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1 Background

1.1 Abelian groups

In this section we assemble the necessary background on abelian groups. For an abelian group
A we denote by 0 the neutral element and by —a for the inverse of an element a € A. For any
element a € A and n € Z we use the notation

(a+...+a
———

nx

\ [n|x

n>0

We first recall the concepts of a generating set and a basis of an abelian group A. A generating
set is defined analogously to a a generating set for a vector space, but in terms of finite linear
combinations with coefficients in Z. The same holds for a basis, which is a defined as a linearly
independent generating set. However, unlike vector spaces, abelian groups do not need to have
bases. Abelian groups with bases have special properties and are called free abelian groups.

Definition 1.1.1:

Let A be an abelian group.

1. The subgroup (M) generated by a subset M C A is (}) = 0 and for M # ()

(My={ny -mi+...+ng-my | k€Ng,mq,...mp € M,nq,...,ny €7Z}.

2. A generating set for A is a subset M C A with (M) = A.
3. A generating set M for A is called a basis for A, if for all mq,....,m; € M andnq,...,nx € Z

Definition 1.1.2:

nl-ml—i—...—i—nk-mk:()

An abelian group A is called

=

n=...=n;=0.

e finitely generated, if it is generated by a finite subset M C A,

e cyclic, if there is an element a € A such that {a} generates A,

e free, if it has a basis.

Example 1.1.3:

1. The group Z is a free group with basis {1}. The subgroup generated by a subset

{n1,...,ng} CZis ged(ng, ..

2. The groups Z/nZ are not free, asn-1=1+...+1 =0 with n # 0. The set {1} is a
generating set, but not a basis.

3. Every subgroup of a free abelian group is free.

4. The group (Q, +) is not finitely generated. For any finite set M = {qq, ...

, qx } of rational

numbers z; = p;/q; € Q any Z-linear combination can be expressed as a fraction with
denominator ¢ - - - g, and hence M cannot generate Q.



5. The group (Q, +) is not free. Given fractions ¢; = z1/ny and g = z3/ny, with ¢ # ¢,
21,29 € Z\ {0} and ny,ny € N we have (29n1) - 1 — (21n2) - g2 = 0, with zon4, 2119 # 0.
So a basis could contain at most one non-trivial fraction, in contradiction to 4.

Finitely generated abelian groups, in particular, finite abelian groups can be classified. They
are given as finite products of the group Z and the groups Z/nZ, where n is a power of a prime
number. If an abelian group is finite, only the latter are present.

Theorem 1.1.4 (classification of finitely generated abelian groups):
For any finitely generated abelian group A, there are unique n, k € Ny and unique prime powers
p;* with p; prime and n; € N such that

AT XLIPPZL X ... X L]pF L.

Corollary 1.1.5 (classification of finite abelian groups):
For every finite abelian group there is a unique k& € Ny and unique prime powers p.* such that

A=Z/pV L x ... X L/p* L.

Elements of finite order in an abelian group A are an obstacle to A being a free group. Whenever
there is an element a € A of finite order, we have n - a = 0 for some n € N. Such an element
cannot be contained in a basis. Such elements form a subgroup of A, its torsion subgroup.

Definition 1.1.6: Let A be an abelian group.

1. The torsion subgroup of A is the subgroup of elements of finite order
Tor(A) = {a € A| In € N with na = 0}.
2. For n € N the n-torsion subgroup of A is the subgroup of elements of order n
Tor,(A) = {a € A|na = 0}.

3. The group A is called torsion free, if its torsion subgroup is trivial: Tor(A) = {0}.

Example 1.1.7:

1. Every free abelian group A is torsion free.

If M C A is a basis of A, any element of A is of the form a = nym; + ... + ngm, with
m; € M and n; € Z. Then 0 = na = (nny)my + ... + (nng)my with n € N implies
nny=...=nng=0and n;y =... =ng =0. So 0 is the only torsion element.

2. A finitely generated abelian group is free if and only of it is torsion free.

By Theorem [[.1.4] a finitely generated abelian group is isomorphic to a group
AZT7XLp X . . XZ]pptZ with the torsion subgroup Tor(A) = Z/p*Zx. . . XL/ p* L.
It is torsion free, if and only if A = Z", which is equivalent to A free.

3. The abelian group (Q, +) is torsion free, but not free.

The identity ng = 0 for n € N and ¢ € Q implies n = 0, so 0 is the only torsion element.
By Example [1.1.3| 5. the group (Q, +) is not free.



There is an alternative description of a free group that does not require the concept of a basis.
It is based on the direct sum of abelian groups. The dual concept is the product of abelian
groups. Both constructions are characterised by a universal property, and they coincide for
finite families of abelian groups.

Definition 1.1.8: For a family (A4;);e; of abelian groups their direct sum and the direct
product are the abelian groups

@ier Ai = {(a;)ier | a; € A;Vi € I,a; =0 for almost all i € I}
HiEIAi = {(ai)z‘e[ | a; € AZVZ € ]}

with the addition (a;)ie; + (b;)icr = (a; + b;)ie;. The inclusion and projection maps are the
maps ¢; : Aj — @iEIAia a+— (51']'&)1'6[ and T HieIAi — A, (ai)iel = aj.

Remark 1.1.9: For any finite family of abelian groups, their direct sum and their product
coincide. In this case, one often writes A; x ... x A, instead of II? ; A, = &} | A;.

Proposition 1.1.10: Let (A;);c; be a family of abelian groups.

1. The direct sum of abelian groups has the following universal property:

The inclusion maps ¢; : A; = @ierAi, a — (0;;a);er are group homomorphisms. For every
family (f;)ie; of group homomorphisms f; : A; — B into an abelian group B, there is a
unique group homomorphism f : @;crA; — B with fov; = f;: A; — Bforall j € 1.

BierAi—— == — - ~B
A;

2. The product of abelian groups has the following universal property:

The projection maps 7; : II;e; A; = A;, (a;)ier — a; are group homomorphisms. For every
family (f;)ie; of group homomorphisms f; : B — A; from an abelian group B, there is a
unique group homomorphism f : B — Il;c;A; with mjo0 f = f; : B — A; for all j € I.

Mie/Aj<- = ---B
A

The concept of a direct sum allows one give an alternative definition of a free abelian group.
Given a basis of an abelian group, one can assign to each basis element a copy of the group
Z., which corresponds to taking multiples of this basis element. Finite Z-linear combinations of
the basis elements can then be realised by taking the direct sum of the associated copies of Z.

This allows one to associate to any set M a free group with basis M. Non-free groups may then
be constructed as factor groups of free groups, by specifying a generating set of the subgroup
that is quotiented out. This leads to the concept of a presentation of an abelian group with
generators and relations.



Definition 1.1.11: Let A be an abelian group.

1. The free abelian group generated by a set M is the direct sum (M)y; = ®pepZ.

2. If A= (M)z/(U) for a subset U C (M)z one writes A = (M | U) and speaks of a
presentation of A with generator set M and set of relations U.

Remark 1.1.12:

1. If A is a free abelian group with basis M, then A is isomorphic to (M) = @yZ with
the group isomorphism ¢ : A — (M)z, SpmerMmm — (N )menr -
2. The free abelian group generated by M has the following universal property:

For every map f : M — B into an abelian group B, there is a unique group homomor-
phism f': (M)z — B with f' 0 ¢,,(1) = f(m) for all m € M:

' M)z —= B, (Nn)mem — Zmennm f(m).

3. Presentations (M | U) of abelian groups have the following universal property:

For every map f : M — B into an abelian group B such that U C ker f’, there is a
unique group homomorphism f”: (M | U) — B with f” om = f’. This follows from the
universal property of the free group and the factor group.

If an abelian group A is presented with a finite set of generators M = {x,...,x,} and a finite
set U = {ry,...,rc} one often omits the brackets and denotes the presentation by
A=(x1,...,x, | 71, .., Tk) or A=(x1,...,;2, |11 =0,...,7 = 0).

Example 1.1.13:

1. Every abelian group A has a presentation A = (A)z/ker (1) with
e <A>Z — A7 (na)aeA = EaeAna a.

2. The group Z/nZ has the presentation (x | nx = 0)z.
3. The abelian group A = Z" x Z/p{*7Z % ... x Z/p*Z has the presentation

A= (x1,.. ., To, Y1, Uk | Py =0, ..., DRy, = 0).

1.2 Categories, functors, natural transformations

In this section we summarise the required background on categories, functors and natural
transformations. The concept of a category encodes many examples of mathematical structures
and structure preserving maps between them, but it goes beyond them and replaces structure
preserving maps by the more abstract notion of a morphism. The crucial features are that
morphisms have a fixed source and target, can be composed and can be identity morphisms.
This generalises the notions of domain and codomain of structure preserving maps, of their
composition and of the structure preserving identity maps.



Definition 1.2.1: A category C consists of:

e a class ObC of objects,
e for each pair of objects X, Y € Ob(C a class Hom¢(X,Y') of morphisms,

e for each triple of objects X,Y, Z a composition map
o: Home(Y, Z) x Home(X,Y) — Home (X, Z),
such that the following axioms are satisfied:
(C1) The classes Home (X, Y) of morphisms are pairwise disjoint,

(C2) The composition is associative: fo(goh) = (fog)oh for all morphisms h € Home(W, X),
g € Hom¢(X,Y), f € Home(Y, Z),

(C3) For every object X there is a morphism 1y € Home (X, X), the identity morphism
on X, with 1yo f= fand golx =g for all f € Hom¢(W, X), g € Home(X,Y).

Instead of f € Home(X,Y'), we also write f : X — Y. The object X is called the source of f,
and the object Y the target of f. A morphism f: X — X is called an endomorphism.

A morphism f : X — Y is called an isomorphism, if there is a morphism ¢ : ¥ — X with
go f=1x and f o g = 1ly. In this case, we call the objects X and Y isomorphic.

Often, one requires that the morphisms between fixed objects form not only a class, but a set.
This is the case in essentially all familiar categories from algebra and topology. Nevertheless,
it is sometimes necessary to relax this condition. In contrast, requiring that the objects of a
category form a set is very restrictive and excludes many familiar and important categories.

Definition 1.2.2: A category C is called

e locally small, if Homg(X,Y') is a set for all objects X,Y € ObC,
e small, if it is locally small and ObC is a set.

The following examples of categories are all locally small, but none of them is small.
Example 1.2.3:

1. The category Set: objects are sets, morphisms are maps. The composition is the composi-
tion of maps, and identity morphisms are identity maps. Isomorphisms are bijective maps.

2. The category Top of topological spaces: objects are topological spaces, morphisms are
continuous maps, isomorphisms are homeomorphisms.

3. The category Top™ of pointed topological spaces: Objects are pairs (X,z) of a
topological space X and a point x € X, morphisms f : (X,z) — (Y,y) are continuous
maps f: X — Y with f(z) =y.

4. The category Top(2) of pairs of topological spaces: Objects are pairs (X, A) of
a topological space X and a subspace A C X, morphisms f : (X,A) — (Y,B) are
continuous maps f : X — Y with f(A) C B. Isomorphisms are homeomorphisms
f: X =Y with f(A) = B.



5. Many examples of categories we will use in the following are categories of algebraic struc-
tures. This includes the following:

the category Vectr of vector spaces over a field F:
objects: vector spaces over I, morphisms: F-linear maps,

the category Vect]{;m of finite dimensional vector spaces over a field F:
objects: finite-dimensional vector spaces over I, morphisms: F-linear maps,

the category Grp of groups:
objects: groups, morphisms: group homomorphisms,

the category Ab of abelian groups:
objects: abelian groups, morphisms: group homomorphisms,

the category Ring of unital rings:
objects: unital rings, morphisms: unital ring homomorphisms,

the category Field of fields:
objects: fields, morphisms: field homomorphisms,

the category Algp of algebras over a field F:
objects: algebras over I, morphisms: algebra homomorphisms,

the categories R-Mod and Mod-R of left and right modules over a ring R:
objects: R-left or right modules, morphisms: R-left or right module homomorphisms.

the category R-Mod-S of (R, S)-bimodules:
objects: (R, S)-bimodules, morphisms: (R, S)-bimodule homomorphisms.

In all of the categories in Example the morphisms are maps. A category for which this is
the case is called a concrete category. A category that is not concrete is the category of sets
and relations in Exercise 2 Further examples of non-concrete categories arise from some of the
basic categorical concepts and constructions in the next example.

Example 1.2.4:

1. A small category C in which all morphisms are isomorphisms is called a groupoid.

2. A category with a single object is a monoid and a groupoid with a single object a group.

Group elements are identified with endomorphisms of the object, and the composition of
morphisms is the group multiplication.

More generally, for any object X in a groupoid C, the set End¢(X) = Home (X, X) with
the composition o : Ende(X) x Ende(X) — Ende(X) is a group.

3. For every category C, there is an opposite category C°, which has the same objects as
C, whose morphisms are given by Homeer (X,Y) = Home(Y, X) and in which the order
of the composition is reversed.

4. The cartesian product of categories C, D is the category C x D with pairs (C, D) of ob-
jects in C and D as objects, with Homeyxp((C, D), (C', D')) = Home(C, C") x Homp(D, D')
and the composition of morphisms (h, k) o (f,g9) = (ho f,kog).

10



5. A subcategory of a category C is a category D, such that Ob(D) C Ob(C) is a
subclass, Homp(D, D') C Home (D, D') for all objects D, D" in D and the composi-
tion of morphisms of D coincides with their composition in C. A subcategory D of
C is called a full subcategory if Homp (D, D’) = Hom¢ (D, D') for all objects D, D’ in D.

6. Quotient categories: Let C be a category with an equivalence relation ~xy on each
morphism set Home (X, Y') that is compatible with the composition of morphisms:
f~xy gand h ~yz kimplies ho f ~x z kog.

Then one obtains a category C’, the quotient category of C, with the same objects as
C and equivalence classes of morphisms in C as morphisms.

The composition of morphisms in C’ is given by [h] o [f] = [h o f], and the identity mor-
phisms by [1x]. Isomorphisms in C’ are equivalence classes of morphisms f € Home(X,Y)
for which there exists a morphism g € Home (Y, X) with fog ~yy 1y and go f ~x x 1x.

The construction in the last example plays an important role in classification problems, in
particular in topology. Classifying the objects of a category C usually means classifying them
up to isomorphism - giving a list of objects in C such that every object in C is isomorphic to
exactly one object in this list.

This is possible in some contexts - for instance for the category Vectf;m of finite dimensional
vector spaces over [F. In this case the list contains the vector spaces F" with n € Ny. However, it
is often too difficult to solve this problem in full generality. In this case, it is sometimes simpler
to consider instead a quotient category C' and to attempt a partial classification.

If two objects are isomorphic in C, they are by definition isomorphic in C’, as any isomorphism
f:X =Y with inverse g : Y — X yields [g]o[f] = [go f] = [1x] and [f]o[g] = [f o g] = [1y].
However, the converse does not hold - the category C’ yields a weaker classification than C.

To relate different categories, one must not only relate their objects but also their morphisms,
in a way that is compatible with source and target objects, the composition of morphisms and
the identity morphisms. This leads to the concept of a functor.

Definition 1.2.5: Let C,D be categories. A functor F' : C — D consists of:
e an assignment of an object F'(C') in D to every object C' in C,

e for each pair of objects C,C" in C, a map
Home(C,C") — Homp(F(C), F(C"), f+— F(f),
that is compatible with the composition of morphisms and with the identity morphisms

F(go f)=F(g)o F(f) Vf € Home(C,C"), g € Home(C', C")
F(lc) = 1F(C) VC € ObC.

e A functor F : C — C is called an endofunctor.
e A functor F : C°? — D is sometimes called a contravariant functor from C to D.

e The composite of two functors F': B — C, G : C — D is the functor GF : B — D given
by the assignment B — GF(B) for all objects B in B and the maps

Homg(B, B') — Homp(GF(B),GF(B)), f+ G(F(f)).

11



Example 1.2.6:

1.

For any category C, the identity functor ide : C — C that assigns each object and
morphism in C to itself is an endofunctor of C.

. The forgetful functor Vectr — Ab assigns to each vector space the underlying abelian

group and to each linear map the associated group homomorphism. There are analogous
forgetful functors Vecty — Set, Ring — Set, Grp — Set, Top— Set that assign to each
vector space, ring, group, topological space the underlying set and to each morphism the
underlying map.

. Vector space duals define a functor * : Vecty — Vecty’ that assigns to

e a vector space V' its dual V*,
e alinear map f:V — W its adjoint f*: W* - V* a— «ao f.

. A group G defines a category BG with a single object, the delooping of G, with

elements of G as morphisms, and with the multiplication of G as the composition.

e Functors F' : BG — Set correspond to G-sets X = F(e) with the group action
>:GxX — X, g>x=F(g9)(z).

e Functors F' : BG — Vecty correspond to representations of GG over F, with the
representation space V = F(e) and p = F(g) : G — AutpV.

. Hom-functors: Let C be a category and C' an object in C.

e The functor Hom(C, —) : C — Set assigns to
an object C’ the set Hom¢(C, C),
a morphism f : " — C” the map Hom(C, f) : Hom¢(C, C") — Hom¢(C,C"), g — fog.

e The functor Hom(—, C') : C%? — Set assigns to
an object C' the set Hom¢(C', C),
amorphism f : ¢ — C” the map Hom( f,C) : Hom¢(C”,C') — Home(C', C), g — go f.

. The path component functor 7, : Top — Set assigns to

e a topological space X the set mo(X) of its path components,
e a continuous map f: X — Y the map mo(f) : mo(X) — m(Y), P(x) — P(f(x)).

The fundamental group defines a functor m; : Top® — Grp that assigns to
e a pointed topological space (x, X) its fundamental group m (z, X),
e a morphism f : (z, X) — (y,Y) of pointed topological spaces the group homomor-
phism 71 (f) : mi(z, X) = m(y,Y), [y] = [f o7].

. Abelisation: The abelisation functor F': Grp — Ab assigns to

e a group G the abelian group F(G) = G/|G, G], where [G, G| is the normal subgroup
generated by the set of all elements ghg='h~! for ¢, h € G,
e a group homomorphism f : G — H the induced group homomorphism

F(f): G/IG.G] = H/[H, H], g+ [G,G] = [f(g) + [H, H].

. The discrete topology functor D : Set — Top and the indiscrete topology functor

I : Set — Top assign to
e a set X the topological space X with the discrete (indiscrete) topology,
e amap f: X — Y the associated continuous map f: X — Y.

12



There is another structure that relates functors. As a functor F' : C — D involves maps between
the sets Home(C, C") and Homp(F(C), F(C")), a structure that relates functors F,G : C — D
must in particular relate the sets Homp(F(C), F(C')) and Homp(G(C), G(C")). The simplest
way to do this is to assign to each object C' in C a morphism ¢ : F(C) — G(C) in D. One
then requires compatibility with the images F'(f) and G(f) for all morphisms f: C'— C” in C.

Definition 1.2.7: A natural transformation n : F = G between functors F,G : C — D
is an assignment of a morphism ¢ : F(C) — G(C) in D to every object C' in C such that the
following diagram commutes for all morphisms f: C' — C" in C

F(C)—~G(C)
F(f) lG(f)
F(C") 2~ q(e).
A natural isomorphism is a natural transformation n : F = G, for which all morphisms

nx : F(X) — G(X) are isomorphisms. Two functors that are related by a natural isomorphism
are called naturally isomorphic.

Example 1.2.8:
1. For any functor F' : C — D the identity natural transformation idgy : F' = F with

component morphisms (idp)x = 1px) : F(X) — F(X) is a natural isomorphism.

2. Consider the functors id : Vectp — Vecty and ** : Vecty — Vecty. Then there is a canon-
ical natural transformation can : id = %%, whose component morphisms ny : V. — V**
assign to a vector v € V' the unique vector v** € V** with v**(a) = «a(v) for all o € V*.
It is a natural isomorphism if and only if V' is finite-dimensional.

3. Consider the category CRing of commutative unital rings and unital ring homomorphisms
and the category Grp of groups and group homomorphisms.

Let F': CRing — Grp the functor that assigns to
e a commutative unital ring k the group GL, (k) of invertible n X n-matrices in k,
e a unital ring homomorphism f : k& — [ the group homomorphism

GL,(f) : GLn(k) = GL,(I), M = (myj)ij=1,.n = [(M) = (f(mij))ij=1,.n

Let G : CRing — Grp be the functor that assigns to
e a commutative unital ring &k the group G(k) = k* of units in k,
e a unital ring homomorphism f : k — [ the induced group homomorphism

G(f) = f|k>< N A

The determinant defines a natural transformation det : ' — G with component mor-
phisms dety, : GL, (k) = k*, because the following diagram commutes for every unital
ring homomorphism f: k —{
GL,, (k) % k>
GLn(f) Flix

GL, (1) &2 %,

13



4. Let G be a group and BG its delooping. Then functors F' : BG — Set are G-sets by
Example [1.2.6] 4. Natural transformations between them are G-equivariant maps.

A natural transformation n : F' = [F” has a single component 7, : F'(e) — F’(e). The
naturality condition states that 7,(g > z) = g >' ne(x) for all g € G, z € X.

Similarly, by Example [1.2.6 4. functors F' : BG — Vectr are representations of G over
IF, and natural transformations between them are homomorphisms of representations.

Remark 1.2.9:

1. For any small category C and category D, the functors F' : C — D and natural transfor-
mations between them form a category, denoted Fun(C, D) or D¢, the functor category.

The composite of natural transformations n: FF = G and k : G = H is the natural trans-
formation kon : F' = H with component morphisms (kon)x = kxony : F(X) — H(X)
and the identity morphisms are the identity natural transformations 1p =idp : F = F.

If C is a category that is not small, the functor category DC is defined analogously, but
it is no longer locally small.

2. Natural transformations can be composed with functors.

If F,F":C — D are functors and n : FF = F’ a natural transformation, then for any
functor G : B — C one obtains a natural transformation nG : FG = F'G with component
morphisms (nG)p = nep) : FG(B) — F'G(B). Similarly, any functor £ : D — £ defines
a natural transformation En : EF = EF’ with (En)c = E(ne) : EF(C) — EF'(C).

The notions of natural transformations and natural isomorphisms are particularly important
as they allow one to generalise the notion of an inverse map and of a bijection to functors. An
inverse of a functor F' : C — D is by definition a functor G : D — C with GF = id¢ and
FG = idp, and an isomorphism of categories is a functor I’ : C — D with an inverse.

However, it turns out that there are very few examples of functors with an inverse. A more
useful generalisation is obtained by weakening this requirement. Instead of requiring F'G = idp
and GF = idg, one requires only that these functors are naturally isomorphic to the identity
functors. This leads to the concept of an equivalence of categories.

Definition 1.2.10: A functor F': C — D is called an equivalence of categories if there is
a functor G : D — C and natural isomorphisms k : GF = id¢ and n : FG = idp. In this case,
the categories C and D are called equivalent.

Sometimes it is easier to use a more direct characterisation of an equivalences of categories
in terms of its behaviour on objects and morphisms. This is the categorical equivalent of the
statement that a map between sets is an isomorphism if and only if it is injective and surjective.
The proof of the following lemma makes use of the axiom of choice and can be found for instance
in [K], Chapter XI, Prop XI.1.5.

Lemma 1.2.11: A functor F': C — D is an equivalence of categories if and only if it is:

1. essentially surjective:
for every object D in D there is an object C' of C such that D is isomorphic to F(C').

2. fully faithful:
all maps Home(C, C") — Homp(F(C), F(C")), f +— F(f) are bijections.
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Example 1.2.12:

1. The category Vect]Jch of finite-dimensional vector spaces over F is equivalent to the
category C, whose objects are non-negative integers n € Ny, whose morphisms f : n — m
are m X n-matrices with entries in F and with the matrix multiplication as composition.

2. The category Set/™ of finite sets is equivalent to the category Ord/™, whose objects are
finite ordinal numbers [n] = {0,1,...,n — 1} for all n € Ny and whose morphisms
f :[m] — [n] are maps f : {0,1,....m — 1} — {0,1,...,n — 1} with the composition of
maps as the composition of morphisms.

1.3 Products and Coproducts

Many concepts and constructions from algebra or topology can be generalised straightforwardly
to categories. This works, whenever it is possible to characterise them in terms of universal
properties involving only the morphisms in the category. In particular, there are concepts of
a categorical product and coproduct that generalise cartesian products and disjoint unions of
sets and products and sums of topological spaces.

Definition 1.3.1: Let C be a category and (C});cr a family of objects in C.

1. A product of the family (C;);e; is an object Il;c;C; in C together with a family of
morphisms m; : II;c;C; — C;, such that for all families of morphisms f; : W — C; there
is a unique morphism f : W — II;c;C; such that the diagram

=l
W__iHjGICj (1)
fi jm
Ci

commutes for all ¢ € I. This is called the universal property of the product.

2. A coproduct of the family (C;);er is an object IL;e;C; in C with a family (¢;)er of
morphisms ¢; : C; — I;¢;C;, such that for every family (f;);e; of morphisms f; : C; = Y
there is a unique morphism f : II;c;C; — Y such that the diagram

3!
Y <110 (2)
C;

commutes for all 7 € I. This is called the universal property of the coproduct.

Remark 1.3.2: Products or coproducts do not necessarily exist for a given family of objects
(Ci)ier in a category C, but if they exist, they are unique up to unique isomorphism:

If (ILierCy, (m:)ier) and (I, C;, (7));er) are two products for a family of objects (C;)ier in C,
then there is a unique morphism 7' : II}_;C; — Il;¢;C; with m; o n’" = 7} for all ¢ € I, and this
morphism is an isomorphism.

15



!

By the universal property of the product II;c;C; applied to the family f; := «; : I\, ,C; — Cj,
there is a unique morphism 7’ : II}. ;C; — Il;¢;C; such that m; o’ = «] for all ¢ € I . Similarly,
the universal property of II)_;C; implies that for the family of morphisms 7; : IL;c;C; — C;
there is a unique morphism 7 : II;c;C; — II;_;C; with 7, om = 7; for all i € I. It follows
that 7’ o w : IL;c;C; — 1ie;C; is a morphism with m;omon’ = wlom = m; for all ¢ € [.
As the identity morphism on IL;c;C; is another morphism with this property, the uniqueness
implies 7’ o = 1y, ;. By the same argument one obtains 7 o 7' = 1p;_ ¢, and hence 7’ is an
isomorphism with inverse 7.

1

Wi Ci e oy
Il ,C; —= e, C; —~ 11 ,C, ie;C; —=> 1T ,C; —> IL;c,C.
el“Yi iel\“Yi eIt el eIt iel“Yi

At S

Example 1.3.3:

1. The cartesian product of sets is a product in Set, and the disjoint union of sets is
a coproduct in Set. The product of topological spaces is a product in Top and the
topological sum is a coproduct in Top. They exist for all families of objects.

2. The direct sum of vector spaces is a coproduct and the direct product of vector spaces a
product in Vectp.

Bic1Vi = {(vi)ier | vi € Vi Vi € I,v; =0 for almost all i € I}
WierVi = {(vi)ier | vi € Vi Vi € I},

with the addition (v;)ier+(v))ier = (vi+v})ier and scalar multiplication A(v;)ier = (Av;)ier-

3. The direct sum of abelian groups is a coproduct in Ab and the product of abelian groups
a product in Ab. They are given by

@icrAi = {(ai)ier | a; € A;Vi € I,a; =0 for almost all i € T}
i A = {(ai)ier | a; € A Vi € I},

with the group multiplication (a;)ie; + (a})ier = (a; + a})ier-

4. The direct product of groups is a product in Grp and the free product of groups is a
coproduct in Grp. They exist for all families of groups.

In particular, we can consider categorical products and coproducts over empty index sets I. By
definition, a categorical product for an empty family of objects is an object T" = Il such that
for every object C' in C there is a unique morphism to : C' — T. Similarly, a coproduct over
an empty index set [ is an object I := Il in C such that for every object C' in C, there is a
unique morphism i¢ : I — C'. Such objects are called terminal and initial objects in C. Initial
and terminal objects need not exist in every category C, but if they exist they are unique up
to unique isomorphism by the universal property of the products and coproducts.

An object that is both, terminal and initial, is called a zero object or null object. If it exists,
it is unique up to unique isomorphism. It also gives rise to a distinguished morphism, the zero
morphism 0 =ic ote : C — C', between any two objects C,C" in C.

16



Definition 1.3.4: Let C be a category. An object X in a category C is called:

1.

A final or terminal object in C is an object T" in C such that for every object C' in C
there is a unique morphism to : C' — T.

. A cofinal or initial object in C is an object I in C such that for every object C' in C

there is a unique morphism i¢ : I — C,

. A null object or zero object in C is an object 0 in C that is both final and initial: for

every object C' in C there are a unique morphisms t¢ : C' — 0 and i¢c : 0 — C.

. If C has a zero object, then the morphism 0 =i otc : C — 0 — (' is called the trivial

morphism or zero morphism from C to C".

Example 1.3.5:

1.

The empty set is an initial object in Set and the empty topological space an initial object
in Top. Any set with one element is a final object in Set and any one point space a final
object in Top. The categories Set and Top do not have null objects.

. The null vector space {0} is a null object in the category Vecty.
. The trivial group G = {e} is a null object in Grp and in Ab.

. The ring Z is an initial object in the category Ring, since for every unital ring R, there

is exactly one ring homomorphism f : Z — R, namely the one determined by f(0) = Og
and f(1) = 1g. The zero ring R = {0} with 0 = 1 is a final object in Ring, but not an
initial one. The category Ring has no zero object.

. The category Field does not have initial or final objects. As any ring homomorphism

f + F — K between fields is injective, an initial object in Field would be a subfield of all
other fields, and every field would be a subfield of a final field. Either of them would imply
that each field has the same characteristic as an initial or final field, a contradiction.
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2 Chain complexes

In this section, we introduce the essential algebraic tools of algebraic topology, chain complexes,
chain maps and chain homotopies. These concepts also play a fundamental role in algebra and
group theory. Their fundamental advantage is that they are Z-linear - they involve abelian
groups and group homomorphisms between them - and sufficiently complex to store enough
information about the topological spaces. Unlike homotopy groups, they are rather easy to
compute due to their Z-linearity.

2.1 Chain complexes, chain maps and chain homotopies

In this section, we consider chain complexes in the category Ab of abelian groups. Chain
complexes can be formulated in more generality in the categories of modules over unital rings
or even more generally in abelian categories.

Definition 2.1.1:

1. A chain complex X, consists of
e a family (X,,)nez of abelian groups X,

e a family (d,),ez of group homomorphisms d,, : X,, — X,,_1, boundary operators,
such that d,,_1 od,, = 0 for all n € Z.

. dn, dn, dn, dn—
It is denoted ... 2 X1 X, X, S

e Elements of the group X,, are called n-chains.
e The subgroup of n-cycles is Z,,(X,) = kerd,, C X,,.
e The subgroup of n-boundaries is B, (X,) = imd,; C Z,(X,).

2. A chain map f, : X, — X is a family (f,)nez of group homomorphisms f,, : X,, — X/
such that d, o f,, = f,_1 0d, for all n € Z.

dn+2 dnt1 d dn—1
A n+1n_>Xn_">Xn71n_>.__

fn+1 fnl fnll
d’, d! d
+2 / n+1 / n /
Ly Dy Dy

Notation 2.1.2: [t is standard to omit subsequences of trivial groups and morphisms between
them from chain complexes:

e 0 — X, LN X1 d—m11—> ... stands for a chain complex with X; = 0 for all £ > m. Such
a chain complex is called bounded above. It is called negative if m = 0.

° ... d’"—+2> Xoma1 dm—“> X,, — 0 stands for a chain complex with X, = 0 for all £ < m.

Such a chain complex is called bounded below. It is called positive if m = 0.
e If X;, =0forall Kk <mandk > 1> m, the chain complex is called bounded and denoted

d dj— dm dm
0—-X, 35X, — .. X, M5 X, —0.
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Remark 2.1.3:

1. Chain complexes and chain maps between them form a category Chyy, with the compo-
sition fo © go = (fn © gn)nez and the identity morphism idy, = (idy, )nez-

2. The category Chyy, has all products and coproducts. For a family (X?);cr of chain com-
plexes, their direct sum or coproduct and their product are given by

(@ierXn = Bier X, (Mier Xo)n = Mier X,,

Dier X} — "> Bier Xi_, Mier X} — " e X5,
L%T TLZL1 ”%L Lwil
erl d?,.l X:ryl—l XgL dg,.t X7jl—1'

There is an analogous concept of a cochain complex with coboundary operators that raise the
degree instead of lowering it. This is usually emphasised by writing upper instead of lower
indices. Although chain complexes and cochain complexes can be transformed into each other
by renumbering the indices, cochain complexes are more natural in many applications, such as
functions and n-forms on manifolds.

Definition 2.1.4:

1. A cochain complex X* consists of

e a family (X"),cz of abelian groups X",
e a family (d"),cz of group homomorphisms d" : X" — X" the coboundary
operators, such that d"*!' o d"” = 0 for all n € Z.

It is denoted ... £ xn-t L0 yon &y xntt 17
e Elements of the group X" are called n-cochains.
e The subgroup of n-cocycles is Z"(X*®) = kerd"” C X".
e The subgroup of n-coboundaries is B"(X*®) = imd"! C Z"(X*).
2. A cochain map f*: X* — X' is a family (f"),ez of R-linear maps f" : X" — X'
such that d'" o f* = f**lod" for all n € Z.

dn—2 XTL*I dn—l Xn dn Xn+1 dn+1

fnlL fnl fn+1l

X/n—l Xln X/n+1
d/n72 dlnfl arm dln+1

The category of cochain complexes and cochain maps is denoted Ch™P.

In the following we mostly restrict attention to chain complexes, since a cochain complex X*®
can be transformed into a chain complex X by setting X, = X" and d/, =d™": X — X! ,
for all n € Z. Nevertheless, sometimes it is necessary to consider both structures.

The essential feature of a chain complex X, is the condition d,_; o d,, = 0 for its boundary
operators. It ensures that the abelian group B,,(X,) of n-boundaries is a subgroup of the abelian
group Z,(X,) of n-cycles. An analogous condition holds for n-coboundaries and n-cocycles

B,(X,) =imd,; C kerd, = Z,(X,) B"(X*) =imd" ' Ckerd" = Z"(X"*).
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This allows one to consider the associated factor groups, the homologies of a chain complex or
cohomologies of a cochain complex.

Definition 2.1.5:

1. The nth homology of a chain complex X, is the factor group
H,(X.) = Z,(X.)/Bn(X.).

2. The nth cohomology of a cochain complex X* is the factor group
H"(X®)=Z"(X*)/B"(X*).

A chain complex X, or cochain complex X* is called exact in X,, or X", if H,(X,) = 0 or
H™(X*®) =0, and exact, if it is exact in all X, or X" for n € Z.

Remark 2.1.6: A chain complex X, is exact in X,,, if and only if kerd,,_; = imd,,.

e a chain complex 0 — X LIN X 1 — ...is exact in Xy, if and only if dj is injective,
e a chain complex --- — X; a, Xo — 0 is exact in Xy, if and only if d; is surjective,
e a chain complex 0 — X; 4, Xy — 0 is exact, if and only if d; is an isomorphism.

Example 2.1.7:

1. For m € Z the chain complex 0 LEN X1 =7 Dzomz, Xo=7Z Dy 0 has homologies

Hy(X,) = ker (dy)/im (dy) = Z/mZ and H,(X,) =0 for n # 0.

2. The chain complex X, = ... 22 7/47 2% 7/47 222 7/47 222 | has
homologies H,(X,) = ker (z — 22)/im (z — 2z) = {0,2}/{0,2} = 0 for all n € Z.

3. The chain complex X, = ... 9 X, 9, X1 9 Xn_o 9 X,_3 9 . has homologies

H,(X,.) =ker (0)/im (0) = X,, for all n € Z.

To see why the homologies of a chain complex are important and useful quantities, we investigate
their algebraic properties. By definition, the nth homology of a chain complex assigns to a chain
complex an abelian group. To be useful in practice, this assignment should define a functor from
the category Chyy of chain complexes and chain maps between them to the category Ab of
abelian groups. This ensures that isomorphic chain complexes have isomorphic homologies.

Proposition 2.1.8: The nth homologies and cohomologies define functors

H, : Chy, — Ab H" : Ch*" — Ab

Proof:

We prove the claim for the homologies.

1. We define H,, on the chain maps:
Any chain map f, : X, — X satisfies d, o f,(x) = fu_10d,(z) =0 for all z € Z,(X,) and
hence f,(Z,(X.)) C Z,(X,). Likewise, for any n-boundary = = d,.;1(y) € Bn(X,.), we have
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fa(z) = foodupi(y) = duyi o fui1(y) = dug1(fas1(y)) and hence f,(Bn(X.)) C Bu(X,). By
the universal property of the factor group, this defines a group homomorphism

Hy(fo) : Ho(Xe) = Ho(X0), [2] = [fo(@)].

2. We show that H,, respects the composition of morphisms:
For chain maps f, : Xo — X and g, : X, — X! and all n-cycles € Z,(X,) we have

H,(ge 0 fO)([I]) = [gn © fn(x)] = Hn(QO)([fn(x)]) = H,(gs) © Hn(f-)([x])

3. We show that H,, respects identity morphisms: for all chain complexes X, and = € Z,(X,)

H,(idx,)([z]) = [idx, (v)] = [z] = ida, x.)([z]).
0

The essential feature of chain complexes and chain maps that makes them so useful in topology
is that there is another layer of structure beyond chain maps, namely chain homotopies be-
tween chain maps. Chain homotopies can be viewed as the counterpart of homotopies between
continuous maps in topology. Recall that a homotopy between continuous maps f,g: X — X’
with the same topological spaces as sources and targets is a continuous map h : [0, 1] x X — X’
such that h(0,z) = f(x) and h(1,2) = g(x) for all z € X. Equivalently, one can impose the
condition that the following diagram of topological spaces and continuous maps commutes for
the inclusions ¢/ : X — [0,1] x X, z — (j, )

Definition 2.1.9:

1. A chain homotopy h, : fo = f. from a chain map f, : X, — X. to a chain map
fo: Xe — X, is a family (hy)nez of group homomorphisms h, : X,, — X, ., with

f,_fn:hnflodn+d;1+1ohn Vn € Z. (3)

n

If there is a chain homotopy he : fo = f., then f, und f. are called chain homotopic,
and one writes f, ~ fl.

2. A chain map f, : X, — X/ is called a chain homotopy equivalence if there is a chain
map g : X, = X, with ge 0 fo ~ 1y, and f, 0 g¢ ~ 1x;. In this case the chain complexes
X, und X/ are called chain homotopy equivalent, and one writes X, ~ X].

Remark 2.1.10:

1. For given chain complexes X,, X the chain maps f, : X, — X and chain homotopies
between them form a groupoid.
The composite of two chain homotopies h : f, = f. and h, : f. = f/ is the chain
homotopy h, o he = (hy, + hl)nez : fo = fI. The identity morphisms are trivial chain
homotopies 1te = (0),ez, and the inverse of he : fo = fiis hy' = (=hp)nez : fL = fo-
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2. For all chain complexes X,, X. being chain homotopic is an equivalence relation on the
set Homep,, (X, X,) of chain maps from X, to X. It is compatible with the composition
of morphisms:

For all chain maps f,, f. : X¢ — X. and g.,q. : X, — X! and chain homotopies
he : fo = f. and hl : go = ¢,, the family of morphisms ks = (gy41 © hyy + hl, 0 [/ )pnez is a
chain homotopy ke : ge © fo = g, © f. since

géof;@_gnofn: (g;_gn)ofqlm"i_gno(ﬂz_fn)
= (h;Lfl © d;], + d;/LJrl o h’;) © f7/1 + gn © (hnfl o dn + d;7,+1 < hn)
= (gnohn1+ h;z—l © frlz—l) odp + d;;+1 0 (Gn1 0 hn + h"/n © f’r/L)
=kp_10d,+d 40k,

3. We obtain a category Chyp, the homotopy category of chain complexes, whose ob-
jects are chain complexes and whose morphisms are chain homotopy classes of chain maps.
The isomorphisms in KChyy, are chain homotopy classes of chain homotopy equivalences.

Remark shows that chain homotopies have nice algebraic properties. However, the rather
technical Definition [2.1.9makes it difficult to view chain homotopies as a counterpart of topolog-
ical homotopies. In particular, a homotopy h : f = g between continuous maps f,g: X — X'is
itself a continuous map h : [0,1] x X — X’. This is not directly apparent for chain homotopies.
However, one can show that for chain maps f,, ge : Xe — X chain homotopies from f, to g,
are in fact chain maps from a chain complex X that replaces the space [0,1] x X to XJ.

Remark 2.1.11: Let X,, X be chain complexes and X/ the chain complex with

X' = X, 00X, ®X, 1, d': X! X!

n—1»

(v, 2", 2") = (dy(z) + 2", d,(2") — 2", —d,, 1 (2")).

The inclusions 0 : X,, — X/ x> (2,0,0) and ¢} : X,, = X" 2+ (0,z,0) define chain maps

.0l Xy — X! Chain homotopies h, : fo = go between chain maps f., ge : Xo — X/ are in

e)"e

bijection with chain maps ke : X — X! such that k, 00 = f, and k, o1l = g..

LO L1
Xe—= X! <—X,

AN

X/

There are two reasons that homotopies are so useful in topology. The first is that they are often
easy to visualise and behave rather intuitively. The second is that essential quantities that char-
acterise a topological space such as the number of path components and its homotopy groups
are isomorphic, whenever the spaces are homotopy equivalent. This is a consequence of the
fact that homotopic maps between topological spaces induce the same group homomorphisms
between their homotopy groups.

An analogous statement holds for chain maps between chain complexes and chain homotopies
between them. Chain homotopic chain maps induce the same group homomorphisms between
the homologies. As a consequence, the homologies of a chain complex depend only on its chain
homotopy equivalence class.
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Proposition 2.1.12:

1. Chain homotopic chain maps in Ab induce the same maps on the homologies:
if fo ~ go then H,(f,) = H,(gs) for all n € Z.

2. The nth homology induces a functor H, : KCha, — Ab for all n € Z.
3. Chain homotopy equivalences induce isomorphisms on the homologies:

if Xy ~ X, then H,(X,) = H,(X}) for all n € Z.

Proof:
1. To prove the first claim, let f,,ge : Xo — X, be chain maps and he : fo = g. a chain
homotopy. Then we have for all z € Z,,(X,)

Hy,(fo)([#]) = Hu(ga)([2]) = [fu(2) = gn(2)] = [hn—1 © dn(x) + d}, 1 © ()] = 0.
2. This follows directly from 1.

3.If fo: Xo = X and gs : X, = X, are chain maps with f, 0 ge ~ 1x; and gs o fs ~ lx,, then
Hy(fs) © Hu(ge) = Hu(fe © 90) = Hy(idx;) = idp, (x2)
Hy(gs) 0 Hy(fs) = Hu(ga © fo) = Hy(idx,) = idp, (x,)-

This shows that H,(f,) is an isomorphism with inverse H,(fs)™' = H,(ge)- O

2.2 The long exact homology sequence

In this section we introduce short exact sequences of chain complexes. Short exact sequences of
chain complexes can be viewed as triples of a chain complex X,, a subcomplex W, C X, and
the associated quotient complex X,/W,. They are the counterparts of subgroups and factor
groups for abelian groups. We will show that the homologies of the chain complexes in short
exact sequence form an exact chain complex, the long exact sequence of homologies.

Definition 2.2.1:

1. A long exact sequence in Ab is an exact chain complex.
2. A long exact sequence in Chyy, is a sequence of chain complexes and chain maps

fo Ak;+1 fo Ak; fo Ak; 1 fo

such that for all n € Z their Components form a long exact sequence in Ab

3. A short exact sequence in Ab is an exact chain complex 0-ASBL C—o.

4. A short exact sequence in Chyy, is a sequence 0 — A, s B, = C, — 0 of chain
complexes in Ab such that 0 — A4,, =% B, = C,, — 0 is exact for all n € Z.

Short exact sequences are called short exact sequences, because they are the shortest exact
sequences that carry information that cannot be stated in a much simpler way. A chain complex
of the form 0 — X — 0 is exact if and only if X is the trivial group, and a chain complex of

the form 0 — X 25 Y — 0 is exact if and only if f is a group isomorphism. The information
contained in short exact sequences is less trivial. The following example shows that they are
related to factor groups.
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Remark 2.2.2:

1. The exactness of a short sequence 0 - A = B 5 C' — 0 in Ab is equivalent to:
(i) ¢ injective, (ii) 7 surjective, (iii) ker 7 = im .

2. An exact sequence 0 - A = B 55 C' — 0 in Ab corresponds to a triple (A4, B, C') such
that A C B is a subgroup and C' = B/A the associated factor group.

If A C B is a subgroup and C' = B/A the associated factor group, then the injective
inclusion ¢ : A — B and the canonical surjection 7 : B — B/A satisfy im: = ker 7 and
thus form a short exact sequence in Ab.

Conversely, in a short exact sequence injectivity of ¢ implies A = im: C B. Conditions
(ii) and (iii) imply C' = im 7 = B/kerm = B/im: = B/A.

3. Exactness of a sequence 0 — A, = B, = C, — 0 is equivalent to (i) ¢, injective, (i) m,
surjective, (iii) ker 7, = im, for all n € Z.

We can visualise a long exact sequence in Chy, as a commuting diagram

k+1 dk dk—l
Frr2 "+3ck+1 n+2fk’ "Jrf2k71
n+1 Ak+1 n+1 Ak n+1 Ak_l n+1
s n+1 n+1 n+1
k41 k k—1
dn+1 dn+1 dn+1
k+2 Bl fk+1 i fk b1 fkfl
n + n n p— n
LAy Ak Ak
drt! dy, dp”!
k+2 k+1 k k—1
fn—l Ak+1 fn—l Ak fn—l Ak_l fn—l
s n—1 n—1 n—1
k+1 k k—1
dn—l d"71 dn_1

in which all columns are chain complexes and all rows exact chain complexes. The squares in
this diagram commute, because the maps f* : A¥ — A*=! form chain maps fF: A¥ — A1 A
short exact sequence of chain complexes is given by an analogous diagram, in which the dots
at the left and right of the diagram are replaced by zeros.

We will now show that a short exact sequence of chain complexes generalises the concepts
of a subgroup and a factor group from the category Ab to Chayp. We start by introducing a
subcomplex of a chain complex.

Definition 2.2.3: A subcomplex A, C X, of a chain complex X, is a family (A,),ecz of
subgroups A,, C X, such that d,(A,) C A, for all n € Z.

The condition on a subcomplex ensures that the boundary operators dX : X,, — X,,_; restrict
to group homomorphisms d4 : A, — A,_; with d2 ; o d4 = 0 for all n € Z. This gives the
family of subgroups A,, C X,, the structure of a chain complex A,. By definition, its boundary
operators satisfy dX o4, = i, 1 0 dg‘ for the inclusions 4, : A, — X,. In other words, the
inclusions define a chain map i, : A, — X, with injective components.

It is then plausible to define an associated quotient complex by considering the factor groups
X, /A, and the canonical surjections m, : X,, — X,,/A, that satisfy m, o4, = 0 for all n € Z.
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The boundary operator of the quotient complex X,/A, should be induced by the universal
property of the quotient and thus be given by dn’" : X,,/A, = Xp_1/An_1, [2] — [dn(2)].

We also expect that any chain map f, : X, — Y, that satisfies f,,(A,) C B, for all n € Z
and subcomplexes A, C X, and B, C Y, should induce chain maps f.A : Ay — B, and
fl: Xe/Ae — Ya/B,.. An analogous statement should hold for chain homotopies.

Proposition 2.2.4: Let X,, Y, be chain complexes.

1. A subcomplex A, C X, defines a quotient complex X,/A, and a short exact sequence
of chain complexes 0 — A, = X, =% X,/A, — 0 given by the commuting diagrams

0 A, —m s X, — T X, /A,

0—A4,, ? Xn1 oy Xn—l/An—l —0.

0 (4)

2. If A, ¢ X, and B, C Y, are subcomplexes and f, : X, — Y, is a chain map with
fn(A,) C B, for all n € Z, then we obtain a commuting diagram in Chay, with exact rows

0 Ao—= Xy — 2 X, /Ay —0 (5)
Lf.A Lf- lfﬁ
0 Bo ) Sfo K/Boﬁo

3. Let A, C X, and B, C Y, be subcomplexes and f,,g. : Xoe — Y, chain maps with
fn(A,) C B, and g,(A,,) C B, for all n € Z. Then any chain homotopy h, : fo = ge With
hn(A,) C By for all n € Z induces chain homotopies hi' : fA = g2 and I, : f) = ¢..

Proof:

1. As A, C X, is a subgroup and X, /A, the associated factor group, both rows of diagram
(4) are short exact sequences in Ab. The condition that A, C X, is a subcomplex implies
dX oi, =i, 1 od? and hence the left square in commutes.

n—1
n € Z. As the left square in commutes and both rows are exact, we have

We define di/4 Xn/Ay = X, 1/A,1 in and show that it satisfies d°/4 o X/ = 0 for all

M1 0 d 0y = Mp_1 0lip_y odfl1 =00d?=0 = kerm,=imi, C ker (m,_ o d¥).

The universal property of the quotient defines a homomorphism ax Xn/An — Xn1/An
with df/ Ay My, = Mp_1 O df . This states that the right square in commutes and implies

X/A - X/A X/A X X X
d,”] o dn/ om, =d,Jom,_10d;, =m,_90d,_;od,; =m,_200=0.

With the surjectivity of m, we obtain dﬁ ’f odiX!* =0 for all n € Z. Thus, we have a quotient
complex X,/A,. The inclusions i,, and canonical surjections 7, define chain maps i, : Ae — X,

and 7, : Xy = X,/A,, because diagram ({4]) commutes.

2. If fo : Xo — Y, is a chain map with f,(A,) C B, for all n € Z, its components restrict to
group homomorphisms f2 : A, — B, with i, o fA = f, o1, for the inclusions i, : A, — X,
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and i, : B, — Y,,. The left square in the following diagram with exact rows commutes

0 A~ X, — % X, /A, — 0
jf;? jfn lﬂl
0 B,——=Y,——=Y,/B,—=0.

We define the group homomorphism f’ : X, /A, — Y, /B, via the universal property of the
quotient. By exactness of the rows and because the left square commutes, we have

W;ofnoin:ﬂ;oi;off:(JOff:O = kerm, =imi, C ker (7, o f,).

The universal property of the quotient gives a unique homomorphism f/ : X, /A, — Y,/B,
with f! om, =7, o f,. We show that these maps define a chain map f, : X./As — Y./ B.:

Y/B ! Y/B / / Y / X ! X / X/A
dn/ OanT(‘n = dn/ Oﬂ-nofn = ﬂ-n—lodn Ofn = ﬂ-n—lofn—lodn = n—loﬂ.ﬂ_lodn = n—lodn/ OTp.-

By surjectivity of m, this implies /P o fl=1f_,o0 dX' for all n € Z.

3. As h,(A,) C By, the components h,, : X,, — Y11 of the chain homotopy he define group
homomorphisms h;? : Ay, — Bpgy with d), o hf = h,, o1, for all n € Z. This implies

-/ B A A A\ _ 3Y -/ A . A
1y © (dn+1 © h’n + hn—l © dn) - dn+1 o Zn+1 o h'n + hn—l O1lp—10 dn

= (dy,y0hn+hn10dy)0in = (g — fn) 0in =1, 0 (g, — f),
and by injectivity of i/, it follows that this defines a chain homotopy hZ : f4 = gZ.
We also have the identities
T oh,0i, =7 0i okt =00h=0 = kerm,=imi, Cker(n,,, oh,).

The universal property of the quotient yields a unique homomorphism b/, : X,, /A, — Y, 11/Bni1
with h;, o m, =, o h,. We show that the maps h,, define a chain homotopy from f’ to ¢":
(d:_/f ohy, +h,_ ;0 df/A) O My = d:—/if © W:H—l 0hy+hy, om0 an
=, 0 (dy 1 Ol + hy_y 0. dy) =, 0 (g — fu) = (g, — f1) © T

Surjectivity of m, implies that the morphisms h!, define a chain homotopy A, : f. = g.. O

We now investigate the relation between the homologies of chain complexes in a short exact
sequence 0 — A, = B, =% Cy — 0. A first naive guess would be that that these homologies
also form short exact sequences. This would amount to the identities H,,(Cs) = H,(B.)/H,(As)
for all n € Z. The following example shows that this first guess is wrong and that the relation
between the homologies must be more complicated than simply a quotient.
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Example 2.2.5: We consider the short exact sequence 0 — A, 2 By = C, — 0 of chain
complexes given by the following commuting diagram with exact rows

A. B. C.
0 0 0
dg dg’ dg’
0—=A; =0 n B =7—"2" . ¢ =7Z—>0
g dB:z—(z,2) d¥:z—0
0 AO 7 10:2+3(2,2) BO — 707 wo:(zl,zg)b—)zg—mco 7 0
dg' dg’ dg’
0 0 0
Then we have
H,(A,) =0, H,(B,) =0, H,(C,)=0 n>2o0rn<0
Hi(A) =kerd! =0,  H(B,) =kerd? =0, Hi(C,) =kerd’ =7

Hy(A) =kerd! =7, Ho(B,) =kerd}/imd? =7,  Hy(C,) = kerd =Z.
Clearly, Hl(C.) =7 ,7\—£ 0= Hl(B.)/Hl(A.>
This example shows that the relation between the homologies of chain complexes in a short
exact sequence is more complicated than apparent at first sight. We will now clarify this relation.
Our first ingredient is the connecting homomorphism. It relates the nth homology of the last
chain complex in a short exact sequence to the (n — 1)st homology of the first chain complex.
Despite its awkward definition, it is conceptual and natural with respect to chain maps.

Proposition 2.2.6 (connecting homomorphism):

Let 0 > A, = B, =% C, — 0 a short exact sequence of chain complexes. Then there are group
homomorphisms

On : Hy(Co) = Hy—1(Ad), ] — [d] b € B,, : m,(b) = ¢ and d,,(b) = t,,—1(a)

for all n € Z, the connecting homomorphisms such that for all commuting diagrams

0 A, —> B, == C, 0 (6)

C

L T

0—=AL g T

of chain complexes with exact rows, we have H,, _1(c,) 0 0, = 0., 0 H,(7)

On

Hn(co) — n—l(Ao>
Hn(’y.)t an—l(a')
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Proof:

Let ¢ € Z,(C,). Then by surjectivity of m, there is an b € B,, with m,(b) = c¢. Because 7, is a
chain map and ¢ € Z,,(C,), this implies m, 1 o d,,(b) = d,, o m,(b) = d,,(¢) = 0. This shows that
d,(b) € ker (m,—1) = im (¢,—1), and there is an a € A,y with ¢,—1(a) = d,,(b). By injectivity of
ln—1, this element a € A, is unique. We have ¢, od,_i(a) =d,_10t,(a) = d,_10d,(b) = 0.
By injectivity of ¢,,_1, this implies d,,_;(a) = 0 and hence a € Z,_;(A,).

0 A, “ -beB, ceC,—=0

S

0——sa € An—l Tidn(b) S Bn—l W’Cn—l —0

We aim to define

Onlc] = [a], where ¢ = 7,(b), t,_1(a) = d,(b) for some b € B,,. (7)
1. We show that this is well-defined: (i) it does not depend on the choice of b and (ii) it depends
only on the homology class of c.
(i) Let V' € B,, another element with 7,() = ¢ and o’ € A, with ¢, 1(a’) = d,(V'). Then
b' — b € ker (m,) = im (¢y,), so there is an a” € A,, with ' — b = ¢,(a”). This implies
tno1(a —a)=d,(b' =b) =d,ot,(a") =tp10d,(d") = d—a=d,(d") = | =la ]

la

(ii)) Let ¢ = ¢+ dn11(c”). By surjectivity of m,,1 there is a " € B, with m,1(0") =
Because m, is a chain map, this implies m, o d,,41(0") = dpq1 0 Tpr1 (8”) = dpia (7). W set
b = b+d,11(b") and obtain 7, (b') = m, (b+dp41(V")) = c+dpi1 (") = ¢ aswell as d,, (V') = d,,(b).
Thus ¢,_1(a) = d,(b) = d, (V).

2. We show that 0, : H,(Cs) — H,_1(A,) is a group homomorphism:
Let ¢, € Z,(C,) with m,(b) = ¢, m,(b') = ¢ and t,,—1(a) = dp(b), tn_1(a’) = d,,(b'). Then we
have 0,[c] = a and 0,[c] = [d/]. As t,, and 7, are group homomorphisms, we have
b+ b)) =m,(0) + T, (V) = c+ ¢ tno1(a+d)=1,1(a) + tn1(ad) =0+
This implies 0,[c + | = [a + &] = [a] + [d'] = O,[c] + O, ][]
3. We prove the naturality of 0,,:
Let ¢ € Z,(C,), b € B,, with m,(b) = ¢ and d,,(b) = t,,—1(a). Then we have
Hy-1(ae) 0 On[c] = Hy-1(ae)[a] = [og-1(a)]-

Because diagram () commutes, we have 7, o 3,(b) = 7, 0 T,(b) = 7n(c) and because f, is a
chain map d), o 3,,(b) = B,—1 0dn(b) = Br_10ty_1(a) =t,_; 0 ay_1(a). This implies

0y 0 Hy1(7e)[c] = 0, [m(¢)) = [an-1(a)] = Hno1(as) 0 9nd]. -

The connecting homomorphisms allow us to organise the homologies of a short exact sequence
0 - A, = B, = C, — 0 into a long sequence, whose terms are related by the group
homomorphisms H,(ts) : Hp(As) — H,(B.) and H,(m,) : H,(B.) — H,(C.) and by the
connecting homomorphisms 0, : H,(C,) — H,_1(A,). It turns out that this sequence is exact.
The naturality of the connecting homomorphisms and the fact that the homologies are functors
H, : Chpap, — Ab ensure that this exact sequence is compatible with triples of chain maps.
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Proposition 2.2.7 (long exact homology sequence):

1. Any short exact sequence 0 — A, 2y By =% O, — 0 of chain complexes defines a long
exact homology sequence

Hn (o)

Hn(B.) Hn(ﬂ'o) 15) ) Hn—l(bo)

Ho(C) 2 H, (A Hn(re),

2 H(A) H, 1(B.)
2. Any commuting diagram of chain complexes with exact rows

0 A, —> B, —=(C, 0

defines a commuting diagram

Hyy1(me On Hy(e Hy(me On Hy—1(te
g () 2 B (A) T B (B T H (0) =2 o (A) T
jH’ﬂ+1(70) Hn(ao) lHn(Bo) Hﬂ(’)’o) LHnl(Ofo)
—_ / - > / / / /

.HnJrl(ﬂ")HnJrl(C.) 8;-&-1 H (A )H (Lo) Hn(B )Hn(ﬂo (C ) Hn 1<A ) nfl(L/o). '
Proof:
1.(a) We show exactness in H,,(B,):
For all a € Z,(A,) we have H,(m,) o H,(te)[a] = H,(7e)[tn(a)] = [m 0 tn(a)] = 0 by exactness
of the sequence. This implies H,(m,) 0 H,(ts)[a] = [m,0t,(a)] = [0] and im H,,(zs) C ker H,(m,).

Let now b € Z,(B.) with H,(m,)[b] = [m.(b)] = 0. Then there is a ¢ € C,41 such that
mn(b) = dyi1(c/) and by surjectivity of m,,1 a b € B,1 with m,,1(0') = ¢/. We then have
Tn(b = dpy1 (V) = 70 (b) — mp 0 dpy1 (V) = dpyi () — dg1 © Tpp1 (V) = diya () — dnya(¢) = 0.
This gives b — d,,11(b') € kerm,, and by exactness of the sequence there is an a € A, with
tn(a) = b — dp1 (V). This implies ¢,—1 0 dy(a) = d,, o ty(a) = dy(b) — d, 0 dyir (V') = 0,
because (o is a chain map, and d,(a) = 0 by injectivity of ¢,_;. Hence, a € Z,(A,) with
H,(te)[a] = [tn(a)] = [b— dpi1 (V)] = [b], and this shows ker H,,(m,) C im H,(ts).

1.(b) We show exactness in H,,_1(A.):

Let a € Z,_1(A.) and [¢] € H,(C,) with 0,[c] = [a]. Then there is a b € B,, with 7,(b) = ¢
and t,—1(a) = d,(b). This implies H,_1(te)[a] = [tn-1(a)] = [d.(b)] = 0. Hence, we have
im0, C ker H,,_1(ts).

Conversely, let [a] € ker H,,_1(ts). Then there is a b € B, with ¢, 1(a) = d,(b). With the
definition of the connection homomorphism, this implies 9, [7,(b)] = [a] and [a] € 0,H,(C,).
Thus we have ker H,,_1(t,) C im 0,,.

1.(c) We show exactness in H,(C,):
Because m, is a chain map, we have d,, o 7, (b) = m,_1 0 d,,(b) = 0 = 1,,_1(0) for all b € Z,(B,).
This implies 0, 0 Hy,(me)[b] = On[m,(b)] = [0] and im H,,(m.) C ker 0,.

Conversely, let ¢ € Z,(C,) with J,[c] = 0. Then by definition of the connecting homomorphism
there is a b € B, and an a € A,, with 7,(b) = ¢ and d,(b) = tp—1 0 dn(a) = d,, 0 t,,(a). This
implies d, (b — t,(a)) = 0 and hence b — 1,,(a) € Z,(B,). By exactness of the sequence we also
have 7, (b — tp(a)) = m,(b) — 7, 0 1y (a) = m,(b) = ¢. This shows that [¢] € im H,,(7,), because
H,(me)[b — tn(a)] = [mn(b— tn(a))] = [c], and that ker 0, C im H,, (7).
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2. The diagram of chain complexes and chain maps defines two long exact sequences of ho-
mologies and group homomorphisms on the vertical arrows between them. All squares in the
diagram of homologies that do not involve the connecting homomorphisms commute by func-
toriality of the homologies and because the associated squares of chain complexes commute.
The squares involving the connecting homomorphisms commute by Proposition [2.2.6] O

Example 2.2.8: Consider the short exact sequence 0 — A, = B, = C, — 0 of chain
complexes from Example [2.2.5] given by the following commuting diagram with exact rows

A. B. C.
0 0 0
ds' dg’ dg’
0—=A; =0 & B=7—"2" . ¢ =7Z—>0
dg dB:z—(2,2) d¥:z—0
0 AO _7 10:2++(2,2) BO —7 @ 7 Wo:(zl,zg)Hzg—zlcO _7 0
dg dg’ dg
0 0 0

From Example it follows that there can be only one non-trivial connecting homomorphism,
namely 0, : Hi(C.) — Hp(As). We have Z,(C,) = kerd{ = Z and for any ¢ € Z,(C,) = Z
we have ¢ = m(b) and (a) = d,(b) for some b € By and a € Ay if and only if b = ¢ and
o(a) = (a,a) = (c,c) = dB(b). This implies a = ¢ and

O, =id:Z — Z.
Using the results from Example [2.2.5 we find the long exact homology sequence

Hi(te Hy(me 1 Ho(te Ho(me
0—— Hy(A) Y 1 B " 1 (0,) 2 Hy (A T2 go(B) T gy ——0
0

0 5 Z = Z 5 Z = Z 0

where the last two labelled arrows in the bottom row are already determined uniquely by 0,
and the requirement that the sequence is exact. They can also be computed directly from the
commuting diagram that defines the chain complexes.
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3 Singular homology

In this section, we associate to every topological space a chain complex, its singular chain
complex, and to each continuous map a chain map, the singular map. We will also show that
homotopies between continuous maps give rise to chain homotopies and hence do not affect the
homologies of these chain complexes. This leads to functors H, : Top — Ab that are constant
on homotopy classes of continuous maps and hence descend to functors H, : KTop — Ab
from the homotopy category of topological spaces. We will then investigate its behaviour with
respect to subspaces and quotients.

In the following we focus on chain complexes in the category Z-Mod = Ab of abelian groups
and group homomorphisms between them. Chain complexes with coefficients in other abelian
groups are considered in Section [5

3.1 The singular chain complex

The idea of singular homology is to probe a topological space X by considering continuous maps
f A" — X from certain standard spaces, the standard simpleres A™. They are examples of
affine simplexes, convex hulls of discrete sets of point in R™.

Recall that an affine subspace A of an F-vector space V' with associated subspace V4 C V is a
subset A C V such that o’ —a € Vy for all a,a’ € A. This implies ¥ jA\a; € A for all ¢; € A
and \; € F with \g + ...+ A\, = 1. Such an expression is called an affine linear combination.

An affine map f : A — B between non-empty affine subspaces A, B C V is a map that
induces a linear map f : V4 — Vp. This implies that f respects affine linear combinations:
FEr g hiai) = E g if(a;) for all a; € A and A\; € F with Ao+ ...+ A, = 1.

Definition 3.1.1:

1. An affine m-simplex A C R" is the convex hull of m + 1 points vy, ..., v,, € R"
A = conv{vg, ..., v } = {Etiv; | 0 < t; < 1, X7 t; = 1},
It is called degenerate, if the vectors v; — vy, ..., v,,, — vy are linearly dependent.

2. The k-simplexes conv {v;,, ..., v; } for subsets {vj,,...,v;, } C {vo,...,v,} are called the
k-faces of A, the 0-faces are called vertices and the 1-faces edges.

3. An ordered m-simplex is an affine m-simplex with an ordering of its vertices. We write
[V0y -, U] for A = conv{wy, ..., v, } with ordering vy < v; < ... < vp,.

The advantage of working with affine simplexes is that all of their k-faces are again affine
simplexes. They are obtained by omitting an arbitrary subset of vertices from the simplex. Thus,
affine simplexes are simple building blocks for topological spaces that exist in any dimension
and can be reduced to specifying points. If we are just interested in affine simplexes up to
invertible affine maps, we can restrict attention to a set of non-degenerate standard simplexes
that are given by the origin and a standard basis of R™. The ordering of the standard basis
equips them with an ordering.
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Definition 3.1.2: Let (e, ..., e,) be the standard basis of R™ and ¢y := 0 € R".
1. The standard n-simplex is the ordered n-simplex
A" = [eg, .o, ) = {(t1,...,t,) eR"|0<t; < 1,87 ,t; <1}
2. Forn € Nand i € {0,...,n} the ith face map f* : A"! — A" is the affine map with

fe;) = { ]t ®)

€jt1 J = 1.

More precisely, we should say that the face maps are the restrictions to A"~! and corestrictions
to A™ of the affine linear map f7* : R"! — R" given by . As this is too cumbersome, we
will also use the term affine map for their restrictions to non-degenerate affine simplexes and
corestrictions to their images.

Note in particular that an affine map f : R” — R™ sends the standard n-simplex A" to a

possibly degenerate ordered n-simplex o = [vg,...,v,] C R™ with vy = f(ex). As the affine
map f is determined by the images of the vertices in A", we write f : A" — g, ¢; — v; or
f =lvo,...,v,] and do not distinguish affine maps f : R™ — R™ and affine simplexes in R".

In particular, this identifies the face map f* : A"™' — A" with the affine (n — 1)-simplex
= leo,. - €i—1,€i41,-..,6,] C R™ which is the face opposite e; in A™. This motivates the
name face map. In coordinates it is given by

Flr A AT () e (f e i, Oyt ).

The ordering of an affine m-simplex is pictured by drawing an arrow on each edge that points
from its vertex of lower order to its vertex of higher order. Note that the face maps respect the
ordering of vertices in the standard n-simplexes. They omit vertices, but do not change their
order. Hence, the ordering of the vertices in the (n — 1)-face f*(A" ') C A" induced by the
ordering of A"~! coincides with the one induced by the ordering of A™.

xs3
° 1
A X2
1
1
X2
- —>—=0— 1 X1 1
1 x
A2

0 1
Al A®

The standard n-simplexes for n = 0,1, 2, 3.
To describe faces of dimension < n — 1 in standard n-simplexes we can consider composites of
face maps. We then need to keep track of the relations between such composites. One can show

that all relations between different composites of face maps are consequences of the relations
in the following lemma.
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Lemma 3.1.3: The face maps satisfy the relations

frefit=frofint  0<j<i<nm )

Proof. We have for 0 < j<i<nand 0<k<n-—1

fier)  0<k<j U
fMeps) j<k<n-—1 k1 J S

(e, 0<k<j
flofi (en) = {

erro 1 <k<n-—1
€k 0<k<y
err1 J<k<i
| Eht2 1<k<n-—1.

f%(ek) 0§]€<Z—1_
frlersr) i<k<n—1

fi o fini (ex) = {

]

In a general topological space X there is no notion of an affine n-simplex. However, we can still
consider continuous maps ¢ : A” — X. Such continuous maps are called singular n-simplexes,
because we impose no injectivity conditions. All continuous maps are admissible, even the most
singular ones that send the entire standard n-simplex to a point.

As we wish to work in a linear setting, we not only consider singular simplexes, but also
finite formal linear combinations of singular simplexes with integer coefficients. Such linear
combinations are called singular n-chains. They are realised as elements of the free abelian
group generated by the set of singular simplexes in X.

Definition 3.1.4: Let X be a topological space.

1. A singular n-simplex in X is a continuous map o : A" — X.

2. Elements of the free abelian group S, (X) = (Homr,, (A", X))z generated by the set of
singular n-simplexes in X are called singular n-chains in X.

As the singular n-simplexes form a basis of the abelian group S,(X), any group homomorphism
¢ S,(X) — Ainto an abelian group A is determined by the images of the singular n-simplexes.
We therefore write f: S,(X) — A, 0 — f(o) without further comments in the following.

We now associate to each topological space a chain complex So(X) consisting of the abelian
groups S,(X) of singular n-chains in X. A boundary operator must assign to each singular
n-chain a singular (n — 1)-chain in X. Given the available structures, it seems plausible to send
singular n-simplexes o : A" — X to their composites with face maps oo f* : A" ! — X. To
obtain a boundary operator, we then take the alternating sum of these composites for all face
maps f': A"t — A"

In order to be useful, such an assignment of chain complexes to topological spaces must also
assign a chain map between them to each continuous map f : X — Y, in such a way that
this is compatible with the composition of continuous maps and with the identity maps. The
most obvious way to define such a map is to map each singular n-simplex o : A” — X to the
composite foo : A" =Y.
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Proposition 3.1.5: There is a functor S, : Top — Chyy, the singular chain complex
functor, that assigns

e to a topological space X the chain complex S,(X) with abelian groups S, (X) and
dp 0 Sp(X) = Sp1(X), 0= X y(=1)'c o fI" for n > 0.
e to a continuous map f : X — X’ the chain map Se(f) : Se(X) — Se(X’) given by
Su(f) : Su(X) = Su(X'), o= foo.

Proof:
1. We show that S,(X) is a chain complex: for all singular n-simplexes o : A" — X we have

I
NE

n—1

dp_y 0 dy(0) (=)o o flo fi!

<
Il
o

<. ﬂ
= o

3

I
™

(—D)™ oo flofi M+ ) > (=1) oo firo fi!

=0 75=0 =0 j=1
@ n -1 n n—1
it _1\it+J n z+] n n—1
2320 () Moo ffo it 30 Y (=) oo fio
=0 7=0 =0 j=
n—1 n—1 n—1n-1
=Y Y ) fro it 4 Z O
7=0 i=j =0 j=t

2. We show that Se(f) is a chain map: for all singular n-simplexes o : A™ — X we have

n

dy o Su(f)(0) =dn(foo) =) (=1)'focofl=S.1(f)odu(o).

=0

3. We show that S, respects the composition of morphisms: for all continuous maps f : X — X’
and g : X’ — X" and all singular n-simplexes o : A™ — X we have

Su(g) 0 Su(f)(0) = go foo =Su(go f)o).
4. We show that S, respects identity morphisms: for all singular n-simplexes o : A" — X
S,(idx)(c) =idx oo = 0.
O

The signs of the singular boundary operators have a geometrical interpretation and can be
visualised for n = 1,2, 3. For a l-simplex ¢ : A — X the sign in front of the term oo f} is +1
if the arrow on the ordered 1-simplex A! = [eg, e1] points towards e; and —1 if it points away
from e;. For a 2-simplex o : A? — X the sign of the term o o f? is given by the orientation
of A% If we orient A? = [eo, ey, e2] according to the ordering of the vertices from the vertex of
lowest to the vertex of highest order, as indicated by the blue arrow, then the sign is 41 if the
arrow on the 1-simplex f?(A!) is oriented parallel to this and —1 if it is oriented against it.
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For a 3-simplex o : A3 — X the sign in front of the term o o f? is given by the right hand rule.
If one equips each 2-face of A% with the orientation defined above and the fingers of the right
hand follow this orientation, then the sign is +1 if the thumb of the right hand points out of
A3 and —1 if it points inside A3.

€3 X3 xs

X2 T2 X2

T I X1

Z3 T3

X2 X2

1 1

The boundary operator is called boundary operator, because it assigns to a singular n-simplex
o : A" — X the alternating sum of the singular (n — 1)-simplexes o o f* : A"™! — X that are
the restrictions of ¢ to the (n —1)-faces of A™. Together, these (n — 1)-faces form the boundary
OA™ of A™ C R™.

The signs in front of the terms o o f/* ensure that applying the boundary operator twice gives
zero. This has a geometrical interpretation. Each (n — 2)-face f of A™ is contained in the
boundary of exactly two (n — 1)-faces. In one of them f is oriented parallel to the orientation
of the (n — 1)-face, in the other against it. Hence, the two contributions have opposite signs

and cancel. This encodes the fact that the boundary of the boundary of A™ is empty: one has
OA™ = U fr(A™ 1) and 9(0A") = 0.
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Composing the functor S, : Top — Chyyp from Proposition with the homology functor
H, : Chp, — Ab from Proposition yields for all n € Ny functors H,S, : Top — Ab,
the singular homology functors. They assign to each topological space an abelian group, the
singular homology group.

Definition 3.1.6:
The nth singular homology functor is the functor H,S, : Top — Ab that assigns to

e a topological space X the abelian group H,(X) := H,S.(X),
e a continuous map f : X — Y the homomorphism H,(f) := H,S.(f) : H,(X) — H,(Y).

The abelian group H, (X) is called the nth singular homology group of X.

The homology groups of a topological space X have several advantages over its singular chain
complex S¢(X). The first is that they are much more manageable and smaller than the groups
Sy (X) of n-chains. The latter have a huge basis consisting of all singular n-simplexes in X, which
is not even countable for most relevant examples of topological spaces. In contrast, the homology
groups are finitely generated for many relevant examples. This will become apparent in Example
3.1.10] and Theorem below. We start with some simple and structural examples.

Example 3.1.7: For the empty topological space ) there are no n-simplexes for any n € Nj.
Thus we have S, () = 0 for all n € Ny and H, () = 0 for all n € Ny.

Example 3.1.8: The one point space e has a single n-simplex ¢" : A™ — e for each n € Ny
and hence S, (o) = (0)z = Z for all n € Ny. Its boundary operator is given by

& : & : o™ ' neven
dn ny _ —1)g" o f* = _1zn—1:
)= 3o =3 - {7 o
Its singular chain complex is S,(e) = . .. 5727257297257 50 Its homologies are
Z/J0=7Z n=
H, (X) = /0 n=20
0 n#0

A more structural result that can be obtained directly from the definition of the singular
homologies are the homologies of sums of topological spaces. The proof of this claim is left as
an exercise (Exercise .

Proposition 3.1.9: Let X = I1,c;X; be a topological sum. Then the inclusions ¢/ : X; — X

induce isomorphisms
]n . EBZEIHn(Xz) :) Hn(X) n e No.

We will now determine the zeroth and first homology groups for more general topological spaces
X. Both of them have a geometric interpretation and encode relevant topological information.
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Example 3.1.10: Let X be a topological space. Then

Hy(X) = (X ~ Pz

(o(1) = (0) | 0:[0,1] = X continuous)z 0
o

where mo(X) is the set of path components of X.

Proof:
As A% = {0} all maps o : A’ — X are continuous, and they are in bijection with points of X.
Continuous maps o : A! — X are simply paths in X. This gives

So(X) = (X)z do : So(X) — {0}, z+—0
S1(X) = (0 :[0,1] = X continuous)yz dy : S1(X) = So(X), 0+ o(1) — a(0).

We obtain Zy(X) = Sp(X) and By(X) = (o(1) — a(0) | o : [0,1] — X continuous)z. Hence,
two O-cycles z,y € X are related by a O-boundary if and only if there is a continuous map
o : 10,1 - X with ¢(0) = z and o(1) = y, i. e. a path from x to y. Hence z,y € X are
identified if and only if they are in the same path component of X.

By selecting a point zp in each path component P € my(X), we can rewrite any Z-linear
combination v = X, z;x; of points x; € X uniquely as v = X" z;xp, + Y ., zi(z; —xp,), where
xp, represents the path component of ;. This defines an isomorphism Ho(X) = @ x)Z. O

As the 0th homology group Hy(X) of a topological space X is given by its set mo(X) of path
components, one expects that the first homology group H;(X) of a path connected topological
space X should be related to its fundamental group m(X). A 1-chain on X is a Z-linear
combination of paths o : [0,1] — X. The identity dy(c) = o(1) — ¢(0) implies that a singular
I-simplex o : [0, 1] — X is a 1-cycle if and only if the path o : [0, 1] — X is closed: o(0) = o(1).
One expects homotopies between paths with the same endpoints to be related to 2-simplexes.

However, there is an essential difference between the fundamental group (X)) and the first
homology group H;(X) of a path connected topological space X. The group multiplication
of m(X) is induced by the concatenation of paths and in general not abelian, whereas the
composition of 1-cycles is given by the addition in the abelian group Z,(X). For a collection
of paths based at a point € X their product in the fundamental group 71 (X) keeps track of
the order in which the paths are composed. The sum of their homology classes in H;(X) only
takes into account how often each path in the collection is traversed and in which direction.

We now show that for a path connected topological space X the first homology group H;(X)
is the abelisation of the fundamental group (X ). For this, recall that the commutator sub-
group |G, G| of a group G is the normal subgroup of G generated by the group commutators
lg,h] = ghg™'h~! of all elements g, h € G. The factor group G /|G, G] is abelian by construction
and called the abelisation Ab(G) of G . One can show that abelisation is characterised by a
universal property and defines a functor Ab : Grp — Ab from the category Grp of groups to
the category Ab of abelian groups (Exercise (3)).

Theorem 3.1.11: Let X be a path connected topological space and = € X.

1. The map ¢:m(x, X)— H1(X), [Y]r, — [¥]#, is a group homomorphism.
2. It induces an isomorphism ¢:Abm (z, X)— H(X), the Huréwicz isomorphism.
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Proof:
1. We show that ¢ : mi(x, X) — H1(X), [Y]r, — [V]a, is well-defined.

Note first that any path ~ : [0,1] — X with 7(0) = (1) is a singular 1-cycle, as A' = [0, 1]
and dy(7) =vo fg —yo fi =~(1) —(0) =0.

It remains to show that homotopic paths are related by a 1-boundary. Let 41,792 : [0,1] — X
be paths with +;(0) = v;(1) = x and h : [0,1] x [0,1] — X a homotopy of paths from ~; to vs.
Then we have h(0,t) = v1(t), h(1,t) = 1(t) and h(s,0) = h(s,1) = x for all £,s € [0, 1]. From
the homotopy h we construct a map o : A? = X defined by

o(s,t) = h(Z5, s +1) for (s,t) # (0,0), a(0,0) = z.

This map is continuous, because h : [0, 1] x [0,1] — X is continuous with h(s,0) = z for all
s € [0,1]. By applying the boundary operator, we obtain dy(c) = oo f& — o o ff + o o f7 with
cofst)=o(l—tt)=z, oofi(t)=0(0,t) =), ocof;(t)=0c(t0)=n()

Hence, o sends the face [e1, es] of A% to x, the face [eg, e2] to im (72) and the face [eg, e1] to
im (y1). We have dy(0) = 7, — 72 + 71 with the constant 1-cycle 7, : [0,1] — X, t — x.

)

A

T

7N

> L1

As 7, is a boundary 7, = da(p,) of the constant 2-simplex p, : A? — X, (s,t) — x, we have

0= [%U]H1 - [d2<0)]H1 + [72]H1 - [’yl]Hl = [72]H1 - [71]H1' This shows that [,Y]Hl depends only
on the homotopy class of v and ¢ is well-defined.

2. We show that ¢ : m(z, X) — H1(X), [V]x, — [Y]#, is a group homomorphism.
Let 71,72 : [0,1] — X be paths with ;(0) = v;(1) = z. By composing their concatenation

2t telo,l
/72*71:[071]%)(7 L ﬁ)/l( ) [1’2]
’)/2(225—1) t e [5,1
with the affine map g : A? — [0,1], (s,t) — %3 + t, we obtain a 2-simplex
o=+ m)og: A" =X, (s,t)— (2xn)(E+1)
that satisfies
oo fo(t) =o(l—t,t) =y xn(5+ %) = 72(t)
oo fi(t) =o(0,t) =y x 71 (t)
oo f3(t) = o(t,0) =y *11(g(t,0)) = 2 *x 11 (%) = n(t).
= dy(0) =1 +72 — V2 x M
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This implies
¢([71]ﬂ1) + ¢([72]7T1) = [71]H1 + [72]H1 = [72 *71]H1 = ¢([72 *71]71'1) = ¢([72]ﬂ'1 ) [71]ﬂ1)'
As H;(X) is abelian, this induces a group homomorphism ¢ : Abmy(z, X) — Hy(X).

3. We show that ¢ : Abm(z, X) — H;(X) is a group isomorphism by constructing its inverse.
We choose for every point y € X a path ¥ : [0, 1] — X with 4¥(0) =y, 7¥(1) = x and define

K :S5(X)— Abm(z, X), o [y )*0*7’(0)]%(#1)

for singular 1-simplexes o : [0,1] — X. As S1(X) is the free abelian group generated by the
singular 1-simplexes, this defines a group homomorphism.

a(0)

o(1)

5
To show that K : S;(X) — Abm(z,X) induces a group homomorphism K : H{(X) —
Abm(z, X), we show that K (dy(w)) = 0 for every singular 2-simplex w : A? — X:
Rl0a0) = Kl ff o i +ur0 1) = Koo ) = Kitso 1) Ko £
=[x (wo fo) x _‘”(1’0)]Ab(m) =[O % (wo f7) * 7OV apm
+ [7w * (wo f3)
(wOfl)*v Va0 s (wo ) % 70050 s (w0 f3) x 7O gy

(o fR) % (wo fg) * (wo f3) %7 apim) = [Mabim):

]Ab(7r1)

UJ

= [0 «
= [y %
where v : [0,1] — X is a loop with base point z that circles the boundary dw(A?) C X
counterclockwise and we suppress the bracketing in the concatenation of paths. As ~ is null
homotopic, we have K(daw) = [v]abr,) = 0. This implies By(X) C ker K, and K induces a
group homomorphism K : H(X) — Abm(z, X).

[y
€Tre

/—\ ,yw(l,O)

,yw(0,0)

y L1 w(1,0)
w(0,0)

We show that K : Hy(X) — Abm(z, X) is the inverse of ¢ : Abm(z, X) — Hi(X). For any
path ¢ : [0,1] — X with §(0) = 0(1) = = we have

K 0@ [8]anmy) = [V * 0 * 7] aber) = [V ]abem) — [V ]abm) + [0]abr) = [0]Ab(r)-

A linear combination x = X7 z;0; € S1(X) of paths o; : [0,1] — X is a 1-cycle if and only if
¥ gzi(0i(1) — 0;(0)) = 0. We then obtain

gbo K [I] = En OZZ[ ol )*Oi *701'( )] - En =0%i ([7ai(1)]H1 - [’Vai(O)]Hl + [Ui]hﬁ)

= Y oziloilm, = [7]m,.
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Hence K = Ab(¢)~! and ¢ : Abri(z, X) — H;(X) is a group isomorphism. O

If the fundamental group of a path connected topological space is known, we can use the
Huréwicz isomorphism to compute its first homology group. In particular, if the fundamental
group is abelian, the abelisation has no effect and the first homology group is Hi(X) = m(X)

Example 3.1.12:

1. Every simply connected and path connected topological space has a trivial fundamental
group m1(X) = {1} and hence a trivial first homology group H;(X) = 0.

The circle S* has fundamental group and first homology group m(S') = H,(S') = Z.
The torus 7" has fundamental group and first homology group 7 (7') = H(T') = Z x Z.
Projective space RP? has 7 (RP?) = H,(RP?) = Z/2Z.

The Klein bottle K has fundamental group m(K) = Z xZ/27Z and H\(K) =Z x Z/2Z

The fundamental group of an oriented surface > of genus g > 0 has the presentation

SR

7T1(Z) = <a1,b1, ce ,ag,bg | [bg,ag] s [bl,al] = 1)

Its first homology group is Hy(X) = Z*%.

Remark 3.1.13: There are analogues of this statement for higher homology and homotopy
groups, the Huréwicz theorem:

1. For any path connected topological space X and point x € X there are group homomor-
phisms ¢,, : m,(X) — H,(X) for all n > 2.

2. If X is (n — 1)-connected, that is non-empty and path-connected with 7 (z, X) = {1}
for 1 <k <n—1, then ¢, is a group isomorphism.

Note that abelisation is not required for n > 2, as the homotopy groups , (X) are then abelian.

3.2 Homotopy invariance

In this section we will derive the second advantage that the singular homologies of a topological
space have over its singular chain complex. In contrast to the singular chain complex they
are homotopy invariants. Concretely, this means that homotopic maps induce the same maps
between the singular homologies. As a consequence, homotopy equivalent topological spaces
have isomorphic singular homologies. This makes them more easy to compute, because one can
replace a given topological space by a homotopy equivalent one for which the homologies are
simpler to compute. For instance, the homologies of any contractible topological space can be
computed from the 1 point-space.

As the singular homology functor is the composite H,S, : Top — Ab, it is intuitive how to derive
this result. We show that a homotopy h: [0,1] x X — Y from f: X — Y tog: X — Y induces
a chain homotopy he : fo = ge with components h, : S,(X) — S,11(Y). As the singular n-
simplexes o : A" — X form a basis of S,,(X), we need to define them by their action on singular
n-simplexes. Given a singular n-simplex o : A" — X and a homotopy A : [0,1] x X — Y, the
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simplest way to construct a singular (n + 1)-simplex in Y is by constructing an affine linear
map T : A" ! — [0,1] x A" and considering the following composite

AL 10,1 x AT S 0 ) x X B Y. (10)

The affine linear map T : A" — [0, 1] x A™ should take the (n 4 2) vertices of A" to some
of the 2(n + 1) vertices in the prism [0, 1] x A", some some on the top face {1} x A™ and some
on the bottom face {0} x A™. This is achieved by the prim maps.

Definition 3.2.1: The prism maps are the affine linear maps

(0,e) 0<k<j<n

T A™ (0,1 x A", Ti(ex) = ,
(1,ep—1) 0<j<k<n+1

The prism maps decompose the prism [0, 1] x A™ into (n+1) different (n+1)-simplexes T (A™*1)
for 7 =0,...,n. In coordinates, they read

T9 A" [0,1] X A™) (t, o tns1) = (1o tjots b+ it oy oot ts tjan + oo+ Eng)-

x3

X2

X2
X1

X

The prism maps 77 for n =1, 2.

To prove later that our strategy yields indeed a chain homotopy, we need to investigate its
interaction with the boundary operator. This requires taking composites of the prism maps
with face maps and establishing the relations between such composites.

Lemma 3.2.2: The prism maps satisfy the relations

T? o f = (idjoyy x fi") o T2} Vi > (11)
T? o f = (idjoyy x fi1) o T2, Vj<i—1

T!o frtt =Tt o frtt Vie{l,..,n}

Toofg™ =it Tiofifi=1

where i : A" — [0,1] x A",z (t,x) is the inclusion map and f" : A" — A" the face
map from Definition |3.1.2]
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Proof:

This follows by direct computations with the definition of the prism operators and the face

maps.
e case 1: For j > ¢ we have

Tie)  0<k<i (0,er) O0<k<i

; e 1

Tio fi er) =3, " . =4 (0,ep1) 1<k<y
T(epr1) 1<k<n .

(Ler) Jj<k<n

. n i 0, fi*(e 0<k< . ‘
(idouy x 1) o T Hey) = 4 Ol OSk<d 1oty k<
(1, fi(ex—1)) j<k<n )

e case 2: for j < i — 1 we have

' k . >
T9 n+1 — _ = _ 1 e . .
n © fz (ek) {T£(€k+1) i < E<n ( ) €k 1) J < k<

(ido, % fiq) o Ty _y(ex) = {( Jit(er)) J

(Lfin_1(€k—1)) j<k<n
e case 3: for ¢ € {1,...,n} we have

; T: 0<k<i
T:;szn+1(ek) _ { n(ek) 1= 1 _ (0’€k_1> b

Ti(ery1) 1<k<n

. Ti_l(ek) 0<k<i
Tz—l n+l — n —= _ 0 - E—i
n © fz <€/€) {Tél(ek—i—l) i<k<n ( ) €k 1) L

e case 4: For all k£ € {0,...,n} we have

Ty o fitt(er) = T (ers1) = (Liew)  To fri(ex) = T (er) = (0, ex).

O

With these preliminaries we can now construct chain homotopies from a given homotopy A :
[0,1] x X — Y. The act on a singular n-simplex ¢ : A™ — X as outlined in . In analogy
to the definition of the boundary operator, we take an alternating sum over the different prism

maps.

Proposition 3.2.3:

1. A homotopy h: [0,1] x X = Y from f: X — Y to ¢g: X — Y induces a chain homotopy

Se(h) : Se(f) = Sa(g).
2. If f~g:X —Y are homotopic, then H,(f) = H,(g) : H,(X) — H,(Y).
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3. Any homotopy equivalence f : X — Y induces an isomorphism H,(f) : H,(X) — H,(Y).

Proof:
1. Given a homotopy A : [0,1] x X — Y from f : X — Y tog: X — Y, we define the associated
chain homotopy by specifying its components

Sp(h) = Sp(X) = Spir (Y ,UHZ 1) hoo (idyy x o) 0 T4 (12)

The relations between the prism operators ensure that this is indeed a chain homotopy:

(dnt1 0 Su(h) + Sp1(h) o dy) (o)
n+l n

= Z Z er]h o 1d[0 1] X o)o TJ o an (— I)Hjh o (id[o,l] X 0)o (id[071] X fl) o Tgfl
=0 7=0 =0
n+1 i—2

=> Y (=1D)™ho (idgy x ) o (T] o i = (idjo.qy X fI"1) 0 T1_,)
i=1 7=0
n+1

—Zho (idgo,1 x o) ol 1Of"”“l—i-z:ho (idjo,1y % o)oT! o fit!
i=1 =0
n+l n

+ Z Z H_Jh O ld[o 1] X 0') (Tﬂb @) fin_‘—l — (id[O,l] X f?) O T#J:i)
=0 j=i+1

D 1o (idipy x 0) 0 T 0 £+ — ho (idpy x o) 0TI o £+

n

3
3
|
—

W’
o

(
ho (idpy x o) oi' —ho(idpy x 0) 0i’ = h(l,—) oo —h(0,—) oo =goo — foo
= (Sn(g) — Su(f))(0),
where we split the first sum into the cases j <t—1, 7 =1i—1, j =4 and j > 7, the second sum

into the cases j < ¢ and j > ¢ and shifted the indices ¢ — ¢ + 1 and 7 +— j + 1 in the second
sum to combine the terms. This shows that S,(h) is indeed a chain homotopy.

2. If f and g are homotopic, then by 1. there is a chain homotopy Se(h) : Se(f) = Se(g). By
Proposition [2.1.12] this implies H,,(f) = H,S.(f) = H,S.(g9) = H,(g) for all n € Ny.

3. 1If f: X — Y is a homotopy equivalence, there is a map ¢g : ¥ — X such that go f ~ idx
and f o g ~ idy. This implies that Se(f) : Se(X) — Se(Y") is a chain homotopy equivalence, as

Se(9)0Se(f) = Salgo f) ~ Se(idx) = ids, (x) and Se(f) 0 Su(g) = Se(fog) ~ Si(idy) = ids,(v)-
By Proposition 3. Ho(f) = HuSe(f) : HySe(X) — H,S.(Y) is an isomorphism. O

Corollary 3.2.4: If X is a contractible topological space we have

RSP S

3.3 Subspaces and relative homology

In this subsection and the following subsections, we develop tools to compute the homologies of
certain nice topological spaces systematically. In this section, we start by relating the homologies
of a topological space X to the homologies of its subspaces A C X.
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The inclusion ¢4 : A — X, a + a for a subspace A C X is continuous by definition of the
subspace topology. It induces a chain map Se(t4) : Se(A) = Se(X) and a group homomorphism
H,(ta) : Hy(A) — H,(X). However, this group homomorphism is in general not injective.
Consider for instance the inclusion tg, : S' — D? that realises the circle as the boundary of a
2-disc. Then we have H;(S') = Z by Theorem [3.1.11]and H;(D?) = 0 by Corollary [3.2.4] as D?

is convex and hence contractible. The group homomorphism Hi(ts1) : Z — 0 is not injective.

Thus, the relation between the homologies of a topological space X and a subspace A C X
takes a more complicated form. To investigate it, we consider pairs (X, A) of a topological
space X and a subspace A C X and organise them into a category Top(2). Its morphisms
are continuous maps that map the chosen subspaces into each other. Note also that we can
interpret a topological space X without a choice of subspace as a pair (X, ). For a continuous
map between such pairs the condition that subspaces are mapped into each other is void.

Definition 3.3.1: The category Top(2) has

e as objects pairs (X, A) of a topological space X and a subspace A C X,
e as morphisms f : (X, A) — (Y, B) continuous maps f: X — Y with f(A) C B.

We denote by I : Top — Top(2) the inclusion functor that sends

e a topological space X to the pair (X, 0),
e a continuous map f : X — Y to the morphism [ : (X,0) — (Y,0).

We will also need a proper notion of homotopy for morphisms f : (X, A) — (Y, B) in Top(2)
that should reduce to the ordinary notion of homotopy for morphisms f : (X,0) — (Y,0). A
sensible condition is that a homotopy & : [0,1] x X — Y between f, f': (X, A) — (Y, B) should
satisfy A([0,1] x A) C B. Note that this is a weaker condition than a homotopy relative to A,
as it is not guaranteed that the restrictions of f and f’ to A coincide.

Definition 3.3.2:
1. Two morphisms f,g : (X,A) — (Y, B) in Top(2) are called homotopic, f ~(x 4y g if
there is a homotopy A : [0,1] x X — Y from f to g with A([0,1] x A) C B.

2. A morphism f : (X, A) — (Y, B) in Top(2) is called a homotopy equivalence, if there
is a morphism g : (Y, B) — (X, A) such that go f ~(x.4) 1(x,a) and f o g ~v.B) Lv.B).

Remark 3.3.3:

1. Homotopic is an equivalence relation on the morphism sets in Top(2) that is compatible
with the composition of morphisms:
if f~xa fi(X,A) = (Y,B)and g ~ypy g’ 0 (Y, B) — (Z,C) then go f ~(x.4) g0 f'.

2. We obtain a homotopy category KTop(2) with the same objects as Top(2), whose mor-
phisms are homotopy classes of morphisms in Top(2). Isomorphisms in XTop(2) are ho-
motopy equivalences in Top(2).

We will now assign to each object (X, A) of Top(2) a chain complex and to each morphism
f: (X,A) — (Y, B) a chain map. This should define a functor from Top(2) into Chy, that
reduces to the functor from Proposition for pairs of the form (X, () and morphisms
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f o (X,0) = (Y,0) between them. In other words, we require that its composite with the
inclusion functor I from Definition [3.3.1] coincides with S,.

The key observation is that for any subspace A C X the inclusion ¢4 : A — X is continuous and
hence defines a chain map Se(t4) : Se(A) = Se(X) with injective components. This identifies
the singular chain complex of the subspace with a subcomplex Se(A) C Se(X).

We can therefore consider the associated quotient complex S(X)/Se(A) from Proposition[2.2.4]
This amounts to identifying two n-chains in S,,(X), whenever they differ by an n-chain in S,,(A).
As S,(0) = 0 for all n € Ny by Example [3.1.7, this yields the usual singular chain complex
Se(X) = Se(X)/Se(0) for pairs (X, 0).

Proposition 3.3.4:

1. There is a functor S : Top(2) — Chay, the relative chain complex functor, that
o assigns to (X, A) the chain complex S{” (X, A) with S(X, A) = 5,(X)/S,(A) and

4D Su(X)/Sn(A) = Suo1(X)/Sn-1(4), o] = [dn(0)]:
e to a morphism f : (X, A) — (Y, B) the chain map 552)(f) : SEQ)(X, A) — SSQ)(Y, B)

S = Su(X)/8a(A) = Su(Y)/Su(B), o] = [falo)].

2. A homotopy h: [0,1] x X — Y from f: (X, A) — (Y,B) to g: (X, A) — (Y, B) induces
a chain homotopy SEQ)(h) : Ssz)(f) = 52 (9)-

Proof:

1. The inclusion ¢4 : A — X defines a chain map Se(ta) @ Se(A) — Se(X) with components
in = Sp(ta) 1 Sp(A) = Sp(X), 0+ 0. Thus Se(A) C S¢(X) is a subcomplex and S¢(X)/S.(A)
the associated quotient complex from Proposition [2.2.4!

Any morphism [ : (X, A) — (Y, B) defines a chain map S¢(f) : Se(X) — Se(Y) that satisfies
Se(f)lse(a) = Se(fla) : Se(A) = S¢(B) by construction. By Proposition this defines a
chain map 5(2)(]”) Se(X)/Se(A) — Se(Y)/Se(B). Compatibility of the functor with iden-

tity morphisms and with the composition of morphisms follows directly from the commuting
diagram (|5)) in Proposition and the functoriality of S, : Top — Chay,.

2. Let h:[0,1] x X — Y be a homotopy from f: (X, A) = (Y,B) tog: (X,A) = (Y, B) with
h(]0,1] x A) C B. We consider the associated chain homotopy Se(h) : Se(f) = Se(g) given by
formula in the proof of Proposition [3.2.3l As h([0,1] x A) C B, its components

Sn(h) : Sp(X) = Sp1(Y), o= X7 (=1) ho (idjy x o) o T}

assign to a singular n-simplex o : A™ — A the singular (n+1)-simplex S, (h)(c) : A" — B. Tt
follows that the maps S, (h) of the chain homotopy restrict to maps S, (h) : S, (A) = Spi1(B).
By Proposition m this defines a chain homotopy S{° (h) : Se 2 (f) = 5P(g). O

Given the functor S : Top(2) — Chyy, we can now define the homologies of pairs of topological
spaces in analogy to Definition by post-composing with the functor H,, : Cha, — Ab
from Proposition . As we already showed that homotopies between morphisms in Top(2)
define chain homotopies, we also directly obtain a counterpart of Proposition [3.2.3]
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Definition 3.3.5: The relative homology functor H, S, : Top(2) — Ab assigns to

e a pair (X, A) the homology H, (X, A) = H,5? (X, A),
e a morphism f: (X, A) — (Y, B) the group homomorphism

H,(f) = HpSo(f) : HySP (X, A) — H,SP (Y, B).

Corollary 3.3.6:

1. If f,g: (X,A) — (Y, B) are homotopic, then H,(f) = H,(g9) : H,(X,A) — H,(X, B)
for all n € N.

2. Any homotopy equivalence f : (X, A) — (Y, B) in Top(2) induces an isomorphism
H,(f): H,(X,A) = H,(X, B).

With the relative chain complex functor IS Top(2) — Chyy, from Proposition , we
can now clarify how the homologies of a topological space X are related to the homologies
of a subspace A C X. They key observation is in Proposition [2.2.4] It is shown there that
subcomplexes and the associated quotients define a short exact sequence of chain complexes.
By Proposition this gives a long exact sequence of homologies.

Theorem 3.3.7 (long exact sequence for relative homology):

1. Every pair (X, A) of topological spaces defines a long exact sequence of relative homologies

Hi(7)

2 ) 1Y g x) O

I b(x, A) 2 Hy(A) 2o

— Ho(X,A) — 0
2. Every morphism f : (X, A) — (Y, B) defines a chain map between long exact sequences

() D (X, A) P Ho(A) T Ho(X) S E Ho(X, A)—0 (13)

lHl(fX) jHl(f) lHo(fA) jHo(fX) LHO(f)
Hy(Y) ——= H\(Y, B) —— Ho(B) Ho(Y') Ho(Y,B) —0

Hy(n') 1 Ho (i) Ho(n")

Proof:
Note first that every subspace A C X defines two morphisms in Top(2)

(A,0) 2222 (X, ) Z225 (X, A). (14)

By Proposition [2.2.4| and [3.3.4] the functor 52 Top(2) — Chyp, sends them to the following
short exact sequence of chain complexes

0 = Su(A) 25 So(X) % S4(X)/Su(A) — 0.

Every morphism f : (X, A) — (Y, B) in Top(2) induces morphisms f4 : (A,0) — (B,0) and
X (X,0) — (Y,0) such that the following diagram in Top(2) commutes

(A, 0) ——= (X,0) —> (X, A)

o)
(B,0) —— (V,0) —~ (¥, B)

7_(_/
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Applying the functor S Top(2) — Chyy, yields a commuting diagram with exact rows
0——= Suo(A) —2= So(X) —"= SPP(X, A) —=0

lsfo) Ls«fX> ls?kﬁ
0—= Su(B) —= Su(Y) —+ S (Y, B) —0

by Proposition and Proposition By Proposition this defines the long exact

homology sequence and commuting diagram (({13|) with exact rows. O

In view of the fact that the relative homologies are functors H,, : Top(2) — Ab one might ask
what algebraic structure is given by the connecting homomorphisms. To clarify this, recall that
a pair (A, B) of topological spaces always defines three objects in Top(2) and two morphisms

between them, namely (4,0) = (X,0) 5 (X, A). Consequently, the associated homologies
define a triple of functors for each n € Ny, namely

e the functor H! : Top(2) — Ab that assigns to (X, A) the homology H, (A) = H,(A4,0),
e the functor H? : Top(2) — Ab that assigns to (X, A) the homology H,(X) = H,(X,0),
e the functor H? : Top(2) — Ab that assigns to (X, A) the relative homology H, (X, A).

From this viewpoint, The connecting homomorphisms 0,, appear as a natural transformations
O, : H> = H! . Their naturality is simply the statement that the squares in diagram (13)
that contain connecting homomorphisms commute.

Corollary 3.3.8: For all n € Ny the connecting homomorphisms define natural transforma-
tions 0, : H3 = H}_,

Theorem is a useful tool to compute relative homologies. It works particularly well, if
the topological space X or its subspace A C X is contractible and for subspaces with special
properties, such as retracts or deformation retracts.

Example 3.3.9: Let X be a topological space and A C X a subspace with the long exact
homology sequence

' On+2 Hn+1(A) M Hn+1(X> M Hn+1(X A) n+1 Hn(A) H"_(Z)> Hn(X)

e If X is contractible, then H,(X) =0 for all n € N and im 0,4, = ker H,(¢:) = H,,(A) and
ker 0,11 = im H,1(7) = 0 for all n € Ny. This implies

Hy(X,A) = Hy(A) neN.

e If Ais contractible, then H, (A) = 0 for alln € N and Hy(i) : Hy(A) — Hy(X) is injective.
This implies im H,,11(7) = ker 0,41 = Hp11(X, A) and ker H,,11(7) = im H,,41(¢) = 0 for
all n € Ny. It follows that

Hn(m)

H,(X)> H,(X,A) n € N.
Example 3.3.10: For k,n € N the relative homologies of the (k + 1)-disc D¥™! and the
k-sphere S* = 9D**1 are given by

anl(sk) n > Q,k ENO
H, (D' sM =<7 n=1%k=0
0 n=1,keNorn=0keN,.
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Proof:

For n > 2 and k € Ny the claim follows from Example for A = S* = 9DM! c DM = X,
because the closed (k + 1)-disc D¥*1 = {z € R¥! | ||2|| < 1} is convex and hence contractible.
For n =1 and k£ € N, the long exact homology sequence yields

C = Hy(DMY) = Hy(DM, S L Ho(S%) 2% Hy(DFFY) & Hy(DF, %) — 0

=0 =7 =7,
Hence, f is injective with im f = kerid = 0 and g surjective with kerg = imid = Z, which
implies H, (D S*) = Hy(D*, 8*%) = 0. For n = 1, k = 0, we have the exact sequence

1 1 oy f 0y Pi(z1,22)—21422 1\ 9 1 @0

—— ~—— ——
=0 ~>7.D7 >~7,

It follows that f is injective with im f = ker h = Z and g is surjective with kerg = imh = Z,
which implies H; (D', S°) = Z and Hy(D*, S%) = 0. O

Another application of Example arises, when we consider a subspace A = {x} C X that
consists of a single point and hence is contractible by definition. In this case, we can also describe
the zeroth relative homology group more explicitly. The resulting relative homologies are called
reduced homologies. They are convenient, if one works with path connected topological spaces
and if one wants to omit the zeroth homology groups that contain no relevant information.

Example 3.3.11: Let ) # X a topological space and x € X. For n € Ny the reduced
homology groups of X are the homology groups

H,(X) = Hn(X, {z})

By Example we have H,(X) = H,(X) for all n € N. The zeroth reduced homology is
given by Hy(X) = kere, where € : Ho(X) — Z with €([z]) = 1 and €([2']) = 0 if 2’ € X is not
in the same path component as z. In particular, if X is path-connected, one has Hy(X) = 0.

To treat further examples, we consider different notions of retracts and deformation retracts.
Recall that for a subspace A C X two maps f,g : X — Y are homotopic relative to A,
denoted f ~4 g, if f(a) = g(a) for all @ € A and there is a homotopy & : [0,1] x X — Y with
h(t,a) = f(a) = g(a) for all a € A and t € [0, 1].

Definition 3.3.12: Let X be a topological space, A C X a subspace and ¢4 : A — X its
inclusion. Then A is called a

e weak retract of X, if there is a continuous map r : X — A, with r oty ~ idy4,

e retract of X, if there is a continuous map r : X — A with r o4 = idy4,

e deformation retract of X, if there is a continuous map r : X — A with r o1, = idy
and 14 or ~ idy,

e strong deformation retract of X, if there is a continuous map r : X — A with
oLy :ldA and LAOT vy ldX

The map r : X — A is called a retraction.
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Note that by definition any strong deformation retract is a deformation retract, any deformation
retract is a retract, and any retract is a weak retract. Also by definition, any deformation retract
is a homotopy equivalence. Some examples are the following.

Example 3.3.13:

1. For any topological space X and any point z € X, the set {x} C X is a retract of X
with retraction 7 : X — {x}, x — x. The subspace {z} C X is a deformation retract of
X, if and only if X is contractible.

2. 8™ is a strong deformation retract of (R"™)* with the retraction and homotopy
r RTS8 re R [0,1] x (RTTYX o (R (82) e tr + (1 —t)

X
]| 1E410

3. For any topological space X the space X x {0} = X is a strong deformation retract of
the cylinder X x [0, 1] with the retraction and the homotopy
r: X x[0,1] = X, (z,t) = (x,0),
h:[0,1] x (X x [0,1]) = X x [0,1], (¢t,z,s) — (x,ts).

For retracts A C X the long exact homology sequence and the relative homologies take a
particularly simple form. Whenever a subspace A C X is a weak retract of X, the connecting
homomorphisms are trivial, and the long exact homology sequence splits into short exact se-
quences. The homology group H,,(X) is then the direct sum of the homology group H,(A) and
the relative homology group H, (X, A). If A is even a deformation retract of X, it follows that
all relative homology groups are trivial.

Proposition 3.3.14: If A C X is a weak retract of X, then for all n € Nj
H,(X)= H,(A)® H,(X,A).
Proof:
As A C X is a weak retract of X there is a retraction r : X — A with ro14 ~ id4. This implies
Hy,(r)o Hy(ta) = Hy(rova) = Hy(ida) = idp, (a), and hence H,(14) : Hy(A) = H,(X) has a
left inverse and is injective. In the long exact homology sequence
S Hy (A) TS H (X) T Ho (X, A) 25 H,(4) 255 H,(X)

this yields 0 = ker H,,(t4) = im 0,41 and ker 0,11 = im H,,11(7) = H,1(X, A) for all n € Ny.
The long exact homology sequence splits into short exact sequences

Hpn(ta) Hp ()

0 — H,(A) 2 gx) 2O o x, A) . (15)
As the injection H,(t4) has the left inverse H,(r), the short exact sequence splits by
Exercise [§ and H,(X) = H,(A) & H,(X, A) for all n € Ny. O

Corollary 3.3.15: Let X be a topological space and A C X a deformation retract of X.
Then we have for all n € Ny

H,(A) = H,(X) H,(X,A)=0.
Proof:

As A C X is a deformation retract, its inclusion ¢4 : A — X is a homotopy equivalence and
H,(va) : Hy(A) = H,(X) is an isomorphism by Proposition [3.2.3] As A C X is a retract, we
also have the short exact sequence (15)). It implies ker H, () = im H,,(t4) = H,(X). As H, ()
is surjective, it follows that H,(X, A) = 0 for all n € Ny. O
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3.4 Small simplexes and barycentric subdivision

A very useful tool in topology are open covers. An open cover of a topological space X is a
family (U;);er of open subsets U; C X such that X = U;c;U;. Open covers are often used to
define structures on topological spaces locally on the sets U;, in such a way that they agree
on the overlaps U; N U; of these open sets and then to obtain a global definition. This is a
standard procedure when dealing with manifolds. A similar procedure is also used to compute
fundamental groups of topological spaces with the Theorem of Seifert and van Kampen.

We want to apply similar techniques to compute homologies. For instance, we want to compute
the homologies of a topological space X as in the Theorem of Seifert and van Kampen by
choosing open subsets Uy, Uy C X with U; U U; = X. This requires that we adapt singular
n-simplexes o : A" — X to a given open cover (U;);e; of X. We need to replace them in a
controlled and systematic way by simplexes 7 : A" — X whose image is contained in at least
one of the sets U;.

The obvious idea how to achieve this is to use a systematic subdivision procedure that is
compatible with the boundary operators. As the latter are given by pre-composition with the
face maps, it seems sensible to first define this subdivision procedure for affine simplexes between
standard simplexes and then to transport it to the topological space X by applying the singular
n-simplexes o : A" — X.

As this procedure should be systematic and compatible with all face maps, it needs to subdivide
an affine n-simplex o : A" — AP together with all of its lower dimensional faces. This can be
achieved by adding for each k-face of ¢ a distinguished point, the barycentre that is obtained by
averaging over its vertices. The resulting procedure is called barycentric subdivision and defined
inductively.

We start by defining barycentric subdivision for affine simplexes between standard simplexes.
As in Section we use the notation o : A" — AP ¢; — v; or 0 = [vg,...,v,] for an affine
linear map o : A" — AP with o(e;) = v; € AP. The face maps f" : A"' — A" from Definition
read f' = [eg, ..., €j,...,€y], and the boundary of an affine simplex o : A" — AP is

do(0) = [v1, ..., 0] = [0, V2, ooy 0] + oo+ (=1) Vo, - -+ Unei]

As the boundary d, (o) for an affine n-simplex o : A™ — AP is a linear combination of affine
(n — 1)-simplexes, the affine n-chains form a subcomplex S (AP) C S,(AP).

We first describe a procedure that adds an additional vertex v to an ordered affine n-simplex
o : A" — AP, This is achieved via the cone maps. The name is motivated by the fact that this
additional vertex v can be viewed as the tip of a cone, whose base is the affine n-simplex 0. We
always choose the additional vertex v as the last vertex of the ordered affine simplex, but this
is simply a convention that is chosen differently in some references.

Definition 3.4.1: For v € A? and n,p € Nj the cone map C? : S2(AP) — ST, (AP) is the
group homomorphism

Cp: SHAP) — ST (AP),  [vo, .-y 0] = [Voy - oy Uy 0]

Intuitively, it is clear that the boundary of a cone over an n-simplex ¢ should consist of an
n-face opposite to v that corresponds to o and a number of n-faces that contain v and an
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(n — 1)-face of o. The latter are themselves cones with tip v over the (n — 1)-faces of 0. The
algebraic counterpart of this statement is the following lemma.

[/UO: /U]

V2

Yo [Uh 'UQ]

[/007 U1

(%1

Cone [vg, v1, vz, v] over an affine 2-simplex [vg, v, vo] with 2-faces
[vo, v1, V2], [vo, v1, 0], [0, v2, V], [v1,v2,v].

Lemma 3.4.2: The cone maps satisfy
1. dy o C¥(0) = v — o for all singular 0-simplexes o : A — AP, where v : A® — AP, e+ v.

2. dpy10Cl (o) —Cl_yod,(0) = (—=1)""o for all affine simplexes o : A" — AP and n € N.

Proof:
1. For all 0-simplexes o = [vg] : AY — AP we have d; o C¢(0) = d[v,v] = [v] — [vo] = v — 0.
2. For all n-simplexes o = [vg, ..., v,] : A" — AP we have

dpi10Cr(o) —Cr_ody(0) =dpi1[ve, ..., Un,v] — Z;-‘:O(—l)jCﬁ_l[vo, cey Dy, )

= Z?ZO(—l)j[vo, oDy U, 0] (=) g, ] — E?ZO(—l)j[vo, ey Vg U, ]

= (=1)" g, ..., v.] = (=1)"0.

O

We will now choose as the tip of a cone over an n-simplex o = [vg,...,v,] : A" — AP a

special point, namely the barycentre b(c) = %H(vo + ...+ v,). This has the advantage that
it is a canonical choice and always contained in the simplex. For a 1-simplex o = [vg, v1] the
barycentre defines a subdivision into 1-simplexes [vg, b(o)] and [v1, b(o)].

For a 2-simplex o = [vg, vy, 2], we apply this subdivision procedure to all 1-faces and add
an additional vertex in the middle that is the barycentre of ¢. This subdivides ¢ into six 2-
simplexes, each of which contains the barycentre b(o), one barycentre of a 1-face and one vertex
of 0. Likewise, for a 3-simplex o = [vg, v1, U2, v3] we apply this procedure to all 2-faces and add
an additional vertex, the barycentre b(o), in the middle. This subdivides ¢ into 24 simplexes,
each of which contains the barycentre b(c), one barycentre of a 2-face, one barycentre of a 1-face
contained in the 2-face and one vertex of ¢ contained in the 1-face. We extend this procedure
inductively to higher-dimensional simplexes.
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Definition 3.4.3: Let p,n € Nj.

1. The barycentre of an affine n-simplex o : A" — AP is b(0) = =5 >/ o(ex).
2. The barycentric subdivision map B, : S (AP) — S (AP) is defined inductively by

By = idg,(ar) B,(c) = (—1)" Z(_Ul) oB,_j10d,(0) forn>10:A" - AP.  (16)

Remark 3.4.4:

1. One can show with the inductive definition (Exercise[29)) that for any affine-linear simplex
o= lvg,...,v,] : A" = AP the barycentric subdivision is given by

n ™ ™ ™ 1 -
Bn(g)[e())-"ven] = Z (_1> Sgn(ﬂ-)[UOV'wvn] U = r+1 Zvﬂ(j)

TESn4+1 7=0

Each affine n-simplex 7 in B, (o) is of the form 7 = [b(fo),b(f1), - -, b(fn_1),b(fs)], where
b(fx) is the barycentre of a k-face fy of o and fo C fi... C fuo1 C fa.

2. It follows from 1. that for each affine n-simplex o : A™ — AP we have
B, (o) = S,(0) o By, (idan). (17)

The map S,(0) : Sp(A") — S,(AP), 7 — o o T acts on an n-simplex 7 of B, (idax) by
transporting its vertices with o.

Example 3.4.5: For affine 0, 1, 2-simplexes we have

Bolvo] = [vo]
Bi[vg, v1] = [vo, 5(vo +v1)] = [v1, 5 (vo + v1)]

BQ[Uo,Ul,UQ] = [1}0, %(Uo —|—'U1), %(Uo —+ +Ug)] — [Uo, %(Uo + UQ), %(Uo + U1 —|"U2)]
+ [vy, %(01 + v2), %(Uo + v + v3)] — [vy, %(Uo + 1), %(Uo + vy + v3)]
+ [’02, %(Uo + UQ), %(Uo + v+ U3>] — [UQ, %(Ul + ’UQ), %(UO + v + U2>]
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Remark and Example show that barycentric subdivision gives a systematic way to
subdivide an affine n-simplex into smaller simplexes. In fact, we control the size of the simplexes
in the barycentric subdivision, if we know the size of the original affine simplex. As the standard
n-simplexes A" are compact subspaces of the metric spaces R", we can use the diameters of
the affine simplexes as a measure of their size.

Recall that for a subspace M C X of a metric space (X,d) the diameter of M is defined as
diam M = sup{d(z,y) | z,y € M}. Recall also that for a compact subspace M C X this
supremum is attained: there are points p,q € M with diam M = d(p, q).

Lemma 3.4.6: Let 0 : A™ — AP be an affine simplex. Then every simplex 7 : A" — AP in
the affine n-chain B, (o) has

diam 7(A") <

o 1diam o(A™).

n —+

Proof:

We use induction over n. For n = 0 the claim holds trivially. Suppose it is shown for n < k —1,
let 0 : A*¥ — AP be an affine k-simplex and 7 : A* — AP a k-simplex in Bj(c). Then
7(AF) C o(AF) is compact as the image of the compact space AF under a continuous map, and
there are p,q € 7(A*) with diam 7(A*) = ||p — ¢||. By Remark either (i) there is a face
p=oco fF: AP — AP of o such that p,q € p(AF1) or (ii) we can assume that ¢ = b(o).

In case (i) we apply the induction hypothesis to the affine simplex p with p(A*~!) C o(AF)
diam 7(A*) = ||p — ¢|| < Exdiam p(A*") < ELdiam o(A¥) < odiam o (A").

k+1

For case (ii) note first that we can express any point p € o(A*) as p = X5_Ajo(e;) with
Aj € [0,1] and 25_A; = 1. This yields for any g € o(AF)

0 — gl = 1Z52025(0(e5) — DI < Zj_oAslloe) — gl < maxjmo,_illo(e;) —qll-
Setting ¢ = b(c) we then obtain

diam 7(A*) = ||p — ¢|| = |[p — =5 Zio(e)]]

F+L
< max;—o, . kllo(¢;) — kilEk oo ()l = maX; 0.t |7 S0 (0 (e5) — a(er)]
< pmaxj—o,. (Siollo(ey) — a(en)ll) = mymaxjoo..k (Zig.nsllo(es) — oe)ll)
< k_’ildlama(Ak)

O

We now define the barycentric subdivision for general singular n-simplexes o : A" — X. As o
is a continuous map, it induces a chain map Se(0) : Se(A") — Se(X). We can therefore first
apply the affine barycentric subdivision map B,, from Definition to the affine n-simplex
idan : A™ — A" and then transport the resulting simplexes 7 to X by applying S, (o). This
sends each such simplex 7 to 0 o 7 : A™ — X. Note in particular that for each affine simplex
o : A™ — AP this yields its barycentric division by Remark [3.4.4] 2.

Definition 3.4.7: Let X be a topological space.
The barycentric subdivision operator is the group homomorphism

BX :8,(X) = Su(X), o+ BX(0) = Su(c) 0 B,(idan).
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As we already clarified the geometric meaning of the barycentric subdivision operators, we
will now focus on their algebraic properties. As they are maps By : S,(X) — S,(X), it is
natural to ask if they are chain maps. A they only subdivide simplexes and carry no additional
information, one might also suspect that they could be chain homotopic to the identity map.
Finally, as the abelian groups S,(X) of n-chains are assigned to a topological space X by the
singular chain complex functor S, : Top — Chyy, from Proposition |3.1.5] one might ask how the
barycentric subdivision operators interact with the chain maps induced by continuous maps.
All of these questions are addressed by the following proposition.

Proposition 3.4.8: The barycentric subdivision operators define a natural transformation
B, : Se = S, that is naturally chain homotopic to idg, .

Proof:
1. We show that the group homomorphisms BY : S,(X) — S,(X) define a chain map
BX : Se(X) = Se(X):

For this, we compute
d, o B (o) =d, 0 S,(0) o B,(idan) = S,_1(0) o d, o B,(idan)
B,y 0dy(0) = By_1(du(0)) = Su-1(dn(0)) © Bu-i(idan-1)
= E;L O( 1)‘]Sn 1(0’0 fn) 9] Bn 1(1dAn 1)
= 20 o(=1)8u-1(0) 0 Suar(f}') © Bai(idan-1)
= E?:O(_l)jsn—l(a) © Bn—l(fj ) = Sn-1(0) 0 Bp_1(dp(idan))
= Sn_1(0) o B! ; od,(idan),

where we used in the first line that S,(0) is a chain map, in * the definition of the boundary
operator, in ** the functoriality of S, and in *** Remark [3.4.4] 2.

It is therefore sufficient to prove that d, o B,, = B,_10d, for all n € Ny for the affine barycentric
subdivision maps from Definition[3.4.3] We show this by induction over n, where we set B,,_; = 0
for n < 0. For n = 0 we have dy o By = dy = 0.

Suppose we showed that dy o By, = By_1 o dg_1 for k < n — 1. Then we have for all affine
n-simplexes o : A" — AP

d, o B,(0) = (—1)"d, o Cz(_(? o B,_10d,(0)
10.4.2)

=" B,_10d,(0) + (—1)"02(_0% odp—10B,_10d,(0)
LB, 10d,(0)+ (=1)"C") 0 By_y0dy_y 0dy(0) = Bu_y 0 dy(0).

2. We define for each topological space X a chain homotopy Ay : idg,(x) = Bs'. We first define
group homomorphisms h,, : S (AP) — S8, (AP) inductively by

h[) : So(Ap) —>51(Ap>, o0 (18)
B @ Sn(AP) = S, 1(AP), o= (—=1)"TLCY) (Bu(o) = 0 — hyy 0 dy(0)).

and then post-compose the resulting simplexes with singular simplexes o : A” — X

hf . Sn(X) — Sn+1<X), o+ Sn+1(0') o hn(ldAn) (19)
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To show that this defines a chain homotopy, note first that for all affine simplexes o : A™ — AP
hn(o) = Spi1(0) o hy(idan). (20)

This follows inductively from the definition of h, and the corresponding identities for the cone
map and the affine barycentric subdivision map in Remark |3.4.4 2. With this we compute

Qs 0 B5(0) = s 0 Su1(0) © hnlidae) = 54(0) 0 dy © (i) (21)
B 1 0 dn(0) = Sn(dn(0)) © s (idan-1) = 5o (~11 S (00 f7) 0 hryy (idaner)

S (—1)780(0) 0 Sulf2) © oy (idaet) B S (<11 S,(0) 0 o1 (1)

; Sn(o') O hn—l (@) dn(ldAn)7

where we used in the first line that Se(o) is a chain map, in * the definition of the boundary
operator and in ** the functoriality of S,. Adding the two terms in yields

(dpyrohy + b ody) (o) + 0 — BX(0)
= Sn(0) o (d,, 0 hy(idan) + hy—1 0 d,,(idan) 4+ idan — By (idan)).

It is therefore sufficient to prove that (d,41 © hy, + hy_1 0 dy)(0) = B,(o) — o for all affine
n-simplexes o : A" — AP. This follows again by induction over n.

For n =0 we have dj o hg = 0 = 0 — 0 = By(c) — o for all singular O-simplexes o : A® — AP.
Suppose we showed that (dgi1 0 hy + hr_1 0 dy)(0) = Br(o) — o for all k < n — 1 and affine
k-simplexes o : A¥ — AP. Then we have for £ = n and any affine n-simplex o : A" — AP

i1 0 hn(0) = (1) dpy1 0 O (By(0) = 0 = hnoy 0 dy(0))
“22 B (0) — 0 — hy_y 0 dy(0) + (=1)"1CY)(d, Bo(0) — dy(0) — dy 0 hy1(dy (7))
2 Bo(0) = 0 — b1 0 dn(0) + (=1)" ' CY) (By_1(dn(0)) = dn(0) = diy 0 By 1 (d(07)))
= Bu(0) =0 — huoy 0 du(0) + (= 1) O (hug 0 dus 0 da(0)
= By,(0) — 0 — hno1 0dn(0),
where we used in * that B,, is a chain map by 1. and in the last step that d,,_; o d,, = 0.

3. We now prove that the chain maps BX : So(X) — S,(X) as well as the chain homotopies
hY :idg,(x) = B are natural in X.

Let f: X — Y be a continuous map. Then we have for all singular n-simplexes o : A" — X

So(f) o BX(0) = Su(f) 0 Su(c) 0 Bu(idan) = Sp(f 0 0) 0 Bu(idan) = BY (f o o) = BY 0 S, (f)(o)
Sni1(f) 0 by (0) = Spsa(f 0 0) 0 hy(idan) = hy, (f 0 0) = hy 0 Su(f)(0).

This shows that the following diagrams commute for all n € Ny

BX hX

Sn(X) —= Su(X) Sn(X) —> Sp11(X)
Sn(f)j lsn(f) Sn(f)l l5n+1(f)
Sn(Y) S Su(Y) Su(Y) i w1 (Y).

n n
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Remark 3.4.9: The naturality of B implies for all n-simplexes o : A" — X and all m € N
(BY)™(0) =B o...0B;(c) = Su(0) o Bl'(idan) = Sp(0) 0 By o...0 B,(idan).  (22)

Proof:
This follows by induction over m. For m = 0,1 it holds by Definition |3.4.7] Suppose the claim
is shown for all m < k. Then we have for every singular n-simplex o : A" — X

(BX)**(0) = BX o (BX)*(0) £ BX 0 9,(0) 0 B¥(idan) " S,,(0) 0 By 0 B¥(idan)
= Sn(0) o BF 1 (idan).
(I

With the barycentric subdivision operator we can now adapt singular simplexes o : A" — X
and, more generally, singular n-chains in a topological space X to a given open cover of X. In
particular, we replace n-cycles z € Z,,(X) by n-cycles 2z’ € Z,(X) in which all n-simplexes have
their images in one of the open subsets of the cover. As the barycentric subdivision operator is
chain homotopic to the identity map, this does not affect their homologies.

Definition 3.4.10: Let X be a topological space and U = (U;);c;r an open cover of X.

1. An n-chain z = Z?:o ajo; € Sp(X) is called U-small, if for every n-simplex o; : A™ — X
in x there is a i € I such that o,;(A") C U;.
2. We denote by SY(X) C S,(X), by Z4(X) C Z,(X) and by BY(X) C B,(X) the sub-

groups of U-small n-chains, n-cycles and n-boundaries.

Lemma 3.4.11: Let U = (U;);c; be an open cover of a topological space X. Then for any
n-cycle z € Z,(X) there is a U-small n-cycle 2’ € Z4(X) with [2] = [/] € H,(X).

Proof:
1. We show first that for each n-simplex o : A" — X there is an r = (o) € Ny such that
(BX)™(0) = BX o...0 BX(0) is U-small for every m > r.

As o is continuous the sets o1 (U;) for i € I form an open cover of the compact metric space
A™ = ¢7!(X). By Lebesgue’s lemma, there is an € > 0 such that every subspace M C A™ of
diam M < € is contained in at least one of the sets o~ (U;).

By Lemma [3.4.6] there is an r > 0 such that diam 7(A") < € for all n-simplexes 7 in B (ida»)
and m > r. Hence, every such n-simplex 7 is contained in at least one of the sets o= (U;). With
Remark this implies that for every n-simplex o o 7 in (BX)™(0) = S,(0) o B™(idan) we
have o o T(A") C U; for at least one of the sets U;. Hence, (B )™ (o) is U-small for all m > r.

2. Let z = Z?zoajaj € Z,(X) with singular n-simplexes o; : A" — X. By 1. there is an
r € Ny such that 2’ = (B:X)"(2) is U-small. By Proposition [3.4.8 BY : So(X) — S.(X) is chain
homotopic to idg, (X), and Proposition [2.1.12| implies H,,(By") = idu,x) : Ho(X) — H,(X)
for all n € Ny. This yields for the homology classes in H,,(X)

[2'] = [(BR)"(2)] = Ha(By)"[2] = id}y, (x)l2] = [2].

O

We now consider chain complexes formed by /-small simplexes in a topological space X, a sub-
space A C X and the associated U-small relative chain complexes. The following observations
about U-small simplexes are immediate:
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e Because (0o f)(A™') C o(A™) for any n-simplex o : A" — X, the boundary d,(z) of
a U-small n-chain x is again U-small. Thus, the U-small n-chains form a subcomplex

SU(X) C S (X)  jX:S*X)—= S,(X).

e Because 7(A") C o(A") for any n-simplex 7 in the barycentric subdivision BX (o) of an
n-simplex o : A" — X, the barycentric subdivision B;X (z) of a U-small n-chain z is again
U-small. Barycentric subdivision induces a chain map

B :SY(X) = SY(X) with  BXojX=;jFoBX

e If A C X is a subspace, then U = (U; N A);es is an open cover of A. This defines a
subcomplex and an inclusion

SHA) CSu(A) gl SHA) = Su(A)  with 0 Sy(ea) = Sa(ea) 0 42,
and the barycentric subdivision induces a chain map

BA:SY(A) = SY(A)  with  Blojl=jloBA  S.(ta)oBA=BXoS,(14).

e This defines a quotient complex and a chain map
G SUX) /SU(A) = Su(X)/Su(A)

such that the following diagram commutes

0— = Su(A) 2 g (X) ™~ §,(X)/S.(A) —=0 (23)

j:*T 7 T jﬁX’A)T

0 —= SH(A) = SU(X) =~ (X)) /S (A) —=0

Se(ta) ® Te

Definition 3.4.12: Let X be a topological space, A C X a subspace and U = (U;);c; an open
cover of X. We denote by HY(X), HY(A) and HY(X, A) the homologies of the chain complexes
SH(X), SY(A) and SI(X, A) = SY(X)/SU(A).

We are now able to compare the homologies of the U-small chain complexes S¥(X), S¥(A) and
SYU(X, A) to the homologies of Se(X), Se(A) and S,(X, A).

Proposition 3.4.13: Let X be a topological space, A C X a subspace and U = (U;);e; an
open cover of X. Then the inclusions of the U/-small chain complexes induce isomorphisms

Ho(335) « Hf (X) = Ho(X)  Ha(53) + HY(A) = Ho(A)  Ha(G5Y) - HY (X, A) = Ho(X, A).

Proof:

1. The group homomorphism H, () assigns to the homology class [z]; € HY(X) of a U-small
n-cycle z € Z4(X) its homology class [z] € H,(X). It is surjective by Lemma [3.4.11} We show
that H,(jX) is injective.
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Let 2 € Z4(X) with H,,(j&)[zJu = [2] = 0. Then there is an (n + 1)-chain y € S, ;(X) with
z = dy41(y). By Lemma|3.4.11} there is an r € Ny such that ¢’ = (B;X,,)"(y) is U-small. As B
is a chain map that is chain homotopic to the identity, we then have

dn1(y) = durr 0 (By)' (y) = (By)" 0 dusa(y) = (BY) (2).
= 0= [durr ()l = [(BY) (2)lu = Ha(BY) [elu = [2lu.

This shows that ker H,(jX) = 0 and H,(j&) is an isomorphism. An analogous argument for
U' = (U; N A)ier shows that H,(j2) is an isomorphism.

2. To prove the claim for the relative homologies, we consider the commuting diagram of
chain complexes with exact rows. By Proposition [2.2.7] it defines a commuting diagram with
exact Tows, in which all vertical arrows Hy(jZ') and Hy(jX) are isomorphisms by 1

Hn(l»A) Hn(ﬂ'o) H, 1(71'.)

H,(X) Ho (X, A) 25 |, Ay )T
Hn(GX T Hn (555 A>)] Hn_l(j.A)T% Hn_l(jS‘)T%

)
o HY(A) —e HU(X) —= HY (X, A) = HY (A) = HY(X)

HY () U HY (a) T HY ()

n

IR

With the 5-Lemma (Exercise [11)) it follows that H,( jEX’A)) is an isomorphism for all n € Ny. O

3.5 Excision and the Mayer-Vietoris sequence

We will now apply the results about U-small n-chains from the last section to obtain tools for
computing homologies in terms of a cover. The first result is the excision theorem. It states
that the relative homologies H,, (X, A) with respect to a subspace A C X remain unchanged
when a subspace U C A with U C A is removed from A and X.

Theorem 3.5.1 (excision): - )
Let (X, A) be a pair of topological spaces and U C A a subspace with U C A. Then the
inclusion i : (X \ U, A\ U) — (X, A) induces isomorphisms

H,(i): Hy(X\UA\U) = H,(X, A).
Proof:
Because U C A the sets A and X \ U form an open cover U = {A X\ U} of X. All singular

simplexes in a U-small n-chain = € SY(X) have their images in A C Aorin X \U C X\ U.
Thus, we can express S%(X) as a (not necessarily direct) sum

Sn(X) = S{(A) + SH(X\U).
By Noether’s isomorphism theorem we have for all n € Ny a canonical isomorphisms

SHX) _SHA)+SIXNT) , SIX\U) _ SHX\U)
SH(4) SH(A) CSHX\U)NSH(A)  SH(A\U)

SU(X, A)= =SY(X\U A\U).

Explicitly, these isomorphisms are given by
Gt SUXN\UA\U) = S4(X,A), z+ S4(A\U)— z+ S4(A),
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which shows that they define an isomorphism of chain complexes
b SU(X \U, A\ D) - S4(X, A).

and that we have a commuting diagram of chain complexes

SUX\ U, A\ U) 2 SU(X, A)

jSX\U,A\U)L ljSX,A)

S (X \ U, A\U) 5= Su(X, A),

where jS5Y 0 SUX,A) = S.(X, A) and jEND L SUX N\ UL A\ U) = SJ(X \U,A\U)
denote the 1nclu810ns for the subcomplexes of U-small chains. Applying the homology functors
yields commuting diagrams

HU(X \ U, A\ U) 22 g (x| A)

Hi( .(X\U,A\U))lg LH”( (X, A))

Ha(X\ U, A\ U) e Ho(X, A),

in which the vertical arrows are isomorphisms by Proposition [3.4.13| and the top arrow is an
isomorphism, because ¢, is an isomorphism of chain complexes. This shows that H,(i) is an
isomorphism as well. O

The excision theorem is very powerful, and we will use it many times in the following. As a first
application we address a question arising from the relative homologies in Section [3.3; Given a
topological space X and a subspace A C X, how are the relative homologies H,, (X , A) related
to the homologies of the quotient space X/A? This question is difficult to answer in general,
but has a simple and intuitive answer under mild assumptions on the pair (X, A).

Definition 3.5.2: A pair of topological spaces (X, A) is called a good pair, if there is a
subspace B C X with A C B such that A is a strong deformation retract of B.

Suppose now that (X, A) is a good pair and recall that the quotient space X/A is obtained by
identifying points of X with the equivalence relation a ~ a’ for all a,a’ € A. The associated
canonical surjection p : X — X/A sends all points in A C X to a single point p4 = p(A) € X/A.

Proposition 3.5.3: If (X, A) is a good pair, then for all n € Ny the relative homologies
coincide with the reduced homologies of the quotient X/A

H,(X,A) = H,(X/A) :== H,(X/A, {pa}).

Proof:
Let B C X such that A C B and A is a strong deformation retract of B. Then we have the
following commuting diagram in Top(2)

(X, A) (X, B) : (X\ A B\ A)

P, ’

(X/A {pa}) == (X/A, B/A) <= ((X/A) \ {pa}, (B/A) \ {pa}).
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where the three morphisms on the vertical arrows are induced by the canonical surjection
p: X — X/A and its restriction to X \ A, the morphisms j and j’ by the identity maps idx and
idx/4 and the morphisms ¢ and ' by the inclusions ¢ : X\ A — X and ¢/ : (X/A)\{pa} = X/A.

Applying the relative homology functor from Definition yields the commuting diagram

Hn(j) Hn (i)

H,(X, A) H,(X, B) Ho(X\ A, B\ A)

lHn(p’) lHn(p) lHn(p”)
Ho(X/A, {pa}) 9 H,(X/A, BJA) <H, (X/A)\ {pa}, (B/A)\ {pa}).

We claim that all arrows in this diagram are isomorphisms:

e The group homomorphism H, (p”) is an isomorphism, because p” is a homeomorphism.

e The group homomorphisms H, (i) and H,(i") are isomorphisms by the excision axiom,
the latter, because A C B implies {pa} C (B/A)°.

e This implies that H,(p) is an isomorphism as well.

e To show that H,(j) is an isomorphism, apply Theorem to the morphism of pairs
j: (X, A) = (Y, B). This yields a commuting diagram with exact rows

Hy, (e Hy,(me On Hy,_1(¢
e Hy(A) Y g o) %y x4 el ()Y ()

lid lHn(j) lN jid
where the vertical arrows between Hy(A) and Hy(B) are isomorphisms, because A is
a strong deformation retract of B. The 5-Lemma (Exercise implies that H,(j) is

an isomorphism for n € N. For n = 0 we have an analogous diagram, in which the
homologies in the last two columns are zero and obtain that Hy(j) is an isomorphism.

e A retraction r : B — A and a homotopy h : [0,1] x B — B from ¢4 or to idg with
h(t,a) = a for t € [0,1] and a € A induce a retraction 1’ : B/A — {pa} and homotopy
h':[0,1] x B/A — B/A from t(,y o’ to idgsa with A'(t,pa) = pa for all t € [0,1]. This
implies that {pa} is a strong deformation retract of B/A.

Applying Theorem to the morphism of pairs j" : (X/A,{pa}) — (X/A, B/A) and
using the 5-Lemma then shows that H,(j’) is an isomorphism.

e As all other arrows are isomorphisms, H,(p') is an isomorphism as well.

Hence, we have H, (X, A) = H,(X/A,{pa}) for all n € Ny. By Example these are the
reduced homologies of X/A. O

The next application of U-small n-chains can be viewed as the homological counterpart of
the theorem by Seifert and van Kampen. Recall from topology that given an open cover
U = {U;,Us} of a path connected topological space X such that Uy, U and Uy NUs are all path
connected, the fundamental group 7 (X) is given as a quotient m1(X) = m(U;) * m(Uz)/N,
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where x denotes the free product of groups and N is a normal subgroup. The normal subgroup
N C 7 (Uy) w1 (Us) is generated by the elements 7 (i1)(\) - 71 (i2)(X\) 7t for A € my (U N Us).

If we apply the abelisation functor Ab : Grp — Ab and use the Huréwicz isomorphism from

Theorem B.1.11] we obtain
_ H(Uy) © Hi(Uy)

HI(X)_ H1<U1mU2) 9

where the quotient is given by the map
Hi(UiNUz) = Hi(Uh) © Hi(Uz),  [2] = (Hi(i1)[z], —Hi(i2)[2]).

This suggests that the homologies should be related by a long exact sequence that can be
viewed as the homological counterpart of the theorem by Seifert and van Kampen.

Theorem 3.5.4 (Mayer-Vietoris sequence):
Let X be a topological space and Uy, Us C X open subsets with X = U; UU,. Set U5 = Uy NU,
and denote by iy : Uy — Uy and j; : Uy — X the inclusions.

Then there is an exact sequence, the Mayer-Vietoris sequence

) (Hn (i1),—Hn(i2)) ) Hr (j1)+Hn (j2)

2 H (Uh Ho(Uy) @ H,(Us H,(X) 2% H, (Urs) — ...
Proof:
The sets Uy, Uy define an open cover U = {Uy, Uy} of X. Every U-small n-chain x € SY(X) is

a sum z = x + x2 of an n-chain z; € S,,(U;) and x5 € S,,(Us). This implies that the maps
Sn(j1) + Su(52) : Su(U) & Su(Uz) — S;f(X)
are surjective. It follows that the chain maps
(Su(i1), =Se(i2)) : Se(Uiz) = Se(U1) @ So(Us)  Se(j1) + Se(j2) = Se(Uy) @ So(Us) — SY(X)

define a short exact sequence of chain complexes

)+Se (j2

0 — S (Ug) S5, g 17y @ g, (1) S22, qu 3y )

Proposition yields an associated long exact homology sequence

) (Hn(i1),—Hn(i2)) ) Hn (j1)+Hn(52)

an 1
o= HYE (X)) = H, (U H,(U)®H, (Us

By Proposition [3.4.13| we have an isomorphism H,,(jX) : H4(X) = H,(X) for alln € N;. O

The Mayer-Vietoris sequence allows one to compute the homologies of a topological space by
covering it with two open subsets, which are usually chosen in such a way that their homologies
and the homologies of their intersection are known and as simple as possible. A similar procedure
also works for relative homologies. In this case, one wants to compute the relative homologies
H, (X, A) by decomposing the subspace A as the union A = A;U A, of open subspaces Ay, Ay C
A for which the relative homologies are of a particularly simple form. This yields the relative
version of the Mayer-Vietoris sequence.
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Proposition 3.5.5 (relative Mayer-Vietoris sequence):
Let X be a topological space and A;, Ay C X subspaces that are open in A; U A,. Denote by
ik (X, A1 N Ag) — (X, Ag) and ji @ (X, Ax) — (X, A1 U As) the inclusions in Top(2).

Then there is an exact sequence, the relative Mayer-Vietoris sequence,

(Hn(i1),—Hn(i2)) On

2 Ho (X, AN Ay) Ho (X, Ay) @ Hy(X, Ag) 0 x4 U Ap) 2
Proof:

The set U = {A;, A3} is an open cover of A; U Ay. The inclusions ¢/, : SY(A; U As) — S, (X)
define chain maps ¢} : SY(A; U Ay) — So(X) and 7 : So(X) — So(X)/SY(A; U Ay), a chain

map the : Se(X)/SY(A1UAy) — Se(X)/Se(A;UAy) and a commuting diagram with exact rows

/

0 SH(A; U Ay) “ = 54(X) —2 5,(X)/SY(Ay U Ag) —=0

Ljﬁ‘l“‘” lid lw.
0 — S.(Al U AQ)SW' S.(X) —7r.> S.(X)/S.(Al U Ag) —— 0

Proposition yields a commuting diagram

oo HY (A U AL g (0T B (50(X) /SU (AL U Ag)) <2 HY (AU AT (X)L
%jm(;‘.“lu“?) Lid lHn(w.) %Lﬂnluf‘lu“?) Lid

Hy ()

e Hn(Al U AQ) s Hn(X) Hp (o) Hp_1(4)

Ho(X, Ay U Ay) On

in which the arrows Hy(j21Y42) are isomorphisms by Proposition [3.4.13] With the 5-Lemma
(Exercise it follows that Hy (1)) is an isomorphism for all k£ € Nj.

We show that we have a short exact sequence of chain complexes
0 = So(X, A1 N Ag) 25 So(X, Ay) @ Se(X, Ag) 2 So(X)/SYU(A; U Ay) — 0 (24)

induced by the following diagram in which all columns and the first and second row are exact

0 0 0
00— Su(A) N Ap) 22570 g (A) @ S, (Ay) U GU(A U A) 0
Sn(t12) (Sn(e1),Sn(e2)) tn
0 Su(X) — D6 (X) @ Sp(X) T g (X) 0
2 (nhn2) ,
00— Sp(X, A N Ag) == S, (X, A)) @ Sp(X, Ag) 22> S, (X)/SU(A; U Ay) —=0

0 0 0

The maps i, and p, are induced by the requirement that the diagram commutes, and the
exactness of the last row follows by the 9-lemma (Exercise [12)).
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The short exact sequence (24)) induces a long exact homology sequence by Proposition m
With the isomorphism H,,(1s) : H,(Se(X)/SY (A U As)) — H,(X, A; U Ay) the claim follows

Hpy (’Lo)
—5

O HL(X, AN A) Ho(X, A)) @ Ho(X, As) 2P 1 (S.(X)/SY(A, U Ag)) 22 ..

~H, (X,Al UAQ)

O

We now illustrate the Mayer-Vietoris sequence with a number of examples. Its relative version
will play an important role in certain proofs later on. The simplest non-trivial homologies that
can be computed with the Mayer-Vietoris sequence are homologies of spheres.

Example 3.5.6 (homology groups of spheres):
We consider for k € N the k-sphere S* and the open subsets Uy = S*\ {Fepi1}.

e Via the stereographic projection, the subspaces Uy are homeomorphic to the k-disc D*.
As DF is contractible, this gives H,,(Us) = 0 for n € N.
e Because Uy is path connected we have Hy(Uy) = Z.

e The intersection U, N U_ = S*\ {er11, —€r1} is homotopy equivalent to S*~1. This
gives H, (U NU_) = H,(S*!) for all n € Ny and k € N.

o Hy(U,NU_) = Hy(S* 1) =2 Zfork>2and Hy(U NU_) = Hy(S* ) X ZDZfor k =1,
as S*! has a single path component for k£ > 2 and two path components for k = 1.

1. For all n > 2 and k& € N the exactness of the Mayer-Vietoris sequence implies that the
connecting homomorphism 9, : H,(S*) = H,_;(S*71) is an isomorphism.

... = H,(D*) & H,(D") = H,(S*) 2 H,_(S*) = H,_1(D") & H,_1(D*) — ...

~~ ~~
=0 =0

2. The end of the Mayer-Vietoris sequence for k£ > 2 is given by

.= Hy(D") @ Hy(D") — Hi(S%) 25 Hy(S*1) S Hy(DF) @ Ho(DF) % Hy(S*) — 0
N -~ 4 N—— . >

'
=0 ~7 >7.B7 ~7

with an injective connection homomorphism 8; : H;(S*) — Hy(S*!) and the maps
$:L—-LDL, z— (2,—%) VZDL— L, (21,22) — 21 + 2.

As ¢ is injective, we have im 9; = ker ¢ = 0 and hence H;(S*) = im 9, = 0.

3. For k =1 the end of the Mayer-Vietoris sequence is

... — Hy(D") @ H\(D") — H,(SY) 2 Hy(S°) % Ho(D¥) @ Ho(DF) % Ho(S*) — 0.
% ’ =z =z =

with an injective connecting homomorphism 9, : H;(S') — Hy(S°) and the map x given by
X:LZBL—LSL, (z1,22) — (21 + 29, — (21 + 22). As kerx = {(z,—2) | z € Z} = Z, we obtain
Hy(S') 2 imd; = ker y X Z.

Combining these results and using the results from Example [3.3.10] yields

Z&7Z n=k=0
H,(5")={7Z n=keNorn=0keN H, (D", S*1) :{
0 else.

7Z n=k
0 n#k.
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Example already demonstrates the usefulness of the Mayer-Vietoris sequence in the
computation of homologies. Another example that shows this is the wedge sum of pointed
topological spaces. The wedge sum of a family (X;);e; of topological spaces X; with cho-
sen basepoints x; € X; is obtained by taking their disjoint union Il;c;X; with the inclusions
;i + X; = IierX; and then identifying all points ¢;(z;) to a single point. It is thus given as a
quotient V;e; X; = I;er X;/ ~ and equipped with a canonical surjection 7 : IL;e; X; — Ve X;.

Definition 3.5.7: Let (X;);c; be a family of topological spaces with basepoints x; € X;.
Their wedge sum is the quotient space

VierX; = (Wier X;) / ~ vi(wi) ~ ui(xy) Vi j el

Remark 3.5.8:

1. The wedge sum has the following universal property (Exercise [34)):
The maps i; = mo ¢ : X N e X; = Ve X; are continuous for all j € 1.
For every family (f;);e; of continuous maps f; : X; — Y with fi(z;) = f;(z;) for all
i,7 € I there is a unique continuous map f : Ver X; = Y with foi; = f; forall j € I.

2. The universal property of the wedge sum defines continuous projection maps

pj: VierX; — X; with pjou; =idy; and pjoiy =x;: X — Xj, v — x; for j # k.

Given a finite family of topological spaces X; with basepoints z; € X;, we can compute the
homologies of their wedge sum via the Mayer-Vietoris sequence, as long as they satisfy a mild
regularity condition. This regularity condition states that every basepoint x; € X; must have
a neighbourhood z; € U; C X, that deformation retracts to a point. Note that this condition
is always satisfied for subsets of R™, where we can choose U; = B.(z;) for a sufficiently small
e > 0 and then use the fact that B.(z;) is convex to construct a retraction and a homotopy.

Proposition 3.5.9: Let Xi,..., X} be topological spaces with basepoints z; € X;. Suppose
that (Xj, z;) is well-pointed: every basepoint x; has a neighbourhood U; C X; such that {z;}
is a strong deformation retract of U;. Then we have for all n € N mutually inverse isomorphisms

(Ho(p1), - Ho(p) : Ho(Xy VoV X)) = Ho(X)) @ ... & Hy(X5)

Proof:

The claim follows by induction over k. We prove the case k = 2. Let xy € U; C X; and
x9 € Uy C X5 neighbourhoods such that {z;} is a deformation retract of U;. Set V; = X3 V U,
and Vo = U; V X5. Then we have X .= X,V Xy =ViUVoand Vs = VNV, =U; V Us.

e The inclusions, retractions and homotopies for z; and U; induce inclusions, retractions
and homotopies for Uy V Us,, which implies V), NV, = U; V Uy ~ e.

e The inclusions, retractions and homotopies for z; and U; induce inclusions, retractions
and homotopies for V; and V5, which implies Vi ~ X; and V5 ~ X5.
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1. The Mayer-Vietoris sequence then gives for all n > 2

an«l»l

o ]

0 H,(Xy) ® H,(X5)

f{n(il)4‘}{n(i2)

R

~—

On+1

and implies the group homomorphism H,, (i) + H,(is) : H,(X1) ® Hp(Xs) — Hp(X7 V Xs) is
an isomorphism. For n = 1 we obtain

8n+1

I (Vi) —— Hy(Vi) @ Hy(Va) Hy(X) —2= Hy(Vig) —

{ o

Hyi(X1) ® Hi(X>) Hy(X) 9 Z o1~ ([p],—[p])

~—

_——
Ont+1 Hy (i1)+H1(i2)

As Hy(Vi2) = Z and the map Hy(Vi2) — Ho(Vi) & Ho(Va), [p] — ([p], —[p]) is injective, it
follows that H;(i1) + Hy(i2) is an isomorphism as well.

2. That (H,(p1), Ha(p2)) : Ho(X) — Hp(Xy) @ Hy(Xs) is inverse to H,(i1) + H,(i2) follows
directly from the definitions, which imply H,(p;) o H,(i;) = H,(idx;) = idp,(x,) for j = 1,2
and H,(p;) o H,(iy) = Hy(z — z;) = 0: H,(Xy) = H,(Xj;) for j # k. O

3.6 Homologies of spheres: topological applications

In this section, we show how results on the homologies of spheres can be applied to topological
questions. We will first prove a number of elementary topological applications of Example|3.5.6]
Recall from Example that the homologies of the n-spheres are given by

&7 n=k=0
H,(S"={17 n=keNorn=0keN

0 else.

As an immediate consequence, we have that for > 1 the n-sphere S™ cannot be homotopy
equivalent to a point, as H,(S™) = Z and H,(e) = 0. As homotopy equivalent spaces have
isomorphic homology groups, it follows that S™ and e are not homotopy equivalent. For n = 0,
this follows already with elementary topology as S” has two connected components and the one
point space e only one. Likewise, for m < n we have H,(S™) = 0% Z = H,(S™) and hence S™
and S™ cannot be homotopy equivalent. This fact has interesting consequences.

Corollary 3.6.1:
1. The n-sphere S, is not contractible for any n € Nj.

2. For n # m the n-spheres S™ and S™ are not homotopy equivalent.

Corollary 3.6.2: For n # m the spaces R™ and R" are not homeomorphic.
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Proof:

A homeomorphism f : R — R"™ induces a homeomorphism f : R™\ {0} — R™\ {f(0)}. As
R"\ {0} ~ S"t and R™\ {f(0)} ~ S™! this would imply that S"~! and S™! are homotopy
equivalent, a contradiction to Corollary [3.6.1] O

Corollary 3.6.3: The (n — 1)-sphere S"~! = 9D" is not a retract of D".

Proof:

For n = 1 this follows from the the fact that any continuous map r : D' = [-1,1] — {1, -1} =
S0 is constant, as D! is connected. This contradicts the condition r o ¢ = idgo. For n > 2 let
¢ : S"! — D" be the inclusion and suppose that there is a retraction r : D" — S"~! with
rot = idgn—1. Then we have the following commuting diagram, with the identity on the bottom
arrow and the other two arrows composing to the zero map - a contradiction

H,_1(D") =0

Hyp—1() Hp—1(7)

Hy (S =17 H, 1 (S") = Z.

H,_1(id)=id

Corollary 3.6.4 (Brouwer’s fixed point theorem):
For n € N any continuous map f : D™ — D" has a fixed point.

Proof:

For n = 1, the claim follows from the midpoint theorem. The continuous map g : D' — R,
x +— f(x) — x satisfies g(—1) > 0 and g(1) < 0, which implies that there is an « € [—1, 1] with
g(x) =0, a fixed point of f.

r(z)

9z

Suppose n > 2 and f : D™ — D" is continuous without a fixed point. Then for all x € D"
there is a unique straight line g, through z and f(x). By assigning to x € D" the intersection
point of g, with 9D" = S™~1 that is closer to z than to f(x), we obtain a continuous map
r: D" — S"! with r o1 = idgn—1 for the inclusion ¢ : S"~! — D", Thus, ¢ is a retraction from
D" to S"7!, in contradiction to Corollary [3.6.3] O

Further interesting topological applications arise, when we consider continuous maps between
n-spheres. By Definition [3.1.6|any continuous map f : S™ — S™ induces a group homomorphism
H,(f): H,(S™) — H,(S™) . As H,(S™) = Z, we can fix an isomorphism ¢ : H,(S") — Z and
assign to a continuous map f : S™ — S™ the group homomorphism ¢o H,(f)o¢ ™ : Z — Z. Tt
is a basic fact from algebra that any group homomorphism « : Z — Z is of the form o : Z — Z,
z +— m - z for some integer m € Z.
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Definition 3.6.5:
For n € N the mapping degree of a continuous map f : S™ — S™ is the number deg(f) € Z
defined by the following commuting diagram for any group isomorphism ¢ : H,(S™) — Z

H,(S™) H,(S™)
o) =|o
z—deg(f)-z 2.

Clearly, the mapping degree does not depend on the choice of the isomorphism ¢ : H, (S™) — Z.
If ¥ : H,(S") — Z is another isomorphism, then composing them yields an isomorphism
o¢~t 1 Z — Z, which is given by multiplication with 1 or -1. Applying this isomorphism twice
does not change the degree.

Lemma 3.6.6: The mapping degree has the following properties:

1. Homotopic maps have the same degree: if f ~ g, then deg(f) = deg(g).
2. The identity has degree deg(idg, ) = 1.

3. The degree is multiplicative: deg(g o f) = deg(g) - deg(f).

4. If f is not surjective, then deg(f) = 0.

Proof:

1. follows directly from the fact that f ~ g implies H,(f) = H,(g) by Proposition [3.2.3| Claims
2. and 3. follow from the commuting diagrams

Hy(gof)
" Hn(ldS”)ZIdHn(Sn) n ny — > ) —— "
H,(S") Hy(S7) (S >Hn(f> Ha(S )Hn(g) Ha(5%)
Z

z—deg(f)-z 7 z—deg(g)-z

z—deg(g)-deg(f)-z

4. If f: S™ — S™ is not surjective, then there is a point p € S™\ f(S™), and f corestricts to a
map f':S™ — S™\ {p}. We then have o f' = f: ™ — S™ for the inclusion ¢ : S\ {p} — S™.
As S™\ {p} = D" ~ o, we have H,(S" \ {p}) = 0 and the commuting diagram

Hn(f)

/\

Ha(S™) 5o Ha(S™ \ {p}) o Hn(S7)

~L¢> - ~L¢
Z \i/ Z.
z—0

O

We now construct continuous maps f : S™ — S™ with other mapping degrees than 0,1. Note
that by Lemma [3.6.6| any such map is a surjective non-identity map.
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We first consider the reflection on an n-dimensional linear subspace in R*™!. It is the identity
on every vector contained in the subspace and reverses the direction of very vector orthogonal
to the subspace. It also restricts to a continuous map from S™ to S™ of mapping degree -1.

Lemma 3.6.7: For all n € N the reflection ¢,, : S™ — S™, (z1,...,%Tps1) — (=1, .., Tpy1)
has mapping degree deg(¢p,) = —1.

Proof:
For 0 < € < 1 we consider the open subsets

Ui ={z€8" | xp1 > —¢€} U_={xeS" | zpt1 <€}

with Uy ~ D" ~eand U, NU_ = {z € S" | —€ < 2,11 < €} ~ S""'. More specifically, a
homotopy equivalence is given by the maps

in: STt U NU-, (21,...,2,) > (z1,...,2,,0)
T Up DU — S™7 (2, m) = (L= 220) 7 (2, 2)

satisfying r,, o ¢, = ¢,_1 o7, and ¢, 01, = i, o P,_1. With the Mayer-Vietoris sequence we
obtain for n > 2 the following commuting diagram, in which H,(Uy) = H,_1(Us) = 0 and,
consequently, 0, is an isomorphism

o Hoy(U) & Hy(U-) —= Hy(S") 2 Hy 1 (S™Y) ——= Hy 1 (U) & Hyy (U-) —— . ..

i H(U}) & Hoy(U_) —= Hy(S™) 2 H, 1 (S™Y) — Hy o (Uy) & Hy oy (U-) — . ..

This gives deg(¢,) = deg(pn_1) ... = deg(¢y) for all n € N.

For n = 1 The Huréwicz Theorem [3.1.11] implies that H;(S') is generated by the homology
class of the cycle
o:[0,1] = S, ¢+ (sin(27t), — cos(2nt)).

As we have ¢y o0 =5 : [0,1] = S and hence H;(¢;)[o] = —[o] by the Huréwicz isomorphism.
This gives deg(¢,) = deg(¢;) = —1 for all n € N. O

Corollary 3.6.8: The antipodal map a : S™ — S™, x — —z has degree deg(a) = (—1)"".

Proof:
The antipodal map is the composite a = %”H) 0...0 <;5£Ll) of the reflections

qbgf) 5" — Sn, (1‘1, R, ,I’n+1) — (xly sy TGy e 7$n+1)'

As in the proof of Lemma , one can show that deg(gbgf)) = —1. With the multiplicativity
of the degree from Lemma this gives

deg(a) = deg(p)) - - - deg(o{"V) = (—1)"+".

O

Corollary 3.6.9: The restriction of any orthogonal linear map M € O(n + 1) to S™ C R™*!
has degree deg(M) = det(M).
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Proof:

Every orthogonal map M € O(n+ 1) can be written as a product M = 1); .. .oy, of reflections
Y+ 8" — S™ on planes of dimension n. As in Lemma one can show that each of them
has degree deg(y;) = —1, and from linear algebra we know that det(y;) = —1. This gives
deg(M) = (—1)* = det(M). O

To construct continuous maps f : S™ — S" with mapping degrees other than 0,1,-1, we require
a construction that adds the mapping degrees. This is achieved by considering wedge sums
of spheres. For this, we equip the n-sphere S™ with the basepoint e,,.; € S™ and consider the
wedge sum S™V S™ with respect to these basepoints. We denote for j = 1,2 by 4; : S — S"VS"
and p; : S™ vV .S™ — S™ the inclusion and projection maps from Remark

By the universal property of the wedge sum, the identity maps idg» : S™ — S™ induce a unique
map F : S"VS" — S" with Foi; = F oiy =idgn, the fold map. Likewise, we have a canonical
map P : S" — S™V S" that collapses the equator S"~! x {0} = {z € S" | z,,,1 = 0} = 5"}
to a point. This defines a quotient space S™/S™~! that is homeomorphic to S™ V S™ (Exercise).
The associated canonical surjection P : S" — S™/S§"~1 = Snv S ig called the pinch map or
pinching map, because it pinches the sphere S™ in the middle.

Definition 3.6.10:

1. The pinch map is the canonical surjection P : S™ — S"/Sn~1 = §n v §n
2. The fold map is the continuous map F : S™ vV ™ — S™ induced by idgn.

Let fi1, fo : S™ — S™ be continuous maps with fi(e,.1) = fa(€ns1) = €ny1. By the universal
property of the wedge sum, there is a unique continuous map f; V fy : S*V 8™ — S"V S", the
wedge sum of f; and fs, such that

pio(fiV f2)oi; = fj, peo(fiVfa)oir=prio(fiVfa)oiz=enp:x=>enp1. (25)
By applying first the pinch map, then the wedge sum of f; and f, and then the fold map, we
obtain a continuous map F o (f; V fy)o P : 8™ — S™.

Lemma 3.6.11: For all continuous maps fi, fo : S™ — S™ with fi(eny1) = fo(€ni1) = enia
deg(F o (f1V f2) o P) = deg(f1) + deg(fa).

Proof:
As the fold map is the unique continuous map £ : ™V S§" — S™ with F'oi; = F o1y = idgn
from Remark [3.5.8 we have from Remark and Proposition [3.5.9

H,(F) o (Hn(in) + Hn(i2)) : Hy(5") @ H,(5") = Ha(S"),  ([21], [22]) = [2a] + [22]- (26)

The pinch map P : S® — S"/S"~! = §" v S" can be described in coordinates as follows. We
parametrise points z € S™ in terms of a vector v € S" ! and ¢ € [0, 1] as x = (sin(rt)v, cos(mt)).
Then the composites of P with the maps p; : S™ vV S" — S™ from Remark are given by

(sin(2mt)v, cos(27t)) ¢ € [0, 5]

p:S"— S" in(7t)v, t)) —
Py O (sin(mt)v, cos(mt)) {—6n+1 el

. €n+1
P:S"— Sn7 t ’ )=
Do o (sin(7t)v, cos(mt)) {(sin(?ﬂ't —mv,cos(2nt —m)) te€ [%7
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Both, p; o P and p; o P are homotopic to the identity map idg». Thus, the induced map on the
homologies is given by

(Hn(p1), Hu(p2)) © Ho(P) : Ho(S") = Ho(S™) & H™(S"),  [2] = ([2], [2]). (27)
The map fiV fo: S™V S* — S™V .S™is given by , and this implies

(Hu(p1), Hu(p2)) © Hu(f1 V fo) o (Hi(in) + Hu(iz)) @ Ho(S™) ® Hy(S™) — Ha(S™) @ Hn(S™),
([=1]; [z2]) = ([f1(z1)], [f2(22)])- (28)

Combining ([26)), and and using that (H,(i1)+ H,(i2)) o (Hn(p1), Hu(p2)) = ida, snvsr)

by Proposition [3.5.9] we obtain

Hy(Fo(fiV f2)oP)=Hu(F)o Hu(f1V f2) o Hy(P) = Hn(f1) + Ho(f2) - Ha(5") = Hn(S")
[2] = ([2], [2]) = ([£1(2)], [2(2)]) = [AR)] + [fa(2)]-

This yields deg(F o (f1 V f2) o P) = deg(f1) + deg(f2). O

Corollary 3.6.12:
For all n € Ny, k € Z there is a continuous map fék) : 8™ — S™ with deg(fygk)) = k.

Proof:

Setting ffll) = idg» and f,gk) =Fo (fr(bkfl) Vidg, ) o P yields deg(fék)) = k € N. Composing them
with a reflection ¢, yields fr(fk) = ¢, 0 fr(bk) with deg(ﬁg*k)) = deg(¢,) - deg(fflk)) = —k. Any
non-surjective continuous map féo) : S™ — S™ has degree deg( fr(LO)) =0 by Lemma|3.6.6, 4. O

We will now apply the results on mapping degrees to prove some deceptively simple statements
about continuous maps on spheres that are difficult to prove with other methods. Many of them
are concerned with fixed points or antipodal points. There is also the famous statement about
even-dimensional hedgehogs: Combing such a hedgehog always leads to a bald spot.

Corollary 3.6.13: Let f,g: S™ — S™ with f(z) # g(x) for all z € S™. Then f is homotopic
to ao g and deg(f) = (—1)"" deg(g).

Proof:
If f(z) # g(x) for all x € S™ then 0 # (1 —t)f(z) — tg(x) for all z € S™ and t € [0,1]. This
yields the following homotopy from f to —g =aog

(1 —1)f(x) —tg(x)
(1 =) f(x) — tg(2)l|

and implies deg(f) = deg(a o g) = (—1)"" deg(g). H

h:[0,1] x " = S", (t,x)—

Corollary 3.6.14: Any continuous map f : S™ — S™ with deg(f) = 0 has a fixed point
xy € 8™ with f(z;) = x4 and an antipodal point x_ € S™ with f(z_) = —z_.

Proof:

If f(x) # x =idgn(x) for all z € S™, then deg(f) = deg(a) - deg(idg») = deg(a) = (—=1)"*1 # 0
by Corollary[3.6.13] So there is a point 2, € S™ with f(z4) = z. Likewise, if f(z) # —z = a(x)
for all x € S™, then by Corollary we have deg(f) = deg(a o a) = deg(idg,) = 1 # 0.
Hence, there is a point z_ € S™ with f(z_) = —x_. O
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Corollary 3.6.15: For even n € N any continuous map f : S™ — S™ has a fixed point
xzy € S™ with f(x,) = x4 or an antipodal point z_ € S™ with f(z_) = —z_.

Proof:
As in the proof of Corollary [3.6.14] f(z) # x for all z € S™ implies deg(f) = (—1)""' and
f(z) # —x for all z € S™ implies deg(f) = 1. As n is even, only one of them can be true. O

Corollary 3.6.16 (combing the hedgehog):
Any tangential vector field to an even-dimensional sphere S™ vanishes in at least one point.

Proof:

In terms of the euclidean scalar product ( , ) on R™™! the tangent space at x € S™ is given
by T,S" = 2t = {y € R*™! | (x,y) = 0}. Suppose V € TS™ is a vector field on S™ with
0+# V(z) € T,,S" for all € X. Then rescaling V yields a continuous map

Viz)
f:8"=5" z+— —=—.
IV ()]
As n is even, by Corollary [3.6.15| there is a point x € S™ with f(x,) =z, or a point x_ € S™
with f(x_) = —x_. This would imply V(zy) = [|[V(zy)||z4 or V(z_) = —||V(z_)||2z_, in
contradiction to V(z) € T,S" = z* for all x € S™. O

3.7 The Eilenberg-Steenrod Axioms

In this section we summarise our results on homologies in terms of an axiomatic definition of a
homology theory due to Eilenberg and Steenrod. These axioms characterise a homology theory
abstractly, and we show that singular homology satisfies these axioms.

Recall that singular homology defines

e functors H, : Top(2) — Ab for n € Z:
By Definition we have singular homology functors H,, : Top(2) — Ab from the
category of pairs of topological spaces and morphisms of pairs into the category of abelian
groups and group homomorphisms. This also covers also the non-relative homologies, as

we can view a topological space X as a pair (X, ) and a continuous map f: X — Y as
a morphism of pairs f : (X,0) — (Y,0).

e connecting homomorphisms as natural transformations:
Theorem [3.3.7 and Corollary imply that each pair of topological spaces yields in
fact three homology functors for each n € Ny, the functors H,., H2, H} : Top(2) — Ab
that assign to a pair (X, A) the homology H,(A), H,(X) and the relative homology
H, (X, A), respectively. The connecting homomorphisms define natural transformations
O : H}= H} .

These functors and natural transformations have the following properties:

1. Long exact homology sequence: By Theorem for each pair (X, A) of topological
spaces, the homology functors and the connecting homomorphisms organise into a long
exact homology sequence.

71



2. Homotopy invariance: By Corollary H,(f) = H.(f") : H,(X,A) - H,(X,B)
for all morphisms f, f': (X, A) — (Y, B) that are homotopic in Top(2).

3. Excision: By Theorem [3.5.1] the relative homologies of a pair (X, A) do not change, if a
subspace U C A with U C A is removed from X and from A. One says that the singular
homologies satisfy excision.

4. Additivity: In Exercises 22| we proved that the relative homology groups of a topological
sum (IT;er X, Ier A;) for a family of pairs (X;, A;)ier are given by the direct sum of the
relative homology groups of these pairs.

5. Dimension: By Example [3.1.8) we have H,(e) =0 for n € Z\ {0}.

These properties of singular homology are exactly the axioms one imposes on a homology theory,
the famous Eilenberg-Steenrod axioms. They were introduced by Eilenberg and Steenrod in 1964
to unify different homology theories that were known at that time.

Definition 3.7.1: An (ordinary) homology theory with values in Ab is a

e collection of functors H,, : Top(2) — Ab for each n € Z,
e collection of natural transformations 0, : H> = H! | for alln € Z,

that satisfy the Eilenberg-Steenrod axioms:

1. Long exact sequence: for every pair (X, A) there is a long exact sequence

Hy (1)

—5 H,(X) H"—(W)>

Ho(X, A) 2 |,y (A) D@

2 L (A)
2. Homotopy invariance: If f, g : (X, A) — (Y, B) are homotopic, then for all n € Z
H,(f) = Hu(g) : Ho(X, A) = Ho(Y, B).

3. Excision: For every pair (X, A) and every open subset U C A with U C A the inclusions
Lt (X\UA\U) — (X, A) induce isomorphisms

H,(1): Hy(X\U,A\U) = H,(X,A).

4. Additivity: For any family (X, A;);es of pairs of topological spaces and all n € Z
H,(Wier X, Wi Ay) = Bier Hn (X5, Ay).

5. Dimension axiom: H,(e) =0 for all n € Z \ {0}.

The abelian group Hy(e) is called the coefficient group of the homology theory.

Corollary 3.7.2: Singular homology is a homology theory with coefficient group Z.

Note that the homotopy invariance axiom implies directly that homotopy equivalent topolog-
ical spaces have isomorphic homologies, see the proof of Proposition [3.2.3] Together with the
dimension axiom, this implies that for contractible topological spaces X all homology groups
except Ho(X) vanish, and Hy(X) is isomorphic to the coeficient group.

Many results, such as the Mayer-Vietoris sequence and the homology groups of spheres can
be derived directly from the Eilenberg-Steenrod axioms. For the Mayer-Vietoris sequence, this
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is shown in Exercise As the computation of the homologies of spheres in Example [3.5.6
only makes use of the Mayer-Vietoris sequence and the fact that discs are contractible, the
homologies of spheres in an ordinary homology theory are determined uniquely by its coefficient
group. Eilenberg and Steenrod proved that this does not only hold for spheres, but for all finite-
dimensional CW complexes. The precise statement of this is the following theorem.

Theorem 3.7.3 (Eilenberg-Steenrod): If (H,,, 0, )nez and (H), 0,)nez are ordinary homology
theories and (7T"),¢z is a family of natural transformations 7" : H,, = H], such that

(1) TP gy : Ha(S*) — H;,(S*) is an isomorphism for all k € Ny,

(i) the following diagram commutes for all pairs (X, A)

Txa

H,(X,A)—=H/ (X, A)

N B

H,_1(A) e H) ,(A),
(x,4)

then 17y )+ Hy(X) — H;(X) is an isomorphism on all finite CW complexes X.
As the homologies of spheres are determined by the Eilenberg-Steenrod axioms, this states that

all homologies of finite CW complexes are determined uniquely by their coefficient groups. We
will investigate the homologies of finite and non-finite CW complexes in the next section.

Homology theories that satisfy all axioms except the dimension axiom are called extraordi-
nary homology theories. They are more difficult to handle than ordinary homology theories.
Important examples are topological K-theory and bordism theories.
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4 Homologies of CW complexes

4.1 CW complexes

CW complexes are topological spaces that are built up from simple pieces, closed discs D" for
n € Ny, that are glued together along their boundaries D" = S"~! to form a topological space.
In this section we first investigate the construction and topological properties of CW complexes
and then derive a way to systematically compute their homologies. We will see that this leads
to simple formulas for the homology groups that are obtained by just counting the number of
discs in each dimension.

We first introduce the concept that describes the gluing of topological spaces. Intuitively, gluing
two topological spaces means considering them together, which amounts to taking a topological
sum, and then identifying points of one space with the other, which amounts to taking a
quotient. This combination of a topological sum and a quotient is encoded in the concept of a
pushout. As topological sums and quotients are final topologies, this also holds for pushouts.

Definition 4.1.1: Let f; : A — X; and f5 : A — X5 be continuous maps.
The pushout of f; and f; is the topological space

X1 HA X2 = (Xl HXQ)/ ~ L1 © f1<a) ~ L9 O fQ(CL) for all a € A.

Remark 4.1.2: The inclusions ¢; : X; — X; I X, for the topological sum and the canonical
surjection 7 : X II Xy — X; 14 X5 define continuous maps i; = mo¢; : X; — X, T4 Xo.

The space X;114 X5 is equipped with the final topology induced by the maps 7; : X; — X114 X5:
A subset U C X, I14 X5 is open if and only if i;1(U) C X; and i, ' (U) C X, are open.

The pushout can also be described more abstractly and efficiently via its universal property.
This universal property allows one to characterise continuous maps g : X; 14 Xo — Y from
a pushout in terms of continuous maps g; : X; — Y and ¢ : Xo — Y with gy 0 f; = g2 0 f5.
Continuous maps into a pushout can be constructed directly by considering continuous maps
into the spaces X; and X, and composing them with the maps ¢; and 5.

Lemma 4.1.3: The pushout of continuous maps f; : A — X; and f, : A — X, has the
following universal property:

The maps 71 : X7 — X; 4 Xs and 75 : Xy — X 114 X5 are continuous with i o fi = iy 0 f5.
For every pair of continuous maps ¢g; : X7 — Y and ¢, : Xo — Y with g 0 fi = g2 0 f5, there is
a unique continuous map ¢ : X; lI4 Xo — Y with go i, = ¢y and g o iy = go.

g1

X, 10,4 Xy <2 X,
E
X, A.
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Proof:
The maps i, and 75 are continuous as composites of continuous maps and satisfy i;0 f; = is0 f5
by construction.

Let g1 : X1 — Y and g5 : Xo — Y be continuous maps with ¢g; o f; = g5 o f5. By the universal
property of the direct sum there is a unique continuous map ¢’ : X; 1 Xy — Y with ¢’ o1 = g1
and ¢’ o 15 = g9. By construction, it satisfies g o1 0 fi = g1 0 f1 = g2 0 fo = ¢ 0130 fo. By the
universal property of the quotient, there is a unique continuous map ¢ : X; II4 Xo — Y with
gom =g’ This implies goi; =gomor; =g o =g, for j=1,2.

If ¢" : X114 Xy — Y is another continuous map with ¢” o i; = ¢” o w0 t; = g;, then by the
universal property of the topological sum ¢” o m = g o m, and surjectivity of 7 implies ¢” = ¢g. O

It is clear that the universal property of the pushout in Lemma |4.1.3| generalises to other
categories, if we replace continuous maps by morphisms in the relevant category. The description
of a pushout in terms of a topological sum and a quotient is a special case of the construction of
a pushout from coproducts and coequalisers. As a categorical construction characterised by a
universal property, a pushout is determined uniquely up to unique isomorphism by its universal

property (Exercise 42)).

Example 4.1.4:

1. topological sums:
If we take A = 0, then f; : 0 — X; and fy : 0 — X, are the empty maps. Then the
resulting pushout is the topological sum X; 114 Xs = X, I1 X, with the injective inclusions
=1 : X1 —>X X5 and 1o =15 : Xo > X7 1O X5 .

2. wedge sums:
If we take A = o, then a continuous map f; : A — X, amounts to the choice of a basepoint
z; = f;(e) € X,. By comparing with Definition , we see that X; I, Xy = X7 V X,
Again, the maps i1 : X7 — X7 14 X5 and iy : Xo — X5 T4 X5 are injective.

3. collapsing a subspace:
If we take a subspace A C X; with the inclusion f; = 14 : A — X; and the terminal
map fo: A — e, then we identify ¢s(e) ~ ¢;(a) in X; [T e for all a € A. The pushout the
quotient space X; 114 @ = X;/A obtained by collapsing the subspace A C Xj. In this
case, iy = m : X1 — X;/A is the canonical surjection.

4. attaching topological spaces:

If we take again a subspace A C X; with the inclusion f; =14 : A — X; and a general
continuous map fo : A — X5, then one says the pushout X; IT4 X, is obtained by gluing
or attaching X; to X, with the attaching map f; : A — Xs.

The maps iy : Xy — X 4 X5 and iy|x\a 0 X5 \ A = X, 114 X, are always injective.
The map 77 : X7 — X; II4 X5 is injective if and only if f, is injective.

5. attaching n-discs: If X; = II,c;D" and A = II;c;S™ ! C X;, then an attaching map
fo i WieS™ 1 — X, corresponds to a family (f2);c; of continuous maps fi: S" 1 — Xo.
Likewise, by the universal property of the topological sum, the continuous map
i1 : X7 — X;114 X, corresponds to a family (¢;);e; of continuous maps ¢; : D™ — X114 X5.

On then says the pushout X; II4 X5 is obtained by attaching n-discs to X, with the
attaching maps f:: S"! — X, and characteristic maps ¢; : D" — X; 114 Xo.
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A CW complezx is a topological space that is built inductively, starting out with a discrete set
Xo = ;e DY of 0-discs or points. In the first step, one attaches intervals D' = [—1,1] to these
points. In the second step one attaches 2-discs D? to the topological space constructed in the
first step, in the third step 3-discs D? to the space from the second step, in the nth step n-discs
D™ to the topological space constructed in step n — 1.

As we work with pairs of topological spaces, we also need a concept of a relative CW complez.
In this case, one starts with an arbitrary topological space X_;. Attaching points or 0-discs to
X_1 means taking the topological sum of X_; and a discrete set of points. The procedure then
continues as in the case of a CW complex, by first attaching intervals to this topological sum,
then 2-discs to the resulting topological space.

A CW-complex can thus be viewed as a relative CW complex, where one starts out with the
empty set. In both cases, it is also allowed not to attach any discs in a given step, and the
number of discs attached in each step need not be finite. Also, the attaching procedure does
not need to stop after a finite number of steps, but can continue indefinitely.

Definition 4.1.5: A relative CW complex (X, X_;) is a topological space X with a sub-
space X_; C X and a filtration X_; C X C X; C ... C X,, C ... C X such that

(CW1) X =U2 X,
(CW2) X, is obtained from X,,_; by attaching n-discs for all n € Ny

In—1,n

Xn Xn—l
(Ci)ieln] T(fi)ie]n
Micr, D™ =— e, St

(L)ieln

(CW3) X is equipped with the final topology induced by the inclusions i, : X,, — X:
A subset U C X is open if and only if U N X, is open for all n > —1.

The spaces X,, are called the n-skeleta, the maps f; : S" ! — X,, the aottaching maps, the
maps ¢; : D" — X, the characteristic maps and the spaces 0; = ¢;(D") C X the n-cells.
If X 1 =0, then X = (X,0) is called a CW complex.

Remark 4.1.6: Let (X, X_;) be a relative CW complex.

1. Axiom (CW2) for n = 0 states that X, is the topological sum of X_; and a discrete set
of points IT;c; e, as the pushout is over the empty space, cf. Example [4.1.4) 1. If X _; = (),
then X is a discrete set of points.

2. By Remark [4.1.2] a subset U C X, is open (closed) in X,, if and only if ¢;'(U) is open
(closed) in D" for all i € I,, and U N X,,_; is open (closed) in X,,_;.

3. This implies that a subset U C X is open (closed) if and only if U N X_; is open (closed)
in X_; and for each n € Ny and i € I,, the set ¢; ' (U) is open (closed) in D™,

4. In particular, all skeleta X,, for n > —1 are closed in X.
This follows, because ¢; '(X,_1) = f; (X,_1) = S" ! is closed in D" for all i € I,, and

X,,_1 is closed in itself. Hence, X, _; is closed in X, for all n € Ny, and this implies

inductively that X,, closed in X, for all £ > n.
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5. Each point x € X is contained either in X _; or in a unique cell. This defines a relative
cell decomposition of X, a decomposition of the set X as a disjoint union

X = X0 (0 Uier, (D).
If X_; =0, this is called a cell decomposition of X.

6. By 3. and 5. the restrictions ¢z, : D" — ¢;(D™) are homeomorphisms or all i € I,,.

7. Continuous maps f : X — Y correspond to families (f,)nezn>—1 of continuous maps
fn: Xy = Y with f,|x,_, = fn_1 for all n € Ny (Exercise .

One says a topological space X has a CW structure or, more informally, is a CW complex
if it is homeomorphic to the topological space underlying a CW complex. Note that such a
decomposition and a CW structure on a given topological space X need not be unique, as we
will see in the following. A topological space may have several CW structures or none.

To show that a topological space is homeomorphic to a CW complex, one usually constructs a
homeomorphism from the pushout into the space X via its universal property. This homeomor-
phism can often be deduced from a cell decomposition of the space X as in Example [£.1.6], 5.
that satisfies certain additional conditions. In fact, cell decompositions are the starting point of
the original definition of a CW complex, which did not make use of pushouts. The conditions
on cell complexes in this older definition motivate the name CW complex: C stands for closure
finiteness and W for weak topology.

Remark 4.1.7: A Hausdorff space X with a decomposition X = Upen,Uier, i such that
0; =2 D" for all » € I, is a CW complex, if and only if

1. characteristic maps: there are continuous maps ¢; : D™ — X for i € I,,, n € Ny that
restrict to homeomorphisms ¢;|p. : D" — o; and such that ¢;(0D") is contained in cells
of dimension at most n — 1 for all 7 € I.

2. closure finiteness: 7; intersects only finitely many cells of X for all ¢ € I,,, n € Ny.

3. weak topology: A C X is open if and only if ANa; is open in 7; for all i € I,,, n € Ny.

We will not prove that the conditions in Remark are equivalent to our definition of the
CW complex, but we will show that CW complexes according to our definition give raise to
cell decompositions that satisfy these conditions. We start by considering examples.

Example 4.1.8:
1. Real space R has the CW complex structure ) C Z C R C R C ... given by
X1 =R <LL X() =7

(Ci)z‘eZT T(fi)iez
11, D! 11,5°

(V)iez
with the attaching maps and characteristic maps

fi {11} 2 Z, 2~ i+5(x+1) ¢:[-1,1] >R, a—i+3(x+1)
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D! D! D! D! D! D!
s [f [f [0 A |F
-3 —2 —1 0 1 2 3 R

2. The n-sphere S™ has a CW complex structure ) Ce C ... C e C S" C S" C ... with
X, =efor 0 < k <nand X = 8™ for k > n. It is obtained by attaching an n-disc to

a point e with the terminal map f : S" ! — e. Its pushout describes the construction of
S" = D"/S"~1 by collapsing S"~ = D"

X, = St ~—— n—1— {.}

nT Tf

D" St

L

St 52

e ,31. ‘

3. The n-sphere S™ has a CW complex structure ) ¢ S° c St c S2c...cS"cS"C...
with X, = S* for 0 < k < n and X; = S” for k > n. Here, S* is obtained from S*~! by
attaching two k-discs with the map id : ¥t — Sk-1,

x—(z,0)

Sk gh-1 (29)
(c+,c_)T T(id,id)
D* 11 DF <—— Sk=1 11 §F—1
(1:0)

More explicitly, we can identify S*~! with the equator S*~! = S¥~1 x {0} C S* and attach
the discs D as the upper and lower hemisphere S§ = {x € S* | +2;,; > 0}. Then the
attaching maps and characteristic maps are given by

fo=f:8F1 5 gkt {0}, (x1,...,2x) — (21,...,24,0)

cy 1 D¥ — S, (xl,...,xk)l—>(xl,...,ack,:t\/l—x%—...—xi)

52

- @

el
__> (--
>:<——

>

4. Real projective space RP" is the space of real lines through the origin in R"*! and can
be realised as the quotient RP™ = S™/ ~, where x ~ —z for all x € S™. As any point in
the lower hemisphere S” is identified with a point in the upper hemisphere S, we obtain
a CW structure ) Cc RP* c RP2C ... CRP*"C RP" C ... with X; = RP*¥for0 < k <n
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and X, = RP" for k > n from 3. Here, RP¥ is obtained from RP*~! by attaching a k-disc
with the canonical surjection 7 : S¥~1 — RP*"! 2+ []

[z]—[(=,0)]

RP* RPk-1 (30)

Dk Sk—l

L

. Complex projective space CP" is the space of complex lines through the origin in
C™+L. If we identify C** with R?"*2 via the map

¢ R¥72 5 C" (21, .., Tongo) = (21 + 29, ..., Topy1 + iTong2),
we can express it as the quotient CP™ = S?"1/ ~ with
(1, ..y Topaa) ~ (R(x1,22), ..., R(Topns1, Tony2)) VR € SO(2).
This yields the skeleton filtration
)cececCP'cCP'c...cCP*!'cCP"!cCP"cCcCP"cCCP"...,

with Xy, = Xop 11 = CP* for 0 < k < n and X;, = CP" for k > 2n, where CP¥ is obtained
from CP*~! by attaching a 2k-disc D?* with the canonical surjection 7 : S?¢~1 — CP*~!

—[(,0,0

cpr 2O p (31)

D2k SZk—l .

L

. In the last three examples the attaching need not be stopped at a fixed skeleton, but can
be continued indefinitely. This yields CW complexes

e X = S with skeleta X, = S* for all k € Ny, where S* is obtained from S*~! by
attaching two k-discs as in ,

e X = RP*™ with skeleta X; = RP* for all £ € Ny, where RP” is obtained from RP*~!
by attaching a single k-disc as in (30)),

e X = CP™ with skeleta Xo, = Xopy1 = CPF for all k € Ny, where CP¥ is obtained
from CP*~! by attaching a single 2k-disc as in .

. It is shown in [H, Corollary A.12] that every compact topological manifold is homotopy
equivalent to a CW complex.

It is known that every compact smooth manifold is homeomorphic to a CW complex and
that every compact topological manifold of dimension d # 4 is homeomorphic to a CW
complex. In dimension 4 the latter is still an opn question.

. Examples of relative CW complexes arise from CW complexes. For every CW complex
X the pairs (X, Xy) for k € Ny and (X, Xy) for £ < n are relative CW complexes.

Some of the CW complexes in Example contain only cells up to a fixed dimension, whereas
the ones in Example [£.1.8] 6. contain cells of arbitrarily large dimensions. Note also that even if
the dimension of cells is restricted, there can still be infinitely many cells of a given dimension
as in Example [£.1.8] 1. It is also apparent that all examples of CW complexes in Example [4.1.8
with a finite number of cells are compact. This is not a coincidence.
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Definition 4.1.9: A CW complex X is called

e finite-dimensional of dimension d, if d = inf{k € Ny | X = X} € Ny,
e of finite type, if each set [, of n-cells is finite,
e finite, if it is finite-dimensional and of finite type.

Corollary 4.1.10: Every finite CW complex is compact.

Proof:

This follows by induction over the n-skeleta. The space X is compact, as it is a finite discrete
set. If X,,_1 is compact and I, is finite, then the topological sum X, IT (IT;c;, D™) is compact
as a finite topological sum of compacta. The space X, is a quotient of this topological sum and
hence compact as a quotient of a compact space. O

This shows in particular that it is futile to look for a finite CW complex structure on a non-
compact space such as R™ or on an open n-disc D". One might ask if the converse also holds.
Are there non-finite CW complex structures on compact spaces? That the answer is negative
is a consequence of the following lemma.

Lemma 4.1.11:
Each compact subset K of a CW complex X intersects only finitely many cells of X.

Proof:
Let I, be the set that indexes the n-cells of X and ¢; : D® — X, and f; : S" ! — X, for
1 € I, the associated characteristic maps and attaching maps.

Choose for each cell o with 0 N K # () a point z, € 0 N K. These points form a set S C K,
which is in bijection with the set of cells in X that intersect K. To show that S is finite, it is
sufficient to show that S is discrete and closed in X. As closed subsets of compacta are compact
and discrete compacta are finite, this implies that S is finite. Hence, we show that R N X, is
closed in X, for all n € Ny and subsets R C S.

As a subset of the discrete set X, the set R N Xy is closed in X, for any R C S. Suppose we
showed that R N X} is closed in X}, for all subsets R € S and & < n — 1. Then for each 7 € I},
with k < n — 1 the set ¢;'(R) = ¢;'(RN X}) C D is closed in D* as the preimage of the
closed set R N X}, under the continuous map ¢; : D¥ — Xj,. Likewise, for each 7 € I,, the set
Y (R) = fiY RN X,_1) C S" ! = D" is closed in S""! as the preimage of the closed set
RN X, 1 under the continuous map f;.

For each i € I, the set ¢; ' (R) C D" is either equal to 7Y (R) € S"~' = 9D", or it is obtained
from f;'(R) by adding a point in D™. As f;*(R) is closed in D", it follows in both cases that
c; (D" is closed in D™. By Remark {4.1.6|, 2. the set R N X,, is closed in X,,. O

Corollary 4.1.12: Every compact CW complex is finite.

Proof:
If X is a compact CW complex, we can consider the compact subset K = X. As it intersects
all cells of X, it follows with Lemma [4.1.11| that X is finite. O
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We will now look in more depth at the topological properties of CW complexes and relative
CW complexes. We already addressed the question of compactness. It is also clear from the
definition that we cannot say anything general about connectedness or path-connectedness of
CW complexes - this will depend on the individual CW complex. However, we can address their
separation properties. For this, we need to consider closed subsets of relative CW complexes
and to construct open neighbourhoods of such subsets.

We can also investigate local homotopy theoretical properties of CW complexes, such as local
contractibility or local path-connectedness. In this case, we want to show that certain neigh-
bourhoods of a point that are contained in a given open neighbourhood deformation retract to
the point. This requires the following technical lemma.

Lemma 4.1.13: Let (X, X ;) be a relative CW complex, A C X a closed subspace and
U C X open with A C U. Suppose there is an open neighbourhood N(A)_; of ANX_; in X_,4
with N(A)_l cUnNnX_.

1. Then there is an open neighbourhood N(A) of A with N(A) C U.
2. If Ano = () for all n-cells o, then N(A)NX,, strongly deformation retracts to N(A)NX,,_;.

Proof:
1. We construct open neighbourhoods N(A), of Ay := ANX}, in X, with N(A), C UNX;, =: Uy
by induction. For n = —1 such a neighbourhood exists by assumption. Suppose we constructed

such neighbourhoods for all £ <n — 1.

For i € I, and ¢; € (0,1) let Y; = V; U W, be the union of the open sets
Vi={ze D" |d(z ¢ (A)ND") < e} C D"
Wi={\wl|vec (NA)p 1), l—<A<1}C D™

Disc D? with the set ¢; '(A) in blue, ¢; '(N(A);) in red, V; in orange and W; in violet.

As A is closed and ¢; continuous, the set ¢; '(A) C D" is closed and hence compact. As U is
open, the set ¢; *(U) is open in D", and as A C U we have ¢; *(A) C ¢;*(U). By choosing ¢; > 0
sufficiently small, we can achieve V; C ¢;'(U). Likewise, c¢; '(N(A), ;) € S"~! is closed and
hence compact and contained in c¢; ' (U) by assumption. Hence, there is an ¢ > 0 such that
W; C ¢;*(U). Thus, for ¢; > 0 sufficiently small, we have Y; C ¢; *(U). We define

N(A)n = N(A)y 1 U Uier,&i(¥5) = N(A)n 1 U (Uier, (v 0 D))

We show that N(A), is open in X,,. The set N(A), N X,—1 = N(A),_1 is open in X,,_; by
assumption. For each i € I,,, we have ¢; '(N(A),) = ¢; ' (¢;(Y3)) = Vi, as ¢|pn is injective and
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Y;NOD" = ¢;'(N(A),_1), which gives ¢; ' (c;(Y;NOD")) = ¢; {(N(A),_1) = Y;NOD". As Y; is
open in D™ by construction, Remark {4.1.6, 2. implies that N(A), is open in X,.

As ¢l pn - Dr — cz-(f)n) is a homeomorphism for all i € I,, and ¢;(0D") C X,,_4 for i € I, we

have Ujer, ¢, (Y;) C Uier ci(Y;) UN(A), ;. This yields

NA), = N(A),_, U Uier,ai(Y) CUp=UN X,
An C An—l U (Uieln CZ(Y;» C N(A)n_l U (Uielnci<Yz‘)) = N(A)n

Then the open set N(A) = U2 _| N, (A) satisfies N(A), = N(A) N X}, for all £ > —1 as well as

ACN(A)and N(A) C U.

2. If AN ¢;(D") = 0 for all i € I, then Y; = W; for all i € I,. Then ¢;*(N(A),_,) is a strong
deformation retract of W; for all ¢ € [, with the retraction and homotopy

i W, — ci_l(N(A)n_l), v = v/l hi - [0,1] x W; = W,, (t,v) = (1 —t)v + tv/||v]|

Consequently, the set N(A),_; is a strong deformation retract of N(A), with retraction and
homotopy induced by the continuous maps

x x € (W) NN(A)_1
ciorio(clp.) Hz) € a(W;N D”)

. x x € (W) m;N(A)nfl
() = {Ci o hi(t, (ci|pn) () 2 € c;(W; N D").

i (Ws) = (W) N Ny (A), - {

R 2 [0,1] x ¢;(W5) — (W),

Corollary 4.1.14:

1. If X is a relative CW complex with X_; normal, then X is normal.

2. Every CW complex is normal, in particular, Hausdorff.

Proof:
Let X be a relative CW complex such that X_; is normal. We show that X is T} and T}. The
separation axioms Tg, 75 and T3 then follow.

1. We show that X is a T}-space:

Let x € X and k = min{n > —1 | z € X;}. If k = —1, then {z} is closed in X_;, as X4
is normal. Otherwise, there is a unique ¢ € [, with x € cz(Dk) and a unique p € D* with
¢i(p) = x. Then {p} = ¢; ' (z) is closed in D*, ¢;*(x) = @ for all j € I\ {i} and {z} N X}, = 0.
This shows that {z} is closed in X}, by Remark [4.1.6] 2.

That {z} is closed in X,, for n > k follows inductively. Suppose {z} C X,, is closed in X, for
all m < n—1. Then for all i € I,, one has ¢; *(z) = f; *(z) C S"~! closed in D" as the preimage

of the closed set {x} C X,,_; under the attaching map f; : S"~' — X,,_;. With Remark |4.1.6]
2. it follows that {x} is closed in X,,. This shows that {z} is closed in X and X is T}.

2. We show that X is a Ty-space:
Let A, B C X closed with ANB = (). Then by Remark4.1.6{A_; = ANX_; and B_; = BNX_;

are closed and disjoint. As X _; is normal, there are disjoint open subsets O4,Op C X_; with
A,1 - OA and B,1 C OB.
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We set Uy := X \ B and N(A)_; := Oy4. Then we have A C Uy as well as
N(A)_l :5,4 CX_l\OB:X_l\OB CX_l\B_l :X_lﬂUA.

By Lemma |4.1.13| there is an open neighbourhood N(A) of A in X such that N(A) C X \ B.

Then N(A) and X \ N(A) are disjoint and open with A C N(A) and B C X \ N(A).

This shows that X is T, and with 1. that X is normal. O

We have now proven that the cell decomposition X = Upen,Uier, cl(D”) for a CW complex X
satisfies all the conditions in Remark 1.7

e Lemma [4.1.14] implies that X is a Hausdorff space.

e Definition yields continuous maps ¢; : D" — X for each ¢+ € I,, n € Ny that
induce homeomorphisms ¢;| 5. : D™ — ¢;(D™) by Remark 4.1.6, 6. and such that ¢;(9D")
intersects only cells of dimension < n—1 for ¢ € I,,. This is the characteristic map axiom.

e By Remark |4.1.6, 2. a subset U C X is open, if and only ¢, (U) is open for all i € I,,,
n € Ny. This is equivalent to U N ¢;(D") is open for all i € I,, and n € Ny. As ¢;(D") is
the closure of ¢;(D™) by Exercise , this proves the weak topology axiom.

e By Lemma [4.1.11] the closure ¢;(D™) of each cell ¢;(D™) can intersect only finitely many
cells, which proves the closure finiteness axiom.

We will now apply the second part of Lemma to investigate the homotopy theoretic
properties of a CW complex. More specifically, we prove that any CW complex is locally
contractible and hence locally path-connected and locally connected. We also show that for
each relative CW complex (X, X_1) the subspace X _; is a strong deformation retract of X. For
this we need to combine the retractions and homotopies for subsequent skeleta from Lemma
4.1.13| into retractions and homotopies for the entire relative CW complex. This is achieved
with the following technical lemma.

Lemma 4.1.15: Let X, C X; C Xy C ... a sequence of subspaces and X = U, X,, their
union with the final topology induced by the inclusions ¢, : X, — X. If X,,_; is a strong
deformation retract of X, for all n € N, then X, is a strong deformation retract of X.

Proof:
We denote by ty—1, : X,—1 — X, the inclusions. Let r,, : X,, = X,_; be a retraction and
hy :10,1] x X,, — X,, a homotopy from idy, to ¢,_1, o, relative to X,,_;:

ho(0,2) =2 Ve € X,,, ho(l,2) =r,(2) Ve € X, hu(s,z) =2 Vo e X, 1,5 €]0,1].
For k,n € Ny we consider the continuous maps r* : X — X,, given by

Tpi1O...0Tg k>n
k_ ). _
r, = < idx, E=n

lp—1m O ... Olppt1 Kk <mn.
As they satisfy r¥(z) = r*=1(z) for all x € Xj,_; and k,n € Ny, they define a map
R,: X =X, Xi>z—rF)ecX,
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The map R, is continuous, because R, (U) = UL (rF)~}(U) is open for all open U C X by

continuity of the maps r*. As R, (x) = z for all z € X,,, it is a retraction from X to X,,.
A homotopy from ¢, o R, to t,_1 o R, relative to X,,_; is given by

hi 2 [0,1] x X = X, (t,2) — hy(t, R.(x)).
Composing the maps h, for n € Ny yields a homotopy from idx to ¢y o Ry relative to X

W2t — 27, 2) te 2 27

h:[0,1] x X — X, (t,x)l—>{
T t=0.

It satisfies h(0,2) =z for all z € X, h(1,z) = b (1,2) = hi(1, Ri(z)) = r1 o Ry(x) = Ry(x) for
all z € X and h(s,x) = x for all x € X,. It is continuous, because its restriction to [0, 1] x X
is continuous for all k& € N

x t€[0,27%]
reX, = h(t,x)=q h(28t—-27%), 1) t € [27F 27kH]
ho(27(t —27"), Ry(x)) te 2727, n<k.

This yields h=HU) = U h H(U) N ([0,1] x Xz) = Up2o(hljp1xx,) 1 (U) open for all open
subsets U C X. O

Proposition 4.1.16:

1. Every CW complex X is locally contractible.

2. In every relative CW complex (X, X_;) the space X_; has an open neighbourhood
N(X_1) C X that strongly deformation retracts to X_;.

Proof:
1. Let X be a CW complex, x € X and U an open neighbourhood of x. We construct an open
neighbourhood = € N(z) C U such that {z} is a strong deformation retract of N(x).

We apply Lemma [4.1.13|to the subset A = {z}, which is closed by Corollary [4.1.14] and to the
open set U. This yields an open neighbourhood N(x) of x such that N(z) C U.

We show that {z} is a strong deformation retract of N(z). By Remark [4.1.6] 5. there is a unique
m € Ny and a unique i € I,,, such that = € ¢;(D™). By construction of the neighbourhood N (z)
in Lemmal[d.1.13)it follows that N (z), = @ for all k < m. For k = m we have N (z),, = ¢;(B.(p)),
the image of an open e-ball around p = ¢ '(x) under the characteristic map ¢; : D™ — X,,.
For all k-cells o with & > m we have o N {z} = (). By Lemma this implies that N(z)y is
a strong deformation retract of N(x),y for all & > m.

Because all subspaces N(x), are open, the topology on N(x) = U2 X} is the final topology
induced by the inclusions ¢} : N(z), — N(x) by Exercise . Applying Lemma to the
sequence of subspaces N (), C N(2)ms1 C N(2)mie C ... then shows that N(x),, = ¢;(Be(p))
is a strong deformation retract of N(z). As {z} is a strong deformation retract of N(z),,, it
follows that N(z) C U is contractible.

2. We apply Lemma [4.1.13| to the subspace A = X 4, which is closed by Remark 3. and
U = X. This yields an open neighbourhood N(X_;) of X_; with N(X_;)_; = X_;. By Remark
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M4.1.6] 5. none of the n-cells for n > 0 intersect X_;. With Lemma this implies that
N(X_1)n_1 is a strong deformation retract of N(X_1), for all n € Nj.

Because all subsets N(X_1); are open in X, the topology on N(X_;) is the final topology
induced by the inclusions ¢}, : N(X_1); — N(X_1) by Exercise [49} Applying Lemma to
the sequence of subspaces N(X_1)_; C N(X_1)o C ... shows that X_; = N(X_;)_; is a strong
deformation retract of N(X_;). O

Our main applications of the second result are skeleta of CW complexes. As each skeleton
X, of a CW complex X defines a relative CW complex by Example [£.1.8 7. it has an open
neighbourhood N(X,,) that strongly deformation retracts to X, by Lemma . In other
words, the pair (X, X,,) is a good pair in the sense of Definition m Their relative homologies
are thus given by the homologies of their quotient by Proposition m For a pair (X,, X,,_1)
of subsequent skeleta, this quotient takes a particularly simple form.

Corollary 4.1.17: For every CW complex X the pairs (X, X,,) and (X}, X,,) are relative CW
complexes and hence good pairs for all n € Ny and k£ > n.

Lemma 4.1.18: For every CW complex X and all n € N we have homeomorphisms

Xn \ anl = HiEInZO)n Xn/anl = viGInSn-

Proof:
The first identity follows directly from the definition of a CW complex. The second identity
follows from the following two commuting diagrams, whose outer rectangles coincide

Xn/Xn1 ° Xn/ X1 °
”nT ] (C;)iGIT ]
Xn i Xn-1 e, D™/ S Wies, ®
(Ci)iEInT T(fi)ieln Mhe]n{ ]
Wiep, D" <—1Lie, S™71 e D" e, S™ L,

(Wiery, (Viern
Here, the maps ¢, : D"/S" ! — X,,/X,_; are the unique continuous maps with ¢, om = m, o ¢;,
induced by the characteristic maps ¢; : D* — X,, with ¢;(S"™') C X,_; via the universal
property of the quotient.

In the diagram on the left the lower square is a pushout by definition of a CW complex and
the upper diagram is a pushout by Example [£.1.4] 3, as it describes the construction of the
quotient. By Exercise [43] the outer diagram is a pushout as well.

In the diagram on the right the lower square is a pushout by Example [£.1.4] 3. and by Exercise
4] which states that pushouts are preserved by topological sums. As the outer rectangle is
a pushout, it follows with Exercise that the upper square is a pushout as well. The latter
describes a wedge sum by Example [4.1.4] 2. and yields with D"/S"~! = D" /9D" = S"

Xn/Xn—l = (HieInDn/Snil) / (Hieln‘> = (Hz‘elnsn) / (Hi61n°) = \/ieISn-
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4.2 Cellular homologies

In this section, we use the results on CW complexes to systematically compute their homologies.
As a first step, we compute the relative and some absolute homologies of their skeleta. Relative
homologies of subsequent skeleta can be computed with Proposition [3.5.3| and Lemma [4.1.18
by identifying them with a wedge sum of spheres. The absolute homologies are then obtained
from the long exact homology sequence. As in Definition 4.1.5| we characterise a CW complex
X by the following pushouts that describe the attaching of n-cells for n € Ny

'in—l,n
Xn Xn—l

(Ci)ielnT T(fi)ieln
Hie]n_Dn < Hie[n Sn_l .

(")iEIn

Proposition 4.2.1: Let X be a CW complex.
1. The relative homologies of its skeleta are given by

<]n>Z k =n,

2. The absolute homologies of its skeleta satisfy

Proof:
1. The case k = 0, n € N follows from Exercise 25, and for £ = n = 0 we have

Hy(Xo, X_1) = Hy(Xo,0) = Ho(Xo) = Ho(LLicry®) = Bicr,Z = (Lo)z.

As (X, X,,_1) is a good pair we have in the other cases

B53 . ETI8 - .
Hiy( X, Xo1) = He(Xn/Xno1) = Hi(Vier,S™)

{@iefnz k:n#Og{([n)Z n=k+0

0 else 0 else.

2.(a) We consider the long exact homology sequence for the pair (X, X,,_1)

Hk(infl,n)

oo Hy1 (X, Xo1) LN Hyp(Xp1) Hp (X)) — He( X0, Xno1) Py

e If k+1 <nork>nwehave H(X,, X,_1) = Hp1(X,, Xn_1) = 0 by 1, and the map
Hy(ip-1,) is an isomorphism.

e For k =n — 1, we still have H,(X,,, X,,—1) =0, and H,,_1(i,—1,,) is surjective.
For k > n this proves the first claim in 2: Hg(X,) & Hp(X,—1) = ... 2 Hi(Xy) = 0.

For k < n this gives Hp(X,,) = Hp(Xn11) = Hi(Xpyo) = ... If X is a finite-dimensional CW
complex, there is an m € Ny with X = X,,,. This implies Hy(X,,) = Hy(X,,) = Hp(X) for all
k < n and proves the second claim in 2.
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To prove the second claim in 2. in general, we show that H, (i,11) : H,(Xpy1) = Hu(X) is
an isomorphism for all n € Ny. For this, note that the inclusions 7, ,+1 : X;,, = X,41 and the
inclusions i,, : X,, — X define the following commuting diagram in Top

in72 X in+2 (32)
ip—1 i T wl

Xy —= Xy —=X Xpin Xpyo—— . ..

n .
In—2,n—1 In—1,n tn,n+1

int1,n+2

2.(b) We show that H,,(in+1) : Hp(Xpny1) = H,(X) is surjective.

As the image of every singular n-simplex o : A™ — X is compact, it intersects only finitely many
cells by Lemma and hence is contained in some skeleton of X. Hence, for every singular
n-cycle z = X_gaj0; € Z,(X) there is an m € Ny with o;(A") C X, for all j = 0,...,1.
Hence, the homology class [z] € H,(X) is of the form [z] = H,(i,,)[#], where 2’ € Z,(X,,) is
the associated n-cycle in X,,. The map

Hn(im—l,m ©...0 in+1,n+2) = Hn(im—l,m) ©...0 Hn(in+1,n+2) : Hn<Xn+1) — Hn(Xm)

is surjective, as H,(intzniz+1) 1S an isomorphism by 2.(a) for all x € N. Hence, there is a
[2"] € Ho(Xny1) with [2'] = Hp(i—1,m © - .. 0 Int1nt2)[2"]. With we obtain

[2] = Hp(im)[2] = Hn(im o lm—1,m © ...0 int1nt2)[2"] = Hp(ing1)[2"].
Thus, H,(ip41) 1 Hy(Xne1) — H,(X) is surjective.
2.(c) We show that H,,(in+1) : Hn(Xni1) = Hy(X) is injective.

Suppose that z € Z,(X,41) with H,(i,41)[2] = 0. Then there is an (n + 1)-chain z € S,,;1(X)
with S, (ins1)z = dpii1(z). As the images of all simplexes in x are compact, there is some
m > n + 1 such that the images of all simplexes in x are contained in X,,. This implies
z € Spi1(Xym) and Sy (dm—1m O .. Olpt1nt2)(2) = dnt1(x) and Hy,(fm—1,m 0. .. Olnt1mt2)[2] = 0.
As H, (i +1) is an isomorphism for £ > n by 2.(a), this implies [z] = 0. O

Remark 4.2.2: Diagram that relates the skeleta X, to the CW complex X and to
their neighbours is an example of a categorical construction called sequential colimit or,
confusingly, direct limit in the category Top. The arguments in the second part of the proof
of Proposition are typical for such colimits and are often called colimit argument.

Corollary 4.2.3: Let XY be CW complexes.

1. If X, 2, then Hp(X) = H,(Y) for all k£ < n.
2. If X has no n-cells, then H,(X) = 0.

Proof:
1. By Proposition we have Hy(X) = Hy(X,) = Hi(Y,) = Hi(Y) for all k < n.

2. If X has no n-cells, then X,, = X,,_1, and Proposition{4.2.1], 2. gives 0 = H,,(X,,_1) = H,(X,,).
O
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The relative homologies of a CW complex X are not just useful for computations with the long
exact homology sequences. They have a direct geometrical meaning - their generators represent
the n-cells in X - and they can be used to define a simplified chain complex, the cellular
complex. This complex consists of the relative homologies H, (X, X,,—1) in degree n and a
boundary operator that is defined by the connecting homomorphisms and the projection maps
for the relative chain complex. As it has the same homologies as the singular chain complex, it
gives a simple and efficient way to compute homologies of CW complexes.

Proposition 4.2.4: Let X be a CW complex. Then the abelian groups of cellular chains
Cn(X) = Hy (X0, Xyim1) = (In)z and the cellular boundary operators

dn = Hn71<7rn71) o an : Hn(Xna anl) — anl(Xn71> — anl(anthfQ)
induced by the morphisms 7, : (X,,,0) = (X, X,,_1) in Top(2) define a chain complex Cy(X),

the cellular chain complex of X.

Proof:
We consider for n € Ny the short exact sequences of chain complexes

0= Su(Xp1) 2 (X)) 2T 6L (X,) /S0 (Xnr) — 0.

induced by the morphisms 7, : (X,,0) — (X,,X,1) and i, : (X,,_1,0) — (X,,0). The
associated long exact sequences of homologies define a commuting diagram with exact rows

Bn Hn—l(in)

Hy(mn)
.. -—>Hn(Xn7Xn—1) Hn—l(Xn—1> Hn—l(Xn)
~ - - dn
lan ~ LHnl(ﬂ'nl)
Hy—1 (in—1) 1 () > O
.- 1_1> anl(anl Uy nfl(anla anQ) : Hn72(Xn72)
L@n_1 T \dn\_l lHn—2(7Tn—2)
811—2 Hn—Q(in—Q) Hn—2(7rn—2) o~

—— H,_2(X,-3) H, 2(X,—2) Hy, o(Xp—2, Xp_3) — ...

As the squares in this diagram commute and the rows are exact, we have

dnfl o dn = Hn72(ﬂ-n72) ©0p-10 anl(ﬂ-nfl) Oan =0.

-~
=0

Theorem 4.2.5: For every CW complex X there are isomorphisms

H,Co(X) = H,(X) VneN,.

I\izflé()(z)()f‘r.lsider the following commuting diagram in which the row and both columns are exact
Ho1(Xoin, Xo0) Ho 1 (Xoes) 0
- o Hy 1 (i)
02 g (X, ) g x) — ) (X X o) — 2 Hy ) (X)
Hoin11) \ Hy (1)
Hy(Xnt1) Hy (X1, X2)
Hp (mn41)

Ho (X1, X)) 220,

88



As the leftmost entry of the horizontal row is zero, we have that H,(m,) is injective, which
implies H,(X,) & im H,(m,) and imd,,y; = im (H,(7,) 0 Opy1) = im0,.1. As the top entry
of the right column is zero, H,_i(m,_1) is injective and kerd, = ker (H,_1(m,—1) 0 0,) =
ker 0,,. As the bottom entry of the left column is zero, H,(i,1) is surjective and H, (X, 1) =
H,(X,)/im d,1. Combining these statements yields with Proposition m

kerd,, ker 0, im H,,(m, H,(X,
H,Cu(X) = _ _mHa(m) _ HdX) gy

imd,11  imd,g im dp 1 im Oy, 11

Azl

H,(X).
O

In some cases, no information about the boundary operator of the cellular chain complex is
required. Just counting the cells in each dimension of a CW complex is sufficient to compute its
homologies. This applies to the homologies of the n-spheres, if they are given the CW structure
from Example [4.1.8] 2. but also to complex projective space and its infinite counterpart.

Example 4.2.6:
For complex projective space CP™ with the CW structure from Example 5. we have

Xo=X1 = {‘}7 Xo=X3 = CPl, cony Xopo=Xop 1 = (Cpnfla Xon = CP",

where Xy, is obtained from X,;,_; by attaching a 2k-disc D?* with the canonical surjection
e : S 5 CPF for 1 < k < n.

This implies Cor (CP™) = Hop(Xok, Xog—1) = Zfor 0 < k < nand Cx(CP") = Hy(Xy, Xp—1) =0
for k > 2n or k odd. The cellular complex is given by

don dan—1 dan—2

0—>Z—>0—>Z—>0—>...d—3>Zd—2>Od—l>Z—>O,

and its homologies are

k Z 0<k<2n, k
H,,(CP") = H,C.(CP") = ot di :{ 0<k<2n, keven

im djyq 0 else.

Example 4.2.7: Consider infinite complex projective space CP*> with the CW structure from
Example [4.1.8] 6. We have X5, = X541 = CP* for all k € Ny and Xy, is obtained from X,
by attaching a 2k-disc D?* with the canonical surjection 7 : S?*=1 — CP*~! for all k£ € N.

This yields Cgk((CPOO) = Hgk(ng,sz_l) =~ 7 and Cgk+1(CP°o) = H2k+1(X2k+1,X2k) =~ ( for
all £ € Ny. The cellular complex reads

don+2 0 don+1 7, don 0 dan—1 7, d2n72\ 0 ds do dy
7

. — ... =2 —=0—=7Z—0,

and its homologies are given by

7k € Ny even

0 else.

Hy(CP®) = H,C,(CP>) = {
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In general, computing the homologies of a CW complex also requires an understanding of the
cellular boundary operator. However, its definition in Proposition makes use of the relative
singular homologies and is not adapted to the geometrical picture in terms of cells. The goal is
to have a more explicit and geometrical description of this operator in terms of cells and their
attaching maps.

We consider a CW complex X and denote by by f; : S" ! — X,, the attaching map and by
¢; : D™ — X, the characteristic map for the n-cell associated to i € I,

in—l,n

(Ci)ielnT T(fi)ieln
Hie]n Dn < Hie[n S’I’L—l .

(Viet,

The cellular boundary operator assigns to every n-cell o; = c,(D") a linear combination of
(n — 1)-cells 7, = cj(lo)"*l). We must express the coefficients of this linear combination in
terms of cells. This is achieved by combining two maps that relate the cells o; and 7; to the
(n — 1)-sphere S™!, composing them and computing their mapping degree.

The first is the attaching map f; : S" ' — X,_; that describes how &; is attached to the
(n — 1)-skeleton X,,_;. The second is the collapsing map 7; : X,,_1 — S"! for an (n — 1)-cell
7;, that collapses the complement of 7; in X,,_; to a point. It is the composite

7T ~ -1 P -1
U X1 — anl/Xn72 = \/kejn_lS” — S"

of the canonical surjection 7 : X,, 1 — X, 1/ X2 = Vier, , 5" ! from Lemma [4.1.18 and the
map p; : Vier, ,S" 1 — S"! from Remark [3.5.8| that selects the (n — 1)-sphere for j € I,,_;.

The composite 7;0 f; : S"' — X,,_; — S™~! describes the contribution of the boundary of the
n-cell o; to the (n — 1)-sphere obtained by collapsing the boundary of 7;. As a map between
(n — 1)-spheres it has a mapping degree d;; = deg(m; o f;) € Z. This is the coefficient of 7; in
the expression for the cellular boundary d,(o;) as a linear combination of (n — 1)-cells.

Note in particular that there can be only finitely many non-vanishing mapping degrees d,; for
a given n-cell o;. As f;(S"!) is compact, it intersects only finitely many (n — 1)-cells 7; by
Lemma . If it does not intersect an (n — 1)-cell 7;, the map 7; o f; is not surjective and
hence the mapping degree vanishes by Lemma [3.6.6, 4.

Proposition 4.2.8 (cellular boundary formula):
The boundary operators of the cellular chain complex are given by

d1 = 81 = dl : <II>Z — <]0>Z7 1> Cz(l) — Cz<—1) n=1
dn: (In)z = (In-1)z, i+ Yjer,_ dijj n > 2,

where d;; = deg(m; o f;), the map f; : S"™' — X,,_; is the attaching map for ¢;(D") and the
map 7; : X,_1 — S"! collapses the complement of ¢;(D™ 1) to a point.

Proof:

For n = 1 the cellular boundary operator is given by d; = 0; : (I1)z — Zo(Xo), i — ¢;(1) —
ci(—1), as Xy is a discrete set and every point x € Xj is its own path component.

90



Let n > 2. From the pairs (D", S"!) and (X,,, X,,_1) we obtain for all i € I,, a commuting
diagram of chain complexes with exact rows

Se (L) Se (77)

0 ——= S, (S 1) Se(D™) Se(D™, S 1) ——=0
Lso(fl) lSO(Ci) lso(ci)
O_>SQ<XTL71) So(Xn) So(Xn:Xn71> —>O,

So (in,nfl) So(ﬂ')

in which the left square commutes by , which implies ¢, ,—1 0 f; = ¢; o t. By combining the
associated long exact homology sequences with the definition of the cellular boundary operators
in Proposition we obtain for all ¢ € I, and j € I,,_; the following commuting diagram

deg(m;of;)

7, 7

~|¢ gl¢
Hy,_1(mjof; —

H, (D", 5" H, 1 (S71) el Hooy (571
Hp—1(mj)
Hy(ci) Hp—1(f:) Hpn_1(pj)
On Hy 1 (m ~ n—
()2 = Hy( Xy, Xot) Hy 1 (Xpoy) N Hy (X1 ) Xn2) 22 Hyoy (Vi S™ )
x H,_q(m) =

<In—1>Z = Hn—l(Xn—laXn—2>7
in which

the upper left square commutes by naturality of the connecting homomorphism,
the lower left triangle by definition of the cellular boundary operator,

the upper right square by Definition |3.6.5| of the mapping degree,

the middle right square by by the identity 7; = p; o,

the lower right triangle by Proposition [3.5.3]

Comparing the paths that go along the boundary of the diagram then shows that
H,_1(p;)od, o Hy(c;) = ¢po(z+—>deg(mjo fi) 2)o ¢ o0,

O

Example 4.2.9: We consider real projective space RP" = S/ ~ with x ~ —z for all x € S™
and the CW structure from Example , 4. The skeleta are given by X, = RP¥ for 0 < k <n
with RP? = e. the k-skeleton RP” is obtained from RP*~! by attaching a single k-disc with the
canonical surjection fj : S¥~! — RP*. The cellular chain complex is of the form

C.(RP") = (0227 &bz &2 7.5 7 5 0).

As a group endomorphism of Z, each cellular boundary operator is of the form d : Z — Z,
z +— ny - z with an integer ny € Z.

To compute the integers ng, we apply the cellular boundary formula in Proposition [£.2.8] As
Xo = o, we have d; = 0 : Z — Z. The other cellular boundary operators are given by the
integers ny = deg(mi_1 o fx), where mp_q : RP*=1 — S*=1 collapses the complement of the
(k — 1)-cell in RP*~! to a point.
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This map is induced by the pinch map Py_; : S¥~1 — Sk=2/Gk=1 o Gk=1\/ GF=1 that squeezes
the equator of S*~! to a point and by the fold map Fj_; : S¥~!'v S¥=1 — S*=1 from Definition
More specifically, as the antipodal map a;_; : S¥' — S*1 2 — —2 identifies the
lower hemisphere with the upper hemisphere and can be adjusted with a rotation to preserve
a selected point, we have the commuting diagram

Gh—1 fi RPF1 = §F1/ ~
Pk—l Lﬂ-k—l
Sk—l/sk—2 o Skz—l v Sk_l, Sk—l v Sk—l Sk_l.
1dSk_1Vak_1 Fr_1

As deg(idgr-1) = 1 by Lemma and deg(ag_1) = (—1)* by Corollary |3.6.8] this implies

ne = deg(ﬂ'k_l ©) fk) = deg(Fk_l e} (idsk—l V (lk_l) @) Pk:—l) BEZ:IICIGg(

=1+ (-1~

idgr-1) + deg(ax—1)

Thus, the cellular chain complex is

C.(RP”) _ (0 7 dn:z—(14+(=1)")-2 . dglzi—>0\ 7, dg:z»—>2z/ 7 d1:z»—>0\ 7 0)7

and its homologies are given by

7 k=0or k=nodd
Hi(RP") = H,Co(RP") =< Z/2Z 1<k <n odd

0 k even or k > n.
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5 Homology with coefficients

5.1 Homology with coefficients

In Proposition we defined the singular chain complex of a topological space X by con-
sidering the free abelian groups S, (X) generated by the set Sing, (X ) = Homr,, (A", X) of its
singular n-simplexes o : A" — X. Elements of S,,(X) are finite linear combinations of singular
n-simplexes with coefficients in Z. The boundary operator is obtained by pre-composing each
n-simplex with face maps and taking an alternating sum over all such composites. The result is
an ordinary cohomology theory in the sense of Definition with coefficient group Hy(e) = Z.

To construct homology theories with other coefficient groups, note that an analogous construc-
tion can be performed for any abelian group M instead of Z, by replacing the free abelian
group S,(X) = @sing, (x)Z by the direct sum S,(X; M) = @sing, (x)M. By Definition [1.1.§]
elements of S,,(X; M) are tuples (my)qcSing, (x), Where m, = 0 for almost all o € Sing,,(X),
or, equivalently, finite linear combinations ¥,;cym;o; of singular n-simplexes with coefficients
m; € M. The boundary operator acts again by pre-composing each n-simplex with face maps
and taking an alternating sum over all such composites.

Definition 5.1.1: Let M be an abelian group.
The singular chain complex S,(X; M) with coefficients in M consists of the abelian groups

Sn(Xa M) = ®Singn(X)Ma

and the boundary operators d,, : S,,(X; M) — S,_1(X; M), 3ijeym;o; — Xieym;d,(o;). The nth
singular homology with coefficients in M is

H,(X;M):= H,S.(X; M).

Note that we have S, (X;Z) = S,(X) by definition. The identities d,,_; o d,, = 0 follow anal-
ogously to the corresponding identities for M = Z. Note also that we have S, (e; M) = M
and d,, = idys : Sp(e; M) — S, (e; M) for all n € Ny, which yields H,(e; M) = 0 for n # 0
and Hy(e; M) = M. This shows in particular that any abelian group can be realised as the
coefficient group of a homology theory.

In the same way, we can also generalise cellular homology of CW complexes from proposition
4.2.4] In this case, we replace the free abelian groups generated by the set I, of n-cells by the
direct sum @;, M. The action of the boundary operator is given by its actions on n-cells.

Definition 5.1.2: Let M be an abelian group, X a CW complex and I, its set of n-cells.
The cellular chain complex C,(X; M) with coefficients in M is given by the abelian groups

and the boundary operator d,, : C,,(X; M) — Cp—1(X; M), Sicr, mic; — Siermyd,(¢;). Its nth
homology H, Ce(X; M) is called the nth cellular homology with coefficients in M.

One might wonder why it is necessary or interesting to extend the singular homologies of
topological spaces from the ones with coefficients in Z to coefficients in an abelian group M.
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One of the reasons is that there are many other approaches to homology and cohomology in
specific settings. For instance, de Rham cohomology of smooth manifolds is formulated in terms
of differential forms. This yields a cohomology theory with coefficients in the abelian group
(R, +). In order to compare these approaches, one needs to handle this case in the framework
of singular and cellular homology as well.

The other reason is that, depending on the choice of the abelian group M, these homology
theories contain different information and yield different results. This is apparent when one
considers the cellular homologies of RP".

Example 5.1.3: By Example the cellular chain complex for RP" is given by
CORP) =022z N7 &2 2757 50) d=1+(-1)"
with homologies

7 k=0or k=nodd
Hi(RP") = H,,.Co(RP™) = 7)27 1<k<mnodd

0 k even or k > n.

o If M = 7/2Z, we have d, = 1 + (—1)* = 2 = 0, and this yields

dn_1=0

C.(RP™;Z/27) = (0 = 7.)27. ==% 7,/27, B2 7007 D20 7097, 0)

and homologies
2]2Z 0<k<n

0 else.

HyCo(RP™,Z/27) = {
o If M = (F,+) is the additive group of a field F of characteristic charF # 2, then

C.(RP",F)=(0 »F & p &t  FELFLARpi0p ) g =1+ (-1

As 2F = FF, the homologies are then given by

F k=0ork=nodd

H.Cu(RE™ F) = {O else

5.2 Tensor product of abelian groups

In the following sections, we will compare the homology groups with coefficients in different
abelian groups systematically and finally show that they are all determined by the homologies
with coefficients in Z, together with information that only depends on the abelian groups.

In this section, we introduce the algebraic background for this comparison, namely tensor
products of abelian groups. This is a special case of the tensor product of modules over rings.
Hence, it can be viewed as the abelian group counterpart of the tensor product of vector spaces,
but it behaves differently, especially for abelian groups with torsion.
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Definition 5.2.1: The tensor product of abelian groups A, B is the abelian group A®B
with generating set A x B and relations

(a+d',b) — (a,b) — (d',b) (a,b+V)—(a,b) — (a,b")  Va,d € A, bV € B.

We denote by 7 =7mo1: Ax B— A®B the composite of the inclusion ¢ : A x B — (A x B)g
and the canonical surjection 7 : (A X B)z — A®B and set a®b = 7(a,b) for alla € A, b € B.

Remark 5.2.2:

1. The relations of the tensor product imply for all n € Z, a,a’ € A, b,V € B
(a+d)@b=a®b+d®b,  a@(b+V)=a®b+ax,  nla®b) = (na)b= a(nb).
2. The elements a®b for a € A and b € B generate the abelian group AR B:
Any element of A®B is a finite sum 3" n; a;®b; with m € No, n; € Z, a; € A, b; € B;.
This follows, because the elements of the free group (A x B)z = @ axpZ are finite linear
combinations of elements in A x B and 7 : (A x B); — A®B is surjective.

3. Due to 2. we often denote a group homomorphism f : A®B — C into an abelian group
C by f: ARB — C, a®b — f(a®b). As the elements a®b generate A®B, the values
f(a®b) determine f completely.

The tensor product of abelian groups has a universal property that is analogous to the one
of tensor products of vector spaces. The only difference is that vector spaces are replaced by
abelian groups and instead of (bi)linear maps over a field, one considers Z-(bi)linear maps.
It arises from the universal property of the free group, cf. Remark [I.1.12] and the universal
property of the factor group.

Lemma 5.2.3: The tensor product has the following universal property:
The map T =mor: Ax B — A®B is Z-bilinear:

(a+d,b) =7(a,b) +7(a’,b)  7(a,b+V)=7(a,b) +7(a,b') Va,a € A, bi € B.

For every Z-bilinear map f : A x B — (' into an abelian group C, there is a unique group
homomorphism f': A®B — C with fo7 = f

Ax B A

7
Ve
\ //H!f/

A®B

C

Proof:

The Z-bilinearity of 7 holds by definition, due to the relations. To show uniqueness, suppose
g,h : AQ B — C are group homomorphisms with gor = f = ho7. Then we have gowor = homou
and g o = h om by the universal property of the free group. By surjectivity of 7 this implies
g = h. This shows uniqueness.

To show existence, note that by the universal property of the free group, there is a unique group
homomorphism f”: (A x B)z — C with f” 0. = f. Due to the Z-bilinearity of f and because
f" is a group homomorphism, we have

f”((a’ + CL/, b) - ((l, b) - (alvb» f(a’ + alvb) - f(a7 b) - f(a,7b> =0
f"((a,b+b") = (a,b) — (a,b") = fla, b+ V) — f(a,b) — f(a, V') =0.
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Hence, the set U C (A x B)y of relations satisfies U C ker f”. By the universal property of the
factor group there is a unique group homomorphism [’ : AQB — C with f'om = f”. This
implies ffor = flomror= f"o1=F. .

Clearly, the universal property of the tensor product is useful to construct group homomor-
phisms [’ : AQ B — C from the tensor product of abelian groups A, B into an abelian group C.
To construct them, it is sufficient to specify a Z-bilinear map from A x B to C'. An applicatoin
is the group isomorphism in the following example, which is left as an exercise.

Example 5.2.4: (Exercise
For m,n € N, m,n > 2 the tensor product of the abelian groups Z/mZ and Z/nZ is

Z/mZRL/nl = 7.]ged(m,n)Z.

The universal property of the tensor product also allows one to extend the tensor product from
abelian groups to group homomorphisms between them. As this is compatible with the identity
maps and the composition of group homomorphisms, it defines a functor —®— : Abx Ab — Ab.
Fixing one of its arguments to an abelian group A yields functors AQ—, —®A : Ab — Ab. Any
group homomorphism defines natural transformations between such functors.

Proposition 5.2.5: The tensor product defines

e a functor —®— : Ab x Ab — Ab,

e for each abelian group A functors A®— : Ab — Ab and —®A : Ab — Ab,

e for each group homomorphism f : A — A’ natural transformations f®— : AQ— = A/®—
and —Qf : —RA = —QA".

Proof:
1. For all group homomorphisms f: A — A" and g : B — B’ between abelian groups, the map
7o (f,9): Ax B— A'®B’is Z-bilinear

o (f,9)(a+d,b) =7 (fla+a’),g(b) =7(f(a) + f(a'), (b)) = 7'(f(a),q(b)) + 7'(f(a’), g(b))
"o (f,9)(a,b) + 7" o (f,9)(a’,b)

"(f(a), g(b+ b)) =7'(f(a),

"o (f.9)(a;b) + 7" o (f, 9)(a,

By the universal property of the tensor product, there exists a unique group homomorphism

f®g : A®B — A'®B’' with (f®g) o7 = 7 o (f,g). This is equivalent to the condition
(f®g)(axb) = f(a)®g(b) for alla € A, b € B.

"o (f,9)(a,b+ 1)

-
_
-
-

Ax B p v B (34)

!/ !/
A®B Ty A®B'.

The functor —®— : Ab x Ab — Ab assigns

e to a pair (A, B) of abelian groups the tensor product A®R B,
e to a pair (f,g) of group homomorphisms f : A — A" and g : B — B’ of abelian groups
the group homomorphism f®g: AQB — A®B’, a®b— f(a)®g(b).
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That it is a functor follows, because the following diagrams commute

(f'of,g'0g)
idai — T
Ax BN B AxB_ A xB ——~ A" x B”

l j l (f,9) l (f.g") j

A®RB — A®B A®B ——> AQB — = A2 B".

idagB g ['®g

The functor —®A : Ab — Ab for an abelian group A assigns

e to an abelian group B the abelian group B®A,
e to a group homomorphism f : B — B’ the group homomorphism f®ids : BRA — B'®A,

and the functor A®— : Ab — Ab is defined analogously. Claims 2. and 3. follow from 1. and
the properties of products of groups (Exercise). O

We now look in more depth at the properties of tensor products, in particular, its interaction
with direct sums of abelian groups and the role of the abelian group Z. The following lemma
shows that we can see abelian groups as an analogue of elements of a commutative unital
ring, with the direct sum replacing the ring addition and the tensor product replacing the
ring multiplication. The neutral element of the direct sum is the trivial group, and the neutral
element of the tensor product the group Z. There is also an associativity law for the tensor
product and a distributive law between tensor products and direct sums. Both hold up to
canonical isomorphisms.

Lemma 5.2.6 (properties of the tensor product):
The tensor product of abelian groups has the following properties:

1. 0®A = A®0 = 0 for all abelian groups A,

2. Z®A = ARZ = A for all abelian groups A,

3. A®B = B®A for all abelian groups A, B,

4. (A®B)®C = A®(B®C) for all abelian groups A, B, C,

5. AR(®BicrBi) = Pici(ARDB;) and (i1 Bi)RA = Bier(B;®A) for all abelian groups A and
families (B;);er of abelian groups,

6. fR0=0Rg=0: A®B — A'®B’ for all group homomorphisms f: A — A", g: B— B,
7. For all group homomorphisms f, f': A — A" and g,¢' : B — B’
(f +)®g=fog+ fog  folg+g)=fog+foyg.

Proof:
1. We have 0®a = (0-0)®a = 0- (0®a) = 0 for all a € A. As the elements 0®a generate 0® A,
this proves the claim. The proof for A®0 is analogous.

2. The map f : Z®A — A, A\®a +— \a is a group isomorphism with inverse f~!: A — Z®A,
a+ 1®a. One has fo f~'(a) =a and f~' o f(2®a) = 2(1Ra) = 2®a for all a € A and z € Z.

3. The group isomorphism is given by f : AQB — B®RA, a®b — bRXa.
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4. The isomorphism is given by f: (A®B)®C — AR(BRC), (a®b)®c — a®(b&c).

5. The map [ : AQ(®ierBi) — Pic1(ARDB;), a®(b;)icr — (a®b;);er is a group homomorphism
with inverse [~ : @,er(A®B;) = AR(®ierB;), (a®bi)ier — a®(by)ier.

6.-7. Exercise. O

Note that there is no counterpart of claim 5. for direct products of abelian groups. For an
abelian group A and a family (B;);e; indexed by an infinite index set I, the abelian group
A®(IT;erB;) is in general not isomorphic to I;e;(A®B;) (Exercise .

Claims 2. and 5. in Lemma relate tensor products (Y)z®&M of a free abelian group (Y)z
with an abelian group M to direct sums of M with itself over the index set Y:

2. 5.
Oyey M = Oyey (ZOM) = (Byey Z) @M = (Y)zQM.

This allows us to rewrite the groups of n-chains of singular chain complex S,(X; M) in Definition
as the tensor products S, (X; M) = S,(X)®@M. Their boundary operators are then given
by dn®ldM : Sn(X)(X)M — Sn_l(X)®M, Ei610i®mi — Zleldn(al)®mz

The benefit of this viewpoint is that it allows us to express the singular chain complexes with
coefficients in an abelian group M as a functor, analogously to the singular chain complex
functor S, : Top — Chjpy, from Proposition [3.1.5]

To achieve this, we extend the functor —®M : Ab — Ab from Proposition to a functor
—®M : Chp, — Chyy, by tensoring each group of n-chains with M and each boundary operator
with the identity id;,;. Composing it with the singular homology functor S, : Top — Ch,y, then
yields singular homology with coefficients in M. Likewise, composing it with the relative chain
complex functor S, : Top(2) — Chyy, from Proposition yields relative chain complexes
with coefficients in M.

Corollary 5.2.7: Let M be an abelian group. The tensor product of abelian groups defines
a functor —®M : Chy, — Chyy, that assigns

e to a chain complex X, the chain complex X @M with (X,®M), = X,,®M and boundary
operators d,, = d,®idy; : X,0M — X,,_1QM,

e to a chain map f, : X, — X! the chain map f,®idy; : Xe®M — X.®M with components
fa®@idy : X, @M — X @M.

Proof:
That X,®M is indeed a chain complex follows from the functoriality of —®@M : Ab — Ab,
together with item 6. in Lemma [5.2.6 which give

(dp_1®idps) 0 (dp®idy) = (dyey 0 dy)®idy = 0®idy = 02 X,@M — X, 0@ M.

That the group homomorphisms f,®idy @ X,,@M — X/ ®M define a chain map, and that
these assignments are compatible with the composition of morphism follows again from the
functoriality of —@M : Ab — Ab

(fr—1®iday) o (dn®idas) = (fr—1 0 dn)®idy = (d;, 0 f,,)®idy = (d,®idar) o (f,®idy)
(9n®idpr) o (fu®idar) = (gn 0 fn)®idas (idx, ®idy) = idx, M 0
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Corollary 5.2.8: Let M be an abelian group. Then the singular chain complex with coeffi-
cients in M is given by the functor Se(—; M) = (—®M)S, : Top — Chyy, that assigns

e to a topological space X the chain complex So(X; M) = So(X)QM,
e to a continuous map f: X — Y the chain map S.(f)®idas : Se(X; M) — Se(Y; M).

There is a functor Se(—; M) : Top(2) — Chyp, the relative chain complex functor with
coefficients in M, that assigns

e to a pair of spaces (X, A) the chain complex S¢(X, A; M) = So(X, A) @M,
e to a morphism of pairs f: (X, A) — (Y, B) the chain map

So(f)®idas 1 Se(X, A; M) = Su(Y, B; M).

5.3 The torsion functor

Corollary establishes that singular chain complexes with coefficients in an abelian group
A are obtained by post-composing the singular homology functor S, : Top — Chyy, with the
functor —®A : Chap, — Chyy,. The aim is now to understand how this affects their homologies.
In other words, we need to understand how tensoring with an abelian group A affects the
kernels and images of the boundary operators and their quotients.

By Remark we can characterise this in terms of short exact sequences. The homologies
of a chain complex X, are given as the quotients H,(X) = kerd, /im d, 1 with respect to the
subgroup imd,, ., C kerd,. Remark states that this is equivalent to a short exact sequence

0 — Bn(X) =imd, 1 = Z,(X) = kerd, ™ H,(X) = kerd, /imd,,; — 0. (35)

We therefore need to investigate how tensoring a short exact sequence of abelian groups with
a fixed abelian group affects its exactness. Unfortunately, it turns out that tensoring with an
abelian group A does in general not preserve exactness.

LiZ—n-z

Example 5.3.1: Take the short exact sequence 0 — Z "% 7. % Z/nZ — 0 for 2 < n € N,
Then tensoring with the abelian group Z/nZ yields the sequence
0 — ZQZ/nZ 2% 707, /07 2% 7./nZ.R7,/n7 — 0.
The map (®id = 0 : ZRQZ/nZ — ZRZ/nZ is trivial, as we have for all k € Z/nZ and z € Z
(1®id)(2®k) = (n2)®k = n(2®k) = 2@(nk) = 220 = 0.

Hence, (®id is not injective. We still have 7®id surjective and also im (1®id) = 0 = ker (7®id),
as (7®id)(2®k) = 2@k = 0 implies either k = 0 and hence 2@k = 0 or z = 0 and hence z = nw
with some w € Z, which also gives 2@k = (nw)®k = w®(nk) = w0 = 0.

In this example, exactness of the sequence is partially preserved, namely on the right of the
sequence, but not on the left. We will see that this is not specific to the chosen short exact
sequence or the abelian group it is tensored with, but holds in full generality.

In contrast, the example shows that exactness need not be preserved on the left of a sequence:
the image (®idy; : AQM — B®M of an injective group homomorphism ¢ : A — B the under
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the functor —®M : Ab — Ab need no longer be injective. So tensoring with an abelian group
does not necessarily preserve kernels. Exactness on the left of the sequence depends on the
short exact sequence and on the abelian group tensored to this sequence.

The main examples of short exact sequences, where tensoring with any abelian group yields a
short exact sequence are split exact sequences. Recall from Exercise[§that a short exact sequence
0+ A5 B5S C —0is called split exact, if there is a group isomorphism ¢ : B — A® C such
that the following diagram commutes

0—>A—“ B " .0 (36)
lecu—mN ¢ mo2:(a,c)—>c
Ao C.

Lemma 5.3.2: Let M be an abelian group.

1. The functors M®— and —®M are right exact:
for any exact sequence A = B 5 C' — 0 the following sequences are exact

M®A id®e M®B id®m M®C—>O A®M%B®M£8-1C1—)C®M—>O

2. If0 - A5 B5 C — 0is a split exact sequence, then the sequences

0— MoA 9 oB X% e -0 0— AoM 29 BoMm X9 coM — 0

are split exact. In particular, this holds, whenever C' is a free group.

Proof:
1. We prove this for the second sequence. As A = B 5 C' — 0 is a chain complex, we have
mot =0, and it follows that (7®id) o (1®id) = (7 0 1)®id = 0®id = 0.

Exactness of the sequence AQM 4 peM % CeM — 0 is then equivalent to the

statement that 7®id is surjective and ker (7®id) = im (+®id).

To show that 7®id is surjective, let x = ¥¥ n;(¢;®m;) € C®M with n; € Z. By surjectivity
of 7, there are elements b; € B with 7(b;) = ¢;, and this implies (7®id)(ZF_n;(b;@m;)) = ,

thus 7®id is surjective. As (7®id) o (:®id) = 0, we also have im (¢®id) C ker (7®id).

To show that im (1®id) = ker (7®id), let p : BQM — (B®M)/im (1®id) be the canonical
surjection. The Z-bilinear map ¢ = po7: B x M — (B®M)/im (1®id) satisfies

¢o(t,id) =porT(r,id) = po (t®id) o7 = 0.
We obtain a Z-bilinear map ¢ : C x M — (B®M)/im (t®id), (7(b), m) — ¢(b,m), which is
defined, because 7 is surjective and because 7(b) = 7 (V') implies ' — b € kerm = im¢ and

o(b',m) = ¢(b,m) + ¢(b' — b,m) = ¢(b,m). By construction, we have ¢ o (7,id) = ¢.

By the universal property of the tensor product, there exists a unique group homomorphism
Y COM — (BM)/im (1®id) with ¢’ o 7 = 1. This implies

Y o (r®id)oT =9 o7 o (mid) = o (m,id) =¢p =por
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and by the universal property of the tensor product ¢'o(7®id) = p. Hence, we have ker (7®id) C
ker p and ker (7®id) = im (t®id).

2. If the sequence is split exact, then tensoring diagram (36| with an abelian group M and
using the group isomorphism (A® C)QM = (ARM) ® (C®M) yields the commuting diagram

1®id T®id

00— AQM BoM CoM —0

®id | &
11 ®id:a®@m—(a®m,0) ¢ l T2 ®id: (a®@m,cRQm)—c@m

(AM) @& (CoM).

This shows that the sequence is exact. If C' = (X)7 is a free group, we can choose for every z € X
an element h(z) € B with w(h(x)) = x by surjectivity of m. This defines a map h : X — B,
and by the universal property of the free group a unique group homomorphism h : C' — B with
mo h =ide. By Exercise |8 the sequence splits. O

Remark 5.3.3: Lemma [5.3.2f can also be phrased as the statement that tensoring with an
abelian group M preserves cokernels. The cokernel of a group homomorphism ¢ : A — B is
the factor group coker(:) = B/im, together with the canonical surjection p : B — B/imt.
Exactness of the sequence A = B 5 C' — 0 is equivalent to C' = im7 = B/kert = B/im .
Thus, Lemma states that for any such exact sequence

(BM)/im (1®id) = coker(1®id) = coker(t)@M = (B/im¢)@M.

Lemma [5.3.2| shows that for any short exact sequence that ends in a free group C' on the right,
tensoring with any abelian group M yields again again a short exact sequence. It follows that
whenever the nth homology H,(X) of a topological space X is a free group, the image of the
short exact sequence is again a short exact sequence

T ®id
—

0= Bo(X)@M 229 7 (X)oM H,(X)®M — 0.

We will see in the following that this implies H,(X;M) = H,(X)®M. However, to treat
the general case, we require more background. In general, the abelian group C' on the right
need not be a free group, but by Remark it can be presented, that is, realised as a
quotient of a free group. Any presentation C' = (M | U) yields a description of C' as a quotient
C = (M)z/(U), where (M)gz is the free abelian group generated by M and (U) C (M) is the
subgroup generated by U. This corresponds to a short exact sequence

0= (U)S (M) 5 C — 0,

where ¢ : (U) — (M) is the inclusion and 7 : (M)z — C' the canonical surjection. Such a short
exact sequence is also called a free resolution of C.

Definition 5.3.4: Let A be an abelian group. A free resolution of A is a short exact
sequence 0 — K = F' 5 A — 0 of abelian groups, where F is a free abelian group.

Remark 5.3.5:

1. Every abelian group A has a resolution with F' = (A)z = ©4Z. It is given by the group
homomorphism 7 : (A)z — A, a — a and the inclusion ¢ : kerm — (A)z and called the
standard resolution of A.
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2. As subgroups of free abelian groups are free and K = ((K) C F, the group K in a free
resolution is also a free abelian group.

LiZ—N-2

Example 5.3.6: The sequence 0 — Z ““"% 7, 5 Z/nZ — 0 is a free resolution of Z/nZ.

We will now use presentations of abelian groups or, equivalently, free resolutions, to describe
the non-exactness of a functor —®@M : Chya, — Chyp, and to relate homologies with coef-
ficients in M to homologies with coefficients in Z. More specifically, we will use the quantity
ker (1®id) C K®M to characterise the non-exactness of the functor —@M. However, the choice
of a presentation and hence of a free resolution is highly non-unique. The first step is to address
this non-uniqueness, by understanding how group homomorphisms between abelian groups in-
teract with their free resolutions.

Proposition 5.3.7: Let A, A’ be abelian groups, A4e = 0 - K = F 5 A — 0 a free
resolution of A and A, =0 — K’ 5 F' 5 A’ — 0 a short exact sequence.

1. For any group homomorphism f : A — A’ there are group homomorphisms g : F© — F’
and h : K — K’ that form a chain map f, = (h, g, f) : Ae — Al

A, = 0 K—‘>F-—"+A 0 (37)
lf. jh jg Lf
Al = 0 K —Ysp ™o A 0.

2. The chain map f, : As — A/ is unique up to chain homotopy.

Proof:

1. Suppose that F' = (M) = ®pnenZ for some set M. To define g, choose for every m € M
an element f/ € F' with ©'(f],) = f omw(m), which exists by surjectivity of #’. This defines a
map g : M — F', m — f! and by the universal property of the free abelian group a group
homomorphism ¢ : F' — F' with 7’ o g = fom.

The group homomorphism h is defined analogously. As K is free, there is a set N such that
K = (N)z = ®penZ. For every n € N we have 1/ ogo(n) = fomou(n) = f(0) =0 and thus
gouln) € kern’ =im//. Hence, there is a k!, € K’ with //(k!,) = g o «(n), and &/, is unique by
injectivity of /. This defines a map h: N — K', n — k], and by the universal property of the
free group a group homomorphism h : K — K’ with /o h = go..

2. Suppose ¢’ : F'— F' and I/ : K — K’ are group homomorphisms that define another chain
map f.: As — A,. We define a chain homotopy h, : fo = f, by setting hg =0: A — F’. Then
we have m'ohg=0=f — f.

To define h; : F' — K’, note that we must have /o hy + hgom =1 o hy = ¢’ — g. As we have
7og=mn"og = fom, the map ¢ — g : FF — F’ takes values in kern’ = im (. Thus, for
every m € M there is a unique k,, € K’ such that ¢’(m) — g(m) = ¢/(k,,). This defines a map
hi: M — K', m— k!, and by the universal property of the free group a group homomorphism
hi: F — K" with /ohy =¢ —g.

As we have short exact sequences, we must set hy = 0 : K — 0. The condition on a chain

homotopy then becomes hy ot = h' — h. By 1. we have /o (W —h) = (¢’ —g)or =1 0hjou,
and by injectivity of ¢/ this yields b’ — h = hq o ¢. O
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Corollary 5.3.8: All free resolutions of an abelian group A are chain homotopy equivalent.

Proof:

Let A, and A be free resolutions of A. By Proposition the identity map idy : A — A
induces chain maps ¢, : Ay — A, and 1, : A, — A,. The composites 1), 0 ¢ : Ag — A, and
(e 0 e : AL, — Al are again chain maps that extend the identity id4. As idy, : A¢ — As and
ida, + A, = A, also extend the identity maps, we have 1), 0 ¢¢ ~ ida, and @ 0 1e ~idy,. O

Corollary shows that the choice of a free resolution does not affect its homologies, and
Proposition [5.3.7] allows us to extend group homomorphisms between abelian groups to chain
maps between their free resolutions. We can thus characterise the non-exactness of the functor
—®M : Chap — Chyyp for an abelian group M by choosing for any abelian group A a free
resolution and considering the homology ker (1®id) of its image. As this is compatible with
group homomorphisms, this defines a functor, the torsion functor.

Proposition 5.3.9:
Any abelian group M defines a functor Tor(—, M) : Ab — Ab that assigns

e to an abelian group A the group Tor(A, M) = ker(t®id) for any free resolution
Ai=0—>K S5 F5 A0,

e to a group homomorphism f: A — A’ the group homomorphism
Tor(f, M) = hid : ker (1®idy;) — ker (/'®idyy)

for any chain map f, = (h,g, f) : Ae = A, between free resolutions that extends f.

Proof:

1. GivenfreeresolutionsA.:O—>KL>F1>A—>OandA’,:0—>K’L>F’$A’—>O
of abelian groups A and A’ and a chain map f, = (h,g, f) : Ae — A, that extends a group
homomorphism f : A — A’, we can apply the functor —@M : Ab — Ab for an abelian group
M to diagram (37). This yields the commuting diagram

AOM = 0— KoM 2% FoM 2% A9 M —— 0 (38)
lfo ®id lh@id lgé@id lf@id
V' ®id 7' ®id

in which the rows are exact in the last two entries. By replacing the last non-trivial terms on
the right by zeros, we obtain a chain map

1®id

(Aq@M)red = 0 —— KQM —— FQM ——0 (39)
l Ted lh@id lg@id
(AL@M)red = 0 — K'@M ——= F'@M —0.

The homologies of the reduced chain complexes are given by Hy((A,@M)™) = A®M and
Hy((Aq@M)™?) = ker (1®id), and the induced map between the first homologies by

Tor(f, M) = Hy(f°) : ker (1®id) — ker (/'®id), x — h(z).
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As any two resolutions Al and A2 of A are chain homotopy equivalent by Corollary ,
this also holds for the chain complexes Al®@M and A2@M in and for the resulting chain
complexes (Al®M) " and (A29M)™¢ in ([39). Thus, their homologies do not depend on the
choice of the resolutions. This shows that Tor(A, M) is defined.

By Proposition [5.3.7} any two extensions fI and f2 of f : A — A’ are chain homotopic. This
also holds for the induced chain maps fl®id and f2®id in and the induced chain maps
flret and fZ°* in (39). Hence, their associated maps Hi(fi™) = H;(f2**) agree. This shows
that Tor(f, M) : Tor(A, M) — Tor(A’, M) is defined.

2. We show that Tor(—, M) is a functor. For the identity map id4 : A — A we can choose free
resolutions A, = A/, and (id4)e = (idg,idp,ida) : Ag — A,. This yields
Tor(ida, M) = Hy((id4)5*?) = id : Tor(A, M) — Tor(A, M).

Given group homomorphisms f : A — A" and f' : A” — A” with associated chain maps

fo=(h,g,f): Ae — A, and f, = (W,q', ') : A, — Al that extend f and f’, we obtain the

chain map flo fo=(h oh,g og, f of): As — Al that extends f'o f: A — A”. This gives

Tor(f'of, M) = Hi((f'of)s) = Hi(fo %o i) = H'(fI)oH\(fi°") = Tor(f', M)oTor(f, M).
O

Example 5.3.10:

1. For any n € N and any abelian group M we have Tor(Z/nZ, M) = {m € M | nm = 0}.
Lz—n-z

This follows by choosing the free resolution 0 — Z "% 7 5 7 /nZ — 0. We then have

1Rid: z@mi—nz@m

7Z@M Z&M
z®m»—>zml§ :lz@mHzm
M M,

im—nem

and this shows that Tor(Z/nZ, M) = ker (/') = {m € M | nm = 0}.

2. Example 1. implies in particular Tor(Z/nZ,Z/mZ) =  Z/ged(m,n)Z and
Tor(Z/nZ,F) = 0 for any field F whose characteristic does not divide n.

3. For all families (A;);c; of abelian groups the compatibility between tensor products and
direct sums and the compatibiklity between homologies and direct sums imply (Exercise)

TOI"(@iGIAi, B) = @ieITOI‘(Ai, B) TOI‘(B, @z’EIAi) = @iGITOI'(B, Az)
4. For any free group F' and abelian group A, we have Tor(A, F') = Tor(F, A) = 0.

The free resolution 0 — 0 — F %5 F — 0 yields 0 = 0 = F®A 9 FeA — 0, which is
a short exact sequence, and hence Tor(F, A) = 0.

To show that Tor(A, F') = 0, note that Tor(A,Z) = 0, as tensoring a short exact sequence

with 7Z yields a sequence chain isomorphic to the original sequence. Applying 3. then
proves the claim for any free group F.

The identity Tor(Z/nZ, M) = {m € M | nm = 0} in Example |5.3.10} 1. is the reason why the
functor Tor(—, M) : Ab — Ab is called torsion functor. By comparing with Definition [1.1.6]
one sees that Tor(Z/nZ, M) computes the n-torsion subgroup of the abelian group M.

One can also show that the functor Tor is symmetric in both arguments: Tor(A, M) =
Tor(M, A) for all abelian groups A, M, but this requires more theory, see for instance [Mel,
Section 4.5], in particular [Me, Theorem 4.5.6].
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5.4 Tensor products of chain complexes and the Kiinneth formula

In this section we relate singular homology with coefficients in an abelian group M to singular
homology with coefficients in Z. They key ingredient is the (algebraic) Kiinneth formulaﬂ It
also plays an important role in the computation of homologies of product spaces. The first step
is to generalise the concept of a tensor product from tensor products of abelian groups to tensor
products of chain complexes.

Definition 5.4.1: Let X, and Y, chain complexes. The tensor product of X and Y is the
chain complex X,®Y, with abelian groups (X.®Y,), = @p14-nX,®Y, and boundary operators

dn @ BprgenXp®Yy = Bprgen1X,QY,,  X,QY, 3 2@y — d,(z)Qy + (—1)Px®d,(y)

The sign in the formula for the boundary operator ensures that the boundary operator satisfies
dy_10d, =0 and is indeed a boundary operator.

The tensor product of chain complexes also sheds some light on the definition of a chain
homotopy in Definition 2.1.9] In Remark we showed that a chain homotopy he : fo = e
between chain maps fo, ge : Xe — X can be viewed as a chain map k, : X! — X,, where
X! is a chain complex constructed from X,, which remained somewhat mysterious. With the
tensor product of chain complexes, we can understand this chain complex as the tensor product
[, X,, where I, is a chain complex that generalises the unit interval.

Example 5.4.2: Let I, be the chain complex with Iy = Z ® Z, I, = Z and I;; = 0 for all
k # 0,1 with boundary operator dy : Iy — Iy, z — (2, —2)

2 (2z,—2)

[.=0—-72 ——>7Z&7Z — 0.

Then the tensor product I,®X, is given by ([,®X,), = [(@X,, + [®X, 1 = X, X, ® X,,1
with boundary operator

dp: (Ie®@Xe)n = (Xe®1)pn 1, (z,2',2")— (d.(2) +2",d,(2) — 2", —d,_1(2)).
This is the chain complex Remark [2.1.11]

Lemma 5.4.3:
The tensor product of chain complexes defines a functor ® : Chyy, X Chyy, — Chyy, that assigns

e to a pair (X,,Y,) of chain complexes the chain complex X,®Y,,
e to a pair (f., ge) of chain maps f, : X¢ — X, and g, : Yo — Y/ the chain map

fe®ge s Xo®Y, = X(®Y,, X,0Y; 3 2@y — f,(2)®g,(y) € X,®Y].
It satisfies X,®Y, = Y,®X, for all chain complexes X,®Y,.

Proof:
It is clear that these assignments are compatible with the composition of morphisms and with
identity morphisms. The isomorphism ¢, : X ®Y, — Y,®X, has components

O : Bprgen Xy @Yy = BprgnY,0X,, X,0Y, 3 20y — (—1)Pyox € Y,0X,.

IThis formula is due to Dr. Hermann Lorenz Kiinneth, a high school teacher in Erlangen who became an
adjunct professor at the Friedrich-Alexander-Universitat after his retirement.
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A direct computation shows that this is indeed a chain map. For all z € X, and y € Y, one has

d © P (2Qy) = (=1)"dn(yRx) = (=1)"(dg(y) @2 + (—1)"yQd, (1))
= (—1)"dy(y)@z + (1) Vy@dy (1) = ¢ (dp(2) Ry + (—1) 2@y (y)) = du-1 0 du(2@Y).

O

To relate the singular homologies of a topological space X to its singular homologies with
coefficients in an abelian group M we use the fact that every abelian group S,,(X) in the chain
complex S,(X) is a free abelian group.

Such chain complexes are called free chain complexes. We observe first that if a free chain
complex F, has a trivial boundary operator, the homologies of the chain complex F,®X, are
obtained by tensoring the homologies of X, with the abelian groups in Fj.

Definition 5.4.4:
A chain complex X, in Ab is called free if all groups X,, for n € Z are free abelian groups.

Lemma 5.4.5: Let F, a free chain complex with trivial differential d,, = 0 : F,, — F,_;. Then
for any chain complex X, the following maps are isomorphisms natural in X, and F,

Ot Bpygmn @ Hy(X) = ©prgmn Hp(FO@H (X.) = Hu(Fo2X,),  folz] = [fo].

Proof:
As the boundary operators in F, are trivial, we have Z,,(F,) = F},, B,,(F,) = 0 and H,,(F,) = F,,.
The boundary operators of F,®X, are given by

dy @ Bprqenp@Xy = Bpign-1Fp,0X,, FRX,3 fQr— (-1)Pfed,(r) € F,0X, 1.

For every n € Z we have a short exact sequence 0 — By(X,) =% Z,(X.) =% H,(X,) = 0
As tensoring with a free abelian group preserves short exact sequences by Example [5.3.10] 4.,
tensoring with £}, yields a short exact sequence

0 = F,0B,(X.) ~2% F@7Z,(Xs) <% F,@H,(X.) — 0.

Taking direct sums over all p, ¢ with p + ¢ = n yields a short exact sequence

ld®Lq 1d®7rq
0— éBerq:an@Bq(X ) 69erq an®Z (X )

J/ J/

GBPJFQ HFP®H (X ) — 07

=B, (X@X. ) —Zn(F-®X-)

which shows that H,(F.®X,) = @pyg=nFp®H,(X,) and the maps ¢f*** are isomorphisms.
To prove their naturality consider chain maps g, : Fo — F, and ks : Xo = X, and f € F},
x € Zy,(X,) with p+ ¢ = n. Then we have

o= o (Hy(ga)@Hy(ka)) (fR(2]) = 67+ (95(f)@1kq (2)]) = [g5(F) @k, ()]

o
Hy(ge®ka)[f®2] = Hy(ga®ka) 0 ghm ¥ (f&)[2]).

O

With this preparations we can now prove a general version of the Kiinneth formula, which is
also sometimes called the algebraic Kiinneth formula.
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Theorem 5.4.6 (Kiinneth formula):
Let F, be a free chain complex and X, a chain complex in Ab. Then for every n € Z the
following sequence is exact

) Pn:[f]1Q[z]—=[f@a]

0 = @ptgmnHp(Fo)@H (X » Ho(Fo®X,) = Opig=n—1Tor(Hy(Fe), Hy(X.)) — 0.

This sequence splits, but the splitting is not canonical

Hn(F‘®X') = ( Dptg=n HP(FO)®Hq<X-)) b ( Opt+g=n-1 TOT(HP(FJ’ Hq<X-)))‘

Proof:
1. For each n € Z we have a short exact sequence

0 = Bo(F) 2 Z,(F,) = H,(F,) — 0. (40)

As F, is free, the subgroups Z,(F,), B,(F,) C F, are free as well, and this short exact sequence
is a free resolution of H, (F,). As we have commuting diagrams

0——=Z,(F)—2>—~F,—% B, ,(F.)—=0

N

0—— Zn—l(Fo> Fn Bn—2(Fo) —0

ln—1

dn—l

we can promote the groups Z,,(F,) and B,_1(F,) to chain complexes by equipping them with
the trivial differential and obtain a short exact sequence of chain complexes

0— ZJ(F,) % F, % BJY(F,) — 0, (41)

where B, Y(F,) = B, 1(F,), tn : Z,(F,) — F), is the inclusion and d,, : F,, — B,_1(F,) the
corestriction of the differential. As B,,_1(F,) C F,_1 is free as a subgroup of a free abelian
group, this sequence splits in each degree n by Lemma [5.3.2]

Tensoring with a chain complex X, yields a short exact sequence of chain complexes

0= Zo(F)®X, 22 FeX, 229 BIY(F)®X, — 0. (42)

As F, is a free abelian group, we have a splitting F,, = kerd, @ imd, = Z,(F,) ® By_1(F,).
Because the boundary operators of Z,(F,) and B, !(X,) are trivial, this yields a splitting of
the short exact sequence , given by the following isomorphisms, which define a chain map

(Fe@Xo)n = Opaqnlp@Xq = (Bprq=nZp(Fo)@Xy) © (Sprg=nBp-1(Fe)®X,) .

As Z,(F,) and B;'(F,) are free chain complexes with trivial boundary operators, by Lemma
the long exact homology sequence for takes the form

N 8”+1 (Z.(F.)@H.(X.))n H”(L"X)id) Hn(Fo®Xo) H"(d'®id) (B:I(F')®H°(X'>)n a_n> e
(43)
The exactness of this sequence yields for all n € Z short exact sequences
0 — coker 0,41 — Hp(Fo®X,) — ker 9, — 0. (44)
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By definition, the connecting homomorphism 0, assigns to * € @4 q—nBy—1(Fe)®H,(X,) the
unique y € SprgenZp1(Fo)@Hy(X,) with H,,_1(1e®id)(y) = d,(w), where w € H,(F.®X,)
satisfies H,(de®id)(w) = z. If © = X ,d,,(fi)®[x;], we can take w = X [fi®z;], which
implies y = X7, d,( f;)®[z;]. Thus, the connecting homomorphism is given by

an = (Zo®1d)n : @p+q:an—1(Fo)®Hq(Xo) — @p+q:nZn—1(Fo)®Hq(X.)7
where i, : By 1(F,) — Z4(F,) is the inclusion from (40]). As is a free resolution, this yields

ker Op = @pig=nTor(Hp—1(F,), Hy(F))
coker Op 41 = @pigenHp(Fo)QH, (X).

Inserting this back into (44)) proves the claim.

2. We prove that the sequence splits only for free chain complexes X,, as this is the only case
needed in the following. If X, is free, the short exact sequence of chain complexes

0= Zo(X) % X 2 BIY(X.) = 0

splits in each degree, analogously to , because B,,_1(X,) C X,,_1 is free as a subgroup of a
free group. By Exercise 8| we can choose retractions r, : F,, — Z,(F,) and 7}, : X,, = Z,(X,)
with r, 0 ¢, =idz,(p,) and 7}, 0 ¢;, = idz, (x,). The composite maps

Sp=Tpory: Fy— Hy(F,), f— [r(f)] so=m or X, = Hy(Xe),x — [r](z)]

are surjective as composites of two surjective maps, because retractions are surjective. As
Tn-1|z,_1(F) = id and 7, _, |z, (x,) = id, we have for all f € F,, and z € X,

Sn-10dn(f) = Tp-10rp_1 0dn(f) = [dn(f)] =0 sj_y0d,(2) =7, o1y ody(z) = [d,(z)] = 0.
Hence, the maps s, : F,, = H,(F,) and s/, : X,, = H,(X,) define a chain map
Yot Fu@Xe = Ho(FO)®H(X,), F,RX, 3 for e [ry(f]®r(x)] € Hy(F)®H,(X.),

where the chain complexes H,(F,) and H,(X,) are equipped with the trivial differential. The
induced maps on the homologies

H,,(¢a) : Ho(F®@Xo) = OpaqmnHy(F)@H (X)), [f@a] = [rp(f)]@[rg(2)]
are left inverses to the maps ¢,, and split the short exact sequence in the Kiinneth formula. O

With the algebraic Kiinneth formula, we can now relate singular homology with coefficients
in an abelian group M to singular homology with coefficients in Z. For this, we consider the
singular chain complex S,(X) and interpret the coefficient group M as a chain complex with a
single non-trivial entry. The algebraic Kiinneth formula then yields the following corollary.

Corollary 5.4.7 (universal coefficient theorem):
For every topological space X and abelian group M there is a short exact sequence

0 — Hy(X)oM P& (M) — Tor(H,_(X), M) — 0.
The sequence splits, but not canonically:

Ho(X; M) = (H,(X)®M) @ Tor(H,—1(X), M).
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Proof:

We consider the singular chain complex F, = S.(X), which is free, and a chain complex X,
with Xo = M and X = 0 for k£ # 0. As this implies Hy(X,) = M and H,(X,) = 0 for ¢ # 0,
this yields the short exact sequence in the corollary. Its splitting is given by the maps

Un t Hy (X5 M) = Hy(X)QOM,  [z@m] = [ry(z)]|®@m,

where 7, : S,(X) — Z,(X) is a retraction of ¢, : Z,(X) — S,(X), as in step 2. of the proof of
Theorem B.4.61 0

The universal coefficient theorem in Corollary shows that singular homologies with co-
efficients in an abelian group are determined by the ones with coefficients in Z. Hence, the
additional information contained in them is purely algebraic. However, they are nevertheless
useful in many applications. For instance, homologies with coefficients in certain fields can con-
tain less information, but may be easier to compute in some cases. In the setting of manifolds, it
is sometimes more natural to work with homologies with real coefficients rather than integers.

Example 5.4.8:

1. If X is a topological space such that H,(X) is free for all n € Nj, then we have
Tor(H,—1(X),M) = 0 for all n € N and abelian groups M. The homology groups with
coefficients in M are then given by H,(X; M) = H,(X)®@M.

2. In particular, we have for all abelian groups M
MoeM n=k=0
H,(S*: M)={ M n=0keNorn=keN

0 else.

3. If X is a CW complex of finite type and M torsion free then H,(X; M) = H,(X)@M
for all n € Ny (Exercise [65).

4. By Example [5.1.3] real projective space RP™ has the homology groups

7 k=0or k=n odd
Hi(RP") = Z/2Z 1<k <n odd

0 k even or k > n.

The universal coefficient theorem gives

M k=0or k=nodd
M/2M 1<k <nodd
Tory(M) 1<k <n even

0 k>n+1,

H(RP"; M) =

where we used Z/2Z&M = M/2M and Tor(Z/2Z, M) = Tory(M) = {m € M | 2m = 0}
from Example [5.3.10] 1.
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5.5 Homologies of product spaces

An important application of the Kiinneth formula in Theorem [5.4.6] are homologies of product
spaces. Together with the Eilenberg-Zilber Theorem, which we will prove in this section, the
Kiinneth formula yields a short exact sequence that allows one to compute homologies of
product spaces X x Y in terms of the homologies of X and Y.

For this we need to relate the singular chain complex S,(X X Y') for the product of two topo-
logical spaces X, Y to the tensor product Se(X)®S(Y) of their singular chain complexes. This
amounts to relating the functors

Sy : Top x Top = Top LN Chayp ®(Se x Ss) : Top x Top 5exBe, Chap X Chap = Chap.

The appropriate mathematical structure to relate them are natural transformations
fiSex = ®(Se x Se) g :R(Se X Sg) = SeX,
whose components for a pair (X, Y') of topological spaces are chain maps
FEY D S0(X XY) = Se(X)RS.(Y) g5 1 Sy (X)RS,(Y) = So(X x Y).

Their naturality states that for all continuous maps av: X — X’ and 5:Y — Y’

FEY 0 Su(a x B) = (Se(a)@S4(8)) 0 £ g 0 (Su(@)@Su(8)) = Se(a x §) 0 g (45)
This naturality condition is very strong and determines these chain maps almost completely.

The basis elements of S,(X) and S,(Y") are singular n-simplexes v : A — X and p: A? =Y,

which we can also interpret as continuous maps « = v : AP — X and f = p: A? — Y. This

gives v®p = (5,(V)®S,(p))(idar®idaq). The naturality condition then allows us to express
XY : AP AT . :

Gpiq (V®p) in terms of g, .~ (idar®idag).

Likewise, a basis of S,,(X x Y') are singular n-simplexes x : A" — X x Y or, equivalently, pairs
(o, 7) of singular n-simplexes o : A™ — X and 7 : A" — Y, obtained by projecting on X, Y. In
this case, we have (o, 7) = S, (o, 7)(D,,) with the diagonal map D,, : A" — A" X A", z — (z, ).
The naturality condition then allows us to express fXV in terms of f2"2"(D,).

The advantage of this is that the chain complexes S,(A"™) have trivial homologies Hy(A") =0
for all & # 0, as A" is convex and hence contractible. More generally, a chain complex X, with
Hi(X,) = 0 for k # 0 is called acyclic. For this reason, the constructions in this section are
called the method of acyclic models.

The first step is to look at the properties of the chain complexes So(AP x A7) and Se(AP)@.S,(A9)
with boundary operators d; and d?, respectively.

Lemma 5.5.1: Let p,q € Nj.

1. The chain complexes So(A? x A?) and S,(AP)®S,(A?) are free and acyclic.
2. The group isomorphism ¢ : So(A? x A7) — So(AP)®S(AY), (z,y) — x®y satisfies

b0 dl S (AP x A?) C dP(S.(AP)2S.(AD)),
6L o di(Si(AP)DSH(AT)) C dXSL (AP, AT ¢ o dy(So(AP)RSI(AT)) C dSi (AP, AY).
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Proof:

1. As all abelian groups S,,(AP) and S,,(A? x AY) are free by definition, their tensor products
are free by Lemma [5.2.6) and so are their direct sums. As the standard n-simplexes A" are
convex and hence contractible, so are their products A? x A% This implies H,(AP) = 0 and
H, (AP x AY) = H,S¢(A? x A7) =0 for all n > 0 and p,q € Ny. As all abelian groups S, (AP)
for n € Z are free with Hy(AP) = Z the Kiinneth formula from Theorem implies for n # 0

Hy(So(AP)RS4(AY)) = ( @ jppn Hj(AP)QHL(AY)) & ( Bjsnn—1 Tor(H;(AP), Hy(A))) = 0.

2. The universal property of the product identifies singular simplexes y : A" — AP x A? with
pairs (v, p) of singular simplexes v = m 0y : A" — AP and p = mp 0 x : A" — A% We then
have for all 1-simplexes v : A — AP and p: A" — A% and z € AP, y € AY

¢odi (v,p) = v(1)&p(1) = v(0)@p(0) = (v(1) = v(0))@p(1) + v(0)2(p(1) - p(0))
= di(v)@p(1) + v(0)®d1(p) = di(v®p(1) + v(0)@p) € df (Se(A?)@Se(A")):
¢~ odf (v®y) = (di(v),y) = di(v,y) € d S1 (AP x AT)
¢~ o df (z®p) = (,di(p)) = di(w, p) € di Si(A” x A?).

O

We will now use the fact that the chain complexes So(A? x A7) and S, (AP)®.S,(A?) are acyclic
to construct natural transformations f : Sex = ®(S¢ X S,) and g : ®(S, X S,) = SeX, as
outlined above. Naively, one could expect that these should be natural isomorphisms, but this is
neither true nor required. In order to induce isomorphisms on the homologies, it is sufficient that
their components define chain homotopy equivalences between So(X X Y') and Se(X)®S.(Y).

The existence of such natural transformations follows with the Theorem of Eilenberg and Zilber.
To keep notation simple, we identify for all topological spaces X and Y the free abelian groups

Theorem 5.5.2: (Eilenberg-Zilber)

1. There are natural transformations f : Sex = ®(Se X Se) and g : ®@(Se X Se¢) = SeX
: : Xy _ XY _ .
whose components are chain maps with f;° = g5~ =id.
2. Their components f5Y : Sg(X XY) = So(X)RS.(Y), g5 1 Se(X XY) = So(X)2S.(Y)
are unique up to chain homotopies natural in X, Y.

3. Their components fX¥ and ¢gXY¥ form chain homotopy equivalences with chain homo-

topies that are natural in X, Y.

Any such pair of natural transformations f and g is called an Eilenberg-Zilber map.

Proof:

1. We construct XY _id.

XY and XY inductively. For n = 0 we set f;*" = g;

Suppose we constructed for all 0 < k < n—1 group homomorphisms f,f Y and g,f’y that satisfy
for all k£ < n and continuous maps o : X — X' and f:Y — Y’

di o fii" = fo7 o dy dxogfy—gkloc@ (46)
(Se(@)®Se(B))k o [ = [ 0 Sk, B) Sk(e, B) o i = gp " 0 (Se(a)@Su(B))k.  (47)

111



We denote by D,, : A" — A" x A" x — (z,x) the diagonal map.

If n = 1, the second claim in Lemma implies that there is a 2 € (S,(A!) x S,(A')); and
forp+qg=1awe S1(AP x A?) with

d2(z) = A o dX (DY) = dX(Dy)  df (w) = g2 0 dP (idpr ®idad) = dP (idar®idas).
If n > 1, then implies for p +q¢=n
i\ (f o dy(Dy)) = f25% ody o d(Dy) =0

A (g5"8" 0 d®(idar®idad)) = go s 0 d®_, 0 d®(idar®idad) = 0.
This shows that the terms in the brackets are (n — 1)-cycles and hence (n — 1)-boundaries, as
H, 1(A™ x A™) = H,,_1(Se(AP)RS,(A?)) = 0 for n > 1.
We define for all singular simplexes 0 : A" - X, 7: A" Y, v: AP -5 X and p: A7 = Y
Fa " (0,7) = (Su(0)@Sa(T))n(2) di(2) = [ o dy(Dy) (48)
g (v®p) = Sa(v, p)(w) dy(w) = 9,71 0 d (idar@idas).
We now show that and hold for £ = n. For (46)), we compute

d2 o XY (0,7) D 42 0 (84(0)DSs(7))n(2) = (S4(0)R(7))n_1 0 d2(2)
D (S (0)@Su(T)n1 0 f2 A 0 (D) B XY 05, 1(0,7) 0 d(Dy)

= n1OdXOS( )(Dn)Zf,iﬂl/OdX(U,T)

x XY x - y ©

dn Ogn’ (V® ) d S <V’p)(w> - S”—l(yvp)odn(w> - Sn—l(yv )Ogn 1 Od (ldAP®1qu)
@ % 0 (5()D5(p)-s 0 (v i)

= o1 0 dyy 0 (Se(1)@Sa(p))nlidar@idas) = gp73 o d; (v®p).
For we consider continuous maps o : X — X' and 5 :Y — Y’ and obtain

(Sa(@)@Sa(B))a 0 [ (0,7) B (Sa(@00)@Su(Bom))u(z) E £ (@00, f07)
= X" 0 S, (e, B) (0, 7)
Sl 8) 0 X (v,0) B S, (a 0w, 8o p)(w) B g (a0 vsBop)
XY 0 (Su(@) @S (8))n(vRp).

=Gn’

2. We show that natural transformations f, f': Sex = @(S, X S,) and g, ¢" : ®(Se X Ss) = Se %

with f'X Y — 5 and gE)X Y= g()f " are chain homotopic with a chain homotopy that is natural
in X and Y.
We construct chain homotopies hXY : fXY = %Y and kXY 1 gXY = ¢%Y inductively from

oY =0:50(X XY) = (Se(X)®S.,(Y)1 kXY =01 (Se(X)RS,(Y))o = S1(X x Y).
Suppose we constructed hj)»(’y and k‘j-(’y for all topological spaces X,Y and all 0 < j <n —1
such that for all 0 < 7 < n — 1 and continuous maps a: X — X" and §:Y — Y’

021 0 W5V 4 BN o @ = Y pEY g o p XY XY G e _ XY XY ()

(Se(@)@S4(8))j41 0 "= i Vo Si(a, B) Spaa(a B) o ki =k o (Su(a)@5.(8));. (50)
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Then we have from forj=n—-1

d((F2A = f A = 5 o d) (D)) = hyls™ o diy 0 d(Da) =0

n

dX (g2 A" = ga" A" — kY 0 dP) (idar®idad)) = ko 5™ 0 d% ) 0 dP (idar®idad) = 0

n n

This shows that the terms in the brackets are n-cycles and hence n-boundaries, because we
have H,(A™ x A™) = 0 and H,(A? x A?) =0 for n > 0. We define for all singular n-simplexes
o A" - X 7 A" =Y v: AP 5> X and p: A1 =Y

Y (0,7) = (Sa(@)@8u(M))ut(2) dih(2) = (L272" = £ =55 o di) (D) (51)

n

k" (v®p) = Sy (v, p) (w) dia(w) = (927" = g2 = k1Y 0 d7) (idav®idas).

A direct computation shows that with this definition the identities and hold for j = n

dily 0 by (0,7) S diy 0 (Se(0)®Se(T))nr1(2) = (Sa(0)@Se(7))n 0 dyfs1 (2)

51 / n n n n n n ><
(Su(0)@Su () 0 (FAWA" — fANA" _ pAA" 6 1X)(D,)
mLED (X XYY o (0 7Y (D) — Y 0 Sua(o,7) 0 dX (D)

= (f5Y — XY = o dX) 0 Su(o,7)(Dy)

n

= (XY Y XY 6 Y (o, 7)
(51)
0y 0 kXY (v2p) D a2, 0.8, (v, p)(w) = S, p) 0 dX,y (w)
Su(v,p) 0 (g% — g2" 2" — kP 0 d2) (id ar@id )
nt 2B (XY XY 6 (8, (1)@ (p) ) (id ar Rid o)

— kY 60 (Se(1)®54(p)) o1 0 d2 (id ar@idad)
= (g5 = gXY — k2 0 d?) o (Su(V)@Sa(p))n(idar®idas)

= (g — XY — kXY 0 dP)(vep)

[E

(Su(@)©5u(8))ni1 0 XY (0,7) E (Su(@ 0 0)@Se(B 0 7))ns1(2)

= hffjr’}ﬂ(a oog,BoT) = hf/’yl o Sp(a, B)(o,T)
Snii(a, B) o kY (v®p) = Sppi(aow, Bop)(w) = kY Y (o v®B o p)
= k) 0 (Se(@)®S(B))n(v®p)

3. The proof of this statement is analogous to the proof of 2. One considers natural transforma-
tions F: Syx = Sex and G : @(S, x Sy) = @(S,s x S,) with F;" = id and G = id for all
topological spaces X, Y. One inductively constructs chain homotopies hyY : idg, (xxy) = F,°Y
and kXY 1 idg, (x)es.(v) = G that are natural in X and YV with hg(’y = 0 and k‘()f’y = 0.
Setting F' = go f and G = f o g then proves the claim. (Exercise O

The construction in the Eilenberg-Zilber Theorem is implicit - it just proves existence of the
natural transformations f : Sex = ®(S, X 5,) and g : ®(Se X Se) = S, x and the uniqueness of
their components up to natural chain homotopy. It is possible to use the inductive construction
to give concrete formulas for the components of the natural transformations f and g, but these
can be complicated, and it is often not necessary to work with concrete formulas.
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We now combine the Eilenberg-Zilber theorem with the Kiinneth formula in Theorem to
obtain a formula that allows us to compute the homologies of product spaces.

Corollary 5.5.3 (topological Kiinneth formula):
For all topological spaces X, Y there is a short exact sequence that is natural in X,Y

0= P H,(X)®H,(X) = Hy(X xY) = O Tor(H,(X), H,(Y)) = 0.

p+q=n p+g=n—1

The sequence splits, but not canonically.

Proof:
For topological spaces X, Y the Kiinneth formula gives a short exact sequence

0= @ H(X)@H,(X) = Hy(Se(X)2S.(Y)) = @ Tor(Hy(X), Hy(Y)) — 0.

pF+q=n p+q=n—1

As the homologies and Tor are functors, this is natural in X and Y. As S¢(X) and S,(Y") are
free chain complexes, this sequence splits, but not canonically. The Eilenberg-Zilber Theorem
vields a chain homotopy equivalence fX : So(X xY) — So(X)®S,(Y) that is natural in X, Y.
It induces an isomorphism on the homologies

Ho(Sa(X)®S4(Y)) = HySo(X X Y) = Hy(X x Y).

Example 5.5.4:

1. If X is a topological space such that H,(X) is a free abelian group for all n € Ny, then
H, (X xXY) =&p+q=nH,(X)®H,(Y) for all topological spaces Y.

2. In particular, if X is a contractible topological space, then H, (X x Y) = H,(Y) for all
n € Ny, as Hy(X) =Z and H(X) =0 for all £ > 0.

3. The n-torus T" = (S1)*" = S' x ... x S* has the homologies Hy(T") = 75,
(Exercise [67).
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6 Singular cohomology

6.1 The singular cochain complex and singular cohomology

As explained already in Section [2.1] see in particular Definition [2.1.4] there is a notion of cochain
complex that is dual to the usual notion of chain complex. A cochain complex X°® = (X"),ez
consists of a family of abelian groups X™ and coboundary operators d" : X" — X"*! that
raise the degree by one. Although every cochain complex X*® defines a chain complex X, with
X,=X"and d, =d™": X, — X,_1 and vice versa, it is sometimes preferable in algebraic
topology to work with cochain complexes. This leads to the concept of singular cohomology.
Just as singular homology, singular cohomology can be considered for the abelian group Z or
with coefficients in a general abelian group M.

Definition 6.1.1: Let X be a topological space and M an abelian group.

The singular cochain complex S*(X; M) with coefficients in M is the cochain complex
with S™(X; M) = Homay, (S, (X), M) for n € Z and coboundary operator

4" = Homap(dpy1, M) : S*(X; M) = S™HX; M), ¢+ ¢podp

e clements of S™(X; M) are called singular cochains,
e clements of Z"(X; M) = kerd™ C S"(X; M) are called singular cocycles,
e clements of B"(X; M) =imd"' C Z"(X; M) are called singular coboundaries.

The nth singular cohomology group with coefficients in M is
Z"(X; M)
H"(X; M) = ————=.
M) = e
For M = Z one writes S*(X) := S*(X;Z) and H"(X) := H"(X; Z).

The singular cohomologies of a topological space X with coefficients in an abelian group M are
not independent from its singular homologies with coefficients in Z. Just like singular homologies
with coefficients in M, they can be reduced to the singular homologies with coefficients in Z
and algebraic quantities given by the group M. This is analogous to the universal coefficient
theorem for singular homology in Corollary The only difference is that the role of the
functor —®M : Ab — Ab in Corollary is taken by the functor Hom(—, M) : Ab”” — Ab.

To obtain this result, we proceed as in Section [5, The first step is to analyse the behaviour of
the functor Hom(—, M) : Ab” — Ab on short exact sequences and to derive a counterpart of
Lemma for the functor —®M : Ab — Ab.

Lemma 6.1.2: Let M be an abelian group.

1. The functor Hom(—, M) : Ab®” — Ab is left exact:
for any exact sequence A = B 5 C' — 0 the following sequence is exact

*ip—
T 1o

0 — Homay(C, M) Homap (B, M) 2% Hom(A, M)

2. If0 - A5 B5 C — 01s a split exact, then one has a split exact sequence sequence
T P> pom Vi por

0 — Homy,(Cy M) ———— Hompy(B, M) —— Hom(A, M) — 0.

In particular, this holds, whenever C' is a free group.
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Proof:

1. We consider the group homomorphisms 7* = Hom(w, M) : Homa,(C, M) — Homyy, (B, M)
and ¢* = Hom(m, M) : Homap(B, M) — Homap(A, M) and show that 7* is injective with
im7* = ker*. If 7%(¢) = 7*(¢) for group homomorphisms ¢,1 : C — M then por = o
and by surjectivity of 7 this implies ¢ = 1. We also have (* o 7*(¢p) = pomor = ¢o0 =0 for
all group homomorphisms ¢ : C'— M, which implies im 7* C ker ¢*.

If a group homomorphism x : B — M satisfies y € ker:*, then we have t*(x) = y ot =0 and
im: = kerm C ker x. By surjectivity of 7, it induces a group homomorphism y’' : C' = im 7 =
B/kerm — M with 7*(x’) = x’ o m = x. This shows that x € im7* and im 7* = ker ¢*.

2. The proof of the second claim is analogous to the one of Lemma [5.3.2] O

Example 6.1.3: We apply the functor Hom(—,Z) : Ab”” — Ab to the short exact sequence
zZ—=nz

0—7Z "% 75 Z/nZ — 0. This yields the chain complex

0 — Homay(Z/nZ, Z) =220 Hompy (2, Z) L2172, Homyy(Z,Z) — 0

=0 7 =¥/

Then the map 7* : 0 = Homay(Z/nZ,Z) — Hom(Z,Z), f — f o is injective. As any group
homomorphism f : Z — Z is of the form f : Z — M, z — zf(1), we have Homuy(Z,Z) = 7Z
and ker (¢*) = Tor,(Z) = im7* = 0. However, * : Z — 7Z, z — nz is not surjective for n # +1.

In Proposition we used free resolutions to characterise the non-exactness of the functor
—®M : Ab — Ab in terms of the torsion functor Tor(—, M) : Ab — Ab. For this we applied
the functor —®M to a free resolution of an abelian group A and removed the exact part of the
resulting chain complex. On the group homomorphisms, the functor Tor(—, M) : Ab — Ab was
obtained by lifting group homomorphisms f : A — A’ to chain maps between the associated free
resolutions. Lemma allows us to apply an analogous procedure to the functor Hom(—, M) :
Ab®” — Ab. This yields the functor Ext(—, M) : Ab” — Ab, whose name stems from the fact
that Ext(A, M) classifies extensions of M by A.

Proposition 6.1.4:
Any abelian group M defines a functor Ext(—, M) : Ab®” — Ab that assigns

e to an abelian group A the group Ext(A, M) = coker* = Hom (K, M)/im¢* for any free
resolution 4, =0 —- K 5 F 5 A —0,

e to a group homomorphism f: A — A’ the group homomorphism
Ext(f, M) = h* : coker(/*) — coker(t*), ¢ +1imis* — ¢poh +im.*
for any chain map f, = (h,g, f) : Ae = A, between free resolutions that extends f.

Proof:

1. Given free resolutions A, =0 = K 5 F 5 A 5 0and A, =0—- K S FF 5 A -0
of abelian groups A and A’ and a chain map f, = (h,g, f) : Ae — A, that extends a group
homomorphism f: A — A’ we can apply the functor Hom(—, M) : Ab®” — Ab for an abelian

116



group M to diagram . This yields the commuting diagram

Hom(A,, M) = 0 — Hom(A, M) —~— Hom(F, M) —~ Hom(K, M) —=0 (52)
otz /] | ]
Hom(A,, M) = 0 — Hom(A', M) —— Hom(F"', M') —— Hom(K', M) —0.

in which the rows are exact in the first two entries. The cokernels of * and /* are the first
cohomologies of the chain complexes in the diagram

Hom(A,, M)rd = 0 — Hom(F, M) —~ Hom(K, M) —0 (53)
HOIH(f. 71\4)7'edT g* T h* T
Hom(A,, M)red = 0 — Hom(F’", M) — Hom(K’', M) —0,

and the induced map Ext(f, M) = h* : coker(s*) — coker(¢*) is given by
Ext(f, M) = H'(Hom(f,), M) : H'Hom(A,, M) — H'Hom(A,, M)

As all free resolutions Al and A2 of A are chain homotopy equivalent by Corollary , the
associated cochain complexes Hom (AL, M) and Hom(A2, M) in are cochain homotopy
equivalent, and so are the chain complexes Hom(A}, M)™* and Hom(A2, M) in (53). Thus,
their cohomologies do not depend on the resolutions. This shows that Ext(A, M) is defined.

By Proposition any two extensions fl and f2 of f : A — A’ are chain homotopic. This also
holds for the induced cochain maps Hom(f}, M) and Hom(f2, M) in and the induced chain

e e

maps Hom(f}, M)"** and Hom(f2, M) in (53). Hence, they induce the same homomorphisms

e e

between the cohomologies. This shows that Ext(f, M) : Ext(A’, M) — Ext(A, M) is defined.

2. That Ext(—,M) : Ab® — Ab is a functor follows as in the proof of Proposition [5.3.9)
(Exercise). O

Example 6.1.5:

1. For all abelian groups M one has Ext(Z/nZ, M) = M /nM. This follows by choosing the

Liz—nz

free resolution 0 — Z % 7 5 Z/nZ — 0. This yields a commuting diagram

L ipng

Hom(Z, M) Hom(Z, M)
%l¢H¢(1) %leiﬁ(l)
M : M
L m—nm

and gives Ext(Z/nZ, M) = coker(t*) = coker()') = M/im ' = M/nM.

T=id

2. If A is a free group, we can choose the free resolution 0 — 0 = A =—S A — 0, which
gives Ext(A, M) = coker(:*) = Hom(0, M) /im ¢* = 0.

3. An abelian group M is called divisible, if for all m € M and n € Z \ {0} there is an
m' € M with m = nm/. One can show that for divisible M one has Ext(A, M) = 0
for all abelian groups A. For finitely generated abelian groups, this follows directly from 1.
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4. For all abelian groups M and families (A4;);c; of abelian groups one has
Ext(®ierAi, M) = e Ext(A;, M) Ext(M, s A;) = e Ext(M, A;)

This follows, because the functors Hom(—, M) : Ab®” — Ab and Hom(M, —) : Ab — Ab
satisfy Hom(®,crA;, M) = I;e;Hom(A;, M) and Hom(M, I, A;) = IL;c;Hom(M, A;) by
Exercise [1] and by choosing appropriate resolutions (Exercise .

By making use of the functor Ext : Ab®” — Ab, we can now derive a counterpart of the universal
coefficient theorem for singular homologies. For this, we first derive a simplified counterpart of
the Kinneth formula in Theorem where we choose one of the relevant chain complexes
to be of the form 0 — M — 0. This is also known as the universal coefficient theorem for
cochain complexes. Its proof is a direct counterpart of the proof of Theorem [5.4.6] up to some
simplifications due to the choice of the chain complex 0 — M — 0. By choosing for the free
chain complex F, in Theorem the singular chain complex S,(X) for a topological space
X, we then obtain the universal coefficient theorem for singular cohomology.

Theorem 6.1.6 (universal coefficients for cochain complexes):
Let M be an abelian group. For every free chain complex F, and M* = Hom(F,, M) and all
n € 7Z one has an exact sequence that splits

0 — Ext(H,—1(F,),M) — H"(M*) — Hom(H,(F,), M) — 0.

Proof:

We consider the short exact sequence of chain complexes
0 = Bu(Fa) 2 Z,(F)) = H,(F,) — 0, (54)

where B, (F,) C Z,(F,) C F, are free as subgroups of free abelian groups. We also consider
the short exact sequence of chain complexes

0= Zo(F)) 2 Fo 2 B7Y(F,) = 0

where B, '(F,) = B,_1(F,), Z,(F,) and B, !(F,) are equipped with the trivial differential,
tn: Zy(Fy) — F, is the inclusion and d,, : F,, — B, _1(F,) is the corestriction of the differential.
As B Y(F,) is free for all n € Z, this sequence splits. Applying Hom(—, M) : Ab® — Ab yields
a short exact sequence of chain complexes

0 — Hom(B; ' (F.), M) 2 Hom(F,, M) “* Hom(Z.(F.), M) — 0.

As B;Y(F,) and Z,(F,) have trivial boundary operators, the cohomologies of the first
and last cochain complex are given by H"Hom(B,'(F,), M) = Hom(B,_i(F,),M) and
H"Hom(Z,(F,), M) = Hom(Z,(F,), M). The long exact cohomology sequence takes the form

" (we) "

- 2, frarty 2, Hom(Z, (R, M) Ly

... — Hom(B,,_1(F,), M)
This yields for each n € Z a short exact sequence

0 — coker "' — H"(M*®) — ker 9" — 0. (55)
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The connecting homomorphism is given by
o" =1 : Hom(Z,(F,), M) — Hom(B,(F,), M), ¢ ¢oi,.

Because is a free resolution of H,(F,), we have ker 0" = ker i = imn} = Hom(H,,(F,), M)
and coker 0" = Ext(H,_1(F,), M). Inserting this into gives the exact sequence in the
theorem. That this short exact sequence splits follows as for the Kiinneth formula in Theorem
[5.4.6] but we omit the proof. O

Corollary 6.1.7 (universal coefficients for singular cohomology):
For every topological space X, abelian group M and n € Z one has a split exact sequence

0 — Ext(H,_1(X), M) — H"(X; M) — Hom(H,(X), M) — 0.

Example 6.1.8: We compute the singular cohomologies of RP™. By Corollary we have
a short split exact sequence

0 — Ext(H,_1(RP"),M) - H"(X; M) — Hom(H,(X), M) — 0.
From Example 4.2.9| we have

Z k=0or k=nodd
Hy(RP™) = 2/27 1<k<mnodd

0 k even or k > n.
This yields Ext(Hg_1(RP"), M) = M/2M if 2 < k < n even and Ext(H;_,(RP"), M) = 0 else.

We also have Hom(H(RP"), M) = M if k = 0 or k = n odd, Hom(H,(RP"), M) = Tory(M)
if 1 <k <n odd and Hom(H(RP"), M) = 0 else. This gives

M k=0Vk=mnodd
Tory(M) 1<k <mnodd
M/2M 1 <k<neven

0 k < n.

H*(RP™; M) = Ext(Hy_i(RP™), M) & Hom(H;(RP"), M) =

Corollary shows that the singular cohomologies of a topological space X with coefficients
in an abelian group M do not contain more information than the singular homologies with co-
efficients in Z. They can be computed from the coefficient group M and the singular homologies
with coefficients in Z.

More generally, cohomology theories behave analogously to homology theories. Just as homology
theories, they can be characterised by Eilenberg-Steenrod axioms, which are analogous to the
Eilenberg-Steenrod axioms for homology theories from Definition Singular cohomology
with coefficients in an abelian group M satisfies these Eilenberg-Steenrod axioms and thus
defines a cohomology theory with coefficients in M.

Recall from Definition that a homology theory is characterised by a family of functors
H, : Top(2) — Ab from the category Top(2) of pairs of topological spaces and morphisms
of pairs and by a family of natural transformations 9, : H3 = H! | where the functors
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H}! : Top(2) — Ab and H? : Top(2) — Ab assign to a pair (X, A) the homology H,(A; M)
and the relative homology H, (X, A; M), respectively. These natural transformations encode
the connecting homomorphisms. Likewise, a cohomology theory is characterised by a family of
functors H™ : Top(2)” — Ab and a family of natural transformations 0" : HI' = H;"' where
Hy, HY, HY : Top(2)°®? — Ab assign to a pair (X, A) the cohomologies H"(A; M), H"(X; M)
and H"(X, A; M), respectively.

Theorem 6.1.9: Singular cohomology with coefficients in an abelian group M defines a

e collection of functors H" : Top(2)”” — Ab for each n € Z,
e collection of natural transformations 9" : H} = Hy ™' for all n € Z,

that satisfy the Eilenberg-Steenrod axioms for cohomology:

1. Long exact sequence: for every pair (X, A) there is a long exact sequence

n (g (g n— nfl,L'
o H (A M) G M) ST H (XA M) S T AM)

2. Homotopy invariance: If f, g : (X, A) — (Y, B) are homotopic, then for all n € Z
H"(f)=H"(g): H"(Y,B; M) — H"(X, A; M).

3. Excision: For every pair (X, A) and every open subset U C A with U C A the inclusions
L (X\UA\U) — (X, A) induce isomorphisms

H™(1) : HM(X, A; M) S HY(X \ U, A\ U; M)

4. Additivity: For any family (X, A;);es of pairs of topological spaces and all n € Z
H" (e Xy, Wier Ay M) = e  H" (X5, Ay M).

5. Dimension axiom: H"(e; M) =0 for all n € Z \ {0}.

The abelian group H%(e) = M is called the coefficient group of the cohomology theory.

Proof:
The functor Hom(—, M) : Ab”® — Ab defines a functor Hom(—, M) : Ch% — Ch*" that

e sends a chain complex X, to the cochain complex Homay, (X, M) with boundary operators
d" : Homap(X,,, M) — Hompp(Xpi1, M), ¢ podyy,
e a chain map f, : Xo — Y, to the cochain map Hom(f,, M) : Hom(Y,, M) — Hom(X,, M)
Hom( f,,, M) : Hompy,(Y,,, M) — Hompap(X,,, M), ¢+ ¢po fp,.

That Homay(X,, M) is indeed a cochain complex and Hom(f,, M) a cochain map follows,
because one has for all group homomorphisms ¢ : X,, - M and ¢ : Y,, - M

A" od"(¢p) =¢pody0dyo=0d00=0: X0 — M
d" o fn(w) = 1/} o fn o dn+1 = ¢ % dn+1 o fn+1 = fnJrl © dn<w)
The functors H™ : Top(2)®? — Ab are the composite functors

Hom(—

H™ : Top(2)® 2% Ch%, 222D, cpab 2 Ap,
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1. To prove the long exact sequence axiom, recall that a pair (X, A) of topological spaces gives
rise to a short exact sequence of chain complexes

0 — So(A) = Se(X) ™ S, (X, A) = 0. (56)

For each n € Ny there is a retraction map r, : S,,(X) — S,(A) with r,,(¢) = o for each singular
n-simplex ¢ : A" — X with ¢(A") C A and r,(0) = 0 for o(A") ¢ A. By Exercise [§ the short
exact sequence splits in each degree. Hence applying the functor Hom(—, M) yields a short
exact sequence of cochain complexes

0 — Hom(S. (X, A), M) = Hom(S.(X), M) = Hom(S,(A), M) — 0.

with an associated long exact cohomology sequence that defines the connecting homomorphisms
and hence the natural transformations 0" : H = Hj*

"(73)

L2 x A M) T )

HM(X; M) =5 B (A M) L HY (X, A, M) = .

2. To show homotopy invariance, we show that the functor Hom(—; M) : Ch}} — Ch*" sends

chain homotopies to cochain homotopies. Any chain homotopy h, : fo = ge between chain maps
fo,9e : Xo — Y, yields a cochain homotopy k* = Hom(h,, M) : Hom(f,, M) = Hom(g,., M)

k™ = Hom(h,, M) : Homap (Y11, M) — Homap(X,,, M), ¢ +— ¢ o hy,,
as we have for any group homomorphism ¢ : Y, .1 - M
(dn o k" + kn+1 © dn)(¢) = ¢ o (hn © dn+1 + dn+1 © hn-i-l) = ¢ © (gn - fn)

As the singular chain complex functor S, : Top(2) — Chyyp sends homotopic maps to chain
homotopic chain maps, this proves the homotopy axiom.

3. The excision axiom follows by an argument analogous to the proof of Theorem |3.5.1] By
constructing retractions r/, : SY(X) — S,(A) and r, : S,(X) — S,(A) as in 1. one can
show that both rows of the commuting diagram are split exact. Applying the functor
Hom(—, M) then yields again a commuting diagram with exact rows and an associated long
exact cohomology sequence, in which all arrows except the middle one are isomorphisms. This

proves a counterpart of Proposition [3.4.13] The excision isomorphism is obtained as in the proof
of Theorem [3.5.11

4. The additivity axiom follows from the fact that the functor S, : Top(2) — Chyy, preserves co-
products and the functor Hom(—, M) : Ab” — Ab sends direct sums in Ab to direct products.
Recall from Exercise [22| that for any family (X, A;);er of pairs in Top(2) and n € Z

Sn(HiGIXi; HiEIAi) = Sn(HzGIXZ)/Sn(HzGIAz) = EBieISn(Xia Az)

By Exercise [l| the functor Hom(—, M) : Ab®” — Ab sends direct sums of abelian groups to
products of abelian groups. Hence, the cochain complex S*®(I1;c; X;, ;e A;; M) is given by

d" 1 (di)ier—(diodl 1 ier

A HZ'GIHOHI(S”(XZ', Az), M)

HierHom( Sy 41 (X5, Ag), M) — ...,

where d’ : S, (X;, A;) — Sn_1(X;, A;) are the boundary operators of Se(X;, A;). Equivalently,
we have d" : (¢;)ier > (dP(¢4))ier, where df : S™(X;, Ay M) — S™H X, Ay M), ¢ — pod
are the coboundary operators of S*(X;, A;; M). It follows that the cohomologies are given by

" ker d" ker d}!
H" (Wi Xy, Wi Ay M) = PR H L
iel i

= [[&" X, Az M),

el

121



5. To prove the dimension axiom, recall that the singular chain complexes for the one-point space

are given by Si(e) = 0 for k # 0 and Sy(e) = Z. This yields S°(e; M) = Homay,(Z, M) = M

and S*(e; M) = Homuy, (0, M) = 0 for k # 0, and the boundary operators are given by
d=0:M—=0, d'=0:0-M, d"=0:0—-0 k#0,—1.

This gives HO(e; M) = kerd’/imd~! = M and H*(e; M) = kerd*/imd* ' =0 for k#0. O

6.2 The ring structure of cohomology

In this section we show that the cohomology groups of a topological space X with coefficients in a
commutative unital ring R combine into a graded ring, the cohomology ring H®*(X; R). This ring
structure contains additional information about the topological spaces: even if all cohomology
groups of two topological spaces are isomorphic, their cohomology rings may be non-isomorphic
(Exercise . This shows in particular that the spaces are not homotopy equivalent.

We will then investigate another structure, the cap product, that combines cohomology groups
and homology groups of a topological space to form homology groups. This can be seen as an
action of the cohomology ring on the homology groups and gives the direct sum of the latter
the structure of a graded module over the cohomology ring.

The multiplication of the cohomology ring is obtained from the multiplication of R, which
allows one to form the pointwise product of any p-cochain ¢ : S,(X) — R and a ¢-cochain
¢ :S,(Y) — R, and by pre-composition with an Eilenberg Zilber map f : Sex = ®@(S, X S,)
as in Theorem m The latter combines a pair of a p-cochain ¢ : S,(X) — R and a g-cochain
¢ : Sy(Y) — R into a (p + g)-cochain on X X Y. Setting X =Y and precomposing with the
chain map induced by the diagonal map D : X — X x X, z — (z,z) yields a multiplication
map that combines singular p- and g-cochains of X into a singular (p + ¢)-cochain of X.

Definition 6.2.1: Let R be a commutative unital ring with multiplication map p : RQR — R,
r@s > r-sand let f:Sgx = ®(S, X S,) an Eilenberg-Zilber map.

For all topological spaces X,Y and p,q € Ny
e the cohomology cross product is the group homomorphism
X SP(X; R)@SUY; R) — S7PU(X XY R), ¢@u > 1o (pR1)) 0 mpq0 foy |
where 7,4 0 (Se(X)®Se(Y))prqg = Sp(X)®S5,(Y) is the canonical projection.
e the cup product is the group homomorphism
U: SP(X; R)®SY(X; R) = SPM(XR),  ¢@x > po ($@X) © Tpg © foyg © Sprg(D)

where D : X — X x X, z+— (z,z) denotes the diagonal map.

Remark 6.2.2: If we identify singular simplexes 7 : A™ — X X Y with pairs 7 = (p, o) of
singular simplexes p =m0 x : A" = X and 0 = mp 0 x : A" — Y then the cup product and
the cross product are related by

(@UX)(p) = (6 xX)(p.p)  (¢x4)(p,0) =(pom Ut om)(p,0)
for ¢ € SP(X), x € S9(X), ¥ € SUY) and singular simplexes p: A? — X and 0 : A7 — Y.
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We can also describe the cross and the cup product with the following commuting diagram

S (X) oo R
Sn (D) Srx [,u:r@s»—nﬂs
Sn(X x X) R®R
fff’Xl T¢®x
Dy h=n S (X) @S (X) = 5p(X) @5, (X)

Clearly, the cross and cup products of cochains from Definition depend on the choice of the
Eilenberg-Zilber map. However, we are mainly interested in the induced maps on the cohomolo-
gies. As all Eilenberg-Zilber maps are related by natural chain homotopies, this dependence on
the choice of the Eilenberg-Zilber map vanishes, once one passes to the cohomologies.

Proposition 6.2.3: For all topological spaces X, Y, commutative unital rings R and p, ¢ € Ny
the cross product and the cup product induce group homomorphisms

<t HP(X; R)@HY(Y; R) — H'™(X x Y R), [¢]®[x] — [¢ x X]

U: H'(X; R)®@H(X; R) — H"™(X; R), [PlR[Y] = [o U Y]

that do not depend on the choice of the Eilenberg-Zilber map.

Proof:

1. To show that the cross and cup product are well-defined on the homologies, it is sufficient
to consider the cross product by Remark We have to show that the cross product of a
coboundary with a cochain is again a coboundary. For this let ¢ € ZP(X; R), v € Z%(Y; R),
X € SP7H(X; R) and £ € ST1(X; R). With the identities

ﬂ—p,q @) pg+1 = (dp+1®1d> ) 7Tp+1,q —I— (—1)p(1d®dq+1) (©] 7Tp,q+1 (57)

and with d?(¢) = 0 and d(v)) = 0 we obtain

7 0) X0 = 00 (X0 d)) 07 © f;i;”u 0 (X®Y) 0 Tp14 © iy © 15
:MO(X®T/’)O7TP—LC10 p+q d+q:dp+q 1(XX¢)

6 x dN(E) = o (BR(E 0 dy)) 0 Ty 0 f;iz!(—l)uo(qs@s)owpq1odp+qo e
= (=10 ($€) 0 Ty 10 f2V | 0 dyry = (—1)Pd" 171 (6 x €)

2. That the cross product and cup product on the cohomologies is independent of the choice
of the Eilenberg-Zilber map follows, because any two Eilenberg-Zilber maps are related by
natural chain homotopies. If f,, fl : Se(X XY) — So(X)®S,(Y) are Eilenberg-Zilber maps and
he : fo = f. a natural family of chain homotopies, then we have

X p b — ¢ xph=po(¢RY) om0 (fieY — )
= po (¢pR1) 0 Tp g0 (dprgr1 0 hp+q h;:; 10 dpiq)
D 10 (d(9)2) © Tpi1q 0 hiags + (=170 (BRAW)) © T g1 0 Binyy
+ AP (0 (RY) 0 T 0 Bty )
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The last summand of the last term is trivial in the cohomology class H?™(X x Y’; R), the other
two summands vanish on cohomology classes [¢] € H?(X; R) and [¢] € HY(Y; R). 0

Although the cross product and the cup product are defined abstractly, in terms of Eilenberg-
Zilber maps, it is useful for computations and proofs to have a more concrete description. This
is achieved by considering a specific Eilenberg-Zilber map with a geometric interpretation, the
Alezander-Whitney map. It is given in terms of front and rear faces of singular simplexes.

Definition 6.2.4: Let X be a topological space and ¢ : A" — X a singular n-simplex in X.

1. The (n — ¢)-dimensional front face of ¢ is the singular (n — ¢)-simplex

_ . _ . g1 _
F' o) =000pq: A"1— X in_g:=fro...0 :—gil AT AT e e

2. The g-dimensional back face or rear face of ¢ is the singular ¢g-simplex

Ri(c)=0cor,: A7—= X Tg = flo. o fITN AT 5 A" e engis.

Remark 6.2.5:

1. The front and rear face define group homomorphisms F"~9 : S, (X) — S,_4(X) and
R?:S,(X) — S,(X) that are natural in X: for all continuous maps f : X — Y one has

F" 90 8,(f) = Suyg(f) o F"™  R70S,(f) = S,(f) o R

2. A direct computation using the relations f/* o f;"l = fj'o fitfor 0 < j <i <n from
() shows that the front and rear face satisfy

Frg)o f™1 i<n—gq

Fr=a71(g) i>n-—gq (58)

oo f7) = {

Ri(0) i<n—gq

Rq+1( ) fzq+111+q i 2 n—gq.

Ri(oo fI') = {

To define the Alexander-Whitney map, we again identify singular n-simplexes p : A" — X xY
with pairs (o, 7) of singular n-simplexes 0 = mop: A" - X and 7 = mop: A" — Y. The
Alexander-Whitney map on a pair (o, 7) of singular n-simplexes is then obtained by taking the
tensor product of the p-dimensional front face of ¢ and the ¢-dimensional rear face of 7 and
summing over all p,q with p+ ¢ = n.

Proposition 6.2.6: The group homomorphisms

AW S (X xY) —» @D Sp(X ), (o,7) e Y FP(0)®RY(T)

pt+q=n p+q=n

define a natural transformation AW : S¢x = ®(S, x S,), the Alexander-Whitney map.

Proof:
In degree 0, the Alexander-Whitney map is the canonical isomorphism

AWSY L S0(X x V) = (X x Yy = (X)20(Y )z = So(X)RS,(Y).
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The naturality of the Alexander-Whitney map follows directly from Remark [6.2.5] 1. That its
components are chain maps follows by a direct computation with Remark [6.2.5] 2:

d, o AWY (0, 7)

n—1 n—q
S S CDIE o) o R + 30 S D )R o £
q=0 j=0 g=1 j=0
" n—1 n—q
= (D F o o R + 30 S (Do) e R o £, )
q=0 j=0 g=1 j=0
n—1 n—q
=> D (~1YF" (oo [)OR(T +Z Z 1Y F" Y o)@RI (T o f})
q=0 j=0 q=0 j=n—gq+1
" n—1 n

= (—1)/F"1 Yoo fM@RY (T 0 f) = AW, 0 d, (0, 7).

Corollary 6.2.7: The cross product and the cup product are given by

([0] x [W])(o,7) = o(F¥(0)) - w(RY (7))  ([¢]U[X])(0) = o(F"(0)) - x(R'(0))
for p € ZP(X; R), v € Z1Y;R), x € ZYX;R) and 0 : APT?T — X 7: APTT 5 Y.

Using the simple description of the cup product in terms of the Alexander-Whitney map, we
can investigate its properties. Its construction in terms of an Eilenberg-Zilber map implies that
the cup product is natural in the underlying topological space X. Its concrete description in
terms of the Alexander-Whitney map shows that it is also associative and commutative up to
a sign that depends on the dimension of the cohomology groups. Analogous properties hold for
the cross product, but we will not require them in the following, so we leave the formulation of
the corresponding statements for cross products and their proof as an exercise.

Proposition 6.2.8: Let X,Y,Z be topological spaces, R a commutative unital ring and
a€ ZP(X;R), B e Z9X;R), v € Z"(X; R). The cup product has the following properties
1. Naturality: H?™I(f)([«|U[5]) = HP(f)[a]UH(f)[B] for all continuous maps f : X — Y,
)

2. Associativity: [a] U ([5]U [7]) = ([o] U [5]) U Y],
3. Graded commutativity: [a| U [3] = (—1)P[3] U [a].

Proof:
1. Naturality follows, due to the naturality of the Eilenberg-Zilber map, the naturality of the
map Tpiq : (Se(X)RSe(Y))prq = Sp(X)®S,(Y) and of the diagonal map D : X — X x X.

2. Associativity holds already for the cup product of cochains and follows from the formula for
the Alexander-Whitney map and the formulas for the front and rear face in Definition [6.2.4]
These formulas imply for all singular n-simplexes o : A" — X withn=p+q¢+r

FP(0)®@F%0 R (0)®@R" o R (o) = F? o FP™(0)®@R% 0 FP*(0)QR (o)

This gives for all ¢ € SP(X;R), ¢ € SIX;R) and x € S"(X; R) and singular n-simplexes
c: A" - X withn=p+q+r

(@ U¥) Ux(o) = (¢Uy)(F"(0)) - X(R'(0)) = ¢(FP o F'™(0)) - (R 0 F*"(0)) - X(R'(0))
= ¢(F7(0)) - ¥(F? 0 R (0)) - x(R" 0 R (0)) = ¢(F"(0)) - (¥ Ux) (R (0)) = ¢ U (¥ U x)(0).
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3. Graded commutativity holds only for the cup product of the cohomologies, not of the
cochains. To prove it for the cohomologies, we consider the group homomorphisms

X Su(X) = Su(X), o (=)D 2500,

where I,, : A" — A" [vg,..., 0] ¥ [Un,..., 0] is the affine-linear map that reverses the
ordering of the vertices of the standard n-simplex. They satisfy ¢; o ¢\ = idg, (x) for all n € Ny
and topological spaces X as well as ¢ = idg,(x).

3.(a) We show that these group homomorphisms relate the cup product and its opposite:

For abelian groups A, B, we denote by 7 : AQB — B®A, a®b — b®a the map that flips
the factors in their tensor products. From the formulas in Definition and the identity
sp+a)(p+q+1) =pg+ip(p+1) + 3q9(¢+ 1) we then have

(FIQR?) 0 8,(D) 0 6% = (—1)7 0 (6¥ 0 F'26¥ o R%) 0 S,(D).
This implies for all 1p € SP(X; R) and x € SY(X; R)

(xUv)(o)

o (x@y) o (FU@RP)(0®0) (59)
DPpo (v@x) o (¢ o FP)®(¢; o R))(¢7 (0)@¢; (o))
1P (¢ 0 ¢y ) U (x 0 ¢7)) (5 (0) @6, (0)).

3.(b) We show that these group homomorphisms define chain maps ¢ : So(X) — S.(X) that
are natural in X and chain homotopic to the identity.

(_
(_

Naturality in X follows directly: for all continuous maps f : X — Y and n € Ny one has

Sn(f) © QS,,)L((O') = (_1)n(n+1)/2f oo In = QS,}: © Sn(f)

With the identity I,, o [ = f}! ;o I,_1 we compute for all singular n-simplexes o : A" — X

n—j
dy o ¢ (0) = (1) V2N (“1Ygo Lo f = (=1)"2N (—1)ioo fi oL,y

J=0

7=0

_ (_1)n(n—1)/2 Z(_l)n—ja o f:—j ol, | = (_1)n(n—1)/2 Z(—l)ka o fl? ol, 1
=0 k=0

= ¢n_y 0 dy(0).

This shows that we have a natural family of chain maps ¢ : Se(X) — Se(X) with ¢ = idg,(x).
We inductively construct a construct a family of chain homotopies hZX : idg,(x) = ¢X, natural
in X, by setting hf = 0: S5(X) — S1(X), as in the proof of the Eilenberg-Zilber Theorem.

Suppose we constructed for all k < n — 1 group homomorphisms A : Sp(X) — Sgy1(X) with
dgs1 0 hif + Ry ody = ¢py Ska1(f) o by = hy o Sk(f) (60)

for all £ <n — 1 and continuous maps f: X — Y. As Hy(A") =0 for £ € N and

dyo (f&" —h5" 0d,) =dyo f2" —d,ohl od, = f2 od, — f2 od, + e yod, 1 0d, =0,

there is a z € S, 41 (A") with d,1(2) = (f2" — h2", 0 d,,)(idan), and we set

B 2 8u(X) = Sua(X), 00 Sapa(0)(2)  dura(2) = (£ = hply 0 di)(idan).
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This gives for all singular n-simplexes ¢ : A™ — X and continuous maps f: X — Y

dpi1 0 hyy (0) = dps1 © Sp41(0)(2) = Sp(0) © dya (2)
= S,(0) o f2" (idan) — Sn(c) 0 h5", o d,(idan)
= fa (0) = hi_y 0 Su1(0) 0 dy(idan) = £ (0) = By © du(0)

Sns1(f) 0 by (0) = Susa(f 0 0)(2) = hy (f 0 0) = hy, 0 Su(f)(0).

3.(c) As the chain maps ¢ : So(X) — S.(X) are chain homotopic to the identity maps, they
induce the identity morphisms on the cohomologies. Thus, formula for cohomology classes
4] € HP(X; R) and [x] € H(X; R) becomes [x] U [¢] = (—1)"[y] U [y, 0

If we combine different cohomology groups of a topological space X by taking their direct sum,
then we can view the cup products as a multiplication map on this direct sum. Proposition
then ensures the associativity of this multiplication. The fact that all cup products are
group homomorphisms implies distributivity. The compatibility of the cup product with the
dimensions of the cohomology groups is encoded in the notion of a graded ring.

Definition 6.2.9: A graded ring R is a unital ring R together with a direct sum decompo-
sition R = @52, R; of its additive group, such that R; - By C Ry, for all j, k € No.

It is called graded commutative, if r- s = (—1)*s-r for all r € R; and s € Ry.

Corollary 6.2.10: Let X be a topological space X and R a commutative ring.

1. The cohomologies of X with coefficients in R form a graded commutative ring
H*(X; R) = &2 H"(X; R)

with the addition from their abelian group structure and the multiplication by the cup
product. The unit element is the cohomology class of ¢ : So(X) — R, z — 1.

2. Continuous maps f : X — Y induce ring homomorphisms H*(f) : H*(Y) — H*(X).

Proof:

The distributive law follows from the fact that the cup product induces group homomorphisms
U: HP(X; R)®HY(X; R) — HP™(X; R), the associativity of the multiplication and the graded
commutativity from Proposition [6.2.8] That [¢] € H°(X;R) is the neutral element for the
multiplication follows directly from Definition [6.2.1] That every continuous map f : X —
Y induces a unital ring homomorphism, follows from the naturality of the cup product in
Proposition and the definition of the unit element. O

The cohomology rings often contain nilpotent elements. in particular, as the multiplication adds
the degrees, any topological space X whose cohomologies H*(X; R) vanish for all £ > n and
with H*(X; R) # 0 for some k > 0 must contain nilpotent elements. This holds in particular for
finite CW complexes. Likewise, the graded commutativity implies that elements of odd degrees
must be nilpotent if R has no 2-torsion elements.
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Example 6.2.11:

1. The cohomology ring H*(S™) of the n-sphere has a single generator [z] € H"(S,,) = Z of
degree n and the unit element 1 € H°(S™) with

(2] U[z] = [0] [z]Ul=1U][z] = [#] lul=1.
2. If R is torsion free or a field of char R # 2, any [z] € H?(X; R) of odd degree p is nilpotent
PIUL] = (=D 2] - [l = =[z]U ] = [s]U[] =0

3. Let Xy,...,X, be topological spaces with basepoints x; € X; and suppose that every
basepoint x; € X; has a neighbourhood U; that strongly deformation retracts to x;.

Then Hp(X1 V...V X,) = H(X1) @ ... & Hi(X,,) for k € N by Proposition and

H*(X,V..VX,;R) = H*(X|;R) x ... x H*(X,;;R) k€N
HY(X;V ..V X R) = {(¢1, ..., 0,) € H'(X1; R) x ... x H'(X,0; R) | ¢ilzi] = o5[x,]}

Thus, the cohomology ring of the wedge product is a subring

H*(X1V ..V Xp;R) C HY(X1; R) X ... x H*(X; R).

We will now derive another algebraic structure, the cap product, that relates the homologies
of a topological space X to its cohomologies. The starting point is the evaluation of n-cochains
of X on its n-chains. This can be considered in more generality for chain complexes X, and
the associated chain complexes Hom(X,, M) for an abelian group M and is known under the
name Kronecker pairing. It induces a pairing between the nth cohomology group and the nth
homology group of the chain complex that takes values in M.

Definition 6.2.12: Let M be an abelian group. The Kronecker pairing between a chain
complex X, and the associated cochain complex M*® = Homay,(X,, M) is given by the maps

(,): M"®X, > M, ¢Qx+— (,x)=¢(x).

Lemma 6.2.13: Let X, be a chain complex and M* = Homuy(X,, M) for an abelian group
M. The Kronecker pairing induces a group homomorphism

(, ) H'(M®)©H,(X.) = M, [¢]®z] = (), z).

Proof:

We show that the Kronecker pairing of ¢ € Z"(M®) and z € Z,(X) depends only on the
cohomology class of ¢ and the homology class of z. Let ¢ : X,, — M be a group homomorphism
with d"(¢) = ¢ odpy1 =0 and ¢' = ¢ + ¢ o d,,_; with a group homomorphism ¢ : X,,_; — M.
Let 2/ = z+ d,41(x) with z € Z,(X) and z € X, ;1. Then we have

(@,2) = {0+ v odn, 2+ dna (7)) = (6, 2) + (Y 0 dn, 2) + (&, dny1(2)) + (Y 0 dn, d 1 (7))
= 0(2) + ¥ odn(2) + ¢ o dnii(z) + ¥ o dy 0 dnya(z) = ¢(2) = (9, 2),

where the second term in the last line vanishes, because z € Z,,(X), the third due to ¢pod, 1 =0
and the third due to d,, o d, 1 = 0. O
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If we apply the Kronecker pairing to the chain complex S¢(X) and the cochain complex
S*(X; M) of a topological space X, then it defines a pairing between its nth cohomology
and its nth homology group

(,): HY(X; M)®H,(X) — M.

However, this pairing is too restrictive. Firstly, one would like to admit non-trivial coefficients
in the homology groups as well, for symmetry reasons. This can be remedied by restricting
attention to coefficients in a commutative ring R and using its multiplication.

Secondly, as with the cup product, we would like to pair cochains and chains of different degrees.
More specifically, evaluating a g-cochain on an n-chain with n > ¢ should give an (n — g)-chain.
As for the cup product, this is achieved by applying an Eilenberg-Zilber map to the n-chain.
To obtain simple expressions, we work with the Alexander-Whitney map from Definition [6.2.6]
that is given in terms of the front and rear face of a simplex from Definition [6.2.4]

Finally, we will need the pairing between homologies and cohomologies also for relative coho-
mology and homology groups. This is important for applications to oriented manifolds in the
next two sections, where we will treat Poincaré duality.

Definition 6.2.14: Let (X, A) be a pair of topological spaces, R a unital ring and 0 < ¢ < n.
The cap product is the group homomorphism

N:SUX, A R)@Su(X, A R) = Sng(X5R),  9Q(2@r) = F"(2)®r (¢, R(2))

Example 6.2.15:

1. For ¢ = 0 we have F"(0) = o and R%(0) = o(e,) for singular n-simplexes o : A" — X.
As S°(X, A; R) = Homyy,(So(X, A), R), any 0-cochain ¢ € S°(X, A; R) corresponds to a
map ¢ : X — R with ¢(a) = 0 for a € A. Thus, the cap product is given by

N:S%X, 4, R)®S,(X, A, R) — S,(X; R), ¢R(c®r) — o@rd(o(e,)).

2. For ¢ = n we have F°(0) = o(eg) and R"(0) = o for singular n-simplexes o : A" — X.
Thus, the cap product is given by

N:S™X,A; R)®S, (X, A; R) — So(X; R), o®(c®r)+— o(eq)@ro(o).

As we work with pairs of topological spaces and relative (co)homologies, we need to show
that the cap product is indeed well-defined on relative g-cochains and relative n-chains. The
definition in terms of the front and rear face also suggests that it should be natural in X and
compatible with coboundary and boundary operators. The latter is largely a consequence of
the identities that describe the interaction of the front and rear face with the face maps.

Lemma 6.2.16: (Properties of the cap product)
The cap product is well-defined and satisfies the following identities

1. Leibniz formula: for all ¢ € S9(X, A;R), z € S,(X,A) andr € R

dn—q(¢ N (20r)) = (=1)""1d"(¢) N (2®7) + ¢ N (dn(2)©r).
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2. Naturality:
for all morphisms f: (X, A) — (Y, B), ¢ € SYX, A; R), z € S,(X, A) and r € R one has

Su—a(F)(SU(f)p N (z07)) = ¢ N (S,u(f)zer).

Proof:

To see that the cap product is well-defined, consider n-chains x € S,(X), a € S,(A). Then

Ri(a) € S,(A), which implies (¢, R(a)) = 0 for ¢ € SUX,A;R) = Hom(S,(X)/S.(A), R).

Likewise, we have F"~9(a) € S,_,(A), which implies F"9(a) = 0 in S, (X, A). This gives

¢ N ((z +a)@r) = F*(x + a)or(¢, Rz +a)) = (F"(z) + F""(a))@r (¢, R(z) + R(a))
_ Pra(@)@r(g, RI(x) = 60 ().

1. To prove the Leibniz formula, we compute for a singular n-simplex o : A" — X
- q(¢ﬁ (0®r)) = dnyg(F"" (o)1 {6, B(0)) = (dn—oF" (o)) @7 (¢, F(0))
_Z Vi F"(5) o 1901 (¢, R1(o .Z )P (5 o f)or(p, RI(0)).

To determine the right-hand-side of the Leibnitz identity we compute the first term
d*(¢) N (o®r) = e Ho)@r(d!(9), R (o)) = F""1H(0)@r(¢, dgr1 © R (0))
- Z ) P ()@rle, R ) o f).

Applying again , we obtain for the second term on the right
¢ N (dn(0)@r) = """ 0 d(0)@r(¢, R 0 dy(0))

=2 _(CD)F oo f)@n(e, Rio o f7))
= Z (1) oo f)@r{o, Rilo o f1) + Y (~)'F" oo f)@r(e, R(0 0 1)

JE 1 g0 f1)@r (6, RU0)) + Y (~L) F T (0)@r (o, BT (o) 0 fL )
f qﬁrlniq

= (=1)'F" oo fl)@r (o, Ri(0 Z Dt (g)@r(e, R (o) o fiT)

1=0

Combining these terms with the appropriate signs yields

(—=1)""1d(¢) N (o@r) + ¢ N (dn(0)@r)

= ()" )@ (e, R (o) o fi) + Z JF oo f)@r{g, RY(0))
E Y (VF T oo fer(o. B(0)) = dora90 (050,

2. Naturality of the cap product follows by a direct computation. We have for any singular
n-simplex ¢ : A™ — X and morphism of pairs f: (X, A) — (Y, B)

Sn—q([)SU(f)¢ N (0@r)) = (Sng(f) 0 F"(0))@r(¢ 0 5(f), R(0))
= (Sn—q(f) 0 F""(0))@r (¢, S(f ) k(o))
= F"(foo)@r(¢, RI(f 0 0)) = ¢ N (Su(f)o@r).
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O

With the results from Lemma [6.2.16] it is now straightforward to show that the cap product
induces a pairing between the relative cohomology and homology groups of a pair of topological
spaces with coefficients in a commutative ring R. It has naturality properties analogous to the
ones in Lemma [6.2.16] with respect to morphisms of pairs of topological spaces.

Proposition 6.2.17: The cap product induces group homomorphisms
N: HIY(X,A; R)QH, (X, A;R) = H,_(X; R), [9]@([z]@r)— [¢N(2@r)]
that satisfy for all morphisms f : (X, A) — (Y, B) in Top(2):
H,,—o(F)H()[9] N ([2]er)) = [¢] N (Ha(f)[2]@r).

Proof:
The Leibniz formula implies ¢ N (2®@r) € Z,,_,(X; R) for all ¢ € Z9(X, A;R) and z € Z,(X, A)
and r € R. If we also have ¢ = d97'(x) € BY(X, A; R) and b = d,,11(x) € B,(X, A; R), then

Apgi1 ()" N (20r)) = dTH ()N (z@r) =N (z0r) = N (2@r) € B,_(X;R)
o161 (287) = 61 (dsa(2)r) = 61 (1) 6 (br) € By (X R).

This shows that the cap product induces a group homomorphism
N HIX, A RYSHA(X, A R) > Ha o X3 R),  [8l0([10r) = [6 0 (20r)].
The naturality with respect to the morphisms in Top(2) follows from Lemma [6.2.16] 2. O

We will now investigate the algebraic properties of the cap product. By comparing Definition
of the cap product for the case (X, A) = (X,0) with the formula for the cup product
in Definition the similarities are apparent. Both are formulated in terms of the front and
rear face of a simplex, and the only difference between the two is the presence of the Kronecker
pairing in the latter. As the cap product of a singular cocycle and a singular cycle gives another
singular cycle, it is natural to interpret it as an action of the cohomology group on the homology
group. The fact that it respects degree is encoded in the notion of a graded module.

Definition 6.2.18: Let R = ®32,; be a graded ring.

A graded module over R is an abelian group M with a direct sum decomposition M = @52, M;
and an R-module structure > : ROQM — M such that R; > M C M., for all j,k € Ny.

Proposition 6.2.19: Let R be a commutative ring and X a topological space.

The cap product defines a graded module structure on He(X; R) = &2 H_;(X; R) over the
cohomology ring H*(X; R) = &2 H*(X; R).

Proof:
The cap product defines a map

>=nN:H(X;:R®H(X;R) —» HJ(X;R) with H’/(X;R)N Hy(X;:R) C Hy_;j(X;R).
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By the formula in Example[6.2.15] 1. the unit element 1 € H(X; R) acts by 1N [z@r] = [z@7].
It remains to show that for all ¢ € ZP(X; R), ¢ € Z%(X; R) and z®r € Z,(X; R)

([¢] U [9]) N [zr] = [¢] N ([¥] N [26r])

For this, we note that by Definition of the front and rear face of a simplex we have
F" P9 (g)®@FP o RFT(0)®@R% 0 R (o) = F" P90 F" Y0)@RP o F" " (0)®RI(0)

for all singular n-simplexes o : A" — X. Inserting this into the formulas for the cup product
from Corollary and the formula for the cap product from Definition [6.2.14] gives

(pU) N (0@r) = F*~0+(0)@r (¢ U, RP(0))
— prn—(pt+a) (0)@r - ¢(FP o Rp+q(a)) (R0 Rerq(U))
= F=0=P(F"=4(g))\@r - $(RP o F*U(0))) - (RI(0))
= ¢ N (F"(0)@r - $(R(0))) = ¢ N (¢ N (o@r)).

6.3 Orientation of compact manifolds

In this and the following section, we will show that for compact oriented topological n-
manifolds X, there is a relation between the homology groups H,(X; R) and cohomology groups
H™P(X; R), namely Poincaré duality, which states that for all p € {0,...,n}

H™P(X:R) = H,(X:R).

This isomorphism is given by the cap product and a distinguished element [X] € H,,(X), defined
by the orientation. For non-compact topological n-manifolds there is an analogous isomorphism
for the cohomology group with compact support.

In this section we define orientations of compact topological manifolds in terms of their ho-
mology groups. The notion of an orientation is familiar from linear algebra and can easily
generalised to smooth manifolds. Recall that an orientation on a finite-dimensional real vec-

tor space V is an equivalence class of ordered bases of V. Two bases B = (vy,...,v,) and
B’ = (v],...,v]) are equivalent if the unique linear map ¢ : V. — V with ¢(v;) = v} for
i = 1,...,n has determinant det(¢) > 0. Hence, a finite-dimensional real vector space V has

exactly two orientations.

A smooth n-manifold is a Hausdorff space X with a choice of homeomorphisms ¢ : U — V,
the charts, from open subsets U C X to open subsets IV C R" such that the subsets U cover X
and all maps ¢pur : (¢|vnwry © (Plune) ™'+ (U NU') = ¢'(U N U') are smooth. The fact that
the coordinate change maps are smooth allows one to define an orientation of X as a collection
of charts whose domains cover X and such that all derivatives of coordinate change maps have
positive determinant: det d((¢'|ynu) © (¢luryr) ™) > 0 for all z € p(U NTY).

For topological manifolds, smoothness of the coordinate change maps is not required. They
are just homeomorphisms, so one cannot define orientations by applying linear algebra to their
derivatives. Instead, orientations are defined by their homologies.
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Definition 6.3.1:

1. An n-dimensional topological manifold is a second countable Hausdorff space X such
that every x € X has an open neighbourhood U homeomorphic to an open subset V' C R".

2. A homeomorphism ¢ : U C X — V C R” for an open subset U C X is called a chart. A
family {¢; : U; — V; | i € I} of charts with X = U,;c;U; is called an atlas.

Remark 6.3.2:

1. Without loss of generality one can impose V' =R" or V = D" in Definition .

If ¢ : U — V is a chart around x € U, then U C R" contains an open n-ball B around
¢(z), which is homeomorphic to D™. Restricting the chart ¢ to the open neighbourhood
U' = ¢ Y(B) C U then yields a homeomorphism ¢' : U' — B = D" =< R",

2. A topological manifold of dimension n inherits the local topological properties from R™.

In particular, it is locally compact, locally connected and locally path-connected.

This follows, because every neighbourhood W of X contains an open neighbourhood

U C W of x that is the domain of a chart ¢ : U — V. If W C V is a neighbourhood of
¢(x) € V with the required property, then ¢~1(W) C U also has this property.

3. As locally compact Hausdorff spaces, topological manifold are regular topological spaces.

In the following we write n-manifold for topological manifold of dimension n. The requirement
of a countable base of the topology (second countability) is included in the definition of a
topological n-manifold for convenience, as it lets us avoid the use of Zorn’s Lemma in some of
the proofs. In many references, this condition is not imposed.

Many of the topological spaces encountered so far are topological manifolds. Obvious coun-
terexamples are any non-Hausdorff topological spaces, disjoint unions of topological manifolds
of different dimensions and infinite-dimensional CW complexes such as RP> and CP°.

Example 6.3.3:

1. The empty topological space ) is an n-dimensional topological manifold for every n € Nj.
2. Every open subset of R" is an n-dimensional topological manifold by construction.

3. Any open subset W C X of an n-dimensional topological manifold X is a topological
manifold. The charts of W are obtained by restricting charts ¢ : U — V of X to the
open subsets U N W C W.

4. The disjoint union of n-dimensional topological manifolds is a topological n-manifold.

5. The product X x Y of an n-dimensional topological manifold X and an m-dimensional
topological manifold Y is a topological manifold of dimension n + m.

6. The sphere S™ and real projective space RP" are n-dimensional topological manifolds.
Complex projective space CP" is an 2n-dimensional topological manifold.

7. Any oriented surface of genus g > 0 is a 2-dimensional topological manifold.

8. The Klein bottle K = [0,1] x [0,1]/ ~ with (z,1) ~ (2,0) and (0,y) ~ (1,1 — y) for
z,y € [0,1] and the open Mobius strip M = [0,1] x (0,1)/ ~ with (0,y) ~ (1,1 — y) for
y € (—1,1) are 2-dimensional topological manifolds.
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To define orientations for topological manifolds, we consider the relative homologies Hy (X, X \
{z}) for points © € X. We can compute these relative homology groups by restricting X to
the domain of a chart ¢ : U — V around x and show that they are given by Z for k = n and
trivial otherwise. The abelian group Z has exactly two generators, namely 1 and -1, and these
generators will replace the sign of the determinant in the definition of orientations of vector
spaces and orientations of smooth manifolds.

Proposition 6.3.4: For a topological n-manifold X and any point x € X one has

Z k=n

H(X, X\ {a}) = {O A

Proof:
Let ¢ : U — V a chart around z € X. Then we have

X\U=X\UcCX\{z} =(X\{z})" R\V=R'\VCR"\{¢(x)} = (R"\ {¢(z)})°.
By Theorem excising X \ U and R™ \ V yields

Hy(X, X\ {z}) = Hy(U, U\ {z}) = H,(V,V\{¢(x)}) = Hy(R",R" \ {¢(x)}).
Applying Exercise 21| and Example then yields the result. O

Remark 6.3.5: By Proposition the dimension of a non-empty topological manifold is
unique. If ) # X is a topological n-manifold, then X is not a topological m-manifold for m # n.

The idea is now to define an orientation as a coherent choice of generators of H,, (X, X\{z}) = Z
for each point x € X. At each point there are two choices, namely one corresponding to 1 € Z
and one corresponding to —1 € Z, and we must relate these choices at least for points in a
neighbourhood of a given point z € X. To induce maps between the relative homologies, this
relation must be given by morphisms in Top(2). Given a topological space X and subspaces
B Cc A C X, we have a morphism of pairs induced by the identity map on X

isp: (X, X\A) = (X,X\B), 2wz (61)

If B={xz} C A contains a single point, we write 14, 1= iagz) : X \ A = X\ {z}. Note that for
all subsets C' C B C A C X these morphisms of pairs satisfy the compatibility conditions

Z'AA = 1(X,X\A) . (X,X\A) — (X,X\A) iAC = Z.BCOiAB : (X,X\A) — (X,X\C)

Given a subset U C X we can use the maps iy, : X \ U — X \ {z} to compare the different
choice of generators at points z € U.

Definition 6.3.6: Let X be a topological n-manifold and W C X a subset.

1. A choice of generators [z,] € H,(X, X \ {w}) for each w € W is called coherent, if for
every w € W there is an open neighbourhood U in X and an element [z/] € H, (X, X \U)
such that H, (iyy)[zv] = [z,] for ally e W NU.

2. X is called orientable, if there is a coherent choice of generators [z,] € H, (X, X \ {z})
for W = X. A coherent choice of generators for X is called an orientation of X.
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Remark 6.3.7:

1. If {[z4]}zex is an orientation of X, then {—[z;]}.cx is also an orientation of X, the
opposite orientation.

2. If U C X is such that H,(ip,) : Hy(X, X \U) = H,(X, X \ {z}) is an isomorphism for
all x € X, then the generators at points x,y € U are related by

(2] = Hu(ivy) © Ho(ivz) " [2a]-

This can be seen as the topological counterpart of the formula for orientations of smooth
manifolds on the intersection of the domains of two charts.

Without further assumptions on the neighbourhood U, we do not have explicit results on the
homology group H,(X,X \ U) or the map H,(iy,) : H (X, X \U) — H,(X, X \ {z}). In
particular, the latter is in general not an isomorphism. However, there is one situation, where
this is well-controlled, namely compact and conver subsets K C R”. In this case Exercise
implies that the maps H,(ix,) are isomorphisms.

Example 6.3.8: If K C R” is compact and convex, then the map
H,(ige) : Hp(R*,R"\ K) = H,,(R", R\ {z})
is an isomorphism for all x € K and m € Ny. In particular, we have

H,(R"R"\K)=7Z H,,(R",R"\ K) =0 for m # n.

Proof:

The inclusion defines a homotopy equivalence if, : R™\ K — R™\ {z}. This follows, because
the inclusion i : D" \K — Dr \ {0} is a homotopy equivalence for any compact subset K C Dr
with 0 € K by Exercise 26, For any * € K there is a homeomorphism ¢ : R" — D" with
¢(z) = 0 that sends K to a compact convex subset K’ C D™ This can be constructed by first
applying a translation that sends x to 0, then a rescaling that sends K to a convex subset of an
n-ball By/5(0) and then a homeomorphism ¢ : R — Dn that is the identity on B15(0) C D
This implies that H,,(ix,) @ Hn(R" \ K) — H,,(R"\ {z}) is an isomorphism. Applying the
5-Lemma to the long exact homology sequence

O) Hn () ()

o Ho R\ K) Y g @y 2o me R K) -2 H (R ) (R

LHm(ZKz) = Hmfl(iKz) Lid

ngm(ZKI) lid
Hypn () n on Om n Hin—1(¢) n
Hin (R, R™\ {}) = Hop g (R \ {2}) =—"Hpp 1 (R") = ...

n H (2) n
.= Hp(R"\ {z}) —> H,,(R") —
shows that the middle arrow is an isomorphism as well. O

Given a coherent choice of generators {[z,]}.ew for some subset W C X it is natural to ask
if they can be combined into a single generator of H, (X, X \ W). In other words, is there an
element [zy| € H,(X, X \ W) such that [z,] = H,(iw.)[zw] for all z € W? In particular,
does orientability of a topological n-manifold X imply that there is a [zx] € H,(X) such that
[2:] = Hy(ixs)[2x] for all x € X7

As orientability is defined locally, via neighbourhoods of points, it is clear that the proof of such
a statement will involve a cover of X by open neighbourhoods of points and will be particularly
simple if this cover is guaranteed to have a finite subcover. Hence, it makes sense to assume
that the subsets are compact.
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Definition 6.3.9: Let X be a topological n-manifold and K C X compact.

1. An element [zx] € H,(X, X \ K) is called an orientation of X along K if the elements
H,(iks)|[2x] € Ho(X, X \ {2}) for 2 € K form a coherent set of generators for K.

2. If K = X, then an orientation along K is called a orientation class or fundamental
class of X and denoted [X].

The aim is now to prove that every compact orientable manifold has a fundamental class. The
first step is to investigate orientations along compact subsets K C X. To establish uniqueness
of orientations along K, we need to investigate the kernels of all of the group homomorphisms
H,(iks) : Hy(X, X\ K) —» H,(X, X \ {z}) for z € K and to show that H,(ix,)[z] = 0 for
some [z] € H,(X,X \ K) and all z € K implies [z] = 0. We will prove this first for small
compact subsets that are contained in the domains of charts and then extend it to their union
with the relative Mayer-Vietoris sequence. For this, we also need control over the homology
groups H,, (X, X \ K) for m > n.

Lemma 6.3.10: Let X be a connected orientable n-manifold and K C X compact. Then:

1. H,(X, X\ K)=0 for all m > n.
2. If [z] € Ho(X, X \ K) satisfies H,,(ix,)[2] = 0 for all z € K, then [z] = 0.

In particular, if X is compact, then H,,(X) = 0 for m > n.

Proof:
1. We first reduce the proof of 1. and 2. to the case of compact subsets K C X with K C U
for some chart ¢ : U — V.

1.(a) As X is a locally compact topological space, every point € K has a compact neighbour-
hood K, C U, contained in the domain of a chart ¢, : U, — V, C R". Any choice of open
neighbourhoods W, C K, C U, for each x € K yields an open cover K = U, W,., which has a
finite subcover by compactness of K. Hence, there are compact subsets K, ..., K, C X, each
contained in the domain of a chart, such that K C K, U...UK,, . This implies K = K;U...UK,
with K; = K N K,, compact and contained in the domain of a chart.

1.(b) We show that if 1. and 2. hold for compact subsets A, B C X and their intersection
AN B, then they also hold for AUB. This follows with the relative Mayer-Vietoris sequence from
Proposition [3.5.5 applied to X \ A and X \ B, which are open in X\ (ANB) = (X \ A)U(X\B).
If 1. holds for A, B and AN B, one has

o= Hya (X, X\ (AN B) 2% H (X, X\ (AUB)) 2% Hy(X, X\ A)@ Ho(X, X\ B) = ...

J [

Vv Vv Vv
=0m>n =0 m>n =0 m>n

with ¢, = (H,(ia), —H,(ig)) for the morphisms is : (X, X \ (AUB)) — (X, X \ A) and
ip: (X, X\ (AUB)) = (X, X\ B) by Proposition [3.5.5]

This implies H,,(X, X \ (AU B)) = 0 for m > n and injectivity of ¢,, for m = n. As we have
H,(iauB)e) = Hp(iag) 0 Hp(ia) for all x € A and H,(ip,) o Hy(ip) for all x € B, the identity
H,(i(auBys)[2] = 0 for all x € AU B implies

H,(iaz) 0 Hy(ia)[z] = 0Vx € A, H,(ip,) o H,(ip)[z] = 0Vx € B.

As 2. holds for A and B, this gives H,(i4)[z] = H,(ip)[z] = 0 and [z] = 0 by injectivity of ¢,.
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2. If K C U for some chart ¢ : U — V', we have isomorphisms of pairs
¢: (UU\K) = (V,V\¢(K)) ¢ (U,U\{z}) = (V,V\{¢()}) for x € K.

By excising X \ U and R™ \ V' we then obtain for all m € Ny and z € K

Ho(X, X\ K) = Ho (U, U\ K) 229 B (V, VA 6(K)) 2 Hy (RT R 6(K))

o

Ho (X, X\ o) = Ha(U, U\ {2}) 2295 H,,(VV\ {6(0)}) = Hoo (R B\ {6(2)))
and a commuting diagram

Hp(X, X\ K) —— Hp,(R", R"\ ¢(K))
Hm(iKz)l me(%(K)m))

Hpn (X, X\ {z}) = Hu(R",R" \ {¢(2)}).
This shows that it is sufficient to prove claims 1. and 2. for compact subsets K C R".

3. We prove 1. and 2. for compact subsets K C R".

Let z € Z,(R",R" \ K) be a relative m-cycle. Then we have d,,(2) = ¥’_;\;7; for singular
(m — 1)-simplexes 7, ...,7, : A™™1 — R"\ K. By compactness of A™~! and continuity of the
simplexes, the union of their images M := Uj_,7;,(A™™") € R"\ K is compact. Consequently,
there is an open neighbourhood U of K such that M C R™\ U. As K is compact, there are
closed balls By, ..., By in R" with K C B:=U;_;B; C U.

As M C R™\ U, the relative m-cycle z also defines relative m-cycles 2’ € Z,,(R",R" \ U) and
2" e Z,(R" R"\ B) with H,,(iyp)[2'] = [¢"] and H,,(ipk)[z"] = [2]. As the balls B; C R" are
compact and convex, claims 1. and 2. hold for B; by Example and follow for B with 1.(b).

Claim 1. for B implies [2"] = H,(iyp)[?] € Hn(R",R" \ B) = {0} for m > n and hence
(2] = H,(ipk)[2"] = 0. This shows claim 1. for K.

For claim 2. let m = n and H,,(ix,)[2] = 0 for all € K. Then we have for all z € K N B;
0= Hy(ixs)[2] = Hulixz) © Hu(ipr)[2"] = Hulipa)[2"] = Hulipa) © Ha(ips,)[2"].

As H,(ip,.) is an isomorphism by Example this implies H,,(ipp,)[2"] = 0. It follows that
H,(ipy)[2"] = Hn(ip,y) o Hu(ipp,)[2"] = 0 for all y € B;. As K C U;_, Bj, we can apply this
argument for all j = 1,...,s and obtain H,(ip,)[2"] = 0 for all y € B = Uj_;B;. As claim
2. holds for B, it this yields [2”] = 0 and [z] = H,(ipk)["] = 0, which proves claim 2. for K. O

137



We can now apply Lemma to show that for any orientation {[z,]}.cx on X and any
compact subset K C X, there is at most one orientation [zx] along K with H,(ik.)[zk]| = [22]
for all x € K. To prove that there is at least one such orientation along K is more difficult.
For this one works with open neighbourhoods U of points x € X as in the definition of an
orientation and chooses compact subsets contained in such neighbourhoods. One then extends
the result to a compact subset K by covering K with neighbourhoods contained in these small
compacta and applying the relative Mayer-Vietoris sequence.

Proposition 6.3.11: Let X be an n-manifold and O = {[z,|}.cx an orientation on X. Then
for any compact subset K C X there is a unique orientation [zx| € H,(X,X \ K) along K
compatible with O: H, (ix,)[zk] = [2.] for all z € K.

Proof:
1. To show uniqueness, let [zk], [2] € H,(X, X \ K) two orientations of X along K that are
compatible with O. Then we have for all z € K

H,(ixco)([2x] — [2]) = Haligz)[2x] — Ho(ixe)[2k]) = [22] — [22] = 0,

and this implies [zx] = [2)] = 0 by Lemma |6.3.10} This shows uniqueness.

2. Let Ky, Ky C X compact subsets and [zk,| € H,(X, X \ K1), [2k,] € Ho(X, X \ K3) orien-
tations along K; and K5 compatible with 0. We show that there is an orientation compatible
with O on Kl U KQ.

The identity ix;y = ixy © ix;(KinK,) for j = 1,2 implies for all y € K N Ky
[Zy] = Hn(iny)[ZKj] = Hn(i(KlﬁKQ)Z) © Hn(in(K1ﬂK2))[sz]'

With 1. this implies Hy, (ix, (k,nk0)) 2] = Hn(iko(ki0k))[2K.) = [2K10K,) 15 an orientation
compatible with O along K; N K5. The relative Mayer-Vietoris sequence from Proposition |3.5.5
yields an exact sequence, where the first term on the left vanishes by Lemma [6.3.10

0 M Hn<X,X \ (Kl U Kg)) ¢—n> Hn(X,X \ Kl) b Hn(X,X \ KQ) w—n> Hn(X,X \ (K1 N Kg)) — ...
On = (Hp(i(x,uko) k0 )s —Hu (i, UK K)) Uy = Hp ik, (kinks)) + Ho(lky(k10Ky))-
Then we have ([zx,], —[2K,]) € ker ¢, = im ¢,,, as
wn([zfﬁ]? _[ZKz]) = Hn(iK1(K10K2))[ZK1] - Hn(i(Kz(K1ﬁK2)))[zK2] = [ZKlﬂKz} - [ZKlﬁKQ] = 0.
Thus, there is an element [zx,uk,] € Hn(X, X \ (K1 U K5)) with
Hn<i(K1UKz)K1)[zK1UK2] = [ZKI] Hn(i(KlLJKQ)Kl)[ZKlUKQ] = [ZK2]‘
This implies for all y € K
Hn(i(K1UK2)y)[zK1UK2] = Hn(iny) © Hn(i(K1UK2)y)[zK1UK2] = Hn<iny)[sz] = [Zy]

and hence H,(i(k,uK,)y)[?K,uK,) = [2] for all y € K7 U Ky, which shows that [zx,uk,] is an
orientation compatible with O along K; U K.
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3. To show existence, choose for each x € K a neighbourhood U, and a [zy,] € H,(X, X \ U,)
with H,(iv,y)|2v,] = [2,] for all y € U,, which exist by definition of an orientation. As X is
locally compact, there are compact neighbourhoods K, and open neighbourhoods W, of x such
that W, C K, C U,. The open cover K C U,cxW, has a finite subcover K C U_,W,., and
this yields K = U]_, K;, where K; = K,, N K C U,, is compact. By defining

[zx,] = Hyliv,, i) (20, ],
we obtain an orientation compatible with O along K, as we have for all y € K; C U,,
H, (i) [2r;] = Huliky 0 iv,, i) [2x] = Haliv,,y)[20,,] = [2]-
Applying step 2. we obtain an orientation [zx| along K that is compatible with O. O

By combining these results, we can relate the existence of an orientation on a compact connected
topological n-manifold X to the existence of an orientation class and to the nth homology group
of the manifold. The latter gives a simple criterion for the orientability of the manifold.

Theorem 6.3.12: Let X be a connected compact n-manifold.
Then the following are equivalent:

(i) The manifold X is orientable.
(ii) There is an orientation class of X.
(ifl) H,(X) =~ Z.

Proof:
(i)=(ii): follows from Proposition [6.3.11

(iii)=(1): If H,(X) = Z, then there are two possible choices of generators of H,(X). For any
generator [z] € H,(X), the set {H,(ix.)[z] | # € X} is a coherent set of generators for X and
thus an orientation of X.

(ii)=-(iii): Suppose [zx| € H,(X) is an orientation class. Then the elements [z,] = H,(ix.)[zx]
for x € X form a coherent set of generators for X. As [z,] generates H, (X, X \ {z}) = Z, the
element [zx] cannot be of finite order. We show that it generates H, (X).

Let [z] € H,(X). As [z,] generates H,(X, X \ {z}) = Z, for any there is a unique k, € Z with
H.,(ix.)[2] = ku[2:]. This is equivalent to [z] — k,[2x] € ker H,(ix,) for all z € X.

For every x € X we can choose a chart ¢ : U — D" C R" and a compact neighbourhood K of x
such that ¢(K) is a compact convex neighbourhood of ¢(x). Example yields isomorphisms

(=23

Hylige): Hy(X, X\ K) = H,(X, X \ {z})

for all € K. This implies ker H,,(ix,) = ker H,(ix,) o Hy(ixx) = ker H, (ixx) for z € K and
shows that k, = k, for all ,y € K. This shows that the map f : X — Z, x — k, is locally
constant and hence constant, as X is connected. Thus, for every [z] € H,,(X) there is a unique
k € Z with H,(ix.)([z] — k[zx]) = 0 for all x € X. This implies [z] = k[zx]| by compactness of
X with Lemma [6.3.10} 2. and shows that [zy] generates H,(X). As [zx] is of infinite order, it
follows that H,(X) = Z. O
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Example 6.3.13:

1. The n-sphere is orientable, as H,,(S™) = Z. The same holds for any orientable surface of
genus g > 0.

2. The Klein bottle K is a not orientable, because Hy(K) = 0 (Exercise [20)).

3. Real projective space RP" has the homologies H,(RP") = Z for n odd and H,,(RP") =0
for n even by Example [4.2.9] Hence, RP" is orientable if and only if n is odd.

4. By Example complex projective space CP™ has the homology group Hs,(CP™) = Z.
Hence, CP™ is an orientable 2n-dimensional topological manifold for all n € N.

Note that the fundamental class in Theorem [6.3.12] must be a generator of H,(X) = Z, which is
unique up to a minus sign. Each connected compact orientable topological manifold has exactly
two orientation classes. Specifying an orientation amounts to selecting an orientation class, and
the opposite orientation corresponds to its inverse. Note also that all non-orientable compact
topological manifolds X in Example have H,(X) = 0. This is not a coincidence. One
can show that any non-orientable compact n-manifold has a trivial nth homology group.

A nice application of Theorem is that it allows us to extend the concept of the mapping
degree from continuous maps f : S — S™ to continuous maps f : X — Y between compact
connected oriented n-manifolds X and Y. As H,,(X) = H,(Y) = Z by Theorem and the
orientation classes [X| and [Y] generate the homology groups, there is a number deg(f) € Z
with H,,(f)[X] = deg(f)[Y].

Definition 6.3.14: Let X,Y be compact connected oriented manifolds of dimension n and
[X] and [Y] the fundamental classes compatible with the chosen orientations.

The mapping degree of a continuous map f : X — Y is the unique integer deg(f) € Z with

H,(f)[X] = deg(N)[Y].

Note that the mapping degree of a continuous map f : X — Y depends on the choice of an
orientation class or, equivalently, of an orientation of X and Y. For X =Y, it is independent
of the orientation choice, because H,(f)[X] = deg(f)[X] implies H,(f)(—[X]) = — deg(f)[X].
It is also clear from the definition that for X = Y = S™ the mapping degree reduces to the
one from Definition [3.6.5l The properties of the mapping degree of maps between spheres in
Proposition [6.3.15| also generalise to the mapping degree of maps between compact connected
oriented manifolds.

Proposition 6.3.15: Let X, Y, Z be oriented connected topological manifolds of dimension
n and denote by X the manifold X with the opposite orientation. Then

1. The mapping degree is multiplicative:
deg(go f) = deg(g) - deg(f) for all continuous maps f: X - Y andg:Y — Z,

2. deg(idx : X — X) =1 and deg(idyx : X — X) = —1,
3. If deg(f) # 0 then f is surjective.
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Proof:
1. and 2. follow from the definition. If [X], [Y], [Z] are orientation classes of X, Y, Z, then

deg(g o f)[Z] = Hn(g o f)[X] = Hn(g) o Hy(f)[X] = deg(f) Hn(g)[Y] = deg(f) - deg(g)[Z],

which implies deg(go f) = deg(g) -deg(f). As we have H,(idx)[X] = [X]| = —(—[X]), it follows
that deg(idy : X — X) =1 and deg(idx : X — X) = —1.

3. Suppose that f: X — Y is not surjective and let y € Y\ im (f). Then we have
0= H,(iyy) o Ho(f) : Ho(X) —» H,(Y,Y \ {y}), [o]— [foo0]

because foo(A™) C Y \{y} for any singular n-simplex o : A™ — Y. As Y is compact connected
and oriented, the group homomorphism H,,(iy,) : H,(Y) = H,(Y,Y \ {y}) is an isomorphism
for any y € Y by the proof of Theorem |6.3.12| This implies H,(f) = 0 and deg(f) = 0. O

Remark 6.3.16: Analogously, one defines orientations for a commutative unital ring R.

1. A topological n-manifold is called R-orientable is there is a coherent choice of generators
of the homology group H,(X, X \ {z}; R) = R for all z € X.

That H,(X, X \ {z}; R) = R for all z € X follows with the universal coefficient theorem
in Corollary from Proposition

2. Lemma [6.3.10] also holds for homologies with coefficients in a commutative unital ring R.

The reduction to the claims for (R™, R™\ B) for compact balls B C R™ works analogously.
At the end of the proof, it is sufficient to note that Example [6.3.8] generalises to coeffi-
cients in R with the universal coefficient theorem. In particular, H,,(R",R" \ B; R) = 0
for m > n.

3. Orientations along a compact subset K C X with coefficients in R are defined analogously
to Definition as elements [zx] € H,(X, X \ K; R).

4. Proposition [6.3.11] and Theorem [6.3.12] hold analogously for R-orientations
[zx] € Hy(X, X \ K; R) and for H,(X) = R.

Remark 6.3.17: More generally, one can show [HL Th. 3.26] that for a non R-orientable
topological n-manifold X the maps H,(ix.) : Ho(X;R) — H,(X,X \ {z}; R) are always
injective with image Tory(R) = {r € R | 2r = 0}. This implies H,(i,x) = 0 for R = Z.

6.4 Poincaré duality

In this section, we prove that any R-orientation of a compact orientable topological n-manifold
X with associated fundamental class [X] € H,(X; R) = R for induces group isomorphisms

PD,: —N[X]: H*(X;R) = H,_1(X;R),

the Poincaré duality maps. This is fairly straightforward to prove for compact manifolds X.
However, we also want to formulate an analogous result for non-compact orientable topological
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n-manifolds. In this case, we need to replace the cohomology groups with the cohomology groups
of compact support. They are constructed by considering only cocycles and coboundaries that
are trivial on all simplexes whose image does not intersect a certain compactum.

Definition 6.4.1: Let X be a topological space and R a commutative unital ring.

1. The subcomplex S2(X; R) C S*(X; R) of singular cochains with compact support
is given by the subgroups

SH(X; R) ={¢ € Homap(Sa(X), R) |
JK, C X compact with ¢(c) =0 for all o : A" — X with o(A") N K, = 0}.

2. The nth cohomology group with compact support is
H)X;R)=H"S:(X;R).

That S2(X; R) C S*(X;R) is a subcomplex can be seen as follows. Let ¢ : S,,(X) — R be a
group homomorphism with ¢(o) = 0 for all singular simplexes o : A" — X with o(A")NKy = 0.
For all singular (n + 1)-simplexes 7 : A" — X with 7N Ky = 0, every n-simplex in d,,1(7)
is of the form 7o f : A" — X and satisfies 7 o f/'(A") N Ky C 7(A™) N K4 = . This
implies d"(¢)(7) = ¢(d,11(7)) = 0 for all singular (n + 1)-simplexes 7 : A""' — X with
(A" N Ky = (. Hence, we can set Kgn() = Ky, and d"(¢) has compact support as well.

We will now relate the singular cochain complex S®(X; R) with compact support to the relative
cochain complexes S®(X, X \ K; R) for compact subsets K C X. By construction, a relative
cochain ¢ € S"(X, X'\ K; R) is a group homomorphism ¢ : S, (X, X\ K) — R. By the universal
property of the factor group S, (X, X \ K) = S,(X)/S.(X \ K), such group homomorphisms
are in bijection with group homomorphisms ¢ : S,,(X) — R such that S,,(X \ K) C ker ¢ or,
equivalently, with ¢(o) = 0 for all singular simplexes o : A" — X with o(A™) N K = (). Thus,
every relative cochain ¢ € S"(X, X \ K; R) is a cochain with compact support.

More abstractly, we can express this in terms of the inclusion morphisms in Top(2) associated
to subsets of X from . For all subsets B C A C X of a topological space X, the identity
map induces a morphism isp : (X, X \ A) = (X, X \ B),  — x in Top(2) with

7;AA:1(X,X\A) iac =igcoiag for CCBCACX. (62)

These morphisms of pairs induce cochain maps between the associated relative cochain com-
plexes and group homomorphisms between their cohomologies. This allows us to rephrase our
observation from the last paragraph as the following lemma.

Lemma 6.4.2: Let X be a topological space and R a commutative unital ring.

1. For any compact subset K C X the morphism of pairs ixx : (X,0) — (X, X\ K) induces
a cochain map S™(ixx) : S™(X, X \ K; R) — S?(X; R) and group homomorphisms

H"(ixg): HY(X, X \ K;R) — H}(X; R)
2. For compact subsets K C L C X there is a commuting diagram of cochain complexes

S*(X, X \ K;R) 5 (izx)

S*(X, X\ L; R)

S®(irx) S®(iLx)
Se(X; R)
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and for each n € Ny a commuting diagram of cohomology groups

H™(ipK)

H"(X, X\ K;R) H"(X,X \ L; R)
H"(igx %
H!(X; R)

Proof:

The first statement follows, because the morphisms ixr : (X,0) — (X, X \ K) induce cochain
maps S*(ixg) : S*(X, X \ K; R) — S*(X; R) and every relative cochain ¢ € S™(X, X \ K; R)
is a cochain with compact support in S™(X; R). The second statement follows from (62). O

We will now build up the singular cochain complex S?(X;R) with compact support from
the relative cochain complexes S®(X, X \ K; R) for compact subsets K C X and relate their
cohomologies. Naively, one could attempt to combine the cochain complexes S*(X, X \ K; R)
for different compact subsets K C X by taking their direct sum. However, this does not yield
correct result, as we need to identify relative cochains in S™(X, X \ L; R) with relative cochains
in S"(X,X \ K;R) for compact subsets L C K C X and all n € Z. Hence, we need to take
a quotient module of the direct sum of all R-modules S™(X, X \ K; R), where cochains are
identified by the inclusions S"(ipk) : S™(X, X \ L; R) — S™(X, X \ K; R). This is a special case
of a categorical colimit, associated to a poset category.

Definition 6.4.3:
A partially ordered set or poset is a set I together with a relation < that is

(i) reflexive: i <i for all i € I,
(ii) antisymmetric: i < j and j < i implies i = 7,

(iii) transitive: ¢ < j and j < k implies i < k.

A poset (M, =) is called direct, if for all 4,5 € I there is a k € I with i,7 < k.

Lemma 6.4.4: Every poset (I, <) defines a category Z, the poset category for I, whose

e objects are elements ¢ € I,
e morphism sets are given by |[Homz (i, j)| = 1 if i < j and Homz (7, 7) = () else.

Proof:
The existence of identity morphisms is guaranteed by the reflexivity of < and the associativity
of the composition of morphisms by the transitivity of <. O

Example 6.4.5: Let X be a topological space and K C P(X) the set of its compact subsets
K C X. Then K with the relation <=C is a poset. It is direct, because for all compact subsets
K, K’ C X the union K U K’ is a compact subset of K with K, K’ ¢ K U K'.

When considering the relative cochain complexes with respect to complements of compact
subsets, we assign to each compact subset K C X a relative cochain complex S*(X, X \ K; R)
and to every inclusion L C K C X a chain map S®(ipk) : S*(X, X\ L; R) — S*(X, X \ K; R).
It is plausible that these assignments should define a functor from the poset category for K
of X into the category of cochain complexes. Such functors from directed poset categories are
known as direct systems. The notion that we need to combine the relative cochain complexes
of compacta K C X into the cochain complex with compact support is a categorical colimit,
in this case known as a direct limit.
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Definition 6.4.6: Let (I, <) a direct poset and C a category.

1. A direct system for (I,=) in C is a functor F': Z — C:
e a family (F});c; of objects in C,
e a family (f;;)i<; of morphisms f;; : F; — Fj for all 4,5 € I with i < j,

such that for all i < j <k
fi = 1F, fik = fixo fie : Fy — Fj.

2. A map of direct systems from F' : Z — C to I’ : T — C is a natural transformation
v F = F', afamily (v;)ic; of morphisms v; : F; — F] with f;0v; = v;0 fi; for all i < j.

3. A direct limit of a direct system F': Z — C is a colimit of F
e an object lim_, F' of C,
e a family (f;)ier of morphisms f; : F; — lim_, F; with f; o f;; = f; for all i < j,
that have the following universal property:
for every object C' and family (f])ier of morphisms f; : F; — C with fo fi; = f] for all
i = j there is a unique morphism f : lim_, F' — C with f/ = fo f; for all i € I

Remark 6.4.7:

1. The name direct limit for a categorical colimit predates the notion of a colimit.

2. As it is defined by a universal property, the direct limit of a direct system is unique up
to unique isomorphism:
If (fi: F; = C)ier and (f] : F; — C");er are two families of morphisms that define direct
limits of F': Z — C, then there are unique morphisms f : C'— C’" with f!/ = f o f; for all
i€l and f': C" — C with f; = f'o f/ foralli € I, and f' = f~'.

3. If F, F" : T — C have direct limits, any morphism ~ : F' = F” of direct systems induces a
unique morphism lim_, v : lim_, F; — lim_, F/ with v o f; = f/ o~; for ¢ € I. This follows
with the universal property of the direct limit

7

lim_, F
[
| I lim_y v
¥

lim_, F".

If all direct limits of functors F': Z — C exist, this defines a functor lim_, : C* — C from
the functor category C* = Fun(Z,C) into the category C (Exercise .
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4. Concretely, the direct limit of a direct system F' : Z — Ab is the factor group
m I = (@i 5) /U U = (Uizjer{t; © fji(m) — ui(m) [ m € Fi})

where 1; : F; — @®;er F; are the inclusions. The morphisms f; = wo¢; : F; — lim_, I are
the composites of the inclusions ¢; with the canonical surjection 7 : ®;crF; — lim_, F

(Exercise [75).

5. The direct limit of a direct system F': Z — Chyy, is given degreewise by
(lim F),, = lim F, d, =limd, : (lim F), — (lim F'),,_;.
— — — — —

6. Every direct system in the categories Set, Top and in the categories Ab or Chyy, has a
direct limit. This follows, because these categories are cocomplete: every functor into
these categories has a colimit.

Example 6.4.8:
Let X be a topological space and K the associated direct poset category of compact subsets.

1. There is a direct system S*(X, X \ —; R) : K — Ch*" of cochain complexes that
e assigns to a compact subset K C X the cochain complex S*(X, X \ K; R)
e assigns to compact subsets L C K C X the cochain map

S*(irk): S (X, X\ L;R) = S*(X,X \ K;R).

2. The cohomologies define a direct system H"(X, X \ —; R) : K — Ab that
e assigns to a compact subset K C X the abelian group Fx = H"(X, X \ K; R)
e assigns to compact subsets L C K C X the group homomorphism

H™irg): H(X, X\ L;R) » H"(X,X \ K: R).

We will now show that the direct limit of the direct system S*(X, X \ —; R) is precisely the
singular cochain complex with compact support, and that the direct limit of the direct system
H"(X,X \ —; R) are isomorphic to its cohomologies. This requires some auxiliary results on
the interaction of direct limits with short exact sequences.

Lemma 6.4.9: Let (I, <) a directed poset.

1. If A,B,C : Z — Ab are direct systems of abelian groups and 1 : A= Band 7 : B = C
maps of direct systems that form for each ¢ € I a short exact sequence

then they induce a induced short exact sequence

lim ¢ lim
0—=limA ——=limB ——limC — 0.
— — —

2. If Ay : Z — Chyy, is a direct system of chain complexes, then for all n € Z

lim H,,(A,) = H,(lim A,).
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Proof:

1. We denote by a;; : A; — A; the group homomorphisms maps that characterise the direct
systems, and by a; : A; — lim_, A the maps that characterise the direct limits. We use the
description in Remark [6.4.7] 4. and write [z] for the equivalence class of an element z € A;
in lim, A = @®;crA;/Us. We then have a; : A; — lim, A, x — [z] with [a;;(z)] = [z] for all
xr € A;, 1 = j and analogous identities for B and C.

1. (a) We show that lim_, ¢ is injective:

Let a € lim_, A with lim_, ¢(a) = 0. By Remark [6.4.7} 4. it is of the form a = [Z}_,z;] with
z, € A;, and i, € I. As I is direct, there is a j € I with 41,...,4, < j, which implies a = [z],
where x = 3" | a;,;(2x) € A;. Then we have 0 = lim_, «(a) = [1;(x)]. By Remark[6.4.7] 4. there
isan | € I with j < [ and 0 = bj; o ¢j(x). As ¢ is a map of direct systems, this implies
0="bji0t;(x) =y 0aj(x) and by injectivity of ¢; that aj(z) = 0. Hence, a = [z] = [a;(z)] = 0.

1. (b) We show that lim_, 7 is surjective:

Let ¢ € lim_, C. As in case (a), there is an x € C; for some j € I with ¢ = [z]. By surjectivity
of m; : B — C} there is a y € B; with x = m;(y). This implies ¢ = [z| = [7;(y)] = lim_, 7([z]).

1. (¢) We show that ker lim_, 7 = im lim_, ¢:

If b = lim_, ¢(c) for some ¢ € lim_, C, there is an = € C} for some j € [ with ¢ = [z]. This implies
b=lim_, ¢[z] = [¢;(z)] and lim_, 7(b) = lim_, 7[¢;(z)] = [mj 0 ¢;(x)] = 0 and b € ker lim_, 7.

Let b € ker lim_, 7. As in (a), there is an z € B; for some j € I with b = [z] and lim_, 7(b) =
[7;(z)] = 0. Hence, there is a k € [ with j < k such that 0 = ¢, o 7;(z) = 7 0 bj(z).
By exactness of the sequence for k, there is an y € Ay with ¢4 (y) = bji(x). This implies
lim_, ¢[y] = [w(v)] = [bjr(z)] =[] = b and b € im lim_, «.

2. A direct system A, : Z — Chyy, of chain complexes consists of chain complexes Af for i € T
and chain maps a¥ : Si — AJ for all i < j such that a¥ =id; for all i € Z and ai* o a¥ = aiF
for all i < j < k. Its direct limit is a chain complex lim_, A, with chain maps a’ : A, — lim_, A,
such that a} o a¥ = a for all i < j.

We consider the functors H,,, Z,,, B,, : Cha, — Ab that assign to a chain complex X, the abelian
groups H,(X,), Z,(X,) and B, (X,), respectively, and to a chain map f, : Xo — Y, the induced
maps H,(fs) : Hy(Xs) = H,(Ys), Zn(fe) : Zn(Xe) = Z,(Ys) and B, (f,) : Bo(Xe) = Bu(Ys).
The inclusions ¢, : B,(X.) = Z,(X.) and projections 7, : Z,(X.) = H,(X,) define natural
transformations ¢, : B,, = Z,, and 7, : Z,, = H,,.

Composing these functors and natural transformations with the direct system yields direct
systems H,A,, Z,Ae, B,As : T — Ab and maps of direct systems ¢, Ay : B,Ae = Z,As and
Tnle 1 ZnAe = HpA, for all n € Z. For each ¢ € I they form a short exact sequence

0 — B,(AL) 2 Z,(A) 2 H,(A%) — 0.
By 1. this yields for all n € Z a short exact sequence

lim ¢,, lim 7,
0 — lim B, (A,) — lim Z,(A,) — lim H,,(A,) — 0,
— — —

146



which implies

lim_, Z,(A,)
lim_, B,(A,)

The maps Z,(al) : Z,(AL) — Z,(lim_, A,) and B, (a}) : B,(A%) — B,(lim_, A,) satisfy

lim H,(A,) =

Zn(aZ) o Zn(aij) = Zn(ai) Bn(“i) o Bn(“?) = Bn(ai)

for all « < 5. By the universal property of the direct limit they induce R-linear maps
R E : / 1 . ,

Zn hin Zn(As) — Zn(hinA.), (] — [z] by : hin Bn(A,) — Bn(lgnA.), [y]" — [yl
where [z]’, [y]’ denote the equivalence classes of z € Z,(A%) and y € B,(A%) in lim_, Z,(A,)
and lim_, B,(A,) and [z], [y] their equivalence classes in Z,(lim_, A,) and B, (lim_, 4,).

It remains to show that z, and b,, are isomorphisms, which yields

_ ~lim, Z,(Al)  Za(lim, Ay) _
i Hn(Ae) = 5B Ay © Bu(ims, A,y e ds).

To show that z, is surjective, let a € Z,(lim_, A,). As in 1. (a), we see that there is an z € AJ
with a = [z] and d,,(a) = [d,(z)] = 0. This implies that there is a k € I with j < k such that
0 =a’", odi(x) = d* o a?*(x). Hence, we have a = [z] = [a/*(2)] with a/*(z) € Z,(aF) and
hence z,[a?*(z)]" = [al*(z)] = [z] = a. This shows z, is surjective.

To show z, is injective, let a € lim_, Z,(A,) with z,(a) = 0. Then there is an z € Z,(A!)
with @ = [z]’, and we have z,(c) = [z] = 0. Hence, there is a k € I with i < k such that
a*(r) = 0, and we have a'*(x) € Z,(A¥), as d* o a”“(x) = a*  od (z) = 0. This implies
a=lz] = [a;’“ ()] = 0, and hence z, is injective.

To show that b, is surjective, let a € B,(lim_, A,). Then there is a b € lim_, A,;; with
a=dy1(b) and ay € A, for some j € I with b= [y]. This implies a = dp,11(b) = [dps15¢)] =
bu[d 1 (y)) with @, (y) € Bn(A]), and thus b, is surjective.

To show that b, is injective, let ¢ € lim_, B,,(As) with b,(c) = 0. Then there is an z € A,

for some ¢ € I with ¢ = [d}(z)]', and we have 0 = b,(c) = b,[d},,,(x)] = [d.,,(x)]. Hence,
there is a k € I with ¢ < k such that a?* o d!,  (z) = d*,, o a’ (z) = 0. This implies
c=[d (@) = [dE, 0a (z)) =[aifo dﬁlﬂ( z)]" =0, and b, is injective. O

Proposition 6.4.10: Let R be a commutative unital ring, X a topological space and K the
directed poset of compact subsets from Example [6.4.8, Then we have isomorphisms

lim S*(X, X\ = R) = SHX;R) lim H™(X, X'\ — R) = H!(X; R).

Proof:
The cochain maps S®(ixx) : S*(X, X \ K; R) — S2(X; R) for compact subsets K satisfy

S.(in> o S.(iLK) = S.(iLx) : S.(X,X \ L; R) — S;(X,R)

for all compact subsets L C K C X. By the universal property of the direct limit, they induce
a cochain map
folimS*(X, X\ — R) = S:HX;R).
_>
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Its component f7 : lim_, S"(X, X \ K;R) — S»(X;R) for a compactum K C X sends each
equivalence class [¢] of a cochain ¢ € S™(X, X \ K;R) in the direct limit to ¢. This is well-
defined, as ¢ is a group homomorphism ¢ : S,(X) — R with ¢(o) = 0 for all 0 : A" — X
with o(A™) N K = (). Clearly, all maps f}- is injective for all n € Z and compacta K C X. It
is surjective, by definition of the cochains with compact support: If ¢ € S?(X; R), there is a
compactum K, C X with ¢(co) = 0 for all singular simplexes o : A" — X with o(A")NK, = 0.
This shows that ¢ € S™(X, X \ Ky; R) and Ik, [¢] = ¢. Hence f* is an isomorphism of cochain
complexes. With Lemma [6.4.9 2. we obtain

HI(X; R) = H*S:(X; R) = H™(lim S*(X, X'\ — R)) = lim H*(X, X\ = R).
O

Example 6.4.11: The cohomologies with compact support of R" with coefficients in a com-
mutative unital ring R are given by

R k=n

HZ(R" R) = H{(R",R"\ {0}; R) = {0 k#n

Proof:

We compute the cohomology groups with compact support with Proposition [6.4.10 This
amounts to computing the direct limit of the functor H¥(R",R" \ —; R) : K — Ab, where
KC is the direct poset of compact subsets K C R™. By Remark [6.4.7, 4. it is given by

lim H*(R",R"\ — R) = @ H"(R"R"\K;R)/~

KCR™
compact

(2] ~ H*(igp)[2] V[z] € H¥(R™",R"\ L; R) and L C K C R".

As every compact subset K C R"™ is contained in a closed ball B, = {x € R" | ||z||] < r}
of integer radius r € Ny, every element [2] € H*(R",R" \ K;R) is equivalent to an element
H*(igp,)[z] € H*(R",R"\ B,; R), and we can replace the direct poset K by the direct poset B
whose objects are balls B, of integer radius » € N in R".

As B, C R" is compact and convex, we can show analogously to Example that we have a
commuting diagram, in which all arrows are isomorphisms

HF(ig, B

ri1)
H*(R" R"\ B,; R) = F(R™ R"\ B,y1; R)

H"(ign\ {0} ,.) HE (ign (0} 8,1 1)

FR™,R"\ {0}; R)
and obtain with Proposition

R k=n

lim A*(R", R" \ —; R) = H*(R", R \{0}’3)_{0 k#n.
O

Lemma 6.4.12: Let X be a connected topological n-manifold and {|[z,|},cx an R-orientation
of X. For each compact subset K C X denote by [zx] € H,(X,X \ K;R) the associated
orientation along K from Proposition 6.3.11| with H,,(ix.)[2x] = [2.] for all z € K.
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Then the maps — N [2x] : H" *(X, X \ K; R) — Hy(X; R) induce group homomorphisms
PD; : H" "(X;R) — Hy(X;R) for k€ {0,...,n},
with PDy o H" *(ixx) = — N [2k] for all compacta K C X, the Poincaré duality maps.

Proof:

By Proposition we have lim_, H" *(X, X \ —; R) & H"*(X;R). The direct limit is
characterised by the maps H" *(ify) : H" *(X, X \ K;R) — H" *(X;R). By Proposition
we have H,(ipx)[2x| = [z1] for all compact subsets L C K C X. With the naturality
property of the cap product from Proposition it follows that the maps

fe=—Nlex]: "X, X\ K;R) = H(X; R)
satisfy for all [¢] € H"*(X, X \ K; R)
fre o H" M ivw)[0] = (H" " (ivw)[0]) N [2x] = Hilink) (H" " (irk)[¢] N [2x])
(610 (Haizie) [2x]) "5 9] N [22] = filg).
By the universal property of the direct limit of H" *(X, X \ —; R) : K — Ab, there is a

unique group homomorphism PDy : H**(X; R) = lim_, H" *(X, X \ —; R) — Hy(X; R) with
PDyo H" *(igyx) = — N [2k] for all compact subsets K C X. 0

Theorem 6.4.13: Let X be a connected topological n-manifold. Then for all & € Z the
Poincaré duality map is a group isomorphism.

PD; : H *(X;R) = Hy(X:R).

Proof:
1. We show: If X = U UV with U,V C X open, and the claim holds for U, V and U NV, then
it holds for X.

Suppose U,V C X are open and equipped with the R-orientations induced by the R-orientation
of X and that the Poincaré duality maps for U, V and U NV are isomorphisms. For compact
K C U and L C V, we consider the relative Mayer-Vietoris sequence for cohomology for
Ay =X\ Kand Ay = X\ L with Ay UAy = X\ (KNL)and A;NAy =X\ (KUL). Excising
the closed subspaces X \ U C X \ K and X \ V C X \ L yields

HYX, X\ K;R) = H*(U,U\ K;R) HYX,X\L;R)= H*V,V\L;R).
Excision of the closed subspace X \ (UNV) C X \ (K NL) gives

HYX, X\ (KNL);R) = HUNV,(UNV)\ (KNL);R).
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so that we have a long exact sequence of cohomology groups

akz—l ak—l
H*X, X\ (KNL);R) HYUNV,(UNV)\ (KNL);R)

1R

o

H*X, X\ K;R)® H*(X,X \ L; R) H*(U,U\ K;R) ® H*(V,V \ L; R)

H*X,X\ (KUL);R) i H*(X, X\ (KUL);R)

oF ok

H*Y(X, X\ (KNL);R) HYUNV,[UNV)\ (KNL);R)

R

Taking the direct limit over the column on the right and applying the Poincaré duality maps
for U, V, UNYV and X yields the following commuting diagram with exact columns, in which
the right-hand-side is the relative Mayer-Vietoris sequence from Proposition for homology

K pPDYNV
H™*(UNV;R) - H(UNV;R)
U \%4
HP (U R) @ HI MV R) ——— Hy(U; R) & Hy(V; R)
K PDj
HI (X R) Hi(X; R)
PDYY
H (U NV;R) - H, . (UNV:R)
PDY +PDY |
Hi-M1 (U R) @ Hi-M1 (Vi R)— = _ [, \(U; R) © Hy1(V; R)

As all horizontal arrows except the middle one are isomorphisms by assumption, the middle
one is an isomorphism as well by the 5-lemma.

2. We show: If X = U2, U; with open subsets Uy C U, C ... C X and the claim holds for U,
then it holds for X.

For open subsets U C V' C X and compact subsets L C K C U we denote by
iV (ULU\NK) = (UU\L), u—u 2V (UU\K)—= (V,V\K), ursu
the associated morphism in Top(2). By the excision axiom, applied to V' \U C V' \ K, the map
HY™ (VY H8(V,V\ K;R) — H" ™(U,U \ K; R)
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is an isomorphism. If we equip all open subsets of X with the induced orientations, we have
the following commuting diagram, where we suppress R for better legibility

—k

<

")

=[] H" U, U \ L) _ H" 5V, V\ L) Y =—NlzL]
W B HN
PDU PDV
Hp(U) <% HH(U) H R ) H R (Y ) HIH(V) —= H, (V)
\\\\\ngi*\ - i
fU=—rl] H" U, U\ K) =( 7 H" 5V, V\ K) = nlex]

The commutativity of the diagram implies
o IR = Y for WY = H ) o B HGEY)
and hence induce a unique map
Yk HF(US R) = lim H U, U\ —;R) — H" *(V,R)
with 7 o H' 7k (i%,) = ¥ for all compact subsets K C U. By composing two such com-

muting diagrams for open subsets U C V' C W and by setting U = V' we obtain the identities

bw = Yo o Vi’ vot = id gy (63)

The diagram still commutes if we add arrows labelled by Hy(wyv) @ Hy(U; R) — Hi(V; R),
where tyy : U — V is the inclusion. The universal property of the direct limit then yields
commuting diagrams for all open subsets U C V C X and k € {0,...,n}

n—k
Hy=H(U; R) "™ H**(V; R)

LPDg LPDX
Hy(U; R) s Hy (V' R).
Suppose now that X = U, U; with U; C U2 .. open and PDY : H*(Uy; R) — Hy(Uy; R)

an isomorphism for all n € N. Then from (63 and the properties of the inclusion we have
Hy(t,x) = He(w,x) o He(wyo,) 90 % =¥0x 0wy, 1<j<ieN

Thus, we have a direct systems Hy(U_;R) : N — Ab and H" *(U_;R) : N — Ab with

commuting diagrams, in which the left arrow is an isomorphism by assumption

—k

vy
HZ7H(Us; R) =~ HITH(X: R)
~|PD, lPDf

H,(Us R Hi(X; R).

) Hi(wu; x)
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Taking the direct limit yields a commuting diagram

lim_, PDgﬁl ~|pD}i lPDf

lim_, Hy(U_; R) <2—— H,(U;; R) ——= H,(X; R)

Pk

where the maps f; and g; characterise the direct limits and the curved arrows are induced by
the universal property of the limit. The upper curved arrow is an isomorphism, because every
compact subset K C X is contained in some subset U; C X and then in all subsequent subsets
KCUiCUi_;,_lC....

The lower curved arrow is an isomorphism, because every cocycle z = X7_, z;0; € Zx(X; R) is
a linear combination of k-simplexes o; : A¥ — X and U;"-:laj(Ak) is compact. Thus, its open
cover X = U2, U; has a finite subcover, and Uj_,0;(A*) C U; C Uiy C ... for some 7 € N.

The left vertical arrow is an isomorphism, because PD;, is an isomorphism for all 7 € N, and
this shows that PD;\ : H? %(X) — Hj(X) is an isomorphism as well.

3. We show that the claim holds for X = R".
Because R" is contractible and by Example [6.4.11] we have

R k=0
0 k#0

R k=n

Hy(R"; R) = { H(R" R) = Hy(R",R" \ {0}; R) = {0 k # n.

Thus, we only need to show that the map PDq : H?(R"™; R) — Hy(R"; R) is an isomorphism.
By Exercise [77] it is induced by the maps
fr=—01z]: H*(R",R"\ B,; R) — Ho(R"; R),

where B, = {x € R" | ||z|| < r} is the closed ball of radius r > 0 and [z,] € H,(R",R™\ B,) the
induced orientation along B,. By the universal coefficient theorem in Corollary we have

H"(R",R"\ B,; R) = Homay,(H,(R",R"\ B,), R) & Ext(H,_,(R",R"\ B,), R).

By Example [6.4.11| we have H, ;(R",R"\ B,) = H,_1(R",R™\ {0}) = 0, which shows that
the second summand is trivial. Combining this with Example [6.2.15] 2. gives

fo = —Nlz] : Homap(H,(R",R"\ B,),R) — Hy(R™ R), &+ ¢([z]).

As Hy(R", R) = R and H,(R",R"\ B,) = ([2,])z = Z, this map is an isomorphism for all > 0.
With Exercise [76] it follows that they induce an isomorphism PDg : H(R"; R) — Ho(R™; R).

4. We show that the claim holds for open subsets U C R™.

Let U C R™ be an open subset. As R" is second countable, U is a countable union
00 . 0o 7 .
i=1 j=1 k=1
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of open n-balls B; C R". As each open n-ball B, is homeomorphic to R”, the claim holds for
B; by 3. With 1. it follows that the claim holds for the open sets U; for all j € N and with 2. it
follows that the claim holds for U.

5. We show that the claim holds in general:
Let X be a connected n-manifold with a fixed R-orientation.

5.(a) We show that X is covered by a countable set of coordinate charts:

As X is second countable there is a countable family (B;);en of open subsets B; C X such that
for every open subset U C X and every point z € U, there is an i € N with x € B; C U.

As X is an n-manifold, every point x € X has an open neighbourhood U, homeomorphic
to an open subset V, C R". Any choice of such open neighbourhoods defines an open cover
X = UzexU,. Consider the set J ={i e N| 3z € X : B; C U,} C N and choose for each j € J
a point x; € X with B; C U,,. As U, is open for all z € X, there is an i, € N and a basis
element B; with z € B;, C U, for all x € X, and ¢, € J C N by assumption. Then we have
X = UzexB;, C UjesBj, and every B; for j € J is a domain of a coordinate chart.

5.(b) Suppose X = U2, U;, where U; C X is open and homeomorphic to an open subset
V; € R™. By adjusting the subset V; C R" we may assume that the homeomorphism preserves
R-orientations. Then the claim holds for V; by 4. and hence for U; for all i € N. By 1. it also
holds for the sets W; = UJ_,U; for j € N and by 2. for X = Uiz, Wj. O

Corollary 6.4.14: Let X be a compact connected R-oriented topological n-manifold with
associated fundamental class [X]| € H,(X; R).

Then for all k£ € Z the Poincaré duality map is given by the group isomorphism

o

PDy=—N[X]: H""X;R) — H,(X;R).
In particular, one has Hy(X; R) = H"(X;R) = R.

Example 6.4.15: By Example [5.4.8 4. and and Example the singular homologies and
cohomologies of RP" with coefficients in a commutative unital ring R are given by

R k=0or k=n odd R k=0or k=nodd
2 1< T 1<
Hy (R R) = R/2R <k <mnodd HY(RP™ R) — org(R) 1<k <nodd
Tory(R) 1<k <neven R/2R 2 <k <neven
0 kE>n+1, 0 k <n.

For n odd, these formulas imply together with Theorem and Remark that RP" is
R-orientable for any commutative unital ring R, as we have H, (RP"; R) = R for n odd. In this
case, k € {1,...,n} is odd if and only if n — k € {1,...,k} is even. Comparing the formulas
for homologies and cohomologies then shows the Poincaré duality isomorphisms.

For n even, these formulas imply together with Theorem [6.3.12] and Remark [6.3.16| that RP"
is R-orientable if and only if Tors(R) = R, as H,,(RP"; R) = Tory(R). In this case the formulas
for the homologies and cohomologies reduce to

R 0<k<n

Hy(RP™; R) = H*(RP", R) =
0 else.
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7 Exercises

7.1 Exercises for Section [1]

Exercise 1: Let A be an abelian group.

(a) Show that A defines a functor Hom(—, A) : Ab®” — Ab, if we equip the sets Homuy, (B, A)
with the pointwise addition of group homomorphisms.

(b) Show that Hom(Z/nZ, A) gives the n-torsion elements of A and Hom(Z, A) = A.
(c¢) Show that Hom(—, A) : Ab” — Ab sends direct sums of abelian groups to direct products

HOHl(EBieIBi, A) = HieIHom(Bl-, A)

Exercise 2: Let A, B, C be sets.

e A relation between A and B is a subset R C A X B.

e A relation R C A x B is called a map from A to B, if for every a € A there is a unique
b € B with (a,b) € R.

e The composite of two relations R C A x B and S C B x (' is the relation

SoR={(a,c) e AxC|3be B: (a,b) € R,(bc) €S} C AxC.

(a) Show that sets and relations form a category Rel with Homge (A, B) = P(A x B).
(b) Determine the isomorphisms in Rel.

(c¢) Show that the disjoint union of sets defines both, a product and a coproduct in Rel.

Exercise 3: Let G be a group. The commutator subgroup of GG is the normal subgroup

[G7G]:{[g7h]‘gvh€G}CG [g7h] :ghgilhil

(a) Show that the commutator subgroup is indeed a normal subgroup of G and that the factor
group Ab(G) = G/[G, G] is abelian.

(b) Denote by n¢ : G — G/|G, G|, g — g|G, G] the canonical surjection.
Show that for every group homomorphism f : G — H there is a unique group homomor-
phism Ab(f) : G/|G,G] — H/[H, H] with Ab(f)onmg =mgo f.

(c¢) Show that this defines a functor Ab : Grp — Ab, the abelisation functor.

(d) Let T : Ab — Grp be the inclusion functor. Show that the canonical surjections
g 1 G — ADb(G) define a natural transformation between idg,, : Grp — Grp and the
functor IAb : Grp — Grp.

Exercise 4: Give a presentation of the following abelian groups in terms of generators and
relations:
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(a) Z x Z,
(b) Z/nZ x Z/mZ with n,m € N,
(c) the abelianisation Ab(S,,) for n € N.

Exercise 5: Let (A;);cr a family of objects in Ab. Show with the universal property of the
product and coproduct that there is a canonical morphism I : I1;c;A; — Il;c;A;. Is there an
analogous morphism in Top or Set?

Exercise 6: Let G be a group and C = BG be the groupoid with a single object e and
Hom¢ (e, ) = G, where the composition of morphisms is given by the group multiplication.

(
(
(
(

a) Show that functors F': C — Set correspond to G-sets, sets with an action of G.
b) Show that a functors F' : C — Vecty correspond to representations of G
c¢) Characterise functors F': C — Grp in a similar way.

d) For (a), (b), (c), characterise the natural transformations between such functors.

Exercise 7: Let G be a group and > : G x X — X an action of G on a set X. Show that
the category C with ObC = X, with Home(x,y) = {(z,9) | ¢ € G with g > 2 = y} and the
composition of morphisms given by the multiplication in G is a groupoid.

7.2 Exercises for Section [2]

Exercise 8: One says a short exact sequence 0 — A = M 2 B — 0 of abelian groups splits
if there is a group isomorphism ¢ : M — A @ B such that the following diagram commutes

0—sA—-s>M—"5B 0,

N kA

A®B

where /' : A - A® B, a v (a,0) and p' : A® B — B, (a,b) — b. Show that the following
statements are equivalent:

(i) The short exact sequence 0 — A > M % B — 0 splits.
(ii) The projection p : M — B has a right inverse, a section of p.
(iii) the injection ¢ : A — M has a left inverse, a retraction of r.

Exercise 9: Let (A,),ez be a family of abelian groups. Is there a chain complex X, such that
is a X, a free abelian group for all n € Z and H,(X,) = A, for all n € Z7?

Exercise 10: Show that the following chain complexes are not chain homotopy equivalent
VI G PP AT R 5050
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Exercise 11: Prove the 5-Lemma: For any commutative diagram of abelian groups and
group homomorphisms of the form

Al g o M pr K

with exact rows, the following implications hold:

(i) If B8, are injective and « surjective, then ~ is injective.
(i) If B, d are surjective and € injective, then v is surjective.

(iii) If «v is surjective, € injective and 3, are isomorphisms, then v is an isomorphism.

Exercise 12: Prove the 9-Lemma: Consider the following commutative diagram of abelian
groups with exact rows

0 0 0

0 A —2- A, A A, 0
L1 L2 L3

0 B; —2+~ By 25 B, 0

1 2 ™3

0 C, —= Cy =25 Oy 0

Show:

(a) If the first two columns are short exact sequences, the third column is also a short exact
sequence.

(b) If the last two columns are short exact sequences, the first column is also a short exact
sequence.

Exercise 13: Let k£ € Z and X, a chain complex. Consider the subcomplex A, C X, with
A, =X, forn<kand A, =0 forn > k.

(a) Express the homologies of the chain complexes A, and X,/A, in terms of data for X,.
(b) Compute the long exact homology sequence and all connecting homomorphisms for the
short exact sequence 0 — A, X, Xo/Ae — 0.

Exercise 14: Let X, the chain complex whose non-trivial abelian groups are

X2 = <a7b>Z Xl = <C7 da €>Z XO = <f7.g7h>Z

156



and with boundary operators given by
dy(a) = da(b) =€, di(c)=f—g, di(d)=h—g, dife)=0.
and A, C X, the subcomplex given by
Ay = (a) C Xy Ay =(c,e) C X, Ay = (f,g9) C Xo.

Compute the homologies of X, and A, and use the long exact homology sequence to compute
the homologies of X,/A,.

Exercise 15: Let X, be a chain complex. Show that this defines exact sequences

00 — Zo I X, 2 BEY 0,
0o — Hy % X, /By 22 200 =y gD 0,

where Zy = (Zy(X))nezs Bo = (Bp(Xo))nez and Hy = (Hn(Xe))nez and Y = (Yoo 1)nez
denotes the shifted chain complex. Determine the boundary operators of Z,, B, and H, and the
chain maps fe, ge, le, ke, ls. Determine the long exact homology sequence for the first sequence.

Exercise 16: Let f, : X, — Y, be a chain map. The mapping cone of f, is the chain
complex Co(fs) = (Cp)nez with C,, = X,,_1 +Y,, and boundary operator

dy - Cp = Cpoy, (2,9) = (=dna (2), dn(y) = foa(2).

(a) Show that C4(f.) is a chain complex and the inclusions ¢, : Y,, — C,, define a chain map
Ge: Yo = Co(fo).
(b) Show that fo ~ 0,, if and only if there is a chain map ge : Ce(idx,) — Y, With ge 0 ie = fa.

7.3 Exercises for Section [3]

Exercise 17: Let X,Y be topological spaces with associated singular chain complexes Sq(X)
and Se(Y). Is every chain map ge : Se(X) — Se(Y) of the form g, = Se(f) for a continuous
map f: X = Y7

Exercise 18: Let X = II;c;X; be a topological sum. Show that the inclusions ¢! : X; — X

induce isomorphisms
In : @zEIHn(Xz) :> Hn(X) n € No.

Exercise 19: Let X =T\ D? be the torus with an open disc D? removed and A C T \ D?
the boundary of the disc. The fundamental group of X is the free group with two generators

m(X) = Fy = (a,b).

Show that there is no retraction r : X — A.
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Hint: A retraction r : X — A is a continuous map with r oty = id4, where 14 : A — X is
the inclusion. Consider the group homomorphism Hi(ta4) : Hi(A) — Hi(X).

Exercise 20: A A-complex or semisimplicial complex is a topological space X, together
with a family {0, }aes of continuous maps o, : A" — X such that:

S1) The maps 04| An. : Ame — X are injective for all a € 1.

S2) For every point 2 € X there is a unique o € I with z € g, (A™).
)
)

S3) For every a € I and i € {0, ...,n,} there is a 8 € [ with 0,0 fI'* =05 : A" = X,

S4) The topology on X is the final topology induced by the family {0, }acr:
A subset A C X is open if and only if o, '(A) C A™ is open for all « € I.

(
(
(
(

The abelian group of simplicial n-chains is is trivial for n < 0 and the free abelian group
Sn(Ak) = {oa | @€ I,n, =n})z n € Ny.

The simplicial boundary operators are
dt So(AK) = Sui (A k), oo Y (1) 0o f]
i=0

The nth simplicial homology of A is

ker (d,,)

H,(A k)= ()

(a) Specify a semisimplicial complex structure on the topological space X formed by the edges
and vertices of the standard 3-simplex. Compute its simplicial homologies.

(b) Specify a semisimplicial complex structure on the Klein bottle K and compute its simplicial
homologies.

Hint: The Klein bottle is the quotient space [0,1] x [0,1] ~ with respect to the equivalence
relation (z,0) ~ (x,1) for all x € [0,1] and (0,y) ~ (1,1 —y) for all y € [0, 1].

Exercise 21: Let n € N. Show that Hy(R",R"\ {z}) & Hy(D",S"1) for all k € Z, but the
pairs (R",R™ \ {0}) and (D", S !) are not homotopy equivalent in Top(2).
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Exercise 22: Let I be an index set, (X;, A;);er a family of objects in Top(2). Show that the
relative homologies of the pair (IL;c;X;, l;c74,) are given by

Hy, (Wi r X, Wicr A;) = @ier Ho (X, As).

Exercise 23:
Let X be a topological space and x € X. Use the long exact homology sequence to show

(a) Ho(X) = H,(X,{z}) for all n € N.

(b) Ho(X,{z}) = kere, where € : Hy(X) — Z with €([z]) = 1 and €([2/]) = 0, if 2’ € X is not
in the same path component as z € X.

Exercise 24:
Show that Hy(R,Q) = 0 and that H;(R, Q) is a free abelian group. Give a basis of H;(R, Q).

Exercise 25: Let (X, A) be a pair of topological spaces.

(a) Show that Hy(X, A) =0 if and only if every path-component of X contains a point in A.
(b) Show that H;(X, A) = 0 if and only if the map H;(¢) : Hi(A) — Hy(X) is surjective and
every path-component of X contains at most one path-component of A.

Exercise 26: Let D" = {z € R" | ||z|| < 1} the open n-disc and K C D™ a compact convex
subset with 0 € K. Show that the inclusion ¢ : D™\ K — D"\ {0} is a homotopy equivalence.

Exercise 27: The cone over a topological space X is the space
C(X) = (X x[0,1])/ ~ (,0) ~ (2/,0) for x,2’ € X.
True or false?

(a) S"71 x {0} is a strong deformation retract of S™ \ {en 41, —€ni1}
(b) 5%\ {ez, —ea} is a retract of S*\ {es}.

(¢) For all topological spaces X the space X x {1} is a retract of C'(X).
(d) For all topological spaces X the space C(X) is contractible.

Exercise 28: We consider the subspace
X = ([0,1) x {0} U ({0} x [0,1]) U U{%} x [0,1] ¢ R? A={e} C X
n=1

Yy
19 A ‘ X
.. 1
2
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(a) Show that A is a deformation retract of X.
(b) Show that A is not a strong deformation retract of X.

Exercise 29: Show that that for any affine-linear simplex o = [vg,...,v,] : A" — AP the
barycentric subdivision is given by

B(o)= > (=1)'sgn(m)[vf,...,v]]  of = > vy,

TESp+1 7=0

where we identify S, 11 = Aut{0,...,n}.

Exercise 30: Compute the relative homologies Hy(R,T') for k € Ny and

R={zeR"|1< |z <3}
T={zeR"[1<|jz]|<3}U{zeR"|3<|j2]|<3} neN.

Exercise 31: Consider the map f:R* = R, (z,y) — 2% — y* and for a € R the sets

M, ={(z,y) € R?| f(z,y) < a}.

Compute the relative homologies H, (M, M_;) for n € Ny.
Exercise 32: Give an example of a pair (X, A) of topological spaces that is not a good pair.

Exercise 33:
Let ) # U C R™ be an open subset. Compute for € U the relative homologies Hy(U, U \ {z}).

Exercise 34: Prove that the wedge sum has the following universal property:

The maps i; = mo ¢ : Xj s Ie; X; 5 VierX; are continuous for all j € I.
For every family (f;)ies of continuous maps f; : X; — Y with f;(z;) = f;(x;) forall i,j € I
there is a unique continuous map f : Vie; X; — Y with foi; = f; for all j € 1.

Exercise 35: Compute the homology groups of an oriented surface X, of genus g > 1 without
using any results on fundamental groups.

You can realise ¥, as the quotient ¥, = D?/ ~, where D* = {z € C | |2] < 1} and

627Ti(4k+x)/4g ~ 627ri(4k+3—x)/4g’ 6271'1(4k’+1+93)/4g ~ 6271'1(4k’+4—93)/4g fiir x € [07 1]’ ke {O, g — 1}
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Exercise 36: Show that every continuous map f : RP?" — RP?™ m € N, has a fixed point.

Exercise 37: Show that for any continuous map f : S® — S™ the map f’: D"t — Dnt!

, _ 0 rz=0
f(”‘{uxn-f(%”) v £0

is continuous and induces a continuous map f : St = pntl /gpntl — gntl o prtl /g prl

with deg(f) = deg(f).

Exercise 38: The Riemann sphere S? = C = CU{oo} is the one-point compactification of
C. Any normalised complex polynomial p = ag + ...+ a,_12" ! + 2" defines a continuous map

fp:@—>@7 ZragF .. Fap 2" "
with f,(c0) = oo for n > 0 and f,(c0) =1 for n = 0.

(a) Show that for any normalised complex polynomial p = ag + ...+ Ap_12""1 4 2" the map
fp : € = C is homotopic to f,n.
(b) Show that the mapping degree of the map f, for p = ag+...+a,_12"" '+ 2" is deg(p) = n.

Hint: In (b) you can assume without proof that the map f : S* — S!, z — 2" has mapping
degree deg(f) = n. This follows from Huréwicz’s Theorem.

Exercise 39: An action of a group GG on a topological space X is a group homomorphism
p : G — Homeo(X) into the group of homeomorphisms of X. It is called free if p(g) : X — X
has no fixed points for all g € G\ {e}.

(a) Show: an action of a group G on S™, n > 1, induces a group homomorphism ¢ : G — Z/27Z.
(b) Show: for even n € N the group Z/27Z is the only non-trivial group that acts freely on S™.
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Exercise 40: A continuous map f : S™ — S™ is called even if f(—x) = f(x) for all z € S™.
Prove the following claims:

(a) For n even: if f is even then deg(f) = 0.
(b) For n odd: if f is even then deg(f) even.
(c¢) For n odd: for any even k € Z there is an even map f : S™ — S™ with deg(f) = k.

Hint: Use that any even map f: S™ — S™ can be expressed as f = ho f with continuous
maps [ : S — RP"™ and h : RP" — S™. Consider the group homomorphism H,(f) :
H,(S") — H,(S™).

Exercise 41: In this exercise we prove that the Mayer-Vietoris sequence can be derived
directly from the excision axiom.

(a) Consider a commuting diagram of abelian groups with exact rows, in which all group
homomorphisms ¢! are isomorphisms

Pn+1 " an+1 in / Pn " On in—1
L=y Ny . Sy T Ny Y

EL 1 l}% l¢;1 %L(ﬁ% l¢n—1

B! B,—>B,—=B/—>B,_,

_—
dn+1 n+1 Bn+1 Jin

an 8;1 Jn—1

Show that this defines a long exact sequence

in 7¢n

s o(¢" )" Logn

’An—1_>~-

(b) Let X be a topological space and Uy, Uy C X open with X = U; U U,. Apply (a) and the
excision axiom to derive the associated Mayer-Vietoris sequence.

Hint: Consider the long exact homology sequences of the pairs (X, U;) and (U, Uy N Us)
7.4 Exercises for Section 4|

Exercise 42: Show that pushouts of topological spaces are determined uniquely up to unique
homeomorphisms by their universal property:

If (X3 4 Xo,i1,19) and (X T4 Xo,4),45) are both pushouts of continuous maps f; : A — X
and fy : A — Xy, then is a unique continuous map ¢ : Xy Iy Xy — X; I’y Xy with ¢ o4; = z;
and ¢ is a homeomorphism.

Exercise 43: Consider the following commuting diagram in Top

-/ .
1 11

I

Yosgm Xy g A

and suppose that the right square is a pushout. Show that the left square is a pushout if and
only if the outer rectangle is a pushout.
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Exercise 44: Let I be an index set and suppose we have for all ¢ € I pushouts

Show that this defines a pushout

Wier Z; <"— ;Y

{ I

HieIXi <T HiEIAi-

Exercise 45: Let X be a CW complex. True or false?

(a) Each n-cell of X is open in X.
(b) The closure of an n-cell ¢ = ¢;(D"™) in X is @ = ¢;(D™).
(c) if o is an n-cell of X and 7 an m-cell of X with n # m, then o and 7 are not homeomorphic.

Exercise 46: The Mobius strip is the quotient space M = [0,1]*?/ ~ with (0,z) ~ (1,1—x)
for all x € [0, 1]. Show that it has a CW complex structure with a single 0-cell, two 1-cells and
a single 2-cell.

X2

X1

Exercise 47: Let Xy C X; C X5 C ... a sequence of subspaces. Suppose that X; is a strong
deformation retract of X;,; for all i € Ny. Show that X is a strong deformation retract of X;
for all 7 € Ny.

Exercise 48: Let Xy C X; C ... be a family of subspaces and X = U2 X,, equipped with
the final topology induced by the inclusions ¢, : X,, = X.

Show that X has the following universal property: for every family ( f,)nen of continuous maps
fn: Xpn = Y with f,11]x, = fa for all n € Ny, there is a unique continuous map f: X — Y
with f o, = f, for all n € Nj.
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Exercise 49: Let X, C X; C ... be a sequence of subspaces and X = Uy X, their union
with the final topology induced by the inclusions ¢,, : X,, — X. Let A C X be an open subspace
and A, = AN X, for all n € Ny. Show that the topology on A is the final topology induced by
the inclusions ¢, : A, — A.

Exercise 50: Let XY be CW-complexes and f : X — Y a cellular map: a continuous
map f: X — Y with f(X™) C Y for all n € Ny. Show that f induces a chain map C,(f) :
Co(X) — Co(Y) between the cellular complexes Co(X) and C(Y') such that the following
diagram commutes for all n € Ny

Exercise 51:

(a) Let f:S™— S™ be a continuous map of degree deg(f) = m and X the topological space
obtained by attaching D"*! to 8™ with f. Compute the homologies of X.

(b) Let (A,)nen be a family of finitely generated abelian groups A,. Show that there is a
path-connected topological space X with H,(X) = A, for all n € N.

Exercise 52: Let X be the CW complex obtained from the following bouquet S* v S*

by attaching two 2-discs D? with the attaching maps given by the words a®b~ and b®(ab) 2.

(a) compute the homologies H,,(X) for n =1, 2.
(b) bonus exercise: show that X is not contractible.

Exercise 53: The rank of a finitely generated abelian group is
A=7"XL/pVL % ... X L)pp*Z = 1tk(A) =n.

The Euler characteristic of a finite CW complex X is

X(X) =) (—1)"rk(Ha(X)).

n€Ng

(a) Let I,(X) be the set of n-cells of X. Show that

X(X) =Y (1) LX),

n€Np

(b) Compute the Euler characteristic of an oriented surface of genus g > 0 and of RP?.
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7.5 Exercises for Section [5

Exercise 54: Let m,n € N, m,n > 2, denote by ged(m,n) the greatest common divisor of
m and n and by Tor,(A) = {a € A | n-a =0} the n-torsion subgroup of an abelian group A.

(a) Show that the tensor product of the abelian groups Z/mZ and Z/nZ is given by
Z/mZ QLInZ = 7/ged(m,n)Z.

(b) Show that Tor,(Z/mZ) = Tor,,(Z/nZ) = Z/gcd(n, m)Z.

Exercise 55: True or False?

) If A, B are free abelian groups, then A®B is a free abelian group.

) For every non-trivial abelian group A there is an abelian group B with A®B = Z.

) If A, B are finite abelian groups then |AQB| < |A| - |B|.

) There is a non-trivial abelian group A with A®B = 0 for all finite abelian groups B.

(
(
(
(d

Exercise 56: Give an example of an abelian group A and a family (B;);c; of abelian groups
with A®(I1;c;B;) not isomorphic to I;c;(A®RB;).

Exercise 57: For a chain complex X, and an abelian group A, we consider the chain complex

dn+2®idA dp—1®id 4

Xo®A = ... X, @A IS o4 DA v oA

Give an example of a chain complex X, with H,(X,) = 0 for all n € Z and an abelian group
A such that H,(X.®A) # 0 for all n € Z.

Exercise 58: Consider for a prime number p € N and n, m, k € N the short exact sequence

TZ—Z

0 — Z/pmZ L2 g jpming, TR 7 50T s 0,

(a) Compute chain maps between free resolutions that extend ¢ and .
(b) Compute for k € N the induced maps

Tor (v, Z/p*7Z) : Tor(Z/p™Z, Z)p"Z) — Tor(Z/p" ™7, 7/ p*Z)
Tor(m, Z/p"Z) : Tor(Z/p™ "7, Z/p*Z) — Tor(Z/p"Z,Z)p"Z).

Exercise 59: Let 0 - A - B 5 C — 0 a short exact sequence of abelian groups and

A.:O—>KAii>FAp—A>A—>OandC’.:O—>KCQFCp—O>C—>OfreeresolutionsofA
and B. Show that there is a free resolution B, of B such that the short exact sequence lifts to
a short exact sequence of chain complexes 0 — A, 2 By =5 Cy, — 0.
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Exercise 60: Let 0 -+ A5 B 5 C — 0 ashort exact sequence of abelian groups. Show that
for any abelian group D there is an exact sequence

0 — Tor(A, D) — Tor(B, D) — Tor(C,D) - A®D — BD — C®D — 0.

Hint: Use Exercise 59l

Exercise 61: Let X, be a chain complex in Ab. Show that there is a free chain complex F,
with H,(F,) = H,(X,).

Exercise 62: Let I, be the cellular chain complex for [0, 1] with two 0-cells and one 1-cell
and S, the cellular chain complex for [0, 1]*? with four 0-cells, four 1-cells and one 2-cell.

(O 1) €3 (1/ 1)

[ ) > 0
A A
€4 €2
€ >
o 1 (0,0) €1 (1,0)

Show that there is a chain isomorphism f, : [,&1, — S,.

Exercise 63: Let f,, fl : X¢ = X! and g,, g, : Yo — Y/ chain maps.
(a) Show that every pair (hs, k,) of chain homotopies h, : fo = f. and ke : go = ¢, induces a
chain homotopy he®ke : fo®ge = fIRd..

(b) Show that for chain homotopy equivalent chain complexes X, ~ X/ and Y, ~ Y/ the chain
complexes X,®Y, and X.®Y/ are chain homotopy equivalent.

Exercise 64: The Klein bottle is the quotient space K = [0,1]*?/ ~ with (z,0) ~ (x,1) and
(0,y) ~ (1,1 —y) for all z,y € [0, 1].

—_

A

~
Y

\ 2
8

(a) Compute the homologies of K with coefficients in Z using cellular homology.
(b) Compute the homologies of K with coefficients in a general abelian group M.

166



Exercise 65: Let X be a CW complex of finite type and M a torsion free abelian group.
Show that H,(X; M) = H,(X)®M for all n € Ny.

Exercise 66: Prove the third claim of the Eilenberg-Zilber Theorem.

Exercise 67: Let A be a free abelian group and X a finite CW complex with

7 k=
H(X)=<¢A k=n
0 else

for some n € N. Compute the homologies of the space X*™ = X x ... X for all m € N.
—_——

mX

7.6 Exercises for Section

Exercise 68: Show that for all abelian groups M and families (A;);c; of abelian groups

Ext(®ierAi, M) = e Ext(A;, M) Ext(M,ILicr A;) = i Ext(M, A;).

Exercise 69: An abelian group M is called injective, if for every injective group homomor-
phism ¢ : X — Y and group homomorphism f : X — M there is a group homomorphism
Y — M with ffor=f
M
a7
.7 Tf

vYitox-—o.

(a) Show that Ext(A, M) = 0 for every abelian group A and injective abelian group M.
(b) Show that if M is injective, every short exact sequence 0 — m — N = P — 0 splits.
(c) Show that every injective abelian group M is divisible.

(d) Show that the axiom of choice implies that every divisible abelian group M is injective.

Hint: In (c) consider the poset of all pairs (W, f,) of subgroups W C Y and group homomor-
phisms fy : W — M with fy ot = f. Apply Zorn’s Lemma.

Exercise 70: Compute the cohomology rings H*(T,Z) and H*(K,Z) of the torus T" and of
the Klein bottle K with coefficients in Z.

Exercise 71: Let X be a finite path-connected CW complex with only even-dimensional cells
and F' a field with char F = 0. Show that the cohomology ring H*(X,F) of X is a quotient of
a polynomial algebra F[zy, ..., x| for some k € N.

Hint: Use the universal property of the polynomial ring over a field F:

For any commutative algebra A over F and any k-tuple (ay,...,ax) of elements a; € A, there
is a unique algebra homomorphism ¢ : Flzy,...,z,] = A with f(z;) = a; foralli=1,... k.
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Exercise 72: Let F be a commutative unital ring and n € N.

(a) Show that the cohomology ring H*(CP",F) is isomorphic to F[z]/(z"*1).

(b) Show that the topological spaces CP? and S? V S* have isomorphic cohomology groups
HY(CP?%;F) & H*(S? v S%4F) for all k € Ny, but that they are not homotopy equivalent.

Hint: In (a) assume without proof that the 2nth cohomology group H?"(CP", F) is generated
by a cup product of elements in lower-dimensional cohomology groups.

Exercise 73: Compute the cohomology ring of the Lie group

U(2) = {M € Mat(2 x 2,C) | MT = M~'}.

Exercise 74: Let (I, =) be a direct poset and C a category such that the direct limit lim F
—
exists for all direct systems F': Z — C.

Show that the direct limit defines a functor lim : C* — C that assigns
—

e to a direct system F : Z — C its direct limit lim F,
—
e to amap v : F = F’ of direct systems the map lim~ : lim /' — lim F".
— — —

Exercise 75: Let (I, =) be a direct poset and F' : T — Ab a direct system in Ab for some
unital ring R.

Show that the direct limit of F' is the quotient module
lim = (@ierF3) /U U = (Uizjer{j o fii(m) — 1i(m) | m € Fi})

where ¢; : F; — ®;c1F; are the inclusions for the direct sum

Exercise 76: Let R be a unital ring and F' : Z — Ab be a direct system with direct limit
lim_, F. Suppose that (g;);cs is a family of R-linear isomorphisms g; : F; — M. Show that the
induced R-linear map ¢ : lim_, F' — M is an isomorphism as well.

Exercise 77: Let IC be the direct poset of compact subsets K C R™ and B the direct poset
of closed r-balls B, = {z € R" | ||z|| < r} C R" for r > 0, both with the inclusions.

For a direct system F': K — Ab we denote by F' = FI : B — Ab the direct system induced
by the inclusion functor I : B — K. Show that

lim F =2 lim F’
— —
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Index

(n — 1)-connected, [A0] cellular map,
R-orientable, chain complex,
A-complex, [15§] free, [106
U-small, chain homotopic,
n-cells, [76] chain homotopy,
n-skeleta, [70] chain homotopy equivalence,
5-Lemma, [156] chain homotopy equivalent,
9-Lemma, [156] chain map,

_ chains,
abelisation, [12] cellular,
abelisation functor, [154 simplicial homology, [T55
acyclic, [110 characteristic maps, [75] [70]
acyclic models, chart,

affine simplex,
Alexander-Whitney map, [124

classification
finite abelian groups, [0]

atias,h-l?ﬁ finitely generated abelian groups, [0]
artacing, coboundaries,
attach}ng n-discs, coboundary operators,
attachmg ap; cochain complex,
attaching maps, [75}, [76] cochain map,
back face, cochains,
barycentre, cocomplete,
barycentric subdivision, COCYCI?&
barycentric subdivision operator, coefficient group, 2
basis coefficients in M,
boundaries, cofinal object,
boundary operators, coherent,

cellular, cohomology,

cohomology cross product,
cohomology group with compact support,

cokernel,
combing the hedgehog,

simplicial homology, [158
bounded above, chain complex,
bounded below, chain complex,
bounded chain complex,

Brouwer’s fixed point theorem, commutator .sub‘group,
complex projective space,
cap product, composition
cartesian product of categories, functors,
category, [9] morphisms, 9]
concrete, [I0] natural transformation with functor,
locally small, ] natural transformations,
small, [9] concrete category, [I0]
cell decomposition, [77] cone, [T59]
cellular boundary formula, cone map, [50]
cellular boundary operators, connecting homomorphism,
cellular chain complex, [88] contravariant functor,
cellular chains, coproduct in category,
cellular homology with coefficients, cup product,
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CW complex, [70] good pair,

cycles, graded commutative,
. graded module, [13]]
deformation retract, graded ring, [[27]

degenerate,

. group7

dfalooplng, group (l}olrjlnmutator, 137
dgect, groupoid,
direct limit, [87]
direct product, [7] Hom-functors,
direct sum, [7] homology,

of chain complexes, homology groups of spheres,
direct system, 144 homology theory,
discrete topology, homotopic, [44]
divisible, relative to subspace,

homotopy category of chain complexes,
homotopy equivalence,

Huréwicz isomorphism,

Huréwicz theorem, [40]

edges,

Eilenberg-Steenrod axioms,
Eilenberg-Zilber, (111
Eilenberg-Zilber map, [111

endofunctor, identity morphism, [9]
endomorphism in category, [9] indiscrete topology,
equivalence injective, [167]

of categories, inverse functor,
essentially surjective functor, isomorphic, objects in category, [9]
Euler characteristic, isomorphism
even map, [162] of categories,
excision, [5§| in category, [

extraordinary homology theories, 73]
Y & o Kiinneth formula,

face,
face maps left exact,

standard n-simplex, locally small category, [9)
final object, long exact homology sequence,
finite, long exact sequence, .
finite-dimensional, long exact sequence for relative homology,
fold map, Mobius strip,

forgetful functor, map of direct systems, [144]
free abelian group, mapping cone, [[57]

free chain complex, [106] mapping degree, [67]
free group action, [161 Mayer-Vietoris sequence, [61]

free resolution, (101 relative,

front face, [124] monoid

full subcategory, morphism, [J]

fully faithful functor,

functor, natural isomorphism,
functor category, natural transformation,
fundamental class, naturally isomorphic,
fundamental group, negative chain complex,

. null object,
generating set, [5]
gluing, object, []
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of finite type,
open cover, [50]

opposite category, [I0]
opposite orientation, [I35]
ordered affine simplex,
ordinal numbers,
orientable,
orientation, [I[34]

along compact subset,
orientation class,

pairs of topological spaces, 9]
partially ordered set,
pinch map,

Poincaré duality maps, [149
pointed topological spaces, [9]
poset, [143]

poset category, [143]
positive chain complex,

presentation, [§]
prism maps, [4]]
product

in category, [I5]
of chain complexes,

pushout, [74]

quotient category, 1]
quotient complex,

rank,
real projective space,
rear face, [124]
reduced homology,
relation,
relative cell decomposition, [77]
relative chain complex functor,
relative chain complex functor with coeffi-
cients, [99]

relative CW complex, [76]
relative homology functor,
relative Mayer-Vietoris sequence,
retract, [4§]
retraction, [4§]

short exact sequence, [155
Riemann sphere,

right exact,

section, [I55]
Seifert and van Kampen,

semisimplicial complex,
sequential colimit,

short exact sequence,
simplicial homology, [I5§]
singular n-chains,
singular n-simplex,
singular chain complex
coefficients in abelian group,
singular chain complex functor,
singular coboundaries, [115
singular cochain complex, [115]
with coefficients in abelian group, [115
singular cochains, [115
singular cochains with compact support,
singular cocycles, |[115
singular cohomology, (115
singular homology functor,
singular homology group,
singular homology with coefficients,
small category, [9]
source of morphism, [J]
split exact sequence, [100)
standard n-simplex,
standard resolution, (101
strong deformation retract,
subcategory,
subcomplex,

target of morphism, [9)

tensor product of abelian groups,
terminal object,

topological Kiinneth formula,
topological manifold,

torsion free, [6]

torsion subgroup, [6]

trivial morphism,

unique up to unique isomorphism,
universal coefficient theorem, [108
universal coefficients

cochain complexes, [118

singular cohomology, [119
universal property

coproduct,

direct limit, [144

direct sum, [7]

product,

pushout, [74]
tensor product of abelian groups,

wedge sum,

vertices, [31]
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weak retract,
wedge sum, [64]
well-pointed, [64]

zero morphism,
zero object,
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