

Theorem 5.41
Let n > 1. Then the group m(S",e) is trivial for 1 < k < n and the map

deg: 7, (S", o) — 7 is an isomorphism of groups.

Proof For k < n, the group 7 (S™, e) is trivial because each map sk smis homotopic
to a non-surjective one by simplicial approximation. To see that deg is a homomorphism,
we recall from Sect. 2.5 that the product [ f] - [g] of [f], [g] € 7, (S, e), interpreted as
homotopy classes of maps (S”, @) — (S, e), is represented by

for S — sty gn L8 gn
so that as before deg( fg) = deg f +deg g. The kernel of deg is trivial by Proposition 5.38. To
see surjectivity, either consider the reduced suspension U fx for k € Z or, even simpler,
just observe that deg(idg») = 1 hits the generator. O
For the passage back to unpointed homotopy, let us introduce the notation

[X, Y] = Homygop (X, Y) for unpointed homotopy classes of maps f: X — Y.

Corollary 5.42

Forn > 1, the map deg: [S", S"] =, Zisa bijection.
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Proof Only for injectivity, we still need to argue that any given map f: " — S" is
homotopic to a map f with f(e) = e. To do so, we observe that the rotation group SO(n + 1)
is path connected and acts transitively on S”. Hence we can pick a path r: I — SO(n + 1)
from the identity matrix to a rotation matrix that maps f(e) to . Then r; o f is a homotopy
from f to amap f as required. O

Remark 5.43

More generally, the difference between pointed and unpointed homotopy classes of
maps can be described as follows. For pointed spaces (X, xg) and (Y, yp), set (X, Y) =
HomHoTop, ((X, xg), (Y, y9))- If (X, xg) is well-pointed, we can define a right action
of w1 (Y, yp) on (X, Y) by viewing a loop y: (I, d1) — (Y, yp) as a homotopy {xg} x
I — Y, which the HEP allows us to extend to a homotopy H: X x [ — Y starting ata
given map f: (X, xg) — (¥, ypg).- Sowe canset f - [y] = H;.If Y is path connected,
the natural map (X, Y) — [X, Y] descends to a bijection (X, Y)/m1 (Y, yp) = [X, Y]
on the orbit space, so (X, Y) = [X, Y] if Y is simply connected. For X = Sl, the
action is just the conjugation action on the fundamental group, which is trivial if also
Y = S! because 711(S1, Yp) is abelian.

Proof of Theorem 5.33 Let f: S" — S" be any map and set k := deg f. By Proposi-
tion 5.37 and the natural suspension isomorphism from H, Slng(S( );Z) to H, Smg 1(= Z), we

have deg S"~ L(f) = k. Hence Corollary 5.42 implies that f* = S"=L( f). Proposmon 5.37
and the natural isomorphism from H*(S( )) to H* 1(—) also show that Hn (s" 1(fk)) =
k- Hn (s Hence

Hy(f) = Ha (8" (o)) =k -id g gny = deg f -idjg (gn) o

5.5 Applications

Now that we have acquired a decent general knowledge on homology, the time is
ripe to harvest some fruits of our work. In this section, we will work with the easiest

homology theory we know: H,(—) = Slng(— Z./2) with values in Z/2-vect.

The Fundamental Theorem of Algebra

The funny thing about the fundamental theorem of algebra is that it has no entirely
algebraic proof. In fact, the complex numbers C are an analytic object, namely a
degree two extension of the field of real numbers R, which is constructed as a (metric
or order theoretic) completion of QQ. This is why any proof of the fundamental
theorem of algebra requires some analytic or topological input. Of course, as
topologists, we prefer the latter.
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Theorem 5.44
Let p(z) = ap?" + an_lz”_l + - - - + ag be a polynomial with complex coefficients
and no zeros in C. Then p(z) is constant.

Proof For allt € R, setting f;(z) = |Z82| defines a map f;: s! — §1 because p() #0

for all z € C. Since Hg(z) = f;((1 — s)z) is a null-homotopy of f;, we have deg(f;) = 0.
Choose rg > 0so that |a,z"| > |an,lz”71 +- - -+4ag| for |z| = rg. Consider the homotopy of
polynomials ps(z) = anz" +s(ay_12" 1 +- - -+ap) from which we obtain the homotopy of

_ _ps(roz)
— ps(ro)l”
deg go = deg(z > ") = n. a

maps gs: st - gl given by gs(2) Then fr, = g1 =~ go- Hence 0 = deg f;, =
Invariance of Dimension
It is conceivable that Euclidean spaces of different dimension should not be

homeomorphic. But the existence of space filling curves is an indication that this
might not be easy to prove. Yet homology is strong enough for this purpose.

Theorem 5.45
If R" is homeomorphic to R™, then n is equal to m.

Proof A homeomorphism f: R” = R™ induces a homotopy equivalence

11

sl =5 R {0} =5 R\ {£(0)) — s™1L

Thus H,_ (5"~ 1) = H,_(5"1) whence n = m by Corollary 5.11. o

Nonexistence of Retractions

Here is another example where homology proves that a map with certain properties
does not exist.

Theorem 5.46
The disk D" does not retract onto its boundary S" 1.
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Proof Leti: "1 — D" be the inclusion of the boundary. If r: D" — S"‘Lis aretraction
sothatr oi = id g1, then idﬁn,l(S”*I) = H,_1(r)oH,_1(i) = 0because H,_1(D") =0
contradicting H,_1(S"~1) = 7,/2. ]

The Brouwer Fixed Point Theorem

The next classical theorem in topology is a neat example of an existence theorem
proven by a nonexistence theorem. Fixed point theorems of this kind are relevant in
game theory where they can be used to prove the existence of equilibria.

Theorem 5.47
Every map f: D" — D" has a fixed point.

Proof Forn = 0, there is nothing to prove. Otherwise, the condition f (x) # x forallx € D"
lets us define r: D" — $"~! by sending x € D" to the intersection of the ray from f (x)
passing through x with §”~1. Clearly r is continuous and restricts to the identity on §"~1,
which contradicts the last theorem. O

The Borsuk-Ulam Theorem

We now come to a more substantial application that unlike the preceding ones
is based on the intrinsic mechanism of singular homology. So still let H.(—) =

H:ing(—; 7,/2) and for simplicity, we also use the notation Cy(—) = C5"&(—; Z/2).

Theorem 5.48
For any map f: S" — R”", there is x € S" with f(x) = f(—x).

In addition to the calm points on Earth as a consequence of the hairy ball theorem,
the Borsuk—Ulam theorem gives a continuation of our topological weather forecast.
The case n = 1 implies that at each time and on each great circle on Earth, there
exist two antipodal points with the same temperature. The case n = 2 implies that
at each time, there exist two antipodal points on the surface of the Earth with the
same temperature and the same atmospheric pressure. The theorem is an immediate
consequence of the following result, known as the antipode theorem.

Theorem 5.49
Suppose the map g: S" — S™ satisfies g(—x) = —g(x) forall x € S"™. Then n < m.
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To see that the antipode theorem implies the Borsuk—Ulam theorem, assume that
f: 8" — R"isamap with f(x) # f(—x) for all x € S”". Then we can define a
map g: §" — S"! by setting

oty = S =1
1700 = F (=0l

so that g(—x) = —g(x) for all x € S”. This contradicts the antipode theorem.

Proof of Theorem 5.49 The group with two elements (¢ |t2) = 7Z/2 acts on the k-sphere
sk by the antipodal map ¢ - x = —x. The orbit space can be identified with real projective k-
space and the quotient map sk L RP* is the 2-sheeted universal covering map. By covering
theory, each singular p-simplex o: A, — RP¥ has precisely two lifts o4, 6—, which the
generator ¢ transforms into one another: we have t6+ = o%. Correspondingly, we obtain a
chain map

T C(RPF) — €, (55
given by 74(0) = 04+ + 6, which is called transfer and lies in the SES

0 — C, (RP}) —» 0, (5F) <%

k
Ci(RP*) —0 (5.50)
of singular chain complexes with coefficients in the field Z/2. A map g: S" — S™ with
g(—x) = —g(x) for all x € S" descends to a map g: RP" — RP™ on the quotients. We
thus obtain a “map” of SESes of chain complexes

0 —— C,(RP") T C.(58™) C*—(p)>

C.(9) l C.(9) l

0 — C,(RP™) —— C,(S™)

C,(RP") ——>0

can

_G@, C.(RP™) — 0.

The right hand square commutes because the underlying square in Top commutes. To
understand why the left hand square commutes, consider the diagram

Pn

RP" <—— S"

Pm

RP™ <—— S™.
Leto: Ap — RP” and let 6+ be the unique two lifts of o under p;,. Then
pmo(goot) =(pmog)odt=(8opp)obLt=go(ppoot)=go0

Thus g o o+ are the two unique lifts of g o o under py;.
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By the naturality statement in Theorem 4.4 we thus obtain a commuting ladder of LESes.
First we consider the lower LES of this ladder. It is clear that RP™ has an m-dimensional
A-structure so that H,, | (RP"™) = 0 follows from Theorem 5.21. Thus the LES looks like

HM(T*)
_—

0— > H, (RP™) Ho(5™) %L 1 (RP™) —

— H 1 (RP") —— Hp 1 (S™) —— Hp, (RP™) ——
- Hl(RPm) o

— > Hy(RP™) —— Hy(S8™) —— Hy(RP™).

Note that in homology, the composition of covering map and transfer is trivial:
Hyn () 0 Hy (p) = idpy, (sm) +H (S > §™, x > —x) =2 -idp, (m) =0

because we are working over Z/2. Since the LES says that H, (t4) is injective, it thus follows
that Hy, (p) = 0 so the upper right most arrow in the L.E.S is zero and Hy, (t4) is in fact
an isomorphism. Since Hj (S™) vanishes for 0 < k < m by Corollary 5.11, the boundary
homomorphisms Hy (RP™) — Hj_(RP™) are isomorphisms at least whenever 1 < k <
m. But the final arrow of the LES is clearly an isomorphism because both S and RP™ are
path connected. So the preceding arrow is zero and hence also H| (RPP") —> Hy(RP™) is an
isomorphism. Since the same remarks apply for the upper LES, the square with the boundary
homomorphism of the ladder in case n > m and 1 < i < m looks like

H;(RP™) 2 H, (RP™)

o

Hi(g)l lHi—l(g)

H;(RP™) —2 > H, | (RP™).

Since Hy(g) is an isomorphism, the diagram says that so is H; (g) for 1 <i < m by induction.
The last one of these, Hy;(g), sits also in the square

H o (74)

H,,(RP") H,,(S™)
Hm(g)l: iHﬂl(g)
Hyp, (74
Hyy(Rpm) g (sm),

oy

of the ladder. But for n > m, this is absurd because from Corollary 5.11, we have H,, (S") =
0 while Hy, (S™) = Z/2. O
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Karol Borsuk (1905 in Warsaw—1982 at the same place) was a Polish
mathematician known, among other achievements, to be the founder of shape
theory, a version of homotopy theory better behaved for pathological spaces,
like the Warsaw circle that he likewise discovered. One of his students was
Samuel Eilenberg who jointly with Saunders Mac Lane founded category
theory. During the German occupation of Warsaw, Borsuk developed the
dice game “Animal Husbandry” in 1943 and sold copies of them to support
his family [11]. It seemed that most of these copies were lost during the
Warsaw Uprising but in the 1990s an intact set was found and the game is
now available on the market under different names. Notably, the game uses
dodecahedra as 12-sided dice.

Stanistaw Marcin Ulam (1909 Lwow, Poland, now Lviv, Ukraine—1984
Santa Fe, New Mexico) was a Polish—-American mathematician with a par-
ticularly wide range of research interests. In his early years, he was part of the
“Lwow school of mathematics” known for studying fundamental problems in
point-set topology, set theory, and functional analysis during long hours in the
Scottish cafe in Lwéw. Later he emigrated to the USA where in 1944 he joined
the secret Manhattan project in Los Alamos, New Mexico, which developed
the first nuclear weapons [30]. Modern thermonuclear weapons still employ
the Teller—Ulam design, which Ulam developed post World War—II in 1951
with Hungarian—American physicist Edward Teller. Ulam is also known for
discovering the Ulam spiral: Arraying the integers along a spiral, the prime
numbers astonishingly often occur along horizontal, diagonal, and vertical
lines. Such lines correspond to quadratic functions some of which were known
to oftentimes produce primes already by Euler, but the phenomenon still lacks
an encompassing explanation. Another outcome of the Manhattan project due
to Ulam is the Monte Carlo method of sampling with pseudo random numbers
to find numerical solutions for problems that would otherwise require unfea-
sible calculations. The idea has proven to be fruitful in a variety of areas, and
is for example still applied to derivative pricing in mathematical finance.

The Ham Sandwich Theorem

The Borsuk—Ulam theorem has the following beautiful corollary. It asserts that a
ham sandwich consisting of two layers of bread and one layer of ham—no matter
how they are shaped, no matter how they are positioned—can be cut with a single
straight slice of a knife such that each layer is cut into halves of the same size.
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Theorem 5.51
Let Ay, ...,, Am C R™ be Borel sets of finite Lebesgue measure A(A;) < 0o for all
i. Then there exists an affine hyperplane in R™, which dissects each A; into subsets of
equal measure.

Proof We embed R™ affinely as R” x {1} € R”t! Given x € R"™*1\ {0}, set

o Hf ={yeR"1: (x,y) >0} N R" x {1},
o Hy ={yeR"1: (x y) <0} N R" x {1},
e H,=H nH;.

Let f;: S™ — Rbe givenby f; (x) = A(A; ﬂH;"). Then it is apparent that f; (—x) = A(A; N
Hy ). Considering the product map f: S — R™ given by f(x) = (f1(x),..., fm()),
the theorem follows from the Borsuk—Ulam theorem once we know that f is continuous.
Given x € §™ and a sequence (x,) of points in § with lim;,— » x, = x, the characteristic
functions x A;nHE converge pointwise to x AjNHE except possibly on A; N Hy. Thus they
converge A-almost everywhere and they are bounded from above by the integrable function
XA, - The dominated convergence theorem implies

i JiGn) = lim / X, W= / Xaing 9= fi(x) o

Exercises

5.1 Find a pair of spaces (X, A) such that HlS ing(X , A; Z) is not isomorphic to the
reduced homology group ﬁf "8(X/A; 7).

5.2 Let (X, xp) be a well-pointed space. Show that the arc inclusion xo x I C SX is
a cofibration. Hint: You may assume {xo} € X is closed. Find an NDR presentation
of X x {0, 1}U{xo} x I C X x I and show that it descends to an NDR presentation
of xo x I C SX. The general case works similarly with Strgm’s characterization of
cofibrations in [25, Lemma 4].

5.3 Let (Hy, d0,) be a homology theory with values in R-mod satisfying the
dimension axiom and Hp(e) # 0. Let A C S" be a proper subset. Show that
H,(S", A) is not trivial.

54 Let (Hy, d,) be a homology theory with values in R-mod satisfying the
dimension axiom.

(a) Apply the Mayer—Vietoris sequence for pushouts to compute Hy (S").
(b) Using the result for Hy (S'), find the homology of the 2-torus Hy (T?) again as
an application of the Mayer—Vietoris sequence for pushouts.
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5.5 Let (Hy, 04) be a homology theory with values in R-mod. Show that we have
a natural isomorphism Hi (X x S") = Hy(X) & Hg—p(X).
Hint: Let xo € S" and show first that
Hi (X x 8" = Hi (X) @ He (X x 8", X x {x0}).
Afterwards, show that Hp(X x 8", X x {x0}) & Hg—,(X) with the help of the
Mayer-Vietoris sequence. You can either find a suitable excisive triad or you may

assume that X is locally compact and find a suitable pushout.

5.6 Suppose (Hy, 0x) satisfies the dimension axiom. Show that
H (T") = Hy(e)®.

5.7 For each n > 1 find a surjective map S" —f> S" of degree zero.

58 Let fi: S' — S!, z +— z*. Show that deg(fy) = k also follows from
naturality of the Hurewicz isomorphism.

5.9 Show that for every map f: $2* — S, thereisx € $2* with f(x) € {x, —x}.
Conclude that every map RP?" — RP?* has a fixed point. How about maps
RPQH-FI N RP2n+1?

5.10 Show that homeomorphic manifolds have equal dimension.
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Cellular Homology

In Example 5.30, we saw that the Mayer—Vietoris sequence gives us good control
on the effect on homology of attaching a cell to a space. Say a space X arises
entirely from attaching cells. This could mean that a sequence of nested subspaces
XY ¢ x! € ... C X forms an exhaustion X = Un X" such that X9 is discrete
and such that X" arises inductively from X" ! by attaching n-cells along attaching
maps f": §n=1 . x"=1 By collapsing the complement of the interior of the j-th
attached (n — 1)-cell in X"~!, we obtain a quotient map p;: X"~! — §"~!. The
quotient maps corresponding to the (n — 1)-cells decompose the attaching maps f*
of the n-cells into families of maps l.']'. = pjo fi: §n=1 — §7=1 The Mayer—
Vietoris sequence makes it now conceivable that at least for an ordinary homology
theory (Hy, 0), the induced morphisms ﬁn_l ( fg) for ranging n, i, and j contain
the complete information on the homology of X. By Theorem 5.33, this information
is in turn encoded in the integers deg fg So two remarkable consequences come to
mind. Firstly, there should be a combinatorial way of computing ordinary homology
from the numbers deg fg Secondly, these numbers are independent of (H, dx), SO
ordinary homology should be determined on cell complexes, or more precisely on
CW complexes, like our space X, by the Eilenberg—Steenrod axioms. Since many
spaces, including A-complexes and smooth manifolds, admit CW structures, one
could regard this fact as the ultimate justification of the axioms.

6.1 CW Complexes

To make the above ideas rigorous, we start with a formal introduction of the spaces
of interest in this chapter.

Definition 6.1
A CW complex consists of a topological space X and a filtration

Q):X_ngnglg...gx
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by subspaces such that for each n > 0, there exists a family of maps Q;’ : D" — X" for
i € I, that restrict to maps ql.”: sn—1 5 X" guch that:

(i) The square

a
—_—

H Snfl anl

icl,

i j?l

iely,
(6.2)
is a pushout in Top.
(ii) We have X = colim, X" in Top.

To verify that the definition does what we want it to do, let us decode it step by
step. For n = 0, condition (i) says that
0

Vj
] {o} —X°

icly

-

is a pushout, which shows that the subspace X° carries the discrete topology. For
n > 1, the condition says that the n-skeleton X" is obtained from X" ~! by attaching
copies of the n-disk D" along attaching maps g;': §7=1 — X"~ indexed by the
index set I,,. Theorem 1.42 (i) implies that the inclusions j,: X"~! — X" are
closed and that the path components of X" \ X”~! are homeomorphic to open n-
disks. We call the path component e}’ = Q% (D" \ $"~1) the i-th open n-cell of X,
and we refer to Q7 as the characteristic map of the cell e'.

Condition (ii) says that we have X = |, _; X" as a set and that X is coherent
with the skeleta X”, meaning X carries the final topology with respect to the
inclusions i, : X" — X. Explicitly, a subset D C X is closed (or open) if and only
if DN X" C X" is closed (or open) for all n. On the one hand, this is the maximal
choice of closed subsets, such that X is a cocone on the diagram of inclusions j, in
Top,

Xn— 1 o Xn

\/
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meaning all inclusions i,: X" — X are still continuous. On the other hand,
universality requires that X have no less closed sets. If X’ equals X as a set but
has less closed sets as topological space, then id: X’ — X is no longer continuous,
violating the universal property, which requires that this arrow uniquely completes
the diagram

as a diagram in Top. Since the inclusions j,: X"~! — X" are closed, so are the
inclusions i,, : X" — X.

We stress that while the filtration (X ”)3’;_1 is part of the structure of a CW
complex, the characteristic maps, or equivalently the pushouts in (i), are not. Only
their existence is required. In more detail, this still means that the families of
open n-cells {el'};c;, are part of the structure as they are the path components
of X"\ X"~!. Hence we can describe the index sets as I, = mo(X" \ X"~ 1).
But the characteristic maps Q! and their restrictions to gluing maps g/ are only
available after an arbitrary choice. Accordingly, the notion of morphisms of CW
complexes and the construction of functors from the category of CW complexes
must be independent of any such choice. Let us check that CW complexes have a
good point-set topology.

Theorem 6.3
CW complexes are Ty spaces (normal and Hausdorff).

Proof Recall that a space is called normal if any two disjoint closed subsets have disjoint
open neighborhoods. Hence it is enough to show that a CW complex X is normal and 77,
meaning points are closed. To see the latter, let xg € X and let m be minimal with xg € X™.
Choosing an attaching pushout, we obtain a quotient map g, : (Hielm D™ 1] xm-1 _

X™ and gy, 1(x()) is a single interior point in some copy of D™, hence closed. Thus xq is
closed in X" by Lemma A.1, hence closed in X" for n > m because the maps jj, : xn-1
X" are closed inclusions. By the description of the final topology on X above, x is closed in
X.

To see that X is normal, we first show by induction that each skeleton X" is normal. The
empty space X~ is normal because @, # € X! are separated by ¢, C X~ In view of
condition (i) in the definition of CW complexes, it is now enough to see that for a pushout
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in Top with a closed embedding i, we have that Z is normal if A, B, and C are normal.
To prove this, we use the Tietze extension characterization of normality. So let D C Z be

fi
—_—

closed, and let g: D — R be continuous. Then we have closed subsets Dg = f ! (D) and
Dc = j_l(D) of B and C, respectively. The restriction of g o j to D¢ extends to a map
gc: C — Rbecause C is normal. The set i(A) U Dp is closed in B and carries the pushout
topology of i(A) < i(A) N Dg — Dp. Since i is an embedding, sending i (a) € i(A) to
gc(f(a)) and x € Dp to g(f(x)) gives a well-defined and continuous map i (A)UDg — R,
which by normality of B extends to gg: B — R. Finally, gg and g¢ form a cocone on the
above pushout, so they define a map gz : Z — R that extends g.

Now let A € X = colim;, X" be closed, and let g: A — R be continuous. We obtain
closed subsets A, := A N X" of the normal space X", and, arguing inductively as above,
we find compatible extensions g, : X" — R of g|4, so that g,|yn—1 = g,_1. Hence the gy
form a coconeon X! - X0 — x! — X2 — ... and we get a unique map goo: X — R
extending g as required. O

Since compact subsets of Hausdorff spaces are closed, we conclude that the
closed n-cells ¢/ = Q7 (D") are indeed the closures of the open cells e}’ in X.

Theorem 6.4
Let X be a CW complex, and let C < X be any subset.

(i) The set C is closed if and only if C N E? is compact for each closed cell E?.
(ii) The set C is compact if and only if C is closed and meets only finitely many open
cells €.
14

Proof If C € X is closed, then C N E? is a closed subset of the compact set E;’, hence is
compact. So let conversely C ﬂE;? be compact for each closed cell E;‘. Trivially, CNX =g
is closed. For given n > 0, we choose a pushout as in (6.2). By Lemma 1.35, the map
(LI 2H L jn: (L[iel,, D] X"—1 — X" is an identification map. To see that C N X" is
closed, it is by Lemma A.1 enough to show that j,fl (€nx™ =cnx"!isclosed, which
is true by induction hypothesis, and that (] | Q;‘)_1 (C N X") is closed, which is true because
cn Q? (D" =C ﬂEl'.’ is closed by assumption, being a compact subset of a Hausdorff space.
So C N X™ C X" is closed for all n, hence C C X is closed, which proves (i).

If C is closed and lies in the union of finitely many open cells, it also lies in the union of the
closures of these cells and hence is a closed subset of a compact space, hence C is compact.
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Conversely, let C € X be compact. Then C is closed because X is Hausdorff by Theorem 6.3.
Suppose that C was not contained in any skeleton of X. Then we can find an infinite subset
D C C consisting of points lying in open cells of pairwise different dimension. Then every
subset of D has finite intersection with every skeleton X”. In particular, every subset of D is
closed. This shows that the subset D C C is infinite, closed, and discrete, contradicting that
C is compact. Hence we must have C C X" for some n. Suppose that C met infinitely many
open cells. Then there is k < n and an infinite subset D C C such that each point in D lies in
a different open k-cell. Then for / < k, the intersection of every subset of D with each closed
[-cell either is empty or consists of a single point, hence is compact. By (i), this shows that D
is an infinite, discrete, and closed subset of the compact space C N X k , which is absurd. This
proves (ii). m|

The theorem explains the term “CW complex.” The “C” refers to “closure-finite,”
meaning each closed cell €] meets only a finite number of other cells. The “W”
refers to “weak topology” because a CW complex carries a weak topology in the
sense that one can already inspect on skeleta whether a given subset is open or
closed. From the theorem, it is immediate that a subset C C X is compact if and
only if C is closed and lies in a finite subcomplex. In particular, a CW complex X is
compact if and only if it is finite. To have a pile of examples of CW complexes, let
us endow those manifolds that are typically of interest in algebraic topology with
explicit CW structures.

Example 6.5 The n-sphere X = S” has a CW structure with only one 0-cell and one n-cell.
So the filtrationis X! =@, X0 = X! = X2 = ... = X"~! = (e}, and X" = S" and there
is only one possible choice of pushouts given by:
) — X+
) —— X*

fork=1,...,n — 1 and by:

Snfl 5 anl — {.}

-

for k = n.

Example 6.6 The orientable surface X = X, of genus g has a CW structure with one
O-cell, 2g many 1-cells, and one 2-cell. The filtration is given by x-! = @, x0 = {o},
xl= \V2 ¢ s! and X2 = X. The only pushout of interest is the one attaching the 2-cell
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St —\V,, St
D? X

which was described in Example 2.29.

Example 6.7 Real projective d-space X = RP? has a CW structure with one cell in each
degree from zero to d. The filtration can be given in homogeneous coordinates as X" = {[xq :
cixp:0:---:0] € R]P’d} = RP" and the cells are attached by:

Sn—l 4 Xn—l o~ R]Pm_l

| . ]

D" — > X" = RP"

with gn(x1,...,x,) = [x; : --- : xp], which is the 2-fold covering map and

O"(xq, .o xp) =[xp -+ xn, \/1 — | (x1, - .., x1)[|%], which is the orthogonal projection
from the n-disk to the upper hemisphere of the n-sphere followed by the 2-fold covering
map.

Example 6.8 Complex projective d-space X = CP? has one 2n-cell in each even degree

0 < 2n < 2d. The filtration can again be described in homogeneous coordinates as X n —
x2n+l = {lz1,---»20,0,...,0] € (C]P’d} = CIP". The cells are attached by

2
g2n-1_9"_ yon-1 o opn-l

L

D2n 5 X2n ~ CP»
As above, gluing and attaching maps are given by:

qzn(zlv-uazn):[Z] Do znl

0¥z =21tz 1= G122

Remark 6.9

4
The gluing map §3 L, CP! = §2 of the 4-cell in the above CW structure of the
complex projective plane CP? is the famous Hopf bundle generating 713(S2, o) =
([g*]) = 7Z. A visualization of this map has made it to the title page of Hatcher’s book
[8].
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It is convenient to have the notion of a relative CW complex (X, A) available,
which should be a space X that arises from a given space A by attaching cells. In
view of Theorem 6.3, we would like to preserve at least the Hausdorff property for
this concept so that we define a relative CW complex (X, A) by allowing X! = A
instead of only X~! = ¢ in the definition of CW complexes but we require that the
space A be Hausdorff. The categories CW and relCW of CW complexes and relative
CW complexes are defined by the following notion of morphisms.

Definition 6.10
Amap f: (X, A) — (Y, B) of relative CW complexes is cellular if f(X") C Y" for all
n>-—1.

Also of interest is the notion of a CW pair (X, A) consisting of an (absolute)
CW complex X and a subcomplex A C X: a closed union of open cells.

Lemma 6.11
A subcomplex A C X of a CW complex is a CW complex.

Proof We claim that A" := A N X" is a filtration by closed subsets that defines a CW
structure on A. Choose pushouts for X, and let I,,(A) < I, be the subset indexing the n-

cells in A. Then (]_[ieln(A) O [ (nl gnxn—1) is a quotient map because (]_[iel,, 01 L jn
is a quotient map and because A is closed. This gives Condition (i). Condition (ii) follows
because A being closed implies C € A N X" is closed if and only if C is closed in X”*. 0O

Morphisms f: (X, A) — (Y, B) of CW pairs are cellular maps f: X — Y
with f(A) C B. Thus f restricts to a cellular map f|4: A — B. We will denote
the category of CW pairs by CW®. Since subcomplexes are CW complexes by
the lemma and CW complexes are Hausdorff by Theorem 6.3, we have a functor
CW® — relCW, which sends the filtration (X™)o2 _ to (X" U A)°2 . In this
sense, we may consider a CW pair as a special type of relative CW complex.

Definition 6.12

Let (X, A) be a relative CW complex. We say that (X, A) has dimension n and write
dim(X, A) = nif X = X" and X # X"~!. We say (X, A) has finite type if it has
finitely many cells in each degree. We say that (X, A) is finite, if it has finitely many cells
altogether.

Given a CW pair (X, A) with A # {, it is sometimes useful to use the term
relatively finite and the like when the definition is applied to (X, A) and absolutely
finite when it is applied to (X, #). Note that finite implies finite dimensional but not
conversely. If (X, A) is finite dimensional, it might not even have finite type. Let us
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briefly explain how to obtain new CW complexes out of old. We observe that if X
and Y are (relative) CW complexes, then clearly so is the coproduct X [ | Y. For the
product, however, we need a point-set topological condition.

Theorem 6.13
Suppose that one of the CW complexes X and Y is locally compact. Then the product
space X x Y is a CW complex with filtration

Xxy)= ) XPxvyi
pt+q=n

Proof Every open n-cell in X x Y is the product ef,(’" x eg’" of an open p-cell in X
and an open g-cell in ¥ with p + ¢ = n. One finds a corresponding characteristic map
using a homeomorphism D" = DP x D4Y. The subtlety in need of attention concerns the

topology. Unifying all characteristic maps of X and Y to maps ]_[nzo ]_[i cIX Ql.X’" and

L[nzO e j24 Q}/’n, these maps are by assumption identification maps

(]_[nZO ]_[iel,f( Dn) — X, (L[nzo L[ie],? Dn) — Y

and we have to show that so is their product. Without loss of generality, we may assume X is
locally compact. Since the product map can be factored as

(]_[ QlX’”) X <L[ QlYJl> _ (U QlX’” X id]_[_ D") o (idx X ]_[ Qly,n) )

it is an identification map because it is the composition of two identification maps according
to Proposition A.2 (ii). O

Note that the above filtration (X x Y)" also in general defines a CW structure
on X x Y, but the corresponding coherent topology might be finer (have more open
sets) than the product topology of X x Y.

If X is a CW complex and A C X is a subcomplex, then X/A and hence the
cone C X, the suspension SX, and the reduced suspension XX are CW complexes.
Yy 2 Xisa covering of a CW complex X, then Y = p~!(X") defines the
filtration of a CW structure on Y (Exercises 6.1, 6.2 and 6.3). The key reason why
CW complexes are homotopy theoretically well-behaved is the following theorem.

Theorem 6.14
A relative CW complex (X, A) is a closed cofibration.
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Proof The argument from below Definition 6.1 showing that the inclusions of skeleta
in: X" — X are closed still applies to relative CW complexes so that X l=aAcXxis
closed. Applying Theorem 2.21 to a choice of cell attaching pushouts as in Definition 6.1 (i),
we see that the inclusions j: X" X" are cofibrations. Since X~! = A and
since trivially the composition of cofibrations are cofibrations, we obtain that (X", A) is a
cofibration for all n > —1.

Leti: A — X be the inclusion, let H: A x I — Y be a homotopy, and let f: X — Y
be an initial condition so that f o i = Hy. Then inductively, the HEP of the cofibration
(X", A) applied to the initial condition f o i, gives an extension H'": X" x I — Y of
the homotopy H'"~1: Xx"=1 x I — Y with H'~! = H. Since I is compact, we have
colim, (X" x I) = X x I by Proposition 1.44. So we get a unique map H': X x [ — Y
extending all the maps H'" for n > —1. In particular H’ restricts to H on A x [ and H), = f.
This shows the HEP of i for any Y. O

Consequently, the LES of Theorem 5.7 applies to nonempty relative CW
complexes and in particular to nonempty CW pairs. Moreover:

Corollary 6.15
Let X be a nonempty CW complex, and let xo € X be a 0-cell. Then (X, xq) is
well-pointed.

Combining the theorem with Corollary 2.25 gives the following.

Corollary 6.16
Let X be a CW complex, and let A C X be a contractible subcomplex. Then X is
homotopy equivalent to X | A.

Here is a convenient application of this fact.

Corollary 6.17
Let X be a path connected CW complex. Then X is homotopy equivalent to a CW
complex with a single 0-cell.

Proof As the attaching maps of n-cells for n > 2 have path connected image, already the 1-
skeleton X! must be path connected. The 1-skeleton X lisa graph, which by Zorn’s lemma
has a maximal subtree T € X!. Since T is a contractible subcomplex of X, the collapse
space X /T is a CW complex, which does the job. O
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This shows that the assumption in the following description of the fundamental
group of a path connected CW complex comes with no loss of generality.

Theorem 6.18
Let X be a path connected CW complex with a single 0-cell xy. Choose characteristic
maps (Q7,q™"): (D", S"~1) — (X", X"7Y) fori € I, and n = 1,2. Then

(X, x0) 2 (101, i e 1y | 421, j € b}

In this presentation of the group 71 (X, xq), it is understood that Qil and qu. are

precomposed with the maps I — D', 1+ 2t — l and I — S',1 > exp(2wir),
respectively, so that they define generators and relators in the free group 71 (X', xo).

Proof The homomorphisms 7 (iy): 71 (X", xg) — m1(X,xg) form a cocone on the
diagram 1 (X 1 xXg) — m (x2, xg) — ---, and we claim that the corresponding unique
homomorphism colim, 71 (X", x9) — m1(X, x¢) is an isomorphism. To see it is surjective,
let [y] € m (X, xg). Then y(I) € X is compact, hence lies in a finite subcomplex by
Theorem 6.4 (ii), so y(I) € X" for a large enough n, hence [y] € imm(iy). To see
injectivity, let [y] € 71 (X", xg) for some n and let H: I x I — X be a null-homotopy
of y in X. Then also H has compact image, so H(I x I) € X™ for large enough m > n,
which shows [y] is already trivial in 71 (X", xq).

Again using that for [y] € 71 (X", x¢), the image y (1) is contained in a finite subcomplex
of X", we conclude from Theorem 2.28(i) that 7t1(X"*1 ,Xx0) = m (X", xg) forn > 3.
Hence 71 (X, xg) = colim, 71 (X", xg) = (X2, x0). Lastly, xg € X2 being the only 0-
cell in X2 means X2 is constructed just like a presentation complex and we conclude as in
Theorem 2.30. O

Finally, let us discuss gluings of CW complexes and the effect on fundamental
group and homology. The input of a gluing is a CW pair (X, A) and a cellular map
f: A — Y from the subcomplex A to another CW complex Y as gluing map. The
output of the gluing is the space Z in the pushout square

A—f>Y

x—1.z

in Top. It is a CW complex endowed with the filtration Z" = £(X™) U j(Y"). The
set of n-cells of Z consists of the n-cells of Y and those n-cells of X that do not
lie in A. Composing corresponding characteristic maps with j and f, respectively,
gives characteristic maps for Z, and we have

colim,, Z" = colim, ((f [[ HX*[[Y™) = (f L] j)(colim, (X" [[Y")) =
=(fUHX[IN=2
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because f[]j is an identification map. We call the above pushout a cellular
pushout. In a cellular pushout, also f is cellular and j: ¥ — Z is the inclusion
of a subcomplex by Theorem 1.42 (ii). Combining Theorems 6.14 and 2.27 shows
the fundamental group functor sends cellular pushouts to pushouts of groups.

Theorem 6.19 (van Kampen—CW Version)
Let

/

[l

be a cellular pushout with nonempty path connected CW complexes A, X, and Y. Pick
ap € A and set xg = i(ag), yo = f(ag), zo = f(i(an)) = j(f(ag)). Then

71(f)
m1 (A, ap) —— m1(Y, yo)

7r1(i)l lm(]’)
1 (f)

m (X, z9) ——= m1(Z, 20)

is a pushout in Group.

Combining Theorems 6.14 and 5.29 shows that cellular pushouts give rise to a
LES in any homology theory (H,, 0.).

Theorem 6.20 (Mayer-Vietoris Sequence for Cellular Pushouts)
Let
A

be a cellular pushout. Let B € A and B’ C Y be subsets with f(B) € B'. Then we
have a natural LES

f
Y
b
)

N<—’~<

Hn.an Hni_Hn.
= Hy(A, ) PO BD)p v Bye Hy v, ) OOy 7 B S
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For nonempty A, we can again choose points for B and B’ in the theorem to
obtain the reduced Mayer-Vietoris LES for cellular pushouts

(Hu(f1), Hi(f2) Hy(g1)—Ha(g2)
_— —_—

~ ~ ~ ~ 3
- —> Hy(A) H,(X) ®© Hy(Y) H,(Z) — ---.
We point out that the isomorphism (5.28) applies to cellular pushouts. So the two

CW pairs in a cellular pushout satisty H, (X, A) = H,(Z, Y) for all n.

6.2  Cellular Homology and Euler Characteristic

In the first part of this section, we explain that ordinary homology of a CW complex
can be computed by means of a chain complex. To begin, we fix a homology theory
(Hy, 94) with values in R-mod. Further assumptions on (H,, d,) are only in place
where stated.

Definition 6.21
Let (X, A) be a relative CW complex. The cellular chain complex CEW(X ,A; Hy)
associated with (Hy, 0«) has chain modules

CEWV(X, A; Hy) := Hy (X", X"~ 1)
and differentials
SV SV (x, A H) — CEW (X, A Hy)
given by the boundary homomorphisms
Oz Hy(X", X"y — H,_;(x"7 1, x"72)

in the LES triple sequence of the triple (X", X"~ X"~2) from Theorem 5.2. We denote
the homology of the chain complex (C*CW(X ,A; Hy), 8$W) by:

HEV (X, A)
and call it the cellular homology of (X, A) associated with the theory (Hy, 0x).
The definition of boundary maps in the triple sequence gives a diagram

H",1 (anl)

— |

Hn(Xnan—l) —_ n_l(Xn—l7Xn—2) - n_Q(Xn—27Xn—3)

——

Hn72(Xn72)
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so that the composition 8&"{ ) anCW factorizes through two arrows in a long exact

sequence, so it vanishes and (Cy (X, A; Hy), B*CW) is indeed a chain complex. In the
case of an ordinary homology theory, it turns out that the homology of this chain
complex is the original homology of the space.

Theorem 6.22

Let (X, A) be a relative CW complex and assume that (Hy., 0+) satisfies the dimension
axiom. If (X, A) is infinite, we assume in addition that (Hy., 0+) is additive. Then there
are isomorphisms

Ha(X, A) — HWV (X, A)

for all n > 0 and these are natural with respect to cellular maps.

Proof Choose pushouts

n
H Sn—l [Tai Xn—l
ieI’Vl

l i
ey

[[ D" —s X,
el

Since the left hand vertical map is a cofibration, the isomorphism in (5.28), the five lemma
and additivity (if X is infinite), and Corollary 5.11 provide an isomorphism

He(X", X" = € Hi—n (o).
i€l

Since we assume that (Hy, 04) satisfies the dimension axiom, this means

Dicr, Hole) k=n

Hy(X", X" 1) =
K =10 k # n.

(6.23)

Considering the LES
HkJrl(Xn’Xn_l) — Hk(Xn_lvA) — Hk(XnaA) — Hk(Xann_l)

of the triple (X", x"=1 A), we get an isomorphism Hj, x"1 A) E) Hi (X", A) whenever
k ¢ {n,n — 1} according to (6.23). Thus k > n implies

Ho(X", A= Ho(X" Ay = = H(X ', A) = H(A, A) = 0. (6.24)
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For k < n, we get Hp (X", A) = Hp(X™, A) for every m > n, hence Hp (X", A) =
colim,, Hi(X™, A) for all k < n. Clearly, we have colim,, H, (X", A) = Hi(X, A) if X
is finite dimensional. To prove that we have such an isomorphism also in the general case,
consider the homotopy colimit of the inclusions j, : X n=1 _ X" amodel of which is given
by:

T(X®) = ( I X" xIo, 1]) /(xn,O) ~ Unt1(n), D.

n>—1

Hence T(X*®) is constructed by successively gluing the mapping tori M (j,) to an infinite
mapping telescope. The mapping telescope sits in the pushout square

H X" — H M(an)
n>0 n>0

| |

H M(.j?n-‘rl) —— T(X.)

n>0

and the input arrows are cofibrations as we saw in Section 2.3. By Theorem 5.29, additivity,
and the homotopy equivalence M (j,) ~ X" relative A, we have a corresponding Mayer—
Vietoris sequence

P H (X", 4) — P H(X", A) & P Hr(X", A) — Hi(T(X*), A).

n>0 n odd neven

The first arrow maps the element z5, € Hk(XZ”, A) to (Hg (jan+1)(221), 22,) and the ele-
ment 27,1 € Hk(Xz"_l, A) to (2o5—1, Hr (Jon)(z2n—1))- In particular, this arrow is injec-
tive and has cokernel Hy (T (X*®), A). Precomposing an arrow with an automorphism leaves
the cokernel unchanged, so we can precompose the first arrow with @nzo(_ D" id g, (xn, A)
to see that the cokernel is just the algebraic description of colim, Hj (X", A). Hence
colim, Hi (X", A) = Hi(T(X®), A).

Finally, let us prove that T(X®) =~ X relative A. To see this, we endow the interval
[—1, co) with the CW structure whose 0-cells are at the integers. Then 7'(X*®) is canonically
embedded as subcomplex in the product CW complex X x[—1, 00), and we show it is a strong
deformation retract. Consider the subcomplex Y = T(X®)U (X x [n, 00)) C X x [—1, 00).
Since (X, X") is a CW pair, Theorems 6.14, 2.15, and Remark 2.17 show that X x [
strongly deformation retracts onto X x {0} U X" x [I. Therefore Y” strongly deformation
retracts to Y"1, Performing the strong deformation retractions successively during the
time interval [1 — 2_”_1, 1 — 2_”_2], we obtain a strong deformation retraction from
X x[—1, 00) onto T (X*). This strong deformation retraction is indeed continuous because it
is continuous when restricted to any skeleton of X x [—1, 00). So (X, A) ~ (T(X*), A),
hence colim, Hi(X", A) = H(X, A) and we have proven for a general relative CW
complex (X, A) and for k < n that
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Hi (X", A) = Hi (X, A). (6.25)
Let us revisit the diagram from below Definition 6.21 with shifted degree

H, (X" A)

On+1 i
in
CW CW

Hn+1(Xn+1’Xn) i> H»,,,(Xn,Xnil) L) n_l(Xn717Xn72)

in—1
On

anl(X”_l, A)

Since both H,(X"~!, A) and H, (X""2, 4) occurring in the triple sequences of
(x", X" 1 A)and (X"~!, X"~2, A) vanish by (6.24), the arrows i, and i, | are injective,
as indicated. It turns out that the map i, induces an isomorphism

coker(8,41) —> HC™ (X, A) = ker 95™ / im 85 (6.26)
as we demonstrate by a diagram chase. First we have to show the induced map is well-
defined. This is true because for one thing, given z € H, (X", A) we have ng(in (z)) =
in—10 (9 0in)(z) = 0 and for another, given z € im 9,41 we have i, (z) € im(iy 0 9,41) =

ima, - Tosee injectivity, let z +im 0,41 € coker 9,41 with i, (z) € im E)Eri Thus there is
21 € Hyp (XM X7 with 97 (21) = in (2). Then in (8,11 (21) —2) = 871 (21) —in () =

in(z) —in(z) = 0. Since i, is injective, it follows that z = 9,41(z1) € imd, 41, thus
Z represents zero in coker 9,4 1. Surjectivity follows because given z € ker Bncw, we have
0= Bncw(z) = i,_1(9,(2)), hence 9,(z) = 0 because i,_| is injective. But ker 9, = imij,
by exactness, so z has a preimage under i, as desired.

The arrow 9,41 sits moreover in the long exact sequence

o
Hy o (X" xmy 225 g (X" A) — Hy (X", A) — H, (X" x™)

of the triple (X"t! X" A) and the rightmost Hy,(X"T!, X") vanishes by (6.23). Thus
coker(d,+1) = Hy (x"*1, A), which is isomorphic to Hy, (X, A) by (6.25). Combining this
with (6.26), we conclude Hy, (X, A) = H,?W (X, A) and all isomorphisms were natural with
respect to cellular maps. O

Similarly as in Corollary 5.22, we conclude that a topological finiteness condition
on a space implies an algebraic finiteness condition on homology.
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Corollary 6.27

Suppose that (Hy, 0x) satisfies the dimension axiom and that H(e) is finite rank free
over a principal ideal domain R. Let (X, A) be a pair of spaces, which is homotopy
equivalent to a relatively finite relative CW complex. Then Hy, (X, A) is a finitely
presented R-module for alln > 0.

Proof In view of (6.23), the assumptions make sure that the cellular chain complex consists
of finite rank free R-modules and subquotients of these are finitely presented because R is a
principal ideal domain. O

In the special case that (X, A) is actually a CW pair, a connecting boundary
homomorphism 3V: HEW (X, A) — HY(A) results from the following
proposition by means of Theorem 4.4

Proposition 6.28
Let (X, A) be a CW pair. Then we have a natural split SES of cellular chain complexes

0— cWV; Hy) — cV(X; Hy) — SV (X, A; Hy) — 0.

Proof If A is empty, there is nothing to prove. Otherwise we argue as follows. The map
in: A"JA"1 . x"/x"=1 s the inclusion of a subwedge of a wedge of n-spheres, so
(x"/x"=1 A"/A"1) is a cofibration. Sending all spheres in X"/ X"~ ! outside A” /A"~
to the base point while leaving spheres in A” /A" ~! untouched defines a retraction ry, of iy,.
The canonical map from X"/ x"~! / A"/A" 1o X"U A /X"~1 U A is a homeomorphism.
Therefore the LES of Theorem 5.7 breaks up into split SESes

0 —> Hy(A"/A"™Y) — Hy(X"/X" 1) — Hy(X" U A/X""1UA) — 0.
Proposition 5.6 identifies these SESes with
0 — V(A H) — V(X H) — eV (X AT H) — 0
using that inclusions of skeleta are cofibrations. Naturality of the boundary map 94 in the

homology theory (Hy, d«) shows that these SESes assemble to a SES of chain complexes
and all occurring identifications and sequences are natural with respect to cellular maps. O

It is an established abuse of notation to use the symbol “d,” for both chain
complex differentials and connecting boundary maps in long exact homology
sequences. Accordingly, also “BEW” has these two possible meanings by now. It
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should come as no surprise that the natural isomorphism H, (X, A) = HnCW(X ,A)
from Theorem 6.22 identifies the boundary map 9, of the original homology theory
(Hy, 05) with the connecting boundary map 3”CW_

Proposition 6.29

Let (X, A) be a CW pair, and assume that (Hy, 0x) satisfies the dimension axiom.
If (X, A) is infinite, assume additionally that (Hy, 0+) is additive. Then we have a
commutative diagram

Proof Naturality of the boundary map 9, gives a commutative diagram

H, (X, A) On H,_1(A)
id
H,(X"UA,A) 2 H,_1(A)

Hy(X"UA, X" TUA) 2 H, (X"~1UA,X"2U A)

Hy(Xm, X1y — % |, (X", X2
Hy (A", An1) 2y H, (A7, AP2),

By the snake lemma, the connecting homomorphism 8,§W is induced by the zig zag path
starting at the left middle term, going down, going right, going down, and ending at the lower
right corner of the diagram. On the upper left, we can extend the diagram by the commutative

square

H, (X" U A A) ——— H,(X, A)

] w

coker Oy 41 —— H,(X"UAA)
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which we found as part of the proof of Theorem 6.22 and in which coker 9, is the cokernel
of the triple sequence boundary map

Opt1: H,H_](X”"H UA,X"UA) — Hp(X"UA, A).
Similarly, on the right, we can extend the diagram by

H, 1(A) ¢—————— H, 1(A")

l

H, (X" 1UA X"2UA)

|

H, (X"l X""2) coker 0,

|

Hn_l(Anfl’Anf2) « Hn_l(Anfl)

IR

where this time coker 9, is the cokernel of the pair sequence boundary map
It Ha(A", A"y — H,_y (A" D).

This extension of the diagram commutes because it is induced by an underlying commutative
diagram of pairs of spaces. Now the left extension, the zig zag path, the right extension,
and the upper boundary map in the fully extended diagram induce the desired commutative
square on the subquotients H,FW(X, A) and anf‘i(A) of Hy(X" U A, X" 1 U A) and

H,_; (A1, An2y, respectively. O

To conclude this section, we discuss what might be the most iconic concept of
algebraic topology: the Euler characteristic. The historic background is Euler’s
polyhedron formula, which asserts for every convex polyhedron that

xX=V—-—E+F=2

where V, E, and F denote the number of vertices, edges, and faces of the
polyhedron, respectively. We can now give a vast generalization of this fact: we
define the Euler characteristic for any finite CW complex X, and we prove that it is
an invariant of the homotopy type of X.

Definition 6.30
Let X be a finite CW complex. The Euler characteristic of X is the integer

X(X) =Y (=1)"(X"\ X" .

n>0
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So in words, the Euler characteristic is the alternating sum over the number of
cells in X. Let us define the n-th Betti number of a topological space X by b, (X) =

rankyz, H,fing (X) €{0,1,2,...}U{oc} where as usual, the rank of an abelian group is

defined as the cardinality of a maximal linearly independent subset. So equivalently,
by (X) = dimg(H,"#(X) ®z Q) (and also equivalently b, (X) = dimg H, " (X; Q)
because the functor (—) ®z Q is left and right exact).

Theorem 6.31 (Euler-Poincaré Formula)
Let X be a finite CW complex. Then

X(X) =Y (=1)"bu(X).

n>0

Proof Let us simply write Cyx = C *CW(X ; H:ing) for the cellular chain complex of X. By
Theorem 6.22, we have to show that

Z(—l)" ranky, C, = Z(—l)" ranky, Hy, (Cs). (6.32)

n>0 n>0

But this is a general fact for finite chain complexes of finitely generated abelian groups as we
will prove now. Consider the two SESes

0— B, — Z, — H,(Cyx) — 0,
a’l
0— Z, — C, — B,_1 — 0,

where as before Z,, and B, denote cycles and boundaries. Since ranky, is additive for SESes
(alternatively, since dimgy is additive after applying (—) ®z Q), we obtain

ranky, Z,, = ranky, B, + ranky, H, (Cy),
ranky, C;, = ranky, Z, + ranky, B, _.
Forming the alternating sum over the second equality, and replacing the term ranky Z, by

means of the first inequality, the terms ranky B, cancel out in pairs so that we obtain the
asserted equality. O

Corollary 6.33
Let X and Y be homotopy equivalent finite CW complexes. Then

x(X) = x(¥).
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It can, for example, be challenging to decide whether a given topological space
is contractible. If the space admits a finite CW structure, as a first test, one can
choose any such finite CW structure and compute the Euler characteristic simply
by counting cells. If it is different from one, the space is not contractible. From the
CW structures given in Example 2.29, we see that x (X,) = 2 — 2g and x (N,) =
2 — g for the orientable and nonorientable surface of genus g. Hence orientability
and Euler characteristic jointly distinguish all closed connected 2-manifolds. The
CW structure of the product X x Y of two finite CW complexes X and Y given in
Theorem 6.13 shows moreover that x (X x Y) = x(X)x(Y). In particular x (T4) =
0 and more generally x (S' x X) = 0 for any finite CW complex X. Similarly, for an
n-fold covering map ¥ — X of a finite CW complex X, we have x (Y) =n - x(X)
in view of Exercise 6.3. This shows that a nonzero Euler characteristic obstructs
nontrivial self-coverings of a space. So unless g = 1, a covering map X, — X,
must be the identity map. In addition to the multiplicativity properties of the Euler
characteristic for products and coverings, the Euler characteristic is also additive in
the following sense.

Theorem 6.34
For a cellular pushout

Iy

J

<

!

[/

with finite CW complexes X and Y, we have x(Z) = x(X) + x(Y) — x(A).

Proof We consider the Mayer—Vietoris LES in Theorem 6.20 for singular homology as a
chain complex with trivial homology. Applying (6.32) to this chain complex gives

Z(— 1) ranky Hy,(Z) — Z(—])”(rankz Hy, (X) + ranky, Hy (Y)) +

n>0 n>0
+ ) (=)' rankg, Hy(A) = 0
n>0
so that the theorem follows from the Euler—Poincaré formula. O

With this inclusion—exclusion principle, the Euler characteristic of a space can
be computed successively by decomposing it into smaller parts.
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6.3  Computing Cellular Homology

We will now explain how to make the cellular chain complex explicit in terms of
degrees of self-maps of spheres induced by attaching maps. The homology of a CW
complex can then be computed algebraically as we already practiced in the case of
simplicial homology of A-complexes in Sects. 3.2 and 3.3, and again Lemma 3.9
provides an algorithmic way of doing it. For a given relative CW complex (X, A),
let us choose pushouts

n
H gn—1 L ai xn—1
i€l

H Dn U"Qiz X"

ic€l,

Definition 6.35
Forn > 1,i € I, and j € I,,_1, we define the incidence number inc? i € 7 of the i-th
n-cell and the j-th (n — 1)-cell of (X, A) as the degree of the compositidn

n—1 1t
j Un—1

Xn,fl anl/(anl\ey—l)QJ anl/san Sn,fl.

n

q;

Snfl

Precomposing characteristic maps with reflections, we see that incidence num-
bers of relative CW complexes are only well-defined up to sign. We spell out that
for n = 1, the conventions on the homeomorphism u( we agreed upon below (5.9)
have the effect that

L ifg/(1) = 0§(D% and ¢/ (=1) # Q)(D),
inc! ; = § =1 ifg/(—1) = Q%D°) and ¢ (1) # Q%(DY),
0 otherwise.

It is useful to gather the incidence numbers inc?j of (X, A) in a (possibly infinite)
incidence matrix INC,,. By Theorem 6.4 (ii), the matrix INC,, has only finitely
many nonzero entries in each column and row. Let (H,, d,) be a homology theory
with values in R-mod, and let v, be the corresponding isomorphism from (6.23) in
the case k = n.
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Theorem 6.36

Let (X, A) be a relative CW complex, and assume that (Hy, 0«) is additive if (X, A) is
infinite. Choose pushouts for (X, A), and let INCy, be the associated incidence matrix.
Then for all n > 1, we have a commutative diagram

COW (X, A; H,) s CSW (X, A; HL)
@ Hols) —="> @ Hyle).

i€l, €1, 1

Proof The theorem is trivially true if X is empty, so for the rest of the proof, let us assume
X is nonempty. We consider the following diagram in R-mod:

Hn(Xann—l) 9 Hn—l(Xn—l)
ﬁn(Xn/Xn—l) Hn_l(Xn—l’Xn—Z)

o =

Hy o (X"7Y) — Hpoa (X771 X"72) — Hyog (X071 X 0e )

Hpa(q}) 4 (leﬁg
fIn_l(S"—l) LCZ) H,_1(5"1) w Hn_1(D"_1/S"_2)
=~ | gusp.” ! o | susp.n-1
Ho(S°) Ho(S°)
Hols) —""s Hols)

The middle rectangle commutes by definition of incidence numbers and Theorem 5.33.
The rectangle below commutes because every R-module homomorphism ¢ has the property
¢k-x)=¢(x+---+x) =k-¢(x)for k € Z. To see that the upper rectangle commutes,

we pick a base point xg € X 0 and insert the auxiliary object H, (X n—1 Xp) in the middle to
obtain the following diagram:
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H, (X", # H,_1(X"1)
(Xn/Xn 1) Hn 1 Xn— 71.0) Hn 1(Xn 1 Xn 2)

7 _1 Xn 1) Hn an 1/Xn 2)

The left hand square commutes because we saw in the proof of Theorem 5.7 that the LES
of the cofibration (X", X"~1) is by construction just the triple sequence of (X", X"~!, x)
with the given identifications. The upper triangle commutes by definition of the differential in
the triple sequence. The neighboring triangle commutes because it comes from an underlying
commutative diagram of pairs of spaces. Similarly, the lower parallelogram commutes
because it comes from a commutative diagram of pairs of spaces before applying the
identifications in (5.4) and Proposition 5.6. One quickly checks that all these commutativities
imply the commutativity of the outer hexagonal diagram.

We can extend the left hand side of the first diagram with the two triangles

Hy (D" /5"y 2 o (xn )X

o
=3 anl)
Hono1(q?)

H, (5™ — H,_ (5" 1).

The upper right triangle commutes by naturality of the LESes of cofibrations as stated in
Theorem 5. 7 The lower left triangle commutes by definition of the suspension isomorphism
Hy(S") = Hy—_1 (5" 1),

Now the leftmost composition in the extended diagram, starting from H(e) at the bottom
left all the way up to Hy, (X", X"~1) at the top left equals vl o1, where ¢ Hy(e) —
&P 1, Ho(e) is the inclusion of the i-th direct summand. Similarly, the right most composition,
starting from Hj, (X n—1 X”fz) in the second row at the right all the way down to Hp(e) at
the bottom right equals 77 ; ov, 1, where 7 : (P 1,_, Ho(®) — Hy(e) is the projection to the

Jj-th direct summand. Since the composition from H,, X", X" o H,_ xn=1 xn=2yis
the n-th cellular differential BEW, commutativity of the diagram says that

-1

— inc?
. Ol =-inc;;

CwW
Tjovy_10d, " ov ij

foralli € I, and j € I;,_1, hence v,_1 o 3,(,:W ov,,_1 =-ING,. O



158 6 Cellular Homology

Consequently, the product of two successive incidence matrices is zero. This
is remarkable because Theorem 5.41 saying 7,(S",e) = Z has an alternative
homotopy theoretical proof (by the Freudenthal suspension theorem). Therefore
an entirely homotopical definition of the notion of degree is possible from which the
relation INC,, - INC,,_; = 0 does not look quite apparent.

Example 6.37 Let us go through our examples of CW complexes in Sect. 6.1, make the

corresponding cellular chain complexes explicit, and compute the homology. To do so, we fix

an ordinary homology theory (Hs, 9x) with values in Z-mod and coefficient module Hy(e) =

Z;, of course we think of Hy = H:mg(—; 7).

1. For the n-sphere X = S with n > 1 and with the CW structure given above, the cellular
chain complex C*CW (X, Hy) looks like

0 Z 0 0 Z 0,

where the Zs occur in degree O and n. The differentials are always zero, even if n = 1,
by our description of incidence numbers in degree one. In fact we see that for every CW
complex with only one zero cell we must have 81CW = 0. It follows that

Z k=0,n
HEW(S™) = Hy (") = :
D) k(5D 0 otherwise.

2. The chain complex CSW(Z g Hy) of the surface of genus g is given by:

0 Z 729 Z 0.

So only the second differential 82CW is of interest. This differential is represented by the
(2g x 1)-matrix INC;. To compute the entries, we recall that the 2-cell is glued in by
the surface word w = I—[‘l.g:l [a;i, b;] defining the pushout

gl_w. V2g gt

]

D:——%,

Thus the gluing map runs through each 1-cell once in one direction and then another time
in the reverse direction. So the maps in Definition 6.35 are all null-homotopic, INC; is the
zero matrix, and the cellular chain complex has vanishing differentials only. Apparently,
the homology of such a chain complex is just given by the chain modules. Thus

Z k=0,2,
H(Zg) =4 7% k=1,
0 otherwise.



6.3 Computing Cellular Homology 159

3. The standard CW structure of real projective d-space X = RP? given above has one cell
in each dimension. Thus C*CW(X , Hy) is of the form

0 Z Z Z Z 0

with nonzero modules in degrees k = 0,...,d and the incidence matrices INCy, are
(1 x 1)-matrices. Recall that the gluing map of the k-cell is the 2-fold covering map
sk=1 _ RP¥—!, which sends pairs of antipodal points to the same point. Therefore the
k-th incidence number is the degree of

Sk’fl RPkil/RPkig o~ Skfl

\ Ajd)

Skfl Vi Skfl

where sk—1 — gk=1/ gk-1 collapses the equator. Because of Proposition 5.34, this
gives

INC, = (1 + (—1)ky = | O kodd,
2  keven,
and hence the cellular chain complex looks like
. 0 ZOorQ”_ -2 7 0 7 -2 7 0 7 0

depending on whether d is even or odd. It follows that

7 k =0or (k =d andd is odd),
Hk(R]P’d) =12Z/2Z 0 <k <dandkisodd,
0 otherwise.

4. For complex projective d-space, X = CP?, the situation is simpler. We only have cells
in even degrees so CSW (X, Hy) looks like

—0 0 Z 0 Z 0 7Z —=0

and this chain complex has only zero differentials. So

Z 0 <k <2dandk is even,

H (CP?) =
K ) 0 otherwise.
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6.4 Uniqueness of Ordinary Homology

In this section we will show that all ordinary and additive homology theories with
a fixed coefficient module restrict to one and the same theory on CW pairs. To
make this statement more precise, we define a cellular homology theory as in
Definition 3.20 except that:

+ We replace “Top®” with “CwW® >

e We replace “maps” with “cellular maps,” thus “homotopies” with “homotopies
through cellular maps.”

¢ Excision takes the form H,(A, AN B) = H, (X, B) whenever X is the union of
subcomplexes A and B.

Since homology theories are families of functors, a morphism of homology theories
should consist of natural transformations that are compatible with the boundary
transformations. This leads to the following definition that applies both to cellular
and non-cellular theories.

Definition 6.38

Let (Hy, 85 ) and (K, af ) be two homology theories with values in R-mod. A natural
transformation of homology theories is a family of natural transformations wy: Hy —
K such that for all (X, A) and alln € Z

aH

)
Hn(X7 A) — n—l(A)
wn(x,A)l lwn-l(A)
aK

Ko (X, A) ~ 2= K, _1(A)

commutes. If each wj, is a natural isomorphism, we call w4 an equivalence of homology
theories.

Homology theories and cellular homology theories form categories with mor-
phisms given by natural transformations. Equivalences are precisely the isomor-
phisms in these categories. Every homology theory (Hy, d4) defines a cellular
homology theory (Hy o F, 3, o F) by precomposing with the forgetful functor
F:CW®?® — Top(z). The cellular excision axiom is then satisfied because the
CW triad (X; A, B) is excisive by Theorems 6.14, 2.15, and the five lemma. With
these remarks, we have the following joint reformulation of Theorem 6.22 and
Proposition 6.29.

Theorem 6.39
Let (Hy, 04) be an ordinary and additive homology theory with values in R-mod. Then

there exists an equivalence of cellular homology theories wsy: Hy o F —> HEW.
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Moreover, for the coefficient module, we have wp(e) = idy, () by construction.
Now we are ready to state and prove our final result.

Theorem 6.40
Suppose Hy and Ky are ordinary and additive homology theories with values in
R-mod. Let f: Hy(e) — Kp(e) be an R-homomorphism. Then there is a natural

transformation

ol HyoF — KyoF
of cellular homology theories with a)(]; (o) = f. If f is an isomorphism, then a),{ is an
equivalence.

Proof By Theorem 6.39, it is enough to construct a natural transformation
&l HOY — kW

with Fu(]; (e) = f so that @y is a natural isomorphism if f is an isomorphism. To accomplish
this, we will actually construct a natural transformation

&L eV i Hy) — V(- - Ky

of the cellular chain complex functors, which again has the properties that ?2(]; (¢) = f and

that S’if is a natural isomorphism if f is an isomorphism. Once we have done this, setting

5,{()(, A) = Hy (?2{()(, A)) does the trick because taking homology of a chain complex is
functorial, as we saw at the beginning of Sect. 4.1; and because composition with a functor

turns a natural transformation into a natural transformation and a natural isomorphism into a

natural isomorphism. The additional naturality condition 3,(; W. K, 5,]; = Z)’{ _1° 8,? W H i

just the naturality statement of Theorem 4.4 applied to the diagram

0 ——Ci(4) — O (X) — O+ (X, 4) ——0
iﬁf(A) iﬁf(x) iﬁf(X-,A)
00— CK(A) ——= CK-(X) —= CK- (X, 4) ——=0.

Now we construct EL,{ . Fix a CW pair (X, A). We view it as a relative CW complex and pick
pushouts

_, Ud _
Hie] qn 1 xn 1

s )

ey, D" ——= &™.
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These determine isomorphisms v,f* and v,f * as in Theorem 6.36, and we define ?ZI (X, A)
by the composition

Hy F Kiy—1
SV (X, A: Hy) 2 @D Ho(e) B, P Ko(e D7 COW X, AL K.

iely, i€l
This defines a chain map because we have the diagram

JH 5
Cn

CH-(X, A) CH (X, A)

Hyx | oy o H
Vn - =1¥n-1

INC,,
Dic1, Ho(e) =Djcr,, Hole)

D, f D, f
INC,,
@z‘eln Ko(e) > @jejn,l Ko(e)
pEs | o | K

n n—1

Ky

CK- (X, A) —— CK (X, A).

The top and the bottom square commute by Theorem 6.36. The middle square commutes
because the vertical maps are diagonal matrices in block form with the same constant entries.

Clearly the chain map SNL{ (X, A) is an isomorphism if and only if f is. Moreover, we have
véq* (o) = id g, (e) and vé{* (o) = idg,(e), Which gives ?2({ (o) = f. So the proof is complete
once we show that:

(i) The chain map fi{f (X, A) is independent of the choice of the pushout or equivalently the
choice of the characteristic maps (07, ¢/')ier,

(i) The chain map fi*f (X, A) is natural in (X, A) with respect to cellular maps g: (X, A) —
(Y, B).
To address the first point, let (Pl.”, P?)ie 1, be another family of characteristic maps. We
— 1 R
obtain induced homeomorphisms P/ ~ o QF of D"/S" to itself and thus a self-map of

S" of degree =1 via the identification up, : D"/S" = S§" from (5.9). With the suspension
isomorphism H,, (S") = Hy(e) implicit, Theorem 5.33 gives a diagram
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Dicr, Hol®) 2 B, Kols)

ﬁ[n(Xn/anl) @, +id @, £id ]}n(Xn/Xn—l)

@, f ® K.(P])
= Dics, Hole) H'69161 Ko(e)

in which the two triangles commute. But also the square commutes because Theorem 5.33
asserts that the vertical arrows are given by the same diagonal matrices with entries =1 and
the horizontal maps are likewise identical and of constant diagonal block form. Thus the
upper and the lower composition define the same morphism and fz,f (X, A) is independent of
the chosen pushout. This shows (i).

A cellular map g: (X, A) — (Y, B) induces a chain map

V(g

cs
cSV (X, A; Hy) ——5 cSV(y, B; Hy).

This map can be made explicit as a matrix of degrees as we explain next. Given an open n-cell
e fori € I,(X, A) and an open n-cell fj’.1 for j € I,(Y, B), we define

n
nc; j(g) e
as the degree of the composition

— o

nlen nnl n,yn—1 n,oyn Q(Y) n,;on—1
D"/S X/X Y/Y — Y)Y \f)——>D/S

again using uy : D”/S"_l = S Let INC,(g) be the matrix with entries inc;'j(g). By a
similar proof as for Theorem 6.36, we see that the diagram

H,
ot (x, 4) — "ot (v, By
un,(X,A)\L’: le/n(Y,B)
INC,.(9)
@ie]n(X7A) Hy(e) @je]n(Y,B) Ho(e)

commutes. As above, we now obtain a diagram of chain maps
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% (g)
_—

lﬁf(YﬁB)

af <X,A>l
Y9 ow

COV (X, A K,) —— >
which shows (ii). m]

Of course both Theorems 6.39 and 6.40 also apply to cellular homology theories
directly: An ordinary and additive cellular homology theory can be computed from
the cellular chain complex and any homomorphism of the coefficient modules
of two such theories extends to a natural transformation of the theories. This
natural transformation is an equivalence if and only if the homomorphism is an
isomorphism.

In the proof, we have shown that any isomorphism f: Hy(e) —> Ko(e) of R-
modules gives a natural isomorphism of the corresponding cellular chain complexes
CEW(X, A; Hy) = CEW(X, A; K,). Moreover, for every R-module M we have
constructed an ordinary and additive homology theory H, = Hy" ®(—, —; M) in
Sect. 4.4. We thus proved existence and uniqueness of the cellular chain complex
with coefficients in M, which we can thus denote with no reference to any
homology theory whatsoever as C*CW(X , A; M). Correspondingly, we have the
cellular homology H*CW(X , A; M) with coefficients in M. If it is understood that
one always works in the category CW® it s fair to drop the letters “CW” and just
talk about “ordinary homology with coefficients in M denoted by H. (X, A; M).

If Z: R-mod — Z-mod = Ab denotes the forgetful functor and M is some
R-module, we have natural isomorphisms H,. (X, A; Z(M)) = Z(H«(X, A; M)) as
is immediate from Theorem 6.36. So one does not lose too much when restricting
attention to the case R = Z from the very start. This is why according to many
authors homology theories always have values in Ab. This has the virtue that one can
always talk about “homology groups,” which sounds more familiar than “homology
modules”. On the other hand, allowing values in R-mod is particularly convenient
when R is a field (e.g. R = Z/27Z). In that case, homology modules are vector
spaces and we find ourselves in the familiar terrain of linear algebra.

6.5 How to Proceed

Now that we have reached the end of our first course on algebraic topology, it should
be helpful to conclude with some final remarks and take a glimpse on more advanced
material in order to have an idea about what the next steps in your topological
curriculum should be.

First, let us point out that the uniqueness question for generalized homology
theories is more complicated. It is not true in general that a family of isomorphisms

{f«: Hy(8) —> K, (o)} determines an equivalence wl*:  H,o F —> K, o F of
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generalized homology theories with w;*(e) = f;. It is true, however, that a natural
transformation w,: H, —> K, of generalized additive cellular homology theories

is an equivalence if (and only if) all components at the point w,(e): Hy(e) —>
K (o) are isomorphisms [18, Bemerkung 3.54, p.59]. To distinguish generalized
homology theories from ordinary homology, a lowercase “h” is often used for the
former as in . (X, A).

Let us give an example of a generalized homology theory. The Freudenthal
suspension theorem says that for each fixed n the sequence of homotopy groups
ik (ZKX /A, o) stabilizes for sufficiently large & and it turns out that

ha(X, A) = colimg 7,44 (KX /A, @)

defines a generalized cellular homology theory with values in Ab called stable
homeotopy (we do not go into the details of the boundary map). The coefficient
group h,(e) = colimg 7wy, 4x (Sk, o) is called the n-th stable stem, usually denoted
by 7. We proved that 7105 = 7 in Theorem 5.41. In contrast, 7> is finite for n > 0
by a result of J. P. Serre [22]. Whenever R is a ring with Q C R, we thus have nks X7z
R =0 for k # 0 and JTOS ®z R = R. Whence Theorem 6.40 and the remarks below
the proof say that the homology theory colimy 7,4 (Z¥X /A, @) ®7 R is equivalent
to H,(X, A; R). Up to algebraic extension problems, it is possible to compute
generalized cellular homology /,(X, A) with values in R-mod from ordinary
homology by means of the so-called Atiyah—Hirzebruch spectral sequence [3].
The “E2-page” is given by E;q = Hp(X, A; hy(e)). Explaining what all this
means lies beyond the scope of this course, an exposition of the topic can be found
in [9]. But things simplify if Q@ C R. In this case the spectral sequence collapses
and the generalized homology theory &, is equivalent to the generalized homology
theory given by @, ,_, Hp(—, —; R) ®g hq(e) with boundary maps P 9 ® id.
The equivalence is given by the homological Chern character

1R

chy, EB Hy(X, A; R) @R hy(e) —> hy(X, A)
p+q=n

defined as follows. By the last remark, we have an equivalence of homology theories

P Hy(X. AR @rhy(0) = D (colimyg 7,4 (Z*X/A, 0) @7 R) ®g hy(e)
ptq=n p+q=n

~ @ colimy 7,1k (ZXX/A, o) ®7 Iy (o).
ptq=n

For an element a ® b € colimg 7,1k (ZXX/A, o) ®z hy(e), let f: (SPTF o) —
(ZkX/A, o) with large k be a representative of a. We define D, ,(a ® b) as the
image of b under the composition

hptq+k(f) esusp.

d
hpsgk(ZXX/A, 0) — hy(X/A, )

hg(8) = hpig i (ST, @)

~



166 6 Cellular Homology

which gives an element of /,,(X/A, e) = h,(X, A). Then the coproduct map

@), Dy
P colimy 741 (T X /A, 0) @7 hg(9) =5 hy(X, A)
p+q=n

is another equivalence of cellular homology theories. This construction is due to
A.Dold [5]. In this sense, one can also compute generalized homology /. (X, A) for
a CW pair (X, A) if one only knows the coefficient modules /. (e). But this is often
the heart of the matter. For example, the group structure of the stable stems n,f is at
the time of writing only known for n < 90 and even here, a few uncertainties must be
accepted [15]. Another example of a generalized homology theory is called bordism
where the computation of coefficient groups amounts to classifying closed smooth
manifolds up to being bordant. Two manifolds M and M, are called bordant if
M | | M> bounds a manifold of one dimension higher. If one takes orientations into
account, this classification becomes again a difficult task, which has created a vast
amount of research [23].

Homology has a dual concept called cohomology. The definition of a cohomol-
ogy theory is obtained by reversing all arrows in the Eilenberg—Steenrod axioms
resulting in a family of contravariant functors H*. Correspondingly, singular
cohomology arises from the cochain complex obtained by dualizing the singular
chain complex. What might sound like a dull formal exercise turns out to be a
fruitful idea: unlike homology, singular cohomology possesses a multiplicative
structure that turns it into a graded ring and homology becomes a right module
over that ring. Moreover, the introduction of cohomology is particularly rewarding
for the study of manifolds. In fact, the condition of being locally Euclidean has the
global consequence that there exists a duality isomorphism between homology and
cohomology known as Poincaré duality. By means of a universal coefficient the-
orem, this uncovers an otherwise hidden symmetry in the homology of manifolds.
Cohomology is covered in all standard textbooks on algebraic topology, including
but not limited to [4, 8, 18-20,29].

Finally, the (debatably) most important example of a generalized cohomology
theory is called K-theory. For a compact Hausdorff space X, the set Vect(X)
of isomorphism classes of finite dimensional C-vector bundles over X becomes a
commutative monoid by taking direct sums of vector bundles. The forgetful functor
from abelian groups to commutative monoids has a left adjoint called Grothendieck
completion, and we define K°(X) as the Grothendieck completion of Vect(X). The
reduced K -group K°(X) ofa pointed space X is the kernel of the homomorphism
induced by ¢ — X. We obtain the relative K-group K°(X, A) = EO(X /A),
which gives rise to negative K-groups by setting K (X, A) = K°(E"X/A). The
celebrated Bott periodicity theorem says that K " (X) = K "~2(X), hence the
LES of K-theory reduces to a six-term exact sequence
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K%X,A) —— K%(X) —— K°(A)

! l

Kl(A) %Kl(X) <7K1(X,A).

K-theory is a powerful tool that was successfully applied to several classical
problems in topology. For example, it was used to answer the beautiful question
on the maximal number of linearly independent vector fields on spheres [1]. The
standard reference for an introduction to topological K-theory is [2].

Exercises

6.1 Let X be a CW complex, and let A € X be a subcomplex. Show that X/A is a
CW complex.

6.2 Suppose X is a CW complex and the base point xq is a 0-cell. Show that the
cone C X, the suspension SX, and the reduced suspension XX are CW complexes.

6.3 Let p: Y — X be a covering space of a CW complex X. Show that setting
Y" = p~1(X") defines the filtration of a CW structure on Y. Show that p restricts
to a homeomorphism on each open cell.

6.4 Show that there is a coveringmap p: X, — X ifandonlyif g =n(h—1)+1
for some positive integer n. Hint: Euler characteristic.

6.5 Let X be a connected CW complex, and suppose that X has at least two
different O-cells x1, x, € X°. Compute the ordinary homology of ¥ = X/{xi, x2}
in terms of the homology of X.

6.6 Compute the ordinary homology of the Klein bottle from the cellular chain
complex.

6.7 Find the left adjoint to the functor Set —> CW, which turns a set Y into the
discrete CW complex X with X = X0 =y,
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Quotient Topology

Given an equivalence relation “~” on a topological space X, the quotient topology
on the set of equivalence classes X/~ is determined by requiring that the projection
p: X — X/~ be continuous and satisfy the universal property

x_" oz

7
Ve
|
o h

X/~ ,

that every continuous map h: X —> Z with h(x1) = h(x2) whenever x; ~ x3
descends to a unique continuous map 4 : X/~ —> Z so that h = h o p. Of course,
one can recover the equivalence relation on X from the projection p because the
equivalence classes in X are precisely the preimages of the points in X/~ under
p. In fact, every surjective map of sets f: X — Y descends to a bijection
f: X/~ —> Y where x ~ y if and only if f(x) = f(y). This raises the
problem to abstractly characterize those surjective maps f: X —> Y of spaces
for which f is a homeomorphism, meaning that ¥ carries the quotient topology
with respect to ~. These maps are called quotient maps or identification maps,
and the characterization problem is solved by the following lemma.

Lemma A.1
Let f: X — Y be a surjective map of topological spaces (no continuity assumption).
Then the following are equivalent:

~

(i) The map f induces a homeomorphism f: X/~ —> Y, where x ~ y if and only

iff(x)=f.
(continued)
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(ii) For all spaces Z and all maps g: Y — Z of sets, the map g o f is continuous if
and only if g is continuous.

(iii) A subset U C Y is open if and only iff_l(U) C X is open.

(iv) A subset U C Y is closed if and only iff_l (U) € X is closed.

Proof 1t is clear that (iii) and (iv) are equivalent.

(iii) = (i). The map f is bijective by construction. It is continuous by the universal
property of the quotient X/~ because f is continuous by one direction of (iii). To see f
is open, let U < X/~ be an open subset. Then V = pil(U) C X is open because
p: X — X/~ is continuous. Moreover, we have f_l(f(V)) =V,s0 f(V) = f(U) is
open by the other direction of (iii).

(i) = (ii). Let g: Y — Z be a map of sets. Suppose g is continuous. By (i), the map f
is a homeomorphism and in particular continuous. So g o f = g o f o p is a composition of

continuous maps, hence continuous. If on the other hand g o f is continuous, then g o f is

continuous by the universal property of the quotient topology on X /~. Hence g = go?of_l

is continuous as well.

(ii) = (iii). Let Ty be the given topology on Y. It is clear that (iii) defines another topology
74 on Y (called the final topology with respect to f). We assume that ¥ endowed with 7y
satisfies (ii). But since we already proved (iii) = (i) and (i) = (ii), we know that (ii) also holds
true if ¥ is endowed with the topology 7. Applying (ii) to the continuous maps g = id(y, ;)
and g = idy, 7,)» We thus see that f is continuous with respect to both topologies on Y. But
then we can apply (ii) in the other direction. Since the composition idy o f = f is continuous
no matter if we consider idy as a map (Y, ty) — (¥, 74) oras amap (Y, 75) — (¥, ty), we
conclude that both these maps are continuous. Hence ty = 74, which proves (iii). O

As a word of warning, identification maps need neither be open nor closed.
For example, take f:[0,3) — S I with f(t) = exp(imt). Then the open subset
[0, 1) and the closed subset [2, 3) of [0, 3) have the same image under f which is
neither open nor closed. By definition, however, injective identification maps are
homeomorphisms. In view of the equivalent characterizations in Lemma A.1, this
observation provides an elegant strategy for showing that a map is a homeomor-
phism. Another convenient fact is that the property of being an identification map is
preserved under products with locally compact spaces as the following Proposition
reveals.

Proposition A.2
Let X, Y, and K be spaces and suppose K is locally compact.

(i) If X is compact, then the projection py : X x Y — Y is closed.
(ii) If f: X — Y is an identification map, then sois f x idg: X x K - Y x K.
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Proof Part (i). Let C € X x Y be a closed subset. We need to show that Y \ py(C) is
open. Solety € Y \ py(C). Then for all x € X, the pair (x, y) does not lie in C. Since C
is closed, we conclude that each x € X comes with open neighborhoods Uy € X of x and
Vx € Y of y such that (Uy x V) NC = @. Since X is compact, there are finitely many points
X1, ..., Xk € X such that Uf:l Uy =X.SetV = ﬂ;‘zl Vy;. Then (X x V)N C =@, so
V € Y\ py(C), which shows that y € V is an inner point of Y \ py (C).

Part (ii). Let f: X — Y be an identification map. We use the characterization in
Lemma A.1 (ii) to show that f x idg is an identification map, too. Solet g: ¥ x K — Z be
amap of sets and set 1 = g o (f x idg ). Assuming £ is continuous, we need to show that g
is continuous, the converse being trivial. Consider an open neighborhood U € Z of an image
point g(yg, kg) € U. Since f is surjective, we find xg € X with f(xg) = yg. Therefore
h(xq, kg) € U and by continuity of 4 and local compactness of K, there exists a compact
neighborhood N C K of kg such that 2({xg} x N) C U. Set

A={yeY:g({y} x N) CU}.

Since yg € A, it remains to show that A C Y is open. Since f is an identification map, this is
equivalent to f “laycx being open. But

7N = {x e X2 h(fx} x N) S U},
so for the complement, we have
X\ 7N = pxHZ\U)N (X x N)),

which is closed because the projection px: X x N — X is closed by (i). O
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22X Loop space of the pointed space X, p.110

carr(x) Carrier of the point x in a simplicial complex, p.76
ch, Homological Chern character, p. 165

evy Evaluation map at vector v, p.7

Gal(L/K) Galois group of the Galois extension L/K, p.9
st(v) Open star of a vertex v, p.76

Vect(X) Finite dimensional vector bundles up to isomorphism, p. 166
) Direct sum of R-modules, p.19

QK Tensor product over K, p.5

aA" Boundary of n-simplex, p.61

BEW n-th cellular boundary homomorphism, p. 146

ap n-th simplicial boundary homomorphism, p.62

o e n-th singular boundary homomorphism, p. 80
I1(X) Fundamental groupoid, p.33

T Fundamental group functor, p.1

T1lo Fundamental group diagram of an open cover, p.38
Ty Higher homotopy group functor, p.56

nnS n-th stable stem, p. 165

o Fundamental groupoid diagram of an open cover, p.36
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R-mod Category of R-modules, p.3
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X Reduced suspension of the pointed space X, p.109
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CcX Cone of the space X, p.22

D:I—C Diagram of shape I, p.16

GxH Free product of the groups G and H, p.20

Gxo H Free product with amalgamation, p.28

HA (X, A) Relative simplicial homology of the A-pair (X, A), p.67
HnCW(X, A) n-th relative cellular homology of (X, A), p. 146

H,fing (X, A; R)  Relative singular homology with coefficients in R, p.81
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Presentation complex of the group G, p.55
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Antipode theorem, 128
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Betti number, 153
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Braid lemma, 104

Brouwer fixed point theorem, 128
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homology, 146

homology theory, 160

map, 141

pushout, 145
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map, 74, 79
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Coefficients, 96
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Hopf bundle, 140
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Poincaré duality, 166
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Projective space, 140
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Pushout, 21
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map, 169
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CW complex, 141
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Relatively finite, 141
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exact, 77
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Semidirect product, 70
Short exact sequence (SES), 69, 83
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homology, 63
map, 74
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cohomology, 166
homology, 79
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of a category, 9
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of a A-complex, 61, 112
Small, 16
Smith normal form, 66
Snake lemma, 81
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Stable
homotopy, 165
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Star, 76
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Tensor product, 5
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Triple sequence, 84, 104
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