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These are lecture notes from the course Algebraic Topology I given
at NTNU in the Fall semester of 2020. The notes are intended as a
supplement to the lectures and are not entirely self-contained — in
particular they contain almost no pictures. Please let me know if you
spot any errors!

Starred (x) sections consist of material that was not covered in
detail in the lectures, and only the statements of the main results are
relevant for the exam.
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1
Introduction

The basic idea of algebraic topology is to define and study algebraic
invariants of geometric objects. This means that given a topological
space X we want to find some algebraic structure F(X) (such as a
group, a vector space, or maybe just a number) such that if two spaces
X and X’ are homeomorphic then F(X) and F(X’) are isomorphic.
Such invariants give us a way to extract geometric information from
algebra: For example, suppose we have two spaces X and Y and
that we can compute the invariants F(X) and F(Y); if these algebraic
objects are not isomorphic, then we can conclude that the spaces X
and Y cannot be homeomorphic. This allows us to turn a topological
problem into an algebraic one — and if we’re lucky, this can be much
easier to solve.

Unsurprisingly, the more powerful an invariant is (i.e. the more
information about spaces it captures), the more difficult it tends to
be to compute it. In this course we will study a family of invariants,
the homology groups H,(X), that strike a good balance between the
two desirable properties of computability and power: we will see that
they are computable for many spaces, yet contain enough information
that we can also give some non-trivial applications to topology.

It is hard to say precisely what homology groups “mean” in general,
and to give the precise definition we first need to set up quite a bit of
machinery. To get a first idea of what homology is about, let us take
a quick, informal look at homology in low dimensions.

1.1 Homology of Graphs

Consider a finite graph I', by which we mean (informally) a finite
collection of vertices V and of edges E, each of which links two vertices.
If we demand that each edge is equipped with an orientation, we can
describe the graph by two functions s, t: E — V that take each edge e
to its source s(e) and target t(e).

A 1-dimensional chain on T is a formal linear combination )} ; a;e;,
a; € Z, of edges ¢;, and a o-dimensional chain is similarly a formal
linear combination of vertices. Let us write C;(I') for the abelian
group of i-dimensional chains.

We can then define a homomorphism 9: C;(I') — Cy(I') by taking
the edge e to its (oriented) boundary t(e) — s(e). The o-chains in the

One often sees the statement that the
nth homology group of X “measures
the n-dimensional holes of X”, but it’s
not clear what this is really supposed to
mean, if anything.
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image of 9 are called boundaries and form a subgroup By(T') C Cy(T).
A 1-chain ¢ is called a cycle if dc = 0 — this means that the signed
boundaries of the edges that make up ¢ cancel out; in particular, if
we make loop on I by starting at a vertex and picking a sequence of
oriented edges that eventually gets back to the same vertex, we get a
cycle by taking the corresponding signed sum of edges. (Moreover,
any cycle is a linear combination of such “loops”.) The cycles form a
subgroup Z;(I') € Cy(T).
The homology groups of I" are then the abelian groups

Hy(T') = Co(T')/Bo(T),
Hy(T) = Zy().

Although the groups C;(I') obviously depend on the structure of T
as a graph, the homology groups turn out to be topological invariants:
they don’t depend on how we divide the graph I' up into vertices and
edges.

In Hy(T') we identify two vertices when they are connected by an
edge, and more generally by a sequence of edges. In fact Hy(T') is
a free abelian group whose rank is the number of components of
I', while Hy(T') is a free abelian group whose rank is the number of
independent loops on I'.

1.2 Homology of Surfaces

Now let’s try to do something similar one dimension up: Suppose
we have a surface X equipped with a triangulation, which roughly
speaking means we have divided the surface into triangles (which
only overlap along entire edges, so each edge meets exactly two
triangles). We then have a finite set F of (triangular) faces, a set E
of edges, and a set V of vertices, and define i-dimensional chains for
i =0,1,2 to be Z-linear combinations of vertices, edges, and faces,
respectively; we write C;(X) for the abelian group of i-dimensional
chains.

Suppose we additionally choose an orientation of each edge in E
and an ordering of the vertices of each triangle in F (independent of
the orientations of the edges). We can then define boundary maps

C(2) & Ci(E) 2 Co(x)

as follows:

¢ For an edge e € E with vertices ¢y and e;, ordered so that e points
from ey to e1, we set
de = e1 —ep.

e For a triangle T € F, let ; (i = 0, 1,2) denote the vertices of T in
order, and if e is the edge of T that connects the vertices 7; and 7;
we set

e, e goes from T; to Tj,
T =
! —e, e goes from T to T;.

This is not hard to see: You can check
that if we pick an edge that connects two
different vertices and contract it away
(so its two end points are glued to a
single vertex) the homology groups do
not change. Repeating this, we can re-
duce any connected graph to one that
has a single vertex, with some number
of loops from that vertex to itself, and
two graphs are topologically the same
if and only if they reduce to the same
one-vertex graph under this process.



Then we have

JT = To1 + T2 + Too-

These formulas extend uniquely to define 0 on all chains by taking
linear combinations.

An i-dimensional chain is called a boundary if it is in the image of
d and a cycle if it is in the kernel of 9; we write B;(X), Z;(X) C C;(X)
for the subgroups of boundaries and cycles (where we take Zy(X) =
Co(X) and By(X) = 0). Note that we have

=0,
since for T € F we get
PT=0(tn + T2+ T0) =T~ T+ —T+T— 17 =0.

This means we have B1(X) C Z;(%).
The ith homology group of X is defined to be

H(Z) = Zi()/B(2) = { Z4(2) /By (D), i=1,

These abelian groups turn out to be topological invariants of ¥ — they
do not depend on the choice of triangulation.

Suppose X is an orientable surface of genus g (i.e. a torus with g
holes). We will see that the homology groups of X can be described
as follows:

* Hy(X) = Zy(X) is free abelian of rank 1. We can make a cycle by
adding up all the faces in the triangulation with signs chosen so
that each edge occurs twice with opposite signs, and hence the
boundary is 0; any cycle is then some multiple of this.

e Hy(X) is a free abelian group of rank 2¢. The generating cycles
can be taken to be those that “wrap around” each hole in the two
possible ways.

e Hy(X) is a free abelian group of rank 1. When we quotient by
boundaries we again identify vertices that are connected by an
edge; since X is connected any two vertices is connected by a
sequence of edges, so we identify all vertices to a single class.

Example 1.2.1. Let’s confirm these claims in the case of the torus,
which we can build by taking a square and gluing opposite edges
together:

\
r

\\
rr
\\
rr

D9
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If we add the diagonal, we get a triangulation of the torus with two
triangular faces, three edges and one vertex:

Here we might have (depending on how we orient U and L)
oU=b+a—d=0L,
da=0db=0dd=p—p=0.
Thus we have
* By = 0and Hy = Cy is freely generated by p,
* 7y = C; and Bj is freely generated by (b +a —d), so
Hy = Z{a,b,d}/(d =a+b) =272,
generated by the images of 2 and b.

* H, = 7, is freely generated by U — L.

Exercise 1.1. We computed the homology of the torus by thinking of it as
built from a square by gluing opposite edges, and triangulating this by cutting
it into two triangles along the diagonal. Here are two other (non-orientable!)
surfaces we can build by identifying opposite sides of a square, but now with
a twist in either one or both directions:

)
A)

N

\\
(44
\\
(44
\\
(44
i
A))

\ \
r r

The corresponding spaces are the Klein bottle and the real projective plane
RIP?, respectively. Triangulate these too by adding a diagonal and picking
orientations, and compute the homology groups. [You should find that
homology groups are not always free abelian groups.]

Exercise 1.2. The Euler characteristic of a triangulated surface is
x:=V—-—E+F.

(i) Show that y = hg — hy + hy where h; is the rank of the abelian group
H;(X). Conclude that the Euler characteristic is a topological invariant.
[Hint: For abelian groups B C A the rank of A/B is given by rk A/B =
rk A — rk B. You will also need to write the boundary groups B;(X) as
quotients.]

(if) Conclude that for any way of covering the oriented surface of genus g
by polygons we must have

V-E+F=2-2g

[Hint: Subdivide the polygons into triangles.]



(iii)* In particular, any convex polyhedron must satisfy Euler’s formula,
V—-E+F=2.

Use this to classify the Platonic solids. [Hint: first observe that we have
pF = 2E = qV if the faces have p edges and q edges meet at each vertex,
and show that % + % > % ; since p and q are integers > 3 there are not
many possibilities.]

If we tried to extend our discussion so far to higher dimensions, we
would end up with the theory of simplicial homology, which attaches ho-
mology groups to simplicial complexes — these are topological spaces
that are decomposed into simplices, which are higher-dimensional
analogues of triangles. This was historically the first version of ho-
mology, and goes back all the way to the original work of Poincaré
around 1900. However, although it gives a correct way to compute
homology groups that are topological invariants, it is painful to work
with when we want to set up the theory and prove its basic formal
properties. Therefore, we will instead begin by looking at the slightly
more abstract, but better-behaved definition of singular homology (first
introduced in this form by Eilenberg in 1943), which gives homology
groups for a topological space without having to choose any extra
structure. Thereafter, we will look at simplicial homology and its
generalization to cellular homology groups, and see that these give a
powerful combinatorial tool for computing the (singular) homology
groups.

ALGEBRAIC TOPOLOGY I
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2
Some Basic Topology and Category Theory

In this chapter we first briefly review the basic notions of topological
spaces and continuous maps in §2.1. When we define homology
groups we will see that any continuous map f: X — Y induces a
homomorphism of homology groups that is compatible with composi-
tion; it is convenient to phrase this in terms of categories: the homology
groups will be functors from the category of topological spaces to that
of abelian groups. We introduce categories and functors in §2.2 —
they give a useful language that we will use throughout the course.
As a first example of this, we review some basic constructions of
topological spaces (products, coproducts, and quotients) and discuss
how they can be interpreted categorically in §2.3-2.4.

We will eventually prove that the homology groups of a space are
invariant in a stronger sense than we have considered so far: they
will agree not just when the spaces X and X’ are homeomorphic,
but also whenever X and X’ can be continuously deformed into
each other — more precisely, when they are homotopy equivalent; we
review the basic notions of homotopies and homotopy equivalences
in §2.5. We then introduce a first, simple (but important) example of
an algebraic invariant in §2.6: the set 7pX of path-components of a
space X. Finally, we briefly review another important invariant, the
fundamental group of a space, in §2.7.

2.1 Topological Spaces

Definition 2.1.1. A topological space is a set X equipped with a collec-
tion Tx of subsets of X, such that

e 0,X € ‘Ix,
o if U; € Tx for all i € I (where I can be any set) then U;c; U; € Tx,
e if U U € TxthenUNU' € Tx.

The collection T is called a topology on X and the elements of Tx are
the open subsets of X. We often just say that X is a topological space
without mentioning Tx explicitly.

Terminology 2.1.2.

e Asubset U C X is called closed if X \ U is open.
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e If x is a point of X, an open neighbourhood of x is an open subset U
of X such that x € U. (A neighbourhood of x is a subset S C X that
contains an open neighbourhood of x.)

Examples 2.1.3.

(i) A subset U of R" is open if for every x € U there exists € > 0
such that when |x — y| < € we have y € U (i.e. U contains the
open ball of radius € around x).

(i) Similarly, if (X,d) is a metric space, a subset U C X is open if
for every x € U there exists € > 0 such that U contains the open
ball of radius € around x.

(iii) We can equip any set X with the discrete topology where all sets
are open (T is the power set of X).

(iv) We can equip any set X with the coarse (or indiscrete) topology,
where Ty := {Q, X}.

Definition 2.1.4. Let X be a topological space and Y C X any subset.
Then the subspace topology on Y is given by

Ty :={VCY:V=UNY forsome U € Tx}.

Example 2.1.5. The n-sphere S" can be defined as the subset

St = {x e R"1 . Zx? = l}
i

equipped with the subspace topology from R"*1.

Definition 2.1.6. Let X and Y be topological spaces. A continuous map
from X to Y is a function f: X — Y such that if U C Y is open, then
f~U C X is also open.

Exercise 2.1. Let X be a topological space and S a set. Show that if we equip S
with the discrete topology then any function S — X is continuous, and if we
equip S with the indiscrete topology then any function X — S is continuous.

Solution. First suppose S has the discrete topology. Given any function
f: S — X, for U C X open we have that f~(U) is open since all subsets of
S are open, i.e. f is continuous.

Now suppose S has the indiscrete topology. Given any function f: X — S,
we have f~1(S) = X and f~1(®) = @ which are both open subsets of X for
any topology thereon. Since these are the only open subsets of S, this means
f is continuous. O

Exercise 2.2. Let (X,dx) and (Y, dy) be metric spaces. Show that a function
f: X — Y is continuous if and only if for every x € X and every € > 0 there
exists 6 > 0 such that if dx(x,x") < J then dy(f(x), f(x")) < €. (Note that §
may depend on x.)

Solution. For a point p in a metric space (M, d), let’s write

BX(p) :={q€ M:d(p,q) <e}



for the open ball of radius € around p in M. Then we can reformulate the
statement we want to prove as: f is continuous if and only if for all x € X
and € > 0 there exists § > 0 such that

F(BX(x)) C BY(f(x)),

or equivalently BX (x) € BY(f(x)). (This says precisely that if dx(x,x') < &
then dy (f(x), f(x)) < e€.)

First suppose f is continuous. Given x € X and € > 0, the subset
BY(f(x)) € Y is open in Y, and so f~!BY(f(x)) is an open subset of X
containing x. This means by definition that there exists some J > 0 such that
BX(x) C f~1BY(f(x)), as required.

Now we prove the converse. Let U be an open subset of Y, then we
must show that f~!U is open in X. This means that we most show that
for any x € f~!U there exists some § > 0 such that BX(x) C f~!U, or
f(B£(x)) € U. Since U is open in Y, we may choose € > 0 such that
BY(f(x)) C U; our assumption on f then says there exists some & > 0 such
that f(BX(x)) C BY (f(x)). It follows that BX(x) C f~1U, which shows that
f~1U is open. O

2.2 Categories

Definition 2.2.1. A category C consists of

® a collection ob C of objects (we write x € € for x € ob C)

for any objects x,y € € a set C(x,y) or Home(x,y) of morphisms
from x to y (we write f: x — y for f € C(x,y)),

e for every x € C, an identity morphism idy € C(x, x),

for all x,y,z € € a composition law

C(x,y) x C(y,z) — C(x,z)
(we write gf or g o f for the composite of f: x =y, g: y — 2)
such that:

® composition is associative: for f: x =y, g1y — z, h: z = w, we
have

h(gf) = (hg)f,

e the identity is a unit for composition: for f: x — y, we have
fdy) = f = (idy)f-

Examples 2.2.2. Most objects in mathematics form categories. For
example:

® There is a category Set whose objects are sets and whose mor-
phisms are functions.

® There is a category Grp whose objects are groups and whose mor-
phisms are homomorphisms.

® There is a category Ab whose objects are abelian groups and whose
morphisms are homomorphisms.

ALGEBRAIC TOPOLOGY I
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* There is a category Vectgr whose objects are vector spaces over R
and whose morphisms are linear maps.

Definition 2.2.3. The category Top has topological spaces as objects
and continuous maps as morphisms.

Notation 2.2.4. If X and Y are topological spaces we’ll also write
C(X,Y) for the set Top(X,Y) or HomT,,(X,Y) of continuous maps
from X to Y.

Definition 2.2.5. Let C be a category. A morphism f: x — y in Cis an
isomorphism if there exists a morphism g: y — x such that gf = id,
and fg = id,.

Definition 2.2.6. A continuous map f: X — Y is a homeomorphism
if it’s an isomorphism in Top, i.e. if there exists a continous map

g:Y — X such that gf = idx and fg = idy.

Warning 2.2.7. In other words, f is a homeomorphism if it is a
continous bijection such that f~! is also continous. However, it is in
general not enough for f to be a continuous bijection.

Exercise 2.3. Prove the following basic properties of isomorphisms in a
category C:
(i) If f: x - yand g: y — z are isomorphisms, so is gf: x — z.

(if) Given f: x — y, if there exist g, h: y — x such that
gf =idy, fh=idy,
then f is an isomorphism.
(iii) If f is an isomorphism, its inverse is unique.

(iv) If F: € = D is a functor and f: x — y is an isomorphism in €, then
F(f) is an isomorphism in D.

(v) Being isomorphic is an equivalence relation on objects of C.

Solution.

(i) If f~1:y — xand g~!: z — y are inverses of f and g, respectively, then
we have

@O e ) =g(ff g =gidyg ! =gg7" =id;,
(Fle &) =f g ') f = Flidyf = ff =idy,

which shows that f~1¢~1 is inverse to gf.

(ii) It suffices to show that we also have fg = id,, since then ¢ is an inverse
of f. Now observe that we have

f& = (f8)(fh) = f(8f)h = fideh = fh = idy.

(iii) If g and h are two inverses of f, then it follows from (ii) that g = h.

(iv) Let f~':y — x be the inverse of f. Then
F(f)F(fY) = F(ff 1) = F(idy) = i)

and similarly F(f~1)F(f) = idp(y), so that F(f~1) is inverse to F(f).
(v) Let us write x = y for “there exists an isomorphism f: x — y”. Then

* x = x since idy is always an isomorphism,

Composition is just composition of func-
tions: if f: X = Y and g: Y — Z are
continuous, so is gf: for U C Z open,
(¢f)~1(U) = g~ 1(f~'U) is also open.

But a continous bijection f: X — Yisa
homeomorphism if X is compact and Y
is Hausdorff.



* x = y implies y = x since if f: x — y is an isomorphism, so is
fliy —x,

e x 2 yandy = zimplies x = z since if f: x = yand g: y — z are
isomorphism, part (i) shows that gf: x — z is an isomorphism. O

An important concept in category theory is that of a “universal
property” of an object. We will not make this precise here, but the
basic idea is that a universal property characterizes an object uniquely
up to isomorphism in terms of the ways of mapping other objects
into (or out of) the given object. Here is an example:

Exercise 2.4. Let X be a topological space and U C X a subset. Show that
the subspace topology on U has the following universal property: if T is a
topological space, then a continuous map from T to U is a map of sets T — U
such that the composite T — U — X is continuous.

A category is itself a sort of algebraic structure, and as with any
such there is a corresponding notion of structure-preserving mor-
phisms (or “homomorphism of categories”), which are called functors:

Definition 2.2.8. Let C, D be categories. A functor F: € — D is the
assignment of

* an object F(c) € D to every ¢ € C,

e a morphism F(f): F(c) — F(c’) to every f: ¢ — ¢ in €,
compatibly with composition and identities, i.e.

* F(gf) = F(g)F(f) for all composable morphisms f, g in C,
e F(id;) = idp(, forallc € C.

Example 2.2.9. Let C be a category and ¢ an object of €. We can
define a functor C(c¢,—): € — Set by sending x € C to the set C(c, x) of
morphisms ¢ — x, with f: x — y going to the map C(c, x) — €(c,y)
given by composition with f.

Exercise 2.5. Show that there is a functor Top — Set that takes a topolog-
ical space to its underlying set (the “forgetful” functor) and two functors
Set — Top that take a set to itself equipped with the discrete and indiscrete
topologies, respectively.

2.3 Products and Coproducts

Category theory allows us to view constructions involving different
sorts of mathematical objects as instances of a single concept valid
in any category. Let us look at a first example of this, the categorical
definition of products:

Definition 2.3.1. A product of two objects x, y in a category C is another
object p together with morphisms (“projections”) p 1N X, p 5 y such
that given any object g and morphisms f: g — x, g: g — y there
exists a unique morphism ¢: g — p such that f = ¢¢, g = 7¢. In

ALGEBRAIC TOPOLOGY I
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other words, there exists a unique morphism such that the following
diagram commutes:

We often denote the product of x and y by x x y.

The product of two objects, if it exists, is defined by a universal
property; it follows that it is “unique up to unique isomorphism” in
the following sense:

Lemma 2.3.2. Let x,y be objects of a category C. Suppose (p,i: p —
x,1:p—y)and (p', & p' — x,n': p' — y) are two products of x and y.
Then there exists a unique isomorphism between p and p’ that is compatible
with the projections to x and y.

Proof. Since p is a product, there is a unique morphism ¢: p’ — p
such that {¢ = &’ and ¢ = ’. And since p’ is a product, there is also
a unique morphism ¢: p — p’ such that &'y = ¢ and 'y = 5. The
composite ¢y: p — p satisifes oy = ¢'p = ¢ and ¢y = y — this
implies ¢ = id,, since there is a unigue morphism with this property.
Similarly we have ¢ = id,/, which means that ¢ is an isomorphism
with inverse . O

Example 2.3.3. In the category Set, the product of two sets X, Y is the
usual cartesian product, i.e.

XxY:={(v,y):xeX,yeY}, (2.1)

with its projections to X and Y. To see this, we must check the
universal property holds: given functions f: S — X, g: S — Y there
is indeed a unique function ¢: S — X x Y that agrees with f and g
on the projections, as this forces ¢(s) = (f(s), g(s)).

Remark 2.3.4. Thinking of constructions such as products in terms
of universal properties can often make things simpler for us: For
instance, I might prefer to define the ordered pair (x,y) as the set
{{a},{a, b}} while you might prefer to define it as {b, {a,b}}. Then
for sets X, Y our definitions (2.1) of their cartesian product would
not be equal, but by Lemma 2.3.2 we know that there is a canonical
isomorphism between them. Moreover, in practice we will never use
any property of the cartesian product other than those that follow
from its universal property, which means we don’t really need to
choose a preferred product at all (provided we know at least one
choice does exist).

Exercise 2.6. Let x,y,z be objects of a category C. Show that there is a
canonical isomorphism

xx(yxz)=(xxy)xz,

provided these products exist.



Exercise 2.7. Show that the cartesian product of (abelian) groups is also the
categorical product in Grp and Ab, when equipped with the canonical group
structure.

Solution. If H and K are groups, the canonical group structure on H x K
has multiplication (I, k) (h', k') = (hh',kk), so the two projections 7y : H x
K — H, mx: H x K — K are clearly group homomorphisms. Given group
homomorphisms #7: G — H and x: G — K, we must show there exists
a unique group homomorphism ¢: G — H x K such that ¢ = n and
nig¢p = k. We already know there exists a unique morphism of sets ¢ with
these properties, given by ¢(g) = (17(g),x(g)), so we only need to check this
is in fact a group homomorphism. Indeed, we have
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¢(8)¢(8") = (1(8), k() (n(g"), k(&) = (n(g)n(&"), x(g)x(&")) = (n(gg), x(gg)) = d(gg")

since 7 and x are homomorphisms. The same is true if the groups happen to
be abelian. O

Now we consider products of topological spaces:

Definition 2.3.5. Let X and Y be topological spaces. The product
topology on X X Y has as open sets those W C X x Y such that for all
w= (x,y) € Wthereexist U C X,V C Yopenwithx e U,y eV
and U xV CW.

Example 2.3.6. The usual topology on R” is the product topology on
R x - -+ x R. (A subset can be covered with open balls if and only if
it can be covered with open cubes.)

Proposition 2.3.7. Let X and Y be topological spaces. The projections
X xY — X,Y are continuous for the product topology, and they exhibit
X XY as the categorical product in Top.

Proof. Let: X xY — X,57: X x Y — Y denote the projections. To
see that ¢ is continuous we must check that for U C X open the
preimage &~ 'U = U x Y is open, which is clear from the definition
since it is a product of open sets; similarly, # is continuous. Given
functions f: T — X, g: T — Y, we know there exists a unique
function ¢: T — X x Y such that (¢ = f,n¢p = g. To see that the
product topology makes X x Y the categorical product, we must
show that if f and g are continuous then the unique map ¢ is also
continuous. For U C X,V C Y open we have that

p N UXxV)=¢p W UXxYNXXV)
= L UxY)Ngp L (X xV)
=¢ g U Ng (V)
=i ung l(v).

If f and g are continuous it follows that ¢~ (U x V) is open in T. Any
open set W in X x Y is by definition an (infinite) union of products
of open sets in X and Y, so ¢! (W) is a union of preimages of such,
and hence also open. O

Exercise 2.8 (x). Given a set I and a collection x; (i € I) of objects of a category
C, their product (if it exists) is an object [];c; x; together with projections

The product topology is the weakest
(smallest) topology on X x Y such that
all products of open sets are open.
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7t [lieg x; — x; satisfying the following universal property: given an object
y and morphisms f;: y — x; for i € I, there exists a unique morphism
f:y = Tliep xi such that 7r; f = f;. Show that I-indexed cartesian products are
categorical products in the category Set, and also in the categories Ab, Grp, Top
when equipped with canonical (abelian) group structures and topologies.
(What is an I-indexed product when I is empty?)

We can often “dualize” categorical notions by reversing the arrows.
For the product, this gives the dual notion of coproducts:

Definition 2.3.8. Suppose x,y are objects of a category C. The coprod-
uct of x and y, if it exists, is an object x II y together with morphisms
(“inclusions”) i: x — x 1y, j: y — x Il y such that given morphisms
f:x = z, g:y — z there exists a unique morphism ¢: xI1y — z
such that poi = f,poj=g.

Example 2.3.9. The coproduct in Set of two sets I, | is the disjoint
union 111 J. Though it’s intuitively obvious what this means, in
the usual formulation of set theory we have to define this in some
awkward way to ensure I and | don’t have elements in common, for
example as I x {0} U] x {1}, with the inclusion I, ] < I II ] given by
i€l (i,0)and j € ] — (j, 1), respectively.

Exercise 2.9. Show that the coproduct in Top of topological spaces X, Y is the

disjoint union X I1'Y of sets, with a subset U C X I1'Y defined to be open if
and only if UN X is openin X and UNY is openin Y.

Example 2.3.10. The coproduct in Ab of two abelian groups A, B is the
cartesian product A x B with its canonical (componentwise) group
structure, often denote A ® B when thought of as the coproduct, with
the inclusions A, B — A X B given by

a€ A~ (a,0), be B~ (0,b).

A homomorphism ¢: A x B — C is indeed uniquely determined by
its restrictions along these inclusions, since we have

¢(a,b) = ¢((a,0) +(0,b)) = ¢(a,0) + ¢(0,b).
Exercise 2.10 (*). What is the coproduct of two copies of Z in Grp?

Exercise 2.11 (x). Define I-indexed coproducts for any indexing set I, as in
Exercise 2.8. Describe these in the categories Set and Top.

Exercise 2.12 (x). If C is a category, we define the opposite category C°P to be
the category with the same objects as €, but with the direction of morphisms
reversed — thus Homeop (¥, ) := Home (y, x). Check that a coproduct in €
is the same thing as a product in C°P.

Exercise 2.13 (). Suppose a topological space X can be written as a union of
subsets X; (i € I) such that the subsets X; are open and disjoint. Show that
X = [Tier X; (i-e. the topology on X is the coproduct topology).

2.4 Quotients

In this section we will review quotients of topological spaces. We start
by briefly recalling quotients of sets by (equivalence) relations:



Definition 2.4.1. Let I be a set. A relation on [ is a subset R C [ x [;
fori,j € I we write i ~g j to mean “(i,j) € R”. An equivalence relation
is a relation R that is

o reflexive: i ~g iforalli € R,

* symmetric: i ~g j implies j ~r i,

e transitive: i ~g jand j ~g k implies i ~g k.

If R is an equivalence relation, then the equivalence class of i € I is
the set [i]g := {i’ € I : i’ ~g i}. We write I/~g or I/R for the set of
equivalence classes; then there is a canonical function I — I/R that
takes i to [i]g.

Definition 2.4.2. If R is a relation on I, the equivalence relation
generated by R is the smallest equivalence relation R C I x I such that
R C R. In this case we write I/~g or I/R for I/R.
Exercise 2.14. Suppose R is a relation on a set I. Show that the quotient
I/R = I/R together with the quotient map

m: 1 —=1/R, n(i)=lilg
has the following universal property: any function f: I — J for which i ~g j

implies f (i) = f(j) factors uniquely through 7,

I "5 1I/R

N B

IB
Now let’s upgrade this to topology:

Definition 2.4.3. Let X be a topological space, and let R be a relation
on its underlying set. Write 7t for the quotient map X — X/R = X/R.
The quotient topology on X/R has as open sets those U C X/R such
that 777U is open in X.

Lemma 2.4.4. Let X be a topological space and R a relation on X. A
continuous map f: X — Y such that

x~px = f(x) = f(x))

factors uniquely through mt, i.e. there exists a unique continuous map
f: X/R — Y such that frr = f.

Proof. By Exercise 2.14 there exists a unique function of sets f: X/R —
Y such that frr = f, given by f([x]z) = f(x). Now we observe that
the quotient topology has the property that f is continuous if and
only if f is continuous: if U C Y is open, then f “1Uis by definition
open in X/R if and only if 7= f~1U = f~'U is open in X. O

Examples 2.4.5. Many examples of topological spaces can be defined

as quotients:

(i) Let S be the square {(x,y) € R2:0 < x,y < 1} with the
subspace topology from IR?. Then we can define the torus by
identifying opposite sides of the square, i.e. taking the quotient

§/((x,0) ~ (x,1),(0,y) ~ (L y))-
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More explicitly, i ~x j if and only if
there exists a finite sequence iy, ...,i; €
I (n > 0) such that i = iy, j = i, and
either i; 1 ~pg i; or iy ~p i;_1 for each
t=1,...,n.
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(ii) We can define the real n-dimensional projective space RP" by
identifying antipodal points on the n-sphere, i.e. as the quotient
S/ (x ~ —x).

(iii) Similarly, we can define the complex n-dimensional projective
space CPP" by viewing S?"*! as a subset of C"*! and forming
the quotient S?"*1/(x ~ Ax : A € C,|A| = 1).

(iv) Let D" := {x € R" : |x| < 1} denote the n-dimensional disc
of radius 1, and 0D" := {x : |x| = 1} its boundary. Then
S" = D"/oaD".
Exercise 2.15. Let D" := {x € R" : |x| < 1} be the closed n-disk and
D" ;=" .= {x e R": x| = 1}

be the (1 — 1)-sphere, both equipped with the subspace topology from R".

(i) Find explicit homeomorphisms D1/9D! 2 §! and D?/9D? = §2. [Feel
free to use that these are compact Hausdorff spaces, so that a continuous
bijection is necessarily a homeomorphism.]

(if) Show that the following three descriptions of the torus are homeomor-
phic:
T = {(xy) e R*:0< x5,y < 1}/((x,0) ~ (x,1),(0,y) ~ (Ly))
Ty =S x §!
T3 := {(R +rcos0) cosp, (R + rcosB) sing,rsinf)} CR3 (R > r)

(iii)* Find an explicit homeomorphism D" /9D" = S".

2.5 Homotopies and Homotopy Equivalences

Definition 2.5.1. A homotopy between two continuous maps f,g: X —
Y is a continuous map H: X x [0,1] — Y such that H(-,0) = f and
H(-1) =g

Remark 2.5.2. There are two useful ways to think of a homotopy
H: On the one hand H specifies for each point x € X a path
H(x,-):[0,1] — Y from f(x) to g(x), continuous in the point x. On
the other hand, H specifies a continuous map H; := H(—t): X - Y
fort e [O, 1], and this depends continuously on ¢; thus H is a continu-
ous deformation of f into g.

Definition 2.5.3. Two continuous maps f,g: X — Y are homotopic if
there exists a homotopy from f to g.

Exercise 2.16. Show that being homotopic is an equivalence relation on the
set C(X,Y) of continuous maps X — Y.

Definition 2.5.4. The homotopy category hTop has topological spaces
as objects, and morphism sets are given by

hTop(X,Y) := Top(X, Y)/homotopy.

Exercise 2.17. Prove that hTop is a well-defined category, with composition
and identities induced from Top (so that there is a functor Top — hTop that
takes each continuous map to its equivalence class). What does Exercise 2.3
then tell you about homotopy equivalences?



Definition 2.5.5. A continuous map f: X — Y is a homotopy equiv-
alence if its image in hTop is an isomorphism. More explicitly, this
means there exists a continuous map g: Y — X (a homotopy inverse)
and homotopies between ¢f and idx and between fg and idy.

Let’s consider a more intuitive special case of homotopy equiva-
lences:

Definition 2.5.6. Let X be a topological space and A C X a subspace;
leti: A — X denote the inclusion.

* Ais a retract of X if there exists a continuous map p: X — A (a
retraction) such that pi = id 4, i.e. p(a) = afor alla € A.

* A is a deformation retract if in addition there exists a homotopy H
between idx and ip: X — X.

* A is a strong deformation retract if the homotopy H can be chosen so
that it fixes A, i.e. H(a,t) =afora € A, t € [0,1].

If A is a deformation retract, then i: A — X is a homotopy equiva-
lence with homotopy inverse p.

Definition 2.5.7. A topological space X is called contractible if it is
homotopy-equivalent to a point.

Example 2.5.8. The discs D" are contractible: Define H: D" x [0,1] —
D" by H(x,t) = t-x; then H is a homotopy between the constant
map with value (0,...,0) (at t = 0) and idp» (at t = 1). This shows
that the point (0,...,0) is a (strong) deformation retract of D".

Exercise 2.18. Let S be a set. Show that:

(i) if S is equipped with the discrete topology then S is contractible if and
only if S has exactly one element,

(if) if S is equipped with the indiscrete topology then S is contractible if
and only if S is non-empty.

[Hint: Prove that with the discrete topology the only continuous paths are
the constant ones, while any path is continuous for the indiscrete topology.]

Exercise 2.19 (x*). (A topological proof that S1 is not contractible.) View S!
as {z€C:|z| =1} and let 1: R — S! be the continuous map x + e™*. We
say that a continuous map f: S' — S! lifts to R if there exists f: S' — R
such that f = rtf.

(i) Show thatif g: ST — S!lifts to R and f: S! — S! is another continuous
map such that f(x)/g(x) # —1 for all x € S! then f also lifts to R.

(i) Letcy: S! — S! be the constant map with value 1, and suppose f is
homotopic to ¢y, via a homotopy H: S x [0,1] — S!. Since S! x [0,1] is
compact, we can choose § > 0 such if |x — y| < d then |H(x) — H(y)| <
2forall x,y € St x [0,1] (viewed as a subset of R3). Use this to show
that f lifts to R.

(iii) Use (ii) to prove that S 1 is not contractible (i.e. idg: is not homotopic to
a constant map).
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A homotopy inverse, if it exists, is not
unique, but it is uniquely determined
up to homotopy (its homotopy class is
unique).
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2.6 Path-Connectedness and

Let X be a topological space. We define a relation on (the underlying
set of) X by defining x ~ y for x,y € X to mean that there exists a
path in X from x to y, i.e. a continuous map p: [0,1] — X such that
p(0) = x, p(1) = y. This is an equivalence relation:

® x ~ x since we always have the constant path with value x,

* x ~ yimplies y ~ x: If p is a path from x to y we can define a new
path p’ by doing p in reverse, i.e. p'(t) = p(1 —t); then p’ is a path
from y to x,

* x ~yandy ~ zimplies x ~ z: If we have paths p; from x to y and

p2 from y to z we can define a new path p by first doing p; and
then doing po,

INA
Nl N—=

p1(2t), t
pz(Zt - 1)/ t>

p(t) = ’

Then p is a path from x to z.

Definition 2.6.1. The set 71pX of path-components of X is the set of
equivalence classes for this equivalence relation,

7TOX = X/~

The path-components of X are the subspaces corresponding to the
equivalence classes in 719 X. The space X is called path-connected if it
has a single path-component, i.e. any two points of X are connected
by a path.

The following exercise shows that 77X is a homotopy-invariant of
the space X:

Exercise 2.20. Let X and Y be topological spaces.

(i) Show that any continuous map f: X — Y induces a function 77y f: 79X —
oY, and that this makes 71y a functor Top — Set.

(if) Show thatif f,g: X — Y are homotopic, then 7o f = 1pg. [Hence 1y is
a functor hTop — Set.]

(iii) Show that if f: X — Y is a homotopy equivalence, then mf is an
isomorphism.

We would like to think of 7y X as the “set of disjoint pieces” of X
in the strong sense that X is a coproduct of its path-components, i.e.

X H X, (2.2)
acmyX
with the coproduct topology. Unfortunately, this is false for an arbi-
trary topological space X for two reasons:

¢ If X = A1l B with the coproduct topology, then the subspaces A
and B are both open and closed in X. But there exist spaces that
are connected, but not path-connected. Such a space X cannot be
decomposed as a coproduct, even though 779X has more than one
element.

Thus two points lie in the same path-
component if and only if they are con-
nected by a path.

Recall that X is connected if it cannot be
written as a union U U V where U,V C
X are subsets that are both open and
closed.

An example is the “topologist’s sine
curve” which is connected, but has two
path-components.



o If X = [];cr X; (with the coproduct topology) where the X; are
(path-)connected then the X; are the connected components of X
(meaning the maximal connected subsets), and they are both open
and closed subsets of X. But the connected components of a space
need not be open.

However, such issues only arise for rather pathological (or at least
non-geometric) examples of topological spaces; for any of the spaces
we want to consider in this course, we will have a decomposition as
in (2.2). We can ensure this by imposing the following condition on
our spaces:

Definition 2.6.2. A topological space X is locally path-connected if
for any open subset U C X and any point x € U there exists a
path-connected open subset V C U with x € V.

Proposition 2.6.3. Suppose X is a locally path-connected space. Then the
path-components of X are open subsets of X.

Proof. Let x be a point of X and P C X the path-component con-
taining x. To show that P is open it suffices to show that P contains
an open neighbourhood of any point y € P. But since X is locally
path-connected there exists some open neighbourhood U of y that
is path-connected. It follows that all points in U lie in the same
path-component as y, i.e. U C P. O

If we combine this observation with Exercise 2.13 we get the co-
product decomposition (2.2):

Corollary 2.6.4. If X is locally path-connected, then

Xz [] Xa

aemyX

where X, is the path-component of X corresponding to o € 1o X and the
right-hand side is equipped with the coproduct topology. O

2.7 (%) The Fundamental Group

Definition 2.7.1. A pointed space is a pair (X, x) with X a topological
space and x € X a point. We have a category Top, of pointed spaces,
with Top, ((X, x), (Y,y)) being the set of continous maps f: X — Y
such that f(x) = y. A pointed homotopy of such maps (X, x) — (Y,y)
is a homotopy H: X x [0,1] — Y such that H(x,t) = y for all t. Then
we define hTop, to be the category of pointed topological spaces and
pointed continuous maps modulo pointed homotopy.

Definition 2.7.2. The fundamental group of a pointed space (X, x) is
the set

m (X, x) := hTop, ((Sl, %), (X, x))

of pointed homotopy classes of loops in X that start and end at x.
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For example, if we view Q as a subspace
of R then each point is a connected com-
ponent (and a path-component) but is
not open, since any open set around it
in IR contains other rational numbers.
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The fundamental group has a group structure given by concatena-
tion of loops, and any pointed continuous map f: (X, x) — (Y,y) in-
duces a group homomorphism 7y f: 771(X, x) — m11(Y,y). Moreover,
any two (pointed) homotopic maps give the same homomorphism on
711, so we can view the fundamental group as a functor

mt1: hTop, — Grp.
We also have higher homotopy groups, which can be defined as
7 (X, x) := hTop, ((S", %), (X, x)).

For n > 2 these have canonical abelian group structures, and can be
viewed as functors 71, : hTop, — Ab.

The homotopy groups are fairly simple to define and contain a
lot of information about the space X, but they are also notoriously
difficult to compute. (For example, it is essentially impossible to
compute all the homotopy groups of seemingly simple spaces like
S$2.) You can learn more about homotopy groups in the sequel to this
course.



3
Simplices and Singular Homology

In this chapter we define the singular homology groups of a topolog-
ical space, and look at a few simple consequences of the definition.
There are three steps in the definition: we first define the sets of
singular simplices in a topological space in §3.1, and then linearize
these to get the abelian groups of singular chains in §3.2, before we de-
fine boundaries, cycles, and finally homology groups in §3.3. In §3.4
we check that changing signs in homology corresponds to changing
the orientation of a path. We then formalize the structure we have
obtained in terms of chain complexes in §3.5, where we also show that
singular homology is a functor. In the two lowest dimensions we
can relate homology groups to structures we already know: in §3.6
we show that HyX is the free abelian group on the set 7o X of path
components, while in §3.7 we prove that (for X path-connected) H; X
is the abelianization of the fundamental group 71 X. Finally, in §3.8
we prove that homology takes arbitrary disjoint unions of spaces to
the corresponding direct sums of abelian groups.

3.1 Singular Simplices

Simplices are higher-dimensional versions of triangles, tetrahedra, etc.
Here is a convenient definition of the n-simplex as a topological space:

Definition 3.1.1. The n-simplex is the topological space

A" = {(x0,...,xn) € R x; >0, in =1},
i

with the subspace topology from R"*1,
We see that

e A% is a point,

e Alisa closed interval,

* A?is a (filled) equilateral triangle,

e A% is a (solid) regular tetrahedron.

Terminology 3.1.2. The ith vertex of A" is the pointe; := (0,...,1,...,0)
with 1 in the ith coordinate.
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Remark 3.1.3. Any point in A" can be written uniquely as Y_}' ; a;e;
with a; non-negative real numbers that satisfy }.a4; = 1. Given
any function f: {0,...,n} — R* we can define a continuous map
F: A" — REby F(Y1 aie;) = Y1y aif(i).

Definition 3.1.4. The ith face of A" is the subset 9;A" of points
(xo,.-.,xn) where x; = 0. This is homeomorphic to A" ! via the ith

face map d*: A"~ — A", which takes (xo, ..., xy) to (xq,...,Xi_1,0,%;,. ..

Note 3.1.5. The ith face is the face that does not contain the ith vertex,
or the face opposite the ith vertex.

Lemma 3.1.6 (The simplicial identity). For 0 < j <i < n + 1 the two
maps d'dl and d/d'=1: A"~ — A" are the same.

Proof. The map d/d'~? first inserts 0 in the (i — 1)th coordinate and
then in the jth coordinate. But as j < i these end up as the ith and jth
coordinates in A"t! — in other words, d/d*~! is the inclusion of the
subset {(xo,...,Xxz) : x; = x; = 0}. The same holds for did/, where
the coordinates don't shift, since i > j. O

We are going to study a topological space by looking at all the
ways we can map simplices into it:

Definition 3.1.7. A singular n-simplex in a topological space X is a
continuous map A" — X. We write Sing, (X) for the set of singular n-
simplices in X (in the notation we used above, this is Hom,, (A", X)).

Thus Sing,(X) is the set of maps * — X, which is just the under-
lying set of points X, while Sing, (X) is the set of continuous paths
[0,1] 2 A! = X in X.

Definition 3.1.8. The face map d': A"~! — A" induces a map
d;: Sing,(X) — Sing, ,(X)
by composition, i.e.
9;0:=cod: A" A" 5 X

is given by restricting o to the ith face of A". We call 9;0 the ith face
of the simplex o.

Remarks 3.1.9.

(i) The name singular simplices is historical, and refers to the fact
that we allow arbitrary continuous maps from simplices, not just
ones that are nice embeddings (so they can have singularities).

(ii) We can think of the sets Sing,, (X) together with the face maps 9;
as giving a combinatorial description of the space X, recording
all the information we can get by “probing” X with simplices.
In fact, if X is a reasonably nice space, we can recover X up to
homotopy equivalence from this data (but we will not see that
in this course).



(iii) The set Sing, (X) is typically huge, even if the space X is simple
— for example Sing, (A!) is uncountable for all n > 0. (Thus this
is not a combinatorial description that is useful for calculations,
but one that is good for developing the theory.)

(iv) Itis possible to use other families of “test spaces” than simplices
to set up homology, without changing the resulting homology
groups. For example, it is possible to use n-dimensional cubes.

3.2 Free Abelian Groups and Singular Chains

The next step will be to linearize the sets Sing,, (X). This will allow us
to define the boundary of a singular n-simplex as a linear combination
of (n — 1)-simplices. For example, for ¢: Al 2 [0,1] — X, we have
9o = (1), 910 = 0(0), and we want the boundary of ¢ to be

90 = dpo — 010 = o (1) — (0),

so that do = 0 if ¢ is a closed loop. For this to make sense we will
consider formal linear combinations of simplices, i.e. we take the free
abelian group on the set Sing, (X). Let’s review this notion:

Definition 3.2.1. Let S be a set. Somewhat informally, the free abelian
group ZS is the set of formal linear combinations a1s1 + - - - + a5y,
with a; € Z, s; € S, with addition defined in the obvious way. More
formally we can take ZS to be the set of functions f: S — Z such
that f(s) = 0 for all but finitely many s, with addition defined
componentwise (i.e. (f +g)(s) = f(s) + g(s)). If we write e for
the function S — Z given by es(s) = 1, es(s’) = 0 for s’ # s, then
any such function f can be written uniquely as a linear combination
f = Yses f(s)es (which we can view as a finite linear combination
since f(s) is non-zero for only finitely many s).

Remark 3.2.2. The free abelian group ZS has the following universal
property: If A is an abelian group and ¢: S — A is any function,
then there exists a unique homomorphism ZS — A extending ¢
(necessarily given by Y a;s; — Y_a;¢(s;)).

Definition 3.2.3. If A is an abelian group and T C A is a subset,
we say that A is freely generated by T if the induced homomorphism
ZT — A is an isomorphism. (In other words, every a in A can be
written as a Z-linear combination of elements of T in a unique way.)
We say A has rank r if it is freely generated by a set of size r.

Example 3.2.4. The abelian group Z' is freely generated by the “stan-
dard basis vectors” ¢; = (0,...,1,...,0) (with 1 in the ith coordinate),
so Z" is free of rank r.

Example 3.2.5. The trivial group 0 is the free abelian group on @.

Example 3.2.6. The abelian group Z/n (n > 1) is not free: since
(n+1)a = a for a € Z/n, linear combinations are never unique.
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Cubes are nicer than simplices in some
ways (in particular, the product of two
cubes is a cube, while the product of two
simplices is not a simplex, which will
annoy us later), but more complicated
in others.
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Definition 3.2.7. The abelian group S, (X) of singular n-chains on the
topological space X is Z Sing, (X). Thus a singular n-chain is a formal
Z-linear combination }_I' , a;0;, a; € Z, 0; € Sing,,(X).

It is sometimes convenient to extend the definition to n < 0, where
we take Sing, (X) := @ and so S, (X) := 0.

3.3 Boundaries, Cycles, and Singular Homology

Definition 3.3.1. By the universal property of free abelian groups,
the face map 9;: Sing,(X) — Sing, ;(X) extends uniquely to a
homomorphism S,(X) — S,_1(X), which we also denote 9, so that
the square

Slngn(X) L) Slngnfl(X)
L
Sn(X) —— Sup1(X)
commutes. This is given by 9;(¥; a;0;) = ¥; a;(9;0}).

Definition 3.3.2. The boundary operator 0: S, (X) — S,—1(X) is the
homomorphism given by the alternating sum

Thus for a 1-simplex o: Al = X, we have
90 = dpo — 010 = o (1) — ¢ (0).
For a 2-simplex ¢: A> — X, we have
00 = 0o — 910 + 070

Remark 3.3.3. We can (informally for now) think of the sign as
“reversing orientation”: if we write ¢|;; for the path from (i) to
o(j) then the oriented boundary of the 2-simplex decomposes as ¢|g;
followed by ¢, and then ¢, which we can represent as a linear
combination ¢|g; + 0|12 + 0|20, while the formula for do above gives

90 = 0li12 — oloz + 7lo1;

these agree if we think of —c|g, as corresponding to the reversed path
o |20.

We give chains with no boundary a special name:

Definition 3.3.4. An n-cycle in X is an n-chain ¢ € 5,X such that
dc = 0. We write

Zy(X) :=ker(9: Sp(X) — S,—1(X)) € Su(X)
for the subgroup of cycles.

Example 3.3.5. If o: Al — X is a loop, so that ¢(0) = ¢(1), then ¢
is a cycle. Similarly, if o;: Al 5 X,i=1,...,n are paths such that
0i(1) = 0741(0) and 07 (0) = 0, (1), then oy + - - - + 0, is a cycle.



Definition 3.3.6. An n-boundary in X is an n-chain ¢ such that there
exists an (1 + 1)-chain b with ¢ = db. We write

By (X) :=1im(0: Sy41(X) — Su(X)) € Sn(X)
for the subgroup of boundaries.

Proposition 3.3.7. For every topological space X, the boundary operatior 0
satisfies
=0,

where 3% denotes the composite S, 41(X) 9 5, (X) 9 Sp-1(X).

Proof. Since S,.1(X) is free, it suffices to show that 9’c = 0 for
o € Sing, ;(X). We compute

n+1
?r =29 (Z (—1)"aia>
i=0

n+1 .
= ) (=1)'9(30)
i=0
n+1 . n )
= (1) (Z(l)@@p)
i=0 j=0
n+l n o
= 2 Z(—l)]JﬂajaiO’
i=0 j=0

Here 9;0;0 = 0;(00d') = oo (d'd/), soif j < i we can use Lemma 3.1.6
to get
ajaiO' = ai_laja.

Applying this to the part of the sum where j < i we get

FPo= Y (100 + Y. (-1)T00,0

0<j<i<n+1 0<i<j<n

= Z (71)j+iai,18ja+ Z (*1)j+ia]‘ai0'
0<j<i<n+1 0<i<j<n

— Z (—1)j+iai_18ja+ Z (—1)/',“,*181»/_18]-/(7,
0<j<i<n+1 0<j' <i'<n+1

=0,

where in the penultimate line we rewrote the second sum using the
indices j' :=1i,i’ :=j+ 1. O

Corollary 3.3.8. Every boundary is a cycle, i.e. B,(X) C Z,(X) as sub-
groups of Sy (X).
Definition 3.3.9. For X a topological space, the nth singular homology
group Hy,(X) is the quotient

Hy(X) := Zy(X) /By (X).

Typically we can’t compute these homology groups directly from
the definition of singular chains, but need to use tools we’ll develop
later in the course. However, we can already compute homology
groups in two very simple cases:
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Example 3.3.10 (H.(®)). Since there are no maps A" — @, we have
Sing, (@) = @ and S,(©®) = 0 for all n, so

H,(©) =0
for all n.

Example 3.3.11 (H.(*)). There is a unique map ¢, : A" — * for any
n, so Sing, (*) = {cs}. Thus S,(*) = Zc, is the free abelian group
generated by the single generator c,. By uniqueness we also know
that d;c,, = ¢,_1 for all i, so that

dcn = i(*l)i%*l = (i(l)i> Cp1 = {0’ n odd,

i=0 Cy—1, neven.

This implies that we have

Zu() Z, n>0o0dd, n=0, By (%) Z, n>0odd,
X ) = X ) =
" 0, n>0even n<0, ! 0, neven,n=0,n<0,

Z/7Z, n>0odd,
0/0, mn>0evenorn <0,
Z/0, n=0

Z, n=0,
0, n#0.

3.4 Signs and Orientations

Hy, (%)

1

Let us make more precise the idea that changing signs in H;(X)
corresponds to reversing the orientation of paths.

Definition 3.4.1. Any function ¢: {0,...,n} — {0,...,m} gives a
continuous map A(¢): A" — A™ given by (to,...,tn) — (So,...,Sm)
where

i€p=1(j)

Example 3.4.2. The face map d': A"~! <5 A" corresponds to

{0,...,n—=1} =H{0,...,n}\ {i} = {0,...,n}
(using the unique order-preserving isomorphism).

Example 3.4.3. Leta: {0,1} — {0,1} be the automorphism that per-
mutes 0 and 1; this induces a homeomorphism A(x): Al = Al (given
in terms of the embedding in R? by flipping the two axes), which
reverses the orientation of Al. (In terms of the reparametrization
[0,1] = Al, & corresponds to the orientation-reversing automorphism
t—(1—1).)



Proposition 3.4.4. For any 1-simplex c: A! — X, the chain
cox—+o
is a boundary.

Remark 3.4.5. This proposition says that o o & and —0 represent the
same homology class, so that in H;(X) we can think of —[o] as the
path obtained by reversing the orientation of ¢.

Proof of Proposition 3.4.4. Let ¢: {0,1,2} — {0,1} be the function tak-
ing 0,2 to 0 and 1 to 1. Then A(¢): A> — Al is given by

(to, t1,t2) — (to + t2, 1);

this “collapses” the 2-simplex to a 1-simplex and sends the entire
face d' (A?) (where t; = 0) to the point (1,0). The 2-simplex o o A(¢)
satisfies

do(coA(p)) =cou,

d(0oh(@)) =0 oAY),
R(coA(p) =0,

where : {0,1} — {0,1} is the map sending 0,1 to 0. Then the 1-
simplex o o A(1) is constant at the point p := ¢(1,0), so if we write
Cu(p) for the n-simplex constant at p we have

d(coA(p)) =coa—Ci(p)+0o

But we also have

dCy(p) = C1(p) — C1(p) + Ci(p) = Ci(p),

so that
cgoa+0 =09(coA(p)—Cap)). O

3.5 Chain Complexes and Functoriality

We now want to prove that the singular homology groups give a
sequence of functors from topological spaces to abelian groups. It is
convenient to do this in two steps, which requires introducing some
terminology for the structure we have obtained on the singular chains:

Definition 3.5.1. A graded abelian group A, is a sequence of abelian
groups Ay, n € Z. A chain complex is a graded abelian group A,
together with homomorphisms d: A, — A,_; that satisfy > =0

. . el J
where 92 is the composite A, 11 — Ay = Ay_1.

Example 3.5.2. For a topological space X, we have shown that (S.X,d)
is a chain complex, the singular chain complex of X.

We can define cycles and boundaries in any chain complex:
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Definition 3.5.3. If (A,,d) is a chain complex, we write
Zu(A) = ker(@: Ay — Ay_1) C Ay
for the group of n-cycles and
By(A) :=im(d: A, 11 — An) C Ay

for the group of n-boundaries. Since 3> = 0 by assumption, we again
have B,(A) € Z,(A). The nth homology group H,(A) is the quotient

Hyu(A) := Zy(A)/Bu(A).

Example 3.5.4. The singular homology groups of a topological space
X are precisely the homology groups H.(Se(X)) of the chain complex
Se(X).

Now we can introduce the appropriate notion of morphisms be-
tween chain complexes:

Definition 3.5.5. Suppose A, and B, are chain complexes. A chain
map fo: Ae — Be is a sequence of homomorphisms f,,: A, — B, that
are compatible with the boundary maps in the sense that the squares

An—l & By1

commute, i.e. we have
afn = fnfla

for all n.
Notation 3.5.6. We define the following categories:

* grAb has graded abelian groups as objects and graded homomor-
phisms (by which we just mean sequences of homomorphisms) as
its morphisms,

® Ch has chain complexes as objects and chain maps as morphisms.
Lemma 3.5.7. S, is a functor Top — Ch.
Proof. For a continuous map f: X — Y we first define

Sing, (f): Sing,(X) — Sing,,(Y)

to be the map of sets taking : A" — X to the composite foc: A" —
Y. Then

9i(Sing,,(f)(0)) = (foo)od' = fo(cod') = Sing,_(f)(9,0).

Next we define S, (f): S,(X) — S,(Y) to be the unique homomor-
phism given by Sing, (f) on generators; thus

Sa(F) (L awor) = Y a;Sing, () (@),



ALGEBRAIC TOPOLOGY I 35

Then So(f) is a chain map: for o € Sing, (X) we have
3(Snf)(0) = Y(~1)'9;(Sing,, f)(0) = }(~1)'(Sing, _; f)(3i7) = (Su-1f)(30).

i i

We also see immediately from the definition that S, satisfies Se(f o
g) = Se(f) 0 Se(g) and Se(idx) = idg,(x), so that S, is indeed a
functor. 0

Notation 3.5.8. We often write f.: Se(X) — So(Y) for the chain map
Se(f) induced by a continuous map f: X — Y.

Lemma 3.5.9. Hy, is a functor Ch — Ab, and H, is a functor Ch — grAb.

Proof. If fo: Ae — Be is a chain map, then we want to define
H,f: Hy(As) — Hy(B.). Since f, is a chain map we have

Ofn(z) = fp_19z =0, z€Z,(A),

fu(0x) = 9(fur1x), x € Apyq,

and so f, restricts to homomorphisms Z,A — Z,B and B,A — B;B.
Thus we get a homomorphism Z,A — Z,B — H,B which takes B, A
to 0, and so factors through a canonical homomorphism H,A — H;B
(taking a class [x] to [fux]). It is clear from the definition that this
construction is compatible with composition and identities and so is
a functor. O

Combining the two lemmas, we see that singular homology is a
functor
H.: Top 2% Ch 2 grab.

This implies that if two spaces X, X’ are homeomorphic, then their
homology groups are isomorphic. We will prove later that singular
homology actually takes homotopy equivalences to isomorphism, and
so gives a functor hTop — grAb.

Notation 3.5.10. We often write f.: H,(X) — Hy(Y) for the mor-
phisms H,(f) in homology induced by a continuous map f: X — Y.

3.6 Hy and Path Components

In this section we show that the Oth homology group of a space is
closely related to the set of path components. To state this result
precisely it is convenient to introduce another concept from category
theory:

Definition 3.6.1. Suppose F,G: € — D are two functors between
the same categories. A natural transformation 1 from F to G (written
n: F — G) consists of morphisms #y: F(x) — G(x) for every x € C
such that for every morphism ¢: x — y in €, the square

F(x) — G(x)
(

|F@) |6@)

Fly) — G(y)
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commutes, meaning that G(¢)n, = 1,F(¢). We say that 1 is a natural
isomorphism if the component #y is an isomorphism for every x € C.

Exercise 3.1. If V is a vector space over a field k, consider the linear map
Ny : V. — V** to the double dual, taking v € V to the linear functional

ny(v): V¥ =k, ¢ ¢(v).

Prove that these maps are natural, i.e. they determine a natural transformation
n of functors Vecty — Vecty from the identity to the double dual. Show
that if we restrict to finite-dimensional vector spaces 1 becomes a natural
isomorphism.

Proposition 3.6.2. There is a natural isomorphism
Hy(X) 2 ZmpX, X € Top
of functors Top — Ab.

Proof. For any topological space X, we have by definition Zy(X) =
So(X) = ZX, the free abelian group on the set of points of X. The
map of sets X — 7pX taking x € X to its equivalence class [x] € mpX
is a natural transformation and induces a natural homomorphism
iy ZX — ZmyX, which is clearly surjective; we need to show its
kernel is exactly the subgroup ByX of boundaries.

Since do for a 1-simplex ¢ is dgo — 910 = (1) — ¢ (0), the subgroup
By(X) of boundaries is freely generated by x — y where x, y are points
of X such that there exists a path between x and y, i.e. x and y are in
the same path component. In particular, these generators all map to 0
under 7y, so that By(X) C ker rrx. Conversely, suppose } ¢y a(x)x
is an element of ker rx (where a(x) = 0 for all but finitely many
x € X). We can rewrite this as a sum

Z ( Z a(x)x)
aempX \xeXy

indexed over the path components X, of X, which then maps to
Yaemx (Lyex, a(x)) & in ZmoX. Since ZmoX is free, we must have
Yxex, a(x) = 0 for each path-component c. Thus the number of
positive and negative points in )", x_a(x)x must be equal, i.e. we can
write this (non-canonically) as a finite sum )} ; x; — y; where x;, y;
are points in X,. Since this is a path-component, we can choose paths
p; with p;(0) = y;, pi(1) = x;; then we have

Y a(x)x = i&pi =0 (i pi> :
X€Xq i=1 i=1

This is true for each path-component, and so we must have that
Yrex a(x)x is in By(X) as required. O

Remark 3.6.3. The naturality of the isomorphism in Proposition 3.6.2
is very useful: it lets us explicitly identify the morphism f.: Hyo(X) —
Hy(Y) induced by a continous map f: X — Y as the homomorphism
Zmo(X) — Zmp(Y) that arises by linearizing the map 7o (f): 719(X) —
mo(Y), which takes the equivalence class [x] containing x € X to the

Thus a natural isomorphism is a collec-
tion of isomorphisms that are compat-
ible with all morphisms. You can also
think of a natural isomorphism as a “ho-
motopy of functors”.



class [f(x)] containing f(x). In other words, if we write an element
a of Hy(X) = Zny(X) as a = Y' ; a;[x;] with a; € Z,x; € X, then
fe(a) = Xy ailf (xi)].

Example 3.6.4. For any topological space X there is a unique continu-
ous map X — *, which gives a homomorphism H,X — H,*. Since
H, *x vanishes except in degree 0, the only interesting part is the map
HyX — Hy*. Since the isomorphism of Proposition 3.6.2 is natural,
we can identify this with the homomorphism ZmyX — Z induced by
the unique morphism of sets 779X — *; this takes each generator in
mXtol e Z.

3.7 Hi and the Fundamental Group

Suppose X is a path-connected space. In this section we will show
that we can identify the first homology group H;(X) in terms of the
fundamental group of X.

Recall that if x is a point of X, the fundamental group 711 (X, x) con-
sists of pointed homotopy classes of loops, with the group operation
given by concatenating loops. More precisely, if we define

L(X,x):={p: I — X:p(0)=p(1) =x},

then 711 (X, x) is the quotient of L(X,x) where we identify paths
p,q if there exists a homotopy H: I x I — X such that H(s,0) =
p(s),H(s,1) = q(s) and H(0,t) = H(1,t) = x forall t € I.
By definition, L(X, x) is a subset of Sing, (X), which gives a func-
tion
a: L(X, x) — Sing; (X) — S1(X).

Here da(p) = x —x =0, so a(p) is a cycle for every p € L(X, x); we
can therefore view a as a function L(X, x) = Z;(X).

Lemma 3.7.1. The composite
L(X,x) & Z1(X) — Hy(X)
factors through the quotient 111 (X, x).

Proof. We must show that given loops p, g and a pointed homotopy H
as above, the chain q — p is a boundary. Dividing the square I x [ into
two triangles, we get inclusions U, L: A?> < [ x I given on vertices by

U(eo) = (0,0), U(er) = (1,0), Ulex) = (1,1),
L(eo) = (0,0), L(er) =(0,1), U(ex) = (1,1).
Then Ho U — H o L is a chain on X that satisfies
dHoU—HoL)=(g—d+cx)—(cx—d+p)=q—p,

where cy is the path constant at x and d is the restriction of H to the
diagonal from (0,0) to (1,1). O

We thus have a function B: 711 (X, x) — Hy(X).
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Proposition 3.7.2. Suppose p,q: I — X are paths such that p(1) = g(0).
Define a new path p x q: I — X by concatenating p and q, so that

pra(t)=1" ) 2
g2t-1), 1<t<t

Then p + q — p % q is a boundary in S1(X).

Proof. We abbreviate r := p  q. Define a continuous map ¢: A% — [
by
¢(apeo + aje +azer) = ay - % + ay,

where the g; are non-negative real numbers with ag + a1 +a; = 1.
This takes the vertices ey, e1, e, to 0, %, 1, respectively. If we identify Al
with I using the isomorphism ¢ — (1 — t)eg + teq, then the 2-simplex
ro¢: A*> — X satisfies:

do(rog)(t) =r(¢p((1—ther +ter)) = r(L5E + 1) = r(H) = q(t),
d1(rod)(t) =r(gp((1—t)eo +tex)) = r(t),

a(ro¢p)(t) = r(p((1—teg +ter)) =r(5) = p(t).
Hence d(r o ¢) = g — r + p, as required. O

Corollary 3.7.3. B: m1(X,x) — Hy(X) is a group homomorphism.

Proof. Given loops p,q: I — X at x, their product in (X, x) is
represented by the concatenation p * g as in Proposition 3.7.2. Since
p +q — p =4 is then a boundary, we have [p] + [q] = [p *q] in H1(X),
which implies that 8 is a homomorphism. O

Proposition 3.7.4. Suppose v € S1(X) is a 1-chain such that 0y = x —y
for two points x,y € X where either x % y or the point x = y occurs as a
boundary of a 1-simplex in «y. Then there exists a path p from y to x in X
such that v — p is a boundary.

Proof. Suppose v = Y.' ; a;p; with p; € Sing,(X), a; € Z. Using
Proposition 3.4.4 we may assume all the a;’s are positive: if not, replace
a;p; by (—a;)(p; ') where p; ! is p; composed with the orientation-
reversing automorphism of Al; this only changes v by a boundary.
We may then rewrite 7y as Z]-I\Ll q; where each term g; is a path; we
induct on the positive integer N (with the case N = 1 being trivial).
For the inductive step we first note there must exist some path g;
in the sum 7 such that ¢;(1) = x. If z := ¢;(0) we have v = q; + 7/
where 99/ = z — y. There are two cases to consider:

* z # y: In this case by hypothesis we can choose a path ¢’ from y to z
such that o' — ¢’ is a boundary. Then v — (7 —¢') = g; + ¢’ differs
from 7 by a boundary. Moreover, if r denotes the concatenation of
g’ and g; then g’ % q; is a path from y to x and q' +g; — ' *g; is a
boundary by Proposition 3.7.2. Then 7y — g’ * g; is a boundary.



e z = y: Then 99/ = 0. The point y need not appear as a term in
the boundary, but by hypothesis (as N > 1) if we choose a point w
that does appears as a boundary point in 9/ then we can choose
a path g’ from w to w such that 4/ — ¢’ is a boundary. Since X is
path-connected we can choose a path r from y to w, and then g :=
r* (q' xr~1) differs from ¢’ by a boundary by Proposition 3.7.2
and Proposition 3.4.4. Now we can use Proposition 3.7.2 again to
conclude that y — ¢” * g; is a boundary. O

Lemma 3.7.5. B: m1(X,x) — Hy(X) is surjective.

Proof. Suppose v is a 1-cycle on X. If v # 0 we can choose a point y
that occurs as a boundary point of one of the 1-simplices that occur
in 7. As a special case of Proposition 3.7.4 we can then choose a path
p: I — X with p(0) = p(1) = y such that [y] = [p] in H{(X). It
therefore suffices to show that [p] is in the image of B. Since X is by
assumption path-connected, we can choose a path g from x to y. Since
g+ q oo is a boundary by Proposition 3.4.4, [p] is also represented by
g+ p + g o 0; by Proposition 3.7.2 this cycle represents the same class
as that of the loop p’ obtained by concatenating the paths g, p, and
g o o, which is a loop at x and so in the image of B, as required. [

Definition 3.7.6. Let G be a group. The commutator subgroup |G, G| C

G is the (normal) subgroup generated by the commutators in G, i.e.

the elements of the form ghg~'h~! for ¢,h € G. The abelianization of
G is the quotient G := G/[G, G].

Lemma 3.7.7. If H is an abelian group, then every group homomorphism
¢: G — H factors uniquely through the abelianization G, which is an
abelian group.

Proof. Since H is abelian, we have ¢(g)¢p(h) = ¢(h)p(g) for all g, h €
G, which means ¢(ghg~'h~') = 1 so that ¢ factors through the
quotient. If [¢] denotes the image of ¢ € G in G then we have
[gl[h] = [gh] = [hg] = [h][g] since the quotient identifies gh and
hg. O

Since Hj(X) is abelian, the homomorphism B factors uniquely
through a surjective homomorphism 7: 7y (X, x)2® — Hy(X).

Proposition 3.7.8. The homomorphism y is injective.

Proof. Since X is path-connected, we can choose for every point
y € X a path py: I — X with p(0) = x,p(1) = y; we assume
that py is the constant path at x. We can then define a function
A: Sing, (X) — L(X, x) by

9 Pa(o) * (7% Py,

where we extend the notation for contatenation to paths that are not
loops in the obvious way. Note that if g is a loop at x then A(q) is
homotopic to g (since py represents the identity in the fundamental

group).

ALGEBRAIC TOPOLOGY I 39

This proof uses the Axiom of Choice,
but this is not really necessary.
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Since 71 (X, x)2 is an abelian group, the composite
Sing;, (X) EiN L(X,x) = m(X,x) = m (X, %)%

extends uniquely to a homomorphism A: S1(X) — 71(X, x)?P. Now
if g is a loop at x, we see that A(g) is precisely the image in the quotient
11 (X, x)? of the element of the fundamental group represented by
the loop g.

We claim that the restriction A takes boundaries to 0. To see this,
consider a 2-simplex c: A?> — X; we must show that A(dc) = 0. By
definition we have

o = 80(7 — 810’4— 82(7,

so that A(do) is represented by the loop
A(070) * A(dy0) * A(ala)*1 > Poley) * 070 * p;(lel) * Po(ey) * QU * p;(lgz) * Po(ey) * (810)’1 * p;(lgo)

> P(ey) * 020 * Do * (010) 1 % p;(leo).

Since the 2-simplex o gives a nullhomotopy of the loop 9,0 * dyo *
(910)~1 at o(ep) that goes around the boundary of o, we see that
A(90) is indeed 0.

It follows that A|7, (x) factors through a homomorphism A": Hy (X) —
711 (X, x)2, which satisfies A’y = id since by construction for a loop q
at x the image of (q) under A’ is the image of g in 711 (X, x)®. We
conclude that v must be injective, as required. O

Combining our results in this section, we get:

Theorem 3.7.9. If (X, x) is a path-connected pointed space, there is an
isomorphism
(X, %)% = Hy (X).

Remark 3.7.10. More precisely, this is a natural isomorphism of
functors Top, — Ab.

3.8 Disjoint Unions

Definition 3.8.1. Given abelian groups A; (i € I), their direct sum
@ic1 A is the subset of the cartesian product [];c; A; consisting of
lists (a;);es (a; € A;) where a; = 0 for all but finitely many I, with the
addition given componentwise.

Exercise 3.2. Let A;,i € I be a collection of abelian groups indexed by a set
I, and define the inclusion [;: Aj — @jcr A; by Ij(a) = (a;)je; Where a; = a
and a; = 0 otherwise. Show that the I;’s exhibit the direct sum ;c; 4; as

the I-indexed coproduct in Ab, i.e. given homomorphisms ¢;: A; — B there
exists a unique homomorphism ¢: @;c; A; — B with ¢; = ¢ o I;.

Exercise 3.3. Given sets T;, i € I, show that there is a natural isomorphism

Z <ITIT1~> & EPZI}.

[Hint: We can view the left-hand side as consisting of functions f: [[; T; = Z
that are 0 except at finitely many elements, while the right-hand side consists
of a family of functions f;: T; — Z that are all zero except at finitely many
elements, and such that f; = 0 except for finitely many indices i.]



Exercise 3.4 (Direct sums commute with quotients in Ab). Show that given
abelian groups A; with subgroups B; C A; for i € I, there is a canonical
isomorphism

P Ai/B; = <@Ai> / <€B B,-) .

i€l iel i€l
[Hint: Show that homomorphism @;c; A; — @jc; Ai/B; (defined as the

sum of the quotient maps) exhibits the target as the quotient by @;.; B;, by
checking it satisfies the universal property of the quotient.]

Proposition 3.8.2. For topological spaces X; (i € 1) there is a natural
isomorphism

H, (]_[x,) =~ (P H.(X)).

iel i€l
Proof. Since A" is connected, any n-simplex o: A" — [[; X; must lie
in one of the X;’s. Thus we have Sing, (I [; X;) = I; Sing,, (X;).
By Exercise 3.3 this implies that we have a natural isomorphism

S <HXi> = B Su(X;).

Moreover, the boundary map o for [ [; X; decomposes as the sum of
the boundary maps for each Xj, so that

Zn (fo> =P Zu(Xi),  Bu (L[Xi> = P Bu(Xi),

and so
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We can write A" = [[;0~!(X;) where
the preimages ¢~ 1(X;) are disjoint open
subsets, hence all but one must be
empty.

Hy (HXi> = @Zn(xi)/ EDBn(Xi) = @Zn(Xi)/Bn(Xi) = EBHn(Xz‘),

where the second isomorphism is that of Exercise 3.4. O

Example 3.8.3. Let S be a set, equipped with the discrete topology.
We can identify this topological space with [ [ *. Since we already
computed H, (*) we can conclude

1%
*
L
=

H.(S) = € H. (%) 0

seS ZS, * = 0.






4
Relative Homology and Long Exact Sequences

In this chapter we first introduce relative homology for a pair (X, A)
(where A is a subspace of X) in §4.1 and exact sequences in §4.2, where
we also prove that there is a long exact sequence that relates the
relative homology of (X, A) to the homologies of the spaces X and
A. We generalize this construction in §4.3 where we see that any
short exact sequence of chain complexes give a long exact sequence
in homology.

The long exact sequence for relative homology is one of the key
properties of homology, known as the Eilenberg—Steenrod axioms, which
we state in §4.4 (we will prove them later). Perhaps the most important
of these axioms is the excision axiom, which we reformulate in §4.5
as an isomorphism between the relative homology of (X, A) and
the reduced homology of the quotient X/ A, under some technical
assumptions on the pair (X, A).

Using the Eilenberg-Steenrod axioms we can compute the ho-
mology of the n-sphere S"” in §4.6. In §4.7 we then look at some
topological applications of the homology groups of spheres.

In §4.8 we construct another long exact sequence, the Mayer—Vietoris
sequence, which allows us to compute homology by decomposing a
space into two parts whose homology we know. Finally, in §4.9 we
use our computation of the homology of 5" to extract from every
continuous map f: S" — S" an integer, the degree of f, and discuss
how to compute this.

4.1 Relative Homology

Definition 4.1.1. Suppose (X, A) is a subspace pair, i.e. a pair consisting
of a topological space X and a subspace A C X. Then Sing, (A) is
a subset of Sing, (X), which makes S,,(A) a subgroup of S, (X). We
then define the group S, (X, A) of singular n-chains on X relative to A
as the quotient

Su(X,A) = S, (X)/Sn(A).

Since the boundary map 9: S,(X) — S,_1(X) takes the subgroup
Sx(A) into S,_1(A), it induces a homomorphism on quotients

9: Sy(X,A) = S,_1(X, A),
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which again satisfies 3" = 0. This means that (Se(X,A),0) is a chain
complex, so that we have homology groups

H.(X,A) := H.(Se(X, A)),

the (singular) homology of X relative to A, or relative homology of
(X, A).

Let us unpack the definitions and make it a bit more explicit what
is going on here:

e First of all, an element of 5,(X, A) is an equivalence class [x| of
chains x € S,(X), where [x] = [x'] if x — ’ lies in the subgroup
S4(A), i.e. is a linear combination of simplices whose images lie in
the subspace A C X. (Informally, [x] = [x'] means that the chains
x and x’ agree outside of A.)

* Such a class [x] is a cycle if d[x] = [0x] = 0 — this means that
the boundary of x only contains (n — 1)-simplices in A, i.e. the
boundary of x lies in the subspace A.

* On the other hand, [x] is a boundary if [x] = d[y] = [dy], which
means that x — dy lies in S, (A). In other words, we can write x as
a boundary plus a chain in A.

¢ A relative homology class in H,(X, A) is then represented by a
relative cycle [x]|, which in turn is represented by a chain x whose
boundary lies in A.

Remark 4.1.2. The relative homology H (X, A) is in some sense the
part of the homology of X where we ignore A. We’ll make this more
precise later, but the basic idea is that we can (sometimes) compute
the homology of X by computing H.(A) and H,(X, A) separately,
and then putting them back together.

Construction 4.1.3. Any n-cycle on X is in particular a relative cycle,
and any boundary is a relative boundary, so we have a canonical
homomorphism H,(X) — H,(X,A). We can also make a homo-
morphism 9: H,(X,A) — H,_1(A), called the boundary map, as
follows:

* Suppose the homology class yH, (X, A) is represented by a relative
cycle [x] € Z,(X, A). Then dx is a chain in S,,_1(A). Since 0> = 0
we see that dx is a cycle, but it is not necessarily a boundary in
Se(A) (it is a boundary in S¢(X), but it need not be the boundary
of any chain on A). Thus dx represents a homology class [dx]| €
Hypq (A)

¢ We claim that this homology class is independent of the choice of
representative [x] and x. First of all, if [x] = [x/] then x —x" is a
chain in A; then we have dx’ = dx + d(x — x’) so that [0x'] = [dx]
in H,_1(A) since d(x — x’) is a boundary in A.

* Second, if <y is also represented by [y], then [x] = [y] +9[z] =
[y + 9z]. By the previous point, this means [0x] = [dy + 0°z] = [9y],
as required.



This shows that we have defined a function 0: H, (X, A) — H,_1(A);
to check that this is a homomorphism it is enough to observe that we
can represent a sum in Hy (X, A) by a sum of representatives.

The three maps H,(A) — Hy(X) (coming from the inclusion A —
X), Hy(X) — Hn(X,A), and 9: H,(X, A) — H,,_1(A) fit together in
a precise way: they form a long exact sequence.

4.2 Exact Sequences

Definition 4.2.1. A (bounded or unbounded) sequence of abelian
groups and homomorphisms

'”An+1f”—+1>Anﬁ>Anfl_>"'

is exact at A, if ker f, = im f,, 1. The sequence is exact if it is exact
at A, for all n (excluding the end points, if there are any, where
the definition doesn’t make sense). A long exact sequence is an exact
sequence that’s unbounded in both directions.

Remark 4.2.2. If

"'An+1£>Anf_n>An—l_>"'

is a long exact sequence, then in particular ker f, = im f, ;1 so that
fn© fur1 = 0. Thus (A., fo) is a chain complex. Conversely, a chain
complex A, is an exact sequence if and only if H,(A) = 0 for all n.

Examples 4.2.3. We can express several common algebraic notions in
terms of exactness:

i o0—A L> B is exact if and only if f is injective,

(i) A i> B — 0 is exact if and only if f is surjective,

(iii) 0 - A i) B — 0 is exact if and only if f is both injective and

surjective, i.e. an isomorphism.

Definition 4.2.4. A short exact sequence is an exact sequence of the
form

0sALBLcoo.

The exactness conditions amount to saying

* i is injective,

® g is surjective,

* imi = kerq.

Thus the short exact sequence exhibits C as the quotient B/ A.

Here is a key property of exact sequences.
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Lemma 4.2.5 (The 5-Lemma). Suppose we have a commutative diagram
of abelian groups and homomorphisms

A 1 A2 A 3 A4 A5
I
By B, Bs By Bs

where the rows are exact and w1, ap, ag, a5 are all isomorphisms. Then as is
also an isomorphism.

As with many proofs in homological algebra, this is far more
instructive to work out by oneself:

Exercise 4.1. Prove the 5-Lemma.

Exercise 4.2. Suppose we have an exact sequence

(Al B chpiLE...)

Show that there is a short exact sequence
0 — coker f = C — keri — 0,

where the cokernel coker f is the quotient B/ im f. (Thus we can in a sense
“decompose” a long exact sequence into a series of short exact sequences.)

Exercise 4.3. Let0 — A X B4 € — 0 be a short exact sequence (SES).
A splitting of the SES is a section s: C — B, so that gs = id¢. (The SES is
splittable if a splitting exists, while a split SES is a SES together with a choice
of splitting.)
(i) Show that a splitting s induces an isomorphism A & C =+ B. [Note that
different splittings can give different isomorphisms.]
(ii) Show that if C is a free abelian group then the SES above is splittable.

[Hint: Use the universal property of free abelian groups.]

(iii) Give an example of a SES that is not splittable.
Let’s return to the case of relative homology:

Proposition 4.2.6. Let (X, A) be a subspace pair. Then the sequence of
homomorphisms

o Ho(A) 5 Ho(X) L Ho(X, A) S Hyq(A) — -

is a long exact sequence. Here i, is induced by the inclusion i: A — X, g«
arises from the quotient map Se(X) — Se(X, A), and 0 is the boundary
map defined above.

Proof. We must show that the composite of any pair of adjacent maps
is zero, which we can interpret as im C ker at every point in the
sequence, and that the sequence is exact, which is equivalent to the
additional condition ker C im at every point. Since there are three
kinds of groups in the sequence, this means we have 6 things to check:

e imi, C kerg,: Given a homology class [«] € H,(A) represented
by a € 5,(A), the image i.[a] is represented by i,a € S,(X); this
chain lies entirely in A, so it goes to 0 in S, (X, A). In particular,



* img, C kero: Suppose [y] € H,(X) is represented by a cycle
¥ € Zy(X). Then q[7] is represented by the image of v in the
quotient S, (X, A), and 9q.[7] is represented by dy — but v is a
cycle, so this is indeed 0.

e imod C keri,: Suppose [[B]] € Hn(X,A) is represented by B €
Sx(X) with 0f € S;,_1(A). Then 9[[B]] is represented by dB. The
image of this in S, _1(X) is a boundary, and so represents 0 in
Hyq (X)

e kerg, C imi,: Suppose q«[y] = 0, where [y] € H,(X) is repre-
sented by a cycle ¢ € S,(X). Then the image of v in S,(X, A) is a
boundary, meaning there exists f € 5,41 (X) such that o := v — 9p
lies in S, (A). But then [y] = i, [a] in H,(X), as required.

e kerd C img,: Suppose [[B]] € Hu(X,A) is represented by p €
Su(X). If 0[[B]] = 0in H,,_1(A), then 9B is a boundary in S,,_1(A),
so there exists a € S, (A) such that 9 = da. Then f — « is a cycle
in S, (X), and [[B]] = g.[p — al.

e keri, C imo: Suppose [«] € H,(A) is represented by a € S,(A)
and i.[a] = 0. That means « is a boundary in S,(X), i.e. there
exists v € S,11(X) with 0y = a. In particular, the boundary of vy
lies in A, so 7y represents a class [[y]] € H,+1(X, A). By definition
we then have [a] = 9[[v]], as required. O

Remark 4.2.7. We will soon see that there is an alternative descrip-
tion of relative homology, which will make it possible to carry out
computations using this long exact sequence.

Example 4.2.8 (Reduced homology). Let’s look at a very simple ex-
ample of relative homology: Let (X, x) be a pointed space (i.e. x is
a point of X). If we don’t want to explicitly denote the point x, we
often write

H.(X) := H.(X, x),

and call this the reduced homology of X. We have a long exact sequence
oo = Hy(*) = Hpy(X) = Hp(X) = Hy (%) — -+
If n > 1 then both H, (%) and H,_1(*) are 0, so H,(X) = H,(X).
That leaves us with the end of the long exact sequence,
0 — Hy(X) — Hi(X) — Ho(x) — Ho(X) — Ho(X) — 0.

We computed Hy, so we know Hy(*) = Z, Hy(X) = ZmpX, and the
map Hy(x) — Hp(X) takes 1 € Z to the generator [x] € mpX. In
particular this map is injective, so Hy(X) — Hp(*) must be the zero
map, and so H;(X) — H;(X) is surjective; thus Hy(X) = Hy(X).
Finally, we see that Hy(X) is the quotient

Ho(X)/Z[x] = Z(7o(X) \ {[x]})-

In particular, if X is path-connected then

) H.(X), *>0,
H*(X)g{o . I—o
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Example 4.2.9 (H.(I,9I)). Let’s look at the subspace pair (I,9I) where
I = [0,1] is the closed unit interval and dI = {0,1} is its boundary,
i.e. the two end points. The space I is contractible, i.e. homotopy
equivalent to a point. We will see later that homology takes homotopy
equivalences to isomorphisms; assuming this for now, we have an

Z, n=0,
0, n#0.

On the other hand, dI is the disjoint union of two points (with the

isomorphism

1

Hy(I) = Hp(x)

discrete topology), so we have

Z®Z, n=0,

Hy(91) 2 Hy({0}) ® Hu({1}) = {o n#0

We can then use the long exact sequence of the pair (I,9I) to find the
relative homology groups H,(I,9I) — we will later see that these are
isomorphic to Hy(I/9I) so this computes the reduced homology of
the circle S = /9.

For n > 1 the part of the long exact sequence surrounding Hy, (I, dI)
looks like

-+ — Hy(I) = Hy(I,9I) = H, 1(dI) — - - -,

where H, (I) = H,,_1(dI) = 0. This means we also have H,(I,dI) = 0:
by exactness the image of Hy(I) is the kernel of the map to H,,_1(9I)
— but H,(I) = 0 so its image is 0, and since H,,_1(dI) = 0 the kernel
is all of Hy,(I,9I), which means

H,(L,dI) =0, n>1.

To understand the remaining cases n = 0,1 we look at the “tail” of
the long exact sequence:

-+ = Hy(I) — Hi(1,81) — Ho(31) & Ho(I) — Ho(L,31) — 0,
which becomes
0— Hy(I,dl) - Z&Z % Z — Hy(I,01) — 0

after plugging in the homology groups we already know. By ex-
actness we see that Hy(I,9I) is the kernel of the homomorphism «
and Hy(I,0I) is the cokernel of a. But here & is the homomorphism
iv: Ho(oI) — Hy(I) induced by the inclusion i: d] < I, which we
have identified with the homomorphism Zry(dI) — Zry(I) induced
by i on path components. Both components of dI are sent to the
unique component of I, so identifying Z(dI) with Z & Z by iden-
tifying the generators with (1,0) and (0,1), we see that « is given
by a(a,b) = a+ b. Hence kera is the subgroup of Z & Z generated
by (1, —1), which is isomorphic to Z, while cokera = 0 since « is
surjective. In summary, we have shown

Z, n=1,

H,(I,dI) = {0 i1



4.3 Short Exact Sequences of Chain Complexes

We can generalize the construction of the long exact sequence for
relative homology to obtain a long exact sequence from any short
exact sequence of chain complexes. This is an important tool in
homological algebra that we will use several variations of later on in
the course, so we take the time to introduce this here.

Definition 4.3.1. Suppose is: Ae —+ B, is a chain map such that each
homomorphism i, is injective. Then we can define a quotient chain
complex C, := Bo/Ae with C, := B,/ Ay since we have commutative
squares

Ay —" B,

bl

In—
An—l ” Bn—l

the boundary map B, — B,,_; induces a homomorphism 9: C, —
Cn—1 which again satisfies 3 = 0. Note that the quotient maps
qn: By = By /Ay give a chain map qe: Be — C.

Example 4.3.2. If (X, A) is a subspace pair, then the relative singu-
lar chain complex S¢(X, A) is precisely the quotient chain complex

Se(X)/Se(A).

Definition 4.3.3. A short exact sequence of chain complexes consists of
chain maps

0— Ae =B, 5 ¢y =0
(where we write 0 for the chain complex with 0 in each degree) such

that .
0= A, B, I C, =0

is a short exact sequence for every n.

Construction 4.3.4. Continuing the notation of Definition 4.3.1, we
have for every n homomorphisms of homology groups

Hy (i) ) Hy(q)

Hy(A)

H,(B Hy (C).

Just as in Construction 4.1.3 we can use the boundary map for B to

define another homomorphism H,(C) LN H, 1(A):

* Suppose [c] is an element of H,(C); this is represented by an
element ¢ € C,, = B,,/ A, such that 9c = 0in C,,_1.

* Since g, is surjective, we can choose b € B, such that ¢ = g,(b).
Then dc = g, 1(db) and dc = 0 means that db lies in kerg, 1 =
imi,_1 and so b = i,_1(a) for a unique elementa € A,_;.

e Then i, 2(da) = di,_1(a) = 9*b = 0, so as i,_; is injective we
have da = 0. Thus a is a cycle and represents a homology class
[a] € Hy,—1(A). (Note that a is not necessarily a boundary, even
though its image in B,,_; is a boundary.)
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* We claim the class [a] is independent of the choices we made.
First suppose b’ is another element such that g,(b’) = ¢, with
ob' = i, 1(a’); then b’ — b is in kerg, = imi, so there exists a
(unique) element x € A, with b’ — b = i,(x). Thus

in_1(a —a) =9b —9b = 9iy(x) =i, 1(9x),

and so ' —a = 0x, ie. 4’ and a differ by a boundary, hence
[a'] = [a].

¢ Next suppose ¢’ is another element of C, that represents [c], so
¢ =c+9dy withy € Cpyyq. If y is the image of z € B, ;1 then one
lift of ¢’ is b + 9z, with 9(b + 9z) = 9, giving the same element of
Ap_q.

We thus have a well-defined map of sets 9: H,(C) — H,_1(A), and it
is now easy to see that this is a homomorphism: for [cl] [ 2] in Hn( ),
with preimages b, b, in By, the homology class d([c1] + [c2]) = 9([c1 +

cz]) is the class represented by the preimage of d(by + bp) = dbj + db;.
In addition, we have

® doH,(gs) =0, since for [c] = H,(gn)[b] we can choose the preim-
age to be b with db =0,

® i, 100 = 0since d[c| is represented by the preimage of a boundary
in Bn—l-

Exercise 4.4. Given a commutative diagram of chain complexes and chain
maps

0 Ae B. Ce 0
I A .
0 Al B, C, 0,

where the rows are exact, check that the boundary map on homology gives
commutative squares

Hy (C/) L Hy (A/)'

Exercise 4.5. Suppose A C B are subspaces of a topological space X, and
the inclusion i: A < B induces isomorphisms i.: H,(A) = H,(B) for
all n. Prove that the natural homomorphism H, (X, A) — H,(X, B) is an
isomorphism for all n. [Hint: Use the 5-Lemma and Exercise 4.4.]

Proposition 4.3.5. From a short exact sequence of chain complexes as above
we get a sequence of homology groups and homomorphisms

Hy (i) Ha(q)

- Hy(A) % 1, (B) = HA(C) S Hy 1 (A) — -+

This is a long exact sequence.

In other words, a short exact sequence of chain complexes gives a
long exact sequence in homology. We leave the proof as an exercise,
since it is really the same as that we did above in Proposition 4.2.6 for
relative homology.



Exercise 4.6. Let 0 — A, LN Bo % C, — 0 be a short exact sequence of
chain complexes. Show that the induced sequence of homology groups

Ha(i)

Hu(q)
y 2l

—>Hn(A) Hn(B I_I;'I(C)3>H7171(A)—>

is a long exact sequence.

4.4 The Eilenberg—Steenrod Axioms

We can now articulate the key properties of homology, in the form
of the axioms given by Eilenberg and Steenrod. We will eventually
prove that these are satisfied for our definition of homology, but for
the next part of the course we will instead assume they hold and use
them to compute some examples of homology groups.

Definition 4.4.1. Let Pair be the category whose objects are pairs
(X, A) where X is a topological space and A C X is a subspace, with
amorphism f: (X, A) — (Y, B) given by a continuous map f: X — Y
such that f(A) C B. If f,¢: (X, A) — (Y, B) are morphisms in Pair,
a homotopy from f to g is a map H: (X x [0,1],A x [0,1]) — (Y, B)
in Pair such that H(-,0) = f, H(-,1) = g. (In other words, H is a
homotopy from f to g such that H(a,t) € Bforalla € A,t € [0,1].)
We say two maps of pairs f,g: (X, A) — (Y, B) are homotopic if there
exists a homotopy between them in this sense.

Notation 4.4.2. If A C X is a subset of a topological space, we write
A° for the interior of A, the largest open subset of X contained in
A, and A for the closure of A, the smallest closed subset of X that
contains A.

Definition 4.4.3 (Eilenberg—Steenrod). An (ordinary) homology theory
consists of

e functors hy,: Pair — Ab, n € Z (we abbreviate h,(X) := h,(X, D)),
e natural boundary maps d: 1, (X, A) — h,,_1(A), so that the squares
(X, A) =2 Iy 1 (A)

|mi) |1
ha(Y, B) —= Iy _1(B)
commute for every map f: (X, A) — (Y, B),
with the following properties:

(1) (Long exact sequences) For every pair (X, A), the sequence of
maps

o g (A) = (X)) = By (X, A) S iy 1 (A) = -

induced by the maps of pairs (A,@) — (X,®) — (X,A), is a
long exact sequence.

(2) (Homotopy axiom) If f,g: (X, A) — (Y, B) are homotopic, then
hu(f) = hn(g) foralln € Z.
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(3) (Excision axiom) For (X, A) € Pair, if U C A is a subset such that
U C A°, then the homomorphisms

ha (XA U, A\ U) = ha(X, A)

induced by the inclusion (X \ U, A\ U) — (X, A), are isomor-
phisms for all n € Z.

(4) (Additivity axiom) If X = [];c; X; is a disjoint union, then the
inclusions X; < X induce an isomorphism

D hn(Xi) = hu(X)

iel
for all n.
(5) (Dimension axiom) h, (*) = 0 if n # 0.

Remark 4.4.4. Eilenberg and Steenrod showed in 1945 that (if we
restrict to a class of “reasonable” spaces) there is for every abelian
group A a unique ordinary homology theory in this sense such that
ho(*) = A. We will prove later that singular homology satisfies the
axioms and so is indeed a homology theory in this sense. (We have
already proved all but two of the axioms, namely the homotopy and
excision axioms, but these are also the less formal ones!) Before we
do so, we will explore some consequences of the axioms, and in
particular the excision axiom.

Remark 4.4.5. Note that the homotopy axiom implies that a homotopy
equivalence induces isomorphisms in homology: If f: X — Y is a
continous map with homotopy inverse g: Y — X, so that there are
homotopies between gf and idx and between fg and idy, then for
the induced homomorphisms

fsr Ho(X) = Hio(Y), g+: Ho(Y) = Hio(X)
the homotopy axiom together with functoriality implies

fig« = (fg)s = (idy)« = idp,y,

so that f, is an isomorphism with inverse g.

gxfr = (8f) = (idx)« = idn,x,

Exercise 4.7. Suppose hy is an ordinary homology theory satisfying the
Eilenberg-Steenrod axioms.

(i) Suppose X = [lic; X; is a coproduct and A; C X; is a collection of
subspaces. If A :=][;c; A;, show that the inclusions (X;, 4;) < (X, A)
induce an isomorphism

P hi(Xi, Ai) = he(X, A).
i€l
[Hint: Use the long exact sequence.]
(i) If (X;, x;) is a collection of pointed spaces, their wedge is the quotient
space

\/Xi = <HX1> /{xiZiEI}

icl i€l

If we drop the dimension axiom, there
are many interesting examples of ho-
mology theories, such as K-theory and
cobordism theory, which are no longer
determined by their value at the point.
These are sometimes called extraordinary
homology theories, and are the starting
point for the subject of stable homotopy
theory.

We will also define a variant of singular
homology with coefficients in an abelian
group A, which gives the ordinary ho-
mology theory with fig(*) = A.



where we identify all the base points to a single point x. Show that if
(X;, {x;}) is a good pair for every i then there is a canonical isomor-
phism

Ph(Xi) =h(\ Xi),

i€l i€l

where for a pointed space (X, x) we write /1. (X) := h. (X, x).

4.5 From Excision to Quotients

The excision axiom is in a sense the crucial axiom that allows us to
do some computations. Before we do so, it is convenient to give a
reformulation of it in terms of quotients of spaces:

Definition 4.5.1. Suppose X is a topological space and A C X is a
subspace. The quotient X/ A is the quotient space X/ ~ where ~ is
the relation generated by x ~ x’ if either x = x’ or x and x’ are both
in A. (Equivalently, this is the pushout

A—— X

I

x —— X/A
in Top.)

Definition 4.5.2. A pair (X, A) € Pair is called a good pair if there exists
a subspace B C X such that A C B° and A — B is a deformation
retract, i.e. there exists a retraction p: B — A of the inclusion i: A —
B and a homotopy B x I — B from id to ip, which we furthermore
require to satisfy H(a,t) € Aforalla € A,t € 1.

Proposition 4.5.3. Suppose (X, A) is a good pair. Then the map
Hy (X, A) = Hy(X/A,*)
induced by (X, A) — (X /A, x) is an isomorphism for all n.

Proof. Choose B as in Definition 4.5.2. We then have a commutative
diagram of pairs

(X, A) — 5 (X,B) e« (X\ A,B\A)

| | J¢

(X/A,%) — (X/A,B/A) «L— (X/A)\ % (B/A)\ %).

We want to show that the left vertical map gives isomorphisms in
homology. To see this we will check that all the other maps in the
diagram give isomorphisms:

* kis a homeomorphism of pairs.

® j gives an isomorphism by the excision axiom (which we can apply
to A by our assumption).

® The same holds for j since by definition of the quotient topology
we have {*} C (B/A)°.
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This is really a very mild condition, so
arguably it would be more correct to say
that pairs that don’t satisfy this condition
are bad or pathological.
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* Looking at the right square we see that the middle vertical map
gives isomorphisms in homology, since this is true for the three
other maps in the square.

¢ The inclusion A — B gives an isomorphism H,(A) — H,(B) for
all n, by the homotopy axiom, and so by Exercise 4.5 the map
H,(X,A) — Hy(X, B) induced by i is also an isomorphism.

* The same argument applies to 7: By assumption we have a retrac-

tionB 5 A< B fixing A, which induces B/ A LINRIEN B/A, and
a homotopy B x I — B between p and the identity that takes A to
itself; this induces a homotopy B/A x I — B/ A between p and
the identity, so * C B/ A is also a deformation retract.

We can then conclude the left vertical morphism gives isomorphisms
in homology, since we know this for the three other maps in the left
square. O

4.6 Homology of Spheres

Now we are finally in a position to compute the homology of the
n-dimensional sphere S".

Z, *=0,n,

Proposition 4.6.1. For n > 0, H,(S") &
0, otherwise.

Proof. We consider the long exact sequence for the pair (D",9D"),
which looks like

e — HZ(BD”) — H,(Dn) — Hi(D”,aD”) — Hi_l(BD”) — .

Here D" = §"~!, while D" is contractible, so the homotopy axiom

Z, i=0,
0, otherwise.

Moreover, by Proposition 4.5.3 we have an isomorphism

implies

1%

H;(D") = H;(x)

H;(D",9D") = H;(D" /dD", %) = H;(S").
Thus we can express the long exact sequence as
s = Hi(%) = Hi(S") = Hi1 (") = Hi_q(x) = - -

If i > 1 then we get H;(S") = H,;_1(S""!), while at the end of the
exact sequence we have

0 — Hy(S") — Hy(S" ') = Hy(x) — Hy(S") — 0.

We already considered the case n = 1 in Example 4.2.9, so we may
assume 7 > 1. Then S"~! is path-connected and Hy(S"~!) — Hy(*)
is an isomorphism, so we also have H;(S") = Hy(S") = 0. From this
the result follows by induction (using Example 4.2.8 to pass between
reduced and unreduced homology). O



The computation of H,(S") will play an important role later on
in the course, so it is worth looking at it a little more carefully, and
explicitly identify a generator of the free abelian group H, (5"):

Proposition 4.6.2. The homology class [q] represented by the quotient map
g: A" — A" /oA™ = S" is a generator of H,(S") = Z.

We have to go back to our computation of H.(S") and work out
the generator inductively. Instead of the long exact sequence for
(D",0D") we could just as well have looked at the homeomorphic
pair (A",dA"). Then we identify H, (S") through the isomorphism

g : Hy(A",0A") = H,(S"),

induced by the map of pairs g: (A",0A") — (A" /IA", x). We first see
what the class [g] corresponds to under this isomorphism:

The identity map of A" is a singular n-simplex of A”; it is not a
cycle in So(A"), but its boundary lies (tautologously) in dA" and so
idan determines a class I,, = [idan] € H, (A", 9A™). Going back to the
definition of the homomorphism g. we see that g.[c] = [g o ¢] and so

Giln = [qoidan] = [g].
We can therefore reformulate the proposition as:
Proposition 4.6.3. The homology class I, € H, (A", dA") is a generator.
We will prove this by induction, using the following observation:

Lemma 4.6.4. For n > 1 there is an isomorphism
H,(A",0A") = H,_1 (A" 1,0A"1),
under which I, corresponds to I, 1.

Proof. In the long exact sequence for the pair (A", dA™), we saw that
the boundary map

9: Hy(A",0A") =5 H,_4(3A™)

is an isomorphism.

From the definition of the boundary map we have that dI, is
represented by didar = ¥;(—1)'d' in S, _1(dA") (where we think of
the face map d' as an inclusion A"~! < 9A").

To complete the proof we want an identification of H,_1 (0A") with
H,_1(A"1,0A"1) under which the class represented by ¥;(—1)'d’
corresponds to ;1.

Let A} denote the subspace of A" where we remove the interior
of the ith face (so this is the union of all but one face in A"). (This is
known as the ith horn of A".) We have continuous maps of pairs

(A"1,98m1) s @a", ALY (27, %),

where the first is the inclusion of the Oth face and the latter picks out
some point in Afj. Both give isomorphisms in homology: the first
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For n = 1, this also follows from the iso-
morphism 71;S! 2 H;S!, since g corre-
sponds to the identity of S, a generator
of m Sl.
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by excision and the second by the homotopy axiom and Exercise 4.5
(since the point is a deformation retraction of Afj). We thus have
isomorphisms

0
Hy_ (A", 00" & |, (aa", ALY & H,_i (98",

Here d%I,_1 = [d° oidyu1] = [d°] (which is a relative cycle since
its boundary lies in Aj). On the other hand, the alternating sum
Yi(—=1)'d"in S,,_1(dA", ) is also taken to [dg] in H,_1(9A", A}) since
the other terms lie in S,,_1 (Af)).

Thus under the composite isomorphism H,_1(A""1,0A""1) =
H, _1(9A") the class I, 1 is identified with 91, as required. O

Proof of Proposition 4.6.3. The lemma implies that, for n > 1, the class
I, is a generator in H,(A",0A") if and only if I,, 1 is generator in
H, (A" 1,0A""1). By induction, this means it’s enough to show
that I; is a generator in Hy(A!,dA'). Here we saw that the boundary
map Hy(A',0A!) — Hy(dA') = Z & Z corresponded to the injective
map Z — Z ® Z taking 1 to (1,—1). But (1,—-1) = (1,0) — (0,1) is
(up to ordering the two points in dA!, and so up to a sign) precisely
9I;, which is represented by d’ — d!. Hence I; is a generator as
required. O

4.7 Topological Applications

Let’s discuss some topological applications of this computation. First
of all, we have:

Corollary 4.7.1.
¢ The sphere S" is not contractible for any n.
e The spheres S™ and S™ are not homotopy equivalent if n # m.

Proof. This is just because we know H, (S") is not isomorphic to the
homology of a point, or to H.(5™) when m # n. O

Corollary 4.7.2 (Invariance of dimension). The Euclidean spaces R" and
R™ are not homeomorphic if n # m.

Proof. Suppose ¢: R" — R is a homeomorphism. Then it restricts
to a homeomorphism R" \ {0} — R™\ {¢(0)}. But the inclusion
i: S"1 < R"\ {0} is a deformation retract (and so in particular a
homotopy equivalence): we can define a retraction p: R" \ {0} —
S" by x é—‘ with homotopy H: R" \ {0} x I — R"\ {0} given
by H(x,t) = (1 —t)p(x) + tx. Since homotopy equivalence is an
equivalence relation we see that S"~! is homotopy equivalent to S 1,
contradicting the previous corollary. O

Corollary 4.7.3. The inclusion i: S"~1 22 9D" < D" does not admit a
retraction.



Proof. Suppose we had a retraction p: D" — S"~1, so that pi = idgu-1.

Then since homology is functorial we would have H.(p) o Hy(i) =
idg, (gn-1)- But then in degree n —1 we’d have composites

Hy,_1(p) Hy1(i)

Z 0

Z, (n>1)

zoz 20, 7 B0, 707, (n=1),

both of which clearly can’t be the identity. O

Remark 4.7.4. Note that here we used not just the homology groups
but also the homomorphisms arising from continuous maps.

Corollary 4.7.5 (Brouwer’s fixed point theorem). Any continuous map

D" i> D" must have a fixed point, i.e. there is some point x € D" such that

f(x) =x.

Proof. Suppose f does not have a fixed point. Then we can define
p: D" — D" to take x to the point where the ray from f(x) to x
intersects 0D". This is continuous and if x € dD" then by construction
p(x) = x. Thus p is a retract of the inclusion dD" — D", contradicting
our previous corollary. O

4.8 The Mayer—Vietoris Sequence

Now we’ll derive a variant of the long exact sequence of a pair that
is often more convenient for computations. We start with a purely
algebraic version:

Proposition 4.8.1 (Algebraic Mayer—Vietoris sequence). Consider a
commutative diagram of abelian groups

n

5n+1 i qn
’ ’ AZH Ay, —— An Ay A;—l ro
lﬁb;{ +1 l‘rb;l qu" l(,b;{ l‘ib;z -1
17 €n+1 ! Jn "n 1" €n !
p— B B, B/ Bl | — -

such that the rows are long exact sequences and the homomorphisms )] are
isomorphisms for all n. Then there is another long exact sequence

SN YRUL NS A N LN

where Ay = 6y 0 (¢ Tor,.

Proof. We first check composites of successive maps are 0 (or in other
words that at each step the image is contained in the kernel):

* (¢pu —jn) o (in,¢)) = Gnin — ju¢), = 0, since the original diagram
commutes,

o Apo(Pn—jn) = Su(@n) rudu — 6u(@))  rujn = Sugn —0 =0,
since 6,4, = 0 and r,j, =0,
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* (in-1,¢, 1) 00n = (in715n(¢g)_1”nr¢;715n( w) " rn) = (0,€nrn) =
0, since i,,_16, = 0 and €,r, = 0.

Now to check exactness we must show that at each step the kernel is

contained in the image:

e Take x € B, with Ay,x = 0. Then (¢)) !r,x is in the kernel
of 8, so there exists y € A, with g,(y) = (¢//)~'r,x, which we
can rewrite as ¢, (y) = rnx. Hence x — ¢, (y) is in the kernel
of r,, and so there exists z € B), with j,z = x — ¢,(y). Thus

X = ¢y (y) + jn (Z) = ((Pn — jn)(y, —Z). Note that the choice of signs in this
exact sequence is somewhat arbitrary,
e Take (a,b) € A, & B,/1 with ¢, (a) — Jn (b) = 0. Then 4);{11”(1 = we could have made other compatible

. . . . . . hoi f signs.
Tnna = rnjub = 0, so gua = 0 since ¢/ is an isomorphism. This choices of sighs

means there exists x € A}, with a = i,x. Then j,b = j,¢;x and
so there exists y € B, ; with €,.1(y) = b —¢,x. Then ' :=
X+ 01 (9] 1) ' (y) satisfies iyx’ = i,x +0 = a and ¢},x" = ¢},x +
€n+1Y = b, as required.

e Takea € Al , with i,_ja = 0 and ¢/, ;a = 0. Then there exists
x € Ay with a = §,x. Moreover, e,¢,/x = ¢;,_;a = 0 so there exists
y € B, with r,y = ¢//x. But then A,y = 6, (¢!) 1y = dux = a,
as required. O

Now we want to apply this algebraic construction to singular
homology. Consider a topological space X with subspaces A, B C X
such that A° U B° = X. We have inclusions

ANB — 5 A

T
B—" X,

and so a morphism of pairs ¢t = (i,j'): (A,ANB) — (X, B). Then For a continuous map f: X — Y we'll
write f, instead of H,(f) for the in-
. . . duced map H,(X) — H,(Y) when n
can apply excision to the subset U = X \ A since our assumptions is obvious from context, and similarly
imply U = X\ A° C B°. The long exact sequences for these two pairs for relative homology.

then give a commutative diagram

induces isomorphisms in homology H.(A, AN B) = H.(X,B): we

. — % Hy41(A, ANB) —2 H,(ANB) —X— H,(A) — H,(A,ANB) —>> H, 1(ANB) —— ---

l‘* l]’i ./ l"* l‘* l]

9 9

- —— Hy11(X,B) —— Hy(B) —— Hy(X) —— Hy(X,B) —— H, 1(B) — -+

where the rows are exact and the maps , are isomorphisms. We can
then apply Proposition 4.8.1 to obtain a new long exact sequence:

Corollary 4.8.2 (Mayer—Vietoris sequence). Let X be a topological space
with subspaces A,B C X such that A° U B° = X. Then there is a long
exact sequence (called the Mayer—Vietoris sequence)

oo Hy(AnB) Y B @ Hy (B) 225 Hy(X) A Hy 1(ANB) — -+ -,

where A is the composite

-1
Ha(X) — Ha(X,B) 5 H,(A,ANB) % H,_1(ANB).



Example 4.8.3. Let’s use the Mayer—Vietoris sequence to compute the
homology of the torus T = S! x S!. If we cut the torus in half we get
two (bent) cylinders, and we can take the subsets A and B to be two
slight thickenings of these, so that they overlap. Then A N B consists
of two disjoint cylinders, so we have

A~Sl B~S! ANnB~S'IIS.

The non-zero part of the Mayer—Vietoris sequence is
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We'll use the notation X ~ Y for “X is
homotopy equivalent to Y”.

0 — HyT — Hy(S'1ISY) — HiS'@ HiS' — Hi T — Ho(S'11SY) — Hy(S') @ Ho(S') — HoT — 0,

which using our computation of H,S!' becomes

0 HTZaZ 5267 - HT —ZaZ % 7267 — HT —0.

We thus need to understand the two maps o, 3: Z®Z — Z ® Z, for
which we need to be a little careful about orientations. We can think
of the homotopy equivalences A, B ~ S! as shrinking each cylinder
to its central cross-section, and the inclusions of the two components
of AN B as the inclusions of the two boundary circles of the cylinder.
We conclude that both maps AN B — A, B are homotopic to the
map S' 115! — S! given by the identity on each copy of S!. These
induce a homomorphism H,(S') @ H.(S!) — H.(S!) that restricts
to the identity on each copy of H.(S'), which must be given by
(x,y) — x+y. Thus « and B are both given by (x,y) — (x+y,x+y),
with
kerao =Z(1,—-1),cokera = (Z B Z)/Z(1,1) = Z.

We have HyT = kera = Z, HyT = coker § = Z, and a short exact
sequence

0 — cokera HiT L ker 5 — 0.

Since ker B = Z is free, we can choose a splitting by Exercise 4.3, i.e.
a section of g, which gives an isomorphism

mhMTr=7Zao27.

Example 4.8.4. Now let’s consider the Klein bottle K, which can also
be built by gluing two ends of a cylinder together, but with a twist.
We can take A to be an untwisted segment of the cylinder, and B a
neighbourhood of the twist that overlaps A on both sides (then B is
still a cylinder, it’s just been “folded over” itself). The situation is
very similar to what we had for the torus: A N B is again two disjoint
cylinders, and we have

ANB~S'11S!, A~s!, B~gsl

The inclusion A N B < A also still correponds to the map S' IT1S! —
S! that’s the identity on each copy of S'. The difference is that
ANB < B correponds to the map S! II S' — S! that’s the identity
on one component and an orientation-reversing diffeomorphism on
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the other; we'll see in the next section that this gives multiplication
by —1 on H;S!. The Mayer-Vietoris sequence again looks like

0 HK—ZeZ % ZeZ s HK—2ZeZ 5 7267 < HK -0,
but now « is given by (x,y) — (x+y,x —y) while B is as be-
fore (since that only depends on what happens on connected com-
ponents). Thus we now get HyK = kera = 0 while cokera =
(ZzeZ)/((1,1),(1,-1) =2 (28 Z)/((1,1),(2,0)) = Z/2, so now
the short exact sequence for H; K looks like

0—>27Z/2— HiK—Z —0.
We can again choose a splitting since Z is free, giving
HiK=2Za&Z/2.

Exercise 4.8. Use the Mayer—Vietoris sequence to compute the homology of
the orientable surface X, of genus ¢. [Hint: Find a way to induct on g.]

Exercise 4.9. Think of RIP? as the quotient of D> where we identify x with
—x for x € dD?. Compute the homology of RIP? using the Mayer—Vietoris
sequence with A = a neighbourhood of the image of dD? and B = the image
of a smaller disc inside D?. [Assume that the map S — S that loops around
twice is given on Hj(S') by multiplication by 2.]

Exercise 4.10. The cone on a topological space X is the quotient (X X
[0,1])/(X x {0}), and the suspension £X of X is the quotient of (X x [0,1])
where we collapse X x {0} to a point and X x {1} to a different point.

(i) Show that CX is contractible for any X, and that XX is the union of two
copies of CX with intersection X.

(ii) Use the Mayer-Vietoris sequence to show that H, (XX) = H,_1(X) for
n> 1.

(iii) By looking at what happens at the bottom of the Mayer—Vietoris se-
quence, show that H,(£X) = H,_1(X) for all n.

(iv) If X = S", convince yourself that £S" is homeomorphic to $"*1. [Think
of the two cones as two “hemispheres” glued along the “equator”.] Use
(iii) to compute H,(S") again.

4.9 Degrees

Under the isomorphism m;S! & Z, the map /;: S' — S! that loops
around the circle k times (with positive orientation) corresponds to
k € Z; we say that such a loop has winding number k. In this section
we will see that the homomorphism ¢ . : H; S — H;Slis also given
by multiplication by k, and this gives a generalization of the winding
number to continuous maps f: S — S”" for any n > 0, the degree of

f

Definition 4.9.1. We know that H,S" = Z. For a continuous map
f: 8" = §" (n > 0), the induced homomorphism f,: H,(5") —
H,(S") must therefore be given by multiplication with an integer
deg(f), since this is true for all homomorphisms Z — Z. This integer
is called the degree of f.



Here are some easy properties of degrees:
e deg(idgn) =1 (since idgn , = idp, gn)
e deg(S" — * — S§") = 0 (since this factors through H,(x) = 0),

¢ deg(go f) = deg(g) - deg(f) (since (go f). = g« o fo).

Our first goal is to compute the degree of the restriction to 5" of
an orthogonal linear transformation. This boils down to computing
the degree of a reflection, which we do first for sl

Lemma 4.9.2. Let r: S* — S be an orientation-reversing automorphism
of S! (which is the restriction of a reflection in a line through the origin if
we view S' as a subspace of R?). Then

deg(r1) = —1.

Proof. We know from Proposition 4.6.2 that a generator of Hy(S!) is
the class represented by the quotient map

q: Al — Al/oAl = st

Then r1,.[q] = [r1 o g] corresponds to reversing the orientation of
the 1-simplex ¢, and we saw in Proposition 3.4.4 that this means
r.1q] = —[q], i.e. degr; = —1. O

We can generalize this to higher dimensions:

Proposition 4.9.3. Let r,: S" — S" (n > 1) be the restriction of the
reflection (xq, ..., xn) = (—x0,%1...,%y) in R"TL. Then deg(r,) = —1.

Proof. View S" as the unit sphere in R"*1, and let D" and D" be the
two hemispheres in S” consisting of points (xo, ..., x,) with x, > 0
and < 0, respectively. Then r, takes each hemisphere to itself, and
restricts to r,_1 on S"~1 & D" N D" . (Strictly speaking we are taking
little open neighbourhoods of these discs.) Then 7, gives a map of
Mayer-Vietoris sequences
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T Hn(Dﬁ) @HH(DE) e Hn(S”) — Hn_l(Sn_l) E— Hn_l(Di) @Hn_l(Dﬁ) —_—

| Jre Jre

|

- —— H,(D") ® H,(D") —— H,(S") —— H,_1(S"') — H,_1(D%)® H,_1(D") — ---

If n > 1 then H,(D") = H,_1(D") = 0 so we have a commutative
square

H,(S") —— H,_1(s"1)

lrn,* J{rn—l,*

Hy(S") —— H, 1(S"1).

Hence degr, = degr,_1 for n > 1, and hence degr, = degr; =
—1. O

Corollary 4.9.4. For any orthogonal matrix A € O(n+1) (n > 0) the
map a: S" — S" obtained by restricting multiplication by A to the unit
sphere satisfies

dega = det A.
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Proof. Write A as a product of reflections and use that degrees are
compatible with compositions. O

Our next goal is to give way to add degrees. For this we need to
think a bit about wedges:

Definition 4.9.5. If (X, x) and (Y, y) are pointed spaces, their wedge
is the pointed space obtained by gluing X and Y together along their
base points. More formally, we have

XVY:=(X11Y)/{x,y},
i.e. we take the disjoint union and then identify the two base points.
Remark 4.9.6. The (pointed) inclusions
ix: X = XVY, iy:Y—=XVY
give a homomorphism
ix«+iy.: HiX®HY — H (X VY),

and we saw in Exercise 4.7 that this is an isomorphism. But we also
have projections

px: XVY =X, py: XVY Y,

where px sends all of Y to the base point x € X and restricts to the
identity on X, and similarly for py.

Proposition 4.9.7. The homorphism
(pX,*’ py,*) : H* (X V Y) — H*X ) H*Y
is an isomorphism, inverse t0 ix s + iy ..

Proof. Tt suffices to show that the composite (px «, py,«) © (ix« + iy «)
is the identity, since we already know that (ix . + iy .) is an isomor-
phism. For ¢ € H,X,n € H,Y, we have

(P50 Py ) (x5 Fiy,6) (6, 11) = (Pxsr Py« ) (ix,5G +iv 1) = ((pxix)«C + (pxiy)«n, (pyix)«G + (pyiy)«n)-

Now we use that pxix = idx, pyiy = idy, while pxiy and pyix are
constant at the base points of X and Y, respectively. Thus pxiy factors
as

X—>{x} =X

and so gives zero on reduced homology since H, (*) = 0, and simi-
larly for pyix. We then have

(P, Py ) (i + i) (8, 11) = (E,1),
as required. O

Corollary 4.9.8. Suppose we have a continuous pointed map ¢: Z —
X VY. Then under the isomorphism Hy, (X VY) = H, X & H.Y, the map
¢ HoZ — H (X VY) corresponds to

((px¢)s, (py¢)«): HZ — H. X © H.Y.



Proof. Immediate from functoriality since we know this isomorphism
is given by (px «, Py «)- O

Proposition 4.9.9. Let p: S* — S"\/ S" be the map that pinches the
equator to a point. Given pointed maps f,g: S — S" we have a map
(f,g): S"V S" — S" that does f on one sphere and g on the other. Then

deg((f,g) op) = deg f + degg.

Proof. Let p1,pp: S"V S" — S" be the two projection maps that
are given by the identity on one sphere and takes the other to the
base point. As we saw in Corollary 4.9.8, we then have that un-
der the isomorphism H,(S") @ H.(S") — H.(S"V S"), the map
st Hio(S") — Hy(S" Vv S") corresponds to

((p11)+, (pap)«) = (id,id): Hi(S") = Hi(S") ® H«(S"),

since both p;y and pou are homotopic to idg:. Moreover, the map
(f,g)«: Hi(S" Vv S") — H.(S") corresponds under the same iso-
morphism to the map (x,y) — f.x + gy, since we know it re-
stricts to fi. and g. on the two summands. It follows that the map
((f,8)1)+: H(S") — H.(S") is given by

X = foX + guX,

and so a generator v € H,(5") is mapped to

fev + gy = deg(f)7 +deg(g)y = (deg f +degg)v,
as required. O

Corollary 4.9.10. Forany n > 0and d € Z, there exists a map f: S" —
S" of degree d. O

Remark 4.9.11. Since homology is homotopy-invariant, if two maps
§" — S" are homotopic then they must have the same degree. In fact,
the converse is also true: two maps S" — S" are homotopic if and
only if they have the same degree.
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5
Cellular Homology

In this chapter we introduce cell complexes (or CW-complexes), which are
spaces built by iteratively gluing on discs along their boundaries. We
will see that this decomposition into discs can be used to define a small
chain complex whose homology, the cellular homology, agrees with
singular homology. We first briefly look at another categorical notion,
that of pushouts in §5.1 before we use this to define cell complexes
in §5.2. We then look at a special case of cell complexes, namely
A-complexes, which are spaces built by gluing simplices together along
their faces. Such a space can be described by certain combinatorial
data, called a A-set; in §5.4 we will see that a A-set also determines a
chain complex, and so a notion of homology, called simplicial homology.
We will see that the simplicial homology of a A-complex is isomorphic
to its singular homology, but before we can prove this we must first
show, in §5.5 that the homology of a cell complex is determined by
its finite-dimensional subspaces, and then analyze these homology
groups a bit further in §5.6; we are then ready to prove the comparison
result in §5.7. In §5.8 we will see that simplicial homology can
be generalized to the cellular chain complex associated to any cell
complex, and in §5.9 we show that the differential in this chain
complex can be described in terms of the degrees of certain maps of
spheres. Finally, in §5.10 we apply the cellular chains to compute the
homology of the real projective spaces RIP".

5.1 Pushouts

To define cell complexes it is convenient to first define another cate-
gorical notion:

Definition 5.1.1. Let C be a category. Given morphisms f:a — b,
g: a — cin C, their pushout (if it exists) is the universal commutative
square

a%b
‘ |

¢ —— bll,c.
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Thus given any other commutative square

SN
|
d.

there exists a unique morphism b 11, ¢ — d such that the diagram

0q
O <— NV

R

a%b
. |
¢c—— bll,c

~

commutes.

Example 5.1.2. In the category Set of sets, the pushout of two mor-
phisms f: S — T, g: S — U is the quotient

(TILU)/(f(s) ~ g(5) : 5 € ).

Example 5.1.3. In the category Top of topological spaces, the pushout
of two continuous maps f: X = Y, g: X — Z, has as its underlying
set the pushout Y ITx Z in Set, with the topology where a subset U is
open if and only if its preimages in Y and Z are both open.

Exercise 5.1. Show that in the category Ab of abelian groups, the pushout of
two homomorphisms f: A — B, g: A — C is the cokernel of the homomor-
phism (f,—g): A — B&C.

Examples 5.1.4.
(i) If X is @ then Y Il Z is just the disjoint union Y II Z.

(i) If A — X is a subspace then the pushout * II4 X along the
unique map A — * is the quotient X/ A.

(iii) The commutative square

gn Dn+l

[ [

Dn+1 < Sn—i—l/

given by the inclusions of D"*! as the upper and lower “hemi-
spheres” in S"*! and by S" as the boundary of D"*! (so that
the composite S” — S"*! is the inclusion of the “equator”), is
a pushout: the pushout of these two inclusions S" — D"*! is
built by gluing two (1 4 1)-discs together along their boundary.

Remark 5.1.5. In the special case where we have X < Y a subspace
inclusion and a continuous map f: X — Z, then we say that the
pushout Y Ik Z is built by attaching Y to Z along f.

Here are some useful properties of pushouts:



Exercise 5.2. Consider a commutative diagram

A—— A —— A"

L

B——B —— B,

in a category C. If the left square is a pushout, then the right square is a
pushout if and only if the outer (composite) square is a pushout.

Exercise 5.3 (Pushouts commute with coproducts). Suppose we have pushout
squares

A,‘*>Bi
L
CiHDi

for i € I in some category C. If I-indexed coproducts exist in C, then the
canonical square

ict Ai —— Lier Bi

l l

icr € —— Lier D;

is also a pushout. [Hint: Use the universal properties.]

5.2 Cell Complexes

Cell complexes are topological spaces built by attaching discs (which
in this context are called cells) along their boundary — they are spaces
that can be built by a sequence of pushouts of the form

g1l o pn [Tie; S" ' ——— 1l;e; D"
| | | |
X — X1lg 1 D" X ———— XTljga [1D".

More precisely, we make the following definition:

Definition 5.2.1. A cell complex (or CW-complex) is a topological space
X equipped with a filtration

D=X41CXCXC---CUXn=X,
n

a set of continuous maps fy: S* = X;;, & € I', and pushout squares

-1
Hzxel",, s" ? Htxel“,, D"

|Ger, |(en)eer,

Xy g —— Xy

The map f, is called the attaching map of the cell «, and the map
ey the characteristic map of a. In addition, X must have the topology
where a subset U C X is open if and only if U N X, is open in X, for
all n.
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an n-disc along each of the maps f,.
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Remark 5.2.2. Here we make the convention that S~! = 9A? = @
(since DY C R is a single point). Thus Xj is built from X_; = @ by
adding a set of points, since we have a pushout

HIXEFO @ HDCEFO *

| |

X1 — X,

which exhibits X as the discrete set of points I'y. Next we build X;
by picking out a set of pairs of points in Xp, i.e. maps S° — X, and
connecting them with intervals, and so forth.

Remark 5.2.3. If X is a cell complex, then U C X is open (closed) if
and only if for every cell D" % X, < X, the preimage of U is open
in D". This follows by combining the definition of the topology on X
with that of the topology on pushouts and disjoint unions.

Fact 5.2.4. Every cell complex is a Hausdorff space. (See Hatcher, Proposi-
tion A.3 for a proof.)

Fact 5.2.5. Every cell complex is locally contractible (and so in particular
locally path-connected). (See Hatcher, Proposition A.4.)

Definition 5.2.6. A cell complex X is finite-dimensional if X = X, for
some #, and of finite type if each set I';, of cells is finite (so X has
finitely many cells in each dimension). We say X is finite if it is both
finite-dimensional and of finite type, i.e. if X is built from finitely
many cells.

Remark 5.2.7. It is easy to see that a finite cell complex is compact,
since it is built from finitely many compact spaces, hence a finite cell
complex is a compact Hausdorff space.

Fact 5.2.8. Every compact smooth manifold can be given the structure of a
cell complex.

Remark 5.2.9. A harder result is that every compact topological mani-
fold can be given the structure of a cell complex; this is known in all
dimensions except 4 (which is still open).

Now let’s look at some examples of cell complexes:
Examples 5.2.10.

(1) The n-sphere S" can be described as the quotient D" /S"~1, so we
have a pushout square

Sn—l < D"

[

* — S

This means we can give S" a cell structure with a single 0-cell and
a single n-cell, so that

¥, 0<i<mn,
(5")1':{

S", i>n.



)

(3)

(4)

(5)

S™ is also that pushout D" I1¢,-1 D", where two n-discs are glued
together along their boundary. We can rewrite this as a pushout
square

sr-1116n-1 « 5 DrII D"

(iaid) | J

e
Combining these pushouts in dimensions up to 1, we can give

S™ a cell structure with two i-cells in each dimension < #n and
(§"); = S fori < n.

n-dimensional real projective space RIP" is the space of lines
through the origin in R"*!. Since every line intersects the unit
sphere in two antipodal points, we can describe this as the quo-
tient space §"/(x ~ —x). Since every point in the upper hemi-
sphere is identified with a single point in the lower hemisphere,
we can equivalently describe RIP" as the quotient

D"/(x ~ —x:x €9D").

The resulting map D" — RIP" restricts on the boundary to the
quotient map $"~1 — RIP""! and is a homeomorphism away
from the boundary, so that we have a pushout

Snfl . D"

! !

RP" 1 — s RP".

This allows us to describe RIP" as a cell complex with a single cell
in each dimension < n and with (RP"); = RIP! for i < n (where
RIPY, the space of lines in R, is a single point).

We can also continue adding cells in this way forever, getting
infinite-dimensional real projective space RIP* = (J,, RIP". This
has a single cell in each dimension, and (RP®); = RIP’ for all i.

n-dimensional complex projective space CIP" is the space of com-
plex lines through the origin (or 1-dimensional sub-vector spaces)
in C"*1. Such a line intersects the unit sphere in C"*! in a copy
of the unit complex numbers, which is homeomorpic to S. Thus

CP" = §2"/(x v Ax: A € C,|A| =1)

We can define a map D?" — CIP" by taking (2o, ...,z,_1) € D*"
(zi€C)to(zo izt 21— (¥ |zi|2)1/2) in CPP". This
is a homeomorphism away from the boundary, and takes 9D?"
to the subspace of CIP" where the last projective coordinate is
0. This subspace is a copy of CP"!, and the restricted map
oD?" — CP" ! is exactly the quotient map, so that we have a
pushout

Sanl < DZn

| !

crP ! — cp.
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Thus CP" has a cell structure with a single cell in each even
dimensional < 2n, and

CcPi/2, i even,

n T
(CP™); cPli—1/2 jodd.

We can also keep going and define infinite-dimensional complex
projective space CIP® = |J, CIP". This has a cell structure with a
single cell in every even dimension.

Definition 5.2.11. A relative cell complex (X, A) is a subspace pair (i.e.

A C X) with a filtration

A=X1CXCXC---CUXu=X,
n

a set of continuous maps fy: S" = X;;, « € I, and pushout squares

Hzxel"n S e— Hael}, D"

|, Jfewher,

Xy —— Xuq1-

X must have the topology where a subset U C X is open if and only
if UN X, is open in X, for all n > —1. (So it’s the same as a cell
complex except that we start with A, rather than with @, i.e. X is built
from A by attaching cells.)

Fact 5.2.12. A relative cell complex is a good pair. (See Hatcher, Proposition
A.5 for a proof.)

Example 5.2.13. If X is a cell complex, then (X, X,,) and (X, X;, &)
are relative cell complexes, and so in particular good pairs.

5.3 A-Sets and A-Complexes

In this section we will look at a special case of cell complexes, called
A-complexes, which are built by gluing together simplices along their
faces. These cell structures can be described by the following entirely
combinatorial data:

Definition 5.3.1. A A-set S is a collection of sets S, (n = 0,1,...)
together with face maps 9;: S, — S,,—1 (i = 0,...,n) satisfying the
simplicial identity,

dj0; = d;_19;

for0<j<i<n+41.

Example 5.3.2. If X is a topological space, the singular simplices
Sing, (X) together with the face maps between them form a A-set

Sing(X).

We think of a A-set S as a recipe for building a topological space
out of simplices: we take an n-simplex A" for every element s of S,
and glue its ith face to the (n — 1)-simplex corresponding to d;s. More
precisely, we have the following definition:

A more “grown-up” name for A-sets is
semisimplicial sets, because they have part
of the structure of certain objects called
simplicial sets.



Definition 5.3.3. Let S be a A-set. The geometric realization |S| is
defined inductively as follows: Starting with |S|_1 = @ we will define
topological spaces |S|, with |S|,_1 C |S|, and maps e;: A" — |S|,
for every o € S, such that for every ¢ and 0 < i < n we have a
commutative square

i
An—l d A"

leaiv leg

|S|n71 — ‘Sln-

Given this, for every o € S,,;1 we can define a map de, : oA |S|n
by defining de, to be given by e, on the ith face d;A"; this makes
sense because these maps agree on the n — 1-simplices where the
faces overlap since we have

ey,r 0 dj = €39,0 = €3, 19,0 = €30 © i1

when j < i. Then we define |S|,;1 and e, for o € S,;1 by the pushout

n+1 n+1
]—LTESnH 94 HUGSnH A

|11, 36 |1

Sl —————— [Slus1-

We then take |S| = U, |S|n, with the topology where a subset is open
if and only if its intersection with |S|, is open for all n.

Remark 5.3.4. Since (D",0D") = (A",0A"), the construction of ||
tautologically makes this space a cell complex with an n-cell for every
element of S,,.

Remark 5.3.5. The geometric realization |S| can also be defined “all
at once” as the topological space

(ﬁ Sy X A”) / ~,
n=0

where ~ is the relation generated by (s,d'p) ~ (9;s,p) fors € S, p €
A""1. This is a more convenient description for some purposes, but
we will not prove here that it is equivalent to ours as this is best done
using a bit more category theory than we have covered.

Definition 5.3.6. A A-complex is a topological space X together with a
A-set S and a homeomorphism X 2 |S].

Thus giving a topological space X the structure of a A-complex
amounts to specifying a way to build X by gluing together simplices;
this can also be viewed as a special kind of cell structure.

Examples 5.3.7.

(i) We can build the circle S! by taking a point and a 1-simplex and
gluing both ends of the 1-simplex to the point. More precisely
we consider the A-set S with Sg = {p},S1 = {x},S, = @ for
n>1withdx=p (i=0,1).

ALGEBRAIC TOPOLOGY I 71

Informally, we define |S|,+1 by gluing
on an (n + 1)-simplex for every o €
Sp+1 such that the boundary matches
with the boundary of ¢ in Sj,.
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(ii) We can build the sphere S? by taking two 2-simplices and gluing
them together along the boundary. This corresponds to the A-
set S with Sy = {[0], [1], [2]}, S1 = {[01],[12],[02]}, S, = {U, L}
where 9d[ij] = [j], 91[ij] = [i], and o;U = 0o,L = [jk] where
i#jk

(iii) We can build the torus by taking a square and gluing opposite
edges together:

D9

\\
(44
\\
(44

\
r

If we add the diagonal, we get a description of the torus as
a A-complex with two 2-simplices, three 1-simplices and one
o-simplex:

Here

80U:a, 81U:d, 82U:b,
aoL:b, alL:d, 82L:a.

Definition 5.3.8. If S, T are A-sets, then a morphism of A-sets f: S — T
consists of functions f,: S, — T}, such that the squares

SWLTn

o b
Snfl — Tnfl

commute for all n,i. We write Setp for the category whose objects are
A-sets and whose morphisms are morphisms of A-sets.

Exercise 5.4. Show that a morphism of A-sets f: S — T induces a canonical
continuous map |f|: |S| — |T| between geometric realizations such that for
every o € Sy the triangle

An
y %&)
If1
S| ————— 7|

commutes. Check that this makes |-| a functor Sety — Top.



5.4 Simplicial Homology

Definition 5.4.1. Let S be a A-set. Then we can define a chain complex
Ce(S) as follows: The group C,(S) is the free abelian group ZS,, and
the boundary map C,(S) — C,—1(S) is given by

This satisfies 9> = 0 by the same proof as for the singular chain com-
plex. We write H,(S) := H,(Ce(S)) for the corresponding homology

groups.

"

We can think of the homology groups H,(S) as “a” simplicial
homology of the topological space |S]|.

Example 5.4.2. Let X be a topological space. Then the singular chain
complex S, X is the same as C,(Sing(X)) using the singular A-set we

defined above.

Examples 5.4.3. Let’s compute the homology of the three A-complexes
from Examples 5.3.7.

(i) Let S be the A-set describing S1, then
CoS=2Z2p, Ci1S=Zx, C,5=0,n#0,1.
We have dx = p — p = 0, so this chain complex looks like
~--—>0—>Z£>Z—>0—>~~~,

and we get

HL(S) = Z, x=0,1,
’ 0, otherwise.

(ii) Let S be the A-set describing S?, then
CoS = Z{[0],[1],[2]}, Ci1S=2{[01],[02],[12]}, CpS=2Z{U,L},
with d[ij] = [j] — [i] and

oU = dL = [12] — [02] + [01].

Thus ByS is generated by [1] — [0], [2] — [0], [2] — [1] and so HS
is Z, generated by any of the three o-simplices, which are iden-
tified in the quotient. We also see that Z,S is generated by
U — L so that HyS = Z, generated by this chain. (Note that
geometrically U — L represents the entire sphere, with the signs
giving the correct orientation.) Finally we need to compute Z;S:
suppose a[01] + b[02] + c[12] is in Z;, then
9(a]01] +b[02] +c[12]) = (a —c)[1] + (b+¢c)[2] = (a+Db)[0] =0
which forces a = ¢, b = —c, so that Z; S is generated by the single

cycle [01] — [02] 4 [12] which is 0U = JL, so that Z;S = B;S and
H:S = 0. Thus

Z, n=0,2
H.S =
0, otherwise.
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(iii) Let S be the A-set describing the torus, then
CoS =2p, C1S=27Z{ab,d}, CS=2{U,L}, C,S=0,n>2.
We have da =db=09dd = p —p =0, and
oU=d—-b+a, dL=a—-b+d.

Thus ByS = 0 and HyS = Z, while HpS = Z;S = Z, generated
by U — L. Moreover Z;5 = C;S while B;S is generated by the
single chain a — b + d. Thus

HS=Z{ab,d}/(a—b+d)=ZZ&Z.
In summary,

Z, n=0,2,
H.S5 = 7Z&Z,n=1,

0, otherwise.

Exercise 5.5. The combinatorial n-simplex is the A-set A" . with (Al )i

being the set of subsets of {0,...,n} of size k + 1; it is convenient to label
these as [ig---ig] with 0 < igp < iy < --- < i < n. Then the face map

E)]-: (Agomb)k — (Agomb)k—l is given by
[io -+ ix] = [0~ dj1ijp1 - ikl

The boundary of A”_, is the A-set A" . obtained by removing the single

com
n-simplex [01 - - - 1], so that
(A )k 0<k<n—1,

IA" =
( comb)k {®, k>n,

with the same face maps in degrees < n.

(i) Convince yourself that [A” | is homeomorphic to A" and [0A% . | to
the boundary of A”.

(if) Compute the simplicial homology of the A-sets Af omb and E)Ag omb- [ Lhe
space \E)Ag mb| 18 @ tetrahedron, which is topologically a sphere, so the
result should agree with the usual homology of the sphere.]

Remark 5.4.4. C, is a functor Setpy — Ch, by the same argument as
for S, above. As part of that proof we also essentially showed that
Sing is a functor Top — Sety. It follows that simplicial homology is a
functor
Ce H,
H,: Setp — Ch — grAb,

while singular homology decomposes as the composite of functors
Si
Top Sak-N Setp &> ch 2 grAb.

Definition 5.4.5. Let S be a A-set. Then there is a canonical morphism
of A-sets S — Sing |S|, which takes s € S, to the inclusion e;: A" —
|S| of the simplex labelled by s. This is a morphism of A-sets since
from the definition of e; we see that d;s maps to

€9;s = €5 © d = aies.

This gives a canonical chain map CoS — S.|S| and so a homomor-
phism H.S — H.|S|.



We will prove that this homomorphism of homology groups is
always an isomorphism, i.e.

Hy(S) = Ha(|S]).

Thus it was not a coincidence that the simplicial homology groups we
computed in Examples 5.4.3 were the same as the singular homology
groups of S!, §?, and the torus. This gives us one recipe for computing
the homology of a topological space X:

(1) Find a combinatorial description of X by decomposing it into
simplices, i.e. find a A-set S such that |S| = X

(2) Try to compute the simplicial homology H.S as Z,S/B;S; if
we're lucky, we can choose S so that C,S is very small, and this is
actually feasible.

Remark 5.4.6. If X is a topological space, there is also a canonical con-
tinuous map | Sing(X)| — X, which is determined by commutative
diagrams

—* |Sing X|
\ l

i.e. on the simplex labelled by o we use the map ¢ to get to X. If X is
a reasonable space, then this map actually turns out to be a homotopy
equivalence; this means that in a sense the A-set Sing X knows all the
homotopy-invariant information about X.

5.5 Homology of Sequential Colimits

We are going to prove that simplicial and singular homology agree. In
order to do this, we first need to understand the relation between the
homology of a A-complex X = |S| and the spaces |S|, in its filtration,
which we may as well do for a general cell complex. For this it is
convenient to introduce another categorical construction:

Definition 5.5.1. Let C be a category and suppose we have a sequence

Xo 2 x; B x,
of morphisms f;: X; — X;;1 in C. The colimit of the sequence (if it
exists) is an object X together with maps ¢;: X; — X such that the
triangles

fi

X; —— s Xiny

N

commute (i.e. we have §; = ;1 o f; for all i), and with the universal
property that given any other family of maps g;: X; — Y such that
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gi = gi+1fi there exists a unique map g: X — Y such that go¢; = g;:

fo

Xo

Examples 5.5.2.

(i) In Set, the colimit colim, X, as above is given by the quotient

(1x)

where ~ is the equivalence relation generated by x ~ f;x for
x € X;, with ¢;: X; — colim, X, given as the composite

Xi — HXn — (HXn) / ~
n n
of the inclusion of the factor X; in the coproduct and the quotient
map.

(ii) In Top, the colimit colim;, X, is the colimit in Set with the quo-
tient topology, which is here the topology where U C colim, X,
is open if and only if &; *(U) is open in X; for all i.

(iii) In Ab, the colimit colim, X, is the quotient

n
where A is the subgroup generated by x — 151 fxx for x € X,
where 1, is the inclusion X — @,, Xj,.

(iv) In Ch, the colimit colim, X, is given by the degreewise col-
imit in Ab, i.e. (colim, X, ), = colim, X, s, with differential
(colimy, X, ) — (colimy, Xy )x_1 the unique homomorphism such
that the squares

Xi,k E— COhl’nn Xn,k

J2 2

Xjk—1 — colimy, X, 1

commute (which exists since the maps X; — X1 are chain
maps).

Exercise 5.6.



(i) Suppose we have subsets
S50C€S51C5C---.
Show that the union U5 S, is isomorphic to the sequential colimit of
the inclusions S, < S, 1.

(if) Suppose we have subspaces
XoCX1CSXpC--e.

Show that the union |J;;~_ X, is homeomorphic to the sequential colimit
of the continuous inclusions X, — X, if we give the union the
topology where a subspace U C |5 Xy is open if and only if U N X,
is open in X, for all .

(iii) Also check the analogous statement for abelian groups.

Exercise 5.7. Suppose we have a sequence

Xo&)XngZQ

of morphisms f;: X; — X; 1 in a category C such that f; is an isomorphism
for all i > N. Show that then Xy is a colimit of the sequence. [Hint: We
have compatible isomorphisms Xy — X; for i > N, inverting these we
get compatible morphisms X; — Xy for all N. Now check the universal

property.]
Exercise 5.8. Show that the free abelian group functor Z(-): Set — Ab

preserves sequential colimits.

Given Exercise 5.6 we can think of sequential colimits as a general-
ization of unions. This is convenient because there are functors that
preserve sequential colimits but do not preserve unions (because they
don'’t preserve injections). In particular, this is true for homology as a
functor H,: Ch — Ab, which we’ll see in the next pair of exercises:

Exercise 5.9. Given a diagram of abelian groups

Aof—0>A1—>~~~,

and subgroups B; — A; such that f;(B;) C B; 1, show that there is a canonical
isomorphism
colim; A;/B; = (colim; A;) / (colim; B;) .

Exercise 5.10. Suppose we have Co = colim;, Cy; . Show that
Zi(C) = colimy, Z(Cp), Bi(C) = colimy, Bi(Cy),
and conclude using the previous exercise that
Hy(C) 22 colim,, H(Cy).

We now want to apply this to singular homology. However, it is
not true in general that the functor S, preserves sequential colimits.
Nevertheless, this is true with some hypotheses on the diagram in
question, which do hold for the cellular filtration of a cell complex.
The key technical point is the following:

Proposition 5.5.3. Suppose K is a compact Hausdorff space and there exists
a sequence of closed inclusions

Ko<= Ki < -+ = K= JK;
i=0

such that a subset U C K is open if and only if U N Ky, is open in Ky, for all
n. Then we must have K = K,, for some finite n.
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Proof. Since K is compact Hausdorff, points are closed, and the sub-
spaces K, are also compact Hausdorff since they are closed in K. If
K, C K for all n, then we can choose points x, € K, \ K;—1. Set
S = {x1,x2,...}. Then SN K, is finite for all n, hence closed in K,
which implies S is closed in K. The same argument shows any sub-
set of S is closed, so S has the discrete topology. But then S is not
compact, contradicting it being a closed subset of the compact space
K. O

Corollary 5.5.4. Suppose X is a Hausdorff space and we are given an
increasing sequence of subspaces

Xo—=Xg == X=JX;
i=1

such that
e X; — Xj1is a closed inclusion for all i,
* asubset U of X is open if and only if U N X; is open in X; for all i.

If C is a compact space, then any continuous map f: C — X factors through
Xy, for some n, so that we have

Hom,, (C, X) 2 | Homop (C, Xi).
n=0

Proof. For f: C — X, the subspace f(C) is a compact subset of X, and
hence a compact Hausdorff space. We can then apply Proposition 5.5.3
to the filtration f(C) N X; and conclude that f(C) = f(C) N X, for
some 1, i.e. f(C) C X;. Since Homto,(C, X;;) — Homo,(C, X) is an
injection for all n (with image those continuous maps whose image
lies in Xj,), the induced map

colim, Homo, (C, X;) — HomTop (C, X)

is injective (with image those maps whose image lies in X, for some
1n). We have just shown that this map is also surjective, and hence an
isomorphism. O

Since the simplices A" are compact for all #, as a special case we
have:

Corollary 5.5.5. For X as in Corollary 5.5.4, we have
Singn(X) = U Singn(Xi)
i=0
foralln =0,1,.... O

Corollary 5.5.6. Suppose X is a Hausdorff space and we are given an
increasing sequence of subspaces

X195 Xp == X=JX
i=1

such that

This proof uses a lot of point-set topol-
ogy we don’t otherwise need in the
course.



* X; — Xjy1 is a closed inclusion for all i,
o asubset U of X is open if and only if U N X; is open in X; for all i.

Then we have
H.(X) = colim; H, (X;).

Proof. From Exercise 5.8 and Corollary 5.5.5 we have
Se(X) = colim; Se¢(X;).

Now Exercise 5.10 gives the corresponding isomorphism in homology.

O
As a special case, we get:
Corollary 5.5.7. Let X be a cell complex. Then we have
H.(X) = colim, H.(Xy)
forall+=0,1,.... O

5.6 Homology of Cell Complexes

If X is a cell complex, Corollary 5.5.7 tells us that we can extract
the homology of X from the homology of the subspaces X;,. In this
section we will compute the relative homology of the pairs (X, X;,—1)
and use this together with the long exact sequence for this pair to
extract more information about the homology of X.

Proposition 5.6.1. Let X be a cell complex. Then

Xu/Xp 12 \/ S

acly,

Proof. Consider the commutative diagram

1
Heer, " —— Haer, D"

l |

Xy — Xy
 — Xn/Xn—1~

Here both squares are pushouts, so by Exercise 5.2 the composite
square

-1
LLXGI}, s" ? LLXEI}, D"

| !

* ——— Xn/Xn,1

is also a pushout. We can expand to a diagram

-1
Haern s" ? Hael"n D"

J !

Hael"n * ” Haern Dn/sn—l

| |

¥ — X/ X1,

ALGEBRAIC TOPOLOGY I
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where the top square is a pushout by Exercise 5.3. Applying Exer-
cise 5.2 again we conclude that the bottom square is a pushout. But
this means X,/ X;,_1 is homeomorphic to

\/ D"/s" .= (]_[ D"/S"1> / (]_[ *)

wely, wely aely

as required. O

Remark 5.6.2. Let X be a cell complex. Since (X, X,,_1) is a good
pair by Fact 5.2.12, it follows that we have isomorphisms

Il

Ho(X, Xoo) = H (/) S7) {Zr”’ o
aely, 0, * # 1.

These groups show up in the long exact sequence for the pair
(X, Xn—1):
o+ = Hiepr (X, X1) = He(Xu—1) = Hie(Xn) = He(X, Xy1) = -+
We have segments of the form

0 — Hy(Xy—1) = Hx(Xn) = 0, (k#n,n—1)
0 — Hy(X,_1) = Hy(Xy) = 2T,
Zr, — H, 1(X,_1) — H,_1(Xy) — 0.

In particular, we see that Hy(X,_1) = Hx(X,) if k #n,n — 1.
Let’s consider what this means for the groups Hy(X;) with k fixed
as we vary n:

e Forn = —1 we have Hy(X_1) = Hi(®) = 0.
e For n < k we have

Hi(Xn) = Hg(Xy-1) = -+ - = Hi(Xq) = 0.

e For n = k we have the exact sequence (as we know Hy(X;_1) = 0)
0— Hk(Xk) — ZFk

Thus H(Xg) is a subgroup of the free group ZT; and hence is
itself a free abelian group.

® For n = k + 1 we have the exact sequence
ZTki1 — Hi(Xy) = He(Xi1) = 0,
which exhibits Hy(Xj,1) as a quotient of Hy(Xk).
e For n > k + 1 we have

H(Xn) = Hi(Xp-1) & -+ - = Hp(Xp1)-



Moreover, we know from Corollary 5.5.7 that Hy(X) is the sequential
colimit of the groups Hy(X,) as n goes to oo; since these groups
stabilize at n = k + 1, applying Exercise 5.7 this means that we also
have

Hy(X) = Hi(Xjes1)-

To summarize, we have shown:

Proposition 5.6.3. For X a cell complex, we have

Hi(Xp) =0, n<k
Hk(Xn) = Hk(X), n > k.

As a special case, we see:

Corollary 5.6.4. If X is a d-dimensional cell complex, so that X = X, then
Hk(X) = Hk(Xd) =0 lfk > d. O

5.7 Singular and Simplicial Homology

Now we can return to the comparison of singular and simplicial
homology. If S is a A-set, recall that we defined a canonical morphism
of A-sets S — Sing |S| and so a chain map C¢S — S.|S|, which we
want to prove gives an isomorphism H,S — H,|S| in homology.

Definition 5.7.1. Let S be a A-set. The n-skeleton sk, S is the A-set

given by
Se, k<mn,
(skn S)i = { ¢

@, k>n.

This gives a filtration of S by sub-A-sets

skgS Csky S Csky S C S =[] skyS.
n=0
Since sk, S has no k-simplices for k > n, it is clear from the defini-
tions that
| sky S| = |S]|n,

so that the cellular filtration on |S| is the image of the skeletal filtration
of S under geometric realization.
By Exercise 5.8 and the description of sequential colimits in Ch we
see that
Ce(S) = colimy, Co(sky S).

Hence from Exercise 5.10 we have an isomorphism
H.(S) = colimy, H.(sk, S),
compatible with the isomorphism
H.(|S]) = colimy, H. (| sk, S|),

from Corollary 5.5.7. It is therefore enough to show that the canonical
map H.(sk,S) — H.(|sk,S|) is an isomorphism for each n. We
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want to prove this by induction on n (we already know the case n = 0
since | skg S| is the discrete set Sp). Set

Ce(sky S,sky,_1S) := Ce(sk, S)/Ce(sk,_1S),
then we have a commutative diagram of chain complexes

0 — Co(sky_1S) —— Co(skyS) —— Co(sky S, 5k,_1S) —— 0

| | l !

0 —— Se(|sky_1S]) —— Se(|sknS|) —— Se(|sky S|, |sk,-1S5]) —— 0

where the rows are short exact sequences. From this we get a commu-
tative diagram of homology long exact sequences from Exercise 4.4:

9

e H,'+1(Skn S,Skn,1 S) —_— H,‘(Skn,1 S) _— H,-(san) —_— H,‘(Skn S,Skn,l S) % H,'_l(Skn,l S) —_—

l l | | |

oo —— Hiy1(|skn S|, | sku_1S|) —2 Hi(|skn_1S|) — H;(| sk, S|) —— Hi(|sky S|, |skn_1S|) —2— H;_1(|sky_1 S|) — -~

Suppose we already know that H,(sk,_1 S) — H.(|sk,—1S|) is an
isomorphism. The chain complex Cq(sky S, sk, 1 S) is very simple: it
has ZS,, in degree n and 0 everywhere else, so

Z7S,, *=mn,

H* (Skn S, Skn_l S) -
0, otherwise.

By Remark 5.6.2 this is the same as the relative singular homology
H.(|sky S|, |sk,—1S]|). If we can show that the map between the two
is an isomorphism, we could then apply 5-Lemma to conclude that
H.(sk, S) = H.(] sk, S|) must be an isomorphism too.

Unwinding the definitions, the map

Hn (Skn SrSkn—l S) — Hn(| Skn S|r ‘ Skn—l SD
takes s € 5, to the homology class represented by the composite

A" 2 |sky S| — | sku S|/|sky-15| = \/ S,
seESy
where ¢ is the inclusion of the n-simplex labelled by s. This factors
through
A" — A"/OA" =" — \/ §"
SES,

where the last map is the inclusion of the sphere labelled by s. But
we know from Proposition 4.6.2 that the quotient map A" — A" /dA"
is a generator of H,(S"). Hence the map we're looking at takes
generators to generators and so is an isomorphism. In conclusion, we
have proved:

Theorem 5.7.2. Let S be a A-set. Then the canonical map S — Sing |S|
induces an isomorphism

H.(S) = Hy(|S])

between the simplicial and singular homology of |S|. O



5.8 Cellular Chains

We can exploit the long exact sequences we have been looking at
further to obtain a new method for computing homology of cell
complexes in general, not just for A-complexes.

Definition 5.8.1. Let X be a cell complex with I'; its set of n-cells.
The group of cellular n-chains is the free abelian group

Cel(X) := Hy(Xp, Xp_1) = ZT .

The differential d: C{*'(X) — ClL (X) is the composite

9 jn—
Hn(Xn/ Xn—l) — Hy1 (Xn—l) —1> Hy—q (Xn—l/ Xn72)/
where 0 is the boundary map for the pair (X, X;,—1) and the second
comes from the map of pairs (X,,_1,9) — (X,—1, Xn—2)-

Remark 5.8.2. Note that the two maps we are composing appear in
two different long exact sequences: d occurs in the long exact sequence
for (X, X;,—1) while j,_1 occurs in that for (X,,_1, X;—2).

Remark 5.8.3. The map j,: Hy(X,) — Hp(Xn, X;,—1) that appears in
the definition of d is injective: the preceding term in the long exact
sequence for (X, X,_1) is Hn(X,—1) = 0.

Lemma 5.8.4. d? = 0, so that (C$¥(X), d) is a chain complex.
Proof. The map d?: CS(X) — ClL, (X) is the composite

ALGEBRAIC TOPOLOGY I

I’} Jn— d Jn—
Hn(Xn/ Xn—l) — Hn—l(Xn—l) —1> Hn—l(Xn—lr Xn72) — Hn72(Xn72) —2> Hn72(Xn72/ Xn73)‘

Here the two middle maps are adjacent in the long exact sequence
for (X,,—1, X,—2) and so their composite is 0. O

Proposition 5.8.5. The homology of the cellular chain complex of X is the
homology of X, i.e. there are isomorphisms

H.(Ce(X), d) 2 Hi(X).

Proof. We compute the cycles and boundaries in the cellular chain
complex:
Ze(xX) = ker(d: C3(X) — C1 (X))
=~ ker(9: Hy(Xn, Xn—1) = Hy—1(X;—1))  (ju—1 injective)
=im(jn: Ho(Xn) = Ho(Xn, X5-1)) (by exactness)
~ H,(X,) (j» injective)

B (X) = im(d: Cigh (X) = Cil(X))
=1im(0: Hyy1(Xn+1, Xn) = Ha(Xn))  (ju injective)

Thus the homology group H, (C(X),d) = z&(X) /B (X) is iso-
morphic (via the injective map j,) to Hy(X,)/(imd). But in the long
exact sequence for (X, 1, X,) we have

)
Hn+1(Xn+1/ X?l) —> Hn(Xn) *} Hn(Xn+1) 4) 0

83
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(since Hy(X;+1,Xn) = 0), so that this quotient is isomorphic to
Hy(Xy+1) = Hy(X), as required. O

Corollary 5.8.6. If X has a cell structure with only even-dimensional cells,
then

ZI',, * even,

H,(X) = cel(X) =
() () {O, * odd.

Proof. In this case every other group in CS!!(X) vanishes, so that
the differentials must all be zero. Thus Z&(X) = C¢l(X) and
Bel(X) = 0. .

Example 5.8.7. We saw that complex projective space CIP" has a cell
structure with a single cell in every even dimension < 2n. Hence we
get

1%

Z, 0<=x<2neven,
H.(CP")

0, otherwise.

Similarly, we have

1

H, (CP%)

Z, 0 < xeven,
0, otherwise.

5.9 The Cellular Differential

To do more computations we need a better understanding of the differ-
ential in the cellular chain complex. This was defined as the composite
of two maps, the first being the boundary map 0: H, (X, X,,—1) —
H,_1(X;;—1). Here the cell structure provides a pushout square

-1
I_Lxel"n SYl — Hlxern Dn

|, J(euer,
Xy ——— Xy

Since the boundary map is natural, the map of pairs ([[ D",][S"!) —
(X, X,—1) gives a commutative square

Hy(LID% 115" 1) —2— H, 1(11S" ")

l~ l%AKMwm)

d
Hy (X, Xp—1) —— Hp—1(X-1).

For n > 1, the boundary map H,(I]D", 115" ') — H, 1(IIS"!)
is an isomorphism (since the two neighbouring terms in the long
exact sequence are homology groups of D" in dimensions # 0). Thus
to understand the boundary map to H,_1(X,_1) it's equivalent to
understand the map H,,_1((fx)aer, ) induced by the attaching maps
f,xl sl Xn_1.
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The second step in the boundary map is the map j,—1: H,—1(X;,—1) —
H, 1(X;_1, X;,—2), which we can also (since n — 1 > 0) think of as
the map in homology induced by the quotient map

T Xyt = Xpo1/Xp2 =2\ "L,
rn—l

We conclude that d: C{*H(X) — ClL (X) corresponds under appro-
priate isomorphisms to the map on H,_; induced by the composite

]_[Sn_l (fo)aery X, 15 \/ g1
I 1—‘nfl
i.e. d is given by

Iy = @Hn—l(snil) = Hyq (H Snl) — Hyq (Xn—l) - Hn—l ( \/ Snl) = @Hn—l (Snil) =2ZIy-1.

Iy Iy J I

We can isolate the effect on a single generator in I';, by restricting to
the corresponding sphere in the coproduct, giving the composite map

LS SR VAU
Beln1
In homology, the generalization of Corollary 4.9.8 to an arbitrary
wedge implies that the resulting map H,,_1(S"~!) — Dger, , Hi—1 (sm1)
takes x € H,_1(S""1) to Yg(pp7tfa)sx, where pg: V §" 1 — 5" 1is
the projection that takes the copy of S"~! corresponding to 8 to S"~!
by the identity and collapses all the other copies to the base point.

If we write gp := pprt: X;—1 — S"=1 (which we can also think of
as the quotient X, 1/ (X, 1\ eg(D™°)) where we collapse everything
outside the interior of the cell § to a single point), then this means d
is a sum of the maps H,_1(9gfa): Hy—1(S""1) = H,_1(S"1).

Then we have proved the following;:

Proposition 5.9.1. The cellular differential d: ZI'y, — ZT',,_1 takes the
generator & € ZI'y to

d(w) = ) deg(qpfa)p
ﬁernfl
ifn>1
Remark 5.9.2. For n = 1, the cellular differential is just the boundary

map
Hi (X4, Xo) — Ho(Xp).

Here the map of pairs (I[r, D', [Ir, S°) — (X3, Xo) gives a commuta-
tive square
®r, H1(D',5°) —— @r, Ho(S°)
Hy (X1, Xo) ——— Ho(Xo).

We know that the boundary map H;(D?',S°) — Hy(S%) takes the
generator represented by the relative cycle idp: to the difference
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[1] — [0] if these are the generators of HyS® corresponding to the two
points of SY. The generator in H; (X3, Xo) = ZI'1 corresponding to
a € T'q is then sent to f, (1) — fo(0) in Ho(Xg) = ZTy for fy: S° — X
the corresponding attaching map, so that

do = fo(1) = fu(0).

Remark 5.9.3. Since S"~! is compact, f,(S" 1) can only intersect the
interiors of finitely many (n — 1)-cells, hence only finitely many of
these degrees can be non-zero.

Exercise 5.11. Compute the cellular homology of S” using the cell structure
with two cells in each dimension < n. [You need to keep track of the
orientations of the generators. There are two ways to define this cell structure:
either attach both cells using the identity, or attach one cell using the identity
and one using an orientation-reversing map; it may be instructive to look at
both.]

Exercise 5.12. Find a cell structure on the torus and compute the cellular
homology.

Exercise 5.13. By the classification of finitely generated abelian groups, we
can write any finitely generated abelian group A as a direct sum Z" @ T
where T is a torsion group (i.e. all its elements have finite order). The integer
r is called the rank rk A of A. If C, is a chain complex such that C,, is a finitely
generated abelian group for all 7, and vanishes except for finitely many #,
then the Euler characteristic of C, is

x(Ce) = Z(—l)"rkci.
(i) Show that ‘
x(Ce) =) (—1)'rk H;(C).

i
[Assume that rank is additive in short exact sequences: if 0 — A —
B — C — 0 is a short exact sequence of finitely generated abelian

groups, then tk B = rk A 4 rk C.]

(if) If X is a finite cell complex with T’ its set of of n-cells, the Euler
characteristic of X is the alternating sum

X(X) = 3 (1) |Tul.

i
Prove that x(X) is independent of the cell structure of X, and only
depends on X up to homotopy equivalence.

5.10 The Homology of RIP"

Using our earlier results on degrees, we can now compute the homol-
ogy of real projective space RIP". Recall that this has a cell structure
with a single cell e, in each dimension < n, with attaching map the
quotient map

fi: S0 5§71/ (x ~ —x) 2 RPTL
But we have to be careful here: when we form the pushout square

Sifl < Di

bk

RP! «— 5 RP!



we are thinking of RIP' as the quotient of D where we identify x with
—x for x € dD'. To form the next step in the filtration we need to
identify this quotient with the quotient of S' where we identify all x
with —x — and there are two natural ways to do this: we can map
S' to the quotient of D by identifying the interior of one hemisphere
with the interior D' and by first composing with x > —x on the other
hemisphere — but we have to choose on which hemisphere we do
what. This gives two possible quotient maps q1,42: S' — RIP’, related
by q1 = g, o inv; where inv;: S — S' is the inversion map x +— —x.

To precisely define the cell structure we must (arbitrarily) choose
which map to use as f; 1, though these choices will not affect the
computation.

The cellular chain complex looks like

oo =0 Zey — Zey 1 — - — Zey.

We need to compute d(e;), which for i > 1 is given by the degree of
the composite map

g:?‘lﬁ»RPF1—>Rwﬁ4/RPF22$SF¥

The quotient map f; takes the equator in S~ to RIP"~2 so we can
factor g as

gi-1 F gi-1,,gi-1 8_’> gi-1

where y is the map that collapses the equator to a point. From
our choice of f; we know that on one hemisphere it restricts to the
quotient map D=1 /@D~ — Si~1, and on the other it is this quotient
composed with the antipodal map inv;_;: S"~1 — §i=1,

By Proposition 4.9.9 this means that deg ¢ = deg(id) + deg(inv;_1).
Moreover, by Corollary 4.9.4 we also know that deg(inv;_) = (—1)7,
so that
0, iodd,

degg =1+ (-1) =
2, 1even.

Thus CS!'(RIP") looks like

02— w2%2%72%7

Here the lowest differential is just the boundary map H; (RIP!, RIP?) —

Hy(RIP?) where RIP! = S! and RIP? = *, which is zero, for example

since it takes a generator of H(S!) to its boundary, which is 0.
Computing the homology of this chain complex, we get:

Z/2, iodd,i<mn,
Proposition 5.10.1. H;(RP") & ieven >0ori>n,

0,
Z, i=0ori=nodd.
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The degree of inv; on S is det(—1I;,1) =
(—1)"*1 by Corollary 4.9.4 (Where I;, is
the identity matrix in dimension i + 1),
so if i is even the map inv; is definitely
not homotopic to id.






6
Homotopy Invariance and Excision

Having convinced ourselves that the Eilenberg—Steenrod axioms are
useful for computing homology, we now proceed to prove that they
are indeed satisfied for singular homology. Recall that the two prop-
erties we need to establish are homotopy invariance and excision. We
start by considering homotopy invariance; the proof of this has two
ingredients, which we first introduce separately: in §6.1 we consider
the (somewhat) geometric construction of exterior products of singular
chains, and in §6.2 we look at the algebraic notion of chain homotopies.
We then put these together in §6.3 to prove that singular homology is
homotopy-invariant. Next we turn to excision: In §6.4 we reduce the
proof of excision to a locality property of singular chains, and in §6.5
we establish this using the barycentric subdivision of singular chains.

6.1 Exterior Product of Singular Chains

One ingredient in the proof of homotopy-invariance is a definition
of “multiplication” of singular chains, which we will introduce first.
These will be maps

Hm: Sn(X) % Sy (Y) = Sppm(X X Y).

The idea for defining p;  is that given singular simplices o: A" — X
and 7: A™ — Y, we have 0 x T: A" x A™ — X x X'. This is of course
not an (n + m)-simplex (if n,m # 0). However, we can certainly
decompose the product A" x A™ into (n + m)-simplices, and if we pick
some reasonable way of doing this (using maps a;: A"t — A" x A™)
then we can take i, (0, T) to be the chain on X x Y given by the
sum Y_; £(0 x T) o a; of the restrictions of ¢ x T to these simplices,
perhaps with some signs to get the correct orientations. The precise
result we want is the following:

Theorem 6.1.1. For topological spaces X,Y there exist bilinear maps
Su(X) X Sm(Y) 2% S (X X Y),
such that

(i) pnm is natural, i.e. for maps f: X — X', ¢: Y — Y/, we have

Hnn (f50, 85T) = (f X &)stnm (0, T).



90 RUNE HAUGSENG

(ii) 9 is a derivation for y, i.e. we have
Opinm (0, T) = pn-1,m (90, T) + (=1)"pnm-1(, 07)
(where we interpret p_q p and pyy, —1 as 0if n = 0 or m = 0).

(iii) Form = 0, c: A" — Xand x: A° = x — Y, u,0(0,x) is the

n-simplex

AT A" A S Y x Y,

and similarly for n = 0.
Remark 6.1.2. If ji,, (0, T) represents the product of o and 7 as a
chain, then 0y, (0, T) should represent the oriented boundary of
o x 7. This boundary is do x T U ¢ x 97, which explains the two
terms in the formula for dyy, ;,; the sign is needed to get the correct
orientations. For example, the boundary of A! x A! we can represent
as the chain

o(A! x A') =00 — 10] + [10 — 11] — [01 — 11] — [00 — 01]
= Al X [0] + [1] x At = Al x [1] — [0] x A!
= ([1] = [0]) x A — Al x ([1] - [0])
= oAl x A + (—1)'A! x oAl
Exercise 6.1. Show that the exterior product y;,,; induces bilinear maps in
homology Hy, (X) X Hy(Y) = Hpm(X X Y).

Let 1, € S,(A") denote the singular n-simplex corresponding to the
identity of A". Then for c: A" — X any singular simplex, we have the
tautologous identity o = o.1,,. But then if we set 1, 1= nm(ln, tm),
the naturality property of y,, ,» means that if y1,, »; exists it must satisfy

Hn,m (U/ T) = Un,m (U*ln/ Ty Lm) = (‘7 X T)*ln,m

for any o € Sing,(X), 7 € Sing,, (Y); if o and T are chains we can
similarly represent i, (0, T) as a linear combination of terms of this
form. Thus iy, is completely determined by ;. Thus to define
Unm is suffices to construct chains ¢, ,, with properties that imply
those in Theorem 6.1.1:

Proposition 6.1.3. For all n, m there exists a chain 1y, € Spim (A" x A™)
such that

(i) B = Lio(—1)'(d X id)stn—1m+ (=1)" TfLo(=1) (id X d) sty 1
(where we interpret 1_q y and 1, 1 as 0if n = 0 or m = 0)

(ii) 10m = tm and 1y = Ly.
Remark 6.1.4. Here the formula for 9i;,,, comes from the requirement
a,un,m (Ln/ lm) = Un—1,m (aln/ lm) + (_1)n}4n,m—1 (ln/ alm)/

since we must have

(_1)i}"ln71,m (ailnl lm)

M-

Il
S

HWn—1,m (alnr lm) =

(_1)i[‘4n—1,m (diln—lz lm)

I
™=

Il
o

(=1)'(d" > id)ty—1,m,

Il
™=

i
o
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and similarly for the other term. We can also think of this as a
geometric decomposition of the oriented boundary of A" x A™ into
(faces of A")xA™ and A" x (faces of A™).

Proof of Theorem 6.1.1. Given 1,5, as in Proposition 6.1.3, we define
Hnm: Sing, (X) x Sing, (Y) = Syim(X xY)

as (0,T) = (0 X T)xlnm, and extend linearly to a map on S,(X) x
Su(Y). By linearity it suffices to check the required properties for
0: A" - Xand 1: A" —» Y. For f: X — X', g: Y — Y’ we have

Hn (0, 8:T) = pnm(fo0,807) = ((fo0) X (§0T))stum = (f X 8)(0 X T)stnm = (f X &) ptnm(7, T).
For the boundary, we get

Onm(0,T) = 9(0 X T)slnm

= (0 X T)xOlym

= (0 X T)« (i(—l)i(di X id)sty—1m + (—1)" i(—l)j(id X dj)*ln,m1>

i=0 =0
Y (0 X )ty + (1) 31 (0 X Tt
i=0 j=0
n . m .
= Z(_l)lﬂn—l,m(aiar T) + (_1)n Z(_l)]ﬂn,m—l(azajT)
i=0 =0

= Hn—-1,m (agz T) + (_1>n,un,m71 ((7/ aT)-

Finally, for m = 0 we have

Hno(0,x) = (0 X X)slyo = (T X X)sln,
as required, and similarly for n = 0. O

We'll first give a concrete proof of Proposition 6.1.3 in the case
n = 1 (which is all we need for homotopy invariance). This will
use an explicit decomposition of the cylinder A! x A™; a proof for
general 1 can be obtained by similarly decomposing A" x A™ but
this unsurprisingly gets more complicated. Alternatively, there is an
abstract proof that shows that appropriate classes iy, exist without
giving any explicit choice thereof.

Concrete proof of Proposition 6.1.3, n = 1. We label the vertices of A! x

A" as [i] = ([0], [i]) and [i] = ([1], [i]) and denote the face with vertices The face means the polygon with these
vertices, i.e. their convex hull in Al x A"

V1,...,04 as |01 0. o .
1 n as [o1 n] (which is embedded in R"+3).

Define R; ,: A"*! — Al x A" as the inclusion of the face [0 - - - i - - - 71]
(so we repeat the vertex i in both the lower and upper copy of A").
This satisfies:

(id x d)sRi_1 1, j<i  (bothgive the face [0---(j—1)(j-+1)---if-- 7))
3R . — OiRi_1,, j=i (both give the face [0--- - - - (i—1)i---7))
o 9i+1Rit 10, j=i+1 (both give the face [0---i(i+1)---7])
[

(id x d~1),R;, 1, j>i+1 (both give the face [0---ii---(j —2)]---7])
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If we set 11, := Y"_(—1)'R; ,, then we get
n .
I =) (~1)'0R;,
i=0

i
n n+l
- LR,

l+] ld X d]) i—-1,n—1

i

218 Rl nt Z 2l—~_1al'-&-1Ri,11
i=0

+ )Y (1)Md x dT)R

0<i<n
i+1<j<n+1
= Y (1) x d).Riy 4
0<j<i<n

n—1

n
+ aORO,n + Z aiRi,n - Z ai—i—lRi,n - an+1Rn,n
i=1 i=0
+ Y (-1)TAd x d)4 Ry
0<i<j<n

n—1n

= doRon — On+1Rnn — Z Z l+] (id x d]) in—1
i=0 j=0

= (d® xid) w1, — (d* xid) st — Z( 1V (id x d)sty 1,

as required. O

Abstract proof of Proposition 6.1.3. We'll see below in Exercise 6.4 that
H,.(A") = 0, without assuming homotopy invariance. Thus if ¢ €
Sk(A") for k > 0 is a cycle, it must also be a boundary. This means
that to show there exists some chain with a prescribed boundary it’s
enough to show that this hypothetical boundary is a cycle. We can
apply this to inductively choose chains i, as the degree n +m
increases: supposing we have found ¢ for all k,l with k+1 < n +m,
then we want ¢, (for n,m > 0) to be a chain whose boundary is

(~1)) (i ) sty 1.

™=

(=) (d" x id)uty—1,m + (—1)"
0 j

=

0

To show such a chain exists, we just need to check this is a cycle,
which we leave as an exercise. O
Exercise 6.2. Suppose the formula

k 1
Ay = Y (= 1) (d" x id)ute_1 + ( Z T(id x dl) sty
i=0 j=0
holds for ¢;,_1,, and 1, ,_1. Show that then the chain
n L. m . .
Y (D) xid)sty—1m+ (=1)" Y (1) (id X d) sty

i=0 =0

is a cycle.

The idea of this proof is called the

“method of acyclic models”, the “acyclic

model” being S, (A"); we will encounter
this again several times further on in the
course.



Warning 6.1.5. Note that the chains ¢, ;; in Proposition 6.1.3 are not
unique, and hence neither are the maps y, . However, one can show
that all choices give the same maps in homology.

Remark 6.1.6. We can also define exterior products of relative singular
chains: Given pairs (X, A) and (Y, B) we can define a map

tnm: Sn(X, A) X Sy (Y,B) = Spim(X XY, X x BUA XY)

by taking p,m([c], [T]) to be the image of uy,m (0, T). This is well-
defined: for « € S,,(A) and B € S,,(B) we have

P (0 + 0, T+ B) = pum(0, T) + pnm(&, T) + pnm(0, B) + pinm(a, B),

where all but the first term lie in S,4,(X x BU A X Y). Hence
[nm(o+a, T+ B)] = [Hnm(o, T)] in Spym(X XY, X X BUA X Y).

6.2 Chain Homotopies

The other ingredient in the proof of homotopy invariance is an al-
gebraic notion of homotopy, namely chain homotopies between chain
maps.

Definition 6.2.1. Let f,g: Ae — Be be two chain maps. A chain
homotopy h from f to g consists of homomorphisms h;,: A,,_1 — By
for every n, such that

fu(a) — gu(a) = ohyyq(a) + hy(da). (6.1)

We say that two chain maps are (chain) homotopic if there exists a chain
homotopy between them.

Exercise 6.3.
(i) Show that being chain homotopic is an equivalence relation on the set
of chain maps A, — Ba.

(if) Show the chain homotopies are compatible with compositions: if
f,8: Ae — B, are chain homotopic, then so are ¢ f and ¢g for any chain
map ¢: Be — B, and likewise for f¢ and gy for any ¢: A, — A..

(iii) Define the homotopy category of chain complexes, where the objects are
chain complexes and the set of morphisms from A, to B, is the set of
chain homotopy classes of chain maps.

Remark 6.2.2. If a is a cycle (da = 0) then the chain homotopy gives
f(a) — g(b) = 0ohy(a), exhibiting the two cycles f(a) and g(a) as
agreeing up to a specified boundary. We should think of this as an
algebraic analogue of a homotopy in topology: just as a homotopy
between continuous maps f,g: X — Y species a path from f(x) to
g(x) for all x, a chain homotopy between f,¢: As — B, specifies an
algebraic “path” between f(a) and g(a) in the form of a boundary.
We will see later (after we’ve talked about tensor products) that we
can reformulate the definition of chain homotopy in a way that makes
the two notions look more similar than they do currently. To justify
the preicse form of (6.1) note that for a boundary da we must have

f(9a) — g(9a) = ohy(da)
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but the left-hand side is also d(f(a) — g(a)) so it is natural that the
term h, (da) appear.

Proposition 6.2.3. If f,g: Ae — B are homotopic chain maps, then the
induced maps in homology are the same, i.e.

Hy(f) = Hu(g): Hu(A) — Hu(B).

Proof. If h is a chain homotopy from f to g, then for a homology class
[a] represented by a cycle a, we have

fu(@) = gn(a) = Ohpi1(a)

since da = 0, and so

Hy(f)[a) = [fu(a)] = [8n(a) + 0hyi1(a)] = [gn(a)] = Hu(g)[a]. O

Definition 6.2.4. A chain map f: As — B, is a chain homotopy equiv-
alence if there exists a chain map g: B¢ — A, such that gf is chain
homotopic to id 4, and fg is chain homotopic to idp,; g is then called
a chain homotopy inverse of f.

By the same argument as in Remark 4.4.5, we have:

Corollary 6.2.5. if f: Ae — Be is a chain homotopy equivalence with
chain homotopy inverse g, then f.: H.(A) — H.(B) is an isomorphism
with inverse g. O

In other words, homology takes chain homotopy equivalences to
isomorphisms, i.e. chain homotopy equivalences are quasi-isomorphisms
in the following sense:

Definition 6.2.6. A chain map f: A. — B. is a quasi-isomorphism if
the induced map in homology

fo:t Ho(A) — H,(B)

is an isomorphism of graded abelian groups.

6.3 Proof of Homotopy Invariance

We are now ready to prove homotopy invariance of singular homology.
Recall that what we want to prove is the following:

Theorem 6.3.1. If f,g: (X, A) — (Y, B) are homotopic maps of pairs,
then the induced maps on singular homology agree, i.e.

fo = gu: Ho(X, A) — Hy(Y, B).

We will deduce this from Proposition 6.2.3, so what we’ll actually
prove is the following;:

Proposition 6.3.2. If f,g: (X, A) — (Y, B) are homotopic maps of pairs,
then the induced maps on singular chains

fi @it So(X,A) = Su(Y, B)

are chain homotopic.



Proof. We'll show that any homotopy of pairs #: X x Al — Y induces
a chain homotopy. To do so we use the exterior multiplication maps
(extended to relative chains as in Remark 6.1.6)

Pim: S1(AY) X S (X, A) — Sy (Al x X, Al x A).

These satisfy 91, (0, T) = pom (90, T) — pt1,m—1(0,9T). In particular,
we can take ¢ to be the chain 1 corresponding to the identity of Al,
with a1y = [1] — [0]. If we define v;,41(T) := p1,m (11, T) then we get

My y1(7) = {1} x T — {0} x T — vy (97),

where we used property (iii) in Theorem 6.1.1 to identify g, (911, T).

Since h is a homotopy of pairs, we can think of it as a map of pairs
(A x X, Al x A) — (Y, B) and so it induces a chain map h.: Se(A! x
X,A!' x A) — So(Y,B). Then the composites h.vy: Sy(X, A) —
Sm+1(Y, B) give a chain homotopy: we have

Mt 1(T) = g4(T) = fi(T) = havin (97),

which is precisely the identity required of a chain homotopy between
g« and f.. O

6.4 Locality and Excision

Our next goal is to prove the excision property for singular homology:

Theorem 6.4.1. Let (X, A) be a subspace pair and U C A a subspace such
that U C A°. Then the inclusion (X \ U, A\ U) — (X, A) induces an
isomorphism in homology

H. (X\U,A\U) > Ho (X, A).

It is notationally convenient to formulate this slightly differently: if
B := X\ U then the condition is that A° U B° = X so that the interiors
of A and B form an open cover of X, and in this case the inclusion
(B,ANB) < (X, A) should induce an isomorphism

H.(B,ANB) = H.(X, A).

A key ingredient in the proof is the locality property of singular ho-
mology, which essentially says that to compute the homology of X it
is enough to look only at simplices whose images are contained in
either A or B. We will now formulate this more precisely, and then
use it to prove excision; we will give the proof of locality in the next
section.

Definition 6.4.2. A chain 7y € S,(X) is called small (with respect to
the cover {A, B}) if it is a linear combination of simplices o: A" — X
such that the image 0(A") is contained either in A or in B. The small
chains form a subgroup of S, (X) which we denote Sj,(X). Since the
boundary of small chain is clearly again small, we get a subcomplex
S,(X) C Se(X). The subcomplex S.(A) is contained in S, (X), and
we define S, (X, A) as the quotient S, (X)/Se(A).
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Theorem 6.4.3 (Locality). The inclusion S,(X) — Se(X) induces isomor-
phisms in homology.

Remark 6.4.4. More generally, we can define small chains with respect
to any open cover, and the analogue of Theorem 6.4.3 still holds.

We have a commutative square of chain complexes

Se(ANB) —— S4(B)

| |

Se(A) —— S,(X),

where all four maps are injective; in particular, there is an induced
map of quotient complexes

Se(B,ANB) = SL(X, A).

Lemma 6.4.5. The chain map So(B, AN B) — S,(X,A) is an isomor-
phism.

Proof. We need to check we have an isomorphism S, (B, AN B) —
S, (X, A) for every n. To see that this is injective, suppose [a] €
Sx(B, AN B) is in the kernel, where « is a representative in S,(B).
Then when we view « as an element in S}, (X) it maps to 0 in S/, (X, A),
which means it is in the image of S,(A). But then the chain « lies
in both S,,(A) and S, (B), which means it is a linear combination of
simplices whose images lie in both A and B, and hence in AN B, i.e.
« lies in the subgroup S, (A N B). This implies [¢] = 0 in S,,(B, AN B)
as required.

To see that the map is surjective, consider [y] € S}, (X, A), repre-
sented by v € S, (X). Since 7 is small, we can write it as a sum
v = a«+ p where « € S,,(A) and B € S,,(B). But then [y] = [B] in
S/, (X) and here [B] is in the image of S,(B, AN B). O

Proof of Theorem 6.4.1. From the inclusions S¢(A) C S,(X) C S¢(X)
we get a canonical morphism of quotient complexes S, (X, A) —
S¢(X, A), which lives in a commutative diagram

0 —— Se(A) —— SL(X) —— SL(X,A) —— 0

| | l

0 —— Se(A) —— Se(X) —— Se(X,A) —— 0

where the rows are short exact sequences. We get an associated
diagram of long exact sequences in homology:

S — Hn(A) — Hn(SIo(X)) E— Hn(SIo(X/A)) E— anl(A) — anl(SIo(X)) —

H [~ | H [~

- —— Hy(A) —— Hy(X) ——— Hy(X,A) ———— Hy, 1(A) ——— H, 1(X) —— ---

Here the isomorphisms follow from Theorem 6.4.3. We can then
apply the 5-Lemma to conclude that H, (S, (X, A)) — Hu(X, A) is an
isomorphism.



The chain map Se(B, AN B) — S¢(X, A) factors as
Se(B,ANB) — SL(X,A) = Se(X, A),

where the first map is an isomorphism by Lemma 6.4.5, and we just
saw the second induces isomorphisms in homology. O

6.5 Barycentric Subdivision

We now want to prove the locality property, Theorem 6.4.3. To do so
we will use a construction called barycentric subdivision. This will give
as natural chain maps

bsX: Se(X) = Se(X)
and a chain homotopy pX from bs* to the identity, i.e.
bs¥(a) — a = 9pX(a) + pX (u)

(where we drop the superscript X from the notation when it is clear
from context). These will have the following key properties:

(1) for every chain & € S.(X) there exists an integer k such that
bs" (X) is small for n > k.

(2) for every small chain « the chain p(«) is also small.

Before we turn to the definition, let’s see that this suffices to prove
locality:

Proof of Theorem 6.4.3. We must show that the homomorphism
Hy(Se(X)) = Hy(X)

is an isomorphism for every n. To see that it is surjective, consider
a class [¢] € H,(X) represented by a cycle & € S,(X). The chain
homotopy p implies that [a] = [bs(a)] and so [a] = [bs*(a)] for
every k, and by assumption bs*(«) is small for k sufficiently large,
so [a] is in the image of H, (S, (X)). To see that the map is injective,
suppose [¢] = 0 in H,(X) for some « € S},(X). Then a = dp where
B € S,.1(X) need not be small. But then bs*(a) = dbs*(B) and for k
sufficiently large we know bs*(B) is also small, so [bs"(«)] = 0 also
in H,(S,(X)). Moreover, property (2) implies that p restricts to a
chain homotopy between bs and the identity also on S (X), so that
[«] = [bs"(«)] also holds in H,(S,(X)). Thus [a] = 0 also here, as
required. O

Now we need to show such maps bs* and pX actually exist. To
define bs® we will use the following procedure:

e Define a chain 8, € S,(A"); this will be bs®" (1,,) where 1,, € S,,(A")
denotes the chain corresponding to the identity map ida».

e For o: A" — X, define bs* () := 0., and extend linearly to
define bs* on chains.

ALGEBRAIC TOPOLOGY I
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The chain f,, will represent a subdivision of A" into smaller simplices,
the barycentric subdivision, i.e. it will be a (signed) sum of the inclu-
sions A" < A" of these smaller simplices; geometrically this chain
represents all of A”.

Roughly speaking, the barycentric subdivision of A" is obtained
by first taking the subdivision of the faces of A" and then adding a
new vertex at the “barycentre” (or centre of mass) of A", with edges
connecting this to all the vertices in the subdivision of the boundary,
and so on for higher-dimensional faces.

To give a more precise definition, we introduce the cone construction
of simplices:

Definition 6.5.1. Suppose K C R? is a convex set (so for any points
x,y € K, the line segment between x and y is also contained in K).
Given a singular simplex a: A" — K and a point p € K we define
conep a: A™1 — K to be the continuous map given by

top + (1 —to)a(ty, ... 1) to#1,

conep (a)(to, ..., thy1) =
P, to =1,

where t/ = t;11/(1 —to) (so that ({,...,t)) lies in A" C R"*1) We
can extend this linearly to obtain a homomorphism

conep: Sy(K) — S,41(K).
Lemma 6.5.2. dcone,(a) = a — conep(dx).

Proof. From the definition we see that if a: A" — K is a simplex, then
do cone, & = «, while 9; cone, & = coney,(9;_1«) for i > 0. Hence

n+1 . n .
dconey(a) = Y (—1)'9;conep(a) = a — Y _(—1)' conep(d;a),
i=0 i=0
where the sum is precisely cone,(dx). O

Exercise 6.4. Use the cone construction to show directly (without using
homotopy invariance) that for any convex subset K C IR"” we have H,(K) =0,
* > 0.

Definition 6.5.3. Viewing A" C R"*1 as the subset of points t =
(to,...,tn) with t; > 0 and Y ;f; = 1, the barycenter of A" is the
pointz = (1/(n+1),...,1/(n+1)). We inductively define classes
Bn € Su(A™) and homomorphisms bsX : S, (X) — S,(X) as follows:

* set Bg := 1o,

e given B, for o: A" — X define bs} (¢) := 0., and extend linearly
ino,

* set B,+1 := conez(bs,(01,41)).

Note that this gives bsjy := id.



Lemma 6.5.4. bs*: S¢(X) — S.(X) is a chain map, and it is natural in
X, i.e. given a continuous map f: X — Y we have a commutative square

bsX

Se(X) —— Se(X)
bl
Sa(Y) 255 5, (Y).

Proof. To prove naturality it suffices to check that the two maps agree
at a simplex o: A" — X. We have

febs*(0) = fu(:pn) = (fo)pn = bs" (f0),

as required. We now prove that bs* is a chain map for all X by
checking that dbsX = bsX ; @ by induction on 1. For ¢: A" — X we
have

absy (0) = d0.Pu = 0+ (3PBn),

and Lemma 6.5.2 gives
9By = dcone, (bsh" | 91, ) = bsh" | A1, — cone, (Ibs2” | duy,).

Applying the inductive hypothesis to bsﬁil, we see that the last term
vanishes and so 98, = bsﬁil dt,, which means

absff((f) = 0, (bsﬁil ) = bsff,l((f*atn) = bsff,l(aa).

To start the induction, note that as bsf)( = id, for n = 1 we get
0B1 = iy + cone; (9%11) = bsg(dty). O

Fact 6.5.5. If (Y,d) is a compact metric space and U = {U; : i € 1} is
an open cover of Y, then there exists A > 0 such that any subset of Y of
diameter < A lies in one of the subsets U;. Such a A is called a Lebesgue
number of U.

Lemma 6.5.6. (bs*)¥a is small for k sufficiently large.

Proof. 1t's enough to consider a simplex a: A" — X. Then a1 A° and
a~1B° give an open cover of A". This is a compact metric space, so
there exists a Lebesgue number A. But from the definition of bsh"
we see that there is a real number € < 1 such that the simplices in
(bsh")¥(1,) all have diameter < €. For k sufficiently large we have
€k < ) and so each simplex in the chain (bs4" )¥(1,) is contained in one
of the open sets in the cover. In other words, (bs*)*a = a, (bs2" )¥(1,,)
is small. O

Now we want to define the chain homotopy pX: S, X — S, 1X.
We proceed by the same method as before:

* we first define a chain R, € S, 1(A") that will be p4" (1,), starting
with taking Ry € S1(A) to be the unique simplex Al — A?,

e for o: A" — X we set pX(¢) := 04R,, and extend linearly in o.
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For pX to be a chain homotopy between bs* and id we certainly need
IR, = 905" (1n) = —pp—1(3tn) +bst" 1, — 1.
In fact any R, with this property will give a chain homotopy:

Lemma 6.5.7. Given chains R,, with the prescribed boundaries, the resulting
homomorphisms piX are a natural chain homotopy.

The proof is similar to that of Lemma 6.5.4 and is left as an exercise:

Exercise 6.5. Suppose we have chains R, € S,,;1(A") with Ry the unique
simplex A' — A®, and define pX: S,(X) — S,11(X) by pX(c) := xR, for
o: A" — X and extending linearly in o. Show (by induction on n) that if the
chains Ry, satisfy

ARy = —pp_1(3ty) +bsh 1y — 1n

then the homomorphisms pX are a natural chain homotopy between bsX and
id.
So we just need to find some choice of R,,’s. But we know H, (A") =

0, so if the right-hand side is a cycle it is a boundary, and hence a
suitable R, must exist. So we just have to compute

] (—pn,l(azn) +bsh 1, — tn) = —0p_1(1n) —bs2" | (31) + 0ty +3bsE (1) — 1, = 0,

where we assumed we already knew p,_1 satisfied the chain homo-
topy equation. So we can proceed by induction to define R;;, since for
n = 0 we have dRy = 0 by the definition of Ry.

We are left with making the following observation:

Lemma 6.5.8. Ifa € S, (X) is small then pXa € S, 1(X) is also small.

Proof. It suffices to consider a small simplex a: A" — X. Then
pXa = a.(02"1,), which means all simplices in the chain pXa are
given by composing with « and hence have image contained in a(A").
That means these simplices are all small too, hence so is pffa. O



7
Tensor Products and Homology with Coefficients

In this chapter we will define variants of singular homology with
coefficients in any abelian group M using chain complexes S.(X; M);
an element of S, (X; M) should be a “linear combination” }_ a;0; with
o;: A" — X, but now with the coefficients 4; living in M. To make
this precise we first need to introduce the tensor product of abelian
groups in §7.1 before we define homology with coefficients in §7.2.
We then need to discuss a little homological algebra, specifically the
torsion product of abelian groups, in §7.3, which we use in §7.4 to
prove the universal coefficient theorem, which describes the relation
between homology with coefficients in M and the singular homology
(with coefficients in Z) we have studied so far. In §7.5 we show that
we can also extend the cellular chains on a cell complex to compute
homology with coefficients.

7.1 Tensor Products of Abelian Groups
Definition 7.1.1. If A, B, C are abelian groups, a bilinear map
$p: AxB—C
is a map of sets that satisfies
P(a+d,b) = 9(a,b) + p(a,b), pa,b+V) = p(a,b) + pla V)

for all a,a’ € A,b,b' € B. A tensor product of A and B is an abelian
group A ® B together with a universal bilinear map u: A x B —
A ® B: for every bilinear map ¢: A x B — C there exists a unique
homomorphism f: A® B — Csuchthat¢ = fou,ie.

AxB %5 A®B

x !

C.

As with any definition of an object by a universal property, if the
tensor product exists it is unique up to unique isomorphism.

Lemma 7.1.2. For any abelian groups A, B, their tensor product exists.

Proof. Let F = Z(A x B) be the free abelian group on the set A x B.
Then by the universal property of F, a morphism of sets ¢: A x B — C
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where C is an abelian group corresponds to a unique homomorphism
¢': F — C. Moreover, ¢ is a bilinear map if and only if the subgroup R
of F generated by (a +4a’,b) — (a,b) — (a’,b) and (a,b+ V") — (a,b) —
(a,b") for all a,a’ € A, b,b/ € B, is contained in the kernel of ¢'.
Setting T := F/R, then by the universal property of the quotient
we get a correspondence between bilinear maps A x B — C and
homomorphisms T — C, given by composing with the map u: A x
B — F — T where the first map is the inclusion of the generators
and the second is the quotient map. This shows that (T, u) is a tensor
product of A and B. O

Remark 7.1.3. Fora € A,b € B, we write a® b € A ® B for u(a,b).
From the explicit construction we see that an element of A @ B can be
written as a finite sum }_a; ® b; of elements of this form. Since u is
bilinear, we have

(a+d)ob=a®b+d @b,
a@(b+b)=axb+axl,
(na) @b =n(a®b) =a®nb, n € Z.
Warning 7.1.4. A general element of A ® B can not be written as 2 ® b.

The following exercises give some examples of tensor products:

Exercise 7.1. For integers n,m, show that Z/n ® Z/m = Z/r where r =
ged(n, m) is the greatest common divisor of n and m. In particular, if p and ¢
are distinct primes, then Z/p® Z/q = 0.

Exercise 7.2. For sets S, T, show that there is a canonical isomorphism

ZS®ZT = Z(S x T).

We now state the basic formal properties of the tensor product;
proving them using the universal property is left as an exercise.

Proposition 7.1.5.
(i) For abelian groups A, B, there is a canonical isomorphism
A®B S B®A
taking a @ b to b ® a.
(ii) For abelian groups A, B, C there is a canonical isomorphism

A®(BeC) = (A®B)®C.

(iii) For abelian groups A;,i € 1 and B, there is a canonical isomorphism
PA®B= (@Al) ® B.
iel iel
(iv) For an abelian group A, there are canonical isomorphisms
ZoAS A,

00 AS0.



(v) For homomorphisms f: A — A’, g: B — B’, there is a canonical
homomorphism
f®g: AQB— A ®B

taking a @ b to f(a) ® g(b). Moreover this is compatible with compo-
sition (so ® is a functor Ab x Ab — Ab).

(vi) For abelian groups A, A', B, B' and a homomorphism f: A — A’ the
tensor product f ® 0 with the zero map 0: B — B’ is the zero map
0:B®A—B ®A

(vii) For homomorphisms f,g: A — A’, h: B — B', we have (f + ¢) ®
h=f®h+g®has homomorphisms A® B — A’ @ B'.

Exercise 7.3. Prove the formal properties of ® using the universal property.

Lemma 7.1.6 (Tensor product preserves cokernels). For M an abelian
group and an exact sequence

AliBS oo

(so that C = B/ im f) the sequence

id id
AoM P B M S coM -0

is also exact.

Proof. The cokernel of f ® id has the universal property that any
homomorphism ¢: B& M — N such that ¢ o (f ®id) = 0 factors
uniquely through it. We thus need to check that ¢ ® id has this
universal property.

A homomorphism ¢: B&® M — N corresponds to a bilinear map
¢': Bx M — N, and ¢ o (f ®id) = 0 holds if and only if ¢’ o (f x
id) = 0. But then we can define a bilinear map ¢: C x M — N by

P(gx,y) = ¢'(x,y),

which is well-defined since gx = gx’ means x = x’ + f(a) and then

¢'(x,y) =" (X, y) +¢'(f(a),y) = ¢' (', y).

Moreover, ¢ is clearly the unique bilinear map that factors ¢’ through
g % id, which means that it corresponds to the unique homomorphism
C® M — N that factors ¢ through ¢ ® id. O

Remark 7.1.7. This implies in particular that if f: A — B is surjective,
then so is f ®id: A M — B® M for any M. However, if f is
injective, the map f ® id need not be injective. For example, consider
the injective map Z Ny (given by multiplication by 2) — if we tensor
this with Z/2 we get Z/2 g> Z./2, which is certainly not injective.
This implies that in general the functor - ® M does not preserve
short exact sequences. We now consider two special situations where
exactness is preserved:

Lemma 7.1.8. If F = ZS is a free abelian group, then — ® F preserves short
exact sequences.
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Proof. Since F = @,c5 Z and we know ® preserves direct sums, we
have A ® F = @5 A. For a short exact sequence

0sALBL Ccoo,

tensoring with F therefore gives

0—>@A Dses i @B Dses g @C—)O.

seS seS seS

This is exact since a direct sum of exact sequences is always exact by
Exercise 3.4. O

Lemma 7.19. If 0 — A LBLcCcoso0isa splittable short exact
sequence, then for any abelian group the sequence

i id
0 AM @Y peo M coM—0

is exact, and is again splittable.

Proof. Choosing a splitting s: C — B gives an isomorphism of the
exact sequence with

0—-A—->A8C—>C—0.
Since — ® M preserves direct sums, tensoring this with M we get
0+AM - AMOCOM - COM — 0,

which is obviously again exact, and this is isomorphic to the tensor
product of the original sequence with M, with the isomorphism given
by the splitting s ® id. O

As an important special case, we have:

Lemma 7.1.10. If0 = A — B — C — 0 is a short exact sequence where
C is a free abelian group, then

0AXM—->BRM—>CM

is a (splittable) short exact sequence for every M.
Proof. Any such short exact sequence is splittable, by Exercise 4.3. [

Remark 7.1.11. Everything we’ve done in this section works exactly
the same over an arbitrary commutative ring R: If M, N,K are R-
modules, we can define an R-bilinear map ¢: M X N — K to be a
morphism of sets such that

Plm+m',m) = plm,n) +p(m',n),  p(m,ntn') = p(m,n) +p(m, '),

for m,m' € M,n,n’ € N,r € R. There exists a universal R-bilinear
map M x N - M ®g N, and the relative tensor product ®r has the
same formal properties as those we prove for ® = ®z. Note that if
k is a field and V is a k-module (k-vector space), then ®;V always
preserves short exact sequences (since every k-module is free).

¢(rm,n) = r¢p(m,n) = ¢p(m,rn),



Exercise 7.4. Show that M ®@g N is the quotient of M ® N by the subgroup
generated by elements of the form rm®n —m @ rnforr € R,m € M, n € N.

Exercise 7.5.

(i)

(ii)

(iii)

(iv)

v)

Let R be an (associative, unital) ring. Show that an R-module is the
same as an abelian group M and a homomorphism a: R@ M — M
such that the square

R@R®M %% poMm

lﬂ ®idm ll‘

ReM —% s M

and the triangle

~ id
M"szZoM ™Y ReM
\ la

M

commute, where the homomorphism y: R® R — R is given by multi-
plication in R and #: Z — R is given by the unit of R (i.e. #(1) = 1).
Show that an R-module homomorphism ¢: M — N is the same as a
homomorphism of abelian groups such that the square

id
ReaM 2% ReN

| |

M—? N

commutes.

Show that if M is an abelian group and R is a ring, then R ® M has a
natural R-module structure. [Hint: Use the multiplication in R.]

Show that if M is an abelian group and N is an R-module, there is a
natural correspondence between R-module homomorphisms R ® M —
N and homomorphisms of abelian groups M — N.

If S is a set and R is a ring, show that R ® ZS has the universal property
of the free R-module RS on S: R-module homomorphisms RS — M
correspond to functions S — M.

Exercise 7.6. If k is a field and V, W are k-vector spaces, with bases {x;};c;
and {y;} ], respectively, show that x; ® y; is a basis for V & W. If V and W
are finite-dimensional, conclude that

7.2

dim(V @, W) =dimV - dim W.

Homology with Coefficients

Definition 7.2.1. Let C, be a chain complex and M an abelian group.

We define a chain complex Co, ® M given levelwise by the tensor

products C,, ® M, with boundary maps

0®idy: Ci, M — Cpq @ M.

By Proposition 7.1.5 we have

(0®idy)? =0’ ®idy = 0®idy =0

so this is a chain complex. This gives a functor - & M: Ch — Ch.
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Lemma 7.2.2. There is a natural map Hy(C) ® M — H;(C ®@ M).

Proof. By definition, we have an exact sequence
B (C) = Zx(C) — Hi(C) — 0,
and so an exact sequence
By(C)®M — Z(C) @M — Hy(C) @M — 0

by Lemma 7.1.6. To construct a natural map Hy(C) @ M — Hy(C ® M)
it is therefore enough to show that the boundary maps

oMy=0®idpy:C, M = C,,_1 M
induce commutative squares

Bk(C) M —— Zk(C) R M

| l

By (C® M) —— Zy(C® M).

This is true because 9y factors through By (C) ® M and Z;(C) ® M,
so that we have a commutative diagram

oM

T Tt

Cor1 OM — B(C) &M —— Z(C)oM —— GoM M5 G oM

\ i /

Bk(C ®M) — Zk(C® M)

Here the dashed arrow By (C) ® M — By (C ® M) exists since Cyy1 ®
M — By (C) ® M is surjective by Lemma 7.1.6, and so factors uniquely
through the image By (C ® M), while the dashed arrow Z;(C) ® M —
Z(C ® M) exists since the composite Zy @ M — Cx_1 ® M is zero,
and so factors uniquely through the kernel Z;(C ® M). O

Exercise 7.7. Show that for C, a chain complex, the natural map
Hk(C) ®Z — Hk(C ® Z) =~ HkC
is an isomorphism.

Remark 7.2.3. However, since tensoring does not preserve short exact
sequences, this natural map is typically not an isomorphism.
Exercise 7.8. Show that a chain homotopy & between chain maps f,g: Co —

D, induces a chain homotopy between f @ M,g @ M: Ce ® M — Do ® M for
any abelian group M.

Definition 7.2.4. For a topological space X and an abelian group
M we define S¢(X; M) := So(X) ® M, with homology H,(X; M) :=
Hyu(Se(X; M)). This is the singular homology of X with coefficients in
M. Similarly, for a subspace pair (X, A) we define S¢(X, A; M) :=
S¢(X, A) ® M giving the relative singular homology of (X, A) with
coefficients in M as

Hy (X, A; M) := Hy(Se(X, A; M)).



Remark 7.2.5. Note that H, (X, A; Z) is just the usual singular homol-
ogy we have been calling H, (X, A) so far.

Remark 7.2.6. Since S, (X) is the free abelian group on Sing, (X), the
abelian group S, (X; M) is isomorphic to Dycsing, (x) M. We can thus
think of elements of S, (X; M) as finite sums Y/ ; m;o; with m; € M
and o; € Sing, (X). If R is a commutative ring, then S,(X; M) ® R is
isomorphic to the free R-module R Sing, (X) on the set Sing, (X).

Remark 7.2.7. Homology with M-coefficients is a composite of func-
tors
Pair 2% ch ~M, ch 1 Ap,

and so is functorial in continuous maps of pairs.

Remark 7.2.8. If R is a ring and M is an R-module, then H.(X; M)
also has a natural R-module structure. This is because we can lift
—® M to a functor Ab — Modpg, where Modg denotes the category of
R-modules.

Remark 7.2.9. The coefficients we are interested in are typically the
field Q (and sometimes R and C) and the finite fields IF, = Z/p. This
is because homology with field coefficients is in some ways better-
behaved than with integral coefficients, and it can often be easier in
practice to compute the homology “one prime at a time”. Although we
cannot exactly recover H,(X) from H,(X;Q) and H.(X;F,), in some
ways these homologies taken together contains “the same information”
about X as the integral homology groups. (We will see one example
of this below in Theorem 7.4.8.)

Lemma 7.2.10. If (X, A) is a subspace pair and M is an abelian group,
then there is a long exact sequence

= Hy(A; M) — Ho (X M) — Ha (X, A; M) 2 Hyq (A, M) — - -
with the first two maps coming from the inclusions A — X and (X, D) —
(X, A).
Proof. Tensoring the short exact sequence
0 — Se(A) = Se(X) = Se(X,A) =0
with M, we get
0= Se(A; M) = Se(X; M) — Se(X,A; M) — 0,

which is again a short exact sequence by Lemma 7.1.10, since the
abelian group S, (X, A) is free (on the set Sing, (X) \ Sing,(A)) for
every n. We therefore get a long exact sequence in homology of the
required form. O

Remark 7.2.11. We also have Mayer—Vietoris sequences with coeffi-
cients in M. We can use these long exact sequences to redo many of
the computations we did with Z-coefficients. In particular, we have

M, x=mn,

H.(S"; M) =
0, =x#n.
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Proposition 7.2.12. Singular homology with coefficents in an abelian group
M satisfies the Eilenberg—Steenrod axioms of Definition 4.4.3, except that
we have

M, x=0,

H, (x; M) =
0, =x#0.

Proof. It remains to check that H,(—; M) satisfies the homotopy, exci-
sion, and additivity axioms.

Recall that we proved in Theorem 6.3.1 that a homotopy between
maps of pairs f,g: (X, A) — (Y, B) induces a chain homotopy be-
tween the chain maps f,g«: Se(X, A) — So(Y, B). Tensoring with
an abelian group M preserves chain homotopies by Exercise 7.8, so
that we also get a chain homotopy between f, g.: Se(X, A; M) —
Se(Y, B; M), which implies the homotopy axiom.

To prove excision, note that the key properties of barycentric sub-
division are preserved by tensoring with M, so that locality, Theo-
rem 6.4.3, also holds for singular chains with M-coefficients. Our
proof of excision in Theorem 6.4.1 therefore goes through also for
H. (= M).

The additivity axiom is also clear, since tensoring preserves direct
sums. Finally, we recall that S, () is given by Z in degrees > 0, with
the identity and 0 alternating as boundary maps, and 0 in negative
degrees. Tensoring this with M we get the chain complex

s MEME M S M0
with homology Hy(*; M) = M and H.(x; M) = 0 for x # 0. a

Definition 7.2.13. If $: M — M’ is a homomorphism of abelian
groups, then ¢ induces a natural chain map

id
Se(X, A) o M 2% 5,(X, A) o M,

and so natural homomorphisms in homology

¢y Hu(X, A; M) = Hy(X, A; M).
Proposition 7.2.14. Suppose 0 — M’ LML M = 0is a short exact
sequence of abelian groups. Then for any subspace pair (X, A) there is a
long exact sequence

o Ha(X, A M) 5 Hy (X, A; M) 25 Hy (X, A, M) — Hy 1 (X, A, M) — -

Proof. Since the abelian group S, (X, A) is free for all n, if we tensor
the short exact sequence with S.(X, A) we get a short exact sequence
of chain complexes
s d
0= So(X, A; M) 9% 5 (X, 4; M) 2% 5,(X, A; M) — 0
by Lemma 7.1.8. This gives the required long exact sequence in
homology. O
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Exercise 7.9. For an integer 7, let us write n: Z — Z for the homomorphism
given by multiplication with #.

(i) For any abelian group M, use the universal property of ® to show
that under the natural isomorphism M = M ® Z the homomorphism
idon: M Z — M ® Z corresponds to the homomorphism M — M
given by multiplication with n.

(if) Use the natural isomorphism from Exercise 7.7 to show that the nat-
ural map m,: Hy(X, A;Z) — Hy(X, A;Z) induced by m: Z — Z on
coefficients is again given by multiplication with m.

Corollary 7.2.15. Let (X, A) be a subspace pair. Then for any integer m
there are short exact sequences

0 — Hy(X,A)®@Z/m — Hy(X, A;Z/m) — Tor(Z/m, Hy,_1(X, A)) — 0,

where Tor(Z/m, H,_1(X, A)) denotes the m-torsion subgroup of H,_1 (X, A)
(i.e. the subgroup of elements x such that mx = 0).

Proof. Applying Proposition 7.2.14 to the short exact sequence
04Z5Z—Z/m—0,
we get a long exact sequence
o= Ho(X,A) 5 Hy(X, A) = Ha(X, A;Z/n) = Hy 1 (X, A) = -+,
and so short exact sequences
0 — coker (Hn(X,A) LN Hn(X,A)) — Hy(X, A; M) — ker (Hn_l(X,A) m Hn_l(X,A)) 0.
Here we can identify

coker (Hy(X, 4) 2 Hy(X, 4)) = Hy(X, A) @ Z/m,

ker (Hn,l(X,A) LN H,H(X,A)) =~ Tor(Z/m, Hy_1(X, A)),
using Exercise 7.9, which gives the required short exact sequences. [

Example 7.2.16. Let us compute H.(RIP";IF,) where p is a prime.
Recall that

Z/2, iodd,i<mn,
H;(RP") = <0, i even > 0,
Z, i=0o0ri=nodd.

If p = 2 the short exact sequences from Corollary 7.2.15 take the form
0—7Z/2— H;(RP%;F,) -0—0, (i=0o0ri<nodd),
0 — 0 — H;(RP";F,) - Z/2—0, (ieven >D0),

so that we get

Z/2, 0<x<mn,

H,(RP";TF,) =
0, * > 1.
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On the other hand, if p is an odd prime, we get

Z/p, *=0or*=mnodd,

H,(RIP"; ]Fp) =
0, otherwise.

In particular, we see that homology with different coefficients can
look quite different. For example, if n is even and p is an odd prime
then the IF,-homology of RIP” is the same as that of a point.

Example 7.2.17. Sometimes homology with coefficients can detect
more than integral homology. For example, consider a continuous
map f: S" — S" of degree d, and form a cell complex X by attaching
an (n + 1)-cell to S" along f, so that we have a pushout square

gn Dn+1

b

S X.

The space X is called the Moore space of Z/d in degree n. Its integral
homology is given by

AL (X) = {Z/d, * =7,

0, otherwise,

as is easily seen using cellular homology, for example. We have a
quotient map g: X — X/S" = S"*1. In reduced integral homology
this is the zero map, since H, (X) is 0 except in degree n and H,(S"!)
is 0 except in degree 1 + 1. Thus integral homology cannot distinguish
g from a constant map. On the other hand, from Corollary 7.2.15 we
see that

Z/d, x=nn+1,
0, otherwise.

H.(X;Z/d) = {

Moreover, in the long exact sequence for the pair (X, S") we have
0= H, 1 (S Z/d) = Hypr (X Z/d) L5 Hyr(S™52/d) — - -

so that q.: Z/d — Z./d is injective and so non-zero. Hence homology
with Z /d-coefficients sees that g is not homotopic to a constant map.

7.3 Torsion Products

Our next goal is to understand the relation between H, (X; M) and
H.(X) for a general abelian group M. To do so we need a little
bit of homological algebra related to tensor products. We will take
advantage of the fact that homological algebra over Z is fairly simple
to derive what we need without building any general machinery for
derived functors.

Definition 7.3.1. Let A be an abelian group. A free resolution of A (of
length 2) is a short exact sequence

0—-F—>F—A—=0,

where Fy and Fj are free abelian groups.



Lemma 7.3.2. Every abelian group has a free resolution of length 2.
We need the following important fact about abelian groups:
Fact 7.3.3. Every subgroup of a free abelian group is free.

Proof of Lemma 7.3.2. Let A be an abelian group. Then there exists
a surjection s: F — A with F free; for example we can always take
F := @,c 4 Z, the free abelian group on the set A, with its canonical
homomorphism to A. We have a short exact sequence

0—kers - F—+A—0,
where kers is free by Fact 7.3.3. O
Definition 7.3.4. Let A and B be abelian groups, and let
0 F 5 F—A=0
be a free resolution. The torsion product Tor(A, B) is the kernel of
i®id: F®B — {®B.

Remark 7.3.5. Let F, denote the chain complex --- = 0 — F AN Fo.
Then Hy(Fe ® B) = A ® B by Lemma 7.1.6, while Hy(F, ® B) =
Tor(A, B).

Warning 7.3.6. The analogue of Fact 7.3.3 is false for R-modules over
a general commutative ring R (though it does hold whenever R is a
principal ideal domain). This means that an R-module M need not
have a free resolution of length 2; it is always possible to find a free
resolution, in the form of an exact sequence

'--—>F2—>F2—>F1—>Fo—>M—>O,

with the F;’s all free, but this may have to be infinitely long. We can
then define a sequence of higher Tor functors by

TorR(M,N) := H;(Fs ®g N),
which can potentially be non-trivial for all 7 > 0.

We will see in a moment that Tor(A, B) is well-defined, but let us
first mention some examples:

Example 7.3.7. If F is a free abelian group, then 0 — F 4 Fis a free
resolution, so that Tor(F, B) = 0 for any abelian group B since this
is the kernel of 0 2 0 ® B — F ® B. We also have that Tor(A,F) =0
for any abelian group A, since tensoring with F preserves short exact
sequences by Lemma 7.1.8.

Example 7.3.8. For an integer m, a free resolution of Z/m is given by
the short exact sequence

07257 —57/m—o.

For an abelian group B, the torsion product Tor(Z/m, B) is therefore
isomorphic the kernel of the homomorphism B — B given by multi-
plication with m, i.e. the subgroup of m-torsion elements in B. This is
the reason for the name “torsion product”.
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Exercise 7.10. Show that for integers n, m we have Tor(Z/n,Z/m) = Z/r,
where r = ged(n, m).

Definition 7.3.9. An abelian group B is flat if - ® B preserves short
exact sequences. By definition, this implies Tor(A, B) = 0 for all A.

Fact 7.3.10. An abelian group A is flat if and only if A is torsion-free, i.e.
foreverya € Aifa # 0 then na # 0 for all n # 0 in Z.

Example 7.3.11. Since Q is torsion-free, we see that Tor(A, Q) = 0 for
all A. The same holds for any field of characteristic 0, such as R or C.

Proposition 7.3.12. Suppose 0 — F EN FolA—so0isa free resolution,
and 4
0B LB 5HC—0

is any short exact sequence. Given a homomorphism f: A — C there exists
an extension of f to a commutative diagram
FR—sEp 1A
o w |

Bl$>Boi>C.

The maps ¢o can be viewed as a chain map Fo — Be such that Hy(¢e) = f.
Given another such chain map ¢|,: Fe — B, there exists a chain homotopy
between o and ¢l,,

1
Fl :,; Bl
$1.7
Ql It p
"o
F :; By.
0

Proof. By assumption F is a free abelian group ZS for some set S.
Since p is surjective, we can choose preimages in By of the images of
S under fq: Fy — C. This determines a homomorphism ¢g: Fy — By
such that p¢y = fgq. Since F; = kerg and By = ker p the map ¢p
restricts to a homomorphism ¢;: F; — Bj. This shows that a lift
exists. Given another lift (¢(, ¢]) we see that p(¢o — ¢) = 0 so that
since By = ker p there exists a unique homomorphism h: Fy — B
such that ji = ¢g — ¢, which is precisely the equation required of a
chain homotopy. (We also have hi = ¢ — ¢} since

hi = goi = oi = jg1 — jo1
and j is injective.) O

Corollary 7.3.13. Suppose F, and F| are two free resolutions of an abelian
group A, viewed as chain complexes. Then Fo and F, are chain homotopy
equivalent.

Proof. We can choose lifts a: Fe — F, and B: F, — F, of id: A — A.
Then Ba and idf, are two lifts of id 4 and hence are chain homotopic,
and similarly af is chain homotopic to idp;. O



Corollary 7.3.14. For abelian groups A, B their torsion product Tor(A, B)
is well-defined and independent of the choice of free resolution of A.

Proof. Suppose we have two free resolutions F, and F, of A. Then F,
and F, are chain homotopic. Since — ® B preserves chain homotopies,
this implies that F, ® B and F, ® B are chain homotopic, and hence
have the same homology. Thus we get an isomorphism between
Tor(A, B) computed using these two resolutions. O

Proposition 7.3.15 (Horseshoe Lemma). Given a short exact sequence of
abelian groups

0ALHala oo,

and free resolutions

)

o-fLEL Ao

" /!
0 F Ll ar o,

we can choose a free resolution Fy of A such that there is a short exact
sequence of chain complexes

0— F,— Fs— F] —0.

Proof. Since F{/ is free and q is surjective, we can choose s: Fj — A
such that gs = p”. Set Fy := F)® Fj and define p: F — A by
p(x,y) = ip'(x) +s(y). Then p is surjective: Given a in A we know
ga = p"(y) for some y since p” is surjective. Then g(a —s(y)) = 0 so
a—s(y) =i(b) for some b € A, and since p’ is surjective there exists
x such that b = p’(x). Hence

a=ip'(x) +s(y) = p(x,y).

Let F; := kerp with j: F; — Fy the inclusion. If p(x,y) = 0 then
qp(x,y) = p"y =0,s0y € F/, and if x € F] then p(x,0) = ip’(x) =0,
so we get a commutative diagram

Ff— F — F/
J/j/ J(] J/]'//
Fy —— Fy —— F{

ool

A —tsa T
The abelian group F; is free by Fact 7.3.3. The top row is certainly
exact at F{, since the map F| — F; is a restriction of an injective
map, and it is exact at F; since the kernel of F; — Fl” is the elements
(x,0) € Fy such that p(x,0) = ip’x = 0, which is precisely the image
of F{. It remains to see that F; — F{' is surjective. For y € F;' we have
qs(y) = p"(y) = 0so s(y) = i(a) for some unique a € A’. Since F{ is
free and p’ is surjective we can choose a map 7: F;' — Fj such that
ip"y(y) = s(y); then p(—=7(y),y) = 0s0 (—y(y),y) is in F; and maps
toy. O
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Note that since F| is free, there exists
a splitting of F; as F{ @ F/'. One such
splitting is given by (—7,1id). However,
this splitting is probably not compatible
with the splitting of F, and indeed it
may well be the case that no compatible
splitting exists, since this would require
that for y € F;’ we have p(0,y) =s(y) =
0.
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Corollary 7.3.16. Suppose we have a short exact sequence of abelian groups
0~ A" — A— A” — 0. Then for any abelian group B there is a long
exact sequence

0 — Tor(A’,B) — Tor(A,B) — Tor(A”,B) - A’®B - A®B — A" ®B — 0.

Proof. By Proposition 7.3.15 we can lift the short exact sequence to a
short exact sequence of free resolutions

0— F, —F,— F/ —0.
Tensoring with B gives
0—+F,®B—+F®B—=F/®B—0,

and this is again a short exact sequence of chain complexes since
tensoring with free abelian groups preserves short exact sequences
by Lemma 7.1.8. This gives a long exact sequence in homology of the
required form. O

We also have an exact sequence in the second variable:

Proposition 7.3.17. If A is an abelian group and 0 — B’ — B — B” — 0
is a short exact sequence of abelian groups, then there is a long exact sequence

0 — Tor(A,B") — Tor(A,B) — Tor(A,B”") - A®B - A®B - A®B" — 0.

Proof. Let F, be a free resolution of A, viewed as a two-term chain
complex. Then

0> F®B - F.®@B—F.®B" =0

is a short exact sequence of chain complexes by Lemma 7.1.8. This
has a long exact sequence in homology, which has the required form
by Remark 7.3.5. O

This implies that we can also compute Tor using the second vari-
able:

Corollary 7.3.18 (Tor is symmetric). Suppose A and B are abelian groups
and 0 — Gy — Gy — B — 0 is a free resolution. Then Tor(A,B) is
isomorphic to the kernel of A ® G1 =+ A ® Go.

Proof. Applying Proposition 7.3.17 and the computation of Exam-
ple 7.3.7 we get a long exact sequence

0— Tor(A,B) = ARG, - ARGy —> A®B —0,

which implies that Tor(A, B) is the kernel of the subsequent map. [

7.4  The Universal Coefficient Theorem

We now want to apply our work on Tor in topology, to get the
following result:



Theorem 7.4.1 (Universal Coefficient Theorem). Let (X, A) be a sub-
space pair and M an abelian group. There are natural short exact sequences

0 = Hu(X,A) ® M — Hy(X, A; M) — Tor(H,_1(X, A), M) — 0.

In fact, this is just a special case (for Se(X,A)) of an algebraic
result:

Proposition 7.4.2. Suppose Ce is a chain complex of abelian groups such
that C,, is free for all n. Then for any abelian group M there are natural
short exact sequences

0 — Hy(C) ® M — Hy(C ® M) — Tor(H,_1(C), M) — 0.

Proof. Let B, := B,(C) and Z,, := Z,(C) be the boundaries and cycles
in C. By the definition of H,(C) we have short exact sequences

0— By 2% Z, — H,(C) — 0,

where j,; denotes the inclusion B, — Z;. Note that the abelian groups
B, and Z,, are free, since they are subgroups of Cy, so this is a free
resolution of H,(C).

We also have a short exact sequence

0= Zy—Cy 5B, 1 —0,

where 9’ denotes the boundary map C, LN Cy_1 viewed as a map
to its image B,,_1. Since B,_; is free, this is a splittable short exact
sequence. Moreover, if we define chain complexes Z, and B, by
taking the groups Z, and B], = B,,_1 with 0 differential, then we have
a short exact sequence of chain complexes

OHZ.HC.LB’,%O,

since the diagram

0 Z, Co —L B, 1 ——0
o Ik o
0 Zn1 Coot —2 Byg —— 0

commutes. Since this is a levelwise splittable short exact sequence,
if we tensor with M we get again a short exact sequence of chain
complexes

0>5Ze®@M—>Ce®M —B,M — 0,

which induces a long exact sequence in homology. Since the differen-
tials in Z, and B, are all zero, we have H,(Ze ® M) = Z,, ® M and
Hu(B, ® M) = B,_1 ® M, and this long exact sequence looks like

‘5n+1

Ba®M I Z @M 5 Hy(Co@ M) — By @M 2 Zy 10 M — -

ALGEBRAIC TOPOLOGY I
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where we use J, for the connecting boundary map in the long exact
sequence to avoid confusion with that in C,. Around H, (Ce ® M) we
get a short exact sequence

0 — cokerd, 1 — Hy(Coe ® M) — keré, — 0.

To compute J,(x) for x € B,_1 ® M we should lift x to C, ® M
along 0’ ®id, i.e. choose y such that (¢’ ® id)(y) = x, then apply the
boundary map in Ce ® M, which just gives x again, but viewed as an
element in C,,_1 ® M; finally we should take the unique preimage of
x in Z,_1 ® M. Thus the boundary map J, is just j,_; ®id: B,_1 ®
M — Z,_1 ® M. Since j,_1 gives a free presentation of H,_1(C), we
have

ker ¢, = Tor(H,—1(C),M), cokerd, = H,_1(C) ®@ M.

Plugging this into the previous short exact sequence now gives the
result. O

Remark 7.4.3. With some more work it can be shown that the short
exact sequences in the universal coefficient theorem can always be
split, although the splitting is not natural. This means that we have
non-canonical isomorphisms

H,(X; M) 2 Hy(X) ® M @ Tor(H,_1(X), M).

Thus the abelian groups Hy,(X; M) are algebraically determined by
the integral homology groups, so that the integral coefficients are
“universal”.

Since torsion-free abelian groups are flat, we have the following
special case:

Corollary 7.4.4. If M is a torsion-free abelian group, then there is a natural
isomorphism
Hy(X,A)® M = Hy(X, A; M).

Remark 7.4.5. In particular, we always have H, (X, A; Q) = H,(X, A) ®
Q. The same holds for R or C: in each case we get a vector space over
the relevant field of dimension rk H, (X, A).

Remark 7.4.6. Suppose H, (X, A) is a finitely generated abelian group
for all # and let p be a prime. By the classification of finitely generated
abelian groups we can write

Hy(X,A) = F, &P, & T,,

where F, = Z'™ is free, P, consists of the torsion of order pi for all
i > 0, and T, consists of the torsion of order prime to p. Then we
have

Fa®Z/p=(Z/p)", Tor(F,,Z/p) =0,

Tw®Z/p =Tor(Ty, Z/p) =0,
P, ®@Z/p =Tor(Py, Z/p) = (Z/p)™
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where P, is a sum of g, groups of the form Z/p'. The universal
coefficient theorem implies

Hy(X,A,Z/p) 2 FaQ@Z/p® Py QZ/p D Tor(Py_1,Z/p) = (Z/p)"HnTn-1,

Corollary 7.4.7. Let f: (X, A) — (Y, B) be a continuous map of pairs.
If f«: Hy(X,A) — Hu(Y,B) is an isomorphism for all n, then so is
fv: Hu(X, A; M) — H, (Y, B; M) for any abelian group M.

Proof. From the universal coefficient theorem we have morphisms of
short exact sequences

Tor(f+,M)

lf* id lf*

0 — Hp(X,A)® M —— Hu(X,A;M) —— Tor(H,_1(X,A),M) —— 0
(

0 —— Hy(Y,B)® M — H,(Y,B; M) —— Tor(H,_1(Y,B), M) —— 0.

By assumption the maps fi. ® id and Tor(f., M) are isomorphisms,
hence the middle map is also an isomorphism by the 5-Lemma. O

This result has a converse of sorts:

Theorem 7.4.8. Let f: (X,A) — (Y, B) be a continuous map of pairs.
If fo: Hy(X,A; M) — H,(Y,B; M) is an isomorphism for all n when
M = Q and F, for all primes p, then so is f.: Hy(X, A) — H,(Y,B).

Here is part of the proof, which follows from the universal coeffi-
cient theorem:

Proposition 7.4.9. Suppose (X, Y) is a subspace pair such that H. (X, Y; M) =
0 for M = Q and M = I, for all primes p. Then H.(X,Y) = 0.

Proof. We abbreviate H,, := H,(X,Y). For every prime p the universal
coefficient theorem gives short exact sequences

0— H,®F, — Hy(X,Y;Fp) — Tor(H,_1,F,) — 0.

If Hy(X,Y;F,) = 0 for all n then this implies H, ® F, = 0 and
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Tor(H,, Fp) = 0 for all n. Since we have a short exact sequence We use the following algebraic facts: an
abelian group A has a Q-vector space

P structure (which is unique if it exists) if
0— TOI‘(Hn,]Fp ) = Hy = Hy = Hy ® IFP =0, and only if A is uniquely p-divisible for

this implies that multiplication by p on Hj, is an isomorphism, i.e.
H, is uniquely p-divisible. Since this holds for all primes p, H; is a
rational vector space. But then H, = H, ® Q = H,(X,Y;Q), so if the
rational homology of (X,Y) is also 0 we have H, = 0. O

To complete the proof of Theorem 7.4.8 we need a new topological
construction (the mapping cone); we leave this as an exercise:

Exercise 7.11. For a continuous map f: X — Y, the mapping cone M(f) of M
is defined as the pushout

f

X ——Y
| [
CX —— M(f),

where CX is the cone on X, as in exercise 5 from week 4.

all primes p, and in this case A = A® Q.
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(i) Show that H;(M(f),Y) = H; 1(X) and the boundary map
Hi(M(f),Y) = Hi—1(Y)

corresponds to fi: H; 1(X) — H;_1(Y) (for i > 1). [Hint: M(f)/Y =
CX/X = XX plus Exercise 4.10; to identify the map use the naturality
of the boundary map for (CX, X) — (M(f),Y).]

(ii) From (i) the long exact sequence for the pair (M(f),Y) looks like
e Hi(M(f)) = Hy1(X) 5 Hy 1(Y) = Hy 1 (M) = -+

for i > 1. Use this to prove that f.: H.(X) — H«(Y) is an isomorphism
if and only if H.(M(f)) = 0.

(iii) Complete the proof that f, is an isomorphism in integral homology if
it is an isomorphism in homology with Q- and IFj-coefficients for all
primes p.

7.5  Cellular Homology with Coefficients

Suppose X is a cell complex, with I';, the set of n-cells. Then for any
abelian group M we have

Ho (X, Xe-1; M) 2 Ho (/) S5M) = (B M= 2ZI e M.
aeFk IXGFk

We can therefore redo the construction of the cellular chain complex
of X with M-coefficients, giving C$¢!!(X; M) where

cell(X; M) := Hy (X, Xp_1; M).
The same proof as before then shows that
H.(CSN(X; M)) = H, (X; M).
Proposition 7.5.1. We have an isomorphism of chain complexes
cel(x; M) = C(X) @ M.

We know both sides are levelwise isomorphic, so it suffices to check
the differentials on both sides agree. Since we computed these in
terms of degrees of maps of spheres, it suffices to make the following
observation:

Lemma 7.5.2. Let f: S — S" be a map of degree d. Then

fer Hy(S"; M) — H,(S"; M)
corresponds under the isomorphism H, (S"; M) = M to the homomorphism
M — M given by multiplication with d.

Proof. By Lemma 7.2.2 we have a commutative square
H,(S") @ M —=— H,(S"; M)
H,(S") ® M —— H,(S"; M),

where the universal coefficient theorem implies that the horizontal
maps are isomorphisms, and Exercise 7.9 tells us that the left vertical
homomorphism is given by multiplication with 4. O



Example 7.5.3. We use cellular homology with Fj-coefficients to
compute H, (RIP";IF;). Recall that the cellular chain complex of RIP"
was

e =20=2Z = =>Z—=0—--,

with Z in each degree i with 0 < i < 5, and the differential in degree
i given by multiplication with 1+ (—1)’. Tensoring with Z/2 we get

o 0-2z2%z22% . Sz2050- -,
since 1+ (—1)"*! is always 0 mod 2, so that

Z/2, 0<x<n,
H.(RP";TF,) = / -7
0, otherwise.
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8
Cohomology

In this chapter we are going to define a “dual” variant of homology,
called cohomology. At first sight it may be hard to see the point of
doing this, especially since our first main result will be a “universal co-
efficient theorem” that implies cohomology groups contain essentially
the same information as homology groups. However, later on we will
see that cohomology has additional structure that is not present on
homology: the singular cohomology groups of a space form a graded
commutative ring. This additional structure makes cohomology a more
powerful invariant than homology.

We begin with a bit of algebra in §8.1, where we look at the abelian
groups Hom(A, B) of homomorphisms between abelian groups A
and B. Then we apply this to define singular cohomology groups
in §8.2. We then look at a little more homological algebra in §8.3,
where we define Ext of abelian groups, which we apply to prove the
universal coefficient theorem for cohomology in §8.4. Finally, in §8.5
we show that there is a cohomological version of cellular homology,
which computes the singular cohomology groups of a cell complex.

8.1 Hom of Abelian Groups

We begin with a brief algebraic interlude, to introduce the basic
properties of Hom for abelian groups.

Definition 8.1.1. For abelian groups A, B, let Hom(A, B) denote the
set of homomorphisms A — B. This is itself an abelian group, if
for f,g: A — B we define f + g to be the homomorphism given by

(f +8)(a) = f(a) +g(a).

The following exercises give some basic examples of this construc-
tion:

Exercise 8.1. For M an abelian group, show that Hom(Z/n, M) is the group
of n-torsion elements in M; in particular Hom(Z/n,Z /m) = Z/r where
r=gecd(n,m).

Definition 8.1.2. Suppose S is a set and M an abelian group. Then
we write M® for the set of functions S — M, which we think of as an
abelian group via pointwise addition, i.e. (f + §)(s) = f(s) + g(s).
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Exercise 8.2. If S is a set and M an abelian group, then we have canonical
isomorphisms
Hom(ZS, M) =~ M® = | RS
seS
of abelian groups.

We now state some formal properties of Hom; proving these is also
left as an exercise.

Proposition 8.1.3.

(i) For abelian groups A;,i € I and B, there is a canonical isomorphism

Hom(EP A;, B) = [ [Hom(A;, B).
i€l icl

(ii) For an abelian group A, there are canonical isomorphisms

Hom(Z,A) =2 A, Hom(0,A) 2 Hom(A,0) 0.

(iii) For homomorphisms f: A — A’, g: B — B/, there are canonical
homomorphisms

f*: Hom(A’,B) — Hom(A,B), g.: Hom(A, B) — Hom(A, B'),

given by composition with f and g. These are compatible with compo-
sition, so Hom is a functor Ab°P x Ab — Ab.

(iv) For abelian groups A, A, B, B’ the homomorphisms
0*: Hom(A’, B) = Hom(A, B), 0.: Hom(A,B) — Hom(A, B),

determined by the zero maps A — A’, B — B', are both the respective
zero homomorphisms.

(v) For homomorphisms f,g: A — A’, h,k: B — B’, we have identities
(f+9)" = f*+g" and (h+k). = hy + k. of homomorphisms
Hom(A’,B) — Hom(A, B) and Hom(A, B) — Hom(A, B’), re-
spectively.

Exercise 8.3. Prove the basic formal properties of Hom.

In (iii), Ab°P denotes the opposite of the category Ab, in the following
sense:

Definition 8.1.4. If C is a category, its opposite category C°P has the
same objects as C, but morphisms go the opposite way, i.e. C°P(x,y) =
C(y, x), with composition given by composition in €. Thus a functor
F: C°P — D gives for every morphism f: x — y in € a morphism
F(f): F(y) — F(x); in somewhat old-fashioned terminology this is
called a contravariant functor from € to D.

Lemma 8.1.5 (Hom is left exact). For M an abelian group and exact

sequences

AliBS oo

/

oA Lp s



(so that C = coker g and A’ = ker g'), the sequences

0 — Hom(C, M) LN Hom(B, M) AN Hom(A, M),

0 = Hom(M, A") £ Hom(M, B') £ Hom(M, C')

are exact.

Proof. To see that g* is injective, suppose ¢ € Hom(C, M) satisfies
g*¢ = 0. Then ¢(g(b)) = 0 for all b € B. Since g is surjective, this
implies that ¢(c) =0 for all c € C, i.e. ¢ = 0. Since gf = 0 we have
f*¢* = (gf)* =0,s0img* C ker f*. Now if ¢ € Hom(B, M) is in
ker f*, then ¢(f(a)) =0 for a € A. In other words, im f C ker¢, so
¢ factorsas B — B/im f —> M. But by exactness we can identify the
map B — B/im f with g, so ¢ = ¢'¢ = g*¢’, and so ¢ € im g*. This
proves the first sequence is exact.

Now we consider the second sequence. To see that f is in-
jective, suppose ¢ € Hom(M,A’) and fl¢ = f'op = 0. Then
f'(¢(a)) =0foralla € A/, and so ¢ = 0 since f’ is injective. We have
gfl=1(gf")«=0,s0im f, Ckerg,. If ¢: M — B’ is in ker g, then
< (¢(b)) = 0 for all b € B/, so that ¢ factors as M i kerg¢’ — B'.
But by exactness we can identify the inclusion kerg’ — B’ with
f'i A" — B'so¢p = fl¢,ie. ¢ €im f] as required. O

Remark 8.1.6. As special cases, we see that if f: A — B is surjective,
then f*: Hom(B, M) — Hom(A, M) is injective, while if f is injective
then f,: Hom(M, A) — Hom(M, B) is injective. The dual properties
are false, however: if we apply Hom(Z/2,-) to the surjective map
Z — Z./2 we get 0 — Z /2, which is not surjective, while if we apply
Hom(-, Z/2) to the injective map Z £> ZwegetZ/2 g Z./2, which
is not surjective. In particular, we see that Hom does not preserve
short exact sequences in either variable. However, just as for the
tensor product, there are special cases where exactness is preserved:

Proposition 8.1.7. For any abelian group M, the functor Hom(—, M)
preserves splittable short exact sequences.

Proof. Suppose 0 —+ A — B — C — 0 is a splittable short exact
sequence. Choosing a splitting determines an isomorphism to the the
trivial short exact sequence 0 -+ A -+ A® C — C — 0. Since Hom
takes direct sums to products (and finite products and finite direct
sums are the same thing), we have

Hom(A & C, M) =2 Hom(A, M) ® Hom(C, M),
so that the sequence
0 — Hom(C, M) - Hom(A & C, M) — Hom(A, M) — 0

is exact. But this is isomorphic to Hom(—, M) of the original sequence,
so this is also exact. O

Remark 8.1.8. The same is true in the second variable, though we
will not need it.

ALGEBRAIC TOPOLOGY I

123



124 RUNE HAUGSENG

Corollary 8.1.9. If 0 - A — B — C — 0 is a short exact sequence of
abelian groups such that C is free, then

0 — Hom(C, M) — Hom(B, M) — Hom(A, M) — 0
is a short exact sequence for any abelian group M.

Lemma 8.1.10. If F = ZS is a free abelian group, then Hom(ZS,-)
preserves short exact sequences.

Proof. Since we have Hom(ZS, M) = M® 2 [, M this boils down
to the fact that an arbitrary product of short exact sequences is again
a short exact sequence; checking this is left as an exercise. O

Remark 8.1.11. It is not true that Hom(-, B) preserves short exact
sequences if B is free. However, it can be shown that this is true if B is
divisible, meaning that for any b in B and every integer n # 0 we can
write b = nb’ for some b'. In particular, Hom(-, Q) preserves short
exact sequences.

Exercise 8.4.
(i) Show that for abelian groups A, B, C there is a natural bijection between
the sets of homomorphisms A ® B — C and A — Hom(B, C).

(ii) Show that this bijection is moreover an isomorphism of abelian groups
Hom(A ® B,C) = Hom(A, Hom(B, C)).

(iif) Show that composition of homomorphisms of abelian groups gives a
homomorphism

Hom(A, B) ® Hom(B,C) — Hom(A, C).

Exercise 8.5. If m: Z — Z is the map given by multiplication with m, show
that m*: Hom(Z, M) — Hom(Z, M) corresponds under the isomorphism
Hom(Z, M) = M to the map M — M given by multiplication with m.

8.2 Singular Cohomology

Definition 8.2.1. If (C,,0) is a chain complex of abelian groups, then
for any abelian group M we define a new chain complex Hom(C, M),
by setting

Hom(C, M)y := Hom(C_g, M),

and defining the boundary map Hom(C, M);,; — Hom(C, M)y to be
9* ford: C_y — C_k_1. This determines a functor Hom(—, M): Ch°P —
Ch.

Exercise 8.6. Show that a chain homotopy between chain maps f,g: Coe — D,
induces a natural chain homotopy between f*, ¢*: Hom(D, M) — Hom(C, M)
for any abelian group M.

Definition 8.2.2. For a subspace pair (X, A) and an abelian group
M, we define the singular n-cochains of (X, A) with coefficients in M
to be the abelian group S"(X,A; M) := Hom(S,(X,A),M). The
singular cochains thus form the chain complex Hom(S«(X, A), M)
with §"(X, A; M) = Hom(S«(X,A), M)_,; we will often just refer



to this chain complex as S*(X, A; M) but keep in mind that this chain
complex really lives in negative degrees. The singular cohomology
groups of (X, A) with coefficients in M are the homology groups of
5*(X, A; M), with the convention

H"(X, A; M) := H_,(Hom(S4(X, A), M)).

For integral coefficients we abbreviate S*(X, A) = S*(X, A;Z) and
H"(X,A) = H"(X, A; Z). To avoid confusion with the boundary map
for Se(X) we will refer to the differential in S®(X) as the coboundary
map and denote it by J.

Remark 8.2.3. A cochain complex is the same thing as a chain com-
plex, except that the differentials go the other way, so a cochain
complex consists of abelian groups C", n € Z, and homomorphisms
9: C" — C"*! such that 9> = 0. We can pass between chain com-
plexes and cochain complexes by changing the signs of the degrees:
if (C*,9) is a cochain complex we get a chain complex with the same
boundary maps if we set C;, := C~", and vice versa. Traditionally the
singular cochains are viewed as a cochain complex in positive degrees.
However, apart from the overhead of introducing an unnecessary new
concept and having to convince ourselves that the tools we developed
for chain complexes work the same way for cochain complexes (while
keeping track of signs of degree changes), there are good reasons to
want singular chains and singular cochains to be objects of the same
category, as we'll see later on.

Remark 8.2.4. Since Hom(—, M) is a functor, S*(—; M) is a functor
Pair®® — Ch, and singular cohomology gives functors

H" (= M): Pair°? — Ab.
For a continuous map f: (X, A) — (Y, B) we typically write
£ 8% (X, A; M) — S°(Y,B; M), f*: H'(X, A; M) — H"(Y, B; M)
for the induced chain map S°®(f; M) and homomorphism H"(f; M).

Remark 8.2.5. Since S,,(X) = ZSing, (X), the abelian group S"(X; M)
is isomorphic to M5"&:(X), j.e. the set of functions Sing,(X) — M
with pointwise addition. Since Sing,(X) is the underlying set of
points of X, we have in particular that S°(X; M) is the set of all
functions M¥ from X to M. We can give a more explicit description
of the coboundary map in these terms: the maps 9;: Sing, ;(X) —
Sing, (X) induce homomorphisms 97 : M5"8:(X) — MS"8x+1(X) and
for ¢ € M518:(X) we have

n+1 .
69 = ) (=1)9;¢,
i=0
ie. d¢: Sing,  ,(X) — M is given by
n+1

(69)(0) = ) (=1)'¢p(9i0).

i=0
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Exercise 8.7. Show that for A C X the relative cochains 5"(X, A) can be
identified with the subgroup of $"(X) = 7518, (X) consisting of functions
f: Sing, (X) — Z such that f(«) = 0 for « € Sing,(A) C Sing, (X).
Example 8.2.6 (H"). The Oth cohomology group H’(X) is by definition
the kernel of §: S%(X) — S!(X). Here S°(X) = ZX and S'(X) =
75m81(X), where Sing, (X) is the set of all continuous paths Al — X.
For ¢: X — Z, we see that

5¢p(0) = ¢(o(1)) — ¢(c(0)),

so that ¢ is in ker J if and only if ¢(x) = ¢(y) whenever there exists a
path in X from x to y, i.e. when x and y are in the same path compo-
nent. Equivalently, ¢ is in ker J precisely when it factors through the
quotient 71p(X), and so we get a natural isomorphism

H)(x)=z™® = T z
70 (X)

(If X has finitely many components then this is isomorphic to the free
abelian group Zm(X) = @, (x) Z, which is Hy(X), but if 7ro(X) is
infinite the group HY(X) is substantially larger: if 779(X) is countable
then Zy(X) is also countable, but Z(X) is uncountable.)

Example 8.2.7. Let’s compute H*(x) directly from the definition. Here
Sing, (*) consists of the unique map c,: A" — *, so §"(x) = Z for all
n > 0. For ¢ € S"(x) the coboundary d¢ is given by

0, n even,

i=0 i—0 ¢(cn), nodd.

n+1 ) n+1 .
3(9)(cns1) = Y (=1)'¢p(Bicn+1) = (Z(-D’) $len) =

Thus the chain complex 5°(x) looks like
0 id
- 0=-Z=>Z—=Z— -,

with cohomology

. Z, x=20,
H(») = 0, *x#0

Proposition 8.2.8. If (X, A) is a subspace pair and M an abelian group,
then there is a long exact sequence

o= HY (X, A;M) — H"(X; M) — H"(A; M) — H'""Y(X, A; M) — - - -

Proof. Since So(X, A) is a chain complex of free abelian groups, if we
apply Hom(—, M) to the short exact sequence

0= Se(A) = Se(X) = Se(X,A) =0,
we get a short exact sequence of chain complexes
0— S*(X,A; M) — S*(X; M) — S*(A; M) — 0.

This induces a long exact sequence in homology of the required
form. (Remember that H" is a homology group in degree —n,
so the boundary map goes from H"(A; M) = H_,(S*(A; M)) to
H_, 1(S*(X, A;M)) = H''Y(X, A; M).) O



Remark 8.2.9. Similarly, there is a Mayer—Vietoris sequence for coho-
mology: if A, B are subspaces of X such that A° U B° = X, and we
denote the inclusions as in the square

ANB — 5 A

1,

)

B—— X,

then by applying Proposition 4.8.1 to the long exact sequences in
cohomology for the pairs (X, B) and (A, AN B) we get a long exact
sequence

H"(A)® H'(B) =5 H" (AN B) & H'™(X),

(l'*,l',* )

- —= H"(X)
where A is the composite
H'(ANB) % H™ (A, ANB) & H'™(X,B) = H"(X).

Exercise 8.8. Use the Mayer-Vietoris sequence for cohomology to compute
(5" M),

We have a dual version of the Eilenberg—Steenrod axioms:
Definition 8.2.10. An (ordinary) cohomology theory consists of
e functors h": Pair®? — Ab, n € Z (we abbreviate h"(X) := h" (X, D)),

* natural coboundary maps §: h*(A) — h'*1(X, A), so that the
squares

W (fla) |

h"(B) —2— n"t1(Y, B)

commute for every map f: (X, A) — (Y, B),
with the following properties:

(1) (Long exact sequences) For every pair (X, A), the sequence of
maps

S (X A) = BNX) = H(A) S X A) =

induced by the maps of pairs (A,?) — (X,0) — (X, A), is a
long exact sequence.

(2) (Homotopy axiom) If f,g: (X, A) — (Y, B) are homotopic, then
h'(f) = h"(g) forall n € Z.

(3) (Excision axiom) For (X, A) € Pair, if U C A is a subset such that
U C A°, then the homomorphisms

WX, A) = B(X\ U, A\ U)

induced by the inclusion (X \ U, A\ U) — (X, A), are isomor-
phisms for all n € Z.

ALGEBRAIC TOPOLOGY I
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(4) (Additivity axiom) If X = [];c; X; is a disjoint union, then the
inclusions X; < X induce an isomorphism

H'(X) = [ Tn"(Xi)

icl
for all n.
(5) (Dimension axiom) h"(x) = 0 if n # 0.

Proposition 8.2.11. The singular cohomology groups H*(—; M) are a coho-
mology theory for every abelian group M.

Proof. Since Hom(—, M) preserves chain homotopies by Exercise 8.6,
the chain homotopies constructed to prove homotopy invariance in
homology also give homotopy invariance for cohomology. This also
allows us to transfer the key properties of barycentric subdivision to
cochains, so our proof of locality (and hence excision) also works here.
We leave the proof of additivity as an exercise. O

Exercise 8.9.

(i) Show that if we have short exact sequences 0 — A; LN B; KN C; — 0 for
all i € I, then there is a short exact sequence

0— HAI —>Hi€l]i HBi —>er1% HCZ — 0.
iel iel iel

(if) Use (i) to prove the additivity axiom for cohomology: for a disjoint
union X = ] [;c; X; the inclusions X; — X induce an isomorphism

H*(X) = HH*(X,).

Lemma 8.2.12. For a chain complex Co and an abelian group M, there is a
natural map
H_;(Hom(C, M)) — Hom(H;C, M),

which takes a homology class [¢] € H_x(Hom(C, M)), represented by
¢: Cx — M, to the homomorphism H,C — M given by [c] — ¢(c) when
[c] is represented by ¢ € Cy.

Proof. We must check that this definition gives a well-defined homo-
morphism, and that this is natural in chain maps Co — C, and
homomorhisms M — M'. Let us first see that we have a well-
defined homomorphism Z_;(Hom(C,M)) — Hom(H;C, M): For
¢ € Z_(Hom(C,M)) and [c] € HyC a homology class represented
by ¢ € Z(C), then

¢(c+0c") = ¢(c) + ¢(oc") = ¢(c) + (99)(c') = ¢(c),

since ¢ € kerd. This is also clearly a homomorphism. Now if
¢ € B_r(Hom(C, M)), so that ¢ = 6y, then dyp(c) = p(dc) = 0 for
c € Zx(C), so B_x(Hom(C, M)) is in the kernel of the homomorphism
Z_(Hom(C,M)) — Hom(H;(C), M) so this factors through the cok-
ernel H (Hom(C, M)), as required. We leave the (easy) proof of
naturality to the reader. O



Remark 8.2.13. In particular, we have natural maps
H*(X, A; M) — Hom(Hi(X, A), M).

These are typically not isomorphisms, however. Instead, we have a
“dual” version of the universal coefficient theorem: the cohomology
groups H*(X, A; M) are determined by Hom(H; (X, A), M) together
with a group Ext(Hy(X, A), M), where Ext is another algebraic de-
rived functor that we now introduce.

Exercise 8.10 (Change of coefficients in cohomology). Let (X, A) be a sub-
space pair.
(i) Show that a homomorphism of abelian groups ¢: M — M’ induces
natural maps ¢.: H*(X, A; M) — H*(X, A; M').
(ii) Let0 — M’ I M 2 M7 = 0 be a short exact sequence of abelian
groups. Show that this induces a long exact sequence in cohomology
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Co HY(X, M) D HY X, A M) S B (X, A M) < HH(X, A M)

8.3 Ext of Abelian Groups

The functor Ext has a similar relationship to Hom as Tor does to the
tensor product:

Definition 8.3.1. Let A, B, be abelian groups, and take a free resolution

0—-F EN Fo 5 A — 0 of A. Then we define Ext(A, B) to be the
cokernel of i*: Hom(Fy, B) — Hom(Fy, B).

Remark 8.3.2. If we think of the free resolution as a chain complex
F,, then we have

Hy(Hom(F,, M)) = Hom(A, M),
H_1(Hom(F,, M)) = Ext(A, M).

Lemma 8.3.3. For abelian groups A and B, Ext(A, B) is well-defined, i.e.
independent of the choice of free resolution.

Proof. If F, and F] are two free resolutions, then they are chain
homotopy equivalent by Corollary 7.3.13. Then Hom(F,, M) and
Hom(F,, M) are also chain homotopy equivalent, since Hom(—, M)
preserves chain homotopies by Exercise 8.6. The homology groups
H_;(Hom(F,,M)) and H_1(Hom(F,, M)) are therefore isomorphic.

O

Example 8.3.4. If F is a free abelian group, then we can take 0 — 0 —

FX F 5 0asa free resolution, giving
Ext(F, B) = coker(Hom(F, B) — Hom(0, B)) = 0.

Example 8.3.5. For Z/m we can take 0 = Z = Z — Z/m — 0
as a free resolution. Then m*: Hom(Z, B) — Hom(Z, B) is the map
B — B given by multiplication with m by Exercise 8.5, and so

Ext(Z/m,B) = coker(B = B) = B/mB.
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Example 8.3.6. If D is a divisible abelian group (such as Q) then
Hom(-, D) preserves short exact sequences, and thus Ext(A, D) =0
for all A.

Proposition 8.3.7. Suppose we have a short exact sequence of abelian groups
0— A"— A— A" — 0. Then for any abelian group B there is an exact
sequence

0 — Hom(A”,B) — Hom(A, B) — Hom(A’, B) — Ext(A”, B) — Ext(A, B) — Ext(A’,B) — 0.

Proof. By Proposition 7.3.15 we can lift the short exact sequence to a
short exact sequence of free resolutions

0—F,—=F, = F/ —o0.
Applying Hom(—, B) gives a short exact sequence
0 — Hom(F”, B) — Hom(F, B) — Hom(F’,B) — 0

by Corollary 8.1.9. This gives the required exact sequence as its long
exact sequence in homology. O

Proposition 8.3.8. Suppose we have a short exact sequence of abelian groups
0 — B' — B — B” — 0. Then for any abelian group A there is an exact
sequerce

0 — Hom(A, B') — Hom(A, B) — Hom(A, B”) — Ext(A, B') — Ext(A, B) — Ext(A, B") — 0.

Proof. Let F, be a free resolution of A. Then by Lemma 8.1.10 we
have a short exact sequence of chain complexes

0 — Hom(F, B") — Hom(F, B) — Hom(F,B") — 0,
which gives the required long exact sequence in homology. O

Remark 8.3.9. From this exact sequence we see that if we can find a
short exact sequence

0—>B—>Ioi>l,1—>0,

where Ext(A, I;) = 0, then we can compute Ext(A, B) as the cokernel
of i,: Hom(A, Iy) — Hom(A,I_1). In fact, it can be shown that we
can always find such a resolution by divisible abelian groups.

8.4 The Universal Coefficient Theorem for Cohomology

Theorem 8.4.1 (Universal Coefficient Theorem for Cohomology). For
(X, A) a subspace pair and M an abelian group, there are natural short exact
sequerices

0 — Ext(H,_1(X, A), M) — H"(X, A; M) — Hom(H,(X, A), M) — 0.

This is a special case of the following algebraic result:



Proposition 8.4.2. Let C, be a levelwise free chain complex and M an
abelian group. Then there are natural short exact sequences

0 — Ext(H,,_1(C),M) - H_,(Hom(C, M)) — Hom(H,(C), M) — 0.

Proof. The proof is very similar to that of the universal coefficient the-
orem for homology. We abbreviate By, := B, (C), Z, := Z,(C), H, :=
H,(C). Then we have short exact sequences

0B, 7, = H, =0,

where B, and Z,, are free (since they are subgroups of the free abelian
group Cy), so this is a free presentation of H,. We also have short
exact sequences

/
0=2Zy—=Ci 5B, 10
where 9’ is the boundary map in C, viewed as a map to its image. If
Bj, := B,,_1 then we can regard this as a short exact sequence of chain

complexes
0— Ze —+ Co — B, =0,

where Z, and B, have 0 differentials. Since the groups B, are free,
this short exact sequence is levelwise splittable, and so we can apply
Hom(—, M) to get a new short exact sequence

0 — Hom(B,, M) — Hom(Cs, M) — Hom(Z,, M) — 0.

Since B, and Z, have zero differential, this gives a long exact sequence
in homology of the form
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-+ = Hom(B_,_1, M) — Hy(Hom(C, M)) — Hom(Z_,, M) 2% Hom(B_n, M) — -- -,

where we write A for the boundary map in the long exact sequence
to reduce confusion. We therefore have short exact sequences

0 — coker A, 1 — H,Hom(C, M) — ker A, — 0.
Unwinding the definition of A, we see that
Ay, =j*,: Hom(Z_,, M) — Hom(B_,, M).
Since j_, gives a free presentation of H_,, we get
ker A, 2 Hom(H_,, M), cokerA, = Ext(H_,, M),
as required. O

Remark 8.4.3. With a bit more work, it can be shown that the short
exact sequences in the universal coefficient theorem are splittable
(but the splittings are not natural). Thus, there are non-canonical
isomorphisms

H"(X, A; M) = Hom(H, (X, A), M) & Ext(H,_1(X, A), M).

Corollary 8.4.4. If a continuous map of pairs f: (X, A) — (Y, B) induces
isomorphisms f.: Hy(X, A) — H.(Y,B) for all x, then f*: H*(Y,B) —
H*(X, A) are also isomorphisms.
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Proof. Apply the 5-Lemma to the map of short exact sequences from
the universal coefficient theorem. O

Corollary 8.4.5. If D is a divisible abelian group (such as Q), then there is
a natural isomorphism

H*(X,A; D) = Hom(H.(X,A),D).

Remark 8.4.6. In particular, if H,(X, A) is a finite-rank abelian group,
then H, (X, A;Q) and H"(X, A; Q) are Q-vector spaces of the same
dimension.

Example 8.4.7. Let us compute H*(RIP") using the short exact se-
quences

0 — Ext(H,,_1(RP"),Z) — H"(RP") - Hom(H,(RP"),Z) — 0.
Recall that

Z/2, iodd,i<mn,
H;(RP") = <0, ieven > 0or > n,
Z, i=0o0ri=nodd.

Thus we have short exact sequences
0 — 0 — H°(RP") — Hom(Z,Z) — 0,

0 — Ext(Z/2,Z) — H'(RP") — 0 — 0, (i even < n)
0— 0— H(RP") — Hom(Z/2,Z) — 0, (iodd < n)
0— 0— H(RP") — Hom(Z,Z) -0, (i =n odd).
Here Ext(Z/2,Z) = Z /2 and Hom(Z/2,Z) = 0, so we conclude
Z, i=0ori=mnodd,
H(RP") 2= 7/2, 0<i<neven,

0, otherwise.

Remark 8.4.8. Suppose A is a finitely generated abelian group. Then
by the classification of finitely generated abelian groups we can write
A= F®T where F 27 is freeand T = @; Z/m; is a torsion group.
We then have

Hom(A,Z) = Hom(F,Z) ® Hom(T, Z) = P Hom(Z, Z) & @ Hom(Z /m;, Z.).
r i
Here Hom(Z,Z) = Z while Hom(Z/m;, Z) = 0 so we have an

isomorphism Hom(A,Z) = F. On the other hand (as it is easy to see
that Ext(—, B) also takes direct sums to products)

Ext(A,Z) = Ext(F,Z) ®Ext(T, Z) = D Ext(Z,Z) & P Ext(Z/m;, Z).
r i
Here Ext(Z,Z) = 0 while Ext(Z/m;,Z) = Z/m;, hence we have

an isomorphism Ext(A,Z) = T. We can apply this to get a (non-
canonical) description of the cohomology groups of a space X whose
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homology groups H, X are all finitely generated: If we write H, (X) =
F, ® T, where F,, = Z' is free and T, is a torsion group, then

Hom(H,(X),Z) = Hom(F,,Z) = F,,

while
Ext(Hy(X),Z) 2 Ext(Ty, Z) = Ty,

so the universal coefficient theorem gives (non-canonical) isomor-
phisms
H'X) 2 F,®T, 1.

So in this case torsion in homology shifts up by one degree in coho-
mology, while the free groups stay put.

8.5 Cellular Cohomology

Suppose X is a cell complex, with Iy the set of k-dimensional cells.
Then we have isomorphisms

M, x =k,

H* (X, Xp_i; M) = A (\/ S5 M) = [ A* (S5 M) =
I, 0, x # k.

Ty

We can define a cellular cohomology chain complex by taking C* ;| (X; M) :=
H*(Xy, X¢_1; M) in degree —k, with differential the composite

&1 H (Xg, Xi_1; M) — H¥(Xs M) — H* Y (X, X M),

where the first map uses the inclusion (Xy, @) — (Xj, X¢_1) and the
second is the connecting homomorphism in the cohomology long
exact sequence for the pair (Xj 1, Xi). Just as for cellular homology
we get 62 = 0, and by studying the long exact sequences for the pairs
(Xk, Xk_1) we get:

Proposition 8.5.1. H_;(C*.,(X; M)) = H*(X; M). O

cell

We also have the chain complex Hom(CS!(X), M), where we al-
ready understand the differential. Luckily, this is isomorphic to the
cellular cochain complex:

Proposition 8.5.2. If X is a cell complex, there is an isomorphism of chain
complexes
* 1(X; M) = Hom(CS" (X), M).

cell

For the proof we need the following observation, which is left as
an exercise:

Exercise 8.11. Let (X, A) be a subspace pair and M an abelian group. Show
that the natural maps H*(—; M) — Hom(H.(-), M) fit in a commutative
square

H"(A; M) ——% 5 H'™(X, A; M)
Hom(H,(A); M) —2— Hom(H,41(X, A); M),

where 0 and ¢ denote the connecting maps in the homology and cohomology
long exact sequences for (X, A), respectively.
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Proof of Proposition 8.5.2. In degree —k, we have

Ck (X M) = HY (X, Xi_1; M),  Hom(CS(X), M) = Hom(Hy (X, Xi_1); M).

cell

We have a natural map
H¥(Xy, X1, M) — Hom(Hy(Xy, X-1); M),

and by the universal coefficient theorem this is surjective with kernel
Ext(Hy_1(Xy, Xk—1), M), which is 0 since Hy_1(Xy, Xy—1) = 0. Thus
we have degreewise isomorphisms Ck , (X; M) = Hom(C{!(X), M),
and we need to show these are compatible with the differentials. To

see this we will show that there is a commutative diagram

HY (X, Xio1; M) —————— H¥(Xjg M) ——————— H* (X, Xg M)

I | 5

Hom (Hy(Xk, Xi—1), M) —— Hom(H(Xy), M) —— Hom(Hjy1(Xj11, Xi), M).

Here the left-hand square commutes by naturality, since both maps are
induced by the map of singular chain complexes from the inclusion
(Xk, @) — (Xk, Xk—1), while the right-hand square commutes by
Exercise 8.11. O

Since we know the differential in Hom(CS!(X), M), we get the
following description of the differential in cellular cohomology:

Corollary 8.5.3. For a € Ty, 1 let fo: S — X be the attaching map for the
corresponding cell, and for B € Ty let qg: Xy — Xi/Xk—1 = Vr, Sk — sk
be the projection to the sphere corresponding to B. Then the differential
C(’feu(X; M) — Ci‘;ll(X; M) corresponds to the map MY — MTk+1 that

takes f: I'y — M to the function

& € Ty > ) deg(qpfu) f(B)-

BeT

Example 8.5.4. Let us compute H*(RIP") using cellular cohomology:
Recall that this has a cell structure with a single cell ¢; in degree i,
0 <i < n, and that the cellular chain complex looks like

0222323 72%72 50,

with the non-zero groups in degrees 0,1, ...,n. Applying Hom(-, Z),
we get

~~—>0—>Z£>Z£>Z£>~~—>Z—>O—>m,

with the non-zero groups in degrees —n, —n+1,...,0. We get cocy-
cles

Z, ieven, —n <i<J0,
7'=37, i=-nodd,
0,

otherwise,



with coboundaries
0 i=0,
B = 27, ieven, —n<i<0

0, otherwise.

The cohomology is therefore given as

Z, i=0ori=mnodd,
H(RP") = {Z/2, 0<i<neven,

0, otherwise.
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9
Homology of Products

Our next goal is to understand the relationship between the homology
of spaces X, Y and the homology of their cartesian product X x Y.
This will have two parts: First, we will define the tensor product of
chain complexes in §9.1, where we also prove a result that describes
the homology of a tensor product of levelwise free chain complexes.
Then in §9.2 we will prove that the singular chain complex So(X X Y)
is chain homotopy equivalent to the tensor product Se(X) ® Se(Y)
(the Eilenberg—Zilber theorem) and use this to describe the homology
of X XY (the Kiinneth theorem). In §9.3 we consider an explicit
formula for one of the maps in this chain homotopy equivalence,
the Alexander—-Whitney map. Next we look at the Kiinneth theorem
for cohomology in §9.4, which requires a finiteness assumption on
the spaces involved, and finally we consider relative versions of the
Eilenberg—Zilber and Kiinneth theorems in §9.5.

9.1 Tensor Products of Chain Complexes

Definition 9.1.1. A graded abelian group A, is a sequence of abelian
groups Ay, n € Z, and a homomorphism of graded abelian groups
¢: Ay — By is just a sequence of homomorphisms ¢,: Ay, — By.
These assemble into a category grAb.

Remark 9.1.2. We can view homology as a functor H,: Ch — grAb.

Definition 9.1.3. If A, and B, are graded abelian groups, their tensor
product A, ® By is the graded abelian group with

(A«®@B.)n= @ Ap®B,.
p+q=n
Remark 9.1.4. By the universal property of the tensor product of

abelian groups, a homomorphism of graded abelian groups A ®
By — C4 corresponds to a family of bilinear maps Ap X Bq — Cpﬂ.

Definition 9.1.5. If (C,,dc) and (D.,dp) are chain complexes, their
tensor product is the chain complex C, ® D, with underlying graded
abelian groups the corresponding tensor product of graded abelian
groups, and with differential 0: (C ® D), — (C ® D),_1 determined
on a generator c®d (c € Cp,d € Dy, p +4g = n) by

d(c®@d) =0dcc®@d+ (—1)Pc®adpd
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We have
?*(cwd) = kc@d+ (—1)P1acc®dpd + (—1)Pdcc®dpd + (—1)*c®d%d = 0,
so this is indeed a chain complex.

Remark 9.1.6. Other choices of sign are possible, but note that we
need to put some non-trivial signs in order to get 3> = 0.

Notation 9.1.7. If A is an abelian group, we write A[n] for the chain
complex with A in degree n and 0 elsewhere; we also denote the
underlying graded abelian group by A[n].

Remark 9.1.8. The associativity and unitality of the tensor product of
abelian groups gives associativity and unitality for the tensor products
of graded abelian groups and chain complexes: given graded abelian
groups Ay, By, C« we have canonical isomorphisms

A,®(B.®C,) = (A, ®B.)®C., A, ®Z[0] = A,

while given chain complexes A,, Bs, Ce We have canonical isomor-
phisms

Ae® (Be @Co) = (Ae ®Be) @ Co, Ae®Z[0] = A,.

Remark 9.1.9. The tensor product of chain complexes is also sym-
metric, but this requires changing some signs: we define the twist
isomorphism

7: Co @ Do = Do @ C

on generators ¢ ® d for ¢ € Cp, d € Dy by
T(c®@d) = (-1)Md®c.
Then 7 is a chain map:

19(c®d) =1(dc®@d+ (—1)Pc®od)
= (-1 @ac+ (—1)P(-1)P0 Vadc
=(-1)M(0d @ c+ (—1)7d ® oc)
=0d1(c®d).

Note that we again need to put some non-trivial signs for T to be a
chain map. We define the twist isomorphism A, ® B, — B, ® A,
in the same way, so that it is compatible with the forgetful functor
Ch — grAb.

Exercise 9.1. Let I, denote the chain complex with I} = Z, I = Z{[0], [1]}
and I, = 0 otherwise, with differential 9: I} — Iy given by d(1) = [1] — [0].
Show that a chain homotopy between chain maps Co — D, is the same
thing as a chain map Ce ® Is — D,. (Thus if we think of I, as an “algebraic
interval”, chain homotopies are an algebraic version of homotopies between
continuous maps.)

Exercise 9.2. Let C, be a chain complex.

(i) Prove that the functor Co ® — preserves chain homotopies and levelwise
splittable short exact sequences of chain complexes. [Hint: For chain
homotopies you can use Exercise 9.1.]



(if) If Co is levelwise free, show that Ce ® — preserves all short exact se-
quences of chain complexes.

Exercise 9.3. Show that if two chain complexes differ only by the signs of the
boundary maps, then they are isomorphic.
Exercise 9.4.

(i) Show that for M an abelian group and C,, Ds chain complexes, there is
a natural bijection between chain maps Co — Hom(D, M), and chain
maps Co ® Dy — M]0]. [With our sign convention for the differential in
Hom(D, M), this bijection involves some signs. Alternatively, we can
define the differential d¢ for ¢: D_, — M to be given by (é¢)(d) =
(—1)"*1¢(ad) (without changing the homology, by Exercise 9.3).]

(i))* For chain complexes C,, D,, define a chain complex Hom(C, D), so
that there is a natural bijection between chain maps Ce ® De — Eo and
chain maps Co — Hom(D,, E.). [Hint: Do it first for graded abelian
groups and then figure out the differential. This again involves some
signs, and if you want a sign convention that recovers our previous
definition of Hom(D, M) as Hom(D, M[0]) then the bijection between
maps also needs some signs.]

Lemma 9.1.10. If C,, D, are chain complexes, then there is a natural map
of graded abelian groups

H.(C) ® Hy(D) — H,(C® D),

compatible with the associativity, unitality, and symmetry isomorphisms for
the two tensor products.

Proof. On generators [c] € HyC, [d] € H;D represented by ¢ € C, and
d € Dy, we want to assign [c ® d] € Hy14(C ® D). It is clear from the
formula for 9 in C ® D that this is again a cycle, and we have

(c+od)@d=c®d+od @d=cd+3(c ®@d)

since d is a cycle, and similarly in the other variable, so that this
map is well-defined. We leave the rest of the (easy) argument to the
reader. O

This natural map is typically not an isomorphism. However, in the
case where one of the chain complexes is levelwise free we have an
algebraic description of the homology of the tensor product. To state
this, we need some notation:

Definition 9.1.11. Let A, and B, be graded abelian group. We define
the graded abelian group Tor(A, B). by

Tor(A,B), = €P Tor(Ay, By).
pt+q=n

Proposition 9.1.12. Let C, and D, be chain complexes, and suppose C, is
levelwise free. Then there are natural short exact sequences

0 — (H.(C)® H, (D)) — Hy(C®D) — Tor(H.(C), Hy(D))n_1 — O.

Note that this is a generalization of Proposition 7.4.2, which was
the algebraic input to the universal coefficient theorem in homology.
The proof will also be essentially the same, but we first need the
following observation:
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Lemma 9.1.13. Suppose C, is a levelwise free chain complex with zero
differentials. Then for any chain complex D., the natural map

Cy ® Hy(D) = H«(C) ® H,(D) — H,(C® D)
is an isomorphism.

Proof. Since the differentials in C, are zero, the differential 0: (Co ®
De)n — (Co ® Do)p—1 is givenon c @ d withc € Cp, d € Dy (p+q =
n) by

cwd) = (-1)c®ad.

Since C, is levelwise free, so that tensoring with C;, preserves short
exact sequences, we therefore have isomorphisms

Zy(C®D) 2 P Cp®Zy(D),
ptq=n

B,(C®D)= @ C,®By(D),
p+q=n

H,(C®D)= P Cp®Hy(D),
p+q=n

as required. O

Proof of Proposition 9.1.12. We abbreviate Z; := Z;(C), B := By(C),
and Hy := Hi(C). Then we have short exact sequences

0-B. % 7, - H —0,

and since Cy is levelwise free this is a free presentation of Hy. As in
the proof of Proposition 77.4.2 we also have a short exact sequence of
chain complexes

0— Ze— Co & BL =50,

where B], = B,_1 and the chain complexes Z, and B, have zero
differentials, with o’ denoting the differential in C, viewed as a
homomorphism to its image.

This short exact sequence is levelwise splittable since B}, is a free
abelian group (being a subgroup of the free abelian group C,_1), so
by Exercise 9.2 we can tensor with D, and get another levelwise split
short exact sequence

0 — Ze ® De — Co @ Do — B, @ D¢ — 0.

This gives a long exact sequence in homology, and by Lemma 9.1.13
this looks like

Ay n
B (Z, @ Hy (D)) = Hy(C®D) — (B @ Ho(D))yo1 2 (Zo @ Ho (D))ot — -+ -,

where A, is the boundary map in the long exact sequence. We
therefore have short exact sequences

0 — coker A, 11 — H,(C® D) — ker A, — 0.



Unwinding the definition of A, as in the proof of Proposition 7.4.2
we see that

Ap1 = (j@id)n: (B« © He(D))n = (Zs @ He(D))n-

Since j, gives a free presentation of H,(C) we therefore have isomor-

phisms
coker A, 11 2 (Hy(C) ® He (D)),
kerA, 1 = TOI'(H* (C)/ H, (D))n/
which give the short exact sequences we want. O

Remark 9.1.14. With a bit more work it can be shown that the short
exact sequences in Proposition 9.1.12 are always splittable, but the
splittings are not natural. Thus there are non-canonical isomorphisms

Hy(C® D) = (H«(C) ® Hi(D))n @ Tor(H«(C), Hi (D)) p—1-

The following consequence might seem trivial, but will be useful
to us in the next section:

Corollary 9.1.15. If X and Y are contractible topological spaces, then

Z, x=20,

Hy(Se(X) ®Se(Y)) = {0 ‘40

Remark 9.1.16. The proof of Proposition 9.1.12 works the same over
any principal ideal domain R, using the tensor product of R-modules.
In particular, if k is a field, then (as any k-module is free and Tor
vanishes) we have natural isomorphisms

H.(C & D) = H+(C) ® H. (D)

for arbitrary chain complexes C, and D, of k-vector spaces.

9.2 The Eilenberg—Zilber and Kiinneth Theorems

If X and Y are topological spaces, we can apply Proposition 9.1.12
to Se(X) and S.(Y) to get a description of H.(S5(X) ® S(Y)). We
are now going to prove that the chain complex S¢(X) ® So(Y) is
chain homotopy equivalent to Se(X x Y), so that this actually gives a
description of the homology of X x Y.

Note that in degree 0 we have

(Se(X) ® So(Y))o = So(X) ® So(Y) = ZX @ ZY

There is a canonical isomorphism between ZX ® ZY and Z(X x Y),
and this gives a canonical isomorphism Sp(X x Y) = (S¢(X) ®
Se(Y))o defined on generators (x,y) with x € X,y € Y by (x,y) —

XRY.
Proposition 9.2.1.

(i) There exists a natural chain map ¢: Se(X X Y) — So(X) @ Se(Y)
given by the canonical isomorphism in degree 0.

ALGEBRAIC TOPOLOGY I
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(ii) Any two such natural chain maps are naturally chain homotopic.

Proof. We will use the method of acyclic models to show that such
maps exist without having to give an explicit geometric or combinato-
rial construction.

For (i), we will inductively define ¢5": S,(X x Y) = (So(X) ®
Se(Y))n assuming we have already defined natural maps gbli(’y for
k < n, such that agbi('y = ¢,§;Yla for k < n. At n = 0 we start with the
canonical isomorphism. If (¢, 7): A" — X X Y is an n-simplex, then
(0, T) = (0 X T)+0n, where 6, is the diagonal A" — A" x A". Thus we
first consider the universal case of 8, and then set pp"" (¢, T) = (0% ®
T*)cpﬁﬂ’An (6n) (which must be true for naturality to hold); extending
this definition linearly we then get natural homomorphisms (p,i( 28

There are two cases to consider: If n = 1, then we want an element
¢1(91) such that

9¢1(d1) = o(901) = ¢o(([1], [1]) — ([0}, [0])) = 1] @ [1] — [0] © [0].
We can take ¢1(61) = [0] ® 11 + 11 ® [1]; then
9¢1(61) = [0] @ ([1] = [0]) + ([1] = [0]) ® [1] = —[0] @ [0] + [1] @ [1].

For n > 1, we want to find an element ¢,,(5,) € (Se(A") ® Se(A"))n
such that 0¢,,(6,) = ¢,,—1(96,). We know by Corollary 9.1.15 that
Hy—1(Se(A") ® Se(A™) = 0, so the right-hand side is a boundary if
and only if it is a cycle. We have d¢,,_1(96,) = ¢,_2(923,) = 0 since
we know ¢,,_1 commutes with 9, so some suitable class ¢, (dy,) exists.

It remains to check that the resulting homomorphisms ¢3,(’Y satisfy
8¢,}1{’Y = 4;35'}18. It’s enough to check this on a singular simplex
(0,7): A" — X x Y, for which we have

XY (0,7) = (0% DT )P () = (0% @ T)Apu (0n) = (0% @ T)p—1(30n) = ¢ (0 X T)498n) = ¢ (0, 7).

This proves (i).
Now suppose we have two such natural chain maps ¢ and ¢'. To
prove (ii) we want to define natural maps

SXY S (X X Y) = (Se(X) @ Se(Y)) a1

such that ds, + 5,190 = ¢, — Pn.

For n = 0 we know (])6 = ¢ so we can take sy) = 0 (sinces_; =0
as S_1(X x Y) = 0). Suppose we have defined s; for k < n. We again
start by defining s, (J,); this should satisfy

90 (0n) = 1, (6n) — Pu(6n) — 55—1(90n).

Since Hy,(Se(A") @ Se(A™)) = 0 to see that such an element s;,(5,)
exists it’s enough to check that the right-hand side is a cycle:

8(4’;1 (6n) = Pn(dn) —5n-1(96n)) = 3(4’;1 —¢n)(0n) +Sn72(azfsn) - (4’/;4—1 —¢n-1)(96,) =0,

since ¢/ — ¢ is a chain map. Now we as usual set s (¢, T) = (0, ®
T )sn(0n) and extend linearly to obtain natural homomorphisms. We
now just need to check this gives a chain homotopy:

(954 +5,10) (0, T) = 3(0% @ Tw.) (851 (0 ) + 51 (06n) = (0% @ T ) (P10 — Pndn) = Ppy (0, T) — Pu(0, T).
This proves (ii). O



Proposition 9.2.2.

(i) There exists a natural chain map p: Se(X) @ Se(Y) — Se(X X Y)
such that for x € X,y € Y,0: AP = X, 7: AT =Y, we have

Hx@T) =xxT: A=A X AT 5 X Y,
Ho@y) =oxy: AP = AP x A" 5 X x Y.

(ii) Any two such natural chain maps are chain homotopic.

For the first part we can use the exterior multiplication maps from
Theorem 6.1.1:

Exercise 9.5. Check that the properties of the exterior multiplication maps
Pnm: Su(X) X Siu(Y) = Suam(X x Y) imply that these fit together into a
natural chain map

i Se(X) ®@Se(Y) = Se(X X Y).

Proof. We need to prove the second part of the statement. Assume
we have two natural chain maps p and ' as in (i) (in fact we will
only use that they agree in degree 0). Then we want to define maps
Byt (Se(X) ®Se(Y))n — Syy1(X x Y) such that

Ohy + hy 10 = ), — uy.

If n = 0 we have iy = p{, so we can take hy = 0 (as h_; is necessarily
0). Suppose we have already defined hy for k < n. Then to define h;,
we want to define maps hp5: S,(X) ® Sy(Y) — Sp41(X x Y) where
p +q = n. We start with the universal case X = A?, Y = A7, where
we want to define 1p,4(1p ® 15). This should satisfy

Ohp,q(1p @ 1g) = pn(ty @ 1g) — pn(tp @ 1g) — hy—1(3(1p @ 14)).

Since Hy, (AP x A7) = 0, it’s enough to check that the right-hand side
is a cycle:
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Oy — pn — hn—19)(1p @ 1) = (A(pty, — pin) TR (T Hn-1)0)(tp ®1q) = 0.

Now for o: AP — X, 7: AT =Y, we set (0 ®@ T) = (0 X T)xhn(tp ®
t7) and extend linearly, and as usual the description of ok, (1, ® 1)
implies that this is a chain homotopy. O

We spare the reader from the proof of the following statement,
which again goes by exactly the same strategy:
Proposition 9.2.3.
(i) Any two natural chain maps Se(X X Y) — Se(X X Y) given by the

identity in degree o are naturally chain homotopic.

(ii)) Any two natural chain maps Se(X) ® Se(Y) — Se(X) @ Se(Y)
given by the identity in degree o are naturally chain homotopic.

Remark 9.2.4. There does exist a general theorem on acyclic models
of which all these results are a special case, but this is a bit beyond
the scope of this course.
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Theorem 9.2.5 (Eilenberg—Zilber). The chain complexes So(X) @ So(Y)
and Se(X x Y) are naturally chain homotopy equivalent.

Proof. By Proposition 9.2.1 and Proposition 9.2.2 there are natural
chain maps ¢: Se(X X Y) = Se(X) ®Se(Y) and pi: Se(X) @ Se(Y) —
Se(X x Y). Now Proposition 9.2.3 implies that the composites y¢ and
¢y are naturally chain homotopic to the respective identities, so this
is a natural chain homotopy equivalence. O

In particular, this implies that H,(X X Y) is isomorphic to the
homology of Se(X) ® Se(Y). Applying Proposition 9.1.12 to this
tensor product, we thus get:

Corollary 9.2.6 (Kiinneth Theorem). For topological spaces X and Y,
there are natural short exact sequences

0 — (Hy(X) ® Hu(Y))n — Hu(X x Y) — Tor(Hy(X), H (Y))y_1 — 0.

Remark 9.2.7. By Remark 9.1.14 these short exact sequences are
splittable, so that there are non-canonical isomorphisms

Hy(XxY)= @ Hy(X)@H,(Y)® € Tor(H;(X), H;(Y)).
p+g=n i+j=n—1

Example 9.2.8. For spheres S” and S™ (n,m > 0) we get

Z, x=0,n,mn-+m,

12

H,. (8" x §™)
0, otherwise,

if n # m, while if n = m we have

Z, x*=0,2n,
H.(S"xS") = Z®Z, x=n,
0, otherwise,

Exercise 9.6. Use the Kiinneth Theorem to compute the homology of RIP? x
RIP2.

Remark 9.2.9. If R is an arbitrary commutative ring, we can tensor
the chain homotopy equivalence of the Eilenberg-Zilber Theorem
with R to obtain a chain homotopy equivalence between S (X; R) ®g
S¢(Y;R) and S¢(X x Y;R). Since Proposition 9.1.12 works over any
principal ideal domain we obtain a version of the Kiinneth theorem
for H,(X X Y;R) when R is a PID. In particular, if k is a field (so that
Tor* vanishes) we have a natural isomorphism

H.(X x Y;k) 2 Ho(X; k) @ He (Y k).

9.3 The Alexander—Whitney Map

Later on we are going to use the chain homotopy equivalence be-
tween So(X x Y) and Se(X) ® Se(Y) to define product structures on
cohomology. For some purposes it is convenient to have an explicit

For abelian groups A, B and a commu-
tative ring R, there is a natural isomor-
phism (A® R) @r (B®R) = (A®B)®
R. This gives a natural isomorphism
(Se(X) @ Se(Y)) ® R = So(X;R) ®r
Se(Y;R).

There are also explicit definitions of
chain maps Se(X) ® Se(Y) — Se(X X
Y), in the other direction, but we will
not need these.
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formula for these products on the chain level, for which we need an
explicit choice of the chain map Se(X X Y) — S¢(X) @ Se(Y). In this
section, we will define the Alexander—-Whitney map, which is one such
chain map.

Definition 9.3.1. Let zxg : AP — A" be the inclusion of the p-face with
vertices 0,1, ..., p, and let wg : AT — A" be the inclusion of the g-face
with vertices n —g,...,n —1,n.

Definition 9.3.2. The Alexander—Whitney map
awy: S (X XY) = (Se(X) ®Se(Y))sn
is defined on a singular simplex (o, 7): A" — X x Y by
aw(o, T) = 2 coay®Towy = (04 ® Tx) ( 2 a,,®w>
ptq=n ptq=n

Proposition 9.3.3. The Alexander—Whitney maps are a natural family of
chain maps.

For the proof we need the following relations between the a’s and
w’s, which we leave to the reader to check:

Lemma 9.3.4.

n i H
doa ! = zpood, Lsp
P ocg, i>p,
n __
Ay g 0dpi1 = ap,
d"owqflz i . tsn-log
w;’H odi="tlH, i>n—1-g,

n 0_ .n
wyyod = wy.

Proof. Naturality is clear from the definition, so it is enough to show
that daw (o, T) = aw(d(c, T)). Here

w(d(o,T)) = aw (Z(—l)i(ap,aﬂ)> = (0+®T) (Z(—l)" y, d oa’;*l @diow;1>,

i i p+q=n—1

daw (0, T) = (0 @ T ( Y o ) )
ptq=n
It thus sulffices to establish the identity
) Aoy ® wy) = z(—l)l ) dloag_l@)dlow,’;_l.
pt+q=n i=0 p+q=n—1
Here we have
d(ay ®wy) = da, @wy + (—1)Pa, @ dwy

p ) . 1 . .
= LVsodew)+ K)o wjod.
]:
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If s+t = n—1 then the component of the left-hand side in our
equation in S;(A") ® S¢(A") is

s+1 . ‘ t+1 4 ,

Y (—1)ial,y od ® @ + Y (~1)Ha! @ wlyy o,

i=0 =0
while on the right-hand side it is

Y (—1)id oa ' @di 0w,
i=0

It suffices to check that we have

s+1 t+1 . . n

Y (—Valyod @wl + Y (1)l @wp od =) (-1)d oal ®d 0w},
i=0 j=0 i=0

which can be done using the identities from Lemma 9.3.4. O

9.4 (%) A Kiinneth Theorem for Cohomology

Although there is a natural chain map 5*(X) ® S*(Y) — S*(X xY),
this is in general not a chain homotopy equivalence. To get a Kiinneth
formula in cohomology we therefore need to put some restrictions on
the spaces involved.

Theorem 9.4.1. If X and Y are finite type cell complexes, then there are
natural short exact sequences

0— (H'(X)®@H*(Y))—n — H" (X xY) — Tor(H*(X), H*(Y))—p—1 — 0.
These are splittable, so we have (non-canonical) isomorphisms

H'(XxY)2 @ H(X)eH(Y)e @ Tor(H(X)H(Y)).
ptq=n ij=n+1

For chain complexes C,, Do and abelian groups M, N we can also
define a natural chain map

Hom(C, M)e ® Hom(D, N)e — Hom(C ® D, M ® N),,
defined degreewise by the maps

Hom(C_,, M) ® Hom(D_;, N) — Hom(C_, ® D_4,N)
given by tensoring homomorphisms together.

Lemma 9.4.2. Suppose Co and D, are chain complexes such that C,, and
Dy, are finitely generated free abelian groups for every n, and C, = Dy, =0
for n < 0 (or, for sufficiently large negative n). Then the natural map

Hom(C, M)s ® Hom(D, N)s — Hom(C ® D, M @ N),
is an isomorphism.

Proof. This essentially follows because everything in sight commutes
with finite direct sums and the fact that if A = ZS is a finitely
generated free abelian group then Hom(A,Z) = Z° = ZS is again
free; we leave the details to the interested reader. O



If X and Y are finite type cell complexes, then the lemma applies
to C$e1(X) and C$*''(Y), and so we have a natural isomorphism

sl (X) © Coo(Y) = Hom(C*(X), Z)o ® Hom(C*(X), Z)s
=~ Hom(C*(X) @ c*!(Y), Z)..

It is not hard to show that for any cell complex X there exists a (non-
canonical) chain map C$¢(X) — So(X) that in homology gives the
isomorpism between the cellular and singular homology of X. This
is then a chain homotopy equivalence by the following result from
homological algebra:

Fact 9.4.3. Any quasi-isomorphism (meaning a chain map that gives
isomorphisms on homology groups) between levelwise free chain complexes
is a chain homotopy equivalence (i.e. there exists some choice of a chain
homotopy inverse).

Moreover, for any chain complex C, the functor - ® C, preserves
chain homotopies, as does the functor Hom(—, Z). Thus we have chain
homotopy equivalences between C?(X) ® C3,;(Y) and S*(X) ®
S*(Y) and between Hom(C!'(X) @ C<!(Y), Z)o and Hom(Se(X) ®
Se(Y),Z).. Applying the Eilenberg-Zilber theorem, the latter is also
chain homotopy equivalent to Hom(Se(X x Y),Z[0]) = S*(X x Y).

We have thus proved:

Proposition 9.4.4. If X and Y are finite type cell complexes, then there is a
chain homotopy equivalence between S®(X) @ S®*(Y) and S*(X x Y).

We can apply our algebraic Kiinneth theorem, Proposition 9.1.12,
to the tensor product C2 ,(X) ® C2,,(Y). We obtain short exact se-

cell cell
quences
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The proof of Lemma 9.4.2 fails for a free
abelian group on an infinite set, so we
can’t directly apply Proposition 9.1.12 to

S*(X).

0= (H'(X)@H"(Y))-n = H-n(Coan(X) @ Ceen(Y)) — Tor(H*(X), H*(Y)) -1 — 0

which together with our chain homotopy equivalences give Theo-
rem 9.4.1.

Remark 9.4.5. Just as in homology, the same proof goes through over
any PID. In particular, if k is a field and X and Y are finite type cell
complexes, then we have natural isomorphisms

H*(X;k) @ H*(Y; k) =2 H* (X x Y;k),
since the Tor term always vanishes over a field.

Remark 9.4.6. The hypothesis that X and Y are finite type cell com-
plexes can be weakened: it is actually enough to assume that the
homology groups of X and Y are finitely generated in each degree:
If the homology of a chain complex C, consists of finitely generated
abelian groups and is bounded below then we can algebraically con-
struct a quasi-isomorphic chain complex C, that is bounded below
and given degreewise by finitely generated free abelian groups. We
can apply Lemma 9.4.2 to such replacements of Se(X) and Se(Y) and
proceed as before.
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Remark 9.4.7. Another variant of the Kiinneth theorem for cohomol-
ogy (which uses a slightly different algebraic argument) gives the
same statement when X is a finite cell complex and Y is an arbitrary
topological space.

9.5 (%) Relative Eilenberg—Zilber and Kiinneth Theorems

In this section we will briefly discuss versions of the Eilenberg-Zilber
and Kiinneth theorems for relative homology. This requires a hypoth-
esis on the subspace pairs (which will hold in all examples):

Definition 9.5.1. Let X be a topological space and let A, B be two
subspaces of X. We say the pair A, B is reasonable if in the topological
space AU B we can find open sets U,V such that A C U, B C V,
AUB =UUYV, and the inclusions A — U,B—~ V,ANB—=UNV
all induce isomorphisms in homology.

Theorem 9.5.2 (Relative Eilenberg—Zilber). Suppose (X, A) and (Y, B)
are subspace pairs such that X x B and A X Y are a reasonable pair of
subspaces of X x Y. Then there is a chain homotopy equivalence between
Se(X,A) ®Se(Y,B) and Se(X X Y,X x BUA X Y).

Remark 9.5.3. Two important cases where the condition of the theo-
rem holds are when A and B are open subsets of X and Y, and when
one of A and B is empty. For example, we always have chain homo-
topy equivalences between So(X) ® Se(Y, B) and Se(X x Y, X X B).

We start with the following easy observations, whose proofs we
leave to the reader:

Lemma 9.5.4. Suppose Co, D, are chain complexes, with subcomplexes
C, C Co and D, C D,. If we have two chain maps Co — D, that both
restrict to chain maps C, — D), and a chain homotopy between them that
restricts to a chain homotopy on the subcomplexes, then there is an induced
chain homotopy between the induced chain maps Co/Cl, — Do /D,

Lemma 9.5.5. Suppose A, B are subgroups of an abelian group M. Then
there is a commutative diagram

ANB A A/ANB
| | !
B M M/B

! ! !

B/ANB —— M/A —— M/A+B,
where all rows and columns are short exact sequences.

Notation 9.5.6. If A, B are both subspaces of a topological space X,
then we write S¢(X, A + B) for the quotient Se(X)/(Se(A) + Se(B)).



Remark 9.5.7. In this situation Lemma 9.5.5 gives a commutative
diagram

Se(ANB) ———— Se(A) ——— Se(A,ANB)
Se(B) —————— S¢(X) ————— S4(X, B)
Se(B,ANB) —— S¢(X,A) —— So(X, A+ B),
where the rows and columns are short exact sequences.

Proposition 9.5.8. Given subspace pairs (X, A) and (Y, B), there is a
natural chain homotopy equivalence between So(X, A) @ So(Y,B) and
Se(X XY, XXB+AXY).

Proof. We can apply Remark 9.5.7 to the subspaces X X Band A X Y
of X X Y to get a commutative diagram

Se(AXB) — > Se(AXY) ———— S¢(AXY,AXB)

l | l

Se(X X B) ——————— Se(X XY) ————— Se(X X Y,X X B)

| | |
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Se(X X B,AXB) —— Se(X XY, AXY) —— S¢e(XxY,AXY+ X xB)

where the rows and columns are short exact sequences. Since ten-
soring with a levelwise free chain complex preserves short exact
sequences, we also have such a commutative diagram of the form

Se(A) ® Se(B) ——— Se(A) ®Se(Y) ———— Se(A) ® Se(Y, B)

| | |

Se(X) ®Se(B) — > Se(X) ®Se(Y) ——— Se(X) ® Se(Y, B)

| | |

Se(X,A) ® Se(B) —— Se(X,A) ®Se(Y) —— So(X, A) ® Se(Y, B).

Now Lemma 9.5.4 and the naturality of the Eilenberg—Zilberg chain
homotopy equivalence implies that the corresponding terms in these
diagrams are chain homotopy equivalent. In particular, we have a
chain homotopy equivalence between Se (X, A) ® Se (Y, B) and Se¢ (X X
Y,XxB+AXxY). O

Proposition 9.5.9. If A, B are a reasonable pair of subspaces of a topological
space X, then there is a chain homotopy equivalence between Seo(X, A + B)
and Se(X, AU B).

Lemma 9.5.10. Suppose A, B are a reasonable pair of subspaces of a topo-
logical space X. Then the inclusion

Se(A) + Se(B) = Se(AUB)

gives isomorphisms in homology.
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Proof. Let U 2 A,V DO B the required pair of open sets in AU B. We
will prove that both inclusions

Se(A)+ Se(B) — Se(U) + Se(V) — Se(AUB)

give isomorphisms in homology. We can identify Se(U) + S¢(V)
with the subgroup of S¢(A U B) of “small chains” with respect to the
cover {U, V'}, so the second map gives isomorphisms in homology by
Theorem 6.4.3. To prove the same holds for the first inclusion, first
consider the commutative diagram

Se(ANB) —— S¢(B) —— S¢(B, AN B)

| | |

Se(UNV) —— So(V) —— Se(V,UNV),

where both rows are short exact sequences. Applying the 5-Lemma
to the corresponding map of long exact sequences in homology, our
hypotheses imply that S¢(B, AN B) — S¢(V,UN V) gives isomor-
phisms in homology. Now we can apply the same argument to the
commutative diagram

Se(A) —— Se(A) + Se(B) —— Se(B,ANB)

| | |

Se(U) — Su(U) +Se(V) — So(V,UNV),

to conclude that Se(A) 4+ Se(B) — Se(U) + S¢(V) gives isomor-
phisms in homology. O

Proof of Proposition 9.5.9. We have a commutative diagram

0 —— Se(A) +Se(B) —— Se(X) —— Se(X,A+B) —— 0

| H |

0 — > Se(AUB) ———— So(X) —— Se(X,AUB) —— 0

where the rows are short exact sequences. Here the left-most vertical
map gives isomorphisms in homology by Lemma 9.5.10, so we can
apply the 5-Lemma to the resulting map of homology long exact
sequences to conclude that S(X, A+ B) — S¢(X, AU B) is a quasi-
isomorphism. We can identify the abelian groups S, (X, A+ B) and
Su(X, AU B) with the free abelian groups on Sing, (X)/ Sing,(A) U
Sing, (B) and Sing,,(X)/ Sing,, (A U B), respectively, so this is a chain
homotopy equivalence by Fact 9.4.3. O

Combining Proposition 9.5.9 and Proposition 9.5.8 we obtain Theo-
rem 9.5.2. As a consequence, we get a relative version of the Kiinneth
theorem:

Corollary 9.5.11 (Relative Kiinneth Theorem). Suppose (X, A) and
(Y, B) are subspace pairs such that X x B and A x Y are a reasonable pair
of subspaces of X x Y. Then there are natural short exact sequences

0 — (Hu(X, A) @ Hy (Y, B))y — Ho(X XY, X x BUAXY) — (Tor(Hy(X, A), H.(Y,B)))n_1 — O.
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This applies in particular if A and B are open subsets, and if A is
empty, in which case we get:

Corollary 9.5.12. Suppose X is a topological space and (Y, B) is a subspace
pair. Then there are natural short exact sequences

0 = (Hy(X) @ Ho(Y, B))y — Hu(X XY, X x B) = (Tor(Hs(X), Ho(Y, B)))n_1 — 0.

Remark 9.5.13. The cohomological Eilenberg—Zilber theorem can also
be extended to the relative case, assuming the relative homology
groups are finitely generated in each degree.






10
The Ring Structure on Cohomology

In this chapter we introduce the cup product, which makes the coho-
mology H*(X; R) of a space X with coefficients in a (commutative)
ring R into a graded (commutative) ring. In §10.1 we define the cup
product (and the closely related cross product) as a pairing. Then in
§10.2 we discuss (commutative) ring structures on graded abelian
groups and chain complexes, and show that to get a ring structure on
homology it’s enough to have a ring structure “up to homotopy” on
a chain complex. We use the method of acyclic models to obtain such
a homotopy ring strucutre on singular cochains S*(X;R) in §10.3.
Finally, we compute the cup product structure on H*(RIP";F;) and
H*(CIP*;Z) in §10.4.

10.1  The Cross and Cup Products
We saw in Proposition 9.2.1 that there is a natural chain map
Se(X XY) = Se(X) ®Sa(Y).

We can use this to define a natural multiplication on the singular
cochains S*(X;R) where R is a ring, and hence on the homology
H*(X; R). For this we need the following algebraic construction:

Exercise 10.1.

(i) Prove that there is a natural homomorphism of abelian groups
Hom(A, M) ® Hom(B,N) - Hom(A® B, M ® N),

where A, B, M, N are abelian groups, given by tensoring homomor-
phisms.

(if) Use this to define a natural chain map
Hom(C, M)e ® Hom(D, N)e — Hom(C ® D, M ® N),,
where C,, D, are chain complexes and M, N are abelian groups.
We then proceed by the following steps:

(1) As a special case of Exercise 10.1, for topological spaces X,Y and
abelian groups M, N there is a natural chain map

S*(X; M) ®S°(Y;N) » Hom(Se(X) ® Se(Y), M® N).
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(2) Composing with the Eilenberg—Zilber maps, we get natural chain
maps
S*(X;M)®S*°(Y;N) = S*(X X Y; M® N).

(3) If Ris aring, we can view the multiplication as a homomorphism
R ® R — R; composing with this we get natural chain maps

S*(X;R)®S*(Y;R) = S*(X X Y;R®R) — 5*(X x Y;R).

(4) For any space X, the diagonal A: X — X x X induces a natural
chain map A*: S*(X x X;R) — S*(X;R). Composing with this,
we have a natural chain map

S*(X;R) ® S*(X;R) — S*(X x X;R) 25 $*(X; R).

(5) Using the maps from Lemma 9.1.10, on homology we get natural

maps

H*(X;R)®@H"(Y;R) = H.(S*(X;R)®S*(Y;R)) - H* (X X Y;R),

H*(X;R)®H"(X;R) — H.(S*(X;R) ® S*(X;R)) - H* (X x X;R) T H*(X;R).
This amounts to natural bilinear multiplication maps in cohomology

H"(X;R) x H™(Y;R) — H"™™(X x Y;R),
H"(X;R) x H"(X;R) — H"™(X;R).

The former is called the cross product and denoted

(&)= &xn

for ¢ € H"(X;R),n € H"™(Y;R), while the latter is called the cup
product and denoted

(& B) —a—p
fora € H"(X;R), € H"(X; R). Note that by definition we have

a— B =A(axp).

Remark 10.1.1. Note that if R = Z then the cross product map is
exactly the map we used in the Kiinneth theorem for cohomology.

The cross and cup products in cohomology are well-defined, since
by Proposition 9.2.1 any two Eilenberg—Zilber maps are chain homo-
topic, and so induce the same map in homology. To compute cup
products it can be convenient to have an explicit formula, however. If
we use the Alexander-Whitney map from Definition 9.3.2, we get the
following formulae:

Proposition 10.1.2.

(i) If [¢] € H"(X;R),[n] € H™(Y;R) are cohomology classes repre-
sented by cocycles & € S"(X;R) = RS"&:(X), y € §"(Y;R) =
RS&n(Y) then [Z] x [n] is represented by the cochain in RS™8n+n(X*Y)
given by

(0,7) = S(ooay™) - y(Towy™),

where the multiplication is in the ring R.



(it) If [] € H"(X;R),[¢'] € H™(X;R) are cohomology classes rep-
resented by cocycles & € S"(X;R) = RS"8.(X), & ¢ §"(X;R) =
RS8w(X) | then [&] — [&'] is represented by the cochain in RS™&n+n(X)
given by

o= E(ooayt™) &' (cow,™).

Remark 10.1.3. For S C {0,...,n} let us write AS C A" for the face
(isomorphic to AlS1y of A" whose vertices are the vertices in S. For
o: A" — X we can then denote the restriction of ¢ to this face by
0| s. With this notation the formula for the cup product using the
Alexander-Whitney map can be written as

(€ = &)0) = (ol p0.m) &' (@] gtnmirmem)-

Example 10.1.4. For §”, the cup product in positive degrees is trivial
for degree reasons: if x is the generator of H"(S") then x — x =0
since H?"(S") = 0. However, we will see in Exercise 10.2 that H* (5" x
S§™) has a non-trivial cup product: if x and y are the generators in
degrees n and m, then x — y is the generator in degree n + m.

Exercise 10.2.

(i) Show that the cross product H*(X) ® H*(Y) — H*(X x Y) can be
expressed in terms of the cup product by the formula

&xn=pxé — pyn

where px, py are the projections from X X Y to X and Y. [Hint: Use the
explicit formula for the cup and cross products.]

(ii) If R, R’ are commutative rings, we can equip the tensor product R ® R’
with a commutative ring structure with the multiplication defined on
generators by

(rn@r) - (rn@ry) =rr @
Check that the analogous construction for graded rings also makes
sense. [Note that to get commutativity in the graded cases we need to
add a sign.]

(iii) Show that the cross product map H*(X) ® H*(Y) — H*(X xY) is
a ring homomorphism with respect to the tensor product of the cup
product on X and Y and the cup product on X x Y. [Hint: This amounts
to checking the relation

(G —x &) x(—yn)=(xn) —xxy (& x1n),
for which you can use part (i) and naturality of cup products.]

(iv) Prove that if X and Y are finite type cell complexes and the integral
cohomology groups of X are all free abelian groups, then the cross
product map

H*(X)® H*(Y) - H(X xY)

is an isomorphism of rings. [Hint: Use the Kiinneth Theorem for
cohomology.]

(v) Compute the ring structure on H*(S" x 5§™).

Remark 10.1.5. We can also define relative versions of cross and cup
products, though as with the relative Kiinneth theorem we need some
mild assumptions:

ALGEBRAIC TOPOLOGY I

155



156 RUNE HAUGSENG

e if (X, A) and (Y, B) are subspace pairs, such that X x Band A x Y
are a reasonable pair of subspaces of X x Y, then there is a relative
cross product

H*(X, A;R) ® H*(Y,B;R) — H*(X X Y,X x BUA x Y;R).

(Since we do always have a chain homotopy equivalence between
Se(X,A) ®Se(Y,B) and S¢(X X Y, X x B4+ A x Y), we can define
a “cross product” with target the homology of the latter chain
complex, but this may not agree with the relative homology in
general.)

e if (X, A) is any subspace pair, we have a relative cup product
H*(X,A;R) ® H* (X, A;R) — H*(X, A;R).

(This is because the diagonal of X always gives a map S¢(X, A) —
Se(X X X, Xx A+ AXxX).)

* more generally, if A, B are a reasonable pair of subspaces of X,
then we have a relative cup product

H*(X, A;R) ® H*(X, B;R) — H*(X, AUB;R).

(This uses that the diagonal of X gives a map S¢(X, A+ B) —
Se(X x X,Ax X+ X xB).)

10.2 Graded Rings

We are going to show that when R is a commutative ring, then the cup
product makes the cohomology H*(X; R) into a commutative ring in
an appropriate sense. To explain what we mean by this, let’s start by
looking at a diagrammatic reformulation of the usual definition of a
(commutative) ring using the tensor product of abelian groups:

Definition 10.2.1. An (associative, unital) ring consists of an abelian
group R together with homomorphisms m: R ® R — R (multiplica-
tion, corresponding to a bilinear map R x R — R) and u: Z — R
(corresponding to a unit element #(1) in R), such that the following
diagrams commute:

RORQR ™4 RoOR  Z®R =5 R+-— RQZ

lid@m lm lu@id H lid@u

R®R —™ R, R®R —"+ R +—— R®R,

where the first expresses the associativity of the multiplication and
the second that the multiplication on the left or right by the unit gives
the identity. The ring is commutative if in addition the triangle

R®R



commutes, where T is the natural symmetry isomorphism that swaps
the factors in the tensor product.

Exercise 10.3. Convince yourself that the diagrammatic definition of a (com-
mutative) ring agrees with the (equational) one you have seen before.

Remark 10.2.2. Here and elsewhere in this discussion we have ignored
the fact that R ® (R ® R) and (R ® R) ® R are not equal, just canoni-
cally isomorphic — the commutative square describing associativity
should really be a pentagon where this associativity isomorphism for
® also appears.

We can make the same definition in any category with a tensor
product and a symmetry isomorphism, such as graded abelian groups
and chain complexes:

Definition 10.2.3. An (associative, unital) graded ring is a graded
abelian group R, together with maps m: R, ® R, — R, and u: Z[0] —
R, such that the analogues of the associtiavity and unit diagrams
above commute. The graded ring R, is commutative if in addition
the commutativity diagram commutes.

More explicitly, this structure amounts to giving bilinear multi-
plication maps R, X Ry — Ru4m and a unit e € Ry such that we
have a(bc) = (ab)c and ea = a = ae. Note that because our pre-
ferred symmetry isomorphism for graded abelian groups has a sign,
commutativity means that for elements a € R, b € R;;, we have

ab=(—1)"ba.
We can also make the analogous definition in chain complexes:

Definition 10.2.4. An (associative, unital) differential graded ring (or
dg-ring) is a chain complex group R, together with chain maps
m: Re ® Re — Re and u: Z[0] — R, such that the analogues of
the associtiavity and unit diagrams above commute. The dg-ring R,
is commutative if in addition the commutativity diagram commutes.

This structure amounts to giving a (commutative) graded ring
structure on the underlying graded abelian group R, as above, such
that the unit e is a cycle (de = 0) and the product satisfies the “Leibniz
formula”:

3(ab) = (3a)b + (—1)"a(db)

fora € R,,, b € Ry,.

A dg-ring structure on a chain complex C, induces a graded
ring structure on H,(C) (with multiplication given by the composite
H,(C) ® H,(C) = H.(C® C) — H.(C)), so we might hope that the
ring structure on singular cohomology H* (X; R) arises from a dg-ring
structure on S*(X; R). However, this is not quite true, and we have to
consider a slightly weaker structure:

Definition 10.2.5. A homotopy dg-ring is a chain complex group R,
together with chain maps m: Re ® Re — Re and u: Z[0] — R.
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such that the analogues of the associtiavity and unit diagrams above
commute up to chain homotopy, i.e. there exists some choice of chain
homotopy between the composite chain maps. The homotopy dg-
ring R, is commutative if in addition the commutativity diagram
commutes up to chain homotopy.

Lemma 10.2.6. If R, is a (commutative) homotopy dg-ring, then H,(R)
inherits a (commutative) graded ring structure.

Proof. Recall that for chain complexes Co, Do we have a natural map
H.(C) ® H.(D) — H.(C ® D), and this is compatible with the asso-
ciativity, unitality, and symmetry of ®. We define the multiplication
on HyR as the composite

H.(R) ® Hi,(R) — H,(R® R) — H.(R),

where the second map is induced by the multiplication on R., with
unit
Z[0] = H.(Z[0]) — H.(R)

using the unit of R,. To prove associativity we consider the diagram

H.(R) ® H,(R) ® H.(R) — H.(R) ® H,(R® R) —— H,(R) ® H.(R)

| | |

H.(R®R) ® Hy(R) —— H.(R® R®R) ——— H,(R®R)

| l

H,(R) ® H,(R) ————  H.(R® R) ————  H.(R),

where the bottom right square commutes because chain homotopic
maps give the same map in homology, and the other three squares
commute by naturality. To prove the multiplication on H,R is unital,
we consider the diagram

H.,R®Z[0] —— H.(R®Z[0]) —— H.(R)

| | H

H.(R) ® H,(R) —— H.(R®R) —— H.(R),

which commutes for the same reasons, as well as the corresponding
diagram with Z[0] on the other side.

Finally, if R, is homotopy commutative, we have the commutative
diagram

H.(R)® H,(R) —— H,(R®R)

.

T H.t H*(R)

e

H.(R)® H,(R) —— H.(R®R),

which proves that H,(R) is commutative. O
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10.3 Homotopy Ring Structures on Cochains

In this section we will sketch an argument that any choice of Eilenberg—
Zilber maps Se(X X Y) — Se¢(X) ® Se(Y) can be used to make
5*(X;R) a (commutative) homotopy dg-ring when R is a (commuta-
tive) ring.

The following can be proved by using the method of acyclic models:

Proposition 10.3.1. Let ¢X: S¢(X X Y) — Se(X) ® Se(Y) be a natural
family of Eilenberg—Zilber chain maps.

(i) For any three spaces X,Y, Z the square Here and elsewhere in this section
we are again suppressing the natu-
PXxVZ ral associativity isomorphism (Se(X) ®
Se(X XY XZ) ——— Se(XXY)®Se(Z2) Se(Y)) ® Se(Z) = So(X) @ (Se(Y) ®
LPX’YXZ lq?X'Y@id 54(2)).
ideg¥?

Se(X) ® Sa(Y X Z) Se(X) ®Se(Y)® Se(Z)
commutes up to a natural chain homotopy.

(ii) Let u: So(*) — Z[0] be the unique chain map that’s the identity in
degree 0. Then for any space X the diagram

¢X*
Se(X X %) —— So(X) @ Se(x) —

\/

commutes up to a natural chain homotopy, as does the analogous

id®u (X) ® Z[O]

diagram with Z[0] on the other side.

(iii) For any pair of spaces X, Y the square

X,Y
¢

Se(X XY) —— Se(X)®Sa(Y)

2 |
<PY/X

Se(Y X X) —— So(Y) ® Se(X)

commutes up to a natural chain homotopy, where t denotes the natural
isomorphism X x Y =Y x X.

Applying Hom(—, R) and combining these diagrams with the nat-
ural maps 5*(X;R) ® S*(Y;R) — Hom(S.(X) ® Se(Y), R), we get:

Corollary 10.3.2. Let R be a ring.

(i) For any three spaces X,Y, Z the square

S*(X;R)®S*(Y;R) ® S*(Z;R) —— S*(X x Y;R) ® S*(Z;R)

| l

S*(X;R)®S*(Y X Z;R) —— S*(X x Y x Z;R)

commutes up to a natural chain homotopy.
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(ii) For any space X the diagram
5*(X;R)
S*(X;R) ® Z[0] —— S*(X;R) ® S*(*;R) —— S*(X x %;R)

commutes up to a natural chain homotopy, as does the analogous
diagram with Z[0] on the other side.

(iii) If R is commutative, then for any pair of spaces X,Y the square
S*(X;R)®S°(Y;R) —— S*(X x Y;R)
I+ Jr
S*(Y;R)®S*(X;R) —— S*(Y x X;R)
commutes up to a natural chain homotopy.

Corollary 10.3.3. For any ring R and space X, we have a natural homotopy
dg-ring structure on S®(X; R) with multiplication given by

S*(X;R) ®S*(X;R) — S*(X x X;R) 25 $*(X;R),
and unit given by
Z[0] 5 $*(%;R) — S*(X;R).

If the ring R is commutative then this homotopy ring structure is also
(homotopy) commutative.

Proof. To prove associativity, consider the diagram

S*(X;R) ®S*(X;R) ® S*(X;R) —— S*(X x X;R) ® S*(X;R) 224 s*(X;R) ® $*(X; R)

| | o

5*(X;R) © 5*(X % X;R) —— S§*(X x X x X;R) — ", ge(X x X;R)

lid@A* l(idxA)* lA*

S*(X;R) ® S*(X;R) S*(X x X;R) A S*(X;R),

where the top left square commutes up to a natural chain homotopy
by Corollary 10.3.2(i), the top right and bottom left squares commute
by naturality, and the bottom right square commutes because the
square
X —2 5 XxX
A lidxA

Xx X 24 v o xxx

of topological spaces commutes. Next, to prove unitality we consider

the diagram
$*(X;R) ® Z[0]

l =~

S*(X;R) ® S*(%;R) —— S*(X x %;R)

| L=,

S*(X;R) ® S*(X;R) —— S*(X x X;R) -2 §*(X),



where the top triangle commutes up to a natural chain homotopy by
Corollary 10.3.2(ii), the bottom left square commutes by naturality,
and the bottom right triangle commutes because the triangle

X A, XxxX

B

X X *

of topological spaces commutes. (And of course the case with Z[0]
on the other side works the same.)
To prove commutativity we consider the diagram

S*(X;R)® S*(X;R) —— S*(X x X;R)
K
T t* S'(X;R)
S

S*(X;R)®S*(X;R) —— S*(X x X;R),

where the left-hand square commutes up to a natural chain homotopy
by Corollary 10.3.2(iii) and the right-hand triangle commutes because
the triangle
XxX
e

X t

™

X x X
of topological spaces commutes. O

If we make a good choice of Eilenberg—Zilber maps, such as the
Alexander-Whitney maps, then S°®(X;R) is a dg-ring in the strict
sense (as can be seen easily from the formulae in Proposition 10.1.2):

Exercise 10.4. Show that if we define the cup product on the chain level
using the Alexander-Whitney map, then S®(X; R) is a (strictly) associative
and unital dg-ring for any ring R.

Remark 10.3.4. However, using this specific choice of Eilenberg—Zilber
map the dg-ring S°(X; R) is still not commutative in the strict sense,
but only up to chain homotopy. In fact, it is impossible to make the
cup product commutative on the chain level in the strict sense.

Combining Corollary 10.3.3 with Lemma 10.2.6, we get the follow-
ing:
Corollary 10.3.5. If R is a ring, then H*(X; R) has a natural (graded) ring
structure, and if R is commutative then H*(X; R) is a graded commutative
ring. O
The graded ring structure on H*(X; R) restricts to an (ordinary)

ring structure on H°(X; R) (commutative if R is commutative); the
following exercise identifies this:
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The “failure” of strict commutativity ac-
tually turns out to encode further in-
teresting structure on H*(X; R), namely
cohomology operations, but this is beyond
the scope of this course.
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Exercise 10.5.

1. Show that under the isomorphism H?(X; R) = R™X, the cup product in
degree 0 corresponds to the pointwise multiplication of functions 7pX —
R, with unit the constant function with value 1 € R and product (f -
g)(x) = f(x) - g(x). [Hint: Use the explicit formula from the Alexander-
Whitney map.]

~

2. By additivity for cohomology we have an isomorphism H!(X;R) =
[Tiem(x) H(X;; R) where X; denotes the path-component of X corre-
sponding to t € 71pX. Show that under this isomorphism the cup product

HY(X;R) x H(X;R) — H'(X;R)

for i > 0 takes f: m1pX — R and (a¢)eq,x to (f(£)ar)s (in terms of the
natural R-module structure on H'(Xy; R)).

Exercise 10.6.

(i) If R;, i € I, are rings, then the cartesian product [];c; R; can be
given a commutative ring structure with pointwise multiplication (i.e.
(ri)ier - (r))ier = (rir})ier). Check that this has the universal property
of the product in the category of rings (i.e. given ring homomorphisms
¢i: R — R; for each i, there exists a unique ring homomorphism
R’ = TLes R; that projects to ¢; in the ith coordinate). Also check
the analogous statement holds for graded rings (where the cartesian
product is taken degreewise).

(if) Show that for topological spaces X;, i € I, the map

HY([IX) = [[H"(X),

iel icl
induced by the inclusions X; < ] [;c; X;, is an isomorphism of rings.

(iii) Compute the ring structure on H*(S" v S™). [Hint: The canonical map
S"IIS™ — S"V S™ induces a ring homomorphism H*(S§" v §") —
H*(S" 11 §™); check that this is an isomorphism in degrees * > 0.]

Exercise 10.7 (). Let ¢ be the orientable closed surface of genus g. There
is a continuous map from X, to a wedge of g tori that pinches the “necks”
between the g holes to points,

q: T — \/(S' x sh)
8

Using that the induced map in cohomology is a ring homomorphism, com-
pute the ring structure on H*(Z,). [Recall that in Exercise 4.8 you computed
that

Z, *=0,2
H*(Zg) = Zzg/ * = 1/
0, otherwise,

and use Exercise 10.6 and Exercise 10.2 to compute the ring structure for the
wedge of tori.]

10.4 (%) The Cohomology Rings of RIP" and CIP"

We now want to describe the cup product structure on the cohomology
of projective spaces. To state the result in a nice way, we first introduce
some terminology:



Definition 10.4.1. Let R be a commutative ring. The graded polynomial
ring R[xi,...,x;] where the generator x; has degree d;, has as its
nth graded piece R[xy, ..., Xk]n the free R-module on the monomials
xil . -x;{" where i1dy + - - - + ixdy = n. Multiplication is defined as
you would expect, using the graded commutativity relation x;x; =
(—1)didijxi.

Remark 10.4.2. If Ry is a graded ring, we can use the graded multi-
plication to define an “underlying” (ungraded) ring structure on the
direct sum @, R,. For the graded polynomial ring R[xy, ..., x| as
above, the underlying (ungraded) ring is the associative ring

R{xy, ..., xn)/ (xix) = (*Udidjxjxi)

generated by elements x1, ..., x; subject to the graded commutativity
relation (where the angle brackets denote the free associative ring on
a set of generators)

Remark 10.4.3. If d; is even for all i, then the x;’s commute and the
underlying ring of R[xy, ..., x¢] is the ordinary polynomial ring on k
generators. On the other hand, if d; is odd for all i, we get the exterior
algebra on k,

AR(x1, -, x5) = R(xy, .o x0) /(%% = —xjx;).

However, if 2 = 0 in R (e.g. if R = F,) then the x;’s commute regard-
less of their degrees and the underlying ring is always a polynomial
ring.

Theorem 10.4.4. There are isomorphisms of graded rings
H*(RP";Fp) = Fy[x]/(x"™1), H*(RP™;F,) = F,x]
where x is a generator in degree 1,
H*(CP"%;2) = Z[x]/ (x"™), H*(CP™;Z) = Z|[x]
where x is a generator in degree 2.

Remark 10.4.5. Recall that we have a cell structure on RIP” with a
single cell in each dimension < #, such that the i-skeleton RIP} is
the subspace RIP' = RIP{%-1}; with [F,-coefficients we saw that the
corresponding cellular (co)chain complex has zero differentials, so
that

H*(]R]Pn,‘IFZ) ~ Z/2, 0<x<m,

0, otherwise.

In the case of CIP" we have a cell structure with a single cell in each
even dimension < 21, so that the integral cellular (co)chain complex
has zero differentials, and

N n Z, xeven,0<x<2n,
H*(CP") =
0, otherwise.
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Remark 10.4.6. In the case of RIP" we can equivalently state this
result as: if x € H!(RIP";F,) and y € H/(RP";F,) are non-zero and
i+j<n,then x —y € H¥/(RP";F,) is non-zero (recall that all of
these groups are isomorphic to Z/2). Similarly, for CIP" this amounts
to saying that if x € H'(CIP") and y € H/(CP") are generators and
i+j < mn, then x — y is a generator of H'*/(CIP") (recall that all of
these groups are isomorphic to Z).

Notation 10.4.7. Let n denote the n-element set {1,...,n}. For S C n,
write RS for the closed subset of R" consisting of vectors (x1,...,x,)
such that x; = 0 for i Z S and R for the closed subset of vectors
(x1,...,%,) where x;, = 0 fori € S (so RS = R:’l\s' RS =~ RISI and
RE = R"~151). Note that RS NIRRT = RE . We also let Vs denote the
open subset R" \ RY; thus Vs is the set of vectors (xy,...,x,) such

that x; # 0 for at least one i € S. We have Vs U Vi = Vg r.

Proposition 10.4.8. For S C n a subset of size i, the relative cup product
H'(R", Vs) @ H" ' (R", Vo\s) — H"(R",R" \ {0})
is an isomorphism (where Vs U Vg = Vo = R™ \ {0}).

Remark 10.4.9. The same proof works with coefficients in any PID
R, if we replace the tensor product with a relative tensor product of
R-modules.

Proof. The inclusion (R%,IR®\ {0}) < (R",Vs) is a deformation
retract for any S, as is the inclusion (D™, D™\ {0}) — (R™,R™\ {0})
for any m. But dD™ < D™\ {0} is also a deformation retract, so
there is a homotopy equivalence between (R", Vs) and (DISI,aDIS)
and so H*(R", V) = A*(SIl); in particular H'(R", Vs) = Z and the
other cohomology groups are zero. Since these are finitely generated
free abelian groups, we can apply the Kiinneth theorem for relative
cohomology to conclude that the cross product map

H'(R",Vs) ® H" '(R", Vg 5) = H"(R*", Vg x R"UR" X V)

is an isomorphism. The cup product we're interested in is obtained by
composing this with the map in cohomology induced by the diagonal
map

A: (R, R"\ {0}) = (R*, Vs x R" UR" X Vp\5),

so to complete the proof it suffices to show that this map gives an
isomorphism in cohomology. We will prove this by checking that this
map is a deformation retract. The retraction p: R?" — R" is defined
by

Xi, i S S/

xX,Y)i =
p(x,y)i v 145

note that the subset Vs x R" UR" x V};\ g consists of those pairs (x, y)
such that either some x; # 0 with i € S or some y; # 0 withi ¢ S, so
that p(x,y) # 0 for (x,y) in this subset. We clearly have pA = idR»,



and we can simply define a linear homotopy between idR2. and Ap
by
h(x,y,t) = t(x,y) + (1 = )dp(x,);

if we write h(x,y,t) = (x(t),y(t)) then x(t); = x; for i € S and
y(t)i = y; for i ¢ S so this takes the subspace Vs x R" UR" X Vj,\g to
itself, as required. O

Next we want an analogue of this result for projective space, which
requires some more notation. We will only state this for RIP" for
simplicity, but the same argument works for CIP".

Notation 10.4.10. Let n denote the set {0,...,n}. Recall that we can
describe points of RIP" by projective coordinates as (xp: x1 : -+« : Xp)

with x; € R not all 0, where (xg : x7 : -+ : x;) = (Axp : Axy :

- i Axy) for A # 0in R. For S C ny, let RIP° denote the closed
subset of RP" containing those points (xp : x1 : --- : x,) where
xi = 0fori ¢ S, and let RIPg := RIP™+\S denote the set of points
(xg:x1:---:x,) where x; = 0 for i € S. Then RIPS = RP/®-! and
we have RIPg N RIPT = RIPS 7. We write Ug := RIP" \ RIP§ for the
open subset consisting of points (xp : x1 : -+ : x,) such that x; # 0
for some i € S; then Us U U = UgyT.-

Remark 10.4.11. For the one-element set {i}, every point of Uy;, has

unique projective coordinates of the form (xg : -+ :x;1:1:x;,7 :

-+ 1 X ) with ith coordinate 1. This gives a homeomorphism between
Uy;y and R". On the other hand, ]RIPL\ (i} consists of the single point
(0:...:0:1:0...:0) with only the ith coordinate non-zero.

Corollary 10.4.12. The relative cup product
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The point (xp : x1 : - -+ : x,) represents
the line in R"*! through the origin and
the point (xo, ..., xn).

H'(RP", Uy, i_1); R) ©r H' 7 (RP", Uyisq, 5 R) — H'(RP", Uy, (3 R)

is an isomorphism for any PID R.

Proof. By naturality we have a commutative square

HI(RP", Uyo ;13 R) @ H'H(RP", Uy, 3 R) —————— H'(RP", Uy (3 R)

|

!

H'(Uygy, Ugsy NUgg, i1y R) @R H'H(Ugsy, Ugyy N Ugiga, 0y R) —— H"(Ugsy, Ugyy N U, g3y R),

where the vertical morphisms are isomorphisms by excision (of
]RIP?Z.} = RIP" \ Uy;;). Now observe that under the homeomorphism
Uiy = R” the bottom horizontal map corresponds to one of those we
proved was an isomorphism in Proposition 10.4.8. O

We need one more observation before we can complete the proof:
Lemma 10.4.13. If S C ny is a subset of size i, then the homomorphism
H'(RP", Us; Fp) — H'(RP";F)

is an isomorphism.
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Proof. By definition, Ug is the subset of RIP" consisting of points
(xg : - : xy) where x; # 0 for at least one i € S. The subset RIP®
consists of points where x; = 0 for all i ¢ S; since at least one x; must
be non-zero, we have RIP° C Us, so that the map we are interested in
factors as

H!(RIP", Us;F,) — H'(RP", RIPS;F,) — H' (RIP";TF,).

We claim that the inclusion RIPS —s Ug is a deformation retract, so
that the first morphism in this factorization is an isomorphism. To
see this we simply define a retraction p: Us — RIP° and a homotopy
h between p and the identity by

., 1€8, i, 1€8,
p(x); = ot h(x,t); = et
0, i¢S tx;, i¢&S8S.

It therefore suffices to prove that H!(RP", RP°;F,) — H!(RP";TF,)
is an isomorphism. Without loss of generality we may assume that
$=1{0,...,i—1} so that RP® = RIP""! is the (i — 1)-skeleton in the
cell structure on RIP". We then have a map of pairs (RIP/, RIP"™1) —
(RIP", RP"~1!), which gives a commutative square

H!(RP",RP'~1;Fp) —— H(RP";TF,)

| |

H(RP!, RP'"~1;F,) —— H(RP};TF,).

Since RIP! is the i-skeleton of RIP" and the cellular cochain com-
plex has zero differential, we see that the right vertical and bot-
tom horizontal maps are isomorphisms. We can then show that
the left vertical map is an isomorphism by applying the 5-Lemma
to the map of long exact sequences induced by the map of pairs
(RP!, RP'~1) — (RIP",RIP'~1). Tt follows that the top horizontal
map is also an isomorphism, as required. O

Proof of Theorem 10.4.4. We will prove the case of RIP"; the proof for
CIP" is the same. The inclusion RIP' < RIP" of the i-skeleton gives
a ring homomorphism H*(RP";F,) — H*(RIP};IF;) and this is an
isomorphism for * < i (using cellular cohomology). Thus the cup
products that land in degrees < n are determined by the cup products
in RP"!; we can therefore proceed by induction, and are left with
proving that the top-degree cup product maps

H'(RIP"; ;) ®F, H"'(RP"; F) — H"(RP"; Fy)
are isomorphisms. But by naturality we have a commutative square

H!(RIP", Uy, ;—1y;F2) @F, H"/(RP", Uyiyq, gy F2) —— H'(RP", Uy, \ 1y, F2)

l |

H!(RP";TF,) ®p, H" | (RP"; ) = H"(RP";F,)




where the top horizontal map is an isomorphism by Corollary 10.4.12
and the vertical maps are isomorphisms by Lemma 10.4.13.

For RIP” we observe that the inclusion RP" — RIP* gives a
ring homomorphism H*(RP%;F,) — H*(RP";FF;) that is an iso-
morphism in degrees * < n, so the cup products in RIP® in degrees
< n are determined by those in RIP", which gives the extension to
RP*. O

Example 10.4.14. The topological spaces S? V $* and CIP? have isomor-
phic (co)homology groups: in both cases we have Z in dimensions
0,2,4 and 0 elsewhere. However, their cup product structures are
different: if x denotes a generator of H?, then Theorem 10.4.4 implies
that for CIP? the cup square x2 is a generator of H*; on the other
hand, in Exercise 10.6 you will show that x?> = 0 in S? V §*. Thus the
cohomology ring of a space is a more powerful invariant than the

cohomology groups alone.

Exercise 10.8 (). Show that H*(CPP" x CPP") is a truncated graded polyno-
mial ring in two variables,

H*(CIPn % C]Pm) o~ Z[x,y]/(xn-&-l,ym-&-l)’

where both generators are in degree 2. [Hint: First check that there is an
isomorphism of (ungraded) polynomial rings Z[x] ® Z[y] = Z[x,y]. Use
Exercise 10.2.]

ALGEBRAIC TOPOLOGY I 167

Since Z/2 ® Z./2 = Z./2 the relative
tensor products over [F, here are iso-
morphic to tensor products of abelian
groups.






11
Manifolds and Poincaré Duality

In §11.1 we introduce manifolds, which are spaces that locally look
like IR", and prove some first results about their homology. Then
we define orientations of manifolds in §11.2 and show that every
oriented compact n-manifolds M has a fundamental class [M] € H,(M).
Poincaré duality for compact oriented manifolds is an isomorphism

HY(M) = H, (M)

where the map is given by applying a general construction, the cap
product, to the fundamental class; we introduce cap products in §11.3.
The cap product is closely related to the cup product in cohomology,
and in §11.4 we apply Poincaré duality to better understand cup
products on manifolds; in particular, we give a simple proof of the
cup product structure for real and complex projective spaces. In order
to prove Poincaré duality we want to work locally on a manifold,
which means we have to drop the compactness assumption; since
Poincaré duality is trivially false for non-compact manifolds (such
as R") we must introduce a new variant of cohomology, namely
cohomology with compact support, in §11.5. Using this we can then
prove Poincaré duality in §11.6.

11.1  Manifolds

Definition 11.1.1. A (fopological) manifold of dimension n (or just n-
manifold) is a second-countable Hausdorff space M such that every
point of M has a neighbourhood that is homeomorphic to R”.

Remark 11.1.2. A topological space X is second-countable if there
exists a countable set of open sets U; C X (i =1,2,...) such that every
open set in X can be written as a union of U;’s. (For example, R”
is second-countable because we can cover any subset by open balls
whose centers have rational coordinates and whose radii are rational.)
This condition will not really play a role here, though it is commonly
part of the definition of manifolds and will allow us to prove some
things by induction that would otherwise require using transfinite
induction.

Remark 11.1.3. Manifolds in this sense that are compact are often
called closed manifolds, to distinguish them from compact manifolds
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with boundary (an important variant of the definition, though we
probably won't discuss it).

Examples 11.1.4. Many of the spaces we have looked at in the course
so far are manifolds:

e the spheres S”

e the torus S! x S!

the Klein bottle

the orientable surface of genus g

e the projective spaces RP" and CP" (but not the infinite versions
RIP® and CIP*)

Moreover, if M is an m-manifold and N is an n-manifold, then M x N
is an (m + n)-manifold.

Example 11.1.5 (3-manifolds from knots). Suppose K C S is a knot
(a smooth embedding of S!). Then we can choose N to be a little tube
around K, which is an embedding of the solid torus D! x S'. If we
remove this, then S®\ N has a boundary S! x S and we can glue in the
solid torus S! x D! to get a new 3-manifold. The Lickorish-Wallace
theorem from the 1960s states that all closed orientable connected
smooth 3-manifolds can be obtained by variations of this procedure,
which is called Dehn surgery.

Lemma 11.1.6. If M is an n-manifold then for every point x € M we have

Z, x=mn,

H.(M,M\ {x}) = {0 .t

Proof. Let U be a neighbourhood of x such that there is a homeomor-
phism ¢: U — R". Then we have isomorphisms

Ho (M, M\ {x}) = Ho (U, U\ {x}) = H.(R", R" \ {¢(x)})

by excising M \ U and applying ¢. But there is a homotopy equiva-
lence between (R",R" \ {¢(x)}) and (D",S"!) so that

H.(R",R"\ {¢(x)}) = H.(D",§"™1) = A.(5"),
which gives the required result. O

Remark 11.1.7. This shows in particular that if M is an n-manifold
then it is not an m-manifold where m # n.

We are going to talk a lot about homology groups of the form
H.(M, M\ K; R) where K is a compact subset of M, so it is convenient
to introduce some short-hand notation for these:

Notation 11.1.8. We write H.(M|K;R) := H,(M, M\ K;R). f K C L
then we denote the homomorphism

H,(M|L;R) — H,(M|K;R)

We can think of H,(M|K; R) as the “ho-
mology of M in a small neighbourhood
of K”.



coming from the inclusion of pairs (M, M\ L) = (M, M\ K) by pk,
or just pg if L is understood. If K = {x} consists of a single point, we
also write H.(M|x; R) := Hy(M[{x}; R) and px := pyyy.

Here is our first result on the homology of manifolds:
Proposition 11.1.9. Let M be an n-manifold and K a compact subset of M.
(i) H.(M|K;R) = 0 for x > n.
(ii) Aclass o € H,(M|K;R) is zero if and only if pxa = 0 in H,(M|x; R)
forall x € K.

Remark 11.1.10. Part (i) of the proposition is equivalent to: the
homomorphism

H,(MIK;R) = T Hu(M]x;R) = T R
xeK xeK
is injective.
For the proof we need a variant of the Mayer—Vietoris sequence:

Lemma 11.1.11. Suppose A, B C X are a reasonable pair of subspaces, and
label the inclusions of subspace pairs as

(X,ANB) —— (X, A)

b,

(X,B) —L— (X,AUB).

Then there is a natural long exact sequence

(ix)
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- Hy(X,ANB) =24 H, (X, A) & Hy(X,B) 25 H, (X, AUB) = H,_1(X, ANB) — - -

Proof. Whenever we have two subgroups N, N’ of an abelian group
M, we have a commutative square

M/(NNN') —"— M/N

| Js
M/N —T . M/(N+N)

where the maps give a natural short exact sequence

0 M/(NAN) P M/N o M/N' 0 M/ (N +N') = 0.

For any pair of subspaces A, B we therefore have a short exact se-
quence of chain complexes

0= Se(X, ANB) = Sa(X, A) ® Sa(X,B) = Se(X, A+ B) = 0.

If A, B are a reasonable pair of subspaces then this gives a long exact
sequence of the required form by Proposition 9.5.9. O

Remark 11.1.12. If M is an n-manifold and K,L C M are compact
subsets, then this long exact sequence for the open subsets M \ K,
M\ L can be written as

(oKL pKVE)

171

K _ L
o= He(MIKUL) 22 b (MIK) @ He(M|L) 2022800 b (MIKA L) = He_q (M|KUL) — -+ .
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Proof of Proposition 11.1.9. We first prove the case M = R" in several
steps: First suppose K is a compact convex subset of R” and x is a
point of K. By Lemma 11.1.6 it is enough to show that the inclusion
of pairs (R",R"\ K) — (R",R"\ {x}) gives an isomorphism in
homology. Using the map of long exact sequences for the two pairs
and the 5-Lemma we see that it suffices to show that the inclusion
R"\ K — R"\ {x} gives isomorphisms in homology. To prove this
we choose a large sphere S centred at x such that K is contained
in the open ball bounded by S. Then the inclusion S — R"\ K
is a deformation retract: we define a retraction p: R” \ K — S by
taking a point y to the point where the line from x to y intersects
S; the homotopy between p and the identity on R" \ K is given by
moving along the line from y to p(y) — since K is convex this line
segment necessarily lies in R” \ K. The inclusion of S into R" \ {x}
is a deformation retract in the same way, so the inclusion R" \ K —
R" \ {x} must also give isomorphisms in homology by the 2-of-3
property for isomorphisms.

Next suppose K C R" is a finite union K; U - - - U K, where the K;
are compact convex subsets. We just proved the case r = 1 so we
induct on 7 and set K’ := Ky U ---UK,_1. Note that K’ N K, is the
union of the ¥ — 1 compact convex sets K1 N K, ..., K,_1 N K. We use
the exact sequence of Lemma 11.1.11 as in Remark 11.1.12 to get a
long exact sequence

<= Hi (R"K N Ky) — Hi(R"|K) — Hi(R"|K') @ H(R"|K;) — - - -

If k > n the terms around Hy(IR"|K) are 0 by the inductive hypothesis,
hence Hi(R"|K) = 0, while if k = n we know that H,, .1 (R"|K' N
K;) = 0 so that the map

H,(R"|K) — H,(R"|K") & H,(R"|Ky)

is injective. This means a class « € H,(IR"|K) is zero if and only if
pxe = 0 and px, & = 0. Applying the inductive hypothesis to these
two classes it follows that « = 0 if and only if pyx = 0 for all x € K.

Now let K be an arbitrary compact subset of R"”. Given a €
H;(R"|K) we can lift « to a chain 7 € S;(R") whose image in
Si(R",R™ \ K) is a cycle that represents «. The boundary 0+ is a linear
combination of simplices whose image is contained in a compact set L
disjoint from K. Choose a compact neighbourhood N of K (meaning
N contains an open neighbourhood of every point of K) such that
NNL = @. Then the image of v in S;(IR",R" \ N) is also a cycle,
representing a homology class &’ € H;(R"|N) such that « = pga’. We
can cover K by finitely many closed balls By, ..., B, such that B; C N
and B;NK # @. Set B := By U---UB,. Then if i > n we must have
ppa’ = 0 by the previous case, hence « = p¥a’ = pBpNa’ = 0, which
implies that H;(R",R"|K) = 0 for i > n. If i = n and pya = 0 for
x € K, then pp.a’ = 0 for all i since the first case implies pfi is an
isomorphism for any b € B;. Hence pxa’ = 0 for all x € B and so
pYa' = 0 which implies « = 0, as required.



Now we consider a general n-manifold M. First suppose K C M
is a compact subset such that there exists an open subset U such
that U =2 R"” and K C U. Then H.(M|K) = H,(U|K) by excision,
and the assertion follows from the case of R”. For a general K, we
can write K as a finite union K; U - - - U K; where the previous case
applies to each K;. We can then induct on r using the exact sequence
of Lemma 11.1.11 as in the case of a finite union of compact convex
subsets above. O

Corollary 11.1.13. If M is a compact n-manifold, then H,(M; R) = 0 for
* > 1. O

11.2  Orientations and Fundamental Classes

We now want to define orientations of (compact) manifolds M, and
prove that an orientation determines a unique generator of H, (M),
the fundamental class of M. We can formulate the main result we
need for this as a description of the image of the injection from
Proposition 11.1.9:

Definition 11.2.1. For M an n-manifold and T C M any subset, let
I['(M|T;R) denote the subgroup of [T,cr Hi(M|x; R) consisting of
elements (ay) et such that for every x € T there exists a compact
neighbourhood N C T of x and a class ay € H,(M|N;R) such that
for every y € N we have pyan = ay,.

Remark 11.2.2. By a compact neighbourhood of x in T we mean a
compact subset N with x € N such that N contains an open neigh-
bourhood of x in T.

Proposition 11.2.3. For M an n-manifold and K C M compact, the restric-
tions px: Hy(M|K; R) — H,(M|x; R) for x € K induce an isomorphism

Hy(M|K;R) = T'(M|K;R).
Proof. 1t is clear from the definition that the homomorphism

Hy(M|K;R) — [ | Ha(M|x;R)
xeK

factors through I'(M|K; R) (since we can take the neighbourhood K
at each point), and this is moreover injective by Proposition 11.1.9. It
therefore remains only to show that this homomorphism is surjective.
Let (ax)yex be an element of I'(M|K; R). By assumption, for any
x € K there exists a compact neighbourhood N and a class ay €
H,(M|N) such that a;, = p,ay for all y € N. Since K is compact we
can write K as a finite union K; U - - - U K; where each K; is a compact
set where such a class ag; exists. Set Kl’ = Ky U---UK;, then we will
prove by induction on i that there exists a class axs € H,(M|K]; R)
such that pxay; = ax for all x € K. 1

If we know this for K/_; we can use the exact sequence of Lemma 11.1.11

as in Remark 11.1.12 to get a long exact sequence
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<o+ = Hyp1(MIK]_y NK;) = Hy(MIK)) — Hy(M|K]_;) @ Hy(MIK;) = Hy(M|K]_1NK;) = -+ -
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Here H,1(M|K]_; N K;) = 0 by Proposition 11.1.9(i), while Propo-
sition 11.1.9(ii) implies that Pkl kXK — Pkl nKAK, = 0 since it
restricts to 0 at all x € K’ N K, by construction. By exactness this im-
plies that there is a class ay; € H,(M|K!) such that Px; Ak = KL
and PK A = Ok Then pxoc%; = ay for all x € K/, as required. Since

K = K}, by induction we get ag as a;. O

Definition 11.2.4. Let M be an n-manifold (not necessarily compact)
and R a commutative ring. An R-orientation of M is an element
(ax)xem of T(M|M; R) such that oy is a generator of H,(M|x;R) = R
for every x € M. We say that M is R-orientable if there exists an
R-orientation, while M is R-oriented if we equip it with a choice of
orientation. If R = Z we just say that M is orientable.

Remark 11.2.5. An n-manifold is orientable in this sense if and only
if it is orientable in more geometric terms, but proving this is a little
beyond the scope of this course as it requires covering spaces.

Remark 11.2.6. Not every n-manifold is Z-orientable: if we start with
a generator u € H,(M|x) we can always extend this uniquely to a
neighbourhood of x: if U C M is an open neighbourhood of x that is
homeomorphic to R” we can let B C U be the image of a closed ball
around the image of x in R"; then p2: H,(M|B) = H,(M|x) is an
isomorphism, and we can assign the generator pf (8)lutoy € B.
The issue is that we may not be able to consistently extend this to all
of M: although an extension to a neighbourhood of a point always
exists, it might be that if we make a sequence of such extensions
around a closed loop that starts at x, then the generator we get at the
end is —u.

Remark 11.2.7. If we take R = [F,, however, this issue does not arise,
since there is no choice of generator involved: any isomorphism of free
rank-1 [Fp-modules must take the unique non-zero element to itself.
Thus every compact manifold is IF,-orientable (and the orientation is
unique).

Definition 11.2.8. If M is an R-oriented compact n-manifold, then
there exists a unique homology class [M] € H, (M) that corresponds
to the orientation under the equivalence of Proposition 11.2.3 (in the
case K = M). The class [M] is called the fundamental class of M.

Remark 11.2.9. We should think of the class [M] as representing “the
whole manifold M”. For example, if we can describe M as a A-set
of dimension n then we can represent [M] as a simplicial chain by
adding up the top-dimensional simplices, but with appropriate signs:
every (n — 1)-simplex appears as a face of exactly 2 n-simplices, and
we need these to appear with opposite signs in the boundary to get
a cycle. If M is oriented it can be shown that the orientation can be
used to determine such signs — alternatively, if we work over [F, we
always get a cycle since the two copies of each face cancel.

Proposition 11.2.10. If M is a compact connected n-manifold, then

px: Hi(M;R) — H,(M|x;R) = R



is injective, and if M is R-orientable then this is an isomorphism.

Proof. By Proposition 11.2.3 to prove the first statement it suffices to
show that the projection I'(M|M; R) — H,(M|x; R) is injective. For
(ax)xem € T(M|M;R), let V. C M be the subset of points x where
xy = 0. We will show that V is both open and closed. For any point
x in M, by assumption there exists a compact neighbourhood N of
x and a class ay € H;(M|N;R) such that &, = pﬁlaN fory € N. We
can then choose an open neighbourhood U of x such that U = R"
and a compact neighbourhood B C U N N corresponding to a closed
ball around x under this homeomorphism. Then we know from
the proof of Proposition 11.1.9 that pf: H,(M|B) — H,(Mly) is
an isomorphism for all y € B. Thus if x € V we have that a, =
pf(pf)’lax = O forally € B. On the other hand, if x ¢ V then a, # 0
for y € B by the same argument. In particular, both V and M\ V
contain open neighbourhoods of each of their points, and hence are
open. Since M is connected, it follows that we must have V = @ or
V = M, which implies injectivity.

Finally, if M is orientable, then we know the image of H,(M) in
H,(M|x; R) contains a generator, and hence pX must also be surjec-
tive. O

Remark 11.2.11. With some more work (which is again a bit beyond
the scope of the course as it involves covering spaces) it can be shown
that if M is not R-orientable then the image of py is the 2-torsion
subgroup of R. In particular, for R = Z it follows that for a compact
n-manifold M the group H,(M) is either Z, if M is orientable, or
0, if M is not orientable. For example, we can immediately read off
from the homology of RIP" that RIP” is orientable if n is odd, and
non-orientable if 7 is even.

11.3 Cap Products

Our next goal is to state the Poincaré duality theorem, which says that
for a compact oriented manifold M there is an isomorphism between
homology and cohomology groups,

H"(M) = H,_i(M).

The map that gives this isomorphism arises by applying a general
construction, the cap product, to the fundamental class of M.

Definition 11.3.1. For any chain complex C, and abelian group M,
there is a natural evaluation pairing

ev: Hom(C, M). ® Co — M][0],

given in degree 0 on the generator ¢ ® x for x € C,, ¢ € Hom(C,M)_, =

Hom(C,, M) by
ev(p@x) = (=1)"Meg(x)
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where

0, n=0,3 (mod 4),
Aln) =
1, n=1,2 (mod4).

In particular, for any topological space X this gives a natural chain
map

ev: S*(X; M) ® Se(X) — MJ0].
If R is a ring, we can combine this with multiplication in R to get a
pairing

evid

evg: S*(X;R) @ Se(X;R) = S*(X; R) @ Se(X) @ R[0] <% R[0] @ R[0] — R]0).

This descends on homology to a pairing
kr: H*(X;R) ® Hi(X; R) — R[0],
called the Kronecker pairing.

Remark 11.3.2. The sign is necessary to get a chain map with our
sign convention for Hom(C, M), since for x € C,,11,¢ € Hom(C,, M)
we need

ev(d(p @) = ev(dp @ x + (—1)'p @ dx)
= (=DM Vg (dx) + (~1)" (~1)*"p(dx)
_ ((_1))\(n+1) + (_1)n+)\(n)) ¢(dx)

so that the parity of A(n + 1) must be the opposite of that of n + A(n)

for all n. The evaluation pairing corresponds to the identity map of
Hom(C, M), under the equivalence of Exercise 9.4.

Definition 11.3.3. For any topological space X and ring R, combining
the diagonal and the Eilenberg—Zilber map gives a natural chain map

Se(X;R) 25 So(X X X;R) — Sa(X) ® So(X;R).

Combining this with the evaluation pairing, we get a natural chain
map

In fact, this pairing is R-bilinear, and so
corresponds to a graded R-module ho-
momorphism H*(X;R) ®r Hy(X;R) —
R[0]

S*(X;R) ®Se(X;R) = S*(X;R) ® Sa(X) ® Se(X; R) — R[0] ® Se(X;R) — Se(X;R),

where the last map uses the multiplication in R. which we call the
(chain-level) cap product. We denote the cap product of ¢ € S"(X;R),
c€Su(X;R)by ¢ ~ ¢ € Spy—n(X;R). The cap product descends to
homology as a map

H*(X;R) ® H.(X;R) = H.(X;R),

which we also call the cap product and denote in the same way; note
that this is independent of the choice of Eilenberg—Zilber maps.

Remark 11.3.4. The fact that the cap product is a chain map amounts
to the relation

I(p ~c)=dp ~c+(—-1)"¢ ~ ac

in S (X;R) for ¢ € S"(X;R), ¢ € S;u(X; R).
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Variant 11.3.5. If A and B are a reasonable pair of subspaces of X,
then we can use the chain map

Se(X,AUB) &5 S.(X x X, A x XUX x B)

and the chain homotopy equivalence between So(X x X, A x X U
X x B) and S¢(X, A) ® S¢(X, B) to get a relative cap product as the
composite

S*(X,A;R)R8Se(X,AUB;R) = S*(X,A;R)®Se(X, A) ®Se(X, B;R) eveid, R[0] ® Se(X,B;R) — Se(X, B;R)

where the last map uses the multiplication in R. In particular, for any
subspace A we have a relative cap product

S*(X,A;R) ® Se(X,A;R) — Se(X; R).

Lemma 11.3.6. The cap product is related to the Kronecker pairing and cup
product by the following formulae for ¢, € H*(X;R), « € H((X; R):

(i) xkr(¢,p ~a) = kr(Pp — ¢, &)
(i) (p—9) ~a=¢~(p ~u),
(iii)) 1 ~a =«

Proof. We will prove the case R = Z, to keep the diagrams a bit
smaller, but the same strategy works for a general ring R. We use
some naturality properties of the evaluation pairings, which we leave
to the reader to verify: First, for any chain map ¢: Co — D,, we have
a commutative square

.
Hom(D, M)s © Co —% Hom(D, M)+ ® D

Lp* ®id J{evD

Hom(C, M)s ® Co ——<—— M][0].
Second, for chain complexes C., Do, we have a commutative triangle

Hom(C, M)s ® Ce ® Hom(D, N)e ® D,

MI0] ® NI0]

HOITI(C® D,M®N). ®Co ®D0
To prove (i), consider the diagram

S*(X) ® 5*(X) ® Se(X) ——————— Hom(Se(X) @ Se(X), Z) @ Se(X) ——— 5*(X) ® So(X)
S*(X) @5%(X) ®Se(X) ®Se(X) —— Hom(Se(X) ® Se(X),Z) @ Se(X) ® Se(X) ——— Z[0]
lid@ev@id
S*(X) ® Se(X). v
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Here the top left square commutes by naturality, the top right square
commutes by the first naturality property of ev (applied to the compos-
ite Se(X) N Se(X X X) — Se(X) ® Se(X)) and the bottom triangle
by the second. The path along the top row and right column gives
kz(¢ — ¢,a) in homology, while the path along the left column and
bottom gives kz (¢, P —~ ).

To prove (ii), consider the diagram

S (X)®S*

—

!

5*(X) ® 5°(X)

— ® —

|

$*(X) ® 5*(X) ® S.

—~

«—

S* (X) ® Se

—~

Here the three squares in the top row and the leftmost column
commute by naturality, and the last square and bottom triangle arise
from the naturality properties of ev by tensoring with Se(X).

Finally, to prove (iii) we consider the diagram

ZRSe(X) ——————— S°(%) @Se(X) ——————— S§*°(X) ® Se(X)

| |

Z R Se(X) @ Se(X) — S*(%) ® Se(X) ® Sa(X) —— S*(X) ® So(X) ® So(X)

l |

Z @ Sa(*) @ Sa(X) — S*(¥) ® Sa () ® Sa(X) —22__, 5,(X)

l ev®id

ZRZ® Se(X).

Here the three squares in the top row and left-most column commute
by naturality, and the lower right and (deformed) bottom squares
commute by the first naturality property of ev applied to the maps
Se(X) — Se(*) and Se(*) — Z[0]. The composite along the left
column and bottom gives the identity in homology because the evalu-
ation pairing for Z is the canonical isomorphism, while the composite
Se(X) = Se(*) ® Se(X) — Z ® Se(X) is chain homotopic to the
canonical isomorphism by Proposition 10.3.1(ii). O

The following exercise gives a more concrete proof of these identi-
ties:

Exercise 11.1. Use the explicit formula for the Alexander—Whitney map to get
a formula for the chain-level cap product, and use this to prove the identities
relating the cap product to the cup product and Kronecker pairing.

Lemma 11.3.7. For f: X — Y a continuous map, ¢ € H"(Y;R) and
« € Hy(X;R) we have

f(f'¢ ~a)=¢ ~ fia

in Hy—y(Y; R), while if n = m we also have

KR (P, fa) = kR (f @, ).

Se(X) ®Se(X) ———————— Hom(Se(X) ® Se(X),Z) ® Se(X) ® Se(X) ———— S*(X) ® Se

ev@id

X) ® Se(X) Hom(Se(X) ® Se(X),Z) ® Se(X) ——————— 5*°(X) ® Se(X)

|

(X) ® Se(X)
X

lev@ id

X) ®Se(X) ®Se(X) —— Hom(Se(X) ® Se(X),Z) ® Se(X) ®Se(X) ® Se(X) —————— Se(X)

X) ® Sa(X). \_/



Proof. We prove the first statement; the second is proved similarly by
a slightly simpler diagram. Consider the diagram

5°(Y) ® Su(X) dof.
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1l

S*(X) ©5.(X) 5*(Y) ® So(X) @ Sa(X) L5

5*(X) @ Se(X) ® Se(X) Se(X)

The middle square in the bottom row commutes by the first naturality
property of ev from the proof of Lemma 11.3.6, while the three other
squares commute by naturality. O

We can now make a precise statement of the version of Poincaré
duality we want to prove:

Theorem 11.3.8 (Compact Poincaré duality). Let M be an R-oriented
compact n-manifold. Then the cap product with the fundamental class gives
isomorphisms

-~ [M]: H*(M;R) = H,,_(M;R).

Remark 11.3.9. If k is a field then the universal coefficient theorem
gives an isomorphism H!(M;k) = Homy(H;(M;k), k) = H;(M;k)V.
Assuming these k-vector spaces are finite-dimensional (which is true
at least if n # 4 or the manifold is smooth, since then it is a finite
cell complex) Poincaré duality implies that there are non-canonical
isomorphisms

H;(M;k) = H,_;(M;k).

Example 11.3.10. S' V S% is not homotopy equivalent to a compact
manifold: We have

Z/2, x=0,1,3,

H.(S'V §%F,) = _
0, otherwise.

Thus such a manifold would have to be 3-dimensional, as the top
non-zero homology group is in degree 3, but then Poincaré duality
would imply

Hy(S'V S3;TF,) = Hy 1(S' v S5 1Fy),

which is false.

Exercise 11.2. Let M be a compact n-manifold whose homology groups are
all finitely generated. (This is in fact true for all compact smooth manifolds.)

(i) Show that if M is orientable, then it is R-orientable for every commuta-
tive ring R. [Use the universal coefficient theorem.]

(ii) Show that if M is orientable, then H,,_1(M) contains no torsion. [Apply
Poincaré duality with Z/p-coefficients and the universal coefficient
theorem for every prime p.]

(iii) Suppose M is non-orientable and assume this implies M is also not Z/ p-
orientable for any odd prime p, and that H,(M) = H,(M;Z/p) = 0.
Show that the torsion subgroup of H,_1(M) is Z/2.

1d®id® fi«

S*(Y) ® Se(Y) ® Se(X)

evid
—

f*

S*(Y)®Se(Y)

|

S*(Y)®Se(Y) ®Se(Y)

lev@id

54(Y).
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11.4 Application to Cup Products

Before we turn to the proof of Theorem 11.3.8, we will discuss some
consequences for cup products. This will lead to a simple proof of
the cup product structure on projective spaces.

Definition 11.4.1. Let R be a commutative ring. By a generalization
of Exercise 8.4, a homomorphism of R-modules ¢: M ®r N — P
corresponds to a homomorphism M — Homg (N, P) given by m +—
$(m ®—). We will refer to this as the adjoint homomorphism in the
second variable (with the adjoint in the first variable defined similarly,
or using the natural isomorphism M ®g N = N @r M).

Warning 11.4.2. The adjoint of the Kronecker pairing is a natural map
kg H*(X;R) — Hompg (H.(X;R),R)

Note that for R = Z this is not quite the same as the map we used
earlier in the course to prove the universal coefficient theorm, as

it differs from it by the sign (—1)*")

in degree n. However, the
statement of the universal coefficient theorem is equally true for this

map.

Remark 11.4.3. The relation from Lemma 11.3.6(i) can be interpreted
as saying that for any topological space X and ¢ € H¥(X;R), there
are commutative squares

H!(X;R) —=X— Homg(H,(X;R),R)

|o— |o~r

/!

H*!(X;R) —= Homg(Hg,;(X;R),R).

If R is a field or R = Z and the homology groups of X are free then
the universal coefficient theorem for cohomology implies (as the Ext
term vanishes) that the horizontal maps here are isomorphisms. Thus
in this case the cup products are determined by cap products, and
vice versa.

Definition 11.4.4. For R-modules M, N, a perfect pairing is an R-
module homomorphism

u: M®r N = R

such that the adjoint homomorphisms in each variable are isomor-
phisms,
M = Homg(N,R), N = Hompg(M,R).

Proposition 11.4.5. Let M be a compact R-oriented n-manifold. Then the
cup product pairing

) KR (*,[M])

H"%(M;R) ®g H*(M; R) = H"(M;R R

is perfect if either R is a field or R = Z and the homology of M is free.
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Proof. By Remark 11.4.3 we can equivalently define this pairing as
the composite

id®(-~[M])
—_—

H"%(M; R) ®g H*(M; R) H"¥(M;R)® H,_;(M; R) =& R.

The adjoint in the second variable is therefore the composite

H"%(M; R) & Homg (H,_¢(M;R), R) iy, Homg (H*(M; R), R).
Here our assumptions guarantee that the first map is an isomorphism
by the universal coefficient theorem for cohomology, while the second
is an isomorphism by Poincaré duality. The proof for the first variable
is the same. O

Corollary 11.4.6. Let M be a compact connected R-oriented n-manifold.

(i) If R = Z and the homology of M is free and « € H*(M) generates a
summand Zo of H*(M), then there exists a class B € H"~%(M) such
that o — B is a generator of H" (M) = Z.

(ii) If R is a field then for any « € H¥(M;R) there exists an element
B € H" K(M;R) such that « — B # 0in H"(M;R) = R.
Proof. In (i), projection to the summand generated by a defines a
homomorphism 7r: H*(M) — Z with 7r(a) = 1. By Proposition 11.4.5
there exists a unique class B € H"%(M) such that for any & € H*(M)
we have

7(8) = xz (& — B, [M]).
Thus in particular kz(a — B,[M]) = m(a) = 1, which implies that
kz(1, (x — B) ~ [M]) = 1. But

Kz(l,—)Z Ho(M) — 7

is an isomorphism since M is connected, so this implies that the
class (« — B) — [M] is a generator of Hy(M), and hence & — S is
a generator of H"(M) by Poincaré duality. The proof of (ii) is the
same. O

Example 11.4.7. This implies that the space S? VV §* is not homotopy
equivalent to a compact manifold: Since its top-dimension homology
group with [Fy-coefficients is in degree 4, it would have to be a 4-
manifold, but if x is a generator of H?(S? Vv §*;TFy) = Z /2 then we
know x? = 0, and so the cup product pairing is not perfect.

This result also gives an easy description of the cup product for
real and complex projective space:

Corollary 11.4.8. There are isomorphisms of graded rings
H*(RIP"; Fy) = Fp[x]/ (x"+1)
where x is a generator in degree 1,
H*(CP"; Z) = Z[x]/ (x"*1)

where x is a generator in degree 2.



182 RUNE HAUGSENG

Proof. The space RIP" is a compact connected n-manifold (necessarily
Fp-oriented), while CPP" is a compact connected Z-orientable 2n-
manifold. As in the previous proof of Theorem 10.4.4 we can induct on
n, and so to get the ring structure it is enough to show that x"~1 — x
is a generator of H" (RIP";F,) or H**(CIP"). By Corollary 11.4.6 there
n—1 )

exists some integer m such that (mx —x=m(x"1—x)isa

generator, which is clearly impossible unless m = +1. O

Remark 11.4.9. Suppose M is a compact connected oriented n-manifold
and N,K C M are oriented submanifolds of dimensions p, g, re-
spectively. If N and K intersect transversely (a somewhat technical

condition that can always be achieved by perturbing the submani-
folds) then N N K is a submanifold of dimension p + g — n (empty

if p +g < n), with a canonical orientation inherited from those of

N, K, M. Let us write [N] € H,(M) for the image of [N] € H,(N) via

the inclusion N < M, and similarly for [K] and [N N K], and denote

by [N]V € H""?(M) etc. the Poincaré dual cohomology classes, then

it can be shown that we have

[N)Y — [K]Y = [NN K]

in H?"~P~1(M), giving a geometric interpretation of this cup product
in terms of intersections. For p + q = n the intersection N N K consists
of a finite set of points, and so under the isomorphism H" (M) = Z
we get

N K" = )+,

xeNNK

with the signs determined by the orientations. In particular, this
signed sum over intersection points is invariant under deformations
of the submanifolds N and K. (If we work instead with [F,-coefficients,
we see that (without orientations) the parity of the number of inter-
section points is invariant under deformations.)

Exercise 11.3. Use Poincaré duality to show that S"” V 5§ is not homotopy
equivalent to a compact manifold for n,m > 0. [In the case m = 2n you need
to use the cup product, which you computed in Exercise 10.6.]

Exercise 11.4. Use the Kiinneth theorem to compute the integral (co)homology
of the n-torus
" .— (Sl)xn.

Apply Poincaré duality to deduce the binomial coefficient identity
ny [ n
k) \n—k)

Exercise 11.5. For which n does there exist a compact connected oriented
2n-manifold M such that H,(M) = Z?

What is the ring structure?

11.5 (%) Cohomology with Compact Support

Although our goal is to prove the Poincaré duality isomorphism for
compact manifolds, to do so we want to work locally on the manifold.



But since an open subset of a compact manifold is typically no longer
compact, this means we need to consider a version of Poincaré duality
for non-compact manifolds. If we look at the non-compact manifold
R" then we know that

Z, =20

H.(R") = H*(R") =
(R") (R") 0, x40,

so we clearly don’t have Poincaré duality in the form of Theorem 11.3.8.

To fix this we need to introduce a new variant of cohomology, namely
cohomology with compact support:

Definition 11.5.1. Let X be a topological space. A cochain ¢ €
SK(X;R) = R5"8c(X) has compact support if there exists a compact
subset K C X such that for every singular simplex o: AF — X we
have ¢(c) = 0 if (AF) C X \ K. The cochains with compact support
form a subgroup of S¥(X;R), which we denote S¥(X;R). If ¢ has
compact support, then so does J¢, so the cochains with compact
support form a subcomplex S?(X;R). We denote its homology by
H}(X;R) and call this the cohomology with compact support of X (with
coefficients in R).

Remark 11.5.2. If X is itself compact then every cochain has compact
support, so in this case H} (X; R) = H*(X; R).

Exercise 11.6. Show that if X is path-connected and non-compact, then
HY(X) = 0. [Hint: Use the definition of S?(X) as a subcomplex of S*(X).]

It is convenient to reformulate this definition using the general
categorical notion of colimits:

Definition 11.5.3. Let F: J — € be a functor. The colimit of F, if it
exists, is an object colim F together with maps u;: F(i) — colim F
such that for every morphism f: i — j the triangle

F(f)

colim F

E(i) E(j)

commutes, with the universal property that given an object x € € and
morphisms ¢;: F(i) — x such that ¢; = ¢;F(f) for every morphism
f:i— jin C, then there exists a unique morphism ¢: colim F — x
such that ¢; = ¢u; for all i.

Example 11.5.4. Coproducts, pushouts, and sequential colimits are
special cases of colimits we have encountered earlier in the course.

Remark 11.5.5. Given a functor F: J — Ab, its colimit exists and fits
in a short exact sequence
0= @ Fi) =5 @ F(i) — colimg F -0,
frio i€J

where a takes x € F(i) in the component indexed by f:i — j to
x in the component F(i) indexed by i and B takes it to F(f)(x) in
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the component indexed by j. Moreover, colimits in Ch can be com-
puted degreewise, and we get a similar short exact sequence of chain
complexes for a functor F: J — Ch.

Notation 11.5.6. As we did for homology, let us also write
H*(M|K;R) := H*(M, M\ K;R)

for M a manifold and K C M, and similarly for the corresponding
singular cochains.

Lemma 11.5.7. If M is a manifold, let Cpt(M) denote the partially ordered
set of compact subsets of M, ordered by inclusion, viewed as a category.
Then S2(M;R) is the colimit of the functor Cpt(M) — Ch that takes K
to S*(M|K; R) and an inclusion K — L to the chain map S®*(M|K;R) —
S*(M|L; R) induced by the inclusion of pairs (M, M\ L) — (M, M \ K).
We leave the proof as an exercise for the reader.
Definition 11.5.8. A category J is filtered if given any pair of objects
i, there exists a third object i and maps i — i”, i’ — i”, and if for
every pair of parallel morphisms f,g: i — j there exists a morphism
h:j — k such that hf = hg. (Note that if J is a partially ordered set,

the second condition is vacuous, and the first says that for any pair of
objects 7,1’ there exists a third object that is bigger than both i and i’.)

Example 11.5.9. If M is a manifold, then the partially ordered set
Cpt(M) is filtered, since a finite union of compact sets is compact.

Fact 11.5.10 (Homology commutes with filtered colimits). If J is a
filtered category then for any functor F: J — Ch the natural map

colimg H,(F) — H,(colimg F)
is an isomorphism.
Corollary 11.5.11. If M is a manifold then
Hg (M; R) = colimgecpym) H* (M|K; R).

Remark 11.5.12. If Jis a partially ordered set, then a subset J C J is
called cofinal if for every i € J there exists j € J such that i < j. Given
a functor F: J — C, then for a cofinal subset J the canonical map

colimy F|5 — colimg F
is an isomorphism.

Example 11.5.13. In R", the subset of Cpt(IR") consisting of closed
balls centred at 0 is cofinal. Therefore H}(RR") is the colimit of
H*(R"|B) over all such balls. But H*(R"|0) — H*(R"|B) is an
isomorphism for every such B, and since Cpt(M) is filtered it can
be shown that this implies that H*(IR”|0) = H;(RR"). We know that
H*(R"|0) = H*(S") and so

Z/ = 7
Hi(RY = "0
0, =*=#0.

Thus H}(R") = H,_+(R") as needed for Poincaré duality to hold
here.



Remark 11.5.14. If the one-point compactification Mt of a manifold
M is reasonable, then there is an isomorphism H} (M) = H*(M™).
Since the one-point compactification of R” is 5", this result generalizes
the preceding computation.

Definition 11.5.15. Let M be an R-oriented n-manifold. Then for
every compact subset K, Proposition 11.2.3 implies that there exists
a unique class p¥ € H,(M|K;R) (or just px if M is clear) such that
pxHx agrees with the orientation at x for every x € K. In particular,
for K C L we must have pg = pkp1. We have relative cap products

H(M|K; R) @ Hj(M|K;R) — H;_;(M;R),
and so in particular a homomorphism
-~ pg: H(M|K;R) = H,_;(M;R).

The naturality properties of the cap product then imply that for K C L
the triangle

H'(M|K; R) H'(M|L;R)

THK HL

Hn—i(M;R)

commutes. By the universal property of the colimit, this means there
exists a unique homomorphism

Dy: HY(M;R) — H,_;(M;R)

such that the triangle

Hi(M|K; R) H{(M;R)

%A

H,_i(M;R)
commutes for every K C M compact. We call this Dy, the duality map.

Remark 11.5.16. If M is a compact n-manifold then the duality map
Dy is just — —~ [M], since this has the property that uniquely charac-
terizes Dyy.

Remark 11.5.17. If we apply the Kronecker pairing to the classes px
then we similarly get a homomorphism

: H*(M;R) — R
/M c ( )
such that the triangle

H{(M|K;R) ——— H(M;R)

commutes. We can informally think of this map as “integrating” a
compactly supported cochain over the manifold M.
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We then have the following generalization of Poincaré duality for
manifolds that are not necessarily compact:

Theorem 11.5.18 (Poincaré duality). If M is an R-oriented n-manifold,
then the duality map

Dy: HY(M;R) — H,_(M;R)

is an isomorphism.

11.6 (%) Proof of Duality
Let us start by proving Theorem 11.5.18 when M is R™:
Lemma 11.6.1. The duality map
Dgrn: HY(R"; R) — H,_(R";R)
is an isomorphism.

Proof. Let B C R" be a closed ball. Then we know H,(R"|B) =
H,(S") with up as the generator for * = 1; in particular, this is free.

By the universal coefficient theorem for cohomology, the map Strictly speaking given the version of
this that we have proved we should as-
K%: H" (an|B;R) N HomR(Hn (]Rn |B,‘ R),R) sume here that R is a principal ideal

domain, which is certainly true in the
. . . . interesting cases R = Z,IF,.
is an isomorphism, so there exists a generator y € H"(IR"”|B; R) such

that kg (7, ug) = 1. The identity

kg (7, 1) = xr(1,v — pg),

which follows from a relative variant of Lemma 11.3.6, implies that
v —~ up is a generator of Hy(R"; R) = R. Thus —~ pup is an isomor-
phism

H*(R"|B;R) = H,_.(R";R).

As in Example 11.5.13 the cohomology with compact support of R"
is given by taking the colimit over such closed balls B, so (as the
diagram is filtered) we obtain in the colimit that the duality map

Dgre: H¥(R";R) = H,_.(R";R),
is an isomorphism. O

We want to prove Theorem 11.5.18 by reducing it to the case where
M is R". To do so we need to set up a new long exact sequence for
cohomology with compact support:

Lemma 11.6.2. Suppose M is an n-manifold and U, V are open subsets of
M such that M = U U V. Then there is a long exact sequence

.- —= H(UNV;R) - H{(U;R) ® H{(V;R) — H{(M;R) — HF'(UNV;R) — - -

Remark 11.6.3. Note that the maps here go the “wrong” way com-
pared to what we normally have in cohomology: for the inclusion
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U C M we have a covariant map H;(U;R) — H}(M;R). This is
defined as follows: for K C U compact the map

H*(M, M\ K;R) — H*(U,U\ K;R)

is an isomorphism by excision. Taking the colimit over K, we get an
isomorphism

colimyecpiuy H* (M, M\ K;R) = H; (U; R).

On the other hand, the inclusion Cpt(U) C Cpt(M) gives a natural
map on colimits

colimyecpy(ur) H* (M, M\ K; R) — colimyccpary H (M, M\ K;R) = HZ (M; R).
Combining the two we get a map Hf(U; R) — H}(M;R), as required.

Proof of Lemma 11.6.2. Given K C U and L C V compact, we have a

diagram
S*(M,(M\K)+ (M\L);R) S*(M|K;R) @ S*(M|L;R) ——  S*(M|KUL;R)
S*UNV,UNV\KNV)+(UNV\UNL);R) S*(U,U\K;R)®S*(V,V\L;R) S*(M,M\ KUL;R)

where the top row is a short exact sequence (it is Hom(-, R) applied
to the short exact sequence from the proof of Lemma 11.1.11) and
the vertical maps give isomorphisms in homology by excision. In
homology we therefore get a long exact sequence

.= H(UNV|KNL;R) — H'(U|K;R) ® H(V|L;R) — H'(M|KUL;R) - H-Y(UNV|KNL;R) — - - - .

The long exact sequence we want is then obtained by taking the
colimit of these long exact sequences over K C U,L C V compact
(using cofinality arguments to identify the colimit of H'(M|K U L; R)
with H:(M; R) and that of H'(UN V|KNL;R) with H.(UNV). O

We also need to know the duality morphisms relate this new long
exact sequence to a Mayer—Vietoris sequence in homology:

Proposition 11.6.4. Suppose M is an R-oriented n-manifold and U,V are
open subsets of M such that M = UU V. Then there is a commutative
diagram

- —— H{(UNV;R) —— H{(U;R)® H{(V;R) —— H{(M;R) —— HY(UNV;R) — ---
J{Dumv J{(Du,Dv) J{DM J{Dumv
- — Hyi(UNV;R) —— H,i(U;R) ® Hy—(V;R) —— Hy_if(M;R) —— H,_i1(UNV;R) —— -+,
where the bottom row is a Mayer—Vietoris sequence, and the top row is the

long exact sequence from Lemma 11.6.2.

Proof. To obtain the required compatibility it is convenient to derive
the Mayer—Vietoris sequence as the homology long exact sequence
corresponding to the short exact sequence of chain complexes

0= Se(UNV;R) = Se(U;R) ®Se(V;R) = Se(U+V;R) — 0,
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which has the right form in homology by the locality theorem for
the cover of M by U and V. We will prove that given K C U

and L C V compact, we can choose representatives of the classes

M u ., v ,un
Mrur Bk ML PR

such that we have a commutative diagram of chain complexes

/' (which we denote by fi with the same decorations,

S*(M|KNL;R) — S*(M|K;R) ® S*(M|L;R) —— S*(M|KUL;R)

| |

S*(UNV|KNL;R) S*(U|K;R) @ $*(V|L; R) ~aM
|~y |~mat)

Se(UNV;R)[1] —— So(U;R)[1] ® Se(V;R)[1] —— Se(M;R)[],

where C,[n] := Co ® Z[n] denotes the shift of a chain complex Co by
n.

The rows are not short exact sequences, but they are naturally chain
homotopy equivalent to the short exact sequences of chain complexes
that we used to define the two long exact sequences; we therefore get
(by choosing appropriate chain homotopy inverses) a commutative
diagram relating these short exact sequences, and hence a morphism
between the associated long exact sequences in homology. Taking the
colimit of these over K and L as in the proof of Lemma 11.6.2, we
obtain the required commutative diagram of long exact sequences.

Since the open sets U\ L, V' \ K,U NV cover M, by locality we can
represent the homology class Y |, by a sum

-M
Huuv = au\L +ay\k +aunv

where a1 is a chain in U\ L, ay\g is a chain in V'\ K, and ayny

unv
KNL

since the other two chains lie in the complement of KN L and hence
vanish in H,(M|KN L) = H,(UNV|KNL). Similarly, jig := a1, +
ayny represents pY and fip := ay\ g + ayny represents j) . To prove
commutativity in the left square we must show that for ¢ a cochain in
S*(M|KNL), wehave & —~ jikny = & — jig in S¢(U; R). This is true
because by definition ¢ vanishes on chains outside KN L. Similarly,
we have § —~ fixny = ¢ — fip in So(V; R).

To prove the right square commutes, we need to check that for
(¢, ) € S*(M|K;R) @ S*(M|L; R), we have

is a chain in U N V. Then the chain fixn; := ayny represents u

(p—9¢) ~fixor=¢ —~ fix — ¢ — fiL.
This is true because

¢~ fikoL = ¢ ~ (fix +ay\x) = ¢ ~ fix
since ¢ vanishes on chains outside K, such as ay\ g, and similarly for
P. m

Corollary 11.6.5. Let M be an R-oriented n-manifold. If M is the union of
open subsets U and V, and if Dy, Dy, Dyny are isomorphisms, then so is
D



Proof. This is immediate from Proposition 11.6.4 and the 5-Lemma.
O

Corollary 11.6.6. Let M be an R-oriented n-manifold. If M is the union of
a sequence of open sets Uy C Up C - -+ and Dy, is an isomorphism for each
i=1,2,..., then Dy is an isomorphism.

For the proof we need the following observation:

Lemma 11.6.7. Suppose a topological space X is the union of subspaces X;,
i € J, where J is a filtered partially ordered set, such that for every compact
set in X there is some X; that contains it. Then the natural map

colim;eg Hy (X;; M) — H.(X; M)
is an isomorphism for every M.

Proof. To see the map is surjective, represent a class [a] € Hy,(X; M)
by « € S;,(X; M); the images of the simplices in the linear combina-
tion « give a compact subset of X, hence « is in the image of S, (X;; M)
for some i € J. Similarly, if a cycle 7 in some X; is a boundary in
X, then the bounding chain must lie in some X; and since J is fil-
tered there is some i” such that i < i”,i < i’ and hence the image
of v is a boundary in S, (X;»; M), which means <y represents 0 in

colim;cg5 Hy(X;; M). This shows the map is injective. O

Proof of Corollary 11.6.6. First we note that by excision we can regard
H}(U; R) as the colimit of H*(M|K; R) as K ranges over Cpt(U;) C

Cpt(M). Since Cpt(U;) C Cpt(U, 1) there is a natural map H; (U;; R) —

H}(Uj41; R). The naturality of (relative) cap products also gives com-
mutative squares

Hg (Uj; R) —— H; (Uit1;R)

lD U lD Uit

Hn—*(ui; R) — Hn—*(ui-i-l; R)-

Every compact subset of M lies in some U; so if we take the colimit
along these maps we get

colim; HY (U;; R) = H; (M; R).

Moreover, through the isomorphism H,(M; R) = colim; H, (U;; R) of
Lemma 11.6.7 and the naturality of cap products the duality map Dy,
is identified with the map on colimits

colim; Dyy;: colim; HY (Uj; R) — colim; Hy,—«(Uj; R),
which is therefore an isomorphism. O
Now we can complete the proof the theorem:

Proof of Theorem 11.5.18. We first consider subsets U of IR” of the form
Uj U - - - U U, where each U; is a convex open subset and proceed by
induction on r. If r = 1 then U; is homeomorphic to R” and we're
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done by Lemma 11.6.1. Forr > 1set U’ = U; U---UU,_1; then
U’ NU, is the union of the r — 1 convex open subsets U; N U,, i < r,
and so we can apply Corollary 11.6.5 to U’ and U, to conclude that
Dy is an isomorphism.

Next consider an arbitrary open subset U C R". Then we can write
U as a countable union of convex open subsets U;, i = 1,2,.... Set
Vi =Uj<i Ui then we know Dy, is an isomorphism for every i, and
so Corollary 11.6.6 implies that Dy; is an isomorphism since U is the
union of the V;’s.

Now consider a manifold M that can be written as a finite union of
open subsets U;,i = 1...,r with U; homeomorphic to an open subset
of R", and induct on 7. Set U’ = Uy U - -- U U,_q; then U’ N U, is the
union of r — 1 open subsets homeomorphic to open subsets of R”,
and we can apply Corollary 11.6.5 to U’ and U, to conclude that Dy,
is an isomorphism.

Finally, we consider an arbitrary manifold M. Because of our
assumption that a manifold is second-countable, we can write M
as a countable union of open subsets Uj, Uy, ... such that each U;
is homeomorphic to an open subset of R". If we set V; = | i<i Ui
then we know Dy, is an isomorphism for every i, so we can apply
Corollary 11.6.6 to conclude that Dy, is an isomorphism. O

The assumption that M is second-
countable is not really necessary, but if
we drop it we need to make use of trans-
finite induction here (or equivalently
Zorn’s lemma).
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